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Abstract
Numerous beneficial features of the polyphenol resveratrol (RSV) have been demonstrated in several tissues and cell culture models. There is also evidence,
that RSV impairs intestinal nutrient transport but the underlying mechanisms are not understood. The aim of the present study was to evaluate whether RSV has
also an impact on the H+-coupled transport of peptides via the peptide transporter 1 (PepT1) and to characterize RSV mediated changes in the apical abundance
of nutrients transport proteins and protein kinases that may be involved.
RSV decreased the H+-coupled transport of peptides in the porcine small intestines in a pH and location specific manner (jejunum vs ileum) as measured in
Ussing chamber experiments. The comparison of the effects of RSV with the effects of the cAMP/PKA-activating agent forskolin indicates that different
mechanisms may be responsible in the intestinal segments. Additionally, it seems that the transport of peptides and glucose in the jejunum are inhibited via the
same mechanism while there might be two mechanisms involved in the ileum.
Functional data and protein expression data indicate, that, besides PepT1, the activity of the Na+/H+-exchanger 3 (NHE3) may be involved. Protein kinase A
(PKA) and AMP-activated kinase (AMPK) are both activated by RSV while the extracellular regulated kinase (ERK) and the serum and glucocorticoid induced
kinase (SGK) are widely unaffected. Although PKA and AMPK are activated, AMPK seems not to be related to the effects of RSV. Additionally, both the functional
data and the protein expression data reveal some interesting pH- and segment-specific differences.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Efforts to implement the multi capable, putatively health promoting, polyphenolic substance Resveratrol (RSV) as a feed additive and to
enrich food with RSV [1,2] necessitate studies on the effects that RSV
may exert on the functionality of the gastrointestinal tract. Among
other aspects, the capability of enterocytes for nutrient and electrolyte
absorption and electrolyte secretion is of considerable interest with
respect to the aim to apply the health promoting effect. An inhibition
of some nutrient transport processes might be desirable under speciﬁc
conditions (as diabetes mellitus type 2) while it might be contraindicated under others.
One important cellular mechanisms of RSV is the inhibition of
phosphodiesterase and the stimulation of adenylate cyclase [3–5]
leading to elevated intracellular cAMP levels. Additionally, increases in
the intracellular Ca2+ concentration after RSV incubation have been
☆
Funding source: This work was supported by the Deutsche Forschungsgemeinschaft (DFG; KL 2882/2-1).
⁎ Tel.: +49 511 856 7272; fax: +49 5118567687.
E-mail address: stefanie.klinger@gmx.net.

observed, that were due to different mechanisms [6]. Both cAMP and
Ca2+ levels, their interplay [7] and subsequent effects on intracellular
regulatory proteins as protein kinases are of vital signiﬁcance for the
regulation and coordination of intestinal absorption and secretion.
An intestinal transport process that is known to be inhibited in
porcine jejunal and ileal samples after in vitro short term incubation
(30 min) with RSV is the electrogenic Na+-dependent glucose
absorption mediated by SGLT1 (sodium glucose linked transporter
1) [8]. Recently, it was shown in vitro [9], that the electrogenic jejunal
and ileal transport of alanine is also reduced by RSV to a similar extent
as that of glucose without any changes in the activity of Na+/K+ATPase. RSV incubation led to the activation of protein kinase A (PKA),
AMP-activated protein kinase (AMPK) and liver kinase b1 (LKB1) in
both intestinal segments and caused an increase in the phosphorylation of SGLT1. Although these observations were made in both
intestinal segments, the functional consequences were different.
While PKA activation and subsequent SGLT1 phosphorylation at the
PKA site Ser418 were correlated and seemed to counteract the
inhibition of glucose-induced short circuit currents in the jejunum,
no signiﬁcant functional effects of PKA activation were observed in the
ileum.

https://doi.org/10.1016/j.jnutbio.2020.108467
0955-2863/© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In the ileum, the RSV induced phosphorylation of SGLT1 at Ser418
was correlated with the respective change in the phosphorylation of
AMPK. In contrast, a signiﬁcant correlation for the reduction of
glucose-induced Isc and the change in AMPK phosphorylation could
not be demonstrated. These results clearly indicate that a simple
cAMP-mediated PKA activation is not responsible for RSV effect on
nutrient transport. This is also supported by the observation that RSV
increased the jejunal response to forskolin (that activates PKA by
increasing cAMP levels) while it does not in the ileum [9]. In turn, RSV
decreased Ca2+-induced chloride secretion only in ileal samples [10].
Since intestinal dipeptide transport is inﬂuenced by both, cAMP
and Ca2+ levels [11–13] these observations provide evidence for the
hypothesis, that RSV might also inﬂuence the intestinal absorption of
di- and tripeptides via the H+-coupled peptide transporter 1 (PepT1)
and that the effects are different between the proximal and distal part
of the small intestine.
While a cholera toxin-induced increase in cAMP inhibits PepT1 within
1 h in Caco2 cells [11] it was also described that the glucose-dependent
insulinotropic polypeptide (GIP) can activate PepT1 in the murine
jejunum via a cAMP-dependent pathway within minutes [12]. Ca2+
channel inhibition or induction of Ca2+ inﬂux is also able to rapidly
increase or decrease PepT1 mediated transport, respectively [13].
The effects of second messengers on PepT1-mediated transport are
most likely not based on direct modulations of the PepT1 protein but on
the modulation of proteins that are functionally coupled to PepT1 as the
Na+/H+ exchanger 3 (NHE3) [14] that counteracts intracellular acidiﬁcation and creates the H+ gradient. Indeed, intracellular acidiﬁcation
activates NHE3 [15] so that H+ is directly transferred back into the lumen
and the H+ gradient is maintained. The contribution of NHE3 to PepT1mediated transport is maximal at an extracellular pH of pH 6–6.5 and
accordingly, the PepT1-mediated transport is sensitive to NHE3 inhibition
and PKA activation at this pH [14,16].
Based on these considerations, a ﬁrst set of experiments applying
the Ussing chamber technique was carried out in order to test the
hypothesis that RSV inhibits dipeptide-induced short circuit currents
in a segment speciﬁc and pH dependent manner and that this effect
might be based on a PKA-mediated modulation of NHE3.
Based on functional data originating from the Ussing chamber
experiments, a second set of experiments was carried out in order to
identify mechanisms which might be involved. Therefore, porcine
jejunal and ileal tissue samples were incubated in tissue bathes with or
without RSV at different luminal pH in order to detect changes in the
apical protein abundance of PepT1 and NHE3 (total, pSer552, pSer605).
Since it has been shown that NHE3 inhibition can reduce SGLT1
mediated glucose transport [17], effects of RSV and pH on SGLT1 (and
pSer418) were also measured. With regard to mechanistic aspects,
effects of RSV and pH on PKA and AMPK were measured as well as on
the phosphorylation of the extracellular regulated kinase 1/2 (ERK1/2)
and the serum and glucocorticoid induced kinase 1 (SGK1) (pSGK1Thr
256
) which are involved in the regulation of Na+/H+ exchange and/or
the transport of glucose, peptides and amino acids [18–23] and may be
involved in the action of RSV directly via cAMP [22,24] or PI3K [25–27].
2. Materials and methods
2.1. Animals and tissue removal
In total, tissues from 20 male weaned piglets (Sus scrofa domestica, German
Landrace × Large White) were used in this study. Tissues from 10 animals were used in
Ussing chamber studies and tissues from another 10 animals were used for tissue
incubation experiments. The animals were weaned at the age of 5 weeks and sample
collection was done at the age of 10–12 weeks (body weight at slaughter: 31±4 kg). All
animals received care according to the German Animal Protection Law which complies
with the EC Directive 2010/63/EU. According to the German Animal Protection Law
(TierSchG §7, Section 2), the experimental procedure described in the present study
(slaughter and tissue removal for scientiﬁc purposes without any treatments or
interventions prior to slaughter) is not classiﬁed as an animal experiment. Therefore, no

Table 1
Composition of serosal and mucosal buffer solutions used in Ussing chamber
experiments
mucosal

NaCl
KCl
MgCl2 ∙ 6 H2O
CaCl2 ∙ 2 H2O
NaHCO3
Na2HPO4 ∙ 2H2O
NaH2PO4 ∙ H2O
Na-gluconate
glucose
mannitol
indomethacin

serosal

pH 7.4

pH 6.4

pH 5.4

pH 7.4

mM

mM

mM

mM

113.60
5.40
1.20
1.20
21.00
1.20
0.30
31.96
0.01

113.60
5.40
1.20
1.20
2.00
0.37
1.13
19.83
32.94
0.01

113.60
5.40
1.20
1.20
1.50
22.20
32.61
0.01

113.6
5.4
1.2
1.2
21.0
1.2
0.3
10.0
23.0
0.01

approval by the Animal Care and Use Committee is required and no reference numbers
are provided. According to the German Animal Protection Law (TierSchG) and the
German Regulation on the Reporting of Laboratory Animals (VersTierMeldV), the killing
of the animals has to be communicated to the university's animal welfare ofﬁcer what
was done on 28/08/2015 and the required annual report regarding the number of
animals used per year was done according to the VersTierMeldV.
The exact number of animals used for different experimental parts of the study is
included in the descriptions of the respective methods, results and ﬁgures. As described
previously [9], the animals were kept on a plant-based conventional diet (deuka primo
pro, 17.0% crude protein, 3.0% crude fat, 4.0% crude ﬁber, 4.5% crude ash, 0.75% Ca, 0.5%
phosphorus, 0.2% Na, 1.2% lysin, 0.36% methione, 13.4 MJ ME kg−1) for at least 10 days
(feeding twice daily) with free access to drinking water. The pigs were slaughtered 2 h
after morning feed by stunning and carotid artery bleeding. Respective intestinal
segments (see 2.2) were removed, rinsed with ice cold saline and stored in cold serosal
buffer solution (Table 1) for Ussing chamber experiments and tissue incubations.

2.2. Ussing chamber experiments
Electrophysiological studies were carried out using the third meter distal to the
pylorus (jejunum) and parts of the ﬁrst meter proximal to the ileocecal valve (ileum,
ﬁrst 30 cm discarded). In principle, the Ussing chamber experiments were carried out as
described previously [9]. Stripped mucosa was incubated in standard Ussing chambers
with an exposed serosal area of 1.13 cm2 under short circuit conditions (application of a
direct current setting the transepithelial potential difference (PDt) to zero using a
computer controlled voltage clamp devise from Mussler Scientiﬁc instruments, Aachen,
Germany) with continuous monitoring of tissue conductances (Gt) and short circuit
currents (Isc). Under these conditions, changes in the Isc reﬂect changes in the
transepithelial net ion transfer (increase: cation absorption or anion secretion,
decrease; cation secretion or anion absorption).
Fig. 1 shows an exemplary time course of the Isc that illustrates the protocol used for the
Ussing chamber experiments. In total, 24 Ussing chambers per animal were available,
whereby 12 chambers were used for jejunal and ileal samples, respectively. Mucosal buffer
solutions differing in pH (pH 5.4, 6.4, 7.4) were used. The composition of the respective
mucosal and serosal buffer solutions is given in Table 1. All buffer solutions contained
indomethacin (10 μM, prevention of inﬂammatory prostaglandin production) and were
aerated with carbogen and kept at 39°C. The experimental period started with an
equilibration period (15 min) under open circuit conditions. After changing to the short
circuit mode, the aminopeptidase inhibitor Amastatin (3-amino-2-hydroxy-5-methylhexanoyl-L-valyl-L-valyl-L-aspartic acid) was added to all chambers (0.01 mM, mucosal) in order
to prevent enzymatic peptide cleavage [30]. Tissues were incubated with the substances,
whose effect on the basal Isc and both, peptide and glucose transport, should be measured in
this study (ethanol as solvent control (20 μl mucosal/10 mL), RSV in ethanol (ﬁnal mucosal
concentration 10 μM or 300 μM, forskolin (FSK, serosal, 10 μM in DMSO (2 μl added in total)).
After 30 min, the dipeptide glycyl-L-glutamine (glygln) was added (20 mM, mucosal) in
order to stimulate H+-dependent peptide transport via PepT1. After changes in Isc were
recorded for 15 min, Na+-coupled glucose transport was stimulated by the addition of
glucose (10 mM mucosal). For osmotic balancing, the mucosal addition of glygln and glucose
were accompanied by the addition of the respective amount of mannitol to the serosal buffer
solution. After another 15 min, FSK was added to the serosal compartment of all chambers in
order to control tissue viability.
In total, Ussing chamber studies were carried out with jejunal and ileal tissues from
10 animals but unfortunately, due to some technical problems resulting from the
voltage clamp devises or insufﬁcient tissue viability, the data sets from the ileal tissues
of four animals could not be analyzed. This results in an unequal number of samples for
both intestinal locations. The statistical handling is described in the statistics section
(2.5.1) and indicated in the respective ﬁgures.
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Fig. 1. Exemplary time courses for illustrating the experimental protocol in Ussing chamber experiments.Exemplary time course of the short circuit currents as measured in Ussing
chamber experiments including explanations regarding the Ussing chamber protocol and the calculation of changes in short circuit current (ΔIsc).

2.5. Data analysis and statistics
2.3. Tissue incubations and preparation of apical brush border membranes and cell lysates
The general procedure for the incubation of tissue samples for western blot analysis
was as described previously [9]. As shown in Fig. 2A, six tissue bathes were available per
intestinal segment whereby two were used for each mucosal pH level from which one
served as control (mucosal buffer with ethanol (20 μl/10 mL)) and one was treated with
RSV in ethanol (ﬁnal concentration 300 μM). Basically, the same buffer solutions as in
the Ussing chamber studies were used (Table 1) with the exception that the
concentration of mannitol in the mucosal buffer solution was reduced by 20 mM
because the buffers already contained 20 mM of dipeptide. Glycyl-glycin (glygly) was
used instead of glygln, which was used in the Ussing chamber experiments. Since the
addition of glygly affected the pH of the buffers with pH 7.4, TRIS base had to be added to
a ﬁnal concentration of 5 mM to this buffer.
Ethanol and RSV were also added to the mucosal buffer solutions directly before
applying the buffer to the tissue samples. Tissues were incubated for 30 min and
afterwards, the mucosa was frozen (liquid N2 followed by −80°C) for tissue preparation
and western blot analysis.
Tissue preparations were carried out as described previously (brush border
membranes [28], cell lysates [9]). The protein content of the preparations was
measured by the Bradford method [29] using the Serva Bradford Reagent Nr. 39,222
(Serva Electrophoresis GmbH, Heidelberg, Germany).

2.4. SDS-PAGE and Western blot
SDS-PAGE and immunoblotting were essentially performed as described previously
using the Laemmli system, nitrocellulose membranes and a tank blot procedure [28].
The primary and secondary antibodies that were used and detailed information about
sample denaturing conditions, the amount of protein per lane and details on the dilution
factors used for primary and secondary antibodies are given in Table 2. Fig. 2B shows an
exemplary western blot membrane for each protein.
Non-phosphorylated proteins and their phosphorylated forms were detected on
the same membrane with stripping and new blocking of the membrane after the
detection of the phosphorylated protein [28]. After the detection of the nonphosphorylated protein on the stripped and blocked membranes, staining of total
protein was done with Indian Ink [fountain pen ink with glacial acetic acid (2% (v/v)], 30
min, washing with H2O). This staining of total protein was used for the normalization of
speciﬁc signals. Chemiluminescence was detected by either using SuperSignal® West
Dura Extended Duration Substrate or SuperSignal® West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientiﬁc, Massachusetts, USA) according to the manufacturer's instruction. Chemiluminescence signals were detected with the Chemi Doc™ MP
imaging system and the band intensity was measured with the image lab 5.2 software
(both from Bio-Rad Laboratories, California, USA).

Data are shown as means±S.D. except in Fig. 5, where only means are shown. All
statistic procedures were carried out using graph pad prism 8.0.1.
2.5.1. Ussing chamber experiments
In total, jejunal and ileal tissues from 10 animals were initially used in Ussing
chamber experiments. Data obtained for ileal tissue of four animals had to be excluded
from further statistical analysis. In two cases, technical problems were the reason. In
two other cases, some tissues in control chamber showed very weak, untypical
reactions after the addition of glycyl-glutamine and especially after the addition of
glucose and forskolin, indicating insufﬁcient tissue viability. Therefore, n=6 for ileal
tissues but n=10 for jejunal tissues which is also indicated in respective ﬁgure legends.
The samples were assumed to be paired within one animal. Based on this data structure
jejunum and ileum were analyzed separately using RM Two-way ANOVA for matched
values (factors: pH and RSV- or forskolin-treatment). For multiple comparison of the
means, Tukey post-test was used. Additionally, untreated control-chamber at the three
pH levels were analyzed using One-Way ANOVA for paired samples and the means were
compared with Tukey post-test. Fig. 5 shows only means for clarity reasons. Means±S.
D. and respective statistical analysis for these data is given in Supplementary Fig. 1.
2.5.2. Western blot data
Tissue preparations from one animal were blotted on one membrane and the intensity of
the bands was analyzed. Speciﬁc band intensities were normalized to the Indian Ink signal
(total protein) These normalized band intensities for one tissue bath from all animals were
not averaged directly. Depending on the respective question, ratios of different tissue bathes
were calculated. To assess the effect of RSV at a deﬁned pH the band intensity of the treated
chamber was divided by the band intensity of the respective control sample. To compare the
expression between the intestinal segments at various pH levels, the band intensity for
jejunal samples was set to 1 (ileal intensity/jejunal intensity) and for comparing the effect of
pH, the band intensity for samples incubated at pH 7.4 was set in relation to samples
incubated at pH 5.4 and 6.4 (see also Fig. 2A). Those relative changes were then tested for
their deviation from 1 using one sample t test.

3. Results
3.1. Ussing chamber experiments
3.1.1. RSV differently affects jejunal and ileal basal short circuit current
at different pH
As shown in Fig. 3B RSV segment-speciﬁcally and pH-speciﬁcally
affected the basal Isc, whereby the basal Isc before RSV addition itself
was already affected by pH (Fig. 3B). That RSV decreases the jejunal Isc
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A organisation of tissue bathes for western blot analysis and the analysis of band intensities
tissue bath nr.
1
2
3
4
5
6
7
8
9
10
11
12
location
jejunum
ileum
mucosal pH
7.4
6.5
5.4
7.4
6.5
5.4
additive
EtOH RSV EtOH RSV EtOH RSV EtOH RSV EtOH RSV EtOH RSV
effect of the intestinal segment: jejunum set to 1 at each pH level for EtOH and RSV treated tissues
effect of the mucosal pH: pH 7.4 set to 1 for EtOH and RSV treated tissues, respectively
effect of RSV: EtOH treated tissue set to 1 at each pH
B exemplary presentation of western blot membranes
pNHE3 Ser552 and total NHE3

PepT1
jejunum
7.4

pH
RSV

ileum
7.4

5.4

6.4

- + - + - +
PepT1

6.4

jejunum
5.4

- + - + - +

pH
RSV

7.4

6.4

- + - +
pNHE3 Ser552

jejunum

5.4

7.4

- +

- + - + - +

6.4

pSGLT1 Ser418 and total SGLT1

pNHE3 Ser605 and total NHE3

ileum
5.4

7.4

pH

6.4

5.4

RSV
- + - + - +
pNHE3 Ser552

7.4

6.4

5.4

- + - + - +

pH
RSV

95

95

95

72

72

72

72

55

55

55

55

Indian Ink

total NHE3

95

95

72

72

72

55

55

pH
RSV

jejunum
7.4

- + CFTR

ileum
7.4

5.4

6.4

+ - +

6.4
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5.4

Indian Ink

72

72
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55
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180
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130
95

pPKA-substrates (whole lane)
RSV

7.4
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pPKA-substrates

6.4

7.4

6.4

- + - + pAMPK Thr172

5.4

- + - +

pERK Thr202/Tyr204 and total ERK pSGK1 Thr256 and total SGK1

ileum
5.4

7.4
+ - +

6.4

ileum

jejunum
5.4

- + - +

7.4

pH
RSV

6.4

5.4

- + - + - +
pERK Thr202/Tyr204

7.4

6.4

- + -

+

- +

pH
RSV

55

55

72

43

43

total AMPK
72
55

130

total ERK
55

43

43

7.4

6.4

5.4

- + - +
pSGK Thr256

- +

- + - +

- +

34

Indian Ink

Indian Ink

95

95
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72

43

43
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34

34

55

5.4

total SGK1

55

34

Indian Ink

6.4

7.4

34

34
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5.4

95
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ileum
5.4

6.4
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72
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6.4
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7.4
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72
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7.4
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Fig. 2. Experimental setup for tissue incubation and protein expression analysis.(A) Overview of the incubations in tissue bathes for tissue preparations and subsequent western blot
analysis. (B) Exemplary western blot membranes after incubation with primary and secondary antibodies (see Table 2) and respective Indian Ink stains indicating total protein per lane.
Arrows indicate bands used for densiometric analysis.

and increases the ileal Isc at pH 7.4 is already known [9] and could also
be conﬁrmed in the present study. At least for ileal tissues it has been
shown that this increase represents a, potentially cAMP mediated, Cl−
secretion [10]. Interestingly, these segment speciﬁc differences
depended also on the extracellular pH. As shown in Fig. 3B the
decreasing action of RSV in the jejunum was enhanced with
decreasing pH. In contrast, RSV did not increase the ileal Isc at pH
lower than pH 7.4. At pH 5.4 the ileal Isc after RSV treatment even
decreased numerically (P=.17) as it was the case in the jejunum.
These effects may be associated with the pH dependent differences
in the basal Isc (Fig. 3A). Fig. 3C shows a linear regression analysis for
the basal Isc measured in RSV treated chambers before the addition of
RSV and the respective ΔIsc afterwards. For jejunal tissues, there was a

tendency towards a signiﬁcant correlation for all pH levels without
any differences between the pH levels. For ileal samples, the
correlation was signiﬁcant for all pH levels and the elevations of the
lines for the pH levels were signiﬁcantly different (P<.0001). At pH 5.4,
the correlation between the ileal basal Isc and ΔIsc RSV was the same as
for jejunal samples (more negative ΔIsc RSV at more positive basal Isc),
whereas the ileum at pH 6.4 and 7.4 behaved differently. Although the
ileal basal Isc before RSV addition at pH 6.4 was similar to that at pH 5.4
and even higher than at pH 6.4 in the jejunum, almost no or only
moderate changes in Isc after RSV treatment were observed. In
contrast to the jejunum, RSV signiﬁcantly increased the Isc in the
ileum at pH 7.4 although the basal Isc was almost as low as in the
jejunum at pH 7.4.
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Table 2
Description of antibody incubation procedures

PEPT11)

μg/lane

Denaturing conditions

PAK
(overnight 4°C)

SAK
(90 min, RT)

10 μg

95°C
5 min

1:500
5%BSA/TBST

1:2000 18)

2)

NHE3 total
pNHE3 Ser552 3) 12 μg
pNHE3 Ser605 4)
SGLT1 5)

12 μg

pSGLT1 Ser418 6)

12 μg

CFTR

7)

PKA substrate 8)

8 μg

pAMPK9)/AMPK10)

10 μg

pERK

11)

/ERK

13)

pSGK1

12)

14)

/SGK1

8 μg
15 μg

RT
20 min
40°C
15 min
40°C
15 min
95°C
5 min
95°C
5 min
95°C
5 min
95°C
5 min
95°C
5 min

1:10,000 16)
1:1000
1:10,000 17)
1%BSA 5%MTBST
1:10,000 17)
1:2000
1:20,000 16)
5%M TBST
1:200
1:15,000 16)
5%M TSBST
1:1000
1:2000 15)
5%M TBST
1:1000
1:2000 15)
5%BSA TBST
1:1000
1:2000 15)
5%BSA TBST
1:2000
1:2500 15)
5%BSA TBST
1:1000
1:10,000 15)
5%MTBST

1) mouse-anti-PEPT1 (373,742, Santa Cruz)
2) rabbit-anti-NHE3 (NBP1–82574, Novus Biologicals, USA)
3) mouse-anti-NHE3 Ser552 (NB110–81529, Novus Biologicals, USA)
4) mouse-anti-NHE3 Ser605 (NB110-74678SS, Novus Biologicals, USA)
5) rabbit- anti-SGLT1 (ab14686, Abcam, UK)
6) custom made by Perbio Science, Germany (epitope: KIRKRApSEKELMI)
7) rabbit-anti-CFTR (#78335, Cell Signaling Technology)
8) Phospho-(Ser/Thr) PKA Substrate Antibody (#9621, Cell Signaling Technology, USA)
9) rabbit-anti-AMPK α (#5832, Cell Signaling Technology)
10) rabbit-anti-pAMPK Thr172 (#2535, Cell Signaling Technology)
11) rabbit-anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (#4370, Cell Signaling Technology))
12) rabbit-anti-p44/42 MAPK (Erk1/2) (#4695, Cell Signaling Technology
13) rabbit-anti- pSGK1Thr256 (44-1260G, Thermo Fisher Science, USA)
14) rabbit-anti-SGK1 (ARP56652_P050, avivasysbio, USA)
15) goat-anti-rabbit HRP (#7074, Cell Signaling Technology)
16) goat-anti-rabbit HRP (A9169, Sigma-Aldrich)
17) goat-anti-mouse (A2304, Sigma-Aldrich)
18) m-IgGκ BP (516,102, Santa Cruz)
BSA: bovine serum albumin; TBST: Tris buffered saline including 0.1% Tween 20; M:
nonfat dry milk

3.1.2. Glygln-induced short circuit currents: Effects of RSV and forskolin
depend on the extracellular pH and the intestinal localization
The effects of RSV and FSK treatment and pH on jejunal and ileal
dipeptide induced ΔIsc and respective details on the statistical analysis
are shown in Fig. 4A.
The jejunal response to glygln in control chambers was affected by
pH in the order 6.4>5.4>7.4 with a signiﬁcant difference between pH
6.4 and 7.4. The ΔIsc at pH 6.4 was similar to literature data [30].
Compared to control chambers, RSV signiﬁcantly decreased the jejunal
ΔIsc at all pH levels but to different extents (pH × RSV interaction).
Forskolin preincubation was also effective in reducing the ΔIsc
compared to control chambers. The ΔIsc was signiﬁcantly lowered at
pH 6.4. At pH 7.4 the difference was not statistically signiﬁcant but the
mean was the same as for RSV treated chambers. No inhibitory effect of
FSK was observed at pH 5.4. The signiﬁcant difference in the ΔIsc in FSK
pretreated chamber at this pH to the according chambers at pH 6.4 and
7.4 also demonstrated the differences between the reactions to RSV
and FSK at pH 5.4 in the jejunum although there was only a tendency
for a pH × treatment interaction when comparing RSV and FSK treated
chambers irrespective of the control chambers.
The ileal response to glygln was also signiﬁcantly affected by pH
but with a different optimum than in the jejunum (pH 7.4>6.4>5.4).
As in the jejunum, RSV was able to signiﬁcantly decrease ileal ΔIsc at
pH 7.4 and pH 6.4 but not at pH 5.4 (pH × RSV interaction). FSK had no
signiﬁcant impact in the ileum although the ΔIsc seemed to be reduced
numerically at pH 6.4.

5

3.1.3. Glucose-induced short circuit currents are differently affected by
RSV and forskolin depending on the extracellular pH
The effects of RSV, FSK and pH on jejunal and ileal glucose induced
ΔIsc and respective details on the statistical analysis are shown in Fig.
4B. It is known, that RSV inhibits the jejunal and ileal glucose-induced
ΔIsc at pH 7.4 with a higher impact on the jejunal transport
characteristics than on those in the ileum when comparing the
percentage inhibition [8,9].
The jejunal response to glucose was higher at more acidic pH (6.4=
5.4>7.4) as it was also observed for the glygln-induced ΔIsc. RSV
reduced the ΔIsc at all pH levels but the obvious numeric decrease at
pH 7.4 was not signiﬁcant under the 2-way ANOVA conditions (paired
t test P=.001). FSK had no effect on the glucose-induced ΔIsc at pH 5.4
but at pH 6.4 and numerically at pH 7.4 (tendency for pH × FSK
interaction). Accordingly, the comparison of RSV and FSK treated
chambers irrespective of control chambers resulted in a pHdependent difference in the reaction between these chambers (pH ×
treatment interaction).
In contrast, the ileal response to glucose was comparatively
insensitive to RSV and FSK. There were no signiﬁcant effects of pH
and FSK pretreatment. Solely RSV exerted effects at pH 6.4 and 7.4.
Fig. 4C shows a linear regression of the percentage inhibition of
glucose- and glygln-induced changes in ΔIsc in the intestinal segments
at the different pH levels after RSV incubation. While the percentage
decreases of glucose- and glygln-induced ΔIsc were in good correlation
for jejunal samples, no correlation was observed for ileal samples. A
similar pattern was observed for the linear regression of the
percentage inhibition of glucose and glygln-induced changes in ΔIsc
in the intestinal segments at the different pH levels after FSK
incubation (Fig. 4D). While the effects in the jejunum were correlated
at all pH stages, the effects on ileal changes were only signiﬁcantly
correlated at pH 6.4.

3.1.4. Time courses of glygln induced short circuit currents differ
between jejunum and ileum and at different pH levels
As shown in Fig. 5A, the time course of the glygln-induced Isc in control
chambers (light blue line) was different between the intestinal segments
and differed also within the intestinal segments between the different pH
levels. In order to quantify these different curve characteristics, the ΔIsc at
different time points was analyzed (see also Fig. 1; ΔIsc t2: Initial increase
(slope=0), ΔIsc t3: change during 1.5 min after t2, ΔIsc t4: change until
glucose addition (approx. 13 min, depending on the time until t2 was
reached)). Fig. 5B shows the means of the ΔIsc for each time point as
additive bars. S.D. is not given in this case for clarity reasons but the means
with S.D. of the ΔIsc for each time interval and a detailed statistical analysis
are given in Supplementary Fig. 1.
In jejunal control tissues the initial increase until t2 (lowest at pH
7.4) was followed by a slight decrease at pH 5.4 and minimal increases
at pH 6.4 and pH 7.4 during t3. During t4, Isc increased signiﬁcantly
until a plateau was reached. At pH 5.4 and 6.4, the initial increase and
the late increase during t4 each accounted for approximately half of
the complete ΔIsc while the late increase during t4 was less
pronounced at pH 7.4 (one way ANOVA, Tukey's multiple comparison
test: P=.0047 and P=.0020 for pH 7.4 vs pH 5.4 and pH 6.4,
respectively).
In ileal control tissues, most of the total ΔIsc was reached within the
initial increase at t2, which increased with increasing pH (one way
ANOVA, Tukey's multiple comparison test: pH 5.4 vs pH 6.4 P=.082;
pH 5.4 vs pH 7.4 P=.048; pH 6.4 vs pH 7.4 P=.083). During t3, Isc
decreased strongest at pH 7.4 and moderate or almost not at pH 6.4
and 5.4, respectively (one way ANOVA, Tukey's multiple comparison
test: pH 5.4 vs pH 6.4 P=.302; pH 5.4 vs pH 7.4 P=.028; pH 6.4 vs pH
7.4 P=.051). An increasing Isc during t4 was observed at pH 7.4 but
this increase was rather marginal compared to jejunal tissues.
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Fig. 3. Characteristics of jejunal and ileal tissues in Ussing chamber experiments before the addition of glycyl-L-glutamine (glygln).(A) Basal Isc as measured directly before the
addition of EtOH or RSV at the different pH levels. (B) Changes of the short circuit currents (ΔIsc) after 30 min incubation with EtOH or RSV (300 μM mucosal). (C) Linear regression of the
basal Isc and the ΔIsc after incubation with RSV for 30 min. 1-way and 2-way ANOVA were followed by Tukey post-test. (*) P<.1; * P<.05; ** P<.01; *** P<.001; **** P<.0001.

In addition to the segment speciﬁc differences in ΔIsc t2, there were
differences regarding the velocity of the change of the Isc. The absolute
time required to reach t2 was much shorter in the jejunum (approx.
0.5 min at all pH levels) than in the ileum (pH dependent (P=.01): pH
5.4: 1.7±0.3 min; pH 6.4: 1.4±0.2 min; pH 7.4: 1.2±0.4 min). In
contrast, the change of the Isc per second (see Supplementary Fig. 2 for
complete data and statistical analysis) was dependent on the pH that
differently affected the mean ΔIsc per second in the both intestinal
segments. Brieﬂy, the ΔIsc per second in the jejunum was highest at pH
5.4 and 6.4, while it was highest at pH 7.4 in the ileum.
Assuming that PepT1 is not regulated during the short period until
t2 is reached, the plateau phases or decreases of ΔIsc during t3 might be
attributable to a stop or decrease in peptide transport due to
differences in the activity of NHE3 or the potential for activation of
NHE3 as a result of the sudden onset of H+-coupled peptide transport.
Correlation analysis (see Supplementary Fig. 2A) of ΔIsc at t2 and t3
for jejunal tissues revealed signiﬁcant correlations at pH 5.4 (P<.0001)
and pH 7.4 (P=.033) but not at pH 6.4 (P=.171) whereas in the ileum
t2 and t3 were in signiﬁcant or tendential correlation at all pH levels
(pH 5.4: P=.066, pH 6.4: P=.025, pH 7.4: P=.0015). A correlation of
t2 vs t3 irrespective of pH revealed signiﬁcant correlations in both
intestinal segments (jejunum: P=.044, ileum P<.0001). While the
slopes were nearly identical (jejunum: m=−0.12, ileum: m=−0.13)
the goodness of the ﬁt was much better in the ileum (jejunum: R2=
0.138, ileum: R2=0.919).

3.1.5. RSV and FSK affect the time courses of jejunal and ileal glyglninduced short circuit currents
In the jejunum, RSV decreased ΔIsc t2 at pH 6.4 (P<.0001) and less
pronounced at pH 7.4 (P=.057) while FSK inhibited ΔIsc t2 only at pH
6.4 (P<.0001). The means of ΔIsc t2 were not different between RSV
and FSK treated chambers. Jejunal ΔIsc t3 was unaffected by RSV and
FSK but ΔIsc t4 was signiﬁcantly inhibited in a pH dependent manner
by RSV (pH 5.4 P=.0001, pH 6.4 P<.0001) and FSK (pH 6.4 P=.0001).
While most of the effect of RSV and FSK on jejunal tissues emerged at
acidic pH, RSV inhibited ΔIsc t2 in ileal tissues not only at pH 6.4 (P=.043)
but also at pH 7.4 (P=.0046). Also in contrast to the jejunum, FSK was not
able to signiﬁcantly inhibit ΔIsc t2 in the ileum (although there was also no
statistical difference between RSV and FSK treated chambers). As in the
jejunum, ΔIsc t3 was almost unaffected by RSV (pH 7.4 P=.093) and not

affected by FSK. RSV had no effect on ΔIsc t4 in the ileum and the effect of
FSK on ΔIsc t4 was comparably small (pH 6.4 P=.049).
In summary, the jejunal Isc after glygln addition at pH 5.4 was
affected by RSV in the late phase of the response while at pH 6.4 the Isc
in both, the early and the late phase, were diminished and an effect at
pH 7.4 was only observed in the early phase. As RSV, FSK was effective
at pH 6.4 but at no other pH level. The ileal Isc appears to be much less
sensitive to FSK and RSV with the interesting exception that RSV
inhibited ΔIsc t2 also at pH 7.4 but not at pH 5.4.
In RSV treated chambers, the correlations of ΔIsc t2 and ΔIsc t3 (data
not shown) in the jejunum at pH 5.4 and 7.4 and at all pH levels in the
ileum were completely abolished by RSV (except a tendency for
correlation in the Ileum at pH 7.4 P=.089).
FSK changed the correlations between ΔIsc t2 and ΔIsc t3 more
differentiated. In the jejunum, the correlation at pH 5.4 was weakened
(P=.0799) and at pH 7.4 abolished while the correlation at pH 6.4 became
signiﬁcant (P=.0015). In the ileum at pH 5.4, the correlation was much
more signiﬁcant after RSV treatment (P=.0064) while the correlation at
pH 6.4 was abolished (P=.49) and weakened at pH 7.4 (P=.079).
The effects of RSV and FSK on the mean ΔIsc/s until t2 was reached
(see Supplementary Fig. 2B for complete data and statistical analysis)
differed between the intestinal segments and pH levels. Brieﬂy, both,
RSV and FSK decreased the velocity to t2 in the jejunum but only at pH
6.4. In the ileum, there was an effect of RSV at pH 5.4 and pH 6.4 but no
signiﬁcant effect at pH 7.4. Compared to ileal control chambers, FSK
treated chambers showed a numerically but not signiﬁcantly
decreased ΔIsc/s.

3.2. Western blot analysis after tissue incubations
3.2.1. Effects of intestinal location, mucosal pH and RSV on the
expression of transporters and protein kinases
As described in the section “2.5 Data analysis and statistics” and in
Fig.2A, samples from the 12 tissue bathes were blotted on one
membrane but, since a direct averaging of the data from all animals is
not possible for this method (inter-membrane comparison), different
ratios of band intensities were calculated.
The effect of the intestinal segment at deﬁned pH on the apical
abundance of intestinal nutrient transporters and on the expression of
protein kinases (Fig. 6) was calculated independently for control and
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A ΔIsc glygln max
jejunum

B ΔIsc glucose
jejunum

7.4

pH 5.4

6.4

control
ANOVA results jejunum (n=10)
1-way ANOVA control
p = 0.0016
2-way ANOVA control vs RSV
pH p = 0.0012; RSV p < 0.0001
pH x RSV p = 0.0024
2-way ANOVA control vs FSK
pH p = 0.0005; FSK p < 0.0001
pH x FSK p = 0.0095
2-way ANOVA RSV vs FSK
pH p = 0.0007; treat p < 0.0672
pH x treat p = 0.0915

7.4

Isc [μA cm-2]

Isc [μA cm-2]

6.4

ileum

Isc [μA cm-2]

ileum

Isc [μA cm-2]

pH 5.4

7

pH 5.4

RSV (300 μM)

ANOVA results ileum (n=6)
1-way ANOVA control
p= 0.0097
2-way ANOVA control vs RSV
pH p = 0.0011; RSV p = 0.0064
pH x RSV p = 0.0415
2-way ANOVA control vs FSK
pH p = 0.0005; FSK p = 0.1312
pH x FSK p = 0.4505
2-way ANOVA RSV vs FSK
pH p = 0.0006; treat p = 0.6745
pH x treat p = 0.7171

C linear regression % inhibtion of ΔIsc glucose
and ΔIsc glygln caused by RSV

6.4

pH 5.4

7.4

6.4

7.4

FSK (10 μM)

ANOVA results jejunum (n=10)
1-way ANOVA control
p= 0.0279
2-way ANOVA control vs RSV
pH p = 0.0042; RSV p = 0.0001
pH x RSV p = 0.0725
2-way ANOVA control vs FSK
pH p = 0.0002; FSK p = 0.0093
pH x FSK p = 0.0758
2-way ANOVA RSV vs FSK
pH p < 0.0001; treat p < 0.0035
pH x treat p = 0.0358

ANOVA results ileum (n=6)
1-way ANOVA control
p= 0.4286
2-way ANOVA control vs RSV
pH p = 0.1321; RSV p = 0.0115
pH x RSV p = 0.3513
2-way ANOVA control vs FSK
pH p = 0.0686; FSK p = 0.1265
pH x FSK p = 0.7602
2-way ANOVA RSV vs FSK
pH p = 0.1520; treat p = 0.0693
pH x treat p = 0.9790

D linear regression % inhibtion of ΔIsc glucose
and ΔIsc glygln caused by FSK

% inhibition Isc glucose
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Fig. 4. Characteristics of jejunal and ileal tissues in Ussing chamber experiments after the addition of glycyl-L-glutamine (glygln) and glucose.(A) Total changes in the short
circuits currents (ΔIsc) after glycyl-L-glutamine addition (glygln, 20 mM mucosal) to Ussing chambers that were pretreated with ethanol (control, 20 μl/10 ml mucosal), Resveratrol
(RSV, 300 μM mucosal) or Forskolin (FSK, 10 μM serosal). (B) Total changes in the short circuits currents (ΔIsc) after glucose addition (10 mM mucosal) the same Ussing chamber as used
in A (glygln addition was followed by glucose addition). 1-way (control chambers) and 2-way ANOVA (control chambers and treated chambers) were followed by Tukey post-test. (*)
P<.1; * P<.05; ** P<.01; *** P<.001; **** P<.0001. (C) Linear regression of the % inhibition of the ΔIsc after glygln and glucose addition that was causes by RSV. (D) Linear regression of the
% inhibition of the ΔIsc after glygln and glucose addition that was causes by FSK.

RSV treated tissues (jejunal band intensity set to 1, indicated by the
dashed line).
Fig. 7 shows the effect of the mucosal pH on the apical abundance of
intestinal nutrient transporters and on the expression of protein kinases.
The band intensity for the respective tissue samples at a mucosal pH of 7.4
was set to 1. The effects of RSV treatment on the apical abundance of
intestinal nutrient transporters and on the expression of protein kinases
(Fig. 8) was calculated by setting the respective control tissue from one
intestinal segment at each pH level to 1. Each ratio was then tested for its
deviation from 1 using one sample t test.

3.2.1.1. PepT1. The ileal/jejunal ratio of the apical PepT1 abundances
showed a high scattering and was not different from 1 in control tissues
(Fig. 6A). The mucosal pH had only small effects on the apical PepT1
abundance in both intestinal segments with a tendency for little more
PepT1 at more acidic pH (except jejunum pH 5.4, Fig. 7A). Some
signiﬁcant but mostly slight deviations from 1 were observed for the effect
of RSV compared to the respective control tissues (Fig. 8A: increased
apical abundance at jejunum pH 5.4 and 7.4 and ileum pH 5.4).
Apart from effects on the band intensity, there were differences in
the band height under some conditions (see exemplarily Western Blot
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Fig. 5. Time dependent changes of the short circuits currents (ΔIsc) after glycyl-L-glutamine addition (glygln, 20 mM mucosal).(A) Mean time course of Isc after mucosal glygln
addition in jejunal (n=10) and ileal (n=6) tissues at the different pH levels. The time intervals t2, t3 and t4 are indicated by the different gray bars. The light blue line represents the
means of the control chambers while the darker blue line represents the RSV treated chambers. For reasons of clarity, the means for the time course of the Forskolin (FSK) treated
chamber are not shown. (B) Bar graph with the whole bar showing the complete ΔIsc after glygln addition to control chambers and RSV or FSK pretreated chambers and as parts of the
bars, the means of the changes during t2, t3 and t4. For clarity, no SDs or statistical results are shown. The mean ﬁndings of the statistical analysis are given in the results section. The
means±S.D. of the ΔIsc for each time interval and a detailed statistical analysis is given in Supplementary Fig. 1.

membrane in Fig. 2B). Western Blotting is not an appropriate method
for the determination of absolute molecular weights but the
calculation and comparison of differences in the mean band heights
should be acceptable. The mean band height was higher in jejunal
control samples compared to ileal control samples at all pH levels,
whereby the pH levels had no effect (data not shown). RSV treatment
tended to reduce the mean band height in the jejunum while the ileal
mean band height was reduced at pH 7.4 (data not shown).

3.2.1.2. NHE3. The ratio ileum/jejunum of apical total NHE3 was
dependent on the mucosal pH (Fig. 6B). While at pH 5.4 equal amounts
were present in the two intestinal segments, the ratio decreased
signiﬁcantly below one at pH 6.4 and pH 7.4. Accordingly, the mucosal
pH segment-speciﬁcally affected the apical NHE3 abundance (Fig. 7B).
While the apical jejunal NHE3 abundance signiﬁcantly decreased with
decreasing pH, it increased in ileal tissues (Fig. 7B). This in turn
indicated that the decreasing jejunum/ileum NHE3 ratio at pH 7.4 was
due to both increased jejunal NHE3 and decreased ileal NHE3.
After RSV treatment of jejunal samples at pH 6.4, the apical NHE3
abundance signiﬁcantly decreased while a tendency for increased
NHE3 was found in the ileum at pH 7.4 (Fig. 8B).
3.2.1.3. pNHE3 Ser522 and pNHE3 Ser605. The abundance of apical
pNHE3 Ser522 was also affected by the intestinal location. The ileum/
jejunum ratio tended to be lower than 1 at pH 5.4 and was signiﬁcantly
lower than 1 at pH 6.4 and 7.4 (Fig. 6C). There was no clear effect of pH
(Fig. 7C) in the jejunum (tendency towards more pNHE3 Ser522 at pH
6.4 compared to pH 7.4). In the ileum, there was an increase at pH 5.4
compared to pH 7.4 (Fig. 7C). This pattern does not allow a conclusion
whether changes in the jejunum or in the ileum are responsible for the
pH dependent location effect. RSV affected the apical abundance
pNHE3 Ser522 in a similar way as for total NHE3. The abundance was
also signiﬁcantly decreased at pH 6.4 in the jejunum but slightly
increased at pH 7.4. In ileal tissue, a tendency for an increase at pH 6.4

and a signiﬁcant but also only slight increase at pH 7.4 were observed
(Fig. 8C).
The abundance of pNHE3 Ser605 in the apical membrane was
extremely variable between the intestinal segments (Fig. 6D) and pH
levels (Fig. 7D) so that eventual deviations from one are difﬁcult to
evaluate. The RSV effect was less variable and a decreased apical
abundance was observed in the jejunum at pH 6.4 while the
abundance was increased in the ileum at pH 6.4 and 7.4 (Fig. 8D).
3.2.1.4. SGLT1 and pSGLT1 Ser418. Ileal apical membranes contained
signiﬁcantly more total SGLT1 at all pH levels (Fig. 6E), what is in
contrast to previous ﬁndings [28,31]. pSGLT1 Ser418 was signiﬁcantly
less abundant in the ileum at all pH levels (Fig. 6F). This distribution is
already known for pH 7.4 [28]. There was no effect of pH in jejunum or
ileum (Fig. 7E and F). The total amount of SGLT1 was only affected in
tendency by RSV with high variability (Fig. 8E). pSGLT1 Ser418 was
moderately affected by RSV at pH 5.4 and 7.4 in both intestinal
segments but to different extends (Fig. 8F). This is already known for
pH 7.4 [9] and is most likely not associated with the decrease in
glucose-induced Isc [9].
As observed for PepT1, RSV treatment decreased the mean band
height in western blot experiments (see example in Fig. 2), whereby
both intestinal segments at all pH levels were signiﬁcantly affected
(data not shown). In contrast to PepT1 there was no difference in the
mean band height comparing the intestinal segments.
3.2.1.5. CFTR. The amount of apical CFTR was lower in the ileum than
in the jejunum at pH 6.4 and pH 7.4 (Fig. 6G). There was no signiﬁcant
effect of the mucosal pH in the intestinal when setting the expression
at pH 7.4 (Fig. 7G) to one in the two intestinal segments. RSV
treatment had no effect in the jejunum but increased the apical
amount of CFTR in the ileum (Fig. 8G). This effect was more
pronounced at pH 6.4 and pH 7.4 than at pH 5.4.
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Fig. 6. Effect of the intestinal segment on the apical expression of transport proteins (A–G) and the expression of protein kinases (H–M) after short term incubation of intestinal
samples (control tissues only).Band intensities for ileal samples were divided by those for jejunal samples. The average changes (means±S.D.) were tested for their deviation from 1
(dashed line) using one-sample t test. N+O: correlation analysis of the effects of the intestinal location on changes in protein expression levels in control tissues and RSV-treated tissues.
( )
* P<.1; * P<.05; ** P<.01; *** P<.001.

3.2.1.6. Phosphorylated PKA substrates (pPKA-S). The amount of
phosphorylated PKA substrates in the apical membrane was different
between the intestinal segments at pH 7.4 (Fig. 6H). As it was also
observed for NHE3, more acidic pH levels affected the amount of
pPKA-S differently in the intestinal segments (Fig. 7H): in the jejunum,
the amount was decreased at pH 5.4 and 6.4 compared to pH 7.4. In
contrast, the ileum showed no change at pH 6.4 and an increased

amount at pH 5.4 compared to pH 7.4. The amount of pPKA-S was
signiﬁcantly affected by RSV in most cases except in the jejunum at pH
6.4 were no effect was observed and in the ileum at pH 7.4 were only a
tendency was observed (Fig. 8H).
3.2.1.7. pAMPK Thr172/AMPK. The phosphorylation level of AMPK
was signiﬁcantly different between the intestinal segments at pH 7.4
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Fig. 7. Effect of the mucosal pH on the apical expression of transport proteins (A–G) and the expression of protein kinases (H–M) after short term incubation of intestinal
samples (control tissues only).Band intensities for samples incubated at pH 7.4 were divided by those for samples at pH 5.4 or pH 6.4. The average changes (means±S.D.) were tested
for their deviation from 1 using one-sample t test. N+O: correlation analysis of the effects of the mucosal pH on changes in protein expression levels in jejunal and ileal control tissues. (*)
P<.1; * P<.05; ** P<.01; *** P<.001. Effect of the mucosal pH on the apical expression of transport proteins. P+Q: correlation analysis of the effects of the mucosal pH on changes in
protein expression in jejunal and ileal RSV treated tissues. (*) P<.1; * P<.05; ** P<.01; *** P<.001.

but not at pH 5.4 and pH 6.4 (Fig. 7I). Since the phosphorylation of
AMPK was not affected by pH in the ileum but signiﬁcantly decreased
in the jejunum with decreasing pH (Fig. 7I) it may be assumed that the
location effect at pH 7.4 is due to increased phosphorylation in the
ileum at that pH. RSV treatment (Fig. 8I) had a strong increasing effect
on AMPK phosphorylation at all pH levels in both intestinal segments

(already known for pH 7.4 [9]) whereby the effects are bigger in the
ileum than in the jejunum at pH 5.4 and 6.4. The effect in the jejunum
is more pronounced at more acid pH.
3.2.1.8. ERK1/2 and pERK1/2 Thr202/Tyr204. While the expression of
total ERK1/2 was almost unaffected by the intestinal location (Fig. 6J),
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Fig. 7. (continued).

the mucosal pH (Fig. 7J) and RSV (Fig. 8J) (except a small effect of RSV
at pH 7.4 in the jejunum), some effects were observed for
phosphorylated ERK1/2. There was a difference between the intestinal
segments at pH 7.4 (Fig. 6K) and in contrast to NHE3, pPKA-S or
pAMPK, the ileum/jejunum ratio for ERK1/2 increased quite substantially. Looking at the dependency of pERK1/2 on the mucosal pH in the
intestinal segments (Fig. 7K), it becomes obvious that this increase is
mainly due to the lower phosphorylation at pH 7.4 in the jejunum and
in part also to a higher phosphorylation in the ileum at pH 7.4
compared to pH 6.4. RSV has no impact on ERK1/2 phosphorylation
(Fig. 8K).
3.2.1.9. SGK1 and pSGK1 Thr256. While the apical amount of SGK1
was substantially unaffected by the intestinal location (Fig. 6L), the
ileum/jejunum ratio was increased for pSGK Thr256 (Fig. 6M) but this
increase was independent from the mucosal pH. The mucosal pH had
no effect on SGK in control tissues (Fig. 7L) but interestingly, there was
an effect of pH on SGK in RSV treated tissues (data not shown).
RSV (Fig. 8L and Fig. 8M) affected SGK and pSGK Thr256 equally
with a decrease after RSV treatment in the jejunum at pH 5.4 and an
increase at pH 7.4 without any effect in the ileum.
3.2.2. Correlation analysis of changes in the apical amount of
transporters or the expression of protein kinases
In order to work out whether the multiple effects on the expression
of the different proteins caused by the intestinal segment, the mucosal
pH or RSV treatment followed a similar pattern some correlation
analysis were carried out. The ratios calculated for each protein were
correlated with the ratios for the other proteins. These correlations are
included in Figs. 6-8 with colors indicating Pearson r and signiﬁcant
correlation indicated by asterisk. Some aspects of these correlations
will be mentioned here, while others will be used for the discussion of
the data.
3.2.2.1. Correlation between the effects of the intestinal segment on
protein expression. As described under 3.2.1, the expression of
almost all transport proteins except PepT1 and pNHE3 Ser605 (high
variability) and some protein kinases (PKA, pAMPK, pERK, pSGK
Thr256) was strongly dependent on the intestinal location at least at
some pH levels.
As shown in Fig. 6N, segment speciﬁc differences in the amount of
pPKA-S were in correlation with segment speciﬁc differences in the
amount of all transport proteins except pNHE3 Ser605 under both
control conditions and after RSV treatment. RSV treatment did not

change the slope of the respective regression lines (data not shown).
Furthermore, the segment effects for the transport proteins were more
or less strongly correlated with each other (except pNHE3 Ser605). No
correlation was found between the location effects for pPKA-S and
pAMPK although the respective means at the single pH levels (Fig. 6H
and I) indicate an effect in the same direction. Segment speciﬁc
differences in pAMPK were also not correlated to the expression of the
transport proteins under control conditions or after RSV treatment.
3.2.2.2. Correlation between the effects of pH on protein expression.
Many correlations of the pH effects were observed in both intestinal
segments (Figs. 7 N-Q). Without going into detail for all correlations,
there are some interesting relationships.
In both intestinal segments in the absence of RSV (Fig. 7N and O), there are
no correlation between the pH effects on pPKA-S and other proteins (except
pSGLT1 in the ileum and SGLT1 in the jejunum). As shown in Fig. 7P and Q, RSV
treatment leads to signiﬁcant correlations of pH effects of RSV on pPKA-S with
the respective effects on many transport proteins (jejunum: pSGLT1, NHE3,
pNHE3 Ser552 pNHE3 Ser605, Ileum: PepT1, SGLT1, NHE3, pNHE3 Ser552).
pAMPK/AMPK is correlated to SGK and pSGK Thr256 in the jejunal
control tissues (Fig. 7N) but not in RSV-treated tissue (Fig. 7P). In the
Ileum, pAMPK/AMPK is correlated to ERK 1/2 and pERK 1/2 in control
tissues (Fig. 7O) and partly in RSV-treated tissues (Fig. 7Q).
pH effects on ileal PepT1 (Fig. 7O) are correlated with many
transport proteins and pAMPK/AMPK as well as ERK, what is not the
case in the jejunum (Fig. 7N).
After RSV treatment, the number of correlations among the pH
effects on the transport proteins in the ileum increased. RSV treatment
also induced correlations of the pH effects for ERK and SGK with some
transport proteins.
3.2.2.3. Correlation between the effects of RSV on protein expression.
As shown in Fig. 8 N and O, in the jejunum, the effects of RSV on the
amount of pPKA-S were correlated with PepT1, SGLT1, and tended to
be correlated with pNHE3 Ser522 and total NHE3. In the ileum, the RSV
effect on pPKA-S was only signiﬁcantly correlated with pSGLT1 Ser418.
In the ileum, SGLT1 Ser418 was also signiﬁcantly correlated with pSGK
Thr256. pAMPK/AMPK was negatively correlated with jejunal total
SGLT1 and ileal ERK and pERK. Although pAMPK/AMPK was strongly
increased by RSV (Fig. 8 I), no correlation of this increase with any
other protein was observed. Additionally, there were also some
correlations between the RSV effects on the different transport
proteins (e.g. SGLT1 and PepT1, NHE3 and PEPT1, pNHE3 Ser522 and
PEPT1, SGLT1 and NHE3, SGLT1 and pNHE3 Ser522).
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Fig. 8. Effect of RSV (300 μM, mucosal) on the apical expression of transport proteins (A–G) and the expression of protein kinases (H–M) after short term incubation of intestinal samples.
Band intensities for treated samples were divided by those for respective control tissues at the same pH. The average changes (means±S.D.) were tested for their deviation from 1 (dashed line)
using one-sample t test. N+: correlation analysis of the effects of RSV on changes in protein expression levels in jejunal and ileal tissue samples. (*) P<.1; * P<.05; ** P<.01; *** P<.001.

4. Discussion
The results of the Ussing chamber experiments reveal several
differences between jejunal and ileal tissues with regard to their basal
features, their response to mucosal nutrient supply at different pH
levels, their reaction to a FSK-mediated elevation of intracellular cAMP
concentrations as well as in their reactivity to RSV.

There were segment-speciﬁc, pH-dependent differences in the
RSV-evoked ΔIsc after the addition of RSV. It has been shown, that the
increase in Isc at pH 7.4 in the ileum is putatively due to Cl− secretion
[10]. Interestingly, this ileal RSV-mediated Cl− secretion did not occur
at lower pH levels and was completely absent in the jejunum. At pH
5.4, the Isc even decreased in both intestinal segments. This is
interesting, since both, cAMP and Carbachol, have been shown to
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shift CFTR from subapical vesicles to the apical membrane in the
jejunum of rats [32]. The same applies to mucosal acidiﬁcation and
alkalization [32]. In the present study, the apical abundance of CFTR
did not change in a pH dependent manner but was increased by RSV in
the ileum at all pH levels.
In summary, this may indicate for porcine jejunum and ileum, that
either different mechanisms were initiated by RSV in the different
segments that showed segment speciﬁc differences in their pHdependence or that RSV triggered the same mechanisms in both
segments that in turn pH-dependently acted on the transport
characteristics of the epithelium. Additionally, it seems unlikely, that
only a cAMP or Ca2+ mediated action of RSV is responsible for the
observed effects.
Regarding peptide transport in untreated control chambers, a
segment-speciﬁc pH optimum of the total glygln-induced ΔIsc was
observed, whereby the jejunal pH optimum was observed at slightly
acidic pH and the ileal pH optimum was found at pH 7.4. This in vitro
result seems quite reasonable with regard to in vivo conditions since,
based on data from rats, the cell surface pH in the jejunum is supposed
to be slightly acidic while it is rather alkaline or neutral in the region of
the cell surface in the ileum [33–35]. The hypothesis, that RSV is able to
inhibit the intestinal absorption of peptides could be conﬁrmed. Since
the inhibitory effects were much more pronounced in the jejunum
than in the ileum, the hypothesis could also be conﬁrmed regarding
the differences between the intestinal segments.
To explain the molecular basis for the pH- and segment-dependent
differences and for the different responses of the peptide-induced Isc
to RSV, the mechanisms which are responsible for the regulation of
intestinal dipeptide uptake have to be considered. Essentially, for a
short term limitation of the glygln-induced ΔIsc two factors may be
discussed at constant substrate availability.
The ﬁrst one is the amount of PepT1 in the apical membrane. Since,
in the western blot experiments after the tissue incubations, no effect
of the intestinal segment was found on the apical amount of PepT1, the
segment speciﬁc differences observed in Ussing chamber experiments
are most likely not due to different amounts of peptide transporters.
Although some moderate changes in the apical amount of PepT1 with
regard to pH and RSV were observed, the changes are also not
sufﬁcient to explain the effects observed in the Ussing chamber
experiments (although no correlation analysis for Ussing chamber
data and expression data was possible since different animals were
used). Apart from effects on the band intensity, there were differences
in the band height under some conditions. The differences in the mean
band height were in the range of 0–5 kDa and may therefore be
discussed with regard to PepT1 N-glycosylation that has been shown
to inﬂuence the activity of the transporter, whereby the less
glycosylated form is assumed to have a higher activity [36,37].
Consequently, the differences in the mean band heights do not explain
the observed functional differences but are in part even contrary.
The second factor that may limit the intestinal absorption of
dipeptides is the amount or the activity of NHE3 in the apical membrane
since the inwardly directed H+-gradient drives peptide transport.
Previously, an involvement of NHE3 in the inhibitory effects of the
phosphodiesterase inhibitor pentoxifylline on peptide transport has
been shown [38]. Since the apical amount of PepT1 is most likely not
responsible for the differences and effects that were observed in
Ussing chamber experiments, it is of interest, whether changes in the
apical abundance of NHE3 or its activity may play a role for the
observed results. With the knowledge, that the amount of PepT1 is
not changed substantially, the results regarding the different
characteristics of the time courses of the Isc after glygln addition
and after RSV and FSK treatments and the time interval to reach the
maximal response (see 3.1.2 and 3.1.4) also indicate the involvement
of secondarily involved processes, that are short time regulated, as
NHE3.
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NHE3 contains a number of veriﬁed or putative PKA phosphorylation sites, which might be involved in NHE3 regulation either by
directly affecting the transport activity or by changing the subcellular
distribution [39]. The PKA phosphorylation sites Ser552 and Ser605 are
supposed to be required for the rapid PKA-mediated downregulation
of Na+/H+-exchange by being indirectly involved in the regulation of
the subcellular NHE3 distribution or the potential of NHE3 to interact
with regulatory proteins [40–44]. The phosphorylation of these sites is
of interest, since RSV activated PKA in both intestinal segments
(Fig. 8H) and there were also differences regarding the PKA activity
between the intestinal segments (Fig. 6H) and the pH levels (Fig. 7H).
The contribution of NHE3 to peptide transport in Caco-2 cells has
been described to be highest at pH 6 and also present at pH 7 [14] and
to be inhibited by PKA activation via a FSK-mediated increase in cAMP
in this pH range [16]. In the present study, according functional results
were obtained for the jejunum were FSK inhibited the glygln-induced
ΔIsc at pH 6.4 and pH 7.4. Since almost the same inhibition pattern was
observed for RSV, it might be speculated, that RSV also affects peptide
transport via increasing the cAMP/PKA mediated inhibition of NHE3.
Interestingly, in most experiments, the ileum was functionally less
sensitive to FSK and to RSV. In line with this observation, less NHE3
was found in the ileum compared to the jejunum (Fig. 6B), but the
same was the case for the amount of pNHE3 Ser522 (Fig. 6C). In both
intestinal segments and at all pH levels, the effects on PepT1 and on
NHE3 were correlated. Interestingly, PKA and NHE3 were inﬂuenced
in different directions by the mucosal pH in the jejunum and in the
ileum (Fig. 7B and H) which suggests the different functional
characteristics of the intestinal segments. However, pH effects on
PKA and NHE3 were not correlated (Fig. 7O and P).
With regard to the reactivity of peptide transport to RSV, it may be
of interest, that effects on PKA and on PepT1 as well as on PepT1 and on
NHE3 were correlated in the jejunum while in the ileum, the effects on
PepT1 and NHE3 were correlated but the effects on PKA were not
(Figs. 8O and R).
In that context, the effects of RSV on glucose-induced Isc may be of
interest. The knowledge that RSV segment speciﬁcally inhibits
intestinal glucose transport at pH 7.4 is not new [8,9] but has been
extended to pH 6.4 and pH 5.4 in the present study. Of interest may be
the fact, that the effects of RSV on peptide and glucose transport were
correlated in the jejunum but not in the ileum (Fig. 4C). These ﬁndings
may indicate, that the inhibition of the two transport processes is
mediated by the same mechanism in the jejunum and by different
mechanisms in the ileum.
The effects of a cAMP-mediated PKA activation by FSK on peptide
and glucose transport were correlated in the jejunum and also in the
ileum, at least at pH 6.4. Since ileal transport is sensitive to FSK and
therefore a responsiveness of transport proteins to PKA activation is
given, it may be speculated, that the ability of RSV to increase
intracellular cAMP levels is reduced, which has actually not been
measured. Nevertheless, this hypothesis is rather unlikely, since it has
previously been shown, that RSV activates PKA not only in the jejunum
but also in the ileum whereby the RSV-induced inhibition of glucoseinduced ΔIsc was only correlated with changes in the PKA activity in
the jejunum but not in the ileum [9]. The RSV-mediated PKA activation
in both segments is also conﬁrmed in the present study (Fig. 8H).
This indicates, that a RSV-mediated increase in cAMP/PKA takes
place in both intestinal segments but is not the major mechanisms by
which RSV affects ileal transport at pH 6.4 so that another mechanism
must be involved. This is also supported by the fact, that the effects of
RSV on PKA were not correlated to the effects of RSV on nutrient
transporter except pSGLT1 (Fig. 8P) while there are some correlations
in the jejunum (Fig. 8O). In this context, it may be speculated whether
the functional coupling between glucose transport and Na+/H+exchange may be different between the intestinal segments since it
has been shown that SGLT1-mediated glucose transport induces
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NHE3-mediated Na+/H+-exchange [45] and, at least in the kidney,
PKA is involved in this functional coupling [46]. Since in the present
study, the dipeptide glygln was applied to the Ussing chamber before
glucose was added, it is also of interest that the coupling may also be
the other way around since NHE3 inhibition impairs SGLT1-mediated
glucose transport [17]. Until now, there is nothing known about
whether this coupling is present to same extent along the intestinal
axis and may therefore be an explanation for the observed results. The
results shown in Figs. 8O and P may give some indications for a
stronger coupling in the ileum since RSV-mediated changes in the
apical abundance of SGLT1 and NHE3 were correlated in the ileum but
not in the jejunum. In contrast, ileal SGLT1 is also positively correlated
to the less active pNHE3 Ser522.
In summary, there are some indications that a lower sensitivity to
PKA activation in the ileum may be involved in the less pronounced
effects of RSV in the ileum. Below the bottom line, it is difﬁcult to
identify clear mechanistic connections between the different functional behaviors of the intestinal segments with regard to the factors
pH and RSV treatment. The fact that correlations of protein data
revealed multiple relationships and because correlations of functional
data and protein expression data are not possible make it difﬁcult to
distinguish between causative and non-causative effects.
Nevertheless, one clear conclusion regarding the involvement of
the AMPK activity can be drawn. The results in the present study
indicate a strong activation of AMPK by RSV (Fig. 8I) and AMPK was
also inﬂuenced by the factors intestinal location (Fig. 6I) and pH (Fig.
7I) but these effects were not correlated to respective effects on
nutrient transport proteins or other protein kinases in the vast
majority of cases. There was one interesting correlation of pAMPK/
AMPK with the amount of PepT1 (Fig. 7P), but this was a positive
correlation, whereas AMPK is supposed to downregulate PepT1 [47]. It
can be concluded, that AMPK activation is not causative for the
observed functional results, also the kinase is strongly activated and
supposed to be involved in the regulation of a large number of
transport proteins [48].
One factor that may inﬂuence the phosphorylation of AMPK under
the given experimental conditions is the potential inﬂux of glycine
into the cell, since amastatin was not added to the tissue bathes and
therefore there might have been some glycine transport. This aspect
represents a limitation of the present study with regard to the effects
of pH and intestinal location but is also an interesting aspect that
should be considered in further studies.
In the case of ERK, SGK and their phosphorylated forms, it is
difﬁcult to draw ﬁnal functional conclusions, although there were
some interesting correlations with the effects of the factors location,
pH and RSV on some transport proteins. Studies using reciprocal
inhibitors for the different proteins kinases would be desirable to
clarify their roles.
4.1. Summary and conclusions
In summary, the Ussing chamber results demonstrate that the
basal Isc and the tissue reactivity to RSV (putatively Cl− secretion) is
pH sensitive but with different characteristics in the jejunum and in
the ileum. This study also demonstrates, that RSV not only inhibits
intestinal glucose transport at all pH levels in a segment speciﬁc
manner (which has already been shown for pH 7.4 [8,9]) but also that
RSV has a substantial impact on the electrogenic transport of the
dipeptide glygln. This impact, in turn, showed different characteristics
dependent on both, the mucosal pH and the intestinal segment.
Segment speciﬁc differences were also observed regarding the
correlation of the percentage inhibition of glucose and dipeptide
transport, which were correlated in the jejunum but not the ileum.
These observations and the fact that the inhibitory potentials on the
electrogenic dipeptide transport of RSV and the cAMP generating

agent forskolin were correlated in the jejunum but to a lesser extent in
the ileum indicate that either different mechanisms are initiated by
RSV in the different segments that show segment speciﬁc differences
in their pH dependence or that RSV triggers the same mechanisms in
both segments that in turn pH-dependently act on the transport
characteristics of the epithelium.
Different time courses of the Isc during the early response to glygln
underline the different transport characteristics of the intestinal
segments and, taken together with the effects of RSV on this time
courses, indicate, that processes that are secondarily involved in
dipeptide transport may induce the difference between jejunum and
ileum under basal conditions or after RSV and FSK treatment. This
ﬁnding is also strengthened by the results regarding the apical
expression of PepT1. As an obvious candidate to explain the basal
segment- and pH- speciﬁc differences and the differences in the effects
of RSV, the activity of NHE3 has to be discussed since NHE3 is likely a
RSV target due to its PKA dependence. Since the effect of cAMP/PKA is
highest at pH 6.4 [16] it may be speculated whether cAMP/PKA is the
main RSV target in the ileum where the glygln-induced ΔIsc was
inhibited strongest at pH 6.4 and that other mechanisms may
dominate in the jejunum, where the Isc was substantially reduced at
all pH levels but this hypothesis is not supported by the correlation
analysis shown in Fig. 4D where the jejunum seems to be more
susceptible to cAMP/PKA. In further studies, the distinct effects of
cAMP and PKA on intestinal transport processes in different cell types
have to be investigated. This is also of particular importance since large
numbers of studies regarding the beneﬁcial effects of RSV are done
using cell culture models. Tissue speciﬁc effects have to be taken into
account when generalizing mechanisms or transferring them between
different models.
The analysis of the apical expression of nutrient transport
proteins and phosphorylated PKA substrates and the expression of
different protein kinases provides some interesting results regarding
aspects of segment- and pH-dependent differences. Nevertheless, it
was not possible to clearly identify molecular reasons for these
differences or to clearly identify one pathway that is responsible for
the effects of RSV in the different intestinal segments except the
ﬁnding that AMPK is indeed inﬂuenced by RSV but seems not to be
substantially involved in the observed effects on nutrient transport.
The identiﬁcation of mechanistic connections may have been
impaired by the fact, that different animals were used for the Ussing
chamber studies and the tissue incubations with subsequent
Western Blot analysis, so that no correlations between functional
parameters and protein expression levels were possible. Certainly,
this is a major limitation of the study. Nevertheless, the western blot
experiments provide a unique characterization of the expression of a
variety of nutrient transport proteins and protein kinases from the
porcine small intestines including different intestinal locations and
pH levels.
It will be of importance for future studies to make efforts in order to
distinguish between cAMP- and Ca2+-mediated effects of RSV and to
link them to changes in the apical amount/activity of transport
protein. This is not only of relevance for changes in the phosphorylation state but also for the respective consequences as endocytosis
mediated transporter internalization whereby potential regional
differences in PKA-anchoring and PKA signaling compartmentalization should be considered.
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