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LIqUID CHROMATOGRAPHIC ANALYSIS OF 
ADRIAMYCIN AND METABOLITES I N  BIOLOGICAL FLUIDS 

Mervyn I s rae l ,  Wi l l iam J. Pegg, Peter M. Wilkinson, 
and Marc B. Garnick 

Sidney Farber Cancer I n s t i t u t e  
Harvard Medical School 

Boston, Massachusetts 02115 

ABSTRACT 

A d e f i n i t i v e  approach t o  the ana lys is  o f  plasma, b i l e ,  and 
u r i n e  l eve l s  o f  the widely used ant i tumor drug Adriamycin using 
two complementary high performance 1 i q u i d  chromatographic systems , 
one normal phase and the o ther  reversed phase, i s  described. Sen- 
s i t i v i t y  i n  the  2-10 picomole per sample range i s  achieved by 
means o f  f luorescence detect ion.  The use o f  the two systems i n  
p a r a l l e l  provides an unequivocal basis f o r  the cha rac te r i za t i on  
and determinat ion o f  Adriamycin and i t s  p r i n c i p a l  metabol i te,  
adriamycinol , and enables the  measurement o f  anthracycl  i n e  f l u o r -  
escent aglycones and conjugates, as we l l .  

INTRODUCTION 

Adriamycin (ADR) and daunorubicin (F ig .  1) a re  s t r u c t u r a l l y -  
r e l a t e d  an thracyc l ine  a n t i t u m r  a n t i b i o t i c s  der ived from Strepto- 
myces fermentations. 
spectrum o f  ant i tumor a c t i v i t y ,  ADR i s  w ide ly  used c l i n i c a l l y  i n  
the treatment of leukemias and var ious s o l i d  tumors (1,2). Both 
agents produce acute hematologic and delayed cardiac s ide -e f fec ts  
which are  dose- l imi t ing.  
been engaged i n  studies t o  extend the therapeut ic e f fec t i veness  
o f  ADR (3 )  and t o  design p o t e n t i a l l y  super io r  ADR analogs (4-7). 
Such studies requ i re  a de ta i l ed  understanding o f  ADR pharmacology 

While daunorubicin shows a very narrow - 

For several years our l abo ra to ry  has 
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Dounorubicin , X = H 
Adriamycin,X=OH 

HO fFo$ 
NH2 

Adriomycinol 

Adriomycinone 
FIGURE 1 

Structures o f  daunorubicin, Adriamycin (ADR), adriamycinol 
(AMNOL), and the  ADR aglycone, adriamycinone. 

and mechanism(s) o f  act ion.  Towards t h i s  end, a means o f  measur- 
i ng  f l u i d ,  t issue, and c e l l u l a r  l eve l s  o f  parent drug and metabo- 
l i t e s ,  and o f  monitoring the  routes and ra tes  o f  excre t ion  o f  
these various components, has been essent ia l .  

est imat ing anthracycl ines i n  b io log i ca l  systems. These methods, 
however, a l l  su f fe r  from one o r  more de f ic ienc ies .  Thus, d i r e c t  
radioimnunoassay ( R I A )  (81, and the  measurement o f  t o t a l  f l u o r -  
escence (espec ia l l y  a f t e r  a c i d i c  ethanol treatment) (9), are rea- 
sonable methods f o r  quant i f y ing  t o t a l  anthracycl ine content i n  
plasma, bu t  ne i ther  w i l l  d i f f e r e n t i a t e  parent drug from metabo- 
1 i tes. 
(HPLC), coupled w i t h  R I A ,  has been reported (10); bu t  the  method, 

A number o f  ana ly t i ca l  approaches have been described f o r  

Reverse phase high performance 1 i q u i d  chromatography 
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ADRIAMYCIN IN BIOLOGIC& F L U I D S  79 7 

as described, i s  lengthy and tedious, with each sample req . .J 

30 minutes for  HPLC separation, followed by lyophilizuL50t~ ,F up 
t o  30 fractions and quantitation by R I A ,  a process which may n o t  
be equally sensit ive for different  metabolites. 

tography ( T L C )  on s i l i ca  gel,  both for  quali tative and quantita- 
t ive purposes. 
of scrapings from TLC plates,  followed by fluorescence measure- 
ment (14-17),  have been reported. However, the l ight-  and a i r -  
sensi t ivi ty  o f  the anthracycline chromophore can lead to  under- 
estimation by these methods, due to  chromophore bleaching prior 
to fluorescence analysis. Furthermore, and of greater s ign i f i -  
cance, the acid-sensitivity of the glycosidic linkage can resul t  
in the formation of aglycone a r t i f ac t s  during TLC because of the 
acidic nature o f  s i l ica  gel. 
tions previously developed in our laboratory (6,7), we have shown, 
for example, that  pure ADR standards, f ree  of aglycone by HPLC, 
exhibit  measurable and significant quantit ies of adriamycinone, 
the ADR aglycone (Fig. l ) ,  a f t e r  development on s i l i ca  gel TLC 
plates with chloroform-methanol-water solvent systems; greater 
amounts of adriamycinone are produced when plates are  developed 
with acetic acid-containing solvent mixtures, as commonly employ- 
ed by others (18). Recently, Hulhoven and Desager reported ex- 
traction and HPLC conditions which a1 low a more direct  quanti ta-  
t ive  determination of low levels o f  daunorubicin i n  plasma u s i n g  
vis ible  absorption detection (19,ZO). 

metabolites ut i l iz ing complementary HPLC assay systems, one nor- 
mal phase and the other reversed phase, with flow fluorescence 
detection. The sampling and analytical methods are rapid, repro- 
ducible, and highly sensit ive,  and are applicable t o  the determin- 
a t i o n  of anthracyclines in plasma, b i le ,  and urine. 
the two systems i n  parallel  allows for  the unambiguous character- 
ization of ADR and i t s  principal metabolite, adriamycinol (AMNOL) .  

T h e  most widely used technique has been t h i n  layer chroma- 

Direct fluorescence scanning (1 1-1 3 ) ,  and el ution 

Using l iquid chromatographic condi- 

We now describe our improved analytical schema fo r  ADR and 

The use of 
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798 ISRAEL ET AL. 

MATERIALS AND METHODS 

Chemicals 

Bulk ADR hydrochloride, k i n d l y  provided by Fa rm i ta l i a  S.p.A. , 
Milan, I t a l y ,  and AMNOL and adriamycinone, prepared i n  t h i s  lab-  
o ra to ry  according t o  p rev ious ly  reported procedures (21,22) , were 
used as reference standards. For animal and human use, c l i n i c a l  
grade ADR, con ta in ing  lac tose  exc ip ien t ,  was formulated i n  s t e r -  
i l e  0.9% sa l i ne  f o r  i n j e c t i o n  U.S.P. 

Chloroform, methanol , and a c e t o n i t r i l e ,  used f o r  the HPLC separ- 
at ions,  were " D i s t i  11 ed-in-Glass" so l  vents obtained from Burdi ck 
and Jackson Laboratories Inc., Muskegon, Mich. Acet ic  acid, 

formic acid, and aqueous amnonia were c e r t i f i e d  F isher  labora tory  
grade reagents. 
preparat ion o f  bu f fe rs ,  was obtained from a M i l l i - Q  water p u r i f i -  
ca t i on  system ( M i l l i p o r e  Corp., Bedford, Mass.). Aqueous pH 4.00 
b u f f e r  was 0.1% (w/v) amnonia i n  deionized water adjusted t o  
pH 4.00 w i t h  97% formic  acid.  

Ex t rac t ion  solvents were c e r t i f i e d  F isher  reagent grade. 

F i l t e r e d  deionized water, used d i r e c t l y  and i n  

Instrumentat ion 

For normal phase l i q u i d  chromatography a Waters Associates 
Model ALC/202 l i q u i d  chromatograph f i t t e d  w i t h  a 25 cm x 4.6 mm 
ID prepacked Whatman P a r t i s i l - 1 0  PAC modi f ied  normal phase column 
(cyano-aminoalkyl d e r i v a t i v e  o f  s i l i c a  g e l )  was used. Signal de- 
t e c t i o n  was by means of a Schoeffel Instrument Co. Model SF-970 
flow fluorescence detector,  w i t h  the  e x c i t a t i o n  wavelength s e t  a t  
482 nm (deuterium lamp energy source). An emission f i l t e r  
(Schoeffel #2-73), w i t h  low wavelength c u t - o f f  near 550 nm was 
used. The optimal developing system was a programed grad ien t  of 
a fou r  component mixture o f  chloroform, methanol, a c e t i c  acid, and 
water, i n  the r a t i o  850:150:50:15 (Solvent B), mixed w i t h  ch lo ro-  
form (Solvent A). A Waters Associates so lvent  programer,  Model 
660, was s e t  t o  run  f o r  2 minutes a t  2 ml/min on p r o f i l e  #4 
(ea r l y  r a p i d  change fol lowed by slow f i n i s h )  w i t h  i n i t i a l  condi- 
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ADRIAMYCIN IN BIOLOGICAL FLUIDS 799 

t i ons  s e t  a t  10% solvent B and f i n a l  condi t ions 100% B. The co l -  
umn was e lu ted  a t  f i n a l  condi t ions f o r  a t  l e a s t  6 minutes. Re- 
e q u i l i b r a t i o n  times a t  i n i t i a l  condi t ions were o f  the order o f  
ten  minutes o r  longer t o  insure  reproducible re ten t i on  times. 

Operating pressures d i d  no t  exceed 1200 psig.  
For reverse phase HPLC a Waters Associates Model ALC/244 

1 i q u i d  chromatograph f i t t e d  w i t h  a prepacked Waters p-Bondapak/ 
phenyl 30 cm x 3.9 mn I D  column and a Schoeffel SF-970 f luorometer 
were used. A Waters Associates Model 660 so lvent  p rogramer  was 

s e t  t o  run f o r  5 minutes a t  3.5 ml/min on a l i n e a r  program. 
I n i t i a l  condi t ions were 30% a c e t o n i t r i l e  (containing 2% aqueous 
b u f f e r  f o r  proper pump operat ion) (Solvent B) and 70% aqueous 
pH 4.00 a m n i u m  formate b u f f e r  (Solvent A) .  F ina l  cond i t ions  
were 35% B, 65% A. 
adequate f o r  reproducible re ten t i on  times. Operating pressures 
w i t h  t h i s  system were j u s t  over 2000 ps ig  w i t h  new columns; the  
h igh  f l ow  r a t e  a ids  i n  peak sharpening. 

Reequ i l ib ra t ion  times o f  5 t o  6 minutes were 

Sample Preparation 

Plasma. Plasma samples (1.0 m l )  were adjusted t o  pH 8.5 
h i  t h  T r i s  bu f fe r  and were d i l u t e d  w i t h  1.5 m l  o f  methanol. Pre- 
c '  p i t a t e d  pro te ins  were removed by cen t r i f uga t ion  a t  25,000 x 9 
f o r  20 minutes a t  5'. The supernatant was ex t rac ted  th ree  times 
with 2 m l  por t ions  o f  chloroform i n  glass-stoppered con ica l  cen- 
t r i f u g e  tubes equipped w i t h  s i l i c o n e  rubber septa a t  t he  bottom 
(Kontes Glass Co., Vineland, New Jersey). 
fo l lowed by cen t r i f uga t ion  a t  1000 x 9. f o r  5 minutes t o  separate 
the chloroform layers, which were drawn o f f  through the  septum by 
syringe. The combined organic layers  were evaporated t o  dryness 
under a n i t rogen j e t  and redissolved i n  200 p1 o f  methanol. For 
HPLC 5 p l  t o  25 p1 a l i quo ts  were in jec ted .  
t i o n  volumes were permissable where anthracycl i ne  l e v e l s  were low. 

For separation i n  the reverse phase mode, b i l e  samples 

Each ex t rac t i on  was 

Smaller recons t i t u -  

B i le .  
(5 p l )  could be i n jec ted  d i r e c t l y ,  w i thou t  p r i o r  ex t rac t ion .  For 
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80 0 ISRAEL ET AL. 

normal phase separation where ex t rac t i on  was necessary, b i l e  sam- 
ples (200 p l )  were ex t rac ted  f i v e  times w i t h  equal po r t i ons  o f  
9:l (by volume) e thy l  acetateh-propanol .  Very concentrated b i l e  
samples were f i r s t  d i l u t e d  w i t h  sa l i ne  ( 1 : l O  d i l u t i o n ) .  The com- 
bined organic layers  were evaporated t o  dryness under a n i t rogen  
j e t  and redissolved i n  200 p1 o f  methanol, and 5 p l  a l i quo ts  were 
i n jec ted  f o r  HPLC analysis.  

Urine. Urine could be i n j e c t e d  d i r e c t l y ,  or ,  when anthra- 
cyc l i ne  l e v e l s  were low, the samples cou ld  be ex t rac ted  i n t o  e thy l  
acetate/ l-propanol, as fo r  b i l e .  

Quant i  t a t i o n  

Several methods were employed t o  quan t i t a te  the chromato- 
graphed anthracycl ines.  Detector response was monitored on a 
Houston Instrument Co. Omniscribe o r  Texas Instrument Co. Servo/ 
r i t e r  I 1  s t r i p  cha r t  recorder and, i n  some instances, was simul- 

taneously recorded and in tegra ted  on a Hewlett-Packard Model 

3380A integrator-recorder.  
normal phase column, which produced more t a i l i n g ,  the "cu t  and 
weigh" method and peak he igh t  x half-peak w id th  gave equa l ly  good 
resu l t s .  The reverse phase column gave very sharp peaks, and, 
s ince the solvent system was a l i n e a r  gradient,  r e l a t i v e  peak 
heights alone gave comparable r e s u l t s  t o  a simultaneous in tegra-  
t i o n  by the HP3880A in teg ra to r .  

Areas o r  peak heights obtained from the  chromatograms o f  ex- 
perimental subjects were compared w i t h  those o f  chromatographed 
standards. Standards consisted o f  the b i o l o g i c a l  f l u i d  t o  be ex- 
amined, obtained from an untreated subject ,  t o  which known quan- 
t i t i e s  o f  ADR, AMNOL, and adriamycinone were added; 
were otherwise handled i n  the  same manner as samples f rom exper i -  
mental subjects. Standard c a l i b r a t i o n  curves were l i n e a r  i n  the  
concentrat ion ranges used i n  t h i s  work. 

For chromtograms obtained w i t h  the  

standards 
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ADRIAMYCIN IN BIOLOGICAL E U I D S  801 

RESULTS A N D  DISCUSSION 

The primary metabolite of ADR i s  AMNOL, formed by the action 
of a ubiquitously-occurring aldo-keto reductase (23). Both  HPLC 
systems described here cleanly separate ADR and AMNOL and can be 
used as a basis for  quantifying these two materials. 
Par t i s i l  normal phase system, the low p o l a r  anthracycline agly- 
cones appear before A D R ,  generally as a single peak, and can be 
estimated in terms of adriamycinone equivalents. 
gates, such as 0-glucuronides, appear as a broad peak with a 
rather large k ' .  I n  the u-Bondapaklphenyl reverse phase system, 
conjugates appear before the AMNOL signal,  and adriamycinone 
elutes a f t e r  the ADR peak. Glucuronide conjugates may be deter- 
mined by comparing ADR, AMNOL, and aglycone levels before and 
a f t e r  incubation of samples with B-glucuronidase, as previously 
described (6) .  

accompanying text  figures 2-7. 
grams of normal human urine to  which pure ADR, AMNOL, and adria- 
mycinone standards have been added, figure 2 as resolved on the 
u-Bondapak/phenyl system, and figure 3 as seen w i t h  the Par t i s i l  
PAC 10 system. Figure 4 shows a sample of urine from a patient 
who received ADR (10 mg/m /hr for  8 hours) by continuous infusion 
into the hepatic artery.  Figure 5 shows the separation of ADR,  
AMNOL, and adriamycinone standards in methanol on u-Bondapak/ 
phenyl , as determined for  retention time analysis, immediately 
followed by a sample of unprocessed bi le  collected from a r a t  
bearing a surgically-placed indwelling bi l iary cannula and given 
a single dose of ADR, 4 mg/kg, v i a  the l e f t  internal jugular vein. 
Figures 6 and 7 show the analysis of anthracyclines in extracts 
of human plasma, in one instance by normal phase chromatography 
and in the other by reverse phase separation. 

was, on an absolute mass basis, about 1 ng (1.8 pmoles) per i n -  
ject ion;  below this  level baseline detector noise exceeded peak 

I n  the 

Polar conju- 

Actual chromatographic separations are  i l lus t ra ted  i n  the 
Figures 2 and 3 show chromato- 

2 

The l imit  of detection of ADR and AMNOL for  both HPLC systems 
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80 2 ISRAEL ET AL. 

FIGURE 2 

Separation on v-Bondapak/phenyl o f  ADR, AMNOL, and adriamycinone 
standards i n  normal human urine. Each i n j e c t i o n  was o f  a 10 p1 
volume. The stronger s ignals resu l ted  from concentrat ions of ADR 
o f  6 vg/ml o f  whole urine, and o f  AMNOL and adriamycinone o f  
3 pg/ml; the  weaker s ignals were obtained from ur ine  containing 
ADR a t  0.50 vg/ml and AMNOL and adriamycinone a t  0.25 ug/ml. 
Retention times (minutes:seconds) are shown on the  chromatogram. 

height. Fluorescence e x c i t a t i o n  was done w i t h  a deuterium lamp, 
u t i l i z i n g  the  pe rs i s ten t  emission o f  hydrogen a t  482 nm, which 
fo r tunate ly  comes near ly  a t  the 485 nm e x c i t a t i o n  maximum o f  the 
anthracycl ines. S e n s i t i v i t y  could be increased by a f a c t o r  o f  
5-10 by e x c i t i n g  a t  247 nm, bu t  a t  t h i s  wavelength there  may be 
i n t e r f e r i n g  nonanthracycl i n e  f luorescence s igna ls  and var iab le  
energy loss due t o  u l t r a v i o l e t  absorbance by a va r ie t y  o f  o ther  
substances. A t  482 nm e x c i t a t i o n  no in te r fe rence w i t h  the de- 
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ADRIAMYCIN IN BIOLOGICAL FLUIDS 80 3 

FIGURE 3 

Separation on P a r t i s i l  PAC-10 o f  ADR, AMNOL, and adriamycinone 
standards i n  normal human ur ine.  
5 111 i n j e c t i o n  o f  u r i ne  conta in ing  the  3 standards a t  5 pg/ml 
concentrat ion.  

The s igna ls  a re  der ived  from a 

t e c t i o n  o f  ADR, AMNOL, o r  adriamycinone by na t i ve  f l uo rescen t  
mater ia ls  i n  plasma, b i l e  o r  u r i ne  was seen, whereas an u l t r a -  
v i o l e t  absorpt ion de tec tor  (247 o r  254 nm) i n  ser ies  w i t h  the  
f luorometer read numerous peaks. 
i t y  o f  accura te ly  and d e f i n i t i v e l y  using u l t r a v i o l e t  absorbance 
as a means o f  s p e c i f i c a l l y  de tec t ing  and quan t i f y i ng  anthracyc- 
l i n e s  i n  b i o l o g i c a l  f l u i d s .  

By comparison w i t h  HPLC i n j e c t i o n s  o f  ADR and AMNOL stand- 
ards i n  methanol, the ex t rac t i on  f a c t o r  f o r  ADR and AMNOL was de- 

termined t o  be i n  excess o f  70% f o r  p lasm,  and grea ter  than 86% 

f o r  b i l e  and ur ine .  I t  was no t  necessary t o  consider these fac-  
to rs ,  however, s ince c a l i b r a t i o n  curves were l i n e a r  over the con- 

This po in ts  ou t  the imposs ib i l -  
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80 4 ISRAEL ET AL. 

FIGURE 4 

Analysis on p-Bondapak/phenyl of a timed 1 2  hour urine sample from 
a patient who received a dose of ADR (10 mg/m2/hr for  8 hours) by 
continuous infusion via a hepatic a r te r ia l  catheter.  A 10 p1 
injection of whole urine revealed a urinary ADR concentration o f  
4.92 pg/ml , an AMNOL concentration o f  1.59 vg/ml 
presence of an uncharacterized anthracycl ine fluorescent material 
(presumed conjugate). 

and the 

centration range involved (coefficient of correlation > 0.996), 
thereby taking i n t o  account the extractabi l i ty .  

The use i n  parallel  o f  normal and reverse phase separation 
systems for ADR and metabolites provides added safety in the 
identification of fluorescent anthracycl ine species based upon 
their  chromatographic properties in the two complementary systems. 
Fluorescent substances which might  be t ight ly  bound on one system, 
thereby escaping detection, should be readily seen on the other 
system. Comparison of the two methods suggests t h a t  the reverse 
phase system gives cleaner separations and may be performed more 
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ADRIAMYCIN IN BIOLOGICAL FLUIDS 805 

* 
FIGURE 5 

Reversed phase (u-Bondapak/phenyl ) separation of ADR, AMNOL, and 
adriamycinone standard mixture ( in  methanol) , followed by an 
analysis of 2 u1 of whole rat bile from an animal treated with 
a single intravenous dose o f  4 mg/kg of ADR. The b i le  sample was 
collected via a n  indwelling bi l iary cannula 1.5-2.5 hours a f t e r  
d r u g  administration. ADR was present in the sample a t  109 pg/ml 
concentration, AMNOL a t  9.64 pg/ml. The fluorescence signal a t  
1 min:7 sec was also present i n  the r a t  b i le  prior t o  drug 
treatment; a s l ight ly  ear l ie r  signal appears to be due to  an 
anthracycline conjugate. 

rapidly. 
s i l  PAC 10 column, the somewhat broadened peak shape of AMNOL, 
and the var iabi l i ty  of retention times from day to day point out 
the major d i f f icu l t ies  seen with th i s  system. 
tectabi l i ty  of AMNOL (and conjugates, i f  seen) i s  somewhat greater 
than for  ADR in the Par t i s i l  system, as used here. Modification 
of the solvent system ( for  example, use of methanol 

The longer reequilibration times required fo r  the P a r t i -  

The l imit  of  de- 

chloro- 
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. 
c, 
.b s 

FIGURE 6 

T h 

Separation on P a r t i s i l  PAC-10 o f  a standard 3-component mixture, 
fol1.owed by the analysis o f  an e x t r a c t  o f  human plasma from a 
p a t i e n t  rece iv ing  ADR by continuous i n fus ion  i n t o  a per iphera l  
a r m  vein. The drug dose was 30 mg/rn2 a t  an i n f u s i o n  r a t e  of 
7.5 mg/rn2/hr f o r  4 hours. The blood sample was taken 30 minutes 
a f t e r  the s t a r t  of the i n fus ion  and was Nithdrawn v ia  a catheter 
previously placed i n  the hepatic a r te ry .  

form) can sharpen the  AMNOL peak t o  the  p o i n t  where both ADR and 
AMNOL are e lu ted  w i t h  s i m i l a r  peak shapes dur ing a l i n e a r  program- 
med run, but t h i s  i s  accomplished a t  the expense o f  adriamycinone, 
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I 
FIGURE 7 

The same 3-component mix tu re  and plasma sample as i n  Figure 6 
analyzed on the  reversed phase p-Bondapaklphenyl column. 

which i s  poor ly re ta ined and appears as a sharp spike a t  o r  c lose  
t o  the  vo id  volume. ADR, AMNOL, and adriamycinone have s i m i l a r  
peak shapes and s i m i l a r  detector responses on the reverse phase 
p-Bondapaklphenyl system, and t h i s  i s  c l e a r l y  our system o f  choice 
f o r  quant i f y ing  ADR and metaboli tes. Nevertheless, we fee l  t h a t  
the use o f  the two complementary ana ly t i ca l  systems removes any 
ambiguity i n  i d e n t i f i c a t i o n  o f  s ignals and provides a d e f i n i t i v e  
basis fo r  charac ter iza t ion  and quant i  t a t i o n .  We recomnend t h e i r  
simultaneous use, where possible.  

our e a r l i e r  (18) conclusion that plasma, b i l e ,  and u r ine  samples 

o f  subjects t rea ted  w i t h  ADR conta in  l i t t l e  o r  no f r e e  aglycone 

leve ls .  With m d i f i c a t i o n  o f  ex t rac t i on  procedures, t he  describ- 
ed methods are now also being appl ied i n  our labora tory  t o  the 
analysis o f  ADR and metabol i tes i n  t i ssue  samples. 
ology should be o f  general value t o  o ther  inves t iga tors  working 
w i t h  ADR experimental ly and i n  the  c l i n i c .  

Our recent work w i t h  these HPLC systems continues t o  support 

This method- 
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