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Abstract. To evaluate the potential differential effect of 
pretreatment with pharmacologic doses of the trace element 
zinc on the chemosensitivity of glioma cells and bone 
marrow cells for carmustine (BCNU), we performed in 
vitro and in vivo studies of zinc toxicity as well as of the 
combined treatment with zinc and the anticancer drug. We 
studied the in vitro effects on established human and rat 
glioma cell lines using a microcolorimetric growth assay 
and on murine bone marrow using a clonogenic assay for 
committed progenitor cells of the granulocyte-monocyte 
lineage. Zinc exposures of up to 100 gM for 120 h did not 
influence the growth of six of seven human glioma cell 
lines. Only U87MG demonstrated statistically significant 
toxicity during high zinc exposure (100 gM over 120 h). 
Dose-response growth curves generated for BCNU did not 
show protection against the anticancer agents by a 48-h 
pretreatment with different zinc concentrations. The clo- 
nogenic capacity of bone marrow cells was slightly reduced 
by in vitro culture for 24 and 48 h. Although this effect 
appeared to be more prominent in the presence of zinc 
supplementation, overall a statistically significant inhibi- 
tion was seen only after exposure to a concentration of 
100 gM zinc over 48 h. As compared with chemotherapy 
alone, in vitro pretreatment with 50 gM zinc over 48 h 
followed by chemotherapy resulted in an increased number 
of colony-forming unit-granulocyte monocyte (CFU-GM): 
CFU-GM increased by a factor of 2 for BCNU (60 gMx2 h). 
This statistically significant in vitro chemoprotection would 
translate into a dose-protection factor of 1.5, i.e., for the 
same level of myelosuppression, zinc pretreatment would 
allow administration of a 50% increased dose of BCNU. 
The in vivo studies were performed in an s.c. xenograft 
model of the human glioma cell line U87MG in athymic 
mice. The maximal tolerable pretreatment with zinc was 
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determined to be a 10-day course of daily i.p. injections of 
10 mg/kg ZnC12. The subsequent i.p. administration of the 
dose lethal to 10% of the mice (LDI0) and of a 1.5xLD10 
dose of BCNU resulted in less bone marrow toxicity in 
pretreated animals than in non-zinc-pretreated mice as de- 
termined in a CFU-GM assay. Glioma colony-forming ef- 
ficiency (CFE) assays, on the other hand, did not show any 
zinc-related difference in the BCNU sensitivity of U87MG. 
Our in vitro and in vivo results suggest the potential use- 
fulness of high-zinc pretreatment for improving the thera- 
peutic index of BCNU chemotherapy for gliomas. 
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Introduction 

One reason for the low efficacy of brain tumor chemo- 
therapy is its unfavorable therapeutic index. Indeed, most 
commonly used antiglioma drugs have considerable side 
effects that preclude administration of higher and more 
cytotoxic drug doses to patients. The goal of our research 
has been to develop a method by which normal tissues can 
be protected from the side effects of anticancer drugs, 
thereby increasing the therapeutic index for these agents. 

In the present studies we evaluated the effect of various 
in vitro pretreatment schedules with zinc on murine bone 
marrow cells as well as on the 9L rat gliosarcoma and 
several human glioma cell lines, and we determined the in 
vitro pretreatment conditions required to obtain maximal 
chemoprotection of bone marrow cells as compared with 
glioma cells against the nitrosourea compound carmustine 
(BCNU). In addition, we investigated the effect of in vivo 
high-dose zinc pretreatment on bone marrow and glioma 
chemosensitivity for subsequent single-dose BCNU ad- 
ministration. 
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Materials and methods 

Glioma cell lines. The following human glioma cell lines, kept in 
continuous culture at the Brain Tumor Research Center (BTRC) of the 
University of California at San Francisco (UCSF), were used for the in 
vitro experiments: U87MG, U251MG, SF126, SF188, SF763, and 
SF767. The 9L rat gliosarcoma cell line was also studied. All cells 
were maintained in minimal essential medium (MEM) with Earle's 
balanced salt solution and ghitamine (Cell Culture Facility, UCSF) 
supplemented with 10% fetal bovine serum (FBS; Cell Culture Fa- 
cility, UCSF). For experiments, gentarnicin (Cell Culture Facility, 
UCSF) was added to this medium (final concentration, 0.5 mg/ml). All 
cell incubations for routine passaging of cultures and for proliferation 
assays were done at 37 ~ C in a water-saturated 95% air and 5% COs 
mixture. 

Microcolorimetric glioma cell proliferation assay. Glioma cells were 
harvested during the late-exponential growth phase. After trypsiniza- 
tion with 0.05% trypsin/0.53 mM ethylenediaminetetraacetic acid 
(EDTA; Gibco BRL Life Science Technologies) in Hanks' balanced 
salt solution (HBSS) without calcium and magnesium salts (Cell 
Culture Facility, UCSF), cells were counted using a Neubauer hemo- 
cytometer. Viability was assessed by trypan blue exclusion (Gibco 
BRL Life Science Technologies). The 60 central wells of 96-microwell 
plates (Falcon) were plated with 300 cells in 200 gl medium/well, 
except for 1 column of control wells, which contained ordy medium. 
Zinc supplementation was achieved by adding the appropriate amount 
of a ZnCI2 stock sohition to the tissue culture medium. The ZnClz 
stock solution was prepared with distilled water and diluted to sup- 
plement the medium with 12.5, 25, 50, or 100 gM zinc for the zinc 
toxicity studies and with 25, 50, or 100 gM zinc for the zinc pre- 
treatment studies. The 96-well plates were incubated for 24, 48, or 
120 h. The medium was then changed to non-zinc-supplemented 
medium; zinc toxicity experiments were terminated after 120 h in- 
cubation. For zinc pretreatment studies, BCNU (Bristol-Meyers Co.) 
was added after 48 h of zinc preincubation and cells were exposed for 
2 h to concentrations of 0, 20, 40, and 60 gM BCNU. Ceils were rinsed 
twice with HBSS, and 200 gl regular non-zinc-supplemented medium 
was added to each well. The cells were incubated again. 

After 7 days of incubation, cells in the control wells had reached 
a subconfluent state and the assay was terminated using MTT (3- 
[4, 5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolinm bromide, Sigma 
Chemical Co.) [32]. MTT was dissolved in HBSS, and a total volume 
of 50 gl was added to each 200-gl well to obtain a final MTT 
concentration of 1 mg/ml. After 4 h incubation, the medium was 
discarded and the microtiter plates were allowed to dry overnight. 
Thereafter, 100 gl mineral oil (Sigma Chemical Co.) was added to 
each well. Overnight, the 96-well plates were gently shaken to dissolve 
the formazan crystals in the mineral oil. Subsequently, the plates were 
read with a spectrophotometer at 540 nm (Titertek). The readings were 
averaged and the standard deviation was calculated. Next, readings 
were normalized versus the control wells and expressed as a percen- 
tage. 

Colony-forming unit-granulocyte monocyte assay of murine bone 
marrow. Mouse studies were approved by the institutional Committees 
on Animal Research at UCSF and at Henry Ford Hospital. Bone 
marrow was obtained from nu/nu BALB/c athymic mice (National 
Cancer Institute). Mice were housed in specifically designated units 
with a 12-h/12-h light/dark cycle. The mice had access to sterile, 
regular rodent food and water ad libitum. In the morning, mice were 
killed by cervical dislocation and the femurs were sterilely resected. 
Each femur was flushed with 1 ml MEM supplemented with 0.05% 
gentamicin to collect the bone marrow cells. The cells of several fe- 
murs were pooled. 

Cell counts were made with Unopette (Becton-Dickinson), and 
trypan blue exclusion was used to assess viability. Appropriate 
dilutions were made and cells either were directly plated (for the in 
vivo studies) or were treated with zinc and/or BCNU according to the 
experimental protocol. In general, bone marrow cells were suspended 

in MEM supplemented with 0.05% gentamicin, 20% FBS, 25% 
mouse-lung conditioned medium (MLCM), and 15% agarose (2% in 
phosphate-buffered saline). A total volume of 250 gl of this cell 
dilution was plated onto an agar underlayer in four-well plates 
(Nunc). For control plates, 50,000 bone marrow cells/well were 
plated; for treatment plates, appropriately increased numbers of cells 
were seeded. Colony-forming unit-granulocyte monocyte (CFU-GM) 
scored after 10 days' incubation were identified as cell aggregates of 
more than 20 cells. The quantity of CFU-GM was calculated as the 
number of colonies divided by the number of cells plated. 

For in vitro zinc toxicity studies, pooled bone marrow cells were 
incubated for 24 or 48 h in MEM supplemented with 20% FBS; 0.05% 
gentamicin; and 0, 25, 50, or 100 gM zinc. Zinc pretreatment studies 
involved 0, 50, or 100 gM zinc preincubation for 48 h followed by a 
2-h treatment with 0, 20, 40, or 60 gM BCNU. Ratios between zinc- 
preincubated and non-zinc-preincubated CFU-GM values for each 
BCNU treatment concentration were calculated. 

MLCM was produced by challenging DBA/2 mice (Simonson 
Laboratory, Gilroy, Calif.) with 100 gl i.p. lipopolysaccharide 
(100 gg/ml) from Salmonella typhosa (Sigma Chemical Co.). At 4 h 
after the injection, mice were killed and the lungs were sterilely 
resected and rinsed with MEM supplemented with 0.05% gentami- 
cin. Thereafter, the lungs were fragmented into small pieces and 
incubated in MEM supplemented with gentamicin for 2 days. Subse- 
quently, the tissue fragments were centrifuged at 3,000 rpm for 30 rain 
and the supernatant was collected. This was dialyzed against 0.9% 
NaC1 for 24 h at 4~  (using MW12000 dialysis tubing; Arthur H. 
Thomas Co., Philadelphia, Pa.]). The resulting MLCM fluid was 
aliquoted into 3-ml vials by filtration through a 0.22-gin filter and 
stored at -20 ~ C. A titration experiment was performed for every batch 
of MLCM to determine the optimal concentration necessary for growth 
of CFU-GM. This MLCM concentration was typically 20%-25%. 

In vivo study of zinc toxicity. Athymic mice (nu/nu) of BALB/c genetic 
background (National Cancer Institute) were housed and fed as de- 
scribed above. Zinc was injected i.p. as daily doses of 1, 2, 5, 10, or 
20 mg/kg ZnC12 over 10 days, with ten mice being included in each 
treatment group. Daily weight determinations and observation of the 
animals' behavior were performed. After 10 days, the animals were 
euthanized by cervical dislocation and the femoral bone marrow of 
each animal was processed for CFU-GM assay as described above. 

In vivo CFU-GM assay of BCNU toxicity after zinc pretreatment. After 
determining daily i.p. injections of 10 mg/kg ZnClz over I0 days as the 
maximal tolerable dosing schedule for zinc, this was used prior to 
subsequent BCNU treatment. BCNU was given as a single i.p. injec- 
tion of 35 mg/kg, corresponding to the dose lethal to 10% of the an- 
imals (LD10), and as 52.5 mg/kg (1.5xLD10) to athymic mice carrying 
s.c. U87MG glioma xenografts; BCNU injection was performed on the 
day following the last zinc administration. Control animals were in- 
jected with a 1% ethanol solution in ttBSS. Mice were euthanized the 
day after BCNU administration and the femoral bone marrow of each 
individual animal was harvested and processed for CFU-GM as de- 
scribed above. The mean CFU-GM value was calculated from at least 
four different wells for each experimental animal Experimental groups 
consisted of at least 11 animals each. The results were normalized for 
the BCNU control animals within each pretreatment group. 

In vivo colony-forming efficiency assay of BCNU toxicity after zinc 
pretreatment. After euthanasia of the s.c. xenograft-carrying athymic 
mice for bone marrow harvesting as described above, the U87MG 
xenografts were resected sterilely and processed for the colony-form- 
ing efficiency (CFE) assay according to previously published methods 
[40]. Briefly, the tumors were minced with crossed scalpels and treated 
with an enzyme sohition containing collagenase, pronase, and DNAse 
in HBSS without Ca 2+ and Mg ~+ salts. The cell suspension was filtered 
through a nylon mesh, and a cell count was performed using trypan 
blue and a Neubaner hemocytometer. Appropriate numbers of single 
cells were then seeded into the wells of a six-well tissue-culture plate 
that contained a feeder layer of irradiated 9L ceils in MEM supple- 



mented with 10% FBS and 0.5 mg glutamine/ml. After a period of 14 
days, the plates were fixed and stained with crystal violet in methanol 
and the colony number was determined. The CFE was calculated as the 
percentage of all cells plated that formed colonies (i.e., the number of 
colonies formed over the number of cells plated, expressed in percent). 
Each CFE value was the mean of at least six different determinations 
per experimental animal. At least nine experimental animals made up a 
treatment group. The results were normalized for the BCNU control 
groups within the two different zinc treatment groups. 

Preparation o f  BCNU. BCNU stock solution was made at 54 mM in 
100% ethanol. This and all further preparatory steps were carried out at 
4 ~ C. The stock solution was further diluted using 100% ethanol, and 
the final preparation of BCNU was done with HBSS immediately prior 
to its use. An appropriate volume of BCNU in ethanol/HBSS was 
added to either the bone marrow cells or the glioma cells for the in 
vitro studies; the final ethanol concentration was 1%, previously and 
also in the present control experiments determined to be without effect 
on proliferative or clonogenic potential under the conditions used. 
Cells were exposed to BCNU for 2 h. This treatment was terminated by 
two washings with HBSS. The cells were subsequently prepared for 
further incubation, i.e., glioma cells received new complete medium 
and bone marrow cells were processed for the CFU-GM assay. For in 
vivo studies, BCNU was prepared with ethanol and HBSS as described 
above. 

Statistical analysis. The statistical significance of the in vitro experi- 
ments was evaluated using analysis of variance. We evaluated the 
results of the MTT assays for each cell line studied after obtaining the 
mean value _ SEM for 3 independent experiments involving 12 
replicates each. The results of CFU-GM assays for zinc toxicity were 
expressed as mean values i- SEM for six independent experiments 
involving quadruplicate determinations. BCNU toxicity experiments 
were done as five independent experiments comprising quadruplicate 
determinations. For the zinc-BCNU experiments, ratios of the CFU- 
GM values at each BCNU concentration were calculated for 100 gM 
zinc pretreatment versus no pretreatment and 50 gM zinc pretreatment 
versus no pretreatment, respectively. The mean values q- SEM for 
these ratios were calculated. The in vivo CFU-GM experiments were 
evaluated using pairwise comparisons of two-sample t-tests. The CFE 
assays were evaluated with a Wilcoxon two-sample rank-sum test. The 
statistical significance level was set at 0.05; P values ranging between 
0.10 and 0.05 were considered to be marginally significant. 
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Fig. 1 A, B. Results of MTT growth assays for SF763 and U87. A The 
human glioma cell line SF763 does not demonstrate zinc toxicity 
except for a slight and insignificant decrease in growth after 120 h 
exposure to 100 gM zinc. B The cell line U87 showed unequivocal 
growth inhibition at higher zinc concentrations. Data are expressed as 
mean values _+ SEM for three separate experiments 

Results 

In vitro MTT assays for the zinc and zinc/BCNU 
chemosensitivity of glioma cell lines 

The growth of 9L, U87MG, U251MG, SF763, and SF767 
was not affected by exposure to up to 50 gM zinc supple- 
mentation for up to 5 days. At higher concentrations a 
slight growth-inhibitory effect was seen only in cell lines 
U87MG, SF126, and SF763 during the longer exposure 
periods. Only U87MG seemed somewhat more sensitive to 
zinc-mediated growth inhibition, but statistical significance 
was reached only in comparisons of control versus 100 gM 
zinc exposure for 120 h (P < 0.01; Fig. 1). 

BCNU caused growth inhibition at 20, 40, and 60 
exposure for 2 h. SF767 was the most sensitive cell line and 
SF763 the most resistant (Fig. 2). 9L, U87MG, U251MG, 
SF126, and SF188 showed intermediate sensitivity. The 
chemosensitivity profile for each cell line tested was in- 
dependent of the zinc pretreatment conditions. No protec- 
tion against BCNU toxicity as a function of the zinc pre- 
treatment concentration was detected. 

Murine bone marrow CFU-GM assays for in vitro zinc and 
zinc/BCNU studies 

We performed six experiments to determine the effect of 
zinc preincubation on CFU-GM. The CFU-GM value ob- 
tained after immediate plating in MLCM containing agar 
medium was 0.178% ___ 0.076%. Preincubation without 
zinc supplementation resulted in a decreased CFU-GM 
yield after 1 and 2 days (0.143% __ 0.066% and 
0.118% + 0.076%, respectively). This decrease, however, 
was not statistically significant. Preincubation with in- 
creasing zinc concentrations for either 1 or 2 days also 
resulted in a decreased CFU-GM yield, which was not 
statistically significant as compared with the control values 
for the same preincubation period. The lowest CFU-GM 
value (0.078% __ 0.053%) was obtained at zinc con- 
centrations of 100 gM and 2 days' preincubation (Fig. 3). 
This was the only statistically significant value as com- 
pared with the results obtained after immediate plating 
(P < 0.05) despite the obvious trend toward a decrease in 
CFU-GM after longer incubation at higher zinc con- 
centrations. Notwithstanding their variability, these data 
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Fig. 2 A,B. Zinc preincubation for 48 h does not result in any change 
in the BCNU chemosensitivity of the glioma lines SF763 A and SF767 
B. Data are expressed as mean values ! SEM for three independent 
experiments 

suggest that preincubation for 1 and 2 days tends to reduce 
progressively the number of CFU-GM found and that zinc 
concentrations of up to 50 gM preincubation supple- 
mentation do not influence the CFU-GM yield. 

Five experiments showed that pretreatment with 50 gM 
zinc supplementation for 48 h resulted in chemoprotection 
against BCNU bone marrow toxicity as compared with 
regular, non-supplemented incubation conditions (Fig. 4). 
This difference in the CFU-GM ratio was obvious at 60 gM 
BCNU. At the higher zinc supplementation of 100 gM, the 
yield was somewhat lower, but not as low as the control 
results. The chemoprotection coefficient obtained at 60 gM 
BCNU in comparing CFU-GM at 50 gM zinc versus no 
supplementation was 2.05 _+ 0.73 (P < 0.05). 
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Fig. 3. The results of  CFU-GM assay of murine bone marrow suggest 
some zinc toxicity after 24 h and 48 h exposure in vitro. Although 
these results are suggestive, the only statistically significant toxicity 
was found after 48 h of 100-gM zinc supplementation. Data are 
expressed as mean values • SEM for six independent experiments 
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Fig. 4. Bone marrow CFU-GM results, expressed as chemoprotection 
coefficients (i.e., the ratio between CFU-GM of  zinc-pretreated versus 
non-zinc-pretreated bone marrow for a given BCNU exposure; see 
text), indicate a zinc-related protection against BCNU cytotoxicity. 
Pretreatment with 50 pM zinc for 48 h confers statistically significant 
protection against 60 gM BCNU (P < 0.05). Data from five 
independent experiments 

10 mg/kg ZnC12 per day i.p. was chosen as the maximal 
tolerable schedule for subsequent in vivo chemoprotection 
studies. 

In vivo murine bone-marrow CFU-GM assay for 
zinc/BCNU studies 

In vivo zinc toxicity in nu/nu mice 

Marked weight loss was found after 10 days of daily i.p. 
injections of 20 mg/kg ZnCh, whereas no change was de- 
tected with the lower doses of zinc. In addition, no sig- 
nificant effect of zinc on CFU-GM was found at any of the 
dose levels used (Fig. 5). Therefore, a 10-day course of 

The CFU-GM assay data reveal a dose-response effect of 
BCNU (Fig. 6). The percentage of CFU-GM surviving 
BCNU administration after zinc pretreatment was higher 
than that obtained without this pretreatment. This was the 
case for LD10 BCNU as well as for 1.5xLD10 BCNU, i .e.  
56.5% • 27.8% versus 32.9% __ 15.4% and 
46.9% _+ 18.4% versus 33.5% +__ 13.9% (both: P < 0.02). 
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yield after BCNU administration. BCNU toxicity is significantly 
reduced in the zinc pretreatment group (P < 0.001). Data are 
expressed as the normalized mean value _+ SD per experimental group 

However, contrary to the 2-fold chemoprotection coeffi- 
cient predicted according to the in vitro studies, the CFU- 
GM value recorded for the zinc-pretreated 1.5xLD~0 
BCNU group did not quite reach the same level as that 
obtained for the non-zinc-pretreated LD10 BCNU group, 
i.e., 46.9% __ 18.4% versus 32.9% _+ 15.4% (P < 0.05). 

In vivo U87MG-xenograft CFE assays for zinc/BCNU 
studies 

No difference in the CFE results was observed between the 
high-zinc- and the non-zinc-pretreatment groups (Fig. 7). 
The BCNU dose response was the same in both pretreat- 
ment groups. 

Discussion 

Although knowledge of brain tumor biology and therapy is 
continuously evolving [1, 43], this scientific progress has 
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BCNU chemosensitivity of  s.c. U87MG xenografts in athymic mice as 
evaluated with a CFE assay. Data are expressed as the normalized 
mean value + SD per experimental group 

not yet resulted in an improved clinical prognosis for pa- 
tients suffering from this disease. Patients with brain tu- 
mors infrequently live longer than 18 months, especially 
when diagnosed with glioblastoma or malignant astro- 
cytoma, and a large number of patients die within 12 
months despite aggressive treatment [42]. Part of the reason 
for this ineffectual treatment is the low therapeutic index of 
commonly used, newer or investigational chemotherapeutic 
drugs. Indeed, although in vitro studies of glioma cells 
often demonstrate a good dose-response curve and efficient 
cell kill [39], such results are usually obtained at drug ex- 
posures that are toxic for patients. An effective and easily 
tolerated method of normal tissue protection would sub- 
stantially increase the therapeutic index of these anticancer 
agents. Although an improved therapeutic index may not 
lead to a cure of the disease - even autologous bone mar- 
row transplantation has not achieved this goal [14] - it 
could result in more and/or longer remissions and certainly 
would make brain tumor chemotherapy more tolerable to 
patients. 

The purpose of the present investigation was to increase 
the therapeutic index of brain tumor chemotherapy with 
BCNU by using zinc pretreatment to protect bone marrow 
selectively from the cytotoxicity of this commonly used 
anticancer agent for malignant glioma. Zinc was chosen 
because of (a) its ability to induce metallothionein (MT), a 
small cystein-rich protein that has been suggested to play 
an important role in cellular resistance against anticancer 
drugs [2, 23, 25]; (b) its specific properties with regard to 
the blood-brain barrier [22, 38]; and (c) its numerous other 
stabilizing and protective biological effects on normal cells 
[4, 8-10, 16, 24, 31, 36]. 

Indeed, zinc is an important trace element in biology 
and has a multitude of biological effects. It is involved in 
many enzymatic reactions either as a structural component 
of the enzyme or as a cofactor [8]. Transcription factors 
often have zinc-fingers necessary for protein-DNA inter- 
action [36]. Zinc is necessary for membrane stability [4, 24] 
and important for protein kinase C activity [10, 16]. Fur- 
thermore, zinc protects cells from apoptosis [9, 31], which 
hypothetically is a mechanism of action of platinum corn- 
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pounds and other anticancer drugs [3]. Furthermore, MT 
can be induced by zinc and has been implicated in cellular 
resistance against various anticancer agents, particularly 
platinum compounds, as well as alkylating agents. High 
intracellular MT concentrations have been detected in cells 
resistant to platinum compounds [23], but the importance 
of this finding for cisplatin resistance has been debated 
[13]. However, cells transfected with and hyperexpressing 
the MT gene are highly resistant against platinum com- 
pounds and other anticancer drugs [25]. Platinum com- 
pounds have been postulated to react with MT, thereby 
becoming inactivated [2]. Recently, Pattaniak et al, [37] 
demonstrated that the Pt atom from cis-dichlo- 
rodiammineplatinum(II) binds stoichiometrically to MT 
thiol groups and that zinc atoms are displaced. Also, MT is 
supposed to act as a free-radical scavenger [49]. 

Hypothetically, the chemical properties of MT might 
play a role in its detoxifying effect on highly reactive in- 
termediates of compounds such as the nitrosoureas. Be- 
cause of its above-described effects and because zinc is a 
nontoxic [7, 34], potent inducer of MT [18, 34], it is a good 
candidate for pretreatment to increase cellular resistance 
against cytotoxic drugs. Interestingly for neurooncology, 
there is a major barrier to zinc penetration into the brain; 
indeed, the blood-brain barrier is highly impermeable to 
zinc [38], and systemic administration of zinc does not 
induce MT in brain tissue as does intraventricular admin- 
istration [22]. This finding is of some relevance because the 
blood-brain barrier in tissue adjacent to a tumor is not 
broken down to the same extent as in the tumor tissue itself 
[19] and because tissue adjacent to a tumor does contain a 
certain number of invading and infiltrating glioma cells 
[20]. It can therefore be hypothesized that these cells 
probably will not be influenced by systemic zinc pretreat- 
ment, regardless of the actual mechanism of action of zinc. 
Nevertheless, to obviate any concerns that zinc might ad- 
versely affect glioma cell chemosensitivity, we also in- 
vestigated the effect of zinc supplementation on the in vitro 
as well as in vivo chemosensitivity of various glioma cell 
lines. Our results clearly show that there was no zinc-in- 
duced change in the BCNU chemosensitivity of any of the 
cell lines studied in vitro or in that of U87MG, which was 
additionally evaluated as a xenograft in vivo. Recently, MT 
induction in astrocytoma ceils by zinc has been reported 
[26]. Our own preliminary immunohistochemistry studies 
of several other glioma cell lines showed MT induction by 
zinc (unpublished observations); however, the extent of MT 
induction was rather small. These findings together with 
the data from our MTT assays suggest that MT induction by 
zinc in glioma cells is not significant enough to cause a 
change in chemosensitivity. 

Bone marrow is a major focus of cytotoxicity from 
anticancer therapy [21]. This includes anemia, thrombo- 
cytopenia, and leukopenia. Several assay systems are 
available to quantify myelotoxicity, ranging from periph- 
eral blood counts to sophisticated stem cell assays. We 
chose to investigate CFU-GM in the present experiments 
because leukopenia is clinically important for most anti- 
cancer drugs and because a CFU-GM assay evaluating 
committed progenitor cells correlates well with global bone 
marrow quality [41 ]. 

The CFU-GM results of in vitro pretreatment studies 
show more variability than the MTT assays and are there- 
fore somewhat more difficult to interpret. Nevertheless, 
preincubation of these bone marrow ceils with zinc prior to 
exposure to 60 gM BCNU clearly resulted in an increased 
yield of CFU-GM as compared with control values. The 
chemoprotection coefficient, expressed as the ratio of the 
CFU-GM value obtained at a certain BCNU concentration 
after zinc preincubation over that obtained at the same 
BCNU concentration without zinc preincubation, was 
2.05 __ 0.73 for 60 gM BCNU (five experiments). Al- 
though this result was somewhat variable throughout the 
five experiments, it was consistent enough overall to reach 
good statistical significance (P < 0.05). As compared with 
the clinically achievable concentration of 20 gM in humans 
[29], however, 60 gM BCNU is relatively high. Interest- 
ingly, these in vitro studies with BCNU showed the same 
amount of chemoprotection as both our previous in vivo 
study with carboplatin (CBDCA) [12] and the results re- 
cently reported for ziduvidine [17], i.e., a factor of ap- 
proximately 2. This suggests the possibility of increasing 
the BCNU dose by 50% after high-zinc pretreatment 
without changing bone marrow cytotoxicity as compared 
with conventional non-zinc-pretreatment chemotherapy. 

The in vivo studies were performed after we had eval- 
uated an intense but practicable zinc pretreatment schedule 
and determined that a daily i.p. dose of 10 mg/kg ZnC12 
over 10 days was well tolerated by mice. Then, BCNU 
hematotoxicity as assayed by CFU-GM was shown to be 
significantly lower after zinc pretreatment. The overall ef- 
fect, however, was not quite as large as would be predicted 
by the in vitro results, i.e., the 1.5xLD10 BCNU dose after 
zinc pretreatment did not result in the same CFU-GM yield 
as did an LD10 BCNU dose without high-zinc pretreatment, 
This observation might have been the result of a suboptimal 
zinc pretreatment schedule. More studies with different 
variations of the zinc pretreatment schedule would be 
necessary to address this issue. On the other hand, a major 
difficulty with zinc is that the relationship between in vitro 
zinc levels and in vivo zinc loading is hard to determine 
(see below). Another factor to be considered is that the 
mice in this study can be assayed for CFU-GM only once 
due to the nature of the bone marrow harvesting process. As 
opposed to serial peripheral blood cell counts, in bone 
marrow CFU-GM experiments the animals cannot serve as 
their own controls. This causes increased variability in the 
results and necessitates larger sample sizes. 

Despite the aforementioned fimitations, the in vivo 
CFU-GM and CFE results unquestionably support the hy- 
pothesis of an improved therapeutic index for BCNU by 
zinc pretreatment. Our findings are similar to those of 
Shackelford and Tobey [45], who described a zinc-related 
decrease in the nitrogen mustard-induced mortality of non- 
tumor-bearing mice from 57% to 20%. Despite these re- 
sults, however, these investigators could not show an im- 
portant therapeutic benefit of their protocols in terms of the 
survival of tumor-bearing mice [46]. A major difference in 
our study was the use of a much more intensive and longer 
zinc pretreatment regimen and the use of the nitrosourea 
BCNU instead of the alkylating agent nitrogen mustard. 
Also, these authors focused on animal survival instead of 
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bone marrow toxicity, the latter probably being of  more 
clinical relevance. Finally, although not formally statisti- 
cally evaluated, their result was dependent upon the de- 
livered dose of  nitrogen mustard. Indeed, at a moderate 
dose of  the alkylating agent their survival data suggest a 
therapeutic benefit, whereas this is not the case for the 
higher dose. 

Although zinc pretreatment for selective chemoprotec- 
tion of  bone marrow is appealing, zinc therapy is unfortu- 
nately difficult to monitor. The zinc serum level is the 
parameter used most often to determine zinc status [27, 47]; 
MT determinations in plasma or in red blood cells have also 
been advocated for this purpose but are difficult and not 
widely done [18]. The normal zinc serum level is approx- 
imately 15 pM, or 1.00 gg/ml, but this level is highly 
variable [11, 51]. Our non-zinc supplemented medium for 
cell culture contains 4.13 btM zinc (atomic absorption 
spectrometry, Department of  Clinical Laboratory Medicine, 
UCSF). Also, a major difference exists between extra- 
cellular and intracellular zinc concentrations. A significant 
proportion of  the intracellular zinc pool is bound to sub- 
cellular structures resulting in an uneven distribution [5, 15, 
52]. Because of  the difficulties involved in correlating zinc 
supplementation with a specific zinc concentration range, 
we preferred to challenge glioma cells and bone marrow 
cells with different zinc concentrations and to focus on the 
maximal zinc concentrations that were well tolerated. This 
is the best in vitro approximation to similar in vivo studies 
with high-zinc supplementation. 

We prefer zinc to other trace metals (e.g., bismuth and 
selenium) that have been used for chemoprotection [6, 33, 
44]. Studies using these other elements have shown pro- 
tection against cisplatin's nephrotoxicity, with some re- 
porting a decrease in hematologic toxicity as well [6, 33, 
44]; however, these studies used peripheral blood counts 
and not clonogenic assays. The actual mechanism of  action 
of  these different trace elements is not yet clear at all. As 
discussed above, zinc has a multitude of  effects and is in- 
volved in many biological processes. This is less the case 
for selenium and certainly for bismuth [30, 48]. A highly 
selective MT induction in normal tissue as opposed to no 
induction of  MT in tumor tissue has been claimed to be a 
distinct advantage for bismuth as compared with a more 
generalized MT induction by zinc [28]. On the other hand, 
the relative importance of  MT for cellular resistance 
against cytotoxic agents is being debated [13]. 

Our present findings together with previously published 
results [12, 17, 45, 46, 50] support the hypothesis of  a se- 
lective protective action of  high-zinc pretreatment against 
the side effects of  anticancer drugs, specifically BCNU. 
The effect on BCNU is important because this nitrosourea 
compound is widely used as an antitumor agent in neu- 
rooncology. In addition to its myeloprotection, high-dose 
zinc pretreatment might also be effective against other side 
effects (nephrotoxicity, lung fibrosis, cardiac toxicity) be- 
cause zinc reaches all organ systems (except the brain and 
testis, due to the capillary barriers in these two organs [22, 
35, 38]). We are therefore continuing our efforts to in- 
vestigate zinc's effects on the toxicity of  anticancer drugs 
and are presently focusing on the mechanistic aspects of  
zinc's protective effects. 
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