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An influence of possible interaction of glutathione peroxidase and cyclooxygenase on the clonogenic 
survival of epithelial cells exposed in vitro to H,Oz was investigated. Indomethacin served as the inhibitor 
of cyclooxygenase, and the use of alkaline (7.5) or acidic (6.5) pH combined with controlled supply of 
glucose modified glutathione peroxidase activity. Indomethacin affected survival of cells exposed to H,O, 
in a biphasic manner, enhancing cytotoxicity at lower hydrogen peroxide concentrations, and diminishing 
it at higher concentrations. The turning point moved gradually to higher concentrations of H,O, corres- 
ponding to the augmented decomposition of hydrogen peroxide caused by increased activity of glutathione 
peroxidase. The data revealed that both enzymic pathways interact in the presence of H,O,, resulting in 
the overall cell survival different from that obtained after inhibition of either. 

KEY WORDS: Hydrogen peroxide cytotoxicity, glutathione peroxidase, cyclooxygenase, indomethacin, 
enzymic pathway interaction. 

INTRODUCTION 

Detection of hydrogen peroxide generated by common exogenous agents such as 
ultraviolet and ionizing radiations, as well as its occurence in several pathological 
states including inflammation, prompted investigations concerning a mechanism(s) 
involved in cytotoxic effects of H 2 0 2 .  Some of disturbances in enzyme activitieslX2 or 
even in whole biochemical pathways24 and structural changes including perturbations 
of the cytoskeleton and plasma membrane',5 caused by hydrogen peroxide, un- 
doubtedly contribute to the subsequent mitotic and metabolic cell death. Since most 
of such alterations precede DNA damage, their appearance is likely to be a direct 
consequence of H 2 0 2  action rather than one mediated by DNA im~a i rmen t . ' . ~ .~ ,~  

Previous observations pointed out to the particular importance of glutathione 
peroxidase in cell protection against exogenous hydrogen A significance 
of the maintenance of this enzymic activity by pentose phosphate pathway and gluta- 
thione reductase,*IY as well as the pronounced dependence of the survival of cells 
exposed to H 2 0 2  on the environmental conditions influencing the activity of gluta- 
thione pero~idase,'.'~ stimulated further investigations that explore a possibility of 
interactions of glutathione peroxidase with different enzymic pathways which might 
be involved in the cellular response to H 2 0 , .  In particular, the possibility of inter- 
action of glutathione peroxidase with prostaglandin endoperoxide synthase (PES) 
characterised by two enzymic activities: cyclooxygenase and peroxidase, seem worth 
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90 E.M. LINK 

exploring. Cyclooxygenase activity of PES catalyses fatty acid oxidation in the 
reaction occuring slowly initially. Exogenous hydroperoxides eliminate such kinetic 
lag phase at the concentrations of lo-’ to lO-’M which are far below the K,,, 
( = lO-’M) of the peroxidase activity of PES.”-12 In contrast, glutathione peroxidase 
and GSH terminate the cyclooxygenase-catalysed substrate oxidation.“ An inter- 
action of both enzymic pathways could, therefore, modify the efficiency of hydrogen 
peroxide decomposition by glutathione peroxidase due to a competition between 
H,02 and PGG,-hydroperoxide produced by cyclooxygenase. This, however, would 
inhibit cyclooxygenase unless exogenous H t 0 2  replaces PGG,, since the hydro- 
peroxide is used by cyclooxygenase in a positive feedback reaction for autoaccelera- 
tion.I3.I4 Consequently, formation of prostanoids might be limited or even terminated. 
Since an excess of exogenous hydrogen peroxide indeed inhibits the production of 
 prostaglandin^,^.' the aim of the present investigations was to examine the mechanism 
responsible for such inhibition with the initial data described here indicating a crucial 
r61e of glutathione peroxidase and cyclooxygenase interaction in the survival of cells 
exposed to Hz02 .  

MATERIALS AND METHODS 

Chemicals 
Indomethacin (l-[p-Chlorobenzoyl]-5-methoxy-2-methylindole-3-acetic acid) was 
from Sigma Chemical Co. (Poole, UK). D-glucose was purchased from BDH Chemi- 
cals Ltd. (Poole, UK). Minimum essential medium (Eagle’s modified) and fetal bovine 
serum were supplied by Aldrich Chemical Co. (Gillingham, UK). Phosphate-buffered 
saline (PBS) was prepared by dissolving 8.0 g NaCl, 0.2g KCI, 0.132 g CaCl, - 2H,O, 
0. lg  MgCI, - 6H,O, 1.15g Na,HPO, 2H,O, and 0.2g KH,PO, in 1 litre of 
deionized water. 

Cell Line 

An established epithelial cell line (GPK) grown exponentially in Eagle’s minimum 
essential medium (MEM) supplemented with 200 mM L-glutamine (lm1/100 ml 
MEM), 7.5% NaHCO, (0.4 ml/100 ml MEM), two antibiotics: penicillin (10,000 U/ 
100 ml MEM) and streptomycin (1 0 mg/l 00 ml MEM), and 10% fetal bovine serum, 
was used for the experiments as described previou~ly.~ Briefly, cells grown in a 25 emz 
tissue culture flasks (Falcon Scientific Supplies, London, UK) for 7 days at 37°C in 
a 5% CO, atmosphere were trypsinised using 0.25% trypsin and passaged to 75 cm2 
Falcon flasks ( 5  x lo5 cells/flask) 3 days before the experiment. Medium from each 
flask was replaced with fresh one 48 h later to assure an exponential cell growth. 

Cell Exposure to Hydrogen Peroxide 
Plain phosphate-buffered saline (PBS) or supplemented with either indomethacin 
(0.25 mg/lOOml), glucose (4.7mg/lOOml) or both as indicated, replaced growth 
medium in falcon flasks 1 h before cell incubation with H20,  . Similarly prepared PBS 
adjusted to the desired pH by titration with 1 N HC1 or 1 N NaOH was filtered 
through a 0.22pm Millipore filter and 22ml aliquots were distributed into 25ml 
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H,O, CYTOTOXICITY 91 

conical flasks. Afterwards, 1 ml of the appropriate medium containing 1.6 x lo6 cells 
was added to each flask and mixed with 1 ml of H 2 0 2  diluted in PBS to the desired 
concentration. The cells incubated with H 2 0 2  for 1 h at 37°C were continuously stirred 
with a magnetic stirrer and subsequently recovered by centrifugation and resuspen- 
sion in the growth medium. 

Determination of Cell Survival 
The cell survival was determined using a clonogenic assay according to the method 
described previ0us1y.l~ Shortly, after determination of cell number with a Neubauer 
haemocytometer and dilution to the desired density, cells were seeded into Petri dishes 
(NUNC Products, Denmark) and left for 9 days at 37°C in 5% C 0 2  atmosphere. The 
formed colonies stained with crystal violet were counted to determine the plating 
efficiency (P.E.) and a surviving fraction calculated as a ratio of P.E. for treated cells 
over P.E. of control cells. 

RESULTS 

An influence of indomethacin as an inhibitor of cyclooxygenase activity on cellular 
response to hydrogen peroxide exposure was investigated in the presence or absence 
of glutathione peroxidase activity. A modification of activity of the enzyme was 
achieved by the use of alkaline (7.5) or acidic (6.5) pH8*9 combined with controlled 
supply of glucose which, by supporting pentose phosphate pathway, influences 
glutathione reductase effi~iency.'.~ 

Cell Response to H , 0 2  at p H  6.5 

At pH 6.5 when glutathione peroxidase activity is significantly diminished and in the 
absence of glucose removed from the medium 1 h before cell exposure to H 2 0 2 ,  
survival of the cells decreased linearly with increasing hydrogen peroxide concentra- 
tion [Figure la]. Indomethacin added to cells 1 h before the incubation with hydrogen 
peroxide resulted in their sensitisation to H , 0 2 .  Cell survival decreased by additional 
40% as compared with the values obtained in the absence of indomethacin when the 
concentration of hydrogen peroxide did not exceed 70 pM, and less significantly 
between 70 and 145pM H 2 0 2  [Figure la]. Still higher concentrations of hydrogen 
peroxide led to a surviving fraction lower than lo%, and indomethacin did not 
influence the cell response to it; the overlap of both survival curves was observed 
[Figure la]. 

When glucose was present before cell exposure to H 2 0 2  but removed for the period 
of incubation with H 2 0 2 ,  the cell survival was diminished by 20% in comparison with 
the corresponding curve shown in Fig. l a  [Figure l a  and lb]. Indomethacin did not 
affect cell response to H 2 0 2  (0-70 pM) as markedly as in the previous experiment, with 
the survival almost equal to that without indomethacin [Figure lb]. In contrast, a 
sharp peak of protection by indomethacin was observed within the narrow range of 
100-125 pM H , 0 2  used for cell incubation; the surviving fraction increased from 12% 
in the absence of indomethacin to 33% with the compound [Figure 1 b]. 

The presence of glucose during the incubation with H 2 0 2  resulted in a sigmoidal 
shape of the survival curve of cells exposed to hydrogen peroxide without any 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
8/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



92 E.M. LINK 

I........ 
OO 100 

H202 ( D M )  

FIGURE 1 Dose-survival curves of cells exposed to H,02 at pH 6.5 after pre-incubation with (open 
symbols) or without (closed symbols) indomethacin. I ml of H 2 0 2  diluted in PBS to the required concen- 
tration was added to the suspension of 1.6 x lo6 cells: A. deprived of glucose 1 h prior to and during 
exposure to H,O,; B. deprived of glucose only during exposure to H,02; C. with glucose present both prior 
to and during exposure to H20,. The H,02 concentrations shown are recalculated per 1 x lo5 cells. The 
points represent means of at least four independent determinations; the error bars, S.D. 

additional compound [Figure lc]. Indomethacin affected this cell response in double 
manner: a t  H,O, concentration up to 100pM the cells were sensitised by in- 
domethacin, whereas above l00pM H20,  a protective effect of the compound was 
observed [Figure Ic]. 
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Cell Response to H 2 0 2  at p H  7.5 
Glutathione peroxidase activity is much higher at pH 7.5 than at  6.5.8.9 Since a 
maintenance of the maximum enzyme turnover depends significantly on the pentose 
phosphate pathway and glutathione reductase activity, the availability of glucose 

FIGURE 2 Dose-survival curves of cells exposed to H,02  at pH 7.5 after pre-incubation with (open 
symbols) or without (closed symbols) indomethacin. 1 ml H 2 0 2  diluted in PBS to the required concen- 
tration was added to the suspension of 1.6 x lo6 cells: A. deprived of glucose I h prior to and during 
exposure to H,O,; B. deprived of glucose only during exposure to H,02;  C. with glucose present both prior 
to and during exposure to H,O,. The H 2 0 2  concentrations shown are recalculated per 1 x lo’ cells. The 
points represent means of at least four independent determinations; the error bars, &- S.D. 
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94 E.M. LINK 

indispensable for pentose phosphate pathway is crucial for a continuity of the overall 
enzymic r eac t ion~ .~?~ l  h deprivation of glucose prior to and during cell exposure to 
H 2 0 2  led to a sharp decrease of cellular survival in a manner observed at pH 6.5 when 
cells were also deprived of glucose before the incubation with H20,  [compare Figure 
lb  and 2a]. Similarly to those conditions, indomethacin did not affect significantly 
cellular response to lower doses of H,02,  whereas it protected cells against HzOz 
concentrations higher than 80 pM by approximatley 20% [Figure 2a, compare with 
Figure lb]. 

Removal of glucose only for the period of incubation with hydrogen peroxide 
resulted in an increased cell survival illustrated by a sigmoidal-like curve with the 
initial slope equal to that observed at pH7.5 in the absence of glucose but with 
indomethacin [Figure 2a and 2b]. In contrast, pre-treatment with indomethacin 
diminished the initial surviving fraction in a manner characteristic for cells incubated 
without glucose or indomethacin prior to their exposure to H 2 0 2  [compare Figure 2a 
and 2b]. Further decrease of the survival was, however, significantly enhanced, with 
the lowest surviving fraction of 7 %  at 74 pM H 2 0 2 .  This corresponds to 55% found 
for cells exposed to hydrogen peroxide in the same conditions in the absence of 
indomethacin [Figure 2b]. The following cell response to increased H 2 0 2  concen- 
trations became less dependent on the indomethacin action attaining values even 
higher (by approximately 5%) than those obtained without indomethacin [Figure 2b]. 

The presence of glucose during cell incubation with H 2 0 2  resulted in a pronounced 
long shoulder in the survival curve of the cells [Figure 2c]. Up to H z 0 2  concentration 
of 87 pM, the surviving fraction decreased only by a negligible 3%. However, after- 
wards the cell survival diminished almost linearly with the increased concentration of 
hydrogen peroxide [Figure 2c]. Pre-treatment with indomethacin resulted in a bi- 
phasic cellular response to H 2 0 2  action. The first component represented an aug- 
mented cell sensitivity to H,02 as compared with the survival of cells exposed to it 
without initial treatment with indomethacin [Figure 2c]. The survival curve was 
characterised by the similar slope as found for the same conditions at  pH 6.5 without 
indomethacin [compare Figure lc and 2c]. The minimum of 66% in the surviving 
fraction appeared when l00pM of hydrogen peroxide was used and for its higher 
concentrations a linear increase in the cell survival was observed, suggesting a pro- 
gressive protection by indomethacin against H2 0, action [Figure 2c]. Similar, but less 
pronounced, effects were found at pH 6.5 [compare Figure lc and 2c]. 

DISCUSSION 

The data presented in this paper revealed that the cytotoxic action of exogenous 
hydrogen peroxide is significantly affected by preincubation of cells with in- 
domethacin and further modified by pH and availability of glucose before and during 
cell exposure to H202 .  Two factors, i.e., pH and glucose, allowed a manipulation of 
glutathione peroxidase activity at physiological conditions without using any inhibi- 
tors of the enzyme which could also affect different cellular pathways in uncontrolled 
way. As described previo~sly,~.~ the glutathione peroxidase activity is strongly depen- 
dent on pH with no enzymic activity at pH 6.0 and its maximum at pH 8.5.’”18 The 
optimum efficiency in the enzyme turnover is maintained by the pentose phosphate 
pathway and glutathione reductase products, i.e., NADPH and GSH, respectively. 
Therefore, the availability of glucose crucial for the pentose phosphate pathway 
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activity is of a high importance. Consequently, by manipulating both pHand the 
Supply of glucose, glutathione peroxidase activity was either included or excluded 
from the cellular response to hydrogen peroxide toxicity as described previo~sly.~.~ 

Indomethacin is a commonly recognized inhibitor of cyclooxygenase activity of 
prostaglandin endoperoxide synthase.” Therefore, the use of the compound in the 
conditions in which glutathione peroxidase activity was limited almost to its minimum 
(pH 6.5 and removal of glucose from the medium 1 h before exposure to H,O,) allowed 
an observation of the effect of cyclooxygenase almost alone on the survival of cells 
incubated with H 2 0 2 .  A gradual supply of glucose and, subsequently, an increase of 
pH to 7.5 with a varying availability of glucose from its initial absence to the excess 
at the final stage, not only enabled a detection of the progressive involvement of 
glutathione peroxidase in the cellular response to H 2 0 2  but led also to the conclusion 
concerning a significant influence of the interference with both enzymic pathways on 
the cell survival after exposure to H 2 0 , ,  

It was evident that the surviving fraction of cells with glutathione peroxidase 
activity reduced to its minimum decreased linearly with increasing H2 O2 concen- 
tration. Furthermore, the results showed that in such conditions the cyclooxygenase 
activity (determined by the effect of indomethacin on the survival of cells incubated 
with H 2 0 2 )  was crucial in the protection of cells against H 2 0 2  toxicity when the,  
concentration of hydrogen peroxide did not exceed 3.5 x lO-’M (approximately 
3.5 x 10-’’M H 2 0 2  per cell). Above these H 2 0 2  concentrations, cyclooxygenase was 
progressively less effective in cell protection. Increased activity of glutathione 
peroxidase emphasised a double function of cyclooxygenase: protective-first, 
sensitizing-afterwards, with the turning point between them gradually moved to 
higher concentrations of H 2 0 2  . This regularity corresponds to augmented decomposi- 
tion of H 2 0 2  by glutathione peroxidase, as illustrated by the increasing angle between 
the ordinate and the linear part of the survival curves obtained in the presence of 
indomethacin. Such double action of cyclooxygenase was also reflected in the survival 
curves generated in the absence of indomethacin changing their slopes from less to 
more steep at the H 2 0 ,  concentration matching the turning point of corresponding 
curves obtained with indomethacin (see Figure lc  and 2c). 

The most direct illustration of glutathione peroxidase interaction with cyclo- 
oxygenase activity in the presence of exogenous H 2 0 2  is shown in Figures lb  and 2a. 
At pH 6.5 and in the absence of glucose during the H202  exposure only, GSH 
remained at its physiological level at the beginning of the incubation with H 2 0 2 .  Since 
the low pH limits the rate of glutathione peroxidase turnover and, consequently, the 
use of GSH by the enzyme per unit of time, more GSH was initially available for 
cyclooxygenase leading to its significant acceleration and, subsequently, enlarged 
production of PGG2. Such sudden increase in the intracellular hydroperoxide level 
also turns glutathione peroxidase activity towards PGGz decomposition. This, in 
turn, slows down or even inhibits the cyclooxygenase activity, since PGG2 decom- 
posed by glutathione peroxidase could not be replaced by H 2 0 2  in its accelerating 
action as effectively as initially due to a fast decline in GSH level which does not 
recover by a reduction of GSSG in the absence of glucose. 

Indomethacin, when added, inhibited cyclooxygenase and, consequently, inter- 
rupted the formation of hydroperoxide enabling glutathione peroxidase to decom- 
pose proportionally more H202 .  However, since at the same time inactivated cyclo- 
oxygenase did not use H 2 0 2  for its acceleration, the overall decomposition of H 2 0 2  
in the presence or absence of indomethacin remained comparable and, consequently, 
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the cell survival was similar under both sets of conditions (Figure lb). In contrast, at 
pH 7.5 H z 0 2  decomposition by glutathione peroxidase dominated the use of hyd- 
rogen peroxide by cyclooxygenase. Therefore, in the conditions in which glutathione 
peroxidase turnover was significantly limited by the insufficient supply of GSH, any 
additional source of hydroperoxide such as cyclooxygenase activity, resulted in 
diminishing the efficiency of glutathione proxidase decomposition of exogenous H, 0,. 
Thus, the cyclooxygenase inhibition by indomethacin restored a full capacity of 
glutathione peroxidase restricted only by a low level of GSH and, consequently, the 
increased cell survival was observed (Figure 2a). Further increase in the GSH level by 
a prolonged supply of glucose until cell incubation with H,O, and then even during 
the exposure to H,0,, gradually balanced a diminished capacity of glutathione 
peroxidase to decompose H,O, (caused by a competitive action of PGG,) with the use 
of HzO, by cyclooxygenase for its acceleration (Figure 2b) and, finally, led to the 
conditions under which a full availability of GSH, unlimited by insufficient GSSG 
reduction, enabled maximal decomposition of H, O2 by both enzymes almost regard- 
less of their concomitant interactive actions (Figure 2c). 

Biochemical data concerning an inhibition of cyclooxygenase by glutathione 
peroxidase' I and those indicating the activation of an impaired cyclooxygenase reac- 
tion system by exogenous H20:' together with investigations in vitro demonstrating 
gradual acceleration of prostaglandin production in the presence of glutathione and 
H,O, within the concentration range of lo-* to 10-5M3 and a subsequent progressive 
inhibition of the prostaglandin formation above these H, 0,  concentration^,^.^ as well 
as a protective action of A23 1 872'- a calcium ionophore which is known to stimulate 
prostaglandin production from endogenous arachidonic acid by an elevation of 
intracellular level of Ca*+ - support the proposed mechanism and its involvement in 
the observed cellular responses to H, 0,. Furthermore, the conversion from a stimula- 
tion to the inhibition of prostaglandin production with the increased doses of HzOz 
significantly correlates with the observed double function of cyclooxygenase; H2 0, 
concentrations at the turning point of cyclooxygenase action correspond precisely 
with those of prostaglandin formation. This allows a further suggestion concerning 
previously observed inhibition of prostaglandin prod~ct ion:~ .~  it is due to a dispropor- 
tion between the efficiency of cyclooxygenase and peroxidase activities of prosta- 
glandin synthase in the presence of exogenous H,O, rather than a direct inhibition of 
cyclooxygenase itself, since indomethacin significantly influences the cell survival 
within the entire range of H 2 0 ,  doses used. Such disproportion in both enzyme 
activities would lead to the excess of the intermediate product - PGG, which, when 
not converted to PGHz, could be highly cytotoxic. 

Certainly, more detailed studies are required to confirm the proposed mechanism 
with its considerable consequences for survival of cells exposed to H202 .  However, 
the conclusions drawn initially" are further supported here: whatever enzymic reac- 
tions are involved in the observed double action of indomethacin in the presence of 
hydrogen peroxide, the demonstrated modifications in the cellular response to H,O, 
caused by the preincubation with indomethacin cannot be accounted for by the free 
radical involvement. 
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