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Cell Cycle1

Francis Y. F. Lee,2 Dietmar W. Siemann, M. Joan Allalunis-Turner,1and Peter C. Keng

Experimental Therapeutics Division and Department of Radiation Oncology, University of Rochester Cancer Center, Rochester, New York 14642

ABSTRACT

Experiments were carried out to investigate whether or not the cell
cycle dependent cytotoxicity of adriamycin (ADR) was a consequence of
variations in cellular glutathione (GSH) levels in different phases of the
cell cycle. The GSH content of a range of rodent and human tumor cell
lines, grown both in vivoand in vitro, were measured by high performance
liquid chromatography. Enrichment of cells in various cell cycle phases
was accomplished by centrifugal elutriation. The GSH content of cells in
the different phases of the cell cycle increased in proportion to the
increases in cell volume from GÃ¬to S phase to Gj-M. However, the
apparent differences in GSH content across the cell cycle were eliminated
when GSH content was normalized according to cell volume. This obser
vation held true for all cell lines studied. The cell cycle dependent
cytotoxicity of ADR therefore was not related to cell cycle dependent
variations in GSH content. Buthionine sulfoximine, a specific inhibitor
of GSH synthesis, depleted the GSH of cells in d, S, and G;-M of the
cell cycle by similar rates and enhanced the cytotoxicity of ADR to
similar extents. These results suggest that although GSH does confer a
significant degree of protection against the toxic effects of ADR in
general, the more specific differences in response to ADR across the cell
cycle probably were not the consequence of thiol variations but rather
the result of other as yet unidentified factors.

INTRODUCTION

Cells in different phases of the cell cycle may have signifi
cantly different intrinsic sensitivities to cytotoxic agents. This
differential cell cycle response is agent specific. Ionizing radia
tion, classical bifunctional alkylating agents, and the anthracy-
cline antibiotics all have unique cell cycle responses (1-4).

Because it is generally accepted that the mode of action of all
these agents involves damage to DNA, the reasons for the
diversities of cell cycle responses might therefore be unrelated
to differences in target sites per se. However, all cells have a
certain natural capacity for protection against cytotoxic insults,
either by detoxifying the toxic agent before the damaging event
or by repairing the damage after it has occurred. It is conceivable
that differences in these capacities across the cell cycle may be
responsible for the observed differential cell cycle responses.
Recently, it has become increasingly clear that GSH4 plays a

vital role in protecting cells from the cytotoxicity of a variety
of agents, including X-ray (5) and a wide variety of chemother-
apeutic drugs (6-12). The mechanism(s) by which GSH protects
cells is still poorly understood. GSH has been shown to be
involved in the direct scavenging of free radicals (13) and in the
repair of DNA damage caused by X-irradiation (14). Recently,
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several groups have shown that human tumor cells contain
extremely high concentrations of GSH (8, 15). It therefore has
been suggested that some human tumors may be refractory to
treatment due to their elevated GSH contents (16). To date,
there is a paucity of information on the GSH status across the
cell cycle especially in human tumor cells. Further, no infor
mation is available on the GSH contents of human tumor cells
in various phases of the cell cycle when grown in vivo. Conse
quently, in the present study, we investigated in detail the GSH
levels across the cell cycle of a variety of rodent and human cell
lines grown in vitro as monolayers and in vivo as solid tumors
in mice. In addition, the response of cells in different cell cycle
phases to ADR, a drug the activity of which has been shown to
be influenced by GSH status, also was evaluated. Finally, the
effect of BSO, an agent that specifically inhibits GSH synthesis
and is entering clinical evaluation as a potential chemomodi-
fying agent, on GSH contents across the cell cycle also was
studied.

MATERIALS AND METHODS

Tumor Cell Culture

CHO cells were maintained in Ham's F-10 nutrient mixture (Gibco)

supplemented with 10% PCS and l mM glutamine. HEp3, a human
buccal mucosa carcinoma cell line (17) was grown in Ham's F-12

nutrient mixture (Gibco), supplemented with 15% PCS, 1 mM gluta
mine, and 10 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid.
Three-day-old exponentially growing cells were used in all experiments.

Mice and Tumors

The KI IT murine sarcoma (18) was grown in the gastrocnemius
muscle of the hind leg of 8- to 12-week old inbred, female C3H/HeJ
mice (The Jackson Laboratory, Bar Harbor, ME). Tumors were disso
ciated at the size range of 250-350 mg and single cell suspensions
obtained as described previously (19). Human epidermoid tumor xen-
ografts III-p.l. A431, and ME 180 were grown in female nude mice
(NCR-nil) as described previously (20). Briefly, exponential cells were
injected bilaterally into the axilla region of mice. Tumors were in a size
range of 700-900 mm3 at the time of use.

Preparation of Single Cell Suspensions

Following excision, tumors were dissociated using an enzyme cock
tail consisting of 0.025% collagenase (Sigma), 0.05% Pronase (Calbi-
ochem), and 0.04% DNase (Sigma). Tumors were incubated with the
enzymes at 37'C with constant agitation for 1 h. After removal of
debris, by passing the cell suspensions through 200-gauge stainless steel
screens, the cells were washed and resuspended in complete media
supplemented with 10% FCS. The cells then were counted using a
hemoc) tomcter and prepared for centrifugal elutriation.

Centrifugal Elutriation

Complete descriptions of the centrifugal elutriation techniques used
for cell cycle synchronization of cells derived from tissue culture or
dissociated from murine tumors and human tumor xenografts have
been reported previously (21) and elsewhere.5 Briefly, during the entire
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separation procedure, the Beckman JE-6 elutriator system as well as
the elutriation fluid (complete Â»-minimalessential medium) was kept
at 4Â°C.Cells from tissue culture (2-5 x IO7) or solid tumors (1-2 x
10") were loaded into the separation chamber at a specific rotor speed
and a low specific flow rate depending on the particular cell lines (21).s
After collecting a large volume of fluid (100-200 ml) to remove cell
debris, the rotor speed was slowed by discrete decrements to about 2000
rpm. At each interval, a variable number of 40-ml fractions were
collected. The volume and size of cells collected in this manner were
analyzed using a Coulter Counter Channelyzer. The purity of cells in
GÃ¬,S, or G2-M phase of the cell cycle in each collected fraction (Table
1) was assessed by flow cytometric analysis (21).5

GSH Assay

The reverse-phase HPLC technique used to analyze cellular GSH
contents has been described in detail previously (8). Briefly, a known
number of cells were spun down in an Eppendorf microcentrifuge tube.
Cells were disrupted by resuspension in a solution of 10 m.Msulfosali-
cylic acid. GSH contained in the soluble acid fractions was conjugated
to the fluorescent dye monobromobimane (Calbiochem). The GSH-
conjugated product was separated in a Waters Radial-PAK reversed-
phase bonded octadecylsilane (CIS, 8 mm inside diameter, 5-Â¿impar
ticle size) cartridge column. Quantitation was by peak height with
reference to a linear calibration curve constructed using authentic GSH
standards.

GSH Depletion by BSO

In Vivo. Tumor-bearing mice were given a single i.p. injection of

BSO (2.5 mmol/kg) in a volume of 0.01 ml/g body weight. At various
times following BSO injection, the tumors were removed and disso
ciated. The tumor cells then were separated into the different cell cycle
phases by centrifugal elutriation and their GSH contents measured by
HPLC.

In Vitro. Cells obtained either from dissociated untreated tumors or
from cell grown as monolayers in culture flasks were separated by
centrifugal elutriation according to cell cycle position. Cells in different
cell cycle phases were suspended at a concentration of 2.5 x 10: cells/
ml in appropriate culture media in a Type I vial at 37 "( '. with continuous

gassing with 95% air/5% CO: gas mixture as described by Whillans
and Rauth (22). BSO at a concentration of 1 HIM then was added.
Aliquots of cells were removed at various times and GSH contents
assayed by HPLC.

Cell Cycle Specific Cytotoxicity of ADR. Cells in the various phases
of the cell cycle were suspended in Type I vials as described above.
Following a 30-min equilibration period, a KM aliquot of a solution
of ADR was given per ml of cells. At the end of a 1-h exposure to
ADR, aliquot s (l ml) of cells were removed and washed by centrifuga-

tion through 14 ml of cold medium. The cell pellet was resuspended in
a complete medium plus PCS and cell survival was determined by
plating efficiency assay (20, 21).

RESULTS

GSH Contents across the Cell Cycle. Centrifugal elutriation
was used to synchronize, with respect to cell cycle position,

Table 1 The purity ofd, S, and GiM cell fractions obtained by centrifugal
elutriation from various cell lines

InvitroÂ¡n

vivoCell

lineCHOHEp3KHTHEpS'A431ME

180G,91-9988-9495988692S

phase82-9265-8370-75655139G2-M84-9672-8670-75725543

" Determined by flow cytometric analysis.
* Range represents three or more experiments.
' Data from Siemann and Keng (33).
J Data from P. C. Keng et al., evaluation of human tumor xenografts for cell

separation studies, submitted for publication.

cells derived from tissue culture or solid tumors. The GSH
values of cells synchronized by centrifugal elutriation into the
various phases of the cell cycle were determined by HPLC. For
all cell lines studied the GSH contents increased progressively
from GÃ¬through S phase to G:-M. This increase in the average

GSH content per cell was in no instance greater than a factor
of 2-3. A similar increase in cell volume was noted for cells
between d and G2. Consequently when the cellular GSH
contents were normalized with respect to cell volume there was
no significant difference in GSH content across the cell cycle
phases for cells derived from either tissue cultures (Fig. 1) or
solid tumors (Fig. 2). GSH content was expressed as GSH per
cell volume instead of the more conventional GSH per mg
protein because the former is, more strictly, a truer reflection
of "concentration" inside a cell. Moreover, we recently observed

that the amount of protein per cell volume can vary considerably

2 .
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Median cell volume {ym'J

Fig. 1. GSH content of in vitro CHO and HEp3 cells in different cell cycle
phases. Data are from a representative experiment. Each experiment was repeated
at least twice. Cells in exponential growth in vitro were separated according to
cell volume by centrifugal elutriation. GSH content measured by HPLC was
normalized according to cell volume. Cell cycle phases were analyzed by flow
cytometry. Bars, Â±1 SD.
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Fig. 2. Relationship between GSH content and cell volume or cell cycle phases
of cells derived from four solid tumors grown in mice. KHT, a mouse sarcoma;
HEp3, A431, and ME180, human squamous cell carcinomas. Data are from a
representative experiment. Each experiment was repeated at least twice. Single
cells obtained from excised tumors were separated according to cell volume by
centrifugal elutriation. GSH values were determined by HPLC and were normal
ized according to cell volume. Bars, Â±1 SD.
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among different cell lines6 as well as between proliferating and
quiescent cells,7 thus rendering comparisons on per mg protein

basis between cell lines and among some cell subpopulations
spurious. However, it should be noted that for a particular cell
type in optimal (exponential) growth, the amount of protein
per cell increases proportionally with cell volume as it pro
gresses through the cell cycle.

Effects of BSO on GSH Contents of Cells in Various Phases
of Cell Cycle. Depletion of GSH by BSO was studied in CHO
and HEp3 cells treated in vitro and KHT tumors treated in
vivo. Furthermore KHT cells obtained from in vivo tumors also
were treated with BSO in vitro. The extent of GSH depletion
as a function of treatment time (l mM BSO) in HEp3 and CHO
cells in different phases of the cell cycle is shown in Fig. 3. The
data indicate that the rate of GSH depletion by BSO was
independent of the cell cycle phase for both cell lines evaluated.
However, the extent of GSH depletion at a given time was
greater in CHO than HEp3 cells (open versus closed symbols),
perhaps reflecting the much lower GSH content in the former
cell line (Fig. 1).

For KHT sarcoma cells, GSH depletion in the various cell
cycle phases was similar irrespective of whether BSO treatment
occurred in vivo prior to elutriation or in vitro following elutria-
tion (Fig. 4).

Cytotoxicity of ADR across Cell Cycle. The cytotoxicity of
ADR was acutely cell cycle phase dependent. For the two cell
lines studied, CHO and HEp3, a very similar dependency of
treatment efficacy on cell cycle position was observed (Fig. 5).
For both cell lines, S phase cells were the most sensitive, early
GÃ¬and Gj-M had intermediate sensitivity, and middle to late

GÃ¬cells were most resistant. As expected the sensitivity of
unseparated, exponentially growing cells was similar to that of
middle to late G, phase cells (data not shown).

Effects of GSH Depletion by BSO on Cell Cycle Phase Spec
ificity of ADR Cytotoxicity. The results in Fig. 6 show, as was
seen in Fig. 5, that HEp3 cells in S phase of the cell cycle were
most sensitive to ADR whereas G, cells were most resistant. In
addition, when the cells were pretreated with BSO to reduce
the GSH to approximately 55% of control, the cytotoxicity of
ADR was equally enhanced in all three cell cycle phases. The

100
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*
;
f

TimÂ« (h)

Fig. 3. GSH depletion in HEp3 (solid symbols) and CHO (open symbols) cells
in different cell cycle phases as a function of time after treatment with BSO (1
IBM).Results are the mean Â±1 SD (bars) of at least three experiments. Circles,
G,; squares, S; triangles, Gj-M phases.

' F. Y. F. Lee, D. W. Siemann, and R. M. Sutherland, Changes in cellular
glutathione content during adriamycin treatment in human ovarian cancerâ€”a
possible indicator of chemosensitivity, submitted for publication.

7F. Y. F. Lee and D. W. Siemann, unpublished results.
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Fig. 4. Rates of GSH depletion in KHT cells in different cell cycle phases
treated either in vitro (1 HIM;solid symbols) following elutriation or in vivo (2.5
mmol/kg; open symbols) prior to cell separation. â€¢.O, G, phase; â€¢.D, S phase;
A, A, Gr-M phase. Results are the mean Â±1 SD (bars) of two experiments.

dose-enhancing factors, calculated as a ratio of the dose of ADR
in the absence of thiol depletion by the dose of ADR in the
presence of thiol depletion to yield the same level of cell kill,
were 2.6, 3.1, and 2.7 for GÃ¬,S phase, and Gi-M cells, respec
tively.

DISCUSSION

The aim of the present investigations was to determine
whether a cell's GSH content was dependent on its position in

the cell cycle. Cell cycle synchronization of cells derived from
either tissue culture or solid tumors was achieved by centrifugal
elutriation, a technique which does not involve manipulation of
the growth environment and causes little growth disturbance
(21). Under these separation conditions, no significant variation
in GSH content was seen for cells in the various phases of the
cell cycle when cell volume changes were taken into account
(Figs. 1 and 2). This observation held true for cell lines of both
rodent and human origin grown either in vivo or in vitro. These
findings therefore are consistent with and extend the previous
report of Murray and Meyn (23) who, using CHO cells in vifro
had shown that the intracellular GSH concentration in this cell
line was relatively constant throughout the cell cycle. In con
trast, other reports do indicate GSH concentrations to be
dependent on the cell cycle phase (24-26), although cell size
was not normalized in all situations (24). Further, it should be
recognized that in most of the previous investigations, cell
growth was retarded by limiting the supply of growth factors
by using techniques such as serum deprivation (26) or cell
density arrest (25). Cells then were stimulated into a prolifera-
tive state by serum restoration (26), replating (25), or by treating
with chemical mitogens (26). Since the conditions of the cul-
turing medium (26) as well as the oxygen tension of the gas
supply (28) can greatly influence GSH content of cells grown
in vitro, it is quite possible that the increase in GSH content
observed in studies in which cells were stimulated into the cell
cycle may be due to changes in the growth environment. Thus,
the observation of Shaw and Chou (26) that the GÂ«-Gito S
phase transition occurring upon serum restoration was associ
ated with an increase in GSH content may well be related to a
quiescence to proliferation transition rather than being strictly
a cell cycle related phenomenon. This would be consistent with
the observation that quiescent cells have constitutionally lower
GSH contents than cycling cells (34)8. The present findings

further do not refute the theory that a sudden elevation of
" F. Y. F. Lee et al., unpublished results.
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Fig. S. Survival of HEp3 and CHO cells in various cell cycle phases following treatment with ADR (1 Â«ig/mlfor 3 h at 37'C). Data are from three repeated

experiments. Bars, Â±1 SD.

10 T

Fig. 6. Effect of GSH depletion by BSO on
the survival of HEp3 cells in d, S phase, and
<;. -M of the cell cycle following treatment with
ADR. O, ADR alone; â€¢,ADR plus BSO.
Exponentially growing cells isolated in d, S,
or G2-M phase were treated with BSO (I nm)
for 2 h to reduce the GSH content to approx
imately 55% of control before ADR addition
(1 fjg/ml for 3 h at 37'C), BSO being present

throughout. Dose enhancement factor (DEF)
is the ADR dose yielding 10 ; cell survival in

the absence of GSH depletion/ADR doseyielding 10 ' cell survival in the presence of

GSH depletion. Results are the mean Â±1 SD
(bars) of three experiments. Cone., concentra
tion.

intracellular GSH content may be a signal by which quiescent
cells are activated into cell cycle progression. The possibility
that a causal relationship exists between GSH elevation and
quiescent cell activation is still under active debate.

BSO irreversibly and specifically inhibits -y-glutamyl cysteine
synthetase, an enzyme that is responsible for the rate-limiting
step of GSH synthesis (29). Since synthesis is completely
inhibited7 the rate of GSH depletion is thus a measure of the

rate of GSH utilization. The observation that the rates of GSH
depletion were similar for all cell cycle phases (Figs. 3 and 4)
suggests that GSH consumption also was similar. Further, the
same conclusion can be made for GSH consumption in vivo

and in vitro as the GSH depletion was comparable for both.
Taking cell volume into account, the cells in all cell cycle phases
appear to have similar (a) GSH content, (b) depletion rates by
BSO, and (c) DEFs when BSO enhanced the cytotoxicity of
ADR. These observations strongly suggest that the differential
cytotoxicity of ADR against cells in the various cell cycle phases
(Fig. 5) is unrelated to a GSH mediated mechanism. Since
recent reports showed that the mechanism of action of ADR is
dependent on topoisomerase II activity (30), it may be that the
cell cycle response of ADR is related to variation of the activity
of this particular enzyme through the cell cycle. Investigations
into this possibility are in progress.
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There exists a large body of data indicating that GSH can
protect cells against the cytotoxicity of a variety of cytotoxic
agents including those commonly used in cancer therapy such
as ionizing radiation, alkylating agents, and anthracycline an
tibiotics (31). This function of GSH has long been recognized
although the acquisition of extensive supporting evidence has
only recently been accomplished by the use of the specific GSH
depletor BSO. In addition, observations that tumor cell lines
which when made resistant to melphalan had raised GSH
content could be reverted to their former sensitive state by GSH
depletion (9, 10) have provided strong experimental evidence
for the possible role of GSH in at least some forms of drug
resistance encountered in cancer chemotherapy. More recently,
it has been suggested that GSH might be a greater determining
factor in human tumors than had previously been thought
because GSH contents in human tumors might be much higher
than in the rodent tumors used in the laboratories. However,
direct comparisons between human and rodent tumors have
been lacking. Further, little is known about the comparative
GSH levels of the same tumor cells grown in vivo or in vitro.
Our own studies have shown that human tumor cells have
higher GSH values than rodent tumor cells both in vitro and in
vivo (Figs. 1 and 2) (32). This observation applies not only to
the human squamous cell carcinomas reported here and the
accompanying paper (32) but also for a panel of human ovarian
carcinoma cell lines.6 Further, irrespective of the origin (human

or rodent), tumor cells grown in vivo invariably have lower GSH
contents than those growing exponentially in vitro (32). The
precise reasons for these differences are not known although
they do not appear to be due to variations in the cell cycle
distribution. Other endogenous factors such as oxygen tension
and nutrient supply probably play a part. Since under physio
logical conditions GSH is maintained at a steady state equilib
rium level in which synthesis is balanced by loss, it is clearly of
importance to understand how the balance is controlled. Such
studies may be especially critical in vivo where the supply of
nutrients and the need for GSH may be different in the heter
ogeneous subpopulations comprising tumors.

ACKNOWLEDGMENTS

The authors thank S. Curnick, A. Flaherty, and B. King for excellent
technical assistance and M. LeRoy-Jacobs and Lynne Palmiere for
preparing the manuscript.

REFERENCES

1. Sinclair, \V. K., and Morton, R. A. X-ray sensitivity during the cell generation
cycle of cultured Chinese hamster cells. RadiÃ¢t.Res., 29:450-474, 1966.

2. Meyn, R. E., and Murray, D. Cell cycle effects of alkylating agents. Phar-
macol. Ther., 24:147-163, 1974.

3. Drewinko, B., and Barlogie, B. Age-dependent survival and cell-cycle pro
gression of cultured cells exposed to chemotherapeutic drugs. Cancer Treat.
Rep., Aft-1707-1717, 1976.

4. Krishan, A., and Frei, E., III. Effect of Adriamycin on the cell cycle. Traverse
and kinetics of cultured human lymphoblasts. Cancer Res., 36: 143-150,
1976.

5. Biaglow, J. E., Varnes, M. E., Clark, E. P., and Epp, E. P. The role of thiols
in cellular response to radiation and drugs. RadiÃ¢t.Res., 94:437-455,1983.

6. Hamilton, T. C, Winkes, M. A., Louie, K. G., Batist, G., Behrens, B. C,
Tsuruo, T., Grotzinger, K. R., McKoy, W. M., Young, R. C., and Ozols, R.
F. Augumentation of Adriamycin, Melphalan and cisplatin cytotoxicity in
drug-resistant and -sensitive human ovarian carcinoma cell lines by buthio-
nine sulfoximine mediated glutathionine depletion. Biochem. Pharmacol.,
.J* 2583-2586,1985.

7. Kramer, R. A., Greene, K., Ahmed, S., and Vistica, D. T. Chemosensitization

of L-phenylalanine mustard by the thiol-modulating agent buthionine sulfox
imine. Cancer Res., 47: 1583-1587, 1987.

8. Lee, F. Y. F., Vessey, A. R., and Siemann, D. W. Glutathione as a determi
nant of cellular response to Doxorubicin. Nati. Cancer Inst. Monogr., 6:
211-215,1988.

9. Green, J. A., Vistica, D. T., Young, R. C., Hamilton, T. C., Rogan, A. M.,
and Ozols, R. F. Potentiation of melphalan cytotoxicity in human ovarian
cancer cell lines by glutathione depletion. Cancer Res., 44:5427-5431,1984.

10. Suzukake, K., Petro, B. J., and Vistica, D. T. Reduction in glutathione
content of L-PAM-resistant 1.12)0 cells confers drug sensitivity. Biochem.
Pharmacol., 31: 121-124, 1982.

11. Russo, A., and Mitchell, J. B. Potentiation and protection of doxorubicin
cytotoxicity by cellular glutathione modulation. Cancer Treat. Res., 69:
1293-1296, 1985.

12. Ozols, R. F., Louie, K. G., Plowman, J., Behrens, B. C., Fine, R. L., Dykes,
D., and Hamilton, T. C. Enhanced alkylating agent cytotoxicity in human
ovarian cancer in vivo and in tumor-bearing mice by buthionine sulfoximine
depletion of glutathione. Biochem. Pharmacol., 36: 147-153, 1987.

13. Kosower, N. S., and Kosower, E. M. The glutathione-glutathione disulfide
system. In: W. A. Prior (ed.). Free Radicals in Biology, Vol. 2, pp. 55-84.
New York: Academic Press, Inc., 1976.

14. Edgren, M., Revesz, L., and Larsson, A. Induction and repair of single-strand
DNA breaks after x-irradiation of human fibroblasts deficient in glutathione.
Int. J. RadiÃ¢t.Biol. Relat. Stud. Phys. Chem. Med., 40: 355-363, 1981.

15. Reed, D. J., Brodie, A. E., and Meredith, M. J. Cellular heterogeneity in the
status and function of cysteine and glutathione. In: A. Larson, S. Orrenius,
A. Holmgren, and B. Mannervik (eds.), Functions of Glutathioneâ€”Biochem
ical, Physiological and Toxicological Aspects, pp. 39-49. New York: Raven
Press, 1983.

16. Ozols, R. F. Pharmacologie reversal of drug resistance in ovarian cancer.
Semin. Oncol., 7 (Suppl. 4): 7-11, 1985.

17. Toolan, H. W. Transplantable human neoplasms maintained in cortisone-
treated laboratory animals. H.S. No. 1; H.E.p No. 1; H.E.p No. 2; H.E.p
No. 3; and H.E.mb.Rb No. 1. Cancer Res., 14:660-666, 1954.

18. RuiIman, R. F., Suini, G., and Van Putten, L. M. Factors influencing the
quantitative estimation of the in vivo survival of cells from solid tumours. J.
Nati. Cancer Inst., 38: 538-549, 1967.

19. Lee, F. Y. F., Allalunis-Turner, M. J., and Siemann, D. W. Depletion of
tumor versus normal tissue glutathione by buthionine sulfoximine. Br. J.
Cancer, 56: 33-38, 1987.

20. Allalunis-Turner, M. J., and Siemann, D. W. Recovery of cell subpopulations
from human tumour xenografts following dissociation with different en
zymes. Br. J. Cancer, 54:615-622, 1986.

21. Keng, P. C., Siemann, D. W., and Wheeler, K. T. Comparison of tumour
age response to radiation for cells derived from tissue culture or solid
tumours. Br. J. Cancer, SO:519-526, 1984.

22. Whillans, D. W., and Rauth, A. M. An experimental and analytical study of
oxygen depletion in stirred cell suspensions. RadiÃ¢t.Res., 84: 97-114, 1980.

23. Murray, D., and Meyn, R. E. Cell cycle-dependent cytotoxicity of alkylating
agents: determination of nitrogen mustard-induced DNA cross-links and
their repair in Chinese hamster ovary cells synchronized by centrifugal
fluir Â¡atinn. Cancer Res., 46: 2324-2329, 1986.

24. Ohara, H., and Terasima, T. Variation of cellular sulfhydryl content during
cell cycle of HeLa cells and its correlation to cyclic change of x-ray sensitivity.
Exp. Cell Res., 58:182-185, 1969.

25. Dethmers, J. K., and Meister, A. Glutathione export by human lymphoid
cells: depletion of glutathione by inhibition of its synthesis decreases export
and increases sensitivity to irradiation. Prue. Nati. Acad. Sci. USA, 78:7492-
7496, 1981.

26. Shaw, J. P., and Chou, I. N. Elevation of intracellular glutathione content
associated with mitogenic stimulation of quiescent fibroblasts. J. Cell. I'llys
iol., Â¡29:193-198, 1986.

27. Post, G. B., Keller, D. A., Connor, K. W., and Menzei, D. B. Effects of
culture conditions on glutathione content in A549 cells. Biochem. Biophys.
Res. Commun., 114: 737-742, 1983.

28. I .acombe. P., Kraus, L., Ray, M., and Pocadib, J. J. Glutathione status during
the mitogenic response of rat splenocytes. Effects of oxygen concentration:
P02 21% venus PO2 7%. Biochemie (Paris), 68: 555-563, 1986.

29. Griffith. O. W. Mechanism of action, metabolism and toxicity of buthionine
sulfoximine and its higher homologs, potent inhibitors of glutathione syn
thesis. J. Biol. Chem., 257: 13704-13712, 1982.

30. Tewey, K. M., Rowe, T. C., Yang, L., Halligan, B. D., and Liu, L. F.
Adriamycin-induced DNA damage mediated by mammalian DNA topoisom-
erase II. Science (Wash. DC), 226: 466-468, 1984.

31. Arrick, B. A., and Nathan, C. F. Glutathione metabolism as a determinant
of therapeutic efficacy: a review. Cancer Res., 44:4224-4232, 1984.

32. Allalunis-Turner, M. J., Lee, F. Y. F., and Siemann, D. W. A comparison of
glutathione levels in rodent and human tumor cells grown in vitro and in
vivo. Cancer Res., 48: 3657-3660, 1988.

33. Siemann, D. W., and Keng, P. C. Characterization of radiation resistant
hypoxic cell subpopulations in KHT sarcomas. (I) Centrifugal elutriation.
Br. J. Cancer, 55: 33-36, 1987.

34. Dethlefsen, L. A., Biaglow, J. E., Peck, V. M., and Ridinger, D. N. Endog
enous thiol levels in heterogeneous murine tumor cells as a function of the
physiological state and the response to x-irradiation. J. Cell. Physiol., 132:
149-154, 1987.

3665

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/13/3661/2431631/cr0480133661.pdf by guest on 19 M

ay 2023




