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Malignant pleural mesothelioma is a poorly responsive tumor
known to overexpress the phase Il detoxification enzyme gluta-
thione-S-transferase, which catalyzes the conjugation between
glutathione and platinum(ll)-containing drugs. Therefore, we eval-
uated the effect of the strong glutathione S-transferase inhibitor
NBDHEX on human mesothelioma cell lines (MSTO-211H, MPP89,
MM-B1 and Mero 48a) featuring the most common mesothelioma
phenotypes: epithelioid and biphasic. Even though a different
response to NBDHEX was observed, the molecule was very effec-
tive on all cell lines tested, triggering a sustained activation of
both JNK and p38, followed by caspase activation and apoptosis.
NBDHEX also caused severe oxidative stress in the MPP89 cells
and, to a lesser extent, in the MMB1 cells, while it did not cause a
significant redox imbalance in the other cell lines. The efficacy of
the drug was found to be comparable or even higher than that of
cisplatin. Moreover, it showed synergistic or additive effects when
used in combination with cisplatin. In conclusion, NBDHEX was
effective on mesothelioma cell lines, with ICso values in the low
micromolar range (ICso between 1 and 4 pM). These findings indi-
cate that NBDHEX, alone or in combination with cisplatin, is a
promising new strategy for treating this rare and aggressive malig-
nancy. (Cancer Sci 2013; 104: 223-230)

IVI esothelioma is a malignant tumor that arises from
pluripotent mesothelial cells of pleura or peritoneum.
Mesothelioma cells show different phenotypes, including the
epithelioid, sarcomatoid and the mixed type. Epithelioid is the
most common form (60-70% of cases). The sarcomatoid form
represents 10-20% of mesotheliomas, and the mixed (or biphasic)
form, with epithelioid and sarcomatoid areas, represents 30-40%
of all mesotheliomas.” There is strong evidence for a causal
relation between the development of mesotelioma and asbestos
exposure.” Although its use has been widely abandoned in the
developed world, the mortality rate will continue to increase over
the forthcoming years because of the long latency period between
the exposure to asbestos and the onset of tumor.‘ Malignant pleu-
ral mesothelioma (MPM) responds poorly to chemotherapy.©®”
Several clinical studies have been performed using the platinum
(II)-containing compound CDDP in combination with antifolates
(pemetrexed and raltitrexed), nucleoside analogues (gemcitabine),
topoisomerase inhibitors (irinotecan) or mitotic inhibitors (vinorel-
bine) to improve the response rate of MPM to treatment.®'? The
combination of pemetrexed plus CDDP is the approved “standard
of care” for patients with unresectable MPM;“‘%’ R however, only
a partial benefit has been shown in terms of survival.">'” Among
the mechanisms of CDDP resistance, the most studied are those
dependent on the elevated expression of glutathione S-transferases
(GST)"®' and of the export pumps MRP1 and MRP2 (multidrug
resistance-associated protein). A coordinated action between these
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pumps and GST enables excretion from the cells of a wide range
of glutathione-conjugated compounds, leading to a reduction in
the effectiveness of drug treatment.®” This has led to the idea that
the intracellular CDDP can be neutralized by the GST-catalyzed
reaction, and expelled from the cell.®P However, Peklak-Scott
et al.®® report that such catalysis has a minor role in the
protection from CDDP toxicity. In contrast, a number of drugs,
including CDDP, cause apoptosis through the activation of the
MAPK pathway,**** and GST might play an important role in
the resistance to these anticancer agents by interfering with the
activation of this pro-apoptotic pathway. Indeed, several published
investigations report that the GST isoenzyme GSTP1-1 binds
directly to the MAPK JNK, inhibiting its activation.*> " Recent
studies have shown that the GSTP1-1 and GSTMI-1 isoenzymes
are able to inhibit the activity of the apoptosis signal-regulating
kinase (ASK1), which, in turn, is responsible for the activation of
JNK and p38 kinases.®® We have designed and synthesized a
class of nitro-benzoxadiazole derivatives, which act as efficient
and specific inhibitors of the GST catalytic and anti-apoptotic
activity.*” The most promising derivative is 6-(7-nitro-2,1,3-ben-
zoxadiazol-4-ylthio)hexanol (NBDHEX), a non-glutathione
peptidomimetic molecule that is known to induce the dissociation of
the GSTP1-JNK complex, leading to the activation of JNK and to
the programmed cell death thereafter.***”” An important property of
this compound is that it is not recognized as a substrate by the ABC
transporters P-glycoprotein and MRP1 and is highly cytotoxic
against tumor cells that overexpress these transporters.®!>?
Given the gromising results already observed in several different
tumors,®'*® in the present study we evaluate the effect of
NBDHEX in four human malignant mesothelioma cell lines,
MSTO-211H, MPP89, MM-B1 and Mero 48a, featuring the two
most common phenotypes, epithelioid and biphasic. The mechanism
of cell death triggered by NBDHEX and the in vitro efficacy of
NBDHEX in combination with CDDP are investigated.

Materials and Methods

Drugs. Cisplatin (CDDP) was purchased from Teva Pharma B.
V. (Mijdrecht, the Netherlands); glutathione and 1-chloro-2.,4-dini-
trobenzene were obtained from Sigma-Aldrich (St. Louis, MO,
USA); and NBDHEX was synthesized as reported by Ricci and
colleagues and dissolved in DMSO.?” Just before use, stock solu-
tions of NBDHEX were diluted to the appropriate concentration in
complete cell medium with final DMSO concentration never
exceeding 0.01% (v/v), a dosage at which it has no cytotoxic
effect on our cell lines.

Cell culture and treatments. In the present study we used
a panel of four adherent MPM cell lines featuring different
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Table 1. ICso values (uM) and combination index (Cl) of 6-(7-nitro-  cell growth inhibition. Alternatively, the MSTO-211H cell line

2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX) and CDDP

Cell lines ICso NBDHEX ICso CDDP  Clsg Clys Clgo
MSTO-211H 1.5+ 04 2.0+ 03 1.097tt 0.77§tt 0.56%tt
MM-B1 13+04 57+1.0 028t 0.25t  0.22t
Mero 48a 13+05 65+07 084§ 0.59¢  0.45%
MPP89 30+£09 3.6+05 048t 027t  0.16t

tStrong synergism, fsynergism, §moderate synergism, finearly additive,
ttNBDHEX was added first. 1Cs5q: the concentration used to obtain 50% of
cell growth inhibition. Clsg Clss, Clgo: The NBDHEX-CDDP combination
index at 50%, 75% and 90% inhibition of growth.

morphology. The MPP89 cell line, with epitheliod phenotype,
and the MCF7 (breast carcinoma cell line) were provided by
the Cell Factory Facility from the Istituto Nazionale per la
Ricerca sul Cancro, IST, Genoa, Italy; the MSTO-211H, with
biphasic phenotype, was obtained from the American Type
Culture Collection; the biphasic Mero 48a was a gift from
Dr Marjan Versnel, from the Department of Immunology,
Erasmus Medical Center, Rotterdam, the Netherlands; and the
biphasic MM-B1 was provided by the Department of Clinical
Sciences and Translational Medicine, Tor Vergata University,
Rome, Italy.

Cells were maintained at 37°C and 5% CO, in a humidified
atmosphere in RPMI (MSTO 211-H and MPP89; Lonza) or
DMEM (Mero 48a, MM-B1) (Sigma—Aldrich) medium,
supplemented with 10% FBS (v/v; Gibco (Paisley, UK) and
Lonza (Basel, Switzerland), respectively), 2 mM L-glutamine,
100 U/mL of penicillin and 100 mg/mL streptomycin (Sigma
—Aldrich). For all the experiments, cells were plated in culture
flasks at a density of 25 000 cells/cm?. After 24 h, MSTO-
211H, MM-BI1, Mero 48a and MPP89 cells were exposed to
equitoxic concentrations of NBDHEX (10, 8, 8 and 15 pM,
respectively). Alternatively, cells were incubated with either
the caspase (40 uM Z-VAD-fmk; Sigma—Aldrich) or the JNK
(10 uM SP600125; Sigma—Aldrich) inhibitor, added 1 h before
the incubation with NBDHEX. Cells were collected at differ-
ent time points and subjected to analysis.

Cell viability and combination studies. An evaluation of cell
viability after 48 h of treatment with different drug (NBDHEX
or CDDP) concentrations was determined by sulforodamine B
(Sigma—Aldrich) assay,®” as previously reported.®” The
dose-response profile fulfills the ICsy value (the concentration
used to obtain 50% of cell growth inhibition) for each
compound. To study the efficacy of NBDHEX as an adjuvant
of CDDP, a combination study was performed to measure the
interaction in terms of synergism, additivity or antagonism. Cells
were simultaneously incubated with equitoxic concentrations of
the two compounds, ranging from 10% to 60% of the values of
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was subjected to the sequential administration of NBDHEX and
CDDP. The combination index was calculated according to the
Chou and Talalay median effect using the CalcuSyn software
(Biosoft, Cambridge, UK).(4O‘4”

Flow cytometry. The percentage of viable early and late
apoptotic and necrotic cells was determined after 15 h of treat-
ment with equitoxic amounts of NBDHEX, by simultaneous
staining of cells with propidium iodide (PI) and Annexin
V-FITC (Annexin V-FITC Apoptosis Detection Kit; Sigma—
Aldrich), as previously reported. 9 For cell cycle analysis, cells
were fixed with 70% ethanol and stained with PI. In both cases,
the emission of unstained cells treated with NBDHEX was used as
background fluorescence. Stained cells were analyzed using a
FACSCalibur instrument (BD Bioscence, San Jose, CA, USA).
Flow cytometric data were statistically analyzed using FlowJo
8.8.6 software.

Western blotting. At each time point analyzed, the cell
pellet was collected and lysed as previously reported;*” the
protein concentration of the sample was determined using
the Lowry method.“? Proteins (40 pg) were loaded on 12%
SDS-polyacrylamide gel and transferred onto a PVDF
membrane (GE Healthcare, Chalfont St. Giles, UK). Anti-P-
JNK (Thr'® Tyr'®), anti-JNK, anti-P-p38 (Thr'®" Tyr'®?),
anti-p38, anti-caspase-8, anti-caspase-9, anti-GSTPI1-1, anti-
Bcl-2 (Cell Signaling, Beverly, MA, USA) and anti-f3 actin
(Sigma—Aldrich) were used as primary antibodies. Anti-rabbit or
anti-mouse secondary antibody (Cell Signaling) was revealed
using the ECL LiteAblot Extend (Euroclone, Milan, Italy).

Enzyme activities. Glutathione S-transferase and caspase
activities were measured at 25°C in total cell lysates as previ-
ously described.®” GST-specific activity was expressed as U
/mg of total proteins, 1 unit of enzymatic activity being
defined as the amount of enzyme that catalyzes the formation
of 1 umol/min of product. The caspase activity is expressed
as AF/min/cell number.

HPLC determination of various forms of glutathione. For free
glutathione determination, cell lysates were diluted with 12%
sulfosalicylic acid and the analyte content determined on the
acid-soluble fraction. The protein bound glutathione (GS-Pro)
was assayed in the protein pellet dissolved in 0.1 N NaOH. For
oxidized glutathione (GSSG) determination, the cells were sonicated
in the presence of 5 mM N-ethylmaleimide and the analyte content
was determined in cell lysates, as described above. Protein concen-
tration was quantified by BCA-protein assay (BCA-protein assay,
Pierce, Rockford, IL, USA). The derivatization and chromatogra-
phy procedures were performed, with little modifications, as
previously reported.?

Statistical analysis. All the experiments were repeated at least
three times; results are presented as means + SD. Statistical
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Fig. 2.

6-(7-Nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX) inhibits cell growth and induces caspase activation. (a) Growth curves of

MSTO-211H, MM-B1, Mero 48a and MPP89 cells incubated in the absence (—o-) or in the presence (-a-) of equitoxic concentrations of NBDHEX
(every experimental dot represents the mean of three independent experiments +SD). (b) The kinetic of caspase activation was measured on
MSTO-211H, MMB1, Mero 48a and MPP89 cells incubated in the absence (—o-) or in the presence (=) of equitoxic concentrations of NBDHEX
(mean + SD). The effect of 5 uM NBDHEX (dashed line) on MPP89 cells is also shown. (c) Immunoblotting analysis of MSTO-211H at different
incubation times with NBDHEX. The panel shows the cleavage of procaspase-9 (p47) and procaspase-8 (p57) to the active caspase-9 (p37/35) and

caspase-8 (p43).

evaluation was done using the Student’s t-test. The criterion
for statistical significance used was P < 0.05.

Results

Glutathione S-transferase content in mesothelioma cells. We
found a high expression of GSTPI-1 in all mesothelioma cell
lines, except for MCF7 cells used as negative control
(Fig. 12).* Moreover, the enzymatic activity paralleled the
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GSTPI1-1 protein content, suggesting that the major contribu-
tion to the activity was given by this GST isoform (Fig. 1b).
Cytotoxicity assay. The cytotoxic effects of either NBDHEX
or CDDP were measured in the mesothelioma cell lines after
48 h of treatment. The dose-response profile with NBDHEX
gave ICsy values between 1.0 and 4.0 pM, while the ICs,
values of CDDP were between 2.0 and 7.0 pM (Table 1).
NBDHEX exhibited higher cytotoxic activity than CDDP in
the Mero 48a and MM-B1 cells, while equivalent cytotoxicity
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Table 2. Flow cytometric analysis of cell death

Cell lines Annexin Annexin Annexin Early and I_ate
V+/Pl— V-/Pl+ V+/Pl+ apoptosis
MSTO-211H 25.4 1.6 335 59
MM-B1 51.5 0.50 28.3 80
Mero 48a 2.2 0.0 3.4 6
MPP89 0.0 5.3 53.2 53

Percentages were obtained after subtraction of background cell death
(untreated control cells). A representative experiment of three inde-
pendent experiments with similar results is presented. Annexin
V+/Pl—, early apoptotic cells; Annexin V—/Pl+, necrotic cells; Annexin
V+/Pl+, late apoptotic cells.

of both drugs was observed in MSTO-211H and in MPP89 cell
lines. Moreover, the NBDHEX antitumor efficacy in these
mesothelioma cell lines was comparable to that observed in
other tumor cells.®!3®

Analysis of the cell death induced by 6-(7-nitro-2,1,3-ben-
zoxadiazol-4-ylthio)hexanol. The growth curves of each cell
line, incubated in the absence and in the presence of equitoxic
concentrations of NBDHEX, are shown in Figure 2(a). While
the untreated cells underwent active replication, the number of
NBDHEX-treated cells remained essentially constant during
the first 810 h, to decrease afterward.

The next step was to analyze the cell death mechanism of
NBDHEX. Evident caspase-3 activation in MSTO-211H and in
MM-BI1 cell lines was induced by the molecule, while lower
and negligible effects were observed in the MPP89 and Mero
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48a cell lines, respectively (Fig. 2b). The proteolitic activity
was clearly detectable after 4-8 h and reached the maximum
value at 15-24 h of treatment. The degree of activation of
caspase-8 and caspase-9, which initiates the cascade leading to
the caspase-3 activation, was also evaluated (Fig. 2c). The
caspase-9 cleavage was visible as early as 3 h after treatment,
while the caspase-8 activation was only detectable after 8 h.
These data suggest that NBDHEX activates an intrinsic apop-
totic pathway, as reported in other tumor cell lines.*®

The MPP89 cells showed low caspase activation when exposed to
an equitoxic dose of NBDHEX (15 nM). However, higher caspase
activity was detected when the amount of NBDHEX decreased
to a dose close to its ICsq value (5 uM). Because high levels
of GSSG might cause inhibition of caspase-3 activity,*> we
hypothesize that the data obtained with 15 uM NBDHEX
could be the consequence of the strong increase in GSSG lev-
els observed in this cell line after treatment with NBDHEX
(see below).

Cytofluorimetric analysis. The ability of NBDHEX to induce
an apoptotic process was confirmed by cytofluorimetric analy-
sis after 15 h of treatment with equitoxic concentrations of
NBDHEX. The mesothelioma cell lines displayed different
distribution of early apoptotic (Annexin V+/PI-) or late
apoptotic (Annexin V+/PI+) cell sub-fractions (Table 2). The
MPPS89 cell line essentially showed late apoptosis, while both
early and late apoptosis were detected in MSTO-211H and MM-
B1 cell lines. The overall percentage of apoptotic cells was 53%,
59% and 80% in the MPP89, MSTO-211H and MM-B1 cell
lines, respectively. In the Mero 48a cells only a negligible
amount of apoptosis (6%), which well correlated with the low

MM-B1
(c) Control + NBDHEX
500 500
400 400
. — 3% . 57%
€300 £300f F———
uZCID S 200
100 100
0+ 0+
10° 10 10 10° 10° 10° 10* 107 10° 10°
FL2-H FL2-H

Control +Z-VAD + NBDHEX + Z-VAD

5004 500
4001 5% 400
9

2 —_— 2
£3004 Z300] 0%
8 3

2001 200

1004 100

o+ 0+
0 10 10° 10

10° 10 3 10° 10" 10° 10° 10

FL2-H FL2-H
(d) MSTO-211H  MM-B1 MPP89
801 *
—
—~ — 60 * I
X
23
3 — 40k
53
a3
< = 20F r.|
oL Y| wim]
NBDHEX — — + + — — + + — —+ +
ZVAD-fmk — + — + — + — + — — + +

6-(7-Nitro-2,1,3-benzoxadiazol-4-ylthio)hexanol (NBDHEX) triggers a caspase-dependent apoptosis. (a) MSTO-211H, (b) MM-B1 and (c)

MPP89 cells were incubated with the caspase inhibitor Z-VADfmk (40 uM) 1 h before the addition of equitoxic amounts of NBDHEX. Cytofluori-
metric analysis was performed after 15 h of NBDHEX treatment. The amount of subG1 apoptotic cells is shown in (d). The results are the mean
of three independent experiments that gave similar results (mean + SD; *P < 0.05).
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GSH, glutathione; GSSG, glutathione disulfide.

caspase activation, was detected. The compound caused a
modest increase (10%) in the fraction of Mero 48a cells in G2
/M at 15 h of treatment, while the percentage of cells in G2
/M increased to 40% only when NBDHEX treatment was
extended up to 48 h (data not shown). These findings are in
agreement with the NBDHEX dose-response profile obtained
after 48 h and might explain the discrepancy between the 1Cs
value and the level of apoptosis observed.

To prove the involvement of the caspases in the apoptotic
cell death induced by NBDHEX in mesothelioma cells, cyto-
fluorimetric analysis was also performed in the presence or
absence of the general caspase inhibitor Z-VAD-fmk. The
effect of the inhibitor was investigated on MSTO-211H,
MM-B1 and MPP89 sparing the Mero 48a, given the negligible

De Luca et al.

amount of apoptosis observed in this cell line. Z-VAD-fmk
significantly decreased the amount of subGl MSTO-211H and
MM-B1 apoptotic cells treated with NBDHEX (Fig. 3a,c). A
protective effect was also observed in the MPP89 cell line
(Fig. 3b). These results confirmed that the NBDHEX-induced
cell death was a caspase-dependent event.

Analysis of reduced/oxidized glutathione content. The level
of reduced glutathione, which protects cells from oxidative
stress and is a substrate for GST, was similar in all cell
lines studied (Fig. 4a). We also evaluated the impact of
NBDHEX treatment on the intracellular content of both the
reduced and the disulfide forms of glutathione. All cell lines
were treated with equitoxic amounts of NBDHEX and then
analyzed after a short (3 h) and a long incubation time
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(15 h). NBDHEX induced an intracellular increase of the
oxidized species of glutathione in all mesothelioma cell lines
and, in particular, in MM-B1 and MPP89 cell lines (Fig. 4b,
¢). Extrusion of glutathione in the culture medium was
observed only after 15h of treatment and was likely a
consequence of disulfide accumulation (Fig. 4d). However, the
depletion of glutathione was balanced by an increase in the basal
level of the intracellular glutathione (Fig. 4a). As a result, a
mild oxidative imbalance occurred in the mesothelioma cells,
with the exception of the MM-B1 and MPP89 cell lines,
where the increase in the oxidized species of glutathione was
particularly relevant (Fig. 4e).

Analysis of the MAPK involvement. We have previously dem-
onstrated that NBDHEX activates the MAPK signaling path-
way in several tumor cell lines.®%3%%%3® In accordance with
previous studies, we observed a rapid and sustained increase in
the phospho-active form of JNK and p38 in all mesothelioma
cell lines treated with NBDHEX (Fig. 5a). We found elevated
basal levels of Bcl-2 in all mesothelioma cell lines (Fig. 5b),
also in accordance with previous ﬁndings;(“) no significant
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changes in Bcl-2 protein levels were observed in the
NBDHEX-treated cells.

To prove the involvement of the JNK pathway in the apoptotic
cell death induced by NBDHEX in MSTO-211H, MM-B1 and
MPP89 cells, cytofluorimetric analysis was performed in the
presence or absence of the JNK inhibitor SP600125. Pre-incubation
with the JNK inhibitor induced a decrease in the subGl
fraction and an increased G2/M arrest in NBDHEX-treated
MSTO-211H cells (Fig. 6), supporting the involvement of the
JNK pathway in the apoptosis triggered by NBDHEX in this cell
line. In contrast, SP600125 did not increase the viability of MM-B1
and MPP89 cells treated with NBDHEX (data not shown).

Combination study between 6-(7-nitro-2,1,3-benzoxadiazol-4-
ylthio)hexanol and CDDP. To evaluate the in vitro interactions
between NBDHEX and CDDP, human mesothelioma cell
lines were incubated with either simultaneous or sequential
(in MSTO-211H cells) administration of the two drugs.
As shown in Table 1, the simultaneous administration of
equitoxic concentrations of NBDHEX and CDDP resulted in a
strong synergistic effect in MM-B1 and MPP89 cell lines and in
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a synergistic effect in Mero 48a. An additive-synergistic effect
was observed in MSTO-211H cells, when NBDHEX was
administered prior to CDDP. We have previously shown that the
simultaneous exposure to NBDHEX and CDDP produces mostly
additive interactions in CDDP-resistant osteosarcoma cell lines.
However, synergistic effects were observed when these cells
were treated with NBDHEX immediately followed by CDDP.“
Although the explanation for such behavior still needs to be
elucidated, these data should be taken into account in planning
treatment schedules.

Discussion

To identify an alternative and specific strategy for the treat-
ment of mesothelioma, we evaluated the effectiveness of the
potent GST inhibitor NBDHEX. The four mesothelioma cell
lines used in this study are not only characterized by high
levels of GSTPI-1, but also by an elevated expression of the
antiapoptotic protein Bcl-2. Nonetheless, treatment with NBDHEX
was effective in these cell lines, with ICsq values in the low
micromolar range (ICsy between 1 and 4 uM). Equitoxic
concentrations of NBDHEX, ranging between 8 and 15 pM,
caused an early and sustained activation of the MAPK p38 and
JNK, as well as a time-dependent increase in caspase activity
and Annexin/PI positive cells. The effect of the caspase
inhibitor proved that the NBDHEX-induced cell death was a
caspase-dependent event in all mesothelioma cell lines. The
results obtained with the JNK inhibitor suggest that the activation
of the JNK pathway is involved in the NBDHEX-induced
apoptosis in MSTO-211H cells. Of note, the activation of
MAPK, and, in particular, of JNK, might suppress the cell
survival function of Bcl-2,“7*” and might explain why
mesothelioma cells undergo NBDHEX-triggered apoptosis
despite expressing high levels of Bcl-2. However, the response
of MPP89 and MMBI1 cells to NBDHEX appears to be more
complex, possibly involving additional pathways. Interestingly,
NBDHEX caused an evident redox imbalance only in these
two cell lines. Indeed, although the amount of reduced gluta-
thione was similar in all mesothelioma cell lines studied, the
impact of NBDHEX on the redox state was quite different.
The NBDHEX caused in all cell lines an increase in the gluta-
thionilated proteins, and in MMB1 and MPP89 a marked accu-
mulation of GSSG. However, in MSTO 211H and in Mero 48a
the increase of oxidized species of glutathione was balanced
by an increase of reduced glutathione, thus avoiding strong
oxidative stress. This response is likely the consequence of an
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