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Summary. The polyamines spermidine and spermine have been hypothe-

sized to possess different functions in the protection of DNA from reactive

oxygen species. The growth and survival of mouse fibroblasts unable to

synthesize spermine were compared to their normal counterparts in their

native and polyamine-depleted states in response to oxidative stress. The

results of these studies suggest that when present at normal or supraphy-

siological concentrations, either spermidine or spermine can protect cells

from reactive oxygen species. However, when polyamine pools are phar-

macologically manipulated to produce cells with low levels of predomi-

nately spermine or spermidine, spermine appears to be more effective.

Importantly, when cells are depleted of both glutathione and endogenous

polyamines, they exhibit increased sensitivity to hydrogen peroxide as

compared to glutathione depletion alone, suggesting that polyamines not

only play a role in protecting cells from oxidative stress but this role is

distinct from that played by glutathione.

Keywords: Polyamines – Spermine – Spermidine – Antioxidants –

Hydrogen peroxide – Oxidative damage

Abbreviations: BSO, DL-Buthionine-[S, R]-sulfoximine; CGP48664,
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Introduction

Spermine (Spm), spermidine (Spd), and the diamine pre-

cursor putrescine are ubiquitous, polycationic, aliphatic

amines that are absolutely required normal for cell growth.

However, only recently have the precise molecular func-

tions in which they are involved begun to be determined.

One proposed function for polyamines is that they play a

role in protecting cells from reactive oxygen species

damage (ROS). Mutant E. coli and yeast strains that have

a reduced content of polyamines are more sensitive to

oxidative damage (Chattopadhyay et al., 2003a, 2006;

Jung et al., 2003). Investigations in cell free systems have

demonstrated that polyamines protect phospholipid vesi-

cles from both Fenton produced hydrogen peroxide

(H2O2) and superoxide (Lovaas and Carlin, 1991; Tadolini

et al., 1984) and protect DNA from damage caused by

various assaulting agents including alkylating compounds

(Mackintosh and Pegg, 2000; Rajalakshmi et al., 1978),

endonuclease-mediated digestion (Brune et al., 1991), sin-

glet oxygen (Khan et al., 1992), radiation (Chiu and

Oleinick, 1997, 1998; Douki et al., 2000; Held and Awad,

1991; Newton et al., 1996, 1997; Spotheim-Maurizot

et al., 1995; Sy et al., 1999; Warters et al., 1999), and

Fenton produced radicals (Ha et al., 1998a, b). Studies

with cells cultured in vitro have been limited to ROS

produced by irradiation and these investigations have

produced variable results. Some laboratories have found

that depletion of endogenous cellular polyamines resulted

in increased sensitivity to radiation exposure (Arundel

et al., 1988; Courdi et al., 1986; Snyder and Schroeder,

1994; Snyder and Sunkara, 1990; Williams et al., 1994)

while other laboratories found no increase in sensitivity

(Gerner et al., 1988; Kuo et al., 1987; Seidenfeld et al.,

1980). However, these experiments were performed with

inhibitors of polyamine biosynthesis that resulted in a

decreased putrescine and Spd, but had little effect on

endogenous Spm concentrations.

The mechanisms by which polyamines could provide

protection include the direct scavenging of reactive agents,



the induction of DNA conformational changes, physi-

cal blocking of DNA from interaction with assaulting

agents or a combination of these possibilities (Basu et al.,

1987; Feuerstein et al., 1986, 1989, 1990; Fujisawa and

Kadoma, 2005; Ha et al., 1998a; Hougaard et al., 1988;

Warters et al., 1999). Although polyamines may provide

protection through multiple mechanisms, little is known

about the role of individual polyamines in these processes.

Previous work in our laboratory (Ha et al., 1998a) demon-

strated that spermine can directly scavenge ROS produced

by Fenton reactions in a cell free system. Due to the po-

tential for intimate association of polyamines, especially

Spm, with DNA, it is possible that polyamines may pro-

vide the primary protection for DNA against exposure to

ROS in situ.

The goal of the current study was to investigate the

relative requirements for Spm and Spd in protecting cells

from exposure to H2O2 induced oxidative stress. The

effects of such ROS exposure on growth were compared

between an embryonic fibroblast cell line lacking the

Spm synthase gene (Gy11) and normal fibroblasts (N6)

(Mackintosh and Pegg, 2000). Although Gy11 cells are

Spm deficient, they contain elevated levels of Spd, result-

ing in a total polyamine concentration exceeding that of

N6 cells. The results of these studies provide in situ

evidence supporting a specific role for Spm and Spd in

cellular protection from oxidative stress at physiological

concentrations and demonstrate differential roles for

Spm and Spd in cellular protection from H2O2 induced

cytotoxicity when intracellular concentration of poly-

amines are low.

Materials and methods

Chemicals and materials

Glutathione (GSH), DL-Buthionine-[S, R]-sulfoximine (BSO), o-phthal-

dialdehyde, Spm, Spd, and aminoguanidine (AG) were purchased from

Sigma (St. Louis, MO). The ornithine decarboxylase inhibitor a-difluoro-

methylornithine (DFMO) was a gift from Merrel Dow Research Institute,

Cincinnati, OH. The S-adenosylmethionine decarboxylase inhibitor CGP

48,664 was graciously provided by C. W. Porter, Roswell Park Cancer

Institute (Buffalo, NY). The polyamine oxidase inhibitor MDL 72,527

was synthesized as previously published (Bey et al., 1985). H2O2 (3%)

was purchased from Rite Aid Pharmacy (Baltimore, MD). Dulbecco’s

phosphate-buffered saline (PBS) was purchased from GIBCO (Grand

Island, NY).

Cell culture and treatment protocols

Immortalized mouse embryo fibroblast cells were derived from 14 day old

embryos of spermine-deficient Gy mutant (Gy11) and normal (N6) male

mice (Mackintosh and Pegg, 2000). Cells were cultured in Dulbecco’s

modified eagle medium (DMEM) supplemented with fetal bovine serum

(10%), 2 mM L-glutamine, 100 units=ml penicillin, 100 units=ml strepto-

mycin, and 0.1 mM b-mercaptoethanol.

Gy11 and N6 cells were seeded at 5000 cells=well in 96 well plates and

incubated at 37 �C for 24 h. Media were removed and cells were subse-

quently treated with control media containing the serum amine oxidase

inhibitor AG (1 mM), or 1 mM AG and 5 mM DFMO (AD) or for the

polyamine depeletion=replenishment experiments with a combination of

four inhibitors consisting of 1 mM AG, 5 mM DFMO, 10mM CGP 48,664,

25mM MDL 72,527 (ADCM), with 10mM Spm or 10mM Spd as indicated

for 48 h. Multiple combinations of inhibitors in the presence or absence of

Spm or Spd were examined in order to determine the best way to deplete

cells of polyamines and create cells through replenishment with exogenous

polyamines that contain predominantly Spm or Spd (Table 1). The ADCM

inhibitor combination demonstrated the best results. The inclusion of MDL

72,527 helped to prevent the back conversion of Spm to Spd thereby aiding

in the creation of cells that contained primarily only Spm or Spd.

For H2O2 treatment, medium was replaced with media containing

the combination of inhibitors indicated and increasing concentrations

Table 1. Polyamine concentrations (nmol=mg protein)a in spermine deficient (Gy11) and normal (N6) fibroblast cells after treatments

Media additionsb Gy11 cells N6 cells

Putrescine Spermidine Spermine Total Putrescine Spermidine Spermine Total

AG <0.05c 83.28 <0.05 83.28 <0.05 29.44 15.23 44.66

AG, DFMO <0.05 29.10 <0.05 29.10 <0.05 0.48 15.50 15.98

AG, DFMO, MDL 72527 <0.05 18.42 <0.05 18.42 <0.05 0.55 11.03 11.59

AG, DFMO, MDL 72527, Spm <0.05 38.13 8.42 46.54 <0.05 15.98 16.67 32.65

AG, DFMO, MDL 72527, Spd <0.05 50.05 <0.05 50.05 <0.05 24.47 15.89 40.35

AG, DFMO, CGP 48664, MDL 72527 <0.05 19.69 <0.05 19.69 <0.05 11.30 4.67 15.97

AG, DFMO, CGP 48664, MDL 72527, Spm 0.57 22.89 14.83 38.29 0.94 21.42 19.00 41.36

AG, DFMO, CGP 48664, MDL 72527, Spd 0.81 61.56 <0.05 62.38 0.99 47.83 2.07 50.89

AG, Spm <0.05 78.71 0.65 79.36 0.89 44.53 22.70 68.12

AG, Spd <0.05 78.89 � 11.61 <0.05 78.89 <0.05 46.97 20.06 67.03

a Values represent the mean of at least 2 determinations
b Cells were treated with combinations of 1 mM AG, 5 mM DFMO, 10 mM CGP 48,664. 25mM MDL 72,527, 10 mM Spd or 10 mM Spm for 48 h as

shown
c 0.05 limit of detection
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of H2O2 for 24 h. For the evaluation of the roles of GSH and poly-

amines in cellular protection from ROS, cells were seeded as described

above and were incubated at 37 �C for 24 h. Medium was removed and

cells were next treated with medium containing 1 mM AG or a combi-

nation of inhibitors as indicated above for 24 h and then vehicle or

0.10 mM BSO, an inhibitor of GSH synthesis (Griffith and Meister,

1979) was added and cells were treated for an additional 24 h. Cells

were then exposed to increasing doses of H2O2 followed 24 h later by

cell growth analysis. Cell growth was analyzed with the Promega Cell

Proliferation Assay (Madison, WI) according to the manufacturer’s

protocol.

Polyamine concentration and reduced GSH analysis

Polyamine levels were determined by pre-column dansylation reverse-

phase high-performance liquid chromatography as previously reported

(Kabra et al., 1986). Where GSH levels were measured, Gy11 and N6

cells were plated at 1.0� 106 cells per T-75 flask for 24 h followed by

treatment with increasing concentrations of BSO for 24 h. Viable cells

were determined by trypan blue exclusion and frozen at �80 �C for

storage prior to analysis. Samples were thawed on ice and analyzed for

GSH levels as previously reported (Hissin and Hilf, 1976).

Analysis of apoptopic cells

Gy11 and N6 cells were plated at 1.0� 105 cells per well in 6 well plates

(for all experimental treatment groups with the exception of ADCM) and

at 1.0� 106 cells per T-75 flask (for ADCM treatment groups) and incu-

bated at 37 �C for 24 h. Media were removed and cells were subse-

quently treated with control media containing 1 mM AG or the indicated

combinations and exposed to 0.5 mM or 1.0 mM of H2O2 for 24 h.

Trypsinized cells and aspirated medium containing detached cells were

isolated, counted using trypan blue exclusion, and processed for terminal

deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)

analysis using the Apo-direct apoptosis detection kit from BD Biosciences

Pharmingen, Phoenix Flow Systems (San Diego, CA) using the manufac-

turer’s protocol. Dual fluorescein (FITC) and 40,60-diamidino-2-phenylin-

dole hydrochloride (DAPI) stained cells were subsequently fixed to Sigma

Poly-Prep slides coated with L-lysine for fluorescent microscopy analysis

of DNA damage and apoptosis.

Slides were then photographed using a Nikon Eclipse E800 fluorescent

microscope coupled with a Princeton Instrument 5 MHz Fast Line black

and white cool coupled device. Data were analyzed using MetaMorph 5.0

(Universal Imaging, PA). Cells were scored as normal when both DAPI

and FITC staining were negative. Cells were scored as DNA damaged

when DAPI staining was negative for apoptotic morphology and FITC

staining was positive. Cells were scored apoptotic when both DAPI and

FITC stained positive. Results represent 10 slides per treatment group

(�250 cells per treatment).

Statistical analysis

Statistical comparisons between treatment groups were performed using

one-way ANOVA analyses or Student’s t-test. Differences were considered

significant at p<0.05.

Results

Effect of polyamine content on growth

and sensitivity to ROS produced by H2O2

As reported previously for cells grown in media without

AG (Mackintosh and Pegg, 2000), the control cultures of

Gy11 cells had no Spm but a substantial increase in Spd

such that the total polyamine concentration in the Gy cells

was greater (Table 1). When Gy and N6 cells were treated

with increasing concentrations of H2O2 for 24 h, Gy11

cells exhibited increased sensitivity. This difference was

statistically significant in sensitivity in cells exposed to

1.0 and 2.5 mM H2O2 (Fig. 2).

Gy11 and N6 cells were treated for 48 h with the com-

bination of inhibitors ADCM, with no addition, or the

addition of 10 mM Spm, or 10 mM Spd to produce cells

that contained predominantly Spm or Spd (Fig. 1 and

Table 1) and then exposed for an additional 24 h to in-

creasing concentrations of H2O2. Gy11 and N6 cells de-

pleted of polyamines by exposure to ADCM showed pro-

found increased sensitivity to exposure to H2O2 (Fig. 3).

Co-treatment with either Spm or Spd restored cell sen-

sitivity to control levels in both Gy11 (Fig. 3a) and N6

(Fig. 3b) cell lines. As a control, cells were also treated

with 1 mM AG, and either 10 mM Spm or 10 mM Spd,

followed by cell growth assessment. Treatment of cells

with polyamines in this manner did not alter intracellular

polyamine concentrations (Table 1) or inhibit growth, and

the treated cells exhibited similar sensitivity to ROS as

control cells.

Depletion of polyamines by growth in AD (1 mM AG

and 5 mM DFMO) was found to be the best combination

to produce Gy11 and N6 cells with low levels of only Spd

or Spm (Table 1). When treated with this combination,

Gy11 cells contained low concentrations of Spd alone

whereas N6 cells contained low concentrations of only

Spm (Table 1). Gy11 and N6 cells depleted of polyamines

by AD demonstrated increased sensitivity to H2O2, simi-

lar to the response of cells treated with ADCM (Fig. 3).

However, N6 cells containing only low levels of Spm were

less sensitive to low concentrations of H2O2 (¼ 0.5 mM)

than Gy11 cells containing only low levels of Spd sug-

gesting at low concentrations, Spm is more effective than

Spd at protecting cells from H2O2 effects. It is not possi-

ble to interpret experiments involving polyamine add-

back to cells in these conditions since polyamine catabolic

pathways allow for interconversion of Spm and Spd.

Therefore, the ADCM combination was used for the fol-

low-up experiments as the best alternative to achieve cells

with predominantly Spm or Spm.

Comparison of the effect of polyamines

and GSH on sensitivity to H2O2

Gy11 and N6 cells were treated for 24 h with increasing

doses of BSO, an inhibitor of gamma glutamyl cysteine
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synthetase, the rate-limiting enzyme in the synthesis of

GSH, followed by GSH analysis. The concentrations of

BSO used were not cytotoxic in either cell type (data not

shown). BSO treatment resulted in a dose-dependent de-

pletion of GSH to below detectable levels at concentra-

tions �0.10 mM (Fig. 4a). Therefore, Gy11 and N6 cells

were treated for 48 h with combinations of ADCM in the

presence or absence of 10 mM Spm or 10 mM Spd and

at 24 h prior to treatment with H2O2, cells were treated

with 0.10 mM BSO, exposed to increasing doses of H2O2

for 24 h, and assessed for growth. Cells depleted of GSH

with BSO exhibited increased sensitivity to H2O2 expo-

sure similar to the increased sensitivity observed in cells

depleted of polyamines. Cells depleted of both GSH

and polyamines demonstrated greater sensitivity to H2O2

treatment compared with cells depleted of either GSH

or polyamines alone (Fig. 4b). Since Gy11 and N6 cells

Fig. 2. Cell viability of Gy11 and N6 cells after exposure to H2O2.

Results are shown for Gy 11 (^) and N6 (&) cells. Points represent

the mean of at least 3 determinations � standard deviation. a,bIndicate a

statistical significant difference between Gy11 cells and the N6 in re-

sponse to the indicated concentrations of H2O2 (p<0.05)

Fig. 1. The polyamine biosynthetic pathway and inhibitors. ODC Ornithine decarboxylase; AdoMetDC S-adenosylmethionine decarboxylase;

MTA 50-methlylthioadenosine; SSAT spermidine=spermine N1-acetyltransferase; APAO polyamine oxidase; SMO spermine oxidase; DFMO a-

difluoromethylornithine
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displayed similar results, only Gy11 data are shown. Co-

treatment with either Spm or Spd resulted in a restoration

of cell viability to the control levels in cells depleted of

polyamines, cells depleted of GSH, and cells depleted of

both polyamines and GSH. Replenishment with Spm or

Spd did not rescue cell growth in GSH depleted cells

exposed to H2O2.

DNA damage and apoptosis in Spm deficient

and normal fibroblasts

In order to determine if the observed changes in growth

rates of ROS assaulted cells were accompanied by evi-

dence of DNA damage and=or apoptosis, cells were treat-

ed as described above for the specific depletion=replen-

ishment of polyamines and exposed for 24 h to increasing

concentrations of H2O2. Both DAPI and TUNEL staining

were performed for each treatment group; however, only

TUNEL stained cells are shown in Fig. 5. Quantification

of the DNA damage is shown in Fig. 6. Cells that demon-

strated apoptotic DAPI morphology and positive TUNEL

staining were scored as apoptotic and cells that demon-

strated normal DAPI morphology (not shown) and positive

TUNEL staining were scored as DNA damaged. Polyamine

depletion results in significant induction in DNA damage

Fig. 3. Effects of polyamine depletion in Gy11 and N6 cells on sensi-

tivity to H2O2 exposure. Cells were treated for 48 h with a combination

of 1 mM AG (�), 5 mM DFMO þ 1 mM AG (AD) (�), 10mM CGP

48,664, 25mM MDL 72,527, 5 mM DFMO þ1 mM AG (ADCM) (~)

in the absence or presence of 10mM Spm (œ) or 10 mM Spd (^) as

indicated followed by exposure to H2O2 for 24 h. a Results for Gy11,

b results for N6 cells exposed to increasing concentrations of H2O2.
�Indicate statistically significant differences (p<0.05) in a between

Gy11 cells treated with ADCM (~) or AD (�) compared to control

Gy11 cells (Gy11 A, �); and in b N6 cell treated with ADCM (~)

compared to control N6 cells (N6 A, �). Note that N6 cells treated with

only AD (�) are not significantly different from control cells exposed to

0.5 mM H2O2

Fig. 4. Effects of GSH and=or polyamine depletion on Gy11 cells after

exposure to H2O2. a GSH levels in control cell cultures treated for 24 h

with increasing doses of BSO. Values represent the mean of two deter-

minations. b Cell viability of Gy11 cells treated with indicated in-

hibitors � BSO followed by exposure to H2O2. Cells were treated for

48 h with the ADCM combination in the absence of additional poly-

amines or the presence of 10 mM Spd or 10mM Spm as indicated.

Twenty-four hours prior to treatment with H2O2, cells were treated with

0.1 mM BSO (open symbols) or vehicle (closed symbols) followed by

exposure to increasing doses of H2O2 for 24 h. Each point represents the

mean of 4 determinations � standard error. �Indicates a statistically

significant difference (p<0.05) between cells depleted of both polya-

mines and GSH with BSO and ADCM (4) compared to cells only

depleted of GSH (BSO AG, �) or compared to cells only depleted of

polyamines (ADCM, ~)
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and apoptosis in both N6 and Gy11 cells, in concurrence

with cell growth data; however Gy11 cells exhibited a

differential morphology of damage as compared to N6

cells (not shown). Gy11 cells prior to polyamine depletion

exhibited a small increase in TUNEL staining as com-

pared to N6 cells following H2O2 exposure. However,

polyamine depleted Gy11 cells demonstrated very differ-

ent apoptotic and DNA damage profiles as compared to

the N6 cells.

N6 control cells exposed to increasing doses of H2O2

demonstrated a dose-dependent increase in apoptotic cells

(Figs. 5a and 6a). N6 cells depleted of polyamines by

ADCM exhibited increased sensitivity to increasing doses

of H2O2, consistent with the growth data presented above.

Fig. 5. TUNEL assessment of polyamine depleted N6 and Gy11 cells exposure to H2O2. Cells were treated for 48 h with combinations of 1 mM AG

(1–3) or ADCM (4–6) followed by exposure to 0 mM, (1, 4) 0.5 mM H2O2 (2, 5) or 1.0 mM H2O2 (3, 6) for 24 h as indicated. a TUNEL staining of

control and polyamine depleted N6 cells following exposure to H2O2. b TUNEL staining of control and polyamine depleted Gy11 cells following

exposure to H2O2
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The polyamine depleted N6 cells demonstrated dose

dependent increases in both apoptotic and DNA damage

scored cells. Interestingly, polyamine depleted N6 cells

that were not exposed to exogenous oxidative stress al-

so demonstrated an increased number of apoptotic cells

(�10% of cells scored positive for apoptosis) (Fig. 6a).

Gy11 cells generally exhibited increased scoring for DNA

damage=apoptosis as compared to their N6 counterparts.

Control Gy11 cells also exhibited a dose dependent in-

crease in the number of apoptotic and DNA damage

scored cells when exposed to H2O2 and this was greater

than that seen in the comparable N6 cells (Fig. 6a), which

was also consistent with the cell growth data presented

above. Remarkably, when the Gy11 cells were depleted of

polyamines by ADCM, there was greater incidence of

DNA damage than in N6 cells and even the polyamine

depleted Gy11 cells that were not exposed to exogenous

oxidative stress exhibited a near universal staining for

DNA damage (�96%) (Fig. 6b). The addition of either

Spm or Spd prevented DNA damage and apoptosis and

restored cell sensitivity to control levels in both cell types

[only quantification data is shown (Fig. 6)].

Discussion

Polyamines have previously been implicated in protecting

DNA from oxidative damage in cell free systems. How-

ever, the mechanisms underlying this protection and the

relative requirements for Spm versus Spd have not been

elucidated. The results of the present study suggest that

either Spm or Spd can protect against ROS assault when

present in normal physiological concentrations, but may

function differently when present in lower concentrations

with Spm being more potent. This is consistent with stud-

ies showing that Spm is a more active scavenger of

peroxy radicals (Fujisawa and Kadoma, 2005) and studies

with reconstituted systems indicating that Spd could only

replace the protective role of Spm only when present at

higher molar concentrations (Ha et al., 1998b; Newton

et al., 1997). Previous eukaryotic cell studies using poly-

amine-depleted irradiated cells have provided conflicting

results with both increased sensitivity (Arundel et al.,

1988; Courdi et al., 1986; Snyder and Schroeder, 1994;

Snyder and Sunkara, 1990; Williams et al., 1994), or no

effect being reported (Gerner et al., 1988; Kuo et al., 1987;

Seidenfeld et al., 1980). These conflicting results may be

due to the variable degree of polyamine depletion achieved

and to the fact that Spm pools were largely unaltered.

Our studies used fibroblast cells (Gy11) that lack sper-

mine synthase and are devoid of Spm, while containing

three times the concentration of Spd resulting in a higher

total polyamine concentrations than control (N6) cells

(Mackintosh and Pegg, 2000). Before manipulation of

their endogenous polyamine pools, the Spm deficient

Gy11 cells exhibited a small increase in sensitivity to

H2O2 compared to their normal counterparts cells. Pre-

vious experiments by Nilsson et al. suggested that Spm

deficient primary skin fibroblast cells from Gy mice were

less sensitive to a single H2O2 treatment and more sensi-

tive to UV-C irradiation exposure than normal fibroblast

cells (Nilsson et al., 2000). The data presented here with

immortalized embryonic fibroblasts suggests Spm defi-

cient Gy11 cells demonstrate similar sensitivity to low

doses of H2O2 but are more sensitive at higher doses of

H2O2 than N6 cells. This trend was observed both in cell

growth analysis and through TUNEL staining. Overall,

the results of the current study suggest that total poly-

amine concentration, not the Spm level alone, is critical

in determining cellular sensitivity to ROS.

Fig. 6. Apoptosis and DNA damage quantified in polyamine depleted

N6 and Gy11 cells following exposure to H2O2. a N6 cells, b Gy11 cells.

Treatment with inhibitors, polyamines and H2O2 was as described in

Fig. 5. Data represent the results of ten slides quantified per treatment

group (>250 cells total)

Polyamines and oxidative damage 237



To examine the individual requirements of Spm and

Spd in cellular protection from ROS, cells were depleted

of endogenous polyamine pools using specific combina-

tions of inhibitors of the metabolic pathway followed by

exposure to ROS. Gy11 and N6 cells depleted of polya-

mines by ADCM both demonstrate similar increases in

sensitivity to H2O2 exposure as evaluated by both cell

growth assessment and TUNEL analysis for DNA damage

and apoptosis. Gy11 cells exhibited a general increase

in DNA damage scored cells as compared to the N6 con-

trols exhibiting nearly universal staining for DNA damage

in the absence of exogenous oxidative stress. These data

suggest that low levels of Spm are not replaceable by low

levels of Spd, even in the absence of exogenous oxidative

stress and support the concept that Spm deficiency is lead-

ing to continued DNA damage.

The results presented here also suggest that the poly-

amines play a role in the protection of cells from ROS

that is independent of protection provided by GSH. GSH

peroxidases have been shown to afford the primary cellu-

lar protection from H2O2 in many cell types (Agostinelli

et al., 1996; Chu et al., 2004; de Haan et al., 1998;

Hiraishi et al., 1993; Pietarinen et al., 1995). However,

when Gy11 and N6 cells were depleted of both GSH and

polyamines they exhibited an increased sensitivity to H2O2

exposure over that observed in cells depleted of polyamines

or GSH alone indicating that polyamines possess roles dis-

tinct from those of GSH in protection from H2O2.

The suggestion that spermine oxidase SMO=PAOh1

(Vujcic et al., 2002; Wang et al., 2001) may play a role

in the etiology H. pylori-induced gastric cancer and poten-

tially other inflammation associated cancers (Babbar and

Casero, 2006; Xu et al., 2004) is even more appealing

when considered in the context of the results presented

here. In the case of H. pylori-induced SMO=PAOh1, there

is both an increase in H2O2 production and a decrease

in spermine, both a direct result of the oxidase activity.

Combined with the results of Chu et al. (2004) and Lee

et al. (2006) demonstrating increased bacteria-induced

intestinal cancers in mice with disrupted GSH peroxidase

1 and 2 genes, it seems that polyamines may not only serve

as a guard against ROS, but in specific instances may also

serve as the source of damaging ROS. The positive charge

of polyamines at physiological pH allows close associa-

tion with negatively charged, nucleophilic macromole-

cules that typically are the target of electrophilic and oxi-

dative attack. The close association of polyamines with

DNA, phospholipids and charged proteins could explain

their important and separate role from those provided by

GSH in cellular protection from H2O2.

It should be noted that although Spd is essential for

viability in eukaryotes, lower eukaryotes such as yeast

(Chattopadhyay et al., 2003b) and even mice (Lorenz et al.,

1998; Mackintosh and Pegg, 2000) and plants (Imai et al.,

2004) can survive without Spm. Mice lacking Spm syn-

thase (Gy mice) have a variety of defects including signi-

ficant growth retardation, a very short life span, deafness

and neurological defects including circling behavior, which

are corrected by restoring Spm synthase showing that

Spm has important but not essential functions in mammals

(Lorenz et al., 1998; Wang et al., 2004). The exact targets

affected by spermine to bring about these effects are cur-

rently unknown but our studies do not support an increased

level of oxidative damage since the excess Spd in these

mice should compensate for the lack of Spm.

In summary, the data presented support the hypothesis

that both Spm and Spd can fulfill the important role of

protecting cells from exposure to ROS. Cellular polyamines

provide protection from H2O2 damage that is distinct from

the protective role of GSH, strongly supporting a unique

role for polyamines in protection from oxidative stress.

DFMO is currently being investigated for use as a chemo-

preventive agent for multiple types of cancer (Gerner and

Meyskens, 2004; Meyskens and Gerner, 1999; Wallace and

Caslake, 2001). Other strategies for polyamine depletion

have also been suggested for chemoprevention. Although

elevated levels of polyamines are associated with promotion

during tumorigenesis, our data suggest that low levels of

polyamines may make cells more susceptible to oxidative

stress and therefore may augment the initiation step of car-

cinogenesis. Consequently, caution is necessary when con-

sidering chemopreventive strategies that include depletion

of polyamines particularly Spm. The discovery of the pre-

cise roles polyamines play in protection from oxidative

stress will further our understanding of the importance of

polyamines in cellular growth and differentiation and poten-

tially result in improved clinical efficacy of agents that alter

polyamine function and metabolism.
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