
[CANCER RESEARCH 46, 5095-5100, October 1986)

Disposition of Homocysteine in Rat Hepatocytes and in Nontransformed and
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ABSTRACT

S-Adenosylhomocystcine (AdoHcy) is catabolized to adenosine and

homocysteine through the action of AdoHcy hydrolase, and this reaction
is the only known source of L-homocysteine in vertebrates. The disposi
tion of endogenously formed L-homocysteine was investigated in isolated
rat hepatocytes and nontransformed and malignant (311/1(11' 2 mouse

embryo fibroblasts exposed to 3-deazaaristeromycin or D-eritadenine,

compounds which are potent inhibitors of AdoHcy hydrolase. Cells in
suspension release large amounts of L-homocysteine into the extracellular

medium whereas small amounts are retained within the intracellular
compartment. The L-homocysteine egress is inhibited by 3-deazaarister
omycin or D-eritadenine in a manner which closely parallels the inhibitory
effect on AdoHcy catabolism, suggesting that L-homocysteine egress may

be coupled to its formation from AdoHcy. In liver cells, the accumulation
of AdoHcy exceeded the inhibition of L-homocysteine egress, whereas in

the fibroblasts inhibition of egress equalled the accumulation of AdoHcy.
Inhibition of AdoHcy catabolism was associated with an increase in both
free and protein bound L-homocysteine in liver cells, whereas depletion
of intracellular L-homocysteine occurred in the mouse embryo fibroblasts

under these conditions. These data suggest that some properties of
nucleoside analogues may be related to their effects on L-homocysteine
metabolism. Furthermore, L-homocysteine is exported into the extracel

lular medium in proportion to the formation from AdoHcy, and extracel
lular L-homocysteine may be a measure of the balance between i -

homocysteine formation and utilization.

INTRODUCTION

Several nucleoside analogues, some of which have cytostatic
or antiviral properties, interact with AdoHcy3 hydrolase (EC

3.3.1.1), the enzyme responsible for the metabolic degradation
of the endogenous transmethylase inhibitor, AdoHcy. Some
analogues competitively inhibit this enzyme, whereas others
serve as irreversible inhibitors (inactivators) or as substrates.
Cells exposed to these analogues accumulate AdoHcy and/or
nucleosidylhomocysteine which in turn inhibit various AdoMet
dependent transmethylation reactions. These aspects of the
biological properties of nucleoside analogues have been studied
in detail and are the subject of recent review articles (1-3).

Inhibitors of AdoHcy hydrolase block the conversion of
AdoHcy to adenosine and L-homocysteine. This reaction is the
only known source of L-homocysteine in vertebrates (2). There
fore, some of the biological effects caused by these inhibitors
may be related to depletion of L-homocysteine relative to the
metabolic demand. These aspects of nucleoside analogues have
hitherto received little attention. Studies on the effects of inhib
itors of AdoHcy catabolism on the disposition of L-homocys
teine by cells seem warranted, because this thiol has been
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assigned a role in numerous pathological and metabolic proc
esses, including the inherited disease, homocystinuria (4), me-
thionine dependent cancer (5), atherosclerosis (6), side effects
of antifolate therapy (7), methionine synthesis and interconver
sion of reduced folates (4).

No study has been made on cellular handling or metabolism
of L-homocysteine following exposure to nucleoside analogues.
This may be related to lack of a sensitive method required for
the determination of the small amount of L-homocysteine in
cells and tissues. We have recently developed a radioenzymic
L-homocysteine assay which allows the determination of L-
homocysteine in cells under physiological conditions and in the
presence of high levels of AdoHcy following exposure to nu
cleoside analogues (8).

The aim of the present study was to investigate the effect of
inhibitors of AdoHcy catabolism on the cellular level of L-
homocysteine and on the distribution of L-homocysteine be
tween the intracellular and extracellular compartment. Special
features have been assigned to homocysteine metabolism in
hepatic versus nonhepatic tissue (5) and normal versus malig
nant cells (4). We therefore investigated freshly isolated liver
cells, nontransformed mouse embryo fibroblasts, C3H/10T'/2
Cl 8 (9), and a malignant clone, C3H/10T'/2 MCA Cl 16,
obtained from Cl 8 cells by chemical transformation (10). 3-
Deazaaristeromycin and D-eritadenine were used as inhibitors
of AdoHcy catabolism, because these are metabolically stable
compounds which have been shown to inhibit both isolated
AdoHcy hydrolase and this enzyme in the intact cell (11, 12).

MATERIALS AND METHODS

Chemicals. DL-Homocysteine, L-methionine, adenosine, AdoHcy,

ATP, and DTE were obtained from Sigma Chemical Co., St. Louis,
MO, and AdoMet was from Koch-Light Laboratories, Colnbrook,
United Kingdom. D-Eritadenine was a gift from Dr. A. Holy, Institute

of Organic Chemistry and Biochemistry, Praha, Czechoslovakia, and
3-deazaaristeromycin was kindly supplied by Dr. John Montgomery,
Southern Research Institute, Birmingham, AL. [l4C]Adenosine (59

mCi/mmol) was purchased from the Radiochemical Centre, Arner-

sham, United Kingdom.
Preparation and Incubation of Isolated Rat Liver Cells. The isolated

rat hepatocytes were prepared by a collagenase perfusion method ( 13)
and were incubated in an isotonic salt solution containing yV-2-hydrox-
yethylpiperazine-A'-2-ethanesulfonic acid buffer (pH 7.4), bovine serum

albumin, glucose, salt, and antibiotics, as described elsewhere (14).
Cell Lines and Culture Conditions. Stock cultures of nontransformed,

C3H/10T'/2 Cl 8 cells (9) and the chemically transformed C3H/10T'/2

MCA Cl 16 cells (10) were obtained from the laboratory of Dr. J. R.
Lillehaug, Department of Biochemistry, University of Bergen. Both
cell types were grown on 10-cm plastic Petri dishes (Costar, Cambridge,
MA) in Eagle's basal medium (Gibco, Paisley, Scotland), sup

plemented with 10% heat inactivated fetal calf serum (Sera-Lab, Ltd.,
Sussex, England) at 37Â°C in an atmosphere of 5% CO2 in air, and a

relative humidity of 95%.
Cl 8 cells were seeded at 6 x IO4cells/dish and MCA Cl 16 cells at

1.2 x 10' cells/ dish, so that both cell types just reached confluence at

the time of initiation of drug exposure.
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The cells were harvested by removal of the culture medium, gently
washing the cells twice with ice-cold phosphate buffered saline and
immediately freezing the cells at -80Â°C. For determination of extra
cellular metabolites, samples of the medium were frozen at â€”20Â°C.

Determination of Free L-Homocysteine in Cells. The cells were sepa
rated from the medium and homogenized in 0.6 N perchloric acid. The
precipitated protein was removed by centrifugation, and the acid was
neutralized to pH 7.5. L-Homocysteine was assayed in the extract by a
radioenzymic method described in detail previously (8).

Determination of Protein Bound l.-Homocysteine in Cells. The cells
were homogenized in ice-cold saturated ammonium sulfate, and the
precipitated protein was immediately collected on Millipore filters and
washed with ammonium sulfate, as described (IS). The protein retained
on the filter was dissolved in buffer, interfering purines were removed
by charcoal, and protein bound L-homocysteine was released and con
densed with adenosine in the presence of DTE and AdoHcy hydrolase.
Unlabeled adenosine was used instead of radioactive adenosine (8) in
the assay for protein bound L-homocysteine, because high blank values
with radioactive adenosine. This was probably related to the formation
of radioactive metabolites in the presence of native adenosine metabo
lizing enzymes, and this radioactive material increases the base-line
radioactivity. AdoHcy was quantified by HPLC and UV detection, and
the amount of AdoHcy not removed by charcoal treatment were deter
mined and subtracted from total AdoHcy obtained after conversion of
L-homocysteine to AdoHcy. Further details have recently been pub
lished (IS).

Determination of L-Homocysteine in the Extracellular Medium. The
medium was made 0.6 N in perchloric acid, the precipitated proteins
were removed by centrifugation, and the acid was neutralized to pH
7.5, as described above. The neutralized solution was supplemented
with 10 HIMDTE and treated twice with dextran coated charcoal (at
0Â°C)to remove inhibitors of AdoHcy hydrolase (15). Free L-homocys
teine was converted to ['4C]AdoHcy, which was isolated and quantified

(8).
Determination of Cellular Content of AdoHcy and AdoMet. The cells

were extracted in 0.6 N perchloric acid, and the supernatant was
analyzed by HPLC on a Partisil 10 SCX column (0.46 x 25 cm). The
flow rate was 1.5 ml. These compounds were analyzed in a single run
by eluting the column with a stepwise gradient of ammonium formate,
pH3.5(15).

Determination of AdoHcy in the Extracellular Medium. In addition
to AdoHcy, another UV absorbing material, which cochromatographed
with AdoHcy upon cation exchange chromatography, was exported
from the cells. Therefore, AdoHcy in medium was determined by HPLC
on a reversed phase column. The Chromatographie system, which was
developed for the L-homocysteine assay (8), was used.

Determination of Cellular Content of ATP. Samples (300 M!)from the
cell suspension were mixed with two volumes of ice-cold 86% ethanol
containing 10 mM EDTA. ATP was determined by a modification of a
luciferin-luciferase method (16).

Determination of Protein. Cells were extracted with perchloric acid
as described above and the precipitated protein was collected by cen
trifugation. The protein pellet was dissolved in 0.1 N NaOH, and the
protein was determined by the method of Bradford (17), using the Bio-
Rad protein assay kit. Bovine ^-globulin was used as standard.

RESULTS

Evaluation and Modification of the Assay for L-Homocysteine
in Cells. In the light of the paradoxical increase in intracellular
L-homocysteine in hepatocytes following inhibition of its for
mation from AdoHcy (see below), we evaluated the possible
interference with the L-homocysteine assay from high concen
tration of AdoHcy. AdoHcy (20 fiM) was added to the homog-
enization medium used for the determination of free L-homo
cysteine (perchloric acid) and protein bound L-homocysteine
(ammonium sulfate) in liver cells. Exogenous AdoHcy did not
affect the amount of free L-homocysteine, and no AdoHcy was
detected in the extract after the charcoal treatment. Exogenous

AdoHcy or high level of AdoHcy formed in the cells resulted
in trace amounts of AdoHcy tightly bound to proteins, and it
was not removed by charcoal. This residual AdoHcy was rou
tinely determined and corrected for. After this correction ex
ogenous AdoHcy did not affect the amount of protein bound
L-homocysteine (data not shown).

Experimental Design. L-Homocysteine egress was determined
in cells exposed to two nucleoside analogues, D-eritadenine or
3-deazaaristeromycin, and in control cells and was related to
the amount of L-homocysteine in the intracellular compart
ment. The inhibition of L-homocysteine egress (A[L-homocys-
teine],.) was compared to the total accumulation of AdoHcy in
the cells and in the extracellular medium ([AdoHcy],).

L-Homocysteine Egress from Hepatocytes. The release of L-
homocysteine from the liver cells into the extracellular medium
was linear with respect to time for at least 2.5 h. At this time
point the amount of extracellular L-homocysteine (and its di-
sulfides) was about 10 pM, which corresponds to about 2500
pmol/106 cells.

Both D-eritadenine and 3-deazaaristeromycin inhibit L-hom
ocysteine egress from liver cells in a dose dependent manner,
and D-eritadenine was most potent in this respect (Figs. 1 and
2). Notably, D-eritadenine completely arrested L-homocysteine
egress after a lag period. This period was short in the presence
of 30 Â¿/MD-eritadenine and long (about 60 min) in the presence
of 3 nM D-eritadenine. In contrast, 3-deazaaristeromycin
seemed to reduce the rate of L-homocysteine release immedi-
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Fig. 1. Disposition of L-homocysteine (//Â£>>)and related compounds in hepa

tocytes exposed to D-eritadenine. Hepatocytes (4.9 x 10*cells/ml) were incubated
in a medium supplemented with 200 //M methionine. After 30 min of incubation,
the cell suspension was supplemented with no (â€¢),3 /AI (A), or 30 /AI (O) D-
eritadenine (arrow).
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ately after addition to the cell suspension, no lag period was
observed, and even in the presence of 100 ^M 3-deazaaristero-
mycin there was a small but significant release of L-homocys-

teine into the medium (Fig. 2).
Intracellular L-Homocysteine in Hepatocytes. Intracellular L-

homocysteine was low (less than 10 pmol/106 cells), and a

portion was associated with proteins. Notably, both free and
protein bound L-homocysteine increased in a dose and time
dependent manner following inhibition of AdoHcy catabolism
by either D-eritadenine or 3-deazaaristeromycin (Figs. 1 and 2).

Disposition of AdoHcy and AdoMet by Hepatocytes. D-Eri-
tadenine (Fig. 1) and 3-deazaaristeromycin (Fig. 2) induced a
dose dependent, massive accumulation of AdoHcy. In the pres
ence of D-eritadenine, a lag period was observed before the
build-up of AdoHcy occurred. The increase in intracellular
AdoHcy was associated with the release of copious amounts of
AdoHcy into the extracellular medium and a moderate eleva
tion of intracellular AdoMet.

ATP Content in Hepatocytes Accumulating AdoHcy. It was
conceivable that accumulation of large amounts of AdoHcy
may induce ATP depletion by a mechanism similar to that
described for cells accumulating S-adenosylethionine following
ethionine exposure (18). Low ATP may in turn affect cellular
transport. We therefore investigated ATP content in hepato-
cytes exposed to 100 /Â¿M3-deazaaristeromycin for 2 h. ATP
content in control cells was 7.9 Â±0.4 SE nmol/106 cells and

decreased by less than 15% following drug exposure. Thus,
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Fig. 2. Disposition of L-homocysteine (Hey) and related compounds in hepa-

tocytes exposed to 3-deazaaristeromycin. Hepatocytes (5.2 x IO6cells/ml) were
incubated in a medium supplemented with 200 /.<\imethionine. After 30 min of
incubation, the cell suspension was supplemented with no (â€¢),10 /.M (A), or 100
/iM (D) 3-deazaaristeromycin (arrow).

accumulation of AdoHcy to amounts [about 9 nmol/106 cells

(Figs. 1 and 2)] equalling the ATP level does not cause ATP
depletion.

Disposition of L-Homocysteine by Fibroblasts. Both nontrans-
formed C3H/10T'/2 Cl 8 (Cl 8) cells and their malignant coun
terpart, C3H/10T'/2 MCA Cl 16 (Cl 16) cells, exported large
amounts of L-homocysteine into the medium. The concentra
tion of extracellular L-homocysteine (and its disulfides) reached
3-8 Â¿/Mwithin 96 h, corresponding to about 6000 pmol/106
cells. Small amounts of L-homocysteine (6-8 pmol/106 cells)
were retained within the cells. In contrast to liver cells, most L-
homocysteine associated with the fibroblasts was identified as
free (acid soluble) L-homocysteine (Figs. 3 and 4), and only
trace amounts of protein bound L-homocysteine were detected
(data not shown).

D-Eritadenine (30 /tM), which had a pronounced effect on the
disposition of L-homocysteine and AdoHcy in liver cells (Fig.
1), only slightly reduced L-homocysteine egress from Cl 8 and
Cl 16 cells and the amount of (free) L-homocysteine in these
cells (Fig. 3). 3-Deazaaristeromycin (100 ^M), on the other
hand, nearly completely inhibited L-homocysteine egress and
markedly reduced intracellular (free) L-homocysteine of both
cell types (Fig. 4).

Disposition of AdoHcy and AdoMet by Fibroblasts. D-Eritad
enine induced only a slight increase in intracellular AdoHcy
and AdoMet and a minimal export of AdoHcy from both
nontransformed (Cl 8) and malignant (Cl 16) cells (Fig. 3).
Intracellular AdoHcy in Cl 8 and Cl 16 cells exposed to 3-
deazaaristeromycin increased markedly for about 6-20 h and
then leveled off, corresponding to a [AdoHcy]/[AdoMet] ratio
of 0.5. These cells released large amounts of AdoHcy into the
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Fig. 3. Disposition of L-homocysteine (Hey) and related compounds in C3H/

10T'/2 Cl 8 (Cl 8) cells and C3H/10T'/2 MCA Cl 16 (Cl 16) cells exposed to r>
eritadenine. Cl 8 and Cl 16 cells were grown to confluence, which corresponds to
3 x 10" cells/dish for Cl 8 and 6 x 10' cells/dish for Cl 16 cells. The medium
was then replaced with fresh medium which contained either no drug (control
cells, D, â€¢)or 30 ^M D-eritadenine (A, A). L-Homocysteine, AdoHcy, and AdoMet
associated with the cells and L-homocysteine and AdoHcy in the culture medium
were determined as a function of the time of drug exposure.
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Fig. 4. Disposition of L-homocysteine (Hey) and related compounds in C3H/
10T/2 CI 8 (Cl 8) cells and C3H/10T'/! MCA CI 16 (Cl 16) cells exposed to 3-
deazaaristeromycin. The experimental design was exactly as described in the
legend to Fig. 3, except that D-eritadenine was replaced with 100 MM3-deazaar-
isteromycin. D, â€¢control cells; A, A, cells exposed to 3-deazaaristeromycin.

extracellular medium. Extracellular AdoHcy increased almost
linearly and reached about 15,000 pmol/106 cells after about

96 h (Fig. 4).
Relation between i,-Homocysteine Egress and AdoHcy. Figs.

1-4 show that a close relation exists between inhibition of L-
homocysteine egress (A[Hcy]<.)and accumulation of AdoHcy in
the intra- and extracellular compartment ([AdoHcy],) following
exposure to D-eritadenine or 3-deazaaristeromycin. This rela
tion is summarized in Table 1. A striking difference was noted
between hepatocytes and the fibroblasts. In hepatocytes,
AdoHcy accumulation greatly exceeds inhibition of L-homocys
teine egress, giving a [AdoHcy],/A [L-homocysteine],, ratio of
about 10, whereas in both Cl 8 and Cl 16 cells, this ratio was
less than 3.

DISCUSSION

L-Homocysteine Egress under Various Conditions. There have
been recent reports demonstrating that L-homocysteine is ex
ported from isolated cells into the extracellular medium, and
small amounts are retained within the cells (15, 19-21). L-
Homocysteine export from liver cells is stimulated by the
presence of excess methionine and may be related to the meta
bolic flux through the AdoHcy hydrolase pathway (15). Inhi
bition of the 5-methyl-THF dependent salvage of L-homocys
teine to methionine in C3H/10T'/2 MCA Cl 16 cells is associ
ated with enhancement of L-homocysteine export (21, 22).
These observations with isolated cells are in accordance with
the finding of low L-homocysteine in tissues (8, 15) and high
levels in extracellular media like plasma and urine (23). i
Homocysteine is markedly increased in plasma and urine from
patients treated with methotrexate (21). On the basis of these
findings the hypothesis has been made (21) that an export

mechanism for L-homocysteine exists which ensures low intra-
cellular L-homocysteine, which may be critical for some vital
cellular function(s). Furthermore, extracellular L-homocysteine
may be a measure of the balance between L-homocysteine
formation and utilization.

L-Homocysteine Egress and AdoHcy Hydrolase Activity. The
present paper describes the disposition of L-homocysteine in
cells exposed to agents inhibiting its formation from AdoHcy,
i.e., nucleoside analogues, like D-eritadenine and 3-deazaaris
teromycin.

D-Eritadenine, which induces a time dependent inactivation
of isolated AdoHcy hydrolase and the enzyme in intact hepa
tocytes (12), completely inhibited L-homocysteine export after
a lag period. The inhibition was associated with accumulation
of intra- and extracellular AdoHcy (Fig. 1). The lag period
probably reflects the time required for total inactivation of
AdoHcy hydrolase to occur. Somewhat unexpected, D-eritad
enine had only a slight effect on both L-homocysteine egress
and AdoHcy in fibroblasts (Fig. 3).

3-Deazaaristeromycin reduced the rate of L-homocysteine
egress and induced AdoHcy accumulation in a dose dependent
manner in liver cells almost immediately after addition of the
compound to the cell suspension (Fig. 2). Similar data were
obtained with Cl 8 and Cl 16 cells (Fig. 4). Reduced rate of L-
homocysteine export rather than total inhibition might be ex
pected in the presence of a compound which acts as a compet
itive inhibitor of AdoHcy catabolism. 3-Deazaadenosine, which
serves as a competitive inhibitor and substrate of AdoHcy
hydrolase (1), has a similar effect on L-homocysteine egress
(24).

The above data, taken together, suggest that inhibition of L-
homocysteine egress and the AdoHcy accumulation are tightly
linked processes. This possibility is further supported by a
quantitative comparison of inhibition of L-homocysteine egress
and AdoHcy accumulation (Table 1). In both liver cells and
mouse embryo fibroblasts, the ratio between inhibition of L-
homocysteine egress and AdoHcy accumulation is essentially
constant for a particular cell type under different experimental
conditions. These findings suggest that the rate of L-homocys
teine export is proportional to L-homocysteine formation. One
may speculate whether L-homocysteine egress is coupled to the
AdoHcy hydrolase reaction.

Export of the most abundant thiol in the cells, glutathione,
is perhaps a property of most cells. Glutathione export seems
to be associated with the turnover of this compound and is
inhibited by agents blocking glutathione formation (25). Thus,
disposition of glutathione by cells may have some features in
common with cellular handling of L-homocysteine.

Intracellular and Extracellular L-Homocysteine. Conceivably,
L-homocysteine export is a function of the amount intracellular
L-homocysteine available to the mechanism responsible for the
L-homocysteine export, and inhibition of L-homocysteine egress
by nucleoside analogues may be related to low concentration of
intracellular, free, L-homocysteine. This possibility was not
supported by the data obtained with hepatocytes, showing that
nucleoside analogues increased rather than decreased both free
and protein-bound L-homocysteine in these cells (Figs. 1 and
2). A similar unexpected observation has recently been made
with whole animals given injections with the drug combination
9-0-D-arabinofuranosyladenine plus 2'-deoxycoformycin (8).

This paradoxical effect on intracellular L-homocysteine in he
patocytes may be explained as follows. Different compartments
of intracellular L-homocysteine exist, and only a minor L-
homocysteine compartment is available for L-homocysteine
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Table 1 Relationship between S-adenosylhomocysteine accumulation in the extra- and intracellular compartment and inhibition ofHcyÂ°egress in hepatocytes and the

CÃ•H/lOTh Cl 8 and Cl 16 cells exposed to nucleoside analogues
Total amounts of intra- and extracellular AdoHcy ([AdoHcy],), the inhibition of Hey egress, i.e.. the difference between extracellular Hey in the absence and

presence of inhibitor (A[Hcy]Â«),and the ratio between [AdoHcy], and A[Hcy], are determined from data presented in Figs. 1-4.

Time of
Cell type Inhibitor exposure(h)Hepatocytes

D-Erit-A (3 MM)11.52.5D-Erit-A

(30 MM)11.52.5e3

Ari (10 MM)11.52.5e3

Ari (100 MM)11.52.5C3H/10TO

Cl 8 D-Erit-A (30 MM)2448100c'Ari

(100 MM)6122448100C3H/10T'/2CI

16 D-Erit-A (30 MM)122448100e3

Ari (100 MM) 6122448100Total

AdoHcy
([AdoHcy],)

(pmol/106cells)3423843,2985,8839,35013,0603,6644,0683,7036,7779,16013,9111704187607141,8753,1045,97714,9251862%4458239782,1984,5959,41617,748Inhibition

of
Hey egress
<A[HcyU

(pmol/10*cells)3875409791,7684176442856871,3625477087094801,2431,7982,8136,5812453028129901,0561,7032,2664,8036,051[AdoHcy],/A[Hcy],ratio8.510.99.57.49.75.723.813.310.20.310.591.071.51.51.72.12.30.760.980.550.830.91.32.02.02.9

* Hcy, L-homocysteine; D-Erit-A, D-eritadenine; c3Ari, 3-deazaaristeromycin.

export. The major fraction of L-homocysteine may participate
in an equilibrium between L-homocysteine and AdoHcy, cata
lyzed by enzyme(s) metabolizing these compounds. This possi
bility is supported by the parallel increase in intracellular L-
homocysteine and AdoHcy (Figs. 1 and 2). Inhibition of L-
homocysteine egress under conditions of elevated intracellular
L-homocysteine is compatible with coupling of AdoHcy hydro-
lase reaction and L-homocysteine export.

In both nontransformed and malignant C3H/10TV2 cells,
inhibition of AdoHcy catabolism leads to a marked reduction
of intracellular L-homocysteine. In these cells the major fraction
of intracellular L-homocysteine may be available for export.

Metabolism of L-Homocysteine and AdoHcy in Hepatocytes
and in Nontransformed and Malignant Mouse Embryo Fibro-
blasts. In hepatocytes exposed to nucleoside analogues, the i -
homocysteine egress and the inhibition of L-homocysteine
egress was only about 10% of intra- and extracellular AdoHcy
accumulation (Table 1). In Cl 8 and Cl 16 cells incubated with
3-deazaaristeromycin, the inhibition of L-homocysteine egress
was of the same order of magnitude as the total amount of
AdoHcy.

The difference in L-homocysteine disposition in hepatocytes
versus fibroblasts should be related to unique features of L-
homocysteine and AdoHcy metabolism in liver cells. In liver
(and kidney) L-homocysteine is efficiently salvaged to methio-
nine by two enzymes, requiring betaine or 5-methyl-THF as
methyl donor, respectively (26), whereas in other cells this
reaction is catalyzed by a single enzyme (4) which many con

tribute insignificantly to the overall L-homocysteine metabolism
(20). L-Homocysteine is efficiently metabolized to cysteine via
the transsulfuration pathway in hepatocytes (27), whereas in
other cell lines the activity of this pathway is either low or
absent (28-30). Furthermore, in the liver the bulk of AdoHcy
is a product of and is dependent on a single transmethylation
reaction, namely the AdoMet dependent methylation of guan-
idoacetic acid (31). In most other cells, AdoHcy is formed from
multiple methyl transfer reactions, some of which may be more
sensitive than guanidoacetate methyltransferase towards the
feedback inhibition of AdoHcy. The special features of L-hom
ocysteine and AdoHcy metabolism in liver cells versus most
other cell types should be taken into account when using L-
homocysteine egress (20) or AdoHcy accumulation (32, 33) as
a measure of the overall transmethylation rate.

Most malignant cells are methionine dependent and do not
thrive in a medium where methionine is replaced with L-hom
ocysteine. Nontransformed cells grow well under these condi
tions (5, 32). The CI 16 cells are an example of malignant cells
where L-homocysteine does not fully support growth, whereas
the growth rate of Cl 8 cells is about the same in presence of L-
homocysteine or methionine.4 The methionine dependence of

cancer cells has been related to an increase in the overall
transmethylation rate relative to that of normal cells (32). We
observed that L-homocysteine egress from Cl 8 cells equalled
that from Cl 16 cells (Figs. 3 and 4). The inhibition of L-

4R. Djurhuus, A. Svardal, J. R. Lillehaug, and P. M. Ueland, unpublished

results.
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homocysteine egress by 3-deazaaristeromycin and the initial
rates of accumulation of intra- and extracellular AdoHcy in the
presence of this inhibitor were only slightly higher for Cl 16
cells than Cl 8 cells. Thus, our data did not support the
possibility of higher transmethylation rate in malignant Cl 16
cells compared with their normal counterpart, Cl 8 cells.

Possible Consequences of Cellular L-Homocysteine Depletion.
Indirect evidence has been provided that the cytostatic effects
of 3-deazaaristeromycin are caused by inhibition of the L-
homocysteine dependent conversion of 5-methyl-THF to THF
(34). Cantoni et al. suggested that inhibition of AdoHcy hydro-
lase by 9-ÃŸ-D-arabinofuranosyladenine may result in severe
deficiency in L-homocysteine, which in turn would reduce me-
thionine biosynthesis. They also suggested that if 9-/3-D-arabi-
nofuranosyladenine is given in combination with methotrexate,
the rescue therapy with 5-formyl-THF would fail because the

conversion to THF is blocked (35). Inhibition of methionine
synthesis by 2'-deoxyadenosine and 9-0-D-arabinofuranosylad-

enine in lymphoblasts has recently been demonstrated (36).
These findings, taken together, suggest that the possible inter
ference with L-homocysteine formation and thereby methionine
synthesis in the presence of nucleoside analogues should be
further investigated.
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