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Effect of methotrexate on long-chain fatty acid metabolism in liver of rats fed
a standard or a defined, choline-deficient diet
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The effect of methotrexate on lipids in serum and liver and key enzymes involved in esterification and
oxidation of long-chain fatty acids were investigated in rats fed a standard diet and a defined choline-defi-
cient diet. Hepatic metabolism of long-chain fatty acids were also studied in rats fed the defined diet with or
without choline. When methotrexate was administered to the rats fed the standard diet there was a slight
increase in hepatic lipids and a moderate reduction in the serum level. The palmitoyl-CoA synthetase activity
and the microsomal glycerophosphate acyltransferase activity in the liver of rats were increased by
methotrexate. The data are consistent with those where the liver may fail to transfer the newly formed
triacylglycerols into the plasma with a resultant increase in liver triacylglycerol content and a decrease in
serum lipid levels. Fatty liver of methotrexate-exposed rats can not be attributed simply to a reduction of
fatty acid oxidation as the carnitine palmitoyltransferase activity was increased. The methotrexate response
in the rats fed the defined choline-deficient diet was different. There was a reduction in both serum and
hepatic triacylglycerol and the glycerophosphate acyltransferase and palmitoyl-CoA synthetase activities.
The carnitine palmitoyltransferase activity was unchanged. Hepatomegaly and increased hepatic fat content,
but decreased serum triacylglycerol, total cholesterol and HDL cholesterol were found to be related to the
development of choline deficiency as the pleiotropic responses were almost fully prevented by addition of
choline to the choline-deficient diet. Addition of choline to the choline-deficient diet normalized the total
palmitoyl-CoA synthetase and carnitine palmitoyltransferase activities. In contrast to methotrexate ex-
posure, choline deficiency increased the mitochondrial glycerophosphate acyltransferase activity. The data
are consistent with those of where fatty liver induction of choline deficiency may be related to an enhanced
esterification of long-chain fatty acids concomitant with a reduction of their oxidation.

Introduction experimental rats with the anti-folate drug,
methotrexate [1,2]. The lipotropic agents like
Fatty metamorphosis of the liver is a side effect methionine or choline may protect the liver against

of long-term treatment of patients as well as in lipid infiltration [3-5].

There is some information in the literature on
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istry, University of Bergen, N-5016 Haukeland Sykehus, related to fat accumulation in the liver.
Bergen, Norway. Methotrexate causes cellular depletion of reduced



folates [6,7). This may lead to increased metabolic
demand for betaine in the betaine homocysteine
methyltransferase reaction, which serves as an al-
ternative route of methionine synthesis in the liver
{8]. Since choline is the immediate metabolic pre-
cursor of betaine, methotrexate may cause lack of
intracellular choline [9].

Choline deficiency induces fatty accumulation
in the liver and reduction in circulating phos-
pholipids, triacylglycerol and apolipoproteins
[10.11}, but knowledge of the underlying biochem-
ical processes is sparse. When choline levels are
depleted there is a reduction of betaine content
and choline utilization for biosynthesis of phos-
phatidylcholine [12,13], an important component
of plasma membrane and serum lipoproteins [14].

It is conceivable that accumulation of fat in
liver is associated with altered uptake or metabolic
flux through pathways leading to synthesis or
degradation of lipids. The free fatty acids taken
up from the blood by the liver, and converted to
the corresponding long-chain acyl-CoA through
the action of different long-chain acyl-CoA syn-
thetases (EC 6.2.1.3) [15], may either be oxidized
or be involved in glycerol 3-phosphate esterifica-
tion. This constitutes a branch-point connecting
synthesis or degradation of lipids {15].

Glycerophosphate acyltransferase (EC 2.3.1.15)
which is localized in both mitochondria and endo-
plasmic reticulum [16}, is a key enzyme involved in
glycero-lipid biosynthesis [15,16]. Diacylglycerols
which are important intermediates of phospho-
glycerols can be converted into triacylglycerols by
reaction with long-chain fatty acyl-CoA.

Carnitine palmitoyltransferase (EC 2.3.1.21)
appeared to be rate limiting in the transfer of
activated fatty acids into the mitochondria [15].
Thus, this enzyme determined the flux through
pathways oxidizing long-chain fatty acids to
acetyl-CoA and thereby opposed the action of the
anabolic enzymes like glycerophosphate acyl-
transferase.

Accumulation of fat in the liver may be due to
increase in lipid biosynthesis, inhibition of lipid
degradation and fatty acid oxidation or failure to
transfer the newly synthesized triacylglycerols into
plasma with a resultant increase in liver tri-
acylglycerol content. We decided to evaluate the
possibility of altered flux through opposing path-

71

ways during methotrexate exposure of rats fed a
normal diet and a defined diet deficient in choline
and vitamin B-12 by determining the palmitoyl-
CoA synthetase, glycerophosphate acyltransferase,
and carnitine palmitoyltransferase activities in the
liver. Particular attention has been focused on (a)
which enzyme system changes in specific activity
and subcellular distribution and (b) the role of the
choline deficiency.

Materials and Methods

[1-**C]Glycerol 3-phosphate, purchased from
New England Nuclear (Boston, MA, U.S.A)) was
mixed with unlabelled glycero 3-phosphate (Sigma
Chemical Co., MO, U.S.A) to give a specific
activity of 2000 cpm/nmol. Methotrexate was
purchased from Nyco A/S (Oslo, Norway). All
other chemicals were obtained from common
commercial sources and were of reagent grade.

Animals
Male Wistar rats weighing 180-200 g were ran-
domly selected for methotrexate treatment and
were fed a defined choline-deficient diet without
and with choline (600 mg/kg) and a defined
standard pellet diet. They were housed individu-
ally in metal wire cages in a room maintained at
12 h light-dark cycles and constant temperature of
20 £ 3°C. The animals were acclimatized to these
conditions at least 5 days before the start of the
experiments. The standards pellet contained 55%
carbohydrate, 25% protein, 2.1% fat and all neces-
sary minerals and vitamins including vitamin B-12
(24 pg/kg) and choline (600 mg/kg) [17]. The
choline-deficient animals were fed with a semi-
purified commercial choline-deficient diet contain-
ing 680 g sucrose, 200 g casein (British Drug
Houses, Light White Soluble), 60 g soya oil, 40 g
US.P. XIW salt mixture and a 20 g vitamin
mixture which contained 25 mg thiamine hydro-
chloride, 22 mg riboflavin, 22 mg pyridoxine hy-
drochloride, 33 mg calcium pantothenate, 220 mg
nicotiamide, 350 mg ascorbic acid, 5000 1.U.
vitamin A, 600 LU. vitamin D-2 and 51 mg
tocopherol acetate in sufficient glucose to make 20
g.
Methotrexate was dissolved by adding sterile
water to an ampule containing sufficient sodium
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chloride to make an isotonic solution. The animals
received increasing doses of this methotrexate
solution corresponding to 160, 250 and 350 pg /day
per kg body weight intraperitoneally once daily.
The control animals were injected with physio-
logical saline. The rats had free access to water
and diets, and the experiments lasted for 10 or 16
days. After this time, the non-fasted rats were
weighed, decapitated, exsanguinated to obtain
blood samples and the livers were removed and
immediately chilled on ice and weighed. Serum
was prepared from the blood samples by centri-
fuging the clotted whole blood at 1000 X g for 10
min.

Preparations of cell subfractions

The liver was homogenized in ice-cold sucrose
medium (0.25 M sucrose in 10 mM Hepes buffer
(pH 7.4) using a Potter-Elvehjem homogenizer at
720 rev/min and with two strokes of a loosely
fitting Teflon pestle. Subfractions of the homo-
genates were prepared by a modified procedure
[18] of De Duve et al. [19] using a Sorvall RC-5
refrigerated centrifuge and a HB-4 rotor (R, =
48 cm and R, =14.6 cm). Cell debris, nuclear
and partly whole cells (the nuclear fraction, N)
were sedimented at a centrifugal effect of rpm?
dt=63-10" min~! (r=10 min). The pellet was
washed twice and the collected supernatants (the
cytosolic extract, E) were centrifuged at a centri-
fugal effect of 6.4-10% min~! (=10 min). The
sediment (the mitochondrial fraction, M) was
washed twice. The combined supernatants result-
ing from the mitochondrial preparation, were
centrifuged at a centrifugal effect of 4.3-10°
min~! (+=30 min). The sediment was washed
twice giving the light mitochondrial fraction (L)
containing both peroxisomes, lysosomes and
mitochondria. The combined supernatants result-
ing from the L fraction were centrifuged in a
Beckman Ultracentrifuge (L-70) with the SW 41
rotor at 35000 rpm for 60 min (R, = 6.63 cm,
R ... =15.23 cm). The combined supernatants re-
sulting from preparation of the P fraction was
termed the particle-free supernatant or cytosol (S).
All procedures were performed at 0-4°C. The
different fractions were stored below —20°C un-
til analyzed.

Enzyme assays and other analytical methods

Glycerophosphate acyltransferase was assayed
by a modification of the method of Daae and
Bremer [20] and Nimmo and Nimmo [21]. The
incubation comprised, in a total of 0.1 ml, 70 mM
Hepes (pH 7.4) 7.5 mM NaF, 4 mM MgCl,, 1
mM dithiothreitol, 2 mg/ml bovine serum al-
bumin, 0.5 mM sn-[**C]glycerol 3-phosphate, vari-
ous amounts of palmitoyl-CoA and protein. After
6 min at 30 °C the incubation was stopped by the
addition of 0.4 ml of water-saturated butanol and
extraction of the glycerolipids was done as de-
scribed [22].

Carnitine palmitoyltransferase was assayed as
described by Bird et al. [22]. The reaction mixture
contained 25 mm Tris-HCl (pH 7.4) in 150 mM
sucrose, 60 mM KCl, 1 mM EDTA, 1 mM di-
thiothreitol, 1.3 mg/ml bovine serum albumin,
100 pM palmitoyl-CoA, 40-70 pg of protein in a
final volume of 0.3 ml. After the preincubation for
2 min, the incubation was initiated by the addition
of 0.7 mM L-[**C]carnitine at 30°C. After 3 min,
the incubation was stopped by 1 ml 1 M HCI and
1 ml butanol and the extraction was done as
described [23].

The enzymatic activity of palmitoyl-CoA syn-
thetase was determined as described earlier [20].

The following marker enzymes were measured:
succinate phenazine metosulfate oxidoreductase
for mitochondria, acid phosphatase for lysosomes,
catalase and urate oxidase for peroxisomes and
rotenone-insensitive  NADPH-cytochrome ¢ re-
ductase for microsomes [17,18].

Protein was determined employing the Bio-Rad
protein assay kit (Bio-Rad, Richmond, CA, U.S.A))
using and freeze-dried bovine immuno-
globulin as the standard.

Statistical methods

A two-way analysis of variance and the Stu-
dent’s z-test was used for the comparison of values
from the different groups. The P values were
corrected using the Bonferroni correction.

Results
Body weight, liver weight and protein content

Diet intakes of all animal groups were com-
parable. The body weight of the rats decreased as
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EFFECT OF METHOTREXATE ADMINISTRATION, A DEFINED, CHOLINE-DEFICIENT DIET AND A CHOLINE-DEFI-
CIENT DIET+ CHOLINE ON BODY WEIGHT, RELATIVE LIVER WEIGHT AND PROTEIN CONTENT

Cp A:e: a standard p.a]lpmd Awt D Amt a Apfmpd choline-deficient r]u-\‘ CD A|m¢nhnhnp a choline-deficient diet+choline

1GARO-GCIICICN 0100,

MTX, methotrexate. The lowest and highest values of mdmdual rats in each treatment group are given. Calculated as mean+S.D. of
three animals, the significance is: * P < (.01 compared to group 6. ** At least P < 0.02 compared to group 7. ¥ ** At least P <001

7 mEwE ~ons

compared to group 7

FEE¥ At least P <0.02 compareo to group 1.

[, PPN

””””” P <0.02 Comparea 10 group 7.

Group Days MTX, ip Increased Liver Liver/
CPdiet  CDdiet  CD diet (ng/dayper  rat weight weight body
+ choline kg body) (g) ® weight
(%)

1 10 0 36— 48 92-114 38-4.1
2 10 160 40— 45 8.2- 94 40-43
3 10 350 26— 28 ¥¥x* 10.4-11.5 39-41
4 16 0 102-113 10.2-114 3.8-40
S 16 250 91- 96 99-116 37-41
6 10 0 55— 60 9.5-10.2 39-42
7 0 0 38- 50 14.1-16.4 * 5.5-59 *
8 10 160 P 11.8-13.4 ** 5.0-53**
9 0 350 28— 34 wrExk 12.5-12.7 *** 4.7-4,9 **x*

a function of methotrexate dose, irrespective of
diet intake (Table I).

The liver weights and the relaiive liver size
(liver weight expressed as percentage of body
weight) were higher in rats receiving choline-defi-
cient diet relative to those fed the same diet plus
choline. Methotrexate administration did not es-
sentially affect these parameters in rats given
standard pellet diets, but decreased the relative
liver size of choline-deficient rats (Table I).

The protein content per gram of liver was simi-

lar for all Fppﬂn—\a arounc {data not shown)
iar for g groups (data not shown)

TABLE I

Serum lipids

Methotrexate caused a slight, but significant
reduciion of serum iriacylgiycerols and cholesterol
(Table 11).

line-deficient diet decre he seru

tnacylglycerols Additional supply of chohne to
the choline-deficient diet increased the amount of
serum triacylglycerols (1.7-fold), cholesterol (1.3-
foldy and HDL cholesterol (1.4-fold) to levels
comparable those found in standard peliet diet
rats.

EFFECT OF METHOTREXATE, CHOLINE-DEFICIENT DIET AND CHOLINE-DEFICIENT DIET + CHOLINE, ON SERUM

LIPIDS OF RATS

* P < 0.01 compared to group 1. ** P < 0.02 compared to group 1. *** P < 0,01 compared to group 7, n.d., not determined,

Group Days MTX, ip Triacyl- Cholesterol HDL
CPdiet  CDdiet  CDdiet (pg/day  glycerol (pmol/ml) chole-
+ choline per kg) {pmol,/ml) sterol
1 10 0 27£0.5 2044031 nd.
3 10 350 17401 ** 1.47+0.05 * n.d.
6 10 0 22402 *** 25 +£04 *** 23404 ***
7 10 0 1.3+0.1 1.9 +0.5 1.6+ 0.6
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Hepatic lipids

Methotrexate administration to the standard
pellet diet-fed animals caused a slight, but signifi-
cant increase in liver cholesterol content, (Table
IID). The hepatic triacylglycerols in rats fed a
choline-deficient diet were increased about 4-fold
relative to standard pellet diet rats. Addition of
choline to the deficient diet decreased the hepatic
lipid contents relative to the choline-deficient-fed
rats. However, the hepatic triacylglycerols and
cholesterol were not fully normalized to values
found in the standard pellet diet rats (Table III).
Notably, when methotrexate was given to rats fed
the choline-deficient diet there was a dose-depen-
dent reduction of triacylglycerol content which
approached levels obtained with the standard pel-
let diet (Table III).

Effects of methotrexate and choline deficiency on
selected enzyme activities in total liver homogenates

The palmitoyl-CoA synthetase activity was in-
creased in a dose-dependent manner following
methotrexate exposure, whereas treatment de-
creased the specific palmitoyl-CoA synthetase ac-
tivity of choline-deficient rats (Table IV). The
specific activity of palmitoyl-CoA synthetase in
whole liver homogenates of rats fed a choline-defi-
cient diet was significantly increased from that of
standard pellet diet rats (Table IV). Addition of
choline decreased the specific activity of
palmitoyl-CoA synthetase in whole homogenates

TABLE 11

of rats, which was comparable to the value ob-
tained in the standard pellet-fed animals (Table
IV).

Preliminary experiments were done to optimize
the conditions used for preservation and assay of
glycerophosphate acyltransferase activity. The op-
timal assay conditions for glycerophosphate
acyliransferase in the microsomal and the
mitochondrial fractions were the same. The en-
zyme activity in both fractions was linear with
respect to protein up to 500 pg/ml and to time
for 8 min (data not shown). Substrate saturation
was observed at 80-120 uM palmitoyl-CoA. The
microsomal glycerophosphate acyltransferase was
decreased by about 30-50% following freezing
and thawing.

Choline deficiency did not change the specific
activity of glycerophosphate acyltransferase in
whole liver homogenates of rats. Methotrexate
administration increased the enzyme activity in a
dose-dependent manner. Notably, when metho-
trexate was administered to rats fed the choline-
deficient diet there was a significant decrease in
the enzyme activity (Table IV).

Addition of choline to the choline-deficient diet
increased the carnitine palmitoyltransferase activ-
ity to values obtained with the standard pellet-fed
animals (Table 1V).

Methotrexate administration had no significant
effect on the carnitine palmitoyltransferase activ-
ity (Table IV).

HEPATIC LIPIDS IN RATS FED A CHOLINE-DEFICIENT DIET (CD DIET) A CHOLINE-DEFICIENT DIET+CHOLINE
AND AN ORDINARY PELLETED DIET (CP DIET) WITH AND WITHOUT METHOTREXATE ADMINISTRATION

* P < 0.01 compared to group 7. ** P < 0.02 compared to group 7. *** P < (.02 compared to group 1.

Group Days MTX, ip Triacylglycerol Cholesterol
CP diet CD diet CD diet (rg/ nmol /g nmol,/g nmol /mg nmol /g
+choline day/ke) protein liver protein liver
1 10 0 52410 6.1+0.6 72+ 14 9.6+05
2 10 160 58+14 6.4+0.5 68+ 10 10.0+11
3 10 350 644+ 5 74+04 85+11 112404 ***
6 10 0 112420 * 12.7+32 108+10 * 10.8+0.6 ™
7 10 0 200420 30.4+4.6 157+ 8 17.5+2.0
8 10 160 102 +16 15.6£2.8 147+ 8 16.6+2.2
9 10 350 86+12 9.14+48** 138412 154+1.6
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Subcellular fractionation studies

The dual localization of glycerophosphate
acyltransferase in rat liver [16,24] led us to in-
vestigate whether methotrexate had a differential
effect on the mitochondrial or microsomal en-
zyme.

The liver from four animals from each group
were pooled and subcellular fractions were pre-
pared as described in Materials and Methods. The
distribution of protein and marker enzymes for
mitochondria, lysosomes, peroxisomes and micro-
somes was essentially similar for all groups (Table
V), and in accordance with published data [18,25].
The recovery of protein and enzyme activities was
in the range of 90-110%. The nuclear fraction, N,

TABLE V

was contaminated by cell debris and whole cells,
but the other prepared cellular fractions appeared
to be rather pure with low contamination based
on marker enzymes (Table V). The amounts of
succinate phenazine methosulfate oxidoreductase,
urate oxidase and catalase suggest a 3-6% con-
tamination of mitochondria and peroxisomes in
the P fraction. However, about 20% of the acid
phosphatase was found in the P fraction, confirm-
ing earlier results obtained by us [25]. The amount
of rotenone-insensitive NADPH-cytochrome ¢ re-
ductase suggests a 8—10% contamination of micro-
somes in the mitochondrial fraction.
Glycerophosphate acyltransferase in the liver of
control rats was recovered in the mitochondrial

SUBCELLULAR DISTRIBUTION OF MARKER ENZYMES IN THE LIVER HOMOGENATES OF NORMAL (CP),
METHOTREXATE (MTX) AND CHOLINE-DEFICIENT RATS (CD)

The sum of the enzyme activities in the fractions are expressed as percent {corrected to 100% recovery) of the whole homogenates
(i.e., postnuclear fraction + nuclear fraction, N). Three fractionations were carried out. The methotrexate dose was 350 pg/day per

kg. The animals in the four groups were treated for 10 days.

Enzymes Diets Percentage distribution Reco-

N M L P S very

(%)

Protein Cp 18.7 199 7.0 15.5 38.9 108
CP+MTX 174 201 76 15.6 39.3 104

CD 17.8 222 7.5 15.5 370 103

CD+MTX 18.2 21.2 7.8 15.2 37.6 1067

Succinate phenazine CP 5.5 86.8 35 35 0.7 95
metosulfate oxido- CP+MTX 52 86.5 33 37 0.7 96
reductase CD 5.0 86.1 36 34 0.6 95
CD+MTX 5.1 85.9 39 4.0 1.1 97

Acid phosphatase CP 9.1 207 322 23.6 144 96
CP+MTX 9.6 20.9 3235 226 15.4 94

CD 10.0 212 31.8 222 14.8 93

CD+MTX 101 209 324 224 14.2 92

Catalase cp 35 16.2 217 5.4 32.0 103
CP+MTX 4.5 16.7 28.2 4.8 32.6 102

CD 51 17.3 29.2 38 31.6 100

CD+MTX 31 16.4 27.9 5.3 321 97

Urate oxidase CP 5.4 17.8 73.8 2.8 0.2 92
CP+MTX 5.0 17.4 72.8 38 0.2 96

CD 5.0 16.8 752 2.7 0.3 102

CD+MTX 4.9 16.9 74.2 37 0.3 101

Rotenone-insensitive CP 15.0 9.6 10.8 56.4 8.2 91
NADPH-cytochrome ¢ CP+MTX 14.0 8.7 10.7 56.3 8.3 94
oxidoreductase CD 13.8 8.2 11.8 58.1 8.1 96
CD+MTX 14.5 9.8 10.5 56.7 7.9 104
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Fig. 1. Intracellular distribution of glycerophosphate
acyltransferase in liver of pellet-fed — a defined choline-defi-
cient diet - and methotrexate-treated rats. (A) Rats fed a
standard pellet diet. (B) Rats fed a standard diet and
methotrexate (350 pg/day per kg). (C) Rats fed a defined
choline-deficient diet and (D) rats fed a choline-deficient diet
plus methotrexate (350 pg/day per kg). Fraction N is the
nuclear fraction; M, the mitochondrnial fraction; L, the light
mitochondrial fraction; P, the microsomal fraction and S, the
soluble fraction. Four animals were tested separately and the
tabulated values are the means, The measurements deviated by
no more than 10% from the mean value.
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M) (27% of total activity) and microsomal (P)
(46% of total activity) fractions. The specific activ-
ity of glycerophosphate acyltransferase (Fig. 1)
was highest in the M and P fractions. This shows
that the enzyme activity is enriched in these frac-
tions, and confirms previous findings that
glycerophosphate acyltransferase is located both
in mitochondria and microsomes [16,24].
Administration of methotrexate at a dose of
350 pg/day per kg for 10 days increased the
specific activity of the microsomal
glycerophosphate acyltransferase about 2-fold,
whereas the mitochondrial enzyme was not af-
fected (Fig. 1B). Notably, methotrexate adminis-
tration to rats fed a choline-deficient diet reduced
both the mitochondrial and microsomal
glycerophosphate acyltransferase as compared to
choline-deficient diet alone (Fig. 1D).

Dose-response relationship of methotrexate

The specific activity of the microsomal
glycerophosphate acyltransferase increased in a
dose-dependent manner following administration
of methotrexate, whereas the mitochondrial en-
zyme was essentially unaffected (Fig. 2A). In rats
given the choline-deficient diet, methotrexate

ill
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Fig. 2. The effect of the dose of methotrexate on the specific activities of mitochondrial and microsomal enzymes. (A) glycerophosphate

acyltransferase (B) carnitine palmitoyltransferase. B, rats fed a standard diet. B, rats fed a defined choline-deficient diet (lined

columns). Increasing doses of methotrexate (from left to right: 160, 250 and 350 pg/day per kg body weight) (O) were administered.

The specific activities are calculated relative to those of pellet-fed and choline-deficient diets (1.0). The isolated subcellular fractions
are the mitochondrial fraction (M) and the microsomal fraction (P).
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caused a dose-dependent reduction in the enzyme
activity. The microsomal enzyme was unaffected
by methotrexate (Fig. 2A).

Carnitine palmitoyltransferase was mainly
(75-80%) recovered in the mitochondrial fraction.
Fig. 2B shows that the enzyme activity was slightly
increased in a dose-dependent manner up to 250
ug/day per kg following methotrexate administra-
tion to rats fed the standard diet.

Discussion

The standard diet is a commercially available
pellet, containing all vitamins and lipotropes, and
which has been fed to these animals during their
whole life-span, and therefore supports their
growth and normal function. Such a diet preciudes
that the methotrexate effects observed are limited
to conditions of undefined nutritional deficiencies.

The choline-deficient diet is well defined and
lacks vitamin B-12 and choline, and was given to
these rats for 10 days. Vitamin B-12 was excluded
from the diet because it may antagonize some
metabolic effects of methotrexate [9]. Barak and
Beckenhauer [9] have reported that a 10-day B-
12-deficient regimen did not produce a true B-12
deficiency in the animals.

Animal studies have established that choline in
the diet may modulate the hepatotoxic effects of
methotrexate [3-5]. In order to elucidate that dif-
ferences between diets were due to low choline in
one diet the control diet was made by adding
choline to the deficiency diet. Therefore, we de-
cided to evaluate the effect of choline deficiency
and methotrexate on the hepatic and serum lipids,
and some key enzymes involved in lipid synthesis
and degradation in liver of rats receiving both a
standard pellet diet and a choline-deficient diet.
Adaptive changes in the activities of these en-
zymes may reflect alterations in the metabolic flux
through the corresponding pathways. Changes in
enzyme activities are either caused by altered en-
zyme content in the liver or changes in enzyme
activity induced by metabolites which serve as
modulators of the catalytic activity. Our study
does not distinguish between these two possibili-
ties.

In agreement with earlier findings [26-28], re-
moval of choline from the diet is associated with

accumulation of hepatic triacylglycerols and
cholesterol (Table III) and decreased serum lipids
(Table II). Thus, the choline-deficient diet in-
creases hepatic lipids but lipoprotein secretion is
impaired [3,10,27]. Hepatomegaly and fatty liver
were found to be related to lack of choline as the
relative liver weight and hepatic triacylglycerols
and cholesterol were fully prevented by addition
of choline to the choline-deficient diet (Table I).

It has been demonstrated that removal of
choline from the diet is associated with accumula-
tion of hepatic triacylglycerols and increased ac-
tivity of hepatic fatty acid synthetase [29]. Apart
from this, most enzymological studies on choline
deficiency have focused on phospholipid metabo-
lism [11], and the only increase in enzyme activi-
ties observed was a moderate stimulation of phos-
phatidylethanolamine-S-adenosylmethionine
methyltransferase activity [13].

In the present study, choline deficiency induced
a moderate increase in palmitoyl-CoA synthetase
and mitochondrial glycerophosphate acyltrans-
ferase activities and reduction of mitochondrial
carnitine palmitoyltransferase activity. This re-
sponse suggests that a greater part of activated
fatty acids is directed from oxidation towards
triacylglycerol esterification. The net result may be
that excess diacylglycerol, generated by the
increased mitochondrial glycerophosphate
acyltransferase activity, is converted to tri-
acylglycerols via acyl-CoA by palmitoyl-CoA syn-
thetase, as depicted in Fig. 3. This adaptive re-
sponse is in accordance with the observation that
this dietary change caused a massive accumulation
of hepatic triacylglycerol (Table I1I).

It is of interest to investigate how methotrexate
interferes with lipid metabolism under diverse
conditions. In rats fed a standard pellet,
methotrexate induced a moderate increase in
hepatic triacylglycerols and a reduction in serum
triacylglycerols (Table II and III), This observa-
tion is in accordance with data published by Tuma
et al. [3]. As observed for choline deficincy, the
metabolic response is consistent with accumula-
tion of hepatic triacylglycerols and impaired lipo-
protein transport. Under this nutritional state,
methotrexate induced a moderate increase in
palmitoyl-CoA synthetase, carnitine palmitoyl-
transferase and microsomal glycerophosphate
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Fig. 3. Diagrammatic representation of a liver cell showing uptake of free fatty acids and their conversion to triacylglycerol

esterification, mitochondrial oxidation and to phospholipid formation (de novo and salvage pathways) in relation to the metabolic

pathways of choline and sulfur compounds. I, palmitoyl-CoA synthetase. I, carnitine palmitoyltransferase. 111, glycerophosphate

acyltransferase. PC, phosphatidylcholine, PE, phosphatidylethanolamine, PS, phosphatidylserine, Met, methionine, CH,, active

methyl group attached to AdoMet, S-adenosylmethionine MTX, methotrexate; DHF, dihydrofolate; 5-methyl-THF, 5-methyltetra-
hydrofolate; Hey, homocysteine; AdoHcy, S-adenosylhomocysteine.

acyltransferase activities (Table IV, Fig. 2). The
data suggest that fatty metamorphosis in the liver
of methotrexate treatment may partly be related
to an enhanced esterification on long-chain fatty
acids (at the endoplasmatic levels), but can not be
attributed simply to a reduction of their oxidation.

In rats fed the defined choline-deficient diet,
the metabolic response to methotrexate is differ-
ent. There is a marked reduction in hepatic tri-
acylglycerol content (Table III) and the serum
triacylglycerol was also reduced (data not shown),
suggesting interference with lipoprotein secretion.
Under this condition there is no increase in micro-
somal glycerophosphate acyltransferase activity
and the activity of the mitochondrial enzyme is
reduced (Table V). The mitochondrial fatty acid

oxidation was marginally affected (Fig. 2B). The
activity of the palmitoyl-CoA synthetase (Table
IV) was also decreased in these animals. Thus,
reduction in enzyme activities under these condi-
tions may be, partly at least, related to an inter-
ference with the protein synthesis. Inhibition of
protein synthesis and low adosyl-L-methionine
concentration [30-33] may also decrease the for-
mation of the protein and lipid moieties of lipo-
proteins necessary for lipoprotein secretion, and
thereby contribute to accumulation of fat in the
liver (Fig. 3).

In conclusion, choline deficiency seems to in-
crease the flux of long-chain fatty acids through
pathways providing them for triacylglycerols
synthesis at the endoplasmatic reticulum (micro-
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somes). This is in contrast to methotrexate where
the activated long-chain fatty acids are esterified
at the mitochondrial level. It is conceivable that
hepatic accumulation of triacylglycerols, and low
serum triacylglycerol levels may be related to im-
paired lipoprotein secretion both after methotre-
xate treatment and choline deficiency. Further-
more, the data suggest that methotrexate causes
profound alteration in hepatic fatty acid metabo-
lism, but the characteristics of this response are
highly dependent on the status of the lipid
metabolism at the time of exposure.
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