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Summary. The binding of anthraquinone glycosides (adriamy- 
cin, adriamycinol, daunorubicin, daunorubicinol, and 4'epi- 
adriamycin) to human serum albumin and human plasma has 
been studied by equilibrium dialysis. About 62% of adriamycin 
was bound to human serum albumin (45 g/l). Only minor 
variations in the degree of binding were observed between the 
anthraquinone glycosides. 

The binding degree of adriamycin in plasma from cancer 
patients was not significantly different from that observed in 
healthy volunteers, the fraction of free adriamycin being 24.56% 
+ 4.51%, and 27.67% + 2.78%, respectively. The plasma 
albumin concentration was significantly lower in cancer patients 
than in the healthy volunteers (26.90% + 5.88% and39.24% + 
1.74%, respectively). In cancer patients the fraction of free 
adriamycin decreased with increasing plasma albumin concen- 
tration. 

Introduction 

During the last decade anthraquino, ne glycosides have suc- 
cessfully been used as antineoplastic drugs. Daunorubicin and 
adriamycin (Fig. 1) are frequently used for the treatment of 
leukemia [3, 4]; adriamycin is moreover a very effective drug 
against solid tumours [4, 9]. It has been suggested that 
4'epi-adriamycin (Fig. 1) ha~s a broader spectrum of antitu- 
mour activity than adriamycin, as well as less acute toxicity [5]. 
Neoplastic diseases are often associated with a lowering of the 
serum albumin concentration [25, 30], which may result in a 
decreased degree of protein binding of drugs [22]. Since it is 
generally accepted that only the free fraction of the drug can 
pass through the capillary walls of blood vessels to exert 
biological activity at their specific sites of action [6, 22, 24], it is 
reasonable to assume that the antineoplastic effect of anti- 
cancer drugs will affected by differences in the degree of 
protein binding [18, 29]. A study of the interaction of human 
serum albumin with anticancer drugs in vitro supports this 
assumption [31]. 

Only limited information in the protein binding of 
anthraquinone glycosides is available. Adriamycin appears to 
be bound to about 50% to rabbit and human plasma according 
to ultracentrifugation studies [!9]. 

In the present paper the binding of adriamycin and 
daunorubicin, their reduced metabolites adriamycinol and 
daunorubicinol, and 4'epi-adriamycin to human serum albu- 
min and human plasma was studied by equilibrium dialysis. 
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Fig. 1. Structural formulae: 

Compound Rt R2 R3 

Adriamycin - COCH2OH - H - OH 
Adriamycinol -CH(OH)CH2OH - H  -OH 
Daunorubicin - COCH3 - H - OH 
Daunorubicinol -CH(OH)CH3 - H  -OH 
4'epi- Adriamycin -COCH2OH - O H  -H  

The inter-individual variation in the fraction of free adriamycin 
in plasma from healthy volunteers and cancer patients was also 
investigated. 

Methods 

Human serum albumin, essentially fatty-acid-free (Sigma, 
St Louis, USA), was dissolved in isotonic phosphate buffer at 
pH 7.35 (concentration of NaCI: 0.095 M). Blood samples 
from cancer patients (Table 1) and healthy drug-free volun- 
teers were collected in glass test tubes each containing 150 IU 
heparin in 30 gl sterile water. The plasma fractions were 
separated by centrifugation (4,000 g) for 10 min and stored at 
- 8 0  ° C until use. 

Bitirubin (Sigma, St Louis, Missouri, USA) was dissolved 
in 0.02 M NaOH. Plasma, 2 ml, was allowed to equilibrate 
with 100 ~tl of the bitirubin solution (3.3 g/l) at room temper- 
ature overnight before the dialysis experiments [8]. 

Adriamycin, adriamycinol, and 4'epi-adriamycin were 
kindly supplied by Farmitalia Carlo Erba AB, T~iby, Sweden. 
Daunorubicin and daunorubicinol were obtained from Pharma 
Rhodia AB, Stockholm, Sweden. 

Chromatographic Equipment. The chromatographic equip- 
ment used was from LDC (Laboratory Data Control, Riviera 
Beach, Florida) and has been described in detail elsewhere 
I 1 4  l .  . 
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Stability of Anthraquinone Glycosides. Solutions containing an 
anthraquinone glycoside (1 lxg/ml) in isotonic phosphate buffer 
at pH 7.35 were stored at 37.0 + 0.5 ° C. At appropriate time 
intervals the concentration of remaining anthraquinone gly- 
coside was determined by reversed-phase liquid chromatog- 
raphy [14]. 

Table 1. Patients participating in the study 

Patient Sex Age Primary Metastases 
(years) tumor 

1 M 77 Prostate Bone 
2 F 54 Unknown Neck 
3 M 56 Bladder Bone, lymph 

nodes 
4 M 60 Bladder No 
5 F 79 Ureteral No 
6 M 58 Penis No 
7 M 54 Bladder Bone 
8 F 74 Oesophagus No 
9 M 56 Prostate Bone, brain, 

liver (?) 
10 M 57 Oesophagus Thyroid gland 

Table 2. Stability of anthraquinone glycosides 

Compound qa (h) n 

Adriamycin _a 
Adriamycinol 128 + 24 b 7 
4'epi-Adriamycin 20.6 + 0.7 14 
Daunorubicin _a 
Daunorubicinol 94 + 11 14 

Conditions: 1 ptg/ml of anthraquinone glycoside in isotone phosphate 
buffer pH 7.35; t = 37.0°C 
a The degradation was less than 5% in 48 h 
b + Standard error of the mean 

Table 3. Adsorption Josses during dialysis experiments 

Compound Yield (%)a 

Adriamycin 77.3 + 4.0 b 
Adriamycinol 50.1 + 4.5 
Daunorubicin 85.8 + 3.6 
Daunorubicinol 92.0 + 3.7 
4'epi-Adriamycin 64.2 + 1.4 

Initial concentration of anthraquinone glycoside: 1 ~tg/ml 
Concentration of albumin: 45 g/I 
a After correction for degradation (cf. Table 2) 
b + Standard deviation (n = 8) 

Table 4. Initial drug concentration and degree of protein binding 

Initial daunorubicin concentration Bound to albumin 
~tg/ml (%)" 

0.10 54.9 
0.50 60.1 
1.0 63.1 
2.5 59.7 

10.0 63.2 
50.0 59.1 

Each value is the mean of two determinations 
Concentration of albumin: 45 g/l 

Equilibrium.Dialysis and Analytical Technique. The binding of 
the anthraquinone glycosides to human serum albumin and 
human plasma was studied by equilibrium dialysis, using an 
equilibrium time of 7 h. The anthraquinone glycosides were 
dissolved in 0.1 M H3PO4, and diluted 10times with the 
dialysis buffer. For the dialysis experiments one part of the 
buffer solution was diluted with 100 parts of plasma or albumin 
solution. The dialysis cells used were similar to those described 
by Patel and Foss [26], except that cellophane membranes 
were used (Union Carbide Corp.,  Chicago, I11.) The cells were 
rocked gently in a thermostated water bath (37.0 + 0.5 ° C). 
The concentration of the  anthraquinone glycosides was 
determined in both cell compartments. 

The concentration of the drugs in the unbound form was 
determined by direct injection of the protein-free solutions 
into the liquid chromatograph after dilution with phosphoric 
acid. 

The concentration of the anthraquinone glycosides in 
protein solutions was determined after extraction into an 
organic phase and re-extraction into diluted phosphoric acid 
according to principles given by Eksborg [14-16]. The 
recovery of the most hydrophilic compound, adriamycinol 
[15], was > 96%. 

Results  and Discuss ion  

Conditions of Equilibrium Dialysis 

Stability of the Anthraquinone Glycosides. The stability of the 
various anthraquinone glycosides varied widely in the isotonic 
phosphate buffer used in the dialysis experiments (Table 2). 
However, the compound with the shortest half-life, 
4'epi-adriamycin, showed less than 20% decomposition during 
storage in the dialysis buffer for 7 h at 37 ° C. Under the same 
conditions only trace amounts of the other anthraquinone 
glycosides degraded. 

Adsorption of Anthraquinone Glycosides. The recovery of the 
anthraquinone glycosides from the dialysis cells was not 
quantitative (Table3).  However, losses of drugs to cell 
membranes and cell walls should not cause erroneous results in 
the protein binding study, since the drug concentration in both 
cell chambers was measured [17]; the degree of binding to 
albumin was independent of the drug concentration in the 
actual concentration range, as proved to be valid for 
daunorubicin (Table 4). Due to the very similar chemical 
structures of the other anthraquinone glycosides studied it was 
assumed that the protein binding was unaffected by the drug 
concentration in their cases also. 

Equilibrium Dialysis Time Course. Studies on the influence of 
the dialysis time showed that equilibrium was reached after 
7h .  

Binding of Anthraquinone Glycosides 
to Human Serum Albumin and Plasma 

About  60% of the anthraquinone glycosides were bound to 
human serum albumin (45 mg/ml) (Table 5), with only minor 
differences between the compounds. Similar small variations in 
the degree of protein binding of the various compounds were 
also observed in human plasma (Table 6). Although albumin is 
considered as the principle drug-binding protein in plasma [21, 
32], the results in Tables 5 and 6 indicate that adriamycin might 
also be bound tO other  macromolecules present in plasma. 



Table 5. Binding of anthraquinone glycosides to human serum 
albumin 

Compound Bound to albumin (%) 

Adriamycin 62.1 + 1.6 a 
Adriamycinol 55.8 _+ 2.5 
Daunorubicin 63.1 _+_ 2.9 
Daunorubicinol 63.6 + 3.0 
4'epi-Adriamycin 56.9 + 2.0 

Initial concentration of anthraquinone glycosides: 1 ~tg/ml 
Concentration of albumin: 45 g/1 
a + Standard deviation (n = 8) 

Table 6. Binding of anthraquinone glycosides in human plasma 

Compound Bound to plasma (%) 

Adriamycin 71.0 + 0.9 ~ 
Adriamycinol 75.5 + 0.8 
4'epi-Adriamycin 74.5 + 2.1 

Concentration of plasma albumin: 38 g/! 
Concentration of anthraquinone glycoside: 1 lag/ml 
Plasma from one of the volunteers was used 
~+ Standard deviation (n = 10) 

Binding of Adriamycin to Plasma 
from Healthy Volunteers and Cancer Patients 

The inter-individual variation of the binding of adriamycin was 
studied in plasma from healthy volunteers as well as from 
cancer patients (Fig. 2). The plasma albumin concentration 
was higher in the healthy volunteers than in the cancer patients 
(39.24 + 1.74 g/l, n = 10 and 26.90 + 5.99 g/l, n = 10, 
respectively; P < 0.001), but no statistical difference in the 
fraction of unbound adriamycin could be observed (27.67% + 
2.78%, n = 10and 24.56% + 4.51%, n = 10, respectively; P > 
0.1). The binding of adriamycin in plasma and the plasma 
albumin concentration exhibited wider inter-individual varia- 
tion in the cancer patients than in the healthy volunteers. The 
free concentration of adriamycin decreased with increasing 
plasma albumin concentration in the cancer patients (r = 
-0 .670,  P < 0.03). 

Since it is bound to the same extent in plasma from cancer 
patients and from healthy volunteers despite the differences in 
plasma albumin concentration, adriamycin seems to be bound 
to other components in plasma which are elevated in cancer 
patients. 

In recent years it has been recognized that in addition to 
albumin, the serum protein alphal-acid glycoprotein (cq-AG) 
plays a significant role in the binding of drugs, especially those 
which are cationic at physiologic pH [7, 23, 27, 28]. Plasma 
levels of a r A G  increase in cancer [11, 20]. Therefore it is not 
unlikely that the wide inter-individual variation of the fraction 
of free adriamycin, partly cationic at physiologic pH [15], that 
is observed in cancer patients may be partially due to 
differences in a~-AG levels in combination with differences in 
plasma albumin levels (Fig. 3). The plasma level of a1-AG 
increased with decreasing concentration of plasma albumin, 
with wide inter-individual variations (r = -0.633),  P < 0.05). 
The fraction of free adriamycin decreased with increasing 
plasma cq-AG level in patients 1, 3, and 10 (Fig. 4), who had 
very similar plasma albumin concentrations (24-26g/1),  
suggesting that a F A G  may contribute to the  binding of 
adriamycin in cancer patients. Multiple linear regression 
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Fig. 2. Plasma albumin concentration and percent unbound adriamy- 
cin. Open symbols. Plasma samples from healthy volunteers; solid 
symbols, plasma samples from cancer patients 
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Fig. 3, Plasma concentrations of albumin and aFAG in cancer 
patients. The line is given by the linear regression equation y = 
4.58-9.702.10 -2 X; r = -0.633 
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Fig. 4. Plasma urAO concentration and percent unbound adriamycin. 
Numbers in the figure refer to the patients listed in Table 1 

analysis of the data from the binding of adriamycin in plasma 
from cancer patients, where the plasma concentrations of both 
albumin and a r A G  were taken into consideration, did not give 
a better fit of the experimental values for the fraction of free 
adriamycin than the model including only the plasma albumin 
concentration (Fig. 2). ,There was no correlation between the 
free adriamycin concentration and the plasma concentration of 
a F A G  (r = 0.18, P > 0.6) (Fig. 4). Since only the free fraction 
of drugs exerts biological activity [6, 22, 24], it is likely that the 
wide inter-individual variation of the protein binding of 
adriamycin observed in cancer patients in combination with the 
reported wide inter-individual variation of the pharmacokinet- 
ics [13] contributes to the variation in therapeutic efficiency 
and in the side-effects observed with adriamycin therapy. 

Enhanced adriamycin toxicity has frequently been 
reported in patients with liver metastases, being most pro- 
nounced in patients with elevated serum bilirubin levels [1, 2]. 
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Recent  reports state that the pharmacokinetic pattern of 
adriamycin is not usually altered in these patients [10, 12]. It 
may be that the fraction of free adriamycin is increased due to 
displacement from binding sites by bilirubin [8]. The fraction 
of free adriamycin in human  plasma was 31.3% + 1.4% (SD, 
n = 5) after the addit ion of 270 gmol bilirubin/l, a 
concentra t ion only rarely exceeded in patients undergoing 
adriamycin therapy. In the same plasma sample without added 
bi l i rubin,  .32.0% + 2.2% (SD, n = 5) of adriamycin was 
u n b o u n d ,  showing that bil irubin does not affect the fraction of 
u n b o u n d  adriamycin. 
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