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Abstract 

Essential physiological functions including metabolism, protein synthesis, and cell growth 

depend on the constant dietary supply of nitrogen in the form of protein. Dietary protein has 

to be hydrolyzed into free amino acids and di- and tripeptides before being absorbed in the 

intestine. Contrary to a multitude of different transport proteins for amino acids, intestinal 

mucosa only expresses a single transporter for the uptake of these oligopeptides: peptide 

transporter 1 (PEPT1, SLC15A1). Besides oligopeptide transport, PEPT1 facilitates the 

uptake of structurally similar drugs, and thus determines the oral bioavailability of 

peptidomimetics like β-lactam antibiotics, antivirals, and angiotensin-converting-enzyme 

(ACE) inhibitors. Numerous studies of intestinal peptide transport in the past 50 years, and 

particularly since PEPT1’s discovery in 1994, have elicited many facets of peptide 

absorption, including PEPT1’s structure, function, and control of expression. However, its 

contribution to intestinal amino acid availability from dietary protein remains unclear. 

The aim of this dissertation was to establish an LC–MS/MS-based method for the 

quantification of di- and tripeptides and to study the oligopeptides’ fate in different intestinal 

models, helping define the physiological role of PEPT1. 

In a human study, we employed our method for peptide quantification to a panel of peptides 

representative for the 400 possible dipeptides from the 20 proteinogenic amino acids in order 

to determine postprandial peptide concentrations in circulation after the consumption of 

different quantities of chicken breast. When analyzing the kinetics of postprandial 

oligopeptide plasma levels, dose- and time-dependent increases were observed for a wide 

range of dipeptides of different charge, size, and polarity. These peptides’ appearance did 

however not correlate with their affinity to PEPT1 as determined in in vitro studies, so their 

intrinsic resistance to hydrolysis can be assumed to be of great importance in this context. 

In Caco-2 transwell cell culture, in in vitro and in vivo mouse studies with PEPT1 deficient 

animals, as well as in in vitro hydrolysis studies with human intestinal samples, we 

simultaneously assessed the panel peptides’ rates of hydrolysis as well as their transport via 
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PEPT1. We observed strict structure dependent susceptibilities to hydrolysis at the brush 

border membrane and within enterocytes that varied greatly amongst the panel peptides, yet 

that were very similar across all tested models: a lower polarity of an oligopeptide’s N-

terminal residue is usually associated with hydrolysis predominating transport via PEPT1, 

while peptides that are distinctly stable against hydrolysis depend on PEPT1 for absorption. 

In summary, the present studies were the first in using an LC-MS/MS method for the 

systematic quantification of dipeptides in biological samples that described the dose-

dependent postprandial appearance of peptides in plasma after the consumption of a 

common source of dietary protein in humans. In addition, this newly developed quantification 

method enabled us to simultaneously study transport and hydrolysis of the panel peptides in 

different intestinal models. We discovered almost identical effects in all our models regarding 

individual peptides as well as the peptide panel, showing that Caco-2 cells and mouse 

intestines are valid models for human intestinal peptide transport and hydrolysis. 
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Zusammenfassung 

Wesentliche physiologische Funktionen wie Stoffwechsel, Proteinsynthese und 

Zellwachstum sind auf eine kontinuierliche Zufuhr von Stickstoff in der Nahrung in Form von 

Protein angewiesen. Mit der Nahrung aufgenommene Proteine müssen vor ihrer Absorption 

im Darm in freie Aminosäuren und Di- und Tripeptide hydrolysiert werden. Im Gegensatz zur 

Vielzahl unterschiedlicher Transportproteine für Aminosäuren exprimiert die Darmmukosa 

nur einen einzigen Transporter für die Aufnahme dieser Oligopeptide, nämlich 

Peptidtransporter 1 (PEPT1, SLC15A1). Neben dem Transport von Di- und Tripeptiden ist 

PEPT1 ebenfalls für die Aufnahme strukturell ähnlicher Medikamente verantwortlich und 

bestimmt so die orale Bioverfügbarkeit von Peptidomimetika wie β-Lactam-Antibiotika, 

Virostatika und Angiotensin-Converting-Enzym (ACE)-Hemmern. Zahlreiche Studien zum 

intestinalen Peptidtransport der letzten 50 Jahre, insbesondere seit der Entdeckung von 

PEPT1 im Jahr 1994, konnten viele Aspekte der Peptidabsorption aufklären, einschließlich 

der Struktur, Funktion und Expressionskontrolle von PEPT1. Der Beitrag von PEPT1 

hinsichtlich der intestinalen Aufnahme von Aminosäuren aus Nahrungsprotein ist jedoch 

weiterhin ungeklärt. 

Das Ziel der vorliegenden Arbeit bestand darin, eine LC-MS/MS-basierte Methode zur 

Quantifizierung von Di- und Tripeptiden zu etablieren und damit das Schicksal von 

Oligopeptiden in verschiedenen Darmmodellen zu untersuchen, um so zur Aufklärung der 

physiologischen Rolle von PEPT1 beizutragen. 

In einer Humanstudie setzten wir diese Methode zur Quantifizierung eines Peptidpanels ein, 

das für die 400 möglichen Dipeptide aus den 20 proteinogenen Aminosäuren repräsentativ 

war, um postprandiale Peptidplasmakonzentrationen nach dem Verzehr unterschiedlicher 

Mengen von Hähnchenbrust zu bestimmen. Bei der Analyse der Kinetik dieser 

postprandialen Oligopeptid-Plasmaspiegel konnten wir dosis- und zeitabhängige Anstiege für 

eine Vielzahl von Dipeptiden unterschiedlicher Ladung, Größe und Polarität beobachten. Das 

Erscheinen dieser Peptide im Plasma korrelierte jedoch nicht mit ihrer in in vitro-Studien 
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ermittelten Affinität zu PEPT1, so dass ihre intrinsische Hydrolyseresistenz in diesem 

Zusammenhang mitentscheidend sein dürfte. 

In Caco-2-Transwell-Zellkulturen, in in vitro- und in vivo-Mausstudien mit PEPT1-defizienten 

Tieren sowie in in vitro-Hydrolysestudien mit menschlichem Darmgewebe untersuchten wir 

darüber hinaus gleichzeitig die Hydrolyseraten der Panel-Peptide sowie ihren Transport 

durch PEPT1. Wir beobachteten streng strukturabhängige Hydrolyseraten an der 

Bürstensaummembran und innerhalb von Enterozyten, die stark zwischen einzelnen Panel-

Peptiden variierten, die sich jedoch insgesamt in allen getesteten Modellen sehr stark 

ähnelten: eine geringe Polarität des N-Terminus eines Oligopeptids ist in der Regel mit einer 

den PEPT1-Transport überwiegenden Hydrolyse verbunden, während Peptide, die 

ausgesprochen hydrolysestabil sind, auf die Absorption durch PEPT1 angewiesen sind. 

Zusammenfassend waren die vorliegenden Studien die ersten, in denen mittels einer LC-

MS/MS-Methode für die systematische Quantifizierung von Dipeptiden in biologischen 

Proben das dosisabhängige postprandiale Erscheinen von Peptiden im Plasma nach dem 

Verzehr einer gängigen Nahrungsproteinquelle im Menschen beschrieben wurde. Darüber 

hinaus ermöglichte uns diese neu etablierte Quantifizierungsmethode, simultan Transport 

und Hydrolyse eines Peptidpanels in verschiedenen Darmmodellen zu analysieren. In allen 

untersuchten Modellen konnten wir nahezu identische Effekte in Bezug auf einzelne Peptide 

sowie für das gesamte Peptidpanel beschreiben. Dies legt nahe, dass Caco-2-Zellen und 

Mausdarm valide Modelle für die Transportaktivität und die Hydrolyse von Peptiden im 

menschlichen Darm darstellen. 
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1 Introduction 

1.1 Protein in human nutrition 

Protein serves as the main dietary source of nitrogen and essential amino acids, which 

human metabolism cannot synthesize. In large parts of the developing world, adequate 

protein intake, or a lack thereof, still is a significant problem, while our average protein intake 

in Germany is well above daily requirements. Nevertheless, dietary protein plays an 

important role in everyday life in Western societies: Specific diets like Paleolithic, vegetarian, 

or vegan diets that feature increased or decreased amounts of dietary protein, respectively, 

become more and more popular, while protein malnutrition is not uncommon amongst elderly 

individuals. The role of dietary protein in human nutrition in the past and present, the 

consequences of protein deficiency and oversupply, its digestion and the absorption of its 

breakdown products, and diseases associated with impaired protein digestion and absorption 

will be detailed below. 

1.1.1 Protein in human evolution 

3 to 2.5 million years ago, our ancestors lived in a tropical forest environment, relying on a 

plant-based diet consisting of fruits, plants, and seeds [1]. Brain size of these early hominids, 

corrected for body size, was only slightly bigger than in living primates [2]. The current 

human brain is distinctly larger than that of other primates however, consuming 20% of our 

body’s total energy while representing only 2% of a person's total body weight [3]. Hominins 

had to expend a lot of energy on the digestion of raw plant-derived foods. Due to the higher 

effort to derive limited calories from these foods, their gut was longer and slower than it is in 

current humans. With a high amount of energy spent on digestion, our ancestors’ brains 

remained relatively small.  

A worldwide climate shift approx. 2.8 million years ago led to a rise in temperature and a 

decrease in humidity [4]. This climate change, reducing the availability of their usual plant-
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based foods in a now more arid and seasonal environment, is believed to have required our 

ancestors to include higher amounts of protein-richer animal-based foods into their diet as 

additional sources of energy. The start of the consumption of flesh between 2.6 and 2 million 

years ago is believed to be the trigger of a first period of encephalization, which correlates 

with the appearance of the genus Homo [2]. Prey was killed or scavenged from other 

predators and then processed with simple Lower Paleolithic stone tools available to our 

ancestors. Slicing, pounding, and flaking reduced the caloric expenditure required for 

chewing and digesting foods while at the same time providing a nutrition much richer in 

energy [5]. A second phase of encephalization marks the appearance of H. sapiens approx. 

500.000 years ago, when human brain size evolved to its current level [2]. In this period, 

humans began cooking meat, which enabled an even faster and more efficient digestion, 

increasing the food’s energy yield even further. 

The changed diet including processed animal protein, being a source of energy with a higher 

quality and energy density than forage foods, reduced our ancestors’ need for a long 

digestive tract designed for processing mainly plant matter. As a consequence, 

encephalization was associated with a compensatory reduction in mass of the human gut. 

Being a highly metabolically active organ as well, this freed up further energy available for 

brain development [2]. Regardless of which evolutionary factors were selecting for an 

increase in human brain size, encephalization could not be achieved to this extent without 

the adoption of a high-quality, protein-rich diet, which was achieved by an increased 

consumption of animal food [2]. 

1.1.2 Contemporary protein consumption 

An approximation of the macronutrient composition of the hominin diet is difficult, but isotope 

analysis of Paleolithic skeletons suggests that the diet at that time was high in animal protein 

[6, 7]. Similarly, analysis of stomach contents of a Chalcolithic mummy revealed high 
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proportions of animal fat and protein in its diet [8]. Forms of nutrition similar to these early 

hominin diets can still be found in contemporary pre-agricultural societies: Data on nutrition 

collected from more than 200 hunter-gatherer populations worldwide show that their diet to 

date consists, to a large extent, of animal protein in the form of game and fish and 

uncultivated plant foods like roots, tubers, vegetables, berries, fruits, and nuts [9]. Analyses 

reveal an average macronutrient distribution of elevated protein (19–35% of energy) and fat 

(28-58% of energy) and reduced carbohydrate (22-40% of energy) [10, 11] when compared 

to the current dietary guidelines recommending 30% of energy fat and >50% of energy 

carbohydrates [12]. Over the course of 2 million years, human metabolism could genetically 

adapt to Paleolithic diet. After remaining fairly stable for this long period, starting with the 

agricultural revolution 10,000 years ago and particularly since the industrial revolution in the 

mid-18th century, nutrition changed drastically from the previous Paleolithic diet to the now 

common Western diet in many countries, a timespan that is acknowledged to not having 

been sufficient for our metabolism to adapt to the challenges of Western diet as well as the 

changes in lifestyle. For this reason, we are still genetically adapted to our ancestors’ diet 

and lifestyle as hunters and gatherers [13, 14]. In contrast to Paleolithic diet, Western diet, 

characterized by overeating, frequent snacking, and the consumption of sucrose-containing 

soft drinks, features a large fraction of high-glycemic and high-fat foods like cereal grains, 

refined sugars and vegetable oils, domestic meats, milk and dairy products, cultivated 

legumes and plant food, and alcoholic beverages [15]. Together with a sedentary lifestyle 

and overall low physical activity, a Western style diet is associated with many chronic 

degenerative diseases in Western countries [16]. Particularly obesity, whose prevalence has 

doubled in more than 70 countries since 1980 [17] and, according to the World Health 

Organization (WHO), nearly tripled worldwide since 1975, results in 1.9 billion overweight 

adults, of which more than 650 million are obese. 
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As for the macronutrient composition of Western diet, for instance in Germany and in the US, 

based on data collected in the second National Nutrition Survey and the National Health and 

Nutrition Examination Survey from 2009–2014, the median carbohydrate intake is below 

recommendations, with a majority of the population not reaching the recommendations of 

>50% of energy from carbohydrates. Median fat uptake on the other hand exceeds 

recommendations, while the median protein uptake exceeds recommendations as well. At 

the same time, total energy intake of a large part of the population exceeds 

recommendations as well [12, 18, 19]. 

1.1.3 Recommended dietary allowance of protein 

Protein, regardless if plant-based or animal-based, is vital to human nutrition as an important 

source of nitrogen and essential amino acids. The recommended dietary allowance of protein 

for healthy adults from sources like the WHO and DACH, based on nitrogen balance studies 

revealing an average requirement of 0.6 g/kg of body weight per day, is 0.8 g/kg of body 

weight per day, which corresponds to 60 grams per day for an average sedentary man with 

75 kg body weight and roughly 50 grams per day for an average sedentary woman of 60 kg. 

Of course, individual requirements vary depending on many factors, including age, sex, 

activity level, and overall health. For instance, athletes may require protein of 1.4 to 2 g/kg of 

body weight per day [20], and during pregnancy, due to the deposition of body tissues, 

protein requirements are increased by an additional 7 g per day during the second and 21 g 

per day during the third trimester, resulting in a recommended dietary allowance of 0.9 and 

1.0 g/kg/d, respectively [12]. During lactation, the DACH recommends women increase their 

daily protein intake by 23 g, i.e., increase their daily protein intake to 1.2 g/kg. The estimates 

for infants decrease from 2.5 g/kg/d after birth to 1.4 g/kg/d until the age of 4 months. 

Afterwards, the amount decreases further to 1.3 g/kg/d until the age of 12 months, to 1.0 

g/kg/d until the age of 4 years, and slowly reach the 0.8 g/kg/d in adulthood as stated above. 
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Eventually, in adults aged 65 years and older, recommendations for protein intake are 

increased again to 1.0 g/kg/d to prevent sarcopenia and osteopenia [21, 22].  

Protein deficiency 

Diet continuously failing to meet protein requirements will eventually lead to malnutrition. 

Initially, the body will react by covering its nitrogen requirements by breakdown of skeletal 

muscle protein, which may not elicit any clinical symptoms at early stages [23]. In the longer 

term, the lack of dietary protein cannot be compensated by the breakdown of endogenous 

protein, resulting in a loss of muscle function, metabolic disorders, and impaired organ 

function [24]. Also, protein malnutrition is often accompanied by an impairment of the 

immune system, causing malnutrition to be associated with infectious comorbidities like 

malaria or diarrhea [25]. While primary forms of protein malnutrition are based on a reduced 

dietary protein intake, secondary forms may occur as a complication from cancer, chronic 

renal disease, inflammatory bowel disease, cystic fibrosis, etc. [26]. The blanket term protein-

energy malnutrition (PEM) comprises different stages of malnutrition, including the severe 

forms kwashiorkor, marasmus, and mixed forms thereof. Kwashiorkor refers to a relative 

protein deficiency in the diet, i.e., a qualitatively inadequate protein supply, while marasmus 

refers to a general deficiency of energy. Kwashiorkor is characterized by oedema, believed 

to be caused mainly by hypoalbuminemia, and fatty liver [27], while the main symptom of 

marasmus is severe wasting in the absence of oedema [28]. Protein malnutrition nowadays 

is mostly found in children in developing countries, with more than 20% of all children 

worldwide being affected in 2001, and malnutrition being associated with more than half of 

child deaths in developing countries, amounting to the deaths of 6 million children each year 

[29, 30]. Adult malnutrition can also be frequently found in the developing world: For 

instance, up to 50% of all women of child-bearing age in Africa and south Asia are 

underweight [31]. In industrialized countries, PEM is mainly found in home-dwelling and 

hospitalized elderly. While total energy requirements of elderly are reduced associated with a 
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reduced basal metabolic rate, their protein requirements are equal to those of younger 

adults. Due to age-related physiological changes (e.g., reduced appetite, sense of taste, and 

sense of smell), psychological changes (e.g., cognitive impairment), and social changes 

(e.g., isolation), elderly often fail to meet their dietary protein needs [32]. In this population 

group, malnutrition is associated with increased morbidity, mortality, and an increased risk of 

complications in case of hospitalization [33], making PEM in elderly an important health 

concern, especially in the light of ageing Western populations, with PEM prevalence rates 

ranging between 2.5% and 16.5% in European community-dwelling adults [34]. 

Protein oversupply 

Contrary to protein deficiency, an oversupply of dietary protein in the form of high-protein 

diets, i.e., diets with a protein content of more than 20% of energy, does not appear to have 

any serious adverse effects in humans. Due to a lack of data, there are no tolerable upper 

intake levels for protein available in humans. According to the National Academy of 

Medicine, dietary protein of up to 35% of energy of the diet may be acceptable, while this 

upper limit cannot be supported by data regarding its long-term safety [35]. High-protein 

intake is known to increase glomerular filtration rate (GFR) leading to renal hyperfiltration 

[36], yet even long-term high-protein diets have not been demonstrated to impair kidney 

function in healthy individuals [37, 38]. However, in individuals with impaired renal function, 

e.g., due to chronic kidney disease, increased amounts of dietary protein may accelerate the 

deterioration of renal function [39]. While an association of the consumption of high amounts 

of protein in general with health risks in healthy individuals has not been shown, specific 

sources of protein, like red and processed meat, may have adverse effects, e.g., by 

increasing the risk for cancer compared to other protein sources like plant protein [40]. In 

pregnant women, many studies have shown that high-protein diets do have adverse effects, 

leading to increased risk for increased blood pressure and overweight in offspring [41-43]. 

Increased protein levels in infant diet are also associated with an increased risk for 
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overweight in later life [44]. On the contrary, while not displaying any adverse effects in 

healthy individuals, literature describes even positive effects of increased protein 

consumption, with numerous studies demonstrating positive effects in various metabolic 

disorders like obesity, dyslipidemia, and hypertension [10, 15, 45-48]. 

1.2 Gastrointestinal protein digestion 

Dietary protein is digested by a wide variety of proteases and peptidases upon oral intake, 

before its degradation end products - amino acids, di-, and tripeptides - can be absorbed and 

enter circulation (Figure 1). This range of hydrolytic enzymes includes gastric 

endopeptidases as well as pancreatic endopeptidases and exopeptidases. As this cascade 

of peptidases is not sufficient for completely breaking down dietary protein into free amino 

acids and absorbable di- and tripeptides, luminal protein digestion is completed by small 

intestinal brush border membrane peptidases. Once dietary protein is digested to the level of 

free amino acids and di- and tripeptides, it can be absorbed via intestinal amino acid 

transporters and PEPT1 (SLC15A1) located in the apical membrane of enterocytes. Part of 

the absorbed oligopeptides will be exported basolaterally into circulation via a so far 

unidentified basolateral peptide transporter [49]. The other part will be the target of cytosolic 

peptidases with different mechanisms and amino acid specificities. 
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Figure 1: Intestinal fate of dietary protein. 

Dietary protein is digested by pepsin, pancreatic proteases, and small intestinal brush border 

peptidases into free amino acids (aa) and di- and tripeptides (1). Free amino acids are transported 

across the apical plasma membrane of enterocytes by amino acid transporters (2). Di- and tripeptides 

cross the enterocytes’ apical membrane via Peptide Transporter 1 (PEPT1) (3). In the enterocytes’ 

cytosol, the absorbed di- and tripeptides are partially hydrolysed into free amino acids by cytosolic 

peptidases (4). The free amino acids absorbed from the intestinal lumen and generated during the 

intracellular hydrolysis of di- and tripeptides, as well as the di- and tripeptides that escaped 

intracellular hydrolysis, are exported across the basolateral plasma membrane into circulation by 

amino acid transporters and a so far unidentified peptide transporter (5). 

1.2.1 Gastric protein digestion 

Dietary protein digestion is initiated in the stomach. Upon stimulation by gastrin and 

acetylcholine, gastric chief cells release pepsinogens. These zymogens are inactive 

precursors of gastric peptidases. By secreting the peptidases in their inactive form, chief cells 

prevent proteolytic damages to the gastric mucosa. Parietal cells, another type of cells found 
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in gastric mucosa, release hydrochloric acid into the gastric lumen via a hydrogen potassium 

ATPase (H+/K+ ATPase). In combination with gastric peptidases and lipase, a high gastric 

acidity inactivates ingested microorganisms, including bacteria and viruses, as well as prions 

[50]. In addition, the acidic environment denatures dietary protein, thus making it more easily 

digestible, and activates the zymogens produced by the chief cells [51]. When both 

pepsinogen and hydrochloric acid are present in the gastric juice, pepsin is activated at a low 

pH of 1.5 to 2. Notably, the term “pepsin” does not refer to a single enzyme but to a group of 

proteolytic enzymes. These aspartate proteases are endopeptidases with a pH optimum of 1-

4, which assume their inactive form at pH above 4. The major pepsins secreted in the human 

stomach are pepsin A (EC 3.4.23.1, 70%) and pepsin C (EC 3.4.23.3, 20%), also referred to 

as gastricin [52]. Pepsins preferentially hydrolyse peptide bonds with aromatic amino acids, 

e.g., tyrosine and phenylalanine, at positions P1, defined as the residue N-terminal to the 

peptide bond [53], and P1’, the C-terminal residue of the peptide bond (Figure 2), but also 

peptide bonds including acidic amino acids and leucine [54]. 

 

Figure 2: The Schechter and Berger notation for protease cleavage sites. 

When the central peptide bond in this tetrapeptide is targeted by a peptidase, the N-terminal amino 

acid residue forming the peptide bond is considered in P1 position, while the C-terminal amino acid 

residue with which it forms the peptide bond is considered in P1’ position. Accordingly, the amino acid 

residues that are located one position farther towards the peptides N-terminus and C-terminus are 

referred to as in P2 and P2’ position, respectively. 

1.2.2 Small intestinal protein digestion 
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Once dietary protein in the chyme leaves the stomach through the pylorus to the duodenum, 

small intestinal protein digestion completes the breakdown of dietary protein required for the 

absorption of di- and tripeptides and free amino acids. The major contributors at this point 

are pancreatic proteases and small intestinal brush border membrane peptidases. 

Pancreatic proteases 

The bulk of dietary protein digestion is accomplished by pancreatic proteases. A variety of 

these enzymes is synthesized in the acinar cells of the exocrine pancreas and released into 

the lumen of the duodenum via the ductus pancreaticus upon stimulation by cholecystokinin. 

Like gastric pepsins, all pancreatic proteases are released in the form of zymogens, 

protecting the tissue from damage due to inappropriate intrapancreatic activation of the 

enzymes. These zymogens are only activated once they reach the small intestinal lumen by 

an activation cascade: When trypsinogen reaches the duodenal lumen, a proteolytic enzyme 

expressed in the brush border membrane of enterocytes and goblet cells located in the 

mucosa of duodenum and proximal jejunum [55], namely enteropeptidase (see below), 

converts trypsinogen to the key protease trypsin. Once trypsin is formed, it activates 

additional molecules of trypsinogen, as well as the other pancreatic zymogens. Besides 

trypsin, the range of pancreatic hydrolytic enzymes includes endopeptidases and 

exopeptidases with different enzymatic mechanisms and different specificities. 

Trypsin (EC 3.4.21.4), an endopeptidase and serine protease of which three isoforms, 

PRSS1, PRSS2, and PRSS3, are expressed, is most active in the pH range between 7 and 

9. These trypsins preferentially hydrolyze peptide bonds with lysine or arginine at position P1 

[56]. Like trypsin, chymotrypsin (EC 3.4.21.1) is also an endopeptidase and serine protease, 

expressed in isoforms (CTRB1 and CTRB2), and excreted by the pancreas as 

chymotrypsinogens. Unlike trypsins, chymotrypsins preferentially cleave peptide bonds with 

large hydrophobic amino acids at the P1 position, i.e., tyrosine, tryptophan, and 
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phenylalanine [57], but they also hydrolyze peptide bonds with other amino acids at slower 

rates, particularly those containing leucine and methionine at the P1 position. 

Pancreatic elastases, also referred to as chymotrypsin-like elastases (CELA), form another 

group of pancreatic serine proteases. Like the other pancreatic proteases, elastases are 

excreted as zymogens, referred to as proelastases, and are activated in the lumen of the 

duodenum by trypsin. CELA1 (EC 3.4.21.36) has been shown not to be expressed by human 

acinar cells [58]. However, two isoforms of CELA3 (EC 3.4.21.70) are expressed at similar 

mRNA and protein levels in human pancreas [59]. The specificities of human CELA3A and 

CELA3B are rather broad, with a preference for aliphatic amino-acid side chains, like 

branched-chain amino acids leucine, isoleucine, valine, and also alanine, at the P1 position 

[60, 61]. 

In addition to these serine proteases, the pancreatic juice also contains metalloproteases. 

These pancreatic exopeptidases comprise carboxypeptidase A (EC 3.4.17.1) and 

carboxypeptidase B (EC 3.4.17.2). Both enzymes are zinc metalloproteases that are 

activated by trypsin from procarboxypeptidase A and B, respectively, and both enzymes 

hydrolyze peptide bonds at the carboxy-terminal end of dietary protein. While 

carboxypeptidase A preferentially releases C-terminal amino acid residues with aromatic or 

branched aliphatic side-chains, e.g., phenylalanine, tyrosine, tryptophan, leucine, and 

isoleucine, with only low affinity towards aspartate, glutamate, arginine, lysine, and proline 

[62, 63], carboxypeptidase B features a preferential release of C-terminal basic amino acids, 

i.e., arginine and lysine [64]. 

All these peptidases have in common that they display a reduced activity towards peptide 

bonds with proline at the P1’ site [65]. 
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Brush border membrane peptidases 

Up to this point, pepsin and the pancreatic endopeptidases have broken down dietary protein 

to smaller-sized oligopeptides, while the pancreatic carboxypeptidases have released 

absorbable free amino acids. More than two thirds of the amino acids in jejunal and ileal 

chyme are however still bound in peptides, while less than one third exists as free amino 

acids [66]. So, as a final step of protein digestion prior to intestinal absorption, the 

oligopeptides left after gastric and pancreatic proteolysis need to undergo further hydrolysis 

by peptidases located on the apical surface of small intestinal enterocytes, the brush border 

membrane. Due to the high share of peptides containing proline, particularly with proline in 

C-terminal position, brought about by the specificities of gastric and pancreatic proteases, 

different specificities compared to those hydrolases is required. This completion of protein 

digestion is accomplished by brush border membrane peptidases, comprising numerous 

hydrolases with different mechanisms and specificities, including aminopeptidases, 

carboxypeptidases, endopeptidases, and dipeptidases (Table 1) [67]. Notably, these 

peptidases are not expressed evenly throughout the entire small intestine: protein expression 

and activity of aminopeptidases and dipeptidyl peptidase IV in humans have been shown to 

increase along the length of the small intestine, reaching the highest levels in distal jejunum 

and ileum [68, 69], while the expression of enteropeptidase, the endopeptidase responsible 

for activating trypsin and thus the pancreatic protease cascade, is most abundant in the 

duodenum [70], where the zymogens in pancreatic juice enter the small intestinal lumen, i.e. 

where enteropeptidase activity is required the most. 

Aminopeptidases 

The most abundant type of peptidases expressed in the small intestinal brush border 

membrane are aminopeptidases, a group of exopeptidases that is not present in the 

pancreatic juice [71]. These peptidases play an important role in the degradation of dietary 
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peptides by stepwise release of N-terminal amino acids, which can be absorbed via intestinal 

amino acid transporters. They include, amongst others, aminopeptidase N, aminopeptidase 

A, aminopeptidase P, dipeptidylpeptidase IV, and gamma-glutamyl transferase.  

One of the most abundant brush border aminopeptidases is aminopeptidase N (APN, EC 

3.4.11.2), also referred to as membrane alanyl aminopeptidase. This zinc metalloprotease 

releases N-terminal amino acids from peptides with a preference for alanine at P1 position. 

However, most other amino acids are also cleaved off as well, including proline, albeit at 

lower rates. In case of a hydrophobic amino acid at P1 position and proline at P1’, the two 

amino acids may be released together as a dipeptide [67]. 

Another brush border membrane zinc metalloprotease is aminopeptidase A (APA) or 

glutamyl aminopeptidase (EC 3.4.11.7), which preferentially hydrolyzes N-terminal acidic 

amino acids, i.e., aspartic acid or glutamic acid [72]. Besides digesting dietary protein in the 

small intestine, aminopeptidase A is responsible for the proteolytic conversion of angiotensin 

II to angiotensin III and thus is involved in blood pressure regulation [73]. 

Aminopeptidase P (EC 3.4.11.9) is a manganese metalloprotease that hydrolyzes N-terminal 

amino acids that are linked to proline, including proline, also from di- and tripeptides [74]. 

Dipeptidyl peptidase IV (DPPIV, EC 3.4.14.5) is a serine protease that, contrary to the other 

brush border aminopeptidases above, releases N-terminal dipeptides exclusively. The 

exopeptidase is expressed on the surface of many cell types and in various body fluids [75]. 

As an exception to most proteases and peptidases concerning the ability to hydrolyze 

peptide bonds with proline, DPPIV is involved in the activation and inactivation of numerous 

biopeptides, including growth factors, vasoactive peptides, and chemokines that are 

protected by an N-terminal X-Pro, and thus participates in various processes including 

immune regulation and signal transduction [76-78]. It also plays an important role in glucose 

metabolism due to inactivation of the incretin GLP-1 [79] by cleaving His-Ala from its N-
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terminus [80]. In the small intestinal brush border membrane, DPPIV activity interestingly 

complements the spectrum of aminopeptidase N. While the latter displays reduced activity in 

hydrolyzing peptide bonds with proline at P1’ position of the N-terminal peptide bond, DPPIV 

has the highest preference towards proline, and, to a lesser extent, alanine, in penultimate N-

terminal position, while its activity is reduced in peptide bonds involving other neutral amino 

acids in the penultimate position [81]. 

An aminopeptidase with an entirely different mechanism than the previous aminopeptidases, 

is gamma-glutamyl transferase (GGT, EC 2.3.2.2). Instead of releasing free amino acids or 

dipeptides from the N-terminus of peptides, GGT transfers an N-terminal gamma-glutamyl 

moiety to a wide range of acceptor molecules including water, certain L-amino acids, and 

peptides. Besides small intestinal mucosa, GGT is expressed in various tissues, including 

the kidneys, heart, and brain, where it plays an essential role the gamma-glutamyl cycle for 

the synthesis and degradation of glutathione [82, 83]. 

Carboxypeptidases 

Another, yet smaller, group of exopeptidases expressed in the small intestinal brush border 

membrane are carboxypeptidases, including angiotensin-converting enzyme (ACE), 

glutamate carboxypeptidase II, and carboxypeptidase P. 

ACE (EC 3.4.15.1) is a zinc metalloprotease, whose name reveals its main role in the 

organism, which is the proteolytic conversion of angiotensin I to the vasoconstrictor 

angiotensin II. In addition, ACE proteolytically inactivates the vasodilator bradykinin, 

emphasizing its importance for the regulation of blood pressure [84]. The general function of 

ACE consists in the release of a wide range of C-terminal dipeptides, unless the penultimate 

amino acid is proline and the C-terminal residue is an acidic amino acid, i.e., aspartate or 

glutamate [85]. 
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Glutamate carboxypeptidase II (EC 3.4.17.21) is a zinc metalloprotease that preferably 

releases glutamate, but also aspartate from the C-terminus of peptides [86]. Besides 

intestinal mucosa and other tissues like neural ganglia and the proximal renal tubules, this 

exopeptidase is highly expressed in the prostate epithelium, which is why it is also referred to 

as prostate-specific membrane antigen (PSMA). It therefore also serves as a biomarker for 

the diagnosis and therapy of prostate cancer [87, 88]. 

The exopeptidase carboxypeptidase P (EC 3.4.17.16), also known as membrane Pro-X 

carboxypeptidase, is mainly expressed in the renal brush border membrane. In both brush 

border membranes, it releases C-terminal amino acid residues other than proline, with a 

preference for proline in the penultimate position [89]. Studies have shown that 

carboxypeptidase P, in conjunction with ACE, is an important factor in the digestion of 

proline-rich peptides [90]. 

Endopeptidases 

In addition to the exopeptidases above, the brush border membrane of small intestinal 

enterocytes also expresses a set of endopeptidases, including the aforementioned 

enteropeptidase, meprin A (MEP), and neprilysin (NEP). 

As detailed above, the serine protease enteropeptidase (EC 3.4.21.9), also referred to as 

enterokinase, is expressed in duodenal mucosa, where it is responsible for the proteolytic 

activation of trypsinogen to trypsin, triggering the pancreatic protease cascade. The 

importance of this process is highlighted by the congenital deficiency of this enzyme leading 

to protein malabsorption associated with nutrient deficiency and failure to thrive [91]. 

Enteropeptidase specifically catalyzes the hydrolysis of peptide bonds following a lysine 

residue after a tetra-aspartate motive, i.e., after Asp-Asp-Asp-Asp-Lys [92]. In this manner, 

enteropeptidase releases the N-terminal activation peptide from trypsinogen by selective 
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cleavage of a Lys-Ile bond following a tetra-Asp sequence in the zymogen and thus activates 

trypsin [93]. 

Neprilysin, also referred to as neutral endopeptidase (NEP, EC 3.4.24.11), is a zinc-

dependent metalloprotease. NEP preferentially hydrolyzes peptide bonds between 

hydrophobic amino acids, primarily with phenylalanine or tyrosine at P1’ position [94]. 

Besides small intestinal brush border membrane, NEP is expressed in many different 

tissues, particularly in kidney. It is involved in the proteolytic inactivation of peptide hormones 

such as glucagon-like peptide 1 (GLP-1), oxytocin, and bradykinin [94, 95]. It is also 

expressed in leukemic cells and therefore serves in the diagnosis of acute lymphocytic 

leukemia in clinical pathology, under the name common acute lymphoblastic leukemia 

antigen (CALLA) or cluster of differentiation 10 (CD10) [96]. 

Meprin A (MEP, EC 3.4.24.63) shares many commonalities with NEP. It is a zinc 

metalloprotease that hydrolyzes peptide bonds preferentially between hydrophobic amino 

acid residues [97]. MEP, also referred to as endopeptidase-2, is also expressed in renal 

brush border membranes [98] and is involved in the degradation of biologically active 

peptides like bradykinin, oxytocin, and substance P [99]. 

Dipeptidases 

Contrary to the previous groups of brush border peptidases, for all of which various members 

have been identified in human small intestinal mucosa, only a single dipeptidase has been 

identified so far expressed in the brush border membrane. Membrane dipeptidase, also 

known as renal dipeptidase or dehydropeptidase 1 (DPEP1, EC 3.4.13.19), is a zinc 

metalloprotease with a broad substrate specificity that hydrolyzes dipeptides to their 

component amino acids [100]. Besides dipeptides, membrane dipeptidase is able to 

hydrolyze beta-lactam structures and thus inactivate beta-lactam antibiotics [101]. In addition 

to small intestinal and renal brush border membranes, membrane dipeptidase is 
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overexpressed in colon tumor cells, making the enzyme a viable marker for colon cancer 

[102]. 

Brush border membrane vesicles 

The variety of peptidases expressed in the apical membrane of small intestinal enterocytes 

enables the final steps of protein digestion, releasing absorbable amino acids and di- and 

tripeptides in close vicinity of apical amino acid transporters and PEPT1, while the unstirred 

layer and the mucus layer help maintain a high concentration of these transport substrates to 

facilitate transcellular, and possibly also paracellular, transport [103]. 

Recent studies have demonstrated that plasma membrane is actively shed from microvillar 

tips into the periapical space of brush border membrane in the form of vesicles (Figure 3) 

[104, 105]. These brush border membrane vesicles (BBMV) have been shown to contain 

membrane proteins also found in brush border membrane, including alkaline phosphatase 

and brush border peptidases [104]. The former detoxifies bacterial products like 

lipopolysaccharide (LPS) and thus contributes to the prevention of intestinal inflammation 

and to host defense mechanisms in the gut lumen [106, 107]. Brush border peptidases in the 

membrane of BBMV feature quantitatively similar aminopeptidase activity as brush border 

membrane, as compared by equal total protein, suggesting that BBMV may be a means of 

extending brush border peptidase activity beyond the periapical space into the lumen [104]. 

Besides being attached to brush border membrane and BBMV, brush border peptidases may 

also target oligopeptides as free peptidases, after being released from the enterocytes’ apical 

membrane and BBMV by biliopancreatic secretions, i.e., bile acids and pancreatic proteases, 

particularly elastase, or BBMV disruption [108, 109]. However, the quantitative contribution to 

protein digestion of brush border peptidases bound to BBMV and liberated into the lumen is 

unknown so far. 
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Figure 3: Brush border membrane vesicles 

In the intestinal brush border membrane, plasma membrane vesicles are constantly shed from the tips 

of the microvilli into the intestinal lumen. These brush border membrane vesicles (BBMV) contain the 

same proteins as the brush border membrane that they were generated from, including brush border 

peptidases. Created with BioRender.com. 

 

 

Table 1: Selected human intestinal brush border membrane peptidases 

Peptidase 
Catalytic 

mechanism 
Substrate preference References 

Aminopeptidases 

Aminopeptidase N 

(APN) 

Zinc 

metalloprotease 

N-terminal Ala [67] 

Aminopeptidase A 

(APA) 

Zinc 

metalloprotease 

N-terminal Asp and Glu [72, 73] 

Aminopeptidase P 

(APP) 

Manganese 

metalloprotease 

N-terminal amino acids 

with Pro in P1’ position 

[74] 

Dipeptidylpeptidase IV 

(DPPIV) 

Serine protease N-terminal X-Pro dipeptides [75-81] 

Gamma-glutamyl 

transferase 

(GGT) 

Acylation/ 

deacylation 

Transfer of N-terminal ɣ-glutamyl 

moiety to water, L-amino acids, 

peptides 

[82, 83, 110] 

Carboxypeptidases 

Angiotensin-converting 

enzyme (ACE) 

Zinc 

metalloprotease 

C-terminal dipeptides 

except Pro-X, X-Asp, X-Glu 

[85] 

Glutamate 

carboxypeptidase II 

Zinc 

metalloprotease 

C-terminal Asp and Glu [86-88] 
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Carboxypeptidase P Zinc 

metalloprotease 

C-terminal amino acids other than 

Pro with Pro in P1 position 

[89, 90] 

Endopeptidases 

Enteropeptidase 

Enterokinase 

Serine protease After Asp-Asp-Asp-Asp-Lys [91-93] 

Meprin A (MEP) 

Endopeptidase-2 

Zinc 

metalloprotease 

Between hydrophobic amino acids [97-99] 

Neprilysin (NEP) 

Neutral endopeptidase 

Zinc 

metalloprotease 

Between hydrophobic amino acids, 

with Phe or Tyr at P1’ position 

[94-96] 

Dipeptidases 

Membrane dipeptidase 

Dehydropeptidase 1 

(DPEP1) 

Zinc metallo-

protease 

Dipeptides and β-lactam structures [100-102] 

 

Cytosolic peptidases 

Once dietary protein is hydrolyzed to the level of free amino acids and di- and tripeptides, 

these products can be absorbed via intestinal amino acid transporters and PEPT1 located in 

the apical membrane of enterocytes (see 1.3). Part of the absorbed oligopeptides will be 

exported into circulation via a so far unidentified basolateral oligopeptide transporter [49], 

whereas the other part will undergo intracellular digestion by cytosolic peptidases with 

different mechanisms and amino acid specificities [71, 111]. While small intestinal peptidase 

activity against peptides with more than 3 amino acids is predominantly located in the apical 

plasma membrane, general enzyme activity against di- and tripeptides is slightly higher in the 

cytosol fraction compared to the membrane fraction of mucosa of jejunum and ileum [112, 

113]. Like brush border peptidases, the general expression of cytosolic peptidases appears 

to not be uniform along the small intestine: Studies have observed no or only low activities of 

cytosolic peptidases in proximal duodenum, gradually increasing to a maximum in distal 

jejunum and proximal ileum, before decreasing again towards the terminal ileum, with 

significant activity at the ileocecal valve [114]. These early findings in humans have been 

supported by later studies in different mammals, like sheep [115] and pigs [112]. 
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Amongst these cytosolic peptidases, tripeptide aminopeptidase, also referred to as 

aminotripeptidase (EC 3.4.11.4) is distributed in a variety of tissues besides small intestinal 

mucosa, especially in liver [116]. This zinc metalloprotease releases N-terminal neutral 

amino acid residues exclusively from tripeptides. While tripeptides with charged N-terminal 

amino acids like lysine or glutamic acid are viable substrates as well, tripeptide 

aminopeptidase displays reduced activity towards these oligopeptides [117]. 

A cytoplasmatic peptidase that focuses on the breakdown of proline dipeptides in 

enterocytes is Xaa-Pro dipeptidase, also known as prolidase or X-Pro dipeptidase (EC 

3.4.13.9). This manganese metalloprotease, expressed in most mammalian tissues, is a 

strict dipeptidase that is highly specific for dipeptides with proline at the C-terminus, except 

for Pro-Pro, which is not a substrate of Xaa-Pro dipeptidase [118]. 

The zinc metalloprotease leucyl aminopeptidase (LAP, EC 3.4.11.1) is an exopeptidase that 

preferentially hydrolyses peptide bonds of N-terminal leucine residues. Other N-terminal 

residues are released as well, yet with lower affinity [119]. LAP does not display a high 

specificity regarding the amino acid residue in P1’ position, including proline [120]. 

Cytosol alanyl aminopeptidase, also referred to as puromycin-sensitive aminopeptidase 

(PSA, EC 3.4.11.14) releases N-terminal amino acids, preferentially alanine, from a wide 

range of peptides. Multiple forms of this exopeptidase are widely distributed in mammalian 

tissues and body fluids [121, 122]. 

The exopeptidase aminopeptidase B (APB), also known as arginine aminopeptidase (EC 

3.4.11.6) is expressed across many mammalian tissues, releasing N-terminal arginine and 

lysine residues from oligopeptides when the amino acid at P1' position is not proline [123, 

124]. 

1.2.3 Large intestinal protein digestion 
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Despite this wide array of gastrointestinal luminal, membrane-bound, and intracellular 

proteases and peptidases, protein digestion is not fully completed before the chyme leaves 

the small intestine via the ileocecal valve, so that a significant amount of dietary and 

endogenous protein - more than 10 g per day - enters the large intestine [125]. While the 

colon is known to be responsible, amongst others, for absorbing water, vitamins supplied by 

the gut microbiota, and bacterial fermentation products of undigested carbohydrates in the 

form of short fatty acids [126], a role in protein digestion and uptake has not been generally 

acknowledged [127, 128]. However, studies in the past decades have demonstrated colonic 

expression and activity of several peptidases in humans: Enzyme activity has been shown 

for the brush border membrane peptidases aminopeptidase N (APN), aminopeptidase A 

(APA), and dipeptidylpeptidase IV (DPPIV) [129, 130], as well as for cytosolic peptidases, 

e.g., cytosol alanyl aminopeptidase (PSA), aminopeptidase B (APB), and leucyl 

aminopeptidase (LAP) [129]. So, besides being the target of bacterial degradation, it is 

conceivable that peptides in the lumen of the colon are also the target of colonic membrane-

bound peptidases and, upon uptake into colonocytes, of cytosolic peptidases. 

1.2.4 Defects in protein digestion 

There are only few rare primary defects in the digestive process that have been described in 

humans. Trypsin deficiency and enteropeptidase deficiency are associated with a similar 

phenotype as both disorders lead to an impaired activation of pancreatic zymogens essential 

for protein digestion [91, 131]. Both genetic defects in enteropeptidase and trypsinogen are 

linked to impaired growth and weight gain, as well as hypoproteinemia and edema. In 

addition, a primary defect in a single intracellular peptidase has been described in literature: 

Xaa-Pro dipeptidase or prolidase is expressed in many other tissues, so prolidase deficiency 

is associated with the disturbance of multiple functions, including impaired collagen turnover 

and skin abnormalities, mental retardation, and an increased susceptibility towards 

respiratory infections [132, 133]. It is not clear if these symptoms are associated with an 
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impaired hydrolysis of proline-containing peptides in the intestine, or if under normal dietary 

conditions the intestinal assimilation of proteins is unaffected. 

1.3 Intestinal uptake of proteolysis products 

As detailed above, the recommended dietary allowance of protein is, depending on age, sex, 

activity, etc., 0.8 g/kg of body weight per day, corresponding to approx. 50 to 60 g of dietary 

protein daily. The actual protein intake in developed countries is usually distinctly higher, up 

to 90 to 100 g per day [134]. In addition to dietary protein, large amounts of endogenous 

proteins are released in the gastrointestinal tract each day: Secretions of digestive glands, 

mainly mucins and digestive enzymes, contribute at least 20-30 g protein per day, 

desquamated cells from intestinal mucosa at least another 30 g per day, as well as smaller 

amounts of plasma proteins like albumin and gamma globulin [135]. These endogenous 

proteins are broken down and absorbed in the small intestine together with dietary protein, 

resulting in a total daily protein absorption of 170 g, while only 10 g thereof are estimated to 

reach the colon [136, 137]. Also, small intestinal and colonic microbiota synthesize and thus 

constantly contribute a considerable additional pool of proteins and amino acids, which is 

subject to digestion and absorption in addition to dietary and endogenous protein in the 

human gastrointestinal tract: for instance, almost 10% of plasma lysine is estimated to be of 

microbial origin in humans [138], as well as 20% of total body leucine [139]. The absorption 

of protein in the small intestine, regardless its source, after hydrolysis by gastric, pancreatic, 

and brush border membrane peptidases, is accomplished in the form of free amino acids and 

di- and tripeptides by a range of solute carriers (SLCs) expressed in the brush border 

membrane of small intestinal enterocytes. A small portion of dietary and endogenous protein, 

including microbial peptides and amino acids, is also absorbed in the colon. Upon uptake via 

PEPT1, di- and tripeptides are either released via the basolateral membrane by a so far 

unknown transport protein or rapidly hydrolyzed into amino acids by cytosolic peptidases. 

These breakdown products, together with the amino acids absorbed from the intestinal 
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lumen, may then also enter portal circulation via basolateral amino acid transporters. Overall, 

transport activity for amino acids and peptides is highest in the proximal jejunum, but the 

other parts of the intestine, including colon, also display significant transport of these 

breakdown products [140]. 

1.3.1 Small intestinal amino acid transport 

Amino acids are transported across the intestinal epithelium by a battery of apical and 

basolateral amino acid transporters, with different specificities, mechanics, and structure: 

These SLCs can be uniporters, symporters, or antiporters, they can be monomeric or 

heterodimeric proteins, and they all have different specificities, ranging from a group of 

structurally related amino acids, such as neutral amino acids, to the transport of a single 

amino acid. Besides their classification in SLC families, based on similarities in their gene 

sequences, amino acid transporters are also grouped according to major transport activities: 

system B0 (for broad neutral) transporting all neutral amino acids, system b0,+ (for broad 

neutral and cationic), transporting cationic amino acids and cystine, a transport system for 

acidic amino acids aspartate and glutamate, referred to as X−
AG, the iminoglycine system for 

proline, hydroxyproline, and glycine, a separate system transporting β-amino acids, etc. 

[135]. 

To demonstrate the versatility of amino acid transporters, the most important representatives 

of these families and systems of amino acid transporters identified in human are introduced 

below (Figure 4). 
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Figure 4: Plasma membrane transporters of amino acids and di- and tripeptides in human 

enterocytes. 

The plasma membrane of enterocytes is equipped with SLC transporters that facilitate the absorption 

of proteinogenic amino acids (aa) as well as di- and tripeptides formed by these amino acids. The 

usually Na+ and/or H+-dependent electrogenic apical amino acid transporters include transporters 

specific for neutral amino acids, like the heterodimeric B0AT1/ACE2 and the neutral amino acid 

exchanger ASCT2, transporters for glycine and proline, like PAT1, transporters for acidic amino acids, 

like EAAT3, and transporters for basic amino acids, like the heterodimeric amino acid exchanger 

b0,+AT/rBAT). Contrary to the wide range of different amino acid transporters, all di- and tripeptides are 

transported only by a single SLC transporter, PEPT1. In the cytosol, di- and tripeptides are cleaved by 

cytosolic peptidases, releasing free amino acids that cross the basolateral membrane into circulation 

via basolateral amino acid transporters. Peptides that escape hydrolysis are released across the 

basolateral membrane by a so far unidentified peptide transporter. Free amino acids are exported into 

circulation by basolateral amino acid transporters, including the heterodimeric neutral amino acid 

exchanger LAT2/4F2hc, TAT1 for the transport of aromatic amino acids, and the heterodimeric amino 

acid exchanger y+LAT1/4F2hc that releases basic amino acids and imports neutral amino acids from 

circulation in return. In addition, the basolateral plasma membrane also contains uniporters that 

transport amino acids from circulation into the enterocytes’ cytosol, like the Na+-dependent neutral 

amino acid transporter SNAT2 (modified from Spanier and Rohm 2018) [141]. 
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Apical neutral amino acid transport 

System B0 features transport activity for all neutral amino acids, and its most important 

member is SLC6A19, also referred to as B0AT1.  SLC6A19 is also expressed in the kidney, 

transports all neutral amino acids, and is the most important apical transporter for almost all 

neutral amino acids [142]. Transport affinities vary however, decreasing the shorter and 

bulkier the amino acid substrate is [143], resulting in the highest affinities for methionine, 

leucine, isoleucine, and valine. SLC6A19 is a Na+-dependent symporter that cotransports 1 

Na+ ion for every amino acid [144]. SLC6A19 requires the apical coexpression of angiotensin 

converting-enzyme 2 (ACE2), a zinc metalloprotease that otherwise also catalyzes the 

hydrolysis of angiotensin II to angiotensin (1-7) [145]. ACE2 regulates the transporter’s 

membrane trafficking, so in the absence of ACE2, transport activity of SLC6A19 is distinctly 

reduced [146, 147]. Small intestinal expression of SLC6A19 increases from proximal to 

distal, while colonic expression has not been demonstrated [148]. SLC6A19 is essential for 

the uptake of neutral amino acids, particularly for tryptophan. The transporter’s loss of 

function results in a serious metabolic disorder (Hartnup disease, see 1.3.5). 

Another system B0 apical transporter of neutral amino acids is SLC1A5 or ASCT2 (for 

“Alanine, Serine, Cysteine Transporter 2”), which can also be found, amongst others, in renal 

epithelia. SLC1A5 generally features higher preference towards smaller neutral amino acids 

except glycine, with the highest affinity in alanine [149]. Despite its historical name, SLC1A5 

has the highest affinity towards glutamine however [150]. At acidic pH values found at the 

intestinal brush border, the transporter has also been demonstrated to transport glutamate 

[151]. SLC1A5 is an amino acid antiporter, i.e., for every amino acid transported from the 

intestinal lumen into the enterocyte, another amino acid is exported in the opposite direction, 

so its transport activity does not contribute to a net transport of neutral amino acids across 

the apical enterocyte membrane but, due to different affinities towards its substrates, serves 

in the harmonization of amino acid pools [150]. Together with this amino acid antiport, a 
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Na+/Na+ exchange is performed [150]. The intestinal expression pattern of SLC1A5 differs 

from SLC6A19, being expressed mainly in jejunum and colon, and, only to a lesser extent, in 

duodenum and ileum [152]. 

Basolateral neutral amino acid transport 

An important neutral amino acid transporter in the basolateral enterocyte membrane, also 

present in renal epithelia, is SLC7A8 or LAT2. SLC7A8 constitutes the subunit with a Na+-

independent transport activity of a heterodimeric transport protein that it forms with SLC3A2 

or 4F2hc, with which it is connected by a disulfide bridge [153]. Like for other heterodimeric 

complexes, the 4F2 heavy chain is responsible for trafficking the amino acid transporter to 

the basolateral plasma membrane [154]. SLC3A2/SLC7A8 is expressed mainly in jejunum 

and ileum [155], where it transports a wide range of amino acid substrates, including all 

neutral amino acids except proline [156]. The heterodimer is an amino acid antiporter, which 

is assumed to facilitate the efflux of smaller amino acids and an associated influx of 

branched-chain amino acids (BCAA) and aromatic amino acids, which could then be re-

exported by the corresponding basolateral transporters like SLC16A10 [157, 158]. 

SLC16A10 or TAT1 is another basolateral neutral amino transporter. Besides other tissues, it 

is expressed in kidney and features a high expression throughout all small intestinal 

segments [157, 159]. SLC16A10 is a Na+-independent uniporter with generally low affinities 

that transports preferentially aromatic amino acids and their N-methylated derivatives like L-

Dopa [157]. 

Besides transporters that are responsible for an exchange of amino acids or the efflux of 

amino acids from the enterocytes’ cytosol across the basolateral membrane, there are also 

transporters that facilitate the basolateral uptake of amino acids from circulation: SLC38A1 

and SLC38A2 (SNAT1 and SNAT2), are two Na+-dependent uniporters expressed 

throughout the small intestinal and colonic mucosa [148], with a transport preference for 
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small hydrophilic amino acids [160]. In states of amino acid depletion, e.g., in case of low 

luminal amino acid levels, expression of these two transport proteins in upregulated, 

supplying the enterocytes with amino acids as energy substrates from circulation, including 

their prime energy substrate glutamine [161, 162]. 

Apical cationic amino acid transport 

System b0,+ , the system facilitating the transport of neutral and cationic amino acids across 

the apical membranes of enterocytes, corresponds to the heterodimeric amino acid 

exchanger rBAT/b0,+AT, which comprises the two subunits SLC3A1 and SLC7A9. SLC7A9 is 

the main apical intestinal transporter for cationic amino acids and cystine, with a lower affinity 

for neutral amino acids. The antiporter transports cationic amino acids and cystine from the 

intestinal lumen across the apical enterocyte plasma membrane while exporting neutral 

amino acids from the cytosol [163]. As in 4F2hc/LAT2 above, the two subunits in rBAT/b0,+AT 

are connected by a disulfide bridge, and similar to 4F2hc, rBAT (SLC3A1) is responsible for 

trafficking the heterodimer to the apical enterocyte membrane [164]. SLC3A1/SLC7A9 is 

essential for the uptake of cationic amino acids in human. Mutations in either subunit may 

lead to a metabolic disorder called cystinuria, which is characterized by frequent cystine 

kidney stones (see 1.3.5). 

Basolateral cationic amino acid transport 

The transporter mainly responsible for basolateral export of cationic amino acids is y+LAT1 

(SLC7A7), corresponding to system y+L. The antiporter’s direction of amino acid fluxes is 

determined by prevalent Na+ concentrations: while the transport of cationic amino acids is 

independent of Na+, neutral amino acids are preferred transport substrates in the presence of 

Na+, like in extracellular space. So, due to naturally low intracellular Na+ levels, cationic 

amino acids are preferentially exported from the cytosol in exchange for neutral amino acids 

from the extracellular space, where high Na+ concentrations prevail [165]. Similar to 
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4F2hc/LAT2, y+LAT1 is a subunit of the heterodimeric transporter 4F2hc/y+LAT1 

(SLC3A2/SLC7A7), in which 4F2hc is required for trafficking the transport molecule to the 

basolateral membrane [166]. Mutations of SLC7A7 that lead to a loss of function of the 

y+LAT1 subunit cannot be compensated by other intestinal transporters and lead to lysinuric 

protein intolerance (see 1.3.5). 

Apical anionic amino acid transport 

SLC1A1 or EAAT3 is the molecular correlate of system X-
AG, which can, besides other 

tissues, also be found in kidney. The transporter is a Na+-dependent uniporter with a high 

affinity for aspartate and glutamate [167], and with a lower affinity for cystine [168]. The 

transport of its transport substrates from the intestinal lumen across the apical plasma 

membrane requires several co-substrates: together with each amino acid molecule, SLC1A1 

imports 3 Na+ ions and 1 proton and exports 1 K+ ion [169, 170]. Glutamate, together with 

glutamine and aspartate being an important energy substrate of enterocytes [171], is 

metabolized by enterocytes to 95% [172], which explains why very little of dietary aspartate 

and glutamate enter portal circulation and why so far, no transport proteins for the 

basolateral export of glutamate have been identified [135]. Rare mutations in SLC1A1 that 

impair the intestinal glutamate transport activity of EAAT3 are associated with dicarboxylic 

aminoaciduria (see 1.3.5). 

Apical imino acid and glycine transport 

SLC36A1 or PAT1 is expressed in the brush border membrane throughout all intestinal 

sections, with the strongest expression in jejunum [173, 174]. In addition, the transporter is 

also expressed in lysosomes in various tissues, which accounts for the transporter’s pH 

dependency with highest activity at low pH [175]. With each substrate molecule, PAT1 co-

transports 1 proton across the brush border membrane into the cytosol, inducing an 

intracellular acidification [173]. PAT1 displays a fairly low affinity for all its substrates, which 
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include proline, glycine, and alanine, but also structurally related molecules like β-alanine, 

sarcosine, and GABA, yet with lower affinities [173]. 

1.3.2 Colonic amino acid transport 

The vast majority of dietary and endogenous protein in the gastrointestinal tract is broken 

down and assimilated in the small intestine. Dietary proteins that escape small intestinal 

digestion, as well as colonic endogenous and bacterial protein are digested in the large 

intestine by the remaining pancreatic proteases, bacterial proteases [176], and colonic 

membrane-bound peptidases (see 1.2.3). Degradation products of these proteins may then 

be utilized by gut microbiota for their metabolism, synthesizing, amongst others, amines and 

short-chain fatty acids [177], or they may be available for uptake by colonic mucosa. There is 

evidence for the transfer of amino acids released by gut microbiota and by brush border 

peptidases across the colonic epithelium under physiological conditions: Several studies on 

the resorptive capability of colonic mucosa for amino acids have been conducted in piglets 

[178-180], an established model for human nutrition studies [181], which could demonstrate 

colonic amino acid absorption in vivo. In rats, colonic amino acid transport activity under 

physiological conditions, alongside gene expression of 20 amino acid transporters along the 

colon, has been demonstrated systematically [182]. Clear evidence for colonic amino acid 

transport in humans however is scarce. In human tissue, expression of several amino acid 

transporters has been shown in the apical membrane of enterocytes in colon: ATB0,+ 

(SLC6A14) has been demonstrated to transport L-enantiomers of neutral and cationic amino 

acids, but also D-serine produced by the gut microbiota [183-185]. Also, mRNA expression of 

several other plasma membrane amino acid transporters has been described in human 

colonic mucosa, e.g., ASCT2 (SLC1A5), 4F2hc/LAT1 (SLC3A2/ SLC7A5), y+LAT2 

(SLC7A6), and SNAT 1 (SLC38A1) [186]. Of course, mRNA expression cannot prove protein 

expression of the corresponding transporter, nor its localization in the plasma membrane or 

transport activity. These findings are supported by a study assessing colonic amino acid 
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absorption in infants, which demonstrated the absorption of 15N-labeled yeast protein and its 

incorporation into body protein after colonic instillation [187]. However, it is not clear whether 

absorption occurred in the form of oligopeptides, amino acids, or ammonia, nor do the results 

allow conclusions about colonic amino acid transport in adult humans, nor if it contributes to 

a nutritionally relevant absorption under physiological conditions. So, overall, there is some 

evidence for the human colon’s capacity to absorb degradation products of protein digestion, 

but the uptake of nutritionally relevant amounts of amino acids in colon requires further 

research. 

1.3.3 Di- and tripeptide transport 

Until the 1960s, scientists believed that dietary protein had to be completely broken down 

into free amino acids in order to be absorbed in the intestine. Around that time, the first 

studies demonstrated also di- and tripeptides, yet not peptides with more than 3 amino acid 

residues [188], to be absorbed in the gastrointestinal tract [189, 190], which eventually led to 

the identification of the peptide transporter as SLC15A1 or PEPT1 [191]. 

PEPT1 features high expression rates throughout all segments of the small intestine, with 

expression increasing along the course of the small intestine [192-194]. In addition, protein 

expression of SLC15A1 (PEPT1) has been demonstrated immunohistochemically in human 

colon, as well as functional PEPT1 transport activity [195]. Colonic PEPT1 expression under 

physiological conditions is however discussed controversially in literature [141]. Besides 

gastrointestinal mucosa, PEPT1 is also expressed, amongst others, in renal and bile duct 

epithelia [196, 197]. 

PEPT1 co-transports its peptide substrates with one or more protons per peptide across the 

enterocytes’ apical membrane, following the proton gradient [198, 199]. Due to PEPT1’s 

transport activity being dependent on the pH gradient, which is strongest in duodenum, 

PEPT1 activity is strongest in duodenum and decreases towards the distal small intestine 
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accordingly, despite inverse expression levels [200, 201]. Notably, contrary to the multitude 

of intestinal amino acid transporters as detailed above, PEPT1 is the only intestinal brush 

border membrane transporter for di- and tripeptides. PEPT1 features a very wide substrate 

specificity, covering the vast majority, yet not all [202], of the 400 dipeptides and 8,000 

tripeptides that can be formed from proteinogenic amino acids [201, 203]. Preferred 

substrates are peptides consisting entirely of L-amino acids, while peptides containing a mix 

of L- and D-amino acids are accepted as transport substrates by PEPT1 as well, yet with 

lower affinity than peptides consisting entirely of L-amino acids; peptides consisting entirely 

of D-amino acids are not transported however [204, 205]. Overall, di- and tripeptide affinities 

vary by several orders of magnitude, with reported Ki values ranging from 8 µM for Ala-Ala to 

22 mM for Pro-Gly [141]. As detailed above, di- and tripeptides are mostly degraded into free 

amino acids by cytosolic peptidases in the enterocytes’ cytosol (see 1.2.2). Free amino acids 

and the remaining peptides that escape hydrolysis can then enter portal circulation across 

the basolateral membrane. Interestingly, the transporter that facilitates the basolateral export 

of di- and tripeptides has not been identified yet [49]. The high intestinal expression of 

PEPT1 in addition to its high transport capacity [201, 206] is assumed to overall facilitate 

amino acid absorption rates via PEPT1 that are distinctly higher than those of free amino 

acids in the intestine [207]. 

In addition to peptides, a wide range of substrates that are structurally related to di- and 

tripeptides are readily transported by PEPT1, including peptidomimetics like 

aminocephalosporins and other β-lactam antibiotics, antivirals, protease inhibitors, and 

inhibitors of angiotensin-converting enzyme (ACE) [208, 209]. 

PEPT1 transports its substrates mainly from the intestinal lumen across the brush border 

membrane, but, depending on substrate concentrations, membrane potential, and proton 

gradient, peptide export from the cytosol across the brush border membrane is possible as 

well, making PEPT1 a bidirectional transporter [201]. 



32 
 
 

 

1.3.4 Tetrapeptides and larger peptides 

As stated above, PEPT1 (SLC15A1) does not accept peptides comprising more than three 

amino acid residues as transport substrates. Transporters for larger peptides do exist in 

nature, they are however restricted to prokaryotes [210]. While the uptake of intact peptides 

across the intestinal barrier is being discussed controversially in literature, particularly in the 

field of dietary bioactive peptides, no transporters for peptides with more than 3 amino acids 

have been identified in humans [211]. Under certain circumstances, peptides are known to 

be able to cross the intestinal mucosa intact and enter portal circulation: γ-globulins from 

colostrum cross the small intestinal wall of newborns intact, transferring passive immunity 

from mother to child [212]. Also in healthy adults, small amounts of larger peptides and 

proteins can cross the intestinal wall: via paracellular diffusion (mostly cationic and inert 

molecules) [213, 214], via passive diffusion through enterocytes (apolar peptides) [213], and 

via transcytosis [215, 216]. During their passage across the intestinal mucosa, these 

peptides may be further hydrolysed, allowing only very low amounts of peptides to reach 

portal circulation [217], where they rapidly become the target of endothelial and plasma 

peptidases [218]. Contrary to di- and tripeptide uptake via PEPT1, these non-transporter 

mediated processes do however not allow the uptake of peptides in physiologically and 

nutritionally relevant concentrations, but are believed to represent pathways of antigen 

sampling [217]. 

1.3.5 Primary defects in absorptive processes 

Whenever an amino acid transporter is impaired whose transport activity cannot be 

compensated by other transporters, this may lead to a metabolic disorder or disease. Several 

rare amino acid transporter-associated disorders have been described in the past, amongst 

them Hartnup disease, cystinuria, lysinuric protein intolerance, and dicarboxylic 

aminoaciduria, which have helped identify the underlying genes and transport proteins [219]. 
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Contrary to these primary defects an amino acid transport, no cases of PEPT1 deficiency are 

known in humans. 

Hartnup disease 

Mutations in SLC6A19, the neutral amino acid transporter B0AT1 (see 1.3.1), lead to renal 

aminoaciduria and impaired intestinal amino acid absorption of neutral amino acids 

responsible for Hartnup disease [220]. The symptoms of this rare autosomal recessive 

disorder with a frequency of 1:30,000 [221] are caused by a deficiency of the essential amino 

acid tryptophan [222], which, together with other neutral amino acids, is lost as a 

consequence of amino acid malabsorption in feces and urine. Tryptophan being a precursor 

of the niacin (vitamin B3) in human metabolism, a lack of intestinal tryptophan absorption 

leads to niacin deficiency. For this reason, the wide spectrum of symptoms of Hartnup 

disease is similar to niacin deficiency, including photosensitive pellagra-like skin rash, 

cerebellar ataxia, dementia, and other psychiatric symptoms such as depression and 

psychosis [223]. Symptoms usually present themselves in childhood, at times of increased 

demand of amino acids due to growth. However, many individuals suffering from mutations in 

SLC6A19, particularly adults, do not develop any symptoms, especially when consuming a 

diet sufficient in protein [224]. In these cases, other intestinal amino acid transporters, as well 

as peptide transporter SLC15A1 (PEPT1) are assumed to achieve a sufficient supply with 

neutral amino acids including tryptophan [225]. The treatment of Hartnup disease comprises 

high-protein diet and nicotinamide supplements [221]. 

Cystinuria 

Cystinuria is a rare inherited autosomal recessive disease, with a worldwide prevalence of 

1:7000 [226]. It’s underlying cause are mutations in either or both subunits of the rBAT/b0,+AT 

heteromeric amino acid transporter (see 1.3.1). Depending on which gene is affected, 

cystinuria is classified as type A (mutations in rBAT), type B (mutations in b0,+AT), or type AB 
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(in case of mutations in both genes) [227]. Due to the transporter’s inability to transport its 

substrates, cationic amino acids and cysteine, across the brush border membrane of 

intestinal and renal mucosa, cystinuria is characterized by high urinary concentrations of 

cystine, lysine, arginine, and ornithine, while in feces, increased levels of dibasic amino acids 

lysine, arginine, and ornithine can be detected as well [228]. Both in urine and in feces, the 

amino acids’ metabolic breakdown products produced by the gut microbiota, e.g., 

cadaverine, putrescine, and citrulline, can be detected. Due to the high cysteine 

concentrations in urine, cysteine precipitates and frequently forms kidney stones that are 

composed mostly of cystine in the urinary tract, i.e., in kidney, ureters, and bladder. The 

treatment of cystinuria entails the prevention of kidney stones by adequate hydration, a 

reduction in protein intake, urine alkalinization, and chelation therapy, and the therapy of 

kidney stones by extracorporeal shock wave lithotripsy or surgery, e.g., percutaneous 

nephrolithotripsy [229]. If untreated, kidney stones cause pain, urinary tract infections, and 

eventually lead to kidney damage [230]. 

Lysinuric protein intolerance 

Lysinuric protein intolerance (LPI) is a rare autosomal recessive disorder mainly reported in 

Finnish population with a frequency of 1 in 60,000 births [231]. Symptoms presented by 

affected individuals include vomiting and diarrhea, growth retardation, hepatosplenomegaly, 

osteoporosis and osteopenia, pulmonary alveolar proteinosis, and chronic kidney disease 

[232, 233]. Urinary concentrations of cationic amino acids (arginine, lysine, ornithine) are 

elevated, while their plasma concentrations are reduced due to impaired intestinal absorption 

[234]. The impaired uptake and consequent lack of arginine and ornithine leads to an 

impairment of the patients’ urea cycle, causing hyperammonemia after protein uptake [235]. 

LPI is caused by defective cationic amino acid transport due to mutations of SLC7A7 

(y+LAT1) (see 1.3.1), i.e., by an impaired export of cationic amino acids across the 

basolateral membrane of epithelial renal and intestinal cells [236]. Therefore, LPI, contrary to 
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diseases associated with defective apical amino acid transporters, cannot be treated with 

peptides containing these amino acids as they would be hydrolyzed intracellularly upon 

apical uptake via PEPT1, leading to an accumulation of cationic amino acids in the 

enterocytes. Consequently, the treatment of LPI consists of dietary protein-restriction and 

oral supplementation of citrulline [237]. 

Dicarboxylic aminoaciduria 

Mutations in SLC1A1 (EAAT3, see 1.3.1) cause dicarboxylic aminoaciduria with an estimated 

incidence of 1:35,000 births [238]. This rare autosomal recessive disorder, clinically 

asymptomatic in most affected individuals [239], is characterized by highly elevated urinary 

aspartate and glutamate concentrations. Reports on impaired intestinal uptake of these 

amino acids in dicarboxylic aminoaciduria are controversial however [240, 241]. This, 

together with the fact that dicarboxylic aminoaciduria is usually asymptomatic, supports the 

notion that there are additional intestinal glutamate transporters, e.g., SLC1A5 (ASCT2), for 

which glutamate transport activity has been demonstrated [150]. 

1.4 Research questions 

The fate of the breakdown products that arise during the intestinal digestion of dietary protein 

has not yet been deciphered. It is not known to what extent intact di- and tripeptides reach 

the circulation postprandially or to what extent dietary protein is absorbed in the form of free 

amino acids. The aim of this dissertation is to describe processes in the context of intestinal 

protein digestion with regard to hydrolysis and transport of peptides. 

To this purpose, the main objectives of this dissertation are: 

1. Development of a method for the quantification of peptides in biological samples. 

2. Assessment of human peptide plasma concentrations in fasting state. 
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3. Assessment of the kinetics of peptide plasma concentrations after a protein-rich meal 

in humans. 

4. Generation of a PEPT1 deficient Caco-2 cell clone using CRISPR/Cas9 technology. 

5. Simultaneous assessment of peptide transport and hydrolysis in different models. 
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2 Methods 

2.1 Human study design and plasma sample collection 

The study included six healthy male and six healthy female volunteers. The inclusion criteria 

were an age of 18 to 40 years, a BMI below 30 kg/m2, and the participants had to be non-

smokers. Exclusion criteria consisted of gastro-intestinal diseases that could affect nutrient 

uptake, digestion, metabolism, and excretion, chronic diseases, acute illnesses, antibiotic 

therapy in the 6 months prior to the study, a regular medication intake (except oral 

contraceptives), pregnancy and lactation, as well as allergies and intolerances to the foods 

used in the study. The volunteers’ baseline characteristics were an age of 28 ± 5 years and 

25 ± 3 years for the males and females, respectively. The participants’ BMI was 25.2 ± 2.8 

kg/m2 (males) and 21.5 ± 2.4 kg/m2 (females).  

The intervention study was part of the EU Joint Programming Initiative (JPI) within the Food 

Biomarkers Alliance (FOODBALL), performed at the ZIEL-Institute for Food and Health, Core 

Facility for Human Studies, Technical University of Munich, Freising, Germany, and 

registered in the German Clinical Trials Register (DRKS #00010133). The ethical committee 

of the Technical University of Munich approved the study protocol (project number: 51/16S). 

Written informed consent was obtained from all participants prior to the study. The study was 

a randomized controlled intervention study with a crossover design. It comprised three 

treatment periods of 48 h each that were separated by an at least 1-week wash-out period 

and a total maximum duration of 6 weeks. The volunteers were randomized and allocated 

into the study using sequentially numbered, opaque, sealed envelopes (SNOSE). The 

principal study design can be found elsewhere [242]. The volunteers were randomly 

allocated either to the control group that received rice without meat (125 g, cooked, 30 g 

margarine, 1.5 g salt), rice with 100 g chicken breast that was prepared sous vide (dose 1), 

or with 200 g chicken breast (dose 2). During the 48-hour run-in period, the subjects followed 

a strict vegetarian diet. The day prior to the intervention, the subjects were served the control 
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rice meal as dinner. The control and test foods were given for breakfast in a randomized 

order. In addition, the standardized meals were served for lunch and dinner, together with 

250 ml water per hour on the intervention day. The participants’ blood samples were taken at 

time point 0 and after 1, 2, 4, 6, 12, and 24 h and plasma was immediately separated 

(3000×g, 10 min, 4 °C) and stored at −80 °C until analysis. 

2.2 Mouse study design and plasma sample collection 

The PEPT1 deficient mice used in the studies were characterized in detail before [243-245]. 

They were generated by targeted disruption of the PEPT1 gene and obtained from Deltagen 

(San Mateo, California, USA). The animals were backcrossed for 10 generations to a 

C57BL/6N background. They were maintained in a specific-pathogen-free (SPF) animal 

facility at 22 ± 2 °C and a 12∶12 h light/dark cycle. All but two female mice in the PEPT1+/+ 

group were male and younger than 19 weeks. All procedures were conducted according to 

the German guidelines for animal care and approved by the state of Bavaria (Regierung von 

Oberbayern) ethics committee (Reference number: 55.2-1-54-2532-234-2013). 

For the gavage experiments, the animals were fasted for 6 h. PEPT1+/+ and PEPT1−/− mice (n 

= 3 per group) were each gavaged with a single dose of 200 μl of Gly-Pro/Pro-Gly solution 

that contained 290 mM of each peptide in water at pH 6.0. We chose these dipeptide 

concentrations in accordance with early peptide uptake studies that were performed in 

humans [188, 246], which represent the peptides’ maximal solubility in water. Corresponding 

to a dose of 345 mg/kg in mice, these amounts are not achievable through a regular diet, and 

corresponds to a human equivalent dose (HED) of 28 mg/kg. 3 wild-type animals per group 

were gavaged with either 200 μl of water or Gly-Pro/Pro-Gly solution. The animals were 

anesthetized with isoflurane 30 minutes after the gavage, at which point retro-orbital blood 

was collected into EDTA-coated tubes. 

2.3 Cell culture and transport assays 
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We assessed the rates of transport and hydrolysis of selected di- and tripeptides, ɣ-glutamyl-

dipeptides, and cephalosporins in human colon carcinoma Caco-2 cells in transwell culture. 

We generated PEPT1 knockout clones and control cells using CRISPR/Cas9 technology. To 

this purpose, we targeted exon 5 of pept1 with a double nickase approach. We transfected 

Caco-2 cells using the Cell Line Nucleofector Kit T (Lonza, Basel, Switzerland), the nickase 

vector pMB-Casv2-D10A containing the gRNAs 5‘-TTGTCCAATTGTGTAGACAA-3’ and 5‘-

CTCACAGACCACAACCATGA-3‘, as well as the homology-directed repair vector HR110PA-

1 (System Biosciences, Mountain View, USA). The latter contained homology arms 

consisting of 800 bp 5’ and 3’ of the single strand breaks that were introduced by the 

nickases at positions 98713044 and 98713114 of chromosome 13. At these positions, 

puromycin resistance and red fluorescent protein genes were inserted as selections markers 

in exon 5 of the human PEPT1 gene. We verified an effective PEPT1 knockout by DNA 

sequencing and Western blot analysis. The Caco-2 cells were cultured in uncoated culture 

flasks in minimal essential medium (MEM) containing 10% fetal calf serum, 1% MEM non-

essential amino acids solution (Sigma-Aldrich, Taufkirchen, Germany), and either 50 μg/ml 

gentamicin or 5 μg/ml puromycin. Cells were trypsinized at confluence and seeded in 12-well 

culture plates with transwell inserts at 180 000 cells per well. The cells were incubated at 37 

°C and 5% CO2. At least 21-days post-confluent cells from passages 30 to 45 and a 

transepithelial electrical resistance (TEER) of at least 500 Ω*cm2 were rinsed with PBS 

before performing any transport assays. 

0.5 ml of MES-buffered transport medium containing 500 μM of each panel peptide were 

used as apical solution in the peptide transport assays, and 1.5 ml of HEPES-buffered 

transport medium served as receiver in the transwell culture basolateral compartment. 

Accordingly, for the ɣ-glutamyl-dipeptide transport assay, the Caco-2 cells were incubated in 

the apical compartment with 0.5 ml of MES-buffered transport medium at pH 6 containing 

500 μM of either ɣ-Glu-Glu, ɣ-Glu- Gly, or ɣ-Glu-Leu. We chose these peptide concentrations 
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to avoid potential cytotoxic effects described in literature for some peptides in Caco-2 cells 

during long-term incubation [247, 248]. For the transport assay on cephalosporins, the cells 

were incubated in the apical compartment with 0.5 ml of MES-buffered transport medium at 

pH 6.0 that contained 500 μM of either cephalosporin cefadroxil, cefalexin, or cefradine. In all 

transport assays, medium samples were collected after 0 and 360 min of incubation at 37 °C 

and 5% CO2. We chose the incubation time of 360 min in order to ensure changes in peptide 

and cephalosporin concentrations above detection limits. 

2.4 Representative peptide panel for transport and ex vivo peptide digestion assays 

We employed a di- and tripeptide panel representative for the 400 possible dipeptides from 

20 proteinogenic amino acids regarding their constituents’ size, charge, side-chain polarity, 

and side-chain class for the cell culture oligopeptide transport assays as well as the peptide 

digestion assays using mouse and human intestinal samples. This panel contained the 

dipeptides Ala-Gly, Ala-His, Ala-Phe, Ans, Arg-Gly, Car, Gly-Asn, Gly-Asp, Gly-Gln, Gly-Pro, 

Gly-Sar, Gly-Val, Lys-Glu, Phe-Ala, Phe-Gly, Pro-Gly, Trp-Glu, and Trp-Leu, and Gly-Gly-Ile, 

Val-Pro-Pro, and ɣ-Glu-Leu as representatives for tripeptides and ɣ-glutamyl-dipeptides, 

respectively. 

2.5 Intestinal di- and tripeptide digestion by intestinal mouse mucosa ex vivo 

We removed the intestines of PEPT1+/+ and PEPT1−/− mice (n = 3 per group). After rinsing 

them with PBS, we removed four sections of 1 cm 10 cm distally of the stomach as jejunal 

samples, and four additional 1 cm sections from the center of the colon of each animal. We 

split these intestinal sections open longitudinally and incubated three sections from each 

segment in 0.5 ml MES-buffered transport medium (pH 6.0) that contained 250 μM of each 

panel peptide and 1:100 Pen-Strep. As negative control, one additional jejunal and colonic 

section each was incubated in 0.5 ml of MES-buffered transport medium (pH 6.0) containing 

1:100 Pen-Strep at 37 °C. Medium samples were collected after 0, 30, 60, and 120 min. 
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2.6 Intestinal di- and tripeptide digestion by intestinal human mucosa ex vivo 

The Chirurgische Klinik at the Klinikum rechts der Isar in Munich (Prof. Dr. Ceyhan and PD 

Dr. Dr. Demir) provided healthy human intestinal samples from duodenum, ileum, and colon. 

The tissue samples were stored in ice-cold DMEM, before sample analysis was performed 

within 24 h of surgery. The sampling was approved by the ethical committee of the Technical 

University of Munich (project number: 51/17S). We rinsed the intestinal samples in PBS 

before further processing. We prepared four individual 0.25 cm2 mucosal samples from each 

gut section, of which we incubated three samples at 37 °C in 0.5 ml of MES buffered 

transport medium (pH 6.0) that contained 250 μM of each panel peptide and 1:100 Pen-

Strep. In addition, as negative control, we incubated the fourth sample in 0.5 ml MES-

buffered transport medium (pH 6.0) that only contained 1:100 Pen-Strep. Medium samples 

were collected after 0, 30, 60, 120, 180, and 240 min. 

2.7 Sample preparation and derivatization for LC-MS/MS analysis 

Samples of 20 μl of plasma or 10 μl of transport medium were evaporated with 25 μl internal 

standard under a nitrogen stream before being derivatized with phenyl isothiocyanate (PITC). 

10 μl of PITC was added following an incubation with 190 μl of derivatization mix at room 

temperature while shaking at 750 rpm for 5 min. Afterwards, the samples were incubated for 

20 min at room temperature and 750 rpm shaking. Samples were then again dried under a 

nitrogen stream and reconstituted in 300 μl 5 mM ammonium acetate in methanol. 70 μl of 

this sample solution was diluted 7:10 with water and then transferred to Eppendorf 

microplates for LC-MS/MS analysis. 

2.8 LC-MS/MS analysis 

We performed all MC-MS/MS analyses on a triple quadrupole 3200 Q Trap LCMS/ MS 

system (AB Sciex, Framingham, MA) with a 1200 Series binary pump, a degasser, and a 
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column oven (Agilent, Santa Clara, CA). Samples were injected by an HTC pal autosampler 

(CTC Analytics, Zwingen, Switzerland). The parameters of the ion spray source operating in 

positive ESI mode were: curtain gas, 20 psi; collision gas, medium; ion spray voltage, 5500 

V; temperature, 500 °C; ion source gas 1, –40 psi; ion source gas 2, 50 psi. 

Chromatographic separation was performed using a VDSpher 100 PUR C18-SE column 

(length 150 mm, internal diameter 3.0 mm, particle size 3.5 μm; VDS optilab), at a column 

temperature of 50 °C. Eluent A was 0.2% formic acid in water, and eluent B was 0.2% formic 

acid in acetonitrile. Gradient elution comprised the following steps: a linear decrease from 

98% to 60% A at 500 μl/min over 6 min, hold for 2 min, followed by a linear decrease to 0% A 

at 500 μl/min over 7 min. Re-equilibration was achieved by a linear increase to 98% A at 500 

μl/min over 1 min, increase of flow rate to 800 μl/min over 1 min, hold for 2 min, and 

decrease to 500 μl/min over 1 min. Accordingly, the total running time was 20 min. Analytes 

were quantified in scheduled multiple reaction monitoring (MRM) with a target scan time of 1 

s and a detection window of 60 s, and quadrupoles were set to unit resolution. 

2.9 Calibration and quantification of LC-MS/MS analysis 

Calibration was performed by spiking control plasma with certain concentrations of amino 

acids and di- and tripeptides. We conducted a seven-point calibration by adding increasing 

amounts of each standard, as well as internal standard. The calibration curves were drawn 

and fitted by linear regression through zero with 1/x weighting. Analyst 1.5 software (AB 

Sciex) was used for data analysis. 

2.10 Statistical analysis 

Areas under curve (AUC) of plasma concentrations were determined with GraphPad PRISM 

5.00 (GraphPad Software, Inc.). One-way ANOVA with post-hoc Bonferroni’s Multiple 

Comparison Test was applied for the comparison of AUC and maximum values regarding 

plasma concentrations, as well as oligopeptide concentrations in cell culture experiments. p-
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values <0.05 were considered statistically significant. The comparison of concentrations and 

molar quantities of di- and tripeptides and amino acids within groups was performed by one-

way ANOVA with post hoc Bonferroni’s Multiple Comparison Test, while comparisons 

between groups were performed by two-way ANOVA with post hoc Bonferroni’s Multiple 

Comparison Test. GraphPad PRISM 5.00 (GraphPad Software, Inc.) was used for the linear 

regression analysis of molar peptide quantities. Outliers were identified based on Cook’s 

distance, with Di > 4/n, and p-Values < 0.05 were considered statistically significant. 
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3 Short description of publications1 

3.1 Publication 1: Proton Coupled Oligopeptide Transporter 1 (PepT1) Function, 

Regulation, and Influence on the Intestinal Homeostasis 

SLC15A1, the peptide transporter 1 (PEPT1) is the key transporter for the small intestinal 

uptake of di- and tripeptides as well as structurally similar drugs like β-lactam antibiotics and 

angiotensin-converting enzyme (ACE) inhibitors. Since its molecular identification in 1994, 

hundreds of studies have focused on different aspects of PEPT1. This review on PEPT1 

focuses primarily on recent findings regarding the regulation of PEPT1 gene and protein 

expression as well as PEPT1’s role in health and disease, and it outlines the transporter’s 

expression pattern, substrate specificity, 3D structure, as well as its interaction with other 

proteins. 

Personal contribution: Florian Rohm prepared the chapters “Role of PepT1 in Intestinal 

Homeostasis in Health and Disease” and “PepT1 Deficiency Models” of this review article. 

Spanier B, Rohm F. Proton Coupled Oligopeptide Transporter 1 (PepT1) Function, 

Regulation, and Influence on the Intestinal Homeostasis. Compr Physiol. 2018;8(2):843-869. 

3.2 Publication 2: Appearance of Di- and Tripeptides in Human Plasma after a Protein 

Meal Does Not Correlate with PEPT1 Substrate Selectivity 

Many aspects of the peptide transporter SLC15A1 (PEPT1) have been revealed in numerous 

studies, including the transporter’s expression pattern and its gene expression regulation, its 

substrate specificity and the affinities of various substrates. However, little is known about 

the physiological role of PEPT1 in the assimilation of dietary protein by absorbing di- and 

tripeptides generated during intestinal protein breakdown. In order to enable us to assess 

concentrations of these PEPT1 transport substrates in biological samples, we established an 

 
1 See 6.1 for the original publications and 6.2 for the corresponding letters of approval 
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LC-MS/MS-based method for the quantification of di- and tripeptides. Based on a peptide 

panel that is representative for the 400 possible dipeptides from the 20 proteinogenic amino 

acids in terms of their constituents’ size, charge, side-chain polarity, and side-chain class, we 

applied this LC-MS/MS method in a human study, assessing peptide plasma levels in fasting 

state and after the intake of different amounts of chicken breast. We could demonstrate 

significant amounts of di- and tripeptides in human peripheral blood in fasting state. In 

addition, we found dose- and time-dependent postprandial increases for the majority of the 

panel peptides in plasma, whose spectrum does however not match their affinity to PEPT1. 

This suggests that the type and quantity of peptides reaching circulation is influenced by their 

resistance to hydrolysis by pancreatic, brush border, and cytosolic peptidases. Furthermore, 

many of the dipeptides whose plasma concentrations increased postprandially featured N-

terminal glycine, which is generally associated with a higher resistance to hydrolysis. The 

contribution of the peptides’ affinity to PEPT1 and their stability against hydrolysis, 

respectively, to their appearance in peripheral blood remains unclear, however, and warrants 

further research. 

Personal contribution: Florian Rohm developed the LC-MS/MS method, performed the LC-

MS/MS plasma analysis, and contributed substantially to the interpretation of the data and 

the writing and revising of the manuscript. 

Rohm F, Skurk T, Daniel H, Spanier B. Appearance of Di- and Tripeptides in Human Plasma 

after a Protein Meal Does Not Correlate with PEPT1 Substrate Selectivity. Mol Nutr Food 

Res. 2019;63(5):e1801094. Copyright Wiley-VCH GmbH. Reproduced with permission. 

3.3 Publication 3: Transport Versus Hydrolysis: Reassessing Intestinal Assimilation 

of Di- and Tripeptides by LC-MS/MS Analysis 

The respective contributions of absorption of peptides from dietary protein via PEPT1 and 

their hydrolysis in dietary protein assimilation have not been identified. In order to shed 
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further light on the fate of di- and tripeptides released from dietary protein during intestinal 

digestion, we applied a previously developed LC-MS/MS-based method and a representative 

peptide panel for the quantification of peptides in several intestinal models in vitro and in 

vivo. These models ranged from Caco-2 cells to PEPT1 deficient mice to human mucosa 

from different intestinal segments and allowed us to simultaneously assess peptide transport 

by PEPT1 and hydrolysis. Across all models, we observed a wide range of susceptibility to 

hydrolysis amongst the panel peptides. Certain peptides were highly susceptible to 

hydrolysis and featured low transport rates in intact form, while others were stable against 

hydrolysis and featured higher PEPT1-dependent transport rates in intact form. Overall, the 

patterns of panel peptides with a high susceptibility and resistance to hydrolysis, 

respectively, were highly similar across all tested models. Susceptibility to hydrolysis appears 

to be structure-dependent. Peptides with less polar amino acid residues in N-terminal 

position feature reduced resistance to hydrolysis and low rates of transport. Other panel 

peptides with a high stability to hydrolysis on the other hand are dependent on PEPT1 for 

crossing the small intestinal mucosa. Besides these regular peptides, we could also 

demonstrate hydrolysis resistance associated with PEPT1 dependency for several ɣ-

glutamyl-dipeptides and aminocephalosporins. Interestingly, translocation rates of members 

of either group of PEPT transport substrates varied greatly despite similar structure and 

PEPT1 affinity. 

Personal contribution: Florian Rohm contributed substantially to the design of the study, 

performed all experiments and LC-MS/MS analyses, and contributed substantially to the 

interpretation of the data and the writing and revising of the manuscript. 

Rohm F, Daniel H, Spanier B. Transport Versus Hydrolysis: Reassessing Intestinal 

Assimilation of Di- and Tripeptides by LC-MS/MS Analysis. Mol Nutr Food Res. 

2019;63(21):e1900263. https://doi.org/10.1002/mnfr.201900263  
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4 Discussion 

4.1 Major findings 

We aimed to better define the role of PEPT1 in the assimilation of dietary protein in the form 

of the absorption of dietary amino acids as di- and tripeptides. Based on a newly developed 

LC-MS/MS-based method for the quantitative analysis of di- and tripeptides we assessed the 

fate of a panel of 20 dipeptides defined as representative for the possible 400 dipeptides 

from proteinogenic amino acids in terms of size, charge, and polarity, as well as two 

tripeptides. In a human study, we showed that di- and tripeptides, including ɣ-glutamyl-

peptides, are present in considerable concentrations in systemic circulation in fasting states 

[249]. In addition, we observed dose-dependent postprandial increases in plasma for half the 

peptide panel after the intake of a common source of dietary protein, chicken breast. Plasma 

levels in general however did not reflect the affinity of these peptides for interaction with 

PEPT1, leading to the conclusion that the rate of hydrolysis and thus the liberation of the 

peptides from protein during digestion and the uptake into the tissue vary greatly and are 

highly structure-dependent. 

Applying the developed method for peptide quantification in several different models, we 

assessed intestinal transport and hydrolysis of di- and tripeptides in vitro, ex vivo, and in vivo 

[250]. Results confirmed the other findings regarding transport and hydrolysis of peptides as 

depending on structure and composition. Peptides with less polar amino acid residues in N-

terminal position are usually hydrolysed to a greater extent rather than transported and are 

thus mostly not absorbed in intact form, while in case of peptides with higher stability against 

hydrolysis, like certain glycyl dipeptides, Pro-Gly, and ɣ-glutamyl-dipeptides, PEPT1-

dependent transport dominates over hydrolysis. Also, intestinal transepithelial transport of 

xenobiotic substrates like aminocephalosporins is dependent on PEPT1, while translocation 

rates of structurally nearly identical substrates may vary greatly despite comparable affinities 

for PEPT1. 
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4.2 Role of PEPT1 in nutrition 

Together with intestinal amino acid transporters, the peptide transporter SLC15A1 (PEPT1) 

holds a critical position in dietary protein assimilation. Many aspects of PEPT1 structure and 

transport mechanism are well characterized and its expression pattern in the small intestine 

is well established, yet expression in colon is still discussed controversially in literature. 

PEPT1’s role in nutrient sensing acting as a transceptor has been described, as well as its 

regulation and interaction with other proteins [141]. Its substrate specificity and affinities of 

various substrates have been assessed in numerous studies, while ongoing research is 

focused on identifying PEPT1’s crystal structure, which has already succeeded for several 

bacterial peptide transporter isoforms [251]. The structural elucidation of bacterial PEPT1 

homologues in complex with transport substrates has enabled a good understanding of the 

interaction between PEPT1 type proteins and substrates [252, 253]. 

Despite the ever-growing knowledge regarding PEPT1 accumulated from research of almost 

half a century, little is known to date about the transporter’s physiological role, i.e., the extent 

of dietary amino acids absorbed in the form of di- and tripeptides as compared to free amino 

acids absorbed by amino acid transporters across the intestinal brush border membrane. 

The luminal absorption of amino acids bound in di- and tripeptides via PEPT1 is believed to 

distinctly exceed the intestinal absorption of free amino acids by 75%, presumably due to 

PEPT1’s high capacity paired with its high expression in the small intestine [201, 207]. On 

the other hand, based on the increases we observed postprandially for plasma amino acids 

and plasma di- and tripeptides, our human study suggests that most dietary protein is 

hydrolyzed into free amino acids before reaching circulation [249]. Little is also known about 

the total quantity and physiological role of di- and tripeptides in circulation, as well as the 

types of di- and tripeptides that escape intestinal hydrolysis and reach circulation. It is 

unknown if the intestinal uptake of peptides via PEPT1 and their presence in circulation is a) 

an alternative uptake pathway when the quantity of amino acids after a protein-rich meal 
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exceeds the capacity of intestinal amino acid transporters, or b) if plasma peptides from 

dietary protein actually have an additional function beyond the nutritional value of their 

constituent amino acids, e.g., in the form of bioactivity, which has been reported for 

numerous di- and tripeptides as discussed above. The fact that PEPT1 deficient mice are 

phenotypically normal on a standard diet and only develop a phenotype different from wild-

type animals on high-protein diets [244] indicates that plasma peptides from dietary protein 

are not essential for metabolism. Moreover, di- and tripeptides escaping hydrolysis from 

cytosolic peptidases are usually broken down rapidly by endothelial peptidases and plasma 

peptidases and often only have a very short half-life after reaching circulation [213, 254]. On 

the other hand, while plasma peptides are assimilated predominantly by kidney and liver 

[255, 256], cytosolic peptidases as well as PEPT1 and other peptide transporting members 

of the SLC15 family, namely PEPT2 (SLC15A2), PhT1 (SLC15A4), and PhT2 (SLC15A3), 

are expressed in many tissues, mainly the intestine, kidney, and brain, but also lung, spleen, 

pancreas, liver, and bile duct [257]. An organism’s efforts of this extent to facilitate the uptake 

of small peptides into various tissues system-wide and to equip cells with the tools to break 

down these peptides suggests that intestinal di- and tripeptide absorption may have a role 

that goes beyond a mere overflow mechanism during excess amino acid supply. In addition, 

certain pathophysiological states illustrate PEPT1’s importance for dietary protein 

assimilation, e.g., diseases like Hartnup disease that are associated with a loss of function of 

essential apical amino acid transporters. Here, PEPT1 can completely cover the defective 

transporter’s function by facilitating the corresponding amino acids’ uptake in the form of di- 

and tripeptides, a fact that contributed significantly to the identification of PEPT1 (see 1.3.5). 

Plasma di- and tripeptides do not originate exclusively from the assimilation of dietary protein 

and uptake via PEPT1: In fasting states, we observed stable plasma levels of di- and 

tripeptides that result in an estimated cumulative plasma concentration of 20 µM for 

dipeptides and 10 µM for tripeptides [249]. Small amounts of larger intestinal oligopeptides 
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may reach circulation via alternative pathways, e.g., paracellular diffusion or transcytosis 

(see 1.3.4), after which they may become subject to hydrolysis by endothelial and soluble 

plasma peptidases, and contribute to plasma peptide concentrations. Also, endogenous 

intracellular protein is constantly degraded by cytosolic peptidases, and breakdown products 

may cross the plasma membrane into circulation, just like proteins and peptides that are 

continuously being hydrolyzed in the blood by plasma and endothelial peptidases. 

While transporter affinity has been determined for a considerable number of PEPT1 transport 

substrates in vitro and in model systems [141], the pattern of peptides we observed 

postprandially in systemic circulation cannot be explained by their affinity to PEPT1 [249]. 

The appearance of a given peptide in plasma after a meal depends on several factors: the 

presence of the corresponding amino acid sequence in the dietary protein, and the resilience 

of the involved peptide bonds towards hydrolysis in the intestinal lumen, the enterocytes’ 

cytoplasm, as well as in blood vessels. Due to the wide range of pancreatic and brush border 

membrane peptidases, it is currently impossible to predict a pattern of distribution of protein 

breakdown products in the chyme, i.e., which amounts and types of di- and tripeptides and 

amino acids will result from hydrolysis of a given protein and thus be available for absorption 

by peptide and amino acid transporters. Moreover, cytoplasmatic peptidases, plasma and 

endothelial peptidases, as well as the first pass effect in liver render the pattern of 

postprandial plasma peptides in systemic circulation even more unpredictable. Early uptake 

studies that demonstrated for the first time dipeptides to be able to cross the intestinal 

mucosa utilized mainly glycyl peptides administered directly into the intestine [189]. These 

glycyl peptides were chosen due to their established generally higher resistance towards 

peptidases to ascertain their detection in circulation [250, 258]. This is also reflected by the 

increases in postprandial peptide plasma levels we observed after a protein meal in our 

human study [249]. Accordingly, glycyl peptides in our studies also showed higher resistance 

towards hydrolysis, while dipeptides with hydrophobic constituents overall featured rapid 
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hydrolysis. Nevertheless, this high intrinsic hydrolysis resistance does not appear to apply to 

all glycyl dipeptides as we unexpectedly did not observe any increases in postprandial Gly-

Pro plasma concentration. In addition, we demonstrated that this glycyl dipeptide is 

susceptible to hydrolysis in all our models [249, 250] despite its peptide bond involving 

proline, which usually is assumed to render a dipeptide more resistant to hydrolysis [81]. 

These observations question the use of the radiolabeled tracer substrates commonly used in 

peptide transport studies like [14C]Gly-Pro [259, 260]. To a certain extent, this also applies to 

[3H]Gly-Gln [261], as we did observe postprandial plasma increases of Gly-Gln, yet it is 

subject hydrolysis [249, 250].  

Although frequently used in uptake studies, glycyl peptides are not representative for the 

entire range of dietary PEPT1 substrates that may arise from the hydrolysis of dietary 

protein. In theory, 400 different dipeptides and 8000 different tripeptides constituted of the 20 

proteinogenic amino acids can be released from dietary protein, almost all of which are 

transport substrates of PEPT1. Their transport affinity depends on several factors, including 

side-chain size, stereospecificity, polarity, and charge [204]. Tracer flux studies using 

radiolabeled dipeptides (competition assays) as well as electrophysiological transport studies 

are indirect methods for assessing transport of intact peptides via PEPT1.  and peptides 

subject to hydrolysis and the subsequent uptake of resulting free amino acids by intestinal 

amino acid transporters. In addition, studies determining affinities are often performed using 

heterologous expression systems, e.g., Xenopus laevis oocytes. These experiments may 

reveal interactions between transporter and substrate and allow the assessment of affinities, 

yet the absence of membrane peptidases in these systems does not allow conclusions to be 

drawn on whether such a peptide may ever interact with PEPT1 in the intestine [262, 263]. 

We showed that a high affinity for PEPT1 as observed in such studies is not necessarily 

associated with high transepithelial flux rates and high postprandial plasma concentrations in 

vivo, while a low PEPT1 affinity does not automatically mean that a substrate will show low 
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transepithelial flux [250]. Transepithelial transport of intact peptides under physiological 

conditions (as after a protein meal) appears to be determined to a great extent by peptide 

composition: An unpolar N-terminal amino acid residue is often associated with a higher 

susceptibility towards hydrolysis and therefor lower rates of uptake via PEPT1.  

Despite the physiological role of PEPT1 being not entirely clear, its importance in clinical 

nutrition is well recognized for enteral and parenteral nutrition. The human organism’s ability 

to efficiently metabolize di- and tripeptides, mainly in liver and kidney but also many other 

tissues (see above), allows the patients’ efficient nutrition via peptide solutions, which are 

superior to amino acid solutions due to their higher stability and solubility compared to free 

amino acids [264, 265]. 

4.3 Pharmacological aspects of PEPT1 

Besides peptides from dietary protein, PEPT1 is important for the oral bioavailability of 

dietary peptide supplements as well as a wide range of drugs that are structurally related to 

peptides, including angiotensin converting enzyme (ACE) inhibitors, a broad spectrum of 

beta-lactam antibiotics, and certain cancer therapeutics [205, 266]. Due to the improved 

understanding of PETP1’s prodrug recognition, PEPT1 has come further into the focus of 

pharmaceutical research. Scientists are now able to specifically modify substances to 

become better targets for PEPT1 transport, e.g., by joining an amino acid residue to a drug 

molecule in order to greatly enhance the resulting prodrug’s bioavailability compared to the 

drug [267]. For instance, in case of the antiviral valacyclovir, a prodrug derivative of acyclovir 

used in the treatment of e.g., herpes zoster, joining the original drug to the amino acid valine 

and thus enabling transport by PEPT1 improved its oral bioavailability from 15% to more than 

50% [268]. Our aminocephalosporin transport studies suggest that, despite similar affinities 

to PEPT1 predicted in silico or determined in vitro based on highly similar chemical 

structures [269-271], actual PEPT1 transport rates of these structurally similar compounds 
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may vary distinctly [250]. This demonstrates the importance of assessing the bioavailability of 

PEPT1 transport substrates in in vivo studies. 

Besides transport of xenobiotics via PEPT1, there is also a growing interest in transport of 

food-derived PETP1 substrates. In many dietary proteins, sequences of peptides have been 

discovered that are believed to elicit biological effects in the host. Over the past decades, 

numerous such effects have been attributed to these bioactive peptides once released from 

their protein precursors during digestion, expanding the role of dietary protein beyond its 

mere nutritional value as a source of nitrogen and essential amino acids [272-277]. For 

example, a review in 2012 listed more than 130 antihypertensive peptides from numerous 

protein sources with different proposed mechanisms of action [278], most of which involve 

ACE inhibition or the interaction with opioid receptors as agonists or antagonists [279]. Of 

these dietary bioactive peptides, the tripeptides Val-Pro-Pro and Ile-Pro-Pro derived from 

casein are amongst the most frequently discussed peptides for which antihypertensive 

properties have been described [211], the former of which we included in the peptide panel 

that we applied in our studies. These lactotripeptides are often claimed to exert their effect 

via ACE inhibition, e.g., after reaching systemic circulation and subsequent uptake into 

vascular endothelial cells [280, 281]. However, most studies postulating antihypertensive 

effects of peptides derived from milk proteins are performed in vitro, applying analyte 

concentrations in the high micromolar, sometimes even millimolar ranges for long incubation 

times of up to 24 hours, or in animal models, which makes the transfer of the observed 

effects to humans in vivo appear questionable [211, 262]. Plasma concentrations required for 

ACE inhibition of these lactotripeptides are estimated to be in the micromolar range [282]. 

The question remains if this bioactivity described in in vitro assays can also be achieved in 

humans by reaching physiologically relevant levels in plasma. In vivo studies assessing 

bioavailability and plasma concentrations of these proline-rich tripeptides demonstrated only 

a very low bioavailability and a short half-life: In pigs, bioavailability of Val-Pro-Pro and Ile-
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Pro-Pro was 0.1%, and the peptides’ half-lives in plasma were no longer than approx. 10 

minutes [283]. Peak plasma concentrations only reached nanomolar ranges, attributed to the 

hydrolytic activity of pancreatic, brush border membrane, and cytosolic peptidases. For Val-

Pro-Pro, we observed a high susceptibility towards hydrolysis in all our employed models, 

including human intestinal mucosa, which appears to confirm this assumption. A human 

study reported even lower postprandial plasma concentrations for Val-Pro-Pro and Ile-Pro-

Pro of below 1 pmol/ml [284]. Accordingly, in our human study using meat as a protein 

source, we did not observe any plasma concentration increases for Val-Pro-Pro, which may 

of course be due to a lower abundance of the tripeptide sequence in chicken meat than in 

milk protein [249]. Consequently, the observed maximum plasma concentrations in the 

above-mentioned studies are several orders of magnitude lower than those needed for ACE 

inhibition in vivo. For reference, the bioavailability of the common drug ACE inhibitors 

captopril and enalapril ranges at 60-70% and their elimination half-lives are 1.5 hours for 

captopril and several hours for enalapril [285]. The inhibitory constants (IC50) of these ACE 

inhibitors are in the nanomolar range for captopril and the micromolar range for enalapril, 

respectively [286]. Considering the minimal oral bioavailability, the very short plasma half-life, 

and the low plasma concentrations of oral Val-Pro-Pro and Ile-Pro-Pro under physiological 

conditions, it seems improbable that any antihypertensive effects of lactotripeptides via ACE 

inhibition observed in vitro and in model systems can be achieved in humans in vivo. 

Nevertheless, there are few in vivo studies in humans on antihypertensive effects of orally 

provided lactotripeptides: Hypertensive participants who received different dosages of oral 

Val-Pro-Pro and Ile-Pro-Pro displayed dose-dependent systolic blood pressure decreases, 

although no reduction in diastolic blood pressure was observed [287]. In another, albeit not 

placebo-controlled, clinical study, hypertensive participants showed reduced systolic and 

diastolic blood pressure after Val-Pro-Pro and Ile-Pro-Pro ingestion [281]. A possible 

alternative explanation for the observed blood pressure lowering effects of dietary bioactive 
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peptides is their effects being mediated by intestinal receptors [288, 289]. This interaction of 

bioactive peptides with intestinal receptors seems conceivable because this mode of action 

has been demonstrated for other types of dietary bioactive peptides: Besides 

antihypertensive proline-rich tripeptides, milk proteins contain a wide range of sequences of 

peptides for which bioactivity has been shown, including around 50 peptides with blood 

pressure lowering effects [278]. Many of these milk protein fragments are small peptides that 

interact with opioid receptors in the intestinal wall. These opioid receptor ligands, also 

referred to as exorphins, which are also found in other sources of dietary protein like gluten 

and meat, may act as receptor agonists or antagonists [290, 291]. Exorphins are peptides 

with more than 3 amino acid residues, so intact absorption via PEPT1 is not required for 

exerting their biological effects [211], which mainly involve effects on intestinal function and 

blood pressure [278, 290]. 

Our studies clearly demonstrate the importance of hydrolysis over transport of di- and 

tripeptides in overall bioavailability and that is relevant also in the context of potential effects 

of bioactive peptides derived from food. Our findings regarding the limited stability of Val-Pro-

Pro to intestinal hydrolysis that we observed across all models – which supports the low 

bioavailability of proline-rich lactotripeptides demonstrated in in vivo studies – ask for 

alternative explanations and mechanisms of action of the observed antihypertensive effects 

in humans. 

4.4 Impact of intestinal brush border peptidases on amino acid homeostasis 

A multitude of intestinal brush border peptidases has been identified, and for many of them, 

small intestinal expression in humans is well described in literature, showing an overall 

differential expression along the small intestine: Enteropeptidase for instance is expressed 

mainly in the duodenum, where it activates the pancreatic protease cascade [70], while the 

expression of aminopeptidases and DPPIV is strongest in distal parts of the small intestine 
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[68, 69]. Interestingly, these individual differences in expression of small intestinal peptidases 

described in literature were not reflected by differences in the hydrolytic capacity of 

duodenum and ileum in our ex vivo studies, where hydrolysis patterns were very similar in 

human samples from both small intestinal segments, but also in mouse samples and Caco-2 

cells. 

In these assays, we also observed a remarkable digestive capacity for peptides in mucosa 

from mouse and human colon. As detailed above, a considerable amount of dietary protein, 

together with endogenous protein, escapes small intestinal digestion [125], so it is not 

surprising that the organism provides the capacity to assimilate these proteins, together with 

endogenous and bacterial protein released in the colon, by expressing brush border 

membrane peptidases to assist the remaining intraluminal pancreatic proteases in the 

digestion of these proteins [176]. While colonic peptidase expression and activity in humans 

has not been systematically assessed to our knowledge, few studies have demonstrated 

expression and activity of certain brush border membrane peptidases like APN, APA, and 

DPPIV as well as cytosolic peptidases in human colonocytes [129, 130]. Nevertheless, a 

significant contribution of human colon to overall protein assimilation is not generally 

assumed [127]. As expected, overall peptidase activity as well as peptidase activity against 

the provided individual peptides was reduced in colonic as compared to small intestinal 

mucosa samples both in mice and in humans [250]. However, we unexpectedly observed a 

spectrum of peptidase activity in colon samples that was very similar to small intestinal 

peptidase activity observed across all our models. This capacity for peptide hydrolysis of 

colon is even more remarkable when considering the smaller absolute surface area of 

colonic mucosa samples when compared to small intestinal mucosa samples of the same 

size: In the small intestine, villi, which are absent in colonic mucosa, increase the mucosal 

surface by a factor of ∼6.5, in addition to microvilli that increase the surface area to a greater 

extent in the small intestine than the fewer and shorter microvilli in colonic mucosa [292]. 
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Overall, our studies suggest that protein reaching the human colon is targeted by a wide 

range of colonic brush border membrane peptidases that have the capacity to break it down 

into di- and tripeptides and free amino acids, which may then be further processed by 

colonocytes upon uptake via PEPT1 and amino acid transporters, as well as utilized by gut 

microbiota. 

4.5 Strengths and limitations 

To our knowledge, the present studies were the first in using an LC-MS/MS method for the 

systematic quantification of dipeptides in biological samples based on a representative 

peptide panel. For the first time, the dose-dependent postprandial appearance of peptides in 

plasma after the consumption of a common source of dietary protein could be observed and 

quantified in humans. At the same time, the presence of considerable amounts of plasma di- 

and tripeptides could be demonstrated in fasting states in humans. In addition, this newly 

developed quantification method enabled us to simultaneously study transport and hydrolysis 

of the panel peptides in different intestinal models. We are confident that the approx. 20 

dipeptides in our panel are well representative for the possible 400 dipeptides from 

proteinogenic amino acids, yet with the exception of cysteine-containing dipeptides. Due to 

the easily oxidized sulfhydryl group in cysteine, e.g., by the formation of disulfide bonds, 

cysteine-containing peptides were not included in the panel. Also, individual dipeptides may 

not act in accord with expectations, as was the case with Gly-Pro and Pro-Gly, so further 

studies using a panel expanded by additional dipeptides could consolidate our findings. 

Furthermore, the two panel tripeptides out of the 8,000 possible tripeptides from 

proteinogenic amino acids do not allow any solid assertions regarding intestinal tripeptide 

assimilation in general, for which an expansion of the peptide panel by a representative set 

of tripeptides is required. 
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Some of our studies featured conditions that were not physiological in some degree. In the 

mouse gavage experiments, Gly-Pro and Pro-Gly were applied in unphysiologically high 

concentrations close to the dipeptides’ maximal solubility in water that are not achievable 

through regular diet. Also, incubation times of the transport studies in Caco-2 cells were 

rather long with up to 6 hours. Both parameters were chosen in order to ascertain that 

changes in peptide concentrations were above detection limits. While our models allowed to 

quantify changes in extracellular peptide and amino acid concentrations, intracellular 

concentrations and hydrolytic processes, e.g., in enterocytes in our ex vivo experiments or in 

the cytoplasm of Caco-2 cells, eluded our assessment. However, despite these occasionally 

artificial conditions, the effects we observed in all our models regarding individual peptides as 

well as the peptide panel were almost identical, suggesting that Caco-2 cells and mouse 

intestines are valid models for human intestinal peptide transport and hydrolysis. 

Overall, the expansion of our LC-MS/MS analysis to a larger peptide panel and its application 

in further human nutrition studies could greatly enhance our knowledge regarding intestinal 

protein assimilation, help researchers evaluate claims regarding biological effects of 

bioactive peptides, and possibly develop peptide supplements tailored for states of protein or 

amino acid deficiency. 
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