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Abstract: Ultrashort peptides (USPs), consisting of 2-7 amino-acid residues, are a group of signaling 
molecules that regulate gene expression and protein synthesis under normal conditions in various 
diseases and ageing. USPs serve as a basis for the development of drugs with a targeted mechanism of 
action. The purpose of this review is to systematize the available data on USP transport involving POT 
and LAT transporters in various organs and tissues under normal, pathological and ageing conditions. 
The carriers of the POT family (PEPT1, PEPT2, PHT1, PHT2) transport predominantly di- and 
tripeptides into the cell. Methods of molecular modeling and physicochemistry have demonstrated 
the ability of LAT1 to transfer not only amino acids but also some di- and tripeptides into the cell 
and out of it. LAT1 and 2 are involved in the regulation of the antioxidant, endocrine, immune 
and nervous systems' functions. Analysis of the above data allows us to conclude that, depending 
on their structure, di- and tripeptides can be transported into the cells of various tissues by POT 
and LAT transporters. This mechanism is likely to underlie the tissue specificity of peptides, their 
geroprotective action and effectiveness in the case of neuroimmunoendocrine system disorders.

Keywords: ultrashort peptides; POT; LAT; pathology; pharmacotherapy

1. In troduction

Peptides are molecules containing from 2 to 100 amino-acid residues linked by peptide 
bonds. According to the num ber of amino-acid residues, there is a division of peptides into 
polypeptides (from 10 to 100 am ino-acid residues) and short peptides or oligopeptides (no 
m ore than 10 am ino-acid residues) [1]. According to the classification of the International 
Union of Pure and Applied Chemistry (IUPAC), short peptides consist of 10-20 amino-acid 
residues, w hile polypeptides consist of 20 or more am ino-acid residues [1,2]. According to 
another classification, short peptides include com pounds up to 40 am ino-acid residues in 
length [3 ]. In addition, there is a group of ultrashort peptides (USPs) consisting, according 
to som e data, of 2 -4  am ino-acid  residues [4 ], or, according to others, of 3 -8  am ino-acid  
residues [5- 7].

Peptides possess antioxidant, antim icrobial, antibacterial, anti-inflam m atory, anticar- 
cinogenic, antitumor and im m unoregulatory properties [8- 10]. They regulate the functions 
of endocrine, nervous and im mune systems and are involved in cell differentiation, apopto- 
sis [11,12] and proliferation [11,13]. Thus, peptides have a w ide range of targeted biological
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activities [14]. This allows us to consider them as promising m olecules for the development 
of drugs [15].

The ability of positively  charged short peptides to enter cells w as first discovered in 
hum an im m unodeficiency virus studies. Currently, these peptides are used to transport 
drugs into cells [16]. The use of fluorescence and electron m icroscopy com bined w ith  
m olecular m odeling revealed passive transport of positively charged peptides into HeLa 
cells based on cell m embrane fusion induced by transported peptides [17]. There is evidence 
in the literature that USP can enter into the cell w ith the participation of carriers of proton- 
dependent oligopeptide cotransporters (POT). Since ultrashort peptides have a short length 
(from  2 to 8 am ino-acid  residues), it can be assum ed that their transport can be realized 
w ith the participation of L-type am ino-acid transporters (LATs).

D i- and tripeptides, as w ell as various peptide-like com pounds, such as p-lactam  
antibiotics, are absorbed into the ep ithelial cells of the intestine and kidneys using POT. 
These include PEPT1, PEPT2, PH T1, PH T2 carriers, consisting of 572 -729  am ino-acid  
residues (« 6 2 -1 0 2  kDa). All the POT fam ily m em bers contain 12 transm em brane domains 
w ith  N - and C -term ini facing the cytosol. PH T1 and PH T2 recognize L-histid ine as a 
substrate. PEPT1 and PEPT2 have high interspecies hom ology (about 80%  in  m ice, rats, 
rabbits and hum ans), but sequence hom ology betw een these carriers for the sam e species 
is low  (about 50% ). R at PH T1 and PH T2 have an am ino-acid  identity  of about 50% , but 
they show  insignificant sequence hom ology w ith PEPT1 and PEPT2 (less than 20%) [18].

PEPT1 and PEPT2 have a high degree of overlapping substrate specificity, being capa
ble of am ino-acid-sequence-independent transport of dipeptides and tripeptides [18- 21]. It 
is unclear w hether PHT1 and PHT2 proteins can transport the same range of di/tripeptides. 
H ow ever, the ability o f PH T1/PH T2 to transport L-histid ine d istinguishes them  from  
PEPT1/PEPT2 [19]. PEPT1 expression is more pronounced in the small intestine than in the 
kidneys. PEPT2 is predom inantly expressed in the kidneys [22,23]. B oth  transporters are 
localized in the brush border m em branes of epithelial cells. PEPT1 is a low-affinity peptide 
transporter, w hile PEPT2 is a high-affinity peptide transporter [18].

A m ino-acid  transporters are vital for nutrient uptake, neurotransm itter recycling, 
cell-redox balance and cell signaling. Essential am ino acids are transported across the 
b loo d -b ra in  barrier (BBB) using special carriers. Based on the difference in substrates, 
am ino-acid carriers are divided into cationic, anionic and neutral.

LAT are heterodim eric am ino-acid  transporters. LAT1 predom inantly  transports 
neutral am ino acids such as leucine, tryptophan, tyrosine and phenylalanine across the 
BBB via a N a-independent pathway. It is also involved in the brain delivery of some other 
biologically active substances, including L-DOPA, melphalan, gabapentin and baclofen [19]. 
LAT2 exhibits broader substrate specificity, transporting sm aller neutral am ino acids [20].

There are only a few publications describing the mechanisms of peptide transport into 
the cell, and they are m ainly dedicated to peptides longer than 7 -1 0  am ino-acid residues. 
U SP transport into the cell has not been  properly  studied yet. Based on literature data 
and analysis of the structure of active centers of am ino acid and peptide carriers, it can be 
assum ed that som e U SPs can in teract w ith  active centers of transporters, including LAT, 
and be transported into the cell. There are w orks devoted to som e U SPs that refute this 
assum ption. How ever, no such analysis has been carried out for the entire pool of di- and 
tripeptides so far. It should also be noted that in the active centers of the transporters of 
peptides and am ino acids there are areas w ith  unclear function. Perhaps the biological 
m eaning of such sites is the binding and transport of di- and tripeptides. In  this regard, 
the purpose of the review  is to analyze and system atize the possible m echanism s of cell 
USP transport.

2. P O T  Fam ily  Peptide Transporters (SCL15): PEPT1, PEPT2, PH T1, PH T2

The plasm a m em brane form s a natural barrier to am ino acids, short peptides and 
other hydrophilic or charged substances. In order to m aintain cellular hom eostasis, a large 
num ber of m em brane transporters for these m olecules appeared during evolution.
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D igestion of proteins in the intestinal lum en results in the release of individual amino 
acids and USPs. Transport of am ino acids across the enterocyte plasm a m em brane occurs 
w ith the help of several amino-acid transporters [24], while transport of di- and tripeptides 
is carried out by the intestinal peptide transporter PEPT1. PEPT1 is a glycosylated protein 
containing 12 transm em brane dom ains. It is an H +-dependent peptide transporter that 
belongs to the POT m em brane transporters fam ily (SLC15). The POT fam ily also includes 
PEPT2 isoform , synthesized in the cells of kidneys, lungs, brain and other tissues, as w ell 
as PHT1 and PHT2 transporters [25].

O ligopeptide transporters PEPT1 and PEPT2 provide proton-coupled active transport 
for a wide range of dipeptides and tripeptides, including zwitterionic, anionic and cationic 
peptides, as w ell as various peptide-like drugs (cefadroxil, enalapril and valaciclovir) [26].

E lectrochem ical gradient o f protons across the m em brane allow s the uptake of di- 
and tripeptides against a concentration gradient. The function of PEPT1 depends on 
the function of the Na+/H+ exchanger N H E3, located on the apical m em brane [27]. A 
decrease in Na+ concentration in cells serves as a driving force for N H E3, w hich rem oves 
protons from  cells into the intestinal lum en. These protons are then returned to the cells 
along w ith  the oligopeptides v ia  the H +-peptide cotransporter PEPT1. A fter entering 
enterocytes, di- and tripeptides can be m etabolized into am ino acids or transported into 
the blood. In the intestinal cell culture, a stim ulating effect of dipeptides on the cell level of 
PEPT1 was revealed. In vivo, the effect of dipeptides on PEPT1 synthesis m ay be mediated 
by  its influence on gastrointestinal horm ones. Insulin  stim ulates PEPT1 activity  at the 
post-translational level by increasing PEPT1 incorporation into the plasm a m em brane [28].

PEPT2 can use di-, tri- and tetrapeptides as substrates (preferably  dipeptides). Its 
affinity to substrates is significantly  higher than that of PEPT1. In  the kidneys, PEPT2 is 
localized on the apical surface of renal tubular cells, where it provides for the reabsorption 
of oligopeptides from urine [29].

A ccording to the H + gradient-dependent uptake m echanism , peptide transporters 
belong to "archaic" transporters. They are present in all living organism s and appeared in 
the early stages of evolution. Various isoform s of PEPT are present in the cell m em branes 
of prokaryotes and simple eukaryotic cells. PEPT1-like form and renal PEPT2-like form can 
be found in w orm s (Caenorhabditis elegans) [30], fish (D anio rerio, Gadus m orhua) [31,32], 
birds (Gallus gallus dom esticus) [33] and m am m als (O ryctolagus cuniculus, M us m usculus, 
H om o sapiens) [34,35].

Both PEPT isoform s have a broad substrate pattern that includes basically all di- and 
tripeptides derived from  L-alpha am ino acids, as w ell as a w ide variety  of derivatives, 
including drugs, such as beta-lactam  antibiotics, angiotensin-converting enzyme inhibitors, 
protease inhibitors and antiviral drugs [36]. It w as show n that PEPT1 can be used for 
m any drug (zanam ivir, oseltam ivir, d idanosine and others)-delivery purposes. It w as 
supposed that PEPT1 can transport drugs into the bloodstream  [37]. In  the literature, it 
is m entioned that PEPT are critical facilitators o f drug transport and distribution in the 
hum an body [38- 40]. Brandsch M. et al. (2008) noted that concerning the interaction 
of w ell over 700 di- and tripeptides, am ino acid w ith  peptide transporters can be very 
im portant in creating drugs on the base of these short peptides [38] . It w as supposed that 
the regulation of di/tri-peptide transport by POT plays an im portant role in physiological 
and pathophysiological m echanism s and drug creation [41].

Thus, PEPT transporters play an im portant role in  the transport of various signaling 
m olecules and drugs, including USP. In  this regard, the study of the PEPT1-functioning 
mechanism  and regulation of this process is of great im portance for m olecular m edicine [42] .

3. Localization  of the P O T  Fam ily  M em bers in  Various O rgans and Tissues

The presence of peptide transporters in the brain  has aroused interest concerning 
their physiological role and localization in the central nervous system 's (CN S) tissues 
and cells. In  the m am m alian C N S, various am ino acids, am ines and U SPs function as 
neurotransm itters and neurom odulators. They also participate in the cellular m etabolism



Int. J. Mol. Sci. 2022, 23, 7733 4 of 25

and hom eostasis regulation. PEPT2 has been found in the cerebral cortex, olfactory bulbs, 
basal ganglia, cerebellum and medulla oblongata [43]. PEPT2 is largely expressed in choroid 
plexus epithelial cells and ependym al cells. Its expression is observed exclusively  on the 
apical (facing CSF) m em brane of choroid plexus cells in new born and adult rats, w hich 
suggests that PEPT2 is involved in the peptide transport from the CSF into the blood [44,45]. 
P EPT2 w as also found to be expressed in the cerebral cortex d ifferently depending on 
age; m oreover, its levels in the fetus and new born tissues w ere significantly higher than 
in  adults. P E PT 2 expression w as found in  neurons in adult and new born rats, and in 
astrocytes of new born rats. A t the sam e tim e, P E PT 2 expression in B B B  endothelial cells 
was not detected, which w as consistent w ith in situ hybridization studies [46] and the lack 
of evidence for the penetration of dipeptides into endothelial cells of brain m icrovessels [47]. 
N o signs of PEPT1 expression in the brain w ere detected.

PEPT2 is expressed in epiderm al keratinocytes [48]. The m axim um  concentration of 
PEPT2 is observed closer to the basal layer of the epidermis. This indicates that in epidermis, 
PEPT2 m ediates the transport of oligopeptides from  the basal layer [49] . PEPT2 m ediates 
unilateral intracellular uptake of oligopeptides as an active transporter, activated by a trans
m em brane electrochem ical proton gradient. U nlike keratinocytes, derm al fibroblasts and 
m elanocytes do not express PEPT1 and PEPT2. The PEPT2 transporter, expressed m ainly 
in keratinocytes, is assum ed to be involved in the transcellular transport of oligopeptides 
and peptide-like drugs, delivering them  to the underlying layers of the epiderm is.

P EPT1 is a nonspecific transporter. It is localized m ainly on the brush border m em 
brane of the small intestine, and to a lesser extent in the kidney proximal tubules [29]. PEPT2 
is a m ore selective transporter, and is expressed predom inantly in the apical m em brane of 
kidney cells. In the kidney proxim al tubules, PEPT1 and PEPT2 are localized differently: 
PEPT1 is found in  the S1 segm ent; PEPT2 is found in the S2 and S3 segm ents [50] . In rats, 
radioactively  labeled m olecular probes detected P EPT1 in the renal-cortex region, and 
PEPT2— in the outer part of the m edulla [51]. W ith a knocked-out PEPT2 gene, a violation 
of peptide absorption in kidneys and choroid plexuses was revealed in mice [52,53]. PEPT1 
and PEPT2 may be applicable in the pharm acokinetics of b-lactam  antibiotics by transport
ing them  to target cells and prom oting reabsorption in renal tubular cells after glom erular 
filtration [18].

Relatively little is known about the expression and distribution of PHT1 and PHT2 in 
various animal and hum an tissues. PHT1 m RN A has been found in the choroid plexus cells 
of the brain  and retina in  rats. PH T2 transcripts w ere expressed m ainly in the lym phatic 
system , lungs and spleen of rats, but w ere practically  not detected in the brain  [54,55]. 
SLC15A4 and SLC15A3 transcripts, encoding PHT1 and PHT2, have been found in hum an- 
and rat-intestinal-tissue segm ents. M oreover, im m unohistochem ical analysis has show n 
that PHT1 w as expressed in the sm all intestine villous epithelium  [56].

Thus, P EPT1 and P EPT2 transporters are localized in cells of various organs and 
tissu es. P EPT1 is predom inantly  found in k idney and intestinal cells, w hereas PEPT2 
is detected in C N S neurons and vascular endothelium . These data are im portant in the 
context of understanding the tissue-specific action of some USPs. It can be assumed that di- 
and tripeptides, being transported into tissues, depending on their structure, are capable of 
interacting with PEPT1 and PEPT2, and thus can exhibit their protective properties against 
cells of various tissues.

4. Participation  of the P O T  Fam ily Transporters in  Various P hysiological Processes 
under N orm al and Pathological C onditions

Due to their difference in tissue distribution and expression patterns, POTs are thought 
to have different functions in vivo. As the predom inant (and probably the only) POT located 
on the sm all intestinal brush border m em brane, PEPT1 is the transporter responsible for 
the absorption of sm all peptide fragm ents during protein d igestion . It m ay also be the 
main carrier responsible for the absorption of peptidom im etics, such as som e angiotensin- 
converting enzym e inhibitors and the antiviral drug valaciclovir.
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It is suggested that based  on the analysis of the structure of the PEPT2 transporter, 
it is possible to develop peptidom im etics for the treatm ent of lung pathology [57] . Pep- 
tidom im etics based on Au III-peptidodithiocarbam ato com plexes, transported by  PEPT1 
and PEPT2, suppressed the growth of hum an tumor cells (lung cancer, breast cancer, epider
m oid carcinom a) in vitro [58]. In another study, peptidom im etics containing gold particles 
and transported by PEPT1 and PEPT2 also suppressed the growth of various hum an tumor 
cell lines [59].

D espite PEPT1 and PEPT2 expression in the nephron proxim al tubule, recent in vivo 
studies have show n that PEPT1 plays a m inor role in  the reabsorption of d ipeptides and 
am inocephalosporin  from  the tubular fluid. PEPT2 is the m ain transporter involved in 
the renal reabsorption of peptide substrates and peptidom im etics. PEPT2 localization on 
the apical m em brane of choroid plexus ep ithelial cells contributes to the m aintenance of 
neuropeptide homeostasis and the removal of neurotoxins from the brain. This localization 
also m akes PEPT2 an attractive target for the peptidom im etics transport to the brain [18].

PEPT1 involvem ent in  the pharm acokinetics of a large num ber of drugs causes in
terest in studying the regulation of PEPT1 under various physiological and pathological 
conditions [60,61].

Peptide transporters, PEPT1 in particular, are considered as drug-delivery systems [62]. 
Particu lar attention has been  paid to the involvem ent of PEPT1 in the pathophysiology 
of gastrointestinal disorders, especially its role in inflam m atory bow el disease (IBD). The 
H (+)/peptide transporter, PEPT1, is a key m olecule prom oting the developm ent and 
progression of IBD [63,64]. Increased expression of PEPT1 in the colon during its inflam m a
tion contributes to the developm ent of further inflam m atory processes and carcinogene
sis [65,66].

According to som e data, PEPT1 can transport bacterial peptides into cells. This inter
nalization prom otes interaction betw een bacterial peptides and innate im m une receptors, 
including NO D, thus activating the pro-inflam m atory cascade. Future potential therapies 
for IBD may target inflam m atory foci using PEPT1 ligands such as Lys-Pro-Val, chem ically 
m odified PEPT1-transported prodrugs or probiotics that dow nregulate PEPT1 expression 
in the sm all and large intestine [65].

M iddle-aged anim als revealed a higher expression of PEPT2 and an increased rate of 
p-Ala-Lys substrate uptake compared to young animals. These results support the idea that 
dipeptides m ay be effective m yocardial protective agents in older anim als; their increased 
uptake m ay be a m anifestation of a com pensatory m echanism  in ageing [67].

In  addition to the h igh intestine expression level, PEPT1 is also found in som e tu
m ors, such as pancreatic carcinom a, prostate cancer, gastric cancer, etc. [68,69]. PEPT1 
can be specifically expressed in  hum an hepatocellular carcinom a tissue and cell lines. It 
also possesses transport activity to deliver oligopeptides or peptidom im etic m olecules. A 
possibility for a new  therapeutic antitum or strategy, in w hich PEPT1 w as considered as a 
target m olecule that increases the antitum or efficacy of doxorubicin, w as explored. D ox
orubicin w as conjugated w ith G ly-G ly-G ly tripeptide-ligand, w hich is a PEPT1 substrate. 
W hen using the doxorubicin-tripeptide conjugate for antitum or therapy of hepatocellular 
carcinom a, a decrease in the doxorubicin side effects w as observed. It w as suggested that 
PEPT1 m ight be a new  target m olecule for hum an hepatocellular carcinom a therapy [70].

The effect of acute stress or in flam m ation on PEPT1 function is not w ell described, 
despite the evidence that other m em brane transporters' expression m ay be inhibited dur
ing inflam m ation [71- 73]. The influence of inflam m ation on the intestinal absorption of 
dipeptides has been established [74]. PEPT1 can activate inflam m atory processes by facili
tating intestinal absorption of peptides of bacterial origin. This effect can be attenuated by 
PEPT1 substrates in vitro [75]. PEPT1-m ediated intestinal absorption is hypothesized to be 
preserved and potentially increased in inflammatory conditions, making PEPT1 a target for 
drug delivery for IBD  therapy.

R egulation of the PEPT1 transporter synthesis in  intestinal cells through dietary 
changes has been  dem onstrated in  several studies [76- 78] . Increasing the protein content
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enhanced the absorption of dipeptides in the sm all intestine of rats, as w ell as the levels of 
PEPT1 m RNA and protein. Moreover, the addition of selected amino acids or dipeptides to 
the culture m edium  increased dipeptide uptake, m RN A  levels and PEPT1 protein levels. 
Analysis of PEPT1 promoter revealed a gene region that responded to all dipeptides studied, 
as w ell as to individual am ino acids, such as Lys, Arg and especially Phe [79].

It has been  established that starvation reduces the transport of G ly-G ln  dipeptide 
localized in kidney cells [80,81].

In Saccharom yces cerevisiae yeast, gene expression of Ptr-2 peptide transporter [82] is 
regulated by  dipeptides that activate the ubiquitin-dependent proteolytic pathw ay [83].

A ccording to som e data, PH T1/PH T2 transporters have not been  detected in BBB 
cells [84,85]. However, another study suggested that they m ay participate in the intracellu
lar USP transport [58]. There are data that PH T1/PH T2 is involved in the pathogenesis of 
irritable bow el syndrom e, C rohn's disease and ulcerative colitis [86].

Thus, PO T fam ily proteins are im portant for the transport of peptidom im etics, drugs 
and other signaling m olecules in the kidneys, gastrointestinal tract and brain. The role of 
POT family transporters in the pathogenesis of diseases of the cardiovascular, im mune and 
excretory system s and gastrointestinal tract has been described.

5. R ole o f PEPT1 and PEPT2 in  the Transport o f U ltrashort Peptides

The spectrum  of U SP s' b iological activ ity  is w ide: they regulate the functions of the 
endocrine, nervous and im m une system s. The m echanism  of action of peptides consists in 
their ability to regulate gene expression and protein synthesis in  plants, m icroorganism s, 
insects, birds, rodents, primates and hum ans [10,14]. USP can penetrate cell nucleus and nu
cleolus and interact w ith the nucleosom e, histone proteins and single- and double-stranded 
D N A . D N A -p ep tid e interactions are vital for tem plate synthesis reactions, including se
quence recognition in gene promoters, replication, transcription and repair. USPs are able to 
regulate the DNA m ethylation status, which is an epigenetic m echanism of gene activation 
or repression in  norm al, pathological and ageing conditions [14]. In this regard, it can be 
assum ed that evolutionarily USPs, sim ilar to the POT fam ily peptide carriers, w ere one of 
the first signaling m olecules capable of cellular hom eostasis regulation.

Violation of peptide bioregulation reduces the body's resistance to external and internal 
destabilizing factors, w hich is one of the reasons for accelerated ageing and developm ent 
of age-associated pathology [14]. In this regard, disruption of peptide transport m ay be an 
im portant link in the im plem entation of ageing m echanism s and pathogenesis of a w ide 
range of diseases.

PEPT1 and PEPT2 carriers transport m ainly USP. Irie M. et al. (2005) studied the 
transport of neutral and charged U SP w ith  the participation of PEPT1. Transfer of G ly- 
Sar (glycyl-sarcosine) dipeptide into the cell using PEPT1 w as described by  m ethods of 
physicochem istry and m olecular m odeling [87].

Transport m echanism s of antihypertensive tripeptides LKP (Leu-Lys-Pro) and IQ W  
(Ile-Gln-Trp) obtained from  egg w hite w ere studied using the system  of co-cultivation 
of m onolayers o f C aco-2 and H T 29 cell lines. The results show ed that the transport w as 
significantly inhibited by Gly-Pro dipeptide, a com petitive substrate of the PEPT1 peptide 
transporter. Transport from the apical to the basolateral side w as significantly higher than 
in the opposite direction. These results indicated that PEPT1 was involved in the transport 
of LK P and IQ W  peptides. M oreover, siRN A  w as also used to knock  PEPT1 expression 
down, and inhibited the transport significantly, suggesting that PEPT1 w as involved in the 
transport process. Thus, an active pathway via PEPT1 transporter for the antihypertensive 
peptides LK P and IQ W  lies through m onolayers of co-cultured C aco-2 and H T 29 cell 
lines [88].

In Xenopus laevus oocytes, a new  function of the p-Klotho protein w as revealed, 
w hich consisted in the activity  reduction for peptide transporters PEPT1 and PEPT2 [89]. 
As show n for the TR PV 5 ep ithelial C a2+ channel [90] o f am ino-acid  transporters [91], p- 
K lotho can stabilize transport proteins in the cell m em brane and also suppress the action
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of peptide transporters. p-Klotho protein can probably affect the intestine transport of 
peptides. Peptide transport w as activated in p-Klotho-deficient mice. It is assumed that an 
age-related decrease in the p-Klotho synthesis leads to a slow dow n in peptide transport in 
intestinal cells [30].

The interaction of the antibacterial phosphonodipeptide alaphosphalin  w ith  m am 
m alian H (+)/peptide cotransporters w as studied in C aco-2 cells expressing low -affinity 
intestinal-type PEPT1 and SKPT cells expressing high-affinity renal-type PEPT2. Alafosfalin 
inhibited [(14)C]glycyl-sarcosine (Gly-Sar) uptake for PEPT1 and PEPT2, respectively. In 
both  cell types, alaphosphalin  w as show n to affect only  the affinity constant, bu t n ot the 
m axim um  u ptake rate of glycylsarcosine (G ly-Sar). It has been  established that alaphos- 
phalin interacted w ith H (+)/peptide symporters and w as transported through the intestinal 
epithelium  in the H (+)-sym port. D ipeptides w ith  C -term inal carboxyl group substituted 
w ith  a phosphonic function are high-affinity substrates for m am m alian H (+)/peptide co
transporters. The antibacterial phosphonodipeptide alaphosphalin  interacts w ith  both 
m am m alian H+/peptide sym porters w ith high affinity. PEPT1 and PEPT2 do not seem  to 
d istinguish betw een a dipeptide and its derivative, w here the C-term inal carboxyl group 
is replaced by a phosphonic acid. Phosphonodipeptides are of interest for studying the 
structural affinity bonds of PEPT1 and PEPT2 substrates [92].

There is evidence that PEPT1 m ay not transport all tripeptides into the cell [93]. The 
transepithelial transport of the VLPVPQK peptide (C peptide), which is an antioxidant and 
an angiotensin-converting enzyme inhibitor, via the PEPT1 transporter also remains poorly 
understood [94].

Thus, PEPT1 and PEPT2, as w ell as PHT1 and PHT2, belonging to the SLC transporters 
family, are the m ain peptide transporters in  the body responsible for the proton-coupled 
transport of dipeptides and tripeptides. Their m ain function is to take up nitrogen in the 
sm all intestine (PEPT1) and reabsorb nitrogen from the glom erular filtrate in the proxim al 
tubule of the kidney (PEPT1 and PEPT2). PHT1 and PHT2 remain the least studied vectors 
of this family, although their role in the pathogenesis of gastrointestinal disorders has been 
suggested [61,62].

There are some functional differences between PEPT1 and PEPT2. Firstly, localization: 
PEPT1 is m ainly localized on the brush border of the sm all intestine and to a lesser extent 
in  the renal ep ithelial cells, w hereas PEPT2 is w idely  d istributed in  body tissues w ith  
the h ighest localization in renal epithelial cells. Secondly, PEPT1 is a low-affinity, high- 
capacity  transporter, w hile PEPT2 is a high-affinity, low -capacity  transporter. A lthough 
both transporters have a fairly w ide substrate range, it is believed that the range of PEPT2 
substrates is less than that of PEPT1. PEPT1 transporter is better characterized than PEPT2. 
This is partly due to the fact that PEPT1 is a target for prodrug delivery.

6. A m ino-A cid Transporters LAT1 and LAT2: Possible Involvem ent in  Peptide Transport

A m ong the am ino-acid  transport system s, L-am ino-acid  transporter (L system ) is 
an im portant m echanism  that ensures the transport of large neutral, branched or aromatic 
am ino acids into cells. O riginally the L system  w as identified in Ehrlich ascitic carcinom a 
cells [95]. LAT1 and LAT2 are the m ost studied carriers belonging to the SLC 7 family. 
LAT3 belongs to SLC43 family. LAT4 w as discovered later and shows 50% hom ology with 
LAT3 [96].

The LAT1 transporter consists of 507 am ino-acid  residues w ith  a m olecular m ass 
of ~55 kD a [97] . N o splicing variants of this protein have been  described so far. Based 
on G eneBank data [98], LAT2 has tw o alternative transcripts: N M  012244.2 (11 exons) 
and N M  182728.1 (9 exons). The latter probably codes for a truncated protein containing
413 am ino-acid residues (~46 kD a), w hile the form er codes for a protein of 535 amino-acid 
residues (~58 kDa).

LAT1 and LAT2 are N a+ independent transporters [20] . They are amino-acid exchang
ers (antiporters) w ith  a 1:1 stoichiom etry— the transporter carries one am ino acid out of 
the cell, w hile another am ino-acid  m olecule is transported into the cell at the sam e tim e.
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LAT1 and LAT2 have sim ilar but not identical selectivity for intracellular and extracellular 
substrates [75].

The function of LAT1 and LAT2 is m ost likely to balance the distribution of am ino 
acids betw een the tw o m em branes, w hile other transporters determ ine only the forw ard 
flow  of am ino acids. The transport activity of LAT1 and LAT2 has different sensitivity to 
extracellu lar pH  [99]. Extracellu lar pH  does not affect LAT1, w hile the LA T2-stim ulated 
uptake is h igher at acidic than at neutral pH . LAT1 form s a heterodim eric com plex w ith  
the auxiliary protein 4F2hc and predom inantly  transports m ost of the essential am ino 
acids: leucine, isoleucine, valine, phenylalanine, tyrosine, tryptophan, m ethionine and 
histidine [100,101] . LAT2 dem onstrates a w ider range of selectivity than LAT1, also trans
porting som e sm aller am ino acids (glycine, alanine, serine, threonine, cysteine, glutam ine, 
aspartate) [102], but in general LAT2 show s a low er substrate affinity than LAT1 [98].

LAT1 and LAT2 have been suggested to be involved in the transport of several drugs 
such as L-DOPA, melphalan, baclofen, 3-O-methyldopa, alpha-methyltyrosine, gabapentin, 
alphamethyldopa and thyroid hormones [103]. These proteins are involved in the transport 
of cysteine [104,105] and pregabalin  [106] conjugates. LAT1 and LAT2 are localized in 
different tissues and their localization is species-specific. LAT1 is expressed in the brain, 
placenta and tumor tissues. It has been reported that LAT1 can be localized in the apical and 
basolateral m em branes of BBB cells [107] and in the placental m em brane (on the m aternal 
side) [108]. Thus, LAT1 is involved in  the transport of am ino acids into proliferating 
cells and through som e endothelial and ep ithelial barriers. LAT2 is expressed in the 
kidney, colon and intestine and is involved in  the basolateral outflow  of transepithelial 
am ino-acid  transport in the k idney and intestine [109,110]. H ow ever, a very  low  LAT2 
m R N A  expression in the hum an gut has been  reported in one of the studies. A nother 
study detected LAT1 expression in the colon of rats, as w ell as in  som e intestinal cell 
lines [111]. LAT2 presence in the BBB is controversial: low  levels of LAT2 transcript have 
been  reported in  m ice, rats and hum ans [93,104], bu t this finding w as not supported by 
other studies [112,113].

Leucine transport via LAT1 in porcine kidney cells LLC-PK1 has been described [113]. 
LAT1 expression is regulated by  the availability  o f am ino acids. Interestingly, arginine, 
which is not a LAT1 substrate, has an effect on LAT1 transcription in liver cell lines [112,113]. 
LAT1 is elevated in hepatocytes during arginine deprivation. Su ch  induction m ay also 
affect the absorption and distribution of drugs that are transported by  LAT1 and LAT2. 
Pathological conditions such as hepatic encephalopathy or am inoaciduria can alter LAT1 
expression in  the BBB [114]. The regulation of LAT1 expression has been associated w ith 
aldosterone [115], arginine vasopressin and adrenergic agents. Moreover, LAT1 is highly ex
pressed in many tumor cell lines, probably to provide essential amino acids to proliferating 
and dividing cells [101,116].

7. Participation  of LAT1 and LAT2 in  Various P hysiological Processes during A geing 
and Pathology

U ptake of arom atic am ino acids, such as L-tryptophan, by activated lym phoid cells 
occurs prim arily through the L1 system ic transporter, a heterodim er com prising the heavy 
chain  of C D 98 and the light chain  of LAT1. R egulation of am ino-acid  transport through 
LAT1-CD98 heterodimer is associated with the activation and differentiation of T-cells [117]. 
CD 69 has been  found to associate w ith  the LA T1-CD 98 transport com plex and enhance 
the uptake of L-tryptophan, a m etabolic precursor of A h receptor ligands, w hich promotes 
IL-22 secretion [118,119]. IL-22 induces keratinocyte proliferation via the PI3KAkt-m torc37 
signaling pathway. CD69 was associated w ith the LAT1-CD98 amino-acid transfer complex 
on the plasma m embrane of activated T cells and controlled mTORC activation in skin cells 
during an autoim m une inflam m atory response [117].

A n elevated LAT1 expression is observed in keratinocytes and skin-infiltrating lym 
phocytes o f psoriatic lesions in  hum ans and m ice. H ow ever, deletion of LAT1 in ker- 
atinocytes does not attenuate the inflammatory response or their proliferation, w hich might
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be supported by the increased expression of alternative amino-acid transporters LAT2 and 
LAT3 [120].

LAT1 expression is upregulated in a num ber of primary tumors and metastatic lesions 
from m ore than 20 tissues/organs [121]. M oreover, correlations betw een LAT1 expression 
and negative prognosis have been  show n in various tum ors, such as breast cancer [122], 
including its highly proliferative ER+ subtype [123], bladder cancer [124], lung adenocarci
noma, lung neuroendocrine tumor, adenocarcinoma pancreatic ducts [125] and biliary tract 
cancer [126]. Based on these data, LAT1 was considered as a molecular target for anticancer 
therapy. Several LA T1-selective inhibitors have been  synthesized [127- 130]. They have 
dem onstrated pronounced antitum or effects in anim al m odels [131,132].

LAT1 influence on the endothelial cell functions in tum ors has not been  elucidated. 
In a m odel of rat bladder carcinom a induced by  N -butyl-N -(4-hydroxybutyl)nitrosam ine, 
increased LAT1 expression in tum or-associated m icrovessels was recorded [133]. A clinical 
and pathological study of hum an glioma showed LAT1 expression in both vascular endothe
lial cells and tumor cells, demonstrating significant correlations of LAT1 expression w ith the 
degree of pathology and intratum oral density of m icrovessels [134]. A connection between 
LAT1-mediated amino-acid signaling and growth-factor-dependent pro-angiogenic signal
ing, converging on the nutrient-responsive concentrator kinase mTORC1 for angiogenesis 
regulation, has also been  revealed. The study of LAT1 functions m ay be prom ising for 
the developm ent of m odern cancer treatm ent m ethods, antiangiogenic therapy in particu
lar [135]. LAT1 is suggested to play a crucial role in tum or-associated m etabolic networks, 
supplying tum or cells w ith essential amino acids [136].

Tyrosine transport in hum an fibroblasts has been  characterized by  L-transporter 
isoform s (LAT1, LAT2, LAT3, LAT4). This study show ed that LAT1 is involved in 90%  of 
the total tyrosine uptake, as well as 51% of alanine. N ot more than 10% can be accounted for 
by  LAT2, LAT3 and LAT4 isoform s. LAT2 appears to be w eak in tyrosine uptake. Alanine 
inhibited tyrosine transport up to 60% . Transport of tyrosine through LAT1 isoform  had a 
higher affinity com pared to other L-system  transporters. Thus, LAT1 isoform  is the m ain 
tyrosine transporter in hum an fibroblasts. It has been  show n that there is com petition 
betw een tyrosine and alanine for transport via LAT1 and LAT2 isoform s [137]. LAT1 
transporter is involved in the pathogenesis of neurodegenerative disorders, am yotrophic 
lateral sclerosis (A LS) in particular. LAT1 has been  show n to be involved in the uptake 
of [14C]L-citrulline by  m otor neuron-like cells N SC-34. The level o f LAT1 expression 
w as low er in superoxide d ism utase 1 (N SC -34/hSO D 1G93A) m u tant cells com pared to 
the control. Sim ilarly, in  the spinal cord of A LS in transgenic m ice, a decrease in LAT1 
synthesis in the motor neurons of mice with ALS was found. However, an increase in LAT1 
expression in  nonm otor neurons and astrocytes w as observed in the gray m atter of the 
spinal cord of m ice w ith A LS [138].

A s m entioned above, LAT1 is responsible for the transport of large neutral L-am ino 
acids, as w ell as several drugs and prodrugs, across the BBB. However, the BBB is not the 
only barrier preventing the effective action of drugs in  the brain. Brain  parenchym al cell 
m em branes represent a secondary barrier to drugs w ith intracellular target sites. In a study 
by  H uttunen et al. LAT1 expression and function w ere quantified in  cultures of prim ary 
neurons, astrocytes and im mortalized BV2 mouse microglia. LAT1 was detected in all three 
cell types. The m ost active transport involving this carrier w as found in astrocytes. LAT1 
provided transport of the prodrugs developed during the study into the cell. Interestingly, 
cellular uptake o f prodrugs w as higher in cells w ith  the A lzheim er's disease phenotype. 
Thus, facilitating the transport of drugs and their targeted delivery to brain  cells can be 
achieved be m eans of LAT1 and prodrug creation [139].

LAT2 transporter has been shown to be expressed in the lens epithelium  of mice. The 
deletion of LAT2 induced a sharp decrease in the level of essential amino acids in the lens. 
Interestingly, the absence of LA T2 resulted in an increased incidence of cataracts in m ice, 
particularly in older fem ales. Screening for LAT2 in patients diagnosed w ith congenital or 
age-related cataracts revealed one hom ozygous single nucleotide deletion that runs in a



Int. J. Mol. Sci. 2022, 23 , 7733 10 of 25

fam ily  w ith  congenital cataracts. In a study on H eLa cells, m utant LAT2 did n ot provide 
am ino-acid  uptake. H eterozygous LAT2 variants have also been  found in  patients w ith  
cataracts [140].

M ice w ith LAT1 gene knockout did n ot survive the em bryonic period [141] . In addi
tion, inhibition of LAT1 reduced the v iability  of hum an um bilical vein  endothelial cells 
(hU V EC ), hum an prim ary aortic sm ooth m uscle cells, and tw o hum an kidney cancer cell 
lines [142,143]. W hile LAT1 deficiency has been  identified in  m any pathophysiological 
processes, it m ay also be relevant to pregnancy pathologies such as fetal-grow th restric
tion [144,145]. H ow ever, a recent study found elevated LAT1 levels and fetal-grow th 
restriction in patients w ith  preexlam psia, w hich w as interpreted by  the authors as a  com 
pensatory m echanism  [146]. This reinforces the idea that LAT1 can perform  a regulatory 
function by  supplying am ino acids to m itigate concom itant oxidative stress [147]. The 
essential role of LAT1 in the hum an placenta is further dem onstrated by its h igh  cytotro- 
phoblast expression [148]. Hum an trophoblasts have also been shown to express LAT1 to a 
greater extent than hum an placental endothelial cells. The role of LAT1 in placentation [149] 
and cytotrophoblast developm ent [150] w as dem onstrated earlier.

Thus, dysfunction of LAT amino-acid transporters can result in em bryogenesis disrup
tion, pregnancy pathology, immunopathology, oncogenesis, developm ent of neurodegener- 
ative diseases and retinal pathology.

8. P ossib le  M echanism s for Ligand Transport b y  LAT1

A t the first stage, to assess the possible role of LAT1 in  the U SP transport across the 
cytoplasmic m embrane of the cell, a num ber of studies on the interaction of this transporter 
w ith  am ino acids and other sm all m olecules w ere analyzed. This analysis allow ed us to 
further com pare our in  silico evaluation of U SP interactions w ith  the results obtained in 
other studies.

To experim entally  confirm  the likelihood of LAT1 b inding to tryptophan (Trp) and 
3-am ino-2-norbornanecarboxylic acid (BCH), the hum an LAT1-4F2hc complex was isolated 
from  H EK 293F cells by  recom binant expression. Further purification of LAT1 and 4F2hc 
w as carried out. The com plex w as reconstituted in liposom es and a countercurrent assay 
was perform ed, in which [3H ]leucine substrate uptake by proteoliposom es w as m onitored. 
Experim ental results show ed that [3H ]leucine transport w as inhibited by  large neutral 
am ino acids, including Trp and BCH . The half-m axim al inhibitory concentration (IC50) 
of these com pounds for [3H ]leucine transport inhibition w as m easured. LAT1 has been 
shown to have an inw ardly open conform ation, w ith BCH  bound in close proxim ity to the 
Phe252 side chain and at the center of the putative transport pathway. LAT was shown to be 
involved in hydrophobic interactions with Phe252 benzene ring, w hile carboxyl and amino 
groups form  hydrogen bonds w ith  the atom s of TM 1 and TM 6 LAT1 m ain chains, respec
tively [151]. Based on structural analysis of sequences w ith other am ino-acid  antiporters, 
six potential gating residues on LAT1 were characterized: Tyr117, Phe252, Trp257, Asn258, 
Tyr259 and A rg348. A ll of them  w ere located along the proposed transport path in  the 
transporter [152]. Singh N. et al. (2018) evaluated 30 com pounds for their ability to inhibit 
LAT1-mediated histidine transport in proteoliposom es, reconstituted w ith recom binant pu
rified hum an LAT1. The complexes w ere measured at a concentration of 100 gM vs. 1 (BCH) 
as a positive control and dim ethyl sulfoxide (DM SO ) as a negative control. S-(3-brom o-4- 
m ethoxybenzyl)-L-cysteine (num ber 28), L -2-am ino-4-(3,5-dichlorophenyl)butanoic acid 
(num ber 36) and 5-(benzyloxy)-tryptophan (num ber 42) com pounds w ere highly active. 
Com pounds 36 and 42 showed complete inhibition of LAT1 w ith IC50 values of 0.64 ±  0.12 
and 1.48 ±  0.27 gM , respectively, w hile com pound 28 had an IC 50 of 33.2 ±  4.5 gM . The 
amino-acid m oiety w as critical for LAT1 recognition. This observation w as consistent with 
previous studies dem onstrating that com pounds lacking this chem ical m otif did not bind 
to LAT1 [153].

According to these data, am ino-substituted com pounds w ith a free a-carboxyl group 
did not inhibit LAT1 as well, w hich indicated the im portance of the free a-am ino group in
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this process [154]. The a-am ino group seem s to be of more im portance than the a-carboxyl 
group. It is assum ed that substitutions in the a-am in o  or a-carboxyl group are sterically 
prohibited, since they prevent the b inding of the polar head group, w hich leads to low - 
affinity binding of a ligand (a-carboxyl substitution and free a-am ino group) or com plete 
binding failure of a ligand (a-am ino substitution and free a-carboxyl group or substitutions 
in  both  groups). This hypothesis, supported by  docking, is consistent w ith  the CoM FA 
LAT1 m odel, which demonstrated that the steric features' addition beyond the amino-acid 
term inus reduced affinity [155].

H ow ever, other studies have show n that an am ino-acid  m oiety w as not a strict re
quirem ent for binding to LAT1 and that it w as possible to replace the alkoxyoxygen of the 
a -carboxyl group w ith  a hydroxam ic acid m oiety  or m odify  the a-carboxyl group to car- 
boxylic esters [154,156]. In addition, the optimal position of the amino group was observed 
at the a-carbon atom. This observation was consistent w ith previous results demonstrating 
that the d istance betw een positive and negative charges should not exceed ~3 A. If the 
am ino group w as located far from the carboxyl group, then the com pound lost its affinity 
to LAT1 [157]. In term s of rigidity, the conform ational restriction induced by  cyclohexane 
seem s to be m ore favorable for LAT1 activity  than cyclopentane or other carbocycles. In 
addition, hydrophobicity  plays an im portant role in side chain  b inding [158]. LAT1 w as 
found to be able to bind and transport ligands w ith  polar and ionizable fragm ents sub
stituted in the m eta position of phenylalanine, w hich  indicated  the disordered nature of 
the binding site [159]. The docking geom etry of all active connections corresponded to the 
expected C BM  (com m on binding m ode).

The ligand-binding site of the LAT1 transporter is a deep cavity w ith a large num ber 
of charged, polar and hydrophobic groups, which open up many binding opportunities for 
ligands w ith different structures (Figure 1).

(a) (b)

Figure 1. USP complex with LAT1 transporter obtained via molecular modeling and docking of 
mobile ligands: (a) view of the van der Waals surface of LAT1 transporter from the side of the ligand 
binding center; (b) close-up of the LAT1 binding site in complex with di- and tripeptide EG and EDG. 
The far side of the inner surface of the LAT1 ligand-binding site is shown in green.
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Visual analysis of the available spatial structures of LAT1 (PDB: 6IRT, 6IRS, 6JM Q , 
7D SQ , 7D SN , 7D SL and 7D SK) [152,160] show s that the size of the active site and the 
am ino-acid  com position allow s the binding of different U SPs that are m uch larger than 
am ino acids.

Using m odem  m ethods of virtual screening;, com puter docking of conform ationally 
flexible сompounds and drug design (ICM-Pro, Molsoft LLC ), the bindiog efficiency oi known 
LAT1 figands (Table 1) with some biologically active USPs (Table 2) has been compared .

Table 1. Bindingof various ligands to LAT1, human L-type neutral amino-acid transporter.

Ligand Structure Mol. Name ICM-Score IC50, pM Referen ce

tP  ^ Tryptophan -19 .67 20.16 [ 151]

- I " '

dHO Br

S-(3-bromo-4-methoxybenzyl)-L-cysteine -19.31 33.20 [152]

\__/ \ = /  L-2-amino-4-(3,5-dichlorophenyl)butanoic acid —17.56 0.64 [152]

о

P
5-(benzyloxy)-tryptophan -17.59 1. 48 [t52]

H2
O:

2-Amino-2-norbornanecarboxylic acid (BCH) -15.00 155.10 [152]

Table 2. Binding of ultrashort peptides to LAT1, human L-type neutral amino-acid transporter.

2D Structure of Peptide Name and Structure of Peptide ICM-Score B iolo gical Activity

H3N* 0 0
Vesilut (ED) -54.32 Bladder regulator

O'
J  °ч\ л ЧО—V V—NH 0

у HN—( 0

H3N* 0 O’

Chonluten (EDG) —30.30 Gastropootector [161] 
Stress protector [162]

NH;
0 HN—/

0‘—̂ i---1 N+H,
0 0. )••"/

0-# V-NH

> 4  M °H3N 0 O'

Pinealon (EDR) -30.29 Neuroprotector [163]
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Table 2. Cont.

2D Structure of Peptide Name and Structure of Peptide ICM-Score Biological Activity

о " h H

Cardiogen (AEDR) -29.81 Cardioprotector [164]

H;N +
NH,

c- ^

° Ч ч > -H3N 0 0

Prostataget (DR) -  28.88 Regulation of prostatic functions

0 o 4 >
O'—W y—NH 

--/H3N 0 O'

Ovagen (̂ EEJĤ) -28 .27 Nephroprotector [165] 
Hepatoprotector [166]

,° °v

\ HN—(
У ч  '- лH3N 0 A-O' 

0

Cartalax (AEE)) -26.65 Chondroprotector [167] 
Regulation of skin fibroblast functions [168]

h3n; HN—(  

----/ 0 0 Thymogen (EW) - 7241.72 Immunoprotector, medicinal product [14,169]

У У 0’

Pancragnn
(KEDW-NH2) -275.47 Regulator of pancreatic functions [170]

НэМ̂ ^  у^УЧ  ^

">"■ ° ~ Y °0

Livagen (KEDA) -272.01 Hepatoprotector [171]

O' 0.

°* лЧо
'— \ HN— /

° ~ У °0

Testagen (KEDG) -21.92 Regulator of the male reproductive system

0.
0- ^ —0- 

H3N+ 0

Kistiget (DG) -21.03 Bladder regulator

v , H

У чH3N 0 y o  
0

Epitalon (AEDG) -20.38
Geroprotector [12]

Regula tor of the epiphysis functions [172] 
Neuroprotector [173]
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Table 2. Cont.

2D Structure of Peptide Name and Structure of Peptide ICM-Score Biological Activity

> oH3 — H N—1 ------------------ ------------
_ ) ~0 ° 4t—2 2, 0 

0 —/ 0
0

Crystagen (ED!3) -20.22 Immunoprotector [174]

0‘ Ш—OH

Я - Г ьH3N 0 0
Vesselget (DS) -19.82 Vasoprotector [174]

H>Nr  Я О

0 ^
0 0

Nefroget
(H-Asp(Pro)-OH) -19.66 Nephroprotector

P °v
° ~K y~°H,N+ Ov )-ii/

\--1 V-NH
>--v HN—(

/“4H3NT 0 \-0‘
0

Vesugen (KED) -18.91
Vasoprotector [13] 

Neuroprotector [175 ] 
Goroprotecto r [176]

.0
0 —V OH

0 0 .../
0 —̂  V-NH

H,N?

Subcortiget
(H-Asp(Ser)-OH) -18.78 Neuroprotector

„ я  я  0

Bronchogen (AEDL) —17.26 Bronchoprotector [170]

°/7 Я яH3N+ 0 0

Fuaget (DL) —16.01 Hepatoproteotor

0 0

°\\ / (( >0^У—NH 00^ O'
_/ —*+ °'y—' N H3

H3N+—/

Prostomax (KEDP) —13.58 Regulation of prostatic functions [177]

v
* HN̂—v
У ч я °H3N 0 0

Orchiget (AE) -13.03 Regulation of prostatic functions

0.
0- ^ —0- 

Я ч 4H3N+ 0

Retiget (DA) -12.82 Retinaprotector

0
H3N+ V—O'

" C
Vilon (KE) -12.31 Immunoprotector [14,170]

H ,N *n
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Table 2. Cont.

2D Structure of Peptide Name and Structure of Peptide ICM-Score Biological Activity

H ,N + HN----- 2  r R \

• и ч ь О
V ------'  0  0

0 *

Thyroidget (DW) -12.12 Thyroid regulator

N+H3 0

" Ъ - Ф *
°4 ° '0

Korthagen (AEDP) - 12.11 Neurojtrotettor [13,170]

0

у— '  N+H3

H,N#

Normoital
(H-Lys(H-Glu-OH)-OH) -10.49 Retinaprotector [178] 

Immunoprotector [170]

According to the calculations, native ligands and LAT1 inhibitors presented in Table 1 
have an ICM -Score from  —19.67 to -1 5 .0 0 , w hich corresponds to IC 50 m icrom olar range 
values and a high probability of binding to the LAT1 transporter. Thus, ICM -Score function 
values of the studied USPs less than —15 may indicate a high probability of highly eificient 
blinding;; to the LAT1 transporter.

Table 2 shows fhe docking results of 27 biologicflly  active peptides in the NSP5 active 
site. It can tie seen that the tC M -Score of 20 out: of 27  U SPs is no w orse than that of the; 
native ligands presented in Table 1. This m eans that di-, tri- and som e tetrapeptides have 
both enough free space in the active center and the ability to saturate their hydrogen bonds, 
and find partners in electrostatic and hydrophobic interactions, w hich is indicative of the 
p ossib ility for USP delta to be transported across the m em brane by LAT1 transporter.

9. D iscu ssion

D ue to their h igh biological activity  and low  im m unngenicity, USPp are suitable for 
the pharm acotherapy of m any pathological conditions. USPs are convenient for synthesis, 
are biocom patible, are accessible for chem ical m odifications, and dem onstrate m olecular 
selectivity and specific interaction w ith various types of b io b g ica l system s [179- 181].

Physiological properties of biologically  active peptides finply their d irect effect on 
targgt tissues and organs; that is, w hen adm inistered orally, peptide s m u st be absorbed 
into the bloodstream  through the intestinal barrief in their active forms. It is im portant to 
study tire absorption m echanism  of bioactive peptides for a betSer understanding of their 
biological effec ts [182,183] .

Di- and tripeptide transporters are integral ptoteins of the plasm a mem brane. PEPT1, 
PEPT2, PH T1, PH T2 transporfers are m em bers of the proton-coupled oligoy eptide trans- 
porter (PO Tf fam ily; LAT1, LAT2, LAT3, LAT4 constitute the L system . Apparently, 
these transporter sysiem s provtde extra- and intracellular transport of U Sht consisting of1 
2 -4  am ino-acid  residues. PEPT1 is expressed in the sm all intestine; PEPT2 is expressed 
m ainly in the brain  and k id negt, as w ell as in th r gastrointestinal tract, liver and lungs 
during late em bryogenesis. This suggests that PEPT1 m ay serve as a peptide transporter 
in  the em bryonic period. T itsue localization of PHTS and PH T2 tranoporters is currently 
pogrly  understood, although it is know n that they are expressed in  the brain. PEPT1 is 
believed to provide transpoet of di- and tripeptides, as w ell as som e peptidom im etics and 
prodrugs, through the apical mombrnne of enterorytes, w here they are hydrolyzed. After 
than, other amino acih and/or peptide transporters (probably LAT) deliver these substances 
into the blood. In kidneys, PEPT2 is responsible for reabsnrption of these tubstances. 
D ipeptides, tripeptides, betn-lactam s, A C E inhibitors and prodrugs are absorbed by  cells
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against a concentration gradient by PEPT1 and PEPT2 carriers, whose activity is associated 
w ith an electrochem ical proton gradient.

Som e di- and tripeptides undergo a rapid intracellular hydrolysis, after w hich amino 
acids are transported out of the cell via basolateral transporters. H ydrolysis-resistant 
substrates, w hich include m ost peptidom im etics, are released into the blood via a yet- 
to-be-identified basolateral peptide carrier and/or via other drug-transport system s. It 
is very im portant that not all USPs undergo a rapid intracellular hydrolysis [184,185]. It 
has been  established that the dipeptides form ed during the hydrolysis of the N -term inal 
fragments of the polypeptide chain by Asp, Gly and Pro or the hydrolysis of the C-terminal 
fragments by Pro, Ser, Thr and Asp are slightly hydrolysable. Their stability and biological 
activity  have been  confirm ed experim entally  [182]. A  study on the hydrolysis of A ED G , 
K E, KEDW , KED A  peptides in  saline, R ingtger's solution, H Cl in stom ach hom ogenates, 
small and large intestines, and other organs (liver, kidneys and spleen) has been conducted. 
Tissue hom ogenate hydrolysis w as assessed by cleavage of the term inal am ino acid from 
each peptide using L-am inopeptidase. K ED W  and K ED A  peptides w ere found to be 
resistant to hydrolysis for 3 -4  h in physiological saline, R ingtger's solution, HCl and tissue 
hom ogenates [186]. KE peptide (to a greater extent) and AEDG peptide (to a lesser extent) 
were hydrolyzed in solutions and partially in tissues. For AEDG peptide, it remains unclear 
w hether only the term inal am ino acid w as cleaved, or w hether the rem aining tripeptide 
was cleaved as well. These data may indicate a different degree of USP hydrolyzability and 
the presence of hydrolysis-resistant ones am ong them.

C om petitive inhibition of PEPT1/2, regulation of PEPT1/2 transcription and m ain
tenance of the proton gradient are the factors for the regulation of transport via these 
carriers [186,187].

LAT1 and LAT2 carriers are involved in the pathogenesis of som e diseases. In par
ticular, their role in the tum or onset and developm ent is being actively  studied. LAT1 
expression has been described as an im portant indicator of poor outcome in various hum an 
cancers [126,188- 190].

The role of LAT1 and LAT2 am ino-acid carriers in drug transport is being intensively 
studied. LA T1 preferentially transports large neutral am ino acids, w hile LA T2 exhibits a 
broader substrate specificity, also transporting some smaller neutral amino acids. The exact 
localization of LAT1 and LAT2 on cell m em branes is not alw ays clear, w hile data on their 
distribution in tissues is sometimes contradictory. LAT1 is expressed in many tissues under 
normal conditions, as well as in a num ber of tumors. LAT2 is expressed in the kidney, colon 
and intestine. The potential effect of LAT1 and LAT2 on pharm acokinetics is lim ited by 
passive diffusion, competitive inhibition due to high levels of endogenous amino acids and 
relatively  low  drug affinity to LAT proteins. Som e calculations show  that it is not drug 
substrates (such as L-D O PA  and m etphalan) that predom inate as a substrate in the LAT 
system , bu t am ino acids, w hich is w hy LAT-m ediated drug transport through the BBB is 
unlikely  [16]. In addition to am ino-acid  transport, LAT1 is involved in the transport of 
thyroid horm ones— triiodothyronine and thyroxine [191].

The results of m olecular m odeling (Table 1)  confirm ed that som e am ino acids and 
their chem ical m odifications had a high probability of binding to the LAT1 transporter. In 
addition, the calculation for USPs showed that of 27 peptides, possessing different biological 
activity and presented in Table 2, 20 had a h igh degree of affinity to the LAT1 transporter. 
The highest affinity to LAT1 w as found for the follow ing peptides: ED  (genitourinary 
system  regulator), ED G  (gastroprotector) and ED R  (neuroprotector). O f the 20  peptides 
showing a high probability of binding to LAT1, 4 are neuroprotectors, 4 are urinary system 
regulators, 3 are cardioprotectors, 2 are im m unoprotectors, 2 are hepatoprotectors, 1 is a 
gastroprotector, 1 is a nephroprotector, 1 is a chondroprotector, 1 is a bronchoprotector and 
1 is involved in the endocrine regulation. Som e peptides, such as KED , possess m ultiple 
biological activities. According to the literature data, LAT1 is expressed ubiquitously [192], 
the highest expression levels are observed in the kidneys and bladder, gastrointestinal tract, 
brain, testicles, placenta, heart m uscle and bone marrow. Thus, the tissue-specific effects
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of som e U SP can be explained by  their high affinity to the LAT1 transporter expressed 
in target tissues. H ow ever, n ot all U SPs studied show ed a h igh  probability of binding to 
LAT1 w hile nevertheless showing tissue-specific activity. In particular, LAT1 is moderately 
expressed in the prostate, bu t K ED P and A E peptides, responsible for prostatic function 
regulation, do not dem onstrate a high binding ability to LAT1 [193]. It is likely that LAT1 
partially explains the m echanism  of USP penetration into tissues, but to get a more thorough 
understanding, additional studies using m olecular m odeling m ethods are needed in order 
to identify the features of the USP interaction with other L  and POT system carriers. Figure 2 
gives a schem atic representation of the short-peptide transport through carrier proteins in 
various tissues. O rally  ingested am ino acids and U SPs are transported to intestinal cells, 
presum ably by  the PEPT1 transporter at the apical side of the m em brane, and afterwards 
they enter the blood flow  through the basolateral m em brane v ia  L-system  transporters. 
B BB , placenta and a num ber of other body tissues express L-system  carriers as w ell as 
PEPT1 and PEPT2 carriers, w hich provide transport from  the blood into the cell and from 
the cell to the target tissue. A high level of LAT1 expression in a  num ber of tissues im plies 
that this particular trensporter provides peptide penelration into target tissues, but a few 
studies on LAT2, as w ell as PEPT1 and PEPT2, im ply their involvem ent in the transport of 
USP and amino acids.
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Figure 2. Schematic: representation oi tlt.e short-peptide transport via carrier preteins.

10. C onclu sions

Molecular m odeling data covering 20 biologically active di-, tri- and tetrapeptides and 
literature analysis allow  us to conclude that there is a h igh  probabfiity of their transport 
into cells of various organs and tissues w ith  the participation of LAT1 transporter, POTT 
fam ily and L-system  transporters. Further study of the USP cell transport is im portant for 
understanding the m olecular m echanism s of their biological activity and developm ent ot 
targeted drugs on their basis.



Int. J. Mol. Sci. 2022, 23, 7733 18 of 25

Author Contributions: Conceptualization, V.K. and N.L.; software, molecular modelling, M.P.; 
visualisation, M.P. and A.D.; writing—original draft preparation, E.K., A.D. and N.L.; writing— 
review and editing, N.L. and M.P. All authors have read and agreed to the published version of the 
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

R eferences

1. IUPAC-IUB Joint Commission on Biochemical Nomenclature (JCBN). Nomenclature and Symbolism for Amino Acids and 
Peptides. Recommendations 1983. Eur. J. Biochem. 1984,138, 9-37. [CrossRef] [PubMed]

2. Apostolopoulos, V.; Bojarska, J.; Chai, T.-T.; Elnagdy, S.; Kaczmarek, K.; Matsoukas, J.; New, R.; Parang, K.; Lopez, O.P.; Parhiz, 
H.; et al. A Global Review on Short Peptides: Frontiers and Perspectives. Molecules 2021, 26, 430. [CrossRef] [PubMed]

3. Nelson, D.L.; Cox, M.M. Lehninger Principles o f Biochemistry, 4th ed.; Freeman and Company: New York, NY, USA, 2015.
4. Hoffknecht, B.C.; Albada, H.B.; Sturm, M.; Prochnow, P.; Bandow, J.E.; Metzler-Nolte, N. Synthesis and Antibacterial Activity of 

Trivalent Ultrashort Arg-Trp-Based Antimicrobial Peptides (AMPs). Med. Chem. Commun. 2015, 6,372-376. [CrossRef]
5. Ni, M.; Tresset, G.; Iliescu, C.; Hauser, C.A.E. Ultrashort Peptide Theranostic Nanoparticles by Microfluidic-Assisted Rapid 

Solvent Exchange. IEEE Trans. NanoBiosci. 2020,19, 627-632. [CrossRef]
6. Ghalayini, S.; Susapto, H.H.; Hall, S.; Kahin, K.; Hauser, C.A.E. Preparation and printability of ultrashort self-assembling peptide 

nanoparticles. Int. J. Bioprint. 2019, 5, 239. [CrossRef]
7. Salvagni, E.; Garcia, C.; Manresa, A.; Muller-Sanchez, C.; Reina, M.; Rodriguez-Abreu, C.; Garcia-Celma, M.J.; Esquena, J. Short 

and ultrashort antimicrobial peptides anchored onto soft commercial contact lenses inhibit bacterial adhesion. Colloids Surf. 
B Biointerfaces 2020,196,111283. [CrossRef]

8. Abuine, R.; Rathnayake, A.U.; HeeGuk, B. Biological Activity of Peptides Purified from Fish Skin Hydrolysates. Fish. Aquat. Sci. 
2019, 22,10. [CrossRef]

9. Ciociola, T.; Giovati, L.; Conti, S.; Magliani, W.; Santinoli, C.; Polonelli, L. Natural and Synthetic Peptides with Antifungal Activity. 
Future Med. Chem. 2016, 8,1413-1433. [CrossRef]

10. Khavinson, V.K. Peptide medicines: Past, present, future. Clin. Med. 2020, 9 8 ,165-177. [CrossRef]
11. Chervyakova, N.A.; Linkova, N.S.; Chalisova, N.I.; Koncevaya, E.A.; Trofimova, S.V.; Khavinson, V.K. Molecular aspects of 

immunoprotective activity of peptides in spleen during the ageing process. Adv. Gerontol. 2014,27, 224-228.
12. Sinjari, B.; Diomede, F.; Khavinson, V.; Mironova, E.; Linkova, N.; Trofimova, S.; Trubiani, O.; Caputi, S. Short Peptides Protect 

Oral Stem Cells from Ageing. Stem. Cell Rev. Rep. 2020,1 6 ,159-166. [CrossRef] [PubMed]
13. Khavinson, V.K.; Tarnovskaia, S.I.; Lin'kova, N.S.; Guton, E.O.; Elashkina, E.V. Epigenetic aspects of peptidergic regulation of 

vascular endothelial cell proliferation during aging. Adv. Gerontol. 2014, 27,108-114. [PubMed]
14. Khavinson, V.K.; Popovich, I.G.; Linkova, N.S.; Mironova, E.S.; Ilina, A.R. Peptide Regulation of Gene Expression: A Systematic 

Review. Molecules 2021, 26, 7053. [CrossRef] [PubMed]
15. Zuglianello, C.; Lemos-Senna, E. The nanotechnological approach for nasal delivery of peptide drugs: A comprehensive review. 

J. Microencapsul. 2022, 39,156-175. [CrossRef] [PubMed]
16. Xiao, Q.; Dong, X.; Yang, F.; Zhou, S.; Xiang, M.; Lou, L.; Yao, S.Q.; Gao, L. Engineered Cell-Penetrating Peptides for Mitochondrion- 

Targeted Drug Delivery in Cancer Therapy. Chemistry 2021, 27,14721-14729. [CrossRef]
17. Allolio, C.; Magarkar, A.; Jurkiewicz, P.; Baxova, K.; Javanainen, M.; Mason, P.E.; Sachl, R.; Cebecauer, M.; Hof, M.; Horinek,

D.; et al. Arginine-Rich Cell-Penetrating Peptides Induce Membrane Multilamellarity and Subsequently Enter via Formation of a 
Fusion Pore. Proc. Natl. Acad. Sci. USA 2018,115,11923-11928. [CrossRef]

18. Terada, T.; Sawada, K.; Irie, M.; Saito, H.; Hashimoto, Y.; Inui, K. Structural Requirements for Determining the Substrate Affinity 
of Peptide Transporters PEPT1 and PEPT2. Pflug. Arch. 2000, 440, 679-684. [CrossRef]

19. Campos-Bedolla, P.; Walter, F.R.; Veszelka, S.; Deli, M.A. Role of the Blood-Brain Barrier in the Nutrition of the Central Nervous 
System. Arch. Med. Res. 2014, 45, 610-638. [CrossRef]

20. del Amo, E.M.; Urtti, A.; Yliperttula, M. Pharmacokinetic Role of L-Type Amino Acid Transporters LAT1 and LAT2. Eur. J. 
Pharm. Sci. 2008, 35,161-174. [CrossRef]

21. Kamal, M.A.; Keep, R.F.; Smith, D.E. Role and Relevance of PEPT2 in Drug Disposition, Dynamics, and Toxicity. 
Drug Metab. Pharmacokinet. 2008, 23, 236-242. [CrossRef]

22. Saito, H.; Okuda, M.; Terada, T.; Sasaki, S.; Inui, K. Cloning and Characterization of a Rat H+/Peptide Cotransporter Mediating 
Absorption of Beta-Lactam Antibiotics in the Intestine and Kidney. J. Pharmacol. Exp. Ther. 1995, 275,1631-1637. [PubMed]

http://doi.org/10.1111/j.1432-1033.1984.tb07877.x
http://www.ncbi.nlm.nih.gov/pubmed/6692818
http://doi.org/10.3390/molecules26020430
http://www.ncbi.nlm.nih.gov/pubmed/33467522
http://doi.org/10.1039/C4MD00327F
http://doi.org/10.1109/TNB.2020.3007103
http://doi.org/10.18063/ijb.v5i2.239
http://doi.org/10.1016/j.colsurfb.2020.111283
http://doi.org/10.1186/s41240-019-0125-4
http://doi.org/10.4155/fmc-2016-0035
http://doi.org/10.30629/0023-2149-2020-98-3-165-177
http://doi.org/10.1007/s12015-019-09921-3
http://www.ncbi.nlm.nih.gov/pubmed/31677028
http://www.ncbi.nlm.nih.gov/pubmed/25051766
http://doi.org/10.3390/molecules26227053
http://www.ncbi.nlm.nih.gov/pubmed/34834147
http://doi.org/10.1080/02652048.2022.2051626
http://www.ncbi.nlm.nih.gov/pubmed/35262455
http://doi.org/10.1002/chem.202102523
http://doi.org/10.1073/pnas.1811520115
http://doi.org/10.1007/s004240000339
http://doi.org/10.1016/j.arcmed.2014.11.018
http://doi.org/10.1016/j.ejps.2008.06.015
http://doi.org/10.2133/dmpk.23.236
http://www.ncbi.nlm.nih.gov/pubmed/8531138


Int. J. M ol. Sci. 2022, 23 , 7733 19 of 25

23. Saito, H.; Terada, T.; Okuda, M.; Sasaki, S.; Inui, K. Molecular Cloning and Tissue Distribution of Rat Peptide Transporter PEPT2. 
Biochim. Biophys. Acta 1996,1280,173-177. [CrossRef]

24. Broer, S. Amino Acid Transport across Mammalian Intestinal and Renal Epithelia. Physiol. Rev. 2008, 88, 249-286. [CrossRef]
25. Daniel, H.; Kottra, G. The Proton Oligopeptide Cotransporter Family SLC15 in Physiology and Pharmacology. Pflug. Arch. 2004, 

447, 610-618. [CrossRef]
26. Smith, D.E.; Clemengon, B.; Hediger, M.A. Proton-Coupled Oligopeptide Transporter Family SLC15: Physiological, Pharmacolog

ical and Pathological Implications. Mol. Asp. Med. 2013, 34, 323-336. [CrossRef] [PubMed]
27. Kennedy, D.J.; Leibach, F.H.; Ganapathy, V.; Thwaites, D.T. Optimal Absorptive Transport of the Dipeptide Glycylsarcosine Is 

Dependent on Functional Na+/H+ Exchange Activity. Pflug. Arch. 2002, 445,139-146. [CrossRef]
28. Daniel, H.; Spanier, B.; Kottra, G.; Weitz, D. From Bacteria to Man: Archaic Proton-Dependent Peptide Transporters at Work. 

Physiology 2006, 21, 93-102. [CrossRef]
29. Nabulsi, N.B.; Smith, D.E.; Kilbourn, M.R. [11C] Glycylsarcosine: Synthesis and in Vivo Evaluation as a PET Tracer of PepT2 

Transporter Function in Kidney of PepT2 Null and Wild-Type Mice. Bioorg. Med. Chem. 2005,13, 2993-3001. [CrossRef]
30. Meissner, B.; Boll, M.; Daniel, H.; Baumeister, R. Deletion of the Intestinal Peptide Transporter Affects Insulin and TOR Signaling 

in Caenorhabditis Elegans. J. Biol. Chem. 2004, 279, 36739-36745. [CrossRef]
31. Verri, T.; Kottra, G.; Romano, A.; Tiso, N.; Peric, M.; Maffia, M.; Boll, M.; Argenton, F.; Daniel, H.; Storelli, C. Molecular and 

Functional Characterisation of the Zebrafish (Danio Rerio) PEPT1-Type Peptide Transporter11Sequence Data Submission and 
Accession Numbers: Sequence Data Reported Are Available in the DDBJ/EMBL/GenBank Databases under Accession Nos. 
AY300011 (Zebrafish Pept1) and AY300010 (Zebrafish Transketolase). FEBS Lett. 2003, 549,115-122. [CrossRef]

32. R0 nnestad, I.; Gavaia, P.J.; Viegas, C.S.B.; Verri, T.; Romano, A.; Nilsen, T.O.; Jordal, A.-E.O.; Kamisaka, Y.; Cancela, M.L. 
Oligopeptide Transporter PepT1 in Atlantic Cod (Gadus Morhua L.): Cloning, Tissue Expression and Comparative Aspects. 
J. Exp. Biol. 2007,210, 3883-3896. [CrossRef] [PubMed]

33. Chen, H.; Pan, Y.; Wong, E.A.; Bloomquist, J.R.; Webb, K.E. Molecular Cloning and Functional Expression of a Chicken Intestinal 
Peptide Transporter (CPepT1) in Xenopus Oocytes and Chinese Hamster Ovary Cells. J. Nutr. 2002,132, 387-393. [CrossRef] 
[PubMed]

34. Fei, Y.J.; Kanai, Y.; Nussberger, S.; Ganapathy, V.; Leibach, F.H.; Romero, M.F.; Singh, S.K.; Boron, W.F.; Hediger, M.A. Expression 
Cloning of a Mammalian Proton-Coupled Oligopeptide Transporter. Nature 1994, 368, 563-566. [CrossRef] [PubMed]

35. Liang, R.; Fei, Y.J.; Prasad, P.D.; Ramamoorthy, S.; Han, H.; Yang-Feng, T.L.; Hediger, M.A.; Ganapathy, V.; Leibach, F.H. Human 
Intestinal H+/Peptide Cotransporter. Cloning, Functional Expression, and Chromosomal Localization. J. Biol. Chem. 1995, 270, 
6456-6463. [CrossRef]

36. Rubio-Aliaga, I.; Daniel, H. Peptide Transporters and Their Roles in Physiological Processes and Drug Disposition. Xenobiotica 
2008, 38,1022-1042. [CrossRef]

37. Brandsch, M. Drug transport via the intestinal peptide transporter PepT1. Curr. Opin. Pharmacol. 2013,13, 881-887. [CrossRef]
38. Brandsch, M.; Knutter, I.; Bosse-Doenecke, E. Pharmaceutical and pharmacological importance of peptide transporters. 

J. Pharm. Pharmacol. 2008, 60, 543-585. [CrossRef]
39. Zhou, S.; Shu, Y. Transcriptional Regulation of Solute Carrier (SLC) Drug Transporters. Drug Metab. Dispos. 2022, 50, 

DMD-MR-2021-000704. [CrossRef]
40. Killer, M.; Wald, J.; Pieprzkthomas, J.; Marlovits, C.; Low, C. Structural snapshots of human PepT1 and PepT2 reveal mechanistic 

insights into substrate and drug transport across epithelial membranes. Sci. Adv. 2021, 7, eabk3259. [CrossRef]
41. Nielsen, C.U.; Brodin, B. Di/tri-peptide transporters as drug delivery targets: Regulation of transport under physiological and 

patho-physiological conditions. Curr. Drug Targets 2003, 4, 373-388. [CrossRef]
42. Spanier, B. Transcriptional and Functional Regulation of the Intestinal Peptide Transporter PEPT1. J. Physiol. 2014, 592, 871-879. 

[CrossRef] [PubMed]
43. Shen, H.; Smith, D.E.; Keep, R.F.; Brosius, F.C. Immunolocalization of the Proton-Coupled Oligopeptide Transporter PEPT2 in 

Developing Rat Brain. Mol. Pharm. 2004,1, 248-256. [CrossRef]
44. Teuscher, N.S.; Shen, H.; Shu, C.; Xiang, J.; Keep, R.F.; Smith, D.E. Carnosine Uptake in Rat Choroid Plexus Primary Cell Cultures 

and Choroid Plexus Whole Tissue from PEPT2 Null Mice. J. Neurochem. 2004, 89, 375-382. [CrossRef] [PubMed]
45. Shu, C.; Shen, H.; Teuscher, N.S.; Lorenzi, P.J.; Keep, R.F.; Smith, D.E. Role of PEPT2 in Peptide/Mimetic Trafficking at the 

Blood-Cerebrospinal Fluid Barrier: Studies in Rat Choroid Plexus Epithelial Cells in Primary Culture. J. Pharmacol. Exp. Ther. 
2002, 301, 820-829. [CrossRef] [PubMed]

46. Distribution of Peptide Transporter PEPT2 MRNA in the Rat Nervous System—PubMed. Available online: https://pubmed.ncbi. 
nlm.nih.gov/10221455/ (accessed on 5 May 2022).

47. Torok, M.; Huwyler, J.; Drewe, J.; Gutmann, H.; Fricker, G. Transport of the Beta-Lactam Antibiotic Benzylpenicillin and the 
Dipeptide Glycylsarcosine by Brain Capillary Endothelial Cells in Vitro. Drug Metab. Dispos. 1998, 26,1144-1148.

48. Kudo, M.; Katayoshi, T.; Kobayashi-Nakamura, K.; Akagawa, M.; Tsuji-Naito, K. H(+)/Peptide Transporter (PEPT2) Is Expressed 
in Human Epidermal Keratinocytes and Is Involved in Skin Oligopeptide Transport. Biochem. Biophys. Res. Commun. 2016, 475, 
335-341. [CrossRef]

49. Terada, T.; Inui, K. Recent Advances in Structural Biology of Peptide Transporters. Curr. Top. Membr. 2012, 70, 257-274. [CrossRef]

http://doi.org/10.1016/0005-2736(96)00024-7
http://doi.org/10.1152/physrev.00018.2006
http://doi.org/10.1007/s00424-003-1101-4
http://doi.org/10.1016/j.mam.2012.11.003
http://www.ncbi.nlm.nih.gov/pubmed/23506874
http://doi.org/10.1007/s00424-002-0910-1
http://doi.org/10.1152/physiol.00054.2005
http://doi.org/10.1016/j.bmc.2005.02.002
http://doi.org/10.1074/jbc.M403415200
http://doi.org/10.1016/S0014-5793(03)00759-2
http://doi.org/10.1242/jeb.007898
http://www.ncbi.nlm.nih.gov/pubmed/17981856
http://doi.org/10.1093/jn/132.3.387
http://www.ncbi.nlm.nih.gov/pubmed/11880560
http://doi.org/10.1038/368563a0
http://www.ncbi.nlm.nih.gov/pubmed/8139693
http://doi.org/10.1074/jbc.270.12.6456
http://doi.org/10.1080/00498250701875254
http://doi.org/10.1016/j.coph.2013.08.004
http://doi.org/10.1211/jpp.60.5.0002
http://doi.org/10.1124/dmd.121.000704
http://doi.org/10.1126/sciadv.abk3259
http://doi.org/10.2174/1389450033491028
http://doi.org/10.1113/jphysiol.2013.258889
http://www.ncbi.nlm.nih.gov/pubmed/23959672
http://doi.org/10.1021/mp049944b
http://doi.org/10.1111/j.1471-4159.2004.02333.x
http://www.ncbi.nlm.nih.gov/pubmed/15056281
http://doi.org/10.1124/jpet.301.3.820
http://www.ncbi.nlm.nih.gov/pubmed/12023509
https://pubmed.ncbi.nlm.nih.gov/10221455/
https://pubmed.ncbi.nlm.nih.gov/10221455/
http://doi.org/10.1016/j.bbrc.2016.05.093
http://doi.org/10.1016/B978-0-12-394316-3.00008-9


Int. J. Mol. Sci. 2022, 23, 7733 20 of 25

50. Shen, H.; Smith, D.E.; Yang, T.; Huang, Y.G.; Schnermann, J.B.; Brosius, F.C. Localization of PEPT1 and PEPT2 Proton-Coupled 
Oligopeptide Transporter MRNA and Protein in Rat Kidney. Am. J. Physiol. 1999, 276, F658-F665. [CrossRef]

51. Smith, D.E.; Pavlova, A.; Berger, U.V.; Hediger, M.A.; Yang, T.; Huang, Y.G.; Schnermann, J.B. Tubular Localization and Tissue 
Distribution of Peptide Transporters in Rat Kidney. Pharm. Res. 1998,1 5 ,1244-1249. [CrossRef]

52. Rubio-Aliaga, I.; Frey, I.; Boll, M.; Groneberg, D.A.; Eichinger, H.M.; Balling, R.; Daniel, H. Targeted Disruption of the Peptide 
Transporter Pept2 Gene in Mice Defines Its Physiological Role in the Kidney. Mol. Cell Biol. 2003, 23, 3247-3252. [CrossRef]

53. Shen, H.; Smith, D.E.; Keep, R.F.; Xiang, J.; Brosius, F.C. Targeted Disruption of the PEPT2 Gene Markedly Reduces Dipeptide 
Uptake in Choroid Plexus. J. Biol. Chem. 2003, 278, 4786-4791. [CrossRef] [PubMed]

54. Yamashita, T.; Shimada, S.; Guo, W.; Sato, K.; Kohmura, E.; Hayakawa, T.; Takagi, T.; Tohyama, M. Cloning and Functional 
Expression of a Brain Peptide/Histidine Transporter. J. Biol. Chem. 1997,272,10205-10211. [CrossRef] [PubMed]

55. Sakata, K.; Yamashita, T.; Maeda, M.; Moriyama, Y.; Shimada, S.; Tohyama, M. Cloning of a Lymphatic Peptide/Histidine 
Transporter. Biochem. J. 2001, 356, 53-60. [CrossRef]

56. Bhardwaj, R.K.; Herrera-Ruiz, D.; Eltoukhy, N.; Saad, M.; Knipp, G.T. The Functional Evaluation of Human Peptide/Histidine 
Transporter 1 (HPHT1) in Transiently Transfected COS-7 Cells. Eur. J. Pharm. Sci. 2006, 27, 533-542. [CrossRef] [PubMed]

57. Groneberg, D.A.; Fischer, A.; Chung, K.F.; Daniel, H. Molecular mechanisms of pulmonary peptidomimetic drug and peptide 
transport. Am. J. Respir. Cell Mol. Biol. 2004, 30, 251-260. [CrossRef]

58. Boscutti, G.; Nardon, C.; Marchio, L.; Crisma, M.; Biondi, B.; Dalzoppo, D.; Dalla Via, L.; Formaggio, F.; Casini, A.; Fregona, D. 
Anticancer Gold (III) Peptidomimetics: From Synthesis to in vitro and ex vivo Biological Evaluations. Chem. Med. Chem. 2018,13, 
1131-1145. [CrossRef]

59. Kouodom, M.N.; Boscutti, G.; Celegato, M.; Crisma, M.; Sitran, S.; Aldinucci, D.; Formaggio, F.; Ronconi, L.; Fregona, D. Rational 
design of gold (III)-dithiocarbamato peptidomimetics for the targeted anticancer chemotherapy. J. Inorg. Biochem. 2012, 117, 
248-260. [CrossRef]

60. Adibi, S.A. Regulation of Expression of the Intestinal Oligopeptide Transporter (Pept-1) in Health and Disease. Am. J. Physiol. 
Gastrointest. Liver Physiol. 2003, 285, G779-G788. [CrossRef]

61. Steffansen, B.; Nielsen, C.U.; Frokjaer, S. Delivery aspects of small peptides and substrates for peptide transporters. Eur. J. 
Pharm. Biopharm. 2005, 60, 241-245. [CrossRef]

62. Viennois, E.; Pujada, A.; Zen, J.; Merlin, D. Function, Regulation, and Pathophysiological Relevance of the POT Superfamily, 
Specifically PepT1 in Inflammatory Bowel Disease. Compr. Physiol. 2018, 8, 731-760. [CrossRef]

63. Agu, R.; Cowley, E.; Shao, D.; Macdonald, C.; Kirkpatrick, D.; Renton, K.; Massoud, E. Proton-Coupled Oligopeptide Transporter 
(POT) Family Expression in Human Nasal Epithelium and Their Drug Transport Potential. Mol. Pharm. 2011, 8, 664-672. 
[CrossRef] [PubMed]

64. Ayyadurai, S.; Charania, M.A.; Xiao, B.; Viennois, E.; Merlin, D. PepT1 Expressed in Immune Cells Has an Important Role in 
Promoting the Immune Response during Experimentally Induced Colitis. Lab. Investig. 2013, 93, 888-899. [CrossRef] [PubMed]

65. Merlin, D.; Si-Tahar, M.; Sitaraman, S.V.; Eastburn, K.; Williams, I.; Liu, X.; Hediger, M.A.; Madara, J.L. Colonic Epithelial 
HPepT1 Expression Occurs in Inflammatory Bowel Disease: Transport of Bacterial Peptides Influences Expression of MHC Class 
1 Molecules. Gastroenterology 2001,120,1666-1679. [CrossRef] [PubMed]

66. Viennois, E.; Ingersoll, S.A.; Ayyadurai, S.; Zhao, Y.; Wang, L.; Zhang, M.; Han, M.K.; Garg, P.; Xiao, B.; Merlin, D. Critical Role of 
PepT1 in Promoting Colitis-Associated Cancer and Therapeutic Benefits of the Anti-Inflammatory PepT1-Mediated Tripeptide 
KPV in a Murine Model. Cell Mol. Gastroenterol. Hepatol. 2016, 2, 340-357. [CrossRef] [PubMed]

67. Alghamdi, O.; King, N.; Jones, G.L.; Moens, P.D.J. Effect of Ageing and Hypertension on the Expression and Activity of PEPT2 in 
Normal and Hypertrophic Hearts. Amino Acids 2021, 53,183-193. [CrossRef]

68. Landowski, C.P.; Vig, B.S.; Song, X.; Amidon, G.L. Targeted Delivery to PEPT1-Overexpressing Cells: Acidic, Basic, and Secondary 
Floxuridine Amino Acid Ester Prodrugs. Mol. Cancer Ther. 2005, 4, 659-667. [CrossRef]

69. Tai, W.; Chen, Z.; Cheng, K. Expression Profile and Functional Activity of Peptide Transporters in Prostate Cancer Cells. 
Mol. Pharm. 2013,10, 477-487. [CrossRef]

70. Gong, Y.; Wu, X.; Wang, T.; Zhao, J.; Liu, X.; Yao, Z.; Zhang, Q.; Jian, X. Targeting PEPT1: A Novel Strategy to Improve the 
Antitumor Efficacy of Doxorubicin in Human Hepatocellular Carcinoma Therapy. Oncotarget 2017, 8, 40454-40468. [CrossRef]

71. Neudeck, B.L.; Foster, D.R.; Li, L.Y.; Gonzales, J.P.; Welage, L.S. The Effects of Thermal Injury on Transcellular Permeability and 
Intestinal P-Glycoprotein in Rats. Burns 2003, 29, 803-809. [CrossRef]

72. Hartmann, G.; Kim, H.; Piquette-Miller, M. Regulation of the Hepatic Multidrug Resistance Gene Expression by Endotoxin and 
Inflammatory Cytokines in Mice. Int. Immunopharmacol. 2001,1,189-199. [CrossRef]

73. Kalitsky-Szirtes, J.; Shayeganpour, A.; Brocks, D.R.; Piquette-Miller, M. Suppression of Drug-Metabolizing Enzymes and Efflux 
Transporters in the Intestine of Endotoxin-Treated Rats. Drug Metab. Dispos. 2004, 32, 20-27. [CrossRef] [PubMed]

74. Foster, D.R.; Landowski, C.P.; Zheng, X.; Amidon, G.L.; Welage, L.S. Interferon-Gamma Increases Expression of the Di/Tri-Peptide 
Transporter, h-PEPT1, and Dipeptide Transport in Cultured Human Intestinal Monolayers. Pharmacol. Res. 2009, 59, 215-220. 
[CrossRef]

75. Foster, D.R.; Zheng, X. Cephalexin Inhibits N-Formylated Peptide Transport and Intestinal Hyperpermeability in CaCO2 Cells. 
J. Pharm. Pharm. Sci. 2007,10, 299-310. [PubMed]

http://doi.org/10.1152/ajprenal.1999.276.5.F658
http://doi.org/10.1023/A:1011996009332
http://doi.org/10.1128/MCB.23.9.3247-3252.2003
http://doi.org/10.1074/jbc.M207397200
http://www.ncbi.nlm.nih.gov/pubmed/12473671
http://doi.org/10.1074/jbc.272.15.10205
http://www.ncbi.nlm.nih.gov/pubmed/9092568
http://doi.org/10.1042/bj3560053
http://doi.org/10.1016/j.ejps.2005.09.014
http://www.ncbi.nlm.nih.gov/pubmed/16289537
http://doi.org/10.1165/rcmb.2003-0315TR
http://doi.org/10.1002/cmdc.201800098
http://doi.org/10.1016/j.jinorgbio.2012.07.001
http://doi.org/10.1152/ajpgi.00056.2003
http://doi.org/10.1016/j.ejpb.2005.01.004
http://doi.org/10.1002/cphy.c170032
http://doi.org/10.1021/mp100234z
http://www.ncbi.nlm.nih.gov/pubmed/21366347
http://doi.org/10.1038/labinvest.2013.77
http://www.ncbi.nlm.nih.gov/pubmed/23797361
http://doi.org/10.1053/gast.2001.24845
http://www.ncbi.nlm.nih.gov/pubmed/11375948
http://doi.org/10.1016/j.jcmgh.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/27458604
http://doi.org/10.1007/s00726-020-02936-y
http://doi.org/10.1158/1535-7163.MCT-04-0290
http://doi.org/10.1021/mp300364k
http://doi.org/10.18632/oncotarget.17117
http://doi.org/10.1016/S0305-4179(03)00195-5
http://doi.org/10.1016/S0162-3109(00)00271-X
http://doi.org/10.1124/dmd.32.1.20
http://www.ncbi.nlm.nih.gov/pubmed/14709616
http://doi.org/10.1016/j.phrs.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17727793


Int. J. Mol. Sci. 2022, 23, 7733 21 of 25

76. Walker, D.; Thwaites, D.T.; Simmons, N.L.; Gilbert, H.J.; Hirst, B.H. Substrate Upregulation of the Human Small Intestinal Peptide 
Transporter, HPepT1. J. Physiol. 1998, 507, 697-706. [CrossRef] [PubMed]

77. Shiraga, T.; Miyamoto, K.; Tanaka, H.; Yamamoto, H.; Taketani, Y.; Morita, K.; Tamai, I.; Tsuji, A.; Takeda, E. Cellular and 
Molecular Mechanisms of Dietary Regulation on Rat Intestinal H+/Peptide Transporter PepT1. Gastroenterology 1999, 116, 
354-362. [CrossRef]

78. Erickson, R.H.; Gum, J.R.; Lindstrom, M.M.; McKean, D.; Kim, Y.S. Regional Expression and Dietary Regulation of Rat Small 
Intestinal Peptide and Amino Acid Transporter MRNAs. Biochem. Biophys. Res. Commun. 1995, 216, 249-257. [CrossRef]

79. Guerrini, L.; Gong, S.S.; Mangasarian, K.; Basilico, C. Cis- and Trans-Acting Elements Involved in Amino Acid Regulation of 
Asparagine Synthetase Gene Expression. Mol. Cell Biol. 1993,13, 3202-3212.

80. Lochs, H.; Hubl, W.; Gasic, S.; Roth, E.; Morse, E.L.; Adibi, S.A. Glycylglutamine: Metabolism and Effects on Organ Balances of 
Amino Acids in Postabsorptive and Starved Subjects. Am. J. Physiol. 1992, 262, E155-E160. [CrossRef]

81. Adibi, S.A.; Lochs, H.; Abumrad, N.N.; Daniel, H.; Vazquez, J.A. Removal of Glycylglutamine from Plasma by Individual Tissues: 
Mechanism and Impact on Amino Acid Fluxes in Postabsorption and Starvation. J. Nutr. 1993,123, 325-331. [CrossRef]

82. Perry, J.R.; Basrai, M.A.; Steiner, H.Y.; Naider, F.; Becker, J.M. Isolation and Characterization of a Saccharomyces Cerevisiae 
Peptide Transport Gene. Mol. Cell Biol. 1994,1 4 ,104-115.

83. Turner, G.C.; Du, F.; Varshavsky, A. Peptides Accelerate Their Uptake by Activating a Ubiquitin-Dependent Proteolytic Pathway. 
Nature 2000, 405, 579-583. [CrossRef]

84. Novotny, A.; Xiang, J.; Stummer, W.; Teuscher, N.S.; Smith, D.E.; Keep, R.F. Mechanisms of 5-Aminolevulinic Acid Uptake at the 
Choroid Plexus. J. Neurochem. 2000, 75, 321-328. [CrossRef] [PubMed]

85. Teuscher, N.S.; Keep, R.F.; Smith, D.E. PEPT2-Mediated Uptake of Neuropeptides in Rat Choroid Plexus. Pharm. Res. 2001,18, 
807-813. [CrossRef] [PubMed]

86. Lee, J.; Tattoli, I.; Wojtal, K.A.; Vavricka, S.R.; Philpott, D.J.; Girardin, S.E. PH-Dependent Internalization of Muramyl Peptides 
from Early Endosomes Enables Nod1 and Nod2 Signaling. J. Biol. Chem. 2009, 284, 23818-23829. [CrossRef] [PubMed]

87. Irie, M.; Terada, T.; Katsura, T.; Matsuoka, S.; Inui, K. Computational Modelling of H+-Coupled Peptide Transport via Human 
PEPT1. J. Physiol. 2005, 565, 429-439. [CrossRef] [PubMed]

88. Gleeson, J.P.; Brayden, D.J.; Ryan, S.M. Evaluation of PepT1 Transport of Food-Derived Antihypertensive Peptides, Ile-Pro-Pro 
and Leu-Lys-Pro Using in Vitro, Ex Vivo and in Vivo Transport Models. Eur. J. Pharm. Biopharm. 2017,115, 276-284. [CrossRef]

89. Abousaab, A.; Warsi, J.; Salker, M.S.; Lang, F. |3-Klotho as a Negative Regulator of the Peptide Transporters PEPT1 and PEPT2. 
Cell Physiol. Biochem. 2016, 40, 874-882. [CrossRef]

90. Chang, Q.; Hoefs, S.; van der Kemp, A.W.; Topala, C.N.; Bindels, R.J.; Hoenderop, J.G. The Beta-Glucuronidase Klotho Hydrolyzes 
and Activates the TRPV5 Channel. Science 2005, 310, 490-493. [CrossRef]

91. Warsi, J.; Abousaab, A.; Lang, F. Up-Regulation of Excitatory Amino Acid Transporters EAAT1 and EAAT2 by fi-Klotho. 
Neurosignals 2015, 23, 59-70. [CrossRef]

92. Neumann, J.; Bruch, M.; Gebauer, S.; Brandsch, M. Transport of the Phosphonodipeptide Alafosfalin by the H+/Peptide 
Cotransporters PEPT1 and PEPT2 in Intestinal and Renal Epithelial Cells. Eur. J. Biochem. 2004, 271, 2012-2017. [CrossRef]

93. He, Y.-Y.; Li, T.-T.; Chen, J.-X.; She, X.-X.; Ren, D.-F.; Lu, J. Transport of ACE Inhibitory Peptides Ile-Gln-Pro and Val-Glu-Pro 
Derived from Spirulina Platensis Across Caco-2 Monolayers. J. Food Sci. 2018, 83, 2586-2592. [CrossRef] [PubMed]

94. Vij, R.; Reddi, S.; Kapila, S.; Kapila, R. Transepithelial Transport of Milk Derived Bioactive Peptide VLPVPQK. Food Chem. 2016, 
190, 681-688. [CrossRef] [PubMed]

95. Oxender, D.L.; Christensen, H.N. Distinct mediating systems for the transport of neutral amino acids by the ehrlich cell. 
J. Biol. Chem. 1963, 238, 3686-3699. [CrossRef]

96. Bodoy, S.; Martin, L.; Zorzano, A.; Palacin, M.; Estevez, R.; Bertran, J. Identification of LAT4, a Novel Amino Acid Transporter 
with System L Activity *. J. Biol. Chem. 2005, 280 ,12002-12011. [CrossRef] [PubMed]

97. Mastroberardino, L.; Spindler, B.; Pfeiffer, R.; Skelly, P.J.; Loffing, J.; Shoemaker, C.B.; Verrey, F. Amino-Acid Transport by 
Heterodimers of 4F2hc/CD98 and Members of a Permease Family. Nature 1998, 395, 288-291. [CrossRef] [PubMed]

98. Pineda, M.; Fernandez, E.; Torrents, D.; Estevez, R.; Lopez, C.; Camps, M.; Lloberas, J.; Zorzano, A.; Palacin, M. Identification of 
a Membrane Protein, LAT-2, That Co-Expresses with 4F2 Heavy Chain, an L-Type Amino Acid Transport Activity with Broad 
Specificity for Small and Large Zwitterionic Amino Acids. J. Biol. Chem. 1999, 274,19738-19744. [CrossRef] [PubMed]

99. Prasad, P.D.; Wang, H.; Huang, W.; Kekuda, R.; Rajan, D.P.; Leibach, F.H.; Ganapathy, V. Human LAT1, a Subunit of System 
L Amino Acid Transporter: Molecular Cloning and Transport Function. Biochem. Biophys. Res. Commun. 1999, 255, 283-288. 
[CrossRef]

100. Kanai, Y.; Endou, H. Heterodimeric Amino Acid Transporters: Molecular Biology and Pathological and Pharmacological 
Relevance. Curr. Drug Metab. 2001, 2, 339-354. [CrossRef]

101. Yanagida, O.; Kanai, Y.; Chairoungdua, A.; Kim, D.K.; Segawa, H.; Nii, T.; Cha, S.H.; Matsuo, H.; Fukushima, J.; Fukasawa, 
Y.; et al. Human L-Type Amino Acid Transporter 1 (LAT1): Characterization of Function and Expression in Tumor Cell Lines. 
Biochim. Biophys. Acta 2001,1514, 291-302. [CrossRef]

102. Segawa, H.; Fukasawa, Y.; Miyamoto, K.; Takeda, E.; Endou, H.; Kanai, Y. Identification and Functional Characterization of 
a Na+-Independent Neutral Amino Acid Transporter with Broad Substrate Selectivity. J. Biol. Chem. 1999, 274, 19745-19751. 
[CrossRef]

http://doi.org/10.1111/j.1469-7793.1998.697bs.x
http://www.ncbi.nlm.nih.gov/pubmed/9508831
http://doi.org/10.1016/S0016-5085(99)70132-0
http://doi.org/10.1006/bbrc.1995.2617
http://doi.org/10.1152/ajpendo.1992.262.2.E155
http://doi.org/10.1093/jn/123.suppl_2.325
http://doi.org/10.1038/35014629
http://doi.org/10.1046/j.1471-4159.2000.0750321.x
http://www.ncbi.nlm.nih.gov/pubmed/10854277
http://doi.org/10.1023/A:1011088413043
http://www.ncbi.nlm.nih.gov/pubmed/11474785
http://doi.org/10.1074/jbc.M109.033670
http://www.ncbi.nlm.nih.gov/pubmed/19570976
http://doi.org/10.1113/jphysiol.2005.084582
http://www.ncbi.nlm.nih.gov/pubmed/15802293
http://doi.org/10.1016/j.ejpb.2017.03.007
http://doi.org/10.1159/000453146
http://doi.org/10.1126/science.1114245
http://doi.org/10.1159/000442604
http://doi.org/10.1111/j.1432-1033.2004.04114.x
http://doi.org/10.1111/1750-3841.14350
http://www.ncbi.nlm.nih.gov/pubmed/30229911
http://doi.org/10.1016/j.foodchem.2015.05.121
http://www.ncbi.nlm.nih.gov/pubmed/26213026
http://doi.org/10.1016/S0021-9258(19)75327-7
http://doi.org/10.1074/jbc.M408638200
http://www.ncbi.nlm.nih.gov/pubmed/15659399
http://doi.org/10.1038/26246
http://www.ncbi.nlm.nih.gov/pubmed/9751058
http://doi.org/10.1074/jbc.274.28.19738
http://www.ncbi.nlm.nih.gov/pubmed/10391915
http://doi.org/10.1006/bbrc.1999.0206
http://doi.org/10.2174/1389200013338324
http://doi.org/10.1016/S0005-2736(01)00384-4
http://doi.org/10.1074/jbc.274.28.19745


Int. J. M ol. Sci. 2022, 23 , 7733 22 of 25

103. Uchino, H.; Kanai, Y.; Kim, D.K.; Wempe, M.F.; Chairoungdua, A.; Morimoto, E.; Anders, M.W.; Endou, H. Transport of Amino 
Acid-Related Compounds Mediated by L-Type Amino Acid Transporter 1 (LAT1): Insights Into the Mechanisms of Substrate 
Recognition. Mol. Pharmacol. 2002, 61, 729-737. [CrossRef] [PubMed]

104. Kanai, Y.; Endou, H. Functional Properties of Multispecific Amino Acid Transporters and Their Implications to Transporter- 
Mediated Toxicity. J. Toxicol. Sci. 2003, 2 8 ,1-17. [CrossRef] [PubMed]

105. Li, S.; Whorton, A.R. Identification of Stereoselective Transporters for S-Nitroso-L-Cysteine. J. Biol. Chem. 2005, 280, 20102-20110. 
[CrossRef]

106. Su, T.Z.; Feng, M.R.; Weber, M.L. Mediation of Highly Concentrative Uptake of Pregabalin by L-Type Amino Acid Transport in 
Chinese Hamster Ovary and Caco-2 Cells. J. Pharmacol. Exp. Ther. 2005, 313,1406-1415. [CrossRef]

107. Duelli, R.; Enerson, B.E.; Gerhart, D.Z.; Drewes, L.R. Expression of Large Amino Acid Transporter LAT1 in Rat Brain Endothelium. 
J. Cereb. Blood Flow Metab. 2000, 2 0 ,1557-1562. [CrossRef] [PubMed]

108. Kudo, Y.; Boyd, C.A.R. Characterisation of L-Tryptophan Transporters in Human Placenta: A Comparison of Brush Border and 
Basal Membrane Vesicles. J. Physiol. 2001, 531, 405-416. [CrossRef]

109. Verrey, F. System L: Heteromeric Exchangers of Large, Neutral Amino Acids Involved in Directional Transport. Pflug. Arch. 2003, 
445, 529-533. [CrossRef]

110. Franca, R.; Veljkovic, E.; Walter, S.; Wagner, C.A.; Verrey, F. Heterodimeric Amino Acid Transporter Glycoprotein Domains 
Determining Functional Subunit Association. Biochem. J. 2005, 388, 435-443. [CrossRef]

111. Fraga, S.; Pinho, M.J.; Soares-da-Silva, P. Expression of LAT1 and LAT2 Amino Acid Transporters in Human and Rat Intestinal 
Epithelial Cells. Amino Acids 2005, 29, 229-233. [CrossRef]

112. Dave, M.H.; Schulz, N.; Zecevic, M.; Wagner, C.A.; Verrey, F. Expression of Heteromeric Amino Acid Transporters along the 
Murine Intestine. J. Physiol. 2004, 558, 597-610. [CrossRef]

113. Killian, D.M.; Chikhale, P.J. Predominant Functional Activity of the Large, Neutral Amino Acid Transporter (LAT1) Isoform at the 
Cerebrovasculature. Neurosci. Lett. 2001, 306,1-4. [CrossRef]

114. Soares-Da-Silva, P.; Serrao, M.P.; Pinho, M.J.; Bonifacio, M.J. Cloning and gene silencing of LAT2, the L-3,4-dihydroxyphenylalanine 
(L-DOPA) transporter, in pig renal LLC-PK1 epithelial cells. FASEB J. 2004,1 8 ,1489-1498. [CrossRef] [PubMed]

115. Wagner, C.A.; Lang, F.; Broer, S. Function and Structure of Heterodimeric Amino Acid Transporters. Am. J. Physiol. Cell Physiol. 
2001, 281, C1077-C1093. [CrossRef] [PubMed]

116. Asano, S.; Kameyama, M.; Oura, A.; Morisato, A.; Sakai, H.; Tabuchi, Y.; Chairoungdua, A.; Endou, H.; Kanai, Y. L-Type Amino 
Acid Transporter-1 Expressed in Human Astrocytomas, U343MGa. Biol. Pharm. Bull. 2007, 30, 415-422. [CrossRef]

117. Cibrian, D.; Saiz, M.L.; de la Fuente, H.; Sanchez-D^az, R.; Moreno-Gonzalo, O.; Jorge, I.; Ferrarini, A.; Vazquez, J.; Punzon, C.; 
Fresno, M.; et al. CD69 Controls the Uptake of L-Tryptophan through LAT1-CD98 and AhR-Dependent Secretion of IL-22 in 
Psoriasis. Nat. Immunol. 2016,17, 985-996. [CrossRef]

118. Veldhoen, M.; Hirota, K.; Christensen, J.; O'Garra, A.; Stockinger, B. Natural Agonists for Aryl Hydrocarbon Receptor in Culture 
Medium Are Essential for Optimal Differentiation of Th17 T Cells. J. Exp. Med. 2009, 206, 43-49. [CrossRef]

119. Smirnova, A.; Wincent, E.; Vikstrom Bergander, L.; Alsberg, T.; Bergman, J.; Rannug, A.; Rannug, U. Evidence for New Light- 
Independent Pathways for Generation of the Endogenous Aryl Hydrocarbon Receptor Agonist FICZ. Chem. Res. Toxicol. 2016, 29, 
75-86. [CrossRef]

120. Cibrian, D.; Castillo-Gonzalez, R.; Fernandez-Gallego, N.; de la Fuente, H.; Jorge, I.; Saiz, M.L.; Punzon, C.; Ramirez-Huesca, M.; 
Vicente-Manzanares, M.; Fresno, M.; et al. Targeting L-Type Amino Acid Transporter 1 in Innate and Adaptive T Cells Efficiently 
Controls Skin Inflammation. J. Allergy Clin. Immunol. 2020,145,199-214. [CrossRef]

121. Fuchs, B.C.; Bode, B.P. Amino Acid Transporters ASCT2 and LAT1 in Cancer: Partners in Crime? Semin. Cancer Biol. 2005,15, 
254-266. [CrossRef]

122. Wang, Q.; Holst, J. L-Type Amino Acid Transport and Cancer: Targeting the MTORC1 Pathway to Inhibit Neoplasia. Am. J. 
Cancer Res. 2015, 5,1281-1294.

123. Furuya, M.; Horiguchi, J.; Nakajima, H.; Kanai, Y.; Oyama, T. Correlation of L-Type Amino Acid Transporter 1 and CD98 
Expression with Triple Negative Breast Cancer Prognosis. Cancer Sci. 2012,103, 382-389. [CrossRef] [PubMed]

124. El Ansari, R.; Craze, M.L.; Miligy, I.; Diez-Rodriguez, M.; Nolan, C.C.; Ellis, I.O.; Rakha, E.A.; Green, A.R. The Amino Acid 
Transporter SLC7A5 Confers a Poor Prognosis in the Highly Proliferative Breast Cancer Subtypes and Is a Key Therapeutic Target 
in Luminal B Tumours. Breast Cancer Res. 2018,20, 21. [CrossRef] [PubMed]

125. Maimaiti, M.; Sakamoto, S.; Yamada, Y.; Sugiura, M.; Rii, J.; Takeuchi, N.; Imamura, Y.; Furihata, T.; Ando, K.; Higuchi, K.; et al. 
Expression of L-Type Amino Acid Transporter 1 as a Molecular Target for Prognostic and Therapeutic Indicators in Bladder 
Carcinoma. Sci. Rep. 2020,1 0 ,1292. [CrossRef] [PubMed]

126. Kaira, K.; Sunose, Y.; Arakawa, K.; Ogawa, T.; Sunaga, N.; Shimizu, K.; Tominaga, H.; Oriuchi, N.; Itoh, H.; Nagamori, S.; et al. 
Prognostic Significance of L-Type Amino-Acid Transporter 1 Expression in Surgically Resected Pancreatic Cancer. Br. J. Cancer 
2012,107, 632-638. [CrossRef] [PubMed]

127. Kaira, K.; Sunose, Y.; Ohshima, Y.; Ishioka, N.S.; Arakawa, K.; Ogawa, T.; Sunaga, N.; Shimizu, K.; Tominaga, H.; Oriuchi, N.; et al. 
Clinical Significance of L-Type Amino Acid Transporter 1 Expression as a Prognostic Marker and Potential of New Targeting 
Therapy in Biliary Tract Cancer. BMC Cancer 2013,13, 482. [CrossRef]

http://doi.org/10.1124/mol.61.4.729
http://www.ncbi.nlm.nih.gov/pubmed/11901210
http://doi.org/10.2131/jts.28.1
http://www.ncbi.nlm.nih.gov/pubmed/12696180
http://doi.org/10.1074/jbc.M413164200
http://doi.org/10.1124/jpet.104.082255
http://doi.org/10.1097/00004647-200011000-00005
http://www.ncbi.nlm.nih.gov/pubmed/11083230
http://doi.org/10.1111/j.1469-7793.2001.0405i.x
http://doi.org/10.1007/s00424-002-0973-z
http://doi.org/10.1042/BJ20050021
http://doi.org/10.1007/s00726-005-0221-x
http://doi.org/10.1113/jphysiol.2004.065037
http://doi.org/10.1016/S0304-3940(01)01810-9
http://doi.org/10.1096/fj.04-1787com
http://www.ncbi.nlm.nih.gov/pubmed/15466357
http://doi.org/10.1152/ajpcell.2001.281.4.C1077
http://www.ncbi.nlm.nih.gov/pubmed/11546643
http://doi.org/10.1248/bpb.30.415
http://doi.org/10.1038/ni.3504
http://doi.org/10.1084/jem.20081438
http://doi.org/10.1021/acs.chemrestox.5b00416
http://doi.org/10.1016/j.jaci.2019.09.025
http://doi.org/10.1016/j.semcancer.2005.04.005
http://doi.org/10.1111/j.1349-7006.2011.02151.x
http://www.ncbi.nlm.nih.gov/pubmed/22077314
http://doi.org/10.1186/s13058-018-0946-6
http://www.ncbi.nlm.nih.gov/pubmed/29566741
http://doi.org/10.1038/s41598-020-58136-x
http://www.ncbi.nlm.nih.gov/pubmed/31992742
http://doi.org/10.1038/bjc.2012.310
http://www.ncbi.nlm.nih.gov/pubmed/22805328
http://doi.org/10.1186/1471-2407-13-482


Int. J. M ol. Sci. 2022, 23 , 7733 23 of 25

128. Oda, K.; Hosoda, N.; Endo, H.; Saito, K.; Tsujihara, K.; Yamamura, M.; Sakata, T.; Anzai, N.; Wempe, M.F.; Kanai, Y.; et al. L-Type 
Amino Acid Transporter 1 Inhibitors Inhibit Tumor Cell Growth. Cancer Sci. 2010,101,173-179. [CrossRef]

129. Napolitano, L.; Scalise, M.; Koyioni, M.; Koutentis, P.; Catto, M.; Eberini, I.; Parravicini, C.; Palazzolo, L.; Pisani, L.; Galluc- 
cio, M.; et al. Potent Inhibitors of Human LAT1 (SLC7A5) Transporter Based on Dithiazole and Dithiazine Compounds for 
Development of Anticancer Drugs. Biochem. Pharmacol. 2017,143, 39-52. [CrossRef]

130. Kongpracha, P.; Nagamori, S.; Wiriyasermkul, P.; Tanaka, Y.; Kaneda, K.; Okuda, S.; Ohgaki, R.; Kanai, Y. Structure-Activity 
Relationship of a Novel Series of Inhibitors for Cancer Type Transporter L-Type Amino Acid Transporter 1 (LAT1). J. Pharmacol. Sci. 
2017,133, 96-102. [CrossRef] [PubMed]

131. Saito, Y.; Li, L.; Coyaud, E.; Luna, A.; Sander, C.; Raught, B.; Asara, J.M.; Brown, M.; Muthuswamy, S.K. LLGL2 Rescues Nutrient 
Stress by Promoting Leucine Uptake in ER+ Breast Cancer. Nature 2019, 569, 275-279. [CrossRef]

132. Hafliger, P.; Graff, J.; Rubin, M.; Stooss, A.; Dettmer, M.S.; Altmann, K.-H.; Gertsch, J.; Charles, R.-P. The LAT1 Inhibitor JPH203 
Reduces Growth of Thyroid Carcinoma in a Fully Immunocompetent Mouse Model. J. Exp. Clin. Cancer Res. 2018, 37, 234. 
[CrossRef]

133. Kume, E.; Mutou, T.; Kansaku, N.; Takahashi, H.; Wempe, M.F.; Ikegami, M.; Kanai, Y.; Endou, H.; Wakui, S. Ultrastructural 
Immunohistochemical Study of L-Type Amino Acid Transporter 1-4F2 Heavy Chain in Tumor Microvasculatures of N-Butyl-N- 
(4-Hydroxybutyl) Nitrosamine (BBN) Induced Rat Bladder Carcinoma. Microscopy 2017, 66,198-203. [CrossRef] [PubMed]

134. Haining, Z.; Kawai, N.; Miyake, K.; Okada, M.; Okubo, S.; Zhang, X.; Fei, Z.; Tamiya, T. Relation of LAT1/4F2hc Expression with 
Pathological Grade, Proliferation and Angiogenesis in Human Gliomas. BMC Clin. Pathol. 2012,12, 4. [CrossRef] [PubMed]

135. Quan, L.; Ohgaki, R.; Hara, S.; Okuda, S.; Wei, L.; Okanishi, H.; Nagamori, S.; Endou, H.; Kanai, Y. Amino Acid Transporter LAT1 
in Tumor-Associated Vascular Endothelium Promotes Angiogenesis by Regulating Cell Proliferation and VEGF-A-Dependent 
MTORC1 Activation. J. Exp. Clin. Cancer Res. 2020, 39, 266. [CrossRef] [PubMed]

136. Lu, X. The Role of Large Neutral Amino Acid Transporter (LAT1) in Cancer. Curr. Cancer Drug Targets 2019,19, 863-876. [CrossRef]
137. Vumma, R.; Wiesel, F.-A.; Flyckt, L.; Bjerkenstedt, L.; Venizelos, N. Functional Characterization of Tyrosine Transport in Fibroblast 

Cells from Healthy Controls. Neurosci. Lett. 2008, 434, 56-60. [CrossRef]
138. Gyawali, A.; Gautam, S.; Hyeon, S.J.; Ryu, H.; Kang, Y.-S. L-Citrulline Level and Transporter Activity Are Altered in Experimental 

Models of Amyotrophic Lateral Sclerosis. Mol. Neurobiol. 2021, 58, 647-657. [CrossRef]
139. Huttunen, J.; Peltokangas, S.; Gynther, M.; Natunen, T.; Hiltunen, M.; Auriola, S.; Ruponen, M.; Vellonen, K.-S.; Huttunen, K.M. 

L-Type Amino Acid Transporter 1 (LAT1/Lat1)-Utilizing Prodrugs Can Improve the Delivery of Drugs into Neurons, Astrocytes 
and Microglia. Sci. Rep. 2019, 9,12860. [CrossRef]

140. Knopfel, E.B.; Vilches, C.; Camargo, S.M.R.; Errasti-Murugarren, E.; Staubli, A.; Mayayo, C.; Munier, F.L.; Miroshnikova, N.; 
Poncet, N.; Junza, A.; et al. Dysfunctional LAT2 Amino Acid Transporter Is Associated With Cataract in Mouse and Humans. 
Front. Physiol. 2019,10, 688. [CrossRef]

141. Poncet, N.; Mitchell, F.E.; Ibrahim, A.F.M.; McGuire, V.A.; English, G.; Arthur, J.S.C.; Shi, Y.-B.; Taylor, P.M. The Catalytic Subunit 
of the System L1 Amino Acid Transporter (Slc7a5) Facilitates Nutrient Signalling in Mouse Skeletal Muscle. PLoS ONE 2014, 9, 
e89547. [CrossRef]

142. Markowicz-Piasecka, M.; Huttunen, J.; Montaser, A.; Huttunen, K.M. Hemocompatible LAT1-Inhibitor Can Induce Apoptosis in 
Cancer Cells without Affecting Brain Amino Acid Homeostasis. Apoptosis 2020, 25, 426-440. [CrossRef]

143. Higuchi, K.; Sakamoto, S.; Ando, K.; Maimaiti, M.; Takeshita, N.; Okunushi, K.; Reien, Y.; Imamura, Y.; Sazuka, T.; Nakamura, 
K.; et al. Characterization of the Expression of LAT1 as a Prognostic Indicator and a Therapeutic Target in Renal Cell Carcinoma. 
Sci. Rep. 2019, 9,16776. [CrossRef] [PubMed]

144. Hansson, S.R.; Naav, A.; Erlandsson, L. Oxidative Stress in Preeclampsia and the Role of Free Fetal Hemoglobin. Front. Physiol. 
2014, 5, 516. [CrossRef] [PubMed]

145. Rani, N.; Dhingra, R.; Arya, D.S.; Kalaivani, M.; Bhatla, N.; Kumar, R. Role of Oxidative Stress Markers and Antioxidants in the 
Placenta of Preeclamptic Patients. J. Obstet. Gynaecol. Res. 2010, 36,1189-1194. [CrossRef]

146. Aiko, Y.; Askew, D.J.; Aramaki, S.; Myoga, M.; Tomonaga, C.; Hachisuga, T.; Suga, R.; Kawamoto, T.; Tsuji, M.; Shibata, E. 
Differential Levels of Amino Acid Transporters System L and ASCT2, and the MTOR Protein in Placenta of Preeclampsia and 
IUGR. BMC Pregnancy Childbirth 2014,1 4 ,181. [CrossRef]

147. Myatt, L. Reactive Oxygen and Nitrogen Species and Functional Adaptation of the Placenta. Placenta 2010, 31, S66-S69. [CrossRef]
148. Straka, E.; Ellinger, I.; Balthasar, C.; Scheinast, M.; Schatz, J.; Szattler, T.; Bleichert, S.; Saleh, L.; Knofler, M.; Zeisler, H.; et al. 

Mercury Toxicokinetics of the Healthy Human Term Placenta Involve Amino Acid Transporters and ABC Transporters. Toxicology 
2016, 340, 34-42. [CrossRef] [PubMed]

149. Wang, X.; Luo, W.; Tan, D.; Liang, H.; Zhang, Q.; Tian, N.; Cao, K.; Tan, Y.; Ma, J.; Han, R. Positive Regulation of Placentation by 
L-Amino Acid Transporter-1 (Lat1) in Pregnant Mice. Int. J. Clin. Exp. Pathol. 2017,10, 9551-9558. [PubMed]

150. Ohgaki, R.; Ohmori, T.; Hara, S.; Nakagomi, S.; Kanai-Azuma, M.; Kaneda-Nakashima, K.; Okuda, S.; Nagamori, S.; Kanai, 
Y. Essential Roles of L-Type Amino Acid Transporter 1 in Syncytiotrophoblast Development by Presenting Fusogenic 4F2hc. 
Mol. Cell Biol. 2017, 37, e00427-16. [CrossRef]

151. Jungnickel, K.E.J.; Parker, J.L.; Newstead, S. Structural Basis for Amino Acid Transport by the CAT Family of SLC7 Transporters. 
Nat. Commun. 2018, 9, 550. [CrossRef]

http://doi.org/10.1111/j.1349-7006.2009.01386.x
http://doi.org/10.1016/j.bcp.2017.07.006
http://doi.org/10.1016/j.jphs.2017.01.006
http://www.ncbi.nlm.nih.gov/pubmed/28242177
http://doi.org/10.1038/s41586-019-1126-2
http://doi.org/10.1186/s13046-018-0907-z
http://doi.org/10.1093/jmicro/dfx008
http://www.ncbi.nlm.nih.gov/pubmed/28339760
http://doi.org/10.1186/1472-6890-12-4
http://www.ncbi.nlm.nih.gov/pubmed/22373026
http://doi.org/10.1186/s13046-020-01762-0
http://www.ncbi.nlm.nih.gov/pubmed/33256804
http://doi.org/10.2174/1568009619666190802135714
http://doi.org/10.1016/j.neulet.2008.01.028
http://doi.org/10.1007/s12035-020-02143-6
http://doi.org/10.1038/s41598-019-49009-z
http://doi.org/10.3389/fphys.2019.00688
http://doi.org/10.1371/journal.pone.0089547
http://doi.org/10.1007/s10495-020-01603-7
http://doi.org/10.1038/s41598-019-53397-7
http://www.ncbi.nlm.nih.gov/pubmed/31748583
http://doi.org/10.3389/fphys.2014.00516
http://www.ncbi.nlm.nih.gov/pubmed/25628568
http://doi.org/10.1111/j.1447-0756.2010.01303.x
http://doi.org/10.1186/1471-2393-14-181
http://doi.org/10.1016/j.placenta.2009.12.021
http://doi.org/10.1016/j.tox.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/26740192
http://www.ncbi.nlm.nih.gov/pubmed/31966831
http://doi.org/10.1128/MCB.00427-16
http://doi.org/10.1038/s41467-018-03066-6


Int. J. Mol. Sci. 2022, 23 , 7733 24 of 25

152. Yan, R.; Zhao, X.; Lei, J.; Zhou, Q. Structure of the Human LAT1-4F2hc Heteromeric Amino Acid Transporter Complex. Nature 
2019, 568,127-130. [CrossRef]

153. Singh, N.; Scalise, M.; Galluccio, M.; Wieder, M.; Seidel, T.; Langer, T.; Indiveri, C.; Ecker, G.F. Discovery of Potent Inhibitors 
for the Large Neutral Amino Acid Transporter 1 (LAT1) by Structure-Based Methods. Int. J. Mol. Sci. 2018, 20, 27. [CrossRef] 
[PubMed]

154. Nagamori, S.; Wiriyasermkul, P.; Okuda, S.; Kojima, N.; Hari, Y.; Kiyonaka, S.; Mori, Y.; Tominaga, H.; Ohgaki, R.; Kanai, Y. 
Structure-Activity Relations of Leucine Derivatives Reveal Critical Moieties for Cellular Uptake and Activation of MTORC1- 
Mediated Signaling. Amino Acids 2016, 4 8 ,1045-1058. [CrossRef] [PubMed]

155. Ylikangas, H.; Malmioja, K.; Peura, L.; Gynther, M.; Nwachukwu, E.O.; Leppanen, J.; Laine, K.; Rautio, J.; Lahtela-Kakkonen, M.; 
Huttunen, K.M.; et al. Quantitative Insight into the Design of Compounds Recognized by the L-Type Amino Acid Transporter 1 
(LAT1). Chem. Med. Chem. 2014, 9, 2699-2707. [CrossRef] [PubMed]

156. Zur, A.A.; Chien, H.-C.; Augustyn, E.; Flint, A.; Heeren, N.; Finke, K.; Hernandez, C.; Hansen, L.; Miller, S.; Lin, L.; et al. LAT1 
Activity of Carboxylic Acid Bioisosteres: Evaluation of Hydroxamic Acids as Substrates. Bioorg. Med. Chem. Lett. 2016, 26, 
5000-5006. [CrossRef] [PubMed]

157. Ylikangas, H.; Peura, L.; Malmioja, K.; Leppanen, J.; Laine, K.; Poso, A.; Lahtela-Kakkonen, M.; Rautio, J. Structure-Activity 
Relationship Study of Compounds Binding to Large Amino Acid Transporter 1 (LAT1) Based on Pharmacophore Modeling and 
in Situ Rat Brain Perfusion. Eur. J. Pharm. Sci. 2013, 48, 523-531. [CrossRef] [PubMed]

158. Yunger, L.M.; Cramer, R.D. Measurement of Correlation of Partition Coefficients of Polar Amino Acids. Mol. Pharmacol. 1981, 20, 
602-608.

159. Chien, H.-C.; Colas, C.; Finke, K.; Springer, S.; Stoner, L.; Zur, A.A.; Venteicher, B.; Campbell, J.; Hall, C.; Flint, A.; et al. 
Reevaluating the Substrate Specificity of the L-Type Amino Acid Transporter (LAT1). J. Med. Chem. 2018, 61, 7358-7373. 
[CrossRef]

160. Lee, Y.; Wiriyasermkul, P.; Jin, C.; Quan, L.; Ohgaki, R.; Okuda, S.; Kusakizako, T.; Nishizawa, T.; Oda, K.; Ishitani, R.; et al. 
Cryo-EM structure of the human L-type amino acid transporter 1 in complex with glycoprotein CD98hc. Nat. Struct. Mol. Biol. 
2019, 26,510-517. [CrossRef]

161. Khavinson, V.K.; Lin'kova, N.S.; Dudkov, A.V.; Polyakova, V.O.; Kvetnoi, I.M. Peptidergic Regulation of Expression of Genes 
Encoding Antioxidant and Anti-Inflammatory Proteins. Bull. Exp. Biol. Med. 2012,152, 615-618. [CrossRef]

162. Khavinson, V.K.; Grigoriev, E.I.; Malinin, V.V.; Ryzhak, G.A. Peptide Substance Revealing a Stress Protective Effect, Pharmaceutical 
Composition on Its Base and the Method of Its Application. U.S. Patent 8,071,556, 6 December 2011.

163. Khavinson, V.; Linkova, N.; Kozhevnikova, E.; Trofimova, S. EDR Peptide: Possible Mechanism of Gene Expression and Protein 
Synthesis Regulation Involved in the Pathogenesis of Alzheimer's Disease. Molecules 2020,26,159. [CrossRef]

164. Khavinson, V.K.; Ryzhak, G.A.; Grigoriev, E.I.; Ryadnova, I.Y. Peptide Substance Restoring Myocardium Function. U.S. Patent 
7,662,789,16 February 2010.

165. Zamorskii, I.I.; Shchudrova, T.S.; Lin'kova, N.S.; Nichik, T.E.; Khavinson, V.K. Nephroprotective Effect of EDL Peptide at Acute 
Injury of Kidneys of Different Genesis. Bull. Exp. Biol. Med. 2017,163, 389-393. [CrossRef] [PubMed]

166. Khavinson, V.K.; Grigoriev, E.I.; Malinin, V.V.; Ryzhak, G.A. Peptide Stimulating Regeneration of Liver Tissue, Pharmaceutical 
Composition Based on Thereof and Method for Its Using. WO2007139430, 4 December 2006.

167. Khavinson, V.K.; Grigoriev, E.I.; Malinin, V.V.; Ryzhak, G.A. Peptide Normalizing Netabolism in Bone and Cartilaginous Tissues, 
Pharmaceutical Composition Based Thereon and Method for Use Thereof. RU2299741C1, 27 May 2008.

168. Fridman, N.V.; Linkova, N.S.; Kozhevnikova, E.O.; Gutop, E.O.; Khavinson, V.K. Comparison of the Effects of KE and AED 
Peptides on Functional Activity of Human Skin Fibroblasts during Their Replicative Aging. Bull. Exp. Biol. Med. 2020, 170, 
154-157. [CrossRef] [PubMed]

169. Stasenko, A.A.; Zhulal, V.V.; Novopol'tseva, I.I.; Dontsova, L.S.; Zaiats, N.V.; Negievich, V.I. Sensitivity of patients to immunomod- 
ulators in immunodeficiency diseases. Klin. Khirurhiia 2014, 8, 52-54.

170. Khavinson, V.; Linkova, N.; Diatlova, A.; Trofimova, S. Peptide Regulation of Cell Differentiation. Stem. Cell Rev. Rep. 2020,16, 
118-125. [CrossRef]

171. Kuznik, B.I.; Khasanova, N.B.; Ryzhak, G.A.; Mezsheriakova, I.E.; Khavinson, V.K. The influence of polypeptide liver complex 
and tetrapeptide KEDA on organism physiological function in norm and age-related pathology. Adv. Gerontol. 2020,33,159-164.

172. Ivko, O.M.; Linkova, N.S.; Ilina, A.R.; Sharova, A.A.; Ryzhak, G.A. AEDG peptide regulates human circadian rhythms genes 
expression during pineal gland accelerated aging. Adv. Gerontol. 2020, 33, 429-435.

173. Khavinson, V.; Diomede, F.; Mironova, E.; Linkova, N.; Trofimova, S.; Trubiani, O.; Caputi, S.; Sinjari, B. AEDG Peptide (Epitalon) 
Stimulates Gene Expression and Protein Synthesis during Neurogenesis: Possible Epigenetic Mechanism. Molecules 2020, 25, 609. 
[CrossRef]

174. Khavinson, V.K.; Grigoriev, E.I.; Malinin, V.V.; Ryzhak, G.A. Peptide Substance Revealing an Immunogeroprotective Effect, 
Pharmaceutical Composition on Its Base and the Method of Its Application. U.S. Patent 8,057,810,15 November 2011.

175. Kozlov, K.L.; Bolotov, I.I.; Linkova, N.S.; Drobintseva, A.O.; Khavinson, V.K.; Dyakonov, M.M.; Kozina, L.S. Molecular aspects of 
vasoprotective peptide KED activity during atherosclerosis and restenosis. Adv. Gerontol. 2016,29, 646-650.

176. Khavinson, V.K.; Lin'kova, N.S.; Umnov, R.S. Peptide KED: Molecular-Genetic Aspects of Neurogenesis Regulation in Alzheimer's 
Disease. Bull. Exp. Biol. Med. 2021,171,190-193. [CrossRef]

http://doi.org/10.1038/s41586-019-1011-z
http://doi.org/10.3390/ijms20010027
http://www.ncbi.nlm.nih.gov/pubmed/30577601
http://doi.org/10.1007/s00726-015-2158-z
http://www.ncbi.nlm.nih.gov/pubmed/26724922
http://doi.org/10.1002/cmdc.201402281
http://www.ncbi.nlm.nih.gov/pubmed/25205473
http://doi.org/10.1016/j.bmcl.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/27624080
http://doi.org/10.1016/j.ejps.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23228412
http://doi.org/10.1021/acs.jmedchem.8b01007
http://doi.org/10.1038/s41594-019-0237-7
http://doi.org/10.1007/s10517-012-1590-2
http://doi.org/10.3390/molecules26010159
http://doi.org/10.1007/s10517-017-3811-1
http://www.ncbi.nlm.nih.gov/pubmed/28744634
http://doi.org/10.1007/s10517-020-05022-1
http://www.ncbi.nlm.nih.gov/pubmed/33231794
http://doi.org/10.1007/s12015-019-09938-8
http://doi.org/10.3390/molecules25030609
http://doi.org/10.1007/s10517-021-05192-6


Int. J. M ol. Sci. 2022, 23 , 7733 25 of 25

177. Khavinson, V.K.; Malinin, V.V.; Grigoriev, E.I. Tetrapeptide Regulating Prostate Functions and Its Compositions and Methods. 
European Patent EP1353939, 25 August 2004.

178. Khavinson, V.K.; Pronyaeva, V.E.; Linkova, N.S.; Trofimova, S.V. Peptidegic Regulation of Differentiation of Embryonic Retinal 
Cells. Bull. Exp. Biol. Med. 2013,155,172-174. [CrossRef]

179. Yu, C.-Y.; Huang, W.; Li, Z.-P.; Lei, X.-Y.; He, D.-X.; Sun, L. Progress in Self-Assembling Peptide-Based Nanomaterials for 
Biomedical Applications. Curr. Top. Med. Chem. 2016,16,281-290. [CrossRef] [PubMed]

180. Sun, L.; Zheng, C.; Webster, T.J. Self-Assembled Peptide Nanomaterials for Biomedical Applications: Promises and Pitfalls. 
Int. J. Nanomed. 2016,12, 73-86. [CrossRef] [PubMed]

181. Galdiero, S.; Gomes, P.A.C. Peptide-Based Drugs and Drug Delivery Systems. Molecules 2017,22, 2185. [CrossRef] [PubMed]
182. Foltz, M.; van der Pijl, P.C.; Duchateau, G.S. Current in Vitro Testing of Bioactive Peptides Is Not Valuable. J. Nutr. 2010,140, 

117-118. [CrossRef] [PubMed]
183. Matsui, T. Are Peptides Absorbable Compounds? J. Agric. Food Chem. 2018, 66, 393-394. [CrossRef]
184. Foltz, M.; van Buren, L.; Klaffke, W.; Duchateau, G.S. Modeling of the relationship between dipeptide structure and dipeptide 

stability, permeability, and ACE inhibitory activity. J. Food Sci. 2009, 74, H243-H251. [CrossRef]
185. Timofeeva, N.M.; Khavinson, V.K.; Malinin, V.V.; Nikitina, A.A.; Egorova, V.V. Effect of peptide Livagen on activity of digestive 

enzymes in gastrointestinal tract and non-digestive organs in rats of different ages. Adv. Gerontol. 2005,16, 92-96.
186. Shen, W.; Matsui, T. Intestinal Absorption of Small Peptides: A Review. Int. J. Food Sci. Technol. 2019, 5 4 ,1942-1948. [CrossRef]
187. Rubio-Aliaga, I.; Daniel, H. Mammalian Peptide Transporters as Targets for Drug Delivery. Trends Pharmacol. Sci. 2002, 23, 

434-440. [CrossRef]
188. Hutterer, M.; Nowosielski, M.; Putzer, D.; Waitz, D.; Tinkhauser, G.; Kostron, H.; Muigg, A.; Virgolini, I.J.; Staffen, W.; Trinka,

E.; et al. O-(2-18F-Fluoroethyl)-L-Tyrosine PET Predicts Failure of Antiangiogenic Treatment in Patients with Recurrent High- 
Grade Glioma. J. Nucl. Med. 2011, 52, 856-864. [CrossRef]

189. Furuse, M. Molecular Basis of the Core Structure of Tight Junctions. Cold Spring Harb. Perspect. Biol. 2010, 2, a002907. [CrossRef] 
[PubMed]

190. Namikawa, M.; Kakizaki, S.; Kaira, K.; Tojima, H.; Yamazaki, Y.; Horiguchi, N.; Sato, K.; Oriuchi, N.; Tominaga, H.; Sunose, 
Y.; et al. Expression of Amino Acid Transporters (LAT1, ASCT2 and XCT) as Clinical Significance in Hepatocellular Carcinoma. 
Hepatol. Res. 2015, 4 5 ,1014-1022. [CrossRef] [PubMed]

191. Friesema, E.C.; Docter, R.; Moerings, E.P.; Verrey, F.; Krenning, E.P.; Hennemann, G.; Visser, T.J. Thyroid Hormone Transport by 
the Heterodimeric Human System L Amino Acid Transporter. Endocrinology 2001,142, 4339-4348. [CrossRef] [PubMed]

192. Fagerberg, L.; Hallstrom, B.M.; Oksvold, P.; Kampf, C.; Djureinovic, D.; Odeberg, J.; Habuka, M.; Tahmasebpoor, S.; Danielsson, 
A.; Edlund, K.; et al. Analysis of the Human Tissue-Specific Expression by Genome-Wide Integration of Transcriptomics and 
Antibody-Based Proteomics. Mol. Cell Proteom. 2014,13, 397-406. [CrossRef]

193. Puris, E.; Gynther, M.; Auriola, S.; Huttunen, K.M. L-Type Amino Acid Transporter 1 as a Target for Drug Delivery. Pharm. Res. 
2020, 37, 88. [CrossRef] [PubMed]

http://doi.org/10.1007/s10517-013-2104-6
http://doi.org/10.2174/1568026615666150701114527
http://www.ncbi.nlm.nih.gov/pubmed/26126914
http://doi.org/10.2147/IJN.S117501
http://www.ncbi.nlm.nih.gov/pubmed/28053525
http://doi.org/10.3390/molecules22122185
http://www.ncbi.nlm.nih.gov/pubmed/29292757
http://doi.org/10.3945/jn.109.116228
http://www.ncbi.nlm.nih.gov/pubmed/19906810
http://doi.org/10.1021/acs.jafc.7b05589
http://doi.org/10.1111/j.1750-3841.2009.01301.x
http://doi.org/10.1111/ijfs.14048
http://doi.org/10.1016/S0165-6147(02)02072-2
http://doi.org/10.2967/jnumed.110.086645
http://doi.org/10.1101/cshperspect.a002907
http://www.ncbi.nlm.nih.gov/pubmed/20182608
http://doi.org/10.1111/hepr.12431
http://www.ncbi.nlm.nih.gov/pubmed/25297701
http://doi.org/10.1210/endo.142.10.8418
http://www.ncbi.nlm.nih.gov/pubmed/11564694
http://doi.org/10.1074/mcp.M113.035600
http://doi.org/10.1007/s11095-020-02826-8
http://www.ncbi.nlm.nih.gov/pubmed/32377929

