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Abstnct-Di- and polyamines are effective scavengers of free radicals generated in a number of chemical and in vitro 
enzyme systems. Free radical production was qua&&d s~trophotomet~~y using ~itroblue tetrazolium and 
~t~hrome c or by electron spin resonance. Levels of superoxide radical formed either enzymatically with xanthine 
oxidase or chemi~~y from ribofIavin or pyrogallol were sig~~ntIy inhibited by spermine, spermidine, putrescine and 
cadaverine at 10 and 50 mM. The more reactive hydroxyl radical generated by the Fenton reaction was also effectively 
scavenged by di- and polyamines. In addition, the production of superoxide radical by senescing microsomal 
membranes was inhibited by di- and polyamines, as was the superoxide-dependent conversion of l- 
~n~ciopro~~l~r~xylic acid (ACC) to ethylene. The efficacy of ~lya~ne-evening appears to be 
correlated with the extent of amination su~~~g the involvement of amino groups. It is also apparent that some of the 
physiolo~~l effects of polyamines, in particular their propensity to inhibit lipid ~roxi~tion and retard senescence, 
may be attributable to their radical-scavenging capability. 

Poiyamines appear to be ubiq~to~ in living cells and 
have been implicated in a variety of regulatory processes 
ranging from promotion of growth and cell division [l] to 
inhibition of ethylene production and senescence [2-4]. 
For example, protoplasts are thougbt to be stabilixed 
through ~ly~n~rn~~t~ in~bition of senescence 
[S, 63. Exogenous plying prevent chlorophyll break- 
down during dark-induced senescence of detached leaves 
[2] and also inhibit the rise in RNase and protease 
activities normaBy associated with senescence of leaf discs 
[7]. 1,3-Diaminopropane, a naturaiIy-oceurring oxi- 
dation product of polyamines, also retards leafsenescence 
[8], and plants exposed to a variety of stresses, ranging 
from mineral deficiencies through SOs friction to 
osmotic shock, often show enhanced levels of endogenous 
putrescine [P-12], Putrescine levelsalso rise when oat leaf 
segments are incubated in media of low pH, and this is 
accompanied by an increase in the activity of arginine 
decarboxylase, one of the enzymes involved in putrexine 
biosynthesis [ 131. 

At physiolo~~l pH, ~iyamin~ are fully protonat~ 
and polycationic 1143. It has &en suggested that they 
achieve many of their physiological effects by associating 
with negative charges on nucleic acids and phospbolipids, 
thereby stabilizing the function of chromosomes and 
membranes [1!5-171. In the case of membranes, this 
contention is supported by the observation that poly- 
amines sign~~ntiy decrease the leakage of betacyanin 
during aging of beet root discs in vitro f2]. However, in 
other instances leakage a~m~ying senescence is not 
ameliorated by exogenous polyamines [18]. Other bio- 
physical studies have indicate-d that polyamines influence 
membrane organization by associating with cytoskeietal 
elements. For example, Balias et ot. [19] have reported 
that polyamines stabilize erytbrocyte memb~es render- 
ing them more resistant to fm~en~tion, probably 

through an association with cytoskeletal proteins on the 
cytoplasmic surface of the membranes. Moreover, the 
lateral mobility of erythrocyte membrane proteins is 
decreased by polyamines [ZO]. This effect is only observed 
when polyamines associate with sites on the cytoplasmic 
surface of the membrane, presumably cytoskeletal pro- 
teins, and is not accompanied by changes in lipid 
~rovi~osity. 

Thus, the precise mechanisms by which polyamines 
exert their regulatory effects are unresolved. Kitada et al. 
[21] have recently reported that spermine inhibits 
NADPH- and ascorbic acid-dependent lipid peroxidation 
in liver microsomes, and they attributed their obser- 
vations to an ability of spermine to associate with 
pbospho~pid and stabilize membranes. Lipid 
peroxidation is an inherent feature of senescence, and any 
tendency of poiyamines to mitigate peroxidative reactions 
should retard senescence. In the present study, we provide 
evidence indicating that polyamines are effective scaven- 
gers of free radicals. 

RRSUlXS 

The free radical scavenging capabilities of di- and poly- 
amines were evaluated using a variety of chemical and in 
uitro enzyme systems that generate the superoxide (0;) 
radical. One of these, the conversion of xanthine to uric 
acid by xanthine oxidase, generates 0; in sufficienf 
quantities to be detectable with either ~itroblue tetra- 
zohum orcytochrome c. Spermine, spermidine, putrescine 
aud cadaverine each inhibited the levels of 0; generated 
by xanthine oxidase that were detectable using either of 
these methods (Table 1). The inhibitory effects were 
concentration-dependent, and tbe extent of inhibition 
appears to be related to the number of amino groups on 
the scavengers For example, spermidine and spermine, 
which have three and four amino groups respectively, 
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Table 1. Scavenging of enzymatically-generated superoxide 

Di/polyamine 

Percentage of control 
__~_ - 

A B 

Spermine IOmM 16.5kO.4 87.3 f 0.6 
50mM 42.1-+ 0.9 45.1 f 0.7 

Spermidine IO mM 79.6 f i .O 67.7 f 2.3 
MmM 57.4 + 2.6 35.1 f0.9 

Putrescine 10 mM 91.6iO.3 87.2 & 5.9 
50 mM 80.6k2.7 45.6kO.3 

Cadaverine 10 m M 80.0 f 2.4 80.4 f 4.0 
50 mM 43.8 f I .O 56.9 f 2.1 

Superoxide was generated by the xanth~ne/xanthine oxidase 
reaction. A, Detection by nitrobiue tetrazolium; ASbOom 
= 0.19/min for the control. B, Detection by cytochrome c; 
A sSOnm = O.OZl/min for the control. Standard errors of’ the 
means are indicated; n = 3. 

were more effective scavengers of 0; than the diamines, 
putrescine and cadaverine (Table 1). 

To test the possibility that polyamines were simply 
inhibiting xanthine oxidase rather than scavenging 0;. 
the abilities of di- and polyamines to scavenge 0; 
generated chemically with either riboflavin or pyrogallol 
were also examined. The photochemical reaction with 
riboBavin can be monitored using Tiron (1,2- 
dihydroxy~nzene-3,Sdisulphonic acid), which reacts 
with 0; to form a semiquinone that is detectable by 
electron spin resonance (ESR) spectroscopy. Previous 
studies have demonstrated that the amplitude of the Tiron 
ESR spectrum is proportional to the amount of 0; 
generated bv riboflavin [22]. Pyrogallol in basic solution 
rapidly autooxidizes forming 0: and a coloured end 
product that can be quantified s~trophotometr~lly at 
420 nm [23]. Polyamines proved capable of scavenging 
0; generated by either of these chemical reactions, and 
again the polyamines spermidine and spermine were more 
effective than the diamines (Table 2). 

The hydroxyi radical (OH.), a more reactive species of 
oxygen than Or, was generated chemically using the 
Fenton reaction and Qatar using the diagnostic spin 
trap 4-(N-methylpyridinium)t-butyl nitrone (4- 

Table 2. Scavenging of chemically-generated superoxide 

Di/polyamine 

Percentage of control 
--- 

A B 

Spermine 1OmM 13.2f0.5 56.1 f 1.0 
50 mM 12.3f0.4 40.6kO.l 

Spermidine 10 mM 16.9kO.3 62.3 f 1.6 
50mM 13.7jIo.4 52.3 * 1.6 

Putrescine IOmM 39.0* 1.2 84.6i 1.4 
5OmM 27.6 kO.8 74.3 io.5 

Cadaverine 10 mM 45.5* 1.0 88.5 f 2.4 
50 mM 33.5f 1.0 79.5 f 1.7 

Superoxide was generated by illumination of riboflavin (A)and 
with pyrogallol (8). Standard errors of the means are indicated; n 
= 3. For (A), the amplitude for the control spectrum was 
186 mm; for (B), A dMnm = 0.053jmin for the control. 

MePyBN). When 4-MePyBN was added to the Fenton 
reaction mixture, an ESR spectrum was obtained (Fig. l), 
which, on the basis of its hype&e splitting constants, can 
be attributed to the hydroxyl spin adduct of 4-MePyBN 
[24]. The amplitude of the spectrum is proportional to the 
amount of hydroxyl radical formed and is reduced by 
10% when 25mM spermidine is added to the Fenton 
reaction mixture and by > 70’;/ in the presence of 50 mM 
spermidine (Fig. 2). 

Further confir~tion of the scavenging abilities of di- 
and polyamines was obtained by examining their effects 
on the production of 0s by microsomal membranes from 
senescing bean cotyledons. Superoxide production by 
these membranes is known to be mediated by a 
membrane-associated Iipoxygenase [25] and can be moni- 
tored using Tiron. The ESR spectrum of the ~miquinone 
formed when 0; reacts with Tiron was completety 
eliminated by heat denaturation of the membranes 
(Fig. 3A, B), confirming that the 0; was enzymatically 
generated. The amplitude of the Tiron ESR spectrum was 
also sensitive to di- and polyamines (Fig. 4). Again, the 
polyamines proved to be more effective scavengers than 
the diamines, reducing the amplitude of the Tiron ESR 
spectrum by up to 10 % at a concentration of 0.1 mM and 

Y 
Fig. I. ESR spectrum for the hydroxyl adduct of 4-MePyBN. 

Hydroxyi radicals were generated by the Fenton reaction. 

Fig. 2. Effect of spermidine on the amplitude of the second low 
field line of the spectrum for the hydroxyl adduct of 4MePyBN. 
Hydroxyl radicals were generated by the Fenton reaction. A, 
Controi; B, 25mM spermidine; C, 50mM spermidine. The 

amplitude for the control was 202 mm. 



Radical scavenging properties of polyamines 369 

4% 

Fig. 3. Electron spin resonance spectrum for the Tiron semi- 
quinone radical formed when Tiron reacts with superoxide. 
A, Tiron and smooth microsomes from 9day-old bean coty- 

ledons; B, Tiron and heat denatured microsomes. 
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Fig. 4. Effects of polyamines on superoxide production by 
mkrosomal membranes from senescent bean cotyledons as 
measured by the amplitude of the Tiron radical ESR signal 0. 
spermine; 0, spermidine;~ putrescine; A, cadaverine. Standard 
errors of the means are indicated when larger than the symbol; n 

= 3. The amplitude for the control was 99 mm. 

by > 60 % at 1 mM. By contrast, the diamines, putrescine 
and cadaverine, were virtually ineffective at 0.1 mM and 
had to be added at a concentration of 10 mM to cause 
60% inhibition of the spectrum amplitude (Fig. 4). 

The 0; produced by microsomal membranes has been 
shown to catalyse theconversion of ACC to ethylene [26], 
and the effects of di- and polyamines on this reaction were 
therefore also examined. The microsomal reaction differs 
from the native reaction by which ethylene is formed from 

Table 3. Effects of di and polyamines on the 
conversion of ACC to ethylene by microsomal 

membranes from pea epicotyls 

DiJpolyamine 
Percentage 
of control 

Spermine SmM 61.6 f 9.7 
20mM 42.1 f7.3 
50mM 25.9k22.9 

Spermkline 5mM 48.4 f 1.4 
20 mM 51.3 f 1.4 
50mM 54.4*11.2 

Putrescine 5mM 75.5 f 10.0 
20 mM 54.2k6.1 
5OmM 53.6k3.1 

Cadaverine 5mM 109*11.1 
20mM ll2k7.9 
50 mM 95.2i8.5 

Standard errors of the means are indicated; n 
= 3. The control value was 1.43 nl ethylene/ml/hr. 

ACC but is useful for studying the effects of scavengers in 
that it is mediated by lipoxygenase [27] and shows a 
strong dependence on superoxide [26]. The polyamines at 
5-50 mM proved to be strong inhibitors of the conversion 
of ACC to ethylene by microsomes from pea epicotyls 
(Table 3). Putrescine and cadaverine (diamines) were also 
inhibitory, but to a smaller degree (Table 3). 

DISCUSSION 

There are several reports indicating that polyamines 
can delay senescence in plant tissue [2,28] and that 
endogenous levels of polyamines decrease with advancing 
age in both plants and animals 1228,291. There is also 
evidence that age-related cell and organelle deterioration 
is due in part to free radical-mediated lipid peroxidation 
[30], and thus it is conceivable that the ability of 
polyamines to delay senescence reflects their propensity to 
scavenge activated oxygen. The changes in homeostasis 
that allow peroxidation to proceed in aging tissue are not 
understood, although in plant tissue both thylakoid and 
microsomal membranes have been shown to produce 
increased levels of superoxide with advancing senescence 
[22,31]. Superoxide production by microsomes is at- 
tributable to a membrane-associated lipoxygenase that 
utilizes free fatty acids released from membrane phospho- 
lipid as substrate [25], and the enhanced production of 
0; with advancing senescence induces alterations in the 
molecular organization of the lipid bilayer [31]. The 
concentrations of polyamines found to effectively scav- 
enge the 0; produced by senescing microsomes in the 
present study are well within the concentration range 
(I-1OmM) that has been shown to delay senescence of 
plant tissues when applied exogenously 123. Exogenous 
di- and polyamines (l-10 mM) have also been shown to 
inhibit the conversion of methionine and ACC to ethylene 
in petals of Tradescantia. discs and protoplasts of apple 
fruit and in leaf discs [4, 183. These observations may also 
reflect the ability of polyamines to scavenge free radicals 
for the terminal step in this pathway is known to be 
sensitive to radical scavengers [32]. 

The ability of polyamines to decrease lipid peroxi- 
dation, delay senescence and inhibit ethylene production 
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has been attributed to their supposed ability to stabilize 
membranes by associating with negatively charged phos- 
pholipids [3,4,21,33,34]. This interpretation has been 
prompted, at least in part, by the observation that high 
concentrations of Ca2+, which would compete with the 
polyamines for binding sites on the membrane phos- 
pholipids. prevent or partially reverSe the polyamine effect 
[4]. However, Suttle [ 181 was able to distinguish between 
the effects of polyamines on ethylene biosynthesis and 
membrane stability in senescing petals of Tradescantia. 
Although ethylene production was inhibited by 670% 
in the presence of l-10mM polyamines, there was no 
commensurate inhibition of anthocyanin leakage reflect- 
ing membrane damage in the senescing petals. Thus, in 
Tradescantia the inhibition of ethylene production by 
polyamines is not accompanied by a reduction in mem- 
brane integrity as measured by leakage. It is therefore 
conceivable that the ameliorative effects of exogenous 
polyamines on senescence, lipid peroxidation and eth- 
ylene biosynthesis are all due to the scavenging of free 
radicals. 

The role of endogenous polyamines in senescence is less 
clear. Levels of polyamines have been shown to decline 
with age for a number of senescing tissues [28]. However, 
in at least one system (senescing carnation petalsh levels of 
putrescine rise during the early stages of senescence and 
decline again only after tissue deterioration is in an 
advanced state [35]. Thus the decline in polyamines does 
not correlate temporally with initiation of tissue 
deterioration. 

EXPERIMENTAL. 

Free radical generation and detection. Superoxide generated 
enzymatically using xanthinc oxidase was detected by measuring 
the reduction of nitrobluc tetrazolium (NBT) [36] or cytochrome 
c [37]. For detection using NBT, the reaction mixture contained 
0.05 mM xanthinc, 0.025 mM NBTand 0.1 mM EDTA in 3 ml of 
5OmM N-2-hydroxyethyl piperazine sulfonic acid (EPPS) 
buffer, pH 8. The reaction was initiated by adding 50~1 of 
xanthine oxidase soln (1.4 units/ml in the same buffer), and 
reduction of NBT a1 25” was followed by measuring A As6o nm. 
For detection usingcytochrome c, the reaction mixture contained 
0.1 mM xanthine and 0.02 mM cytochrome c in 3 ml of 50 mM 
EPPS bufTer, pH 8. The reaction was initiated by the addition of 
30 pl of xanthine oxidase soln (1.7 units/ml in the same buffer), 
and reduction of cytcchrome c at 25” was monitored at 550 nm. 
The effects of di- and polyamines on these reactions were 
determined by adding them directly to the reaction mixtures at 
specified concns. Superoxide radical generated photochemically 
by illumination of riboflavin was quantified by ESR using 
dihydroxybenzene disulphonic acid (Tiron) as described in ref. 
[22]. The reaction mixture contained 10 mM Tiron and 3 &ml 
riboflavin in 50 mM EPPS butTer. pH 8. Aliquots of the reaction 
mixture were taken up in 100-d capillary tubes, which were 
inserted into a quartz sample holder in the microwave cavity of a 
Varian E-12 spectrometer. The reaction mixture was illuminated 
with an Hg-arc vapour lamp shone through 1 M NaNO, lo 
remove UV radiation. Spectra were recorded at 25’ 1 min later at 
a field setting of 3376G, microwave frquency of 9.55GH& 
micropower of 10 mW, modulation amplitude of 2.0 G, time 
constant of 0.3 set and scan time of 4 min. 

Superoxide was also generated by autooxidation of pyrogallol 
[23] in a reaction mixture consisting of 1 mM EDTA in 3 ml of 
50 mM EPPS buffer, pH 8. The reaction was initiated by adding 
50 pl of48 mM pyrogallol in 10 mM HCI and was followed at 25” 

by measuring the change in absorbance at 420 nm. The effects of 
di- and polyamines on this reaction were determined by adding 
them directly to the reaction mixture at specilied concns. 

Superoxide production by smooth microsomal membranes 
was measured by ESR using Tiron [31]_ The membranes were 
isolated from senescent cotyledons of bean seedlings (Phaseolus 
oulgaris L. cv. Kinghom) grown for 9 days in vermiculite at 29” in 
the dark [38]. The reaction mixture for measurement of super- 
oxide production by the membranes consisted of 10 mM Tiron 
and 200 pg membrane protein/ml in 50 mM EPPS buffer, pH 8, 
and, when added, di- and polyamines a1 concens ranging from 0.1 
to 5OmM. For expts with heat denatured microsomes, the 
microsomal suspension was immersed in a boiling water bath for 
15 min. Reaction mixtures were incubated at 25” for 7 min and 
then were taken up in 100 pl capillary tubes, which were placed in 
a quartz sample holder in the microwave cavity of a Varian E-l 2 
ESR spectrometer. Spectra were recorded a1 25” 3 min later a1 a 
field setting of 3388 G, microwave frquency of 9.54GH2, 
microwave power of 10 mW, modulation amplitude of 1.25 G, 
time constant of I ses and total scan time of 4 min. Protein was 
measured by the Bradford assay [39]. 

The hydroxyl radical was generated by the Fenton reaction and 
quantified by ESR using 4-(N-methylpyridinium~f-butyl nitrone 
(4-MePyBN) as a diagnostic spin trap. The reaction mixture 
consisted of 50~1 of 1 % H202 (v/v), SopI of 0.1 mM 
FeSG,. 7H,O, 50 pl of 200 mM 4-MePyBN, 2 mM EPPS, pH 8 
and, when added, 25 or 50 mM spermine in a total vol. of 200 rJ. 
All reagents were dissolved in double distilled water. Aliquots of 
the reaction mixture were immediately taken-up in lOO-pl 
capillary tubes, which were inserted into a quartz sample holder 
in themicrowavecavity ofavarian E-12 ESR spectrometer. After 
2 min, spectra were recorded at 25” at a field setting of 3395 G, 
microwave frequency of 9.54 GHz, microwave power of 10 mW, 
modulation amplitude of 0.63 G. time constant of 0.3 set and 
total scan time of 1 min. 

Ethylene production. Microsomal membranes were isolated 
from epicotyl sections of 6day-old pea seedlings (Pisum sativum 
L. cv. Alaska) grown in vermiculite in the dark at 29” 1261. The 
reaction mixture for measuring the Ogdependent conversion of 
ACC lo ethylene by these membranes contained 15Opg mem- 
brane protein, 1 mM ACC, 50 mM EPPS buffer, pH 8 and, when 
added, 5,20 or SO mM di- and polyamines in a total vol. of 1 ml. 
Reaction mixtures were incubated at 31 o for 1 hr in I2 x 100 mm 
lest tubes, and ethylene was quantilied by GC [26]. 
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