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ABSTRACT 

The Developmental Pharmacology of Amifostine: Pharmacokinetics and Measures of 

Oxidative Stress 

Master of Science. 200 1 

Diana Christine Stempak 

Graduate Department of Pharmacology 

Faculty of Medicine. University of Toronto 

Use of the broad-spcctrum cytoprotective agent. ami fostinc. in children may allow more 

effective cancer treûtment by srlccti\~ely protccting healthy tissue from the detrimental eft'ects of 

chcmothçrapy. This effect is mcdinted via thé active metabolite. WR1065. whose mechanism of 

action may relate to modulation of glutathione levels. Esperiencr with amifostinr is limited in 

pediatrics: therehre. ri Phase I study was used to establish ptiarmacokint.tiçs in çhildrcn and to 

evaluate the proposed mec hanisrn of action. Sirnilar systeniic ssposure to WR 1065 kvas 

observed in both children and adults afrer corrrcting for dose difkrences. suggcstinç a similar 

degree of protection in both populations. In order to evaluate WRl065's mechanisrn of action. 

we identi Aed and validated an improwd mcthod for glutathione sample preparation. resulting in 

a reliable assay that will enablr us ro better assess amifostine's effect on whole blood glutathione 

levels. 
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1.0 INTRODUCTION 

1.1 Pediatric Cancer 

The incidence of cancer in childrcn is relatively rare ris i t  occurs in approsimatély 15 out 

of ewry 100 000 children and adolescents per year (Health Canada 1999). Bstween 1991 and 

1995. an average of 1 279 Canadian children and adolesct.nts \vert. diagnosed nith the disrasc 

(Canadian Cancer Statistics 2000). Today. most children \rith cancrr are cursd with current 

therapy. The overall cure rate has increased from 28% in 1963 to 72% in 1993 (Steen 1000). 

However. up to 30% of al1 children diagnosed with al1 foms of cancer will die and this numbcr 

c m  be higher for some types of cancers compared to others (Canadian Cancer Statistics 2000). 

Treatment ma- fail because of lack of cfficacy or duc to intulerable short- and/or long-trrm 

complications. (Cripizzi 1999a). 

One of the prirnar? diffcrencrs bettieen d u l t  and childhood crinccrs is that childhood 

cancrr c m  be cured more oRcn (Steen 2000). This is counter-intuitive. as one \i-ould cspect that 

funher proyress could be made in treating a rrlatively comrnon disease such as adult cancer 

rathcr than in treating a much rarer disease such as childhood cancer. This distinction suggests 

that inherent differences between pediatric and adult cancers rsist. 

Children are typically diagnosed with cancers that affect stem cells. Certain stem crlls 

ma). piïe rise to cancer in children due to spontanrous mutations. Generally. Bene mutations that 

result in childhood cancer are not due to interactions ivitli  the environmcnt. but rather. to a 

genetic aberrance (Steen 2000). In contrast. adults tend to be afkcted bp cancers of the spithdial 

cells. Cancer in these cells is normally induced bp interaction ivith the environment. This 

implies that most adult cancers are acquired and that tlicy are the result of lifelong rsposure to 
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cancer-inducing agents (Stern 2000). An additional factor that distinguishes childhood cancer 

from adult cancer is thnt childrrn rire typically much more resilient thnn adults so the? can 

tolcrate more aggressive therapy. .Adults customarily have additional health problems that ma? 

hinder treatmrnt that is aggressive enough to achieve a cure (Steen 2000). 

1.2 Clinical Trials in Pediatric Oncology 

Remarkable progress has bern made in recent years in the trratmrnt of childhood cancer. 

Standard therapy has not only improved cure and s~in.iviil rates in childhood cancer. but it has 

also cnhanced the quality of life of man) patients. Hoawer. a proportion of childrcn ni11 die 

from thrir diserise bscause the- do not rrspond to this standard thrrapy. Both ends of this 

spectriim of patient outcornes are strong motivators for continticd evüiurition of new ihcrnpciitiç 

agents in pediatriç onçology (Baruchrl and Rotwll 1998). 

A dnig entrrs the first of threr phases of clinical trials for use in humans only aftcr it has 

undergone estensi\.e prrclinical testing in animals (Hughes 2000). The detinitions of the phases 

for clinical trials for cancer treatments differ from those for other tlierripies. U'hile the main 

objectives in both types of Phase 1 trials are to collect pharn~acokinetic and sakty information. 

the main differenct: lies in the subjects tliat are iised. Cancer Phase 1 trials inwlve rhe use of 

patients dicignosrd with the dissasr ( Hughes 1000 >. Thcse patients cire iisually teminally il1 and 

their disease is refractory to available treatment. In contrast. orher Phase 1 stiidics involve the 

use of healthy. cidult volunteers (Naranjo and Janecek 1998). This main diiference does not 

allow investigators to make observations about the efficacy of the drug. which is a possibility in 

oncology Phase 1 studirs although it is not a specific goal. .A table summarizing the goals and 

objectives of the phases of cancer therapy trials is included in Appendis 1 .  Srnall Phase 1 trials 

in adults are iisually the tirst step in translating basic resenrch into clinical applications. This 
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usually leads to larger studies in aduits. which can be concurrent with Phase I studies in children. 

Even though similar studies have been camed out in aduits. specific Phase 1 studies in children 

are needrd because there are differences between these two populations. Firstly. many more 

adults than children have cancer. Furthemore. adults tend to become rligible for Phase 1 trials 

earlier in the course of thrir disease sincr there usually is a laçk of effective therapy for thesr 

patients. In contrasr. when a çhild is initiaIl! diagnosrd with the Jiseasc. lie or shc is ireatrd with 

curative intent. Only atirr additional treatment attempts fail (cg.. Phase I I  triais. bone marrow 

transplantation etc.) do children becomr candidates for Phase I trials. Finally. esperience has 

shown that the results of adult trials arc relatiwly poor predictors of potsntial tosicities in 

children (Baruc hcl and Rowll  1 998). 

By definition. as alludrd to above. a Phase I trial does not implp thenpeutiç intcnt. This 

raises moral and ethical issues. However. it can be argued thüt whilc thc primary aim of a Phase 

1 trial is to evaluaté thc maximum tolrratrd dosr (MTD) of ri nrw Iigcnt and to identify tosicity. 

this dors not preclude a sccondap therapeutic aim. I t  is reasonablr to espect that an ami-tumor 

effeci would be achiewd in some patients. This can provide sortit. potmial benrfit for the çhild 

u-hm hc: or she is façcd with hilure of al1 rsistins ttiernpics. Theretore in a Phase i trial. it c m  

b r  maintained that thsre are two purposes: a research component and an additional therapeutic 

benetit (Baruchei and Rowell 1998). 

Most Phase I studies also seek to detine the pharmacokinetics of the inwstigational 

agents. Variability in systemic e'rposure among patients should be drtined in the scopr: of a 

Phase 1 study. This may help in delineating sub-groiips of patients within the trial who are 

especially susceptible to dmg tosiciiy or laçk of sftïcacy. This information san l a d  to dose 

modification. Furthermore. phnrmacokinetic studies in Phase 1 trials ma)- allow modification of 

sarnpling stratrgies that will facilitate the study of pharmacokinctic-pharmacodpmic 
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relationships in larger populations of children should the investigational agent procerd to Phase 

I I  trials ( Banichel and Rowell 1998). 

1.3 Anticancer Therapy 

Surgery. cytotosic chemotherapy and radiation represent three modalities in the control 

and cure of neoplastic disrases. Whilc the ski11 in iisins these techniques has improved owr the 

past 30 years. precisely targeting malignant tissue without damaging normal tissiis rsmains a 

major challenge (Capizzi 1999b). The efkctivenrss of anticanccr therapy dcprnds on how tosic 

the dmgs are to the tumor relative to healthy cclls in the body. Bone marrow cells. as well ris the 

rapidl? dividiny cslls of the gastrointcstinal tract and hair hl l ides. arc o ften the most susceptible 

in addition to tumors. Wsverthrtlrss. man! othrr tissues in thc body are also affecteci bp 

c hemotheraprutic agents to a certain estcnt ( U'ol f er ol 1987). 

Chemotherapeutic agents are usually üdniinistercd at their MTD as this oticn display the 

greatest e fficacy agninst the tumor. Furt hermore. the delivcry of adequate doses of 

chemotherapy is oRen compromised by the narrow therapeutic indes of these cytotosic agents 

(Capizzi 1999b ). Damage to normal cells results in dose-lirniting tosicity t DLT) which 

compromises the pritisnt's qualiiy o t' lire and ma). prrvttnt drl ivsr~ o f cidequatc doses to control 

the tumor (Links and Lewis 1999). Despite the t'act that improved supportiw carr measures 

have lttssened the toll of trratment on patients. funher rrsrarch is still required to rnsure that 

patients ressive optimal tlierape~itic ben& (Capizzi 1999b 1. 

1.3.1 Cytoprotective Agents 

C'oprotective agents have been developed as a means of reducing the tosicity associated 

with chernothenpeutic agents. The aim of cytoprotective agents is to improve the therapcutic 

index of the c'otosic dmgs bu reducing the DLT to normal tissue ( Links md Lewis 1999 1. By 
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definition. a c~oprotçctive agent must not compromise the antitumor sfficacy of the 

chemotherapeutic dnig (Links and Lewis 1999). Idcally. it should be easily administered. have a 

reasonable safety profile of its own and cannot intcrfere with the delkery of chemotherapy 

(Capizzi 1999a: Links and Lewis 1999). By improving the patient's tolerance to anticancçr 

therapy. the cytoprotectiw ,îpm ma!. o R r  multiple benetits including potrntial dose 

intensitication and prolongation of therapp. which ma) improve rrsponse and/or cure rates. .-\s a 

result. the costs associated with supportiw care in the cwnr of complications are reduccd 

sipnificantly and qiiality of lik is improvsd (Capizzi 1999a). 

The concept of cytoprotcction was tirst introduced b! Patt trl. ( 1949) who reported that 

rats pretreated ivith the sulthydt-yl amino ncid cystrinr were protectcd from Iethal doses of 

radiation. This spnrkcd the intrrest in usine thiol agents as potentiül çytoprotectants (Copizzi 

1999a). Thiol groups çontain a nucleophilic sultùr. wliich provides an altcrnatiw target tor  the 

recictiw intermediates formed following treotmcnt witli radiation (osygcn fret rridicals) or 

alkylating agents (clec~rophilic inter me dia tes^. Tliesc hishly reaçtiw specics rire responsiblc for 

both the effiçacy and wsicity ot'cinticançcr treatnienrs. The' bind ro L nrious nuçleophilic targets 

such as DKA. and form covalent bonds without distinction betwen normal and canccrous tissue. 

Therefore. thiol-çontaininp compounds in hcalthy tissue provide an alternative nucleophilic 

target to reactiw intermediates generated bu radiation or chemotherap! (Links and Lewis 1999: 

vari der Vijgh and Korst 1996). 

To date. three cytoprotectiw agents have bssn approved bu international regulatory 

agttncies. '\.lesna is administered to protcct the bladdrr from tosicity associated with ifosfamide 

and high-dose c~~clophospharnidc whçreas desrazosane prorrcts the hean h m  cumulati\-s 

cardiotosic ct'fects associated with dosorubicin (Capiui 199%). Both of these agenis are drug- 

specific and their protrctive effects are lirnited to specific organs. .A third agent. arnifostinr. is 

the first selective bmcrti-sprcnirm cytoprotective agent approved by international rrgulatory 
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agençies. In this context. broad-spectmm refers to the protection of multiple organ systems from 

a broad selection of cytotosic agents (sec Table I I (Capizzi 19993). 

Table 1: Broad-spectrum cytoprotection by amifostine. Various organs are protrcted from 
man. different cytotoxic drugs (Capizzi 1999a). 

.Auditory 
Peripheral nenes 
Bone rnarrow 
Salivary glands 
Oral m~rccisa 
k 3 r t  
Lung 
Esopliay ils 
Small intestine 
Colon 
immune s>.stem 
+restes 

. - 

Organs i Drugs I , 
t 

Carboplatin 
Cyclophosphamidr 
Nitrogen mustard 
!del phalan 
hlitornyin-C 
Cam~iistine 
5-t1~10rur;1cil 
icinizing radiation 
. . .u thm 

t Kidney 

1 , Gènomr 
L 

1 

Cisplatin 

1.4 Arnifostinc 

1 A. 1 Development 

The Walter Rerd Army Institiite of Rcsearch originally rlewlopeci amifostine during the 

Cold War as pan of the anti-radiation dru- dsvslupment program of the CS .-lnny. The goal of 

this program was to idrntie compounds that were capable of protrcting the body against the 

adverse effects of radiation in order to safeguard the milit- personnel in çvcnt of nuclrar war. 

Arnifostine was selected from 4 100 compounds that were scrctened since it ott'ercid the rnost 

effective radioprotection and it had the safest tosicity profile as evidenced b'; its high MTD 

relative to other compounds that were tested. Mice. dogs and monkeys that were gii-en 

amifostine were protected from lethal doses of wholr body irradiation (Capizzi 1999a). 
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Subsequently. Yuhas and Storer demonstraied that with amifostine pretreatrnent. normal 

tissues were protected from the non-sprcific toxicities of therapeutic doses of radiation while 

tiimors rvere not (Yuhas and Storer 1969). Thereaftrr. studies dsmonstrated that amifostine \vas 

effective in protecring normal tissue frorn the toxic rfkcts of alkylating agents. cisplatin. 

anthracyclincs and tasnncs ( Capizzi 1999a). To date. i t  is the broad-spectnim ç ytoprotective 

agent with the largcst prsclinical and clinicnl data base (Capizzi 109%). 

1.1.2 Metabolism 

Aniifostinr ( WR-272 1 : Ethyol: S - 2  (hminopropylamino) ethylphosphoro-thioiç acid) is 

a phosphorylatrd amino thiol prodrug. It is dephosphorylatèd by membrane-bound alkaline 

phosphatasr at the tissue site to the free thioi WR106j  (the active metabolite and major 

cytoprotrctiw species). WRI 065 is rapidly triken iip into cells uhcrc i t  eserts its cytoprotective 

sffsçts. I t  can be tiinlier osidizcd to disiiltidcs. citlicr synmctrical (WR33179: müy also bc 

cytoprotective (Shigematsu d 1994)) or misrd disuliïdts rvith cystrinr. glutathione or rhiol 

containinp protrins ! Figure 1 ) ( Capizzi 1 99% ). 



Amifostine (prodmg) 
H a  - - NH - (CH?)? - S - P 0 3 H 2  

I .Alkaline Phosphntnse 

W R 1063 (active metabolite) 
H f i  - - ?iH - (CH?)? - S - H 

Oxidation I Oxidation 

Protein-mixed disulfides 
H2N - (CH:), - NH - (Cl&)t - S - Protein 

Non-protein-mised disulfides 
HtN - - 'IH - (CH?)? - S - Glutathione, 

Cysteine 

Figure 1:  Amifostine metabolism (taken from (Shaw et al 1994)) 
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1.1.3 Preclinical Studies 

The prekrcntial uptak and distribution of amifostine and itç metabolites into normal 

tissue (except For brain tissue) has been demonstrated in sevcral animal models using mice and 

rats (Tanaka 1984: Utlcy rr ol 1976: Yuhas 1980). Maximal concentrations of WR1065 ris w I 1  

as the disulfidrs are achicvsd betwren I l )  and 30 minutes after administration providing useful 

information t'or defining the timc at which the maximal protective sffsct ma) be obssmrd for 

translation to dosing rrgimcns to br uscd in clinical stiidies. For esample. Yuhas and Storrr 

( 1969) showd  thai amifostint: administercd 15 minutcs prior to nitrogrn mustard doiibled the 

LDr0 dose (i.e.. the dose required to kill 50% of the animals) without altering the et'feçt of the 

chemotherapeutic drug on Iung carcinoma in C5 7B L.'6 mice. 

III  lviïro work has bwn carrieci out to investigatc the rfkct ohmifosrine prrtrcatrnrni on a 

variet- of bone marrow proycnitor cells. as these arc sspccially sensitive to the toxic rffects of 

chernotherapy. It lias been demonstrotçd thot these cells cire protected from the domnginy effects 

daunorubicin. mitoxantrone ( List et cil 1996) and photodyamic thcrapy I Meagha- et ' i l  1989) 

with ami fostine pretreatment. Howver. there are rnmy published accounts of ami t u h r  's 

protection of ot hcr organs. These include protection against cisplatin-indiiced nephrotosicity 

(Capizzi 1999~).  melphalan toxicity (Millar er ~ r f  1982) and radiation damage (Sipdestad et id 

1975) in intestinal crypt cells. cisplatin-inducrd damage in neural tissue (blollman 1991 1 and 

aminoglycosidr-indt~ct'd hrariny loss (Pierson and klollrr 198 1 >. In addition to cirnifostinr's 

reduction in acute. oftrn-revsrsible radiation induced tosicities. it mal- also decrrasi: permanent 

radiation-induced damage of some tissues such as salivary glands (Sodicoff rr [ i l  1978) or the 

sol? tissue in the Iimbs. u-hich c m  cause limb contractures (Milas rr ( i l  1983). It is therefore 
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cvident that amifostine is indeed a broad-spectrum cytoprotective agent with potential 

applications in a tvide vnriety of settings. 

1.4.4 >Iechnnisrn of Action 

The phosphorylation of amifostine apprars to be a signiticant contributor io the sclective 

uptakr of WRIO65 by normal tissue in contrast to the insignificant ~iptake by tumor tissus. In 

Fact. normal tissue can accumulatr 50 to 100 timtts more WR1065 than tlimor tissitt. (Capizzi 

1996: Links and Lewis 1999: Nici and Calabrcsi 1999) and this is thoiight to bc. dut. to ccnain 

characteristic di fferences betwscn the wo types of tissiie. 

In gcncral. tumor tissue tends to be hypovoscular relative to normal tissue (Nici and 

Calabresi 1 909 i. bIoreover. normal tissues have higher concentrations of alkali nt. phospharase. 

which is located on the plasma membrane O t' endothelial cells. esprcially at the capillary lrvel. 

This localization of alkaline phosphatase increases the conversion of amitostinc to the tiee thiol. 

thus allowing its rapid uptake into normal tissue (Capizzi 199'1a: Shaw et <i l  1996a). 

Furthemore. studirs have dcmonstrated that the specitic iictivity of membrane-bound alkaline 

phosphatasr: is 2?5-fold hiyher in normal liing cells thon in non-small cell lung cancer cells 

(Yang et i l  1995). The neutral environment of nomiil tissue cornparrd to the acidic 

environment of tumor tissue dso  tàvours ihct action of alkaline phosphatnsr (Ciipizzi 1999a: Nici 

and Calabresi 1999) and the rate constant for WR1065 uptake increasrs wiih increasing pH with 

a general preference to a normal tissue pH of 7.4 (Calabre-Jones el d 1988). Finally. normal 

tissue has a temperatlire-dependent. non-adrnosine triphosphate dependcnt and non-sodium 

dependent transport system consistent with a carrier mediated facilitated diffusion transport 

process. In contrast. turnor tissues rely on passive non-facilitated uptake of WRi O65 (Yang ri trl 

1995: Yuhas 1980). 



Ali these factors combined aliuw Tor the selective uptake and concentration of WR1065 

in nomal cells. which contributes to a temporary state of acquired resistance to the rffects of 

chemotherapy and radiation in normal tissue. This concentration of LLrR106j is analogous to a 

heightened intracellular concentration of the cndogcnous pro tec tor. glutathione. Tumor tissue. 

houever. remains \.iilnerablc to the cytotosic sffects of chemotherapy and radiation (Capizzi 

I999a). 

Although the exact rnechanisrn by which WR1065 protects normal tissue has not bcen clearly 

delineated. several mechanisms have bern proposed: 

1. The free thiol can act os a niiclrophile that binds directly to and detosifirs the active spticies 

of alkylatiny and platinum agents. This reduccs the formation of DN.-1-DNA interstrand 

crosslinks induced by the aliqhting agent nitroyen mustard as well as the formation of 

platinum-DNh adduçts (Capizzi 1999a). LVR 1069 can also partiall!. reverse prrformsd 

plritirnuni-DS.-\ iiddiiçts when adniinisicrtxi a ticr cigcnts siicli cis cisplatin althuiigh it  is less 

efkctivc (Cnpizzi 1 9 9 9 ~  Nici and Calribresi 1999). 

1. WR1065 can üçt  os a scavengcr of os!-gen ticc radicals t'orrned atier chcmo- or radiation 

therapy t Capizzi 1 9993: Xici and Calabresi 1 O99 ) b ~ .  Jonriting a h!drogcn to repair damaged 

(Wt '~ t ' i  target moleciiles such as DNA (Grdina et ol 1999: Nici and Crilabresi 1999 1. This su,, 

that amifostine administration after chemotherapy can enhancc its cytoproirctive dfect. 

3. Treating normal cells with WR1065 crftrr rie<rtrnent has been shown to reducc radiation- and 

chernical induced apoptosis. It is hypothesized that cithcr \VR 1065 or WR33278 

(symrnetrical disdiide) bind to DNA and nuclrar protrins. altering the structures of the 

intemucleosomal region of the chromatin thus making thcm Iess uilnrrablr: to degradation. 

Funher work is still reqiiired in this arcri to explore the cytoproteçtivs implications of this 

observation (Capiui  1999a). 
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4. The syrnrnctrical disultidr metabolite of amifostine. WR33 278. also demonstrates a 

cytoprotective efkct (Grdina et tri 1995). It can bind to DNA and cnhance relaxation of 

DNA supercoils that are mediated by topoisomerasc 1. It has also bern shown thnt this 

disul fidr rnetaboli te can protect cells from radiation-induccd c> totosicity and mutations 

(Capiui  1999a). 

5 .  Recently. selecti\,c modulation of intracellular glutathione ievels by amifostine. or more 

speciticallp. U'R1065 has been proposrd as a possible mechonism of action of the 

cytoprotective cffect. This is hypothesized to occur via rnhanced cystcinr. deli\.ery into 

normal cells ( Issels and Nagclc 1989: Souid rt r r l  1999). 

Givtin that WR 1 065 dernonstrates mors cfficient tiss~ir. protection than rcscur and bascd 

on its selectivs uptakci and retention. it must be preseni in tissiir n h e n  protection tioni ç).rotosic 

treatmttnt is reqiiired. Since peak lewls of WR1065 are achicved shonly aAer amifostine 

administration. laboratory and clinical protocols generally administer the dnig as a 1 5-minute 

infusion (van  dcr C'ijgh and Korst 1996) 5 to 30 miniites prior to çytotosic therripy (Capizzi 

1999a). .Although many st~idies have iised sinsle doses. there is cmerging laboratory (Green et cri 

1994) and clinical etidence (Brtticher et tri 1995: Budd trl 1994) that support the 

administration of multiple doses of cirnifostine to mnsimize cytoprotectiun and protocols iising 

two or three doses suggest that such a dosing schdule is s a k  and does nor intrrkre with anri- 

tumor rfficacy. Furthemore. ridministcring amifostinc aHer chemotherapy can br especially 

beneficial for dmps that hace long half-lives (Capizzi 1999a: van der Vijyh and Korst 1996). 



1.4.5 Adult Ctinical Trials 

L i . j . 1  Pha rmacodynamics 

The primary goal of including amifostine in conventional dosing rcgimens of cytotosic 

sompounds is to seduce toxiçity. The niajjority of rccent trials 1iwe txaniincd the efticaçy of 

amifostinr in çonjunçtion uith platinum-based regimens. Brttiçlirr d. ( 1995) perhrmrd a 

randomized Phase I I  trial comparing amifosiinc at 910 mg/mL dose with çarboplatin at 600 

m g m 2  to çcirboplatin alone in patients u.itli non-srnail çsll liin, t J  carcinoniri. Ami tostine was 

administrred >O minutes before and again 2 and 4 hours aftcr carboplatin administration. There 

was no siynificnnt difference in neutrophil nadir or recovery between the two proups. However. 

the time to platelci recovery and the need for hospitdization t'rivoured the nmitostine arm. Biidd 

e 1 .  ( 1997) cnrried out 11 Irirper stiidy in uhich 55 patients nith a vciriet) of tiimors wr r :  

randoniized to cxboplatin (500 rngm2) nith or u-ithout ümilostinc i 9 I O rnG,rn2 dose, giwn 15 

minutes beforc and 2 hours nfter çarboplatin. Tl iq  o b s c n d  that thc mcdirin plritclet nadir for al l  

cycles wüs 1iiyht.r in tlic cimilostine cirni ünJ thcre \tas no signiticcint Jiikrcnct. in the incidence 

of neutropenia. 

The best evidence of ami fostine's sficacy in rediic ing chemotherapy-inducrd tosicity 

[vas provided by Kemp e l  cil. ( 1996) in a large-scalr randomized stud?. of 242 stage I I I  and IV 

ovarian cancer patients. Thesr: patients \i-ere treated n ith 1 00 rng!mL of cisplatin and 1000 

my m' of cyciophosphamidr: wery thrce weeks. Patients w r r  randomizcid into an amifostine 

group (910 mg m' as 3 II-minute infusion bet'ore cphphospharnide) or no cimifostinc. Dose 

reductions wrre scheduled for hematolo@ical tosicity. Significantly f w e r  patients discontinucd 

treatment in the amifostine a m  and there were sigificant reductions in the incidence of 

neutropenia with fever. days in the hospital and grade l / 3  neurotosicity. Most importantly. there 

was no compromise in the pathological response rate or median sunival time. In summary. 
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thrre is clinicnl evidence that amifostine can rffrctively reduce acute and cumulative toxicity 

such as neutroprnia. thrombocytoprnia. nrphrotoxicity. nwnitosicity (includinp ototoxicity and 

prripheral neuropathy). musculoskeletal tosicity. cardiotosicity and motagenicit- caused by 

anticancer drugs (,Rose 1996). 

1 A5.2 Pharmacokinctics 

Thçrc are kw published repons of amifostine pharmacokinrtics in humans. The majority 

of data esists in adults with estremely limited data available in children. .-\fier a IO-second bolus 

1 

injection of 150 rngjrn- amifostinc to 13 cancer patients. masinial peak çoncrintrntions w r e  

reached within 2 niinutes (Shaw et tri 1956). The snme tins noted in patients treritcd wiih a 15- 

minute infusion of 740 or 9 1 O mg/rn2 of amifostine ( Korst er cil 1997a). In the patients who were 

t~iven the bolus injcction of amifostint.. it  \vas noted that the prodrug haci a small volume of 2 

distribution (6.4 L )  indicating that it \vas prirnarily confincd to the intravasçular spncr (mainly 

plasma) (Shaw ct cil 1986). Furthemore. nmifostine is very rapidl~ clcarcd from the plasma 

cornpartment (clearance = 2.17 L:minute: (Shaw r t  cil 1956) as indicnted bu its short half-lik 

(distribution liaIf-life of 0.88 minutes: dimination hdf-lik O f 5.76 minutes: (Shaw et [ri 1986)). 

This rapid clearance is f~irther supponed by the observation that 90°'0 of the drue hüs disappeared 

from the plasma 6 minutes aftrr administration ( Shaw rr c r i  1956 ). Again. sirnilar results were 

i 

notrd in patients \\.ho rrcrivrd a 15-minute infusion of 740 mg. mb iShaw C r  <ri 1988). Only 

about 1?6 of the dose appeared in cancer ascites (Korst et <i l  1996). suggesting that the presence 

of ascites or other third-space tluid accumulations would not impact plasma or tissue 

pharmacokinrtics of amifostine. 

It is not entirely clear whether infusion of multiple doses causes increases in 

concentrations of the prodrug and its active metabolite. WR1065. Whrn p - 4  lents 

with I j-rninute i.v. infusions of amifostine (740 mg/m2) 15 minutes beforr as ive 

peak plasma 

were treated 

1 as 2 and 4 



houn after a carboplatin dose. mean peak plasma concentrations of 240 ukl amifostine. 48 pM 

WRlO6j and 18-1 FM mixed disuitidrs w r e  obtained immrdiatcly afier the first inhsion (Korst 

er r d  1997a). Similar levels were also seen in a stiidy by Shaw er (il. (Shaw er trl 1996b). Peak 

plasma amifostine concentrations afier the second and third infusions acre similar to the peak 

aHer the first dose (Korst er ri1 1997a: van der Vijyh and Korst 1996) \\.hile somr reponed a ver? 

slight incrrase in the pcak levels of WR 1065 ( Korst cJ/ trl 1996: Korst ' i l  1997a 1. 

Most cif the plinrinacokinstiç stiidics have fociissed on thc hcliavior of thc parent drug due 

to a lack of rdiable methods for the qiiantification of  the metübolitss. Conseqiiently. only a f e ~ -  

reports could be locatcd that described nietabolite pharmacokint.tics. Aftrr administration of a 

bolus of 150 mg. rn' to 6 patients. only ver), small amounts ofcimifostine and its metabolites werc 

eircreted in the urine (0.69% of thé administéred dose was sscreted as amifostine. 2.64% as 

WRlO65 and 2.22O4~ as WRX278) (Shaw rr tr l  1986). Similar resiilts w r e  obsenxd following 

administration of 7-10 ni- rn' ris rt 15-miniitc inhision t Shou ' I r  d Ic)88). Nasimal 

concentrations of LL'RlO6j w r r .  observed sliortl? aiter bolus injections and infusions uF the 

prodriigs (Korst c.r cil  19973: Shaw id 1986: Shaw rr cil 1996b). Follouins tiiis. plasma 

WR 1065 concentrations rapidly dticlined (with an initial hal l l l i  fe ot' 1 0.8 minutes ( Korst rr trl 

1997a)). This short half-life rnn bt: rsploined by fast uptake into tissues and rnpid osidarion into 

disulfides (Korst er crl 1 997a). 

AAer a single dose. of amifostinr. the total disulfides were still drtcctable aftcr 34 hours 

( - j  FM) (Korst rr id 1 9 9 7 ~  van der Vijgh and Korst 1996). In onc patient receiviny three 740 

mP1m' doses of amifostine. the final plasma holf-life of the disulfides was 13.6 hours indicating 

that disul tides are cleared much slower than amifostine and KR1 065 ( Korst tir cil 1996 1. 

In surnrnary. al1 the phamacokinrtic stiidies carricd out to date confimi the rapid 

clearance of the drue. the minimal elimination phase. small volume of distribution of the parent 

drue and that maximal concentrations of amifostine and WR1065 are achieved at the end of the 
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infusion (Korst rr cri 1996: Korst et i d  19970: Shaw et crl 1986: Shaw rr cil 19963: van der Vijgh 

and Korst 1996). Funhrrmore. st~idies with radiolabelcd ami fostine indicatr that the dru- does 

not bind to plasma proteins. therefore. the entire administcred dose is free to interact with 

alkaline phosphatase <Shaw er ol 1996a). This suppons the hyothesis that the parent driig 

Ieaws the bloodstrenm rapidly and enters normal tissue wherc i t  escrts its protective effect 

(Shaw et ( i l  1986). The amount of arnifostine çonvened to WR 1065 in the systrrnic circulation 

is small relative to the amount dephosphorylated in normal tissue (Capizzi 199%) and this 

siipports that rnetabolism of the prodrug occurs at its site of  action. 

1.1.5.3 Toxicities 

The prinçipir side eîkcts associütcd with rimilostiiic treiiinicnt in odults :ire ln potension 

( Kemp C r  cd 1996: Rose 19%). nausca and vomitiny t Links and Lwi s  1999: Rose 1996). In a 

study conducted by Rosc (1996). addition of cimifostine to cyclophospharnide and cisplatin 

treatrncnt increased the incidence of nausra and vomit ing althougli the di fference was not 

statisticall>. different from the chemotherapynlp arm. Hypotension is another relativtily 

cornmon side effrct associated with amifostine. 61 3 9 6  of the patients in Rose's study (1996) 

required interruption of the ami fostine inhision duc to hypotension. Rcdiictions in systolic blood 

pressure are penrriill> noted near the end of the mi fistint. in ticsion but arc gcnr.nlly trrinsienr in 

nature. 

Other reportrd sidc effects include tlushing. snerzing. dizzinrss. slcepiness. hiccups. 

chills. metallic taste. ansiet!. and urina? retention. .Al1 of these arc genttrally transient in nature 

and do not interfrre with thcrapy (Links and Lewis 1999: Rose 1996). Hypocalcemia ma)- also 

occur. particularly with daily administration of arnifostine. It is believed that this is causrd by 

inhibition of parathyroid hormone activity. howevrr. calcium siipplrmentation ma!. reverse this 

effect ( CVadlsr er c d  1993 ). 
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1 . 6  Pediatric Clinical Trials 

The potential cytoprotective brncfits offercd by amifostinc ma'. be particulrirly important 

in pediatric oncology. Children treated for cancer tend to have loiver granulocyte and platrlet 

nadirs alier chcmothenpy than adults and consequently tend to requirr more frequent 

transfusions and treatmcnt for fever neiltropenia. .-\dditionally. the Juration of chemotherapy in 

children tends to be monihs longer than in adults and the) d i e n  rtxsiw miiltiniodal thcrap?. so 

the cumulative effects of treatment can br of yreatcr conçcrn in this population. Sincr great 

proportions of children ivith cancer are çiired. dclaycd and chronic toxiçitics cire more 

iroublesorne and thcy have ri greater risk of dcwloping sccondnr! nirilignnncirs and inkrtility. 

Furthemore. youngcr patients are more vulnernblr than older patients to gronth. C M .  cardiac 

and endocrine scqurlac. of c hemo- and radiotherapy . Since ami fostinc is associated with broad- 

spectrum protection from çytotosic therapy. it  ma!. have a potrntially greatcr impact in Young 

patients (.-Ilbrrts and 5lept.r 19%). 

Trials of nmitosiint. use in padiiitriç patients arc estremcly limited. Only a kw studies 

have becn rcponed. .-\ Phriss 1 trial (Adrinison cr '11 1995 ) sttidicd 1') paticnts rringiny from 3 to 

15 y a r s  of age a i t h  rcfractory tumors. The!. w r r  trrated u i t h  a. sii~glc dosc nmifostiné 15 to 30 

minutes prior to melphalan. The aniifostine dose \vas cscalated in yroups of ihres patients at a 

time from 710 mg/m2 to 1 650 my'm2 while the melphalan dose \vas hsld constant at 35 mg'm2. 

Hrmatologic DLTs from melphalan u-ere obsensed in a11 patients treatrd wi th ami fostine doses 

between 710 and 1 300 mY'rn2 but in none of the patients treated with 1 650 mg:rn2. 

Subsrqurntly. the amifostine dose was increased to 1 100 and 1 700 mgm' nhils melphalan was 

incrrrised to 45 mg m' but thssr highcr dose3 did not prevenr rnclpholan-induce hematologic 

DLTs. In addition. these amifostine doses werr associatrd with revcrsiblc ansiet!. and urinary 

retention. The investiyators of this study concluded that a dose of 1 650 rng/m2 should be used 

for pediatric Phase II studies even though DLTs were not obsrned until 2 700 rng/m2 (three 
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times the adult MTD). Unfortunately. they also concluded that amifostine was ineffective in 

prevrntin- mrlplialan-indiiced m~~slosupprrssion. 

In a criticcil anal>.sis of the abovs stiid).. .-\lbttrts and Blsyer ( 1996) siiggested that the 

conclusion that amifostine is not rfticacious in prewnting melphalan toxicity is limited for 

srveral reasons. Firstly. thrre wns no control nrm in the study so amifostint. and rnelphalan 

treatment \vas not compared to rnephalan treatrnrint alone. Stxondly. the lack of cytoprotection 

conclusion was drau-n on a very small proup of patients ( n  = 3 ). Finally. cytoprotection tiom 

melphalm-rr latrd tosicity ma? rrquire extended rsposiire to ami fostinr rather than the cxposure 

resulting from n single dosc. Hencr a second amifostine dose atier nielplialan administration 

ma> h w e  made the protectiw c. t'fect cIcarer. 

In a single case stiidy (Borsi cr d 1996a). (i 17 old boy with heaidy pretrrated 

recurrrnt medulloblastornri had received tiw courses of carhoplatin on 2 consccutive days (600 

rng.fm'l~a>) o w r  8 months. The first four rlosts caiiscd inçrcasing h~.matologis tosicity and 

hencr uith the Hfth dose. he \vas given a 7-10 mp/m2 dose of arnifostine twice. One dosc wns 

administered l5 minutes before carboplatin and the second \vas giwn 2 hours aRer each 

carboplatin dose. The patient sen~ed as his oa-n control and tlierr \vas cvidcnce thot amifostine 

reducrid the duration of both nrutropcnia and thrornbocppenia nlony with the niimbsr of 

platelet transfusions and the timr to complett. hematologiçal recovrry. Of the side effects 

rsperienced. al1 w r e  transient and included hypotension. hypotherrniii. nriiistta. tlushing. chills. 

dry n~oiith and blurred \-ision. 

This case report rçsulted in a Phase 1/11 trial (Borsi et trl 1996b) in which amifostine was 

used wi th high-dose carboplatin in children with relapsed or re fractory malignancirs. The goals 

of this study wsre to examine the safrty and tolrrabi1it)- of amifostine in children and to 

investigatc the efficacy of amifostine in preventing or decreasing the myelotoxicity associatrd 

with high dose carboplatin. Seven patients were given 7-10 mgm' of amifostine prior to and 2 
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hours after the administration of 600 rngin~' of carboplatin on two consecutive days. hgain. al1 

side effects of amifostine were reversible. In the six e~.aluabIe patients. four showed reduced 

carboplatin related hematopoietic toxicity. two had complete hematopoietic r ecown  by day 2 1 

post treatment. reducrd bone marrow toxicity and a dccrrase in nerd for supportive treatmcnt. 

The studies reponed herr proïidr preliminary data reparding the safety and tolerability of 

amifostinr in pediatric patients as w I l  as s o m e ~ ~ h a t  liniited c~idcncc  of cytoprutection. 

Howewr. data rcgarding pharmacokinctics of iirnifostinc in childrcn arc lacking but nould bc. 

uscful to help determine appropriate dosing schrdules for this population ris it is becoming 

rvidcnt that multiple doses of amifostinr. may be more cffcctive than single doses. 

1.5 Glutathione 

Glutathione is a tripeptide (L-7-glutarnl-l-L-cysteinyl-ylucinc: GSH: mol. wt. 307) that is 

the major low-molsciilar-mass thiol compound in plants and rinimals < Sies 1999 t Ficure C 2 1. I t  

acts os a *-redos bu f i r "  b>  maintainin- a yiïrn thioldisulticlc redos potential in cells. Its 

psptidic y-linkaye is thought to protcct it iiom degradation by riminopeptidiises (Sies 1999). 

Glutathionr is found in niany forms in cclls. rissues iind plasma. Glutathionr disiilfide (GSSG) 

arisss when GSH is osidizeci. howver.  osidation of GSH cnn also I d  to formation of GSSR 

(mised disulfides eg.. glutathione-cysteiny 1 disultides on proteins) ( Sies 

Lu- 
?-Glutamyl Cysteinyl GIycinc 

Figure 1: Gluirthione structure 
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Glutathione is synthesized from L-glutamate. L-cysteine and glycine in two consecutive 

the rate-limiting amino acid in this reaction scheme (Baruchcl t.1 ( I I  1995: Büruchrl and Viau 

1996: Wang rr til 1996). Degradation to the constituent amino acids occurs via *,+glutam);l- 

transpeptidasr and çystrinyl-gl>-çine dipeptidnsr ( Sics 1999 ). 

The major fates of GSH include hydrolytic cleavrige. disidfide formation and formation 

of thioethrrs and thiolesters. Glutathione S-transferases (GST) arc enzymes that generate 

ylutathione S-conjugatcs and lise GSH in drtositication (phase I I  n~ctribolism and dimination) 

(Sies 1999). 

Once GSH is synthesizrd. it can Lie transportcd iicross biologiçal membranes to takr part 

in an elaborate inter-orynn transport network. This cipplies to GSFI esport liom the liver i a  site 

of major GSH synthesis) to the bloodstream for siipply to other tissus. ns ivcll as to GSSG 

rclcasc whereby it is transportcd into the bile for escrction (Sies 1999). Vinually al1 major 

biological processes involve the thiol rcdos state and so it is inevitable that GSH would play 

important biologicril and physiological roles. 

Panicularly. cells striw to maintain Iiigh lewls of GSH. Wlicn thesc lwcls rcach their 

minimum. GSH is usually rcgcncrated from endogenous GSSG through the action of WDPH- 

dependent glutathione reductase. Large cimounts of S.-IDPH arc. slipplid by the pcntose- 

phosphate pathway through glucose-6-phosphate dehydrogenase ( Figure 3 ). .As a result of this 

rraction. endogenous GSH generolly retums to its normal Iewl ( Csal ri trf 1 996). Problems arise 

when there is a consinnt presrnce of ROS and the ceils are in a constant statr of GSH dctficirnc).. 

If the GSWGSSG ratio cannot be restored to its normal Ir\-el. continued rsposure to ROS results 

in enhanced relciisr of GSSG and ultimately to ce11 lysis (Engin 1995). 



GS H Peroxidase LOH [ LE::" ] Stable ipici 
hydroperosidr ,ilcolioIs 

2 GSH CSSG 

NADP' NADPH 

Gliicose-6-P hosphate 
wnase Deh~dro,  

Figure 3: Glutnthione homeostasis (Wells 1997) 
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1.5.1 Glutathione and Cytoprotection 

Recently. the interest in GSH has shifted from its biochemiçal. physiological and 

tosicological functions ro ils msdical and dinical aspects including the rolr i t  plays in 

carcinogenrsis and drug rcsistance (Sies 1999). GSH cserts its cytoprotrctivs propertics via 

sevrral ditterent mrchanisms. Thesr include reaction of its nuclsophilic sulthydryl group with 

reacti1.c oxygrn specirs ( ROS ). restoration o t' damagrci rnoleculcs vin h ydrogen donation. 

rediiction of prrosides and rnaintainiiig protein thiols in thcir rcduced statc (Na\-arro rt ~ r l  1997). 

Furthemore. GSH is an important cohctor or substrüte for n nurnber of protrctiw enzymes such 

as GSH prrosidase and GSH S-transfrrases (Nnvarro C r  c d  1997). t i iwn GS1-I's kt.\. role in 

protecting cells tiom free rridicals and clectrophilrs. it has becn s h o w  thnt çdls  containing hiyh 

levels of GSH are more resistant to radiation or chernical-indiiced injur!. as cornparcd to thosr 

containiny lower Ievels (Navarro L>I d 19971. 

1.5.2 Glutnthionc and Anticancer Drugs 

Glutathionr and its dependent enzynes provide the priniiir! Jeknst. rnechanism in cells 

against the cytotcisic cffeçts of chsmotherapeiitiç agents Wol f  L.[ d 19871. The antiçrincrr drues 

in which ylutathione may play an important role in detositïcation can be divided into tuo 

categorirs: 

I . Driips which are detosified by direct conjugation tvi th glutrithions ( Figure 4) 

2. Druys that fom ROS. which are subsequrntly detosified by the osidation of GSH to 

GSSG catalyzcd by glutathione perosidases ( Wolf er cr1 1 957) ( Figure 5 ) .  

The relative abundance of ~lutathione in normal and tiimor çclls is an important factor in 

determining the therapeutic index ür' chemothrrapy. Work NI rirro and i t ~  riiw has s h o w  thar the 
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total glutathione concentration is positively correlated with resistance to chemotherapy and 

radiation therapy (Bump et cri 1990). 
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Figure 4: Detozificntion of reactive metabolites by glutathione (Wells 1997) 
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1.53 Moduliiting Glutathione Levels as an Adjunct to Cancer Theritpy 

In the past two decades. a great dral of effort has bcen put into identi-ing agents that c m  

reduce the toxicitp of anticancer drues to normal tissue by rlevating glutathiont: levels in normal 

tissue. Ir \vas found that compounds containin2 sulthydry! groups coiild ochie\-<: this goal. One 

speciîïc rxample is Mesna (Wolf et cri 1987). The main concern with the use of siich agents is 

that reduction in tosicitp to normal tissue may be accompanied by a compromised antitumor 

efkct. CTltimately. i t  u.ould be desirable to identif! an agent that can be iiscd to modulate 

glutathione lewls in dl hrnlttiy tissues. ot'fering protection t'rom a variet!. of anticancrr 

tréatments. 

1.53.1 Recent ;\dvrnces in Modulnting Cellular Glutathione Levels 

Rrccnt work has focussed on various cysteine-delivery sytems as onc npproacli to 

increase intncellular glutathione lcvcls since cysteinc. is the rate limiting amino acid in GSH 

synthesis (Baruchel cv ci l  1995: Bonichel and Viau 1996: Wang - e l  trl 1996). 1-1owevt.r. supplying 

cyt i ine  directly to cells has provrn to be qiiite difficiilt because of its tosiçity. ineîkient 

transport into ce 11s rind spontansous osidation ot neutral pH t Sltister Cr ~ r l  1 986 ). 

Sevcral c~xcine-delivery vehiçles ha! t. shoccn r t'ticacj- in selcctively altering glutathione 

lr\.rls in normal crlls compared to cancer 4 s .  The tirst is thc cysreinr prodnig. OTZ IL-2- 

osothiazolidine-4-carbosylate). In \*iiro studies have shown this drug to have selectivity for 

normal cells as opposrd to tumor cells (Russo rr d 1 986a) and i!? iiw work has s h o w  that it is 

effective in increasing GSH le\-els in normal mouse tissue (Robert rind Franceric 1991 ). 

Furthemore. it was found to paradosically reduce tumor GSH (Barnchel c.i ol 1995 1. 

.\ second cysteine delivery system whose role in selectivr gliitathione modulation has 

bèen demonstratcd is humanizcd whry protein concentrate (HLVPC). which is rich in cystint: and 

glutarnyl-cysteine residues (Banichel and Viau 1996 ). In norrnal cells. HWPC stimulates ce11 
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proliferation. which is followed by a parallel increase in intracellular GSH. In contrast. cell 

proliferation kvas inhibited in cancer cells treated with HWPC and this was accompanied by a 

reduction in intracellular GSH (Baruchel and Viau 1996). 

The observations describrd here have gea i  implications for cancer thrrapy. If one of the 

most important cslliilar drknss mschanisms can be enhanceci in normal tissue and wakencd in 

tumor tissue. a gcater thrrapeutic indes for anticancrr trentments should theoretiçally be 

1.5.3.2 .&rnifostine and its Role in Modulnting Glutathione Levels 

As mentioned radier. there are srveral proposed mrchanisms for amifostine's protectivc 

rffect against radiation- and chemotherapy-induced tosicity. howver. thc exact mechanism 

remains to bc drlinrritttd. Isslss c.[ d. ( iL)SS) dcmonstriitrd thlit esposing cclls to aminothiols 

such as cysteaminc and N-ricet!kystt.int could prornote cclliilar cystinc uptakr. n hich coiild Iead 

to an increasr in pliitathione by r k  rtoiw spnthrsis. The same invcstigators thrn esrirninsd 

whether arnifostine or WR1065 coiild lead to the same r f iç t s .  The!. showd that amifostint. 

rxposure alone did not increase cystine uptake relatiw to sontrol cells. howxer. if the cdls were 

prctreated with amifostinr in the presrncc of alkaline phosphatase (the enzyme responsible for 

drphosphorylating ami fostine to its active metabolite. W R 1 065 ). c ystine uptake was enlianced 

more than two-fold. Since precursor availability w s  snhanced. glutathionr biosynthesis also 

increased (Issels and Xagele 198%. 

The mechanism hr this enhancrd çysteine dtiliwry to the çells appears to be a two-step 

proccss. First. the cystcine miscd disultidr n-ith the cidded aminothiol is formtd lrom cystine 

(i r .  Cys-SS-WR 1065). This is accompanird b! 

amounts of cysteine in the medium. The second 

cysteine-rnixed disultidr across the cell membrane ( 

: a simultaneous gencration of equimolar 

step is the uptake of both cysteine and the 

Issels and Nagelr 1989). This promotion of 
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cystinr iiptake was stricrly drprndent on the addition of alkaline phosphatase to the medium. 

This further supports the proposed rncchanisrn of cysteinc-mised disiiltidc formation because 

this reaction requires a fres SH eroup (avnilahle in WR 1065 but not in ami fostine 1. Sincr drug 

hydrophilicity is a major hctor in a dnig's ability to cross biological membranes. the lrss 

Iiydrophilic thiol derivative such as the cystrine-mised disultide woiild w r y  recidily cross the ce11 

membrane ( issels and Nagele 1989). This study also wri  tied that cysteins dclivered by WR 1 065 

was indred utilized in new GSH synthesis. 

1.5.4 Blood Clutathione as il Marker of Osidativc Strcss 

Based on this newly proposed mechanisrn of action of cimifostinr. it  can be int'rrred that 

cellular tluctuations in GSH. due to changes in osidatiw protiles. reprcsrnt ;in indirect nicasiirc 

of amifostine's cytoprotcctive capacit!.. Thiis. i t  if-ouid br rensonablr to lise blood GSH as a 

potential marker of osidatiw stress caused by anti-cancer therripy. 

Red blood cells are Frequently used in studies of osidative stress (Giulivi et trl 1994). 

Since oxidativc stress alters the redos statc of various diffcrent tiss~ies and interorgan tlo\v of 

glutathione has bcen Jemonstrritcid. i t  is rerisonriblc to Iiypotlirsize tliiit GSH and GSSG levels in 

blood would retlttct changes in plutatliionr statiis in otlirr Iess accessible tissues (Nrim-ro et ol 

1997). Furthermore. cells tend to maintain l w v  Iewls ut' GSSG. .-1 rise in cclliilar GSSG Iewls 

is often accornpanied by its rclcase into cstracrllular space (Navarro et trl 1997). Therefore. the 

radiation-. chernical- or disease-induced increase in blood GSSG levels may be due. at leasr in 

part. to its export frorn othrr organs (Navarro et cr i  1997). Table 7 shows baseline GSH and 

GSSG levels as w l l  as the GSWGSSG ratios of various tissues inciuding blood in mice. This 

illustrates the correlation between blood and tissue glutathione Ievels. 



Table 2: Baseline GSH and GSSG concentrations in various mouse tissues 
(from (Navarro et d 1997)) 

1 Tissue 

Blood 

Brain 

Luns  

I-kart 

Liver 

Pancreiis 

Spleen 

Kidney 

Skcletal bl uscle 

Bone Marrou. 

GSH * GSSG * 

* Blood concentrations are espressrd in pM units ( n  = 10) 

Tissue concentrations have units ofnmolig of tissue ( n  = 6 )  

.Al1 rrsults arc espresseci as mean i S. D. 

Sc\+eral studies have demonstrated the iischilness and practicality of measuring blood 

clutathionc b r  various pathological and physiolo=ical purposes. tlercbergs rt <il .  < 1992) 
C 

attempted to corrclate erythrocyte glutnthionc: I c i  rls of cancer patients recriving thrir tirst course 

of chemotherapy and response to treatmrnt. [t  was hypothesized that crythrocytr: glutathione 

would reflrct the glutathione status of the less accessible tumor tissues. This was based on the 

observation that patients n-ith lower pretreatment GSH Icvels tend to haw complete or partial 

rrsponsr to chemothrrapy whilr rhose who had higher GSH Iswls tsnded to have stable or 

progressive disense. Sincr highrr GSH levels rcpresent n mechanisni for dnip resistance 

(Navarro ei (il 1997). this inkrence ma!. be m e .  

In another study. Navarro el tri. ( 1997) ( 1  997) drmonstratrd ho\\- a single dose of 

irradiation could significantly decrease the glutathione redox ratio in the whole blood of mice. 
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This was mainly due to increasrs in GSSG. as GSH lwels did not change significantly. The 

change was rapid and dstectahle as early as 1 O minutes aRrr radiation u-ith a maximal increase in 

GSSG obsened 2 hours afirr radiation. Similar findings wcre obsrn~ed in humans. The 

GSH:GSSG ratio decreasrd in a dose-dependant mannrr and this \vas mainly dur to an incrrass 

in GSSG with dccreases in GSH playing only a minor role (Navarro CI  d 1997). 

Blood glutathionr has also been used as a marker of oxidative stress in many othrr 

pathological and physiological conditions including acute myocaridal infarction (L'sa1 rr rd 

1996). HIV infection (Rodripurz et rd 1998 1. qs t i c  fibrosis (Lands ei 'ri 1999). intlammatory 

bowel diseast: (Sido et ( 1 1  1999). diabetes (Sharma ri til2000 1. ph>siçal csercise ( Laaksonen et ci/ 

1999: Sen 1999: Vina et [il 19%) and duriny that proçcss of aginp (Michclet ri cil 1995 ). These 

examples çlenrly demonstrate the application u f  blood glutiithione ris 11 rclativcl>. non-invasive 

marker o t'osidatiw stress in a variety o t' conditions. 
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2.0 STATEMENT OF PROBLEM and RATIONALE 

Despite amifostine's long history. its clinical use has bern lirnited to a few Phase 1/11 

studies. Research to date has demonstrated its promise in reducing chernotherapy-induced 

to~icity in normal tissiies yet arnifostinr has not advanced into standard care protocols. This may 

br  esplainsci partiall! b~ ssveral gaps that esist in  the currmt knowledgr of amifostine's 

phannacokinrtics and pharmaçody nnmics. Ami fostine pharmacokinetic data are sstremr ly 

limitcd in hurnans. Information is largely confinrd to adult studies wtiercas ptidiatric data are 

lacking. Since children may beneh paniculürly from the qtoprotectiw effccts of this drug. 

independent stiidies in this population arc reqiiired to clettirminc: houv ctiildren handle the drug 

and to translate these findings into clinical prnctice. In addition. althougti there are srwral 

proposed mechanisms of action for arnifostine. howcver. the exact mcçhanism bas not k e n  

completrly delineated. hi i*in*o research lias shown that WR1065. the active metabolite of 

ami fostine. can actunll y increast: tlr i1oi.o GSH synthesis via cnh~inced cystr inr uptakc. into 

nomal çells (Issels and Nagele I9S9). G i w i  that the patients digiblc tor this stud! had solid 

tumors. blood rrprcsents n liealth!. tissue that crin he obtriincd in a minimally invasive mnnnrr. 

Thrrefore. whole blood glutnthione ma) be a suitable biological marker of amifosrine's 

cytoprotrctive efkcts. The Phase I stiidy presented hrrein represrnts an nttempt to investigatr 

amifostine's pharmacokinetics and cytoprotective mechûnisms in the pcdiatric popiilation. 



HY POTHESES 

3.1 Initial Hypotheses 

Two hypothrses were originally to br tcstcd in this study: 

1. Children and adults differ significantly with respect to the pharrnacokinetics of amifostine. 

2. .\rnifostine's cytoprotectivr effect is related to its seleçtive modulation of glutathione levels 

in heolthy tissues. 

3.2 Modified Hypotheses 

Hypothrsis 2 sould not be adquatel>- addresseci in this stiicl> due to identification of 

deticiencics in the original somple preparation method for yliitatliione analysis. Therefore the 

hypothrses w r e  modilied to rctleçt the tnie natiirc of the projcct. The hypothcscs that w r s  

cictiiall!- addresseci in this tliesis w r e :  

I . Children and ridults differ significantly with respect to tlic pharmacokinetics of ami fostine. 

2.  The choiçe of acid and concentration seltxted for preparation of biologicril snmples for 

glutathione analysis ~rcat ly impacts snmple stability even uhrn the samples are stored at 

ultra-cold temperatures (-80°C) prior to analysis. 



4.0 RESEARCH OBJECTIVES 

1. To cistablish the pharmacokinetics of amifostine. WR1065 and the disulfide metabolites in 

prdiatric cancer patients and to compare thrisr. tindings to publishrd data obtainrd in similar 

adult studics to idsntify an). differcncrs thrit mist betwen the two populations. 

2. To cvaluats u-hethcr tvholc. blood glutathionr: lrvels are rnodulxd follotving arnifostinr 

administration relative to pretreritment Iswis. 

As a result of having identitisci problems with the original method for snmple preparation for 

ilutatliionr anal !*sis. a third objzctiw u-as addcd to ihc stiidy : 
C 

3. To rmliiate the r. t'î'ects of txioiis concentrations 01' perchloriç a d .  trichloroacrtic acid. 

mctaphosph«riç açid anri s~ilfosiilic>.lic x i d  on gliitiithiuns concenrrcitions in scimples that 

were stored prior to analysis. on glutathionr concentrations in freshly d n w n  and immediately 

analyzed samplrs. on et'ficiency of deproteinization and on chromatographie characteristics. 



5.0 MATERIALS 

Rsduçed and osidized glutathionr (GSH and GSSG. respectively). penicillnmine. 

rthy lene diamine tetracetic acid (disodium salt. dihydrate) (EDT.4 1. mstaphosphoric acid ( MPA). 

5-sul fosalicylic acid (SSA). octane sulfonic acid and HPLC grade watrr wcre purchased from 

Sigma Chrmical Co. (St. Louis. Missouri. CS.-!). Perchloric acid t PCA) stock solution and 

acetonitrilr: wrre obtained from Caledon Laboratories Ltd. (Georgetown. Ontario. Canada). 

Trichloroacrtic acid (TC.-\) stock solution was purchased from Fisher Sçientific Co. (Fair Lawn. 

New Jersey. CS.-\) and sodium phosphate monobasic monohydratci (NaH2POI*H20) \vas obtained 

ti-om ACP Chcrnicrils Inc. (blontrea!. Qucbcc. Caniida). 

.-'rnifostine and WR 1065 standards w r t .  obtaincd h m  C S .  Bioscience ( West 

Conshohocken. Pcnns>lvanin. CS.+\). Methnnol. monochloroacrtic x i d .  sodium octyl siilhte and 

sthylamine wsre purchrised tiom Sigma Chernical Co. (S t .  Louis. Mssouri. CS.-\) and sodium 

hydrosidr wris purchasrd h m  Fisher Sçientitic (Nepean. Ontario). Dithiothreito! ( DTT) \vas 

purchased from Sigma Chernical Co. (St. Louis. hlissouri. CS;\). 



6.0 METHODOLOGY 

6.1 Ethics and Patient Consent 

This study was approved by the Research Ethics Board ai the Hospital for Sick Children 

on April 16. 1 997. A copy of the approwl is included as Appendix 2. Before participating in the 

study. the goals. potcntial brnrfits and hazards were esplainrd to the parents and patients and 

written consent \vas obtainrd. Copies of the intomrition and consent Iorms arc included 3s 

.\ppctndis 3. 

6.2 Patient Enrollment and Eligibility Criteria 

Patients who had a confirmed diagnosis of reçiirrcnt or rei'ractor). solid malignancies 

were eligiblr for this study. The rligibility criteria are listed in Triblc 3. 

Table 3: Eligibility Criteria 

Life esprctancy grrater than 3 months 

Nutritional status: must br greater than 3'" 
percentile for weight and lieight. and 1 
albumin concentration grrater than 3 g d L  i a 

I 

Evidence of recovery from previous 
chemotherapy 

a 

No prior radiation to the pelvis or spine for 
at least six tveeks 

a 

'lo total-body irradiation for sis months 

.-'ideqtiatc hematopoirtic func tion c absoliite 
nrutrophil count [:\SC 1 > 1.500:1~I. platelet 
count > I OO+L 

Adrqiiate rend function (normal creatinine 
for agc or glomerular filtration rate >70 

'I 

mlI1min per 1.73 m-) 

Adquate hcpatic function ( bilirubin < 1.5 
mg/dL. aspartate transaminase (.ASTI <? x 

upprr limit of normal For age) 

hdequatr pulmonary funcrion (no 
abnormalitp on puIrnonan. function tests ) 

Adequatr cardiac function ( >27?/0 
shonening fraction. >50°'o ejection i 

fraction) 



6.3 Study Design: Establishing the Maximum Tolerated Dose of Amifostine 

In Phase 1 pediatric trials. the initial esperimsntal dose of the ne\\ agent is gensrall>- 80'4 

of the adult MTD (Bariichel and Rowell 19%). Three patients are snrollsd into rach dose level 

initially and the study temporarily closes while data are assrssed. If two of these thrsr patients 

esperiencr dose-limiting tosiçity (DLT). it will be concludsd that the MTD has been escsedrd. 

If none of these three patients esperiencr DLT. the study will reopen at the nest hiyhrr dose 

lrvel (usually a 10°,o increase) ( Barnchel and Rowell 1998). If one patient esperiences DLT. 

three more patients will bc accrued at this dose lcvsl and the study \vil1 proceed to the nest 

higher dose level if none of thcsc additional patients rxperienct: DLT. If one or more of these 

additional patients tisperiencr DLT. it will be concluded that thc MTD has been escecded. In 

surnniary. three to sis patients n il! be iicçriird 3t e x h  dose le\-cl. Dosc cscalation N i l1  occur if 

zero of three or ont. of sis patients esperiencr DLT. If t w  ofthrw t« six patients show cvidenw 

of DLT. it shnll be concluded that the MTD has brcn sscecdeci and the study will continue at the 

previoiis l o w r  dose levrl or at a dosr that is 20'6 lowcr than the startiny dose i F  the initial dose 

is dttcmed to trsceed the MTD. The MTD is drtined as the dose lewl imrnediately below which 

two of three to sis patients esperiencr DLT (Figure 6). Dose-limiting tosicity is detïned as any 

erade 3 or grade 4 non-hematolo@ic tosicity (rscluding nausea or \.omiting. or asymptomatic 
C 

hypocalccrnin) that occur at a panicular dose levrl. Tosicities are ei.aluated according to the 

National Cancer [nstit~itr Common Tosiçit>- Criteriri (wrsion 1.0). The rnasirnum tolerated Jose 

to bc recommrndrd for subseqiient Phase II snrdies is de finrd as the highest dose ltivel at which 

none or one of sis patients esperiencrd DLT. 



Starting dose = 80% 1 
of adult klTD 1 

O13 patients 1 a i th  DLT with DLT 

209% increase Enroll 3 more patienis 
at same dose 

Enroll 3 mort. 
patients 

with DLT 

30°,6 increasc 
in dose 

20°6 decrease 
in dose 

Enroll 3 more Z O O 4  dccrease 

Enroll 3 more 
patients 

No additional 
patients with 
DLT (Le.. t '6 

total) 

Enroll 3 more 
patients 

I 

- 
1 additional 

patients with 
DLT ( Le.. 2 6  

total ) 

Dose adjustments continue unril MTD is reachcd and this is def ned as the dose level 
immrdiately below that at which tu-O of three to sis patirnts experienced DLT. 

Figure 6:  Flow chart for establishing the maximum tolernted dose (MTD) and dose 
limiting tosicities (DLT) in pediatric Phase 1 clinical trials. 
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6.4 Treatment Regimen 

The starting dose of amifostine was 740 rng/rn2. This is 8096 of the adult single dose 

MTD (9 10 rng/m2) (Dom and Holmes 1999: Kemp et trl 1996). and slightly higher than the MTD 

of 683 rng'rn2 for triple daily doses of amifostine in adults (Adamson CI 01 1995). Amifostinc 

was adrninistcred intrai-cnously ovcr a period of 15 minutes. staning 30 minutes beforc and 

again. 2 hours after the infusions of ifosfamide and carboplatin. (Figure 7). Ifosfamide was 

administered intravenously at a dose of 3.0 -!m2 as an infusion o w r  3 hours on days I and 2: 

stoposide infiiséd at a dose of 1 50 rnFim' owr  one hour on days I and 1 ( followinp the second 

amifostine dose): and carboplatin. infused at a dose of 635 m$m2 over 2 hours on da? 3. Mesna 

(360 mg/m2) \vas administered betore each ifosfamide infusion and was repcated cwry 3 hours 

until 24 hours aftrr rhr end of the ifosfamide infusion. Granulocp colony-stirniilnting factor 

(G-CSF) wris giwn at the discretion of the primary oncoloyist 31 a driily dose of 5 ;i$kg. stminp 

24 Iiours after the completion of çhernotherüpy. This continiicd ontil an :WC ol' I500ip1 \vas 

documcntrd for two consrcutii-e days atisr the nadir. .-\Il patients recrived the samr miemetic 

regimrn. This consistsd of ondansetron ( 3  to 5 rngmL) adrninistered intravenously before 

chsmothrnpy and cwry eight hours thereafter. and drxamethasone ( 10 rn-rn2) administered 

intravenously before chernotherapy and rvrry 12 hours therea fier ~intil cornplrtion O t' the 

chernotherapy cycle. 
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6.5 High Performance Liquid Chromatogrrphy 

6.5.1 Apparatus 

Thers were two Shimadzu HPLC systems available for use in the laboratory (Shimadzu 

Corporation: Kyoto. Japan). The work drscribed here was carrisd out on both systems 

drpsnding on availability. The tint sysceni consisteci of an SCL-6B systcrn controller. n LC- 

1 OATip pump and an S IL-6B autoinjector. .A S himadzti C-R4X reçording integrritor collccted 

the output from the detector. The second system consisted of an SCL-IOA system controller. a 

LC-IOAT pump and an SIL-10.4 autoinjector. The current generated at the detrctor was 

integratrd with the Shimadzu Clliss-VP Chrornatography Dain Systcm s o f t ~ a r e  (version 4.2) 

installed un a PC. 

..\ Prodigy C-18 ODS column ( 5  pni particles: 150 s 4.6 mm) (Phenomenex: Torrance. 

CA. U S A )  \vas used for al1 assays. It ur i s  protecicd b!. placing a C-IS (ODS. octadrcyl) 

SecurityGuardTM cxtridgc (Phrnomenes. Torrançc. Ce-\. CS.\) in front of it. jiist after the 

aiitoinjector. Isocratic elution with a tlow rate of 1 ml/min. &as tised. Details of mobile phase 

composition will be described in forthcoming sections but in al1 cases it  was passed through a 0.1 

um filter (Scientific Products and Equipment. Cnlsdon. Ontario. Canada) and dcgassed prior to 

use. 

6.5.2 Electrochemical Detcction 

.-\ Coulochem 11 slectrochemical detector \vas usrd h r  al1 HPLC esperiments. The 

analytical component of the dstrctor consisted of a porous graphite. dual-electrode ce11 (mode1 

5010: Environmental Sciences Associates t ES.\). Bedford. Massachusetts. USA). which contains 

two elrctrodes in series. Applying a lower potential to the upstream elrctrode ( E l :  channe1 1 )  
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rather than to the dotvnstrearn rlectrodr (E2:  cliannsl 2)  allowed the removal of compounds 

eluting from the HPLC column with oxidation potentials lower than those of the compounds 

under study. A porous graphite guard crll (ESA mode1 5020) was connected between the pump 

and the autoinjcctor to removr contaminants frorn the mobile phase. The ciirrrnt generated at the 

analytical cell electrode ( E l )  \vas measurrd with a recording intcgrator. 

-4s recommended by the manufacturer. the same applied potentials and tlow rate w r e  

maintained during times of nonuse as during analysis and the rluate from the analytical cell \vas 

returned to the mobile phase rcsenoir. The EC detector u as çleancd t.lcctroc hemiçall y after 

rinalyzing 30-50 samples by setting al1 thrse electrodes to - 1000 mV for 15 minutes followed by 

-300 mV for 15 minutes. .-1 rnonthly clsaning procedure includttd remou1 of lipophyiic residues 

from the cell by tlushing the rinalytiçal cell with xriter. methand. acetonitrile. tctrahydrohiran. 

acetonitrile. methanol and water each for about 15 minutes uliile maintaining a tlow rate of 1 

ml/min. 

6.5.3 Detector Sensitivity 

.A common problem rsprriencrd with eleçtrochemical detcction is thnt the use of high 

potsntial settings and the annlysis of panicularly "stickf* substances such as glutathionr can 

cause a loss in detrctor sensitivity. The most appropriate ivay to deterrnins the dercctor rtisponsr 

is to frequently analyze standards ( i r . .  daily. as well as intemittently during the day when heavy 

use is required). Reyiilar clcaning procedures. as described above. can heip overcome sensitivity 

issues. 

The detector sensitivity can also be adjusted by changin- the gain range ( R )  on E?. This 

ensures the chromatographie peaks on the output drvice are sufficiently large. The appropriatc 

value for the gain range is gensrally determinrd sxperimenially but it c m  be adjusted as the 
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analytical ce11 begins to lose sensitivity after estended use and when cleaning procedures fail to 

rectify the problem. The gain range can bç set from 100 p.4 to 100 kit\.  The increase in 

sensitivity is linear across this sprctrum of gain range values such that a setting of 100 p.4 is \oh- 

fold more sensitive than a srtting of 100 ILA. It is important to keep in mind that an increase in 

sensitivity of this niagnitiide rdso signiticantl>. increases basdine noisc ris \ \ d l  as the size of al1 

peaks on the chromatogram (including those of the solvent front) so it is possible ihat peaks of 

inrrrest rnay brcome obscured by interferences. We generally found thnt clianging the nngr  of 1 

pX to 100p.\ ( i . e . .  a 100-fold range in ssnsitivity) worked well with our chrornatographic 

conditions. 

Yct anothcr way to overcome problems with detector sensitivity is to injrct a larger 

volume of analyte. if possible. :\s the size of the solvent front will also increase in rcsponse. a 

peak of interest ihnt elutes rclütiwl! close to tliis areri ma!. bc ohstriicted. Once 311 of these 

maintenance strategies fail. replacing thc cd1 is likely neçessary. 

6 .  Assry Validation 

The intrrtday variability. interday variability and limit of drtrction were determined for 

each compound studied. In ordcr to define the inirada). uriation. a tised concentration of a 

standard solution of the compound of interest iws injec ted and anal yzcd repeatedl y throughout 

the day. The standard solutions were kept on ice brtween analyses to cnsure stability. To obtain 

the interday variability. the same tixcd concentration solutions w r e  injected daily for tive 

consecutive days. The data ivere collrcted and the mean. standard deviation and percent 

coefficient of variation (%CV) wrre calculated. The limit of detecrion for the specitic settings 

describrd for each assay (Le.. the R2 value as well as the volume injrcted) \vas drtermined by 

injecting drcreasing concentrations of a solution containin the cornpound of interest. 
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Specifically. the concentration of the solution was diluted 2-bld with each injection. This 

process was continucd until a peak could no longer hc detectcd. 

6.6 WR1065 Analysis 

Aftrr injection of 1 5 pl of standard or sample. WR 1065 1 ~ 3 s  srparated using the Prodigy 

column described earlier. The mobile phase for the WR1065 assa). consisted of 30:70 (vlv)  

methanol-uater containing 0.1 M monochloroacetic acid (adjusted to pH 3.0 with sodium 

hydrosidc). 0.5 b1 sodium octyl siilhtr: and 10 rnbt ethylaminr.. U'itli n tlow rate of 1 mL1min.. 

the retention tirne for U'RlO6i \vas approsirnntely 4.2 niiniitcs. rlie applicd &cirode potenrials 

for the guard cell. E l  and E2 were set at 650. 200 and 600 rnV rr.spectively with rhr pain range 

for the second electrode ( R I :  sensitivity Ievel) set at 10 p.4. 

6.6.1 Standards 

.A stock solution of 10 mbl WR 1065 was prepared by dissolving the drug in 0.5 b1 PC.4- 

2 mbI EDT.4. The solution \\as nliqiioted and storrld at -SO°C. K R  1061 standards ranging 

fiorn O to 700 pM werc preparcd on cach da!. ot'somplr nnnlysis in blank deproteinized plasma 

(plasma after removal of proteins ivith 0.5 hl PCX-2 mX1 EDTA). The standard c u n - r  was 

constnictrd by linrar regession of WRIO65 pttaii httights plottcd against WR1065 concentration. 

6.6.2 Sample Collection 

Blood sarnples for pharmacokinetic analyses were obtained during the first dose of 

amitostine. Blood was drawn from a vein in the a m  opposits to that used for dnig infusion and 

collected in ?-ml tubes containing EDTA as an anticoagulant. As the kinetics in children were 

not yet defined. 2 ml sarnples wrre obtaincd at the following time points: pre infusion. I .  1. 5 .  
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10. 15. ?O. 30. 40. 60. 90 minutes after drue infusion for plasma drtermination of arnifostine and 

its metabolites. The blood samplrs were immediately placed on ice and plasma was separated by 

centrifugation at 4°C for 10 minutes at 2000 rpm. 

6.6.3 Sample Pretrentment 

The samples w r e  proccssed and anülycd using moditisd procediircs previously reported 

by Korst rr r r l .  (Karst el 1 1 1  1V97b). i'hrec dit'krcnt prsrrccitment procediires w r c  performcd on 

the plasma sarnplrs. as shown in Figure S. This allowxi for qiiantitication of arnifostine 

(procedure B). \LX 1 O65 (prorrdure A )  and the disultides (procedure C). WRlO6j  \vas the 

compound that was measurable by HPLC with slctctrochemicnl detection. The concentrations of 

the parent dru- (nmifostine) ris well ris the disultide metabolites were detennined indirrctly by 

subtraction. .&\ll procedures were crirried out at 0°C unless othrrwise statrd. 



plasma 

EDTA 
-+ cold 0.5 %I 

centrifugation 

deproteinized plasma 

quantitication of Incubation tOr 
CVR 1065 Sh at 37°C 

(rtntive CVR 1 065) 1 
quanti ticrition of WR 1065 

(native CF'R I O65 + 
anzifos f iri r) 

- 0.03M dithiothreitol 

.1 
15 min. incubation (RT) 

centrifugation 

ricprotr.inizrd plasma 

Figure 8: Sample pretrestment procedures for amifostine, WR1065 and disulfide 
determination 
(PCA = perchloric acid: EDTA = rthylene diamine tetracetic acid: RT = room temperature) 
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6.6.3.1 WR1065 Quantification (Procedure B) 

For the analysis of WR 1065. 250 pi of plasma was added to 250 pl of 0.5 M PCA 

solution containine 2 mM EDTA in polypropylenr tubes to precipitate the proteins. The 

samples were vortex mixed. incubatrd on ice for 10 minutes (to complrtely precipitatr proteins) 

and then centrifuged ( 13 000 rpm. l 5 min.. 4°C). Afirr centrifugation. the clear supernatant was 

transferred to 1 .Sm1 polypropylrne tubes. aliquoted and stored at -80°C until analysis. The 

concentration of LVR 1065 in this sample reprttsents natiw U'R 1065. 

6.6.3.2 Amifostine Quantification (Procedure -4) 

In order to determine the amifostine concentration. the plasma samplc was deproteinized 

with 0.5 hl PC.4-2 n1M EDTA as describrd cibovr. The supernatrint aris then inciibatrd at 37°C 

for 5 hours to convrrt arnifostine to WR 1065. ..\nalysis of thrse samples and quaniitation of WR 

1065 represents the concentration of the native WR 1065 plus ami fostine. Tlir concentration of 

amifostine \vas detemincd by subtrricting the çonccntraiion obtained in procedure B from the 

one obtained hue.  

6.6.3.3 Disulfide Quantification (Procedu rc C) 

For the analysis of the disiilfides. 150 pl of plasma was added to 25 p1 of 0.03 41 

dithiothreitol (DTT: a reducing agent). The sarnples were incubatrd at room temperature for 15 

minutes to convert the disulfides to the iiee thiol. WR1065. .-\tienvards. the snmples w r e  

treatcd as descri0t.d b r  the analysis of WR1065. The final concentration of WR1065 dc t rn ined  

in these samples represents the concentration of the disulfidcs plus native WR1065. The 

concentration of disulfidcs was detmnined by subtracting the concentration obtained in 

procedure B from this one. 
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6.6.4 Validation of Sample Pretreatment Procedures 

Although some of the snmple processing methods reported by Korst et trl. (Korst et cri 

1997b) have been validated. a series of experimènts were conductrd to \*cri@ that the procedures 

describrd abow sfficiently convertrd amifostinr and the disiilfides to WR1065. 

6.6.4.1 Conversion of Amifostine to WR1065 

In ordcr to qiiantify amifostinr. i t  \vas convertcd to WR1065 during the pretreatment 

procedure. This takes place in an acidic environment in deprotrinized plasma and it  is 

temperature dependent. To test the cffiçiency of this conversion. blank human plasma was 

spikrd with a known concentration of amifostine. deproteinizcd as described earlier. aliquoted 

and incubatsd at 37°C for 7 hours. .-\ parnllel esperiment was sct iip whcre amit'ostinti was 

spikrd into dr.proteinizcd plasma ancl inciibatd in içe for the same Ienyth of timc. .-\t scvrnl 

time points throiighout the 7-hour incubation period. the snmplcs were nnalyzed tor WR1065. 

6.6.4.2 Stability of WRt065 at 37OC 

In parallel to the abovr esperiment. the stability of WRlO65 in deproteinized. acidic 

plasma was tested at 37°C ovrr 7 hours. Blank plasma !vas spikrd with WR1065. deproteinized. 

aliquoted and incubatcd at 37°C for 7 hours. At \.arious timc points o w r  this prriod. the samples 

were removcid iiom the incubator and WR 1 063 a-as quanti ticd. 

6.6.4.3 Oxidation of WR106S and Reduction of Disulfides 

Blank plasma (not deproteinized) \vas spikrd with WR1065 and incubated at room 

temperature for 90 minutes to deplete the free thiol. During this time intend. depletion of the 

free thiol (due to oxidation into mixed and symmetrical disultides) was monitored by drawing 
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aliquots of plasma (at O. 1. 2. 3. 5 .  10. 15. 10. 30. 45. 60 and 90 minutes). deprotcinizing them 

and quantifyiny WR1065. In order to reverse this depletion of WR1065. a 10% volume of 0.03 

M DTT \vas added to a volume of plasma. which \vas then incubated at room temperature for an 

additional 90-minute period. Aliquots of plasma were drawn and drproteinized as described 

above and WR 1065 was quantifird. 

S incr sample pretreatment procedure C (describeci earlirr ) requires the incubation of 

plasma samplrs at room temperature. the above experiment !vas drsiyned to verify the eficiency 

of disultide conversion to BrR1065. Howcwr. the patient samplrs that Lie rccriw from the 

clinical trial contain aniifostine ns udl .  The rffect of incubatiny plrisnia at room temperature for 

15 minutes on amifostine concentrations i~ iinknown. Wt. \viintcd to invcstigate whrtlier this 

incubation would cause spontaneous dephosphorylation of amifostine to plasma. To resolw this. 

blank plasma \vas spikcd with amifostine and inciibatrd rit room temperature over a 20-minute 

in tend .  ,-\liqiiois u w e  drawn nt O. 1 .  3. 5. 10. 1 2  and 10 minutes. deproteinized and analyzed 

for WR1065 Ievcls. 

6.7 Glutathione Analysis 

A 10 pl injection of standard or sample was separatrd iising the previously described 

column. Isocratic elution was achieved using a mobile phase contnining a 298 ( V V )  misture of 

acetonitrils-water containing 10 mhl sodium phosphate. monobasic. monohydrate (adjustrd to 

pH 1.7 with 50" phosphoric acid) and 0.03 bl octane sulfonic acid at a tlow rate of 1 ml/min. 

The retention time for GSH. penicillamine and GSSG were approsimately 4.1. 5.4 and 10.5 

minutes resprctively. The potrntial ripplisd to the y a r d  cd1 and the E l  and E2 electrodes were 

1850. 400 and 800 mV. respecti\.ely. The RI was set at 100 UA for GSH and penicillarnine and 

at 1 to I O  yA for GSSG. 
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6.7.1 Detector Specificity for GSH and GSSG 

In order to determine how sprcific the electrochemical detector was to GSH and GSSG. 1 

rnbl solutions of sach of cyteine. cystine. N-acetyl cysteine. homocysteine. penicillamine. GSH 

and GSSG \vert. prcpnrrd. Thrse w r e  then miscd together resulting in a final concentration of 

166.67 ph1 for mach species. 10 ;il \\.as injected. sspnrated and ana1yzt.d u i n g  the sams 

conditions drscribed for glutathione andysis. 

6.7.2 Standards 

.A stock solution containing 1 mM GSH and GSSG was prepared by dissolving in HPLC 

grade \vater. This solution was aliqiioted and storcd 31 -80°C. Working standard solutions 

covering the concentration range of O to 1000 p'vl b r  GSH anll O to 500 1iXl for GSSG wcre 

prepared on crich da). of saniplc rtnal>.sis by dissolving the stock \fith HPLC grade water. The 

interna1 standard prniçi llamine \vas thsn îddcid to the standard solutions to ciçhiwe a 

concentration oT 50 ph1 and the solutions were fiinher diluted by iidding an cqual volume of 

7mM EDT.4 in water (to mimic the dilution introducrd by the acid whrn blood srimples are 

deproteinized with acid). The standard curves w r e  constructed by linear regression of the peak 

hcight ratio of GSH or GSSG to the interna1 standard versus the GSH or GSSG concentrations. 

6.7.3 Patient Blood Samples 

GSH and GSSG w r e  yuantiiïed in the wholr lrlood of the jame patients enrollrd in the 

pharmacokinetic study. Blood was collected 3t the same timr points as in the 90-minute 

pharmacokinctic study prnod i .r . .  pre amifostine infusion. i .  2 .  5. 10. 15. 20. 30. 40. 60. 90 

minutes a f  er dmg infusion. 
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6.7.4 Sample Prctreatment 

In order to niinimize the osidation of thiols or the snzyrnatic reduction of the disul fides. 

the samplrs were placcd on icc and procrssed rapidlp using a modifisd methodolog). of Bonnsr 

and Shaw (Bonner and Shaw 199 1) (Figure 9). Just prior to separating the plasma. 100 pl of 

whole blood was removed and deproteinized by adding an equal volume of 0.5 ?VI (2.5%) PCA-2 

rnkl EDTA solution containiny 50 pM penicillaminr. The samples were vonesed for I minute 

and incubated on ice for 10 minutes to complctrly precipitate protrins. The acidic suspensions 

were centtifugcd at 13 000 rpm ter 15 minutes at 4OC and the clear supematants collected. 

aliquoted and stored at -80°C until analysis. This samplc proccssing proccdure was followed b r  

the tirst four out of six patients. 



whole blood 

+ coId acid sblut ion-2m~ 
EDTA 

vortex 

dtproteinized whok blood 

quanti ticrition of GSH and GSSG 

Figure 9: Sample pretreatment procedure for glutathione determination 

(EDTA = ethylene diamine tetracrtic acid: GSH = reduced glutathione: GSSG = osidized 
dutathione) 
c. 



6.7.5 Identification of a Simple Stability Issue 

Much to our surprise. partway through this study. we realized that the msthod we were 

using to prepare our snmples for glutathione analysis was completrly unacceptable. W r  noticed 

that with repratcd analyses. the composition of the samples (with respect to GSH and GSSG) 

was changing over time despite storing them at -80°C. This 0bsr.n-ation prompteci n thorough 

evaluation of the litcrature regarding glutathione rinalyis and an attempt to clarify 

inconsistencies that arose. 

6.7.6 Quantification of Glutrthione in Biological Specirnens 

Thiols. suçh as GSH. can be detrrmined by a urieiy of annlytiçal means including 

rnzymatiç ( ..\Lierboom and Siss 198 1 : .-Inderson 1985: Tietzc I 969 ). tluoromt.trio t Cohn and 

Lyle 1966: Hissin and Hill 1976) and liquid chromatograph> niethods a ith various detection 

system including tluoronietric. ultraviolet and eleçtrochemical detcction (Akerboom and Sirs 

198 1 : Anderson 1985: Slordal cl ~ i i  1993 ). Each of these methods sshibits its otvn limitations 

and is prnerally usefiil in rneasuring GSH. 

It is often desirable to measure both the tliiol and disulfide concentrations together. While 

HPLC methods have been described for the simultaneous determination of both GSH and GSSG 

with ultraviolet (L'V) detection (with (Reed c r i  1980) and withoirt ( L h  et ~ r l  1996) 

derivatization). there are disadvantagrs. In rnethods requiring derivatization. factor and srror is 

introduced duc: to a more complicatrd sarnplr processing procedure. bltithods not requiring 

derivatization are inappropriate for the quantification of glutathione in cpthrocytrs and whole 

biood due to an interference u-ith heme. In contrast, electrochemicd detection of GSH and GSSG 

is preferential as it involves simple and rapid sarnplr preparation nther than lengthy 
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derivatization techniques. thereby decreasing the likrlihood of altering sample composition 

(Rose 1996: Rose and Bode 1995). 

It is generaily agreed upon that high GSSG levtils may be obtnincd during biological 

sample preparation for glutathione determination. However. there is little consistency in the 

literature regarding the appropriate rnethodology. Tliere appears to be a common consensus that 

samples necd to be rapidly aciditird as this prrvcnts spontnneous. non-cnzymatic conversion (by 

oxidation) oK GSH to GSSG and GSSR (miscd disiiltÏdes) (.-\ridcrson lC)S5: .Asensi rr d 1994: 

Carro-Ciampi el r d  1985: G i u l i ~ i  er oi 1994: H a n y  et r d  1989: .-Inderson 1985). Acidification 

also inactivates -pglutamyl transferase (GGT). an enzyme known io catalyze GSH and GSSG 

degradation rcactions (.-'inderson 1985) (Fig~irc I O ) .  

GSH + amino acid + y-Glu-amino acid + Cys-H-Gly (transpeptidation) 

GSH + H20 + Glu + Cys-H-Gly (hydrolysis) 

GSH + GSH + y-Glu-GSH + Cys-H-GIy (autotranspeptidation) 

Figure 10: Glutathione degradation reactions crtalyed by ipglutarnyI transferase (CGT). 
Acidification of biological samples inactivates GGT. (From .-hdrrson 1985) 
(GSH = reduced glutiithionc: H.0 = watrr: Glu = glutamate: Cys = cysteins: Glp = glycine) 

A variety of acids have been used to acidify and drproteinize biological samples prior to 

glutathione analysis. The most cornmoniy used acids are PCA (Akerboom and Sies 1981: - 
Allison and S houp 1983: Xsensi rr cd 1994: C hakrapani rr oi 1995: Rodrigurz-:\riza et d 1994: 

Stein et ' i l  1986: Aksrboorn and Sies 198 1 : .-\kerboom and Sies 198 Z : .Akerboom and Sies 198 1 ). 

TC:\ (Asensi ei cil 1994: Carro-Ciampi er ol 1988: Krien et ti l  1992: Mitton and Trevithick 1991: 
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Asensi ei crl 1994). SSA (-4nderson 1985: Roberts and Francetic 1993: Siordal er LI/ 1993: Vina 

et al 1995: Anderson 1985) and MPA (Mills rr rd 1990: blills et c d  1994: Richie. Jr. and Lang 

1987). Despite somr suggestions that the selection of acid ma) affect glutathionr stability in 

analysis. and for what length of time. Furthrrmorr. a gap rernains in the knorrledge of hou, 

various x i d s  and concentrations affect sampie stability owr  time prior to nnalysis. tlrnce. the 

goals of this work were modified to inçlude an cmluntion of ciirrent sample preparation 

procedures. .A side-by-side cornparison study was designcd and çarrisd out to identify and 

validate an improved sample handling procedure that would conseme sample integrity while 

allowing samplrs to be stored prior to nnnlysis nithout affecting thrir intcyrity. 

6.7.7 Glutrthione .lssny Modification: Identification and Validation 

6.7.7.1 Blood Samples 

Vsnous blood samples ( -  10 ml) froni herilthy ridult volunteers w r c  çollectrd in 

heparinizrd syingtis and immediately placed on ice. The samplrs were processeci as described 

for the patient sarnples only using various concentrations of different acids. Britifly. 500 pl of 

ice- cold 5. 10 and 1F06 PCA. TCX. W.-\ and SSA solutions containin- 2 mXI EDTA w r e  

prepared for each subject. In addition. a 2.j0G PC.4 soliiiion (rvith 2 miLI EDTA) \vas also 

prepared. To ecich of thrsc solutions. penicillaminr (intemal standard ) \vas addrd to achieve a 

concentration of 50 p51. The clrar siipernntrints rvrrr coilectcd. aliquotrd and stored at - S O T  

until analysis. 
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6.7.7.2 Effects of Various Acids on 4-week Stability 

In order to evaluate the stability of GSH and GSSG in whok blood following 

deproteinization with V ~ ~ O U S  acids. S mrasuremrnts were made on days 0. 1. 3. 3. -1.10. 15 and 

28. The samples that were analyzed on da. O were stored on ice until injection. On al1 other 

days. the samplrs were removed from the freezer individually and thawed rapidly in a 37°C 

water bath just prior to analysis. 

6.7.7.3 Effects of Various Acids on Clutrthione Levels in Freshly Drnwn Samples 

The effcct of the vnrioiis cicids on gliitathionc k w l s  in ireshly d r n w  blood sampltls ivas 

investigated. The purpose of this set ol' esprrirnents was to drtemiinr if the acids had an 

immediatr et'fect on initial GSH levels. Blood was drawn and immediately deproteinized by 

treating i t  with an cqiial voliime of rtçid contnining 2 mh1 EDTA and 50 pbI penicillamine. The 

same acids and concentrations dsscribed earlirr were used. The deproteinized samples were rhen 

analyzed in triplicate immediately after proccssing. Only fresh blood was used. Eoch timr a 

neu- ricid wris tcstcd. n ticsh sarnplc of blood iras d r w n .  .-\Il 13 acids w r c  testcd o w r  a period 

of 4 days. The blood was dran-n nt the samr timr c x h  d a -  to minimize thc contribution of 

diumal variation in ylutrithione Ie\.sls. Funhermore. <i sample was trrrited with a I So l ,  final 

concentration of PC.4 cach da! throughout this stiidy period to serve as a control for intradny 

variabili ty . 

6.7.7.4 Efficiency of Protein Removal 

To compare the amount of proteins remaining in the samples following ncid trraiment. 

samples that were prepared as described previously wrre subjected ro sodium dodrcyl sulfate 

poly-acqlarnide gel rlectrophoresis ( SDS-PAGE 1. 10°'0 acrylarnide gels were prcpared on the 

da) of use. 10u1 of sample \vas loaded per lanr and the gels w r e  run at 60 ~ o l t s  for 
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approliirnately 18 hours. Proteins on the gels were stained with Coomassie Brilliant Blue R-350 

( ICN Biomedical I nc.. Cleveland. Ohio). 

To qurintify protein content in the samplcs. the Bio-Rad Protein Assay (Bio-Rad 

Laboratories Canada Ltd.. ;Llississaugn. Ontario. Canada) \vas used. Based on the results 

obtained from the Coomassir stain of the gels. the standard proccdure [vas usrd to quantif'. the 

samples that appearcd to contain relativcly large amotints of protrin and the microassa) \vas iissd 

for samplès that contained rciatively low nmounts of protein. 

6.7.7.5 Confirming Stability Results 

tt kvas hiind that a final concentration of 1546 PCA was most suitable for use in 

datermining GSCt and GSSG in wholt. blood isce results and discussion). To vnlidatc our final 

conclusion. ive tesrcd this method in I O rabliriortd subjccts. Blood u as clrriwn and procrssed 

imnicdiatel?. as d t x r i b d  rariicr. The samplcs wrrl  nnrilyzed immcdintcl! atier collection and 

aliquots wcre stored nt -80°C and reanalyzed dtcr  14 and 28 days. 

6.8 Data .Analysis 

6.8.1 Pharmacokinetic finnlysis 

Plasma riniifostine. N'RI 065 and disul tide concentration data \i ere analyed by standard 

non-companmental pharmacokinetic met hods using the progrnm Win'ionlin ( version 1 .O: 

S tatistical Consultants. Inc.. .-\prs. NC. Cs.41. Pharmacokinetic parameters were calculated 

using the formulas presrnted in table 4. 



Table 4: Formulas for the calculation of phnrmacokinetic parameters. 

I 

1 I Time of maximum observed concentration 

i Masimiim obssned concentration 
1 

; k, i Elimination rate constant: estimatsd via linrar regression of timr vs. log / 
1 concentration curve (slope = - k,!2.303) I 

1 

I t r :  1 Half-life: t l ,  = -ln(Z)/ k: 1 
I 

Area undrr the concentration-tirne curve cnlculated using lincar 1 
trapezoidal rule: :\UC [' = St[(C l + C?)/kJ 1 

i 

.ALICi>-, I .-WC rxtrapolatrd to infinit).: the ponion esrrapolated to intinity is 
cdçiilated by Cr,,' k,: where C,, = ohseneed concentration at last sample 

6.8.2 Amifostine Modulation of Clutathionc 

Priticnt gliitathione levels rire espressd in btmole~i L (!AI I. Gliitathionc le\-th dter  the 

ami fostine infusions w r r  compared to preinfusion ( basrlinr) levels. Changes wcre generally 

reported as percent deviation from the baseline value. 

6.8.3 Glutithione Stability Studies 

For the glutathionc stnhility stiidies. e x l i  jiibjecr zerwd as Iiis or hcr o \m control. 

Glurathione concentrations \vert. espresseci in  pmolt.sl L. Total y lutrithiont. N as espresstid in 

GSH cquivalents (GSCI 7 2 GSSG). Rrsults were displaycd graphically and summarizrd as a 

percent chansed from day O to da- 28. 
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7.0 RESULTS 

Parts of this work have been submitted for publication as nianuscrips entitled "Phase L Trial and 

Pharmacokinrtic Study of a Twice-Daily-Dose Rrpimrn of Amifostine With ICE Chrmotherapy 

in C hildren With Re fractory Cancer". üiit tiorsd bu \ laryani Fouladi. Diana Stempak. Janet 

Gammon. Julia Klein. Ping Li. Ron Grant. Mark L. Grrenberg. Gideon Koren and Sylvain 

Baniche! (submittcd to Ctut~w*) and *'Glutathione Stribility in LVhols Blood: Effects of Various 

Deprotrinizing .Acidsm-. authored by Diana Stempak. Shannon Dallas. Julia Klein. Reina 

Brndayan. Gidron Korcn. Sylvain Baruchel. (siibniittcd to Tliertrpc.iiric Drifg .\lo~iirori,l,q). 

7.1 WR1065 Assay Validation 

7.1.1 lntradav and Interday Variation, Limit of Detection. Standard Cumes 

The validation parameters for the mccisiirsmrnt of LI'R1065 are sho1i.n in table 5. The 

intraday variabiliiy uas approsimntcly 3 O G  and the interda!. wiability u x  lipprosin~ately 1196. 

In order to minimizc the effect of intcrdüy mriation of the assa!.. (i ncw standard curie was 

generatsd ench day samgles were analyzed and quality controls ivere also rinalyzed daily. The 

l owr  limit of detrction for WR1065 at the srttings drscribed hrrein was 0.78 uiLf (or 11.72 

pmo!es on the column). .A representative standard ciinr. is s h o w  in figure I 1. Linearity was 

observed within the selected range of concentrations ( O  to 200 $VI). 



Table 5: Intra- and inter-day variability of M'RIO65 

Intraday Variation (n=j) Interda? Variation (n=j) 
Mean S. D. %CV 
(PW (PW 

5 -3 0.6 11.7 

(S.D. = standard deviation: %CV = percent çoefficicnt of variation) 

O 50 rao 150 200 250 

Concentration (phi) 

Figure 11: .A typical WR1065 standard curve 



7.1.2 Validation of Sample Pretreatrnent Procedures 

7.1.2.1 Conversion of Amifosthe to WR1065 

The conversion of amifostine to WR1065 was carricd out in the acid soluble fiaction of 

plasma and \vas ver; strongly temperature dependent \rith an optimum rate of conversion 

occurring at 37°C (Korst C I  trl 1997b). Fipiire !?A show that the conversion of amifostine to 

WR106j  is approsimately 9O0& complstr by 4 hours and i t  is urtiirilly cornpiete by 5 hours. 

Incubation for 6 and 7 hoiirs does not further increase WRl065 torrnation. In contrast. 

amifostine conversion proceeds very slowiy at O°C. At the end of the 7-hour incubation. only 

approximately 396 of amifostine had been hydrolyzed to W R 1065. 

7.1.2.2 Stability of WR1065 nt 37OC 

Due to the It'ngthy incubations üt  j7"C of snniplcs containing KR1065. thc stability of 

this cornpound iindsr thcsr conditions wns testd.  Figure I l-\ sliows the luss o f  U'R 1065 during 

incubation at 37OC for 7 hours. Oïer ri period of 7 hours an ü w a y e  of S . j O / o  of WR1065 is lost. 

During the typical 5 hour incubation. -1.796 of WR1065 is lost \-erifyiny that the oxidation 

reaction procreds veq. slowly in acidic medium rit this temperature. 

7.1.2.3 Oxidation of WR1065 and Reduction of Disulficies 

In contrast to the slow formation of disullides in acidic medium. the osidation of the free 

thiol (WRlO65) proçseds ver? rapidly in a neutral cnvironmrnt at room temperature. Figure P B  

summarizes these findings. Within 10 minutes. the concentration of WR106j spiksd into the 

plasma decreased by approsimately 80%. At the end of a 90-minute incubation. only 8.5% of 

the onginai amount of WR1065 thar \vas added to the plasma was found. These findings taken 
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together with the observation that WR1065 is relatively stable at 37°C in acidic medium suggest 

that two factors 3re likely to çontrihute to the rapid loss obsenwi hue .  Firstly. nsutral pH is a 

significant contributor. Oxidation of frer thiols to their corrcsponding synmrtricnl disulfides or 

mised disultidrs is hindrrrd at low pH. Secondly. whole plasma has a much highrr abundance 

of thiol-containing compoiinds. therct'orc. U7R1065 c m  form mised disultides with thiol groups 

found in various protrins as well as thosr found in compounds such as cystsinr and GSH. 

The second portion of this sxpcriment vas to rvaluatr the recovery of the free thiol. 

WR1065 by treating the snmple with DTT. Immediaiel!- following the addition of DTT. 

approsimarsly 50'11 o t' the WR 1065 \vas recowrd ( figure I2B ). The reduçtion rcnction 

paralleled the osidation reaction in thnt it  occiirred ver? rapidly. Within 10 minutes of adding 

the DTT. almost 90°,/o of the WR 1 O65 had been recovcred. The protocol calls tor a 15-minute 

incubation cit room temperature in the presençr: of DTT. This espt.rimt.nt verifit.~ that this is 

sufficirnt time to reduce cinually al1 of the dis~iltidtis (mised and s).mmctricnl) back ro the free 

thiol. WR 1065. 

Finally. since the conversion of disuIfides to CVR1065 takss place in the prescnce of 

amifostine. ive wanted to determine the rate of hydrolysis of the parent dru- durinj the 15- 

minute incubation at room tsmperatLire. Assuming that the ml'. t'att. of amifostins in plasma is 

sincr the formation of CVR106j is relatively low. h'ithin this 15-minute incubation. only 

approximately 4.j0/o of amifostine is convertrd to WR1065 indicating that this sample 

pretreatrnent procedure does not alter the overall dru- and metabolite profile significantly. 



m O 500 
240 min. 

Time (min.) 

addition of DTT 

Time (min.) 

Time (min.) 

Figure 12: Validation of Amifostine Sample Pretreatment Procedures. (A) Amifostine 
(200pM) hydrolysis WR1065 is cornplete within 4 hours after incubation at 37°C in acidic 
deproteinized plasma (a). In contrast. hydrolysis proceeds very slowly at O°C ( Ki). WR1065 
itself is stable at 37°C ( A )  indicating minimal loss of the amount originally prcsent at the start of 
the incubation to convert arnifostine to WR1065. (B) WRlO65 is rapidly oxidized to disulfides 
in whole plasma at room temperature but it is rapidly recovered by reduction with DTT 
(dithiothreitol). (C) During the reduction of disulfides with DTT, the amifostine present in the 
sample is stable as indicated by the appearance of insignificant amounts of WR1065. 



7.2 Glutathione Assa? Validation 

7.2.1 Intraday and Interday Variation, Limit of Detection, Standard Cumes 

The validation results for the elèctrochcmical detection of GSH and GSSG are 

surnmarized in table 6. The intrnday vririabilit) ior GSH rangrd tiom 3.O0'o ro -l.iO'i and for 

GSSG it ranged from 1 .jOh to 1.9?/0. The interday çoefticirnts of variation ranged From 5.1% to 

6.-C0h for GSH and fiom 7.50'0 to S.9*6 for GSSG. As for WRlO65. in order to minimize the 

sffect of interday mriation. nrw standard c u r ~ e s  wcre generated on e x h  dny tliat samples were 

analyzrd and qualitp control samples were also rinalyed. The lower limits of detection nt the 

described ssttings uwr 1.73 ILSI (6.25 pmoles on thc coliimn) and 0.615 ;LM ( 3 . 1 1 5  prnoles on 

the coliirnn) for GSCI and GSSG. rcspccriwly. .-\ rcprcscntriti\~r: litiiiidard curw is s h o w  in 

Figure 13. Lincarity was observrd in the srlcçted range o t'çoncentrations ( O  to 1000 pM). 



Table 6: Intra- and inter-day variability of GSH and GSSG. 

(S.D. = standard deviation: 'GCV = percent coefficient of variiition 

GSH 50 pil.1 
500 pM 

GSSC JO ph1 
100 uM 

Figure 13: -4 typicnl glutathione standard curve 
(GSH = reducrd glutathione: GSSG = osidizrd glutathione) 

Intraday Variation (n=5) 
Mean S.D. O/O C V 
(PM) (PW 
50.3 1.5 3 .O 

478.5 21.5 4.5 

50.3 0.8 1.5 
KE.0 1.9 1.9 

Interdry Variation (n=j) 

Mean S.D. O/O C V 
( P W  (PM) 
52.7 3.4 6.4 

505.6 25.9 5.1 

49.7 3.8 7.5 
95.4 8 .j 8.9 



7.2.2 Specificity of the Electrochemical Detector for GSH and CSSG 

The rrsults of the chromatographiç separaiion of s y  stcinr. cystinc. N-acety 1 cysteine. 

homocysteine. GSH and GSSG are s h o w  in Figure 14. Boih GSH and GSSG are w l l  separated 

from al1 of the other specics. Thrre is no rvidence of interferencc tiom othcr thiols or disulfides. 

endogenous and rsogenous. The only esample olpoor sepciration is seen with psnicillamins and 

N-acrtyl cysteinr. Thrir retention timcs are very close (5.2 and 5.4 minutes. respectively). 

However. sincr ncithcr of thrse is an endogenous compound. the suitability of penicillaminr as 

the intrmal standard for this assay is unaffrctcd. Shoiild therc be need to separate these two 

compounds. d tmr ions  to the chromatogriiphic conditions coiilrl bc niatir. to i'ncilitatc. this. 



- - 
Minutes 

Figure 14: HPLC separation and eIectrochemica1 detection of various thiols and disulfides. 
A mixture containing 167 FM of each compound was analyzed and good separation was 
achieved.(GSH = reduced glutathione: GSSG = oxidized glutathione) 



7.3 A Phase 1 Study of Amifostine in Children 

7.3.1 Patient Characteristics 

Twelw patients werr rnrolled in the Phase 1 study of rimifostinr \sith ICE (Ifosfamide. 

Carboplatin. E toposide) c hrmothcrapy bctween Ju&. 1 997 and November 1 999. Clowcver. giwn 

that my role in this clinical project commenccd in Septrmber 1998. 1 \vas involvsd in the 

anal>.sis of samplcs collected tiom the last sis patients. Only these sis patients will bc included 

in the discussion of this thesis. 

The patient characteristics are summarizrd in table 7. Within this group of six patients 

there were threc males and thrce kmales. Their median age \vas 6.5 !ars  ( range 3 io 1 8 yrars). 

Al1 of thesc patients \vert. trcatsd uith a dose of 600 mg rn- of mifostinc. This is rt 'd~~crd from 

T 

the siiid>'s starting dose of 740 mg rn-. At this reduccd Josc Ic\cl. no DL Ts w r e  obsrned. 

Four patients were diagnoseci with neuroblastoma. on.: with En-ing's sarcoma and one with 

adnexal tumor of Wolffian origin. 

Table 7: Patient Charactcristics 

Patient Gendcr Age Dirgnosis Dose (rng/rn2) Absolute Dose (mg) 

1 male 7 Neuroblastoma 600 540 
i - femalc 2 'ie~iroblastoma 600 3-12 
3 male 6 Neurublastoma 600 480 
4 fernale 1 1 Ewing's sarcoma 600 696 
5 fernale 18 Adnexal tiimor 600 1040 

of Wolffian origin 
6 male 6 Yeuroblastoma 600 480 

S.D. = standard deviation 
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7.3.2 Defining the Maximum Tolerated Dose of Amifostine 

The study opened with an initial dose of 740 mg1m2. In the first groiip of threr: patients. 

one esperienced DLT. Therefore. tliree more patients were enrolled at the same dose level. 

L'pon review of this group of six patients. at lrast two were noted to have esperienced severe 

toricity. I t  was concluded that 740 mg!m2 rsceedsd the 14TD in children and the study 

continurd at the louer dose lrvrl of 600 m g m 2 .  Sis pnticnts wrre cnrolled iit this dose lcvel and 

none had DLT. 600 mg'm' was çoricludrd to bt. the VTD tor ami fostinr in pediatric patients. 

(Fouladi 200 1 ). 

7.3.3 Amifostine Pharmaco kinetics 

r\ll sis of the patients enrollcd in this portion of the Phase I study iinderwent complete 

plasma sampliny. as dsscribed in the mrthods section. to determine thc pharmacokinetics of 

amifostine. WR 1062 and disulfides. Figure 1 5 displays thc plasma concentration-time çun-es 

for each patient aftcr their tirst dose ol' amifostins. Thc ricriid plasma concentration values of 

amifostine and its mctriho1itt.s rire indiidcd in appcndis 5. 



Figure 15: Plasma concentration-timc profiles of amifostine and its metabolites in 
pedirtric patients. Patients w r e  treated with 600 rno~rn' of amifostine administered as a 15- 
minute infusion. Samplrs were collectrd for 90 minutes followinp the end of the infusion. 

Patient 1 

+ Amifostine 
+WRf O65 

! -+- Disuifide 
! 

O 20 40 60 80 1 O0 

Time post amifostine infusion (min.) 

Patient 2 

-e- Amifostine 

+ WdlO65 
+-- Disuifide 

Time post arnifostine infustion (min.) 

Patient 3 

+ Amifosthe 

-+- WRlO65 

-t- DisuIfide 

O 20 40 60 8 0 1 O0 

Time post amifostine infustion (min.) 



Patient 4 

O 20 40 60 80 1 O0 

Time post amifostine infusion (min.) 

Patient 5 

O 20 40 60 80 100 

Time post amifostine infusion (min.) 

Patient 6 

+ Amifostine 
+- WRlO65 
+ Disulfide 

+ Amifostine 

+WR1065 
+ Disulfide 

+ Amifostine 
+ WRlO65 

-t- Disulfide 

O 20 40 60 80 100 

Time post amifostine infusion (min.) 
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Peak values for amifostine. WR1065 and the disulfides were. in most cases. achieved at 

the end of the infision. or shortly thereafter (Table 8). indicating that amifostine was rapidly 

converted to WR 1065 and the disultides. >lean peak concentrations (+ S.D.) w r e  19.2 2 26.5 

piM for arnifostine. 30.7 2 12.4 ub1 for WR1 O62 and 67.5 5 19.9 ph! for the disulfides. Thssc 

peak values werc obsrn.rd rit 2.3 2 1.5 minutes for rimitostine. 3.2 i 2.5 minutes for WR1065 

and 3.7 + 1.4 minutes for the disultides. At 20 minutes ;ifter the end of the infiision. the 

amifostine concentrations had dccreased to 1.3 to 30.7?6 of its post-infusion peak value and the 

LVR1065 concentrations wrre 4 1.6 to 87.0% of their peak vahies. 

Table 8: Peak concentration data for amifostine, WR1065 and thc disulfide mctaboiite 
in patients treated with a dose of 600 mg/m2 

(min.) ( ~ $ 1 )  (min.) (PM) (min.) (PM) 
1 3 .O0 22.3 1 3 .O0 31.16 3 .O0 96.25 

(t,, = time of masimd concentration: Cm,, = maximal concentration: S.D. = standard deviation) 



The plasma concentration-time data were fi tted to a non-corn partmental mode1 using the 

computer program. WinNonlin. The AUC,,., and tl: were calculated for amifostine and its 

metabolites atiêr a single dose and the results are s h o w  in table 9. The results are highly 

variable as expected with such a small sarnple size (n  = 6). 

Table 9: Pharmacokinetic parameters for amifostine, WR1065 and the disulfide 
metabolites in patients treated with a dose of 600 rng/m2 

Patient .4UCOe t I ;l .AUCo, f 1.2 .A UCo, tir, 

( m i . )  (min-) ( m i n )  (min.) (pkl'min.) (min.) 

Mean 209.74 26.96 960.90 19.19 3 102.93 74.42 
S. D. 138.7 1 4I J O  7 12.49 14.48 1913.63 1 7.72  
Median 179.55 9 .29 771.13 14.96 2948 .93 74.3 6 
Range 40.4 1 - 3.10 - 1 1 1.30 207.1 S - 7.35 - 47.95 726.62 - 47. i 3  - 95.00 

434.53 2 3 4 9 . 3  5448.43 

(ACC,,., = area undsr rhr concentration cun*c extrapolated to infinit).: t l  2 = hrilf-1ifc:S.D. = 
standard deviation) 
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Amifostine's small AUC and short half-life support rapid removal of the parent dmg 

from the plasma. From what is k n o m  about this dnig. these observations are most likrly due to 

rapid hydrolysis to WU1065 and uptake into normal tissue (Korst L J ~  ( 11  1997a: Shaw et cil 1956). 

The half-life ot'U'R1065 tvas also vsry short (median = 15.0 niin.: range = 7.4 to 48.0 min.) and 

this obsenration supports relatively rapid clearance and iiptake into tissus sites as w l l  as 

oxidation to the symmetrical and mised disulfidcs (Korst et cil 1997a). ln comparison to the 

prodnip and active metabolite. the disul fides had a signi tkantly longer ha1 f-li fe ( median = 74.4 

min.: range = 47.1 to 95.0 min.). It has been sugpested that the disidfides ma). senFe as an 

exchangeable pool for the free thiol (Korst cl  ul 1997b). If this is trur. the protcctive effect 

eshibitcd by iVR1065 may estend longer than expectrd based sirnply on the WR1065 half-lifè. 

7.4 Amifostine Modulation of Blood Glutathione 

To investigatr whether amifostinc's protcctive et'fect was related to its modulation of 

glutathione levels. GSH and GSSG levels w r e  rncasured in the same blood samples which w r r  

drau-n for pharmacokinetic analysis (ix.. pre amiîbstine infusion and at ix ious  rime points nfrer 

the infusion as described in the klethods section). The samples w r e  processed immediately as 

described by Bonner and Shaw (Bonner and Shaw 1991 ) and stored rit -80°C until sevcral sets of 

patient samplrs w r c  nccnied so that the). cuuld be analysd ris a batch. Figure 16 displays the 

wholc blood concrntr~tion-tirne curves for sach patient aftsr their first dose of amifostine. The 

actual blood concentrations of GSH and GSSG are included in appendis 6. 

In samples that w r e  stored for several weeks and sometimrs months. wr noticed that the 

GSSG levels were uncxpectrdly higli and in almost al! cases the! were higher than GSH levels. 

This was contrary to what is expected under normal physiological conditions where GSSG 
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normally comprises less than 1°6 of total glutathione (;\ndrrson 1985 ). Furthsrmore. the patients 

we were studying werç cancer patients and there is some suggestion in the literature that cancer 

patients may have elevated GSH levels in blood (Engin 1995: Hsrcbergs er i d  1992). This is 

very clearly s h o w  in patient 1 whose GSSG concentrations w r r :  4 to 5 times highrr than 

sspected iinder physiological conditions and the). were alwa).s higlier than the GSH 

concentrations (ranging from 0.75 to 2.4-fold higher) throughout the 90-minute study period. 

Thesc samples had btxn stored for 4 montlis prior to anal>sis. In patient 1. a similar trend was 

e\*ident. III somc instances GSH and GSSG conct.ntrations w r c  siniilar ancl in others. GSSG 

was ovcr 2 times greatsr than GSH. Her samples wrre storcd for 3 tvecks prior to analysis. 

Finally. for patient 3. GSH \vas undetcctablc in approximately half of the samples and when it 

was detrctablc. i t  \vas very low ( - jO'o of noriiiril lwels if 1 mX1 is iiscd as the approsimatr 

normal phyjioloyical reference (Michelet el  d 1995)). His samples w r e  stored for 3 months 

prior to analysis. 
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Figure 16: Whole blood concentration-time profiles of glutathione in patients treated with 
arnifostine prior to ICE ehernotherapy. Patients were ireated with 600 mgm' of amifostine 
administered as a 15-minute infusion. Samples were collected for 90 minutes following the end 
of the infusion. The values at iimr zero reprrsent the pretreatment ylutathione concentrations. 
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Subsequent reanalysis of some of thrse sarnples separated by several rveeks gave rise to 

very inconsistent results. GSH lrvels decreased dramatically frorn their previous values and 

GSSG levels fluctuated randornly. An rsarnple of this is s h o w  in Figure 17. This figure 

displays the rcsults of glutnthionr anal>-sis cifttr 2 w e k s  and 2 1 .T w e k s  of samplr storasr at - 

80°C whrn the wliolr blood samples were deproteinized with 2.jo/a PC:\. Althoiigh the GSH 

concentrations sremed low and the GSSG concentrations sremed hiyh aiter the tirs1 ~ ia lys i s  ( 2  

weeks). we initially assurnrd tliis [vas rithrr an stTect of the clru- or of the disrase itself. L1pon 

chance reanalysis scveral rnonths later. LW were alarmed at the results obtained. GSH lrvels had 

dropped to alrnost undetectablc lcvrls and GSSG Iwels had also decreased. although very 

slightly. whrn compared to the drop obsened in GSH. -61 likely esplanation of these results is 

that on the first analysis two ii-ecks aRer the samp1t.s w r e  obtaincd tiom the parient. a 

signi6cant portion of the GSH had alread). osidizrd to GSSG. Four and a Iirilf months latcr 

when the same samples were reanalyzcd. GSSG levels w r e  alightl! l o w r  than in the first 

analysis. Perhaps this w î s  dur to dcgradntion cliiised by the long storngc pcriod. Most notable. 

however. was that GSH wns almost undetrctable in most of the samples. This could have bren 

due in pan to osidation to GSSG. which siibsrqurntly drgrnded or it could havc bcrn duc to 

degradation of the rediiced glutathione itsel t 



Glutathione leels for patient 2 (2 weeks post processing) 

GSH 

+ GSSG 

Time post amifostine infusion (min ) 

Glutathione leels for patient 2 (21 5 weeks post processing) 

O 20 40 60 80 1 00 

Tirne post amifostine infusion (min. ) 

Figure 17: Comparing the effect of sample stornge on glutathione levels in patients treated 
with amifostine. Whole blood samples were deproteinized with 7.j0,6 perchloric acid (PCA) 
and the protrin-free supematants were stored at -80°C until analysis. In pan A. the glutathione 
profile is s h o w  after two weeks of storage. At this point in time. a significant portion of the 
reduced glutathione (GSH) has likely already been oxidized to GSSG as cvidenced by the high 
GSSG levels and much lower than expected GSH levels. In part B. the sarne samples were 
reanalyzed aftrr a total ot' approximately 21.5 werks o l  storage. Hcre the GSH levels are 
alarmingly low and the GSSG leïels have also decreased slightly fiom the values s h o m  in part 
A. This observation is what initially alerted us to the problcm with the method we were 
tollowing for preparing glutathione samplcs for analysis. 
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Since this et'frct of sample oxidatioddegradation was noticrd after samples had been 

collected and processed for 4 out of the 6 patients enrolled in this phase of the studp. we were 

only able to obtain reliable results for the last 2 patients. Patient 4 was rnrollsd after the problem 

was recognized but prior to a solution being found. k n c e  lier snmples were processed with 

3 ? 6  PCA and the- werc frozen only overnight. The results for this patient should. therefore. be 

interpreted with caution. 

In patient 4. it appears that GSH levcls decreasi: sliyhtl!. atier amifostine infusion and 

then fluctuate randomly within the 90-minute study period. Relative to preinfiision levrls GSH 

remained lower thiin baseline bu 17Y0. With respect to GSSG Irvels. there was also random 

tluctuation with no consistent trend evident. By the end of the study window it  was almost 2- 

fold highrr than ir was before amifostine administration. 

-4s meniioned previously. these results must br interpreted with estremci caution as the 

samplrs w r c  processed with ri concentration of PCA that ivas subsrqwntly shown to cause 

sarnple osidation ovcr timc when sornplcs w r c  tiozen prior tu analysis. Ewn though the 

samples wtere analyzed only one day after procr.ssin«. - s i y n i h n t  osidotion ma? have occurred. 

Evidencc of this is seen when this patient's GSH concentrations arc cornpared to thosr of 

patients j and 6 (whose GSH concentrations werr determincd followin- prrtreatment using the 

newly validated reliable method). Althouph a high degree of interpatient variability is expected. 

patient 4's GSH lrvels were 5 A o h  to 85.8% loiver than patient Y s  and 45.8% to I45.9O/0 lower 

than patient 6's. \+'hile i t  is trur that patient 6 hrid signifiçnntly higher IwAs than parient 5. the 

effect of the 2.596 PCA on sample oxidation which has b e n  s h o w  to occiir cannot be 

disregardrd. 

Based on the results obtained for patients 5 and 6. it  appears that amifostine mcrr have 

some cffect in raising GSH lrvels For a short time following the amirostine infusion. although 

this is very speculative. For patient 5. GSH increased by 23.3% 30 minutes after the amifostine 



dccreased relative to 

dccrease of 42.5%). 

rvels were rrlativelp 

7.5.1 E M ~ ~ ~ ~  of Various Acids on 4-week Stability 

~ ~ b l ~  10 j~immarizes the percent change (gain or loss) of GSH. GSSG and total 

elutathione (espressrd as GSH rqui~alents: GSH - 2 GSSG) in tlyo s~lbjects. The mean baselinr 
C 

concentrations of GSkI and GSSG (in subjects .-\ and B for dl acids trsted) were 898.4 2 I40.7 

and 63.7 38.8 rcspr.çii\.rIy. These are in cigrermcnt uitli i d ~ s  reportrd prtr\.ious[\. (.\lliison 

and shoup 1 gaj :  .Asensi et d 1994: Lang C r  d 1992: hdich&t LV d 19%: blills rr [rl 1994: 

and Lang 1906: Navarre er uf 1997: Richie. Jr. and Lang 1987: Vina et trl 199 5 ) .  In generai. 

increasing the acid concentration allowrd for grrater GSH and GSSG stability prior ro analvsis. 

This \vas most evident for perchloric acid. Wh& bbod GSH and GSSG concentrations over 28 

oure 18A. dqs from subject A are shom in Fi, 



Table 10: Percent change in GSH. GSSG and total glutathione concentrations in the whole blood o f 2  
Healthy volunteers between day O to day 28 when samplrs were drproteinizrd with various acids and 
concentrations and stored at -80°C 

Acid and 1 GSH (% change) 4 Subject B 
-90.7 
-86.6 
-25.9 
-10.7 
- 10.2 
-O. t 

-1 5.2 
- 1  8.8 
-5 -3 
-3.3 
-79.2 
-80.8 
-65.1 

Concentration 
2.5% PCA 
5% PCA 
10% PCA 
15% PCA 
Z 0 6  TCA 
10?6 TCA 
1 5 O10 TC .A 
5% MPA 
10% MPA 
15% b1P.A 

jO/o SSA 
1094 SSA 
I 59'0 S S 11 

- -  .. . 

GSSG (% change) 
Subject A 

-87.8 
-64.0 
-27.5 
-1 1.7 
-6.7 

-1 8.0 
-7.9 
-15.9 
-1 3.8 
-6.7 
-70.1 
-58.6 
-21.9 

Subject A 
2553.5 
6 10.7 
440.0 
-y -.- ï 
13.3 

- 1  1.3 
75.9 
-63.4 
8.3 

-33.6 
1064.1 
1053.0 
135.9 

Subject B 
Total Glutathione (% change) 

Subject .A 
3 5.9 
-39.7 
-2.5 

- 1  2.7 
-; -. 3 
- 17.5 
-3.5 
-19.4 
-1 8.4 
- 10.4 
-5.6 
8.8 
-0.8 

Subject B 
38.4 
23.7 
1.2 

-9.6 
-20.2 
-2.7 
-18.2 
-25.5 
- 17.4 
-8.7 
17.8 

- 1  7.7 
5.4 

(GSH = reducrd glutathione: GSSG = osidized glutnthiont.) 



Figure 18: Wholc blood GSH and GSSG concentrations aftcr processing with various acids 
and concentrations in a representative subiect over 28 days (+GSH. 0 GSSG). 

2.5% PCA 5% PCA 

15% PCA 10% PCA 
l 

i 5% TCA 10% TCA 



I 
10% MPA i 

l 

15% MPA 

- - - - 

10% SSA 

r 
15% SSA 

(GSH = reduced glutathione; GSSG = oxidized glutathione) 
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The use of 2.5% PCA demonstrated a very rapid samplr ouidation. There was an 1 IOh 

decrease in GSH concentration one-day following sample collsction and by day 15. 84% of the 

GSH was lost in subject .A. Four weeks following sarnplr collection. GSH was reducrd by 

almost 9OQh. A similar pattern of sarnple degradation u-as sern in subject B with an 89% and 

91°% drcrease at days 15 and 28. rrsprctii ely. In çontrüst. GSSG concentrations within the 

sarnples increased sharply. One da): aHer sample collection and processing a 1 O-t'old incrrase in 

GSSG $vas obsen-cd in subjrct A: on da. 78, GSSG had incrensed 30-fold. Sirnilarly in subject 

B. a 1 4-fold increasc was obsensd by day 28. 

Sample integrity was prcsewed to a grrater degrec at the highesr concentration of PCA 

e . 1 P .  In subject B. a loss of 5% in GSH was obserwd rit the end of the tirst week and 

GSSG increased only 1.2-fold. Similar results ivere secn in siihject X. 

All concentrations of TC.-\ and MP.4 w s t d  demonstr~itd rsasonahlr samplc. stability 

over the four-wrk prriod sirnilnr to that obsened with 1 Y ' u  PCA (as illustrated in Figure ISB 

and C). In contrast. SS.-\ showed cstremrly poor sampk stribility at al1 concentrations tcisted. 

Alihough increasinp the SSA concentration from 5 to 15% did iniprow sample stability 

signiticantly. even at the highest concentration. SSA could not display stability that was 

comparable to a similar concentration of PC.4 (Figure 1 SD). Intrrestingly. al1 conditions testrd 

showed little change in total glutarhionct concentrations ovcr the course of the stiidy suggesting 

that alterations in GSH and GSSG concentrations ovcr timr wrre rnainl>. due to samplc osidaiion 

with degradation playing a less important d e .  
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7.5.2 Effects on Various Acids on Glutathione Levels in Freshly Drawn Blood 

The effect of the various acids on glutathione lrvels in freshly drawn blood was to 

determine whethsr different acids caused immediate oxidative or degradation effects on blood 

glutathione. I j o h  PCA was used to monitor interday variability and the results are s h o w  in 

Figure 19. Rsmarkable stablity \vas noted and the degrer of variation was within what is 

evpccted from the nssay itssl f (sec table 6).  

6lGSH 
I GSSG 

Figure 19: Interday vrriability of GSH and GSSG concentrations after deproteinization of 
fresh blood samples with 15% PC.1 (perchloric icid). This procedure was carried out daily 
for 4 days. Samples on each da'; wrre processrd and analyzcd immediately rifier they were 
drawn. (GSH = reducsd glutathione: GSSG = osidized glutathione) 
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In general. al1 concentrations of PCA. TCA and MPA gave similar results such that the 

initial GSH and GSSG lsvels w r e  comparable (Figure 10). Blood samples drproteinized with 

TCA and MPA resulted in slightly higher GSH lr~.sls.  However. this difference is no grrater 

than the variation of the assay itself. To recapitulrtte. the interday percent coefficient of variation 

for GSH measurement is approsimately 4.5%. The greatest difference in GSH concentrations 

when usine the sample deproteinized with I jOh PCA as a refrrence was 5.8941. 

Figure 20: 

Acid and Concentration 

The effect of various acids and concentrations on initial GSH (reduced 
glutathione) and GSSG (osidized glutathione) concentrations. (PCA = perchloric acid: TCA 
= trichloroacetic acid: MPA = metaphosphoric acid: SSA = sulfosalicylic acid) 
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The most striking differencr is observed in the blood samples deproteinized with SSA. 

where the initial GSH levels decreased with increasing SSA concentration. GSH levels are 

approximateiy 17O/0 to -1O0/0 lower when compared to i 5% PCA. Of even greater interest is that 

the lower concentrations of GSH observed in this set of rxperiments do not correspond to 

equally higher concentrations of GSSG. This suygests that while SSA r n q  play a rolr in causing 

GSH to oxidize to GSSG. it appears to play a grcatcr rolr in dcgrading GSCI and this is 

noticeable irnmrdiatdy 

These rrsults sho~v tliat if blood samplcs cire processçd and ana1yzr.d immediatrly. the 

choice of deproteinizing acid is less important escrpt in the case of SS.-\. While imrnediatr 

analysis is dssirablr. it is often impossible and the evidence prescnted in this study assists in the 

selection of an acid that will rnaintain samplr intrgrity. 

7.5.3 Efficiency of Protein Removal 

The SDS-PAGE results of subject .\ art: s h o w  in Figure 2 1 .  Low concentrations of 

protein w r e  i.isually detrctcd in samplrs drprotrinized with PC.4 ilanes 1 to 4. T C h  (lanes 5 to 

7) and SSA lanrs ( 1  1 to 13). In contrast. samplrs trcated with MP.-\ contained relativrlp large 

amounts of protcin as seen in Ianes 8 to 10. .-\bsolute protein concentrations. as detrrmined by 

the Biorad microassay (PCA. TCA and SSA) or standard nssay (MP.4) are summarized in Table 

11. Concentrations of protein in the PCA. SSA and TCA treated samples werr negligible (with 

the exception of 5?6 TCA). The protein removal efficiency of MPA. on the other hand. was 

extremely poor. as evidenced by high residual l e~e l s  of protein remaining within sarnples 

following MP.4 treatrnent ( > I O 0  pgiml). 



Figure 21: Elficiency of various acids at removing proteins from whole blood samples. !Op1 
of acidic supernatants resolved on a 10% poly-acrylamide gel and stained with Coomassie 
Brilliant blue to screen for protein content in the sarnples. (PCA = perchloric acid: TCA = 

trichloroacetic acid: MPA = metaphosphoric acid: SSA = sulfosalicylic acid) 



Table 11: Protcin concentrations in blood samplss followinp acid precipitation. 

--  

-4cid and 
Concentration 

2.5% PCA 
5% PCA 
1 0°16 PC.-1 
15% PCA 
5% TCA 
10% TCA 
15% TCA 
59'0 bfP.4 
1 0% !VI P.+\ 
159'0 MP.4 
5% SSA 
10% SSA 
1594 SSA 

r Protein concentration (pgtrnl) 
Subject A 

N/D 
NiD 
M D  
N/D 

78.4 5 0.08 
N/D 

1.7 5 0.20 
136 2 0.01 
466 = 0.0 1 
606 0.0 1 
3.2 - + 0.20 

NID 
W D  

Subject B 

(PCA = perchloric acid: TCA = trichloroacetic ricid: MP.4 = metaphosphoric acid: SSA = 

sulfosalicylic acid: W D  = belou the limit of detection) 
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7.5.1 Effects on Chrornatographic Characteristics 

Whichever acid is selected as the protein-precipitating agent. it is important to verify that 

it is compatible with the system selected for analysis. In HPLC. thcre is the potential for the acid 

to alter the characteristics of the chromatograrn. Examplcs of potentiril problems include peaks 

that interfere u-itli the GSH and'or GSSG and large initial peaks (posi t i~e or nrgative) that may 

result in subsequent baselinc drift (Hawey et d 1989). Ail of the açids tested in our study 

allowed for relatiwly good separation of the peaks of interest (GSH. GSSG and penicillamine) 

(Figure 22). Howevrr. TCA and SSA producrd slight distortions at the end of the GSH and 

penicillamine prnks. thcrcby causing difficulty in determining the true peak endpoints (Figure 

37B and D). SSA use also resulted in a broadrr than normal solvent front. which for the most 

part. did not interferc with the tirst peak of interest (Figure 22D). Howver. minute tluctuations 

in mobile phase composition \voulJ have the potcintial to rcsiilt in GSH penli intcrfercricc if GSH 

rrtrntion timrs shitird slightly to the IeR. In addition. SSA iisc resulred in bascline driti during 

GSSG rlution following chanses in detrctor sensitivity ( a h  the clution of pcnicillamine and 

before GSSG) with the baseline falliny sterpl).. 



Figure 22: Chromatographie characteristics of various deproteinking acids (GSH = 
reduced glutathione: GSSG = oxidizrd glutathione: PCA = perchloric acid: TCA = 
trichloroacetic acid: MP.4 = mrtaphosphoric acid: SSA = siilfosalicyiic acid) 
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7.5.5 Confirmation Studies 

A final concentration of 15% PCA appeared to be most effective at preserving sample 

integrity when GSH and GSSG were mcasured in whole blood and it efficiently precipitated 

proteins. To further validate this conclusion. blood was drawn from 10 additional subjects and 

processed immcdiatrly as described previously. The samplrs were malyzcd immcdiatrly 

Following collection and aliquots were stored at -80°C andreanalyzed on days 14 and 28. 

Excellent stability was obsened in al1 subjects as indicated by the minimal change in both GSH 

and GSSG concentrations betwecn days O and 28 ris shown in Table 17. 

Table 12: Percent change in GSH, GSSC and total glutathione concentrations in the whole blood 
of 10 healthy volunteers from da? O to da. 28 when snmplcs were deptroteinized with 15% PCA 
and stored at -80°C. 

--- - 

CSH 
(% change) 

GSSC 
(% change) 

Total Glutathionc 
(% change) 

GSH = reduced ylutathions: GSSG = oxidized glutrithione) 



8.0 DISCUSSION 

8.1 Pharmacokinetic Studies in Pediatrics 

Given thar treatmeiit will fail in about 30°4 of al1 children diagnosed with cancer for 

various reasons. the urge to identifp improvcd treiitmctnt modalities is of great importance. The 

potential cytoprotective ct'fects offercd by nniihstine art: of piiniçulür signiticrince in this 

population for a number of reasons that have been described enrlier. Howwer. in order to use 

this broad-sprctnim cytoprotective agent effrctively in children. a Phase 1 stiidy was nerdrd to 

establish the sriisty of amifostint. to determine its masimum toleratcd dose and to define the 

pharmacokinrtics of the dnig in this population. With this goal in mind. the tirst portion of this 

thesis tocused on establishing the pharmacokinetics of amifostine in children. 

I t  is a aell-known fact that children handltt drugs differrntly than ndults. lnfancy and 

childhood estend from about 2 months of age to the end of piiberty ( Kaut'Fman 1992). Although 

crowth and detelopment arc most rapid durinp thc tirst several years of life. maturation 
C 

continues rit a slower rate during middle and latrr childhood. It is this dynamic process of 

growth. differentiation and maturation that sets children apart frorn adults both physiolopically 

and pharmacologicallp. Therefore. important changes in both the disposition of drugs and 

response to mrdication occur in childhood. Somr of thesc inçlude changes in the proportions of 

body wright contributcd by fat. protein. intracellular w t r r  md rstracellular nater (Kauffman 

1997). Liver and kidney size (relative to body weight) also change during grotvth and 

drvelopmcnt wirh the mavimum relative weight reachrd within the tirst two yrars of lik 

(Kauffman 1992). I t  is during this tirne when the capacity for dru- metabolism and climination 

tends to be the greatest. Furthemore. the body surtàcr area is greatest relatiw to body wcight in 

infants and younger children cornpared to older children and adults (Kauffman 1992). For thcse 
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reasons. independent pharmacokinrtic studies need to br conducted in order to idèntif" necessary 

alterations in dosing regimens for children. 

8.2 Amifostine Pharmacokinctics in Children with Cancer 

Studies of the pharmacokinrtics of amifostinc in humans are rstremely lirnitrd. Only a 

few studirs have been carrird out and frorn thcse. the majority involvrd small numbers of adult 

subjects. There is one published study describing the pharmacokinetics of amifostine and its 

metabolites in çhildren. howcvrr. the data presrnted are rstremely limited (Souid L'I (11 1999). 

..\lthough the pediritric phnrmacokinetiç data uc. coll~tecf w r c  IiiiJiIy wriabic. the degrre of 

variability is consistent with that published in adiilt studies. This can be partially csplainctd by 

the srnall number of subjects in al1 tliese stiidies. Some variation crin be attributcd to the wide 

range C of agcs b in the group of patients WC studird c i  .e.. 3 to 18 y r s ) .  In addition. agc-related 

changes in alkaline pliosphatase l e w l s  in çliildren (rckrenctt range = 45 to 630 CiL  for males 

and fernales aged j to 18 years) hiive bcen reportcd (Hospital hr Sick Children 1995). To date. 

a large-scale stiidy examining the pharmocokinrtics of omifostine and its metabolites in human 

subjects with cancer has not bcrn carricd out. Howrwr. rwn with the limited scope of the 

availablr data. severai in ferences regardinp the pharmacokinetics of  this drug can be made and 

trends arc cvidrnt when çoinparing children to adults. 

Firstl~. to compare most effectivrly the pharmacokinrtics obsen.cd in children to thosr in 

adults. it was important to identiîj published stiidirs in adults that usrd similar doses and modes 

of administration. This is extremely important becausr amifostinr is a prodrug with a very short 

elimination half-Me. .4 re~iew of the literature revealed that most of the research in the area of 

human arnifostine pharmacokinetics has been conducted mainly by two groups. The first group 

is led by Shaw (Shaw el (11 1986: Shaw ri (ii 1996a: Shaw ri d 1999) and the second by van der 
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Vijgh (Korst rr tri 1996: Korst er cd 1997a: Korst rr c d  1997b: van der Vijgh and Korst 1996). In 

general. the data presented in the studies by Shaw ei cd .  are based on bolus injections or very 

brief infusions of comparatively low doses of amifostine relative to what was used in the study 

presented hrrein. Hoivever. van der Vijgh e i  trl. described pharmacokinetic data following 15- 

minute infusions of amifostins doses that were only modcstly higher than ours. One speçific 

study conducted by this groiip will form the basis of the comparisons between pharmaçokinetics 

of children and adults (Korst er c d  1997a). One kt.). cissurnption was madc in rnaking thrse 

comparisons. Xdiilts w r e  givcn 740 mgm' of ~irnitostinr. whilr oiir patients w r e  givrn 600 

rng/rn2. In ordrr to correct for the differences diie to dose. a linrnr relationship bstween dose and 

plasma concentrations of thc drug and mctabolites \vas assumed. In addition. wr made several 

comparisons rrgarding the 90-minute plasma concentrations nvailablr to us. However. plasma 

concentrations uverr rcponrd at 120 minutes atier amifostine administration in the adult study. 

Therefore. after correcting for the dose difference. the 90-minute plasma concentration was 

rstimatrd by back estrapolation usinp the mean reponcd hall-lit;.. Knou in- tliis half-lifr. the 

slope of the linr represrnting the climination phase çould be ca1ciiliitt.d and iised to estimate the 

concentration at an earlier time point. 

8.2.1 Pharmacokinetics of the Active Metabolite, WR106S 

Our first and primas cornparison of intcrest is the exposure of adults and children to 

i. 

WR1065. the active metabolite and sssentinlly the "drug of importance since it is responsible 

for the cptoprotectivc action of amifostine. When studying metabolites. the pharmacokinetic 

parameters that c m  be calculated are .-\K. t.:. Cm, and t,,. Despite the limitrd nature of the 

metabolite parameters. a great dcal of information can be dtrduced regarding the esposure of the 

patient to the active cytoprotrctive species. 
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When initially comparing the AUCs extrapolated to infinity and correcting for dose (to 

600 mg!rn2). it appenrs thnt the children in our study had an üpprosirnatsl>. 2-fold l o w r  exposure 

to WR1065 than the riduits (mean .WCU,, = 960.9 k 7 12.5 ph!-min. in children vs. 22 13.5 2 4 14 

pbl-min. in adults) . Hoivever. when examining WR 1065 prak concentrations. the values did not 

diffcr much betwern the two groups (mean psak concentraiion = 30.7 i 12.4 ph1 in çhildren \Y. 

36.6 k 13.5 piLI in adults). Sirnilarly. the concentrations of the active metabolitr 90-minutes 

following omifostine infusion were comparable (mean = 0.6 I 0.4 ph1 in children KY. 0.6 r 0.8 

pbl in adults) (Korst et d 19973). Thrse points takrn together infrr that systemic esposure to 

CVR1065 as ivell as the .-CC tkom O to 90 minutes twrc similar in the IWO studies and that 

amifostine is eqiiipotent in cidults and çtiildrcn cit ci dose of 600 mgrn'. 

The differences that w r e  initiaIl>- obsened in the .-\CC,,., c m  be esplained by the 

differences in the Icngth of sampling brtwen the two stiidies. We çollc.ctrd blood samplss for 

90-minutes while the Korst ci r d .  ( 1997a) collccted samples for 6 hours following drug 

administration. This difference resulird in the identitication of n muçh longer terminal half-lik 

in the adult sttidy (7.3 + 3.6 hoiirs vs. 19.2 i 14.5 minutes in our s t u d ~ ) .  In sampling for only 

90-minutes. it is likely that wt. were unable to chriractrrize the truc terminal dimination portion 

of the concentration-time cuwe. Hence extrapolation of the . W C  to infinity would be based on a 

half-life that is not the true terminal half-lifr thus resulting in an ~inderestiniation of the total 

.4üC. 

With respect to other pharmacokinetic paramrtrrs of WR1065. peak concentrations 

observed at that end of infusion or very shonly thereafrr in bath studies suggest rapid 

conversion of the prodrug into its active mctabolits. Other studirs have made sirnilar 

observations and dratm similar conclusions (Korst et crl 1996: Korst et tri 1997a: Shaw er r d  

1986; Shaw et nf 1994: Souid ei r d  1999). The rapid uptake of WRlO6j into tissues results in a 
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rapid disappearance of the metabolite from the plasma cornpartment. Wr obsrned a median 

half-life of 15 minutes for the metabolite. which is similar to that reportrd by Souid et al. ( 1998) 

in one pediatric patient and the initial haltilik reporttd by Korst Cr ai. (1997a) in adults. This 

short half-life is also suggestive of rapid conversion into the disu 

WR1065 in plasma has two possible fates: rapid uptake into 

cytoprotectii.r cffect and rapid osidation into disuifide metnbo1itr.s. 

.Ifide metabolites. Therefore. 

1 tissues where it exerts its 

8.2.2 Pharmacokinetics of the Parent Drug, Amifostine 

There art: man. more studies drscribinp the pharmacokinerics of the parent drug. 

amifostine (Korst et tri 1996: Korst irl 1997a: Shaw c'l t d  1986: Shaw er id 1999: Soiiid rt LI! 

1998: Souid Cr  id 1999). Interrsting di fferenccs and distinctions between children and adults are 

noted. Firstly. ail invrstigators agrer thrit the pcak concentration of amifostine is achicwd 

immedicitrly at the end of the druy infusion. This rvas ülso thc çosc in our stiidy. howver. a very 

signiticant diffèrence w s  notiçrd. Csing the samr adiilt st~icly that itas previously used for the 

cornparison of WR1065 kinetics. an amitostine pcak conçrntrütion of 190.3 + 45.2 piL1 (when 

adjustrd for a 600 mgm' dose) a-as obsen-ed in adiilts fulloning ri 15 minute infusion. in stark 

contrast. Our peak concentrations were 29.1 ? 26.5 ph1 (range = 7.6 to 78.0 pM). .A study 

conducted bp Souid et r d .  ( 1999) rcportrd relatively low and estremely variable maximal 

concentrations in children much like ours. Correcting to a 600 mgm'  dose. a mran peak of 62.5 

@l (range = 7.3 to 173.7 piLi) was reported in whole blood. Investigators at St. Jude's 

Children's Hospital in Memphis. Tennessee have also adrninistered amifostine to pediatric 

patients and thry have measured plasma and ~ h o l r  blood I r w l s  of amifostine. They have 

observed that whole blood and plasma lewls of amifostine are similar (personal communication. 

Kirstein 100 1 ). Thrrefore. the results rtponsd by Souid d t  tri. ( 1999) are quite similar to ours. 
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Furthemore. preliminarp resuits frorn the group at S t. Jude's funher corro borate our findings 

and those of Souid rr al. ( 1999) that peak amifostine levels in children appear to be significantly 

lower than in adults ( pcrsonal communication. Kirstein 100 1 ). 

This suggests major differencrs in prodrug (amifosrine) rnctabolisrn in children i w s i r s  

adults. One might speculate that the rate of hydrolysis ro WR1065 is significantly snhanced in 

children. There are numrrous other esamples of cnhanced mmbolism in this population such as 

those mediated by the cytochrornr P45O systems (Cresteii 1998: Tanaka 1998) and plasma 

cholinestcrasrs (.Ahlstrom rt d 1999: Bevan er d I998). Since higher plasma WR1065 

concentrations were not obsenfcd in children. a proposcd explanation for this observation would 

be a much hster and more efficient uptake mechanism of N'RI065 into tissue. However. ii hns 

of WR1065 to disiilfides and thrir subsequent elitnination ma? also be rnhanced in children. 

Specific studirs investigating this have not been çarried out to date. 

Despitc much higher peak conccntraiions obsencd in adulis. the tinal conçcnmtion (at 

90 minutes) that we evaluated was similar in both groups (0.4 2 0.9 ph1 in children vs. 0.3 i 0.3 

pbI in adults: çorrcctsd for ri dose of 600 mg'm') (Korst rr til  1997a). Therefore. differencrs in 

the .AUC,,., w r c  sspectrd and the- w r e  indeed obsen.t.d (ACC,,., = 209.7 -C 138.7 pbl-min. in 

children and 2967.6 r 948 ;iM.min. in adults: corrected for (i dose of 600 myirn2) (Korst ri d 

1997a). .As with WRlO6j.  a much longer terminal half-lire of 48 minutes was reportcd in aduIts 

(Korst et cil 1997a) than our median half-lik of 9.3 minutes. hgain. this s a s  likely due to 

difirences in the sampling protocol betwen the t w  stiidies. \Vliilr the ditferences in the 

terminal portion of the curves could have contributed slightly to the difkrences in the areas. a 

ereater contribution would be the discrepancics in the pçak concrntrations between adults and 
C 

chi Idren. 
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The rapid conversion of the parent drug to WR1065 suggests a fast decrease in amifostine 

concentrations in plasma. This \vas indeed obssn-ed in our patients who had an amifostine half- 

life of about 9 minrites. This is sirnilar to values noted by Shaw et til. ( 1986) and Souid et al. 

( 1998) who reported ha1 f-lives of 8.8 and approximately 10 minutes respectively. The much 

longer terminal half-life of 48 minutes rcportsd by Korst el d. ( 1997ri) is attributable to the 

longer time for which samplrs u w e  collected in that study ( 3  hours). .-llthough both Korst er (il. 

( 1997a) and Shaw d i  d .  ( 1986) drscribed a biphasic plasma clearance o t'iimifostine. both phases 

in Shaw's study w r e  observcd within 15 minutes. The snmpling tieq~iency iiscd in Karst's 

stud?. wris çlearly too luw to distingiish beinr.cn thcst. tua piiascs. Clence. tlieir initial half-lifs 

of 2.4 minutes is likely a combination of the two phasrs described by Shaw and colleagurs 

( 1956). Sirnilar to the observations made t'or WR1065. plasma Irwls during the final elimination 

phase w r e  so low that they were unlikrly of çlinical relcvancr (Korst C r  cti 19970). 

8.2.3 f harmacokinctics of the Total Disulfidcs 

FinaIl!.. the disiilfide kinetiçs describcd in oiir st~id! rekr to totd disultides. Obsening 

peak disulfide conçcntrations 5 minutes post ilmi tùstinr. int'iisiun is indicari\ e o t' ver! rapid 

oxidation of WRlO65 to mised and symmrtrical disulfides (refer to Figure 1 ). In agreement with 

studies presented by Korst rr trl. (Korsi er cd 1996: Korst ~ . t  cil 1997a) ive observrd much higher 

peak Irwls of the total disultides which contrasted with the ver! low peak lrvels of WRX378 

observed by Shaw et trl. (1986). This indicates that a large proportion of the total disulfides is 

composed of mised disulfidrs. It has been docurnented that the synmetrical disultide 

(WR33l78) does hr tw somr cytoprotectivs propenirs althoiigh to n much lessrr estent than 

WR1065 (Capizzi 1999a: Grdina rr trl 1995). Whilc this is less likcly for the mised disulfides 

(Korst el ul 1997a: Korst er cd 1997b). the- ma: still h a ~ r  clinical relewnce if they serve as an 

eschangeable pool of WR1065 (Korst rr cri  1996: Korst et rd 19973: Shaw et cri 1994). The 
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observed half-life of the rnixed disulfides of approximately 74 minutes in Our pediatric patients is 

indicative of sustained presence of this metabolitc in plasma much longer than amifostine or 

WR1065. Thcrrfore. should rcdiiction of thest. disultides ocçiir. the cytoprotrctivs ttfkct of 

U'R1065 may indeed be estcnded beyond that prcdicted by its phnrinacoliinetics. In comparing 

the half-lives of the disulfidcs in children i~c.r.sir.s adults. pediatric patients have a shorter half-lifr 

(74 minutes YS. 150 minutes (Korst el  td 1997a)). t l o w w r .  as in previous discussions. this ma) 

be due to dii'frrencss in the lenpth of tirne during which phrirmacokinctic samples wrrç collected. 

8.2.1 P harmaco kinctic Outliers 

As with most studies involving hurnan subjccts. apparcnt outlirirs a l w y s  csist. In this 

study. there w r c  tu.0 such patients n-ho apprnred to Ml cit oppositc. cnds of the spectrum with 

respect to arnifostinci and WR1065 kinctics. Patient 2 was ri 7->-ex old girl who. despitc showing 

a comparable .\CC for amifostinc with rcspect to the othcr patients in this group. had ü miich 

longer half-lifc. This prolonged amit'ostine half-life resiilted in an ..\CC for WR1065 that !vas 

2.5 to 7.6 times larger than those obsened for the other patients and a half-life that kvas 2.8 to 6.5 

times longer. While this ~vould suggcst that this patient would likely have esperienccd 

amifostinr tosicity. she actually tolerated the dnig well. This may be an ripe-related 

phenomrnon as this was the youngest patient in the yroup and yoiing çtiildren otirn tend to have 

higher threshoids for tosicity < S tren 2000). 

The othrr patient whose pharmacokinrtic paramrtrrs iwre notably difkrent from the 

others in the proup was Patient 6. a 6-year old boy. His amifostint: .\VC was 3.3 to 10.8 times 

smaller which corresponded to a clearance rate that wos 3 -3 to 12.4 times faster and a half-life 

that was 3.7 to 6.6 times shorter. In line with this trend. his WR1065 . W C  was 3.1 to 7.6 times 

srnaller and the WR1065 half-life calculated for this patient w s  1.7 to 6.5 times shorter. 
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Reasons for thesc differences are ~inknown. Shaw er trl. (1986) noticrd a similar phenornenon 

with one of their patients but i t  was explained by the ver) high leukocyte count in this patient at 

the start of study. Lcukocytes are known to contain considenblr alkaline phosphatase rictivity. 

Since alkaline phosphatase çatalpzes omifostinc hydrolysis to WR1065. this suggests that the 

high clearance may be due to lrukocyte mediated amifostine hydrolysis. However. this child's 

leukocyte counts werr not significrintly diffrrrnt from any other patient in the yroup. 

8.3 Amifostine Doses in Pediatrics 

tlaving identifird srveral diffrrrnscs 3s w l l  as sirnilarities in the pharmacokinetics of 

ami fostine and its metabolites amongst childrcn and üdiil ts. the issue of dose adj ustrnent nerds to 

be addressed. The most meaningful finding in this analysis u-as that these 1wo populations have 

a similar esposure to the active metabolite. WR 106). The differences obsen.ed with respect to 

the prodrug are much less important sincr rsposurc to the active mctabolite is what confcrs the 

biological cffect of the d r y .  Amifostint. is ycnernll> administered to cidulis at highcr doses than 

what was found to be the MTD for the children in this study. Spccifcally. 910 mgm2 is the 

41TD of amifostine (administercd as a single dose) in ridults I Dorr and 1-Iolmes 1999: Kemp et trl 

1996). Other st~idies have shown thnt 683 myim' is the 41TD when iising multiple doses 

( Bettic her et tiI 1 995). whilr up to 740 m g m 2  ( given three times dail!) has been used ( Karst t r  c d  

1997a). Cytoprotrctive et'ficacy has bern demonstrated at thcse doses. Therefore. it may be 

ternpting to speculate that the children in our study did not fiilly benefit from the cytoprotective 

rffects of amifostine based on these findings. Shoiild cytoprotcction br limited by dose. a 

potrntial problem arises. This Phase 1 s t u d ~  hnd idrntitied DLTs (grade 3 ansiet? and 

somnolencc) at a dose of 710 mg'm2: thercforr the MTD \\as defined 3s 600 mg in' (Fouladi 

2001 ). Wowever. well-controHed studies to determine the minimum effective dose have not been 
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camed out to date. In general. it has been assumed that highrr doses of mifostine would result 

in cptoprotcctiw action. Whrther our patients ~vould benefit from amifostine's cytoprotrction at 

a higher dose is unknown due to the lack of a -'no amifostine" control a m .  Unfortiinately. this 

objective was not within the scopr of this study. Iiowrvrr. tutlire ssperimcnts would bs useful. 

8.4 -4mifostine and Glutathione 

The second goal of this thesis was to identify a biological marker ihat could bt: ~ised as a 

measure of amifostine's cyptoprotectiw ciffeçis. Blood giutathione is ri surrogntc markcr of 

oxidative stress in a variety of conditions as i t  changes in rcsponse to esposure to various drugs 

( Hogarth er d 1996: Malik d 1 997 ) rind disease statrs i Lands ~ ) r  t i f  1 999: Rodriguez er d 

1998: Sharnia c r i  2000: Sido ~~t c r i  IWY: C'sa1 t r l  I O C ) 6 i .  Gliitnthione changes in lsss 

accrssiblr tissue cire retlected by tluctiiations in blood glutüthionr (Nrivarro c., c r i  1997). 

Evidence in il1 riri-o work suggests that glurathione ma! inçreasc in rcsponse to txposure to 

amifostins (Issels and Nagele 1989). It therefore ma' bc an important marker io indicare the 

degrre of protection offrred by the dmg. 

8.4.1 Issues .-\ssociated with Glututhione Anilysis  

In order to establish the validity of this marker. a reliable nnalytical msthod needrd to be 

identified. Effrctive ~inalysis of GSH rind GSSG requircs a simple. npid and sensitive analyticitl 

rnethod. HPLC coupled with dual rlectrode electrochrmiçal detrction i HPLC-EC I represents 

one such method. tt involves simple sarnplc preparation without the need for dcrivatization. 

relativrly short analysis tirnrs and has the ability to directly and simultaneously determine both 

compounds of interest. Prior to electrochemical analysis. whole blood sarnples must be 

drprotrinized as proteins may interfrre with the assay. and shorten the lik of HPLC columns and 
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detectors. Furthemore. rapid acidification of samplr is critical as it prewnts both autooxidation 

and enzyme-catalyzed degradation (via q-glutamyl transfsrrisd of GSH to GSSG (Anderson 

1985). Since therr is an abundance of piiblisheci methods iising HPLC-EC (Bonner and Shaw 

1991 : Carro-Ciampi et (il 1988: Harvey et cri 1989: Krien et c d  1992: Richie. Jr. and Lang 1987). 

we did not question the volidity of the method we chose to follow. Unfortunatelp. S C ~ O U S  

problems with respect to srimplc stability x o s r  and the primary objr.çti\.es for this portion of the 

project were modified to include idcntiticatiun and mlidation of an improwd method for sample 

preparation. 

A s  dcscribed in the rrsults section. LW noticcd 11 change in tlic GSH and GSSG content of 

whole blood samples. Despite ming a published method for sample preparation ( Bonncr and 

Shaw 1991 ) that allowcd samplr storage prior to analysis. WC found our samples to be unsiable. 

Oxidation of GSH to GSSG was likely the major contributor to samplr instability cven though 

whole blood IVÜS imrnediritely açidilied n-ith 0.5 bl PC.-\ rind stored at -80°C upon recript. 

Subsequrnt review of the literature rc yarding glutathione anal !sis rewaled that ( tlerc bergs et d 

1992: Navarro et ol 1997) while niimerous protrin prccipitntiny acids and concentrations have 

bern reportrd in the literatiirc. inwstigators rlisagrw as to \\.hich x i d  is most rippropriate and 

whether sample storage tollowing ricidification prior to anal>.sis is acceptable (Anderson 1985: 

Bonner and Shaw 1991: Cam-Ciampi et trl 1988: Krien e t  r d  1991: Roberts and Franccric 1993: 

Siorda1 et ul 1993). To resolve these questions. WC systematically cornparcd the effxts of 

various concentrations of the most commonly used acids on the short-trrm stability of whole 

blood GSH and GSSG. Our results show that both the choice of acid and acid concentration are 

important deteminin- factors in the feasibility of sarnple storagt prior to analysis. To complrte 

ihis portion of the study. u e  also csnmined the r.ftkiency of thesr: :ici& at removinp protrin from 

the blood samples and wr: critically inspected the resulting chromatograms to determine if they 

caused any  significant alteration of chrornatographic charactcristics. 
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In general. increasing concentrations of the precipitating acid resulted in greater stability 

of blood GSH and GSSG. Nonetheless. differences were found in the efficacy of the various 

acids in maintaining samplc stability. Following four werks of samplc storage. even the highest 

concentrations of SSA tested demonstrated poor stability of both GSH and GSSG within our 

samples. Furthemore. SSA apprars to cause an immediate change in sample composition 

imrnediatrly aftrr aciditication and deproteinization as indicatrd in Figure 26. Our results 

contradict srveral studies which have reported minimal loss of glutathione over time following 

pretreatrnent with SSA (Anderson 1985: Roberts and Francetic 1993: Slordal or ol 1993). The 

discrepancies o bsrrvrd wi thin thcse studirs may br: esplainsd by various mcthodological 

differences. Firstly. GSH was derivatized with rither monobromobimane or 5,j'-dithiobis(7-- 

oitrobenzoic acid) eithcr prior to. or shonly nfter aciditication with jo4 SSA. This extra 

derivatization step ma' play n role in the stabilization of GStI irrcspeçtiw of subsequent 

aciditication althouph carrying out this additional reaction has the potentiril to introduce rrror in 

the detemination of GSH concentrations. Secondly. total glutathione levels were measured in 

several studies rrithcr than GSH and GSSG individually. Thus increrises in GSSG due to 

osidation may have bcen offset by drcreases in GSH. This ~vould then be consistent with our 

results. While total glutathione concentrations remaincd relatively constant in both subjrcts in 

the present stiidy during al1 SSA treatments. indi\.idual GSH and GSSG concentrations were 

In addition to problems with stability. SSA was found to produce broader than normal 

solvent fronts and baseline drift during GSSG clution. L iu  ol have ( 1996) also reported 

baseline drift following HPLC analysis of biological samples trrated wi th SS '4. While these 

changes did not interkre with GSH and GSSG separation for the most part. alteration in 

retention times due to minute fluctuations in mobile phase composition or changes in anaiytical 
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column effectiveness (Le. decreased analyte retcntion due to age) have the potential to result in 

peak interference. 

In contrast with SSA. MPA yirlded acceptable GSH and GSSG stability during the 78- 

day study period. These results corroborate several previous studies where 5% MPA provided 

good short-tem stability of GSH and GSSG within blood samplss (MIS er (11 1990: Mills and 
C 

Lang 1996: Richie. Jr. and Lang 1987: Riisso et t r l  19S6b). Nevertheless. we found al! MF.4 

concentrations tested to be inefficient lit removing protein from [lie samples. which can be 

problematic For electrochemical detrctors (sre brloiv). 

One speci tic disadvantagc of elsctrochernical Jt.rt.ction is loss o t'anal >.te signal following 

repeated use. Cam-Ciampi et L I / .  (1988) noted a 50°4 loss in the GSSG signal after only 100 

injections of sample. We observed a similar pattern of decreased analytical sensitivitg with Our 

elcctrochemical detector. Presumably signal loss is due to particillate accumulation on the 

surface of the graphite elrctrode. which necessitates freqiient cleaning of the drtection system. 

While electrode clrnning can oRen restorr the analyte signal in the short-term. surface 

accumulation will lrad to complete clrctrode Mure  owr tirne. Thus. it is impcrative that 

samplrs injectrd onto the chromatographie sytem contain as little rlrctrochemically active 

components as possible. and i t  is on this basis ive recommrnd thrit MP.4 not be routinrly used as 

a precipitating agent. 

As indicated in figure 18. PCA presented rxtremely divergent results with respect to 

sample stability over time. Concentrations of 2.j0/0 to 10% were clearly pro-osidant. whereas 

15% attained acceptable sample stability. Controversy exists within the literature regarding the 

pro-osidant versus anti-oxidant properties of PC.4 (Asensi er t r i  1994: Liu rr ai 1996: Michelet rr 

c d  1995: Ozcimder rr c r i  195) 1 : Stein et c r i  1986: Vina el t r l  1995). Similar to our results. Asrni ri 

of. (Asensi et t r l  1994) observed GSH osidation in blood samples following deprotçinization with 

6% PCA. However. this oxidation was rliminated in the presence of GSH derivatizing agents 



1 O7 

such as N-ethylmaleimide (.Asensi et LII 1994: Vina et a i  1995). Using a similar sample 

preparation method as ours. Michelet et al. (1995) reported effective GSH and GSSG sample 

stornge for 15 days at -80°C. On the other hand. our results contradict studies by 0zcimder et d. 

(1991) and Liu er rd. (1996) who reported that hiyh PC.-\ concentrations (2j0/o) resulted in GSH 

oxidation to GSSG within eyc lens homogcnates. Stein et trl. ( 1986) also observed dissimilar 

results to ours showing that GSH and GSSG in biological tluids and tissues tiom rats including 

senim. bile. liver and kidney wcre stable at -80°C for 7 io 10 days following deprotrinization 

using i . 3 %  PCA. Whrther a tissue-specific difference esists with respect to the osidizing 

propenies of PCA remains to be investigated. 

TCA. the final acid trstrd. dctmonstratrd acceptable sample stability at al1 concentrations. 

.-\srni er r d .  (1991) rrported TC.-\ to be pro-osidativr rit concentrations below 1596. These 

findings were further corroborated by Viiia et ri1 ( 1  995) iisinc t spectrophotornetric mrthods. The 

lack of an appreciablt: difference in sample stcibility in this study u i t l i  TC.-\ concentrations of 5 

to ISO/o may b<: the result of mcthodological improwmsnts in thc prrscnt study siich as flash 

freezing and storage of the samplrs at ultra lou temperatures (-80°C). Despite acceptable sample 

stability at al1 concentrations tested. 5% TCA did not remove protrins cfficiently from the 

sample and this is the renson to avoid using it in sample preparation for electrochemical 

detection. 

A final consideration detemiining the optimal precipitating agent for clectrochrmical 

detection of GSH and GSSG involves assessrnent of chromato~rnphic clinracteristic Ioilowing 

sample acidification. Critrria ssaminrd includcd intcrferiny and overlapping peaks. large initial 

praks at the so l~ent  front (negative or positive). baseline drift and pcak tailing. Signi ticant prak 

tailing and some interference were obsemed for GSH and penicillaminr in the presencr of TCA 

and SSA while these problerns were not observed with PCA and MPA. Aside from SSA. the 

other acids did not cause appreciable baseline drift nor were the size of the peaks in the solvent 
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front a concem. Al1 of the acids testsd allowed for good separation of GSH. GSSG and 

penicillaminr. contrary to previous reports (Richie. Jr. and Lang 1987: Stein rl trl 1986). 

Considering sample stability. efficiency of protein removal. and chromatographie 

characteristics. drproteinization using 15% PCA appears to br most suitable for analysis of 

whole blood GSH and GSSG by CIPLC coupled with clectrochemical detection. Whiie 

immediate analysis of GSH and GSSG is always preferablt. sample storagr with 15% PCA 

offrrs excellent stability up to 4 weeks. efficiently removes proteins from the sarnples. and 

achieves good penk separation with minimal baseline drift. 

8.4.2 Glutathionc 3Ieasurement in Pediatric Patients Treated with Amifostinc 

Unhnunately. the solution to the problem of sample stability came after samples for four 

patients had been obtained and processed using the original method. Hence. we could 

confidently analyze the glutathione lrvels in the blood of the rernnining two patients rrceiving 

amifostine. Preliniinap data shows ihat whilti n trnnsient increasc in GSH was obsened. by the 

end of the 90-minute study window. GSH concentrations rrturned to their prc-amifostine Irvels. 

These findings arc in agreement with those of Soiiid et tr i .  (1999) \\ho recrntly attempted to 

evaluate a similar hypothrsis. They showed thnt GSH increased slightly diiring the îÏrst 

amifostine infusion. Based on a w r y  lirnited arnotint of data. wr: mal- cautiously suggest that 

while we cannot be certain that the increase in glutathione is significant. amifostine may at least 

help prevent the espected decrease in glutathione that is associated wi th i fosfamide 

administration ( 15 minutes into the 90-minute study prriod). .-\ decrease in glutathione is 

rxpected since part of ifosfamide's detoxification pathway is mediatcd by conjugation with 

glutathione. .-\ larger group of patients with controls woiild br  nerded to verify this proposition 
C 

and enable us to attribute thcse effects to amifostine trentment. 
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The major accomplishment in this portion of our project was that we were able to 

validate an improved method for glutathione snmple preparation in biological specimens. 

Samplc integrity c m  now be presen~ed such that the spscimrns can be stored prior to analysis. 

which is desirable in a clinicat setting. .As a result. we now have a reliablr tool that will allow us 

to more açciirately eval~iate our initial hypothesis that amifostinr's cytoprotrictive efkct is 

mediatsd by modulation of glutathione levcls. 



9.0 LIMITATIONS and FUTURE STUDIES 

Studies involving human subjects tend to have man- limitations and this study was no 

exception. The use of terminally il! children in Phase 1 studies introduces Fiirther complications. 

Firstly. the eligibili ty criteria are very strict and there fore patient recruitmcnt proceeded very 

slowly. Because Phase 1 studies ditter significantly and are independent frorn standard care 

treatment. the principal investigator must rd! on the patients' priniary care physician to keep in 

mind thar the stiiJy is open and to offer it  a s  11 trzritment option to cliyible patients. With the 

current demands placed on health carr prokssionals. relying on them to remembrr a stiidy in 

which they are not directly involvsd presents limitations in identi t')hg possible candidates. The 

six patients discussed in this study w r e  recruitcd o w r  a period of 17 months spanning from July 

1998 to Novtimber 1999. Difticulty in obraining parental consent rnay also have contributed io 

this slow recniitment rate. The chiidrrn involvrd in these studies were ver): i l1 and the prima? 

concem for parents is the cornfort of thrir children during treatnxnt. Since a peripherül 

intravenous linr must bs stnned tu facilitrite blood collection. the çhildrcn are espostd to an 

additional venipiinctiirc Furthermore. it is often dit'ticiilt to obtain consent for frequent blood 

sampling cspecially within a short-time period suc11 as 90-minutes. 

There are rthical issues involved in blood sampling for pharmacokinetic rtiidirs. X 

limited number of blood samples can be obtained from children for research purposrs. This 

makes charncterizing the pharmacokinetics of the parent drug in this study particularly difficult. 

Amifostinr \vas administercd over a period of 15-minutes and given that its elimination haif-life 

is rxtremely short (-10 minutes). sarnpling during the infusion period may have yielded useful 

information. However. this was not possible duc to the cthical constraints and thrrefore. the first 

sample was obtainrtd at the end of the infusion. On the otlier hand. jample collection occurred 

for rnuch longer periods of time in some aduit studies of amifostint: pharmacokinetics. This 
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allowed better characterization of the terminal elimination phases of ami fostine and its 

metabolites. The sampling time chosen in this study w s  based on published studies. both in 

hurnans and animals. that reported significantlg shorter half-lives of amifostine and its active 

metabolite. WRlO6j. Pharmacokinrtic studies generally rrqiiire samplr collection for tive to 

seven half-liws. thcretore our 90-minute stiidy period apperired to bc siitticient. 4loreo\*er. we 

would not have been able to coiiect more blood samples follou-ing the initial amifxtinc dose due 

to the terminal nature of the patients' illness and their treatment schedulr since a second dose of 

amifostinc was administsred aAer the ifosfamide infusion. 

A final point to consider with respect to the phamacokinetic data is that we had a srnall 

sample size. While this was sufficient to close the Phase I study. lvhose primary objectives 

included dctininp Jose-limiting tosiçities and cstablishing thr mrisirnurn tolerated dose of 

amifostinc. mort: patients ivould be reqiiired iu adrqiiatcly delinr. amifostint' pharmacokinrtics in 

this population. Kinetics studies should tliereforc be part of the objectives of tiiture Phase I I  and 

I I I  studies of this d n i ~  in children. 

The problems we espcrienced with the gliitüthione assay presented another limitation. 

Loss of valuable data from four out of the sis patients enrollrd restricted the conclusions that 

could be drawn. Furthemore. the lack of ri "no amifostine" control arm made i t  dificult to 

attribute changes solel! to rirnifostine. U'hile control groups are grnrrally not inçiudrd in Phase 

1 studies. this aspect ma? be an important consideration for future work. .A control group would 

also facilitate the determination of whethttr the amifostine dose iised in this stiidy was indeed 

efficacious in preventiny chemotherapy-indiiced toxicit). to the same estent ris demonstrated at 

higher doses. 

Finallu. other reports suggcst that the mechanism of amifostine's modulation of 

glutathione involves increases in intracellular cysteinc uptake. which leads to de nmo GSH 

synthrsis (Issels and Nagele. 1989). If this hypothesis is true. perhaps the 90-minute study 
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prriod available to us \vas not sufficient to notice changes if the! existed. Perhaps monitoring 

cystrine lcwis bath intracellularl y and estrncellularl y nould have !-ieldrd more meaningful 

information and future studies could incorporate this aspect of the potential cytoprotectiw action 

of amifostine. 
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10.0 CONCLUSIONS 

In the Phase 1 study presented here. we concludcd that the maximum tolerntsd dose For 

twice-daily administration of amifostint, with ICE çhrmotherapy in children is 600 m@rn2/dose 

(1700 mg/m2/daY). Witliin the scope of this study. the pharmacokinetics of amifostine and its 

metabolites w r e  calculated and comparçd to published adult datii. Important obsrnations were 

noted. The sitnilarity in the systemiç exposure to thc cytoprorcctiw metabolite. WR1065. in 

children and adults proposes that amifostine dosed at a rate of 600 mgm'  is eqiiipotcnt in these 

two populations. Hoivever. the maximum tolrratrd dose in children appears to be lower than 

that in adults suggesting that childrcn rnay not be recciving the snms therapeutic admntage 

(although the et'fsctiveness of this dose has not been adcquately stiidicd). This stiidy rmphasizes 

the nced for separatc dcteminations of the phnmiacokinetics of drugs as wrll as thcir appropriate 

doses in c hildrcn. C hildren rire not "miniature adul ts" and olien rcqiiirc individual ized 

modifications i n  trcatmrnt protocols thai difkr tiom simple dose adj jussirnent bascd on body s i x .  

A second objective WÛS to inwstigatr the hypothesis that amifostineos mechanism of 

action is relatrd to its modulation of glutathionc levels and this study \vas a suitable starting point 

to esplore this possibility. In the procrss. ive noticed that a previousl) publishcd method for 

samplr preparation was causing signiticant alterations in GSH and GSSG concentrations. This 

prompted us to identify and validate an improved method for sample prcparation thot does not 

hypothesis could not be adrquatrly addressed uithin the scope of this cliniçal study. we now 

have a reliable tool to inïestigate the notion of amifostine's modulation of glutathione in future 

studies. Ln fact. the applicability of this improved method for sarnplr preparation is clearly 

demonstratrd by its use in several studies cunently undenva). in our laboratory. Esamples 

include in virro investigation of whey protein concentrate's modulation of gluiathione in 
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Iymphocytes as wsll as in microglia. In addition. two çlinical studies in proyess are 

investigating the role of oxidativr stress in the deteelopment and severity of ifosfamide-induced 

nephrotosicity and evaluating the effrcts of chronic acetaminophen administration on glutathione 

levels in children. 

While this improvcment in the sample procsssing mtithod allowed to evaluate 

amifostine's effrct on glutathione in only tu-O patients. smphasizing the nwd for funher work. 

vie c m  cautiously conclude that amifostint. appears to at Icast p r e w n t  n decreasc. in GSFI levsls 

that would b t  sspected upon treatrnent with itostàmide. 
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APPENDIX 1 Ciinicai Trials in Oncoiogy 

One approach to treating cancer ma? involve resèarch as new therapies rnay provide hope 

for some patients. The goals and objectives of cach of the phases following preclincal testing are 

sumrnarized in the table below (Baruchel and Rowell 1998: Finklestein 1997: Hughes 2000). 

Clinical tnak are the essential link between laboratory bench and the bedside. It is because of 

these clinical trials that such gratifying progress has becn made in the trentment of childhood 

cancer. 

Phase 1 Phase I I  l Phase I I I  
Determination of safe. 
tolcrable and nppropriatr 
doses. usually the 
maximum tolerated dose 
(MTD) 

Characterization of the 
nature and frrquency of 
toxicity 

Identification of dose 
lirniting toxicities (DLT) 
which preclude use of 
higher doses 

Identification and 
de finition of guidelines For i 
monitoring toxicity I 

Deveiopment of the 
supportive care that is 

1 
1 

required to safely 
administer the agent 

Phmacokinetic studies 
are carried out to facihate 
the selrction of an optimal 
dosinrr schedule 

Determinaiion of cfticncy 
of the dru- ngainst speçi tic 
mal ignanc ics 

Drug may be given for 
longer periods of rime 

The new treatment rnay bc 
cornparcd against placebo 
or standard therapy 

Gcnerally requires a larger 
croup of patients 
t 

Often called the 
'*definitive st~idy" 

Effectiwness of the dmg 
is studied in great detail in 
large numbers o f patients 

Due to the larger numbers 
of patients. more detailed 
information regarding the 
minor and infiequent 
adverse effects can be ! 

obtained 1 
i 
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APPENDIX 3 Research Information and Consent Forms 

RESEARCH CONSENT FORM 
(16 Years Old and Over) 

MODULATION OF ICE TOXICITY BY THE CYTOPROTECTIVE AGENT AMIFOSTINE. 
A PHASE UII STUDY 

Investigators(s): All cm be reached by calling 813-7742 

Dr. M. Greenberg 
Dr. S. Weitzman 
Dr. H.S.L. Chan 

Dr. E. Boyle Dr. O. Malkin 
Dr. R. Grant Dr. M. Leaker 
Dr. S. Baruchel 

The goal of a Phase I study is to find a safe dose of a new dmg that can be used in the future 
treatment of cancer. Phase 1 studies are perfomed by giving different dosages of the new 
dmg to different patients and by doing blood tests to measure levels of the dnig and check for 
side effects. 

Introduction: 

You have been told that you have a recurrent solid tumor . Recurrent solid himors are 
difficult to treat as they do not respond weii to most forms of chemotherapy, and are 
therefore often progressive. 

In order to treat your tumor, it will be appropriate to deliver a high dose of chemotherapy. 
This chemotherapy rnay control your tumor, but may cause damage to different organs such 
as the bone manow, the kidney, the heart, the gut, and the central nervous system. 

We are asking your permission to enroii you in a research study that will test a new dmg that 
is expected to protect the body £rom the toxicity of chemotherapy. This wi.U ailow the 
chemotherapy to be delivered at the nght dose and with the nght schedule which will better 
control the progression of your tumor. 

The name of this new h g  is AMIFOSTINE. This is a new h g  king used in children. We 
first need to define the optimum dose and the monitoring care to be given during the 
administration of the dmg. This dmg has been used in hundredç of adults with cancer and 
has been proven to be safe and to protect normal tissues against some of the severe side 
effects of chemotherapy (ie. damage to the bone marrow, gut, kidney, and heart). 
Amifosthe does not protect the tumor. 



If you participate in this shidy, you rnay be asked to participate in one of the two different 
anns of the study. 

The first step of this clinical research is to find out what is the best dose of Amifostine that will 
not produce unacceptable side effects. You will receive a dose of Amifostine established by 
your doctor, based on current knowledge about the side effects at the time you are registered 
on the study. At that stage of the protocol, the dosages of chemotherapy (Ifosfamide, 
Carboplatin, VP-16) will be sirnilar to the standard treahnent (i.e. heahnent that you would 
have received if you were not part of t h s  study). 

Once the optimum dose of Amifostine is defined, we will start the second stage of the 
research. ( If you are part of the first stage of this research, you wiil not be asked to be part of 
the second stage). During the second stage of this research, the drug carboplatin will be 
administered at a higher dose (than the standard heatment). It will be given with the 
optimum dose of Amifostine as defined by the results of the first stage of this clinicai research. 
We wiU evaiuate if the addition of Amifostine wiil d o w  us to deliver this higher dose of 
Carboplatin. The two other chemotherapy drugs, Ifosfamide and VP-16, wiil be administered 
at the standard dosage. 

Your doctor will inform you of the dose of Carboplatin that you will receive and the potential 
side &ects that codd be experienced. It is possible that you wiii be the fint one to receive 
this higher dose of carboplatin and in this situation, it rnay not be possible for your doctor to 
give you any information on diildren treatedat this higher dose level. 

Very strict guidelines are in place in order to detect and reduce excessive toxicity of the 
Amifostine and chemotherapy regimen. 

Purpose of Research: 

1) TO see if the dmg Amitostine is well tolerated and can reduce the side effects of 
~hernotherapy when adminiçtered prior to and foilowing certain chemotherapy drugs. 

2) To d e f i e  a new dose for Carbopiatin when given with Amifostine. 

3) To see if a higher dose Carboplatin, given with Ifosfamide and VP-16, produces a better 
Ming of tumor cells. 

4) To determine the side effects of Amifostine and the higher dose of Carboplatin when 
given with the standard doses of Ifosfamide and VP-16 in patients with recurrent cancer. 

Description of Research Procedure: 

Before starting the study, blwk work, urine tests, a chest X-Ray and a hearing test will be 
done. 
You will be admitteci to hospital to receive a chemotherapy regimen that inciudes 3 dnigs at 
a standard dosage. The dnigs are Carboplatin, Ifosfamide and VP-16. 



On day 1 and 2 of the protocol you will receive both Ifosfamide and VP  16 and on day 3 
Carboplatin will be given. All dmgs will be given by IV infusion (directly into a vein or 
central line). 

Arnifostine will be given by IV infusion 15 minutes before and 2 hours after both Ifosfamide 
and Carboplatin are given. 

Other children before you have been treated with Amifostine at a certain dose level. We will 
give the first three patients an established dose of Amifostine. If the first three patients do not 
experience any major side effects, then the next three patients will receive a 20% higher dose 
of Amifostine. This will continue until the optimum dose is reached. When severe side effects 
occur which are hard to controi then we know that the optimum dose (maximum tolerated 
dose) of Amitoscine is the one that was given before these severe side effects occured. 

Because Ifosfamide can cause bladder irritation, a drug cdled Mesna wiII be given by IV 
infusion over 3 hours after each dose of ifosfamide and then over 15 minutes at 3,6  and 9 
houn after the last dose of Lfosfamide is given. Mesna helps protect the bladder from 
irritation. 

It is possible that we may alço have to use a dmg cailed GCÇF which wiIl be given by 
injection under the skin at home. This drug helps the white blood count to recover rapidly 
and should help to prevent infections. It will be given every day until the blood counts 
increase . 

A Kan will be done 3 weeks after treatment is given. If the results show stable disease or 
improvement a second course of treaiment will be given. 

Three weeks after the second course of chemotherapy, aii the sans (CT, MRI and Bone scans) 
will be repeated. 

To study the way the body handes Amifostine, special blood studies will need to be done 
c d e d  pharmacokinetics. After the fint dose of Amifostine is given 11 bIood samples will be 
drawn over 1 1/2 h o m .  Less than 1/2 teaspoon is drawn each tirne which is less than 5% of 
your total blood volume and is a safe amount even for very small children. These samples 
cannot be drawn from the central line. It wili be neceçsary to put a small plastic tube called a 
heplock into a vein in your arm which wiii be used to draw all of the samples from. - 

Once the maxilnum toIerated dose of Amifostine has been established, you may be asked to 
participate in the second phase of the study which will try to find a higher, yet safe, dose of 
Carboplatin that can be given in association with a standard dose of Ifosfamide and VP-16 
and with Arnifostine. 

Description of Standard Treatment: 

At the üme of diagnosis of -or recurrence, you rnay be offered various types of treatrnent. 
The combination of ifosfamide , carboplatin and VP-16 is a combination of dmgs frequently 
w d  in cases similar to yours, and is recognized as a standard treatment in Our institution. 



Potential Harms; 

Side effects of Amifostine are transient and will stop a few minutes after the infusion of the 
drug. They are: nausea, vomiting. sneezing, warm flushed feeling, rnild somnolence 
(drowsiness), metallic taste during the infusion, occasional allergic reaction and hansient 
lowering of blood calcium. Blood work will be done every 12 hours to measure the calcium 
level as well as other blood levels. The central line can be used for this. Al1 of your urine will 
be collected tor testing during your hospital stay. 
The most frequent side effect is a drop of the blood pressure. For that reason your blooci 
pressure will be taken every 5 minutes during the infusion of d o s t i n e  (15 minutes) and for 
15 minutes after that. Amifostine will be stopped if your blood pressure drops below a certain 
level. Side effects have always been reversible, and no major or irreversible side effects have 
been reported in adults receiving Amifostine. Temperature and other vital signs will also be 
monitored. 

Medications wiil be given in order to decrease the amount of nausea and vorniting tha t you 
may experience during the administration of the chemotherapy and Amifostine. 

Ifosfamide, Carboplatin and VP-16 may cause severe lowering of blood counts. This may lead 
to infection or bleeding. Both of these can be treated and we may use G-CSF with the 
intention of speeding up the recovery of the white blwd cell count and aid recovery from 
infection. ifosfamide may cause kidney darnage that may result in the need for you to take 
minera1 supplements by mouth. 

Side effects of Ifosfamide rnay include: Iow blood counts, decreased resistance to infection, 
bleeding, anemia, bladder irritation, blood in the urine, kidney darnage, bra i .  toxicity, nerve 
damage, lung darnage, heart damage, drowsiness, seizures, nausea, vorniting, liver damage 
and hair los. Rare instances of secondary cancer, leukemia, and pre-leukemia have been 
reported. Very rarely death may o c m  due to one or more complications. 

Side effeds of VP-16 may include: low blood counts, with a period- of increased N k  of 
infection, bleeding and anemia, n a w a  and vomiting, hair loss, dianhea, nerve disorders, 
mouth sores, serious allergic reactions with chills, fever, low blood pressure and difficulty 
breathing, rapid heart ka t ,  swding or itdiing of the face, hands, and feet, a N k  of 
developing secondary leukemia, or pre- leukemia. - 

Side effects of Carboplatin may indude: low blood counts, with a brief period of increased 
risk of infection, bleeding, bruking and anemia, fatigue, severe nausea and vomiting, serious 
dergic reaction, with low blood pressure and breathing difficulty, severe damage to the 
kidneys, hearing loss, ringing in the ears, spasm of the muscles or seizures due to imbalance 
of blood chernicals , nerve damage, and damage to peripheral nerves that transmit sensations 
and conhol body movement. RareIy damage to the iiver or eyes, secondary malignancies, 
leukernia and pre-leukemia have been reported. Side effects from certain antibiotics c m  be 
made worse when given at the same time as Carboplatin. 

Comrnon side effects of CCSF may indude: bone pain, chilIs, fever, headache, generaiized il1 
feeling, nausea, Iow blwd pressure and shortness of breath. MiId toxicity to the liver and 



spleen have been noted. Bruising mav occur at the site of injection. Pre-existing skin rashes or 
inflammation of blood vessels may r&ur while using G-CSF. 

You will be given medication to help prevent and conho1 the side effects mentioned. In 
previous studies and in extensive experience at HÇC, the side effects of this drug were found 
to be tolerable and usually disappeared after the treamient was stopped. 

Side effects of Mesna may include: bad taste (conunon), abdominal pain, nausea and 
vomiting, diarrhea, headache, limb and joint pain, drowsiness, rash, and rarely low blood 
pressure. 

Potential Benefits: 

It is not known whether you will have any benefit from this research study. However, it is 
hoped that the treatrnent offered will be effective in controiling your tumor permanentiy, or 
at least temporarily. The knowledge obtained from this study will possibly be of help to 
others in the future. 

Should new scientific evidence indicate that this treatment is no longer in your best interest. 
this treatment will be stopped and M e r  alternatives wül be discwed with you. 

Alternatives: 

If you choose not to participate in this study, you may receive the treatment currently used by 
HSC. If you choose not receive any M e r  therapy, the tumor will probably continue to 
progress, during which time you wiil continue to receive the best available supportive care. 

Disclosure of Records: 

A record of your progress while on this study will be kept in a confidentid form at HÇC. No 
idenhfying information wiU be reieased or pubüshed. Pathological materials, including slides, 
may be sent to a centrai office or jaboratory for review or for further diagnostic studies. Tvv 
che research consent form will be inserted into your health record. 

Participation: 

Participation in research is voluntary. if you choose not to participate, you and your family 
will continue to have access to quabty care at HSC. If you choose to participate, you can 
withdraw from this study at any tirne. Again, you and your f d y  will continue to have 
access to qudity care at HSC. 



Consent: 

1 acknowledge that the research procedures dexribed above have been explained to me and 
that any questions that 1 have asked have k e n  answered to my satisfaction. 1 have been 
informed of the alternatives to participation in this study, including the right not to 
participate and the right to withdraw without compromising the quality of medical care at  
The Hospital for Sick Chldren for myself and for other members ot familv. As well. the 
potential harms and discornforts have been explained to me and 1 also understand the 
benefits (if any) of participating in the research study. 1 know that 1 may ask now. or in the 
future, any questions 1 have about the study or the research procedures. I have been assured 
that records relating to my care wiil be kept confidentid and that no information will be 
released or printed that would disclose persona1 identity without my permission. 

1, , have read the above and hereby give consent to 
participate. 1 understand that 1 shaU receive a copy after signing this form. 

- 
Patient's Name Age Patient's Signature Phone No. Date 

Witness Name Witness Signature Phone No. Date 

HSC Physician Name Physician Signature Phone No. Date 



RESEARCH CONSENT FORM 
(Under 16 years old) 

MODULATION OF ICE TOXICITY BY THE CYTOPROTECTIVE AGENT AMIFOSTINE. 
.4 PHASE UII STUDY 

Investigators(s): A11 can be reached by calling 813-7742 

Dr. M. Greenberg Dr. E. Boyle Dr. D. Malkin 
Dr. S. Weitzman Dr. R. Grant Dr. M. Leaker 
Dr. H.S.L. Chan Dr. S. Baruchel 

Phase 1 Trials in Pediatric Oncoiopy 

The goal of a Phase I study is to find a safe dose of a new dmg that can be used in the future 
treatment of cancer. Phase I studies are performed by giving different dosages of the new 
drug to different patients and by doing blood tests to measure levels of the drug and check for 
side effects. 

Introduction: 

You have been told that your M d  has a recurrent solid tumor . Recunent solid tumors are 
difficult to treat as they do not respond well to most forms of chernotherapy, and are 
therefore often progressive. 

In order to treat your child's himor, it wül be appropriate to deliver a high dose of 
chemotherapy. This chemotherapy may control your M d ' s  himor, but may cause damage to 
different organs such as the bone rnarrow, the kidney, the heart, .the gut, and the cenhai 
nervous system. 

We are asking your permission to enroll your child in a research study that will test a new 
drug that is expected to protect the body from the toxicity of chemotherapy. This will allow 
the chemotherapy to be delivered at the right dose and with the right xhedule which will 
better control the progression of your child's tumor. 

The name of this new h g  is AMIFOSTINE. This is a new drug king used in children. We 
need first to define the o p h u m  dose and the monitoring care to be given during the 
administration of the drug. This drug has b e n  used in hundreds of adulfs with cancer and 
has been proven to be safe and to protect normal tissues against some of the severe side 
effects of chemotherapy (ie. damage to the bone rnarrow, gut, kidney, and heart). Arnifostine 
does not protect the tumor. 

if your cMd participates in this study, he/she may be asked to participate in one of the iwo 
different arms of the study. 

The first step of this dinical research is to find out what W the best dose of Amifostine that wiil 



not produce unacceptable side effects. Your child will receive a dose of Amifostine established 
by your doctor, based on current knowledge about the side effects at the tirne your child is 
registered on the shidy. At that stage of the protocol, the dosages of chemotherapy 
(Ifosfamide, Carboplatin, VP 16) will be similar to the standard treatment (i.e. treatrnent that 
your child wouid have received if he/she was not part of this study). 

Once the optimum dose of Arnifostine is defined, we will start the second stage of the 
research. ( If your child is part of the first stage of this research, he/she will not be asked to be 
part of the second stage). During the second stage of this research, the dmg Carboplatin will 
be administered at a higher dose (than the standard treaûnent). I t  wi11 be given with the 
optimum dose of Amifostine as defined by the results of the first stage of this clinical research. 
We will evaiuate if the addition of Amifostine will allow us to deliver this higher dose of 
Carboplatin. The two other drugs, ifosfamide and VP 16, will be administered at the standard 
dosage. 

Your doctor wilI inform you of the dose of Carboplatin that your child will receive and the 
potential side effects that could be experienced. It is possible that your child could be the first 
one to receive this higher dose of carboplatin and in this situation, it rnay not be possible for 
your doctor to give you any information on children treated at this higher dose level. 

Very strict guidelines axe in place in order to detect and reduce excessive toxicity of the 
Amifostine and chernotherapy regimen. 

1) To see if the dnig Amifostine is weU tolerated and can reduce the side effects of 
chemotherapy when administered prior to and following certain chemotherapy drugs. 

2) To define a new dose for Grboplatin when given with Amifostine. 

3) To see if a higher dose of Carboplatin, given with ifosfamide and VP-16, produce a 
better killing of tumor cells. 

4) To determine the side effects of Amifostine and the higher dose of Carboplatin when 
given with standard doses of Ifosfamide and VP-16 in patients with recunent cancer. 

Description of Research Rocedure: 

Before starting the study, blood work, urine tests, heart tests, a chest X-Ray and a hearing test 
wiil be done. 

Your chiid wiIl be admitted to hospital to receive a chemotherapy r e p e n  that includes 3 
drugs at a standard dosage. The d ~ g s  are Carboplaün, Ifosfamide and VP-16. 
On day 1 and 2 of the protocol your diild wül receive both ifosfamide and VP 16, and on day 
3 Carboplatin will be given. AU drugs will be given by IV inlusion (directly into a vein or 
central line). 



Amifostine will be given by IV dus ion  15 minutes before and 2 hours after both Ifosfamide 
and Carboplatin. 

Other children before your child have k e n  treated with Amifostine at a certain dose level. 
We will give the first three patients an established dose of Amifostine. If  the iirst three 
patients do not experience any major side effects, then the next three patients will re- 4 v c  a 
20% higher dose of Armfostine. This will continue until the optimum dose is reached. When 
severe side effects occur that are hard to control then we know that the optimum dose 
(maximum tolerated dose) of Amifostine is the one that was given before these severe side 
effects occured. 

Because Ifosfamide cm cause bladder irritation, a drug called Mesna will be given by IV 
infusion over 3 hours after each dose of Ifosfamide and then over 15 minutes at 3, 6 and 9 
houn after the last dose of Ifosfamide is given. Mesna helps protect the bladder from 
im ta tion. 

It is possible that we rnay also have to use a dmg c d e d  GCSF which will be given by 
injection under the skin at home. This dnig helps the white blood count to recover rapidly 
and should help to prevent infections. It wiIl be given every day until the blood counts 
increase. 

A scan will be done 3 weeks after treatment is given. If the results show stable disease or 
irnprovement a second course of treatment wiU be given. 

Three weeks after the second course of chemotherapy, ali the scans (Cî, MRI and Bone scans) 
wiIl be repeated. 

To shidy the way the body hanciles Amifostine, special blood studies will need to be done 
' caiied pharnrncokinetia. M e r  the first dose of Amifostine is given 11 blood samples wilI be 
drawn over 1 1/2 hours. Les than 1/2 teaspoon is drawn each time which is less than 5% of 
your childs total blood volume and is a d e  arnount even for very small children. These 
samples cannot be drawn from the central Iine. It will be necessary to put a small plastic IV 
tube called a heplock into a vein in your childs arm which will be used to draw al1 of the 
samples from. 

Once the maximum tolerated dose of Amifostine has been established, your chdd may be 
asked to participate in the second phase of the study which will iq to find a higher, yet d e ,  
dose of Carboplatin that cari be given in association with a standard dose of Ifosfamide and 
VP-16 and with Amifostine. 



Description of Standard Treatment: 

At the tirne of diagnosis of tumor recurrence, you may be offered various types of heatment. 
The combination of Ifosfamide , Carboplatin and VP-16 is a combination of drugs frequently 
used in cases similar to your child's case, and is recognized as a standard treatment in our 
institution. 

Potential Harms: 

Side effects of Amifostine are transient and will stop a few minutes after the infusion oi the 
dmg. They are: nausea. vomiting, sneezing, warm flushed feeling, mild somnolence 
(drowsiness), metallic taste during the infusion occasionai aüergic reaction and transient 
lowenng of blood calcium. Blood work will be done every 12 hours to measure the calcium 
level as well as other levels. The central line can be used for W. Al1 of your child's urine will 
be collected during the hospitd stay. 
The most frequent side effect is a drop of the blood pressure. For that reason your child's 
blood pressure will be taken every 5 minutes during the inhision of Amifostine (15 minutes) 
and for 15 minutes after that. Amifosthe will be stopped if your child's blood pressure drops 
below a certain level. Side effects have aiways b e n  revenible, and no major or irreversible 
side effects have been reported in adults receiving Amifostine. Temperature and other vital 
signs will also be monitored. 

Medications will be given in order to daease  the arnount of nausea and vomiting that your 
child may experience during the administration of the chemotheapy and Amifostine. 

Ifosfamide , Carboplatin and VP-16 may cause severe Iowering of blood counts. This may lead 
to infection or bleeding. Both of these can be treated and we may use G-CSF with the 
intention of speeding up the recovery of the white blood c d  count and aid recovery from 
infection. ifosfamide may cause kidney damage that rnay result in the need for your child to 
take mineral supplements by mouth. 

Side 'effects of Ifosfamide may indude: low blood counts, decreased resistance to infection, 
bleeding, anemia, bladder irritation, blood in the urine, kidney damage, brain toxicity, nerve 
damage, lung damage, heart damage, drowsiness, seizures, nausea, vomiting, liver damage 
and hair loss. Rare instances of secondary cancer, leukemia, and pre-leukemia have been 
reported. Very rarely death may occur due to one or more complications. 

Side effects of VP-16 may indude: low blood counts, with a period of increased risk of 
infection, bleeding and anemia, nausea and vomiting, hair Ioss, diarrhea, nerve disorders, 
mouth sores, serious dergic reactions with chills, fever, low blood pressure and difficulty 
breathing, rapid heart k a t ,  swelling or itching of the face, hands, and feet, a risk of 
developing secondary leukemia, or pre- leukemia. 

Side dects of Carboplatin may indude: low blood counts, with a brief penod of increased 
risk of infection, bleeding, bruishg and anemia, fatigue, severe nausea and vomiting, serious 
dergic reaction, with low blood pressure and breathing diffidty, severe damage to the 
kidneys, hearing los ,  ringing in the ears, spasm of the mwles or seizures due to irnbalance 
of bIwd chernicals , nerve damage, and damage to peripheral nerves that transmit sensations 



and control body movement. Rarely damage to the liver or eyes, secondary malignancies, 
leukernia and pre-leukemia have b e n  reported. Side effects from certain antibiotics can be 
made worse when given at the same time as Carboplatin. 

Common side effects of G-CSF may include: bone pain, chlls, fever, headache, generaiized il! 
feeling, nausea, low blood pressure and shortness of breath. Mild toxicity to the Iiver and 
spleen have been noted. Bruising may occur at the site of injection. Pre-existing skin rashes or 
inflammation of blood vessels may recur while using G-CSF. 
Your child will be given medication to help prevent and control the side effects mentioned. In 
previous studies and in extensive experience at HÇC, the side effects of this drug were found 
to be tolerable, and usually disappeared after the treatment was stopped. 

Side effects of Mesna rnay include: bad taste (cornmon). abdominal pain, nausea and 
vorniting, diarrhea, headache, limb and joint pain, drowsiness, rash, and rarely low blood 
pressure. 

Potential Benefits: 

It is not known whether your child will have any benefit from this research study. However, 
it is hoped that the treatment offered wül be effective in controllhg your child's tumor 
permanently, or at least temporarily. The knowledge obtained from this study will possibly 
be of help to others in the future. 

Should new scientific evidence indicate that thiç treatment is no longer in your chiid's best 
interest, this treatment will be stopped and m e r  alternatives will be dixussed with you. 

Alternatives: 

If you choose, an behalf of your child, not to participate in this study, your child may receive 
the treatment currently used at HÇC. If you choose. on behalf of your child, not to receive any 
further therapy, the turnor will probably continue to progress during which tirne your child 
wilI continue to receive the best available supportive care. 

Disclosure of Records: 

A record of your chüd's progress while on this study wiil be kept in a confidential form at 
HSC. No idenûfying information wül be released or published. Pathological rnatenals, 
including slides, may be sent to a central office or laboratory for review or for hirther 
diagnostic studies. The research consent form will be inserted into your child's hedth record. 

Participation: 

Participation in resemch is voluntary. If you choose on behalf of your child not to participate, 
you and your family wiU continue to have access to quality care at HSC. If you choose on 
behalf of your M d  to participate, you cari withdraw from this study at any tirne. Again, 
your child and your family will continue to have access to quality care at HSC. 



Consent: 

1 acknowledge that the research procedures described above have been explained tc me and 
that any questions that I have asked have been answered to my satisfaction. 1 have been 
iniormed of the alternatives to participation in this study, including the right not to 
participate and the right to withdraw without compromising the quality of medical care at 
The Hospital for Sick Children for my child and for other members of my family. As well, the 
potential harms and discornforts have been explained to me and 1 also understand the 
benefits (if any) of participating in the research study. I know that 1 may ask now, or in the 
future, any questions 1 have about the study or the research procedures. 1 have been assured 
that records relating to my child and his/her care will be kept confidential and that no 
information will be released or printed that would disclose personal identity without my 
pennission. 

I have read the above and hereby give consent for my chiid t O 

participate. 1 understand that 1 shall receive a copy after signing thiç fom. 

Parent/ Legai Guardian Patient/ Legal Guardian's Phone No. 
Narne Signature 

-- - 

Witness Name Wi tness Signature Phone No. Date . 

FISC Physician Name Physician Signature Phone No. Da te 



INFORMATION FORM 

TITLE OF STUDY: 
MODULATION OF ICE TOXICITY BY AMIFOSTME A CYTOPROTECTlVE 
AGENT. A PHASE I/II STUDY 

INVESTIGATORS: Al1 cm be reached by calling 8 13-7742 

Dr. M. Greenberg Dr. R. Lau Dr. E Boyle 
Dr. S. Weitzman Dr. R. Grant Dr. D. Malkin 
Dr. H.S.L. Chan Dr. S. Baruchel Dr. M. Leaker 

Why are we doing this study? 
You know that you have a tumor that has grown back. We are trying to find out if using a 
new medicine called Amifostine d l  protect you against the side effects of the 
chemotherapy we want to give you so that our chances of curing the tumor chat you have 
are better. The names of the chemotherapy medicines are Ifosfamide, VP-16 and 
Carboplatin. Sometimes these medicines can make you sick in other ways and we need 
to find out if that will happen when we give them to you. 
Amifosthe has been given to mmy adult patients but not very often to children. Being 
part of this research you will help us £ind the best dose of this medicine for children. 
If the side effects of the medicine are too bad we will stop the treatment. 

What wiii happen during the study? 
You will be given the medicine Amifostine into your IV for 3 days. You will get it before 
and a e r  the chemotherapy dmgs Ifosphamide and Carboplatin are given. You might get 
quite sick and we will give you other medicines to heIp you get better fast. Three weeks 
after you get the amifosthe and chemotherapy for the first time, we will do a scan of your 
tumor to see how the chemo is working. Then we will decide whether you will get more 
treatment or not. The very fint time you get Amifostine we need to do 11 special blood 
tests so we know how the Amifostine is working in your body. We will put an IV needle 
(called a heplock) into one of your veins and we will take ail of the bIood tests from that 
needle. 

Are there good things and bad things about this study? 
This chemo will hopefully make your hrmor go away. The medicines can sometimes do 
other things like make you sick in your stomach, or make you feel tired, or give you a 
fever. You and your family will be asked to tell us if these things, or other bad things 
happen to you. We c m  give you other medicine to help you feeI better. 

Who will know about what 1 did in the study? 
If you are part of this study, your name, address, information about how you feel, and 
information about your hunor will be shared with other doctors in Canada and the United 
States to see if the medicines are working. No one will write or taik about your illness 
using your name or other identifying information. 



Can I decide if 1 want to be in the study? 
If you do not want to be a part of this study that is O.K. No one will be upset or 
disappointed. If you Say yes now but change your mind later, you can say no to your 
doctor or nurse and that wiII be O.K. Your mother or father is also reading some 
information about this study. They will talk to you about it. Ask thern questions if you do 
not understand what you have read or been told. They will help you to understand. Please 
ask the nurse or doctor any questions that you may have. They will aIso help you to 
understand. 

E was present when read this fom and gave his/her verbal assent. 

~arne of person who obtained assent 

Signature 
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APPENDIX 4 Hydrodynamic VoItarnrnograrns 

In order to use an electrochemical detector successtiill~ tor HPLC. one must know the 

appropriate potential to effect the desired electrochemical reaction ( ive . .  osidation or reduction of 

the compound of interest). This potential can be determined esperimentally by generating a 

hydrodynamic \.oltarnmogram ( H D V )  c u n c  also known as the currentivoltage ( C X )  c u n c  It is 

important to always obtain a HDV curve for racli compound of interest whrn the system is 

initially set up and cach timr a major componrnt kg.  the c d )  is changed. 

.-ln t lDV ç u n e  is generiitcd by initially setting the potrntial on hotti channrls (Le.. E l  

and E7) to a value whctre it is knonn that the clcctrwhzniical cicrivit). of the compound of 

intrrest is low ( i .~ ' . .  no response is seen). .\ sample of known çonccntration of the sprcirs of 

interest is then injectcd and the çhrornatogram is rccorded. The potcntinl on E2 is inçreased by 

50 mV and once th.: bassline is stable. the same samplr (of fiscd conccntraiion) is injected again. 

This procrss is repeated until no further increases in the peak height are obsened. The current 

genrrated (peak hright) is plotted against the applied potential. Visuril inspection of the cunx  

indicrites where the osidative ( iising positive potenrials i or reductiw i u i n p  ncgritivc potentials J 

response is the greatest ( i . r . .  once the c u n e  plateaus). The potentiril selrcted for future use in 

analyzing this particular compound should he ripprosimatcly 50 mV higher than thc potential at 

whicli the prak Iieight rrachcd n plateau (ES.-\ Inc. lW3 ). 

The followiny two tïgures are representative HDV curvcs for WR1065 and glutathionr 

respectit-ely. New HDV cuwcs were generated each time the analytical cc11 \cas replacrd to 

determine the optimum electrochemical settings for the compounds of interest. In yrneral. the 

optimum settings for UR1065 analysis were approsimately 650. 100 and 600 mV for the guard 

cel1. E l  and EZ respcctively and for glutathione thcy were 850. 400. 800 mV. In some cases we 



141 

had to compromise some of the glutathione signal in order to lower the electrochemical setrings. 

as higher voltages shorten the lik of the analytical cell. 



.4  pical al WR1065 voltamogram. 30 pl of 3 100 ~ $ 1  standard solution 
were ana1';zed at a gain range of I O  UA. 

.-\ t4pical GSH Voltarnogrrim. 1 O pl of a standard soliitiisn containing 
100 pM GSH and GSSG was analyzed with a gain rangc of 100 p l  for GSH 
and 1 pA for GSSG. 
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APPENDIX 9 Piasma concentration-time data for patients enrolled in the Phase 
1 clinical trial of amifostine (receiving a dose of 600 mg/m2). 

Time 1 Amifostine 1 WR1065 

Patient 2 

(min.) 
pre in filsion 

Time 
(min.) 

pre in fus ion 
3 
5 
10 
15 
20 
3; 
13 
60 
90 

Concentration (FM) 
O .O 

Patient 3 

Concentration (FM) 
0.0 

Concentration (PM) 
O .O 
7 . 5  

t 1.7 

Concentration (ultI) 

Disulfide 
Conccnt ration (FM) 

9. O 
96.3 
75.6 
36.0 
25.4 
25.6  
23.6 
18.9 
14.2 

Disulfide 
Conccn t ration ( p M )  

0.0 
55.2 
52.4 
47.6 
17.9 
7 4 1 -.- 

11.0 
10.5 
8.6 

6.7 

(min.) 
pre infusion 

I 
3 
S 
I O  
18 
20 
30 
40 
60 
90 

Time 
Concentration (FM) 

0.0 
60.6 
59.9 
48.2 
5 1.9 
18.9 
j 7.3 
3 0.5 
2 s -2 
23 .O 
19.8 

Amifostine WR1065 Disulfide 



Patient 4 

(min.) 
pre infusion 

'1 - 

Patient 5 
Time 
(min.) 

pre infusion 
I 
5 

Patient 6 
Time 
(min.) 

pre infilsion 
7 - 
5 
10 
15 
20 
30 
4 l 
6 1 
90 

-- 

Xmifostine 
Concentration (FM) 

0.0 
10.3 
16.0 
4.1 
3 .O 
1.5 
0.8 
1.2 
0.2 
o. I 

Concentriition (PM) 
O. O 
78.0 
'3 3 J-.- 

6.3 
4.3 
7 ' ,. i 

I .3 
1.4 

- 

.hnifostine 
Concent ration ( ~ $ 1 )  

0.0 
7.6 
3.1 
1.4 
0.6 
O. I 

Concentration (uM) 

WR1065 
Conccntration (FM) 

o. O 
19.9 
15.5 

W R  1065 
Concentration (p>I) 

0.0 
14.6 
10.6 
16.1 
9.8 
6.7 
2.9 
1.4 
O. 1 

Disulfide 
Concentration (FM) 

0.0 
43 .O 

Disulfide 
Concentration (FM) 

o. O 
81.6 
57.0 
50.7 
50.2 
35.3 
25  .S 
1- 
-.J. 1 
20.1 
16.2 

Conccntration (DM) 



APPENDIX 6 

Whole blood glutathione concentrations of patients treated with amifostinc. Sarnpics were 
collectrd just before and for 90 minutes following the amifostine infusion (total glutathione is 
espressed in GSH equivalents i-e.. GSH + 2 GSSG). 

Patient 1 (2.5% PCA Lias iised: samples itere storcd t'or -1 months prior to anai>.sis) 

Timc (min.) 
preinfiision 

3 
5 
15 
25 
32 
45 
60 
88 

GSH (piM) 
'I/A 
63.17 
79.15 
107.39 
12O.36 
109.00 
3 7.25 
135.56 
154.0 1 

GSSG (PM) 
N/X 

2 14.58 
170.03 
172.7 I 
21 1.19 
2 14.42 
246.30 
240.05 
250.18 

Total Glutathione (PM) 
XIA 

492.33 
419.21 
452.80 
5 4 2 . 3  
537.84 
529.86 
6 15.65 
654.38 

Nlt\ = sample not obtained 

Patient 2 (2.j0/0 PCA N as used: samples nerc storcd for 2 itccks prior to rinal>.sis) 

Time (min.) 
prcin fiision 

3 
5 
10 
15 
20 
33 
43 
60 
90 

GSH (PM) 
284.77 
88.6 1 
130.08 
S I  .84 
152.19 
263.85 
340.63 
233.87 
198.32 
265 2 3  

Total Glutathione (FM) 
899.02 
5 75 .?? 
597.28 
6 19.79 
5 74.96 
6-6.05 
689.22 
73 5.60 
3 15.59 
833.73 

Patient 3 (2.5041 PC.4 w s  used: samples ttcre stored for 3 months prior to rinniysis) 

Time (min.) 
prein fusion 

1 
3 
8 
1 O 
18 
20 
30 
40 
60 
90 

N/D = below limit o f  detection 
GSH (@) 

N/D 
NID 
N/D 

47.20 
42.63 
52.16 
46-33 
3 7.42 
NID 
N/D 

126.66 

GSSG (PM) 
2 14.22 
230.25 
203 2 2  
224.75 
105.55 
142.60 
75 2 2  
162.58 
190.18 
142.4 1 
196.27 



Patient J 2.5% PCA was used: samples were stored for 1 da? prior to analysis) 

Time (min.) 
preinfusion 

2 
5 

1 O 
15 
73 -- 
30 
10 
60 
92 

Total GIutathionc (PM) 
585.05 
585.25 
482.33 
465.70 
534.34 
499.93 
587.90 
51S.51 
559.8 l 
555.36 

GSH (PM) 
5 2  1.45 
5iZ.61 
400.63 
424.66 
450.63 
431.8i 
475.30 
380.89 
438.57 
43 2.94 

Patient 5 ( 15% PCA was iised: samples were stored for I n w k  prior to rinaI>.sisl 

GSSG (PM) 
3 1-80 
36.32 
40.98 
20.52 
36.86 
34.06 
56.30 
68.96 
60.62 
61.31 

Timc (min.) 
prein tiision 

1 
5 
10 
15 
20 
30 
12 
60 
90 

GSH (PM) 
674.58 
575 .JO 
61 1.10 
6 18.06 
698.07 
691.15 
825 .OS 
754.52 
720.82 
708.15 

GSSG (PM) Total Glutathione (PM) 
9 16.60 
652.36 
702.74 
747.04 
507.4 1 
792.53 
98 I .O6 
923 .?S 
370.92 
847.34 

Patient 6 ( ljOh PCA t u s  tised: samples were stored for I tceek prior to rinalysis ) 

Timc (min.) 
preinfusion 

? - 
5 
1 O 
15 
20 
30 
4 1 
6 1 
90 

GSH (PM) 
660.67 
725 -34 
74 I .32 
907.5 1 
399.42 
715.16 
702.7 1 
678.22 
773.28 
672.60 

Total Glutathione (PM) 
805.77 
83 7.40 
886.92 
1054.93 
1066.36 
837.X 
843.1 1 
85 1.58 
970.22 
843.34 




