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ABSTRACT

Treatment of mice bearing P388 lymphocytic leukemia with
combined hydroxocobalamin (0.1 mmol/kg) and sodium ascor-

bate (1.0 mmol/kg) for 10 consecutive days resulted in 70%
increase in survival. Treatment with dehydroascorbate (1.0
mmol/kg) similarly increased survival. The extended treatment
for 15 days posttumor inoculation failed to improve survival as
did lowering the tumor inocula from 106 to 104 cells in similarly

treated mice.
P388 cells in primary culture with cystine as a source of

cysteine require exogenous thiols or disulfides for growth and
also grow with cysteine but only when trace copper is seques
tered with bathocuproine sulfonate. This is due to the copper
catalyzed oxidation of cysteine to cystine, which these cells
cannot utilize. Cells grew in medium preincubated for 8 h with
cysteine and bathocuproine sulfonate, but lysed when the prein
cubated medium included hydroxocobalamin (10 U.M)and sodium
ascorbate (100 fiM). This defect was corrected by resupplemen-

tation with cysteine or cystine plus bishydroxyethyl disulfide after
addition of the cells. Further support for cysteine depletion as a
factor in therapy is obtained by therapeutic interference with 4-

thiamethionine (25 /imol/kg). This mixed disulfide of cysteine and
methyl mercaptan enters cells as a methionine analogue, is
reduced to supply cysteine, and thus withstands the oxidative
environment that limits the utilization of cysteine as a nutrient.
These results suggest that dehydroascorbate is generated from
combined hydroxocobalamin and ascorbate and accounts for
the thiol-prive activity of combined hydroxocobalamin and ascor

bate therapy. The ultimate failure of therapy by thiol oxidation
may be due to the increased availability of cysteine produced by
host tissues, possibly infiltrating macrophages, that occurs in
dependently of extended treatment and the size of the tumor
inoculum.

INTRODUCTION

A principal defect in sulfur amino acid metabolism of many
animal and human tumors is evident from the failure of a complete
nutrient medium to support growth in vitro. Under such condi
tions addition of mercaptoethanol or other low molecular weight
sulfhydryl compounds is required for growth of cells in liquid
culture (1) or for clonal growth on agar (2). This can be traced to
two metabolic lesions which limit the availability of extracellular
cysteine, (a) the loss of cystathionase, which is a critical enzyme
for the conversion of methionine to cysteine (3), and (b) loss of
the transport carrier for cystine (4), which is rapidly formed by
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oxidation of cysteine. The decreased activity of this plasma
membrane component, the cystine-glutamate transport carrier

(5), is also reflected in low glutamate uptake by some hepatomas
(6, 7).

Copper ion has long been noted for its promotion of cystine
formation via catalytic oxidation of cysteine (8). Chelation of
copper by the selective ligand, bathocuproine sulfonate, supports
the growth of tumor cells in primary culture in medium containing
serum copper (9, 10) by sparing cysteine, which enters cells via
the alanine, serine, and cysteine transport carrier (11).

Earlier attempts to grow tumor cells in primary culture centered
on the role of a "feeder layer" of other cell types (12,13) which

supplied a continuous source of cysteine (4) following the uptake
and reduction of cystine. In vivo, various host tissues may act
as feeder layers. In an attempt to intercept such host-delivered

cysteine, we gave injections of various copper chelates to P388
tumor-bearing mice, but these were only partially effective be
cause of host toxicity.3 Other cysteine oxidizing agents include

dehydroascorbate (14) and vitamin B12 (15, 16). In agreement
with the observations of Poydock ef al. (17) daily injection of
sodium ascorbate and hydroxocobalamin prolonged the life of
mice bearing the P388 lymphoma. In this report we present
evidence that such therapy may be due to cysteine oxidation
and resulting deficiency.

MATERIALS AND METHODS

Tissue Culture Media and Vitamins. RPMI 1630 medium lacking
cystine was obtained from the NIH media unit. It was either supplemented
with 100 UM L-cysteine and 25 MMbathocuproine sulfonate (G. Frederick
Smith Chemical Co., Columbus, OH), or with 400 /Â¿ML-cystine disodium

salt (Research Organics, Cleveland, OH). Fetal bovine serum was pur
chased from Flow Laboratories, McLean, VA, and gentamicin sulfate
(Schering), 50 mg/ml, from MA Bioproducts, Walkersville, MD. Growth
medium for primary culture contained 16.5% heat-inactivated fetal bovine

serum in RPMI 1630 medium prepared with gentamicin sulfate, 40 //g/
ml, and supplemented as described above. Bishydroxyethyl disulfide was
purchased from Aldrich Chemical Co., Milwaukee, Wl. Sodium ascorbate,
D-isoascorbic acid, and hydroxocobalamin were from the Sigma Chemical

Co., St. Louis, MO. Dehydroascorbate acid was purchased from ICN
Nutritional Biochemicals, Cleveland, OH.

Mice. Specific pathogen-free female C57BL/6 x DBA/2 F, mice (here

after called BD2F,), female C57BL/6 mice, male DBA/2 F, mice, and
male BALB/c x DBA/2 Fi mice (hereafter called CD2F,) were obtained
from the Animal Genetics and Production Branch, Division of Cancer
Treatment, National Cancer Institute, Frederick Cancer Research Facility,
Frederick, MD. Mice were 16-18 weeks of age at the time of experimen

tation. All experiments were performed in the Animal Care Facility of the
National Cancer Institute, Bethesda, MD. Mice were maintained on a 12-
h light, 12-h dark cycle, and the room temperature and relative humidity

3 H. F. Pierson. Differential toxicity of copper-chelates in vivo, manuscript in

preparation.
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Table 1
Incubation ol culture medium with hydroxocobalaminand ascorbatesas cause ol growth inhibition by

depletion of cysteine
Medium containing cysteine (100 MM)and bathocuproine sulfonate (25 MM)was incubated at 37Â°Cfor 8 h

with the compounds in Column 1 at their indicated concentrations. P388 tumor cells were then added to the
preincubatedmedium(Column2)or to the preincubatedmedium,which was then supplementedwith additional
cysteine, 100 ^M (Column3), and grown for 45 h at 37Â°C.The growth fraction, (W/N0)- 1, of the preincubated

control medium was 3.2 for Column 2, 5.9 for Column 3, and 5.0 for Column 4. All operations are described
in detail in "Materials and Methods."

1. Incubation of
culture

medium with
the following

compounds for
8 h prior to

addition ofcellsHydroxocobalamin

(10 UM)
Dehydroascorbate(100 MM)
L-Ascorbate(100(*M)
D-lsoascorbate(100 MM)
Hydroxocobalamin(10 UM)

combined with:
Dehydroascorbate(100 MM)
i_-Ascorbate(100MM)
D-lsoascorbate(100 MM)Culture

medium containing
cysteine (100 MM)and

bathocuproine sulfate (25MM)2.

No additional
cysteine added

with cells
(% of control

growth)<0

61.2
19.1
2.5<0

<0<03.

Additional cysteine
(100 MM)added

after cells
(% of control

growth)5088

87
8433

19
214.

Culture medium
containing

cystine (400 MM)
and hydroxyethyl

disulfide(25
MM)110

104101

9793

94
93

were kept at 24 Â± 1Â°C(SD) and 53 Â±5%, respectively. Mice were

housed four to a polycarbonate cage containing sterilized wood chip
bedding. Cages were tiered on a stainless steel cage rack equipped with
a Model CMS-616 automatic central watering system (Edstrom Indus

tries, Waterford, Wl). Mice were allowed free access to diet and tap
water at all times. The mouse diet consisted of a natural product mixture
containing 23.5% crude protein, 4.5% crude fat, 4.5% crude fiber, and
7.5% crude ash with vitamin and mineral premixes added according to
the specifications of the NIH Rat and Mouse Ration Product 5018
(Ralston Purina Co., St. Louis, MO).

Tumor. Murine P388 lymphocytic leukemia cells were obtained from
the Tumor Repository of the Division of Cancer Treatment, National
Cancer Institute, Frederick Cancer Research Facility, Frederick, MD.
Tumors were maintained in vivo as i.p. transplants in DBA2 F, mice and
passaged in male CD2Fi or female BD2Fi mice immediately before use.
All tumor suspensions were prepared in Hanks' balanced saline solution

containing penicillin and streptomycin. Mice received 106 tumor cells i.p.

in a fixed volume of 0.1 ml, as determined by Model ZBI Coulter counter.
Culture Conditions. Cells were removed 6 or 7 days postinoculation

in RPMI 1630 medium containing fetal bovine serum and lacking added
cystine. They were washed twice by gentle centrifugation and resuspen-

sion, and a third time in the same medium containing 25 UM bathocu
proine sulfonate. The cell density was determined with a Model ZBI
Coulter counter and adjusted to 1 x 106 cells/ml either in medium minus

cystine with bathocuproine sulfonate or in medium containing cystine
and hydroxyethyl disulfide. Two ml of the cell suspension were added to
flasks containing the appropriate preincubated medium to give a final
density of 3 x 105 cells/ml. The cells were grown at 37Â°C in tightly

stoppered flasks for at least 40 h. Individual initial and final cell densities
were determined to estimate the growth fraction (N/W0) - 1, from which

the percentage of inhibition of growth was calculated. In some cases
when final cell densities were determined, population size distributions
were monitored with a C1000 Channelyzer and a standard size latex

particles (Coulter) as reference.
Experimental Chemotherapy. Several strains of mice (BD2F,, CD2F,,

DBA/2 F,, and C57BL/6) were inoculated i.p. with varied inocula of P388
lymphocytic leukemia cells (104, 10s, and 106 cells/mouse) on Day 0.

Some mice were treated i.p. on Day 1 with combined sodium ascorbate
and hydroxocobalamin solution (1.0 and 0.10 mmol/kg, respectively),
sodium ascorbate (1.0 mmol/kg), hydroxocobalamin (0.10 mmol/kg),

dehydroascorbate (1.0 mmol/kg), and combined dehydroascorbate and
hydroxocobalamin solution (1.0 and 0.10 mmol/kg, respectively) through
Day 10. Other mice were treated with combined ascorbate and hydrox
ocobalamin solution for 15 days after tumor inoculation, or with dehy
droascorbate solution for 5 days after treatment with combined ascor
bate and hydroxocobalamin solution for 10 days posttumor inoculation.
Antitumor activity was determined by percentage of increase in survival
as well as by increases in body weight, an indicator of tumor growth.

Therapeutic Interference. S-(Methanethio)-L-cysteine, the mixed di
sulfide of methyl mercapten and L-cysteine was prepared as described
by Smith ef a/. (18). It is an isostere of methionine, here termed 4-

thiamethionine, which had been earlier prepared by dismutation between
dimethyl disulfide and cysteine and found not to be an antagonist of
methionine (19). It enters cells as a methionine analogue and is reduced
at the disulfide bond to serve as an intracellular source of cysteine (20).
4-Thiamethionine was administered to mice 15 min after therapeutic

treatments indicated above at a dosage of 25 ^mol/kg in aqueous 25%
propylene glycol solution.

RESULTS

Cell Culture Studies. Since bathocuproine sulfonate pre
serves cysteine in tissue culture medium by chelating endoge
nous copper, thus interfering with its oxidative role (9, 10), the
activity of other oxidizing agents added to this medium can be
evaluated. Such an experiment is shown in Table 1, which
illustrates the growth of cells in such medium preincubated with
sodium ascorbate and hydroxocobalamin for 8 h. Column 2
shows the growth obtained when cells were added to medium
preincubated with the indicated agents for 8 h. The poor growth
obtained compared to controls, in which cells were added to
preincubated medium lacking the agents is apparent. Column 3
shows that, if an additional supply of cysteine is introduced after
the cells, growth is only partially inhibited by hydroxocobalamin
and is near normal with ascorbate. However, when both ascor
bate and hydroxocobalamin were in the preincubated medium a
marked inhibition of growth was observed in flasks containing
the newly added cysteine. These cells were partially lysed in 48
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h (Chart 1, Panel 3), but were not affected by either agent alone
(Chart 1, Panels 1 and 2). Support for the view that the agents
inhibited growth by oxidizing the newly added cysteine and not
by directly damaging the cells is indicated by the data in Table
1, Column 4, which shows the good growth obtained when the
agents were preincubated in medium containing cystine and
hydroxyethyl disulfide, which permits cells to grow in the pres
ence of cystine (21).

Experimental Chemotherapy. Treatment of tumor-bearing
mice for 10 consecutive days with thiol-oxidizing agents consis

tently prolonged survival in several strains of mice (Table 2).
Extended treatment for 15 days offered no additional therapeutic
benefit. Treatment with either sodium ascorbate or hydroxoco-

balamin alone failed to influence survival, indicating that the
combination of these agents together in a single treatment
regimen was required for chemotherapeutic activity. In addition
treatment with dehydroascorbate alone was as effective as
combined sodium ascorbate and hydroxocobalamin therapy for
prolonging survival. Neither treatment with combined dehydroas
corbate and hydroxocobalamin for 10 days, nor the extended
treatment with dehydroascorbate alone for 5 days after prior
treatment with combined ascorbate and hydroxocobalamin im
proved survival. Treatment of tumor-bearing mice with either of

these agents for 10 days prevented the increase in body weight
indicative of tumor growth (Chart 2), but body weight began to
increase rapidly about 2 days after treatment was stopped.
Similar body weight changes for groups treated with either
combined ascorbate and hydroxocobalamin solution or dehy
droascorbate suggested that both treatments may have pre
vented accretion of body weight through similar mechanisms.

Extended treatment for 15 days also failed to prevent rapid
increases in body weight shortly after Day 10 (data not shown),
suggesting that the duration of therapeutic efficacy was limited
and that the cytostasis was reversible despite continued treat

ment. Tumor inoculum size had little influence on chemothera
peutic efficacy and lowering the tumor inoculum increased the
median survival and decreased the rate of body weight gain
without improving upon chemotherapeutic activity (data not
shown).

Therapeutic Interference. The counter-treatmentof mice with

4-thiamethionine decreased survival of treated tumor-bearing

mice (Table 3). These results suggest that the administration of
4-thiamethionine has little influence on tumor growth and host

survival, but reduced chemotherapeutic activity during initial
stages of treatment and abolished most of the antitumor activity
of thiol-oxidizing agents when continuously coadministered after
each treatment. Treatment with 4-thiamethionine after thiol-oxi-

-i 100

10 20 30 40 0 10 20 30 40 0 10 20 30 40 50

CHANNEL NUMBER

Chart 1. Cell volume distribution of P388 lymphocytic leukemia cells grown in
media preincubated as described in Table 1:7, hydroxocobalamin (10 ÃŸM);2,
sodium ascorbate (100 MM);3, hydroxocobalamin (10 UM)and sodium ascorbate
(100 JIM). , cells added to medium containing 100 ^M cysteine and 25 nÂ«
bathocuproinesulfonate, which had been preincubatedfor 8 h; , cells added
to above medium containing a fresh supply of 100 /IM cysteine; , cells added
to medium preincubatedwith cystine (400 >IM)and hydroxyethyl disulfide (25 >IM).
The material in Channels 7 to 75 indicates the presence of cellular breakdown
products.

Table2
Treatmentwith thiol-oxidizing agents and increases in survival of mice bearing P388 lymphocytic leukemia

TreatmentUntreatedSodium

ascorbate andhydroxocobalamin(Days
1-10)"Dehydroascorbate

andhydroxocobalamin(Days
1-10)Dehydroascorbate

(Days1-10)Sodium

ascorbate andhydroxocobalamin(Days
1-10)Sodium

ascorbate andhydroxocobalamin(Days
1-15)Sodium

ascorbate andhydroxocobalamin(Days
1-10), dehydroascorbate(Days11-15)Mouse

strainBD2F,CD2F,DBA/2

F,C57BL/6BD2F,CD2F,DBA/2

F,C57BL/6BD2F,CD2F,DBA/2

F,C57BL/6BD2F,CD2F,DBA/2

F,C57BL/6BD2F,BD2F,BD2F,No.

of mice
tested15201010151010101510101015101010101010Survival

range
(days)8-109-119-108-1115-1816-1915-1714-1715-1915-1814-1815-1815-1616-1915-1715-1815-1715-1715-18Median

day of
death10.010.010.010.017.517.016.517.016.516.016.016.515.516.515.516.016.516.516.0%of

survival
(T/Cx100)"175170165170165160160165155165155160165165160

8 T, treated; C, control.
* Numbers in parentheses,total number of days posttumor inoculationthat micewere treated with cysteine-

oxidizing agents.
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Chart 2. Inhibition of body weight gain due to the cytostatic activity of combined
ascorbate and hydroxocobalamin or dehydroascorbate. BD2F, mice were inocu
lated i.p. with 10" P388 lymphocytic leukemia cells on Day 0 (O, untreated) and

treated from Day 1 to Day 10 with combined ascorbate and hydroxocobalamin
solution (â€¢)or dehydroascorbate (A) as described in detail in "Materials and
Methods."

Table 3
Countertreatment with 4-thiamethionine and reduction of antitumor activity of

cysteine-oxidizing agents in mice bearing P388 lymphocytic leukemia

Test groups consisted of 10 CD2F, mice.

%of
Survival Median survival
range day of (T/C x

Treatment (days) death 100)a

UntreatedSodium
ascorbate-hydroxocobalamin(1-1

OfSodium
ascorbate-hydroxocobalaminand

4-thiamethionine(1-5)Sodium
ascorbate-hydroxocobalaminand

4-thiamethionine(1-10)Dehydroascorbate-hydroxocobalamin(1-10)Dehydroascorbate-hydroxocobalaminand

4-thiamethionine(1-5)Dehydroascorbate-hydroxocobalaminand

4-thiamethionine(1-10)Dehydroascorbate
(1-10)Dehydroascorbate

(1-10) and 4-thia
methionine (1-5)Dehydroascorbate

(1-10) and 4-thia
methionine(1-10)4-Thiamethionine

(1-5)4-Thiamethionine
(1-10)9-1115-1812-1511-1515-1812-1511-1415-1710-1411-149-119-1110.016.012.011.515.513.512.016.013.512.59.59.5160C120115155C135C120160C135Â°1259595

" T, treated; C, control.
" Numbers in parentheses, total number of days that mice were treated with

thiol-oxidizing agents and 4-thiamethionine after tumor inoculation.
c Significantly different than untreated controls (P < 0.05).

dizing therapy partially restored body weight accretion due to
tumor growth, suggesting that this agent overcame cytostasis
(Chart 3).

DISCUSSION

The treatment of mice bearing various ascites tumors with
mixtures of ascorbate and hydroxocobalamin, dehydroascorbate
and hydroxocobalamin, or dehydroascorbate alone inhibits mi
tosis, stimulates leukocyte infiltration into the peritoneal cavity
of mice, results in tumor cell lysis and enhances survival of
tumor-bearing mice (17, 22, 23). The antitumor mechanisms
have remained unclarified. Here we confirm the antitumor activity

30.0

u> 28.0

26.0

24.0

22.0

0.0
13 15

Day Post-Tumor Inoculation

Chart 3. Interruption of the cytostatic effect of combined ascorbate and hydrox
ocobalamin on body weight of mice by Countertreatment with 4-thiamethionine.
CD2F! mice were inoculated i.p. with 10s P388 lymphocytic leukemia cells on Day

0 (O, untreated) and treated from Day 1 to Day 10 with combined ascorbate and
hydroxocobalamin solution (â€¢)or with 4-thiamethionine (A) 15 min after treatment
with combined ascorbate and hydroxocobalamin as described in detail under
"Materials and Methods."

of the above treatments against P388 leukemia and indicate that
the mechanism of action involves the selective depletion of
extracellular cysteine, an essential nutrient, by the generation of
dehydroascorbate, a thiol-prive.

The propensity of dehydroascorbate to react with sulfhydryl
groups has long been recognized (24-26) and defined as a
maintenance of the oxidation-reduction equilibrium between

thiols and disulfides in favor of disulfides (14) as shown by the
following equation:

Dehydroascorbate + 2e~ 2H+ + 2(Râ€”SH) j=t ascorbate
+ 2e~ + 2H+ + Râ€”Sâ€”Sâ€”R

This spontaneous reaction, with E'0 = +0.388, maintains at
equilibrium 1016equivalents of thiols in the form of disulfides with

only one equivalent of dehydroascorbate in a solution containing
103 equivalents of ascorbate (14). Therefore only very low con

centrations of dehydroascorbate are necessary for maintaining
disulfide status and confining cysteine as cystine, thereby de
pleting an essential nutrient.

Mixtures of B12 compounds with ascorbate are unstable, re
sulting in the loss of vitamin B12activity (27,28), but little attention
has focused on ascorbate oxidation during this process. In the
presence of transition metal ions ascorbate is oxidized and forms
dehydroascorbate (29,30), which is unstable at physiological pH
(31). The role of sulfhydryl oxidation by dehydroascorbate is
demonstrated indirectly here by the reversal of antitumor activity
accompanying Countertreatment with 4-thiamethionine (Table 3),

which is known to deliver cysteine to cells by entering as a
methionine analogue (20), thus functioning independently of the
extracellular sulfhydryl oxidation-reduction status.

The antitumor activity of combined ascorbate and hydroxo
cobalamin or dehydroascorbate as examined here was limited in
extent and independent of prolonged treatment (Table 2). Both
tumor- and host-associated factors related to the maintenance

of extracellular cysteine could account for this limitation. One
factor might involve loss of the sulfhydryl requirement and the
acquired ability of the cells to utilize cystine. However, cells
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obtained from treated tumor-bearing animals after treatment

failure (Days 11 and 13) did not grow in medium containing
cystine unless supplemented with hydroxyethyl disulfide. Alter
natively a variety of host-associated factors might compromise

treatment by acting as a feeder layer in culture. Prominent in this
area is macrophage infiltration, which has been demonstrated
by Poydock ef al. (22) to be promoted by this treatment. Mac
rophages have been shown in vitro to substitute for mercapto-
ethanol in promoting growth of sulfhydryl-requiring cells (32, 33)

and, when a critical number becomes available in the peritoneal
cavity of mice, they may compromise treatment based on sulfhy-

dryl oxidation.
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