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Abstract—The purpose of this study was to determine if reduction of homofolates to tetra-
hydrohomofolate in mice and rat tumors in vivo could form the basis for the antitumor acti-
vity of reduced homofolates. A single dose (400 mg/kg) of dihydrohomofolate from the opti-
mal therapeutic range was given to animals bearing advanced tumors, and their spleen or
tumor tissues were analyzed for dihydro- and tetrahydrohomofolate content by DEAE
cellulose column chromatography. Mice bearing leukemia L1210/FR-8, which is responsive
to reduced homofolates, showed a measurable reduction of dihydrohomofolate in their
spleen. whereas the mice bearing a less responsive tumor (L1210) or no tumor showed exten-
sive metabolism and no detectable amount of dihydro- or tetrahydrohomofolate in their
spleens. The drug was also extensively metabolized in rats bearing Walker carcinosarcoma
256 tumor, which might also explain the minimal response of the tumor to reduced homofo-
lates. The reduction of the parent compound, homofolate, which is a minimally effective
antitumor agent, was not detectable in mouse liver. These studies suggested an apparent
correlation between the ability of the tumors to reduce homofolates to the tetrahydro level
and their response to treatment with these drugs. Since the tetrahydro form of homofolate
appears to be the active moiety, the levels of dihydrofolate reductase and catabolizing
enzymes, and determinants of the sustained levels of the tetrahydro derivative in tumors
might be the important factors in determining the responsiveness of tumors to homofolates.

DiHYDROHOMOFOLATE (H,HF), an analog of dihydrofolate, has been shown to pos-
sess antitumor activity comparable to that of tetrahydrohomofolate (H,HF)' against
leukemia L1210 and methotrexate-resistant leukemia L1210/FR-8.? Since H,HF is
reduced to H,HF, a pseudocofactor, in liver® and its antitumor activity is decreased
by methotrexate,> an inhibitor of dihydrofolate reductase (DFR), it seemed likely
that antitumor activity of H,HF might be related to its conversion to H,HF in
tumors. Consequently, a tissue containing higher levels of DFR may regenerate
larger amounts of the active moiety relative to other tissues and thus may be selecti-
vely inhibited. This study was initiated to examine this hypothesis in tumor lines sen-
sitive and resistant to H,HF having 20- to 30-fold differences in their DFR levels.
A portion of this study has been presented elsewhere.*

MATERIALS AND METHODS
Homofolic acid (NSC-89249), obtained from Drug Research and Development,
National Cancer Institute, was reduced to yield H,HF, which was checked for purity
according to the procedure described elsewhere.? For radioisotope studies, homofo-
late was tritiated by Amersham/Searle, Chicago, Ill., and reduced to form *H-H,HF
1827



1828 L. C. MisHRA, A. S. PARMAR and J. A. R. Miab

according to the procedures previously reported.?* The final product was 92 per cent
pure and had a sp. act. of 6:53 mCi/m-mole. BDF; male mice. 10- to 12-wecks-old,
weighing 20-25 g, and RAR female rats, weighing 60-100 g, maintained on Purina
Chow and water ad lib., were used in all the experiments. Leukemia L1210, and its
methotrexate-resistant subline L1210/FR-8, were used in the present study. Mice
were inoculated s.c. with 0-01 ml of tumor inoculum, which was prepared by suspend-
ing leukemic spleens (25, w/v) in saline. In all experiments, leukemic mice were used
1-2 days before their expected day of death. Walker carcinosarcoma 256 was trans-
planted i.m. into the right leg of rats, and the animals were used 9 days after trans-
plant. The spleens of mice containing L1210/FR-8 tumors contained 20- to 30-fold
higher levels of DFR than those of L1210 leukemia.” The median survival time of
mice bearing L1210 or L1210/FR-8 tumor ranged from 9 to 10 days.

Analytical procedure. H,HF or homofolate, dissolved in 2", sodium bicarbonate
containing 0-6% ascorbate, was given i.p. (800 mg/kg) to normal and tumor-bearing
animals which were sacrificed after 1 hr. The spleens were pooled and analyzed by
column chromatography on DEAE cellulose using 0-2 M ammonium acetate, pH 6-0.
as an eluent according to a procedure described elsewhere.* Reduced homofolates
in amounts as low as 25 ug gave identifiable peaks on chromatograms. Total reduced
homofolates and the metabolites capable of liberating free diazotizable amine were
measured in tissues by the previously standardized Bratton- Marshall reaction
(BMR).®

For studies in vitro, leukemic and subcutaneous solid tumor tissues obtained from
L1210 and L1210/FR-8 tumor-bearing mice were kept on ice and cut into picces of
4-5mm in size and suspended in four parts of Tyrode-ascorbate solution.” To sus-
pend the spleen and tumor cells in solution, the tissue pieces were passed twice
through a No. 21 hypodermic needle.” The cells were washed twice with four parts
of ice-cold Tyrode-ascorbate solution before use. The leukemic spleen cells (1 g) were
suspended in 4 ml Tyrode-ascorbate solution containing 5 mg H.HF/mlL and the
mixture was incubated for 30 min at 37°. The mixture was homogenized and clarified
with alcohol. An aliquot (-5 ml) of the clear supernatant was chromatographed on
DEAE cellulose column. In paraliel experiments. 1 ml of cell suspension (25, wiv
in Tyrode-ascorbate} was mixed with 0:25ml of | mg *H-H,HF/ml of solution in
Tyrode-ascorbate, and the mixture was incubated at 37" for various time intervals.
The cell suspension was homogenized, clarified and centrifuged. The clear superna-
tant was mixed with 0-5 mg each of H,HF and H,HF and chromatographed. An ali-
quot (0-5 ml) of the fractions was mixed with 10 ml of scintillation fluid (Instagel) and
the radioactivity of the mixture was determined in a Packard scintillation
spectrometer. Fractions containing H,HF and H,HF werc identified by u.v. absorp-
tion spectroscopy, and the total radioactivity present in H,HF and HHF fractions
was determined.

RESULTS
Figure 1 presents the elution pattern of spleen extracts which shows that both
H,HF and H,HF were present in detectable amounts in L1210/FR-8 spleens but not
in L1210 leukemic spleens. An unidentified material. probably a metabolite of H,HF.
which appeared in fractions 10-20 was relatively greater in spleens of L1210 leukemic
mice than from those of L1210/FR-8 leukemic mice. The data summarized in Table
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F1G. 1. Reduction of dihydrohomofolate (H,HF) to tetrahydrohomofolate (H,HF) in leukemic mouse
spleens in vivo. Twelve to fourteen leukemic mice were given 800 mg H,HF/kg, i.p., and sacrificed after

| hr. Spleens (7-5 g) were analyzed by column chromatography.

1 indicate that, although significant uptake of the drug and drug-derived material,
determined by BMR assay, occurred in spleens of mice bearing advanced tumors,
H,HF and H,HF were demonstrable only in the spleens of mice bearing L1210/FR-
8 tumors. The total amount of both the reduced homofolates isolated from the
spleens ranged from 20 to 59 per cent of the total BMR positive material, and the
ratio of H,HF to H,HF ranged from 1:1-7 to 1:0-58. In a parallel experiment, how-
ever, reduction of H,HF in liver from mice bearing L1210 and L1210/FR-8 tumors
was found to be complete which was similar to that reported for liver in normal
mice.* When spleen from non-leukemic mice, obtained after H,HF administration,
was analyzed by column chromatography and BMR assay, significant uptake of
BMR -positive material (0-6 mg/kg) but no detectable amounts of H,HF and H,HF
were observed. It was intriguing to note that, even though the specific activity of
the enzyme as determined by assay in vitro in liver and spleen of normal and L1210

TasLE 1. REDUCTION OF DIHYDROHOMOFOLATE (H,HF) IN SPLEENS FROM MICE BEARING L1210 AND
L1210/FR-8 TUMORS

L1210 L1210/FR-8
BMR- BMR- i
positive positive H.HF x 100
Expt. materialt H,HF H,HF} material H,HF HHF H,HF + H,HF
No.* (ug/g) (ng/g)  (ug/g) (ug/g) (ug/g)  (ug/e) (%)
1 125 — - 204 23 35 60
2 127 — 223 17 29 63
3 160 187 28 20 42
4 137 - 243 28 37 57
5 159 - — 162 60 36 37
6 126 —~ -— 197 41 34 45
Average 139 202 32 31 49

* Twelve to fifteen mice bearing 8- to 9-day-old tumors were given 800 mg/kg of H,HF, ip. and
sacrificed after 1 hr. Spleens were pooled. homogenized and analyzed for their H,HF/H,HF content
and BMR-positive material as described in the text.

+ Bratton—Marshall reagent.

1 H,HF, tetrahydrohomofolate.
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F1G. 2. Reduction of dihydrohomofolate (H,HF) to tetrahydrohomofolate (H,HF) in leukemic mouse

spleens in vitro. Spleen cells from advanced leukemic mice (1 g) were suspended in 4 mi of 5 mg H,HF/ml

of solution in Tyrode-ascorbate solution and incubated for 30 min. The mixture was homogenized, and
an aliquot (0-5 ml) of the homogenate was clarified and chromatographed.

tumor-bearing mice was comparable,® the difference in the ability of these two tissues
to generate H,HF was considerable.

Experiments were also conducted in vitro to determine if the H,HF is actually
reduced to H,HF in L1210/FR-8 spleens or if the reduction product is transported
to the spleens from other organs. The chromatographic data presented in Fig. 2 par-
alleled the observations in vive indicating that H,HF is reduced in L1210/FR-8
spleen cells and that the difference between the reduction of H,HF by L1210 and
L1210/FR-8 leukemic spleens observed in vivo isreal. In a control experiment, in which
incubation was omitted, H,HF was found to be the major drug moiety in both the
tumor lines. Results of the experiments carried out using tritiated H,HF are sum-
marized in Table 2. It can be seen that 30 min after incubation of both spleen and

TasLE 2. INTRACELLULAR REDUCTION OF *H-DIHYDROHOMOFOLATE
(*H-H,HF) IN SPLEEN CELL SUSPENSION i1 vitro

Amount of radioactivity (cpm x 10 °/g)

Time L1210/FR-8 L1210

Tissue* (min) HHF+ H,HF HMHF H,HF

Spleen 0 0 2-88 0 291
1009 1002,

15 038 2-48 0-13 2:51

139 879 42, 96,

30 126 166 0-40 2:51

43% 57% 139 87%

Tumor 0 0 407 0 415
100°, 100°

30 1-51 2:56 0-80 325

379 63°; 19 g1e,

* One ml of cell suspension (259, w/v) was mixed with 0-25 ml of
1 mg *H-H,HF/ml of solution in Tyrode-ascorbate (sp. act. 653
mCi/m-mole), and the mixture was incubated at 37 in a water bath
for various time intervals. The mixture was homogenized, clarified and
chromatographed with 0-5 mg each of H,HF and H HF. Radioacti-
vity present in the H,HF and H,HF fractions was determined.

+ H,HF, tetrahydrohomofolate.
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F1G. 3. Reduction of dihydrohomofolate (H,HF) in rat liver in vivo. Two rats were given 400 mg
H,HF/kg, iv., and sacrificed at specified time intervals. Livers (5-5g) were analyzed by column
chromatography.

tumor cell suspensions, the amounts of radioactivity in the H,HF fraction were sig-
nificantly greater in the L1210/FR-8 tumor than the L1210 tumor. Incubation of cells
for 60 min resulted in considerable decomposition of reduced homofolates.

Since H,HF has shown minimal antitumor activity against Walker carcinosar-
coma 256 tumor,? the reduction of H,HF was also studied in rats bearing this tumor.
The levels of H,HF in liver, for periods up to 2 hr after administration of 400 mg
H,HF/kg, i.p., were found to be less than 5 ug/g, not adequate for the isolation and
characterization by the analytical procedure used (Fig. 3). To achieve greater uptake
of H,HF in rat liver, the same dose of the drug was given i.v. and the rats were sacri-
ficed after 30 min. H,HF was clearly demonstrable on the chromatogram and the
uptake was estimated to be 40 ug/g of tissue. To study the reduction of H,HF in
tumor, the drug was therefore given i.v., and the rats were sacrificed after 30 min.
The chromatogram of the tumor tissue homogenates presented in Fig. 4 shows large
amounts of H,HF-like material with smaller amounts of H,HF-like material, sug-
gesting that the reduction of H,HF may be poor in the Walker tumor. Although the
H,HF-like material appeared before the H,HF, both the materials appeared nearly
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F1G. 4. Chromatogram of the Walker carcinosarcoma 256 tumor obtained from dihydrohomofolate
(H,HF)-treated rats. Two rats bearing 8-day-old Walker tumors (i.m.) were given 400 mg H,HF/kg,
i.v,, and sacrificed after 30 min. Tumor (20 g) was excised and analyzed by column chromatography.
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20 fractions later than that observed in the chromatograms of mouse spleen and rat
liver. The large amount of Walker tumor tissue (20 g) used was the only difference
between these experiments which may have influenced the elution of the reduced
homofolates. The unidentified material which appeared in fractions 10-20 in the
chromatogram of L1210 and L1210/FR-8 spleens (Figs. 1 and 2) also appeared in
the chromatogram of the Walker tumor (Fig. 4).
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F1G. 5. Uptake of folate and homofolate in mouse liver. The mice were given the compounds {400 mg/kg.
L.p.yand sacrificed at various time intervals. The livers from two mice were pooled and analyzed for folate
and homofolate contents.

In contrast to H,HF and H,HF, homofolate has been reported to have no defini-
tive antitumor effect against the mouse leukemias.! It appeared likely that the lack
of antitumor activity of homofolates may be related to lack of or inadequate reduc-
tion of the drug to form H,HF in vivo. The liver from normal mice sacrificed at
various time intervals after i.p. administration of homofolate (400 mg/kg) was first
analyzed, since H,HF is reduced by liver from tumor- or non-tumor-bearing mice
regardless of the sensitivity of the tumor to H,HF therapy. Homofolate was charac-
terized by u.v. absorption spectrum and estimated from the absorbance of the eluate
at 275 nm. At all time intervals, homofolate was found to be the major drug moiety
present in the liver and tetrahydrohomofolate was undetectable; similar results were
obtained when folate was administered. Since reduction of homofolate was not de-
tectable in liver, no attempt was made to study its reduction in tumor and spleen
tissues of tumor-bearing mice. Levels of homofolate and folate in liver at various time
intervals are shown in Fig. 5. It is interesting to note that the peak uptake of homofo-
late in liver was twice that of folate, and the disappearance of homofolate was also
somewhat slower than the folate.
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DISCUSSION

To exploit the increased levels of DFR in tumor for overcoming the resistance to
methotrexate therapy, Misra et al.® suggested that an analog of folate, which is a sub-
strate of DFR and, in its reduced form, an inhibitor of tetrahydrofolate utilization,
might prove useful. H,HF appears to be such an analog.

This study has shown an apparent correlation between the ability of tumer-infil-
trated spleen cells and tumor cells to generate H.HF from H,.HF in vivo, and their
responsiveness to therapy with these compounds. The study has revealed that, even
though liver and spleen from L1210 tumor-bearing and normal mice contained com-
parable levels of enzyme activity as determined by assay in vitro,” marked generation
of H,HF was seen only in liver; none was detectable in spleen. These results strongly
suggest that the generation of H,HF in cells may not be primarily the function of
DFR levels but the net result of DFR and catabolic activities of the cells. It is, there-
fore, likely that the ability of a tumor tissue to generate H,HF in vivo would be more
predictive of usefulness of these compounds than the specific activity of the enzyme
in that tumor.

Recently, Nahas and Friedkin® have reported lack of reduction of H,HF to H,HF
in either L1210 or L1210/MTX ascites cells containing moderately high levels of
DFR. Their negative observation is difficult to explain, particularly in the light of
the fact that a cell lysate effectively reduced H.HF to H,HF. It is possible that the
isolated L1210/FR-8 ascitic leukemic cells and the conditions in vitro might be quali-
tatively different in behavior than the leukemic organs and solid tumor cells used
in vivo in the present study. On the basis of radioactivity and microbial assay
methods. Nahas and Friedkin'® reported that H,HF is not metabolized in mice to
any significant extent and up to 75 per cent of the dose is excreted in urine essentially
unmetabolized. Although the reduced homofolates are very stable in liver,'' demon-
strable degradation of H,HF and H,HF was found in spleens of leukemic and non-
leukemic mice. The role of catabolic activity of cells as a determinant of antitumor
activity of reduced homofolates is also evident from the fact that 5-methyl-H HF,
which was more stable than H HF in vivo, was more effective than H,HF against
L1210 leukemia.'?

Other factors, like folate deficiency which could result from large doses of homofo-
lates, may also influence the antitumor activity. Folate and its analogs have been
shown to displace folates in rats and man.!*'#* On the basis of greater uptake of
homofolates in liver relative to the natural vitamin, it is likely that the high doses
of homofolates may cause mild folate deficiency in cells, resulting in some growth
inhibitory effect. Mice bearing L1210 tumor kept on folate-deficient diets were found
to be more responsive to H,HF therapy than the mice kept on a regular diet.?
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