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Abstract—In liver homogenates from untreated rats the sulphur-substituted fatty acid analogues
tetradecylthioacetic acid (CMTTD) was activated to its acyl-coenzyme A thioester. The activation was
found to take place in the mitochondrial, microsomal and peroxisomal fractions. The activity of
CMTTD-CoA synthetase was 50% compared to palmitoyl-CoA synthetase in all cellular fractions.
When rats were treated with the peroxisome proliferating sulphur-substituted fatty acid analogues
CMTTD and 3-dithiahexadecanedioic acid (BCMTD), the CMTTD-CoA synthetase activity was
induced in mitochondrial, peroxisomal and microsomal fractions. Palmitoyl-CoA synthetase was induced
proportionally. In rats treated with tetradecylthiopropionic acid (CETTD) of low peroxisome
proliferating potency, the activities of CMTTD-CoA synthetase and palmitoyl-CoA synthetase were
inhibited in mitochondrial and microsomal fractions. In contrast, all three sulphur-substituted acids
induced the activity of palmitoyl-CoA synthetase and CMTTD-CoA synthetase in peroxisomes. Both
the CMTTD-CoA and palmitoyl-CoA synthetase activities were induced by CMTTD and BCMTD, in
close correlation to the induction of peroxisomal B-oxidation. During the three treatment regimes,
CMTTD-CoA synthetase activity ran parallel to the palmitoyl-CoA synthetase activity at a rate of 50%
in all cellular fractions. Thus, CMTTD is assumed to be activated by the long-chain acyl-CoA synthetase
enzyme. Rats were treated for 5 days with sulphur- and oxy-substituted fatty acid analogues, clofibric
acid and fenofibric acid. All compounds which induced peroxisomal S-oxidation activity in vivo could
be activated to their respective CoA thioesters in liver homogenate. CETTD which induced peroxisomal
B-oxidation only two-fold, was activated at a rate of 50% compared to palmitate. Fenofibric acid
induced peroxisomal B-oxidation 9.6-fold, while it was activated at a rate of only 10% compared to
palmitate. Thus, no correlation was found between rate of activation in vitro and induction of
peroxisomal activity in vivo. On the other hand, tetradecylsulfoxyacetic acid (TSOA) and
tetradecylsulfonacetic acid (TSA) (sulphuroxygenated metabolites of CMTTD) with no inductive
effects, were not activated to their respective CoA derivatives. Altogether the data suggest that the
enzymatic activation of the peroxisome proliferating compounds is essential for their proliferating
activity, but the rate of activation does not determine the potency of the proliferators. The role of the
xenobiotic-CoA pool in relation to the whole coenzyme A profile during peroxisome proliferation is
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discussed.

It has previously been postulated that the induction
of hepatic peroxisome proliferation by various
hypolipidemic drugs as well as by different metabolic
states is exerted through a common signal. An
increased cellular level of long-chain acyl-CoA has
been proposed as a common trigger to account for
the rather uniform inductive response caused by the
different regimes [1, 2]. The postulate was based on
the observation that treatment with different
peroxisome proliferating compounds caused an
increased level of acyl-CoA [1]. Similarly situations
characterized by a high hepatic influx of fatty acids,
i.e. starvation and uncontrolled diabetes [3-5] and
especially high fat diets [6-8], all cause induction of
peroxisomal B-oxidation in rodents in conjunction
with an enhanced level of acyl-CoA. Proliferation
of peroxisomes is encountered in man in situations
characterized by a dysfunctional mitochondrial fatty
acid B-oxidation and an altered acyl coenzyme
A profile [9]. Several peroxisome proliferating

* To whom correspondence should be addressed.
1 Research fellow of Norwegian Research Council for
Science and Humanities.

53

compounds are known to be activated to their
respective CoA thioesters both in vivo and in vitro
[10-13]. Based on the observation that peroxisome
proliferating compounds frequently possess a carb-
oxylic acid functional group, or a group that can be
readily oxidized to such, it has been proposed that
the proliferators generally are activated to acyl-CoA
thioesters and that these derivatives play a causative
role in the induction process [12-14].

During treatment with analogues of fatty acids
(sulpbur-substituted, non S-oxidizable fatty acids) it
was confirmed that the induction of peroxisomal.f-
oxidation correlated well with the enhanced level of
long-chain acyl-CoA [15]. The reported acyl-CoA
level did not differentiate between long-chain acyl-
CoA derived from endogenous fatty acids and
coenzyme A thioesters of the proliferators (xeno-
biotic acyl-CoA). The objective of this investigation
was to further penetrate the relationship between
endogenous long-chain acyl-CoA, xenobiotic acyl-
CoA and peroxisome proliferation. The activation
of sulphur- and oxy-substituted fatty acids to acyl-
CoA thioesters is investigated. Representatives of
another category of proliferators, clofibric and
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fenofibric acid are also included in the experiment.
The rate of activation of the selected compounds in
vitro is related to their peroxisome proliferating
potency in vivo. The obtained results substantiate
the theory that not merely the long-chain acyl-CoA
esters of fatty acids, but the whole acyl-CoA level,
including xenobiotic acyl-CoA, may be the stimulus
for peroxisome proliferation and induction of
associated enzyme activities.

MATERIAL AND METHODS

Chemicals and drugs. The synthesis of the sulphur-
substituted fatty acid analogues tetradecylthioacetic
acid (CMTTD), tetradecylthiopropionic acid
(CETTD), 3-dithiahexadecanedioic acid (BCMTD),
tetradecylsulfoxyacetic acid (TSOA) and tetra-
decylsulfonacetic acid (TSA) was performed as
described previously [16]. Similarly the synthesis
of oxy-substituted acids, tetradecyloxyacetic acid
(CMOTD) and teradecyloxypropionic  acid
(CEOTD) has been described previousty [17].
Palmitic acid and hexadecanedioic acid were
purchased from Aldrich-Chemie (Steinheim,
F.R.G.) Clofibric acid was provided by ICI Ltd
(Macclesfield, U.K.). Fenofibric acid was a gift from
Dr A. D. Edgar, Laboratories Fournier s.a. (Dijon,
France). Figure 1 gives the structure of the different
compounds.

[*H]Coenzyme-A was purchased from New
England Nuclear, (Boston, MA, U.S.A.), coenzyme-
A was supplied by the Sigma Chemical Co. (St
Louis, MO, U.S.A.). All other chemicals were
obtained from common commercial sources and
were of reagent grade.

Animals and diets. Male Wistar rats from
Mollegaard Breeding Laboratory (Ejby, Denmark)
weighing 170-200 g, were housed individually in
metal wire cages in a room maintained at 12 hr light~
dark cycles and at a constant temperature of 20 + 3°.
The animals were acclimatized for at least 1 week
under these conditions before the start of the
experiments. While the animals were administered
the selected compounds, they were fed a commercial
pelleted food and had free access to water.

In the first series, the animals were given either
tetradecylthioacetic acid (CMTTD), tetrade-
cylthiopropionic acid (CETTD) or 3-dithi-
ahexadecanedioic acid (BCMTD), at a dose of
150 mg/kg body weight/day for up to 14 days.

In a separate series of experiments animals were
administered all compounds given in Fig. |
[tetradecylthioacetic acid (CMTTD), tetrade-
cylthiopropionic acid (CETTD), 3-dithiahex-
adecanedioic acid (BCMTD), tetradecyloxyacetic
acid (CMOTD), teradecyloxypropionic acid
(CEOTD), palmitic acid (PMA), hexadecanedioic
acid (HDDA), clofibric acid and fenofibic acid] at a
dose of 250mg/kg body weight/day. Tetra-
decylsulfoxyacetic acid (TSOA) and tetra-
decylsulfonacetic acid (TSA) were administered at
a dose of 150 mg/kg body weight/day.

In both series the compounds were suspended
in 0.5% (w/v) carboxymethylcellulose and the
suspensions were micronized by ultrasonication. The
drugs were administered by gastric intubation

(gavage) in a volume of 1 mL, once a day. Three
animals were used for each treatment and six control
animals received the vehicle only. The body weights
were measured daily.

At the start of the sixth day, after 12hr of
starvation, the rats were killed and the livers were
immediately removed, weighed and chilled on ice.

Preparation of fractions. The livers from individual
rats were homogenized in ice-cold sucrose medium
(0.25 M sucrose in 10 mM HEPES buffer, pH 7.4,
and 1mM EDTA) using a Potter-Elvehjem
homogenizer at 720 rev/min and with two strokes of
a loosely fitting Teflon pestle. The resulting nuclear
plus post-nuclear fraction was used as the total
homogenate. For further analytical differential
centrifugation, the post-nuclear fractions from three
treated animals were pooled while the homogenate
fromsix control animals were fractionated separately.
A mitochondrial-enriched fraction (M), light mito-
chondrial fraction (L), microsomal fraction (P) and
a cytosolic fraction (S) were isolated as previously
described [13]. All procedures were performed at (-
4°. The different fractions were stored below —80°
until analysed. The variation in the response from
animal to animal was estimated separately for
selected enzymes in the group of control animals.

Isolation of peroxisomes. Peroxisomes were
isolated according to the procedure of Ghosh and
Hajra [18] with slight modifications. The light
mitochondrial fraction was washed once with the
homogenizing buffer and then suspended in the same
buffer to approximately 8 mg protein/mL. Two
millilitres of the suspended L fraction was layered
on top of 15 mL of 30% Nycodenz (10 mM HEPES
buffer, pH7.4, and 1mM EDTA} (w/v) in a
Beckman 338820 tube. The tube was then centrifuged
in a Beckman L-8 70 centrifuge at 30,000 rpm
(81,043 g,\) for 60min in a T 30 rotor. After
centrifugation a loose pellet was formed (the
peroxisomes) which was suspended in Nycodenz
medium after the supernatant was removed by gentle
suction.

Enzyme assays and other analytical methods.
The tetradecylthioacetic-CoA {(CMTTD-CoA) syn-
thetase assay wasrun essentially as the palmitoyl-CoA
synthetase [19] using '*C-labeled tetradecylthioacetic
acid (CMTTD). Palmitoyl-CoA-dependent dehydro-
genase (usually termed peroxisomal B-oxidation)
was assayed as described [20]. Protein was determined
by the Bio-Rad protein assay kit (Bio-Rad
Laboratories. Richmond, CA, U.S.A.).

Acyl coenzyme A synthetase activity of unlabeled
substrates was measured radiochemically as acid
insotuble products of labeled CoA-thioester as
previously described [13] with slight modifications.
The assay mixture (0.3 mL.) contained 100 mM Tris—
HCI buffer, pH 7.4, 4mM MgCl,, 1.5mM ATP,
0.4 mM [*H]CoA, 0.6 mM DTT and 0.85 mg/mL of
protein. Unlabeled substrates to be tested were
dissolved in minimum KOH at 37°. The reaction was
started with the selected unlabeled substrates
(0.33mM) or an equal volume of water for the
blank, run at 37° for various time intervals (0-
10 min), and then stopped by adding an equal volume
of HCIO,4 (0.3 mL) giving a concentration of 6%
(v/v). The tube was agitated vigorously for 3 min
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Fig. 1. Structure and abbreviation of the sulphur- and oxy-substituted fatty acid analogues, clofibric
acid and fenofibric acid.

and centrifugated at 3000 rpm for 10 min. The pellet
was washed in 0.6% HCIO, and centrifuged
twice (3000 rpm for 10min) before finally being
resuspended in water {(0.75 mL).

With no substrate added to the reaction mixture
{only water), an activity of 5% was found, relative
to the activity observed with palmitate (100%). This
activity was ascribed to endogenous fatty acids being
activated to their respective CoA thioesters. No
albumin was added to the reaction mixture to entrap
fatty acids in liver homogenate. In the following
experiments with different substrates for the CoA
synthetase, parallels were run with only water added
and the calculated activity subtracted from the
activities found for selected substrates.

As the method is based on the detection of
acid insoluble products, the relative acid to water
solubility of the CoA derivative is decisive. To
evaluate the method, the reaction was run with
ordinary fatty acids with different chain lengths,
Acyl-CoA derivatives of fatty acids with chain
length of eight carbons or more were detectable,
while hydrocarbon-chain lengths of six or less were

not detectable (data not shown), This interception
corresponds to the water soluble/insoluble schism
of ordinary fatty acids. The rate of activation of
ordinary fatty acids with chain lengths of eight
carbons or more were, relative to palmitate, in
accordance with what has been found previously
in rat liver [21] (data not shown). The Cl2-fatty
acid (dodecancic acid), had the highest rate of
activation, amounting to 130% relative to palmi-
tate. Thus, the method seemed valid for quan-
titating the formation of CoA thioesters of water
insoluble substrates.

The activities of a number of marker enzymes
were measured: for the M fraction, suc-
cinate:phenazine methosulfate (PMS) oxidoreduct-
ase [22] and glutamate dehydrogenase [23], for the
isolated peroxisomes acid phosphatase {24], catalase
[25], urate oxidase {26}, and for the P fraction,
rotenone-insensitive = NADPH  cytochrome ¢
reductase [27}.

Statistical analysis. A two-way analysis of vari-
ance and the Student’s -test was used to evaluate
the significance between population means:
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Table 1. (A) Palmitoyl-CoA synthetase and (B) tetradecylthioacetic-CoA (CMTTD-CoA) synthetase activity (nmol/

min/mg) in mitochondrial (M) and microsomal (P) fractions during 3 days treatment with tetradecylthioacetic acid

(CMTTD). dithiahexadecanedioic acid (BCMTD) and tetradecylthiopropionic acid (CETTD) at a daily dose of 150 mg/
kg body weight

CMTTD BCMTD CETTD
Subcellular fractions
Days
of Treatment M P p M P
(A) Palmitoyl-CoA synthetase activity
0 787+ 1.5 161.3x 1.9 787 1.5 161.3= 1.9 78715 161.3 1.9
0.5 82.2 181.9 86.5 160.0 71.5 159.1
1.5 65.1 203.6 103.3 226.3 65.9 163.2
3 104.5 261.9 134.0 240.2 59.6 144.7
(B) Tetradecylthioacetic-COA (CMTTD-CoA) synthetase activity
0 38.0+1.3 80.1 +1.7 380=x1.3 80.1 = 1.7 38.0+13 80.1 1.7
0.5 41.5 87.7 41.9 80.6 32.0 66.6
1.5 34.7 89.9 S1.1 111.7 329 70.9
3 49.2 121.4 55.5 119.0 30.8 70.7

Data represent the means = SD for six control animals (0 days of treatment) tested separately and the activity found
in the pooled fractions from three animals (for details see Materials and Methods) treated with the individual compounds.

P> 0.05 was taken to be statistically non-signifi-
cant.

RESULTS

Time course of the activities of palmitoyl-CoA and
tetradecylthioacetic-CoA (CMTTD-CoA) synthetase
during treatment with sulphur-substituted fatty acids

Palmitoyl-CoA synthetase activity. Palmitoyl-CoA
synthetase is a multiorganelle localized enzyme
involved in formation of long-chain acyl-CoA
[19,28]. During 3 days treatment with tetra-
decylthioacetic acid (CMTTD) and 3-dithi-
ahexadecanedioicacid (BCMTD) ata dose of 150 mg/
kg body weight/day, there was a progressively
increasing palmitoyl-CoA synthetase activity in the
mitochondrial (M) and microsomal (P) fractions
(Table 1). BCMTD as the most potent inducer
caused after 3 days treatment nearly a 1.7-fold
stimulation of the activity in the M fraction and 1.5-
fold in the P fraction (Table 1). The same treatment
regime with CMTTD caused a 1.3-fold enhancement
of the mitochondrial activity while the microsomal
activity was stimulated 1.6-fold compared to control.
Tetradecyithiopropionic acid (CETTD) treatment,
decreased the palmitoyl-CoA synthetase activity in
the two cellular fractions, to 76 and 89% in the M
and P fractions, respectively, compared to control
(Table 1). On the other hand, in isolated peroxisome
(Fig. 2), treatment with all three compounds caused
an increased palmitoyl-CoA synthetase activity over
the 3 day period. Again BCMTD, which was the
most potent inducer, caused an eight-fold increase
of activity. With respect to the peroxisomal palmitoyl-
CoA synthetase CETTD and CMTTD at their point
of maximal stimulation, were found to be almost
equipotent both causing an approximate three-fold
induction of activity (Fig. 2). No palmitoyl-CoA
activity was detected in the cytosolic fraction, neither
in control nor treated animals (data not shown).
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Fig. 2. Palmitoyl-CoA synthetase and tetradecylthioacetic-
CoA (CMTTD-CoA) synthetase activity measured in
isolated peroxisomes of rat liver during treatment with
CMTTD (A), BCMTD (B) and CETTD (C) at a dose
of 150 mg/kg body weight/day. For calculations and
abbreviations see Table 1 and Fig. 1.

The subcellular fractions were of high purity as
the distribution of protein and marker enzymes for
mitochondria, microsomes and cytosol were for all
groups (data not shown) essentially similar to our
previous findings for rat liver homogenates [13]. The
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isolated peroxisomes had a high purity. Judged by
the distribution of marker enzymes (Materials and

Methods) {data contamination

amounting to 0-1% with mitochondria, 0-2% with
microsomes and (-2% with lysosomes was found.

nccmdmg;y, it seems }usmﬁcd to conclude that the

enzyme activities found in the M, P and peroxisomal
fractions correspond to the mitochondrial, micro—
somal and pCIUJ&IbG'ﬁ‘Jai pa};mhv}rCu}\ a}uuxumou
activities.

CMTTD-CoA synzhefase activity. The activation
of labeled CMTTD to its coenzyme A thioester
derivative was found to take place in mitochondrial,
peroxisomal and microsomal fractions (Tab]e 1, Fig
2). No CMTTD-CoA synthetase activity was found
in the cytosolic fraction (data not shown). During
treatment with the sulphur-substituted acids, only
CMTTD and BCMTD treatment stimuiated the
activity in the mitochondrial (M) and microsomal
(P) fractions, while all three sulphur-substituted fatty
acids enhanced the CMTTD-CoA synthetase activity
in the isolated peroxisomes. BCMTD stimulated
both the mitochondrial and microsomal activities
approximately to 1.5-fold. Three days treatment
with CMTTD was accompanied by an increased
activity amounting to nearly 1.3- and 1.5-fold in the
M and P fractions, respectively. CETTD bowever
caused a decrease. Relative to the control the
activities were 80% in mitochondrial and 88% in
microsomal fraction (Table 1). The peroxisomal
synthetase activity was stimulated after 3 days of
treatment by all three compounds, five-fold by
BCMTD and three-fold by both CMTTD and
CETTD (Fig. 2).

Thus, as shown in Table 1 and Fig. 2 the CMTTD-
CoA synthetase activity run parallel to the palmitoyl-
CoA synthetase activity during treatment with all
sulphur-substituted fatty acid analogues.
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Time course of peroxisomal B-oxidation in response
to treatment with sulphur-substituted fatty acids

In isolated peroxisomes from animals treated at a
daily dose of 150 mg/kg body weight of CMTTD,
BCMTD and CETTD, the peroxisomal Bamndatmn
activity was measured. Dunng the feedmg period,
both CMTTD and BCMTD stimulated the f-

axidation arhmry {Fig, ?\ After 10 davs of 3-
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dlthxahexadecaﬁedxmc acxd (BCMTD) treatment, a
maximal stimulatory effect was observed, amounting

to approximately a six-fold increase in activity over

basal value (control animals). Tetradecylthioacetic
acid (CMTTD) treatment at a corresponding dose

A A
caused a 4.5-fold increase after 14 days of treatment.

These results are all in agreement mth what we have
found in total liver homogenate after CMTTD and
BCMTD feeding previously [29].

On the other hand, tetradecylthiopropionic acid
(CE’ITD) treatment was found to have no effect on
the peroxisomal S-oxidation activity in the isolated
peroxisomes (Fig. 3). We have previously found that
CETTD stimulated the peroxisomal parameter in
total liver homogenate {29]. The findings in these
experiments could be explained by the isolation
procedure which may selectively isolate peroxisomes
of a given subpopuiation due {o a narrow sedi-
mentation window,

Activation of sulphur- and oxy-substituted fatty acid
analogues, clofibric acid and fenofibric acid to

coenzyme A thioesters in fiver ix{)mnaprmtﬂ
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Rats were treated for 5 days with the tetra-
decylthioacetic acid (CMTTD) at a dose of 250 mg/
kg body weight/day. As reported previously this
causes peroxisome proliferation and induction of
refated enzymes in rat liver [29]. The post-nuclear
fraction from these animals was used as the source
of protein.

Using unlabeled substrate, the thioacetic acid
CMTTD was activated at a rate of approximately
50% compared to palmitate in whole liver
homogenate (Table 2). This is in agreement with
what was found when labeled CMTTD was used in
subcelinlar fractions (Table 1, Fig. 2). The
thiopropionic acid CETTD, was activated at
approximately the same rate as CMTTD. Sulphur
oxygenation of CMTTD rendered the fatty acid
analogue inaccessible for activation. Neither the
monooxygenated  tetradecylsulfoxyacetic  acid
{TSOA) nor the dioxygenated tetradecylsulfon-
acetic acid (TSA) could be activated to their cor-
responding acyl-CoA derivative (Table 2).

Oxy-substitution also influenced the rate of
activation, Tetradecyloxyacetic acid (CMOTD)
whichistobe campared with CMTTD, was activated
to approximately 50% the rate of the sulphur-

suhstituted  acid,

WSS

Tetradecvioyvnronionic

amd
ietradecyloxypropionic aag

{CEQOTD) the oxy-analogue of CETTD, was

activated to barely detectable amounts.
Tha

The dicarboxvlic acids havadaranadin and

dicarboxylic acids, hexadecanedioic and
3.dithiahexadecanedioic acids (BCMTD), were
activated approximately to the same rate, 15 and
10%, respectively, compared to the monocarboxylic
acid palmitate.

As weﬂ characterized peroxiseme pmliferators
{1, 301, the pharmacological active forms of clofibrate
and fenofibrate, were alsoincludedin the experiment.
Both the CoA thioesters of clofibric acid and
fenofibric acid were detectable although to small
amounts (Table 2),

Peroxisomal B-oxidation in response fo treatment
with sulphur- and oxy-substituted fatty acid analogues,
clofibric acid and fenofibric acid

Animals were treated for 5 days with the

compounds given in Fig. 1 and Table 2 at a daily
dose of 250 me/ke bodv weight, The activitv of

LUSC WL LIV N/ s VUV Yipait. AL alUVily

peroxisomal f-oxidation was then measured in the
post-nuclear fraction. As previously reported, among
the sulphur-fatty acids, BCMTD as a nen 8- and «-
oxidizable dicarboxylic acid, is the most peteﬁt
inducer of peroxisomal S-oxidation {31]. The non §-

avidirahla it soonvidizahla ORMMTTTY ig o gaymawhad
ORiGiZauiC Jue WUKIGIZATIC Ui s 137 15 4 SUIGTWHdL

weaker inducer, while CETTD which is w-oxidizable
and accessible for one round of ,B-oxidation had
Gi‘u_y’ a Ssigxl{ effect on the ;:-emmsama; parameter as
measured in the post-nuclear fraction.
Tetradecylsulfoxyacetic acid (TSOA) is a mono-
oxygenase metabolite of CMTTD [32]. At a daily
dose of 150 mg/kg for 5 days this metabolite had no
stimuiatory effect on the pemxisemal ﬁ»oxidatien,

HC} HIC{ lkiu LICALIICI wuu uxc LA lCDpUHUllig DUHUU 3

tetradecylsulfonacetic acid (TSA), any effect.
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Fig. 3. Peroxisomal S-oxidation activity in isolated peroxisomes of rat liver during treatment with
CMTTD, BCMTD and CETTD at a dose of 150 mg/kg body weight/day. For calculations and
abbreviations see Table 1 and Fig. 1.

Table 2. The rate of acyl-CoA synthesis of sulphur- and oxy-substituted fatty acid

analogues, clofibric and fenofibric acid in post-nuclear fraction from animals

treated with 250 mg/day/kg of CMTTD for 5 days, expressed relative to the rate
of palmitoyl-CoA synthesis = 0.81 = 0.05 nmol/min/mg = 100%

Acyl-CoA synthetase

Peroxisomal

Compounds (%) B-oxidation (nmol/min/mg)
Control 3.8+0.3
Palmitate 100 3.9+04
CMTTD 53 24.8 +7.5*
CETTD 49 7.5+ 3.8*
BCMTD 10 31.5+3.8*
TSOA 0 3.2+0.3%
TSA 0 3.3x0.2¢%
CMOTD 25 6.1 =0.5*
CEOTD 5 7.7x0.2*
HDDA 15 35203
Clofibrate 7 25.4 £2.4*
Fenofibrate 10 36.5+3.1*

Peroxisomal B-oxidation activity (nmol/min/mg) measured in the post-nuclear
fraction of animals treated with 250 mg/day/kg for 5 days of the respective

compounds.

Three animals were tested separately in each treatment group and six animals
in the control group. The tabulated values are the means * SD.

* P < 0.01 compared to control.

+ Animals treated at doses of 150 mg/kg body weight/day.

Compared to sulphur-substitution, oxy-sub-
stitution of the acetic acid had a profound effect on
the inductive potency. Tetradecyloxyacetic acid
(CMOTD) which is an analogue of the non B-
oxidizable thioacetic acid CMTTD, had only a
marginal effect on the peroxisomal parameter after
5 days treatment, causing only a two-fold increase
of activity (Table 2). The oxypropionic acid
tetradecyloxypropionic acid (CEOTD), which is to
be compared with the 8- and w-oxidizable CETTD,
was of similar potency as the sulphur-acid, causing
a two-fold induction of peroxisomal B-oxidation
activity (Table 2).

DISCUSSION

Palmitoyl-CoA and tetradecylthioacetic-CoA
(CMTTD-CoA) synthetase activity

The palmitoyl-CoA synthetase enzyme also called
the long-chain acyl-CoA synthetase, is found both
in mitochondria, peroxisomes and microsomes
[19,28]. Induction of palmitoyl-CoA synthetase
activity during treatment with peroxisome pro-
liferating compounds is confirmed (Table 1), and
the relative highest rate of induction was found in
the peroxisomes (Fig. 2) [13]. In accordance with
their varying potency as peroxisome proliferators, the
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sulphur-substituted fatty acid analogues (CMTTD,
BCMTD and CETTD) also have a correspondingly
dissimilar effect on palmitoyl-CoA synthetase activity
(Tables 1 and 2, Figs 2 and 3).

Results presented in this report (Table 1 and Fig,
2) show that the alkylthioacetic acid CMTTD was
activated to its CoA thicester derivative in all
three cellular fractions where the palmitoyl-CoA
synthetase is known to reside. In untreated animals
a CMTTD-CoA synthetase activity running at a rate
of 50% compared to palmitate was found in all three
cellular fractions. As the three sulphur-substituted
acids (CETTD, BCMTD and CETTD) modified the
palmitoyl-CoA synthetase during feeding, CMTTD-
CoA synthetase activity was found to run in
parallel to palmitoyl-CoA synthetase. Thus, the
interrelationship of 50% endured either the
palmitoyl-CoA synthetase was stimulated (CMTTD
and BCMTD in ali cellular fractions) or inhibited
(CETTD in M and P fractions). These results
strongly suggest that the xenobiotic alkylthicacetic
acid CMTTD and palmitate are activated by the
same enzyme, i.e. mitochondrial, peroxisomal
and microsomal long-chain acyl-CoA synthetase.
Sulphur-substitution of the fatty acid seems to reduce
its availability for activation by 50%.

Activation to acyl-CoA thivesters of substituted fatty
acid analogues, clofibric and fenofibric acid, with
relation to their peroxisome proliferating capability

Through the application of labeled coenzyme A,
the activation of unlabeled xenobiotics to their
respective CoA thioesters could be quantitated.
Using this method the activation of tetra-
decylthioacetic acid (CMTTD) in total liver
homogenate was found to be approximately 50%
compared to palmitate {(Table 2). Although the
recognized specific activity for CMTTD-CoA syn-
thetase was lower using labeled CoA, the relative
activity to palmitate was in agreement with what was
observed using **C-labeled CMTTD (Table 1, Fig.
2).

One of the main metabolites of CMTTD in rats
is the product of the liver microsomal flavin-
confaining moNoOXygenase enzyme, tetrade-
cylsulfoxyacetic acid (TSOA) [32]. Five days
treatment with this sulfoxy-metabelite at a dose of
150 mg/kg/day gave no peroxisome proliferation
(Table 2). Neither could the metabolite be activated
to its CoA derivative (Table 2). The same
findings were made concerning the sulfon-product,
tetradecylsulfonacetic acid (TSA). Regarding the
peroxisomal activity, similar findings have been
reported in cell-free systems [16]. On the other hand
Facino et al. have compared tiadenol (1,10-
bis(hydroxyethylthio)decane with its S-oxidized
metabolite with regard to peroxisome proliferating
potency [33]. The enzymatic effectors of both
tiadenol and the S-oxidized metabolite are thought
to be the carboxylic metabolites [13], i.e. the sulphur-
substituted fatty acid. Although far less potent than
tiadenol, the S-oxidized metabolite was reported to
induce peroxisomal palmitoyl-CoA oxidation in rats
at high doses (150 mg/kg body weight/day). In the
present experiment at a comparable dose, the S-
oxidized fatty acid did not induce peroxisomal

B-oxidation (Table 2). Thus, the peroxisome
proliferating ability of the sulphur-oxidized fatty
acids is still controversial. Among the compound
tested only the S-oxidized sulphur-substituted acids
could not be activated. All the compounds with
proliferating activity were activated to their CoA
thioesters.

Among the compounds tested, fenofibric acid was
the most potent inducer of peroxisomal S-oxidation
{almost 10-fold compared to control), while it was
only activated to a very low degree {10% compared
to palmitate) (Table 2}. BCMTD is the most potent
peroxisome proliferator of the substituted fatty acids.
Compared to CETTD which is a less potent
proliferator, BCMTD was only activated at one fifth
of the rate of CETTD (Fig. 3, Table 2). The
tetradecyloxyacetic acid (CMOTD) which is the oxy-
analogue to CMTTD, was activated at a rate of 50%
compared to CMTTD. Both the oxy- and thicacetic
acids {CMOTD and CMTTD) as non S-oxidizable
hydrophobic compounds fulfils what is thought to
be the structural requirements for peroxisome
proliferating compounds [31]. Their peroxisome
proliferating potency was 1 (CMOTD) to 4 (CMTTD)
while their rate of activation was 1 (CMOTD) to 2
(CMTTD). Thus, no correlation was found between
rate of activationin vitro and peroxisome proliferating
potency in vivo.

Although they do not warrant a generalization,
the results obtained suggest that the enzymatic
activation of peroxisome proliferating compounds
to their CoA thicesters is a prerequisite for the
proliferating activity. Their rates of activation to
CoA derivatives do not seem to determine their
potency as peroxisome proliferators.

The described in vitro activation does not
necessarily reflect the CoA thicester level of
peroxisome proliferating compounds in vivo. As the
ordinary long-chain acyl-CoA level, the xenobiotic-
CoA level may be regarded as a pool of activated
intermediates regulated by the flux into different
metabolic pathways. Sulphur-substituted fatty acids
are known to enter into mitochondrial and
peroxisomal S-oxidation and to be incorporated into
glycero- and phospholipids {34]. Their CoA
derivatives are substrates for hydrolase activity {(data
to be published). Furthermore, the generally
hydrophobic CoA esters are probably com-
partmentalized at subcellular level by binding to
cytosolic fatty acid/acyl-CoA binding proteins or
intracellular membranes. This is further complicating
specalations on what role quantitatively the
xenobiotic-CoA esters play on peroxisome pro-
liferation.

Several authors have dealt with the idea that the
CoA esters of peroxisome proliferators could be a
common mediator accounting for the uniform
inductive response caused by a structurally het-
erogenous group of compounds. For a review
see Ref. 35. An objection raised against this
generalization has been the observed proliferating
activity of the leukotriene D4 antagonists (tetrazole-
substituted acetophenones) [36] with no carboxylic
group or groups that can be oxidized to such. At
least theoretically, all of these compounds could be
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substrates for the hepatic arylamine N-ace-
tyltransferase (NAT;EC 2.3.1.5) and in this way
attain carboxylic groups [37].

Still, the precise role of the CoA derivative is
not elucidated. Both a direct interference with
mitochondrial B-oxidation, a sequestration of
mitochondrial free CoA which may secondarily
inhibit mitochondrial 8-oxidation [38] or an inhibition
of mitochondrial carnitine palmitoyltransferase I[39}
has been proposed to explain the role of the CoA
derivatives. Allmechanisms could alter the coenzyme
A profile. Lately, long-chain dicarboxylic acids
stemming from the co-induced microsomal o-
oxidation has been proposed to be the substrate
stimulus for proliferation of peroxisomes [40]. As
we have failed to observe any peroxisomal
proliferation during treatment with dicarboxylic
acids of different chain lengths [31] as well as high
doses of hexadecanedioic acid [41], dicarboxylic
acids alone do not seem to be a sufficient stimuli for
proliferation. On the other hand, BCM1D which is
a non-metabolizable dicarboxylic acid is both an
inducer of cytochrome P452 and peroxisomes [13].
Treatment with this dicarboxylic acid which is
activated to its CoA derivative, did not cause any
entrapment of free CoA prior to stimulation of
peroxisomal activity [15] as proposed for ordinary
dicarboxylic acids.

Recently, Bronfman et al. [42] have shown that
both naturally occurring acyl-CoAs and acyl-CoA
thioesters of several peroxisome proliferators,
strongly increase the activity of rat liver protein
kinase C. Several key enzymes in lipid metabolism
are known to be regulated by protein kinases [43].
Although still speculative, it is tempting to propose
a common regulating step like the protein kinase C
to account for peroxisome proliferation induced by
both chemicals and pathophysiological-metabolic
states (high fat diets, starvation and diabetes). Thus,
the inductive response would not strictly be related
to either the quantum of xenobiotic-CoA or
endogenous long-chain acyl-CoA alone, but rather
to the whole level of acyl coenzyme A.
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