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Summary. Spermine is a constituent of most eucaryotic cells, however, it

is not of vital importance for the vertebrate organism, as is demonstrated

by the existence of transgenic (Gy) mice that lack spermine and spermine

synthase. In contrast its degradation appears to be of vital importance,

since mice die after chronic administration of N1,N4-bis(2,3-butadienyl)-

1,4-butanediamine (MDL 72517). Under this condition spermine accumu-

lates in red blood cells and blood plasma. Lethal toxicity can be avoided

by intervals of MDL 72527-free periods. During these periods spermine

appears to be directly degraded to spermidine without an intermediary

acetylation step within the red blood cells. Since this reaction is of

enormous physiological significance, it will be important to characterise

the red blood cell spermine oxidase, and it will be particularly important to

determine whether this oxidase is identical with the FAD-dependent poly-

amine oxidase that is considered to be involved in the polyamine inter-

conversion sequence, or whether it is one of the recently characterised

spermine oxidase isoenzymes.
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Since spermine (Spm) is a general constituent of eucar-

yotes, but not of procaryotes, the search for specific Spm

functions in nuclei-containing cells was, and still is a

serious concern. It is now accepted that Spm has no direct

role in cell growth. The observations that DFMO-treated

cells with normal, or even elevated Spm concentrations

stop growing as soon as the spermidine (Spd) pools are

depleted (Mamont et al., 1978), and that the depletion of

Spm pools by selective and potent inhibitors of spermine

synthase (Spmsynth) has no significant effect on cell

growth (Pegg et al., 1995), contributed to this notion.

Moreover it has been shown that exogenous Spm supports

the growth of Spd-depleted cells only after its degradation

into Spd (Kramer, 1996). More recently we learned that

Spm has no vitally important function. This became evi-

dent from the existence of transgenic mice, which lack a

Spmsynth gene (together with the phosphate regulating

phex gene) (Gy mice) (Lorenz et al., 1998), and conse-

quently do not contain Spm in detectable amounts in tis-

sues and body fluids. The pools of putrescine (Put) and

Spd in tissues of Gy mice, and in Spm-lacking transgenic

cells are elevated to an extent that the total polyamine

concentration remains unchanged, and cell growth rates

are the same as those of the parental cells (Korhonen et al.,

2001). The higher sensitivity of the Spm-lacking cells to

polyamine biosynthesis inhibitors may be interpreted as a

role of Spm as precursor of Spd. The small size of Gy

mice was considered as a consequence of Spm deficiency.

In situ substrate specificity determinations on rat liver,

kidney and duodenum support the view that Spm is mainly

degraded by polyamine oxidase (PAO), since hydrogen

peroxide formation was observed only by using N1acSpm,

but not with Spm as substrate (van den Munckhof

et al., 1995). In view of this and related observations,

and in view of the non-vital role of Spm in vertebrates,

one may wonder why vertebrate cells have several FAD-

dependent oxidases, which split Spm into Spd and 3-ami-

nopropanal, as has recently been shown by several groups

(Wang et al., 2001; Vujcic et al., 2002; Murray-Stewart

et al., 2002; Cervelli et al., 2003). Since the polyamine

oxidase (PAO) that is responsible for polyamine intercon-

version has also been cloned from mammalian cells

(Vujcic et al., 2003; Wu et al., 2003) a clarification of



specific functions of the different FAD-dependent poly-

amine oxidases can be expected from the distribution and

precise localisation of these oxidases. The inducibility of

SMO isoenzymes (Wang et al., 2001; Vujcic et al., 2002)

will presumably be of importance for their functions.

There is evidence in favour of the idea that the forma-

tion of Spd from Spm plays a role in early embryonic

development (Fozard, 1987), and the contragestational

effect of MDL 72527 (N1,N4-bis-(2,3-butadienyl)-1,4-

butanediamin) (Mehrotra et al., 1998), the well-known

inactivator of PAO (Seiler et al., 2002), may be interpreted

as the prevention of Spd formation from Spm. Since,

however, high concentrations of MDL 72527 are cyto-

toxic (Dai et al., 1999), other interpretations of the inter-

ruption of pregnancy by this compound are possible.

Very little is known at present about the direct oxida-

tion of Spm. Indirect evidence was obtained from studies

on polyamine turnover in brain. Administration of MDL

72527 produced a linear increase of N1-acetylspermidine

concentration in the brains of experimental animals. The

rate of increase corresponded to the turnover rate of sper-

midine, as obtained by a different method. This finding is

in agreement with the notion that the acetylation step is

obligatory for the degradation of Spd to Put. Cells devoid

of spermidine N1-acetyltransferase (SAT) are unable to

form Put from Spd (Niiranen et al., 2002). In contrast,

the increase of N1-acetylspermine concentration in the

brains of MDL 72527-treated mice was by far to slow

as to correspond with its turnover. This was taken as

evidence for pathways of Spm elimination, which are

independent of N1-acetylation by SAT (Seiler and

Bolkenius, 1985). In this context it is interesting to remem-

ber that an inducible oxidase, which generates 3-amino-

propanal in ischaemic brain has been described (Ivanova

et al., 1998). While high acute doses of MDL 72527 had

no obvious toxic effect, long-term treatment with this

compound at an oral dose, which produced a 90–96%

inactivation of PAO in kidney and liver caused lethal

toxicity in mice. This effect was particularly impressive

in situations of enhanced cell death (e.g. in the presence of

a tumour, or the administration of DFMO). A reason for

the toxicity of the PAO inactivator was found in the accu-

mulation of Spm in blood to concentrations >100�M

(Sarhan et al., 1991). Discontinuation of MDL 72527

administration allowed the degradation of Spm, and Spd

appeared concomitantly with the decrease of Spm within

the red blood cells (without an indication of N1-acetyl-

spermine formation), and the mice survived.

It can not be excluded that after the removal of MDL

72527 the Spm present in plasma and red blood cells is

degraded in various PAO containing organs. However the

decrease of Spm and the concomitant increase of Spd

within the red blood cells suggests the direct transforma-

tion of Spm into Spd within these organelles. If this inter-

pretation is correct it follows that the oxidase of red blood

cells, although of low activity, has a vital role, and we face

the somewhat paradoxical situation that the degradation of

an ubiquitous cell constituent is more important for sur-

vival than its formation. Urinary excretion of Spm

together with its oxidative deamination by diamine oxi-

dase to N8-(2-carboxyethyl)spermidine and spermic acid

(N1,N4-bis(2-carboxyethyl)-1,4-butanediamine (both com-

pounds are detectable in urine after [14C]Spm administra-

tion (Noto et al., 1978)) are obviously inadequate for

substituting oxidative deaminations by FAD-dependent

spermine oxidases. Other reactions, such as the transfor-

mation of Spm into Spd by serum amine oxidase

(Bachrach and Bar-Or, 1960; Houen, 1999) appear to play

no role in vertebrates, with the possible exception of rumi-

nants with their particular digestive tract.

The recently cloned SMO isoenzymes have been shown

to be relatively insensitive to MDL 72527 (Wang et al.,

2001; Vujcic et al., 2002), while a daily oral dose of

60–70 mg=kg of the drug was sufficient to prevent Spm

degradation. This is in favour of the assumption that the

red blood cell oxidase is similar to, or identical with the

PAO of the interconversion cycle. In view of the presumed

physiological importance of the red blood cell oxidase, its

characterisation is an eminent task. It will contribute to

our understanding of a basic role of polyamine catabolism

in the physiology of higher organisms.

References

Bachrach U, Bar-Or R (1960) Formation of spermidine from spermine by

serum amine oxidase. Biochim Biophys Acta 40: 545–548

Bolkenius FN, Seiler N (1981) Acetylderivatives as intermediates in

polyamine catabolism. Int J Biochem 13: 287–282

Cervelli M, Polticelli F, Federico R, Mariottini P (2003) Heterologous

expression and characterization of mouse spermine oxidase. J Biol

Chem 278: 5271–5276

Dai H, Kramer DL, Yanag C, Murti KG, Porter CW (1999) The polyamine

oxidase inhibitor MDL 73527 selectively induces apoptosis of trans-

formed hematopoietic cells through lysosomotropic effects. Cancer Res

59: 4944–4954

Fozard JR (1987) The contragestational effects of ornithine decarboxylase

inhibition. In: McCann PP, Pegg AE, Sjoerdsma A (eds) Inhibition of

polyamine metabolism. Academic Press, Orlando, pp 187–202

Houen G (1999) Mammalian Cu-containing amine oxidases (CAOs). New

methods of analysis, structural relationships and possible functions.

APMS 107 [Suppl 96]: 1–46

Ivanova S, Botchkina GI, Al-Abed Y, Meistrell M III, Batliwalla I,

Dubinsky JM, Iadecola C, Wang H, Gregerssen PK, Eaton JW,

Tracey KJ (1998) Cerebral ischemia enhances polyamine oxidation:

identification of enzymatically formed 3-aminopropanal as an

318 N. Seiler



endogenous mediator of neuronal and glial death. J Exp Med 188:

327–340

Korhonen VP, Niiranen K, Halmekyt€oo M, Pietila M, Diegelman P,

Parkkinen JJ, Eloranta T, Porter CW, Alhonen L, J€aanne J (2001)

Spermine deficiency resulting from targeted disruption of the spermine

synthase gene in embryonic stem cells leads to enhanced sensitivity to

antiproliferative drugs. Mol Pharmacol 59: 231–238

Kramer DL (1996) Polyamine inhibitors and analogs. In: Nishioka K (ed)

Polyamines in cancer: bassic mechanisms and clinical approaches.

Springer, New York, pp 151–189

Lorenz B, Francis F, Gempel K, Boddrich A, Josten M, Schmahl W,

Schmidt J, Lehrach H, Meitinger T, Strom TM (1998) Spermine

deficiency in GY mice caused by deletion of the spermine synthase

gene. Hum Mol Genet 7: 541–547

Mamont PS, Duchesne MC, Joder-Ohlenbusch AM, Grove J (1978) Effect

of ornithine decarboxylase inhibitors on cultured cells. In: Seiler N,

Jung MJ, Koch-Weser J (eds) Enzyme-activated irreversible inhibitors.

Elsevier, Amsterdam, pp 43–54

Mehrotra PK, Kitchlu S, Farheen S (1998) Effect of inhibitors of enzymes

involved in polyamine biosynthesis pathway on pregnancy in mouse

and hamster. Contraception 57: 55–60

Murray-Stewart T, Wang T, Devereux W, Casero RA Jr (2002) Cloning

and characterization of multiple human polyamine oxidase splice

variants that code for isoenzymes with different biochemical charac-

teristics. Biochem J 368: 673–677

Niiranen K, Pietila M, Pirttila TJ, Jaarvinen A, Halmekyt€oo M, Korhonen

VP, Keinanen TA, Alhonen L, J€aanne J (2002) Targeted disruption of

spermidine=spermine N1-acetyltransferase genein mouse embryonic

stem cells. Effects on polyamine homeostasis and sensitivity to poly-

amine analogues. J Biol Chem 277: 25323–25328

Noto T, Tanaka T, Nakajima T (1978) Urinary metabolites of polyamines

in rats. J Biochem (Tokyo) 83: 543–552

Pegg AE, Poulin R, Coward J (1995) Use of aminopropyltransferase

inhibitors and non-metabolizable analogs to study polyamine regula-

tion and function. Int J Biochem Cell Biol 27: 425–442

Sarhan S, Quemener V, Moulinoux JP, Kn€oodgen B, Seiler N (1987) On the

degradation and elimination of spermine by the vertebrate organism. Int

J Biochem 23: 617–626

Seiler N, Bolkenius FN (1985) Polyamine reutilization and turnover in

brain. Neurochem Res 10: 529–544

Seiler N, Duranton B, Raul F (2002) The polyamine oxidase inhibitor

MDL72527. Prog Drug Res 59: 1–40

van den Munckhof RJM, Denyn M, Tigchelaar-Gutter W, Schipper RG,

Verhofstad AAJ, van Noorden CJF, Frederiks WM (1995) In situ

substrate specificity and ultrastructural localization of polyamine

oxidase activity in unfixed rat tissues. J Histochem Cytochem 43:

1155–1162

Vujcic S, Diegelman P, Bacchi CJ, Kramer DL, Porter CW (2002)

Identification and characterisation of a novel flavin-containing

spermine oxidase of mammalian cell origin. Biochem J 367:

665–675

Vujcic S, Liang P, Diegelman P, Kramer DL, Porter CW (2003) Genomic

identification and biochemical characterisation of mammalian poly-

amine oxidase involved in polyamine back-conversion. Biochem J 370:

19–28

Wang Y, Devereux W, Woster PM, Stewart TM, Hacker A, Casero RA Jr

(2001) Cloning and characterization of a human polyamine oxidase that

is inducible by polyamine analogue exposure. Cancer Res 61: 5370–

5373

Wu T, Yankovskaya V, McIntire WS (2003) Cloning, sequencing, and

heterologous expression of murine peroxisomal flavoprotein, N1-acety-

lated polyamine oxidase. J Biol Chem 278: 20514–20525

Author’s address: Prof. Nikolaus Seiler, Laboratory of Nutritional Can-

cer Prevention, Institut de Recherche contre les Cancers de l’Appareil
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