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Abstract
To enhance the efficacy of fenretinide-induced reactive oxygen species (ROS) in neuro-
blastoma, Fenretinide (N-(4-hydroxyphenyl) retinamide; 4HPR)  was combined with 
buthionine sulfoximine (BSO), an inhibitor of glutathione (GSH) synthesis, in neuro-
blastoma cell lines and spheroids, the latter being a three-dimensional tumor model. 
4HPR exposure (2.5-10 µM, 24 h) resulted in ROS induction (114% - 633%) and 
increased GSH levels (68%-120%). A GSH-depletion of 80% of basal levels was 
observed in the presence of BSO (25-100 µM, 24 h). The 4HPR-BSO-combination 
resulted in slightly increased ROS levels (1.1- to 1.3-fold) accompanied by an increase 
in cytotoxicity (110%-150 %) compared to 4HPR treatment alone. A correlation was 
observed between ROS-inducing capacities of each cell line and the increase in cytotox-
icity induced by 4HPR-BSO compared to 4HPR. No significant correlation between 
baseline antioxidant levels and sensitivity for 4HPR or BSO was observed. In spheroids, 
4HPR-BSO induced a strong synergistic growth retardation and induction of apoptosis. 
Our data show that BSO increased the cytotoxic effects of 4HPR in neuroblastoma 
monolayers and spheroids in ROS producing cell lines. This indicates that the 4HPR-
BSO combination might be a promising new strategy in treatment of neuroblastoma. 
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Introduction
Patients suffering from stage 4 neuroblastoma have a poor prognosis, and therefore, new 
therapeutic options are needed. Fenretinide (N-(4-hydroxyphenyl) retinamide; 4HPR) 
induces apoptosis in various cancers, including neuroblastoma.1, 2 The precise mechanism 
underlying the apoptosis-inducing properties of 4HPR is not yet fully understood. It has 
been suggested that 4HPR induces apoptosis by both retinoic acid receptor-dependent 
and reactive oxygen species (ROS)-dependent pathways.3-8 We have previously shown 
that Trolox, a radical scavenger, protected 4HPR-treated neuroblastoma cells from ROS 
and from loss of viability. This indicated that ROS-production, induced by low doses of 
4HPR, might be involved in the occurrence of apoptosis in neuroblastoma.9 
Glutathione (GSH) was first described by Hopkins as an important cellular reducing 
agent.10 In addition to protecting the cell against free radicals, GSH is also involved in 
detoxification of alkylating agents, storage and transport of cysteine, cell proliferation 
and regulation of apoptosis, signal transduction, gene expression and interaction with 
nitric oxide.11-16 

The rate-limiting step in the de novo synthesis of GSH is the formation of 
γ-glutamylcysteine from glutamate and cysteine performed by γ-glutamylcysteine 
synthetase (γ-GCS). Buthionine Sulfoximine (BSO) is a strong γ-GCS inhibitor both 
in vivo and in vitro.10, 17, 18 Conflicting data exists as to whether BSO-induced cytotox-
icity in neuroblastoma cells is associated with ROS production. In some studies the 
cytotoxic effects of BSO were attenuated by antioxidants, whereas in other studies, the 
cytotoxicity of BSO was concentration and cell-line dependent.17-19 A phase I trial with 
BSO, performed in patients with various tumors, showed minimal toxicity. A significant 
decrease of GSH, measured in peripheral mononuclear cells, to approximately 30% 
to 40% of control was achieved in patients receiving BSO. Clinical achievable plasma 
levels for BSO up to 465 µM (± 189) have been reported.20, 21

Because both 4HPR and BSO are agents with minimal systemic toxicity, the combi-
nation of 4HPR and BSO might be beneficial in neuroblastoma.21, 22 To increase the 
efficacy of 4HPR we investigated the effect of the combination of 4HPR and BSO on 
GSH levels, antioxidant enzyme levels, ROS production, and viability in neuroblastoma 
monolayers and multicellular tumor spheroids.

Methods
Chemicals:
4HPR (Sigma, St Louis, MO, USA), was dissolved in 100% ethanol, stored at 4° C and 
protected from light. L-BSO (Sigma) was dissolved in H2O at a 0.1 M stock concentra-
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tion and stored at 4° C. Serial dilutions were prepared from the stock solutions with 
growth medium just before use. Glutathione reductase and NADPH were obtained 
from Roche (Mannheim, Germany). All other chemicals were purchased from Sigma 
(St Louis, MO, USA).

Cell culture
Three MYCN-single-copy neuroblastoma cell lines (FISK, NASS, SY5Y) and three 
MYCN-amplified neuroblastoma cell lines (IMR32, SJ8, SJNB10) were cultured in 
RPMI 1640 culture medium supplemented with 10% heat-inactivated fetal bovine 
serum, 50 U/ml penicillin/streptomycin, 4 mM glutamine (Gibco, Invitrogen, CA, 
USA) and 5 mg/l plasmocin (Invivogen, San Diego, USA). Cells were grown at 37 
°C, 5% CO2 in 95% humidified air, culture flasks and plates were obtained from 
Corning (Corning, NY, USA). All cell lines were a generous gift of Professor R. Versteeg 
(Department of Human Genetics, Academic Medical Centre, Amsterdam, The Nether-
lands). Spheroids were prepared from IMR32 cells and spheroid growth was analyzed 
as described before.9 The spheroids were treated with 1 µM 4HPR and/or 12.5 µM 
BSO for 2 weeks, without changing the culture medium. Spheroids for immunohisto-
chemical analysis were cultured without drugs for 1 week, after which incubation with 
10 µM 4HPR and/or 200 µM BSO was started. All experiments were performed in 
quadruplicate unless stated otherwise.

Measurement of cell viability and apoptosis
Cells were plated (30 *103 /ml) in 100 µl in 96-well plates and allowed to adhere over-
night, after which the medium was replaced by medium containing different concentra-
tions 4HPR (0-50 µM) or BSO (0-1000 µM). After 24, 48 and 72 h the viability of the 
cells was measured using an MTS assay (Promega, Madison, WI, USA) according to the 
manufacturer’s protocol. MTS incubation lasted for 4 h at 37° C. The dose-absorption 
curves were used to calculate the IC50-values. 

Cells (125x103/ml) were plated in 4 ml in 25-cm2 flasks and allowed to adhere over-
night. Subsequently, the cells were preincubated with BSO (12.5 or 25 µM) for 24 h, 
followed by co-incubation with 4HPR (0-10 µM) and BSO. After 48 h 4HPR-BSO 
co-incubation, the cells were harvested and the total amount of cells was counted 
using a cell counter (Coulter Counter; Beckman Coulter, Fullerton, CA, USA). The 
percentage of viable cells was determined using the trypan blue assay. A cell suspension 
was resuspended 1:1 with 0.4% trypan blue and incubated for 1 min. The viable cells 
were counted with the microscope using a Bürker-Türk counting chamber. The amount 
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of viable cells was calculated from the total amount of cells and the percentage of trypan 
blue-negative cells. Incubation times and concentrations for the combination experi-
ments were chosen according to the knowledge that BSO and 4HPR induced time- and 
dose-dependent cytotoxicity in our cell lines (Table1).
Apoptosis was measured using the Caspase Glo assay (Promega). Cells were plated in 
96-well plates as described above. After incubation for 24 h, with BSO (0-50 µM) and/
or 4HPR (0-20 µM), the cells were incubated for 30 min with 100 ul Caspase Glo 
reagent per well, prepared according to the manufacturer’s protocol. Luminescence was 
measured using a plate reader (Fluostar optima, BMG).

Measurement of GSH
Total GSH levels (reduced and oxidized) were measured according to the enzymatic 
method described by Neumann et al. and Tietze,23, 24 which relies on the fact that GSH 
can cleave DTNB to the yellow-colored TNB (412 nm). By addition of glutathione 
reductase to the reaction mix the oxidized GSSG is reduced to GSH and the total 
amount of GSH is measured. Cells were cultured and allowed to adhere and grow for 
48 h before harvesting or incubation. To measure the effect of BSO on the GSH levels, 
cells were incubated with BSO (0-200 µM) for 24 h. To study the effect of 4HPR-BSO-

Table 1. IC50 values for 4HPR and BSO, baseline ROS production and baseline antioxidant levels in six 
neuroblastoma cell lines. *MYCN amplified cell lines, ** IC50 values of 4HPR were obtained from Cuperus 
et al [9] *** Arbitrary units

Cuperus proefschrift Garamond.indd   99 21-8-2014   16:01:08



100

Chapter 5

combination on GSH levels, IMR32, NASS and SJNB10 were incubated 3, 6 or 24 h 
with 4HPR (0-20 µM) and/or BSO (0-100µM) after which cells were harvested with 
trypsine and lysed in 0.1% triton-X-100 for 10 min at room temperature. The homoge-
nates were centrifuged 10,000g, 2 min at 4 °C, and the supernatant was frozen in liquid 
nitrogen and stored at -80 °C until use. The reaction mix contained 0.06 mM DTNB, 
0.2 mM NADPH and 5 mM EDTA in a 100 mM sodium phosphate buffer, pH 7.4 
and an aliquot of supernatant. The reaction was started by the addition of a 0.1 mg/ml 
glutathione reductase solution in 100 mM sodium phosphate buffer, pH 7.4. TNB 
formation was measured spectrophotometrically at 412 nm using a COBAS FARA 
centrifugal analyzer (Roche, Mannheim, Germany). All experiments were performed 
in triplicate.

Measurement of antioxidants; catalase, glutathione peroxidase (GPx),  
superoxide dismutase (SOD)
For measurement of baseline antioxidant levels, cells of each cell line were cultured in 
triplicate in 75-cm2 flasks and harvested after 48 h, and the cell pellets were frozen in 
liquid nitrogen and stored at -80°C. For measurement of the effect of BSO and 4HPR on 
antioxidant levels, SJNB10 cells were cultured in 162-cm2 flasks and allowed to adhere 
overnight after which they were preincubated with BSO (25 µM) for 24 h followed by 
co-incubation with 4HPR (0-5 µM) and BSO for 48 h. Cells were harvested and the 
cell pellets were frozen in liquid nitrogen and stored at -80°C. Catalase activity was 
measured spectrophotometrically, following the decomposition of H2O2 at 240 nm in a 
0.1 M potassium phosphate buffer, pH 7.0, at 37° C.25 GPx activity and SOD activity 
were measured using commercial assay kits (Calbiochem, CA, USA and Fluka, Buchs, 
Switzerland, respectively) according to the manufacturer’s protocol. 

Measurement of Reactive Oxygen Species (ROS)
Cells were cultured and allowed to adhere overnight. Subsequently, cells were prein-
cubated with BSO (50 µM) for 24 h followed by co-incubation with 4HPR (0-10 µM) 
for 4 h. Previously, we showed that ROS-induction is an early phenomenon after 
4HPR administration occurring 1-6 hours after incubation.9 ROS was detected using 
the ROS responsive dye CM-H2DCFDA (Invitrogen, Molecular Probes) as described 
before.9 Protein determination was performed using bicinchoninic acid (BCA) reagents 
according to the manufacturer’s protocol, using Bovine Serum Albumin as a standard 
(Thermo Scientific, Rockford, IL, USA).
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Immunohistochemistry 
Spheroids were grown, and incubation with 4HPR (10 µM) and/or BSO (200 µM) for 
2 weeks was started. Immunohistochemistry was performed as described before.9 Apop-
tosis was detected using anti-cleaved caspase 3 1:100 (Bioke, Leiden, The Netherlands), 
and proliferation was detected using anti-Ki-67 1:200 (Dako, CA, USA), both incubated 
at room temperature for 1 h. Sections were examined using a Zeiss microscope and 
photographed using a Leica camera. The assessment of the sections was performed qualitative. 

Statistics
Differences in cytotoxicity between two groups were analyzed with the two-sample t test 
(SPSS 16.0). Correlation between ROS production and sensitivity for the different drugs 
was studied by linear regression and determination of Pearson correlation coefficient. 

Results
Evaluation of antioxidant baseline levels and sensitivity to 4HPR and BSO
In six cell lines the IC50 values for 4HPR and BSO were determined in addition to base-
line ROS production, baseline levels of GSH, and the activity of antioxidant enzymes 
catalase, GPx and SOD (Table1). No clear correlation was observed between sensitivity 
for 4HPR or BSO and the baseline levels of ROS production. Furthermore, the endog-
enous levels of GSH and the baseline levels of the various antioxidant enzymes did 
not correlate with the sensitivity for 4HPR or BSO (table 1). Nevertheless, the levels 

Figure 1. The effect of BSO on GSH levels. IMR32 cells were incubated for 24 h with a BSO concen-
tration range of 0-100 µM. After incubation, GSH concentration was measured (control: 36.0 nmol/mg 
protein). Error bars represent standard deviation. The inset shows the decrease in GSH in the lower BSO 
concentration range. The decline of GSH in the IMR32 cell line is representative of the other cell lines of 
our panel. The GSH levels are depicted as percentage of the control.
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of GSH, catalase and GPX were high in NASS cells, which are relatively insensitive to 
4HPR, compared to other cell lines. 

Effects of BSO and 4HPR on cellular GSH levels
After 24 h incubation with 12.5 µM BSO a decrease of at least 75% in GSH levels was 
observed in all six cell lines. Increasing BSO concentration up to 100 µM resulted in 
a reduction of at least 82% of GSH levels in all cell lines tested (Fig. 1). In addition, 
a time-dependent decrease in GSH levels was observed in three cell lines tested when 
incubated with BSO only. Treatment with 4HPR for 24 h resulted in an increase of 120 
and 68% in GSH compared to untreated cells in IMR32 and SJNB10, respectively. In 
contrast, GSH levels dropped to 86% in NASS after incubation with 4HPR for 24h. 
In IMR32 and SJNB10, the addition of BSO to 4HPR annulled the effect of 4HPR, 
and the GSH levels observed after 4HPR-BSO incubation were comparable to the GSH 
levels of the cells treated with BSO alone (Fig. 2). 

The effect of 4HPR and BSO on ROS production
4HPR induced the production of ROS (14-533%) in a dose-dependent manner in all cell 
lines. However, the 4HPR-induced ROS production was minimal in FISK and NASS 
(Fig. 3). BSO induced a significant increase in ROS production in NASS, SJ8, SJNB10 

Figure 2. Time-dependent effect of 4HPR and BSO on GSH levels. GSH levels were measured in three 
cell lines treated for 24 h with control medium (black), BSO (dark grey), 4HPR (light grey), 4HPR-BSO 
combination (white). Concentrations: IMR32: 2.5 µM 4HPR, 25 µM BSO; NASS: 20 µM 4HPR, 100 µM 
BSO; SJNB10: 5 µM 4HPR, 50 µM BSO. The GSH levels were depicted as percentage of the control. * 
p < 0.05. **p ≤ 0.001.
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and SY5Y (17-160%) but not in FISK and IMR32. Incubation with the 4HPR-BSO 
combination increased the ROS production significantly in SJ8 and SJNB10 (31-62%) 
compared to 4HPR incubation alone, depending on the concentration of 4HPR. In 
NASS a marginally increased ROS production (30%, p=0.03) was observed and in 
FISK, IMR32 and SY5Y no significant increase in ROS was observed after incubation 
with the 4HPR-BSO combination compared to incubation with 4HPR alone (Fig. 3). 

Figure 3. The effect of 4HPR and BSO on ROS production. ROS production was measured using the 
ROS-responsive dye CM-H2DCFDA. Cells were preincubated  with BSO (50 µM) for 24 h followed by a 
4-h co-incubation with a range of concentrations of 4HPR (0-10 µM). Black bars represent ROS produc-
tion with 4HPR without BSO, grey bars represent ROS production with 4HPR and BSO. The ROS produc-
tion was depicted as percentage of the control. * p< 0.05.
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In cell lines with a high production of ROS, as a result of 4HPR incubation, GSH was 
strongly upregulated (IMR32, SJNB10). When 4HPR-induced ROS production was 
low, no increase of GSH was observed (NASS; Fig. 2). 

Viability and apoptosis after incubation with 4HPR and BSO
To reduce GSH levels, all cell lines were pre-incubated with BSO for 24 h, followed 
by co-incubation for 48 h with 4HPR and BSO. 4HPR reduced the number of viable 
cells in all cell lines. BSO as a single drug significantly reduced the number of viable 
cells only in IMR32 (22% reduction, p=0.015). However, in four out of six cell lines 

Figure 4. The effect of 4HPR and BSO on viability. Cells were counted and the percentage of viable cells 
was measured using the trypan blue exclusion assay. Cells were preincubated 24 h with BSO (FISK, 
NASS, SJ8 and SJNB10: 25 µM, IMR32 and SY5Y: 12.5 µM) followed by a 48 h co-incubation with a 
range of concentrations of 4HPR (0-10 µM, depending on the sensitivity to 4HPR of each cell line). Black 
bars represent the amount of viable cells with 4HPR without BSO, grey bars represent the amount of 
viable cells with 4HPR and BSO. * p< 0.05.
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a significant decrease in number of viable cells was observed after treatment with the 
4HPR-BSO combination, compared to that observed for 4HPR alone (Fig. 4). In the 
two cell lines (FISK and NASS), which show minimal 4HPR-induced ROS production, 
no additional effect of BSO was observed on the viability of the cells. 
Previously, we showed that 4HPR induced concentration- and time-dependent apop-
tosis in neuroblastoma cell lines.9 BSO, as a single drug, induced apoptosis in IMR32 
and SJNB10 cells (55%, p=0.002, and 85%, p=0.012, respectively) and no signifi-
cant apoptosis in NASS cells. In contrast, an increase in apoptosis of 90, 46 and 24% 
(p=0.007, 0.002, and 0.032, respectively) was observed when BSO was combined with 
4HPR in IMR32, SJNB10 and NASS cells, respectively, compared with incubation 
with 4HPR alone.

Activity of catalase, GPx and SOD after 4HPR-BSO-combination
The activity of various antioxidant enzymes was measured in SJNB10 after incubation 
with the 4HPR-BSO combination to investigate whether their activity was increased 
because of the ROS induction. Neither GPx nor SOD activity was increased after 
4HPR and/or BSO incubation. Catalase activity was increased (1.5-fold, p=0.003) after 
4HPR-BSO incubation compared to untreated, whereas 4HPR incubation alone was 
followed by a lower increase in catalase activity (1.3-fold, p=0.000; data not shown). 
However, this increase was apparently not sufficient to protect the cells against the cell 
death induced by the 4HPR-BSO-combination (Fig. 4).

Synergistic growth retardation in IMR32 spheroids after incubation with 
4HPR and BSO
The beneficial effects of the BSO-4HPR combination in monolayers prompted us to 
investigate the efficacy of this combination in IMR32 spheroids (Fig. 5). After sphe-
roids were incubated 2 weeks with both 4HPR (1 µM) and BSO (12.5 µM), a decrease 
of cross-sectional area of about 20% was observed compared to the untreated control 
spheroids. Surprisingly, in spheroids treated with the combination of the two agents a 
decrease of 90% of the cross-sectional area was observed compared to untreated 
spheroids (Fig. 5).

Combined treatment with 4HPR and BSO decreased proliferation and 
increased apoptosis in IMR32 spheroids
Histological sections of IMR32 spheroids treated with 4HPR, BSO or the 4HPR-BSO 
combination were stained with a proliferation marker, anti-Ki67, and an apoptosis 
marker, anti-cleaved caspase-3 (Fig. 6). In untreated control spheroids a classical organ-
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ized pattern of an outer proliferative rim and an inner apoptotic and necrotic core was 
observed; fussy cells with disrupted membranes represent either apoptosis or necrosis. 
Apoptotic cells were represented by both fragmentation of the nuclei and staining with 
the apoptosis marker. Morphological assessment of the spheroids showed little effect 
of BSO; the cell structure of the rim is looser than that of the untreated control. In 
contrast, in 4HPR-treated spheroids the organized cell structure disappeared and the 
cell-cell pattern was looser than the rim of the control spheroids. Spheroids treated 
with the 4HPR-BSO combination showed a similar structure compared to the 4HPR-
treated spheroids. However, at the cellular level an enormous change in morphology was 
observed; in a substantial amount of cells no nucleus was observed, indicating that these 
were apoptotic or necrotic cells.  

Figure 5. The effects of 4HPR and BSO on spheroid growth. IMR32 spheroids were treated with 4HPR  
(1 µM) and/or BSO (12.5 µM) and photographed weekly to monitor the increase of the cross-sectional 
area. A) The calculated cross-sectional area of spheroids treated with 4HPR and/or BSO for 2 weeks, 
depicted as percentage compared to the untreated control. Each bar represents the mean area ± SD of 
four experiments. B) IMR32 spheroids treated with 4HPR and/or BSO.  *p< 0.05. **p ≤ 0.001.
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Figure 6. The effects of 4HPR and BSO 
on proliferation and apoptosis in sphe-
roids. Immunohistochemical stained 
sections of spheroids treated with 
control medium, 4HPR (10 µM), BSO 
(200 µM) or the 4HPR-BSO combina-
tion for 2 weeks are shown. An apop-
tosis maker, anti-caspase-3 (brown 
nuclei, left), and a proliferation marker, 
anti-Ki67 (brown nuclei, right) were 
used to stain the cells. Assessment of 
the sections was performed on two 
different magnifications, 10x and 20x. 
For color fig see page 161.
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Discussion
4HPR is known to induce oxidative stress, which induces apoptosis in neuroblastoma 
cells.2, 9, 26-28 Therefore, the cellular redox state, reflecting the intracellular antioxidant 
defence against free radicals, might be a key factor in protecting the cells from 
ROS-induced cytotoxicity. To test this hypothesis, on the one hand, we induced ROS 
by incubation cells with 4HPR and, on the other hand, we reduced the capacity to 
scavenge these ROS by reducing the GSH levels with BSO, in a panel of neuroblastoma 
cell lines. In line with our hypothesis is the observation that GSH levels increased in cell 
lines that showed profound 4HPR-induced ROS production, whereas in cell lines that 
did not produce ROS after 4HPR incubation, no upregulation of GSH was detected. 
This suggests that GSH is an important component of the cellular defence mechanism 
against 4HPR-induced cytotoxicity in neuroblastoma. With respect to other tumors, in 
Ewing sarcoma a decreased level of GSH as a result of 4HPR incubation was observed 
depending on the cell line; in cell lines with no ROS induction, no change in GSH levels 
as a result of 4HPR incubation was observed.29 In leukemia cells, a decrease of GSH was 
observed after 4HPR incubation, whereas increased levels were observed after retinoic 
acid incubation. This indicates that modulatory effects of retinoic acids on intracellular 
antioxidant levels seem to be cell-type specific.30 
Previously, a correlation between high GSH levels and low sensitivity for ROS was 
observed in neuroblastoma,31, 32 whereas a relation between high GSH baseline levels 
and low sensitivity for 4HPR has only been observed in leukemia cells.30, 33 In our study, 
no correlation between baseline levels of GSH and other antioxidants and sensitivity for 
4HPR was observed. Nevertheless, in NASS cells, GSH, catalase, GPX and SOD levels 
are high compared to other cell lines. This phenomenon might underlie the lack of ROS 
induction in NASS after 4HPR incubation. In SJNB10, which showed low endog-
enous levels of ROS, GSH levels are high and other antioxidant levels are relatively low. 
Therefore, GSH might be important in protection against ROS-induced cytotoxicity in 
neuroblastoma cells.
The degree of cytotoxicity induced by BSO as a single drug was dependent on the cell 
line. ROS were increased after BSO incubation in cell lines sensitive to BSO, which is 
line with earlier studies, and most likely due to inhibition of GSH levels.34-36 Anderson 
et al claimed that formation of ROS is the underlying apoptosis-inducing mechanism 
of BSO.17, 19, 20, 34 This ROS induction resulted in reduction of the levels of the antiapo-
ptotic protein Bcl-2 and activation of the levels of protein kinase C, p38, JNK MAPK, 
and Caspase 3.21, 37-39 No correlation was observed between MYCN amplification and 
sensitivity to BSO, baseline GSH levels, or antioxidant enzyme levels. This is in contrast 
with the findings of others, who suggested that MYCN-amplified cell lines might have 
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lower GSH levels and be more sensitive to BSO than MYCN-single-copy cell.18, 34, 35, 40 

A moderate upregulation of catalase was observed after incubation with the 4HPR-BSO 
combination (in SJNB10 cells). However, this effect did not attenuate the beneficial 
effect of the 4HPR-BSO combination. The other antioxidants enzyme activities (SOD 
and GPx) were not affected by 4HPR-BSO treatment. Cornelissen et al observed an 
increase in both catalase and GPx in neuroblastoma cells suffering from ROS as a result 
of Meta-iodobenzylguanidine (MIBG) incubation and Lee suggested an upregulation of 
catalase and SOD and a downregulation of GPx after induction of ROS in neuroblas-
toma cells.31, 41, 42 This indicates that regulation of antioxidant levels as a result of ROS 
induction might depend on the cell lines that are involved.
The depletion of GSH by BSO resulted in a profound cytotoxic effect of the 4HPR-
BSO combination in ROS-producing cell lines, although the additional ROS induction 
in these cell lines after incubation with BSO and 4HPR was only moderate. The GSH 
depletion by BSO also enhanced the cytotoxicity of 4HPR in both leukemia cells and 
Ewing sarcoma cells.29, 30 This beneficial effect was confirmed in spheroids; the 4HPR-BSO 
combination showed profound growth retardation, as a result of decreased proliferation 
and increased apoptosis, compared to either BSO-treated spheroids or 4HPR-treated 
spheroids. As spheroids resemble micrometastases, these results indicate that the combi-
nation might be successful in clinical use. 
Over all, we conclude that the combination of 4HPR and BSO has a beneficial effect 
on cytotoxicity in neuroblastoma monolayers as well as in spheroids in cell lines with 
ROS-producing properties. The sensitivity to BSO in ROS-producing cell lines is within 
the range of clinically achievable plasma levels for BSO.23 Because both 4HPR and BSO 
have been tested in clinical trials and no dose limiting toxicity was observed,21, 22 the 
4HPR-BSO combination could be a potential combination therapy for neuroblastoma.
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