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Abstract

Polyamines, putrescine, spermidine and spermine, are ubiquitous in living cells and are essential for eukaryotic cell growth. These
polycations interact with negatively charged molecules such as DNA, RNA, acidic proteins and phospholipids and modulate vari-
ous cellular functions including macromolecular synthesis. Dysregulation of the polyamine pathway leads to pathological condi-
tions including cancer, inflammation, stroke, renal failure and diabetes. Increase in polyamines and polyamine synthesis enzymes
is often associated with tumor growth, and urinary and plasma contents of polyamines and their metabolites have been investi-
gated as diagnostic markers for cancers. Of these, diacetylated derivatives of spermidine and spermine are elevated in the urine
of cancer patients and present potential markers for early detection. Enhanced catabolism of cellular polyamines by polyamine
oxidases (PAO), spermine oxidase (SMO) or acetylpolyamine oxidase (AcPAOQ), increases cellular oxidative stress and generates
hydrogen peroxide and a reactive toxic metabolite, acrolein, which covalently incorporates into lysine residues of cellular proteins.
Levels of protein-conjuagated acrolein (PC-Acro) and polyamine oxidizing enzymes were increased in the locus of brain infarc-
tion and in plasma in a mouse model of stroke and also in the plasma of stroke patients. When the combined measurements of
PC-Acro, interleukin 6 (IL-6), and C-reactive protein (CRP) were evaluated, even silent brain infarction (SBI) was detected with
high sensitivity and specificity. Considering that there are no reliable biochemical markers for early stage of stroke, PC-Acro and
PAOs present promising markers. Thus the polyamine metabolites in plasma or urine provide useful tools in early diagnosis of

cancer and stroke.
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INTRODUCTION

The polyamines, putrescine [NH,(CH,),NH,], spermidine
[NH,(CH,),NH(CH,),NH,] and spermine [NH,(CH,),NH(CH,),
NH(CH,),NH,], are organic polycations present in all eukary-
otes and are essential for cell proliferation (Tabor and Tabor,
1984; Igarashi and Kashiwagi, 2010; Pegg and Casero, 2011).
Since their primary and secondary amino groups are protonat-
ed at physiological pH, these polyamines interact electrostati-
cally with negatively charged molecules such as DNA, RNA,
proteins and phospholipids (Bachrach, 2005) and they have
been proposed to regulate cellular activities at transcriptional,
translational and post-translational levels. The polyamines dif-
fer from inorganic cations like Mg?* or Ca?* in that their positive
charges are spaced at defined distances by flexible methy-
lene chains that can participate in hydrophobic interactions.

Thus polyamines engage in stronger and more specific inter-
actions with nucleic acids and acidic macromolecules than
inorganic cations do (Igarashi and Kashiwagi, 2000; Thomas
and Thomas, 2001; Bachrach, 2005; Igarashi and Kashiwagi,
2010). Although net cellular concentrations of polyamines are
generally at millimolar levels in eukaryotic cells (Igarashi and
Kashiwagi, 2000), most intracellular polyamines are compart-
mentalized and/or bound to nucleic acids and other negatively
charged molecules. Hence, the concentrations of free poly-
amines are much lower than the total cellular concentration.

Normally, polyamine homeostasis is elaborately maintained
by intricate multiple feedback mechanisms at the levels of
biosynthesis, catabolism, uptake and efflux (Pegg, 2009; Iga-
rashi and Kashiwagi, 2010; Pegg and Casero, 2011). Over-
accumulation of polyamines has been associated with cell
transformation or apoptosis, whereas their reduction/deple-
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tion leads to inhibition of cell growth, migration, and embryonic
development. Enhanced levels of polyamines and polyamine
biosynthetic enzymes, ornithine decarboxylase (ODC) and S-
adenosylmethionine decarboxylase (SAMDC) are often asso-
ciated with hyper-proliferation and cancer. NIH3T3 cells over-
expressing ODC are tumorigenic in nude mice (Auvinen et
al., 1992) and increased expression of ODC enhances tumor
development in initiated premalignant epidermal cells (Clifford
et al., 1995). Activation of the polyamine catabolic pathway
causes an increased oxidative stress and also may contrib-
ute to aging and pathological conditions resulting from cellular
damages (Cerrada-Gimenez et al., 2011).

POLYAMINE METABOLISM IN MAMMALS

Cellular polyamines can be interconverted by cycling of
biosynthesis and catabolism and their content is regulated by
a complex mechanism in mammalian cells (Fig. 1) (Igarashi
and Kashiwagi, 2010; Pegg and Casero, 2011). The main
sources for polyamines in mammals are cellular synthesis,
food intake and microbial synthesis in the gut. The diamine
putrescine is synthesized from ornithine which is formed from

arginine by arginase. The rate limiting enzyme in polyamine
biosynthesis is ODC. The polyamine spermidine is synthe-
sized from putrescine by spermidine synthase, by transfer
of an aminopropyl moiety from decarboxylated S-adeno-
sylmethionine (DCSAM), to an amino group of putrescine.
Spermine is formed by addition of an aminopropyl moiety at
the aminobutyl moiety of spermidine by spermine synthase.
Spermine and spermidine are converted back to putrescine
by polyamine oxidases, spermine oxidase (SMO) or acetylpo-
lyamine oxidase (AcPAQ), a peroxisomal enzyme. Spermine
oxidase oxidatively degrades spermine to spermidine. Alter-
natively, spermine and spermidine can be converted to lower
polyamines by way of two consecutive enzymatic reactions.
First, spermine or spermidine is acetylated at the aminopropyl
end by spermidine/spermine N1-acetyltransferase 1 (SSAT1)
(Pegg, 2008), a key regulatory enzyme, and the acetylated
spermine and spermidine subsequently undergo oxidative
cleavage between C3 and N4 to generate a lower polyamine.
Alternatively, the monoacetyl-spermine can be acetylated at
the other aminopropyl end to form diacetyl-spermine (Fig. 2).
The mono- and diacetyl- polyamines can be excreted from
cells and are detected in cell culture medium, in animal body
fluids, urine and plasma.
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Fig. 1. Polyamine metabolism and regulation in mammalian cells. The biosynthetic enzymes are indicated by yellow ovals, catabolic en-
zymes in aquablue ovals, and hypusine modification enzymes in green ovals. Inhibition is indicated by broken red lines and stimulation
by solid blue lines. ODC: ornithine decarboxylase; SAMDC: S-adenosylmethionine decarboxylase; SPDS: spermidine synthase; SPMS:
spermine synthase, SSAT1: spermidine/spermine N'-acetyltransferase; AcPAO: acetylpolyamine oxidase; SMO: spermine oxidase; elF5A:
eukaryotic initiation factor 5A; elF5A (Lys): elF5A lysine form; elF5A (Dhp): elF5A deoxyhypusine form; elF5A (Hpu): elF5A hypusine form;
DHS: deoxyhypusine synthase; DOHH: deoxyhypusine hydroxylase; Az: antizyme; Azl: antizyme inhibitor.
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Fig. 2. Generation of acrolein and protein-conjugated acrolein by polyamine oxidase reactions. Acrolein generated by SMO, AcPAO or
BSAO reacts with g-amino group of lysine residues of proteins to form FDP-lysine containing adducts. BSAO: bovine serum amine oxidase;

FDP-Lys: N-(3-formyl-3,4-dehydropiperidino)lysine.

Polyamine oxidase (SMO or AcPAO) mediated reactions
cause oxidative stress to cells and tissues. In addition to a
lower polyamine, SMO generates H,O, and 3-aminopropa-
nal and AcPAO generates H,0, and 3-acetylaminopropanal
(Fig. 2). These aldehydes are unstable and spontaneously
decompose to acrolein after deamination. Acrolein can be
also generated extracellularly from spermine or spermidine in
cell culture medium containing bovine serum amine oxidase
(BSAO) -like activity that oxidizes at the terminal amino group
of polyamines (Sharmin et al., 2001). Acrolein, an unsaturated
reactive aldehyde, is highly toxic and readily reacts with lysine
residues of proteins to form N-(3-formyl-3,4-dehydropiperidi-
no)lysine (FDP-lysine) (Uchida et al., 1998).

In addition to the polyamine interconversion pathway, a
small amount of cellular spermidine is covalently incorporat-
ed into a specific cellular protein elF5A to form an unusual
amino acid hypusine [N°-(4-amino-2-hydroxybutyl)lysine]
(Fig.1) (Park, 2006; Park et al., 2010). The first step enzyme,
deoxyhypusine synthase (DHS) (Joe et al., 1995) catalyzes
the NAD-dependent cleavage of spermidine between N4
and C5 and the transfer of aminobutyl moiety of spermidine
to the e-amino-group of a specific lysine residue of the elF5A
precursor, elF5A(Lys), to form a deoxyhypusine-containing
intermediate, elF5A(Dhp). This intermediate is subsequently
hydroxylated by deoxyhypusine hydroxylase (DOHH) (Park et
al., 2006) to form hypusine and the biologically active, mature
elF5A, elF5A(Hpu).

The polyamine biosynthetic enzymes and catabolic en-

zymes, ODC, SAMDC and SSAT1 are highly regulated by
polyamines and by various stimuli such as growth factors,
hormones, 12-O-tetradecanoylphorbol-1 3-acetate (TPA), etc
(Pegg, 2009). In the presence of high levels of spermidine and
spermine in cells or medium, ODC and SAMDC are down-
regulated while SSAT1 is upregulated. Reciprocally, when
cellular polyamine levels are reduced, ODC and SAMDC are
upregulated and SSAT1 is downregulated. The regulation
occurs at the transcriptional, translational, and posttransla-
tional levels and specific mechanisms of regulation of these
enzymes by polyamines have been extensively investigated
(Pegg, 2009; Igarashi and Kashiwagi, 2010). When the cel-
lular polyamine level increases, ODC is downregulated by in-
duction of antizyme (Az) translation by frame shifting (Ivanov
et al.,, 1998; Coffino, 2001). The antizyme forms a complex
with the ODC monomer to inactivate the enzyme and directs it
to degradation by the 26S proteasome. In addition, antizyme
inhibits polyamine uptake and stimulates its secretion. Further
complexity of ODC regulation is introduced by an antizyme in-
hibitor (Azl) (Fujita et al., 1982), which shares high sequence
similarity to ODC, but is devoid of the enzyme activity.

PROPOSED FUNCTIONS OF POLYAMINES

From gene disruption studies in yeast and mice (Janne et
al., 2004), it is well established that polyamines are essen-
tial for eukaryotic cell growth and mammalian development
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(Pegg, 2009). As mentioned above (Fig. 1), one well defined
function of polyamine is the requirement for spermidine for hy-
pusine modification in elF5A (Park, 2006; Park et al., 2010).
Since elF5A and its deoxyhypusine/hypusine modification are
essential for eukaryotic cell growth and mouse development
(Nishimura et al., 2012), the elF5A modification defines one
specific function of polyamines. Due to a narrow specificity
of DHS for spermidine, only natural polyamine or an analog
with closely related structure to spermidine can support long-
term growth of mammalian cells (Byers et al., 1994; Hyvonen
et al., 2007). In addition to elF5A modification, polycationic
polyamines are also essential for proliferation of mammalian
cells (Nishimura et al., 2005). These organic polycations fulfill
unique cellular functions that cannot be substituted by inor-
ganic cations, such as Mg?* in macromolecular synthesis or in
cell growth (Oredsson et al., 1984). Numerous studies have
been reported on the effects of polyamines on DNA structure
(Thomas and Thomas, 2001), chromatin condensation (Mat-
thews, 1993), RNA structure (lgarashi and Kashiwagi, 2010)
and protein synthesis in vitro (Ogasawara et al., 1989). How-
ever, the molecular mechanism of polycationic polyamine ac-
tions in vivo has remained obscure for decades.

Insights on the cellular function of polyamines in protein
synthesis have been offered by their cellular distribution, es-
timated from the individual dissociation constant for each of
polyamine-partner binding under the physiological concentra-
tions of K* and Mg?* of E. coli and mammalian cells (Igarashi
and Kashiwagi, 2010). In mammalian cells and tissues, a ma-
jority of cellular spermidine and spermine (57-85%) appear to
be bound to RNA, whereas free polyamines and the fractions
bound to other components (DNA, ATP or phospholipids) are
relatively small. Furthermore, the crystal structure of yeast
tRNAP revealed two molecules of spermine (Quigley et al.,
1978), suggesting specific interactions between polyamines
and RNA. In in vitro translation assays, polyamines not only
lowered the Mg? requirement, but also stimulated protein
synthesis beyond the maximum level achieved by high Mg?*
alone (Ogasawara et al., 1989). In addition, polyamines were
reported to exert several other effects on translation, including
stimulation of the assembly of the 30S ribosome, rat liver lle-
tRNA formation, an increase in the fidelity of protein synthesis
and frame shifting (Igarashi and Kashiwagi, 2010).

More recently, further evidence for a primary function of
polyamines in translation was obtained in mammalian cells
over-expressing SSAT1. Rapid arrest in protein synthesis and
cell growth occurred in these cells depleted of spermidine and
spermine by SSAT1 over-expression, whereas there was little
or no inhibition of synthesis of DNA and RNA (Mandal et al.,
2013). These findings are consistent with specific interactions
of polyamines with RNA (Igarashi and Kashiwagi, 2010), and
their stimulatory effects on protein synthesis in vitro (Ogas-
awara et al., 1989), and corroborate an important function of
the polyamines spermidine and spermine in translation. Thus,
polyamines appear to contribute to mammalian cell growth
mainly through their participation in elF5A hypusine modifica-
tion (Park, 2006) and by stimulating translation initiation by
enhancing ribosome assembly and stability (Ogasawara et
al., 1989). Specific genes influenced by cellular polyamines at
translation include Az, SAMDC, and SSAT1 and their regula-
tion involves different mechanisms, including ribosome frame
shifting (for Az) (lvanov et al., 1998), a small upstream open
reading frame (for SAMDC) (Mize et al., 1998), and polyamine
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response element in the promoter region (for SSAT1) (Wang
et al., 1998).

In addition, polyamines have been proposed to play several
other important roles in cellular regulation and animal physiol-
ogy (Pegg, 2009; Minois et al., 2011). Due to their interaction
with DNA structure (Thomas and Thomas, 2001), their effects
on chromatin condensation (Matthews, 1993) and enzymes
such as HAT and HDAC (Hobbs et al., 2002) and protein ki-
nases/phosphatases (Lawson et al., 2005), polyamines may
also regulate transcription and gene expression, directly or
indirectly. The two oncogenes, c-Myc and c-Jun were reported
to be transcriptionally controlled by polyamines in cells treated
with DFMO (Patel and Wang, 1997). The polyamine effects
on global transcription have been investigated by microarray
analyses in mammalian cells partially depleted of polyamine
by treatment with DFMO (Landau et al., 2012).

Polyamines also bind and regulate glutamate receptor ion
channels (Dingledine et al., 1999), inwardly rectifying potas-
sium channels (Kir) (Stanfield and Sutcliffe, 2003), and oth-
er channels that affect intracellular calcium signaling or Na*
transport (Fleidervish et al., 2008). Although spermine is not
required for mammalian cell growth, spermine synthase de-
fective mice (Gy mice) are totally deaf (Wang et al., 2009),
suggesting the importance of homeostasis of spermidine and
spermine in animal development and physiology.

POLYAMINES, AGING AND HUMAN DISEASES

Since polyamines are essential for cell growth and viability
(Pendeville et al., 2001; Nishimura et al., 2002), polyamine
levels change with aging, and under several disease condi-
tions (Minois et al., 2011). Decrease in polyamines with aging
was evaluated with mouse (Nishimura et al., 2006), and the
decrease in polyamine content was observed in almost all tis-
sues, and it was especially notable in skin, heart and muscle.
The decrease was not significant in brain and pancreas. It also
became clear that polyamine-rich food decreases mortality in
aged mice (Soda et al., 2009).

Deregulation of the polyamine pathway enzymes has been
implicated in various pathological conditions, including cancer
(Gerner and Meyskens, 2004; Casero and Marton, 2007), in-
flammation (Babbar et al., 2007), stroke (Tomitori et al., 2005;
Yoshida et al., 2010; Igarashi and Kashiwagi, 2011b; Saiki et
al., 2011), renal failure (lgarashi et al., 2006) and diabetes
(Kramer et al., 2008).

As for cancer, Russell and Snyder first reported high levels
of ODC activity in regenerating rat liver and in several human
cancers (Russell and Snyder, 1968). Since then, effects of in-
hibitors of polyamine biosynthesis; i.e., a-difluoromethylorni-
thine (DFMO) (Mamont et al., 1978), an inhibitor of ODC, and
methylglyoxal bis(guanylhaydrazone) (MGBG) (Williams-Ash-
man and Schenone, 1972), an inhibitor of SAMDC, on cancer
growth were extensively studied with mice bearing various
cancers. The combination of DFMO-MGBG has been shown
to be more effective therapeutically than either drug alone in
a number of in vivo model systems, which include Ehrlich as-
cites carcinoma (Seppéanen et al., 1983), murine L1210 and
P388 leukemia (Kramer et al., 1985; Nakaike et al., 1988),
and murine renal adenocarcinoma (Herr et al., 1984). Further-
more, the stronger antitumor effects were exerted when mice
were fed a polyamine-deficient diet (Nakaike et al., 1988),
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suggesting that dietary control enhances the effect of cancer
chemotherapy. Yet, an anticancer strategy in human clinical
trials, use of inhibitors of polyamine biosynthesis has been
generally ineffective thus far (Gerner and Meyskens, 2004).
However, the use of DFMO together with non-steroidal anti-
inflammatory drugs (NSAIDS) such as sulindac, an inhibitor of
cyclooxygenase 2 (COX2), appears to be effective in the pre-
vention of recurrence of colon cancer (Gerner and Meyskens,
2004). In clinical trial of the combination of DFMO and sulin-
dac, the 3-year treatment resulted in a 70% reduction of recur-
rence of advanced and/or multiple adenomas, that are closely
associated with the development of colon cancers in humans
(Gerner and Meyskens, 2009).

The shortcoming of DFMO treatment in cancer chemother-
apy is probably due to the fact that DFMO causes depletion
of putrescine and spermidine only, but not of cellular sperm-
ine and exhibits cytostatic/noncytotoxic effects. A number of
polyamine analogs/derivatives that mimic natural polyamines
in causing downregulation of polyamine biosynthesis, and in-
duction of polyamine catabolism were developed (Casero and
Marton, 2007). While these analogs cause a rapid depletion
of cellular polyamines, they fail to perform critical functions of
natural polyamines, thereby leading to growth arrest and cell
death (Oredsson et al., 2007). Alternatively, another strategy
to deplete both spermidine and spermine using SSAT1 ad-
enoviral gene therapy, may be explored in anticancer therapy
in the future.

An inherited human disease that is associated with altered
polyamine metabolism is Snyder-Robinson syndrome (SRS),
an X-linked mental-retardation and developmental disease.
This is caused by an alteration in the SpmS gene that encodes
spermine synthase (Becerra-Solano et al., 2009; Pegg, 2009).
Reduction of spermine in the SRS patient brain may causes a
neurological disorder by influencing the activity of neurotrans-
mitter receptors and ion channels including NMDA receptors
(Dingledine et al., 1999; Jin et al., 2008), AMPA receptors
(Shin et al., 2005), K* channels (Stanfield and Sutcliffe, 2003)
and Ca?* channels (Gomez and Hellstrand, 1995). Alteration in
the regulation of another enzyme, SSAT over-expression may
be linked to a human disease, Keratosis follicularis spinulosa
decalvans (KFSD)- a rare X-linked disease. A patient with this
disease has a gene duplication that includes the region that
encodes SSAT (Gimelli et al., 2002). Low SSAT expression
has been observed in psychiatric patients prone to suicide
(Sequeira et al., 2006). A reduced activity and spatial learning
impairment observed in SSAT transgenic mice (Kaasinen et
al., 2004) further suggest a role for polyamines in behavioral
changes.

Altered polyamine metabolism may contribute to an in-
crease in oxidative stress and tissue damage in chronic renal
failure and stroke (Igarashi and Kashiwagi, 2011a; 2011b).
During metabolism of spermine and spermidine released from
ribosomes (Watanabe et al., 1991), two toxic compounds, i.e.
acrolein (CH,=CH-CHO) and hydrogen peroxide (H,0,) are
produced. Of the two compounds, it was determined that ac-
rolein was more toxic than H,0, (Sharmin et al., 2001). Ac-
tually, the levels of protein-conjugated acrolein (PC-Acro) in
plasma were well correlated with the seriousness of chronic
renal failure (Igarashi et al., 2006) and brain stroke (Tomitori
et al., 2005). A close correlation between brain infarction and
PC-Acro was confirmed using a photochemically induced
thrombosis model in mice (Saiki et al., 2009).

URINARY DIACETYL POLYAMINE DERIVATIVES AS
MARKERS FOR HUMAN CANCERS

Since polyamines are well correlated with growth of cancer
cells, initially urinary polyamine levels were measured to see
if polyamines, putrescine, spermidine and spermine would be
useful markers in diagnosis of various human cancers (Rus-
sell et al., 1971). Although the amount of polyamines excreted
in urine was generally elevated in urine of cancer patients and
appeared to correlate with progression of the disease in the
initial report, follow-up studies did not support urinary poly-
amines as consistent indicators of malignant diseases.

When spermine and spermidine are accumulated in excess
amounts in cells, they are acetylated, and then excreted into
urine. Therefore, it was tested whether diacetylspermine (Di-
AcSpm) and diacetylspermidine (DiAcSpd) in urine are reli-
able biochemical markers for cancer using an enzyme-linked
immunosorbent assay (ELISA) systems. A marked increase
in urinary DiIAcSpm was associated with all types of human
cancers examined, including colorectal, prostate, testicular,
renal, pancreatic, hepatocellular carcinoma, breast, lung and
brain cancers (Kawakita and Hiramatsu, 2006). Sensitivity of
the detection of DiAcSpm in urine was compared with that of
commonly used biomarkers, serum carcinoembryonic antigen
(CEA), cancer antigen19-9 (CA19-9) and cancer antigen 15-3
(CA15-3) (Hiramatsu et al., 2005; Kawakita and Hiramatsu,
2006). The sensitivity of urinary DiAcSpm for colon cancer
patients was 75.8%, which was markedly higher than the sen-
sitivity of serum CEA (39.5%) and CA19-9 (14.1%). DiAcSpm
was elevated in 60% of tumor-node-metastasis cancer stage
0+1 patients, whereas only 10% and 5% of these patients
were CEA and CA19-9 positive, respectively. The sensitivity of
DiAcSpm for breast cancer was 60.2%, while that of CEA and
CA15-3 was 37.3% and 37.3%, respectively. DiAcSpm was
elevated in 28% of tumor-node-metastasis stage 1+2 patients,
whereas only 3% and 0% of these patients were CEA and
CA15-3 positive, respectively. These observations indicate
that urinary DiAcSpm is a more sensitive marker than CEA,
CA19-9 and CA15-3 in various human cancers and that it can
efficiently detect colorectal and breast cancers at early stages.
DiAcSpm may also be useful as a follow-up marker that is ef-
ficient in detection of recurrence and sensitive to changes in
the clinical condition of patients.

The molecular basis for the increased DiAcSpm in urine of
cancer patients is not clear. The rise in the acetylated poly-
amines in urine or plasma may result from increased cellular
polyamines, increased SSAT activity, a decrease in oxidative
degradation by AcPAO, and increased excretion of actylated
polyamines from cells or lysis of necrotic tumor cells. In breast
tumors, it was found that AcPAO was decreased while SSAT
increased (Wallace et al., 2000). Thus the levels of both en-
zymes may contribute to an increase in acetylated polyamines
excreted in urine.

PC-ACRO AS MARKERS FOR STROKE AND RENAL
FAILURE

Oxidative stress can lead to various disorders and is
thought to be caused by two types of compounds — first, re-
active oxygen species (ROS) such as the superoxide anion
radical (O,), H,0, and the hydroxyl radical (-OH) (Giorgio et
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al., 2007), and second, an unsaturated aldehyde such as ac-
rolein (Stevens and Maier, 2008). Addition of SPD and SPM
to culture medium containing ruminant serum causes inhibi-
tion of cell proliferation (Higgins et al., 1969; Agostinelli et al.,
2010). This effect is caused by oxidation products of the poly-
amines by ruminant amine oxidase, H,O, and acrolein (Fig.
2). In a cell culture system, complete inhibition of cell growth
was accomplished with 10 uM acrolein, 100 uM H,O, and 20
uM hydroxylradical produced by 20 uM H,O, and 1 mM Vita-
min C (Yoshida et al., 2009), suggesting acrolein as the major
toxic agent. These findings led us to test whether acrolein or
protein-conjugated acrolein (PC-Acro) is a good biochemical
marker for stroke and chronic renal failure.

At present, there is no reliable biochemical marker for diag-
nosis of the early stage of stroke. Thus, the activities of sperm-
ine oxidase (SMO) and acetylpolyamine oxidase (AcPAO)
were measured along with the level of PC-Acro in plasma
of patients with stroke (Tomitori et al., 2005). PC-Acro was
metowardasured by ELISA using anti-FDP-lysine antibody
(Uchida et al., 1998). The median levels of PC-Acro and to-
tal polyamine oxidases (SMO and AcPAQ) were significantly
higher in the plasma of patients with stroke. The median lev-
els of PC-Acro and total polyamine oxidase activity (PAO) in
plasma increased from 14.4 to 21.3 nmol/ml plasma and from
4.5 to 8.0 nmol SPD produced from SPM by PAO/ml plasma,
respectively. It was then examined whether the increases in
PC-Acro and PAO are correlated with the severity of stroke
(size of the infarct). Because the maximal increase in PAO
precedes that in PC-Acro, the multiplied value of PAO by PC-
Acro was compared with the size of the infarct. Statistical
significance between stroke patients and no-stroke subjects
became greater in the multiplied value (p=9.3x1077) than PAO
(p=7.0x107%) or PC-Acro (p=6.6x107). The size of the infarct
was nearly parallel with the value of PAO activity multiplied by
PC-Acro amount (Tomitori et al., 2005).

There are reports that silent brain infarction (SBI) increases
the risk of subsequent stroke (Vermeer et al., 2007), dementia
(Vermeer et al., 2007), and mild cognitive impairment (Lopez
et al., 2003). Furthermore, it has been reported that carotid
atherosclerosis (CA) is a risk factor for stroke and SBI (In-
oue et al., 2007), and that SBI and white matter hyperintensity
(WMH) increase the risk for stroke and mortality (Bokura et
al., 2006). Thus, it was tested how PC-Acro is correlated with
SBI, WMH and CA by collecting blood from 790 elderly healthy
volunteers. Since the levels of CRP and IL-6 are reported to
increase in the serum of apparently healthy individuals with
SBI (Hoshi et al., 2005), the levels of CRP and IL-6 were mea-
sured along with PC-Acro (Yoshida et al., 2010). SBI (affected
areas 23 mm diameter) and WMH were estimated by MRI,
CA by carotid ultrasound examination, and CRP and IL-6 in
plasma by ELISA. PC-Acro, IL-6 and CRP were significantly
higher in SBI and CA compared with the control. PC-Acro was
most strongly correlated with CA, and IL-6 and CRP with SBI
(Yoshida et al., 2010). Thus, CAis likely the primary risk factor
related to stroke in this analysis.

It was next determined whether SBI, CA and WMH could be
detected by altered levels of PC-Acro, IL-6 and CRP using a
receiver operating characteristic (ROC) curve — a commonly
used technique for assessing diagnostic and predictive accu-
racy in disease management (Linden, 2006). Since age was
an important factor among various markers evaluated for the
detection of SBI, CA and WMH, these three values were ana-
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Fig. 3. Correlation between brain infarction and PC-Acro in PIT
model mice. (A) Infarction volume at 24 h after the induction of
infarction, the level of PC-Acro estimated by Western blotting us-
ing anti-FDP-Lys antibody, and polyamine levels at the locus of
brain infarction and at the corresponding locus in normal mice
are shown. (B) Increase in PC-Acro and polyamines in plasma of
PIT model mice with brain infarction is shown. *p<0.05, **p<0.01,
***p<0.001. Data were adapted from Saiki et al. (2009).

lyzed together with age as a factor. The median RRV (relative
risk value) for SBI with CA (93 subjects), SBI (214 subjects),
CA (263 subjects), WMH with CA (90 subjects), WMH (245
subjects) and control (260 subjects) was 0.90, 0.80, 0.76,
0.65, 0.46 and 0.14, respectively. Although PC-Acro is well
correlated with brain infarction, measurement of IL-6 and CRP
along with PC-Acro was necessary to increase sensitivity and
specificity to detect SBI.

The role of PC-Acro and polyamine oxidases was also
evaluated in an animal model of stroke by using photochemi-
cally induced thrombosis (PIT) model mice (Fig. 3) (Saiki et
al., 2009). In this model, it was determined whether acrolein
is produced from polyamines at the locus of infarction. The
volume of infarcted tissue was determined by staining 2-mm-
thick coronal slices with triphenyltetrazolium, which stains the
viable brain tissue red whereas infarcted tissue remains un-
stained. The average volume of infarction at 24 h of PIT model
mice was 23 mm? (Fig. 3A). The PC-Acro determined by west-
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ern blotting using anti FDP-Lys antibody was 28 fold higher in
infarcted tissue than that in the normal tissue and the major
protein (68 kDa) containing acrolein was identified as albu-
min using an albumin antibody. The levels of spermidine and
spermine were reduced whereas putrescine was increased
in infarcted tissues compared to normal tissues, suggesting
activated polyamine catabolism. Consistent with this finding,
both SMO and AcPAO activities were higher at the locus of in-
farction. The levels of PC-Acro and all three polyamines were
significantly higher in the plasma of PIT mice compared to
control mice (Fig. 3B). These results provide strong evidence
that polyamine oxidation and production of PC-Acro play im-
portant role in PIT model mice of stroke. Furthermore, brain
infarction correlated more closely with PC-Acro than with H,O,
(Saiki et al., 2011).

In the case of chronic renal failure, a very strong correlation
with PC-Acro was observed (Igarashi and Kashiwagi, 2011a).
Severity of chronic renal failure is classified by the level of cre-
atinine, i.e. in normal, <1.2 mg/100 ml plasma; moderate, <8
mg/100 ml plasma and severe, 28 mg/100 ml plasma. PC-Ac-
ro level of normal (n=19), moderate (n=13) and severe (n=19)
cases was 31.2, 138 and 170 nmol/ml plasma, respectively.
The results indicate that the level of PC-Acro in plasma is well
correlated with the severity of chronic renal failure. Further-
more, the level of PC-Acro returned to normal after patients
(n=7) had undergone hemodialysis. The results indicate that
together with creatinine, PC-Acro is a good biochemical mark-
er for chronic renal failure.

CONCLUDING REMARKS

Cellular polyamine homeostasis is regulated by intricate
mechanisms to maintain normal physiology of mammalian
cells and organisms. Dysregulation of polyamine metabolic
pathway is associated with various pathological conditions,
including cancer, inflammation, atherosclerosis, stroke, renal
failure and diabetes. Thus the polyamine pathway has been
extensively explored as targets of cancer chemotherapy and
chemoprevention and holds potential for intervention in other
human diseases. In this review, we focused on the potential
application and utilities of polyamine metabolites as diagnos-
tic markers for various human cancers, silent brain infarction,
stroke and renal failure, where early clinical diagnostic mark-
ers are not known. Recent data support the utility of urinary
diacetyl spermine (DiAcSpm), which is markedly increased in
urine of patients of all types of human cancers examined. Di-
AcSpm which can be accurately determined by a simple ELI-
SA assay, is an excellent diagnostic and prognostic indicator
of various human cancers, with superior scores than known
diagnostic markers, CEA, CA19-9 and CA15-3. Activated
polyamine catabolism may increase oxidative stress and tis-
sue damage, contributing to renal failure and stroke. Acrolein
derived from polyamine oxidation reacts with proteins to form
acrolein-conjugated proteins (PC-Acro), which can be read-
ily measured by a simple ELISA assay. The increase in the
plasma levels of PC-Acro, and polyamine oxidases, and their
multiplied value exhibit excellent correlation with the severity
of stroke and detects even SBI (silent brain infarction) with
high sensitivity. Thus, these polyamine metabolites provide
highly sensitive, cost-effective means in the early diagnosis of
human diseases, cancer, stroke and renal failure.
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