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ABSTRACT

The influence of dose and hepatic blood flow on the elimination of 5-
fluoro-2'-deoxyuridine (FdUrd) by the isolated perfused rat liver were
investigated. FdUrd (1-20 mg; 4-81 /Â¿mol)was injected into the perfusion
reservoir and serial samples were collected for Chromatographie deter
mination of plasma FdUrd and 5-fluorouracil concentrations. The de
crease in FdUrd concentration from values above 100 *tMwas linear with
time (apparent zero order); at concentrations below 30-40 /*Mthe decline
became exponential (apparent first order). Semilogarithmic plots of
FdUrd concentration/dose versus time obtained with different doses were
not superposable, indicating Michaelis-Menten elimination. At a perfu
sion rate of 20 ml/min, the apparent \',,,,xand Kmfor FdUrd disappearance

were 14-19 nmol/ml/min and 161-194 Â¿tM,respectively. FdUrd clearance
during first-order elimination was 8-11 ml/min. After FdUrd administra
tion, 5-fluorouracil concentration reached 10-15% of the initial FdUrd
concentration, then decreased with a half-life of 4-7 min. Fifty-four % of
the dose of |2-14qFdUrd was converted to I4CO2. At a dose of 20 mg,

first-order clearance of FdUrd increased from 7 to 12 ml/min as hepatic
flow increased from 10 to 30 ml/min. Less than 1% of the dose of |6-3H|-

FdUrd was incorporated into macromolecules. It was concluded that
hepatic elimination of FdUrd is dependent on both dose and blood flow.

INTRODUCTION

FdUrd,' a nucleoside analogue of FUra, is frequently admin

istered by hepatic arterial infusion in the treatment of liver
tumors (1-3). The aim of this form of therapy is to produce

maximal exposure of tumor cells to the drug, while minimizing
systemic exposure and toxicity. Systemic exposure is lower with
hepatic arterial infusion than with peripheral i.v. infusion to
the extent that the drug is metabolized to less active products
in the liver.

FdUrd and FUra are subject to a complex pattern of metab
olism by opposing anabolic and catabolic pathways (4, 5).
Anabolism results in the formation of the cytotoxic nucleotides
FdUMP, FUTP, and FdUTP. FdUMP forms a complex with
CH2-H4folate and thymidylate synthetase, inhibiting thymidyl-
ate and DNA synthesis. FUTP and FdUTP may produce met
abolic abnormalities through incorporation into RNA and
DNA, respectively. Catabolism of FdUrd, mediated by pyrimi-
dine nucleoside phosphorylases (6), results in the formation of
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FUra which can be further degraded or converted to the active
nucleotides. The initial product of FUra catabolism is H2FUra,
which is toxic to some cancer cells (7). The inactive end prod
ucts of FUra catabolism are a-fluoro-/3-alanine, ammonia, and
carbon dioxide.

The kinetics of FUra metabolism have been described in
detail (8, 9) but much less information is available on the
kinetics of FdUrd elimination. Recent in vivo studies in the
monkey (10) showed that the elimination of FdUrd after pe
ripheral i.v. administration is dose dependent, as manifested by
decreases in total and metabolic clearances with increasing dose.
The demonstration of high hepatic extraction ratios for FdUrd
in humans (1) indicates that the liver is an important site of
elimination, especially during administration by hepatic arterial
infusion.

The present studies of FdUrd elimination by the isolated
perfused rat liver were undertaken to determine whether hepatic
elimination, like FdUrd clearance in vivo, is dose dependent,
and whether the rate of elimination varies with changes in
hepatic blood flow. Such dose and flow dependence would
indicate that the rate of delivery of the drug to the liver, and
thus the rate of administration during hepatic arterial infusion
therapy, are important determinants of the extent of hepatic
removal and systemic exposure to the drug.

MATERIALS AND METHODS

Isolated Liver Perfusion. The methods of liver isolation and perfusion
were similar to those of Miller (11). The commercial apparatus (MRA
Corp., Clearwater, FL) was modified by addition of a flowmeter to
allow precise control of hepatic flow and a magnetic stirrer to assure
constant gentle mixing of reservoir fluid. Male Sprague-Dawley rats
(Laboratory Supply Co., Indianapolis, IN) weighing 180-220 g, main
tained on a 12-h light, 12-h dark cycle and having free access to food
and water, served as liver donors. The surgical procedures have been
described in detail previously (9). After isolation, the liver was imme
diately transferred to the perfusion apparatus which contained 110 ml
of recirculating fluid at 37'C and pH 7.4. The perfusion fluid was

composed of bovine erythrocytes (hematocrit, 20%) suspended in
Krebs-Ringer bicarbonate solution containing bovine albumin, 3 g/dl;
heparin, 10 units/dl; glucose, 200 mg/dl; and amino acids at physiolog
ical concentrations (12, 13). Glucose, 1.2 g/dl in Krebs-Ringer bicar
bonate solution, was infused at a rate of 50 Â¿il/minthroughout the
experiment. Perfusion fluid pH was maintained at 7.4 by autotitration
with sodium bicarbonate. Experiments were performed at hepatic flows
of 10, 20, and 30 ml/min to simulate low, normal, and high flows. The
selection of this range was based on reported hepatic blood flows of
14-19 nil/MI111-00 g body weight in normal barbiturate-anesthetized
rats (14, 15).

Thirty min after the start of perfusion, 10 ml of perfusion fluid were
removed for use as an analytical blank. FdUrd, dissolved in saline, was
then injected into the perfusion reservoir and serial samples were
collected over the next 2-3 h. Bile was collected over the same period.
In some experiments, tracer [2-l4C]FdUrd was administered with the

nonlabeled drug to determine the rate and extent of CO: formation
from FdUrd. The evolved I4CU2was trapped over consecutive 15-min
periods in 25-ml aliquots of 20% ethanolamine in methanol added to
the CO2 trap of the apparatus. The radioactivity of samples was deter
mined by liquid scintillation counting and the amount of 14CO2trapped

was determined from the specific activities of standard solutions. The
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trapping efficiency of the system, determined from the recovery of
"CO: after the addition of NaH14COj to circulating perfusion fluid in

the absence of a liver in the apparatus, was 97.8% (9). In the presence
of a liver, some 14COz can be incorporated into other compounds,
leading to an underestimation of the amount of "CO: generated from
l4C-labeled substrates (16). Therefore, additional experiments were
performed to determine the recovery of I4CO2from NaH'^COs in the
presence of a liver and FdUrd in the apparatus. NaH14CO3 was infused
into the perfusion fluid at a constant rate for 90 min to simulate "CO:
production from [2-14C]FdUrd. In experiments with [2-14C]FdUrd, the
fraction of the dose converted to "COj was estimated by dividing the
actual recovery (percentage of dose trapped as I4CO2)by the recovery
of I4CO2 from NaH14CO3 determined in the presence of nonlabeled

FdUrd.
In a series of experiments aimed at determining the incorporation of

FdUrd into macromolecules, tracer [6-3H]FdUrd was administered with

the nonlabeled drug. Liver samples were obtained for analysis of mue
romolecular-bound radioactivity at 60, 90, and 120 min. A loose
ligature at the base of a small lobe of the liver was quickly tied and the
tissue was resected without interruption of the perfusion (11). Such
experiments were performed with livers from control animals and from
animals that had undergone partial (approximately 70%) hepatectomy
25-28 h earlier (17).

Chemical Analyses. The concentrations of FdUrd and FUra in per
fusion fluid plasma and bile were determined by gas-liquid and high-
performance liquid Chromatographie methods, which have been de
scribed in detail previously (18, 19). Sample preparation for both
methods involved sequential cation-exchange and union-exchange chro
matograph y (18). Standard curves for each compound (peak area ratio
method) were linear over a concentration range of approximately 0.4-
400 /IM. Analogous results were obtained with the two methods.

Plasma protein binding of FdUrd was determined by the method of
Toribara et al. (20).

Hepatic macromolecular-bound radioactivity following [6-3H]FdUrd

administration was determined by the centrifugal elution gel filtration
column assay described by Priest et al. (21). Liver slices prepared from
the excised lobes were homogenized in 0.05 M Tris-HCl buffer, pH 7.4,
containing l IHMEDTA, 10 HIM2-mercaptoethanol, and 8% sucrose.
The homogenate was centrifuged at 29,000 x g for 40 min and an
aliquot of the cytosol was loaded onto a 0.4-ml Sephadex G-25 column,
equilibrated with Tris-HCl buffer containing 1% sodium dodecyl sulfate
in place of sucrose. The column was eluted by centrifugation at 700 x
g for 6 min and the radioactivity of the eluate was determined by liquid
scintillation counting. To determine the relative proportions of total
macromolecular-bound radioactivity representing the FdUMP-CHj-
IUbiate I S complex and drug incorporated into RNA, some samples
obtained from regenerating livers, which had higher macromolecular-
bound drug levels than livers from control animals, were pretreated by
either heating at 65 V for 15 min or by incubation with KNase A at
37*C for 5 min before the gel filtration assay (22). Washtein and Santi

(22) showed that such heating and RNase treatments resulted in selec
tive removal of the FdUMP-CH2-H4folate-TS complex and RNA,
respectively, from the cytosolic fraction.

Pharmacokinetic Analyses. Linear and semilogarithmic plots of
plasma FdUrd concentration versus time indicated typical Michaelis-
Menten elimination kinetics. The data were fitted to a one-compart
ment model with bolus input and Michaelis Menten output, and the
I j- VKU,and Kmvalues for the elimination process were obtained with
the NONLIN84 curve fitting computer program (23). Initial estimates
of the pharmacokinetic parameters, required by the program, were
calculated by the method of van Rossum et al. (24). The computer
program provides a detailed statistical analysis of "goodness of fit"

between the kinetic model and the experimental data; in each experi
ment the analysis indicated a good fit. Total clearance, which varies
with concentration in Michaelis-Menten elimination processes (25),
was calculated from dose/AUC, where AUC is the area under the
plasma concentration versus time curve. Clearance during the apparent
first-order phase of elimination (i.e.. at low drug concentrations) was
estimated from A, x I,/. where A,,is the apparent first-order elimination

rate constant obtained from the slope of the logarithm-linear portion
of the elimination curve.

Statistical Analyses. For statistical evaluation of differences between
the mean values for three or more groups, a single factor analysis of
variance was performed. If this indicated a significant difference (P <
0.05) among means, differences between individual pairs of means were
evaluated by the Tukey multiple comparison test (26).

Chemicals. FdUrd was kindly provided by Dr. W. E. Scott of Hoff
mann-La Roche Inc. (Nutley, NJ). [2-14C]FdUrd (50-56 mCi/mmol)
and [6-3H]FdUrd (15-25 Ci/mmol) were purchased from Moravek

Biochemicals, Inc. (Brea, CA); the radiochemical purity of each, deter
mined by thin-layer chromatography, was equal to or greater than 98%.
Sodium [l4C]bicarbonate (2-10 mCi/mmol) was purchased from Du-
Pont NEN Research Products (Boston, MA). Scintillation grade eth-
anolamine was obtained from the Eastman Kodak Co. (Rochester, NY).
Fraction V bovine albumin and other chemicals were obtained from
Sigma Chemical Co. (St. Louis, MO).

RESULTS

In preliminary experiments, there was no disappearance of
FdUrd from circulating perfusion fluid in the absence of a liver
in the apparatus, indicating that the drug was not metabolized
by erythrocytes. The plasma protein binding of FdUrd was low,
ranging from 0.2 to 5.9% over the concentration range of 12 to
1200 MM.

The time course of elimination of FdUrd at doses ranging
from 1 to 20 mg (4.06-81.2 /Â¿mol)is illustrated in Fig. 1. The
overall pattern of FdUrd disappearance was typical of a Mi
chaelis-Menten process (Fig. [A). The initial decrease in plasma
FdUrd concentration from values above about 100 UM was
linear with time (concave downward portion of semilogarithmic
plot), indicating apparent zero-order kinetics. Below concentra
tions of 30-40 //M, FdUrd disappearance was exponential with
time (linear portion of semilogarithmic plot), indicating appar
ent first-order kinetics. Semilogarithmic plots of FdUrd con
centration per unit dose versus time were not superposable,
consistent with saturable (Michaelis-Menten) elimination. The
pharmacokinetic parameters for FdUrd disappearance are sum
marized in Table 1. The Vmai and Km were 14-19 nmol/ml/
min and 161-194 Â¿Â¿M,respectively, and were not correlated
with dose. Total clearance, calculated from dose/AUC, de
creased progressively from 11.2 to 2.7 ml/min as dose increased
from 1 to 20 mg, consistent with Michaelis-Menten kinetics.
Clearance during the apparent first-order phase of elimination
was 8-11 ml/min. There were small progressive decreases in k,
and increases in f... with increasing dose. Biliary excretion of
FdUrd was negligible.

The patterns of appearance and disappearance of FUra after
FdUrd administration are shown in Fig. IB. FUra plasma
concentration increased to a peak value of 10-15% of the initial
FdUrd concentration and, at the 10- and 20-mg FdUrd doses,
remained at that level until the FdUrd concentration had de
creased to about 50 MM.FUra concentration then fell exponen
tially with a tvi of 4-7 min. The formation of CÃ›2, the final
product of FdUrd cutabolism, was monitored after administra
tion of 20 mg of FdUrd (Fig. 1C). The rate of CO2 production
increased to a peak rate at about 75 min and then decreased
with a tv, of 19 min. The actual recovery of 14CO2from [2-14Cj-

FdUrd was corrected for incomplete trapping of CO2 in the
apparatus and for hepatic incorporation of a fraction of the
generated CO? into other compounds. The trapping efficiency
of the system, determined from the recovery of 14CO2 from
NaH14CO3 infused into the perfusion fluid in the absence of a

liver in the apparatus, was 97.8% (9). The recovery of infused
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Fig. 1. Time course of FdUrd elimination by the isolated perfused rat liver. Hepatic perfusion rate, 20 ml/min. Representative experiments are illustrated. A,
FdUrd plasma disappearance at varying doses; B, appearance and disappearance of FUra after administration of FdUrd; C, appearance and disappearance of MCO,
after administration of [2-'"C]Fd Urd in a dose of 20 mg (8 1.2

Table 1 Dose dependence of FdUrd elimination by the isolated perfused rat liver
FdUrd was injected in varying dosages into the perfusion reservoir and serial perfusion fluid samples were collected over 2-3 h for fluoropyrimidine analysis,

Vâ€žâ€ž,and Kâ€žfor FdUrd disappearance were obtained with the NONLIN84 curve fitting computer program.

Dose [mg(Â¿imol)]Parameter"V*

(ml)
Vâ€žâ€ž(nmol/ml/min)AmG<M)Mmin-)

in (min)
Total clearance (ml/min)'
First-order clearance (ml/min)*1

(4.06)90
Â±21*(4)'0.128

Â±0.010
5.52 Â±0.41
11.2 Â±2.19
11.2 Â±2.193

(12.2)92

Â±12(3)
19.3 Â±4.26
172 Â±53

0.1 19 Â±0.011
5.92 Â±0.56
7.69 Â±1.13
11.2 Â±2.2710

(40.6)96

Â±4.3 (4)
13.8 Â±0.46
161 Â±32

0.093 Â±0.012
8.01 Â±1.36
3.59 Â±0.29/
8.83 Â±1.1520(81.2)107

Â±5.3 (8)
14.2 Â±0.38
194 Â±12

0.075 Â±QMS'
9.50 Â±0.61'
2.65 Â±0.21'

8.02 Â±0.67
" Perfusion rate, 20 ml/min.
* Mean Â±SE.
'' Numbers in parentheses, number of experiments.
'' Significantly different from values at doses of 4.06 and 12.2 mg.
' Calculated from dose/AUC.
f Significantly different from value at dose of 1 mg.
* Calculated from *, X V*

NaH14CC>3in the presence of a liver and 20 mg of nonlabeled

FdUrd, after correction for the CCh trapping efficiency of theapparatus, was 92.9 Â±2.8%'(SE; n = 3), indicating hepatic

incorporation of about 7% of the MCU2 formed. The corrected
recovery of MCO2from [2-MC]FdUrd was 54.2 Â±2.2% (n = 3).

Since hepatic FdUrd clearance was about 50% of hepatic
flow, suggesting the possibility of flow-dependent elimination,
additional experiments were performed with a FdUrd dose of
20 mg and hepatic flows varying from 10 to 30 ml/min. The
results are illustrated in Fig. 2 and the pharmacokinetic param
eters are shown in Table 2. Similar overall patterns of FdUrd
elimination were observed at each level of hepatic flow. In the
highest concentration range, changes in flow had little apparent
effect on the rate of FdUrd disappearance, but in the lowest
concentration range, the rate of FdUrd disappearance increased
progressively with increasing hepatic flow. As hepatic flow
increased from 10 to 30 ml/min there were slight decreases in
Vmaxand Km.There was a more marked and progressive increase
in ke from 0.059 to 0.095 min"1 and a decrease in tv>from 13

to 7 min with increasing flow. Apparent first-order clearance
increased from 6.4 to 10.6 ml/min as flow increased from 10
to 30 ml/min.

The time course of macromolecular incorporation of [6-3H]-
FdUrd in perfused livers from control and partially hepatectom-
ized animals is shown in Fig. 3. In controls, total macromolec-
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Table 2 FlowdependenceofFdUrd eliminationby isolatedperfusedrat liver
Experimentaldetailsas in Table 1,exceptthat experimentswereperformedat

a constant FdUrd dose and varyinghepatic perfusionrates.

Hepatic flow
Parameter"Mml)

Vâ€žâ€ž,(nmol/ml/min)
Km(MM)Mmin-')

iv,(min)
Total clearance(ml/10

mlmin101
Â±10*(3)c

18.7Â±2.38''
293 Â±59"

0.067 Â±0.009
10.7Â±1.57
2.79 Â±0.6620

ml/min107

Â±5.3 (8)
14.2Â±0.38
194Â±12

0.075 Â±0.005
9.50 Â±0.61
2.65 Â±0.2130

ml/min113

Â±13(3)
13.3Â±1.41
127Â±18

0.110 Â±0.020'
6.79 Â±1.27
3.00 Â±0.24

min/
First-orderclearance

(ml/min)*
6.85 Â±1.26 8.02 Â±0.67 12.1Â±1.81*

"Dose, 20 mg (81.2nmol).
4Mean Â±SE.
' Numbers in parentheses,numberof experiments.
" Significantlydifferentfrom valueat flowsof 20 and 30 ml/min.
' Significantlydifferentfrom valueat flowof 10 ml/min.
'Calculated from dose/AUC.
* Calculated from k. x Vd.
* Significantly different from values at flows of 10 and 20 ml/min.
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Fig. 3. Macromolecularincorporationof [6-3H]FdUrdin the isolatedperfused
rat liver. FdUrd dose, 10 mg (40.6 mimi); hepatic perfusion rate, 20 ml/min.
Points, mean;bars,SE (n = 3). A. time courseof macromolecularincorporation
of radioactivity in livers from control and partially hepatectomizedanimals; B,
effectof heatingand RNaseA treatment on macromolecular-boundradioactivity
in cytosolof liversfrom partially hepatectomizedanimals.

ular incorporation was about 10 nmol/g liver at 60 min and
changed little by 120 min (Fig. .VI)- Hepatic macromolecular
incorporation accounted for elimination of only about 0.2% of
the FdUrd dose. In regenerating livers, total macromolecular
incorporation at 60 min was 19 nmol/g and continued to
increase, reaching a level of 32 nmol/g liver at 120 min. Despite
the greater incorporation of [6-3H]FdUrd per g of liver in the

partial hepatectomy group, total macromolecular incorporation
by the liver accounted for only 0.2% of the dose since the
regenerating livers weighed less than the controls. In the partial
hepatectomy group, resolution of total radioactivity into [3H]-
RNA and [6-3H]FdUMP-CH2-H4folate-TS complex fractions

was attempted by treatment of cytosol with RNase A or heating,
which reduced macromolecular-bound radioactivity by about
25 and 75%, respectively (Fig. 3Ã„).

DISCUSSION

The present studies demonstrate that the rate of hepatic
elimination of FdUrd is dependent upon both dose and hepatic
blood flow. The overall kinetic pattern of FdUrd elimination
thus resembles that of FUra (9). However, there are large
differences in the actual rates of elimination of the two drugs.
There also appear to be differences in the metabolic fates of

12-

10-

Wo 6-

2

O.I I IO 100
FdUrd CONCENTRATION,/Â¿M

1,000

Fig. 4. Simulated curves illustrating effect of hepatic flow on relationship
betweentotal clearanceand FdUrd concentration.Clearancewascalculated (25)
from

using the mean valuesof Vâ€ž,â€ž.A.',,,,and KÂ»obtained at each levelof hepatic flow
(Table 2). Dose dependenceof elimination is illustrated by the concentration-
relatedchangesin eachcurve,and flowdependenceis illustratedbythe differences
betweenthe curves.

FdUrd and FUra. Only 54% of the FdUrd dose was converted
to CO.., an end product of fluoropyrimidine catabolism, while
84% of an equimolar dose of FUra was converted to CO2 (9).
This difference could not be explained by differences in mac
romolecular incorporation of the two drugs, since less than 1%
of the FdUrd dose was incorporated into macromolecules, in
agreement with the report of negligible macromolecular incor
poration of FUra in isolated rat hepatocytes (27, 28). The
metabolic fate of FdUrd was not further studied in the present
investigation.

Dose-dependent elimination of FdUrd by the isolated per
fused liver was directly demonstrated by the curvilinear appear
ance of the plasma disappearance curves and the lack of super
position of semilogarithmic plots of concentration/dose versus
time (25). Dose-dependent elimination of FdUrd in vivo was
recently shown indirectly by decreasing total and metabolic
clearances with increasing dose, and by the principle of super
position (10). However, the in vivo plasma disappearance curves
appeared exponential or first order. This could indicate that in
vivo FdUrd is eliminated by a combination of saturable (Mi-
chaelis-Menten) and exponential (first-order) processes, as sug

gested by Collins et al. (8) for FUra. The metabolic process
responsible for dose-dependent hepatic elimination is uncertain.
Since plasma protein binding and biliary excretion of FdUrd
are negligible (10), and there is no evidence for dose-dependent
distribution, the observed dose dependence could be due to
saturable conversion of FdUrd to FUra, or saturable catabolism
of FUra.

In comparison with FUra (9), FdUrd had a 2-fold higher
Vmax,consistent with its greater total clearance. The A"mfor

FdUrd was about 6-fold higher than for FUra. Thus, kt, which
equals \m**/Km, was about 0.2 for FUra and less than 0.1 for
FdUrd. Further, since the drugs had similar volumes of distri
bution, and clearance equals A:,x I],, the apparent first-order
clearance of FdUrd was less than that of FUra.

At low plasma concentrations, the disappearance of FdUrd
became slower as dose was increased, as reflected by progressive
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decreases in apparent k, and clearance. It is possible that the
FdUrd concentrations were not low enough to be in the first-
order region, thus accounting for the changes in k, (29). Since
these changes were associated with progressively higher plasma
FUra concentrations during the late phase of FdUrd elimina
tion (Fig. IB), it is also possible that FUra may have impaired
FdUrd breakdown by product inhibition (30). Other investiga
tors have shown that FUra is capable of inhibiting FdUrd
degradation by extracts of Ehrlich ascites carcinoma cells (31)
and Walker 256 rat carcinoma cells (32). K\ values of 59 and
421 /Â¿Mhave been reported (33) for FUra inhibition of uridine
breakdown by uridine phosphorylase and thymidine breakdown
by thymidine phosphorylase, respectively. In the isolated per
fused liver studies, the peak FUra concentrations produced
from 10- and 20-mg doses of FdUrd were 45 and 130 UM,
respectively; during the apparent first-order phase of FdUrd
disappearance the respective FUra concentrations were 20 and
50 /.'M. It is thus possible that the FUra concentrations resulting
from FdUrd breakdown were sufficient to slow the elimination
of FdUrd, causing the observed decreases in apparent A:,and
clearance.

Changes in hepatic blood flow had a large effect on FdUrd
elimination. As flow increased from 10 to 30 ml/min, a range
of alterations occurring in many physiological, pharmacologi
cal, and pathological conditions (34), there was a nearly 2-fold
increase in k,. and total clearance.The relationship between
hepatic FdUrd clearance, dose, and flow is illustrated in Fig. 4.
At FdUrd concentrations well above the Km (right side of
illustration), increasing the delivery of drug by increasing flow
causes little change in the rate of elimination, since the meta
bolic sites are nearly saturated. However, at concentrations well
below the Kmand, thus, far below saturating levels (left side of
illustration), increasing delivery of drug to metabolic sites by
increasing flow causes a large increase in the rate of elimination.
Thus, small changes in the rate of FdUrd infusion can produce
changes in hepatic artery concentration and rate of drug deliv
ery, leading to changes in hepatic extraction, and the fraction
of the dose reaching the systemic circulation and sites of tox-
icity.
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