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m-~lodobenzylguanidine increases the mitochondrial Ca®" pool in isolated
hepatocytes
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The incubation of isolated hepatocyles with the inhibitor of protein mono ADP-ribosylalion. m-iodobenzylguanidine (MIBG), resulied in an

increase in the size of' the mitochondria! Cu® pool, without alteraiion of the non=mitochondrial Ca® store(s}, This inerease was abolished when

the cytosolie [ree Ca®* coneentration (JCa®]) was buffered by prior loading of the cells with flue 3. Elevating [Ca®"); by releasing the endoplasmic

recicsben Gl e ikl B Sl (tee iyl | Ay doainan wesilied L g sl drnee i e argmiisds of de mindedeal Catt gaal.
A role l'or protein ADP-ribosylation in the intracellular regulaiion of mitcchondrial Ca®™ homeostusis is suggested,

m=lodobenzylguanidine; Milochondria; Ca®* ¢fMux; Hepaloeyie; ADP-ribosylatian; 2,5-Di-(tert-butyl)-1 4-hydroguinone

1. INTRODUCTION

The electrogenic uptuke of Ca** into mitochondria is
counErDaranced 'Uy an GeCronEdird Silx syserm Y
functions independently of the membrane potential {for
recent reviews, see refs. 1-3). In tissues such as the heart
and oram, a Ta¥ M’ eadoanger 15 the predominam
Ca*" efflux pathway, whereas in the liver, a Na-inde-
pendent pathway involving a Ca®/H* amiporter is the
major Ca®" efflux route. Lehninger and associates [4)
proposed that Ca®" transport in liver mitoechondria is
regulated by the redox state of the mitochondrial pyri-
dine nucleotides, such that Ca** release occurs upon the
oxidation of the nucleotides. Similarly, the prooxidant-
induced Ca®* release from mitochondria involves the
oxidation of mitochondrial pyridine nucleotides [3.,6]
rather than a reversal of the uniporter or inner mems-
brane damage [3.6-8].

Previous work from Richier’s [9] and this laboratory
[10] has shown that pyridine nucleotide oxidation is not
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sufficient to activate the Ca* efflux pathway but re-
quires the further hydrolysis of the oxidized pyridine
nucleotides 1o nicotinamide and ADP-ribose. The latier
doservanon Teh RIPHEY ahh TO-WUTREES O FIUpUs
the proaxidant-induced Ca*" rélease from mitechondria
is regulated by protein mono ADP-ribosylation {11].
Fuather sappon o1 s conention seme ffom the .-
cent findings that m-iodobenzylguanidine (MIBG), a
high affinity compeiitive inhibiior of protein mono
ADP-ribosviation {12}, inhibits the prooxidant-induced
Ca?* release (rom rat liver mitochondria without aflect-
ing the uniport Ca*" uptake system or pyridine nucleo-
tide oxidation and hydrolysis [13].

In addition to preventing the prooxidant-mediated
release of Ca®* from mitochondria, MIBG also inhibits
the spontaneous Ca** efflux [13]. This suggests a physi-
ological role for protein ADP-ribosylation in the regula-
tion of the mitochondrial Ca*" efflux pathway. How-
ever, it is not known whether this spontancous Ca**
efflux pathway found in isolated mitochondria is also
operative in an intact cell system and whetber there it
is also regulated by protein ADP-ribosylation. Hence,
this study was aimed at investigating the role of protein
ADP-ribosylation in the control of the mitochondrial
Ca™ efflux pathway in intact hepatocytes.

2. MATERIALS AND METHODS

2.1, Chemicals

Arsenuzo 111 (989 pure), fura 2-AM and fluo 3-AM were purchased
from Sigma Chemical Co. (51 Louis, MO, USA). FCCP was oblained
from Aldrich Chemiecal Co. (Steinheim, FRG) and 1BuHQ was pur-
chased from EGA-Chemie (Steinheim, FRG), The Ca** ionophore,
AZ23187, was purchased from Calbiochem (La Jollu, CA, USA) Col-
lngenase (grade 11) and bovine serum albumii were purchased from
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Boehiringer (Mannheim, FRG). MIBG sulphaie {purily >93%) was a
gengraus gift irom De L.A. Smets, The Netherlunds Caneer Institute,
Amstardaimn, All other chemicals were of the highest pueity grade
commereiully available.

2.3, Hepatocyre isolation cand incubation

Heputoeytes were isolated from male Wistar rats (170-210 g, fed ad
libitum) as deseribed previously {14]. Between 90-95% of 1he [Teshly
isolated hepalocytes routinely excluded Trypan blue. Preincubation
and incubation conditions were s reported in [15], belore exposing
the hepalocyles (10° cellyml o Krebs—Henseleit bufler, pH 7.4, sup-
plemenied with 12.5 mM HEPES) to the compounds of interesi. Con-
trals reecived the appropriale vehicle additions; the vehicles were
deionized water Tor MIBG and dimethyl sulloxide for fura 2-AM,
fluo 3-AM and tBuHQ.

2.3, Experimencal design

The measurement of the milochondrial Ca** pool in inlact hepate-
cyles was estimated as the FCCP-releasable Ca™ poolalier separation
ol'the hepalocytes frem the incubation mixture by centrifugation and
resuspension of the cells in Ca®™- and Mg -free Hanks' solution,
[15.16]. Under these conditions the treatment of hepatogytes with
mitochondrial uncouplers did nel mobilize e endoplasmic reticutar
Ca?" pool [17]. The cytosalic Cu** bulfering capacity of hepalocytes
was increased by loading the cells with the Ca®* chelator fluo 3 [15)
The cells wer2 incubated with 15 M fluo 3-AM for 15 min using
conditions previcusly described [19], [Ca®*), and Ca™ eniry across the
plasma membrane were measured Huorimetrically witlh fura 2, as
reported in [19,20]. Cylotoxielly was monitored by a change in [Ca® .,
the appearanve of cell surfuce blebs and the loss of the ability of the
cells Lo exclade Trypan blus,

24, Swrbsvical analysis

All data ara presented as mean + 5.E. of three 1o seven separile
experiments. Duiican'’s multiple range 1est was performed o deter-
mine (he significance of differences among individual group meuns.
The significance level chosen lor all statistical analyses was P<0.05.
The statistical analyses were carried oul with the SPSS/PC statisticu]
package.

3. RESULTS AND DISCUSSION

The exposure of isolated hepatocytes to MIBG for 60
min resulted in a concentration-dependent increase in
the size of the mitochondrial Ca* pool (Fig. 1), The
threshold concentration of MIBG to produce a detecta-
ble change in mitochondrial Ca® content was 10 uM
MIBG, and hali-maximal and maximal accumulation
of Ca*" oceurred with approximately 100 4M and 250
#M MIBG, respectively, With 250 uM MIBG, the con-
tent of the mitochendrial Ca** pool was increased to
1.20 nmol Ca**/10° cells as compared with 0.29 nmol
Ca**/10° control cells. No significant change in Ca®*
content was detected in the other (Ca* -ionophore-re-
leasable) cellular compartments (0.55 + 0.06 and 0.52
+ 0.08 nmol Ca*"/10° cells with 100 gM and 250 uM
MIBG, respectively, vs. 0.61 £ 0.06 nmol Ca**/10° cells
in control cells). The changes in the magnitude of the
mitochondrial Ca** pool occurred in the absence of any
signs of toxicity to the hepatocytes. However, the expo-
sure of hepatocytes to | mM MIBG resulted in exten-
sive plasma membrane blebbing and after 2 h produced
a 86% decrease in cell viability. This cytotoxicity was
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Fig. 1. MIBG-stimulates a coneeniration-dependent increuise in the

contenl ol the mitochondrial Ca®™ pool. Isoluted hepatocytes were

treated witlh the indicated concentrations of MIBG lor 60 min., belore

measuring the size of the mitochondrial Co™ pool as described in

section 2, Eachi point represents the mesn & S.E. of theeg to siy
independent expariments.

probably due to ATP depletion resulting from the inhi-
bition of site | of the respiratory chain by MIBG [21].

The time course of Ca* accumulation in the mito-
chondrial pool by 100 uM MIBG is shown in Fig. 2.
The mitochondrial pool in MIBG-treated cells rose rap-
idly to a maximal concentration of 0,92 nmol Ca**/10°
cells by 100 min vs. 0.26 nmol Ca®"/10° cells for con-
trols. Again, no change was found in the ionophore-
releasuble Ca®" stores (data not shown). The size of the
mitochondrial Ca® pool in the control cells remained
urichanged for the first two hours, Subsequently, a small
elevation occurred, probsbly as a result of a slowly
developing net accumulation of extracellular Ca** by
the cells.

These results suggest that the inhibition of the sponta-
neous Ca® release from isolated mitochondria by
MIBG [13] also takes place in intact cells. Thus, our
findings are compatible with Richter’s hypothesis [11]
that proteinn mono ADP-ribosylation is a physiological
regulatory mechanism of mitochondrial Ca** homeo-
stasis. Additionally, it appears that even under resting
conditions, there is substantial Ca** cycling occurring
betwaen the ¢ytosel and the mitochondria. Although
the affinity of the uniporter for Ca** is generally re-
garded as being low [1]. our time-course experiments
indicate that Ca*" enters the mitochondria at a consider-
able rate, It is possible that physiological regulators,
such as polyamines, incrganic phosphate ions and
ADP, enhance the uniporter's affinity for Ca** sulf-
ciently for significant Ca®* uptake to occur under basal
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Fig. 2. Time-course of the MIBG-stimulaied inerease in the contem

of the mitochondrial Ca®* pool. Isolated hepalocytes were incubaled

in Lhe absence (0] or presence (@) of MIBG {100 uM), and the size of

the mitochondrial Ca®* pool was medsured al the indicated time points

asdescribed in section 2. Each poiut represents the mean = S.E. of Four
10 seven independent experiments.

[Ca™}; conditions [22,23]. In the absence of MIBG to
prevent ADP-ribosylation reactions, the Ca*/H* an-
tiporter is likely to be constitutively active in order to
keep the in situ mitochondrial Ca®* content low [24].
The cycling of Ca® by mitochendria was further in-
vestigated by (i) pharmacologically altering the cy-
tosolic Ca®" buffering capacity and (i) raising [Ca®].
The cytosalic Ca>* buflering capacity was increased by
loading the hepatocytes with the Ca®" chelator fluo 3
[18). This treatment abolished the ability of MIBG to

Table [

Effect of tBuHQ on the increns¢ in the milochondrial Ca* pool in
isolated hepatocytes induced by MIBG

Treatment Mitochondrial Non-mitochondrial
Ca** pool Ca** pool

(mnol Ca®/10¢ cells) (nmol Ca**/10° cells)
Control* 0.25 + 0.05 0.62 + 008
100 &M MIBG 0.55 £ .14 0.66 £0.16
10 #M tBuHQ 0.83 2031 1.09 +0.17
100 uM MIBG + 1.97 £ 047+ 0.53 £0.10

10 ™M 1BuHQ

[solated hepatoeytes were Lrented with MIBG (100 uM) or iBuHQ (10

{4 M) or a combination of both compounds for 20 niin before measur-

ing the Cu®" content of the milochondrial and non-milachondrial

pools a5 deseribed in section 2. Each value is the mean & S.E. of five

separaic caperiments except lor the 10-yM {BuHQ treatment which
is the mean + SE {or lour experiments.

*Controls contained 0.1% dimethyl sulfoxide.

#*Statistically diflerent Irom other trgatiment groups (£ < 0.05).
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stimulate an increase in the size of the mitochondrial
Ca®* pool (data not shown). In contrast, treatment of
the hepatocytes with tBuHQ (which mobilizes the endo-
plasmic reticular Ca** store [19] and stimulates capaci-
tative Ca® entry across the plasma membrane [20]
thereby raising [Ca®"]; to a level similar to that produced
by a Ca**-mobilizing hormone) stimulated a very large
increase in Lhe size of the mitochondrial Ca®* store in
the presence of MIBG (Table 1). Alithough elevating
[Ca®"), with tBulQ was by itself sufficient to raise the
mitochondrial Ca®* content, the combination of MIBG
and tBuHQ produced a synergistic response. The treat-
ment with tBuHQ also elevated the non-mitochondrial
ionophore-releasable pool; this was most likely due to
the net accumnulation of Ca® in the cell following the
sustained activation of eapacitative Ca** influx across
the plasma membrane [20]. The treatment of hepato-
cytes with MIBG alone did not produce any change in
[Ca*]; and did not increase Ca** influx across the
plasma membrane (data not shown). Taken together,
these results show that mitochondria in situ continu-
ously take up and release Ca** and that the degree of
Ca* cycling by the mitechondria is dictated by the
availability of Ca** from the cytosol.

We have recently reporied [15] that the immunosup-
pressant eyclosporin A stimulates a similar sequestra~
tion of Ca* mitochondria in hepatocytes. Like MIBG,
cyclosporin A also prevents the prooxidant-induced
Ca*" release from mitochondria [25). However, the im-
munosuppressant has been shown to inhibit the proox-
idant-induced pyridine nucleotide hydrolysis [9,10] and
is therefore believed to act prior to the step regulated by
MIBG |13].

MIBG is actively aceumulated by cells and is pre-
dominantly concentrated in the mitochondria [26].
MIBG can also function as a complex I inhibitor of the
mitochondrial respiratory chain and this is probably the
mechanism which accounts for the cylotoxicity ob-
served with high concentrations of the inhibitor [21),
Hence, MIBG is very sinilar in a number of aspects to
l-methyl-4-phenylpyridine {(MPP"), the active metabo-
lite of the neurotoxin 1-methyl-4-phenyl-1.2,2,6-
tetrahvdropyridine (MPTP). Both compounds are ac.
tively accumutated in mitochondria [27.28] and have
been shown to inhibit mitochondrial respiration at the
level of site 1 [28,29]. However, in clear contrast with
MIBG, MPP" produced a rapid discharge of mitochon-
drial Ca** in hepatocytes [30], demonstrating that the
increase i the mitochondrial Ca®* pool by MIBG was
not linked to the action of MIBG as an inhibitor of
NADH dehydrogenase or its ability to be accumulated
by mitochondria.

In conclusion, this study has shown that the inhibitor
of protein mono ADP-ribosylation, MIBG. stimuiates
the selective accumulation of Ca? by mitochondria in
intact hepatocytes, probably by affecting the Ca®* efflux
pathway. Our results therefore suggest that the activity
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of the inner mitochondrial membrane Ca*/H* an-
tiporter and thereby mitochondrial Ca®* homeostasis is
controlled by protein ADP-ribosylation.
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