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Abstract Solute Carrier 15 (SLC15) family, alias H"-cou-
pled oligopeptide cotransporter family, is a group of mem-
brane transporters known for their role in the cellular uptake
of di- and tripeptides (di/tripeptides) and peptide-like mole-
cules. Of its members, SLC15A1 (PEPT1) chiefly mediates
intestinal absorption of luminal di/tripeptides from dietary
protein digestion, while SLC15A2 (PEPT2) mainly allows
renal tubular reabsorption of di/tripeptides from ultrafiltra-
tion, SLC15A3 (PHT2) and SLC15A4 (PHT1) possibly
interact with di/tripeptides and histidine in certain immune
cells, and SLC15A5 has unknown function. Our under-
standing of this family in vertebrates has steadily increased,
also due to the surge of genomic-to-functional information
from ‘non-conventional’ animal models, livestock, poultry,
and aquaculture fish species. Here, we review the literature
on the SLC15 transporters in teleost fish with emphasis on
SLCI15A1 (PEPT1), one of the solute carriers better stud-
ied amongst teleost fish because of its relevance in animal
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nutrition. We report on the operativity of the transporter,
the molecular diversity, and multiplicity of structural-func-
tional solutions of the teleost fish orthologs with respect
to higher vertebrates, its relevance at the intersection of
the alimentary and osmoregulative functions of the gut,
its response under various physiological states and dietary
solicitations, and its possible involvement in examples of
total body plasticity, such as growth and compensatory
growth. By a comparative approach, we also review the few
studies in teleost fish on SLC15A2 (PEPT2), SLC15A4
(PHT1), and SLC15A3 (PHT2). By representing the con-
tribution of teleost fish to the knowledge of the physiology
of di/tripeptide transport and transporters, we aim to fill the
gap between higher and lower vertebrates.

Keywords Adaptation - Circadian rhythms -
Compensatory growth - Dietary protein - Digestive
physiology - Epithelial physiology - Fasting - Feeding -
Food deprivation - Growth - Immune system physiology -
Ontogeny - Osmoregulation - Peptide absorption - Peptide
transport - Protein digestion - Renal physiology

The SLC family series in teleost fish

With ~30,000 living species, teleost fish (infraclass Tel-
eostei; Near et al. 2012b) represent the largest and most
diverse group of vertebrates (Nelson 2006). Their biodi-
versity is largely due to a number of peculiarities in their
genomes (reviewed by Volff 2005; Ravi and Venkatesh
2008); for example, a whole-genome duplication during the
evolution of the Actinopterygian lineage led to hundreds of
duplicate gene pairs that have been maintained in teleost
fish genomes over 300—-450 million years, thus providing a
unique framework for the diversification of gene functions,
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the generation of diversity and the speciation process.
Because of their enormous genomic variability, teleost fish
are now considered very attractive models for studying a
variety of biological questions, included those related to the
evolution of genes, of their functions and/or of their regula-
tory control in the wider context of tissue, organ, system,
and organism physiology (see Kassahn et al. 2009; Sato
et al. 2009).

In line with the classification of the human genes for pas-
sive, ion-coupled transporters and exchangers in the Solute
Carrier (SLC) gene series (Hediger et al. 2004, 2013), tel-
eost fish genes for SLC-type transporters have preliminar-
ily been collected after data mining in the GenBank data-
base (Dec 2010-Mar 2011) (Verri et al. 2012). Despite the
incompleteness of the annotation process and the limited
amount of sequence information in this public database,
SLC members were retrieved from ~50 teleost fish species,
with zebrafish (Danio rerio) being the most represented
organism (more than 300 genes found), followed by Atlan-
tic salmon (Salmo salar), rainbow trout (Onchorhynchus
mykiss), fugu (alias torafugu; Takifugu rubripes), mefugu
(Takifugu obscurus), and Japanese eel (Anguilla japon-
ica), and with other teleost fish models popular in genet-
ics, developmental biology and genomics, such as medaka
(Oryzias latipes), three-spined stickleback (Gasterosteus
aculeatus), and spotted green pufferfish (Tetraodon nigro-
viridis), or economically relevant in aquaculture, such as
European sea bass (Dicentrarchus labrax) and Atlantic cod
(Gadus morhua), being less represented. As expected, sev-
eral SLC genes were found in duplicate. Among the SLC
members classified, only 41 had been analysed function-
ally, i.e., the cloned transporters had been tested for trans-
port in heterologous expression systems, such as Xenopus
laevis oocytes (for details, see Romero et al. 1998; Bossi
et al. 2007; Markovich 2008). These belong—according
to He et al. (2009) who assembled the SLC families in
12 functional clusters based on the nature of transported
substrates—to the groups of the ‘inorganic cation/anion
transporters’ (15 members), ‘urea, neurotransmitters and
biogenic amines, ammonium, and choline transporters’ (10
members), ‘glucose and other sugars transporters’ (6 mem-
bers), ‘metal ion transporters’ (6 members), ‘bile salts and
organic anions transporters’ (2 members), and ‘amino-acid/
oligopeptide transporters’ (2 members). The functional
studies were mainly conducted with the aim to define the
role(s) of the transporters in the adaptation of teleost fish
at different salinities (cation, anion, urea, and ammonium
transporters) or oxygen (glucose and other sugar trans-
porters) levels, to establish how the uptake of biologically
important or toxic metal ions (such as copper, iron, and
cadmium) affects teleost fish development, or to assess the
role of amino acid and oligopeptide transport in teleost fish
nutrition and growth. Many transporters were cloned from
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more than one species to compare their function in differ-
ent teleost fish backgrounds. Again, zebrafish was the most
popular model in functional studies on SLC proteins; and,
due to the good annotation of its genes and genome, it has
been used to extract sequences to generate/recruit/design
suitable molecular tools for functional analysis in both
zebrafish itself and other teleost fish species. More recently
(Jul 2013), 275 official genes encoding zebrafish SLC pro-
teins (belonging to 51 families) have been retrieved from
GenBank, with more than 50 of them having formally been
designated as duplicate genes (Romano et al. 2014). Note-
worthy, since several genome projects on species highly
relevant in aquaculture have recently been or are to be com-
pleted, a significant surge of nucleotide/protein information
on SLC-type transporters from the same as above or other
teleost fish species is expected to be released soon.

In this review, we will focus on the Solute Carrier 15
(SLC15) family of the so-called H-coupled oligopep-
tide transporters (for reviews, see Daniel and Kottra 2004;
Smith et al. 2013b), with special emphasis on SLC15 fam-
ily member Al (SLC15A1) alias Peptide Transporter 1
(PEPT1), a H"-dependent transporter of di- and tripeptides
(di/tripeptides) deeply studied in human and mammalian
models, and to date representing one of the most well-
characterised transporters also in teleost fish mainly due
to its major role in protein absorption, nutrition, and possi-
bly body growth. Because of the virtually complete lack of
information, at least to our knowledge, on the putative role
of PEPT1 as a nutrient sensor in teleost fish gut, updates on
this topic will not be included in this discussion (nonethe-
less, for the most recent advances, excellent topical reviews
are available; see Rgnnestad et al. 2014; Zietek and Daniel
2015; Daniel and Zietek 2015). In addition, where available
information will be provided for the other four members of
the SLC15 family recognised to date among vertebrates,
namely, SLC15 family member A2 (SLC15A2) alias Pep-
tide Transporter 2 (PEPT2), SLC15 family member A3
(SLC15A3) alias Peptide/Histidine Transporter 2 (PHT2),
SLCI1S5 family member A4 (SLC15A4) alias Peptide/His-
tidine Transporter 1 (PHT1), and SLC15 family member
A5 (SLC15A5), which have been much less studied than
PEPT1 in teleost fish.

The H-coupled oligopeptide transporter
SLC15A1 (PEPT1) in teleost fish

In the next paragraphs, we report information on PEPTI,
its (major) role(s) in gut physiology and localisation along
(and outside) the gut, and conceptually organising the
material around general topics: from molecular to cellular
physiology, from tissue/organ physiology to the descrip-
tion of its potential role(s) and relevance at higher levels
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of biological organisation, and/or in more integrative, sys-
temic, and applied frameworks. Whenever possible, we
have made the teleost fish to meet the tetrapods data, thus
aiming to provide a synopsis along the vertebrate series.

Major role of PEPT1 in teleost fish digestive/absorptive
physiology

During the digestive process, hydrolysis of dietary pro-
teins leads to high levels of di/tripeptides in the intestinal
lumen, which is either further hydrolysed to their constit-
uent amino acids or directly taken up in intact form into
the intestinal epithelial cells. Following the apical influx,
di/tripeptides are hydrolysed in the cytosol and the result-
ing amino acids cross the basolateral membrane using
amino-acid-transporting systems. However, peptides not
undergoing hydrolysis exit the cell by (a) not yet molecu-
larly identified basolateral peptide transport system(s) (pos-
sibly responsible for both cell-to-blood efflux and blood-to-
cell uptake; see Dyer et al. 1990; Thwaites et al. 1993a, b;
Thamotharan et al. 1996a, b; Terada et al. 1999; Irie et al.
2004; Pieri et al. 2010; Berthelsen et al. 2013) and/or by
other basolateral solute transporters that have been shown
to allow transport of selected peptides (Daniel 2004).

At the apical membrane of the enterocytes, the trans-
port of di/tripeptides is entirely mediated by PEPT1, which
operates as a Na'-independent and H*-dependent trans-
porter of a vast number of di/tripeptides, but not tetrapep-
tides or single free amino acids. Di/tripeptide transport is
electrogenic and responds to both an inwardly directed
transmembrane H™ gradient and a transmembrane inter-
nal negative electrical potential (Daniel 2004). Transport
is enantio-selective and apparently involves a variable H*/
substrate stoichiometry for uptake of neutral and charged
peptides. PEPT1 is also responsible for the transport of
orally active drugs, including B-lactam antibiotics, amin-
opeptidase and angiotensin-converting enzyme inhibitors,
d-aminolevulinic acid, and selected (e.g., antiviral) pro-
drugs (Rubio-Aliaga and Daniel 2002, 2008; Brandsch
2013; Smith et al. 2013b), although simple interaction
without transport also occurs for a variety of molecules (see
Kaniitter et al. 2008; Brandsch 2009). Notably, formylmeth-
ionyl-leucyl-phenylalanine (fMLP), a major N-formylated
peptide from bacteria in the human colonic lumen (Mar-
asco et al. 1984; Chadwick et al. 1988) that contributes to
intestinal inflammation and inflammatory bowel disease
(IBD) progression (for review, see Adibi 2003), is another
recognised substrate of PEPT1 (see Buyse et al. 2002b;
Shi et al. 2006; Ingersoll et al. 2012; Wu and Smith 2013).
In addition, PEPT1 mediates the transport of the bacte-
rial proteoglycan-derived muramyl dipeptide (Vavricka
et al. 2004; Ismair et al. 2006; Ma et al. 2015) and pro-
inflammatory bacterial peptidoglycan-derived tripeptide

L-Ala-y-p-Glu-meso-diaminopimelic acid (Dalmasso et al.
2010).

In teleost fish, the evidence that intestinal di/tripeptide
absorption occurs was first obtained by comparing in vivo
the rates of intestinal absorption of Gly—Gly and Gly in
rainbow trout (Bogé et al. 1981). However, the description
of the causal mechanisms of di/tripeptide transport across
plasma membranes was provided only 10 years later, when
the transport of a dipeptide was shown in brush-border
membrane (BBM) vesicles (BBMV) of the Mozambique
tilapia (Oreochromis mossambicus) intestinal epithelial
cells by testing uptake of Gly—Phe vs. Phe (Reshkin and
Ahearn 1991). The indication that dipeptides are effectively
co-transported with H' was soon after provided show-
ing Gly-Gly—dependent intravesicular acidification in the
European eel (Anguilla anguilla) intestinal BBMV (Verri
et al. 1992), which is acknowledged as the first experimen-
tal evidence of occurrence of the dipeptide-induced intra-
cellular acidification event in the enterocyte (see Thwaites
et al. 1993a, b, ¢). Since then, the existence of a carrier-
mediated, H*-dependent transport of di/tripeptides in the
BBM of fish enterocytes was confirmed in many teleost fish
and detailed kinetics and substrate specificities of the trans-
port activity were provided (see Maffia et al. 1997; Verri
et al. 2000; reviewed by Verri et al. 2010). In 2003, the first
peptide transporter from a teleost fish, i.e., the zebrafish
PEPT1, was cloned and functionally characterised in X.
laevis oocytes as a low-affinity/high-capacity system (Verri
et al. 2003), with apparent substrate affinities in the 0.1—
10 mM range depending on the structure, nature, and net
charge at a certain pH of the tested peptides. Since then,
cloning and functional characterisation of PEPT1 orthologs
from other teleost fish has been achieved (Table 1). For
three of them, i.e., the European sea bass, the Atlantic
salmon, and the Antarctic icefish (Chionodraco hamatus),
detailed kinetic analysis in X. laevis oocytes has been car-
ried out, thus providing the basis for functional compari-
son among teleost fish orthologs, and among teleost fish
and higher vertebrates (see the “Multiplicity of molecular
structural-functional solutions in teleost fish PEPT1 pro-
teins”). Notably, with increasing the number of sequences
in the databanks, it was progressively evident that teleost
fish PEPT1 is duplicated, as initially described in the Ori-
ental weatherfish (alias Asian weatherloach) (Misgurnus
anguillicaudatus) by Gongalves and colleagues (Gongalves
et al. 2007), and thus, the concept that PEPT1A (alias
SLC15A1A) and PEPT1B (alias SLC15A1B) genes occur
in teleost fish genomes has fully emerged (for details, see
also Romano et al. 2014). However, to date, transport data
are available from PEPT1B transporters only (still named
PEPT1 in many current papers) (Table 1), and the demon-
stration that PEPT1A-type proteins are functional is still
lacking.
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Organ/tissue distribution of PEPT1 in teleost fish

In mammals, PEPT1 is abundantly expressed in the epi-
thelial cells from small intestine (duodenum, jejunum, and
ileum) and kidney (proximal tubule S1 segments) and to a
lesser extent in the pancreas, bile duct, and liver (for review,
see Daniel 2004; Daniel and Kottra 2004; Gilbert et al.
2008b; Smith et al. 2013b). In general, no or little expres-
sion is observed in the colon, but it is unequivocally esti-
mated that PEPT1 is expressed in the healthy distal colonic
epithelium of mice, rats, and humans, where the protein
is functional and contributes physiologically to electro-
lyte and water handling (Wuensch et al. 2013). Recently,
functional expression of PEPT1 has also been observed in
the nasal epithelium (Agu et al. 2011). In contrast to most
species, ruminants express PEPT1 in the stomach (omasum
and rumen) (Chen et al. 1999; Pan et al. 2001; Gilbert et al.
2008b). In birds, there is significant expression of PEPT1
in the ceca in addition to the small intestine and the kidney
(Chen et al. 2002; Gilbert et al. 2008b). In elasmobranchs,
recent data indicate PEPT1 expression in multiple com-
ponents, i.e., esophagus, stomach, duodenum, scroll valve
intestine, rectum, and pancreatic acinar cells, of the bon-
nethead shark (Sphyrna tiburo) digestive tract (Hart et al.
2016).

In teleost fish, PEPT1 is principally expressed in the
intestine, and found to very low extent in other organs/tis-
sues, including kidney, liver, spleen, and others (Table 2).
The analysis of mRNA expression along the gut clearly
indicates that PEPT1 is restricted to the intestine (Verri
et al. 2010). However, patterns of expression greatly differ
from species to species (Table 2). In fact, while in zebrafish,
carps, weatherloaches (ord. Cypriniformes), and puffer-
fish (ord. Tetraodontiformes) PEPT1 seems to be confined
to the most proximal portion(s) of the intestine, in cods
(ord. Gadiformes) and killifish (alias mummichogs) (ord.
Cyprinodontiformes) PEPT1 is almost uniformly distrib-
uted along the intestinal canal, most distal regions included.
In between these extremes, salmons and trouts (ord. Sal-
moniformes) exhibit a steady decrease in PEPT1 expres-
sion passing from proximal-to-distal adjacent segments of
the intestinal canal, while in sea basses, sea breams, and
icefishes (ord. Perciformes), as well as turbots (ord. Pleu-
ronectiformes), the proximal-to-distal drop of expression
along the post-gastric alimentary canal seems steeper than
in salmonids. This last assumption holds true also for tila-
pias (ord. Cichliformes). On the other side, in the Japanese
eel larvae, PEPT1 expression in posterior intestine is much
higher than in the preceding (anterior intestine) and fol-
lowing (rectum) segments. Whenever present, the pyloric
ceca invariably expresses PEPT1 at very high levels, which
suggests that this organ specialisation largely participates
in the absorption of the di/tripeptides arising from dietary
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proteins. Interestingly, the spatio-temporal expression of
PEPT1 intestinal mRNA largely varies during ontogeny
(see Verri et al. 2003; Amberg et al. 2008; Ahn et al. 2013;
Liu et al. 2013b, 2014), in response to nutritional states
(such as food deprivation/refeeding; see Rgnnestad et al.
2010; Hakim et al. 2009; Terova et al. 2009; Bucking and
Schulte 2012; Koven and Schulte 2012; Liu et al. 2013a, b;
reviewed by Verri et al. 2011), dietary challenges (see Gon-
calves et al. 2007; Bakke et al. 2010; Ostaszewska et al.
2010a, b; Kwasek et al. 2012; Liu et al. 2013b; Kamalam
et al. 2013; Ostaszewska et al. 2013; Terova et al. 2013),
and/or environmental conditions (such as in freshwater/sea-
water adaptation; see Kalujnaia et al. 2007; Bucking and
Schulte 2012), as well as under certain disease states (such
as gut inflammation; see Frgystad-Saugen et al. 2009;
Wang et al. 2013) (for a more detailed discussion on some
of these dynamic aspects of PEPT1 expression, see the “Is
there in teleost fish a role for PEPT1 in salt, water and/or
acid—base homeostasis?” and “Is the intestinal transporter
PEPT1 relevant for teleost fish growth?”).

After the first paper in which mRNA expression of
PEPT1A and PEPTI1B has contemporarily been detected
in the mummichog (Fundulus heteroclitus macrolepido-
tus) (Bucking and Schulte 2012) and a more recent paper
in which the first systematic comparative analysis of all
the SLC15 family members in the same teleost fish back-
ground has been reported for the Nile tilapia (Oreochromis
niloticus) (Huang et al. 2015), the earlier perception that
PEPT1 mRNA expression data reflect the levels of expres-
sion of a single gene (implicitely meaning PEPT1B)
has been replaced by the view that in teleost fish, two
orthologous PEPT1 transporters may contemporarily be
expressed and operate at the intestinal level (Table 2). As
stated above, to date, functional analysis has not yet been
performed for any known PEPT1A-type cloned transport-
ers. However, the observation that, conversely to what
was observed in the mummichog, in the Nile tilapia: (a)
the expression of PEPT1A mRNA largely exceeds that of
PEPT1B in the proximal intestine; (b) instead, the expres-
sion of PEPT1IB mRNA exceeds that of PEPTIA in the
mid intestine; and (c) thus, the PEPT1A-to-PEPT1B ratio
inverts passing from proximal to mid intestine, suggests
a role for PEPT1A in this species with respect to and in
association with PEPT1B, with PEPT1A principally work-
ing in the proximal and PEPTI1B in the mid part of the
intestine. Since sequence differences (62—69% similarity at
the protein level) exist between these two orthologs, it can
be argued that they act synergistically to achieve optimal
absorption of protein degradation products, but functions
other than protein degradation products’ absorption cannot
be excluded. In this respect, identification of similarities/
differences in the transport function of the translated pro-
teins is needed. Furthermore, these observations ask for a
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re-evaluation/re-assessment of the previous PEPT1 mRNA
expression data in teleost fish in the new light of the speci-
ficity of the molecular tools used to perform the analy-
ses, e.g., the primer set(s) for PCR analyses in the various
species.

Another limit of the current expression studies on
PEPT1-type transporters in teleost fish is the lack of ade-
quate information at the protein level. Protein expression
data are available for a few species, the first coming from a
study in the orange-spotted grouper (Epinephelus coioides)
using a commercial polyclonal rabbit anti-PEPT1 antibody
(Yuen et al. 2007). In the proximal intestine of the juve-
nile orange-spotted grouper, PEPT1 protein is found con-
stitutively expressed along the apical membrane of the
intestinal mucosal cells. Expression is restricted to absorp-
tive epithelial cells and it is more evident in enterocytes
migrating towards the tips of the mucosal folds, whereas
the mucus-secreting goblet cells are negative for PEPTI.
Using the same commercial antibody, PEPT1 protein has
been detected in rainbow trout (Ostaszewska et al. 2010b),
common carp (Cyprinus carpio) (Ostaszewska et al.
2010a), and yellow perch (Perca flavescens) (Ostaszewska
et al. 2013), with similar results as those in the orange-
spotted grouper intestine. Thus, such as in higher verte-
brates (Daniel 2004), the PEPT1 protein strongly associ-
ates with differentiated and mature absorptive enterocytes.
More recently, a systematic depiction of PEPT1 protein
expression at the intestinal level has been provided for the
Japanese eel (Ahn et al. 2013), the spotted green pufferfish
(Wang et al. 2013), and the red crucian carp (Carassius
auratus) (Liu et al. 2014) using species-specific antibod-
ies developed ad hoc. Such analyses virtually confirm the
previous data on PEPT1 protein expression at the intestinal
level obtained using the heterologous antibodies.

To recapitulate, in any fish species tested, PEPT1-type
mRNA is predominantly expressed at the intestinal level, in
the portion of the intestinal tract that is directly involved in
digestion and absorption. Where competition for different
functions occurs (e.g., in the Asian weatherloach that uses
the hindgut as an accessory air-breathing organ), PEPT1
marks the portion(s) of the intestine committed to digestion
and absorption. Expression is almost invariably restricted
to the BBM of mature enterocytes, which makes PEPT1
a specific marker of terminal enterocyte differentiation
(see Chen et al. 2009; Li et al. 2011a; Wang et al. 2013),
although exceptions are observed, such as in the Japanese
eel, where PEPT1 is also detected in the intracellular area
of the epithelial cells of the intestinal tract, especially at
the larval stage (see Ahn et al. 2013). Expression in other
tissues is always much lower than in the post-gastric ali-
mentary canal. The functional role of PEPT1 in such other
tissues is not known in teleost fish yet. Noteworthy, disclos-
ing the local expression of PEPT1A vs. PEPT1B along the

intestinal tract of teleost fish as well as their distribution in
the various tissues/organs of the many teleost fish models
studied is now an obligatory step towards the full com-
prehension of the physiological role of such transporters.
Finally, the enormous plasticity of PEPT1 expression at the
intestinal level in teleost fish, as it results from the dynamic
changes observed with ontogeny, dietary challenges, and
disease states, parallels what was observed in the mamma-
lian intestine (Daniel 2004; Daniel and Kottra 2004; Smith
et al. 2013b), thus suiting the telost fish model for studies
on the general aspects of mammalian (and human) biology,
as it is the recent case of the development of a pufferfish
model of intestinal inflammation finalised to the dissection
of the molecular bases of IBD (Wang et al. 2013).

Multiplicity of molecular structural-functional
solutions in teleost fish PEPT1 proteins

When the functional properties of the expressed transport-
ers are detailed in terms of kinetic parameters, substrate
specificities, and inhibition patterns, sensitivity to phys-
icochemical parameters (pH, temperature, etc), teleost
fish PEPT1 regularly exhibits an unexpected multiplic-
ity of structural-functional solutions with respect to the
higher vertebrate orthologs, which possibly reflects forms
of physiological, ecological, and/or environmental adap-
tations. Some of the solutions found in PEPT1 transport-
ers from a number of teleost fish species are reviewed
below, and treated, whenever possible, in comparison with
the human (Daniel and Kottra 2004; Smith et al. 2013b),
mammalian (Daniel 2004), and avian (Gilbert et al. 2008a)
counterparts.

pH dependence

In higher vertebrates, PEPT1 function has been studied in
several mammalian and avian species, including human,
rat, mouse, rabbit, sheep, pig, chicken, and turkey. In these
species, transport via PEPT1 is reported to be pH depend-
ent, with a slightly acidic extracellular pH (pH optimum
5.5-6.0) positively affecting the uptake of the transported
substrate. In general, in mammalian PEPT1 proteins—that
have been studied under a large variety of functional assays
and experimental conditions—this effect correlates to a
substantial increase of the apparent affinity for the substrate
passing from alkaline to neutral-to-acidic external pH, with
no considerable change in maximal transport rate; however,
in human PEPT1, acidic pH increases both substrate appar-
ent affinity and maximal transport rate (reviewed by, e.g.,
Daniel 2004; Daniel and Kottra 2004; Gilbert et al. 2008b;
Smith et al. 2013b). After first zebrafish PEPT1 functional
analysis (Verri et al. 2003), it was clear that many basic
kinetic properties of the transporter were similar to those
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observed in higher vertebrates, e.g., the apparent affin-
ity increases with decreasing pH. However, in contrast to
higher vertebrates, zebrafish PEPT1 maximal transport rate
steeply increased passing from acidic (6.5) to alkaline (8.5)
extracellular pH. This evidence has been postulated to cor-
relate to two feasible and complementary scenarios. On
one hand, to the agastric state of the zebrafish (which is a
freshwater teleost fish naturally inhabiting slow-moving or
stagnant water bodies), and thus to the resulting prevalence
of an alkaline pH (pH > 7.5; see Nalbant et al. 1999; Verri
et al. 2003; Wood et al. 2010) in the proximal intestinal
lumen under normal physiological conditions, due to pan-
creas and gallbladder alkaline secretions not neutralised by
stomach acidic secretions (for a discussion on the agastric
status in teleost fish, see Horn et al. 2006; Day et al. 2011;
Yfera et al. 2012; Castro et al. 2013; for a recent review,
see Grosell et al. 2011 and literature cited therein). On the
other hand, to the most likely lack in the zebrafish entero-
cyte of the functional interaction between H'-dependent
di/tripeptide cotransport and Na*/H" exchange activities,
which is opposite to what occurs in, e.g., the mammalian
enterocyte with the duo PEPT1 and Na™/H™ exchanger 3
(NHE3), alias Solute Carrier 9 (SLC9) family member A3
(SLC9A3) (see Lucas et al. 1975; Kennedy et al. 2002; for
review, see Thwaites and Anderson 2007), and the nema-
tode Caenorhabditis elegans enterocyte with the duo Pep-
tide transporter family 1 (PEPT-1) and Nat/H*t exchanger
protein 2 (NHX-2) (see Spanier et al. 2009; Benner et al.
2011; for review, see Spanier 2014). In fact, in both sys-
tems, the functional cotransport/exchange interaction that
exists at the apical membrane of the enterocyte locally
generates an acidic microclimate and an inwardly directed
pH gradient, which allows optimal uptake of di/tripeptides
and concurrent prevention of extensive intracellular acidifi-
cation. For a more detailed discussion on these functional
interactions between di/tripeptide transporters and ion
exchangers, see the “PEPT1 and ion exchangers, carbonic
anhydrases and ion cotransporters”). The study on the
PEPT1 of the European sea bass (that is, a primarily ocean-
going teleost fish that sometimes enters brackish and fresh
waters), which possesses a stomach, has confirmed the
canonical increase in apparent substrate affinity at acidic
pH, but—such as in mammals and not in the zebrafish—no
significant effect of pH is found on the maximal transport
rate of this transporter (Sangaletti et al. 2009). This similar-
ity of the intestinal European sea bass transporters to the
intestinal mammalian systems is further corroborated by
the observation that the European sea bass Solute Carrier
6 (SLC6) family member A19 (SLC6A19, alias B°AT1),
a neutral amino-acid transporter at the apical membrane
of the enterocyte, displays a pH dependence that virtually
mimics that of the mouse BYAT1 (Margheritis et al. 2013a).
Interestingly, the PEPT1 of the Atlantic salmon (that is, a

@ Springer

teleost fish following an anadromous migration pattern
after years-long freshwater phases) exhibits only a slight
increase in maximal transport rate passing from acidic to
alkaline extracellular pH (Rgnnestad et al. 2010), while the
PEPT1 of the Antarctic icefish (which is a strictly seawater-
confined teleost fish) displays virtually no pH dependence
of the maximal transport rate (Rizzello et al. 2013), sug-
gesting that in these two gastric teleost fish species, PEPT1
transporters conform more to the mammalian than the
zebrafish paradigm. All together, these results—based on
the comparative functional analysis of four teleost fish vs.
higher vertebrate (mainly rabbit, but also human, rodent,
pig, and bird) proteins—indicate a relevant molecular
diversity among PEPT1 proteins, which result in relevant
differences in certain measurable traits with a significant
impact on the anatomical and physiological designs. This is
the case of the ‘pH dependence of maximal transport rate’
trait, which in the zebrafish PEPT1, much departs from the
‘canonical’ function depicted for mammalian and the other
teleost fish PEPT1 transporters tested so far.

Within this “pH dependence” framework, using a com-
bination of advanced electrophysiological and biophysi-
cal protocols, Renna and colleagues (Renna et al. 2011b)
have compared the same experimental setup and the trans-
port kinetics of rabbit, European sea bass, and zebrafish
PEPT1, proposing a unified model that explains their prin-
cipal electrophysiological properties and different behav-
iours in terms of pH dependence. This model suggests a
dual role for H' in the operational mechanism of PEPTI.
On the one hand, H' are considered essential for neutral-
ising the transporter during the inward substrate transloca-
tion and their release in the cytosol uncovers the net nega-
tive charge of the empty transporter, which then undergoes
an energy-dissipating step to return to the outward-facing
conformation (for a schematic description of the model,
see Renna et al. 2011b). On the other hand, protonation
of the transporter breaks the transport cycle and counter-
acts the boosting effects of external acidity on the turnover
rate. A different balance between the two roles played by
H" may generate opposite effects on the maximal transport
rate, as observed experimentally in the various vertebrate
PEPT1 proteins kinetically analysed in detail (Mackenzie
et al. 1996; Amasheh et al. 1997; Nussberger et al. 1997,
Steel et al. 1997; Kottra and Daniel 2001; Kottra et al.
2002; Irie et al. 2005; Fujisawa et al. 2006; Sala-Rabanal
et al. 2006; Sangaletti et al. 2009; Renna et al. 2011b). The
existence of two apparently contrasting actions of exter-
nal H' does not negatively impact the overall efficiency
of the substrate uptake, and the model can explain how
PEPT1 sustains its function across different species and at
the expected physiological pH conditions. Noteworthy, the
model includes a transition state that may represent an H™
binding to an allosteric site (Renna et al. 2011b), which has
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been suggested to account for the smaller transport current
observed at acidic pH in the zebrafish PEPT1 (Verri et al.
2003). However, in spite of the research performed for the
last years, this putative allosteric site still remains elusive.

Temperature dependence

Adaptation of organisms to temperature requires pro-
teins working at optimal thermodynamic conditions. This
is especially true for membrane transporters, such as the
intestinal PEPT1, that maintain nutrient homeostasis at
both cellular and organism level. Like enzymes, the cata-
lytic activity of membrane transporters depends on temper-
ature (see Hazama et al. 1997; Beckman and Quick 2001;
Binda et al. 2002; Karakossian et al. 2005; Takanaga et al.
2005; Bacconi et al. 2007; Mackenzie et al. 2007; Kukk
et al. 2015). In such proteins, higher temperatures speed up
all the reactions of the transport mechanism (i.e., the cycle
of serial reactions), and with increasing temperature, an
increase in transport rate, and thus in substrate uptake, is
expected and effectively observed in many cases (see Beck-
man and Quick 2001; Hilgemann and Lu 1999; Wadiche
and Kavanaugh 1998). Moreover, differences in kinetics
are expected in orthologous transporters of species living at
different temperatures; this is also observed for many trans-
porters (see Maffia et al. 1996; Xue et al. 1999; Elias et al.
2001; Marshall et al. 2002; Maffia et al. 2003), such differ-
ences appearing strictly adaptive.

In PEPTI, the effects of temperature on the functional
properties of the transporter have been investigated in detail
using X. laevis oocytes in combination with electrophysiol-
ogy and model substrates, such as the dipeptide Gly—Gln.
When the rabbit (homeotherm with body temperature of
38-39 °C) PEPT1 is studied with respect to the zebrafish
(tropical poikilotherm living at 18-24 °C) and the Euro-
pean sea bass (subtropical poikilotherm living at 8-24 °C)
at a reference temperature (22 °C), marked differences are
found in the transport kinetics of the proteins. In particular,
at 22 °C, the two teleost fish proteins show similar kinet-
ics, while the rabbit exhibits significantly slower kinetics
in comparison with teleost fish. However, at values (30 °C)
closer to the rabbit body temperature, the properties of the
rabbit PEPT1 are more similar to those of the teleost fish
(Bossi et al. 2012), suggesting that there may be no differ-
ences among species when the transporters work at their
respective physiological conditions and that the differences
in kinetics found in rabbit and teleost fish denote adaptive
changes.

Needless to say, structural differences exist between
mammalian and teleost fish proteins that may confer
enhanced flexibility in the latter to compensate for the
lower thermal kinetic energy available at lower tem-
peratures. In general, in proteins, increased flexibility is

achieved through single-site amino-acid substitutions in
those protein regions that undergo large movements during
the catalytic cycle (see Fields 2001; Somero 2004). How-
ever, in the PEPT1 of Chionodraco hamatus (Antarctic
icefish; a polar poikilotherm living at —1.9 °C), a domain
composed of one-to-six repeats of seven amino acids
(VDMSRKS), placed as an extra stretch in the cytosolic
COOH-terminal region of the transporter, and contributes
in part but per se to cold adaptation (Rizzello et al. 2013).
VDMSRKS is in a region not involved in transport activ-
ity, and, when transferred to the COOH terminus of rabbit
(warm-adapted) PEPT1, it confers cold adaptation to the
protein (Rizzello et al. 2013). To our knowledge, this strat-
egy based on the inclusion of a new functional domain is
unique among those known in proteins from psychrophilic
vertebrates (see Feller and Gerday 2003; Somero 2003,
2004; Coppes Petricorena and Somero 2007; Portner et al.
2007; Beers and Jayasundara 2015). The domain is present
not only in the Antarctic icefish (fam. Channichthyidae),
but also found as VEMSRKS in another species of the sub-
order Notothenioidei (notothenioids) (ord. Perciformes;
for a recent classification of teleost fishes, see Near et al.
2012b; Betancur-R et al. 2013), i.e., the barbeled plunder-
fish Histiodraco velifer (fam. Artedidraconidae), as VEM-
SRKD in other two species of the same sub-order, i.e.,
Trematomus bernacchii (emerald rockcod) and T. pennel-
lii (sharp-spined notothen) (fam. Nototheniidae) (Rizzello
et al. 2013), and as LEMSRKS in a third member of Noto-
theniidae, i.e., Notothenia coriiceps (black rockcod alias
Antarctic bullhead notothen), which genome has recently
been sequenced (Shin et al. 2014) (Fig. 1). All these nototh-
enioids live in the Antarctic waters. Conversely, the motif,
and within it the central serine of a ‘putative’ (V/L)(D/E)
MSRK(S/D) phosphorylation site (Antonia Rizzello and
Alessandro Romano, preliminary results), is altered or
fragmented in other Perciformes, such as Perca flavescens
(yellow perch) (fam. Percidae), Epinephelus aeneus (white
grouper) (fam. Serranidae), and Gasterosteus aculeatus
(three-spined stickleback) (fam. Gasterosteidae), as well as
in the neighbour species of the series Percomorpharia for
which accurate PEPT1 COOH-terminus sequence annota-
tions are available in the databanks, among which the Euro-
pean sea bass (fam. Moronidae) and Larimichthys crocea
(large yellow croaker) (fam. Sciaenidae) (Fig. 1). Waiting
for countercheck when PEPT1 sequences from cold tem-
perate (sub-Antarctic and/or non-Antarctic) notothenioids
will be available, these findings support the concept that
the acquisition of the (V/L)(D/E)YMSRK(S/D) domain dates
back to at least the most recent common ancestor of the so-
called ‘Antarctic clade’ (Near et al. 2012a), thus parallel-
ing the most probable evolutionary origin of the antifreeze
glycoproteins (AFGPs). In this context, the domain may
represent a novel molecular marker of the evolutionary
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icefish_PepTlb_6_repeats|Perciformes|Channichthyidae
efish_PepTlb_4_repeats|Perciformes|Channichthyidae
efish_PepTlb_3_repeats|Perciformes|Channichthyidae
_icefish_PepTlb_2_repeats|Perciformes|Channichthyidae
—icefish_PepTlb_l_repeat|Perciformes|Channichthyidae
H_velifer|Perciformes|Artedidraconidae
black_rockcod_PepTlb|Perciformes|Nototheniidae
emerald_rockcod_PepTlb|Perciformes|Nototheniidae

sharp-spined notothen PepTlb|Perciformes|Nototheniidae
yellow_perch_PepTlb|Perciformes|Percidae

uper PepTlb|Perciformes|Serranidae
stickleback_PepTlb|Perciformes|Gasterosteidae
European_sea_bass_PepTlb|Percomorpharia_incertae_sedis|Moronidae
large_yellow croaker PepTlb|Percomorpharia_incertae_sedis|Sciaenidae

Fig. 1 Amino-acid sequence alignment of the COOH terminus of
channichthyidae (the Antarctic icefish Chionodraco hamatus), art-
edidraconidae (the barbeled plunderfish Histiodraco velifer), nototh-
eniidae (the black rockcod alias Antarctic bullhead nothoten Nototh-
enia coriiceps, the emerald rockcod Trematomus bernacchii and the
sharp-spined notothen Trematomus pennellii), percidae (the yellow
perch Perca flavescens), serranidae (the white grouper Epinephelus
aeneus), gasterosteidae (the three-spined stickleback Gasterosteus
aculeatus), moronidae (the European sea bass Dicentrarchus lab-
rax) and sciaenidae (the large yellow croaker Larimichthys crocea)
PEPT1 proteins. For phylogenetic relationships among species, (see
Near et al. 2012b; Betancur-R et al. 2013). Multiple sequence align-
ment was generated by ClustalW2 at http://www.ebi.ac.uk/Tools/msa/

biological and eco-physiological diversification of the Ant-
arctic fishes. In addition, since transferable to other pro-
teins, the domain may represent a very useful molecular
tool for future biotechnological applications.

Species specificity of substrate uptake

It has long been known that teleost fish rely on a dietary
supply of a well-balanced profile of essential (indispensa-
ble), non-essential (dispensable), and conditionally essential
amino acids (for reviews, see Wilson 2002; Li et al. 2009).
Among others (for a recent comprehensive review, see
National Research Council 2011), the essential amino acids,
lysine (Lys) and methionine (Met), are known to be highly
growth limiting for teleost fish, and countless studies have
shown that diets deficient in such amino acids may result
in poor growth performances (reviewed among others by,
e.g., Conceicdo et al. 2003, 2007; Glencross 2006; Kousou-
laki et al. 2015). In particular, Lys is considered one of the
most highly restrictive amino acids during preparation of
fish feeds today (see Harris 1980; Tibaldi and Lanari 1991;
Forster and Ogata 1998; Small and Soares 2000; Wang et al.
2005; Mai et al. 2006b; for recent reviews, see Nunes et al.
2014) and Lys deficiency invariably occurs when plant-
based protein sources are used to replace fish meal (see
Gaylord et al. 2004; Zhang et al. 2008; Deng et al. 2010; for
recent reviews, see Conceicdo et al. 2012; Nunes et al. 2014;
Kousoulaki et al. 2015). Lys availability is, e.g., reported to
limit protein synthesis, protein accretion and growth, and in
general to impair teleost fish metabolism (see Walton et al.
1984; Conceicao et al. 2007; Espe et al. 2007; Li et al. 2014;
reviewed among others by, e.g., Conceicdo et al. 2003,
2012; Ball et al. 2007). Analogously, Met is recognised by
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clustalw2/ using default parameters. TMD XII indicates the putative
12th transmembrane domain of the vertebrate PEPT1 proteins as
predicted by TMHMM 2.0 (TMHMM Server v. 2.0 at www.cbs.dtu.
dk/servicessTMHMM-2.0/); the direct heptad repeats (VDMSRKS)
close to the COOH-terminus of the Antarctic icefish are in bold and
named D1-to-D6. Six, four, three, two, and one repeats have been
found in PEPT1 sequences from different Antarctic icefish specimens
(Rizzello et al. 2013); all of them represented in the alignment. Iden-
tical residues are highlighted in black and similar residues in gray
(data generated at http://www.bioinformatics.org/sms2/color_align_
cons.html; percentage of sequences that must agree for identity or
similarity coloring to be added: 100%)

many authors as the most limiting amino acid in teleost
fish diets (see Alam et al. 2000; Twibell et al. 2000; Ahmed
et al. 2003; Luo et al. 2005; Mai et al. 2006a; Zhou et al.
2006; for recent reviews, see Conceicdo et al. 2012; Nunes
et al. 2014), and like Lys, it is very critical in the prepara-
tion of feeds containing protein sources alternative for fish
meal (see Ai and Xie 2005; Nguyen and Davis 2009; Sardar
et al. 2009; Tulli et al. 2010; Figueiredo-Silva et al. 2015;
for recent reviews, see Conceigdo et al. 2012; Nunes et al.
2014; Kousoulaki et al. 2015). Met availability is known
to affect several biological functions, e.g., it greatly influ-
ences the biosynthetic pathways involving sulphur-based
compounds, and more generally, it is known to impact tel-
eost fish metabolism (see Walton et al. 1982; Kasper et al.
2000; Adibi and Khan 2011; Deng et al. 2011; Kuang et al.
2012; Duan et al. 2012; Ma et al. 2013; Wang et al. 2014a;
reviewed among others by Conceigdo et al. 2012).

For their central role in fish nutrition, developing new
strategies for the supplementation of essential and/or con-
ditionally essential amino acids is considered crucial to
date in an attempt to deal with the nutritional challenges
posed by the need of feeding cultured fish with optimised
artificial diets (Li et al. 2009). In this respect, being the
route for the intake of di/tripeptides, PEPT1 has received
considerable attention as a target for delivery of essential
amino acids—Lys and Met in primis—in the form of di/
tripeptides, and Lys- and, more recently, Met-containing
di/tripeptides have been in the focus of advanced studies
to elucidate the basic properties of their carrier-mediated
transport. This with the confidence that information com-
ing from the observed kinetics would have been ben-
eficial to the formulation of new diets containing peptide
hydrolysates or selected individual peptides rather than
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free amino acids (see Zambonino-Infante et al. 1997,
Dabrowski et al. 2003, 2005; Aragdo et al. 2004; Zhang
et al. 2006; Rgnnestad et al. 2007b) (for specific discus-
sion on this subject, see the “Is the intestinal transporter
PEPT1 relevant for teleost fish growth?”). The results of
these efforts are summarised in Table 1, which reports the
basic kinetic parameters—i.e., the maximal di/tripeptide-
dependent inwardly directed transport current (/,,,,) and
the apparent concentration of di/tripeptide that yields one-
half of I, (K|, s)—as assessed for four teleost fish PEPT1
clones using the X. laevis oocytes’ heterologous expression
system and the two-electrode voltage clamp (TEVC) elec-
trophysiological setup. In teleost fish, the first evidence
that Lys-containing peptides are transported by PEPT1 is
from the initial observations in the zebrafish (namely, two
Lys-containing dipeptides tested, with Lys—Gly resulting
a better substrate than Gly-Lys; reference peptide: Gly—
Gln; reference pH values: 7.5 and 8.5; for details, see Verri
et al. 2010) and a more systematic analysis in the Atlan-
tic salmon [namely, six Lys-containing dipeptides and a
Lys-containing tripeptide tested, exhibiting the following
relative scale of apparent binding affinity (expressed as
K5 values): Lys—Pro ~ Lys—Val > Ala-Lys > Lys—Pro-
Val (good substrates) > Glu-Lys > Lys—Glu (intermedi-
ate substrates) > Arg—Lys (non/poor substrate); reference
peptide: Gly—Sar; reference pH: 6.5; for details, see Rgn-
nestad et al. 2010]. Interestingly, the tripeptide Lys—Pro—
Val, which in mammals exhibits strong anti-inflammatory
effects at the intestinal mucosa after uptake via PEPT1
(Dalmasso et al. 2008a), is a good substrate of the Atlantic
salmon transporter, which supports the notion that PEPT1
may play a role not only in fish nutrition, but also in the
treatment of fish enteritis and associated inflammation
(Rgnnestad et al. 2010). In the same trial, other di/tripep-
tides containing amino acids other than Lys and known
to be essential for the Atlantic salmon have been tested,
showing that di/tripeptides containing phenylalanine
(Phe-Phe, Phe-Tyr), leucine (Gly-Leu, Pro-Leu), histi-
dine (B-Ala-His, alias carnosine), valine (Val-Pro—Pro),
and isoleucine (Ile-Pro—Pro) are all transported, with Phe-
containing di/tripeptides resulting by far the best among
the di/tripeptides studied, and the others behaving as good-
to-intermediate substrates. As expected (Vig et al. 2006),
Pro—Gly is not a substrate of the Atlantic salmon PEPT1
(Rgnnestad et al. 2010).

More recently, the kinetic properties of the European sea
bass, zebrafish, and rabbit PEPT1 have systematically been
studied by TEVC to assess the specificities of the uptake
for a group of di/tripeptides containing Gly, Lys, and Met
(namely, Lys—Lys, Met-Lys, Lys—Gly, Gly-Lys, Lys—Met,
and Lys—Lys—Lys; reference peptide: Gly—Gln; reference
pH: 7.5) in different PEPT1 orthologs under identical
experimental conditions (for details, see Margheritis et al.

2013b). Interestingly, substantial species-specific differ-
ences are observed for the three PEPT1 clones in response
to the series of di/tripeptides. In a first set of experiments,
it has been found that with respect to Gly—Gln, the trans-
port currents produced by the dipeptide couples Gly—Lys
and Lys—Gly (on one hand) and Met-Lys and Lys—Met
(on the other hand) rank differently in the sea bass and
rabbit PEPT1 (with Lys—-Gly > Gly-Gln > Gly-Lys and
Lys—Met > Gly—GIn ~ Met-Lys) and the zebrafish PEPT1
(with Gly—GlIn > Lys—Gly > Gly-Lys and Gly—GIn ~ Lys—
Met ~ Met-Lys). While the former scale also adapts to the
Antarctic icefish PEPT1 (Rizzello et al. 2013), the latter
is in accordance with the initial observations in zebrafish
PEPT1 (Verri et al. 2010). Similarly, to what found with
the pH dependence analysis (see the “pH dependence”),
these direct substrate transport data indicate that the
European sea bass performs more like the rabbit than the
zebrafish PEPT1. In addition, in the European sea bass, all
tested dipeptides produce similar overall transport activi-
ties independently of the charge position or amino-acid
composition of the peptide, with the exception of Lys—Lys
which is much less well transported (i.e., Lys—Met &~ Met—
Lys ~ Gly-GIn ~ Lys-Gly > Lys-Lys; Lys—Lys—Lys not
transported), while in the zebrafish, Lys—Met and Met—
Lys are better substrates in the di/tripeptide series tested
(with Lys—Met =~ Met-Lys > Gly—GIn > Lys—Gly > Lys—
Lys; Lys—Lys—Lys not transported). Interestingly, Atlantic
salmon PEPT1 conforms more to the European sea bass
than the zebrafish model, since when tested in the Atlan-
tic salmon PEPT1, Arg-Lys (that is structurally similar to
Lys—Lys) is at the lowest level of the transport efficiency
scale (Rgnnestad et al. 2010). Finally, in the European sea
bass and rabbit PEPTI, the transport currents elicited by
Gly-Lys, Lys—Gly, Met-Lys, and Lys—Met are invariably
independent on the external pH (pH 6.5 compared to pH
7.5), while in zebrafish, they are always pH dependent,
with alkalinisation exerting an activation role (see also the
“pH dependence”).

Interestingly, the definition of the peculiar features of
the rabbit/sea bass vs. zebrafish transporter and their com-
bination with the more general structural-functional infor-
mation coming from both crystallographic (see Newstead
et al. 2011; Newstead 2011; Solcan et al. 2012; Doki et al.
2013; Lyons et al. 2014; Parker et al. 2014; Fowler et al.
2015; Newstead 2015) and molecular modelling experi-
ments (Meredith and Price 2006; Pedretti et al. 2008; Mer-
edith 2009; Samsudin et al. 2016) has led to the identifica-
tion of a natural amino-acid substitution (due to a C-to-T
change in the nucleotide sequence) in the transmembrane
domain VIII of a threonine (Thr) (in position 327 in rabbit
and 330 in European sea bass) with an isoleucine (Ile) (in
position 334 in zebrafish) that is relevant for the fine tun-
ing of the characteristics of transport in the rabbit/sea bass
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vs. zebrafish PEPT1. This Thr is highly conserved in all
vertebrates, teleost fish included, with the exception of the
zebrafish and the other cyprinids (Fig. 2; see also Romano
et al. 2014). As demonstrated by analysing the function of
the mutated (Thr3271Ile) rabbit transporter, which turns to
work, such as a zebrafish PEPT1, when tested for Gly—Gln,
Lys—Gly, and Lys—Met transports, such residue principally
changes the way of interaction of the protein with di/trip-
eptides, showing variation in substrate selectivity and affin-
ity and consequently in transport efficiency. Interestingly,
the same Thr-to-Ile amino-acid change found in the cypri-
nid PEPT1 is present, but in PEPT1A instead of PEPT1
(Fig. 2), in three (the haplochromine lineage) of the five
representative species from throughout the East African
haplo-tilapiine lineage (which gave rise to all East African
cichlid radiation; Brawand et al. 2014). Namely, five line-
ages—the Nile tilapia (Oreochromis niloticus), an ancestral
lineage with low diversity, the lyretail cichlid (alias prin-
cess of Burundi) Neolamprologus brichardi (older radia-
tion, Lake Tanganyika), the zebra mbuna Maylandia zebra
(recent radiation, Lake Malawi), Pundamilia nyererei (very
recent radiation, Lake Victoria), and Burton’s mouthbrooder
Haplochromis burtoni (riverine species around Lake Tang-
anyika)—diverged primarily through geographical isolation,
and three of them subsequently underwent adaptive radia-
tions in the three largest lakes of Africa. While Thr is pre-
sent in the riverine Nile tilapia and lyretail cichlid PEPT1A,
Ile is present in the zebra mbuna-Burton’s mouthbrooder-P.
nyererei PEPT1A leading to the hypothesis that in this fish
group after gene duplication, the retained duplicated gene
may have diverged in function through sub- or neofunction-
alisation (for discussion, see also the “Organ/tissue distribu-
tion of PEPT1 in teleost fish™).

In an attempt to systematise the analysis of peptide
transporters among diverse species, a comparative study
has been published that evaluates if and how PEPT1 and
PEPT2 transporters from mammalian (human, rat, and
mouse), teleost fish (zebrafish), and nematode (C. elegans)
models selectively transport (or vice versa are discrimi-
nated by) the fluorophore-conjugated dipeptides f-Ala- and
D-Ala—Lys-N-7-amino-4-methylcoumarin-3-acetic acid
(Kottra et al. 2013). Although preliminary, these findings
indicate that there are measurable differences in terms of
kinetics and/or substrate interaction/recognition parameters
among mammalian, zebrafish, and C. elegans PEPT1 and
PEPT?2 transporters, with, e.g., the zebrafish PEPT1 trans-
porter differing from the mammalian counterparts for its
complete lack of interaction with the substrate p-Ala—Lys-
N-T7-amino-4-methylcoumarin-3-acetic acid. In a perspec-
tive, this selectivity based on the type of peptide trans-
porter and species may be very helpful in better defining
the structure—function determinants of the proteins of the
SLCIS5 family, and an integration of this platform with the
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Fig. 2 Amino-acid sequence alignment of PEPT1-type transportersp
in vertebrates (mammals-to-fish series). Multiple sequence align-
ment was generated by ClustalW2 at http://www.ebi.ac.uk/Tools/msa/
clustalw2/ using default parameters. TMD VII, TMD VIII and TMD
IX indicate the seventh, eighth, and nineth transmembrane domains
as recently represented (Newstead 2015). The Thr-to-Ile amino-acid
change discussed in the text (1) occurs in TMD VIII in the same
motif context in all cyprinid PepT1b and ancestor of haplochromine
PepTla sequences retrieved from GenBank (July 2015). Identical
residues are highlighted in black and similar residues in gray (data
generated at http://www.bioinformatics.org/sms2/color_align_cons.
html; percentage of sequences that must agree for identity or similar-
ity coloring to be added: 70%)

inclusion of peptide transporters from other reference (e.g.,
ovine, chicken, turkey, pig, and shark) animal models is
worth to be achieved in the near future.

PEPT1 function at the intestinal epithelial cells: local
operativity of the transporter

It has long been known that at the intestinal epithelium,
PEPT1 responds directly to the presence of luminal sub-
strates, which is most probably the simplest form of regula-
tion, it is subjected to. Interaction can be either with sub-
strates that are transported or with substrates that influence
its activity without being transported. The studies on the
local regulation of PEPT1 by luminal factors are still very
limited in spite of the wide demand of knowledge on the
subject for the possible implications in, e.g., animal and
human nutrition, growth, and metabolism. In addition, at
the intestinal level, PEPT1 operates in conjunction with
many other membrane and non-membrane, transport, and
non-transport proteins to optimally exert its major function
of moving di/tripeptides across the apical membrane of the
enterocyte. The description of the interactions that PEPT1
locally takes with luminal substrates and/or proteins and of
the molecular and cellular mehanisms behind such inter-
actions highly emphasises the very complex functional
interplay that exists at the apical membrane of the intesti-
nal cells among digestive, absorptive, acid—base balance,
ionoregulatory, and osmoregulatory functions. Details
on some of such functional relationships are illustrated in
detail below. Due to the virtual lack of specific cell physi-
ology studies in teleost fish, we often refer to mechanisms
described in mammalian cells only.

PEPTI and dietary protein, di/tripeptides, and free amino
acids

Dietary protein as well as certain free amino acids and
peptides are able to change PEPT1 expression in the small
intestine and its maximal transport activity. In vivo feed-
ing studies in rats and mice have first suggested this form
of regulation for PEPT1 (for further discussion, see also
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the “PEPT1 and dietary protein levels”). In particular, it
was early found that uptake of the dipeptide carnosine into
everted intestinal sleeves of mice fed a high (72%) protein
diet compared to a low (18%) protein diet was increased
(30-70%) in the proximal regions of the gut (Ferraris et al.
1988). Moreover, in rats, a switch from a low-protein diet,
comprising 4% casein, to a high-protein diet, containing
50% gelatine, produced increases in PEPTI mRNA by
1.5-2-folds (Erickson et al. 1995). Later on, Shiraga et al.
(1999) observed that in rats fed increasing quantities of
dietary protein (i.e., 0, 5, 20, and 50% casein in the diet)
for 3 days, the abundance of PEPT1 in the BBM increased
proportionally to the protein intake (up to 2.2-fold at 50%
casein vs. 0% casein) with concomitant increase in pep-
tide transport activity (up to 2.2-fold at 50% casein vs. 0%
casein). In addition, PEPT1 mRNA levels increased (up
to 2.4-fold at 50% casein vs. 0% casein). Moreover, these
authors observed that when administered in the diet both
free amino acids (i.e., Phe among the tested amino acids)
and dipeptides (i.e., Gly-Phe among the tested dipeptides)
increased PEPT1 expression and maximal transport activ-
ity. Interestingly, they identified elements in the 5’ upstream
region of the rat PEPTI responsive to both dipeptides
(namely, Gly—Sar, Gly—Phe, Lys—Phe, Phe—Val, and espe-
cially Asp-Lys) and free amino acids (namely, Lys, Arg,
and especially Phe), suggesting involvement of an Activa-
tor Protein 1 (AP-1) binding site, an Amino-Acid Respon-
sive Element (AARE)-like binding site identified next to
an Activator Protein 2 (AP-2) binding sit, and an Octamer-
binding protein (Oct) site for Octl/Oct2 (for details, see
Shiraga et al. 1999). Namely, AP-1 is a transcription fac-
tor associated with regulation of gene expression under
amino-acid deprivation conditions (Pohjanpelto and Holtta
1990), while an AARE-like element similar to that found
in PEPT1 promoter controls asparagine synthetase gene
expression under essential amino-acid deprivation (Guer-
rini et al. 1993). Later on, these data were confirmed in
the rodent model, since similar responsive elements were
identified in the promoter region of the mouse PEPT1 (Fei
et al. 2000). A set of in vitro experiments with cultured
cells specifically expressing PEPT1 allowed evaluation of
the effects of single specific substrates on the regulation of
the transporter; e.g., the addition of Gly—Sar to the medium
of Caco-2 cell cultures caused a significant increase in the
expression of both human PEPT1 mRNA and protein, as
well as an increase in transport activity (Thamotharan et al.
1998). Similar uptake experiments performed using Gly—
Gln as a substrate confirmed the physiological relevance of
these findings (Walker et al. 1998), suggesting that the sub-
strates can per se alter PEPT1 function in the Caco-2 cells
at the transcriptional and translational levels. All together,
these findings show direct regulation of PEPT1 by its own
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transported substrates, which may have as such significant
implications in the qualitative formulation of nutritional
supplements. In this context, it has to be remarked that the
substrate-induced upregulation of PEPT1 expression and
function never exceeds 2-3-fold compared to the control
and that it occurs at relatively short times (1-3 days after
the start of the substrate supplementation), which suggests
that upregulation involves local signals, and direct action
on the enterocyte. A detailed analysis of the role of protein,
amino acids, and di/tripeptides levels on PEPT1-mediated
transport, gut physiology and ultimately body growth along
the vertebrate scale, with major emphasis on teleost fish,
is specifically provided below in this review (see the “Is
the intestinal transporter PEPT1 relevant for teleost fish
growth?”).

More recently, Mertl et al. (2008) proposed another form
of regulation of PEPT1 by its substrates. They first dem-
onstrated, in the heterologous X. laevis oocyte system, that
a prolonged exposure to substrate of rabbit PEPT1 causes
withdrawal of transporters from the plasma membrane. In
particular, exposure of oocytes to Gly—Gln for 2 h results
in a decrease in PEPT1-mediated maximal transport with
no change of membrane capacitance, while exposure to
substrate for 5 h decreases both transport and surface area
by endocytotic removal of transporter proteins from the
surface. Similar simultaneous decreases of current and
surface area are also observed when endocytosis is stimu-
lated by the activation of protein kinase C (PKC). Cytocha-
lasin D inhibits all changes evoked by either dipeptide or
PKC stimulation, whereas the PKC-selective inhibitor
bisindolylmaleimide only affects PKC-stimulated endocy-
totic processes but not substrate-dependent withdrawal of
PEPT1. Thus, membrane surface density of PEPT1 pro-
teins seems to be controlled by the transport function of
PEPT1, since prolonged substrate exposure, resulting in
increased cytosolic amino acid and H" concentrations and
membrane depolarisation, triggers an as-yet-undefined
intracellular signalling pathway that, via endocytosis, leads
to time-dependent reversible subtraction of the transport-
ers from the plasma membrane. This finding is particularly
relevant, since PEPT1 may physiologically operate in a
‘reversed transport mode’ that under certain physiological
conditions (i.e.. high di/tripeptide cytoplasmic concentra-
tion), it can translocate substrates from inside to outside
the cell (Kottra and Daniel 2001; Kottra et al. 2002; Renna
et al. 2011a). Therefore, the removal of the transporter from
the membrane could have physiological meaning, since it
would limit di/tripeptide cytoplasm-to-lumen outflow when
very high concentrations of di/tripeptides are present in the
enterocyte, a condition that invariably occurs with a dietary
protein load after a meal and could represent a local brake
to limit enterocyte overload.
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PEPTI and short-chain fatty acids

In mammals, the colonic lumen normally contains 100-
150 mM total short-chain fatty acids (SCFAs) (see Wrong
et al. 1965; Cummings et al. 1987). In mammals, the vast
majority (95-99%) of the SCFAs produced in the colonic
lumen are absorbed (see Cummings and Macfarlane 1991;
Engelhardt et al. 1989), which invariably occur by means
of both simple diffusion and carrier-mediated processes
through, e.g., the monocarboxylic transporter 1 (MCT1),
alias Solute Carrier 16 (SLC16) family member Al
(SLCI16AL1) (see, e.g., Buyse et al. 2002a), or the sodium/
monocarboxylate transporter 1 (SMCT1), alias Solute Car-
rier 5 (SLCS5) family member A8 (SLC5AS8) (for a recent
review, see Iwanaga and Kishimoto 2015). Notably, to
date, there is considerable doubt about the apical localisa-
tion and hence the absorptive role of MCT1, whereas the
role of SMCT1 as major apical membrane transporter of
SCFAs in the colon is steadily emerging, in parallel with
the sodium/monocarboxylate transporter 2 (SMCT?2), alias
SLC5 family member A12 (SLC5A12), in the small intes-
tine (for review, see Iwanaga and Kishimoto 2015). Once
in the cell, SCFAs are rapidly metabolised by colonocytes,
and in this respect, these molecules remain the major res-
piratory fuels in the intestine. Actually, oxidation of SCFAs
supplies 60—70% of the energy need in isolated colonocytes
(Roediger and Millard 1996).

Butyrate is normally produced in the colonic lumen by
bacterial fermentation of carbohydrates and dietary fibres
(see Cummings 1981). As one of the three major SCFAs, the
other two being acetate and propionate, butyrate represents
the main intestinal fuel, even in the presence of other ener-
getic substrates, such as glucose and glutamine (Clausen
and Mortensen 1994). In addition to its function as the dom-
inant energy source for colonocytes, butyrate also affects
cellular proliferation, differentiation, and apoptosis (see
Mclntyre et al. 1993; Gamet et al. 1992; Ruemmele et al.
2003). Dalmasso et al. (2008b) first observed that butyrate
treatment of human intestinal epithelial Caco2-BBE cells
increases human PEPT1 promoter activity in a dose- and
time-dependent manner, with maximal activity observed in
cells treated with 5 mM butyrate for 24 h. Under this con-
dition, human PEPT1 promoter activity, mRNA, and pro-
tein expression levels are all found to increase; accordingly,
transport activity increases by ~2.5-fold. Molecular analyses
reveal that the caudal-type homeobox 2 (CDX2), besides
the cAMP response element-binding protein (CREB), is
the most important transcription factor for butyrate-induced
increase of human PEPT1 expression and activity in Caco2-
BBE cells. Moreover, Caco2-BBE cells overexpressing
CDX2 exhibit greater human PEPT1 expression level than
wild-type cells. Finally, treatment of mice with 5 mM
butyrate added to drinking water for 24 h increases colonic

PEPT1 mRNA and protein expression levels, as well as it
enhances PEPT1 transport activity in colonic apical mem-
branes vesicles. Interestingly, in epithelial cells, butyrate is
also found to potently stimulate the transcription of other
membrane transporters, such as the rat Na*/H' exchanger
NHE3 (Kiela et al. 2001, 2007), the human y-epithelial
sodium channel (Zeissig et al. 2007), and the mouse sodium/
monocarboxylate transporter 1 (SMCT1), alias Solute Car-
rier 5 (SLCS) family member A8 (SLC5AS8) (Kakizaki et al.
2010), the last finding being relevant, since SLC5AS trans-
ports butyrate itself, among many other monocarboxylates.

In farmed animals, butyrate has long been considered to
be highly effective in increasing growth performance and
intestinal integrity. This has been acknowledged, e.g., in
piglets (see Gélfi and Bokori 1990; Biagi et al. 2007). In
this respect, sodium buryrate has been used as a feed addi-
tive for pigs (see Manzanilla et al. 2006), as well as calves
and cows (see Huhtanen et al. 1993; Ahring et al. 2001;
Gorka et al. 2009), and today, it is assessed as a potential
feed additive for cultured fish. Based on these findings, it
has been argued that amino-acid absorption and growth
may be improved in farmed animals, teleost fish included,
by stimulating PEPT1 expression and activity via butyrate.
Recent work in grass carp (Ctenopharyngodon idella) (Liu
et al. 2013b), as well as in diploid red crucian carp (Car-
assius auratus), tetraploid fish obtained by inter-specific
cross of female red crucian carp and male common carp,
and triploid fish obtained by intercrossing of female red
crucian carp and male allotetraploid fish (Liu et al. 2014),
has specifically been conducted to support this proposition.
In particular, both in vitro and in vivo butyrate treatments
are found to significantly increase PEPT1 expression in the
intestine of the grass carp in a dose- and time-dependent
manner (0-9 mM and 7-28 days range tested) (Liu et al.
2013b). In addition, upregulation of PEPT1 expression by
dietary butyrate (0-5 g/kg) has been observed in the trip-
loid fish, a behaviour that parallels in this fish the increased
expression of CDX2 (Liu et al. 2014).

PEPTI monomers and PEPTI multimers

Whether or not H"-dependent peptide transporters operate
in monomeric form, or conversely, they interact to generate
a multimeric (homotetrameric) complex at the apical mem-
brane of the intestinal (and renal) epithelial cells, which is
still an open question, supported in part by the early bio-
chemical, biophysical, and functional (kinetic) evidences
from isolated renal BBMs (e.g., Boll and Daniel 1995),
from the rabbit PEPT1 overexpressed in X. laevis oocytes
(e.g., Panitsas et al. 2006) and in part by recent prelimi-
nary structural evidences from PepTg,,, a bacterial pep-
tide transporter from Shewanella oneidensis that has been
reported to exist as a tetramer in detergents (e.g., Guettou
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et al. 2013). Taken together, these findings indicate that a
higher level of organisation may be a feature of the pep-
tide transporters and that the oligomeric state may play a
functional role in the regulation of the transport in vivo.
However, further studies are required to address this ques-
tion and establish what the role of oligomerisation is in the
membrane. In a perspective, a contribution to this debate
could come from the analysis of the teleost fish PEPT1-
type proteins, which in the forms of PEPT1A and PEPT1B
might physiologically be co-expressed in the enterocyte,
interacting cooperatively as heterotetramers for optimal di/
tripeptide transport function. To extend the information on
the possible functional role of the oligomerisation state, the
two proteins might simultaneously be expressed in a het-
erologous (e.g., the X. laevis oocytes) system at variable
monomer ratios to functionally establish if and how they
may be part of the same multimeric structure.

PEPTI and trypsin

Another finding in terms of functional relationships
between di/tripeptide transporters and other proteins has
recently been published and regards the occurrence of a
physical interaction between PEPT1/PEPT2 proteins and
trypsin (Beale et al. 2015). In particular, the large extra-
cellular loop (named Extracellular Domain, ECD) invari-
ably present in animal PEPTI1/PEPT2 transporters, but
not in bacterial, fungal or plant counterparts, has recently
been crystallised and a pair of immunoglobulin(IG)-like
domains connected in tandem and inserted between trans-
membrane domains 9 and 10 have been identified. These
domains physically interact with trypsin. In particular, the
crystallographic and biophysical analyses that revealed
the specific interaction with trypsin led the authors to sug-
gest a role in clustering a proteolytic activity to the site of
peptide uptake across the membrane. Interestingly, due to
the trypsin catalytic properties, it has been hypothesised
that this functional coupling is finalised to the determina-
tion of high local concentration of basic amino acids (Lys
and Arg) containing di/tripeptides (Beale et al. 2015). In
this view, localisation of ECD within the PEPT1 structure
would thus represent an adaptation to increase the con-
centration of Arg— and Lys-containing peptides, and thus
improve the transport of such class of di/tripeptides into
the cell. This finding opens discussions in gut digestive/
absorptive physiology, since it establishes for the first time
a direct material link between a specific protease and a pro-
tein degradation products transporter, with PEPT1 operat-
ing as part of a local network that involves both digestive
and absorptive processes. Although preliminary, this study
also highlights the modular nature of peptide transport-
ers, possibly depicting another event of de novo insertion
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of a functional domain in the PEPT1 structure besides the
VDMSRKS domain identified in the cytosolic COOH-ter-
minal region of the Antarctic icefish PEPT1 (Rizzello et al.
2013). Intriguingly, the other three members of the SLC15
family, namely, SLC15A3 (PHT2), SLC15A4 (PHT1), and
SLCI5AS, all exhibit a large intracellular loop and a large
extracellular loop—that are different than that present in
PEPT1/PEPT2—which roles in the context of the protein
activity still have to be examined.

PEPTI and glucose transporters

Based on findings from intestinal perfusion studies per-
formed in rats using substrates of PEPT1 and of the
sodium/glucose cotransporter 1 (SGLT1), alias SLCS5 fam-
ily member A1 (SLC5A1), as well as a number of recep-
tor ligands, the existence of an energy supply network
for nutrients that involves both transporters and receptors
and coordinates nutrient absorption in time and space
has been proposed (Mace et al. 2009). According to this
model, high luminal glucose concentrations would cause
the incorporation of the facilitated glucose transporter 2
(GLUT?2), alias Solute Carrier 2 (SLC2) family member
A2 (SLC2A2), into the BBM of the enterocyte by recruit-
ment from intracellular vesicles. This would allow bulk
amounts of glucose to be absorbed from the lumen. In rats,
GLUT?2 trafficking would require the activity of SGLT1,
membrane depolarisation, PKC BII activation and intracel-
lular Ca?* rising, with consequent fusion of the GLUT2-
containing vesicles into the BBM. Intriguingly, the perfu-
sion of rat small intestine with high glucose concentrations
would also cause concomitant reduction of the BBM sur-
face density of PEPT1 proteins, and thus of the di/tripep-
tide transport capacity. This complex interplay between
GLUT2 and PEPTI should be functional to preventing
the hyperosmotic load of the enterocyte resulting from the
simultaneous absorption of very large amounts of dietary
sugars and peptides. Sweet taste and amino-acid receptors
would operate as part of this complex network, thus con-
tributing to the rapid regulation of the transport activity.
At the moment, the existence of such a direct glucose-di/
tripeptide network has been proposed essentially on the
basis of data from the rat small intestine. More recently,
an attempt in recapitulating in the mouse all the various
aspects of the complex network defined in the rat model
has failed (Roder et al. 2014). In addition, the human (see
Santer et al. 2003; Ait-Omar et al. 2011; Gorboulev et al.
2012) and swine (see Moran et al. 2010) models seem to fit
only partially or not at all into the proposed scheme, which
emphasises the importance of including ‘species-specific-
ity’ among the variables to consider to fully address the
physiological relevance of this network.
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PEPTI and amino-acid transporters

As already mentioned (see the “Major role of PEPT1 in tel-
eost fish digestive/absorptive physiology”), protein diges-
tion products (i.e., the luminal load) are specifically trans-
ported from the intestinal lumen into the enterocyte (i.e.,
the cellular load) in the form of free amino acids, by means
of a large variety of BBM amino-acid transporters, and in
the form of di/tripeptides, by means of the BBM transporter
PEPT1 only. While the former operates by transporting their
amino-acid substrate(s) with high (<0.1 mM), medium (0.1
to 1 mM) and low (>1 mM) affinities (for review, see Broer
2008), the latter operates by transporting its substrates with
apparent relatively low affinity depending on the nature of
the di/tripeptide, thus overlapping certain bulk absorbers
of amino acids, e.g., SLC6A19 (alias BOATl) and Solute
Carrier 36 (SLC36) family member A1 (SLC36A1) (alias
PAT1) that such as PEPT1 function in the millimolar range
(for review, see Broer 2008). Such a broad scope activ-
ity of PEPT1 is thought to be functional to managing with
the large load of di/tripeptides generated by dietary protein
digestion, as it occurs after a meal. In this respect, because
of its kinetic properties, PEPT1 may cope with a relatively
big load of dietary nitrogen in a relatively short time.

In this context, it is worth noting that a strict functional
interplay exists between the many amino-acid transport-
ers and the single di/tripeptide transporter and that uptake
of free amino acid may indirectly be regulated by PEPT1
activity. In fact, since at the intestinal level, many amino-
acid transporters serve as obligatory amino-acid exchangers
(meaning that they mediate the simultaneous translocation
of two amino acids across the membrane in opposite direc-
tions in a 1:1 stoichiometry), filling cells via PEPT1 with
a variety of amino acids in the form of di/tripeptides that
immediately undergo intracellular hydrolysis by means of
cytoplasmic peptidases may be highly relevant for the net
movement of amino acids from lumen to cell. This func-
tional interaction was first demonstrated by Wenzel et al.
(2001), who showed that uptake of dipeptides causes trans-
stimulation of amino-acid uptake via the b®* system—i.e.,
the Solute Carrier 7 (SLC7) family member A9 (SLC7A9),
alias b%* Amino-acid Transporter (b®*AT), heterodimeri-
cally linked (by a disulphide bridge) to the Solute Carrier
3 (SLC3) family member Al (SLC3Al), alias b%* amino-
acid transporter related (rBAT)—that translocates among
others the essential amino acids Lys and Arg (for a recent
review on SLC3 and SLC7 families of amino-acid trans-
porters, see Fotiadis et al. 2013). Interestingly, a direct
relation between the PEPT1-mediated uptake of dipeptides
and the trans-stimulated uptake of certain amino-acid-like
drugs, such as gabapentin (which is used to treat a variety
of central nervous system disorders, including seizure, neu-
ropathic pain, and anxiety) through the transport system

b%* has also been assessed (Nguyen et al. 2007). Further
support to the existence of a functional interaction between
amino-acid transporters and PEPT1 also emerges from
recent studies conducted in mouse Cluster of Differentia-
tion 98 heavy chain(CD98hc)-null Embryonic Stem(ES)-
derived fibroblasts (de la Ballina et al. 2016). We discuss
these findings also for their implications in the discus-
sion on the role of PEPTI1 in animal growth (see the “Is
the intestinal transporter PEPT1 relevant for teleost fish
growth?”). In mouse, ES-derived fibroblasts, CD98hc, alias
SLC3 family member A2 (SLC3A2), alias 4F2 heavy chain
(4F2hc) represent an essential part of the stress response
network. In particular, three CD98hc-associated transport-
ers—i.e., SLC7 family member A5 (SLC7AY), alias L-type
amino-acid Transporter 1 (LAT1), SLC7 family member
All (SLC7A11), alias x; Transporter (xCT), and SLC7
family member A6 (SLC7A6), alias y™L-type amino-acid
Transporter 2 (y"LAT2) that sustain operational amino-
acid exchange activities converging to system L, system
x;, and system y'L, respectively—ensure that these cells
have a balanced amino-acid content, which allows them to
counterbalance oxidative stress (via CD98hc/xCT) and to
fuel protein synthesis and concomitant cell proliferation
(mainly via CD98hc/LAT1 and CD98hc/y+LAT2, but also
via CD98hc/xCT) (for details on the substrate specificities
of these heterodimers, see Fotiadis et al. 2013). In CD98hc-
null ES-derived fibroblasts, all CD98hc-associated trans-
porters fail to reach the plasma membrane, and thus, no
amino-acid transport activities mediated by LATI1, xCT,
and y*LAT2 occur, which result in a block of cell prolif-
eration. In CD98hc-null cells, some experimental manoeu-
vres restore cell proliferation, e.g., B-mercaptoethanol
(B-ME) supplementation that overcomes the absence of a
functional x_ system is required to inhibit CD98hc-null
cell death by ferroptosis. In such conditions, CD98hc-null
cells exhibit: (a) reactive oxygen species accumulation; (b)
intracellular amino-acid imbalance, i.e., increased levels of
positively charged amino acids (Arg, Lys, and His), accu-
mulation of neutral amino acids (Ala, Ser, Asn, Gln, and
Met), and shortage of branched-chain (Val, Leu, and Ile)
and aromatic (Phe and Tyr) amino acids; (c) modulation of
CD98hc-independent amino-acid transporters and, notably,
strong upregulation of PEPT1 expression; and (d) still lim-
ited cell proliferation. Interestingly, only an external supply
of branched chain and aromatic amino acids in the form of
dipeptides (which enter the cell via PEPT1) restores (res-
cues) cell proliferation in B-ME-treated CD98hc-null cells,
suggesting that specific classes of dipeptides can com-
pensate for the disrupted uptake of essential amino acids
by CD98hc-dependent transport systems x_, L, and y'L.
Notably, the rescue effectiveness of branched chain and
aromatic amino-acid-containing dipeptides in this experi-
mental setup fits well with the substrate specificity ranks
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proposed for PEPT1-mediated transport (see Vig et al.
20006).

PEPTI and intracellular peptidases

Kottra et al. (2009) first demonstrated that PEPT1 produces
huge outward transport currents when oocytes are preloaded
with hydrolysis-resistant dipeptides or when intracellular
hydrolysis is prevented by the aminopeptidase inhibitor
bestatin, substrate itself of PEPT1. Dipeptide preloading of
oocytes also increases inward currents evoked by substrates
provided on the extracellular side of the membrane, suggest-
ing a faster turnover rate of PEPT1 in the presence of high
substrate concentrations on the cytosolic side. Based on the
knowledge that the intracellular amino-acid pool is depend-
ent on the peptidase-driven breakdown rate of di/tripeptides,
further research has been performed in vivo on the nematode
C. elegans (reviewed by Spanier 2014), which expresses
the intestinal high-capacity/low-affinity transporter PEPT-1
(Meissner et al. 2004). Interestingly, RNA interference
gene silencing of two cytosolic peptidases, i.e., ZC416.6
(an ortholog of the mammalian bifunctional leukotriene A4
hydrolase/aminopeptidase, LTA4H) and R11H6.1/PES-9
(which is structurally related to the mammalian cytosolic
dipeptidase CNDP2), is sufficient to reduce PEPT-1 expres-
sion and function (Benner et al. 2011). Since both mamma-
lian peptidases LTA4H and CNDP?2 are sensitive to bestatin
(Davies et al. 2009) and amastatin (another aminopeptidase
inhibitor) (Daniel and Adibi 1994), the impact of both com-
pounds has been analysed on C. elegans PEPT-1 function.
Both inhibitors reduce C. elegans PEPT-1 activity without
changing its mRNA or protein abundance, thus indicating
that both peptidases can modulate the intracellular amino-
acid pool, which in turn affects the transport capacity of C.
elegans PEPT-1. This mechanism is also conserved in mam-
mals, since LTA4H and CNDP2 gene silencing by siRNA
performed in Caco-2 cells results in a significantly reduced
PEPT1 protein expression (Benner et al. 2011). All together,
these results support the finding that the intracellular amino-
acid pool, which is modulated by either changes in the
extracellular peptide supply or a reduced intracellular pep-
tide hydrolysis, is an evolutionarily conserved key regulator
for the intestinal peptide transporter PEPT1. The adaptation
of the capacity of PEPT1 in varying cytosolic substrate con-
centrations could be extremely relevant with respect to its
role in providing bulk quantities of amino acids for growth,
development, and other nutritional needs.

PEPTI and ion exchangers, carbonic anhydrases, and ion
cotransporters

As already indicated (see the “pH dependence”), it is fully
recognised that at the apical membrane of the intestinal
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epithelial cells, a functional interaction may occur between
H"-dependent di/tripeptide cotransporters and Na'/H*
exchangers, which is well documented for, e.g., the duos
PEPT1/NHE3 in mammals and PEPT-1/NHX-2 in C. ele-
gans. Analogously, the function of the H-dependent di/
tripeptide transporter PEPT2 is linked to the function of the
Na™/H' exchanger 1 (NHE1), alias SLC9 family member
Al (SLC9A1), and/or 2 (NHE2), alias SLC9 family mem-
ber A2 (SLC9A2) (see Wada et al. 2005). However, at the
moment, it is not yet known whether or not a direct mate-
rial link exists between H'-dependent di/tripeptide trans-
porters and Na™/H" exchangers in the membrane. Multiple
advantages originate from such a functional interaction.
In fact, e.g., at the intestinal level, the Na™/H" exchange
activity allows the generation of the acidic microclimate at
the luminal side of the apical membrane of the enterocyte
and consequently of the inwardly directed pH gradient that
optimises the PEPT1-mediated H*-dependent di/tripeptide
uptake while preventing at the same time the intracellular
acidification due to translocation of positive charges (H*
and/or positively charged di/tripeptides) from the luminal
to the cytoplasmic side of the membrane (for a discussion
on the functional role of Na*/H" exchange in the genera-
tion of the acidic microclimate and inwardly directed pH
gradient at the apical membrane, of its supporting role to
the activity of di/tripeptide and many other H*-dependent
solute transporters, and on the role of H-dependent di/trip-
eptide cotransport in intracellular acidification in mammals
and C. elegans, see Lucas et al. 1975; Thwaites et al. 1999;
Kennedy et al. 2002; Thwaites et al. 2002; Spanier et al.
2009; Benner et al. 2011; for reviews, see Thwaites and
Anderson 2007; Spanier 2014). In this respect, that PEPT1
functionally operates as an acid loader has been proven,
since PEPT1 gene ablation (Pept! ™/~ mouse) abolishes the
effects of di/tripeptides on small intestinal fluid absorption,
short-circuit current, and intracellular pH (Chen et al. 2010).
Interestingly, this picture well-integrates with the observa-
tion—mainly based on the comparative analysis of gene
function in wild-type vs. knockout mice—that in the mouse
duodenal villous epithelium a CI"/HCO;~ exchange activ-
ity, mediated by the Solute Carrier 26 (SLC26) family mem-
ber A6 (SLC26A6, alias Pat-1), in conjunction with both
cytosolic carbonic anhydrase (CA) II (CAIIl) and extracel-
lular CA activities (CAIV, CAIX, and possibly CAXII and
CAXIV; Stewart et al. 1999; Mizumori et al. 2006), contrib-
utes to the intracellular pH regulation during H-dependent
di/tripeptide absorption (Simpson et al. 2010), possibly by
providing the enterocyte with a net HCO;™ import pathway
(Simpson et al. 2010; see also Walker et al. 2011). Actually,
under certain physiological conditions, Pat-1 kinetically
exhibits a propensity to act as a base importer (i.e., Cl_,/
HCO;3;,) (Simpson et al. 2007), and there are evidences
suggestive of a model, at least in the mouse upper villous
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duodenal epithelium (for details, see Simpson et al. 2010),
in which Pat-1 operates in concert with CA activity to
import HCO,~ (Cl,/JHCOy;, exchange) thus counterbalanc-
ing cellular acidification. The contribution of Pat-1 activity
in sustaining di/tripeptide absorption is considered small
(15-20%), and this exchanger likely serves an auxiliary
function to the greater intracellular pH regulation provided
by the apical membrane Nat/H* exchange. In this respect,
CI"/HCO;™ function of Pat-1 may represent a subsidiary
process to regulate intracellular pH in the villous epithelium
that is exposed to physiological extremes in pH, CO, and
ionic composition from gastric effluents.

Recently, a functional interaction between PEPT1 and
the electrogenic Na*/HCO,~ Cotransporter 1 (NBCel),
alias Solute Carrier 4 (SLC4) family member A4
(SLC4A4) (for details on SLC4 transporters, see Romero
et al. 2013) has also been shown (Yu et al. 2016). SLC4A4
is a basolateral membrane transporter strongly expressed in
the small intestinal villous surface enterocytes (see Jakab
et al. 2011), where PEPT1 is also located. SLC4A4 knock-
out mice develop jejunal failure, worsening of metabolic
acidosis, and death in the third week of life, possibly due
to high energy demand for hyperventilation, fluid secre-
tory, and nutrient absorptive defects and relative scarcity
of compensatory mechanisms. At the small intestinal level,
in 2-3-week-old mice loss of SLC4A4 results in severely
impaired CI™ and fluid (but not HCO; ™) secretory response,
as well as in lack of active compensatory response during
transport processes that load the surface enterocytes with
acid, such as the luminal CI"/HCO;~ exchange medi-
ated by the SLC26 family member A3 (SLC26A3), alias
Down-regulated in Adenoma (DRA), or the H*/dipeptide
uptake mediated by PEPT1. This suggests that the electro-
genic influx of HCO;™ via SLC4A4 allows maintenance
of enterocyte anion homeostasis and pH; control. Its loss
impairs small intestinal C1™ and fluid secretion as well as
the neutralization of acid loads imposed on the enterocytes
during nutrient (i.e., di/tripeptide) and electrolyte absorp-
tion (Yu et al. 2016).

Last but not least, in mammalian systems, PEPT1 plays
a direct role in electrolyte and water handling, as it appears
from the observation that PEPT1 protein functions in
healthy distal colonic and rectal epithelium of mice, rats,
and humans (Wuensch et al. 2013), and that, in particular,
loss of the protein (as assessed in Pept] '~ mice) results in
a significant increase (10-15%) in water fecal loss.

To our knowledge, no similarly comprehensive and
direct analysis on the potential relationships between H™-
dependent di/tripeptide transporters and ion transport-
ers is available so far for the teleost fish intestine despite
the highly relevant implications such information would
bear in a perspective, not only for understanding the basic
kinetic properties of the various teleost fish PEPT1 proteins

(see the “pH dependence”) but also for modelling the
actual dynamic associations that subsist among digestion,
absorption, acid—base regulation, ion regulation, and water
regulation functions in the various teleost fish guts (see the
“Is there in teleost fish a role of PEPT1 in salt, water and/or
acid—base homeostasis?”).

Is there in teleost fish a role for PEPT1 in salt, water,
and/or acid—base homeostasis?

The molecular and cellular mechanisms described in the
previous ‘PEPT1 function at the intestinal epithelial cells:
local operativity of the transporter’ section highly empha-
sises the complex local functional network that operates at
the gastrointestinal epithelial cells between feeding, diges-
tion, and assimilation of dietary degradation products, on
one hand, and ion transport, osmotic water movements,
and/or acid—base equilibrium processes, on the other hand.
Disentangling this matter is a real challenge in aquatic ani-
mals, since they substantially differ in dietary habits, feed-
ing strategies, behaviour, gut morphology and physiology,
and digestive/absorptive specialisations (e.g., presence or
absence of a stomach), in the frame of the extreme variety
of the environments in which they live. In such a complex
system of interactions, major issues emerge, in particular:
(a) how (much) teleost fish living in freshwater or seawa-
ter habitats, or adapted to live at different salinities, and/or
subjected to other environmental constraints (e.g., extreme
acidic or alkaline waters) manage with the absorption of
the intestinal luminal content that includes not only the
elementary organic nutrients (sugars, amino acids, di/trip-
eptides, SCFAs, etc) but also the salts and water ingested
with and/or present in the feedstuff; (b) how (much) the
combined absorption of dietary nutrients, salts, and water
impacts on osmoregulation, ion regulation, and acid-base
balance processes at both local and organismal level (and
vice versa); (c) how feeding, digestion, and absorption
cooperate, influence and/or are influenced by other gas-
trointestinal functions. Many of these issues have received
attention in the last few years with the publication of a
number of excellent papers and comprehensive reviews
(among many others, see Parks et al. 2008; Evans 2008a,
b; Grosell et al. 2011; Laverty and Skadhauge 2012; Whit-
tamore 2012; Sundell and Sundh 2012; Parker and Boron
2013; Larsen et al. 2014; Takei 2015; Kiiltz 2015, and lit-
erature cited therein).

In the next paragraphs, after briefly looking at the teleost
fish gut as an osmoregulatory organ and at the composi-
tion of its content after a meal, we will focus on the current
limited information on the possible involvement of PEPT1
in some of the questions discussed above. Complementary
information on water, ion, and acid—base fluxes in teleost
fish gut after a meal is provided as Supplementary Material.
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Maintenance of osmotic homeostasis in teleost fish: role
of the gut

Most teleost fish maintain the osmolality of their extracel-
lular body fluids relatively constant at ~300 mosmol kg~",
independent of environmental salinity (for recent reviews,
see Laverty and Skadhauge 2012; Kiiltz 2015, and litera-
ture cited therein). This control occurs in both stenohaline
and euryhaline species, the latter normally experiencing
large changes in environmental salinity during their life.
To summarise, in freshwater-living teleosts active uptake
of major ions, such as Nat and CI~ occurs at the gill,
with the kidney excreting high volumes of diluted urine
to compensate for osmotic influx of water from the hypo-
tonic environment. In these fish, the gut is almost invari-
ably considered to play an ancillary role in ionoregulation
and osmoregulation processes, although a significant role
of the gastrointestinal tract in osmoregulation emerges
with feeding, in relation to the uptake of dietary ions (for
review, see Grosell et al. 2011, and literature cited therein)
and prandial/postprandial drinking (see Smith 1930; Win-
dell et al. 1969; Fuentes and Eddy 1997; Ruohonen et al.
1997; Kristiansen and Rankin 2001). In contrast, in sea-
water fish, the gills actively excrete excess Na®™ and CI~
gained from the hypertonic environment, much of this load
originating from the gastrointestinal tract since marine fish
drink seawater to replace osmotic water loss across the gills
and body surface. In seawater teleosts, the gastrointestinal
tract is essential for ion and water balance with respect to
freshwater fish, since it mediates many physiological pro-
cesses, among which desalinisation of ingested water, sol-
ute-coupled fluid absorption, and HCO;™ secretion, which
typically lead to more vigorous water uptake via concurrent
luminal CaCO; precipitation (see Hirano and Mayer-Gos-
tan 1976; Parmelee and Renfro 1983; Kurita et al. 2008;
Whittamore et al. 2010; Faggio et al. 2011; Esbaugh and
Grosell 2014; for review, see Wilson et al. 2002; Grosell
2006, 2011). At the gastrointestinal level, to support the
osmoregulatory function teleost fish also regulate divalent
ion transport (such as Ca*", Mg?* and SO,*>”) and water
permeability (for an immediate summary, see Kiiltz 2015,
and literature cited therein).

Teleost fish gut luminal content after a meal

Most of the functions of the gastrointestinal tract closely
depend on the primary goal of any animal, that of assimi-
lating nutrients from food. On their hand, dietary pro-
teins, carbohydrates, nucleic acids, and lipids, via diges-
tion, largely contribute to the generation, after a meal, of
a highly hyperosmotic state in the luminal compartment
(see Kuzmina et al. 2008), which causes in parallel large
addition of water of both exogenous (environment) and/
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or endogenous (body) origin into the gastrointestinal tract
to counterbalance this condition (for review, see Grosell
et al. 2011, and literature cited therein). Furthermore, die-
tary proteins, carbohydrates, nucleic acids, and lipids, via
absorption of their degradation products, intimately par-
ticipate in the transepithelial transport of ions and water
at the gastrointestinal level. Analogously, ion gradients
(principally Na™ and H' gradients) strongly support the
transepithelial transport of both organic and inorganic sol-
utes, mostly when such solutes are present in the intestinal
lumen at lower concentrations. In addition, organic nutri-
ents, such as amino acids, di/tripeptides, glucose, SCFAs,
etc, may by themselves be in the favourable condition of
generating robust solute concentration gradients (e.g.,
when they are highly concentrated in the intestinal lumen
as after a meal and/or when they accumulate into the cyto-
plasm after they have crossed the apical membrane of the
enterocyte), which is functional to their own transport
and/or to the transport of other solutes. Alteration of any
of these physiological mechanisms may result in various
pathophysiological conditions and/or disease states (malab-
sorption, diarrhea, etc).

In teleost fish, the role of the diet and of its components
and its reciprocal impact on ion, osmotic, and/or acid-base
regulation processes is largely underestimated to date,
given that the largest part of the studies has so far been
carried out on fasted animals. However, it is easy to con-
ceive that at the gastrointestinal level, and in particular after
a big meal, the ingested food, as it results from the com-
plexity of the digestive processes (for reviews, see Cyrino
et al. 2008; Grosell et al. 2011; Ray et al. 2012, and litera-
ture cited therein), invariably leads to the first instance to a
massive increase in luminal osmolality, which is a measure
of all the dissolved solutes; not just the salts but also all
the organic compounds, e.g., sugars, amino acids, small
peptides, nucleosides, etc, that are present in the luminal
compartment during/after digestion (for reviews, see Lav-
erty and Skadhauge 2012; Kiiltz 2015, and literature cited
therein). In the context of this review, it is worthy of note
that in the jejunal contents of animals or humans, the major
fraction of protein degradation products after a meal con-
sists of peptides with 3-to-6 amino-acid residues, which
corresponds to a concentration of 120—145 mM, while the
total concentration of all amino acids ranges between 30
and 60 mM (see Adibi and Mercer 1973; for review, see
Daniel 2004). Thus, in aquatic organisms, the luminal con-
tent in the gut of a feeding animal is a very complex combi-
nation of digested organic products and the amount of salts
contained in the water and/or food ingested with the feed
ration, with further obligatory contributions deriving from
osmotic water movements, secretions (gastric juice in gas-
tric species, bile salts, mucus, pancreatic juice, etc), cast-off
epithelium, microbiota and microbiota-related metabolites,
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and so on. Notably, any time an aquatic organism feeds, a
meal load also results in a consistent salt load in terms of
amount of major salts ingested with a normal feed ration;
this salt load may vary significantly and be considerably
high—when, for example, commercial diets and/or salt-
rich invertebrates, such as Artemia salina, are supplied, as
it happens in aquaculture feeding procedures. This is con-
sidered potentially beneficial to freshwater teleost fish, but
potentially threatening for seawater fish (see Grosell et al.
2011, and literature cited therein). In fact, while in freshwa-
ter teleost fish, the amount of major salts ingested via a nor-
mal ration and absorbed via the gastrointestinal tract may
far exceed that absorbed from the water by the gills, as first
demonstrated by Smith and colleagues (Smith et al. 1989),
in seawater teleosts salts and water absorption from food
can heavily overlap ion and water absorption from drink-
ing (see Grosell et al. 2011, and literature cited therein).
Analogously, any time an aquatic organism consumes a dry
diet—as it happens in modern aquaculture with fish regu-
larly feeding extremely concentrated dry pelleted diets—
a meal load may represent a considerable physiologi-
cal stress, since the gastrointestinal tract is evolutionarily
adapted to cope with the large amounts of water found in
natural prey items (for review, see Buddington et al. 1997).
This eventually results in longer retention times of chyme
and/or increased addition of water of both exogenous and
endogenous origin to the lumen of the gastrointestinal tract
during and after feeding (see Windell et al. 1969; Ruo-
honen et al. 1997; Kristiansen and Rankin 2001; Bucking
and Wood 2006; Harter et al. 2013, 2015; for review, see
Jobling 1986). In such a composite scenario, a sort of road-
map has been planned by expert animal comparative and
integrative physiologists in the last few years to assess the
links among feeding, osmoregulation, ion regulation, and
acid-base processes in teleost fish, and based on a series
of seminal papers, investigations on the mutual roles of
osmotic pressure, environmental salinity, and/or dietary
salt load as major challenges in fish feeding have started.
Part of this information is summarised in Supplementary
Material.

PEPT] and salt, water, and acid—base homeostasis
in teleost fish

To our knowledge, only a limited number of studies have
examined the impact of changes in environmental salin-
ity on the expression of PEPTI1. In one study, using a
microarray approach to screen osmoregulatory tissues for
changes in gene expression followed by quantitative vali-
dation of the differentially expressed genes by Northern
blotting, Kalujnaia et al. (2007) have shown that expres-
sion of PEPT1 in the intestine of the freshwater-acclimated
European eel decreases by up to 70% upon acclimation

to seawater, according to the following time course: 50%
by 2 days, 50% by 7 days, and up to 70% by long-term
(5 months) acclimation. Based on sequence similarity anal-
yses, it is likely that the transporter detected in this study
represents a PEPT1A-type form (see Bucking and Schulte
2012; Tiziano Verri, personal observations). Notably, the
fish used were migratory ‘silver’ European eels captured in
eel traps, and they were kept unfed for the whole experi-
mental salinity-transfer period (November—April), since
eels normally fast over the winter months (Nyman 1972)
and also they do not eat at water temperatures lower than
10-11 °C (Gousset 1990). Thus, it is possible that the
observed decrease in gene expression reflects the starvation
state instead of the freshwater-acclimated state. In another
study, the expression analysis performed on mummichog
intestinal PEPT1 mRNA extracted from both freshwater-
and seawater-acclimated fish fed daily to satiation with
commercial fish flakes has revealed that both PEPT1A and
PEPT 1B are detectable in freshwater-acclimated fish, while
only PEPTI1B is detectable in seawater-acclimated fish.
The mRNA levels of PEPT1A and PEPTI1B in freshwater-
acclimated fish are uniformly distributed along the intesti-
nal tract; similarly, PEPT1B in the anterior intestine is not
significantly different with respect to that in the posterior
intestine in seawater-acclimated fish. On the functional
side, the uptake of the hydrolysable dipeptide alanyl-ala-
nine (Ala—Ala), as measured in vitro by using gut sac prep-
arations, has revealed no significant differences in transport
rates at the luminal pH of 7.0 in freshwater- vs. seawater-
acclimated fish. However, increasing the luminal pH to
8.0 results in a significant decrease in the overall dipeptide
transport in freshwater- vs. seawater-acclimated fish, while
it results in no significant changes in Ala—Ala uptake rate
in seawater-acclimated fish (Bucking and Schulte 2012). In
their elegant experiment that compared the transcriptome
of the anterior and posterior intestinal sections of fresh-
water- and saltwater-adapted fish, Ronkin and colleagues
have recently examined the salinity adaptation of two
closely related species: the high salinity-tolerant Mozam-
bique tilapia and the less salinity-tolerant Nile tilapia (Ron-
kin et al. 2015). This analysis revealed high similarity in
gene expression response to salinity change between spe-
cies in the posterior intestine and large differences in the
anterior intestine. Notably, in the anterior intestine, tens of
genes were found upregulated in seawater in one species
and downregulated in the other (e.g., 47 upregulated in the
Nile tilapia and downregulated in the Mozambique tila-
pia, and 21 showing the reverse pattern), a high proportion
being transporters and ion channels. Among them is also
PEPT1A, upregulated in seawater/downregulated in fresh-
water in the Mozambique tilapia and upregulated in fresh-
water/downregulated in seawater in the Nile tilapia. The
results of this study point out a group of genes that differ in
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their salinity-dependent regulation pattern (showing a sort
of ‘reversed salinity-dependent expression’) in the anterior
intestine and may play a role in the differential salinity tol-
erance of these two sister species. More recently, as a result
of an RNA-Seq-based transcriptomic analysis performed
on gill, kidney, and intestine, PEPT1-type mRNAs have
been identified among the ‘fluctuating’ genes potentially
involved in osmoregulation and response to salinity stress
in the striped catfish (Pangasianodon hypophthalmus), a
salinity tolerant and air-breathing siluriform (see Nguyen
et al. 2016). All together, these findings call for system-
atic investigations to validate function(s) and expression
pattern(s) of the PEPT1-type genes and to elucidate their
potential role(s) in salinity adaptation in various teleost fish
species. Similar studies on other nutrient transporters are
ongoing (see Nitzan et al. 2016).

Diets supplemented with salt (NaCl) are increasingly
more widely used in the fish farming industry, since dietary
salt is assumed to play a positive role in several aspects
of teleost fish biology, growth, and feeding efficiency
included (for review, see Salman 2009). However, the
effects of dietary salt supplementation on intestinal physi-
ological components and functions (e.g., chyme composi-
tion, nutrient, and micronutrient absorption, digestibility,
etc) generally appears limited (see Nakajima and Sugiura
2016, and discussion therein), except perhaps under certain
special circumstances (e.g., in low Na™ water and in cer-
tain groups of fish). Again, to our knowledge, there is very
little information on the relationships between dietary salt
administration and PEPT1 expression at the intestinal level.
Very recently, with the aim to investigate the effects of diets
(in the form of extruded pellets) containing decreasing fish
meal inclusion levels and the effects of the addition of salt
(NaCl) to the diet on growth performances, feed conversion
ratio and intestinal mRNA transcript levels in freshwater-
adapted European sea bass, a detailed spatial quantification
of BYAT1 (alias SLC6A19) and PEPT1 (namely, PEPT1B)
mRNA copies has been achieved along the intestinal tract
(Rimoldi et al. 2015). Interestingly, while B°AT1 mRNA
levels in the anterior and posterior intestine of freshwater-
adapted European sea bass fed for 6 weeks were not modu-
lated by dietary protein sources and salt supplementation,
the inclusion of salt (3% NaCl) in a diet containing a low
(10%) fish meal level significantly upregulated PEPT1
mRNA levels in the posterior intestine. In parallel, fish
growth correlated with fish meal content in the diets, and
the addition of the salt to the diet containing 10% fish meal
improved feed intake, specific growth rate, and feed con-
version ratio (Rimoldi et al. 2015).

All together, these data, through preliminary, not only
account for a possible, very complex interplay between
alimentary and osmoregulative functions in teleost fish
gut, but also highlight the need to develop a standard in
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the experimental approaches, protocols, and procedures
finalised to the study of such concurrent processes, mainly
due to the large number of variables that have to be con-
sidered together. In addition, certain morphological, e.g.,
the absence of a stomach, and environmental, e.g., salin-
ity, constraints may significantly impart species-specific
rules in teleost fish gut physiology. Possible advantages
for feeding, digestive, and absorptive activities remain to
be explored, but it is a matter of fact that in teleost fish,
some nutrient transporters, such as PEPTI1, have evolved
species-specific adaptation to some local conditions, such
as pH, via structural changes in the protein (see the “pH
dependence” paragraph above). Combining all the pieces
of the puzzle to complete the portrait is now necessary to
approach teleost fish gut function at the higher level of
organ and system physiology.

Is the intestinal transporter PEPT1 relevant for teleost
fish growth?

In vertebrates, PEPT1 acts during ontogeny, participates in
nutritional stress response by reacting to, e.g., short-term
fasting and fasting/refeeding manoeuvres, and it is possibly
involved in some examples of total body plasticity, such as
compensatory growth. In addition, diets of different com-
position may influence PEPT1 gene expression, sometimes
very effectively. Many of these aspects are detailed in the
next paragraphs with a focus on teleost fish and in compari-
son, whenever possible, to the information available from
higher vertebrates.

PEPT1 expression during ontogeny

Early ontogenetic development of the gut occurs via oblig-
atory morphogenesis and cell differentiation events during
fetal development. In this period, the intestine prepares
itself for postnatal life when it gets the complete control of
nutrient absorption (see Puchal and Buddington 1992; for
review, see Pacha 2000). Notably, prenatal expression of
nutrient transporters occurs parallel with gut morpho-func-
tional development (see Guandalini and Rubino 1982; Shen
et al. 2001; for review, see Pacha 2000). In mammals, there
are at least two critical phases of intestinal development:
(a) at birth, when the animal shifts diet from amniotic
fluid to mother’s milk and (b) at weaning, when it shifts
diet from milk to a solid diet (for reviews, see Pacha 2000;
Karasov et al. 2011; Karasov and Douglas 2013, and litera-
ture cited therein). At birth, the intestine becomes the site
of nutrient assimilation, and the animal begins to consume
a high-protein milk diet; at weaning, it changes to the adult
diet, predominantly consisting of carbohydrates. Notably,
dietary changes during the prenatal, suckling or weaning
period may have irreversible effects on nutrient transport,
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and these effects are carried over until adulthood (see Kara-
sov et al. 1985; for review, see Pacha 2000). Critical phases
of intestinal development, e.g., hatching, first feeding, etc,
are distinguishable also in lower vertebrates, such as birds
and teleost fish (for discussion, see the paragraph below).

In mammals, the perinatal/postnatal period is central
for peptide transport and PEPT1 expression (for review,
see Adibi 2003). As earlier seen in rabbit and guinea pig
(Himukai et al. 1980; Guandalini and Rubino 1982), a burst
of peptide transport activity occurs in the intestine around
birth, which is sustained by PEPTI change of expres-
sion during this ontogenic phase. Notably, it was initially
observed that the levels of PEPT1 mRNA greatly increase
(~3-fold) in 4-day-old rats with respect to rats at birth, and
decrease with time reaching the adult levels by 28 days
after birth (Miyamoto et al. 1996). By checking rat intes-
tinal PEPT1 mRNA and protein levels at regular intervals
from 17 days before to 75 days after birth, Shen et al.
(2001) found that expression levels in duodenum, jejunum
and ileum rapidly increase at birth, reach high values by
3-to-5 days after birth (mRNA and protein level: 100%),
and then rapidly fall down by 14 days after birth (mRNA
level: 11-13%; protein level: 30-40%); a transient burst
(mRNA level: 25%, with an ileal spike up to 58%; protein
level: 59-88%) follows at weaning (24 days after birth),
before PEPT1 expression reaches a plateau (mRNA level:
25%; protein level 70%) at adulthood (75 days after birth).
A transient increase in PEPT1 expression is also present in
the colon during the first days after birth in contrast to the
lack of expression in adult rats; i.e., colonic PEPT1 mRNA
and protein are high 1-to-5 days after birth (mRNA and
protein level: 100%), drop to very low levels 7 days after
birth and then they are not detectable (Shen et al. 2001).
PEPT1 protein expression was also determined in rat duo-
denum at day 18 of gestation, birth, weaning (21 days after
birth) and adulthood (Hussain et al. 2002). In this study,
expression was strongest at birth, while at weaning and
adulthood, it was similar but stronger than at day 18 of ges-
tation; no peak was observed at weaning. Conversely, in a
study aimed at determining the proximal-to-distal distribu-
tion of PEPT1 in rat intestine 4-to-50 days after birth, no
expression changes were reported during this time period
(Rome et al. 2002). In summary, these papers in rats have
provided the early molecular observations on peptide trans-
port function during mammalian development, indicating
induction of expression at birth (with milk or its compo-
nents, suckling, etc as possible inducers) and/or at wean-
ing (with solid diet or its components, sub-optimal nutri-
tion, etc as possible inducers), and representing the basis
for applied physiology studies in livestock and poultry (for
review, see Gilbert et al. 2008b).

In ruminants, PEPT1 expression has been analysed in
rumen, omasum, duodenum, jejunum, and ileum in lambs

at 2, 4, and 8 weeks after birth (Poole et al. 2003). No
changes of expression were observed in this study, possi-
bly because analysis was performed in lambs at 2 weeks,
i.e., after earlier changes at birth had occurred already, and
at 8 weeks, i.e., lambs had not yet been weaned. Lambs
allowed to both nurse and access a creep diet at birth
showed decreased PEPT1 mRNA levels in the rumen with
respect to lambs allowed to nurse but not to access the diet,
which has been interpreted as due to the limited contact of
the rumen epithelium—after the obstruction caused by the
ingested diet—with luminal ‘inducers of expression’ con-
tained in the milk.

In swine, studies in Tibetan piglets (Wang et al. 2009)
showed PEPT1 mRNA expression in duodenum, proxi-
mal and distal jejunum and ileum, which continuously
increased (up to ~3-fold) from early days to the middle
(0-to-14 days after birth) and gradually decreased (~1.5-
fold vs. early days) from the middle to the end (21-to-
35 days after birth) of the suckling period (for details on
the regional variation, see Wang et al. 2009). Analogously,
in postnatal Yucatan miniature pigs, PEPT1 function and
mRNA expression at 1, 2, 3 (suckling), and 6 weeks (post-
weaning) after birth indicated significant peptide transport
activity in the small intestine during the first week of suck-
ling and with diet transition following weaning. Moreover,
while no significant differences were found at the mRNA
level along the different sections of the small intestine,
colonic PEPT1 mRNA in post-weaned pigs decreased
by ~90% with respect to suckling pigs (Nosworthy et al.
2013). In addition, a large decrease (more than 60%) in
PEPT1 mRNA intestinal expression was found within the
first 48 h after birth, further supporting the significance of
PEPT1 in the newborn pigs (D’Inca et al. 2011). In this
context, it is worth noting that significant effects of mater-
nal over- and undernutrition can be observed on intestinal
morphology, enzyme activity, and gene expression of nutri-
ent transporters, PEPT1 included, in newborn and weaned
pigs (Cao et al. 2014), with overnutrition enhancing intes-
tinal function via up-regulation of digestive enzyme activi-
ties and gene expression of transporters in both newborn
and weaning piglets, and undernutrition impairing fetal
intestinal development.

In birds, the pre- and postnatal changes in gut function
support the animal need to adjust the shift from a lipid-rich
yolk diet inside the egg to a carbohydrate- and protein-
based diet post-hatch (for review, see Gilbert et al. 2008b;
Karasov et al. 2011; Karasov and Douglas 2013). Although
with a different embryology with respect to mammals,
birds show similar regulation of PEPTI to prepare the
intestine for immediate uptake of nutrients at hatch. In tur-
key, a 3.3-fold increase in intestinal PEPT1 mRNA expres-
sion was observed from 5 days before hatch to day of hatch
(Van et al. 2005), which was later confirmed by microarray
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analysis (de Oliveira et al. 2009) and more classical molec-
ular biology approaches (Weintraut et al. 2016), that also
indicated greater PEPT1 expression in females than males.
In chicken, a ~50-fold increase in intestinal PEPT1 mRNA
was found passing from 18 days before hatch to day of
hatch, with a peak of expression immediately before hatch
(Chen et al. 2005). After hatch, there was an increase (~3-
fold vs. hatch) in PEPT1 mRNA abundance with time (as
measured up to 35 days post-hatch). PEPT1 expression was
analysed, with amino acid and sugar transporters, in the
small intestine of two genetically selected lines of broiler
chicks from 18 days before hatch to 14 days post-hatch
(Gilbert et al. 2007). For the membrane transporters stud-
ied, mRNA levels increased with age with strong induc-
tion from 18 days before hatch to day of hatch. PEPT1
expression, in one of the lines, further increased with age
with greatest (~3-fold vs. day of hatch) expression 14 days
post-hatch, while in the other, there was a decrease 7 days
post-hatch to the values measured at birth followed by
a new increase (~2.5-fold vs. day of hatch) 14 days post-
hatch, which suggests that broilers show the ability for
peptide absorption to increase with maturity, although with
some genetically-driven specificities. Out of the transporter
genes evaluated, only PEPT1 was influenced by the genetic
line, since there was a ~2-fold difference in PEPT1 mRNA
expression in the two lines. In broilers, a constant tempo-
ral expression pattern was described in the gut in the 15-to-
20 day range of embryonic development (Miska et al. 2014,
2015). Interestingly, the expression profile of 162 SLC
genes was evaluated in broilers on days 18 and 20 before
hatch and days 1, 3, 7, and 14 post-hatch by Affimetrix
technology. In this study, many intestinal transporters were
upregulated between 18 and 14 days before hatch, PEPT1
included (~8-fold change for the day of hatch to embryonic
day 18 ratio; and ~2-fold change for the day 14 post-hatch
to day of hatch ratio) (Li et al. 2008). The developmental
expression described for broilers intestinal PEPT1 mRNA
was also confirmed in Leghorn chicken by Zwarycz and
Wong (2013), who found an increase (up to more than
50-fold depending on the small intestinal segment) from
18 days before hatch to a peak of expression 1 day post-
hatch followed by a decrease 3 days post-hatch and a sec-
ond increase that continued up to 14 days post-hatch (for
further details, see Zwarycz and Wong 2013). Interestingly,
in the domestic pigeon (Columba livia), PEPT1 mRNA
expression also showed a significant increase (~5-fold) in
expression in duodenum, jejunum and ileum passing from
16 days before hatch to day of hatch, which was followed
by a constant increase in expression (~16-fold at 14 days
post-hatch) (Dong et al. 2012; Gao et al. 2016). In this con-
text, it has to be noted that during the embryonic stages of
birds, there is a significant shift of absorbing function from
the yolk syncytial membrane (YSM) to the small intestine.

@ Springer

In chicks, PEPT1 gene expression in the YSM increased
(~4-fold) until day 15 and then decreased by the same
extent until day 21 of embryonic development, whereas
expression in the intestine increased (~10-fold) from day
15 to day 21 (see Speier et al. 2012); a finding that parallels
what was observed in the domestic pigeon (see Dong et al.
2012; Chen et al. 2016; Gao et al. 2016).

In teleost fish, a major ontogenetic change occurs when
the source of nutrients and energy necessary to continue
larval development passes from the yolk reserves to the
ingested food, which mainly consists of protein and fat in
carnivores but is higher in carbohydrates in omnivores and
herbivores (see Karasov et al. 2011; Karasov and Douglas
2013, and literature cited therein). Initially, a functional
gastric region may be absent in teleost fish gut (see Gro-
sell et al. 2011; Karasov et al. 2011; Karasov and Doug-
las 2013) and, as described also for mammals, it is pos-
sible that pinocytosis plus intracellular digestion operates
as a major early mechanism of nutrient absorption (see
Onal and Langdon 2008; Yang et al. 2010; see also Kara-
sov and Hume 1997), followed later on by expression of
gastric H* pump and pepsinogen for specific protein diges-
tion (Darias et al. 2007; see also Grosell et al. 2011). Yet,
the agastric condition is often maintained in adult teleost
fish, which occurs in a larger than expected number of tel-
eost fish (for review, see Grosell et al. 2011, and literature
cited therein). In teleost fish, PEPT1 expression data dur-
ing ontogeny are scarce. PEPT1 gene expression during
ontogeny was first observed in the zebrafish, an agastric
fish (Verri et al. 2003). PEPT1 mRNA levels were analysed
for the first 7 days of embryonic development. Faint PEPT1
mRNA expression was detected 2 days post-fertilisation,
but expression slightly increased 3 days and reached maxi-
mal values 4-7 days post-fertilisation. Studies of PEPT1
mRNA expression by in situ hybridisation revealed spe-
cific labelling 4-5 day post-fertilisation, but not 3 day post-
fertilisation or at earlier stages of embryonic development.
In situ analysis confirmed that zebrafish PEPT1 is abun-
dantly expressed in the intestinal tube starting 4 day post-
fertilisation; then, high levels of transcript were present
in the epithelium of the proximal intestine (also known as
‘the intestinal bulb’), with no mRNA detected in the distal
intestine. Therefore, such as in higher vertebrates, zebrafish
PEPT1 expression seems to precede the functional matura-
tion of the gut, which is completed by 5 day post-fertili-
sation thus making the fish ready to perform first feeding
and digestion of external food. Five days post-fertilisation
the larva starts seeking external food, although a remnant
of the yolk is still present. Together, these data support the
idea that proximal intestine is the site of most efficient di/
tripeptide absorption in zebrafish, with PEPT1 expressed
at high levels before the animal starts to rely on external
food. Further studies conducted in another cyprinid, i.e.,
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the grass carp (C. idella), and covering pre- and post-hatch-
ing stages, showed a highly dynamic pattern of expression
during development (Liu et al. 2013b). Pre-hatch, PEPT1
mRNA reached maximal levels at the gastrula stage, fol-
lowed by a significant decrease in PEPT1 mRNA at the
organ stage and by a second increase until the hatch-
ing stage. This rise continued post-hatch up to 1 day after
hatching. Then, expression quickly declined 2 days after
hatching. Afterwards, mRNA expression increased again
reaching maximum values at 7 days after hatching. Finally,
gene expression stayed constant from 14 to 34 days post-
hatch. With respect to blastocyst, increases never exceeded
2.0-2.2-folds, while decreases went down to 0.2-0.5-folds.
Notably, the pre-hatch developmental expression shown
in this study paralleled that described in detail in another
cyprinid, namely, the red crucian carp (Liu et al. 2014). In
this case, transcripts were first detected as maternal mRNAs
in both fertilised and unfertilised eggs and the expression
levels significantly increased (up to ~5-fold vs. egg) to the
multi-cell stage and then decreased through the gastrula to
the muscle contraction stage (down to ~0.5-fold vs. egg).
A small increase was observed after the heart beat stage,
which increased (up to ~2-fold) until the hatching stage.
Such analysis was not extended post-hatch. In another
study conducted in the Atlantic cod (Amberg et al. 2008), a
gastric teleost fish, PEPT1 mRNA expression was detected
at day of hatching and its levels steadily increased, follow-
ing the onset of exogenous feeding, for the first 3 week
post-hatching (up to ~7-fold at 22 day post-hatch). Analo-
gously, PEPT1 mRNA expression was also analysed post-
hatch in the Japanese eel, another gastric teleost fish (Ahn
et al. 2013). Analyses in Japanese eel larvae conducted
from O to 12 days post-hatch revealed that PEPT1 mRNA
expression significantly increased (up to ~8-fold) between
5 and 7 day post-hatching. PEPT1 expression started to
increase at 6 day post-hatching, i.e., the time point that
coincided with the time larvae started feeding. This expres-
sion pattern paralleled that of trypsinogen, which in Japa-
nese eel larvae is detected in the gastric region that also
includes the pancreas. Notably, both PEPT1 and trypsino-
gen mRNA levels, as measured from 6 day post-hatching
onwards, were transiently affected by the feeding status,
since their levels from 9 to 11 day post-hatching were sig-
nificantly higher (~2-fold) in the non-feeding with respect
to the feeding group, then decreasing to comparable values
12 days post-hatching in both groups. This temporal stimu-
lation of PEPT1 and trypsinogen in non-feeding larvae—
interpreted as a compensatory response for malnutrition
(Ahn et al. 2013)—suggests the existence of an early regu-
latory system for di/tripeptide absorption in response to the
nutritional status that operates aside the standard ontogenic
program. Recently, novel mRNA expression data have
been provided for the development of the larval digestive

system of gilthead sea bream (Sparus aurata) and Euro-
pean sea bass, two commonly farmed fish species (Cordero
et al. 2016). The expression levels of some nutrition- and
immune-relevant genes, PEPT1 included, were analysed
from egg to 73 day post-fertilisation, with results pointing
to a linear increase of PEPT1 gene expression for the first
week in gilthead sea bream and for the first two weeks in
sea bass development, followed by a plateau in both spe-
cies lasting up to 73 day post-fertilisation.

In summary, during ontogeny, a general increase in
PEPT1 gene expression virtually occurs in all vertebrates.
This conclusion comes from experiments mainly con-
ducted in rodents, livestock and poultry, with more limited
information from teleost fish. No data are available from
humans; i.e., there is only one report to date, at least to our
knowledge, specifically dealing with PEPT1 expression
in the intestine of humans in the pediatric age range (see
Mooij et al. 2016; for a review, see Boudry et al. 2010).
PEPT1 gene expression has been studied mostly at the
mRNA level, with little data available at the protein level.
In general, results indicate a general increase of PEPTI
expression during ontogeny with occurrence of some sig-
nificant bursts usually observable in relatively short phases
of the animal life, such as at birth, hatching, first feeding,
weaning, etc, which are generally accompanied by dramatic
changes in dietary style, mode of food intake, quantity and
quality of food that enters the gut, malnutrition or sub-
optimal nutrition, etc. Whether or not a correlation exists
between PEPT1 gene expression during development and
‘critical windows’, i.e., specific periods of susceptibility or
vulnerability to external challenges (for a recent review, see
Mueller et al. 2015), is a question that needs further and
specific investigation. In this context, it has to be noted that
PEPT1 gene expression occurs within the general frame-
work of the organisation/re-organisation of the gastroin-
testinal structure and function during development. For
instance, during the late embryogenesis, enterocytes are
immature; but after hatch enterocytes mature and villi elon-
gate to increase surface area for absorption, as observed
and specifically detailed, e.g., in chicks (see Geyra et al.
2001; Uni et al. 2003). In this context, greater expression
of PEPT1 may be functional to efficiently use the increased
peptide load from the exogenous feedstuff. In addition, it
has to be noted that expression of PEPT1 may also increase
simply due to the structural changes in the intestine, since
enterocyte numbers increase with maturity. Thus, expres-
sion of PEPT]1 in a tissue may change due to an increased
number of enterocytes rather than to a significant increase
in PEPT1 expression per enterocyte (as discussed by,
e.g., Zwarycz and Wong 2013). However, although with
major limits, the existence of (a) dynamic response(s) that
occur(s) in short time lapses suggest the co-presence of a
large variety of forms of regulation of the expression of the
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transporter, which may involve local, blood and/or nervous
factors (for detailed reviews on these topics, see Zabielski
2007; Mourad and Saadé 2011; Spanier 2014).

PEPTI and circadian rhythms

Since the first studies in rodents, it was recognised that at
the intestinal level, PEPT1 expression and activity can be
altered by the diurnal rhythm (see Pan et al. 2002, 2003,
2004). In rats, that are nocturnal and consume food mainly
during the dark phase, intestinal PEPT1 expression was
found to increase at night, paralleling their normal feed-
ing behaviour. In particular, in rats maintained in a 12 h
light/dark cycle with light from 08:00 to 20:00, there was
a significant variation of both Gly—Sar uptake (~2-fold), as
measured by intestinal loop and everted intestine prepara-
tions, and PEPT1 protein and mRNA levels (~3.5-fold),
with a maximum at 20:00 and minimum at 8:00 (Pan et al.
2002). In fed rats, PEPT1 protein level was significantly
higher at 20:00 than at 8:00, whereas fasting for 2—4 days
resulted in the disappearance of the differences of PEPT1
protein levels between 20:00 and 8:00. In addition, intes-
tinal absorption of ceftibuten, an oral antibiotic and also
substrate of PEPT1, was also greater at 20:00 than at 8:00
in fed rats, but not different in rats fasted for 4 days. In
contrast to protein expression and function, after 4 days
of fasting PEPT1 mRNA levels maintained the circadian
rhythm (Pan et al. 2003). Interestingly, when the diur-
nal rhythm was examined in rats under various feeding
conditions—i.e., fed, food deprived for 1-4 days, food
deprived for 4 days and then refed for 1-2 days, and fed
during the daytime (9:00-15:00) for 10 days—it came
out that (a) refeeding for 2 days after 4 days of food dep-
rivation brought the diurnal variation in PEPT1 protein
expression to normal rhythm; (b) eating food during the
daytime (9:00-15:00) shifted the peaks of PEPT1 mRNA
and protein expressions from the dark phase to the light
phase, these findings suggesting that food intake, more (or
rather) than the light cycle, can drive the diurnal rhythm of
PEPT1 expression in rats. Later, Saito et al. (2008) found
in rats that D site of albumin promoter (albumin D box)
binding protein (DBP), a clock-controlled gene, regu-
lates the circadian oscillation of PEPT1 expression dur-
ing normal and restricted feeding conditions in contrast to
other transcription factors, such as Spl transcription fac-
tor (SP1), CDX2, and peroxisome proliferator activated
receptor alpha (PPARa) that are known to contribute to the
basal, intestine-specific, and fasting-induced expression of
PEPTI, respectively (for details, see the “PEPT1 and feed
deprivation” paragraph below; for review, see Terada and
Inui 2007).

It has recently been found that in mouse, maintained
in a 12 h light/dark cycle with light from 00:00 to 12:00,
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intestinal expression of PEPT1 oscillates during the daily
feeding cycle, since bile acids regulate the oscillation of
PEPT1 expression by modulating PPARa activity (Oka-
mura et al. 2014). Like rats, mice are nocturnal. Accord-
ing to Okamura et al. (2014), PPARa activates the intes-
tinal expression of PEPT1 mRNA during the light period,
so that PEPT1 protein levels have a peak before the start
of the dark phase. After food intake, the bile acids accu-
mulated in the intestinal epithelial cells interfering with
recruitment of the co-transcriptional activator CREB-bind-
ing protein (CREBBP, alias p300) on the promoter region
of PEPT1 gene, thus suppressing PPARa-mediated trans-
activation of PEPTI1. Suppression of PPARa-mediated
transactivation by bile acids causes an oscillation in the
intestinal expression of PEPT1 during the daily feeding
cycle, which leads to changes in the intestinal absorp-
tion rhythm. Thus, due to the nature of its components,
a molecular clock-independent mechanism also seems to
operate at the intestinal level of the mouse by which bile
acid-regulated PPARa activity controls the expression of
PEPT1. Moreover, Qandeel and colleagues analysed the
diurnal vs. segmental expression and function of PEPT1 in
rat small intestine, observing diurnal variations in mRNA,
protein, and transport function in duodenum and jejunum,
but not in ileum (Qandeel et al. 2009b). Mucosal lev-
els of mRNA and protein, as well as Gly—Sar uptake by
everted sleeves, were determined at 09:00, 15:00, 21:00,
and 03:00 in rats maintained in a 12 h light/dark cycle with
light from 06:00 to 18:00. Under these conditions, PEPT1
mRNA and Gly-Sar uptake vary diurnally in duodenum
and jejunum (with a peak at 15:00), but not in ileum.
However, protein levels vary minimally, with virtually no
changes in duodenum and very limited increases in jeju-
num and ileum with peaks at 21:00 and 03:00. Notably,
maximal Gly—Sar uptake is observed in jejunum; analysis
of the kinetic parameters showing that differences in Gly—
Sar uptake are due to changes in maximal velocity. As sug-
gested by the authors, the simultaneity between peaks of
PEPT1 mRNA and transport function would involve an
anticipatory mechanism that induces transcription of new
mRNA, and a possible recruitment of pre-formed protein
from cytoplasmic stores to the apical membrane to further
increase uptake. Interestingly, Qandeel and colleagues
also reported that under the above experimental conditions
complete abdominal vagotomy abolishes diurnal varia-
tions in gene expression and transport function of PEPT1
(Qandeel et al. 2009a). In particular, vagotomy seems to
mediate, at least in part, the diurnal variations of PEPT1
protein expression and transport function, but not to reg-
ulate or modulate the diurnal rhythms of PEPT1 mRNA
expression. Going into the details of the neural regulation
of PEPT1 function is beyond the aims of this review; but
for a detailed analysis of the neural regulation of PEPTI,
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comprehensive reviews have been published (see Zabielski
2007; Mourad and Saadé 2011; Spanier 2014).
Information in teleost fish on this type of regulation is
limited to cyprinids (grass carp and zebrafish). In particu-
lar, results by Liu et al. (2013b) in the grass carp show that
intestinal PEPT1 mRNA levels have a diurnal (~3-fold)
variation, with PEPT1 expression low during the day and
high during the night, in this way largely resembling what
was observed in rodents (see Pan et al. 2002). These exper-
iments were conducted on fish maintained in a 12 h light/
dark cycle with light from 06:00 to 18:00; and mRNA lev-
els were measured every 3 h. Notably, when analysed in
foregut, midgut and hindgut, PEPT] mRNA expression
profiles differ in the three segments, with the hindgut fairly
departing from the foregut and midgut with respect to the
time mRNA expression peaks at night; in fact, while in the
foregut the peak of expression is observed from 21:00 to
06:00, in the midgut, it is restricted from 03:00 to 06:00
and in the hindgut to 03:00 only (Liu et al. 2013b). To
date, it is not known whether such daily variations are
the result of a clock-dependent or clock-independent pro-
cess, or both, and further studies are required to address
this point in teleost fish, so that information can be used
for, e.g., better diet composition and feeding management
in aquaculture. In this respect, a contribution to the ques-
tion comes from the zebrafish model, since it has recently
been reported that in zebrafish larvae PEPT1B seems to be
clock-regulated (Laranjeiro and Whitmore 2014). In par-
ticular, larvae maintained in a 12 h light/dark cycle were
collected at four time points—i.e. zeitgeber time (ZT) 3
(light), 9 (light), 15 (dark) and 21 (dark)—per day between
4 and 7 day post-fertilisation. Three intestinal-specific
genes included in the study, i.e., fatty acid-binding protein
2 (FABP2), alias intestinal-type fatty acid-binding protein
(IFABP), which is involved in fatty acid absorption and
metabolism, caudal-type homeobox 1b (CDX1B), a tran-
scription factor essential for the regulation of prolifera-
tion and differentiation of various zebrafish intestinal cell
lineages and functionally equivalent to mammalian CDX2
(Flores et al. 2008; Chen et al. 2009; Hu et al. 2013),
and PEPTIB itself, showed circadian rhythmicity on the
light:dark cycle. Notably, the peak of PEPT1B expression
(2.0-2.5-fold with respect to the lowest expression during
the 24 h period) followed (21ZT) that of CDX1B (15ZF),
and the peak of CDXI1B followed (3ZF) that of FABP2
(Laranjeiro and Whitmore 2014). The above-described
clock-controlled expression of intestinal absorption genes
suggests that in zebrafish larvae, intestinal function is
already highly programmed and circadian regulated, a phe-
nomenon known to occur in the adult mammalian intestine
(see Pacha and Sumova 2013). In addition, the transcrip-
tion factor CDX1B is likely to provide a direct link during

zebrafish larval development between circadian clock, cell
cycle and cell differentiation.

PEPTI and feed deprivation

The quantity of food available in the gut—and thus, a large
variety of sub-optimal nutritional conditions, such as under-
feeding, malnourishment, brief fasting, prolonged fasting,
starvation, etc—strongly affects gastrointestinal physiology
at all levels of gut morpho-functional organisation (for crit-
ical reviews and books, see, among many others Chappell
et al. 2003; Barboza and Hume 2006; Wang et al. 2006;
Shaw et al. 2012; McCue 2010, 2012, and literature cited
therein). Depending on the time and mode of effective food
deprivation, significant changes can be observed, ranging
progressively from simple variation of gene expression
(e.g., under a food limitation condition applied for short
times) to dramatic whole organ (re-)organisation (e.g.,
under a food limitation condition applied for long times).
The morpho-functional alterations are evident in the gut
with respect to other organs, basically due to the relatively
high metabolic costs of maintaining the high turnover rate
of gut tissues (see McNurlan and Garlick 1981; McMillan
and Houlihan 1989; Croom et al. 1999); and both ecto-
therms (see Secor and Diamond 2000; Starck and Beese
2002; Cramp and Franklin 2003; Perez-Velasquez et al.
2003; Secor 2003; Naya and Bozinovic 2006) and endo-
therms (see Hume and Biebach 1996; Battley et al. 2000;
Ferraris and Carey 2000; Bauchinger et al. 2005) almost
invariably reduce the mass of their gastrointestinal tissues
to reduce the energetic demand of this organ during starva-
tion. With this in mind, it is natural that PEPT1 is influ-
enced/conditioned by and/or subjected to alterations virtu-
ally due to all food limitation/deprivation states.

Going into the details of the various feed deprivation
conditions is beyond the scope of this review. In addition,
we are aware of many questions that arise when the studies
on the physiology of malnourishment/fasting/starvation/etc
are compared, as mainly due to (a) the little uniformity in
the terminology used for the description of the phenomena;
(b) the variety of definitons and experimental approaches
used to exemplify the various states of feed restriction; (c)
the species-specificity of the response because of the vari-
able metabolic architectures of the animal models studied;
(d) the influence of the wild vs. laboratory environment;
and (e) other factors. However, with the limits of the fol-
lowing descriptions, we will try to integrate in one section
all the information on PEPT1 and feed deprivation in verte-
brates, with emphasis on teleost fish, describing the results
obtained passing from short- to long-term deprivation
states and taking into account that the vast majority of the
papers published deal with relatively short-term deprivation
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studies in higher vertebrates, namely, mammals and birds,
and relatively long-term deprivation studies in lower verte-
brates, namely, teleost fish.

It has been known for decades that in mammals, PEPT1
responds to feed deprivation, in part but not only because
of its late expression in the mature enterocyte. After early
studies in human volunteers (Vazquez et al. 1985), stud-
ies conducted in rats have led to the observation that
short-term starvation increases PEPT1 mRNA and protein
expression (see Thamotharan et al. 1999; Ogihara et al.
1999; Ihara et al. 2000). In particular, PEPT1 mRNA and
protein were found to increase ~3-fold, and the rate of
peptide transport to increase ~2-fold (with a measurable
effect of the maximal transport rate of the transporter) after
a brief (only 1 day) fasting (Thamotharan et al. 1999). A
significant increase in PEPT1 protein abundance was
also observed (from the tip of the villus to its base) in the
enterocytes of rats fasted for 4 days, a more prolonged fast-
ing condition (Ogihara et al. 1999). In another study in
rats, animals starved for 4 days, semistarved (50% amount
of control) for 10 days, or given total parenteral nutrition
(TPN) for 10 days, respectively, exhibited a ~1.8-fold,
~1.6-fold, and ~1.6-fold increase of PEPT1 at both mRNA
and protein level when compared to control (free feeding)
rats; in contrast, SGLT1 expression did not show any sig-
nificant changes. Upregulation of PEPT1 occurred in spite
of the decreased mucosal weight observed in starved and
TPN rats (down to ~0.4-fold and ~0.5-fold, respectively);
and thus, the increased expression of PEPTI mRNA and
protein was interpreted as a functional mechanism to
compensate for the reduced mucosal surface area dur-
ing fasting with an increase in the enterocytic population
of PEPT1 transporters (Thara et al. 2000; for review, see
also Adibi 2003; Daniel 2004; Gilbert et al. 2008b, and lit-
erature cited therein). Next, by analysing the longitudinal
pattern of expression in rat small intestine, Naruhashi and
colleagues observed that PEPT1 mRNA level was low in
the upper region and gradually increased passing from the
upper to lower regions in fed animals. In this study, fast-
ing rats for 2 days induced PEPT1 mRNA expression, and
such induction was more prominent (up to ~3-fold in the
more proximal segments) in the upper region of the small
intestine. Moreover, PEPT1 transport capacity closely par-
alleled PEPT1 mRNA expression along the small intestine
in both fed and fasted conditions (Naruhashi et al. 2002).
Other studies confirmed and extended the preliminary
findings on PEPT1 in fasting states. In particular, Howard
et al. (2004) examined the effects of TPN (intended as an
experimental manoeuvre to completely remove intestinal
luminal nutrition) and of the following administration (by
blood infusion) of the intestinotrophic hormone glucagon-
like peptide 2 (GLP-2) on the mRNA expression of PEPT1
and nine apical and basolateral amino-acid transporters in
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rat small intestine. Compared to orally fed rats, TPN for
7 days upregulated (~1.7-fold) PEPT1 mRNA in the dis-
tal small intestine (ileum), whereas proximal (duodenal)
mRNA was unchanged. Analogously, removal of luminal
nutrition increased the expression of the apical transport-
ers Solute Carrier 1 (SLC1) family member AS (SLC1AS,
alias ASCT2), SLC1 family member Al (SLC1AI, alias
EAACI), and SLC3A1 (alias rBAT) in the ileum, while
it decreased the expression of the basolateral transporters
SLCI1 family member A4 (SLC1A4, alias ASCT1), Sol-
ute Carrier 38 (SLC38) family member A2 (SLC38A2,
alias SAT2/SNAT2) and of the basolateral/apical trans-
porter SLC6 family member A9 (SLC6A9, alias GLYT1)
in the duodenum. Conversely, SLC7 family member Al
(alias CAT1), Solute Carrier 36 (SLC36) family mem-
ber Al (alias PAT1) and SLC38 family member AS (alias
SN2/SNATS5) mRNA abundances remained unaffected by
the treatment. Notably, administration of GLP-2, which is
a trophic factor that maintains cellular protein synthesis
during luminal starvation, reversed the effect of TPN on
the mRNA expression of both PEPT1 and the amino-acid
transporters tested. Taken together, the results by Howard
and colleagues likely support the view of Ferraris and Dia-
mond (1989), who previously described the regulation of
nutrient transporters as a way to match uptake capacity to
requirements without wasting energy on unnecessary trans-
porters. Further elucidation on the functional response of
PEPT1 in the fasting state derived from experiments in
rats in which the three different phases of response to food
deprivation (i.e., phase I, phase II, and phase III) had accu-
rately been determined in parallel to PEPT1 expression
and localisation at the intestinal epithelium level (Habold
et al. 2007). Briefly, such as in the other mammals and
birds, rats exhibit three distinct levels of energy depletion
during prolonged fasting that designate three sequential
phases. Phase I that lasts only a few hours after fasting
has started and is a rapid period of adaptation character-
ised by flushing of the gut content, increasing mobilisa-
tion of fat stores and lowering of protein use. Phase II that
lasts 5-6 days starting immediately after phase I and is a
long phase of economy during which most of the energy
expenditure is derived from lipids, whereas body proteins
are spared. Phase III that starts immediately after phase II
and is characterised by an increase in protein use and by a
progressive exhaustion of the fat stores; during this phase,
a change in animal behaviour also promotes food foraging,
which anticipates a phase of lethal depletion of energy (for
a thorough description of fasting phases I, II, and III, see
Wang et al. 2006). Namely, in the context of a larger fast-
ing/refeeding experimental scheme (for further details, see
the “PEPT1 and compensatory growth”), PEPT1 expres-
sion and localisation were studied in normally fed, phase
II and phase III fasted rats, and they were found to increase
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strongly in phase II and especially in phase III fasted ani-
mals (i.e., phase III > phase II) with respect to normally fed
animals. Notably, after a short phase I that lasted only one
day, these rats were in phase II from day 2 to day 6 and
entered phase III from day 7 onwards (Habold et al. 2007,
see also Habold et al. 2004, 2005). These results are par-
ticularly relevant also, because they allowed condensation
of all the data on PEPT1 and fasting published until then
into a more schematic and comprehensive picture. Later on,
Ma and colleagues observed that in mice as little as 16 h of
fasting were enough to cause significant (~2-fold) upregu-
lation of PEPTI1 protein expression in duodenal, jenunal
and ileal segments and consequent increase of the in vivo
oral absorption of Gly-Sar, so that systemic exposure and
peak plasma concentrations of this dipeptide were ~1.4-
and ~1.7-fold higher, respectively, in fasted vs. fed animals
(Ma et al. 2012). This functional adaptation was effective,
since it was fully abolished in PEPT1 knockout mice (Hu
et al. 2008; Ma et al. 2012). Notably, the results reported
in rodents have been confirmed in birds. In particular, the
expression levels of PEPT1 were analysed in broiler chicks
subjected to a 24 h feed restriction (feed withdrawn), and a
~2-fold increase in PEPT1 expression was observed after
with respect to before feed restriction (Madsen and Wong
2011; see below in this paragraph for further details on this
study).

As first shown by Shimakura and colleagues the
increased intestinal expression of PEPT1 in a short-term
fasting state in rodents depends on PPARa, one of the mem-
bers of a family of nuclear receptors activated by fatty acid
ligands (Shimakura et al. 2006a). In particular, in PPAR«a
knockout mice the induced expression of PEPT1 after 48 h
fasting was fully abolished, whereas in wild-type mice,
there was a significant increase in both PPARa and PEPT1
expressions. When a PPARa ligand (i.e., WY-14643) was
orally gavaged to fed rats for 5 days, expression of PEPT1
mRNA increased, and when Caco-2 cells were treated with
the same ligand, both PEPT1 expression and Gly—Sar uptake
increased. Although in this work, the functional response
element or other regulatory region of the promoter was
not determined, Shimakura and colleagues suggested that
PEPT]1 is either directly regulated by PPARa through bind-
ing to a regulatory region or that PPARa induces expression
of transcription factors, such as the basal SP1 (Shimakura
et al. 2005) or the intestine-specific CDX2 (Shimakura et al.
2006b), which are also found to be upregulated in response
to fasting (Shimakura et al. 2006a). Interestingly, the results
reported in rodents have been confirmed in a study con-
ducted on broiler chicks in which the expression levels of
PEPT1 and PPARa have been analysed after animals were
subjected to a 24 h feed restriction (feed withdrawn) (Mad-
sen and Wong 2011). As mentioned above, in this study, a
~2-fold increase in PEPT1 expression is observed in fasted

chicks (~1.5-fold in duodenum, ~2.5-fold in jejunum and
~2.4-fold in ileum), while in parallel, PPAR« increases by
~2.5-fold (~2.2-fold in duodenum, ~2.9-fold in jejunum
and ~2.5-fold in ileum). Such as in mammals, also in birds
PEPT1 mRNA upregulation occurs in spite of the dramatic
changes in the morphology of the small intestinal mucosa,
an aspect that in this group of animals has been studied in
detail (see Uni et al. 1998; Fischer da Silva et al. 2007).

In teleost fish, experimental data on the effects of food
deprivation on PEPT1 physiology are more fragmentary
than in higher vertebrates, while, at least to our knowledge,
no data are available in reptiles and amphibians. Gongalves
et al. (2007) first observed that 4 week feed deprivation led
to downregulation (to 0.4-0.5-folds) of PEPTIA mRNA
levels in the foregut and to disappearance of the mRNA
signal in the hindgut of the agastric Asian weatherloach;
no data were provided on PEPT1B in this study (Gongalves
et al. 2007). Later on, Terova and colleagues reported
that 5 week feed deprivation of the gastric European sea
bass resulted in ~70% reduction of intestinal PEPT1B
mRNA levels with respect to control fish fed ad libitum
(Terova et al. 2009). This tendency to reduction of intes-
tinal PEPT1B expression (~35% reduction) could already
be observed 4 days after the start of the feed deprivation
protocol. Rgnnestad et al. (2010) reported that 6 day feed
deprivation downregulated intestinal PEPT1B expression
in juvenile Atlantic salmon, another gastric teleost fish. In
particular, 6 day feed deprivation (feed deprived group)
resulted in a ~70% reduction of PEPT1B mRNA levels
with respect to the control (fed group). In a recent study
by Huang and colleagues in the Nile tilapia to assess the
response of the various members of the SLC15 family to
waterborne heavy metal exposure (Huang et al. 2015), the
intestinal mRNA levels of PEPT1A and PEPT1B were
comparatively measured in fasted vs. fed teleost fish. In
particular, after 1 week feed deprivation, intestinal PEPT1A
mRNA levels were significantly reduced by ~50% in fasted
with respect to fed animals, whereas PEPT1B mRNA lev-
els were only reduced by ~15% only. In another paper, Tian
and colleagues systematically addressed the molecular
activities in terms of expression of endocrine-, amino acid
and peptide transporter-, and metabolic enzyme-related
genes in 35 day old mixed sex zebrafish fed (0 h) and fasted
for 384 h (i.e., 16 days), with fish sampled at 0, 3, 6, 12,
24, 48, 96, 192, and 384 h after feeding (Tian et al. 2015).
This way, these authors covered both short- and long-term
fasting conditions. Although with the limits of the experi-
ment, performed on the whole fish instead of the intestine,
a comparative set of mRNA expression data was produced,
and in particular, the expression of amino acid vs. peptide
transporters was evaluated. While PEPT1 expression expo-
nentially decreased with time (down to ~0.3-fold at 384 h),
there was a significant decrease of expression (down to
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~(0.2-fold at 12 h) followed by a peak (up to ~1.9-fold at
24 h) and a second downregulation event (down to ~0.1-
fold at 384 h) for the neutral amino-acid transporter B’AT1.
Analogously, the neutral and cationic amino-acid trans-
porter ATB® (alias SLC6 family member A14, SLC6A14)
exhibited a decrease of expression (~0.4-fold at 6 h) fol-
lowed by a dramatic peak (up to ~3.5-fold at 24 h) and a
second downregulation (to ~0.5-fold at 192-384 h), while
the high-affinity/low-capacity peptide transporter PEPT2
showed a decrease (~0.7-fold at 6 h) followed by a peak
(~2.0-fold at 96 h) and a second decrease (~0.6-fold at
384 h). In addition, the neutral amino-acid transporter
ASCT2 (alias SLC1AS) exhibited an initial upregulation
(~1.6-fold at 3—6 h) followed by a rapid decrease (down to
~0.4-fold at 24-384 h). Although with the limits said, these
data suggest the existence of a differential expression of
genes known to be intestinally expressed and involved in
amino-acid absorption in spite of the drop of gut mass and
the overall (re-)organisation of gut anatomy and morphol-
ogy that occurs during fasting. Noteworthy, the downregu-
lation vs. upregulation of PEPT1 vs. BYAT1, both known
to be functionally expressed along the fish gut and both
kinetically characterised in great detail (see also Margheri-
tis et al. 2013a; Rimoldi et al. 2015), suggests that in spite
of the morpho-functional changes that occur in the gut
with fasting, dynamic and active changes in gene expres-
sion take place to allow the fish to face optimally a state
of nutritional limitation. Further and specific studies are
required to fully address this point.

In summary, that the intestinal PEPT1 mRNA and pro-
tein expression is reduced under a condition of feed depri-
vation (feed withdrawn) seems to be a common theme in
fish, and it emerges as a hallmark of a state of undernu-
trition and as an adaptive response that contrasts with the
experimental evidences from higher vertebrates (mammals
and birds), in which an upregulation of PEPTI mRNA
and protein levels is invariably reported in malnour-
ished animals (see the cases discussed above; for review,
see Nielsen and Brodin 2003; Daniel 2004; Gilbert et al.
2008b). It remains to integrate such findings on teleost
fish PEPT1 in the teleost fish growth scheme taking into
account that significant differences exist between endo-
therms (mammals and birds) and ectotherms (reptiles,
amphibians and fishes) and that teleost fish largely fit into
the ectotherm model (for recent review, see Zaldida and
Naya 2014). Moreover, it has to be clarified how teleost
fish PEPT1 operates in the various phases of fasting. If
they exist in teleost fish, such phases of fasting most prob-
ably span a much more extended time frame (i.e., at least
one order of magnitude higher than in mammals and birds)
(see Bar 2014; for reviews, see Wang et al. 2006; Zaldia
and Naya 2014, and literature cited therein). That PEPT1
dynamically cooperates, in a larger and more integrated
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network of adaptive programs/strategies but with major
differences between ectotherms and endotherms, to adapt
to food limitation/deprivation states, is a concept to
develop systematically.

PEPTI and compensatory growth

‘Compensatory growth’ and ‘catch-up growth’ are expres-
sions frequently used as synonims to indicate the faster
than optimal growth that occurs following a period of die-
tary restriction during the development of many animals.
The former expression often refers to a faster than usual
growth rate, while the latter implies attainment of a con-
trol size (see Hector and Nakagawa 2012). Compensatory
growth is a widespread phenomenon present in both inver-
tebrates and vertebrates, and in vertebrates, it is virtually
recognised in all groups: humans, other mammals, birds,
reptiles, amphibians, but most extensively fish (for reviews,
see Ali et al. 2003; Dmitriew 2011; Won and Borski 2013,
and literature cited therein). Many relevant specificities can
be emphasised from vertebrate group to vertebrate group,
with differences found between, e.g., endotherms (mam-
mals and birds) and ectotherms (reptiles, amphibians and
fish), determinate growers (again mammals and birds) and
indeterminate growers (again reptiles, amphibians and
fish), etc, which makes comparative analysis of this bio-
logical phenomenon across vertebrates not easy to unravel.

Although experiments of fasting/refeeding have been
performed (e.g., in the rat; see Pan et al. 2003, 2004), to
our knowledge, specific data available on PEPT1 expres-
sion/function in the context of a strict compensatory growth
protocol are practically absent in higher vertebrates, mainly
due to the lack of application of specific study designs to
assess the effects on animal growth. Conversely, data from
teleost fish models clearly indicate that PEPT1 responds
to fasting and refeeding when the animals are subjected to
protocols/procedures/manoeuvres of compensatory growth
(such as in the so-called ‘fasting/refeeding paradigm’,
which is widely used to investigate the molecular mecha-
nisms underlying the transition from a catabolic to an ana-
bolic state in fish; see Chauvigné et al. 2003; Montserrat
et al. 2007a, b; Terova et al. 2007). The first evidence of
the involvement of PEPT1 in compensatory growth in tel-
eost fish comes from experiments performed in the Euro-
pean sea bass, a temperate organism, which is an excellent
model for muscle growth studies as it exhibits an extensive
juvenile (post-metamorphosis) muscle growth that contrib-
utes to its large adult size. This is advantageous in compen-
satory growth studies, since it allows easy determination
of the compensatory effect(s) in terms of growth. Indeed,
in most teleost fish, growth is indeterminate and the major
part of absorbed nutrients is invested in accreting the skele-
tal (white) muscle (Mommsen 2001), which forms 40-60%
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of the body mass in most adult fish. As it accounts for more
than half of the fish body mass, and as it exhibits the high-
est growth rate efficiency than any other tissues (Houlihan
et al. 1995), skeletal muscle represents per se an excellent
overall measure of fish growth. Combined with this is the
fact that the natural life cycle of many teleost fish species,
the European sea bass included, comprises natural fasting
periods as a consequence of variable temporal (e.g., sea-
sonal) and spatial (e.g., areal) food availability in the envi-
ronment. In this respect, fish are well adapted to survive for
long periods without food, and metabolic depression seems
to be an important strategy in response to periods of food
scarcity (Cook et al. 2000; O’Connor et al. 2000). When
food levels are restored, growth can increase over and
above normal rates, following the compensatory growth
plan (MacKenzie et al. 1998; Ali et al. 2003).

In the European sea bass, the nutritional status influ-
ences the expression of key growth-related genes (for a
comprehensive review on genes involved, see Won and
Borski 2013) that encode for proteins that in both endo-
crine and autocrine/paracrine fashion promote compensa-
tory growth induced by refeeding (as assessed by applying
a fasting/refeeding paradigm in which fish are kept unfed
and monitored for 35 days, namely, at 4 and 35 day time
points, and then re-alimented and monitored for 21 days,
namely, at 4, 10, and 21 day time points; see Terova et al.
2006, 2007). In particular, it was found that the nutritional
status influences the expression of myostatin in muscle
and insulin-like growth factors I and II in liver and muscle,
and that such regulatory responses highly correlate with
changes in fish body weight and shape (for details, see Verri
et al. 2011, and literature cited therein). At the gastrointes-
tinal level, the stomach responds to fasting by upregulating
ghrelin and downregulating gastricsin (alias pepsinogen C)
expression as part of an integrated response to food avail-
ability (see Verri et al. 2011, and literature cited therein;
for further comparison, see also Tian et al. 2015). In con-
cert, PEPT1 expression in the proximal intestine decreases
(down to ~0.3-fold) during fasting and increases (up to
~1.5-fold) during refeeding (Terova et al. 2009; Verri et al.
2011), suggesting that PEPT1 operates in direct support of
teleost fish (muscle) growth. Instead, in the European sea
bass Hakim et al. (2009), who measured PEPT1 expres-
sion at O (fed control), 3, 7, 14, and 21 days fasting period,
observed, within a general decline of PEPT1I mRNA
expression during the experimental period, a significant
burst (~3-fold increase) of PEPT1 mRNA levels at 7 days
fasting before the gene expression was down-regulated
again, which contrasts to what was observed by Terova
et al. (2009). This apparent contradiction can, however, be
reconciled by the recent findings obtained in mummichogs
subjected to a fasting/refeeding protocol in which fasting
was administred for 21 days, with time points at 1, 3, 5, 7,

and 21 days, and refeeding for 7 days, with time points at 1
and 7 days (Bucking and Schulte 2012). In this experiment,
a more complex scheme emerged in which PEPT1 mRNA
expression increased with an early burst (~1.5-fold vs. pre-
fasted fish) of expression at 3 days of fasting, which was
followed by a dramatic decrease at 7 and mostly (down to
~0.2-fold vs. pre-fasted fish) 21 day fasting. Upon resump-
tion of feeding, PEPT1 was upregulated compared to pre-
fasted controls and after 7 days of re-feeding expression
was again above (~1.5-fold) control values. Interestingly,
such time course occurred similarly for both PEPT1B and
PEPT1A, which were tested separately and independently
in this experiment. Further verification to the time course
described in the other teleost fish come from experiments
conducted in zebrafish subjected to a fasting/refeeding par-
adigm in which fish were maintained unfed and monitored
for 5 days at the 1, 2, 3, and 5 day time points, and then
re-alimented and monitored for 4 days, at the 1 h and 1,
2, and 4 day time points (Koven and Schulte 2012). With
respect to the regular feeding condition (control), PEPT1
mRNA expression steadily decreased (with no early burst
observed) during the fasting period and then drastically
increased over the control values immediately after the
refeeding started and up to the monitored refeeding period
when the increase was eightfold higher than in fish fed
prior to fasting. This effect on PEPT1 was concerted with
the dynamic response observed for the mRNA products
of other key genes, e.g., the satiety hormones cholecysto-
kinin, gastrin-releasing peptide and ghrelin. As one of the
latest findings, in the zebrafish within a general decrease of
expression (see the “PEPT1 and feed deprivation”) a small
peak of PEPT1 mRNA expression, although not significant,
can be observed at 4 days of fasting (Tian et al. 2015).

With their complete analysis of the Nile tilapia SLCI15
transporters expression pattern under different experi-
mental settings, Huang et al. (2015) tested SLC15 trans-
porters, namely, PEPT1A (alias SLCI15A1A), PEPTIB
(alias SLC15A1B), PEPT2 (alias SLC15A2), PHT1 (alias
SLC15A4), PHT2 (alias SLC15A3), and SLC15A5 for
proximal intestinal mRNA expression under a simpli-
fied fasting-refeeding protocol consisting of 7 day fast-
ing followed by 7 day refeeding. The mRNA levels of
SLCI15A1A, SLC15A1B, SLC15A2, and SLC15AS5 in the
proximal intestine were all downregulated after fasting for
one week (by ~50, ~10, ~70, and ~60%, respectively) and
recovered after refeeding the fish for 1 week (all were back
to the control value with the exception of SLCI5A1B that
exhibited a ~2.5-fold increase in mRNA expression with
respect to the control). Conversely, the fasting-refeeding
expression pattern of SLC15A4 was different from the
other members, since the mRNA transcript of SLC15A4
significantly increased with respect to the control in spite of
the fasting-refeeding state.
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Taken together these data suggest that the time course
of PEPT1 expression during a fasting/refeeding protocol
proceeds according to a more complex scheme than as
previously thought, in which a short-term burst may pos-
sibly occur early during the fasting period within a general
decrease of expression that is increasingly more evident at
long-term. Soon after the refeeding starts PEPT1 expres-
sion dramatically increases and almost invariably exceeds
the control value measured in the fed animal. Thus, based
on the results coming from numerous experiments in dif-
ferent species and with numerous time points, we propose
that the short-term increase measured in the European sea
bass (at 7 days), in the mummichog (at 3 days), and pos-
sibly in the zebrafish (at 4 days) may be a short-term physi-
ological response as previously described in mammals and
birds (see Ogihara et al. 1999; Thamotharan et al. 1999;
Thara et al. 2000; Naruhashi et al. 2002; Shimakura et al.
2006a; Habold et al. 2007; Gilbert et al. 2008b). Then, a
decrease occurs which is mostly related to more dramatic
morpho-functional changes that occur in the gut. Moreover,
such findings on PEPT1—taken in the frame of compensa-
tory growth protocols—suggest that PEPT1 plays an active
role in animal feeding by operating, at the gastrointestinal
level, as part of an integrated response network to food
availability that directly supports body weight. These find-
ings also document a correlation between the expression of
an intestinal transporter, such as PEPT1, which is primarily
involved in the low-affinity/high-capacity uptake of dietary
protein degradation products, and animal growth in a verte-
brate model. In teleost fish, PEPT1 may contribute to pro-
vide in the form of di/tripeptides the necessary amount of
amino acids to sustain net protein synthesis, and thus body
growth.

In a perspective, complementary information on how
PEPT1 may dynamically respond to fasting-refeeding
solicitations can come from the application of experimen-
tal schemes other than those described above, i.e., rela-
tive long times of fasting and then continuous refeeding,
by which the transcript/protein abundance is assayed over
several days or weeks. Conversely, the relative long fasting
could be followed by a single satiating meal treatment (see
Valente et al. 2012) and the biological response analysed
at shorter times, i.e., over hours or days (post-prandial), as
recently assessed for a number of amino-acid transporters
in the Chinese perch (Siniperca chuatsi) (Wu et al. 2016).

PEPT1 and dietary protein levels

The effects of variation in dietary protein quantity/quality
are known for more than one century when the experimen-
tal manipulations of dietary protein first started in labora-
tory and farm models. All together, the data collected indi-
cate that variation in absolute protein quantity changes the

@ Springer

feeding behaviour since high-protein diets suppress food
intake, moderately low-protein diets increase food intake,
and very low-protein diets (i.e., the insufficient protein
levels) suppress food intake and block growth. However,
also variation in absolute protein quality (i.e., the balance
of amino acids) significantly influences food intake since
many species exhibit a surprising ability to detect and then
avoid imbalanced diets (for comprehensive reviews on
these subjects, see Morrison et al. 2011; Morrison and Lae-
ger 2015).

As already mentioned, in rat intestine mRNA expression
and transport rate of PEPT1 increase (1.5-2.0-folds) when
animals receive a high-protein (50%) diet as compared to
a low-protein (4%) diet (Erickson et al. 1995). This find-
ing first indicated that PEPT1 is affected by different levels
of dietary protein, an observation followed by many other
experimental data, mainly from rodents (see Daniel 2004;
Gilbert et al. 2008b; see also the “PEPT1 and dietary pro-
tein, di/tripeptides and free amino acids”). More recently,
studies conducted in PEPT1 knockout mice (see Nissl
et al. 2011a, b) have led to the notion that PEPT1, at least
in the adult rodent, is not required for regular amino-acid
nutrition; however, PEPT1 plays a role during conditions of
high-protein loads. Indeed, Pept] ™~ mice are viable; and
apparently they do not exhibit any obvious impairments
in reproduction, body weight or other biometric and bio-
chemical parameters when fed a standard (i.e., a high-car-
bohydrate containing) diet (see Hu et al. 2008). In addition,
they are reported to grow at similar rates as wild-type mice
when fed a standard diet (see Hu et al. 2008; Nissl et al.
2011b; Kolodziejczak et al. 2013), although significant
differences (reduction) in growth rates are observed when
growth is monitored for longer (than 7-8 weeks) times (see
Zhang et al. 2016; Hannelore Daniel, personal communica-
tion). Yet, the plasma amino-acid levels of Pept/ ™~ mice
increase with respect to wild type, which suggests altered
systemic amino-acid handling. In addition, administration
of an acute high-protein (vs. low protein) load via gastric
gavage causes significant alteration of the plasma con-
centrations of many (up to ~15) amino acids (with pro-
line showing the largest concentration difference) (see
Chen et al. 2010; Nassl et al. 2011a). Nissl and colleagues
also demonstrated that, with respect to Peptl ~~ mice fed
ad libitum a medium-protein (control) diet (with 21% of
energy available as protein), Pept] ™~ mice fed a high-
protein diet (with 45% energy available as protein) consid-
erably reduce food intake, which is followed by a marked
(and significant) loss of body weight, while Pept]/ ™~ mice
fed a low-protein diet (with only 8% of energy available
as protein) do not show any effects. This phenomenon is
time-dependent, since Pept]™~ mice exhibit a reduced
consumption of food over the first 4 days but then they
gradually increase food consumption and by 18 days
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they have the same intake rate as wild-type animals; but,
Pept] ™~ mice fail to show any significant weight gain over
the entire feeding period, thus indicating reduced assimi-
lation of intestinal energy (Nissl et al. 2011b). Based on
these data, it could be argued that since high-protein diets
increase satiety and reduce, at least transiently, food intake,
which associates with a retarded weight gain (for review
see, Westerterp-Plantenga et al. 2009; Morrison et al. 2011;
Daniel and Zietek 2015; Morrison and Laeger 2015), and
since PEPT1 is not largely expressed in the brain, it is pos-
sible that (at least in mice) PEPTI is part of a gut-brain
signalling axis, through which protein-rich diets are sensed
in the gut (for review, see Daniel and Zietek 2015). In this
context, it is worth noting the highly remarkable response
of Pept]™~ mice fed ad libitum a high-fat diet (with 45%
energy available as fat), since these animals seem pro-
tected from high-fat diet-induced obesity (Kolodziejczak
et al. 2013; for comparison, see also Do et al. 2014). As
said, Peptl ~~ mice show no obvious differences in gross
phenotype with respect to wild-type animals when fed on a
standard (high-carbohydrate) diet. Conversely, when fed a
high-fat diet to induce obesity they show markedly reduced
weight gain and reduced body fat stores, and appear pro-
tected from hyperglycemia and hyperinsulinemia. In addi-
tion, they exhibit reduced caloric intake, no changes in
energy expenditure, but increased energy content in feces
(Kolodziejczak et al. 2013). When analysed in detail,
Pept]™~ mice show increased cecal biomass when fed on
both high-carbohydrate and high-fat diets, which suggests
limited capacity in digesting and/or absorbing the dietary
constituents in the small intestine. Yet, metabolite profiling
of the caecal contents shows consistent differences of the
two diets, since high levels and broad assortment of sugars
are present in Pept] ™~ mice fed on the high-carbohydrate
diet whereas animals fed the high-fat diet exhibit high lev-
els of free fatty acids and absence of sugars. Notably, in
Pept]~~ mice fed the high-fat diet, the analysis of intesti-
nal morphology reveals the lack of adaptation of the upper
small intestinal mucosa to the trophic effects of the diet, in
terms of, e.g., increased villus length and increased surface
area (Kolodziejczak et al. 2013). Thus, while exhibiting
minimal effects of body weight gain, PEPT1 deficient mice
seem to have very complex phenotypes when they are chal-
lenged by altered diets. They generally appear less flexible
in adapting to diet changes leading to different phenotypes
on diets rich in carbohydrates, protein or fat.

In rodents, not only protein quantity, but also protein
quality may affect PEPT1 mRNA and protein levels, as
exemplified by the recent paper of Li et al. (2016), who
reported for the first time the impact of casein, soy and
meat proteins (at a recommended intake of 20%) on intes-
tinal PEPT1 expression (and mucosal structure) of young
rats fed for 7 days with casein (control), soy, red (beef and

pork) and white (chicken and fish) meat proteins. Inter-
estingly, possibly due to the fact that different sources of
dietary proteins—e.g. dairy, plant and meat proteins—sig-
nificantly differ in amino-acid composition, the experi-
ments showed that with respect to casein protein diet:
a) PEPT1 mRNA and protein levels in duodenum had
a positive response (increase) to soy protein diet and a
negative response (decrease) to meat protein diets and b)
PEPT1 mRNA and protein levels in jejunum had the same
response (no change) to soy protein and beef protein diet
and a negative response (decrease) to pork, chicken and fish
protein diets (Li et al. 2016; for comparison see also Song
et al. 2016)

Due to the influence of dietary protein on its expression
and function, in the last decade, expectations of PEPTI
have arisen from the livestock and poultry industry. In
fact, dietary protein is costly, and even fractional improve-
ments in its utilisation have the commercial potential to
save money and the ecological potential to reduce nitro-
gen excretion into the environment. In this respect, studies
have started on the regulation of dietary protein on PEPT1
function in farmed species. In poultry, the effect of dif-
ferent dietary protein levels on PEPT1 expression and its
possible association with body growth has been analysed
in chickens fed 12, 18 and 24% crude protein (CP) at food
intake restricted to that consumed by birds fed the 12%
CP diet (Chen et al. 2005). In this feeding setting, greater
levels of CP in the diet could be associated with greater
PEPT1 expression during the first 35 day post-hatch. In
particular, during the time course (0, 1, 3, 5, 7, 10, 14 21,
28, and 35 day post-hatch) chickens fed 12% CP exhibited
a decrease in PEPT1 mRNA abundance throughout the
experiment (down to 0.5-fold at 35 vs. 0 days post-hatch)
in duodenum, jejunum and ileum, whereas chickens fed the
restricted 18 and 24% CP showed an increase (up to 2.0-
fold at 35 vs. 0 day post-hatch) in the three sections of the
small intestine. While PEPT1 mRNA levels were the low-
est in chickens fed the low-protein (12% CP) diet, interme-
diate for chickens fed the medium-protein (18% CP) diet,
and the highest in chickens fed the high-protein (24% CP)
diet, the body weight of the chicken fed the 12% CP diet
was lower (632 g at 35 days) than that of the chicken fed
the 18% CP diet (862 g at 35 days) and this lower than that
of the chicken fed the 24% CP diet (949 g at 35 days). In
another set of experiments, the same authors observed that
in chickens fed the 24% CP diet ad libitum (40% greater
intake), PEPT1 mRNA abundance is much lower than that
of the 18 and 24% CP feed-restricted groups, and close to
that of chickens fed the 12% CP diet; in parallel, the body
weight of the chicken fed the 12% CP diet is lower (504 g
at 35 days) than that of the chicken fed the 18% CP diet
(746 g at 35 days) and this lower than that of the chicken
fed the 24% CP diet (877 g at 35 days), while the body
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weight of the animals fed ad libitum the 24% CP diet is the
highest (1854 g at 35 days) (Chen et al. 2005). All together,
these results suggest that under the above experimental
feeding designs, upregulation of PEPT1 expression is most
probably not due to the increase in CP but instead to the
feed restriction.

In poultry, dietary protein quality, as revealed by the bal-
ance of amino acids required for maximal growth and pro-
tein synthesis and the limiting amino acids present in the
meal (for specific facts in poultry, see Fisher et al. 1959),
also correlates to PEPT1 expression (Gilbert et al. 2008a).
In particular, chickens fed a diet containing a low-quality
protein (corn gluten meal) for the first 2 week post-hatch
show decreased expression of PEPT1 from day 3 to day
7 (down to ~0.6-fold vs. day 3) followed by increased
expression to day 14 (up to ~1.3-fold vs. day 3); however,
in restricted chickens that consumed an equal amount of
the same diet substituted with a greater quality protein
(soybean meal), PEPT1 mRNA levels continuously rise
with age from day 3 to day 7 (up to ~1.5-fold vs. day 3)
and from day 7 to day 14 post-hatch (up to ~1.5-fold vs.
day 3), and chickens are heavier (soybean meal restricted
chicken body weight: 97 g at day 14; corn gluten meal fed
chicken body weight: 66 g at day 14) (Gilbert et al. 2008a).
This finding has been read as while in chickens consum-
ing the soybean meal continuous upregulation of PEPT1
serves as a mechanism to maximise assimilation of amino
acids from a well-balanced mixture, in chickens consuming
the corn gluten meal the effect is more complex due to the
imbalanced diet. Again, in chickens fed the soybean meal
ad libitum (~3-fold greater intake than the other groups),
PEPT1 mRNA levels are systematically lower than that of
the soybean meal restricted animals, and lower-to-equal to
that of chickens fed the corn gluten meal; in parallel, the
body weight of the animals fed the soybean meal ad libi-
tum is much higher (200 g at 14 days) than that of the other
two groups (97 and 66 g at 14 days, respectively) (Gilbert
et al. 2008a).

All together, these observations in mammals and birds
suggest that both abundance and lack of substrates can
affect PEPT1. Upregulation by a high-protein diet may
represent a mechanism to take advantage of the abundant
resources, whereas upregulation in response to a lack
of substrates may represent a compensatory mechanism
to scavenge amino acids in the lumen. The extent of the
response, in terms of change of PEPT1 expression and
activity, also depends on other factors, such as time interval
for a particular dietary manipulation, availability of trans-
ported substrates, amino-acid composition (also in terms
of concentrations of free and peptide-bound amino acids),
and presence of other components in the lumen (i.e., sug-
ars, vitamins, minerals, fats, etc) that can affect/influence/
change digestive and absorptive dynamics. Moreover, the
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extent of the response involving PEPT1 can depend on the
actual animal physiological status. For example, young
growing animals have a relatively high-protein require-
ment, and many results from several species indicate that
young animals select for a higher percent protein com-
pared to older individuals (see Bradford and Gous 1991;
Forbes and Shariatmadari 1994; White et al. 2000; Jean
et al. 2002). In addition, animal lines that are bred for high
muscle growth tend to choose diets higher in protein com-
pared to slower growing lines (see Forbes and Shariatma-
dari 1994). Moreover, chronic administration of growth
hormone increases muscle mass, reduces body fat, and pro-
duces an increased selection for dietary protein (see Rob-
erts et al. 1995; Phositlimpagul et al. 2002). Under all these
(and other) physiological states, no data are virtually avail-
able on the possible role/involvement of PEPT1 and new
studies are required to fully address the role of this trans-
porter in the animal growth dynamics.

In teleost fish, such as in livestock and poultry, interest
on diet formulations and compositions has emerged paral-
lel to the development of aquaculture and aquafeeds and to
the economical implications related to the need of reduc-
ing costs while maintaining an adequate amount of good
quantity/quality protein in fish feeds (for comprehensive
reviews, see Hardy 1996; El-Sayed 1999; Watanabe 2002;
Drew et al. 2007; Gatlin et al. 2007; Glencloss et al. 2007;
Drakeford and Pascoe 2008; Lim et al. 2008, Sales 2009,
and literature cited therein; see also the “Species-specificity
of substrate uptake” paragraph above, and literature cited
therein). Going into the question of diets, feed composition,
ingredients, ingredient substitutions, fish meal replace-
ment, etc is far beyond the aims of this review. Yet, to add
to the evidences from the mammalian and avian models,
an attempt has been made to summarise the data available
from those studies addressed to the identification of possi-
ble relationships among PEPT1, diets and growth in teleost
fish. In this context, as already said, teleost fish represent
excellent models to study the effects of protein administra-
tion on body growth, because of the direct correlation that
exists between dietary protein availability and accretion of
the body (i.e., skeletal muscle) mass, and because of the
acknowledged role of PEPT1 as a major intestinal route to
absorb the bulk of digested protein needed to sustain body
growth (see, e.g., the “PEPT1 and compensatory growth”
paragraph above, and literature cited therein). Studying tel-
eost fish in the ‘vertebrate’ context is even more relevant if
one considers that (a) teleost fish require higher protein lev-
els (up to 50% and more) than mammals and birds; (b) in a
complete meal, i.e. a meal that supplies all the ingredients
(protein, carbohydrates, fats, vitamins and minerals) neces-
sary for optimal fish growth and health, the required pro-
tein levels may be (more than) double than the required fat
and carbohydrate levels (i.e., 18-50% protein vs. 10-25%
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lipid vs. 15-20% carbohydrate); (c) teleost fish, especially
when reared in high densities, require a high-quality, nutri-
tionally complete, balanced diet to grow rapidly and remain
healthy (see National Research Council 2011, and literature
cited therein). In general, protein requirements are lower
for herbivorous and omnivorous than carnivorous fish, and
higher for fish reared in high than low-density aquaculture
systems. In addition, protein requirements are higher for
smaller fish; and as fish grow larger, their protein require-
ments usually decrease. In addition, protein requirements
can vary with rearing environment, water temperature and
water quality, as well as with the genetic background and
feeding rates of the fish. As a general rule, proteins are
used by the fish for their growth if adequate levels of fats
and carbohydrates are present in the diet; if not, proteins
are used for energy and life support rather than growth
(see National Research Council 2011, and literature cited
therein). Thus, in cultured teleost fish, while influencing
growth, body size, body composition, etc, the right choice
of the dietary source may significantly contribute, in a
wider context, to animal welfare (for review, see among
others Conceigdo et al. 2012).

PEPTI and protein degradation products (hydrolysates, di/
tripeptides, amino acids)

In the last decade, an increasing number of researchers,
many involved in teleost fish biology, physiology and nutri-
tion, has been focusing and discussing on the role that pro-
tein degradation products (from protein hydrolysates to oli-
gopeptides to di/tripeptides to free amino acids) instead of
intact protein can potentially have on animal growth; and,
in this context, on the role that the di/tripeptide intestinal
transport via PEPT1 can eventually play in the uptake of
dietary amino acids coming from such protein degrada-
tion products. This attention mainly derived from the
observation that teleost fish can efficiently use dietary di/
tripeptides for development, growth, and metabolism and,
consequently, that balanced peptide-based diets or peptide
rather than amino-acid supplementation could have been
beneficial to solving the nutritional inadequacy problems
of formulated feeds for many cultured fish species (for
reviews, see Dabrowski et al. 2010; Conceicdo et al. 2012;
and literature cited therein). In higher vertebrates, similar
studies are available on both mammalian and bird models,
but they apper more oriented to the evaluation of the effects
that protein hydrolysates, peptides and/or selected amino
acids can have locally on various selected gastrointestinal
function(s) (among many others, see Darcel et al. 2005;
Gilbert et al. 2010; Liou et al. 2011; Nakajima et al. 2012;
Diakogiannaki et al. 2013; Ito et al. 2016) than to the sys-
tematic evaluation of their effects on animal growth (among
many others, see Ouellet et al. 1997; Vente-Spreeuwenberg

et al. 2004; Li et al. 2011b; Chen et al. 2013; Opheim et al.
2016).

With this in mind, in the following paragraphs, we aim
to summarise the state of the art on the experiments that
have been conducted in the last few years to support the
concept of the existence of a direct correlation between di/
tripeptides and teleost fish growth and briefly provide the
findings of the various studies as tables (for details, see
Tables 3, 4, and 5). In these tables, data on protein hydro-
lysates, synthetic di/tripeptides (single or in combination)
and/or synthetic amino-acid supplementations are consid-
ered. Note that while the number of papers published on
di/tripeptides (single or in combination) and fish growth
is very limited, and the results of all the relevant papers
have been listed in Tables 3 and 4, dozens of papers have
been published on the use of protein hydrolysates of vari-
ous origin for better fish growth (among many others, see
Oliva-Teles et al. 1999; Refstie et al. 2004; Hevrgy et al.
2005; Espe et al. 2006; Ostaszewska et al. 2008b; Choti-
kachinda et al. 2013; Smith et al. 2013a; Xu et al. 2016b;
for recent reviews, see Chalamaiah et al. 2012; Jayathila-
kan et al. 2012; Martinez-Alvarez et al. 2015). Notably,
since the early studies on the subject, it was clear that pro-
tein hydrolysates may contain large fractions of free amino
acids, with molecular weight (MW) lower than 200 Da, and
small peptides, i.e. di/tripeptides, with MW between 200
and 500 Da, and larger oligopeptides, with MW between
500 and 2500 Da (among many others, see Zambonino-
Infante et al. 1997; Kotzamanis et al. 2007; Gisbert et al.
2012; Skalli et al. 2014). The results of only a limited num-
ber of papers specifically dealing with the effects of size-
fractionated protein hydrolysates has been listed in Table 5.
For a more extended and detailed analysis of the effects of
protein-, peptide- and free amino-acid-based diets in fish
nutrition, refer to Rgnnestad et al. (2007b) and to Dab-
rowski et al. (2010).

In the first instance, experimental trials involving single
dipeptide-containing diets have been conducted to establish
whether or not a correlation between animal growth and
inclusion of a selected dipeptide in a diet could be estab-
lished. Overall, these studies have been performed feeding
a given teleost fish species, e.g., common carp, Japanese
flounder (Paralichthys olivaceus), rainbow trout, red sea
bream (Pagrus major), yellow perch, at different develop-
mental stages, e.g., larvae, alevins, juveniles, for various
time intervals, e.g., from 4 to 9 weeks, and testing various
synthetic dipeptides, e.g., Lys—Gly, Leu-Gly, carnosine,
Met-Met, Phe-Phe, as single dipeptide included into a for-
mulated diet. Growth has been assessed in terms of changes
in body mass, while PEPT1 expression has in case been
evaluated at the mRNA (and eventually protein) level (for
details see Table 4). In spite of the absolutely large differ-
ences among the studies, some general conclusions can be

@ Springer
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drawn from these experiments, i.e., the supplementation
of amino acids in the form of single synthetic dipeptide
in a formulated diet seems to have beneficial influence on
fish growth, since the dipeptide acts at least at the same
level and often more effectively than its constituent amino
acids supplemented in free form. In addition, both dipep-
tide- and constituent free amino-acid-based diets invari-
ably allow fish to grow better with respect to amino-acid-
deficient diets, i.e., a diet lacking of the constituent amino
acids or a restricted diet, and very often at the same level
as a standard complete commercial diet does (with the
dipeptide-based diet occasionally performing even better
than standard diet). When analysed at the mRNA and/or
protein level, PEPT1 expression is found at least equal and
more often increased in fish fed the dipeptide- with respect
to fish fed the amino-acid-based diet. In addition, fish fed
both dipeptide- and free amino-acid-based diets almost
invariably show higher PEPT1 expression with respect to
fish fed diets devoid of the dipeptide or the amino acids.
In addition, PEPT1 expression is found either increased or
equal in fish fed the dipeptide- or amino-acid-based diets
with respect to fish fed the standard complete commercial
diet (with PEPT1 expression being invariably higher in fish
fed the dipeptide-based diet than fish fed the standard diet).
Also because of the very limited number of experiments,
how much these differences in growth and PEPT1 expres-
sion truly depend on the (form of amino acid) supplementa-
tion or to intrinsic (amino acid) imbalance/deficiency of the
various tested diets is not easy to assess and in this respect
more extended studies are needed.

In the second instance, experimental trials involving
diets containing a mix of dipeptides have been conducted
to establish whether or not a correlation between animal
growth and inclusion of a mix of dipeptides in a given
diet could be established. Overall, these studies have been
performed feeding a given teleost fish species, e.g., silver
bream (Vimba vimba), common carp, rainbow trout, South
American pacu (Piaractus mesopotamicus), at different
developmental stages, e.g., larvae, alevins, juveniles, for
various time intervals, e.g., from 2 to 6 weeks, and testing
various mixes of dipeptides included into a formulated diet.
Growth has generally been assessed in terms of changes in
body mass, while PEPT1 expression has never been evalu-
ated (for details see Table 5). With respect to those testing
a single synthetic dipeptide, these trials involving a mix
of synthetic dipeptides are more homogenous in terms of
experimental design and results obtained are more coher-
ent somehow. In particular, the supplementation of amino
acids in the form of a mix of dipeptides in a formulated
diet appears to positively affect fish growth since a mix
of dipeptides acts on weight gain more effectively than a
mix of free amino acids. Notably, while a diet in which
the mix of dipeptides replaces the intact protein portion

@ Springer

never allows fish to grow as much as a standard complete
diet does, partial (50%) replacement of the protein portion
with the mix of synthetic dipeptides (1:1 ratio) results in
very similar growth rates as a standard complete diet. How-
ever, this diet never matches the performance of a complete
intact protein-based diet and/or live food (Artemia nau-
plii). Unfortunately, these experiments lack of any PEPT1
expression analyses so that no conclusion can be drawn
in terms of possible involvement of PEPT1 in fish growth
under such a type of dipeptide supplementation.

In the third instance, experimental trials involving size-
fractionated protein hydrolysates have been conducted
to establish whether or not a correlation between animal
growth and inclusion of size-fractionated protein hydro-
lysates in a given diet could be established. Overall, these
studies have been performed feeding a teleost fish species,
e.g., Atlantic cod, Japanese flounder, large yellow croaker,
rainbow trout, turbot (Scophthalmus maximus), at differ-
ent developmental stages, e.g., larvae, juveniles, adults, for
various time intervals, e.g., from 4 to 13 weeks, and test-
ing various size-fractionated protein hydrolysates, e.g.,
fractions with MW from lower than 100 to higher than
20,000 Da, included into a formulated diet. Growth has
generally been assessed in terms of changes in body mass,
while PEPT1 expression has occasionally been evaluated
at the mRNA level (for details, see Table 5). With respect
to the experiments conducted with the synthetic dipeptides,
these trials involving size-fractionated protein hydrolysates
are very homogenous in terms of experimental design and
results obtained are highly comparable, revealing that frac-
tions containing small MW compounds included in formu-
lated diets result very important for optimal fish growth,
since they positively affect growth, as well as feed utilisa-
tion, protein retention, gastrointestinal functions, etc. Nota-
bly, overall PEPT1 expression is not significantly affected
by the inclusion of protein hydrolysate fractions. However,
a change of the relative levels of PEPT1 expression along
the gut are observed in the presence of different fractions
(see Bakke et al. 2010), suggesting that PEPT1 may be
variably recruited along the whole intestine, including the
most distal part, in response to changes in the luminal pro-
tein source content.

It is worth underlining that, due to the complexity and
variety of feeding selections, procedures and protocols
and to the implicit lack of general standardisation associ-
ated to feeding a diet—that changes from species to spe-
cies and depending on fish biology, developmental (st)age,
rearing conditions, environmental conditions, etc—it is
intrinsically difficult to compare the results reported in this
research field. In this respect, a systematic meta-analytic
approach, with the aim of providing a quantitative synthe-
sis of the data available from the scientific literature, would
be meaningful, given that new tools are gradually starting
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to be offered to allow evaluation and integration of the
results for given groups of studies, included those manifest-
ing apparently contradictory results (among many others,
see Sales 2009, 2011; Hua and Bureau 2012; Collins et al.
2013; Benstead et al. 2014, and literature cited therein).

The other H"-coupled oligopeptide transporters
in teleost fish

Besides SLC15A1 (PEPT1), four other members of the
SLC15 family have been recognised in higher vertebrates
to date, namely SLCI15A2 (alias PEPT2), SLCI15A3
(alias PHT2), SLC15A4 (alias PHT1), and SLCI15A5,
which differ considerably one another for spatio-temporal
expression, substrate affinity and biological function(s)
(for reviews, see Fredriksson et al. 2008; Hoglund et al.
2011; Sreedharan et al. 2011; Smith et al. 2013b). All but
SLCI15A3 are found in teleost fish genomes. However, at
least to our knowledge, none of them is present in dupli-
cated form in these genomes. In the following paragraphs,
synthetic sketches of these members of the SLC family in
teleost fish will be drawn, in comparison with information
from higher vertebrates.

SLC15A2 (PEPT2)

As for PEPT1, PEPT2 properties have been described in
detail in mammalian systems (see Rubio-Aliaga and Dan-
iel 2002; Daniel and Rubio-Aliaga 2003; Rubio-Aliaga and
Daniel 2008; Kamal et al. 2008; Smith et al. 2013b). With
respect to PEPT1, PEPT2 is a high-affinity/low-capacity
system, with apparent affinity constants of 0.005-0.5 mM
depending on the substrate, and it exerts its function in
both epithelial (where it is naturally located on the apical
membrane) and non-epithelial cells. In mammals, PEPT?2 is
primarily expressed in kidney (epithelial cells of the proxi-
mal tubule S2 and S3 segments), peripheral nervous system
(satellite glial cells), central nervous system (astrocytes,
ependymal and subependymal cells, epithelial cells of the
choroid plexus), lung (type II pneumocytes, tracheal and
bronchial epithelial cells), lactating mammary gland (epi-
thelial cells of the terminal duct and glandules as well as
the main segmental ducts). Expression of PEPT2 mRNA
has also been reported in spleen, colon, and pancreas (for
reviews, see Rubio-Aliaga and Daniel 2002, 2003; Smith
et al. 2013b, and literature cited therein), and more recently
skin (Kudo et al. 2016). Notably, in the gastrointestinal
tract PEPT?2 has been found specifically expressed in glial
cells and tissue-resident macrophages in the neuromuscu-
lar layer of the enteric nervous system (Riihl et al. 2005).
In birds, a single study, at the best of our knowledge, con-
ducted in embryonic and posthatch chicks indicates that

PEPT?2 is expressed in kidney and brain, with much lower
expression in the gastrointestinal tract (proventriculus, duo-
denum, jejunum, ileum, ceca, large intestine), lung, heart,
bursa of Fabricius, and liver (Zwarycz and Wong 2013).

In contrast to mammals and birds, information on
PEPT2 in lower vertebrates, elasmobranchs (Hart et al.
2016) and teleost fish included, is limited. Electrophysi-
ological (TEVC) analysis after cRNA injection in X. lae-
vis oocytes has been performed for zebrafish PEPT2, sug-
gesting that this transporter is a high-affinity/low-capacity
transporter (K, 5 for Gly-GIn of 0.018 mM at —120 mV
and pH 7.5) (Romano et al. 2006). Zebrafish PEPT2 mRNA
is mainly detected in adult brain, kidney, gut, as well as
gill, skeletal muscle and spleen although at low extent.
Interestingly, otic vesicle, the embryonic structure that
develops into the auditory/vestibular organ, homolog to the
higher vertebrate inner ear, specifically expresses PEPT2
(Romano et al. 2006). In the zebrafish, in a recent expres-
sion survey involving 25 among endocrine-, amino acid and
peptide-transporter, and metabolic enzyme-related genes,
PEPT?2 has been monitored in 35 days old fish during fast-
ing period of 16 days (Tian et al. 2015; for further details
see also the “PEPT1 and feed deprivation” and “PEPT1 and
compensatory growth” paragraphs above); in particular,
expression of PEPT2 mRNA extracted from whole fish was
found to decrease (down to ~0.2-fold) after 6 h fasting, to
increase (up to ~2-fold) between 12 h and 8 days after the
start of the fasting procedure, and to decrease again (down
to ~0.5-fold) at the end of the experiment (16 days fasting).
In another cyprinid, i.e. the common carp, low levels of
PEPT2 mRNA expression have also been observed in the
intestine, similar to zebrafish (Ostaszewska et al. 2010a).
In this study, although limited, expression data have been
generated in the presence of different diets, suggesting a
possible effect of a selected dipeptide, i.e. Lys—Gly, on the
intestinal expression of the transporter (Ostaszewska et al.
2010a; see also Table 3). In the Nile tilapia, PEPT2 mRNA
has been detected in the liver, gill, brain, muscle, spleen,
intestine, kidney, and stomach, with highest expression in
intestine, stomach and kidney; in particular, at the intestinal
level, significantly higher expression of PEPT2 mRNA has
been measured in the mid intestine vs. distal intestine, with
minimal expression in the proximal intestine (Huang et al.
2015). In line with the above presented observations, after a
recent expression survey involving 13 among peptide, neu-
tral and cationic amino-acid transporter genes, PEPT2 has
directly been monitored along the intestine of the juvenile
turbot, with observed PEPT2 mRNA levels exponentially
increasing passing from the middle intestine to the distal
intestine to the rectum (where the abundance of PEPT2
transcripts was several hundred-fold higher than that
observed in the stomach, pyloric ceca and proximal intes-
tine; Xu et al. 2016a). It could be argued that like in the
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kidney tubule, where PEPT1 (the low-affinity/high-capac-
ity transporter) and PEPT2 (the high-affinity/low-capacity
transporter) work in concert one downstream of the other
to efficiently reabsorb peptide-bound amino acids from the
tubular fluid (see Smith et al. 2013b), a similar regional
compartimentalisation of peptide transporters may occur in
the intestinal canal of the teleost fish (Bisesi et al. 2015;
Tiziano Verri, unpublished data) to make the complete
absorption of the di/tripeptides of dietary origin effective.
However, at the moment a transepithelial PEPT2-mediated
absorption of dietary protein degradation products at the
intestinal level, although reasonable in theory, is not fully
supported by proper functional data and in the light of the
current knowledge on the cellular (cell-type) distribution of
this transporter along the intestine, and detailed studies are
needed to address this point.

SLC15A4 (PHT1), SLC15A3 (PHT?2), and SLC15A5

SLC15A4 (PHT1), originally cloned from a rat brain
cDNA library (Yamashita et al. 1997) and then from the
human placental trophoblast BeWo cell line (Bhardwaj
et al. 20006), is considered a high-affinity transporter for
histidine (His), with a substrate affinity of 0.017 mM meas-
ured in the X. laevis oocytes expression system using radi-
olabeled substrate, and for His-containing dipeptides such
as carnosine (Yamashita et al. 1997; Bhardwaj et al. 2006).
However, certain molecules, such as valacyclovir (i.e., the
valine substituted amino acid prodrug of acyclovir), have
also been shown to be transported by PHT1 (Bhardwaj
et al. 2006), while others are thought to interact somehow
with the transporter, as reported for a limited number of
di/tripeptides shown to inhibit PHT1-mediated His uptake
(Bhardwaj et al. 2006; Hu et al. 2014). To our knowledge,
no functional data are available from vertebrates other than
mammals, teleost fish included.

Initial tissue expression studies reported that PHT1 is
abundantly expressed in brain, eye, lung, gastrointestinal
tract and placenta (Yamashita et al. 1997; Herrera-Ruiz
et al. 2001; Bhardwaj et al. 2006). In particular, Herrera-
Ruiz et al. (2001) observed PHT1 mRNA in rat stomach,
small intestine, ceca, and colon, and in human heart, kid-
ney, leukocytes, liver, lung, ovary, pancreas, placenta,
prostate, skeletal muscle, small intestine, spleen, testis,
and thymus. Such broad distribution of PHT1 expres-
sion in mammals is very similar to what was observed in
birds (Zwarycz and Wong 2013), where PHT1 is detected
in proventriculus, duodenum, jejunum, ileum, ceca, large
intestine, brain, heart, bursa of Fabricius, lung, kidney,
and liver of embryonic and posthatch chicks, and where its
expression increases in liver, brain, large intestine, and jeju-
num posthatch, suggesting an increase in expression that is
parallel to the maturation of the tissue (Zwarycz and Wong
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2013). In teleost fish, PHT1 expression has been analysed
in the Nile tilapia and found in stomach, intestine (with
proximal intestine > distal intestine > mid intestine), brain,
kidney, gill, liver, spleen and muscle (Huang et al. 2015). In
a preliminary screening, PHT1 has been detected in a wide
range of zebrafish tissues, namely gills, brain, heart, liver,
intestine, muscle, eye, ovary, pancreas and kidney (Barca
2007; Pisani 2012). To date, the notion of a widespread
distribution of PHT1 across organism tissues is overcome
by the observation that PHT1 is predominatly transcribed
in the immune system. In particular, PHT1 is expressed in
several types of immune cells, among which dendritic cells,
activated macrophages and B cells (Sasawatari et al. 2011),
and this supports the observations about the wide range of
tissue distribution in mammals, birds and fish. Such link
to the immune system also explains why PHT1 may play
a fundamental role in certain disorders such as diabetes,
inflammatory bowel disease, systemic lupus erythemato-
sus and colitis as already widely recognised (among many
others, see Takeuchi et al. 2008; Han et al. 2009; Lee et al.
2009; Sasawatari et al. 2011; see also Soga et al. 2014).

To date, PHT1 is acknowledged to operate in the double
physiological role of transporter of histidine and peptides
(a) across the cell membrane and (b) from the endosome/
lysosome to the cytosol (Sasawatari et al. 2011), although
nuclear localisation has been reported in human nasal
epithelial cells (Agu et al. 2011). However, its functional
relevance as endosome/lysosome operating transporter is
steadily emerging. In fact, while the first reports located
PHT1 at the cell surface of intestinal cells, mainly due to
the observation that cells transiently transfected with PHT1
are able to transport His and carnosine (see Bhardwaj et al.
2006), recent data on the functional role(s) of PHTI1 in
nervous and immune systems pathophysiology has brought
attention to the intracellular compartments (see Sasawa-
tari et al. 2011; Hu et al. 2014). There, PHT1 principally
transports substrates from inside the endosome/lysosome
to the cytosol, and in immune cells (plasmacytoid dendritic
cells and B cells), it particularly mediates the transport of
specific substrates, such as some ligands of the Nucleotide-
binding Oligomerization Domain-containing protein 1
(Lee et al. 2009). In this respect, its pH-dependence, with a
higher uptake of substrates observed at acidic than neutral
pH, would help it to function optimally in the course of the
endosomal acidification and lysosomal maturation.

SLC15A3 (PHT2), such as PHT1, has originally been
cloned from a rat brain cDNA library (Sakata et al. 2001),
and when reconstituted in liposomes it has been shown to
mediate the transport of His, carnosine and certain other
dipeptides, such as His-Leu, in a H"-dependent manner
(Sakata et al. 2001). The PHT2 protein is expressed intra-
cellularly, and in particular it is localised at the lysosomal
membrane level (Sakata et al. 2001). In rat, PHT2 mRNA
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is abundantly expressed in lung, spleen and thymus, and
faintly detected in brain, liver, adrenal gland and heart
(Sakata et al. 2001). PHT?2 expression is also found in, e.g.,
human and rodent skeletal muscle (Everaert et al. 2013),
rat thyroid (Romano et al. 2010), bovine and human retina
(Ocheltree et al. 2003), human nasal cells (Agu et al. 2011),
and possibly mouse prostate (Sun et al. 2013a). Notewor-
thy, PHT2 is highly expressed in macrophages, as specifi-
cally observed in macrophages isolated from mouse and
human spleen (Sun et al. 2013b) or generated from blood
monocytes (Moreau et al. 2011), which suggests, in parallel
with the intracellular localisation data, that a possible role
for PHT2 in these cells is to mediate the transport of cel-
lular protein digestion products out from lysosomes. In this
respect it is worth noting that PHT2 upregulation occurs in
macrophages under lipopolysaccharide (LPS) stimulation
(Wang et al. 2014Db).

To our knowledge, no information on PHT?2 is available
from vertebrates other than mammals. This is due, as for
birds, reptiles and amphibians, to the lack of specific litera-
ture or, as for teleost fish, to the absence of the SLC15A3
gene in their genomes as it results from sequence databanks
consulting (see also Huang et al. 2015).

SLC15AS is a gene very recently reported, which is
present in vertebrate genomes (see Fredriksson et al.
2008; Hoglund et al. 2011; Sreedharan et al. 2011). How-
ever, at least to our knowledge, no functional studies have
been published so far involving this transporter. In human,
SLCI5AS expression has been reported in the pituitary,
liver, thymus and spleen (Sreedharan et al. 2011). On the
other hand, in the Nile tilapia SLC15A5 has been detected
in the stomach, intestine (with proximal intestine > mid
intestine), muscle and liver (Huang et al. 2015). Pre-
liminary expression data from our laboratory comparing
human, rodent and zebrafish tissues indicate that SLC15A5
is expressed in human testicle, rat brain and testicle, and
zebrafish ovary, liver, pancreas and gills (Barca 2007,
Pisani 2012). The different tissue distribution observed in
fish with respect to mammals might be suggestive of a dif-
ferent (compensatory) role of SLC15AS in genomes devoid
of SLC15A3. However, further studies are required to
address this point.

Conclusions and perspectives

The systematic use of animal models, the increasing num-
ber of commercial species grown for human consumption
and the new attitude to complement biological information
on humans with data from vertebrate and invertebrate ‘non-
conventional’ organisms make comparative, developmen-
tal integrative, environmental and ecological physiology
trendy disciplines, that will meet translational and systems

biology soon (for a recent review, see Mueller et al. 2015,
and literature cited therein). In this context, due to their
phylogenetic position, teleost fish represent major refer-
ence models and will play a central role.

For peptide transporters, and especially for PEPT1, at
a molecular level of investigation the application of the
comparative approach shows that teleost fish proteins can
exhibit unusual properties with respect to the mamma-
lian counterparts, which calls for an unexpeced functional
plasticity of this class of proteins, suggests new molecular
structure/function paradigms, and helps to understand, e.g.,
how they molecularly adapt to match the nutrient require-
ments of a species, and how they functionally (co)operate
to support ecological diversification (see Karasov et al.
2011; Karasov and Douglas 2013). From a practical per-
spective, the detailed functional analysis of the teleost fish
proteins can also help to define the optimal sets of peptide
(and non-peptide) substrates taken up via PEPTI1, which
can generate a positive impact in teleost fish nutrition and
feed production (see Dabrowski et al. 2010). The informa-
tion from teleost fish models can also help to inform on
how a human transporter works, e.g., the ‘human-to-fish’
analysis of vertebrate sequences can contribute to delineate
the relevance of single conserved residues and their role in
the definition of a molecular phenotype, also in the context
of certain natural variations (single nucleotide polymor-
phisms) that occur in human PEPT1 (see Saito et al. 2002;
Bruzzoni-Giovanelli et al. 2015; Zhang et al. 2004; Anderle
et al. 2006; Zucchelli et al. 2009; for review see Zair et al.
2008). The comparative approach on PEPT1 can also be of
support for producing improved foods for human consump-
tion and/or for designing novel functional foods; this also
considering the relevance that peptide-based diets can have
in clinical applications, such as enteral nutrition (for meta-
analyses and reviews, see Braunschweig et al. 2001; Gram-
lich et al. 2004; Kudsk 2007; de Aguilar-Nascimento et al.
2010).

While revising the literature from mammals to fish, we
have focused in this paper on the functional responses—
mainly in terms of variation of gene expression—of the
SLC15 transporters, with emphasis on PEPT1, in relation to
various physiological conditions. Papers dealing with patho-
physiological conditions have intentionally been excluded,
although variations do occur under infections, surgeries, drug
exposure, etc (see Daniel 2004; Daniel and Kottra 2004; Gil-
bert et al. 2008b; Smith et al. 2013b). At such cellular/tissue
level of investigation, it emerges that, e.g., changes in PEPT1
expression at both mRNA and protein level for most of the
dietary challenges and alimentary conditions tested almost
never exceed 2-3-fold the control, which indicates that
the cellular/tissue response in terms of variation of PEPT1
expression can be rather limited if compared to other struc-
tural-functional changes that occur in the digestive tract,
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at cellular (e.g., changes in the height of microvilli), tissue
(e.g., changes in the number of enterocytes), organ (e.g.,
changes in the number of villi), etc level of organisation. At
the same time, the role of PEPT1 can acquire stronger mean-
ing if its activity is seen as part of a highly concerted action
that includes all the membrane players (transporters, recep-
tors, etc) specifically expressed by the intestinal epithelium.
In this respect, comprehensive, systematic analyses of the
whole membrane transport protein network (the so-called
‘transportome’) expressed along the digestive tract have been
performed, leading to the detection/localisation of a large
number of SLC genes along the rostrocaudal axis of the
digestive tract in many vertebrates (among many others, see
Terada et al. 2005; Hilgendorf et al. 2007; Kim et al. 2007;
Meier et al. 2007; Wang et al. 2010; Cedernaes et al. 2011;
Haller et al. 2012; Drozdzik et al. 2014; Teerapornpuntakit
et al. 2014; Pérez-Torras et al. 2016). In this context, PEPT1
emerges as a highly specific marker of gut function since it
is invariably expressed in those districts of the digestive tract
where absorption of the bulk of protein degradation products
occurs first.

At a more integrative level of investigation, one of the
questions raised in this review is whether or not in teleost fish
intestinal peptide transport and transporters—since PEPT1 is
the major route for the absorption of protein degradation prod-
ucts after a meal—play any roles in and/or somehow function-
ally contribute to salt, water and/or acid—base homeostastic
processes and vice versa. The picture that emerges is fragmen-
tary for what regards the recognised functional interactions
between di/tripeptides, on one side, and ion and water absorp-
tive processes, on the other, but it indicates that functional
links exist and that they can be more or less robust depend-
ing on teleost species and/or specific morpho-functional back-
ground considered (gastric vs. agastric condition, seawater
vs. freshwater environment, carnivorous vs. herbivorous vs.
omnivorous alimentary habit, etc). A better understanding of
the intestinal processes of nutrient, ion and water absorption
and their integration within the frame of the organism dynam-
ics will help clarify the fate of an ingested meal in a teleost fish
and to elucidate the physiological events that occur afterwards.

Another question at the integrative level of investiga-
tion raised in the review regards the option that a link
exists between absorption of dietary protein degradation
products via PEPT1 and animal growth, and that animal
growth can somehow be influenced by dietary components
transported by PEPT1. In this context, a large number of
papers amongst those reviewed pointed to farmed animals,
from livestock and poultry to cultured fish. In such stud-
ies, biometric analyses (weight, length, BMI, condition
factor, etc) are carefully conducted on large numbers of
individuals, often in conjunction with molecular, biochemi-
cal and/or physiological analyses aimed at establishing
(a) correlation(s) to any growth indexes. The studies on
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farmed animals well integrate the results from more con-
ventional models, such as mice, C. elegans, etc—knockout
and transgenic organisms included—that are typically used
to investigate the mechanisms of animal growth response
(see Meissner et al. 2004; Spanier et al. 2009; Benner et al.
2011; Kolodziejczak et al. 2013). All of them suggest a
link between PEPT1 and animal growth. Many of the stud-
ies on farmed animals have typically been conducted on
individuals during phases of ‘linear growth’, a typical trait
of indeterminate growers, such as telost fish, but also an
underestimated trait of determinate growers, such as higher
vertebrates, humans included. In a perspective, it would
be worth focusing on PEPT1 and the ‘linear growth’ trait
during specific phases of human lifespan, such as the first
year of life and the teenage years, when linear increases of
growth seem to occur (among many others, see Adair et al.
2013; Kiipers et al. 2015; de Beer et al. 2015; Aradjo de
Francga et al. 2016).

While in teleost fish the research on PEPT1 transport-
ers is rather well established to date, it has to be noted that
the studies regarding the other members of the SLC15 fam-
ily in these organisms are still at their infancy, although the
few results available for PEPT2 (see Romano et al. 20006),
PHT1 and PHT2 (see Huang et al. 2015) highly substan-
tiate the notion that teleost fish models can be of support
and/or inspiration for developing original concepts in epi-
thelial (e.g., intestinal, renal, hearing) and non-epithelial
(e.g.,muscular, nervous, immune system) physiology.

In conclusion, we have reviewed the vast majority of the
literature on SLC15 family members in teleost fish mod-
els, with major emphasis on PEPT1, one of the most stud-
ied nutrients transport systems in teleost fish. We have also
underlined the contribution of such studies to the physiol-
ogy of the di/tripeptide transport across membranes and
compared them to the more structured studies performed in
higher vertebrates. Novel and original hints (e.g., perform-
ing comparative -omics analyses across vertebrates, deep-
ening the human phenotype by exploiting new evo-devo
conceptual schemes, developing preclinical models of dis-
ease, etc) on this research can come from such a compara-
tive approach.
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