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A B S T R A C T  

A reversed-phase high-performance liquid chromatographic (HPLC) procedure was devclopcd io 
quantify intraeellular lymphocyte 6-thioguanine, methylmereaptopurine and mctlaylthioguanit~e. The free 
base of  each metabolitc was obtair'.ed by acid hydrolysis, which allowcd for a total dcterntination of  
thiopurine metabo|itcs. 6-Thioguanine was analyzed on an octadecylsilane column using acetonitrile-10 
mM sodium phospha'.= (11:89), pH 7, containing 0.06% tetrabutylammonium chloride. 6-Thioguanine 
was oxidized with potassium permanganate, and fluorescence was measured at 330 nm excitation and 410 
nm emission. IVlethylmercaptopurine and methyithioguanine were separated'on a cyanopropylsilane col- 
unto using methanol-40 mM sodium phosphate (22:78), pH 2.7, and detected by ultraviolet absorbancc at 
314 and 290 nm, respectively. 

I N T R O D U C T I O N  

The use o f  th iopurines  to treat acute lymphoblast ic  Ieukemia ( A L L )  has result- 
ed in 90% remission; however ,  3 0 - 4 0 %  o f  chi ldren relapse while  receiving main-  
tenance  therapy. C o n s e q u e n t l y ,  these patients are more  likely to die o f  their 
disease.  A L L  patients,  as well  as those  w h o  undergo  thiopurine  therapy for other 
reasons  such as organ transplantat ion  and Crohn's  disease, are at a cons tant  risk 
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o f  developing leukemia secondary to thiopurine therapy. Dosing these patients 
empirically by body weight and clinical outcome has not  resulted in uniformly 
safe and effective drug therapy for every patient. 

The target cell o f  6-mercaptopurine (MP) therapy is the lymphocyte.  In order  
to induce and maintain remission of  ALL, the neoplastic lymphoblasts  must be 
eliminated. To control other diseases that  require suppression of  the immune 
system, it is also the lymphocyte  that  must be regulated. The pr imary problem 
associated with studying lymphocytes  is the need for a Iarge number  of  cells to 
compensate  for poor  assay sensitivity. Previous methods  have relied on erythro-  
cyte (red blood cell, RBC) samples principly for that  reason. 

Early investigations to quantify thioguanine (TG) nucleotides hi v i t ro  concen- 
trated primarily on L5178Y murine lymphoma tissue cultures [1-4]. Analyses 
used to quantify thiopurine metabolites in cell culture included paper chromato-  
graphy [l], radiolabeled assays [2,3], and anion-exchange chromatography  with 
fluorescence spectroscopy [4]. 

The current  method for evaluating thiopurine metaboli tes as clinical markers  
of  myelosuppression has not changed significantly. Lennard and Maddocks  [5] 
have studied the T G  nucieotide concentrat ions of  RBCs by isolating the nucleo- 
tides as lanthanum salts, hydrolyzing the molecule to free the purine base, and 
quantifying the fluorescent sulfonate derivative. A more specific method devel- 
oped by Lavi and Holcenberg [6] quantified the individual mono-,  di- and trinu- 
cleotides of  thioinosine and TG in RBCs. The procedure isolated thiopurines by 
adsorpt ion to a mercurial cellulose resin followed by anion-exchange chromato-  
graphy. 

Fletcher and Maddocks  [7] developed a method to quant ify 6-thioinosinic acid 
in human  lymphocytes in vivo.  The procedure hydrolyzed the extracted nucleo- 
tides and quantified the free MP base. A similar procedure was used b~, Dooley 
and Maddocks  [8], but the thioinosinic acid was extracted from RBCs and ana- 
lyzed as the nucleotide using anion-exchange chromatography.  

Weinshilboum et  al. [9] identified an enzyme, thiopurine methyltransferase 
(TPMT),  that  S-methylates thioinosinic acid and T G  nucleotide to forr:l methyl- 
thioinosinic acid (MTI A) and methyl thioguanylic  acid (MTG),  respectively. Erd- 
mann et  al. [I0] developed a high-performance liquid chromatographic  (HPLC) 
method for determining the total concentra t ion of  M T G  and methylmercaptopu-  
rine (MMP),  as well as T G  and MP, in RBCs of  patients on thiopurin~ therapy.  
The s tudy  showed a significant accumulat ion of  M M P  and lesser amounts  of  
M T G  in RBCs. 

In an a t tempt  to identify the relationship between M P  therapy and toxicity, we 
developed an HPLC method capable of  detecting low nanogram quantities of  
TG,  M M P  and M T G  in lymphocytes.  The lymphocyte  method is very sensitive 
and requires only 10 ml of  whole blood. The assay procedure is similar to t he  
RBC method by Erdmann  et  al.  [10] that  hydrolyzes the nucleotides and nucleo- 
sides to free bases before analysis, The lymphocyte  sample preparat ion is cleaner 
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than working with RBCs which has allowed for improved sensitivity. An applica- 
tion of this method to a patient with Crohn's  disease is also presented. 

E X P E R I M  E N T A  L 

Materials 
All chemicals were analytical grade except where noted. The TG, MMP,  

MTG,  sulfamethoxazole (SMX), ethyleneglycol tetraacetic acid, Ficoll-Hypaque 
and hydrogen peroxide were obained from Sigma (St. Louis, MO, USA). Sulfuric 
acid, methanol (HPLC grade) and water (HPLC grade) were purchased from 
Mallinckrodt, (Paris, KY, USA). Perchloric acid (70-72%) sodium bicarbonate, 
sodium dihydrogenphosphate, potassium permanganate, sodium hydroxide, hy- 
drochloric acid, dichloromethane and ethyl acetate were obtained from Fis,~her 
Scientific (Fair Lawn, N J, USA). Tetrabutylammonium chloride (HPLC grade) 
was obtained from Eastman Kodak (Rochester, NY, USA). 

Instrumentation 
The chromatography was performed with a Hewlett-Packard Model 1090 

liquid chromatograph equipped wii.h a data processing unit, diode-array detec- 
tor, heated column compartment,  auto-~,ampler and auto-injector, and a model 
1046 fluorescence detector with a xenon lamp (Hewlett-Packard, Palo Alto, CA, 
USA). Fluorescence peak heights were determined with a Hewlett-Packard Mod- 
el 3392 integrator. Cell counts were obtained with a Coulter counter, Model Zf  
(Coulter Electronics, Hialeh, FL, USA). 

Chromatographic conditions 
(a) Thioguanine was separated by pumping a mobile pha,,.e consisting ofaccto- 

nitrile-10 m M  sodium phosphate (I 1:89, v/v), through a 200 ram x 4.6 mm 
octadecylsilane column (Hypersil ODS, 5 pro, Hewlett-Paekard). The buffer con- 
tained 0.06% (w]v) tetrabutylammonium chloride and was adjusted to pH 7. The 
flow-rate was 1.5 ml]min. Fluorescence of TG was monitored at 330 nm (12 nm 
bandwidth) excitation and 410 nm (25 nm bandwidth) emission, with a photo- 
multiplier setting of 15. A 370-nm cut-off filter was used to block any light from 
370 nm and lower from entering the photomultiplier. The column compartment 
was heated to 45°C, and 10 pl were injected onto the column. 

(b) M M P  and M T G  were separated on a 150 m m ×  4.6 mm cyanopropylsi- 
lane column (Zorbax CN, 5 pm, Dupont,  Biomedical Products, Wilmington, DE, 
USA). A mobile phase consisting of methanol-40 m M  sodium phosphate (22:78, 
v]v) was pumped at 1.5 ml/min through the column. The buffer was adjusted to 
pH 2.7 before mixing with the methanol. The metabolites were detected by simul, 
taneously monitoring UV absorbance at 290 nm (4 nm bandwidth) for M T G  and 
314 nm (4 nm bandwidth) for MMP.  
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Drug sohttions 
A 20 ~lg/ml stock soluti : .n o f  T G  was p repared  by !irzt dissolvilag die d i u g  in 

0.1 M N a O H ,  then br ing ing  to final vo lume  wi th  0.1 M HC1. A stock solut ion 
con t a in ing  120 i tg/ml M M P  and  300 ltg/ml M T G  was prepared  in me thano l .  All 
s tock solut ions  were di luted i : I 0 and  stored at 4°C unt i l  the s t anda rd  curves were 
prepared .  The  stock solut ions  were prepared  fresh daily.  S M X ,  the in te rna l  s tan-  
da rd  (I.S.) for the M M P - M T G  assay,  was dissolved in m e t h a n o l  at 200 ttg/ml. 

M M P - M T G  extraction sohltion 
The  ext rac t ion  solut ion was p repared  us ing ethyl  a c e t a t e - d i c h l o r o m e t h a n e  

(25:75, v/v) con ta in ing  0.1 i tg/ml SMX.  

Sample preparation 
For  purposes  o f  qtmnt i f icat ion,  all d rug  concen t ra t ions  were no rma l i zed  to 5 • 

106 cells. All s t anda rd  curves were cons t ruc ted  with n = 4 replicates for each  
concen t r a t ion  point .  Aqueous  d i lu t ions  o f  T G,  M M P  and  M T G  were p repared  
and  100 ltl of  each di lu t ion were added  to tubes  con t a in ing  100 ltl o f  washed  
lymphocytes .  The  s t anda rd  curve concen t r a t ion  range  was  1, 2, 4, 10, 15, 30 and  
40 ng for T G ,  2, 6, 12, 20 and  40 ng for M M P ,  and  5, 15, 30, 40 and  50 ng for 
M' I 'G  per 200 ltl. Then ,  ei ther 200 Ill o f  aqueous  s t anda rd  solut ion or  200 ltl o f  
pa t ien t  sample  was added  to 50 ltl o f  1 M sulfuric  acid and  hea ted  for 45 rain at 
100*C. The  hydro lysa te  was cooled and  centr i fuged,  and  200 1ll were p laced into a 
c lean tube con ta in ing  55 itl o f  1 M s o d i u m  b ica rbona te ,  p H  10.1. The  samples  
were extracted with 1.5 rnl o f  ext rac t ion  solut ion,  vor tex-mixed  and  centr i fuged.  
A 175-ltl a l iquot  o f  the upper  aqueous  layer  was t ransferred  to a c lean tube 
con t a in ing  25 ltl ot' 1 M sod ium b ica rbona te ,  p H  10.1. T G  was ana lyzed  in the 
aqueous  fract ion by oxidiz ing the d rug  with 25 ~ti o f  0 .5% po tas s ium p e r m a n g a -  
na te  for 5 rain, then  s topping  the react ion wi th  5 ~1 o f  15% hyd rogen  peroxide.  
The  samples  were vor tex-mixed and  t ransfer red  to H P L C  vials. The  r e m a i n i n g  
organic  f ract ion was ana lyzed  for M M P - M T G  by evapora t ing  the solvent  to 
d ryness  in a 40°C water  ba th  under  a s t ream o f  ni t rogen.  The  dr ied residue was 
reconst i tu ted in 100 ttl o f  me thano l .  

Quantification 
D u e  to the l imited avai labi l i ty  o f  s t anda rds  for th iopur ines ,  a su i table  i.S. for 

T G  was not  found.  Drug  levels were de t e rmined  accord ing  to the peak  height  o f  
external  s tandards .  A n  I.S. was used for M M P - M T G  qua nt i ta t ion.  The  peak-  
height  rat ios  o f  M M P  and M T G  to I.S were plot ted aga ins t  concen t ra t ion .  

Patient sample 
A 10-ml b lood  sample  was collected f rom a pa t ien t  d iagnosed  with C r o h n ' s  

disease receiving M P  for i m m u n o s u p p r e s s i v e  therapy.  The  samp!e  was  di luted 
wi th  15 ml  o f  phosphate-buffi~red sal ine (PBS) con t a in ing  3 m M  ethyleneglycoI  
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te t raacet ic  acid. The  lymphocy tes  were isolated by Jayering 8 ml  o f  d i lu ted  blood 
on 2 ml F i c o l l - H y p a q u e  and  cent r i fug ing  at 9000 g for 20 min,  The  l ymphocy te  
b a n d  was collected and  washed with PBS, and  the cells were resuspended  in  250/d  
o f  PBS. Cell dens i ty  was de te rmined  with a Cou l t e r  counter ,  and  the r e m a i n d e r  o f  
the  s ample  was stored at - 7 0 " C  unti l  ana lyzed .  

Absoht te  recovery 
L y m p h o c y t e  samples  con t a in ing  k n o w n  concen t ra t ions  of  M M P  (2, 12, 40 

ng), M T G  (5, 30, 50 ng) and  T G  (1 ,4 ,  15 ng) were c o m p a r e d  with co r re spond ing  
concen t r a t ions  o f  d rug  prepared  in water  to s imula te  100% recovery.  Tile two 
s t a n d a r d  curves were ana lyzed  together.  The  recovery was de t e rmined  by calcu- 
la t ing  the d rug  concen t ra t ions  found  in l ymphocy te s  using the l inear  regression 
equa t i on  ob ta ined  f rom the 100% recovery curve,  d iv id ing the !ymphocyte  con- 
cen t ra t ion  by the recovery concen t r a t ion  and  record ing  the difference as a per- 
centage.  

Stat is t ics  
Linear i ty  was calcula ted  by leas t -squares  regression analys is  and  repor ted as 

r 2. The  intercept  and  slope es t imates  inc luded  s t anda rd  deviat ions.  The  values 
represen t ing  the intercep'~ and  slope for T G  are based on a rb i t r a ry  peak-he igh t  
uni ts  ass igned by the integrator .  All  s t anda rd  dev ia t ion  m e a s u r e m e n t s  used in 
ca lcu la t ing  be tween-day  a n d  wi th in -day  precis ion were sample  s t anda rd  devia-  
t ions (n - 1). 

R E S U L T S  

Lineari ty  and precision 
The  observed  l inear i ty  and  precis ion for T G ,  M M P  and  M T G  was good over  

the concen t ra t ion  ranges  studied.  Be tween-day  precis ion was de t e rmined  by pre- 
pa r ing  the h igh  and  low values  for  each s t anda rd  curve and  ana lyz ing  them in 
quad rup l i ca t e  over  three days.  

TG. The  r 2 for T G  was 0.9944 with a s lope o f  2897.2 4- 29.5 and  an  intercept  
o f  -- 195.2 4- 1754.8. W i t h i n - d a y  precis ion ranged fi 'om 11.7% at I ng, 2 .4% at 
20 ng and  3 .4% at  40 ng. Betwezn.-c~ay precis ion r:mged f rom I3.2%o at 1 ng, 
3 .7% at 15 ng and  2.5°/0 at 40 n g  

M M P  a n d M T G .  The  r z for M M P  was 0.9934 witll  a slope o f  0.0240 4- 0.0005 
and  an  in tercept  o f  0.0254 4- 0.0277. The  ;.2 for M T ( ;  was 0.9781 wi th  a s lope o f  
0.0141 4- 0.0005 and  an  intercept  o f  0.0219 4- 0.0363. W i t h i n - d a y  precis ion for 
M M P  ranged  f rom 23.4% at 2 ng, 5.7% at 12 ng and  4 .6% at 40 ng; for M T G ,  
I 1.4%o at  5 ng, 6 .8% at 30 ng and  4 .2% a 50 ng. Between-day  precis ion for  M M P  
was 19.1% a t 2 n g ,  3 .9% at 2 0 n g ; . ~ n d 4 . 1 %  at 4 0 n g ;  f o r M T G ,  18% at 5 n g ,  
8.1%0 at 30 ng a n d  3 .7% at 50 ng. 
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Absohtte recovery 
The m e a n  recovery o f  M M P w a s  37% , M T G  was  38% and  T G  was  81% . T h e  

ext rac t ion  efficiency o f  M M P  unde r  these condi t ions  was s imilar  to o the r  repor t s  
[4], however ,  M T G  recovery could be increased to 60% by using ethyl ace ta te  
alone.  T G  remains  in the aqueous  f rac t ion  which migra tes  to the top  o f  the  tube  
when using ethyl a c e t a t e - d i c h l o r o m e t h a n e .  We  have  found  it easier  to first re- 
move  the aqueous  layer  at  the top  o f  the tube,  and  then the organic  at  the b o t t o m  
o f  the tube. I f  only M M P  and  M T G  were to be analyzed,  ethyl ace ta te  a lone  
would  be the ext rac t ion  solvent  o f  choice.  

Lymphocyte analysis 
C h r o m a t o g r a m s  showing  T G  and  the resolut ion o f  M M P - M T G  are  s h o w n  in 

Figs. 1 and  2. There  were no in terfer ing subs tances  present  in b l ank  lymphocy te s  
(Figs.  1A and  2A). A c h r o m a t o g r a m  o f a  T G  s t a n d a r d  (3 ng) is s h o w n  in Fig.  lB. 
T G  eluted a t  2.30 min. A C r o h n ' s  pa t ien t  sample  (Fig. IC)  showed  8 ng  T G  af te r  
normal iz ing  to 5 • 10  6 lymphocytes .  

C h r o m a t o g r a m s  represent ing  the analysis  o f  M M P  and  M T G  are  shown  in 
Fig. 2. Fig. 2B shows a s t a n d a r d  con ta in ing  6 ng M M P  and  15 ng M T G .  M M P  
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Fig. 1. Chroma tog rams  of  T G  in lymphocytes.  (A) Blank lymphocytes;  (B) 3 ng "I'G per 5 • l0 s lympho-  
cytes standards; (C) Crohn ' s  patient sample showing 8 ng T G  per 5 • 10 s lymphoeytes.  T G  ---- 2.30 rain. 

Fig. 2. Chromatograms  0 f M T G  (314 nm) and M M P  (290 nm) in lymphoeytes. (A) Blank lymphoeytes;  (B) 
15 ng M T G  and 6 ng M M P  per 5 • 10 s lymphocytes  standard;  (C) Crohn ' s  patient sample showing 1. i ng 
M M P  per 5 • I0 ~ lymphoeytes.  M T G  -- 2.91 rain; M M P  = 3.39 min. 



H P L C  O F  T H I O P U R I N E S  I55 

eluted at 3.39 min, M r G  at 2.91 rain and the I.S. at 7.15 min. The Crohn's  patient 
sample (Fig. 2C) showed an M M P  concentration of  1. ! ng after normalizing to 
5 • 106 lymphocytes. No M T G  was detected. 

D I S C U S S I O N  

MP and azathioprine are primary agents in treating patients with ALL, organ 
transplants and certain autoimmune disorders (e.g. Crolm's disease). T h e  in- 
cidence of delayed cytotoxicity and life-threatening myelosuppression and in- 
fection, resulting from toxic metabolite formation, is high and may only be identi- 
fied through clinical observation. 

In an efl'ort to determine the significance of methylated metabolites in vivo, 
Erdmann et al. [10] studied the total concentrations of M T G  and MMP,  as well 
as TG and MP, in RBCs of patients on thiopurine tberapy. This procedure quan- 
tified the total thiopurine content utilizing acid hydrolysis of the nucleotides in 
place of enzyme hydrolysis. Quantitation of the free thiopurine bases was then 
performed using commercially available standards. Results of the report suggest- 
ed that significant levels of intracellular RBC M M P  accumulate in these patients 
with lesser amounts of  M T G  being present. 

Lymphocytes are the target cells in thiopurine therapy. The ability to quantify 
thiopurine metabolites in lymphocytes has been limited by assay sensitivity and, 
unlike studies with RBCs, the availability of sufficient cell numbers for hi vivo 
studies. However, based on our current HPLC methodology, TG sensitivity has 
been validated to 1 ng and detection may bce, nhanced to 200-300 pg by reducing 
the column length and increasing the injection volume to 15 Id. It is also possible 
that the use of a mercurial cellulose resin to concentrate the thiopurine metabo- 
lites, such as that described by Lavi and Holcenberg [6], could increase the sensi- 
tivity of the assay, or possibly improve the precision of the smallest concentra- 
tions. However, the ability of the methylated metabolites to bind to mercurial 
derivatives has not been fully studied. The oxidation of thioguanine to the sulfo- 
hate increases detectability significantly, however, the methylated metabolites 
cannot be oxidized and must be detected by less sensitive UV absorption. 

The lack of thiopurine nucleotide standards has further complicated the analy- 
sis of these metabolites 0! vivo. Researchers have obtained nucleotides by isolat- 
ing and purifying minute quantities of nucleotides from cell cultures. In other 
reports peak shift analyses have been employed by collecting and treating "sus- 
pect '" chromatographic peaks with specific enzymes, and following the resultant 
shift of  the peak during subsequent chromatographic runs using commercially 
available standards [2,3]. 

The reversed-phase HPLC method described here is sufficiently sensitive to 
quantify total intracellular pools of TG, M M P  and MTG in Iymphocytes ob- 
tained from a 10-ml whole blood sample. We are currently using this method to 
determine the effect intracellular thiopurines have on cellular adenine and gua- 
nine levels. 
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