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Chloroquine inhibits a -adrenergic action in hepatocytes1B
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Abstract

Noradrenaline increased phosphorylase a activity through activation of a -adrenoceptors in rat hepatocytes. Such effect was1B
Ž .inhibited by chloroquine K f55 nM and only slightly reduced by high concentrations of primaquine. Chloroquine did not inhibit thei

w3 xactivation of phosphorylase a induced by vasopressin or angiotensin II. Binding competition experiments using H prazosin showed that
both chloroquine and primaquine interact with a -adrenoceptors, but only at very high concentrations. This indicates that the ability of1B

chloroquine to block the a -adrenergic action was not due to antagonism at the receptor level. Noradrenaline increased phosphatidyli-1B

nositol resynthesis and inositol trisphosphate production; these effects were inhibited by chloroquine and phorbol 12-myristate 13-acetate.
Ž w w Ž . x Ž . .Staurosporine and Ro 31-8220 3- 1- 3- amidinothio propyl-1H-indol-3-yl -3- 1-methyl-1H-indol-3-yl maleimide , reduced the inhibitions

induced by the active phorbol ester and the antimalarial drug on adrenergic-stimulated phosphatidylinositol resynthesis. Similarly,
staurosporine blocked the inhibitory actions of chloroquine and phorbol 12-myristate 13-acetate on noradrenaline-stimulated inositol
trisphosphate production. These data suggest the possibility that protein kinases, such as protein kinase C, could be involved in the actions
of chloroquine. q 1998 Elsevier Science B.V.
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1. Introduction

The natural adrenergic amines, adrenaline and nor-
adrenaline, are among the main modulators of liver

Ž .metabolism Hems and Whitton, 1980 , both a and b -1 2

adrenoceptors seem to mediate such modulation. The rela-
tive roles of these adrenoceptors and their densities in

Žhepatocytes vary considerably among species Sulakhe et
.al., 1988 . In hepatocytes, from normal adult rats, a -1

Žadrenoceptors of the a subtype Han et al., 1987;1B
.Garcıa-Sainz et al., 1992; Garcıa-Sainz et al., 1994 are the´ ´ ´ ´

main mediators of catecholamine actions. Activation of
Ža -adrenoceptors leads to phosphoinositide turnover hy-1B

drolysis of phosphatidylinositol 4,5-bisphosphate, with
production of the second messengers, diacylglycerol and

Ž .IP inositol 1,4,5-trisphosphate , and subsequent resynthe-3
. 2q Žsis of phosphoinositides and Ca signaling Garcıa-Sainz,´ ´

) Corresponding author. Tel.: q52-5-6225612; fax: q52-5-6225613;
e-mail: agarcia@ifcsun1.ifisiol.unam.mx

1987; Garcıa-Sainz, 1993; Minneman and Esbenshade,´ ´
.1994; Graham et al., 1996 .

Interestingly, activation of protein kinase C with active
phorbol esters, such as phorbol 12-myristate 13-acetate
Ž .PMA blocks immediately a -adrenergic actions, in cells1

Žsuch as hepatocytes Corvera and Garcıa-Sainz, 1984;´ ´
Cooper et al., 1985; Lynch et al., 1985; Garcıa-Sainz et al.,´ ´

.1985; Van de Werve et al., 1985; Corvera et al., 1986 ,
Žsmooth muscle cells Leeb-Lundberg et al., 1985, 1987;

. ŽBouvier et al., 1987 or fibroblasts Lattion et al., 1994;
Diviani et al., 1996; Vazquez-Prado and Garcıa-Sainz,´ ´ ´

.1996 . This effect is associated to receptor phosphorylation
ŽLeeb-Lundberg et al., 1985, 1987; Bouvier et al., 1987;

.Lattion et al., 1994; Diviani et al., 1996 . This action of
protein kinase C seems to be physiologically relevant in
homologous and heterologous desensitization of the a -1

Žadrenergic action Garcıa-Sainz et al., 1986; Bouvier et al.,´ ´
.1987; Cowlen and Toews, 1988; Diviani et al., 1996 .

Although, other protein kinases also participate in these
Žprocesses Leeb-Lundberg et al., 1987; Lattion et al.,

.1994 .
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Activation of protein kinase C not only induces the
blockaderdesensitization of a -adrenoceptors but also al-1

ters the subcellular distribution of these receptors in some
Žcells Lynch et al., 1985; Cowlen and Toews, 1988; Ja-

gadeesh and Deth, 1988; Beeler and Cooper, 1995; Fon-
. Ž .seca et al., 1995 . Fonseca et al. 1995 have elegantly

shown that PMA induces internalization to endosomes of
a -adrenoceptors stably expressed in embryonal kidney1b

293 cells. This effect is also induced by agonists and,
interestingly, it is blocked by staurosporine, an inhibitor of
protein kinase C, which suggests a physiological role of
protein kinase C in agonist-induced receptor internalization
Ž .Fonseca et al., 1995 .

Lysosomotropic agents, such as chloroquine and pri-
maquine, are frequently used to study receptor endocytosis

Ž .and recycling Mellman et al., 1986 . These weak bases
seem to act by neutralizing the pH of endocytic vesicles

Ž .which inhibits receptor recycling Mellman et al., 1986 . It
has been shown that treatment of hepatocytes with pri-

Ž .maquine induces a relatively rapid decrease f30% of
Žplasma membrane a -adrenoceptors Beeler and Cooper,1

.1995 . Interestingly, the effects of primaquine and PMA
Žon this parameter do not seem to be additive Beeler and

.Cooper, 1995 . Here, we show that chloroquine, inhibits
the a -adrenergic action in hepatocytes; our results sug-1B

Ž .gest that protein kinase s , such as protein kinase C, may
be involved.

2. Materials and methods

L-Noradrenaline, DL-propranolol, chloroquine, pri-
w 8 xmaquine, PMA, Arg vasopressin, angiotensin II, glucose-

L-phosphate, glycogen, digitonin, caffeine, b-glycerophos-
phate and staurosporine, were obtained from Sigma Chem-
ical. Collagenase was from Worthington and bovine serum

Ž .albumin fraction V from Armour. Ro 31-8220
Ž w w Ž . x Ž3- 1- 3- amidinothio propyl-1H-indol-3-yl -3- 1-methyl-1H-

. .ndol-3-yl maleimide was obtained from Calbiochem. a-D-
w14 x Ž . w3 xC Glucose-1-phosphate 313 mCirmmol , H prazosin
Ž . w32 x Ž .71.8 Cirmmol , P Pi carrier free and inositol-1,4,5-
trisphosphate radioreceptor assay kits were from New Eng-
land Nuclear. Phentolamine was a generous gift from
Ciba–Geigy.

Hepatocytes were isolated, by the method of Berry and
Ž . Ž .Friend 1969 , from male Wistar rats 200–250 g fed ad

Ž .libitum. The cells 30–40 mg wet weight were incubated
in 1 ml of Krebs–Ringer bicarbonate buffer, under an
atmosphere of 95% O r5% CO , pH 7.4 at 378C in a2 2

Žwater bath shaker as described Corvera and Garcıa-Sainz,´ ´
.1984 .

To quantify phosphorylase a activity, the cells were
preincubated for 20 min in Krebs–Ringer bicarbonate
buffer containing 10 mM glucose. Agents were added to
the cells 1 min before stopping the reaction. Phosphorylase
a activity was assayed as described by Stalmans and Hers

Ž .1975 ; activity is expressed in units, one unit is defined as
the conversion of 1 mmol of substrate to product in 1 min
per g of cells wet weight.

Phosphatidylinositol labeling was performed, as de-
Ž .scribed Corvera et al., 1986 , by incubating the cells for

w32 x60 min in buffer supplemented with 10 mCirml of P Pi.
At the end of the incubation lipids were extracted with

Ž .chloroformrmethanol 2:1 and phospholipids separated
Žby one-dimensional thin-layer chromatography Garcıa-´

.Sainz and Fain, 1980 .´
Production of IP was quantified using a commercial3

radioreceptor kit following the manufacturer instructions
Žwith minor modifications. In brief, cell suspensions 1 ml

.containing 50 mg of cells wet weight were incubated in
presence of the agents to be tested. Reactions were stopped
at 15 s or the indicated times by adding ice-cold perchloric

Ž .acid 6% final concentration . Acidified samples were
vortexed and kept on ice for 1 h before centrifugation at
2000=g for 15 min. Supernatants were removed and
neutralized with 1.5 M KOHr75 mM HEPES; the neutral-
ized supernatants were used for quantification, employing
a commercial IP radioreceptor assay kit.3

Partially purified liver plasma membranes, were ob-
Ž .tained by the method of Neville 1968 . Membranes were

washed and resuspended in 50 mM Tris, 10 mM MgCl ,2

pH 7.5; aliquots of the membrane preparation were frozen
Žand stored under liquid nitrogen until used usually within

.two weeks , without any noticeable change in receptor
binding. Radioligand binding studies were performed as

Ž .described Garcıa-Sainz et al., 1994 by incubating mem-´ ´
Ž .branes 75–100 mg protein in 50 mM Tris, 10 mM

MgCl , pH 7.5 with the radioactive ligand, alone or with2

the indicated agents. Incubations were in a total volume of
0.25 ml for 60 min in a water bath shaker at 258C. At the
end of the incubation, 2.5 ml of ice-cold buffer were added
to the membrane suspension, the membranes were immedi-

Žately filtered on GFrC filters and washed three-times 2.5
.ml each time with the same buffer. Saturation experiments

were performed using concentrations between 0.05–12 nM
w3 xH prazosin and binding competition studies with 1–1.5

ŽnM of the radioactive ligand 75–85% receptor occupa-
.tion . Non-specific binding was evaluated in the presence

of 10 mM phentolamine; specific binding represented 80–
90% of the total binding at the K . Binding saturation andd

competition data were analyzed using the EBDA and
Ž . ŽLIGAND Munson and Rodbard, 1980 programs Else-
.vier-Biosoft . K values were calculated according toi

Ž .Cheng and Prusoff 1973 . Protein was quantified by the
Ž .method of Lowry et al. 1951 using bovine serum albumin

as standard.

3. Results

ŽNoradrenaline 10 mM propranolol to block its b-
adrenergic activity, was used in all the experiments in
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Fig. 1. Effect of noradrenaline, phentolamine, chloroquine and primaquine on phosphorylase a activity in isolated rat hepatocytes. Hepatocytes were
Ž . Ž .incubated in the presence of 10 mM propranolol and different concentrations of noradrenaline open circles left panel or with 10 mM noradrenaline plus

Ž . Ž . Ž .different concentrations of phentolamine open squares , chloroquine solid circles or primaquine solid triangles . Data are presented as percent of basal
Ž . Ž .phosphorylase a activity which was 20"1 units, left panel or as percent or noradrenaline effect right panel . Plotted are the means and vertical lines

represent the S.E.M. of 5–7 experiments using different cell preparations.

.which this catecholamine was employed induced a dose-
Ž .dependent EC f75 nM increase in phosphorylase a50

Ž .activity Fig. 1, left panel . The increase in phosphorylase
a activity induced by 10 mM noradrenaline was dose-de-

Žpendently inhibited by phentolamine IC f2 mM, K f50 i
.15 nM . Interestingly, the antimalarial drug, chloroquine,

also inhibited in a dose-dependent fashion the adrenergic
Ž . Ž .effect IC f7.5 mM, K f55 nM Fig. 1, right panel .50 i

Primaquine, in contrast, induced a very modest decrease in
the a -adrenergic action and only at very high concentra-1B

Ž .tions Fig. 1, right panel . Neither the lysosomotropic
agents, chloroquine and primaquine, nor the adrenergic

Fig. 2. Effects of chloroquine and primaquine on the stimulations of
phosphorylase a activity induced by noradrenaline, vasopressin and an-
giotensin II. Hepatocytes were incubated with 10 mM noradrenaline plus

Ž . Ž .10 mM propranolol NA , 10 nM vasopressin VASO or 100 nM
Ž . Ž .angiotensin II ANGIO in the absence open bars or presence of 100

Ž . ŽmM chloroquine crisscrossed bars or 100 mM primaquine dashed
.bars . Plotted are the means and vertical lines represent the S.E.M. of 6–7

experiments using different cell preparations. Other indications as in Fig.
1.

w3 xFig. 3. H Prazosin saturation isotherm and binding competition studies.
A saturation isotherm and the Rosenthal transformation of the data is
presented in the upper panel. In the lower panel, binding competition

Ž .studies using different concentrations of phentolamine open squares ,
Ž . Ž .chloroquine solid circles and primaquine solid triangles are presented.

Ž . Ž .The figures are representative of 4 saturation and 6–7 competition
experiments using different membrane preparations.
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antagonist, phentolamine, had any effect on basal phospho-
Ž .rylase activity at the concentrations tested data not shown .

Ž .As shown in Fig. 2, vasopressin 10 nM and an-
Ž .giotensin II 100 nM were also able to induce marked

increases in phosphorylase a activity. These effects of
vasopressin and angiotensin II were not significantly af-
fected by either chloroquine or primaquine, indicating that
the effect of chloroquine was not general on hormone
action but rather selective for the a -adrenergic action.1B

The possibility that the effect of chloroquine could be
mediated through its interaction with the a -adrenoceptor1B

was tested by performing binding competition experiments
using partially purified liver plasma membranes. In agree-

Ž .ment with previous findings Garcıa-Sainz et al., 1994 ,´ ´
w3 xH prazosin bound rapidly, reversible and in a saturable
fashion to liver plasma membranes. A representative satu-
ration isotherm and the Rosenthal transformation of the
data are presented in Fig. 3. The data indicate that the
radioligand binds to a homogeneous type of sites with a
B of 433"35 fmolr mg of membrane protein and amax

ŽK of 0.18"0.03 nM means"S.E.M. ns4 in bothd
.cases . Binding competition experiments indicate that

Fig. 4. Effect of noradrenaline, chloroquine and PMA on IP production.3

Upper panel: Hepatocytes were incubated for the times indicated in the
presence of 10 mM propranolol and 10 mM noradrenaline. Plotted are the
means and vertical lines represent the S.E.M. of 3 experiments using
different cell preparations. Lower panel: hepatocytes were preincubated

Ž .for 20 min in the absence open bars or presence of 3 mM staurosporine
Ž .bars filled with horizontal lines and further incubated for 15 s in the

Ž .absence of any other agent B or presence of 10 mM propranolol plus 10
Ž . Ž .mM noradrenaline alone NA or with 100 mM chloroquine NAqCQ

Ž .or 1 mM PMA NAqPMA . Plotted are the means"S.E.M. of 6
experiments.

Fig. 5. Effect of staurosporine on the actions of chloroquine and PMA on
Ž .the a -adrenergic-mediated stimulation of phosphatidylinositol PI la-1B

Žbeling. Hepatocytes were preincubated for 20 min in the absence left
. Žgroup of bars, NONE or presence of 3 mM staurosporine middle group

. Žof bars, STAURO or 10 mM RO 31-8220 right group of bars, Ro
.31-8220 and further incubated for 60 min in the absence of any other

Ž .agent open bars or presence of 10 mM propranolol plus 10 mM
Ž .noradrenaline alone bars filled with horizontal lines ; 10 mM propranolol

Ž .plus 10 mM noradrenaline and 100 mM chloroquine crisscrossed bars
or 10 mM propranolol plus 10 mM noradrenaline and 1 mM PMA
Ž .dashed bars . Basal phosphatidylinositol labelings were: 1487"426
cpmr40 mg cells wet weight for cells preincubated in the absence of
protein kinase inhibitors; 1549"390 cpmrmg cells wet weight for cells
preincubated in the presence of staurosporine, and 1560"172 cpmrmg
cells wet weight for cells preincubated in the presence of Ro 31-8220.
Plotted are the means"S.E.M. of 7–9 experiments.

Ž .phentolamine K 53"8 nM, slope 1.02"0.06, ns7 ,i
Ž .chloroquine K 36"4 mM, slope 1.05"0.02, ns6i

Ž .and primaquine K 74"7 mM, slope 1.09"0.03, ns6i

interacted with the a -adrenoceptors, although the lyso-1B

somotropic agents only did it at very high concentrations.
Since chloroquine affinity for the a -adrenoceptors1B

was extremely low, other possibilities to explain its ability
to block the adrenergic action were considered. The effect
of chloroquine resembles that of PMA and therefore, the
possibility that protein kinase C could be involved was
tested through the use of inhibitors, such as staurosporine.
However, staurosporine markedly interfered the hormonal

Ž .activation of phosphorylase data not shown in agreement
Ž .with the report of Gali et al. 1993 .

Due to this, other parameters were tested. Noradrenaline
Ž .induced a very rapid Fig. 4, upper panel increase in IP3

production. This effect of noradrenaline was markedly
Ž .decreased by chloroquine and PMA Fig. 4, lower panel .

Preincubation with 3 mM staurosporine increased slightly
Ž .but consistently basal IP Fig. 4, lower panel . Neverthe-3

less, under these conditions noradrenaline increased IP3

production, in a magnitude similar to that observed in the
Ž .absence of the protein kinase C inhibitor Fig. 5 . Interest-



( )J.A. Garcıa-Sainz, A. Mendoza-MendozarEuropean Journal of Pharmacology 342 1998 333–338´ ´ 337

ingly, when the cells were preincubated with stau-
rosporine, the a -adrenergic-mediated increase in IP1B 3

production was not inhibited by either chloroquine or
Ž .PMA Fig. 4, lower panel . Neither chloroquine nor PMA

Ž .alter basal IP production data nor shown .3

In order to confirm these results, we studied phos-
Ž .phatidylinositol resynthesis phosphatidylinositol labeling .

Ž .Noradrenaline induced a very big f8-fold increase in
phosphatidylinositol labeling which was markedly de-
creased by chloroquine and essentially abolished by PMA
Ž .Fig. 5 . Primaquine did not affect the a -adrenergic1B

Ž .effect data not shown . In cells preincubated with stau-
rosporine, there was no change in basal phosphatidylinosi-
tol labeling and the effect of noradrenaline was even

Ž .bigger 14-fold . Consistent with the previous findings, in
cells preincubated with staurosporine neither chloroquine
nor PMA inhibited the effect of noradrenaline on phos-

Ž .phatidylinositol labeling Fig. 5 . Neither chloroquine nor
PMA alter basal phosphatidylinositol labeling or IP pro-3

Ž .duction data nor shown . The effect of another protein
kinase C inhibitor, Ro 31-8220, was also tested. This
inhibitor affected neither basal phosphatidylinositol label-
ing nor the a -adrenergic effect but markedly reduced the1B

Ž .inhibitions induced by chloroquine and PMA Fig. 5 .

4. Discussion

The effect of the antimalarial lysosomotropic agents,
chloroquine and primaquine, on the hormonal responsive-
ness of hepatocytes was examined. Our results clearly
show that chloroquine, and to a much lesser extent pri-
maquine, block the a -adrenergic action in isolated rat1B

hepatocytes. In contrast, the effect of the vasopressor
peptides, vasopressin and angiotensin II was not signifi-
cantly altered. These data indicate that the action of
chloroquine was not due to general toxicity to the liver
cells, perturbating their metabolism, but rather to a more
selective action.

a -Adrenergic agents, angiotensin II and vasopressin1B

activate the phosphoinositide turnoverrCa2q mobilization
Žsignal transduction pathway in a similar fashion Garcıa-´

.Sainz, 1987 . Their specific receptors seem to share the´
membrane molecular entities involved in such activation,
i.e., G proteins and phospholipase C. Since the effect of
chloroquine was selective, we considered the possibility
that it could be taking place at the level of the a -adren-1B

oceptors. Binding competition experiments clearly indi-
cated that chloroquine and primaquine could interact, al-
though only at very high concentrations, with these recep-
tors. Several arguments indicated that antagonism at the
receptor level was not a good explanation for the effect of
chloroquine on a -adrenergic action. Firstly, there was a1B

good relationship between the K values obtained withi
Ž .phentolamine in the binding competition 53 nM and

Ž .metabolic studies 15 nM ; which was not the case with

chloroquine, where a 650-fold difference was observed.
Secondly, this enormous difference in K values suggestedi

that chloroquine induced a 50% inhibition of the adrener-
gic effects at a concentration at which hardly any interac-
tion with the receptor could have taken place. Thirdly, the
marked difference in potency between chloroquine and
primaquine, observed in the metabolic studies was not
observed in the binding competition studies. Later, the
studies using staurosporine and Ro 31-8220 also argue
against the possibility that chloroquine exerted their effects
by acting as an adrenergic antagonist.

The similarity of the action of chloroquine with that of
Ž .PMA Corvera and Garcıa-Sainz, 1984 prompted us to´ ´

test a possible role of protein kinase C. We used stau-
rosporine, a protein kinase C inhibitor, for this purpose.
Our initial experiments were frustrated by the inhibitory
effect of staurosporine itself on the hormonal activation of

Ž .phosphorylase Gali et al., 1993 . However, staurosporine
clearly blocked the inhibition induced by chloroquine and
PMA on the a -adrenergic-mediated stimulation of phos-1B

Žphoinositide turnover IP production and phosphatidyli-3
.nositol labeling . Ro 31-8220, a relatively more selective

Ž .inhibitor of protein kinase C Dieter and Fitzke, 1991 also
attenuated the inhibitory action of chloroquine and PMA
on the a -adrenergic-mediated stimulation of phos-1B

phatidylinositol labeling. These data suggest a role of
protein kinase C activation in the inhibitory actions of
chloroquine. However, staurosporine and Ro 31-8220 are
only relatively selective and also affect the activity of

Ž .other protein kinases Hofmann, 1997 . Therefore, we can
Ž .not rule out the possibility that other kinase s may partici-

pate in these effects. Further experimentation will be re-
quired to address these aspects.

Chloroquine and primaquine are frequently used to
perturbate membrane trafficking by alkalinizing intra-

Ž .cellular vesicles Mellman et al., 1986 . Our results indi-
cate that caution should be exercised when these agents are
used and its possible effect on protein kinases should be
considered.
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