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1 Speci®c inhibitors of serine/threonine phosphatases like okadaic acid can induce apoptotic cell
death in the pancreatic beta cell line HIT. Cultivation in stepwise increased concentrations of
okadaic acid enabled the isolation of HIT100R cells which proliferate at 100 nM okadaic acid (8 ± 10
times the initially lethal concentration).

2 These two cell lines were used to characterize the events triggered by okadaic acid that led to
apoptosis. Biochemical markers, e.g. cytochrome c release from mitochondria and increase of
caspase-3-like activity, revealed that induction of apoptosis by 100 nM okadaic acid in parental HIT
cells started with the release of cytochrome c. In HIT100R cells 500 nM okadaic acid were necessary
to induce alterations comparable to those observed with 100 nM okadaic acid in non-resistant HIT
cells.

3 In contrast to okadaic acid, the potency of the structurally di�erent phosphatase inhibitor
cantharidic acid to induce cytochrome c release, increase of caspase-3-like activity and DNA
fragmentation was comparable in HIT and HIT100R cells. Thus, no cross-resistance between these
phosphatase inhibitors seemed to exist.

4 Phosphatase activity in extracts from HIT and HIT100R cells did not di�er in its total amount
or in its sensitivity for okadaic acid.

5 Since higher concentrations of okadaic acid were needed to induce apoptosis in HIT100R cells, a
compromised intracellular accumulation of the toxin appeared likely. Functional and structural
analysis revealed that this was achieved by the development of the multidrug resistance phenotype in
HIT100R cells. The underlying mechanism appeared to be the enhanced expression of the pgp1 but
not the pgp2 gene.
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Introduction

Okadaic acid (OA) is a selective inhibitor of serine/threonine

phosphatases (PP). OA inhibits PP1 and PP2A with IC50

values of 15 ± 50 nM and 0.5 ± 1 nM, respectively. Micromolar
concentrations might also inhibit other PPs (Ishihara et al.,

1989; Honkanen et al., 1994). This compound has been widely
used to elucidate the role of phosphorylation reactions in a
variety of cells and cell lines (Cohen et al., 1990; AÈ mmaÈ laÈ et al.,

1994). During long-term exposure to OA the occurrence of
apoptotic cell death became obvious (Bùe et al., 1991; Tergau
et al., 1997). This was also observed in insulin-secreting HIT
T15 cells, a SV40-transformed hamster pancreatic beta cell line

(Santerre et al., 1981), where OA was used to elucidate the role
of phosphorylation in the regulation of insulin synthesis and
secretion (Krautheim et al., 1999).

Apoptosis is a highly conserved form of cell death, which is
important for normal tissue turn over, embryonic development
and regulation of the immune system, but can also be the

consequence of chemically-induced cell death. Apoptotic cell
death is characterized by typical morphological and biochem-
ical features like cell shrinkage, chromatin condensation,
activation of caspases and internucleosomal DNA fragmenta-

tion. This process eventually leads to the disassembly of the

a�ected cells into membrane enclosed apoptotic bodies. These
apoptotic bodies get phagocytosed without causing an immune
response (Kerr et al., 1972; Wyllie et al., 1980; Kroemer et al.,

1998). The initiation of apoptosis seems to depend on the
stimulus and the cell type, but then merges into a common
e�ector pathway (Thornberry, 1998). Apoptotic beta cell death

is supposed to be of importance in the development of insulin
dependent diabetes mellitus (Mauricio & Mandrup-Poulsen,
1998).

In this study we characterized the events triggered by OA

leading to apoptosis. In doing so we took advantage of HIT
cells which were partially resistant against OA-induced cell
death. These cells had been generated by cultivating HIT cells

in stepwise increased concentrations of OA over a period of 8
months. Thereby cells were selected which grew and
proliferated at 100 nM OA which is about 8 ± 10 times the

initially lethal concentration (HIT100R cells).
As potential mechanisms of OA-resistance in these

HIT100R cells, we tested for changes in phosphatase activity
and sensitivity to inhibitors as well as the development of the

multidrug resistance (MDR1) phenotype as a cause for a
compromised intracellular accumulation of the toxin. Further-
more, the potencies of the structurally di�erent phosphatase

inhibitors cantharidic acid and calyculin A to induce apoptosis
were studied in both cell lines.*Author for correspondence; E-mail: hsteinfe@med.uni-goettingen.de
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Methods

Chemicals

Okadaic acid (ammonium salt) and calyculin A were obtained
from RBI (Cologne, Germany), cantharidic acid was from
Biomol (Hamburg, Germany) and okadaic acid anthrylmethyl

ester from Alexis (GruÈ nberg, Germany). Reagents for MTT
test, ammonium molybdate, malachite green and rhodamine
123 were from Sigma (Deisenhofen, Germany), reserpine was

from Boehringer Mannheim (Mannheim, Germany), verapa-
mil was a gift from Knoll (Ludwigshafen, Germany), RPMI
1640 cell culture medium (10 mM glucose) and PBS from

Biochrom (Berlin, Germany) and foetal calf serum (FCS) from
Gibco BRL (Eggenstein, Germany). All other reagents of
analytical degree were purchased from E. Merck (Darmstadt,

Germany).

Cell culture

HIT and HIT100R cells were cultured in RPMI 1640 cell
culture medium with 10% FCS at 378C in a humidi®ed
atmosphere of 95% air and 5% CO2. HIT100R cells were

treated with 100 nM OA once a week.

Viability assay

Viability of cultured cells was assessed by MTT test (Janjic &
Wollheim, 1992). Cells were seeded in 96-well-plates and the

di�erent treatments were started the following day. After 48 h
10 ml MTT solution (5 mg ml71 PBS, ®nal concentration
0.5 mg ml71) was added and cells further incubated for 60 min
at 378C. Then cells were lysed by SDS and the metabolism-

dependent conversion of the tetrazolium salt MTT into
magenta-coloured formazan was measured at 550 nm against
a background of 650 nm in a microplate photometer

(Molecular Devices, U.S.A.).

Caspase-3-like proteolytic activity

After indicated times of treatment cells were trypsinized,
centrifuged (1006g, 48C, 5 min), washed with PBS/2 mM

PMSF and taken up in caspase bu�er (HEPES 10 mM, NP-

40 1%, aprotinin 0.01 mg ml71, EDTA 4 mM, PMSF 2 mM,
DTT 15 mM, pH 7.4). Cells were lysed by three freeze/thaw
cycles, centrifuged (52006g, 48C, 10 min) and 200 ml cell

lysate incubated at 378C with the substrate DEVD-pNA
(25 mM) either with or without the inhibitor DEVD-CHO
(100 nM). Every 10 min colour development was measured at

405 nm in a microplate photometer. Caspase activity was
determined as the di�erence of optical density between
inhibited and uninhibited samples according to protein

content. 1 Unit (u)=1 pmol substrate conversion per minute
under the assay conditions.

Western blotting of cytochrome c

After indicated times of treatment cells were trypsinized,
centrifuged (3006g, 258C, 3 min) and washed twice with PBS.

After complete removal of the supernatant, extraction bu�er
(PBS, EDTA 2 mM, PMSF 2 mM, DTT 1 mM) was added to
the cell pellet at a 1 : 4 ratio (vol extraction bu�er/fresh weight

of pellet) and cells were disrupted by centrifugation (35006g,
258C, 6 min) with the mitochondria remaining intact (no
cytochrome c was detectable in supernatant of untreated
controls). Supernatant was carefully removed and stored at

7708C until analysis by gel electrophoresis. Aliquots of 15 ml
supernatant were loaded onto each lane of a polyacrylamide
gradient (12 ± 20%) gel, separated through electrophoresis

(Laemmli, 1970) and electrotransferred onto a PVDF
membrane (Millipore, U.S.A.). Blots were probed with
cytochrome c antibody (Pharmingen, U.S.A.) and signals
detected using the enhanced chemiluminescence system

(Amersham, U.K.).

Internucleosomal DNA fragmentation

DNA fragmentation was studied according to Darzynkiewicz
et al. (1994). Cells were scraped o� the culture dishes and

stored in 70% ethanol/PBS (1.5 : 0.1, by vol) at 7208C. Low
molecular weight DNA was extracted by incubation of the cell
pellet in a citric acid phosphate bu�er for 30 min at room

temperature and subsequent centrifugation at 14,0006g.
DNA in the supernatant was treated with RNase and
proteinase K and separated by electrophoresis at 80 V for
65 min in a 0.8% agarose TBE gel.

Phosphatase activity

Casein dephosphorylation activity was determined by a
modi®ed colorimetric assay based on Geladopoulos et al.
(1991). Cells were scraped o� the cell culture dishes in icecold

phosphatase bu�er (Tris-HCl pH 7.0 50 mM, EDTA 0.1 mM),
sonicated, centrifuged (14,0006g, 48C, 10 min) and separated
by a Sephadex G-25 column (Pharmacia Biotech, Sweden).

These cell extracts (10 mg protein) and the substrate casein
(20 mg) were incubated for 1 h at 378C in phosphatase bu�er
with or without inhibitors or activators (®nal volume 70 ml).
Directly afterwards malachite green dye solution (4.2%

ammonium molybdate in 4 M HCl and 0.045% malachite
green in H2O; 1 : 3 by vol) was added. After 15 min free
inorganic phosphate was measured by the formation of a

coloured complex between acidi®ed phosphomolybdate and
the malachite green by absorption at 650 nm in a microplate
photometer (Molecular Devices, U.S.A.) with reference to a

standard phosphate curve.

Intracellular rhodamine 123 and okadaic acid
anthrylmethyl ester accumulation

HIT cells were incubated at 378C in RPMI 1640 med-
ium+10% FCS containing either 2.5 mg ml71 rhodamine

123 for 3 h or 500 nM okadaic acid anthrylmethyl ester for
4 h. Then the cells were washed with PBS and lysed with n-
butanol. After centrifugation the rhodamine 123 ¯uorescence

(excitation 510 nm, emission 530 nm; Altenberg et al., 1994) or
okadaic acid anthrylmethyl ester ¯uorescence (excitation
365 nm, emission 410 nm; Lee et al., 1987) in the supernatant

was measured in a spectro¯uorophotometer (Shimadzu,
Japan) with reference to the respective standard curve. DNA
was determined according to Labarca & Paigen (1980).

Northern blotting of pgp1 and pgp2

RNA of 56106 cells was isolated by guanidinium thiocyanate-

phenol extraction (Chomczynski & Sacchi, 1987) and
separated by electrophoresis through formaldehyde/agarose
gels (20 mg RNA/lane). Subsequently RNA was transferred to

a nylon membrane and hybridized with oligonucleotide probes
labelled with 32P by incubating them with [g-32P]-ATP (NEN,
KoÈ ln, Germany) and T4 kinase (Gibco BRL, Eggenstein,
Germany) for 1 h at 378C. The oligonucleotide probes were
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either made to our speci®cations by Biometra (GoÈ ttingen,
Germany) against hamster pgp1 (CCACTCCTGCTATTG-
CAATG), hamster pgp2 (TCAGAGGCAATGGTGT-

CACTCTG) or purchased from Oncogene (Schwalbach,
Germany) against rat b-actin.

Statistical analysis

Values are given as mean+s.e.mean of the indicated number
of independent experiments. Signi®cance was assumed when

P50.05 in Student's unpaired t-test.

Results

To characterize the resistance against OA induced apoptosis in

HIT100R cells, these and the parental HIT cells were
incubated with di�erent OA concentrations. In a viability
assay the LC50 after 48 h increased from about 35 nM in HIT
cells to about 250 nM in HIT100R cells (Figure 1A). As

apoptotic markers cytochrome c release from mitochondria
and caspase-3-like proteolytic activity were determined after
incubation with OA for 12 or 24 h. Cytochrome c appeared in

the cytosol of HIT cells already after a 12 h treatment with
100 nM OA. In HIT100R cells 100 nM OA did not induce a
release of cytochrome c, neither after 12 h nor after 24 h.

Increasing the concentration of OA to 500 nM resulted in a
release of cytochrome c after 12 h (Figure 1B). With 100 nM
OA the activation of caspase-3-like proteolytic activity could

be shown to increase from 4+2 u mg71 protein at 12 h to
95+22 u mg71 protein at 24 h in HIT cells, while in
accordance with the cytochrome c data no activation was
detectable in HIT100R cells. With the 5 fold higher

concentration of OA an activation of the caspase comparable
to that observed with 100 nM OA in HIT cells could be shown
in HIT100R cells (14+5 u mg71 protein at 12 h to

76+16 u mg71 protein at 24 h; Figure 1C).
In order to test whether more general mechanisms, e.g.

changes in phosphatase activity or inhibition characteristics,

might account for OA resistance, HIT and HIT100R cells were
incubated with the structurally di�erent phosphatase inhibi-
tors calyculin A and cantharidic acid for 48 h and viability was
determined. Calyculin A inhibits PP1 and PP2A with a similar

IC50 of about 1 nM (Ishihara et al., 1989; Honkanen et al.,
1994). In comparison to HIT cells, HIT100R cells showed a
signi®cantly increased survival rate in the concentration range

from about 2 ± 5 nM calyculin A (Figure 2A). Cantharidic acid
(CA) is a phosphatase inhibitor that like OA displays a much
lower IC50 for PP2A (about 50 nM) than for PP1 (about

500 nM; Li et al., 1993). Unexpectedly HIT100R cells appeared
to be even slightly more a�ected than HIT cells in the viability
assay (Figure 2B).

The results of the viability assay suggesting a missing cross-
resistance to CA were con®rmed by measuring the more
speci®c parameters of apoptosis: cytochrome c release,
caspase-3-like proteolytic activity and internucleosomal DNA

fragmentation. After 12 h of incubation with 10 mM CA as well
as after 24 h the signal for the released cytochrome c appeared
more intense in HIT100R cells than in HIT cells (Figure 3A).

In accordance with this observation a signi®cant increase in
caspase-3-like activity was already detectable after 12 h
(59+17 u mg71 protein; Figure 3B) in HIT100R cells which

only slightly increased further after 24 h (80+22 u mg71

protein; Figure 3B). In HIT cells a small, but signi®cant
increase of activation was detectable after 12 h (17+2 u mg71

protein; Figure 3B) which increased further after 24 h

(81+15 u mg71 protein; Figure 3B) to about the same level

as in HIT100R cells. In both cell lines internucleosomal DNA
fragmentation was observed after 12 h and increased further
after 24 h (Figure 3C).

Even though CA induced apoptotic cell death even faster in
the OA resistant HIT100R cells than in HIT cells, the cross-
resistance against calyculin A might still be due to changes in

phosphatase activity as a possible mechanism of resistance of
HIT100R cells.

To determine the actual activity of phosphatases in HIT

cells we developed a colorimetric assay using casein as a
substrate. PP2A has a high activity towards casein, while PP1
has only a low a�nity to casein (MacKintosh, 1993). The
overall activity in both cell lines was not signi®cantly di�erent

(HIT: 1237.6+37.6 pmol released phosphate 10 mg71 protein

Figure 1 Apoptosis induction by OA in HIT and OA-resistant
HIT100R cells. (A) Viability assay after treatment with 25 ± 500 nM
OA for 48 h relative to control (=100%). *P50.05 in comparison
with HIT cells; n=8. (B) Western blotting of cytochrome c (Cyt c)
release into the cytosol from mitochondria in controls or after 12 and
24 h treatment with 100 nM and 500 nM OA. Representative of three
experiments. (C) DEVD-pNA cleaving caspase activity in controls or
after 12 and 24 treatment with 100 and 500 nM OA. *P50.05 in
comparison with respective controls; n=4± 6.
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and HIT100R: 1082.3+66.7 pmol released phosphate 10 mg71

protein; n=4). The inhibition characteristics for OA in both
extracts were almost identical (Figure 4). Casein is also a
substrate for PP2C. This phosphatase requires activation by

Mg2+ and cannot be inhibited by OA (Cohen et al., 1989). The
assay was accordingly carried out in the presence of 50 mM

Mg2+ and 1000 nM OA to inhibit other phosphatases. The
activity of PP2C was similar in both cell lines (data not

shown).
Since di�erences in phosphatase activity did not seem to be

responsible for the observed resistance, other mechanisms

appeared to mediate OA-resistance in HIT100R cells. Because
a 5 fold higher OA concentration was necessary, but also
su�cient, to induce apoptosis in HIT100R cells, the

intracellular accumulation of the compound might be
compromised by enhanced drug extrusion in the resistant
cells. A well known mechanism of reduced drug accumulation
is the development of the multidrug resistance (MDR1)

phenotype. The involved 170 kD P-glycoprotein is a member
of the family of the ATP-binding cassette (ABC) plasma
membrane transporters which can mediate an energy-

dependent drug extrusion (Gottesman & Pastan, 1993).

To evaluate the functional relevance of the MDR1

phenotype HIT and HIT100R cells were incubated with the
cytotoxic drugs vinblastine and cytosine arabinoside for 48 h
and viability was determined. MDR cells are supposed to be

resistant to vinblastine, but sensitive to cytosine arabinoside
(Chin et al., 1993). Indeed the LC50 for vinblastine increased
from about 60 nM in HIT cells to about 600 nM in HIT100R
cells (Figure 5A). With cytosine arabinoside the survival rate

of HIT100R cells was even slightly lower than that of HIT cells

Figure 2 Viability assay of HIT and OA-resistant HIT100R cells
after 48 h treatment with the two structurally di�erent phosphatase
inhibitors (A) calyculin A (1.25 ± 10 nM; n=8) and (B) CA (0.1 ±
100 mM; n=6) relative to control (=100 %). *P50.05 in comparison
with HIT cells.

Figure 3 Apoptosis induction by CA in HIT and OA-resistant
HIT100R cells. (A) Western blotting of cytochrome c (Cyt c) release
into the cytosol from mitochondria in controls or after 12 and 24 h
treatment with 10 mM CA. Representative of three experiments. (B)
DEVD-pNA cleaving caspase activity in controls or after 12 and 24 h
treatment with 10 mM CA. *P50.05 in comparison with respective
controls; n=6. (C) DNA fragmentation in controls or after 12 and 24
treatment with 10 mM CA. One kb is marked according to a 1 kb
DNA ladder (Gibco BRL, Karlsruhe, Germany). Representative of
two experiments.

Apoptotic signalling by phosphatase inhibitors690 A. Krautheim et al

British Journal of Pharmacology, vol 129 (4)



(Figure 5B). Such a cross-resistance against vinblastine but not
cytosine arabinoside suggested a functional overexpression of
the P-glycoprotein in HIT100R cells.

Next, the ¯uorescent dye and well established MDR
substrate rhodamine 123 was used to quantify P-glycoprotein
mediated e�ux. In HIT100R cells intracellular accumulation

of rhodamine 123 was reduced to about 60% of that in HIT
cells (Figure 6A). The di�erence in accumulation between the
two cell lines was even more pronounced when the ¯uorescent
OA derivative okadaic acid anthrylmethyl ester was used. The

intracellular accumulation of this compound was reduced to
about 35% in HIT100R cells (Figure 6B) which supports our
hypothesis that OA is a substrate of the P-glycoprotein.

In hamsters, two genes, pgp1 and pgp2, encode for a
functional P-glycoprotein (Bellamy, 1996). The expression of
both genes was studied in Northern blot analysis with both cell

lines. A marked increase for the pgp1 signal could be shown in
HIT100R cells when compared to the parental HIT cells
(Figure 6C), while no pgp2 signal was detectable in HIT or in

HIT100R cells (data not shown).

Figure 4 Inhibition of phosphatase activity by 0.1 ± 1000 nM OA in
HIT and OA-resistant HIT100R cells relative to control (=100%).
Dephosphorylation of the substrate casein was quanti®ed in a
colorimetric malachite green assay; n=4.

Figure 5 Viability assay of HIT and OA-resistant HIT100R cells
after 48 h treatment with the cytotoxic drugs (A) vinblastine (10 ±
1000 nM; n=6) and (B) cytosine arabinoside (0.1 ± 5 mM; n=6)
relative to control (=100%). *P50.05 in comparison with HIT cells.

Figure 6 Characterization of the MDR phenotype in OA-resistant
HIT100R cells. (A) Quanti®cation of drug extrusion capacity by
determining intracellular accumulation of the ¯uorescent MDR
substrate rhodamine 123 (2.5 mg ml71; n=3) after 3 h incubation
or (B) the ¯uorescent OA derivative okadaic acid anthrylmethyl ester
(Okadaic acid AME; 500 nM; n=4) after 4 h incubation. *P50.05 in
comparison with HIT cells. (C) Northern blotting of the MDR-
conferring pgp1 gene.
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The functional importance of the P-glycoprotein for OA-
induced apoptosis was further tested in viability assays with

the MDR modulators verapamil and reserpine. MDR
modulators are compounds that by interaction with the P-
glycoprotein can reverse resistance towards cytotoxic drugs

(Gottesman & Pastan, 1993). When 100 nM OA were added to
HIT and HIT100R cells together with verapamil (10 mM) or
reserpine (5 mM) toxicity was completely restored in the

resistant cells. Both cell lines showed almost identical death
rates of about 90% after 48 h (Figure 7).

Discussion

In this study we compared the response of HIT cells and a

100 nM OA-resistant HIT cell line, HIT100R, to the apoptotic
signalling by di�erent serine/threonine phosphatase inhibitors.
In addition, mechanisms of resistance against the apoptosis

inducing action of OA in pancreatic beta cells were studied.
The resistant cells were also tested for a potential cross-
resistance towards the apoptosis inducing potency of the
structurally di�erent phosphatase inhibitors CA and calyculin

A.
We have previously demonstrated by measuring morpho-

logical changes and DNA fragmentation that OA time- and

concentration-dependently induced apoptotic cell death in
HIT cells (Krautheim et al., 1999). In the present study we
were able to show that cytochrome c release from mitochon-

dria into the cytosol is an early event of OA-induced apoptosis.
When HIT cells were treated with 100 nM OA for 12 h,
cytochrome c release became detectable before any activation

of caspase activity, measured by DEVD-pNA cleavage, could
be observed. Comparable results were observed when
HIT100R cells were treated with 500 nM OA for 12 h. Even
though di�erent OA concentrations are required for apoptosis

induction, in both HIT cell lines the apoptotic signalling by
OA appears to occur via cytochrome c release from
mitochondria into the cytosol and subsequent activation of

downstream-caspases like caspase-3.
Cytochrome c is known to be released in response to a

variety of apoptotic stimuli (Mignotte & Vayssiere, 1998) and

this was found to be an early event in u.v.b. irradiation- or

staurosporine-induced apoptosis (Bossy-Wetzel et al., 1998).
Based on these observations Sun et al. (1999) proposed a
model for chemically-induced versus receptor-mediated apop-

tosis: unde®ned signals lead to perturbation of mitochondria
with loss of cytochrome c which then initiates the caspase
cascade by binding to the cytosolic protein Apaf-1 (Zou et al.,
1997). In the presence of dATP this complex can bind and thus

activate caspase-9 (Li et al., 1997), a member of the group of
activator caspases (Thornberry, 1998). Active caspase-9 in turn
is supposed to activate the e�ector caspase-3, -2 and/or -7

leading to DNA fragmentation and organised cell death. The
®nding that depletion of caspase-9 completely abrogated
cytochrome c inducible activation of caspase-2, -3, -6, -7, -8

and -10 supports this model (Slee et al., 1999). Our results
indicate that the mechanism of OA-induced apoptosis would
®t into this scheme.

In HIT100R cells an about 5 fold higher OA concentration
was necessary to induce similar apoptotic e�ects as 100 nM OA
in HIT cells. A possible explanation for this observation could
have been changes in overall serine/threonine phosphatase

activity or a change in its sensitivity towards OA. Such
alterations were shown for OA-resistant GH3 cells (Ritz et al.,
1997), OA-resistant H69 cells (Takeda et al., 1994) and OA-

resistant CHO cells, where a mutation in the PP2A catalytic
subunit PP2Aa with a pronounced reduction of OA sensitivity
was demonstrated (Shima et al., 1994). The cross-resistance of

HIT100R cells against calyculin A, but not CA did not
completely exclude such a possibility. Since the IC50 of OA is
much lower for PP2A than for PP1 we would have primarily

expected changes in PP2A activity. However, in the colori-
metric phosphatase assay with the preferential PP2A substrate
casein, we were unable to show di�erences in the amount of
PP2A or PP2C activity or the sensitivity of PP2A activity

towards inhibition by OA. Thus, such a mechanism which
additionally would be controversial to the observed missing
cross-resistance towards cantharidic acid did not seem to be

involved in OA resistance in HIT100R cells.
HIT100R cells displayed a slightly increased sensitivity

towards the apoptosis-inducing action of CA compared to

parental HIT cells. In HIT100R cells 10 mM CA led to
cytochrome c release after 12 h which went along with a rapid
and pronounced DEVD-pNA cleaving caspase activity with no
further prominent increase after 24 h. In HIT cells cytochrome

c release after 12 h in the presence of cantharidic acid was
accompanied by a small but more prominent increase in
caspase activity than with 100 nM OA. After 24 h with both

treatments caspase (DEVDase) activity reached comparable
levels of about 80 ± 90 u mg71 protein. Thus, the onset of the
downstream events of apoptosis by CA at this concentration

appeared to occur faster than with OA. This observation was
even more pronounced in the HIT100R cells where the
maximal activation of DEVDase seemed to be reached already

after 12 h. Despite these discrepancies the presented data
support the conclusion that the apoptotic signalling of both
phosphatase inhibitors appears to occur via the same e�ector
pathway.

Another explanation for OA-resistance in HIT100R cells
could be the development of a functional state that results
in a compromised accumulation of the respective drugs. In

case OA is a substrate of the P-glycoprotein a potential
mechanism would be the MDR1 phenotype mediated by
the P-glycoprotein (Gottesman & Pastan, 1993). OA has

already been shown to enhance the activity of the human
mdr-1 promoter (Uchiumi et al., 1993). The ampli®cation of
MDR conferring genes after continuous treatment with OA
has also been described (Wang et al., 1995). The

Figure 7 Viability assay of HIT and OA-resistant HIT100R cells
after 48 h treatment with two MDR modulators, either verapamil
(10 mM) or reserpine (5 mM), or with 100 nM OA or either modulator
added together with 100 nM OA relative to control (=100%); n=8.
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development of the MDR phenotype has been demon-
strated to contribute to OA-resistance of other cell lines
(Ritz et al., 1997; Tohda et al., 1994; Zheng et al., 1994)

yet the reduced accumulation of the agent had not been
demonstrated. An increased survival of HIT100R cells after
treatment with the MDR substrate vinblastine strongly
suggested the presence of a functional MDR phenotype.

This hypothesis was further supported by the preserved,
even slightly increased, sensitivity of HIT100R cells towards
cytosine arabinoside, which cannot be extruded by the P-

glycoprotein (Aran et al., 1999). This functional MDR1
phenotype coincides with an increased pgp1 expression in
HIT100R cells. The cross-resistance towards the phospha-

tase inhibitor calyculin A might thus also be mediated by
the MDR phenotype, while CA did not behave as a
substrate. HIT100R cells appeared to display a slightly

increased sensitivity towards the known non-MDR sub-
strate cytosine arabinoside and according to the presented
data the apparently non-substrate CA.

The extrusion capacity of the overexpressed P-glycopro-

tein can be quantitated by measuring the intracellular
accumulation of known ¯uorescent MDR substrates, e.g.
rhodamine 123. Data obtained with this agent seemed to

underestimate the extent of the MDR phenotype since in
HIT100R cells the accumulation of this dye was only about
40% less than in parental HIT cells. On the other hand the

compromised accumulation of OA would be most convin-
cingly measured by a labelled derivative of this toxin. Now,
the ¯uorescent OA derivative okadaic acid anthrylmethyl

ester is commercially available and was successfully used to
compare its intracellular accumulation in parental HIT and
HIT100R cells. The intracellular level of this derivative was
strongly and more prominently reduced in HIT100R cells

than that of rhodamine 123 indicating that OA is a MDR
substrate. This conclusion is supported by the fact that the
accumulation of this derivative was reduced by about 65%

which correlates much better with the extent of resistance
concluded from the functional data suggesting a 5 ± 7 fold
reduced sensitivity towards OA in HIT100R cells.

The observation that the addition of the MDR

modulators verapamil or reserpine together with OA
restored sensitivity and resulted in identical death rates in
both cell lines provided further evidence for our conclusion

that the expression of the P-glycoprotein appears to be the
main factor for resistance of HIT100R cells against the
apoptosis inducing action of OA and presumably calyculin

A.
In summary, our results reveal that besides OA the

structurally di�erent phosphatase inhibitor CA can also

induce apoptotic cell death in the pancreatic beta cell line
HIT via caspase activation triggered by cytochrome c
release. Resistance of HIT100R cells against apoptosis
induction by 100 nM OA can be overcome by increasing

the concentration of OA by about 5 fold. This altered
response apparently is not the consequence of changes in
phosphatase activity, but appears to be due to a de®ciency

in intracellular accumulation of OA and presumably
calyculin A but not CA which is conferred by the MDR1
phenotype.
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