
Biochemical Pharmacology. V o l  35. No. 23, pp. 4223~228, 1~86. 11006-2952/'86 $3.00 + (I.00 
Printed in Grea t  Br i t a in  Pergamon Journals  Ltd. 

CHANGES IN METHIONINE METABOLISM INDUCED BY 
D-GALACTOSAMINE IN ISOLATED RAT HEPATOCYTES 

M. OZTURK,* F. LEMONNIER,+ D. CRESTEIL and A. LEMONNIER 
Unit~ de Recherehes d'H6patologie Infantile, INSERM U 56 et Laboratoire Central de Biochimie, 

H6pital Bic6tre, 94275, Le Kremlin-Bic4tre, France 

(Received 23 January 1986: accepted 16 June 1986) 

Abstract--We studied several steps of methionine metabolism in isolated rat hepatocytes both with and 
without the presence of a hepatotoxic agent (D-galactosamine). By use of selective labelling either on 
methyl or on carboxyl groups, we showed that intracellular methionine is used preferentially for the 
methylation of phospholipids (42%) and nucleic acids (31%) via S-adenosylmethionine. In the presence 
of D-galactosamine, the incorporation of L-(HCH3) methionine into macromolecules is significantly 
inhibited (>5(/%). This inhibition is associated with a decrease of S-adenosylmethionine and an increase 
of methionine in the injured cells. These results suggest that hepatotoxicity of galactosamine may be 
due in part to an inhibition of the methylation of nucleic acids and phospholipids. Consequently, we 
hypothesize that hypermethioninemia associated with human liver disease could be due, at least partly, 
to a defect in synthesis and/or utilization of S-adenosylmethionine by hepatocytes. 

Methionine  has several well recognized metabolic  
functions in mammals .  In addition to its role in 
protein biosynthesis, methionine  serves as the pre- 
cursor of  transsulfuration and transmethylat ion pro- 
cesses and of polyamine biosynthesis. Fur thermore ,  
methionine  is of great  interest  in human pathology. 
Hypermeth ion inemia  can express a specific enzy- 
matic defect in metabol ic  pathways involving meth- 
ionine [1] and may also be associated with different 
hepatocel lular  injuries [2]. Thus, we a t tempted to 
study what effect a hepatotoxic  product  would have 
in the several steps of methionine metabolism in 
isolated rat hepatocytes.  The aim of this work is to 
specify the relations be tween anomalies of meth- 
ionine metabol ism and hepatocel lular  injury using 
an in t;itro model.  Because cell lesions induced in 
the rat liver in tffz,o [3, 4] and in tfftro [5, 6] by D- 
galactosamine (GAIN) are in many respects similar 
to those observed in human viral hepatitis, we chose 
this model  for our studies. 

In a recent  work [7], we have studied the effect of 
GalN principally on the first step of methionine 
metabol ism involving the activity of ATP:  L- 
methionine-S-adenosyl t ransferase  (EC 2.5.1.6) 
( M A T ) ,  which catalyses the formation of S-adeno- 
sylmethionine (AdoMet )  from A T P  and L-meth- 
ionine. We showed that high concentrat ions of GalN 
induced a significant decrease of M A T  activity and 
a drop in A T P  levels. 

Using methionine labelled ei ther on its methyl or 
its carboxyl group,  we have studied in this present 
work the fate of these two groups in rat hepatocytes 
with or  without various concentrat ions of GalN. 

* Present address: Gastrointestinal Unit, Massachusetts. 
General Hospital. MA 02114, U.S.A. 

+ To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Isolated rat hepatocvtes. Rat hepatocytes were pre- 
pared by liver slice method  [8] as described in detail 
previously [7]. Prior to the addition of labelled sub- 
strate, 7.5 x 106 cells were preincubated 5 rain in 
2.5 ml of Eagle 's  minimal essential medium under 
an a tmosphere  of 5% CO, ,  95% 02 with GalN (2, 
10 and 100 raM) or  without (control cells). Then,  
2.5 uCi of ei ther L-(methyl-~4C) methionine (56 m C i /  
mmol)  or L-(carboxyl-laC) methionine ( 4 2 m C i /  
mmol)  were added to the cell suspensions. Incu- 
bations were carried out for 2 hr at 37 ° under  agi- 
tation (60 oscillations/rain).  The reaction was 
stopped by cooling in ice and cell suspensions were 
centrifuged at 150g for 10 rain at 4 °. The super- 
natant was examined for extracellular radioactivity 
and the cells were washed 3 times with 10ml of 
MEM.  The final cell pellet was extracted with 400 ul 
of ice-cold 10% T C A ,  kept at 0 ° for 30 rain and spun 
at 10,000g for 15 rain at +4  °. The excess of acid was 
removed from the supernatant  by repeated ether 
extractions (3 x 1 ml) and T C A  soluble material  was 
stored at - 2 0  ° for the determinat ion of methionine 
derivatives. T C A  precipitate was washed 3 times 
with 5 ml of 5 % T C A  and further treated successively 
for the determinat ion of nucleic acids, phospholipids 
and proteins. 

Nucleic acids. Nucleic acids were first extracted 
from the T C A  precipitate [91. The pellet was resus- 
pended in i ml of 5% T C A  and heated for 2 h r  at 
90 ° . Radioactivi ty incorporated into nucleic acids 
was counted in supernatant  obtained after cen- 
trifugation (lO.O(!Og, 5rain at +4 ° ) using liquid 
scintillation. 

Lipids. Lipids were extracted three times with 1 ml 
ch loroform/methanol  (2 : 1 v/v)  from the T C A  pellet 
[i0]. Supernatants  were pooled and extracted back 

4223 



4224 M. OZTURK et al. 

by 2ml methanol/0.1 M potassium chloride ( l : l  
v/v). The organic phase was evaporated under a 
nitrogen stream and residues were dissolved in 
chloroform. An aliquot was removed for the deter- 
mination of total lipid radioactivity while another 
aliquot was applied on a silica gel thin layer chroma- 
tography (TLC) plate for separation of phospho- 
lipids. The mobile phase consisted of chloroform/' 
methanol/water (65 : 25 : 3 v/v). Pure phosphatidyl- 
ethanolamine (PE), monomethyl-phosphatidyl- 
ethanolamine (PME), dimethyl-phosphatidyletha- 
nolamine (PDE), phosphatidylcholine (PC) were 
added to the residues as carriers. Spots were visu- 
alized by iodine, scraped and counted for radio- 
activity after addition of 0.5 ml of methanol and 
10 ml of Picofluor. 

Proteins. The TCA pellet was treated with 1 ml of 
2 N NaOH for 15 hr and the radioactivity incor- 
porated into solubilized proteifis was measured after 
addition of 10 ml Picoftuor to a 100/xl aliquot. 

Methionine derivatives. Methionine from its 
derivatives were separated by TLC of TCA soluble 
material on cellulose plates (20 x 20 cm) (Eastman 
Kodak, Rochester, NY). The sheets were developed 
in 0.1 M sodium phosphate buffer (pH 6.8) saturated 
with (NH4)2SO4, 2-propanol (50: 1, v/v) [11]. Super- 
natant was applied on the plates with the following 
carriers: methionine (Met), methionine sulfoxide 
(Met(O)), S-adenosylmethionine (AdoMet), S- 
adenosylhomocysteine (AdoHCy), 2-keto-4-methyl- 
thiobutyrate (2-Keto-4 MTB), sarcosine (Sar). After 
migration, the plates were dried at 100 ° and spots 
were visualized either under u.v. light (AdoMet, 
AdoHCy) or after ninhydrin revelation. Plates were 
divided into 0.5 cm strips, scraped and placed with 
l m l  of distilled water into scintillation vials. The 
vials were shaken 15 min and counted with 10 ml 
Picofluor. R; of these derivatives were confirmed 
using another mobile phase: butanol, acetic acid, 
water (40: 10:20, v/v) [7]. 

Materials. The nutrient medium was Eagle's essen- 
tial minimal medium (MEM, Eurobio no. 2111, 
France). Radioactivity was measured by liquid scin- 
tillation counting in a Packard Spectrometer. Radio- 
active compounds were purchased from Amersham 
(Radio Chemical Center, U.K.). Amino acids and 
lipid samples were obtained from Sigma Chemical 
Company (St Louis, MO), Picofluor from Packard 
Inc. (IL). All other chemical products were pur- 
chased from Merck (Darmstadt, F.R.G.).  

Statistical analysis. Statistical significance of results 
obtained for GaiN-treated cells was determined 
using the Student's t-test for paired experiments. 

RESULTS 

Control cells 

In order to study certain aspects of methionine 
metabolism, isolated rat hepatocytes were incubated 
in the presence of differentially labelled (14C) 
methionine, and the distribution of radioactivity 
within hepatocyte suspensions was determined. The 
distribution of radioactivity after 2 hr of incubation 
is shown in Table 1. Extracellular radioactivities 
after incubation with (methyl-~4C) methionine and 
(carboxyl-l~C) methionine, accounted for 82% and 
87e/c of the total radioactivity, respectively. After 
incubation of cells with (methyl-~C) methionine, 
intracellular radioactivity was 12~% of the initial 
radioactivity and distributed into lipids (5.0%),  
nucleic acids (3.0%), TCA-soluble material (2,3%) 
and proteins (0.78%). After incubation in the pres- 
ence of (carboxyl-14C) methionine, intracellular 
radioactivity accounted for only 1% of the total 
radioactivity, approximatively 10 times less than was 
observed with methionine labelled on the methyl 
group. This difference was due mainlv to the absence 
of notable incorporation of radioactivity into lipids 
and nucleic acids (less than 0.1%). There was no 
significant difference in radioactivities detected in 
TCA-soluble (0.71 c:{, ) and protein (0.41 c~ ) fractions. 

Table 1. Distribution of total radioactivity after 2 hr of incubation with L-(methyl-~4C)methioninc or 
L-(carboxyl-~aC)methionine (2.5/~Ci were added to 2.5 ml of medium containing approximately 

7.5 × 106 cells) 

Extracellular 
L-methionine radioactivity lntracellular radioactivity 

Methyl-~4C 82% -+ 5 12~,} + 3 
(7) (5) 

Carboxyl-~aC 87c~ + 8 1.1cZ +- 0.6 
(4) (4) 

2.3f4 + 0,90 TCA soluble material 
(5) 

5.0c~ + 1,1() Lipids 
(5) 

3.l/?} + 1.5l) Nucleic acids 
(5) 

(l.78c4 + 0.3l Proteins 
(4) 

0.71U( + 0.48 TCA soluble material 
(5) 

<0.1"~ Lipids 
(4l 

<0.1¢'~ Nucleic acids 
(4) 

().41£~ + 0 .21 Proteins 
(4) 

Values represent the mean percentage -+SD. The number of experiments is indicated in 
parentheses. 
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Table 2. Distribution of radioactivity in TCA soluble material after 2 hr of incubation with L- 
(methyl-~4C)methionine or L-(carboxyl-~4)methionine 

4225 

L-Methionine Met Met(O) AdoMet AdoHCy Sar 

Methyl-~C 45% 4- 15 15% -+ 7 13% 4- 4 - -  10% ± 1 
{8) (6) (8) (8) 

Carboxyl-~C 53% ± 4 15% -+ 5 17% 4- 5 12% --- 5 - -  
(3) (3) (3) (3) 

Each value (mean -+SD) represents the percentage of the total radioactivity in acidosoluble 
material. The number of experiments is indicated in parentheses. 

Table 3. Distribution of radioactivity into phospholipids 
(phosphatidylcholine, PC; lysophosphatidylcholine, LPC; 
dimethyl-phosphatidylethanolamine, PDE; monomethyl- 
phosphatidylethanolamine, PME) after 2 hr of incubation 

with L-(methyl-X~C)methionine (mean ±SD) 

PC + LPC PDE PME 

95% ± 1.6 2.0% -+ 1.1 0.8% 4- 0.4 
(6) (5) (5) 

The number of experiments is indicated in parentheses. 

The distr ibution of radioactivity into acid-soluble 
derivatives is shown in Table 2: using two chro- 
matographic systems, it is possible to identify easily 
Met,  Met(O) ,  AdoMet ,  A d o H C y  and Sar. However,  
homocysteine,  labelled only from (carboxyl-14C) 
methionine  is not  well separated from Met(O).  
Consequent ly ,  it is not  possible to draw conclusions 
about  this part icular metaboli te.  The proport ion of 
radioactive derivatives (expressed as a percentage of 
acid soluble material)  is nearly identical no matter  
which of the substrates except for labelled Sar and 
AdoHCy which are formed exclusively from (methyl- 
14C) and (carboxyl-14C) methionine  respectively. 
Ano the r  methionine  derivative, 2-keto-4-methyl- 
thiobutyrate has not  been detected under  these 
experimental  conditions.  

The chromatographic separation of lipids was 
achieved only with (methyl-14C) methionine as sub- 
strate because no sufficient radioactivity was 

detected with (carboxyl-14C)methionine. The sys- 
tem used in this study allowed us to resolve the PC 
(which migrates with lysophosphatidylcholine 
(LPC)) from PDE and PME. In presence of (methyl- 
14C) methionine,  radioactivity is mostly incorporated 
into PC, the trimethyl derivative of PE (95%). Only 
0.8% and 2% of the radioactivity were recovered in 
PME and PDE respectively (Table 3). 

Galactosamine treated cells 

In comparison with the control cells, there are no 
significant variations of extracellular radioactivity in 
the presence of GalN (Table 4). However,  the intra- 
cellular radioactivity decreases significantly with 
GalN concentrat ion using (methyl-14C) methionine 
as precursor. These changes are less marked when 
using (carboxyl-14C) methionine.  

The effect of 2, 10 and 100 mM of GalN on the 
distribution of the radioactivity corresponding to the 
TC A soluble material  is shown in Fig. 1. The results 
demonstra te  that the AdoMet  levels strikingly 
decrease in GaIN treated cells. The difference 
between control cells and GalN treated cells is stat- 
istically significant with 2 mM (P =< 0.01) as well as 
10 and 100 mM GalN (P _-< 0.001). This decrease of 
AdoMet  is accompanied with an increase of meth- 
ionine (P_-< 0.05 with 10 mM GalN). These modi- 
fications are in the same order, when (carboxyl-14C)- 
methionine is used. The variations of Sar (labelled 
only with the methyl group) and of AdoHCy (label- 
led only with carboxyl group) are not significant. We 
observed also an increase in methionine sulfoxide, a 
derivative formed under  mild oxidative conditions 
from methionine in vivo as well as in vitro [12]. As its 

Table 4. Effect of GaIN on the distribution of extra and intracellular radioactivity after 2 hr of 
incubation with L-(methyl-14C)methionine or L-(carboxyl-14C)methionine (2.5/£i  were added to 

2.5 ml of medium containing about 7.5 x 106 cells) 

L-Methionine GalN 2 mM GaiN 10 mM GalN 100 mM 

Methyl-14C 106 + 3 i09 _+ 4 115 _+ 6 
Extracellular (7) (7) (7) 
radioactivity Carboxyl-~4C 98 -+ 10 101 4- 8 102 _+ 7 

(5) (5) (5) 

Methyl-~4C 66 ± 13 49 _+ 13 33 + 12 
Intracellular (6) (7) (9) 
radioactivity Carboxyl-~C 95 -+ 21 91} _+ 16 74 ± 22 

{4) (4) (3) 

The percentage -+SD is calculated with values for untreated cells equal to 100%. The number 
of experiments is indicated in parentheses. 
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Fig. 1. Distribution of radioactivity in TCA soluble material after 2 hr of incubation with L-(methyl- 
~4C)methionine (A) or L-(earboxylJ4C)methionine (B) in the presence of different concentrations of 

GAIN. Each percentage (control = 100%) represents the mean +-SD of five determinations. 

formation could be partially due to the exper imental  
conditions,  it is difficult to interpret  the meaning of 
this increase. 

The incorporat ion of (methylJ4C)meth ionine  
into proteins,  nucleic acids and lipids is inhibited in 
a dose-dependent  fashion by GalN. Figure 2 shows 
this inhibition, The  inhibition of the methylat ion of 
macromolecules  is significant even with only 2 mM 
OalN,  for proteins (P-< 0.01), nucleic acids (P =< 
0.001) as well as for phospholipids (P N 0.05). At  
higher concentrat ions of GalN,  the inhibition of the 
incorporat ion of (methylJ4C)meth ion ine  into 
macromolecules  becomes  more pronounced (P-< 
0.001). The effect of GalN on the distribution of 

radioactivity into the derivatives of phosphoethan-  
olamine is shown in Fig. 3. These results indicate 
that the decrease of incorporat ion of the methyl 
group is especially marked in phosphatidylcholine 
even with only 2 m M  of GalN (P <0 .05) .  The 
decrease of incorporat ion into P D E  is not statistically 
significant. 

Using (carboxyl-Z4C)methionine, we have only 
studied the effect of GalN on protein synthesis (Fig. 
2), as no sufficient incorporat ion of radioactivity 
was detected into nucleic acids and lipids with the 
controls. The protein synthesis inhibition is note- 
worthy: 60£~ with 2 mM of GaIN as we have pre- 
viously described using leucine 14C [7]. 
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Fig. 2. Effect of GaIN (2, 10 and 100 mM) on the incor- 
poration of I-(methylJ4C)methionine (A) into lipids, 
nucleic acids and proteins and of I_-(carboxylJ4C)meth - 
ionine (B) into proteins. Each percentage (control-  
100%) represents the mean _+SD of five determinations. 
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poration of 1.-(methyl-UC)methionine m different fractions 
of phospholipids. Each percentage (control = 100c} ) rep- 

resents the mean _+SD of five determinations. 
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DISCUSSION 

The use of methionine labelled either on its methyl 
or carboxyl group allowed us to characterize certain 
aspects of methionine metabolism in isolated 
rat hepatocytes. Figure 4 summarizes the metabolic 
pathways undergone by methionine in the cell. The 
methyl-group is mainly incorporated into macro- 
molecules via AdoMet ,  while carboxyl group is 
mainly eliminated as CO2 through transsulfuration 
and transmethylation pathways. As expected, a 
significant difference in the distribution of intra- 
cellular radioactivity occurs depending on whether 
(methyl-14C) or (carboxyl-14C) was used. This dif- 
ference is mainly due to the rapid incorporation of 
(methyl-14C) into lipids and nucleic acids (Tables 1 
and 3). In contrast, radioactivities incorporated into 
these fractions from (carboxyl-14C) were barely 
detectable (less than 0.1% of the total radioactivity). 
The findings concerning the incorporation of the 
methyl group of methionine into macromolecules 
are in agreement with the data of Phi and S61ing [13] 
and Hoffman et al. [14]. 

The study of the TCA insoluble material reflect the 
use of methionine in macromolecule biosynthesis. 
When (carboxyl-14C) methionine was used as sub- 
strate, sufficient amount of radioactivity was only 
recovered in the protein fraction, although a very 
low fraction is used for the formation of methionyl 
tRNA. No incorporation into the lipid pool can be 
observed. On the other hand, methyl groups are 
mainly incorporated into lipids and especially in PC, 
as previously described by Van Phi and S61ing [13]. 
In addition, a significant fraction of (methyl-14C) 
methionine was utilized for methylation of nucleic 
acids, via the transmethylation pathway. These 

results reflect the low rate of protein methylation as 
compared to phospholipids and nucleic acids. 

The same experiments were carried out in the 
presence of GaIN and the effect of this hepatotoxin 
on different steps of methionine metabolism was 
studied. Several years ago, Stramentinoli et al. [15] 
showed that GaIN induces in v i vo  a decrease in MAT 
activity accompanied by a decline in liver AdoMet.  
In the same way, we demonstrated recently, in iso- 
lated rat hepatocytes, that GaIN induces a decrease 
of MAT activity and a large drop of ATP levels [7]. 
In the present work, using methionine labelled on 
its methyl or carboxyl group, we showed a significant 
decrease of AdoMet  levels in relation to GaIN con- 
centration. This decrease of synthesis of AdoMet  
probably explains the great inhibition of methylation 
of macromolecules such as nucleic acids and 
phospholipids. It is likely that the decrease in Ado- 
Met could be due to the large drop of ATP levels 
induced by GaIN [7], since the AdoMet  synthesis 
requires the presence of ATP as adenosyl donor. It 
is possible that, under these conditions, there is not 
sufficient available ATP to assure AdoMet  biosyn- 
thesis, thus leading to an accumulation of methion- 
inc. An excessive utilization of AdoMet  in polyamine 
synthesis, for example, could also cause this AdoMet  
decrease. 

These results demonstrated a rapid inhibition of 
methylation (in less than 2 hr) of macromolecules in 
isolated hepatocytes by GaIN with concentrations as 
low as 2 mM. These modifications may be secondary 
to other known effects of GaIN in hepatocytes (e.g. 
uridine trapping, aminoglycogen formation, cell 
membrane injury, etc.) [3]. It may, also, be related 
to the decrease of cellular ATP levels that is seen as 
early as 15 min after the addition of the GaIN to the 
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Fig. 4. Metabolites and products referred to in this study. 
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cell i ncuba t ion  m e d i u m  [7]. It is difficult to draw 
conclusions  abou t  a m a j o r  effect by the  inhib i t ion  of 
mac romolecu le  me thy la t ion  on cell in jury  induced  
by GAIN. For  this, f u r the r  s tudies  are necessary 
par t icular ly  using an in vivo model  of GaIN 
hepatotoxic i ty .  

On  the  o the r  hand ,  our  results  poin t  out  tha t  a 
hepa to tox ic  p roduc t  induces  in vitro a decrease  of 
A d o M e t  associated with an accumula t ion  of meth-  
ionine in hepa tocytes .  Based  upon  these  results,  
we hypothes ize  tha t  h y p e r m e t h i o n i n e m i a  in h u m a n  
hepa toce l lu la r  in jury  could be  due,  at least  part ly,  
to a defect  in the  use a n d / o r  synthesis  of A d o M e t .  
If this hypothes is  is t rue ,  an abnorma l i ty  in A d o M e t  
synthesis  could have n u m e r o u s  consequences  in cell 
me tabo l i sm,  cons ider ing  the f u n d a m e n t a l  role of this 
me tabo l i t e  in t r an sme t hy l a t i on  and  t ranssu l fura t ion  
processes.  
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