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ABSTRACT

Clinical studies on cancer and psoriasis patients have shown
that plasma and urinary homocysteine (Hcy) responds to meth-
otrexate (MTX) therapy, indicating that Hcy in extracellular fluids
may be an indicator of the antifolate effect. However, the clinical
data indicate that the burden of proliferating cells, cytotoxicity
and the folate status are also determinants of extracellular Hey.
To evaluate this further, we investigated the modulation of
cellular Hey egress by MTX, rescue agents, cell proliferation and
cytotoxicity. Nontransformed and chemically transformed fibro-
blasts and murine lymphoma cells, which are characterized by
different growth behavior and MTX response, were used. The
Hcy export rate was correlated positively with the proliferation
rate in all cell types. 5-Formyltetrahydrofolate or 5-methyitetra-
hydrofolate added to fibroblasts not exposed to MTX reduced
the Hcy export rate, whereas the export from the lymphoma
cells was not affected. All cells types exposed to MTX were
rescued by thymidine + hypoxanthine, and this allowed the
assessment of Hey export during MTX exposure without inter-

ference from cytotoxicity. In the fibrobtasts, MTX with thymidine
+ hypoxanthine rescue induced a marked increase in Hoy export,
and the dose-response paralleled the cytotoxicity curves ob-
tained for MTX without rescue. Nontoxic concentrations of MTX
without rescue enhanced the Hey export. When MTX concentra-
tion was increased further, Hcy export was stimulated initially,
and then declined rapidly as cell death ensued. MTX did not
enhance the Hcy expart from the lymphoma cells and, in the
absence of rescue, the Hcy export from these cells declined in
proportion to inhibition of cell growth. Our data show that Hey
export is modulated by growth rate, rescue agents and MTX,
but the response differs between cell types. Furthermore, MTX
may have a dual action on cellular Hcy egress due to the primary
antifolate effect and subsequent inhibition of cell growth. These
in vitro observations offer an explanation for the variations in
plasma homocysteine observed in patients treated with regimens
including MTX.

Hcy arises from S-adenosylhomocysteine, a product of S-
adenosylmethionine-dependent transmethylation reactions.
Intracellular Hey is either converted to cysteine or is salvaged
to methionine through remethylation. Remethylation is cata-
lyzed by betaine-homocysteine transmethylase (EC 2.1.1.5.) in
the liver and by methionine synthase (homocysteine-5-methyl-
'THF methyltransferase, EC 2.1.1.13.) which is widely distrib-
uted in mammalian cells. The latter enzyme requires 5-methyl-
THF as a methyl donor and vitamin By, as a cofactor (Finkel-
stein, 1990). An alternate fate of Hcy is export into the extra-
cellular medium. This process occurs at a rate reflecting the
balance between Hcy production and vtilization (Svardal et al.,
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1986a,b; Ueland et al., 1986). Thus, extracellular Hcy may be
an indicator of the function of enzymic processes or availability
of cofactors or substrates involved in Hey metabolism.

The concept of extracellular Hey as a useful indicator of Hey
homeostasis has gained considerable support during the last
few years (Ueland and Refsum, 1989). Clinica) studies have
shown that plasma Hecy is elevated in some inborn errors of
metabolism (Mudd, 1989), in folate (Kang, 1987) and cobalamin
{Lindenbaum et al, 1988) deficiency states and in severa)
diseases, including psoriasis (Refsum et of., 1989a) and cancer
(Kredich et al., 1981).

Pharmacological agents may change the concentration of
Hcey in plasma or alter the Hcy egress from cultured cells in
vitro. Some of these compounds act by interfering with the
folate-dependent reroethylation of Hey (Refsum and Ueland,
1990). We have demonstrated recently an increase in plasma
Hey in patients exposed to nitrous oxide for 90 min, showing
that plasma Hcy is a particularly sensitive measure of nitrous
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oxide-induced inactivation of methionine synthase (Ermens et
al., 1991). Effect of the antifolate drug MTX has been studied
both in vitro and in vivo. It enhances the Hcy egress from
confluent, quiescent fibroblasts in culture (Ueland et al., 1986)
and increases the plasma Hcy in patients treated with a wide
range of doses (Refsum et al., 1986, 1989a, 1991; Broxson et al.,
1989).

In patients with ALL or solid tumors exposed to high-dose
MTX, the plasma Hcy is decreased upon administration of 5-
formyl-THF rescue (Refsum et al., 1986, 1991; Broxson et al.,
1989). A related observation has been made in healthy subjects
and in folate-deficient patients with elevated plasma Hcy. In
these subjects, high doses of folic acid significantly decreased
the plasma Hcy concentration (Brattstrom et al., 1988; Stabler
et al., 1988). These observations indicate that the plasma Hcy
responds rapidly to changes in intracellular folate status. Fur-
thermore, the effect on plasma Hcy from low doses of MTX in
psoriasis patients suggests that Hcy is a particularly sensitive
indicator of antifolate effect (Refsum et al., 1989a).

The changes in plasma Hcy concentration during cancer
chemotherapy with regimens including MTX (Broxson et al.,
1989; Refsum et al., 1991) may represent the net result of
several opposing or cooperative processes. Conceivable proc-
esses are proliferation of tumor cells, primary effect of MTX
as an antifolate agent, the resulting cytotoxicity and finally
supplementation of reduced folates, like 5-formyl-THF. To
obtain a better understanding of the Hcy response in cancer
patients before and after chemotherapy with MTX, we inves-
tigated interaction between these factors in a cell culture model
system, by using computer assisted construction of Hcy export
rate curves.

Materials and Methods

Chemicals. L-Methionine, L-homocystine, cyanocobalamin, folic
acid, 5-formyl-THF, 5-methyl-THF, dithicerythritol and o-phthaldi-
aldehyde were purchased from Sigma Chemical Co. (St. Louis, MO).
Sodium borohydride was obtained from Fluka Chemie AG (Buchs SG,
Switzerland) and monobromobimane from Calbiochem, Behring Diag-
nostics (La Jolla, CA). MTX was a gift from Nycomed (Oslo, Norway).

Cell lines. Three different cell lines were used.

The murine T-lymphoma cell line, R 1.1 (referred to as lymphoma
cells) was supplied by Dr. Dennis A. Carson at the Scripps Clinic (La
Jolla, CA). This cell line arose spontaneously in a C58 mouse (Old et
al., 1965) and shares antigenic and metabolic properties with normal
thymocytes (Ralph, 1973).

The nontransformed C3H/10T1/2 CI 8 cells (CI 8 cells) (Reznikoff
et al., 1973b) and the chemically transformed C3H/10T1/2 MCA Cl 16
cells (Cl 16 cells) (Reznikoff et al., 1973a) were obtained from Dr. J. R.
Lillehaug, Department of Biochemistry, University of Bergen. Both
cell types are anchorage-dependent and were derived from mouse
embryo fibroblasts (Reznikoff et al., 1973a,b). The nontransformed Cl
8 cells are sensitive to postconfluence inhibition of cell division. Cell
division of the transformed Cl 16 cells is not inhibited completely at
confluence, and their growth rate is reduced moderately in methionine-
deficient medium supplemented with Hey (Djurhuus et al., 1988).

Cell culture conditions and harvesting. Exponentially growing
cells (C1 8, Cl 16 and R 1.1) were washed with PBS, and seeded in
tissue culture dishes (3.5 cm, Nunc, Roskilde, Denmark) at a density
of 10,000 cells/dish in 3 ml of culture medium, when not otherwise
indicated. The cells were grown in BME (Gibco, Paisley, U.K.) supple-
mented with 10% heat-inactivated fetal calf serum (Flow Laboratories,
Irvine, Scotland) and containing 1 ug/ml of folic acid, 2 ug/ml of
cyanocobalamin and 50 uM methionine. The cell lines were maintained
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at 37°C in an atmosphere of 5% CQO, in air and a relative humidity of
98%.

The cells were allowed to enter early logarithmic growth phase before
the test substance(s) were added, and this was about 12 hr after seeding
for the lymphoma cells and 36 to 48 hr for the fibroblasts.

In one experiment, Cl 8 cells which had just reached confluence,
were used. The medium was changed 24 hr before the experiment,
which was started by replacing the medium with fresh medium con-
taining test substance(s).

The test substances, usually dissolved in PBS, were added (20-30
ul) directly to the dish, and control cells received an equal volume of
PBS.

Samples of the medium were harvested {rom two parallel dishes in
each group, either directly (fibroblasts) or after removing the cells by
centrifugation (lymphoma cells). The samples were {rozen at —20°C
for the determination of Hcy, Thd and methionine. The fibroblasts
were brought into suspension by trypsinization. Cell counts were de-
termined using a Coulter Counter model ZM (Coulter Electronics Ltd.,
Luton, UK).

Exposure of cells to MTX, 5-formyl-THF, 5-methyl-THF and
Thd + Hx. MTX (10 mM in PBS) was prepared immediately before
use, and diluted in the culture medium to the concentrations indicated.

5-Formyl-THF and 5-methyl-THF (1 mM) were dissolved in ice-
cold PBS immediately before use, and diluted in the culture medium
(2 ml) to a final concentration of 10 uM.

Hx (21.8 mg) was dissolved in 10 ml of 0.1 M NaOH and Thd (9.7
mg) in 20 ml of PBS. Five milliliters of each solution were added to 10
ml of PBS. The final concentrations of Thd and Hx in the culture
medium were 5 and 40 uM, respectively.

Determination of cytotoxicity. The cytotoxicity of 24-hr MTX
exposure was evaluated by determination of total cell count (fibroblasts
and lymphoma cells) or plating efficiency (fibroblasts) or by a soft
agar-colony-forming assay (lymphboma cells). Cytotoxicity during con-
tinuous MTX exposure was evaluated by determination of cell count.

The fibroblasts were incubated in the presence of increasing concen-
trations of MTX for 24 hr, and the plating efficiency was determined
after 8 days of culture in a drug-free medium. Only colonies comprising
more than 30 cells were counted (Ueland et al., 1986).

The cytotoxicity against the lymphoma cells was evaluated by a soft-
agar-colony-forming assay (Dalen and Burke, 1971). After incubating
the cells for 24 hr in the presence of MTX, the cells were plated at
three different densities (100, 300 and 1000 cells/dish) in 2 ml of a
drug-free medium containing 0.3% agar (Dulbecco’s noble agar, Flow
Laboratories, Irvine, Scotland) and 20% fetal calf serum. The dishes
(3.5 e¢m, Nunc) were incubated, and colony formation (>30 cells/colony)
counted after 10 days of growth, using an invert microscope. Platings
were done in triplicate.

Determination of Hey in the culture medium. Hey in the culture
medium was determined by a modification of an automated procedure
developed for the determination of total Hey in plasma (Refsum et al.,
1989b). The method measures both the major free fraction of Hey and
the small amounts of protein-bound Hey in the culture medium.

The medium was treated with borohydride and then derivatized with
monobromobimane. The reduction, derivatization and the injection
into the HPLC column were carried out sequentially by a microproc-
essor controlled autosampler from Gilson, model 232-401 (Refsum et
al., 1989b). The Hcy-monobromobimane adduct was separated on a 15
cm 3 um ODS Hypersil column eluted with an acetonitrile gradient (0
10% in 11.5 min) in 58 mM ammonium nitrate/40 mM ammonium
formate buffer, pH 3.7. The flow rate was 2 ml/min. The effluent was
monitored by fluorescence detection. The adduct showed a retention
time of 11 min in this system.

Determination of methionine in the culture medium. Methio-
nine was determined in the medium deproteinized with acid and neu-
tralized. The amino acid was derivatized with o-phthaldialdehyde in
the presence of mercaptoethanol in saturated borate buffer, pH 9.5
(Krishnamurti et al., 1984). The derivatization procedure and the
injection into an HPLC column were carried out sequentially by the
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Gilson, model 232-401 autosampler. The methionine-o-phthaldiaide-
hyde adduct was quantitated by reversed-phase liquid chromatography
and fluorescence detection (Krishnamurti et al., 1984).

Determination of Thd in the culture medium. Thd was deter-
mined in culture medium deproteinized with perchloric acid and then
neutralized. Eighty microliters were injected into a 10 cm 3 um ODS
Hypersil column equilibrated with 15 mM acetate buffer, pH 4.5. The
column was eluted at ambient temperature with a methanol gradient
in acetate buffer. Methanol increased from 0 to 2.1% (6.5 min), and
then to 4.5% (10 min). The flow rate was 2 ml/min. The absorbance of
the effluent was measured at 260 nm using a variable absorbance
detector, model Spectroflow 773 from Kratos Analytical Instruments
(Ramsey NY). The retention time of Thd was 9.5 min.

Curve fitting and calculation of export rates and growth
rates. We calculated the export rate per million cells and growth rate
per 1000 cells. The calculations and presentation of data are as follows:

The cell number followed an exponential equation during the first
and middle part of the growth period, but deviated upon reaching
confluence (the fibroblasts) or when the medium was nutritionally
depleted (lymphoma cells). Therefore, the growth curves were best
fitted by a polynomial function. The data points for the growth and
export were usually log-transformed to obtain a better curve fit. The
cell number (N) was given by the equation:

log N = aq + at + aot® + agt® + ... + a,t” 1)

where ao, 1), a5, a; and a, are constants and ¢ is time after addition of
test substance(s).

The concentration of Hey in the medium (y) increased as a function
of time, t. These curves were also usually best fitted to a polynomial:

log y = by + bit + bot” + bt + ... + byt” (2)
In a few cases the export curves were best fitted to the equation:
Uy=cotet+ et +ct’+...+c,t" (3)

The degree (n) of the polynomials, the constants (ay, @,. . .au; ba, by. . b,
Co, C1. . .Co) and the R values were obtained using a curve-fitting program,
Multifit, version 1.51 for the Apple Macintosh, {rom Day Computing
(Cambridge, UK).

Appropriate fitting of data included the criterion R? > 0.98. The
differential, dN/dt, is the growth rate (g), which is given per unijt of
cell mass (N):

g = dN/dt/N (4)

The differential, dy/dt, is the export rate (v), which is also given as per
unit of cell mass (N):

v = dy/dt/N (5)

Acceptable estimations of v and g can also be obtained by calculating
the change in y or N (8y or AN) during a short time interval (At). At
of 1 hr was appropriate. The equations for v and g then become:

g = AN/At/N (6)
v = Ay/At/N (7)
N is expressed as the mean cell number during
AN = (N, + Ny - w)/2. (8)
For growing cells, v and g were routinely plotted against the logarithm

of cell density.

Results

Optimalization and evaluation of the culture condi-
tions. All cells were cultured in BME. This medium contains
only the small amounts of cobalamin contributed by the fetal
calf serum. Preliminary experiments showed that cyanocobal-
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amin reduced the Hcy export from the fibroblasts, but did not
affect the export from the lymphoma cells. This indicates that
serum does not provide sufficient cobalamin for maximal hom-
ocysteine remethylation in some cell types. The culture medium
was therefore supplemented with 2 pg/ml of cyanocobalamin.

Thd + Hx was used to rescue cells exposed to MTX. We
found that Thd at concentrations higher than 5 to 10 uM
inhibited cell growth, as demonstrated previously by others
(O’Dwyer et al., 1987). We therefore used a rescue regimen
containing 5 uM of Thd (and 40 uM Hx). Thd was used by the
cells at a faster rate during MTX exposure (data not shown),
probably due to inhibition of thymidylate synthase (Goldman
and Matherly, 1985). Depletion of Thd terminated the protec-
tion of the cells against the cytotoxicity of MTX, and the
quantitative relation was found that 5 uM Thd was sufficient
to rescue about 0.5 - 108 cells/ml (1.5 . 10° cells/dish).

Maximal cell density of the fibroblasts was about 0.6 to 1.5
. 10° cells/dish (3 ml of medium), whereas the lymphoma cells
reach 2 to 4 - 10° cells/ml. When the lymphoma cells were
seeded at the routine density (=0.5 - 10° cells/ml) and MTX
was added after 12 hr, the rescue effect of 5 uM Thd lasted
only about 2 doubling times. Therefore, to monitor export rate
during cell division, the lymphoma cells were seeded at a low
density of 3,300 cells/m] (10,000 cells/dish).

Clinical studies may suggest that MTX induces methionine
depletion (Broxson et al., 1989). Because MTX stimulates Hey
export from some cells, we investigated whether MTX in-
creased the methionine consumption by cells in culture. Prolif-
erating normal and transformed fibroblasts consumed about 15
to 30%, and the lymphoma cells up to 60 to 80% of the
methionine present in the fresh medium (50 uM), but no effect
of MTX on methionine concentration in the medium was
detected (data not shown).

Growth and Hcy export. For the fibroblast cell lines,
growth rate was highest at low cell density and then gradually
decreased as a function of cell density, and proliferation ceased
for the nontransformed cells as they reached confluence. The
lymphoma cells showed maximal and stable growth rate during
the midexponential growth phase and then proliferation de-
clined (fig. 1A). The Hcy export rate plotted vs. cell density
was also different for the fibroblasts vs. the lymphoma cells
(fig. 1B). A plot of the export rate vs. growth rate shows clearly
that the export rate was positively related to the rate of cell
growth for all cell types (fig. 1C).

MTX cytotoxicity. The cytotoxicity of short-term (24 hr)
MTX exposure of normal and transformed fibroblasts was
evaluated by determination of cell count and plating efficiency,
and LDs values of 0.3 to 1 uM were obtained. The lymphoma
cells were more sensitive toward MTX under these conditions,
and LDy was estimated to be 0.003 to 0.01 uM by cell count
and clonogenic activity (data not shown).With continuous
MTX exposure, LDs, values for the lymphoma cells (0.003 M)
and fibroblasts (Cl 8 and Cl 16) (0.01 uM) were less than 10-
fold different (data not shown).

In the fibroblasts, the low MTX cytotoxicity of short-term
in contrast to continuous exposure should be related to the
observation that these cells (exposed to 1 uM MTX) underwent
about two divisions before complete growth arrest occurred.
The lymphoma cells ceased to grow almost immediately under
these conditions (data not shown).

The effect of rescue agents on cell growth and Hey
export. Thd + Hx alone did not affect the growth rate of C1 8
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Fig. 1. Hey export and its relation to cell growth in Cl 8, Cf 16 and
lymphoma R 1.1 cells. A, cell count and amount of Hcy accumulating in
the medium were determined for all three cell types. The curves for
growth and Hey export were fitted to polynomial functions after log
transformation, as described under “Materials and Melhods.” 8, the
corresponding export rates (equations 5 and 7, “Materials and Methods”)
plotted vs. cell density. C, a plot of export rate vs. growth rate. Growth
rates were determined from the data in “A” (using equations 4 and 6

under “Materiats and Methods”). Arrows indicate the direction of increas-
ing cell density.

and Cl 16 cells. The Hcey export rate was occasionally reduced

(up to 30%) by this rescue regimen (data not shown). The effect

of Thd + Hx on the lymphoma cells was somewhat different.

The combination enhanced the growth rate about 2-fold and

in most experiments moderately decreased the export rate from
" these cells (data not shown).

5-Formyl-THF and 5-methyl-THF did not affect the growth
rate of C1 8 and Cl 186 cells, but slightly (up to 20%) increased
the growth rate of the lymphoma cells (fig. 2 and data not
shown). 5-Methyl-THF reduced markedly the Hey export from
the Cl 8 (fig. 2) and Cl 16 cells (data not shown), whereas the
lymphoma cells were not responsive (fig. 2). Essentially, iden-
tical results were obtained with 5-formyl-THF (data not
shown).

Hey export during MTX exposure and Thd + Hx pro-
tection. We used the Thd + Hx rescue regimen because it
protected the cells against MTX cytotoxicity without providing
the cells with reduced folates (Borsa and Whitmore, 1969;
Howell et al., 1981), and allowed the evaluation of the MTX
effect on Hcy export without simultaneous cytotoxicity or
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Fig. 2. Hey export of Ci 8 and lymphoma R 1.1 cells exposed to S-
methyl-THF. Both cell types were incubated in a medium supplemented
with S-methyl-THF (10 zM) or without added folate (control). The growth
and expont curves were delermined and fitted to polynomial functions
after log transformation. From these equations the export rate was
determined (from equations 5 and 7 under “Materials and Methods”),
and plotted vs. cell density.

inhibition of cell growth. Under these conditions, MTX en-
hanced markedly the Hey export rate from proliferating Cl 8
and Cl 16 cells (fig. 8). The Hcy export from proliferating
lymphoma cells was not stimulated by MTX, but the Hcy
export fell abruptly upon Thd depletion (fig. 3).

Hcey export and its relation to cytotoxicity at various
M’X concentrations. We investigated the effect of increas-
ing MTX concentrations on growth and Hey export in all three
cell lines during exponential growth, and on the Hey export in
confluent stationary Cl 8 cells. The experiment was performed
in the absence and presence of Thd + Hx. Thd + Hx conferred
complete protection against MTX cytotoxicity under the con-
ditions of the experiment (fig. 4).

MTX induced a dose-dependent increase in Hcy export with
half-maximal effect at about 0.01 «M in both Cl 8 and CI 16
cells protected by Thd + Hx. In the absence of rescue, half-
maximal inhibition of cell growth (LDso) was observed at the
same MTX concentration. Comparison of the growth and ex-
port curves shows that there was a slight stimulation of Hcy
export at an MTX concentration (0.001 pM) exerting no effect
on cell growth (fig. 4).

In confluent Cl 8 cells, MTX caused a dose-dependent in-
crease in Hey export. MTX had essentially no cytotoxic effect
on confluent cells, and the Hey export was the same in the
absence and presence of Thd + Hx (fig. 4).

MTX induced an inhibition of growth of the lymphoma cells,
and there was a parallel teduction in Hcy export. In the
presence of Thd + Hx, the Hey export became independent of
MTX (fig. 4).

In the absence of Thd + Hzx, the total Hey export from Cl 8
and Cl 16 cells increased as a function of the MTX concentra-
tion up to 0.01 to 0.03 M, and then declined at higher concen-
trations (fig. 4). To elaborate the kinetics of this biphasic
response, we investigated the Hey export rates of proliferating
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Cl 8 cells exposed to MTX at concentration inhibiting growth
rate by about 50% (0.01 M) and more (0.03 M) (fig. 5).

MTX at a concentration of 0.01 zM stimulated the export
rate in the time interval before inhibition of cell proliferation
occurred (fig. 5, arrow). Thereafter the export declined rapidly.
At a higher MTX concentration (0.03 uM), Hey export rate
was stimulated even more, but for a shorter time period (fig.
5).

Hey export during exposure to other cytotoxic drugs.
The effect of cytotoxic drugs other than MTX on Hcy export
was investigated to evaluate whether increased export was
related to cytotoxicity. Both vinblastine (LDso, 0.001-0.01 M)
and cytarabin (LDse, 0.03-0.3 uM) inhibited the growth of
fibroblasts and lymphoma cells in a dose-dependent manner,
and there was a parallel reduction in Hey export (fig. 6).

Discussion

Only few reactions or tests are known to be influenced by
MTX and can be used to monitor MTX pharmacodynamics in

.
w0* 107 1

o* o0’ w0
Methotrexate (M)

vivo. These include the deoxyuridine suppression test (Hwang
et al., 1989), the C, index (Morgan et al., 1987) and homocys-
teine remethylation (Ueland and Refsum, 1989). Recent clinical
studies suggest that such in vive tests may provide useful
guidelines during MTX therapy. In patients with rheumatoid
arthritis receiving low-dose MTX therapy, the C, index of
mononuclear cells have been shown to be an indicator of MTX
efficacy (Morgan et al., 1990) and plasma Hcy may forecast
MTX toxicity (Morgan et al., 1991).

The clinical studies on cancer (Refsum et al., 1986, 1991;
Broxson et al, 1989) and psoriasis patients (Refsum et al.,
1989a) receiving MTX have demonstrated that the MTX-
induced hyperhomocysteinemia is a sensitive, rapid and repro-
ducible response. Moreover, plasma Hcy declines immediately
upon supplementing the antidote, 5-formyl-THF (Refsum et
al., 1986, 1991; Broxson et al., 1989), indicating that plasma
Hcy mirrors the folate status. However, several factors compli-
cate the interpretation of changes in the plasma Hcy level.
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Psoriasis and some malignant states like ALL, characterized
by a large burden of proliferating cells, are associated with
elevated plasma Hcy (Kredich et al., 1981; Refsum et al., 1989a,
1991), and cytoreductive therapy with regimens not containing
MTX reduces plasma Hcey (Kredich et al., 1981; Refsum et al.,
1991). Plasma Hcy has been measured following MTX doses
varying 1000-fold, and no dose-response relationship has been
observed (Refsum et al.,, 1986, 1989a, 1991; Broxson et al,
1989). In the present paper we have investigated whether these
clinical findings have a corollary in a cell culture system.

Hcey export, cell growth and cancer. Most patients with
solid tumors have normal plasma Hcy levels (Refsum et al,,
1986), whereas in children with ALL, the plasma Hcy is ele-
vated and positively correlated with the white blood cell count,
which reflects leukemic activity (Refsum et al., 1991). A large
burden of proliferating cells may release a substantial amount
of Hcy into plasma and thereby contribute to the elevated
plasma Hcy. This explanation is supported by the experimental
data showing that cellular Hcy export was highest during early
exponential growth (fig. 1 and Christensen et al., 1991) and
proportional to the specific growth rate (fig. 1 and lizasa and
Carson, 1985). We also found that cytotoxic drugs other than
MTX inbibited Hey export from all three cell lines in propor-
tion to reduction in cell growth (fig. 6). This might be expected
for a metabolite where the intracellular content is kept low by
efficient efflux (Ueland and Refsum, 1989), and adds support
to the possibility that the reduction in plasma Hcy in children
with ALL during chemotherapy is due to eradication of leu-
kemic cells (Refsum et al., 1991).

The enhanced Hcy efflux from proliferating cells bas been
explained by an increased overall transmethylation rate (lizasa
and Carson, 1985) and redistribution of intracellular reduced
folates (Christensen et al., 1991). There is both experimental
(Sirotnak, 1985) and clinical (Hoffbrand and Newscombe, 1967,
Magnus, 1967; Saleh et al., 1982) evidence of altered folate
homeostasis in patients with leukemia or some forms of cancer,
suggesting increased requirement of folate by malignant cells.
In children with ALL, the plasma Hcy was correlated negatively
with serum folate, which was subnormal in some patients
(Refsum et al., 1991).

Hcy export and rescue agents. We investigated the effect
on the Hey export from rescue agents for two reasons. First, 5-
formyl-THF, 5-methyl-THF, Thd and purines have been used
to modulate the MTX effect both in patients and in cell culture
systems, and the 5-formyl-THF antidote is part of the high-
dose MTX regimen (Ackland and Schilsky, 1987, O’Dwyer et
al., 1987). Secondly, the combination of Thd + Hx protects
against cytotoxicity without supplying reduced folates, and is a
useful tool to differentiate between altered Hcy export due to
antifolate effect and inhibition of cell proliferation.

5-Methyl-THF reduced markedly Hey export from prolifer-
ating fibroblasts (fig. 2). 5-Formyl-THF, which is probably
converted to 5-methyl-THF (Matherly et al., 1986), had a
similar effect in these cells (data not shown). These experimen-
tal findings should be related to the observation that the
increase in plasma Hey after MTX infusion is reversed upon
administration of 5-formyl-THF (Refsum et al., 1986, 1991,
Broxson et al., 1989). An analogous observation is that p.o. folic
acid, which is converted to 5-methyl-THF upon absorption
(Straw et al., 1984), reduces plasma Hcy even in subjects
without overt folate deficiency (Brattstrom et al., 1988).

In the lymphoma cells, supplementing reduced folates did
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not reduce the Hey export (fig. 2). Lack of effect from folates
in these cells demonstrates clearly different response patterns
among cell types, and addresses the important point that re-
duction in plasma Hcy after administration of folate may
represent a response confined to some cells, not necessarily
including the leukemic cells.

Hey export from cells exposed to MTX. We observed
that different cell lines exposed to MTX may have a different
Hcy response. In the lymphoma cells protected with Thd + Hx,
the Hcy export was not increased by MTX (fig. 3), whereas
MTX enhanced markedly the Hecy export in a dose-dependent
manner from stationary and proliferating fibroblasts rescued
by Thd + Hx (figs. 3 and 4). Notably, in proliferating fibro-
blasts, half-maximal effect on export was observed at the same
MTX concentration inhibiting the cell proliferation by 50%
(fig. 4). These findings lead to the following conclusions. First,
the increase in plasma Hey during MTX treatment in patients
(Refsum et al., 1986, 1989a, 1991; Broxson et al., 1989) is
probably not due to a concert response of all cells. Secondly,
the cellular Hey efflux (from fibroblasts) induced by MTX is
not dependent on MTX cytotoxicity, but both processes are
mediated by the same or closely related metabolic derange-
ments, most likely dihydiofolate reductase inhibition and the
resulting folate redistribution.

MTX had a dual effect on Hey efflux from responsive cells
not protected by Thd + Hx. This is demonstrated by the
experiments depicted in figure 4 showing that low concentra-
tions of MTX (<0.01 uM) enhanced and higher concentrations
decreased Hey efflux from normal and malignant fibroblasts.
In figure 5, the kinetics of this dual effect are characterized.
The enhancement and inhibition of efflux predominated after
short and prolonged exposure time, respectively. The balance
between these opposing effects was dependent on the concen-
tration of MTX, so that low MTX concentrations induced the
highest response after prolonged exposure (fig. 5). The latter
experiment (fig. 5) may serve as a model explaining the appar-
ent paradox that low doses (25 mg) of MTX given to psoriasis
patients (Refsum et al., 1989a) induced a hyperhomocysteine-
mia of the same magnitude as that observed in cancer patients
treated with high doses of 1 to 33 g/m? (Refsum et al., 1986,
1991; Broxson et al., 1989).

MTX at dose of 25 mg probably has an anti-inflammatory
component distinct from its antiproliferative properties (Zan-
olli et al., 1990), whereas high-dose MTX is a cytotoxic regimen.

In unprotected lymphoma cells exposed to MTX, the Hcy
export was not stimulated but fell parallel to growth inhibition
(fig. 4). Thus, these cells were neither responsive to folate
supplementation (fig. 2) nor to MTX treatment. If there are
cells in vivo which show a similar behavior, this may contribute
to a reduction in plasma Hey levels at high MTX doses.

Figures 4 and 5 also convey additional information on the
relation between Hcy export and MTX cytotoxicity. The en-
hancement of Hcy export occurred at low MTX concentrations
and even preceded the inhibition of cell growth. This is shown
most clearly in figure 5 for Cl 8 cells. This is in line with the
finding in a recent clinical study on psoriasis patients receiving
low-dose MTX. It was concluded that extracellular (plasma)
Hcy is a sensitive indicator of MTX pharmacodynamics (Ref-
sum et al., 1989a).

Possible mechanisms. MTX decreases the cellular content
of reduced folates and, among these species, 5-methyl-THF,
the methyl donor in the methionine synthase reaction, is de-
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pleted most efficiently (Allegra et al., 1986; Baram et al., 1987).
This is the most likely mechanism behind the increased Hey
egress from the Cl 8 and C] 16 cells after MTX exposure. The
lack of Hey response in the lymphoma cells is not clear but
may be related to low Hey remethylation rate in these cells.
This is in line with the observation that inactivation of methi-
onine synthase by nitrous oxide does not enhance Hcy export
from the lymphoma cells, whereas the export from the fibro-
blasts is increased markedly (unpublished results).

Summary and conclusion. Hey export from cultured cells
was enhanced during proliferation, and the export from some
cells was increased by MTX and decreased upon supplementing
the medium with 5-formyl-THF. The export from other cells,
like the MTX-sensitive lymphoma cells, was not increased
during drug exposure. The MTX-dependent enhancement of
Hcy export was not. related to cytotoxicity or inhibition of cell
growth, but probably reflects cellular depletion of 5-methyl-
THF, inasmuch as it occurred in cells protected with Thd +
Hx. Investigation of time course and concentration dependence
suggests that increased Hcy export is an early and sensitive
measure of the antifolate effect of MTX, but the increased
export rate was antagonized and the export decreased when
cytotoxicity and inhibition of cell growth ensued. This in vitro
study may serve as a model to explain the variations in plasma
Hey and urinary excretion observed during various MTX regi-
mens, including high-dose MTX infusion followed by 5-formyl-
THF rescue.
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