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Abstract—To clarify the mechanism of induction of hepatic peroxisome-associated enzymes by drugs,
we examined the interrelationship between the structures of fifteen drugs of two types (phenoxyacetic
acid derivatives and perfluorinated compounds) and their inducing activities. Male Wistar rats were
given the drugs at 150 mg/kg body weight daily for 2 weeks, and then hepatic activities of fatty acid
metabolism-related enzymes were determined. The activity of the cyanide-insensitive fatty acyl-CoA
oxidizing system located in peroxisomes was increased significantly in the following order: 2,4,5-
trichlorophenoxypropionic acid (12.5-fold) > 2,4-dichlorophenoxypropionic acid (6.6-fold) > clofibrate
(4.5-fold) > 2-methyl-4-chlorophenoxyacetic acid (2.6-fold) > 2,4,5-trichlorophenoxyacetic acid (2.5-
fold) > p-chlorophenoxypropionic acid (2.4-fold) > 2,4-dichlorophenoxyacetic acid (1.7-fold). Treat-
ment with perfluorinated compounds, perfluorobutyric acid, perfluorooctanoic acid, perfluorodecanoic
acid and perfluorooctanol, also induced the activity by 2-, 4.3-, 3.1- and 2.0-fold respectively. The
profile of the induction of carnitine acetyltransferase by these compounds was quite similar to that of
cyanide-insensitive fatty acyl-CoA oxidizing system. Lipophilicity of these drugs was determined by the
octanol~water partition method. Among these drugs, 2,4,5-trichlorophenoxypropionic acid showed the
largest octanol/water partition coefficient (log P = 0.39). These results show a strong correlation among
the number of chlor-substitutions on the phenyl moiety, the methyl-group on the alpha position of the
acetic acid moiety, lipophilicity and the inducibility of peroxisomal fatty acid oxidation-related enzymes.
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Hypolipidemic drugs, such as clofibrate [1,2],
fenofibrate [3], nafenopin [4], Wy 14,643 [5] and
tibric acid [6], induce marked changes in the livers
of rats and mice. The initial hepatic responses in
rodents after the administration of these peroxisome
proliferators are hepatomegaly and marked pro-
liferation of peroxisomes in association with changes
in peroxisomal structure and its enzyme composition
[7,8]. These drugs induce hepatocelluiar tumors
after long-term administration in rats and mice [9-
11], and Reddy and Rao [12] hypothesized
that hepatocarcinomas induced by peroxisome
proliferators were due to the oxidative stress
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I Abbreviations: PAA, phenoxyacetic acid; o-CPA, o-
chlorophenoxyacetic acid; p-CPA, p-chlorophenoxyacetic
acid; 2,4-D, 2,4-dichlorophenoxyacetic acid; 2,4,5-T, 2,4,5-
trichlorophenoxyacetic acid; p-CPP, p-chlorophenoxy-
propionic acid; 2,4-DP, 2,4-dichlorophenoxypropionic
acid; 2,4,5-TP, 2,4,5-trichlorophenoxypropionic acid;
MCPA, 2-methyl-4-chlorophenoxyacetic acid; CPIB, clo-
fibrate; PFBA, perfluorobutyric acid; PFOA, per-
fluorooctanoic acid; PFD A, perfluorodecanoic acid; PFOL,
1-H,1-H-pentadecafluorooctanol; PFOS, perfluorooc-
tanesulfonic acid; DAAO, p-amino acid oxidase; FAOS,
cyanide-insensitive fatty acyl-CoA oxidizing system; CAT,
carnitine acetyltransferase; CPT, carnitine palmi-
toyltransferase; and FADH, fatty acyl-CoA dehydrogenase.
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caused by enhanced hydrogen peroxide content in
association with an increase in peroxisomal fatty
acid oxidation [13]. Although possible explanations
for the induction of peroxisomal enzymes have been
proposed [14] [(1) presence of a drug receptor, (2)
relation to a second messenger, and (3) levels of
cofactors in the liver], the mechanism by which
peroxisome proliferators elicit their pleiotropic
responses and the interrelationship between inducing
activity and structures of peroxisome proliferators
have not yet been elucidated.

In this study we examined the in vivo effects of
phenoxyacetic acid (PAA}) derivatives, phenoxy-
propionic acid derivatives and perfluorinated com-
pounds (see Fig. 1) on peroxisomal fatty acid
oxidation-related enzymes in rat liver, and discuss
the interrelationship between the structures of drugs
and their inducing activities. Furthermore, we
also determined the partition coefficients of the
compounds, and discuss the interrelationship
between lipophilicity and inducing activities of these
compounds.

MATERIALS AND METHODS

Materials. Phenoxyacetic acid derivatives and
phenoxypropionic acid derivatives were obtained
from the Wako Pure Chemicals Co. Ltd.
(Japan). Perfluorinated compounds were provided
by the Sankyo Co. Ltd. (Japan). L-Carnitine-HCI
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Fig. 1. Chemical structures of phenoxyacetate-derivatives and perfluorinated compounds.

was provided by the Earth Pharmaceutical Co. Ltd.
(Japan). Acetyl-CoA, NAD, palmitoyl-CoA and
bovine serum albumin (BSA, fatty acid free) were
obtained from the Sigma Chemical Co., St. Louis,
MO, U.S.A. Other chemicals, all of reagent grade,
were obtained from the Wako Pure Chemicals
Co. Ltd. (Japan).

Animals and treatment. Male Wistar rats weighing
around 180 g were used. These animals were obtained
from the Tokyo Laboratory Animals Co. Ltd.,
Japan. The animals (five animals/group) were given,
by oral route, agents other than perfluorinated
compounds suspended in 1% methylcellulose at a
dose level of 150mg/kg body weight/day for
2 weeks. Perfluorinated compounds other than
perfluorooctanesulfonic acid (PFOS) were solu-
bilized in corn oil and administered intraperitoneally
to the rats in a single injection at a dose level of
50mg/kg body weight, and the animals were
maintained for 3 days. PFOS was solubilized in 0.9%
NaCl and administered to the rats in the same
manner as the other perfluorinated compounds. The
animals were weighed and decapitated after the
treatments. The livers were perfused and quickly
removed, and 10% (w/v) homogenates were
prepared in 0.25 M sucrose. The homogenates were
used for the following assays.

Assay methods. The activity of cyanide-insensitive
fatty acyl-CoA oxidizing system (FAOS) was
determined by measuring the palmitoyl-CoA-
dependent reduction of NAD at 340nm by the
method described by Lazarow and de Duve [15].
One unit of activity was defined as the amount of
the enzyme that reduced 1 nmol/min. The activities
of carnitine acetyltransferase (CAT) and carnitine
palmitoyltransferase (CPT) were determined
spectrophotometrically by measuring the amount of
CoA-SH released during the reaction with 5,5'-
dithio-bis(2-nitrobenzoic acid) at 412 nm [16}. One
unit of both enzyme activities was defined as the
amount of the enzyme that produced 1 nmol of CoA-
SH from acetyl-CoA or palmitoyl-CoA per min.
FADH was determined by the method of Hryb and
Hogg [17] using palmitoyl-CoA as substrate, and

one unit of the enzyme was defined as the amount
of the enzyme that reduced 1nmol of 2,6-
dichlorophenolindophenol per min. Catalase was
determined as described in the previous report [18].
A unit of enzyme activity of catalase was defined as
the amount of the enzyme giving K = 1, where K is
the rate constant of the enzyme. D-Amino acid
oxidase (DAAO) and urate oxidase were also
determined as described in the previous report [18].
Protein content was determined by the method of
Lowry ez al. [19] with BSA as a standard. Statistical
evaluations were performed by Student’s t-test.

Determination of partition coefficients of the
compounds. The partition coefficients of the
compounds were determined by the flask-shaking
method [20]. Briefly, each compound was solubilized
in 20mL of octanol at 1 mg/mL, mixed with the
same volume of 300 mM potassium phosphate buffer
(pH 7.4), and then the mixture was shaken vigorously
for 30 min. After centrifugation, the concentration
of the compound in aqueous and octanol phases was
determined. The partition coefficient was represented
as log (C,y/C,), where C, was the concentration of
the compound in the octanol phase and C, was that
in the aqueous phase.

RESULTS

Table 1 shows some biochemical values and
the activities of some hepatic peroxisome- and
mitochondrion-associated enzymes of control
animals. The effects of drugs on these biochemical
values and hepatic enzymes are summarized in
Tables 2-4. The structural formulas of the drugs
used in the present study are shown in Fig. 1, and
the drugs are classified into three groups. The first
group comprises the phenoxyacetic acid derivatives,
which have a varying number of chlor-substitutions
at various positions on the phenyl group (Table 2).
The second group comprises phenoxypropionic acid
derivatives modified with a methyl-group at the
alpha-position (Table 3). The third group comprises
the perfluorinated compounds (Table 4). There were
no significant differences in the body weight gains
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Table 1. Liver weight, protein content and activities of
some mitochondrial and peroxisomal enzymes of control

619

between control and drug-treated groups, except
when PAA, 0-CPA, 2,4-D and 2,4,5-T were used

animals

(73, 76, 73 and 28% of the control respectively)
(data not shown). Hepatomegaly was observed in
treatment with PAA (1.18-fold) and 2,4,5-T (1.21-
fold) of the first group, all drugs (1.13- to 1.45-fold)

Parameters Contro} value

Relative liver weight

(% of body wt) 4.52 +0.28 of the second group, and all of the perfluorinated
Protein (mg/g liver) 209+ 5 compounds (1.13- to 1.45-fold) except for PFBA.
Activities (units/g liver) The extent of the increase in hepatic weight after

Catalase 399+53 treatment with 2,4,5-TP and PFOA exceeded that

DAAO 0.78 +0.23 found in CPIB treatment. No significant change in

Urate oxidase 2.33+0.82 hepatic protein content was observed after treatment

FAOS 1194 = 229 with any of the drugs. The activity of catalase was

CAT 911 f 101 decreased by statistically significant levels by all of

I?X?)H 2232 N ‘1‘45‘7 the phenoxyacetic acid derivatives classified into the

first group (Table 2) and also by MCPA (Table 3),
whereas 2,4-DP, 2,45-TP and CPIB significantly
induced catalase activity (34, 68 and 44% respect-
ively). Perfluorinated compounds showed no signifi-
cant effect on catalase activity (Table 4). A decrease
in the activity of DAAO was observed only in the

Values are means + SD, N = 5.

Table 2. Effects of phenoxyacetic acid derivatives on some biochemical values and activities
of peroxisomal and mitochondrial enzymes of rat liver

Relative values (% of control)

PAA 0-CPA p-CPA 2,4-D 2,45-T
Liver weight 1.18* 1.17 1.02 1.04 1.21*
Protein content 0.85 0.97 0.94 0.92 0.90
Enzyme: Catalase 0.71* 0.74* 0.66* 0.68* 0.80*
DAAO 1.08 1.10 0.92 1.08 0.92
U. oxid. 0.97 0.88 0.92 0.94 0.88
FAOS 1.06 0.82 1.04 1.69* 2.46*
CAT 0.99 0.82 1.23* 2.22* 8.07*
CPT 1.07 1.01 1.10 1.49* 2.67*
FADH 0.81 1.04 1.09 1.22* 1.61*

Data are presented as the mean values relative to control, N = 5. See Table 1 for control
values.
* P < 0.05 vs control.

Table 3. Effects of phenoxypropionic acid derivatives on some biochemical values and activities
of peroxisomal and mitochondrial enzymes of rat liver

Relative values (% of control)

p-CPP 2,4-DP 2,4,5-TP MCPA CPIB
Liver weight 1.13* 1.22* 1.45* 1.13* 1.24*
Protein content 0.98 1.06 1.07 0.87 1.01
Enzyme: Catalase 1.06 1.34* 1.68* 0.74* 1.44*
DAAO 0.76 0.76 0.68* 1.13 0.48*
U. oxid. 0.84 0.69* 0.80 0.96 0.71*
FAOS 2.37* 6.63* 12.47* 2.58 4.54*
CAT 4.40* 50.94* 83.20* 2.59 39.60*
CPT 1.50* 2.61* 1.82* 1.62 2.29*
FADH 1.27 1.75* 1.64* 1.18 1.65*

Data are presented as the mean values relative to control, N = 5. See Table 1 for control
values.
* P < 0.05 vs control.
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Table 4. Effects of perfluorinated compounds on some biochemical values and activities of peroxisomal
and mitochondrial enzymes of rat liver

Relative value (% of control)

Control PFBA PFOA PFDA PFOL PFOS
Liver weight
(% of body wt) 4.10 = 0.35 1.15 1.45* 1.16* 1.13* 1.16*
Protein content
(mg/g liver) 171+ 21 1.01 0.86 0.83 1.01 0.96
Enzyme (units/g liver):
Catalase 324x69 1.10 0.84 1.01 0.82 1.13
DAAO 0.88 = 0.44 0.98 0.52 0.95 1.57 1.13
U. oxid. 1.86 £ 0.44 1.01 0.83 0.90 1.12 0.75
FAOS 684 + 155 2.01* 4.33* 311 2.02* 1.14
CAT 522+ 58 6.75* 17.69* 16.40* 5.89* 2.64*
CPT 2208 + 268 1.40 1.55% 1.41* 1.40* 1.00
FADH 1066 = 156 1.37* 1.33* 1.21 1.38* 1.27*

Control values are means = SD, N = 5. Other data are presented as the mean values relative to

control, N = 5.
* P < 0.05 vs control.

cases of 2,4,5-TP and CPIB treatment (32 and 52%
respectively). A decrease in the activity of urate
oxidase was also observed only in the cases of 2,4-
DP and CPIB. Concerning fatty acid metabolism-
related enzymes, 2,4-D and 2,4,5-T which had two
and three chlor-substitutions on the phenyl moiety,
respectively, induced significantly the activities of
FAOS, CAT, CPT and FADH, and the extent of
the induction by 2,4,5-T exceeded that by 2,4-D.
However, p-CPA having one chlor-substitution on
the phenyl moiety showed an increase in CAT only
(Table 2). The effects of drugs classified in the
second group, which had one or two methyl
substitutions in the alpha position, on those enzymes
are shown in Table 3. The activities of FAOS, CAT
and CPT were increased significantly by all of the
drugs of this group, whereas that of FADH was
increased by drugs other than p-CPP. Of those
drugs, the effects of 2,4-DP and 2,4,5-TP on the
activities of FAOS and CAT were marked, and the
potencies of the drugs as inducers for these enzymes
were stronger than observed with CPIB. The effects
of perfluorinated compounds on these enzymes are
shown in Table 4. PFBA, PFOA, PFDA and PFOL
induced the activity of FAOS by 2.01-, 4.33-, 3.11-
and 2.02-fold respectively. Furthermore, these
compounds also induced markedly the activity of
CAT. However, the effects of these compounds on
the activities of mitochondrial enzymes, FADH and
CPT, were less than 1.6-fold. Interestingly, PFOS
and PFOL, which represented the sulfonic acid form
and the hydroxylmethyl form, also induced some fatty
acid metabolism-related enzymes in peroxisomes and
mitochondria, although the inducing level was less
than that brought about by the corresponding
carboxylic form.

The partition of phenoxyacetic acid derivatives
into water and octanol was measured, and the
correlations among lipophilicity, the number of
chlor-substitutions on the phenyl group, the number
of methyl groups on the acetic acid moiety and
inducibility of peroxisomal FAOS and CAT were

examined (Figs. 2 and 3). Octanol-water partition
coefficients of the drugs are summarized in Table 5.
As the numbers of chlor-substitutions and methyl
groups increased, partition coefficients (log P), which
are a measure of lipophilicity, also increased.
Concerning p-CPA, 2,4-D and 2,4,5-T, the cor-
relation coefficient between log P and the FAOS
activity was 0.96 (Fig. 2A), and that between log P
and the CAT activity was 0.88. Concerning p-CPP,
2,4-DP and 2,4,5-TP, the correlation coefficients
between log P and the FAOS activity and between
log P and the CAT activity were 0.92 and 0.96,
respectively (Fig. 2B), suggesting high correlation
among the number of chlor-substitutions, lipo-
philicity and inducibility to FAOS and CAT.
Furthermore, as shown in Fig. 3, there was a high
correlation among the number of methyl groups at
the alpha position of the acetic acid moiety, an
increase in the partition coefficient and the
inducibility of the FAOS and CAT activities.

DISCUSSION

Induction of hepatic peroxisomal fatty acid
oxidation by hypolipidemic peroxisome proliferators
such as clofibrate and diethyl-hexylphthalate may be
due to an enhancement of the rate of transcription
and/or increase in the amount of mRNA for the
enzyme [21]. However, the relationship between the
structures of the drugs and their ability to induce
peroxisomal enzymes has not yet been elucidated.
To clarify what type of structure may be responsible
for the induction of these enzymes, we examined
the in vivo effect of phenoxyacetic acid derivatives,
which are structurally parental compounds of
clofibrate (CPIB), on the activities of fatty acid
metabolism-related enzymes in hepatic peroxisomes
and mitochondria. On the other hand, an induction
of peroxisomal fatty acid oxidation has also been
found in rats receiving high fat diets [22,23],
suggesting a possible mechanism of induction, i.e.
substrate-induction by fatty acid. In the present
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Fig. 2. Correlations between the activities of FAOS (A) and CAT (B) and partition coefficients of
phenoxyacetate-derivatives. Each point corresponds to the value from an animal in the treated group,
N=5.

Table 5. Octanol-water partition coefficients (log P) of
phenoxyacetic and phenoxypropionic acid derivatives

experiments, we also studied perfluoro-compounds.
These compounds have structures quite similar to
those of fatty acids, with hydrogen molecules on the

Compounds Log P ,lkyl-chain being replaced by fluorine molecules,
PAA —1.78 causing them to be much less susceptible to fatty
o-CPA -1.18  acid oxidation [24].
p-CPA -0.92 Of phenoxyacetic acid derivatives, the derivatives
2,4D -0.32 (PAA and CPAs) having less than one chlor-
2,4,5-T 0.13 substitution on the phenyl moiety showed noinducing
p-CPP —0.79  effect on the activities of any enzymes examined.
%3]5),1;1) _g;g This may be due to failure to accumulate these
MCPA —0.35 compounds in the body as a result of their poor
CPIB —0.37 lipophilicities (Table 5). On the other hand, although

Concentration in octanol phase

" Concentration in water phase

p-CPP, having a methyl group on the alpha position
of the acetic acid moiety of CPA, was also poorly
lipophilic, increases in some enzyme activities were
observed. These results show that in addition to high
lipophilicity the methyl-group at the alpha position
of the acetic acid moiety may have an important role
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Fig. 3. Correlations between the activities of FAOS (A) and CAT (B) and partition coefficients of
p-CPA, p-CPP and CPIB. Each point corresponds to the value from an animal in the treated group,
N=35.
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in the induction of peroxisomal and mitochondrial
enzymes by clofibrate-related compounds. There is
a possibility that drugs incorporated into the cell
may be converted to their CoA-forms and further
metabolized. The methyl group introduced at the
alpha position may cause a steric hindrance for an
acylation reaction with CoA-SH catalyzed by acyl-
CoA synthetase, resulting in an accumulation of the
drugs in liver cells, and thus accumulation of the
original forms of the drugs may relate to the induction
of hepatic enzymes. Lipophilicity of drugs also seems
to be an important factor for enzyme induction. As
lipophilicity of a drug increases, the drug tends to
accumulate in the body. As the numbers of chlor-
substitutions and methyl groups of the drug increase,
partition of the drug into octanol phase increases.
In the present experiment, there was a high
correlation between the activities of FAOS and CAT
and lipophilicity of the drugs examined. The order
of perfluorinated compounds in the ability to induce
hepatic peroxisomal and mitochondrial enzymes was
PFOA = PFDA >PFBA. On the other hand,
hydroxymethyl- or sulfonic acid derivatives of
perfluorooctanoic acid could also induce hepatic
FAOS and CAT. Although it has been suggested
that the hydroxymethyl form may be metabolized to
its carboxylic acid form in the body, and then induce
peroxisomal enzyme activities [25], our present data
clearly show that hepatic fatty acid oxidation-related
enzymes may be induced not only by the carboxylic
acid form but also by the suifonic acid form. Until
now, there have been no reports concerning the
formation of the CoA-ester of sulfonic acid
compounds. From these observations we would like
to propose that the formation of CoA-ester of the
drug is not essential for the induction process. Thus,
we have concluded that the characteristics of
chemical structure necessary for induction of hepatic
fatty acid oxidation-related enzymes are: (1)
similarity to fatty acid, (2) poor susceptibility to fatty
acid oxidation, and (3) high lipophilicity and a
partition coefficient (logP) in the octanol/water
system of more than —1. Recently, Reddy and
coworkers [26] reported the presence of a binding
protein for the peroxisome proliferator in rat liver.
Although the concept of a receptor or binding
protein for peroxisome proliferators has not yet been
accepted widely, as the number of chlor-substitutions
and/or methyl-groups adjacent to the carboxyl group
increase, the affinity of the drug to such a binding
protein may be increased. Concerning hepatic
responses to peroxisome proliferators including
induction of peroxisomal enzyme activities, marked
species and organ dependency have been found [27].
These facts may support the participation of some
binding protein or receptor in the pleiotropic
response of the liver to peroxisome proliferators.
On the other hand, similar morphological and
biological changes in the liver were induced by drugs
structurally unrelated to each other, suggesting that
there may be a common mechanism for peroxisome
proliferation in addition to the three factors described
above. Recently, we reported for the first time
that calcium antagonists can suppress peroxisome
proliferation in rat liver [28] and have suggested that
a calcium-dependent mechanism may be responsible

for peroxisome proliferation by drugs. To clarify the
detailed mechanism of induction of subcellular
organelles including peroxisomes, mitochondria and
microsomes, we propose to examine a change in the
signal transduction system after drug treatment in
the near future.
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