Biochemical Pharmacology, Vol. 39, No. 3, pp. 527-535, 1990.
Printed in Great Britain.

EFFECTS OF HEPATIC PEROXISOME PROLIFERATORS
AND 12-O-TETRADECANOYL PHORBOL-13-ACETATE ON
CATALASE AND OTHER ENZYME ACTIVITIES OF
EMBRYONIC CELLS IN VITRO

SVEIN-OLE MIKALSEN,* BENTE RUYTERT and TORE SANNER

Laboratory for Environmental and Occupational Cancer, Institute for Cancer Research, The Norwegian
Radium Hospital, Montebello, N-0310 Oslo 3 and tInstitute for Nutrition Research, University of Oslo,
N-0316 Oslo 3, Norway

(Received 22 November 1988; accepted 3 September 1989)

Abstract—The effects of the hepatic peroxisome proliferators (HPPs) clofibrate, di-(2-ethylhexyl)-
phthalate (DEHP), mono-(2-ethylhexyl)phthalate (MEHP) and 2,4-dichlorophenoxy acetic acid (2,4-
D) on the activities of some peroxisome-associated enzymes and marker enzymes for other organelles,
have been studied in primary Syrian hamster embryo (SHE) cells and Wistar rat embryo (WRE) cells.
The majority of the cells are fibroblast-like. 12-O-Tetradecanoyl phorbol-13-acetate (TPA) was included
as it has been suggested that it may act as a peroxisome proliferator. The specific activities of catalase,
fatty acyl-CoA oxidase (FAO) and peroxisomal B-oxidation were approximately 100-fold lower in the
embryonic cells than in rat hepatocytes. Other peroxisome-associated oxidases were not detected. The
dihydroxyacetone-phosphate acyltransferase (DHAPAT) activity was comparable to that in rat liver.
Marker enzymes for other organelles had specific activities comparable to rat hepatocytes. Catalase was
shown by digitonin titration to be contained in a peroxisome-like compartment in both SHE and WRE
cells. Clofibrate, DEHP and MEHP increased the catalase activity, which might suggest peroxisome
proliferation. However, the findings that FAO and peroxisomal f-oxidation did not increase or only
very slightly, argue against peroxisome proliferation. 2,4-D and TPA induced no or only a very slight
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increase in the catalase activity.

A number of important chemicals have been found
to induce hepatic neoplasms in rodents although they
appear to be inactive in short-term genotoxic tests.
Several of these chemicals induce hepatic peroxi-
some proliferation [1, 2]. Hepatic peroxisome pro-
liferators (HPPsi) are a diverse group of chemical
compounds consisting of hypolipidemic drugs [3, 4],
industrial plasticizers [5], herbicides [6, 7] and sev-
eral other substances [8, 9]. Concurrently with the
induction of hepatic peroxisomes, the HPPs also
induce a 10- to 30-fold increase in the peroxisomal
B-oxidation of fatty acids and a more modest increase
in the catalase activity, 1.5- to 2-fold [10, 11]. The
activities of some of the other peroxisome-associated
enzymes such as urate oxidase, L-a-hydroxyacid oxi-
dase and D-amino acid oxidase might decrease after
HPP-exposure [11,12]. On the basis of such
measurements, it has been proposed that HPP-
mediated hepatocarcinogenesis is caused by oxi-
dative stress due to the much greater increase in

* To whom correspondence should be addressed.

t Abbreviations: CHO, Chinese hamster ovary; clo-
fibrate, ethyl-2-(p-chlorophenoxy) isobutyrate; 2,4-D, 2 4-
dichlorophenoxy acetic acid; DEHP, di-(2-
ethylhexyl)phthalate; DHAPAT, dihydroxyacetone-phos-
phate acyltransferase; FAQ, fatty acyl-CoA oxidase; HPP,
hepatic peroxisome proliferator; MEHP, mono-(2-
ethylhexyl)phthalate; Me,SO, dimethyl sulfoxide; PDD,
phorboi-12,13-didecanoate; SHE, Syrian hamster embryo;
TPA, 12-O-tetradecanoyl phorbol-13-acetate: WRE, Wis-
tar rat embryo.
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H,0,-generating S-oxidation than in the H,O,-
degrading catalase [1, 13].

Differences in species sensitivities have been found
for some HPPs. The hamster seems less sensitive for
di-(2-ethylhexyl)phthalate (DEHP), clofibrate- and
bezafibrate-induced peroxisome proliferation than
the rat [4, 5, 14] and may also be less sensitive for
DEHP-induced hepatocarcinogenesis [15]. It is
therefore interesting that DEHP [16-18], clofibrate
and tiadenol§ induced morphological transformation
(altered growth pattern of cells in colonies) of Syrian
hamster embryo (SHE) cells ir vitro.

In the present work we have studied the effects
of some known HPPs and of 12-O-tetradecanoyl
phorbol-13-acetate (TPA) on the activities of a range
of peroxisomal and other marker enzymes in SHE
cells. For comparison, we also studied embryonic
cells from a more HPP-susceptible species, the rat.
TPA was included as it has been suggested that TPA
might be classified as a peroxisome proliferator [19]
since it increases some peroxisome-associated
enzymes in C3H10T1/2 cells.

MATERIALS AND METHODS

Chemicals

Clofibrate, 2,4-dichlorophenoxy acetic acid (2,4-
D), TPA, PDD and digitonin were obtained from
Sigma Chemical Co. (St Louis, MO). DEHP was
purchased from Aldrich Chemical Co. (Steinheim,
F.R.G.). Mono-(2-ethylhexyl)phthalate (MEHP)
was obtained from Tokyo Kasei Kogyo (Tokyo,
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Japan). The chemicals were dissolved in dimethyl-
sulfoxide (Me,SO) before addition to the culture
medium. The maximum final concentration of
Me,SO was 0.2% (v/v). L-[U-"“C]glycerol-3-phos-
phate (170 mCi/mmol) and [1-'*C]palmitoyl-CoA
(59.2 mCi/mmol) was purchased from Amersham
(Amersham, U.K.).

Rat hepatocytes

Isolated hepatocytes were obtained from Depart-
ment of Tissue Culture, Institute for Cancer
Research. The hepatocytes were prepared from 18 hr
starved male Wistar rats, 250-300 g [20]. The hepa-
tocytes were homogenized by sonication and stored
at —70°.

Cell cultures

All cells were grown in Dulbecco’s modification of
Eagle’s medium (Flow Laboratories, Irvine, U.K.)
supplemented with 10% fetal calf serum (GIBCO,
Glasgow, U.K.) at 37°in a 10% CO, atmosphere.

Primary cell cultures of Syrian hamster (Wright,
Chelmsford, U.K.) embryos at 14 days of gestation
were prepared and cryopreserved in liquid nitrogen
as described by Pienta et al. [21]. Wistar Kyoto rat
(Mgllegaard, Ejby, Denmark) embryo cells were
prepared and handled exactly in the same manner as
for the SHE cells, except that preparation was done
at day 17 of gestation. For the present experiments
it is important to notice that all intestines, including
liver, were removed before trypsinization of the car-
casses.

Ampoules with cryopreserved cells were used as
stock cultures for the enzyme measurements. Mass
cultures were grown for 5 days in 100-mm Petri
dishes (Costar, Cambridge, MA, U.S.A.) before
trypsinization and reseeding at different cell densities
in 100-mm dishes. The number of cells were varied
in such a way that the dishes were approximately
confluent at harvesting of the cells. The cells were
exposed to chemicals 24 hr after reseeding, and har-
vested at 1, 2, 3, 4 or 6 days of exposure. The cells
were trypsinized, centrifuged at 200 g for 10 min and
washed twice in 0.9% NaCl buffered with 20 mM
Hepes (pH 7.4), suspended in 0.25M sucrose at
25 x 10° cells/mL, homogenized and stored at —70°.

For DEHP and clofibrate the concentrations used
were limited by the solubility of the chemicals (at
higher concentrations they precipitated and pro-
duced etchings in the dishes). MEHP was used at
equimolar concentration with DEHP. It has been
shown that these concentrations of DEHP and clo-
fibrate induced morphological transformation of
SHE cells.* This also applies for the concentration
of TPA used.

Enzyme assays

All enzyme measurements except digitonin
titration (see below) were performed with the cell
homogenate, usually after freezing. Freezing and
thawing of the cells did not change the activity of
any of the measured enzymes. Dihydroxyacetone-
phosphate acyltransferase (DHAPAT) and cyanide-
resistant (peroxisomal) f-oxidation were only

* Mikalsen SO, Holen I and Sanner T, submitted.

measured in cells subjected to freezing and thawing.
If not otherwise stated, the enzyme activities {except
DHAPAT) were measured in the presence of 0.1-
0.3% Triton X-100.

Catalase was measured by the titanoxy sulphate
method essentially as described by Baudhuin [22].
Acid phosphatase was measured according to Barrett
[23]. The glucose-6-phosphatase assay was modified
from Leighton et al. [24] using 80 mM glucose-6-
phosphate in 0.1 M acetate buffer pH 6.5 as substrate
buffer. Malate dehydrogenase was measured as
described by Englard and Siegel [25]. Dihydroxy-
acetonephosphate acyltransferase (DHAPAT) was
assayed according to published procedures [26, 27].
DHAPAT may have a bi- or trimodal distribution in
the cells [28, 29]. It has been proposed that only
peroxisomal DHAPAT activity is measured in the
presence of 5 mM glycerol-3-phosphate [28]. Extra-
peroxisomal DHAPAT has different optimum
requirements than peroxisomal DHAPAT and
therefore only a very rough estimation can be
obtained by this method. In some measurements
5 mM glycerol-3-phosphate was included in the assay
for estimation of the peroxisomal part of the total
DHAPAT activity. Peroxisomal f-oxidation was
assayed by the radioactive method of Lazarow [30]
with the modification that 1 mM KCN was included
in the assay. The activities in SHE and WRE cells
were low. Only above 30 ug protein/assay a repro-
ducible activity was found, thereafter the activity
was linear to well above 100 ug protein/assay (not
shown). In the reported experiments we have used
75-85 ug protein/assay to avoid different levels of
protein interaction with the assay. Using this amount
of protein, the activity was linear for more than
45 min (not shown). Due to the low activity, there
were difficulties in obtaining reproducible results
with incubation times shorter than 15 min. For the
results reported here an incubation time of 30 min
was used. Peroxisomal H,O,-producing oxidases
were measured by several methods. D-Amino acid
oxidase. L-a-hydroxy acid oxidase, urate oxidase and
fatty acyl-CoA oxidase (FAO) were measured by
the 2'.7'-dichlorofluorescin method, slightly modi-
fied from Small er al. [31]. The substrate con-
centrations were 25 mM D-alanine, 25 mM glycolic
acid, 50 uM uric acid and 50 uM palmitoyl-CoA,
respectively. Higher concentrations of uric acid was
found to give unacceptable high background
reaction. D-Amino acid oxidase [32-34] and L-a-
hydroxy acid oxidase [32, 35. 36] were also measured
by alternative methods as described. Palmitoyl-CoA
hydrolase was measured by using 5.5'-dithio-bis-(2-
nitrobenzoic acid) [37].

Other enzymes. Glutamate dehydrogenase [38]
was measured as described. Glutamate dehydro-
genase was also measured as described by Wanders
et al. [32] with the exception that the reaction was
followed directly by the oxidation of NADH at
340 nm. Succinate dehydrogenase was measured by
the K;Fe(CN)4-method [39]. Lactate dehydrogenase
was assayed using 500 4L 0.2 M Tris-HCI pH 8.0,
200 uL. 5 mM pyruvate, 200 yL. 1.5 mM NADH and
100 uL sample.

Digitonin titration. The intracellular compart-
mentations of the marker enzymes were indicated by
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digitonin titration [32, 40]. Digitonin was dissolved
in Me,SO to 100 mg/mL. When digitonin titration
studies of the various enzymes were performed, Tri-
ton X-100 was not included in the incubation medium
and cells were used freshly from harvesting. The
maximum levels of the enzyme activities were deter-
mined in the presence of Triton X-100.

Protein. Protein was determined using the Bio-
Rad protein assay kit. Standard protein was bovine
gamma globulin.

Western blotting. Reduced samples were run on
10% sodium dodecyl sulphate—polyacrylamide gels
(0.75 mm thick), and blotted onto nitrocellulose
membranes. Rabbit anti-catalase antiserum (cour-
tesy of Drs E. Wiemer and J. M. Tager, Department
of Biochemistry, University of Amsterdam) was
diluted 1:250. Goat anti-rabbit antiserum con-
jugated with horseradish peroxidase (Bio-Rad) and
the Bio-Rad developer were used to visualize the
catalase bands. Parallel gels were silver stained. Cry-
stallized bovine liver catalase (Xx2) (Sigma) was
applied as a standard for catalase. It was diluted 10-
fold in water. Residual crystals were spun down
before measuring protein in the supernatant.

Calculations and statistics

The relative enzyme activities are always cal-
culated as the ratio of (specific enzyme activity in
exposed cells)/(specific enzyme activity in unexposed
control cells) in cells seeded and harvested at the
same time in the same experiment.

Where N = 4, the statistical significance was tested
by a computerized version (Tadpole; Elsevier
Biosoft, Cambridge, U.K.) of Mann-Whitney U test
(2-sided) on the relative enzyme activities.

RESULTS

Enzyme activities in unexposed cells

The activities of several peroxisome-associated
enzymes were measured. Catalase was readily
measurable in SHE and WRE cells, but the specific
activities were approximately 100-fold lower than in
rat liver (Table 1). The difference in catalase activity
is consistent with the differences in the amount of
catalase protein as detected by Western blotting (not
shown).

A low activity of the total peroxisomal g-oxidation
cycle was found in both SHE and WRE cells by the
radioactive assay (Table 1). The specific activity is
100-fold lower than in rat liver, consistent with the
low catalase activities in the embryo cells. The first
enzyme in the peroxisomal -oxidation, the FAO,
showed a specific activity approximately 10-fold
higher than the activity of the peroxisomal p-oxi-
dation cycle in both SHE and WRE cells, while in
rat hepatocytes there was a good agreement between
the two assays (Table 1).

The possibility exists that the observed low perox-
isomal B-oxidation is partly caused by interferences
by palmitoyl-CoA hydrolase. The palmitoyi-CoA
hydrolase activity in WRE cells and rat hepatocytes
were comparable (Table 1), while it was 5-fold lower
in SHE cells. The activity was disproportionally high
in SHE and WRE cells compared to the activity of
the B-oxidation cycle. However, when ATP (10 mM)

and Mg?* (5mM) were added to the incubation
mixture in the B-oxidation assay, no increase in the
activity was found even at a low palmitoyl-CoA
concentration (1/10 of normal concentration, not
shown). Although the palmitoyl-CoA synthetase
activity has not been specifically studied, the results
above suggest that the high palmitoyl-CoA hydrolase
activity did not affect the observed activity for perox-
isomal B-oxidation. The results for the linearities
of peroxisomal p-oxidation (see Materials and
Methods) also support this conclusion.

The other peroxisomal oxidases tested (D-amino
acid oxidase, L-a-hydroxy acid oxidase and urate
oxidase) were easily detected in rat hepatocytes by
the 2',7'-dichlorofluorescin method (which was
found to be the most sensitive of the tested oxidase
assays), while none of these activities were detected
in the embryonic cells (Table 1).

DHAPAT showed activities comparable (2- to 3-
fold lower) to that of rat liver homogenate (Table
1). A 35-80% inhibition of the DHAPAT activity
was found for SmM glycerol-3-phosphate in the
embryonic cells (not shown).

The activities of the marker enzymes for lysosomes
(acid phosphatase) and for endoplasmic reticulum
(glucose-6-phosphatase) showed activities in the
same order of magnitude in SHE and WRE cells and
in rat liver homogenate (Table 1). The mitochondrial
marker enzymes succinate dehydrogenase and giu-
tamate dehydrogenase (not shown) showed very low
or not detectable levels of activities, while malate
dehydrogenase showed activities comparable to rat
liver (Table 1). The cytosolic marker enzyme lactate
dehydrogenase was easily detectable (Table 1).

In cells cultured for several days, the specific
enzyme activities often showed systematic changes.
In SHE cells, the catalase activity increased by more
than 30% from day 1 to day 6, and acid phosphatase
and glucose-6-phosphatase increased by 75%. For
the WRE cells, acid phosphatase increased 35%.
The other enzymes showed minor or inconsistent
changes.

Digitonin titration

An impression of the compartmentation of the
different marker enzymes was obtained by digitonin
titration of marker enzymes on freshly harvested
cells. The results of digitonin titration of SHE cells
and WRE cells are shown in Figs 1 and 2, respect-
ively. With the exception for the two phosphatases
in WRE cells, the enzyme activities found with no
digitonin present (10-20% of the maximum activi-
ties) corresponded to the activities in aliquots of the
cell free supernatants (not shown), and are therefore
probably due to enzymes released from broken cells
and organelles. The phosphatase activities in WRE
cells behaved differently, but the high activities
found with no digitonin present in the assay can be
explained by a relatively unspecific trypsin-insen-
sitive cell membrane-associated phosphatase in
WRE cells (not shown).

Catalase was less sensitive to digitonin unmasking
than the other enzymes in both cell types, while
lactate dehydrogenase was more sensitive (Figs 1 and
2). At 10 ug digitonin/mL, 80-90% of the lactate
dehydrogenase activity was unmasked, while the
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Table 1. A comparison of enzyme activities in SHE cells,* WRE cells* and rat

hepatocytest

Specific enzyme activities

Enzyme SHE cells WRE cells Rat liver
Catalaset 0.24 0.65 90
Peroxisomal f-oxidations§| 0.025 0.025 3.25
Fatty acyl-CoA oxidase$§ 0.30 0.35 3.80
Palmitoyl-CoA hydrolase$ 1.9 10 10
p-Amino acid oxidase$ ND ND 2.0
L-a-Hydroxy acid oxidase§ ND ND 6.0
Urate oxidase§ ND ND 5.0
DHAPATS 0.030 0.030 0.085
Acid phosphatase§ 10 12 33
Glucose-6-phosphatased 4.0 17.5 25
Malate dehydrogenasei 0.20 0.10 0.10
Lactate dehydrogenase$ 1.2 0.80 NT

* In cells cultured for several days, the enzyme activities often showed systematic
changes (sce text). The data represent the activities of unexposed control cells 48 hr
after reseeding (corresponding to day 1 of Figs 3 and 4). The specific enzyme activities
were found to vary somewhat, depending on both batch of cells used and as well as
unknown variables,

t+ Isolated hepatocytes from three rats were used for all measurements, with the
exception of DHAPAT where homogenate from one rat liver was used. The number
given is the mean of the measurements. The range for all measurements were within
+15%.

i umol/min/mg protein.

§ nmol/min/mg protein.

|l Measured by the radioactive method [30].

ND, not detected.

NT, not tested.
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Fig. 1. Digitonin latency of marker enzymes in SHE cells.
(W) Catalase, N = 5-8, SD = 7%, (00) Malate dehydro-
genase, N=3-4, SD = +20% for 50, 75 and 100 ug
digitonin/mL, SD < =7% for the rest. (@) Acid phos-
phatase, N = 4-5, SD < +18%. (/) Glucose-6-phospha-
tase, N =3, SD < +10%. (<) Lactate dehydrogenase,
N =4, SD = *14% for 2.5 ug digitonin/mL, SD = +26%
for 5 ug digitonin/mL, SD < £8% for the rest.

other enzymes had increased their free activities with
maximum 10-15% at this digitonin concentration.
Thus, with the exception of lactate dehydrogenase,
the enzymes had little, if any, cytosolic location. At
100 ug digitonin the activity of catalase was only
slightly elevated, while the activities of the other
enzymes were nearly completely unmasked.

ug digitonin/ml

Fig. 2. Digitonin latency of marker enzymes in WRE cells,
(W) Catalase, N = 4, SD < +13%. (O) Malate dehydro-
genase, N =3, SD < =15%. (@) Acid phosphatase, N =

5, SD = *23% for 10ug digitonin/mL, SD = %15%
for the rest. (A) Glucose-6-phosphatase, N = 4-6,
SD< #14%. (O) Lactate dehydrogenase, N =3,

SD = +10%.

Effects of HPPs and TPA

The induction of catalase by HPPs and TPA is shown
in Figs 3 and 4. The catalase activity in SHE cells
(Fig. 3) increased with time in the presence of DEHP
(more than 1.4-fold increase at day 6 of exposure).
A single experiment with MEHP indicated that also
MEHP increased the catalase activity in SHE cells.
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Fig. 3. Catalase activity in SHE cells exposed to (W) 77 uM
DEHP (30 ug/mL, N =5, SD =< +0.20); (O) 206 uM clo-
fibrate (50 ug/mL, N = 4-7,SD < +0.13); () 135 uM 2 4-
D (30 ug/mL, N = 3, SD < +0.07); and (A) 16 nM TPA
(0.01 ug/mL, N =4, SD < +0.10) relative to unexposed
cells. P < 0.05: TPA days 3 and 6; clofibrate day 4. P < 0.01:
DEHP days 2, 3 and 6. P < 0.001: clofibrate days 2 and 3.
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Fig. 4. Catalase activity in WRE cells exposed to (W) 77 uM

DEHP (N =3, SD = 1.0 at day 6, SD =< +0.35 for the

rest); () 77 uM MEHP (N = 3, SD < +0.25); (O) 206 uM

clofibrate (N =3, SD < =0.25); () 135uM 2,4-D (N =

2, range =< *=0.15); and (A) 16nM TPA (N=2,
range < +0.12) relative to unexposed cells.

In the presence of clofibrate the maximum activity
occurred at day 3 (1.3-fold), and was back to control
level at day 6. Refeeding experiments indicate that
this may be due to metabolism of clofibrate to phar-
macologically inactive products.* 2,4-D and TPA
induced no or only a very small increase in the
catalase activity in SHE cells (Fig. 3).

In WRE cells the induction of catalase was much
more pronounced by DEHP, more than 2-fold after
6 days of exposure (Fig. 4). MEHP also induced an
increase in the catalase activity, but the increase was
relatively constant over the time studied and it was

* Mikalsen SO, Holen I and Sanner T, submitted.

lower than for DEHP (Fig. 4). As for SHE cells,
clofibrate was found to increase the catalase activity
in WRE cells during the first 3 days, whereafter the
activity declined to control level at day 6 (Fig. 4).
2,4-D and TPA induced a weak increase in the
catalase activity (about 1.2-fold). To see if the low
response was caused by rapid metabolizing of TPA,
the WRE cells were refed every 24 hr with fresh
TPA, as these cells seemed somewhat more sensitive
for catalase induction. The relative catalase activity
did not, however, increase over 1.2 (not shown).
Moreover, for PDD which is less rapidly metabolized
than TPA, we also found a relative catalase activity
of about 1.2 (not shown).

The location of the catalase activity in DEHP-
exposed cells was identical to that of control cells as
determined by digitonin titration, even though the
catalase activity was 40-60% above unexposed con-
trol cells (not shown).

The peroxisomal S-oxidation of palmitoyl-CoA
was only slightly affected by clofibrate, DEHP or
MEHP (Tables 2 and 3) compared to the 10- to 30-
fold increase reported in rat liver. The effect of
MEHP was not greater than the effect of DEHP,
although MEHP is probably the main active metab-
olite of DEHP. The relative activities of FAO were
very similar to the results of the radioactive method
(Tables 2 and 3). For palmitoyl-CoA hydrolase, no
consistent increase was found when WRE cells were
exposed to HPPs (Table 2), while there seemed to
be a slight increase in SHE cells (Table 3). The
DHAPAT activity was found to be somewhat
increased in clofibrate and DEHP-exposed cells
(Tables 2 and 3), but no consistent change in the
relative peroxisomal activity of DHAPAT was found
in exposed cells as judged by SmM glycerol-3-
phosphate-insensitive activity (not shown). In con-
trast to clofibrate and DEHP, TPA seemed to lower
the total DHAPAT activity in both WRE (Table 2)
and SHE (Table 3) cells.

The activities of glucose-6-phosphatase and acid
phosphatase did not show any increase for the
studied chemicals in neither SHE (Table 4) nor WRE
cells (not shown). The activity of malate dehydro-
genase in SHE cells exposed to DEHP seemed to
increase, but due to the relatively large deviations
a statistical significance was not found (Table 4).
Although only enzyme activities for day 3 and 6 are
shown in Tables 2—4, all activities have also been
measured for day 1 and 2. No unexpected or diver-
gent results were found for day 1 and 2.

DISCUSSION

The peroxisome-associated enzyme activities, with
the exception of DHAPAT, were much lower in the
embryo cells studied than in rat liver. In fetal rat
hepatocytes the peroxisomes first appeared at day
13-14 of gestation [41], and the number of perox-
isomes were lower than in neonatal hepatocytes
[41, 42]. Measurable activities of catalase and perox-
isomal B-oxidation in fetal rat liver have first been
found at day 15 [43], and D-amino acid oxidase and
urate oxidase at day 18-21 of gestation [41, 42]. A
low number of peroxisomes in SHE and WRE cells
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Table 2. Effects of DEHP, MEHP, clofibrate and TPA on the relative activities of lipid metabolizing enzymes in WRE
cells after 3 and 6 days of exposure

Chemical Days Peroxisomal S-oxidation FAO DHAPAT Palmitoyl-CoA hydrolase
Clofibrate 3 1.44 = 0.04(3) 1.55 = 0.74(3) NT 0.83 % 0.34(3)

(206 uM) 6 1.17 + 0.01(3) 1.03 = 0.54(3) NT 0.82 = 0.10(3)
DEHP 3 1.27 *+ 0.19(5)* 0.85 + 0.43(3) 0.93, 1.50 0 99 + 0.39(3)

(77 uM) 6 1.38 * 0.26(5)* 1.03 + 0.54(3) 1.27, 1.45 1.18 = 0.15(3)
MEHP 3 1.21 + 0.04(3) 1.43 = 0.09(3) NT 1.09 = 0.17(3)

(77 uM) 6 1.17 £ 0.19(3) 0.77 + 0.29(3) NT 1.27 = 0.18(3)
TPA 3 1.50 NT 0.88 NT

(16 aM) 6 1.20 NT 0.92 NT

Where two experiments have been done, the results for both experiments are shown. Where one number is given, it
is the result of a single experiment assayed in 3 to 6 parallels. For the other results, the number of experiments are given

in parentheses.
*P=<0.01.
NT, not tested.

Table 3. Effects of clofibrate, DEHP, MEHP and TPA on relative activities of lipid metabolizing enzymes
in SHE cells after 3 and 6 days of exposure

Chemical Days  Peroxisomal S-oxidation FAO DHAPAT  Palmitoyl-CoA hydrolase
Clofibrate 3 1.03 = 0.23(4) 43, 1.57 1.21,1.45 1.27, 1.00

(206 uM) 6 0.94 = 0.11(4) 88, 1.68 1.44, 1.66 1.35.0.88
DEHP 3 1.78 = 0.55(5)* 35, 1.26 1.92 1.88, 1.47

(77 uM) 6 1.74 = 0.38(4)F 04, 1.77 1.72 1.30, 1.70
MEHP 3 1.11,0.71 06, 1.79 NT 1.24, 1.26

(77 uM) 6 1. 00 1.90 17, 1.32 NT 0.91, 1.08

TPA 3 1.24,1.92 NT 0.72,0.92 NT

(16 nM) 6 0.55, 1.73 NT 0.86, 0.94 NT

Where two experiments have been done, the results for both experiments are shown. Where one
number is given, it is the result of a single experiment assayed in 3 to 6 parallels. For the other results,
the number of experiments are given in parentheses.

*P=0.01.
+ P=<0.05.
NT, not tested.

Table 4. Effects of clofibrate, DEHP, 2,4-D and TPA on relative activities of non-peroxisomal
enzymes in SHE cells after 3 and 6 days of exposure

Chemical Days Acid phosphatase Glucose-6-phosphatase Malate dehydrogenase
Clofibrate 3 0.98 + 0.13(7) 0.94 = 0.06(5) 1.16 = 0.33(7)*
(206 uM) 6 0.92 = 0.09(5) 0.90 = 0.11(4) 0.97 = 0.13(5)
DEHP 3 0.80 *+ 0.13(4)* 0.82 = 0.09(5)* 1.68 = 0.52(5)

(77 uM) 6 0.87 = 0.09(4)* 0.81 + 0.06(3) 1.56 + 0.07(3)
2,4-D 3 1.04 = 0.07(3) 1.07 £ 0.13(3) 1.09 = 0.06(3)
(135 uM) 6 1.02 + 0.04(3) 1.08 = 0.13(3) 0.99 = 0.31(3)
TPA 3 0.90 = 0.07(4)* 0.90 = 0.10(4) 0.84 = 0.13(4)*
(16 nM) 6 0.90 = 0.06(4)* 0.98 = 0.06(4) 0.95 = 0.10(4)

The number of experiments are given in parentheses.

*P=<0.05.

and low peroxisome-associated enzyme activities
might therefore be anticipated.

The digitonin titration results for catalase indicate
the presence of peroxisomes in SHE and WRE cells.
Furthermore, they suggest that less than 10% of the
catalase activity is cytosolic and that the majority of
the catalase is located in organelles with a peroxi-
some-like character. This is consistent with the

results in normal human fibroblasts [32]. In rat hepa-
tocytes 30% of the catalase may be cytosolic [40],
although the compartmentation has been disputed
[40].

The presence of DEHP, MEHP or clofibrate in
the culture medium increased the catalase activity in
both SHE and WRE cells compared with unexposed
cells. These increases are comparable to the increase
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of catalase activity found in rat liver after adminis-
tration of HPPs, and might thus suggest peroxisome
proliferation in the embryonic cells. It has been
reported that in HPP-exposed mouse [44] and rat
[12] liver the cytosolic activity of catalase is much
more increased than the peroxisomal activity. If this
was the case in HPP-exposed SHE and WRE cells,
a large increase in catalase unmasking should be
detected already at 10 ug digitonin/mL. This was not
found. The increase in catalase activity may thus
mainly be due to catalase in the peroxisomes.

Although the catalase data suggest HPP-induced
peroxisome proliferation, the results for peroxisomal
p-oxidation and FAO do not support this notion.
Only very modest increases were found. The relative
increase is comparable to the increase found for
catalase, but is in no way comparable to the increase
in peroxisomal f-oxidation found in the livers of
HPP-exposed rats and mice. As all the other perox-
isomal oxidases had non-detectable activities, this
indicates that the observed morphological trans-
formation of SHE cells caused by HPP-exposure is
not due to a peroxisome-generated oxidative stress.

Unexpectedly, the first enzyme of the peroxisomal
p-oxidation, the H,O,-producing FAO, had a more
than 10-fold higher specific activity than the total
cycle. FAO is generally assumed to be the rate-
limiting step of the peroxisomal S-oxidation in rodent
liver [45], but the present results for FAO indicate
that in SHE and WRE celis the activity of the perox-
isomal f-oxidation cycle is limited by the bifunctional
enzyme (enoyl-CoA hydratase/3-hydroxyacyl-CoA
dehydrogenase) or the thiolase. Whether this is a
general feature of non-hepatic cells, is not known to
us. Since FAQ is not rate-limiting, measurements of
the peroxisomal $-oxidation by the NAD*-reduction
assay [46] might be expected to give an estimate of
the activity of the bifunctional enzyme. However, no
activity was detected in unexposed SHE cells or cells
exposed to clofibrate (not shown). This could be
due to the fact that the NAD"-reduction assay is
approximately 50-fold less sensitive than the 2',7'-
dichlorofluorescin assay [31]. The reason for the high
FAOQ activity in embryonic cells is not known.

The palmitoyl-CoA hydrolase activity is also elev-
ated in HPP-treated rat liver [46]. In fact, it has
been suggested that the peroxisomal S-oxidation and
palmitoyl-CoA hydrolase are regulated by a common
mechanism [47, 48], but the relative increase in palm-
itoyl-CoA hydrolase is usually smaller than the
increase in peroxisomal f-oxidation [47, 48]. A more
detailed study is needed to see if the small increases
in peroxisomal p-oxidation, FAO and palmitoyl-
CoA hydrolase in SHE cells are coordinately regu-
lated, especially since there seemed to be no increase
in palmitoyl-CoA hydrolase in WRE cells.

Lillehaug and Berge [19] have suggested on the
basis of experiments with the mouse cell line
C3H10T1/2, that TPA may act as a peroxisome
proliferator. TPA had little effect on the catalase
activity of SHE and WRE cells, and refeeding of
WRE cells with TPA every 24 hr did not increase
the catalase activity more than a single exposure did.
It is possible that TPA is a peroxisome proliferator
in the mouse, and less so in other species. However,
if TPA is a peroxisome proliferator, it does not

behave like the more classical HPPs in all aspects,
as it slightly decreased the DHAPAT activity, while
clofibrate and DEHP increased the activity. This is
consistent with other reports of the HPP-effects on
glycerolipid synthetic enzymes [49, 50] and phospho-
lipid composition in the peroxisomal membrane [51].
Ether lipids have also been shown to inhibit protein
kinase C [52,53]. HPPs may thus influence cell-
to-cell communication [54] and signal transduction
indirectly, or even directly [55].

Even though peroxisomes have been found in
virtually every mammalian cell and tissue that has
been studied, peroxisome proliferation in vivo is a

- phenomenon largely restricted to liver and kidney,

and to rodents more than to other animals. Peroxi-
some proliferation has been shown in rat hepatocytes
in culture [56, 57]. Lillehaug and coworkers [19, 58]
suggested the possibility of peroxisome proliferation
also occurs in extrahepatic cells in vitro. The low
peroxisome-associated H,O,-producing oxidase
activities and the non-inducibility of FAO and cya-
nide-resistant B-oxidation disfavour the hypothesis
that the reported morphological transformation of
SHE cells induced by DEHP [16-18], clofibrate and
tiadenol* is due to oxidative stress caused by peroxi-
some proliferation.
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