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Abstract. The comparative pharmacokinetics of doxoru- 
bicin (DOX) were investigated in five hemodialysis (HD) 
and eight non-hemodialysis (non-HD) patients who were 
infused with a 40- to 60-rag dose of  DOX at a constant rate 
over 30 min. A significant difference was observed in the 
total body clearance (C1 tot) of  DOX between HD and non- 
HD patients. The area under the curve (AUC) for both 
DOX and doxorubicinol (DOXol), an active metabolite, 
showed increases of  approximately 1.5 and 3 times in HD 
patients as compared with non-HD patients. Although these 
differences were not statistically significant (P <0.1) ,  the 
mean residence time (MRT) of DOX and DOXol in HD 
patients showed a 2-fold increase in comparison with those 
in non-HD patients. Compartmental analysis indicated that 
the greater AUC values and longer MRT of DOX and 
DOXol in HD patients resulted from the lesser DOXol 
formation and disappearance of rate constants. As a con- 
sequence of  the decrease in C1 tot for DOX and the mar- 
ginal hemodialysis clearance of both DOX and DOXol, the 
present study suggests that the exposure to DOX and 
DOXol obtained in HD patients greater that achieved in 
non-HD patients. Careful attention should therefore be paid 
to HD patients receiving DOX. 

Introduction 

Amid recent increases in the numbers of  patients under- 
going dialysis, advances in hemodialysis technology and 
supporting therapies have given rise to longer life spans. 
Due to this lengthened life span and an immu- 
nocompromised situation, which is caused by renal failure, 
the occurrence of malignant tumors in these patients is also 
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increasing [1]. Little is known, however, on the pharma- 
cokinetics of anticancer drugs in hemodialysis (HD) pa- 
tients. 

It has recently been reported that significant differences 
have been observed in the area under the curve ( A U C ) o f  
doxorubicin (DOX), one of the drugs used in the treatment 
of tumors [2], and doxorubicinol (DOXol), an active me- 
tabolite [3], between non-hemodialysis (non-HD) patients 
and HD patients [4]. However, no report has been published 
regarding compartmental kinetic analysis, including the 
metabolic pathway from DOX to DOXol in HD and non- 
HD patients. 

This study was therefore conducted to compare the 
pharmacokinetic profiles of  DOX and DOXol in non-HD 
and HD patients with cancer and to elucidate the mech- 
anism of change in DOX kinetics. 

Patients and methods 

Patients. Informed consent was obtained from the five HD and eight 
non-HD patients who participated in this study. The serum creatinine 
levels of the eight non-HD patients were within normal ranges. The 
patients' characteristics and laboratory values are summarized in 
Table 1. 

Protocol. DOX (Adriacin, Kyowa Hakko Kogyo Co., Ltd., Tokyo, 
Japan) was dissolved in 100 ml of 0.9% saline and infused at a constant 
rate over 30 rain. The delivered dose ranged from 40 to 60 rag/subject. 
In HD patients, DOX was given immediately after the end of the first 
HD of the week. Heparinized blood specimens were drawn at 0, 0.25, 
0.5, 0.75, 1, 2, 4, 8, 24, and 43 h after the initial DOX infusion had 
been completed. Samples were always drawn from the arm con- 
tralateral to that used for infusion. In three HD cases, blood was also 
drawn from the catheter of an arteriovenous (AV) shunt at the midpoint 
of subsequent HD. The HD membrane was made of cupraammonium 
rayon (Benberg, Asahi Medical, Tokyo, Japan). In the five non-HD 
patients, urine samples were collected from 0 to 43.5 h after admin- 
istration of the prescribed dose. Blood samples were immediately 
centrifuged. The separated plasma and collected urine were frozen at 
-70 ~ C until assayed. 



Table 1. Patients' characteristics 
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Patient Age Weight Sex Diagnosis GOT GPT Hematocrit Serum 
(years) (kg) (IU/1) (IU/1) (%) albumin 

(g/dl) 

Total Direct Duration 
bilirubin bilirubin of hemo- 
(mg/dl) (mg/dl) dialysis 

Treatment 

Non-HD group: 
1 69 50.2 M Malignant lymphoma 26 20 42.4 3.6 0.8 0.3 
2 54 55.5 F Breast cancer 12 6 40.6 3.6 0.3 0.2 
3 47 70.0 M Bone tumor 13 12 36.5 3.6 0.4 0.2 
4 53 43.1 F Malignant lymphoma 25 4 38.3 3.5 0.6 0.3 
5 62 63.0 M Gastric cancer 41 18 34.6 3.8 0.7 0.2 
6 52 48.0 F Breast cancer 26 36 28.1 3.8 0.2 0.1 
7 73 74.0 M Prostate cancer 22 8 31.0 3.6 0.4 0.3 
8 66 39.8 F Breast cancer 19 6 33.7 3.7 0.4 0.1 

CPA, VCR 
CPA, 5-FU, Tamo 
CDDP 
VCR, CPA, PSL 
5-FU 
CPA, 5-FU 
CDDP, 5-FU 
CPA, 5-FU 

HD group: 
9 52 68.0 M Hepatoma 51 97 23.2 3.3 0.6 0.3 

10 47 65.0 M Malignant lymphoma 42 15 30.0 3.0 0.4 0.1 
11 64 50.0 M Lung cancer 16 7 21.6 3.7 0.4 0.3 
12 72 57.2 M Malignant lymphoma 19 3 27.5 3.1 0.3 0.2 
13 47 42.0 F Lung cancer 22 7 30.0 3.8 0.5 0.2 

2 years 5-FU 
6 years VCR, CPA, PSL 
6 months 5-FU 

19 years CPA, VCR, PSL 
14 years VCR, CPA 

CPA, Cyclophosphamide; VCR, vincristine; 5-FU, 5-fluorouracil; Tamo, tamoxifene; CDDP, cisplatin; PSL, predonisolone 

Drug analysis. DOX and DOXol in plasma were specifically de- 
termined by the high-performance liquid chromatography (HPLC) 
method of Ohtsubo and Aoyama [5]. Briefly, the plasma containing 
internal standard (daunorubicin) was passed though a Toyopak ODS-M 
cartridge (Tosoh, Tokyo, Japan). DOX and DOXol were eluted from 
the cartridge with acetonitrile/100 mM sodium citrate buffer (pH 3.5; 
30:70, v/v). The eluate was injected into an HPLC apparatus (LC-6A 
system; Shimadzu Co., Ltd., Kyoto, Japan) equipped with an RF-530 
fluorescence detector (excitation wavelength, 470 nm; emission wa- 
velength, 560 urn) and a Cosmosil-packed ODS column (25 cm x 
4.6 mm inside diameter; Nacalai Tesque Co., Ltd., Kyoto, Japan). The 
coefficients of variation found at concentrations of 10 and 100 ng/ml 
(n = 5) for DOX were 6.7% and 3.9%, respectively, and those found at 
concentrations of 10 and 50 ng/ml (n = 3) for DOXol were 2.8% and 
1.1%, respectively. The sensitivity limits observed by this method were 
as low as 1 ng/ml. 

Pharmacokinetic analyses. Statistical moment theory was applied in 
the pharmacokinetic analysis [6]. The AUC was calculated by the 
trapezoidal rnle with extrapolation to infinity. Total body clearance 
was determined as follows: 

C1 tot ; dose/AUC. (1) 
The mean residence time (MRT) was calculated by the following 

equation: 
MRT -- AUMC/AUC, (2) 
where AUMC represents the area under the first moment curve. 

Renal clearance was determined as follows: 

C1 renal -- [Xu]435 
[AUCj~035, (3) 

where [xu] 435 is the urinary recovery from the initiation of the drug 
administration to 43.5 h and [AUC] 43"5 is the AUC from 0 to 43.5 h. 

Dialysis clearance in three HD patients was estimated by the usual 
procedure [6]: 
CIHD = Qb(1 - H) x (Cap - Cvp)/Cap, (4) 

where Qb is the blood flow through the dialyzer, H is the 
hematocrit, and Cap and Cvp are the arterial and venous plasma 
concentrations of drugs, respectively. 

In elucidating the mechanism of the change in C1 tot and MRT for 
DOX and DOXol, we created a two-compartment model with DOXol 
formation and elimination as shown in Fig. 1 (see Appendix). It has 
been reported that the Km values of aldo-keto reductase in the human 
liver and kidney that can metabolize DOX to DOXol are 0.275 _+ 0.070 
and 0.539 _+ 0.113 raM, respectively [7]. Since these values are greater 

than the concentrations observed in the present study, we used the first- 
order metabolite-formation rate constant. Estimates of kinetic pa- 
rameters in this model were calculated via MULTI [RUNGE] [8] 
applying the Runge-Kutta-Gill method. The data are weighted by unity 
(weight - 1/C 2) in all calculations for the present study. All analysis 
was performed using an FMR-70 personal computer (Fujitsu Co., Ltd., 
Tokyo, Japan). 

Statistical analysis. Statistical differences between the two groups 
were calculated using the Mann-Whitney U-test. Statistical sig- 
nificance was defined as P < 0.05. 

Results 

The  t ime  courses  o f  D O X  and D O X o l  p lasma levels  ob- 
served after  the adminis t ra t ion  o f  D O X  to H D  and n o n - H D  

patients are shown in Fig. 2. The  pos t infus ion  peak  levels  
of  D O X  in H D  and n o n - H D  patients  were  1539 and 
1336 ng/ml ,  respect ively .  At  43 h after cessat ion o f  the 
infusion,  the levels  were  10.0 and 4.3 ng/ml ,  respect ively .  
The  m a x i m a l  observed  concent ra t ions  o f  D O X o l  in H D  and 
n o n - H D  patients were  14.0 and 18.0 ng/ml ,  respect ively .  At  
the final  sampling,  the leve ls  were  8.5 and 3.9 ng /ml  in H D  
and n o n - H D  patients,  respect ively .  In contrast  to the earl iest  
appearance  o f  peak  concent ra t ions  o f  D O X o l  in n o n - H D  
patients,  the peak  t ime of  m e a n  obse rved  levels  in H D  
patients was 0.25 h after cessat ion o f  the infusion.  Thus,  the 
levels  of  D O X  and D O X o l  measured  in H D  patients  were  
h igher  than those  de te rmined  in n o n - H D  patients through-  
out  the sampl ing  period.  

Table  2 summar izes  the pharmacokine t i c  parameters  o f  
D O X  and D O X o l  in H D  and n o n - H D  patients as ana lyzed  
by m o m e n t  theory. A s ignif icant  d i f fe rence  was observed  in 
the C1 tot o f  D O X  be tween  H D  and n o n - H D  patients  
(P < 0.05). The  A U C  values  obta ined for D O X  and D O X o l  
in H D  patients  were  approx ima te ly  1.5 and 3 t imes  those 
de te rmined  for  n o n - H D  patients,  respect ively .  A l though  
these d i f ferences  were  not  s tat is t ical ly s ignif icant  (P < 0.1), 
the M R T  of  D O X  and D O X o l  showed  a 2-fold  increase  in 
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Fig. 2. Plasma DOX and DOXol concentration after a 30-min infusion of DOX to 5 HD patients and 8 non-HD patients. Data represent mean values 
+ SD 

Table 2. Pharmacokinetie parameters of DOX and DOXol in HD and non-HD patients 

Parameter DOX DOXol 

HD (n = 5) Non-HD (n = 8) HD (n = 5) Non-HD (n = 8) 

Dose (mg/kg) 0.92 • 0.22 0.90 +- 0.25 

C1 total (1 1-1 1 kg -1) 0.520 +_0.210"* 0.894 • 

AUC ([gg/ml] h kg-1) 0.0360+_0.0185"* 0.0210+_0.0111 

MRT (h) 30.9 +_22.8 14.0 _+6.1 

CIHD (1 h -a kg -1) 0.018 +_0.024 
(n = 3) 

C1 renal (1 h-1 kg 1) 0.152 +0.110 
(n = 5) 

0.0285 _+ 0.0094* 0.0090 • 0.0039 

117.6 -+59.5 55.6 +26.9 

0.052 _+0.018 
(n = 3) 

0.0822 • 0.0640 
(n = 5) 

Data represent mean values • SD 
*P <0.01, **P <0.05 vs non-HD group (Mann-Whitney U-test) 
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Table 3. DOX and DOXol disposition rate constants in HD and non-HD patients 

Patients kl0 k12 k21 kl~ k30 k34 k43 Vd 
(h -1) (h -1) (h -1) (b -1 ) (h -1 ) (h -I ) (ll I ) (1/kg) 

Non-HD group 1.967 4.204 0.114 0.183 0.325 3.139 0.765 0.577 
• 0.557 • 0.539 • 0.0227 • 0.122 • 0.183 • 1.621 • 0.423 _+ 0.203 

HD group 1.559 3.106"* 0.0925 0.0510" 0.0882* 2.343 1.331 0.437 
• •  _+0.0278 • • • •  _+0.287 

Data represent mean values • SD. Vd, Distribution volume of DOX in the central compartment 
*P <0.02, **P <0.05 vs non-HD group (Mann-Whitney U-test) 

HD patients in comparison with non-HD patients. The renal 
contributions to DOX and DOXol elimination were ap- 
proximately 15%, a finding that concurs with previous re- 
search [9]. This indicates that the neither higher nor longer 
exposure to DOX and DOXol resulted from the absence of 
renal function for excretion of the drug. 

DOX is present in red blood cells (RBC) and equili- 
brates with plasma [10, 11]. Therefore, Eq. 4 as described 
above may underestimate the amount of drug removal by 
dialysis [12]. In truth, however, the C1HD in the present 
study was negligible as compared with the C1 tot. This 
finding implies that the removal of DOX and DOXol from 
the body by HD is minimal. 

The DOX and DOXol disposition rate constants as 
analyzed by the compartment model (Fig. 1) are listed in 
Table 3. Significant differences were observed between the 
groups in k12, k13, and k30. These findings indicate that the 
patterns of distribution of DOX to the peripheral com- 
partment and of DOXol formation and disappearance in 
HD patients differ from those in non-HD patients. De- 
creased DOXol formation and disappearance were re- 
sponsible for the prolongation of MRT and the increases in 
the AUC of DOX and DOXol. 

Discussion 

Previous reports on the pharmacokinetics of DOX were 
described according to two- or three-compartment model 
analyses [13, 14]. However, the half-life of the alpha phase 
in the three-compartment model was merely 10 min [13]. 
No apparent objection seems to exist to the estimation of 
significant kinetic parameters of DOX using the two- 
compartment model. 

It is known that cyclophosphamide (CPA) can delay 
DOX clearance in children [15], but further kinetic inter- 
actions with DOX have been not reported. Since CPA was 
given to five non-HD and three HD patients, its influence 
on DOX kinetics in both groups can be considered equal. 

In rabbit models in which the pharmacokinetics of DOX 
have been found to be closest to those in humans [16], the 
highest tissue levels of DOX and DOXol were shown in the 
kidneys [17]. Although aldo-keto reductase, which can 
convert DOX to DOXol, was found in all tissues, the 
greatest amount of activity took place in the kidneys [ 18]. 
In humans, it has been also reported that the activity of 
aldo-keto reductase is greater in the kidneys than in the 
liver [7]. Furthermore, one of the five HD patients was 
dialyzed for only 6 months. Because the mean daily urine 

volume of this patient was approximately 250 ml, it is 
likely that the patient, whose C1 tot was 0.870 1 h q,  kg-1, 
had residual renal enzyme activity, although the other HD 
patients were anuric. On the exclusion of this patient, the 
mean values found for the C1 tot and MRT of DOX in HD 
patients were 0.433_+0.088 1 h -1, kg q and 34.8+_24.3 h, 
respectively, and the mean MRT of DOXol was 
138.3_+43.1 h. Further significant differences were ob- 
served in the MRT of DOX and DOXol between the non- 
HD and HD groups, excluding the above-described patient. 
Such findings suggest that the kidneys play a large part in 
DOX metabolism and may be responsible for the increases 
in DOX AUC and decreases in k13 observed in HD patients. 

The blood flow in the kidneys is great in humans [19], 
and DOX uptake into the kidneys is higher than that into 
other rabbit tissues [17]. Moreover, a larger fraction of 
DOX is quite rapidly distributed from the plasma to RBC 
[10, 11], which can result in a smaller k12 in HD patients 
with lower hematocrit values. Unfortunately, our pharma- 
cokinetics studies were not performed using blood con- 
centrations. It has been reported, however, that most of the 
DOX in RBC was unavailable for metabolic elimination 
after equilibration between plasma and RBC had oc- 
curred [10]. 

The AUC of DOXol was greater in HD patients than in 
non-HD patients, whereas a smaller k30 was seen in HD 
patients. DOXol is primarily metabolized to nonactive 
aglycone by reduced nicotinamide adenine dinucleotide 
phosphate (NADPH)-cytochrome P-450 reductase in the 
liver [20]. However, this enzyme also exists in the kidneys 
[21]. Moreover, it is known that the loss of renal function 
decreases the hepatic clearance of some drugs [22]. Bian- 
chetti et al. [23] reported a significant increase in the 
fraction of the dose available to the systemic circulation in 
chronic renal failure after oral dosage of propranolol. Ba- 
teman et al. [24] found that the C1 tot of metoclopramide 
determined in patients with chronic renal failure was ap- 
proximately 30% of that found in healthy volunteers. Kirch 
et al. [25] compared the pharmacokinetics of nimodipine in 
patients with renal dysfunction with that of healthy vol- 
unteers. The mean AUC was significantly higher in the 
renal failure group and the mean elimination half-life was 
also significantly greater in subjects with renal dysfunction 
than in healthy volunteers. These reports indicate that renal 
dysfunction may result in a decrease in the C1 tot of drug 
metabolized mainly in the liver. In view of these observa- 
tions, it seems likely that the accumulation of DOXol is 
induced by delays in its metabolism. 
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As a consequence of the decrease in the C1 tot of DOX 
and the low C1HD of DOX and DOXol observed in HD 
patients (Table 2), the present study suggests that the ex- 
posure to DOX and DOXol in HD patients was greater than 
that in non-HD patients. Careful attention should be paid to 
long-term HD patients receiving DOX. 
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Appendix. Four simultaneous differential equations for 
kinetic parameters 

T -----0.5: 

dCt 
= Dose/0.5/Vd + C2 • k21 - Ct • (klo + kt2 + k~3), 

dt 

dC3 
= C1 x k13 - C 3 x (k30 + k34 ) + C4 x k43, 

dt 

dC2 
= C1 x k12 - C2 x k21, and 

dt 

dC4 
= C3 x k34 -  C4 x k43; 

dt 

T >0.5:  

dC1 
= C2 N k2l - C1 • (klo + k12 + k13), 

dt 

dC3 

dt 

dC2 

dt 

dC4 

= Ct x k13 - C3 • (k30 + k34) + C4 • k43, 

= C1 • k12 - C2 • k2~, and 

= C3 • k34 - C4 )< k43, 
dt 

where C1 and C2 are the concentrations of DOX in the 
central and the peripheral compartment, respectively, C3 
and C4 are the concentrations of DOXol in the central and 
the peripheral compartment, respectively, and Vd is the 
distribution volume of DOX in the central compartment. 
The initial condition is as follows: 
Ct = 0, C2 = 0, C3 = 0, and C4 = 0 
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