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A B S T R A C T

The blood-brain barrier is an anatomical structure responsible for controlling the flux of nutrients, metabolites, 
and xenobiotics into and out of the brain. This fundamental function is carried out through the coordinated 
action of specific ion channels and membrane transporters belonging to the SLC and ABC superfamilies. Indeed, 
membrane transporter expression in the BBB is less redundant than in other parts of the body. Therefore, any 
alteration to one of these proteins may pose a threat to the brain. The fifth member of the SLC7 family, which is 
expressed at the BBB has been the subject of much research over the years. SLC7A5, also known as LAT1, is a 
plasma membrane transporter of essential amino acids, whose role in brain development is well recognised. The 
protein is expressed in the membranes of BBB vessels, neurons, and microglia, creating a connection between 
different areas of the human brain. LAT1 received significant attention in the context of brain tumor treatment, 
particularly for glioblastoma multiforme, a malignancy with a poor prognosis characterised by fatal relapses. 
Since several drugs are also substrates of LAT1, its expression at the BBB could be exploited to deliver drugs that 
target brain diseases. This review describes the functional, structural, and regulatory features of LAT1, focusing 
on pharmacology in the context of brain homeostasis.

1. Introduction

The Blood-Brain Barrier (BBB) is an anatomical structure found in 
organisms with a well-developed Central Nervous System (CNS). It is the 
primary regulator of the bidirectional fluxes of any molecules targeting 
the brain, including metabolites, toxins, and drugs (Kadry et al., 2020). 
This maintains brain homeostasis in terms of volume, neurotransmitter 
synthesis/clearance, and fluid composition (Kadry et al., 2020). Given 
that, under physiological conditions, the human brain receives 20 % of 
the cardiac output and uses 20 % of the body’s oxygen and glucose 
(Sweeney et al., 2019), the BBB requires a highly organised and specific 
structure (Kadry et al., 2020), which is unique in the human body. In 

particular, Endothelial Cells (ECs) constitute vessels which are the core 
anatomical element of the BBB (Fig. 1). Notably, brain ECs have 
distinctive features compared to ECs in other tissues. Brain ECs are 
characterised by the presence of intercellular Tight Junctions (TJs), and 
the absence of fenestrations, which dramatically limits paracellular and 
transcellular movement of molecules (Fig. 1). In addition to ECs, other 
cell types, such as pericytes and astrocytes, contribute to the formation 
and integrity of the BBB. (Fig. 1). Pericytes are located on the abluminal 
surface of the microvascular endothelial tube. Together with smooth 
muscle cells, they form the mural cells that surround the vessel. They are 
responsible for regulating angiogenesis, extracellular matrix formation, 
wound healing, immune cell regulation, and blood flow homeostasis 
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(Alarcon-Martinez et al., 2021). Astrocytes are the most abundant cell 
type in the CNS and are involved in many different functions, including 
supplying nutrients to neurons, regulating ion balance for neurotrans
mission, and clearing and recycling neurotransmitters. Moreover, they 
ensure the formation and integrity of the BBB. The complex interplay 
between ECs, pericytes, astrocytes, extracellular matrix components 
and, eventually, microglia and immune cells forms the neurovascular 
unit. Formation of the neurovascular unit starts in early embryogenesis, 
as demonstrated by experiments performed in mice and rats (Abbott 
et al., 2010). As previously mentioned, the highly organised structure of 
the BBB underpins the complexity of its function. In particular, the BBB 
becomes a selective barrier due to the expression of a limited number of 
ion channels and membrane transporters belonging to the SLC (Zhang 
et al., 2002) and ABC (Begley, 2004) superfamilies. Examples are: i) 
members of SLC families 1 and 38, involved in the transport of amino 
acids such as glutamine and glutamate important for brain metabolism 
and neurotransmission; ii) members of SLC families 2, 7, 16, 21 and 22 
involved in the transport of essential amino acids, glucose, carnitine, 
cations, anions, and other nutrients required for brain development and 
function (Table 1). The concerted and finely regulated action of these 
proteins creates a stable and safe microenvironment for the brain that is 
distinct from plasma composition (Morris et al., 2017). This group of 
membrane transporters comprises proteins with various transport 
mechanisms, specificities and localisation at the luminal and/or ablu
minal surfaces of endothelial cells. Table 1 provides an overview of the 
biochemical features of these proteins and comprehensive reviews are 
available that address the involvement of each transporter family in BBB 
physiology and pathology. In the following paragraphs, we explore the 
role played by an intriguing member of the SLC7 family, SLC7A5, also 
known as LAT1. Interest in this protein stems from its unique multi
functionality. LAT1 is indeed a well-acknowledged transporter of 
essential amino acids and drugs (Fotiadis et al., 2013; Mastroberardino 
et al., 1998) (Fig. 2). The presence of LAT1 at the BBB makes this protein 
a key player in maintaining the homeostasis of essential amino acids and 
regulating the flux of some drugs that are known to be substrates of the 

transporter. Furthermore, LAT1 could be exploited for delivering novel 
prodrugs to the brain, making it an interesting template for designing 
brain-specific drugs. These features support the idea that LAT1 is at a 
crossroads between the onset and treatment of human pathologies.

2. SLC7A5 expression and cell localisation

The LAT1 (SLC7A5) gene is located at 16q24.2 (locus ID 8140) and 
comprises 4556 nucleotides and 10 exons. Orthologues of this gene are 
present in 241 different organisms (https://www.ncbi.nlm.nih.gov/ 
gene/8140). In addition to the known transcript NM_003486.6, which 
encodes a 507 amino acid protein with a predicted molecular mass of 
55,010 Da, two other transcripts derived from alternative splicing are 
reported in Ensembl: SLC7A5-203 (241 amino acids) and SLC7A5-204 
(525 amino acids), (https://www.ensembl.org/Homo_sapiens/Tran 
script/Summary?db=core;g=ENSG00000103257;r=16:87830023-8 
7869507;t=ENST00000261622).

Besides the AlphaFold predicted structure (ID: AF-A0A0C4DGL4) for 
SLC7A5-203 isoform, no experimental evidence is reported for these 
alternative splicing variants. Therefore, at this stage, it is difficult to 
hypothesize any physiological functions. Finally, another small anno
tated transcript, SLC7A5-202 (780 bp), is believed to contain intronic 
sequences relative to other transcripts of the same gene.

(https://www.ensembl.org/Homo_sapiens/Transcript/Summary? 
db=core;g=ENSG00000103257;r=16:87830023-87869507;t=E 
NST00000563489). The canonical mRNA (isoform SLC7A5-201) is 
present in several tissues, with the highest expression measured in bone 
marrow, the brain, the testis, the placenta and the retina (Fotiadis et al., 
2013; Kageyama et al., 2000; Ritchie and Taylor, 2001). In the brain, 
LAT1 expression has been found in parenchymal cells, neurons astro
cytes and microglia in both human and mice. In polarised epithelia, such 
as the kidney and intestine, LAT1 has a basolateral localisation (Kanai 
et al., 1998); thus, in these regions, the transporter mediates the efflux of 
dietary amino acids reaching relatively high intracellular concentrations 
(Sanchez del Pino et al., 1995). Interestingly, asymmetric expression of 

Fig. 1. Neuroglial vascular unit structure. The different cell types are labelled and depicted in different colours: microglia (brown), neurons (light red), astrocytes 
(yellow), pericytes (green) and endothelial cells (red). The tight junctions between endothelial cells (purple) are also highlighted. Figure created with Biorender.com.
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Table 1 
Transporters from SLC superfamily expressed in the BBB.

Transporters Family Physiological Substrate Transport 
mechanism

Brain localisation Pathology associated References

EAAT2 
(SLC1A2)

SLC1 L-Glu, L-Asp Symport Abluminal 
membranes of BBB

Developmental and epileptic 
encephalopathy 41 (DEE41)

(Kanai et al., 2013; Alijanpour 
et al., 2023)

EAAT1 
(SLC1A3)

SLC1 L-Glu, L-Asp Symport Abluminal 
membranes of BBB

Episodic Ataxia 6 (EA6) (Kanai et al., 2013; Chivukula 
et al., 2020)

ASCT1 
(SLC1A4)

SLC1 L-Ala, L-Ser, L-Cys, 
Gly, L-Met, 
L-Val, L-Leu, L-Ile, 
L-Thr, D-Ser, L-Glu

Antiport Luminal and 
Abluminal sides of 
BBB

Neurodevelopmental deficits (Kaplan et al., 2018; Scalise et al., 
2021)

ASCT2 
(SLC1A5)

SLC1 L-Ala, L-Ser, L-Cys, 
Gly, L-Met, 
L-Val, L-Leu, L-Ile, 
L-Thr, L-Glu

Antiport Abluminal 
membranes of BBB

Cancer, Neurological Disorders (Scalise et al., 2021; Kandasamy 
et al., 2018)

GLUT1 
(SLC2A1)

SLC2 Glucose, galactose, 
mannose, 
2-deoxy-d-glucose, 
2-deoxy-2-[18F]-d- 
glucose, glucosamine and 
dehydroascorbic 
acid

Uniport Luminal and 
Abluminal 
membranes of BBB

Cancer, Ischemia, 
Glucose Deficiency Syndrome (GIDS)

(Ancey et al., 2021; Egert et al., 
1999; Klepper, 2025)

CAT1 
(SLC7A1)

SLC7 L-Arg, L-Lys, 
L-Orn

Unknown Luminal and 
Abluminal 
membranes of BBB

Colorectal and Breast cancer, hepatitis 
B 
virus-induced 
hepatocellular 
carcinoma, and lymphocytic 
leukaemia

(Fotiadis et al., 2013; Abdelmagid 
et al., 2011; Verrey et al., 2004; 
Dai et al., 2017; Werner et al., 
2019)

LAT1 
(SLC7A5)

SLC7 L-Leu, L-Phe, 
L-Cys, L-Tyr, 
L-Trp, L-His, 
L-Met, L-Ile, L-Val; 
Thyroid hormones, 
l-DOPA

Antiport Luminal and 
Abluminal 
membranes of BBB, 
Neurons, Astrocytes, 
Microglia

Cancer, Diabetes, 
Parkinson’s Disease, 
Alzheimer’s Disease

(Fotiadis et al., 2013; Zhang et al., 
2020)

MCT1 
(SLC16A1)

SLC16 Lactate, pyruvate, ketone 
bodies

Symport Luminal and 
Abluminal 
membranes of BBB, 
Neurons, Astrocytes,

Symptomatic deficiency in lactate 
transport (SDLT), 
Hyperinsulinemic hypoglycemia, 
familial, 7 (HHF7), 
Monocarboxylate transporter 1 
deficiency (MCT1D), 
Expression ADHD children, Cancer

(Medin et al., 2019; Merezhinskaya 
et al., 2000; van Hasselt et al., 
2014)

MCT8 
(SLC16A2)

SLC16 Thyroid hormones (T3 
and T4)

Unknown Luminal and 
Abluminal 
membranes of BBB, 
Neurons

Allan–Herndon–Dudley, 
Syndrome (AHDS)

Sarret et al. (1993)

OATP1A2 
(SLC21A3)

SLC21 Organic anions, lipids Unknown Luminal membranes 
of BBB, 
Neurons

Alzheimer’s Disease, Cancer (Gao et al., 2015; Wen et al., 2024; 
Brenner et al., 2015)

OATP2B1 
(SLC21A9)

SLC21 Organic anions Unknown Luminal membranes 
of BBB

Cancer (Brenner et al., 2015; Gao et al., 
2015)

OCT1 
(SLC22A1)

SLC22 Organic cations Antiport Luminal and 
Abluminal sides of the 
BBB endothelial cells

Glioblastoma (Koepsell, 2013; Lian et al., 2022)

OCT2 
(SLC22A2)

SLC22 Organic cations Antiport Luminal and 
Abluminal sides of the 
BBB endothelial cells

Glioma, Parkinson’s Disease (Koepsell, 2013; Lian et al., 2022; 
Taubert et al., 2007)

OCT3 
(SLC22A3)

SLC22 Organic cations Antiport Luminal and 
Abluminal sides of the 
BBB endothelial cells

Cancer, Allergy (Koepsell, 2013; Lian et al., 2022; 
Pernecker et al., 2025)

OCTN1 
(SLC22A4)

SLC22 Acetylcholine, 
Ergothioneine, 
Carnitine

Symport Luminal and 
Abluminal 
membranes of BBB

Inflammatory diseases, 
Chronic Kidney Disease, Cancer

(Koepsell, 2013; Pochini et al., 
2019)

OCTN2 
(SLC22A5)

SLC22 Carnitine, 
Acetylcholine

Antiport Luminal and 
Abluminal 
membranes of BBB

Inflammatory diseases, Primary 
Carnitine Deficiency, Neurological 
Disorders, Diabetes

(Koepsell, 2013; Pochini et al., 
2019; Mazza et al., 2024)

OAT3 
(SLC22A8)

SLC22 ketoglutarate, para- 
amino-hippuric acid, 
benzoyl penicillins, 
indoxyl sulfate, and 
homovanillic 
acid, prostaglandins

Unknown Abluminal 
membranes of BBB

Chronic Kidney Disease (Koepsell, 2013; Nigam and Bush, 
2019)

SNAT2 
(SLC38A2)

SLC38 L-Pro, L-Asn, 
L-Cys, L-Glu, 
L-Gly, L-Met, 
L-Ser

Antiport Abluminal sides of 
BBB

Cancer Gauthier-Coles et al. (2022)

SNAT3 
(SLC38A3)

SLC38 L-Gln, L-His, L-Asn Antiport Abluminal sides of 
BBB

Cancer Sidoryk et al. (2004)
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LAT1 has also been hypothesised in brain ECs with lower on the baso
lateral membrane (Taslimifar et al., 2018). When examining the protein 
sequence, it can be seen that LAT1 is highly conserved across species. 
For example, the amino acid sequence is 96 % identical between bovine 
and human LAT1 and 89 % identical between rat or mouse and human 
LAT1 (Boado et al., 1999; Ueda et al., 2019). Despite this sequence 
similarity, some differences have been reported in transporter protein 
expression, localisation, and functional activity (Morris et al., 2017). 
Indeed, the expression and distribution of LAT1 in the brain varies 
across the species, with its expression being five times lower in humans 
than in mice or rats (Uchida et al., 2011). Consistently, phenylalanine 
Vmax is significantly lower in isolated human brain microvessels than in 
rodents (Uchida et al., 2011). Furthermore, the brain concentration of 
serotonin generated from tryptophan, (i.e., one of the preferred LAT1 
substrates) is lower in humans than in mice. Since serotonin synthesis is 
likely affected by amino acid availability in the brain, the supply of 
amino acids via LAT1 at the human BBB could be smaller than that at the 
mouse BBB, in line with the measured amounts of LAT1 protein 
expression (Hoshi et al., 2013; Uchida et al., 2011).

3. Functional properties of LAT1 in brain physiology and 
pathology

The physiological relevance of LAT1 in maintaining amino acid ho
meostasis in the brain is widely recognised, as demonstrated by 
numerous reports published in recent years (Ahmed, 2025; Broer and 
Broer, 2017; Fotiadis et al., 2013). This function is underpinned by the 
obligatory antiport of essential amino acids such as leucine, histidine, 

tryptophan, and phenylalanine, with a 1:1 stoichiometry in a 
sodium-independent manner (Mastroberardino et al., 1998) (Fig. 2). 
Interestingly, this key feature was initially observed in cells 
over-expressing LAT1, subsequently in X. oocytes and finally confirmed 
in an in vitro proteoliposome model using recombinant human LAT1 
(Kanai et al., 1998; Mastroberardino et al., 1998; Napolitano et al., 
2015). Integration of data from these experimental models identified 
LAT1 as responsible for the asymmetric transport of amino acids across 
the plasma membrane, as deciphered by proteoliposome studies in the 
absence of interference from other cellular transporters or enzymes. In 
this system, the composition of the internal and external compartments 
of the vesicles can be controlled; some amino acids are only transported 
inwards or outwards, whereas others are transported in both directions 
(Napolitano et al., 2015) (Fig. 2). Interestingly, histidine was revealed to 
be the preferred outward-directed substrate, in exchange for other 
high-affinity substrates such as leucine, phenylalanine and methionine. 
These in vitro findings were subsequently validated in vivo, using mice 
with conditional knockout (KO) of LAT1. These mice exhibited 
increased histidine accumulation in the brain, accompanied by a sig
nificant reduction in leucine and phenylalanine levels (Knaus et al., 
2023; Tarlungeanu et al., 2016). This confirmed that the absence of 
LAT1’s proper antiport activity prevented the uptake of both leucine and 
phenylalanine, as well as the export of histidine. The described func
tional asymmetry merged a kinetic asymmetry: indeed, LAT1 exhibits a 
higher intracellular Km and a lower extracellular Km, which correlates 
with the higher intracellular and lower extracellular concentrations of 
its substrates (Errasti-Murugarren et al., 2019; Napolitano et al., 2017a). 
Based on the asymmetric antiport mechanism, LAT1 is a “harmoniser”, 

Fig. 2. Schematic representation of LAT1 substrates. The transporter (light blue - PDB ID:6IRS) is asymmetrically inserted in the plasma membrane of neuronal 
cell. Amino acids (green circle) and non-amino acid substrates (red text box) transported by LAT1 are in the left and right cell, respectively. Figure created with Bior 
ender.com.
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that is, a protein that contributes to maintaining intracellular and 
extracellular amino acid concentrations in accordance with the meta
bolic needs of the cell (Broer and Broer, 2017) (Fig. 2). Despite the 
availability of structural information, the molecular determinants of 
substrate binding site(s) underlying the substrate asymmetry remain 
unknown (see section 5). In brain physiology, the presence of LAT1 in 
BBB, may reveal essential for sustaining the rate of protein synthesis in 
this district, which should be proportional to the rate of amino acid 
uptake, as it was suggested for bovine isoform of LAT1 in a pioneering 
study (Boado et al., 1999). Consistent with this, in cases of phenylke
tonuria (PKU), blood levels of phenylalanine increase, resulting in an 
excess of phenylalanine in the brain and triggering intellectual 
disability. However, some PKU patients demonstrate lower vulnerability 
of the brain to phenylalanine, and interindividual variability in 
phenylalanine transport to the brain has been proposed as an explana
tion for this phenomenon (van Vliet et al., 2019). A study conducted on a 
small cohort of Polish PKU patients identified the rs113883650 LAT1 
variant, which appears to be responsible for the higher phenylalanine 
concentration observed in untreated PKU patients compared to those 
with the wild-type. This finding supports the hypothesis that different 
transport efficiencies underlie the accumulation of phenylalanine in the 
brain (Bik-Multanowski et al., 2021). Interestingly, phenylalanine can 
form amyloid-like aggregates which are considered to be one of the 
molecular bases of the neurological symptoms of PKU 
(Adler-Abramovich et al., 2012). The hydrophobic aggregation of 
BCAAs – which are substrates of LAT1 - appears to be a common feature 
of several inborn errors of metabolism (Gour and Gazit, 2021), which 
further supports the crucial role of this protein’s expression and function 
in humans. In addition to protein synthesis, LAT1 substrates are required 
for signalling and regulatory functions, with melatonin and serotonin 
synthesis being notable examples. Therefore, a decrease in tryptophan 
flux through the BBB alters serotoninergic neurotransmission (Zhang 
et al., 2020) and circadian rhythm (Ruddick et al., 2006) with alteration 
of sleep/awake cycle, which also has implications in schizophrenia (Lai 
et al., 2022). Furthermore, tryptophan is degraded to kynurenine, which 
is then converted into neurotoxic kynurenine metabolites that are 
responsible for the depressive symptoms induced by inflammation. A 
vast body of literature deals with the role of tryptophan-derived 
kynurenine in neurological disorders ranging from neuroinflammation 
to Alzheimer’s Disease (AD), Parkinson’s Disease (PD) and brain tumors 
such as glioblastoma multiforme (GBM) (Krupa et al., 2025; Shen et al., 
2023). In AD patients, expression profile of genes involved in Trp/Kyn 
metabolism is altered with respect to the normal counterpart (Choe 
et al., 2024); in the same study, transcriptomic analyses showed that 
LAT1 expression increased in BBB of AD patients with respect to the 
normal counterpart. However, the LAT1 expression change is not com
mon in AD, whereas the main role of this protein would be that of 
allowing entry of drugs and pro-drugs in brain (Puris et al., 2022). It is 
also noteworthy that LAT1 has been proposed as a kynurenine trans
porter, which further substantiates its key role in neurological diseases 
(Walker et al., 2019). Recently, it has been shown that LAT1 can 
transport the copper-histidinate complex, contributing to the mainte
nance of copper homeostasis (Scanga et al., 2023). The complex is 
employed to treat rare genetic disorders characterised by altered copper 
homeostasis with neurological consequences. Interestingly, copper 
imbalance is also a feature of AD development (Squitti et al., 2021). 
Relevant to the function of LAT1 in the brain is its ability to recognise 
cysteine as a substrate. Since cysteine is one of the GSH precursors, LAT1 
can be considered a factor in redox homeostasis and ROS detoxification, 
resulting in a neuroprotective effect (Granitzer et al., 2021; Napolitano 
et al., 2015). Furthermore, LAT1 recognises non-amino acid substrates 
(Fig. 2), including thyroid hormones and the dopamine precursor 
L-DOPA, as well as other amino acid derivatives such as S-nitro
socysteine (Adla et al., 2024; Friesema et al., 2001; Li and Whorton, 
2005; Uchino et al., 2002). Consistently, reduced distribution of L-DOPA 
is associated with decreased dopamine production in the brain 

(Aboudhiaf et al., 2018; Kageyama et al., 2000). Recently, the list of 
physiological substrates was enriched by the organosulfur compound 
S-allyl-cysteine, which is present in garlic (Allium Sativum) and is also 
known as alliin (Scanga et al., 2022). This compound is renowned for its 
antioxidant properties, which could be significant in the context of AD, 
PD, and brain ischemia, which are characterised by endoplasmic retic
ulum stress-induced neurotoxicity (Adla et al., 2024). When considering 
the range of potential substrates, including xenobiotics, it should be 
noted that LAT1 is also recognised as a transporter of drugs and 
pro-drugs (Gynther et al., 2008, 2010, 2016b; Huttunen et al., 2016; 
Puris et al., 2017; Tampio et al., 2021b), as well as toxicants (Boado 
et al., 2005; Granitzer et al., 2021). The relevance of these substrates to 
brain is discussed in section 6. However, this apparent broad specificity 
of LAT1 is subjected to some crucial structural constraints: i) vicinal 
carboxylic and amino groups are essential; ii) the hydrophobicity of the 
side group is required; iii) the presence of a large side group is impor
tant. These features, were first described in reports from 1998 onwards 
(Mastroberardino et al., 1998; Uchino et al., 2002), and were more 
recently demonstrated following the resolution of the CryoEM structure 
in several conformations (see section 5) (Lee et al., 2019; Yan et al., 
2019, 2021).

4. Regulatory properties of LAT1 stability and transport 
function

The study of the regulatory properties of LAT1 began with its initial 
identification (Mastroberardino et al., 1998). LAT1 is indeed a peculiar 
example of a heterodimeric transporter, characterised by its interaction 
with an ancillary protein belonging to the SLC3 family (CD98 or 4F2hc 
SLC3A2) via a conserved disulfide, (Fotiadis et al., 2013) (Fig. 3). Re
sults from intact cells and proteoliposomes shows that LAT1 is the solely 
responsible for transporting amino acids across the membrane, whereas 
CD98 is involved in trafficking the heterodimer to its final location 
(Console et al., 2022; Cormerais et al., 2016; Napolitano et al., 2015). 
Specifically, LAT1 lacks N-glycosylated residues, whereas CD98 has an 
extensively N-glycosylated extracellular domain that is essential for 
directing the heterodimer to the plasma membrane. This was first pre
dicted by computational analyses and later confirmed by CryoEM data 
(Console et al., 2022; Lee et al., 2019; Yan et al., 2019) (Fig. 3). In 
addition to localisation, N-glycosylation of CD98 is necessary for sta
bility, as evidenced by the reduced half-life of the quadruple Asn mutant 
(unglycosylated) (Console et al., 2022). Nevertheless, there is still some 
controversy regarding the potential effect of CD98 on the specificity of 
the LAT1 transport reaction (Kantipudi et al., 2020). Interestingly, it has 
recently been reported that serine phosphorylation of CD98 is involved 
in trafficking the heterodimer to the plasma membrane (Romero et al., 
2025). Furthermore, it has been proposed that the interaction between 
LAT1 and CD98 is responsible for LAT1 S-palmitoylation. The residue 
R183 on CD98, which is located close to the inner membrane bilayer, 
appears to facilitate the palmitoylation of residue C187 on LAT1 sug
gesting that this region may play a role in the efficient insertion of the 
heterodimer into the plasma membrane (Wu et al., 2024). Another PTM, 
i.e. ubiquitylation, appears to be important for LAT1 endocytosis and 
degradation. Indeed, the Ub ligase Nedd4-2 has been shown to be 
responsible for the ubiquitylation of three neighboring lysine residues in 
the cytosolic N-terminal tail of LAT1. This regulatory mechanism is 
physiologically relevant given the over-expression of LAT1 in cancer 
cells (Barthelemy and Andre, 2019), and offers potential applications in 
the PROTAC (PROTeolysis TArgeting Chimera) approach, which is still 
in its infancy with SLCs (Bensimon et al., 2020). The alternative local
isation of LAT1/CD98 in lysosomes has also been proposed, highlighting 
the role of the lysosomal protein LAPTM4b in recruiting the heterodimer 
for mTORC1 activation (Milkereit et al., 2015). The presence of LAT1 in 
lysosomes further supports the hypothesis of the existence of the 
LAT1-mTORC1 axis to sustain amino acid sufficiency signalling. Leucine 
acts as a signalling molecule for the activation of the mTOR pathway via 
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a complex network of sensors, extending from the plasma membrane to 
the cytosol and eventually to the lysosomes (Saxton et al., 2016). 
Furthermore, the physical interaction of LAT1 in the recruitment of 
mTORC2 to the lysosomal membrane has been demonstrated (Tae et al., 
2023). Another regulatory property of LAT1 that has attracted signifi
cant attention in recent years is the effect on the stability and func
tionality of the protein in relation to cell membrane composition. 
Indeed, an increasing amount of literature shows that cell membrane 
cholesterol interacts directly with LAT1 at multiple sites. Interestingly, 
even in the pre-structural era, Dickens et al. demonstrated that the 
reduction in Vmax of L-DOPA transport mediated by LAT1 in intact cells 
was due to the depletion of cholesterol by methyl-β-cyclodextrin (mβcd) 
(Dickens et al., 2017). The same study also revealed that multiple 
sequence alignment highlights the similarity of putative cholesterol 
binding sites on LAT1 with those observed in the X-ray structure of 
hSERT (Coleman and Gouaux, 2018; Coleman et al., 2016) and dDAT 
(Penmatsa et al., 2013). These are two membrane transporters charac
terised by a LeuT fold and an alternating access transport mechanism, 
similar to that of LAT1. Subsequently, the CryoEM structure of LAT1 was 
solved, confirming the existence of multiple cholesterol binding sites 
(see section 5) (Fig. 3). A peculiar consequence of LAT1’s interaction 
with cholesterol is the formation of an allosteric site for ATP binding 
characterised by the crucial Lys residue K204, which is evolutionarily 
conserved also in bacterial orthologues with different regulatory roles. 
The LAT1: cholesterol: ATP interaction has been evaluated using an in 
vitro proteoliposome system harbouring the recombinant LAT1 (Cosco 
et al., 2020). Interestingly, in the presence of cholesterol, ATP syner
gistically stimulates LAT1 functionality, increasing Vmax with no 
change to Km for histidine or ATP hydrolysis (Cosco et al., 2020). This is 
consistent with LAT1 being a secondary active transporter. The residue 
K204 was computationally predicted to coordinate the γ-phosphate 
group of the ATP molecule. In line with the results of computational 
analyses, the K204Q mutant reduced LAT1 sensitivity to ATP, but not to 

cholesterol. Kinetic and functional characterisation of the K204Q 
mutant revealed a role for this residue in LAT1substrate coordination 
and pH sensitivity. In addition to its effect on LAT1 functionality, 
cholesterol is responsible for stabilising the heterodimer structure, as 
demonstrated by the use of cholesteryl hemisuccinate (CHS), a soluble 
cholesterol analogue, in the purification of the LAT1/CD98 complex 
from the native membrane. The presence of CHS indeed triggers the 
formation of the native LAT1/CD98 heterodimer, which is further sta
bilised by the presence of the natural substrate leucine (Dickens et al., 
2017). Interestingly, two cholesterol molecules were found at the 
interface between LAT1 and CD98 (PDB: 8KDH) (Lee et al., 2025), which 
adds another layer of complexity to the LAT1/CD98 interaction. It has 
recently been demonstrated that 7-ketocholesterol, the most abundant 
and stable form of auto-oxidised cholesterol, has detrimental effects on 
LAT1 function and stability, as assessed in both intact cells and pro
teoliposomes (Scanga et al., 2025). Another recent 
phospholipid-mediated regulation was revealed by lipidomics coupled 
to CryoEM: the interaction with four phosphatidyl ethanolamine mole
cules embedded in the plasma membrane was demonstrated to drive the 
formation of a super-dimer of heterodimers - (LAT1/CD98)2 - in plasma 
and lysosomal membranes (Wu et al., 2024). These properties correlate 
well with LAT1’s position at the centre of amino acid homeostasis in the 
brain and, consequently, with its role in neurological disorders which 
are often characterised by an altered membrane composition in 
neuronal cells.

5. Structural properties of LAT1

The aforementioned heterodimer is a distinctive feature among the 
members of the SLC superfamily that has attracted significant attention 
since its discovery (Mastroberardino et al., 1998). The resolution of its 
3D structure using X-ray crystallography was challenging until CryoEM 
emerged as a “revolution”. In 2019, the first LAT1/CD98 heterodimer 

Fig. 3. Architecture of the LAT1/CD98 heterodimer. The LAT1 (light blue)/CD98 (blue) heterodimer, which is bound to leucine (PDB: 8X0W), is inserted into an 
oriented membrane and is ahown as ribbons. The four Asn residues responsible for the N-glycosylation of CD98 are highlighted in green (ball-and-stick represen
tation). The twelve Cys residues are highlighted in yellow (ball-and-stick representation). The red box encompasses the conserved disulfide bridge formed between 
Cys 109 and Cys 164 of CD98 and LAT1, respectively. The dotted red box encompasses the substrate binding site. Three different ligands are shown in top-down 
views: leucine (PDB: 8 × 0W), L-Dopa (PDB: 8J8L), and JPH203 (PDB: 8XPU), in top-down views, respectively. These highlight crucial residues for substrate and 
inhibitor coordination in binding site. The right-hand panel shows a surface representation of the LAT1 structure (PDB: 6JQM), which illustrates its binding with four 
cholesterol molecules (yellow). All structures were visualized using UCSF Chimera 1.17.3.
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structure was solved (Lee et al., 2019; Yan et al., 2019), and several 
other 3D structures have since been released, highlighting crucial resi
dues for substrate binding and translocation, as well as interactions with 
lipids and drugs (Lee et al., 2025; Yan et al., 2021). Some of the findings 
that emerged from CryoEM structure(s), had already been described in 
previous studies using biochemical approaches, site-directed mutagen
esis, chemical targeting and homology modelling with bacterial homo
logues (Ilgu et al., 2016; Jungnickel et al., 2018). A notable example is 
the crucial role played by residue F252, which is homologous to a 
tryptophan residue in the arginine/agmatine transporter AdiC of E. coli 
and is essential for gating and substrate translocation. Consistent with 
this, the F252A mutation disrupted transport function as measured in 
the proteoliposome in vitro system, whereas the conservative F252W 
mutation retained LAT1 functionality (Napolitano et al., 2017a). These 
mutations were also tested in intact cells following the resolution of the 
3D structure, providing further confirmation of data obtained previously 
through homology modelling (Lee et al., 2019; Yan et al., 2019). The 
overall architecture of LAT1 is typical of APC members, consisting of a 
core of 10 TMs organised in a ‘5 + 5′ inverted repeat topology and two 
alpha helices, TMs 11 and 12. This core is characterised by three sub
domains: hash (TMs 3, 4, 8 and 9), bundle (TMs 1, 2, 6 and 7) and arms 
(TMs 5 and 10). The bundle domain contains the substrate binding site, 
which is located in a cavity formed by TM1 and 6 helices that face each 
other and are discontinuous. TM1 harbors the GSG motif, which is well 
conserved in other bacterial homologues and is responsible for coordi
nating the substrate’s carboxyl group. TM6 harbors the aforementioned 
F252 residue, together with G255, which is responsible, for docking 
bulky amino acid side chains. According to Cryo-EM data, the flexibility 
of the two discontinuous TM1a, TM1b, TM6a and TM6b, is essential for 
conformational changes from inward open to outward open (Lee et al., 
2019; Yan et al., 2019). In the same region, other residues, Y117, W257, 
N258, Y259 and R348, have been identified as important for leucine 
transport in intact cells (Yan et al., 2019). Interestingly, the first link 
between a structural alteration and a brain disease was established prior 
to the resolution of the 3D structure, when a natural mutation of LAT1 
gene, namely A246V, was identified in a familial form of ASD. This 
residue is located on TM6, and the Ala-Val substitution introduces a 
residue with a larger lateral chain that plausibly impairs the movement 
of the close-gating residue F252. Consistently, LAT1-A246V was 
completely dysfunctional, resulting in an imbalance of amino acid ho
meostasis in the brain (Tarlungeanu et al., 2016).

More recently, further structural information on the interaction be
tween LAT1 and its ligands has been obtained by resolving 3D structures 
in the presence of inhibitors, synthesized as bicyclic meta-tyrosine-based 
compounds, such as JX-075, JX-078, and JX-119 (Lee et al., 2025). 
These results clarified that LAT1 substrate binding pocket is not rigid or 
pre-defined, but consists of highly mobile elements, TMs 1, 6, 10 and 3, 
that adapt to the size of the substrate(s). These findings further highlight 
the role of LAT1 in the BBB. Indeed, the ability to recognise and bind 
ligands of different size(s) and different steric hindrance(s) increases the 
likelihood of designing drugs that can cross the BBB and reach the brain. 
Interestingly, as all available structures were obtained in the presence of 
CD98, more detailed information has been obtained on this interaction. 
In addition to the disulfide bond between two conserved cysteine resi
dues, the CryoEM structures revealed the crucial role of surface elec
trostatic interactions between the negatively charged surface of LAT1 
and the positively charged surface of CD98 (Lee et al., 2019). The for
mation of the LAT1/CD98 heterodimer super-dimer has been attributed 
to CD98 N-glycans and acidic pH using Mass Spec data and in silico 
approaches (Wu et al., 2024). Notably, the super-dimer architecture was 
first suggested in LAT1 studies (Napolitano et al., 2015) and provides a 
clear explanation for the random simultaneous mechanism of the LAT1 
transport cycle. Furthermore, the resolution of the first CryoEM struc
ture (Lee et al., 2019), coupled to a recent deep in silico analysis 
(Hutchinson and Schlessinger, 2024), showed the molecular basis of the 
positive effect of cholesterol on LAT1 functionality, which had 

previously been described prior to the resolution of the 3D structure 
(Dickens et al., 2017). Among the four cholesterol molecules bound to 
LAT1, the CHOL3 pose near TM9 (the hash domain) was found to pro
vide the most robust interaction with LAT1. This substantiates the role of 
cholesterol in stabilising LAT1 in the inward-open state (Fig. 3). MD 
simulations also identified the key LAT1 residues for the interaction: 
E457, S390 and S395 (Hutchinson and Schlessinger, 2024). Cholesterol 
is also required for the opening of the ATP binding site, as previously 
mentioned (section 4) (Cosco et al., 2020). Moreover, in silico analyses 
have demonstrated that the oxidised form of cholesterol, 7-ketocholes
terol, can bind to LAT1 in the same way as cholesterol (Scanga et al., 
2025). It is important to note that the long-held belief that cholesterol is 
symmetrically distributed in the cell membrane is being questioned, 
with evidence suggesting a higher concentration of cholesterol in the 
external leaflet than in the cytosolic one (Doktorova et al., 2025). This 
could potentially explain the abundance of cholesterol binding sites on 
the extracellular side of LAT1 (Lee et al., 2019).

Since the first structure was published in 2019, a further 10 different 
LAT1 structures (Lee et al., 2025; Yan et al., 2021) have been deposited 
in the PDB database; however, the molecular determinants for amino 
acid antiport coupling have yet to be elucidated. Recently, experimental 
and dynamic simulation results have suggested that the conserved res
idue Lys 204 on TM5 of LAT1 is important for coupling inward and 
outward-directed substrate fluxes, outlining the antiport reaction 
(Scalise et al., 2025b). Given that K204 and Y236 occupy the same po
sition as the sodium sites in NSS transporters, and given that they 
determine the functional asymmetry of bacterial alanine/ser
ine/cysteine transporter BasC, it is reasonable to hypothesize that they 
play similar roles in LAT1 as well (Errasti-Murugarren et al., 2019). 
Interestingly, a uniport function has also been observed in the WT 
protein under acidic conditions (Scalise et al., 2025b). These results 
suggest that the protein may mediate a unidirectional flux of amino 
acids, besides the canonical antiport, when localized in the lysosomal 
membrane (Milkereit et al., 2015). More recently, the residue F400 on 
TM10 was identified as crucial for the antiport reaction mediated by 
LAT1 in proteoliposomes (Scalise et al., 2025a). This follows data 
highlighting the impaired transport functionality of the F400V LAT1 
mutant (Lee et al., 2025). Indeed, in proteoliposomes, the F400V mutant 
exhibited an abolished antiport function alongside the emergence of a 
measurable uniport. The double mutant K204/F400V was trans-inhibited 
in proteoliposomes, which definitively demonstrated that these two 
residues are key for the coupling of amino acid uptake and efflux via 
LAT1 (Scalise et al., 2025a). With regard to the brain localisation of 
LAT1, unidirectional transport has been measured for the WT protein 
when the complex Cu(His)2 is used as a substrate (Scanga et al., 2023). 
Another structural feature of LAT1 is the presence of 12 cysteine resi
dues (Fig. 3), which is consistent with the average number of cysteine 
residues in SLC proteins that is 11 (Scalise et al., 2019). This property is 
relevant to LAT1 biology and pharmacology; as the thiol group of a 
cysteine residue can undergo a large number of reactions due to its 
nucleophilicity and sensitivity to oxidative modifications (Mukherjee 
and Grimster, 2018). Consequently, the exposure of LAT1’s cysteine 
residues may be significant for post-translational modifications, sensi
tivity to redox stress, and protein-protein interactions. Consistent with 
this, the formation of the LAT1/CD98 heterodimer occurs via a disulfide 
bond between two conserved cysteine residues (Fig. 3). Furthermore, 
two cysteine residues - C335 and C407 -, are located close to the sub
strate binding site (Fig. 3). This feature has been exploited in a 
proof-of-concept Targeted Covalent Inhibitors (TCIs) approach, i.e. a 
strategy in which covalent drugs are designed to improve efficacy and 
potency (Mukherjee and Grimster, 2018). In the case of LAT1, a set of 
dithiazoles and dithiazines, which are known for their antibacterial, 
antifungal, herbicidal, and anticancer effects have been tested for their 
ability to covalently bind to and inhibit LAT1 in intact cells and pro
teoliposomes (Napolitano et al., 2017b). Again, with regard to local
isation in the brain and placenta, LAT1 is a well-known target of 
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mercury compounds, which are toxic substances that negatively affect 
foetal and brain development (Boado et al., 2005). In this respect, LAT1 
has also been proposed as a transporter of the mercury-amino acid 
complex (Table 2), which adds another layer of danger to the overall 
toxicity of mercury compounds (Straka et al., 2016).

6. LAT1 druggability in brain-related disorders

In recent years, the localisation of LAT1 at the BBB has boosted 
studies investigating its potential role in treating neurological disorders 
(Ahmed, 2025), such as AD, PD, ASD, PKU, convulsions, 
neuro-inflammation, GBM, pain, ageing and cognition impairment. 
While the molecular basis of the relationship between LAT1 and these 
pathological conditions is not always clear (see section 3), there is sig
nificant pharmacological interest in LAT1. The role of LAT1 in drug and 
prodrug delivery is particularly important, given that the BBB prevents 
the flux of xenobiotics to and from the brain, resulting in reduced drug 
efficacy. Therefore, it is unsurprising that the prodrug approach, now 
considered one of the most feasible ways for a pharmacological com
pound to cross the BBB and reach the brain (Huttunen, 2024), identifies 
LAT1 as a prototype protein. Several attempts to improve drug delivery 
to the BBB have been made using nanocarriers, (i.e. nanoparticles or 
liposomes) coated with LAT1 substrates and loaded with brain targeting 
drugs (Kou et al., 2018; Puris et al., 2022). A few examples are: i) 
Phe-coated nanoparticles loaded with the natural flavonoid, morin hy
drate, to treat AD (Sharma et al., 2017); ii) gold and GSH-gold nano
particles loaded with levodopa, to treat PD (Gonzalez-Carter et al., 2019; 
Nair et al., 2023). For several years, the development of drugs and 
prodrugs based on LAT1 has followed a parallel path, particularly in the 

pre-structure era. The first molecules identified as LAT1 interactors were 
substrate analogues that acted as orthosteric competitive inhibitors. 
Initial interest in LAT1-targeting drugs centred on chemically knocking 
down the transport function in cancer cells characterised by high LAT1 
expression (Kandasamy et al., 2018). The first molecule to fulfil this 
requirement was the leucine analogue BCH, which was found to inhibit 
the growth of cancer cells (Janpipatkul et al., 2014; Kaji et al., 2010; Kim 
et al., 2008; Marshall et al., 2016; Mastroberardino et al., 1998). 
Building on these findings, several other substrate analogues have been 
designed for the same purpose, as detailed in Table 2. The most notable 
example is the tyrosine analogue JPH203 (also known as KYT-0353), 
which was initially designed for use in the treatment of colon cancer 
(Oda et al., 2010) and has since progressed to Phase II of a clinical trial 
(UMIN000034080) for the treatment of biliary tract cancer (Okano 
et al., 2020). Over the years, a long list of ligands that share structural 
similarities with other LAT1 substrates has been proposed, including 
phenylalanine, lysine, tryptophan and triiodothyronine (T3) (Table 2) 
(Augustyn et al., 2016; Geier et al., 2013; Kongpracha et al., 2017; Singh 
and Ecker, 2018; Ylikangas et al., 2014). Some of these inhibitors have 
been found to be specific LAT1 substrates in cis-inhibition and trans-
stimulation assays in intact cells, because they are substrate analogues 
(Augustyn et al., 2016; Puris et al., 2020; Zur et al., 2016). Several 
compounds have been conjugated to LAT1 substrates via a hydrolyti
cally cleavable bond, including anti-inflammatories (ketoprofen, flur
biprofen, naproxen, and salicylic acid), antioxidants (ferulic acid), 
immunomodulators (perforin inhibitors), and anti-epileptics (valproic 
and nipecotic acid) (Gynther et al., 2008, 2010, 2016b; Huttunen et al., 
2016; Montaser et al., 2020; Peura et al., 2011; Puris et al., 2017; 
Tampio et al., 2022). The delivery of these compounds to model tissues 

Table 2 
Drugs, prodrugs, and drug-derivatives as LAT1 ligands in human disease.

Compound Treatment Clinical trial Inhibitor/substrate References

Salicylic acid derivatives Inflammation – Substrate (Bahrami et al., 2023); 
(Montaser et al., 2022);

Flurbiprofen/naproxen conjugates (prodrugs) Inflammation – Substrate Tampio et al. (2021a)
Ketoprofen/ibuprofen conjugates (prodrugs) Inflammation – Substrate (Gynther et al., 2008); 

(Puris et al., 2019); 
(Hugele et al., 2022); 
(Gynther et al., 2010);

KMH-233 Cancer – Inhibitor (Huttunen et al., 2016); 
(Markowicz-Piasecka et al., 2020);

Palbociclib (prodrug) Cancer - Inhibitor Jarvinen et al. (2024)
Clorambucil derivatives Cancer – Substrate (Pocasap et al., 2020);
Probenecid derivatives Cancer – Substrate (Huttunen et al., 2018); 

(Montaser et al., 2020); 
(Huttunen, 2024);

SKN 101-105 Cancer NCT01791595 Inhibitor (Kongpracha et al., 2017);
Phenylalanine derivatives Cancer; Diabetes – Substrate (Augustyn et al., 2016); 

(Chen et al., 2024); 
(Srisongkram et al., 2022);

Tyrosine derivatives/JPH203 Cancer UMIN000016546; 
NCT00698373

Inhibitor (Okano et al., 2020);

QBS10072S Cancer NCT05305365; 
NCT04430842

Substrate (Cheng et al., 2024);

BBPA Cancer NCT05987098 Substrate (Li et al., 2024);
Methyl-Hg-Cysteine Cancer – Substrate Wei et al. (2018)
Levodopa conjugates/analogues Parkinson’s Disease – Inhibitor Thiele et al. (2018)

Peura et al. (2013)
Iron Chelators Parkinson’s Disease – Substrate Gutbier et al. (2020)
Melphalan derivatives Neurological disorders – Substrate (Matharu et al., 2010);
Ferulic acid derivatives Neurological disorders – Substrate (Montaser et al., 2019; Huttunen et al., 2019)
1,2,3 triazolyl analogues Cancer; Neurological disorders – Inhibitor Hall et al. (2019)
6-mercapto-purine derivatives CNS disorders – Inhibitor (Puris et al., 2020);
4-cl-KYN Depression NCT02484456 Substrate (Patel et al., 2021); 

(Park et al., 2020);
Valproic acid derivatives Convulsion – Substrate ; (Bahrami et al., 2023; Gynther et al., 2016a)
Non-physiological amino acids PKU – Substrate Vogel et al. (2013)
PET (clinical) Cancer NCT05987098 Substrate (Li et al., 2024);
18F-fet PET (clinical) Cancer Phase I trial 

NCT02025231
Substrate Moller et al. (2016)
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has been evaluated in terms of an increased AUC brain/plasma ratio and 
subsequent accumulation in neurons, astrocytes and microglia, where 
LAT1 is expressed (Gynther et al., 2016a, 2016b; Huttunen et al., 2022; 
Montaser et al., 2020; Puris et al., 2017, 2019). In particular, as LAT1 
expression is unaffected by neuroinflammation (Gynther et al., 2018; 
Taccola et al., 2021), anti-inflammatory and antioxidant drugs conju
gated to LAT1 substrates have shown promise in the treatment of AD 
neuroinflammation. Similarly, perforin-inhibitor derivatives have been 
developed to enhance the bioavailability of drugs that reduce lipid 
peroxidation and caspase 3 and 7 activity (Tampio et al., 2020). 
Furthermore, to improve the treatment of epilepsy, valproic acid was 
conjugated to phenylalanine with meta- and para-substitutions. In this 
study, meta-substituted valproic acid showed stronger binding to LAT1 
than para-substituted derivatives (Peura et al., 2011). Subsequently, 
valproic acid derivatives based on amide group linkers were proposed to 
further improve the brain/plasma ratio (Gynther et al., 2016a). 
Convulsion treatment was also addressed by tethering nipecotic acid to 
L-serine, which accumulated in the mice brain to a greater extent than 
the drug counterpart (Dhanawat et al., 2021). Interestingly, similar 
derivatives have also been tested in an AD model to reduce neuro
inflammation (Papagiouvannis et al., 2022). There are straightforward 
connections between LAT1-mediated drug transport and pathologies: i) 
levodopa and PD; ii) amino acids and PKU; iii) kynurenine derivatives 
and depression. Several studies have attempted to improve levodopa 
delivery in the BBB for PD treatment, and Phe-derivatives have been 
shown to have a higher affinity than other moieties (Peura et al., 2013). 
Interestingly, iron chelators have also been designed as LAT1 substrates 
for PD treatment, based on the finding that iron accumulates in PD 
brains (Gutbier et al., 2020). A proof-of-concept study was performed to 
demonstrate that non-physiological amino acids could impair Phe 
transport in a mouse model of PKU (Vogel et al., 2013), emphasising the 
need for competitive LAT1 inhibitors to specifically reduce Phe accu
mulation in the brains of PKU patients. Finally, the kynurenine analogue 
7-Cl-Kyn exhibited antidepressant properties in clinical trials and was 
found to accumulate in the brain via LAT1 transport (Patel et al., 2021).

Furthermore, LAT1-mediated drug uptake could also be exploited to 
counteract cancer chemoresistance, given the well-documented over- 
expression of this protein in virtually all human cancers. In this respect, 
LAT1 could be employed as a Trojan horse for GBM, one of the most 
aggressive and difficult-to-treat cancer types (Ozawa et al., 2021). Since 
2005, GBM pharmacological therapy has relied on temozolomide 
(TMZ), an alkylating agent which has been proposed to cross the BBB 
due to its small size and high lipophilicity (Cohen et al., 2005). However, 
TMZ distribution in the brain is heterogeneous, particularly in the 
presence of GBM. Consequently, various strategies have been adopted to 
enhance the permeability and distribution of TMZ in GBM cells. Some of 
these strategies involve using LAT1 substrate-coated nanoparticles 
loaded with TMZ and sorafenib (Zhang et al., 2023). Nevertheless, GBM 
is characterised by a high rate of resistance to TMZ treatment, with 
relapse occurring within a few months. The mechanisms of chemo
resistance are not yet fully elucidated. Recently, a mechanism underly
ing GBM recurrence after TMZ treatment was proposed, based on the 
formation of a subset of senescent cells during therapy. Though few in 
number, these cells can acquire stemness serving as a seed for the for
mation of TMZ-resistant GBM (Wang et al., 2025). Therefore, the 
identification of the BBB-permeating compound QBS10072S offers a 
new approach to overcoming TMZ resistance (Ozawa et al., 2021). 
Interestingly, the permeation of this novel compound across the BBB has 
been associated with the expression of LAT1 (Ozawa et al., 2021). The 
compound QBS10072S exhibits cytotoxic effects on GBM cells charac
terised by the presence of the O6-methylguanine-DNA methyltransfer
ase (MGMT), a DNA-repairing enzyme. This protein is highly expressed 
in TMZ-resistant cells, where it helps to nullify the efficacy of TMZ. 
Additionally, the LAT1 substrate methylmercury-L-cysteine conjugate, 
can target GBM cells specifically, with minimal effect on surrounding 
normal cells (Wei et al., 2018). The BNCT (Boron Neutron Capture 

Therapy) approach uses a boron-phenylalanine derivative to target 
cancer cells (Wongthai et al., 2015) and has recently been proposed for 
GBM treatment (Zhang et al., 2025). Furthermore, the properties of 
LAT1 have been utilised in diagnostics for many years; indeed, PET 
(Positron Emission Tomography) probes employed in the diagnosis of 
cancer are based on LAT1 substrates (Table 2).

7. Conclusions and future perspectives

One of the challenges of modern pharmacology is the entry of drugs 
and prodrugs into the brain for the treatment of neurological disorders 
and brain tumors, due to the presence of the impermeable BBB. Never
theless, the plasma membrane transporter LAT1, is considered a prom
ising candidate for the transporter-mediated approaches due to its 
localisation in BBB and brain cells. However, as Huttunen’s group has 
highlighted, a still unsolved issue is linked to timely bioconversion once 
the BBB has been crossed. Indeed, prodrugs need to be modified and, 
therefore activated once in the brain. However, due to a lack of 
knowledge regarding the enzymes involved in bioconversion, a full 
understanding is not yet available (Huttunen, 2024). Evaluating the 
efficacy and pharmacokinetics of brain-targeting drugs is another 
bottleneck due to the complexity of BBB anatomy (Puris et al., 2022). 
Furthermore, when considering the contribution of LAT1 to BBB drug 
permeation, it should be noted that the cognate protein CD98 cannot be 
considered a passive player. In fact, CD98 is a multifunctional hub 
protein whose roles extend far beyond trafficking SLC7 light subunits to 
cell membranes. These include cell adhesion, proliferation, migration, 
stem cell properties, and immune response (Xia and Dubrovska, 2023). 
In this context, a recent study examined the role of CD98 in glioma cells’ 
immune evasion, which reduces the efficacy of immunotherapy. The 
study proposed that CD98 could be used as a biomarker to predict the 
success of immunotherapy (Xu et al., 2024). Therefore, it is reasonable 
to hypothesize that the LAT1/CD98 interaction may modulate the po
tency and efficacy of LAT1 ligands. As mentioned previously, the 
versatility and specificity of LAT1 stem from the architecture of its 
substrate binding site (see section 5). However, LAT1 is an obligatory 
antiporter, meaning that for each drug molecule taken up, an amino acid 
must be released, thereby altering the intracellular amino acid pool. 
Therefore, identifying the molecular basis of the substrate exchange 
mechanism could enable the transporter to be switched to unidirectional 
transport mode. This could enable drugs/prodrugs to accumulate in cells 
without altering the intracellular pool of amino acids. A recent meta
interference approach was employed to conduct molecular docking of 
potential ligands using available 3D cryoEM structures as a part of an 
in-depth in silico analysis (Hutchinson et al., 2022). Advances in struc
tural biology, coupled with significant developments in AI-based tools, 
have increased the accuracy of in silico predictions and molecular 
docking analyses for identifying novel substrates and allosteric inter
actors, i.e., ligands with alternative binding sites to those of substrates 
(Schlessinger et al., 2023). However, research into LAT1 is underde
veloped, as is research into other SLC proteins such as SLC1A3 
(Canul-Tec et al., 2017) and SLC7A11 (Yan et al., 2022), due to limited 
available data. Finally, the drug repurposing approach is recognised as a 
revolution in the field of neurological therapeutics (Attri et al., 2025) 
and could furnish ready-to-use LAT1 substrates that can cross the BBB. 
This could pave the way for improved therapies for neurological disor
ders and brain diseases.
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