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Abstract--In isolated hepatocytes the influence of cellular glutathione (GSH) on initial influx, net 
uptake and efflux of methotrexate (MTX) was determined. Endogenous glutathione in rat liver cells 
was depleted by either fasting of rats or by in vivo administration of phorone prior to cell preparation. 

The initial rate of influx of MTX was found to be higher in hepatocytes of fasted and phorone-treatcd 
rats than in those of untreated, fed control rats. The Km values for the methotrexate influx in GSH- 
deficient hepatocytes were up to 3 times lower than in normal cells, whereas Vm~x remained unchanged. 
These results disclose an increased efficiency of the MTX transport system in cells with diminished 
cellular GSH levels. On the other hand, titration of external membrane SH groups by 2~3Hg p-CMBS 
revealed up to three times higher amounts of free SH groups on cells from starved and phorone-treated 
rats than on hepatocytes of fed rats. Increased efficiency of the MTX transport system in GSH-deficient 
cells may, therefore, be interpreted as increased capacity of the MTX transport carrier for which free 
membrane SH groups are known to be essential. 

Despite activation of initial transport of MTX here, later net accumulation of MTX became smaller 
than in cells with normal GSH levels. Efflux of MTX from liver cells was not influenced by fasting or 
phorone treatment of rats, however, the "nonexchangeable" pool of MTX was found to be decreased, 
which indicates inhibition of formation of MTX polyglutamates here. This inhibition was most likely 
responsible for the decreased amounts of MTX finally accumulated in GSH-deficient hepatocytes. 

In previous studies [1] it has been demonstrated that 
methotrexate (MTX)$ uptake in rat hepatocytes can 
be activated by addition of exogenous glutathione. 
This effect was interpreted as an alteration by GSH 
of the membrane redox state, e.g. by reaction with 
protein disulfide groups of the cell membrane releas- 
ing free SH groups, obligatory for the functioning of 
MTX carrier system [2-5]. 

It has been reported [6, 7] that endogenous glu- 
tathione plays an important role in the regulation 
of the redox state of membrane proteins. On this 
account, it might be expected that changes in intra- 
cellular glutathione can also influence the metho- 
trexate transport across the cell membrane. It has 
already been demonstrated [8-111 that depletion of 
cellular GSH causes inhibition of transport of some 
amino acids and a~-amino-D-glucoside in rat kidney. 
However, nothing is known about the role of 
endogenous GSH in transport processes in liver cells. 

The simplest, physiological way to modify GSH 
levels in liver is starvation. Thus hepatic GSH is 
significantly diminished during starvation, depending 
on its duration [12, 13]. On the other hand, GSH in 
liver can be more efficiently depleted chemically by 
the use of agents such as phorone, which conjugates 
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with GSH via the glutathione transferases reaction 
[14]. Using adequate dosing of phorone in vivo an 
80-90% decrease in liver GSH may be achieved. 

In the present paper we used both methods for 
GSH depletion to investigate methotrexate transport 
and accumulation in isolated liver cells under the 
condition of cellular GSH deficiency. 

MATERIALS AND METHODS 

Animals. Female rats of 150-180 g body wt were 
used. The animals were divided into three groups 
which were treated differently: Prior to preparation 
of liver cells, the first group was fed with standard 
laboratory diet ad libitum, whereas the second group 
had been fasted for 24-28 hr. The third group had 
also been kept on normal diet ad libitum, but the 
animals were treated 2 hr before cell preparation 
either with 250 mg/kg phorone in 20~ ethanol i.p. 
or, for control, with 20% ethanol i.p. only. All 
animals had free access to tap water. The cell prep- 
aration was performed always at the same time, 
between 0700 and 0800 hr. 

Materials. The following substances were 
~HUrchased: (a) Radioactive compounds: [3',5',7'- 

]methotrexate, sodium salt (MTX; 39.6 mCi/g) 
and p-chloro[Z°3Hg] mercuribenzene sulfonate from 
Amersham Buchler (Braunschweig, West 
Germany); 3H20 (1 mCi/ml) and [carboxyl-14C] dex- 
tran (MT70,000; 1.4 mCi/g) from NEN Chemicals 
GmbH (Dreieich, West Germany); (b) unlabelled 
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compounds:  reduced glutathione (GSH) from Sigma 
Chemicals G m b H  (Mfinchen, West Germany) ,  
N A D P H ,  5,5 ' -di thiobis-(2-ni trobenzoate) ,  and col- 
lagenase and other  biochemicals from E. Boehringer  
(Mannheim,  West Germany) ,  silicone oils from 
Wacker  Chemie  (Mtinchen, West  Germany) .  
Amethop te r in  (MTX),  was a generous gift from 
Bristol Arzneimi t te l  (Bergisch-Gladbach,  West  Ger- 
many) and phorone  (2,6-dimethyl-2,5-heptadien-4- 
one) from Prof. A. Wendel  (Institute of Physio- 
logical Chemistry,  Universi ty of Tiibingen, West 
Germany) .  

Methods .  isolation of liver cells, their incubation 
and separat ion from incubation medium bv cen- 
trifugal filtration as well as determinat ion o (  intra- 
cellular water  and dextran space were carried out as 
described previously [1]. The incubation medium 
consisted of 137mM NaC1, 5 m M  KCI, 0 .9 raM 
MgSOa, 1 mM CaC12 buffered with 3 mM phosphate 
(made up of 30 parts KH2PO4 and 92 parts Na~_HPO4) 
and 20 mM morphol ino-3-propanesulfonic  acid 
adjusted with Tris base to pH 7.3. Throughout ,  incu- 
bates contained 1.2-1.4 mg cellular protein/ml (cor- 
responding to about  2 × 10 ~ cells/ml). The following 
types of exper iments  were performed:  

(1) Measurement  of net accumulation,  influx, 
eftlux, and exchangeable  and nonexchangeable  pools 
of MTX. 

(a) After  M T X  or M T X  + GSH additions to the 
incubate,  initial uptake of M T X  into the cells was 
measured over  the time span 5-120sec  by with- 
drawing aliquots, initially at 5-sec intervals. Sub- 
sequent accumulat ion of M T X  within the cells was 
followed by sampling every 2 min over  the next 8 min 
of incubation. Analysis of MTX transport was per- 
formed for the concentrat ion range 0.5-100 uM. A 
preincubat ion of 10 min always preceded addition of 
[3H]-MTX (3-400,000 dpm/ml )  to the incubates. 

(b) For efflux studies, cells were incubated with 
1 ¢~M [~H]MTX for 30 rain, before they were washed 
and resuspended in MTX-free  medium to the original 
volume [15]. Thereaf ter ,  samples were taken from 
the cell suspension for analysis of the efflux process 
over  the time span 1 60min.  The influence of 
exogenous GSH on MTX efflux from hepatocytes 
was examined under  two experimental  conditions: 
Ei ther  G S t t  was added and removed  together  with 
MTX or GSt t  was added after M T X  had been 
washed out. 

(c) Exchangeable  and nonexchangeable  com- 
ponents  of intracelhtlar [SH]MTX were experi- 

mentally determined by diiuting cells 2i)-fold after 
incubation with 1 uM [~HIMTX between 1 and 
20 min with MTX-free incubation medium as 
described by Gewirtz  et al. 151. In lhe lirst minutes 
intracellular M T X  declined to a constant level. The 
amount  of [SH]MTX that left the cells was defined 
as "exchangeable  fract ion".  The portion of MTX 
which remained within the hepatocytes was referred 
to as "nonexchangeab le" .  Extrapolat ion of the 
nonexchangeable  component  (polyglutamatc dcrix a- 
t ires) to the time of dilution permits quantification 
of the exchangeable and nonexchangeable  cc~m- 
ponents at that time. This extrapolation also gives 
hints to the time course of MTX polyglutamatc for- 
mation within the cells. 

(2) Binding of [3HIMTX to the external surface 
of liver cells was determined at 4 ~ according to 
Henderson et al. [16]. Cell samples were taken for 
radioactivity detection over  the time span S i20 sec. 
initially every 5 scc. 

(3) Titration of external membrane  SH groups 
by p -CMBS.  [>3Hg]p-CMBS (475-750,000 dpm/mi  
and about 0.16 mM) was added to incubates of liver 
cells applying two different procedures:  

(a) after a 10 rain preincubation of cells p -CMBS 
was added:  no further additions. 

(b) after a 5 rain preincubation,  G S t l  (5 raM) was 
added and incubation continued fur 5 more rain: 
thereafter ,  cells were washed, resuspended in fresh 
medium and p -CMBS was added. Samples were then 
taken over  the time span from 5 to 120sec. initially 
at 5-sec intervals between sampies. 

Intracellular Na~ and K* concentrat ions were 
determined using flame photometry,  as described 
previously [1 I- The level of intracellular glutathionc 
(GSH + GSSG)  was measured by the catalytic assay 
with 5,5 ' -di thiobis-(2-nitrobenzoatc)  [17, 18]. 

MTX purification technique: [3 ' .5 ' .9-~HIMTX 
was purified by thin layer SIL gel chromatography 
using as eluent system: t>bu tano l :methano l : t r i -  
e thy lamm:wa te r  (in the ratio 7.5:~:  1.5: 1.5). This 
method  was e laborated by Prof. Ursula Breyer-Pfaff  
from the Institute for Toxicology at the University 
of Tiibingen. 

RESUI,TS 

Levels of endogenous total glutathione found in 
the various preparat ions of hepatocytcs studied are 
listed in Table 1. It can bc seen that fasting of 
rats for 24hr ,  or t reatment  with phomne  reduced 
intracellular glutathione by 511 and 70of. respect- 

Table I. Levels of cellular glutathione. K " and Na ~ in hepatocytes of fed. fasted and phoronc-trcatcd rats 

Cellular 
Source ~1 glutathione Cellular K Cellular N a  Number ot 
hepatocytcs [mM 1 [mM] lmM1 Na K cxperimcnts 

Fed rats (control) (C) 3.8 ± 0.55* 85.6 ± 8.2 45.1 -+ 5.¢~ ij 53 s 
Fasted rats (F) 1.6 ± 0.48 98.5 ± 8.3 32.f~ - 6.2 1133 ~'~ 
Phorone-frcated rats (Ph) 0.9 + 0.23 118.6 ± 9.5 32.3 ± 5.8 !}.27 t, 

* M e a n  ± S . E .  
Statistical significances: cellular glutathione: Pr ~ < 0.02: P*,h c < 0.005: cellular K :P~ , = {/.~15, p>,  * I).f ~, 

P;Ph > 0.05; cellular Na' : Pphr ~ - 0.05. 
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Fig. 1. Time course of initial uptake of [3H]MTX over the first 240 sec after exposure of cells to either 
1 ~tM MTX (a) or 10/,tM MTX (b); hepatocytes of fed control (C), fasted (F) or phorone-treated (Ph) 
rats. The dashed-lines represent "nonspecific" binding (adsorption to the cell surface) of MTX, measured 
in hepatocytes of fed rats at 4 °, instead of the 37 ° of the other incubations. Cells always were preincubated 

for 10 min before addition of [3H]MTX. 
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ively, as compared  to a control group of fed rats. 
The liver cells f rom fasted and from phorone- t rea ted  
rats also showed markedly higher intracellular K ÷ 
concentrat ions and, in consequence,  much smaller 
N a + / K  + ratios (Table 1). The results with cells of 
animals having received an i.p. dose of 20% ethanol 
solution simultaneously with the phorone- t rea ted  
rats did not  differ f rom those of the control group of 
fed rats (not shown). 

1. In vestigation of  initial and net fluxes of  [3H] M T X  
into the isolated liuer cells 

Analysis of M T X  uptake by hepatocytes per- 
formed during the first 4 min of cell incubation with 
[3H]MTX brought  out  distinct differences between 
cells of fed, fasted, and phorone- t rea ted  rats (Fig. 
1). The initial influx of M T X  (defined as uptake 
within the first 60 sec of incubation) into the cells of 
fasted and phorone- t rea ted  rats was found to be 
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Fig. 2. Time course of [3H]MTX accumulation over 10 min of exposure of cells to either 1/~M MTX (a) 
or 10 FtM MTX (b) in hepatocytes of fed control (C), fasted (F) and phorone-treated (Ph) rats. MTX 
accumulation, no further addition = solid lines, and after preincubation of cells with 5 mM GSH (dashed 

lines). 
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Fig. 3. Double-reciprocal plot of the MTX initial transport 
rate as a function of MTX concentration in hepatocytes of 
fed control, (C~4)) ,  fasted ( A - - A ) ,  or phorone-treated 
(D--D) rats. Mean -+ S.E., N = number of experiments. 

much bigger than in cells of fed rats. Af te r  this very 
rapid initial phase of M T X  transport ,  however ,  a 
significant change of the kinetics of M T X  uptake was 
observed in cells of fasted and of phorone- t rea ted  
rats, namely an expressed decelerat ion of uptake. 
The lesser increase in total M T X  in these cells 
resulted in a crossover of the traces of cellular M T X  
uptake at 2 min incubation t ime when the intra- 
cellular level of M T X  became higher in cells of 
fed control rats. By 10 min of cell incubation this 
difference was very prominent :  the total amount  of 
MTX accumulated in hepatocytes was much higher 
in the cells of fed rats than in those of fasted and of 
phorone- t rea ted  rats (Fig. 2), in spite of the much 
faster initial influx of  M T X  into the latter cells. 
Addi t ion of G S H  (5 mM) activated M T X  net uptake 
in all hepatocyte preparat ions from the differently 
t reated groups of rats but this activation was more 

Table 2. Changes in K m [gM] values of MTX initial trans- 
port in hepatocytes of rats after various treatments: 

influence of glutathione addition 

Rat GSH addition to the Number of 
treatment cell incubate experiments 

+ 

Fed rats, 
no treatment 4.0 0.9 8 

Rats fasted 24 hr 1.3 0.9 6 
Fed rats, phorone 

administration 1.1 0.9 6 

strongly expressed with those of fed rats (60~:f acti- 
vation) than of fasted (25% activation) or of pho- 
rone- t reated rats (20% activation), as shown in Fig. 
2. Kinetic analysis of the parameters  of initial trans- 
port of M T X  into the cells revealed significant dif- 
ferences in K,, values between the hepatocytes of 
the fed and the two other  groups studied. In fed rat 
hepatocytes K,, was 4.0 uM, whereas in cells of fasted 
and phorone- t rea ted  rats this value was 2.9 -3.6 timcs 
lower (Fig. 3 and Table 2). On the other  hand, the 
Vma × value remained unchanged after fasting of rats 
and was only slightly lower (16('/() after t reatment  of 
rats with phorone.  Unde r  the influence of exogenous 
GSH added to the incubation medium, strong 
reduction of the K,, to one fourth the original value 
was observed in fed rat hepatocytes,  whereas in ceiL, 
of fasted and of phorone- t rea ted  rats GSI t  caused 
only a small (18-20%) reduction in K,,, values ITablc 
2). 

2. Examination of "nonspecific" binding of MTX 

"Nonspecif ic"  binding mainly represents adsorp- 
tion to the cell surface and only to a small extent the 
possible specific binding to the transport protein for 
reduced folates. Binding studies were performed at 
4 °. As has been repor ted  [16], at this low temperature  
transport processes are hardly detectable:  thus the 
radioactivity found in the cell sediment under these 
conditions can be taken to represent  [~H1MTX non- 
specifically bound to the cell membrane.  As ilh>- 
trated in Fig. 1, this binding was too fast to bc 
kinetically resolved. This initial, rapid binding is part 
of the total M T X  found in cell sediments centrifuged 
after the first 5 sec of incubation at 37 °. It can be 
visualized here only graphically by the positive inter- 
cept on the v-axis, if the uptake slope is extrapolated 
back to the onset of incubation at zero time. Tht> 
M T X  adsorption to the cell surface always has to be 
taken into account as an essential part of the initial 
uptake phase. 

3. MTX efflux and discrimination q[ "exchan~,eahh'" 
and "'nonexchangeable" 'H MTX pools 

(a) MTX efflux. As is shown in Fig. 4(a), the 
kinetics of MTX efflux from liver cells of fed rats 
were in parallel to efflux kinetics from hepatoc>tes 
of fasted and of phorone- t rea ted  rats independent  of 
differences in the absolute values for the total mitiul 
intracellular MTX or the asymptotically approached 
residual M T X  content  in cells. Thus it can be con- 
cluded that the efflux processes from liver cells \~ere 
not influenced by nei ther  fasting nor b~ treatment nf 
rats with phorone.  Likewise. no changes in MTX 
efflux kinetics from fed rat hepatocytes were found 
after GSH addition to the incubation medmm, no 
matter  when it had been added (Fig. 4(b)l. 

(b) Detection qf "exchangeable" and "'m,lc.~- 
changeable" fractions of[ 3H] MTX in ~ ell.s iqfluencc 
of GSH addition. The lower part of Fig. 5 illustrates 
the time course of MTX uptake and the appearance 
of " 'exchangeable"  and " 'nonexchangeable"  intra- 
cellular 3H over  20 rain after incubation of cells of 
fed rats with 1 HM [3HIMTX. After  4rain of cell 
incubation with extracellular MTX, exchangeable 
MTX was detectable,  and both,  exchangeable 'and 
nonexchangeable  intracellular ~tI components .  
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Fig. 4. (a) Time course of MTX efflux from hepatocytes of fed control (C), fasted (F) and phorone- 
treated (Ph) rats. Before measurement of efflux kinetics, cells were preincubated with 1/~M [3H]MTX 
for 30 min, then washed and resuspended in MTX-free medium. (b) Influence of exogenous GSH on 
MTX efflux from hepatocytes of fed rats. Symbols used: in (a) as in fig. 3; in (b): ~ ,  cells preincubated 
with MTX only, then washed and resuspended in MTX-free medium (identical to control showed in 
part a); ~7--V, cells preincubated with MTX together with 5 mM GSH, then washed and resuspended 
in MTX-free medium; V - - V ,  cells preincubated with MTX alone, then washed and resuspended in 

MTX-free medium containing 5 mM GSH. 
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Fig. 5. Time course of uptake and determination of exchangeable and nonexchangeable [3H]MTX in 
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course of total uptake of MTX. At the arrows, portions of the cell suspension were transferred to 
separate flasks where extracellular MTX was diluted 20-fold with MTX-free medium and the time course 
of subsequent efflux of 3H from cells was monitored. • . . . .  Extrapolation of the nonexchangeable 
component to the time of dilution (~ )  that permits quantification of the exchangeable and nonex- 
changeable components at that time. ~ - -  ~ ,  • - -  0 ,  time course of accumulation of nonexchangeable 
[3H]MTX (open symbols: cells incubated with MTX alone; closed symbols: cells incubated with MTX 
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interruption of MTX incubation by dilution at various times (not shown). 
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increased very fast with time. Within 10 min, the rate 
of accumulation of the nonexchangeable fraction of 
MTX, which represents the polyglutamate deriva- 
tives [5], decreased. For the sake of better readability 
of the results on the influence of exogenous GSH on 
the quantitative relationship between the levels of 
exchangeable and nonexchangeable intracellular 
MTX, individual efftux kinetics at various times of 
incubation were omitted and only MTX influx and 
the extrapolated polyglutamate formation were illus- 
trated in the upper part of Fig. 5. The size of the 
exchangeable pool was similar under both conditions 
as were individual efflux kinetics. On the other hand, 
the level of nonexchangeable MTX was increased 
under the influence of GSH which is in line with 
previously demonstrated increased uptake of total 
(exchangeable and nonexchangeable) MTX bv cells 
of fed rats after GSH addition [1]. Entirely different 
results have been found in cells from fasted and 
phorone-treated rats (Fig. 6(a) and (b)). The experi- 
mental procedure for determination of exchangeable 
and nonexchangeable components of intracellular 
MTX was identical to that described for cells of fed 
rats. It can be seen that it was the polyglutamate 
formation found by the extrapolation method, that 
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Fig. 7. Time course of titration by [:U3Hg]p-CMBS 
(0.16 mM) of membrane SH groups in hepatocytes of fed 
control (C), fasted (F) and phorone-treated (Ph) rats. 
Titration of SH groups was started after a 10 min cell 
preincubation. +GSH: cells were preincubated with 5 mM 
GSH, then washed, resuspended in fresh medium and 
titration of SH groups started by addition of [~'~Hg]p- 

CMBS. 

was very small here and increased but little by time 
in contrast to total MTX uptake. In consequence, 
the non-exchangeable component of MTX found 
in hepatocytes of fasted and phorone-treated rats 
represented only 53-55% of total intracellular MTX 
whereas in cells of fed rats 80% of total cellular MTX 
was established by the nonexchangeable fraction. 

4. Study of[:I~3Hg]p-CMBS binding to membrane SH 
groups of  li~;er cells 

In Fig. 7 it has been demonstrated that the amount 
of free SIt groups of cell membrane of fed rat hepa- 
tocytes titrable by p-CMBS was about 3--4 limes 
lower than in the other hepatocytes tested. Pre- 
treatment of cells with GSH caused increase in the 
amount of SIt groups titrated in liver cells of fed rat 
(Fig. 7), but had no significant effect on hepatocytes 
of fasted and phorone-treated rats (result not 
shown). 

D I S ( ' U S S I O N  

These studies revealed some new aspects con- 
cerning the MTX transport and accumulation in 
isolated liver cells. As has been demonstrated, 
hepatocytes with diminished cellular glutathione 
accumulated MTX to a lesser extent than those with 
normal GSH level. However, analysis of initial influx 
of MTX into hepatocytes brought out opposite 
results. Namely, the very initial uptake (measured 
during the first rain) of methotrexate by hepatocytes 
of starved and phorone-treated rats was bigger in 
comparison with fed rat hepatocytes. While the K,,, 
value in fed rat hepatocytes was 4 ffM, about 3 times 
lower values of K,,, were obtained in hepatocytes of 
rats with diminished cellular GSH. In contrast, the 
Vm, X value was about the same in any hepatocyte 
preparation studied. These results indicate an 
increased efficiencv of the MTX transport in GSH- 
deficient cells. 

The results of experiments on titration of exterior 
membrane SH groups revealed that cells from 
starved and phorone-treated rats had up to three 
times higher amounts of free SH groups than hepa- 
tocytes of fed rats. On account of this finding, the 
increased efficiency of MTX transport system in the 
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latter cells can be interpreted as increased capacity 
of the MTX transport carrier since it is generally 
accepted that this carrier requires intact SH groups 
[2-51. 

Increased amounts of free membrane SH groups 
observed in hepatocytes of starved and phorone- 
treated rats can also be an explanation for the smaller 
effect of exogenous GSH on MTX uptake by the 
latter cells, in comparison with its strong effect 
demonstrated in fed rat hepatocytes. The effect of 
GSH addition on MTX transport in liver cells of fed 
rats was first described in our previous paper [1], and 
the hypothesis was stated that this effect might result 
from GSH binding to the cell membrane releasing 
free SH groups. In the present paper this hypothesis 
was experimentally verified and confirmed by the 
finding that after treatment of hepatocytes with 
GSH, the membrane SH groups titrable byp-CMBS 
were increased (Fig. 7). In liver cells of starved and 
phorone-treated rats this effect may be expected to 
be smaller on account of the nmch higher amount of 
membrane SH groups already exposed by these cells. 

The question arises, why the methotrexate 
accumulation in hepatocytes with diminished cellular 
glutathione was decreased, in spite of its increased 
initial uptake by these cells. Theoretically, two pos- 
sible explanations should be taken into consideration 
namely, either efflux processes of MTX from the 
cells were also increased, or the MTX metabolism 
was influenced. The first explanation can be ruled 
out since it has clearly been demonstrated that efflux 
processes in starved and phorone-treated rats were 
unchanged (Figs. 4--6). This finding is consistent with 
a very recent report of Dembo et al. that the systems 
of MTX influx and efflux are separated, and have 
different requirements [19]. 

The determination of "exchangeable" and 
"nonexchangeable" components of intracellular 
MTX revealed the inhibition of formation of a 
"nonexchangeable" fraction in cells with cellular 
GSH deficiency, in comparison to hepatocytes hav- 
ing normal glutathione level. It is generally accepted 
that this non-exchangeable fraction of cellular MTX 
is established mainly by MTX y-polyglutamate 
derivatives [5, 20-22]. 

Recent studies by a number of investigators have 
indicated that formation of methotrexate poly- 
glutamates is widespread and probably plays an 
important role in the antitumor activity of this com- 
pound [21-26]. However, the investigations into the 
nature of the 7-glutamylation reaction and its meta- 
bolic regulators are still in their initial phases. There 
is some evidence indicating that these processes may 
be self-regulating. It seems also fairly certain from 
inhibition studies with partially purified enzyme 
preparations [27] and cultured cell systems [28, 29] 
and from genetic and biochemical analyses [30, 31] 
that the same enzyme in mammalian cells that cata- 
lyzes the y-glutamylation of the folate coenzymes 
also catalyzes the y-glutamylation of analogs, such 
as methotrexate. Some authors reported that insulin 
can modify the methotrexate polyglutamation in 
vitro in an isolated human breast cancer cell line [32] 
and in hepatoma cells [33]. 

Our studies describe the modification by endogen- 
ous glutathione of processes leading to formation 

of MTX polyglutamates in isolated liver cells. The 
mechanism of this modification remained unclear up 
to now and to explain it, further biochemical studies 
are needed. 

In conclusion, it is apparent that depletion of 
cellular glutathione has a double effect on MTX 
accumulation in isolated hepatocytes. The first one 
is an influence on initial influx of MTX into the cells 
changing the efficiency of the MTX carrier system, 
and the second one is regulation of MTX retention 
within cells, probably due to the modification of 
formation processes of MTX polyglutamates. The 
latter effect is more strongly expressed, which lessens 
the practical implications of the first one. On this 
account, further studies on the nature of the mod- 
erator role of endogenous glutathione on the pro- 
cesses of MTX polyglutamation seem to be of special 
interest. 
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