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Abstract. Optimized purification of oligomeric proanthocyani-
dines (PAC) from cranberry generated PAC-1A which selectively 
affected the viability of various neuroblastoma (NB) cell lines 
representing a spectrum of high-risk NB features. PAC-1A 
caused a loss of mitochondrial transmembrane depolarization 
potential (∆Ψm) and increased generation of reactive oxygen 
species (ROS) which was directly correlated to the modulation 
of apoptotic marker proteins in SMS-KCNR cells. PAC-1A 
reduced the expression of pro-survival (Bcl-2, MCL-1, Bcl-xL) 
and increased levels of pro-apoptotic (Bax, Bad, Bid) Bcl family 
proteins, upregulated the activity of SAPK/JNK MAPK and 
downregulated expression or activity of PI3K/AKT/mTOR 
pathway components. PAC-1A increased the cellular uptake/
retention of cyclophosphamide (CP). PAC-1A and CP synergisti-
cally increased cytotoxicity and expression of pro-apoptotic 
markers, reduced cellular glutathione (GSH) and superoxide 

dismutase (SOD) levels. Additional features of PAC-1A as an 
anticancer drug as shown in SMS-KCNR NB cells include 
delay of cell cycle progression and induction of cell death via 
TNF-family death receptor activity, thus, targeting both the 
extrinsic and intrinsic pathway of apoptosis. PAC-1A partially 
blocked the cell cycle in G2/M phase which correlated with a 
decrease of the G0/G1 subpopulation, upregulation of cyclin D1 
and downregulation of CDK6 and p27 expression. In summary, 
PAC-1A has demonstrated chemotherapeutic potential to treat a 
broad spectrum of NBs including highly malignant tumors that 
show resistance to standard chemotherapeutics and apoptotic 
stimuli.

Introduction

Neuroblastoma (NB) is an extracranial solid tumor of sympa-
thetic ganglia and the adrenal medulla predominantly occurring 
in children. NB accounts for ~50% of all tumors in the first year 
of childhood and is the third most common pediatric malignancy 
after leukemia and central nervous system (CNS) tumors (1). 
Multimodal treatment methods include surgery, radiation therapy, 
chemotherapy, autologous stem-cell transplantation depending 
on the location and biological characteristics of the cancer, stage 
and the patients risk group (2). Metastasis in lung, liver, bones, 
the cerebral system and spinal canal are very common (3) and 
in more than 50% of children refractory tumors evolve due to 
the development to drug-resistance (4). Eradication of refractory 
disease remains one of the most significant challenges in the 
treatment of high-risk NB. The etiology of NB reveals various 
potential targets for new drugs such as aberrant Bcl-2-family 
gene expression (5), MYCN amplification and expression (6) or 
growth factor pathways (7). The tumor necrosis factor (TNF) 
signaling pathway is a key player in aggressive NB (8) in which 
caspase-8, component of the apoptotic death receptor pathway is 
inactive (9).

Recent research and clinical trials led to innovative new drugs 
and targeted therapies against NB (10-12). Targeted therapies 
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also consider the use of redox-modulating drugs. For example 
glutathione S-transferases play a predominant role in intrinsic 
and acquired resistance of NB to anti-cancer drugs (13). In the 
current report we describe the potential role cranberry proan-
thocyanidines (PAC) might play in the treatment of high-risk 
neuroblastoma and various mechanistic modes of action in vitro. 
The North American cranberry (Vaccinium macrocarpon) is 
rich in polyphenolic constituents with flavonols, anthocyanins, 
and PAC with A-type linkage. Due to inherent difficulties in 
the isolation of single molecule based bioactive constituents, the 
studies with cranberry PAC extracts in cancer treatment and on 
cellular response mechanisms have been limited. The effects of 
related proanthocyanidines from other fruits were described in 
a variety of antitumor models both in vitro and in vivo (14). For 
the present report we purified cranberry extract in a series of 
steps to obtain oligomeric PAC-1A of 97% purity. The effects 
of PAC-1A on cytoxicity, cell cycle, modulation of apoptotic 
markers, ROS generation, glutathion levels and sensitivity of 
NB cells toward standard drug cyclophosphamide (CP) were 
described. The present report suggests that PAC-1A display 
properties as a potential therapeutic drug and chemosensitizer 
in the treatment of NB.

Materials and methods

Isolation of oligomeric proanthocyanidines (PAC). Isolation of 
PAC-1A from fresh cranberry fruit (Vaccinium macrocarpon 
cv Stevens) was carried out by modifying the previously 
published protocol (15). Crude proanthocyanidin-rich fractions 
were initially isolated and purified as described (15) to generate 
PACs of molecular weight with degree of polymerization 
ranging from DP-2 to ≤DP-19. These fractions were further 
purified using MCI gel (CHP 20P, 37-75 µ) high porous polymer 
column [10-50% methanol in water (v/v)] to selectively separate 
the oligomeric PACs from DP-2 to DP-11 (PACs-1A) from 
impurities. The PAC-1A composition was characterized using 
high-performance liquid chromatography (HPLC)-photodiode/
electrochemical detection and matrix-assisted laser desorption/
ionization (MALDI) time-of-flight (TOF) mass spectrometry 
(16) and further confirmed using LC-MS-MS in product ion scan 
mode followed by a multiple reaction monitoring (MRM) scan. 
The identification of high-molecular oligomeric PAC-1A were 
performed on an API-3000 tandem mass spectrometer (Applied 
Biosystems, CA, USA) using an electrospray ionization source 
in negative-ion mode and the following conditions: curtain 
gas (10 psi), nebulizer gas (9 psi), collisionally activated disso-
ciation gas (6 psi), TurboIonSpray (ion spray) voltage (-4,200 V), 
entrance potential (-10 V), collision cell exit potential (-8 V), 
source temperature (400˚C), declustering potential (-60 V). 
Analytical data were acquired by the Analyst software, version 
1.4.2. The product ion spectra for oligomeric PAC and total ion 
chromatogram in MRM mode are shown in Fig. 1.

Cell culture. SH-SY5Y (human neuroblastoma), IMR-32 (human 
neuroblastoma) were obtained from American Type Culture 
Collection (Manassas, VA). SMS-KCNR cells (human neuro-
blastoma) were provided by Dr J. Maris (CHOP, Philadelphia, 
PA) and TCL-1 cells (immortalized retroviral large T-antigen 
transfected trophoblasts) by Dr S. Sharma (Woman & Infants 
Hospital, Providence, RI). All cells were seeded at 5x105/T75 

flask (Corning, New York, NY) and cultured to ~80% conflu-
ency according to the suppliers recommendations at 37˚C, 5% 
CO2 in a humidified incubator.

Cell viability assay. Viability of cell lines treated as indicated 
(Result Section) with PAC-1A was determined by the CellTiter 
96® AQueous One Solution Assay (Promega Corp., Madison, 
WI) following the manufacturer's recommendations with suit-
able modifications as described previously (17).

Western blot analysis. SMS-KCNR cells were seeded into 
100 mm2 tissue culture dishes (3x106 cells/dish) and treated with 
PAC-1A (25 µg/ml) as indicated (Results). Preparation of cell 
lysates, PAGE and immunoblotting was carried out as described 
previously (17). Primary antibodies were all purchased from 
(Cell Signaling Technology, Beverly, MA).

Cell cycle analysis (by FACS). Cell cycle analysis and quan-
tification of apoptosis of SMS-KCNR (1.0x106) cells seeded 
into 100 mm2 cell culture dishes and treated with 20 µg/ml 
PAC-1A for 24 or 48 h was carried out by flow cytometry as 
described previously (17).

Gene siRNA array analysis of PAC-1A treated SMS-KCNR cells. 
A SureSilencing™ siRNA array from SABiosciences (catalog 
no. SAH-012A; www.sabiosciences.com) was used to identify 
and analyze the role of proapoptotic genes in PAC-1A induced 
cytotoxicity in SMS-KCNR cells. Validated siRNA (2 sequences 
per gene, contained in duplicate wells) and appropriate controls 
were arrayed on a 96-well plate. Controls included a mock 
transfection, an unspecific siRNA and a fluorescently labeled 
transfection efficiency control siRNA provided by the manu-
facturer. Briefly, 37 µl of Opti-MEM-I (Invitrogen, catalog no. 
51985-034) was added to each well of a 96 well-plate to dissolve 
the siRNA preloaded in the wells. SureFECT Transfection 
Reagent (SABiosciences, catalog no. SA-01) was added (35 µl) to 
Opti-MEM-I (315 µl) and mixed. This transfection mixture (3 µl) 
was added to each well, the plate incubated at room temperature 
for 20 min before SMS-KCNR cells (1x105/160 µl in RPMI) 
were added to each well and incubated at 37˚C, 5% CO2 for 24 h. 
Subsequently, the media was replaced with fresh complete media 
and cells treated with 25 µg/ml PAC-1A for another 24 h. Cell 
viability was evaluated as described above.

Analysis of mitochondrial transmembrane depolarization 
potential (∆Ψm). Analysis of the ∆Ψm of SMS-KCNR cells 
(1x106/well) seeded into 6-well plates and treated with 10 µg/ml 
PAC-1A for 12 or 24 h was carried out as described previously 
(17).

Detection of intracellular reactive oxygen species (ROS). 
Detection of intracellular ROS in SMS-KCNR (1.0x106) 
cells seeded into 100 mm2 cell culture dishes and treated as 
indicated (result section) with PAC-1A was carried out by flow 
cytometry as described previously (18).

Quantification of cellular cyclophosphamide (CP) uptake. 
SMS-KCNR (3x106) cells were seeded in 100 mm2 dishes and 
treated with PAC-1A (10 µg/ml) or cyclophosphamide (5 µM) 
for 24 h or pretreated with PAC-1A (10 µg/ml) for 30 min before 
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and during combinational treatment with cyclophosphamide 
(2 µM) for 24 h. The supernatant was collected, adherent cells 
were washed twice with PBS, fixed in MeOH on ice, treated with 
acetic acid to stabilize the PACs and extracted with acetone-
water (80/20% v/v). The extracts were concentrated, N2 flushed 
and stored at -80˚C till analyzed. Uptake of cyclophosphamide 
was quantified by PE Sciex API 3000 triple-quadropole 
mass spectrometer (Applied Biosystems) equipped with a 
turbo ionspray source and attached to Dionex HPLC system 
(PDA-100, AS 50 Autosampler and GP-50 gradient pump). 
Cyclophosphamide was separated using Pursuit column (XRs 
3,C18 50x2.0 mm, Varian, USA) using mobile phase A= 9:1 
(v/v) methanol-water with pH 3.5 (formic acid) and mobile 
phase B = 2:2:6 (v/v/v) methanol, water, acetonitrile with pH 3.5 
(formic acid). All experiments were performed in duplicate in 
positive ion mode. The quantitation of CP was determined by 
multiple reaction monitoring (MRM) mode in precursor/product 
ion pair of m/z 261.1/140. Based on our assay, we achieved a 
high sensitivity level (ng) and calibration curve showed high 
accuracy and reproducibility. The cellular concentration levels 
of CP (varied from 2 to 20 ng/ml) was achieved.

Estimation of cellular glutathione (GSH) levels. SMS-KCNR 
(3x106) cells were seeded in 100 mm2 dishes and treated with 
PAC-1A (10 µg/ml) or cyclophosphamide (5 µM) or both 

drugs in combination for 24 h. Subsequently cells were washed 
twice with PBS, lyzed using cell lysis buffer (cat. no. 9803; 
Cell Signaling Tech). The assay utilizes monochlorobimane 
(MCB), a dye that forms adduct with glutathione. The unbound 
MCB is nonfluorescent, whereas the dye fluoresces blue (Ex./
Em. = 380 nm/461 nm) when bound to glutathione of reduced 
or oxidized form. The reaction is catalyzed by glutathione 
S-transferase. The amount of total glutathione was estimated 
using a Spectra Max Gemini-I fluorometer (Chemicon, MD, 
USA) fluorometer (emission: 380, excitation: 460 nm). Experi-
ments were performed in duplicate.

Results

Oligomeric proanthocyanidin PAC-1A purification from cran-
berry; cytotoxicity in NB cell lines. Low yield, poor constituent 
stability, and high polymerization make difficult the isola-
tion of single molecular weight cranberry proanthocyanidin 
oligomers, hampering subsequent anti-cancer effect studies. 
Recently, we obtained more narrowly defined PAC fractions 
from cranberry by employing HPLC-MS with subsequent 
characterization by MALDI-TOF techniques to generate 
PAC-1. PAC-1 was cytotoxic in a panel of cancer cells at 
concentrations ≥125 µg/ml while the viability of control cells 
(primary lung fibroblasts) was only affected at PAC-1 concen-

Figure 1. Purification and cytotoxicity of cranberry proanthocynidines (PAC). (A) Chemical structure. PAC display A-type linkage. PAC-1A used in this study 
consisted primarily of enriched oligomeric proanthocynidines (n=2-11). (B) HPLC profile of PAC-1A (C) LC-MS profile of PAC-1A. DP represents the degree of 
polymerization. (D) Comparative analysis of the cytotoxic effect of PAC-1A in human NB cell lines. SK-N-SH, SMS-KCNR, IMR-32 and SH-SY5Y NB cell lines 
and and immortalized trophoblasts (TCL-1) were treated with various concentrations (0-100 µg/ml) of PAC-1A or for 48 h. The MTS viability assay was carried 
out as described (Materials and methods). Experiments were performed in triplicates; data of a representative experiment are expressed as the mean of triplicate 
determinations (X±SD) in % cell viability of samples with untreated cells (=100%).
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trations ≥1 mg/ml (15). To improve efficacy of PAC-1 for the 
present study, we carried out further purification employing 
MCI-Gel CQP serial column-chromatography, followed by 
Diol HPLC-MS separation techniques to generate PAC-1A 
(Fig. 1A) with purity (97%) that composed primarily of oligo-
meric proanthocynidines (DP2-11) (Fig. 1B) in proportions as 
described in Fig. 1C.

In an initial approach to analyze effects of PAC-1A on NB 
cells we performed a viability assay against a panel of NB 
cell lines (SMSKCNR, IMR-32, SKNSH, SHSY5Y) which 
each display differential features with respect to caspase-8 
deficiency, MYNC amplification, and (N)- and stromal (S)-type 
morphology (see Discussion). The cells were treated for 48 h 
with various concentrations (12.5-100 µg/ml) of PAC-1A and a 
colorimetric MTS assay performed in which the resulting OD is 
directly proportional to the number of living cells (19). PAC-1A 
displayed dose-dependent cytotoxicity (Fig. 1D). All four NB 
cell lines were more sensitive to treatment than the control cells 
with an IC50 of ~12.5 µg/ml (SH-SY5Y, IMR-32) or 25 µg/ml 
(SMS-KCNR, SK-N-SH).

PAC-1A affects cell cycle progression of NB cells. To investigate 
if PAC-1A affects cell-cycle progression subpopulations of 
propidium iodide stained SMS-KCNR cells were analyzed by 
flow cytometry. Treatment with 20 µg/ml PAC-1A led to an 
increase in the count of subdiploidal/2n cells (apoptotic popu-
lation; Fig. 2A and B) with 34.6% apoptotic cells after 24 h and 
39.7% after 48 h of treatment. With respect to the cycling cells, 
PAC-1A caused a stall of progression through G2/M phase 
and, thus, a decrease of cells in G0/G1 phase. This occurred 
as early as 24 h after PAC-1A administration, and with similar 
results at 48 h of treatment. Forty-eight hours after seeding 

untreated cells in this non-synchronous population displayed 
a confluent monolayer and were to 66.3.9% in G0/G1, 31% 
in S, and 2.5% in G2/M phase. The treated cells progression 
through G0/G1 after 48 h was reduced to 49.7% along with a 
developing arrest in G2/M (14.2%) and S phase (35%) (Fig. 2A 
and B). Thus, PAC-1A at the moderately cytotoxic concentra-
tion of 20 µg/ml exerts antiproliferative effects leading to cell 
cycle arrest. Western blot analysis of the lysates of SMS-KCNR 
cells served to investigate the expression of cell cycle regulatory 
factors upon PAC-1A treatment. PAC-1A at 20 µg/ml caused 
strong and prolonged up-regulation of cyclin-D1 within 18 h of 
treatment and up-regulation of CDK-4 within 6 h of treatment 
with return to basic levels after 18 or 36 h (Fig. 2C). CDK-6 
and p27 expression after PAC-1A treatment was down-regulated 
from the basic level within 6 h of treatment with signals reaching 
background levels at 36 h (Fig. 2C).

PAC-1A affects the mitochondrial membrane depolarization 
potential of NB cells and increases generation of ROS. To 
understand the mechanism involved in the cellular response 
to PAC-1A treatment we examined the mitochondrial trans-
membrane depolarization potential (∆Ψm) of SMS-KCNR 
cells by flow cytometry (Fig. 3A). PAC-1A at 10 µg/ml caused 
a rapid loss of ∆Ψm within 12 h which increased within 24 h of 
treatment (shift in the fluorescence intensity profile to the left). 
Loss of ∆Ψm due to chemical agents is considered as onset 
of early apoptotic events (20). Cytotoxic action by anti-cancer 
drugs is correlated to the generation of reactive oxygen species 
(ROS) (21). We tested the effect of PAC-1A treatment on the 
generation of ROS in SMS-KCNR cells. Hydrogen peroxide 
(H2O2), hydroxyl radicals (HO•), and peroxyl radicals (ROO•) 
were detected via carboxy-H2DCFDA by flow cytometry. As 

Figure 2. Effect of PAC-1A on cell cycle progression of NB cells. (A) Cell cycle analysis. (A and B) SMS-KCNR cells were treated with 20 µg/ml PAC-1A for 24 
or 48 h. FACS analysis of propidium iodide stained cells was carried out as described (Materials and methods). Data are presented as the relative fluorescence 
intensity of cell subpopulations in a bar chart (A) or in percentage of sub-poulations (B). (C) Expression of cell cycle regulators. SMS-KCNR cells were treated 
with 20 µg/ml PAC-1A for 6, 18, or 36 h. The expression of CDK-4, -6, of CDK inhibitor p27 and Cyclin-D1 in cellular lysates was analyzed by PAGE and 
Western blotting (Materials and methods). As an internal standard for equal loading the blots were probed with an anti-actin antibody.
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shown in Fig. 3B, ROS generation in NB cells increased (shift 
in the fluorescence intensity profile to the right) following treat-
ment of cells with 20 µg/ml PAC-1A (for 14 h which correlated 
with a reduction in cell viability by this drug (Fig. 1D).

Expression of apoptotic markers in NB cells after PAC-1A treat-
ment with and without inhibition of ROS generation. To define 
key signaling responses of NB cells in response to PAC-1A treat-
ment, we analyzed by Western blotting the activation/inactivation 
of various apoptotic markers such as caspase-3, PARP-1, MAPK 

SAPK/JNK and two prosurvival proteins linked to the intrinsic 
pathway of apoptosis, Bcl-2 and MCL-1. Moreover, we analyzed 
the role of ROS in regulation of these factors and the subsequent 
onset of cell death by treating cells with antioxidant ascorbic 
acid. SMS-KCNR cells were treated with PAC-1A (25 µg/ml) 
alone (3, 6 and 18 h) or in combination with antioxidant ascorbic 
acid (250 µM) for 18 h. Immunoblotting of PAGE-separated 
cellular lysates revealed that PAC-1A caused a rapid (within 
3 h) and sustained activation/cleavage of effector caspase-3 and 
inactivation/cleavage of DNA repair factor PARP-1 (Fig. 3C). 

Figure 3. Induction of apoptosis and ROS generation by PAC-1A in NB cells. (A) Membrane depolarization analysis. SMS-KCNR cells were treated for 12 or 
24 h with 10 µg/ml PAC-1A, fixed and stained (Materials and methods), and the mitochondrial transmembrane depolarization potential (∆Ψm) of the single cell 
populations was analyzed by FACS. Ten thousand cells were analyzed in each sample. (B) ROS generation. Generation of ROS in SMSKCNR cells following 
14-h treatment with 20 µg/ml PAC-1A was analyzed by FACS (Materials and methods). (C) Expression of apoptotic markers in NB cells after PAC-1A treatment 
with and without inhibition of ROS generation. SMS-KCNR cells were treated with PAC-1A (25 µg/ml) alone (3, 6, 18 h) or in combination with antioxidant 
ascorbic acid (250 µM) for 18 h. Immunoblotting was carried out with primary antibodies against cleaved/inactivated PARP-1, cleaved/activated caspase-3, and 
pro-survival Bcl-2 and MCL-1. As an internal standard for equal loading, blots were probed with an anti-actin antibody. (D) Effect of silencing of caspase genes 
and SAPK/JNK on PAC-1A mediated cytotoxicity. The role of various pro-apoptotic genes in PAC-1A induced cytotoxicity in SMS-KCNR cells was analyzed 
in a siRNA array (Materials and methods). Viability of cells neither treated with siRNA (mock transfection) nor PAC-1A or treated with an unspecific siRNA 
(negative control) served as reference. Cells were treated with PAC-1A (25 µg/ml) for 24 h, an MTS assay was carried out and the cell viability depicted as optical 
density. (E) Expression of pro-survival factors and mitochondrial regulators of apoptosis. SMS-KCNR cells were treated with PAC-1A (25 µg/ml) for 6 or 18 h and 
immunoblotting was carried out with primary antibodies against Bcl-2 family proteins with prosurvival (Bcl-2, Bcl-xL) or pro-apoptotic (Bax, Bad, Bid) function, 
against activated pro-apoptotic SAPK/JNK or against key proteins in the PI3K/AKT/mTOR pro-survival pathway.
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Pro-survival factors BCL-2 and MCL-1 were downregulated 
within 6 h of PAC-1A treatment. Co-treatment of the cells with 
ascorbic acid completely abolished the activation of caspase-3 by 
PAC-1A and blocked strongly the inactivation of PARP-1 and 
downregulation of BCL-2 expression by this cytotoxic drug 
(Fig. 3C). The signals for these three factors were not modified 
by treatment with ascorbic acid alone. Even though MCL-1 
expression was diminished in controls of cells treated with 
ascorbic acid alone, ascorbic acid appeared to partially block 
the down-regulatory effect of PAC-1A on MCL-1 expres-
sion. These findings indicate that PAC-1A induced generation 
of ROS in NB cells caused the activation of proapoptotic and 
de-activation or reduction of expression of various pro-survival 
factors, thus, promoting cell death.

Effect of caspase- and SAPK/JNK gene silencing on PAC-1A- 
induced cell death. The role of effector caspases (such as caspase-3 
and -7), inflammatory caspase-1, initiator caspases of the extrinsic/ 
death receptor induced pathway (caspase-8, -10) and intrinsic 
apoptotic pathway (caspase-2, -9), and of SAPK/JNK MAPK 
in PAC-1A induced cell death of SMS-KCNR was analyzed via 
a siRNA array. Activity of SAPK/JNK has been linked to 
induction of the intrinsic pathway of apoptosis and of ROS 
generation in NB (SK-N-SH) cells (22). Viability of cells neither 
treated with siRNA (mock transfection) nor PAC-1A served 
as reference. As shown in Fig. 3D the use of an unspecific 
siRNA (negative control) did not diminish the cytotoxic effect 
of PAC-1A. However, silencing of the genes encoding caspase-1, 
-3, -7, -8, -9, and -10 reduced PAC-1A induced cell death by 
40-60% depending on the gene targeted. Therefore, apoptosis 
in SMSKCNR cells induced by PAC-1A appears to be mediated 
partially by both, the intrinsic/mitochondrial and extrinsic 
pathway of apoptosis. Similarly, silencing of the gene encoding 
SAPK/JNK blocked the cytotoxic effect of PAC-1A by more 
than half. Accordingly, immunoblotting revealed that in 
SMS-KCNR cells treated for 6 or 18 h with PAC-1A (25 µg/ml) 
the activity/phosphorylation of the SAPK/JNK protein was 
strongly induced suggesting that this MAPK plays a key role in 
mediating NB cell death.

Effect of PAC-1A on the expression of mitochondrial regulators 
of apoptosis and pro-survival signaling. Aberrant expression of 
Bcl-2 family proteins are the major determinants of the progres-
sion of NB and the effectivity of chemotherapy. We examined 
the modulation of expression of these mitochondrial proteins. 
SMS-KCNR cells were treated with PAC-1A (25 µg/ml) for 6 
or 18 h and immunoblotting was carried out with primary anti-
bodies against Bcl-2 family proteins with pro-survival (Bcl-2, 
Bcl-xL) or pro-apoptotic (Bax, Bad, Bid) function. PAC-1A 
treatment changed the expression levels of all examined Bcl-2 
family proteins. Within 18-h expression of Bcl-2 and Bcl-xL was 
partially inhibited, while Bad expression increased. Expression 
of Bax and Bid was elevated after 6 h of treatment (Fig. 3E). 
Neither of these changes was as strong as the downregulation 
observed for MCL-1 (Fig. 3C) but support the finding that 
PAC-1 partially mediates cytotoxicity via the intrinsic apoptotic 
pathway. In the context of the effect of PAC-1A on pro-survival 
signaling of NB cells we included immunoblotting analysis 
with antibodies against key proteins of the PI3K/AKT/mTOR 
pathway. Significant expression of activated AKT and mamma-

lian target of rapamycin (mTOR) can be detected in primary 
neuroblastoma tissues and their inactivation is correlated to 
anti-proliferative effects on NB cells in vitro and in vivo (23). 
SMS-KCNR cells after treatment for 6-18 h with PAC-1A 
displayed a reduced level of phosphorylation/activation of 
PI- 3K, AKT as well as of the expression of mTOR (Fig. 3E). In 
summary, PAC-1A exerts effects through modulation of various 
mediators of signaling events such as the Bcl-2 protein family 
and the Pi3K/AKT/mTOR pathway.

Effect of TNF-family gene silencing and TNF receptor expres-
sion in NB after PAC-1A treatment. Various high-risk NB cell 
lines express the tumor necrosis factor-α (TNFα) and TNF 
receptors (8,24). Induction of the extrinsic pathway of apoptosis 
which contributes to the cytotoxic action of PAC-1A is generally 
initiated by ligation of transmembrane death receptors such as 
the TNF receptor family. We analyzed by Western blotting the 
activation/phosphorylation of the TNFα receptor. SMSKCNR 
cells were treated with recombinant TNFα (10 nM) for 30 min 
and with PAC-1A (25 µg/ml) for 24 h or treated with either agent 
alone. Untreated cells or cells treated with TNFα displayed a 
high level of receptor activation. In contrast, PAC-1A treatment 
reduced TNFα receptor phosphorylation to background levels in 
the presence or absence of the recombinant ligand (Fig. 4A). Via 
a siRNA array we analyzed the involvement of gene products 
that are either part of TNF-family or considered directly regu-
lated by TNF in PAC-1A induced cell death of SMS-KCNR. 
As shown in Fig. 4B the use of an unspecific siRNA (negative 
control) did not alter the cytotoxic effect of PAC-1A. However, 
silencing of various genes of the TNF receptor superfamily 
(e.g., TNFRSF10A, -10B, -21, -25) except for TNFRSF1A 
reduced PAC-1 induced cell death by >50% depending on the 
gene targeted. Similarly, knock-down of various genes directly 
regulated by TNF (e.g., FADD, DIABLO, CRADO, RIPK2, 
TRADD, TRAFF, p53) reduced the PAC-1A induced cyto-
toxicity significantly (>40%). These preliminary experiments 
suggest a major role of TNF receptor pathways in the mediation 
of PAC-1A cytotoxicity in SMS-KCNR NB cells.

PAC-1A enhances the uptake/retention of cyclophosphamide; 
co-treatment increases cytotoxicity and expression on pro-apop-
totic markers, reduces GSH levels and expression of SOD in NB 
cells. We investigated the impact of PAC-1A in the modulation 
of cellular uptake, respectively, retention by SMS-KCNR cells 
of cyclophosphamide (CP), a clinically used drug. In addition, 
the cytotoxicity, cellular presence of glutathione (GSH) and 
expression of pro-apoptotic markers and superoxide dismutase 
(SOD) under treatment with PAC-1A and/or CP was analyzed. 
To quantify the presence of intracellular CP, SMS-KCNR cells 
were treated with CP (5 µM) for 24 h (Fig. 5A) or pretreated 
with PAC-1A (10 µg/ml) for 30 min before and during combina-
tional treatment with CP (2 µM) for 24 h (Fig. 5B). Comparison 
of both HPLC-MS-MS fractions in MRM mode reveals that 
relatively more intracellular CP is present when the cells were 
treated with PAC-1A even though the amount of CP added to the 
culture media was half (5 µM instead of 10 µM final concentra-
tion) under co-treatment conditions. Fig. 5A depicts the total ion 
chromatogram of CP in SMSKCNR cells (treated with CP in 
absence of PACs). Fig. 5B exhibits total ion chromatogram of CP 
in SMSKCNR cells (treated with CP in presence of PAC-1A). 
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Figure 4. Effect of PAC-1A on TNF receptor activation and of TNF-family gene silencing on PAC-1A mediated cytotoxicity. (A) Activation of the TNF receptor 
by PAC-1A in NB cells. SMS-KCNR cells were treated with TNFα (10 nM) for 30 min or with PAC-1A (25 µg/ml) for 24 h either alone or in combination and 
immunoblotting was carried out with an antibody against the phosphorylated form of the TNFα receptor. As an internal standard for equal loading, blots were 
probed with an anti-actin antibody. (B) Effect of silencing of caspase genes and SAPK/JNK on PAC-1A mediated cytotoxicity. The role of various genes of the 
TNF receptor family or of gene products that are directly regulated by TNF receptor signaling in the PAC-1A induced cell death of SMS-KCNR was analyzed in 
a siRNA array (Materials and methods). Viability of cells neither treated with siRNA (mock transfection) nor  PAC-1A or treated with an unspecific siRNA (nega-
tive control) served as reference. Cells were treated with PAC-1A (25 µg/ml) for 24 h, an MTS assay carried out and the cell viability depicted as optical density.

Figure 5. Effect of PAC-1A on cyclophosphamide (CP) uptake/retention, cytotoxicity, gluthathione (GSH) production and apoptotic markers in NB cells. 
(A and B) HPLC quantification of intracellular CP in PAC-1A treated NB cells. SMS-KCNR cells were treated with CP (5 µM) for 24 h (A) or pretreated with 
PAC-1A (10 µg/ml) for 30 min before and during combinational treatment with CP (2 µM) for 24 h (B). LC-MS profile of the cellular content of CP are shown 
(C) LCMS profile of CP. SMS-KCNR cells were pretreated with PAC-1A (10 µg/ml) for 30 min before and during combinational treatment with CP (2 µM) for 
24 h. The cellular content of CP was analyzed by LC-MS. (D) Estimation of cellular content of GSH. SMS-KCNR cells were treated with PAC-1A (10 µg/ml) or 
CP (5 µM) or in combination for 24 h. The fluorimetric estimation of cellular content of GSH is described in Materials and methods. (E) Cytotoxicity of treatment 
with PAC-1A and CP. SMS-KCNR cells were treated with PAC-1A (10 µg/ml) or CP (5 µM) or in combination for 24 h. Experiments were performed in triplicates; 
data of a representative experiment are expressed as the mean of triplicate determinations (X±SD) in % cell viability of samples with untreated cells (=100%). 
(F) Effect of PAC-1A and CP co-treatment on expression of apoptotic markers. SMS-KCNR cells were treated with PAC-1A (20 µg/ml) or CP (5 µM) alone or 
in combination for 24 h. Expression of Bcl-2, Bid, SOD-1, cleaved PARP-1 and cleaved caspase-3 was analyzed by Western blotting. As an internal standard for 
equal loading, blots were probed with an anti-actin antibody.
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Fig. 5C depicts the MS-MS fragmentation of CP in SMSKCNR 
cells pretreated with PAC-1A. PAC-1A treatment (10 µg/ml for 
24 h) decreased the intracellular level of GSH by 35% and treat-
ment with 5 µM CP (for 24 h) by 25%. Combinational treatment 
of SMSKCNR cells with these two drugs displayed a syner-
gistic effect on GSH levels which were reduced by 69% under 
co-treatment conditions for 24 h (Fig. 5C). In addition, a syner-
gistic effect on cell viability was observed when SMSKCNR 
cells were co-treated for 24 h with 10 µg/ml PAC-1A and 5 µM 
CP (Fig. 5E). Cytotoxicity under combinational treatment was 
80% whereas PAC-1A alone reduced the viability by only 27% 
and CP alone by 17%. Western blotting of cellular lysates after 
co-treatment of SMS-KCNR cells with PAC-1A and CP revealed 
additive effects on the expression of apoptotic markers and SOD 
(Fig. 5F). PAC-1A CP treatment at 20 µg/ml alone for 24 h did 
not significantly alter the expression of Bcl-2, Bid, SOD while 
caspase-1 was slightly activated and PARP-1 slightly deactivated. 
CP treatment at 5 µM alone for 24 h increased the expression of 
Bid, reduced the expression of SOD but did not significantly alter 
the level of Bcl-2, caspase-1 activation or PARP-1 deactivation. 
Co-treatment with both drugs reduced the expression of Bcl-2, 
strongly suppressed SOD expression, increased dramatically 
the levels of BID, activated caspase-1 and deactivated PARP-1. 
In summary synergistic or additive effects in cytotoxicity, GSH 
reduction, and modulation of apoptotic markers and SOD during 
cotreatment of SMS-KCNR with PAC-1A and CP were observed.

Discussion

The anti-cancer and chemo-preventive properties of cranberry 
extracts have been the subject of recent studies in ovarian (15), 
breast cancer (25) and other cancer lines (26). Isolation of pure 
proanthocyanidin (PAC) fractions from cranberry continues to 
be the major impediment in studying medical and biological 
effects of these compounds (27). For the present study, we 
optimized the enrichment of PAC using a polymer-separation 
capable HPLC/LC-MS, to generate a highly bioactive oligo-
meric fraction (PAC-1A, 2-11 oligomers) with high purity 
(>97%) and characterized molecular weight. Further resolution 
of the oligomeric mixture (PAC-1A) into single chemical entities 
(SCEs), although very challenging, is in progress. The present 
study reveals that PAC are potent cytotoxic agents against 
various neuroblastoma cell lines in vitro while reduction of 
the cell viability of control cells (non-malignant immortalized 
trophoblasts) or, as shown in a recent study, primary fibroblasts 
(15) requires higher PAC concentrations. The NB cell lines 
(SMS-KCNR, IMR-32, SKNSH, SHSY5Y) employed in 
this study represent a spectrum of morphological and various 
common oncogenic and chemoresistancy features of high-
risk neuroblastoma (28-30). IMR-32 cells feature (N)-type 
morphology and MYCN- amplification (31). IMR-32, SKNSH, 
SHSY5Y cells lack caspase-8 expression (32) and induction of 
apoptosis is primarily mediated through the intrinsic pathway. 
These three cell lines reflect the majority of NB which lack 
the expression of caspase-8, sensitivity to the extrinsic pathway 
of apoptosis and are refractory to multiple cytotoxic drugs. In 
these cells the extrinsic and TNF-related pathway of apoptosis 
can only be induced in combinational treatment with factors 
such as cytostatic drugs, interferon-γ or TRAIL (TNF-related 
apoptosis-inducing ligand) (33). However, all these three 

high-risk NB cell lines were sensitive to PAC-1A treatment 
(IC50 12.5-25 µg/ml). PAC-1A at these concentrations also 
displayed cytotoxicity against the fourth cell line, SMS-KCNR, 
in the panel of NB cells studied. These data confirm the higher 
potency of the more defined extract of PAC-1A achieved with 
the current isolation protocol when compared to our previous 
study including SMSKCNR (15). SMS-KCNR cells exhibit a 
uniform phenotype with small, round N-type cells that have 
short neuritic processes (34). This cell line was chosen as a 
model for mechanistic experiments in the current report since 
they display MYCN amplification, express caspase-8 (35) 
and apoptosis can be mediated through the intrinsic as well as 
extrinsic pathway (36). PAC-1A, however, induced cell death of 
SMS-KCNR through both apoptotic pathways via: i) modula-
tion of expression of these mitochondrial Bcl-2 family proteins 
with pro-survival (Bcl-2, Bcl-xL) or pro-apoptotic (Bax, Bad, 
Bid) function, ii) TNF-family regulated extrinsic/death receptor 
signaling, and iii) activation of pro-apoptotic MAPK (e.g., 
SAPK/JNK) and suppression of pro-survival signaling through 
the PI3K/AKT/mTOR pathway. All these cellular targets of 
PAC-1A are of interest in the search for alternative drugs to 
treat NB. Aberrant Bcl-2 family protein expression promotes 
chemo-refractory high-risk NB and selective inhibitors against 
pro-survival proteins of the Bcl-2 family have been developed 
to treat NB (37,38). Induction of the extrinsic pathway of 
apoptosis is generally initiated by ligation of transmembrane 
death receptors such as the TNF receptor family. Their activity 
as shown in the present manuscript contributes to the cytotoxic 
action of PAC-1A. In addition to these receptors NB cells, as 
shown for various high-risk NB cell lines, also express the 
tumor necrosis factor-α (TNFα) which can stimulate growth in 
an autocrine manner (8). Modulation of TNF receptor signaling 
is a promising additional approach in cancer therapy (39,40). 
Similarly, inhibitors against mTOR such as rapamycin and 
CCI-779 downregulate MYCN protein expression and inhibit 
neuroblastoma tumorigenesis (19). As shown here for high risk 
SMS-KCNR NB cells PAC-1A in its ability to target all the 
factors above might be developed as a chemotherapeutic agent 
against a broad spectrum of NB including highly malignant NB 
(41).

The present study reveals that the cytotoxic effect and 
induction of apoptosis by PAC-1A is executed by the loss of the 
mitochondrial transmembrane depolarization potential (∆Ψm) 
and by excess generation of ROS. Loss of ∆Ψm is directly 
linked to the degradation of mitochondrial proteins (e.g., Bcl-2, 
MCl-1) and is an indicator of early apoptosis and the first irre-
versible step in the induction of apoptosis (18). Reactive oxygen 
species play a critical role in differentiation, proliferation and 
apoptosis in NB (42). Generally, ROS have been implicated in 
cancer initiation and progression (43). Cancer cells generate a 
relatively high level of ROS but their tolerance to ROS compares 
to non-transformed cells. Accordingly, further up regulation of 
cellular ROS, such as shown here after treatment with PAC-1A 
can be used to selectively target cancer cells over normal cells 
(44). ROS production in NB cells is correlated with multitude 
of signal transduction such as the activation of the JNK/SAPK 
or other pro-apoptotic MAPK, loss of ∆Ψm and translocation 
or degradation of mitochondrial key proteins of the intrinsic 
apoptotic pathway (45). Accordingly, as shown here the PAC-1A 
induced loss of Bcl-2 and MCL-1, deactivation of PARP-1 
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and executor caspase-3 in SMS-KCNR NB cells could be 
partially inhibited by the block of excessive ROS generation via 
co-treatment with an anti-oxidant. Interestingly, several studies 
have shown that ROS generation is the key mechanism of cyto-
toxicity for several common chemotherapeutic drugs including  
cisplatin, cyclophosphamide and fenretidine that are in clinical 
use or in trials to treat NB (46).

The intrinsic and acquired resistance of NB tumors to anti-
cancer drugs frequently correlates with the level of glutathione 
(GSH) S-transferases and GSH which play a key role to avoid 
oxidative stress and to bypass cytotoxicity of therapeutic drugs 
(47). However, overcoming drug resistance often requires 
reducing GSH levels by 60-80% (48). Thus, one aspect in the 
use of newly developed drugs in single agent treatment or in 
combinational treatment with standard drugs is their ability to 
reduce GSH levels (49). In the present report we investigated the 
capacity of PAC-1A to develop synergistic effects with cyclo-
phosphamide (CP). CP is an alkalyting anti-neoplastic agent and 
commonly used for NB treatment. We show here that PAC-1A 
can partially lower GSH levels in NB cells. However, GSH 
levels were dramatically reduced when the cells were co-treated 
with PAC-1A and CP which correlated to additive cytotoxic 
effects. Similarly, a proanthocyanidin fraction from cranberry 
fruit showed synergistic cytotoxic actions with paraplatin in 
platinum resistant ovarian cancer cells (15). Interestingly, the 
potentiated cytotoxic effect of PAC-1 and CP was correlated with 
an increased uptake and/or retention of CP in PAC-1A treated 
SMS-KCNR NB cells. In addition, the expression of apoptotic 
markers and superoxide dismutase (SOD) under treatment with 
PAC-1A and CP was altered when compared to treatment with 
either drug alone. The present study suggests that PAC-1A, in 
addition to specific cytotoxic properties displays inhibitory 
effects on NB proliferation since it blocked cell-cycle progres-
sion of SMS-KCNR. Interestingly, after treatment with PAC-1A 
we observe opposite effects on the expression of CDK-4 and 6. 
Generally, cyclin D-dependent kinases such as CDK-4 and -6 
are regulators of G1 and facilitate cell progression in various 
ways (including sequestering and redistribution of Kip proteins). 
Moreover, cyclin-D1 correlated to G1 phase progression (50) 
and was strongly over expressed upon PAC-1A treatment while 
the population of NB cells in G1 phase decreased and an arrest 
was unfolded in G2 phase. In addition, PAC-1A treatment 
blocked expression of CDK inhibitor p27/KIP1. Overexpression 
of key cell cycle regulators, such as CDK-4 and CDK-6 targeted 
by PAC-1A often correlates with histological high-risk features 
of NB. Targeting such checkpoints has been suggested as an 
alternative approach to anti-cancer therapies (51).

In conclusion, the present study suggests that PAC-1A 
can be developed for single-drug or combinational treat-
ment of NB. PAC-1A mediated ROS generation or GSH 
reduction may exert synergistic effects when combined with 
other standard drugs such as cyclophosphamide or agents, 
thought to modulate the antioxidant functions of cancer cells. 
Moreover, features of PAC-1A as an anticancer drug include 
the induction of cell death via: i) modulation of expression of 
mitochondrial Bcl-2 family proteins members, ii) regulation 
of TNF-family death receptor signaling, and iii) activation of 
pro-apoptotic MAPK or suppression of pro-survival signaling 
through the PI3K/AKT/mTOR pathway. The ability of PAC-1A 
to target many oncogenic factors related to NB above suggests 

further exploration of PAC-1A as a chemotherapeutic agent to 
treat a broad spectrum of NB, including highly malignant and 
chemoresistant tumors.
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