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Abstract: Volume shift during equilibrium
dialysis produces errors in estimating the
fraction of drug unbound. This study
describes a method in which protein concen-
tration in the plasma is used to correct binding
data for volume shifts. Data are presented for
phenytoin, a drug that does not bind to the
dialysis system, and for verapamil, a drug that
does. The conventional method of not cor-
recting for volume shift, the method
described previously by one of us (TNT) for a
drug that does not bind to the dialysis system,
and the proposed method of determining
fraction unbound are compared and discus-
sed. It is concluded that the second method is
simple and can be used to determine the
unbound fraction for a drug, such as pheny-
toin, which does not bind to the dialysis
system. If a drug binds to the dialysis system,
as does verapamil, the proposed method of
measuring protein concentration before and
after dialysis can be reliably used to correct
for volume shift.

Equilibrium dialysis is a commonly used
method to determine the unbound frac-
tion (fu) of a drug in plasma. Because
volume shifts occur during dialysis,
errors in the determination of fraction
unbound result. These errors have been
the subject of recent studies (1-5) in
which a method was presented to correct
the fraction unbound for the volume
shift that occurs during dialysis (1).
Briefly, the method involves the deter-
mination of the drug concentration in
the buffer after dialysis (CC'g) and in the
plasma before dialysis (C,) and know-
ledge of the original ratio of volumes of
buffer to plasma. If radiotracer is added
to the buffer, as in these studies, then the
radiotracer concentration in the buffer
before and after dialysis is used. To use
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this method correctly, as pointed out by
Tozer et al. (1), mass balance of drug in
the solution during the dialysis proce-
dure is assumed. This assumption
implies that the drug neither binds to the
dialysis membrane or system nor decom-
poses. For many drugs, binding does
occur. This paper describes a method for
correction of volume shift which can be
used in this situation. Theoretically, this
method, as well as that of Tozer et al.
(1), is based on the principle that the
transfer of fluid during dialysis does not
change the unbound concentration;
rather, the bound concentration is
decreased. The method involves the
measurement of protein concentration
in the plasma before and after dialysis.
To test this method, we studied the
plasma protein binding of verapamil, a
drug that binds to the dialysis system,
and phenytoin, a drug which does not.
The fraction unbound that for both com-
pounds was estimated by this method,
the method of Tozer et al., and by
making no correction for volume shift
(conventional method). The results
demonstrate that for both verapamil and
phenytoin, protein concentration mea-
surements carried out in the plasma
before and after dialysis can be reliably
used to measure the fraction unbound in
the presence of a volume shift.

Materials and Methods

Blank plasma was obtained from four
healthy volunteers and stored at —20°C
pending dialysis. Equilibrium dialysis
was carried out in 2 ml dialysis cells
(Dianorm System, Spectrum, Inc., Los
Angeles, CA). One milliliter blank
plasma from each subject was dialyzed
in duplicate against 1 ml of Sorensen’s
phosphate buffer (0.13 M, pH 7.4) con-
taining 200 ng unlabeled verapamil and

122 pg of *H-verapamil (75 Ci/mmol;
New England Nuclear, Boston, MA) or
7.6 ug of phenytoin and 48.4 ng of 14C-
phenytoin (47 mCi/mmol; New England
Nuclear). Plasma was separated from
buffer by a cellophane membrane (Spec-
tra/Por2, Spectrum, Inc.) with a molecu-
lar weight cut-off of 12000-14000.
Dialysis was carried out at 37°C for 6 h
during which time the cells were gently
rotated. The 6 h time period was estab-
lished in preliminary experiments to be
sufficiently long (greater than five times
the time required to reach 50% of
equilibrium value) to ensure that equi-
librium had been achieved for both com-
pounds. One-half milliliter buffer before
and after dialysis, and 0.5 ml plasma
after dialysis were analyzed by liquid
scintillation counting.

Radiolabeled  compounds  were
checked for radiochemical purity (>
97 %) by thin-layer chromatography and
liquid scintillation counting. We found
*H-verapamil had to be purified by thin
layer chromatography before use. The
tritiated compound, however, remained
stable during the dialysis procedure.

Concentration of protein in the
plasma before and after dialysis was
determined by the method of Gornall et
al. (6).

Recovery of both phenytoin and ver-
apamil from the dialysis system was
assessed by dialyzing only the radio-
labeled compound in buffer against
blank buffer under the conditions of the
experiment. Phenytoin was almost com-
pletely recovered (> 97 %) from the
system, whereas the recovery of ver-
apamil varied from 50 to 80 % in repli-
cate determinations.

Data Analysis

The three methods used to calculate the
fraction unbound (fu) of verapamil and
phenytoin were:

Method 1 (conventional):

Method 2 (Tozer et al. (1):

CI
fu, = —SB
2 Ceg—Cly
Method 3 (present):
CI
fu; = — =B
e Gna+C'p
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where C'g and C'p are the concentrations
of radioactivity after dialysis in the buf-
fer and plasma, Cy is the concentration
of radioactivity in the buffer before
dialysis and G54 is the concentration of
bound drug had no volume shift occur-
red (1). The value of G0 is obtained as
follows:

Gona = Clona (1+3)

where C'y,q represents the bound drug
concentration obtained after dialysis.
C'yna can be obtained as follows:

Clyns = Cp = Cp

d is the fractional increase in the volume
of the plasma due to the osmotic water
shift and can be approximated as fol-
lows:

where P and P’ are the protein concen-
trations in the plasma before and after
dialysis.

Statistical analysis of the three meth-
ods was carried out by one-way analysis
of variance. The F-statistic was evalu-
ated to test if there were differences
among the three methods. Specific dif-
ferences between pairs of methods were
evaluated using the Newman-Keuls mul-
tiple range test.

Results

The fractions unbound of phenytoin cal-
culated by the three methods for each
subject are shown in Table I. Both fu,
and fu; differed significantly from fu,,
the conventional method. However, fu,
and fu; which were corrected for volume
shifts were not significantly different
from each other. Values of & varied
between 0.066 and 0.353.

The respective fractions unbound of
verapamil in the plasma of each subject

Table 1.
different methods®

The fraction unbound of phenytoin calculated by the three

are shown in Table II. In this case, fu;,
fu,, and fu; differed significantly from
each other. Values of d here varied from
0.075 to 0.418.

Discussion

Correction for volume shift is important
when using equilibrium dialysis as a
method to obtain the fraction unbound
of a drug in vivo. As discussed by Tozer
et al., this correction is particularly
important for drugs that are highly
bound to plasma proteins and under
conditions in which substantial volume
shift occurs (1). In the present study, we
found considerable variability in volume
shift (8) between dialysis cells (ranging
from 0.066 to 0.418). The factors which
produce volume shifts are related to the
osmotic pressure of the nondiffusible
substances in the plasma and the dialysis
time and were not further investigated.

In this study, the volume shift could
be accounted for in the determination of
fraction unbound for phenytoin by
either measuring protein concentration
before and after dialysis (method 3) or
using the method of Tozer et al. (method
2). The mean values of fraction unbound
calculated from methods 2 and 3 were
0.136 and 0.139, respectively, and did
not differ significantly from each other.
This is in agreement with theory and
demonstrates that for a drug which is not
lost (bound to system components or
degraded) during dialysis, the method of
Tozer et al. is reliable and has the advan-
tage of requring only one post-dialysis
measurement (C'g).

In contrast to phenytoin, the recovery
of verapamil from the dialysis system
was incomplete and erratic. In this case,
as pointed out by Tozer et al., their
method cannot be used to correct the
fraction unbound for volume shift. As
shown in Table II, and in accordance

Table I1.
different methods®

Pharmaceutical Research 1984

with theory, fu, calculated by their
method underestimates the fraction
unbound calculated by method 3 (fu;).
For drugs such as verapamil that are lost
during the dialysis procedure, errors
may also occur in the calculation of post-
dialysis drug concentration. This prob-
lem has been discussed elsewhere (7).

The proposed method has the disad-
vantage of requiring additional mea-
surements  (protein  concentration
before and after dialysis) to determine
the fraction unbound. These measure-
ments introduce error. This may be the
cause of the larger standard deviation
(S.D.) observed with method 3 (see
Tables I and IT) and suggests that special
care be given to measuring the protein
concentration when applying this
method.

In summary, volume shift during
equilibrium dialysis produces errors in
the estimation of the fraction unbound.
If a drug is not lost during dialysis, as was
the case of phenytoin in this study, the
method of Tozer et al. can be used to
correct for volume shift and to accu-
rately obtain the fraction unbound. For
a drug such as verapamil, whose loss
during the dialysis procedure is erratic,
measurement of protein concentration
before and after dialysis can be used
reliably to correct for volume shift.

Acknowledgments

This work was supported in part by a grant
from the American Heart Association. We
would like to acknowledge Ms. Rebekah
Levy for preparation of the manuscript.

References

(1) Tozer, T. N., Gambertoglio, J. G.,
Furst, D. E., Avery, D. S., Holford, N.
H. G. (1983) J. Pharm. Sci. 72,
1442-1446.

The fraction unbound of verapamil calculated by the three

Subject fu, fu, fu, d Subject fu, fu, fu, d
) )

1 0.152° 0.131 0.140 0.066 1 0.122° 0.095 0.115 0.075
2 0.179 0.151 0.157 0.172 2 0.123 0.095 0.090 0.418
3 0.172 0.129 0.141 0.259 3 0.129 0.088 0.105 0.235
4 0.153 0.132 0.118 0.353 4 0.133 0.092 0.117 0.163
Mean 0.164 0.136 0.139 0.213 Mean 0.127 0.092 0.107 0.223
S.D. 0.014 0.010 0.016 0.120 S.D. 0.005 0.003 0.012 0.146
*Methods are described in text. *Methods are described in text.

*Values represent means of duplicates.

®Values represent means of duplicates.



Experimental Combination Chemotherapy with Thymidylate Synthetase and Ribonucleotide Reductase Inhibitors 181

(2) Tozer, T. N. (1984) in: Pharmacokine-
tics: A Modern View. (Benet, L. Z.,
Levy, G., and B. L. Ferraiolo, eds.)
Plenum, New York.

(3) Lockwood, G. F., Wagner, J. G. (1983)
J. Pharm. Pharmacol. 35, 387-388.

(4) Sophianopoulos, J. A., Durham, S. J.,
Sophianopoulos, A. J., Ragsdale, H. L.,
Cropper, W. P. (1978) Arch. Biochem.
Biophys. 187, 132-137.

(5) Bergrem, H., Grgttum, P., Rugstad, H.
E. (1983) Eur. J. Clin. Pharmacol. 24,
415-419.

Experimental Combination
Chemotherapy with Thymidylate Syn-
thetase and Ribonucleotide Reductase

Inhibitors

Shu Kobayashi!, Takao Hoshino!®, and Daniel V. Santi’

Received: October 19, 1983; accepted: January 10, 1984.

Abstract: The synergistic cytotoxic effects on
exponentially growing 9L rat brain tumor
cells of several inhibitors of thymidylate
synthetase (TS) and ribonucleotide reductase
(RNR) used in combination were investi-
gated using a colony forming efficiency assay
as the experimental endpoint. A 24 h treat-
ment with nontoxic (0.1 pg/ml) or low (1.0 ug/
ml) doses of S-fluorouracil (FUra), 5-
fluorodeoxyuridine, 5,8-dideazaisofolic acid,
or 2’-deoxy-2’-fluoro-ara-uracil markedly
enhanced cell kill caused by subsequent
administration of 100 pg/m] hydroxyurea
(HU) for 6 h. When a similar dose of HU or 1-
formylisoquinoline thiosemicarbazone was
administered for 6 h immediately aftera24 h
treatment with either a 0.1 pg/ml or 1.0 pg/ml
of FUra, a cell kill of approximately 1 log in
addition to that caused by each drug alone
was obtained. Thus a synergistic cell kill was
consistently obtained when a low dose of TS
inhibitors was administered 24 h before a6 h
treatment with another low dose of agents
that act as RNR inhibitors. This synergism
was not observed when FUra-treated cells
were treated with methotrexate, 6-mercapto-
purine, vincristine, or 1,3-bis(2-chloroethyl)-
1-nitrosourea. Similarly, a 6 h treatment with
1 pg/ml of FUra of cells that had been treated
for various periods with 100 wg/ml of HU did
not increase cell kill more than that obtained
with HU alone (30 % cell kill).
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Patients harboring malignant brain
tumors are often treated on chemothera-
peutic regimens that use various combi-
nations of drugs that have different
modes of action. Combinations are se-
lected to obtain an enhanced cell kill by
metabolic interaction of two agents, to
take advantage of cytokinetic perturba-
tions induced in tumor cells treated with
different agents, or to decrease drug-
induced side effects. Because of the
limited number of available, efficacious
chemotherapeutic agents, use of these
agents in combination provides a
reasonable approach to the treatment of
cancer patients. Even though biological
and/or biochemical mechanisms are not
well-understood, there are many combi-
nations of drugs that enhance cytotoxic-
ity in experimental settings.
5-Fluorouracil (FUra) has been used
extensively for the treatment of various
neoplasms and, because it crosses the
blood-brain barrier, has been used in
combination with other drugs for treat-
ment of malignant brain tumors (1). We
have shown (2) that treatment of expo-
nentially growing 9L rat brain tumor
cells with low nontoxic doses of FUra
resulted in the accumulation of cells in S-
phase. Treatment of such cells with hy-
droxyurea (HU) resulted in a greatly en-
hanced cell kill (3). Because -cells
blocked at the G;/S border by moder-
ately toxic doses of FUra also showed
enhanced sensitivity towards HU, this
synergism is not simply a result of
cytokinetic perturbations induced by
FUra nor of the phase specificity of HU.

(6) Gornall, A. C., Bardawill, C. J., David,
M. M. (1949) J. Biol. Chem. 177,
751-766.

(7) Giacomini, K. M., Abang, A., Blas-
chke, T. F. (1982) Br. J. Clin. Phar-
macol. 14, 752-754.

In this report, we describe experi-
ments in which inhibitors of thymidylate
synthetase (TS), which are more specific
than FUra, and more potent inhibitors
of ribonuclease reductase (RNR) than
HU were used in combination against 9L
rat brain tumor cells in vitro. Results
obtained support the hypothesis that
synergism is the result of a blockade of
TS followed by inhibition of RNR.

Materials and Methods

9L Cell Culture

9L rat brain tumor cells (1 to 2 x 10° cells)
were seeded into 75 cm? tissue culture
flasks and grown in 16 ml of Eagle’s
minimum essential medium (MEM)
supplemented with 10 % newborn calf
serum, nonessential amino acids, and
gentamicin (50 pg/ml) (CMEM). Before
treatment, cells were incubated for
approximately 24 h at 37 °C in a humidi-
field 5 % CO, : 95 % air atmosphere to
establish early log phase growth. Cell
survival was determined with a colony
forming efficiency (CFE) assay (2, 4).
Surviving fractions (SF’s) were calcu-
lated as the ratio of the CFE’s of treated
cells to the CFE’s of control cells.

Drugs and Treatment

FUra (fluorouracil injectable, Roche
Laboratories, Nutley, NJ), 5-fluorode-
oxyuridine (FdUrd, Sigma, St. Louis,
MO), 5,8-dideazaisofolic acid (H-338,
kindly supplied by Dr. John B. Hynes,
Department of Pharmaceutical Chemis-
try, Medical University of South Caro-
lina), 2’-deoxy-2’-fluoro-5-fluoro-ara-
uracil (FFdAU, kindly supplied by Dr.
K. A. Watanabe, Walker Laboratory of
the Memorial Sloan-Kettering Cancer
Center, New York), HU (Calbiochem-
Behring, La Jolla, CA), 1-formyliso-
quinoline thiosemicarbazone (IQ-1, a
gift of Dr. A. Sartorelli), methotrexate
(MTX, Lederle Laboratories, Pearl
River, NY), 6-mercaptopurine (6-MP,



