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Abstract

The innate immune system functions as a defensive
front line against pathogenic invasion, but the
proinflammatory products of activated monocytes
and macrophages (e.g., TNF and NO) can also injure
normal cells. Anti-inflammatory mediators restrain
the innate immune response and prevent excessive
collateral tissue damage. Spermine, a ubiquitous
biogenic polyamine, specifically and reversibly sup-
presses the synthesis of monocyte proinflammatory
cytokines. This may provide a counterregulatory
mechanism to restrain monocyte activation in in-
jured or infected tissues and in tumors where
spermine levels are significantly increased. Here we
show that monocyte spermine uptake was signifi-

Introduction
Monocytes and macrophages occupy a critical
role in the orchestration of a competent innate
immune response. When activated by patho-
genic stimuli or injury, macrophages release tu-
mor necrosis factor (TNF), other cytokines, and
nitric oxide (NO) that bolster defense against
invasion. NO, for instance, is cytotoxic to invad-
ing organisms, and increases regional blood flow
to the affected tissues (1), while TNF and inter-
leukin- 1 (IL- 1) activate endothelial cells, recruit
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cantly increased following lipopolysaccharide stim-
ulation. The polyamine analogue 1,4-bis(3-ami-
nopropyl)-piperazine (BAP) inhibited LPS-stimu-
lated monocyte spermine uptake via the "nonselec-
tive" polyamine transporter. BAP fully restored
macrophage TNF synthesis despite the presence of
spermine, indicating that the mechanism of mono-
cyte deactivation by spermine is dependent on
spermine uptake. Administration of BAP in vivo
significantly augmented the development of carra-
geenan-induced paw edema and nitric oxide re-
lease. Thus, endogenous spermine normally inhibits
the innate inflammatory response by restraining
macrophages.

leukocytes, enhance procoagulant activity, and
facilitate tissue remodeling (2,3). The importance
of these responses is revealed by studies of TNF
receptor knock-out mice, which are exquisitely
sensitive to infection by intracellular pathogens,
reflecting the normal role of TNF to enhance host
defenses against infection (4). These beneficial
effects, however, are critically dependent on the
magnitude of the immune response, because
larger amounts of host-derived cytotoxins cause
collateral damage to normal tissues (3,5,6).
Moreover, when release is sufficient to cause
systemic exposure, macrophage-derived cytotox-
ins mediate lethal shock and tissue injury (7). To
prevent these potentially lethal effects, the im-
mune system has evolved a series of counter-
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regulatory mechanisms that inhibit macrophage
activation. For example, anti-inflammatory cyto-
kines (IL-10) and TGF-,B) and glucocorticoid hor-
mones are released during inflammation and in-
hibit macrophage release of TNF and NO (8-13).
Ultimately, therefore, successful resolution of
pathogenic invasion depends on the beneficial
activities of macrophage products within the
context of a closely regulated macrophage re-
sponse.

Spermine, a ubiquitous biogenic polyamine,
is one of the most abundant molecules in eu-
karyotes. Proliferating cells and tissues generally
have higher levels of polyamines, and injured
cells release spermine into the extracellular mi-
lieu. Spermine levels increase significantly at
sites of infection and injury (14) as well as in
tumors (1 5). More than 40 years ago, Hirsch and
Dubois discovered that local accumulation of
spermine in infected tissues can curb the growth
of mycobacteria (16). More recently, we found
that spermine is a specific and reversible inhibi-
tor of monocyte activation that suppresses the
synthesis of TNF and other proinflammatory cy-
tokines by human peripheral blood mononuclear
cells. Spermine suppresses proinflammatory cy-
tokine synthesis via a post-transcriptional mech-
anism (17). Direct application of spermine to-
gether with carrageenan, an activator of the
innate immune response, attenuates the devel-
opment of carrageenan-induced inflammation,
suggesting that macrophages are sensitive to
spermine inhibition in vivo. In agreement with
this mechanism, macrophages derived from
polyamine-depleted mice (after treatment with a
polyamine biosynthesis inhibitor, DMFMOme)
release more TNF and IL-I in response to lipo-
polysaccharide (LPS) challenge (18). On the basis
of these and other results, we reasoned that the
macrophage deactivating activity of spermine
might be a critical mechanism to restrain macro-
phages from causing excessive collateral damage.
Increased spermine levels at sites of tissue injury
would "inform" macrophages that extensive tis-
sue injury had occurred, and curb their further
inflammatory activity.

Polyamine transport systems in mammalian
cells have been divided functionally into two
classes that are distinguished by differential af-
finity for terminal aminobutyl or aminopropyl
groups (19). One transporter class, termed "non-
selective," facilitates the uptake of spermine,
spermidine, and putrescine; the other class is
specific for polyamines with aminopropyl groups
(spermine and spermidine) but has a low affinity

for putrescine. Cells alter the activity of the poly-
amine uptake systems to regulate intracellular
polyamine availability (20). Whereas active poly-
amine transport has been demonstrated in mac-
rophages (21), a role for macrophage polyamine
transport activity in modulating inflammatory
responses has not been described previously.

We now report that human monocytes ex-
press a nonselective polyamine transporter, and
that LPS stimulation significantly increased
monocyte uptake of spermine via this trans-
porter. When spermine accumulation via this
transport system was inhibited by treatment with
the polyamine analogue 1,4-bis(3-aminopro-
pyl)-piperazine (BAP), mornocytes were not de-
activated, and their proinflammatory activity
was unrestrained despite the presence of ele-
vated extracellular spermine. Application of BAP
with carageenan in vivo significantly increased
carrageenan-induced local inflammatory re-
sponses, indicating that monocytes incorporate
endogenous spermine as a normal counterregu-
latory mechanism to restrain the magnitude of
the innate immune response.

Materials and Methods
Cell Isolation and Culture
Human leukocyte buffy coats were obtained by
leukopheresis of blood from normal individual
donors to the Long Island Blood Service
(Melville, NY). Human peripheral blood mono-
nuclear cells (PBMCs) were freshly isolated from
30 ml of leukocyte buffy coats by density gradi-
ent centrifugation through Ficoll-Paque using a
procedure recommended by the vendor (Phar-
macia, Uppsala, Sweden), with a yield typically
of 2-4 X 108 cells. Cells were resuspended in
RPMI 1640 medium (Gibco BRL, Grand Island,
NY) containing 10% heat-inactivated human se-
rum, 0.1% L-glutamine, and 0.01% gentamicin,
and plated in 96-well plates at 5 x 105 cells per
well in 200 ,ul, then cultured at 37°C in a hu-
midified atmosphere of 5% CO2 in air. Nonad-
herent cells were removed after overnight cul-
ture, and adherent cells (monocyte cultures)
were then used in the experiments.

Polyamine Uptake
Human monocytes in 96-well plates were stim-
ulated by adding 135 gl of medium with 100
ng/ml freshly sonicated Escherichia coli endotoxin
(LPS, Sigma, St. Louis, MO). After 2 to 24 hr
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stimulation, 15 ,ul of medium with 14C-labeled
polyamine (Amersham, Arlington Heights, IL)
was added to the final concentrations indicated
in the absence or presence of BAP (Aldrich, Mil-
waukee, WI). Following a 25-min incubation at
4°C (for membrane binding) or 37°C (for both
membrane binding and cellular uptake), media
were aspirated, and the cells were rinsed three
times with 200 gl of phosphate-buffered saline
(PBS). Cells were then solubilized in 100 ,ul of 1
N NaOH, and 80 ,lI of sample was transferred to
a 96-well LumaplateTM (Packard, Downers
Grove, IL). Samples were dried at room temper-
ature overnight, and the cell-associated radioac-
tivity was determined on a Packard liquid scin-
tillation counter. Polyamine uptake is defined as
the difference between cell-associated radioac-
tivity at 370C and that at 4°C.

Cytokine Assay

To stimulate cytokine production from human
monocytes, freshly sonicated LPS was added to a
final concentration of 100 ng/ml. To evaluate the
effect of BAP on the inhibitory activity of sperm-
ine on monocyte TNF synthesis, human mono-
cytes were preincubated with the concentration
of BAP indicated for 30-60 min and 35 ,uM of
spermine (Sigma) for another 30-60 min, then
stimulated with 100 ng/ml of LPS. After 4 hr of
LPS stimulation, supernatants were harvested for
cytokine assay. TNF levels in the supernatants
were determined by ELISA. Briefly, serial dilu-
tion of recombinant human TNF was used to
generate standard curves. The 96-well microtiter
plates coated with monoclonal anti-TNF antibod-
ies were incubated with 60 ,ul of standards or
supernatant samples for 2 hr at room tempera-
ture or overnight at 4°C. After washing with
buffer containing 20 mM Tris-HCl, pH 7.4, 150
mM NaCl, and 0.05% Tween-20, 60 pl of poly-
clonal anti-TNF antibodies diluted (1:200) in di-
lution buffer (10 mM Tris-HCl, pH 7.4, 150 mM
NaCl, 0.2% Tween-20, and 1% goat serum) was
added and incubated at room temperature for 2
hr. Following several washes to remove the un-
bound antibodies, the bound antibodies were re-
acted for 30 min with alkaline phosphatase-con-
jugated goat anti-rabbit IgG (H+L) (Boehringer
Mannheim, Indianapolis, IN) diluted 1:2500 in
dilution buffer. After washing, the amounts of
bound second antibodies were then determined
by assaying for alkaline phosphatase activity
with 100 gl of freshly prepared p-nitrophe-
nylphosphate in diethanolamine buffer (10 mM

diethanolamine and 0.5 mM MgCl, pH 9.5). Af-
ter 30 min incubation at room temperature, the
absorption at 405 nm was determined using a
microtitre plate reader for TNF levels.

Carrageenan-Induced Footpad Inflammation

Paw edema was induced by injecting 100 ,lI of
0.2% A-carrageenan (Sigma) in PBS, pH 7.4, into
the plantar surface of the left hindpaw of male
Lewis rats (300-350 g). Spermine and/or BAP at
the concentrations indicated were coadminis-
trated with carrageenan. The right hindpaw was
injected with 100 ,l of PBS as a control. The
thickness of the carrageenan-treated and PBS-
treated hindpaw was measured with calipers at
the time points indicated, and the difference was
used as an index of inflammation. To recover
edema fluid from rat paws, rats were sacrificed
16-24 hr after carrageenan administration. Paws
were excised at the level of the calcaneus bone,
and placed in a 6-ml Falcon 2063 tube (a 4- to
4.5-mm hole was made with the cut side down).
The 6-ml Falcon tube was then placed in a 15-ml
Falcon 2097 conical tube with 50 p1l of PBS and
centrifuged at 250-300 x g for 20 min and the
resultant fluid was recovered for assay as de-
scribed.

Determination ofNO Production in Rat Paw

NO production in the edema fluid from each paw
was determined by measuring nitrite/nitrate
level with a nonenzymatic NO assay kit (OXIS,
Portland, OR). Serial dilution of nitrite was used
to generate standard curves. Briefly, 40 Al of
sample was adjusted to 190 pl with water, and
then 10 pl1 of 30% ZnSO4 was added for protein
precipitation. After 15 min incubation at room
temperature, the samples were centrifuged at
4000 rpm for 5 min, and the supernatants as well
as serially diluted NO standards were transferred
to microcentrifuge tubes containing 0.5 g cad-
mium beads (sequentially prewashed with H20,
0.1 M HCI, and 0.1 M NH40H, pH 9.6) and
incubated at room temperature overnight with
agitation to convert nitrate to nitrite. After 5 min
centrifugation at 4000 rpm, 60 pl1 of supernatant
was added to wells in duplicate in a 96-well plate
and adjusted to 100 pl with water. Greiss reagent
(100 p,l) was then added to each well and incu-
bated for 5 min at room temperature. The nitrite
level in each edema fluid was determined by
reading the absorbance at 570 nm in a microtiter
plate reader, and the total NO level of each paw
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was calculated as X (nmol/paw) = nitrite/nitrate
in the sample (nmol/ml) x paw edema volume
(ml).

Results
Stimulation ofHuman Monocytes with LPS
Increases Polyamine Uptake

Preliminary experiments established that uptake
of spermine, spermidine, and putrescine in
monocyte cultures was linear over a 60-min pe-

riod at 37°C; this accumulation was not observed
at 4°C (not shown). The component of uptake at
4°C, reflecting binding or passive diffusion, was

subtracted from the total uptake at 37°C, and this
net amount was defined as specific polyamine
uptake. In subsequent experiments, the accumu-
lation of radiolabeled polyamines in monocyte

Fig. 1. Spermine uptake in human
monocytes is increased by LPS stimula-
tion. Human monocyte cultures were treated
with LPS (100 ng/ml) or vehicle PBS for 0 to
24 hr (a) or for 2 hr (b), then incubated with
the indicated concentration of spermine with
14C-labeled spermine tracer at either 4°C or
370C for 25 min. Cell-associated radioactivity
(CPM) was measured on a Packard microplate
scintillation counter, and spermine uptake
(CPM) is expressed as the difference between
cell-associated radioactivity at 370C and that at
40C at each spermine concentration. Results
are the mean of spermine uptake ± SE.

ltures was measured over a 25-min period.
ISinduced a significant increase in spermine
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gure la, peak spermine uptake was observed 3
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sal (unstimulated) rates. We next measured
e effects of LPS on monocyte uptake of other
[yamines (spermidine and putrescine) and ob-
rved a similar time course for LPS-induced up-

ce of these polyamines (not shown). Addition
spermine (10 ,uM) completely inhibited the
itake of spermidine (35 ,uM) and putrescine
5 KM), indicating that human monocytes ex-

ess the nonselective polyamine transporter,
iich is sensitive to LPS stimulation.
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was increased (Fig. lb). Wilkinson analysis of
these concentration-rate data using PC Enzpack
software indicated that the Vmax and Km values
describing the uptake of spermine in unstimu-
lated human monocyte cultures were 54.6 ±

1.71 pmol/25 min/106 cells and 1.15 ± 0.185
,uM, respectively. LPS stimulation significantly
increased the Vmax value of spermine uptake to
213 ± 9.57 pmol/25 min/ 106 cells, but the Km
value (1.00 ± 0.235 ,uM) was not significantly
changed by LPS. Eadie-Hofstee plot analysis of
spermine uptake was linear in both unstimulated
and LPS-stimulated monocytes, suggesting that
spermine interacted with a single transporter
system.

Inhibition of Monocyte Polyamine Uptake by BAP

On the basis of our earlier observations that
spermine deactivates macrophages (17), we

considered it plausible that increased spermine
uptake following monocyte activation might
serve as a mechanism to prevent excessive
macrophage activity. Our approach to study
this hypothesis was to identify an inhibitor of
spermine uptake in LPS-stimulated monocytes;
the effects of this inhibitor on monocyte acti-
vation in vitro and monocyte-mediated tissue
responses in vivo could then be examined. Ac-
cordingly, we screened a panel of spermine
analogs for inhibition of spermine uptake in
LPS-stimulated human monocyte cultures.
One piperazine-like spermine analog, 1,4-
bis(3 -aminopropyl) -piperazine (BAP), de-
creased monocyte spermine accumulation in a

dose-dependent manner; the 50% inhibitory
concentration (IC50) of BAP was 7 ± 2.8 ,uM in
the presence of 35 ,uM spermine (Fig. 2a). BAP
inhibition of spermine uptake was overcome

by sufficiently high concentrations of spermine
(Fig. 2b), giving direct evidence that BAP is a

competitive inhibitor of monocyte spermine
uptake. The inhibitory effect of BAP on sperm-

ine uptake was not due to cytotoxicity, because
up to 1 mM of BAP did not suppress thiazoyl
blue (MTT) metabolism in human monocytes
(not shown). BAP also inhibited the uptake of
spermidine and putrescine, but it did not in-
hibit the uptake of glutamine or aspartic acid in
monocytes (Fig. 2c). Thus, BAP is a specific,
competitive inhibitor of the LPS-inducible
polyamine accumulation in human mono-

cytes.

Inhibition of Spermine Uptake Restores Monocyte
TNF Synthesis

We next measured TNF release from human
monocytes in cultures supplemented with LPS
and BAP. Addition of BAP alone did not activate
monocytes to release TNF (Fig. 3); we also ob-
served no significant effect of BAP on the mag-
nitude of LPS-induced TNF release (not shown).
BAP treatment, however, fully restored TNF syn-
thesis in spermine-suppressed monocytes and
the 50% effective concentration that restored
TNF release in spermine treated cultures (EC50 =
8 ± 3 ,uM) was comparable to the IC50 of BAP as
an inhibitor of spermine uptake (Fig. 3). The
TNF-enhancing activity of BAP in the presence of
spermine was significantly correlated with the
inhibitory activity of BAP against monocyte
spermine uptake (correlation coefficient = 0.99;
p < 0.05). Putrescine shares the nonselective
polyamine transporter with spermine but does
not exert an inhibitory activity on monocyte cy-
tokine synthesis (17). Given the requirement of
spermine uptake for its inhibitory activity on
monocyte TNF production, we reasoned that pu-
trescine might also enhance cytokine production
in spermine-suppressed human monocytes by
competitively inhibiting the uptake of spermine.
We therefore measured TNF release of spermine-
treated human monocytes in the presence or
absence of putrescine and observed a significant
increase of TNF release by putrescine treatment
in spermine-suppressed monocytes (not shown).
Thus, with respect to inhibition of macrophage
activation, spermine uptake is required for
spermine inhibitory activity and increased
spermine uptake in activated monocytes is a
mechanism that acts to prevent monocyte over-
activation.

Inhibition of Spermine Uptake Enhances
Carrageenan-Induced Inflammation In Vivo

It has been well documented that spermine lev-
els are increased in various inflammatory states
including infection (16,22,23), tissue injury
(14,24,25), and cancer (15,26), suggesting a role
of endogenous spermine in regulating the in-
flammatory process. We recently demonstrated
that direct application of exogenous spermine
into animal footpad suppresses carrageenan-in-
duced paw edema (17), an inflammatory re-
sponse that is predominantly mediated by mac-
rophage products (e.g., TNF and NO) (27-29).
While these results suggest an anti-inflammatory
activity of spermine, it was previously unknown
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Fig. 2. BAP is a specific, competitive inhibitor
of the nonselective polyamine transporter in
human monocyte cultures. (a) BAP inhibits
spermine uptake in LPS-stimulated human mono-

cytes. Human monocytes were stimulated by LPS
(100 ng/ml) for 2 hr, then treated with BAP in the
concentrations indicated for 30-60 min followed by
25 min incubation with 35 ,uM spermine with 14C-
labeled spermine tracer at either 4°C or 37°C.
Spermine uptake (CPM) is defined by the difference
between cell-associated radioactivity at 370C and
that at 40C, and expressed as percentage of the con-
trol (no BAP) cultures. Results are percentage of
control mean ± SE. (b) Competitive inhibition of
spermine uptake by BAP. Human monocytes were
stimulated by LPS (100 ng/ml) for 2 hr, then incu-

bated with the indicated concentrations of spermine
with '4C-labeled spermine tracer at either 4°C or
370C for 25 min in the absence or presence of 500
,uM of BAP. Cell-associated radioactivity (CPM) was
then measured, and spermine uptake (CPM) in hu-
man monocytes is shown as a reciprocal plot. The
heavy line denotes spermine uptake in the absence
of BAP, and the thin line, in the presence of BAP.
(c) BAP inhibition of polyamine uptake is specific.
Human monocytes were stimulated by LPS (100 ng/
ml) for 2 hr, then incubated individually with 14C-
labeled spermine, putrescine, glutamine, or aspartic
acid at 37°C for 25 min in the absence or presence
of BAP at the concentrations indicated. Cell-associ-
ated radioactivity (CPM) was measured and pre-
sented as percentage of control (no BAP) ± SE.
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whether endogenous spermine normally partic-
ipates in the control of inflammatory responses.
Accordingly, we evaluated the effects of BAP in
carrageenan-induced paw edema by subcutane-
ous injection of BAP and carrageenan. Adminis-
tration of BAP alone into rat foot pads failed to
stimulate the development of edema in the ab-
sence of carrageenan, but coadministration of
BAP with carrageenan significantly augmented
carrageenan-induced foot pad inflamed (Fig. 4a).
We also measured the levels of NO (total nitrite/
nitrates) in the inflammatory paws and observed
a significant increase of NO production in BAP-
treated paws as compared with the controls
(Fig. 4b). The direct involvement of spermine in
BAP-enhanced excessive inflammation was sup-
ported by the observation that BAP treatment
fully "restores" exogenous spermine-suppressed
inflammatory responses, whereas additional ex-
ogenous spermine significantly reduced inflam-
mation (Fig. 4c) typical of BAP treatment
(Fig. 4a). Taken together, these results indicate
that endogenous spermine can be incorporated
into macrophages to restrain the innate inflam-
matory response.

Discussion
Four distinct lines of evidence from the present
study indicate that human monocytes might use

1

Fig. 3. Blockade of
spermine uptake with
BAP restores spermine-
suppressed TNF synthesis.
Human monocytes were pre-
treated with spermine in the
absence or presence of BAP
at the indicated concentra-
tions for 30-60 min, then
stimulated by LPS (100 ng/
ml) for 4 hr. Secreted TNF in

+ + + cell culture supernatants was

+ + + measured by ELISA. Results

10 100 100 presented are the mean of
TNF levels ± SE.

a single nonselective transporter for the uptake
of spermine. First, Eadie-Hofstee plot analysis of
spermine uptake was linear, suggesting the pres-
ence of a single spermine transporter in human
monocytes. Second, spermine treatment inhibits
the uptake of putrescine and spermidine, indi-
cating that the transporter for spermine is shared
by putrescine and spermidine in human mono-
cytes. This is further supported by the observa-
tion that putrescine effectively blocks the up-
take-dependent effect of spermine on monocyte
cytokine synthesis. Third, a similar time course
for LPS-stimulated monocyte uptake of sperm-
ine, spermidine, and putrescine was observed,
suggesting that LPS-stimulated uptake of poly-
amines is due to the enhancement of a nonse-
lective transporter activity.

The fourth line of evidence is the inhibition
of polyamine uptake by the piperazine-like
spermine homologue BAP. BAP inhibited the
uptake of all three polyamines by a similar mag-
nitude but had no effect on the uptake of struc-
turally unrelated molecules glutamine and as-
partic acid. Thus, BAP is a specific inhibitor of the
nonselective transporter in human monocytes. It
has been well documented that polyamine trans-
port is an integral part of the system that regu-
lates intracellular polyamine levels according to
various needs (20).

A role for monocyte polyamine transport ac-
tivity, however, has not been previously re-
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Fig. 4. Administration of BAP augments acute
inflammatory responses to carrageenan. Carra-
geenan (0.2% in PBS) was injected into the left hind
footpad of male Lewis rats in combination with the
indicated concentration of spermine and/or BAP.
Vehicle PBS was injected into the right hind footpad
as control. Footpad thickness was measured 16-24
hr later, and the edema fluid was recovered. The
difference (in mm) between the thickness of left and
right hind footpad was defined as the inflammation

ported. An interesting observation in the present
study is that monocyte spermine uptake is sig-
nificantly increased following LPS stimulation.
Inhibition of LPS-stimulated spermine uptake by
BAP blocks the inhibitory activity of spermine on
monocyte TNF production, and it displays a cor-
relation coefficient of 0.99 (p < 0.05) between
the inhibitory activity of BAP on spermine up-
take and the enhancing activity of BAP on
monocyte TNF production. Thus, spermine up-
take is required for spermine suppression of
monocyte cytokine synthesis, and increased
spermine uptake in activated monocytes pro-
vides a mechanism to prevent excessive mono-
cyte activation. In agreement with the critical
role of spermine in the regulation of monocyte
activation, increased spermine uptake in acti-
vated monocytes is reversible and time depen-
dent. Thus, monocytes can recover their activity
in subsequent inflammatory responses when
spermine is reduced or inactivated.

The activation of macrophages is a key event
for the initiation and propagation of the innate
inflammatory response. In the past, a number of
molecules including IL- 10, transforming growth

index, and NO level in edema fluid was measured as
an inflammatory marker. (a) BAP treatment resulted
in excessive inflammation. (b) BAP treatment in-
creased NO production in carrageenan-induced paw
edema. (c) The antagonistic interaction between
BAP and spermine. Spermine reduces BAP-induced
excessive inflammation, whereas the anti-inflamma-
tory activity of exogenous spermine was blocked in
the context of inhibition of spermine uptake by BAP
treatment.

factor beta (TGF-,3), and glucocorticoids have
each been implicated in preventing excessive
macrophage activation and inflammation
(8-13). Unlike IL-10, TGF-J3, or the glucocorti-
coids, however, spermine is unique in being re-
leased locally from dying and injured cells (24).
The quantity of spermine released at inflamma-
tory sites will not only reflect the severity of
ongoing tissue damage but also proportionally
attenuate the innate inflammatory response
(Fig. 5). This provides a critical restraining influ-
ence on inflammation, as the monocyte-deacti-
vating effects of spermine prevent further release
of TNF and NO, thereby limiting the extent of
inflammation and associated collateral damage.
In agreement with this proposed mechanism,
mucosal polyamine deficiency has been impli-
cated in the pathogenesis of inflammatory bowel
disease (30).

Some 40 years ago, Hirsch and Dubos discov-
ered increased local spermine levels at the site of
mycobacteria infection (16). Subsequent studies
in humans and animals indicate that spermine
level is also increased in trauma (14,24,25), can-
cer (15,26), and other infections (22,23). It is
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Fig. 5. Regulation of macrophage activation
and inflammation by spermine. In response to
infection, injury, and other inflammatory stimuli,
host macrophages produce various factors, such as
TNF, IL- 1, and NO, that are critical for an effective
immune and inflammatory response but can also be
harmful or even lethal to the host at high levels. In
response to inflammatory stimuli, the activity of the

spermine uptake system in activated macrophages is
increased, leading to the incorporation of spermine
from the surrounding environment. Spermine accu-
mulation at inflammatory sites enhances intracellu-
lar macrophage uptake of spermine, resulting in the
down-regulation of macrophage activation and in-
flammation.

interesting that the innate immune response is
generally defective in these inflammatory condi-
tions (31-33). Considering the anti-inflamma-
tory activity of endogenous spermine, it is rea-
sonable to consider that spermine accumulation
in macrophages and monocytes may contribute
to this immune dysfunction. It will be interesting
to test whether the blockade of spermine activity
with spermine antagonists like BAP can restore
the innate immune response in these conditions.

The data presented in this work indicate that
cellular uptake of spermine is required for the
inhibitory effect of spermine on monocyte cyto-
kine synthesis. Recent evidence (34) indicates
that fetuin, a negative acute-phase protein, is

required for spermine inhibition on monocyte
cytokine synthesis, because anti-fetuin antibod-
ies prevent the cytokine-inhibiting effects of
spermine. The relation between fetuin and the
monocyte uptake of spermine is unknown. Im-
munoelectron microscopic studies (35) have re-
vealed that intracellular spermine is predomi-
nately located on ribosomes of the rough
endoplasmic reticulum, and it is one of the com-
ponents of biologically active ribosomes. It is
therefore possible that spermine might suppress
monocyte cytokine synthesis by regulating
monocyte cytokine mRNA translation or mRNA
stabilization. In agreement with this, our previ-
ous studies (17) show that spermine suppresses
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monocyte cytokine synthesis through a post-
transcriptional mechanism. As mRNA transloca-
tion from nucleus to cytoplasm is another post-
transcriptional control step of gene expression, it
will be interesting also to address whether
spermine regulates the nuclear export of cyto-
kine transcripts.

In summary, the present findings demon-
strate that monocyte spermine transport can be
significantly increased by inflammatory stimuli
such as LPS and this transport is critical for the
inhibitory activity of spermine on monocyte cy-
tokine synthesis. Endogenous spermine at in-
flammatory sites normally participates in the
control of the innate inflammatory response by
deactivating macrophages. This macrophage-de-
activating activity of spermine may play an im-
portant role in the prevention of excessive in-
flammation and inflammatory damage.
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