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Abstract

Agmatine is a biogenic amine (l-arginine metabolite) of potential relevance to several central 

nervous system (CNS) conditions. The identities of transporters underlying agmatine and 

polyamine disposition in mammalian systems are not well defined. The SLC-family organic cation 

transporters (OCT) OCT1 and OCT2 and multidrug and toxin extrusion transporter-1 (MATE1) 

are transport systems that may be of importance for the cellular disposition of agmatine and 

putrescine. We investigated the transport of [3H]-agmatine and [3H]-putrescine in human 

embryonic kidney (HEK293) cells stably-transfected with hOCT1-, hOCT2-, and hMATE1. 

Agmatine transport by hOCT1 and hOCT2 was concentration-dependent, whereas only hOCT2 

demonstrated pH-dependent transport. hOCT2 exhibited a greater affinity for agmatine (Km = 1.84 

± 0.38 mM) than did hOCT1 (Km = 18.73 ± 4.86 mM). Putrescine accumulation was pH- and 

concentration-dependent in hOCT2-HEK cells (Km = 11.29 ± 4.26 mM) but not hOCT1-HEK 

cells. Agmatine accumulation, in contrast to putrescine, was significantly enhanced by hMATE1 

over-expression, and was saturable (Km = 240 ± 31 μM; Vmax = 192 ± 10 pmol/min/mg protein). 

Intracellular agmatine was also trans-stimulated (effluxed) from hMATE1-HEK cells in the 

presence of an inward proton-gradient. The hMATE1-mediated transport of agmatine was 

inhibited by polyamines, the prototypical substrates MPP+ and paraquat, as well as guanidine and 

arcaine, but not l-arginine. These results suggest that agmatine disposition may be influenced by 

hOCT2 and hMATE1, two transporters critical in the renal elimination of xenobiotic compounds.

Keywords

agmatine; organic cation transporter; multidrug and toxin extrusion transporter; OCT2; MATE1; 
agmatine transporter; polyamine; polyamine transporter; pH-dependent transport

*CORRESPONDING AUTHOR: Carolyn A. Fairbanks, Ph.D., Department of Pharmaceutics, University of Minnesota, 9-143A 
Weaver Densford Hall, 308 Harvard Street SE, Minneapolis, MN 55455, USA. Phone: +001-612-625-2945, Fax: +001-612-625-8408, 
carfair@umn.edu. 

HHS Public Access
Author manuscript
Mol Pharm. Author manuscript; available in PMC 2015 October 01.

Published in final edited form as:
Mol Pharm. 2011 February 7; 8(1): 133–142. doi:10.1021/mp100180a.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Agmatine and related polyamines (putrescine, spermidine, spermine) are naturally-occurring 

compounds implicated in cellular growth processes,1 and have been widely investigated for 

their role in the aberrant cellular proliferation of mammalian tissues (i.e., tumors). 2, 3–5 

Agmatine (decarboxylated l-arginine) is an endogenous cation of potential relevance to 

several CNS conditions, including: 1) anxiety and depression,6, 7 2) neuropathic pain,8, 9 3) 

spinal cord and brain injury,10–13 4) drug addiction and tolerance,14, 15 5) tumor 

proliferation,2, 16 and 6) cellular toxicity.17, 18 In mammalian systems, the modulation of 

circulating agmatine and polyamine compounds occurs via three main mechanisms: 1) 

exogenous supply from food sources19–21 and gastrointestinal microbial production,22, 23 2) 

endogenous biosynthesis (degradation) via arginine and agmatine metabolism,22, 24–26 and 

3) cellular sequestration (influx) and/or clearance (efflux) via membrane transporters. While 

the proteins that regulate agmatine and polyamine biosynthesis and metabolic degradation 

have been identified, little is known about the identity and function of agmatine and 

polyamine transporters.

Presently, the unidentified polyamine transport “system” (PTS) is the most commonly 

acknowledged (influx) transport system attributed to modulating intracellular polyamines in 

mammalian cells.27 As high cellular polyamine levels have been closely associated with 

carcinogenesis28 and tumor growth,29 the transport systems modulating intracellular 

polyamines have become an area of interest for the targeted delivery of polyamine-

conjugated therapeutics in the treatment of cancer.30–32 Interestingly, agmatine, a 

polyamine-precursor and PTS substrate, has proven to be an effective inhibitor of 

polyamine-mediated tumor growth and proliferation both in vitro and in vivo,33 purportedly 

via the regulation of intracellular polyamines levels as consequence of antizyme induction 

and the correspondent inhibition of polyamine biosynthesis,5, 34 and the direct competition 

of polyamine influx transport.16, 33, 35 A more complete identification and characterization 

of agmatine and polyamine transport “systems” is needed in order to improve our 

understanding of the mechanisms regulating their concentrations in vivo.

As a consequence of their multivalent cationic nature at physiological pH, agmatine (1-

amino-4-guanidobutane) and polyamine compounds exhibit limited passive permeability at 

cellular membranes and physiological barriers (e.g., the blood-brain barrier or renal tubules), 

and therefore likely rely on carrier transport systems for appreciable permeation at these 

structures. The human SLC-family transporters hOCT (1/2/3) and hMATE (1/2/2K) are 

potential carrier systems which may be involved in agmatine and polyamine transport. OCTs 

mediate the facilitated diffusion, or membrane-potential driven transport, of a wide variety 

of both toxic and therapeutic cations, and have predominant expression in the rodent and 

human liver (OCT1/OCT3), kidney (OCT2), and placenta/heart (OCT3).36 MATE 

transporters (MATE1/2/2K) are recently discovered H+/cation antiporters which mediate the 

electroneutral tubular and canalicular efflux exchange of intracellular cations in the kidney 

and liver.37 OCT and MATE transporters share overlapping substrate-specificity for several 

toxic and therapeutic cationic compounds, with the human orthologs of OCT2 and MATE1 

both transporting the anti-cancer drug oxaliplatin,38 the anti-diabetic agent metformin,39, 40 
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and cytotoxins such as tetraethylammonium (TEA),41 paraquat,42, 43 and 1-methyl-4-

phenylpyridinium (MPP+).37, 44

The identity of relevant agmatine and polyamine transport systems remains very limited. In 

particular, the nature of OCT-mediated agmatine transport remains unclear,45 as both 

agmatine influx46 and efflux47 has been demonstrated in cells over-expressing hOCT2. In 

addition, the interactions of agmatine and polyamine compounds/analogs with MATE 

transporters remains largely undefined, although a recent study demonstrated the transport 

of the PTS inhibitor48 paraquat by hMATE1, hOCT1, and hOCT2, but not hOCT3.42, 43

Taking into consideration both the localization and overlapping-substrate specificity of 

OCTs and MATE transporters, we propose that OCT1, OCT2, and MATE1 transporters are 

relevant to agmatine and polyamine disposition. In addition, the characterization of these 

systems may serve to elucidate and distinguish polyamine “transporters” from known 

transport systems, further defining the possible mechanisms that may regulate agmatine 

(polyamine) concentrations in vivo. We investigated the functional consequences of human 

OCT1, OCT2, and MATE1 over-expression for agmatine and putrescine transport. Our 

results suggest that agmatine disposition is influenced by hOCT2 and hMATE1, two closely 

coupled SLC-transporters classically involved in the uptake and elimination of organic 

cations in the renal proximal tubules.37

Material and Methods

Chemicals

[3H]-agmatine (60 Ci/mmol) and [3H]-putrescine dihydrochloride (60 Ci/mmol) were 

obtained from American Radiolabeled Chemicals (St. Louis, MO). [3H]-TEA chloride (88 

Ci/mmol) was purchased from Moravek Biochemicals (Brea, CA). All unlabeled 

compounds were purchased from Sigma-Aldrich, Inc. (St. Louis, MO), except for arcaine 

sulfate which was purchased from Tocris Bioscience (Ellisville, MO).

Cell culture

Mock (vector-transfected) and human OCT1, OCT2, and MATE1-transfected HEK293 cells 

were kindly provided by Dr. Kathleen Giacomini, UCSF. Cells used for all experiments 

were between passages 5 and 25. HEK293 cells were cultured in Dulbecco’s Modified Eagle 

Medium (Mediatech, Inc., Herndon, VA) supplemented with 10% fetal bovine serum 

(SeraCare Life Sciences, Inc., Oceanside, CA), penicillin (100 U/mL) and streptomycin (100 

μg/mL) (Sigma-Aldrich, Inc., St. Louis, MO), and hygromycin B (60 μg/mL) (EMD 

Chemicals, San Diego, CA).

Cellular accumulation experiments in HEK293 cells

Accumulation experiments were carried out in mock and stably-transfected hOCT1 and 

hOCT2 cells grown on BD BioCoat™ poly-D-lysine coated plates as previously described.43 

Prior to the start of the experiment, confluent HEK293 cell monolayers were washed three 

times with 1 mL of blank assay buffer (122 mM NaCl, 25 mM NaHCO3, 10 mM glucose, 10 

mM HEPES, 3 mM KCl, 1.2 mM MgSO4, 1.4 mM CaCl2, 0.4 mM K2HPO4, pH 7.4) and 

Winter et al. Page 3

Mol Pharm. Author manuscript; available in PMC 2015 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pre-incubated at 37 °C for 30 min. The blank assay buffer was aspirated and accumulation 

experiments were initiated with the addition of assay buffer containing tracer quantities (10 

nM) of [3H]-agmatine, [3H]-putrescine, or [3H]-TEA (pH 7.4, unless noted otherwise). 

Accumulation experiments in hMATE1-HEK cells were conducted in assay buffer (125 mM 

NaCl, 4.8 mM KCl, 5.6 mM D-glucose, 1.2 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 

and 25 mM Tricine) (pH 8.0, unless otherwise noted). Time-dependent accumulation 

experiments in hMATE1-HEK cells were done within the time-frame (15 min.) previously 

described.43 For concentration-dependent experiments, radiolabeled tracer compounds were 

supplemented with an appropriate amount of unlabeled compound to attain the appropriate 

total (radiolabeled plus unlabeled) concentrations. Tracer uptake values were then corrected 

to account for their dilution. Following accumulation experiments, cells were washed three 

times with ice-cold choline buffer solution (128 mM choline, 4.73 mM KCl, 1.25 mM 

CaCl2, 1.25 mM MgSO4, and 5 mM HEPES, pH 7.4). Cells were then lysed using a 500 μL 

of solution of 1% Triton-X, and incubated for 45 minutes on an orbital shaker (60 rpm) at 37 

°C. Total protein concentration in each well was determined by the BCA™ protein assay 

(Pierce Biotechnology, Inc., Rockford, IL) and the corresponding radioactivity was 

determined by liquid scintillation counting (LS-6500, Beckman Coulter, Inc., Fullerton, 

CA).

Trans-stimulation of intracellular agmatine in hMATE1-HEK cells

Prior to the start of the trans-stimulation experiment, hMATE1-HEK cells were pre-

incubated with radiolabeled agmatine (10 nM) for a period of 10 min. Following pre-

incubation, cells were washed three times with ice-cold choline buffer, and a number of 

wells were lysed as controls. The remaining wells were incubated with fresh 37 °C blank 

assay buffer of pH 6.0 or pH 8.0 for 10 min. Blank assay buffer was then aspirated, and the 

cells were washed three times, lysed, and counted as described above. Intracellular agmatine 

levels following the trans-stimulation (TS) experiment were then normalized to control 

uptake ([(control-TS)/control]*100%).

Competition of agmatine accumulation in mock- and hMATE1-HEK cells

Agmatine accumulation (as described above) (10 min.) was investigated in mock- and 

hMATE1-HEK cells in the presence or absence (control) of structurally-related or 

prototypical substrate compounds (500 μM), including arginine, putrescine, spermidine, 

spermine, guanidine, arcaine, MPP+, and paraquat. Final values were normalized to 

agmatine accumulation in mock-control HEK cells.

Statistical Analysis

Unpaired Student’s t-test was used to compare differences between two groups (mock and 

transfected cells). Multiple comparisons were done using one-way ANOVA with Dunnett’s 

post-hoc analysis where appropriate. Data were analyzed using GraphPad Prism 5.0 

(GraphPad Software, San Diego, CA, USA). Data are expressed as the mean ± S.D. 

Differences were considered to be statistically significant at p < 0.05.
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Results

Agmatine and putrescine transport in hOCT1- and hOCT2-HEK293 cells

We first investigated the influence of hOCT1 and hOCT2 for the intracellular accumulation 

of agmatine and putrescine. Steady-state (120 min) agmatine and putrescine accumulation 

was approximately 15- and 5-fold greater in hOCT2-HEK cells as compared to mock cells, 

respectively (Figs. 1a and 1b). Steady-state putrescine accumulation in mock-HEK cells was 

greater as compared to agmatine. Steady-state agmatine accumulation was approximately 

11-fold greater in hOCT1-HEK cells as compared to mock-HEK cells (Fig. 1a), while 

putrescine accumulation in hOCT1-HEK cells was comparable to mock levels at 120 min 

(Fig. 1b). Investigation into the saturable transport of agmatine (pH 7.4) in hOCT1- and 

hOCT2-HEK cells revealed that agmatine was a higher-affinity substrate for hOCT2 (Fig. 

2a) as compared to hOCT1 (Fig. 2b) (hOCT2-Km = 1.84 ± 0.38 mM; hOCT1-Km = 18.73 ± 

4.86 mM). Putrescine accumulation in hOCT2-HEK cells was also saturable (Km = 11.29 ± 

4.26 mM) (Fig. 2a), while putrescine uptake in hOCT1-HEK cells was largely linear within 

the concentration range examined (Fig. 2b).

Since agmatine and putrescine have ionizable amine moieties (pKa = 9.3–10.7; ACD/pKa 

Database Version 11.01-Internal Reaction Centers Database) (see Structures), we 

investigated the influence of changes in extracellular pH on agmatine and putrescine 

transport by hOCT1 and hOCT2. The quaternary amine and prototypical OCT substrate 

TEA was also investigated for comparative purposes. Extracellular pH had little influence 

on the intracellular accumulation of agmatine (Fig. 3a) and putrescine (Fig. 3b) in hOCT1-

HEK cells. By contrast, agmatine (Fig. 3a) and putrescine (Fig 3b) accumulation was 

markedly enhanced in hOCT2-HEK cells with increasing extracellular pH (Fig. 3b). Similar 

to agmatine (Fig. 3a), the accumulation of TEA in hOCT2-HEK cells was also influenced by 

extracellular pH (Fig. 3c), and exhibited enhanced accumulation under increasingly alkaline 

conditions. Unlike agmatine and putrescine, TEA accumulation was also influenced by 

changes in extracellular pH in hOCT1-HEK cells (Fig. 4). The accumulation of agmatine, 

putrescine, and TEA in mock-HEK cells was not influenced by extracellular pH (data not 

shown). Subsequent experiments demonstrated that changes in extracellular pH also had a 

prominent influence on agmatine and putrescine transport kinetics in hOCT2-HEK cells 

(Table 1), with both compounds exhibiting a higher affinity, and putrescine showing an 

increased transport rate (Vmax), at more alkaline extracellular pH.
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Structures. 

Agmatine and putrescine transport in hMATE1-HEK293 cells

Since MATE1 shares similar localization and substrates with the liver and renal transporters 

OCT1 and OCT2, we investigated the functional significance of human MATE1 for 

agmatine and putrescine transport. The intracellular accumulation of agmatine was 

significantly enhanced by hMATE1 over-expression, relative to mock-HEK cells (Fig. 4a). 

By contrast, putrescine accumulation was nearly identical between mock and hMATE1-

HEK cells (Fig. 4b), though both were substantially more robust than agmatine 

accumulation in hMATE1-HEK cells. Agmatine transport by hMATE1 was saturable (Fig. 

5) (Km=240 ± 31 μM; Vmax=192 ± 10 pmol/min/mg protein), a result which was not 

observed for putrescine (data not shown).

Since MATE1-mediated cation exchange is driven by the proton gradient established at 

cellular membranes we also investigated the influence of changes in extracellular pH for 

agmatine and putrescine transport by hMATE1. Agmatine accumulation was significantly 

influenced by the extracellular pH in hMATE1-HEK cells, displaying maximal uptake at pH 

8.0 (Fig. 6a). Putrescine transport, by contrast, was not influenced by changes in 

extracellular pH in hMATE1-HEK cells (data not shown). A trans-stimulation experiment 

was used to verify the classical efflux nature of MATE1 for intracellular cation substrates 
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under physiological conditions of an inwardly-directed proton gradient (pHe < pHi). As 

expected, intracellular agmatine was trans-stimulated from hMATE1-HEK cells into the 

extracellular buffer when the buffer pH was changed from pH 8.0 to 6.0 (Fig. 6b). In 

contrast, preloaded agmatine was not trans-stimulated from the intracellular compartment of 

hMATE1 cells when the extracellular buffer remained at pH 8.0 (Fig. 6b).

Competition studies were carried out to investigate the ability of structurally-related cations 

(arginine, putrescine, spermidine, spermine, guanidine, and arcaine) and prototypical 

MATE1 substrates (MPP+ and paraquat) to inhibit the intracellular accumulation of 

agmatine in mock- and hMATE1-HEK cells (Table 2). Agmatine accumulation in mock-

HEK cells was significantly inhibited by the polyamines and arcaine, but not arginine, 

guanidine, MPP+, or paraquat. The addition of the unlabeled polyamines putrescine, 

spermidine, and spermine (500 μM) also partially inhibited agmatine accumulation in 

hMATE1-HEK cells, although to a lesser extent than in mock cells. The compounds arcaine, 

MPP+, and paraquat, and to a lesser extent guanidine, also significantly inhibited agmatine 

accumulation in hMATE1-HEK cells, while arginine had no significant influence toward 

agmatine accumulation in either cell type.

Discussion

The identification of relevant agmatine and polyamine transporters and the characterization 

of agmatine transport are essential in order to more fully appreciate the physiological role of 

agmatine and the therapeutic potential of agmatine or novel agmatine-mimetic analogs. In 

the present study, OCT2 and MATE1 were identified as two human transporters mediating 

the bi-directional transport and cellular accumulation of agmatine.

The motivation to pursue this line of investigation arose from our interest in agmatine as an 

endogenous modulator of relevance to neuroadaptive phenomena including 

neurotoxicity,13, 49 opioid addiction15 and tolerance,15, 50 and neuropathic pain.10 While the 

neuromodulatory nature of agmatine has been proposed for some time,51 the identification 

of relevant agmatine transporters has remained limited. Therefore, the characterization of 

agmatine transport systems may provide additional support as to a transport mechanism 

regulating the disposition, and pharmacodynamic influence, of agmatine in the CNS and 

periphery.

Presently, the putative PTS remains the principal recognized transport “system” proposed 

for agmatine and polyamine uptake (influx) from the extracellular environment. While 

agmatine influx transport has been demonstrated by rodent and human OCT2 and OCT3,46 

other reports have shown no differences in agmatine transport by hOCT1 and hOCT3, and 

an approximately 40% reduction in agmatine accumulation by hOCT2 over-expressing 

cells.47 Since further clarification is warranted, we investigated the involvement of the 

human transporters OCT1, OCT2, and MATE1 in agmatine and putrescine transport. The 

expression and localization of these transporters may determine agmatine cellular 

disposition, and the correspondent role of agmatine in physiological phenomenon related to 

the modulation of intracellular polyamines.
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In the present study, the intracellular accumulation of agmatine was influenced by hOCT1 

and hOCT2. Agmatine displayed low-millimolar affinity and high-capacity transport by 

hOCT2, and had an approximately 10-fold greater affinity for hOCT2 as compared to 

hOCT1. These findings may reflect differences in the interaction of positively charged 

agmatine moieties with negatively charged binding cleft residues, such as Glu448,52 which 

are highly conserved across OCT2- and OCT3-, but not OCT1-orthologs. Together, our 

results are in close agreement with those of Grundemann and colleagues., (2003)46 for 

agmatine transport by rat and human OCT1/OCT2,46 and are similar to the transport of 

agmatine in isolated rat kidney mitochondria53 (Km= 1.7 mM; Vmax= 7.9 nmol/min/mg-

protein). The agmatine metabolite putrescine, on the other hand, exhibited an order of 

magnitude lower affinity for hOCT2 as compared to agmatine (Km= 11.29 ± 4.26 mM vs. 

Km=1.84 ± 0.38 mM), and appeared to be a low affinity substrate of hOCT1, a disparity 

which is likely attributable to the diamine structure of putrescine versus the monoamine/

guanidinium nature of agmatine (see Structures).

Since the human ortholog of OCT2 recognizes the ionization of particular substrates,54 we 

investigated the influence of changes in extracellular pH for the interactions of agmatine and 

putrescine with hOCT1 and hOCT2. We observed a significant enhancement in agmatine 

accumulation in hOCT2 cells with increasing pH, a finding which was not seen in hOCT1-

transfected cells. Putrescine accumulation was similarly enhanced in hOCT2 cell under 

alkaline conditions (pH > 7.4). Furthermore, investigation into hOCT2 agmatine and 

putrescine transport kinetics revealed a profound pH influence, with agmatine and 

putrescine displaying increased affinity at alkaline pH. In contrast to agmatine, putrescine 

exhibited increased transport capacity under more alkaline conditions, a finding that may be 

related to the interactions of putrescine with a constitutively expressed PTS. The fact that 

agmatine and putrescine possess ionizable amine moieties suggested that the pH-dependent 

enhancement in hOCT2 transport function was related to the relative concentration of the 

monovalent vs. the divalent form of agmatine and putrescine in the extracellular buffer.

In order to determine the influence of pH for hOCT2-mediated agmatine and putrescine 

transport, we investigated the transport of the quaternary amine and prototypical OCT 

substrate, TEA. In the present study, the transport of TEA by hOCT1 and hOCT2 was pH-

dependent, consistent with previous observations for TEA uptake in rOCT1- and rOCT2-

transfected cells.55, 56 Since TEA exists as a permanent monocation independent of 

extracellular pH, little or no significant alteration in hOCT2-mediated TEA accumulation 

would have been expected if the pH influence were caused by a change in the ionization 

state of the substrate compound. Surprisingly, we observed a similar behavior and 

magnitude of TEA accumulation in hOCT2-HEK cells to that of agmatine, suggesting that 

the ionization state (i.e., the relative concentrations of the monovalent and divalent forms) of 

agmatine and putrescine (primary amine groups) was not the likely contributing factor for 

their enhanced uptake by hOCT2. Although it is plausible that our observations are related 

to the influence of the excess protons on the cellular membrane potential, and consequent 

function of OCT2, previous evidence suggests that protons do not influence charge flow, or 

contribute to the inhibition of rOCT2-mediated transport function.53 While the mechanism 

responsible for the pH-dependent enhancement in OCT2-mediated cation transport has yet 

to be fully delineated, it is possible that the present findings are related to: 1) a reduction in 
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the proton shielding of negatively-charged binding-cleft residues, such as Glu488,52 thereby 

enhancing the interactions of positively-charged substrates, such as agmatine, at higher pH, 

and/or 2) changes in the ionization state of negatively-charged binding-cleft residues, and 

the corresponding tertiary structure of hOCT2, ultimately influencing substrate interactions. 

In any case, it appears that the role of hOCT2 in the clearance of cations may be relevant to 

consider for diseases and conditions which influence body fluid pH (e.g., diabetic or 

alcoholic ketoacidosis).

In addition to the influx transport role of OCT1 and OCT2, the elimination of toxic and 

therapeutic cations from the liver and kidney involves the function of MATE1, with MATE1 

representing the final excretory step.37, 57 Subsequently, we were also interested in the 

functional consequences of hMATE1 for agmatine and putrescine transport. At an 

extracellular buffer pH of 8.0, a condition which reverses the inwardly-directed proton 

gradient (causing inward cation flux) normally present under physiological conditions, 

agmatine accumulation was significantly enhanced in hMATE1 cells as compared to mock 

transfected cells. Agmatine transport by hMATE1 was also saturable (Km = 240 ± 31 μM; 

Vmax = 192 ± 10 pmol/min/mg protein), displaying an affinity and transport capacity 

comparable to the organic cations TEA37 (Km = 220 μM; Vmax = 226 pmol/min/mg protein) 

and paraquat43 (Km = 212 ± 19 μM; Vmax = 289 ± 46 pmol/min/mg protein) with hMATE1. 

Furthermore, agmatine influx and efflux transport by hMATE1 was pH-dependent, with pre-

loaded agmatine undergoing trans-stimulated efflux from hMATE1 cells under conditions 

mimicking the acidic luminal environment of the renal proximal tubule cells. In contrast to 

agmatine, the polyamine putrescine did not appear to be a substrate of hMATE1, a finding 

which may reflect differences in the inherent specificity of hMATE1 for cations which 

possess guanidinium-moieties, as is the case for agmatine and metformin.40 While 

putrescine was not transported by hMATE1, putrescine did display a much more robust 

uptake in mock-HEK cells than agmatine in either cell type, suggesting the involvement of a 

constitutively expressed polyamine transport system in HEK cells with greater affinity for 

putrescine and perhaps distinct from that which transports agmatine.

In order to assess the influence of a constitutive polyamine transport system, and further 

explore the possible influence of structural cation moieties such as guanidinium in the 

hMATE1-mediated transport of agmatine, we investigated a number of structurally relevant 

molecules for their ability to competitively inhibit the accumulation of agmatine in mock- 

and hMATE1-HEK cells. Interestingly, only arcaine and polyamines significantly inhibited 

the accumulation of agmatine in mock-HEK cells. Although we did not observe any 

appreciable influence of hMATE1 for putrescine transport, putrescine and the higher order 

polyamines, spermidine and spermine, were able to partially inhibit the accumulation of 

agmatine in hMATE1-HEK cells, suggesting that polyamines may be non-transported 

competitive inhibitors of hMATE1 that may serve to regulate intracellular agmatine levels 

(e.g., polyamines may influence agmatine transport by hMATE1). While guanidine and the 

prototypical hMATE1 substrates MPP+ and paraquat did not influence agmatine 

accumulation in mock cells, these compounds, as well as arcaine, significantly inhibited 

agmatine accumulation by hMATE1. These results further supported the proposal that the 

difference in hMATE1 transport of agmatine, but not putrescine, is a consequence of 
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hMATE1 recognition of agmatine’s guanidine moiety. Interestingly, the guanidine-

containing agmatine precursor arginine did not influence agmatine accumulation in either 

mock- or hMATE1-HEK cells, a result which in hMATE1-transfected cells, is likely a result 

of less favorable steric interactions between negatively-charged hMATE1 active-site binding 

residues and the negatively-charged carboxylic acid group of arginine. Taken together, these 

results suggest that agmatine transport is influenced by a constitutively expressed transport 

system in mock-HEK cells not identical to hMATE1.

The present findings are consistent with the expression and transport function of OCT2 and 

MATE1 in the kidney (OCT1 in the liver) and may translate into an active renal (hepatic) 

secretion mechanism for agmatine in vivo. A model of such a mechanism is illustrated in 

Fig. 7. Although agmatine appears to be a substrate of hOCT2 and hMATE1, the overall 

significance of these systems under physiological conditions must be carefully considered.

While OCT1, OCT2, and MATE1 are typically considered renal and liver transporters, 

evidence suggests that these systems may also contribute to CNS drug disposition. In 

particular, OCT1 and OCT2 were recently shown to be present at the luminal membrane of 

brain microvessel endothelial cells isolated from mice, rats, and humans.58 Within this 

context, the CNS uptake of MPTP and its toxic metabolite, MPP+, were shown to be limited 

when co-administered with the OCT1/2 substrate, amantadine, suggesting that OCT1 and 

OCT2 participate in the blood-brain barrier (BBB) transfer of relevant substrate 

compounds.58 In addition to OCT1 and OCT2, MATE1 has been shown to be expressed in 

neuronal structures resembling astrocytic processes and brain capillaries.59 Thus considering 

the fact that agmatine rapidly enters the brain following systemic delivery,60 it is plausible 

that agmatine transport at the BBB may be mediated by OCT1, OCT2, and/or MATE1. 

Additional studies are needed in order to clarify the role these transport systems for the 

tissue specific disposition of agmatine in the brain and spinal cord, as well as in peripheral 

organ structures.

In summary, the present results illustrate a novel transport process, hMATE1, which in 

conjunction with hOCT2 contributes to agmatine transport and cellular accumulation. In 

addition, we have shown that human OCT2 and MATE1 could represent a bi-directional 

transport system for agmatine, a phenomenon that may translate into an effective renal 

clearance mechanism for agmatine in vivo. Further in vivo experiments are needed to 

elucidate the significance of OCT1, OCT2, and MATE1 transporters for agmatine 

pharmacokinetics and pharmacodynamics.
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Figure 1. Agmatine and Putrescine accumulation in mock-, hOCT1-, and hOCT2-HEK cells
Agmatine (A) or Putrescine (B) accumulation was examined in HEK293 cells. Steady-state 

agmatine accumulation was significantly greater in hOCT1- and hOCT2-HEK cells as 

compared to mock cells. Steady-state putrescine accumulation was significantly greater in 

hOCT2-HEK cells as compared to mock- and hOCT1-HEK cells. Data are expressed as the 

mean ± SD (n = 3).
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Figure 2. Concentration-dependence of agmatine and putrescine accumulation in hOCT2- and 
hOCT1-HEK cells
The concentration-dependent accumulation of agmatine (AGM) and putrescine (PUT) was 

examined in (a) hOCT2- and (b) hOCT1-HEK cells (pH 7.4). (a) Agmatine and putrescine 

accumulation (10 min) was saturable in hOCT2-HEK cells, with hOCT2 displaying a much 

higher affinity for agmatine (Km = 1.84 ± 0.38 mM) as compared to putrescine (Km = 11.29 

± 4.26 mM). (b) Agmatine, in contrast to putrescine, exhibited saturable uptake in hOCT1-

HEK cells (Km = 18.73 ± 4.86 mM). Data are expressed as the mean ± SD and are 

representative data from two independent experiments done in triplicate (n = 6).
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Figure 3. pH-dependence of agmatine, putrescine, and TEA accumulation in hOCT1- and 
hOCT2-HEK cells
The pH-dependent accumulation (10 min) of (a) agmatine, (b) putrescine, or (c) TEA was 

investigated in hOCT1- and hOCT2-HEK cells. Agmatine accumulation was markedly 

enhanced in hOCT2-HEK cells with increasing extracellular pH, exhibiting maximal uptake 

at pH 9.0, between pH 6.0 to 9.0. Putrescine accumulation was also enhanced in hOCT2-

HEK cells at extracellular pH 8.0, 8.5, and 9.0 (compared to uptake at pH 7.4). Agmatine 

and putrescine accumulation was not influenced by changes in extracellular pH in hOCT1-

HEK cells. TEA accumulation was increased in both hOCT1- and hOCT2-HEK cells with 

increasing extracellular pH. Values in all three studies are corrected for mock cellular 

uptake, which was not influenced by extracellular pH. Data are expressed as the mean ± SD 

and represent pooled data from two independent experiments done in triplicate (n = 6)
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Figure 4. 
Figure 4a. Agmatine accumulation in mock- and hMATE1-HEK cells

Agmatine (10 nM) accumulation was examined in mock- and hMATE1-HEK293 cells. 

Agmatine accumulation was significantly enhanced in hMATE1-HEK cells, as compared to 

mock cells. Data are expressed as the mean ± SD and represent pooled data from three 

independent experiments done in triplicate (n = 9) (*p < 0.05).

Figure 4b. Putrescine accumulation in mock- and hMATE1-HEK cells

Putrescine (10 nM) accumulation was examined in mock- and hMATE1-HEK293 cells. 

Putrescine accumulation was nearly identical in mock- and hMATE1-HEK cells. 

Interestingly, putrescine accumulation was more robust as compared to agmatine 

accumulation in either cell type. Data are expressed as the mean ± SD (n = 3).
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Figure 5. Concentration-dependent agmatine accumulation in hMATE1-HEK cells
The concentration-dependent accumulation of agmatine was examined in hMATE1-HEK 

cells (pH 8.0). Agmatine accumulation (10 min) was saturable, displaying high-affinity, 

low-capacity transport by hMATE1 (Km=240 ± 31 μM; Vmax=192 ± 10 pmol/min/mg 

protein). Final values are corrected for mock agmatine uptake at each corresponding 

concentration. Data are expressed as the mean ± SD and represent pooled data from three 

independent experiments done in triplicate (n = 9).
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Figure 6. 
Figure 6a. pH-dependent agmatine accumulation in hMATE1-HEK cells

The pH-dependent accumulation of agmatine (10 nM) was examined in hMATE1-HEK 

cells. Agmatine accumulation (10 min) was significantly influenced by extracellular pH in 

hMATE1-HEK cells, increasing from pH 6.0 to 8.0, after which uptake decreased. Data are 

expressed as the mean ± SD and represent pooled data from two independent experiments 

done in triplicate (n = 6).

Figure 6b. TRANS-stimulation of agmatine in hMATE1-HEK cells

Trans-stimulation of agmatine was examined in hMATE1-HEK cells. Intracellular agmatine 

was trans-stimulated in the presence of an inward-proton gradient (extracellular pH 6.0), but 

was unchanged when the extracellular pH was kept at 8.0. Data are expressed as the mean ± 

SD and represent pooled data from three independent experiments done in groups of eight (n 

= 24) (*p < 0.05 compared to control, time zero).
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Figure 7. Proposed mechanism of agmatine transport in tissues known to express OCT1, OCT2, 
and MATE1
The following schematic is a proposed mechanism of agmatine transport in tissues (i.e., 

kidney and liver) widely-recognized to express OCT1, OCT2, and MATE1. Organic cation 

transporter (OCT) 1 and 2 mediate the facilitated influx transport of organic cations at the 

basolateral membrane of hepatocytes and renal proximal tubule cells, respectively. The 

multidrug and toxic compound extrusion (MATE) transporter 1, an H+/cation antiporter, is 

critical in the efflux elimination of various organic cations from the brush-border and 

canalicular membrane of the kidney and liver, respectively. The results of the present study 

suggest that the divalent cation agmatine (AGM) may be eliminated by OCT2-mediated 

uptake and MATE1-mediated secretion in the renal tubules. (Descriptions in parentheses on 

the graphic refer to equivalent structures in the liver).
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Table 1

Agmatine and putrescine transport kinetics in hOCT2-HEK cells

pHe

Agmatine Putrescine

Km (mM) Vmax (nmol/min/mg) Km (mM) Vmax

6.0 19.01 ± 2.81 24.1 ± 2.1 33.45 ± 8.92 24.9 ± 4.6

7.4 1.84 ± 0.38 12.9 ± 0.7 11.29 ± 4.26 15.6 ± 2.8

8.5 0.74 ± 0.17 13.9 ± 0.7 3.60 ± 0.67 38.9 ± 2.2

9.5 0.39 ± 0.07 16.0 ± 0.5 1.41 ± 0.24 52.3 ± 2.1

Data are expressed as the mean ± S.D. and are representative data from two independent experiments (n = 6)
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Table 2

Competition of agmatine accumulation in mock- and hMATE1-HEK293 cells

3H-agmatine accumulation (% mock control) in the presence or absence (control) of competitive inhibitors (500 μM)

mock-HEK cells hMATE1-HEK cells

 control 100.0 ± 24.8 167.0 ± 21.0†

+ arginine 122.8 ± 33.5 158.5 ± 21.4

+ putrescine 48.2 ± 21.3* 129.2 ± 15.4*

+ spermidine 27.7 ± 8.5* 92.2 ± 22.9*

+ spermine 32.5 ± 4.1* 89.9 ± 13.6*

+ guanidine 121.0 ± 33.3 96.4 ± 23.4*

+ arcaine 11.2 ± 2.4* 16.3 ± 4.1*

+ MPP+ 110.5 ± 37.9 30.3 ± 4.5*

+ paraquat 76.7 ± 31.4 31.0 ± 5.3*

Data are expressed as the mean ± SD (n = 6 – 9)

*
p < 0.05 with respect to corresponding control uptake (one-way ANOVA with Dunnett’s post-hoc test))

†
p < 0.05 with respect to mock-control uptake (unpaired Student’s t-test)
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