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1. The effect of Irgasan DP 300 (5-chloro-2-(2,4-dichlorophenoxy)phenol) on cyto-
chrome P450 (P450) induction and haem biosynthesis was studied in rat hepatocytes
cultured on Matrigel.

2. Irgasan DP 300 significantly induced 7-benzyloxyresorufin O-debenzylase activity,
followed by 7-pentoxyresorufin O-depentylase and 7-ethoxyresorufin O-deethylase ac-
tivities. 4-Nitrophenol hydroxylase, testosterone 63-hydroxylase and methoxyresorufin O-
demethylase activities were also slightly increased. The maximum induction of these
enzyme activities was obtained at the same concentration of 125 uMm in the culture medium.

3. Immunochemical blots using anti-rat cytochrome P450 antibodies revealed that
Irgasan DP 300 preferably induced CYP2B1/2 along with a slight increase in 3A. These
results indicate that Irgasan DP 300 is a phenobarbital-type inducer.

4. In the absence of exogenous 5-aminolevulinic acid (ALA), slight increases in
protoporphyrin IX (2:6-fold) and coproporphyrin III (1-:3-fold) were observed in the
Irgasan DP 300-treated cultures. In contrast, when 75 um ALA was present, Irgasan DP
300 (250 um) caused an extensive accumulation of uroporphyrin I (13-fold).

5. Irgasan DP 300 inhibited rat hepatic uroporphyrinogen I11 synthase in vitro.

6. These results indicate that Irgasan DP 300 produced accumulation of hydroxy-
methylbilane in rat hepatocytes by inhibiting uroporphyrinogen III synthase, and
consequently an accumulation of uroporphyrin I.

Introduction

Irgasan DP 300 (5-chloro-2-(2,4-dichlorophenoxy)phenol) (figure 1) is widely
used as a bacteriostatic ingredient in household products, such as soap and
toothpaste. In addition to Irgasan DP 300 being an environmental pollutant (Levin
and Nilsson 1977, Miyazaki et al. 1984), it has been of interest because of the
chemical structure ‘predioxin’, or polychloro-2-phenoxyphenol, which is readily
cyclized to polychlorodibenzo-p-dioxins by pyrolysis and photolysis (Rappe and
Nilsson 1972, Langer et al. 1973, Nilsson et al. 1974, Kanetoshi et al. 1988).

The toxic effect of Irgasan DP 300 is rather low, with an acute oral LD, of
approximately 4000 rng/kg in rat and mouse (Lyman and Furia 1969) and an acute
i.p. LD, = 1090 mg /kg in mouse (Kanetoshi ez al. 1992). Another biological effect
of concern is the induction of cytochrome P450-dependent monooxygenase
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Figure 1. Chemical structure of Irgasan DP 300.

activities, such as aminopyrine N-demethylase activity in mouse (Miller et al. 1981),
and 7-ethoxycoumarin O-deethylase and p-nitrophenetole O-deethylase activities
in rat (Kanetoshi et al. 1992). To date, however, no information has been available
on the P450 isozymes induced by Irgasan DP 300.

The present study examined the induction of P450 by Irgasan DP 300 by
assessing both enzyme activity and the apoprotein, using rat hepatocytes cultured on
Matrigel, a laminin-rich reconstituted basement membrane. This extracellular
matrix was adopted on the basis of the maintenance and induction of P450 during
primary culture (Schuetz et al. 1988, Kocarek et al. 1993). We also demonstrate the
impact of Irgasan DP 300 on hepatocellular haem biosynthesis, which has been
demonstrated to be disturbed by a variety of chemicals such as 2,3,7,8-
tetrachlorodibenzo-p-dioxins (TCDD) (Poland and Glover 1973, Goldstein et al.
1973), polychlorinated biphenyl (PCB) congeners (Vos and Koeman 1970,
Goldstein et al. 1974) and diphenyl ether herbicides (Matringe et al. 1989).

Materials and methods

Materials

Irgasan DP 300 (99-5% ) was obtained from Ciba-Geigy (Basle, Switzerland). Matrigel was purchased
from Nippon Becton Dickinson (Tokyo, Japan). Resorufin, 7-ethoxyresorufin, 7-pentoxyresorufin and
6B-hydroxytestosterone were purchased from Sigma (St Louis, MO, USA). 7-Methoxyresorufin and 7-
benzyloxyresorufin were from Molecular Probes (Eugene, OR, USA). Testosterone, 4-nitrophenol and
4-nitrocatechol were from Wako Pure Chemicals (Osaka, Japan). Goat anti-rat CYP1A1/2, 2Bl/2, 2E1
and 3A2/1 antibodies were purchased from Daiichi Pure Chemicals (Tokyo, Japan). Porphobilinogen
(PBG), uroporphyrin I (URO I), uroporphyrin III (URO III) and coproporphyrin III (COPRO III)
were purchased from Porphyrin Products (Logan, UT, USA), protoporphyrin IX (PROTO IX) from
Sigma, and 5-aminolevulinic acid (ALA) from Wako. All other chemicals were of the highest purity
commercially available.

Isolation and culture of rat hepatocytes

Culture dishes (60 mm diameter; Iwaki Glass, Chiba, Japan) were coated with 100 ul undiluted
Matrigel as described by Li et al. (1991). Hepatocytes were prepared from male Wistar rats (Charles
River Japan, Kanagawa, Japan), weighing 180-210 g, by the two-step collagenase perfusion method
(Seglen 1976). The cells were plated at a density of 2X 10° cell/dish in 4 ml Williams’ E medium
supplemented with 10% newborn calf serum, 10 nm insulin, 10 nMm dexamethsone and 30 mg /]
kanamycin. Hepatocytes were incubated in a humidified atmosphere of 95% air and 5% CO, at 37 °C.
After 4 h in culture, media were renewed with Williams’ E medium with the same supplement. After a
total preincubation period of 24 h, media were refreshed and the chemicals dissolved in dimethyl
sulphoxide (DMSO) were added to the cultures (final DM SO concentration 0-5% v/v). Thereafter,
media and the chemicals were refreshed every 24 h.

Enzyme assays

After the exposure to chemicals for 48 h, hepatocyte cultures were washed twice with ice-cold PBS.
The cells and Matrigel were then scraped with a rubber policeman in 4 ml 02 M sucrose-0-05 M Tris
HCI, pH 74 (buffered sucrose) and placed on ice. After the cells were freed from Matrigel by repeated
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pipetting, the cells were precipitated by centrifugation, resuspended in 1 ml buffered sucrose, and lysed
by sonication using a Shimadzu USP-300 ultrasonic processor (Kyoto, Japan). Enzyme activities in the
cell lysate were assayed, except for testosterone 68-hydroxylase (T'S6BH) activity, which was assayed in
intact hepatocytes.

7-Methoxyresorufin O-demethylase (MROD), 7-ethoxyresorufin O-deethylase (EROD), 7-pentoxy-
resorufin O-depentylase (PROD) and 7-benzylozyresorufin O-debenzylase (BROD) activities were
determined fluorometrically from the amount of resorufin produced (Hanioka et al. 1995). The substrate
concentrations employed were 2 uM for MROD, 4 um for EROD and PROD, and 1 um for BROD.

4-Nitrophenol hydroxylase (PNPH) activity was assayed in 0-6 ml incubation medium consisting of
phosphate buffer (0-1 M, pH 6:8), ascorbic acid (1 mm), NADPH-generating system (1 mm NADP*,
10 mm glucose 6-phosphate, 2 U glucose 6-phosphate dehydrogenase and 5 mm MgCl,), cell lysate
(0-1 ml) and 4-nitrophenol (100 um). The reaction was initiated by the addition of a NADPH-generating
system and carried out at 37 °C for 30 min. The resulting 4-nitrocatechol was determined by hplc
according to Tassaneeyakul et al. (1993).

TS6BH activity was assayed in intact hepatocytes (Wortelboer et al. 1990). The cells were washed
twice with prewarmed Hanks’ balanced salt solution (HBSS) and incubated in 4 ml HBSS containing
250 um testosterone at 37 °C. After 15 min, the reaction was stopped by cooling the medium on ice. An
aliquot (1 ml) of the medium was extracted with 6 ml dichloromethane, and the solvent was evaporated
to dryness under a stream of N,. The residue was dissolved in 50% (v/v) methanol /water and analysed
by LC Module 1 (Waters, Tokyo). The samples were injected into a 150 X 4:6 mm i.d. Inertsil ODS-80A
(5 um) column (GL-Science, Tokyo). The metabolites were eluted with aqueous 25% methanol for
10 min, followed by a 25-min linear gradient to 40% methanol and 3-5% acetonitrile at a flow rate of
1:0 m1/min. 68-Testosterone was detected by the absorbance at 254 nm. The peak areas were calculated
with a Shimadzu CR-4A Chromatopac.

Immunoblot analysis of P450s

Hepatocytes microsomes were prepared by centrifugation of the cell lysates for 30 min at 105000 g
(Schuetz et al. 1988). Separation of the microsomal proteins was carried out with the SDS-polyacrylamide
gel electrophoresis (Laemmli 1970), using a 4% stacking gel and a 7-:5% separating gel. The resolved
proteins were electrophoretically transferred to nitrocellulose membranes according to the method of
Towbin et al. (1979) and immunochemically stained using goat anti-rat P450 antibodies. The
nitrocellulose membranes were blocked overnight at 4 °C in Tris-buffered saline containing 0-5% Tween
20 and 3% bovine serum albumin. Thereafter the membranes were incubated with a primary antibody
for 1 h at room temperature, followed by 1-h incubation with anti-goat IgG conjugated with horseradish
peroxidase. Colour was developed with 4-chloro-1-naphthol and hydrogen peroxide.

Hplc analysis of porphyrins in hepatocyte cultures

After the exposure to chemicals for 24 h, hepatocytes were scraped off the dishes in the culture
medium and briefly sonicated. To a portion (1 ml) of the cell lysate was added an equal volume of freshly
prepared acetone /concentrated HCI (97-5 /25, v /v). After centrifugation, the resulting supernatant was
assayed for porphyrins by the hplc method of Bonkovsky et al. (1986). The hplc consisted of two
Shimadzu LC-10AD pumps, a SCL-10A system controller, a SIL-10A autoinjector and a RF-550
fluorescence monitor. The samples were diluted twice with 56% 0:1M ammonium
dihydrogenphosphate-44 % methanol, pH 3+4 (solvent A), and an aliquot (200 ul) was injected into an
Inertsil ODS-80A column. A 15-min linear gradient from 70% solvent A-30% methanol to 100%
methanol was employed at a flow rate of 1-:0 ml/min. Porphyrins were detected by fluorescence with
excitation at 398 nm and emission at 620 nm.

URO I and URO III were co-eluted under these hplc conditions. For the separation of the isomers,
12% acetonitrile in 1 M ammonium acetate, pH 5-16 was employed as the mobile phase (Tsai et al. 1987).

Assay of uroporphyrinogen 111 synthase (U ROgen I11-S) activity in vitro

The inhibition of UROgen I1I1-S by Irgasan DP 300 was demonstrated in vitro according to the
methods of T'sai et al. (1987) and Clementet al. (1982). The cytosolic fraction was prepared from the male
Wistar rat by differential centrifugation (20 min, 9000 g; 60 min, 105000 g) as described previously
(Hanioka et al. 1995). The intact and the heated (60 °C, 1 h) cytosolic fractions were applied as enzyme
sources of UROgen III-S and hydroxymethylbilane (HMB) synthase respectively. UROgen III-S
activity was measured in 0-6 ml incubation medium consisting of T'ris-HCI1 buffer (0-05 M, pH 7-8), KC1
(0-06 M), the intact cytosol (5 ul), the heated cytosol (115 ul) and PBG (2:5-12-5 um). Irgasan DP 300 was
dissolved in methanol and added to the incubation medium (final methanol concentration 1-7%). The
reaction was initiated by the addition of PBG and carried out at 37 °C for 15 min. The reaction was
terminated by adding 0+4 ml 10% (w/v) tricloroacetic acid-0-5% (w /v) iodine. After centrifugation,
URO I and URO III in the supernatant were analysed by hplc as described above.
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Figure2. Immunoblot analysis of P450 induction in rat hepatocytes. Proteins from pooled microsomes
were subjected to electrophoresis, electrophoretically transferred to nitrocellulose membranes and
immunochemically detected with anti-rat P450 antibodies. Each lane contained 5 ug (1A1/2 and
2B1/2) or 10 ug (2E1 and 3A2 /1) of microsomal protein. Lanes 1-5 contained microsomal protein
from Irgasan DP 300-treated hepatocytes: 1,7:8 um ;2,156 um; 3,31-3 um; 4, 62:5 um; 5,125 um.
Lanes 6-8 contained proteins from control, MC (5 um)- and PB (750 um)-treated hepatocytes
respectively.

Other methods
Protein concentrations were measured by the method of Lowry et al. (1951) using bovine serum
albumin as the standard.

Results

Induction of P450s in Irgasan DP 300-treated hepatocyte cultures

As summarized in table 1, Irgasan DP 300 induced P450-dependent mono-
oxygenase activities in rat hepatocytes. Of the enzyme activities assayed, the BROD
activity was the greatest, followed by PROD and EROD activities. The PNPH,
TS6BH and MROD activities were also slightly increased (< 2-fold) in the Irgasan
DP 300-treated hepatocytes. The maximum induction of these enzyme activities
was obtained at the same concentration of 125 um. At 250 um, all of the activities
were reduced to the almost undetectable level, reflecting the cytotoxity of Irgasan
DP 300 (LC,, = 150 um; data not shown).

The induction of P450 was further demonstrated at the apoprotein level by
immunoblot analysis using anti-rat P450 antibodies (figure 2). In accordance with
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Figure 3. Formation of UROgen I and UROgen III from hydroxymethylbilane.

the increase in BROD activity, Irgasan DP 300 preferably induced CYP2B1 /2 along
with a slight increase in 3A in rat hepatocytes. In contrast, 2E1 was not affected by
Irgasan DP 300, despite the induction of PNPH activity. Of interest was that 1A2
was detected at low levels in the Irgasan DP 300-treated hepatocytes. For this P450
isozyme, the maximum induction was observed at 62-5 uMm.

The results of both the enzyme assay and the immunoblot analysis clearly
indicate that Irgasan DP 300 was similar to phenobarbital (PB) as an inducer.

Inhibition of hepatocellular haem biosynthesis by Irgasan DP 300

Porphyrins accumulated in the hepatocyte culture were assayed after 24-h
exposure to Irgasan DP 300. In the absence of exogenous ALA, slight increases of
PROTO IX (2:6-fold) and COPRO III (1:3-fold) were observed in the hepatocyte
cultures treated with Irgasan DP 300 at 125 um (table 2). In contrast, when 75 um
ALA was present, Irgasan DP 300 caused an extensive accumulation of URO (13-
fold) at the concentration of 250 um. As shown in figure 3, two isomers of URO,
URO I and URO III, could be formed in the haem biosynthetic pathway. However,
URO I and URO III not separated from each other because both of the isomers co-
eluted under the hplc conditions used for the porphyrin profile analysis (ammonium
phosphate-methanol as mobile phase). Complete separation of the isomers was
achieved using ammonium acetate—acetonitrile as the mobile phase and URO I was
the isomer which accumulated in hepatocyte cultures treated with Irgasan DP 300
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Figure 4. Hplc chromatogram of URO in hepatocyte cultures treated with Irgasan DP 300 (250 um)
and ALA (75 um). URO I and URO 111 were separated using 12 % acetonitrile in 1 M ammonium
acetate, pH 5-16 as the mobile phase.
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Figure 5. Lineweaver—-Burk plot for the UROgen III-S activity in the presence of Irgasan DP 300.
Each point represents the mean+ SD from three determinations.

in the presence of exogenous ALA (figure 4). These results suggested that Irgasan
DP 300 possibly caused the accumulation of HMB as a result of UROgen III-S

inhibition.

In vitro inhibition of U RO gen I11-S activity by Irgasan DP 300

To test the possible inhibition of UROgen I11-S activity by Irgasan DP 300, a
coupled enzyme assay (T'sai et al. 1987) was carried out using cytosolic fractions
prepared from rat liver. In this assay system, PBG (substrate) was first converted to
HMB by HMB synthase in the heat-treated cytosolic fraction, then cyclized to
UROgen III by UROgen III-S in the intact cytosolic fraction. Figure 5 shows a
Lineweaver—-Burk plot for the UROgen I11-S activity observed in the presence of
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Irgasan DP 300. This plot demonstrated that Irgasan DP 300 directly inhibited
UROgen III-S in a non-competitive or a mixed (Competitive/non-competitive)
manner.

Discussion

Both the induction of P450 and the inhibition of haem biosynthesis have been
demonstrated in experimental animals intoxicated with polychlorinated aromatic
hydrocarbons. For example, TCDD and certain members of the PCB family
specifically induce CYP1A1/2 in the liver (Goldstein and Linko 1984, Dragnev et
al.1995), mediated by the aryl hydrocarbon (A#h) receptor (reviewed by Landers and
Bunce 1991), and additionally cause hepatic URO III accumulation (Poland and
Glover 1973, Goldstein et al. 1973, 1974, Vos and Koeman 1970). However the
mechanisms involved in the inhibition of UROgen 111 decarboxylase have not been
fully elucidated (Cantoni et al. 1984). Diphenyl ether herbicides, another class of
polychlorinated aromatic hydrocarbons, have been shown to inhibit proto-
porphyrinogen IX oxidase, resulting in the accumulation of PROTO IX (Matringe
et al. 1989). Some of the diphenyl ethers have also been demonstrated to induce
hepatic P450s (Jacobs et al. 1992, Krijt et al. 1993). In view of the structural
similarity to Irgasan DP 300, we studied the effect of Irgasan DP 300, a typical 2-
phoenoxyphenol, on hepatic P450 levels and haem biosynthesis.

In previous i viwvo studies, Irgasan DP 300 has been reported to increase
aminopyrine N-demethylase activity in mouse (Miller et al. 1981), suggesting that
Irgasan DP 300 is a PB-type inducer. Kanetoshi et al. (1992) reported that Irgasan
DP 300 significantly induced p-nitrophenetole O-deethylase (2-3-fold), biphenyl 2-
hydroxylase (2:3-fold), 7-ethoxycoumarin O-deethylase (2:0-fold), p-nitroanisole
O-demethylase (1.7-fold) and biphenyl 4-hydroxylase (1-3-fold) activities in rat.
From these latter results, however, it is impossible to identify the P450 isozymes
induced by Irgasan DP 300. In the present study, the induction of P450 was first
demonstrated by enzyme assays of MROD, EROD, PROD, BROD, PNPH and
TS6BH activities, which have been established as sensitive and highly selective
markers for the induction of P450 isozymes. Yang et al. (1988) reported that purified
rat CYP1A1l and 1A2 preferentially metabolize ethoxyresorufin and methoxy-
resorufin respectively. Dealkylation of pentoxyresorufin and benzyloxyresorufin has
been shown to be catalysed by purified rat 2B1 (Wolf et al. 1986, Yang et al. 1988).
The predominant contribution of 2E1 to 4-nitophenol hydroxylation in the rat is
generally accepted (Dicker et al. 1990). Rat 3A has been purified and shown to
metabolize testosterone to the 6B-hydroxy derivative (Halvorson et al. 1990). Of
these enzyme activities, BROD activity was the most increased in the Irgasan DP
300-treated hepatocytes (table 1), indicating the possible induction of 2B1/2. The
results obtained from our immunochemical study were mainly consistent with those
from enzyme assays. Irgasan DP 300 preferably induced 2B1/2 along with a slight
increase in 3A (figure 2), in accordance with the increase in BROD activity. Thus,
Irgasan DP 300 was identified as a PB-type inducer in rat hepatocytes. 2E1 was not
affected by Irgasan DP 300, despite the induction of PNPH activity. P450 isozymes
other than 2E1, such as 2B1/2 and 3A, might catalyse 4-nitrophenol hydroxylation
to a minor extent, and contribute to this discrepancy between PNPH activity and
2E1 apoprotein.

Exogenous ALA substantially altered the impact of Irgasan DP 300 on
hepatocellular haem biosynthesis. In the absence of exogenous ALA, Irgasan DP
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300 slightly increased PROTO IX and COPRO III in the hepatocyte cultures.
When ALA (75 um) was added alone, the hepatocytes accumulated mostly PROTO
IX and COPRO II1I, in accordance with previous results in mouse (Sinclare et al.
1990), rat and chick embryo hepatocytes (De Matteis et al. 1988). In the present
study, Irgasan DP 300 (250 um), together with exogenous ALA, induced an
extensive accumulation of URO at the expense of COPRO III and PROTO IX. The
URO isomer accumulated in the culture was URO I. In the haem biosynthetic
pathway, HMB is cyclized to UROgen I11 by UROgen 111 synthase, associated with
the intermolecular rearrangement of the D-pyrrole group (Battersby et al. 1982, Hart
and Battersby 1985). Another isomer UROgen I, a reduced form of URO 1, is
generated from HMB by spontaneous cyclization, or non-enzymatic reaction
(Battersby et al. 1982). Therefore, the accumulation of URO I we observed suggests
that Irgasan DP 300 may interfere with the UROgen III synthesis from HMB by
UROgen III synthase. As a test of this hypothesis, a coupled-enzyme assay of
UROgen III synthase activity was carried out in vitro. Although the mode of
inhibition was not fully elucidated, it was demonstrated that Irgasan DP 300 directly
inhibited UROgen III synthase. Thus, we showed that Irgasan DP 300 inhibited
hepatocellular UROgen 111 synthase, resulting in the accumulation of URO 1. The
accumulation of URO 1 has also been reported in the rare human disease of
congenital erythropoietic porphyria (CEP) which is characterized by the deficient
activity of UROgen III synthase (Deybach et al. 1981). The clinical syndrome of
CEP is dominated by extreme photosensitivity and haemolytic anemia. Irgasan DP
300 may induce such manifestations i vivo.
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