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Serial determinations of glutathione levels and glutathione-related enzyme activities
in human tumor cells in vitro
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Recent studies have examined the role of intracellular
glutathione (GSH) and GSH-related enzymes in the devel-
opent in vitro of resistance to antineoplastic drugs by tumor
cells [1] GSH levels 2- to 4-fold higher than that of the
parent line have been described 1n human ovarian cancer
cells selected for resistance [2, 3] This has also been docu-
mented 1n murine leukemia cells resistant to melphalan and
mrtomycin C [4, 5] Glutathione-S-transferase (GST) was
found to be elevated 2-fold compared to controls in murine
mammary carcinoma cells selected for resistance to alkyl-
ating agents (6], and at least 50-fold m human breast cancer
cells with plelotropic drug resistance after selection for
Adriamycin resistance [7] Levels of both GSH and GST
were found to be 4- to 6-fold higher in a human ovarian
cancer cell hne established from a patient climically resistant
to combination chemotherapy including cisplatin compared
to another line established prior to therapy [8] The redox
cycling of GSH by GSH-peroxidase (GSH-Px) and GSH-
reductase (GSH-R) has been shown to play an important
role 1 cellular defense against peroxide damage 1n cultured
cells, although there have been few studies comparing the
activity of either enzyme among various cell lines [8-10]

Tissue culture conditions have been shown to influence
significantly the cellular GSH level 1n a human lung cancer
cell ine [11] In particular, serum concentrations and time
from last passage predictably affect GSH levels To deter-
mine 1If growth-related fluctuations may conceal or exag-
gerate differences between cell lines, we have senally
determined the levels of GSH and three GSH-dependent
enzymes 1n a human ovanan cancer cell hine derived from
an untreated patient (A2780) and mn a subline selected for
resistance to cisplatn (2780°F)

Methods

Cell lines and nissue culture The A2780 human ovarian
cancer cell line, established from an untreated patient, was
furmshed by Dr S Aaronson of the National Cancer
Institute The cells used 1n this study were passage 32 of
this cell ine Subline 2780F. approximately 7-fold resistant
to asplatin compared to the A2780 line, was obtained
by exposure of the A2780 cell line to cisplatin as the
concentration was gradually increased to 8 uM [12] The
cells studied here were passage 116 of this cell hne and had
been drug-free for greater than 6 months The cell lines
were plated at a density of 15 x 10°cells/75 cm? tissue
culture flask and were grown as monolayers in drug-free
RPMI 1640 culture medium supplemented with 10% fetal
bovine serum, 0 25 units/ml msulin, 2 mM glutamine, and
antibrotics (Grand Island Biological Co , Grand Island,
NY) Medium was changed on days 1, 4 and 7 after plating

GSH assays Cell suspensions from multiple monolayer
cultures of each line were obtained by trypsintzation of cells
at the specified times Cell numbers were determined by a
Coulter counter (model ZBI. Coulter Electronics, Hialeah,
FL) The total glutathione content, reduced (GSH) plus
oxidized (GSSG), was assayed m an aliquot of each sus-
pension using a modification of the method of Suzukake et
al [13] i which the rate (rather than the total extent) of
2-mtro-5-thiobenzoic acid formation 1s measured spectro-
photometrically The imtial velocity of this reaction 1s lin-
early related to the total GSH content over sample con-
centrations of 1-25 ug/ml

Enzyme assays Cell homogenates were prepared by
hypotonic lysis followed by disruption in a Potter~Elvehjem
homogenizer All assays were run 1n triplicate for each of
three homogenates per cell line and time point GSH-Px
was measured according to Paglia and Valentine [14] with
H,0, as substrate, GSH-R was assayed as described by
Horn [15] For both, activity 1s expressed as nmole NADPH
oxidized/minute  GST was estimated using the method
of Habig and Jakoby [16] with chlorodinitrobenzene as
substrate Protemn was determined by the method of Lowry
et al [17] using fatty-acid-free bovine serum albumin as
standard

Statistical analysis For each function measured. the pat-
tern of change over time between the two cell lines was
compared statistically using the repeated measures analysis
described by Winer [18] Rather than comparing the cell
lines at each time pomnt using a simple two-sample -test. this
method takes into consideration the fact that measurements
are taken repeatedly on the same cells Ignoring this data
structure may lead to incorrect mterpretation

Results and discussion

The doubling time of the cell lines was 22-25 hr, and
both cell hnes at 2, 4, 6. and 9 days after plating were
in approximately carly, mud, late loganthmic and early
stationary phases of growth respectively

Serial GSH determinations for the two cell lines are
shown in Table 1 In accord with Post et al [11], total GSH
levels were maximal in both lines early after subculture
(day 2) and then declined Fluctuation in GSH level over
time was greater 1n the 2780F cell line, which vaned from
6 1 to 24 2 nmoles/10° cells (4-fold). whereas n the A2780
line GSH varied from 2 4 to 5 9 nmoles/10° cells (2 4-fold)
Total GSH levels were significantly higher (P < 0 05) at all
times 1n 27807, however, the ratio of the mean GSH levels
1n the two cell lines ranged from ! 8 on day 6 to 4 1 on day
2 Were the samples measured only on day 6, the difference
mught easily have been discounted Furthermore if day-4
A2780 cells had been compared to day-6 resistant cells. the
difference would have appeared even smaller (1 3-fold)
The pattern of change over time in absolute GSH level also
differed between the two cell Iines The largest difference
between the cell lines was on day 2 when GSH levels were
highest in both The subsequent decline in GSH levels was
dramatic 1n the 2780 cell line and more gradual m the

Table 1 total cellular glutathione levels at each time pont
in the two cell hines

GSH + GSSG (nmoles; 10% cells)

Day A2780 2780¢F

2 59+012 242+ 120
4 45037 107 + 030
6 35+032 61037
9 24002 75 %037

Relative cell volumes are 1 00 and 1 08 for the A2780 and
2780 Iines, respectively. measured on a Coulter Counter
equipped with a Channelizer Values are means * SE M |
N=3
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Table 2 Glutathione-dependent enzymes in human ovarian cancer cells measured over time since passage

GSH-peroxidase

GSH-reductase

GSH-S-transferase

Days alter

passage A2780 2780¢F A2780 2780F A2780 2780<F
2 R0+081 274196 268139 606706 83-1 1209 577469
1 48159 140103 387227 364x334 1181 =864 926 + 8 38
f 83 =130 99 +136 347177 447x473 731+ 448 893 = 315
Y 90136 1312073 393=x519 336339 796 £ 609 702 =128

Values are mean units/mg protein = $ E M . N = 3 GSH-peroxidase and GSH-reductase 1umt = 1 nmoie
NADPH oxidized/min, GSH-S-transferase 1 umit = 1 nmole icrease in 340 nm absorbance/min

A2780 hne The significance of this difference between the
cell hnes in the early fluctuation rate of GSH 1s not known
but may reflect generally enhanced resistant-cell response
to trypsinization As shown below, changes 1n the activities
of both GSH-Px and GSH-R, which form a GSH redox
cvcle, paralleled the changes in GSH levels 1n the cisplatin-
resistant cells

Table 2 shows the results of serial enzyme assays in these
two cell lines at different points in time All three of the
enzymes medsured also changed with time during growth
in culture, by as much as 2-fold (P < 0 01 for each enzyme)
The pattern of fluctuation differed significantly between
the two cell ines for GSH-Px and GSH-R (P < 0 01), while
that of GST was not different 1n the two cell hnes In the
A2780 cells. the enzymes increased n activity after passage
and reached a peak on day 4, 1n mid-logarithmic growth
Their activities return to baseline or remained essentially
stable thereafter In the 2780F cells, the GST activity was
lower than that of the A2780 cells at three of the time
pomnts, and maximal activity persisted through late log
phase growth (day 6) before declimng In addition, both
GSH-Px and GSH-R activities peaked much earlier in the
cisplatin-resistant hine. by day 2, before leveling off or
dechning This pattern 1s sumilar to that of GSH 1n these
cells Increased activities of these two enzymes 1n the resist-
ant compared to the sensitive cells were only clearly evident
on day 2. 1n early log phase growth, and may represent an
enhanced response to the manipulations of passage If these
manipulations result 1n some oxidative stress. 1t is possible
that GSH-Px activity might be enhanced as a protective
ettect Given the larger GSH pool in these cells, increased
GSH-Px acuvity could result 1in greater GSSG concen-
tration. which would sumulate GSH-R activity

[t 15 apparent that, to accurately compare the activity of
these enzymes between different cells, the time from last
passage must be controlled Erroneous conclusions could
be made if this were not done For example, comparison
of GSH-Px activity 1n 2780 on day 6 to that in A2780 cells
on day 4 (60% ). both in logarithmic growth, results 1n the
exdct opposite conclusion from the companson of this
enzyme in 27807 on day 4 to A2780 cells on day 6
(169%) Morcover. netther of these comparisons 1s con-
sistent with comparing cells plated on the same day

It 15 evident that sigmficant fluctuatnons in GSH and
GSH-dependent enzymes during cell growth in vitro make
meaningful comparison between different cell lines very
ditficult Besides differences 1n levels at any given time
point. there may be differences n the pattern of fluctu-
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ations In these cells we have seen the greatest difference
1n pattern at an early post-passage time, possibly reflecting
differences 1n response to passage manipulations Beyond
this time point the differences appear smaller It s sug-
gested that the optimal time point for comparison, if dif-
ferences are sought among various cell lines, 1s 1n mid log
phase growth Such fluctuations should also be kept in mind
when comparisons are made of the relative cytotoxicity
among different cell lines of an agent whose actions may
be modulated by levels of cellular GSH or GSH-dependent
enzymes

In summary, a number of recent studies have examined
the level of glutathione and the activities of GSH-related
enzymes 1n drug-sensitive and -resistant cell lines to deter-
mine their role in resistance to anticancer therapy We
measured these variables serially over time since cell pass-
age 1n a human ovanan cancer cell line denived from an
untreated patient, and also 1n a subline selected for resist-
ance to cisplatin i virro We found significant fluctuations
in the GSH level as well as in GSH-related enzyme activity
over ime The patterns of the fluctuations differed sig-
nificantly between cell lines for some of these measure-
ments Without adequate care to control for these fluctu-
ations, comparison between cell lines could result mn
incorrect interpretation of the data

GERALD BATIST*t
BRENT C BEHRENSI§
ROBERT MAKUCH]|
TuHomas C HAMILTONE
ASPANDIAR G KATKI*
KAREN G LOUIE}
CHARLES E MYERS*
ROBERT F OzoLs%Y

*Clinical Pharmacology and
tMedicine Branches, and
|Biostatistics and Data
Management Section

Chrical Oncology Program
Division of Cancer Trearment
National Cancer Institute
Bethesday, MD, U S A

REFERENCES

1 B A Armnck and C F Nathan, Cancer Res 44. 4224
(1984)

2 J A Green.D T Visuca, R C Young, T C Haml-
ton. A M Rogan and R F Ozols, Cancer Res 44,
5457 (1984)

3 T C Hamilton, M A Winkler, K G Loue, G
Baust. B C Behrens, T Tsuruo, K R Grotzinger,
W M McKoy,R C YoungandR F Ozols, Biochem
Pharmac 34, 2583 (1985)

4 D T Vistica, ] N Toal and M Rabinovitz, Molec
Pharmac 14, 1136 (1978)

S R T Dorr,J D Liddil andJ M Trent, Proc Am
Ass Cancer Res 26, 344 (1985)

6 T R Monks, B C Moy and K D Tew, Proc Am
Assoc Can Res 26, 212 (1985)

7 G Batst, K H Cowen, G C Curt, A G Katki and
C E Myers, Clin Res 33, 576A (1985)

8 C R Wolf.I P Hayward,S S Lawnie.D J Adams,
A R R Laudonio, M A Meclntyre, K E Buckton
and J F Smyth. Proc Am Ass Cancer Res 26, 338
(1985)



Short communications 2259

9 J M Harlan, ] D Levine, K S Callahan, B R
Schwartz and L A Hanker, J clin Invest 73, 706
(1984)

10 A Ramu, L Cohen and D Glaubiger, Cancer Res
44, 1976 (1984)

11 G B Post, D A Kelier, K A Connor and D B
Menzel, Biochem biophys Res Commun 114, 737
(1983)

12 B C Behrens, K R Grotziner, T C Hamulton, J
Whang-Peng, G Batist, K G Louie, T Knutsen, T
Tsuruo, W M McKoy, R C Young and R F Ozols,
Proc Am Ass Can Res 26, 262 (1985)

13 K Suzukake, B J Petroand D T Vistica Biochem
Pharmac 31, 121 (1982)

14 D E Pagha and W N Valentine.J Lab clin Med
70, 158 (1967)

15 H-D Horn, in Methods in Enzymatc Analysis (Ed H
U Bergmeyer), p 875 Academic Press. New York
(1965)

16 W H Habigand W B Jakoby, Meth Enzym 77 218
(1981)

17 O H Lowry, N J Rosebrough, A L Farrand R J
Randall, J biol Chem 193. 275 (1951)

18 B J Winer, Stausucal Prinaples i Experimental
Design, 2nd Edn McGraw-Hill. New York (1971)

Brochemical Pharmacology, Vol 35 No 13, pp 2259-2261 1986
Printed in Great Britain

0006 -2952 %6 S300 + 0 00
Pergamon Journals 1 wd

Association and partitioning of propranolol in model and biological membranes

(Recewed 7 August 1985, accepted 6 December 1985)

Propranolol 1s a beta-adrenergic receptor blocking agent
of considerable importance However, mn addition to this
specific therapeutic action, 1t also exerts a nonspecific action
on membranes which 1s a membrane-stabilizing effect simi-
lar to that of other anesthetic molecules Membrane
stabilization as a result of drug-membrane nteraction 1s
thought to be responsible for several of the pharmacological
activities of propranolol [1] Previous attempts have been
made to understand the mechanism of the propranolol-
membrane interaction at the molecular level through in
vitro expertments with model and biological membranes
Thus, Godin etal [1]investigated the effects of propranolol
on erythrocytes exposed to trtmitrobenzene sulfome aad
and enzymes and concluded that reactivities were affected
by perturbations 1n membrane protemn as well as the
phospholipid components Simular conclusions were drawn
when propranolol was reacted with sarcoplasmic reticulum
vesicles [2]. On studies with liposome systems, several
mvestigators have reported a lowering of the phase tran-
sition temperature of the phospholipid by propranolol
addrtion [3, 4] Also, propranolol has been found to dis-
place Ca?* from binding sttes on phospholipid monolayers
[5] The apparent partition coefficient of propranolol 1n
negatively-charged liposomes has been found to be several
times greater than 1n neutral liposomes [6, 7] Propranolol
has been found to destabilize anionic liposomes at con-
centrations which provide an anthemolytic action on
erythrocytes [8)

The relative mmportance of the drug—protein and the
drug-phospholipid interactions 1s still not clearly under-
stood for propranolol 1n 1ts role as a membrane stabihizer
Hence, studies of the uptake and partiioning of pro-
pranolol m erythrocytes, erythrocyte ghosts, liposomes,
and the n-octanol-water system were aimed at obtaining
additional evidence of the nature of these interactions

Materals and methods

pL-Propranolol hydrochlornide was supplied by Ayerst
Laboratories, Canada L-a-Dimynistoylphosphatidyl-
choline, 98% (DMPC) was obtamned from the Sigma
Chemical Co , St Louis, MO All other chemicals and
solvents were reagent grade, and glass-distilled water was
used

Studies with erythrocytes Fresh human blood was
obtained from the Unrtversity of Alberta Hospital for each
series of experiments Ethylene-diamine-tetraacetic acid
(EDTA) (0 12%) had been added as an anticoagulant
Before each experiment, the blood was washed three times
i 1sotomc Tris buffer. (15mM hydroxymethyvlamino-
methane, 50 mM NaCl, 5mM glucose), pH 7 4. and then

diluted to yield a test sample contaiming 5-7%% hematocnt
The test sample (2 ml) was diluted with a solution of the
drug 1n Tnis buffer (1 ml), drvided mnto two equal portions
and transferred to centrifuge tubes (Eppendorf). vortex-
mixed, incubated at 37° for 15 mun, and then centrifuged at
1500 rpm for 1 min The supernatant fraction was carefully
removed, and 1ts absorbance was measured at 288 nm (Pye
Unicam SP6-550 spectrophotometer) against buffer as
reference Absorbance values were corrected for the
absorbance of a blank treated similarly Expenments with
several blanks gave the same absorbance value verifying
that the amount of absorbing matenal retained 1n the
supernatant fraction was reasonably constant on a4ll
occasions Concentrations of propranolol were determined
from a calibration curve and the association or uptake
computed accordingly Concentration-dependent studies
covered the range 0.1 to 2 3 mM propranolol Results are
the averages of quadruplicate experniments

Studies with erythrocyte ghosts Ervthrocyte ghosts were
prepared from fresh human blood in the following manner
Whole blood was centrifuged at 2500 rpm for 5 mun and
washed three times with normal saline solution The
pooled. packed cells were diluted tourteen times with 1ce-
cold 1sotonic Tris/EDTA solution (I mM EDTA), mixed
for 10 mmn, and then centrifuged (36.000 g, 37° 30 mun)
(Beckman L8-55 centnfuge) Subsequently. the super-
natant fraction was removed. and the pellet was re-
suspended 1in Tris/EDTA and centrifuged again (36 000 g
37°. 1Smun) Following this treatment the pellet was then
washed twice 1n 10mM Trnis buffer and centrituged as
before Finally. the ghost cells were diluted back to the
onginal volume. and this stock suspension was used for the
uptake studies Normally, the test sample (4 ml ot stock
suspension) was diluted with 1sotonic, buftered drug solu-
tion (2 ml), vortex-mixed, mcubated for 30 min, and then
centrifuged (56,000 g. 37° 10 mmn) The uptake ot pro-
pranolol by the ghost cells was determined trom the residual
concentrattons of the supernatant traction Trplicate
experiments were run and the results averaged

Studies with liposomes Liposomes were prepared by the
method of Bangham eral [9] A thin film of DMPC (50 mg)
was formed on the wall of a round-bottom flash then
dispersed i 5 ml of an 1sotonic phosphate butfer solution
of propranolol at approximately 40°, and vortex-mived tor
10 mn. then 3 5ml was transferred to a centrifuge tube
The hposomes were equilibrated at the desired temperature
tor at least 24 hr and then centrifuged (143,000 ¢ 30 mun).
the concentration of drug in the supcrnatant traction was
determined spectrophotometrically  Under these con-
ditions. the restdual phospholipid 1n the supernatant trac-



