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Vitamin E possesses antioxidative prop- 
erties and has been presumed to participate 
only in antioxidative activities of cells in 
vivo (1). Sodium ascorbate (vitamin C), an- 
other antioxidant, possesses antitumor ac- 
tivity both in vivo (2) and in vitro (3-4). In 
addition to its antitumor activity as a single 
agent, sodium ascorbate potentiates the 
effect of ionizing radiation and certain 
chemotherapeutic agents on neuroblastoma 
(NB) cells in culture (3-4). These prop- 
erties of sodium ascorbate are not shared 
by another antioxidant, glutathione (4). A 
recent study has show ( 5 )  that vitamin C 
potentiates the effect of BCNU in murine 
CNS leukemia. We have reported (6) that 
vitamin E exhibits anticancer properties by 
increasing the expression of morphological 
differentiation in N B  (NBP, clone) cell 
culture and by enhancing the growth inhi- 
bition and morphological differentiation 
produced by ionizing radiation on NB cells. 
Because of its potential contribution in the 
treatment of neoplastic disease , the effects 
of vitamin E in combination with several 
pharmacological agents were studied to  
determine whether vitamin E would poten- 
tiate their growth inhibitory effect (due to 
cell death and reduction of cell division) on 
NB cells and glioma cells in culture. We 
now report that vitamin E in combination 
with some chemotherapeutic agents pro- 
duces synergistic or  additive growth inhibi- 
tion on both glioma and NB cells (depend- 
ing upon the specific agent and cell line). 
Finally, the combined treatment of vitamin 
E and pharmacological agents induces 
morphological differentiation or  enhances 
the effect of differentiating agents. 

Materials and methods. Mouse neuroblas- 

'This work was supported by NIH R01 ES NS 
01576. 

toma clone NBP,, which contains both 
tyrosine hydroxylase (TH) and choline 
acetyltransferase (CAT) activities, was 
used in this study (7). Rat glioma clone 
(C-6) (8) of passages 30-42 (9) was used in 
this investigation. Neuroblastoma cells 
were grown in F12-medium containing 10% 
agammaglobulin newborn  calf  s e r u m ,  
whereas glioma cells were grown in F12 
medium containing 10% fetal calf serum. 
Both media contained antibiotics (penicillin 
100 U/ml and streptomycin 100 pg/ml). Cells 
were maintained at  37°C in a humidified at- 
mosphere of 5% CO,. 

Aquasol vitamin E (DL-alphatocopheryl 
acetate, water solubilized with polysorbate 
80; 50 IU/ml was diluted with water. All 
solutions were protected from light and 
stored at 4°C. To study the effect of the 
combination of vitamin E and chemother- 
apeutic agents on morphological changes, 
cells (50,000) were plated in Lux tissue cul- 
ture dishes (60 mm), and vitamin E and phar- 
macological agents were added 24 hr later. 
The medium and drug were changed 2 days 
after treatment and the number of morpho- 
logically differentiated cells was deter-  
mined 3 days after treatment. Cells with 
cytoplasmic processe? preater than 50 p m  
in length were considered morphologically 
differentiated (10). 

T o  study the effect of vitamin E and 
pharmacological agents on growth inhibi- 
tion (due to cell death and reduction of cell 
division), cells ( 5  x lo4 N B  cells; lo5 
glioma) were plated in Lux tissue culture 
dishes (60 mm) and vitamin E and drugs 
were added 24 hr later. The cell number per 
dish was determined 3 days after treatment. 
Cell viability was determined by counting 
the number of cells stained with trypan blue 
(0.2% in saline) among attached cell popu- 
lation before removing them for counting. 
For counting purposes NB cells were re- 
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moved from the dish by incubating them in 
the presence of pancreatin solution (0.25% 
in Ca-free MEM) for  10 min; whereas  
gl ioma cel ls  w e r e  washed  twice  with 
phosphate-buffered saline and then incu- 
bated in the presence of trypsin solution 
(0.25% in Ca-free MEM) for 40 min. Cells 
were counted by a Coulter Counter. The 
stained cells were considered dead and this 
number was subtracted from the total in 
order to obtain the number of viable cells/ 
dish. 

The effect of vincristine in combination 
with vitamin E was investigated in greater 
detail than the other agents. The effects of 
o t h e r  pharmacological agents  such  a s  
b l e o m y c i n ,  a d r i a m y c i n ,  5 - f luourac i l  
(5-FU), l-(2-chloroethyl)-3-cyclohexyl- 1- 
nitrosourea (CCNU),  5-(3,3-dimethyl- 1- 
triazeno)-imidazole-4-carboxamide (DTIC) , 
mutamycin, cis-diamminedichloroplatinum 
11, c h l o r o z o t o c i n ,  s o d i u m  b u t y r a t e ,  
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FIG. 1. Neuroblastoma cells (50,000) were plated in 
Lux culture dishes (60 mm), and vincristine and vita- 
min E were added 24 hr later. Drugs and medium were 
changed 2 days after treatment. The cell number and 
the number of trypan blue-stained cells were deter- 
mined 3 days after treatment. The number of stained 
cells was subtracted from the total number of cells to 
obtain viable cells per dish. The average value of con- 
trol cultures was considered 100%. Each value repre- 
sents an average of at least six samples. The bar of 
each point is standard deviation. The bars not shown 
in figure were equal to sizes of symbols. 

prostaglandin E l  (PGE,), 4-(3-butoxy-4- 
methoxybenzyl)-2-imidazolidine (R020- 
1724), and papaverine were studied at  a 
concentration which by itself inhibited 
growth by 50% or  less. All compounds ex- 
cept  PGE,,  R020-1724, and papaverine 
were water soluble. PGE,, R020-1724, and 
papaverine were dissolved in 50% ethyl al- 
cohol. These solutions were stored at 4°C. 

Results. Effect on growth inhibition. Vi- 
tamin E markedly potentiated the growth 
inhibitory effect (due to cell death and re- 
duction in cell division) of vincristine on 
neuroblastoma (Fig. 1) and glioma cells 
(Fig. 2) in culture. Vitamin E concentration 
of as little as 0.01 IU/ml was sufficient to 
enhance the vincristine cytotoxicity on NB 
cells (Fig. 3) and glioma cells (Fig. 4). The 
number of trypan blue-stained cells in con- 
trol and treated glioma cell cultures was 
<1%. However ,  the number of trypan 
blue-stained cells in NB culture depended 
upon the treatment. Control NB cultures 
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FIG. 2. Glioma cells (100,000) were plated in Lux 
tissue culture dishes (60 mm), and vincristine and vi- 
tamin E were added 24 hr later. Drugs and medium 
were changed 2 days after treatment. The cell number 
and the number of trypan blue-stained cells were de- 
termined 3 days after treatment. The number of 
stained cells was subtracted from the total number of 
cells to obtain viable cells per dish. The average value 
of control cultures was considered 100%. Each value 
represents an average of at least six samples. The bar 
of each point is standard deviation. 
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FIG. 3. Neuroblastoma cells (50,000) were plated in 
Lux culture dishes (60 mm), and vincristine and vita- 
min E were added 24 hr later. Drugs and medium were 
changed 2 days after treatment. The cell number and 
the number of trypan blue-stained cells were deter- 
mined 3 days after treatment. The number of stained 
cells was subtracted from the total number of cells to 
obtain viable cells per dish. The average value of con- 
trol cultures was considered 100%. Each value repre- 
sents an average of at least six samples. The bar of 
each point is standard deviation. 

and NB cultures treated with vitamin E 
(0.02 IU/ml) or  vincristine (0.002 pg/ml) 
contained < 1% trypan blue-stained cells. 
The number of stained cells increased at 
higher concentrations of vitamin E or vita- 
min E plus vincristine. 

Vitamin E (0.02 IU/ml) in combination 
with 5-FU. adriamycin, R020- 1724, sodium 
butyrate, chlorozotocin, or PGE, produced 
a synergistic effect on growth inhibition of 
neurobastoma cells, whereas, vitamin E in 
combination with bleomycin,  C C N U ,  
DTIC,  mutamyc in ,  o r  c i s -d iammine-  
dichloroplatinum I1 produced an additive 
effect on growth inhibition of NB cells 
(Table I). In glioma cell culture, vitamin E 
in combination with CCNU, or R020-1724, 
produced a synergistic effect on growth in- 
hibition, whereas, vitamin E in combination 
with bleomycin, 5-FU, adriamycin, DTIC, 
papaverine , mutamycin, and cis-platinum 
produced an additive effect (Table I). Vita- 
min E failed to enhance the effect of sodium 
butyrate,  PGE,,  and chlorozotocin on  
glioma cells (Table I). Neuroblastoma cells 
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FIG. 4. Glioma cells (100,000) were plated in Lux 
tissue culture dishes (60 mm), and vincristine and vi- 
tamin E were added 24 hr later. Drugs and medium 
were changed 2 days after treatment. The cell number 
and the number of trypan blue-stained cells were de- 
termined 3 days after treatment. The number of 
stained cells was subtracted from the total number of 
cells to obtain viable cells per dish. The average value 
of control cultures was considered 100%. Each value 
represents an average of at least six samples. The bar 
of each point is standard deviation. 

were more sensitive to vitamin E,  bleomy- 
cin,  5-FU, adriamycin, CCNU,  DTIC, 
sodium butyrate, R020- 1724, or papaverine 
than glioma cells by the criterion of growth 
inhibition (Table I). Both cell types were 
equally sensitive to  chlorozotocin, cis- 
platinum, and mutamycin by the same cri- 
terion (Table I). 

Effect on morphological differentiation. 
PGE,, R020-1724, papaverine (lo), and vi- 
tamin E (6) are known to cause morpho- 
logical differentiation of neuroblastoma cells 
in culture. The present study shows that ad- 
riamycin (0.001 -0.002 pg/ml), mutamycin 
(0.1-0.3 pg/ml, or bleomycin (0.004 U/ml) 
by themselves induced a marked increase in 
morphological differentiation associated 
with an increase in the size and soma of 
cells (Table 11). The cis-platinum increased 
the expression of morphological changes 
only slightly. Most of the drugs used in the 
study except vincristine and 5-FU in- 
creased the size of cells with or without 
morphological differentiation. The effect of 
combined treatment of vitamin E with 
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TABLE I. EFFECT OF VITAMINE E I N  COMBINATION WITH PHARMACOLOGICAL AGENTS ON NEUROBLASTOMA 
(P2) A N D  GLIOMA (C-6) CELLS I N  CULTURE" 

Cell number (% of untreated control) 

Glioma Neuroblastoma Treatments 

Vitamin E 
B leo myc in 
Bleomycin + vitamin E 

5-FU + vitamin E 
Adriam ycin 
Adriamycin + vitamin E 
CCNU 
CCNU + vitamin E 
DTIC 
DTIC + vitamin E 
Sodium butyrate (NaB) 
NaB + vitamin E 

RO20-1724 + vitamin E 
Prostaglandin El (PGE,) 
PGE, + vitamin E 
Papaverine (pdml) 
Papaverine + vitamine E 
Mutamycin 
Mutamycin + vitamin E 
Chlorozotocin 
Chlorozotocin + vitamin E 
cis- platinum 
cis-platinum + vitamin E 

5-FU 

R020- 1724 

50 2 8 (0.05 IU/ml) 
77 * 5 (0.004 U/ml) 
42 2 3' 
71 2 7 (0.1 pg/ml) 
32 * 3' 
36 2 4 (0.004 puglml) 
22 k 2c 
43 * 3 (20 pg/ml) 
1 1  2 2 "  
57 2 4 (20 pg/ml) 
35 2 5' 
78 * 4 (0.5 mM) 
45 t 6' 
73 2 6 (100 pg/ml) 
16 & 3d 
78 2 7 (5 &ml) 
46 & 5' 
63 2 5 (10 puglml) 
25 k 4' 
46 * 4 (0.01 pg/ml) 
23 k 3c 
84 2 7 (2 pg/ml) 
52 k 5' 
54 2 4 (0.2 pg/ml) 
29 ? 5c 

53 2 5 (0.02 IU/ml) 
54 2 4 (0.002 U/ml) 
29 2 3' 
63 ? 4 (0.03 pg/ml) 
15 2 3" 
42 * 3 (0.001 pg/ml) 
12 2 1 9  
55 * 6 (10 pg/ml) 
38 2 3' 
60 * 5 (4 pg/ml) 
31 + 4 c  
87 6 (0.25 mM) 
36 2 6" 
45 2 4 (100 pg/ml) 
10 2 1.8d 
40 2 5 (10 pg/ml) 
9 ? 1.3d 

41 2 4 (5 pg/ml) 
18 t 3c 
48 k 4 (0.01 pg/ml) 
24 2 4' 
82 k 4 (2 pg/ml) 
36 t 3d 
43 * 5 (0.2 pg/ml) 
18 5c 

Cells (5 X lo4, NB; lo5, glioma) were plated in Lux tissue culture dishes (60 mm), and drugs were added 
24 hr after plating. Fresh media and drugs were added 2 days after treatment. The number of viable cells were 
determined 3 days after treatment. The values in treated groups were expressed as percentage of untreated 
controls. The number of cells per dish in untreated control, NB and glioma cells were 81 x lo4 and 68 x lo4, 
respectively. Each value represents an average of at least six samples. 

Standard deviation. 
To test whether the drug had any effect at all in combination with vitamin E in enhancing the growth inhibition 

of cells, the mean percentage of untreated control cultures for the drug + vitamin E-treated cultures with that 
of vitamin E-treated cultures was compared by use of two independent sample r tests at P = 0.01. If no significant 
effect of the drug was found, no further analysis was done. If there was a significant effect of the drug in 
conjunction with vitamin E, then an additional test was performed to establish whether the combination of 
vitamin E and a drug produced an additive or a synergistic effect. 
' Additive effect. 
(I Synergistic effect. 

No effect. 

pharmacological agents on morphological 
differentiation was also studied. The size of 
cells increased in NB culture treated with 
vitamin E and a pharmacological agent 
more than observed in NB culture treated 
with the individual agent (data not shown). 
Vitamin E at a concentration of 0.02 IUlml 
did not significantly increase the expression 
of morphological differentiation in NB 
cells.  Bleomycin, CCNU,  and chloro- 
zotocin at concentrations used in this study 
did not increase the morphological differ- 

entiation of NB cells, but when they were 
used in combination with vitamin E, the 
number of morphologically differentiated 
NB cells was dramatically increased (Table 
11). Vitamin E also markedly enhanced the 
differentiating effects of adriamycin, PGE, , 
R020- 1724, papaverine, mutamycin, and 
cis-platinum (Table 11). 

Treatment of glioma cells with vitamin E 
and pharmacological agents did not induce 
or increase the expression of morphological 
changes (data not shown). 
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TABLE 11. EFFECT OF VITAMIN E I N  COMBINATION W I T H  PHARMACOLOGICAL 
AGENTS ON NEUROBLASTOMA CELLS I N  CULTURE" 

Treatments 

Morphological 
differentiation 

(5% of total cells) 

Trypan blue- 
stained cells 

(% of total cells) 

Control 
Vitamin E (0.02 pg/ml) 
Adriamycin (0.001 pg/ml) 
Adriamycin + vitamin E 
C C N U  (10 pg/ml) 
CCNU + vitamin E 
Prostaglandin E, (10 pg/ml) 
Prostaglandin + vitamin E 
Bleomycin (0.002 U/ml) 
Bleomycin + vitamin E 
Papaverine ( 5  pg/ml) 
Papaverine + vitamin E 
R020-1724 (100 pg/ml) 
R020-1724 + vitamin E 
cis-platinum (0.2 pg/ml) 
cis-platinum + vitamin E 
Mutamycin (0.01 pglml) 
mutamycin + vitamin E 
Chlorozotocin (2 pg/ml) 
Chlorozotocin + vitamin E 

3 ? 0.6" 
5 + 2  

35 2 4 
66 +- 6 
4 + 1  

42 ? 5 
55 * 3 
96 + 3 

4 2 1  
68 ? 6 
20 ? 4 
67 ? 3 
27 ? 4 
79 ? 3 
12 ? 2 
69 + 6 
1 1  + 2  
48 ? 4 

30 2 3 
2 2 0.3 

< I  
2 * 0.4 
3 k 1  
7 ? 2  

< I  
2 2 0.2 

< 1  
2 ? 0.3 

< 1  
2 ? 1  

< 1  
< 1  
< I  
<1 
< I  

3 ? 0.2 
< I  
< I  
<1 
<1 

'' Cells (5 x 10') were plated in Lux tissue culture dishes (60 mm), and drugs were added 24 hr after plating. 
Fresh growth medium and drug were added 2 days after treatment, and the number of morphologically dif- 
ferentiated and trypan blue-stained cells were determined 3 days after treatment. Each value represents an 
average of at least six samples. 

" Standard deviation. 

Discussion. The present study shows that 
vitamin E in combination with several  
pharmacological agents produces an addi- 
tive or  synergistic effect on growth inhibi- 
tion of NB and glioma cells in culture, de- 
pending upon the particular pharmacologi- 
cal agent and cell line. In addition, vitamin 
E enhances the differentiating effect of ad- 
riamycin, prostaglandin E l ,  R020-1724, 
papaverine, mutamycin, and cis-platinum. 
The combined treatment of vitamin E with 
bleomycin, CCNU, or  chlorozotocin in- 
duces a marked increase in morphological 
differentiation on NB cells; the individual 
agent by itself does not cause any signifi- 
cant increase in morphological differentia- 
tion. No such effect is observed on glioma 
cells in culture. It has been reported (6) that 
vitamin E alone induces morphological 
differentiation in neuroblastoma cells which 
is primarily irreversible. Such differentiated 
neuroblastoma cel ls  induced by o ther  
agents are not tumorigenic (10). Earlier 

of cell division is not a prerequisite for the 
expression of morphological differentia- 
tion, however, most of the differentiated 
functions in neuroblastoma cells are fully 
expressed after the inhibition of cell divi- 
sion. This concept is further supported by 
the present finding in which all agents in- 
hibit cell division, but only some of them 
cause morphological differentiation. 

Although both vitamin E and vitamin C 
are reducing agents, their effects on NB and 
glioma cells in part differ. For example, vi- 
tamin E increases the expression of mor- 
phological differentiation on  N B  cells, 
whereas, vitamin C does not (3). Vitamin E 
increases the differentiating effect of cer- 
tain pharmacological agents, whereas, vi- 
tamin C does not (3). Both vitamin E and 
vitamin C enhance the growth inhibitory 
effect of several pharmacological agents, 
but their effects quantitatively differ. For 
example, vitamin E in combination with 
vincristine produces a synergistic effect on 

studies (10) have shown that the inhibition NB cells, whereas, vitamin C under a simi- 
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lar condition does not (3), except at higher 
vincristine doses (4). Both vitamins E and C 
(3) in combination with 5-FU produce a 
synergistic effect on NB cells for the crite- 
rion of growth inhibition. Vitamin E in 
combination with DTIC produces an addi- 
tive effect on NB cells for the criterion of 
growth inhibition, whereas,  vitamin C 
completely prevents the cytotoxic effect of 
DTIC (3). Thus, the mechanisms of vitamin 
E effects are not entirely due to its reducing 
property. The exact mechanism of the ef- 
fects of vitamin E remains to be elucidated; 
however, we have observed (unpublished 
observation) that vitamin E is bound with 
protein receptors. A significant amount of 
vitamin E was bound with the chromatin 
fraction of glioma and NB cells, suggesting 
the possibility that vitamin E may regulate 
the gene expression in mammalian cells. 

If the present results can be applicable to 
in vivo, the combination of vitamin E with 
some of the currently used therapeutic 
agents may help to improve the present 
management of metastatic NB and other 
neoplasms. Such an adjuvant could reduce 
the dose requirements of cytotoxic drugs 
without reducing the cell killing or differ- 
entiating effects. The present study also 
points out the possibility that vitamin E 
may modulate the effect of various phar- 
macological agents, but the extent of mod- 
ification may depend upon the cell type and 
upon the particular pharmacological agent. 

Summary. The effects of vitamin E in 
combination with several pharmacological 
agents on neuroblastoma (NBP,) and 
glioma (C-6) cells in culture for the criteria 
of growth inhibition (due to cell death and 
reduction of cell division) and morphologi- 
cal changes were studied. Vitamin E in 
combinat ion with 5 - F U ,  adr iamycin ,  
R020- 1724, vincristine, sodium butyrate, 
chlorozotocin, or PGE, produced a syner- 
gistic effect on growth inhibition of NB 
cells, whereas, vitamin E in combination 
with bleomycin, CCNU, DTIC, mutamy- 
cin, or cis-platinum produced an additive 
effect for the same criterion. In glioma cell 
culture, vitamin E in combination with vin- 
cristine, R020-1724, and CCNU produced a 
synergistic effect on growth inhibition; 
whereas, vitamin E in combination with 

bleomycin,  5 -FU,  adriamycin,  DTIC,  
papaverine, mutamycin, and cis-platinum 
produced an additive effect for the same 
criterion. Vitamin E failed to enhance the 
effect of sodium butyrate, PGE,, chloro- 
zo toc in  o n  gl ioma cel ls .  Bleomycin ,  
CCNU, chlorozotocin, or vitamin E at  con- 
centrations used in this study did not in- 
crease the morphological differentiation of 
NB cells, however, vitamin E in combina- 
tion with one of these agents markedly 
enhanced the number of morphologically 
differentiated N B  cells. Adriamycin,  
PGE,, R020-1724, papaverine, mutamycin, 
and cis-platinum increased the expression 
of morphological differentiation of N B  
cells, but vitamin E enhanced the effect of 
these agents for this criterion. The treat- 
ment of glioma cells with vitamin E and 
pharmacological agents did not cause any 
significant change in morphological differ- 
entiation. These data also suggest that vita- 
min E may modulate the effects of phar- 
macological agents. 

1 .  “The Vitamins” (W. H.  Sebrell and R. S. Harris, 
eds.), 2nd ed. Vol5, p. 293. Academic Press, New 
York (1972). 

2. Cameron, E. ,  and Pauling, L., Proc. Nat. Acad. 
Sci. USA 73, 3685 (1976). 

3. Prasad, K. N., Sinha, P. K., Ramanujam, M., and 
Sakamoto, A., Proc. Nat. Acad. Sci. USA 76,829 
(1979). 

4. Prasad, K. N., and Sinha, P. K., in “Cell Differ- 
entiation and Neoplasia” (G. F. Saunders, ed.), p. 
1 1 1 .  Raven Press, New York (1978). 

5 .  Moore, C., Chu, M., and Tibbetts, L.,  The Phar- 
macol. 21, 233a (1979). 

6. Prasad, K.  N. ,  Ramanujam, S. ,  and Gaudreau, 
D.,  Proc. SOC. Exp. Biol. Med. 161, 570 (1979). 

7. Prasad, K. N . ,  Mandal, B . ,  Waymire, J .  C.,  Lees, 
G. J . ,  Vernadakis, A.,  and Weiner, N . ,  Nature 
New Biol. 241, 117 (1973). 

8. Benda, P., Lightbody, J . ,  Sato, G., Levine, L., 
and Sweet, W.,  Science 161, 370 (1968). 

9. Devellis, J . ,  Inglish, D., and Galey, F.,  in “Cellu- 
lar Aspects of Growth and Differentiation in Ner- 
vous Tissue” (D. Pease, ed.), p. 23. Univ. Calif. 
Press, Los Angeles (1970). 

10. Prasad, K. N.,  Biol. Rev. 50, 129 (1975). 

Received September 5 ,  1979. P . S . E . B . M .  1980, 
Vol. 164. 


