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Polyamines interact with different molecular targets to regulate a vast range of cellular processes. A network of enzymes and transport systems is crucial for the maintenance of polyamine homeostasis. Indeed, polyamines after synthesis must be distributed to the various tissues and some intracellular organelles. Differently from the well characterized enzymes devoted to polyamine synthesis, the transport systems are not unequivocally identified or characterized. Besides some ATPases which have been identified as polyamine transporters, much less is known about solute carriers (SLC) involved in the transport of these compounds. Only two SLCs have been unequivocally identified as polyamine transporters: SLC18B1 (VPAT) and SLC22A4 (OCTN1). Transport studies have been performed with cells transfected with the cDNAs encoding the two and other SLCs or, in the case of OCTN1, also by in vitro assay using proteoliposomes harboring the recombinant human protein. According to the role proposed for OCTN1, polyamines have been associated with prolonged and quality of life. This review provides an update on the most recent findings concerning the polyamine transporters or the prediction of the putative ones.
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1 INTRODUCTION
Spermine, spermidine and putrescine are the most abundant polyamines in mammals, representing ubiquitous and essential molecules for human cell metabolism [for a complete list of important polyamines see (Rieck et al., 2022)]. Polyamines are organic polycations with at least two charged groups responsible for non-specific interactions with negatively charged macromolecules. Site-specific, orthosteric, allosteric interactions and covalent binding with different molecular targets have been reported as well (Zimmermann et al., 2023) explaining the different functions performed by polyamines which are involved in the regulation of a vast range of cellular processes (Luo et al., 2023; Vrijsen et al., 2023) as well as in health-protection effects (Madeo et al., 2018; Nilsson and Persson, 2019). Very importantly, the homeostasis of polyamines requires a network of enzymes and transport systems (Vrijsen et al., 2023). Indeed, polyamines do not only originate from cell biosynthesis but also from the diet and the gut microbiota. Therefore, from the gut, polyamines are distributed to the tissues via the bloodstream and then taken up in cells by specific transporters (Vrijsen et al., 2023). The concerted action of the enzymes and transporters which is dictated by different kinetic properties together with different tissue localizations, allows polyamines to reach different levels in different tissues. Dysregulation of polyamine homeostasis strongly associates with human diseases (Azfar et al., 2022). Most of the literature addresses the interest towards these molecules in cancer and nervous system physiology/pathology. Several oncogenic pathways led to the dysregulation of polyamine metabolism: elevated polyamine levels are necessary for transformation and tumor progression (Casero et al., 2018). Ornithine decarboxylase 1 (ODC), the rate-limiting enzyme of polyamine synthesis, is transcriptionally activated by the oncogene MYC. Inhibiting ODC activity largely reduces polyamine synthesis and the incidence of colorectal cancer supporting the role played by polyamine in cancer (Du and Han, 2021). Very recently a polyamines’ ferroptosis-sensitizing effect has been described (Bi et al., 2024). Polyamine transport activity exists in several human colorectal cancer cell lines; however, large gaps in the knowledge concerning the precise molecular mechanisms of mammalian polyamine transport exist (Corral and Wallace, 2020). Indeed, polyamine transporters are still referred to as, the so called, “Polyamine Transport System (PTS)” even though different molecular entities are involved in transport. Polyamine transport mediated by membrane transporters is attributed mainly to the activity of P-type ATPases (Azfar et al., 2022) and only in part to SLCs. ATP13As have recently been addressed (Croucher and Fleming, 2023; Houdou et al., 2023; Mu et al., 2023; van Veen et al., 2023; Liu et al., 2024) and new strategies for studying polyamine transport have been set up, such as the employment of fluorescent polyamine probes (Vanhoutte et al., 2018). SLC22A4 (OCTN1) and SLC18B1 (VPAT) are the best acknowledged transporters for polyamines. Filling this gap is very important since the SLC superfamily is currently positioned at the centre of novel pharmacological targeting strategies and drug development. This review provides an update on the SLC-mediated transport of polyamines (Table 1).
TABLE 1 | Putative substrates of polyamine SLC transporters and transport mechanisms.
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The SLC superfamily is the largest group of membrane transporter proteins. It includes 65 subfamilies with more than 500 members (Pizzagalli et al., 2021). They are responsible for the transport of a wide array of endogenous molecules and drugs and play a crucial role in human pathologies. Accordingly, the list of SLC transporters expressed in different tumors includes polyamine transporters (Bharadwaj et al., 2024). The SLC polyamine transporters known to date are localized to the plasma, lysosomal and mitochondrial membranes (Toninello et al., 1992; Moriyama et al., 2020). Indeed, in mitochondria, polyamines may play a role in regulating energy metabolism and mitochondrial gene expression; thus, they must enter within these organelles (Toninello et al., 1992; Grancara et al., 2014). The SLC superfamily includes the majority of polyamine transporters. The transport process is strongly regulated: when polyamine concentration decreases, transport increases. Moreover, the transporter activity is regulated by a feedback mechanism based on the immediate synthesis of antizyme which is a protein that blocks polyamine uptake in the presence of increased intracellular levels of polyamines (Lian et al., 2022; Lodeserto et al., 2022). The SLCs involved in polyamine transport are so far considered putative except for SLC18B1 and OCTN1 which are the sole validated polyamine transporters (Pochini et al., 2012; Hiasa et al., 2014; Masuo et al., 2018; Moriyama et al., 2020). The state of the art on individual polyamine SLCs is reported. SLCs which mediate the transport of arginine, thus being indirectly involved in polyamine homeostasis are also mentioned.
2.1 SLC3
SLC3A2 has been identified as the key transporter involved in polyamine uptake in neuroblastoma (Gamble et al., 2019). However, SLC3A2 has not an intrinsic transport activity but it mediates the trafficking of other transport proteins to the cellular membrane (Fotiadis et al., 2013; Scalise et al., 2021). SLC3A2 is a glycoprotein which forms heterodimers with various members of the SLC7 family. Therefore, it is important to identify the component of the heterodimers with SLC3A2 responsible for polyamine transport activity. Both the components of the heterodimer can be effective therapeutic targets (Khan et al., 2021; Eom et al., 2022).
2.2 SLC6
Computational analysis revealed that spermidine has a high affinity for SLC6A4 (5-HTT, SERT), the sodium-dependent serotonin transporter and SLC6A2 (NET), the sodium-dependent noradrenaline transporter (Shen et al., 2023). Cellular thermal shift assay revealed spermidine binding to SLC6A4 in pancreatic acinar cells. Moreover, a further member of this family, SLC6A14 (ATB0,+), was revealed to be one of the main transporters responsible for arginine transport, and was found overexpressed in colorectal cancer (Karunakaran et al., 2011; Du and Han, 2021).
2.3 SLC7
SLC7A1 and A2 (CAT1 and 2, system y+) are sodium independent arginine transporters (Jungnickel et al., 2018; Hobbach and Closs, 2020; Du and Han, 2021). CAT2 exists in two isoforms, CAT-2A and -2B, which differ in their affinity for arginine. L-arginine uptake in macrophages has been attributed to CAT2B (Chaturvedi et al., 2010). Both CAT1 and CAT2 are widely expressed in rat and human brains. Thus, they would play a role in neurodegenerative disorders (Bernstein et al., 2020). The blood–brain barrier (BBB) has been reported to be impermeable to polyamines (Weiss et al., 2023). Consequently, the brain depends on the activity of CAT1 for the transport of arginine which is used for polyamine biosynthesis in the brain (Rieck et al., 2022). Arginine uptake and its catabolism to spermidine would be involved in controlling erythroid differentiation (Gonzalez-Menendez et al., 2023). CAT1 would be involved in aortopathy progression (Forte et al., 2018). Putrescine, the monoacetylspermidines and diacetylspermine are all substrates for SLC3A2/Y+LAT (Saulnier Sholler et al., 2015). Monocytes/macrophages express high levels of SLC7A7 (y+LAT1) which would be the main responsible for arginine transport and SLC7A6 (y+LAT2) in fibroblasts (Rotoli et al., 2020). In polarized epithelia, such as renal and Caco-2 cells (basolateral side) the system y+L would mediate arginine efflux in exchange with leucine and sodium (Rotoli et al., 2020). In melanocytes, SLC7A1 has been found downregulated by spermidine treatment. It would represent a strategy to maintain ideal cytosolic levels and avoid cytotoxic effects (Brito et al., 2022). In this context, spermidine has been reported as a promising compound for the treatment of hypopigmentation disorders supporting the stability of melanogenesis-related proteins.
2.4 SLC12
SLC12A8 belongs to a large family including 9 isoforms (Moreno et al., 2023). It is linked to certain cancers (Zhang et al., 2021), but the precise role of SLC12A8 in this context is unknown (Zheng et al., 2023). The splice variant SLC12A8A (CCC9a) was shown to be responsible for polyamine transport (Daigle et al., 2009; Zahedi et al., 2019). Very recently, the role of SLC12A8 as a polyamine transporter has been questioned (Sekhar et al., 2022).
2.5 SLC18
SLC18B1 (VPAT) is a polyspecific widely distributed transporter, performing a H+/polyamine antiport (Hiasa et al., 2014; Moriyama et al., 2020). It is mainly localized to endomembrane organelles relying on an H+ gradient created by V-ATPases. His-tagged VPAT was expressed in insect cells, purified, and co-reconstituted. Two different substrate binding sites were identified for spermine and spermidine, respectively (Hiasa et al., 2014). Interestingly, acetylcholine is also a substrate (Moriyama et al., 2020), transported with low affinity as previously found for another SLC polyamine transporter (Pochini et al., 2012). The agmatine transport remains to be characterized (Moriyama et al., 2020). SLC18B1 localizes with synaptic vesicles in neurons and synaptic-like microvesicles in astrocytes (Hiasa et al., 2014). It has been found responsible for the vesicular storage of spermine and spermidine in novel secretory granules that differ from histamine- and serotonin-containing granules and is involved in the vesicular release of these polyamines from mast cells (Takeuchi et al., 2017). Accordingly, the human megakaryoblastic cell line MEG-01 and platelets express VPAT (Uehara et al., 2024). The polyamine transport has also been explored in vivo employing the knock-out mouse model which was characterized by reduced polyamine content in neurons. Defects in learning and memory were observed (Fredriksson et al., 2019). In the field of diagnostics, SLC18B1 has been shown to be responsible for the transport of a novel optical imaging probe, CDg16 (Fredriksson et al., 2019), which could be used as a diagnostic tool for inflammation (Park et al., 2019).
2.6 SLC22
This family includes several members which are or may be polyamine transporters mediating the transport of anions, cations or zwitterions across the plasma or some intracellular membranes (Pizzagalli et al., 2021; Jamshidi and Nigam, 2022).
2.6.1 SLC22A1-3
SLC22A1-3 (OCT1, 2 and 3) are organic cation transporters; they play roles in several human pathologies (Nies et al., 2011). Both human and rodent OCT2 and OCT3 are expressed in neurons and glial cells. On choroid plexus epithelial cells, a minor contribution of OCT3 to spermine elimination from the cerebrospinal fluid has been described. At the blood–brain barrier (BBB) and blood–cerebrospinal fluid (CSF) barrier (BCSFB) transporters different from OCTs, have been suggested (Akanuma et al., 2017). Transport of agmatine by the rat and human OCTs isoforms OCT2 and OCT3 has been demonstrated in HEK293 (Grundemann et al., 2003); whereas in human glioma SK-MG-1 cells, it has been suggested that it is very unlikely that OCTs and OCTNs would be involved in agmatine transport (Molderings and Haenisch, 2012). HEK293 transfected with hOCT1 or hOCT2 cDNA have been employed to assay [3H]agmatine and [3H]putrescine transport (Winter et al., 2011); hOCT2 was identified as a transporter for agmatine. OCTs spermidine transport activity has been measured in Xenopus oocytes expressing mammalian (mouse, rat) OCTs (Sala-Rabanal et al., 2013). In HEK293 cells, putrescine, agmatine and spermidine uptake by hOCTs, hOCTNs and hMATEs (see Sections 2.6.2 and 2.8) was also investigated (Higashi et al., 2014): significant putrescine, agmatine and spermidine uptake by hOCT2 was observed; Through trans-stimulation assay, agmatine has been identified as a global trans-stimulator of OCTs (Lefevre et al., 2021). Residues within the OCTs putative hydrophobic cleft that are not conserved in OCT3 were mutated to their corresponding OCT1 counterparts. Polyamines interacted poorly with the wild-type OCT3s but strongly with the mutants, as they do with OCT1, thus indicating that OCT1 might be involved in polyamine transport (Li et al., 2015). Cadaverine, putrescine, spermine, spermidine and acrolein have been tested as inhibitors of OCTs in immortalized human proximal tubule epithelial cell line (ciPTEC) on the uptake of the fluorescent OCT substrate, 4-(4-(Dimethylamino)styryl)-N methylpyridinium-Iodide (ASP+) (Schophuizen et al., 2013). Putrescine was the least potent inhibitor even though reported as an OCT substrate (Cunha et al., 2022). From homology models, α-helices involved in the recognition and in transport have been proposed. It would be interesting to reevaluate these findings with respect to the recently solved tridimensional structure of OCTs (Zeng et al., 2023).
2.6.2 SLC22A4 (OCTN1)
SLC22A4 (OCTN1) is well known for its involvement in chronic inflammatory disorders. The OCTN1 variant L503F is associated with an increased susceptibility to Crohn’s disease. The first hypothesis concerning the ability of OCTN1 to transport polyamines derives from the observation that the OCTN1 variant L503F might increase the uptake of potential toxins, such as putrescine, derived from bacteria (Peltekova et al., 2004). Even though the physiological role of OCTN1 is not fully assessed, its association with inflammation is well recognized (Pochini et al., 2024). Among the most acknowledged substrates of OCTN1, there are acetylcholine and ergothioneine. The first is the player of the non-neuronal cholinergic system, besides its neurotransmitter role; the second is an exogenous antioxidant. Interestingly, the knockout OCTN1 mice apparently lack a phenotype. However, some differences among the wild type and knockout mice have been described after stress induction indicating that OCTN1 might play a role in recovery from stress (Pochini et al., 2022). The association of polyamines to prolonged life correlates well with the OCTN1 proposed role (Brito et al., 2022; Kurihara, 2022). OCTN1 may be involved in the transport of products of the gut microbiome. In this frame, it was not trivial to hypothesize that OCTN1 is involved in polyamine transport (Peltekova et al., 2004; Schophuizen et al., 2013). Indeed, the ability of OCTN1 to transport polyamine was recently demonstrated. Spermine present in inflamed intestinal tissue extracts was transported in HEK293 cells over-expressing OCTN1 (Masuo et al., 2018). Assays in proteoliposomes confirmed the ability of OCTN1 to interact with polyamines indicating a mixed inhibition by spermidine or spermine of the acetylcholine transport (Ki 35 ± 7.1 or 18 ± 2.4 μM) (Pochini et al., 2012). OCTN1 might also be involved in polyamine release (Pochini et al., 2015; Uehara et al., 2024). Accordingly, the link between polyamines and inflammation is also associated with OCTN1 function (Lian et al., 2022; Shenet al., 2023).
2.6.3 SLC22A6
SLC22A6 (OAT1) mediates renal excretion of organic anionic and a few cationic drugs. Despite their cationic nature, spermidine and spermine were found to bind mouse OAT1 and are considered putative novel endogenous substrates. Starting with an integrated “omics”-driven network approach, the interaction of the polyamines with OATs has been investigated using adult kidney slices. Spermidine, spermine and arginine inhibited uptake of the OAT substrate, 6-carboxyfluorscein, 6CF (Ahn et al., 2011). Similar data were obtained from the Xenopus oocyte and CHO cell culture assay. Computational analysis confirmed the transcriptomic data. The collected data highlight a role for OAT1 in metabolism of polyamines (Liu et al., 2016).
2.6.4 SLC22A16 (CT2)
SLC22A16 (CT2) is a carnitine transporter with a higher affinity for polyamine. The polyamine analogue, Bleomycin-A5 (BLM-A5), used in combination with other antineoplastic drugs to treat cancer (Aouida et al., 2010), is transported by CT2. According to CT2 sharp physiological localization in the epididymis and its over expression in specific cancers (NT2/D1 testicular cancer cells), some other cancers show resistance to BLM-A5. The availability of the reconstituted recombinant protein (Galluccio et al., 2022) will allow to assess the ability of CT2 to mediate polyamine transport.
2.6.5 SLC22A18
In primary human melanocytes the mRNA expression level of SLC22A18 was decreased under spermidine treatment, as previously reported for SLC7A1 (Brito et al., 2022).
2.7 SLC44
The existence of a retina-to-blood transport system for spermine across the BRB was suggested (Kubo et al., 2014). Expression of SLC12A8 (CCC9) at this level has been found but its involvement in polyamine transport is questioned. This data together with the lack of inhibition by OCTs and CATs substrates allowed to exclude the involvement of CCC9, OCTs and SLC7 members in polyamine transport in this district. SLC44A1 (CTL1) has been suggested to be involved in putrescine excretion from the retina to the blood across the inner and outer BRB (Tega et al., 2023).
2.8 SLC47
The SLC47A1, multidrug and toxic compound extrusion (MATE) transporter 1, an H+/cation antiporter, is critical in the efflux of various organic cations from the brush-border and canalicular membrane of the kidney and liver, respectively. Considering that OCT and MATE transporters share overlapping substrate-specificity for several cationic compounds, polyamine transport was investigated. In HEK293 cells agmatine accumulation, in contrast to putrescine, was significantly enhanced by hMATE1 (Winter et al., 2011; Higashi et al., 2014).
2.9 Other putative polyamine SLCs
Arginine, the cardioprotective biomarker L-homoarginine and the uremic toxin asymmetric dimethylarginine, ADMA are substrates of the human renal transporter, SLC21/SLCO4C1 OATP4C1. L-homoarginine can also be exported by OATP4C1 out of cells (Taghikhani et al., 2019). Moreover, the involvement of SLC43A1 (along with SLC7A1) in Cav-1-dependent polyamine uptake has been hypothesized. Cav-1 is involved in the regulation of polyamine uptake in vascular smooth muscle cells (VSMC). Cav-1 KO VSMCs express higher levels of SLC43A1 mRNAs compared with WT cells (Grossi et al., 2014).
3 CONCLUSION
The issue of polyamine transport is becoming to be dealt with. Indeed, understanding the mechanisms of transport of these vital cations is critical in light of novel therapeutic approaches to human pathologies. Polyamine blockade therapy (PBT) is emerging as a novel adjuvant therapy of both chemo- and immune-therapies for a variety of cancers (Casero et al., 2018; Chin et al., 2022; Lian et al., 2022). Interestingly, the use of polyamine transport inhibitors (PTI) in combination with the ODC inhibitor α-difluoromethylornithine (DMFO), which is a largely used anticancer drug (Riviere-Cazaux et al., 2023), is promising (Lian et al., 2022). However, how these PTIs inhibit the transport systems and which specific transporter they inhibit is so far unknown (Dobrovolskaite et al., 2022). AMXT and other agents are effective in inhibiting polyamine uptake. It has been speculated that intracellular spermidine production might promote proliferation, whereas administration might activate the immune response overriding the tumor-promoting function (Zimmermann et al., 2023). Thus, from a different point of view, polyamine transport can be considered as a mean of delivering polyamine-conjugates or polyamine drug-like molecules to cells (Liu et al., 2019; Basagni et al., 2023) to exploit the self-regulation of polyamine homeostasis as a promising strategy for therapeutic benefit in neoplastic conditions (Ma et al., 2020; Holbert et al., 2022; Lodeserto et al., 2022; Zhang et al., 2022). For all these possible therapeutic approaches, many open questions concerning the transport of polyamines require urgent answers. Indeed, only a deep knowledge of the transport mechanisms and the structure/function relationships of the SLCs involved in polyamine transport will allow the design of novel molecules for the treatment of the alteration of polyamine homeostasis. The recently solved structures of some SLC22 transporters hypothesized to be involved in polyamine transport could fuel efforts in this direction.
AUTHOR CONTRIBUTIONS
LP: Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was funded by PRIN (Progetti di Ricerca di Interesse Nazionale), project code 2022JWT5XS, to LP granted by MUR (Ministry of University and Research)–Italy, funded by the European Union–Next-Generation EU.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahn, S. Y., Jamshidi, N., Mo, M. L., Wu, W., Eraly, S. A., Dnyanmote, A., et al. (2011). Linkage of organic anion transporter-1 to metabolic pathways through integrated “omics”-driven network and functional analysis. J. Biol. Chem. 286 (36), 31522–31531. doi:10.1074/jbc.M111.272534
 Akanuma, S. I., Shimada, H., Kubo, Y., and Hosoya, K. I. (2017). Involvement of carrier-mediated transport at the blood-cerebrospinal fluid barrier in spermine clearance from rat brain. Biol. Pharm. Bull. 40 (9), 1599–1603. doi:10.1248/bpb.b17-00394
 Aouida, M., Poulin, R., and Ramotar, D. (2010). The human carnitine transporter SLC22A16 mediates high affinity uptake of the anticancer polyamine analogue bleomycin-A5. J. Biol. Chem. 285 (9), 6275–6284. doi:10.1074/jbc.M109.046151
 Azfar, M., van Veen, S., Houdou, M., Hamouda, N. N., Eggermont, J., and Vangheluwe, P. (2022). P5B-ATPases in the mammalian polyamine transport system and their role in disease. Biochim. Biophys. Acta Mol. Cell Res. 1869 (12), 119354. doi:10.1016/j.bbamcr.2022.119354
 Basagni, F., Marotta, G., Rosini, M., and Minarini, A. (2023). Polyamine-drug conjugates: do they boost drug activity?Molecules 28 (11), 4518. doi:10.3390/molecules28114518
 Ben Mariem, O., Palazzolo, L., Torre, B., Wei, Y., Bianchi, D., Guerrini, U., et al. (2024). Atomistic description of the OCTN1 recognition mechanism via in silico methods. PLoS One 19 (6), e0304512. doi:10.1371/journal.pone.0304512
 Bernstein, H. G., Keilhoff, G., Dobrowolny, H., and Steiner, J. (2020). SLC solute carrier transporters and neurodegenerative disorders: drawing attention to cationic amino acid transporters 1 and 2. Clin. Psychopharmacol. Neurosci. 18 (3), 467–468. doi:10.9758/cpn.2020.18.3.467
 Bharadwaj, R., Jaiswal, S., Velarde de la Cruz, E. E., and Thakare, R. P. (2024). Targeting solute carrier transporters (SLCs) as a therapeutic target in different cancers. Diseases 12 (3), 63. doi:10.3390/diseases12030063
 Bi, G., Liang, J., Bian, Y., Shan, G., Huang, Y., Lu, T., et al. (2024). Polyamine-mediated ferroptosis amplification acts as a targetable vulnerability in cancer. Nat. Commun. 15 (1), 2461. doi:10.1038/s41467-024-46776-w
 Brito, S., Heo, H., Cha, B., Lee, S. H., Chae, S., Lee, M. G., et al. (2022). A systematic exploration reveals the potential of spermidine for hypopigmentation treatment through the stabilization of melanogenesis-associated proteins. Sci. Rep. 12 (1), 14478. doi:10.1038/s41598-022-18629-3
 Casero, R. A., Murray Stewart, T., and Pegg, A. E. (2018). Polyamine metabolism and cancer: treatments, challenges and opportunities. Nat. Rev. Cancer 18 (11), 681–695. doi:10.1038/s41568-018-0050-3
 Chaturvedi, R., Asim, M., Hoge, S., Lewis, N. D., Singh, K., Barry, D. P., et al. (2010). Polyamines impair immunity to Helicobacter pylori by inhibiting L-arginine uptake required for nitric oxide production. Gastroenterology 139 (5), 1686–1698. 98 e1-6. doi:10.1053/j.gastro.2010.06.060
 Chin, A., Bieberich, C. J., Stewart, T. M., and Casero, R. A. (2022). Polyamine depletion strategies in cancer: remodeling the tumor immune microenvironment to enhance anti-tumor responses. Med. Sci. (Basel) 10 (2), 31. doi:10.3390/medsci10020031
 Corral, M., and Wallace, H. M. (2020). Upregulation of polyamine transport in human colorectal cancer cells. Biomolecules 10 (4), 499. doi:10.3390/biom10040499
 Croucher, K. M., and Fleming, S. M. (2023). ATP13A2 (PARK9) and basal ganglia function. Front. Neurol. 14, 1252400. doi:10.3389/fneur.2023.1252400
 Cunha, R. S. D., Azevedo, C. A. B., Falconi, C. A., Ruiz, F. F., Liabeuf, S., Carneiro-Ramos, M. S., et al. (2022). The interplay between uremic toxins and albumin, membrane transporters and drug interaction. Toxins (Basel). 14 (3), 177. doi:10.3390/toxins14030177
 Daigle, N. D., Carpentier, G. A., Frenette-Cotton, R., Simard, M. G., Lefoll, M. H., Noel, M., et al. (2009). Molecular characterization of a human cation-Cl-cotransporter (SLC12A8A, CCC9A) that promotes polyamine and amino acid transport. J. Cell Physiol. 220 (3), 680–689. doi:10.1002/jcp.21814
 Dobrovolskaite, A., Gardner, R. A., Delcros, J. G., and Phanstiel, O. (2022). Development of polyamine lassos as polyamine transport inhibitors. ACS Med. Chem. Lett. 13 (2), 319–326. doi:10.1021/acsmedchemlett.1c00557
 Du, T., and Han, J. (2021). Arginine metabolism and its potential in treatment of colorectal cancer. Front. Cell Dev. Biol. 9, 658861. doi:10.3389/fcell.2021.658861
 Eom, J., Choi, J., Suh, S. S., and Seo, J. B. (2022). SLC3A2 and SLC7A2 mediate the exogenous putrescine-induced adipocyte differentiation. Mol. Cells 45 (12), 963–975. doi:10.14348/molcells.2022.0123
 Forte, A., Grossi, M., Bancone, C., Cipollaro, M., De Feo, M., Hellstrand, P., et al. (2018). Polyamine concentration is increased in thoracic ascending aorta of patients with bicuspid aortic valve. Heart Vessels 33 (3), 327–339. doi:10.1007/s00380-017-1087-z
 Fotiadis, D., Kanai, Y., and Palacin, M. (2013). The SLC3 and SLC7 families of amino acid transporters. Mol. Asp. Med. 34 (2-3), 139–158. doi:10.1016/j.mam.2012.10.007
 Fredriksson, R., Sreedharan, S., Nordenankar, K., Alsio, J., Lindberg, F. A., Hutchinson, A., et al. (2019). The polyamine transporter Slc18b1(VPAT) is important for both short and long time memory and for regulation of polyamine content in the brain. PLoS Genet. 15 (12), e1008455. doi:10.1371/journal.pgen.1008455
 Galluccio, M., Mazza, T., Scalise, M., Sarubbi, M. C., and Indiveri, C. (2022). Bacterial over-expression of functionally active human CT2 (SLC22A16) carnitine transporter. Mol. Biol. Rep. 49 (8), 8185–8193. doi:10.1007/s11033-022-07491-1
 Gamble, L. D., Purgato, S., Murray, J., Xiao, L., Yu, D. M. T., Hanssen, K. M., et al. (2019). Inhibition of polyamine synthesis and uptake reduces tumor progression and prolongs survival in mouse models of neuroblastoma. Sci. Transl. Med. 11 (477), eaau1099. doi:10.1126/scitranslmed.aau1099
 Gonzalez-Menendez, P., Phadke, I., Olive, M. E., Joly, A., Papoin, J., Yan, H., et al. (2023). Arginine metabolism regulates human erythroid differentiation through hypusination of eIF5A. Blood 141 (20), 2520–2536. doi:10.1182/blood.2022017584
 Grancara, S., Martinis, P., Manente, S., Garcia-Argaez, A. N., Tempera, G., Bragadin, M., et al. (2014). Bidirectional fluxes of spermine across the mitochondrial membrane. Amino Acids 46 (3), 671–679. doi:10.1007/s00726-013-1591-0
 Grossi, M., Rippe, C., Sathanoori, R., Sward, K., Forte, A., Erlinge, D., et al. (2014). Vascular smooth muscle cell proliferation depends on caveolin-1-regulated polyamine uptake. Biosci. Rep. 34 (6), e00153. doi:10.1042/BSR20140140
 Grundemann, D., Hahne, C., Berkels, R., and Schomig, E. (2003). Agmatine is efficiently transported by non-neuronal monoamine transporters extraneuronal monoamine transporter (EMT) and organic cation transporter 2 (OCT2). J. Pharmacol. Exp. Ther. 304 (2), 810–817. doi:10.1124/jpet.102.044404
 Hiasa, M., Miyaji, T., Haruna, Y., Takeuchi, T., Harada, Y., Moriyama, S., et al. (2014). Identification of a mammalian vesicular polyamine transporter. Sci. Rep. 4, 6836. doi:10.1038/srep06836
 Higashi, K., Imamura, M., Fudo, S., Uemura, T., Saiki, R., Hoshino, T., et al. (2014). Identification of functional amino acid residues involved in polyamine and agmatine transport by human organic cation transporter 2. PLoS One 9 (7), e102234. doi:10.1371/journal.pone.0102234
 Hobbach, A. J., and Closs, E. I. (2020). Human cationic amino acid transporters are not affected by direct nitros(yl)ation. Amino Acids 52 (3), 499–503. doi:10.1007/s00726-020-02819-2
 Holbert, C. E., Foley, J. R., Yu, A., Murray Stewart, T., Phanstiel, O., Oupicky, D., et al. (2022). Polyamine-based nanostructures share polyamine transport mechanisms with native polyamines and their analogues: significance for polyamine-targeted therapy. Med. Sci. (Basel). 10 (3), 44. doi:10.3390/medsci10030044
 Houdou, M., Jacobs, N., Coene, J., Azfar, M., Vanhoutte, R., Van den Haute, C., et al. (2023). Novel green fluorescent polyamines to analyze ATP13A2 and ATP13A3 activity in the mammalian polyamine transport system. Biomolecules 13 (2), 337. doi:10.3390/biom13020337
 Jamshidi, N., and Nigam, S. K. (2022). Drug transporters OAT1 and OAT3 have specific effects on multiple organs and gut microbiome as revealed by contextualized metabolic network reconstructions. Sci. Rep. 12 (1), 18308. doi:10.1038/s41598-022-21091-w
 Jungnickel, K. E. J., Parker, J. L., and Newstead, S. (2018). Structural basis for amino acid transport by the CAT family of SLC7 transporters. Nat. Commun. 9 (1), 550. doi:10.1038/s41467-018-03066-6
 Kaneko, S., Okuda-Ashitaka, E., Ando, A., Nishimura, K., Igarashi, K., Maeda, M., et al. (2007). Polyamines upregulate the mRNA expression of cationic amino acid transporter-1 in human retinal pigment epithelial cells. Am. J. Physiol. Cell Physiol. 293 (2), C729–C737. doi:10.1152/ajpcell.00018.2007
 Karunakaran, S., Ramachandran, S., Coothankandaswamy, V., Elangovan, S., Babu, E., Periyasamy-Thandavan, S., et al. (2011). SLC6A14 (ATB0,+) protein, a highly concentrative and broad specific amino acid transporter, is a novel and effective drug target for treatment of estrogen receptor-positive breast cancer. J. Biol. Chem. 286 (36), 31830–31838. doi:10.1074/jbc.M111.229518
 Khan, A., Gamble, L. D., Upton, D. H., Ung, C., Yu, D. M. T., Ehteda, A., et al. (2021). Dual targeting of polyamine synthesis and uptake in diffuse intrinsic pontine gliomas. Nat. Commun. 12 (1), 971. doi:10.1038/s41467-021-20896-z
 Kubo, Y., Tomise, A., Tsuchiyama, A., Akanuma, S., and Hosoya, K. (2014). Involvement of the carrier-mediated process in the retina-to-blood transport of spermine at the inner blood-retinal barrier. Exp. Eye Res. 124, 17–23. doi:10.1016/j.exer.2014.05.002
 Kurihara, S. (2022). Polyamine metabolism and transport in gut microbes. Biosci. Biotechnol. Biochem. 86 (8), 957–966. doi:10.1093/bbb/zbac080
 Lefevre, C. R., Le Vee, M., Gaubert, S., Jouan, E., Bruyere, A., Moreau, C., et al. (2021). Substrate-dependent trans-stimulation of organic cation transporter 2 activity. Int. J. Mol. Sci. 22 (23), 12926. doi:10.3390/ijms222312926
 Li, D. C., Nichols, C. G., and Sala-Rabanal, M. (2015). Role of a hydrophobic pocket in polyamine interactions with the polyspecific organic cation transporter OCT3. J. Biol. Chem. 290 (46), 27633–27643. doi:10.1074/jbc.M115.668913
 Lian, J., Liang, Y., Zhang, H., Lan, M., Ye, Z., Lin, B., et al. (2022). The role of polyamine metabolism in remodeling immune responses and blocking therapy within the tumor immune microenvironment. Front. Immunol. 13, 912279. doi:10.3389/fimmu.2022.912279
 Liu, B., Azfar, M., Legchenko, E., West, J. A., Martin, S., Van den Haute, C., et al. (2024). ATP13A3 variants promote pulmonary arterial hypertension by disrupting polyamine transport. Cardiovasc Res. 120 (7), 756–768. doi:10.1093/cvr/cvae068
 Liu, H., Ma, J., Li, Y., Yue, K., Li, L., Xi, Z., et al. (2019). Polyamine-based Pt(IV) prodrugs as substrates for polyamine transporters preferentially accumulate in cancer metastases as DNA and polyamine metabolism dual-targeted antimetastatic agents. J. Med. Chem. 62 (24), 11324–11334. doi:10.1021/acs.jmedchem.9b01641
 Liu, H. C., Jamshidi, N., Chen, Y., Eraly, S. A., Cho, S. Y., Bhatnagar, V., et al. (2016). An organic anion transporter 1 (OAT1)-centered metabolic network. J. Biol. Chem. 291 (37), 19474–19486. doi:10.1074/jbc.M116.745216
 Lodeserto, P., Rossi, M., Blasi, P., Farruggia, G., and Orienti, I. (2022). Nanospermidine in combination with nanofenretinide induces cell death in neuroblastoma cell lines. Pharmaceutics 14 (6), 1215. doi:10.3390/pharmaceutics14061215
 Luo, D., Lu, X., Li, Y., Xu, Y., Zhou, Y., and Mao, H. (2023). Metabolism of polyamines and kidney disease: a promising therapeutic target. Kidney Dis. (Basel) 9 (6), 469–484. doi:10.1159/000533296
 Ma, J., Li, Y., Li, L., Yue, K., Liu, H., Wang, J., et al. (2020). A polyamine-based dinitro-naphthalimide conjugate as substrates for polyamine transporters preferentially accumulates in cancer cells and minimizes side effects in vitro and in vivo. Front. Chem. 8, 166. doi:10.3389/fchem.2020.00166
 Madeo, F., Eisenberg, T., Pietrocola, F., and Kroemer, G. (2018). Spermidine in health and disease. Science. 359 (6374), eaan2788. doi:10.1126/science.aan2788
 Masuo, Y., Ohba, Y., Yamada, K., Al-Shammari, A. H., Seba, N., Nakamichi, N., et al. (2018). Combination metabolomics approach for identifying endogenous substrates of carnitine/organic cation transporter OCTN1. Pharm. Res. 35 (11), 224. doi:10.1007/s11095-018-2507-1
 Molderings, G. J., and Haenisch, B. (2012). Agmatine (decarboxylated L-arginine): physiological role and therapeutic potential. Pharmacol. Ther. 133 (3), 351–365. doi:10.1016/j.pharmthera.2011.12.005
 Moreno, E., Pacheco-Alvarez, D., Chavez-Canales, M., Elizalde, S., Leyva-Rios, K., and Gamba, G. (2023). Structure-function relationships in the sodium chloride cotransporter. Front. Physiol. 14, 1118706. doi:10.3389/fphys.2023.1118706
 Moriyama, Y., Hatano, R., Moriyama, S., and Uehara, S. (2020). Vesicular polyamine transporter as a novel player in amine-mediated chemical transmission. Biochim. Biophys. Acta Biomembr. 1862 (12), 183208. doi:10.1016/j.bbamem.2020.183208
 Morris, M. E., Rodriguez-Cruz, V., and Felmlee, M. A. (2017). SLC and ABC transporters: expression, localization, and species differences at the blood-brain and the blood-cerebrospinal fluid barriers. AAPS J. 19 (5), 1317–1331. doi:10.1208/s12248-017-0110-8
 Mu, J., Xue, C., Fu, L., Yu, Z., Nie, M., Wu, M., et al. (2023). Conformational cycle of human polyamine transporter ATP13A2. Nat. Commun. 14 (1), 1978. doi:10.1038/s41467-023-37741-0
 Nies, A. T., Koepsell, H., Damme, K., and Schwab, M. (2011). Organic cation transporters (OCTs, MATEs), in vitro and in vivo evidence for the importance in drug therapy. Handb. Exp. Pharmacol. (201), 105–167. doi:10.1007/978-3-642-14541-4_3
 Nilsson, B. O., and Persson, L. (2019). Beneficial effects of spermidine on cardiovascular health and longevity suggest a cell type-specific import of polyamines by cardiomyocytes. Biochem. Soc. Trans. 47 (1), 265–272. doi:10.1042/BST20180622
 Park, S. J., Kim, B., Choi, S., Balasubramaniam, S., Lee, S. C., Lee, J. Y., et al. (2019). Imaging inflammation using an activated macrophage probe with Slc18b1 as the activation-selective gating target. Nat. Commun. 10 (1), 1111. doi:10.1038/s41467-019-08990-9
 Peltekova, V. D., Wintle, R. F., Rubin, L. A., Amos, C. I., Huang, Q., Gu, X., et al. (2004). Functional variants of OCTN cation transporter genes are associated with Crohn disease. Nat. Genet. 36 (5), 471–475. doi:10.1038/ng1339
 Pizzagalli, M. D., Bensimon, A., and Superti-Furga, G. (2021). A guide to plasma membrane solute carrier proteins. FEBS J. 288 (9), 2784–2835. doi:10.1111/febs.15531
 Pochini, L., Galluccio, M., Console, L., Scalise, M., Eberini, I., and Indiveri, C. (2024). Inflammation and organic cation transporters novel (OCTNs). Biomolecules 14 (4), 392. doi:10.3390/biom14040392
 Pochini, L., Galluccio, M., Scalise, M., Console, L., Pappacoda, G., and Indiveri, C. (2022). OCTN1: a widely studied but still enigmatic organic cation transporter linked to human pathology and drug interactions. Int. J. Mol. Sci. 23 (2), 914. doi:10.3390/ijms23020914
 Pochini, L., Scalise, M., Galluccio, M., Pani, G., Siminovitch, K. A., and Indiveri, C. (2012). The human OCTN1 (SLC22A4) reconstituted in liposomes catalyzes acetylcholine transport which is defective in the mutant L503F associated to the Crohn's disease. Biochim. Biophys. Acta 1818 (3), 559–565. doi:10.1016/j.bbamem.2011.12.014
 Pochini, L., Scalise, M., and Indiveri, C. (2015). Immuno-detection of OCTN1 (SLC22A4) in HeLa cells and characterization of transport function. Int. Immunopharmacol. 29 (1), 21–26. doi:10.1016/j.intimp.2015.04.040
 Rieck, J., Skatchkov, S. N., Derst, C., Eaton, M. J., and Veh, R. W. (2022). Unique chemistry, intake, and metabolism of polyamines in the central nervous system (CNS) and its body. Biomolecules 12 (4), 501. doi:10.3390/biom12040501
 Riviere-Cazaux, C., Neth, B. J., Hoplin, M. D., Wessel, B., Miska, J., Kizilbash, S. H., et al. (2023). Glioma metabolic feedback in situ: a first-in-human pharmacodynamic trial of difluoromethylornithine + AMXT-1501 through high-molecular weight microdialysis. Neurosurgery 93 (4), 932–938. doi:10.1227/neu.0000000000002511
 Rotoli, B. M., Barilli, A., Visigalli, R., Ferrari, F., and Dall'Asta, V. (2020). y+LAT1 and y+LAT2 contribution to arginine uptake in different human cell models: implications in the pathophysiology of Lysinuric Protein Intolerance. J. Cell Mol. Med. 24 (1), 921–929. doi:10.1111/jcmm.14801
 Sala-Rabanal, M., Li, D. C., Dake, G. R., Kurata, H. T., Inyushin, M., Skatchkov, S. N., et al. (2013). Polyamine transport by the polyspecific organic cation transporters OCT1, OCT2, and OCT3. Mol. Pharm. 10 (4), 1450–1458. doi:10.1021/mp400024d
 Saulnier Sholler, G. L., Gerner, E. W., Bergendahl, G., MacArthur, R. B., VanderWerff, A., Ashikaga, T., et al. (2015). A phase I trial of DFMO targeting polyamine addiction in patients with relapsed/refractory neuroblastoma. PLoS One 10 (5), e0127246. doi:10.1371/journal.pone.0127246
 Scalise, M., Scanga, R., Console, L., Galluccio, M., Pochini, L., and Indiveri, C. (2021). Chemical approaches for studying the biology and pharmacology of membrane transporters: the histidine/large amino acid transporter SLC7A5 as a benchmark. Molecules 26 (21), 6562. doi:10.3390/molecules26216562
 Schophuizen, C. M., Wilmer, M. J., Jansen, J., Gustavsson, L., Hilgendorf, C., Hoenderop, J. G., et al. (2013). Cationic uremic toxins affect human renal proximal tubule cell functioning through interaction with the organic cation transporter. Pflugers Arch. 465 (12), 1701–1714. doi:10.1007/s00424-013-1307-z
 Sekhar, V., Andl, T., and Ot, P. (2022). ATP13A3 facilitates polyamine transport in human pancreatic cancer cells. Sci. Rep. 12 (1), 4045. doi:10.1038/s41598-022-07712-4
 Shen, Y., Duan, H., Yuan, L., Asikaer, A., Liu, Y., Zhang, R., et al. (2023). Computational biology-based study of the molecular mechanism of spermidine amelioration of acute pancreatitis. Mol. Divers . doi:10.1007/s11030-023-10698-4
 Taghikhani, E., Maas, R., Fromm, M. F., and Konig, J. (2019). The renal transport protein OATP4C1 mediates uptake of the uremic toxin asymmetric dimethylarginine (ADMA) and efflux of cardioprotective L-homoarginine. PLoS One 14 (3), e0213747. doi:10.1371/journal.pone.0213747
 Takeuchi, T., Harada, Y., Moriyama, S., Furuta, K., Tanaka, S., Miyaji, T., et al. (2017). Vesicular polyamine transporter mediates vesicular storage and release of polyamine from mast cells. J. Biol. Chem. 292 (9), 3909–3918. doi:10.1074/jbc.M116.756197
 Tega, Y., Kubo, Y., Miura, H., Ri, K., Tomise, A., Akanuma, S. I., et al. (2023). Carrier-mediated process of putrescine elimination at the rat blood-retinal barrier. Int. J. Mol. Sci. 24 (10), 9003. doi:10.3390/ijms24109003
 Toninello, A., Dalla Via, L., Siliprandi, D., and Garlid, K. D. (1992). Evidence that spermine, spermidine, and putrescine are transported electrophoretically in mitochondria by a specific polyamine uniporter. J. Biol. Chem. 267 (26), 18393–18397. doi:10.1016/s0021-9258(19)36975-3
 Uehara, M., Fukumoto, A., Omote, H., and Hiasa, M. (2024). Polyamine release and vesicular polyamine transporter expression in megakaryoblastic cells and platelets. Biochim. Biophys. Acta Gen. Subj. 1868 (6), 130610. doi:10.1016/j.bbagen.2024.130610
 Vanhoutte, R., Kahler, J. P., Martin, S., van Veen, S., and Verhelst, S. H. L. (2018). Clickable polyamine derivatives as chemical probes for the polyamine transport system. Chembiochem 19 (9), 907–911. doi:10.1002/cbic.201800043
 van Veen, S., Kourti, A., Ausloos, E., Van Asselberghs, J., Van den Haute, C., Baekelandt, V., et al. (2023). ATP13A4 upregulation drives the elevated polyamine transport system in the breast cancer cell line MCF7. Biomolecules 13 (6), 918. doi:10.3390/biom13060918
 Vrijsen, S., Houdou, M., Cascalho, A., Eggermont, J., and Vangheluwe, P. (2023). Polyamines in Parkinson's disease: balancing between neurotoxicity and neuroprotection. Annu. Rev. Biochem. 92, 435–464. doi:10.1146/annurev-biochem-071322-021330
 Weiss, T., Bernard, R., Laube, G., Rieck, J., Eaton, M. J., Skatchkov, S. N., et al. (2023). As verified with the aid of biotinylated spermine, the brain cannot take up polyamines from the bloodstream leaving it solely dependent on local biosynthesis. Biomolecules 13 (7), 1114. doi:10.3390/biom13071114
 Winter, T. N., Elmquist, W. F., and Fairbanks, C. A. (2011). OCT2 and MATE1 provide bidirectional agmatine transport. Mol. Pharm. 8 (1), 133–142. doi:10.1021/mp100180a
 Zahedi, K., Barone, S., and Soleimani, M. (2019). Polyamine catabolism in acute kidney injury. Int. J. Mol. Sci. 20 (19), 4790. doi:10.3390/ijms20194790
 Zeng, Y. C., Sobti, M., Quinn, A., Smith, N. J., Brown, S. H. J., Vandenberg, J. I., et al. (2023). Structural basis of promiscuous substrate transport by Organic Cation Transporter 1. Nat. Commun. 14 (1), 6374. doi:10.1038/s41467-023-42086-9
 Zhang, Q., Bao, J., Duan, T., Hu, M., He, Y., Wang, J., et al. (2022). Nanomicelle-microsphere composite as a drug carrier to improve lung-targeting specificity for lung cancer. Pharmaceutics 14 (3), 510. doi:10.3390/pharmaceutics14030510
 Zhang, Q., Liu, Y., Chen, P., Shi, X., Liu, Y., Shi, L., et al. (2021). Solute carrier family 12 member 8 (SLC12A8) is a potential biomarker and related to tumor immune cell infiltration in bladder cancer. Bioengineered 12 (1), 4946–4961. doi:10.1080/21655979.2021.1962485
 Zheng, P., Mao, Z., Luo, M., Zhou, L., Wang, L., Liu, H., et al. (2023). Comprehensive bioinformatics analysis of the solute carrier family and preliminary exploration of SLC25A29 in lung adenocarcinoma. Cancer Cell Int. 23 (1), 222. doi:10.1186/s12935-023-03082-7
 Zimmermann, A., Hofer, S. J., and Madeo, F. (2023). Molecular targets of spermidine: implications for cancer suppression. Cell Stress 7 (7), 50–58. doi:10.15698/cst2023.07.281
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Pochini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Involvement of mammalian SoLute Carriers (SLC) in the traffic of polyamines		1 Introduction

		2 SoLute carriers (SLCs) and polyamine transport		2.1 SLC3

		2.2 SLC6

		2.3 SLC7

		2.4 SLC12

		2.5 SLC18

		2.6 SLC22

		2.7 SLC44

		2.8 SLC47

		2.9 Other putative polyamine SLCs





		3 Conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-11-1452184-t001.jpg
Gene/Protein

Putative PA (Substrate)

Localization of PA
transport in

normal/cancer tissues

Mechanism

References

SLC6A2/NET Spd ND (Computational analysis) Sodium dependent cotransport Shen et al. (2023)
SLC6A4/5-HTT spd pancreatic acinar cells Sodium dependent cotransport Shen etal. (2023)
SLC6A14/ATB"" Arg Low level in normal Sodium and Chloride dependent Karunakaran etal. (2011), Du
tissues/Breast, Colorectal, cotransport and Han (2021)
Cervical cancer
SLC7A1/CAT1 Arg, Put, Spd Aorta, NT, RPE, BM/Colorectal Uniport Kaneko et al. (2007), Grossi et al.
cancer (2014), Forte et al. (2018), Du and
Han (2021), Rieck et al. (2022),
Gonzalez-Menendez etal. (2023)
SLC7A2/CAT2 Arg, Agm Macrophages, NT Uniport Chaturvedi et al. (2010),
Molderings and Haenisch (2012),
Bernstein et al. (2020)
SLC7AG/y'LAT2 Put, Arg Fibroblasts, Retinal pigment Uniport Saulnier Sholler et al. (2015),
epithelial cells/Caco-2 cells, N Rotoli et al. (2020)
SLC7A7/y*LAT1 Put, Arg Monocytes-macrophages/Caco-2 Uniport Saulnier Sholler et al. (2015),
cells, N Rotoli et al. (2020)
SLCI2A8A/CCC9a Arg, Spm B and Lung cancer Chloride dependent cotransport Daigle etal. (2009),
Moriyama et al. (2020),
Zhang etal. (2021), Zheng et al.
(2023)
SLCI8B1/VPAT Spm, Spd NT,A,RK, T, L, B, mast cells, Proton dependent antiport Hiasa etal. (2014), Takeuchi et al.
macrophages, (2017), Fredriksson et al. (2019),
MEG-01 and platelets Park et al. (2019), Moriyama et al.
(2020), Uehara et al. (2024)
SLC21/OATPACT Arg K Uniport Taghikhani et al. (2019)
SLC22A1 Spm,Agm, Spd K,NT,L Uniport Grundemann etal. (2003),
Nies etal. (2011), Winter etal.
(2011), Sala-Rabanal et al. (2013),
Schophuizen et al. (2013),
Akanuma et al. (2017),
Morris et al. (2017)
sLC22A2 Spm, Agm, Put,Spd KNTL Uniport Grundemann et al. (2003),
Nies etal. (2011), Winter et al.
(2011), Sala-Rabanal et al. (2013),
Schophuizen et al. (2013),
Higashi et al. (2014),
Akanuma et al. (2017),
Morris etal. (2017), Cunha et al.
(2022)
SLC22A3 Spm, Agm, Spd KNT Uniport Grundemann et al. (2003),
Nies etal. (2011),
Sala-Rabanal et al. (2013),
Schophuizen et al. (2013),
Higashi et al. (2014),
Akanuma et al. (2017),
Morris et al. (2017)
SLC22A4 Spd,Spm K, 1,NT, IC, A/Colorectal cancer Uniport Pochini et al. (2012), Masuo et al.
(2018), Ben Mariem et al. (2024),
Pochini et al. (2024)
SLC22A6/OAT1 Spd/spm K Uniport Ahn etal. (2011), Liu et al. (2016)
SLC22A16/CT2 Spd T, BM/Testicular cancer, Uniport Aouida et al. (2010)
Lymphoma
SLC22A18 spd Melanocytes - Brito etal. (2022)
SLC43A1 Put, Spd VSMC Uniport Grossi etal. (2014)
SLC44A1/rCTLL Put BRB Uniport Tegaet al. (2023)
SLCA7A1/MATEL Agm KL Proton dependent antiport ‘Winter et al. (2011), Higashi et al.

(2014)

Agm, Agmatine; Arg, Arginine; Spd, Spermidine; Spm, Spermine; PA, Polyamine; Put, Putrescine; A, Airway; B, Bladder; BM, Bone Marrow; BRB, Blood/Retinal Barrier; K, Kidney; I, intestine;

IC, Immune cel

Liver: N, Neuioblestosi: NI\ ot destmiined: NT. nervous tiseos: B Placents: IPR. Rotind vicmont spithelial celle: T Tostlis VMO, vascular sinoath innstls cells.










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





