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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-rela ted enzymes in the devel- 
opent in vitro of resistance to antineoplastlc drugs by tumor  
cells [1] GSH levels 2- to 4-fold higher than that of the 
parent  line have been described in h u m a n  ovarian cancer 
cells selected for resistance [2, 3] This has also been docu- 
mented  in murlne  leukemia  cells resistant to melphalan  and 
mitomycln C [4, 5] Glutathlone-S-transferase (GST) was 
found to be elevated 2-fold compared to controls in ±u r ine  
m a m m a r y  carcinoma cells selected for resistance to alkyl- 
atmg agents [6], and at least 50-fold In h u m a n  breast cancer 
cells with plelotroplc drug resistance after selection for 
A d r m m y c m  resistance [7] Levels of  both GS H and GST 
were found to be 4- to 6-fold higher m a human  ovarian 
cancer cell hne established from a patient clinically resistant 
to combinat ion chemotherapy  includmg cisplatin compared  
to another  hne established prior to therapy [8] The redox 
cychng of GSH by GSH-peroxidase  (GSH-Px) and OSH- 
reductase (GSH-R)  has been shown to play an important  
role in cellular defense against peroxide damage m cultured 
cells, a l though 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 GS H level in a h u m a n  lung cancer 
cell line [11] In particular, serum concentrat ions and time 
from last passage predictably affect GS H levels To deter- 
mine ff growth-related fluctuations may  conceal or exag- 
gerate differences between cell lines, we have serially 
determined the levels of  GSH and three GSH-dependen t  
enzymes in a h u m a n  ovarian cancer cell hne derived from 
an unt rea ted  patient (A2780) and in a subllne selected for 
resistance to cisplatm (2780 cv) 

Methods 

Cell hnes and tzssue culture The A2780 human  ovarmn 
cancer cell line, established from an untreated patient,  was 
furnished by Dr  S Aaronson  of the National Cancer  
Institute The cells used in this study were passage 32 of 
this cell hne Subline 2780 cv. approximately 7-fold resistant 
to clsplatln compared  to the A2780 line, was obtained 
by exposure of the A2780 cell line to clsplatln as the 
concentrat ion was gradually increased to 8 / tM [12] The 
cells studied here were passage 116 of this cell line and had 
been drug-free for greater  than 6 months  The cell lines 
were plated at a density of 1 5 x 106 cells/75 cm 2 tissue 
culture flask and were grown as monolayers  in drug-free 
RPMI  1640 culture m e d m m  supplemented  with 10% fetal 
bovine serum,  0 25 unl ts /ml  msulin,  2 m M  glutamlne,  and 
antibiotics (Grand Island Biological C o ,  Grand  Island, 
NY)  Medium was changed on days 1, 4 and 7 after platmg 

GSH assays Cell suspensions  from multiple monolayer  
cultures of each hne were obtained by trypslnization of cells 
at the specified t imes 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] in which the rate (rather than the total extent) of  
2-nltro-5-thlobenzo~c acid formation is measured  spectro- 
pho tomemca l ly  The initial velocity of this reaction is lin- 
early related to the total GSH content  over sample con- 
centratlons of 1-25 Itg/ml 

Enzyme  assays Cell homogenates  were prepared by 
hypotonlc lysls followed by disruption in a Po t t e r -E lveh lem 
homogenizer  All assays were run in triplicate for each of 
three homogena tes  per cell line and time point GSH-Px 
was measured  according to Paglia and Valentine [141 with 
H202 as substrate ,  GSH-R  was assayed as described by 
Horn [15] For both, activity is expressed as nmole N A D P H  
oxidized/minute  GST was est imated using the method 
of Hablg and Jakoby [16] with chlorodlnltrobenzene as 
substrate Protein was determined by the method  of Lowry 
et al [17] using fatty-acid-free bovine serum albumin as 
s tandard 

Statistical analysts For each function measured ,  the pat- 
tern of change over t ime between the two cell hnes was 
compared statistically using the repeated measures  analysis 
described by Wmer  [18] Rather  than comparing the cell 
lines at each time point using a simple two-sample t-test, this 
method  takes into consideration the fact that measurements  
are taken repeatedly on the same cells Ignormg th~s data 
structure may lead to incorrect mterpretat lon 

Results and discussion 

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

Serial GSH determinat ions  for the two cell lines are 
shown in Table 1 In accord with Post et al [111, total GSH 
levels were maximal  in both hnes early after subculture 
(day 2) and then dechned Fluctuation m GSH level over 
time was greater  in the 2780 cp cell line, which varied from 
6 1 to 24 2 nmoles/106 cells (4-fold), whereas in the A2780 
hne GSH varied from 2 4 to 5 9 nmoles/106 cells (2 4-fold) 
Total GSH levels were slgmficantly higher (P < 0 05) at all 
t imes in 2780 cv, however,  the ratio of the mean GSH levels 
in the two cell lines ranged lrom I 8 on day 6 to 4 1 on day 
2 Were the samples measured  only on day 6, the difference 
might easily have been discounted Fur thermore  if day-4 
A2780 cells had been compared to day-6 resistant cells, the 
difference would have appeared even smaller (1 3-fold) 
The pat tern of change over time in absolute GSH level also 
differed between the two cell hnes The largest difference 
between the cell hnes  was on day' 2 when GSH levels were 
highest in both The subsequent  decline m GSH levels was 
dramatic In the 2780 cp cell hne and more gradual in the 

Table 1 total cellular glutathlone levels at each time point 
in the two cell lines 

GSH + GSSG (nmoles/106 cells) 
Day A2780 2780 c p 

2 5 9 - - - 0 1 2  2 4 2 _  + 120 
4 4 5  ± 037  107_+ 0 3 0  
6 3 5 - ~ 0 3 2  6 1 ± 0 3 7  
9 2 4 - +  0 0 2  75  _+ 037  

Relative cell volumes are 1 00 and 1 08 for the A2780 and 
2780 cP lines, respectively, measured  on a Coulter Counter  
equipped with a Channehzer  Values are means  ± S E M , 
N = 3  
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Table 2 Glutathtone-dependent enzymes in human ovarian cancer cells measured over time since passage 

GSH-peroxldase GSH-reductase GSH-S-transferase 
Days alter 

passage A2780 2780 cp A2780 2780 ce A2780 2780 ce 

2 80  + 081 274 ± 1 96 268 ± 139 606 ± 7(16 83-1 -+ 12 09 577 ± 469 
4 148 + 1 59 140 ÷ 1 03 387 ± 227 364 +- 3 34 118 1 ± 864 926 ± 838 
• ~ 8 3 ± 1 30 9 9  ± 1 36 347 ± 1 77 447 ± 473 73 1 + 448 893 ± 3 15 
9 90  ± 1 36 13 1 +- 073 393 ± 5 19 336 ± 339 796 ± 609 702 ± 1 28 

k,'alues are mean unlts/mg protein ± S E M , N = 3 GSH-peroxidase and GSH-reductase 1 unit = 1 nmole 
NADPH oxidized/rain, GSH-S-transferase 1 unit = 1 nmole increase m 340 nm absorbance/mln 

A2780 line The s~gnlfmance of this difference between the 
cell lines m the early fluctuation rate of GSH is not known 
but may reflect generally enhanced resistant-cell response 
to trypslmzanon As shown below, changes in the actlvmes 
of both GSH-Px and GSH-R, which form a GSH redox 
cycle, paralleled the changes in GSH levels in the clsplatm- 
resistant cells 

Table 2 shows the results of serial enzyme assays in these 
two cell lines at different points m time All three of the 
enzymes measured 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 lines for GSH-Px and GSH-R (P < 0 01), while 
that of GST was not different in the two cell lines In the 
A2780 cells, the enzymes increased in activity after passage 
and reached a peak on day 4, in mid-logarithmic growth 
Their acm~ltles return to basehne or remained essentmlly 
stable thereafter In the 2780 cP cells, the GST activity was 
lower than that of the A2780 cells at three of the time 
points, aqd maximal activity persisted through late log 
phase growth (day 6) before declining In addition, both 
GSH-Px and GSH-R activities peaked much earlier in the 
clbplatm-reslstant hne, by day 2, before leveling off or 
dechmng This pattern ts similar to that of GSH in these 
cells Increased actlvmes of these two enzymes in the resist- 
ant compared to the sensitive cells were only clearly evident 
on da~ 2, in earl~ log phase growth, and may represent an 
enhanced response to the manipulations of passage If these 
manipulations result in some ox~danve stress, it is possible 
that GSH-Px activity might be enhanced as a protective 
etlect Gl,,cn the larger GSH pool in these cells, increased 
GSH-Px actwlW could result in greater GSSG concen- 
tration, which would stimulate GSH-R activity 

It is apparent that, to accurately compare the activity of 
these enzkmes 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 in 2780 ce on day 6 to that in A2780 cells 
on da~, 4 (60c;4), both in logarithmic growth, results in the 
exact opposite conclusion from the comparison of this 
enzyme m 2780 cP on day 4 to A2780 cells on day 6 
(169%) Moreover, neither of these comparisons is con- 
sistent with comparing cells plated on the same day 

It Is e~ldent that slgmficant fluctuations in GSH and 
GSH-dependent enzymes during cell growth tn wtro make 
meaningful comparison between different cell lines very 
ddficult Besides differences m levels at any given time 
point, there may be dflferences m the pattern of fluctu- 
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atlons In these cells we have seen the greatest difference 
in pattern at an early post-passage time, possibly reflecting 
differences in response to passage mampulatlons Beyond 
this time point the differences appear smaller It IS sug- 
gested that the optimal time point for comparison, if dif- 
ferences are sought among various cell lines, is in mid log 
phase growth Such fluctuations should also be kept in mind 
when comparisons are made of the relative cytotoxmity 
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 glutathlone and the activities of GSH-related 
enzymes m 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 m a human ovarian cancer cell line derived from an 
untreated patient, and also in a subline selected for resist- 
ance to clsplatln in vitro We found significant fluctuations 
in the GSH level as well as in GSH-related enzyme activity 
over time 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 in 
incorrect interpretation of the data 
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Association and partitioning of propranolol in model and biological membranes 

(Received 7 August 1985, accepted 6 December 1985) 

Propranolol  IS a beta-adrenerglc receptor blocking agent 
of considerable importance However ,  m addinon to this 
specific therapeut ic  action, it also exerts a nonspeclfiC action 
on membranes  which is a membrane-stabi l iz ing effect s~ml- 
lar to that of  o ther  anes thenc  molecules Membrane  
stabihzataon as a result of  d rug-membrane  lnteracnon is 
thought  to be responsible for several of the pharmacological  
activlnes of  propranolol  [1] Prewous  at tempts  have been 
made  to unders tand  the mechan i sm of the propranolo l -  
membrane  ln teracnon at the molecular  level through in 
vitro exper iments  with model  and bmlogical membranes  
Thus ,  Godin etal [1] investigated the effects of propranolol 
on erythrocytes exposed to t rmltrobenzene sulfonlc acid 
and enzymes and concluded that reactivities were affected 
by pe r tu rbanons  in membrane  protein as well as the 
phosphohpld  components  Slmalar conclusions were drawn 
when propranolol  was reacted w~th sarcoplasmlc renculum 
vesicles [2], On  studies with hposome systems,  several 
investigators have reported a lowering of the phase tran- 
sition tempera ture  of the phospholIpM by propranolol 
addmon  [3, 4] Also,  propranolol  has been found to dis- 
place Ca :+ from binding sites on phosphollpld monolayers  
[5] The apparent  parti t ion coefficient of propranolol in 
negatively-charged hposomes  has been found to be several 
nines greater  than in neutral  hposomes  [6, 7] Propranolol 
has been found to destabilize aniomc hposomes  at con- 
centratlons which provide an antlhemolyt~c action on 
erythroeytes [8] 

The relanve Importance of the drug-prote in  and the 
d rug -phosphohpM interactions 1s still not  clearly under-  
stood for propranolol in its role as a membrane  stablhzer 
Hence,  s tudms of the uptake and pa r t monmg  of pro- 
pranolol in erythrocytes,  erythrocyte ghosts,  hposomes ,  
and the n-oc tanol -water  system were aimed at obta lmng 
additional ewdence of the nature  of these interactions 

Materials and methods 

DL-Propranolol hydrochlonde  was supphed by Ayerst  
Laboratories,  Canada L-o~-Dlmyrlstoylphosphatldyl- 
choline, 98% (DMPC)  was obtained from the Sigma 
Chemical  Co , St Louis,  M O  All other  chemicals and 
solvents were reagent  grade,  and glass-d~stllled water was 
used 

Studies with ervthrocytes Fresh human  blood was 
obtained from the Universi ty of  Alber ta  Hospital for each 
series of exper iments  Ethylene-dlamlne-tetraacet lc  acid 
(EDTA)  (0 12%) had been added as an anticoagulant 
Before each exper iment ,  the blood was washed three times 
m lsotonlc Trls buffer, ( 1 5 m M  hydroxymethylamlno-  
methane ,  50 m M  NaCI, 5 m M  glucose), pH 7 4. and then 

diluted to yield a test sample contalnmg 5-7% hcmatocrl t  
The test sample (2 ml) was diluted with a solution of the 
drug in Trls buffer  (1 ml), divided into two equal portions 
and transferred to centrifuge tubes (Eppendorf ) .  vortex- 
mixed, incubated at 37 ° for 15 mln, and then centrifuged at 
1500 rpm for 1 mm The supernatant  fraction was carefully 
removed,  and its absorbance was measured  at 288 nm (Pye 
Unlcam SP6-550 spectrophotometer)  against buffer as 
reference Absorbance  values were corrected for the 
absorbance of a blank treated similarly Experiments  with 
several blanks gave the same absorbance value verifying 
that the amoun t  of absorbing material retained in the 
supernatant  fraction was reasonably constant  on all 
occasions Concentrat ions  of propranolol were determined 
from a callbrahon cur~,e and the association or uptake 
computed  accordingly Concentra t ion-dependent  studies 
covered the range 0,1 to 2 3 mM propranolol Result ,  are 
the averages of quadruphcate  experiments  

Studzes with ervthrocvte ghosts Erythrocyte ghosts ~ere  
prepared from fresh human  blood in the following manner  
Whole blood was centrifuged at 2500 rpm for 5 mm and 
washed three t imes with normal saline solution Yhe 
pooled, packed cells were diluted fourteen times ~ith ~ce- 
cold isotonic T n s / E D T A  solution (1 mM EDTA) ,  mixed 
for 10 mln,  and then centrifuged (36.000g, 37 ° 30 rain) 
(Beckman L8-55 cenmfuge)  Subsequen tb ,  the super- 
natant  fraction was removed,  and the pellet ,~as re- 
suspended m T n s / E D T A  and centrifuged again (36 000 g 
37 °, 15 ram) Following this t reatment  the pellet ~as  then 
washed twice m 10mM Trls buffer and centrfluged as 
before Finally, the ghost cells ~ere  diluted back to the 
original volume,  and this stock suspension was used for the 
uptake studies Normally,  the test sample (4 ml of stock 
suspension) ~a s  diluted with isotonic, buffered drug solu- 
tion (2 ml), vortex-mixed,  incubated for 30 mln, and then 
centrifuged (56,000g, 37 ° 10rain) The uptake ol pro- 
pranolol by the ghost  cells was determined from the residual 
concent ranons  of the supernatant  lractlon Triplicate 
exper iments  were run and the results a~eraged 

Studies with hposomes Llposomes ~ere  prepared b) the 
method of Bangham et al [9] A thin film of DMPC (50 rag) 
was formed on the v~all ot a round-bot tom flask then 
dispersed m 5 ml of an isotonic phosphate  buffer solution 
of propranolol at approximately 40 °, and ~ortex-mlxed [or 
I0 rain. then 3 5 ml ~as  transferred to a centrifuge tube 
The hposomes  were equlhbrated at the desired temperature 
for at least 24 hr and then centrifuged ( 143,000 ~ 30 rain), 
the concent ranon  of drug in the supernatant  tracnon ~;,ts 
determined spectrophotometrlcal lv Under  these con- 
dmons ,  the residual phosphohpld in the supernatailt  It,it- 


