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Abstract

AIM: To evaluate the efficacy and the safety of aza-
thioprine (AZA) and buthionine sulfoximine (BSO) by
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localized application into HepG2 tumor /n7 vivo.

METHODS: Different hepatoma and colon carcinoma
cell lines (HepG2, HuH7, Chang liver, LoVo, RKO,
SW-48, SW-480) were grown in minimal essencial
medium supplemented with 10% fetal bovine serum
and 1% antibiotic/antimycotic solution and maintained
in @ humidified 37°C incubator with 5% CO:. These
cells were pretreated with BSO for 24 h and then with
AZA for different times. We examined the effects of
this combination on some proteins and on cellular
death. We also studied the efficacy and the safety of
AZA (6 mg/kg per day) and BSO (90 mg/kg per day)
in HepG2 tumor growth /7 vivo using athymic mice. We
measured safety by serological markers such as amino-
transferases and creatine kinase.

RESULTS: The /n vitro studies revealed a new mecha-
nism of action for the AZA plus BSO combination in the
cancer cells compared with other thiopurines (6-mer-
captopurine, 6-methylmercaptopurine, 6-thioguanine
and 6-methylthioguanine) in combination with BSO.
The cytotoxic effect of AZA plus BSO in HepG2 cells re-
sulted from necroptosis induction in a mitochondrial-de-
pendent manner. From kinetic studies we suggest that
glutathione (GSH) depletion stimulates c-Jun amino-ter-
minal kinase and Bax translocation in HepG2 cells with
subsequent deregulation of mitochondria (cytochrome
¢ release, loss of membrane potential), and proteolysis
activation leading to loss of membrane integrity, release
of lactate dehydrogenase and DNA degradation. Some
of this biochemical and cellular changes could be re-
versed by N-acetylcysteine (a GSH replenisher). In vivo
studies showed that HepG2 tumor growth was inhibited
when AZA was combined with BSO.

CONCLUSION: Our studies suggest that a combi-
nation of AZA plus BSO could be useful for localized
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treatment of hepatocellular carcinoma as in the cur-
rently used transarterial chemoembolization method.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

The incidence of hepatocellular catcinoma (HCC) is
increasing, and currently there are approximately 1 mil-
lion new cases annually worldwide!!. Classical curative

options available are surgical resection or liver trans-
plantation”. For unresectable HCC, an effective treat-
ment is transarterial chemoembolization (TACE)". In
TACE, the branch of the hepatic artery supplying the
tumor is occluded at the time of arteriography by injec-
tion of lipidol and/or gelatin-sponge particles, which
results in necrosis of the tumor. To increase that effect,
chemotherapeutic agents (e.g., doxorubicin, epirubicin,
mitomycin ¢, cisplatin or 5-fluorouracil) are often mixed
with lipidol”. A significant number of patients benefit
from treatment with TACE".. For further progtess in
this encouraging treatment, other antitumor drugs are
needed. One of the problems in treating HCC is chemo-
resistance, therefore the majority of systemic therapies
have been disappointing. For years researchers have ob-
served that an elevation in intracellular glutathione (GSH)
has been associated with resistance to irradiation and
to chemotherapy, and correspondingly, the diminution
of GSH levels is associated with sensitization to both
types of therapy”. Azathioprine (AZA) and buthionine
sulfoximine (BSO) are medicines which decrease GSH
levels by different mechanisms. Azathioprine belongs to
the family of thiopurines with cytostatic activity, which
is used in the treatment of autoimmune diseases, organ
transplantation and in acute lymphoblastic leukemia',
The first step in AZA activation consumes GSH, lead-
ing to release of G-metrcaptoputine from the imidazole
moiety in an enzymatic reaction catalyzed by several
glutathione-S-transferase (GST) isoforms”. BSO is a
competitive inhibitor of y-glutamylcysteine synthetase
(GCS), the rate-limiting step in the biosynthetic pathway
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of GSH production”, With the aim of treating tumors
that overexpress glutathione (e.g., hepatocarcinoma),
several groups undertook phase I clinical studies with
BSO to evaluate whether modulation of GSH could be
clinically useful. In these preliminary studies, the drug
proved to be well tolerated and safe, which prompted us
to study the effect of BSO combined with AZA: (1) on
cell death of HCC cell lines (Hep G2, Huh7 and Chang
cells) in culture; and (2) on the volume of the tumor ob-
tained by injection of HepG2 into athymic mice 7 vivo.
These results were compared with colon cancer cell lines

(Lovo, SW-480, RKO and SW-48).

MATERIALS AND METHODS

Materials

AZA was a gift from UCB Pharma SA (Madrid, Spain).
Antibodies against phospho-p54/46 JNK (c-jun N-ter-
minal kinase), p-p38 MAPK (mitogen-activated protein
kinase), JNK, p38 MAPK and q-tubulin were from Cell
Signaling Technology Inc. (Beverly, Massachusetts) and
antibodies against Bax, Bid, Bad, Bcl-2, cytochrome c,
procaspase-3, GCS, nucleoporin and poly (ADP-ribose)
polymerase (PARP) were from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA). p-38 MAPK inhibitor [SB203580,
4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl)-1H-imidazole], JNK inhibitor (SP600125, 1,9-pyr-
azoloanthrone) were from Calbiochem (Barcelona, Spain).
3-(4,5-dimethylthiazol-2-y1)-2,5 diphenyl tetrazolium
bromide (MTT), DL-buthionine-[S,R]-sulfoximine (BSO),
6-mercaptopurine and 6-methylmercaptopurine were from
Sigma Chemical Co. (Madrid, Spain). 2-amino-6-mercap-
topurine and 2-amino-6-methylmercaptopurine were from
ICN Biomedicals Inc. (Ohio, United States). Z-VAD-mfk
caspase-3 inhibitor was from Bachem (Heidelberg, Ger-
many). Ac-DEVD-AMC was from Alexis Biochemicals
(San Diego, California). OxyBlot™ Protein Oxidation Kit
was from Millipore (Billerica, Massachusetts). All other
reagents were of the highest grade of purity available.

Cell culture

HepG2, HuH7 and Chang cells, LoVo, SW-480, RKO and
SW-48 cells were from AT'CC and were grown in minimal
essential medium (MEM) supplemented with 10% fetal
bovine serum and 1% antibiotic/antimycotic solution and
maintained in a humidified 37 “C incubator with 5% CO:.

Metabolic activity and cell viability

The MTT reduction assay was performed as described
previously[sj. Cell viability was determined by the trypan
blue exclusion assay as previously described”.

Analysis of GSH
Intracellular GSH levels were determined fluorometri-
cally as described previously™’.,

Lactate dehydrogenase release assay
Cellular supernatants were mixed with lactate dehydro-

September 14, 2011 | Volume 17 | Issue 34 |



Hernandez-Breijo B et a/. AZA plus BSO in liver neoplasm treatment

genase (LDH) substrate (0.2 mol/L Tris-HCl buffer, pH
8.2, containing 2.5 mg/ml. I-lactate, 2.5 mg/mL NAD",
0.1% (v/v) Triton X-100, 1-methoxyphenazine metho-
sulfate and MTT). The formazan formed was measured
at a wavelength of 570 nm and reference of 655 nm®.

DNA fragmentation gel assay
The study of DNA fragmentation was performed as pre-
viously described!"".

Western blotting

Total cell protein was extracted as described previously' .
The proteins were determined by the Bradford method
and were loaded onto sodium dodecyl sulfate polyacryl-
amide gel electrophoresis gel and transferred to nitrocel-
lulose membranes overnight at 25 V and 4°C. The im-
munoblots were developed as previously described".

Cytometry

Mitochondrial impairment was estimated using a JC-1
probe (5,5%,6,6’-tetrachloro-1,17,3,3’-tetracthylbenz-
imidazolylcarbocyanine iodide/chloride) as previously
described™. Cell cycle analysis using propidium iodide

staining was performed as described previously“zJ.

Caspase-3 activity analysis

Cells were lysed in 10 mmol/L Ttis-HCI buffer (pH 7.5)
containing NaH2PO4/NaHPO4 (10 mmol/L), Tri-
ton-X-100 (1%), NaCl (130 mmol/L) and sodium pyro-
phosphate (10 mmol/L). The cell lysates wete incubated
for 60 min at 37 °C in a 20 mmol/L HEPES buffet (pH 7.5)
containing, glycerol (10%), DTT (2 mmol/L) and the
specific fluorogenic substrate Ac-DEVD-AMC. Cleavage
of the fluorescent caspase-3 substrate was monitored
using a fluorescence plate reader at excitation/emission

wavelengths of 355/460 nm.

Analysis of in vivo tumor growth inhibition

Nude mice were subcutancously inoculated with 10
HepG2 cells. After solid tumor formation (i.e., tu-
mor volume 100 mm?), the tumor-bearing nude mice
were randomized into four experimental groups,
each one with eight mice. These groups were treated
by peritumoral injection with 0.1 mL dimethyl sulf-
oxide (DMSO) (5%), BSO (90 mg/kg per day),
AZA (6 mg/kg per day) or BSO (90 mg/kg per day) plus
AZA (6 mg/kg per day), respectively. The BSO treatment
was daily, while the AZA treatment was given on alter-
nate days for a total of 12 d. Tumor size was measured
every day. At the end of the experiment, all the animals
were sacrificed. Plasma levels of creatine kinase, alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) were also determined, following the procedures
stated by the provider (Spinreact).

Statistical analysis
Statistical analysis was performed using the GraphPad
Prism package (GraphPad Software Inc., San Diego,
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CA). Values are reported as mean * SE and evaluated by
the analysis of variance. The statistical significance was
setat P < 0.05.

RESULTS

Effect of AZA treatment on viability and metabolic activity
of HepG2 cells

We treated HepG2 cells for 24 h , 48 h or 72 h with
DMSO (0.2%) ot AZA (75, 150, 300, 600 ot 1000 umol/L)
dissolved in 0.2% DMSO. Figure 1A shows that AZA de-
creased cell viability (measured by Trypan blue exclusion
assay) at 600 pumol/L and 1000 umol/L without signifi-
cant changes in cell viability at lower drug concentrations.
Similarly, azathioprine significantly inhibited metabolic
activity (measured by the MTT assay) in a dose-and time-
dependent manner (Figure 1B). The metabolic activity
was more sensitive to the effect of AZA than the cell
viability. In fact with AZA at 300 umol/L we obsetved a
loss in metabolic activity without changes in cell viability
compared with control cells (DMSO). The comparison
of MTT and Trypan blue exclusion assays, suggest that
AZA produced inhibition of cell proliferation and/or
loss of mitochondrial activity up to 300 umol/L and in-
duced toxicity at higher concentrations (600 umol/L and
1000 pumol/L). In any case, our results show that HepG2
cells are very resistant to AZA treatment unlike human
hepatocytes in culture (data not shown).

Sensitization of HepG2 cells to azathioprine by BSO
pretreatment

When HepG2 cells were pretreated for 24 h with BSO
(500 pmol/L) and then co-treated with AZA (0, 75 umol/
L, 150 umol/L, 250 pmol/L, 300 pmol/L, 600 pumol/L
or 1000 pumol/L) for 24 h (Figure 1C), metabolic activity
noticeably decreased (ICso = 80 umol/L) with respect to
those cells treated with AZA alone (ICs = 800 pmol/L).
The pretreatment with BSO potentiated the efficiency of
azathioprine 10-fold in decreasing the metabolic activity
of HepG2 cells. In the same way, HepG2 pretreated cells
for 24 h with BSO (500 umol/L) and then co-treated with
AZA (100 umol/L) for 3 h, 6 h, 12 h ot 24 h showed a
time-dependent inhibition of metabolic activity, in con-
trast to those cells that did not receive BSO (Figure 1D).
Pretreatment with BSO significantly decreased basal levels
of GSH (Figutre 1E). Kinetic studies undetlined that AZA
treatment decreased GSH content in a time-dependent
manner both in BSO-pretreated cells and in control cells
(Figure 1F). However, the effect of AZA on GSH levels
was higher in BSO-sensitized cells compared with control
cells, which suggested that the compounds had synergic
effects in regulation of GSH levels.

In order to localize the compartment affected by GSH
depletion, we studied the presence of oxidized proteins
(by OxyBlot) in different cellular fractions (cytosol, mi-
tochondria and nucleus) obtained from drug-treated cells
(Figure 2A). The treatment with AZA (300 umol/L)
plus BSO (500 umol/L) increased the oxidized proteins
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Figure 1 Effect of azathioprine treatment in HepG2 cells and sensitization of HepG2 cells by buthionine sulfoximine pretreatment. A: Cell viability (by trypan
blue exclusion assay); B: Metabolic activity (by MTT assay) of HepG2 cells treated at different times with dimethyl sulfoxide (DMSO) or azathioprine (AZA) at different
concentrations; C: Metabolic activity of cultured HepG2 cells pretreated for 24 h without or with buthionine sulfoximine (BSO) (500 umol/L) and then cotreated with AZA
at different concentrations for 24 h, or D with AZA (100 umollL) at different times; E: Glutathione (GSH) content of HepG2 cells pretreated for 24 h with DMSO or BSO
(500 umol/L); F: GSH content of HepG2 cells pretreated for 24 h with DMSO or BSO (500 pmol/L) and then cotreated with AZA (300 pmol/L) for different times. The

significant differences with respect to control were statistically analyzed by analysis of variance with the Bonferroni post hoc test. °P < 0.05; °P < 0.01; °P < 0.001.

in all fraction studied compared with cells treated with
BSO (500 umol/L). This effect was partially reversed by
cotreatment with N-acetylcysteine (NAC, 1.5 mmol/L),
a GSH replenisher. The levels of nucleoporin, PARP
and cytochrome ¢ were used as markers for the nucleus
(nucleoporin and PARP) and mitochondria (cytochrome
). Interestingly, treatment with AZA plus BSO induced
the depletion of nucleoporin and cytochrome c in the
nucleus and in the mitochondria, respectively (Figure 2A).
These effects were partially reversed by NAC.
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Effect of AZA plus BSO combined on the metabolic act-
ivity of HCC cell lines and colon cancer lines

Treatment with AZA (300 umol/L) plus BSO (500 pmol/L),
decreased the metabolic activity in all cell lines (HepG2,
Huh-7, Chang cells, LoVo, SW-480, RKO, SW-48) tested in
comparison with control treatment (DMSO) (Figure 2B).

Effect of thiopurines plus BSO combined on the meta-

bolic activity of HepG2 and colon cancer lines
Pretreatment with BSO (24 h) and subsequent treatment
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Figure 2 Effect of the treatment with thiopurines plus buthionine sulfoximine in cancerous cell lines. A: Western blotting of several proteins from enriched
fractions of cytosol, nucleus and mitochondria obtained from HepG2 cells pretreated with buthionine sulfoximine (BSO) (500 umol/L, 24 h), or pretreated with BSO (500
umol/L, 24 h) and then cotreated with azathioprine (AZA) (300 umol/L) for 6 h with or without N-acetylcysteine (NAC) (1.5 mmol/L); B: Metabolic activity (by MTT
assay) in different cancer cell lines from liver and colon pretreated with BSO (24 h) and then cotreated with dimethyl sulfoxide (DMSO) or with AZA for 12 h; C: Meta-
bolic activity (by MTT assay) in different cell lines pretreated with BSO (24 h) and then cotreated with AZA or with different thiopurines for 12 h. Significant differences
with respect to control (DMSO plus BSO) were statistically analyzed by analysis of variance with the Bonferroni post hoc test. °P < 0.001, BSO plus AZA vs control.
°P < 0.001, BSO plus AZA vs BSO plus different thiopurines.

with thiopurines (6-mercaptopurine, 6-methylmercap- 12 h caused a slight decrease in the metabolic activity of
topurine, 6-thioguanine or 6-methylthioguanine) for HepG2 cells with respect to control (cells treated with
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Figure 3 Effect of azathioprine plus buthionine sulfoximine treatment on cell viability, DNA fragmentation and lactate dehydrogenase release. A: Cell vi-
ability of HepG2 cells treated with dimethyl sulfoxide (DMSO) (24 h), buthionine sulfoximine (BSO) (500 umol/L, 24 h) or pretreated with BSO (500 pumol/L, 24 h) and
then cotreated with azathioprine (AZA) (300 umol/L, 24 h); B: Study of cell cycle of HepG2 cells treated in the same conditions; C: DNA fragmentation of HepG2
cells pretreated with BSO (500 pumol/L, 24 h) and then cotreated with AZA (300 umol/L) at different times with or without N-acetylcysteine (NAC) (1.5 mmol/L); D:
Time course of lactate dehydrogenase (LDH) released by HepG2 cells pretreated with BSO (24 h) and then cotreated with AZA at different times. Triton X-100 (0.2%)
used as control. Significant differences with respect to control (DMSO plus BSO) were statistically analyzed by analysis of variance with the Bonferroni post hoc

test. °P < 0.001.

BSO) (Figure 2C); the effect of the preceding treatment
with thiopurines on metabolic activity was very mod-
est compared with the effect of AZA (Figure 2C). We
observed significant differences between AZA and the
other thiopurines studied. Subsequent studies were per-
formed using AZA.

Effect of AZA plus BSO on necrosis and apoptosis
parameters

Pretreatment of HepG2 cells for 24 h with BSO (500 pmol/
L) and subsequent treatment with AZA (300 umol/L)
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3904

for 24 h resulted in a significant loss of cell viability with
respect to cells treated with BSO or with DMSO, as
measured by staining of live cells with propidium iodine
(Figure 3A). The Rs area corresponded to viable cells
and Rz to non viable cells. Pretreatment of HepG2 cells
with BSO (500 umol/L) did not significantly change
their viability compared with DMSO-treated cells (Fig-
ure 3A). To determine the mode of cell death, cell cycle
analysis was performed by staining Triton X-100 pez-
meabilized cells with propidium iodine followed by flow
cytometry analysis (Figure 3B). In the presence of BSO
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(500 umol/L) and AZA (300 umol/L), we observed
a significant increase in the sub-G1 population (M2)
with respect to cells treated with BSO or with DMSO
alone. No significant differences were observed be-
tween cells treated with DMSO or with BSO (Figure 3B).
These data suggested that the significant decrease in
both metabolic activity and viability of cells treated with
BSO and AZA was due in part to an increase in nuclear
fragmentation characteristic of late apoptosis and eatly
necrosis. To quantify the contribution of apoptosis and
necrosis in cell death induced by BSO (500 pmol/L) plus
AZA (300 pmol/L), we studied oligonucleosomal DNA
fragmentation (Figure 3C) and LDH release (Figure 3D),
respectively. The combined drug treatment induced a
slight DNA laddering at 18 h treatment. After this pe-
riod of time, treatment with BSO plus AZA induced
extensive DNA degradation which was characteristic of
necrosis. This degradation was prevented by the pres-
ence of NAC (1.5 mmol/L) (Figute 3C). Next we stud-
ied LDH release (Figute 3D). Our results showed that
LDH release was statistically significant after 3 h com-
bined drug treatment compared with control treatment.
After 8 h treatment in the same conditions, we observed
approximately 75% of necrotic cell death compared with
control necrosis (HepG2 cells in the presence of Triton
X-100) (Figure 3D). To obtain a new insight in the role of
mitochondria in the cell death induced by the combina-
tion of BSO (500 pmol/L) and AZA (150 pmol/L or
300 umol/L), we evaluated: (1) annexin V bound to phos-
phatidylserine on the surface of Hep G2 cells; and (2) the
mitochondrial functionality through JC-1 probe aggrega-
tion. Figure 4 shows that treatment of cells with BSO
plus AZA: (1) increased the percentage of cells positive
for annexin V (Q2 quadrant) in a dose-dependent man-
ner: from 37% in control cells (DMSO), to 64% in cells
treated with 500 umol/L BSO plus 150 umol/L AZA,
then to 92% in cells treated with 500 pmol/L BSO plus
300 pmol/L AZA; and (2) decreased the percentage of
cells with intact mitochondrial membrane potential, in
a dose-dependent manner: from 85% in control cells
(DMSO) to 68% in 500 umol/L BSO plus 150 pmol/L
AZA, then to 2% in 500 pmol/L BSO plus 300 pmol/L
AZA. Annexin V staining was calculated as a percentage
of R1 (cells with the mitochondrial membrane potential
intact). R2 represented cells without an intact membrane
potential mitochondrial. We obtained very similar propor-
tions of cells stained with annexin V and JC-1 after treat-
ment with DMSO (control cells) or with BSO (500 umol/L)
(data not shown).

It is very interesting to emphasize the recovery ef-
fect of NAC. Cells treated with BSO (500 pmol/L) and
AZA (300 umol/L) in the presence of NAC (1.5 mmol/
L) showed a larger percentage of cells with intact mito-
chondrial membrane potential (68%) than cells treated
with BSO and AZA in the absence of NAC (2%). How-
ever, a high percentage (82%) of annexin V-positive cells
were observed in the NAC-treated cells, which suggest
that they were at the beginning of apoptosis (Figure 4).
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Effect of AZA plus BSO in cellular signaling

HepG2 cells were pretreated for 24 h with MEM or BSO
(500 umol/L), then were treated with or without
SP600125 (a JNK specific inhibitor) or SB203580 (a p38
specific inhibitor), in the presence or in the absence of
AZA (300 umol/L) for 1 h (Figure 5A). In contrast to
BSO, treatment with AZA induced p38 phosphorylation,
which indicated enzyme activation. This effect increased
in those cells treated with both AZA and BSO, and
JNK1/JNK2 phosphorylation was also observed. The
treatment of cells with SB203580 decreased both p38
and JNK1/JNK2 phosphorylation. SP600125 decreased
JNK1/JNK2 phosphorylation and also p38 phosphoryla-
tion, which suggests a linked control mechanism between
both pathways. On the other hand, NAC treatment in-
hibited both p38- and JNK1/JNK2-induced phosphory-
lation by AZA and BSO (Figure 5A).

In the next set of experiments (Figure 5B), we pretreat-
ed HepG2 cells for 24 h with BSO (500 umol/L) and then
with AZA (300 umol/L) at different times (1, 3, 6, 8, 12 h),
and we found that Bad, Bid and Bcl-2 remained constant,
but Bax increased at 1 h and 3 h. There was general protein
degradation at 24 h of treatment that affected Bad, Bid
and B-tubulin (Figure 5B). Also we studied cytochrome ¢
release from mitochondria. The maximum release of oc-
curred at 3 h of AZA treatment and was attenuated by co-
treatment with NAC (1.5 mmol/L) (Figure 6A). Next we
examined the oxidation of proteins, with “OxyBlot kit”, in
cells pretreated with BSO (500 umol/L) for 24 h and co-
treated with AZA (300 umol/L) at different times. The ex-
periment showed oxidation of 53 kDa and 67 kDa bands
at 6 h, but after this period of time, we observed decreased
protein oxidation (Figure 6B). The protein oxidation was
reversed by NAC (Figure 6D).

We studied the proteolysis of procaspase-3, GCS and
PARP by Western blotting (Figure 6B). Pretreatment with
BSO (500 umol/L, 24 h) and then cotreatment with AZA
(300 pmol/L) at different times, induced procaspase-3
dimerization (65 kDa band) but we did not observe frag-
mentation. The substrates of caspase-3, GCS and PARP,
were fragmented with the combined treatment of BSO
(500 pumol/TL) plus AZA (300 umol/L) (Figure 6B), how-
ever their proteolysis profiles did not correlate with those
obtained in a classical model of caspase-3 activation, as
observed for Hep G2 cells treated with actinomycin D
(0.8 umol/L) plus tumort necrosis factot-. (35 pmol/L)
for 18 h (Figure 6C). We observed that NAC inhibited the
proteolysis of procaspase-3, GCS and PARP induced by
AZA plus BSO (Figure 6E). However, Z-VAD-mfk (a cas-
pase-3 inhibitor) did not have any significant effect on pro-
teolysis of procaspase-3, GCS and PARP (Figure 6E). The
protective role of GSH in Hep G2 cell death induced by
BSO plus AZA treatment and the absence of caspase-3
activation in this model is shown in Table 1.

Effect of AZA plus BSO in the development of
the xenograft in nude mice
HepG2 cells were subcutaneously injected into nude mice,
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Figure 4 Analysis by flow cytometry of HepG2 cells apoptosis (annexin V) and of mitochondrial functionality (JC-1). Cells treated with dimethyl sulfoxide
(DMSO) (24 h), or pretreated with buthionine sulfoximine (BSO) (24 h) and then cotreated with azathioprine (AZA) (24 h) in absence or presence of N-acetylcysteine
(NAC). This experiment is representative of three others with similar results.

and the tumor size was measured every day. From the 7th
day of BSO (90 mg/kg per day) plus AZA (6 mg/kg per
day) treatment, the tumor volume was significantly de-
creased by a mean of 35% when compared with vehicle,
DMSO (Figure 7A). These results showed no statistically
significant differences (P > 0.05) between control (DMSO)
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and BSO (90 mg/kg per day) treatment or between con-
trol (DMSO) and AZA (6 mg/kg per day) treatment (Fig-
ure 7A). GSH levels decreased in the tumors in BSO and
AZA plus BSO groups compared with the corresponding
control group (DMSO) (Figure 7C). Tumor cytolysis in
the AZA plus BSO group was accompanied by a signifi-
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Figure 5 Effect of azathioprine plus buthionine sulfoximine treatment on cellular signaling. A: Stress activated kinases from HepG2 cells pretreated with bu-
thionine sulfoximine (BSO) (24 h) and then cotreated with different combinations of azathioprine (AZA) with SP600125, SB203580 or N-acetylcysteine (NAC) for 1 h; B:
Time course of mitochondrial regulatory proteins from HepG2 cells pretreated with BSO (500 umol/L, 24 h) and then treated with AZA (300 umol/L) at different times.
This set of experiments is representative of three others with similar results.

Table 1 HepG2 cells metabolic activity and caspase-3 activity

Metabolic activity Caspase-3 activity (% of CRL)

(absorbance units) Oh 6h 12 h 18 h
BSO/DMSO 0.833 £ 0.016 100.00 + 6.62 - - -
BSO/AZA 0.544 + 0.046" - 95.87 + 8.56 92.79 + 6.09 -
BSO/AZA/NAC 0.933 + 0.059 - 93.29 +4.03 98.87 +2.64 -
BSO/AZA/Z-VAD-mfk 0.680 + 0.034" - 94.85 + 6.81 102.60 + 7.30 -
TNF-¢. (35 pmol/L)/ ActD (0.8 ymol/L) - - - - 143.00 +5.77°
TNF-¢. (700 pmol/L)/ActD (0.8 ymol/L) - - - - 141.30 + 4.33"

Cells were treated with buthionine sulfoximine (BSO) (500 pmol/L, 24 h), or pretreated with BSO (500 pmol/L, 24 h) and then cotreated for 12 h with: (1)
azathioprine (AZA) (300 pmol/L), (2) AZA (300 pmol/L) plus N-acetylcysteine (NAC) (1.5 pmol/L) or (3) AZA (300 pmol/L) plus Z-VAD-mfk (50 pmol/L).
tumor necrosis factor (TNF)-a plus actinomycin D (ActD) treatment for 18 h was used as a positive control (CRL). Significant differences with respect to
control [(BSO plus dimethyl sulfoxide (DMSO)] were statistically analyzed by analysis of variance. °P < 0.05; °P < 0.05.

cant reduction in procaspase-3 compared with control
(DMSO) (Figure 7D). Plasma creatine kinase, ALT and

Enzyme DMSO BSO AZA BSO/AZA AST did not show marked changes in the AZA plus

AST (IU/L) 91.07+836 6279389 124901056 15430+19.75" BSO group compared with control (DMSO) and with

ALT(IU/L) 3150£912 2236285 3617£544  4229+9.04 . o
CK(IU/L) 59860%11210 41600£89.28 9044012940 91850 +128.70 the other groups studied (Table 2). This implied that a
combination of AZA plus BSO did not induce toxicity

Enzyme activity of alanine aminotransferase (ALT), aspartate aminotrans- in the hosts.
ferase (AST) and creatine kinase (CK) in plasma of nude mice transplanted
with HepG2 cells at the end of the experiment (12 d of treatment in similar
conditions as in Figure 7). Significant differences with respect to control DlSCUSSlON

animals [dimethyl sulfoxide (DMSO)] were statistically analyzed by analy- . .
sis of variance. °P < 0.001. BSO: Buthionine sulfoximine; AZA: Azathio- ~ N¢W drug combinations are needed for treatment of

prine. patients with cancer, particularly those refractory to stan-
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Figure 6 Effect of azathioprine plus buthionine sulfoximine treatment on biochemical markers of apoptosis. A: Time course of cytochrome c release from HepG2
cells pretreated with buthionine sulfoximine (BSO) (500 pmol/L) during 24 h and then cotreated with azathioprine (AZA) (300 umol/L) at different times. N-acetylcysteine
(NAC) (1.5 mmol/L) was added at the same time as AZA; B: Time course of apoptosis-related proteins in HepG2 cells pretreated with BSO (500 pumol/L) for 24 h and then
cotreated with AZA (300 umol/L) at different times; C: Western blotting of poly(ADP-ribose) polymerase (PARP) from HepG2 cells treated with BSO (500 umollL, 24 h) , or
pretreated with BSO (500 umol/L, 24 h) and then cotreated with AZA (300 umolL, 12 h). HepG2 cells treated with actinomycin D (0.8 umol/L) plus tumor necrosis factor
(TNF)-a. (35 pmol/L) for 18 h were used as positive control; D: Time course of the oxidized proteins from HepG2 cells treated in similar conditions as in panel A; E: Time
course of apoptosis-related proteins from HepG2 cells treated in similar conditions as in panel A. NAC (1.5 mmol/L) or Z-VAD-mfk (50 umol/L) were added at the same
time as AZA. This set of experiments is representative of three others with similar results.

dard therapy. Untesectable HCC is treated by TACE™"”,
in which tumor necrosis is induced by hypoxia and by
classic (doxorubicin, epirubicin, mitomycin c, cispla-
tin or 5-fluorouracil) or new (zinostatin stimalamer)
drugsm]. Our preclinical results suggest that a new com-
bination of old drugs could be useful in locoregional
treatment of HCC. The AZA plus BSO combination
offers the advantage of a new mechanism of action to
the previous one used in TACE therapy, as we showed
in the present paper. Moreover, our results revealed that
AZA plus BSO may have a new spectrum of activity
in comparison with the parent molecules, 6-mercapto-
purine and 6-thioguanine. The localized application of
AZA (6 mg/kg per day) and BSO (90 mg/kg per day)
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produced a decrease in the volume of the HepG2 tumor
xenograft that was not achieved by AZA or BSO alone.
The doses used in the nude mouse model are compa-
rable to those used for AZA in liver transplantatjon[m
and in clinical trials of BSO". The therapeutic effect was
produced with only minor changes in biochemical pa-
rameters used in the evaluation of the drug safety profile.
Our results suggested that the AZA plus BSO combina-
tion induced necroptosis by JNK activation. Necroptosis
is a caspase-independent regulated cell death, that results
in morphological features resembling necrosis. Our data
suggested that AZA and BSO can induce HepG2 cell
death by depletion of the different pools of GSH, which
could explain the synergistic effect of the compounds on
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Figure 7 Effect of azathioprine plus buthionine sulfoximine treatment on tumor volume of nude mice. A: Inhibition of tumor growth by buthionine sulfoximine
(BSO) (90 mg/kg per day) plus azathioprine (AZA) (6 mg/kg per day), AZA (6 mg/kg per day) or BSO (90 mglkg per day). HepG2 cells (107) were implanted subcuta-
neously into nude mice as described in Materials and Methods; B: Representative animals of the groups treated with dimethyl sulfoxide (DMSO) or BSO plus AZA after
12 d of treatment. Levels of glutathione (GSH) (C) and of procaspase-3 (D) in the tumors of nude mice after 12 d of treatment with the corresponding drugs. There
were eight mice in each group. Data points represent the mean + SE. °P < 0.05; °P<0.01.

cell cytotoxicity. This suggestion is based on: (1) AZA de-
creases GSH levels in pretreated cells with BSO; (2) AZA
kinetics on GSH depletion is more rapid and profound in
cells pretreated with BSO than in control cells; (3) AZA
is able to activate p38 by a GSH-dependent mechanism,
while BSO is not; (4) AZA is able to stimulate JNK activ-
ity in cells GSH-depleted by BSO; this last effect is com-
pletely reversed by NAGC; (5) AZA is able to stimulate the
oxidation of cytosolic, nuclear and mitochondrial pro-
teins by a GSH-dependent mechanism as demonstrated
by the reversal by NAC; and (6) AZA treatment depletes
both nucleoporin and cytochrome ¢ in cells pretreated
by BSO; these effects are reversed by NAC. From kinetic
studies, we suggest that GSH depletion induced by AZA
plus BSO stimulates JNK, Bax translocation and subse-
quent deregulation of mitochondria and activation of
a cytotoxic cascade in HepG2 cells. The mitochondrial
crisis is demonstrated by cytochrome c release and an
increase in oxidized proteins. Classically, a link has been
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observed between mitochondria and caspase-3 activa-
tion"”. Our results demonstrated the proteolysis of pro-
caspase-3, PARP, y-glutamylcysteine synthetase, the loss
of membrane integrity, the release of LDH and DNA
degradation after treatment with AZA plus BSO. Several
of these cellular and biochemical changes are characteris-
tic of apoptosis and of necrosis. We observed (Figure 8)
at short times (0 to 6 h) of drug treatment, rapid regula-
tory changes associated with GSH levels, such as JNK ac-
tivation and Bax translocation, which are followed by mi-
tochondrial cytochrome c release and protein oxidation,
all parameters classical hallmarks of apoptosis. However,
cytochrome c release did not lead to caspase-3 activation
and subsequent PARP proteolysis in 89 kDa fragments, as
observed in control experiments performed in the pres-
ence of tumor necrosis factor-oa and actinomycin-D. In
addition, caspase-3 activity did not increase in the presence
of BSO plus AZA. The absence of caspase-3 activation is
corroborated using Z-VAD-mfk, because this caspase-3 in-
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Figure 8 Time course of the events in our molecular model. AZA: Azathioprine; GST: Glutathione-S-transferase; GSH: Glutathione; GCS: y-glutamylcysteine syn-
thetase; BSO: Buthionine sulfoximine; NAC: N-acetylcysteine; PARP: Poly (ADP-ribose) polymerase; LDH: Lactate dehydrogenase.

hibitor did not protect against AZA plus BSO-induced cy-
totoxicity. These data exclude the involvement of caspase-3
in the cell death induced by the combination of both
compounds. We observed at longer periods (6 to 24 h) of
treatment with both compounds (Figure 8), a generalized
protein degradation which affected structural (3-tubulin),
regulatory (Bad, Bid, procaspase-3), metabolic (GCS) and
DNA binding (PARP) proteins. Interestingly, Bcl-2 levels
did not change with AZA plus BSO treatment which
rules out apoptosis as the mechanism of cell death. Re-
cently, a novel form of cell death called necroptosis or
programmed necrosis has been proposed"”, which like
apoptosis, can be executed by a regulated mechanism.
The first steps are common or similar to apoptosis but
the inactivation of caspases causes a shift from apoptosis
to mixed cell death (necrotic/apoptotic) ot to full-blown
necrosis'”. Our results suggest a role for GSH in the
shift between apoptosis and necrosis induced by AZA
plus BSO, because the addition of NAC to the drug com-
bination reversed the majority of the cytotoxic effects
induced by AZA plus BSO (JNK activation, cytochrome
c release, protein oxidation, extensive proteolysis, mito-
chondrial membrane depolarization, and DNA fragmen-
tation), but it did not inhibit annexin V-staining, which is
characteristic of the early step of apoptosis. Recently, the
importance of GSH has been shown in the induction of
cell death by regulation of the cascade GST-JNK. The
JNK activity is inhibited by binding with GST and, in this
molecular model, a decrease in GSH causes oxidation
of Cys47 and Cys101 in the GST protein, which in turn
induces JNK release and subsequent activation””. Our
results suggest a similar model of activation of JNK by
AZA plus BSO. In contrast, JNK activation in HepG2
cells by staurosporin, H20z, etoposide or ultraviolet light
induces classical apoptosism. In some instances, it may
be desirable to trigger necrotic cell death, for example in
hepatocarcinoma treatment, necrosis is the target of all
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effective locoregional therapies”™. Our results provide im-
portant insights for the comprehensive understanding of
the mechanism cell death induced by AZA and BSO in
HepG2 cells and in other cancerous cells from the liver
(HuH7, Chang cells) and from the colon (LoVo, SW-480,
RKO, SW-48). To be considered as a therapeutic agent,
the administered doses of AZA plus BSO must be com-
patible with those used in clinical practice; in this respect
we observed that the doses of both compounds locally
injected in the xenograft were able to reduce the tumor
volume without any serious side effects. This combined
therapy has an additional advantage, in that the pres-
ence of NAC can protect major organs from unexpected
damage. The effectiveness of BSO in the treatment of
solid tumors has been observed previously in combina-
tion with arsenic trioxide!"”, sodium borocaptate[m] or
melphalan[(’]. Interestingly, in this last paper BSO was ad-
ministered efficiently by infusion into the hepatic artery,
as in TACE. Our results provide experimental evidence
to support the clinical use of the combined treatment of

AZA and BSO in liver cancer.
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Background

The incidence of human liver carcinoma is increasing and is the fifth most com-
mon cancer in the world. Unfortunately, the disease is often diagnosed too late.
For unresectable liver carcinoma, an effective treatment is transarterial chemo-
embolization (TACE). One way to progress with this encouraging treatment is to
find a synergistic combination of classical drugs.
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Research frontiers

One of the problems in treating hepatocarcinoma is chemoresistance, thus
the majority of systemic therapies have been disappointing. Researchers for
years have observed that elevation of intracellular glutathione (GSH) has
been associated with resistance to irradiation and to chemotherapy and cor-
respondingly the diminution of GSH levels is associated with sensitization to
both types of therapy. Buthionine sulfoximine (BSO) is a competitive inhibitor
of y-glutamylcysteine synthetase, the rate-limiting step in the biosynthetic
pathway of GSH production, and reduces their levels. In this study, the authors
demonstrate that azathioprine (AZA) plus BSO could induce: (1) cell death of
several cancer lines in vitro by activation of JNK; and (2) HepG2 cell death in a
xenograft model.

Innovations and breakthroughs

The results point out the role of GSH in the synergism observed by the com-
bination of AZA plus BSO, because the addition of N-acetylcysteine (NAC)
reversed JNK activation, cytochrome c release, protein oxidation, extensive
proteolysis, mitochondrial membrane depolarization and DNA fragmentation ob-
served in the presence of AZA plus BSO. However, NAC was not able to inhibit
annexin V staining which is characteristic of the early step of apoptosis. The
modulation of the shift between apoptosis and necrosis induced by AZA plus
BSO, in the presence or in absence, respectively, of NAC may be important in
overcoming the chemoresistance observed during treatment of liver tumors.
Applications

The present findings may provide: (1) a new drug combination for the treatment of
liver neoplasms; (2) identification of molecular targets to inhibit chemoresistance
of cancer. These two pathways could be promising in the treatment of liver cancer.
Terminology

AZA is an immunosuppressant for clinical use belonging to the family of the
thiopurines. It is used in organ transplantation and treatment of autoimmune
diseases. BSO is an inhibitor of glutathione synthesis that is being evaluated
clinically as an adjuvant in the treatment of cancer.

Peer review

The paper is of interest and deserves consideration for publication.
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