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Transport Versus Hydrolysis: Reassessing Intestinal
Assimilation of Di- and Tripeptides by LC–MS/MS Analysis

Florian Rohm, Hannelore Daniel, and Britta Spanier*

Scope: The role of PEPT1 in the uptake of intact peptides as compared to
hydrolysis prior to uptake of their constituents is unknown. Here, dipeptides,
tripeptides, and amino acids are quantified to study the fate of selected
peptides in different intestinal models.
Methods and results: An LC–MS/MS-based method is applied for the
simultaneous assessment of rates of hydrolysis and transport of a peptide
panel in Caco-2 transwell cell culture, in vitro and in vivo in mice expressing
or lacking PEPT1, and in hydrolysis studies in vitro using human intestinal
samples. It is shown that susceptibility to hydrolysis of peptides at the brush
border membrane or within epithelial cells is practically identical in all tested
models and strictly structure-dependent. Peptides with high luminal
disappearance show substantial hydrolysis and low basolateral appearance,
while peptides with low disappearance show strong PEPT1 dependency and
high basolateral appearance in intact form in Caco-2 transwell culture.
Conclusion: Hydrolysis and transport of intact peptides are highly variable
and structure-dependent. For peptides possessing less polar N-terminal
residues, hydrolysis usually dominates over transport via PEPT1. For other
peptides with high intrinsic hydrolysis resistance, including anserine,
carnosine, ɣ-glutamyl-dipeptides, and aminocephalosporins, PEPT1 is the
main determinant for appearance in peripheral blood.

1. Introduction

The composition of intestinal contents during digestion is in
essence unknown. Studies by Adibi et al. from the 1970s sug-
gested the majority of protein degradation products to comprise
short-chain peptides and free amino acids.[1,2] However, the pep-
tide fraction would be highly diverse in chain length and com-
position depending on the nature of the ingested protein, its
sequence, and the accessibility of the peptide bonds to cleavage
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by a multitude of intestinal peptidases
and proteases. Although intestinal amino
acid transport processes had received
considerable interest early on, the exis-
tence of a transport pathway for short-
chain peptides was the subject of contro-
versy over decades. Convincing evidence
for its existence finally arose from stud-
ies in humans with inherited diseases
of amino acid absorption, such as Hart-
nup disease and cystinuria, by demon-
strating efficient absorption of the criti-
cal amino acids when provided in dipep-
tide form.[3–6] With the cloning of pep-
tide transporter 1 (PEPT1) in 1992 and
the ability of heterologous expression, a
large number of studies could demon-
strate the unique features of this pro-
tein for electrogenic transport of all pos-
sible 400 different dipeptides and 8000
tripeptides derived from the 20 proteino-
genic amino acids.[7] However, almost
all studies on the mechanism and the
kinetic characteristics of the transport
of peptides of highly diverse mass, po-
larity, and charge either employed elec-
trophysiology or tracer flux studies us-
ing the very few radiolabeled substrates

available, such as 14C-labeled Gly-Pro and Gly-Sar or 3H-labeled
Gly-Gln, in combination with hundreds of competitors. The
choice of dipeptides with N-terminal glycine was based on the
demonstration of appearance of intact glycyl-peptides in human
plasma after ingestion and their higher resistance to hydrolysis
when compared to dipeptides with, e.g., leucine or other bulky
residues in N-terminal position.[1,8,9] In this respect, almost all
studies published in the last decades have used indirect methods
to assess the transport features of PEPT1, including studies in
mice lacking PEPT1, which did not reveal a distinct phenotype
when these mice were fed diets with normal protein levels.[10] It
is therefore currently not possible to define the role of PEPT1 in
the uptake of intact peptides into epithelial cells as compared to
hydrolysis of peptides prior to uptake of their constituents via the
different brush border membrane amino acid transporters.
For this reason, we used an LC–MS/MS-based method to

quantify dipeptides, tripeptides, and amino acids to study the
fate of selected peptides in different intestinal models. The
peptide panel comprised around 20 entities that differ in size,
polarity, charge, and the arrangement of N- and C-terminal
amino acid residues. We assessed rates of hydrolysis and
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transport of the selected peptides in transwell monolayers of
Caco-2 cells, and in vitro and in vivo in mice expressing or
lacking PEPT1, and complemented the mouse studies with in
vitro hydrolysis studies using human intestinal samples.

2. Experimental Section

2.1. Chemicals, Reference Substances, and Internal Standards

Acetonitrile (LC–MS grade), ammonium acetate, formic acid
(LC–MS grade), phenyl isothiocyanate (PITC), and pyridine
were purchased from Sigma–Aldrich (Taufkirchen, Germany).
LC–MS grade water was purchased from J. T. Baker Chemi-
cals (Center Valley, PA). Ethanol and methanol (both LC–MS
grade) were obtained from Merck (Darmstadt, Germany). Mass-
chrom internal standard from ChromSystems (München, Ger-
many) was used and expanded by glutamine-D5 and asparagine-
15N2 (20.0 µmol L–1 each) from Cambridge Isotope Laborato-
ries, Inc. (Andover, USA), and tryptophan-D5 (2.0 µmol L–1)
from Santa Cruz Biotechnology, Inc. (Dallas, USA). Ana-
lytes for the external standard solution comprised glycine,
l-alanine, l-arginine, l-asparagine, l-aspartic acid, l-glutamic
acid, l-glutamine, l-histidine, l-isoleucine, l-leucine, l-lysine,
l-methionine, l-phenylalanine, l-proline, l-serine, l-threonine,
l-tryptophan, l-tyrosine, and l-valine, purchased from Sigma–
Aldrich (Taufkirchen, Germany). The di- and tripeptides for the
external standard Ala-Gly, Ala-His, Ala-Phe, Arg-Gly, ɣ-Glu-Glu,
ɣ-Glu-Gly, ɣ-Glu-Leu, Gly-Asn, Gly-Asp, Gly-Gln, Gly-Gly-Ile,
Gly-Pro, Gly-Sar, Gly-Val, Lys-Glu, Phe-Ala, Pro-Gly, Trp-Glu, and
Val-Pro-Pro were purchased fromBachem (Bubendorf, Schweiz),
Phe-Gly and Trp-Leu from Serva (Heidelberg, Germany), and
anserine, carnosine, cefadroxil, cefalexin, cefradine, and Pen-
Strep 100× from Sigma–Aldrich (Taufkirchen, Germany).

2.2. Animals

Mice lacking PEPT1 were created by targeted disruption of the
PEPT1 gene and obtained from Deltagen (San Mateo, Califor-
nia, USA). Animals were backcrossed for 10 generations to
C57BL/6N background and maintained at 22 ± 2 °C and a 12∶12
h light/dark cycle in specific-pathogen-free (SPF) animal facil-
ity. These mouse strains were characterized in detail before.[10–12]

Except for two female mice in the PEPT1+/+ group, only male
mice younger than 19 weeks were analyzed. 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).

2.3. Mouse Study Design and Plasma Sample Collection

For the gavage experiments, mice were fasted for 6 h. PEPT1+/+

and PEPT1−/− animals (n = 3 per group) were gavaged with
200 µL of Gly-Pro/Pro-Gly solution (290 mm each in water, pH
6.0). Wild-type animals were gavaged with either 200 µL of wa-
ter or Gly-Pro/Pro-Gly solution (n = 3 per group). Thirty min-
utes after gavage, the animals were anesthetized with isoflurane,
followed by retro-orbital blood collection into EDTA-coated tubes
(Sarstedt, Nürnbrecht, Germany).

2.4. Peptide Panel for Transport and Ex Vivo Digestion Assays

For oligopeptide transport in cell culture and digestion assays
with mouse and human intestinal samples, a peptide panel
representative for the entire range of 400 possible dipeptides
from 20 proteinogenic amino acids was used, as previously
described.[13] The panel comprised 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, Trp-Leu, as
well as Gly-Gly-Ile, Val-Pro-Pro, and ɣ-Glu-Leu as representatives
for tripeptides and ɣ-glutamyl-dipeptides.

2.5. Cell Culture and Transport Assays

Transport and hydrolysis of a panel of di- and tripeptides,
selected ɣ-glutamyl-dipeptides, and selected cephalosporins
were determined in human colon carcinoma Caco-2 cells in
transwell culture. PEPT1 knockout clones and corresponding
control cells were generated with CRISPR/Cas9 technology
and cultured as previously described.[13] Effective PEPT1
knockout was confirmed by DNA sequencing and Western
blot analysis (Supporting Information Figure S7). 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. For the oligopeptide transport
assay, 0.5 mL of MES-buffered transport medium (pH 6.0;
Table S6, Supporting Information) containing 500 µm of each
panel peptide were used as apical solution, while 1.5 mL of
HEPES-buffered transport medium (pH 7.4; Table S6, Sup-
porting Information) served as receiver in the basolateral
compartment. For the ɣ-glutamyl-dipeptide transport assay, cells
were incubated apically with 0.5 mL of MES-buffered transport
medium (pH 6.0) containing 500 µm of either ɣ-Glu-Glu, ɣ-Glu-
Gly, or ɣ-Glu-Leu. For the cephalosporin transport assay, cells
were incubated apically with 0.5 mL of MES-buffered transport
medium (pH 6.0) containing 500 µm of either cefadroxil, ce-
falexin, or cefradine. Medium samples were collected after 0 and
360 min of incubation at 37 °C and 5% CO2.

2.6. Dosage Information

Mice were gavaged after a 6-h fasting period with a single dose
of 200 µL of a Gly-Pro/Pro-Gly solution, containing 290 mm
of each dipeptide in water at pH 6.0. Dipeptide concentrations
were chosen in accordance with early peptide uptake studies in
humans[14,15] and correspond to the maximal solubility of both
dipeptides in water. This dose of 345 mg kg−1 in mice is not
achievable through regular diet, and corresponds to a human
equivalent dose (HED) of 28mg kg−1. Caco-2 cells were incubated
for 6 h in 0.5 mL of MES-buffered transport medium (pH 6.0; Ta-
ble S6, Supporting Information) containing 500 µm of each panel
peptide as apical solution. Peptide concentrations were chosen to
avoid potential slight cytotoxic effects described for certain pep-
tides on Caco-2 cells during 24-h incubation.[16,17] The incubation
time of 6 h was chosen to insure that changes in peptide concen-
trations were above detection limits.
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2.7. Intestinal Oligopeptide Digestion by Mouse Tissue Ex Vivo

The intestines of PEPT1+/+ and PEPT1−/− mice (n= 3 per group)
were removed and rinsed with PBS. Four 1 cm sections were re-
moved 10 cm distally of the stomach, representing jejunal sam-
ples, and four sections of 1 cm were removed from the middle
of the colon from each animal. The intestinal sections were split
open longitudinally and three sections from each segment were
incubated in 0.5 mL MES-buffered transport medium (pH 6.0)
containing 250 µm of each panel peptide and 1:100 Pen-Strep,
while one section each was incubated in 0.5 mL of MES-buffered
transport medium (pH 6.0) containing 1:100 Pen-Strep at 37 °C
as negative control. Medium samples were taken after 0, 30, 60,
and 120 min.

2.8. Intestinal Oligopeptide Digestion by Human Tissue Ex Vivo

Healthy human intestinal samples from duodenum, ileum, and
colon were provided by the Chirurgische Klinik at the Klinikum
rechts der Isar in Munich (Prof. Dr. Ceyhan and PD Dr. Dr.
Demir). The tissue was stored in ice-cold DMEM. Sample anal-
ysis was performed within 24 h after surgery. The sampling was
approved by the ethical committee of the Technical University
of Munich (project number: 51/17S). Intestinal samples were
rinsed in PBS before further processing. From each gut sec-
tion, four individual 0.25 cm2 mucosal samples were prepared, of
which three samples were incubated at 37 °C in 0.5 mL of MES-
buffered transport medium (pH 6.0) containing 250 µm of each
panel peptide and 1:100 Pen-Strep, while one sample each was
incubated in 0.5 mL MES-buffered transport medium (pH 6.0)
containing 1:100 Pen-Strep as negative control. Medium samples
were taken after 0, 30, 60, 120, 180, and 240 min.

2.9. Sample Preparation, Derivatization, LC–MS/MS analysis,
Calibration, Quantification

Sample preparation and derivatization, their analysis and quan-
tification via LC–MS/MS, and calibration of the LC–MS/MS
method were performed as previously described.[13] For de-
tails, see also the Materials and Methods in the Supporting
Information.

2.10. Statistical Analysis

Comparison of concentrations and molar quantities of pep-
tides and amino acids within groups was performed by one-way
ANOVA with post hoc Bonferroni’s Multiple Comparison Test,
and comparisons between groups were performed by two-way
ANOVA with post hoc Bonferroni’s Multiple Comparison Test.
Linear regression analysis of molar peptide quantities was per-
formed with GraphPad PRISM 5.00 (GraphPad Software, Inc.),
and outliers were identified based on Cook’s distance, with Di
> 4/n. p-Values < 0.05 were considered statistically significant.

Figure 1. Transport and hydrolysis of oligopeptides in Caco-2 transwell
cell culture, provided as mean ± SEM (n = 6). Apical disappearance and
basolateral appearance of selected oligopeptides in transwell culture after
6 h of apical incubation in control and PEPT1 knockout cells. p-Values rep-
resent differences in molar quantity between control and PEPT1 knockout
cells. *p < 0.05; **p < 0.01; ***p < 0.001.

3. Results

3.1. Oligopeptide Transport and Hydrolysis by Caco-2 Cells

In order to assess the roles in intestinal protein assimilation of
PEPT1 on the one hand and brush border peptidases on the other,
PEPT1 knockout and control Caco-2 cells were incubated with a
panel of 20 peptides in the apical compartment of transwell cell
culture (V = 0.5 mL, 500 µm each, corresponding to 250 nmol
per peptide per apical compartment). After a 6-h incubation, we
discovered significant differences regarding changes in apical
and basolateral concentrations between the panel peptides, re-
flected by different apical disappearance and basolateral appear-
ance rates (Figure 1). Certain peptides, like Ala-Phe and Val-Pro-
Pro, disappeared almost entirely from the apical compartment
in both cell lines, indicating a low resistance to hydrolysis. For
others, we observed marked apical disappearance rates, reducing
their molar quantity by a third or more (Ala-His, Arg-Gly, Gly-
Pro, Phe-Ala, Trp-Leu), while yet another group did not display
any detectable, or only very low apical concentration changes af-
ter 6 h, reflected by low apical disappearance rates (Ans, Car, Gly-
Asn, Gly-Asp, Pro-Gly, ɣ-Glu-Leu). Apical disappearance of half
the panel peptides was less pronounced in PEPT1 knockout cells
than in control Caco-2 cells (Ala-Gly, Gly-Gln, Gly-Pro, Gly-Val,
Lys-Glu, Phe-Ala, Phe-Gly, Trp-Glu, Trp-Leu, Val-Pro-Pro; Figure
S1 and Table S1, Supporting Information). For the other half, we
did not observe any differences between the two cell lines, sug-
gesting that apical disappearance was largely caused by brush
border peptidase activity. In basolateral compartments of PEPT1
knockout cells, we detected only low increases in peptide concen-
trations of well below 1 µm, corresponding to basolateral appear-
ance rates of 1 nmol or less, with the highest increase for Pro-
Gly of 1 nmol. At the same time, basolateral appearance of all
peptides in control cells was significantly higher than in PEPT1
knockout cells, varying between 0.5 nmol (Ala-Phe) and 8.3 nmol
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Figure 2. Linear regression of apical disappearance and basolateral ap-
pearance of panel peptides after 6 h of incubation with control and PEPT1
knockout Caco-2 cells in transwell cell culture. Gly-Asn and Gly-Gln are
outliers in control cells.

(Car), generally with peptides that featured the greatest apical dis-
appearance showing the lowest basolateral appearance and vice
versa. Linear regression analysis of apical disappearance rates
and basolateral appearances rates revealed extremely significant
differences in control and PEPT1 knockout cells (p < 0.0001),
with R2 = 0.83 in control cells and R2 = 0.60 in PEPT1 knock-
out cells, X-intercepts of 271.0 nmol in control and 237.6 nmol
in PEPT1 knockout cells, and Y-intercepts of 7.5 nmol in control
and 0.6 nmol in PEPT1 knockout cells (Figure 2).
Apical amino acid appearance rates were higher in control

cells for Asn, Gln, Gly, Ile, Leu, Pro, Trp, and Val, while api-
cal appearance of Phe was higher in PEPT1 knockout cells (Fig-
ure 3). In basolateral compartments, amino acid appearance was
increased for Arg, Asn, Glu, Gly, His, Ile, Leu, Lys, Phe, Pro,
Ser, Trp, and Val in control cells. Cumulative amino acid appear-
ance in both apical and basolateral compartments was higher in
control cells than in PEPT1 knockout cells (Table S2, Supporting
Information).

3.2. Gly-Pro, Pro-Gly, and Amino Acid Plasma Concentrations
in Mice With and Without PEPT1 Expression after Dipeptide
Gavage

Following up on the striking differences regarding transport
and hydrolysis between the structural dipeptide isomers Gly-Pro
and Pro-Gly in Caco-2 cell culture, C57BL/6N wild-type mice
were gavaged with either 200 µL of a Gly-Pro/Pro-Gly solution
(290 mm each in water) or 200 µL water as control. After 30 min,
significant differences between Gly-Pro and Pro-Gly plasma con-
centrations were detected (Figure 4A). While plasma concen-
trations were similarly low for both dipeptides in the water-
gavaged control group (Gly-Pro 0.27 µm, Pro-Gly 0.17 µm), Pro-
Gly plasma concentration increased to 30 µm after dipeptide sup-
plementation, whereas Gly-Pro increased to only 6.2 µm, which
is ≈80% lower than Pro-Gly. At the same time, we did not ob-

Figure 3. Free amino acids from oligopeptide hydrolysis in Caco-2 tran-
swell cell culture provided as mean ± SEM (n = 6). Apical and basolateral
appearance of amino acids in transwell culture after 6 h of apical incuba-
tion with peptide solution in control and PEPT1 knockout cells. p Values
represent differences in molar quantity between control and PEPT1 knock-
out cells. *p < 0.05; **p < 0.01; ***p < 0.001.

serve any differences in amino acid plasma levels between the
two groups except for the constituent amino acids of both dipep-
tides in the gavage solution. For glycine, we observed an almost
fourfold increase from 200 µm in the control group to 760 µm
in the dipeptide group, and for proline, there was a fivefold in-
crease from 70 to 360 µm (Figure 4B). In PEPT1−/− and PEPT1+/+

mice gavaged with 200 µL of the Gly-Pro/Pro-Gly solution, Gly-
Pro levels in both groups as well as Pro-Gly plasma concentration
in PEPT1−/− animals remained similarly low between 5.6 and
7.7 µm, while plasma Pro-Gly in the PEPT1+/+ group increased to
45 µm, comparable to WT or even higher (Figure 4C). Regarding
plasma amino acids, differences were observed only for glycine
(750 µm in PEPT1+/+ vs 175 µm in PEPT1−/−) and proline (325 µm
vs 85 µm) (Figure 4D), corresponding to approximately fourfold
increases in PEPT1+/+ compared to PEPT1−/− animals.

3.3. Intestinal Oligopeptide Digestion by Mouse Tissue Ex Vivo

In order to assess the role of brush border peptidase activity con-
cerning the differences betweenGly-Pro and Pro-Gly plasma con-
centrations observed in the previous experiments, jejunal and
colonic sections from PEPT1+/+ and PEPT1−/− mice were in-
cubated in a solution of 21 di- and tripeptides (250 µm each).
Changes in peptide concentration in the incubation solution
were assessed after 30, 60, and 120 min, revealing distinct differ-
ences between samples from PEPT1+/+ and PEPT1−/− animals
(Figure 5). Certain panel analytes did not display any, or only
small changes in concentration over time across all groups, like
Ans, Car, Gly-Asp, Gly-Sar, Pro-Gly, and ɣ-Glu-Leu (Figure S2,
Supporting Information), while others disappeared largely from
the peptide solution in all groups. For assessing differences in
peptide concentration changes between groups, we calculated the
sum of concentrations of each panel peptide at all time points for
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Figure 4. Gly-Pro, Pro-Gly, and amino acid plasma concentrations in wild-type (WT), PEPT1 knockout (PEPT1−/−), and controlmice (PEPT1+/+) after gav-
age with peptide solution or water, provided asmean± SEM (n= 3). A) Gly-Pro and Pro-Gly plasma concentrations 30min after gavage with peptide solu-
tion or water in wild-type animals; B) amino acid concentrations in plasma 30min after gavage with peptide solution or water in wild-type animals; C) Gly-
Pro and Pro-Gly concentrations in PEPT1+/+ and PEPT1−/− plasma 30min after gavage with peptide solution; D) amino acid concentrations in PEPT1+/+

and PEPT1−/− plasma 30 min after gavage with peptide solution. p-Values represent differences in plasma concentrations. *p < 0.05; **p < 0.01;
***p < 0.001.

Figure 5. Changes in selected oligopeptide concentrations during incubation with sections of mouse intestines from PEPT1+/+ and PEPT1−/− animals,
provided as mean ± SEM (n = 3). Relative concentration in oligopeptide solution (compared to 250 µm per peptide at t0) during incubation with A)
PEPT1+/+ mouse jejunum, B) PEPT1+/+ mouse colon, C) PEPT1−/− mouse jejunum, and D) PEPT1−/− mouse colon. p-Values represent differences in
cumulative peptide concentration between PEPT1+/+ and PEPT1−/−. *p < 0.05; **p < 0.01; ***p < 0.001.

each sample, and used these cumulative concentrations for statis-
tical analysis. We did not observe any differences in peptide con-
centrations and therefore peptidase activity between PEPT1+/+

colon and PEPT1−/− colon (Table S3, Supporting Information).
In jejunal samples however, peptidase activity was significantly

reduced in PEPT1−/−, indicated by a lower hydrolysis rate both of
certain oligopeptides (Gly-Asn, Gly-Gln, Gly-Pro, Gly-Val, Phe-
Gly, and Trp-Glu) as well as of the entire peptide panel. Analysis
of amino acid concentrations in the incubation solution revealed
identical amino acid patterns in all groups, with the strongest
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Figure 6. Selected changes in oligopeptide concentrations during incubation with human intestinal mucosa samples, provided as mean ± SEM (n =
3–5). Relative concentration in oligopeptide solution (compared to 250 µm per peptide at t0) during incubation with human mucosa samples from A)
duodenum, B) ileum, and C) colon.

increases for Ala, Gly, Phe, and Pro (Figure S3, Supporting Infor-
mation), without any significant differences concerning cumula-
tive concentrations.

3.4. Intestinal Oligopeptide Digestion by Human Tissue Ex Vivo

In order to confirm our findings inmouse tissue, humanmucosa
samples from duodenum, ileum, and colon were incubated in a
solution of 21 di- and tripeptides (250 µm each). Changes in pep-
tide concentration in the incubation solution were assessed af-
ter 30, 60, 120, 180, and 240 min (Figure 6). Similar effects were
observed in the small intestinal segments: the concentration of
certain peptides did not decrease at all or only slightly, like Ans,
Car, Gly-Sar, and ɣ-Glu-Leu (Figure S4, Supporting Information),
while others rapidly disappeared from the solution, like Ala-Gly,
Ala-His, Ala-Phe, Arg-Gly, Gly-Val, Phe-Ala, Trp-Leu, and Val-
Pro-Pro. Considering that both groups contained peptides with
similar affinities for PEPT1 uptake (Gly-Sar Km = 0.86 mm, Arg-

Gly Km = 1.06 mm),[18,19] and based on the apical peptide disap-
pearance rates in PEPT1 knockout clones in Caco-2 transwell cell
culture described above, we believe that the disappearance of pep-
tides from the incubation solution is caused mainly by peptidase
activity rather than uptake into intestinal tissue by PEPT1.
Overall, there appears to be a slight, yet not significant, in-

crease in small intestinal peptidase activity from proximal to dis-
tal, as indicated by increased disappearance rates of Ala-Gly, Gly-
Gln, Gly-Val, Phe-Ala, Phe-Gly, Pro-Gly, and Trp-Leu in ileal com-
pared to duodenal samples. Colonic samples displayed a pepti-
dase activity pattern similar to small intestinal samples. Peptide-
specific peptidase activity for more than half the panel peptides
(Ala-Gly, Ala-His, Ala-Phe, Gly-Asn, Gly-Gln, Gly-Gly-Ile, Gly-
Pro, Gly-Val, Phe-Ala, Phe-Gly, Trp-Glu, Val-Pro-Pro) as well as
overall peptidase activity were reduced in colonic mucosa com-
pared to duodenal and ileal mucosa (Table S4, Supporting Infor-
mation). Accordingly, total amino acid concentrations did not dif-
fer between duodenum and ileum, while they were significantly
elevated both in duodenum and ileum compared to colon (Figure
S5 and Table S5, Supporting Information).
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Figure 7. PEPT1-dependent transport of ɣ-glutamyl-dipeptides and aminocephalosporins in Caco-2 transwell cell culture, provided as mean ± SEM (n
= 5). Basolateral appearance in transwell culture of control and PEPT1 knockout cells after 6 h of apical incubation with A) ɣ-glutamyl-peptide solutions
and B) cephalosporin solutions. *p < 0.05; **p < 0.01; ***p < 0.001.

3.5. PEPT1-dependent Transport of ɣ-Glutamyl-Dipeptides
by Caco-2 Cells

As we had observed transepithelial flux of ɣ-Glu-Leu in Caco-2
transwell cell culture that appeared to be PEPT1-dependent, ad-
ditional transport studies with ɣ-glutamyl-dipeptides were per-
formed. After a 6-h incubation of Caco-2 cells with 500 µm of
ɣ-Glu-Glu, ɣ-Glu-Gly, or ɣ-Glu-Leu, PEPT1 knockout and con-
trol cells displayed significant differences regarding basolateral
ɣ-glutamyl-dipeptide appearance rates (Figure 7A). In PEPT1
knockout cells, basolateral appearance ranged between 1 and
2 nmol. Control cells displayed the greatest transport activity for
ɣ-Glu-Glu (20 nmol) and ɣ-Glu-Gly (15 nmol), while ɣ-Glu-Leu
featured the lowest concentration at 7.5 nmol.

3.6. PEPT1-dependent Transport of Aminocephalosporins
by Caco-2 Cells

After applying our novel LC–MS/MS method for oligopeptide
quantification to different sample matrices from different ex-
perimental setups, quantifying physiological PEPT1 transport
substrates in the form of regular di- and tripeptides as well
as special dipeptides in the form of ɣ-glutamyl-dipeptides, we
assessed the possibility of also quantifying non-physiological
PEPT1 transport substrates. To this purpose, PEPT1 knockout
and control Caco-2 cells were incubated with solutions contain-
ing 500 µm of a single cephalosporin in the apical compartment
of transwell cell culture for 6 h. The assessment of basolateral ap-
pearance revealed significant differences between the transport
of the tested cephalosporins, as well as between the transport
activity of the two cell lines (Figure 7B). Basolateral appearance
in PEPT1 knockout cells did not exceed 2.5 nmol after 6 h,
while in control cells, cefradine increased to almost 30 nmol and
cefadroxil and cefalexin to almost 10 nmol each.

4. Discussion

To the best of our knowledge, this is the first study that simul-
taneously assesses transport and hydrolysis of a panel of di- and
tripeptides selected based on different physicochemical charac-

teristics by quantification of substrates and products via LC–
MS/MS in different intestinal models. The study reveals that
susceptibility to hydrolysis of peptide substrates at the brush
border membrane or within epithelial cells is strictly structure-
dependent and can vary by orders of magnitude. Whereas pep-
tides with the highest luminal disappearance rates almost all
showed substantial if not complete hydrolysis, peptides with the
lowest disappearance rates generally showed highest basolateral
appearance in intact form in Caco-2 transwell culture. For sta-
ble peptides, for example, anserine, carnosine, Gly-Asn, Gly-Asp,
Pro-Gly, or ɣ-Glu-Leu, uptake via the apical peptide transporter
was obviously the key determinant for transepithelial flux since
the lack of PEPT1 drastically reduced their basolateral appear-
ance. In contrast, for peptides with marked disappearance rates
from apical solution, such as Ala-His, Ala-Phe, Arg-Gly, or Val-
Pro-Pro, only low basolateral appearance rates were observed. In-
termediate substrates like Gly-Pro and Trp-Leu revealed a PEPT1-
dependency for both luminal disappearance and basolateral ap-
pearance, but also a substantial release of their constituent amino
acids into apical and basolateral compartments. Linear regres-
sion analysis revealed a striking relationship of apical disappear-
ance and basolateral appearance rates, particularly in the pres-
ence of PEPT1. Interestingly, we detected two outliers in control
cells, Gly-Gln and Gly-Asn, without which R2 increases even to
0.95. These dipeptides are notably the only panel peptides con-
taining the prime energy substrate for enterocytes, glutamine,[20]

and its structurally related amino acid asparagine, which has
been shown to be an important energy substrate for enterocytes
as well.[21,22] Their reduced basolateral appearance (in relation to
their apical disappearance) could be interpreted as an intracel-
lular retention of the cells’ preferred energy substrates, poten-
tially caused by, e.g., increased peptidase activity against dipep-
tides containing these amino acids or a low affinity for the baso-
lateral peptide transporter.
The observed rate of degradation of Gly-Pro in Caco-2 trans-

well culture seems to contradict its wide use as a radiolabeled
tracer peptide in studies on peptide transport.[23,24] We here
show that the dipeptide has a low intrinsic hydrolysis resistance.
However, whatmakes Gly-Pro particularly interesting is the com-
parison of its features to its mirror-peptide Pro-Gly, which shows
absolute resistance to hydrolysis and a strict PEPT1-dependence
for its transepithelial flux. This remarkable difference in han-
dling of Gly-Pro and Pro-Gly could also be observed in almost
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identical manner in mice in vivo when the pair of dipeptides
was provided by intragastric application. The appearance rate of
Pro-Gly in peripheral blood was several-fold higher than that of
Gly-Pro, for which in contrast a considerable increase in plasma
levels of the constituent amino acids was observed. In animals
lacking PEPT1, Pro-Gly plasma levels hardly exceeded those
of animals receiving water, demonstrating the key role of the
intestinal peptide transporter, and recommending Pro-Gly as
a possible “lead” substrate for testing PEPT1 functionality in
animals and humans. This seems contradictory to its rather
low affinity for interaction with PEPT1 as derived from com-
petition assays in vitro, with an affinity 100-fold lower than
that of Gly-Pro, which was determined around 0.2 mm.[25] Even
more surprising is that we recently observed the same striking
differences in postprandial plasma appearance of Gly-Pro and
Pro-Gly in humans after consumption of 100 or 200 g of chicken
meat.[13] Although not proven experimentally, it is conceivable
that the consumed meat comprised in a random fashion roughly
the same amount of Gly-Pro and Pro-Gly sequences that could
be liberated during digestion. Nevertheless, just like in the
mouse study at hand, Pro-Gly levels exceeded Gly-Pro levels
approximately fivefold while Gly-Pro levels remained at fasting
state. Among other dipeptides that revealed a rise in postprandial
levels in human plasma after meat consumption, we detected
anserine, carnosine, Gly-Asn, Gly-Asp, Phe-Gly, Trp-Leu, but
also ɣ-Glu-Leu.[13] These peptides, when tested here in the
Caco-2 cell system, most surprisingly all revealed a high intrinsic
stability against hydrolysis but also a strict PEPT1-dependence
for basolateral appearance. Besides Gly-Pro and Pro-Gly, another
pair of structural isomers in the panel, Ala-His and carnosine
(𝛽-Ala-His), emphasizes the peptides’ structure dependence for
PEPT1 transport and hydrolysis. Despite the N-terminal amino
group in carnosine in 𝛽-position greatly diminishing affinity for
PEPT1,[26] its low susceptibility for intestinal hydrolysis[27] elicited
a postprandial plasma concentration exceeding Ala-His fourfold,
an effect we also observed in Caco-2 transwell culture. Similar
observations regarding other pairs of structural peptide isomers,
e.g., for Trp-His and His-Trp, have been reported in literature.[28]

Which contribution the basolateral efflux has in overall
transepithelial fluxes is still unknown. All attempts to identify the
basolateral efflux system for peptides and peptidomimetics like
aminocephalosporins that share apical PEPT1 for uptake have
failed so far. With the means of a Caco-2 cell line lacking PEPT1
at our disposal, we were at least able to test basolateral-to-apical
uptake and permeation across the monolayer in the absence of
a reuptake from the apical facing into the cells (Supporting In-
formation Materials and Methods and Figure S6). When test
peptides were administered from the basolateral compartment,
measurements of basolateral disappearance and apical appear-
ance showed only very low disappearance rates for all peptides in
both cell lines. While overall apical appearance of peptides and
amino acids did not differ between cell lines, we observed signifi-
cant apical appearance rates for Pro-Gly and ɣ-Glu-Leu in control
cells. Most strikingly, the basolateral-to-apical transfer of intact
Pro-Gly and ɣ-Glu-Leu revealed a significant reduction in apical
appearance in cells lacking PEPT1. The main characteristics of
the basolateral transport system as revealed by studies in mem-
brane vesicles of Caco-2 cells resembled many of the features of
PEPT1.[29–31] However, all attempts to identify the PEPT1-like ba-

solateral efflux protein—either by classical protein isolation tech-
niques or by genetic approaches—have so far failed.We have pre-
viously demonstrated that PEPT1 can transport substrates bidi-
rectionally, and that directionality is determined by membrane
potential but also asymmetric affinities for substrates.[19,32] It thus
seems possible that peptides reach the Caco-2 cells’ cytosol via the
basolateral peptide transporter. From there, PEPT1 enables out-
ward transport of peptides to the apical compartment in control
cells, and subsequently reuptake of panel peptides with higher
affinities for PEPT1, leading to increased apical concentrations of
peptides with the lowest affinities, such as Pro-Gly and possibly ɣ-
Glu-Leu. PEPT1 affinity of dipeptides with isopeptide bonds has
never been determined, but considering their transport could not
be demonstrated before, it seems plausible to assume that their
affinity is rather low.[26]

With the methods employed here, we could identify peptides
that are completely resistant to hydrolysis, which included ɣ-Glu-
Leu. To ascertain that the high transepithelial flux observed for
ɣ-Glu-Leu in transwell culture was not an artifact, we used two
additional ɣ-glutamyl-dipeptides as a reference. And, indeed, all
three peptides showed high transepithelial flux rates as well as
a strict PEPT1-dependence. An interesting finding is that we ob-
served distinctly different basolateral appearance rates for the ɣ-
glutamyl-peptides despite similar physicochemical characteris-
tics. To extend this observation to another class of compounds
known to be PEPT1 substrates that are resistant to hydrolysis, we
used aminocephalosporins and quantified their basolateral ap-
pearance in Caco-2 transwell culture. From the three compounds
of very similar chemical structure, cefradine showed the highest
appearance with almost 30 nmol in basolateral compartments,
while the appearance rates of cefadroxil and cefalexin amounted
to only around one-third of that. It thus is a consistent find-
ing that different appearance rates in the basolateral compart-
ment exist in the Caco-2 model for peptide substrates and pep-
tidomimetics that have a strict PEPT1-dependence (by compari-
son of wild-type and PEPT1-deficient cells). This, however, was
unexpected, taking into account that most of these substrates
do not reveal major differences in chemical structure and physi-
cal characteristics. The three aminocephalosporins have been re-
ported to feature very similar affinities for interaction with pep-
tide transporters,[33–35] yet they show almost threefold differences
in basolateral appearance. Curiously, other sources conveyed dis-
similar affinities of aminocephalosporins for PEPT1 in Caco-2
cells, with Km values of 1.5 mm for cefradine and 6 resp. 7 mm
for cefadroxil and cefalexin,[36] which would explain the differ-
ent rates of appearance we observed in Caco-2 cells. Very simi-
larly, the three ɣ-glutamyl-dipeptides as well show threefold dif-
ferences in basolateral appearance despite onlyminor differences
in composition in one terminal residue, which may be the conse-
quence of different affinities for apical uptake via PEPT1 or dif-
ferent affinities for efflux via the so far unidentified basolateral
peptide transporter.
Taken together, we show impressive differences in hydrolysis

resistance of selected di- and tripeptides, affinity for uptake, and
translocation across the epithelium in intact form. The suscepti-
bility to cleavage by a wide array of peptidases found at the brush
border membrane[28,37] or in the cytosol[36,38] was predictable to
some extent, yet other observations turned out contrary to ex-
pectations. It is sensible to verify whether certain structural or
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chemical features associate with susceptibility to cleavage. Dipep-
tides with more hydrophobic residues such as Ala, Trp, Phe, Leu,
or Val mostly showed rapid cleavage, whereas dipeptides contain-
ing Gly residues featured above average hydrolysis resistance.
Surprising is the almost complete resistance of Gly-Asp and Gly-
Asn as compared to Gly-Pro. Although the latter would have
been predicted to have a higher resistance due to peptide bonds
formed with Pro having a different length and existing in cis and
trans configuration, which renders the products more hydroly-
sis resistant,[39] Gly-Pro showed a rather high degradation rate
consistent across all models (Caco-2, mouse in vivo and in vitro,
human in vivo and in vitro). In Pro-Gly, a dipeptide with proline
and its imino group in N-terminal position, but also in anser-
ine and carnosine, which feature N-terminal ß-alanine with its
amino group in ß-position, hardly any hydrolysis and the highest
transepithelial flux rates were observed. This is surprising since
analysis of the structural determinants in PEPT1-substrates re-
vealed that exactly features like the abovemarkedly reduced affin-
ity for binding to PEPT1 by up to one order of magnitude.[25,26]

Consequently, studies determining affinity in heterologous ex-
pression systems in the absence of surface peptidases, like in
Xenopus laevis oocytes, may reveal features for substrates that are
not necessarily applicable for in vivo conditions in epithelial cells
or intact tissue, as discussed previously.[28,40] Therefore, they do
not allow any predictions about transepithelial flux rates: high
PEPT1 affinity is not necessarily associated with high transep-
ithelial flux rates, as shown for Val-Pro-Pro (Ki = 0.1 mm),[41]

while low PEPT1 affinity is not necessarily associated with low
transepithelial flux rates, as shown for Pro-Gly (Ki = 22 mm).[25]

Whether Caco-2 cells are indeed representative for the small
intestine per se is of course a critical question. For this reason,
we additionally used intestinal segments isolated from wild-type
mice and mice lacking PEPT1, and determined hydrolysis rates
of the peptide panel with samples derived from jejunum and
colon. We also used human mucosa samples from duodenum,
ileum, and colon from surgical resections to assess hydrolysis in a
similar fashion.With the data obtained on time-dependent disap-
pearance of intact peptides and the release of constituent amino
acids, we can conclude that there are no major differences in hy-
drolysis patterns found in the different models including human
tissue samples. Although some interesting differences in the ve-
locity of hydrolysis became apparent in mouse and human sam-
ples, the overall classification of the test peptides regarding their
susceptibility to hydrolysis was fairly consistent across all mod-
els. A remarkable finding is a rather high hydrolysis capacity in
mouse and human colonic samples and the lack of major longi-
tudinal differences along the human small intestine. We are not
aware of any similar studies demonstrating this intestinal hydrol-
ysis capacity for such a wide range of different peptide substrates.
Another interesting finding from the mouse studies is that in
animals lacking PEPT1, hydrolysis rates appeared to be reduced
compared to wild-type samples. This could mean that expression
of certain peptidases—either at the brush bordermembrane or in
the cytosol—is reduced in the absence of PEPT1. These findings
warrant further studies.
In summary, with a new analytical approach that allows

the simultaneous quantification of transport and hydrolysis
of substrates, we reassessed intestinal assimilation of di- and
tripeptides in different intestinal models. We show that hy-

drolysis and transport of intact peptides is highly variable and
structure-dependent. For di- and tripeptides possessing less polar
N-terminal residues, hydrolysis usually dominates over trans-
port, with either no or only a minimal contribution of PEPT1
and thus uptake in intact form. For other peptides with high
intrinsic resistance such as Pro-Gly and some Gly-X substrates,
but also free dipeptides such as anserine and carnosine (found
in meat), PEPT1 is the main determinant for appearance in
peripheral blood. This also holds true for ɣ-glutamyl-dipeptides,
generated from the hydrolysis of glutathione—either provided
by diet or derived from secretions such as bile—and released by
ɣ-glutamyl-transpeptidase. Moreover, for transepithelial delivery
of peptidomimetics such as aminocephalosporins, PEPT1 is the
limiting factor. However, PEPT1-substrates revealed different
translocation rates despite almost identical chemical structure
and similar affinity for PEPT1.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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