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ABSTRACT 

Nucleoside analogues have been extensively used in medication.  The nucleoside 

analogue cordycepin is the principal bioactive compound found in the caterpillar 

fungi (Cordyceps and Ophiocordyceps).  It has been shown to have biological activity, 

including anti-inflammatory, immunomodulatory and anti-proliferative activity in 

many kinds of malignant cells.  Intracellular drug interactions at the nucleotide level 

can be explained by understanding the intracellular metabolism of nucleoside 

analogues as well as their plasma metabolism since their efficacy of therapy or 

toxicity does not associate with the plasma level of nucleoside.  Therefore, 

investigation of the metabolism of nucleoside analogues is required for a full 

understanding of their pharmacological activity and toxicity.  For that reason, here an 

ion pairing LC-MS/MS method has been developed for quantitative analysis of the 

nucleoside analogue cordycepin and the metabolites and its application to cell 

culture, using in vitro and in vivo studies.   

Several HPLC parameters and extraction techniques have been optimised, followed 

by optimisation of the mass spectrometry method by examining the fragmentation 

of nucleotides.  The method was then validated and applied to study the metabolism 

of cordycepin in vitro and in vivo, to investigate the effect of the cordycepin 

treatment with or without pentostatin on the intracellular level of endogenous 

nucleotides, and to examine the intracellular metabolism of nucleoside analogue 4-

thiouridine and the effect of its metabolite on the metabolic balance of adenine and 

uridine nucleotides.   

The study on the intracellular metabolism of cordycepin in MCF7 and HeLa cells 

shows that cordycepin was rapidly metabolized into the deaminated form by 
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adenosine deaminase (ADA) in culture medium as well as in cancer cells; therefore 

combination with pentostatin, an ADA inhibitor, resulting in the highly accumulated 

phosphorylated metabolite intracellularly.  In contrast, cordycepin in C. militaris 

extracts showed much lower degradation in non-heat-treated serum compared with 

pure cordycepin that indicates a strong evidence of the presence of a deaminase 

inhibitor in the extract of Cordyceps.  Moreover, the determination of concentrations 

of cordycepin and the metabolites in the plasma and liver of rats dosed with 

cordycepin proves that the half-life of cordycepin and its metabolites are very short 

in the plasma; nevertheless they are accumulated in the liver with repeated 

administration.  Treatment using cordycepin initially caused an increase in the 

intracellular concentrations of nucleoside triphosphate, but in the long term, the 

active metabolite of cordycepin likely induced a long term change in the cell resulting 

in a drop in nucleotide levels.  Pentostatin on its own reduced nucleoside 

triphosphates levels in the long term and combination with cordycepin increased the 

effect of cordycepin on nucleotide concentrations.  High levels of the accumulated 

cordycepin triphosphate led to a massive decline in nucleotide levels. 

A study on the intracellular metabolism of nucleoside analogue 4-thiouridine has 

shown that generally the uptake of 4-thiouridine into NIH 3T3 cells was fast and the 

phosphorylated metabolite rapidly was developed only after two min labelling.  

However, it was also shown that its phosphorylation was not very efficient, but the 

level of the phosphorylated metabolite increased in serum-stimulated cells likely 

because the enzyme was upregulated in the presence of growth factor.  Moreover, 

the present study provides additional evidence that 4-thiouridine and its metabolite 

have no adverse effect on the metabolic balance of adenine and uridine nucleotides. 
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This study confirms that pharmacological activity of nucleosides analogues and their 

cytotoxicity highly rely on the accumulation of their phosphorylated metabolites.  

Consequently, the activity and the level of the enzymes involved in their metabolism 

are highly influential on their pharmacological action as well as their toxicity. 
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In addition to their functions as the activated precursors of DNA and RNA synthesis, 

they have a range of other roles in every cell such as metabolic regulation, cell 

signalling, and involvement in many biosynthesis as activated intermediates.  

Nucleoside triphosphates, especially ATP and GTP are usually used as a source of 

energy in biological systems; meanwhile adenine monophosphates are parts of the 

structure of coenzymes, such as nicotinamide adenine dinucleotide (NAD+) and 

NADP+, coenzyme A, and flavin adenine dinucleotide (FAD).  Moreover, cAMP is one 

of the intracellular second messengers which are connected with the inner face of 

the plasma membrane (1).  Other nucleoside triphosphates also have an important 

role in metabolic systems.  CTP has a role in lipid synthesis, GTP in protein synthesis 

and intracellular signal transduction, and UTP in polysaccharide synthesis (2).  Since 

nucleotides are crucial for biochemical processes, interference in nucleotide 

metabolism would have several important physiological effects (3). 

 

The adenine nucleotide pool is vital for basic metabolic reactions including synthesis 

of nucleic acid and energy transfer reactions (4).  The intracellular level of ATP 

depends on the adenylate pool and on the energy charge.  Energy charge of the cells 

control many reactions in metabolism.  This energy is proportional to the mole 

fractions of ATP and half the mole fractions of ADP (4). 

Energy charge = 
�✁✂☎✄✆✝ �✞✂

�✁✂☎�✞✂☎�✟✂
 

In normal physiological environments, the value of EC is from 0.7 to 1.0.  While EC is 

equal to 1, intracellular adenylate will be predominantly present in the form of ATP; 

whereas the value is 0, all adenylates be present in the form of AMP.  When the 

metabolism is more vigorous, the cells have a higher EC value (5).  Intracellular 
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adenylate pool is a sum of concentrations of ATP, ADP, and AMP.  The reactants at 

their equilibrium concentrations are maintained by the fast reaction of adenylate 

kinase: 

✄�✁✂☎✆✝ �✁✞☎✆ ✟ �✁✠☎✆ 

According to the equation above, the cell stabilizes its energy charge.  The 

intracellular adenylate pool is expected to follow the changes in the energy charge.   

 

1.2. Nucleotide Metabolism 

There are two pathways for synthesis of intracellular nucleotides, the salvage 

pathway and the de novo pathway (Figure 1.2).  Through the de novo pathway, 

ribonucleotides are synthesized from small molecules (ribose-✡☛-phosphate, amino 

acid, and CO2) to ribonucleoside monophosphates and then further phosphorylated 

into their corresponding triphosphates (6); meanwhile, ✄☛-deoxyribonucleoside 

diphosphates are produced from ribonucleoside diphosphates by an irreversible 

reduction reaction catalysed by ribonucleotide reductase (RR) and then further 

metabolized into their triphosphates forms (7).  Moreover, ribonucleotides are 

synthesized through salvage pathways from phosphorylation of free bases by sugar 

phosphate transfer reaction catalysed by phosphoribosyl transferase (PRT) or from 

phosphorylation of ribonucleoside to their nucleotides by ribonucleoside kinases 

(rNKs), nucleoside monophosphate kinases (NMPKs), and nucleoside diphosphate 

kinases (NMDKs).  Deoxyribonucleotides are synthesized through this pathway from 

deoxyribonucleoside catalysed by deoxyribonucleoside kinases (dNKs) and further 

phosphorylated by NMPKs and NMDKs (6, 7).  Deoxyribonucleotide synthesis by de 

novo pathway is the primary source for DNA replication (8), while the salvage 

pathway is supposed to be essential for DNA repair (9).  Nucleosides are transported 
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into the cells by facilitated diffusion or active transport via nucleoside transporters 

(10) and phosphorylated into their nucleoside monophosphates catalysed by dNKs 

and rNKs through irreversible reactions.  Then, through reversible reactions, the 

nucleoside monophosphates are further phosphorylated into their triphosphates 

forms by NMPKs and NDPKs (6). 

 

Moreover, nucleotides are further metabolized in order to maintain their levels in 

intracellular and extracellular cells.  There are four types of enzymatic reactions 

which contribute in catabolism of purine nucleotides: de-phosphorylation, 

deamination, cleavage of glycosidic bonds, and oxidation.  The catabolism of 

pyrimidine nucleotides are through the same reaction as purine nucleotides: 

phosphorylation, deamination, and cleavage of glycosidic bonds.  Nonetheless, the 

pyrimidine bases are most generally exposed to reduction instead of oxidation (1). 
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the reactions are catalysed by specific deaminases.  Adenylate deaminases catalyse 

the deamination of adenine into hypoxanthine and AMP into IMP; while adenosine, 

deoxyadenosine and their analogues are substrates for adenosine deaminase (ADA).  

Guanine is metabolized into xanthine by guanine deaminase; whereas guanylate 

reductase, which catalyses a reductive deamination instead of a hydrolytic 

deamination, converts GMP into IMP.  Cytidine, deoxycytidine, and their halogen 

derivatives are deaminated by cytidine deaminase into uridine or its analogues.  

Cleavage of glycosidic bonds of a nucleoside is a reversible reaction and catalysed by 

purine nucleoside phosphorylase (PNP).  Most of this reaction in biological systems is 

through the phosphorolytic cleavage of nucleosides.  Hypoxanthine and xanthine 

could be further metabolized by oxidation into uric acid by xanthine oxidase, while 

pyrimidine bases are further metabolized by reduction of the double bound of the 

pyrimidine ring (1).  

 

Extensive studies have been done on the activities of enzymes which catalyse 

synthesis and catabolize adenosine in human tissues and the functional 

consequences of metabolism of purine nucleotides (11).  Four enzymes are directly 

involved in conversion or synthesis of adenosine: adenosine kinase (AK)✄ ✁�✂☎ ✆✌-NT, 

e-✝✞ ✆✌-NT, and ADA; whereas three enzymes, c-N-✟✟ ✆✌-NT, PNP, and adenylate kinase 

(ADK), contribute to nucleotide catabolism or regulation of the energy charge of the 

cell.  Adenosine is generally formed by de-✠✡☎✞✠✡☎☛☞✍✎✂✏☎✑ ☎✒ ✓✔✕ ✖☞ ✆✌-NT; it is re-

phosphorylated to AMP by AK and then AMP could be metabolized to ADP and ATP 

by ADK.  Adenosine is converted into inosine through deamination by ADA.  Inosine is 

further catabolised into hypoxanthine by PNP.   An overview of adenosine 

metabolism pathways is shown in Figure 1.3. 
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AK; and concentration of Mg2+ ions affects the affinity of substrate to enzyme (12).  

✄✌-NT is considered as a vital enzyme in purine catabolism.  There are seven forms of 

✄�-NT including ✁✂☎ ✁✆✝ ✞✝✟✠✡✟☎ ✄✌-NT (e-Ns and c-N-☛☛☞ ✍✎✏ ☎✑✁✝ ✄�-NT which is a 

glycoprotein on the external plasma membrane.  The function of c-N-☛☛ ✄�-NT is 

regulating intracellular monophosphate nucleoside levels and it is IMP-dependent, 

meanwhile e-✒✞ ✄�-NT is AMP-dependent (13).  The ✓✍✔✎ ✕✝✟☎ ✝✖ ☎✑✁✝ ✄✌-NT is to 

hydrolyse extracellular AMP to adenosine (14).   

 

ADA also has a role in the regulation of intracellular and extracellular adenosine 

levels by catalysing the degradation of adenosine into inosine.  This reaction is the 

rate limiting step in adenosine degradation due to the irreversibility of the reaction.  

It exists in all mammalian tissues and its activity varies according to the location (15).  

The enzyme has a major role in the human immune system and deficiency of the 

enzyme is linked with severe combined immunodeficiency (11).   

 

PNP also plays a role in the adenine nucleotides catabolism.  In the presence of 

inorganic phosphate, PNP catalyses a reversible reaction which degrades inosine to 

hypoxanthine and ribose 1-phosphate (16).  ADK is involved in the balance of 

adenine nucleotide composition in cells.  It is universal enzyme and present as five 

isoforms.  The enzyme is particularly abundant in cells with high rates of ATP 

synthesis and utilization, for example skeletal muscle (17).    

 

Regardless of the physiological role of the purine and pyrimidine kinases, the 

enzymes have a vital role in clinical therapy with nucleoside analogues.  
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Phosphorylation of nucleoside analogues into their nucleotides is compulsory for the 

pharmacological activity of most of these compounds.  Furthermore, the enzymes 

are responsible for degradation of the nucleosides and their nucleotides; therefore, 

play a significant contribution to their pharmacological activity as well as the toxicity.   

 

1.3. Nucleotide signalling 

A release of nucleotides from their intracellular compartments into the extracellular 

space occurs during inflammation, mechanical injury, necrosis, or apoptosis 

activation.  ATP is released from intracellular into extracellular locations in some cells 

in certain conditions, such as ischaemia or inflammation (18).  Adenosine and ATP 

are essential endogenous signalling molecules in inflammation and immunity (19).  

Other nucleotides such as UTP, UDP and UDP-glucose have also been observed to be 

released during cystic fibrosis (20)  from injured cells or produced by non-lytic 

mechanisms and might be responsible for an significant mechanism involved in the 

activation of leukocytes and platelets (21). 

 

Beside its function as a universal energy source, extracellular ATP has a different 

role.  Extracellular nucleotides have a role as signalling molecules through the 

activation of nucleotide receptors which are known as purinergic P2 receptors.  ATP 

and other nucleotides stimulate P2 receptors, meanwhile P1 receptors are activated 

by adenosine, the ATP metabolite.  Based on the signalling properties, P2 receptors 

are subdivided into metabotropic P2Y receptors (P2YRs) that are G-protein-coupled, 

and ionotropic P2X receptors (P2XRs) that are nucleotide-gated ion channels (22).   
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P2YRs became a pharmacological target for the action of anti-inflammatory or anti-

infection agents since they have important roles in regulating immune responses 

(22).  A recent study showed that P2Y2R agonists have an ability to stimulate 

production of mucin and induce secretion of chloride (23).  Moreover, the agonists 

play a role in the promoting wound healing by facilitating the differentiation and 

proliferation of structural cells and are involved with the activation of leukocytes to 

the site of injured tissue (24), and also contribute to the resolution of inflammation 

by stimulating phagocytic clearance (25).   

 

UDP can activate P2Y6R which has been shown has a role in native immune reactions 

against infection (26).  Stimulation of the receptor generates chemokine release from 

monocytes, dendritic cells, eosinophils and endothelial cells, therefore supporting 

recruitment of inflammatory cells to the location of infection (26-28).  Meanwhile, in 

endothelial (29) or epithelial (30) inflammations, P2Y6R signalling is destructive.  

Likewise, P2Y12R signalling has been involved in controlling inflammatory reactions 

(31).  It is highly expressed on platelets and plays a significant part in platelet 

activation and aggregation through stimulation of the activity of 

phosphatidylinositol-3 kinase and inhibition of adenylyl cyclase activity.  These 

activities cause the stimulation of the fibrinogen receptor which is critical for platelet 

aggregation (18).  P2Y12R antagonists have been used effectively in clinical practice as 

a antithrombotic agent (18).  

 

Extracellular ATP also directly stimulates P2XRs which are plasma membrane 

channels selective for monovalent and divalent cations such as Na+, K+, and Ca2+ (32).  

Binding of three molecules of ATP to P2X results in opening of the channel, therefore 
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allow the flux of ions such as Na+, Ca2+, and K+ across the membrane.  This flux causes 

depolarization of the membrane and stimulation of Ca2+ signalling flows, such as p38 

mitogen-activated protein kinases (MAPK) or phospholipase A2 (33).  P2X7R signalling 

plays a substantial part in facilitating proper immunological and inflammatory 

responses against pathogens or cancer cells.  However, it might contribute to chronic 

inflammatory syndrome when activated inappropriately such as asthma and chronic 

lung disease (22). 

 

Nucleotide and nucleoside signalling is terminated when the compounds are 

metabolized by their related enzymes.  Ectonucleotidases which are highly expressed 

in many tissues have a functional role in the termination of P2R signalling through 

catalysis of the conversion of extracellular ATP/ADP to adenosine (34-36).  ATP or 

ADP is converted to AMP by ectonucleoside triphosphate diphosphohydrolase 

(CD39) which is subsequently converted to adenosine through ecto-59-nucleotidase 

(CD73).  These conversions cause termination of ATP signalling and result in the 

production of extracellular adenosine.   

 

Extracellular AMP from phosphohydrolysis of ATP or ADP has no evidently 

characterized signalling function.  Nevertheless, it provides the substrate for the 

formation extracellular adenosine (18).  This extracellular adenosine activates four 

different P1 receptors: AdoRA1, AdoRA2A, AdoRA2B or AdoRA3.  Adenosine provoked 

P1 receptor signalling reduces acute inflammation and tissue injury (37), thus 

opposing inflammatory functions of P2Rs (38).  Compared to normal or unstressed 

cells, high concentrations of adenosine are present in cells stressed or inflammatory 

states. Additionally, genetic changes which arise throughout cancer development 
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increase the level of adenosine in the cell (39).  High levels of extracellular adenosine 

stimulate adenosine receptors resulting in the activation of cell signalling cascades 

and the induction of anti-inflammatory and immune responses. Also, activation of 

adenosine receptors can lead to increase proliferation, apoptosis and metastasis of 

cancer cells (40, 41).  This signalling is ended through uptake of adenosine from the 

extracellular into the intracellular part via equilibrative nucleoside transporters and 

is converted to inosine by adenosine deaminase (42) or to AMP by adenosine kinase 

(43). 

 

1.4. Nucleoside and nucleotide analogues 

Nucleoside and nucleotide analogues have been extensively used in medication.  

They are chemically modified compounds that have been developed to mimic their 

natural nucleosides or nucleotides and generally used as anticancer and antiviral 

agents (44-46).  One of the cellular targets of nucleoside and nucleotide analogues is 

nucleotide metabolism.  The general structure of nucleosides is contained of a 

nucleobase (a purine or pyrimidine derivative) and a sugar moiety (ribose or 

deoxyribose).  Meanwhile, nucleoside analogues are modified at the base moiety or 

sugar moiety (Figure 1.4) (46).  Structures of nucleotide or nucleoside analogues 

shown such as fludarabine, cytarabine, and gemcitabine (Figure 1.5), or nucleobases 

such as, thioguanine and 6-mercaptopurine are associated to physiological 

compounds which involved in the nucleotide metabolic pathway (47, 48). 
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The metabolism and mechanism of action of nucleotide and nucleoside analogues 

are based on the interaction with membrane transporters, kinases and intracellular 

enzymes (Figure 1.6).  They are metabolized through the similar pathways as their 

endogenous nucleosides, but they also inhibit these pathways (49).  Since they are 

relatively hydrophilic, they enter cells through specific nucleoside transporters (10, 

50) and then are subsequently phosphorylated to their nucleoside monophosphates 

through nucleotide salvage pathway by dNKs or rNKs and further metabolized into 

their analogous triphosphate form by NMPKs and NDPKs (6).  The main active 

metabolite typically is the triphosphate form which is incorporated into nucleic acid 

or inhibits essential enzymes such as DNA or RNA polymerases, kinases, and 

ribonucleotide reductase (46).  The rate limiting step in the production of nucleoside 

triphosphate analogues is mostly the first phosphorylation reaction by dNKs or rNKs.  

In human cells, there are three kinds of rNKs: adenosine kinase (AK), uridine-cytidine 

kinase 1 (UCK1) and UCK2; and four kinds of dNKs, thymidine kinase 1 (TK1), TK2, 

deoxycytidine kinase (dCK), and deoxyguanosine kinase (dGK) (6).   
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(NP) into their free bases and ribose 1-phosphate (Figure 1.6).  Ribose 1-phosphate is 

isomerized by phosphoribomutase to form ribose 5-phosphate which is a substrate 

of phosphoribosyl pyrophosphate (PRPP) synthesis.  Some of the bases are reused 

for nucleotide synthesis through salvage pathways (Figure 1.2).  Other bases are 

converted to compounds that are excreted (3).  Several studies on the mechanisms 

of resistance to some nucleoside analogues proposed that a deficiency of 

intracellular nucleoside kinases and an increased activity of ribonucleotide reductase 

or activity of 5✄-NT, are all related to a reduced toxicity of nucleoside analogues in 

cell and clinical samples (51-54).  Furthermore, the competition between the 

endogenous nucleotides and the analogues indicates that the pools of the natural 

nucleotides and the relative concentration of the analogue might effect on the 

cellular activity of the analogues (55).   

 

In addition of synthetic nucleoside analogues which chemically modified from their 

natural counterparts, there are also several naturally occurring modified nucleosides. 

Such examples of these compounds are cordycepin and pentostatin that have 

potential therapeutic benefits as anticancer agents, and 4-thiouridine which has 

been widely used as a photoactivatable agent.  

 

1.5. Nucleoside analogue pentostatin 

Pentostatin or deoxycoformycin (dCF) is an antibiotic which was isolated for the first 

time in 1974 from the fermentation medium of a strain of S. antibioticus (56). The 

nucleobase of this compound is similar to coformycin (CF) with the sugar moiety is 

deoxyribose instead of ribose (Figure 1.7).  Both compounds are potent inhibitors of 

adenosine deaminase (ADA) (57).  The structure of the nucleobase of these 
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Table 1.1.  Pharmacological activity of extracts of Cordyceps 

 Pharmacological Activity 

C.   sinensis in vitro (66) and in vivo antioxidant activity 
(67) 

 immunomodulator (68-71) 

 cytotoxic activities to L-929, A375, and HeLa 
cells (72) 

 protection of chronic renal (73) 

C.   militaris anti-inflammatory (74, 75) 

 immunomodulator (76) 

 anti-allergic (77) 

 anticancer (75) 

C. pruinosa induce apoptosis of HeLa cells (78) 

 

Many low molecular weight compounds in Cordyceps have been isolated and 

elucidated, with a range of biochemicals identified including nucleosides and their 

related compounds (79, 80), saccharides (71, 73, 81-83), peptides (72), sterol, fatty 

acid (84), crude protein and metal elements (85).  Nucleosides are found in relatively 

high concentrations in Cordyceps.  More than 15 nucleosides and their 

transformation products have been investigated for bioactivity in natural and 

cultured Cordyceps including adenosine, cytosine, cordycepin, guanosine, 

✁�✂✄☎✆✝✞✁✟✝✠✡ ☛☞✆✌✟✍✡ ✆✝✎ ✏✑-deoxyuridine (79, 80).  Some reports found a very low 

content of cordycepin in natural and cultured C. sinensis, whereas it was found much 

greater in cultured C. militaris (79, 80).   

 

Cordycepin is an adenosine analogue which has been known as an inhibitor of 

polyadenylation (86).  The chemical structure of cordycepin (Figure 1.9✒ ✍✆✌✓✔ ✆ ✕✖-

hydroxyl group that is necessary for RNA chain extension. Therefore, after 

incorporation into RNA, cordycepin might cause chain termination defects (87).  It 
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Because of its characteristic spectral properties, 4-thiouridine is widely used in 

photochemical crosslinking as a cross-linking probe (119).   The method has been 

applied for investigating protein translation and pre-mRNA splicing (120-122).  This 

uridine analogue is phosphorylated into 4-thioUTP and is incorporated into RNA 

structures.  Using 4-thiouridine as photoactivatable agent has a number of benefits.  

No bulky moiety is present and no base-pairing properties are changed since 4-

thiouridine is a derivative of uridine with the oxygen atom at position 4 of the uracil 

ring replaced by a sulphur atom.  It could be irradiated at wavelength above 300 nm, 

at which nonspecific UV cross-linking is at a minimum.  Moreover, 4-thiouridine 

cross-linking can efficiently investigate both RNA-RNA and RNA-protein interactions 

(123). 

 

The 4-thiouridine labelling method also has been applied for study of mRNA 

synthesis and polyadenylation.  It has been applied to a broad range of cell types of 

human and murine origin including fibroblasts, endothelial cells, epithelial cells, 

macrophages and T-cells and the incorporation into RNA was found to be highly 

efficient (124).  This method is also applicable for use in animals (125).  Using this 

method, syntheses of RNA and protein are not significantly affected even after long 

incubation of high concentrations of 4-thiouridine (126).  Nevertheless, Burger et al. 

(127) recognised that using a high concentration of 4-thiouridine on RNA metabolic 

labelling triggers a nucleolar stress response and Radle et al. (128) also suggest that 

the concentration of 4-thiouridine and the period of labelling should be minimized as 

high concentration of 4-thiouridine could be toxic to the cells.  Therefore, the study 

of the intracellular metabolism of 4-thiouridine is crucial for understanding its 
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pharmacology or toxicity.  A quantitative method, consequently, is needed for the 

determination of nucleoside analogue 4-thiouridine and its intracellular metabolites. 

 

Nucleotide analogues are, however, often present in cells at very low levels, whereas 

their natural variants are present at very high levels.  Sensitive and selective 

analytical techniques are therefore required to obtain quantitative and meaningful 

measurements of nucleotide analogues.  

 

1.8. Methods of analysis for intracellular nucleotide analogues 

The quantification of intracellular nucleotide analogues is challenging because of the 

presence of various endogenous interferences in complex matrices, the large 

difference in intracellular levels between nucleotide analogues and their natural 

compounds, and the high polarity of the compounds due to the phosphate groups.  

The extraction of the nucleotides is based on precipitation of unwanted protein using 

acid or organic solvent mixture and commonly done at low temperature.  Various 

approaches have been used for determination of nucleotides such as capillary 

electrophoresis (CE) (129-131), thin layer chromatography (TLC) (132), ion exchange 

and ion-pair chromatography (133-135), whereas more recently, the methods have 

been coupled to mass spectrometry to increase sensitivity and specificity.    

 

1.8.1. High-Performance Liquid Chromatography (HPLC) 

HPLC has been generally used for quantification of nucleotides in many biological 

samples (136-140).  HPLC has been shown to be one of the most suitable methods 

for measuring multiple nucleoside/nucleotide forms at the same time.  Separation by 
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reversed-phase (RP) HPLC system is based on hydrophobic interaction between the 

analytes and the stationary phase and the separated analytes are typically quantified 

using ultraviolet absorption detection.  This method has been used successfully to 

determine simultaneously ATP and its metabolites in human whole blood (140).  The 

benefits of HPLC RP methods are the use of low concentration elution buffers and 

short analysis times compared with other methods such as ion-exchange HPLC.  RP 

HPLC allows the simultaneous determination of ATP and its metabolites in a single 

short run time.  However, the limit of detection is only in the µM range which is 

adequate for the quantification of ATP and its metabolites in whole blood since 

amount of ATP in whole blood are extremely high (1.5 ✄ 1.9 mM) compared to 

plasma concentrations (141), but not sufficient for quantification of intracellular 

nucleotides.    

 

Anion exchange and ion-pair liquid chromatography (IP-LC) are convenient methods 

for separation of nucleotides and nucleotide analogues since they are very polar 

compounds and contain a strong anion.  Many methods using strong anion-exchange 

(SAX) and IP-LC have been developed for separation of intracellular or extracellular 

nucleotides followed by quantification with an enzymatic assay or radioactivity (142), 

fluorescence (136), or ultraviolet (138, 139) detection.  These methods have been 

used for simultaneous separation and quantification of nucleotides due to their lack 

of retention on a RP column.  Anion-exchange methods, however, in many instances 

need more extensive pre-treatment of samples and long running times (142-144).  

Slusher et al. (142) developed a method of anion-exchange HPLC combined with 

radioimmunoassay detection to analyse the metabolites of intracellular nucleotide 

analogue zidovudine (ZDV).  The total analysis time was over than 90 min.  Other 



GENERAL INTRODUCTION 

 

26 

 

researchers also used a anion-exchange HPLC with radioactivity detection for 

determination of triphosphate metabolites of nucleoside analogues in cell lines (94, 

110, 145); however, the methods were not be able to distinguish between the parent 

compound and the deaminated metabolite due to the same retention time (110).  

Moreover, columns of ion-exchange are generally poorly reproducible and not as 

strong as other LC columns as they have to be run with low pH mobile phase to elute 

ionic compounds (133); also the use of relatively in volatile salts, mean that anion-

exchange chromatography is difficult to be applied using MS detection (49).   

 

The use of anion-exchange cartridges combined with RIA detection to replace the 

HPLC-RIA method for quantification of the metabolites of zidovudine (ZDV) was 

demonstrated by Robbins et al. (146).  ZDV phosphates were separated with anion-

exchange cartridges into the mono, di, and triphosphate.  After the separation, the 

metabolites went through enzymatic de-phosphorylation to the parent drug and 

then were determined their cellular concentration by a RIA.  The use of cartridges 

instead of HPLC makes the quantification of metabolites of ZDV is more simple and 

less-time consuming than the HPLC-RIA method (142).  This method, however, only 

analyse metabolites from a single drug. 

 

Daxecker et al. (147) developed a method based on RP liquid chromatography using 

solvent generated ion-exchange as a mobile phase.  Separation and quantification of 

15 purine and pyrimidine nucleotides in human peripheral blood mononuclear cells 

(PBMCs) was achieved with solvent phosphoric acid containing triethylamine and 

phosphoric acid containing MgSO4 under gradient elution conditions.  In acidic 

environment, the phosphate ion of nucleotides created ion pairs formation with 
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ammonium ions resulted from the protonation of triethylamine (TEA).  The ion 

complexes were adsorbed and retained on the non-polar surface of a reversed-phase 

column; meanwhile ion complexes between Mg2+ ions and phosphate ions were 

poorly retained.  Separation based on the adsorption and desorption of the ion 

complexes during elution using the mobile phase.  However, this method is time 

consuming.  They need almost one hour to elute one sample of cell extract using this 

method. 

 

IP-LC has substituted the use of ion-exchange chromatography for nucleotide 

analysis since this method is more suitable to be combined with mass spectrometry.  

Several examples of the many applications of IP-LC for analysing of nucleotides using 

UV detection are  measurement of purine nucleotide in erythrocyte of rats (138), 

simultaneous determination of 12 nucleotides and nucleosides in human urine and 

renal epithelium samples (139), and determination of adenine and guanine 

nucleotides of Trypanosoma brucei cells (148).  The complete analysis of one sample 

using this method required 47 min to separate and quantify eight nucleotides in cell 

extracts of Trypanosoma brucei; and the LOD and LOQ values were in the range 

around 0.1 to 0.8 µM (148).  Meanwhile, Bhatt et al. (136) used fluorescence 

detection to increase sensitivity of the IP-LC method to determine adenine 

nucleotides in primary astrocyte cells.  However, to achieve a higher sensitivity of the 

method using a fluorescence detector, the nucleotides must be derivatized by mixing 

the nucleotides extract with chloroacetaldehyde at pH 4.5 and 60 °C for 60 min to 

form fluorescent, N6-ethenoderivatives of the nucleotides before being injected into 

HPLC system. 
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Other studies for simultaneous determination of intracellular nucleotides have been 

done by using IP-LC with UV detection in a number of types of cells, such as human 

mononuclear blood (PBMCs) and umbilical vein endothelial cells (HUVECs) (133), 

cerebellar granule cells (134), and in 16 normal or tumour cell lines (135).  On those 

studies, however, only limited numbers of nucleotides were determined using the 

methods.  Also, due to the low selectivity of UV detector, these methods do not 

provide sufficient selectivity and sensitivity for analysis intracellular nucleotide 

analogues where specificity and quantification in very low concentrations is 

compulsory. 

 

1.8.2. Capillary Electrophoresis (CE) 

Electrophoresis is a separation technique based on the ability of analytes to migrate 

through a conductive medium, usually a buffer solution, under influences of an 

electric field.  Without other effects, anions move to the positively charged electric 

field anode and cations move to the negatively charged cathode, meanwhile neutral 

species, which do not respond to the electric field, remain stationary.  Ions with a 

higher charge to size ratio, travel at a faster speed than larger ions, or lower charge 

ions.  Differences in their degree of migration allows for the separation of complex 

mixtures of analytes (149).  Then they are detected by UV, electrochemical, or 

fluorescence detector. CE is an alternative method of choice for analysing charged 

and polar compounds (150).   

 

RP-HPLC separation is based on hydrophobic interaction between the analyte and 

the stationary phase, therefore charged and polar analytes are often not quite too 

well analysed.  Particularly in these cases CE is an alternative method of choice (150).  
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CE columns contain considerably more theoretical plates than HPLC, result in better 

resolution and higher capacity; also efficient separations.  The volume of sample 

injected into a CE column is significantly lower than that for HPLC and it requires only 

a few microliters of buffer solution for the separation compared with 20-30 mL of 

solvent for a typical HPLC separation.  Nevertheless, detection limits for CE are much 

higher than those for HPLC (149).  

 

Several researchers have developed a CE method with UV detection for 

determination of intracellular nucleotides.  Feng et al. (131) have established the 

method for simultaneous quantification of intracellular nucleotides and sugar 

nucleotides in Chinese hamster ovary (CHO) cells.  Nineteen nucleotides including 

seven nucleotide sugars were quantified by this method.  However, the recoveries of 

the method for the nucleotides were around 69✄83% and the detection limits were 

between 1.0 and 8.5 µM.  Moreover, Friedecky et al. (130) also developed a CE-UV 

method and applied it for analysing nucleotides in CHO cells and human 

erythrocytes.  Using the method 21 nucleotides and deoxynucleotides were 

separated in 15 min with high separation efficiency and the detection limits within 

the range of 0.3✄1.2 µM.  

 

CE combined with mass spectrometry (MS) detection has replaced the use of UV 

detector or fluorescence detector which is less universal and less informative.  In the 

CE method, mass transfer limitations and Eddy diffusion which occur in HPLC are not 

applicable.  Therefore the efficiency of separation and also mass sensitivity of CE-MS 

method are considerably better than with LC-MS (150). 
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Soga et al. (151) develop a method of pressure-assisted CE-MS for the detection of 

intracellular nucleotides and coenzyme A compounds of E. coli extracts.  In this 

method, the Si-OH groups on the capillary wall were covered with phosphate groups, 

by using preconditioning buffer containing phosphate ions, to avoid adsorption of 

multi-phosphorylated species onto the fused-silica capillary.  During preconditioning, 

the nebuliser gas was turned off in order to prevent the MS from contamination of 

phosphate ions.  In this method, whereas nucleotides migrated to the anode, they 

were driven to the cathode by electroosmotic flow and also applied air pressure, and 

then detected by MS detector.  The advantage of the using of air pressure during 

electrophoresis is reducing the analysis time.  Using this method, 14 nucleotides 

including nicotinamide-adenine dinucleotides, purine nucleotides, and cytosine 

nucleotides, have been determined simultaneously within 20 min. 

 

It appears that a CE-MS method is successful to quantify simultaneously intracellular 

nucleotides in biological samples.  This approach, however, is not ideal.  Particularly, 

significant fluctuations in time of migration of analytes, due to fluctuation of the 

current during electrophoresis, are frequently observed.  Furthermore, the inlet of 

the capillary often blocked (151, 152). 

 

1.8.3. Liquid Chromatography Mass Spectrometry (LC-MS) 

Mass spectrometry detection offers excellent detection limits, typically 25 fg to 100 

pg (149).  There are three fundamental parts on a mass spectrometer i.e. the 

ionisation source, the analyser, and the detector. In the ionization compartment all 

molecules (solvent and analytes) are ionized, and the ions are separated by their 

mass to charge ratio (m/z). Because each analytes undertakes a specific 
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giving very specific detection of selected compounds.  The illustrations of how a 

tandem mass spectrometry works is shown in in Figure 1.11. 

 

High concentrations of IP agents or in volatile salts, as are often used in an HPLC 

system, however, obstruct the applicability of MS for detection.  Nevertheless, 

currently, numerous LC-MS methods have been developed for the analysis of 

intracellular nucleotides using a weak anion-exchange (WAX) column, moderately 

volatile IP agents, or the use of IP agents at very low concentrations.  Jansen et al. 

(49) review the development of MS methods for quantification of intracellular 

nucleotide analogues.  They divided the methods into indirect and direct method 

based on the presence or absence of a fractionation process followed by de-

phosphorylation and purified steps before being injected into the LC-MS system. 

 

1.8.3.1  Indirect methods 

Fractionation is achieved by elution with high salt levels on WAX (153) or SAX solid-

phase extraction (SPE) columns (154-156).  De-phosphorylation is mostly achieved 

enzymatically using alkaline or acid phosphatase.  Dervieux and Boulieu (157), 

however, used hydrolysis (100°C, 60 min) to degrade the nucleotide analogues to 

their derivatives.  After de-phosphorylation, a purification step using SPE is 

accomplished to eliminate enzymes and salts from the de-phosphorylated extracts.  

Lastly, the nucleosides have been separated on C18 columns using isocratic or 

gradient elution of acetonitrile or methanol containing acetic or formic acid 

combined with detection by MS (153-157). 
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Indirect methods require additional time due to fractionation, de-phosphorylation, 

and purification steps, although those procedures make the final analysis fast and 

relative simple. Furthermore, those sample pre-treatment processes also provide a 

potential source of errors.  Additionally, those methods (153-157) are inadequate on 

a method validation and only for investigation of limited nucleotides. 

 

1.8.3.2  Direct methods 

A liquid chromatographic-tandem mass spectrometric (LC-MS/MS) method has been 

applied for the direct quantification of nucleoside and nucleotide analogues in 

various biological samples.  Anion exchange columns with an alternate elution 

mechanism have been introduced by Shi et al. (158) to replace the use of non-

volatile ions due to interfering of the ions on the detection with MS.  The charge of 

the basic functional groups (pKa ☎ ✄� of a WAX column was altered by applying a pH 

gradient (pH 6-10.5) to the column.  As a result, the column capacity declined at a 

higher pH, thus the anionic nucleotides were eluted.  Instead of requiring high 

concentrations of volatile opposite ions like conventional anion-exchange methods, 

this method only needs low amounts of the ions for the elution.  Hence, it makes this 

anion exchange method directly applicable to MS detection.  The method was 

validated to analyse the phosphorylated metabolites of antiviral dexelvucitabine in 

PBMCs (158).   

 

Other anion exchange LC-MS methods using WAX columns have been developed and 

validated for simultaneous determination of the metabolites of nucleoside analogue 

anticancer drugs ✁✂✆✝✞✟✠✡✞☛✂ ☞✌✍✎✌✍-difluorodeoxycytidine: dFdC) in PBMCs (159) and 

cladribine in MDCKII cells and culture medium (160).  Moreover, the method then 
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was modified to detect and quantify not only the phosphorylated metabolites of 

✁�✂✄☎✆✝✞☎✟�✠ ✞✡✆ ✝☛☞✌ ✆✍� ✎�✝✂☎✟✝✆�✎ ✂�✆✝✞✌☛☎✆�☞ ✌✏ ✎✑✎✒✠ ✓✔✠✓✔-

difluorodeoxyuridine (dFdU), and the phosphorylated metabolites of dFdU (161).  

Even though these methods are vigorous, very sensitive, and MS- favourable; the 

methods suffer from lack of retention of nucleosides.   

 

Due to the polarity of phosphate groups, nucleotides are poorly retained on RP HPLC 

column.  Ion pairing agents have been used to increase retention time of nucleotides 

on the column.  The use of relatively volatile alkylamine or low amounts of in volatile 

tetraalkylammonium salts as IP agents for separation of nucleotide analogues make 

them more appropriate for a combination with MS detection.  Kinai et al. (162) used 

tetrabutylammonium hydroxide (TBAH) as an ion pair for determination of the 

phosphorylated metabolites of antiretroviral drug zidovudine in PBMCs.  Using very 

low concentrations of TBAH (0.01 mM) combined with ammonium hydrate as an 

alkalization agent; it allowed good separation and improved the sensitivity.  Also, 

products can be simply washed from the lines and interfere less with the MS 

detection.   Nevertheless, an exposure of a high pH of the mobile phase (pH 8.5), 

means a column is more vulnerable to degradation.  Therefore, a highly stable HPLC 

column is more suitable to be used on this method instead of a conventional column.   

 

An LC-ESI-MS/MS method using N,N-dimethylhexylamine (DMHA), a volatile ion-

pairing agent, was fully described by Fung et al. (163) to determine intracellular 

concentrations of nucleoside analogue Ziagen and its metabolites.  Their results 

showed that the use of 20 mM DMHA not only give an adequate separation, but also 

minimized the interference to mass spectrometry detection.  Moreover, Tuytten et 
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al. (164) also used DMHA for analysis of the mixture of 12 nucleotides standards 

containing of mono-, di-, and triphosphates.  They evaluated the influence of DMHA 

on the separation and MS detection of the nucleotides and recommended that 

gradient elution of methanol containing 5 mM DMHA resulted in good HPLC 

selectivity and MS detection.   Moreover, using the smaller diameter column of 1.0 

and 0.5 mm, Cai et al. (165) could decrease the amount of DMHA to 10 and 5 mM, 

respectively; and the MS signal improved 5 to 10-fold.   

 

Furthermore, similar methods using alkylamine as ion pairing agent have been used 

to determine intracellular nucleoside analogues.  Durand-Gasselin et al. (166)  and 

Pruvost et al. (167) used IP-LC-MS/MS method with 1,5-DMHA as ion pairing agent 

for study of the intracellular metabolism of several nucleoside reverse transcriptase 

inhibitors (NTRI) in PBMCs and red blood cells (RBCs).  Coulier et al. (168) developed 

a LC-MS/MS method using gradient elution of 5 mM hexylamine in water and 90% 

methanol/10% 10 mM ammonium acetate to determine nucleotides and polar 

metabolites in extracts of microorganism.  Cordell et al. (169) quantified nucleotides 

and related phosphate-containing metabolites in Chinese hamster ovary (CHO) cells 

by LC-MS/MS using 5 mM DMHA as ion pair agent.   

 

Despite the fact that DMHA has effectively been used by many researchers, several 

methods using DMHA were found difficult to apply because of source pollution, 

irreproducible runs and ion suppression (156, 170).  Nonetheless, the IP-LC-MS/MS 

method with DMHA as ion pairing agent is one of the most suitable methods for 

separation and detection of low concentrations of endogenous nucleotides and has 

established its usefulness in various applications. 
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1.8.3.3 Mass Spectrometry Ionisation 

There are various types of ionization methods are applied in mass spectrometry 

methods, such as electron impact (EI), Fast Atom Bombardment (FAB), atmospheric 

pressure chemical ionization (APCI), electrospray ionization (ESI), and matrix assisted 

laser desorption ionization (MALDI).  The option of ionization method depends on 

nature of the analyte and the kind of data required from the analysis.  The benefits 

of ESI are compatible with LC and capable of producing ions from polar analytes 

(171).  It also works particularly well with weakly acidic or basic compounds and non-

volatile molecules such as nucleotide and oligonucleotides (172).  Meanwhile, APCI is 

regularly used for less polar or non-polar compounds (171).   

 

Electrospray is produced by placing a charge of 3-5 kV on a flow of liquid at 

atmospheric pressure; the liquid is nebulised and small charged droplets are formed 

in the spray zone and are evaporated by a combination of heat, vacuum and 

acceleration into gas by voltages. Finally the ions are emitted from the droplets and 

accelerated into the mass analyser by voltages (Figure 1.12) (171).  

 

 

Figure 1.12.  Illustration of an electrospray ionisation (171). 
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Naturally, nucleotides could be protonated as well as deprotonated.  Nucleotides 

with basic amino groups (adenine, guanine, and cytosine) are protonated more 

efficiently than those that do not have this group (thymine and uracil) (167).  

Nevertheless, uridine and thymidine nucleosides and nucleotides could be detected 

in the negative ion mode with the deprotonated base as a common fragment.  

Therefore, most nucleotides are well ionized in a wide pH range using both the 

negative and the positive ionization mode.   

 

Nucleoside analogues have been broadly used for medical treatment and research in 

cellular and molecular biology. These analogues are intracellularly metabolized into 

their pharmacologically active nucleotides and compete with the endogenous 

compounds.  Observing intracellular nucleotide analogues, therefore, is more 

advantageous than observing the nucleoside analogues because the active 

metabolites are determined instead of their prodrug. Moreover, analysis of the 

intracellular level of nucleotide analogues along with the endogenous compound is 

important for a full understanding of their pharmacology activity. 

 

Ion pairing LC-MS/MS with electrospray ionisation has been chosen for simultaneous 

determination of intracellular levels of nucleoside and nucleotide analogues due to 

very good selectivity and sensitivity of the method.  Furthermore, DMHA has been 

used as ion pairing agent based on the previous studies (163-165, 169).  It has been 

proven that DMHA is an appropriate ion-pairing agent, where the nucleotides are 

retained and well separated on a reversed-phase HPLC column and also it cause 

minimal interference in MS detection.  
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1.9. Aims of the PhD project 

Cordycepin is an adenosine analogue found in Cordyceps and Ophiocordyceps which 

has been shown that the combination with pentostatin has potential action as 

anticancer treatment.  Since their efficacy of therapy or toxicity of nucleoside drug 

does not associate with the plasma level of their nucleoside.  Therefore, investigation 

of the metabolism of nucleoside analogues is required for a full understanding of 

their pharmacological activity and toxicity.  For that reason, this study will aim to 

develop an ion pairing LC-MS/MS method for quantitative analysis of nucleoside 

analogue cordycepin and the metabolites and its application to cell culture, for in 

vitro and in vivo studies.  As nucleotide analogues are often present in cells at very 

low levels, while their natural variants are present at very high levels, therefore ion 

pairing LC-MS/MS with electrospray ionisation has been chosen due to very good 

selectivity and sensitivity of the method.   

 

The metabolism of cordycepin in vitro and in vivo will be investigated by studying the 

metabolism of cordycepin in cell lines and the culture medium, comparing the 

degradation of cordycepin and extract ethanol of Cordyceps militaris in non-heat-

treated serum, and determination of the level of cordycepin and the metabolites in 

plasma and liver samples of rats.  The effects of the treatment using cordycepin, 

pentostatin, or the combination of cordycepin and pentostatin on nucleotide 

metabolism in cancer lines will also be investigated. I will be comparing the 

intracellular metabolism of cordycepin to another nucleoside analogue by 

investigating intracellular metabolism of 4-thiouridine and the effect of its 

metabolite on the metabolic balance of adenine and uridine nucleotides.  

 



 

 

CHAPTER 2 

DEVELOPMENT OF AN LC-MS METHOD FOR THE INTRACELLULAR 

QUANTIFICATION OF CORDYCEPIN METABOLITES AND 

NUCLEOTIDES
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DEVELOPMENT OF AN LC-MS/MS METHOD FOR THE INTRACELLULAR 

QUANTIFICATION OF CORDYCEPIN METABOLITES AND 

NUCLEOTIDES IN CELLS 

 

2.1. Introduction 

2.1.1. Mass Spectrometry for Quantitative Analysis of Intracellular 

Nucleotide Analogues 

Intracellular nucleotide analogues usually present at very low concentrations, while 

their natural counterparts are present at relatively high concentrations.  Therefore, 

sensitive and selective analytical methods are needed for determining their presence 

in biological samples.  Many analytical methods have been developed for the 

quantitative determination of intracellular nucleotides.  Previously, anion-exchange 

(173, 174) and ion-pair liquid chromatography (133-135) methods with ultraviolet 

detection have been used to identify and determine simultaneously nucleoside and 

nucleotides.  Using these methods, however, only limited numbers of nucleotides 

were determined.  Also, because of the low selectivity of UV detector, these 

methods do not provide adequate selectivity and sensitivity for analysis intracellular 

nucleotides where specificity and quantification in very low concentrations is 

required.  LC coupled with the tandem mass spectrometry method has been applied 

to increase the selectivity and sensitivity compared with HPLC-UV methods.  

Nevertheless, the use of relatively non-volatile salts and ion pairing agents, interfere 

with the detection by MS.   

 

An LC-ESI-MS/MS method using N,N-dimethylhexylamine (DMHA) as an ion-pairing 

agent was developed by Fung et al. (163) to determine phosphorylated metabolites.  

They found that DMHA, a volatile ion-pairing agent, not only gave an adequate 
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separation, but also minimized the interference with mass spectrometry detection.  

Moreover, Tuytten et al. (164) also used DMHA for analysis of a mixture of 12 

nucleotide standards containing mono-, di-, and triphosphates.  Based on their 

results, both positive and negative ESI modes were possible to generate spectra.  

This method provided good separation; however, it had not been applied to 

biological cells. 

 

Later, other LC-MS methods using DMHA for analysis of nucleotides in biological cells 

have been published (175-177).  The limitation of those methods, however, is for 

investigation of only a few nucleotides.  Furthermore, the method which was 

developed by Cordell et al. (169) not only has shown a better sensitivity and 

selectivity, but also the number of analytes that can be analysed is greater than 

those that have been reported in many previous LC✄MS methods.  However, despite 

the development of the extraction method which was also examined by them, the 

optimization of cellular nucleotide extraction is still needed for specific applications, 

for example where other nucleotides or nucleosides and their metabolites are to be 

investigated. 

 

2.1.2. Extraction of Nucleotide from Cells 

Cell extraction procedures, including the selection of the extraction solvent, are 

essential for an accurate and precise quantification of analytes.  For these purposes, 

enzymatic activity should be terminated quickly and the compounds of interest 

should be extracted with high and reproducible recovery (178) and in which the 

analytes are stable (179).  As the cells are still intact during isolation, ongoing analyte 
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metabolism ex vivo must be prevented.  Therefore, other factors to be considered 

are the simplicity of the method and the speed of the preparation.  Moreover, the 

extraction solvent should also be compatible with the LC-MS analysis (180).   

 

Perchloric acid (PCA) and trichloroacetic acid (TCA) have been widely used to 

precipitate cellular macromolecules and to extract cellular content.  Although 

extraction with perchloric acid results in high recovery, the perchloric acid and low 

pH can deteriorate peak shapes and reduce retention times in ion-pair LC (181).  

Besides, non-volatile acid salts can cause major difficulties by pollution of the MS.   

 

A preliminary study by Brown and Miech (180) showed that extraction using both 

PCA and TCA gave equivalent results.  Research by Au et al. (181) compared PCA and 

acetonitrile (ACN):water (3:2 v/v) for the extraction of intracellular nucleosides and 

nucleotides.  Based on their research, the PCA fraction contained more 

monophosphate nucleotides and ADP than in the ACN fraction, whereas the ACN 

fraction contained more triphosphate nucleotides and ATP than the PCA fraction.  

Moreover, ACN was more appropriate for extraction because it did not interfere with 

the HPLC analysis.  On the other hand,  Reijenga et al. (178) compared three 

extraction solvents for the extraction of nucleotides between PCA and methanol with 

and without EDTA.  They found that the highest recovery of nucleotides was given by 

PCA.  Furthermore,  Yang and Gupta (182) observed that the direct extraction 

method with PCA  gave more total adenosine nucleotide than the indirect method.   
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Research by Grob et al. (183) optimized cellular nucleotide extraction by 

investigation of several different concentrations of some organic solvents.  Mixtures 

of organic solvents and water are hypotonic and disrupt cell membranes, thus 

effectively extracting nucleotides.  For ATP, for example, recoveries of 80-104% were 

observed for several water-organic solvent combinations (183).  Furthermore, the 

analytes are stable in methanol lysate during lysis (184).  Finally, organic solvent can 

simply be concentrated by evaporation.  Cordell et al. (169) also developed an 

extraction method of the intracellular nucleotides from biological samples.  Based on 

their research, the addition of methanol precooled to -20°C followed by hexane 

extraction was found to be the best extraction technique.  However, the nucleotide 

recovery was not high enough and therefore the optimization of the cellular 

nucleotide extraction is still needed.  For this purpose, it is important to compare the 

range of extraction procedures which can be specifically applied to specific 

metabolite extraction for application to biological cells or tissue samples. 

 

Finally, to express the determined concentration per cell, the number of cells 

isolated should be quantified.  The most straightforward approach is to count the 

number of cells using a haemocytometer, microscope, or by flow cytometry. 

 

2.1.3. Methods for Analysis of Cordycepin 

Numerous methods have been reported for the qualitative and quantitative analysis 

of cordycepin.  However, most of them are used for analysis of cordycepin in extract 

of Cordyceps (79, 80, 185-187); only a few methods have been applied to cell lines 

(94, 110).  Furthermore, the drawback of current methods is in their scope of 
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analysis and the inadequacy of validation of the methods. An HPLC method 

demonstrated by Tsai et al.(188) was able to detect the metabolite of cordycepin in 

rat blood sample. However, because of the limitation of the UV detection, the 

metabolite was unidentified.  Chen et al. (94) and Kodama et al. (110) used HPLC 

with flow-through radioactivity detection for quantification of triphosphate 

metabolites of cordycepin in cell lines; however, the methods were not be able to 

distinguish between cordycepin and the deaminated metabolite due to the same 

retention time.  In addition, these methods also lacked validation which is important 

for producing quantitative data.  Furthermore, the flow-through radioactivity 

detection is limited by insufficiency of sensitivity and often gives lower recovery 

(189).   

 

Moreover, several methods using mass spectrometry detection have been 

developed for determination of cordycepin and other active components in 

Cordyceps (79, 80, 185).  None of those methods, however, were used for application 

to biological cells.  Therefore, the aim of this work is to develop a method for 

simultaneous quantification of metabolites of cordycepin and other intracellular 

nucleotides for application to biological cells or tissue samples.  The initial point for 

the development of this method is based on the work by Cordell et al. (169).  There 

are many important factors which need to be considered in the development of the 

method.  These include not only the optimisation of the LC and the mass 

spectrometry method, but also the development and improvement of the method of 

sample extraction to obtain a maximum recovery of the compounds of interest and 

minimum interference from a matrix sample. 
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Even though the use of DMHA, the ion-pairing agent, has been previously reported 

by Cordell et al. (169), some of the important variables such as the gradient used, 

concentration of ion-pairing agent, and length of the column require optimisation to 

achieve an optimum separation. 

 

2.1.4. Validation of Quantitative Analysis 

A validation process is required to ensure that an analytical method is suitable for 

the intended purpose.  Analytical characteristics used in method validation include 

determination of: 

1. Specificity: the ability of the method to measure accurately and specifically 

the analyte of interest in the presence of other components that may be 

expected to be present in the sample matrix. 

2. Linearity: the ability of the method to elicit test results that are directly, or 

by defined mathematical transformation, proportional to analyte 

concentration within a given range. 

3. Limit of detection (LOD) and limit of quantification (LOQ). LOD is the lowest 

concentration of analyte in a sample that can be detected and LOQ is the 

lowest concentration of analyte in a sample that can be determined. 

4. Accuracy: the closeness of test results to the true value. It is reported as the 

percent recovery of the known, added amount, or as the difference between 

the mean and true value with confidence intervals. 
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5. Precision: the degree of agreement among individual test results when an 

analytical method is used repeatedly to multiple samplings of homogenous 

sample. 

6. Robustness: the capacity of a method to remain unaffected by small, 

deliberate variations in method parameters; as a measure of the reliability of 

a method. 

 

2.2. Aim and Objectives 

The aim of this chapter is to develop a quantitative LC-MS/MS method for nucleoside 

analogue cordycepin and its metabolites for application to cell culture, in vitro and in 

vivo studies.   

The objectives of this chapter are as follows: 

✄ To optimise a HPLC method for analysis of cordycepin and its metabolites in 

cell culture by the following investigation parameters:  

 - Solvent gradient and mobile phase composition, 

 - Ion-pairing concentration 

  - Length of the column 

� To optimise the extraction method 

� To optimise the mass spectrometry method by examining fragmentation of 

nucleotides. 

✄ To validate the method and apply it for analysis of intracellular nucleotides in 

cell lines. 
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2.3. Materials and Methods 

2.3.1. Chemicals 

�✁✁ ✂✄☎✁✆✝✞✟✠✆ ✡☎✝☛✠☞☎✆✌✟✂✍ ✎✠✆✂✝✞✟✂✆✍ ✏✑-deoxyinosine, inosine)  and  nucleotide 

✞✒✎✂✠✎☛✠✞ ✡☎✝☛✠☞☎✆✌✟✂ ✓✑-✒☛✟✌✔✝✞✌✔✎✒✆✍ ✏✑-deoxyadenosine-triphosphate, AMP, ADP, 

ATP, CMP, CDP, CTP, GMP, GDP, GTP, UMP, UDP, and UTP), internal standard (8-

✕☛✝✖✝✎✠✆✂✝✞✟✂✆ ✗✑✍✓✑-cyclic monophosphate  (8-Br-cAMP) and 8-bromoadenosine 

✗✑✍✓✑-cyclic-triphosphate (8-Br-ATP)), ethylenediaminetetraacetic acid calcium 

disodium salt (Calcium Na2-EDTA) were purchased from Sigma Aldrich (Poole, UK).  

Pentostatin was obtained from Tocris Bioscience (Bristol, UK).  N, N-

dimethylhexylamine (DMHA), perchloric acid (PCA) and acetic acid were purchased 

from Acros Organics (Geel, Belgium).  Methanol, hexane, and acetonitrile (HPLC 

grade) were purchased from Fisher (Loughborough, UK).  In all experiments, 

deionized water was used, and all mobile phases were filtered through a 0.47 µm 

nylon filter (Whatman, Maidstone, UK) before use. 

 

2.3.2. Cell culture 

2.3.2.1 Reagents and solutions for use in cell culture 

Phosphate buffered saline (PBS) (4.3 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM NaCl, 

✏✘✙ ✖✚ ✛✜✁✍ ✌✢ ✙✘✣✤ ✥✎✞ ✌✄☛☎✔✎✞✆✠ ✦☛✝✖ ✧★✧✩✪✘ ✪✄✁✕✆☎☎✝✑✞ ✖✝✠✟✦✟✆✠ ✫✎✬✁✆✞

medium (DMEM) with 4.5 g/L of glucose and 4 mM glutamine, foetal bovine serum 

(FBS), foetal calf serum (FCS), and Trypsin/EDTA solutions (10x concentrated 

solutions of phosphate-buffered saline containing 0.5% trypsin and 0.2% EDTA) were 

purchased from PAA.  
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2.3.2.2 Cell lines 

Cell culture was performed in a Class II biological safety cabinet under aseptic 

conditions.  Cells are cultured at 37°C in a humidified atmosphere containing 5% CO2.  

Mammalian cell lines used are described on Table 2.1. 

Table 2.1.  Description of cell lines 

Cell Line Origins Description 

MCF7 Human breast epithelia 
adenocarcinoma 

Adherent cell line maintained in DMEM 
supplemented with 10 % FBS and 4 mM L-glutamine 

HeLa Human cervical 
epithelial carcinoma 

Adherent cell line maintained in DMEM 
supplemented with 10% FBS and 4mM L-glutamine 

NIH 3T3 Mouse embryonic 
fibroblast cells 

Adherent cell line maintained in DMEM 
supplemented with 10 % FCS  

 

2.3.2.3 Maintenance of cell lines 

Cell lines used were purchased from the European Collection of Cell Cultures (ECACC) 

and were maintained in the medium as described on Table 2.1.  For routine culture, 

cells grown to 75-80% confluent were washed with PBS (pre-warmed at 37°C) and 

treated with 1X Trypsin-0.5 mM EDTA for 2- 5 min at 37°C.  Once cells had detached, 

fresh medium was added to neutralise the trypsin and 20-40% seeded into a new 

flask and passaged every couple of days as required.  Cells were maintained for no 

more than 20 passages. Where a specific seeding density was required, a 

haemocytometer was used to count cell density from a neutralised sample.  For each 

experiment cells, cells were seeded in a 6 well plate at a density of 0.35 million cells 

per well 24 hours before use or as indicated.  
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2.3.3. Ion-Pair Liquid Chromatography development 

Samples were prepared at a final concentration of 100 µM dissolved in water.  They 

were stored at -20°C before analysis. 

 

Various mobile phase mixtures with different gradients were examined to achieve 

optimal separation, with mobile phase A containing of DMHA in water: methanol 

(95:5 v/v), and B containing DMHA in methanol: water (80:20 v/v).  Mobile phase A 

was adjusted to pH 7 using acetic acid.  The effect of the concentrations of DMHA (5 

mM, 10 mM, or 20 mM) and the length of column (100 mm or 150 mm) were 

investigated to observe effects on separation and retentions.  

 

Analyses of samples were carried out using an YL 9100 and HP 1050 HPLC system.   A 

reversed-✁�✂✄☎ ✆✝✞✟✠✡ ☛☞✌ ✠✠✍✎✏✏ ✠✠ ✑✒✓✁☎✔✄✕✞ ✖✗✘✙ ✚ ✛✠✜ (Thermo Fisher 

Scientific, Waltham, MA, USA) and 4.6 mmx150 mm (Polaris C-18, 5 µM) (Agilent, 

Santa Clara, CA, USA) were used.  The column temperature was maintained at 60°C.  

The volume of sample injected on to the column was 5 µL.  The flow rate was set at 1 

mL/min.  The peaks were detected with UV detector at 250 nm. 

 

2.3.4. Optimization of intracellular nucleotide analysis using ion-

pair LC 

2.3.4.1 Sample preparation 

Nucleotides in cells were extracted using six different methods which were 

distinguished by their extraction solvents.  MCF7 cells were grown in six-well plates 

for 24 hours and then the medium was removed and replaced with 0.5 mL of 
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extra✁�✂✄☎ ✆✄✝✞✟☎� ✠� ✡☛☞✌✍ ✠☎✎ ✏☞ ✑✒ ✏ ✓✔ ✂☎�✟✕☎✠✝ ✆�✠☎✎✠✕✎✆✖ ✗☎ ✂☎�✟✕☎✠✝ ✆�✠☎✎✠✕✎✘

8-Br-cAMP was used in this experiment in order to calculate an accurate recovery.  

Extraction solvents evaluated were: methanol 100%, methanol 100% containing 

EDTA 1.25 mM, methanol: water (3:2 v/v), PCA 0.3 M containing EDTA 1 mM, PCA 

0.5 M, and acetonitrile: water (3:2 v/v) (two replicates for each extraction solvent).  

Cells were scraped from the bottom of each well and centrifuged (12,000 RPM, 4°C 

for 5 min) and the supernatant removed.  In the case of methanol extraction, 

methanol extract was added to 0.5 mL hexane and the methanol fraction being 

removed following the shaking.  PCA was neutralised using KOH 1 M and the 

precipitate was removed using centrifugation.  To prevent degradation of nucleoside 

triphosphates to diphosphate and monophosphate, extractions were carried out on 

ice and the centrifuge was maintained at 4°C.  All samples were then evaporated to 

dryness in a Jouan Centrifugal evaporator at room temperature and re-dissolved in 

50 µL water prior to analysis. 

 

2.3.4.2 Ion-pair LC conditions 

Analyses of samples were carried out using HP 1050 HPLC system (Agilent, Santa 

Clara, CA, USA).  A 4.6 mm×150 mm (Polaris C-✏✙✘ ✚ ✛✓✜ ✢✗✣✂✝✟☎�✘ ✤✠☎�✠ ✍✝✠✕✠✘ ✍✗✘

USA) column was used. The column temperature was maintained at 60°C.  The 

standards and samples were separated using a gradient mobile phase containing of 

DMHA 5 mM in water: methanol (95:5 v/v) (A), and DMHA in methanol: water (80:20 

v/v) (B).  Mobile phase A was adjusted to pH 7 using acetic acid.  The gradient 

condition is: 0✥20 min, 0✥40% B; 20✥25 min, 40-0% B; 25✥35 min, 0% B.  The volume 
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of sample injected on to the column was 5 µL.  The flow rate was set at 1 mL/min.  

The peaks were detected with UV detector at 250 nm. 

 

2.3.5. Mass Spectrometry development 

Before acquiring sample data, the instrument Waters Quattro Ultima triple 

quadrupole mass spectrometer (Waters, Milford, MA, USA), was tuned and 

calibrated using a suitable standard to obtain the maximum peak resolution and 

highest mass accuracy.  For the initial tuning, each individual standard (10 µM in 

water) was infused into the mass spectrometer at a flow rate of 200 µL/min.  Each of 

nucleotides was examined with full scan spectra of mass range of m/z 100-800.  In 

negative ion electrospray the [M-H] - ion was examined at the cone voltage 40 V.  

Single ion recording (SIR) and multi reaction monitoring (MRM) was then carried out 

and further tuning was done to find the optimum cone voltage for each examination.  

The source temperature was set at 125°C and nitrogen was used as drying gas at 850 

l/hour and nebulising gas for the electrospray at flow rate of 150 l/hour. Argon was 

used as the collision gas and initially set at 20 eV. These optimized conditions were 

used for measurement of a mixture of the nucleotides and nucleosides (10 µM). 

 

2.3.6. Analyte and sample stability 

The degradation of nucleotides during evaporation was investigated by evaporating 

them using centrifugal evaporator at room temperature for 2 h and repeated four 

times.  Stability of cordycepin in cell culture medium was observed by incubating 

cordycepin in cell culture medium for 0.5 h, 1 h, 2, and 4 h.  The effect of extraction 

solvent on the inhibition of degradation of cordycepin in cell culture medium was 
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analysed by the addition of 250 µL of the extraction solvent into 1 mL of 10 µM 

cordycepin in cell culture medium.  In order to optimise extraction of cordycepin 

from cell culture medium, the extraction solvent was added in cell culture medium 

containing 50 µM cordycepin in different ratios.  The recovery of cordycepin and the 

proportion of the amount of the degradation product formed were calculated by 

comparing the peak area of the extracted samples to the peak area from the 50 µM 

standard solution. 

 

2.3.7. Method validation 

Method validation was carried out using the extraction with cold methanol 

containing 1.25 mM EDTA and 0.5 µM internal standards.  Accuracy and precision 

were evaluated by analysing of six replicates of standard solutions spiked into the 

cells.  For this experiment, 10 µL of standards at concentration of 100 µM were 

spiked into the 6 wells after the addition of the extraction solvent.  Similarly, 10 µL of 

water was added to six-well as extract of un-spiked cells.  The analyte recovery was 

calculated by subtracting endogenous nucleotide levels from spiked samples and 

expressing as a percentage of the peak area of the standard solutions.  Accuracy was 

reported as the per cent recovery.  The precision was calculated from the relative 

standard deviation (RSD %) of the replicate analysis.    Calibration curves were 

prepared by serial dilution of standards at concentrations of 100 µM, 50 µM, 25 µM, 

10 µM, 5 µM, 2µM, and 1 µM.  Each concentration of standards were spiked into the 

extraction solvent containing internal standard and carried out with the same 

procedure as the samples.  R2 values were calculated by linear regression analysis of 

the ratio of standard/internal standard peak areas versus the standard 
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concentrations in µM.  Limit of detection (LOD) was estimated based on the standard 

deviation of y-intercepts of the regression line (SD) and the slope of calibration curve 

(S) at levels approximating the LOD according to the formula: LOD = 3.3(SD/S). 

 

2.3.8. Application to the analysis of intracellular nucleotides in MCF7 

cells 

2.3.8.1 Cell extraction method 

Cells were washed twice using PBS before 0.5 mL extraction solvent was added.  

Then, cells were scraped and centrifuged at 15,000 g, 4°C for 15 min.  Supernatant 

was then evaporated to dryness in a Jouan Centrifugal evaporator at room 

temperature and re-dissolved in 50 µL water before being injected for LC-MS/MS 

analysis. 

 

2.3.8.2 Calculation of total cell volume 

The diameter of cells was determined using a Beckman Coulter LS230 Laser 

Diffraction Particle Size Analyzer and then the volume of a single cell was calculated 

✁�✂✄☎ ✆✝✞ ✟✠✡✡✠☛✂✄☎ ✟✠☞✌✁✡✍✎ ✏✑ ✒✓✔ ✕☞
3.  The number of cells was counted using a 

haemocytometer. The actual intracellular concentration subsequently was converted 

using the total cell volume. 

 

2.3.8.3 LC-MS/MS conditions 

Analyses of samples (Figure 2.1) were carried out on an Agilent 1100 HPLC system 

(Agilent, Santa Clara, CA, USA) with auto sampler maintained at 8°C.  Separations 

were achieved on a Luna C-✖✗✘ ✔ ✙✌ ✚✛ ✜ ✖✢✣ ✌✌✤ ✥✠✡✁✌✄ ☛✂✆✝ ✦✞✥✁☞✂✆✧ ★✁✍☞✩ ✚✒ ✪ ✛
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mm) (Phenomenex, Macclesfield, UK) at 40°C.  The standards and the samples were 

eluted using a gradient mobile phase containing of 5 mM DMHA in water: methanol 

(95:5 v/v) (A), and 5 mM DMHA in methanol: water (80:20 v/v) (B).  Mobile phase A 

was adjusted to pH 7 using acetic acid.  The gradient condition was: 0✄5 min, 10✄20 

% B; 5✄10 min, 20- 28 % B; 10-22, 28-40 % B; 22-25, 40-10 % B; 25✄35 min, 10 % B.  

The volume of sample injected to the column was 5 µL.  The flow rate was set at 200 

µL/min.   

 

MS data were acquired on Waters Quattro Ultima triple quadrupole mass 

spectrometer (Waters, Milford, MA, USA) in negative electrospray ionisation (ESI) 

mode.  Source temperature was at 125°C, with nitrogen as drying and nebulising gas 

and argon as collision gas.  Multiple reactions monitoring (MRM) scan was used with 

✁�✂☎☎ ✆✝✞✂ ✟✠✡ ☛✠ ☞✌✂ ✍✎ ☛✏☛✆✂✞ ✑✒✁ ✁✑✆✑ �✂✓✂ ✔✓✕✖✂☛☛✂✁ ✗✏ ✘✑✆✂✓☛ ✍✑☛☛✙✏✒✚✛

Software. 
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2.4. Results and Discussion 

2.4.1. Ion-pair LC development for cordycepin and nucleotide 

analyses 

2.4.1.1  Optimization of separation  

An ion-pair HPLC method was developed for the simultaneous analysis of cordycepin, 

its metabolites and a full range of intracellular nucleotides in cell lines.  DMHA was 

used as ion-pairing agent based on the previous research (164, 169, 176, 177) to 

retain and separate the nucleotides in a reversed-phase column with gradient 

elution. 

 

Nucleotides are highly polar compounds due to the presence of phosphate group(s).  

Therefore they are not normally well-retained on a reversed-phase column.  Longer 

retention time of the nucleotides can be produced by the formation of ion pairs 

between a positive charge of DMHA and a negative charge of the phosphate group of 

nucleotides (176).  It can be seen from Figure 2.2 that, with the use of 5 mM DMHA 

ion-pairing agent in the mobile phase, nucleotides (AMP, ADP, and ATP) have longer 

retention time than cordycepin which has no phosphate group.  The ion pairing-

agent binds to the phosphate groups of the nucleotides to make them more 

hydrophobic, increasing their retention time in the column.  The retention time of 

adenine nucleotide improved as the chain length of the phosphates increased from 

monophosphate to triphosphate.  In addition, the ion-pairing agent might absorb to 

the C-18 stationary phase to effectively make an ion-exchange column.  Thus, the 

analyte is retained in this column because of the ion-exchange mechanism.  

However, methanol used in the mobile phase could prevent the interaction between 
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Firstly, the initial mobile phase was set at 95% of mobile phase A, 5 mM DMHA in 

water: methanol (95:5 v/v), (gradient 1, Figure 2.4) and then was changed to 100% 

(gradient2, Figure 2.4) because it was found that the more aqueous phase retains 

nucleotides for longer time in the column.  It can be seen from Figure 2.5 that 

cordycepin, AMP, ADP, and ATP had longer retention time when they were eluted by 

mobile phase gradient 2 than that by mobile phase gradient 1 (Figure 2.2).  However, 

mobile phase gradient 2 could not provide good resolution between some 

nucleotides (resolution < 1.5).  Moreover, various gradients were investigated 

(gradient 3-7, Figure 2.4) to obtain a longer retention of some nucleotides and a 

better separation.  Due to this observation, that the most retained analyte (ATP) was 

eluted by around 40% mobile phase B, the last gradient program was changed from 

100% B to 40-53% B.  Furthermore, the equilibration time at the end of the run was 

increased from 5 min to 10 min to reduce variability between runs (gradient 8-12, 

Figure 2.4). 

 

Figure 2.4.  Different gradient used for separation of cordycepin and nucleotide 

mixtures using ion-pair LC with UV detection (gradient 1-2). 

Gradients were shown: A, 5 mM DMHA in water: methanol (95:5 v/v); B, 5 mM DMHA in 

methanol/water: 80/20 
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Figure 2.5. Ion-pair LC✄UV Chromatogram of 1.Cordycepin & UMP, 2.GMP, 3.AMP, 

4.UDP, 5.ADP and 6.ATP at 250 nm. 

Chromatographic conditions: mobile phase A, 5 mM DMHA in water: methanol (95:5 

v/v) pH 7; B, 5 mM DMHA in methanol: water (80:20 v/v).  Gradient elution: 0✄22min, 

0✄53% B; 22✄25min, 53✄100% B; 25✄30min, 100% B; 27✄30min, 100-5% B; 30-35min, 5% 

B. 

 

 

Figure 2.6.  Different gradient used for separation of cordycepin and nucleotide 

mixtures using ion-pair LC with UV detection (gradient 3-7). 

Gradients were shown: A, 5 mM DMHA in water: methanol (95:5 v/v); B, 5 mM DMHA in 

methanol/water: 80/20 
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Figure 2.7.  Different gradient used for separation of cordycepin and nucleotide 

mixtures using ion-pair LC with UV detection (gradient 8-12). 

Gradients were shown: A, 5 mM DMHA in water: methanol (95:5 v/v); B, 5 mM DMHA in 

methanol/water: 80/20 

 

2.4.1.2  The effect of DMHA concentration 

The effect of concentrations of DMHA was investigated to observe effects on the 

retention and to find improvements in resolution.  Usually, a higher concentration of 

ion pairing agent would increase the retention of nucleotides (177).  Therefore, 

increasing DMHA concentration leads to longer retention of nucleotides (169).  This 

experiment observed that increasing DMHA concentration from 5 (Figure 2.8A) to 10 

mM (Figure 2.8B) could increase the retention of nucleotides but there was only a 

slight improvement in the resolution.  On the contrary, application of 20 mM DMHA 

did not result in better resolution or even longer retention of nucleotides (Figure 

2.8C). The finding of this experiment is consistent with those of other studies (164, 

165, 169) and suggest that 5 mM to be optimum concentration. 
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removed and cells were washed twice by PBS.  This method is based on the study by 

Yang and Gupta (67) where the total adenosine nucleotide which resulted from the 

direct extraction method was higher than the amount obtained from indirect 

method.  In the direct extraction method, extraction solvent was added directly to 

the culture plate after the medium was removed, otherwise extraction solvent was 

added to the cells after the cells were treated using trypsin in the indirect extraction.  

Using the direct extraction method, enzyme activities that might degrade the 

nucleotides and reduce their concentrations in cells are terminated directly.   

 

Figure 2.12 and Figure 2.13 show the effect of different extraction solvents on the 

chromatogram profile of the cellular extracts.  It is clear from the chromatograms 

that the profiles of cellular extracts prepared with methanol as extraction solvent are 

almost similar (Figure 2.12).  The largest peak which can be seen in these 

chromatograms is the peak of the internal standard.  The other peaks which can be 

seen in these chromatograms might be the peaks of nucleoside monophosphates (tR 

between 5 and 7 min) or nucleoside diphosphates (tR between 8 and 10 min) (Table 

2.2).  The cellular extracts prepared using PCA with and without EDTA as the 

extraction solvent gave significantly different profiles (Figure 2.13 D and E).  The peak 

of the internal standard in these extract were broad.  This problem, which was also 

found by Au et al. (181),  might be due to interference with the peak of the 

perchlorate ion.  The cellular extract prepared using PCA with EDTA showed that the 

largest peak at the tR was around 5 min, but this peak could not be identified using 

UV detection.  Furthermore, research by Reijenga (178) concluded that  the use of 

EDTA for PCA extraction was not  required since the use of PCA alone was enough to 
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supress enzymatic activity.  Moreover, the cellular extract prepared using 

acetonitrile: water (3:2 v/v) as the extraction solvent (Figure 2.13F) showed some 

peaks of nucleotide- mono and diphosphates.  The peak of the internal standard in 

this extract, however, was as broad as the peak of the internal standard in PCA with 

EDTA extract, and hence not satisfactory. 
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Table 2.2.  The effect of different extraction solvent on the chromatogram profile of 

intracellular nucleotides 

A. methanol 100% was followed by hexane extraction, B. methanol 100% containing 

EDTA 1.25 mM, C. methanol: water (3:2 v/v), D. PCA 0.3 M containing EDTA 1 mM, E. 

PCA 0.5 M, F. acetonitrile: water (3:2 v/v).  Chromatographic conditions are identical to 

those described on Figure 2.12. 

Extract A Possible 
Compound 

Extract B Possible 
Compoun
d 

Extract C  Possible 
Compound Pea

k 
tR 
(min) 

Peak 

Area 

Peak 

 

tR 
(min) 

Peak 

Area 

Pea

k 

 

tR 
(min) 

Peak 

Area 

1.  2.13 12.42  -* 1.  2.15 12.72 - 1.  2.15 13.74 - 

2.  2.25 7.50 - 2.  2.76 19.09 - 2.  2.75 21.59 - 

3.  2.79 15.31 - 3.  3.40 24.77 - 3.  2.95 13.65 - 

4.  3.55 17.85 - 4.  4.79 23.39 - 4.  3.50 12.69 - 

5.  5.34 35.62 nucleoside 

monophos

phate 

5.  5.09 62.91 nucleoside 

mono 

phosphate 

5.  5.17 34.00 nucleoside 

mono 

phosphate 

6.  5.72 14.63 6.  5.63 21.56 6.  5.62 24.97 

7.  8.16 13.49 nucleoside 

diphosphat

e 

7.  6.34 11.44 7.  6.31 26.10 

8.  9.36 312.54 IS** 8.  8.05 28.39 nucleoside 

diphospha

te 

8.  8.08 89.08 nucleoside 

diphospha

te 

9.  9.82 15.90 nucleoside 

diphosphat

e 

9.  9.25 477.7

4 

IS 9.  9.24 406.7

3 

IS 

            

Extract D Possible 

Compound 

Extract E Possible 

Compoun

d 

Extract F Possible 

Compound Pea

k  

tR 

(min) 
Peak 

Area 

Peak 

 

tR 

(min) 
Peak 

Area 

Pea

k 

 

tR 

(min) 
Peak 

Area 

1.  2.13 48.33 - 1.  2.14 42.93 - 1.  2.15 14.74 - 

2.  3.00 44.47 - 2.  3.52 49.96 - 2.  2.43 23.67 - 

3.  3.47 66.85 - 3.  4.15 19.71 - 3.  2.78 32.04 - 

4.  4.09 32.13 - 4.  9.46 221.7

9 

IS 4.  2.97 47.35 - 

5.  5.03 1982.8

0 

nucleoside 

monophos

phate 

    5.  3.97 40.05 - 

6.  9.21 208.04 IS     6.  5.65 53.98 nucleoside 

mono 

phosphate 

        7.  8.19 146.1

5 

nucleoside 

diphospha

te 

        8.  9.36 355.3

3 

IS 

*- = unknown; **= internal standard (8-✁�✂✄✂☎✆✝✞✂✟✠✞✝ ✡☛☞ ✌☛-cyclic monophosphate) 

 

Further important criteria to compare the extraction procedures are recovery and 

reproducibility.  Table 2.3 presents the effect of different extraction solvent on the 

recovery of internal standard.  Recovery was calculated by the area of the internal 
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standard spiked in the cell and using an injection of internal standard as a 100% 

value.  The cellular extract prepared using methanol containing EDTA 1.25 mM has 

given the best recovery.  In addition, this extraction also provided the highest 

precision.  The recovery of internal standard in the methanol: water (3:2 v/v) extract 

is almost the same as the recovery of internal standard in the methanol containing 

EDTA extract; however the former gave lower precision than that obtained using 

methanol containing EDTA extraction. 

 

Table 2.3. The effect of different extraction solvent on the recovery of internal standard 

A. methanol 100% was followed by hexane extraction, B. methanol 100% containing 

EDTA 1.25 mM, C. methanol: water (3:2 v/v), D. PCA 0.3 M containing EDTA 1 mM, E. 

PCA 0.5 M, F. acetonitrile: water (3:2 v/v).  Chromatographic conditions are identical to 

those described on Figure 2.12. 

 

The Extraction 

Solvent 
Mean ± SD (%) 

A 44.09 ± 6.19 

B 67.42 ± 1.09 

C 57.38 ± 13.45 

D 29.35 ± 3.26 

E 31.29 ± 5.06 

F 50.13 ± 6.57 

 

Considering the whole information, methanol containing EDTA 1.25 mM is the best 

extraction solvent.  In addition, as methanol is a mild denaturing agent, the use of 

EDTA in methanol extraction is necessary (178). 
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IP-RP-HPLC with UV detection was successfully used for analysis of cordycepin and 

nucleotides.  This method provides a simple and rapid separation and quantification.  

Further analysis of the peaks on the cellular extract using UV detection, however, 

remains unclear due to the limitation of UV detection on the selectivity.  UV 

detection is less sensitive for quantification of nucleotides and their metabolites in 

biological cells because metabolites are generally present at low concentration in 

cells.  Moreover, analysis of the metabolites in the biological cells is often difficult 

due to the complexity of the metabolites.  Therefore, the method for determination 

of cordycepin and its metabolites should have highest sensitivity and selectivity in 

order to obtain an accurate and precise quantification.  MS/MS provides a high 

selectivity detector, in which a selected ion can be used for quantification analysis.  

Due to the limitation of specificity and sensitivity of the UV detector, further studies 

moved to LC-MS/MS which is more suitable for the cell-based analysis.  MS/MS 

provides good sensitivity and specificity which will be particularly important in the 

use of biological samples. 

 

2.4.3. Development of an ion-pair-LC-MS/MS method for 

simultaneous analysis of cordycepin, metabolites and 

nucleotides 

The LC-MS/MS method is more selective and provides higher sensitivity than 

HPLC/UV.  Using LC-MS/MS, each analyte will be investigated by monitoring a 

specific fragmentation pattern, so maximum selectivity and sensitivity in analysis will 

be achieved using this method.   
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2.4.3.1  Mass spectrometry development 

Several LC-MS/MS methods have been reported for quantitative profiling of 

intracellular nucleotides (164, 169, 175-177).  However, they limit their methods to 

investigation of only a few nucleotides and the new developed method is needed for 

specific application to the nucleosides cordycepin and its metabolites as well as other 

major nucleotides.  Negative ESI mode was chosen in this experiment based on 

research by Tuytten et al. (164) and Cordell et al. (169).  Negative ESI mode resulted 

in a strong signal; compared with the complex spectra produced using positive mode 

because of the high background of the protonated DMHA ion. Using positive ESI 

mode, a positive amine group of DMHA produces a very strong signal that supresses 

other ions (169).  For that reason, negative ESI mode was selected to use in this 

method. 

 

Each analyte was measured by monitoring a specific fragmentation pattern using 

multi reaction monitoring (MRM) scan.  It is essential to evaluate carefully the choice 

of product ions and optimise conditions for their production.  This is achieved by a 

systematic optimisation of the MS conditions for each analyte.  Using MRM scan 

some of the analytes for which one molecular weight unit apart, for example 

✁�✂✄☎✁✆✝✞✟ ✠✡☛☞ ✌✍✎✏ ✑✟✄ ✒✓✆ ✔✆✒✑✕�✖✞✒✆✗✘ ✙✚-deoxyinosine (MW= 252), could be 

distinguished by producing different fragmentation pattern when subjected to LC-

MS/MS conditions.  Cordycepin produces the product ion of m/z 134 which 

corresponds to adenine, while the metabolites produce the fragment of m/z 135 

which corresponds to hypoxanthine (Figure 2.14). 
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with charge retention on the sugar moiety eliminates the base moiety as a neutral 

molecules and product sugar ions can be found as well.  Meanwhile, the nucleotides 

produce the product ions corresponding to the loss of PO3
- group or PO4

2- and also 

produce the fragments which correspond to the remaining structure after the loss of 

the bases.  The optimised conditions for the production of the selected ion for each 

analyte are shown in Table 2.4. 

 

Table 2.4. Parameters of MRM scan derived for nucleosides and nucleotides 

Compound tR (min) [M-H]
- 

(m/z) 

Selected 

Product Ion 

(m/z) 

Cone 

Voltage (V) 

Collision 

Energy (eV) 

adenosine 4.70 266.02 133.99 36 20 
✄�-

deoxyadenosine 

4.90 250.10 134.00 40 24 

cordycepin 5.44  250.10 134.00 40 24 
deoxyinosine 3.75 251.08 135.00 40 21 
✁✂☎✆✝✁✞✟✠✡ ☛�-

triphosphate 
15.35  490.00 392.00 37 22 

inosine 3.64 267.00 135.00 37 27 
AMP 7.22  345.94 96.75 40 26 
CMP 5.23  322.00 79.00 40 19 
GMP 6.40  361.98 210.73 41 23 
UMP 5.99  322.98 96.97 35 25 
ADP 11.52  425.96 327.55 43 18 
CDP 9.72  401.93 134.10 40 25 
GDP 10.62  442.01 343.88 40 20 
UDP 10.40  402.94 158.63 37 26 
ATP 14.75  505.93 407.75 39 24 
CTP 13.32  481.89 383.74 38 24 
GTP 14.06  521.98 423.72 36 24 
UTP 13.91  482.9 384.74 38 22 
8-Br-cAMP 12.18  406.00 212.00 40 25 
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the cell culture medium and the activity of this enzyme could be inhibited by 

methanol-1.25 mM EDTA (Figure 2.17A).  Therefore, to prevent the degradation of 

cordycepin during preparation sample, methanol-1.25 mM EDTA was added to the 

sample of media at the time points when the samples were collected.  The ratio of 

methanol-EDTA to medium 1:1 was effective in inhibition of ADA. 

 

 

Figure 2.17. Result from LC-MS/MS analysis shows: 

(A) The degradation of cordycepin in medium and the ability of methanol-EDTA to 

inhibit this degradation; (B) The effect of ratio of methanol-EDTA to medium 1:1 was 

✁��✁✂✄☎✆✁ ✄✝ ☎✞✟☎✠☎✄ ✄✟✁ ✡✁☛☞✌✡✌✄☎✝✞ ✝� ✂✝☞✡✍✂✁✎☎✞ ☎✞✄✝ ✏✑-deoxyinosine  

 

2.4.5. Method validation 

The method need to be validated to verify that the method is capable of producing 

quantitative data which is both reliable and reproducible.  The result of validation 

data for the method is presented in Table 2.5.  Compared to other methods applied 

to the measurement of intracellular nucleotides, the sensitivity of the method is 

much better than several HPLC-UV methods (133-135) and similar to other LC-

MS/MS methods (165, 169, 176).  Previous HPLC-UV methods have detection limits 

which are much higher than this method.  Giannattasio et al. (134) obtained 
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detection limits of nucleotides and nucleosides in primary cultures cells in the range 

of 10m- 60 pmol, Cichna et al. (133) measured nucleosides and nucleotides in human 

blood cells with limits of detection of 3- 29 pmol and Huang et al.(135) found the 

detection limit of intracellular nucleoside triphosphate levels in normal and tumour 

cell lines between 1.39 and 14.6 pmol. 

 

Table 2.5. Linearity, recovery and precision of the method for quantification of 

intracellular metabolites 

Compound LOD (pmol on 

column) 

R
2 

Recovery 

(%) 

Precision (RSD %) 

cordycepin 0.5 0.999 108.2 13.5 

adenosine 2.5 0.995 77.3 28.5 

deoxyinosine 2 0.999 91.0 15.9 

inosine 2 0.988 58.1 15.1 

✁�✂✄☎✁✆✝✞✟ ✠✡-

triphosphate 

1 0.998 100.5 13.2 

AMP 2.5 0.998 105.9 14.8 

CMP 2.5 0.992 47.1 8.1 

GMP 2.5 0.999 94.2 11.2 

UMP 2.5 0.999 73.5 12.9 

ADP 2.5 0.986 101.8 21.2 

CDP 2.5 0.996 104.7 17.9 

GDP 2.5 0.990 100.4 24.2 

UDP 2.5 0.998 120.6 21.7 

ATP 1.25 0.995 119.7 14.8 

CTP 1.25 0.999 112.3 16.4 

GTP 1.25 0.999 107.1 30.4 

UTP 1.25 0.990 114.1 16.7 
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Compared with previous LC-MS methods applied to quantify intracellular 

nucleotides, sensitivities found in this method are essentially comparable.  For 

example, Cordell et al. (169) measured nucleotides and related phosphate-containing 

metabolites in cultured mammalian cells by LC-ESI tandem mass spectrometry and 

the limit of detection were 0.25 ✄ 10 pmol.  Qian et al. (176) found that the limit 

detection of adenosine nucleotides in cultured cells were between 0.5 and 12 pmol.  

However, in terms of previous mass spectrometry methods applied for the 

quantification of the metabolites of cordycepin, the sensitivity of this method is 

better.  Yang et al. (79) measured cordycepin in different species of Cordyceps by 

capillary electrophoresis-mass spectrometry and the limit detection was 0.12 µg/mL.  

Huang et al. (185) found the limit of detection of cordycepin determined in 

Cordyceps using LC/ESI-MS was 0.1 µg/mL.  Yang et al. (80) obtained a better 

sensitivity of 0.01 µg/mL using ion-pair LC-MS, but the method was not applied in cell 

lines. 

 

Furthermore, the number of compounds analysed in this method are larger than 

those analysed using previous other LC-MS method, including the metabolites of 

cordycepin.  Moreover, other methods that have been applied to measure the 

metabolites of purine nucleoside analogues in cell samples lack validation 

procedures (94, 110, 191). 

 

The calibration lines were shown to be linear within 0.25 µM and 100 µM 

concentration range.  The coefficients of regression for all the compounds were 

above 0.99.  Figure 2.18 shows the calibration curve of serial standard solution of 
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Table 2.6.  The level of intracellular nucleotides (mM) in MCF7 untreated cells.   

Compound mM 
ATP 2.51 ± 0.53 
CTP 0.22 ± 0.04 
GTP 0.58 ± 0.11 
UTP 0.36 ± 0.09 
ADP 0.42 ± 0.05 
CDP 0.27 ± 0.06 
GDP 0.16 ± 0.03 
UDP 0.16 ± 0.07 
AMP 0.29 ± 0.02 
CMP 0.04 ± 0.01 
GMP 0.17 ± 0.02 
UMP 0.15 ± 0.04 
ATP/ADP 6.0 
ATP/TAN 0.76 
EC 0.85 

*Data represent the mean ± SD from 3 separate experiments (n=6-8) 

 

The concentration of intracellular nucleotides measured in the MCF7 cell (Table 2.6) 

are in agreement with other data from previous studies (133, 135, 169, 192-194).  

The intracellular levels of ATP in HeLa cells and NHF cells were around 1 mM (194), 

about 2.5 mM in JeKo cells (193), and in other six cancer cell lines and three primary 

strains were in the range of 1.5 - 5.5 mM (192).  The other nucleoside triphosphates 

(NTPs) were found to be lower from 0.01 to 1.3 mM or between 0.02 ✄ 3.2 

nmol/million cells (133, 135, 192).   To compare with this method, as can be seen in 

Table 2.6, we also found ATP to be the nucleotide of highest concentration in MCF7 

cells around 2.51 mM.   The other triphosphates were present at levels of 0.22✄ 0.58 

mM.  The diphosphate levels are found around in the range of 0.10 ✄ 102 µM or 0.28 

✄ 1.53 nmol/million cells (133, 169).  The levels of monophosphate are between 0.98 

and 12.7 µM (169) and most of them often below detection in the  investigation by 

Cichna et al. (133).  The ATP/ADP ratios in some cancer cell under control condition 

found in these papers were in the range 3.0 ✄ 8.0.  Our results determined ATP/ADP 
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ratio around 6 and all nucleotides were detected by this method.   Moreover, the 

energy charge (EC) of the cells of 0.8 and the intracellular levels of ATP was 76 

percent of total adenine nucleotide (TAN) which indicated that the cells were 

healthy.  The data above suggest that the results obtained here are valid and this 

method could be applied to analysis of intracellular metabolites and nucleotides in 

cell lines. 

 

2.5. Conclusions 

The LC-MS/MS method using the volatile ion pairing agent DMHA has demonstrated 

an ability to separate and detect mixtures of intracellular nucleotides.  The extraction 

of nucleotides from cell lines has been well investigated and the optimised extraction 

has been developed.  It has also been shown that the method can be successfully 

applied to MCF7 cells.   

 

The ability of the method to measure the intracellular metabolites and nucleotides 

has been established with the validation results. The method has been shown to 

have sufficient sensitivity and selectivity to measure accurate intracellular 

concentrations. 

 

The next step will use the method to investigate the intracellular metabolism of 

cordycepin in cell lines.  The cells will be treated with either cordycepin, pentostatin, 

or the combination both of them in order to investigate its metabolism in the 

medium and the cell lines.  



 

 

CHAPTER 3 

STABILITY AND METABOLISM OF CORDYCEPIN IN VITRO AND IN 

VIVO  
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STABILITY AND METABOLISM OF CORDYCEPIN IN VITRO AND IN VIVO  

3.1. Introduction 

�✁✂✄☎✆✝✞✟✠ ✡☛☞-deoxyadenosine) is an inhibitor of polyadenylation, the process of 

✌✄✄✟✍✟✁✠ ✁✎ ✞✁✏☎✡✑✒ ✍✌✟✏ ✌✍ ✍✓✝ ☛☞-end of mRNA molecule by poly(A) polymerase (PAP).  

�✁✂✄☎✆✝✞✟✠ ✂✝✄✔✆✝✄ ✍✓✝ ✝✎✎✟✆✟✝✠✆☎ ✁✎ ☛☞-end formation at a step prior to poly(A) tail 

synthesis by PAP and affects mRNA synthesis (195).  Wong et al. (196) confirmed 

that, at low doses of cordycepin, the poly(A) tail length of some mRNAs became 

shorter and Kondrashov et al. (86) showed that total poly(A) tail length is reduced in 

cordycepin treated cells.  Moreover, the effect of cordycepin on the inhibition of the 

mRNAs was not observed on housekeeping mRNAs (86) 

 

Cordycepin has been shown to inhibit the expression of inflammatory genes (63, 64) 

and the survival and proliferation of many cancer cells (94, 102, 103).  Further 

investigation of the anti-inflammatory effect of other adenosine analogues showed 

that only the polyadenylation inhibitors have anti-inflammatory activity (86).  These 

data strongly suggest that the mechanism of action of cordycepin as an anti-

inflammatory agent is through its ability to inhibit polyadenylation (86).   

   

The effect of cordycepin on cell proliferation by PAP modulation is exhibited in 

human epithelioid cervix, breast cancer, leukaemia, lymphoma, and in oral cancer 

cell lines (95, 97, 100).  In human epithelioid cervix and breast cancer cell lines,  PAP 

modulations by cordycepin affect the cell cycle rather than induce apoptosis (95).   

On the other hand, research by Chen et al. (94) exhibited that in combination with 

adenosine deaminase (ADA) inhibitors, cordycepin induced apoptosis in multiple 
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myeloma (MM) cells.  Therefore, inhibition of polyadenylation by cordycepin 

resulted in either suppression of proliferation or induction of the apoptotic process, 

according to the cell type and cordycepin concentration (97, 100).  Moreover, 

research by others in our laboratories has shown that treatment with 50 µM 

cordycepin reduces cell proliferation and survival on MCF7 cells after 72 hours and 

induces cell death by a non-apoptotic program (Khurshid, Singhania, Lin and De 

Moor, unpublished observation).   Moreover, incubation with the combination of 50 

µM cordycepin and 1 µM pentostatin showed that the majority of MCF7 cells enter 

apoptosis within four hours (Richa Singhania and Cornelia de Moor, unpublished 

observation). 

 

Results from studies on the inhibition of tumour growth using B16-BL6, LLC, and 

HL60 cells have proposed that the inhibition by cordycepin occurs through the 

activation of adenosine A3 receptors (A3AR) (96, 98, 99).  These receptors activate 

the Wnt signalling pathway, including GSK-✄✂ ✁�☎✆✝✁☎✆✞✟ ✁✟✠ �✡�☛✆✟ ☞✌ ✆✟✍✆✎✆☎✆✞✟✏

leading to reduced proliferation (99, 197).  Moreover, higher levels of mRNA 

expression of A3 adenosine receptors were reported in colon and human breast 

cancer cells compared to non-malignant cells (198).  The mechanism of action of 

cordycepin through activation of adenosine receptors expects that an inhibition of 

cordycepin transport or its phosphorylation should not prevent the activity of 

cordycepin.  However, the inhibition of the transport and the phosphorylation was 

observed to lead to the prevention of the effect of cordycepin on inflammatory 

response and protein synthesis, suggesting that cordycepin acts intracellularly and 

needs to be phosphorylated for its biological activity (86, 196).  In addition, research 
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by Lee et al. (199) observed that adenosine receptor did not facilitate the effects of 

cordycepin on the cell proliferation and apoptosis on oral squamous cell carcinoma. 

Therefore the biological effects of cordycepin in several other cell types appear not 

to be mediated by this receptor.  

 

Another study by Kim et al. also suggested that cordycepin might act as a poly(ADP-

ribose) polymerase (PARP) inhibitor (200).  PARP is an enzyme that is involved in a 

number of cellular functions, including expression of inflammatory genes, DNA repair 

and programmed cell death (194, 201).  Cordycepin has inhibited the expression of a 

number of inflammatory genes and reduced H2O2-induced PARP activation in A549 

cells (200).  Moreover, cordycepin demonstrated its ability to inhibit PARP-1 activity 

in vitro at very low concentrations (200).  Furthermore, experiments using BRCA1-

deficient MCF7 cells showed that cordycepin enhanced killing of cells in a similar 

manner  to that achieved by the PARP inhibitor (200).  Research by Lee et al. (202) 

observed that cordycepin induced DNA damage response, but this effect was 

apparently not facilitated by its deoxyribonucleotides.  Further investigation showed 

inhibition of PARP activity by cordycepin and this inhibition was found to be more 

pronounced in highly undifferentiated breast cancer cells (202).  However, the direct 

inhibition of PARP by cordycepin was not adequately demonstrated in this paper. 

 

In spite of the promising results of cordycepin as an anticancer agent, the current 

limitation for cordycepin application in clinical practices is that it requires the co-

administration of adenosine deaminase (ADA) inhibitors such as coformycin (CF) or 

deoxycoformycin (dCF), which is also known as pentostatin, (94) because cordycepin 
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is rapidly metabolized and quickly deaminated to an inactive metabolite by ADA 

(110, 188, 203).  Tsai et al. (188) investigated biotransformation of cordycepin and 

adenosine in rat blood and liver.  Their results showed an unidentified peak that had 

an HPLC retention time faster than cordycepin, indicating a more polar compound, 

probably a metabolite of cordycepin.  When pre-treated with an ADA inhibitor, 

pentostatin, they found a smaller amount of the unidentified peak, indicating that it 

was the deaminated product, which they did not further identify.  Furthermore, 

cordycepin goes through phosphorylation by adenosine kinase (AK) to become 

cordycepin monophosphate (110, 204-206) which is then further metabolized to 

cordycepin diphosphate and cordycepin triphosphate (Figure 3.1).  

 

Moreover, in another study found that cordycepin was given in combination with 

pentostatin, a potential ADA inhibitor, resulted in an increasing toxicity compared to 

cordycepin alone (207).  Clinical study to assess the combination of pentostatin and 

other agents have reported that toxicity of pentostatin in combination with 

interferon to be tolerable in patients, but combination with alkylating agents showed 

a significant immunosuppression in patients with chronic lymphocytic leukaemia 

(208). A clinical trial phase I and II to evaluate the combination of pentostatin and 

cordycepin in patients with acute lymphocytic leukaemia are undergoing and 

coordinated by Oncovista (website reference1-2). 
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3.2. Aim and Objectives 

The aim of this chapter is to study metabolism of cordycepin in vitro and in vivo. 

The objectives of this chapter are to apply the LC-MS/MS method for: 

� Determination of cordycepin and its metabolites in the culture medium of 

MCF7 and HeLa cells treated with cordycepin in the presence or absence of 

pentostatin. 

� Quantification of cordycepin and its metabolites in MCF7 and HeLa cells 

treated with cordycepin in the presence or absence of pentostatin. 

� Comparison of the degradation of cordycepin in non-heat-treated serum 

between pure cordycepin and an ethanol extract of Cordyceps militaris. 

� Measurement of the level of cordycepin and the metabolites in plasma and 

liver samples of MIA (monosodium iodoacetate)-treated rats. 

 

3.3. Materials and Methods 

3.3.1. Chemicals 

The chemicals used are the same as described in Chapter 2 (Section 2.3.1). 

 

3.3.2. Cell culture 

MCF7 and HeLa cells were cultured using the same procedures as described in 

Chapter 2 (Section 2.3.2). 
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3.3.3. Drug treatment 

Cells were seeded in a six-well plate and incubated for 24 hours.  Cells then were 

treated with either vehicle (DMSO), 50 µM cordycepin, 1 µM pentostatin, or the 

combination of 50 µM cordycepin and 1 µM pentostatin (cordycepin/pentostatin) for 

2, 8, and 24 hours.  After the time points, media and cells were collected from the 

incubations and analysed for cordycepin and its metabolites by LC-MS/MS method.  

Quantification of metabolites and intracellular level of nucleotides were calculated 

from the regression of the calibration curve. Furthermore, the intracellular 

concentrations of the metabolites and nucleotides were estimated based on the 

measured total cell volume. 

 

3.3.4. Samples extraction 

3.3.4.1 Cell line culture medium samples 

To the cell culture medium (200 µL) was added 200 µL extraction solvent (cold 

methanol-1.25 mM EDTA).  Precipitated proteins were removed by centrifugation at 

15,000 g, 4°C for 15 min.  Subsequently supernatant was removed and analysed for 

the metabolites concentration using a liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) method. 

 

3.3.4.2 Cell line samples 

Extraction of samples was done as described in Chapter 2 (Section 2.3.8.1). 
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3.3.5. Calculation of total cell volume 

Calculation the total cell volume was done as described in Chapter 2 (Section 

2.3.8.2). 

 

3.3.6. Preparation of ethanol extract of Cordyceps militaris 

The dried powder of C. militaris (100 mg) was extracted in an Eppendorf tube with 1 

mL of ethanol.  The Eppendorf tube was placed in a shaker for 30 min and then after 

the supernatant was removed, its pellet was re-extracted with a further 1 mL of 

ethanol.  Then the supernatants were combined and centrifuged (15,000 g for 15 

min).  After that, the supernatant was collected and evaporated to dryness and the 

final extract was dissolved in 50 µL DMSO. 

 

3.3.7. Degradation assay of cordycepin and extract of C. militaris in 

non-heat-treated serum 

Cordycepin or extract ethanol of C. militaris was added into 50 µL non-heat-treated 

FBS and were incubated at 0, 15, 30, 45, and 60 min at room temperature.  At the 

end of incubation, 500 µL of methanol was added to each of them and mixed by 

shaking and then was centrifuged at 15,000 g for 15 min.  The supernatant then was 

injected into LC-MS/MS system. 
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3.3.8. Quantitative analysis of metabolites of cordycepin in plasma 

and liver samples of MIA (monosodium iodoacetate)-treated 

rats 

3.3.8.1 Sample collection  

Animals were grouped into three group of treatment:  group 1 was MIA and given 

vehicle, group 2 was MIA injured and given cordycepin, and group 3 was saline injury 

and given vehicle.  The rats in group 3 received 2 mg cordycepin (mixed in with a set 

amount of rat diet powder) every other day from day 0 to day 14 post MIA, i.e. day 0, 

2, 4, 6, 8, 10, 12 and then on day 14, which was the day of euthanisation.   

 

Blood samples were collected from tail vein into tubes containing heparin and 1 µM 

pentostatin at 45-50 min post ingestion, and then the plasma were transferred to 

tubes and frozen in liquid nitrogen immediately.  The frozen samples were stored at 

☎✄� °C until analysis.  The liver was rapidly removed and also frozen in liquid nitrogen 

immediately. The frozen samples were stored at -80 °C.  

 

3.3.8.2 Sample extraction 

Five hundred microliter of extraction solvent (1.25 mM EDTA in cold methanol) was 

added to 50 µL of plasma and then the extraction was managed by vortexing for 5 

min. Protein was removed by centrifugation at 4 °C; 15,000 g for 15 min.  The 

supernatant was evaporated under vacuum condition to dryness and re-dissolved in 

50 µL of mobile phase then was injected into LC-MS/MS system. 

 



STABILITY AND METABOLISM OF CORDYCEPIN IN VITRO AND IN VIVO 

94 

 

Frozen liver samples (450.0-550.0 mg) were pulverized in a mortar with frequent 

additions of liquid nitrogen.  The powder then was mixed with 5 mL of extraction 

solvent and carried out by vortexing for 5 min.  Protein was removed by 

centrifugation at 4 °C; 15,000 g for 15 min.  The supernatant was evaporated under 

vacuum condition to dryness and re-dissolved in 100 µL of mobile phase then was 

injected into LC-MS/MS system. 

 

3.3.9. LC-MS/MS conditions 

Analyses of samples were carried out by the method are described in Chapter 2 

(Section 2.3.8.3). Multiple reactions monitoring (MRM) scan was used with dwell 

time 0.1 s as described in Table 2.4. 

 

3.4. Results and Discussion 

3.4.1. Calculation of cell volume 

The intracellular levels of the nucleotides were estimated from the average cell 

volume and the total cell count.  Using a total volume of cells per well the 

measurement could be converted into cellular concentrations.  A laser light 

scattering technique was used to determine the average diameter of MCF7 and HeLa 

cells as shown in Figure 3.2.  The average diameter of HeLa cells was estimated to be 

20.70 µm which is consistent with result of 20 µm reported before (209, 210) but is 

slightly larger than the values of 15 and 18 µm reported by Schoeberl, et al. (211) 

and Luciani, et al. (212), respectively.  The estimated volume of the cells was 

calculated assuming that they were sphere, therefore provided a mean volume cell 

of MCF7 and HeLa cells are 4.3 and 4.6 pL/cell, respectively. 
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Figure 3.2.  The average diameter of MCF7 (A) and HeLa (B) cells 

The average diameter of MCF7 cells was found (20.26 ± 1.39) µm. This gave a mean 

volume of 4.3 pL/cell.  The average diameter of HeLa cells was found (20.70± 4.86) µm. 

This gave a mean volume of 4.6 pL/cell (B).   

 

3.4.2. Metabolism of cordycepin in the culture medium of MCF7 and 

HeLa cells 

To examine the metabolism of cordycepin in the culture medium of MCF7 and HeLa 

cells, media containing 50 µM cordycepin with and without 1 µM pentostatin were 

analysed by the LC-MS/MS method after several time points of incubation.  The 

concentrations of drugs used are based on the studies conducted by Wong et al 

(196) which have shown that there was a significant decrease on the protein 

synthesis rates in HeLa and NIH 3T3 cells treated with cordycepin of  50 µM for 2 

hours, with lesser effects at 10 and 20 µM.  Moreover, although the rate of protein 

synthesis in MCF-7 cells was insensitive to cordycepin, a notable effect was shown at 

8 and 24 hours incubation using combination of 50 µM cordycepin with 1µM 

pentostatin as compared to the 2 hour time point (Asma Khurshid, unpublished 
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result).  In addition, proliferation of MCF7 cells was gradually decreased with 

increased cordycepin concentration from 50 µM onwards after 24 hour of incubation 

(213). 

 

Figure 3.3 ✁�✂✄✁ ☎�✆ ✝✆☎✞✟✂✠✡✁✝ ✂☛ ☞✂✌✍✎☞✆✏✡✑ ✡✑☎✂ ☎�✆ ✍✆✞✝✡✑✞☎✆✍ ✏✌✂✍✒☞☎✓ ✔✕-

deoxyinosine, in the culture medium during incubation.  The deamination of 

cordycepin was probably due to the presence of adenosine deaminase (ADA) in the 

medium since it contained 10% foetal bovine serum (FBS).  Furthermore, in this study 

✄✆ ✂✟✁✆✌✖✆✍ ☎�✞☎ ☞✂✑✖✆✌✁✡✂✑ ✂☛ ☞✂✌✍✎☞✆✏✡✑ ☎✂ ✔✕-deoxyinosine in the medium in the 

absence of ADA inhibitor was very rapid.  In MCF7 cells treated with cordycepin 

alone (Figure 3.4A), the level of cordycepin in the cell culture medium decreased 

sharply by 85% after 2 hours incubation and was not measureable in the cell culture 

medium after 8 hours.  At 2 �✂✒✌✁ ✡✑☞✒✟✞☎✡✂✑✓ ☎�✆ ✠✆✖✆✠ ✂☛ ✔✕-deoxyinosine in the cell 

culture medium was almost twice that of the cordycepin level and remained at a 

similar level up to 24 hours.   

 

The level of cordycepin in the cell culture medium of MCF7 cells treated with 

cordycepin and pentostatin (Figure 3.4B) declined by 24 % after 2 hours incubation 

and this level decreased significantly afterward to 55% (8 hours) and 21% (24 hours).  

Furthermore, treatment with cordycepin and pentostatin resulted in inhibition of the 

✝✆☎✞✟✂✠✡✁✝ ✂☛ ☞✂✌✍✎☞✆✏✡✑ ✡✑☎✂ ✔✕-✍✆✂✗✎✡✑✂✁✡✑✆✘ ✙☎ ☞✞✑ ✟✆ ✁✆✆✑ ☎�✞☎ ✑✂ ✔✕-

deoxyinosine was detected in the cell culture medium after 2 hours incubation and it 

was detected only at a low level after 8 hours, at less than 4% of the concentration of 

cordycepin.     
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Figure 3.3. LC-MS chromatogram of extract culture medium after 2 hour incubation with 

50 µM cordycepin 

Chromatographic conditions: mobile phase A, 5mM DMHA in water: methanol (95:5 

v/v) pH 7; B, 5mM DMHA in methanol: water (80:20 v/v).  Gradient elution: 0✄10min, 0✄

20% B; 10✄23min, 20- 35% B; 23-25min, 35-0% B; 25✄35min, 0% B.  Column 

temperature: 40°C.  MRM scan as described on Table 2.3 and Table 5.1. 
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Figure 3.4. Decreasing the level of cordycepin and increasing t✁� ✂�✄�✂ ☎✆ ✝✞-

deoxyinosine in culture media of MCF7  cells were incubated with either 50 µM 

cordycepin (A)  or the combination of 50 µM cordycepin and 1 µM pentostatin (B) for 

the indicated times.   
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Figure 3.5. �✁✂✄✁☎✆✝✞✟ ✠✡✁ ☛✁☞✁☛ ✌✍ ✂✌✄✎✏✂✁✑✝✞ ☎✞✎ ✝✞✂✄✁☎✆✝✞✟ ✠✡✁ ☛✁☞✁☛ ✌✍ ✒✓-

deoxyinosine in culture media of HeLa  cells were incubated with either 50 µM 

cordycepin (A)  or the combination of 50 µM cordycepin and 1 µM pentostatin (B) for 

the indicated times.   

 

Similar results were obtained in the medium of HeLa cells treated with cordycepin 

alone (Figure 3.5A).  The level of cordycepin was reduced by around 84% after 2 

hours and it was not detected at all after 8 hours.  In the presence of pentostatin, an 

ADA inhibitor, the level of cordycepin was only reduced by approximately 30 % after 

2 hours incubation and this level decreased significantly afterward (Figure 3.5B).  

Also, as for the medium ✔✕ ✖✗✘✙ ✚✛✜✜✢✣ ✤✔ ✥✦-deoxyinosine was detected in the cell 
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culture medium after 2 hours incubation and it was observed only at a low level after 

8 hours.   

 

It is also apparent from both figures (Figure 3.4 and Figure 3.5) that some cordycepin 

seems to go missing in the medium.  It is likely that cordycepin was metabolized into 

✄�-deoxyinosine which then rapidly converted to hypoxanthine and xanthine which 

were not measured in this study.  However, in the presence of an ADA inhibitor, 

pentostatin, still some loss of cordycepin is observed in the medium.  It is not 

possible that it is all inside the cells, because of their small volume, so probably an 

alternative degradation route for cordycepin exists.  Research by Snyder and 

Henderson (214) have examined alternative pathway of adenosine and 

deoxyadenosine metabolism.  Their results showed that glycosidic cleavage of 

deoxyadenosine to become adenine also occurs in Ehrlich ascites tumor cells; in 

addition to phosphorylation and deamination.  Taken together, these results confirm 

✁✂☎✁ ✆✝✞✟✠✆✡☛☞✌ ✍✄�-deoxyadenosine) is rapidly degraded in cell culture medium, 

which is important for the interpretation of result obtained from long term 

cordycepin incubations with cells. 

 

3.4.3. Intracellular metabolism of cordycepin in MCF7 and HeLa cells 

To observe the intracellular metabolism of cordycepin, MCF7 and HeLa cells were 

incubated with 50 µM cordycepin with and without 1 µM pentostatin, the deaminase 

inhibitor, for several time points; and then cell extracts were analysed by the LC-

MS/MS method.   
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From the Figure 3.6 and Figure 3.7 ✁� ✂✄☎ ✆�� ✝✞✄✝ ✂✟✠✡☛✂�☞✌☎✍ ✎✏-deoxyinosine, and 

✂✟✠✡☛✂�☞✌☎ ✑✏-triphosphate accumulated in MCF7 cells both with and without 

pentostatin; and Table 3.1 summarizes the results.  These results confirm that 

cordycepin is efficiently transferred across the cell membrane and is metabolized by 

☞✞✟✆☞✞✟✠☛✒✄✝✌✟☎ ✝✟ ✂✟✠✡☛✂�☞✌☎ ✑✏-✝✠✌☞✞✟✆☞✞✄✝� ✄☎✡ ✓☛ ✡�✄✔✌☎✄✝✌✟☎ ✌☎✝✟ ✎✏-

deoxyinosine. 

 

The concentrations of cordycepin and its two metabolites in cordycepin treated cells 

were at a maximum at 2 hours incubation with levels of 13, 40, and 494 µM for 

✂✟✠✡☛✂�☞✌☎✍ ✎✏-deoxyinosine, and cordycepin triphosphate, respectively (Figure 3.6).  

After 8 hours of incubation, no cordycepin was detected that indicates that all 

cordycepin has been metabolized✕ ✖✞� ✂✟☎✂�☎✝✠✄✝✌✟☎✆ ✟✗ ✂✟✠✡☛✂�☞✌☎ ✑✏-triphosphate 

✡�✂✠�✄✆�✡ ✘✠✄✡✙✄✒✒☛ ✁✌✝✞ ✟☎✒☛ ✚✎ ✛✜ ✒�✗✝ ✄✝ ✢✣ ✞✟✙✠✆ ✌☎✂✙✓✄✝✌✟☎ ✄☎✡ ✝✞� ✒�✤�✒ ✟✗ ✎✏-

deoxyinosine remained constant over 24 hours of incubation. These results indicate 

✝✞✄✝ ✎✏-deoxyinosine is quite stable inside the cell, while the phosphorylated 

metabolite is eliminated faster, but persists longer than unmodified cordycepin. 
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Figure 3.6. �✁✁✂✄✂☎✆✝✞✟✠ ✟✡ ✁✟☛☞✌✁✍✎✞✠✏ ✑✒-deoxyin✟✓✞✠✍✏ ✆✠☞ ✁✟☛☞✌✁✍✎✞✠ ✔✒-

triphosphate in MCF7 cells were incubated with 50 µM cordycepin for the indicated 

times. 

 

 

 

Figure 3.7. �✁✁✂✄✂☎✆✝✞✟✠ ✟✡ ✁✟☛☞✌✁✍✎✞✠✏ ✑✒-☞✍✟✕✌✞✠✟✓✞✠✍✏ ✆✠☞ ✁✟☛☞✌✁✍✎✞✠ ✔✒-

triphosphate in MCF7 cells were incubated with 50 µM cordycepin and 1 µM 

pentostatin for the indicated times. 
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Results from incubation with the combination of cordycepin and pentostatin found 

that 1 µM pentostatin was adequate to prevent the intracellular degradation of 

✁�✂✄☎✁✆✝✞✟ ✞✟✠� ✡☛-✄✆�☞☎✞✟�✌✞✟✆✍ ✎� ✡☛-deoxyinosine was detected at 2 hours 

incubation and only a very low level  (7 µM) was found at 8 hours, which remained 

steady over 24 hours incubation.  At 2 hours incubation the level of cordycepin and 

the triphosphate metabolite in cordycepin/pentostatin treated cells were around 

four and 2.5-fold higher than in cordycepin treated cells (without pentostatin).  In 

✏✄✄✞✠✞�✟✑ ✒✏☞✞✒✓✒ ✁�✟✁✆✟✠✂✏✠✞�✟✌ �✔ ✁�✂✄☎✁✆✝✞✟ ✏✟✄ ✁�✂✄☎✁✆✝✞✟ ✕☛-triphosphate in 

cordycepin/pentostatin treated cells reached maximum at 8 hours incubation (79 

and 2203 µM), were about six and 4.5-fold higher than the maximum concentrations 

in cordycepin treated cells (13 and 494 µM).  This result is in agreement with a 

previous study in leukemic cells (110) ✞✟ ✖✗✞✁✗ ✁�✂✄☎✁✆✝✞✟ ✕☛-triphosphate was 

detected in some leukemic cells at significantly lower concentrations when incubated 

with cordycepin without pentostatin. 
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Table 3.1. Summary of concentrations of metabolites of cordycepin in the MCF7 cells incubated with 50 µM cordycepin either in the absence or 

presence of 1 µM pentostatin 

 Treatment 

50 µM cordycepin 50 µM cordycepin + 1 µM pentostatin 
2 h 8 h 24 h 2 h 8 h 24 h 

Cordycepin (µM) 13 ± 6 N.d. N.d. 55 ± 27 79 ± 50 3 ± 1 
Deoxyinosine (µM) 40 ± 11 39 ± 14 33 ± 9 N.d. 7 ± 4 8 ± 2 
Cordycepin triphosphate (µM) 494 ± 182 176 ± 41 73 ± 31 1281 ± 388 2203 ± 312 73 ± 19 

*Data represent the mean ± SD from 3 separate experiments (n=8-12). N.d. = not detectable  

 

 

Table 3.2. Summary of concentrations of metabolites of cordycepin in the HeLa cells incubated with 50 µM cordycepin either in the absence or 

presence of 1 µM pentostatin 

 Treatment 

50 µM cordycepin 50 µM cordycepin + 1 µM pentostatin 
2 h 8 h 24 h 2 h 8 h 24 h 

Cordycepin (µM) 6 ± 2 N.d. N.d. 26 ± 11 29 ± 14 14 ± 4 
Deoxyinosine (µM) 48 ± 13 51 ± 23 39 ± 4 N.d. 11 ± 7 13 ± 9 
Cordycepin triphosphate (µM) 251 ± 134 27 ± 13 4 ± 2 1089 ± 645 1277 ± 374 560 ± 363 

*Data represent the mean ± SD from 3 separate experiments (n=8-12). N.d. = not detectable 
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Figure 3.8. �✁✁✂✄✂☎✆✝✞✟✠ ✟✡ ✁✟☛☞✌✁✍✎✞✠✏ ✑✒-☞✍✟✓✌✞✠✟✔✞✠✍✏ ✆✠☞ ✁✟☛☞✌✁✍✎✞✠ ✕✒-

triphosphate in HeLa cells were incubated with 50 µM cordycepin for the indicated 

times. 

 

 

 

Figure 3.9. �✁✁✂✄✂☎✆✝✞✟✠ ✟✡ ✁✟☛☞✌✁✍✎✞✠✏ ✑✒-☞✍✟✓✌✞✠✟✔✞✠✍✏ ✆✠☞ ✁✟☛☞✌✁✍✎✞✠ ✕✒-

triphosphate in HeLa cells were incubated with 50 µM cordycepin and 1 µM pentostatin 

for the indicated times. 

 

It can be seen that the intracellular metabolism of cordycepin in HeLa cells was 

similar with that in MCF7 cells.  Cordycepin and its active metabolite, cordycepin 

triphosphate, were at an intracellular maximum level at 2 hours incubation with 50 

µM cordycepin, while the level of deaminated metabolite was found in high 
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concentrations, 8 times higher than the level of cordycepin, and remained steady 

over 24 h (Figure 3.8).  Treatment using combination with 1 µM pentostatin resulted 

in an increase of the level of cordycepin and the active metabolite around four times 

higher at 2 ✁�✂✄☎ ✆✝✞✂✟✠✡✆�✝ ☛✁☞✄☞✠☎ ✡✁☞✄☞ ☛✠☎ ✝� ✌✍-deoxyinosine detected at that 

time point (Figure 3.9).  At 8 hours incubation, the maximum concentrations of 

✞�✄✎✏✞☞✑✆✝ ✠✝✎ ✞�✄✎✏✞☞✑✆✝ ✒✍-triphosphate in cordycepin/pentostatin treated cells 

reached maximum (29 and 1277 µM), were around five-fold higher than the 

maximum concentrations in cordycepin treated cells (6 and 251 µM) (Table 3.2). 

 

3.4.4. Degradation of cordycepin in non-heat-treated serum 

The results obtained from the previous experiments (Section 3.4.2 and Section 3.4.3) 

showed that cordycepin was rapidly metabolized ✆✝✡� ✡✁☞ ✆✝✠✞✡✆✓☞ ✔☞✡✠✟�✕✆✡☞✖ ✌✍-

deoxyinosine both in the medium and in the cells.  These results are consistent with 

the previous studies that the use of cordycepin as therapeutic agent required an 

addition of deaminase inhibitor to inhibit deactivation of cordycepin (94, 110, 204) 

and to extend the half-life of cordycepin since the half-life of cordycepin is short, at 

1.6 minutes in vivo (188).  However, other studies found that cordycepin in a crude 

extract of Cordyceps exhibited significant pharmacological activity without the 

presence of deaminase inhibitor (215-220).  Questions have therefore been raised 

about the possible presence of a natural deaminase inhibitor in the extract of 

Cordyceps. Therefore, a set of experiments was conducted in order to assess this 

possibility. 
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Cordycepin or extract ethanol of C. militaris in non-heat-treated FBS were analysed 

by the LC-MS/MS method after several time points of incubation.  Figure 3.10 

presents the results obtained from the degradation assay of cordycepin and extract 

ethanol of C. militaris in non-heat-treated serum.  The current experiment found that 

✁�✂✄✂ ☎✆✝ ✆ ✞✄✆✟✠✆✡ ✟✂✞✄✆✟✆✁☛☞✌ ☞✍ ✎☞✄✟✏✎✂✑☛✌ ☛✌✁☞ ✒✓-deoxyinosine in non-heat-

treated serum.  Over 60 min incubation, around 25% of cordycepin had been 

✎�✆✌✞✂✟ ☛✌✁☞ ✒✓-deoxyinosine.  Moreover, there were significant correlation between 

the declining of the level of cordycepin in non-heat-treated serum and the length of 

incubation (r = -0.92; p✔✕✖✕✗✘✙ ✆✡✝☞ ✚✂✁☎✂✂✌ ✁�✂ ✟✂✛✂✡☞✑☛✌✞ ☞✍ ✁�✂ ✡✂✛✂✡ ☞✍ ✒✓-

deoxyinosine in non-heat-treated serum and the length of incubation (r = 0.99; 

p<0.05). 

 

 

Figure 3.10. ✜✢✣✤✥✦✥✧★✩✪ ✩✫ ✬✩✤✦✭✬✢✮★✪ ★✪✧✩ ✯✰-deoxyinosine in non-heat-treated serum 

over 60 minutes of incubation  
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The most interesting finding in this experiment was that the degradation of 

cordycepin in the extract of C. militaris was very low, less than 0.1% of cordycepin 

✁�✂ ✄☎☎✆ ✝✁�✆✞☎✂ ✟✆✠✡ ☛☞-deoxyinosine after 15 min incubation in non-heat-treated 

✌☎✍✎✏ �✆✂ ✄✡✠✁ ✠✁☎ ✑☎✒☎✑ ✡✓ ✝✡✍✂✔✝☎✕✟✆ �✆✂ ☛☞-deoxyinosine remain steady over 60 

min incubation.  This experiment indicates strong evidence for the presence of a 

deaminase inhibitor in extract of Cordyceps. 

 

3.4.5. Quantitative analysis of metabolites of cordycepin in plasma 

and liver samples of MIA-treated rats 

Monosodium iodoacetate (MIA) induced osteoarthritis (OA) is commonly used to 

study the pathophysiology and development of joint injury with characterisation of 

the related pain.  Weight bearing asymmetry and allodynia are observed in this MIA-

induced OA model (221).  The MIA experiments showed that cordycepin significantly 

reduced MIA induced weight bearing asymmetry and significantly reversed MIA 

induced allodynia at day 10 and 14 (Burston, De Moor and Chapman, unpublished 

results).  Therefore, the objective of this study was to determine the level of 

cordycepin and the metabolites in plasma and liver samples of MIA-treated rats.   

Before the measurement of concentration of the active metabolites of cordycepin, 

validation of the method was performed. 

 

The result of validation data of the method for quantification of cordycepin and its 

metabolites in plasma and liver sample is presented in Table 3.3 and Table 3.4.  The 

results show that recoveries of the deaminated and phosphorylated metabolites 

were around or less than 50% which could be caused by precipitation of these 
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metabolites with proteins during the centrifugation step of the extraction of the 

samples.  These low recoveries indicate a need for further improvement on the 

extraction of the samples.  To compare with the results of Tsai et al. (188), their 

method showed the average of recovery of cordycepin in blood and liver were 37.7 

and 48.3%, respectively; however, the concentration of cordycepin in the liver was 

undetectable using their method and also the method could not identify the 

metabolites of cordycepin. 

 

Table 3.3.  Linearity, recovery and precision of the method for quantification of 

metabolites in rat plasma 

Compound R2 Recovery (%) Precision (RSD %) 

cordycepin 0.999 96.2 10.4 
deoxyinosine 0.999 56.2 4.4 
cordycepin ✄�-
triphosphate 

0.998 49.2 2.5 

 
 

Table 3.4.  Linearity, recovery and precision of the method for quantification of 

metabolites in rat liver 

 

Compound R2 Recovery (%) Precision (RSD %) 

cordycepin 0.999 100.2 18.4 
deoxyinosine 0.999 49.9 5.7 
✁✂☎✆✝✁✞✟✠✡ ✄�-
triphosphate 

0.998 36.5 12.5 

 
 
 

In this experiment rats were dosed with 2 mg of cordycepin every other day for 2 

weeks. The last dose was administered 45-50 minutes before blood and liver samples 

were collected.  Result from analysis of plasma samples shows that neither 

cordycepin nor its metabolites were detected in the plasma samples.  The result 

indicates that degradation of cordycepin and the metabolites were rapid in the 

plasma.  Since the samples were collected after 45-50 minutes last ingestion of 
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cordycepin, cordycepin may already be degraded to hypoxanthine and xanthine 

which was not measured in this study.  Tsai et al. (188) reported that the half-life 

time of cordycepin and its metabolites are very short in the rat plasma.  The half-life 

time of cordycepin was 1.6 min; while when pre-treated with pentostatin 30 min 

before administration of cordycepin, the elimination half-life of cordycepin was 

increased up to 23.3 min.  Moreover, their study also observed that the elimination 

half-life of inosine and its further conversion, hypoxanthine, are also short in the 

plasma (188) since inosine and hypoxanthine are rapidly metabolized in human 

plasma (222).   

 

Table 3.5. Levels of cordycepin and its metabolites in liver samples of rats dosed with 

cordycepin 

Sample Cordycepin   
(µmol/g sample) 

✄�-deoxyinosine  
(µmol/g sample) 

Cordycepin triphosphate   
(µmol/g sample) 

Liver 1 0.26 1.49 - 
Liver 2 0.33 1.55 0.03 
Liver 3 0.34 1.63 0.03 
Liver 4 0.38 1.22 0.04 
Liver 5 0.37 1.59 0.03 
Liver 6 0.28 1.64 0.04 
Liver 7 0.86 1.19 - 
Liver 8 0.30 1.50 - 
Average ± SD 0.39 ± 0.19 1.47 ± 0.18 0.03 ± 0.01 

 

✁✂☎✆✝✆✞✟ ✠✡✆ ☛✂☞☛✆☞✠✞✌✠✍✂☞ ✂✎ ☛✂✞✏✑☛✆✒✍☞✟ ✠✡✆ ✏✆✌✓✍☞✌✠✆✏ ✓✆✠✌✔✂✕✍✠✆✖✟ ✄�-

deoxyinosine, and cordycepin triphosphates were determined in the liver samples.  

The levels of cordycepin and the metabolites in rat liver samples are shown in Table 

3.5.  The actual concentrations of cordycepin and the metabolites in the rat liver 

were corrected by their respective recoveries.  From the table we can see that 

cordycepin and the both metabolites were accumulated in the liver.  Concentration 
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of the deaminated metabolite was the highest at around 4 times of the 

concentration of the precursor, cordycepin, whereas the phosphorylated metabolite 

was only accumulated less than 10% of cordycepin.   

 

3.4.6. Discussion 

In this study we demonstrated that the major intracellular metabolite of cordycepin 

was cordycepin triphosphate, which was developed rapidly and accumulated 

intracellularly in high concentration in both of the cell lines, MCF7 and HeLa cells.  

Since this metabolite, cordycepin triphosphate, has been proven as the active 

metabolite which is responsible for the pharmacological activity of cordycepin (86, 

110, 223), these findings support the previous observation that both MCF7 and HeLa 

cells were found to be sensitive to cordycepin (95).  The maximum intracellular level 

of cordycepin triphosphate in MCF7 cells was approximately two-fold higher than 

that in HeLa cells when incubated either with cordycepin alone or in the presence of 

pentostatin.    The lower level of cordycepin triphosphate in HeLa cells compared 

with in MCF7 cells is probably because MCF7 cells express a higher adenosine kinase 

(AK) activity than HeLa cells.   

 

The phosphorylated metabolite of cordycepin was accumulated to a much higher 

level than the deaminated metabolites in MCF7 and HeLa cells, indicating that 

phosphorylation of cordycepin is much more efficient than deamination.  Previous 

study found that in most tissue investigated, the Km values of AK for adenosine are 

lower than those of the deaminase, between one and two orders of magnitude 

lower (15).  Since the bonding between purine base of adenosine and AK (224) is 
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quite similar to the bonding between purine base of cordycepin and AK, it is likely 

that Km values of AK for cordycepin also quite similar with that for adenosine.  In 

addition, a study on the comparison of ADA and AK activities in Ehrlich ascites 

tumour cells observed that at low concentrations of adenosine, less than 150 µM, 

phosphorylation of adenosine was greater than that of deamination (214).  

Moreover, Agarwal et al. (225) reported that the Km values of ADA from human 

erythrocytes  for adenosine and cordycepin were 25 and 41 µM, respectively; 

whereas Km values of AK for adenosine was 1.8 µM (226) and efficiency of 

phosphorylation of cordycepin is 12.5 % of adenosine phosphorylation (226).  

Therefore, the efficiency of phosphorylation of cordycepin is much more efficient 

than the deamination of cordycepin. 

 

Investigation of the activity of enzymes in cancer tissues observed higher activities of 

enzymes which are responsible for purine metabolism as a compensatory 

mechanism for enhanced purine metabolism in tumour tissue (227).  The study 

discovered that in tumour ✁�✂✂✄☎✂✆ ✁✝☎ ✞✟✁�✠�✁�☎✂ ✡☛ ☞✌☞✆ ☞✍✆ ✎✏-✑✄✟✒☎✡✁�✓✞✂☎ ✔✎✕-NT), 

and purine nucleoside phosphorylase (PNP) are much higher than in non-neoplastic 

mucosa.  Giglioni et al. (228) also detected a significant increase in gene expression 

of AK and  higher of AK activities (227) in colorectal tumour samples compare to non-

tumour mucosa.  Consequently, phosphorylation of adenosine and adenosine 

analogues are much higher as a result of high activity of AK in malignant tissue. 

 

Deamination of cordycepin to the inactive metabolite deoxyinosine has been shown 

extensively in cells incubated without pentostatin; most of cordycepin was readily 
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✁�✂✄☎✆✂✝�✁ ✞✟ ✠✡✠ ✂✆✁ ☛☞✆✌�✍✝�✁ ✝☞ ✎✏-deoxyinosine.  Furthermore, the 

combination of 50 µM cordycepin and 1 µM pentostatin found that concentration of 

1 µM of inhibitor was adequate to prevent the intracellular degradation of 

☛☞✍✁✟☛�✑☎✆ ☎✆✝☞ ✎✏-deoxyinosine.  Agarwal et al. (225) reported that Ki of ADA for 

pentostatin is 2.5 nM while the Km for cordycepin is 41 µM.  This large discrepancy 

indicates that affinity of ADA for pentostatin is much higher than that for cordycepin, 

thus pentostatin effectively inhibit the deamination of cordycepin by ADA even at 

the highest intracellular level of cordycepin.  After MCF7 and HeLa cells were treated 

with cordycepin in the presence of pentostatin, the level of cordycepin triphosphate 

in MCF7 and HeLa cells rose by approximately 4.5 and five-fold, respectively.  These 

results indicate that both MCF7 and HeLa cells express considerable amounts of ADA.   

 

Other published studies in breast tissues reported increased ADA activity in 

malignant tissues compared with non-malignant tissue (229, 230).  It was proposed 

that increased activity of ADA has a significant part in the salvage pathway activity of 

malignant tissues and cells (230).  Moreover, the high activity of ADA is likely play a 

role in the mechanism against toxic accumulation of adenosine and deoxyadenosine 

substrates produced from accelerated purine metabolism in the malignant tissues 

(229).  Moreover, there were significant differences in activity of ADA in different 

clinical phases of breast cancer (231).  Therefore, it can be concluded that an ADA 

inhibitor should be used in combination with cordycepin as anticancer agent, or 

cordycepin requires chemical modification to make it less sensitive to ADA 

metabolism while retaining its anti-cancer cell activity. 
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�✁ ✂✄☎✆ ✆✂✝✞✟✠ ✂✄✡ ✞✡☛☞☎✁☛✂✡✞ ☞✡✂☛✌✍✎☎✂✡ ✍✏ ✑✍✒✞✟✑✡✓☎✁✠ ✔✕-deoxyinosine was found 

highly accumulated in both types of cells which were incubated with cordycepin in 

✂✄✡ ☛✌✆✡✁✑✡ ✍✏ ✓✡✁✂✍✆✂☛✂☎✁✠ ☛✁ ✖✗✖ ☎✁✄☎✌☎✂✍✒✘ ✙✄✡ ☎✁✂✒☛✑✡✎✎✝✎☛✒ ☛✑✑✝☞✝✎☛✂☎✍✁ ✍✏ ✔✕-

deoxyinosine might be not only from intracellular deamination of cordycepin but 

could be also from the uptake of 3-deoxyinosine from the medium since there were 

✄☎✚✄ ✑✍✁✑✡✁✂✒☛✂☎✍✁✆ ✍✏ ✔✕-deoxyinosine in the media of both cells which was possibly 

because of the deamination of cordycepin by ADA from the serum in the medium.  A 

previous study revealed that the transport of gemcitabine, an nucleoside analogue, 

into the cells was inhibited by its deaminated metabolite since the metabolite and 

the parent compound competed to be transported into the cells using the same 

nucleoside transporter (232); however, in the longer term the deaminated 

metabolite increased the intracellular level of gemcitabine triphosphate by a 

mechanism which remains unclear (233).  Therefore, further research is needed to 

☎✁✛✡✆✂☎✚☛✂✡ ✂✄✡ ✂✒☛✁✆✓✍✒✂ ✍✏ ✔✕-deoxyinosine and cordycepin into the cells.  

✜✝✒✂✄✡✒☞✍✒✡✠ ☎✏ ✌✍✂✄ ✔✕-deoxyinosine and cordycepin are transported via the same 

nucleoside transporters, more research is required to determine the effect o✏ ✔✕-

deoxyinosine on the uptake of cordycepin into the cells and also in the intracellular 

phosphorylation of cordycepin. 

 

✙✄✡ ✎✡✛✡✎ ✍✏ ✂✄✡ ✞✡☛☞☎✁☛✂✡✞ ☞✡✂☛✌✍✎☎✂✡✠ ✔✕✞✡✍✢✟☎✁✍✆☎✁✡✠ ✣☛✆ ✤✝☎✂✡ ✑✍✁✆✂☛✁✂ ☎✁✆☎✞✡

the cell, whereas the phosphorylated metabolite was degraded rapidly.  It might be 

possible that cordycepin triphosphate degraded through de-phosphorylation and 

✏✝✒✂✄✡✒ ✑✍✁✛✡✒✂✡✞ ✂✍ ✔✕-✞✡✍✢✟☎✁✍✆☎✁✡ ☛✁✞ ✄✟✓✍✢☛✁✂✄☎✁✡✘ ✖✆ ☛ ✒✡✆✝✎✂✠ ✂✄✡ ✎✡✛✡✎ ✍✏ ✔✕-

deoxyinosine was not only from deamination of cordycepin but also from 
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degradation of cordycepin triphosphate.  This finding corroborates the ideas of 

Klenow (234) who suggested that degradation of deoxyadenosine triphosphate 

mainly to deoxyinosine and hypoxanthine.  

 

�✁✂✄☎ ✆✝☎✞☎ ✁✟ ✠ ✝✁✡✝ ✠☛☞✌✂✆ ☞✍ ✆✝☎ ✎☎✠☛✁✂✠✆☎✎ ☛☎✆✠✏☞✑✁✆☎ ☞✍ ✄☞✞✎✒✄☎✓✁✂✔ ✕✖-

✎☎☞✗✒✁✂☞✟✁✂☎✔ ✆✝☎✞☎✍☞✞☎ ✁✆ ✘✁✑✑ ✏☎ ✁✂✆☎✞☎✟✆✁✂✡ ✆☞ ✁✂✙☎✟✆✁✡✠✆☎ ✘✝☎✆✝☎✞ ✕✖-deoxyinosine 

have an effect on the cells viability.  Kodama et al. (110) have investigated that 

✓☞✟✟✁✏✁✑✁✆✒ ✠✂✎ ✍☞✌✂✎ ✆✝✠✆ ✆✝☎✞☎ ✘✠✟ ✂☞ ✄✒✆☞✆☞✗✁✄ ☎✍✍☎✄✆ ☞✍ ✕✖-deoxyinosine.  It may be 

due to the low level of 3-deoxyinosine triphosphate in the cells since the 

✓✝☞✟✓✝☞✞✒✑✠✆✁☞✂ ☞✍ ✕✖-deoxyinosine was detected extremely low in the cells as 

compared with that of cordycepin (110)✚ ✛✝☎ ✑☞✘ ✓✝☞✟✓✝☞✞✒✑✠✆✁☞✂ ☎✍✍✁✄✁☎✂✄✒ ☞✍ ✕✖-

deoxyinosine could be predicted since the presence of guanosine/inosine kinase, the 

enzyme which is responsible for phosphorylation of inosine and deoxyinosine,  are 

limited in most tissue investigated (235). 

 

The results of this study will now be compared to the findings of previous work.  

Chen et al. (94) reported that there was approximately 75 µM cordycepin 

triphosphate accumulated in  multiple myeloma cells after 24 hours of incubation 

with 10 µM cordycepin.  In addition, research on the intracellular metabolism of 

cordycepin  by Kodama et al. (110) also detected a high level of cordycepin 

triphosphate accumulated in NALM-6 cells (67 pmol/106 cells), K562 cells (49 

pmol/106 cells), and HUT-102 cells (27 pmol/106 cells) when incubated with 1 µM 

cordycepin in the presence of 2.5 mM pentostatin, even though it was low in MOLT-4 

cells (0.3 pmol/106 cells).  However, the deaminated metabolite could not be 
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identified using their HPLC method since its retention time as similar with the parent 

compound, cordycepin.  Meanwhile, the study in this chapter found a higher level of 

cordycepin triphosphate accumulated in the cells, 2203 and 1277 µM or 9.5 and 5.9 

nmol/106 cells in MCF7 and HeLa cells, respectively.  Since in this current study we 

used a concentration of cordycepin of 50 µM, fifty times higher than the previous 

study, therefore the amount of cordycepin triphosphate accumulated in cells was 

much higher than the previous study (110).  Furthermore, using the LC-MS/MS 

method we could identify and quantify the deaminated metabolites simultaneously 

with other metabolites. 

 

On the other hand, in this study we found a very low level of deamination of 

cordycepin in an extract of C. militaris during incubation in non-heat-treated serum.  

This result indicates a strong evidence for the presence of a deaminase inhibitor in 

extract of Cordyceps.  As mentioned in the introduction, nucleosides are found in 

relatively high concentrations in Cordyceps with cordycepin as a major compound 

(79, 80). However, flavonoids and polyphenolics are also present in extract of 

Cordyceps (236).  The content of polyphenolic compounds in an extract of C. militaris 

is higher than in extract of C. sinensis.  Moreover, Jiang et al. (237) have isolated a 

flavonoid compound from the extract of C. militaris which has significant antioxidant 

activity and inhibition activity of HIV-1 protease.  Research to examine inhibitory 

effects of natural compounds on the enzyme adenosine deaminase (ADA) 

demonstrated that some prominent flavonoids have an ability to inhibit the ADA 

activity (238, 239).  In addition, the flavonoid naringin was found to significantly 

inhibit the deamination of cordycepin and the combination with cordycepin showed 
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an increase in the cytotoxic effect of cordycepin to Jurkat cells (239).  All of those 

results from the previous studies support the possibility of ADA inhibitor in extract of 

C. militaris.  Overall, this result from this chapter demonstrates for the first time that 

there is a natural deaminase inhibitor in extract of C. militaris.  Further experimental 

investigations are needed to examine the inhibition of the extract of Cordyceps on 

the activity of enzyme adenosine deaminase. 

 

Result from experiments using rat samples shows that cordycepin and its 

metabolites are not stable in rat plasma.  Not only cordycepin but also the 

metabolites are rapidly degraded in the plasma.  These results are consistent with 

the previous study (188) and suggest that administration of cordycepin combine with 

an ADA inhibitor is required to overcome the problem of rapid elimination.  On the 

other hand, cordycepin and the deaminated and phosphorylated metabolites are 

accumulated in the liver sample.  It suggests that although cordycepin is unstable, it 

can accumulate in tissues with repeated dosing.  Therefore, it can conclude that 

pharmacokinetic and bio-distribution studies are required to elucidate this, and that 

the LC-MS/MS method is ideal for this purpose. 

 

In its triphosphate form, cordycepin is incorporated into mRNA as a chain terminator 

for polyadenylation by PAP and affects mRNA synthesis (86, 195, 196).  The study 

discovered that inactivation of PAP triggered higher cellular ATP levels in the mutant 

strains which is defective in cleavage and polyadenylation of pre-mRNA which 

suggest a possibility that the efficiency of polyadenylation is in some way functionally 

related to the energy status of the cell (195).    Moreover, the study also confirmed 
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that cordycepin needs to be phosphorylated into the active metabolite by AK (86, 

196).  Therefore, due to this phosphorylation of cordycepin, it could have effects on 

the cellular energy balance and the endogenous nucleotide concentrations.  Since 

the energy status of the cells is related to the intracellular level of adenine 

nucleotide, therefore effect of the phosphorylated cordycepin in relation to 

intracellular nucleotide levels (including ATP) is of potential importance and will be 

further investigated in the next chapter 4 of the thesis. 

 

3.5. Conclusions 

The LC-MS/MS method has demonstrated an ability to measure the metabolites of 

cordycepin in medium and cell lines. Using this method, the metabolism of 

cordycepin has been observed in MCF7 and HeLa cells as well as in the cell culture 

medium.  Cordycepin and its active metabolite reached maximum accumulation in 

both cells at 2 hours incubation with cordycepin and at 8 hours incubation with 

combination of cordycepin and pentostatin.  The study of the intracellular 

metabolism of cordycepin shows that cordycepin was rapidly metabolized into the 

deaminated form by ADA; all cordycepin had been metabolized at 8 hours incubation 

with cordycepin alone. However, in the presence of ADA inhibitor the 

phosphorylated metabolite was highly accumulated in the cells.   

 

On the other hand, our result indicates that there is a natural ADA inhibitor found in 

Cordyceps extracts which may need to be further investigated.  Moreover, 

determination of concentrations of cordycepin and the metabolites in the plasma 

and liver of rats dosed with cordycepin suggests that the half-life of cordycepin and 
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its metabolites are very short in the plasma; however they are accumulated in the 

liver with repeated administration.  It is recommended that further research be 

undertaken in the in the pharmacokinetic and bio-distribution of cordycepin. 



 

 

 

CHAPTER 4  

THE EFFECT OF CORDYCEPIN ON NUCLEOTIDE METABOLISM AND 

SURVIVAL OF CANCER CELLS 
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THE EFFECT OF CORDYCEPIN ON NUCLEOTIDE METABOLISM AND 

SURVIVAL OF CANCER CELLS 

4.1. Introduction 

Eukaryotic cells demand energy through ATP production to carry out normal 

metabolic functions for maintaining cell growth and proliferative homeostasis.  

Although glucose is the primary carbon source for energy production, amino acids 

and lipids can also be as a source of ATP synthesis.  ATP production occurs in the 

mitochondria by aerobic respiration or in the cytoplasm through glycolysis.  Although 

both aerobic respiration and glycolysis are used simultaneously to produce the 

energy necessary for eukaryotic cell function, the balance between the two 

processes is tightly regulated and adaptable to varying metabolic conditions.  The 

glycolysis process may become the preferred method of ATP production where there 

is a high demand for energy or during conditions of mitochondrial dysfunction (240).   

 

Several studies have observed that metabolism in tumour cells are different with in 

the normal cells.  Tumour cells show a changed energetic metabolism.  For 

production of energy, most cancer cells primarily rely not on aerobic respiration but 

on glycolysis, even in the presence of oxygen.  This phenomenon is called as Warburg 

effect (241).  The glycolysis process is vital for the cells survival since the process 

prevented cell death induced by accumulation of hydrogen peroxide and ATP 

depletion (5).  Moreover, a metabolic alteration in intracellular nucleotide levels 

happens throughout the development of cancer. 
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Determination of intracellular nucleotide concentrations is necessary for studying 

the mechanism action of nucleoside drugs in mammalian cells.  Nucleotides are 

involved in the regulation of cellular energy metabolism.  The possible toxic effects of 

most nucleoside analogues in the cells include the depletion of precursor compounds 

for syntheses of RNA/DNA, inhibition of nucleoside triphosphates and/or 

deoxynucleoside triphosphates synthesis, or antagonism with endogenous 

nucleotides for incorporation into RNA or DNA strands (46).  All of these effects could 

cause disturbance in endogenous nucleotides pools.  Hence, the quantification of 

intracellular nucleotides concentrations is essential for fully understanding the 

mechanisms of the nucleoside analogues and monitoring the outcome of the 

treatment.   

 

Previous research shows that adenosine analogues, 8-NH2-adenosine and 8-Cl-

adenosine reduced synthesis of RNA and stimulated cytotoxicity in multiple myeloma 

(MM) cells by declining the intracellular level of ATP (51, 54).  Experiments confirmed 

that metabolism of cordycepin into the active metabolite relied on the activity of 

adenosine kinase (86, 196).  Therefore, due to this phosphorylation of cordycepin, it 

could have effects on the cellular energy balance and the endogenous nucleotide 

concentrations.  This study aimed to investigate the effect of the cordycepin 

treatment on nucleotide metabolism in cancer cell lines. 
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4.2. Aim and Objectives 

The aim of this chapter is to investigate the effect of the treatment using cordycepin, 

pentostatin or the combination of cordycepin and pentostatin on nucleotide 

metabolism in cancer cell lines.   

The objectives of this chapter are to apply the LC-MS/MS method for: 

� Determination of intracellular level of endogenous nucleotides in MCF7 and 

HeLa cells treated with cordycepin. 

� Determination of intracellular level of endogenous nucleotides in MCF7 and 

HeLa cells treated with pentostatin. 

� Determination of intracellular level of endogenous nucleotides in MCF7 and 

HeLa cells treated with combination of cordycepin and pentostatin. 

 

4.3. Materials and Methods 

4.3.1. Chemicals 

The chemicals used are the same as described in Chapter 2 (Section 2.3.1). 

4.3.2. Cell culture 

MCF7 and HeLa cells were cultured using the same procedures as described in 

Chapter 2 (Section 2.3.2). 

4.3.3. Drug treatment 

MCF7 and HeLa cells were treated with cordycepin and/or pentostatin as described 

in Chapter 3 (Section 3.3.3). 

4.3.4. Samples extraction 

Extraction of samples was done as described in Chapter 2 (Section 2.3.8.1). 
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4.3.5. Calculation of total cell volume 

Calculation the total cell volume was done as described in Chapter 2 (Section 

2.3.8.2). 

4.3.6. LC-MS/MS conditions 

Analyses of samples were carried out by the method are described in Chapter 2 

(Section 2.3.8.3). Multiple reactions monitoring (MRM) scan was used with dwell 

time 0.1 s as described in Table 2.4. 

4.4. Results and Discussion 

Nucleoside analogues used as anti-tumour agents work in a variety of mechanism 

such as causing DNA-strand damage, integration into nucleic acids, inhibition of RNA 

synthesis, and perturbation of intracellular nucleotide pools.  The present study was 

designed to determine the effect of either cordycepin, pentostatin, or their 

combination on intracellular nucleotide pools.  In order to investigate, MCF7 and 

HeLa cells were incubated with 50 µM cordycepin with and without 1 µM 

pentostatin for 2, 8, and 24 hours.  At the three time points, cells were collected, 

extracted, and analysed by LC-MS/MS method.  The nucleotides level was quantified 

using the regression of the calibration curve. In this study, the intracellular 

concentrations of the nucleotides were calculated from the average cell volume and 

the total cell count according to the method described. 

 

4.4.1. Intracellular nucleotides level in cell lines 

The intracellular levels of each nucleotide in control untreated cells for three time 

points are shown in Table 4.1.  Cells extracts were collected and analysed at three 

time points: 2, 8, and 24 hours after 24 hours of seeding, when control cells were in 
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exponential growth.  The time points are same as the duration of drug incubation.  

As shown in Table 4.1. an increase in nucleotide concentrations was observed during 

the three time points which is consistent with other research which found that the 

level of nucleotides remains low during the lag phase (0-24 hours after seeding), 

significantly increases during log phase (24-72 hours after seeding), and then reaches 

a maximum before declines at the onset of the plateau phase (242).  Considerable 

differences were detected between MCF7 and HeLa cells, with obviously higher 

nucleotide pools in MCF7 cells. 

 

Table 4.1. The level of intracellular nucleotides (µM) in MCF7 and HeLa cells untreated 

at the indicated times.   

 Time (h) 

MCF7 HeLa 

2 8 24 2 8 24 

ATP 1440 ± 427 1657 ± 536 2518 ± 1399 809 ± 62 930 ± 87 1067 ± 125 

ADP 263 ± 147 263± 140 420 ± 134 219 ± 21 236 ± 99 378 ± 52 

AMP 114 ± 40 148 ± 88 288 ± 67 94 ± 22 117 ± 20 163 ± 14 

UTP 237 ± 92 263 ± 112 426 ± 231 179 ± 21 322 ± 4 379 ± 33 

UDP 299 ± 127 422 ± 229 495 ± 343 115 ± 45 197 ± 55 168 ± 56 

UMP 62 ± 42 154 ± 126 275 ± 125 47 ± 4 78 ± 9 74 ± 8 

GTP 217 ± 124 422 ± 125 626 ± 278 147 ± 10 223 ± 37 336 ± 68 

GDP 119 ± 74 132 ± 73 162 ± 75 83 ± 19 161 ± 21 176 ± 28 

GMP 59 ± 19 46 ± 15 151 ± 48 37 ± 16 49 ± 16 54 ± 10 

CTP 163 ± 56 190 ± 52 194 ± 67 84 ± 19 110 ± 19 138 ± 16 

CDP 183 ± 112 162 ± 72 327 ± 137 75 ± 5 75 ± 8 75 ± 3 

CMP 37 ± 25 25 ± 15 41 ± 16 34 ± 4 50 ± 11 59 ± 5 

EC 0.86 0.86 0.85 0.82 0.82 0.80 

*Data represent the mean ± SD from 3 separate experiments (n=6-8) 
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Energy charge (EC) is considered a quantitative parameter of energy status of cell 

and as an assessment of the balance between adenine nucleotides.  In the present 

study, we found that the EC of MCF7 and HeLa cells at all the time points was 

between 0.8 and 0.9, indicating that about 70-80% of the adenine nucleotides are in 

the form of ATP.  This result matched that observed in an earlier study that found 

that MCF7 cells have an EC value of  0.89 and its value is higher than that of HeLa 

cells (5).  Generally, the EC value of cells in culture is about 0.8-0.9 (243, 244); and 

investigation by Zhang et al. (5) found that the level of adenosine and uridine 

triphosphate were significantly higher in malignant cells compared with normal cells 

since malignant cells are metabolically active, therefore large quantities of energy 

need be produced and spent in the process of growth, causing a significant 

accumulation of ATP.   

 

4.4.2. Effects of cordycepin on the nucleotides levels in cancer cells 

Effects of cordycepin on the adenosine nucleotides levels in MCF7 and HeLa cells are 

shown in Figure 4.1.  In MCF7 cells, it has been observed that there was an increase 

of 130% in the intracellular ATP level compared to control after 2 hours incubation 

with cordycepin alone.  However, this phenomenon was not observed at 8 and 24 

hours of incubation.  At 8 hours, the level of intracellular ATP returned to the same 

as control untreated cells and then dropped to 19% of control over 24 hours of 

incubation.  Surprisingly, the increase in intracellular ATP level at 2 hours was not 

accompanied with a parallel decline in the intracellular level of ADP or AMP.  Also, 

the decrease in intracellular ATP level at 24 hours was not followed with a parallel 

incline in the level of intracellular ADP or AMP.  The intracellular level of ADP and 
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AMP were relatively steady during incubation with cordycepin up to 8 hours and 

then significantly decreased at 24 hours.  The EC values as an indicator of the energy 

status of the cells initially increased to 0.94 relate to an increase of the ATP level at 

the beginning of incubation, then returned at a value of 0.86 at 8 and 24 hours 

incubation.   

 

In contrast, in HeLa cells, the levels of adenine nucleotides remained same as control 

over 8 hours.  At 24 hours, the level of ATP was still constant, but the level of ADP 

and AMP declined to 50% of control.  In addition, the EC of the both cells were also 

not affected by these changes; during period of incubation, the values remained in 

the range of 0.8 to 0.9.   The results from HeLa cells accords the findings of other 

study in multiple myeloma cells, which described that ATP intracellular levels remain 

unaffected after 24 hour incubation with 10 µM cordycepin (94). 

 

Furthermore, determination of uridine nucleotides in MCF7 cells (Figure 4.2A) 

detected that the amount of UTP rose by 185 % at 2 hours and later returned to the 

control level after 8 hours incubation; while the amounts of UDP and UMP were not 

significantly different with the control at those times.  In HeLa cells, the amount of 

UTP was about 118% of control at 2 hours and became same as the control level at 8 

hours.  Furthermore, at 24 hours, the amounts of uridine nucleotides in MCF7 and 

HeLa cells decreased to the range of 15-20% and 25-70% of control, respectively.   
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From the data in Figure 4.3, it is apparent that at 2 hours incubation, the intracellular 

concentration of GTP increased to about 3.5 and 2.5 times the initial level in MCF7 

and HeLa cells, respectively.  In contrast, its level decreased to about 50% at 8 and 24 

hours in MCF7 cells; however, the concentration in HeLa cells was still higher than 

that of control at 8 hours before returned to the original level at 24 hours.  In 

addition, GDP and GMP concentration in both cells were around 20-85% of control at 

24 hours incubation. 

 

The same effects were observed in cytidine nucleotides content in both cells as are 

shown in Figure 4.4.  At 2 hours incubation, the content of CTP went up about two 

and 1.5 times of control in both MCF7 and HeLa cells; and this growth was followed 

by a decline of CDP and CMP content.  At 8 hours of incubation, cytidine nucleotides 

returned to the original level and decreased (55-65%) later at the last time point of 

the study. 

 

In summary, these results show that cordycepin has an effect on nucleotide 

metabolism.  The intracellular contents of nucleotide triphosphates (NTPs) in MCF7 

and HeLa cells mostly increased at 2 hours incubation with 50 µM cordycepin.  It 

induced a highest increase in GTP in both cells.  These increases, however, were not 

always followed by declining of the nucleotide di- or monophosphates.  Their levels 

then decreased to the same as or lower than the initial levels over 8 hours of 

incubation.  The effect of cordycepin on the intracellular concentration of NTPs is 

similar with that of other adenosine analogues.  Investigation on the influences of 
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pentostatin, cladribine, and fludarabine on nucleotides metabolism observed that 

NTPs levels in Raji cells increased after 4 to 8 hours incubation with these nucleoside 

analogues  before going down at later times (191).   

 

Figure 4.1. Effect of treatment with 50 µM cordycepin on the intracellular level of 

adenine nucleotides in MCF7 cells (A) and HeLa cells (B) at the indicated times.  

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8).  
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Figure 4.2. Effect of treatment with 50 µM cordycepin on the intracellular level of 

uridine nucleotides in MCF7 cells (A) and HeLa cells (B) at the indicated times.  

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8). 
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Figure 4.3. Effect of treatment with 50 µM cordycepin on the intracellular level of 

guanine nucleotides in MCF7 cells (A) and HeLa cells (B) at the indicated times.  

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8). 
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Figure 4.4. Effect of treatment with 50 µM cordycepin on the intracellular level of 

cytidine nucleotides in MCF7 cells (A) and HeLa cells (B) at the indicated times.  

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8). 
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4.4.3.  Effects of pentostatin on the nucleotides levels in cancer cells 

Pentostatin is a deoxyadenosine analogue which is used in the treatment with 

cordycepin due to its ability to inhibit deactivation of cordycepin by adenosine 

deaminase (ADA).  Therefore, in this experiment we also investigated the effects of 

pentostatin alone on intracellular nucleotide levels. 

 

In the pentostatin treated cells (Figure 4.5), the cellular concentration of ATP in 

MCF7 cells remained constant until 8 hours incubation and decreased in the long 

term.  In contrast, the levels of diphosphate and monophosphate declined 

significantly after 2 hours.  At 24 hours, the concentrations of adenine nucleotides 

were between 20 and 56% of initial concentration.  On the other hand, the cellular 

concentrations of adenine nucleotides (ATP, ADP, and AMP) in HeLa cells were not 

significantly different from the untreated cells during 24 hours of incubation with 

pentostatin. 

 

The same phenomenon was observed for other nucleotides in MCF7 and HeLa cells 

treated with pentostatin.  The amount of UTP and UDP in MCF7 cells stayed the 

same as in untreated cells during 8 hour while UMP rose by 100%; and then their 

concentrations went down at 24 hours (Figure 4.6).  Meanwhile, GTP and CTP level 

stayed constant at 2 hours and dropped later to 20-54% (GTP) and 52-60% (CTP) 

after 8 hour (Figure 4.7 and Figure 4.8).  Their di- and monophosphates levels were 

around 20-90% during time of incubation, except CMP level which increased 1.5 

times of initial level at 8 hours.  Similar with the content of adenine nucleotides, 
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generally, there were no significant differences on the concentrations of UTP, GTP, 

and CTP in HeLa cells between treated and untreated cells during 24 hours 

incubation.   

 

Overall, no significant reductions in the levels of NTPs were found in either MCF7 or 

HeLa cells treated with 1 µM pentostatin for 2 and 8 hours compared with untreated 

cells, but there were falls in the levels of NTPs in MCF7 cells at 24 hours.  The effect 

of pentostatin on these cells is slightly different when compared to the effect on Raji 

cells and CCRF-CEM cells.  The levels of NTPs in those cells remained steady over 3 h, 

then inclined with maximum concentrations reached after 4 ✄ 8 h before declining in 

the long term (191). 
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Figure 4.5. Effect of treatment with 1 µM pentostatin on the intracellular level of 

adenine nucleotides in MCF7 cells (A) and HeLa cells (B) at the indicated times. 

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8).  
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Figure 4.6.  Effect of treatment with 1 µM pentostatin on the intracellular level of 

uridine nucleotides in MCF7 cells (A) and HeLa cells (B) at the indicated times. 

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8). 
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Figure 4.7.  Effect of treatment with 1 µM pentostatin on the intracellular level of 

guanidine nucleotides in MCF7 cells (A) and HeLa cells (B) at the indicated times. 

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8). 
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Figure 4.8.  Effect of treatment with 1 µM pentostatin on the intracellular level of 

cytidine nucleotides in MCF7 cells (A) and HeLa cells (B) at the indicated times. 

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8). 

 

4.4.4.  Effects of combination of cordycepin and pentostatin on the 

nucleotides levels in cancer cells 

Figure 4.9 shows a progressive decrease of adenine nucleotide concentration in both 

MCF7 and HeL✁ �✂✄✄☎ ✆✝✂✁✆✂✞ ✟✠✝ ✡☛ ☞☛ ✁✌✞ ✡✍ ✎✠✏✝☎ ✑✒✆✎ �✠✓✔✒✌✁✆✒✠✌ ✠✟ ✕✖ ✗✘

�✠✝✞✙�✂✚✒✌ ✁✌✞ ✛ ✗✘ ✚✂✌✆✠☎✆✁✆✒✌✜ ✢✂ ✠✔☎✂✝✣✂✞ ✁ ✞✂�✝✂✁☎✂ ✒✌ ✤✥✦ ✄✂✣✂✄☎ ✑✎✒�✎

reached up to 53% of control in MCF7 cells and 18% of control in HeLa cells at 2 
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hours, which became 95% after 8 hours. Moreover the level of ADP and AMP were 

dramatically decreased as well during the treatment.  At 24 hours, the levels of 

adenine nucleotides were around 0-14% of control in MCF7 cells and 5-30% in HeLa 

cells, therefore the total adenine nucleotides was very low and the energy charge of 

MCF7 and HeLa cells was 0.50 and 0.67, respectively.  The decrease of the energy 

charge reflects depletion of the ratio of ATP/ADP. 

 

The same effects were also observed for the concentration of UTP and CTP (Figure 

4.10 and Figure 4.12), their levels reduced to 56% and 58%, respectively at 2 hours of 

incubation in MCF7 cells; while GTP level remained steady (Figure 4.11).  Later, the 

concentrations of the nucleotides were between 13 and 47% at 8 hours and 

undetected on the last time point of study.  In contrast, UTP, GTP, and CTP levels in 

HeLa cells were not significantly different with untreated cells at 2 hours, then 

significantly decreased and reached about 5-75% at 24 hours.  The result exhibits 

that in the presence of pentostatin, cordycepin metabolites disturbed cellular energy 

metabolism and has a massive impact on the nucleotide metabolism, which is 

unlikely to be compatible with cell survival.   
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Figure 4.9.  Effect of treatment with 50 µM cordycepin and 1 µM pentostatin on the 

intracellular level of adenine nucleotides in MCF7 cells (A) and HeLa cells (B) at the 

indicated times. 

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8).  
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Figure 4.10. Effect of treatment with 50 µM cordycepin and 1 µM pentostatin on the 

intracellular level of uridine nucleotides in MCF7 cells (A) and HeLa cells (B) at the 

indicated times. 

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8).  
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Figure 4.11.  Effect of treatment with 50 µM cordycepin and 1 µM pentostatin on the 

intracellular level of guanidine nucleotides in MCF7 cells (A) and HeLa cells (B) at the 

indicated times. 

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8). 
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Figure 4.12.  Effect of treatment with 50 µM cordycepin and 1 µM pentostatin on the 

intracellular level of cytidine nucleotides in MCF7 cells (A) and HeLa cells (B) at the 

indicated times. 

The level of nucleotides was determined in treated and untreated control cells at each 

time point.  Each bar represents the mean ± SEM (n = 6-8). 
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4.4.5. Discussion 

In this study we have shown that in MCF7 and HeLa cells, cordycepin initially brought 

an increase in NTPs level, whereas GTP was the highest induced by cordycepin.  

Those increases are probably due to effects on RNA synthesis by the active 

metabolite of cordycepin.  In its triphosphate form, cordycepin is incorporated into 

mRNA as a chain terminator for polyadenylation by PAP and affects mRNA synthesis 

(86, 195, 196).  It has been presented on the chapter 3 that cordycepin triphosphate, 

the active metabolite of cordycepin, was highly accumulated at 2 hours in MCF7 and 

HeLa cells, but the accumulation in HeLa cells (251 µM) was approximately 50% 

lower than that in MCF7 cells (494 µM).  This lower accumulation in HeLa cells could 

explain why the increasing of NTPs levels in cordycepin-treated HeLa cells was not as 

high as that in MCF7 cells.   

 

The high levels of NTPs then returned to the same as or lower than in untreated cells 

over 8 hours of incubation.  In addition, 40-80% decreases in nucleotides levels were 

still observed at 24 hours, even though there appears no cordycepin precursor left at 

8 hours.  This indicates that the drop in the nucleotides levels is not a direct effect of 

cordycepin triphosphate, but caused by long term changes induced by cordycepin 

triphosphate in the cells, such as the induction of cell death programs. Indeed, 

treatment with 50 µM cordycepin reduces cell proliferation and survival after 72 

hours and induces cell death by a non-apoptotic program, possibly autophagy 

(Khurshid, Singhania, Lin and De Moor, unpublished observation). 
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The results of the investigation on the effect of pentostatin observed that 

pentostatin had no influence on the nucleotide metabolism until 8 hours of 

incubation.  At 2 and 8 hours, mostly, there were no significant differences on the 

level of NTPs in both pentostatin treated cells compared with untreated cells, but 

there was a decrease in NTPs level in MCF7 cells at 24 hours.  In contrast to earlier 

findings, however, the levels of NTPs on Raji cells and CCRF-CEM cells treated with 

pentostatin remained steady up to three hours, then inclined between four and 8 

hours by unknown mechanism before declined on the long term (191).   

 

Furthermore, the current study found that combination of cordycepin and 

pentostatin in tumour cells causes a severe depletion in several intracellular NTPs.  

At 2 hours, the combination of drugs reduced the amount of ATP, UTP, and CTP in 

MCF7 cells by 40-60% and the content of ATP in HeLa cells by 18%, while the level of 

cordycepin triphosphate in MCF7 and HeLa cells were 1281 and 1089 µM, 

respectively.  These decreases were followed by an extreme reduction of NTPs levels 

in both cells in the longer incubation times.  These effects are likely dependent on 

the accumulation of cordycepin triphosphate as it can be seen from data on the 

previous chapter that the highest accumulation of cordycepin triphosphate was 

achieved after 8 hours incubation with cordycepin and pentostatin (2203 and 1277 

µM in MCF7 and HeLa cells, respectively).  This finding corroborates the ideas of 

Hansen, who suggested that cordycepin triphosphate inhibits ribose phosphate 

phosphokinase which catalyses the formation of PRPP from ribose-5-P and ATP 

(245).  This enzyme is contributed in the synthesis of endogenous purines; hence, it is 
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possible that the metabolite active of cordycepin might cause an inhibition of the 

synthesis of nucleotides.   

 

There are, however, other possible explanations.  Cellular nucleotide pool reduction 

has been related with drug-induced cytotoxicity (246).  Moreover, intracellular ATP 

concentration plays a critical role in the determination of cell death fate by apoptosis 

or necrosis (247, 248)✄ �✁ ✂☎✆ ✝✞✟✠✡☛☞✆✌✍ ✎✟✟✏ ✑✟✒☛✏✆✁✞☎✁✟✑ ✁✂☎✁ ✑✟✝✌✟✁✡☛✏ ☛✓ ✔✕✖ ✗✘

10-65 % of control) induces apoptosis, as evidenced by internucleosomal DNA 

cleavage, changes in cellular morphology, and alterations in the plasma membrane; 

and complete ATP depletion (< 5% of control) results in necrosis (249).  Moreover, 

investigation by Chandra et al. (192) observed that there was a decline in the level of 

intracellular nucleotides during apoptotic stimulation.  The levels of NTPs decreased 

by 40-80 % and the total of ATP and ADP levels declined up to 48 % as percentage of 

control (192).  Research by others in our laboratories has revealed that the majority 

of MCF7 cells enter apoptosis within four hours of treatment with the combination 

of cordycepin and pentostatin (Richa Singhania and Cornelia de Moor, unpublished 

observation).  In addition, results in this study showed that after 8 hours incubation, 

most of the nucleotides levels were around 3-80% of control.  It is likely that 

cordycepin triphosphate may cause a reduction in nucleotide levels indirectly by 

inducing apoptosis through changes in gene expression caused by its effects on 

polyadenylation (86).  In the long term, high levels of the accumulated cordycepin 

triphosphate may interfere with a number of ATP-dependent cellular reactions, 

either directly or indirectly resulting in a decrease in energy charge and then in NTPs.  
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In addition, cordycepin had greater effects on nucleotide levels in MCF7 cells than 

HeLa cells resulting in permanent suppression of NTPs. 

 

 A previous study suggested that the ratio of the metabolite triphosphate to ATP 

were more highly related with cell death than percent loss of ATP alone (193).  In this 

present study found that the ratio between cordycepin triphosphate to ATP in MCF7 

and HeLa cells at 8 hours incubation on the presence of pentostatin were 24.7 and 

27.5, respectively.  The effect of cordycepin on the depletion of ATP can be 

attributed to its ability to induce cell death by independent pathways, or could be 

itself a cause of the cell death.  It is also possible that the effects of cordycepin on 

nucleotides in the both cells are caused by the different metabolism of cancer cells, 

which rely more on glycolysis and less on oxidative phosphorylation. 

 

Compared to other adenosine analogues, the intracellular level of ATP in MM cells 

declined to around 25% of control by incubation with 8-amino-adenosine of 30 µM 

for 4 hours while its triphosphate metabolite reached 5800 µM;  and decreased to 

undetectable  levels by 12 hours (51).  Moreover, after 3 hours incubation with 30 

µM 8-chloro-adenosine, the cellular concentration of ATP was decreased by 25% of 

the control value while its triphosphate metabolite reached about 150 µM; and at 12 

h incubation with 10 µM of it in the presence of dCF, the ATP level was 40% of the 

control level (54).  However, whereas the 8-Cl-ATP pool declined due to elimination, 

the ATP pool was recovered.  By 18 h after drug removal, the ATP pool size reached 

around 75% of that of the control.  After 3 days, 90% of ATP was recovered, and the 
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ATP pool size was similar to that in the untreated control cells.  The findings of the 

current study are consistent with those of Gandhi et al. (54) who suggested that 

there is a relationship between the accumulation of nucleotide adenosine analogue 

and the decline in the ATP pool.   In addition, their results also observed that a 

decrease in ATP levels was recovered when the active metabolite was eliminated 

from the cells (54). 

  

4.5. Conclusions 

Cordycepin has an effect on the inhibition of nucleotide metabolism and the 

intracellular nucleotide depletion could account for the anti-proliferative effect of 

cordycepin.  The results show that cordycepin induce the following progressive 

effects.  In the beginning, low concentrations of the cordycepin triphosphate 

resulting in an increase in the levels of NTPs probably due to its effects on RNA 

synthesis.  However, it caused a severe drop in the long term probably due to long 

term change induced by cordycepin triphosphate in the cell.   

 

Pentostatin on its own reduced nucleoside triphosphates levels in the long term and 

the effect of cordycepin on nucleotide levels was increased by pentostatin.  At high 

levels, cordycepin triphosphate caused a reduction in nucleotide levels likely by 

inhibition of the synthesis of nucleotides caused by its inhibition on ribose phosphate 

phosphokinase or by inducing apoptosis through changes in gene expression caused 

by its effects on polyadenylation.  Further depletion on the long term could be 

contributed from long term alteration induced by the metabolite through interfering 
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ATP-dependent cellular reactions.  In addition, cordycepin had greater effects on 

nucleotide levels in MCF7 cells than HeLa cells resulting in permanent suppression of 

NTPs.   

 

It is possible that the effect of cordycepin on nucleotides in MCF7 and HeLa cells is 

caused by the different metabolism of cancer cells, which rely less on oxidative 

phosphorylation and more on glycolysis.  If the treatment is not cancer cell specific 

then the combination of cordycepin and pentostatin could be very toxic, so further 

studies should be conducted using normal cells to compare the effect of cordycepin 

and pentostatin treatment on the metabolism of intracellular nucleotides in non-

malignant cells. 

 



 

 

 

CHAPTER 5 

INTRACELLULAR METABOLISM OF THIOURIDINE 
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INTRACELLULAR METABOLISM OF THIOURIDINE  

5.1. Introduction  

Gene regulation in eukaryotic cells is the outcome of a series of complex mechanisms 

that are started by transcription in the nucleus and completed by translation in the 

cytoplasm.  Several points of control, such as transcription, pre-mRNA processing, 

mRNA transport, translation efficiency, and mRNA degradation, undertake the 

regulation of gene expression.  The cellular mRNA levels represent a balance 

between the rates of nuclear RNA synthesis, processing and transport, and the rates 

of cellular mRNA degradation.  The rate of mRNA decay is important, not only to 

determine its abundance, but also in quality control of RNA (250, 251).  Previous 

studies have reported that altering the abundance of transcripts is a critical step in 

the control of many biological pathways (252).  It has been estimated that the mRNA 

abundance of 5✄10%  of human genes is controlled through the regulation of RNA 

stability (253).  Furthermore, changes in RNA stability play a critical role in 

determining the kinetics of gene induction in mammalian cells (254), particularly the 

induction kinetics of genes encoding inflammatory proteins (255).  Therefore, the 

regulation of mRNA stability is considered a major control point in the regulation of 

gene expression. 

 

Recently, 4-thiouridine labelling has been developed as a method for determining 

RNA stabilities in mammalian cells and has been applied to the study of mRNA 

synthesis and polyadenylation.  Using this method, the rates of mRNA synthesis and 

decay can be measured with minimal interference of the cellular system (124, 125, 

256).   





INTRACELLULAR METABOLISM OF THIOURIDINE 

153 

 

through the mechanism similar to those of other kinases in the NMP kinase family 

(259).  The enzymatic reaction with UCK is the rate-limiting step in the 

phosphorylation of 4-thiouridine into 4-thio-UTP.  A thio substitution at the 4-

position on uridine is well tolerated; therefore it can be phosphorylated by both 

UCK1 and UCK2.   Subsequently, 4-thio-UMP is further phosphorylated by UMP-CMP 

kinase (260) and nucleoside diphosphate kinases with ATP as the phosphate donor in 

this reaction (261).  In addition, other studies also confirmed that GTP could be used 

as efficient phosphate donors, whereas no activity was detected with either CTP or 

UTP  (258, 262). 

 

The 4-thiouridine labelling has been applied to a broad range of cell types of human 

and murine origin including fibroblasts, endothelial cells, epithelial cells, 

macrophages and T-cells and the incorporation into RNA was found to be highly 

efficient (124).  This method is also applicable for use in animals (125).  This labelling 

method allows the determination of the contribution of synthesis and decay to 

mRNA levels.  Nevertheless, large fluctuations in the 4-thio-UTP/UTP ratio or a slow 

build-up of 4-thio-UTP could affect the quality of the data obtained, hence it might 

require corrections.   

 

Furthermore, Burger et al. (127) identified that using a high concentration of 4-

thiouridine on RNA metabolic labelling triggers a nucleolar stress response, which 

might affect the gene expression and make it impossible to determine mRNA 

stability because transcription rates may no longer be constant over the labelling 

period.  Radle et al. (128) also suggest that the concentration of 4-thiouridine and 
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the period of labelling should be minimized as high concentrations of 4-thiouridine 

could be toxic to cells. 

 

HPLC with UV detection has been used for separation and qualitative analysis of 4-

thiouridine from the digestion product of tRNA of E. coli mutant (115, 118).  To our 

knowledge, however, no method has been developed to measure simultaneously 

thiouridine, the metabolite thio-UTP, and other nucleotides in cells.  The aim of this 

research is, therefore, to apply the LC-MS/MS method for studying the intracellular 

metabolism of 4-thiouridine and the effect on the intracellular levels of nucleotides. 

 

5.2. Aim and Objectives  

The aim of this chapter is to investigate intracellular metabolism of 4-thiouridine and 

the effect of its metabolite on the metabolic balance of adenine and uridine 

nucleotides. 

The objectives of this chapter are to apply the LC-MS/MS method for: 

� Determination of 4-thiouridine and 4-thio-UTP in serum-starved and serum-

stimulated NIH 3T3 cells treated with 4-thiouridine. 

� Quantification of intracellular levels of adenine and uridine nucleotides in 

serum-starved and serum-stimulated NIH 3T3 cells treated with 4-

thiouridine. 
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5.3. Materials and Methods 

5.3.1. Chemicals 

4-thiouridine was purchased from Sigma Aldrich (Poole, UK).  4-thio-UTP was 

purchased from Jena Bioscience (Jena, Germany).  Other chemicals are the same as 

described in Chapter 2 (Section 2.3.1).  

 

5.3.2. Cell culture 

NIH 3T3 cells were cultured using the same procedures as described in Chapter 2 

(Section 2.3.2). 

 

5.3.3. 4-Thiouridine Labelling 

Cells were seeded in a six-well plate and incubated for 24 hours and then were 

serum starved, medium were replaced with medium containing 0.5% calf serum, for 

another 24 hours.  Cells then were incubated with vehicle (DMSO), 250 µM or 500 

µM 4-thiouridine for the required times.  For the experiment in serum-stimulated 

cells, after cells were incubated on serum-starved cells for 24 hours, medium were 

replaced with medium containing 10% calf serum and 250 µM 4-thiouridine then 

cells were incubated for the indicated times.  After the time points, medium was 

removed and cells were collected from the incubations and analysed for 4-

thiouridine, its metabolites, and the nucleotides by LC-MS/MS method.  Then, the 

intracellular concentrations of the metabolites and nucleotides were estimated 

based on the measured total cell volume. 
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Table 5.1.  Parameters of MRM scan derived for metabolites of thiouridine  

Compound [M-H]
- 

(m/z) 

Selected 

Product Ion 

(m/z) 

Cone 

Voltage (V) 

Collision 

Energy (eV) 

4-thiouridine 258.92 126.20 43 20 

4-thio-UTP 498.90 401.10 43 20 

 

5.4. Results and Discussion  

5.4.1. Calculation of cell volume 

A study to determine the intracellular metabolism of 4-thiouridine was conducted in 

NIH 3T3 cells.  The intracellular concentration of metabolites contained in the extract 

was calculated from a given number of cells of a determined mean volume.  The 

calculation assumed that the metabolites were uniformly distributed in a total cell 

volume.   

 

Figure 5.3 presents the average diameter of NIH 3T3 cells which was measured using 

a laser light scattering technique.  The estimated volume of the cells was calculated 

based on the assumption that the cells were spherical in shape.  The average 

diameter of cells determined using coulter counter was (22.45 ± 1.24) µm. This gave 

a mean volume of 4.7 pL/cell.  Subsequently, using a total volume of cells per well 

the quantity could be converted into cellular levels.   
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Figure 5.3.  The average diameter of NIH 3T3 cells was found (22.45 ± 1.24) µm.  This 

gave a mean volume of 4.7 pL/cell.  

 

5.4.2. Method Validation 

The method needs to be validated to prove that it could produce quantitative data 

which are both reliable and reproducible.  A serial dilution of nine concentrations of 

each compound, between 0.25 and 100 µM was prepared in order to construct the 

calibration curves.  Each concentration was analysed in duplicate and the 

✁�✂✁✄✂☎✆✝☎✞�✂ �✟ ✞✂☎✄✆✂✝✠ ✡☎✝✂☛✝✆☛ ☞✝✡ ✌ ✍✎✏ ✑✒✄ ✠✞✓✞☎✡ �✟ ☛✄☎✄✁☎✞�✂ �✟ ✔-thiouridine 

and 4-thio-UTP were 2.5 and 0.5 pmol on column, respectively, which were 

determined from signal to noise ratios of 3.3.  The lower limits of the range of the 

calibration curves can be considered as the limits of quantification of the method.  

The interday precision and accuracy were determined using samples that were 
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analysed between different days.  The result of validation data for the method is 

presented in Table 5.2.  

 

Table 5.2.  Result of validation data of the method for quantification of thiouridine 

metabolites. 

Compound Linearity 

 (R
2
) 

LOD  

(pmol on 

column) 

Interday 

Precision  

(RSD %) 

Interday 

Accuracy  

(%) 

4-

thiouridine 

0.998 2.5 
14.4 103.3 

4-thio-UTP 0.999 0.5 
11.0 101.3 

 

The developed method was used to determine the concentration of thiouridine 

metabolites in the cell extracts.  Representative LC/MS-MS chromatograms of NIH 

3T3 cell extract before and after 2 min labelling of 500 µM 4-thiouridine is shown in 

Figure 5.4.  The results showed that there were differences between the 

chromatogram before and after 2 min labelling with 4-thiouridine.  It is apparent 

from the figure that the selected method was able to detect the metabolite of 4-

thiouridine even after only 2 min labelling.  Also, it is possible to measure 

simultaneously the metabolites of 4-thiouridine and other intracellular nucleotides 

using this method. 
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accumulated intracellularly (264).  Figure 5.5 illustrates the accumulation of 

intracellular 4-thiouridine and 4-thio-UTP in NIH 3T3 cells during 60 min labelling of 

500 µM 4-thiouridine.  It is apparent from this chart that intracellular levels of 4-

thiouridines were relatively constant after 5 min labelling.  The results of this 

experiment indicate that exposure of cells to 4-thiouridine is followed by rapid 

uptake.   

 

 

Figure 5.5.  Accumulation of 4-thiouridine and 4-thio-UTP and the intracellular level of 

UTP in NIH 3T3 cells were incubated with 500 µM 4-thiouridine for the indicated times.   

Each bar represents the mean ± SEM (n =6- 12).   
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Furthermore, the phosphorylated metabolite, intracellular 4-thio-UTP was also 

readily detected in cell extracts by LC-MS/MS after 2 min of labelling.  Table 5.3 

summarises the levels of 4-thiouridine and its metabolite.  What is interesting in this 

data is that the phosphorylated metabolite was rapidly formed even at 2 min 

labelling.  Thus, it is evident that a new nucleotide is synthesized in as early as 2 min.  

Also, this finding further support the idea by Dolken et al. (124) that there is 

sufficient labelled RNA to couple to biotin for subsequent separation on beads after 

only 10 min labelling.   

 

Table 5.3.  The concentrations of 4-thiouridine and its metabolite in NIH 3T3 cells during 

several times labelling of 500 µM 4-thiouridine 

Labelling 

time  
(min) 

Concentration  4-thio-UTP/UTP 4-thio-UTP/ 

4-thiouridine 4-
thiouridine 

(µM) 

4-thio-UTP  
(µM) 

UTP (µM) 

0 - - 17 ± 7 - - 

2 136 ± 72 0.7 ± 0.3 18 ± 10 0.05 ± 0.01 0.005 

5 194 ± 83 1.6 ± 0.7 17 ± 7 0.11 ± 0.02 0.008 

10 246 ± 76 1.7 ± 0.5  18 ± 6 0.12 ± 0.05 0.008 

20 232 ± 110 2.4 ± 0.5 17 ± 7 0.23 ± 0.07 0.010 

30 211 ± 76 2.6 ± 0.7 17 ± 8 0.21 ± 0.07 0.012 

60 255 ± 17 4.3 ± 0.78 19 ± 8 0.33 ± 0.06 0.017 

*Data represent the mean ± SD from 3 separate experiments (n=6-12).  

 

From Figure 5.5 we can also see that the concentration of 4-thio-UTP was stable 

between 5 and 10 min then increases after 10 min, although the concentration of 4-
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thiouridine in cells was relatively constant after 5 min labelling.  The increase in the 

level of 4-thio-UTP after 10 min might be as a result of recycling of 4-thio-UTP in RNA 

which cannot be detected using this method.  Moreover, there was a significant 

positive correlation between the intracellular 4-thio-UTP level and the time of 

labelling (r=0.95; p=0.001).  Hence, labelling efficiency can be adjusted according to 

the preferred duration of labelling. 

 

 

Figure 5.6.  Ratio of 4-thio-UTP/UTP in NIH 3T3 cells that were incubated with 500 µM 4-

thiouridine for the indicated times. 

Each bar represents the mean ± SEM from 3 separate experiments.  ****= p < 0.0001; 

***=p < 0.001; **= p < 0.01; *= p <0.05 

 

It is of interest to determine whether the 4-thiouridine conversion into 4-thio-UTP 

influences the intracellular level of UTP.  The results show that there was no 

significant difference in the level of UTP between the periods of times of labelling 

(Figure 5.5).  It is almost certain that the production of 4-thio-UTP did not cause 

effect on the synthesis of intracellular UTP.  In addition, it can be seen from Figure 
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5.6 that no large fluctuations on the 4-thio-UTP/UTP ratio and the ratio was only 

around 20% even at 30 min labelling.  It is very clear that the 4-thiouridine 

conversion into 4-thio-UTP is not very efficient.   These results indicate that the side 

effects of 4-thiouridine treatment may be due to 4-thiouridine instead of 4-thio-UTP. 

 

The next part of this study is to compare between two different conditions of 

labelling, i.e. 500 µM and 250 µM 4-thiouridine.  Comparing the two results as shown 

in Figure 5.7, interestingly, there was only a slight difference in the levels of the 4-

thio-UTP under labelling at different 4-thiouridine concentrations (Figure 5.7B), even 

though the concentration of 4-thiouridine was taken up to the cells on the condition 

500 µM 4-thiouridine labelling was higher than in 250 µM (Figure 5.7A).  These 

results further support the hypothesis that 4-thiouridine conversion into 4-thio-UTP 

is not very efficient.  Although the substrate was available at higher level; still, the 

phosphorylation product was not significantly increased.  This finding indicates that 

the availability of the enzyme is limited in the cell.  Moreover, these data suggest 

that labelling with 250 µM of 4-thiouridine provides sufficient 4-thio-UTP for 4-

thiouridine labelling.  In addition, using a lower concentration of 4-thiouridine has an 

advantage since a high concentration of 4-thiouridine on RNA metabolic labelling 

RNA initiates a nucleolar stress response (127).  Therefore, in the following 

experiments, the concentration of 4-thiouridine of 250 µM has been used. 

. 
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Figure 5.7.  Accumulation of 4-thiouridine (A) and 4-thio-UTP (B) in NIH 3T3 cells were 

incubated with either 500 µM or 250 µM 4-thiouridine for the indicated times. 

Each bar represents the mean ± SEM from 3 separate experiments.  ****= p < 0.0001; 

***=p < 0.001; **= p < 0.01; *= p <0.05 

 

Furthermore, as expected, there were no significant differences between the two 

conditions of labelling in the level of intracellular UTP (Figure 5.8A) and ratio of 4-

thio-UTP/UTP in cells (Figure 5.8B).  It is apparent from the figure that none of these 

differences were statistically significant. 

 



INTRACELLULAR METABOLISM OF THIOURIDINE 

166 

 

 

Figure 5.8. Levels of UTP (A) and 4-thio-UTP/UTP ratio (B) in NIH 3T3 cells were 

incubated with either 500 µM or 250 µM 4-thiouridine for the indicated times (B). 

Each bar represents the mean ± SEM from 3 separate experiments.  ****= p < 0.0001; 

***=p < 0.001; **= p < 0.01; *= p <0.05   

 

5.4.4. Intracellular levels of adenine nucleotide 

The accurate determination of adenine nucleotide concentrations provides 

information on the metabolic state of the cells.  From the graph in Figure 5.9A we 

can see that overall intracellular ATP concentrations in the cells were low.  This result 

may be explained by the fact that these are serum-starved cells, therefore they are 

not growing.  Moreover, mTORC1 activity is low and metabolic flux through de novo 
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pyrimidine synthesis pathway is blocked, so synthesis of new pyrimidine nucleotides 

is inhibited.  The findings of the current study are consistent with those of Ben-Sahra 

et al. (265) who recently showed that cellular growth signals stimulate anabolic 

processes through mTROC1.  Activation of mTORC1 regulates the metabolic pathway 

which directly phosphorylates the enzyme that catalyses the de novo pyrimidine 

synthesis thus stimulates the production of new nucleotides. 

 

Furthermore, as expected, an alteration in the level of ATP was not observed during 

labelling as well as the ATP/ADP ratio (Figure 5.9B).  ATP/ADP ratio fluctuations have 

been recognised to distinguish modes of cell death and viability.  Reduced levels of 

ATP and increased levels of ADP signify apoptotic or necrotic cells where the 

decrease in ATP and increase in ADP are much more pronounced in necrosis versus 

apoptosis.  In contrast, increased levels of ATP and decreased levels of ADP indicate 

proliferating cells.  Overall, these results indicate that the 4-thiouridine labelling does 

not have an effect on the metabolic state of the cells over the 1 hour labelling 

period. 
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Figure 5.9. Levels of ATP (A) and Ratio of ATP/ADP in NIH 3T3 cells were incubated with 

either 500 µM or 250 µM 4-thiouridine for the indicated times (B). 

Each bar represents the mean ± SEM from 3 separate experiments.  ****= p < 0.0001; 

***=p < 0.001; **= p < 0.01; *= p <0.05 

 

 

 



INTRACELLULAR METABOLISM OF THIOURIDINE 

169 

 

5.4.5. Accumulation of 4-thiouridine metabolites in serum-

stimulated cells 

A study by Rozengurt et al. (266) found that intracellular phosphorylation is the rate 

limiting stage in the uptake of nucleoside.  Moreover, the addition of serum 

enhances the rate of phosphorylation but does not have any effect on the transport 

of nucleoside.  To determine the effects of serum, particularly growth factor, on the 

metabolism of 4-thiouridine, we investigated the metabolism of 4-thiouridine in 

serum-stimulated cells compared to that in serum-starved cells.   

 

Figure 5.10A shows that there was no difference in the amount of 4-thiouridine 

taken up over the 1 hr labelling in the serum-starved and stimulated cells.  From the 

data in this figure, it is apparent that the addition of the serum does not stimulate 

the rate of transport of 4-thiouridine.  However, as can be seen in Figure 5.10B the 

accumulation of the phosphorylated metabolite in serum-stimulated cells was 

greater than in serum-starved cells.  There was a significant difference between the 

two conditions at each time of labelling.  At only 20 min serum stimulation a 

significant increase in the level of 4-thio-UTP was observed compared with serum-

starved cells.  It seems possible that UCK, the enzyme for phosphorylation of 4-

thiouridine, is up regulated by exposure to growth factors, thus the phosphorylation 

of 4-thiouridine in serum-stimulated cells is much higher than in serum-starved cells.  

This suggests that serum rapidly stimulates the rate of 4-thiouridine phosphorylation 

but not that of transport.  
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.

 

Figure 5.10. Accumulation of 4-thiouridine (A) and 4-thio-UTP (B) in NIH 3T3 cells were 

incubated with 250 µM 4-thiouridine for the indicated times. 

Each bar represents the mean ± SEM from 3 separate experiments.  ****= p < 0.0001; 

***=p < 0.001; **= p < 0.01; *= p <0.05 

 

5.4.6. Intracellular levels of UTP and ATP in serum-stimulated cells  

The intracellular level of UTP and ATP before and after 4-thiouridine labelling either 

in serum-starved cells or in serum-stimulated cells was also compared in this study.  
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The level of UTP did not change during labelling of 4-thiouridine over 60 min both for 

serum starved cell or serum-stimulated cells (Figure 5.11A).  Moreover, consistent 

with the previous result that the ratio of 4-thioUTP/UTP was stable after 30 min and 

slightly increased at 60 min in serum-starved cells; however, this increase was much 

higher in serum-stimulated cells (Figure 5.11B).  The high increase of the ratio in 

serum-stimulated cells is caused by the increase of phosphorylated metabolites in 

the cell which is stimulated by the growth factors. 

 

Contrary to expectations, this study did not find a significant difference between the 

intracellular level of ATP in serum-starved cells and in serum-stimulated cells even 

after 1 hour serum stimulation.  Also, no significant difference in the level of UTP was 

detected between serum-starved cells and serum-stimulated cells.  The present 

findings seem to be inconsistent with other research which found that growth 

factors induce activation of mTOR which directly phosphorylates the enzyme that 

catalyses the de novo pyrimidine synthesis thus a production of new nucleotides is 

stimulated (265, 267).  It is difficult to explain this result, but it might be related to 

the low level of intracellular ATP at the start point of serum stimulation since the 

cells was starved  over 24 hours before receiving a serum stimulation.  Research by 

Dennis et al. (268) revealed that dropping the ATP level could lead to a steady 

alteration in mTOR activity.  They demonstrated that high ATP level is required for 

mTOR activity. 

 

Furthermore, no significant differences in the intracellular concentrations of ATP and 

the ratio of ATP to ADP were found during several times of 4-thiouridine labelling 
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either in serum-starved cells or in serum-stimulated cells (Figure 5.12).  Overall, 

these results indicate that 4-thiouridine labelling has no adverse effect on the 

metabolic balance of adenine nucleotides in the cell not only in the serum-starved 

cells but also in the serum-stimulated cells.   

 

 

Figure 5.11.  Intracellular concentrations of UTP (A) and Ratio of 4-thio-UTP/UTP in NIH 

3T3 cells were incubated with 250 µM 4-thiouridine for the indicated times (B). 

Each bar represents the mean ± SEM from 3 separate experiments.  ****= p < 0.0001; 

***=p < 0.001; **= p < 0.01; *= p <0.05 
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Figure 5.12. Intracellular concentrations of ATP (A) and ratio of ATP/ADP in NIH 3T3 cells 

were incubated with 250 µM 4-thiouridine for the indicated times (B). 

Each bar represents the mean ± SEM from 3 separate experiments. 

 

5.4.7. Discussion 

The objective of this study was to investigate the intracellular development of 4-

thiouridine metabolite and its effect on the intracellular levels of nucleotides in 

serum-starved and serum-stimulated cells using the developed LC-MS/MS method.  

The most interesting finding was that conversion of 4-thiouridine into 4-thio-UTP in 
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the NIH 3T3 cells is not very efficient.  There are several possible explanations for the 

low efficiency of the phosphorylation of 4-thiouridine.  It was observed that the 

levels of ATP in the cells were low and were less than 0.1 mM.  Because a high level 

of ATP, generally in mM order, is required for optimal activity of UCK, the enzyme 

responsible for the phosphorylation of 4-thiouridine (258, 269); it is possible, 

therefore, that the low level of intracellular ATP has contributed to the low activity of 

the UCK. Hence, the conversion of 4-thiouridine into 4-thio-UTP was very low. 

 

Moreover, data from UCK purified from several sources have indicated that UCK 

protein has a very low abundance in most normal mammalian tissues. Payne et al. 

(262) needed a 60,000-fold purification to isolate uridine kinase from tumour cells 

which have the highest enzyme activity, while the activity of this enzyme in 

neoplastic tissue at least 10-fold greater than in non-neoplastic tissues (270).  

Therefore the level of this protein in normal tissue could be only about 10-6 of the 

total intracellular protein (271).    Moreover, the phosphorylation efficiency of 4-

thiouridine related to the efficiency of uridine phosphorylation catalysed by UCK1 

and UCK2 are 13 and 81% respectively (258).  It indicates that even though 4-

thiouridine is a substrate for both UCK1 and UCK2, it is more efficiently 

phosphorylated by UCK2 than by UCK1.  Furthermore, previous studies have 

reported that even though the activity of UCK has been identified in most examined 

tissues (270, 272, 273); the UCK2 mRNA could only be detected in a few tissues such 

as placenta (258), rat brain (274) and testis (275) while the UCK1 mRNA was detected 

in almost all investigated tissues.  It is likely therefore that because of the low level of 

UCK2 in NIH 3T3 cells, the phosphorylation of 4-thiouridine in this study was not very 
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efficient.  In addition, results from comparing the two different concentrations of 

labelling, 250 µM and 500 µM are further support for the indication that the enzyme 

was limited in the cells since that the phosphorylation product was found not 

significantly increased even though the substrate was available at higher level.   

 

One possible implication of the finding is that the development of 4-thio-UTP highly 

relies on the level of UCK2 on the investigating tissue.  Thus, the effectiveness of the 

RNA labelling would depend on the activity of UCK2 in the tissue, and overexpression 

of this enzyme could enhance the labelling of RNA with 4-thiouridine. 

 

There are, however, other possible explanations.  The activity of the enzyme 

depends on the binding affinity of the substrate to the enzyme (Km) and the catalytic 

activity of the enzyme (Kcat).  The low catalytic efficiency is generally caused by both 

poor substrate binding and slow catalysis.  The bonding between 4-thiouridine and 

UCK likely is the same as the bonding between uridine and the enzyme, although the 

oxygen atom of the second carboxyl group of uracil is replaced by a sulphur atom for 

4-thiouridine.  

 

The base of uridine develops three hydrogen bonds with UCK; the second carboxyl 

✁�✂✄☎ ✂✆ ✄�✝✞✟✠ ✡✂☛☞✌ ✍✟✎✏ ✎✏✑ ✒✓ ✝✎✂✔ ✂✆ ✕✖�-✗✗✘ ✝☛☞ ✎✏✑ ✙✚✗ ✝tom of His-117, and 

✎✏✑ ✆✟�✌✎ ✞✝�✡✂✛✖✠ ✁�✂✄☎ ✂✆ ✄�✝✞✟✠ ✡✂☛☞✌ ✍✟✎✏ ✎✏✑ ✙✓✗ ✝✎✂✔ ✂✆ ✜�✁-176 (Figure 5.13).  

On the other hand, cytosine base develops four hydrogen bonds with UCK which 

three of the four hydrogen bonds are formed in the same way as uracil.  The N4 
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✁�✂✄ ✂☎ ✆✝�✂✞✟✠✡ ☛✂✠☞✞ ✌✟�✍ �✍✡ ✎✏ ✁�✂✄ ✂☎ ✑✝✒-✓✓✔ ✁✠☞ �✍✡ ✕✖✓ ✁�✂✄ ✂☎ ✗✟✞-117 as 

✘✒✂�✂✠ ☞✂✠✂✒✙ �✍✡ ✆✁✒☛✂✚✝✛ ✜✒✂✢✘ ✂☎ ✆✝�✂✞✟✠✡ ☛✂✠☞✞ ✌✟�✍ �✍✡ ✕✏1 atom of Arg-176, 

and the fou✒�✍ ☛✂✠☞ ☛✡�✌✡✡✠ ✕✣ ✁�✂✄ ✂☎ ✆✝�✂✞✟✠✡ ✌✟�✍ �✍✡ ✕✏✔ ✁�✂✄ ✂☎ ✤✒✜-176 

(257).  The fourth hydrogen bond cannot be developed between uracil and the 

✡✠✥✝✄✡ ☛✡✆✁✢✞✡ ☛✂�✍ �✍✡ ✕✣ ✁�✂✄ ✂☎ ✢✒✁✆✟✛ ✁✠☞ �✍✡ ✕✏✔ ✁�✂✄ ✂☎ ✤✒✜-176 are 

functioned as proton donor.  Although the enzyme efficiently phosphorylated uridine 

and cytidine; compared with cytidine,  the affinity of uridine was lower than that of 

cytidine (276, 277) therefore efficiency of the catalytic activity of uridine was nearly  

half of cytidine for both UCK1 and UCK2 (258).  Also, the result of the previous study 

(262, 278, 279) found that CTP is more effective as  an UCK inhibitor than UTP.  It is 

likely that the missing hydrogen bonding between the nucleotide bases is critical for 

substrate recognition and efficient catalysis by the enzyme. The absence of this 

bonding might cause the decrease of reactivity, thus catalytic efficiency of uridine for 

UCK is lower than that of cytidine.   

 

The factors mentioned above may also explain why 4-thiouridine in NIH 3T3 cells in 

this study was not efficiently phosphorylated since the bonding between 4-

thiouridine and UCK is likely the same as the bonding between uridine and the 

enzyme.  In addition, a previous study by Ropp and Traut (280) has revealed that a 

single amino acid substitution of UCK near the uridine binding site brings on a 160-

fold decline in affinity for uridine, therefore leading to a dramatic decrease on the 

activity of the enzyme. 
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Figure 5.13. Hydrogen bonding between the binding site of UCK and (A) uridine, (B) 4-

thiouridine and (C) cytidine 

Hydrogen bond pairs are connected with dotted lines. 
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A number of studies have found that UTP and CTP can function to produce a 

feedback inhibition of UCK activity (262, 278-280).  Furthermore, the inhibition of 

UCK activity by UTP or CTP could be reversed by either ATP or GTP (278, 279).  Cheng 

et al. (279) proposed that the inhibitors bind the enzyme on the different site than 

ATP.  They bind at the catalytic site as bisubstrate analogue (280) providing 

dissociation of the active tetramer to the inactive monomers (269, 279) while ATP 

stabilises the tetrameric form of  the enzyme (279). 

 

As the inhibition of UCK activity was also demonstrated by the analogues of UTP, i.e. 

aza-UTP and F-UTP (278), it might be possible that 4-thio-UTP could be as effective 

inhibitor of the activity of the enzyme.  Based on the previous study, UTP and the 

analogues exhibit considerate inhibition of uridine phosphorylation at a ratio of the 

inhibitor and substrate as low as 10% in mouse tumour cells and two percent in 

human epidermoid carcinoma, while CTP was significantly much more effective than 

UTP as a feedback inhibitor (278).  The results of this study are presented in Table 5.3 

show that the ratio of 4-thio-UTP to 4-thiouridine was less than two percent over the 

60 min labelling period.  Although the inhibition on 4-thiouridine phosphorylation by 

4-thio-UTP through feedback mechanism was not detected on this result; it might be 

another possible explanation for the low level of the phosphorylated metabolite of 4-

thiouridine in cells.   

 

Furthermore, the results of this study indicate that serum rapidly stimulates the rate 

of 4-thiouridine phosphorylation but not that of transport.  The findings of the 

current study are consistent with those of Rozengurt et al. (281) who found that 
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serum enhances nucleoside phosphorylation.  They found that after the addition of 

serum, the phosphorylated uridine increased two to six-fold in several cell lines.  

They also observed that within several minutes, insulin, FDGF and epidermal growth 

factor (EGF), raised the phosphorylation of uridine. 

 

The indication that increase of phosphorylated metabolite was due to upregulation 

of the UCK in serum-stimulated cells is also supported by the previous study (282, 

283).  They found that either serum or the combination of purified platelet-derived 

growth factor (PDGF) and platelet-poor plasma (PPP), components in serum, did 

produce a stimulation of UCK activity in BALB/c-3T3 cells.  It was observed that there 

was a dramatic increase in enzyme activity in the cells between three and six hours 

after stimulation with each concentration of bovine calf serum (2.5 ✄ 10%) and it 

remained elevated through 12 h after stimulation.  However, in this current study we 

observed that even at 20 min after stimulation with 10% of serum the 

phosphorylation product of the enzyme was increased.  Evidently, this finding 

corroborates the ideas of Wharton and Pledger (282), who suggested that there 

were factors present in plasma capable of the early induction of UCK activity. 

 

Research on the investigation of resistance to nucleoside analogues, interestingly, 

found that UCK activity appears associated with the sensitivity of cells to cytotoxic 

nucleoside analogues.  This enzyme is over expressed in cancer cells compared with 

normal tissues (270, 272, 284, 285), suggesting that UCK might contribute to the 

tumour-selective cytotoxicity of the nucleoside analogues.  A study by Tabata et al. 

(286) provides evidence that the tumour cells resistant to ethynylnucleosides have 
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lower UCK activity than that of the parent cells.  These results proposed that the 

decline in UCK activity is one of the key mechanisms of nucleoside analogues 

resistance.  The fact that UCK activity is indeed regulated by growth factor signalling 

would explain the effectiveness of nucleoside analogues as cancer drugs, because 

growth factor signalling is up regulated in cancer.   

 

Data from this chapter can be compared with the data in Chapter 3 (Section 3.4.3) to 

compare between the phosphorylation of two nucleoside analogues, 4-thiouridine 

and cordycepin.  The data shows that even in serum-stimulated cells, the 

development of phosphorylated metabolite of 4-thiouridine was not very effective 

compared with the formation of the phosphorylated metabolite of cordycepin or 

other nucleoside analogues (287, 288).  After one hour labelling of 250 µM 4-

thiouridine, 4-thio-UTP accumulated in NIH 3T3 cells was 41 µM, while cordycepin 

triphosphates reached in MCF7 and HeLa cells 494 and 251 µM, respectively after 2 

hr incubation with 50 µM cordycepin; also 1281  and 1089 µM after 2 hr incubation 

with 50 µM cordycepin and 1 µM pentostatin.  It was also shown that the ratio of 4-

thio-UTP/UTP (0.9) was much lower than the ratio of cordycepin triphosphate/ATP 

(24.7 and 27.5 in MCF7 and HeLa cells, respectively).  It is apparent that the 

phosphorylation reaction of cordycepin by adenosine kinase (AK) is much more 

efficient than that of 4-thiouridine by UCK. 

 

There are several possible explanations for the large difference in the 

phosphorylation efficiency between cordycepin by AK and 4-thiouridine by UCK.  It 

might be that the concentration of UCK protein or its activity is much lower than the 
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enzyme which is responsible for the phosphorylation of cordycepin.  AK is an 

abundant and universal enzyme which controls extracellular and intracellular 

adenosine nucleotide concentrations and is responsible for the phosphorylation of 

several pharmacologically relevant adenosine analogues (15, 235, 289).  Meanwhile, 

UCK is an enzyme which is present at a low level in most eukaryotic tissues (262, 

270). 

 

In addition, data from several studies indicate that affinity of the substrates to AK is 

much higher than the affinity of the substrates to UCK.  AK has a Km for adenosine of 

0.2-0.4 µM (12, 15, 290-292) and the phosphorylation efficiency of cordycepin is 12.5 

% of adenosine phosphorylation (226), while UCK has Km for uridine of 40-50 µM and 

the phosphorylation efficiency of 4-thiouridine is 13-81 % of phosphorylation of 

uridine (258, 262).   

 

Moreover, the reactivity of these two enzymatic activities is also extremely 

influenced by the availability of appropriate substrates, nucleoside triphosphate 

activators, other small molecular effectors, and the environment pH (293).  In both 

cells the intracellular level of ATP, which is important for activity of both enzymes, 

were much different.  The level of ATP in NIH 3T3 cells was less than 0.1 mM while in 

HeLa and MCF7 cells were more than 1 mM.  Therefore, the phosphorylation of 4-

thiouridine in NIH 3T3 cells was much less efficient than the phosphorylation of 

cordycepin in HeLa and MCF7 cells. 
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5.5. Conclusions  

The purpose of the current study is to apply the developed LC-MS/MS method for 

study the intracellular metabolism of 4-thiouridine.  This study has shown that the 

method has been established and validated for simultaneous separation and 

determination of the metabolite of 4-thiouridine in cell extracts.  This study has 

found that generally the uptake of 4-thiouridine into NIH 3T3 cells was fast and the 

phosphorylated metabolite rapidly was developed after only 2 min labelling.  

However, it was also shown that the phosphorylation process catalysed by UCK in 

NIH 3T3 is not very efficient.  The further investigation has shown that there was just 

a slight difference in the intracellular level of 4-thio-UTP between 250 µM 4-

thiouridine labelling and that of 500 µM.  The results indicate that therefore 250 µM 

of 4-thiouridine provides enough of 4-thio-UTP for 4-thiouridine labelling.   

 

One of the more significant findings to emerge from this study is that the level of the 

phosphorylated metabolite increased in serum-stimulated cells likely because the 

enzyme was upregulated in the presence of growth factor.  The ratio of S UTP/UTP 

was stable until 30 min and increased after that 30 min, either in serum-starved cells 

or in serum-stimulated cells.  The second major finding was that there are no 

significant differences in the intracellular concentrations of UTP and ATP during 4-

thiouridine labelling, also on the ratio of ATP/ADP either in serum-starved cells or in 

serum-stimulated cells.  Therefore, the present study provides additional evidence 

that 4-thiouridine labelling process has no adverse effect on the metabolic balance of 

adenine and uridine nucleotides. 
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Since 4-thiouridine phosphorylation depends on the activity of UCK and since the 

enzyme has low abundance in most non-malignant tissue, this study suggests that 

further research might be required to explore other agents for labelling RNA which 

do not need activation by UCK. 



 

 

 

CHAPTER 6 

GENERAL CONCLUSIONS AND FUTURE WORK 
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GENERAL CONCLUSIONS AND FUTURE WORK 

Through the work described in this thesis, an ion pairing LC-MS/MS method using 

DMHA has been developed for quantitative determination of nucleoside and 

nucleotide analogues for in vitro and in vivo study.  The method has successfully 

separated and detected mixtures of intracellular nucleotides.  The extraction of 

nucleotides from cell lines has been well investigated and optimised.  The LC-MS/MS 

method has also been successfully applied to MCF7 cells and has been established 

with the results of the validation for determination of intracellular metabolites and 

nucleotides. It has been demonstrated to have adequate sensitivity and selectivity to 

measure accurate intracellular concentrations.  The LC-MS/MS method has potential 

applications for analysis of nucleoside drugs in the biomedical area and can be 

applied to measure other nucleoside drug metabolites due to their similar chemical 

characteristics. 

 

The metabolism of cordycepin in vitro and in vivo has been successfully investigated 

by using the developed method.  Cordycepin and its active metabolite reached 

maximum accumulation in MCF7 and HeLa cells at 2 hours incubation with 

cordycepin and at 8 hours incubation with a combination of cordycepin and 

pentostatin.  The study of the intracellular metabolism of cordycepin shows that 

cordycepin was rapidly metabolized in the cells as well as in the cell culture medium 

into the deaminated form by adenosine deaminase (ADA); at 8 hours incubation with 

cordycepin alone, all cordycepin had been intracellularly metabolized.  Nevertheless, 

the phosphorylated metabolite was highly accumulated in the cells in the presence 

of pentostatin, an ADA inhibitor.  In contrast, cordycepin in C. militaris extracts 
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showed much lower degradation in non-heat-treated serum compared with pure 

cordycepin.  It indicates a strong evidence for the presence of a deaminase inhibitor 

in the extract of Cordyceps which may need to be further investigated.  Hence, 

further experimental investigations are needed to examine the inhibition of the 

extract of Cordyceps on the activity of enzyme adenosine deaminase. 

 

Moreover, results from the quantification of cordycepin and the metabolites in the 

plasma and liver of rats dosed with cordycepin proves that the half-life of cordycepin 

and its metabolites are very short in the plasma; nonetheless they are accumulated 

in the liver with repeated administration.  It is recommended that further research 

be undertaken in the pharmacokinetic and bio-distribution of cordycepin. 

 

Investigation on the effects of cordycepin treatment on the intracellular nucleotide 

metabolism shows that cordycepin initially caused an increase in the intracellular 

levels of nucleoside triphosphates probably due to effects on RNA synthesis by the 

active metabolite of cordycepin.  At longer incubation times, however, cordycepin 

caused an intense reduction in the amount of intracellular nucleotides, when most of 

the cordycepin and its active metabolite were gone.  These results indicate that 

cordycepin triphosphate induced long term change in the cell, which resulted in a 

drop in nucleotides level. In the long term, treatment using pentostatin alone 

resulted in a reduction of the amount of nucleoside triphosphates (NTPs) and it 

synergistically increased the effect of cordycepin on nucleotide levels.  High levels of 

the accumulated cordycepin triphosphate led to a massive decline in nucleotide 

levels.  It seems possible that these results are due to inhibition of the synthesis of 
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nucleotides caused by its inhibition on ribose phosphate phosphokinase or by 

inducing apoptosis through changes in gene expression caused by its effects on 

polyadenylation.  A possible consequence of high accumulations of cordycepin 

triphosphate in the long term is it interferes with a number of ATP-dependent 

cellular reactions, either directly or indirectly, leading to a decline in energy charge 

and then in NTPs level.  Furthermore, effects of cordycepin on nucleotide levels in 

MCF7 cells were greater than in HeLa cells causing of permanent suppression of NTPs 

level.    

 

It is possible that the effect of cordycepin on nucleotides in MCF7 and HeLa cells is 

caused by the different metabolism of cancer cells; therefore, further studies need to 

be conducted using normal cells to compare the effect of cordycepin and pentostatin 

treatment on the metabolism of intracellular nucleotides in non-malignant cells. 

 

Moreover, the developed LC-MS/MS method has been successfully applied for study 

of the intracellular metabolism of 4-thiouridine.  The results of this investigation 

show that generally the uptake of 4-thiouridine into NIH 3T3 cells was fast and the 

phosphorylated metabolite rapidly was developed only after two min labelling.  The 

most obvious finding to emerge from this study is that the phosphorylation process 

catalysed by uridine cytidine kinase (UCK) in NIH 3T3 was not very efficient.  

Compare with the phosphorylation of cordycepin, the ratio of the phosphorylated 

metabolites to its related endogenous nucleotide (sUTP/UTP) was much lower than 

the ratio of cordycepin triphosphate to ATP; it was less than 4% of that of 
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cordycepin.  It indicates that the phosphorylation of 4-thiouridine is much less 

efficient than that of cordycepin. 

 

Furthermore, the level of the phosphorylated metabolite increased in serum-

stimulated cells likely because the enzyme was upregulated in the presence of 

growth factor.  In addition, there are no significant differences in the intracellular 

concentrations of UTP and ATP during 4-thiouridine labelling, also on the ratio of 

ATP/ADP either in serum-starved cells or in serum-stimulated cells.  Hence, the 

current study confirms that 4-thiouridine and its metabolite have no adverse effect 

on the metabolic balance of adenine and uridine nucleotides.  Since 4-thiouridine 

phosphorylation depends on the activity of UCK and since the enzyme is low 

abundance in most non-malignant tissue, this study suggests that further research 

might be required to explore other agents for labelling RNA which do not need 

activation by UCK. 

 

Taken together, these results suggest that pharmacological activity of nucleoside 

analogues and their cytotoxicity highly rely on the accumulation of their 

phosphorylated metabolites.  Consequently, the activity and the level of the enzymes 

involved in their metabolism highly influence on their pharmacological activity as 

well as their toxicity.  Therefore, data on their intracellular metabolism as well as a 

better understanding of enzymes involved in their metabolism provide valuable 

information for drug design and clinical therapy.  
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