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Summary. Polyamines, oxidized by serum amine oxidase, yield amino-

aldehydes and hydrogen peroxide. Acrolein may be formed from the

aminoaldehydes by a spontaneous b-elimination process. These oxidation

products ‘‘oxidized polyamines’’ inhibit bacterial growth and exhibit an-

ticancer activity. The antimicrobial activity of oxidized polyamines is not

limited to bacteria; and the inactivation of bacterial viruses, plant viruses

and animal viruses, was also reported. Bacteriophages of the T-odd series

are permeable and were inactivated by oxidized polyamines. The inactive

phages absorb to their bacterial host and injected their DNA, which

formed a stable inactive complex with the aminoaldehydes. Aminoalde-

hydes, synthesized chemically, also inactivated viruses. The growth of the

plant viruses: Tobacco mosaic virus, Potato virus X and Alfalfa mosaic

virus was also inhibited by oxidized polyamines. The animal viruses,

which were inactivated by oxidized polyamines included Myxoviruses

(influenza and Newcastle disease viruses), West Nile, vaccinia and Sindbis

viruses. These findings may have practical implications.

Keywords: Oxidized polyamines – Aminoaldehydes – Acrolein –
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Abbreviations: Ox. Sp., Oxidized spermine; p.f.u., plaque forming units;
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Introduction

The polyamines spermine, spermidine and the diamine pu-

trescine are important cellular effectors, playing key roles

in DNA, RNA and membrane stabilization, DNA replica-

tion, transcription, protein synthesis and ion channel mod-

ulation (Cohen, 1998; Childs et al., 2003; Wallace et al.,

2003). The intracellular concentrations of polyamines can

be regulated by uptake, synthesis, excretion, modification

(acetylation) and oxidation.

Polyamines are oxidized by serum amine oxidase (SAO);

yielding aminoaldehydes and hydrogen peroxide (Tabor

et al., 1964). Under certain conditions, the labile aminoal-

dehydes are spontaneously converted into acrolein by a

b-elimination process (Alarcon, 1964).

The oxidation products of polyamines, such as oxidized

spermine (Ox. Sp.), are highly cytotoxic. They are anti-

cancer (Bachrach et al., 1967; Averill-Bates et al., 1994;

Agostinelli et al., 2004; Toninello et al., 2006), inhibit

bacterial growth (Bachrach and Persky, 1964), are anti-

helminthic (Ferrante et al., 1986) and prevent the multipli-

cation of malaria (Rzepczyk et al., 1984; Morgan et al.,

1986) and trypanosome parasites (Ferrante et al., 1984).

Bacterial viruses–bacteriophages

Various antibacterial and anticancer drugs are known, but

our arsenal to combat viral diseases is rather limited. It

was therefore of interest to find out whether oxidized

polyamines also inhibit the growth of viruses, and if they

do, what is the mechanism of viral inactivation.

Bacterial viruses (bacteriophages) infect bacteria and

provide a very convenient system to study antiviral acti-

vities. The bacterial host can be grown easily and progeny

phages appear in the culture, 20–30 min after infection.

Moreover, the mechanism of infection, phage genetics and

the molecular events related to phage multiplications have

been studied extensively. Escherichia coli is the most com-

mon host, which can be infected by the so called coli-

phages. They can be divided into double-stranded DNA

phages (mainly of the T series), single stranded DNA

phages (such as f� 174) and RNA phages (such as

MS2). It is therefore not surprising that phage-bacteria

systems served as an early model to study the antiviral



activity of oxidized polyamines (Bachrach et al., 1963;

Nishimura et al., 1971, 1972). It soon became apparent

that bacteriophages differ in their susceptibility to Ox. Sp.

Coliphages of the T-odd series were sensitive, while coli-

phages of the T-even series were resistant and were not

inactivated by Ox. Sp. (Bachrach, 1970). The titer of RNA

phages was also reduced significantly after exposing the

viruses to Ox. Sp. (Table 1). The selective susceptibility

of the T-even and T-odd series to Ox. Sp. can be explained

by the well known fact that T-odd coliphages are perme-

able, unlike coliphages of the T-even series. This would

imply that Ox. Sp. has to penetrate into the phage (head?)

to exert cytotoxicity.

The following are the different steps in phage infection

and propagation:

� Phage adsorption to the bacterial host

� Injection of phage DNA (or RNA) into the bacterial

host

� Phage maturation (DNA replication and protein

synthesis)

� Disruption of the bacterial host and release of progeny

phages

Phage adsorption

Electron microscopy clearly showed that inactive T5 coli-

phages adsorb to their host (Bachrach, 1970). The ability

of inactivated bacteriophages to absorb to their host was

further confirmed by using radioactive phages. To find out

whether inactivated T5 bacteriophages, inject their DNA

into the bacterial host, the classical Hershey and Chase

(1952) method was used. Phage DNA and proteins were

labeled with P32 and S35, respectively. Radioactive bacte-

riophages were incubated with their bacterial host, and free

phages were removed by centrifugation. Thereafter, the sed-

iment, containing bacteria and adsorbed coliphages, was

subjected to shearing in a Waring blendor. After another

centrifugation, the supernatant fluid contained intact bac-

teriophages (containing DNA) or empty ‘‘ghosts’’, which

are phage envelopes devoid of injected DNA. On the other

hand, the sediment contained infected bacteria, into which

phage DNA was injected. Table 2 clearly shows that ra-

dioactive phages were adsorbed to their bacterial host and

that P32-labeled DNA was injected.

Injection phage DNA

Aliquots of radioactive T5 bacteriophages were treated

with H3-labeled Ox. Sp. for 90 min and excess of the cy-

totoxic agent was removed by dialysis. It may be seen

(Table 2) that the P32-labeled DNA was injected into the

host, as was the DNA of oxidized spermine-inactivated

phages. Table 2 also shows that radioactive oxidized sper-

mine was transferred into the bacterial host along with the

injected DNA.

It may therefore be concluded that:

1. To inactivate bacteriophages, Ox. Sp. had to penetrate

into phage head.

2. Oxidized spermine did not prevent the adsorption of

the inactivated bacteriophages to the bacterial host.

3. DNA from the inactivated bacteriophages was injected

into the bacterial host.

4. Oxidized spermine, formed a complex with bacterio-

phage-DNA, and this (inactive?) complex was injected

into the bacterial host.

Plant viruses

After finding that permeable coliphages can be inacti-

vated by oxidized polyamines, plant viruses were exam-

ined. These included: Potato virus X (PVX), Tobacco

mosaic virus (TMV), Alfalfa mosaic virus (AMV). When

TMV viruses were treated with Ox. Sp. (100mg=ml) for

Table 1. Effect of oxidized spermine on bacteriophages

Plaque forming units (p.f.u.)

Phage Control Ox. Sp. Inactivation (log10)

T1 1.8� 109 1.2� 103 6 Permeable

T3 1.1� 108 9.1� 104 4 Permeable

T5 2.3� 108 1.1� 105 3 Permeable

T7 9.6� 108 1.5� 103 5 Permeable

T2 1.0� 108 1.7� 108 0 Non-permeable

T4 1.7� 108 1.1� 108 0 Non-permeable

MS2 8.0� 108 1.0� 104 4 RNA phage

Bacteriophages were incubated for 90 min at 37 �C with 1.5mmol=ml of

oxidized spermine and viable phages were counted

Ox. Sp. Oxidized spermine

Table 2. Injection of DNA from inactivated phages

Phage Labeling Blendor

mixture

(cpm)

DNA

injected

(cpm)

%

T5þOx. Sp. P32 76,320 32,000 58

T5 P32 114,380 52,400 53

þOx. Sp. H3 Ox. Sp. 30,080 14,520 49

Bacteriophages were incubated for 90 min at 37 �C with 1.5mmol=ml of

oxidized spermine and viable phages were counted

Ox. Sp. Oxidized spermine
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180 min and then rubbed on tobacco leaves, only 5% of

the control lesions were detected (Bachrach et al., 1965).

Oxidized polyamines had no deleterious effect on plant

leaves. Similar results were obtained with the other plant

viruses.

Animal viruses

Obviously, the inactivation of animal viruses appeared to

be most interesting. Many of these viruses cause human

and animal diseases and the number of antiviral agents,

used for therapy, is rather limited. When suspensions of

Newcastle disease viruses (which infect poultry), were in-

cubated for 3 h with Ox. Sp. (100 mg=ml), the number of

plaque forming units (p.f.u.) was reduced significantly

(Table 3). Other viruses, such as influenza virus and West

Nile viruses, which infect human beings, were also inac-

tivated (Katz et al., 1967). It is evident from Table 3 that

the titer of West Nile and Sindbis viruses was reduced by

more than 4 logs. The rate of inactivation of Influenza and

Newcastle disease viruses was more moderate (Table 3).

A better inactivation could be achieved by increasing the

dose of Ox. Sp. and the time of drug exposure. The effect

of incubation time on the inactivation of Newcastle dis-

ease viruses is summarized in Table 4. It is clear that the

rate of inactivation was time-dependent and a reduction of

5.5 log10 was observed after exposure to enzymatically-

prepared Ox. Sp. for 5 h. Aminoaldehydes, resembling Ox.

Sp. can be prepared chemically (Bachrach and Rosenkranz,

1969). As these compounds can be obtained in a pure and

stable form, the effects of hydrogen peroxide and acrolein

can be ruled out. Interestingly, the synthetic aminoalde-

hyde was more active compared with the enzymatically

prepared Ox. Sp. and a complete inactivation of the vi-

ruses was observed after exposure for 5 h (Table 4). The

chemical synthesis of aminoaldehydes permitted the syn-

thesis of analogs. In one of these synthetic products, the

diamino-butane central moiety of Ox. Sp. was replaced by

diamine-hexane (Diamino-hexane in Table 4). This ana-

log was more active when compared to the enzymatially

prepared Ox. Sp. (Table 4).

Enzymatically-prepared Ox. Sp. and the synthetic ana-

logs, did not bind to viral envelopes and the process of

infection was not impaired. An indication for the intact-

ness of the inactivated Newcastle disease virus, was ob-

tained by cellular fusion experiments. Some members of

the Myxovirus family, posses the ability to fuse certain

animal cells to form giant polykaryocytes. Viruses totally

inactivated by formaldehyde lost most of their fusion abil-

ity, as the viral envelope proteins were partially denatured.

Thus, the fusion ability of totally oxidized spermine-

inactivated viruses, would suggest that the viral envelope

remained intact. The fusion experiment was carried out by

incubating Ehrlich ascites cells with live or inactivated

Newcastle disease viruses. After 1 h the cells were exam-

ined under a phase microscope. These experiments clearly

showed that the inactivated viruses were able to fuse the

Ehrlich ascites cells and giant polykaryocytes were formed

(Bachrach, 1970). It can therefore be concluded that vi-

ruses inactivated by Ox. Sp. adsorb to their host and that

the viral envelope remained intact.

Another evidence for the integrity of the envelopes of

the inactivated viruses was provided by hemagglutination

studies (Kremzner and Harter, 1970). Influenza and New-

castle disease viruses have the ability to hemagglutinate

chick red blood cells. This reflects the intactness of their

viral receptor sites. Indeed, when either influenza or New-

castle disease viruses were incubated for 24 h with oxi-

dized spermine or spermidine (1.65 mmol=ml) and then

treated with chick red blood cells, the inactivated Myxo-

viruses retained the integrity of the viral hemagglutinins

and the titer of hemagglutination was higher than that

observed when formalin-inactivated viruses were used.

Table 3. Inactivation of animal viruses by oxidized spermine

Virus Inactivation (log10)

Influenza virus 2.7

Newcastle disease 1.9

West Nile 4.4

Sindbis 4.3

Oxidized spermine 100mg=ml was incubated with viruses at 37 �C for 3 h

Table 4. Inactivation of Newcastle disease virus by amino aldehydes

Time

(h)

Compound

(0.8 mM)

p.f.u.=ml Inactivation

(log10)

0 – 8.7� 107 –

1 Ox. Sp. (enzymatic) 8.2� 106 1.0

3 Ox. Sp. (enzymatic) 4.4� 104 3.3

5 Ox. Sp. (enzymatic) 2.5� 102 5.5

1 Ox. Sp. (synthetic) 4.7� 104 3.3

3 Ox. Sp. (synthetic) 10 6.0

5 Ox. Sp. (synthetic) 0 7.0

1 Diamino-hexane 1.2� 104 3.8

3 Diamino-hexane 10 6.0

Oxidized polyamines were incubated with viruses at 37 �C for 3 h

p.f.u. Plaque forming units

Diamino-hexane-synthetic aminoaldehydes with a diamino-hexane

backbone
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It may therefore be concluded that oxidized polyamines

are not bound to viral envelopes and most likely penetrate

into viral particles and interact with their nucleic acids

(Kremzner and Harter, 1970; Bachrach and Don, 1971).

Experiments were carried out to find out whether Ox.

Sp. forms a complex with the RNA of the inactivated viral

particle. Oxidized spermine was labeled with C14 and the

RNA of influenza viruses contained H3-labeled uridine.

If Ox. Sp. was preferentially bound to the RNA of the

virus, then the ratio of radioactive C14=H3 for the intact

oxidized spermine-treated virus particles should resemble

that of phenol-extracted viral RNA. On the other hand, if

most of the Ox. Sp. is bound to the viral envelope, then a

different C14=H3 ratio would be obtained for the intact

viruses and their RNA. When H3-labeled influenza viruses

were treated with C14–Ox. Sp. (1.4mmol=ml), the ratio

of C14=H3 was 0.83 for the intact viral particles, and that

of the phenol-extracted RNA was 0.82. This observation

for influenza viruses resembles that observed with coli-

phages; therefore a similar mode of inactivation can be

envisaged.

To ascertain that the carbonyl groups of oxidized poly-

amines were essential for the antiviral activity, sodium bo-

rohydride was used. This compound, which reduces the

aldehydes to the corresponding alcohols, was incubated at

20 �C for 10 min with oxidized polyamines (1.65 mmol=

ml). Influenza viruses retained their viability after incuba-

tion with the reduced compound for 24 h (Bachrach and

Don, 1971). These experiments clearly showed that car-

bonyl groups were essential for viral inactivation and that

the reduced derivative lacked antiviral activity.

Discussion

Several factors generated from polyamines during oxida-

tion by SAO, have been considered as inhibitors of cell

growth. These include: amino-aldehydes, hydrogen per-

oxide and ammonia. In addition, the labile amino-alde-

hydes may undergo a spontaneous b-elimination to pro-

duce acrolein. It was not clear which of these products are

cytotoxic.

Hydrogen peroxide

According to Sharmin et al. (2001), hydrogen peroxide

was not the major cytotoxic product of polyamine oxi-

dation and catalase did not reverse the inhibition of

growth of cultured cells. Similar results were obtained

by Rzepeczyk et al. (1984), who studied the effect of Ox.

Sp. on Plasmodium falciparum. They found that catalase

did not protect the parasites. On the other hand, Averill-

Bates et al. (1994) demonstrated that catalase completely

inhibited the toxic effect of oxidized polyamines when

tested against cultured ovary hamster cells. They con-

cluded that both hydrogen peroxide and aldehydes con-

tribute to the toxicity of oxidation products of spermine.

Klebanoff and Kazazi (1995) studied the inactivation of

human immunodeficiency virus by spermine in the pres-

ence of SAO. They suggested that hydrogen peroxide was

the active oxidation product. They speculated that per-

oxidase protected HIV viruses during the oxidation of

spermine in semen and vaginal fluids.

Acrolein

Sharmin et al. (2001) claimed that acrolein is a major

toxic compound, produced during the oxidation of poly-

amines by SAO. This product appeared to inhibit the

growth of various cultured cells including NIH3T3 fibro-

blasts. The inhibition was prevented by aldehydes dehy-

drogenase. Ferrante et al. (1984), who studied the effect of

Ox. Sp. on Trypanosoma lewisi, suggested that acrolein

did not participate in the killing of the parasites. They

measured the amount of acrolein in the oxidized sper-

mine-treated cells and found that it was below the mini-

mal toxic level (only 1:10-th of the initial spermine con-

centration was converted into acrolein). They postulated

that the primary oxidation products, namely the amino-

aldehydes, react with the parasites soon after their forma-

tion and only a limited part will undergo b-elimination.

When the helminth Schistosoma mansoni was exposed

to spermine and SAO, only a small amount of acrolein

was formed. More than 5 times of acrolein was required

to get the same effect level of damage as expected to

be generated (Ferrante et al., 1986). Kremzner and Harter

(1970), who studied the effect of Ox. Sp. on vesicular

stomatitis virus, also concluded that acrolein was not

the major toxic agent. Similar results were obtained by

Bachrach and Rosenkovitch (1972), who studied the ef-

fect of Ox. Sp. on vaccinia virus. Nishimura et al. (1971)

studied the infection of E. coli spheroplasts by the single-

stranded f� 174 phage and concluded that acrolein was

not the active component of Ox. Sp. Nishimura et al.

(1972) also reported that the phagocidal action of Ox.

Sp. on T5 phages was 1000 times greater than that of

acrolein. Oxidized spermine did not inactivate coliphages

of the T-even series, while acrolein was toxic (Bachrach

et al., 1971). It therefore appears that acrolein is not the

major growth inhibitor, produced during the oxidation of

polyamines by SAO.
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Aminoaldehydes

There is a disagreement whether hydrogen peroxide or

acrolein are the main toxic oxidation product formed after

oxidizing polyamines by SAO. It is however clear that

aminoaldehydes contribute much to the toxicity of oxi-

dized spermine.

This was deduced by the following experiments:

1. Ion exchange chromatography permits the separation

between the charged amino-aldehydes and acrolein

or hydrogen peroxide. Aminoaldehydes, thus prepared

showed significant antiparasitic activity (Morgan et al.,

1986).

2. Gel filtration was also used to remove proteins and

to eliminate hydrogen peroxide (Bachrach, 1970).

‘‘Oxidized spermine’’, thus prepared showed inhibition

of growth of coliphages (Table 1).

3. Kremzner and Harter (1970) used phosphorylated cel-

lulose columns to purify aminoaldehydes, formed dur-

ing the oxidation of spermine by SAO. They found,

that the purified oxidation product inhibited the growth

of influenza and polio viruses.

4. Synthetic amino-aldehydes provided the best evidence

that these oxidation products are cytotoxic. Moreover,

the synthetic method permitted the formation of ana-

logs, which proved to be more active than the enzyma-

tically prepared Ox. Sp. (Table 4). It is to be expected

that the synthetic amino-aldehydes react with the vi-

ruses soon after their exposure, so that the formation of

acrolein will be minimal.

Oxidized polyamines inhibit the growth of plant viruses.

These findings may be used to obtain better crops and

germ free seeds.

The inactivation of various animal viruses by oxidized

polyamines (Tables 3, 4) is most interesting. If our hy-

pothesis is correct, and that oxidized polyamines are not

bound to the viral envelope, but they cross the membrane

and interact with viral nucleic acids, then new approaches

to cure viral diseases may be envisaged. Agostinelli et al.

(2004) already pointed out that polyamine-amine-oxidase

systems may offer great opportunities to develop novel

classes of therapeutic agents. It should also be remem-

bered that oxidized polyamines are naturally occurring

oxidation products- this may prevent criticism for medical

application.
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