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oxidase (7), although this was denied recently (8). It
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The toxicity of extracellular spermine, determined
n the presence of fetal calf serum, was studied using
hree cell lines: FM3A, L1210, and NIH3T3 cells. Amine
xidase in fetal calf serum produces aminodialdehyde
enerating acrolein spontaneously, H2O2, and ammo-
ia from spermine. Spermine toxicity was prevented
y aldehyde dehydrogenase, but not by catalase. Sim-
lar concentrations of spermine and acrolein were
eeded to produce toxicity. Other aldehydes (for-
aldehyde, acetaldehyde, and propionaldehyde) and
ydrogen peroxide were less toxic than acrolein. Sper-
idine and 3-aminopropanal, which produces acro-

ein, also exhibited severe cytotoxicity. The degree of
ytotoxicity of spermine, spermidine, and 3-aminopro-
anal was nearly parallel with the amount of acrolein
roduced from each compound. Thus, it was deduced
hat acrolein is a major toxic compound produced
rom polyamines (spermine and spermidine) by amine
xidase. © 2001 Academic Press

Key Words: cytotoxicity; spermine; spermidine; acro-
ein; amine oxidase.

It is well established that polyamines are necessary
or normal cell growth (1, 2). However, the addition of
olyamines (spermidine and spermine) to culture me-
ium containing ruminant serum is known to inhibit
ellular proliferation (3, 4). This effect is caused by the
roducts of oxidation of polyamines that are generated
y serum amine oxidase (5). Serum amine oxidase cat-
lyzes the oxidative deamination of spermidine and
permine to produce respectively, an aminoaldehyde
N9-(4-aminobutyl)-aminopropionaldehyde] or an amino-
ialdehyde [N,N9-bis(3-propionaldehyde)-1,4-butanedi-
mine], with H2O2 and ammonia (6). There is another
eport that spermine is cleaved into spermidine and
-aminopropanal [NH2(CH2)2CHO] by serum amine
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900. E-mail: iga16077@p.chiba-u.ac.jp.
228006-291X/01 $35.00
opyright © 2001 by Academic Press
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as been also reported that acrolein [CH2 5 CHCHO]
s spontaneously formed from the above aminoalde-
ydes (9) and 3-aminopropanal (7). Accordingly, the
rincipal candidates for mediating cytotoxicity include
crolein (10), aminoaldehydes (11, 12), 3-aminopro-
anal (7, 13), and hydrogen peroxide (14, 15). There is
lso a report that both acrolein and hydrogen peroxide
re involved in cytotoxicity by spermine since a combi-
ation of aldehyde dehydrogenase and catalase com-
letely prevented the cytotoxicity (16).
In Escherichia coli, the toxicity of aminoaldehydes is
uch lower than that of acrolein (17). However, in

nimal cells, there is no report on a direct compari-
on of the cytotoxicity of polyamines (spermidine
nd spermine), acrolein, aminoaldehydes, 3-aminopro-
anal, and H2O2 in the presence of serum. In this
tudy, we tried to identify the degradation product of
olyamines, produced by amine oxidase, that is the
ain inhibitory factor for cell growth. We have found

hat the major inhibitory factor produced from poly-
mines by serum amine oxidase is acrolein.

ATERIALS AND METHODS

Cell culture. Mouse mammary carcinoma FM3A cells (5 3 104

ells/ml) were cultured in ES medium (Nissui Pharmaceutical Co.)
upplemented with 50 U/ml streptomycin, 100 U/ml penicillin G, and
% heat-inactivated fetal calf serum (FCS) at 37°C in an atmosphere
f 5% CO2, according to the method of Ayusawa et al. (18). Where
ndicated, 1 mM aminoguanidine (AG) was added to inhibit amine
xidase in serum. Mouse L1210 leukemia cells (5 3 104 cells/ml) were
ultured in RPMI1640 medium supplemented with 50 U/ml streptomy-
in, 100 U/ml penicillin G, and 10% heat-inactivated FCS. NIH3T3 cells
5 3 104 cells/ml) were cultured in DMEM, supplemented with 2 mM
lutamine, 50 mg/ml gentamicin, and 10% FCS. The viable cell number
as counted in the presence of 0.25% trypan blue.

Measurement of polyamines. Cells (6 3 106) were homogenized
ith 0.3 ml of 0.2 N HClO4 and centrifuged for 10 min at 12,000g.
olyamine contents were measured as described previously (19) us-

ng the supernatant. The retention times for N1- (or N8-)acetyl-
permidine, putrescine, spermidine, and spermine were 6, 9, 15, and
5 min, respectively. Protein was determined by the method of



Lowry et al. (20) using the precipitate. The amount of polyamines
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(Fig. 1D). These results suggest that acrolein is more
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as expressed as nmol/mg protein.

Assay for amine oxidase. The reaction mixture (0.15 ml) contain-
ng 10 mM Tris–HCl, pH 7.5, 0.2 mM substrate (spermine, spermi-
ine, putrescine, N1-acetylspermidine, and N8-acetylspermidine)
nd 0.03 ml FCS was incubated at 37°C for 1, 2, or 4 h. To 0.02 ml of
he reaction mixture, 0.55 ml of 5% trichloroacetic acid (TCA) was
dded and centrifuged as described above. A 10-ml aliquot of the
upernatant was used for the polyamine analysis. The substrate
egraded was linear during the incubation time.

Measurement of acrolein. Acrolein was measured according to the
ethod of Alarcon (21). The reaction mixture (0.4 ml) containing 30
M potassium phosphate buffer, pH 7.0, 0.2 mM substrate (spermine,

permidine, putrescine, N1-acetylspermidine, N8-acetylspermidine, and
-aminopropanal) and 0.05 ml FCS was incubated at 37°C for 2, 4, or
h. The reaction was terminated by the addition of 2.6 ml mixed

eagent containing 18 mM m-aminophenol, 33 mM hydroxylamine hy-
rochloride, and 1.15 N HCl. After boiling for 10 min, the precipitate
as removed by centrifugation. Fluorescence was measured at an ex-

itation wavelength of 350 nm and an emission wavelength of 510 nm.

Assay for DNA synthesis. FM3A cells were cultured for 24 h as
escribed above and harvested by centrifugation at 300g for 5 min.
NA synthesis was measured by incorporation of [3H]thymidine into
NA by incubation of cells (5 3 105/ml in 2 ml ES medium) with 185
Bq [3H]thymidine (248 GBq/mmol) for 2 h. Radioactivity was mea-
ured by the method of Seyfried and Morris (22).

Materials. Catalase from bovine liver (17,300 units/mg protein),
ldehyde dehydrogenase from bakers yeast (4.3 units/mg protein),
1-acetylspermidine and N8-acetylspermidine were obtained from
igma. Formaldehyde, acetaldehyde, propionaldehyde, and hydrogen
eroxide were purchased from Nacalai Tesque Inc. Acrolein and
-aminopropanal diethylacetal were purchased from Tokyo Kasei
ogyo Co. 3-Aminopropanal was prepared from 3-aminopropanal di-
thylacetal by the method of Ivanova et al. (13), and it was immediately
sed after neutralization without purification by ion exchange column
hromatography. Other reagents used were of analytical grade.

ESULTS

omparison of Cytotoxicity of Various Polyamines, H2O2

and Various Aldehydes in the Presence of FCS

It is known that polyamines (spermine and spermi-
ine) inhibit cell growth in the presence of FCS. In the
resent study, this inhibitory effect of spermine was
een with FM3A cells exposed to spermine in the pres-
nce of FCS (Fig. 1A). The toxicity is caused by factors
roduced from polyamines by amine oxidase. The evi-
ence for this is that aminoguanidine (AG), an inhibi-
or of amine oxidase, blocked the effects of spermine
Fig. 1A). Polyamines are converted to aminoaldehydes
nd H2O2 by amine oxidase (6). Then, acrolein is spon-
aneously formed from the aminoaldehydes (9). Both

2O2 and acrolein inhibited cell growth. The addition
f catalase prevented the effects of H2O2, and the ad-
ition of aldehyde dehydrogenase prevented the effects
f acrolein (Figs. 1B and 1C). The concentration of
permine (15 to 30 mM) that inhibited cell growth was
lightly higher than that of acrolein (7.5 to 15 mM), but
as much lower than that of H2O2 (0.2 to 0.4 mM). In
ddition, aldehyde dehydrogenase, but not catalase,
ould prevent the effects of spermine on cell growth
229
trongly involved than H2O2 in the inhibition of cell
rowth by spermine.
Next, we examined the effect of various aldehydes on

ell growth to determine whether acrolein is a major
nhibitory factor of cell growth. As shown in Fig. 2, the
oncentrations of formaldehyde (HCHO), acetaldehyde
CH3CHO), and propionaldehyde (CH3CH2CHO) (0.25
o 5 mM) required to inhibit cell growth were much
igher than that of spermine. However, 3-aminopro-
anal inhibited cell growth at concentrations (25 to 50
M) comparable to that of spermine. The addition of
ldehyde dehydrogenase with these aldehydes recov-
red cell growth. Among these aldehydes, only 3-amino-
ropanal spontaneously forms acrolein (7). These re-
ults strongly suggest that acrolein, but not aminoal-
ehyde itself, is a major inhibitory factor of cell growth
roduced from spermine.
The inhibitory effect of the other major polyamine,

permidine, was then examined. As shown in Fig. 3A,
he concentration of spermidine necessary to inhibit
ell growth was 0.1 to 0.15 mM, and the effect of sper-
idine was prevented by AG. Aldehyde dehydrogenase
as also able to prevent the toxic effects of spermidine

Fig. 3B). However, catalase provided only modest pro-
ection against spermidine toxicity. It has been re-
orted that an aminoaldehyde is formed from N8-
cetylspermidine by serum amine oxidase in small
mounts, but not from N1-acetylspermidine (23). This
as confirmed by our assay method measuring the
ecrease in substrate by amine oxidase (data not
hown). Cell growth was slightly inhibited by 0.3 mM

8-acetylspermidine, but not by 0.3 mM N1-acetyl-
permidine (Fig. 3C). These results support the idea
hat the cytotoxic effect of spermidine, like that of
permine, is mainly due to acrolein produced from ami-
oaldehyde by amine oxidase. Putrescine (1 to 3 mM)
id not exhibit cytotoxicity and was not degraded by
erum amine oxidase (data not shown).
The polyamine contents of cells were determined

Table 1). When AG was added to the medium together
ith spermine, spermine accumulated in the cells.
owever, when spermine was added to the medium
ithout AG, accumulation of spermine was not ob-

erved. Addition of AG alone did not alter cellular
olyamine content. The results suggest that most of
he exogenously added spermine (30 mM) was degraded
y amine oxidase. On the other hand, spermidine ac-
umulated in the cells cultured with or without AG,
uggesting that only a small portion of the exogenously
dded spermidine (0.15 mM) was degraded by amine
xidase. The results also suggest that accumulation of
permine or spermidine in cells does not directly in-
ibit cell growth, since inhibition of cell growth by
permine or spermidine was not observed in the pres-
nce of AG (Figs. 1A and 3A). DNA synthesis, another
ndicator of cell growth, was also measured in treated
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nd untreated cells. As shown in Table 1, inhibition of
NA synthesis was parallel with inhibition of cell
rowth: The addition of 30 mM spermine or 0.15 mM
permidine to the medium without AG greatly inhib-
ted DNA synthesis.

Spermine toxicity in the presence of FCS was exam-
ned by using two other cell lines. As shown in Fig. 4,
rowth of L1210 and NIH3T3 cells was inhibited by
permine (7.5 to 15 mM). These effects were reversed by
he addition of aldehyde dehydrogenase, but not cata-
ase. In these experiments, lower concentrations of
permine were required to inhibit growth of L1210 and

FIG. 1. Effect of spermine, H2O2 and acrolein on cell growth of FM
tandard conditions except that chemicals and enzymes shown in the
LDH, aldehyde dehydrogenase. Each point is the mean 6 S. D. of
230
IH3T3 cells than to inhibit growth of FM3A cells.
his may reflect the use of 10% FCS during culture of
1210 and NIH3T3 cells rather than 2% FCS used for
ulture of FM3A cells. The results suggest that the
echanism of toxicity of spermine (involving acrolein

roduction) is similar in most cells.

orrelation between Cytotoxicity and Acrolein Produced
from Polyamines and 3-Aminopropanal

To clarify that acrolein is the major toxic compound
roduced from polyamines by serum amine oxidase,

cells cultured in the presence of 2% FCS. Cells were cultured under
ure were added to the medium together with 2% FCS. Cat, catalase;
licate determinations.
3A
fig
trip
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crolein produced from polyamine analogues and
-aminopropanal was measured in the presence of
CS. As shown in Fig. 5A, acrolein was generated from
permine, spermidine and N8-acetylspermidine, but
ot from N1-acetylspermidine and putrescine, after the
hort lag. During the lag period, aminodialdehyde or
minoaldehyde may be produced by amine oxidase.
crolein was produced from 3-aminopropanal without

he lag regardless of the presence and absence of FCS,
onfirming that acrolein was spontaneously generated
rom 3-aminopropanal. These results indicate that the
egree of cytotoxicity of spermine, spermidine, and N8-

FIG. 2. Effect of various aldehydes on cell growth of FM3A cells
nd aldehyde dehydrogenase (ALDH) shown in the figure were added
f triplicate determinations.
231
cetylspermidine was parallel with the amount of ac-
olein formed from the compound. 3-Aminopropanal
ay damage cells in a relatively short time because

crolein is produced without the lag.
It has been reported that the toxicity of aminoalde-

yde is much lower than that of acrolein in Escherichia
oli (17). In animal cells, it was also expected that the
oncentration of spermine necessary to inhibit cell
rowth in the presence of amine oxidase would be
uch higher than that of acrolein because acrolein was

radually generated with time from spermine or
-aminopropanal (Fig. 5A). However, acrolein concen-

ells were cultured under standard conditions except that chemicals
the medium together with 2% FCS. Each point is the mean 6 S. D.
. C
to
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ration (7.5 to 15 mM) necessary to inhibit cell growth
as close to that of spermine (15 to 30 mM). Therefore,

he stability of acrolein in the presence of FCS was
xamined. As shown in Fig. 5B, the amount of acrolein
as decreased with time as well as the increase in FCS

n the medium. When cells were cultured in the me-
ium preincubated with 15 mM acrolein for 2 h at 37°C,
crolein cytotoxicity decreased greatly due to the deg-
adation of acrolein (data not shown). These results
uggest that the degree of the inhibition of cell growth
epends on the actual amount of acrolein in the medium.

FIG. 3. Effect of spermidine and acetylspermidine on cell growth
hat chemicals and enzymes shown in the figure were added to
ehydrogenase. Each point is the mean 6 S. D. of triplicate determ

TAB

Polyamine Contents and DNA Synthesis in FM
in the Presence and Ab

Culture
Time
(day) Putrescine

Polyam
(

ontrol 1 3.91 6 0.70
2 3.95 6 0.48

G 1 mM 1 2.15 6 0.37
2 1.71 6 0.28

permine 30 mM 1 3.95 6 0.33
2 5.16 6 0.45

permine 30 mM 1 AG 1 mM 1 0.31 6 0.12
2 0.23 6 0.11

permidine 0.15 mM 1 2.90 6 0.45
2 3.15 6 0.43

permidine 0.15 mM 1 AG 1 mM 1 1.37 6 0.32
2 1.18 6 0.28

Note. Cells were cultured in the presence and absence of polyamine
he mean 6 S.D. for three determinations. Control culture was perf

a Not determined.
232
ISCUSSION

Since many factors generated from polyamines
spermine and spermidine) by amine oxidase have been
eported as candidates to inhibit cell growth, we tried
o clarify which is the major inhibitory factor. Our
esults indicate that acrolein is the most potent inhib-
tor. Other aldehydes, which do not produce acrolein,
nd H2O2 were weak inhibitors compared to acrolein.
We confirmed previous results showing that serum

mine oxidase degrades spermine and spermidine with

FM3A cells. Cells were cultured under standard conditions except
medium together with 2% FCS. Cat, catalase; ALDH, aldehyde
ions.

1

Cells Cultured with Spermine and Spermidine
ce of Aminoguanidine

content spermidine
ol/mg protein) Spermine

[3H]Thymidine incorporated
(nmol/mg DNA)

2.8 6 2.57 5.95 6 0.66 2460 6 159
1.4 6 1.64 6.77 6 0.51 n.d.a

2.9 6 1.21 7.51 6 0.83 2386 6 173
0.8 6 1.19 6.46 6 0.72 n.d.
0.6 6 1.41 5.92 6 0.77 212 6 58
.81 6 0.89 5.61 6 0.65 n.d.
.59 6 0.43 19.6 6 1.06 2148 6 192
.69 6 0.29 14.5 6 1.26 n.d.
0.1 6 2.78 6.84 6 1.49 185 6 54
1.0 6 2.24 7.88 6 1.12 n.d.
2.8 6 3.30 7.54 6 1.48 2158 6 185
3.7 6 3.12 8.42 6 1.75 n.d.

ith and without aminoguanidine (AG). The values are expressed as
ed in the absence of polyamines and AG.
of
the
inat
3A
sen
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imilar efficiency (21). In light of this, it was difficult to
xplain why the concentration of spermine necessary
o inhibit cell growth (15 to 30 mM) was much lower
han that of spermidine (0.1 to 0.15 mM). A concentra-
ion of spermidine twice that of spermine should ex-
ibit the same inhibitory effect, because two molecules
f acrolein can be formed from spermine and one from
permidine. It is now believed that oxidation of sperm-

FIG. 4. Effect of spermine on cell growth of L1210 and NIH3T3 ce
nd enzymes were added to the medium together with 10% FCS. Ca
. D. of triplicate determinations.

FIG. 5. Acrolein produced from various polyamine analogues and
crolein was measured as described under Materials and Methods.
. Measurable acrolein increased greatly in the presence of 1 mM m-
as 0.2 mM. In B, acrolein concentration in the reaction mixture w
233
ne and spermidine by amine oxidase occurs at the
erminal primary amines rather than at the internal
econdary amines (6, 8). Accordingly, dioxidized
permine (aminodialdehyde) is produced from sperm-
ne. Since it has been reported that acrolein is more
asily generated from aminodialdehyde than aminoal-
ehyde (9), acrolein may be more efficiently produced
rom spermine than from spermidine (Fig. 5A). Our

Cells were cultured under standard conditions except that chemicals
atalase; ALDH, aldehyde dehydrogenase. Each point is the mean 6

aminopropanal (A) and effect of FCS on the stability of acrolein (B).
M m-aminophenol was added to the reaction mixture of A, but not

inophenol in the reaction mixture. In A, the substrate concentration
5 mM.
lls.
t, c
3-
1 m
am
as 1



results clearly show that the degree of cytotoxicity of
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olyamines was parallel with the amount of acrolein
ormed from each polyamine.

As for the mechanism of acrolein cytotoxicity, two
odes of actions are postulated: (i) cytotoxicity is

aused by acrolein effecting changes in the expression
f one or more growth- or stress-related genes or tran-
cription factors secondary to a reduction of glutathi-
ne levels; and (ii) activation of the transcription fac-
ors NF-kB and AP1 can be inhibited by acrolein (24).

When cytotoxicity was induced by 0.15 mM spermi-
ine (Fig. 3B), H2O2 was partially involved in cell tox-
city because the addition of catalase slightly recovered
ell growth. This is reasonable because one molecule of

2O2 is formed during the degradation of spermidine
y amine oxidase and 0.2 mM H2O2 significantly inhib-
ted cell growth (Fig. 1B). However, our results could
ot explain the finding by Averill-Bates et al. (15) that
ell toxicity caused by 3.8 mM spermine was recovered
y catalase. In the current study, concentrations of

2O2 less than 10 mM had no effect on cell growth.
Addition of high concentrations of polyamine (more

han 1 mM spermine or 5 mM spermidine) together
ith FCS and AG to medium also inhibited cell growth

25, 26). Under these conditions, high concentrations of
olyamines accumulated in these cells (25, 26). During
he conversion of spermine to spermidine, or spermi-
ine to putrescine in cells, 3-acetamidopropanal is
ormed by polyamine oxidase (27). Since acrolein is
ardly formed from 3-acetamidopropanal, cells are not
amaged during polyamine metabolism. The inhibition
f cell growth by overaccumulation of polyamines was
ainly due to the inactivation of ribosomes through

eplacement of Mg21 on magnesium-binding sites by
olyamines (26, 28).
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