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Abstract--Addition of nafenopin (30-300/zM to 45Ca2+ preloaded cultured hepatocytes caused a rapid 
and concentration-dependent increase in 45Ca2+ efflux in a manner similar to vasopressin, as evidenced 
by the loss of radioactivity from the cells. In contrast to vasopressin, addition of nafenopin to [3H]inositol 
prelabelled hepatocytes in culture did not increase [3H]inositol phosphate production. When added 
simultaneously with vasopressin, nafenopin inhibited the vasopressin-stimulated [3H]inositol phosphate 
production. In hepatocyte suspensions isolated from rats treated for 1 week with a carcinogenic dose of 
nafenopin (1000 ppm in their daily food) the incorporation of [3H]inositol into the phosphoinositide 
fraction, particularly phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate, was 
much less than that in hepatocytes isolated from untreated rats. The vasopressin-stimulated [3H]inositol 
phosphate production was also decreased. Experiments with hepatocyte suspensions preloaded with 
Ca 2+ or pH sensitive fluorescent indicators demonstrated that addition of nafenopin caused an increase 
in intracellular free Ca 2+ and transient acidification of the cells. The increase in [Ca2+]i was decreased 
by only about 25% when extracellular calcium was removed indicating that nafenopin mainly mobilizes 
Ca 2+ from intraceilular stores. The recovery to basal pH was amiloride-sensitive indicating the importance 
of Na+/H + exchange in pH recovery after intracellular acidification. Amiloride also inhibited DNA 
synthesis induced by nafenopin and by epidermal growth factor in cultured hepatocytes; but this 
effect occurred concomitantly with inhibition of basal DNA synthesis.. We suggest that hepatic Ca 2+ 
mobilization induced by nafenopin may play an important role in the mechanism by which nafenopin 
exerts its physiological as well as its tumour promotive activity upon chronic treatment with carcinogenic 
doses. 

Nafenopin (Su-13437, 2-methyl-2-(p-l,2,3,4-tetra- 
hydronaphthyl)phenoxypropionic acid) is a hypo- 
lipidemic agent structurally related to the drug 
clofibrate [1]. It also belongs to a class of struc- 
turally dissimilar peroxisome proliferators. When 
given subchronically, nafenopin like all of these 
agents induces hepatomegaly which is characterized 
by hypertrophy and hyperplasia [2, 3]. The nafeno- 
pin-induced hypertrophy is associated with pro- 
liferation of the peroxisomal and the smooth 
endoplasmic reticulum compartments (Refs 4 and 
5 for review). The nafenopin induced hyperplasia 
occurs in the absence of hepatic necrosis and is 
regarded as a replicative rather than reparative 
hyperplasia [6]. 

The long term administration of nafenopin to 
rats and mice has been shown to produce liver 
tumours [7-9] and to accelerate liver tumour for- 
mation after pretreatment with an initiating car- 
cinogen, i.e. it possesses tumour promoting activity 

§ Correspondence to: S. Kelly, Central Toxicology Unit, 
Ciba-Geigy, Basel, CH-4002, Switzerland. 

[10, 11]. The lack of obvious genotoxicity of nafen- 
opin and similar agents led to the suggestion that 
the hepatocarcinogenicity is linked to metabolic 
disturbances resulting from the sustained increase 
in peroxisomal activity and oxidative stress which 
may activate or alter oncogenes involved in the 
regulation of cell growth [7, 12]. A slightly higher 
mitotic activity remaining in livers of rats 
chronically treated with these agents [13] and a 
greater replicative rate in early 'preneoplastic '  
lesions as compared to surrounding tissue [14] 
have been reported. The mechanisms by which 
nafenopin and other peroxisome proliferators affect 
cell replication and cell growth control leading to 
hepatocarcinogenesis is not completely understood. 

Nafenopin stimulates DNA synthesis in vivo 
after a single dose [6] and in vitro in hepatocyte 
cultures [15]. It has also been shown to stimulate 
DNA synthesis in hepatocyte culture in the absence 
of serum [16]. In addition, hepatocyte cultures 
maintained in the absence of serum can be stimu- 
lated to undergo D N A  synthesis by the same 
factors which play an important role in liver cell 
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proliferation after partial hepatectomy [17]; e.g. 
epidermal growth factor (EGFI]), insulin and glu- 
cagon and various hormones such as norepine- 
phrine, vasopressin, angiotensin II (see Ref. 18 for 
review). The action of these mitogens have been 
associated in the early events, for example with the 
stimulation of phosphatidylinositol (PI) turnover, 
increases in intracellular free calcium levels [Ca2+]i, 
activation of protein kinase C, stimulation of Na+/ 
H ÷ exchange and increased transcription of c-myc 
and c-los and other mitogenesis-associated genes 
through receptor transduction pathways in a variety 
of cells (reviewed in Ref. 19). Thus, we used this 
culture system as well as hepatocyte suspensions 
to investigate the mechanism by which nafenopin 
affects some of these pathways of intracellular 
signalling in the liver. The hypothesis being that 
such effects, if prolonged during continuous treat- 
ment, could lead to alterations in the proteins, 
enzymes or genes involved in the signal transduc- 
tion cascade which, by disrupting the normal regu- 
lation of cell proliferation, may give rise to 
unrestrained cell growth [19]. 

MATERIALS AND METHODS 

Adult male Sprague-Dawley-derived rats (180- 
220 g) were obtained from The Ciba-Geigy breeding 
station (Basel, Switzerland). Collagenase was 
obtained from Boehringer (Mannheim, F.R.G.),  
(arginine)-vasopressin and angiotensin II from the 
Sigma Chemical Co. (Poole, U.K.). [3H]Thymidine 
(18-20 Ci/mmol), myo-[2-3H]inositol (20 Ci/mmol) 
and 4SCaCl2 (10-40mCi/mg calcium) were pur- 
chased from Amersham (Amersham, U.K.). 
BCECF : AM (2',7'-bis-(2-carboxyethyl)-5-(and -6- 
carboxyfluorescein, acetoxymethyl ester), antiflu- 
orescein Ig-G antibodies (0.75units/mL), Fluo- 
3 : AM and Fluo-3 were from Molecular Probes Inc. 
(OR, U.S.A.). 

Fluo-3:AM and nafenopin were dissolved in 
DMSO. A similar volume of DMSO was added 
to control incubations. The final concentration of 
DMSO did not exceed 0.1%. 

All rats had free access to food and water. Nafeno- 
pin-treated rats received a control diet (nafag 80) 
containing 1000 ppm nafenopin for 7 days whereas 
the matched controls received only the control diet. 

Cell isolation, culture and incubation procedure. 
Hepatocytes were isolated by in situ collagenase 
perfusion as previously described [16]. For experi- 
ments where hepatocyte suspensions were used, the 
isolated hepatocytes were finally washed and resus- 
pended in 20 mM Hepes buffer, pH 7.4, containing 
7.85g NaCl, l g  KCI, l g  NaHCO3, 0.246g 
MgSO4.7H20, 36 mg NaH2PO4, 1 g bovine serum 
albumin (fraction V, Sigma) and l g  glucose per 

l] Abbreviations: BCECF:AM, 2',7'-bis-(2-carboxy- 
ethyl)- 5- (and -6-)carboxyfluorescein, acetoxymethyl 
ester; PI, phosphatidylinositol; PIP, phosphatidylinositol 
4-phosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; 
InsPo, inositol polyphosphate; [Ca2+li, intracellular free cal- 
cium; EGF, epidermal growth factor; DMSO, dimethyl 
sulfoxide; Hepes, N-2-hydroxyethylpiperazine-N-2-ethane- 
sulfonic acid. 

liter and 2.0 mM CaCI:. In all experiments involving 
hepatocyte suspensions, incubations were carried out 
in this buffer under an atmosphere of O2/CO2 (95 : 5) 
at 37 ° with constant shaking (80 cycles/min). Cell 
viability was assessed by the Trypan blue exclusion 
test and was always between 85-95%. 

For experiments where hepatocyte cultures were 
used, the isolated hepatocytes were washed, resus- 
pended and maintained in culture for several days in 
a chemically defined and serum free medium (HCD) 
supplemented as previously described [20]. Hepa- 
tocytes were cultured on rat tail collagen-coated 
24-well plates (2cm2/well) at a density of 
0.12 x 106 cells/cm 2. 

DNA synthesis at various times in culture was 
assessed either by incorporation of [3H]thymidine in 
trichloroacetic acid-precipitable material after 3 hr 
labelling period [15] or by measuring the proportion 
of radiolabelled nuclei, after exposure to 
[3H]thymidine (1/~Ci/mL) for the last 24 hr as esti- 
mated by autoradiography [20]. 

Measurement of 45Ca2+ efflux from prelabelled 
hepatocytes monolayer cultures. These experiments 
were performed according to the procedure 
described in Ref. 21. Hepatocyte monolayers in 24- 
well plates were used 2 or 3 days after plating. The 
medium was removed and the cells were washed 
three times with phosphate buffered saline (PBS). 
The cells were then loaded with 45Ca2+ by incubation 
in 5 mM Hepes buffer pH 7.4, containing 125 mM 
NaCI, 5mM KC1, l m M  MgC12.6H20, 1.2mM 
CaC12, and 10 mM glucose (PSS buffer) in the pres- 
ence of 45Ca2+ (30/tCi/mL) for 30 min at 37 ° under 
an atmosphere of 95% 02/5% CO2. The medium 
containing 45Ca2+ was then aspirated and the mono- 
layers were washed three times with ice-cold PSS 
buffer. Calcium efflux was initiated by incubating 
the cells in PSS at 37 ° in the absence of 45Ca2+. At 
zero time or after various periods of time the medium 
was rapidly removed and the cultures were quickly 
rinsed with cold PSS. The cells were then solubilized 
with hot (95 °) 0.1% sodium dodecylsulphate SDS/ 
10 mM EDTA and the radioactivity remaining in the 
cells was determined by scintillation counting. 

Measurement of inositol phosphate production and 
polyphosphoinositide content. These experiments 
were conducted essentially as described previously 
[22, 23]. Hepatocyte suspensions (5-6 x 106cells/ 
mL), of similar viability from control and nafenopin- 
treated rats, were labelled with [3H]inositol by incu- 
bation for 120 min in incubation buffer containing 
15-251~Ci/mL [3H]inositol. During the labelling 
period the viability of the cells was monitored and 
found to be stable. At the end of the labelling period, 
the hepatocytes were washed by centrifugation and 
resuspended at 2-3 x 106cells/mL in incubation 
buffer containing 20 mM LiCI. Li + inhibits some 
inositol phosphate phosphatases, thereby allowing 
the accumulation of mainly Ins(1,3,4)-P3, Ins(1,4)- 
P2 and various isomers of InsP1 [24]. The cell sus- 
pensions were then preincubated for 15 min before 
vasopressin addition. After another 15 min the reac- 
tion was stopped with HCIO4 (0.54 M, final con- 
centration). The extract was then vortex mixed and 
centrifuged. For determination of inositol lipids, 
the precipitate was washed twice with water 
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and the inositol lipids were extracted with chloro- 
form : methanol : HC! (100:50 : 1). The extracted lip- 
ids were deacylated and the resulting inositol- 
labelled glycerophosphoinositol esters separated on 
small columns of Dowex 1 anion exchange resin [23]. 
For the determination of inositol phosphates, the 
supernatants were neutralized with 1.5 M KOH con- 
taining 75 mM HEPES. The water soluble deriva- 
tives of [3H]inositol were separated by loading the 
neutralized cell extract after 5-fold dilution in water 
onto a Dowex column (x  10; 100-200 mesh, formate 
form) and by sequential elution as previously 
described [25]. 

In hepatocyte cultures, labelling of phospho- 
inositide was performed by supplementing the 
medium with [3H]inositol (5 #Ci/mL) 5 hr after plat- 
ing. Seventy-two hours after plating the labelled 
cells were washed three times with PSS buffer and 
preincubated with 20 mM LiCI in PSS buffer for 
15 min before addition of hormones or nafenopin. 
After 15 min, the reaction was terminated by aspir- 
ation of the buffer and the immediate addition of 
hot (95 °) 0.1% SDS/10 mM EDTA.  The lysates were 
sonicated and analysed for the presence of [3H]in- 
ositol-l-phosphate by anion exchange and scin- 
tillation counting [21, 25]. 

In the hepatocyte culture experiments, the amount 
of cellular protein was 135.7 -+ 8 (SE)/well within 
individual experiments and varied between 120 and 
160 #g/well in various independent cultures. 

Measurement of cytosolic free calcium. In order 
to investigate changes in intracellular Ca 2+ on a 
subsecond time scale, the Ca 2+-sensitive fluorescence 
indicator Fluo-3 was used [26]. Compared to the 
first and widely used Quin-2, Fluo-3 possesses an 
improved selectivity for Ca 2+ and better spec- 
troscopic qualities (i.e. brighter fluorescence, higher 
photostability). Fluo-3 has, in contrast to Fura-2 and 
Indo-1, an absorption maximum in the visible and 
an ester which is not fluorescent until hydrolysed by 
the cell. Spectral perturbations caused by auto- 
fluorescence and/or  unhydrolysed ester can there- 
fore be neglected. In addition to this, Fluo-3 has 
the smallest affinity to Ca z+ (g  d = 400 nM [27]) and 
causes only a small intracellular trapping of Ca 2÷. 
Loading of the hepatocytes was performed essen- 
tially as described [27] with some modifications. 
Hepatocyte suspensions (106cells/mL) were incu- 
bated for 30 min at 37 ° in the presence of Fluo-3 : AM 
(10/zM), FCS (10/~L/mL) and Pluronic (non-ionic 
detergent; 0 .1/ tg/mL).  The cells were then centri- 
fuged at 70g, resuspended in a F luo-3 :AM free 
buffer and incubated for another 30 min to complete 
the ester hydrolysis. The cells were then washed 
twice and preincubated for 15 min at 37 ° before 
measurements were performed. The viability after 
this procedure ranged between 85% and 95%. 
Immediately before starting the measurements,  an 
aliquot of the loaded hepatocytes was diluted to a 
final concentration of 10~ cells/mL. 

All drug induced fluorescence changes of Fluo-3 
loaded hepatocytes were measured at 25 ° with a 
Perkin-Elmer MPF-66 spectrofluorimeter. The exci- 
tation wavelength was fixed at 508 +-- 5 nm and the 
emission wavelength set to 535 +-- 7 nm. The intra- 
cellular Ca 2÷ levels and changes were calibrated at 

the end of each individual scan [28]. Addit ion 
of antifluorescein Ig-G antibodies (15#L/mL)  
quenched the extracellular fluorescence but did not 
interfere with the intracellular changes in the fluor- 
escence signal obtained upon the addition of sub- 
stances. The observed leakage rate of the indicator 
was below 5% within 30 min. When tested, none of 
the substances used were found to interfere with the 
fluorescence spectra of the free or Ca 2+ bound Fluo- 
3. 

Measurement of intracellular pH. The intracellular 
pH of hepatocytes was measured fluorometrically 
using the pH-sensitive carboxyfluorescein derivative 
BCECF [29]. The loading procedure was analogous 
to that with Fluo-3 : AM. An aliquot of the washed 
cell suspension was diluted to a final concentration 
of 105 cells/mL and transferred to a thermostated 
cuvette (25°). Excited at 505-+ 2nm,  the drug- 
induced fluorescence changes of BCECF loaded cells 
were measured at 530-+ 5 nm in the presence of 
antifluorescein Ig-G antibodies (15 #L/mL) which 
quenched the extracellular BCECF fluorescence. 
The addition of this antibody was found necessary 
since hepatocytes are known to secrete BCECF. 
Extracellular BCECF thus contributes a large and 
steadily increasing proportion of the total fluor- 
escence signal [30]. In its presence and in the absence 
of test substances the evaluated leakage rate was 
below 10% in 30 min. The BCECF fluorescence was 
calibrated at the end of each individual scan. After  
an equilibration of pH between intracellular and 
extracellular space with nigerin in the presence of 
high extracellular K + [31]; HCI and NaOH were 
added stepwise and the pH measured against a cali- 
brated pH-electrode. As shown in Fig. 5, the fluor- 
escence signal at 530 nm was linear within the range 
of 6.50 and 8.10 pH units. 

A FORTRAN program based on non-linear 
regression-theory was developed to analyse the 
BCECF fluorescence curves. It is assumed that two 
independent mechanisms are responsible for the 
release and the elimination of H +. The intracellular 
release of H + is characterized by ~'rel, the H +- 
extrusion process by rrec- 

pHmeasured(t) = pHbasa I -- dpHmax(2-t/rrec - 2-t/rrel) 
where dpHmax = maximal decrease of pH in the 
absence of recovery processes; tree = pHi recovery 
half-time (sec); Tr~l = pHi release half-time (sec). 

RESULTS 

Time course of calcium effiux in cultured hepa- 
tocytes 

The kinetics of 45Ca2+ efflux from preloaded hepa- 
tocyte cultures is shown in Fig. l(a).  In the absence 
of stimulation two phases can be distinguished. A 
rapid initial phase causing an efflux of - 5 0 %  of 

45 2+ cellular Ca within 4 min and a slower second 
phase where a further 15-20% loss of cellular 45Ca2+ 
occurs in the next 15 min. This is similar to earlier 
reports on 45Ca 2+ efflux from rat liver cells [32]; 
where the initial phase represents the rapidly 
exchangeable 45Ca2+ from the external surface of 
the cell membrane and the second slower phase 
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Fig. 1. (a) Time course of calcium efflux in cultured hepatocytes: cells were loaded with 45Ca2+, washed 
at 4 ° and efflux initiated at 37 ° in PSS buffer. After various time periods, the buffer was aspirated and 
the calcium remaining in the cells determined as described in Materials and Methods. (b) Time course 
of calcium efflux in cultured hepatocytes in the presence of nafenopin and vasopressin. Cells were loaded 
with 45Ca2+. Ten minutes after the initiation of 45Ca2+ efflux, as described in Fig. l(a), solvent, (A), 
nafenopin, 150/~M (O), or vasopressin, 10 -7 M (1) were added and efflux continued for various periods 
of time. 100% represents the radioactivity remaining in the cells at zero time prior to the additions. 
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Fig. 2. Effect of various concentrations of nafenopin on 
45Ca2+ efflux. Addition of nafenopin and measurement of 
45Ca2+ efftux for a 10min period were as described in 
the legend of Fig. l(b). 100% represents the radioactivity 

remaining in the control incubation after 10 min. 

represents the exchangeable 45Ca2+ from intra- 
cellular pools. Thus, in order to eliminate the inter- 
ference from the rapidly exchangeable pool, 45Ca2+ 
efflux was allowed to proceed for 10 min before the 
test substance was added, as indicated in Fig. l(a). 

Effect of oasopressin and nafenopin on 45Ca2+ef-flux 
in hepatocyte culture 

In agreement with previously published reports 
using intact liver or 45Ca 2÷ preloaded hepatocytes 
[33], vasopressin stimulated 45Ca2+ efflux from the 
slowly exchangeable 45Ca2+ pool in the 45Ca2+ pre- 
loaded hepatocytes as evidenced by the loss of radio- 
activity from the cells (Fig. lb). Nafenopin (250/~M), 
also stimulated the rate of 45Ca2+ efflux. Figure 2 
shows that the effect of nafenopin (30-300/~M) on 
45Ca2+ efflux was concentration dependent. In the 
presence of low extracellular calcium concentration 
(0.12 mM), both nafenopin and vasopressin stimu- 
lated 45Ca2+ efflux (data not shown). Early studies 

on the stimulation of 4SCa2+ exchange and loss in 
hepatocytes by Ca 2÷ mobilizing agonists in the pres- 
ence of physiological as well as low extracellular 
Ca 2÷ concentration were interpreted as an indication 
of a decrease in the size of intracellular calcium 
pools and an increase in the size of the cytoplasmic 
exchangeable calcium pool mediated by the release 
of intracellular Ca z÷ [34]. These results therefore 
indicate that nafenopin may exert its effect by mobil- 
izing calcium from intracellular stores in a manner 
similar to vasopressin [30]. 

Comparison of the effect of nafenopin and 
Ca2 + mobilizing agents on 45Ca2+ efflux and accumu- 
lation of inositol monophosphate in hepatocyte cul- 
tures 

It is widely accepted that the Ca 2+ response to vaso- 
pressin and other Ca 2÷ mobilizing agents is a conse- 
quence of receptor mediated breakdown of 
phosphatidylinositol-4,5-bisphosphate leading to the 
formation of Ins(1,4,5)-P 3 which releases Ca 2+ from 
sensitive pools located in the endoplasmatic reticulum 
(e.g. see reviews 35-37). In order to investigate 
whether nafenopin also evokes the breakdown of this 
phosphoinositide, we measured the production of 
InsPt in nafenopin-stimulated cultured hepatocytes 
prelabelled with [3H]inositol and compared it to the 
response to vasopressin and angiotensin II (Table 1). 
As expected, both vasopressin (10 -7 M) and angio- 
tensin II (10 -6 M) caused the accumulation of InsPl. 
However, nafenopin at concentrations up to 600 ~tM 
did not affect InsP1 production; although the 45Ca2+ 
efflux induced by 250/~M nafenopin was greater than 
that induced by 10-TM vasopressin. These results 
indicate that the increase in 45Cae+ efflux elicited by 
nafenopin does not appear to be mediated through 
inositol phosphate production. In fact when added 
simultaneously with various concentrations of vaso- 
pressin to hepatocyte cultures nafenopin inhibited the 
vasopressin mediated accumulation of InsP1 (Fig. 3). 
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Table 1. Comparison of the effects of nafenopin, vasopressin and angiotensin II 
on 45Ca 2÷ efflux and [3H]inositol phosphate production in hepatocyte cultures* 

[3H]InsP~ 45Ca2+ efflux 
(% of control) (% of control) 

V a s o p r e s s i n  (10 -7 M) 182 ± 115 (7) 
Angiotensin II (10 -6 M) 148 ± 75 (6) 
Nafenopin (30~uM) 106 ± 6 (4) 

(150/~M) 116 ± 5t (5) 
(300/~M) 111 (2) 
(600/zM) 106 (2) 

75 ± 35 (8) 
69 ± 65 (5) 

65 ± 45 (9) 

* Inositol phosphate production and calcium eftiux measurements were per- 
formed as described in Materials and Methods. Values for calcium efflux experi- 
ments are expressed as the percentage of radioactivity remaining in the cells 
treated with hormones or nafenopin to that in the control incubations (100%) as 
described in the legend of Fig. 2. Values for InsP, production are expressed as 
percentage of [3H]InsP~ radioactivity in cells in the absence of test substance. 
Data are the mean -+ SE of the number of independent experiments shown in 
parentheses. 

t P < 0.05 and 5 P < 0.001 indicate statistical significance as compared to 
respective controls by two-tailed t-test. 
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Fig. 3. Effect of nafenopin on InsP 1 accumulation induced 
by increasing concentration of vasopressin in hepatocyte 
cultures. [3H]Inositol prelabelled hepatocyte cultures were 
incubated for 15 min without (O) or with 150 #M nafenopin 
(O) in the absence or presence of various concentrations 
of vasopressin as indicated in the figure. [3H]InsP1 accumu- 
lation was determined as described in Materials and 
Methods. Data are means ± SE of four separate cultures. 

Inositol lipid metabolism in hepatocytes isolated from 
nafenopin-pretreated rats and their response to vaso- 
pressin 

Hepatocyces  were isolated from control  rats and 
rats treated for 7 days with a carcinogenic dose of  
nafenopin (1000 ppm in their daily feed, equivalent  
to - 1 0 0  mg/kg  body wt/day) .  The  inositol lipids 
were then labelled for 2 hr in vitro by incubation 
with [3H]inositol, and the product ion of poly- 
phosphates in response to vasopressin was deter- 
mined. [3H]Inositol incorporat ion into both 
phosphatidylinositol-4-phosphate (PIP) and phos- 
phatidylinositol-4,5-bisphosphate (PIP2) was mark- 
edly reduced in hepatocytes  prepared from 

Table 2. [3H]Inositol incorporation into polyphospho- 
inositides and inositol phosphates in hepatocytes prepared 

from control and nafenopin-treated rats 

[3H]Inositol incorporation 
(% of control hepatocytes)* 

PI 75 ± 18 
PIP 55 ± 6t 
PIP2 38 ± 10t 
InsP, 77 ± 31 
InsP2 56 ± 19 
InsP3 66 ± 22 

* The preparation of hepatocytes labelled in vitro with 
[3H]inositol, and the separation and measurement of 
[3H]phosphoinositides and [3H]inositol phosphates were 
performed as described in Materials and Methods. For each 
experiment conducted, parallel incubations of hepatocytes 
from a control and a treated animal were used. The amount 
of radioactivity present in any given fraction derived from 
the hepatocytes of pretreated animals was expressed as a 
percentage of the value obtained from the hepatocytes 
of control animals. The mean values for the amount of 
radioactivity present in the PI, PIP, PIP2, InsP1, InsP2 and 
InsP3 fractions eluted from the anion exchange columns for 
samples from control hepatocytes were 27,988 - 7314, 
1273 ± 318, 879 ± 222, 1827 ± 153, 612 ± 186 and 176 
-+ 69 dpm/106 cells (mean ± SE, N = 3 independent 
experiments), respectively. The values shown are the 
means ± SE of three experiments each conducted with a 
separate preparation of cells from control and treated 
animals. 

t P < 0.01 compared with the respective untreated con- 
trol by paired t-test. 

nafenopin-treated animals (Table 2). There  was also 
clearly less radioactivity in PI, InsP 1, InsP2 and InsP3, 
but this difference was not statistically significant 
which may be due to the low number  of deter-  
minations (N = 3). The  nafenopin- t reated hepa- 
tocytes were also unable to genera te  InsP3 and InsP2 
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Table 3. Vasopressin (2 x 10 v M) stimulated inositol 
phosphate production in hepatocytes from control and 

nafenopin-treated animals 

Radioactivity in inositol phosphates 
(% of values in the absence of vasopressin)* 

Hepatocytes from Hepatocytes from 
control rats Nafenopin-treated rats 

InsP~ 206 +- 53 122 -+ 6 
InsP2 236 -+ 26~ 107 -+ 10 
InsP3 218 -+ 95 87 -+ 14 

* [3H]Inositol labelled hepatocytes (same as those 
described in Table 2) were incubated in the presence of 
Li + with or without vasopressin for 15 min. Extraction 
and separation of inositol phosphates were performed as 
described in Materials and Methods. The radioactivities of 
inositol phosphate fractions in the absence of vasopressin 
are as described in the legend of Table 2. 

t P < 0.05 and $ P < 0.01 indicate statistical significance 
as compared to values in the absence of vasopressin by 
two-tailed t-test. 

in response to vasopressin treatment (Table 3). 
When tested between 0.5 and 10 min, the uptake of 
[3H]inositol into hepatocytes from nafenopin-treated 
rats was found to be similar to that into hepatocytes 
from control rats (data not shown). Thus, nafenopin 
appears to interfere with inositol lipid synthesis and 
abolishes inositol phosphate production in response 
to vasopressin. 

Changes in intracellular Ca 2+ in hepatocyte sus- 
pensions 

In agreement with previously published results 
[38], vasopressin (100 nM) caused an elevation of 
intracellular Ca 2+ ([Ca2+]i) from a basal level of 

about 200 nM to a sustained maximum of 350 nM 
(Fig. 4). Addition of nafenopin to the hepatocyte 
suspension also caused an immediate rise in [Ca2+]i 
(e.g. an increase of -105 nM at 80/~M; an average 
of two independent experiments). This effect of 
nafenopin was concentration dependent within the 
range tested (40-400/~M). A representative 
measurement is shown in Fig. 4. Similar to vaso- 
pressin the fluorescence decay curves obtained with 
nafenopin revealed non-exponential decay charac- 
teristics indicating that the intracellular Ca 2+ sta- 
bilizes at an elevated steady state level. In the 
presence of 5 mM EGTA,  the nafenopin-induced 
Ca 2÷ signal was reduced by about 25% indicating 
that the rise in [Ca2+]i resulted mainly from a dis- 
charge from intracellular stores (Fig. 4). 

When tested, ciprofibrate and clofibrate, structural 
analogues of nafenopin, also caused elevation of 
[Ca2+]i in hepatocyte suspension at comparable con- 
centrations (data not shown). 

Changes in intracellular pH in hepatocyte suspensions 

Using BCECF loaded hepatocytes and the pH cali- 
bration curve (Fig. 5, see Materials and Methods), 
a basal intracellular pH [pHi] of 7.1-+ 0.1 was 
obtained (Fig. 6). This value is in good agreement 
with previously published reports [39]. The addition 
of 200 #M nafenopin to the BCECF-loaded hepa- 
tocytes caused an immediate, but reversible drop in 
pHi by about 0.2 pH units (Fig. 6). Using the com- 
puter program described in Materials and Methods, 
the calculated half-life recovery time (tree) to basal 
pH i in response to 200 #M nafenopin was 160 - 2 
(SE) sec from three independent experiments. 

The recovery to basal pH i was completely 
repressed by 0.1 mM amiloride, an inhibitor of the 
Na+/H + exchange in intact hepatocytes, indicating 

Rel. In tens i t y  

vasopressin (100 nM) nafenopin (40 IJM) 
nafenopin (160 pM) 

t f 

nafenopin (160 IJM) 

+ EGTA (5 mM} 

t 

I t l I i 

100 200 300 400 500 

Time (s) 
Fig. 4. Fluorescence response to vasopressin (100nM), and nafenopin (40, 160/~M) of hepatocytes 
loaded with Fluo-3:AM. In one experiment 5 mM EGTA was added prior to the addition of nafenopin 
(160 ~M). The x-axis corresponds to the time scale and the ordinate gives the relative fluorescence 

intensity, which can be directly related to [Ca2+]~. 
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Fig. 5. Calibration curve for pH i measurements with 
BCECF. For details on the calibration procedure see text. 
After excitation at 505 -+ 2 nm, the fluorescence signal at 

530 + 5 nm grows linearly with pH. 

the importance of membrane Na+/H + exchange in 
the mechanism of pH recovery after cell acidification 
as was shown by others [39]. It should be noted, 
however, that the maximal drug-induced pHi drop 
was not strongly affected by amiloride and the small 
additional H + release can be entirely explained by 
the amiloride dependent suppression of the pHi 
recovery reaction pathway [30]. 

Clofibric acid and clofibrate ester showed a similar 
but a weaker effect on pH i (data not shown). 

Inhibition of nafenopin induced DNA synthesis by 
amiloride 

Calcium mobilization and Na+/H + exchange acti- 
vation have been shown to be essential components 

for the proliferation of liver cells after partial hepa- 
tectomy [17, 40-42]. In hepatocyte cultures ami- 
loride has been reported to block 22Na uptake and 
inhibit basal DNA synthesis as well as that induced 
by EGF [41, 43,44]. Since nafenopin indirectly 
stimulated amiloride-sensitive Na+/H + exchange 
activity (Fig. 6), we investigated whether nafenopin- 
induced stimulation of DNA synthesis is also sen- 
sitive to amiloride. Figure 7 shows that nafenopin 
and EGF increased [3H]thymidine incorporation in 
hepatocytes by 3.4- and 5.5-fold, respectively. A 
greater response to EGF was obtained when it was 
added to nafenopin treated cultured hepatocytes. 
However, this stimulation was dependent upon the 
order in which the mitogens were added and the time 
at which DNA synthetic activity was determined 
(data not shown). At 8/~M, amiloride did not inhibit 
basal DNA activity, but inhibited nafenopin induced 
DNA synthesis by only 25%. At  higher con- 
centrations amiloride inhibited both the basal and 
the induced activities. The inhibition by amiloride of 
nafenopin-induced DNA synthesis was confirmed by 
autoradiography performed after exposure to 
[3H]thymidine for 24 hr commencing at day 2 after 
plating; but we could not observe an amiloride 
dependent inhibition of either EGF or vasopressin- 
stimulated DNA synthesis in the absence of inhi- 
bition of basal DNA synthesis (data not shown). 
This indicates that stimulation of Na+/H + exchange 
activity by these agents is not the only essential 
component by which they exert their effect. Due to 
the lack of specific inhibitors of intracellular calcium 
release it was not possible to evaluate whether the 
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Fig. 6. Changes in intracellular pH after addition of 200#M nafenopin to hepatocytes loaded with 
BCECF:AM in the absence and presence of 0.1 mM amiloride. The x-axis determines the time scale 
and the ordinate gives relative pH changes, which can be directly calculated from the emitted fluorescence 
intensity. Dotted points correspond to the experimentally observed data, whereas the line corresponds 
to the theoretically predicted spectrum by using the model function described in Materials and Methods. 
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Fig. 7. Inhibition by amiloride of the EGF and nafenopin 
induced stimulation of DNA synthesis in hepatocyte 
cultures. Four hours after plating hepatocytes were fed 
HCD medium supplemented with or without various con- 
centrations of amiloride. Nafenopin (30/~M) and EGF 
(50 ng/mL) were added 4 and 24 hr after plating, respect- 
ively. Two days after plating, DNA synthesis in the hepato- 
cytes was assessed from the incorporation of [3H]thymidine 
in the cells following a 3 hr pulse of radioactive thymidine 
determined, as described in Materials and Methods. 
Control, diamonds; nafenopin, circles; EGF, squares and 

EGF + nafenopin, triangles. 

and Ins(1,4,5)-P3 when the orientation of the polar 
groups and the non-polar portions of the molecule 
are considered (see Fig. 8 and its legend). 

In parallel to the observed Ca 2+ release, a transient 
drop of pHi occurred. Although, physicochemical 
buffering reactions are expected to reach completion 
within a fraction of seconds [50], the possibility that 
the acidification could be caused by nafenopin itself 
cannot be excluded. On the basis of an intracellular 
H+-buffering capacity of 35 mM/pH unit [39], the 
addition of 200/tM nafenopin may explain the 
observed change in pH of 0.2pH units, if one 
assumes a concentration factor of 2000 (derived from 
the ratio between extracellular and intracellular 
space assuming a single cell volume of 4940 ~m 3 
[511). 

Although it is difficult to determine the sequence 
of the observed physiological reactions (i.e. Ca 2+ 
and H + release), a liberation of Ca 2+ as a result of 
acidification is unlikely, because indirect modulation 
of cytosolic pH within the range from 6.8 to 7.5 
was not associated with increased cytosolic Ca 2+ 
concentrations (data not shown). This observation is 
in good agreement with the results of Joseph and 
Williamson [52], who demonstrated that, contrary 

increase in [Ca2+]i caused by nafenopin is essential 
for the induction of DNA synthesis. 

DISCUSSION 

Our results demonstrate that direct addition of 
nafenopin to hepatocytes causes an immediate and 
sustained increase in intracellular cytosolic calcium 
levels which results in increased calcium efflux. This 
effect appears to be independent of phosphoinositide 
hydrolysis. The rise in intracellular calcium evoked 
by nafenopin was only partially inhibited when extra- 
cellular calcium was removed. This indicates that 
calcium influx across the plasma membrane is not 
the major mechanism by which nafenopin exerts its 
effect. Since nafenopin increased calcium efflux, the 
rise in intracellular calcium is not a consequence 
of impaired calcium extrusion. The data therefore 
suggest that nafenopin causes mobilization of cal- 
cium from intracellular stores which may result in an 
increased Ca 2+ cycling across the plasma membrane 
[45]. In the liver it is generally accepted that the 
second messenger of the Ca 2+ mobilizing agonists is 
Ins(1,4,5)-P 3 which releases Ca 2+ from a hormone 
sensitive pool by interacting with a specific rec- 
ognition site that controls a Ca 2+ channel in the 
membrane of the endoplasmic reticulum (ER) [46] 
(most likely on a site associated with the plasma 
membrane [47]). On the other hand thapsigargin, a 
tumour promotor which increases intracellular Ca 2+ 
in intact hepatocytes was found to specifically inhibit 
the ER-Ca 2+ ATPase [48], the microsomal Ca 2+ 
sequestering system [49]. Our results clearly show 
that nafenopin does not mobilize calcium via InsP 3 
mediated mechanism. However it is unclear whether 
the compound directly releases Ca 2+ or inhibits Ca 2+ 
sequestration. In this regard it is interesting to note 
that there are striking similarities between nafenopin 
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Fig. 8. A comparison of the 3-dimensional structures of 
Ins(1,4,5)-P 3 and nafenopin using computer-assisted mol- 
ecular modelling (MM2 force field). The structure of the 
physiologically active Ins(1,4,5)-P3 isomer is shown [73], 
and it is known that the marked polar groups are required 
for binding to the receptor. It is of interest that the two 
polar regions of the nafenopin molecule have similar posi- 

tions with respect to the common hydrophobic region. 
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to other cell types, alteration of intracellular pH 
between pH 6.5 and 8.0 did not affect InsP3-induced 
Ca 2÷ release in permeabilized hepatocytes. 

On the other hand, the intracellular acidification 
following nafenopin exposure may be the result of 
the rise in intracellular calcium to an extent that 
activation of H ÷ efflux from intraceUular locations 
occurs. This mechanism has been suggested to 
explain the transient acidification caused by several 
agents that increase [Ca2+]i in 3T3 cells e.g. brady- 
kinin, PDGF,  bombesin and ionomycin [53] or fol- 
lowing direct injection of Ca 2÷ into snail neurons 
[54-56]. Further studies are necessary to determine 
the relationship between Ca 2÷ release and intra- 
cellular acidification. 

An association between both Na+/H + exchange 
activity [44, 57], Ca 2÷ mobilization [17, 40, 42, 58] 
and hepatocyte growth and regeneration have been 
reported. Our results demonstrate that nafenopin 
mobilizes intracellular calcium and indirectly acti- 
vates the Na+/H + exchanger and may therefore shed 
some light on the mechanism by which it induces 
DNA synthesis in the liver. The exact role in the 
activation of N a t / H  + exchange in inducing DNA 
synthesis by nafenopin cannot be ascertained for 
two reasons, (i) only a weak inhibition ( - 2 5 % )  by 
amiloride of the nafenopin response was obtained in 
the absence of inhibition of basal DNA synthesis 
activity and (ii) amiloride may affect protein syn- 
thesis and Na+/K+-ATPase [59, 60]. In support of 
the important role of increased [Ca2+]i in the mech- 
anism of induction of DNA synthesis by nafenopin 
is the observation that nafenopin can overcome the 
block imposed on the DNA synthetic activity of 
neonatal hepatocytes by extracellular Ca 2÷ dep- 
rivation [61]. 

Our results also indicate that subchronic treatment 
with a carcinogenic dose of nafenopin appears to 
impair inositol lipid metabolism as evidenced by the 
reduced incorporation of [3H]inositol into PIP and 
PIP2 fractions (Table 2). The mechanism of such an 
effect is unclear. It is possible that a chronic elevation 
of [Ca2+]i by nafenopin caused down regulation of 
the phosphoinositides through a negative feedback 
control or that nafenopin directly inhibited the PI- 
kinases. The observed loss of response to vasopressin 
in nafenopin treated rats could be a consequence of 
either a poorly labelled pool of phosphoinositides or 
impairment in the vasopressin receptor activation 
pathway, possibly through interaction with phos- 
pholipase C. We have noted in preliminary experi- 
ments that the binding of [3H]vasopressin to intact 
hepatocytes and microsomal membranes isolated 
from nafenopin treated animals was reduced com- 
pared to that from control rats. Recently, the pres- 
ence of a calcium-dependent cytosolic protein which 
can bind to the hepatocyte membrane and reversibly 
inactivates vasopressin and angiotensin II binding to 
hepatocyte membranes has been reported [62]. It is 
possible that the increase in intracellular Ca z+ caused 
by nafenopin may activate this protein resulting in 
an inactivation of vasopressin binding. Alteration in 
steady state PIP2 levels may also be physiologically 
significant [63] because this phospholipid has been 
implicated as a regulator of a plasma membrane Ca 2÷ 
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ATPase [64, 65]. It is interesting to note that ATPase 
levels appear to be reduced in liver foci induced by 
peroxisomal proliferators [66]. There is considerable 
interest in the role that phosphatidylinositol turnover 
plays in regulating cell growth and the possibility 
that derangement of the phosphoinositide messenger 
system may be important in the development of 
uncontrolled growth in transformed cells has been 
discussed [19]. 

It has been reported that thapsigarlgin , a non-TPA 
like tumour promotor,  discharges Ca ~+ from internal 
stores leading to increase in Ca 2÷ without hydrolysis 
of inositol lipids [48]. The authors argued that a 
steady increase in Ca 2+ may be sufficient for pro- 
motion of carcinogenesis. The striking similarities 
between the effects of thapsigargin and nafenopin on 
[Ca2+]i tempt us to speculate that similar mechanisms 
may be responsible for tumour promotion by nafen- 
opin. Furthermore nafenopin treatment did not 
cause the translocation of protein kinase C from 
the cytosol to the plasma membrane (unpublished 
observations) nor cellular alkalization as is the case 
of TPA-like tumour promotors. The role of elevation 
of Ca 2÷ in cell injury, tumour promotion and car- 
cinogenesis has been well discussed [67-69]. 

The involvement of Ca 2÷ mobilization in various 
aspects of lipid and carbohydrate metabolism in the 
liver [70] suggests that some of the physiological 
effects of nafenopin on lipid and carbohydrate 
metabolism [1] may be mediated by the increase in 
[Ca2+]i . For example the glycogen depletion that 
occurs after subchronic treatment of rodents with 
nafenopin and clofibrate [1, 71] may be associated 
with the effect of nafenopin on [Ca2+]i in a manner 
similar to that of other calcium mobilizing agents 
[70, 72]. 
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