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Abstract—The effect of administration of phenobarbital (PB). polychlorinated biphenyls (PCBs) or 3-methyl-
cholanthrene (3-MC) on the metabolism of phospholipids in rat liver was studied by the i.p. injection of
[*?PJorthophosphate or [Me-'*C]choline chloride. The inducers were given to animals for 2 successive
days. PB had no significant effect on the incorporation rate of **Pi into liver microsomal phospholipid
classes 48 hr after the first administration. The rate of incorporation of ['*CJcholine into phosphatidyl-
choline (PCY in both subcellular components of the liver and blood plasma decreased slightly at this experi-
mental period. In addition. the ratio of ['*C] sp. act. of phosphorylcholine to that of microsomal phosphu-
lipid was considcerably higher on PB-treated rats as compared with the ratio in control rats. These and
previous findings strongly suggest that proliferation of liver endoplasmic reticulum (ER) membranes in-
duced by PB would be accompanied by the stimulation of phospholipid synthesis at the carly process of
induction and subscquently followed by the decrease in turnover rate of microsomal phospholipids. The
administration of PCBs, on the other hand, caused strong inhibition of both *2Pi and '*C incorporation
into PC in hiver subcellular fractions. The secretien of PC from liver cells to blood plasma was also strongly
depressed. In addition, phospholipid catabolizing activity was found to be depressed in the liver. These
results indicate that hypertrophy of ER membranes in the liver after PCBs administration could be due to a
depression of both secretion of lipoprotein from liver cells to plasma and catabolic activity toward mem-

observed in rats treated with 3-MC. There occurred a considerable accumulation of '#C activity in phos-
phorylcholine in the liver of rats treated with cither PCBs or 3-MC, suggesting strongly that these drugs
caused an inhibition of PC synthesis at the site of CDP-choline formation, namely the inhibition of the
reaction catalyzed by cholinephosphate cytidylyltransferase.

Many kinds of lipophilic substances, varying in their
chemical structure and biological effect, are known to
cause a considerable increase in vivo in the rate of
biotransformation of foreign compounds by the
induction of drug-metabolizing enzyme system in
liver ER. In this diversity of inducers, two main
groups are discernible differing in principle as to
their manifestations [1]. One group of inducers, to
which PB belongs, enhances the metabolism of a large
variety of substances and at the same time causes the
remarkable proliferation of ER membranes in the
liver; another group stimulates the metabolism of
only a few substrates without any apparent increases
in ER membrane components. Carcinogens having
plycyclic hydrocarbon structure such as 3-MC and
benzo(a)pyrene are comprised in the latter group.
In addition, the effect of these two groups of inducers
on the terminal oxidase in the drug-metabolizing
enzyme system are recognized to differ from each other.
Although both PB and 3-MC increase the concentra-
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Abbreviations -PC. phosphatidylcholine: PE, phosphati-
dylethanolamine: PI, phosphatidylinositol; PS, phosphati-
dylserine; Sph, sphingomyelin; ER, endoplasmic reticulum:
PB, phenobarbital: PCB, polychlorinated biphenyl: 3-MC,
3-methylcholanthrene.

tion of this hemoprotein in liver microsomes, 3-MC
induces the formation of cytochrome P448, exhibiting
spectral and catalytic activities differing from those of
cytochrome P450 induced with PB.

It is very interesting that polychlorinated aromatic
hydrocarbons such as Aroclor 1254 (a heterogeneous
group of chiorinated biphenyls containing an average
of 54 9%, chlorine) and hexachlorobenzene have been
recently proposed as representatives of a new class
of inducers which share the properties of both PB
and polycyclic hydrocarbon groups. causing the
formation of cytochrome P448, while eliciting the
more general enzyme induction response [2-4].

On the other hand, the important role of membrane
phospholipid, especially PC, playing in the micro-
somal drug-metabolizing system has been demon-
strated by thefindingthatthe preparation ofsolubilized
components cannot function in a reconstituted system
unless phospholipid is added [5,6]. The fact that
treatment of liver microsomes with phospholipascs
[7, 8] or with organic solvents [9, 10] causes a signi-
ficant decrease of drug-metabolizing activity also
indicates the essential role of phospholipid in this
system.

Thus, the possible relations between difference
of manifestations by each group of inducers and re-
quirement of membrane phospholipid for the activity
of drug biotransformation have led us to study the
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effect of typical inducers on phospholipid metabol-
ism in liver cells.

In the present study. the characteristic effects of the
administration of PB, 3-MC or PCBs on the phos-
pholipid metabolism were demonstrated in rat liver.

MATERIALS AND METHODS

Radioactive materials. [Me-"*C]choline (sp. act.
10 mCi/m-mole), [1-*H]ethan-1-ol-2-amine (sp. act.
3.80 Ci/m-mole), phosphoryl [Me-'*C]choline (sp.
act. 52 mCi/m-mole) and cytidine-5'-diphospho[ Me-
'4C]choline (sp. act. 50 mCi/m-mole) were purchased
from Radiochemical Centre, Amersham, U.K. Carrier
free H,[*?P]O, was purchased from Japan Atomic
Energy Research Institute.

Drug pretreatment of animals. Male Wister rats
weighing 90-110g were used for all experiments.
Rats were housed two per cage. fed Clea CF-2
Laboratory Chow, and allowed free access to water.
PCBs (Polychloro Biphenyl, Tetra. composed mainly
of tetrachlorobiphenyl isomers, obtained from Wako
Pure Chem. Ind. Co. Ltd., Japan) and PB were orally
given to experimental animals at dosages of 100
mg/kg/day and 80 mg/kg/day. respectively. as pre-
viously described [117. 3-MC dissolved in arachis oil.
was 1.p. administered at a dosage of 50 mg/kg/day.
All inducers were given once a day in the morning for
2 days and control animals were given cquivalent
volumes of the resolvents. Other details were des-
cribed in the previous paper [11].

Injection of labeled precursor and preparation of

subcellular components, In the morning of day 3,
radioactive precursor (200-250 nCi H,[**P]O, in
0.5ml of 0.1 M potassium phosphate. pH 7.4 or 3.8
uCi [Me-1*C]choline chloride in 0.5ml of saline)
was 1.p. injected into the control and drug-treated
rats. At 1 hr after the injection of the precursor, the
rats were killed by decapitation. Blood was collected
into the test tube containing heparin sodium (100
units). The livers were removed. washed twice with
ice-cold saline, and homogenzied in 4 vol. of isotonic
KCl with a Potter homogenizer fitted with a Teflon
pestle. The homogenate was then subjected to differ-
ential centrifugation in a Hitachi model 18PR-3
refrigerated centrifuge and Hitachi model 65P pre-
parative ultracentrifuge. After eliminating cell debris
and nuclei by centrifugation at 1,500¢g for 10 min,
mitochondrial fraction was sedimented from the super-
natant by centrifugation twice at 15,000 ¢ for 20 min.
and the resultant supernatant was again centrifuged
at 105,000 g for 60 min to yield microsomal and cyto-
plasmic fractions. The firmly packed pellet of micro-
somes was resuspended in isotonic KCl with the
Potter homogenizer and again centrifuged as above
to remove soluble cytoplasmic components.
Extraction and fractionation of subcellular phos-
pholipids. Both mitochondrial and microsomal frac-
tions were resuspended in small amount of isotonic
KCl, followed by extraction of lipids with 17 vol.
of chloroform—methanol (2:1. v, v) according to the
method of Folch er al. [12]. Microsomal phospho-
lipids were fractionated mainly by two-dimensional
thin layer chromatography (tlc.) as previously
described [11]. To the cytoplasmic fraction, tri-
chloroacetic acid (TCA) was added to a final con-
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centration of 3", and the acid-insoluble materials
were then sedimented by centrifugation. followed by
extraction of lipids with chloroform methanol as
described above.

Analysis  of water-soluble  radioactivity. Water-
soluble radioactive materials were analyzed by g
slight modification of the method of Bjornstad and
Bremer [13]. Acid-soluble fraction of 105000y
supernatant was washed three times with 15 ml of
diethyl ether to remove most amount of TCA and
brought to pH 8-9 with several drops of I M KOH,
and was then passed through a column {1.5¢m ~ 30
cm) of Dowex 1 x 4 (200-400 mesh, formate form).
Non-radioactive CDP-choline (1 pmole) was added
to the fraction before chromatography as an indicator
for absorption at 280 nm. The column was washed
with water and then eluted with a lincar gradient
of 0-0.04 N formic acid in a total volume of 300 ml.
Three peaks were obtained, containing 85 95 per
cent of the applied radioactivity. Peak 1. not retained.
contained free choline, betaine and other oxidative
metabolites of choline, Peak 2 contained phosphoryvi-
choline and Peak 3 CDP-choline (Fig. [).

Peak | was evaporated to dryness and further
chromatographed on Whatman No. 51 paper devel-
oped with 957 ethanol-concentrated NH OH (95:5.
v/v). Four major radioactive bands were obtained.
Choline, betaine. sarcosine were identified by refer-
ence compounds: a fourth band near the original
spot could not be identified.

Peak 2 was chromatographed on paper developed
with n-propanol-formic acid-water (60:24:16, v'v v},
More than 95 per cent of the radioactivity was
chromatographed with authentic phosphorylcholine.
which was clearly separated from phosphorylethanol-
amine, choline. betaine, sarcosine and CDP-choline.

CDP-Choline was focated in the fraction (Peuk 3)
cluted from the column. As the fraction was contamin-
ated with other nucleotides. it was further chromato-
graphed on paper developed with the same solvent
system as for Peak 2. Approximately 30--50 per cent
of the radioactivity was chromatographed with
authentic CDP-choline and the remainder was
detected running ahead of CDP-choline. but it was
not identified.

Assay of drug-metabolizing activity. Antline hy-
droxylase was measured with a slight modification
of the method by Imai er al. [ 14]. The reaction mixturc
contained 10 mM aniline. 100 mM Tris HCI buffer
(pH 7.9), 10 mM nicotinamide, 5mM MgCl . 3
mM glucose-6-phosphate (G-6-P), 0.5 mM NADP.
1 unit of G-6-P dehydrogenase (EC 1.1.1.49, from
Baker’s yeast, Sigma) and a suitable amount (0.2
0.4 mg of protein) of microsomes in a final volume of
1.0 ml. The reaction was carried out for 20 min at 37
aerobically with moderate shaking and stopped by the
addition of 0.5 ml of 20", TCA.

Aminopyrine demethylase was measured by some
modified method of Kato and Gillette [15] and or
Cochin and Axclrod [16] as follows: the reaction
mixture contained S mM aminopyrine, 100 mM potas-
sium phosphate buffer (pH 7.4). 10 mM nicotinamide.
SmM MgCl,. 10mM necutralized semicarbazide.
5mM G-6-P.0.5 mM NADP. | unit of G-6-Pdchvdro-
genase and a suitable amount (0.1 0.2 my of protein
of microsomesina final volume of 1.0 ml. The reaction



Effect of typical inducers of microsomal drug-metabolizing enzymes 2597
B . 0-0.04N Formic acid
800} Peak 1
H -130

[

. [‘

. 0
(. I .
¢ 600p- ‘l | ‘x
e | S % :

< . )
£ Q H £
S 2001 ¢ | —20 ©
b i o)
S il @
- gt -
Z [ . o
s | st s :
3 =z 1 i 5
L 2 [ " 8
ket < N 5
€ 8 Vola 2
) ° { i <

100 § i i
¢ i

Fraction number

Fig. 1. Fractionation of water-soluble choline compounds through a column of Dowex | » 4 (formate
form)

Acid soluble fraction of 105,000 g supernatant was washed three times with 15 ml of diethy! ether and
brought to pH 8-9 with several drops of I M KOH, and was then passed through a colmun (1.5¢m x 30 cm)
of Dowex 1 x 4 (200-400 mesh, formate). The column was washed with 40 ml of water and then eluted
with a linear gradient of 0-0.04 N formic acid in a total volume of 300 ml. Fractions of either 10 mi {fraction
No. 1-15) or S mi (No. 16-50) were collected and assayed for radicactivity and light absorption at 280 nm
as indicated. Non-radioactive CDP-choline (1 umole) was added to the fraction before chromatography

as an indicator for absorption at 280 nm.

was carried out for 30 min at 37° with shaking and
stopped by the addition of 0.5 ml 209, (w/v) ZnSO,,
and then 0.5 ml of a saturated solution of Ba{OH), was
added. After centrifugation.a 1.0 mlaliquot wastreated
with 0.5ml of double-strength Nash reagent [17],
and heated in a water bath at 60° for 30 min and then
color intensity was determined. Known amount of
formaldehyde (quantitatively derived from hexa-
methylenetetramine) carried through the incubation
and assay procedure was served as standard.

Cytochrome P450 and b, content, and ethyliso-
cyanide difference spectra of microsomes were deter-
mined by the method of Omura and Sato [18] using
Hitachi model 323 spectrophotometer.

Both NADPH-cytochrome ¢ and NADH-cyto-
chrome b, reductase activities were measured by the
method of Omura and Takesue [19] and Takesue
and Omura [20], respectively, using a Gilford 240
spectrophotometer.

Phospholipid hydrolyzing activity. Phospholipid
hydrolyzingactivity inliver homogenate wasmeasured
using endogenous substrate labeled by either [ Me-
*4C]choline or [1-*Hethan-1-ol-2-amine.

Male rats weighing 110-120 g were fasted for 12 hr
and ip. injected with either 15 uCi of ['*C]choline
or 50 uCi of [*HJethanolamine, dissolved in 0.5 ml
of saline. The rats were killed by decapitation 2 hr
after the injection. Liver microsomes were then pre-
pared as described above except that the liver was

homogenized with 9 vol. of 0.25 M sucrose containing
10 mM Tris~HCI {pH 7.4). Well washed microsomes,
resuspended in small amount of sucrose-buffer,
contained approximately 13,000 cpm/mg protein,
850 cpm/ug lipid-P for '*C or 18,000 cpm/mg pro-
tein, 1000 cpm/pug lipid-P for *H, respectively. More
than 93 per cent of '*C-activity and 87 per cent of *H-
activity in lipids were detected in PC and PE, res-
pectively, by t.lc.

The assay system for phospholipid hydrolyzing
activity contained 50 mM Tris~-HCl (pH 7.4), 20
mM CaCl,, either *C- or H-labeled microsomes
(20,000-23,000 cpm) and 0.3 ml of 20 per cent liver
homogenate (10-15 mg protein) in a final volume of
1.O0ml The reaction was carried out 1 or 2hr at
37° with moderate shaking and stopped by the addi-
tion of chloroform—methanol (2:1, v/v) followed by
extraction of lipids. The radioactivity found in water—
methanol layer was directly counted and '*C- or
*H-labeled hydrolysis products in the chloroform
layer were separated by t.lc. developed with either
chloroform-methanol-water (65:25:4, v/v/v) or first
chloroform-hexane-aceticacid (65:35:2, v/v/vifollow-
ed by chloroform-methanol-water (65:35:4, v/v/v),
respectively. In the latter system, lyso-PE could be
separated from other phospholipids [217.

Other analyses. Organic phosphorus was deter-
mined by the molybdate-ascorbic acid method after
digesting with 707, (w/v} perchloric acid [22]
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Protein was determined by the method of Lowry et al.
[23] with bovine serum albumin as a standard.
Radioactivity was determined in a Packard Tri-
Carb hiquid scintillation spectrometer model 2002
using 10 ml of toluene-ethanol (7:3, v/v) with 0.47,
{w/v} 2,5-diphenyloxazole and 0017, (w/v} 2,2-
p-phenylene-bis{5-phenyloxazole) for lipid-soluble
materials, 1 m! of water and 10 ml of Instagel {Pack-
ard} for water-soluble materials. In the case of deter-
mining the radioactivity in whole homogenate or
blood plasma, 0.2 ml of the sample was solubilized
by 1 ml of NCS {Amersham/Searle) overnight, and
then counted using toluene-ethanol system described
above. Counting efficiency was corrected by the
cxternal standard channel ratio method.

RESULTS

Effect of PB, PCBs and 3-MC on microsomal
drug-metabolizing components. As shown in Table [,
the administration of either PB or PCBs for 2 days
caused significant increases of microsomal protein
content, cytochrome P430 content, and sp. act. of
both aminopyrine demethylase and NADPH-cyto-
chrome ¢ reductase. Aniline hydroxylation activity
was also significantly induced by PCBs but not by
PR.

No apparent increase, on the other hand, of micro-
somal protein content, NADPH-cytochrome ¢ reduc-
tase and aminopyrine demethylase activities was
detected by 3-MC, but both cytochrome P450
content and aniline hydroxylation activity were
enhanced, though with a lesser magnitude than those
by PCBs.

Cytochrome b, content and NADH-cytochrome
¢ reductase activity, however, neither of which is
known to be essentially involved in microsomal
drug-metabolizing system, were not significantly
changed by the treatment with any of these inducers.

These findings, almost in agreement with those
obtained by others {1, 24-26], indicate that the ani-
mals in experimental groups made response to given
inducers.
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Fig. 2. Carbon monoxide-difference spectra of microsomes
from untreated rats and rats treated with PB (80 mg/kg/day).
PCBS (100 mg/kg/day) or 3-MC (50 mg/kg/day) for 2 days

CO-difference spectra with a peak at 450 nm were
observed with microsomes from untreated or PB-
treated rats as expected [27]. When rats were treated
with PCBs, a peak shift occurred and CO-binding
pigment exhibited an absorption maximum at 448 nm
as was seen with microsomes from rats treated with
3-MC (Fig. 2).

When ethylisocyanide, instead of CO, was used as
the ligand for the reduced microsomal hemoprotein,
spectral peaks at 427 and 451-454 nm were observed
{Fig. 3). As can be seen on the inset in Fig. 3, treat-
ment with PCBs resulted in a marked increase in the
ratio of 451:427 nm peak, similarly to that with 3-MC.
In contrast, with PB, the ratio of 454:427 nm peak
was about the same as that observed in untreated
rats. The data obtained with 3-MC and PB are similar
to those previously reported [27-30] and with PCBs

Table 1. Effect of PB. PCBs or 3-MC on microsomal drug-metabolizing components

NADH.

microsomal cytochrone cutachrome NADPH-
proteing ortorhrome evtachrome
Bady wi Liver fiver AN hyd.¥ AM dem .t P430e bt o8 ¥
reduvtiase
{g} 4 img)

Eaperinent | - - e e
Contrnd 04ty ERIE RIS 179 = 1.2 276+ 31 1177 + 56 (81 4 009 433 + 002 4 ooad R L&
PR G4 - 3 48+ D 278 £ 08 s =12 2187 £ 93 B9R + 010 026+ 008 SR UE A B UR
(5 of control) (55 1183) 1244) 1156

Faporiment 2
Content et S 42+ 403 94 . 21 241 =27 W82+ 94 877 4 04 [ERESE i3] 396 2% 305 - nn
POB m{‘:;ﬁ K] 39 R 02 REJIE 38 364 £ 32 2532+ 4 36 £ 040 D25+ 002 RE7F S RES IR
™, of vontrof} (R A (15h (197 (449} [SERT)
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Contraod RUBERE S 41 402 17.0 4+ 0.2 M43+ 29 1457 + 8.4 0.78 — 0.8 3+ 002 687 - 43 Aew o 0Ly
P AR Wi} ERE R 19.1 + 06 7+ 27 1390 = 9.6 1.35 % 49 226 + 02 AN < AT AR
£ of conirol IR RAH
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PB (80 mg-kgrduy), PCBs (100 mg/kg duy) or 3-MC (50 mg/kg day) was administered for 2 days. On day 3. the animals
were killed by decapitation and liver microsomes were prepared as described in the text, The values are means + SE M. from
four animals.

* nmoles p-aminophenol/20 min/mg protein
I nmoles formaldehyde/30 min/mg protein
+ nmoles/mg/protein

§ nmolesmin/mg protein

€ pmoles/mg/protein.
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Fig. 3. FEthylisocyanide difference spectra of microsomes
from untreated rats and rats treated with PB (80mg/
kg/day). PCBs (100 mg/kg/day) or 3-MC (50 mg/kg/day)

for 2 days
Ratio of 455 nm to
Treatment 430 nm peak
Ceontrol 0.23
PB 0.31
PCBs 0.71
3-MC 0.82

to those reported by Alvares et al. using Aroclor
1254 [2].

Effect of the inducers of drug-metabolizing compon-
ents on phospholipid biosynthesis in rat liver. It was
reported elsewhere that the administration of PCBs
caused a significant decrease in the rate of 3*Pi
incorporation into microsomal phospholipids in
rat liver, mainly due to the decrease in incorporation
into choline-containing phospholipids such as PC
and Sph [11]. PB, on the other hand, had no sig-
nificant effect on the incorporation rate of *?Pi
into liver microsomal phospholipid classes 48 hr after

2599

the first administration [11]. Then, additional study
was made with respect to the effect of 3-MC on **Pi
incorporation into microsomal phospholipids in rat
liver. The results are shown in Table 2 together with
the previous data for comparison. No significant
increase in microsomal phospholipid as well as
protein content (Table 1) was observed in 3-MC-
treated rats, suggesting that no apparent proliferation
of ER membranes occurred, unlike the case of etther
PB- or PCBs-treated rats. The rate of *?Pi incorpora-
tion into microsomal phospholipids, however, showed
significant decrease, which was mainly due to the
decrease in incorporation into PC, as in the case of
PCBs, aithough the extent was smaller than that with
PCBs.

In order to characterize the inhibitory effects of
both PCBs and 3-MC on PC synthesis in rat liver,
further investigations were carried out using rats
injected labeled choline as to the incorporation into
the microsomal phospholipid. The radioactivity of
whole liver homogenate, as well as that of blood
plasma, was measured 1hr after the injection. As
shown in Table 3, there was no significant difference
in *#C-activities in whole liver homogenate between
control rats and rats treated with the inducers, suggest-
ing that the process of choline entry into liver cells
was not significantly affected by pretreatment with the
inducers. In addition, since the activities detected
in blood plasma of all groups were far smaller than
those in liver homogenate, the influences of any
contamination of radioactivity derived from the blood
plasma in the liver homogenate could be neglected.
On the other hand, the levels of '*C-activities in
plasma and also in plasma lipid were lower in the
rats pretreated with the inducers as compared with
thosein thecontrol. Particularly, theactivityin plasma
lipid in the rats treated with PCBs was remarkably
low, showing less than 15 per cent of that in the con-
trol rats. It is suggested that either (or both) the secre-
tion of lipoprotein from liver cells or/and the synthesis
of PC from free choline in the liver would be strongly
depressed in the rats treated with PCBs.

The phospholipid content and '*C sp. act. in both
liver subcellular components and blood plasma are
shown in Table 4. The phospholipid content in both
microsomal and mitochondrial fractions were on the
same level in either control rats or rats treated with
3-MC. In contrast, the content in the former was over

Table 2. Effect of PB, PCBs or 3-MC on the incorporation of [ **PJorthophosphate into the phospholipidof rat liver micro-

somes
microsomal
protein/g Sp. act. {cpmypg lipd-Py
Body wt Liver liver Total PLs PC PE P1 PS Sph
ig) (g (mg)
Experiment 1
Contro} 93+ 6 47+ 08 410 1032 379 4 36 254 4 %4 839 4 101 127+ 44
PB RHE S3 303 917 + 151 P74 2444 19 5282 53 145 1 3
Fxperiment 2
Control YR+ 4 40 + 04 5494 £ 053 310 £ 17 297 + 4] 454 1 42 CESE N 2116 REICE
PCBs 95 21 63 +03 1348 + 148 134 + 21 60+ 20 2631 36 N3 7 1202 1207
Experiment 3
Control 04+ 3 4.1 + 0.1 601 + 0.86 1375+ 70 1519 + 91 1687 + 164 431 - 38 195 4 59 RELEIE o
3-MC 109 +3 30+ 01 526 + 048 723 + 61 619 + 104 1219 + 221 S 04 1IR 410

o0+ 10

PB (80 mg/kg/day), PCBs (100 mg kgiday) or 3-MC (50 mg/kg/day) was administered for 2 days. On the day 3[**Plortho-
phosphate (200-250 uCi) was 1.p. injected 1 hr before the animals were killed. Other experimental procedures are described
in methods. The values are means + S.E.M. from four animals.
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Table 3. Effect of PB, PCBs or 3-MC on the incorporation of ["*Clcholine into the liver and blood plasma
Radioactivity in Radioactivity in
Treatment Body wt Liver liver homogenate blood plasma
(dpm; wholc (dpm:m] tdpmoin hiped
(g) (g) (dpm/g liver) hiver plasma ml plasma)
x 10*

Control 100 + 8 40+ 0.5 849 + 137 3383 + 227 19,560 4+ 2012 ]l_HH”;WMIWV
PB 100 + 6 5.0 +03 732+ 33 366.7 + 7.3 13,395 + 186 6453 = 419
PCBs 100 + 6 57 +04 658 + 6.9 37477 + 284 10,154 + 1689 1326 + 297
3-MC 96 + 5 44 4+ 04 814 + 9.3 3545+ 96 13,206 + 1867 6738 1543

PB (80 mg/kg/day). PCBs (100 mg/kg/day) or 3-MC (50-mg; kg, day) was administiered for 2 days. On the day 3. [Mo-"'C]
Qholme chloride (3.8 1Ci) was i.p. injected Uhr before the animals were killed. Other experimental procedures were deseribed
in the text. The values are means + S.F.M. from four animals.

Table 4. Effect of PB. PCBs or 3-MC on the incerporation of {'*Clcholine into the phosphelipids of Hver subcellular trac-

tions and blood plasma

Microsomes Mitochondria Cytosol Blood plasma

PLs/g dom/pug PLs:g dpm; ug PlLs/g dpm/ g PLs:ml dpm ug

liver lipid-P liver lipid-P liver lipid-P plasma hipid-P
Treatment (mg) (mg) (1g) (pg)
Control 69+ 04 1001 4+ 113 64 £ 02 454 + 44 822 + 72 510 + 58 979 4 63 286+ 3
PB 144 + 1.7 714 + 61 59 + 03 332 + 27 659 + 78 402 + I8 846 + 124 195 = 32
(", of control) (71.3) (73.1) (78.8) (68,21
PCBs 16.7 + 1.3 24+ 63 6.9 4+ 08 156 - 23 634 + 64 171 + 35 TO0 0 ON 49 .07
(°, of controh (32.4) 134.4) {33.5) (17,1
3-MC RO+ 1.0 89474 7510 399 4 3 90 - 46 490 4 40 98T 4+ IRd LTS - 39
", of controly (83.8) (R7.9) 196.1) 162.21

Experimental conditions were the same as in Table 3. Other details were described in Methods, The vatues are means -

S.E.M. from four animals.

2-fold higher than in the latter in the rats treated with
either PB or PCBs. More than 98 per cent of the '*C-
activities incorporated into lipids of each subcellular
fraction and plasma lipids were detected in PC, and
the remainder, less than 2 per cent were detected in lyso-
PC and Sph. The sp. act. of phospholipids were always
the highest in microsomal fraction, and declined in
the order in cytosol, mitochondrial fraction and the
lowest in blood plasma of all experimental groups.

The sp. act. of microsomal, mitochondrial. cytosol
fractions and blood plasma in the rats treated with
PCBs were 32, 34, 34 and 17 per cent, respectively,
of those in the control rats, demonstrating that PCBs
caused a considerable inhibition not only of the syn-
thesis of PC in liver cells, but also of the secretion of
PC from the liver to the blood plasma in a form of
lipoprotein. In the 3-MC-treated rats, on the other
hand. there appeared no significant difference in '*C
sp. act. of each subcellular component as compared
with the control rats, in spite of the fact that *2Pi
incorporation into microsomal PC was considerably
depressed (Table 2).

Further investigation was carried out with respect
to the distribution of '*C-radioactivity in water-
soluble percursors of PC. As shown in Table 5.
'4C-activity in the water-soluble fraction of the liver

from the rats treated with PCBs was relatively higher
thanthatfromanyofthe other three groups. This result
is in good agreement with the finding that the rate
of '*C-incorporation into the lipids of every sub-
cellular fraction was strongly depressed in the PCBs’
group (Table 4).

It is noteworthy that the amount of radicactivity
incorporated into phosphorylcholine was approxi-
mately 6-fold and 4-fold higher in the PCBs- and
3-MC-treated rats, respectively. than in the control.
The sp. act. of phosphorylcholine in these two groups,
on the other hand, was not more than 3-fold and 2-fold.
respectively, when compared with that in the control.
These findings suggest that there must be a large
pool of phosphorylcholine present in the liver of the
rats treated with either PCBs or 3-MC. In contrast.
the amount of radioactivity incorporated into phos-
phorylcholine was lower. but sp. act. of phosphoryl-
choline was higher in the PB-treated rats than in the
control, suggesting that there must be a relatively
small pool phosphorylcholine in this group.

Peak 1 fraction was further chromatographed on
paper into three main components, and per cent
activity among them is shown in Table 6. The amount
of radioactivity incorporated into betaine plus sarco-
sine fraction was predominantly higher 1 both con-
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Table 5. Effect of PB, PCBs or 3-MC on the incorporation of {'*Cjcholine into water-soluble components of rat liver

Sn. act. of

3P act

Total water- Phosphoryl- phosphoryl-
soluble Peak 1 choline Peak 3 choline
Treatment dpm/g liver dpm/g liver dpm/g liver dpmy;g liver dpm/ug P
x 10° x 103 x 10°
Control 178 + 54 150 + 52 12,1 + 39 145 + 77 1031 + 245
PB 143 + 24 15 £ 21 81+ 19 222 4+ 60 1525 + 425
PCBs 280 + 45 164 + 19 74.5 + 19.5 332 + 68 2726 + 178
3-MC 158 + 28 107 + 21 447 + 96 165 + 22 2120 + 140

Experimental conditions were the same as in Table 3. Other experimental details were described in Methods. The values are

means + S.E.M. from four animals,

Table 6. Distribution of '*C-activity among not-retained
compounds through Dowex 1 x 4 column

Table 7. Effect of administration of PB, PCBs or 3-MC

an phospholipid hvdrolyzing activity in rat liver
an phospholipid hy yzing Y

Not-identi- Y4 Coactivity( %) in 3H-activity(”,) in
Betaine plus  fied polar water- water-
Treatment Choline Sarcosine  metabolite soluble soluble
(") (") (") Treatment  fraction lyso-PC  fraction  lyso-PE
Control 156 + 24 770 + 1.7 7.1+ 1.1 Control 37.28 19,34 4.0.34 117111
PR 9.1+ 10 79.0 + 6.3 119 + 68 (0.1,04) (36,277 (02,03} (83,109)
PCBs 142 4+ 2.5 43.0 + 3.6 429 + 58
MC 203+ 14 527+68 271 +79 PB 32,31 1.9, 2.1 34.29 109,120
(0.0,0.6) (19.3.0) (0.2.0.5) (6.2,8.2)
Experimental conditions were the same as in Table 3.
Other details were described in the text. The values are P(Rs 34,25 28,20 33 30 47.69
means + S.E.M. from four animals. (0.3,00) (23,25 (0.2,00) (2.6,4.5)
tral raie and rate trantad with PR 77 and 70 per cont 3-MC 42,33 19,32 35,38 9.3, 9.9
trol rals and rats treated with PB: 77 and 79 per cent - 283 04 L6
respectively, of the total activities detected in Peak 04,000 (28,26) (06,04 (10.1,65)
lngn ,t‘tlfk?‘ }Lr"l]aild f}t}’fr‘;FF?E“?EE—I\:I,S;C?USE(‘ Rats were administered PB (80 mg/kg/day). PCBs (100
\,klllblubldul‘y 111511 G lJUlallUll Ul tauld bllVlly o mg/kg’f’d‘dy) or 3-M(‘ (50 mg//rkg‘;rday) fOr 2 da)’s On day
unidentified polar component. 3, the animals were killed by decapitation. Incubation

IL/[(LI Uf f”l( mum ers U[ uruq r"('ltt”()ll,_l"(/ compon-

ents on phospholipid catabolism in rar liver. Catabolic
activities of endogeneously labeled PC and PE were
compared among liver homogenates of four groups
of rats. The rate of hydrolysis was shown as the per-
centages of both water-soluble labeled products
reieased and labeled iyso-derivatives formed, when
sodium deoxycholate, which is known to inhibit
lysophospholipase activity [21, 317, was either present
or not in the incubation mixture.

As seen in Table 7, the percentages of PE hydrolyzed
to the lyso-form was considerably less in the PCBs-
treated group than those in the other three groups,
in either case with or without deoxycholate in the
mixture. There was no apparent difference, however,
in the activities of lyso-PC formed during the incuba-
tion among respective groups.

DISCUSSION

Orrenius and co-workers [32-34] first found that
PB markedly increased the rate of **Pi-incorporation
into phospholipid of liver microsomal fraction, and
they suggested that enhanced phospholipid synthesis
was an early step in the proliferation of liver ER
induced by PB. Young er al. [ 35] and recently Davison
and Wills [36] reported that an increased synthesis
of phospholipid in the liver of PB-treated rats resulted
from a stimulated synthesis of PC via methylation of

mixture Lomamed 50 mM Tris—HCl (pH 7.4), 20 mM CaCl,,

either **C- or *H-labeied microsomes (20.000-23,000 cpm)
and 0.3ml of 20", liver homogenate (10-15 mg of protein)
in a final volume of 1.0 ml. The values indicate the results of

eterminations an o5C if parentheses renresen
duplicate determinations and those in palcu‘ulcacs represent

the experiments run in the presence of 22, sodium deoxy-
cholate. Other experimental procedures were described in the
text.

PE. In addition, it has been shown that the activities
of S-adenosvimethionine: PE methyltransferase [ 36,
37]. acyl CoA:sn-glycerol-3-phosphate acyltransfer-
ase [37, 38] and acetyl CoA carboxylase [ 39] increase
in vitro at an early time after the injection of PB.
Holtzman and Gillette [40]. Stein and Stein [41]
and Infante er al. [42], however, failed to confirm
these results and found that PB increased hepatic
microsomal phospholipid by inhibiting the catabol-
ism rather than by stimulating the synthesis. Accord-
ing to our previous paper [11], an increase of micro-
somal phospholipid content caused by PB was prob-
ably attributable. at least in part. to an actual increase
in hepatic PC synthesis, since the rate of incorporation
of *?Pi into phospholipid, especially into PC, was
markedly stimulated 12 hr after a single dose of PB.
In the present study, however, the incorporation
experiment of [**C]choline indicates that the syn-
thesis of PC in the liver keeps relatively low 48 hr
after the first administration of PB (Table 4). In
addition. the ratio of sp. act. of phosphorylcholine
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to that of microsomal phospholipid (Tables 4 and 3)
was considerably higher in the PB-treated rats
(approximately 2.1) as compared with the ratio in the
control (1.0). also suggesting a slower conversion of
phosphorylcholine to PC in this experimental group.

Thus, our results in vivo support a view that pro-
liferation of ER membrane induced by PB would be
accompanied by the stimulation of phospholipid
synthesis at the early process of induction and sub-
sequently followed by the decrease in turnover rate
of microsomal phospholipids. However. the in vitro
study of phospholipid catabolism using liver homo-
genate showed no significant difference between
control and PB-treated rats (Table 7). unhke the
results reported by Stein and Stein [41].

In the previous paper [11], it was suggested that
PCBs (or the metabolites) caused a severe inhibition
of PC synthesis in the process of CDP-choline forma-
tion via phosphorylcholine, namely the inhibition
of reactions catalyzed by choline kinase and/or
cholinephosphate cytidylyltransferase.

The present study demonstrated that there could
be at least 2-fold accumulation of phosphorylcholine
occurred in the liver of rats treated with PCBs
(Table 5). These findings suggest strongly that the
process from phosphorylcholine to CDP-choline
is the possible site of PCBs-induced inhibition. In
view of this point, it has been proposed that the reac-
tion catalyzed by cholinephosphate cytidylyltrans-
ferase is the rate-liniting step of PC synthesis in the
liver [43] as well as other tissues [44—46]. It has been
also suggested that the activity of the liver enzyme,
mainly located in 100,000 ¢ supernatant fraction. is
possibly controlled by some kinds of membranous
phospholipids [47,48]. Therefore, it would be ex-
pected that cholinephosphate cytidylyltransferase
activity would be easily affected by the lipophilic
environment, cspecially by the highly lipophilic
invader such as PCBs.

Phospholipids synthesized in ER membranes of the
liver are considered to be rapidly transferred to other
intracellular membranes such as mitochondria by
phospholipid exchange proteins [49.50]. However,
since the ratios of sp.act. of microsomal. mitochondrial
and cytosol fractions in the rats treated with PCBs
to those in the control rats, were on the similar level
(Table 4) the transfer activity of PC would not be
significantly affected by the PCBs-administration.
On the other hand. the secretion process of PC from
liver to blood plasma in a form of lipoprotein was
considerably inhibited by PCBs or the metabolites
(Tables 3 and 4). A decreasec of cnzyme activity in
phospholipid catabolism was also observed in the
liver of the rats treated with PCBs (Table 7) when
endogenous PE was used as a substrate. However,
the hydrolyzing activity to PC detected by liver
homogenate was too small to be compared among
each group.

In conclusion, the phospholipid accumulation in
the liver ER membranes after PCBs-administration
is strongly suggested by the data presented here (o
be due to a depression in the secretion from hepato-
cytes to plasma. The inhibition of catalytic activity
to phospholipid would significantly participate in the
hypertrophy of ER membranes in the liver.

Few findings have been reported concerning the

K. ISHIDATE. M. YOSHIDA and Y. NAKAZAWA

alteration of phospholipid metabolism caused by
the administration of 3-MC. Recently Davison and
Wills [36] reported that 3-MC caused a considerable
decrease in the turnover rate of microsomal phos-
pholipid in rat hiver. although the precise mechanism
remained obscure. In the present study. it was demon-
strated that the rate of *?Pi incorporation into liver
microsomal PC decreased to less than one half of
that in the control rats {Table 2). In addition. the
radioactivity derived from [ "*C’Jcholine was accumu-
lated preferentially in phosphorylcholine in the Liver
as compared with that in the control (Table 3).
These findings suggest that 3-MC. as in the case of
PCBs. causes an mmhibition of PC svnthesis at the
site of CDP-choline formation.

On the other hand, the rate of incorporation of
['*C]Jcholine into liver subcellular fractions did
not significantly decrease by 3-MC (Table 4). differing
from the results with **Pi as the precursor (Table 2.
From the present result. however. no definite ex-
planation on these differences can be drawn. ['#C]-
Choline is incorporated into PC by CDP-choline
pathway [51], but two other known ways could be
considered: the methyl group could be refocated 1o
methionine during oxidation of choline [52] and
utilized in the methylation of PE [33). or {'*C]-
choline could be incorporated into PC by an ex-
change reaction similar to that observed in a system
in vitro [54]. Thus, the stimulation of the activities
involved in either or both of the above pathwayis)
might be a plausible explanation. In connection with
the former possibility, it would be interesting to note
that a relatively high amount of *C-radioactivity
was observed in the water-soluble polar component
in the liver of rats treated with 3-MC {Table 6).

The precise mechanisn of inhibition. caused by
both PCBs and 3-MC. in the reaction catalyzed by
cholinephosphate cytidylyltransferase is now under
ivestigation in our laboratory
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