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ME ASU R EM E NT 0 F S-2-( 3-AM I NOPROPY L- 
AM1 N0)ETHANETH IOL (W R 1065) IN 

BLOOD AND TISSUE 

L. M. Shaw, H. S. Bonner,A. Turrisi, 
A. L. Norfleet, and M. Kligerman 

Departments of Pathology and Laboratory Medicine 
Radiation Therapy and the Cancer Center of the 

Hospital of the University of Pennsyhrania 
Philadelphia, Pennsylvania I91 04 

ABSTRACT 

A procedure f o r  the ana lys i s  of blood and t i s s u e  specimens f o r  
WR1065, t he  dephosphorylated metabolite of the  rad iopro tec t ive  drug 
WR2721, has been developed. The method includes the use of a per- 
ch lo r i c  acid/ELYfA ex t r ac t ion  s t e p  a t  O°C followed by chromatographic 
ana lys i s  using a mercury/gold t h i n  f i lm electrochemical de t ec t ion  
l i qu id  chromatography system. The ex t r ac t ion  technique w a s  designed 
t o  assure the  s t a b i l i t y  of both WR1065 and any WR2721 presen t  i n  
blood o r  tissues. Using the  described chromatography condi t ions  and 
an analog of WR1065, 3-(4-aminopropylamino)propanethiol (WR2518331, 
a s  an i n t e r n a l  standard the respec t ive  r e t en t ion  times of these  two 
compounds a r e  6.2 and 8.3 minutes. Experiments showing the  applica- 
b i l i t y  of this method t o  pharmacokinetic s tud ie s  of WR2721 and 
WR1065 and to inves t iga t ion  of the  k ine t i c s  of WR2721 hydrolys is  i n  
b io logica l  f l u i d s  such as stomach j u i c e  a r e  described. 

INTRODUCTION 

WR2721 i s  an experimental drug t h a t  provides s i g n i f i c a n t  radio- 

pro tec t ion  to many normal t i s s u e s  bu t  provides l i t t l e  or no protec- 
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846 SHAW ET AL. 

t ion to many experimental tumors (1,2). Several reports  have shown 

that WR2721 provides s ign i f i can t  protection against  the toxic 

e f f ec t s  of the chemotherapeutic drugs, c i s p l a t i n  and cyclosphospha- 

mide ( 3 , 4 ) .  A t h i rd  phannacologic act ion of WR2721 is i ts  hypocal- 

cemic e f f e c t  (5). The s ing le  dose phase I tr ials of WR2721 as a 

radioprotector and chemoprotector have been completed (6,7,8) and 

the drug has been shown t o  be e f f ec t ive  i n  reducing the serum 

calcium concentration i n  a pa t i en t  w i t h  hypercalcemia secondary to 

parathyroid cancer (9) .  

WR1065, the dephosphorylated f r ee  sulfhydryl metabolite of 

WR2721, is generally regarded as the act ive form of the parent drug 

and/or the precursor of act ive form(s) of the drug (i.e. the symme- 

t r i c a l  d i su l f ide  of WR1065 o r  mixed d i su l f ides  of the l a t t e r  and 

endogenous sulfhydryl compounds such as cysteine,  glutathione and 

proteins).  

sequence of the protector and treatment i n  pa t i en t s  it i s  es sen t i a l  

t o  be able t o  measure both WR2721 and WR1065 i n  blood and t issues .  

Although methods for  measuring WR2721 and WR1065 have recently been 

described (10,11,12, 13) there are  no ex i s t ing  methods fo r  s a t i s f ac -  

t o r i l y  measuring both WR2721 and WR1065 i n  blood and t issues .  

M f o r t s  t o  achieve this goal have been hampered by the f a c t  t h a t  

each compound has s t a b i l i t y  problems that a r e  d i f f e ren t .  'Ihus, the 

challenge has been t o  devise a blood and t i s sue  preparation method 

t h a t  assures s t a b i l i t y  f o r  both WR2721 and WR1065 and which i s  

compatible with the subsequent chromatography methods of analysis.  

Here we report  a sample preparation method t h a t  is simple and which 

assures the s t a b i l i t y  of WR2721 and WR1065 i n  biological samples. 

Thus i n  order t o  e s t ab l i sh  the optimal dosage and t i m e  
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WR1065 IN BLOOD AND TISSUES a47 

The prepared specimens are analyzed d i r e c t l y  w i t h  an HPLC method 

using a mercury/gold amalgam electrochemical de t ec to r  a t  t h e  

s e l e c t i v e  p o t e n t i a l  of + 0.15 volts. 

MATERIALS AND METHODS 

Apparatus 

A Bioanaly t ica l  Systems LC-304 l iqu id  chromotagraph inc luding  a 

dua l  p i s ton  pump operated a t  3,500 p s i  and a mercury/gold e l ec t ro -  

chemical de t ec to r  was used as previous ly  described (11) .  column 

temperature w a s  maintained a t  25OC with a temperature jacke t .  A l l  

t e f l o n  tubing was replaced w i t h  s t a i n l e s s  steel  to exclude oxygen. 

The column used f o r  these studies was the  BAS Biophase ODs 5u (4.6 x 

250 mm) .  

remove dissolved oxygen. 

'Ihe mobile phase was continuously purged wi th  n i t rogen  t o  

Chemicals 

~-2-(3-aminopropylamino)ethanethiol (WR10651, S-2-(3-aminopro- 

py1amino)ethylphosphorothioate (WR27211, and 3-(4-aminopropylamino) 

propanethiol (WR251833) were suppl ied  to ua by D r .  Lawrence 

Fleckenstein of the United S t a t e s  Army Medical Research and Develop- 

ment Command a t  Walter Reed Amy I n s t i t u t e  of Research. Acetoni- 

trile and methanol were obtained from Fischer S c i e n t i f i c  (King of 

Pruss ia ,  PA) and sodium o c t y l  s u l f a t e  was from Eastman Kodak Co. 

(Rochester, NY). A l l  o ther  reagents  used were of t he  h ighes t  

a n a l y t i c a l  grade ava i lab le .  
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a48 SHAW ET AL. 

Sample Preparation and Chromatography 

Unless otherwise noted specimens were processed a t  O°C by 

adding an a l i q u o t  of a so lu t ion  of 1 mol/L pe rch lo r i c  ac id  i n  2.1 

mmol/L disodium EDTA t o  an a l i q u o t  of the  sample to be analyzed i n  

the  r a t i o  2 t o  5 ,  respec t ive ly .  

cen t r i fuged  i n  the  cold (4OC) f o r  15 min i n  order  to prepare t h e  

superna tan t  f r a c t i o n  f o r  i n j e c t i o n  i n t o  the  chromatograph. Twenty 

mic ro l i t e r  a l i q u o t s  of the pro te in- f ree  specimens were in j ec t ed  onto 

a Biophase 5 u oc tadecyls i lane  column (250 x 4 . 6  mm) t h a t  w a s  

Samples t h a t  contained p ro te in  were 

maintained a t  25OC with a cons t an t  temperature jacke t .  

WR1065 a t  6 . 2  min and the  i n t e r n a l  standard WR251833 a t  8.3  min was 

Elu t ion  of 

achieved i s o c r a t i c a l l y  using a 40% (v/v) methanol/water mobile phase 

containing 0.1 mol/L monochloroacetic ac id  and 1 . 0  mmol/L sodium 

o c t y l s u l f a t e ,  pH 3.0, a t  a flow r a t e  of 1.3  mL/min. 

RESULTS AND DISCUSSION 

Detection, L inea r i ty  and S e n s i t i v i t y  

A l i n e a r  sweep voltammogram of a so lu t ion  of WR1065 is  display- 

ed i n  Figure 1 .  The voltammogram shows t h a t  t he  su l fhydry l  i s  oxi- 

dized a t  the  sur face  of t h e  mercury/gold amalgam electrode a t  a low 

po ten t i a l .  This is  cons i s t en t  wi th  the  observed electrochemical 

p rope r t i e s  of o ther  su l fhydry l  compounds such a s  g lu ta th ione  and 

cys te ine  ( 1 4 )  and shows t h a t  t he  mercury/gold e l ec t rode  s e t  a t  a 

po ten t i a l  of + 0.15 V with r e spec t  t o  a Ag/AgCl re ference  e l ec t rode  

i s  a su i t ab le  de t ec to r  f o r  HPLC ana lys i s  of  WR1065. A t y p i c a l  chro- 

matogram showing de tec to r  response versus e l u t i o n  t i m e  f o r  WRlO65 
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WR1065 IN BLOOD AND TISSUES a49 

T 
10rrA A 

I '  1 I I J 
to .240 -0.500 

FIGURE 1 .  A l i n e a r  sweep voltmmogram of 4 mmol/L WR1065 i n  an 
aqueous so lu t ion  of 0.1 mol/L monochloroacetic ac id  and 1.5  mmol/L 
sodium oc ty l su l f a t e ,  pH 3, using a mercury/gold e lec t rode .  

and WR251833 i s  shown i n  Figure 2. The ratio of peak h e i g h t s  of 

varying concent ra t ions  of WR1065 t o  t h a t  of t h e  i n t e r n a l  s tandard  

WR251833, a t  a concent ra t ion  of 100 umol/L i n  an aqueous s o l u t i o n  

conta in ing  10 mmol/L T r i s ,  pH 7 . 4 ,  and 1 g/L sodium EDTA, w a s  de te r -  

mined. The increase  i n  the  r a t i o  of WR1065 peak he igh t s  to t h a t  of 

the  i n t e r n a l  standard w a s  l i n e a r  over the  WRlO65 concent ra t ion  range 

of 2.5 t o  250 umol/L ( R 2  = 0.998). 

determined: 2 pmol per in j ec t ed  sample (100 nmoL/L of sample). 

The l i m i t  of s e n s i t i v i t y  was 

Sample Prepara t ion  

The use of the pe rch lo r i c  acid/EDTA s o l u t i o n  a t  O°C f o r  sample 

prepara t ion  i s  c r i t i c a l  t o  the  ana lys i s  of WR1065. It has been 

shown for su l fhydry l  compounds such a s  g lu ta th ione  t h a t  a t  n e u t r a l  

pH autoxida t ion  occurs i n  depro te in ized  samples ( 1 5 ) .  Further i f  
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FIGURE 2. A. Chromatogram of a mixture of a solution of 100 umol/L 
WR1065 and 100 umol/L WR251833 and perchloric acid/EDTA solution i n  
the proportions described in  Materials and Methods. Sens i t iv i ty  i s  
100 nA f u l l  scale.  B. Chromatogram of perchloric acid/EDTA extract 
of normal human blood to which was added 200 umol/L WR1065 and 100 
umol/L WR251833. Sensi t iv i ty  i s  200 nA f u l l  scale. 
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WR1065 IN BLOOD AND TISSUES 

TABLE 1 

Decrease of WR1065 Concentration i n  Whole Blood a t  O°C 

85 1 

Incubation t i m e  WR1065 Concentration Percent 
(min.) ( umol/L Or ig ina l  Concentration, % 

0 
30 
60 

120 
180 

205 (3.06)a 
125 (0.5) 
106 (1.0) 
101 (2.8) 
85 (0.7) 

100 
61 
52 
49 
41 

Human blood from a hea l thy  subject was co l l ec t ed  i n  EDTA vacu- 
t a i n e r  tubes. 3.0 mL of a f r e s h l y  prepared ice-cold so lu t ion  of 1.0 
g/L disodium EDTA, 10 mmol/L T r i s ,  pH 7.4, conta in ing  1.33 mmol/L 
wR1065 and 0.67 mmol/L wR251833 w a s  added to  17 mL of the ice cold 
blood sample. 

A t  the  ind ica ted  times a 1 mL a l i q u o t  of the blood sample was 
taken and immediately added t o  0.4 mL of ice-cold 1 mol/L pe rch lo r i c  
ac id ,  2.7 mmol/L disodium EDTA so lu t ion .  Further sample processing 
and chromatographic ana lys i s  were performed as described i n  
Materials and Methods. 

a Each r e s u l t  i s  the average of t r i p l i c a t e  determinations.  Values 
i n  parentheses a re  standard devia t ions .  

g lu ta th ione  is added to human plasma and incubated a t  37OC, i t  rapid- 

l y  disappears to produce g lu ta th ione  d i s u l f i d e  (16).  We have found 

thatWR1065 added t o  normal human blood and incubated a t  O°C r ap id ly  

disappears,  presumably, t o  form d i s u l f i d e  and mixed d i s u l f i d e  

products (Tab le  1 ) .  This process is  prevented by the  immediate 

treatment of blood with the  perchlor ic  acid/EDTA so lu t ion  as descr ib-  

ed above. It  has been shown that au toxida t ion  of su l fhydry l  com- 

pounds i s  minimal a t  low pH and t h a t  p r e c i p i t a t i o n  of blood pro te ins  

removes any possible enzymes t h a t  could ca ta lyze  su l fhydry l  oxida- 
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852 SHAW ET AL. 

TABLE 2 

Determination of the  Accuracy of the HPLC Method 

Spiked-in 
WRlO65 Conc. 
( umOl/L 

5 
50 

100 
200 

Whole Blood 

Percent 
Mean Measured Deviation 
Concentration (D) 

5.01 (0 .084)  0 .2  
5 3 . 6 ( 1 . 4 5 )  7 . 2  
107(1.92)  7 . 0  
201 (3.91 ) 0 . 5  

Average % D = 3.7 

Liver - 
Percent 

Mean Measured Deviation 
Concentration ( D )  

4 . 8 7 ( 0 . 1 7 )  -2.6 
5 7 . 9 ( 1 . 5 6 )  15.8 
102 ( 0 . 4 4 )  2 . 0  
187 ( 3 .03)  -6.5 

Average % D = 6.7 

To ice-cold a l iquo t s  of a pool of blood co l l ec t ed  from a healthy 
volunteer were added the  ind ica ted  WR1065 concentrations.  Using the  
procedure described i n  Table 1 t he  blood specimens were processed 
immediately a f t e r  addi t ion  of t he  ice-cold WR1065 so lu t ion .  The 
same spiking-in procedure was used to determine the accuracy of t he  
WR1065 HPLC ana lys i s  method f o r  mouse l i v e r  homogenate. The l a t t e r  
w a s  prepared from normal mice by homogenizing a mixture of 1 g of 
l i v e r  i n  a t o t a l  volume of 5 mL of 1 g/L disodium EDTA, 10 mmol/L 
tris, pH 1 .4 .  The concentration of WR251833, the i n t e r n a l  standard,  
w a s  100 umol/L i n  all specimens. Each measured concentration is  the  
mean of 4 determinations and the  numbers i n  parentheses are standard 
deviations.  

t i on  ( 1 5 ) .  Since the  disappearance of WR1065 i n  blood a t  O°C is  so 

rapid it is  e s s e n t i a l  t o  immediately treat blood samples containing 

WR1065 with ice-cold perchlor ic  acid/EDTA solu t ion .  When processed 

i n  t h i s  way we obtained very good recovery of WR1065 t h a t  had been 

added t o  human blood o r  mouse l i v e r  homogenate (Table 2 ) .  

Thus it i s  e s s e n t i a l  t h a t  these low pH condi t ions  be used i n  

order t o  obtain accurate WR1065 values. Since measurements of 

WR1065 a r e  o f t en  made i n  the presence of WR2721 it i s  important t o  
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WR1065 IN BLOOD AND TISSUES 853 

e s t a b l i s h  whether or n o t  the p e r c h l o r i c  acid/EDTA s o l u t i o n  produces 

s i g n i f i c a n t  h y d r o l y s i s  of t h e  la t ter  a t  O O C .  The rate of non- 

enzymatic h y d r o l y s i s  of WR2721 i s  s t r o n g l y  dependent  on p H  

( 10,17 , 18) and temperature  ( 1 8 ) .  The rate i n c r e a s e s  w i t h  d e c r e a s i n g  

pH and decreases  wi th  d e c r e a s i n g  temperature .  W e  determined t h e  

pseudo-f i rs t -order  rate c o n s t a n t  f o r  h y d r o l y s i s  of  WR2721 i n  t h e  

p e r c h l o r i c  acid/EDTA s o l u t i o n  a t  O°C and obta ined  a v a l u e  o f  0.108 x 

min-’ (Table  3 ) .  Thus t h e  rate of h y d r o l y s i s  of WR2721 under  

t h e s e  c o n d i t i o n s  would be  0.011% p e r  minute or about  0.6% per hour. 

This  very s l i g h t  rate of h y d r o l y s i s  w i l l  n o t  produce s i g n i f i c a n t  

f a l s e  i n c r e a s e s  i n  WR1065 c o n c e n t r a t i o n  f o r  t h e  d u r a t i o n  o f  a 

workday ( d 4 . 2 %  over  7 h o u r s ) .  As shown i n  Table  3 t h e  WR2721 

pseudo-f i rs t -order  h y d r o l y s i s  rate c o n s t a n t  i n  t h e  p e r c h l o r i c  

acid/EDTA s o l u t i o n  a t  25OC, 8.0 x 

OOC.  A t  25OC WR2721 h y d r o l y s i s  would proceed a t  a rate of 0.8% per 

minute. Thus, i n  o r d e r  to  prec lude  product ion  of s i g n i f i c a n t  

q u a n t i t i e s  of WR1065 from WR2721 us ing  t h e  d e s c r i b e d  sample 

p r e p a r a t i o n  procedure it is e s s e n t i a l  to main ta in  samples a t  O°C a t  

a l l  times p r i o r  t o  i n j e c t i o n  o n t o  t h e  HPLC column. 

min-l, i s  74 times t h a t  a t  

WR1065 blood c o n c e n t r a t i o n  i n  a p a t i e n t  g iven  m u l t i p l e  WR2721 d o s e s  

The a p p l i c a b i l i t y  of  t h e  d e s c r i b e d  techniques  to  pharmaco- 

k i n e t i c  s t u d i e s  i s  i l l u s t r a t e d  i n  F igure  3. WR2721 and WR1065 blood 

c o n c e n t r a t i o n s  w e r e  p l o t t e d  v e r s u s  time i n  a p a t i e n t  who w a s  g i v e n  5 

m u l t i p l e  in t ravenous  i n j e c t i o n s  of  150 mg/M2 WR2721. 

were g iven  every  4 minutes  and t h e  f i f t h  and l a s t  w a s  adminis te red  3 

The f i r s t  4 
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854 SHAW ET AL. 

TABLE 3 

Pseudo-First-Order R a t e  Constants f o r  Hydrolysis of WR2721 

0.4 mol/L =lo4, 
1 mmol/L sodium EDTA 

0.4 mol/L HclO4, 
1 mmol/L sodium EDTA 

F i r s  t-order 
r a t e  const. 

103 
Temp. pH (min'l) 

O°C 0.80 0.108 

25OC 0.80 8.0 

T1/2 

107 hr 

87 min 

Normal human stomach j u i c e  37OC 1.74 22.74 30.5 min 

The pseudo-first-order rate cons tan t  f o r  hydrolysis of WR2721 
w a s  obtained from WR1065 concentrations measured by the  described 
electrochemical l i qu id  chromatography method. For each rate 
cons tan t  determination WR1065 concentrations were measured a t  9 
consecutive 10 minute i n t e r v a l s  f o r  the 25OC study i n  pe rch lo r i c  
acid/EDTA, 4 consecutive 1 hour i n t e r v a l s  and a t  24 hours f o r  the  
O°C study i n  perchlor ic  acid/EDTA and 5 consecutive 20 minute 
i n t e r v a l s  fo r  t he  37OC study i n  stomach ju ice .  In each study the  
o r i g i n a l  concentration of WR2721 was 200 umol/L and one a l i q u o t  of 
the  r eac t ion  mixture was hydrolyzed completely to WR1065 by incuba- 
t i on  of 45OC for 2 hours. The pseudo-first-order rate cons tan t  f o r  
the  hydrolysis r eac t ion  was obtained from the slope of the  p l o t  of 
the na tu ra l  logarithm of the  d i f f e rence  between WR1065 produced a t  
each t i m e  po in t  and t h a t  produced by complete hydrolysis as a 
function of t i m e .  

minutes a f t e r  the  four th  dose. The d a t a  shows thatWR1065 concentra- 

t i o n  i n  blood increased s t e a d i l y  during the t i m e  i n t e r v a l  of the  f i r s t  

four doses, reached a p la teau  concentration of about 100 umol/L then 

decreased t o  a concentration of 35 umol/L 60 minutes a f t e r  t h e  f i r s t  

dose was given. WR2721 concentration declined rap id ly  a f t e r  reaching 

a concentration of 1200 umol/L 30 seconds a f t e r  adminis t ra t ion  of 
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FIGURE 3. A p l o t  of t he  log WR2721 and WR1065 blood concent ra t ions  
versus t i m e  i n  a p a t i e n t  who was given four  bolus i n j e c t i o n s  of  150 
mg/M2 WR2721 a t  4 minute i n t e r v a l s  and a f i f t h  bolus i n j e c t i o n  3 
minutes a f t e r  t he  fou r th  dose. 
dup l i ca t e  determinations.  

Each po in t  is the  average of 

t he  f i f t h  bolus dose. 10 minutes a f t e r  t he  l as t  dose the  WR2721 con- 

cen t r a t ion  became lower than t h a t  of WR1065. Thus WR1065, t he  f r e e  

su l fhydry l  metabolite of WR2721, appeared i n  the  bloodstream of the  

p a t i e n t  s h o r t l y  a f t e r  adminis t ra t ion  of WR2721 and remained i n  blood 

a t  higher concentrations than t h a t  of WR2721 f o r  a longer period of 

t i m e .  It has previously been shown t h a t  WR1065 appears i n  var ious  

tissues shor t ly  a f t e r  intravenous adminis t ra t ion  of WR2721 t o  mice 

(1 2) .  Furthermore t i s s u e  concent ra t ions  of WR2721 have been shown 

by u s  to  be, i n  genera l  much lower than those of WR1065 i n  mice 
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856 SHAW ET AL. 

shor t ly  a f t e r  adminis t ra t ion  of WR2721 (19).  Thus the  rap id  

decrease i n  WR2721 concent ra t ion  and rapid appearance of WR1065 i n  

the  p a t i e n t ' s  bloodstream i s  c o n s i s t e n t  wi th  t h e  observations of t h e  

f a s t  r a t e  of appearance of WR1065 i n  mouse t i s s u e s  a f t e r  WR2721 

administration. 

I t  i s  very l i k e l y  t h a t  WR1065 reac t s ,  i n  vivo, wi th  o t h e r  endo- 

genous compounds such a s  cys t e ine ,  g lu ta th ione  and c e r t a i n  p ro te ins  

t o  form mixed d i su l f ides .  Future s t u d i e s  w i l l  be required to 

i d e n t i f y  and quan t i t a t e  these.  

Production of WR1065 from WR2721 i n  human stomach j u i c e  

It has previously been noted t h a t  a f t e r  o r a l  adminis t ra t ion  of 

WR2721 the re  i s  a rapid and s i g n i f i c a n t  loss of the  rad iopro tec t ive  

a c t i v i t y  of t he  compound (10).  This has been presumed t o  r e s u l t  

from acid-catalyzed hydro lys is  of WR2721 t o  produce WR1065. The 

l a t t e r  then presumably was f u r t h e r  metabolized t o  inac t ive  compounds 

r e su l t i ng  i n  a loss of rad iopro tec t ive  a c t i v i t y .  

3 show t h a t  the  rate cons tan t  f o r  WR2721 hydro lys is  i n  a specimen of 

normal human stomach j u i c e  (pH 1.74) i s  22.74 x 

h a l f - l i f e  f o r  hydro lys is  of WR2721 i n  t h e  stomach j u i c e  sample i s ,  

therefore ,  30.5 minutes. Thus t h e r e  i s  a f a i r l y  rapid r a t e  of hydro- 

l y s i s  of WR2721 i n  stomach ju ice .  Although some i n t a c t  WR2721 might 

reach the  small i n t e s t i n e  i n  subjects given the  drug o r a l l y  i t  i s  

very l i k e l y  that t h e  remaining drug would be r ap id ly  dephosphorylat- 

ed a t  the  sur face  of i n t e s t i n a l  m i c r o v i l l i  by a l k a l i n e  phosphatase. 

The l a t t e r  plasma membrane enzyme is present  i n  high concent ra t ions  

Our d a t a  i n  Table 

min'l. The 
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WR1065 IN BLOOD AND TISSUES 857 

i n  s m a l l  i n t e s t i n a l  mic rov i l l i  (20) and it has been shown to r e a d i l y  

ca t a lyze  the  dephosphorylation of WR2721 (11). 
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