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Summary. The single and combined effects of (a) dietary 
restriction of phenylalanine and tyrosine, (b) levodopa 
methylester chemotherapy, and (c) megadose sodium as- 
corbate supplementation on experimental metastasis was 
determined in B16-BL6 melanoma. Dietary restriction 
and levodopa methylester therapy inhibited tumor out- 
growth, whereas ascorbate alone was inactive. In combina- 
tion, however, the effect of dietary restriction and levodo- 
pa methylester chemotherapy was augmented by sodium 
ascorbate. Tumor cells surviving this combination therapy 
(treated population) were isolated from the lungs of treat- 
ed mice, and proved to be tumorigenic when inoculated 
SC into the back of naive mice. The resulting tumors grew 
more slowly than those produced by inoculation of sim- 
ilarly isolated control cells (control population), irrespec- 
tive of whether the diet was adequate or deficient in phe- 
nylalanine and tyrosine. Failure of the treated tumor cell 
population to exhibit reduced sensitivity to the combina- 
tion chemotherapy or, unlike the control population, to 
exhibit variation in pigmentation levels, suggests that the 
restriction of phenylalanine and tyrosine during drug ther- 
apy alters the tumor response to reduce heterogeneity and 
perhaps interferes with the emergence of drug resistance. 

Introduction 

Disseminated malignant melanoma presents a major ther- 
apeutic problem, because metastasis frequently occurs ear- 
ly in the course of the disease and is characteristically re- 
sistant to conventional therapies. New approaches to the 
treatment of this disease are needed. Levodopa methyl- 
ester chemotherapy combined with dietary restriction of 
phenylalanine and tyrosine and megadose supplementa- 
tion with sodium ascorbate more than doubles the survival 
time of mice bearing primary subcutaneous B 16 melanoma 
tumors [21] and may, therefore, be useful in the treatment 
of human patients with melanoma. Although treatment of 
primary tumors has been used for many years in preclini- 
cal screens for potential antitumor agents, it has become 
increasingly apparent that primary and metastatic tumors 
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can respond differently to drug therapy [9, 25, 28, 32, 33] 
and that the response of metastatic cells to chemotherapy 
is dependent on the local environment as well as on var- 
ious other host factors [5, 26]. Differences in drug suscep- 
tibility are related to the heterogenous nature of malignant 
neoplasms, and in murine melanoma drug resistance is re- 
ported to occur more frequently in the metastatic B16 cell 
lines than in their parent tumors [2, 17, 33]. Therefore, as- 
says using tumor cell subpopulations with defined metas- 
tatic capabilities have a higher predictive value in identify- 
ing the activity of potential agents for treatment of dissem- 
inated disease [6]. We report here the effects of (a) dietary 
restriction of phenylalanine and tyrosine; (b) levodopa 
methylester chemotherapy; and (c) ascorbate supplemen- 
tation, on the establishment and growth of experimental 
metastasis of the bladder-6 (BL6) cell line of B16 melano- 
ma, a tumor line originally selected for increased invasive 
and metastatic capabilities [23]. 

Materials and methods 

Tumor cell line. The highly invasive and metastatic 
B 16-BL6 (bladder-6) melanoma variant isolated by Dr Ian 
Hart [23] was used in all experiments. This cell line was ob- 
tained from the Mason Research Institute, Mass, and 
grown in T-75 flasks in RPMI 1640 medium (Gibco) sup- 
plemented with 10% heat-inactivated fetal bovine serum 
(Sterile Systems, Inc.), 100 IU/ml  penicillin and 100 pg/  
ml streptomycin (complete medium). For subculture, cell 
monolayers are incubated at room temperature in Ca 2+- 
and Mg2+-free Tyrode's balanced saline for 10 min, then 
exposed to 0.05% trypsin, 0.02% EDTA for 2 min followed 
by addition of complete medium to inhibit further enzyme 
action. The cells are subcultured weekly at a split ratio of 
1:4 and incubated at 37 °C in a humidified atmosphere of 
7% CO2 in air. 

Animals and diets. Female, B6D2F1 mice 23 weeks of age 
and ranging in weight from 22 to 25 g were used in these 
studies. All mice were purchased from The Jackson Labo- 
ratories, Bar Harbor, Me, and were housed in the Wegner 
Hall Vivarium at Washington State University, which is 
accredited by the American Association for Accreditation 
of Laboratory Animal Care. Mice on experiment were 
housed three per cage in polycarbonate cages containing 
hardwood shavings and fed one of two synthetic crystal- 
line amino acid diets. The composition of these diets has 
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been previously reported [19]. Both diets are equivalent to 
an 11.8% casein diet, and provide approximately 4.0 kcal/g. 
The basal diet contains 0.6% L-phenylalanine and 0.3% L- 
tyrosine, and the deficient diet, which is isonitrogenous to 
the basal diet, contains 0.08% L-phenylalanine and 0.04% 
L-tyrosine. Both diets were purchased from BioServ, Inc., 
Frenchtown, NJ and were assayed for tyrosine content 
within a range of analytical variability and content of 
10%-15%. 

Experimental metastasis (lung colony assay) and antitumor 
therapy. Mice were preconditioned on either the basal or 
deficient diets for 2 weeks prior to inoculation of B16-BL6 
melanoma cells, to allow for equilibration of body weight 
and stabilization of diet and fluid intake, thus eliminating 
these experimental variables. Initially mice fed the deficient 
diet lose weight, but they become weight-stable between the 
10th and 14th day after initiation of the diet [19]. During the 
conditioning period and throughout the experimental peri- 
od mice were given either distilled-deionized water or a so- 
lution of 30 mg/ml  sodium ascorbate dissolved in distilled- 
deionized water. The fluids and diets were offered ad libi- 
rum, and fresh ascorcabte solution was provided daily. 
Body weight changes and fluid and diet intake were similar 
to those reported in previous studies [19, 21]. At the end of 
the 2-week conditioning period each mouse was inoculated 
via the lateral tail vein with 1.25 x l 0  4 B16-BL6 melanoma 
cells or selected B16-BL6 cell populations (see below) in a 
total volume of 0.2 ml. Cells for inoculation were prepared 
from subconfluent cultures and harvested using EGTA to 
obtain single cell suspensions. Cell monolayers were 
washed twice with Ca 2+- and Mg2+-free Tyrode's balanced 
salt solution (CMF) and then incubated at room tempera- 
ture with a small volume of 10 -4  M EGTA in Ca 2+- and 
Mg2+-free Puck's saline G. Incubation was continued until 
the cell sheet loosened (several minutes), and then the flasks 
were tapped sharply to dislodge the monolayer. Cells were 
pelleted, washed three times with CMF, resuspended, and 
counted. Suspensions for inoculation were greater than 95% 
viable as judged by trypan exclusion. 

Drug treatment groups were given levodopa methyl- 
ester (LDME) in the presence of an aromatic amino acid 
decarboxylase inhibitor, benserazide (to prevent dopamine 
toxicity). These groups received daily injections of benser- 
azide (100mg/kg) 90rain before injection of LDME 
(1000 mg/kg) 1P for 12 days, beginning 24 h after tumor 
inoculation. Benserazide by itself lacks anti-B16 melano- 
ma activity (Meadows, unpublished data). Levodopa 
methylester was purchased from Sigma Chemical Co., St. 
Louis, Mo, and Benserazide was a gift from Hoffman-La 
Roche, Inc., Nutley, NJ. Both drugs were prepared in ster- 
ile saline and injected IP in a volume equal to 1% of mouse 
body weight. All other groups were given equivalent injec- 
tions of sterile saline. Mice were killed 19-21 days after 
tumor inoculation and examined for pulmonary and extra- 
pulmonary metastases. Their lungs were removed, washed 
in saline, and then fixed in Bouin's solution. The numbers 
and size of  pulmonary colonies were counted twice and 
the results were averaged. When tumor growth was exces- 
sive and the pulmonary tumor colonies could not be 
counted accurately, the weight of the tumor-bearing lungs 
was used to assess tumor burden. 

Isolation of pulmonary tumor populations. Two B 16-B L6 tu- 
mor cell populations were isolated from whole lungs of 

mice previously inoculated IV via the lateral tail vein with 
1.25 x 10 4 BL6 cells using a method similar to that described 
by Suzuki [29]. The first (treated population) was isolated 
from lungs of five mice fed the deficient diet, given sodium 
ascorbate in the drinking water, and treated with LDME 
for 12 days as described in the "Experimental Metastasis 
(Lung Colony Assay) and Antitumor Therapy" section un- 
der Methods. A second B16-BL6 tumor cell population 
(control population) was isolated from whole lungs of four 
untreated mice fed the basal diet. On day 13 after inocula- 
tion of tumor, the mice were killed and the lungs aseptically 
transferred into sterile petri dishes containing 20 ml com- 
plete medium and washed twice with complete medium. 
The lungs were minced and then serially digested with ster- 
ile collagenase isolated from Clostridium histolyticum (type 
IV, Sigma Chemical Co., St. Louis, Mo). A 0.5% solution of 
collagenase dissolved in phosphate buffered saline (20 ml) 
was added to the minced tissue and incubated at 37 °C for 
30 min with periodic agitation. The collagenase solution 
was removed and centrifuged at 200 g for 5 rain at 4 °C, 
and the pellet washed twice with 10 ml complete medium. 
After the third resuspension of the pellet in complete medi- 
um the contents were transferred to a 100-mm tissue culture 
dish. The collagenase digestion was repeated four times and 
each digest was plated separately. Five additional digests 
were then completed, using 0.05% trypsin with agitation, 
until the lungs were fully decomposed. The resultant cells 
were centrifuged, washed twice in complete medium, resu- 
spended in complete medium, and transferred to a 
100x 20 mm tissue culture dish. These were incubated at 
37 °C in a humidified atmosphere of 7% CO 2 in air. The cul- 
tures were fed every 5 days starting on day 2. On day 16, re- 
presentative dishes from each digest were fixed in methanol 
and stained with hematoxylin, after which the tumor colon- 
ies were enumerated. By the next passage the tumor ceils 
had overgrown the normal lung cells, so that essentially on- 
ly B16 cells were evident in the confluent culture. At this 
point, combined aliquots of each tumor cell population 
were frozen in liquid nitrogen for use later. 

Subcutaneous growth of B16-BL6 lung tumor cell popula- 
tions. Mice were preconditioned for 2 weeks on one of two 
dietary regimens: (a) the basal diet with distilled-deionized 
water or (b) the deficient diet with sodium ascorbate 
(30 mg/ml) in the drinking water. At the end of the condi- 
tioning period, 105 cells of the control and treated BL6 tu- 
mor lung populations in a volume of 0.2 ml were inoculat- 
ed into the left back. The tumor latent period and the tu- 
mor growth rate were determined. Tumor volume was cal- 
culated from the mean of three individual caliper measure- 
ments of tumor diameter using the formula for a hemiel- 
lipsoid Ot/6 x mean diameter3). 

Statistics. Statistical analyses were performed using SAS 
computer programs. Chi-square analysis was used to assess 
the degree of significance in tumor colony size distribution 
between two groups using actual colony numbers. The per- 
centages of colonies distributed into small, medium and 
large groups are presented in Tables 1 and 2. The Kruskal- 
Wallis test after NParlWay ANOVA was used to confirm 
that the numbers of pulmonary colonies were different. The 
Wilcoxon rank-sum test was used to compare differences 
between two groups (Tables 1 and 2). All pair-wise compar- 
isons of lung weight and subcutaneous tumor volume with- 



in and among the exper imental  groups involving the con- 
trol and treated BL6 cell popula t ions  were accomplished 
using Duncan ' s  mult iple range test (Table 3 and Fig. 4). The 
difference in the average latent per iod  was determined us- 
ing students t-test. Differences revealed by analyses using 
these tests were considered significant at P <  0.05. 

Results 

Effect of dietary restriction of phenylalanine and tyrosine, 
LDME chemotherapy, and ascorbate supplementation on 
experimental metastasis 

The results of  dietary restriction of  phenyla lan ine  and ty- 
rosine, L D M E  chemotherapy  and ascorbate supplementa-  
t ion on lung colonizat ion and tumor  lung colony growth of  
B16-BL6 me lanoma  are presented in Figs. 1 and 2 and 
Tables 1 and 2. A p ronounced  effect on tumor  colony out- 
growth was observed in mice fed the deficient diet, t reated 

Fig. 1 A-D.  Representative lungs from mice 21 days after inocula- 
tion of 1.25 x 10 4 cells of BI6-BL6 melanoma: A from untreated 
mouse fed the basal diet; B from untreated mouse fed the deficient 
diet; C from mouse fed the basal diet, given supplemental ascor- 
bate, and treated for 12 days with LDME; D from mouse fed the 
deficient diet and given supplemental ascorbate and treated 12 
days with LDME 
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with LDME,  and given ascorbate supplementat ion,  where 
over 60% of  the tumor  lung colonies were small,  as against  
only 9%-  12% small colonies in untreated mice fed the basal  
diet (Tables 1 and 2). Combina t ion  therapy with L D M E  
and ascorbate supplementa t ion  also reduced the tumor  co- 
lony size in mice fed the basal  diet, but  the effect was not as 
p ronounced  as that observed in mice fed the deficient diet. 

In experiment  2 (Table 2), the individual  effects of 
L D M E  chemotherapy and ascorbate  supplementa t ion  on 
tumor  lung colony size were studied. For  both dietary 
groups,  the addi t ion  of  ascorbate supplementa t ion  to 
L D M E  chemotherapy led to some increased inhibi t ion of  
tumor  lung colony growth. On the other hand,  ascorbate  
supplementa t ion  alone had no significant effect on tumor  
lung colony growth in mice fed either the amino acid-defi-  
cient diet or the basal  diet. Thus, the beneficial  effects of  
ascorbate supplementa t ion  are only evident  in combina-  
t ion with L D M E  chemotherapy.  

Neither L D M E  treatment  nor  ascorbate supplementa-  
t ion significantly affected the numbers of  lung colonies 
p roduced  after IV inocula t ion of  B16-BL6 melanoma 
(Tables 1 and 2). The net effect of  dietary phenyla lan ine  
and tyrosine deficiency was to increase the number  of  re- 
sultant lung colonies, but  there was wide var ia t ion in the 
numbers.  This effect was most evident in exper iment  2 
(Table 2). F rom the da ta  on groups A, E, and I in Table 2 it 
appears  that this increase may be related to modula t ion  of  
host mice during the dietary precondi t ioning  period,  be- 
cause ini t iat ion of  the deficiency 3 days after inocula t ion 
did not increase the number  of  tumor  colonies formed 
(group I). The effect on colony size in group I closely re- 
sembled that  of  mice treated with L D M E  and fed the defi- 
cient diet throughout  the exper imental  per iod  (group F, 
Table 2). Impor tant ly ,  these data  indicate that the deficient 
diet can exert its influence on tumor  growth 3 days after tu- 
mor  inoculat ion,  presumably  when tumor  extravasat ion 
and implanta t ion  have al ready occurred. 

The major i ty  of  tumor  lung colonies in mice receiving 
L D M E  chemotherapy and ascorbate supplementa t ion  and 
also fed the amino acid-deficient  diet presented grossly as 
small,  fiat, i rregularly shaped patches of  p igmenta t ion  on 
the surface of  the lung. In contrast,  the prevalent  tumor  
lung colonies in similarly treated mice fed the basal  diet 
were large or medium in size, raised, regularly shaped,  and 

Table 1. Effect of diet and combination chemotherapy on the size and number of pulmonary colonies in a lung colony assay (exp l) 

Diet-treatment N Colony size (%)a No. of 
lung colonies b 

Small Medium Large 

Basal 
Untreated 12 12.30 56.15 31.55 58.9 ± 36.4 
LDME + ascorbate 10 37.04 50.00 12.96 c 36.4 ± 34.5 

Deficient 
Untreated 12 19.70 60.10 20.20 a 91.9 ± 55.8 
LDME + ascorbate 9 64.68 33.46 1.86 °,~ 109.2 ± 33.1 f 

a Small < 1.3 mm; medium, > 1.3 <6.5 mm; large, ~6.5 mm in diameter 
b Mean + SD 
c Colony size distribution is different from that in untreated mice within same dietary group 
d Colony size distribution is different from that in treated and untreated mice fed basal diet, and treated mice fed deficient diet 
e Colony size distribution is different from that in all other groups 
f Different from that in untreated and treated mice fed the basal diet 
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Table 2. Effect of diet, ascorbate, and LDME singly and in combinat ion on the size and number  of pulmonary tumors in a lung colony 
assay (exp 2) 

Group Diet-treatment N Colony size (%)a No. of 
lung colonies b 

Small Medium Large 

Basal c 
A Untreated 12 8.94 25.20 65.85 44.3 + 23.6 
B LDME f 11 17.90 38.27 43.83 49.2 + 22.7 
C Ascorbateg 10 11.50 34.50 54.00 61.3 + 61.9 
D L D M E + a s c o r b a t e  h 10 27.80 38.27 33.94 54.5 + 25.7 

Deficient d 
E Untreated 12 27.83 48.28 23.89 112.8 + 92.1 
F LDME ~ 13 51.38 43.32 5.30 135.2 + 103.0 
G Ascorbate J 9 22.08 53.25 24.68 137.4 + 54.6 
H L D M E + a s c o r b a t e  k 9 61.89 33.55 4.56 108.0 + 39.3 

I Basal-Deficient e 
L D M E + a s c o r b a t e  11 50.94 37.74 11.32 48.4 + 28.3 

a Small < 1.3 ram; medium, > 1.3 <6.5 mm;  large, _>6.5 mm in diameter 
b Mean + SD 
° Colony size distribution in all groups within diet ( A -  D) are different from that in groups E -  I. Within diet the numbers of pulmonary 

colonies are not significantly different, nor are they different from group I. The numbers are different from groups E - H  except that 
group C and D are not significantly different from groups E and H, and group D is not different from group E 

d Colony size distribution of all t reatment  groups within diet ( E -  H) are different from groups A -  D, and group I. Within the diet the 
numbers of pulmonary colonies are not significantly different from each other 

e Mice were given the basal diet and ascorbate during the pretumor condit ioning period and during the first 3 days of treatment with 
LDME. On the 4 th day of treatment,  mice were switched to the deficient diet for the remainder of the experiment. Colony size distri- 
bution in this group is different from that in all other groups. The number  of pulmonary colonies were not significantly different from 
groups A -  D, but were different from groups E -  H 

f Colony size distribution within diet is different from that in group A and group D, but not group C 
g Colony size distribution within diet is different from that in group D, but not group A or B 
h Colony size distribution within diet is different from that in groups A, B, and C 

Colony size distribution within diet is different from that in groups E, G, and H 
J Colony size distribution within diet is different from that in group G and H, but not group E 
k Colony size distribution within diet is different from that in groups E, F, and H 

wel l  d e m a r c a t e d  f r o m  t he  s u r r o u n d i n g  l u n g  t i s sue  a n d  o t h e r  
t u m o r  co lon i e s  (Fig. 2). C o n c e i v a b l y ,  the  p i g m e n t e d  a reas  
o b s e r v e d  o n  t he  su r f ace  o f  l u n g s  f r o m  t r e a t e d  mice  fed  the  
d e f i c i e n t  d ie t  c o u l d  m e r e l y  h a v e  r e p r e s e n t e d  m e l a n i n  wi th-  
in  l u n g  m a c r o p h a g e s ;  h o w e v e r ,  h i s t o p a t h o l o g i c a l  e x a m i n a -  
t i o n  o f  the  l ungs  i n d i c a t e d  t h a t  v i a b l e  t u m o r  cells were  pres-  
en t  in  these  areas .  

In vitro and S C  growth characteristics o f  isolated treated and 
control tumor cell populations 

To e x a m i n e  the  v iab i l i ty  a n d  t u m o r i g e n i c i t y  o f  these  smal l ,  
f la t  co lon i e s  fu r the r ,  we r e p e a t e d  the  t h e r a p e u t i c  p r o t o c o l ,  
b u t  k i l led  the  mice  a f t e r  the  12-day d r u g  t r e a t m e n t  p e r i o d  
a n d  i m m e d i a t e l y  i so l a t ed  the  t u m o r  cells f r o m  the  lungs .  Fi- 

Fig. 2A, B. Enlargement of right pulmonary lobes, showing the influence of diet on size of tumor colonies in mice given supplemental 
ascorbate and treated for 12 days with LDME. A basal diet; B deficient diet. (Lobes x 3; Insert )< 6) 
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Fig. 3. Hematoxylin stain of methanol-fixed culture plate, indicat- 
ing BI6-BL6 tumor colonies isolated from the lungs of mice fed the 
deficient diet, given ascorbate, and treated with LDME for 12 days. 
The arrow indicates a darker stained dense tumor colony ( x 5.5) 
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D a y s  Post  Tumor Inoculation 
Fig. 4. Growth curve of control and treated cell populations of 
BI6-BL6 inoculated SC into the left flank and fed either basal diet 
or deficient diet and ascorbate. • • ,  control cell popula- 
tion, basal diet; • • ,  treated cell population, basal diet; 
© ©, control cell population, deficient diet and ascorbate; 
[] El, treated cell population, deficient diet and ascorbate. 
Each group is significantly different from all others (P< 0.05) 

gure 3 shows the in vitro growth of tumor colonies resulting 
from disaggregation of lungs from treated mice fed the defi- 
cient diet. About 56% fewer tumor colonies developed in 
vitro from this group than from in vitro culture of disaggre- 
gated lungs from untreated mice fed the basal diet, confirm- 
ing that the combined drug and diet therapy had signifi- 
cantly reduced tumor burden. 

The two cell lines obtained after proteolytic enzymatic 
disaggregation were designated treated cell population (iso- 
lated from the lungs of mice fed the deficient diet and treat- 
ed with LDME and ascorbate) and control cell population 
(isolated from untreated mice fed the basal diet). Both cell 
lines, when inoculated SC, proved to be tumorigenic, and 
both retained their sensitivity to growth inhibition by phen- 
ylalanine and tyrosine restriction in combination with as- 
corbate supplementation, as reported previously [21]. All 
mice inoculated with either of the cell populations devel- 
oped tumors. The latent periods of control and treated pop- 
ulations within each dietary group were the same, but ami- 
no acid deficiency did slightly increase latency by 4 days. 
The average latent period for all mice fed the basal diet was 
10.3 + 1.5 (SD) days, and that in mice fed the deficient diet 
and given ascorbate supplementation was 15.8 +3.1 days 
(P< 0.05). 

Tumors resulting from inoculation of the treated cell 
population grew at a slower rate than those resulting from 
inoculation of the control cells, whether mice were fed the 
basal diet alone or the amino acid-deficient diet supple- 
mented with ascorbate (Fig. 4). Neither cell line metasta- 
sized from this implantation site as was characteristic of our 
previous study with the B16 melanoma parent tumor [21]. 
This could be related to the anatomical placement of the tu- 
mor, and regional differences in placement of SC tumors 
are known to affect metastasis of primary tumors [20]. Alt- 
ernatively, the mice may have died of primary tumor in- 
volvement before evidence of gross pulmonary metastasis 
could be detected. In our hands B16-BL6 will metastasize 
from this SC implantation site when mice are inoculated 
with a lower number of cells (1 x 104 cells per mouse). 

Tumors from mice inoculated with the control cell pop- 
ulation were heterogeneously pigmented, consisting of 
white, gray, and black areas, but tumors from mice inocu- 
lated with the treated cell population were homogeneously 
black, like tumors resulting from inoculation of unselected 
B16-BL6 melanoma cells. These pigmentation patterns 
were consistently observed in all tumors, irrespective of the 
diets fed. 

Experimental metastasis of  isolated treated and control tu- 
mor cell populations 

All mice developed tumor lung colonies, and tumor growth 
was excessive in those fed the basal diet. The numbers of tu- 
mor lung colonies could not be counted; therefore the 
weights of tumor-bearing lungs are presented (Table 3). 
Combined LDME and ascorbate therapy decreased tumor 
burden in mice inoculated with the treated, but not with the 
control, cell population. Dietary deficiency of phenylala- 
nine and tyrosine reduced tumor burden similarly in mice 
inoculated IV with either control or treated cells and had a 
greater effect than the combined therapy in mice inoculated 
with the treated cell line. The deficient diet enhanced the ef- 
fect of LDME and ascorbate therapy, reducing the tumor 
burden by about 76% compared with that in untreated mice 
fed the basal diet irrespective of the cell population that was 
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Table 3. Response of control and treated BI6-BL6 cell populations to treatment with LDME, ascorbate, and dietary deficiency of tyrosine 
and phenylalanine 

Diet Chemotherapy 
regimen 

Tumor-bearing lung weight (g)a 

N Control cell N Treated cell 
population population 

Basal Untreated 14 0.86 + 0.31 13 0.77 ___ 0.28 

Basal LDME + ascorbate 11 0.96 ___ 0.22 11 0.57 _+ 0.17 b, c 

Deficient Untreated 11 0.37 __. 0.12 b 10 0.42 -t- 0.10 b 

Deficient LDME+ascorbate 9 0.19 _+ 0.04 d 9 0.19 + 0.03 d 

Deficient-basal e LDME + ascorbate 7 0.29 4- 0.04 b 10 0.31 + 0.07 b 

Mean _ SD. Lung weight for tumor-free mice fed the basal diet was 0.23 + 0.04 (N = 12) and that for mice fed the deficient diet was 
0.21 + 0.03 ( N =  12) 

b Different from untreated mice fed basal diet 
c Different from control cell population group fed basal diet and given LDME + ascorbate 
d Different from untreated mice fed basal or deficient diet 

Mice were fed the deficient diet before tumor inoculation and during treatment, but switched to the basal diet after the chemotherapy 
was stopped 

inoculated,  thus breaking the resistance of  the control  pop-  
ulat ion to this therapy.  Both cell lines began growing when 
the diet was switched from deficient  to basal  after L D M E  
treatment  was s topped,  but  growth remained  inhibi ted if 
the amino acid deficient  diet was cont inued (Table 3 and 
Fig. 5). Similar  results were also obta ined in mice inoculat-  
ed with nonselected B16-BL6 cells (data  not  shown). These 
data,  obta ined  with the exper imental  metastasis protocol ,  
indicate  that the phenyla lan ine  and tyrosine dietary defi- 
ciency and L D M E  therapy effects are pr imar i ly  related to 
b lockade  of  tumor  outgrowth in the lung. 

Discussion 

A major  f inding in this repor t  is that  dietary restriction of  
phenyla lan ine  and tyrosine exerts its ant i tumor  activity in a 

Fig. 5A, B. Dietary inhibition of B16-BL6 outgrowth. A Lungs 
from mice inoculated with treated cell population, fed the deficient 
diet and ascorbate, treated for 12 days with LDME, and switched 
to the basal diet for 9 days after chemotherapy was stopped; B 
lungs from mice treated identically except that mice continued on 
the deficient diet for 9 days after chemotherapy was stopped 

lung colony assay by inhibit ing outgrowth of  the me lanoma  
cells. In addi t ion,  it enhances the cytostatic activity of  levo- 
dopa  methylester  chemotherapy against  this neoplasm,  an 
effect which is further enhanced by oral supplementa t ion  
with sodium ascorbate.  Nei ther  the L D M E  nor the ascor- 
bate supplementa t ion  influences lung colonizat ion,  but  
pre-exist ing dietary deficiency increases the number  of  pul- 
monary  colonies. Since the propert ies  of  the BL6 tumor  cell 
line are consistent,  the increase p robab ly  results from mod-  
ulat ion of  the host by phenyla lan ine  and tyrosine deficien- 
cy to allow for greater tumor  cell survival in the early stages 
after IV inoculat ion [7]. Our  observat ion that no increase in 
number  occurred when the deficient  diet was started 3 days 
after tumor  inoculat ion is consistent  with this explanat ion.  
The increase in the number  of  tumor  lung colonies in mice 
p recondi t ioned  with the deficient  diet could be related to 
lowered natural  kil ler cell activity than in mice fed the basal  
diet [I]. Lower natural  kil ler  cell activity is known to in- 
crease and high levels are known to decrease the number  of  
pu lmonary  tumor  colonies developing after IV tumor  inoc- 
ulat ion [11-15,  30]. Factors  such as changes in the interac- 
t ion between the tumor  cells and  host lymphocytes  [8] or 
platelets  [10], in the size of  the lumen or b lood  flow in ves- 
sels, or in other host immune responses [7], however,  can al- 
so affect the number  of  tumor  cells capable  of  colonizing 

t h e  lung, and  cannot  be disregarded.  
The relative effects of  the diet and drug or vi tamin 

treatments on tumor  outgrowth and colony size general ly 
paral le l  the effects previously observed on tumor  volume 
in mice bear ing SC B16 me lanoma  tumors  [21]. In both 
cases dietary restriction of  phenyla lan ine  and tyrosine ex- 
hibi ted a p ronounced  effect on tumor  growth rate, with le- 
vodopa  methylester  exhibit ing a lesser effect. Ascorbate  
supplementa t ion  alone showed little or no activity on ei- 
ther SC tumor  growth of  B16 or on pu lmonary  colony out- 
growth of  B16-BL6 melanoma.  This lack of  direct  antime- 
tastat ic activity is in accord with avai lable  studies indicat-  
ing no activity on exper imental  pu lmonary  metastases of  
BI6 me lanoma  [35] and lack of  effect on the numbers  and 
size of  metastases formed after SC implanta t ion  of  CA-51 
colon carc inoma and 6C3HED lymphosa rcoma  [27]. Al- 
though ascorbate lacks direct ant i tumor  activity, it does 
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somewhat  augment  the growth- inhibi tory effects of  
phenyla lan ine  and tyrosine deficiency in combina t ion  
with l evodopa  methylester  treatment.  We observed this in 
the present  study of  exper imental  metastasis and  previous- 
ly in pr imary  SC B16 melanoma,  where ascorbate supple- 
menta t ion  significantly p ro longed  survival relative to mice 
that  did  not  receive supplementa t ion  [21]. 

The mechanism under ly ing the effects of  dietary restric- 
t ion of phenyla lanine  and tyrosine on tumor  outgrowth is 
unknown,  but it is general ly assumed that restriction starves 
the tumor,  thereby decreasing growth. It is unlikely that am- 
ino acid starvation complete ly  explains the effect of  pheny- 
la lanine and tyrosine restriction on tumor  outgrowth,  be- 
cause only a l imited reduct ion in the p lasma levels of  these 
amino acids (33% and 21%, respectively) is necessary to 
achieve a full ant i tumor  response [19]. Fur thermore ,  moder-  
ate dietary restrictions that  similarly alter p lasma phenylal-  
anine and tyrosine levels but  do not result in weight loss of  
the host increase survival of  B16-bearing mice [18]. Perhaps 
other host immune  responses known to be altered by phen- 
yla lanine a n d / o r  tyrosine restriction play a role in blocking 
tumor  outgrowth [3, 4, 16]. 

Tumor  cells isolated from the lungs of  mice fed the defi- 
cient diet after l evodopa  methylester  and ascorbate  therapy 
exhibi ted an al terat ion in growth rate when subsequently 
implanted  SC, and the resulting tumors  were heavily pig- 
mented  compared  with the mixed pigmentat ion of  tumors  
der ived from the control  cell populat ion.  This was a sur- 
prising finding, because l evodopa  inhibits p igmented mela- 
noma  cells but  not  ap igmented  melanoma cells [34]. There- 
fore, we had expected an apigmented cell popula t ion  to be- 
come the dominan t  resistant cell popula t ion  and not  a high- 
ly pigmented one. 

Because heterogeneity for p igmenta t ion  did not  occur 
and because resistance to neither  the nutr i t ional  nor  the 
drug therapy developed,  it seems possible  that  phenylala-  
nine and tyrosine deficiency may modi fy  the expression of  
intralesional  heterogeneity of  B16-BL6 me lanoma  [22, 24, 
31]. Any strategy capable  of  reducing or delaying the emer- 
gence of  tumor  heterogeneity,  which is accompan ied  by 
emergence of  drug resistance, would lead to an improved  
therapeut ic  effectiveness and increased long-term remis- 
sion rates of  pat ients  with cancer. We would emphasize that 
the experiments  descr ibed here cannot  proper ly  evaluate 
the heterogeneity question, since the numbers of  tumor  cell 
generat ions are not  quanti tated.  We are currently studying 
the possible modula t ion  of  tumor  heterogeneity by dietary 
phenyla lan ine  and tyrosine restriction. Other impor tant  
f indings from this and  other studies are that  dietary restric- 
t ion not  only inhibits growth of  pr imary  SC B 16 melanoma 
tumors  but  also the outgrowth of  metastat ic  B 16-BL6 mela- 
noma  tumors  in the lung, and  that  restriction enhances the 
an t imelanoma activity of  combined  supplemental  ascor- 
bate  and L D M E  chemotherapy against  these tumors.  
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