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A b s t r a c t - - I n  order to establish the mechanism of perturbation of hormonally regulated calcium hom- 
eostasis in hepatocytes caused by menadione, the effects of menadione on hepatic ml-adrenergic 
receptors and on act-adrenergic receptor-mediated increase in cytosolic free calcium concentration were 
determined. Menadione had no detectable effect on the aq-adrenergic receptor but significantly inhibited 
(-)-epinephrine-dependent increases in intracellular free calcium concentration in Quin2 acetoxymethyl 
ester-loaded hepatocytes. The horrnonally induced increase in intraceUular free calcium concentration 
is caused by formation of inositol 1,4,5-trisphosphate (IP3) which binds to a specific receptor and causes 
a release of intracellular ATP-dependently sequestrated calcium. The IPa-stimulated release of calcium 
from intracellular pools in hepatocytes was inhibited to a great extent after treatment with menadione. 
This inhibition could also he observed after treatment of hepatocytes with p-benzoquinone and N- 
ethylmaleimide and could not be reversed by the thiol-reducing reagent dithiothreitol which indicated 
covalent binding to an essential free sulfhydryl group. The inhibition of IP~-dependent release of 
intracellular calcium was accompanied by a large increase in the number of detectable IP3 receptors 
without any change in the dissociation constant as determined in permeabilized hepatocytes. The increase 
in IP3 receptors caused by menadione could be reversed by dithiothreitol which suggests the involvement 
of free sulfhydryi groups. It is concluded that the IP3 receptor plays an important role in the mechanism 
of menadione-induced perturbation of hormonally regulated calcium homeostasis in rat hepatocytes. 

Incubation of hepatocytes with toxic compounds 
such as carbon tetrachloride and menadione has 
been reported to lead to a sustained rise in 
intracellular free calcium concentration [1, 2], which 
has been suggested to play an important role in 
mediating toxic cell damage and ultimately in cell 
death [3, 4]. Many hormones and neurotransmitters 
elicit their responses by inducing rapid transient 
increases in intracellular free calcium concentration 
[5, 6]. A sustained increase in intracelllular free 
calcium concentration caused by toxic compounds 
might not only induce cell damage but might also 
lead to a perturbation of hormonally regulated 
calcium homeostasis. 

In rat hepatocytes stimulation of the t~-adrenergic 
receptor by (-)-epinephrine leads to increased 
breakdown of inositol phospholipids [7}. The two 
major metabolites formed by this breakdown are 
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diacylglycerol [8] and inositol 1,4,5-trisphosphate 
(IP3)t [9]. IP3 induces a rapid release of calcium 
from intracellular stores by interacting with a specific 
receptor and this causes a rise in intracellular free 
calcium concentration [10]. 

The signal-transduction from the binding of ( - ) -  
epinephrine to the aq-adrenergic receptor to the 
increase of intracellular free calcium concentration 
contains multiple target sites for oxidative stress or 
sulfhydryl reagents. 

It has been shown that the hepatic oq-adrenergic 
receptor protein is vulnerable to oxidative stress and 
can be damaged by sulfhydryl reagents [11-13]. Also 
the aq-adrenergic receptor-stimulated breakdown of 
inositol phospholipids can be inhibited by oxidative 
stress or sulfhydryl reagents [14]. Recently, it was 
shown that the IP3-receptor is sensitive to incubation 
with sulfhydryl reagents or menadione [15, 16] which 
is consistent with the observation that sulfhydryl 
reagents inhibit IP3-dependent release of calcium in 
bovine adrenal cortex microsomes [15]. 

In this study we investigated the effects of 
treatment of hepatocytes with menadione on ( - ) -  
epinephrine-induced rises in intracellular free 
calcium concentration. We tried to elucidate the 
mechanism of menadione-induced perturbation of 
oq-adrenergic receptor-mediated calcium hom- 
eostasis by focusing on the aq-adrenergic receptor 
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protein, on IP3-dependent release of calcium from 
intracellular stores and on the IP3-receptor protein. 

MATERIALS AND METHODS 

Isolation of hepatocytes. Rat hepatocytes were 
prepared by EDTA-dissociation according to Mere- 
dith [17]. In brief, male Wistar rats (Harlan 
CPB, Zeist, The Netherlands) of 180-222 g were 
anaesthetized by i.p. injection of Nembutal ®. The 
portal vein was cannulated and an incision in the 
heart was made to allow outflow of the perfusate. 
The flow rate was adjusted to 50-55 mL/min. The 
perfusion buffer contained 140mM NaC1, 5 mM 
KC1, 0.8 mM MgCI2, 1.6 mM Na2HPO4, 0.4raM 
KH2PO4, 25 mM NaHCO3 and 2 mM EDTA, pH 
7.4. The buffer was saturated with 02 by leading 
carbogen through the solution and the temperature 
was adjusted to 37 °. The perfusion was terminated 
after 30 min. The liver was removed, washed and 
minced in wash buffer. The wash buffer was the 
perfusion buffer without NaHCO3 and EDTA, but 
with 1 mM CaCIz. The wash buffer was stored at 4 °. 
The isolated hepatocytes were allowed to sediment 
under gravity and subsequently washed twice by 
centrifugation at 50g for i min. After the last 
centrifugation step the cells were resuspended in 
20 mL wash buffer and diluted with 34 mL buffered 
PercoU ®. The Percoll solution was made by adding 
10 mL 10× stock solution to 90 mL Percoll. The 10× 
stock solution contained 1.4 M NaCI, 50 mM KCI, 
8 mM MgC12, 16 mM Na2HPO4 and 4 mM KH2PO4. 
The buffered Percoll solution was stored at 4 °. The 
hepatocytes were pelleted by centrifugation at 50 g 
for 5 min. In some experiments cells were isolated 
by using the collagenase perfusion method [18]. 
Collagenase-isolated cells were washed three times 
in PBS followed by centrifugation in buffered Percoll 
solution. 

Cells were resuspended in Leibowitz L-15 medium 
supplemented with 20 mM Hepes, 5.5 mM glucose, 
25 mM NaHCO3 and 2 mM L-glutamine and stored 
at 4 °. In some experiments cells were resuspended 
in Krebs--bicarbonate buffer containing 1.8mM 
CaCi2 supplemented with 5.5 mM glucose, 5.5 mM 
fructose and 20 mM Hepes, pH 7.4 at 37 ° under 
carbogen atmosphere. Cell viability was checked by 
Trypan blue exclusion and was always higher than 
95%. 

Incubations. Cells were diluted to 2.5 × 106 cells/ 
mL in supplemented Leibowitz L-15 medium and 
preincubated for 40min at 37 ° under carbogen 
atmosphere. In some experiments incubations were 
performed in supplemented Krebs-bicarbonate 
buffer. Incubations were performed as indicated and 
in some experiments the incubations were followed 
by an incubation with freshly prepared DTT (5 mM) 
for 30min. All incubations were terminated by 
washing the hepatocytes with ice-cold medium 
followed by storage on ice. The incubations were 
always without effect on cell viability as checked by 
Trypan blue exclusion (data not shown). When the 
cells were to be used for IP3-binding studies, the 
medium consisted of 25 mM Na2HPO4, 100raM 
KCI, 20 mM NaCI, I mM EDTA, pH 7.4 at 0 °. The 
cell concentration was about 10-15 × 10 6 cells/mL. 

The cells were permeabilized with saponin (100 #g/ 
mL) at 0 ° for about 20 min. Permeability was checked 
by Trypan blue exclusion. The cellswere subsequently 
used for IP3-binding studies. When the cells were to 
be used for measurement of IP3-induced calcium 
release, the buffer consisted of 115 mM KCI, 10 mM 
NaCI, 1 mM KH2PO4, 20 mM Hepes, pH 7.2 at 37 °. 
The cells were stored on ice at a cell concentration 
of about 2 x 10 6 cells/mL without permeabilization 
with saponin. 

IP3 binding to hepatocytes. Saponin-permeabilized 
cells were diluted to about 1.5 × 10 6 cells/mL in a 
final volume of 300/~L. Incubations were performed 
for 40 min at 0 ° with [3H]IP 3 (20,000 dpm; 0.8 nM) 
and increasing amounts of unlabeled IP3. Non- 
specific binding of [3H]IP3 was determined in the 
presence of 1/~M IP3. Incubations were terminated 
within 2 sec by diluting the samples with 3 mL ice- 
cold incubation medium, followed by immediate 
filtration through presoaked glass-fiber filters (What- 
man GF/C) and washing the filters with 3 mL ice- 
cold incubation medium. 

1P3-induced calcium release in hepatocytes. Hepa- 
tocytes (2 × 106cells/mL) were incubated in 115 mM 
KCI, 10 mM NaCI, 4 mM MgC12, 1 mM KH2PO4, 
20 mM Hepes, pH 7.2 at 37 ° in a final volume of 
2mL in a Perkin-Elmer MPF-2A fluorescence 
spectrophotometer equipped with a thermostatted 
cuvette holder. Quin2 (50/~M) was added to measure 
the free calcium concentration and to buffer the free 
calcium concentration in the hepatocyte suspension 
within the physiological range (350--450 nM). The 
hepatocytes were permeabilized in the cuvette by 
addition of 100#g/mL saponin. Loading of the 
intracellular calcium pools was initiated by addition 
of 2 mM ATP. When the calcium sequestration was 
completed (about 4min), IP3-induced calcium 
release was determined by addition of 0.67 #M IP3. 
The total amount of sequestered calcium was 
determined after addition of the calcium ionophore 
ionomycin (2/~M), which released all vesicular bound 
calcium. Instrumental settings were an excitation 
wavelength of 339 nm (10 nm slit) and an emission 
wavelength of 500 nm (9 nm slit). 

[3H]Prazosin binding to hepatocytes. Cells were 
isolated with collagenase and resuspended in Krebs- 
bicarbonate buffer (1.8 nM Ca 2+) supplemented with 
20 mM Hepes, 2% BSA, 5.5 mM glucose, pH 7.4 at 
37 ° under carbogen atmosphere at a cell concentration 
of 2-3 × 10 6 ceUs/mL. After an equilibration period 
of 40min, cells were incubated as indicated 
and subsequently washed and resuspended in 
supplemented Krebs medium containing 0.2% BSA. 
Hepatocytes were incubated for 30rain at a cell 
concentration of 1 × 10 6 cells/mL in a final volume 
of 1 mL in order to minimize uptake and metabolism 
of the ligands [19] with increasing concentrations 
of [3H]prazosin in saturation experiments. In 
competition experiments hepatocytes were incubated 
with 0.27 nM [3H]prazosin for 30 min at 37 ° or for 
180rain at 0 ° in the presence of increasing 
concentrations of (-)-epinephrine. At the end of 
the incubations the samples were diluted with 4 mL 
ice-cold incubation buffer and filtered rapidly under 
vacuum through Whatman GF/C filters, and test 
tubes were washed twice with 4mL buffer. Non- 
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specific binding of [3H]prazosin was determined in 
the presence of 10 #M phentolamine. 

Cytosolic calcium concentration in hepatocytes. 
Cells were isolated with collagenase and resuspended 
in Krebs--bicarbonate buffer (1.8 mM Ca 2+) sup- 
plemented with 20raM Hepes, 2% BSA, 5.5 mM 
glucose, pH 7.4 at 37* under carbogen atmosphere 
at a cell concentration of 2-3 x 106 cells/mL. After 
an equilibrium period of 40min, cells were 
incubated as indicated and subsequently washed and 
resuspended in supplemented Krebs medium. Cells 
were then incubated for an additional 10 min and 
loaded for 5rain with 50#M Quin2/AM (the 
membrane permeable acetoxymethyl ester of Quin2) 
added from a 50 mM stock solution in DMSO. After 
the loading procedure the cells were washed and 
resuspended to a cell concentration of approximately 
1.5 x 106 cells/mL in about 3 mL fresh buffer without 
BSA because of the impairment of Ca2+-Quin2 
fluorescence emission by this compound. 

The fluorescence of Quin2-1oaded hepatocytes 
was measured at an excitation wavelength of 339 nm 
(5 nm slit) and an emission wavelength of 492 nm 
(5 nm slit) using a Perkin-Elmer MPF-2A spec- 
trofluorometer fitted with a thermostatted cell 
holder. 

Hormonal rises in free calcium concentration were 
measured after adding cumulative concentrations of 
(-)-epinephrine. Following completion of these 
measurements the cells were made permeable by 
addition of 4 #M digitonin followed by addition of 
0.25 mM EGTA and 0.25 mM Ca 2+ to correct the 
maximal fluorescence for heavy metal contamination. 
Minimal fluorescence was measured in the presence 
of 4 mM EGTA (pH > 8.0). Calcium concentrations 
were calculated from the equation: [Ca2+]i= 
Ko(F - F m i n ) / F m a x  - F )  in which F, Fmi n and Fma x are 
the fluorescence signal to be calibrated, the minimal 
fluorescence signal and the maximal fluorescence 
signal respectively and Ko is the dissociation constant 
of the CaZ+-Quin2 complex which is 115 nM [20, 21]. 

Plasma membranes. Rat liver plasma membranes 
were prepared as described previously [11]. Incu- 
bations were performed in buffer containing 125 mM 
KC1, 25 mM Hepes, 10 mM MgC12, 1 mM EGTA, 
pH 7.4 at 37 ° for 10 rain at a protein concentration 
of about 2 mg/mL. To avoid interaction of the drugs 
used in the incubations on [3H]prazosin binding, the 
protein was diluted five times with fresh buffer and 
washed by centrifugation for 30rain at 240,000g. 
The pellet was resuspended in fresh buffer and 
stored on ice until use. Binding experiments were 
performed using increasing concentrations [3H]- 
prazosin (sp. act. 60 Ci/mmol) added to plasma 
membranes in a final volume of 350 gL. Protein 
concentration was about 680 #g/mL. After 30 min 
incubation at 37 ° samples were diluted with 3 mL 
ice-cold buffer and filtered rapidly under vacuum 
through Whatman GF/C filters. The filters were 
washed twice with 3 mL ice-cold washing medium 
and dried. Subsequently, the filters were transferred 
to scintillation vials containing 5mL Dynagel ® 
scintillation liquid and counted in a Hewlett-Packard 
tri-carb 460 CD scintillation counter. Non-specific 
binding of [3H]prazosin was determined by per- 
forming the binding experiment in the presence of 

I#M phentolamine. Protein concentration was 
measured with Biorad-reagent ® using BSA as 
standard [22]. 

Analysis of radioligand binding data. Data were 
analysed with the non-linear curve fitting program 
LIGAND [23] by estimating the maximum number 
of binding sites (Bmu) and the dissociation constant 
(Ko). The model of ligand-receptor interaction (one 
or more binding sites) was determined with the F- 
test. Treatments and their respective controls were 
first evaluated individually and then simultaneously 
in one calculation. A significant simultaneous fit 
allows the controls and treatments to be treated as 
a homogenous receptor population and the receptor 
densities to be compared. Data are expressed as 
mean -+ SD as estimated by LIGAND. 

Chemicals. [3H]IP3 and [7-methoxy-3H]prazosin 
were obtained from Amersham Inc. IP3, NEM, 
menadione, BSA (fraction V), (-)-epinephrine, 
Quin2/AM, paraquat, DTT, ATP, Quin2, Percoll, 
4cr-phorbol, phorbol 12-myristate 13-acetate, di- 
butyryl-cyclic AMP, saponin and phenylmethyl- 
sulfonyl fluoride were obtained from Sigma. Other 
chemicals were obtained as follows: collagenase 
and leupeptin (Boehringer); L-glutamine and p- 
benzoquinone (Merck); heparin (Organon Teknika); 
cianidanol-3 (Zyma Switzerland); Nembutal 
(Sanofi); carbon tetrachloride (Baker); ionomycin 
(Calbiochem); Leibowitz L- 15 medium (Flow Labs); 
phentolamine (Ciba-Geigy); and digitonin (Koch- 
Light Labs). All other chemicals were of the highest 
grade of purity available. 

RESULTS 

In order to determine the effects of menadione 
treatment on hormonally regulated calcium hom- 
eostasis, hepatocytes were incubated in the presence 
of menadione and subsequently loaded with Quin2/ 
AM to measure the oq-adrenergic receptor-mediated 
rise in intracellular free calcium concentration. As 
can be seen from Fig. 1, (-)-epinephrine caused a 
concentration-dependent rise in intracellular free 
calcium concentration in rat hepatocytes. Treatment 
of hepatocytes for 10 rain in the presence of 50 #M 
menadione depressed the maximal effect of ( - ) -  
epinephrine; 100#M menadione caused a more 
substantial inhibition of the (-)-epinephrine-induced 
increase in intracellular free calcium concentration. 
Incubation of hepatocytes with 200 #M menadione 
for 10rain caused an increase in the basal free 
calcium concentration from 150 nM to about 230 nM 
and significantly depressed hormonal effects (Fig. 
1). 

To establish whether the observed inhibition of 
hormonal effects in hepatocytes after treatment with 
menadione was caused by changes in the oq- 
adrenergic receptor, rat liver plasma membranes 
were incubated with menadione and subsequently 
[3H]prazosin binding was determined. Partially 

3 purified rat liver plasma membranes bound [ H]- 
prazosin with high affinity (Ko = 46 pM) and in a 
saturable way (Bmu = 139 fmol/mg protein) similar 
to the values reported in literature (Table 1) [24]. 
Preincubation of liver plasma membranes in the 
presence of 200 #M menadione for 10 rain at 37 ° had 
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Fig. 1. Hepatocytes were incubated for 10min at 37 ° 
without (n) or with 50/aM (11); 100/aM (A); 200/aM 
menadione (A) and washed. Subsequently, the cells were 
loaded for 5 rain at 37 ° with 50/aM Quin2/AM and washed. 
o~1-Adrenergic receptor-mediated rises in the intracellular 
free calcium concentration were measured at 37 ° by 
cumulative addition of (-)-epinephrine. The data represent 
the results of three independent experiments performed in 

triplicate. 

no effect on the binding characteristics of [3H]- 
prazosin to hepatic crl-adrenergic receptors; neither 
the Ko nor the Bmax were changed significantly 
(Table 1). 

Incubation of intact hepatocytes in the presence 
of menadione induces changes in cellular thiol and 
calcium homeostasis and leads to cell death [3, 4]. 
Therefore, the effects of menadione on oq-adrenergic 
receptors were studied in intact hepatocytes in 
addition to the studies performed on isolated plasma 
membranes. 

The binding of [3H]prazosin to intact hepatocytes 
reveals a dissociation constant of 0.36riM and a 
maximal number of binding sites of 166 × 103 sites/ 
cell. The affinity of the binding sites for prazosin did 
not change after preincubation of intact hepatocytes 
in the presence of 200/~M menadione for 10 rain. 
Also the number of detectable binding sites remained 
unaltered (Table 1). 

The interaction of ( - ) -ep inephr ine  with hepatic 
ofi-adrenergic receptors was studied by displacement 
by ( - ) -ep inephr ine  of [3H]prazosin bound to intact 
hepatocytes at 37 ° (low-affinity state) or at 0 ° (high- 
affinity state) [24--26]. The high-affinity state of the 
ul-adrenergic receptor was characterized by a 
dissociation constant for ( - ) -ep inephr ine  of 38 nM 
and the low-affinity state of the receptor had a 
dissociation constant of 3.0/~M. Pretreatment of 
intact hepatocytes with 200/~M menadione for 10 min 
resulted in a decrease of the number of receptors 
which were able to exist in the high-affinity or in the 
low affinity state by 20 and 10%, respectively, 
without any changes in the dissociation constants 
(Table 1). 

In order to establish the role of the IP 3 receptor 
in the mechanism of perturbation of hormonally 
regulated calcium homeostasis in hepatocytes by 
menadione, IP3-dependent release of calcium from 
intraceUular stores and IP3-binding were studied in 
saponin-permeabilized hepatocytes. 

Incubation of intact hepatocytes for 10 rain in the 
presence of menadione had no effect on ATP- 
dependent Ca2+-sequestration in subsequently per- 
meabilized cells (Fig. 2). However,  IP3-induced 
release of calcium was significantly inhibited at 
50/~M menadione and almost completely blocked 
by 100 ~M menadione (Fig. 2). The radical scavenger 
cianidanol (400/~M) was not able to prevent the 

Table I. Effects of incubation for 10 min at 37 ° with 200/aM menadione on [3H]prazosin binding to 
partially purified rat liver plasma membranes and intact rat hepatocytes or on displacement of 
0.27 nM [aH]prazosin by (-)-epinephrine on hepatocytes for 30 rain at 37 ° (low affinity) or for 

180 rain at 0 ° (high affinity) 

Treatment KD Bmax 

Plasma membranes 
[3H}Prazosin saturation 

Control 46 -+ 6 pM 139 -+ 10 fmol/mg protein 
200/aM menadione idem* 158 -+ 13 fmol/mg protein 

[3H]Prazosin saturation 
Control 0.36 ± 0.06 nM 
200/~M menadione idem* 

Displacement by (-)-epinephrine at 37 ° 
Control 3.0 -+ 1.3/~M 
200/aM menadione idem* 

Displacement by (-)-epinephrine at 0 ° 
Control 38 -+ 6 nM 
200 laM menadione idem* 

Hepatocytes 

166 -+ 35 × 103 sites/cell 
158 -+ 40 × 103 sites/cell 

100% 
90+__1% 

100% 
8 0 -  + 1% 

The Ko and Bma x values of the [3H]prazosin saturation curves refer to the KD and Bma x values of 
[3H]prazosin binding. The Ko and Bm,~ values of the displacement curves refer to the Ko and B~,x 
values of (-)-epinephrine binding. Data are the mean of three independent experiments _+ SD as 
estimated by the non-linear curve fitting program LIGAND. 

* Control groups and menadione-treated groups have been fitted simultaneously in one fit; see 
Materials and Methods. 
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Fig. 2. Concentration-dependent effect of treatment of 
intact hepatocytes for 10 min at 37 ° with menadione on 
ATP-dependent sequestration (It) (100% is 6.3 ± 1.3 nmol/ 
106 cells) and calcium release by 0.67 #M IP3 ([2) (100% 
is 1.9 + 0.2 nmol/106 cells) in hepatocytes permeabilized 
after incubation with menadione. Data are expressed as 
mean - SD of three independent experiments performed 
in triplicate. Significance was tested by the Student's t-test; 

* P < 0.005; ** P < 0.001, compared to control. 

menadione-induced inhibition of IP3-dependent 
calcium release (data not shown). 

Incubation of hepatocytes for 10 min in the pres- 
ence of 100 #M p-benzoquinone,  which can only ary- 
late sulfhydryis, did not cause any inhibition of IP3- 
dependent release of calcium or of ATP-dependent  
sequestration of calcium (Table 2). Also incubation of 
hepatocytes with the hepatotoxic compounds carbon 
tetrachloride (100 #M) or paraquat  (1 raM) did not 
affect IP3-dependent responses (Table 2). 

Treatment of hepatocytes with the sulfhydryl 
alkylator NEM (100 gM) resulted in a decrease of 
IP3-induced calcium release and ATP-dependent  
CaE+-sequestration of 57 and 39%, respectively 
(Table 2). 

DTT did not reverse the inhibition of IPa-induced 
release of calcium caused by menadione or NEM 
(Table 2). Incubation of hepatocytes followed by 
treatment for 30 min with 5 mM DTF resulted in a 
small but insignificant decrease of IP3 effects 
compared to incubation without treatment with DTI" 
(not shown). 

- 1-1 \ 

-11 -10 -9 -8 -7 ,-6 
log [IP3] 

Fig. 3. Displacement of 0.8 nM (20,000 dpm) [3H]IP3 by 
unlabelled IP3 at 0 ° on 1.5 x 106 hepatocytes permeabilized 
with saponin after preincubation for 10 rain at 37* with 
(dosed symbols) or without (open symbols) 100/~M 
menadione. The solid lines are the fitted curves according 
to non-linear regression analysis by LIGAND. One typical 

experiment is shown. 

It has been reported previously that IP3-receptors 
can be detected in permeabilized hepatocytes [27]. 
The effects of menadione treatment of intact 
hepatocytes on IP3-receptors were therefore deter- 
mined in saponin-permeabilized cells. IP3 bound to 
permeabilized hepatocytes with high affinity (KD = 
2.7 +- 0.6 riM, N = 3). and in a saturable way (Bmax = 
12 -+ 2 fmol/106 cells, N = 3). Preincubation of 
hepatocytes for 10 rain in the presence of 100 
menadione remarkably increased IP3-binding in 
subsequent permeabilized cells by about 600% 
(Bm,x = 76 -+ 28 fmol/106 cells, N = 3) without a 
change in the dissociation constant. A typical 
experiment is shown in Fig. 3. 

Altering the isolation procedure (using collagenase 
instead of EDTA)  or the incubation medium (using 
Krebs-bicarbonate buffer instead of Leibowitz L-15 
medium) did not affect the observed increase in IP3- 
binding to hepatocytes induced by pretreatment with 
menadione (data not shown). 

Neither the presence of protease inhibitors 
(phenylmethylsulfonyl fluoride 0 .2raM and leu- 
peptin 10 #g/mL) during the incubation with 100 #M 
menadione, nor washing the hepatocytes after 
permeabilization in order to remove the cytosolic 

Table 2. Effects of pretreatment of intact hepatocytes with the indicated compounds and subsequent incubation with 
DTI" on calcium release induced by 0.67 #M IP3 and on ATP-dependent sequestration of calcium in hepatocytes 

permeabilized after the indicated treatments 

Pretreatment 
(10 rain) 

no DTT 5 mM DTI" (30 rain) 

IP3-induced release* Ca2*-sequestration * IP3-induced release* Ca2+-sequestration 

Control 100 _ 20 (9) 100 - 7 (9) 100 ± 22 (6) 100 -+ 14 (6) 
100#M menadione 28 ± 14 (9)~ 85 ± 12 (9)t 23 ± 11 (5):~ 84 - 20 (6) 
100 #M p-benzoquinone 108 ± 35 (6)* 99 ± 8 (6) 108 - 30 (5) 102 +- 19 (5) 
100 #M NEM 43 -+ 33 (6)~: 61 ± 23 (6)~: 25 ± 12 (6)~: 78 ± 28 (4) 
100 #M CC14 88 ± 23 (6) 94 ± 9 (6) ND ND 
1 mM paraquat 88 ± 29 (6) 98 ± 9 (6) ND ND 

Data are expressed as mean ± SD in % of the respective control and the numbers between parentheses denote the 
number of experiments. 

* Significance is tested by the Student's t-test; t P < 0.01; ~: P < 0.001, compared to control. 
ND, not determined. 
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Fig. 4. Concentration-dependent effect of treatment of 
intact hepatocytes for 10 min at 37 ° with menadione on 
total binding (open symbols) and non-specific binding 
(closed symbols) of 0.8nM (20,000dpm) [3H]IP3 to 
1.5 × 10 6 hepatocytes at 0 ° permeabilized after treatment 
with menadione. Non-specific binding was determined in 
the presence of 1/~M labelled IP3. Data are the results of 

three experiments -- SD. 
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Fig. 5. Time-dependent association of 0.8 nM (20,000 dpm) 
[3H]IP3 at 0 ° to 1.46 × 106 hepatocytes permeabilized with 
saponin after preincubation for 10 min at 37 ° with (closed 
symbols) or without (open symbols) 100 #M menadione. 
The solid line has been obtained by fitting the data-points 
according to a mono-exponential function. The Bm,x of the 
control was 352dpm and the B~,x of the menadione 
treatment was 2034 dpm. One typical experiment is shown. 

contents, had any effect on the increase in the 
number of IP3 receptors caused by menadione (data 
not shown). 

In Fig. 4, the concentration dependency of the 
stimulatory effects of menadione on the number of 
IPrbinding sites of hepatocytes is depicted. As can 
be seen from Fig. 4, treatment of hepatocytes with 
menadione had no effects on non-specific binding of 
IP3 to hepatocytes. However, the total binding of 
IP3 was concentration-dependently increased by 
menadione with half-maximal increase between 25 
and 50 #M menadione (Fig. 4). 

In Fig. 5 it is shown that the kinetics of IP3-binding 
to permeabilized hepatocytes were not changed by 
pretreatment of intact hepatocytes with 100#M 
menadione for 10 min. 

Treatment of hepatocytes with menadione in the 
presence of the radical scavenger cianidanol (400/~M) 
did not prevent the increase in the number of IP3 
receptors (data not shown). 

Incubation of hepatocytes with p-benzoquinone 
or NEM also resulted in an increase of IP3-binding 
in contrast to incubation with carbon tetrachloride 
or paraquat which did not change the amount of IP3 
bound to permeabilized hepatocytes (Table 3). 
Subsequent incubation for 30 rain in the presence of 
DTT completely (NEM) or partially (menadione 
and p-benzoquinone) reversed the increase in IP a- 
binding to hepatocytes (Table 3). Incubation in the 
presence of NEM at a concentration of 100/~M gave 
similar results compared to incubation at a 
concentration of 200 #M (data not shown). 

DISCUSSION 

In this paper we report that menadione inhibits 
tr~-adrenergic receptor-mediated increase in intra- 
cellular free calcium concentration in rat hepatocytes 
as determined by direct measurement of the 
intracellular free calcium concentration with Quin2. 

It is shown in Fig. i that under conditions in which 
menadione does not cause any detectable change in 
basal free calcium concentration, (-)-epinephrine- 
induced increase in intracellular free calcium 
concentration is significantly inhibited in hepatocytes. 
The trt-adrenergic receptor protein is vulnerable to 
sulfhydryl reagents and oxidative stress [11-13]. To 
investigate whether the oq-adrenergic receptor 
protein is involved in the inhibition of the ( - ) -  
epinephrine-induced increase in intracellular free 
calcium concentration in hepatocytes caused by 
menadione, we studied the binding of [3H]prazosin 
in partially purified plasma membranes and in intact 
hepatocytes. The observed binding characteristics 
were in good agreement with literature data [24- 
26]. However, menadione did not affect [3H]prazosin 
binding to the hepatic oll-adrenergic receptor (Table 
1). Moreover, we studied the binding of ( - ) -  
epinephrine to intact hepatocytes. It has been 
reported that hepatic crl-adrenergic receptors can 
bind agonists [e.g. (-)-epinephrine] with high (0 °) 
or low (37 °) affinity [24-26]. Agonists are thought 
to induce a conformational change of the receptor 
protein, a process in which a GTP-binding regulatory 
protein (G-protein) might be involved, which leads 
to the high-affinity state of the agonist-receptor 
complex [28, 29]. However, treatment of intact 
hepatocytes with menadione had only minor effects 
on the high- or low-affinity binding of ( - ) -  
epinephrine (Table 1). Recently, it has been reported 
that the purified oq-adrenergic receptor was still able 
to bind agonists with high or low affinity after 
proteolytic cleavage of the coupling domain (coupling 
to a G-protein) from the binding domain (binding 
of agonists) and that the formation of the high- 
affinity state of the receptor at 2 ° did not require a 
G-protein [30]. We can therefore not exclude the 
possibility that menadione treatment has indeed 
damaged the oq-adrenergic receptor, which cannot 
be detected by ligand-binding studies. 

Ca2÷-mobilizing receptors induce a rapid break- 
down of phosphatidyl inositol in the plasma 
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Table 3. Effects of pretreatment of intact hepatocytes with the indicated compounds at 37 ° and subsequent 
incubation with DTT on the amount of specifically bound [3H]IP3 after 40 rain incubation at 0* of 

permeabilized hepatocytes in the presence of 0.8 nM [3H]IP3 

1983 

[3H]IP3 bound (dpm/106 cells)* 

Pretreatment 5 mM D'IT 
(10 rain) no DTT (30 rain) 

Significance compared to treatment 
without DTlr;t 

Control 316 _ 65 (7) 237 --- 63 (4) NS 
100pM menadione 1609 _ 113 (4)t 525 ± 15 (4)t P < 0.001 
100/zM p-benzoquinone 1397 --_ 127 (3)t 667 ± 39 (3)t P < 0.001 
200/~M NEM 866 - 28 (3)t 290 ± 28 (3) P < 0.001 
100 MM CC14 414 ± 22 (4)§ ND 
1 mM paraquat 373 _ 45 (4) ND 

Data are expressed as mean ± SD and the numbers between parentheses denote the number of 
experiments. 

* Significance is tested by the Student's t-test; t P < 0.001, compared to respective control. 
Significance is tested by the Student's t-test compared to control treatment for only 10 rain. 

§ Not significant compared to treatment with 0.1% ethanol (379 ± 106 dpm/106 cells). 
NS, not significant; ND, means not determined. 

membrane by stimulation of phospholipase C, which 
has been suggested to be mediated by a G-protein 
[31-33]. One metabolite generated by this breakdown 
is IP3 [8], which mobilizes calcium from intracellular 
stores causing an increase in intracellular free calcium 
concentration as observed after stimulation of oq- 
adrenergic receptors in hepatocytes by ( - ) -  
epinephrine [34-36]. 

It has been reported that treatment of hepatocytes 
with 100/zM menadione for 10min leads to a 
decrease in the amount of inositol phosphates formed 
after stimulation of the cells by (-)-epinephrine 
[14]. This might be a likely explanation for the 
observed inhibition of (-)-epinephrine-induced 
increase in intracellular free calcium concentration 
caused by menadione (Fig. 1). We extended these 
studies by investigating the IP 3 receptor and IP3- 
induced release of calcium in hepatocytes after 
treatment with menadione. 

Under the applied experimental conditions, 
menadione had only marginal effects on ATP- 
dependent loading of calcium in intracellular stores 
in permeabilized hepatocytes (Table 2 and Fig. 2). 
This is consistent with the absence of a menadione- 
induced effect on basal free calcium concentration 
in intact hepatocytes up to 100/~M menadione for 
10min (Fig. 1). At a concentration of 200/~M, 
menadione induced a sustained increase in intra- 
cellular free calcium concentration (Fig. 1), but 
failed to inhibit ATP-dependent Ca2÷-loading. 
However, incubation for 40 min in the presence of 
250/tM menadione resulted in a profound decrease 
of ATP-dependent Ca2+-sequestration of about 60% 
(data not shown). Moreover, it should be noted that 
basal intracellular free calcium concentration is 
buffered by the concerted action of ATP-dependent 
Ca2+-sequestration in intracellular stores, ATP- 
dependent extrusion of calcium by Ca2*-ATPases 
located in the plasma membrane and by uptake of 
calcium in mitochondria, which can all be affected 
by menadione [1, 3, 4]. 

IPa-dependent release of calcium was significantly 

inhibited after treatment of hepatocytes with 50 MM 
menadione for 10 min and almost completely blocked 
by 100/aM menadione (Fig. 2). These results are 
consistent with the observed effects of menadione 
on (-)-epinephrine-induced increase in intracellular 
free calcium concentration in intact hepatocytes (Fig. 
1). 

Menadione has excellent redox cycling properties 
and is able to arylate sulfhydryls [37]. The radical 
scavenger cianidanol has been reported to prevent 
toxic events caused by menadione in perfused rat 
liver [38]. However, cianidanol did not protect 
against menadione-induced inhibition of IP3-induced 
calcium release. Compared to menadione, p- 
benzoquinone is a better sulfhydryl arylator without 
redox cycling properties [37]. In contrast to 
menadione, p-benzoquinone did not alter IP3- 
dependent calcium release in hepatocytes. Also 
radical stress applied by carbon tetrachloride [39- 
41] or the redox cycling compound paraquat [42] 
were without effect on IP3-dependent calcium release 
(Table 2). The sulfhydryl alkylator NEM inhibited 
both IP3-induced release of calcium and ATP- 
dependent Ca2+-sequestration (Table 2). This 
hampers a clear interpretation because these two 
processes are interrelated and there is a large 
variation in the obtained data. Guillemette and Segui 
[15] established the inhibitory effect of NEM on IP 3- 
induced calcium release in bovine adrenal cortex 
microsomes by appliance of IP 3 shortly after addition 
of NEM. The inhibitory effect of NEM on IPa- 
induced calcium release compared to the relatively 
smaller effect of NEM on ATP-dependent Ca 2÷- 
sequestration in rat hepatocytes is more clearly 
observed in the results obtained by incubation with 
NEM followed by treatment for 30 min with DTT 
(Table 2). 

The inability of the thio-reducing agent DTI" to 
reverse the effects of menadione and NEM on IPa- 
induced calcium release in hepatocytes (Table 2) 
suggests covalent attachment as a critical step in the 
mechanism of inhibition. 

BP 42:10-J 
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IP3-dependent calcium release is initiated by 
binding of IP3 to a specific receptor which has at 
least one essential free sulfhydryl group [15, 43]. 
Treatment of rat liver plasma membranes with NEM 
or menadione results in a decrease of the number 
of IP 3 receptors [16]. In bovine adrenal cortex 
microsomes both the amount of calcium released by 
IP3 and the number of IP3-receptors are decreased 
after incubation with sulfhydryl reagents [15]. 

Treatment of intact hepatocytes with menadione,  
p-benzoquinone or NEM resulted in an increase in 
the number of IP3 receptors as measured in 
subsequently permeabilized hepatocytes without a 
change in the observed dissociation constant (Table 
3 and Fig. 3). The menadione-induced increase in 
IP3-binding was concentration-dependent (Fig. 4) 
and was not caused by alteration in the kinetics of 
IP3-binding (Fig. 5). The increase of IP3 receptors 
could be reversed by treatment with DTT (Table 3). 
This indicates that oxidation of suifhydryl groups is 
an important step in the mechanism of increase of 
IP3 receptors caused by menadione, p-benzoquinone 
or NEM. 

It has been reported that menadione and NEM 
increase the activity of protein kinase C, in contrast 
to p-benzoquinone which inhibits protein kinase C 
activity [44]. Protein kinase C has been suggested to 
inhibit IP3-dependent effects via negative feedback 
inhibition of phospholipase C [45--47]. Protein kinase 
A has been reported to decrease IP3-dependent 
calcium release and to regulate IP3-receptors 
[27, 48, 49]. However,  neither stimulation of protein 
kinase C activity by incubation of hepatocytes with 
phorbol 12-myristate 13-acetate, nor stimulation of 
protein kinase A activity by dibutyryl-cyclic AMP 
could mimic the effects of menadione, p-benzo- 
quinone or NEM on IP3-dependent release of 
calcium or on the number of IP3 receptors (data not 
shown). Neither radical stress induced by carbon 
tetrachloride or paraquat  caused any changes in the 
number of IP3 receptors (Table 3) nor did the radical 
scavenger cianidanol prevent menadione-induced 
increase in the number of IP3 receptors. This is in 
agreement with the absence of any inhibitory effects 
of carbon tetrachloride or paraquat  on IP3-induced 
calcium release and with the inability of cianidanol 
to protect against menadione-induced inhibition of 
IP3-dependent release of calcium in hepatocytes 
(Table 2). 

In summary, it is concluded that menadione- 
induced inhibition of ( - ) -ep inephr ine-dependent  
increase in intracellular free calcium concentration 
in hepatocytes is not caused by a decrease in the 
number of oq-adrenergic receptors nor by a change 
in the affinity of the oq-adrenergic receptor protein 
for ( - ) -epinephr ine .  This inhibition can be explained 
by a decreased ability of IP3 to release calcium from 
intracellular stores, in addition to the reported 
decrease in ( - ) -epinephr ine-s t imulated formation 
of IP3 caused by menadione [14]. 

The inhibition of IPa-dependent release of calcium 
from intracellular stores is not caused by a decrease 
of the number of IP 3 receptors nor by a change of 
the dissociation constant, but accompanied by a 
large increase in IP3 receptor  concentration. 

It is suggested that critical thiols play an important 

role in the mechanism of inhibition of IP3-dependent 
release of calcium and of increase in the amount of 
detectable IP3 receptors in hepatocytes caused by 
menadione. 

The increase in the number of IP 3 receptors 
in hepatocytes observed after treatment with 
menadione or NEM appears not to be consistent 
with the inhibition of IP3-dependent calcium release. 
We are currently investigating this discrepancy in 
our laboratory. 

Acknowledgements--The investigations were supported by 
the Foundation for Fundamental Biological Research 
(BION), which is subsidized by the Netherlands Organ- 
isation for Scientific Research (NWO). 

REFERENCES 

1. Di Monte D, Bellomo G, Thor H, Nicotera P 
and Orrenius S, Menadione-induced cytotoxicity is 
associated with protein thiol oxidation and alteration 
in intracellular Ca 2+ homeostasis. Arch Biochem 
Biophys 235: 343-350, 1984. 

2. Dolak JA, Waller RL, Glende EA and Recknagel RO, 
Liver cell calcium homeostasis in carbon tetrachloride 
liver cell injury: new data with Fura2. J Biochem 
Toxicol 3: 329-342, 1988. 

3. Orrenius S, McConkey D J, Bellomo G and Nicotera 
P, Role of Ca 2+ in toxic cell killing. Trends Pharmacol 
Sci 10: 281-285, 1989. 

4. Boobis AR, Fawthrop DJ and Davies DS, Mechanisms 
of cell death. Trends Pharmacol Sci 10: 275-280, 1989. 

5. Charest R, Blackmore PF, Berthon B and Extort JH, 
Changes in free cytosolic Ca 2+ in hepatocytes following 
trl-adrenergic stimulation. Studies in Ouin-2-1oaded 
hepatocytes. J Biol Chem 258: 8769--8773, 1983. 

6. Reinhart PH, Taylor WM and Bygrave FL, The role 
of calcium ions in the mechanism of action of o:- 
adrenergic agonists in rat liver. Biochem J 223: 1-13, 
1984. 

7. Creba JA, Dowries CP, Hawkins PT, Brewster G, 
MicheU RH and Kirk CJ, Rapid breakdown of 
phosphatidylinositol 4-phosphate and phosphatidyl- 
inositol 4,5-bisphosphate in rat hepatocytes stimulated 
by vasopressin and other CaZ÷-mobilizing hormones. 
Biochem J 212: 733--747, 1983. 

8. Berridge MJ and Irvine RF, Inositol trisphosphate, a 
novel second messenger in cellular signal transduction. 
Nature 312: 315-321, 1984. 

9. Nishizuka Y, The role of protein kinase C in cell 
surface signal transduction and tumour promotion. 
Nature 308: 693--698, 1984. 

10. Sp~it A, Fabiato A and Rubin RP, Binding of inositol 
trisphosphate by a liver microsomal fraction. Biochem 
J 233: 929-932, 1986. 

11. Pruijn FB, van Gelderen JG and Bast A, The effects 
of radical stress and N-ethylmaleimide on rat hepatic 
ocradrenergic receptors. Toxicol Lett 45: 73-82, 1989. 

12. Quennedey M-C, Bockaert J and Rouot B, Direct and 
indirect effects of sulfhydryl blocking agents on agonist 
and antagonist binding to central oc l- and oc2- 
adrenoceptors. Biochem Pharmacol 33: 3923-3928, 
1984. 

13. Guellaen G and Hanoune J, Thiol reactivity and the 
molecular individuality of 0¢- and fl-adrenoceptors in 
rat liver plasma membranes. Biochim Biophys Acta 
587: 618--627, 1979. 

14. Bellomo G, Thor H and Orrenius S, Alterations in 



Menadione-induced perturbation of calcium homeostasis 1985 

inositol phosphate production during oxidative stress 
in isolated hepatocytes. J Biol Chem 262: 1530-1534, 
1987. 

15. Guillemette G and Segui JA, Effects of pH, reducing 
and alkylating reagents on the binding and Ca 2÷ release 
activities of inositol 1,4,5-trisphosphate in the bovine 
adrenal cortex. Mol Endocrinol 2: 1249-1255, 1988. 

16. Pruijn FB, Sibeijn J-P and Bast A, Changes in 
inositol-l,4,5-trisphosphate binding to hepatic plasma 
membranes caused by temperature, N-ethylmaleimide 
and menadione. Biochem Pharmacol 40: 1947-1952, 
1990. 

17. Meredith MJ, Rat hepatocytes prepared without 
collagenase: prolonged retention of differentiated 
characteristics in culture. Cell Biol Toxicol 4: 405--425, 
1988. 

18. Benford DJ and Hubbard SA, Preparation and culture 
of mammalian cells. In: Biochemical Toxicology: A 
Practical Approach (Eds. Snell K and Mullock B), pp. 
57-79. IRL Press, Oxford, 1987. 

19. Kunos G, The hepatic o~-adrenoceptor. Trends 
Pharmacol Sci 5: 380-383, 1984. 

20. Tsien RY, Pozzan T and Rink TJ, T-cell mitogens 
cause early changes in cytoplasmic free C a  2+ and 
membrane potential in lymphocytes. Nature 295: 68-- 
71, 1982. 

21. Tsien RY, Pozzan T and Rink T J, Calcium homeostasis 
in intact lymphocytes: cytoplasmic free calcium 
monitored with a new, intracellularly trapped flu- 
orescent indicator. J Cell Biol 94: 325-334, 1982. 

22. Bradford MM, A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing 
the principle of protein-dye binding. Anal Biochem 72: 
246-254, 1976. 

23. Munson PJ and Rodbard D, LIGAND, A versatile 
computerized approach for the characterization of 
ligand binding systems. Anal Biochem 107: 220-239, 
1980. 

24. Lynch CJ, Charest R, Blackmore PF and Extort JH, 
Studies on the hepatic oq-adrenergic receptor. 
Modulation of guanine nucleotide effects by calcium, 
temperature, and age. J Biol Chem 260: 1593-1600, 
1985. 

25. Schwarz KR, Lanier SM, Carter EA, Graham RM and 
Homcy CJ, Transient high-affinity binding of agonists 
to o:~-adrenergic receptors of intact liver cells. FEBS 
Lett 187: 205-210, 1985. 

26. Corvera S, Schwarz KR, Graham RM and Garcia- 
Sfiinz JA, Phorbol esters inhibit trradrenergic effects 
and decrease the affinity of liver cell oq-adrenergic 
receptors for (-)-epinephrine. J Biol Chem 261: 520- 
526, 1986. 

27. Mauger J-P, Claret M, Pietri F and Hilly M, Hormonal 
regulation of inositol 1,4,5-trisphosphate receptor in 
rat liver cells. J Biol Chem 264: 8821-8826, 1989. 

28. Andre C, Vauquelin G, Severne Y, De Backer J-P and 
Strossberg AD, Dual effect of N-ethylmaleimide 
on agonist-mediated conformational changes of fl- 
adrenergic receptors. Biochem Pharmacol 31: 3657- 
3662, 1982. 

29. De Lean A, Stadel JM and Lefkowitz R J, A ternary 
complex model explains the agonist-specific binding 
properties of the adenylate cyclase-coupled fl-adre- 
nergic receptor. J Biol Chem 255: 7108-7117, 1980. 

30. Lynch CJ, Taylor SJ, Smith JA and Exton JH, 
Formation of the high-affinity agonist state of the aq- 
adrenergic receptor at cold temperature does not 
require a G-protein. FEBS Lett 229: 54--58, 1988. 

31. Michell RH, Inositol phospholipids and cell surface 
receptor function. Biochim Biophys Acta 415: 81-87, 
1975. 

32. Berridge MJ, Inositol trisphosphate and diacylglyceroi 
as second messengers. Biochem J 220: 345-360, 1984. 

33. Williamson JR, Cooper RH, Joseph SK and Thomas 
AP, Inositol trisphosphate and diacylglycerol as 
intracellular second messengers in liver. Am J Physiol 
248: C203--C216, 1985. 

34. Fain JN, Lin S-H, Randazzo P, Robinson S and Wallace 
M, Hormonal regulation of glycogen phosphorylase in 
rat hepatocytes: activation of phosphatidylinositol 
breakdown by vasopressin and alpha1 catecholamines. 
In: Isolation, Characterization and Use of Hepatocytes 
(Eds. Harris RA and Cornell NW), pp. 411-418. 
Elsevier Science Publishing Co., Amsterdam, 1983. 

35. Exton JH, Chrisman TD, Strickland WG, Prpic V and 
Biackmore PF, Mechanisms involved in the actions of 
calcium-dependent hormones in liver. In: Isolation, 
Characterization, and Use of Hepatocytes (Eds. Harris 
RA and Cornell NW), pp. 401-410. Elsevier Science 
Publishing Co., Amsterdam, 1983. 

36. Wiiliamson JR, Joseph SK, Thomas AP, Coil KE and 
Marks JS, Alpha-adrenergic and vasopressin effects on 
phospholipid metabolism and calcium mobilization in 
rat hepatocytes. In: Isolation, Characterization, and 
Use of Hepatocytes (Eds. Harris RA and Cornell 
NW), pp. 419-432. Elsevier Science Publishing Co., 
Amsterdam, 1983. 

37. Gant TW, Rao DNR, Mason RP and Cohen GM, 
Redox cycling and sulphydryi arylation: their relative 
importance in the mechanism of quinone cytotoxicity 
to isolated hepatocytes. Chem Biol Interact 65: 157- 
173, 1988. 

38. Badr MZ, Ganey PE, Yoshihara H, Kauffman FC 
and Thurman RG, Hepatotoxicity of menadione 
predominates in oxygen-rich zones of the liver lobule. 
J Pharmacol Exp Ther 248: 1317-1322, 1989. 

39. Sesardic D, Rich K J, Edwards R J, Davies DS and 
Boobis AR, Selective destruction of cytochrome P450d 
and associated monooxygenase activity by carbon 
tetrachloride in the rat. Xenobiotica 19:795--811, 1989. 

40. Imai Y, Inada M, Tamura S, Kawata S, Sugiyama T 
and Tarui S, Prevention of carbon tetrachloride- 
induced liver injury in rats. Inhibitory effect of 
cimetidine on the dechlorination and free radical 
formation. In: Medical, Biochemical and Chemical 
Aspects of Free Radicals, Proceedings of the 4th Biennial 
General Meeting of the Society for Free Radical 
Research, Kyoto, Japan, 1988 (Eds. Hayaishi O, Niki 
E, Kondo M and Yoshikawa T), pp. 1405-1408. 
Elsevier Science Publishing Co., Amsterdam, 1989. 

41. Coleman JB, Condie LW and Lamb RG, The role of 
CC14 biotransformation in the activation of hepatocyte 
phospholipase C in oivo and in vitro. Toxicol Appl 
Pharmacol 95: 208-219, 1988. 

42. Sandy MS, Moldeus P, Ross D and Smyth MT, Role 
of redoxcycling and lipid peroxidation in bipyridyl 
herbicide cytotoxicity. Studies with a compromised 
isolated hepatocyte model system. Biochem Pharmacol 
35: 3095--3101, 1986. 

43. Supattapone S, Worley PF, Baraban JM and Snyder 
SH, Solubilization, purification, and characterization 
of an inositoi trisphosphate receptor. J Biol Chem 263: 
1530-1534, 1988. 

44. Kass GEN, Duddy SK and Orrenius S, Activation of 
hepatocyte protein kinase C by redoxcycling quinones. 
Biochem J 260: 499-507, 1989. 

45. Woods NM, Cuthbertson KSR and Cobbold PH, 
Agonist-induced oscillations in cytoplasmic free calcium 
concentration in single rat hepatocytes. Cell Calcium 
8: 79-100, 1987. 

46. Woods NM, Cuthbertson KSR and Cobbold PH, 
Phorbol-ester-induced alterations of free calcium ion 
transients in single rat hepatocytes. Biochem J 246: 
619--623, 1987. 

47. Berridge MJ and Galione A, Cytosolic calcium 
oscillators. FASEB J 2: 3074-3082, 1988. 



1986 F. B. PRUIJN, J.-P. SIBEIJN and A. BAST 

48. Supattapone S, Danoff SK, Theibert A, Joseph SK, 
Steiner J and Snyder SH, Cyclic AMP-dependent 
phosphorylation of a brain inositol trisphosphate 
receptor decreases its release of calcium. Proc Natl 
Acad Sci USA 85: 8747-8750, 1988. 

49. Tohmatsu T, Nishida A, Nagao S, Nakashima S and 
Nozawa Y, Inhibitory action of cyclic AMP on inositol 
1,4,5-trisphosphate-induced calcium release in saponin- 
permeabilized platelets. Biochim Biophys Acta 1013: 
190--193, 1989. 


