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Abstract O Methotrexate uptake by murine Lewis lung tumor was
measured in vivo over a wide dose range. The data were analyzed ac-
cording to a model previously developed for tissues in which methotrexate
uptake is rate limited by transport across the cell membrane. Metho-
trexate transport in this tumor followed Michaelis—-Menten kinetics with
a rate constant for permeability (k/K) of 0.012 min~!. The methotrexate
binding capacity of dihydrofolate reductase in the tumor was not ex-
ceeded at any dose studied. A low membrane permeability in conjunction
with a high dihydrofolate reductase level explains the resistance of this
tumor to methotrexate.
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A previous study (1) found that when mice bearing
Lewis lung tumor were infused with methotrexate to
maintain a 0.01-ug/mi plasma level, the incorporation of
3H-deoxyuridine into DNA was nearly completely blocked
in the small intestine but virtually unaffected in the tumor.
This difference was thought to occur because tumor cells
contain a higher dihydrofolate reductase level and are less
permeable to methotrexate than are intestinal cells. Sub-
sequent measurements of this enzyme showed that its level
in tumor cells is about six times higher than that in intes-
tinal cells (2).

The question of membrane permeability remained. It
is well known that many solid tumors are resistant to
standard chemotherapeutic treatments (3). A relatively
low permeability was recently demonstrated in vivo for
methotrexate in spontaneous canine lymphosarcoma (4).
The Lewis lung tumor, a solid metastasizing carcinoma
insensitive to many chemotherapeutic agents (5), has been
used as a valuable experimental tumor model (6, 7).
Therefore, the membrane permeability of this tumor to
methotrexate in vivo was examined to gain insights into
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the nature of tumor resistance through model simula-
tions.

THEORETICAL

A general model was described (8) for methotrexate uptake in normal
tissues, in which the uptake rate is limited by the membrane permeability.
This model is now applied to the Lewis lung tumor tissue (Fig. 1). Implicit
in this tumor model are the assumptions that: (a) the capillary membrane
offers no barrier to passage, (b) no methotrexate binding occurs in the
extracellular compartment, whereas saturable binding to dihydrofolate
reductase occurs in the intracellular compartment, and (c) instantaneous,
complete mixing takes place in the extracellular compartment. For such
a model, the following equations apply:

VeydCo _ Q _ _jﬁ
(V) a7 (V) (C, —C.) v (Eg. 1)
_Veldai _jA
(1 V) FIREY; (Eq. 2)
aC;
dg; =C; + E"'_p, (Eq. 3)

where C is the free methotrexate concentration, & is the blood flow rate,
JA is the net transport rate of methotrexate over total area A, g is the total
intracellular methotrexate concentration, a is the maximum dihydro-
folate reductase binding capacity for methotrexate, E is the dissociation
constant of the dihydrofolate reductase-methotrexate complex, and V
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Figure 1—Diagram of tumor model. See text for notations.
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Figure 2—Methotrexate distribution between plasma and Lewis lung
tumor of mice at several doses and various times after dosing.

is the total tissue volume. The subscripts e, i, and p denaote extracellular,
intracellular, and plasma, respectively.

Methotrexate transport across most normal and tumor cell membranes
is generally assumed to be a carrier-mediated process (9, 10). At high
concentrations, passive diffusion may play a role (11). With the as-
sumption that the efflux and influx of the facilitated process are char-
acterized by the same parameters, the net methotrexate transport rate
into the cells is given by:

JA _ kC, kC;

K+C +b(C, = C))
where k is the maximum transport rate per unit volume, K is the Mi-
chaelis constant for the transport, and b is the passive permeability
coefficient per unit volume. At doses low enough so that virtually all
methotrexate entering the cells hecomes tightly bound to dihydrofolate
reductase (i.e., C; = 0) and where the passive process is relatively insig-
nificant compared with the facilitated process (i.e., b = 0), Eq. 4 reduces
to:

(Eq. 4)

JA _ kC,
vV KTC. (Eq. 5)
For low doses where C, «< K, Eq. 5 becomes:
JA _ [k
v (K) C. (Eq. 6)

Since C. =~ C,, Eq. 6 predicts a linear increase of jA with C,,. For a time
7 sufficiently large such that C,V, « ¢;V;, Eq. 6 leads to:

(k) o Cr(a)

K- j;rcp(t)d[

K
where Cr is the average concentration of methotrexate in tumor cells and
is given by:

(Eq. 7)

Cr=(C.V.+q;V))/V (Eq. 8a)
Cr=qi + (V./VX{C, — q)) (Eq. 8b)

Equation 7 then gives a first estimate of k/K from Cr(t) and C,(t), both
of which can be determined experimentally. The resolution of the k/K
ratio into its components was discussed in detail previously (4, 8). Based
on the parameters k, K, @/V, V./V, ¢, and E, the time course of metho-
trexate uptake in the tumor cell can be simulated through Egs. 1-4.

EXPERIMENTAL
Lewis Lung Tumor-Bearing Mice—CDF,; male mice, 18 + 2 g, were

transplanted subcutaneously with Lewis lung tumor of ~2 mm? in size.
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Table I—Percentage of Radioactivity Associated with
Methotrexate in Plasma and Tumor Samples of CDF, Mice
Given IH-Methotrexate Intravenously

Percentage? of Radioactivity

Associated

Dose, with Methotrexate after
Sample mg/kg 30 min 180 min
Plasma® 0.03 82 10

3 89 29

300 — 24
Tumor* 0.03 — 93

3 — 76

300 — 32

2 Based an the total radicactivity put on the column.  In control experiments,
where *H-methotrexate was added to the pooled blood from the tumaor-hearing mice
and identical preparative procedures were followed. nearly 100% of the radivactivity
was associated with methotrexate. ¢ In control experiments, where “H-methotrexate
was mixed with the homogenizing medium and added to the pooled tumaors, the
radioactivity associated with methotrexate was 96

Three weeks later, these tumor-bearing mice were used in the study. At
this time, the primary tumors weighed 0.5-1.0 g.

Drug Solution Purification and Preparation—3',5",9'(n)-Metho-
trexate! was purified hy diethylaminoethylcellulose chromatography
(12) each time before use. The sodium salt of *H-methotrexate, 250 uCi.
was taken up with 0.75 ml of 0.1 M ammonium bicarbonate buffer and
applied onto a 0.7 X 9-cm column. The column was then eluted at 18
ml/hr with a linear gradient of the buffer at pH 8.3 from 0.1 to 0.4 M. The
fractions containing methotrexate were pooled and lyophilized.

The lyophilized H-methotrexate was reconstructed into a solution
of the desired concentration with unlabeled methotrexate dissolved in
an aqueous solution of 0.25% NaHCO; and 0.9% NaCl. The unlabeled
methotrexate, of which the purity was checked by the column chroma-
tography, was relatively free of impurities and was used without further
purification. The specific activity of the solution, determined from
measurements of its optical density at 302 nm and its disintegrations per
milliliter, ranged from 1.6 to 17 uCi/ug.

Uptake Study—The tumor-bearing mice were injected with the drug
solution via the tail vein at doses of 0.003, 0.03, 3, and 300 mg/kg. Then
the animals were killed by decapitation at specified times. Blood samples
were collected in heparinized tubes and centrifuged to separate the
plasma. The tumors were removed surgically.

Aliquots of the plasma and of the nonnecrotic portion of the tumor were
digested in a tissue solubilizer? and counted® for tritium in a counting
cocktail consisting of 0.01% 1,4-bis[2-(5-phenyloxazolyl)]benzene* and
0.3% 2,5-diphenyloxazole! in methanol-toluene (6:14). The counting error
was <b%. Appropriate corrections for quenching were made using the
automatic external standard ratio method.

Two control mice, which received no drug, were processed for each
dose.

Plasma and Tumor Sample Radiopurity— The radiopurity of the
plasma and tumor samples was determined at several doses and time
points by column chromatography. Six tumor-bearing mice were used
for each time point. The drug solution was administered as in the uptake
studies. Pooled plasma samples were heated in a boiling water bath for
10 min and centrifuged. An aliquot of the supernate thus obtained was
applied onto the same column system described in the purification pro-
cedure and eluted similarly, starting, however, with a 0.05 M buffer. Each
0.75-ml fraction was collected, mixed with 15 m] of a scintillation cock-
tail®, and counted for tritium content with appropriate corrections for
quench. Pooled tumors weighing 1.5 g were homogenized with 2 ml of an
ice-cold aqueous solution of 0.25% NaHCQ; and 0.9% NaCl. The ho-
mogenate was treated similarly to the pooled plasma samples.

All procedures were carried out under minimal incandescent light to
prevent the photodecomposition of these pteridine derivatives. ‘The total
radioactivity obtained from fractions that coincided with the absorbance
of the coeluted methotrexate, which was added to the sample before
fractionation as a marker, divided by the total radioactivity put on the
column gave the fraction of remaining methotrexate in the samples. The
radioactivity from these boiled plasma or tumor tissue extracts accounted

1 NCS, Amersham/Searle.

2 From Drug Research and Development Branch, National Cancer Institute.
3 Packard Tri-Carb liquid scintillation spectrometer, model 3390,

4 Packard.

5 Aquasol, New England Nuclear.



for greater than 90% of the radioactivity as determined by digested and
counted aliquots of similar tissues. Control experiments, in which the
purified H-methotrexate solution was added either to the blood pooled
from the tumor-bearing mice receiving no drug or to the homogenizing
medium for tumors from control mice, were also performed.

RESULTS AND DISCUSSION

Plasma and Tumor Sample Radioactivity-—Methotrexate is sig-
nificantly metabolized in rodents by the host intestinal bacteria (13-15).
Thus, the measured radioactivity is the sum of the radioactivity associ-
ated with both methotrexate and its metabolites. The radioactivity
fraction associated with methotrexate in the samples, however, will vary
with the dose given, the administration route, and the time after injection,
as was observed in this study.

As can be seen in Table I, at times shorter than 30 min, methotrexate
remained largely intact regardless of the dose. By 3 hr, only 10-20% of
the radioactivity measured in the plasma (depending on the dose) was
associated with methotrexate; the remainder was associated with me-
tabolites and, in a few cases (plasma sample at 3 hr and 300 mg/kg; tumor
sample at 3 hr and 300 mg/kg), with *H,0. However, nearly all tritium
measured in the tumor at 0.03 mg/kg at 3 hr was in methotrexate. The
same result is to be expected for the 0.003-mg/kg dose. The lower per-
centage found in the tumor sample at 3 mg/kg can be attributed to the
relatively significant amount of metabolite in the extracellular com-
partment, which is insignificant at lower doses. At 300 mg/kg, most of
the radivactivity in both samples came from 3H20, which largely ac-
counted for the low percentages associated with methotrexate. These
findings were used to make corrections in the uptake studies.

Membrane Transport as Rate-Limiting Step—After corrections
were made in accordance with Table I, the methotrexate concentrations
in tumors at different time points for all doses were plotted against the
corresponding concentrations in plasma (Fig. 2). The tumor methotrexate
concentration was not a unique function of its concentration in the
plasma, which would be expected if the uptake were flow limited. The
dependence of the tumor methotrexate concentration on the dose given
as well as on the plasma concentration strongly suggests that membrane
resistance can be a rate-limiting factor for methotrexate uptake in this
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Figure 3—Plasma methotrexate
concentrations versus time fol-
lowing several intravenous doses.
Dark symbols are experimental
data. Open symbuls are corrected
data. Solid lines represent triex-
ponential curve fitted as described
in the text. Each point is from one
mouse.
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Figure 4—Average tumor meth-
otrexate concentrations versus
time following several intravenous
doses. Dark symbols are experi-
mental data. Open symbols are
corrected data. Solid lines repre-
sent model simulations. Shaded
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tumor. Similar observations were made with such tissues as the small
intestine, spleen, and bone marrow of the rat (8) and lymphosarcoma of
the dog (4). :

Plasma Data—The plasma methotrexate concentrations obtained
for each dose up to 3 hr are shown in Fig. 3. Corrections for tritium not
associated with methotrexate were made in accordance with Table 1. For
the lowest dose, a correction was made at 3 hr in proportion to that made
for 0.03 mg/kg. Based on these points and with the assumption of 100%
radiopurity at time zero, a linear interpolation provided the points be-
tween 30 min and 3 hr. The resulting corrected plasma data sets for each
dose were then curve fitted (16) with the following triexponential equa-
tion:

(Eq.9)

where Cp(0) for each dose was obtained from the whole animal model
developed earlier (17). These equations thus served to evaluate the de-
nominator in Eq. 7 and as input functions for tumor model simula-
tions.

Tumer Data—The measured tumor methotrexate concentrations as
a function of time are plotted for each dose in Fig. 4. Also shown are the
corrections made in accordance with Table I. The tumor methotrexate
concentrations were indeed proportional to the doses at the two lowest
doses, indicating the validity of Eq. 6. As the dose increased, the tumor
concentration did not increase proportionally, and the transport mech-
anism apparently became saturated.

The data obtained at either of the two lowest doses were then used,
together with the corresponding plasma data, in Eq. 7 to estimate k/K.
Equations 1, 2, 6, and 8 can be solved simultaneously on a digital com-
puter for Cr as a function of time for the two lowest doses, using the es-
timated value of k/K once V./V and Q/V are determined. The value of
V,/V was conveniently evaluated from Fig. 2, where V./V =~ Cr/Cp at
short times following the highest dose when most of the drug is confined
in the extracellular space due to transport saturation. To evaluate Q/V,
it is noted that the change in C during the first few minutes following
the highest dose can be approximated by:

dCr ()¢ —
dt "[V)(C” Cr)

Cp(t) = a; exp(—=b,t) + az exp(—bat) + a; exp(—bit)

(Eq. 10)
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Table II—Model Parameters for Murine Lewis Lung Tumor

Parameter Value

Q/V, flow rate for unit volume, min~!

V./V, fractional extracellular volume

@, maximum binding capacity, ug/ml

E, dissociation constant, ug/ml

k, maximum transport rate for unit volume, pg/ml/min
K, Michaelis constant for transport, ug/ml

a

0010

.1
.2
.0
.00

.0036
.3

COoOoO~OO

o Reference 2. ® Reference 8.

An approximate value of §/V was thus found from the best fit of Eq. 10
to the experimental data under such conditions. Since the uptake is not
flow limited, a precise knowledge of @ is not required. These parameters,
along with other model parameters, are given in Table IL. The predicted
Cr values were made to best fit the experimental data at the two lowest
doses by slightly adjusting the initial /K estimate. The final /K value
was compared to that of the small intestine in Table II1.

The nonresponsiveness of the Lewis lung tumor to methotrexate clearly
results from a combination of at least two factors: higher dihydrofolate
reductase and lower membrane permeability. With drug doses that are
not lethal to the mouse, there is probably always free dihydrofolate re-
ductase present in the tumor to produce sufficient coenzymes for the
utilization of nucleotides in DNA and RNA synthesis. The molecular
mechanism of decreased tumor permeability as compared to norma!
tissues certainly cannot be elucidated from this study alone. As an indi-
cation, however, it is seen in Table III that since the-K’s are the same for
different tissues, the difference in the permeability thus reflects the
difference in k’s as shown. Acceptance of the hypothesis of a carrier-
mediated transport (18) suggests that the carrier quantity and/or ac-
cessibility is less in the tumor cell membrane than in the normal cell
membrane.

Model Simulation—The simulations of the average methotrexate
concentrations in tumors for all doses are shown in Fig. 4. The model
simulates the experimental data over a wide concentration range,
spanning six logarithms. The tight binding {19) of methotrexate to
dihydrofolate reductase was recently shown to be ionic in nature (20),
and the overwhelmingly high dihydrofolate reductase content of this
tumor ensures a sink condition within the tumor cell and a one-way
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Figure 5—-Simulated methotrexate concentrations and transport rate
in Lewis lung tumor for 0.003 mg/kg (v. Points are experimental data.
ECF = extracellular fluid. ICF = intracellular fluid. The level of dihy-
drofolate reductase is at 1 ug of methotrexate equivalents/ml.
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Table III—Transport Parameters and Enzyme (Dihydrofolate
Reductase) Activity for Murine Lewis Lung Tumor as Compared
to the Small Intestine

Permea- Enzyme Activity®,
bility nmoles of
(R/K), k, K, dihydrofolate/
Tissue min~!  ug/ml/min pg/ml  hr/mg of protein
Lewis lung 0.012 0.0036 0.3 97
tumor
Small intestine  0.024° 0.0072% 0.3b 16

2 Reference 2. ® Bile-diverted mice (R. J. Lutz, D. S. Zaharke, K. H. Yang, and
R. L. Dedrick, to be published).

transport involving influx only. This condition greatly simplifies the
experimental system and may account for the apparent success of the
simple model used here. Therefore, the conformity of the model predic-
tions with the data should not be construed as indicating that the influx
and efflux parameters of the transport system in the present case are
indeed identical. The contrary, in fact, was suggested in some other tumor
lines (21-23).

The events that take place are illustrated in Figs. 5 and 6 for 0.003 and
300 mg/kg, respectively. Figure 5 shows that methotrexate enters the cell
quickly and binds to dihydrofolate reductase. With the extracellular
concentration rapidly decreasing, very little methotrexate enters after
15 min; from then on, the measured tissue averages closely represent the
bound intracellular concentrations. The transport rate is directly pro-
portional to the extracellular concentration.

In Fig. 6, for the highest dose, the extracellular concentration domi-
nates the measured concentration for the first 30 min. Only after ~3 hr
does the intracellular concentration become significant. More impor-
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Figure 6—Simulated methotrexate concentrations and trensport rate
in Lewis lung tumor for 300 mg/kg iv. Points are experimental data. ECF
= extracellular fluid. ICF = intracellular fluid. The level of dihydro-
folate reductase (DHFR) is at 1 ug of methotrexate equivalents/ml.



tantly, there is insufficient methotrexate entering the cell to saturate all
the dihydrofolate reductase present and, therefore, little free metho-
trexate exists inside the cell at any time. It has been demonstrated (24,
25), however, that the persistence of the free intracellular methotrexate
accounts for its cytotoxic action. Thus, through model simulations, the
measured concentrations in tumors are shown to consist almost entirely
of extracellular and bound intracellular concentrations in various pro-
portions, depending on the time and the dose. Since the transport rate
has already reached its maximal value at this high dose (Fig. 6), a further
increase in the dose would only shift the extracellular curve and, corre-
spondingly, the tissue average curve upwards without a large concomitant
increase in the intracellular concentration during the first 2-3 hr. The
transport rate would be near the maximum level, only dropping at a later
time.

These predictions will be altered, however, if a passive process plays
an increasingly significant role as the dose is increased further. This role
is still largely unknown at the present time. Nevertheless, what happens
at even higher doses is probably of theoretical interest only. In practice,
there is a limit to which the dose can be further increased; the LDsg of
the drug in mice is 350 mg/kg (26).
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Abstract O Studies utilizing the in vitro everted rat jejunum were per-
formed to investigate the effects of proadifen pretreatment and fasting
on active and passive intestinal transfer of 3-O-methylglucose. Animals
were pretreated 24 hr prior to the experiments with 100 mg of proadi-
fen/kg ip. With mucosal concentrations of 0.1 mM 3-0-methylglucose
and 14C-3-O-methylglucose, transfer to the sugar-free serosal buffer after
preireatment with proadifen was 50% greater than controls after a 24-hr
fast and 120% greater than controls after a 48-hr fast. Everted intestinal
segments obtained from unfasted control animals showed diminished
ability to transfer the sugar derivative, with transfer rates approximately
50% less than those of segments obtained from 24-hr fasted control ani-

mals. Wet and dry tissue weights for 24- and 48 hr-fasted groups increased
following proadifen pretreatment. The results suggest that proadifen
enhances 3-0O-methylglucose transport across the rat jejunum and also
increases intestinal tissue weight.

Keyphrases O Enzyme induction—effect of proadifen on intestinal
methylglucose transport, rats, fasting O Enzyme inhibition—effect of
proadifen on intestinal methylglucose transport, rats, fasting £ Meth-
vlglucose—effect of proadifen on intestinal transport, rats, fasting 0
Proadifen—-effect on intestinal methylglucose transport, rats, fasting

Several monosaccharides, amino acids, vitamins, and
clinically employed drugs are absorbed from the intestinal
lumen by carrier-mediated processes. A 3-O-methyl de-
rivative of d-glucose has been shown to be absorbed across
the mucosal epithelia by an active transport mechanism

0022-3549! 79/ 0800-0945$01.00/C
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(1, 2). Since this derivative is not utilized by animal tissue
(1), as is d-glucose, it is a useful agent for specific exami-
nation of active sugar transport by intestinal tissue.
Chemical agents capable of altering cell metabolism
influence active absorption processes in the intestine (3-8).
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