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Agmatine, the product of arginine decarboxylation,
as been recently found in a wide variety of animal
issues. In spite of the emergent interest on agmatine
n animals, the mechanism of agmatine uptake in
ammalian cells has been scarcely studied. An analysis

f radiolabeled agmatine uptake was carried out by us-
ng a classical, kinetic approach with BHK-21 hamster
idney cells in culture. A high affinity, temperature- and
nergy-dependent agmatine transport system in BHK-21
idney cells is here kinetically characterized which
eems to be a “general” transporter shared by di- and
riamines and different to a highly specific carrier for
he tetraamine spermine. © 2001 Academic Press

Key Words: agmatine; uptake; kidney; polyamines;
FMO.

Arginine is an amino acid critical to normal growth
nd multiple physiological processes, being the precur-
or of urea, proline, glutamate, creatine, and other
mportant bioactive compounds, such as nitric oxide
1). An enormous interest has been focused upon the
ey roles of nitric oxide in animal physiology (2). Many
ears ago, it has been established that arginine is a
ubstrate for arginine decarboxylase (E.C. 4.1.1.19) in
acteria and plants (3), yielding the diamine agmatine,
ut it was believed that this enzyme was not expressed
n mammals. In 1994, agmatine was identified as an
ndogenous clonidine-displacing substance in the
rain (4). Afterwards, agmatine has been detected in
any different tissues and organs, including aorta,

pleen, adrenals, small intestine, skeletal muscle,
tomach, brain, liver and kidney (5–7). Although ag-
atine is also present in food and intestinal flora, the

istribution of tissue agmatine does not correlate to
issue blood flow, suggesting local synthesis by argi-
ine decarboxylase. In fact, arginine decarboxylase has
een partially cloned in rat kidney (8), and its activity
as been demonstrated in a number of cells, tissues
nd organs (9–13).
In addition, agmatine is another bioactive metab-

lite of arginine in mammals. In plants and bacteria,
gmatine is a metabolic intermediate in a pathway
307
atine by agmatinase (E.C. 3.5.3.11) yields pu-
rescine, a precursor for spermidine and spermine
iosynthesis. Recently, agmatinase activity has been
ound in mammalian brain (1, 14). Thus, agmatine
ay also be a precursor for polyamine biosynthesis

n mammals.
Several effects are induced by agmatine, including

romotion of catecholamine release from adrenal chro-
affin cells (4), stimulation of insulin release (15), and

nhibition of human coronary artery vascular smooth
uscle cell growth (16). The multiple modulator effects

f agmatine on arginine and polyamine metabolism
eem especially relevant: agmatine has been shown to
e a competitive inhibitor of nitric oxide synthases (17,
8), an activator of S-adenosylmethionine decarboxyl-
se (19), an inducer of translational frameshift of an-
izyme mRNA (20), an inhibitor of ornithine decarbox-
lase and polyamine uptake (19, 20), and a potent
nducer of spermidine/spermine acetyltransferase ac-
ivity (19).

In kidney, agmatine is degraded to guanidino-
utylaldehyde by diamine oxidase. The production and
egradation of agmatine has been described as a novel
ndogenous regulatory system in the kidney (10). In
act, agmatine seems to contro natriuresis by function-
ng as a physiological agonist of I1 imidazoline recep-
ors (21), and it can increase absolute proximal reab-
orption and single nephron glomerular filtration rate
hrough I2 imidazoline receptors (10).

In spite of the findings suggesting an interference of
gmatine on polyamine uptake, scarce information is
urrently available on the mechanism of agmatine up-
ake. A low affinity, Na1-independent uptake system
or agmatine has been described in rat brain synapto-
omes (22), and it has been hypothesized that agma-
ine can suppress proliferation in transformed cells
fter targeting them via selective transporters (23).
In the present work, we describe for the first time the

inetic characterization of a high affinity uptake sys-
em for agmatine in kidney, by performing transport
xperiments in cultures of BHK-21 hamster kidney
ells.
0006-291X/01 $35.00
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ATERIALS AND METHODS

Materials. Sterile plasticware was from Nunc. DMEM medium,
etal calf serum, trypsin-versane and antibiotics were from Bio-

hittaker. [3H]-Agmatine (50 Ci/mmol) was supplied by American
adiolabeled Chemicals. Ecoscint H liquid scintillation counting so-

ution was from National Diagnostics. All other reagents were from
igma.

Cell culture. BHK cells were obtained from the American Type
ulture Collection. They were grown in DMEM medium supple-
ented with 10% fetal calf serum and antibiotics (penicillin, strep-

omycin, and amphotericin B) at 37°C in 90 mm diameter tissue
ulture dishes under 5% CO2 atmosphere. When cells were confluent,
hey were detached with trypsin-versane and subcultured at a split
atio of 1:4.

Transport assays. The cells used for transport experiments were
eeded into 24-well cluster dishes and were used when reached 50–75%
f subconfluency. The buffered media used in transport experiments
ere phosphate buffered salines containing 0.15 M sodium (PBS-Na),
otassium (PBS-K), or choline (PBS-choline) chlorides, or 0.3 M man-
itol (PB-mannitol). Serum-containing DMEM was retired from wells,
ells were washed twice with PBS and transport was initiated by
dding 0.5 mL of the buffered medium containing different concentra-
ions of agmatine. Experiments at both 37°C and 0°C were always
arried out in parallel. After 30 min of incubation, the uptake was
erminated by removing the transport medium and washing with 2 3
.5 mL aliquots of ice-cold PBS. Plates were drained and 0.4 mL of 0.5%
riton X-100 were added. Cells were then removed with a cell scrapper
nd suspended in this medium, 250 mL samples were dissolved in 4 mL
f scintillation solution for counting and protein was determined using
he method described by Bradford (24). The nonsaturable, linear com-
onent of uptake due to simple diffusion measured in the experiments
arried out at 0°C was always substrated from the total amount of
gmatine transported at 37°C.

ESULTS AND DISCUSSION

We carried out kinetic experiments making the
sual assumption that polyamine uptake has two

FIG. 1. Kinetics of agmatine uptake by BHK-21 cells. Specific a
aterials and Methods. (A) Direct plot of the means 6 SD values ob
ouble reciprocal plot of mean values.
308
omponents: one saturable, corresponding to the
arrier-mediated uptake, and the other linear, corre-
ponding to nonspecific uptake, that is, passive dif-
usion following Fick’s law. Since polyamine trans-
ort is energy dependent, diffusional uptake at 0°C
s a measurement of nonspecific uptake, including
inding to cell surface (25). For this reason, we al-
ays carried out parallel experiments at both 37°C
nd 0°C.
Figure 1 shows that the specific uptake of agmatine

uptake at 37°C minus uptake at 0°C) by BHK-21 ham-
ter kidney cells incubated in PBS-Na is a saturable
rocess. In the conditions used, nonspecific uptake ac-
ounted for less than 10% of total uptake at agmatine
oncentrations lower than 60 mM (results not shown).
rom the linear representation of data using either
ineweaver-Burk (not shown) or Hanes-Woolf (Fig. 1b)
lots, the following kinetic parameters were calcu-
ated: a Km of 9.9 6 1.4 mM and a Vmax of 4867 6 802
mol/h/mg protein. The affinity of the transport system
or agmatine is in the range of those published for
ther polyamines in whole cells (26) and three orders of
agnitude higher than that shown for agmatine in rat

rain synaptosomes (22).
The potential Na1-dependence of agmatine trans-

ort by BHK-21 cells was examined by isosmotically
ubstituting NaCl with either KCl, choline chloride or
annitol in the assay medium. Figure 2 shows that

ubstitution of sodium ions with choline or potassium
ons inhibited, at least partially, agmatine uptake. On
he contrary, agmatine uptake slightly increased by
eplacing NaCl with an osmotically equivalent concen-
ration of mannitol.

atine uptake by BHK-21 cells was determined as described under
ed from two independent experiments carried out by triplicate. (B)
gm
tain
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Some authors consider the fraction of total uptake in
he presence of sodium ions which is inhibited by isoos-
otical concentrations of choline chloride as a “Na1-

ependent” uptake (27,28). In this sense, part of the
gmatine uptake by BHK-21 cells could be considered
s a “Na1-dependent” transport. However, a Na1-
ependent transport system is defined as that second-
ry active transport in which the substrate is taken up
n symport with sodium ions. Since NaCl can be sub-
tituted by isosmotical concentrations of mannitol in
ur system, we cannot talk of a true Na1-dependent
ptake. In proliferant cells, plasma membrane poten-
ial is primarily determined by a potassium-ion diffu-
ion potential (29). Therefore, increasing the concen-
ration of extracellular potassium-ions should
epolarize the plasma membrane, in accordance with
he Nernst equation. As shown in Fig. 2, uptake of 10
M agmatine by BHK-21 cells incubated in PBS-Na is
ecreased by almost 60% in PBS-K. Thus, the “Na1-
ependent” uptake could be described here more pre-
isely as a plasma membrane potential-dependent up-
ake (29–32).

To study the substrate specificity of agmatine up-
ake by BHK-21 cells in PBS-Na, experiments were
arried out in which radiolabelled agmatine com-
eted with other unlabelled polyamines added 50-
old in excess. Figure 3 summarizes the results ob-
ained and shows that most of the polyamines tested

FIG. 2. Ionic effects on the transport of agmatine by BHKJ-21
ells. Transport experiments were carried out in parallel in different
hosphate buffered media containing isosmotic concentrations of
ither sodium, potassium or choline chloride, or mannitol. In all the
ases, agmatine concentration was 10 mM. Data are percentages of
pecific transport, taking the values in PBS-Na as 100%, and they
re given as means 6 SD of the means values of three determina-
ions in three independent experiments. *Significant (P , 0.01)
ersus PBS-Na values according to a Student’s t test.
309
ially putrescine, spermidine and cadaverine. Only
he tetraamine spermine was a poor inhibitor of ag-
atine uptake. Thus, in high contrast with pub-

ished data for agmatine uptake into rat brain syn-
ptosomes (22), our results suggest that agmatine
hares a transport system common to other poly-
mines and that spermine is the only polyamine
hich seems to have a specific carrier different to the

general” carrier for polyamines.
Figure 4 shows that agmatine uptake is highly in-

reased (more than 3-fold) in cells pretreated for 48 h
ith 3 mM DFMO, a suicide inhibitor of ornithine
ecarboxylase, the first and rate-limiting enzyme of the
athway for ornithine-derived poyamines (putrescine,
permidine, and spermine). These data seem to rein-
orce our suggestion on the presence of a transport
ystem shared by agmatine and other polyamines in
HK-21 kidney cells.
Increased accumulation of evidence points to

alcium-ion as a pivotal element in the regulation of
olyamine transport (25). In human breast cancer
ells, depletion of the extracellular calcium ions signif-
cantly inhibits putrescine uptake, and the addition of
20 mM CaCl2 in the extracellular medium induces a
-fold increase of putrescine uptake (29). In rabbit in-
estinal brush border membrane vesicles, addition of
alcium-ions also increases putrescine uptake (33). We

FIG. 3. Substrate specificity of agmatine uptake by BHK-21
ells. Uptake experiments were carried out in the presence of 2 mM
gmatine as the substrate and 100 mM unlabelled polyamines and
nalogs as inhibitors. The effects of unlabelled agmatine (Agm),
utrescine (Put), spermidine (Spd), spermine (Spm), 5-hydroxy-
ryptamine or serotonin (5-HT), histamine (Hia) and cadaverine
Cad) were tested. Data are percentages of specific transport, taking
he control values as 100%, and they are given as means 6 SD of the
eans values of three determinations in three independent experi-
ents. All the differences versus control values were significant (P ,

.01) according to a Student’s t test.
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resence of 1 mM CaCl2 in the assay medium and we
ould not find any significant differences in the respec-
ive rates of uptake (Fig. 4). On the other hand, the
resence of the calcium-ion chelator EGTA (1 mM)
ignificantly decreased agmatine uptake (Fig. 4). Once
gain, these results are in contrast with those pub-
ished for agmatine uptake into rat brain synapto-
omes (22).
Figure 5 shows that neither neutral amino acids

glutamine), nor cationic amino acids (arginine or or-
ithine) inhibited agmatine uptake by BHK-21 kidney
ells. These data are in contrast with our previous
esults on the activating effect of glutamine on orni-
hine transport by Ehrlich cell plasma membrane ves-
cles (34). Interestingly, a slight but significant in-
rease in agmatine uptake can be observed in the
resence of ornithine, the substrate for ornithine de-
arboxylase and entrance point to the biosynthetic
athway of polyamines.
In conclusion, we have kinetically characterized a

igh affinity, temperature and energy dependent ag-
atine transport system in BHK-21 kidney cells which

eems to be a “general” transporter shared by di- and
riamines and different to a highly specific carrier for
he tetraamine spermine.

FIG. 4. Effects of DFMO pretreatment and calcium ion presence
r absence on agmatine uptake by BHK-21 cells. Uptake experi-
ents were carried out as described under Material and Methods. In

xperiments with DFMO, cells were pretreated for 48 h with 3 mM
FMO. In experiments on the effect of calcium ions, 1 mM calcium

hloride or 1 mM EGTA was added to the assay medium. Data are
ercentages of specific transport, taking the control values as 100%,
nd they are given as means 6 SD of the means values of two
eterminations in two independent experiments. *Significant (P ,
.01) versus control values according to a Student’s t test.
310
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