ASBMB

JOURNAL OF LIPID RESEARCH

I

Regulation of fatty acid oxidation and triglyceride
and phospholipid metabolism by hypolipidemic
sulfur-substituted fatty acid analogues

Jon Skorve,* Daniel Asiedu,” Arild C. Rustan,] Christian A. Drevon, |
Ayman Al-Shurbaji,** and Rolf K. Berge'*

Laboratory of Clinical Biochemistry,* University of Bergen, Haukeland Sykehus, N-5021 Bergen, Norway;
Section for Dietary Research,| Institute for Nutrition Research, University of Oslo, P. O. Box 1117,
Blindern, 0317 Oslo 3, Norway; and Department of Clinical Chemistry," Karolinska Institutet,
Huddinge University Hospital, S-14186 Huddinge, Sweden

Abstract The mechanisms behind the hypotriglyceridemic
effect of 1,10-bis(carboxymethylthio)decane (3-thiadicarboxylic
acid) and tetradecylthioacetic acid and the development of fatty
liver caused by 3-tetradecylthiopropionic acid (Aarsland et al.
1989. J. Lipid Res. 30: 1711-1718.) were studied in the rat.
Repeated administration of S-substituted non-8-oxidizable fatty
acid analogues to normolipidemic rats resulted in a time-
dependent decrease in plasma triglycerides, phospholipids, and
free fatty acids. This was accompanied by an acute reduction in
the liver content of triglycerides and an increase in the hepatic
concentration of phospholipids. Mitochondrial fatty acid oxida-
tion was stimulated, whereas lipogenesis was inhibited. The ac-
tivity of phosphatidate phosphohydrolase decreased while the
activity of CTP:phosphocholine cytidylyltransferase increased.
These results suggest that the observed triglyceride-lowering
effect was due to increased mitochondrial fatty acid oxidation ac-
companied by a reduction in the availability of the substrate
i.e., free fatty acid, along with an enzymatic inhibition (phos-
phatidate phosphohydrolase). Administration of 3-tetradecyl-
thiopropionic acid led to a drastic increase in the hepatic
triglyceride content. Levels of plasma triglyceride phospholipid
and free fatty acid also increased. Phosphatidate phosphohy-
drolase activity was stimulated whereas CTP:phosphocholine
cytidylyltransferase was inhibited. Mitochondrial fatty acid
oxidation was decreased. These data indicate that the develop-
ment of fatty liver as an effect of 3-tetradecylpropionic acid is
probably due to accelerated triglyceride biosynthesis, which is
mediated by an increase in the availability of fatty acid along
with stimulation of phosphatidate phosphohydrolase. Bl The
results of the present study speak strongly in favor of the
hypothesis that phosphatidate phosphohydrolase is a major rate-
limiting enzyme in triglyceride biosynthesis. Furthermore, they
point out that the biosynthesis of triglycerides and phospholip-
ids might be coordinately regulated. Such regulation is possibly
mediated via phosphatidate phosphohydrolase and CTP:phos-
phocholine cytidylyltransferase. Whether the increase in hepatic
phospholipids via increased CDP-pathway accounts for an
increase of lipid components for proliferation of peroxisomes (3-
thiadicarboxylic acid and tetradecylacetic acid) should be con-
sidered. — Skorve, J., D. Asiedu, A. C. Rustan, C. A. Drevon,
A. Al-Shurbaji, and R. K. Berge. Regulation of fatty acid
oxidation and triglyceride and phospholipid metabolism by

hypolipidemic sulfur-substituted fatty acid analogues. /. Lipid
Res. 1990. 31: 1627-1635.
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It has recently been shown that 3-thiadicarboxylic acid
and tetradecylthioacetic acid are lipid-lowering agents
with both hypotriglyceridemic and hypocholesterolemic
properties (1). The mechanism by which these non-g-
oxidizable fatty acid analogues reduce plasma triglyceride
levels is not fully elucidated. Both the mitochondrial and
peroxisomal -oxidation of fatty acids have been reported
to be stimulated by these compounds (2), while lipogene-
sis and the incorporation of fatty acids into triglycerides
were found to be decreased (3). The hypotriglyceridemia,
however, was dissociated from induction of peroxisomal
B-oxidation and peroxisome proliferation (4).

Possible effects on the enzymes involved in triglyceride
biosynthesis have not been studied in detail. It was of par-
ticular interest to investigate whether an inhibition of
phosphatidate phosphohydrolase, a key enzyme in triglyc-
eride-biosynthesis, might contribute to the triglyceride-
lowering effect observed.

3-Ietradecylthiopropionic acid is another S-substituted
fatty acid analogue which, in contrast to the above men-
tioned compounds, can undergo one cycle of 8-oxidation.
Treatment of normolipidemic rats with 3-tetradecylthio-

Abbreviations: BCMTD, 1.10-bis(carboxymethylthio)decane (3-
thiadicarboxylic acid); CMTTD, I-(carboxymethylthio)tetradecane
(tetradecylthioacetic acid); CETTD, 1-(carboxyethylthio)tetradecane (3-
tetradecylthiopropionic acid); FFA, free fatty acids; VLDL, very low
density lipoprotein.
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propionic acid increased plasma triglyceride levels and
produced fatty liver (1, 5). How these effects are mediated
is still largely unknown. In the present study possible
mechanisms behind these effects were investigated.

Finally, the effects of both hyper- and hypotriglyceri-
demic fatty acid analogues on phospholipid biosynthesis
and its relation to the synthesis of triglycerides were also
studied.

MATERIALS AND METHODS

Chemical and drugs

[1-'*C]Palmitoyl-CoA with specific activity of 50 mCi/
mmol was purchased from the Radiochemical Centre,
Amersham, England. 1,10-bis(Carboxymethylthio)decane
(BCMTD), 1-(carboxymethylthio)tetradecane (CMTTD),
and 1-(carboxyethylthio)tetradecane (CETTD) were
prepared as described earlier (6, 7). All other chemicals
were obtained from common commercial sources and
were of reagent grade.

Animals and treatments

Male Wistar rats from Mollegaard Breeding Labora-
tory, Ejby, Denmark, weighing 170-180 g, were housed
individually in metal wire cages maintained at 12 h light-
dark cycles and a constant temperature of 20 + 3°C.
The animals were acclimatized for at least 1 week under
these conditions before the start of the experiment.
BCMTD, CMTTD, and CETTD were suspended in
0.5% sodium carboxymethyl cellulose. In some experi-
ments, the individual agents were administered by gastric
intubation in a volume of 1 ml once a day for 5 days and
the animals were killed at the start of the sixth day after
12 h of fasting as described below. In the time-study, a
daily dose of 150 mg/kg body weight of BCMTD, CMTTD,
or CETTD suspended in 0.5% carboxymethyl cellulose
was administered by gavage in a total volume of 1 ml. The
control animals received only carboxymethyl cellulose.
All animals had free access to water and food (1, 5). In
some experiments the rats were fed ad libitum with the
different fatty acid analogues, palmitic acid and hex-
adecanedioic acid.

Body weights of the rats were measured daily. At the
end of the experiments, the rats were fasted overnight and
weighed. Under light halothane anesthesia, cardiac punc-
ture was performed to obtain blood samples (in EDTA).
The livers were removed and immediately chilled on ice
and weighed. Plasma was prepared from the blood
samples by centrifugation at 1000 g for 10 min.

Preparation and treatment of subcellular fractions

Livers from individual rats were homogenized in ice-
cold sucrose medium (0.25 M sucrose in 10 mM HEPES
buffer, pH 7.4, and 1 mM EDTA) and the resulting
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nuclear plus postnuclear fraction was taken as the total
homogenate (1, 5). For further analytical differential cen-
trifugation experiments, postnuclear fractions from three
animals were pooled before microsome- and cytosol-
enriched fractions were isolated (1, 2). Variation in the
response from animal to animal was estimated separately
for selected enzymes and lipids in the group of control
animals.

Analytical methods

Protein was assayed by Bio-Rad protein assay kit (Bio-
Rad, Richmond, CA).

Enzymatic activities of phosphatidate phosphohydro-
lase (8), CTP:phosphocholine cytidylyltransferase (9),
glycerophosphate acyltransferase (1), and fatty acid syn-
thetase (10) were determined as earlier described.

Lipid analyses were carried out by the Montest choles-
terol enzymatic kit, Boehringer Mannheim, Germany;
the Monotest phospholipids enzymatic kit, Boehringer
Mannheim, Germany; and the Biopak Triglyceride enzy-
matic kit, Biotrol, Paris, France.

Plasma free fatty acids were determined by an enzy-
matic colorimetric method (WAKO NEFA C) (11).

RESULTS

Serum and liver lipids

All animals treated with the sulfur-substituted fatty
acid analogues at various doses and as a function of time
appeared healthy, had normal body weight, and behaved
like normal animals.

In keeping with previous observations (4), plasma
triglycerides, plasma cholesterol, and hepatic triglycerides
were significantly lowered after administration of 3-
thiadicarboxylic acid and tetradecylthioacetic acid (Table
1). The hypolipidemic effect (Fig. 1) and reduced concen-
tration of hepatic triglyceride (Fig. 2) were already esta-
blished after 1-2 days. The hypotriglyceridemia was
mainly due to decreased triglyceride content of VLDL
(Berge et al.,, unpublished observations). Repeated ad-
ministration of 3-tetradecylthiopropionic acid, however
increased the concentration of plasma and hepatic triglyc-
eride (Table 1) within 1-2 days (Fig. 1, Fig. 2).

Tetradecylthioacetic acid and the 3-dicarboxylic acid
caused a reduction of plasma phospholipids (Table 1) dur-
ing the first 2 days of treatment. At this time a 50 % reduc-
tion of plasma phospholipids was observed in animals
given tetradecylthioacetic acid. In rats fed 3-thiadecar-
boxylic acid and tetradecylthioacetic acid, the hepatic
content of phospholipid, however, increased about 30 % in
a dose-related manner (Table 2) within 1-3 days of treat-
ment (Fig. 2). Administration of 3-tetradecyithiopropi-
onic acid resulted in an increase of the plasma
phospholipid level by 30 to 40 % (Table 1) during the in-
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TABLE 1. Changes of plasma and liver lipids in rats given sulfur-substituted fatty acid analogues

Plasma Liver
Group Dose Triglyceride Cholesterol Phospholipid Triglyceride Cholesterol Phospholipid
%o mmol/l umol/g
Control 1.19 ¢+ 0.20 1.98 + 0.26 1.47 + 0.16 8.1 + 1.1 45 + 0.4 16.5 + 1.1
CMTTD* 0.1 0.82 ¢ 0.15* 1.34 + 0.38* 1.08 + 0.10* 79 + 1.5 5.1 £ 1.1 17.2 + 0.7
CMTTD 0.3 0.67 1 0.10* 0.83 + 0.14* 0.84 + 0.12* 60 + 1.3* 3.5 + 0.4* 20.7 + 0.8*
CETTD' 0.3 2.45 + 0.49* 1.80 + 0.28* 1.95 + 0.08* 43.7 + 5.0* 43 + 0.2 23.8 + 1.5*
BCMTD’ 0.3 0.58 1+ 0.14* 0.70 + 0.09* 0.67 + 0.08* 5.5 + 0.4* 2.4 + 0.2 21.3 + 1.1*

The plasma and hepatic values represent means + SD of 12 control animals and groups of 3 rats in each experimental group.*, P < 0.02 for

difference between control and treated animals.
‘CMTTD, CH; (CH,;)3-S-CH,-COOH, tetradecylthioacetic acid

l’CETTD, CH; (CH,),35-S-CH,-CH,-COOH, 3-tetradecylthiopropionic acid.
‘BCMTD, COOH-CH,-S-(CHy)10-S-CH;-COOH, 3-thiadicarboxylic acid.

itial 1-3 days of treatment (Fig. 1). The hepatic content
of phospholipids was significantly increased after 3-
tetradecylthiopropionic acid treatment for 5 days at a dose
of 400 mg/day per kg body weight (Table 2). Administra-
tion of 150 mg/day per kg body weight of tetradecylthio-
propionic acid to rats kept on a standard pellet diet,
however, marginally affected the hepatic phospholipid
content during the initial 1-2 days of treatment (Fig. 2).

In rats given palmitic acid or hexadecanedioic acid, no
changes of the plasma phospholipids (data not shown) and
liver phospholipids were observed (Table 2).

It is noteworthy that treatment of rats with tetrade-
cylthioacetic acid resulted in an acute reduction of the
plasma free fatty acid (FFA) level (Fig. 1). In contrast, 3-
tetradecylthiopropionic acid administration increased the
plasma content of FFA (Fig. 1).

Glycerophosphate acyltransferase, phosphatidate
phosphohydrolase, and CTP:phosphocholine
cytidylyltransferase activities

Of interest was the possibility that the three sulfur-
substituted fatty acid analogues might interfere with
triglyceride and phospholipid biosynthesis in the liver via
the influence of key enzymes involved in these pathways.
In control rats, the glycerophosphate acyltransferase ac-
tivity was enriched in the metochondrial and microsomal
fractions (Fig. 3). When tetradecylthioacetic acid (data
not shown) and 3-tetradecylthiopropionic acid were given
(Fig. 3B), the mitochondrial glycerophosphate acyltrans-
ferase activity was unchanged within hours of feeding,
whereas this enzyme activity was increased in 3-thiadi-
carboxylic acid-adapted animals (Fig. 3C). After 3 days of
feeding the mitochondrial glycerophosphate acyltrans-
ferase activity was increased in rats given tetrade-
cylthioacetic acid (data not shown) whereas the activity
tended to decrease in rats exposed to 3-tetradecylthiopro-
pionic acid (Fig. 3B).

The microsomal glycerophosphate acyltransferase ac-
tivity was increased in rats given tetradecylthioacetic acid
or 3-dicarboxylic acid within hours of feeding (Figs. 3A
and C). Subsequently, in tetradecylthioacetic acid-treated
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Fig. 1. Time-course of serum triglycerides (@), phospholipids (O),
and free fatty acids (A) in rats given tetradecylthioacetic acid (A) and
3-tetradecylthiopropionic acid (B). Serum lipids of the experimental
groups (n = 3) are presented relative to those of control animals (0, 7,
and 14 days) = 100% (n = 12). In control animals the serum triglyc-
erides, phospholipids, and free fatty acids were 0.85 + 0.20 mmol/l,
1.79 + 0.21 mmol/l, and 0.25 + 0.01 mmol/l, respectively.
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Fig. 2. Time-course of hepatic triglycerides (@), and phospholipids
{O) in rats given tetradecylthioacetic acid (A), 3-thiadicarboxylic acid
(B), and 3-tetradecylthiopropionic acid (C). Data are presented as
described in the legend to Fig. 1, and in control animals the hepatic
triglyceride and phospholipid levels were 8.6 + 0.2 pmol/g liver and
14.2 + 0.3 pmol/g liver, respectively.

rats, the microsomal enzyme activity felf almost te a nor-
mal value (2 days), but showed a new maximum within
7 days of feeding (Fig. 3A). In contrast to feeding with 3-
thiadicarboxylic acid and tetradecylthioacetic acid, the

microsomal glycerophosphate acyltransferase activity of

3-tetradecylthiopropionic acid-trecated animals was de-
creased by 30% within 36 h of feeding (Fig. 3B).

It was observed that administration of tetradecylthio-
acetic acid and especially 3-thiadicarboxylic acid caused
a decrease in both the microsomal and cytosolic phospha-
tidate phosphohydrolase activities, although to a lesser ex-
tent in the microsomal fraction (Fig. 4). Thus, no
translocation of this enzyme from the cytosolic compart-
ment to the microsomal compartment (12, 13) was ob-
served after repeated administration of hypolipidemic
peroxisome-proliferating fatty acid analogues (4). Re-
peated administration of 3-tetradecylthiopropionic acid
caused an increase in phosphatidate phosphohydrolase ac-
tivity both in cytosolic and microsomal fractions (Fig. 4)
during the first 3 days of treatment.

Repeated administration of 3-thiadicarboxylic acid and
tetradecylthioacetic acid to rats caused a dose-related in-
crease of microsomal and cytosolic CTP:phosphocholine
cytidylyltransferase activities (Table 3) during the 3 in-
ittal days of treatment (Fig. 5). 3-Thiadicarboxylic acid
was considerably more potent than tetradecylthioacetic
acid in increasing the cytidylyltransferase activity. At a
dose of 150 mg/day per kg body weight, the microsomal
cytidylyltransferase was stimulated more than 2-fold,
whereas the cytosolic enzyme activity was increased about
1.5-fold after 10 days of feeding (Fig. 5).

Administration of an increasing amount of 3-tetrade-
cylthiopropionic acid only marginally affected the micro-
somal cytidylyltransferase activity, whereas the cytosolic
activity tended to decrease (Table 3). This decrease
(about 40 %) was established during the initial 1-3 days
after start of treatment (Fig. 5).

Cyanide-sensitive and -insensitive fatty acid oxidation

Tetradecylthioacetic acid treatment increased the
mitochondrial as well as peroxisomal oxidation of fatty
acids (2, 5). This is especially seen with palmitoyl-CoA as

TABLE 2. Dose-dependent changes of hepatic phospholipids in rats treated for 5 days with sulfur-substituted fatty acid analogues
and “normal” fatty acids

Phospholipids (upmol/g liver)

Dose
(mg per day per Nontreated CMTTD BCMTD CETTD Palmitic Hexadecanedioic
kg body weight) Acid Acid

0 16.5 ¢+ 1.1

75 20.5 + 1.8* 18.6 + 0.3* 164 + 1.1
150 20.8 + 0.4 20.1 + 0.8* 17.5 + 0.7 16.2 + 0.8
250 21.4 + 1.6* 215 + 1.1*
400 20.1 + 2.2* 17.8 + 1.1
500 209 + 1.6* 20.6 + 2.3* 17.5 + 0.8
750 20.6 + 2.3 16.6 + 0.5
1000 16.7 + 0.5

The tabulated values are means + SD of 12 control animals and 3 rats in each experimental group.*, P < 0.02 for difference between control

and treated rats.
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Fig. 3. The effect of tetradecylthioacetic acid (A), 3-tetradecylthio-
propionic acid (B), and 3-thiadicarboxylic acid (C) on glycerophosphate
acyltransferase activity as a function of time in total liver homogenates
(®), the microsomal fraction (A), and the mitochondrial fraction (A).
No significant changes were observed in the control animals of the 14-
day period (5 to 10% between 0, 7, and 14 days). The tabulated values
represent the means + SD for twelve animals of three control groups
and means of six animals for two experimental groups.

substrate (Fig. 6B), where oxidation of palmitoyl-CoA
was rapidly increased to its maximum after only 12 h of
feeding tetradecylthioacetic acid. In the presence of KCN,
an increased cyanide-insensitive oxidation of palmitoyl-
CoA was revealed after 3 days of tetradecylthioacetic
feeding (Fig. 6C).

As inhibition of fatty acid oxidation may be an impor-
tant factor for induction of fatty liver, we investigated how
3-tetradecylthiopropionic acid alters fatty acid oxidation
in isolated mitochondria. Table 4 shows that in animals
fed 3-tetradecylthiopropionic acid, oxidation of [1-*C]pal-
mitoyl-L-carnitine in the absence of KCN was decreased
60-70% after 10 days of treatment. Total oxidation of
[1-'*C]palmitoyl-CoA was marginally affected during the
first day of 3-tetradecylthiopropionic acid treatment, but
dramatically decreased palmitoyl-CoA oxidation was
observed after 10 days treatment. In the presence of KCN,
the palmitoyl-CoA oxidation remained unaffected during
2 days of treatment, but after 3 to 10 days of feeding, an
increased cyanide-insensitive oxidation of palmitoyl-CoA

was observed, possibly due to increased peroxisomal 8-
oxidation (2).

Fatty acid synthetase activity

As diminished lipogenesis may contribute to reduced
triglyceride formation and thereby reduction of VLDL-
triglycerides (3), we examined whether fatty acid synthe-
tase activity was changed after feeding of sulfur-con-
taining fatty acid. Table 5 shows that administration of
3-thiadicarboxylic acid, tetradecylthioacetic acid, and 3-
tetradecylthiopropionic acid decreased the fatty acid syn-
thetase activity by 20-70%.

DISCUSSION

This study demonstrates that administration of 3-thia-
dicarboxylic and tetradecylthioacetic acids decreases
the hepatic and plasma content of triglycerides, whereas
induction of fatty liver and hyperlipidemia were observed
with 3-tetradecylthiopropionic acid (Fig. 1 and Fig. 2).
Furthermore, it strongly suggests that these effects are
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Fig. 4. Time-course of phosphatidate phosphohydrolase in cytosolic
(A), and microsomal (B) fractions of rats treated with tetrade-
cylthioacetic acid (@), 3-tetradecylthiopropionic acid ([J), and 3-
thiadicarboxylic acid (O). Data represent the means + SD of twelve
control animals and means of three rats in each experimental group.
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TABLE 3. Dose-dependent changes of CTP:phosphocholine cytidylyltransferase activity in rats treated for 5 days with sulfur-substituted
fatty acid analogues

CTP:Phosphocholine Cytidylyltransferase Activity

Dose CMTTD BCMTD CETTD
(mg per day per
kg body weight) S P S P S P
0 100 100 100 100 100
75 105 + 4 111 £+ 6 + 5 120 + 10* 94 + 5 101 + 6
150 112 + 6% 125 + 10* + 10* 140 + 8* 87 + 8* 95 + 4
250 125 + 10* 130 + 12* + 20 165 + 15*
500 140 + 15* 150 + 14* 73 + 10* 96 + 6

The specific activities of control animals = 100% and the results are expressed as in Table 1. In control animals, tht? specific cytidylyltransferase
activity in the cytosomal fraction (S) and microsomal fraction (P) was 0.35 + 0.08 and 0.85 + 0.10 nmol/mg protein, respectively.*, P < 0.05

between control and treated animals.

partially mediated via phosphatidate phosphohydrolase,
an enzyme that has previously been shown to vary in
response to different stimuli affecting the rate of triglyc-
eride biosynthesis (14). In cultured rat hepatocytes the ac-
tivity of diacylglycerol acyltransferase is inhibited by
eicosapentaenoic acid, and it has been suggested that this
enzyme activity might contribute to a lowering of plasma
triglycerides (15). However, in a previous study we
reported that this enzyme was only marginally affected by
the non-@-oxidizable fatty acid analogues (2). Glycero-
phosphoate acyltransferase may have considerable poten-
tial for regulation of triglycerides as it catalyzes the ini-
tial esterification step in triglyceride synthesis. As shown
in Fig. 3 the activity of glycerophosphate acyltransferase
does not seem to change in parallel with the rate of triglyc-
eride biosynthesis. Taken together, these data strongly
speak in favor of the hypothesis that phosphatidate phos-
phohydrolase is rate-limiting in triglyceride biosynthesis.
On the other hand it should be considered that the
availability of fatty acids is a prerequisite for triglyceride
synthesis. As the presence of tetradecylthioacetic acid and
3-thiadicarboxylic acid promotes increased mitochondrial
fatty acid oxidation (Fig. 6), it is possible that the initial
effect of the non-B-oxidizable sulfur-substituted fatty acid
analogues is associated with reduction of fatty acid availa-
bility via increased mitochondrial fatty acid oxidation. It
is noteworthy that induction of peroxisomal 8-oxidation
was not a prerequisite for the hypotriglyceridemia (4).
This study has addressed the question of a coordinate
regulation of the synthesis of triglyceride and phospholi-
pids. Of interest was the observation that when phosphati-
date phosphohydrolase activity was stimulated (3-tetrade-
cylthiopropionic acid) (Fig. 4) the activity of CTP:phos-
phocholine cytidylyltransferase was inhibited (Fig. 5).
Similarly, an inhibition of phosphatidate phosphchy-
drolase activity (3-thiadicarboxylic acid and tetrade-
cylthioacetic acid) was accompanied by a stimulation of
CTP:phosphocholine cytidylyltransferase (Fig. 5). It is,
thus, tempting to suggest that a coordinate regulation of
triglyceride and phospholipid biosynthesis may exist. An

1632 Toyrnal of Linid Research Volume 31. 1990

inhibition of phosphatidate phosphohydrolase, coupled
with a stimulation of the cytidylyltransferase, would
accelerate phospholipid biosynthesis at the expense of
retarded synthesis of triglycerides.
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Fig. 5. Time-course of CTP:phosphocholine cytidylyltransferase ac-
tivity in cytosolic (A), and microsomal (B) fractions of rats treated with
tetradecylthioacetic acid (@), 3-tetradecylthiopropionic acid ((0), and 3-
thiadicarboxylic acid (O). The tabulated values are the means + SD of
twelve control animals and means of three rats in each experimental

group.
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Fig. 6. Effect of tetradecylthioacetic acid exposure on [1-'*C]palmitoyl
carnitine oxidation (A), and {1-'*C]palmitoyl-CoA oxidation (B) in liver
mitochondria in the absence of KCN; (C), [1-'*C]palmitoyl-CoA oxida-
tion in the presence of KCN. Data represent the means + SD (control
animals of 0, 7, and 14 days) and means (treated animals).

The modest increase in the phospholipid content of the
liver observed in 3-thiadicarboxylic acid- and tetrade-
cylthioacetic acid-treated rats was associated with a
decrease in plasma phospholipid levels. This finding
might be explained by the proliferation of liver peroxi-
somes (5), a process that is phospholipid-dependent. It is
noteworthy that CTP:phosphocholine cytdiylyltransferase
activity seems to correlate with the rate of phospholipid
biosynthesis in 3-thiadicarboxylic acid- and tetrade-
cylthioacetic acid-treated animals. This is consistent with
a rate-limiting role of the enzyme activity. However, this
was not the case in the 3-tetradecylthiopropionic acid-
treated group. A high dose of this agent administered over
an extended period of time resulted in an increase in
hepatic and plasma phospholipid levels despite an inhibi-
tion in the enzyme activity (Table 3, Fig. 5). The explana-
tion for the increased synthesis of phospholipids is not
clear. However, it is evident that the cytidylyltransferase
activity was not rate-limiting in this particular situation.

TABLE 4. (-Oxidation of [1-4C}palmitoyl-L-carnitine and
[1-1¢C]palmitoyl-CoA in liver mitochondria of rats after
3-tetradecylthiopropionic acid treatment®

B-Oxidation
Time of
Exposure Palmitoyl-L-Carnitine Palmitoyl-CoA
days
¢ 230 + 20 120 = 10
1.0 160 + 15* 130 + 20
1.5 150 + 20* 90 + 20*
2.0 120 + 10* 80 + 10*
5.0 100 + 15* 70 + 10*
7.0 80 + 15* 65 + 10*
10.0 75 + 10* 40 + 10*

Acid-soluble metabolites were measured and the activity is expressed
as nmol of substrate oxidized per min per mg of mitochondria protein.
Values are reported as means + SD for three to six rats.*, P < 0.02
between control and treated animals.

“Animals received 150 mg per day per kg body weight.

It is likely that the modest increase in hepatic phospholip-
ids via increased CDP-pathway accounts for an increase
of lipid components for proliferation of intracellular or-
ganelles, ie., peroxisomes (5).

It has been reported that rats fed a choline-deficient
diet secrete a reduced amount of circulating phospholipids,
triglycerides, and apoproteins in their plasma lipoproteins
(16). Furthermore, specific pools of phospholipids are
used for lipoprotein secretion by rat hepatocytes (17). As
60-75% of the phospholipid content in the lipoprotein
particles is phosphatidylcholine (17), it is conceivable that
the synthesis of phospholipids via the CDP-choline
pathway may influence the assembly and secretion of
VLDL in sulfur-substituted fatty acid-fed animals.

Concentration of fatty acids has been shown to regulate
activity of phosphatidate phosphohydrolase (12, 13) and
CTP:phosphocholine cytidylyltransferase (16, 18). Re-
peated administration of 3-thiadicarboxylic acid and

TABLE 5. Time-dependent changes of fatty acid synthetase activity
in cytosolic fractions in rats given sulfur-substituted
fatty acid analogues®

Fatty Acid Synthetase (% of control)

Days of

Treatment CMTTD BCMTD CETTD
0 100 100 100

1 80 + 10 77 + 8 54 + 6
2 81 + 8 37 nd

7 52 + 10 36 + 7 36 + 12
14 45 + 8 30 + 5 56 + 8

The enzyme activity is calculated relative to that of pellet-fed controls
(= 100%) and the results are expressed as in Table 1. In control animals
(0, 7, and 14 days) the specific fatty acid synthetase activity in cytosol
was 2.5 + 0.2 nmol per min per mg protein; nd, not determined.

“Animals received 150 mg per day per kg body weight. ’
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tetradecylthioacetic acid increased the long-chain acyl-
CoA level within the first days of feeding, whereas 3-
tetradecylthiopropionic acid increased the long-chain
acyl-CoA content gradually as a function of time of expo-
sure (2). No translocation of either phosphatidate
phosphohydrolase or CTP:phosphocholine cytidylyltrans-
ferase was observed in animals treated with the sulfur-
substituted fatty acid analogues (Fig. 4 and Fig. 5).
Moreover, the phosphatidate phosphohydrolase activity
was inhibited in 3-thiadicarboxylic- and tetradecylthio-
acetic acid-treated rats despite the increase in acyl-CoA
content (2). The reason for this discrepancy is unclear at
present. However, it suggests that other mechanisms for
the enzymatic stimulation and inhibition might be

operative.
Altogether, it would seem that triglyceride formation is

reduced with non-f-oxidizable fatty acid analogues due
to increased fatty acid oxidation, diminished lipogenesis,
and reduced esterification at critical sites of initial VLDL
synthesis. Whether the increase in mitochondrial fatty
acid oxidation in rat liver after feeding of tetradecylthio-
acetic acid Is the cause of, rather than the consequence of,
the hypertriglyceridemia and hypercholesterolemia is not
known. But a possible interpretation is that some fatty
acid derivatives, for unknown reasons, induce pralifera-
tion of mitochondria (5) accompanied by increased -
oxidation (Fig. 6) and thereby reduce fatty acid availabil-
ity for triglyceride synthesis and secretion. This, in turn,
also decreases plasma cholesterol levels. The triglyceride-
lowering effect of 3-thiadicarboxylic acid and tetrade-
cylthioacetic acid was accompanied by a marked reduc-
tion of free fatty acid level, which could be caused by a
decrease in the release of fatty acids from adipose tissue
or increased -oxidation.

Administration of 3-tetradecylthiopropionic acid led to
an inhibition of mitochondrial and total oxidation of fatty
acids {Table 4). In addition, plasma free fatty acid levels
increased, indicating an effect on adipose tissue lipolysis.
As a result, the influx of fatty acids into the pathway of
triglyceride biosynthesis exceeded the capacity of the liver
to transport triglycerides. Consequently, fatty liver deve-
loped. These results emphasize the importance of the
availability of the substrate, i.e., fatty acids, as a major
determinant of the rate of triglyceride biosynthesis. B
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