Computer Modeling of the Pharmacokinetics of Fluorouracil and Thymine

(14) Guy, R. H., Hadgraft, J., Maibach, H. I. (1985) Toxicol. Appl.
Pharmacol. 78, 123-129.

(15) Guy, R. H., Hadgraft, J., Maibach, H. I. (1985) Dermal Expo-
sure Related to Pestizide Use (Honeycutt, R. C., Zweig, G.,
Ragsdale, N. N., eds.) pp. 19-31, American Chemical Society,
Washington, D.C.

(16) Rowland, M., Tozer, T. N. (1980) Clinical Pharmacokinetics:
Concepts and Applications, pp. 79-94, Lea & Febiger, Philadel-
phia.

(17) Guy, R. H., Hadgraft, J. (1985) J. Control. Res. 1, 177-182.

(18) Leo, A., Hansch, C., Elkins, D. (1971) Chem. Rev. 71, 525-616.

211

(19) Gilman, A. G., Goodman, L. S., Gilman, A. (1985) The
Pharmacological Basis of Therapeutics (7" edition), Macmillan,
New York, in press; McNiff, E. F., Yacobi, A., Young-Chang, F.
M., Golden, L. H., Goldfarb, A., Fung, H.-L. (1981) J. Pharm.
Sci. 70, 1054-1058.

(20) Wester, R. C., Noonan, P. K., Smeach, S., Kosobud, L. (1983) J.
Pharm. Sci. 72, 745-748.

(21) Miiller, P., Imhof, P. R., Burkart, F., Chu, L.-C., Gérardin, A.
(1982) Eur. J. Clin. Pharmacol. 22, 473-480.

(22) NITRO-BID® ointment (2% nitroglycerin), Marion Labora-
tories Inc., Kansas City, MO.

(23) Guy, R. H., Hadgraft, J. (1985) J. Pharm. Sci., in press.

Computer Modeling of the Pharmacokinetics

of Fluorouracil and Thymine

and Their Kinetic Interaction in Normal Dogs’

1,2,3,4

Joseph M. Covey and James A. Straw!

Received: January 2, 1985; accepted: March 21, 1985.

Abstract: The kinetic behavior of thymine and 5-fluorouracil has been
shown to be non-linear and mediated largely by saturable metabolic
processes. In vivo estimates of the Michaelis-Menten parameters V.,
and K, were obtained from constant infusion data in normal dogs
using a system of balance equations that equate drug input with total
output at steady-state. These estimates were then successfully used to
simulate both steady-state and post-infusion plasma concentration-
time curves for both compounds over a range of saturating and non-
saturating conditions. It has been shown previously that estimates of
Vmax and K, obtained from dynamic data can be incorrect if an
inappropriate compartmental model is used in the analysis. Determin-
ing the Michaelis-Menten parameters at steady-state eliminates this
difficulty. Moreover, the use of steady-state derived values to simulate
post-infusion data confirms the validity of this technique. The kinetic
interaction between thymine and 5-fluorouracil was investigated as a
case of competitive metabolic inhibition in vivo by calculating K values
from data obtained during simultaneous constant infusions of the two
compounds. These values were then used in conjunction with a series
of differential equations incorporating reciprocal metabolic effects to
simulate the effect of thymine on FU plasma concentration.

We have shown previously that the elimination of the
pyrimidines thymine (Thy), thymidine (dThd), and
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fluorouracil (FUra) in normal dogs is mediated in part by a
saturable metabolic process (1). Other investigators have
presented similar findings for monkeys and man (2-4). In
addition, co-administration of dThd and FUra has been shown
to result in a competitive metabolic interaction resulting in a
prolonged half-life for FUra and increased clinical toxicity (5,
6).

For many compounds, plasma concentration vs. time data
can be analyzed using one of a number of non-linear regression
programs. In conjunction with an appropriate pharmacokine-
tic model, this procedure can provide valid estimates of the
elimination rate constants and zero-time intercepts (7). How-
ever, when a compound is eliminated from the body by a
saturable process the analysis becomes more complex, and
simple first-order kinetics are no longer valid over a wide
concentration range. Differential equations of the form:

—dC _ Vi -C (Eq. 1)
dt  K,+C

where —dC/dt is the rate of decline of drug concentration at
time t, V ,, is the maximum velocity (in concentration units) of
the saturable process and K, is the Michaelis constant, can be
derived to describe such systems. Unfortunately, Equation.1
cannot be integrated and solved explicitly for C (7). It is
difficult to use many non-linear regression programs to analyze
this type of data, since they require an explicit expression for
C. Some programs can accomodate a system of differential
equations directly, but these can be costly of computational
time (8), and in any case, a large number of unknown
parameters may make a good fit difficult to obtain.

We have obtained estimates of V,,, and K, for dThd, Thy
and FUra by incorporating these parameters into a series of
balance equations describing the steady-state input and elimi-
nation of drug from the body during constant i.v. infusion (1).
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Sedman and Wagner (9) have shown that when estimates of
Vi and K, are made from in vivo data, selection of an
appropriate compartmental model to describe the system is
crucial for obtaining valid results. By calculating these parame-
ters at steady-state we have eliminated the need to determine a
compartmental model. Our estimates were shown to allow
accurate prediction of the non-linear relationship between
infusion rate and steady-state concentration. In addition, the
metabolic interactions of FUra with Thy and with dThd were
described by calculating inhibitor constant (K;) values during
simultaneous infusions of two compounds.

In this report we demonstrate that estimates of Michaelis-
Menten parameters obtained during constant infusion can be
used in conjunction with an analog modeling program to
accurately simulate the dynamic behavior of these compounds
following cessation of the infusion or following i.v. bolus
injection. In addition, the effect of simultaneous infusion of
Thy on FUra plasma levels was successfully simulated.

Materials and Methods

Theoretical

On the basis of data reported previously, a model that
describes the pharmacokinetics of dThd, Thy and FUra at any
dose was assumed to include the following features: (1): a two-
compartment open system, (2) Michaelis-Menten elimination
from the central compartment, and (3) a parallel first-order
urinary excretion process from the central compartment.

It was assumed that each compound studied would follow
first-order kinetics at plasma levels well below the apparent Ky,
for its metabolism. Estimates of such plasma levels were
obtained from preliminary experiments and literature reports
(10-12). Classical first-order pharmacokinetic parameters
were determined using a two compartment model as described
below. However, these are valid only when plasma levels of
FUra and Thy are well below the point of significant metabolic
saturation. To investigate the behavior of each compound at or
near its K, plasma concentration vs. time and urinary data
were obtained during steady-state infusions. Using the balance
equations described below, the apparent K, and V,,,, of each
compound were calculated in vivo. Moreover, by conducting
simultaneous FUra+dThd and FUra+Thy infusion studies
under steady-state conditions, estimates of apparent K;’s for
metabolic inhibition were obtained. While this protocol pro-
duces equations and constants which allow the prediction of
steady-state levels at given infusion rates (k,) (or the converse)
for each compound, there are limitations to its usefulness.
Only steady-state levels can be estimated; nothing can be
predicted about the dynamic behavior of the compounds. This
is a potentially serious limitation since both dThd and FUra
have been administered clinically by routes other than constant
i. v. infusion.

The Continuous Systems Modeling Program (CSMP) (13)
provides a way to obtain dynamic information. This program
simulates any continuous process which can be described by a
series of differential equations. For the pharmacokinetic
model describing the pyrimidines under investigation, equa-
tions in the form of Eq. 2 and 3 were used:

dCy/dt = Qi —(kiz + K + Vi /(K + C1)) G + kn C; (Eq. 2)
dCz/dt = k12 C1 - k21 C2 (Eq 3)
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where C; and C, are drug concentrations in the central and
peripheral compartment respectively, Qj, is the input function
or infusion rate into C;, ky, and k,; are the intercompartmental
rate constants, and k’ is the rate constant for the first-order
urinary elimination process. As determined at steady-state,
Vmax 1S a fundamentally different parameter from that required
for use with CSMP. In the former case, V,,, represents the rate
of metabolism of drug mass and has units in the form: pmoles/
min. In contrast, Eq. 1 and 2 describe the rate of change in
concentration, not total drug in each compartment. Thus V.,
must have units such as umoles/ml/min. To obtain V ,, in the
appropriate units, values as determined at steady-state were
divided by the central compartment volume (V.) for each
compound. The new value is designated V,,,”. Qj, is related to
k, in the same way. The CSMP output provides concentration
vs. time data for both C; and C, at any time interval desired.
Eqgs. 2 and 3 can provide simulations of the approach to steady-
state, the steady-state period, and the post-infusion decay. The
program does not fit experimental data, rather it provides
simulated concentration vs. time data when given the appro-
priate equations and parameter estimates.

Using CSMP, a number of experimental conditions were
simulated, including saturating and non-saturating infusions of
both Thy and FUra. dThd kinetics were not simulated because
of difficulties in obtaining reliable estimates of pharmacokine-
tic parameters for this compound. The kinetic interaction
between Thy and FUra was modeled by incorporating the
Michaelis-Menten function for competitive inhibition into
Eq. 2.

FUra:

dCy/dt = Qi — (kyp + K + (Vimax /(Kn(1 + Cr/Kip) + C1))) G
+ k21C2 (Eq 4)

dCz/dt = k12C1 —k21C2 (Eq 5)
Thy:

dCr/dt = Qrip — (kriz + kT + (Vipaxt /(Kur(1 + Ci/Kypy) +
Cr1))) Cr1 + k121Cr2 (Eq. 6)

dCry/dt = k112Cr1—k121C2 (Eq. 7)

where Kipy is the inhibitor constant for FUra on Thy metabol-
ism and K;r is the inhibitor constant for Thy on FUra metabol-
ism. Symbols containing a “T”” subscript refer to values for Thy
while those without refer to FUra. Simulations were conducted
by “infusing”” FUra alone for 3 h (Qgy, = 0), followedby a4 h
period of co-infusion of FUra and Thy.

Initial Parameter Estimates

Thy and/or FUra were administered to normal dogs by con-
stant i. v. infusion, with, where appropriate, an initial bolus
loading dose. The procedures for drug administration, collect-
ing and processing blood and urine samples, and for determin-
ing concentrations of these pyrimidines in plasma and urine
using high pressure liquid chromatography have been
described previously (1). The plasma concentration vs. time
data for low dose experiments were analyzed using a digital
computer-based nonlinear regression program (14). Post-infu-
sion data points were fit to the equation

C = R EXP (—at) + S EXP (—Bt),

where « and B are the distributional and elimination rate
constants respectively, and R and S are the corresponding end-
infusion intercepts. Best-fit values for R, S, «, and B were
obtained, and the zero-time intercepts (A and B) calculated as:



Computer Modeling of the Pharmacokinetics of Fluorouracil and Thymine 213

A = RTa and B = ST, where T is the duration of infusion.
Intercompartmental rate constants were derived from these
parameters as described by Gibaldi and Perrier (7). Volume of
the central compartment (V) was calculated as: V. = X /A+B
where X, is the total administered dose and is equivalent to
k,T. Urinary clearance was determined using the formula: Cl,
= UV/C, where U is urinary concentration, V is volume of
urine, and C is plasma concentration. The apparent first-order
rate constant (k’) for urinary excretion was calculated as k’ =
Cl/V..

The Michaelis-Menten parameters V ;. and K, were deter-
mined in vivo for Thy and FUra by independently infusing each
compound to steady-state, measuring the resultant levels in
plasma and urine, and applying the following equations. At
steady-state (C,;) achieved by infusion at a constant rate (k,),
the input-output balance equation is:

ko= Cq (Clu +Vmax/(Km + Css)) (Eq 8)

At C, where metabolism is saturated, enzyme velocity will
approach V,,, and since Ci X Cl, = urinary excretion, Eq. 8
simplifies to:

lko = Vnax T urinary excretion (Eq.9)
At low rates of infusion when Ci << K,
ko = Cs (Cly + Vina'Km) (Eq. 10)

Thus, urinary excretion was measured at a saturating C, and
Eq. 9 solved for V.. Atlow rates of infusion where C is well
below K,,, C,, and Cl, were determined and Eq. 10 was solved
for Vp./Kn. Using this information, K, could also be calcu-
lated. For use with CSMP, V...° was derived from V,,, and Q;,
was derived from k, as described above.

K; values for the interaction between FUra and Thy were
estimated irn vivo by incorporating the appropriate Michaelis-
Menten function into Eq. 8:

ko = (Cl, + Vpar/ (K (1 + VK;) + Cy)) Cs (Eq.11)

FUra was infused to a nonsaturating C; then a second infusion
of dThd or Thy was begun, and the two compounds were
infused simultaneously for 4 h. By determining C and Cl, for
FUra and C for Thy (I) during the interaction period, and
using previously determined values of V,,, and K, for FUra,
Eq. 11 could be solved for K;r, a measure of Thy inhibition of
FUra metabolism. '

From the data obtained during simultaneous infusion, Eq.
11 was also used to determine the K; for FU (Kiry) as an
inhibitor of Thy metabolism. Cy and Cl, for Thy were mea-
sured during the interaction period. V., and K, for Thy had
been determined by previous experiments with that compound
alone. Now the inhibitor concentration (I) equals the C of
FU. Thus Eq. 11 could be solved for Kipy.

Initial parameter values were adjusted as required in order
to obtain the best fit to experimental data, as determined by
visual inspection. Initial and best-fit values are listed in the
tables accompanying the simulations described below.

Results

Computer simulations of two low dose Thy infusions are shown
in Figure 1A (dog 80-30) and 1B (dog 80-64). The experimen-
tal data were closely simulated using a two compartment
model. The fit to the post-infusion data was excellent, although
the initial phase was so rapid only a few experimental points

were obtained in this area. The approach to steady-state was
simulated well for dog 80-30, but with some error in dog 80-64.
The initial parameter estimates for these two experiments were
altered somewhat to produce the best-fit simulation (Table I).

1007 A Dog 80-30 10007 B Dog 80-64
End of Infusion End of Infusion
10 " — Simulation 1004
_ e Experimental
i Data
>
=
[
1.0 10
0.1 T v - 1 T ; v
0 100 200 300 0 100 200 300

Minutes Minutes

Fig. 1 Plasma concentration-time data for low dose Thy infusion. A
and B, k, = 0.396 pmoles/kg/min. Parameter values for CSMP
simulation are listed in Table 1.

Table I. CSMP Simulation - Low Dose Thy Infusions (Dogs 80-30
and 80-64)
Model Equations:
dCy/dt = Qyp — (K" + kyp + (Vi /(K + C))) C1 + knC,
dCy/dt = k,C; — kG,

Parameter Values:

A. Dog 80-30 B. Dog 80-64
Initial Best-fit  Initial Best-fit
Q;, (pmoles/l/min) 35 3.6 2.3 2.8
K> (min™) 0.013 0.013 0.011 0.011
Ky, (min™Y) 0.062 0.10 0.058 0.058
Ky (min™Y) 0.0071 0.007 0.018 0.018
Vi (umoles/l/min) 23.4 26.0 15.4 20.0
kn (uM) 69.5 69.0 200 200
C; (start) (uM) 0 0 0 0
G, (start) (uM) 0 0 0 0

Only one change in the intercompartmental rate constants was
made (kj, increased in dog 80-30), indicating good initial
estimates. A good fit in the transition area between distribu-
tional and elimination phases is additional evidence that
appropriate values of the intercompartmental rate constants
have been used. Q;, and V,,,” had to be altered somewhat, but
these parameters are dependent on an estimate of V, which
introduces additional variability in the initial estimate. At low
plasma concentrations (C << K,;), variation in K, and V.,
will have a major effect on the metabolic rate. Although the
estimates of K., were quite different in the two animals, no
changes were necessary to produce the best-fit, suggesting that
the initial values were accurate.

To simulate a high dose Thy infusion, the best-fit estimates
obtained at low dose were used as a starting point for most
parameter values. The loading dose was divided by V. to
provide an initial estimate of the instantaneous concentration
in C;, and k’ was estimated experimentally. A simulation was
achieved which matched all phases of plasma-time curve
(Figure 2). To produce this fit, the initial parameter estimates
were altered somewhat (Table II). The intercompartmental
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Fig. 2 Plasma concentration-time data for high dose Thy infusion.

k, = 4.80 mmoles/kg/min; bolus loading dose = 783 pmoles/kg.
Parameter values for CSMP simulation are listed in Table II.

Table II. CSMP Simulation — High Dose Thy Infusion (Dog 80-30)
Model Equations:
dCy/dt = Qi — (K" + kyp + (Vi /Ky + C)))) C; + kG,
dCy/dt = kyC, - kG,

Parameter Values: Initial Best-fit
Q;, (umoles/l/min) 43 43

k’ (min™!) 0.018 0.018
ky, (min™") 0.100 0.200
ks (min™?) 0.007 0.03
Viax (umoles/l/min) 26 22

K, (uM) 69 100

C, (start) (uM) 7000 7000

C, (start) (uM) 0 0

rate constants had to be substantially increased to produce the
required ‘break’ in the decay curve, and V,,," and K, were
varied slightly to make final adjustments in the fit. Simulation
of a high dose Thy bolus administration was also performed
(data not shown). A good fit to experimental data was
achieved with only slight modification of the best-fit infusion
estimates shown in Table II.

The experimental post-infusion data obtained at low-dose
for FUra were limited because plasma concentrations rapidly
fell below detectable levels. In the experiment shown in
Figure 3, only 4 post-infusion data points were obtained.
Under such conditions the fitting of data to a biexponential
equation and the calculation of intercompartmental rate con-
stants may be inaccurate. Nevertheless, such estimates were
used to produce the CSMP simulation shown in Figure 3.
Surprisingly, an adequate fit was obtained with only slight
modification of the initial estimates (Table IIT). The stimula-
tion approaches steady-state somewhat too rapidly, but the C
was intentionally fit to the 240 min point rather than an average
concentration. Considering the limited experimental data, the
overall fit of the simulation is good. This is important, since the
simulation of low dose FUra infusion was subsequently
required for modeling the FUra/Thy interaction.

The results of simulating a high-dose FUra infusion are
shown in Figure 4. A good fit was obtained to the post-infusion
data, which demonstrated the convex shape expected for a
saturating Michaelis-Menten process (7). Initial estimation of
C; (start) was based on the loading dose given and V, while k’
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Fig. 3 Plasma concentration-time data for low dose FUra infusion.
k, = 0.396 pmoles/’kg/min. Parameter values for CSMP simulation
are listed in Table III.

Table III. CSMP Simulation — Low Dose FUra Infusion (Dog
80-116) Model Equations:
dCy/dt = Oy — (K + kyp + (Vo /(K + C))) C; + kG,
dCydt = k,C, kyC,

Parameter Values: Initial Best-fit
Qi (umoles/l/min) 2.0 1.9

kK’ (min™") 0.0049 0.0049
k;; (min™?) 0.10 0.10
ky; (min™?) 0.040 0.040
Ve (Wmoles/I/min) 8.0 8.0
K. (uM) 17.2 17.0

C,; (start) (uM) 0 0

C, (start) (uM) 0 0

was estimated experimentally. Other initial parameter values
(Table IV) were those producing the best low dose simulation
(Table III). Although the high and low dose infusions were
done in different animals, good fits to the data were obtained
with similar parameter values. This is in contrast to the high
dose Thy experiments which required rather extensive changes
of the low dose estimates (which were obtained in the same

10009, End of Infusian

1004
=
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=) . .
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104 e Experimental Data

0 00 200 300 400
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Fig. 4 Plasma concentration-time data for high-dose FUra infusion.
k, = 2.93 umoles/kg/min; bolus loading dose = 635 umoles/’kg.
Parameter values for CSMP simulation are listed in Table IV.
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Table IV. CSMP Simulation — High Dose FUra Infusion (Dog
81-112)
Model Equations:
dCy/dt = Q;, — (K + kyp + (Vo I(K, + C))) C) + ky G,
dCy/dt = k;,Cy + kyuC,y

Parameter Values: Initial Best-fit
Q;, (umoles/V/min) 11.5 12

k’ (min™%) 0.0082 0.0082
ky; (min™?) 0.10 0.10
k(min™?) 0.04 0.037
Ve (umoles/l/min) 8 8.7
K, (uM) 17 17

C, (start) (uM) 2240 2240

C, (start) (uM) 0 0

dog). A major difference between Thy and FUra was the low
dose derived estimate of k,; which was 5.7 times greater for
FUra. To simulate high dose post-infusion data, k;; had to be
increased 4-fold for Thy, but the initial estimate for FUra
required only slight adjustment. It is not clear if these results
reflect differences in the relative intercompartmental transfer
of Thy and FUra at low and high dose or simply result from the
lack of more extensive low dose data.

Two simulations of the FUra/Thy interaction, differing only
in the Thy infusion rate, are depicted in Figure 5A and 5B. The
C; (plasma) concentration vs. time plots of both experimental
and simulated data are shown for both FUra and Thy. Parame-
ter values and model equations are listed in Table V. In panel
A, as FUra was infused alone for the first 180 min, the
simulation produced a Cg of 4.75 uM, which is in general

10007 A
Start Thy Infusion
Simulations :
Fu
------- Thy
100 . _.. Experimental
.-
Data:
. Fu
° Thy

0 100 200 300 400 S00

Minutes
100018
Begin Thy Infusion  Simulations:
_oemT e Fu
0" e Thy
100 J Experimental
{ Data:
s ' . Fu
ES 1 ° Thy
!
104 f

0 100 200 300 400 500

Minutes
Fig. 5 Plasma concentration-time data for FUra + Thy Experi-
ments
A. ky(FUra) = 0.396 umoles/kg/min (0420 min); k,(Thy) = 1.42
umoles/kg/min (180-420 min)
B. k,(FUra) = 0.396 umoles/kg/min (0420 min); k,(Thy) = 2.0
umoles/kg/min (180-420 min)
Parameter values for CSMP simulations are listed in Table V.
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Table V. CSMP Simulations — FUra/Thy Interaction
Model Equations:

FU:

dC/dt = Qi — (kiz + K + (Vi ’Kin(1 + Cr/Kip) + C1)))
C, + kG,

dCydt = kyC, — kyC,

Thy:

dCry/dt = Qg — (krp + kt' + (Ve vKair(1 + C/Kipy) +
Cm))) Cr + k2iCrz
dCr/dt = k13,Cry — kr1Cro

Expt. A.: Dog 80-116Expt. B: Dog 80-116

Parameter Values Initial Best-fit  Initial Best-fit
Q;, (umoles/l/min) 2 2 2 1.85
k> (min~?) 0.007 0.007 0.007 0.007
ky; (min™Y) 0.10 0.10 0.10 0.10
ky (min™?) 0.040 0.040 0.040 0.070
Vinax (wmoles/l/min) 9 9 9 9

Ko (uM) 17 17 17 17

C, (initial (uM) 0 0 0 0

C, (initial) (uM) 0 0 0 0

Kir (uM) 1.2 11.2 1.2 9
*Qrn (umoles/l/min)  7.55 9 11 12.5
k’; (min~1) 0.009 0.009 0.009 0.009
kg2 (min~1) 0.10 0.20 0.20 0.20
kyz (min~?) 0.007 0.02 0.02 0.02
Viax T 12 12 12 12
Kor (uM) 38 38 38 38

Cy; (initial) (uM) 0 0 0 0
Cp; (initial) (uM) 0 0 0 0
Kiry (uM) 36 36 36 36

*Qqn = 0 from 0 to 180 min.

agreement with the experimental data. When the Thy infusion
was started, levels of that compound rose rapidly in plasma.
Although the experimental data were somewhat variable, a
good simulation of Thy levels was achieved. During this time,
FUra levels also rose, although the infusion rate of FUra was
constant. The simulation of this metabolic interaction gave an
excellent fit to the experimental results. Table V shows that
few modifications of the initial parameter estimates were
required. Only slight adjustments to Qry,, K11, and Koy were
made. It is remarkable that this complex system required so
little adjustment. The changes needed in several Thy parame-
ters may have been due to the fact that the initial estimates
were derived from a low dose Thy experiment in a different
dog. The most important result of this simulation is that the
estimated values of K;r and Kz appeared to be correct. That
the initial estimates of these parameters did not need to be
altered supports their validity and the method of calculation.

The second FUra/Thy interaction simulation is shown in
Panel B. In this experiment, the same infusion rate of FUra
(Qiy) used in Panel A was combined with a 1.5-fold higher rate
for Thy (Qry,)- The initial and best-fit parameter estimates are
listed in Table V. Again an excellent match between experi-
mental and simulated data was obtained for both FUra and
Thy. Starting from the best-fit estimates for Expt. A, only a
few additional changes were required (other than Qry,). Kir
was lowered by 20 % to increase the inhibitory effect of Thy on
FUra somewhat. The final value was within the range of
experimental estimates in this dog. k;; was increased to adjust
the shape of the FUra curve. These results provide additional
support for the validity of the experimental determinations of
K;r and K[FU, and demonstrate their applicability in the
dynamic case over at least 4-fold range of Thy concentrations.
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Discussion

In each of the computer simulations presented in this report, a
reasonably close fit to the actwal experimental data was
obtained. For the low dose experiments, the initial parameter
estimates produced good simulations with only minimal altera-
tions. For the high dose experiments, more extensive changes
were required. Since the calculations of intercompartmental
rate constants were made only at low dose, it had to be
assumed that the same values would apply at high (saturating)
doses. From the current experiments it is not possible to
ascertain if this is true. The calculated values of the Michaelis-
Menten parameters required relatively little alteration.

Although some parameters had to be changed in order to fit
high dose data, itis important to realize that there may be more
than one combination of values that could fit the experimental
data. These simulations were done by trial and error, and given
the large number of parameters, the ‘biologically correct’
solution may not have been found. Indeed, the model system
used probably does not completely reflect the true biochemical
and physiological properties of pyrimidine metabolism in vivo.
For example, metabolic and renal elimination were limited to
the central compartment. This is a reasonable approximation
since the major sites of elimination (blood, liver, kidney) are
well perfused tissues and thus are components of that compart-
ment. Nevertheless, there are many slowly perfused tissues in
the body which are therefore components of the peripheral
compartment and which metabolize these compounds (15, 16).
This discrepancy may have resulted in simulated peripheral
concentrations (C;) many fold higher than those actually
present in tissues.

In addition, the alterations in k;, and k;, were probably
required to shift the thermodynamic balance of material
towards C, where it could be metabolized. An alternate
approach would have been to add peripheral metabolism to the
system. However, this would create new difficulties, since the
experimental data provided no basis for estimating these
parameters. Likewise, although concentrations in the
peripheral compartment appeared high, no experimental
value for tissue concentration was obtained. Collins et al. (17)
have demonstrated that arbitrary changes in the distribution of
metabolism between compartments do not affect the ability of
their model to predict the plasma concentration-time behavior
of FUra.

We have demonstrated that the kinetic interaction between
Thy and FUra is a case of competitive metabolic inhibition in
vivo. This is shown in Figure 5 in which the differential
equations incorporating this concept produce an excellent
stimulation of the effects of Thy on plasma levels of FUra when
both compounds are infused simultaneously. While the data
are too limited to conclude that the parameter estimates are
numerically valid, the presented model system has been shown
to be useful for predicting the reciprocal interaction between
Thy and FUra. The interaction between dThd and FUra, while
more clinically relevant, was not simulated since some parame-
ter estimates for dThd were not obtained. When such estimates
are available, the model system can be easily adapted to study
this interaction. Since Thy is the proximal inhibitor of FUra
metabolism, the simulations presented in this report provide
useful information.

In conclusion, the simulations described here represent one
possible system that provides an adequate fit to the experimen-
tal data available. Experimental estimates of Michaelis-Men-
ten parameters required only minimal adjustment which sug-
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gests that the steady-state system used for their determination
is valid. Moreover, since the values determined at steady-state
are shown to be applicable to dynamic data, the presented
system should prove useful for predicting the behavior of these
compounds in situations where a specific compartmental
model cannot be applied. It is not certain if the results obtained
in dogs apply to human pharmacokinetics. Nevertheless, the
model systems and experimental techniques used and val-
idated in this project provide a rational framework for future
investigations in man. This applies not only to FUra and
related pyrimidines, but to any drug that displays saturation
kinetics in vivo.

Abbreviations

A zero-time intercept of the distributional phase in a two-com-
partment model following an i. v. bolus dose

B zero-time intercept of the elimination phase in a two-compart-
ment model following an i. v. bolus dose

C concentration

C concentration in the central compartment of a two-compart-
ment model

C, concentration in the peripheral compartment of a two-com-
partment model

Cl, urinary clearance

CSMP continuous systems modeling program

Cy steady-state concentration

dThd thymidine

EXP exponent

FUra S5-fluorouracil

I inhibitor concentration

i.v.  intravenous

k, infusion rate (umoles/min)

kK’ apparent first-order rate constant for urinary excretion

ki apparent first-order intercompartmental transfer rate

ko apparent first-order intercompartmental transfer rate

K inhibitor constant

Kir inhibitor constant for thymine

inhibitor constant for fluorouracil

m Michaelis constant
Q,  input rate for computer simulations (pmoles/l/min)
R end-infusion intercept of the distributional phase in a two-
compartment model following a constant infusion

S end-infusion intercept of the elimination phase in a two-
compartment model following a constant infusion
time
duration of infusion

hy thymine

concentration in urine

volume

apparent volume of the central compartment

maximum enzyme velocity (umoles/min)

maximum enzyme velocity (pmoles/l/min)

loading dose or total administered dose

apparent first-order distributional rate constant in a multicom-

partment model

=R I

3 o
5
*«4

°

R ><<5<<<C‘

B apparent first-order elimination rate constant in a multicom-
partment model
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Abstract: Several criteria were used to select a number of inosine
analogs as potential growth inhibitors of the protozoan parasite
Leishmania tropica. Of nine compounds tested, seven showed a high
degree of selective toxicity towards L. fropica promastigoles as
compared to mouse L1210 cells; these include analogs of formycin B,
7-substituted analogs of 7-deazainosine and analogs of inosine in which
the sugar moiety has been modified to confer metabolic stability. The
metabolism of 7-deazainosine in L. fropica promastigotes was shown
to involve conversion to cytotoxic adenosine nucleotide analogs
(tubercidin derivatives) that become incorporated into RNA. The
results suggest several new classes of compounds which have potential
as anti-leishmanial agents.

Inosine analogs such as allopurinol riboside (1-3), thiopurinol
riboside (2, 4), formycin B (2, 3, 5-8) and 3’-deoxyinosine (9)
inhibit the growth of the pathogenic protozoan Leishmania at
concentrations that have little effect on mammalian cells.
Accordingly, these and related compounds offer promise as
chemotherapeutic agents for the treatment of leishmaniasis.
Metabolic studies of the aforementioned analogs have
revealed features important for their apparent selective toxic-
ity. First, these analogs possess modified sugar or base
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moieties that confer resistance towards catabolism. Second,
the selectivity appears to result from differences in purine
salvage pathways in the host and parasite. Leishmania has a
nucleoside phosphotransferase that effectively converts these
inosine analogs to their corresponding nucleoside 5’-mono-
phosphates (1, 4, 6-9), whereas mammalian cells are either
ineffective or less effective in phosphorylation of these com-
pounds (8, 10). Third, the 5’-monophosphates of these analogs
are either directly cytotoxic to Leishmania or are further
converted to other cytotoxic metabolites in these organisms.
Thiopurinol riboside-5’-monophosphate is believed to be the
cytotoxic metabolite of thiopurinol in Leishmania (4), whereas
the effects of allopurinol riboside and formycin B appear to
result from conversion of their 5’-monophosphates to corres-
ponding cytotoxic adenosine nucleotide metabolites and their
subsequent incorporation into RNA (1, 6-8). 3>-Deoxyinosine
is converted to adenosine nucleotide analogs, but is not
incorporated into RNA (9).

The aforementioned findings provide a rationale for the
design of additional potentially useful anti-leishmanial agents.
In the present work, we describe the growth inhibitory effects
of a number of inosine analogs towards L. tropica promasti-
gotes and 11210 mouse leukemia cells. In addition, we have
examined the metabolism of one of these analogs, 7-
deazainosine, and found it to be similar to that reported for
allopurinol riboside and formycin B.

Materials and Methods

L. tropica promastigotes (Clone POJ2 of Iran strain 252,
obtained from B. Ullman) were grown at 26°C in room air
supplemented to 9 % CO, using a defined medium consisting
of Dulbecco’s modified Eagle’s medium containing 1% glu-
cose, 0.3 % bovine serum albumin, 5 mg/l hemin and 10 uM
hypoxanthine. Stock cultures were maintained by reseeding



