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Cell Death by Oxidative Stress and Ascorbic Acid 
Regeneration in Human Neuroectodermal Cell 

Lines 
V. De Laurenzi, G. Melino, I. Savini, M. Annicchiarico-Petruzzelli, 

A. Finazzi-Agrb and L. Avigliano 

In this paper, we show that human neuroectodermal cells exposed to l-5 mM hydrogen peroxide or 10 nM-1 mM 
ascotbate die by programmed cell death induced by oxidative stress. The cell death by peroxide occurs within 4 h 
and involves approximately 80% of B-me1 melanoma cells, while ascorbate causes cell death of approximately 
86% of B-me1 cells within 24 h. SK-N-BE(2) neuroblastoma cells are more resistant, 32% and 43% cell death for 
peroxide and ascorbate, respectively. In all cases, cell death causes hypodiploic DNA staining, evaluated by flow 
cytometry. Both cell lines can efficiently metabolise ascorbate due to sign&ant levels of NADH-dependent 
semidehydroascorbate reductase and ghrtathionedependent dehydroascorbate reductase. The cell death 
observed suggests a pmoxidant, rather than anti-oxidant, role for ascorbic acid at physiological concentrations 
under these experimental conditions. 
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INTRODUCTION 

CELL DEATH by apoptosis is a gene-regulated programme of cell 
self-deletion acting under ph:ysiological conditions in multicellu- 
lar organisms, characterised by specific nuclear (chromatin 
condensation, DNA fragmentation) and cytoplasmic (integrity 
of the cell membrane with formation of stable protein cross- 
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links catalysed by tissue-transglutaminase, EC 2.3.2.13, thus 
conferring resistance to breakage and chemical attack to the 
apoptotic body) events [ 1, 21. The negative control of apoptosis 
is maintained by ted-9 in C. elegans [3], by bcl-2 [4, S] and 
possibly other gene products [6-81 in vertebrates. Recently, 
additional members of the BCL-2 gene family have been isolated, 
BCL-X and BAX, that may act synergistically or antagonistically 
with BCL-2 [9, lo]. bcl-2 seems to function as a cell death 
suppressor protein by decreasing the generation of reactive 
oxygen species [ 11, 121. The kinetics of cell death induced by 
hydrogen peroxide seem to suggest that it acts on downstream 
effector elements with respect to BCL-2. 

Vitamin C (ascorbic acid) is involved in many metabolic 
processes where it acts as an electron donor. The reduced form, 
ascorbate (AA), is oxidised either by single electron transfer with 
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formation of the free radical semidehydroascorbate (SDA) or by 
two electron transfers with formation of dehydroascorbate (DA). 
SDA and DA can be converted back to ascorbate through 
enzymatic reduction by the NADH-dependent SDA reductase 
(SDAR; EC 1.6.5.4) or by the glutathione (GSH)-dependent 
DA reductase (DAR; EC 1.8.5.1) [13, 141. In the absence of 
these recycling systems, SDA spontaneously disproportionates 
to ascorbate and dehydroascorbate, which is lost by hydration in 
an irreversible reaction. Ascorbate is a potent anti-oxidant; 
however, in the presence of transition metals, it shows a pro- 
oxidative activity. 

Vitamin C has been indicated to be useful in cancer prevention 
[15]. The potential protective role could be related to the 
interaction of ascorbate or SDA species with toxic free radicals. 
Moreover, vitamin C has been reported to be selectively toxic to 
some types of malignant cell-melanoma, neuroblastoma-at 
concentrations that are physiological in human, and a pro- 
oxidative, rather than anti-oxidative, role as been suggested 
[16, 171. In fact, tumour cells seem more sensitive to oxidative 
stresses, because of their altered pattern of antioxidant enzymes 
when compared with their non-malignant counterparts [ 151. 
Whether such cell death occurs by apoptosis or necrosis has not 
yet been established. 

The present study was undertaken to investigate (i) the mech- 
anism of cell death by oxidative/pro-oxidative stress (using 
hydrogen peroxide or ascorbic acid) in two human neuroblas- 
toma and melanoma cell lines; and (ii) the ability of cancer cells 
to regenerate ascorbate from their oxidative products. To this 
end, we quantitated the DAR and SDAR activities. An effective 
recycling could enhance the pro-oxidative action; therefore, 
ascorbate may react with iron allowing the production of oxygen 
free radicals via the Fenton reaction [ 171. 

MATERIALS AND METHODS 
Cell cultures 

The human neuroblastoma, SK-N-BE(Z), and melanoma, B- 
mel, cell lines were grown in a 1: 1 mixture of minimal essential 
medium (MEM) and Hanks F-12 media supplemented with 15% 
(v/v) heat-inactivated fetal calf serum, 2 mM L-glutamine, 1.2 g/l 
bicarbonate, non-essential amino acids (1% v/v) and 15 mM 
Hepes in a humidified atmosphere with 5% (v/v) CO2 at 37°C. 
Cell growth was evaluated by plating 50 x lo3 cells per 25 cm2 
flask and counting the viable cell number daily in a Thoma 
haemocytometer chamber. Triplicate experiments were evalu- 
ated by two independent observers. Cell growth was also evalu- 
ated by 3H-thymidine uptake [ 181. 

Cell death was evaluated by flow cytometry, staining with 
50 mg/ml propidium iodide [ 191 on a FACScan flow cytometer 
(Becton-Dickinson, California, U.S.A.). Events were triggered 
by the FSC signal and gated for FSC-H/FSC-A/SSC to avoid 
aggregates. 10,000 events were evaluated using the Lysis II 
Programme. 

Extraction procedures 
Mechanically removed cells were washed twice in phosphate- 

buffered saline (PBS), resuspended in 0.05 M Tris-HCl buffer, 
pH 7.8,containingO.3 mannitol, 1 mMEDTA, 10 mMMgQ, 
0.1% (w/v) bovine serum albumin, 0.05% (w/v) cysteine, and 
disrupted by two cycles of freezing-thawing with liquid nitro- 
gen. Lysates were centrifuged at 2500 rpm for 20 min at 4°C 
and supernatants were used for enzyme assays. 

Pig liver extract was prepared by centrifugation at 2500 rpm 
for 20 min at 4°C of a homogenate in Tris-HCl buffer as 

described above ( 1: 3 w/v). Peripheral blood lymphocytes (PBL) 
from healthy volunteers were separated by gradient centrifug- 
ation at room temperature. 

Enzyme assays 
DAR activity was measured by the rate of increase in 

absorbance at 265 mn due to ascorbate formation 
(E = 15 mM cm-‘), at 25°C [20]. The assay mixture contained 
0.1 M K-phosphate buffer at pH 6.0, 1 mM EDTA, 1 mM 
dehydroascorbate (ICN Nutritional Biochemical), 2 mM GSH 
(Sigma) and aliquots (50-300 p.1 of 0.1-2 mg protein/ml 
solution) of each sample in a final volume of 1 ml. Correction 
was made for the non-enzymatic reaction of GSH with dehy- 
droascorbate. 

SDAR activity was measured by the rate of ascorbate free 
radical-dependent oxidation of NADH, by monitoring the 
decrease in 340 nm absorbance (E = 6.2 mM cm-‘), at 25°C 
[20]. The assay mixture contained 0.05 M Tris-HCl buffer 
at pH 7.8, 1 mM EDTA, 0.1 mM NADH (Sigma), 1 mM 
ascorbate (Sigma) and aliquots of each sample in a final volume 
of 1 ml. The reaction was started by adding 1 U of ascorbate 
oxidase, purified from green zucchini peelings according to 
Avigliano and colleagues [2 11, to generate SDA radical [22]. The 
concentration of ascorbate oxidase was selected to give maximal 
reductase activity, as determined by preliminary experiments. 
Correction was made for direct oxidation of NADH by homogen- 
ates. Samples heated at 100°C for 10 min were used as blanks in 
both assays. Protein was measured by the method of Bradford 
[23], using bovine serum albumin as standard. 

RESULTS 
Cell death by ascorbate or hydrogen peroxide in tmroblastoma and 
melanoma cells 

Table 1 shows the effects of ascorbate at concentrations of 
10 nM-1 mM on the growth rate of both SK-N-BE(Z) human 
neuroblastoma cells and peripheral blood lymphocytes (PBL). 
PBL were tested to compare the effects with human non- 
malignant cells. The data indicate that the neuroblastoma cell 
line had a significant slower growth at very low concentrations 
(10-100 nM) while micromolar concentrations were required to 
obtain the same effect on PBL. 

In order to investigate the possibility that this growth inhi- 

Table 1. Toxicity of ascorbate in different neuroblastomu cells and 
lymphocytes 

SK-N-BE(2) 
neuroblastoma 

PBL 
lymphocytes 

Untreated 
AA, lo-* M 
AA, lo-‘M 
AA, 10-6M 
AA, 1O-5 M 
AA, 1O-4 M 

AA, 1OF M 

1123 k 24S* 1430 * 89’ 
641 k 109 1209 + 97 
682 2 73 1297 f 102 
661 k 84 694 k 72 
737 k 85 687 2 59 
249 -c 121 540 k 43 

106 + 40 nt 

Cells were cultured as described previously in the presence of fresh 
medium for 48 h. The cells were then washed and plated in a % U- 
bottomed titration plate to evaluate growth for 48 h. 3H-thymidine was 
added for the last 8 h of culture. Peripheral blood lymphocytes (PBL) 
were stimulated to grow in the presence of phytohaemagglutinin. 
* Growth is expressed as cpm/min. Data are the mean k S.E.M. of six 
determinations. 
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bition may be related to the induction of cell death by apoptosis, 
we evaluated DNA hypodiploic staining by flow cytometry using 
propidium iodide. Figure 11 indicates that ascorbate induced 
hypochromic DNA fragmentation, typical of programmed cell 
death. Both SK-N-BE(Z) and B-me1 melanoma cells died within 
24-36 h at 0. l-l mM ascorbate, although B-me1 cells were more 
sensitive than SK-N-BE(2) t:o cell death; 86% versus 43% death 
using 1 mM ascorbate at 24 h (data not shown). 

(a) 
I 

Finally, we evaluated the effect of ascorbate with peroxide 
known to induce programmed cell death [ 111. Both B-me1 and 
SK-N-BE(Z) died within 2-4 h at 1-S mM peroxide concen- 
tration (Figure 1). By this method, B-me1 cells were also more 
sensitive to cell death than !jK-N-BE(Z) cells; 80% versus 32% 
death using 5 mM peroxide at 4 h (data not shown). 

While the induction of cell death by apoptosis by peroxide has 
already been described by Hockenbery and associates [ 111 
on FLS.12-Neo cells, 1 mM ascorbate has been reported to 
moderately protect cell death and scavenge reactive oxygen 
species in GTl-7 cells [ 121. However, this differs from the toxic 
effect of ascorbic acid on neuroblastoma and melanoma cells 
reported here. Since the recycling of ascorbic acid may be 
relevant for the pro-oxidant action, we evaluated the activity of 
the enzymes involved. 

Ascorbic acid recycling activity 
We investigated the capacity of neuroblastoma and melanoma 

cells to regenerate AA from their oxidative products. To this 
end, we evaluated the GSH-dependent DAR and NADH- 
dependent SDAR activities. The data are shown in Table 2. 
Both cell lines expressed high SDAR and DAR activities, when 
compared with normal pig liver, known to have elevated SDAR 
and DAR activities. The DAR activity was lower than that in 
PBLs, which completely lack any SDAR activity. 

DISCUSSION 
Several indirect experimental results indicate the involvement 

of oxygen radicals in programmed cell death. Hydrogen peroxide 
induces programmed cell death, and BCL-2 seems to act by 
decreasing the generation of reactive oxygen species [ 11, 121. 
Furthermore, oxygen radicals produced by ionising radiation 
are known to induce apoptosis. Anti-oxidants, such as N- 
acetylcysteine and thiorecloxin, protect against apoptosis 
induced by tumour necrosis factor-o [24]; similarly, N-(2- 
mercaptoethyl)-1,3-propane&mine reduces glucocorticoid and 
radiation-induced apoptosis in thymocytes [25]. GST (EC 
2.5.1.18) increases its transcript’s expression during apoptosis 
in rat ventral prostate tissue:, induced by androgen withdrawal 
[26]. GST decreases the levels of electrophilic species through 
their conjugation to reduced glutathione, further supporting an 
oxidative stress in apoptosis. The downregulation of these 
defences has been found (during steroid hormone-mediated 
apoptosis of lymphoid cell lines: transcript levels of catalase 
(EC 1.11.1.6), manganese superoxide dismutase (Mn-SOD, EC 
1.15.1.1), copper-zinc superoxide dismutase (Cu,Zn-SOD, EC 
1.15.1.1), NAD(P)H DT-diaphorase (EC 1.6.99.2) and thiore- 
doxin sharply fell within 8 h, whilst GST (mu class) increased 
and GSH levels fell [27]. Taken together, these data indicate 
that (i) oxidative stresses may cause programmed cell death; and 
that (ii) the overall antioxidant systems are reduced in cells 
undergoing programmed cell death. 

Our data are in keeping with the idea that oxidative stresses 
(e.g. hydrogen peroxide) induce programmed cell death. We 
have demonstrated that ascorbic acid, generally involved in 

2 

H202 

Fii 1. 3-D tlow cytometry evaluation of cell death induced ia B- 
me1 cells. Axes represent 570 am propidium iodide fluorescence (x), 
179” forward scatter (z), number of events acquired (y). Cell deaths 
with fragmented DNA are in area 1, quiescent GJG, cells in area 2, 
and growing (G,/M) cells in area 3. Panels show untreated cells (a), 
cells treated with 5 mM hydrogen peroxide for 4 h (b) or with 1 mM 

ascorbic acid for 24 II (c). 
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Table 2. Specify activity of NADH-dependent semi dehydroascorb- 
ate reductase (SDAR) and GSH-dependent dehydroascorbate 

reductase (DAR) in different netuoectodermal cells 

SDAR activity DAR activity 

SK-N-BE(2), neuroblastoma 18.2 -r- 0.8’ 11.4 f 0.4t 
B-me], melanoma 24.2 * 0.9 10.5 2 0.3 
PBL, lymphocytes 0.0 IT 0.1 50.7 2 1.5 
Normal pig liver 7.0 2 0.3 9.4 2 0.3 

Cells were cultured as described previously in the presence of fresh 
medium for 48 h. The cells were then washed extensively in PBS and 
mechanically removed from flasks. Activity was measured as * nmol 
NADH oxidised/min/mg protein or as t nmol DA reduced/min/mg 
protein. Data are the mean + S.E.M. of five determinations carried out 
on different experiments. 

biological anti-oxidative defences mechanisms, induces pro- 
grammed cell death in our model. We suggest that the effective 
recycling of ascorbate could enhance the pro-oxidative action of 
ascorbic acid. In fact, melanoma cells show a higher SDAR 
activity, which is possibly responsible for the higher pro-oxidant 
toxicity of ascorbic acid shown in Figure 1. 

In conclusion, we show that neuroectcdermal cancer cells may 
recycle ascorbic acid at physiological concentrations [28]; this 
leads to a pro-oxidant activation of the programmed cell death 
pathway, similar to that induced by typical oxidative stressants, 
such as hydrogen peroxide. 

1. Raff M. Social control on cell survival and cell death. Nature 1992, 
356,397-400. 

2. Melino G, Annichiarico-Petruzzelli M, Piredda L, er al. Tissue- 
transglutaminase and apoptosis: sense and antisense transfection 
studies in human neuroblastoma cells. Mol Cell Biol 1994, 14, 
6584-6596. 

3. Ellis HM, Horvitz HR. Genetic control of programmed cell death 
in the nematode C. elegans. Cell 1986,44,817-829. 

4. Vaux DL, Cory S, Adams JM. Bcl-2 promotes the survival of 
haemopoietic ceils and cooperates with c-myc to immortalize pre-B 
cells. Nurure 1988,335,44w2. 

5. Veis DJ, Sorenson CM, Shutter RJ, Korsmeyer SJ. Bcl-2 deficient 
mice demonstrate fuhninant lymphoid apoptosis, polycystic kid- 
neys, and hypopigmented hair. Cell 1993,75,229-240. 

6. Piacentini M, Raschella G, Calabretta B, Melino G. C-myb down 
regulation is associated with apoptosis in human neuroblastoma 
cells. Cell Death Different 1994,1,85-92. 

7. Huguet C, Enrietto P, Vandenbunder B, Abbadie C. c-rel: a 
multifunctional transcription factor? Cell Death Different 1994, 1, 
71-76. 

8. McGahon AJ, Cotter TG, Green DR. The abl oncogene family and 
apoptosis. Cell Death Different 1994,1,77-84. 

9. Boise LH, Gonzalez-Garcia M, Postema CE, et al. Bcl-x, a b&2- 
related gene that functions as a dominant regulator of apoptotic cell 
death. Cell 1993,74,597-608. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

Oltvai ZN, Milliman CL, Korsmeyer SJ. Bcl-2 heterodimerizes in 
viva with a conserved homolog, Bax, that accelerates programmed 
cell death. Cell 1993,74,609-619. 
Hockenbery DM, Olvai ZN, Yin XM, Milliman CL, Korsmeyer 
SJ. Bcl-2 functions in an anti-oxidant pathway to prevent apoptosis. 
Cell 1993,75,241-251. 
Kane DJ, Sarafian TA, Anton R, et al. Bcl-2 inhibition of neuronal 
death: decreased generation of reactive oxygen species. Science 
1993,262,1274-1276. 
Coassin M, Tomasi A, Vannini V, Ursini F. Enzymatic recycling of 
oxidized ascorbate in pig heart: one-electron versus two-electron 
pathway. Arch Biochem Biophys 1991,290,45w2. 
Rose RC. Cerebral metabolism of oxidized ascorbate. Brain Res 
1993,628,49-55. 
Leung PY, Miyashita K, Young M, Tsao CS. Cytotoxic effect of 
ascorbate and its derivatives on cultured malignant and nonmalig- 
nant cell lines. AnttkzncerRes 1993,13,475480. 
Bram S, Froussard P, Guichard M, et al. Vitamin C preferential 
toxicity for malignant melanoma cells. Narure 1980,284,629-63 1. 
Bruchelt G, Baader L, Rieth AG, Holger NL, Gebhardt S, Nie- 
thammer D. Rationale for the use of ascorbic acid in neuroblastoma 
therapy. In Schwab M, ed. Human Neuroblastoma. Harwood Aca- 
demic Publishers, 1993,34-40. 
Melino G, Farrace MG, Ceru’ MP, Piacentini M. Correlation 
between transglutaminase activity and polyamine levels in retinoic 
acid and u-difluoromethylornithine induced differentiation of 
human neuroblastoma cells. Exp Cell Res 1988,179,429++5. 
Piacentini M, Fesus L, Melino G. Multiple cell cycle access to the 
apoptotic death programme in human neuroblastoma cells. FEBS 
Lett 1993,320,15&154. 
Arrigoni 0, Dipierro S, Borraccino G. Ascorbate free-radical 
reductase, a key enzyme of the ascorbic acid system. FEBS Lett 
1981,125,242-244. 
Avigliano L, Gerosa P, Rotilio G, Finazzi-Agri, A, Calabrese L, 
Mondovi B. Ascorbate oxidase. New method of purification of the 
enzyme from green zucchini squash and identity of its copper moiety 
with that of cucumber ascorbate oxidase. ItalJ Biocbem 1972, 21, 
248-255. 
Yamazaki I, Piette LH. Mechanism of free radical formation and 
disappearance during the ascorbic acid oxidase and peroxidase 
reactions. Biochim Biophys Acta 1961,50,6249. 
Bradford MM. A rapid and sensitive method for quantitation of 
microgram quantities of protein utilizing the principle of protein- 
dye binding. Anulyt Biochem 1976,72,248-252. 
Matthews N, Neale SK, Jasckson SK, Stark JM. Tumourcell killing 
by mmour necrosis factor: inhibition by anaerobic conditions, 
free radical scavengers and inhibitors of arachidonate metabolism. 
Immunology 1987,62,153-155. 
Ramakrishan N, Catravas GN. N-(2-mercaptoethyl)-1,3-propaned- 
iamine (WR-1065) protects thymocytes from programmed cell 
deathJZmmunoll992,148,1817-1821. 
Briehl MM, Miesfeld RL. Isolation and characterization of tran- 
scripts induced by androgen withdrawal and apoptotic cell death in 
the rat ventral prostate. Mol Endocrinoll991,5, 1381-1388. 
Briehl MM, Cotgreave IA, Powis G. Downregulation of the antioxi- 
dant defense during glucocorticoid-mediated apoptosis. Cell Death 
DiJfkxt 1995,2, 1, (in press). 
Wasko PW, Wang Y, Levine M. Ascorbic acid recycling in human 
neutrophi1s.J BiolChem 1993,268,15531-15535. 

Acknowledgements-The work was partially supported by grants: 
Progetti Finalizzati C.N.R. “ACRO” (to GM); Minister0 Sanitti, 
MURST. 


