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ABSTRACT

The influences of dose and hepatic blood flow on the elimination of 5-
fluorouracil (FUra) by the isolated perfused rat liver were investigated.
FUra was injected into the perfusion reservoir and then serial blood
samples were collected over 2-3 h. FUra concentration was determined
chromatographically. In some experiments, the conversion of (2-uC|FUra
to "CO. was also determined. With livers perfused at 20 ml/min, the

initial decrease in plasma FUra concentration was linear with time
(apparent zero-order kinetics); at concentrations below about 25 MM,the
decrease became exponential (apparent first-order kinetics). Semiloga-
rithmic plots of FUra concentration/dose versus time obtained with
different doses were not superposable, consistent with saturable (Mi-
chaelis-Menten) elimination. Vâ€žxand Ã„â€ž,were 6-11 nmol/ml/min and
33-45 MM,respectively. Hepatic clearance during first-order elimination
was close to 20 ml/min. About 84% of the dose was converted to CO.,
indicating that catabolic metabolism was the principal route of elimina
tion. As hepatic blood flow increased from 10 to 30 ml/min, Vru,vwas
unchanged but X. decreased progressively from 84 to 32 MM, and
clearance increased from 12 to 29 ml/min. It was concluded that hepatic
FUra elimination is highly dependent upon both dose and blood flow.

INTRODUCTION

Metabolism plays an important role in the cytotoxicity and
elimination of the anticancer drug FUra.6 Anabolic metabolism
results in the formation of the cytotoxic nucleotides 5-fluoro-
2'-deoxyuridine-5'-monophosphate, a potent inhibitor of thy-
midylate synthetase and DNA synthesis, and 5-fluorouridine-
5'-triphosphate, which may produce metabolic abnormalities

by serving as a precursor for fluoropyrimidine incorporation
into RNA (1). The relative contributions of these nucieotide
metabolites to the observed cytotoxic effects of FUra are incom
pletely understood, and may vary with the type of cell. Catabolic
metabolism of FUra follows the same pathways as the endoge
nous pyrimidine bases uracil and divinine (2). The initial cata
bolic reaction involves reduction of FUra to H2FUra, which is
then hydrolyzed to a-fluoro-jS-ureidopropionic acid. Further
hydrolysis results in the formation of a-fluoro-ÃŸ-alanine, carbon
dioxide, and ammonia. The successive reactions are catalyzed
by dihydrouracil dehydrogenase (EC 1.3.1.2), dihydropyrimi-
dinase (EC 3.5.2.2), and /8-ureidopropionase (EC 3.5.1.6). The
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catabolic metabolites are generally viewed as inactive (1), but
recent evidence (3) indicates that H2FUra is cytotoxic to some
cancer cells.

The kinetics of FUra elimination have been extensively stud
ied in vivo (4-6), in isolated hepatocytes (7-9), and in cytosolic
extracts of various tissues (10, 11). After i.v. administration,
FUra is rapidly eliminated, primarily by catabolic metabolism
(1,4). Urinary excretion is a minor route of elimination (5, 6,
12, 13), and biliary excretion is negligible (6, 13). The liver is a
major site of elimination, although considerable extrahepatic
metabolism must occur, since metabolic clearance in vivo ex
ceeds hepatic blood flow (4). FUra elimination in vivo is dose-
dependent, as shown by progressive decreases in clearance (4)
and hepatic extraction ratio (14, 15) as dosage is increased.
Hepatic extraction ratios as high as 0.9 have been estimated
from studies in which FUra was administered by portal venous
and hepatic arterial infusions (13-14), or by peritoneal dialysis
(16), suggesting that hepatic clearance may also depend on
hepatic blood flow.

The present studies of FUra elimination by the isolated
perfused rat liver were undertaken to determine the contribution
of hepatic metabolism to the dose dependence observed in vivo,
and to examine the possibility of flow dependence. The isolated
perfused liver is well suited for such studies since metabolism
by extrahepatic tissues is avoided, and hepatic blood flow can
be precisely controlled.

MATERIALS AND METHODS

Isolated Perfused Liver Experiments. The technique and apparatus
for liver isolation and perfusion were similar to those described by
Miller (17). The commercial apparatus (MRA Corp., Clearwater, FL)
was modified by incorporation of a flowmeter (Gilmont Model 12 with
capillary metering valve; Cole-Parmer Instrument Co., Chicago, IL)
into the perfusion circuit to allow precise control of hepatic flow, and
by the addition of a magnetic stirrer to ensure constant gentle mixing
of reservoir fluid.

Male Sprague-Dawley rats (Laboratory Supply Co., Indianapolis,
IN) weighing 180-220 g served as liver donors. Animals were main
tained on a 12-1]light, 12-h dark cycle and received food and water ad
libitum until the time of surgery. Under diethyl ether anesthesia, the
liver was exposed through a midline abdominal incision. The esophagus
was ligated at the gastroesophageal junction and about 1 cm proximally,
and the pancreaticoduodenal vein was ligated at its junction with the
portal vein. Next, the common bile duct was cannulated with polyeth
ylene tubing (PE 10, Clay Adams, Parsippany, NJ) and the portal vein
was cannulated with a 14-gauge plastic catheter (Clear-Cath, Abbott
Hospitals, Inc., North Chicago, IL). Heparinized saline, 2 ml of 200
units/ml, was slowly injected into the portal catheter, clearing the liver
of blood, and in situ perfusion with oxygenated, heparinized Krebs-
Ringer bicarbonate solution was started. The inferior vena cava was
ligated just above the right renal vein. The sternum was retracted after
transecting the thoracic wall in the midclavicular lines, and the inferior
vena cava was cannulated with a 14-gauge catheter inserted through
the right atrium. The liver was then removed by cutting the diaphragm
along the thoracic wall, transecting the esophagus between ligatures,
transecting the attachments between the liver and other structures, and
transecting the inferior vena cava below the distal ligature. The liver
was immediately transferred to the perfusion apparatus, which con-
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tained recirculating fluid at 37'C. Experiments were performed at

hepatic blood flows of 10, 20, and 30 ml/mi n to simulate low, normal,
and high flows. The selection of this range was based on reported
hepatic blood flows of 14-19 ml/min/200 g body weight in normal
barbiturate-anesthetized rats (18, 19).

The perfusion fluid Was composed of washed bovine erythrocytes,
hematocrit 20%, suspended in Krebs-Ringer bicarbonate solution con
taining bovine albumin, 3 g/dl; heparin, 1000 units/dl; glucose, 200
mg/dl; and amino acids at physiological concentrations (20, 21). The
pH of the fluid was maintained at 7.4 by autotitration with sodium
bicarbonate. The average volume added over a 3 to 4-h period was 1.8
ml. Glucose, 1.2 g/dl in Krebs-Ringer bicarbonate solution, was infused
into the perfusion fluid at SOÂ¿il/minthroughout the experiment. The
apparatus initially contained 110 ml of perfusion fluid; after a 30-min
equilibration period, 10 ml of fluid was removed for use as an analytical
blank. FUra dissolved in 0.9% NaCl solution was then added to the
perfusion reservoir and serial perfusion fluid samples (0.5-1.0 ml) were
collected over 2-3 h. In some experiments, [2-uC]FUra was added in

tracer amounts along with nonlabeled FUra, enabling determination of
I4CO2production. The evolved I4CO2was trapped in 25-ml aliquots of

20% ethanolamine in methanol, contained in the CO., absorption trap
of the apparatus, over consecutive 1S-min periods for a total of 300
min. The trapping efficiency of the system was determined from the
recovery of I4CO2in the trap after addition of NaHMCO3 to perfusion

fluid circulating in the apparatus in the absence of a liver. The
NaH'4CO) was incorporated into the Krebs-Ringer bicarbonate solu
tion and infused at a constant rate for 90 min to simulate "CO:
production from [2-uC]FUra. In the presence of a liver, some I4CO2

can be incorporated into other compounds, leading to an underesti
mation of the amount of "CO: generated from '""(-labeled substrates
(22). The extent of hepatic UCO2 incorporation in the presence of FUra

was determined in parallel experiments in which nonlabeled FUra was
added to the perfusion fluid and NaH'4CO3 was infused as above. In
subsequent experiments with [2-'4C]FUra, the fraction of the dose
converted to IJ( ().. was estimated by dividing the actual recovery
(percentage of [2-14C]FUra dose trapped as 14CO2)by the recovery of
I4CO2from NaH14CO3 determined in the presence of FUra.

Viability of the isolated liver preparation was assessed by the general
appearance of the organ and several functional characteristics. Experi
ments were performed only if the liver was not swollen and if the surface
had a uniform reddish appearance. The time course of bile flow and
acid production were analogous to reported patterns (23, 24), and
hepatic blood flow was well maintained throughout each experiment.
Perfused livers incorporated H'4COj as reported by TornerÃ et ai. (22).
In preliminary studies, the ability of perfused livers to secrete sulfobro-
mophthalein into the bile was also tested. The biliary concentrations of
sulfobromophthalein exceeded simultaneous plasma concentrations by
10-fold, demonstrating intact active transport capacity.

Chemical Analyses. Perfusion fluid plasma samples were stored
frozen until the time of analysis. FUra concentration was determined
by gas-liquid Chromatographie and high-performance liquid Chromat
ographie methods, which have been described in detail previously (25,
26). The methods involve sample preparation by sequential cation-
exchange and union-exchange chromatography, followed by gas-liquid
or high-performance liquid Chromatographie analysis. In each, FUra
was well separated from uracil and fluoropyrimidine nucleosides. Anal
ogous results were obtained with the two methods. The radioactivity of
0.5-ml aliquots of CO, trapping solution was determined by liquid
scintillation counting. The amount of 14C'()., in the sample was deter
mined from the specific activities of standard [2-MC]FUra and
NaH'4COj solutions.

Pharmacokinetic Analyses. Plots of plasma FUra concentration ver
sus time, on linear and semilogarithmic graph paper, indicated typical
Michaelis-Menten patterns of elimination, in which a phase of apparent
zero-order disappearance was followed by a phase of apparent first-
order disappearance. Kinetic constants for FUra elimination (\'mn. A'm.

and I ,i) were obtained with the NONLIN84 curve-fitting computer
program (27). Initial estimates of the kinetic parameters, required by
the program, were obtained by the method of van Rossum (28). Briefly,
C0 and CZ, the respective >>-axisintercepts of the initial (zero-order)

and terminal (first-order) portions of the semilogarithmic FUra disap
pearance curves, were obtained by linear regression analysis. A'mwas

then calculated as Câ€ž/ln(C?/Câ€ž)and Vâ€žâ€žwas calculated from A, =
-Vnuu/Kn,, where k, is the first-order elimination rate constant, obtained
from the slope of the terminal (first-order) portion of the disappearance
curve. The initial estimate of Vt was calculated from dose/Câ€ž.The *,
values reported in the results were calculated from the Vmâ€žand Km
values obtained with NONLIN84. Total clearance, which varies with
concentration during Michaelis-Menten elimination, was calculated as
dose/AUC, where AUC is the area under the plasma FUra concentra
tion versus time curve. Clearance during the first-order phase of elimi
nation was estimated from A, x l'd.

Statistical Analyses. For statistical evaluation of the differences in
mean values of three groups, a single factor analysis of variance was
performed. If the analysis of variance indicated a significant difference
among means (/' < 0.01 ), differences between individual pairs of means

were evaluated by the Tukey multiple comparison test (29).
Chemicals. FUra, fraction V bovine albumin, and amino acids were

obtained from Sigma Chemical Co. (St. Louis, MO). Scintillation grade
ethanolamine was obtained from the Eastman Kodak Co. (Rochester,
NY). [2-l4C]FUra (50-60 mCi/mmol) was obtained from Moravek
Biochemicals, Inc. (Brea, CA) and [l4C]sodium bicarbonate (2-10 mCi/

mmol) was obtained from Du Pont NEN Research Products (Boston,
MA).

RESULTS

The time course of elimination of FUra, and appearance and
disappearance of CO2, after bolus injection of FUra (10 mg,
76.9 Â¿/mol)into the perfusion fluid reservoir is illustrated in
Fig. 1. The decrease in plasma FUra concentration from an
initial value of 600 /UMwas linear with time (apparent zero-
order kinetics); at concentrations below about 25 UM the de
crease became exponential (apparent first-order kinetics). The
kinetic pattern was thus typical of a Michaelis-Menten process.
The rate of appearance of I4CO2, derived from [2-MC]FUra,

increased to a plateau value of 466 nmol/min at about 100 min,
remained at that level until 140 min, and then decreased ex
ponentially with a rÂ«,of 22 min. The plateau rate of MCO2

production in this experiment was about 80% of the constant
(apparent zero-order) rate of FUra elimination, determined
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Fig. I. Time course of FUra elimination and co. production by the isolated

perfused rat liver. Representative experiment in which 10 mg (76.9 pmol) FUra
and tracer amount of [2-l4C]FUra was injected into perfusion reservoir at time
zero. Hepatic perfusion rate, 20 ml /min.

5262

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2429427/cr0470205261.pdf by guest on 19 M

ay 2023



FUra ELIMINATION BY ISOLATED PERFUSED RAT LIVER

from the slope of the initial portion of the FUra disappearance
curve.

The actual total recovery of 14CO2derived from [2-14C]FUra

was corrected for trapping efficiency of the system and incor
poration of a portion of the 14CO2into metabolic intermediates

in the liver (Table 1). The trapping efficiency of the system,
determined from the recovery of 14CO2from infused NaH'4CO3

in the absence of a liver in the apparatus, was 98%. In the
presence of a liver and 10 mg no nlabeled FUra, the recovery of
I4CO2 from NaH14CO3, corrected for trapping efficiency, fell to

88%, indicating hepatic incorporation of 12.0 Â±1.8% (SE; n =
3) of the I4CO2 generated. Correction of the actual recovery of
I4CO2 from [2-14C]FUra using this value indicated conversion
of 84% of the dose of [2-14C]FUra to 14CO2.When [2-14C]FUra

was administered by constant infusion into the perfusion fluid
(10 mg over 75 min), rather than by bolus injection, a slightly
greater fraction of the dose (82.4 Â±1.4%; n = 3) was trapped
as 14CO2.

Similar patterns of FUra elimination were obtained at doses
of 5, 7.5, and 10 mg (38.4, 57.7, and 76.9 Mmol) (Fig. 2). At
each dose, a phase of apparent zero-order FUra disappearance
was followed by a phase of apparent first-order disappearance.
Plots of FUra concentration per unit dose versus time (Fig. 2B)
were not superposable, consistent with saturable (Michaelis-
Menten) elimination. The pharmacokinetic parameters ob
tained from these experiments are shown in Table 2. The Km
and Vmaxvalues ranged from 33 to 45 nM and 6.4 to 10.5 nmol/

Table 1 Recovery of MC02 in isolated perfused liver experiments
NaHMCOj or [2-MC]FUra was added to the perfusion reservoir. The "CO2

evolved from these compounds was trapped in 25-ml aliquots of 20% ethanola-
mine in methanol, contained in the CO2 absorption trap of the liver perfusion
apparatus, over consecutive IS-min periods for a total of 300 min. Total cumu
lative recoveries are shown.

Recovery of UCO2 (%)"

ConditionNaH'4CO3
infusion without liver in

apparatus
NaH"COj + 10 mg nonlabeled FUra

bolus
[2-14C]FUra, 10mg bolusActual97.8

Â±1.4*

86.1 Â±1.8

74.1 Â±1.5Corrected88.0

Â±1.8e

84.2 Â±1.6'

" Percentage of administered radioactivity trapped as >4CO2.
* Mean Â±SE (n = 3).
' Actual recovery/0.978.
' Actual recovery/0.880.

1.000
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TIME, min

30 60 90 120 150 180

TIME, min

Fig. 2. Dose dependence of FUra elimination by the isolated perfused rat liver.
Hepatic perfusion rate, 20 ml/min. -(, time course of plasma FUra disappearance
in representative experiments at each dose; H. lack of superposition of logarithm
plasma concentration/dose versus time curves obtained with different doses of
FUra.

Table 2 Dose dependence of FUra elimination by the isolated perfused rat liver
FUra was added in varying doses to the perfusion reservoir and serial perfusion

fluid samples were collected for FUra analysis over 2-3 h. V4,\^â€ž and Kâ€žfor
FUra disappearance were obtained with the NONLIN84 curve-fitting computer
program.

Parameter"K,(ml)

Vâ€žâ€ž(nmol/ml/min)
Km (MM)
*, (min"1)

rw(min)
Total clearance''5

(38.4)98
Â±2.7* (6)c

8.34 Â±0.79
45.1 Â±5.99

0.194 Â±0.018
3.78 Â±0.44
3.35 Â±0.26'Dose

[mg0<im>])|7.5

(57.7)93

Â±2.3 (3)
10.5Â±0.1345.4

Â±2.52
0.232 Â±0.016

3.02 Â±0.20
2.74 Â±0.0810

(76.9)103

Â±1.3(4)
6.38 Â±0.18
33.2 Â±2.06

0.195 Â±0.014
3.62 Â±0.28
1.62 Â±0.05

(ml/rain)
First-order clearance'

(ml/min)
18.8Â± 1.36 21.5Â± 1.12 20.1 Â±1.32

" Perfusion rate, 20 ml/min.
* Mean Â±SE.
c Numbers in parentheses, number of experiments.
' Calculated from dose/AUC.
' Significantly different from value at dose of 10 mg.
f Calculated from k. x y,.
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Fig. 3. Flow dependence of FUra elimination by the isolated perfused rat liver.
FUra dose, 5 mg (38.4 /Â¿mol).Representative experiments are illustrated.

ml/min, respectively. There was no apparent correlation be
tween these kinetic constants and FUra dose. The ividuring the
first-order phase of elimination was 3.0 to 3.8 min, and did not
correlate with dose. Total clearance, calculated from dose/
AUC, decreased progressively from 3.4 to 1.6 ml/min as the
FUra dose was increased from 5 to 10 mg. Clearance during
the first-order phase of elimination was close to the hepatic
perfusion rate and was independent of dose.

Because the first-order clearance of FUra was a large fraction
of hepatic flow, raising the possibility of flow-dependent elim
ination, experiments were performed at flows of 10, 20, and 30
ml/min. The effects of changes in flow on the time course of
FUra elimination are illustrated in Fig. 3, and the pharmaco
kinetic parameters derived from these experiments are shown
in Table 3. The general pattern of elimination was the same at
each flow but the overall rate of elimination increased with
flow. As flow was increased from 10 to 30 ml/min, there was a
progressive decrease in Km from 84 to 32 /IM, and in r...of the
terminal phase from 6.0 to 2.8 min. These changes were accom
panied by a progressive increase in first-order clearance from
11.7 to 28.5 ml/min. There was a small decrease in Vraâ€žand
no change in total clearance with increasing flow.
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Table 3 Flow dependence of FUra elimination by the isolated perfused rat liver
Experimental details as in Table 2, except that experiments were performed at

a constant FUra dose and at varying hepatic perfusion rates.

Hepatic flow(ml/min)Parameter"Kâ€ž(ml)

Vâ€žâ€ž(nmol/ml/min)
Kâ€ž(MM)
Â¿MmiiT')

tv, (min)
Total clearance'10101

Â±4.2*(3)c

9.67 Â±1.44
84.1 Â±\4.3"

0.1 16 Â±0.002'
5.99Â±O.I3Â¿

3.50 Â±0.132098

Â±2.7 (6)
8.34 Â±0.79
45.1 Â±5.99

0.194 Â±0.018
3.78 Â±0.44
3.35 Â±0.26301

11 Â±3.8 (4)
7.71 Â±0.89
32.2 Â±7.02

0.255 Â±0.023
2.80 Â±0.30
4.11 Â±0.25

30

25-

(ml/min)
First-order clearanceÂ« 11.7 Â±0.73' 18.8 Â±l .36 28.5 Â±3.32

(ml/min)
' Dose, 5 mg (38.4 â€žmol).
* Mean Â±SE.
c Numbers in parentheses, number of experiments.
*'Significantly different from values at hepatic flows of 20 and 30 ml/min.
' Significantly different from values at hepatic flow of 30 ml/min.
1 Calculated from dose/AUC.
* Calculated from *, x Vâ€ž.

DISCUSSION

The present studies demonstrate that catabolic metabolism
is the principal route of elimination of FUra by the isolated
perfused rat liver, and that the kinetics of elimination are
dependent upon both dose and hepatic blood flow. The finding
that 84% of the dose of [2-14C]FUra was converted to 14CO2is

in agreement with the extensive catabolism of FUra and uracil
previously demonstrated in vivo (30-32) and in vitro (7, 9, 33).
Sommadossi et al. (7, 9) found little incorporation of radiola-
beled FUra into RNA and no detectable binding to macromol-
ecules in isolated hepatocytes, suggesting that little anabolic
metabolism of the drug occurs in the normal liver. The liver
appears to differ from most other normal tissues with respect
to the catabolic fate of pyrimidine bases. For example, Naguib
et al. (11) found that uracil was catabolized to .Â¡alaninc by
cytosolic extracts of liver and kidney, but only to the level of
dihydrouracil in intestinal mucosa, lung, pancreas, and lympho
cytes. The extensive conversion of pyrimidine bases to CÃ›2in
vivo, and the limited ability of most extrahepatic tissues to form
/8-aIanine from uracil, suggest that the liver is a major site of
FUra elimination. However, significant extrahepatic metabo
lism also occurs //; vivo, as shown by the fact that metabolic
clearance of FUra, calculated as the difference between total
and renal clearance, can exceed hepatic flow by 2- to 6-fold (5,
6, 12) when the drug is administered in low dosage or by slow
i.v. infusion. Au et al. (5) found that the ratio of metabolic
clearance to hepatic flow in the rat was 0.5 after bolus i.v.
administration (25 mg/kg) and increased to about 1.5 during
slow i.v. infusion. Thus, the extent of extrahepatic metabolism
appears to vary with the FUra dose and method of administra
tion.

Dose-dependent elimination of FUra by the isolated perfused
rat liver was clearly indicated by the convex appearance of the
plasma disappearance curves, as well as the lack of superposi
tion of the logarithm plasma concentration/dose versus time
curves for different doses (Fig. 2). Dose dependence of elimi
nation in vivo has also been demonstrated by decreases in total
and metabolic clearance (4-6) and hepatic extraction ratio (14-
15) with increasing dosage, and by the application of the prin
ciple of superposition (6, 12). However, the semilogarithmic
plasma disappearance curves obtained in vivo appeared linear,
rather than convex, over the same range of concentrations used
in the isolated perfused liver studies. Collins et al. (4) demon
strated that a physiological pharmacokinetic model incorporat
ing both first-order and zero-order (saturable) processes yielded
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Fig. 4. Simulated curves illustrating the effect of hepatic flow on the relation
ship between total clearance and FUra concentration. Clearance was calculated
(35) from

Â»u,c\ya

using the mean values of \'â€žâ€ž>,Aâ€ž,.and (,/ obtained at each level of hepatic flow

(Table 3). Dose dependence of elimination is illustrated by the concentration-
related changes in each curve, and flow dependence is illustrated by the differences
between the curves.

linear-appearing semilogarithmic curves similar to those ob
tained in vivo. Possibly a first-order process, occurring in vivo
but absent from the isolated perfused liver system, accounts for
the difference in plasma disappearance curves.

Since plasma protein binding (5, 12) and biliary excretion (6,
13) of FUra are negligible, and renal excretion is a minor route
of elimination (5, 6, 12, 13), dose-dependent elimination has
been attributed to saturable catabolism. The initial reduction of
FUra, catalyzed by dihydrouracil dehydrogenase, has generally
been considered the most likely reaction responsible for dose-
dependent kinetics (1). But additional processes such as cellular
uptake or other metabolic reactions could also be contributory.
Indeed, de Bruijn et al. (34) recently obtained evidence for
nonlinear elimination of H2FUra, derived from FUra, in vivo.
Thus, the exact metabolic process responsible for the observed
nonlinear (Michaelis-Menten) kinetics remains uncertain. The
Km of 33-45 MMfor FUra elimination at a hepatic flow of 20

ml/min in the present studies is in general agreement with
values of 12-37 and 40 MMreported for isolated rat hepatocytes
(8) and cytosolic extracts of rat liver (10), respectively. Some
what lower Kmvalues of 15 MM(4) and 10.9 (range, 3.3 to 34.9)
MM(14) have been estimated from FUra elimination data in
humans, using physiological pharmacokinetic modeling. The
discrepancy between these values and those obtained from the
in vitro studies with rat liver may be a reflection of elimination
by additional tissues in vivo, species variability, or differences
in pharmacokinetic methods.

In the isolated perfused rat liver, increases in hepatic blood
flow resulted in more rapid FUra elimination, which was es
pecially obvious at low plasma concentrations (Fig. 3). The
increased elimination was associated with a greater than 2-fold
decrease in plasma /.. and corresponding increase in k, as flow
was increased from 10 to 30 ml/min. As flow increases, there
is an increase in the rate of drug delivery to hepatic elimination
sites, which results, under nonsaturating conditions, in an in
crease in the rate of catabolism. There was a small decrease in
VmMwith increasing flow. Since the value of k, is equal to Vmax/
A,,,,and k, increased with flow, there was an associated decrease
in apparent A',,,. Increases in flow were also accompanied by
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increases in the first-order clearance of FUra (Table 3). The
simulated curves in Fig. 4 illustrate the effect of flow on hepatic
clearance over the range of FUra concentrations observed in
these studies. At each flow, clearance was greatest and constant
at low plasma concentrations, consistent with first-order elim
ination (35), and decreased as concentration increased and the
eliminating system became progressively more saturated. Each
individual curve thus illustrates the concentration (dose) de
pendence of FUra elimination. The greatest flow-related
changes in clearance occurred at low plasma concentrations
(during first-order elimination) at which the eliminating system
was least saturated. The ratio of clearance at a flow of 30 ml/
min to clearance at a flow of 10 ml/min approached a peak
value of about 2.4 at plasma concentrations below 1 /Â¿M.At
concentrations above about 200 Â¿Â¿M,clearance was essentially
independent of flow, and the clearance ratio was close to unity.

Hepatic blood flow, which is about 25% of cardiac output at
rest, can vary widely between individuals, and within individuals
under different physiological and pathological conditions, or in
the presence of many drugs (36). The present studies show that
increases or decreases in flow of only 50% lead to dramatic
changes in the hepatic clearance of FUra. In view of the low
therapeutic index of the drug, slight changes in hepatic flow
could have important clinical consequences. Ultimately, of
course, the effect of alterations in hepatic blood flow on FUra
elimination will depend on the contribution of hepatic clearance
to total drug clearance, which varies with the dose and method
of administration.
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