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Abstract—Bovine serum amineoxidase (BSAO) oxidatively deaminates polyamines, which contain primary
amine groups with formation of several toxic products, H,O,, and aldehyde(s). We evaluated the role of glucose
metabolism via the pentose phosphate cycle and the level of intracellular glutathione on cytotoxicity induced by
each of the toxic products in Chinese hamster ovary (CHO) cells. Glucose protected cells against cytotoxicity in
the presence of BSAO at low spermine concentrations (< 50 pM), where H,O, was the only toxic species
present. When catalase was present, cytotoxicity is attributed to spermine-derived aldehyde(s). Glucose did not
protect cells against cytotoxicity induced by spermine-derived aldehyde(s), nor by the aldehyde acrolein. Hydrogen
peroxide produced by spermine and BSAO stimulated pentose cycle activity, whereas the aldehyde(s) did not.
Depletion of intracellular glutathione with L-buthionine sulfoximine (1 mM, 24 h) sensitized cells to the cytotoxic
effects of both H,0, and the aldehyde(s) produced by spermine and BSAO. The pentose cycle and the glutathione
redox cycle have an important role in protection against H,O, generated from spermine oxidation. Glutathione
appears to have a role in protecting cells against cytotoxicity attributed to spermine-derived aldehyde(s), most
likely by conjugation in a reaction catalyzed by glutathione S-transferase, whereas metabolism of glucose via the
pentose cycle did not. The metabolism of both glucose and glutathione, affect the cellular response to H,0, and
aldehyde(s) derived from spermine, although different pathways are involved.

Keywords—Polyamines, Amine oxidase, Cytotoxicity, Glutathione, Pentose phosphate cycle, L.-Buthionine sulfox-
imine, Acrolein, Hydrogen peroxide, Free radicals

INTRODUCTION mainly attributed to the aldehydes that behave as ther-
mosensitizers.’

Bovine serum amineoxidase (BSAO, EC 1.4.3.6) oxi- Glucose metabolism via the pentose phosphate cy-

datively Fleaminates Polyamineg, which contgin pri- cle (PC) is an important source of NADPH in animal
mary amine groups with forlrgatlon of the toxic prod- tissues and it provides reducing equivalent for the glu-
ucts H;0, .and aldehyde(s).”™ We have been investi- tathione redox cycle. The activity of the PC is stimu-
gating the idea that BSAO could prove to be useful as lated under conditions of oxidative stress created by
an anticancer agent. It could cause cytotoxicity in situ compounds such as H,0,, by redox cycling agents,
by oxidizing polyamines that are found in high quanti- and under conditions requiring NADPH, such as the
ties in tumors.* We showed that the cytotoxicity of synthesis of fatty acids.

oxidation products of spermine was markedly en- Glutathione, a tripeptide thiol present in almost all

hanced by 42°C hyperthermia. This enhancement was cells, has important functions in cellular metabolism
and transport as well as in cellular defenses. It is proba-

bly one of the most important cellul ioxi .
Address correspondence to: Diana A. Averill-Bates, Département y po ellular antioxidants. It

de chimie, Université du Québec 2 Montréal, CP 8888, Succursale paﬂiCiPateS in the reduction of certain molecules by
Centre Ville, Montréal, Québec, Canada H3C 3P8. glutathione peroxidase, guarding cells from the de-
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structive effects of reactive oxygen intermediates and
other free radicals. It conjugates with compounds of
exogenous origin, via a reaction catalyzed by glutathi-
one transferase, protecting cells against the toxic ef-
fects of many drugs.®’” As a major cellular thiol, it
has been implicated in the thiol-disulfide exchange,
playing an important role in processes in which mixed
disulfides are involved.?

Buthionine sulfoximine (L-BSO) is a specific, irre-
versible and very effective inhibitor of y-glutamylcyst-
eine synthetase, the enzyme that catalyzes the rate-lim-
iting step of glutathione synthesis.” It is used, both in
vitro and in vivo, to cause glutathione depletion. L-BSO
has been shown to sensitize cells to chemotherapy and
radiation, and it is currently used in clinical trials.” Fur-
thermore, several forms of resistance to anticancer agents
are associated with overproduction of glutathione or with
changes in glutathione metabolism.”'*!! Therefore, it is
likely that depletion of glutathione by administration of
L-BSO will sensitize cells to the enzymatic oxidation
products of spermine.

Glutathione has an important role in the detoxification
of H,0,, via the glutathione redox cycle. Depletion of
cellular glutathione with L-BSO led to an increase in
cytotoxicity caused by this oxidant.'? In addition, it was
suggested that conjugation by glutathione of aldehydes
generated during lipid peroxidation, catalyzed by gluta-
thione S-transferase, could be an important pathway for
the detoxification of these species.13 Furthermore, the
toxic aldehyde acrolein was inactivated by human gluta-
thione transferases.”* It has been suggested that acrolein
could be a breakdown product of the unstable dialdehyde
generated during enzymatic oxidation of spermine.

We evaluated the role of glucose metabolism via
the PC and the level of intracellular glutathione on the
cytotoxicity induced by the each of the enzymatic reac-
tion products of spermine. At low spermine concentra-
tions, hydrogen peroxide was the only toxic species
responsible for cytotoxicity in the presence of BSAQO.
Under these conditions, glucose protected cells against
cytotoxicity. In the presence of catalase, cytotoxicity is
attributed to other toxic products of spermine oxidation:
aldehyde(s).>® We show here an important role for the
PC and the glutathione redox cycle in protection against
hydrogen peroxide generated from BSAO and spermine.
Glutathione had a role in protecting cells against cyto-
toxicity attributed to spermine-derived aldehyde(s),
whereas the PC did not.

MATERIALS AND METHODS

BSAO purification

BSAO was purified by the method of Mondovi et
al.,'® with two additional purification steps on Q-Seph-

arose columns at pH 8.0 and pH 6.0.'"° The BSAO
purification factor was about 1400-fold, and a single
band was obtained on SDS gel electrophoresis. The
enzymatic activity was assayed spectrophotometrically
at 25°C by monitoring the formation of benzaldehyde
at 250 nm (E = 12500 M~' cm™).!” BSAO had a
specific activity of 0.32—-0.42 IU/mg, with 1 IU (Inter-
national Unit) defined as the amount that catalyzes
the oxidation of 1 umol substrate/min. The protein
concentration was determined from the absorbance at
280 nm, assuming an absorption coefficient of 1.74
liters g 'cm™'.'®

Tissue culture

CHO cells (AuxB1)'®were grown in monolayer in
minimum essential medium alpha (MEM Alpha)
(Gibco Canada) plus 10% FBS (Gibco Canada) and
1% penicillin (50 units/ml)-streptomycin (50 pg/ml)
(Flow Laboratories ), in tissue culture flasks (Sarstedt
Inc, St. Laurent, Canada) in a humidified atmosphere
of 5% CO, in a water jacketed incubator at 37°C, as
previously described.”” The cells were grown to near
confluence and were then incubated for 24 h with fresh
culture medium. Confluent cells were then harvested
using citrated phosphate-buffered saline (0.14 M NaCl,
0.01 M sodium phosphate, 0.015 M sodium citrate),
washed by centrifugation (1000 X g, 3 min) and resus-
pended in phosphate-buffered saline (PBS) containing
1% bovine serum albumin (BSA) for experimental
studies. Glucose, when present, was used at a concen-
tration of 10 mM.

Cell survival experiments

Cell survival experiments were carried out in 1 ml
of PBS-1% BSA—10 mM glucose. CHO cells (10°/
ml) were incubated in the presence or absence of the
following reagents: BSAO (5.7 X 107 U/ml), sperm-
ine (0 to 200 uM), catalase (300 U/ml, from bovine
liver), acrolein (0 to 200 uM, Sigma Chemical Co.).
Spermine (Fluka Chemic, Buchs, Switzerland) was
freshly prepared before each experiment and, if pres-
ent, was added last. The cells were incubated in tubes
in a waterbath at 37°C. After the appropriate time, the
cells were washed three times by centrifugation ( 1000
X g, 2 min) to stop the incubation.”® The cells were
resuspended in culture medium, diluted to the appro-
priate concentration and plated in tissue culture dishes
(60 X 15 mm), which were incubated at 37°C in an
atmosphere of 5% CO, for 8 d. The dishes were then
washed with PBS, fixed with 95% ethanol, and stained
with methylene blue before counting macroscopic col-
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onies (> 50 cells). Percent cell survival was expressed
as the mean number of colonies obtained relative to
the mean number of colonies obtained in the control.
Pretreatment of cells with 1 mM L-buthionine-S, R-
sulfoximine (L-BSO) (Sigma Chemical Co., St Louis,
MO) was performed on confluent cells in monolayer
during 24 h. The cells were subsequently washed three
times, harvested, and cell pellets were analyzed for
total glutathione (see below). For cell survival deter-
mination, cells were resuspended in PBS—1% BSA
and experiments were performed as described above.

Glutathione assay

Total glutathione was determined according to An-
derson, 1989.2 CHO cell pellets (6 to 10 X 10° cells)
were lysed by vigorous agitation with 1 ml of double
distilled water and deproteinised during 15 min with
S-sulfosalicylic acid (3% w/v). The suspension was
centrifuged (14,000 X g, 5 min) in a microfuge. An
aliquot (20 to 100 ul) of the supernatant was added
to a 1 ml cuvette containing 0.7 ml of a solution of
0.143 M sodium phosphate containing 6.3 mM EDTA
(pH 7.5) and NADPH (0.248 mg/ml), and 0.1 ml of
6 mM 5,5'-dithiobis (2-nitrobenzoic acid). The assay
was initiated by addition of 10 ul of glutathione reduc-
tase (266 U/ml). The rate of formation of 5-thio-2-
nitrobenzoic acid, which is proportional to total gluta-
thione concentration, was followed at 412 nm during
2 min at 30°C in a jacketed spectrophotometer com-
partment. Sample values were calculated from a stan-
dard curve of nmol glutathione vs. rate and expressed
as nmol/10° cells.

Activity of the pentose phosphate cycle

PC activity was determined as the amount of “CO,
liberated from samples incubated with [1-'*C]-D-glu-
cose, as previously described.'>?> CHO cells (5 X 10¢/
ml), in a final volume of 2 ml in PBS-1% BSA-2
mM glucose, were introduced into 25 ml Erlenmeyer
flasks. A quantity of 0.2 uCi of [1-'*C]-D-glucose
(55.4 mCi/mmol, Du Pont Corp.—New England Nu-
clear, Boston, MA) per flask was added and, when
present, 200 uM spermine and BSAO (28 x 107* U/
ml) with or without catalase (300 U/ml), or 200 uM
acrolein, or 2 mM hydrogen peroxide (4 pmol/10’
cells) (Fisher Scientific Co., Montreal, Canada). The
flasks were immediately sealed with serum stoppers
and incubated under agitation. A plastic tube con-
taining a glass filter saturated with 0.1 ml of 5% KOH
was attached inside each flask to the serum stopper.
After 1 h at 37°C, 0.2 ml of 6 N H,SO, was injected

into the flasks. After 30 min, the filters were placed into
scintillation vials containing Scinti Verse II (Fisher
Scientific Co.). The radioactivity was determined 12
h later.

Glutathione level after exposure to aldehydes

CHO cells (5 x 10%/ml), in a final volume of 2 ml
in PBS—1% BSA-2 mM glucose, were placed in 25
ml Erlenmeyer flasks. Samples contained 200 puM
spermine and BSAO (28 X 107* U/ml) with or with-
out catalase (300 U/ml), or 200 uM acrolein, or 400
uM hydrogen peroxide. Control samples were incu-
bated under agitation for 1 h at 37°C without addition
of other reagents. After the incubation, cell pellets were
analysed for total glutathione as described above.

RESULTS

Figure 1 shows the effect of glucose on the clono-
genic cell survival of CHO cells exposed to 3.8 uM
exogenous spermine and purified BSAO (5.7 x 107?
U/ml). There was no cytotoxicity when glucose (10
mM) was present in the medium during a 60-min incu-
bation. However, there were two logarithms of cell
killing after a 40-min incubation, when glucose was
absent from the medium. Glucose protected the cells
from cytotoxicity induced by oxidation products of
spermine.

The effect of glucose on cytotoxicity induced by
BSAO (5.7 X 107 U/ml) during 60 min, as a function

% cell survival

o
0 20 40 60
Time (min)

Fig. 1. Time course for cytotoxicity induced by BSAO and 3.8 uM
spermine, with and without glucose. CHO cells (10°/ml) in 1 ml
of PBS-1% BSA were incubated with BSAO (5.7 x 107? U/ml)
and 3.8 uM spermine with (@) and without (O) 10 mM glucose. The
data represent mean and SEM from three independent experiments.
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Fig. 2. Effect of glucose on cytotoxicity induced by BSAO as a
function of spermine concentration, with and without catalase. CHO
cells (105/ml) in 1 ml of PBS—1% BSA were incubated (1 h, 37°C)
with BSAO (5.7 X 1072 U/ml) and spermine with (closed symbols)
and without (open symbols) 10 mM glucose, in the presence (M,0])
and absence (@,0) of exogenous catalase (300 U/ml). The data
represent mean and SEM from three independent experiments.

of spermine concentration, is shown in Fig. 2. The
cytotoxicity data is shown both with and without addi-
tion of exogenous catalase, an enzyme that eliminates
hydrogen peroxide. The plating efficiency decreased
to 41% for control cells that were not exposed to
spermine and BSAO, when incubated for 1 h without
glucose. Curves for cytotoxicity in the absence of glu-
cose were normalized to the control value (41%) ob-
tained without glucose, which is designated as 100%,
to factor out the cytotoxicity caused by the absence of
glucose. Cytotoxicity due to BSAO was apparent at 5
#M spermine, and this increased steadily up to 50 uM
spermine when glucose was present. When cells were
exposed to BSAO without glucose, there was a marked
increase in cytotoxicity. Cytotoxicity increased with
spermine concentration to reach almost three loga-
rithms of cell killing at 10 gM spermine. Glucose af-
forded considerable protection to the cells against cyto-
toxicity induced by BSAO and spermine. Catalase
(300 U/ml) afforded marked protection to the cells
against cytotoxicity due to BSAO for spermine concen-
trations up to 100 uM, whether or not glucose was
present in the incubation medium (Fig. 2). This means
that the cytotoxicity observed for spermine concentra-
tions below 50 uM, in the absence of exogenous cata-
lase, with and without glucose, was due to hydrogen
peroxide alone.

We considered the effect of glucose on cytotoxicity
caused by aldehyde(s), generated by enzymatic oxida-
tion of spermine, in relation to its metabolism via the
PC. When catalase was present, cytotoxicity due to
BSAO occurred for spermine concentrations above

0 50 100 150 200
Spermine (UM)

100 uM, regardless of whether glucose was present or
not (Fig. 2). There was no protection afforded by glu-
cose against cytotoxicity. Moreover, glucose appeared
to sensitize CHO cells to the toxic effects of alde-
hyde(s). Cell viability decreased more rapidly when
glucose was present in the incubation medium.

An essential role for glucose, metabolized via the
PC, was reported for the detoxification of H,0, via the
glutathione cycle.'> We compared the ability of BSAO
and spermine to stimulate activity of the PC, relative
to exogenously added hydrogen peroxide (Table 1).
The quantity of “CO, released from untreated control
CHO cells, incubated with 1-'*C-labeled glucose for
1 h at 37°C, was 23.00 nmol/107 cells. When cells
were exposed to BSAO (28 X 10~° U/ml) and sperm-
ine (200 uM), the activity of the PC increased almost
threefold, relative to control cells (Table 1). This ef-
fect was similar to that observed when cells were ex-
posed to H,O, (4 umol/107 cells). When catalase was
present, the activity of the PC was not stimulated by
BSAO and spermine (Table 1). Furthermore, exoge-
nously added acrolein did not have any marked effect
on the level of PC activity.

Figures 3 and 4 show how depletion of glutathione
can modulate the response of CHO cells to the enzy-
matic oxidation products of spermine. Total glutathi-
one was reduced to 0.27 (SD 0.086) nmol/10° cells,
from an initial value of 3.30 (SD 0.19) nmol/10° cells,
by pretreatment of cells during 24 h with 1 mM L-
BSO. This treatment decreased plating efficiency to
71.2%. Cell survival curves for L-BSO-treated cells
were normalized to the control value obtained with L-
BSO treatment (71.2% ), which is designated as 100%,
to factor out the cytotoxicity caused by the L-BSO
treatment. Figure 3A shows cytotoxicity induced by
BSAO and low concentrations of spermine (< 50 uM)
in L-BSO-treated cells, under conditions where cyto-
toxicity was attributed to H,O, alone (Fig. 2). When

Table 1. Activity of the Pentose Phosphate Cycle in CHO Cells
Exposed to Enzymatic Reaction Products of Spermine

Activity of PC*

Samples® (nmol CO,/10" Cells)
Control 23.00 = 7.69
BSAO + spermine (200 uM)® 63.25 + 9.87
BSAO + spermine + catalase (300 U/ml) 30.90 = 10.32
Exogenous acrolein (200 pM) 3949 = 13.19
Exogenous H,0,° 72.61 + 11.36

3 CHO cells (5 X 10%ml) in 2 ml of PBS-1% BSA during 1 h
at 37°C.

®28 X 107 U/ml.

¢4 umol/107 cells.

4 Mean and SD from two independent experiments.
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Fig. 3. Effect of glutathione depletion with L-BSO on (A) cytotoxic-
ity induced by BSAO and spermine and (B) cytotoxicity of exoge-
nous H,0,. (A) CHO cells (10°/ml), pretreated with L-BSO (24
h, 1 mM), were incubated (1 h, 37°C) in 1 ml of PBS—-1% BSA-
10 mM glucose with BSAO (5.7 X 107> U/ml) and spermine. The
curves from Fig. 2 for cytotoxicity induced by BSAO and spermine,
either with (----) or without (. .. .. ) 10 mM glucose, are shown for
sake of comparison in cells without pretreatment with L-BSO. (B)
CHO cells (10°/ml), pretreated with L-BSO, were exposed to hydro-
gen peroxide for 1 h in 1 ml of PBS-1% BSA-10 mM glucose
(®). Cytotoxicity induced by hydrogen peroxide in cells without
pretreatment with L-BSO is shown with (A ) or without (A) 10 mM
glucose. The data represent mean and SEM from three independent
experiments.

glucose was present, glutathione depletion sensitized
cells to the cytotoxic effects of H,O, produced during
the oxidation of spermine by BSAO, relative to cells
without pretreatment with L-BSO and, thus, containing
normal levels of glutathione (Fig. 3A, dashed line).
Cells, in the absence of glucose (Fig. 3A, dotted line),
were still more sensitive to the cytotoxic effects of the
oxidant than cells with severe depletion of glutathione
(glucose present). Figure 3B shows equivalent data
obtained when cells were exposed to exogenous hydro-
gen peroxide. The data in Figs. 3A and 3B are very
similar. This confirms further that at low spermine con-

centrations cytotoxicity induced by BSAO resembles
the cytotoxicity of exogenous H,O,.

Figure 4 shows how depletion of glutathione can
modulate the response of CHO cells to other oxidation
products of spermine, aldehyde(s). Figure 4A shows
cytotoxicity induced by BSAO and spermine, when
catalase was present in the incubation mixture. Gluta-
thione depletion sensitized the cells to the cytotoxic
effects of aldehyde(s) produced during oxidation of
spermine by BSAO, relative to cells without L-BSO

% cell survival
[

0,1

0,01 —
0 50 100 150 200

Spermine (UM)

100 4

10 |

0.1
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0 50 100 150 200
Acrolein (uM)

T

Fig. 4. Effect of glutathione depletion with L-BSO on ( A) cytotoxic-
ity induced by BSAO and spermine in the presence of exogenous
catalase and (B) cytotoxicity of exogenous acrolein. (A) CHO cells
(10%/ml), pretreated with L-BSO (24 h, 1 mM), were incubated (1
h, 37°C) with BSAO (5.7 X 1072 U/ml) and spermine in the pres-
ence of exogenous catalase (300 U/ml), with (@) or without (O)
10 mM glucose, in 1 ml of PBS-1% BSA. The curves from Fig. 2
for cytotoxicity under equivalent conditions are shown for sake of
comparison, in cells without pretreatment with L-BSO, with (----)
or without (..... ) glucose. (B) CHO cells (10°/ml), pretreated
with L-BSO, were exposed to acrolein (1 h, 37°C), with (@) or
without (O) 10 mM glucose, in 1 mi of PBS—1% BSA. Data for
cytotoxicity under equivalent conditions, in cells without pretreat-
ment with L-BSO, are shown with (A----A) or without (A. ...A)
glucose. The data represent mean and SEM from three independent
experiments.



654 E. AGOSTINELLI et al.

treatment (Fig. 4A, dashed and dotted lines). This
effect occurred regardless of whether glucose was pres-
ent or not. Figure 4B shows equivalent data obtained
with exogenous acrolein. Cells with severe depletion
of glutathione were more sensitive to acrolein than
cells with normal levels of glutathione (Fig. 4B,
dashed and dotted lines). The response of cells to ex-
ogenous acrolein was not affected by the level of glu-
cose in the incubation medium.

The effect of exposure to the enzymatic reaction
products of BSAO during 1 h at 37°C on the level of
intracellular glutathione is shown in Table 2. The total
glutathione content decreased markedly when CHO
cells were exposed to BSAO and spermine (200 uM),
both with and without catalase. Exposure to exogenous
acrolein (200 pM) also caused a marked decrease in
the level of glutathione in cells. However, exposure to
exogenous hydrogen peroxide (400 uM) did not alter
glutathione content. The data shown in Fig. 4 and Table
2 suggest that aldehyde(s) produced from enzymatic
oxidation of spermine could be detoxified by conjuga-
tion to glutathione.

DISCUSSION

We show here that glucose present in the incubation
media protected CHO cells from cytotoxicity induced
by oxidation products of exogenous spermine gener-
ated by BSAO. This effect was observed at low sperm-
ine concentrations, below 50 yM, where H,0, was
the sole enzymatic oxidation product responsible for
cytotoxicity. Therefore, for low spermine concentra-
tions, the protective effect of glucose against cytotoxic-
ity induced by oxidation products of spermine, could
be explained as a protective effect against H,O, pro-
duced by the enzymatic reaction. At higher spermine
concentrations, glucose no longer protected the cells,
but essentially complete protection was afforded by
exogenous catalase up to 100 yM spermine. It was
previously demonstrated that glucose, metabolized via
the PC, has an essential role for the detoxification of
H,0, via the glutathione redox cycle, and it may also
have a role in the function of endogenous catalase.'
Therefore, the absence of glucose from the cellular
medium, or severe depletion of intracellular glutathi-
one with L-BSO, deprives cells of the major antioxi-
dant defence systems against H,O,, one of the oxida-
tion products of spermine. As expected, either depriva-
tion of glucose or depletion of glutathione led to
considerable sensitization to the effects of BSAO and
spermine, under conditions where only hydrogen per-
oxide was present. Furthermore, stimulation of PC ac-

Table 2. Total Glutathione Content of CHO Cells Exposed to
Enzymatic Reaction Products of Spermine

Total Glutathione®

Sample® (nmol/10° Cells)
Control 267 =*0.16
BSAO + Spermine (200 uM)® 0.0604 = 0.029
BSAO + spermine + catalase 0.0496 = 0.023
Exogenous acrolein (200 uM) 0.0239 = 0.0013
Exogenous H,0, (400 uM) 299 =*0.18

*CHO cells (5 X 10%ml) in 2 ml of PBS-1% BSA during 1 h
at 37°C.

28 x 107 U/ml.

“Mean and SD from two independent experiments.

tivity by BSAO and spermine occurred only under
conditions where hydrogen peroxide was generated.
Our data suggest that stimulation of PC activity was
involved in the protective effect of glucose against
cytotoxicity due to hydrogen peroxide generated from
spermine by BSAO. The sensitization to peroxide cyto-
toxicity in L-BSO-treated cells is most likely ex-
plained by inhibition of glutathione peroxidase, a ma-
jor cellular pathway for detoxification of hydrogen per-
oxide, due to a lack of GSH.

Glucose did not protect CHO cells from cytotoxicity
in the presence of exogenous catalase, under conditions
where the aldehyde (s) was responsible for the cytotox-
icity of BSAO and spermine. Under these conditions,
there was no stimulation of PC activity. Similarly, glu-
cose did not protect cells against cytotoxicity of the
exogenous aldehyde acrolein and there was no appre-
ciable stimulation of PC activity. Moreover, glucose
increased the cytotoxic effect of the spermine-derived
aldehyde(s). This effect was not related to the metabo-
lism of glucose via the PC and the explanation is not
known. Glucose is required for active transport pro-
cesses of many molecules into cells. Enhancement of
cytotoxicity of spermine-derived aldehyde(s) by glu-
cose would be expected if these relatively large mole-
cules were transported into cells via an active process.
The mechanism(s) of transport involving the sperm-
ine-derived aldehyde(s) is not known, and this is dif-
ficult to determine given the controversy concerning
the chemical nature of the aldehyde(s) generated.”?*
Other possible explanations are that metabolism of glu-
cose could enhance reactions involved in the cytotoxic-
ity of the aldehyde(s), or that it could interfere with
the detoxifying reactions against aldehydes.

Depletion of cellular glutathione with L-BSO sensi-
tized cells to the cytotoxic effects of spermine-derived
aldehyde(s) and also to exogenous acrolein. Therefore,
depletion of glutathione with L.-BSO deprived CHO cells
of an important detoxifying system that protects the cells
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against aldehydes. It is known that acrolein is a substrate
for glutathione transferases and that it is detoxified by
conjugation with glutathione.'** This is a likely explana-
tion for the sensitizing effect of glutathione depletion on
the cytotoxicity of acrolein in our system. Glutathione S-
transferase (GST) may also have an important role in
cellular protection against other aldehydes."**® We postu-
late that spermine-derived aldehyde(s) could be detoxi-
fied by conjugation to glutathione. This could occur either
by the direct reaction with glutathione or it could be
catalysed by GST. Such an effect could be analogous to
that reported for the detoxification of acrolein.'** Consis-
tent with this idea, the spermine-derived aldehyde(s)
caused depletion of cellular glutathione levels. Further-
more, our findings suggest that the glutathione redox
cycle and metabolism of glucose via the PC were not
involved in the detoxification of this aldehyde(s). Al-
though glutathione depletion sensitized the cells to the
cytotoxic effects of both the spermine-derived alde-
hyde(s) and exogenously added acrolein, glucose only
affected cytotoxicity during exposure to spermine-de-
rived aldehyde(s). This difference in cellular response
to these different aldehyde(s) suggests that the effect of
glutathione depletion and the effect of glucose are not
related. In contrast, hydrogen peroxide generated from
spermine and BSAO was detoxified via the glutathione
redox cycle requiring an elevated level of glucose metab-
olism via the PC. This means that sensitization by L-BSO
to the toxicity of aldehyde(s) occurred via a different
mechanism than that involved in the sensitization by L-
BSO to hydrogen peroxide.

In conclusion, both the metabolism of glucose via the
PC and the metabolism of glutathione affect the cellular
response to hydrogen peroxide and aldehyde(s) derived
from spermine. However, cells respond to these cytotoxic
species in different ways, suggesting that different path-
ways are involved. H,0, is detoxified via the glutathione
redox cycle with participation of GSH and glucose. The
aldehyde(s) is most likely detoxified by conjugation to
GSH, in a reaction catalyzed by GST. Glucose metabo-
lism via the PC is not required for this detoxification
pathway. In contrast to the protective effect of glucose
against cytotoxicity of hydrogen peroxide, glucose en-
hanced cytotoxicity in cells exposed to spermine-derived
aldehyde(s).
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