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Abstract

The aliphatic polyamines, putrescine, spermidine and spermine, are normal cell constituents that play important roles in
cell proliferation and differentiation. The equilibrium between cellular uptake and release and the balanced activities of
biosynthetic and catabolic enzymes of polyamines are essential for normal homeostasis in the proliferation and functions of
cells and tissues. However, the intracellular polyamine content increases in hyperplastic or neoplastic growth. Although the
involvement of polyamines in physiological and pathological cell proliferation and differentiation has been well established,
the role they play is quite different in relation to cell systems and animal models and is dependent on inducer agents and
stimuli. Also, the experimental procedures used to deplete polyamines have been shown to influence the cell responses. In
this paper, the assay methods currently in use for polyamines are reviewed and compared with respect to sensitivity,
reproducibility and applicability to routine analysis. The relevance of polyamine metabolism and the uptake/release process
in many physiological and pathological processes is highlighted, and the cellular polyamine pathways are discussed in
relation to the possible diagnostic and therapeutic significance of these mediators.
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1. Introduction has been used for estimating the extent of tumor-cell
death induced by chemotherapy or radiotherapy in
The polyamines, putrescine, spermidine and sper- cancer patients [28] and to obtain useful information
mine, widespread in all organisms, have been shown about the kinetics of therapeutically-induced recruit-
to play a significant role in the regulation of cell ment of cells moving from the non-proliferating to
growth and differentiation [1-4]. At optimal and the proliferating cell compartment [28,29].
physiological concentrations they regulate a variety Polyamine concentrations have been employed as
of cell activities involving DNA replication, gene biochemical markers of tumor kinetics and related to
expression, protein synthesis and cell surface re- rapid cell growth, spontaneous cell death, or both
ceptor functions [4-7]. But in many pathological [29].
conditions polyamine concentrations may increase Elevated levels of polyamines have been found in
drastically by different mechanisms involving the active proliferating cells and in pathological con-
activation of biosynthetic pathways, decreased re- ditions other than cancer, such as infections [30,31],
lease from the cells or uptake from the extracellular psoriasis [32-35], polycythemia rubra vera [36],
environment. systemic lupus erythematous [37-41], uremia
High polyamine levels are toxic to cells and [42,43], chronic nephritis [44], liver cirrhosis [45—
facilitate cell death mainly by oxidative mechanisms 49], cystic fibrosis [50-54], insulin-dependent dia-
[8,9]. The possible role of polyamines as clinical betes mellitus [55—-59], muscular dystrophy [60—63]
biochemical markers for malignancy was first sug- and Alzheimer’'s disease [64—66].
gested in a report indicating that polyamines are Widespread interest in the polyamines has led over
present in increased amounts in the urine of cancer the years to the development of several assay
patients [10]. Since then, many papers and reviews methods, which in time have become more rapid and
on the relationship between polyamines and cancer sensitive. They include thin-layer chromatography

and the clinical utility of polyamine determination (TLC) [67-72], gas chromatography (GC) [73—94],

and the inhibition of their synthesis have been high-performance liquid chromatography (HPLC)
published [2,11-25]. Recently, Sugimoto et al. [26] [95-136], gas chromatography with mass spec-
and Hiramatsu et al. [27] demonstrated the common trometry (GC—-MS) [137-150], electrophoretic tech-

occurrence in neoplasia of urinary diacetylated poly- niques [151-163], radioimmunoassay (RIA) [164—

amines N*N'*diacetylspermine and N'N% 166] and enzyme-linked immunosorbent assay

diacetylspermidine, pointing out their relevance as (ELISA) [167-170].

tumor markers. The availability of sensitive and reproducible
For a long time, the monitoring of polyamines and techniques has allowed the identification and mea-

their conjugates and metabolites in biological fluids surement of polyamines in a wide range of biological
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specimens. The detection of these mediators in urine 2.2. Biosynthesis
[68-70,78,79,81,83,84,87,88,91,92,103, 111, 115,

120,124,126,139,143,145,47], plasma [82,85,86
96,126,138,140] seminal fluid [122], cerebrospinal
fluid [108,109], bile [171], colostrum [172], prostate
tissue [128], brain tissue [144,173,174], hair [150],
and saliva [136] has provided useful information

about the pathogenesis of several diseases and

contributed to clarify the cellular pathways involved
in organ and systemic pathological conditions.
The aim of the present review is to update the

testinal flora able to metabolize dietary amino acids.

Cheese, beer, sauerkraut, yeast extracts, fermented
soy sauce, potatoes and canned and frozen veget-
ables are particularly rich in polyamines and contrib-

ute to the whole body polyamine content.

2.2.1. De novo synthesis

reader about the advances and improvements made The main precursor of polyamines is the amino
in the last 20 years in the detection of polyamines acid ornithine, which is synthesized mainly in mito-

and the clinical usefulness of their determination.

2. Polyamine metabolism

2.1. Chemical structures

chondria from glutamate through the acetylation of
the amino group, phosphorylation and reduction of
the acetylated derivative to thd-acetylglutamicy-
semialdehyde. A subsequent transamination produces
a-N-acetylornithine that, after release of the acetyl
group, forms ornithine and regenerated\-
acetylglutamate. In liver mitochondria, ornithine may
enter the urea cycle and react with carbamyl phos-

The characterization of the chemical structure of phate to form citrulline, as follows:
polyamines has shown that putrescine and cadaverine o
are primary diamines (1,4-diaminobutane and 1,5- Ornithine+ NH,CO-OPQ H - H PO, + citrulline

diaminopentane, respectively), spermidine is a tri-

amine (monadN-3-aminopropyl-1,4-diaminobutane or

Carbamyl phosphate can be synthesized through

1,8-diamino-4-azaoctane) and spermine is a tetra-three different reactions, but the following is the

mine (bisN-3-aminopropyl-1,4-diaminobutane or
1,12-diamino-4,9-diazadodecane): all contain pri-
mary or secondary amino groups (Table 1).

The designation of these compounds as “poly-
amines” is evidently not quite appropriate, but the
better denomination as “oligoamines” has not
achieved wide acceptance, probably because the ter
polyamine is brief and able to define a class of
biological, basic, low-molecular-mass aliphatic non-
protein nitrogenous substances.

Table 1

Structures of biogenic polyamines

No. Name Structure

1 Putrescine H N(CH ) NH

2 Cadaverine 5 N(CH ) NH

3 Spermidine H N(CH ) NH(CH ) NH

4 Spermine H N(CH ) NH(CH ) NH(CH ) NH

most involved in the biosynthesis of polyamines:

NH, + CO, + ATP — NH,CO-OPQ, H,+ ADP

This reaction occurs in the mitochondria and is
regulated by the enzyme carbamyl phosphate synth-
mése, designated as CPS-I.

Newly formed citrulline is transferred to the
cytosol where it is converted to the amino acid
arginine in two steps. The first requires ATP-depen-
dent condensation with aspartate to form arginosuc-
cinic acid:

Citrulline + aspartic acid-

ATP - arginosuccinic acie- ADP + pyrophosphate

The second, regulated by arginine succinate lyase,
leads to the formation of arginine and fumarate:

Arginosuccinate- arginine+ fumarate

Fumarate is a component of the citric acid cycle

Polyamines are synthesized in the body by de
novo synthesis, by retroconversion or by gastroin-
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and is converted to malate and then to oxaloacetate,
which in turn is transaminated to form aspartate,
which provides the nitrogen for the conversion of the
ureido-containing citrulline to the guanidine-contain-
ing arginine. Arginine is successively degraded by
arginase to form urea and ornithine.

Cytosolic ornithine may be degraded to putrescine
via ornithine decarboxylase (ODC) or may be con-
verted to proline via glutamig-semialdehyde. Un-
metabolized cytosolic ornithine may also return to
the mitochondrial compartment.

ODC appears to have the most rapid rate of
synthesis and degradation among mammalian en-

actions are catalysed by the cytosolic spermidine/
sperniineacetyltransferase, using acetyl-CoA as
co-substrate. Polyamine oxidase (PAO) releases acet-
amidopropyl moieties fidracetylspermidine *-
acetylspermind&al >-diacetylspermine to yield
putrescine, spermidineNdracetylspermidine, re-
spectively. Nuclear acetyltransferase converts putres-
cine Niacetylputrescine and spermidine M-

acetylspermidine, which may subsequently be re-

troconverted to putrescine and spermidine, respec-

tively, by acetylhydrolase.

zymes [175] and to be a multifunctional protein 2.2.3. Polyamine synthesis by bacteria in the

[176]. Its activity is regulated by complex mecha-
nisms involving a variety of post translational modi-
fications [177] and its own product, putrescine, acts
either by feedback inhibition or by inducing the
synthesis of an antizyme, which, combining stoichio-
metrically with the enzyme, blocks its activity [178].
A regulatory factor, the “antizyme inhibitor”, spe-
cifically inhibits antizyme and reactivates ODC
[178].

Putrescine is converted to spermidine by attach-
ment of an aminopropyl moiety catalyzed by sper-
midine synthase. A second propylamine residue is
added through spermine synthase to the primary
nitrogen N8 of the diaminobutane-part of spermidine
producing spermine. This biosynthetic pathway in-
volves S-adenosylmethionine (SAM) as a donor of
two propylamine residues. SAM is formed from
methionine by SAM synthetase. SAM decarboxylase
(SAMDC) cleaves the SAM carboxyl residue

gastrointestinal tract

Bacteria in the gastrointestinal tract, such as
Bacillus, Clostridium, Enterobacteriaceae, En-

terococcus, Klebsiella, Morganella and Proteus or-

ganisms, decarboxylate a number of amino acids to

biogenic amines, yielding, for example, histamine

from histidine, putrescine from ornithine and cad-

averine from lysine. Bacteria may also produce
putrescine by initial decarboxylation of arginine to

agmatine, which is catalyzed by arginine decarbox-
ylase. Agmatine deamination produces putrescine
and urea under the control of agmatine
amidinohydrolase.
Polyamines from bacterial and of dietary origin
are partly absorbed in the gastrointestinal tract and
may subsequently be transported into cells by car-

rier-mediated mechanisms.

producing decarboxylated SAM, which retains the 2.3. Catabolism

methyl group usually involved in SAM methyltrans-
ferase activity. Mammalian SAMDC is differently
regulated by its products and is allosterically stimu-
lated by putrescine or spermidine, but not by sper-
mine. In fact, spermine inhibits the enhancement
exerted by putrescine and does not require*Mg
[179].

2.2.2. Retroconversion

Polyamines may be synthesized by retroconver-
sion [180] of spermidine to putrescine and spermine
to spermidine through the initiaN*-acetylation of
spermidine and spermine M'-acetylspermidine and
N*-acetylspermine, respectively. The latter can be
converted to N*,N**diacetylspermine. These re-

Terminal degradation, consisting of an oxidative
deamination of primary amino groups of polyamines
and tNedicetyl derivatives, is catalysed by cop-
per-containing amine oxidases, like diamine oxidase
and spermine oxidase. The derived aldehydes are

oxidated by aldehyde dehydrogenase to form the
corresponding acids, so putrescine is converted to
y-aminobutyric acid (GABA); spermidine to iso-

putreanine, putreanine and spermidic Bicid-2;
acetylspermidifedoetylisoputreanine; spermine

to spermic acid-1 and spermic acid-2; a\y
acetylspermineNtd-acetylspermic acid. The oxida-

tive deamination of GABA produces succinic acid,

whose shunting into the citric acid cycle finally
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forms carbon dioxide, water and urea. Polyamine

o . X T
degradation in mammals also involves the production _’.Z:D
of 1,3-diaminopropane (DAPN-acetyl-1,3-DAP3- :SPM

alanine, 2-hydroxyputrescine and the alcoholic coun-
terparts of then-a-amino acids [181].

2 3 4 5 6 7 8

3. Chromatographic methods 1

Fig. 1. Separation pattern of dansylated putrescine, spermidine
and spermine on a precoated silica gel plate using ethylacetate/
cyclohexane (2:3) as the solvent system. The lane at the extreme
TLC is used for preliminary identification and right shows a separation pattern of standard polyamines. Arrows

semiquantitation of polyamines. It may not be as indicate: putrescine (PUT), spermidine (SPD) and spermine

3.1. Thin-layer chromatography

specific and precise as other methods, but as a Simple(SPM) bands. Lanes 1-4 show polyamine separation in the strain
and rapid method with no need for sophisticated
equipment, it is still helpful in the quantitation of
polyamines.

Polyamine determination by TLC requires, like
other chromatographic methods, at least two steps:
(1) separation from all other compounds containing
amino groups, usually by extraction with perchloric
acid; (2) derivative formation. Since polyamines do
not have native fluorescence and adsorb in the same
wavelength in which interfering compounds are
detectable, their direct detection remains very dif-
ficult. Therefore, the primary and secondary amino
groups are generally derivatized with 5-dimethyl-
aminonaphthalene-1-sulfonyl chloride (dansyl chlo-
ride) to form fluorescent compounds suitable for
thin-layer chromatographic determination [67-72].

UR-6. Lanes 5-8 show polyamine separation in the strain AG-83.
UR-6 and AG-83 are strains &feishmania donovani. Reproduced
from Madhubala [72] with permission.

light-sensitive and can be irreversibly destroyed by
light, it is essential to keep the dry plates in the dark
until they are evaluated.

Radioactive polyamines, determined for metabolic

studies, can be dansylated and identified as spots b
autoradiography. The spots are then scraped into
vials containing liquid scintillation fluid and counted
in a scintillation counter [183].

Table 2 gives a comparison of three TLC methods
for polyamine assay published from 1980 to 1998.

When added in excess, it reacts with putrescine, 3.2. Gas chromatography

spermidine and spermine to give intensely fluores-
cent (activation maximum near 365 nm, emission
maximum at about 510 nm) di-, tri- and tetra-
“dansyl” derivatives, respectively. For the separa-
tion of derivatized polyamines, alumina and kiesel-
guhr plates have been used in times past, but silica
plates (2020 cm, 100 or 20Qum in thickness) are
preferred for their higher performance [182]. Sam-
ples are applied on thin-layer plates using precision
pipettes in preference to graduated pipettes or micro-
syringes and separation is carried out by ascending
chromatography in filter-paper-lined chromato-
graphic tanks with different developing solvents
(Fig. 1).

Quantitative estimation is obtained by either in
situ scanning of fluorescence or, after elution, by
conventional fluorimetry, with a sensitivity ranging
from 10 to 100 pmol. Since dansyl derivatives are

Methods using GC were introduced to polyamine
analysis in 1969 [73]. However, despite quite consi-
derable efforts, GC of free amines has not gained
much importance, either because of its poor sen-

sitivity or because of difficulties in obtaining de-

rivatizable salt-free extracts from biological fluids.

GC with flame ionization detection (FID) was the
first system employed. Since its sensitivity is modest,
its application has been limited to the analysis of
urine, which usually contains much higher levels of

polyamines than other physiological fluids such as
blood and cerebrospinal fluid [76,83,92]. Improve-

ments in FID sensitivity gained using trifluoro-

acetylacetone (FAA) as derivatizing reagent have
recently allowed us to quantify putrescine and cad-

averine in the serum of cancer patients (Fig. 2) [94].

The introduction of electron-capture detection
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Table 2 o
Determination of polyamines using TLC 5‘
Year Sample Extraction Derivatization Solvent system Re@
1980 Cultured human Cells were washed in 0.9% (w/v) NaCl Dansyl chloride Benzene/methanol (19:1, v/v) -%.83]
lymphocytes and extracted with 3% (v/v) perchloric acid cyclohexane/ethyl acetate (3:2, v/v) -
chloroform/propan-2-ol (10:1, v/v)
1983 Urine Urine was hydrolysed with hydrochloric acid Dansyl chloride Chloroform/triethylamine (85:17, v/v) [3]

at 110°C for 16 h. Following hydrolysis the
test-tubes were placed in a refrigerator®

for 12 h. The resulting precipitate was filtered
and the sample was evaporated to dryness 8€70
The resulting residue was taken up into 2% (v/v)
perchloric acid

1998 Tissue or cultured Specimens were washed with phosphate-
cells buffered saline (PBS) and homogenized
at 4°C with 2% (v/v) perchloric acid

chloroform/toluene/triethylamine
(60:28:12, v/viv)

Dansyl chloride Cyclohexane/ethylacetate (2:3, v/v)

6¢T—/0T (2002) T8/ 4 "IBoyedoyd ¢

[72]
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Fig. 2. Gas chromatographic determination of: (1) putrescine and (2) cadaverine from serum of a cancer patient with carcinoma of the lung
before (a) and after (b) radiotherapy. Polyamines were derivatized with trifluoroacetylacetone (FAA). Conditions: Column BRD(22 m

mm |.D.) with layer thickness 0.2hm; initial temperature 200C with a rise of 2C/min up to 220°C for 2 min, injection port 280C and

detector 285C. Nitrogen flow-rate 3.5 ml/min split ratio 1:10 and flame ionization detection (FID). Reproduced from Khuhawar et al. [94].

(ECD) in combination with suitable amine deriva-
tives allowed the detection limits to decrease mark-
edly. Makita et al. first applied this detection system
to the quantitative assay of putrescine and sper-
midine, using pentafluorobenzyl chloride for deri-
vatization, resulting in the unsatisfactory determi-
nation of spermine [78]. Four years later, Rattenbury
et al. [81] developed an ECD method for measuring
urinary polyamines as their pentafluoropropionyl

derivatives. But, in spite of its excellent sensitivity,

which enabled the measurement of polyamines at
pmol levels, this method remained restricted to the
analysis of urinary polyamines because of a cross-
reactivity occurring between amino acids and the
acylating reagent, pentafluoropropionic anhydride.
Only in 1983 did Fujihara et al. [85] devise a simple
ECD-GC method for polyamine determination even
in a sample, such as human blood, containing large
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(b)
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i
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L

] 3 1 15 g 5 10 15

min min

Fig. 3. Gas chromatogram of polyamines from a standard mixture (a) and human erythrocytes (b). Polyamines were derivatized with
heptafluorobutyric anhydride (HFBA). Column: 3% OV-17 on 80-100 mesh Chromosorb W HP, 18@ emm I.D. glass. Nitrogen
flow-rate: 60 ml/min. Instrumental conditions: initial temperature 420delay 2.5 min, 18C/min, and final temperature 28G. Detector:

®Ni electron-capture detector, 300 at a pulse interval of 5Q.s. PUT, putrescine; SPD, spermidine; SPM, spermine; I.S., 1,5-diamino-3-
azapentane. Reproduced from Fujihara et al. [85] with permission.

quantities of amino compounds (Fig. 3). They used Further developments in GC analyses comprised
an activated Permutit for the clean-up of samples and both pre-purification and derivatization procedure
heptafluorobutyric anhydride (HFBA) as an excellent improvements. The former employed extraction with
acylating reagent, more selective than pentafluoro- alkaline butanol [74,80], trichloroacetic acid (TCA)
propionic anhydride. This technique allowed the [85,86,94], diisopropyl ether [89], cation-exchange
measurement of 0.02 to 0.1 pmol amounts. chromatography [75,77,81] or adsorption with silica
Nitrogen—phosphorus (N-P) detectors also pro- gel [79,83,87,92,93]. The latter led mostly to the
vided very low detection limits in several organic formation of isobutyloxycarbonyl [82], pentafluoro-
samples (Fig. 4) and, therefore, they have been propionyl [81], ethyloxycarbonyl [83,88], trifluoro-
widely used [82,86,87,90,91,93]. acetyl [92,94] or heptafluorobutyryl derivatives
The use of capillary instead of packed columns [85,87,91,93].
increased further the sensitivity of GC systems. The The progress made over the years in detection and
advantages of using capillary columns were a higher column systems, isolation procedures and derivatiza-
operating temperature in the stationary phase, greater tion techniques allowed the introduction of GC to
resistance to low pH samples, less bleed, extreme routine laboratory usage.
robustness (strength) and excellent reproducibility. Some of the GC techniques for polyamine de-
Moreover, thanks to their very small diameter and termination reported in the last two decades are
considerable length, the capillaries allowed enorm- summarised in Table 3.

ous resolution capacity and high efficiency. Poly-
amines of interest could, therefore, be measured in 3.3. High-performance liquid chromatography
small amounts and almost without disturbance of

interfering compounds [86,87,89,92—-94]. Moreover, In 1976, Samejima et al. [95] reported the first
capillary GC was able to analyse, rapidly and HPLC method for polyamines. Since that time, a
simultaneously, polyamines and acetylpolyamines, large number of papers have been published about

minimizing the problems of adsorption and reducing ion-exchange [99,100,102,103,106,118,133] or re-
the time required for measurements [93]. versed-phase [96-98,101,105,107-114,117,119-123,
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Fig. 4. Comparison between typical chromatograms obtained with flame-ionization (a) and nitrogen—phosphorus (b) detectors after capillary
gas chromatography of methyl-heptafluorobutyryl-derivatized extracts of acid-hydrolyzed urine from a normal man. Colurdi®. 35

(1.D.) fused-silica capillary, coated with cross-linked methyl silicone (film thickness @r), and siloxane deactivated. Helium flow-rate:

0.5 ml/min, split ratio 1:12. Detector and injector temperature: ‘@000ven temperature program: start at 220Qincrease by 7C/min to

260°C, then hold for 20 min at 26TC. Abbreviations used: DAP, 1,3-diaminopropane; OH Pu, 2-hydroxyputrescine; Pu, putrescine; C,
cadaverine; 1, 1,6-diaminohexane; Lys, lysine; 2, 1,7-diaminoheptane; Isoputr, isoputreanine; Putr, putreAriinegtBylisoputreanine;

DBP, dibutylphthalate; 4, bis(3-aminopropyl)amine; Sd, spermidineN%§3-aminopropyl)-1,5-diaminopentane; Sp acid NEN-bis(2-
carboxyethyl)-1,4-diaminobutane; Sp acid N;(3-aminopropyl)N*-(2-carboxyethyl)-1,4-diaminobutane; Sp, spermine; NoN-bis(3-
aminopropyl)-1,5-diaminopentane; DOP, dioctylphthalate. 1 through 6 are added internal standards. Reproduced from Muskiet et al. [87]
with permission.

125-132,134,136] chromatographic methods. Over fluorimetry or spectrophotometry. The pre-column

the years, the HPLC system has been improved to derivatization has the advantage of producing re-
make the determination faster and more sensitive and action products soluble in organic solvents that can
to obtain better resolution. Now, HPLC remains the be directly extracted and pre-concentrated from body
technique of choice for polyamine assay because of fluids [120]. Reagents such as dansyl chloride
its high reproducibility and sensitivity as well as its [96,97,105,109,128,130,132,134], fluorescamine
suitability to full automation. [98,129] ando-phthaldialdehyde (OPA) [99—

Polyamine derivatives may be obtained either by 101,103,108,111,113,117,121,126,136] have been
pre- or post-column mode and detected by proposed for fluorimetric detection. On the other



Extraction and derivatization

Detection limits
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Refs.

The monoacetyl polyamines were isolated and concentrated from
urine using a silica gel column. Derivation was made by adding
ethyl chloroformate. The derivatives were extracted with chloroform.
The combined extracts were dried over anhydrous sodium sulphate
and evaporated to dryness at®€bin a gentle stream of nitrogen.

The residues were dissolved in ethyl acetate

Extraction was carried out with trichloroacetic acid (TCA) 10%
(w/v). Derivatization was made by adding heptafluorobutyric
anhydride (HFBA). The mixture was evaporated to dryness under
a stream of nitrogen and the residue was redissolved in diethyl ether

Samples were deproteinized with TCA 10% (w/v). Derivatization
was made by adding isobutyl chloroformate. The derivatives were T=190-280°C, helium flow-rate=6 ml/min and

extracted with diethyl ether

After acid hydrolysis, the compounds were isolated by adsorption
onto silica gel and converted into their methyl-heptafluorobutyryl
derivatives. The derivative-containing solution was evaporated at
room temperature under a stream of air. The residue was dissolved
in phosphate buffer and the derivatives were extracted into dichloro-
methane. After evaporation, the residue was redissolved in ethyl

acetate

Urine samples were directly treated with ethyl chloroformate in an
alkaline medium. After extraction of the resultifdrethoxycarbonyl
derivatives with chloroform, the combined extract was applied to a
silica gel minicolumn to remove interfering substances

The polyamines were isolated and concentrated from urine using
a silica gel column. Derivation was made by adding trifluoro-

acetic anhydride (TFAA). The derivatives were evaporated to dryness
at room temperature under a gentle stream of nitrogen. The residue

was dissolved in acetone

Prepurification comprises deproteinization with 12% sulfosalycilic
acid, isolation with Sep-Pak silica at pH 9, conversion to heptafluoro-
butyryl derivatives and post-derivatization organic fluid extraction

Table 3

Determination of polyamines using GC

Year Sample

1982 Urine

1983 Erythrocytes

1983 Plasma

1984 Urine

1984 Urine

1990 Urine

1997 Murine L1210 lymphocytic
leukaemia cells

1999 Serum

Extraction was made by TCA 10% (w/v). Derivation was carried out
with trifluoroacetylacetone (FAA) (3% v/v in methanol) and sodium
acetate (pH 6.75). The derivatives were extracted with chloroform

Uniport HP columx3Inm I.D.)
impregnated with 0.5% SPTE800,
1502QBaitrogen flow-rate=40 ml/min

and flame ionization detection (FID)

Column of Pyrex glass (268 icm
1.D.) packed with 3% silicon OV-17 on 80-100
mesh Chromosorb W=HP0-280°C,
nitrogen flowstatal/min and®? Ni Electron
Capture (EC) detection (pulse intervab0 us)

Column of borosilicate glassdZ mm 1.D.),

Fused silica capillary columix (83 mm 1.D.),
T=120-26CC, helium flow-rate 0.5 ml/min and

Column of silanized glass3Inm 1.D.),
T=150-250°C, helium flow-rate=40 ml/min

SE-54 capillary columix (2Z5nmm 1.D.),
T=100-250CC, nitrogen flow-rate=
1.07 ml/min and FID

Fused-silica capillary column X37.5 mm
TD1R0-280°C, helium flow-rate=0.6 ml/min
and nitrogen—phosphorus (N-P) detection

Column BP1X 028 mm 1.D.),T=200-220°C,
nitrogen flow=r&& ml/min and FID

Column BP5 ¥8022 mm 1.D.),T=240-260°C,
nitrogen flow-rate=4.5 ml/min and FID

10 nmol/ml for monoacetyl-cadaverine
Nl-acetyl-spermidineNa-acetyl-spermidine
and 20 nmol/ml for monoacetyl-putrescine

0.1 pmol{ul for putrescine and cadaverine,
0.02.pfoolgpermidine and spermine

0.05 nmol/ml for spermidine

No data were reported, but levels
from both healthy people and patients

(83]

(85]

(86]

(87]

with metastatic melanoma were detectable

The minimum detectable quantities
were in the range of 0.1-0.3 pmol of
acetylpolyamines

2 ngul for putrescine, 5 ngil for spermidine
and 25pg/ml for spermine

0.7 pmoljl for putrescine, 0.4 pmoldl
for spermidine and 0.5 pmall for spermine

0.6 wg/ml for putrescine and 0.5.g/ml
for cadaverine

(e8]

(92]

(93]

[94]

671207 (2002) T8/ 4 “1Borewouyd * / ‘e ® 1L 'd
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hand, UV-Vis spectrophotometry requires derivati-
zation reactions with quinoline-8-sulfonyl chloride
(benzoyl chloride) [112,119,120,122,123,125,131,
135], 4-dimethylaminoazobenzené&sulfonyl chlo-
ride (dabsyl chloride) [104,110] gr-toluenesulfonic
chloride (tosyl chloride) [184,185]. Owing to their
high molar extinction coefficients, dansyl derivatives
can also be monitored in column eluate by UV
absorption [182]. The detection limits reached with
both fluorescamine and OPA are generally better than
those obtained with all the spectrophotometric re-
agents [134]. The fluorogenic agents react only with
primary amino groups, making them more sensitive
than acid chlorides, which form derivatives with both
primary and secondary amino groups, imidazole
nitrogen and phenolic hydroxyls and even with some
alcohols [123,182]. Moreover, fluorescamine and
OPA require a very short time for derivatization as
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well as simpler or faster e_|Uti0n _ procedures Fig. 5. Chromatograms obtained from blank uring @nd spiked
[181,186]. On the other hand, acid chlorides have the with putrescine (Put) 0.8.g/ml, cadaverine (Cad) 0.88g/ml,

advantage of providing reaction products more stable spermidine (Spd) 0.88g/ml and spermine (Sp) 0.98g/ml ().

Polyamines were derivatized with dansyl chloride. Colump, C

than fluorescamine or OPA-derivatives [134]. How- sk y
despite the proaress achieved. the del’ivatizationLIChrOSpher (12%4 mm 1.D.). An acet_onltrlle-llmldazoll solution
ever, p prog ! (1 mM, pH 7.0) (70+30 v/v) mixture in gradient elution mode
procedures often suffer from various drawbacks, as used as the eluent at a flow-rate of 1 ml fin . The gradient
such as tedious sample preparation, interference fromused was 70% of acetonitrile at zero time, 90% at 5 min, and 70%
by-products, long analysis times and the risk of at 9 min. After 9 min, the percentage of acetonitrile was kept
indeterminate errors. Furthermore, some post-column constant. A fluorescence detector was used for data acquisition
derivatization methods may form unstable deriva- (excitation at 252 nm and emission at 500 nhm). Reproduced from

. . - 8 . - Molins-Legua et al. [134] with permission.
tives and give rise to broad and derivatization-re-

agent-diluted peaks [133]. Recently, Molins-Legua et
al. [134] reported a method able to solve many of
these problems. They described a simple and quick
off-ine HPLC procedure employing solid-phase

extraction cartridges for both clean-up and deri-

vatization of polyamines from urine. The use of

solid-phase supports enabled purification of the
sample and, at the same time, concentrating and
derivatizing the analytes, leading to a marked de-
crease in sample handing as well as a shorter
analysis time relative to conventional methods (Fig.
5).

Alternative detection strategies have also provided
increased sensitivity without requiring any prelimin-
ary derivatization procedures. In 1989, Maruta et al.
[115] described a sensitive (sub-pmol) and selective
analytical method for quantifying polyamines in
tissue and acid-hydrolysed urine. They employed an
isocratic ion-pairing reversed-phase chromatography

simultaneous determination of free as well

and a post-column reactor immobilizing PAO. The
generation of hydrogen peroxide was monitored by
ECD. Since these researchers used PAO derived from
soybean seedlings that were not commercially avail-
able, other experiments have been carried out using
other oxidases. The enzymAdpergillus terreus
was found to be very suitable for the task [187].

A few years later, a system based on a similar
principle involving immobilized acetylpolyamine
amidohydrolase (DAL) allowed better separation and

as
acetylated polyamines (Fig. 6) [124]. Recently,
detection with an integrated pulsed amperometer
(IPAD), integrated voltameter (IVD), integrated
square wave (ISWD) and condensation nucleation
light scattering (CNLSD) has been developed [133].

Detection through the chemiluminescence mea-

surement of hydrogen peroxide produced by on-
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Fig. 6. Detection of polyamines with the improved HPLC system. An urine sample without pre-treatment (a) or after pre-treatment (b), and
a mixture of nine polyamines containing an internal standard without pre-treatment (c) or after pre-treatment (d) were analysed with the
improved HPLC system with (a, b, and d) or without (b) an enzyme reactor. 1, Putresciheactylputrescine; 3, cadaverine; 4,
spermidine; 5N-acetylcadaverine; 8\ *-acetylspermidine; 2\ ®-acetylspermidine; 8, spermine; ¥;acetylspermine; I.S., internal standard.
Reproduced from Hiramatsu et al. [124] with permission.

column immobilized putrescine oxidas®li€rococ-
cus flavidus) and PAO A. terreus) was specific and
highly sensitive, as shown by Kamei et al. [116].
Nevertheless, to our knowledge, this detection sys-
tem has not been widely accepted, since it has not
been reported by others.

Some of the HPLC methods for polyamine assay
reported in the last two decades are summarised in
Table 4.

4. Hyphenation procedures

Hyphenation procedures, including LC-MS and
GC-MS, are emerging techniques able to combine
the separation power of HPLC or GC with the
sensitivity and specificity of MS. Their application
for the quantitative determination of polyamines has
spread widely in the last decade.
GC-MS was first used by Walle for the quantita-
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tion of urinary polyamines using trifluoroacetylation enhancement of responses by 7- to 19-fold reduced
for derivative formation [137]. Since then, many the detection limits at the same time (Fig. 7).
papers about polyamine detection by high-resolution In order to avoid a rapid deterioration of the
capillary GC in combination with MS have been GC-MS instrumentation, a sample clean-up step is
published [138-146,150,181]. recommended before amine derivatization. Adsorp-
Various derivatization methods have been de- tion on silica [141] and cationic resin [139,138,173]
veloped, such as perfluoroacylation [138,139, or cation-exchange chromatography [143,144,174]
143,144,147,149], alkylsilylation [188] and alkoxy- are the most suitable procedures.
carbonylation [142,148,150]. While perfluoroacyla- MS ionization is carried out by both chemical-
tion and alkylsilylation require multiple sample-puri- ionisation and electron-impact modes. The first em-
fication steps that are normally very tedious and time ploys methane, while the latter ionising energy at 70
consuming, alkoxycarbonylation allows derivatiza- eV, ionising current at 60—3B0 accelerating
tion and extraction of amines in aqueous solutions to voltage at 3—3.5 kV and an ion source temperature at
be done simultaneously. Recently, Choi et al. [150] 200250
developed a GC-MS method able to combine In the methane chemical ionization spectrum, the
alkoxycarbonylation with subsequent perfluoroacyla- quasi-molecular ior-HW is the base peak
tion to block the remaining active hydrogen atoms. [138,141], owing to the low signals corresponding to
Under these conditions, polyamine separatiorNas  other fragmentations (Fig. 8). Therefore, it is the
ethyloxycarbonyN-perfluoroacyl (N-EOC-N-PFP) preferred technique when the molecular mass is to be
derivatives was achieved with excellent peak shapes, determined with high sensitivity.
higher responses and shorter analysis times com- In the electron-impact spectrum of the polyamines,
pared to single N-EOC derivatives for the same the base peaks are different depending on the
amount. Moreover, the faster elution (1-2 min) due derivatization reagent used. With trifluoroacetylation
to the increase in volatility of N-EOC-N-PFP deriva- [M-CF ] is the highest fragment of practical use

tives completed the separation within 20 min and the (Fig. 9) [141]; the characteristic ions of the N-EOC

Abundance TIC: N-2.0

soo0] N 3\ ’4 ’,3
A h A, i Mi : "
0 60 70 80 90 100 11.0 120 130 140 150 6.0 17.0 180 180
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Fig. 7. Selected-ion current chromatogram of hair polyamines as tRedthoxycarbonyN-pentafluoropropionyl (N-EOC-N-PFP)
derivatives from a male subject obtained in the selected ion monitoring (SIM) acquisition mode by monitoring three ions for each amine.
The start time was programmed from 5.0 for the first group of 12 ions and then from 12.0 min for the second group of six ions with a dwell
time of 80 ms for the first group and 120 ms for the second group. Column: DB-8@2% mm |.D., 0.25.m film thickness) fused-silica

capillary column. The oven temperature was programmed: from 140 t6Q1@ min) at 8C/min and then to 328C (3.75 min) at
20°C/min. Peaks: 1, 1,3-diaminopropane; 2, putrescine; 3, cadaverine; 4, 1,6-diaminohexane (1.S.); 5, spermidine; 6, spermine. Reproduced
from Choi et al. [150] with permission.
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derivatives are [M-45] , [M-46] , [M-73] and [M- 5. Electromigration methods

119]" for putrescine, spermidine and cadaverine, and

[M-(73+46X2)]", [M-(130+46)]", [M-(116+ 5.1. Paper and high-voltage electrophoresis
46x2)]", [M-(259+46)]", [M-(245+46X2)]" for

spermine [142]; with N-EOC-N-PFP derivatives, the Despite their notable simplicity, both paper and
most intense ions correspond to [M-119] for 1,3- high-voltage electrophoresis for polyamine assay
diaminopropane, putrescine and 1,6-diaminohexane, have been abandoned in recent years, in favour of
[M-308]" for cadaverine and [M-73] for sper- more sensitive and specific advanced electrophoretic
midine and spermine (Fig. 10) [150]. techniques. Already in 1977, Seiler [151] in his
Detection of ions may be carried out by either review of assay procedures for polyamines in urine,
full-scan or selected ion monitoring (SIM) mode. serum and cerebrospinal fluid, concluded that none
The former shows all peaks derived from molecular of the methods based on paper chromatography,
fragmentations and rearrangements of each poly- thin-layer chromatography, paper electrophoresis and
amine derivative. All mass/chargen(2) values are high-voltage paper electrophoresis were appropriate
recorded, usually ranging from 50 to 800. In the for routine assay of polyamines. He stated that the
latter method, the ion current is continuously moni- spermine values, as measured after staining of the
tored at preselectenh/z ratios for the detection and electrophoretograms with ninhydrin according to
quantitation of a few characteristic ions. Its sensitivi- Russell [152], were considerably higher than those
ty and selectivity may be improved using deuterium- found with other methods owing to an unidentified
labeled analogs, whose physical and chemical prop- urinary constituent which co-migrated with spermine
erties are quite similar to those of the unlabeled under the conditions of the electrophoretic sepa-

polyamines [141]. ration. As was also pointed out by Marton et al.
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Fig. 10. Electron-impact mass spectra of six polyamines as their N-EOC-N-PFP derivatives obtained in the scanning mode at a rate of 0.42
scan/s with a mass range iz 50—800. Peaks: DAP, 1,3-diaminopropane; PUT, putrescine; CAD, cadaverine; DAH, 1,6-diaminohexane;
SPD, spermidine; SPM, spermine. Reproduced from Choi et al. [150] with permission.

[153] and by Russell and Russell [154], Russell's
initial method based on high-voltage paper electro-

phoresis was time-consuming and neither very sensi-

tive nor specific when applied to physiological fluids.

Therefore, it was modified in 1980 by Fujita et al.

[155] who introduced several conditions to improve
the sensitivity and reproducibility. Their method

required: (a) collection of urine samples at room
temperature under toluene instead of refrigeration;
(b) a hydrolysis time of 3 h rather than 12—-16 h; (c)
isolation of polyamines by cation-exchange column
chromatography rather than butanol extraction; (d)
direct densitometry by dual-wavelength photometry

by the zigzag scanning method instead of colorimet-
ric measurement of the spots. However, despite these
useful modifications, the method was still limited
because of its poor specificity and sensitivity.
1989, Kanda et al. [156] reported a simple and rapid
assay method for polyamines in urine and tissues
using electrophoresis on Titan Ill cellulose acetate.
In this procedure, polyamines were first extracted
from a hydrolysate of urine or from supernatants of
tissue homogenates by use of a Bio-Rex 70
minicolumn. After electrophoretic separation, poly-
amines were fluorimetrically detected by the reaction
with OPA-2-mercaptoethanol. The proposed method



126

required only 11 min for electrophoresis and sub-
sequent detection, and six samples and two external
standards could be assayed on one strip. Further-
more, linear scanning was sufficient for the measure-
ment of separated polyamines. The sensitivity of this
method was comparable to that of the HPLC method.

5.2. Capillary electrophoresis (CE)

In the last 10 years, CE has become an important
analytical technique, particularly in the analysis and
separation of biological specimens [157]. For its
versatility coupled with an analyte resolution similar
to that assured by chromatographic techniques, it
was widely applied in many laboratories. CE dif-
ferentiates charged species on the basis of electro-
phoretic mobility under the influence of an applied
electric field. The value of the -electrophoretic
mobility () of a species is directly related to its net
charge and inversely related to its hydrodynamic
mass. CE requires only small quantities of material,
is applicable to water-soluble, non-volatile, high-
molecular-mass species, is readily automated, and
can be manipulated by altering pH, ionic strength
and electrolyte composition, or by incorporating
electrolyte additives [158]. Nevertheless, CE meth-

ods, despite some attractive merits, are less sensitive6.

than GC and HPLC because of the short detector cell
pathlength through the capillary. In order to increase
their sensitivity, several derivatization procedures
have been adopted. But, unfortunately, chemical
modifications are time-consuming and result in the
dilution of the sample, affecting the separation
process, and are difficult to implement with very
small sample volumes. To solve this problem, an
indirect detection technique, involving neither pre-
nor post-capillary derivatization procedures, can be
employed [159-162]. By using a run buffer con-
taining a background electrolyte (BGE) in which a
chromophore or fluorophore is present, the native
analytes can be indirectly detected in the capillary
with a high degree of sensitivity. Another way,
named “in-capillary” or “on-column” derivatiza-
tion, offering the same advantages as indirect de-
tection, has also been investigated for the same
purpose. Separations and derivatizations of analytes
are carried out simultaneously during the electro-
migration of native analytes in a separation capillary
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tube filled with a run buffer containing derivatization
reagent.

CE separations include capillary zone electropho-
resis (CZE), micellar electrokinetic capillary electro-
phoresis (MEKC), capillary electrochromatography
(CEC), capillary isoelectric focusing (CIEF), capil-

lary gel electrophoresis (CGE) and capillary iso-
tachophoresis (CITP). Very recently, there has also
been interest in microchip electrophoresis, which

combines the possibility offered by gels of perform-
ing multiple, parallel analysis with the automation
assured by capillary electrophoresis. Micro-fabrica-
tion allows the possibility of miniaturizing traditional
analytical instrumentation, with the advantages of
speed, automation, and volumetric reduction of
samples, reagents and wastes. The applications o
electromigration techniques to polyamine detection
were recently well reviewed by Ogury [163]. On the
basis of the reported data, he concluded that at
present CZE is the most recommended electromi-
gration method for the quantitative determination of
free amines and polyamines and that the indirect
detection system is to be preferred.

Immunoassays

An alternative approach to the above-described
chemical methods is represented by RIA [164—-166]
and ELISA [167-170]. Both techniques provide high
sensitivity, require small tissue samples and allow
multiple analyses in parallel. They also offer the
considerable advantages of convenience and rapidity,
avoiding the requirement for sample derivatization.
Nevertheless, they are not completely satisfactory
either for their modest specificity and for the inabili-
ty to obtain antibodies against putrescine. Moreover,
RIA may be hazardous because of its radioactivity.

In 1975, Bartos et al. [164] described a RIA for
spermine and spermidine in human serum. However,
the usefulness of the method was limited by the 20%

cross-reactivity of the antispermine antibody with
spermidine. Later, they produced polyclonal anti-
bodies that were specific for spermine [166] or
spermidine [165]. In 1983, Fujiwara et al. [189]
developed an enzyme immunoassay (EIA) employ-
ing two antibodies against spermine and spermidine.
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But cross-reaction problems were present, thus pre- ELISA system using a highly specific antibody was
venting discrimination between the two polyamines. reported [197].

In 1989, Garthwaite et al. [190] raised monoclonal

antibodies to spermine and spermidine that they used

in both RIA and ELISA. However, the immuno- 7. Critical evaluation of polyamine biological
cytochemical applicability and specificity of their relevance

antibodies were not described. Four years later, the

same authors [167] prepared a monoclonal antibody, 7.1. Cell differentiation and proliferation

IAG-1, with a high affinity for free spermine, which

showed only 10% cross-reactivity with spermidine The role of polyamines in cell differentiation and
and negligible cross-reactivity with a range of other proliferation has been established mainly through
polyamine analogues. This monoclonal antibody, experiments using polyamine synthesis inhibitors.
used in ELISA, was able to quantify free spermine, Although the biosynthesis is accomplished by a
with a detection limit in the order of 1 pmol. coordinated involvement of four different enzymes
Subsequently, they described the production and [198], the inhibitors used most have been those
characterization of a novel monoclonal antibody, specific for ODC, suckdifluoromethylornithine
JAC-1, specific for free spermidine [170]. It allowed (DFMO)—a potent enzyme-activated irreversible
measurement of free spermidine with high sensitivity agent [199]—and for SAMDC, such as the sper-
(lower limit of detection 10 pmol), and furthermore, midine  analogue  [200] methylglycoxal-bis
showed a lower cross-reactivity (4% with spermine) guanylhydrazone (MGBG) [201]. Generally, to
relative to previous immunoassays [165,166,168]. clarify the specific role of polyamines, experiments

Recently, several ELISA systems have been de- have been carried out by inhibiting the synthesis and
veloped to quantify acetylpolyamines also. Fujiwara reverting the observed inhibitory effects by adding
et al. [191] first described an ELISA foK*N**- all or single polyamines.
diacetylspermine using the monoclonal antibody Other sets of experiments not involving the inhibi-
ASPM-2, raised against spermine conjugated with tion of synthesis can evaluate the effects of intracel-
human serum albumin vi&N-(y-maleimidobutyryl- lular concentrations of polyamines on proliferative
oxy)succinimide (GMBS) [192]. The assay was and differentiative processes. In fact, the cellular
highly sensitive, but poorly specific, foN*N** polyamine content is regulated, apart from the en-
diacetylspermine, because of high cross-reactivity dogenous synthesis, by specific uptake into and
with acetylspermine andll*-acetylspermidine. release out of the cell [202—206].

The cross-reaction with acetylspermine, but not While the role of polyamines in cellular growth
with N'-acetylspermidine, may be overridden in and proliferation has been well assessed and estab-
testing human urine, because of the low content of lished as similar and ubiquitous in all cell types,
the former and the higher levels of the latter relative involvement in differentiation is dependent on the
to urinary N*,N**-diacetylspermine concentrations type of tissue and differentiating agent.

[193,194]. In 1998, this procedure was further im- Similarly, different and controversial are the
proved by the same authors when they developed mechanisms by which polyamines interfere with the
three monoclonal antibodies, ACSPM-1 to -3, differentiative cell apparatus. For these reasons and
againstN*,N **-diacetylspermine, of which ACSPM- because of the availability of reviews about the

2 was the most specific, exhibiting only 0.85% cross- biological role of polyamines, only the most recent
reaction withN*-acetylspermidine [195]. In the same mammalian research is reported here.

year, Hiramatsu et al. [196] succeeded in obtaining In several cell types, among which are keratino-
an antibody highly specific toN*,N**-diacetylsper- cytes and condrocytes, polyamines are involved in
mine with only 0.03% cross-reactivity witiN*- the differentiative process by acting as amine donors
acetylspermidine. and as a substrate of transglutaminase (TG), which

N* N°-diacetylspermidine was determined with establishes covalent cross-links between cytoskeletal

high sensitivity and selectivity only in 1997, when an proteins [207-213].
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The involvement of polyamines on the glycosyla-
tion and secretory machinery of the cell has been
well demonstrated [214]. In polyamine-deprived
cells, the total glycosylation capacity was not affect-
ed, while the synthesis of a high-molecular-mass
proteoglycan containing chondroitin and keratan
sulfate was completely inhibited [215]. Since treat-
ment with DFMO and another ODC inhibitor 1-
aminooxy-3-amino-propane (APA) caused swelling
of endoplasmic reticulum (ER) and medial and trans-
Golgi cisternae and involution of rough ER, it was
hypothesized that rough ER and cytoskeleton may be
the target of the proliferative and differentiative
effects of polyamines.

A positive role for polyamines in intestinal matu-
ration has recently been elucidated. Dietary poly-
amines display direct as well as indirect trophic
effects on rat's immature intestine as factors of
luminal growth and maturation [216]. The mecha-
nism by which the ingestion of spermine induces
precocious maturation of rat small intestine, and
particularly the increase in maltase- and sucrase-
specific activities, has been hypothesized to be
mediated by a T-cell/IL-2-dependent immune re-
sponse [217].

If in many cell systems the differentiative process
is positively regulated by polyamines, in many others
it appears to be inhibited, such as in several tumoral
cells. Of interest is the role of polyamines in the
differentiation of tumoral cell lines, such as B16
melanoma-, colon carcinoma-, murine embryonal
teratocarcinoma F9- and human leukaemia-cells. B16
melanoma cells treated with DFMO and the poly-
anionic drug suramin, which affects polyamine me-
tabolism and transport, are induced to differentiate
and to stop proliferation [218]. In HT-29 human
colon carcinoma cells, the differentiation is regulated
by polyamines in a more complex and diversified
manner. While uptake of putrescine, spermidine and
spermine was not modified in differentiating cells,
putrescine synthesis and release were abolished
[204]. The former phenomenon was due to a
dramatic decrease in ODC activity and a marked
retroinhibition of enzymic activity by endogenous
polyamines. The latter has been hypothesized to be a
compensatory mechanism occurring when endogen-
ous synthesis of putrescine is reduced. Caco-2 cells
offer a good model for studying the significance of

polyamine cellular content on differentiation, since,
in contrast to most tumor cell lines, they modify
polyamine metabolism during differentiation [219].
An increase in spermine content may be toxic for the
cells and may impair differentiation [219], while on
the other hand, polyamine deficiency has been shown
to inhibit both proliferation and differentiation [220].

Recently, it was found that during the differentiation

of murine embryonal teratocarcinoma F9 stem cells
induced by irreversible inhibition of the ODC activi-
ty, a c-Myc protein accumulation occurred [221]. In
transfection experiments, using ODC promoter—re-
porter gene fusion constructs, the accumulation of

c-Myc protein, resulting from polyamine depletion,

led to increased reporter ODC gene expression,
accounting for a previously unknown role for poly-
amines as negative regulators of c-Myc. Similarly, in
the human leukemia cell line HL60, mono-
dansylcadaverine, which binds to the active site of
TG, annulled the positive effect of retinoic acid on
differentiation [222], indicating that the polyamine
interaction with TG in transformed and normal cells
has different outcomes. Striking evidence for the
polyamine association with cell growth has been well

established by numerous findings in several physio-

logical as well as pathological cell types [223-225].
Endothelial cell (EC) proliferation has been shown
to be regulated by arginase | or arginase Il activities
through the production of ornithine for polyamine
biosynthesis in bovine coronary venular EC transfec-
tion experiments. Addition of DFMO to the culture
medium abolished the differences in putrescine
concentrations and reduced those in spermidine
content in EC transfected with rat arginase | cDNA
(AI-EC), EC transfected with mouse arginase Il
cDNA (AlI-EC) and EC control transfected with
lacZ gene (lacZ-EC) [226], and therefore prevented
the increase in AI-EC and AIllI-EC proliferation
compared with lacZ-EC. Also, smooth muscle cell
proliferation in rat aorta was increased by high levels
of arginase | expression, as demonstrated by trans
fection experiments with two selective inhibitors of
arginasd(G)-hydroxy+-arginine and S(2-
boronoethybysteine [227].

The mechanism by which polyamines regulate the
growth of other cell lines is quite different. The
untransformed intestinal crypt cell line (IEC-6) is

arrested in the presence of DFMO in the G(1) phase
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of the cell cycle as a consequence of the accumula-
tion of p21, the product of Wafl/Cipl gene, and
p53, as well as the inhibition of cyclin-dependent
kinase (CdK) 2 [228]. Transfection of human pros-
tatic epithelial cells PNT1A and PNT2 with antisense
ODC RNA or ODC antizyme (OAZ) cDNA de-
creased ODC activity and putrescine concentration,
whereas transfection with SSAT cDNA induced a
more marked inhibition of spermidine and spermine
content. PNT1A and PNT2 cells transfected with all
the three constructs are blocked in the S phase and in
the GO/G1 or G2/M phases, respectively. Transfec-
tion of both cell lines with antisense ODC and/or
OAZ cDNA resulted in cell accumulation in the S
phase [229]. Bettuzzi et al. [230] showed an increase
in polyamines from the GO phase that reached a peak
in the late G1/early S phase, and a slight decrease in
spermidine and spermine and a drastic drop in
putrescine in the mid S phase, allowing a better
definition of the role played by polyamines in cell
cycle progression, with respect to other studies [231—
239].

In view of the essential role of polyamines in the
proliferation of mammalian cells, understanding of
the regulatory mechanisms of the metabolism and the
rate-limiting enzymes of the polyamine pathway may
be an important tool for the prevention of carcino-
genesis. In a recent review, Shantz and Pegg [240]
reported that ODC and SAMDC are both regulated at
the translational level, but in a different manner.
ODC regulation is dependent on the availability of
the cap-binding subunit of the e IF-4F complex
which mediates translation initiation, while SAMDC
is regulated by the internal open reading frames
(ORF) which block ribosomes and decrease the
efficiency by which the downstream ORF encoding
SAMDC protein is translated.

The significance of the polyamine content in cell
growth prompted many studies to use their con-
centrations as a marker of neoplasia. But, surprising-
ly, despite the necessity of polyamines for cell
proliferation and the activation of apoptosis by
inhibitors of their synthesis [241-248], recent reports
have indicated that they can activate apoptosis when
they are present in excess [249,250] and depending
on cell system signals [251-253]. An excess of
spermine and spermidine, but not putrescine, acti-
vated the processing of pro-caspase-3 and the exit of

cytochromigom mitochondria in a cell-free
model, suggesting that the activation of programmed
cell death may be induced by polyamine toxicity
[249]. Similar conclusions have been drawn by the
same authors exposing human promyelocytic-
leukemia cells to excessive intracellular levels of
spermine [250]. Human promyelocytic leukemia
cells undergoing 5,6-benzylidasesrbate-in-
duced apoptosis displayed a decline in putrescine
concentrations and unchanged levels of spermidine
and spermine [251]. The behaviour of the human
T-cell line induced to activate programmed cell death
by dimethyl sulfoxide appears slightly different.
They showed a decrease in ODC activity and
polyamine content paralleled by a reduction in c-myc
expression. The lack of apoptosis and the changes ir
c-myc expression, despite growth inhibition in
DFMO-treated cells, suggested that the programmed
cell death induced by dimethyl sulfoxide is mediated
by a c-Myc-dependent decrease in ODC activity and
polyamine concentrations [252]. During B-cell clonal

deletion [253], the apoptosis induced by B-cell

antigen receptor cross-linking was coupled with
down-regulation of the genes involved in polyamine
biosynthesis and up-regulation of the genes respon-
sible for polyamine catabolism, leading to reduced
levels of all three polyamines. The addition of
spermine could repress the apoptosis by attenuating
the potential loss of mitochondrial membrane and the
activation of caspase-7-induced by B-cell receptor
signaling.
The main catabolic enzyme of polyamines, PAO,
has been shown to exert an opposite role in apop-
tosis. Although its activity decreased as the size and
histological grade of human breast cancer increased,
and the hydrogen peroxides produced by PAO were
involved in inducing apoptosis [254,2B§N’-bis
(2,3-butadienyl)-1,4-butanediamine, an inhibitor of
PAO, is able to induce apoptosis through the down-
regulation of the antiapoptotic protein Bcl-X(L)
[2586].
All results obtained about the role of polyamines
on the proliferation of normal and cancer cell lines
have indicated that they are necessary for cell growth
and that polyamine analogues and polyamine syn-
thesis inhibitors may be effective agents in blocking
tumor growth [257—-265].
Therefore, the use of polyamine analogues to-
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gether with the inhibitors of ODC activity and uptake via a new mechanism called RaM, respon-
polyamine levels represents a novel therapeutic sible for sequestefiig Ca  from physiological trans-
strategy in the in vivo treatment of tumors. ients or pulses [277]. Spermine has been shown to
interfere with the phosphoinositide/€a  signalling
7.2. Polyamines as second messengers pathway, since it competes with calcium cations,
present in the intracellular medium, in binding to

It has been established for a long time that negatively charged molecules like phosphatidylino-
polyamines are messengers that regulaté"Ca sig- sitol 4,5-diphosphate [278], phosphatidylinositol
nals and mediate different €a -sensitive responses 1,4,5-trisphosphate [279] and phosphatidylinositol
to hormones, neurotransmitters and extracellular 1,2,6-trisphosphate [280]. Since spermine interacts
stimuli. Their significance in mediating insulin, preferentially with phosphatidylinositol 4,5-diphos-
androgenic and thyroid hormones as well @s phate in comparison to phosphatidate and phospha-
adrenergic agonist effects was extensively surveyed tidylserine, the phosphorylation of phosphatidyl
by Koenig et al. [266]. As second messengers of inositol modulates the membrane fusion activated by
extracellular stimuli they mediate calcium-related the spermine/acidic phospholipid interaction [278].
events at the cell membrane (putrescine) and at the The formation of complexes between spermine and
mitochondria (spermine) of neuronal cells [267] and b-myo-inositol 1,4,5-trisphosphate probably leads to
the effects of inotropic agents, namely ouabain, the inhibition of the promotion &f Ca release
noradrenaline and calcium, on rat ventricle strips [279], whereas the interactiomsmyb-inositol
[268]. This latter role is significant, even though the 1,2,6-trisphosphate with spermine and zinc cations
basal isometric tension after treatment with poly- have been considered relevant in the regulation of
amine synthesis inhibitors is similar to that in biological processes [280]. But spermine plays a
controls. Therefore, an efficient ODC/polyamine pivotal role in modulating the pathways controlled
system has been postulated to be involved in calcium by inositolphosphatases also through mechanisms not
ion movements or in Cd  sensitivity. Experiments involving complex formation. The inhibitory effect
with murine splenocytes [269] highlighted an oppo- of spermine on inositol 1,4,5-trisphosphaties
site effect of polyamines, especially putrescine, phatase has been implicated in the inhibition of the
which inhibited the mitogen-stimulated €a  influx thrombin-induced increase in cytoskeletal actin, me-
in T cells. The more sensitive T-cell set to the diated by inositol 1,4-bisphosphate [281].
putrescine effect appeared to be the CGBh4since The interference of spermine with the
cytoplasmatic free calcium in CDB8 lymphocytes phosphoinositol/€a  pathway in several systems
was not affected by putrescine. Therefore, the effects stimulated investigations about the effect of spermine
of polyamines on calcium influx was not only agent- on the passive permeability of native alveolar epi-
dependent, but also cell-type-dependent. This state- thelium and alveolar liquid absorption [282]. Both
ment was confirmed by other studies that showed a were increased, probably through an indirect mecha-
putrescine-induced and protein kinase C-mediated nism involving a mediator responsible for the
enhancement of the L-type calcium channel activity change, and inhibited by putrescine and spermidine.
in mouse neuroblastoma cells [270]. Of particular interest was the apparent concomitant

An inhibitory effect of spermidine on the increase increase in transepithelial Na transport and paracel-
in passive C&" efflux promoted by trifluoroperazine lular permeability, never seen with other agents, like
has been observed in sarcoplasmic reticulum [271], hormones, cytokines, growth factors, and toxins
but not in platelet vesicles [272], likely to be in acting on the alveolar epithelium. The well-known
relation to the different amino acid sequences of the effect of spermine on the incredseathyl-o-
two C&" ATPases involved. aspartate subtype of glutamate receptors [282] has

The effects of spermine on €a  accumulation in been excluded, because of the absence of edema
mitochondria has been well known for many years produced in isolated lung by the stimulation of these
[273—-276], but only recently it has been demon- receptors [283]. It has been postulated that spermine

strated that spermine increases mitochondriaf 'Ca may act by decreasing the Ca -release from in-
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tracellular stores, since it progressively decreased the lower levels of hepatic regeneration showed that,
inositol 1,4,5-triphosphate concentration and its ef- although ODC mRNA content, enzyme activity and
fects on permeability and alveolar liquid absorption polyamine levels were lower than in 6-week-old rats,
were increased by a thiol agent, like mersalyl, that the supplementation of putrescine to older rats did
blocks inositol triphosphate-gated €a  channels. not change the rate of regeneration [290]. A report
from a Japanese surgery group partly contradicted
7.3. Tissue regeneration the above mentioned results, since it pointed out a
novel role for putrescine in the regenerative ability of
Polyamines play a fundamental regulatory role in the rat liver after ischemia and hepatectomy. The
all the processes involving tissue regeneration, such increase in lipid peroxide levels in DFMO-treated
as healing of stress-related ulcers [284—-286], post- rats which underwent induced ischemia and hepatec-
hepatectomy regeneration [287—292], compensatory tomy and the corresponding decrease in
renal growth [293,294] and compensatory lung ° [ H]thymidine incorporation together with a reverse
growth after partial pneumonectomy [295-298]. response induced by the administration of putrescine
The physiological biosynthesis of polyamines suggest that putrescine suppressed the production of
increased significantly in rats during the healing of lipid peroxides and promoted DNA synthesis [291].
stress-induced gastric mucosa erosions [286], and Data from other laboratories have confirmed the
TG activity, whose polyamines are the substrates (as essential role of putrescine in liver regeneration,
seen in Section 7.1), concomitantly markedly in- since they showed that exogenous putrescine was
creased as a result [284]. Treatment with DFMO able to stimulate liver regeneration following liver
(500 mg/kg), completely inhibiting the significant failure and alcohol-induced injury [299,300], but not
increases in both ODC activity and polyamine cirrhosis [301]. Moreover, putrescine administration
synthesis, led to the blockage of mucosa repair [285], to rats was able to ameliorate the diminished hepat-
while the oral administration of spermidine (100 ocyte regenerative capacity induced by cadmium
mg/kg) immediately after stress prevented the inhi- treatment by shifting the first burst of DNA synthesis
bition of mucosa healing [284]. Stressed mucosa also earlier [302]. The thymidine-kinase activity inhibited
exhibited increased expression of the proto-onco- by cadmium administration was improved, together
genes c-fos and c-myc, which decreased after DFMO with the rate of hepatic DNA synthesis, by intra-
administration. These findings account for the in- peritoneal injection of putrescine during the initial
volvement of c-fos and c-myc in the mechanism of phase after partial hepatectomy.
polyamine-stimulated healing of gastric mucosal Also, the inhibitory effect on DNA biosynthesis
stress ulcers [285], apart from the role played by induced by dRMas paralleled by the suppression
these proto-oncogenes in the regulation of prolifer- of ODC activity and the reduction of putrescine
ation and apoptosis [221,252]. levels in regenerating mouse liver after partial
The significance of ODC expression and poly- hepatectomy and was reversed by putrescine ad-
amine concentrations on rat liver regeneration has ministration [303]. But putrescine administered in
been discussed for years without definitive data partially hepatectomized rats treated simultaneously
being reached. Some reports indicated that both with d&-MNeven though it significantly increased
ODC activity and polyamine levels (primarily put- thymidine-kinase activity, did not affect the rate of
rescine and spermidine) increased substantially and DNA synthesis [304]. These data and the lack of
proportion-dependently [289,292] during liver re- correlation between the alterations of thymidine-ki-
generation after partial hepatectomy in the rat nase activity in dRkeated rats and the liver
[287,288]. More recent data by Beyer et al. [290] regenerative status showed that in this system hepatic
show that, although during liver regeneration ODC regeneration is affected by IFldependently of
activity, putrescine and spermidine increased sig- its action on liver thymidine-kinase activity and
nificantly, treatment with DFMO did not modify the putrescine levels. Putrescine has also been implicated
integrity of the regeneration process. Another study as a mediator of the human and recombinant human

on the mechanisms by which 1-year-old rats had hepatocyte growth factor effects on the stimulation
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of DNA synthesis after 70% hepatectomy in rats
[305].

A direct role of ODC in renal hypertrophy
[306,307] has been proposed, but contrasting results
have been obtained on the significance of polyamine
concentrations in regulating the compensatory kidney
response [293,307-313]. In fact, even though ODC
activity [314] and the renal levels of putrescine
increased after unilateral nephrectomy at the same
time as the increase in the weight of the remaining
kidney, the treatment of rats with DFMO did not
impair compensatory renal hypertrophy. The inhibi-
tion of both baseline renal ODC activity and putres-
cine levels as well as the unilateral nephrectomy-
induced increases had no effect on the hypertrophic
renal response [293]. Other models of renal hy-
pertrophy in mice have shown that testosterone-
induced kidney enlargement [294] and kidney
growth in pubertal mice [315] were not inhibited by
DFMO, although a dramatic increase in renal ODC
was observed as an effect of the testosterone treat-
ment [294]. Similar results have been obtained in
renal hypertrophy in mice with thyroxine, fluoro-
cortisone and potassium depletion [294]. Data ob-
tained on compensatory renal growth in mice, show-
ing a lack of ODC activity increase despite the
increase in contralateral kidney weight [294], did not
agree with those obtained in rats [306,314]. The
testosterone-induced ODC increase in mouse kidney
without an impairment of hypertrophy after DFMO
treatment has been speculated to be involved in
biological processes other than renal growth [294],
and the discrepancies between data from rats and
mice have been explained in the light of differences
in the mechanism of the ODC response [316].

Polyamine involvement in the repair processes of
the lung, either following lobectomy or after expo-
sure to toxic drugs, has been well evaluated by
Bardocz [317], and since 1989, to our knowledge,
few more recent findings have been published in this
regard.

For a long time, it has been known that the rapid
compensatory growth of the remaining lung after
unilateral pneumonectomy and the post-operative

increases in lung mass are preceded by enhanced

uptake of exogenous spermidine and by the increase
in  cAMP-dependent protein kinase activity
[296,297]. Moreover, 7 days after left pneumo-
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nectomy, and during the rapid compensatory growth
of the right lung, type Il pneumocytes incorporated
thymidine at a rate 224% greater than cells isolated
from control rats and increased the uptake of exogen-
ous spermidine by 50% through enhancement of the
maximal velocity of transport [295]. The uptake of
spermidine and the exogenous polyamine substrate
analogue MGBG increased by partial pneumo-
nectomy were doubled in rats adrenalectomized 5
days before left partial pneumonectomy, in parallel
with an increased rate of lung restoration [298].

7.4. Neoplastic growth

The involvement of polyamines and ODC in
tumor promotion has been widely accepted. Data
from several sources are available on polyamine
metabolism in human neoplastic lesions, such as
carcinoma of the breast [11,318], esophageus [319],
stomach [13,320], colon [13,321], and liver

[322,323], and a correlation between ODC activity
and growth rates of several hepatoma cell lines has
been known for a long time [324]. The mechanisms
by which polyamines exert the tumorigenic effect
may, however, be quite different. Transformation of
the epithelial cells in skin of ODC Ras double
transgenic mice is characterized by an exceptionally
high histone acetyltransferase activity with specifi-
city for lysine-12 in the tail domain of histone H4
involved in gene transcription. Treatment with
DFMO induced tumor regression and reversed the
histone acetyltransferase effects, indicating that poly-
amine biosynthesis is implicated in the regulation of
histone acetylation, even indirectly, since polyamines
do not directly stimulate the enzymatic activity of
either p300 or p300/CREB-binding protein (CBP)-
associated classes of histone acetyltransferase [25].
On the basis of these results, multiple effects of
polyamines on the chromatin structure, the gene
expression and the promotion of the neoplastic
process have been postulated. A different aspect of
polyamine involvement in neoplasia has been eluci-
dated for adenocarcinoma of the prostate gland.
Spermine and spermidine were the major cations
found in the eosinophilic prostatic secretory granules
(PSG) that are lost in neoplasia. In untreated car-
cinoma, the decrease in spermine/spermidine was
directly related to loss of PSG, but after chemical
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castration, surviving malignant cells were positive
for spermine/spermidine, despite the significant re-
duction or absence of PSG. Therefore, the physiolog-
ical arrest of polyamine production induced by
androgen blockade is ineffective in androgen-resis-
tant tumor clones that continue to synthesize sper-
mine and spermidine, uncoupled from hormone
regulation [24]. In addition to the different mecha-
nisms by which polyamines affect tumorigenesis, the
regional distribution of ODC and the entity of
polyamine concentrations have been related to the
degree of malignancy. In experimental gliomas of
cats, ODC activity increased within the tumor in
parallel with a high number of mitoses, while
putrescine levels increased in the whole tumor and
the peritumoral edema. These results have stressed
the relevance of ODC as a biochemical marker of
proliferation in brain tumors [23]. A prospective
study about the states of DNA, RNA and protein in
human uterine, breast and rectal cancers has shown
an increase in the levels of all the parameters in
carcinomatous tissues in comparison to their respec-
tive adjacent normal tissue, implicating the increased
synthesis of putrescine in neoplasia [22]. The poly-
amine accumulation in cancer cells and the over-
production of ODC have been shown to elicit the
acquisition of the transformed phenotype, and that
polyamines can trigger the transformation and are
not only secondary by-products has been recently
confirmed [325]. Stimulation of c-myc and c-fos
proto-oncogene expression was preferentially oper-
ated by spermidine and putrescine, respectively.
ODC overexpression alone was sufficient in activat-
ing hair follicle keratinocytes to expand clonally to
form epidermal tumors. In fact, in transgenic mice it
induced a greater sensitivity to initiation with a
single low dose of carcinogen in respect to littermate
controls and they did not require further treatment
with tumor promoters for tumors to develop [326].
The usefulness of polyamines as markers of
malignancy in human carcinoma has been reported
for some time. The spermidine/spermine ratio in
colo-rectal cancer correlated with the histologic
grade of the tumor [327]; elevated spermine con-
centrations correlated with the histology of renal cell
carcinoma [328], and more recently, ODC mRNA
expression correlated with malignancy of breast
cancer [318]. A direct relationship of polyamine
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metabolism to the degree of malignancy of human
hepatocellular carcinoma (tested by the tumor vol-
ume doubling time, the differentiation of the tumor,
the prevalence of portal invasion and the intrahepatic
metastasis) has been well established [18]. ODC
activity was significantly higher in moderately and
poorly differentiated human hepatocellular car-
cinoma and in patients with portal invasion or
intrahepatic metastasis. In these patients, the sper-
midine/spermine ratio was also significantly higher.
ODC activity and the spermidine/spermine ratio
were well correlated too with tumor volume doubling
time, indicating that they may be clinically useful
indices of tumor malignancy. Polyamine—especially
cadaverine and spermidine—levels in ascites have
been shown to be one of the cancer-associate
markers, since their increase in malignant ascites was
significantly higher than that in cirrhosis and tuber-
culosis [17]. And in breast cancer staging the ratio of
N1-acetyl spermine/spermidine was a useful marker
together with the ratio of 16alpha-OHE1/2-OHE1,
so it was suggested that the alteration in polyamine
oxidase activity may play an important role in the
development of breast cancer [329]. Deacetylated
spermidine and spermine in human urine increased
significantly in patients with urogenital malignancies
and decreased during treatment and partial remission
[27].
Normal or near-normal values after treatment were
considered an index of a good prognosis whereas an
increase during the period of follow-up indicated the
recurrence of a cancer or the onset of a second one.
The close correlation of polyamine synthesis with
pre-malignant and malignant stages of cancer de-
velopment was confirmed by the administration of a
single oral dose of ornithine in rats treated with the
carcinogen 1,2-dimethylhydrazine. Putrescine, sper-
midine and spermine blood concentrations signifi-
cantly increased with respect to control rats, indicat-
ing the enhancement of ODC activity and the
validity of blood polyamine levels as predictive
markers of cancer development [330].
Reports about successful cancer therapies and
prevention with suppressors of polyamine biosyn-
thesis [20,21,331] and/or polyamine analogues able
to induce SSAT activity, and therefore the catabolic
polyamine pathway, are numerous. DFMO in combi-
nation with tritiated radioemitters or cytotoxic
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agents, such as MGBG, was shown to be an effective
antitumor agent, especially when the exogenous
polyamines were eliminated, even though brain
tumor growth recurred upon termination of treatment
[332]. In contrast, competitive polyamine analogues
continued to inhibit the growth of brain tumors for
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development of lung tumors through the modulation
of polyamine biosynthesis and cell proliferation
during the initiation and promotion phases of
urethane-induced lung carcinogenesis in mice [338].

7.5. Polyamine significance in other physiological

several weeks after cessation of treatment. The and pathological conditions

enforcement of DFMO efficacy in blocking tumor
growth by the depletion of the polyamine source has
been proved also in MCF-7 human breast cancer
cells in mice, since the blockade of the gastrointesti-
nal supply of polyamines enhanced the intracellular
polyamine depletion induced by DFMO [19]. Com-
plete polyamine deprivation by DFMO combined
with inhibition of the bacterial production of gas-
trointestinal polyamine and a polyamine-free reg-
imen was effective against tumor growth, both for a
standard MCF-7 tumor and a variant MCF-7 tumor
with a tamoxifen-acquired resistance [333]. There-
fore, it has been hypothesized that the ability of
polyamine deprivation to inhibit the growth also of
those tumors becoming tamoxifen-resistant—a com-
mon outcome of the hormonal therapy for advanced
breast cancer—could offer a therapeutic advantage.
Several kinds of polyamine analogues have been
shown to effectively inhibit solid tumor growth and
stages in breast cancer, in addition to preclinical
studies aimed at examining combinations of conven-
tional cytotoxics, phase Il trials to determine the
efficacy of polyamine analogues are in progress
[334]. N*,N*"-Bis(ethyl)norspermine is a potent in-
ducer of a high expression of SSAT in human
primary lung cancer, and its detection in clinical
specimens has been proposed as a prognostic in-
dicator of drug response [335].

Moreover, SSAT induction has been shown to
prolong inhibition of tumor growth and to induce
long-term tumor regression of different human solid
tumor xenografts [336]. Another polyamine ana-
logue, BE-4-4-4-4, was shown to inhibit ODC
activity and to deplete all three polyamines, indicat-
ing that it is more effective as an antiproliferative
and cytotoxic agent than DFMO against human
carcinoid tumors [337].

An indirect demonstration that aberrations in
polyamine biosynthesis are closely related to the
development of tumors has been provided also by the
usefulness of vitamin E as a suppressor of the

Several studies have been carried out on the
correlation of physiological life processes (such as
circadian rhythm, age and sex, as well as the
menstrual cycle and reproductive system) with poly-

amine metabolism.
Significant fluctuations in cellular polyamine
levels were found throughout the day in male rats fed
ad libitum and maintained in a 12-h light, 12-h dark
cycle (lights on at 07:00 h). A peak of putrescine
levels was found in liver at 24:00 h and in testicular
seminiferous tubules late in the dark phase. In the
Harderian glands or in pineal glands, spermidine and
spermine contents reached a maximum at 06:00 h
(late in the dark phase), while in the anterior
pituitary gland the peak was observed at 18:00 h
(late in the light phase) [339]. A circadian rhythmici-
ty in the urinary levels of total polyaminds-and
ard®-acetylspermidine from healthy individuals
was described by Poyhonen et al. [340]. The analysis
of 24-h excretion, split into four consecutive periods,
demonstrated that the excretion rates of these poly-
amines were highest in the morning. Most authors
have determined the total urinary polyamine excre-
tion excluding cadaverine, since it has been shown
that the large physiological changes occurring in
urinary polyamine excretion were related to cadaver-
ine level variations [341]. Recent studies have ex-
amined the concentration and secretion of poly-
amines in colostrum and milk of dairy goats during
90 days of lactation and have shown that the
spermidine content in milk sampled in the evening
was usually higher than in that from morning
milking [342].
Contrasting opinions have been reported about the
effect of aging and sex on the polyamine biosyn-

thesis pathway. In 1980, Beninati et al. reported that

age was able to influence the excretion of spermine
in male subjects and that sex significantly affected
the urinary content of polyamines, resulting in higher
excretion of putrescine and spermine in female
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subjects than in males [343]. A recent work [340]
did not show any correlation between polyamine
excretion and age, but did show marked sex-depen-
dent variations, since excretion of spermidimé’-
acetylspermidine and spermine were higher in men
and excretion of putrescine was higher in women.
Examination of the polyamine distribution in neuro-
logically normal autopsied human brain showed that
spermidine levels in the occipital cortex increased
markedly from birth, reaching maximal levels at 40
years of age [344] and that SAMDC activity in-
creased by 600% from age 6 months to near maximal
levels at age 10 years [345], accounting for a
selective role of spermidine in the functions of
developing and mature brain. In contrast to these
observations, other data showed a consistent negative
correlation between both spermine and spermidine
content in different brain areas and age that was
maintained in many degenerative movement disor-
ders. Only in Huntington’s disease was a decrease in
the concentration of spermine in the putamen ob-
served, suggesting an imbalance of polyamine con-
tent only in the presence of severe atrophy. Age and
sex had a great influence also on the effects of
testosterone on mouse renal PAO and DAO activities
that at the age of 20 days were higher in males than
in females, while during the maturational processes
of kidneys increased mainly in females. Therefore,
testosterone was able not only to stimulate bio-
synthesis of polyamines, but also to modulate their
catabolism [346].

The relationship between the fluctuations in both
ODC activity and polyamine levels and the different
phases of the menstrual cycle and pregnancy has
been extensively studied.

Since 1978, it has been known that the excretion
of all the polyamines is higher during the menstrual
period in parallel with the necrosis of endometrial
cells [347]. A subsequent finding [348] reported that
the urinary excretion of putrescine and spermidine
appeared more marked during the follicular phase,
while spermine excretion levels were higher during
the luteal phase. According to Molinka and Gunpide
[349], ODC activity was significantly higher in
human proliferative endometrium during the oes-
trogen-dominated follicular phase than in secretory
endometrium after the formation of the progesterone-
secreting corpus luteum. Opposite results have been
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obtained more recently by Poyhonem et al. [340],
who did not find any correlation between polyamine
excretion and the menstrual cycle.

The data about the role of ODC and polyamines in
pregnancy are indeed unanimous, in that ODC
activity is essential in the early stages of mammalian

embryogenesis [350,351] and DFMO has a marked
contragestational effect when administered during
pregnancy [350,352,353]. Polyamine concentrations
increased in the plasma and urine of preghant women

as a function of gestational age [354], and their
accumulation in human placenta was related to the
extensive protein synthesis required for growth and

the production of hormones occurring in the early
events of placental development and in the later part
of the pregnancy [354]. The regulatory role of
polyamines in pregnancy is also supported by the
fact that the contragestational effect induced in rats
by moderate hyperthermia during a critical period of
gestation was completely prevented by exogenous
administration of polyamines [355], even though
hyperthermia may affect many other cellular targets
[356,357].

Recently, Mehrotra et al. [358] demonstrated that
during the peri- and immediate post-implantation
stages of pregnancy, SAMDC inhibitor failed to
arrest the pregnancy in the hamster, while PAO
inhibitor was 100% effective [358]. It has been
postulated that this enzyme affects the regulatory
processes of maternal immune reactions, preventing

rejection of the fetus on the basis that PAO suppres-
ses mitogen-stimulated lymphocyte proliferation
[359,360] and that very low PAO activity in the
serum of human subjects was associated with sponta

neous abortion [361].

Moreover, it was shown that in mice spermine
increased on day 9 and spermidine on day 8 of
pregnancy [362] together with morphogenesis of the
ectoplacental cone [363].

The relevance of polyamines in pregnancy was
also demonstrated by the effects of DL111-IT, a new
hormonal contragestational agent, on ODC activity
and polyamine levels in hamsters and rats. Both

decreased significantly, leading to degeneration and
dissolution of decidual cells [364] and to the early
arrest of pregnancy [365].

Alterations in intracellular and extracellular poly-
amines in non-tumoral pathological conditions, such
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as psoriasis, muscular dystrophy, systemic lupus
erythematosus, cystic fibrosis, uremia, liver cirrhosis

and periodontal diseases have been extensively dem-
onstrated.

Psoriasis, a disease characterized by benign but
unrestricted epidermal proliferation, shows increased
local ODC activity [35], elevated systemic poly-
amine levels and increased urinary polyamine excre-
tion [33]. Epidermal shave biopsies showed that
putrescine levels were higher in involved psoriasis
than in uninvolved and normal skin, whereas sper-
midine and spermine were increased in both psoriasis
and uninvolved skin areas compared with normals.

Moreover, the spermidine/spermine ratio was
greater in involved skin than uninvolved and normal
epidermal sites [32]. Cultured human keratinocytes
obtained by suction blisters from normal skin and
uninvolved skin of psoriatic patients showed a
marked increase in spermidine and spermine during
the entire period of culture and a transient rise in
putrescine only at the beginning of the active growth
phase. Treatment with DMFO decreased the con-
centrations of putrescine and spermidine in both
normal and uninvolved psoriatic keratinocytes, but
had no effect on either DNA or protein synthesis.

Although no significant differences have been
observed between the cells derived from normal and
uninvolved psoriatic epidermis, the psoriatic kera-
tinocytes appeared to be more sensitive to the action
of polyamine antimetabolites [34]. In fact, differently
from normal keratinocytes, cellular macromolecule
synthesis was profoundly inhibited by the synergistic
effect of DFMO and the antimetabolite MGB.

Abnormalities of polyamine metabolism have been
found in the hereditary muscular dystrophies. In-
creased urinary excretion of spermine, spermidine
and putrescine as well as elevated erythrocyte sper-
mine levels in patients affected by Duchenne Muscu-
lar Dystrophy (DMD) were reported many years ago
[62,63]. Also, analysis of DMD muscle samples
revealed elevated concentrations of putrescine and
spermidine and normal spermine content [61]. In a
more recent investigation, polyamine concentrations
were significantly more elevated in polymyopathic
(dystrophic) hamster tissue relative to their age-
matched controls and in dystrophic hamster myoblast
and fibroblast primary cultures compared to cultures
from normal hamsters. In contrast, no significant

dystrophy-related abnormalities in ODC or SAMDC
activities were noticed [64]. These data suggest that
the elevated polyamine contents of dystrophic ham-
ster tissue and primary cultures may be due to a
deficiency in polyamine catabolism or transport.

Altered levels of polyamines in the blood and

urine as well as in culture medium of cells from
patients affected by cystic fibrosis were reported
many years ago [50—54] and to our knowledge more
recent studies in this regard are not available.

Recent in vitro studies have demonstrated that,

although free polyamines did not have any toxic
effect on the organotype cultures, they inhibited
VERO (fibroblast-like cells) proliferation in the
presence of dialysates from uremic patients con-
taining toxic stimuli, even at low concentrations [42].
A toxic effect of polyamine-protein conjugates
(RPC ), synthesized in vitro from the plasma of
hemodialyzed patients, on the proliferation of the
erythroid colony-forming units (CFU-E) has been
shown [43].

In non-malignant liver diseases, contrasting results
are available about polyamine concentrations in
plasma, urine and ascitic fluid. The increased putres-
cine plasma levels in about 60% of patients affected
by cirrhosis found by Desser [45] have not been

confirmed by others. Some reported no modifications
in polyamine levels [46] and others only increases in
spermine concentrations [47]. More recent studies
have shown a significant increase, not related to the
severity of liver disease, in the urinary excretion of
all free and monoacetylated polyamines in cirrhotic
patients, with or without diabetes or impaired glu-
cose tolerance [48]. Other data showed that the
percentaged|, edcetylspermidine and putrescine
were elevated, whereas spermine levels were de-
creased in the hepatic tissues of patients with fulmin-
ant hepatitis and liver cirrhosis [49].
Polyamine metabolism is altered in some autoim-
mune disorders, especially systemic lupus erythe-
matosus, in which the increased levels of polyamines
are responsible for the disruption of chromatin
structure, hampering repair of damaged DNA sites
and apoptosis, by interacting with nucleus and
membrane [39]. Earlier studies of the effects of
DFMO on lupus nephritis revealed a post-transcrip-
tional modification of ODC which might be respon-
sible for the increased ODC activity and polyamine
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concentrations found in the kidney [37,38] and in the
spleen [40] of MRL-Ipr/lpr (Ipr) mice, which sponta-
neously develop a lupus-like syndrome, with respect
to other strains. The increased levels of polyamines
in splenic T cells contributed to the defective signal-

transduction pathways and the pathogenesis of symp-

toms [40], while DFMO treatment resulted in an
increase in the expression of Fas mRNA in the
thymus and the beneficial effects on these mice [41].
Few, but interesting, data are available on the
relationship between polyamine metabolism and
periodontal diseases. In ligature-induced periodon-
titis of dogs, both putrescine levels and ODC activity
increased significantly, while no noticeable incre-
ment in spermine and spermidine concentrations
occurred. When the ligature was removed, a sharp
rise in spermine and spermidine content was ob-
served [366]. Moreover, putrescine was the only
polyamine detectable in gingival crevicular fluid of
patients with gingivitis or periodontitis, demonstra-
ting a significant role of this polyamine in the
periodontium [367]. Studies by us, aimed at defining
the real in vivo biocompatibility of Ni—Ti alloy for
long periods of time, showed that spermine and
spermidine salivary levels increased significantly
only during the pubertal period, in parallel with the
maximum levels of fertility hormones, while putres-
cine levels did not display any variation during the
entire period of 1 year of orthodontic treatment
[368]. Our further investigations showed that these
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showed that only spermine was able to stimulate

(proj)insulin biosynthesis and to increase insulin m-
RNA content, while depletion in the putrescine and
spermidine concentrations of islets did not affect
insulin release in response to glucose. Spermine
involvement in modulating insulin binding [56] and
in proliferation and insulin production by normal and
tumoral pancr@atiells has also been well estab-
lished [58-60].

Recent unpublished studies by us, corroborating
the exclusive role for spermine in the metabolism of
glucose and diabetes mellitus, showed significant
variations of spermine in the vitreous fluids of
patients affected by proliferative diabetic retinopathy
(submitted paper).

References

[1] J. Patocka, G.D. Kuehn, Natural polyamines and their
biological consequence in mammals, Acta Med. (Hradec
Kralove) 43 (2000) 119.

[2] M.H. Goyns, The role of polyamines in animal cell physi-
ology, J. Theor. Biol. 97 (1982) 577.

[3] CW. Tabor, H. Tabor, Polyamines in microorganism, Mi-
crobiol. Rev. 49 (1985) 81.

[4] CW. Tabor, H. Tabor, Polyamines, Annu. Rev. Biochem. 53
(1984) 749.

[5] A.E. Pegg, Polyamine metabolism and its importance in
neoplastic growth and a target for chemotherapy, Cancer
Res. 48 (1988) 759.

increases in spermine and spermidine content were [6] A.E. Pegg, P.P. McCann, Polyamine metabolism and func-

significant long before the onset of a gingivopathy
revealed by a high gingival index, indicating that the
salivary amounts of spermine and spermidine may be
considered as an earlier indicator of gingival hy-
perplasia than the gingival index (submitted paper).
We also showed that in human gingival tissue,
spermine and spermidine concentrations were sig-
nificantly higher in patients suffering from gingivitis
hyperplastica, while putrescine significantly in-
creased only in the course of periodontitis.

A selective role for spermine has been described
in the metabolism of glucose. In diabetic rats, the

observed decrease in pancreatic putrescine levels was

restored withL-arginine, indicating that this poly-

amine may be used in the regenerating processes or

for recovering the endocrine pancreatic function
[57]. In vitro studies by Welsh and Sjoholm [55]

tion, Am. J. Physiol. 243 (1982) C212.

[7] D.H. Russell, S.D. Russell, Relative usefulness of measuring
polyamines in serum, plasma, and urine as biochemical
markers of cancer, Clin. Chem. 21 (1975) 860.

[8] V.G. Brunton, M.H. Grant, H.M. Wallace, Spermine toxicity
and glutathione depletion in BHK-21/C13 cells, Biochem.
Pharmacol. 40 (1990) 1893.

[9] D.M. Morgan, Polyamines and cellular regulation: perspec-
tives, Biochem. Soc. Trans. 18 (1990) 1080.

[10] D.H. Russell, Increased polyamine concentrations in the
urine of human cancer patients, Nat. New Biol. 233 (1971)
144.

[11] M. Romano, M.A. Santacroce, P. Bonelli, L. Cecco, M.

Cerra, Differences in polyamine metabolism between car-

cinomatous and uninvolved human breast tissues, Int. J. Biol.

Markers 1 (1986) 77.

[12] A. Becciolini, S. Porciani, A. Lanini, M. Balzi, L. Cionini, L.

Bandettini, Polyamine levels in healthy and tumor tissues of

patients with colon adenocarcinoma, Dis. Colon Rectum 34

(1991) 167.



138 D. Teti et al. / J. Chromatogr

[13] N.K. Berdinskikh, N.A. Ignatenko, S.P. Zaletok, K.P. Ganina,
V.A. Chomiy, Ornithine decarboxylase activity and poly-
amine content in adenocarcinomas of human stomach and
large intestine, Int. J. Cancer 47 (1991) 496.

[14] H. Kurihara, S. Matsuzaki, H. Yamazaki, T. Tsukahara, M.
Tamura, Relationship between tissue polyamine levels and
malignancy in primary brain tumors, Neurosurgery 32
(1993) 372.

[15] F. Russo, M. Linsalata, I. Giorgio, M.L. Caruso, R. Armen-
tano, A. Di Leo, Polyamine levels and ODC activity in
intestinal-type and diffuse-type gastric carcinoma, Dig. Dis.
Sci. 42 (1997) 576.

[16] E. Sicca, C. Gallesio, S. Colombatto, E. Madon, Polyamine
evaluation in serum and erythrocytes of pediatric patients
with neoplasms, Minerva Pediatr. 49 (1997) 21.

[17] A. Peng, S. Zhao, X. Zhang, C. Zhang, Clinical evaluation of
polyamine assay in diagnosis of malignant ascites, Human Yi
Ke Da Xue Xue Bao 22 (1997) 59.

[18] S. Kubo, A. Tamori, S. Nishiguchi, T. Omura, H. Kinoshita,
K. Hirohashi, T. Kuroki, S. Otani, Relationship of polyamine
metabolism to degree of malignancy of human hepatocellular
carcinoma, Oncol. Rep. 5 (1998) 1385.

[19] J. Leveque, F. Burtin, V. Catros-Quemener, R. Havouis, J.P.
Moulinoux, The gastrointestinal polyamine source depletion
enhances DFMO induced polyamine depletion in MCF-7
human breast cancer cells in vivo, Anticancer Res. 18 (1998)
2663.

[20] F.L. Meyskens Jr., EW. Gerner, S. Emerson, D. Pelot, T.
Durbin, K. Doyle, W. Lagerberg, Effect of alpha-difl-
uoromethylornithine on rectal mucosal levels of polyamines
in a randomized, double-blinded trial for colon cancer
prevention, J. Natl. Cancer Inst. 90 (1998) 1212.

[21] J.A. O’'Shaughnessy, L.M. Demers, S.E. Jones, J. Arseneau,
P. Khandelwal, T. George, R. Gersh, D. Mauger, A. Manni,
Alpha-difluoromethylornithine as treatment for metastatic
breast cancer patients, Clin. Cancer Res. 5 (1999) 3438.

[22] M. Bandopadhyay, A.K. Ganguly, Putrescine, DNA, RNA
and protein contents in human uterine, breast and rectal
cancer, J. Postgrad. Med. 46 (2000) 172.

[23] G. Rohn, T. Els, K. Hell, R.I. Ernestus, Regional distribution
of ornithine decarboxylase activity and polyamine levels in
experimental cat brain tumors, Neurochem. Int. 39 (2001)
135.

[24] R.J. Cohen, K. Fujiwara, JW. Holland, J.E. McNeal, Poly-
amines in prostatic epithelial cells and adenocarcinoma; the
effects of androgen blockade, Prostate 49 (2001) 278.

[25] C.A. Hobbs, B.A. Paul, S.K. Gilmour, Deregulation of
polyamine biosynthesis alters intrinsic histone acetyltrans-
ferase and deacetylase activities in murine skin and tumors,
Cancer Res. 62 (2002) 67.

[26] M. Sugimoto, K. Hiramatsu, S. Kamei, K. Kinoshita, M.
Hoshino, K. lwasaki, M. Kawakita, Significance of urinary
N*,N°-diacetylspermidine and N N -diacetylspermine as
indicators of neoplastic diseases, J. Cancer Res. Clin. Oncol.
121 (1995) 317.

[27] K. Hiramatsu, M. Sugimoto, S. Kamei, M. Hoshino, K.
Kinoshita, K. lwasaki, M. Kawakita, Diagnostic and prog-

. B 781 (2002) 107-149

nostic usefulness of'N ,N -diacetyl-spermidiné arld N N -
diacetylspermine in urine as novel markers of malignancy, J.
Cancer Res. Clin. Oncol. 123 (1997) 539.

[28] D.H. Russell, Clinical relevance of polyamines, Crit. Rev.
Clin. Lab. Sci. 18 (1983) 261.

[29] D.H. Russell, Clinical relevance of polyamines as biochemi-

cal markers of tumor kinetics, Clin. Chem. 23 (1977) 22.

[30] A.T. Maurelli, R.E. Fernandez, C.A. Bloch, C.K. Rode, A.
Fasano, “Black holes” and bacterial pathogenicity: a large
genomic deletion that enhances the virulence of Shigella spp.
and enteroinvasive Escherichia coli, Microbiology 95 (1998)
3943.

[31] A.D. Sunil, R. Silverstein, C.R. Amura, T. Kielian, D.C.
Morrison, Lipopolyamines: novel antiendotoxin compounds
that reduce mortality in experimental sepsis caused by gram-

negative bacteria, Antimicrob. Agents Chemother. 43 (1999)
912.

[32] N.J. Lowe, J. Breeding, D. Russell, Cutaneous polyamines in
psoriasis, Br. J. Dermatol. 107 (1982) 21.

[33] G.G. Krueger, P.R. Bergstresser, N.J. Lowe, J.J. Voorhees,
G.D. Weinstein, Psoriasis, J. Am. Acad. Dermatol. 11 (1984)
937.

[34] N. Martinet, S. Beninati, T.P. Nigra, J.e. Folk,"N°N -bis-
(gamma-glutamyl)spermidine cross-linking in epidermal-cell
envelopes. Comparison of cross-link levels in normal and
psoriatic cell envelopes, Biochem. J. 271 (1990) 305.

[35] A.T. Kagramanova, L.D. Tischenko, T.T. Berezov, The
ornithine decarboxylase activity of the epidermis in psoriasis
as a biochemical index of the hyperproliferative process,
Biull. Eksp. Biol. Med. 115 (1993) 618.

[36] H. Desser, P. Hocker, M. Weiser, J. Bohmel, The content of
unbound polyamines in blood plasma and leukocytes of
patients with polycythemia vera, Clin. Chim. Acta 63 (1975)
243.

[37] U.B. Gunnia, P.S. Amenta, J.R. Seibold, T.J. Thomas,
Successful treatment of lupus nephritis in MRL-Ipr/lpr mice
by inhibiting ornithine decarboxylase, Kidney Int. 39 (1991)
882.

[38] H.C. Hsu, T. Thomas, J.R. Seibold, T.J. Thomas, Studies on
the effects of an ornithine decarboxylase inhibitor on lupus
nephritis reveal a post-transcriptional modification of the
enzyme, Agents Actions 39 (1993) C204.

[39] W.H. Brooks, A model for systemic lupus erythematosus
based on chromatin disruption by polyamines, Med. Hypoth-

eses 43 (1994) 403.
[40] T.J. Thomas, U.B. Gunnia, J.R. Seibold, T. Thomas, Defec-
tive signal-transduction pathways in T-cells from autoim-
mune MRL-Ipr/lpr mice are associated with increased
polyamine concentrations, Biochem. J. 311 (1995) 175.
[41] H.C. Hsu, T. Thomas, L.H. Sigal, T.J. Thomas, Polyamine-
fas interactions: inhibition of polyamine biosynthesis in
MRL-Ipr/lpr mice is associated with the up-regulation of fas
mRNA in thymocytes, Autoimmunity 29 (1999) 299.

[42] G. Stabellini, G. Mariani, F. Pezzetti, C. Calastrini, Direct

inhibitory effect of uremic toxins and polyamines on prolif-
eration of VERO culture cells, Exp. Mol. Pathol. 64 (1997)
147.



D. Teti et al. / J. Chromatogr.

[43] F. Galli, S. Beninati, S. Benedetti, A. Lentini, F. Canestrari,
A. Tabilio, U. Buoncristiani, Polymeric protein-polyamine
conjugates: a new class of uremic toxins affecting erythro-
poiesis, Kidney Int. Suppl. 78 (2001) S73.

[44] M.E. Swendseid, M. Panaqua, J.D. Kopple, Polyamine
concentrations in red cells and urine of patients with chronic
renal failure, Life Sci. 26 (1980) 533.

[45] H. Desser, G. Kleinberger, W.J. Klaring, Hepatic failure and

polyamine levels in blood plasma, RCS Med. Sci. 8 (1980)

248.

P. Ruggeri, F. Purello D’Ambrosio, Alcoholic cirrhosis and

polyamines, in: C.M. Caldarera, C. Clo, C. Guarnieri (Eds.),

Biomedical Studies of Natural Polyamines, CLUEB,

Bologna, 1986, p. 217.

G. Marchesini, G.A. Checchia, G.P. Bianchi et al., Poly-

amine plasma levels in patients with liver cirrhosis, Ital. J.

Gastroenterol. 20 (1988) 113.

L. Cecco, S. Antoniello, M. Auletta, M. Cerra, P. Bonelli,

Pattern and concentration of free and acetylated polyamines

in urine of cirrhotic patients, Int. J. Biol. Markers 7 (1992)

52.

H. Sugimoto, S. Sakurai, T. Abe, H. Takagi, H. Takahashi, J.

Takezawa, T. Nagamine, S. Matsuzaki, Elevation df N -

acetylspermidine and putrescine in hepatic tissues of patients

with fulminant hepatitis and liver cirrhosis, J. Gastroenterol.

29 (1994) 159.

S.N. Arvanitakis, J.A. Mangos, N.R. McSherry, O.M. Re-

nnert, D. Lapointe, Role of polyamines in cystic fibrosis,

Pediatr. Res. 7 (1973) 336.

O.M. Rennert, J. Fias, D. Lapointe, Methylation of RNA and

polyamine metabolism in cystic fibrosis, in: J.A. Mangos,

R.C. Talamo (Eds.), Fundamental Problems of Cystic Fi-

brosis and Related Diseases, Intercontinental Medical Book,

New York, 1973, p. 41.

DW. Lundgren, P.M. Farrell, P.A. Di Sant'Agnese, Poly-

amines alterations in blood of male homozygotes and

heterozygotes for cystic fibrosis, Clin. Chim. Acta 62 (1975)

357.

L.F. Cohen, P.M. Farrell, JW. Willison, DW. Lundgreen,

Localization of spermidine (Spd) and spermine (Spm) in

blood of cystic fibrosis (CF) and control subjects, Pediatr.

Res. 9 (1975) 312.

D.H. Russell, M.G. Rosenblum, R.C. Beckerman, B.G.M.

Durie, L.M. Taussig, D.R. Barnett, Altered polyamine me-

tabolism in cystic fibrosis, Pediatr. Res. 13 (1979) 1137.

[55] N.Welsh, A. Sjoholm, Polyamines and insulin production in
isolated mouse pancreatic islets, Biochem. J. 252 (1988) 701.

[56] S.B. Pedersen, D.M. Hougaard, B. Richelsen, Polyamines in
rat adipocytes: their localization and their effects on the
insulin receptor binding, Mol. Cell. Endocrinol. 62 (1989)
161.

[57] J.D. Mendez, M.A. Arreola, Effect of-arginine on pan-
creatic arginase activity and polyamines in alloxan treated
rats, Biochem. Int. 28 (1992) 569.

[58] A. Sjoholm, Role of polyamines in the regulation of prolifer-
ation and hormone production by insulin-secreting cells, Am.
J. Physiol. 264 (1993) C501.

[59] C.M. Higuchi, W. Wang, Comodulation of cellular poly-

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

B 781 (2002) 107-149 139

amines and proliferation: biomarker application to colorectal
mucosa, J. Cell. Biochem. 57 (1995) 256.

[60] L. Alhonen, J.J. Parkkinen, T. Keinanen et al., Activation of
polyamine catabolism in transgenic rats induces acute pan-
creatitis, Proc. Natl. Acad. Sci. USA 97 (2000) 8290.

[61] L.T. Krenzner, V.M. Tennyson, A.F. Miranda, Polyamine
metabolism in normal denervated and dystrophic muscle, in:
R.A. Campbell, D.R. Morris, D. Bartos, G.D. Daves, F.
Bartos (Eds.), Advances in Polyamine Research, Vol. 2,
Raven Press, New York, 1978, p. 241.

[62] F. Mollica, S. Li Volti, A. Rapisarda, G. Longo, L. Pavone,
A. Vanella, Increased erythrocytic spermine in Duchenne
muscular dystrophy, Pediatr. Res. 14 (1980) 1196.

[63] D.H. Russell, L.Z. Stern, Altered polyamine excretion in
duchenne muscular dystrophy, Neurology 31 (1981) 80.

[64] V.S. Sauro, H.J. Klamut, W.F. Dick, D.N. Oey, K.P. Strick-
land, Ornithine and S-adenosylmethionine decarboxylase
activities and polyamine contents in developing muscle
tissues and primary cultures of normal and polymyopathic
hamsters, Biochem. Cell Biol. 68 (1990) 1402.

[65] L.D. Morrison, S.J. Kish, Brain polyamine levels are altered
in Alzheimer’s disease, Neurosci. Lett. 197 (1995) 5.

[66] R. Seidl, S. Beninati, N. Cairns, N. Singewald, D. Risser, H.
Bavan, M. Nemethova, G. Lubec, Polyamines in frontal
cortex of patients with Down syndrome and Alzheimer
disease, Neurosci. Lett. 206 (1996) 193.

[67] G.C. Boffey, G.M. Martin, A new solvent system for the
thin-layer chromatographic separation of the Dansyl deriva-
tives of some biogenic amines, J. Chromatogr. 90 (1974)
178.

[68] J.H. Fleisher, D.H. Russell, Estimation of urinary diamines
and polyamines by thin-layer chromatography, J. Chroma-
togr. 110 (1975) 335.

[69] O. Heby, G. Andersson, Simplified micro-method for the
quantitative analysis of putrescine, spermidine and spermine
in urine, J. Chromatogr. 145 (1978) 73.

[70] C. Beyer, A. van den Ende, Improved separation procedure
for urinary di- and polyamines by means of thin-layer
chromatography, Clin. Chim. Acta 129 (1983) 211.

[71] S.H. Wettlaufer, Quantitation of polyamines using thin-layer
chromatography and image analysis, J. Chromatogr. 441
(1988) 361.

[72] R. Madhubala, Thin-layer chromatographic method for as-
saying polyamines, Methods Mol. Biol. 79 (1998) 131.

[73] J.B. Brooks, W.E. Moore, Gas chromatographic analysis of
amine and other compounds produced by several species of
Clostridium, J. Microbiol. 15 (1969) 1433.

[74] D.H. Russell, Increased polyamine concentrations in the
urine of human cancer patients, Nature 233 (1971) 144.

[75] J. Slemr, K. Beyermann, Determination of biogenic amines
in meat by combined ion-exchange and capillary gas chro-
matography, J. Chromatogr. 283 (1984) 241.

[76] M.D. Denton, H.S. Glazer, T. Walle, D.C. Zellner, T.G.
Smith, in: D.H. Russell (Ed.), Polyamines in Normal and
Neoplastic Growth, Raven Press, New York, 1973, p. 373.

[77] CW. Gehrke, K.C. Kuo, RW. Zumwalt, T.P. Waalkes, in:
Polyamines in Normal and Neoplastic Growth, Raven Press,

New York, 1973, p. 343.



140

[78] M. Makita, S. Yamamoto, M. Kono, Rapid determination of
di- and polyamines in human urine by electron capture gas
chromatography, Clin. Chim. Acta 61 (1975) 403.

R.F. McGregor, M.S. Sharon, M. Atkinson, D.E. Johnson,
An improved isolation procedure for the gas chromato-
graphic analysis of urinary polyamines, Prep. Biochem. 6
(1976) 403.

S. Beninati, C. Sartori, M.P. Argento-Ceru, A new method
for qualitative and quantitative determination of di- and
polyamines in animal tissues by gas-liquid chromatography,
Anal. Biochem. 80 (1977) 101.

J.M. Rattenbury, P.M. Lax, K. Blau, M. Sandler, Separation
and quantification of urinary di- and polyamines by gas
chromatography with electron capture detection, Clin. Chim.
Acta 95 (1979) 61.

M.T. Bakowski, P.A. Toseland, J.F. Wicks, J.R. Trounce, A
rapid gas chromatographic method for the determination of
plasma polyamines and its application to the prediction of
tumor response to chemotherapy, Clin. Chim. Acta 110
(1981) 273.

S. Yamamoto, M. Yokogawa, K. Wakamatsu, H. Kataoka, M.
Makita, Gas chromatographic method for the determination
of urinary acetylpolyamines, J. Chromatogr. B 233 (1982)
29.

C. Gaget, E. Wol, B. Heintzelmann, J. Wagner, Separation of
the enantiomers of substituted putrescine and cadaverine
analogues by gas chromatography on chiral and achiral
stationary phases, J. Chromatogr. 395 (1987) 597.

S. Fujihara, T. Nakashima, Y. Kurogochi, Determination of
polyamines in human blood by electron-capture gas-liquid
chromatography, J. Chromatogr. 277 (1983) 53.

[86] A. Emonds, O. Driessen, Determination of polyamines in
plasma by capillary gas chromatography and some applica-
tions, Methods Find. Exp. Clin. Pharmacol. 5 (1983) 391.
F.A.J. Muskiet, G.A. van den Berg, AW. Kingma, D.C.
Fremouw-Ottevangers, M.R. Halie, Total polyamines and
their none-amino acid metabolites simultaneously deter-
mined in urine by capillary gas chromatography, with
nitrogen—phosphorus detector; and some clinical applica-
tions, Clin. Chem. 30 (1984) 687.

S. Yamamoto, T. Kobayashi, Y. Suemoto, M. Makita, An
improved gas chromatographic method for the determination
of urinary acetylpolyamines, Chem. Pharm. Bull. 32 (1984)
1878.

M. Dalene, T. Lundh, L. Mathiasson, N-Permethylation of
polyamines at trace levels for gas chromatographic analysis,
J. Chromatogr. 322 (1985) 169.

S. Yamamoto, Y. Suemoto, T. Kobayashi, M. Kohda, M.
Makita, Determination of free and monoacetylated poly-
amines in biological materials by gas chromatography with
nitrogen-selective detection, in: K. Imahori, F. Suzuki, O.
Suzuki, U. Bachrach (Eds.), Polyamines, Basic and Clinical
Aspects, VNU Science Press, Utrecht, The Netherlands,
1985, p. 479.

G.A. van den Berg, F.A.J. Muskiet, AW. Kingma, W. van der
Slik, M.R. Halie, Simultaneous gas-chromatographic deter-
mination of free and acetyl-conjugated polyamines in urine,
Clin. Chem. 32 (1986) 1930.

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(87]

(88]

(89]

[90]

[91]

D. Teti et al. / J. Chromatogr.

B 781 (2002) 107-149

[92] X. Jiang, Determination of polyamines in urine of normal
human and cancer patients by capillary gas chromatography,
Biomed. Chromatogr. 4 (1990) 73.

[93] B. Dorhout, AW. Kingma, E. de Hoog, F.A.J. Muskiet,
Simultaneous determination of polyamines, N-acetylated
polyamines and the polyamine analogues BE-3-3-3 and BE-

4-4-4-4 by capillary gas chromatography with nitrogen—

phosphorus detection, J. Chromatogr. B 700 (1997) 23.

[94] MY. Khuhawar, A.A. Memon, P.D. Jaipal, M.l. Bhanger,
Capillary gas chromatographic determination of putrescine

and cadaverine in serum of cancer patients using trifluoro-

acetylacetone as derivatizing reagent, J. Chromatogr. 723

(1999) 17.

[95] K. Samejima, M. Kawase, S. Sakamoto, M. Okada, Y. Endo,

A sensitive fluorimetric method for the determination of
aliphatic diamines and polyamines in biological materials by

high-speed liquid chromatography, Anal. Biochem. 76

(1976) 392.

[96] Y. Saeki, N. Uehara, S. Shirakawa, Sensitive fluorimetric

method for the determination of putrescine, spermidine and
spermine by high-performance liquid chromatography and its

application to human blood, J. Chromatogr. 145 (1978) 221.

[97] N. Seiler, B. Knodgen, F. Eisenbess, Determination of di-

and polyamines by high-performance liquid chromatographic
separation of their 5-dimethylaminonaphthalene-1-sulfonyl

derivatives, J. Chromatogr. 145 (1978) 29.

[98] M. Kai, T. Ogata, K. Haraguchi, Y. Ohkura, High-per-
formance liquid chromatographic determination of free and
total polyamines in human serum as fluorescamine deriva-

tives, J. Chromatogr. 163 (1979) 151.

[99] J.R. Shipe, J. Savory, High-performance liquid chromato-

graphic separation and fluorescence detection of polyamines

in plasma and erythrocytes, Ann. Clin. Lab. Sci. 20 (1980)

128.

[100] G. Milano, M. Schneider, P. Cambon, J.L. Boublib, N.
Barbe, N. Renee, C.M. Lalanne, An improved method for
routine analysis of polyamines in biological fluids with a
conventional amino acid analyser, J. Clin. Chem. Clin.
Biochem. 18 (1980) 157.

[101] N. Seiler, B. Knodgen, High-performance liquid chromato-
graphic procedure for the simultaneous determination of the
natural polyamines and their monoacetyl derivatives, J.
Chromatogr. 221 (1980) 227.

[102] M. Mach, H. Kersten, W. Kersten, Measurement of poly-
amines and their acetylated derivatives in cell extracts and
physiological fluids by use of an amino acid analyser, J.
Chromatogr. 223 (1981) 51.

[103] C.A. Prussak, D.H. Russell, Single-step high-performance
liquid chromatographic method for the analysis of
acetylated polyamines, J. Chromatogr. 229 (1982) 47.

[104] J. Lin, L. Chen-Cheng, Chromophoric determination of
putrescine, spermidine and spermine with dansyl chloride
by high-performance liquid chromatography and thin-layer

chromatography, J. Chromatogr. 227 (1982) 369.

[105] B. Brossat, J. Straczen, F. Belleville, P. Nabet, Determi-
nation of free and total polyamines in human serum and
urine by ion-pairing high-performance liquid chromatog-

raphy using a radial compression module. Application to



D. Teti et al. / J. Chromatogr. B 781 (2002) 107-149 141

blood polyamine determination in cancer patients treated or
not treated with an ornithine decarboxylase inhibitor, J.
Chromatogr. 277 (1983) 87.

[106] D.H. Russell, J.D. Ellingson, T.P. Davis, Analysis of
polyamines and acetyl derivatives by a single automated
amino acid analyser technique, J. Chromatogr. 273 (1983)
263.

[107] J. Bontemps, J. Laschet, G. Dandrifosse, Analysis of dansyl
derivatives of di- and polyamines in mouse brain, human
serum and duodenal biopsy specimens by high-performance
liguid chromatography on a standard reversed-phase col-
umn, J. Chromatogr. 311 (1984) 59.

[108] R.L. Heideman, K.B. Fickling, L.J. Walker, Free and total
putrescine in cerebrospinal fluid quantified by reversed-
phase liquid chromatography, Clin. Chem. 30 (1984) 1243.

[109] P.M. Kabra, H.K. Lee, W.P. Lubich, L.J. Marton, Solid-
phase extraction and determination of dansylderivatives of
unconjugated and acetylated polyamines by reversed-phase
liguid chromatography: improved separation systems for
polyamines in cerebrospinal fluid, urine and tissue, J.
Chromatogr. 380 (1986) 19.

[110] P. Koski, I.M. Helander, M. Sarvas, M. Vaara, Analysis of
polyamines as their dansyl derivatives by reversed-phase
high-performance liquid chromatography, Anal. Biochem.
164 (1987) 261.

[111] C. Loser, U. Wunderlich, U. Folsch, Reversed-phase liquid
chromatographic separation and simultaneous fluorimetric
detection of polyamines and their monoacetyl derivatives in
human and animal urine, serum and tissue samples: an
improved, rapid and sensitive method for routine applica-
tion, J. Chromatogr. 430 (1988) 249.

[112] C.F. Verkoelen, J.C. Romijn, F.H. Schroeder, W.P. van
Schalkwijk, T.AW. Splinter, Quantitation of polyamines in
cultured cells and tissue homogenates by reversed phase
high-performance liquid chromatography of their benzoyl
derivatives, J. Chromatogr. 426 (1988) 41.

[113] C. Auvin-Guette, R. Rips, Polyamines and corresponding
aminoacids measured together, Chromatographia 26 (1988)
60.

[114] M. Sabri, A.l. Soiefer, G.E. Kisby, P.S. Spencer, De-
termination of polyamines by precolumn derivatization with
9-fluorenylmethyl chloroformate and reversed-phase high-
performance liquid chromatography, J. Neurosci. Methods
29 (1989) 27.

[115] K. Maruta, R. Teradaira, N. Watanabe, T. Nagatsu, M.
Asano, K. Yamamoto, T. Matsumoto, Y. Shionoya, K.
Fujita, Simple, sensitive assay of polyamines by high-
performance liquid chromatography with electrochemical
detection after post-column reaction with immobilized
polyamine oxidase, Clin. Chem. 35 (1989) 1694.

[116] S. Kamei, A. Ohkubo, S. Saito, S. Takagi, Polyamine
detection system for high-performance liquid chromatog-
raphy involving enzymatic and chemiluminescent reactions,
Anal. Chem. 61 (1989) 1921.

[117] S. Suzuki, K. Kobayashi, J. Noda, T. Suzuki, K. Takama,
Simultaneous determination of biogenic amines by re-
versed-phase high-performance liquid chromatography, J.
Chromatogr. 508 (1990) 225.

[118] Y. Maeno, F. Takabe, H. Inoue, M. lwasa, A study on the

vital reaction in wounded skin: simultaneous determination
of histamine and polyamines in injured rat skin by high-
performance liquid chromatography, Forensic Sci. Int. 46
(1990) 255.
[119] S. Watanabe, T. Saito, S. Sato, S. Nagase, S. Ueda, M.
Tomita, Investigation of interfering products in the high-
performance liquid chromatographic determination of poly-
amines as benzoyl derivatives, J. Chromatogr. 518 (1990)
264.
[120] E. Brandsteterova, S. Hatrik, I. Blanarik, K. Marcincinova,
HPLC determination of polyamines in urine, Neoplasma 38
(1991) 165.

[121] L. Gerbaut, Determination of erythrocytic polyamines by
reversed-phase liquid chromatography, Clin. Chem. 37
(1991) 2117.

[122] P.J. Oefner, S. Wongyai, G. Bonn, High-performance liquid
chromatographic determination of free polyamines in

human seminal plasma, Clin. Chim. Acta 205 (1992) 11.
[123] K. Kotzabasis, M.D. Christakis-Hampsas, A. Roubelakis-
Angelakis, A narrow-bore HPLC method for the identifica-
tion and quantitation of free, conjugated and bound poly-
amines, Anal. Biochem. 214 (1993) 484.
[124] K. Hiramatsu, S. Kamei, M. Sugimoto, K. Kinoshita, K.
lwasaki, M. Kawakita, An improved method of determining
free and acetylated polyamines by HPLC involving an
enzyme reactor and an electrochemical detector, J. Bio-
chem. 115 (1994) 584.
[125] E. Schenkel, V. Berlaimont, J. Dubois, M. Helson-Cambier,
M. Hanocq, Improved high-performance liquid chromato-
graphic method for the determination of polyamines as their
benzoylated derivatives: application to P388 cancer cells, J.
Chromatogr. B 668 (1995) 189.
[126] H.M.H.Van Eijk, D.R. Rooyakkers, N.E.P. Detz, Automated
determination of polyamines by high-performance liquid
chromatography with simple sample preparation, J. Chro-
matogr. A 115 (1996) 115.
[127] T. Weiss, G. Bernhardt, A. Buschauer, K. Jauch, H.
Zirngibl, High-resolution reversed-phase high-performance
liquid chromatography analysis of polyamines and their
monoacetyl conjugates by fluorescence detection after
derivatization with N-hydroxysuccinimidyl 6-quinolyn
carbamate, Anal. Biochem. 247 (1997) 294.
[128] S. Fu, X. Zou, X. Wang, X. Liu, Determination of poly-
amines in human prostate by high-performance liquid
chromatography with fluorescence detection, J. Chroma-
togr. B 709 (1998) 297.

[129] K.J. Hunter, A.H. Fairlamb, The determination of poly-
amines and amino acids by a fluorescamine-HPLC method,
Methods Mol. Biol. 79 (1998) 125.

[130] K.J. Hunter, A dansyl chloride-HPLC method for the
determination of polyamines, Methods Mol. Biol. 79 (1998)
119.

[131] D.M. Morgan, Determination of polyamines as their ben-

zoylated derivatives by HPLC, Methods Mol. Biol. 79
(1998) 111.

[132] H.Y. Aboul-Enein, I.A. Al-Duraibi, Separation of several

free polyamines and their acetylated derivatives by ion-pair
reversed-phase high-performance liquid chromatography,
Biomed. Chromatogr. 12 (1998) 291.



142

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

D. Teti et al. / J. Chromatogr. B 781 (2002) 107-149

S.K. Sadain, J.A. Koropchak, Condensation nucleation light
scattering detection for biogenic amines separated by ion-
exchange chromatography, J. Chromatogr. A 844 (1999)
111

C. Molins-Legua, P. Campins-Falco, A. Sevillano-Cabeza,
M. Pedron-Pons, Urine polyamines determination using
dansyl chloride derivatization in solid-phase extraction
cartridges and HPLC, Analyst 124 (1999) 477.

G. Taibi, M.R. Schiavo, M.C. Gueli, P. Calanni Rindina, R.
Muratore, C.M.A. Nicotra, Rapid and simultaneous high-
performance liquid chromatography assay of polyamines
and monoacetylpolyamines in biological specimens, J.
Chromatogr. B 745 (2000) 431.

M. Venza, M. Visalli, D. Cicciu, D. Teti, Determination of
polyamines in human saliva by high-performance liquid
chromatography with fluorescence detection, J. Chroma-
togr. B 757 (2001) 111.

T. Walle, Gas chromatography—mass spectrometry of di-
and polyamines in human urine: identification of mono-
acetylspermidine as a major metabolic product of sper-
midine in a patient with acute myelocytic leukaemia, in:
D.H. Russell (Ed.), Polyamines in Normal and Neoplastic
Growth, Raven Press, New York, 1973, p. 355.

J.R. Shipe, D.F. Hunt, J. Savory, Plasma polyamines
determined by negative-ion chemical ionisation/mass spec-
trometry, Clin. Chem. 25 (1979) 1564.

T. Ohki, A. Saito, K. Ohta, T. Niwa, K. Maeda, J.
Sakakibara, Amine metabolite profile of normal and uremic
urine using gas chromatography—mass spectrometry, J.
Chromatogr. 233 (1982) 1.

Y. Ikuina, C. Bando, M. Yoshida, H. Yano, Y. Saitoh,
ms-681a, b, ¢, and d, new inhibitors of myosin light chain
kinase from Myrothecium sp. Il. Physico-chemical prop-
erties and structure elucidation, J. Antibiot. (Tokyo) 50
(1997) 998.

G.D. Daves, R.G. Smith, C.A. Valkenburg, Gas chromato-
graphic—mass spectrometric analysis of polyamines and
polyamine conjugated, Methods Enzymol. 94 (1983) 48.
S. Yamamoto, A. lwado, Y. Hashimoto, Y. Aoyama, M.
Makita, Gas chromatographic—mass spectrometry of poly-
amines as their N-ethyloxycarbonyl derivatives and identifi-
cation of sym-homospermidine andsym-norspermine in
mosses and ferns, J. Chromatogr. 303 (1984) 99.

G.A. Van den Berg, G.T. Nagel, F.AJ. Muskiet, Mass
fragmentographic identification of polyamine metabolites in
the urine of normal persons and cancer patients, and its
relevance to the use of polyamines as tumor markers, J.
Chromatogr. 339 (1985) 223.

T. Noto, T. Hasegawa, H. Kamimura, J. Nakao, H.
Hashimoto, T. Nakajima, Determination of putrescine in
brain tissue using gas chromatography—mass spectrometry,
Anal. Biochem. 160 (1987) 371.

M.J. Avery, G.A. Junk, Procedure for the determination of
amines in small urine samples, J. Chromatogr. 420 (1987)
379.

R.G. Smith, G.D. Daves Jr., Gas chromatography—mass
spectrometry analysis of polyamines using deuterated ana-
logs as internal standards, Biomed. Mass Spectrom. 4
(1997) 146.

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[147] JW. Suh, S.H. Lee, B.C. Chung, J. Park, Urinary polyamine
evaluation for effective diagnosis of various cancers, J.

Chromatogr. B 688 (1997) 179.
K.R. Kim, M.J. Paik, J.H. Kim, SW. Dong, D.H. Jeong,
Rapid gas chromatographic profiling and screening of
biologically active amines, J. Pharm. Biomed. Anal. 15
(1997) 1309.
S.H. Lee, S.0. Kim, H. Lee, B.C. Chung, Estrogens and
polyamines in breast cancer: their profiles and values in
diseases staging, Cancer Lett. 133 (1998) 47.
M.H. Choi, K. Kim, B.C. Chung, Determination of hair
polyamines as N-ethoxycarbonyl-N-pentafluoropropionyl
derivatives by gas chromatography—mass spectrometry, J.
Chromatogr. A 897 (2000) 295.
N. Seiler, Assay procedures for polyamines in urine, serum
and cerebrospinal fluid, Clin. Chem. 23 (1977) 1519.
D.H. Russell, C.C. Levy, S.C. Scimpff, I.A. Hawk, Urinary
polyamines in cancer patients, Cancer Res. 31 (1971) 1555.
L.J. Marton, D.H. Russell, C.C. Levy, Measurement of
putrescine, spermidine and spermine in physiological fluids
by use of an amino acid analyser, Clin. Chem. 19 (1973)
923.
D.H. Russell, S.D. Russell, Relative usefulness of measur-
ing polyamines in serum, plasma and urine as biochemical
markers of cancer, Clin. Chem. 21 (1975) 860.
K. Fujita, T. Nagatsu, K. Shinpo, K. Maruta, R. Teradaira,
M. Nakamura, Improved analysis for urinary polyamines by
use of high-voltage electrophoresis on paper, Clin. Chem.
26 (1980) 1577.
S. Kanda, M. Takahashi, S. Nagase, Fluorimetric assay for
polyamines in urine and tissues using electrophoresis on
Titan Il cellulose acetate, Anal. Biochem. 180 (1989) 307.
W. Nashabeh, Z. El Rassi, Enzymophoresis of nucleic acids
by tandem capillary enzyme reactor-capillary zone electro-
phoresis, J. Chromatogr. 596 (1992) 251.
Y. Zhang, F.A. Gomez, On-column derivatization and
analysis of amino acids, peptides, and alkylamines by
anhydrides using capillary electrophoresis, Electrophoresis
21 (2000) 3305.
R. Zhang, C.L. Cooper, Y. Ma, Determination of total
polyamines in tumor cells by high-performance capillary
zone electrophoresis with indirect photometric detection,
Anal. Chem. 65 (1993) 704.
G. Zhou, Q. Yu, Y. Ma, J. Xue, Y. Zhang, B. Lin,
Determination of polyamines in serum by high-performance
capillary zone electrophoresis with indirect ultraviolet
detection, J. Chromatogr. A 717 (1995) 345.
M.J.Van der Schans, J.C. Reijenga, F.M. Everaerts, Quality
control of histamine and methacoline in diagnostic solutions
with capillary electrophoresis, J. Chromatogr. A 735 (1996)
387.
L. Arce, A. Rios, M. Valcarel, Direct determination of
biogenic amines in wine by integrating continuous flow
clean-up and capillary electrophoresis with indirect UV
detection, J. Chromatogr. A 803 (1998) 249.
S. Ogury, Electromigration methods for amino acids,
biogenic polyamines and aromatic amines, J. Chromatogr.
B 747 (2000) 1.



[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

D. Teti et al. / J. Chromatogr. B 781 (2002) 107-149

D. Bartos, R.A. Campbell, F. Bartos, D.P. Grettie, Direct
determination of polyamines in human serum by radioim-
munoassay, Cancer Res. 35 (1975) 2056.

F. Bartos, D. Bartos, A.M. Dolney, D.P. Grettie, R.A.
Campbell, Radioimmunoassay of spermidine in human
serum, Res. Commun. Chem. Pathol. Pharmacol. 19 (1978)
295,

D. Bartos, F. Bartos, R.A. Campbell, D.P. Grettie, P.
Smejtek, Antibody to spermine: a natural biological con-
stituent, Science 208 (1980) 1178.

|. Garthwaite, A.D. Stead, C.R. Rider, Assay of the
polyamine spermine by a monoclonal antibody-based
ELISA, J. Immunol. Methods 162 (1993) 175.

K. Fujiwara, M. Araki, T. Kitagawa, Y. Inoue, A new
enzyme-linked immunosorbent assay (ELISA) for studying
immunocytochemical procedures using an antiserum pro-
duced against spermidine as a model, Histochemistry 99
(1993) 477.

K. Fujiwara, T. Kitagawa, A new enzyme-linked immuno-
sorbent assay (ELISA) for spermidine using glutaraldehyde
coupling of the hapten to carrier-coated microtiter plates, J.
Biochem. 114 (1993) 708.

J.A. Catcheside, A.D. Stead, C.C. Rider, Production and
characterization of a monoclonal antibody specific for the
polyamine spermidine and its application in ELISA, Hy-
bridoma 15 (1996) 199.

A. Hallak, R. Rosenberg, T. Gilat, G.J. Somjen, Determi-
nation of free polyamines in human bile by high-per-
formance liquid chromatography, Clin. Sci. (Lond.) 85
(1993) 451.

K. Duchen, L. Thorell, Nucleotide and polyamine levels in
colostrum and mature milk in relation to maternal atropy
and atopic development in the children, Acta Paediatr. 88
(1999) 1338.

T. Noto, T. Hasegawa, H. Hashimoto, T. Nakajima, Dis-
tribution of putrescine in rat brain measured by gas
chromatography—mass spectrometry, J. Neurochem. 48
(1987) 684.

T. Noto, T. Hasegawa, H. Hashimoto, T. Nakajima, Assay
of 2-hydroxyputrescine in various regions of rat brain by

[181] F.A.J. Muskiet, B. Dorhout, G.A. van den Berg, J. Hessels,

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

gas chromatography—mass spectrometry, J. Neurochem. 50 (191]

(1988) 464.

A.E. Pegg, H.G. Williams-Ashman, Biosynthesis of putres-
cine, in: D.R. Morris, L.J. Marton (Eds.), Polyamines in
Biology and Medicine, Marcel Decker, New York, 1981, p.
3.

D.H. Russel, Ornithine decarboxylase may be a multi-
functional protein, Adv. Enzyme Regul. 21 (1983) 201.
G.D. Kuehn, V.J. Atmar, Posttranslational control of or-
nithine decarboxylase by polyamine-dependent protein ki-
nase, Fed. Proc. 41 (1982) 3078.

K. Fujita, Y. Murakami, T. Kameji, S. Matsufuji, K.
Utsunomiya, R. Kanamoto, S. Hayashi, Regulation of
hepatic ornithine decarboxylase by antizyme and antizyme
inhibitor, Adv. Polyamine Res. 4 (1983) 683.

M.A. Grillo, Metabolism and function of polyamines, J.
Biochem. 17 (1985) 943.

N. Seiler, F.N. Bolkenius, O.M. Rennert, Interconversion,

[192]

[193]

[194]

143

catabolism and elimination of the polyamines, Med. Biol.
59 (1981) 334.

Investigation of polyamine metabolism by high-perform-
ance liquid chromatographic and gas chromatographic
profiling methods, J. Chromatogr. B 667 (1995) 189.

N. Seiler, Liquid chromatographic methods for assaying
polyamines using prechromatographic derivatization, Meth-
ods Enzymol. 94 (1983) 10.

M. Menashe, J. Faber, U. Bachrach, Formation of N-
acetylputrescine and N -acetylspermidine in cultured
human lymphocytes, Biochem. J. 188 (1980) 263.

T. Sugiura, T. Hayashi, S. Kawai, T.J. Ohno, High-speed
liguid chromatographic determination of putrescine, sper-
midine and spermine, J. Chromatogr. 110 (1975) 385.

T. Hayashi, T. Sugiura, S. Kawai, T. Ohno, High-speed
liguid chromatographic determination of putrescine, sper-
midine and spermine in human urine, J. Chromatogr. 145
(1978) 141.

D.F. Hwang, S.H. Chang, C.Y. Shiua, T.J. Chai, High-
performance liquid chromatographic determination of
biogenic amines in fish implicated in food poisoning, J.
Chromatogr. B 693 (1997) 23.

N. Watanabe, High performance liquid chromatography of
spermidine and spermine using a postcolumn reactor of
immobilized polyamine oxidaseAépergillus terreus) fol-
lowed by electrochemical detection, Biomed. Chromatogr.
6 (1992) 1.

R.D. Velasquez, G. Brunner, M. Varrentrapp, D. Tsikas, J.C.
Frolich, Helicobacter pylori produces histamine and sper-
midine, Z. Gastroenterol. 34 (1996) 116.

K. Fujiwara, H. Asada, T. Kitagawa, K. Yamamoto, T. Ito,
R. Tsuchiya, M. Sohda, N. Nakamura, K. Hara, Y.
Tomonaga, M. Ichimaru, S. Takahashi, Preparation of
polyamine antibody and its use in enzyme immunoassay of
spermine and spermidine witp-galactosidase as a label,
J. Immunol. Methods 61 (1983) 217.

|. Garthwaite, A.D. Stead, C.C. Rider, A monoclonal
antibody-based immunoassay for the polyamines spermine
and spermidine, Biochem. Soc. Trans. 17 (1989) 1056.

K. Fujiwara, H. Kanetake, K. Furukawa, Y. Masuyama, G.
Bai, H. Tanimori, T. Kitagawa, Determination of urinary
acetylpolyamines by a monoclonal antibody-based enzyme-
linked immunosorbent assay (ELISA), J. Biochem. 118
(1995) 1211.

K. Fujiwara, K. Furukawa, E. Nakayama, H. Shiku, Pro-
duction and characterization of monoclonal antibodies
against the polyamine spermine: Immunocytochemical
localization in rat tissue, Histochemistry 102 (1994) 397.
K. Hiramatsu, M. Sugimoto, S. Kamei, M. Hoshino, K.
Kinoshita, K. Iwasaki, M. Kawakita, Determination of
amounts of polyamines excreted in urine: demonstration of
N*,N®-diacetylspermidine and N ,N -diacetylspermin as
component commonly occurring in normal human urine, J.
Biochem. 117 (1995) 107.

U. Bachrach, Polyamines as indicators of disease activity
and response to therapy, in: U. Bachrach, Y.M. Heimer
(Eds.), The Physiology of Polyamines, Vol. Il, CRC Press,
Boca Raton, FL, 1989, p. 235.



144

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

D. Teti et al. / J. Chromatogr. B 781 (2002) 107-149

K. Fujiwara, Y. Kaminishi, T. Kitagawa, D. Tsuru, M.
Yabuuchi, H. Kanetake, K. Nomata, Preparation of mono-
clonal antibodies against Ny{maleimidobutyryloxy)suc-
cinimide (GMBS)-conjugated acetylspermine, and develop-
ment of an enzyme-linked immunosorbent assay (ELISA)
for N*,N**-diacetylspermine, J. Biochem. 124 (1998) 244.
K. Hiramatsu, H. Miura, S. Kamei, K. lwasaki, M.
Kawakita, Development of a sensitive and accurate en-
zyme-linked immunosorbent assay (ELISA) system that can
replace HPLC analysis for the determination of N3N -
diacetylspermine in human urine, J. Biochem. 124 (1998)
231.

K. Hiramatsu, H. Miura, K. Sugimoto, S. Kamei, K.
lwasaki, M. Kawakita, Preparation of antibodies highly
specific to N1,N8-diacetylspermidine, and development of
an enzyme-linked immunosorbent assay (ELISA) system
for its sensitive and specific detection, J. Biochem. 121
(1997) 1134.

J. Janne, L. Alhonen, P. Leinonen, Polyamines: from
molecular biology to clinical applications, Ann. Med. 23
(1991) 241.

B.W. Metcalf, P. Bey, C. Danzin, M.J. Jung, P. Casara, J.P.
Vevert, Catalytic irreversible inhibition of mammalian
ornithine decarboxylase (EC 4.1.1.17) by substrate and
product analogues, J. Am. Chem. Soc. 100 (1978) 2551.
H.G. Williams-Ashman, A. Schenone, Methyl glyoxal
bis(guanylhydrazone) as a potent inhibitor of mammalian

and yeast S-adenosylmethionine decarboxylases, Biochem.

Biophys. Res. Commun. 46 (1972) 288.

E. Mihich, Current studies with methylglyoxal-bis-
(guanylhydrazone), Cancer Res. 23 (1963) 1375.

T. Nicolet, J.L. Scemama, L. Pradayrol, P. Berthelemy, C.
Seva, N. Vaysse, Putrescine and spermidine uptake is
regulated by proliferation and dexamethasone treatment in
AR4-2] cells, Int. J. Cancer 49 (1991) 577.

L. D'Agostino, S. Pignata, B. Daniele, G. D’Adamo, C.
Ferraro, G. Silvestro, P. Tagliaferri, A. Contegiacomo, R.
Gentile, G. Tritto et al., Polyamine uptake by human colon
carcinoma cell line CaCo-2, Digestion 46 (1990) 352.

F. Blachier, M. Selamnia, V. Robert, H. M’'Rabet-Touil, P.H.
Duee, Metabolism ofiL-arginine through polyamine and
nitric oxide synthase pathways in proliferative or differen-
tiated human colon carcinoma cells, Biochim. Biophys.
Acta 1268 (1995) 255.

E. Stuber, F. Alves, M. Hocker, U.R. Folsch, Putrescine
uptake in rat pancreatic acini: effect of secretagogues and
growth factors, Pancreas 8 (1993) 433.

C. Aubel, H. Chabanon, L. Persson, L. Thiman, M. Ferrara,
P. Brachet, Antizyme-dependent and -independent mecha-
nism are responsible for increased spermidine transport in
amino acid-restricted human cancer cells, Biochem. Bio-
phys. Res. Commun. 256 (1999) 646.

A.C. Gray, R.H. Clothier, The use of an in vitro submerged

[209] D. Aeschlimann,

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

O. Kaupp, M. Paulsson, Trans-
glutaminase-catalyzed matrix cross-linking in differentiat-
ing cartilage: identification of osteonectin as a major
glutaminyl substrate, J. Cell Biol. 129 (1995) 881.

N.A. Robinson, S. Lapic, J.F. Welter, R.L. Eckert,
S100A11, S100A10, annexin |, desmosomal proteins, small
proline-rich proteins, plasminogen activator inhibitor-2, and
involucrin are components of the cornified envelope of
cultured human epidermal keratinocytes, J. Biol. Chem. 272
(1997) 12035.

N.A. Robinson, R.L. Eckert, Identification of trans-
glutaminase-reactive residues in S100A11, J. Biol. Chem.
273 (1998) 2721.

M. Piacentini, N. Martinet, S. Beninati, J.E. Folk, Free and
protein-conjugated polyamines in mouse epidermal cells.
Effect of high calcium and retinoic acid, J. Biol. Chem. 263
(1988) 3790.

M. Piacentini, M.G. Farrace, M. Imparato, L. Piredda, F.
Autuori, Polyamine-dependent post-translational modifica-
tion of proteins in differentiating mouse epidermal cells, J.
Invest. Dermatol. 94 (1990) 694.

T. Takano, M. Takigawa, F. Suzuki, Role of polyamines in
expression of the differentiated phenotype of chondrocytes:
effect of oL-alpha-hydrazino-delta-aminovaleric acid (DL-
HAVA), an inhibitor of ornithine decarboxylase, on chon-
drocytes treated with parathyroid hormone, J. Biochem.
(Tokyo) 93 (1983) 591.

J.J. Parkkinen, M.J. Lammi, U. Agren, M. Tammi, T.A.
Keinanen, T. Hyvonen, T.O. Eloranta, Polyamine-depen-
dent alterations in the structure of microfilaments, Golgi
apparatus, endoplasmic reticulum, and proteoglycan syn-
thesis in BHK cells, J. Cell. Biochem. 66 (1997) 165.

C. Loser, Polyamines in human and animal milk, Br. J.
Nutr. 84 (2000) S55.

O. Peulen, G. Dandrifosse, Cyclosporine A inhibits partially
spermine-induced differentiation but not cell loss of suckl-
ing rat small intestine, Dig. Dis. Sci. 45 (2000) 750.

A. Gritli-Linde, U. Bjorkman, U. Delle, R. Hultborn, B.R.
Johansson, U. Nannmark, A. Linde, Opposing effects of
suramin andt-alpha-difluoromethylornithine on polyamine
metabolism contribute to a synergistic action on B16
melanoma cell growth in vitro, Anticancer Res. 18 (1998)
863.

N. Seiler, B. Duranton, F. Gosse, F. Raul, Spermine
cytotoxicity to human colon carcinoma-derived cells, Cell
Biol. Toxicol. 16 (2000) 117.

G. Herold, F. Besemer, D. Rogler, G. Rogler, E.F. Stange,
Polyamine deficiency impairs proliferation and differentia-
tion of cultured enterocytes (CaCo-2), Z. Gastroenterol. 31
(1993) 120.

L. Frostesjo, O. Heby, Polyamine depletion up-regulates
c-Myc expression, yet induces G(1) arrest and terminal
differentiation of F9 teratocarcinoma stem cells, J. Cell.
Biochem. 76 (1999) 143.

keratinocyte model to predict induction of squamous metap-
lasia, Toxicol. In Vitro 15 (2001) 427.

D. Hohl, D. Aeschlimann, M. Huber, In vitro and rapid in
situ transglutaminase assays for congenital ichthyoses—a
comparative study, J. Invest. Dermatol. 110 (1998) 268.

[222] M.A. Antonyak, U.S. Singh, D.A. Lee, J.E. Boehm, C.
Combs, M.M. Zgola, R.L. Page, R.A. Cerione, Effects of
tissue transglutaminase on retinoic acid-induced cellular

differentiation and protection against apoptosis, J. Biol.
Chem. 276 (2001) 33582.

[208]



D. Teti et al. / J. Chromatogr. B 781 (2002) 107-149 145

[223] CW. Porter, U. Regenass, R.J. Bergeron, in: R.H. Dowling,
U.R. Folsch, C. Loser (Eds.), Falk Symposium on Poly-
amines in the Gastrointestinal Tract, Kluwer, Dordrecht,
1992, p. 301.

[224] J. Janne, L. Alhonen, P. Leinonen, Polyamines: from
molecular biology to clinical applications, Ann. Med. 23
(1991) 241.

[225] L.J. Marton, A.E. Pegg, Polyamines as targets for therapeu-
tic intervention, Annu. Rev. Pharmacol. Toxicol. 35 (1995)
55.

[226] H. Li, C.J. Meininger, K.A. Kelley, J.R. Hawker Jr., S.M.
Morris Jr., G. Wu, Activities of arginase | and Il are
limiting for endothelial cell proliferation, Am. J. Physiol.
Regul. Integr. Comp. Physiol. 282 (2002) R64.

[227] L.H. Wei, G. Wu, S.M. Morris Jr., L.J. Ignarro, Elevated
arginase | expression in rat aortic smooth muscle cells
increases cell proliferation, Proc. Natl. Acad. Sci. USA 98
(2001) 9260.

[228] R.M. Ray, S.A. McCormack, L.R. Johnson, Polyamine
depletion arrests growth of IEC-6 and Caco-2 cells by
different mechanisms, Am. J. Physiol. Gastrointest. Liver
Physiol. 281 (2001) G37.

[229] F. Scorcioni, A. Corti, P. Davalli, S. Astancolle, S. Bettuzzi,
Manipulation of the expression of regulatory genes of
polyamine metabolism results in specific alterations of the
cell-cycle progression, Biochem. J. 354 (2001) 217.

[230] S. Bettuzzi, P. Davalli, S. Astancolle, C. Pinna, R. Roncag-
lia, F. Boraldi, R. Tiozzo, M. Sharrad, A. Corti, Coordinate
changes of polyamine metabolism regulatory proteins dur-
ing the cell cycle of normal human dermal fibroblasts,
FEBS Lett. 446 (1999) 18.

[231] Y. Murakami, K. Fujita, T. Kameji, S. Hayashi, Accumula-
tion of ornithine decarboxylase-antizyme complex in
HMOA cells, Biochem. J. 225 (1985) 689.

[232] J.0. Fredlund, M.C. Johansson, E. Dahlberg, S.M. Ored-
sson, Ornithine decarboxylase and S-adenosylmethionine
decarboxylase expression during the cell cycle of Chinese
hamster ovary cells, Exp. Cell Res. 216 (1995) 86.

[233] J. Laitinen, K. Stenius, T.O. Eloranta, E. Holtta, Poly-

amine accumulation and DNA replication in synchronized
Chinese hamster ovary cells after heat shock, Cancer Res.
37 (1977) 482.

[239] K. Alm, P.S. Berntsson, D.L. Kramer, CW. Porter, S.M.

Oredsson, Treatment of cells with the polyamine analog
N,N11-diethylnorspermine retards S phase progression
within one cell cycle, Eur. J. Biochem. 267 (2000) 4157.
[240] L.M. Shantz, A.E. Pegg, Translational regulation of or-
nithine decarboxylase and other enzymes of the polyamine
pathway, Int. J. Biochem. Cell Biol. 31 (1999) 107.

[241] Y. Chen, D.L. Kramer, P. Diagelman, S. Wujcic, CW. Porter,

Apoptotic signaling in polyamine analogue-treated SK-
MEL-28 human melanoma cells, Cancer Res. 61 (2001)
6437.

[242] D.L. Kramer, M. Fogel-Petrovic, P. Diegelman, J.M.

Cooley, R.J. Bernacki, J.S. McManis, R.J. Bergeron, CW.

Porter, Effects of novel spermine analogues on cell cycle

progression and apoptosis in MALME-3M human
melanoma cells, Cancer Res. 57 (1997) 5521.

[243] D.L. Kramer, S. Wijcic, P. Diegelman, J. Alderfer, J.T.

Miller, J.D. Black, R.J. Bergeron, CW. Porter, Polyamine
analogue induction of the p53-p21 WAF1/CIP1-Rb path-
way and G1 arrest in human melanoma cells, Cancer Res.
59 (1999) 1278.

[244] D.L. Kramer, B.D. Chang, Y. Chen, P. Diegelman, K. Alm,

A.R. Black, I.B. Roninson, CW. Porter, Polyamine deple-
tion in human melanoma cells leads to G1 arrest associated
with induction of p21 WAF1/CIP1/SDI1, changes in the
expression of p2l-regulated genes, and a senescence-like
phenotype, Cancer Res. 61 (2001) 7754.

[245] S.H. Choi, SW. Kim, D.H. Choi, B.H. Min, B.G. Chun,

Polyamine-depletion induces p27Kipl and enhances dexa-
methasone-induced G1 arrest and apoptosis in human T
lymphoblastic leukemia cells, Leuk. Res. 24 (2000) 119.

[246] C.M. Berchtold, P. Tamez, TW. Kensler, R.A. Casero Jr.,

Inhibition of cell growth in CaCQ cells by the polyamine

analogue N1,N12-bis(ethyl)spermine is preceded by a re-

duction in MYC oncoprotein levels, J. Cell. Physiol. 174
(1998) 380.

amines may regulate S-phase progression but not the [247] C. Redman, M.J. Xu, Y.M. Peng, J.A. Scott, C. Payne, L.C.

dynamic changes of chromatin during the cell cycle, J. Cell.
Biochem. 68 (1998) 200.

[234] O. Heby, L.J. Marton, JW. Gray, P.A. Lindl, C.B. Wilson,
in: F. Bierring (Ed.), Proc. 9th Nord. Soc. Cell Biol.,
Odense University Press, Odense, 1976, p. 155.

[235] J.0. Fredlund, S.M. Oredsson, Ordered cell cycle phase
perturbations in Chinese hamster ovary cells treated with an
S-adenosylmethionine decarboxylase inhibitor, Eur. J. Bio-
chem. 249 (1997) 232.

[236] S.M. Oredsson, JW. Gray, L.J. Marton, Progressive in-
crease in polyamine levels in 9L cells in vitro during the
cell cycle: comparison between cells isolated by centrifugal
elutriation and cells grown in synchrony, Cell Tissue Kinet.
17 (1984) 437.

[237] O. Heby, G.P. Sarna, L.J. Marton, M. Omine, S. Perrey,
D.H. Russell, Polyamine content of AKR leukemic cells in
relation to the cell cycle, Cancer Res. 33 (1973) 2959.

[238] EW. Gerner, D.H. Russell, The relationship between poly-

Clark, M.A. Nelson, Involvement of polyamines in seleno-
methionine induced apoptosis and mitotic alterations in
human tumor cells, Carcinogenesis 18 (1997) 1195.

[248] A.R. Mank-Seymour, T.R. Murray, K.A. Berkey, L. Xiao,

S. Kern, R.A. Casero Jr., Two active copies of the X-linked
gene spermidine/spermine N1-acetyltransferase (SSAT) in
a female lung cancer cell line are associated with an
increase in sensitivity to an antitumor polyamine analogue,
Clin. Cancer Res. 4 (1998) 2003.
[249] C. Stefanelli, F. Bonavita, |. Stanic’, C. Pignatti, F.
Flamigni, C. Guarnieri, C.M. Caldarera, Spermine triggers
the activation of caspase-3 in a cell-free model of apoptosis,
FEBS Lett. 451 (1999) 95.

[250] C. Stefanelli, F. Bonavita, |. Stanic’, M. Mignani, A.

Facchini, C. Pignatti, F. Flamigni, C.M. Caldarera, Sper-
mine causes caspase activation in leukaemia cells, FEBS
Lett. 437 (1998) 233.

[251] H. Sakagami, E. Fujiwara, Y. Yokote, K. Akahane, K.



146

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

D. Teti et al. / J. Chromatogr.

Asano, M. Kochi, E. Hara, A. Shirahata, Changes in
intracellular concentrations of amino acids and polyamines
during the apoptosis of HL-60 cells, Anticancer Res. 20
(2000) 265.

O. Trubiani, C. Pieri, M. Rapino, R. Di Primio, The c-myc
gene regulates the polyamine pathway in DMSO-induced
apoptosis, Cell Prolif. 32 (1999) 119.

T. Nitta, K. Igarashi, A. Yamashita, M. Yamamoto, N.
Yamamoto, Involvement of polyamines in B cell receptor-
mediated apoptosis: spermine functions as a negative
modulator, Exp. Cell Res. 265 (2001) 174.

H.M. Wallace, J. Duthie, D.M. Evans, S. Lamond, K.M.
Nicoll, S.D. Heys, Alterations in polyamine catabolic
enzymes in human breast cancer tissue, Clin. Cancer Res. 6
(2000) 3657.

H.C. Ha, P.M. Woster, J.D. Yager, R.A. Casero Jr., The role
of polyamine catabolism in polyamine analogue-induced
programmed cell death, Proc. Natl. Acad. Sci. USA 94
(1997) 11557.

H. Dai, D.L. Kramer, C. Yang, K.G. Murti, CW. Porter, J.L.
Cleveland, The polyamine oxidase inhibitor MDL-72,527
selectively induces apoptosis of transformed hematopoietic
cells through lysosomotropic effects, Cancer Res. 59 (1999)
4944,

P.M. Harari, M.A. Pickart, L. Contreras, D.G. Petereit, H.S.
Basu, L.J. Marton, Slowing proliferation in head and neck
tumors: in vitro growth inhibitory effects of the polyamine
analog BE-4-4-4-4 in human squamous cell carcinomas, Int.
J. Radiat. Oncol. Biol. Phys. 32 (1995) 687.

S. Bardocz, M. Sakhiri, A. Pusztai, N.M. Maguire, P.K. Lin,
Effect of three novel polyamine oxa-analogues (MTR-
OSPD, DIP-SPN and APPO-TFA) on the growth and
proliferation of Swiss 3T3 cells, Int. J. Biochem. Cell Biol.
28 (1996) 697.

D.E. McCloskey, J. Yang, P.M. Woster, N.E. Davidson,
R.A. Casero Jr., Polyamine analogue induction of pro-
grammed cell death in human lung tumor cells, Clin.
Cancer Res. 2 (1996) 441.

L. Jeffers, D. Church, H. Basu, L. Marton, G. Wilding,
Effects of the polyamine analogues BE-4-4-4-4, BE-3-7-3,
and BE-3-3-3 on the proliferation of three prostate cancer
cell lines, Cancer Chemother. Pharmacol. 40 (1997) 172.
H. Kaneko, H. Hibasami, K. Mori, Y. Kawarada, K.
Nakashima, Apoptosis induction in human breast cancer
MRK-nu-1 cells by a polyamine synthesis inhibitor,
methylglyoxalbis(cyclopentylaminohydrazone) (MGBCP),
Anticancer Res. 18 (1998) 891.

R.G. Schipper, G. Deli, P. Deloyer, W.P. Lange, J.A.
Schalken, A.A. Verhofstad, Antitumor activity of the poly-
amine analog N(1), N(11)-diethylnorspermine against
human prostate carcinoma cells, Prostate 44 (2000) 313.
D.E. McCloskey, P.M. Woster, R.A. Casero Jr.,, N.E.
Davidson, Effects of the polyamine analogues N1-ethyl-
N11-((cyclopropyl)methyl)-4,8-diazaundecane and N1-
ethyl-N11-((cycloheptyl)methyl)-4,8-diazaundecane in
human prostate cancer cells, Clin. Cancer Res. 6 (2000) 17.
V.K. Reddy, A. Sarkar, A. Valasinas, L.J. Marton, H.S.
Basu, B. Frydman, Cis-Unsaturated analogues 3,8,13,18,23-
pentaazapentacosane BE-4-4-4-4): synthesis and growth

B 781 (2002) 107-149

inhibitory effects on human prostate cancer cell lines, J.

Med. Chem. 44 (2001) 404.

[265] R.J. Bergeron, R. Muller, G. Huang, J.S. McManis, S.E.
Algee, H. Yao, W.R. Weimar, J. Wiegand, Synthesis and
evaluation of hydroxylated polyamine analogues as anti-
proliferatives, J. Med. Chem. 44 (2001) 2451.

[266] H. Koenig, A.D. Goldstone, C.Y. Lu, Z. Igbal, C.C. Fan, J.J.
Trout, in: U. Eachrack, Y.M. Heimez (Eds.), The Physi-
ology of Polyamines, Vol. I, CRC Press, Boca Raton, FL,
1989, p. 57.

[267] W. Paschen, Polyamine metabolism in reversible cerebral
ischemia, Cerebrovasc. Brain Metab. Rev. 4 (1992) 59.

[268] C. Bazzani, S. Genedani, S. Tagliavini, G. Piccinini, A.

Bertolini, Treatment with polyamine synthesis inhibitors

reduces the positive inotropic effect of ouabain, norad-

renaline and calcium, Pharmacol. Res. Commun. 20 (1988)

23.

T. Thomas, U.B. Gunnia, E.J. Yurkow, J.R. Seibold, T.J.

Thomas, Inhibition of calcium signalling in murine

splenocytes by polyamines: differential effects on CD4 and

CD8 T-cells, Biochem. J. 291 (1993) 375.

M.D. Hermann, E. Reuveny, T. Narahashi, The effect of

polyamines on voltage-activated calcium channels in mouse

neuroblastoma cells, J. Physiol. 462 (1993) 645.

[271] L. de Meis, Fast efflux of G4 mediated by the sarcoplas-

mic reticulum C4" -ATPase, J. Biol. Chem. 266 (1991)

5736.

R.G. Teijeiro, J.R. Silveira, J.R. Sotelo, J.C. Benech,

Calcium efflux from platelet vesicles of the dense tubular

system. Analysis of the possible contribution of the’Ca

pump, Mol. Cell. Biochem. 199 (1999) 7.

S. Lenzen, I. Rustenbeck, Effects of IP3, spermine, and

Mg®" on regulation of C&A  transport by endoplasmic

reticulum and mitochondria in permeabilized pancreatic

islets, Diabetes 40 (1991) 323.

S. Lenzen, W. Munster, |. Rustenbeck, Dual effect of

spermine on mitochondrial G4 transport, Biochem. J. 286

(1992) 597.

I. Rustenbeck, G. Eggers, H. Reiter, W. Munster, S. Lenzen,

Polyamine modulation of mitochondrial calcium transport.

I. Stimulatory and inhibitory effects of aliphatic poly-

amines, aminoglucosides and other polyamine analogues on

mitochondrial calcium uptake, Biochem. Pharmacol. 56

(1998) 977.

I. Rustenbeck, D. Loptien, K. Fricke, S. Lenzen, H. Reiter,

Polyamine modulation of mitochondrial calcium transport.

Il. Inhibition of mitochondrial permeability transition by

aliphatic polyamines but not by aminoglucosides, Biochem.

Pharmacol. 56 (1998) 987.

T.E. Gunter, L. Buntinas, G.C. Sparagna, K.K. Gunter, The

Ca" transport mechanisms of mitochondria and*'Ca

uptake from physiological-type ¢a transients, Biochim.

Biophys. Acta 1366 (1998) 5.

P. Meers, K. Hong, J. Bentz, D. Papahadjopoulos, Spermine

as a modulator of membrane fusion: interactions with acidic

phospholipids, Biochemistry 25 (1986) 3109.

[279] K. Mernissi-Arifi, I. Imbs, G. Schlewer, B. Spiess, Com-
plexation of spermine and spermidine by myo-inositol

[269]

[270]

[272]

[273]

[274]

[275]

[276]

[277]

[278]



D. Teti et al. / J. Chromatogr. B 781 (2002) 107-149

1,4,5-tris(phosphate) and related compounds: biological
significance, Biochim. Biophys. Acta 1289 (1996) 404.

[280] M. Felemez, B. Spiess, Investigation of the ternaumyo-
inositol 1,2,6-tris(phosphate)-spermine?Zn  system in so-
lution, J. Inorg. Biochem. 84 (2001) 107.

[281] C. Huang, N.C. Liang, Increase in cytoskeletal actin
induced by inositol 1,4-bisphosphate in saponin-permeated
pig platelets, Cell Biol. Int. 18 (1994) 797.

[282]

passive transport across the alveolar epithelium in situ:

effect of thiol reagents, Pflug. Arch. Eur. J. Physiol. 441

(2001) 559.

S.I. Said, H.Il. Berisha, H. Pakbaz, Excitotoxicity in the

lung: N-methylp-aspartate-induced, nitric oxide-dependent,

pulmonary edema is attenuated by vasoactive intestinal
peptide and by inhibitors of poly(ADP-ribose) polymerase,

Proc. Natl. Acad. Sci. USA 93 (1996) 4688.

JY. Wang, L.R. Johnson, Role of transglutaminase and

protein cross-linking in the repair of mucosal stress ero-

sions, Am. J. Physiol. 262 (1992) G818.

[285] J.Y. Wang, L.R. Johnson, Expression of protooncogenes
c-fos and c-myc in healing of gastric mucosal stress ulcers,
Am. J. Physiol. 266 (1994) G878.

[286] M. Farriol, T. Segovia-Silvestre, Y. Venereo, X. Orta,
Polyamines in the gastrointestinal tract, Nutr. Hosp. 15
(2000) 85.

[287] S. Kubo, I|. Matsui-Yuasa, S. Otani, S. Morisawa, H.
Kinoshita, K. Sakai, Effect of splenectomy on liver regene-
ration and polyamine metabolism after partial hepatectomy,
J. Surg. Res. 41 (1986) 401.

[288] J.P. Moulinoux, V. Quemener, Y. Chambon, Evolution of red
blood cell polyamine levels in partially hepatectomized rat,
Eur. J. Cancer Clin. Oncol. 23 (1987) 237.

[289] G.Y. Minuk, T. Gauthier, A. Benarroch, Changes in serum
and hepatic polyamine concentrations after 30%, 70% and
90% partial hepatectomy in rats, Hepatology 12 (1990) 542.

[290] H.S. Beyer, M. Ellefson, M. Stanley, L. Zieve, Inhibition of

[283]

[284]

increases in ornithine decarboxylase and putrescine has no [307]

effect on rat liver regeneration, Am. J. Physiol. 262 (1992)
G677.

[291] S. Ogiso, T. Matsumoto, Y. Nimura, The role of polyamines
in liver regeneration after hepatectomy with ischemic
injury, Surg. Today 27 (1997) 833.

[292] T. Tsukamoto, H. Kinoshita, K. Hirohashi, S. Kubo, S.
Otani, Human erythrocyte polyamine levels after partial
hepatectomy, Hepatogastroenterology 44 (1997) 744.

[293] M.H. Humphreys, S.B. Etheredge, S.Y. Lin, J. Ribstein, L.J.
Marton, Renal ornithine decarboxylase activity, poly-
amines, and compensatory renal hypertrophy in the rat, Am.
J. Physiol. 255 (1988) F270.

[294] A. Tovar, A. Sanchez-Capelo, A. Cremades, R. Penafiel,
An evaluation of the role of polyamines in different models
of kidney hypertrophy in mice, Kidney Int. 48 (1995) 731.

[295] D.E. Rannels, J.L. Addison, R.A. Bennett, Increased pul-
monary uptake of exogenous polyamines after unilateral
pneumonectomy, Am. J. Physiol. 250 (1986) E435.

[296] HW. Karl, L.A. Russo, D.E. Rannels, Inflation-associated
increases in lung polyamine uptake: role of altered pulmon-
ary vascular flow, Am. J. Physiol. 257 (1989) E729.

G. Saumon, G. Martet, Spermine increases the active and

147

[297] L.A. Russo, S.R. Rannels, K.S. Laslow, D.E. Rannels,
Stretch-related changes in lung cAMP after partial pneumo-
nectomy, Am. J. Physiol. 257 (1989) E261.

[298] B.D. Uhal, G.D. Hess, D.E. Rannels, Density-independent
isolation of type Il pneumocytes after partial pneumo-
nectomy, Am. J. Physiol. 256 (1989) C515.

[299] S. Nishiguchi, T. Kuroki, S. Nakajima et al., Effects of
putrescine om-galactosamine-induced acute liver failure in
rats, Hepatology 12 (1990) 348.

[300] A.M. Diehl, S. Abdo, N. Brown, Supplemental putrescine

reversed ethanol-associated inhibition of liver regeneration,

Hepatology 12 (1990) 633.

E. Macintosh, T. Gauthier, N. Pettigrew, G. Minuk, Liver

regeneration and the effect of exogenous putrescine on

regenerative activity after partial hepatectomy in cirrhotic

rats, Hepatology 16 (1992) 1428.

S.E. Theocharis, A.P. Margeli, C. Spiliopoulou, S.D. Skal-

tsas, A. Koutselinis, Putrescine administration reversed

cadmium-associated inhibition of liver regeneration, Dig.

Dis. Sci. 43 (1998) 1732.

S. Nishiguchi, S. Otani, I. Matsui-Yuasa, S. Morisawa, T.

Monna, T. Kuroki, K. Kobayashi, S. Yamamoto, Inhibition

by interferon (alpha beta) of mouse liver regeneration and

its reversal by putrescine, FEBS Lett. 205 (1986) 61.

[304] S.E. Theocharis, A.P. Margeli, S.D. Skaltsas, A.S.
Skopelitou, M.G. Mykoniatis, C.N. Kittas, Effect of
interferone,, administration on rat liver regeneration after
partial hepatectomy, Dig. Dis. Sci. 42 (1997) 1981.

[305] K. Fujiwara, S. Nagoshi, A. Ohno, K. Hirata, Y. Ohta, S.

Mochida, T. Tomiya, K. Higashio, K. Kurokawa, Stimula-

tion of liver growth by exogenous human hepatocyte

growth factor in normal and partially hepatectomized rats,

Hepatology 18 (1993) 1443.

J.T. Brandt, D.A. Pierce, N. Fausto, Ornithine decarbox-

ylase activity and polyamine synthesis during compensatory

hypertrophy, Biochim. Biophys. Acta 279 (1972) 184.

A. Goldstone, H. Koening, C. Lu, Testosterone-dependent

sexual dimorphism of the mouse kidney is mediated by

polyamines, Biochem. Biophys. Res. Commun. 104 (1982)

165.

M. Manteuffel-Cymborowska, W. Chmurzynska, M. Peska,

B. Grzelakowska-Sztabert, Arginine and ornithine

metabolising enzymes in testosterone-induced hypertrophic

mouse kidney, Int. J. Biochem. Cell Biol. 27 (1995) 287.

F.G. Berger, CW. Porter, Putrescine does not mediate the

androgenic response in mouse kidney, Biochem. Biophys.

Res. Commun. 138 (1986) 771.

S.B. Pedersen, A. Flyvbjerg, H. Gronbaek, B. Richelsen,

Increased ornithine decarboxylase activity in kidneys under-

going hypertrophy in experimental diabetes, Mol. Cell.

Endocrinol. 86 (1992) 67.

[311] M.Van Gend, L.C. Ward, J.L. Garrett, Ornithine decarbox-
ylase activity and actin polymerization in testosterone-
stimulated mouse kidney, Biochem. Int. 13 (1986) 13.

[312] A. el-Marjou, L. Bankir, D. Pierrat, M.M. Trinh-Trang-Tan,

Messenger RNA for enzymes of ornithine and polyamine
metabolism are selectively underexpressed in kidney of 5/6
nephrectomized rats, Exp. Nephrol. 5 (1997) 285.

[301]

[302]

[303]

[306]

[308]

[309]

[310]



148 D. Teti et al. / J. Chromatogr

[313] M. Manteuffel-Cymborowska, W. Chmurzynska, B.
Grzelakowska-Sztabert, Polyamines in testosterone-induced
hypertrophic and antifolate-induced hyperplastic mouse
kidney. Differential effect of a-difluoromethylornithine,
Biochim. Biophys. Acta 1182 (1993) 133.

[314] H.A. Austin, H. Goldin, D. Gaydos, H.G. Preuss, Poly-
amine metabolism in compensatory renal growth, Kidney
Int. 23 (1983) 581.

[315] A. Sanchez-Capelo, R. Penafiel, A. Tovar, J. Galindo, A.
Cremades, Postnatal development of ornithine decarbox-
ylase and polyamines in the mouse kidney. Influence of
testosterone, Biol. Neonate 66 (1994) 119.

[316] A.A. Crozat, J.J. Palvimo, M. Julkunen, O.A. Janne,
Comparison of androgen regulation of ornithine decarbox-
ylase and S-adenosylmethionine decarboxylase gene ex-
pression in rodent kidney and accessory sex organs, Endo-
crinology 130 (1992) 1131.

[317] S. Bardocz, Polyamines in tissue regeneration, in: U.
Bachrack, Y.M. Heimez (Eds.), The Physiology of Poly-
amines, Vol. 1, CRC Press, Boca Raton, FL, 1989, p. 95.

[318] K. Mimori, M. Mori, T. Shiraishi, S. Tanaka, M.
Haraguchi, H. Ueo, C. Shirasaka, T. Akiyoshi, Expression
of ornithine decarboxylase mRNA and c-myc mRNA in
breast tumours, Int. J. Oncol. 12 (1998) 597.

[319] M. Yoshida, H. Hayashi, M. Taira, K. Isono, Elevated
expression of the ornithine decarboxylase gene in human
esophageal cancer, Cancer Res. 52 (1992) 6671.

[320] J. Okuzumi, T. Yamane, Y. Kitao, K. Tokiwa, T.
Yamaguchi, Y. Fujita, H. Nishino, A. Iwashima, T.
Takahashi, Increased mucosal ornithine decarboxylase ac-
tivity in human gastric cancer, Cancer Res. 51 (1991) 1448.

[321] J.G. Guillem, M.F. Levy, L.L. Hsieh, M.D. Johnson, P.
LoGerfo, K.A. Forde, 1.B. Weinstein, Increased levels of
phorbin, c-myc, and ornithine decarboxylase RNAs in
human colon cancer, Mol. Carcinog. 3 (1990) 68.

[322] A. Tamori, S. Nishiguchi, T. Kuroki, S. Seki, K.
Kobayashi, H. Kinoshita, S. Otani, Relationship of or-
nithine decarboxylase activity and histological findings in
human hepatocellular carcinoma, Hepatology 20 (1994)
1179.

[323] S. Kubo, A. Tamori, S. Nishiguchi, H. Kinoshita, K.
Hirohashi, T. Kuroki, T. Omura, S. Otani, Effect of alcohol
abuse on polyamine metabolism in hepatocellular car-
cinoma and noncancerous hepatic tissue, Surgery 123
(1998) 205.

[324] H.G. Williams-Ashman, G.L. Coppoe, G. Weber, Imbalance
in ornithine metabolism in hepatomas of different growth
rates as expressed in formation of putrescine, spermidine,
and spermine, Cancer Res. 32 (1972) 1924.

[325] A. Tabib, U. Bachrach, Role of polyamines in mediating
malignant transformation and oncogene expression, Int. J.
Biochem. Cell Biol. 31 (1999) 1289.

[326] T.G. O'Brien, L.C. Megosh, G. Gilliard, A.P. Soler, Or-
nithine decarboxylase overexpression is a sufficient con-
dition for tumor promotion in mouse skin, Cancer Res. 57
(1997) 2630.

[327] G.M. LaMuraglia, F. Lacaine, R.A. Malt, High ornithine
decarboxylase activity and polyamine levels in human
colorectal neoplasia, Ann. Surg. 204 (1986) 89.

. B 781 (2002) 107-149

[328] M. Matsuda, M. Osafune, T. Kotake, T. Sonoda, K. Sobue,
T. Nakajima, Concentrations of polyamines in renal cell
carcinoma, Clin. Chim. Acta 87 (1978) 93.

[329] S.H. Lee, S.O. Kim, H.D. Lee, B.C. Chung, Estrogens and

polyamines in breast cancer: their profiles and values in
disease staging, Cancer Lett. 133 (1998) 47.
[330] R. Schleiffer, B. Duranton, F. Gosse, M. Hasselmann, F.
Raul, Blood polyamine levels after oral ornithine load, a
diagnostic marker of hyperproliferative premalignant and
malignant stages in a model of colon carcinogenesis,
Cancer Detect. Prev. 24 (2000) 542.

[331] M. Yatin, G.M. Venkataraman, R. Marcinek, K.B. Ain,
Polyamine synthesis and transport inhibition in a human
anaplastic thyroid carcinoma cell line in vitro and as

xenograft tumors, Thyroid 9 (1999) 805.
[332] E.S. Redgate, S. Boggs, A. Grudziak, M. Deutsch, Poly-
amines in brain tumor therapy, J. Neurooncol. 25 (1995)
167.
[333] J. Leveque, F. Foucher, R. Havouis, D. Desury, J.Y. Grall,
J.P. Moulinoux, Benefits of complete polyamine deprivation
in hormone responsive and hormone resistant MCF-7
human breast adenocarcinoma in vivo, Anticancer Res. 20
(2000) 97.

[334] N.E. Davidson, H.A. Hahm, D.E. McCloskey, P.M. Woster,
R.A. Casero Jr., Clinical aspects of cell death in breast
cancer: the polyamine pathway as a new target for treat-
ment, Endocr. Relat. Cancer 6 (1999) 69.

[335] EW. Gabrielson, A.E. Pegg, R.A. Casero Jr., The induction

of spermidine/spermirle N -acetyltransferase (SSAT) is a
common event in the response of human primary non-small
cell lung carcinomas to exposure to the new antitumor
polyamine analogue N ,N -bis(ethyl)norspermine, Clin.
Cancer Res. 5 (1999) 1638.
[336] R.J. Bernacki, E.J. Oberman, K.E. Seweryniak, A. Atwood,
R.J. Bergeron, CW. Porter, Preclinical antitumor efficacy of
the polyamine analogué NN -diethylnorspermine ad-
ministered by multiple injection or continuous infusion,
Clin. Cancer Res. 1 (1995) 847.
[337] D.A. Litvak, H.T. Papaconstantinou, T.C. Ko, C.M. Tow-
nsend Jr., A novel cytotoxic agent for human carcinoid
tumors, Surgery 124 (1998) 1071.

[338] Y. Yano, T. Yano, M. Uchida, A. Murakami, M. Ogita, T.
Ichikawa, S. Otani, K. Hagiwara, The inhibitory effect of
vitamin E on pulmonary polyamine biosynthesis, cell

proliferation and carcinogenesis in mice, Biochim. Biophys.
Acta 1356 (1997) 35.

[339] I. Sabry, S. Matsuzaki, Daily cycles of putrescine, sper-
midine, and spermine in the liver, pineal gland, harderian
gland, anterior pituitary, and testes of rats kept in LD 12:12,

J. Pineal Res. 11 (1991) 86.
[340] M.J. Poyhonen, U.M. Uusitalo, A. Kari, J.A. Takala, L.A.
Alakuijala, T.O. Eloranta, Urinary excretion of polyamines:
importance of circadian rhythm, age, sex. Menstrual cycle,
weight, and creatinine excretion, Am. J. Clin. Nutr. 52
(1990) 746.

[341] F. Mashige, N. Tanaka, T. Murakami, H. Shimosaka, S.

Kamei, A. Ohkubo, Clinical usefulness of an enzymatic
determination of total urinary polyamines, excluding cad-
averine, Clin. Chem. 34 (1988) 2271.



D. Teti et al. / J. Chromatogr. B 781 (2002) 107-149

[342] T. Ploszaj, Z. Ryniewicz, T. Motyl, Polyamines in goat's
colostrums and milk, Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 118 (1997) 45.

[343] S. Beninati, M. Piacentini, A. Spinedi, F. Autuori, Urinary
polyamine excretion in man: I. Influence of sex and age,
Biomedicine 33 (1980) 140.

[344] L.D. Morrison, L. Becker, L.C. Ang, S.J. Kish, Polyamines
in human brain: regional distribution and influence of
aging, J. Neurochem. 65 (1995) 636.

[345] L.D. Morrison, L. Becker, S.J. Kish, S-Adenosylmethionine
decarboxylase in human brain. Regional distribution and
influence of aging, Brain Res. Dev. Brain Res. 73 (1993)
237.

[346] I. Jotova, V. Pavlov, O. Dimitrov, U. Bachrach, Develop-
mental aspects of polyamine-oxidizing enzyme activities in
the mouse kidney. Effect of testosterone, Amino Acids 17
(1999) 267.

[347] S. Osterberg, S. Rose, O. Heby, Urinary polyamine excre-
tion during the menstrual cycle, Clin. Chem. 24 (1978) 769.

[348] S. Beninati, L. Accardi, A. Spinedi, M. Piacentini, Urinary
polyamine excretion in man. Il. Influence of menstrual
cycle, Biomedicine 33 (1980) 182.

[349] C.F. Holinka, E. Gurpide, Ornithine decarboxylase activity
in human endometrium and endometrial cancer cells, In
Vitro Cell. Dev. Biol. 21 (1985) 697.

[350] J.R. Fozard, M.L. Part, N.J. Prakash, J. Grove, Inhibition of
murine embryonic development by alpha-difluoromethylor-
nithine, an irreversible inhibitor of ornithine decarboxylase,
Eur. J. Pharmacol. 65 (1980) 379.

[351] T. Oka, F. Borellini, in: S. Hayashi (Ed.), Ornithine
Decarboxylase: Biology, Enzymology and Molecular Ge-
netics, Pergamon Press, New York, 1989, p. 7.

[352] J.R. Fozard, M.L. Part, N.J. Prakash, J. Grove, P.J. Schech-
ter, A. Sjoerdsma, J. Koch-Weser, L-Ornithine decarbox-
ylase: an essential role in early mammalian embryogenesis,
Science 208 (1980) 505.

[353] R. Fozaed, in: P.P. McCann, A.E. Pegg, A. Sjoerdsma
(Eds.), Inhibition of Polyamine Metabolism: Biological
Significance and Basis for New Therapies, Academic Press,
Orlando, FL, 1987, p. 187.

[354] Y. Hiramatsu, K. Eguchi, M. Yonezaw, R. Hayase, K.
Sekeba, Alteration of red blood cells polyamines during
pregnancy and neonatal period, Biol. Neonate 40 (1981)
136.

149

[355] A. Cremades, A. Sanchez-Capelo, A. Tovar, R. Penafiel,
Involvement of polyamines in the contragestational effect
of hyperthermia, Life Sci. 57 (1995) 1343.
[356] C. Streffer, Metabolic changes during and after hyperther-
mia, Int. J. Hyperthermia 1 (1985) 305.
[357] A. Laszio, The effects of hyperthermia on mammalian cell
structure and function, Cell Prolif. 25 (1992) 59.

[358] P.K. Mehrotra, S. Kitchlu, S. Farheen, Effect of inhibitors
of enzymes involved in polyamine biosynthesis pathway on
pregnancy in mouse and hamster, Contraception 57 (1998)

55.
[359] J.C. Allen, C.J. Smith, M.C. Curry, J.M. Gaugas, ldentifica-
tion of a thymine inhibitor (chalone) of lymphocyte trans-
formation as a spermine complex, Nature 267 (1977) 623.

[360] E.O. Rijke, R.E. Ballieux, Is thymus derived lymphocyte

inhibitor a polyamine?, Nature 274 (1978) 804.

[361] G. lllei, D.M.L. Morgan, Serum polyamine oxidase activity

in spontaneous abortion, Br. J. Obstet. Gynaecol. 89 (1982)
199.
[362] S. Pande, P.K. Mehrotra, S. Singh, V.C. Pande, V.P. Kamboj,
Determination of polyamine concentration during em-
bryonic development in the mouse, Med. Sci. Res. 21
(1993) 759.
[363] D.R.S. Kirby, Blastocyst-uterine relationship before and
during implantation, in: R.J. Blandau (Ed.), The Biology of
the Blastocyst, University Press, Chicago, 1971, p. 393.
[364] J. Shentu, H. Zhou, Q. He, L. Wang, R. Fang, Effects of
DL111-IT or combined with RU486 on uterine polyamines
biosynthesis in rats during early gestation, Contraception 63
(2001) 283.
[365] G. Galliani, F. Luzzani, G. Colombo, A. Conz, L. Mistrello,
A. Assandri et al., On the mode of action of a new
contragestational agent (DL111-IT), Contraception 33
(1986) 263.
[366] H. Ishida, Y. lwayama, Y. Daikuhara, Changes in polyamine
metabolism during experimental periodontitis in dog and
the role of putrescine in recovery, Arch. Oral Biol. 28
(1983) 51.

[367] B. Lamster, R.M. Mandella, M. Zove, S. Harper, The
polyamine putrescine, spermidine and spermine in human
gingival crevicular fluid, Arch. Oral Biol. 32 (1987) 329.

[368] M. Venza, M. Visalli, P. Ruggeri, D."Cicciu, D. Teti, Age-
related salivary polyamine increase in adolescents wearing
orthodontic Ni—Ti archwires, Amino Acids 22 (2002) 119.



	Analysis of polyamines as markers of (patho)physiological conditions
	Introduction
	Polyamine metabolism
	Chemical structures
	Biosynthesis
	De novo synthesis
	Retroconversion
	Polyamine synthesis by bacteria in the gastrointestinal tract

	Catabolism
	Chromatographic methods
	Thin-layer chromatography
	Gas chromatography
	High-performance liquid chromatography

	Hyphenation procedures
	Electromigration methods
	Paper and high-voltage electrophoresis
	Capillary electrophoresis (CE)


	Immunoassays
	Critical evaluation of polyamine biological relevance
	Cell differentiation and proliferation
	Polyamines as second messengers
	Tissue regeneration
	Neoplastic growth
	Polyamine significance in other physiological and pathological conditions

	References


