Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/14/11
For personal use only.

Free Rad. Res., Vol. 24, No. 2, pp. 81-93
Reprints available directly from the publisher
Photocopying permitted by license only

© 1996 OPA (Overseas Publishers Association)
Amsterdam B.V. Published in the Netherlands by
Harwood Academic Publishers GmbH

Printed in Malaysia

Hydrogen Peroxide in Relation to Proliferation and
Apoptosis in BHK-21 Hamster Fibroblasts

RH. BURDON*, V. GILL and D. ALLIANGANA

Department of Bioscience and Biotechnology, University of Strathclyde, Todd Centre, Glasgow, G4 ONR, Scotland, ULK.

Accepted by Professor S. Orrenius
(Received May 12th, 1995; in revised form, June 22nd, 1995)

Addition of H20z at 100 pM, or 1 mM, to the culture
medium of BHK-21 fibroblasts results in increased
intracellular levels of H2O2. Whilst exposure of BHK-21
cells to lower levels of H2Oz (1 pM) actually stimulates
proliferation, these higher oxidant concentrations not
only depress proliferation rates but also lead to an in-
crease in the appearance of apoptotic-like cells in the
cultures. Other agents such as inhibitors of glutathione
peroxidase and catalase, or mimics of superoxide dis-
mutase, which also bring about elevated cellular levels
of H202 in BHK-21 cells, similarly lead to decreased
proliferation and an apparent increase in cells with
apoptopic features. Thus intracellular conditions which
are considered more prooxidant than normal, appear to
favour apoptosis over proliferation in BHK-21 fibro-
blasts. Additionally these abnormal cellular conditions
also appear to favour excessive DNA replication, in
remaining non-apoptotic cells.

Key words: proliferation, apoptosis, H202, glutathione

peroxidase, catalase, superoxide dismutase, DNA, BHK-21
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INTRODUCTION
The maintenance of homeostasis in normal mam-

malian tissues reflects a critical balance between
cell proliferation and cell death.'” In the latter case

*to whom correspondence should be addressed
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this mainly appears to be programmed by genet-
ically controlled pathways leading to a morpho-
logically distinct type of death known as
apoptosis. Cells dying in this way show a variety
of characteristics including blebbing of the plasma
membrane, condensation of nuclei and chromatin
as well as endonucleolytic cleavage of chromo-
somal DNA into nucleosomal length fragments."*

Some recent data implicate reactive oxygen
species in cell death by apoptosis. In particular
this view arises from work on a novel oncogene-
derived protein Bcl-2 which functions as a repres-
sor of apoptotic cell death in a genetic pathway of
cellular suicide common to multicellular ani-
mals.* Bcl-2 has been localised to mitochondria
and membranes of the endoplasmic reticulum,*’
sites where reactive oxygen species are generated
intracellularly.

Although Bcl-2 does not appear to affect the
rate of cellular generation of superoxide, gene
transfection experiments in lymphocytes indicate
that Bcl-2 will protect cells from the lethal effects
of H,O, and will suppress oxidative damage to

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/14/11

For personal use only.

82 R.H. BURDON ET AL.

vital cell structures such as lipid membranes.”
Bcl-2 has also been shown to inhibit cell death that
follows depletion of glutathione from neural cell
lines.” In E. coli cells deficient in superoxide dis-
mutase, transfection with mammalian bel-2 genes
leads to a hundred-fold increase in resistance to
H,O, which is accompanied by a thirteen-fold
increase in KatG activity.* It is suggested that Bcl-2
may be protective by virtue of inducing anti-
oxidant enzyme activity in these bacterial cells.
Another role for Bcl-2 has been suggested in as
much as its homologue in C. elegans, Ced9, ap-
pears to repress the activity of interleukin-1p con-
verting enzyme (ICE) which is a cysteine
protease with specificity for aspartic acid resi-
dues.” ICE-like molecules are believed to be im-
portant in a proteolytic cascade leading to cell
death.”” A suggestion has been that Bcl-2 influ-
ences the redox state of cysteine proteases such as
ICEs and hence their activities.” A complicating
factor however is that Bcl-2 appears to antagonise
the cellular effects of another protein, Bax. Whilst
Bcl-2 opposes cell death, Bax promotes death by
as yet unknown pathways.’

In the past we have provided evidence that
H:O; and superoxide at low levels are important
growth promoting signals."" In particular it was
suggested' that this may constitute a novel redox
system of control superimposed upon the estab-
lished growth signal transduction pathways. Such
amechanism could involve the direct oxidationby
HO,, or superoxide, of growth signal trans-
duction proteins such as growth factor receptors,
protein kinases,"* protein phosphatases,’ tran-
scription factors,'*? transcription factor inhibi-
tors.® Although the redox states of these signal
transduction proteins could be modulated di-
rectly, they could also be modulated indirectly
through changes in cellular levels of oxidised and
reduced glutathione brought about by H,O, or
superoxide."

Whilst superoxide and H>O; can be generated
normally in a variety of normal cell types, either
constitutively or in response to various stimuli,"
the intracellular levels of H,O; appear to have an

influence on the rates of BHK-21 (baby hamster
kidney) fibroblast proliferation.”” Treatment of
BHK-21 cells with inhibitors of enzymes that me-
tabolise H,O; increases cellular levels of H;O, and
impairs cell proliferation.”’ Additionally exposure
of cells to mimics of superoxide dismutase also
increases cellular levels of H>O; in these cells and
reduces proliferation. Such observations have
suggested an important and novel growth regula-
tory role for the antioxidant enzymes such as cat-
alase, glutathione peroxidase and superoxide
dismutases in BHK-21 fibroblasts.”!

In view of the suggested role for H;O, and
superoxide in the process of apoptosis, the effects
of modulating intracellular levels of H,O; in rela-
tion to apoptosis in BHK-21 cells has been ex-
plored. Whilst procedures that increase cellular
levels of H;O, above normal levels decrease BHK-
21 cell proliferation, they can also increase the
population of cells exhibiting apoptotic
properties.

EXPERIMENTAL PROCEDURES

Cell Culture

Baby hamster kidney fibroblasts (BHK-21/C13)
were grown at 37°C as monolayer cultures in
3.5 cm petri-dishes in 2 ml Eagle’s minimal essen-
tial medium supplemented with 10% (v/v) calf
serum (Gibco BRL, Paisley)."” During growth a
proportion of the cells detach from the monolayer.
These ‘detached’ or ‘non-adherent’ cells can be
harvested from the medium by centrifugation at
800 g for 5 mins and their numbers assessed sep-
arately using a haemocytometer. The proliferation
of the live or ‘adherent’ cells remaining attached
to the monolayer was assessed as previously
described **

Determination of Hydrogen Peroxide

H;O, was determined in the culture media and
within adherent BHK-21 cells using the methods
previously used.” The medium was first removed
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from the monolayer cultures. The monolayers
were then washed two times with phosphate
buffered saline (PBS). 2 ml 0.2 M perchloric acid
were then added and the suspension containing
precipitated cellular material was transferred to
centrifuge tubes and centrifuged at 2500 g for 3
minutes at 4°C. The supernatant was removed
and neutralised to pH 7.5 with 5 M KOH. This was
then centrifuged 10 000 g for 2 minutes at 4°C.
200 pl of the supernatant was applied to a 1 ml
column of anion exchange resin (AG 1-x2, Bio
Rad) and the column washed with 800 pl distilled
water and the eluate used for the determination of
H,0.. Reaction mixtures contained 1 ml eluate,
400 pl 12.5 mM 3-dimethylaminobenzoic acid
(DMAB) in 0.37 M phosphate buffer pH 6.5, 80 ul
0.01 M 3-methyl-2-benzothiazoline hydrazone
(MBTH) and 20 pl horse radish peroxidase (17
units/ml). After 3 minutes at 20°C the absorbance
of the solution was determined at 590 nm and
compared with increases elicited by standard
samples of hydrogen peroxide.

To determine the levels of H;O;in the medium,
the medium (2 ml) was removed and made 0.2 M
with respect to perchloric acid. The precipitated
proteins were removed by centrifugationat2500 g
for 3 minutes at 4°C. The supernatant was re-
moved and neutralised to pH 7.5 with 5 M KOH.
This was then centrifuged at 10 000 g for 2 minutes
at 4°C and 1 ml samples used for assay of H;O
after ion-exchange chromatography using
DMAB, MBTH and horse radish peroxidase as
above.

DNA Isolation

DNA was isolated from cells that became de-
tached from monolayer cultures of BHK-21 cells
and from live cells that remained attached to the
culture dishes. In the case of the detaching cells
these were collected from the medium by centrif-
ugation as above. They were then re-suspended in
150 mM NaCl-10 mM tris-HCl pH 7.5 - 10 mM
EDTA (NTE) at 10° cells per 6 ml. Cells remaining
attached to the monolayer were first washed twice

with phosphate buffered saline (PBS) then
scraped off into NTE, again at 10° cells per 6 ml.

To both cell suspensions, sodium dodecyl sul-
phate was added to a final concentration of 0.5%
(w/v). Ribonuclease solution (previously heated
to 100°C for 15 min) was then added to a final
concentration of 100 ug/ml and the solution incu-
bated at 37°C for 30 min. Proteinase K was added
to 100 pg/ml and incubation continued but at
40°C for 60 min. An equal volume of water satu-
rated phenol was then added and the mixture
shaken at 4°C for 20 min. The phases were sepa-
rated by centrifugation at 2000 g for 10 min. The
top layer was removed and extracted with chloro-
form: isoamyl alcohol (24:1). Again phases were
separated by centrifugation at 2000 g for 10 min.
The top layer was removed and mixed gently with
0.5vol7.5M ammonium acetate. 2 vol ethanol was
then added and mixed thoroughly. After a period
of 18 hr at —20°C the DNA was collected by cen-
trifugation at 2000 g for 30 min. The pellet was
washed briefly with 2.5 M ammonium acetate -
66% (v/v) ethanol and then with 70% (v/v) etha-
nol. After air drying, the sticky DNA was dis-
solved in 10 m tris-HCl pH 7.5 - 10 mM EDTA
(TE). The concentration of DNA was determined
from its absorbance at 260 nM, an absorbance of
1.0 corresponding to a concentration of 50 pg/ml
double standard DNA.

Electrophoretic Analysis of DNA

DNA samples from detached and adherent cells
were analysed by electrophoresis in 1% agarose
under neutral conditions. The DNA standards
used for size comparisons were a Hae III digest of
¢X174 phage DNA and a Hind III digest of A-
phage DNA containing fragments of 1353, 1078,
872, 603, 310, 280 and 23 130, 9416, 6557, 4361,
2322, 2027 bp respectively.

Electron Microscopy

Detaching, or adherent cells, were collected by
centrifugation and fixed with 2% gluteraldehyde
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in 0.1 M cacodylate buffer pH 7.2 for 4 hr at 4°C.
The cells were then washed twice in cacodylate
buffer and then post fixed with 1% osmium tetrox-
ide in distilled water. These fixed cells were then
dehydrated in graded alcohols to propylene oxide
and then held overnight in propylene oxide/Taab
embedding resin (medium hardness), then pure
resin for 3 days, changing twice per day. Poly-
merisation was at 60°C for 48 hr and blocks were
cut on an LKB Ultratome using glass knives and
the sections mounted onto copper grids. The sec-
tions were then stained with uranyl acetate (1 hr)
and lead citrate (5 min), and viewed with an
AEI6B microscope.

Assay of Lactic Dehydrogenase

Asan indication of possible necrotic cell death, the
media from various BHK-21 cell cultures was as-
sayed for lactic dehydrogenase (LDH) activity.
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FIGURE 1 Intracellular levels of hydrogen peroxide in BHK-21
fibroblasts in relation to growth. Triplicate monolayer cultures
0.3 x 10° cells) were established in 3.5 ¢m petri-dishes in 2 ml
growth medium. After growth for 24 hr at 37°C, H2O» was added
to the medium at 100 pM, 1 mM and 10 mM. Then and at times
thereafter, intracellular H>O2 levels were determined as described
in EXPERIMENTAL PROCEDURES in control cells (@), in cells
exposed to 100 pYM H>Oz (O), in cells exposed to 1 mM H202 (@),
in cells exposed to 10 mM H202 (A&). Results are presented as the
means of triplicate experiments + s.d.(n = 3).

This was carried out using a diagnostic kit sup-
plied by Sigma Chemical Co which was used ac-
cording to their instructions. A low level of LDH
activity was routinely determined (less than
2mU/ml) in the medium used for BHK-21 cell
cultures but when cells were exposed to 1 mM and
10 mM H0,, levels of LDH above these values
were detected.

Reagents

Mercaptosuccinate, aminotriazole, 3-
dimethylaminobenzoic acid, 3-methyl-2-
benzothiozole hydrazone, horseradish peroxidase,
a-tocopherol, butylated hydroxytoluene,
ribonuclease, proteinase K and agarose were ob-
tained from Sigma Chemical Co. Copper II (3,5-
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FIGURE 2 Concentrations of hydrogen peroxide in the culture
medium following addition of exogenous hydrogen peroxide to
cultures of BHK-21 cells. Triplicate monolayer cultures of BHK-21
cells were established (0.3 X 10° cells per 3.5 cm petri-dish in 2 ml
growth medium). After 24 hr of growth at 37°C, H2O2 was added
at 100 pM, 1 mM and 10 mM. Growth was allowed to continue
and the medium was removed from the cultures at the times
indicated for determination of H2O2 concentrations from control
cells (O), from cells exposed to 100 pM H202 (O), from cells
exposed to 1 mM H0z (@), from cells exposed to 10 mM H20>
(4). Results are presented as the means of triplicate experiments
+s.d.(n=23).
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diisopropylsalicylate), was from Aldrich Chemical
Co. Copper-D-isohistidine was a kind gift from Dr
N Roberts, Roche Pharmaceuticals.

RESULTS

In order to assess intracellular levels of H:O; in
BHK-21 fibroblasts in relation to proliferation as
well as apoptosis, an initial approach was to in-
crease these intracellular levels by addition of in-
creasing amounts of exogenous H.O; to the
culture medium. From Figure 1 it can be seen that
the addition of HO, at 100 uM, 1 mM and 10 mM
does in fact increase intracellular levels although
not in direct proportion. In part this may be a
reflection of the growth associated decline in cel-
lular H>O, levels previously observed in these
cells. Another factor likely to influence final

cellular levels is the extremely rapid metabolism :

of the exogenously added H;O; from the me-
dium.”' Figure 2 shows that even in the time taken
to collect the culture medium for assay after H,O
addition, very considerable reductions in the
medium concentrations of H;O, are evident.
Whilst the outcome of adding a single ‘bolus’
of exogenous H;O, to the culture medium of BHK-
21 fibroblasts is to elevate temporarily the relative
levels of intracellular H,O,, Figure 3 shows that
different effects of cell growth and death are pro-
duced. Even without addition of exogenous hy-
drogen peroxide (Figure 3a) to the growing
cultures of BHK-21 cells, there is a low but pro-
gressively increasing detachment of a proportion
of cells from the surface of the culture dish. Studies
on cultured Rat-1 fibroblasts™ had previously in-
dicated dying cells to exhibit reduced adherence
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FIGURE3 The effects of H>O on BHK-21 fibroblast growth. Triplicate 3.5 cm petri-dishes were seeded with 0.8 x 10° BHK-21 cells
in 2 ml growth medium and allowed to grow for 24 hr at 37°C. At that time some cultures were exposed to HyOn added to the medium
at zero concentration (a), at 100 uM(b), at 1 mM (c), or at 10 mM (d). At various times thereafter the cells detaching from the monolayer
(non-adherent cells) were collected from the medium and enumerated (@) as described in EXPERIMENTAL PROCEDURES. The
number of adherent cells remaining with the monolayer were then assayed (O) as described in EXPERIMENTAL PROCEDURES. The
total cells recovered (L), is the sum of the non-adherent and adherent cells determined. Results are presented as the means of triplicate

experiments £ s.d.(n=3).
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FIGURE 4 Transmission electron microscopy of adherent and non-adherent BHK-21 cells. A: adherent cells from untreated cultures
(x9000) B: detached or non-adherent cells from untreated cultures (x8000) C: adherent cells from cultures treated with 100 uM H>O2
for 48 hr (x16 000), D: detached or non-adherent cells from cultures treated with 100 uM H2Oz for 48 hr (x17 000).

and when these were separately harvested and
examined, they showed apoptotic properties such
as nuclear condensation and fragmentation of
chromosomal DNA into nucleosome ladders.”
When the detached BHK-21 fibroblasts in this
study were examined by electron microscopy they
also displayed morphological signs of apoptosis
in as much as significant condensation of chroma-
tin adjacent to inner nuclear membranes was ob-
served (Figure 4B). Additionally when the DNA
of these cells was isolated and examined by
agarose-gel electrophoresis there was also evi-
dence of DNA ladders indicative of inter-
nucleosome cleavage (Figure 5B) which is a
characteristic of apoptotic cells.'” When H;O, was
added to the medium at 100 uM, not only was
proliferation retarded as previously experienced™
(Figure 3b), but also there was an even greater

progressive increase in the level of cells with

apoptotic properties. By 3 days (Figure 3b) the
level of detached apoptotic-like cells (Figure 4D)
had increased to around 26% of the total popula-
tion. If H;O; is added at 1 mM (Figure 3c), there
was no net proliferation or extensive loss of BHK-
21 fibroblasts, but a yet higher percentage of de-
tached apoptotic-like cells were observed. There
was also a small release of lactic dehydrogenase
into the medium (an increase in medium levels of
5 mU/ml 24 hr after H,O, addition) indicating
some cell death may be due to necrosis in addition
to possible apoptosis. When the exogenously
added H,O; was increased to 10 mM, there was an
extensive net loss of cells from the culture. This is
likely to be due to necrotic cell death as there was
a considerable release of lactic dehydrogenase
into the medium (an increase in medium levels of
35 mU/ml was detected 24 hr after H.O, addi-
tion). For each concentration of HO;, the DNA in
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FIGURE5 Neutral agarose gel electrophoresis of DNA isolated from adherent and detached BHK-21 cells. DNA from adherent cells
remaining with monolayers after treatment of BHK-21 cell cultures for 48 hr with no added H2O2 (lane 1), with 100 pM H20; (lane 2),
with 1 mM H20> (lane 3), with 10 mM HzO> (lane 4), DNA from BHK-21 cells that have detached from the monolayer after treatment
of BHK-21 cell cultures for 48 hr with no added H2Oz (lane 5), with 100 uM H202 (lane 6), with 1 mM HzOz2 (lane 7), with 10 mM H2O»
(lane 8). DNA from BHK-21 cells that have become detached from the monolayer after treatment for 48 hr with 150 pM mercaptosuccin-
ate (lane 10), with 150 pM aminotriazole (lane 11), with 10 uM CuDIPS (lane 12). Lanes M are DNA molecular weight markers of sizes
(from top to bottom), 23 130, 9416, 6557, 4361, 2322 and 2027, and 1353, 1078, 872, 603, 310 and 280.

adherent cells remaining attached to the culture
dishes after 48 hr was compared with the DNA
from the detached, or non-adherent cells. From
Figure 5 (lanes 1—4) it can be seen that in the case
of cells remaining attached, surprisingly little ex-
tensive degradation of cellular DNA was evident
from electrophoresis on neutral agarose gels.
Moreover a striking feature of cells exposed to
100 mM and 1 mM H;O: (Table 1) was a higher
than normal content of cellular DNA. From
Table 1 it can be seen that there was almost a
four-fold increase in DNA content in the case of
cells remaining attached to the monolayer after
exposure to 1 mM H;O,. In contrast in the case of
the DNA from the non-adherent cells that detach
under the different conditions of H.O» exposure,
there was clear evidence of specific inter-
nucleosomal cleavage or laddering of DNA

characteristic of apoptotic cells (Figure 5, lanes
5-8).

This initial approach suggested that intra-
cellular levels of H,O; are important. Moreover it

TABLE1 DNA content of BHK-21 cells

Additions Cellular DNA content
pg/cellxsd. (n=23)

none 6.60+0.78

100 pM H202 9.50 £1.15

1 mM H2O2 26.90 + 3.50

Triplicate 3.5 cm petri-dishes were seeded with BHK-21 cells
in 2 ml growth medium and allowed to grown for 24 hrs at
37°C. At that time the indicated additions were made to the
culture medium and growth allowed to continue for a further
48 hr at 37°C. DNA was then isolated from cells remaining
attached to the monolayers and estimated as described in
EXPERIMENTAL PROCEDURES.
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FIGURE 6 The effect of aminotriazole and mercaptosuccinate on BHK-21 cell growth. Triplicate 3.5 cm petri-dishes were seeded with
0.5 x 10% BHK-21 cells in 2 ml growth medium and the cultures were allowed to grow for 24 hr at 37°C. At that time cultures were
exposed to various concentrations of aminotriazole (a), or mecaptosuccinate (b). After 3 days further growth at 37°C, cells detached
from the monolayer (non-adherent) were assessed (@) as were adherent cells remaining attached to the monolayer (O) as described in
EXPERIMENTAL PROCEDURES. Results are expressed as the means of triplicate experiments +s.d.(n = 3).

is possible to modulate intracellular levels of
H;0;, and apparently the subsequent rates of
fibroblast proliferation or apoptosis (and also ne-
crotic cell death) by alteration of the amount of
exogenous H,O, added to the culture medium. In
view of this potential relevance of intracellular
levels of H,O,, the effect of inhibitors of cellular
enzymes involved in the metabolism of cellular
H,O, were examined in relation to fibroblast
growth and possible apoptosis. Previous experi-
ence had shown such inhibitors to raise intra-
cellular levels of H,O, in BHK-21 cells.” Figure 6
shows that exposure of BHK-21 cells to either
mercaptosuccinate or aminotriazole, inhibitors of
glutathione peroxidase and catalase respec-
tively,”* both led to diminished cell proliferation

as well as to increased levels of apoptotic-like cells
detaching from the culture dishes. When BHK-21
cells were exposed to the low molecular weight
lipophilic mimic of superoxide dismutase, copper
I1(3,5-diisopropylsalicylate), (CuDIPS) the rate of
cell proliferation progressively declined, but the
rate at which apoptotic cells detached from the
culture dish increased markedly day by day
(Figure 7). Previous experience had shown that
exposure of BHK-21 cells to CuDIPS also elevated
intracellular levels of H,O,.”' Figure 5 shows that
when the DNA from cells progressively detaching
from the culture dishes after exposure of the cul-
tures to aminotriazole, mercaptosuccinate or
CuDIPS was analysed by electrophoresis through
agarose gels, the internucleosomal DNA cleavage
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FIGURE7 The effects of copper II (3,5 dilsopropylsalicylate)2 on BHK-21 cell growth. Triplicate 3.5 cm petri-dishes were seeded with
BHK-21 cells in 2 ml of growth medium. Cultures were then either exposed to 1 uM copper II (3,5-diisopropylsalicylate) in 1% ethanol
(b), or to 1% ethanol alone and growth allowed to continue. The numbers of adherent (O) and non-adherent (@) cells were assessed
at various times thereafter as described for Figure 6. Results are expressed as the means of triplicate experiments + s.d.(n = 3).

patterns characteristic of apoptotic cells was again
observed (Figure 5, lanes 10-12). Similar results
(not shown) were obtained with another mimic of
superoxide dismutase, copper-D-isohistidine.”**
In the case of the cells remaining attached to the
culture dishes under these conditions no
extensive DNA degradation was evident from
electrophoresis on neutral aragose gels (not
shown).

DISCUSSION

Apoptosis has been studied following serum de-
pletion of rodent fibroblasts (Rat-1) expressing
c-myc constitutively.” In that particular study the
apoptopic cells were specifically harvested by
virtue of their reduced adherence to the culture
surface. Such detaching cells which increased
after serum removal displayed apoptic features

like nuclear condensation and internucleosomal
fragmentation of chromosomal DNA. In the case
of mouse embryonic CH3/10T2 cells, again
serum depletion brought about an increase in
apoptotic-like cells which were characterised by
their reduced adherence to the surface of the cul-
ture dishes, condensation of nuclear chromatin
and internucleosomal DNA fragmentation.”
From our initial studies with hamster fibroblasts
(BHK-21) a similar situation seems to prevail.”
Although we found that a significant number of
BHK cells detached from the monolayer with in-
creasing time of growth, this can be significantly
increased by serum depletion.” Fibroblasts that
detach from the culture dish during culture show
signs of apoptosis in as much as chromatin con-
densation is observable and internucleosomal
cleavage of chromosomal DNA is apparent. In
contrast the BHK fibroblasts remaining attached
to the culture dish after the various treatments do
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not show these characteristics, their DNA
showing little sign of extensive fragmentation.

Whilst fibroblasts cultured in the absence of
added H;O: show a small accumulation of cells
exhibiting apoptotic properties, the proportion of
such cells can nevertheless be increased if the cul-
tures are exposed to asingle ‘bolus’ of 100 uM H;O,
when cell proliferation is reduced but not pre-
vented. At 1 mM HxO,, growth is essentially pre-
vented but apoptosis occurs atarate similar to that
incell cultures exposed to 100 uM H;O;. In contrast
exposure of cultures to 10 mM H,O, whilst initially
giving rise to some apoptotic cells, results mainly
inadramaticreductionin the total number of cells.
As judged by the conspicuous release of lactic
dehydrogenase into the culture medium, this
overallloss of cells is likely tobe due to necroticcell
death. On thisbasis there may also be a small level
of necrotic cell death in cell cultures exposed to
1 mM H;O,. However no lactic dehydrogenase re-
lease was detected in cells exposed to 100 M H;O;.

These results with H,O, added at concentra-
tions of 100 uM to 10 mM are in contrast with the
observed effects of exogenous H,O, added at
1 uM. In previous reports’* we showed this low
concentration to be growth stimulatory (10 pM
H;0, was neither growth stimulatory or signifi-
cantly growth inhibitory). Whilst the addition of
H>O; at 100 uM to 10 mM raised the intracellular
levels of H,(O,, the addition of H O, at 1 uM actu-
ally had no significant effect on intracellular levels
of H;O; in BHK-21 cells. Rather it brought about a
modest decline in cellular levels of reduced
glutathione(GSH).”!

In view of the observation that increasing cel-
lular levels of H.O,, for example by exposure to
100 pM H:O, decreased proliferation rates and
increased apoptosis in BHK cells, the effect of
inhibitors of catalase and glutathione peroxidase
are significant. Both of these inhibitors will in-
crease levels of H;O; in BHK cells' and both will
decrease rates of proliferation and increase the
appearance of apoptotic-like cells in the culture.

Another type of agent capable of increasing
cellular levels of H;O; in BHK cells is low molec-

ular weight superoxide dismutase mimics e.g.
CuDIPS and Cu-D-isohistidine. Again these will
decrease proliferation rates and progressively in-
crease the rate of apparent apoptosis. Thus the
antioxidant enzymes catalase, glutathione perox-
idase and superoxide dismutases take on a novel
role as potential cell regulators of growth and
apoptosis. The regulatory role of Mn-superoxide
dismutase in relation to cellular behaviour has
previously been indicated from work with mela-
noma cells transfected with a gene for Mn-
superoxide dismutase.”® Such cells exhibited a
reduced malignant phenotype as do sarcoma
virus-infected mammalian cells with increased
superoxide dismutase activity.”” Moreover certain
cells treated with organometallic superoxide dis-
mutase mimics are also reported to display a re-
duced tumour phenotype.*® Thus the ability of
superoxide dismutase mimics, or inhibitors of cat-
alase and glutathione peroxidase, to induce
apoptosis may have important therapeutic poten-
tial in treatment of diseases characterised by in-
creased cellsurvival.” Indeed CuDIPS has already
been shown to be useful in inhibiting skin tumour
development in mice.*

The observation that either exposure of BHK
fibroblasts to 100 pM levels of H;O,, or to agents
that bring about increased cellular levels of cellu-
lar H>O,, also leads to progressively increased
rates of apparent apoptosis, certainly supports the
view that oxidative stress may be central to
apoptotic mechanisms. Whether these mecha-
nisms involve peroxidation of vital cell structures
such as membranes cannot be decided from our
experiments. However apoptosis induced in
thymocytes by exposure to oxidant stress in the
shape of a H.O,/ferrous sulphate mixture can be
repressed by addition of Trolox, a water-soluble
analogue of vitamin E.* In contrast we found that
when a-tocopherol itself, or butylated
hydroxytoluene, was added at 10 uM to BHK cell
cultures exposed to 100 uM H;O; no reduction in
the extent of apoptosis was observed (results not
shown). It may be that the water-soluble Trolox
reduced the induction of apoptosis in the stressed
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thymocytes by affecting extracellular events unre-
lated to the inhibition of lipid peroxidation. Alter-
natively Bcl-2 may simply be a more effective
intracellular antioxidant in this particular context.
Another possibility is that Bcl-2 may have proper-
ties that specifically regulate the redox state of key
proteins such as ICEs which may play a role in
proteolytic processes now believed to be
associated with the apoptosis pathway.”

In general it could be that apoptosis is the
outcome of signal transduction pathways involv-
ing the participation of a spectrum of signal trans-
duction proteins analogous to growth signal
transduction proteins. Indeed signal transduction
proteins such as Myc and Fos have been im-
plicated both in the regulation of proliferation and
apoptosis.”*** Either reactive oxygen species
such as HO, may directly ‘trigger’ the activity of
proteins of apoptotic pathways™ or by increasing
cellular oxidative stress, such as exemplified by
increased cellular levels of H;O,, may generally
bring about redox conditions favouring the func-
tioning of signal transduction proteins in
apoptotic pathways rather than in pathways pro-
moting growth. Thus we find that as oxidative
stress increases, apoptosis is favoured over
growth, although it should be emphasised that
severe oxidative stress can be destructive and
likely to lead to necrotic cell death (Figure 3d).

In these studies the oxidative stress was im-
posed by exposure of BHK-21 fibroblasts to in-
creasing levels of exogenous H,O,. H:O, as
previously reported occurs normally even in un-
exposed BHK cells and its intracellular concentra-
tion is related to growth.”” An alternative
approach has been to impose an oxidative stress
using redox cycling quinones, which would gen-
erate superoxide and H,O; by redox cycling reac-
tions catalysed by enzymic systems within the
exposed cells. Dypbukt et al.”” have shown that
increasing concentrations of 2,3-dimethoxy-1, 4-
naphthoquinone (DMNQ) stimulated growth, or
apoptosis and necrotic death, in pancreatic
RINm5F cells depending on the dose and extent
of exposure. For instance at 10 pM, proliferation

was enhanced, ornithine decarboxylase elevated
and polyamine biosynthesis increased. However
at 30 uM, apoptotic cell death was evident with
depressed ornithine decarboxylase and depleted
levels of polyamines. Increasing the DMNQ levels
to 100 uM resulted in necrotic cell death.

Our data from H,O, exposed BHK-21 cells is
broadly very similar to those of Dypbukt et al.*®
from DMNQ exposed RINmS5F cells. However,
the range of H,O: concentrations (from 1 pM to
10 mM) required to cover the contrasting effect of
growth stimulation and cell death is broader than
that observed for DMNQ (from 10 uM to 100 uM).
This difference may result from the high level of
single bolus H,O, metabolism encountered in
BHK-21 cells and their culture medium, compared
with the likely continuousintracellular generation
of superoxide and H;O; in the case of DMNQ
treated cells.

From our studies and those of Dypbukt et a
it would appear that if conditions are excessively
‘oxidative’, apoptosis, or even necrosis, appear to
be favoured over proliferation. On the other hand
whether oxygen derived species are specifically
obligatory for apoptosis signalling has recently
been called into question. For example established
inducers of apoptosis in lymphocytes can bring
about similar levels of apoptosis at widely differ-
ing oxygen tensions,” suggesting that oxygen de-
rived species may not always be required for
apoptopic signalling. Moreover in lymphocytes
and fibroblasts, Bcl-2 appears to provide protec-
tion from apoptosis in very low oxygen.** In
addition to this dilemma, it may also be significant
even in non-apoptotic BHK-21 fibroblasts (i.e.
those still adhering to culture dishes) that condi-
tions of ‘oxidative’ stress, can lead to increases in
DNA content of three to four-fold higher than
normal levels. Despite the increased DNA con-
tent, the DNA isolated from the adherent cells
does not appear to be extensively fragmented as
judged by crude electrophoretic analysis. Whilst
oxidative stress could in some way cause aberrant
DNA replication in growth arrested cells possibly
at the G2/M check point no plausible explanation

1.39
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can be offered at present. However in this context,
Handeli and Weintraub® have reported a temper-
ature sensitive mutant (ts41) in Chinese hamster
cells which leads to successive phases of DNA
replication in the absence of intervening Gz and G,
phases of the cell division cycle. Normally cells
complete only one round of DNA replication be-
fore entering the M-phase. The ts4l mutant at
non-permissive temperatures exhibits a time-
dependent lethality and accumulates excess
DNA. Thus it is possible that a protein product of
a similar gene in BHK-21 cells is somehow oxida-
tively modified to prevent stringent control of
DNA replication and permit accumulation of
excess cellular DNA.

In general therefore it seems that progress to-
wards higher cellular concentrations of H.0,,
whilst initially favouring proliferative responses
in BHK-21 fibroblasts, subsequently results in in-
creased apoptotic and necrotic cell death if the
oxidative stress is severe.
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