
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tjas20

Italian Journal of Animal Science

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tjas20

Electrogenic transport of amino acids and glucose
differs between jejunum and ileum of female and
castrated male finishing pigs

Marco Tretola, Giuseppe Bee & Paolo Silacci

To cite this article: Marco Tretola, Giuseppe Bee & Paolo Silacci (2024) Electrogenic
transport of amino acids and glucose differs between jejunum and ileum of female
and castrated male finishing pigs, Italian Journal of Animal Science, 23:1, 618-628, DOI:
10.1080/1828051X.2024.2345716

To link to this article:  https://doi.org/10.1080/1828051X.2024.2345716

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 25 Apr 2024.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tjas20
https://www.tandfonline.com/journals/tjas20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/1828051X.2024.2345716
https://doi.org/10.1080/1828051X.2024.2345716
https://www.tandfonline.com/action/authorSubmission?journalCode=tjas20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tjas20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/1828051X.2024.2345716?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/1828051X.2024.2345716?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2024.2345716&domain=pdf&date_stamp=25 Apr 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/1828051X.2024.2345716&domain=pdf&date_stamp=25 Apr 2024


RESEARCH ARTICLE                                         

Electrogenic transport of amino acids and glucose differs between jejunum 
and ileum of female and castrated male finishing pigs

Marco Tretola , Giuseppe Bee and Paolo Silacci 

Agroscope, Posieux, Switzerland 

ABSTRACT 
It has been shown that the jejunum represents the most important site for the nutrient’s 
absorption in several species. However, in pigs, this information seems to be controversial and 
limited information are available about differences in intestinal physiology between female and 
castrated male pigs. The trans-epithelial electrical resistance (TEER) and the active uptake of L- 
glutamate (L-Glu), L-arginine (L-Arg), L-methionine (L-Met) and D-glucose (D-Glu) in the jejunum 
and ileum of female (n ¼ 5) and castrated male (n ¼ 7) pigs fed a protein-restricted grower and 
finisher diet (128 and 112 g of crude protein/kg dry matter) were investigated. The intestine seg-
ments were collected at slaughter and mounted in Ussing chambers. Results were further inves-
tigated by protein expression analysis of the D-Glu transporter Sodium-dependent Glucose 
Transporter 1 (SGLT1) and using serum creatinine, non-esterified fatty acids (NEFAs) and serum 
glucose concentrations measurements as indicators of muscle mass deposition and metabolic 
status of the animals. A linear mixed-effects regression (Lme4) model was used for data analysis. 
Independent of sex, the uptake of both L-Met and D-Glu was higher (p < 0.001) in the ileum 
than in the jejunum (2.1- and 3.6-fold increases, respectively). The L-Arg uptake was higher 
(p ¼ 0.001) in females compared to castrates (1.9-fold increase). No significant differences were 
observed between the segments in the SGLT1 protein expression, regardless of sex. Serum 
measurements were also not significantly different between the female and castrates. This study 
suggests that the ileum has an important role in the active uptake of amino acids and D-Glu 
uptake and differences exist between female and castrated finishing pigs.

HIGHLIGHTS 

� The L-Arginine uptake is higher in female compared to castrated pigs.
� The uptake of L-methionine and D-glucose is higher in the ileum than in the jejunum.
� The ileum has an important role in the active uptake of amino acids and D-glucose.
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Introduction

The absorption of amino acids (AAs) and glucose is 
modulated by the luminal nutrient concentration in 
the intestine. The main site of nutrient’s uptake along 
the entire intestinal tract is the small intestine (duode-
num, jejunum and ileum), where epithelial transport-
ers and ion channels orchestrate the absorption 
processes. The AAs uptake is mediated by systems of 
transporters that are characterised by different prefer-
ences for anionic (system X-AG), cationic (system yþ) 
and neutral (system B0) AAs. Specifically, the absorp-
tion of cationic AAs, such as L-arginine (L-Arg), can be 
both Naþ-dependent or Naþ-independent, and the 
transporters can be distributed both at the apical and 

basolateral membranes of the enterocytes. The uptake 
of anionic AAs such as L-glutamate (L-Glu) is strictly 
Naþ-dependent while the transport of neutral AAs 
depends almost entirely on Naþ-dependent transport-
ers, with L-methionine (L-Met) being one of the most 
affine neutral substrates for the B0AT1 transporter sys-
tem, located in the apical membrane of the entero-
cytes (Br€oer 2008). The uptake of glucose from the gut 
lumen into the bloodstream is mainly mediated by 
sodium-dependent glucose co-transporter 1 (SGLT1), 
which is located at the apical side of the enterocytes 
(Lehmann and Hornby 2016). Part of the glucose is 
metabolised by the intestinal epithelial cells, but most 
is released into the bloodstream via the basolateral 
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glucose transporter 2 (GLUT2) (Takata 1996). The 
expression of SGLT1 increases with increasing glucose 
concentrations in the intestinal lumen and its abun-
dance varies along the small intestine (R€oder et al. 
2014). Differences in SGLT1 expression exist between 
the jejunum and ileum in different species, such as 
rats (Balen et al. 2008; Yoshikawa et al. 2011), horses 
(Dyer et al. 2009), beef cattle (Liao et al. 2010) and 
post-weaning piglets (Moran et al. 2010; Herrmann 
et al. 2012), with higher expression in the jejunum 
independently by the sex. Consequently, the jejunum 
is considered the most involved site for glucose 
uptake, and most studies have focused on this intes-
tinal segment when investigating the modulation of 
glucose uptake. However, few studies have investi-
gated AAs and glucose uptake in both the jejunum 
and ileum of finishing pigs. In a study comparing glu-
cose uptake in different breeds of post-weaning pig-
lets, the active electrogenic transport of glucose was 
found to be higher in the ileum, compared to the 
jejunum, independent of the breed (Herrmann et al. 
2012), suggesting that the ileum could also play a key 
role in glucose uptake. Unfortunately, no information 
about sex-related differences were provided. The 
expression of AA transporters in the different seg-
ments of the small intestine was evaluated also in 
growing pigs fed a low-protein diet supplemented 
with AAs and compared with pigs fed intermediate 
and high protein content (Morales et al. 2015). The 
study showed that the dietary protein content did not 
affect the jejunal and ileal expression of the AA trans-
porters investigated, namely b0þ, y þ L and B0 
(Morales et al. 2015). However, a comparison between 
the intestinal segment was not considered. When 
investigating intestinal physiology, it is important to 
consider the sex of the animal as a significant factor. 
A previous study by Ruiz-Ascacibar et al. (2017) high-
lighted significant differences among entire male, cas-
trated and female pigs. Specifically, females exhibited 
a lower average daily gain (ADG), protein deposition 
and fat deposition rate at 100 kg body weight (BW) com-
pared to castrates. These differences between females 
and castrates may be intricately linked to variations in 
gut physiology, particularly in the uptake of AAs and 
other essential nutrients such as glucose.

Therefore, the objective of this study was to compare 
different physiological traits of the mid-jejunum and 
ileum such as epithelial integrity, AAs and D-Glu uptake 
in female and castrated finishing pigs. To support the 
results obtained by the electrophysiological measure-
ments, the intestinal protein expression of the SGLT1 
transporter and the serum glucose concentration were 

quantified. Because of their association with muscle 
mass deposition (Hari et al. 2007) and the metabolic sta-
tus of the animal (Hari et al. 2007; Tor et al. 2021), the 
serum creatinine and non-esterified fatty acid (NEFA) 
levels were also quantified, respectively.

Materials and methods

Animal ethics statement

The Swiss cantonal committee for animal care and use 
approved all procedures involving animals (2018_30_FR).

Animals and diets

A total of 12 Swiss Large White pigs (5 females and 7 
castrated males) housed at Agroscope animal facilities in 
Posieux, Switzerland, were used. The pigs were reared on 
a standard starter diet until an average BW of 22.4 kg 
(±1.8 kg SD) and subsequently allocated to a pen, where 
they remained until slaughter (BW of 106 ± 5 kg). During 
the grower (22.4 ± 1.8 kg to 65.9 ± 1.9 kg BW) and fin-
isher phase (until 107.1 ± 4.1 kg BW), the pigs had ad 
libitum access to drinking water and a low-crude-protein 
diet, which was distributed by single-spaced auto-
matic feeder stations with individual pig recogni-
tion systems (Schauer Maschinenfabrik GmbH & Co. 
KG, Prambachkirchen, Austria). Both the grower and 
finisher diets contained 80% of the crude protein and 
digestible essential AAs content of the Swiss feeding 
recommendations for swine and their chemical com-
position is reported in Table 1. Animals were slaugh-
tered at an average age of 154.4 ± 9.0 days and a 
target slaughter weight of 100 kg at the research sta-
tion abattoir after fasting for approximately 15 h.

Feed chemical analyses

Dry matter was determined gravimetrically after drying 
at 105 �C for 3 h. Ash content was determined after 3 h 
at 550 �C. CP content (total N � 6.25) was analysed with 
a LECO FP-2000 analyser (Leco, M€onchengladbach, 
Germany) (International Organisation for Standardisation 
(ISO 2008)). The AAs composition of the diets was deter-
mined after 24 h of acid hydrolysis (48 h for leucine, iso-
leucine and valine). Methionine and cystine were 
hydrolysed after peroxidation with formic acid. The 
AAs profile was determined by HPLC coupled with a 
fluorescence detector (Alliance 2695; Waters, Milford, 
MA) as described in the manual (Waters AccQ Tag 
Chemistry Package 052874 TP, rev. 1). In the diets, 
crude fibre and ether extract were determined 
according to methods 6.1.4 and 5.1.1, respectively 
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(VDLUFA 2007). To determine the crude fat content 
in feed, samples were hydrolysed in 10% (v/v) HCl for 
1 h. The hydrolysate was dried and then extracted 
with petroleum ether using the B€uchi SpeedExtractor 
E 916 (B€uchi Labortechnik AG, Flawil, Switzerland). 
The dry fat residue was determined by gravimetry. 
The AAs composition of the diets was determined 
after 24 h of acid hydrolysis (48 h for leucine, isoleu-
cine and valine). Methionine and cystine were hydro-
lysed after peroxidation with formic acid. The AAs 

profile was determined by HPLC coupled with a fluores-
cence detector (Alliance 2695; Waters, Milford, MA) as 
described in the manual (Waters AccQ Tag Chemistry 
Package 052874 TP, rev. 1). Tryptophan content was 
quantified by HPLC (LC 1290 Infinity II LC System, 
Agilent Technologies, Santa Clara, CA) according to ISO 
13904:2016. The digestible and net energy coefficients 
from each feed ingredient were obtained from the 
Swiss (Liebefeld-Posieux 2004) and French (Noblet et al. 
2003) databases, respectively.

Table 1. Dietary ingredients and analysed composition (g or MJ/kg as-fed) of the grower and fin-
isher diets.1

Item Grower Finisher

Ingredients (%)
Barley 50.00 50.00
Oat 5.14 6.30
Maize 13.56 16.18
Wheat 20.00 20.00
Wheat flour 0.50 0.50
Potato protein 1.96 0.11
Rapeseed press cake 3.81 2.41
Dried beet pulp 2.00 2.00
L-Lysine-HCl 0.34 0.27
DL-Methionine 0.01 –
L-Threonine 0.06 0.04
Monocalcium phosphate2 0.51 0.26
Lime, carbonic acid 1.08 0.97
Sodium chloride 0.30 0.25
Pellan2 0.30 0.30
Premix3 0.40 0.40
Natuphos 5000 G4 0.01 0.01

Gross chemical composition (g/kg or MJ/kg as-fed)
Dry matter 876.06 874.27
Ash 45.78 40.52
Crude protein 128.68 111.81
Crude fat 26.27 26.16
Crude fibre 40.87 41.05
Calcium 6.32 5.39
Phosphorus 4.86 4.15
Sodium 1.26 1.05
Digestible energy 13.2 13.2
Net energy 9.84 9.90

Amino acids (g/kg as-fed; digestible values for essential AAs in parentheses)
Lysine 7.80 (6.40) 6.06 (4.81)
Methionine 2.27 (1.86) 1.83 (1.45)
Cystine 2.87 (2.13) 2.63 (1.96)
Threonine 5.10 (3.67) 4.05 (2.77)
Tryptophan 1.48 (1.04) 1.28 (0.88)
Isoleucine 4.39 (3.37) 3.56 (2.65)
Leucine 9.26 (7.48) 7.90 (6.27)
Phenylalanine 5.87 (4.76) 4.95 (3.94)
Valine 5.97 (4.46) 5.00 (3.63)
Tyrosine 3.93 (3.11) 3.14 (2.40)
Histidine 2.82 (2.16) 2.49 (1.88)
Alanine 5.31 4.68
Asparagine 8.59 6.69
Glutamine 26.15 24.54
Glycine 5.24 4.46
Proline 10.61 9.89
Serine 5.38 4.61

1Grower and finisher diets were offered ad libitum from 20 to 60 kg BW, and from 60 to 120 kg BW, respectively.
2Pellet binding aid: Pellan, Mikro-Technik, B€urgstadt, Germany.
3Supplied the following nutrients per kg of diet: 20,000 IU vitamin A, 200 IU vitamin D3, 39 IU vitamin E, 2.9 mg 
riboflavin, 2.4 mg vitamin B6, 0.010 mg vitamin B12, 0.2 mg vitamin K3, 10 mg pantothenic acid, 1.4 mg niacin, 
0.48 mg folic acid, 199 g choline, 0.052 mg biotin, 52 mg Fe as FeSO4, 0.16 mg I as Ca(IO)3, 0.15 mg Se as Na2Se, 
5.5 mg Cu as CuSO4, 81 mg Zn as ZnO2 and 15 mg Mn as MnO2.

4Phytase supplemented with 500 units of Aspergillus niger phytase/kg diet.
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Production traits

The BW of all animals was monitored weekly. The total 
feed intake (FI), ADG, average daily feed intake (ADFI) 
and feed conversion ratio (FCR) were calculated for 
the overall growth period. Individual protein intake 
and carcase protein content determined at slaughter 
by dual energy X-ray absorptiometry (DXA) and esti-
mated at the beginning of the experiment. The ADG 
was calculated as the weight gain during the experi-
ment over the days on feed. Average values of feed 
intake, protein intake, ADG, FCR and carcase protein in 
female and castrated pigs are summarised in Table 2.

Blood collection and serum creatinine, NEFA and 
glucose quantification

Blood was sampled directly during bleeding after CO2 

stunning using blood collection tubes with serum clot 
activator (VacuetteVR ; Greiner Bio-One GmbH, 
Kremsmuenster, Austria), which were stored upside 
down at room temperature for 1 h prior to processing. 
The VacuetteVR serum tubes were then centrifuged for 
15 min at 3000 g and subsequently for 2 min at 4000 g. 
Two aliquots of serum were stored at −20 �C in 
Eppendorf tubes. Levels of serum NEFAs (Randox labo-
ratories; Crumlin, UK), glucose and creatinine (Biotecnica 
instruments Ltd., Roma, Italy) were measured in the 
serum following manufacturers’ procedure using an 
autoanalyser BT 1500 (Biotecnica instruments Ltd., 
Roma, Italy).

Ussing chamber evaluation of glucose and AA 
transport in pig jejunum and ileum samples

Samples of small intestine were collected from all the 
pigs (n ¼ 12) approximately 15–20 min after slaughter-
ing them. For each pig, two mid-jejunal samples were 
taken at the third metre distal to the pylorus and two 
distal-ileal samples were taken immediately before the 
ileocecal valve and transported to the lab immersed in 
ice-cold Krebs Ringer modified buffer (KRB) in a 50 ml 
Falcon. In parallel, one jejunal and one ileal sample 

per pig was immediately frozen in liquid nitrogen and 
stored at −80 �C for protein expression analysis. The 
jejunal and ileal samples were stripped of their outer 
muscle layers and mounted between the two halves 
of an Ussing chamber (Physiologic Instruments, San 
Diego, CA) within 10–15 min after tissue collection. 
Each sample was bathed on its mucosal and serosal 
surfaces (exposed area 1.0 cm2) with the correspond-
ing KRB. After a 30–40 min equilibration period, 
baseline Isc (in mV) values were measured. The trans- 
epithelial electrical resistance (TEER) was also measured 
at 2-min intervals under current clamped conditions. 
Furthermore, AA and D-Glu uptake on tissues was per-
formed according to the following protocol: after the 
stabilisation period (10–15 min), 10 mmol/l L-glutamate 
(L-Glu) was added to the mucosal buffer, followed by 
the addition of the same concentration of L-Arg, L-Met 
and D-Glu. The substrates were added in the aforemen-
tioned order at intervals of 15 min. Each AA or D-Glu 
addition was kept in an equilibrated osmotic condition 
by the addition of equimolar (10 mmol/L) mannitol on 
the serosal side. Forskolin (10 lmol/L) was added to the 
serosal compartment at the end of the experiment to 
test tissue viability, as forskolin stimulates adenosine 
30,50-cyclic monophosphate (cAMP)-dependent protein 
kinase A that leads to a strong electrical change in the 
short circuit current (Isc) only in alive tissues. The total 
active transport through the tissue was verified by 
monitoring the change in Isc (DIsc), which was repre-
sentative of ion flux, and thus active transport within 
the jejunal and ileal tissues.

Protein expression analysis

About 1 cm2 of tissues were lysed in CelLytic MT buf-
fer (Merck Life Science, Milano, Italy) complemented 
with a Complete TM protease inhibitor cocktail (Roche, 
Basel, Switzerland). After centrifugation at 12,000 g at 
4 �C for 10 min, the protein concentration in the super-
natant was determined using Coomassie Plus Assay 
Reagent (Thermo Scientific, Waltham, MA). The absorb-
ance was read on an Asys UVM 340 microplate reader 
(Biochrom, Cambridge, UK). Then, 15 mg of total pro-
tein extracts were denatured at 95 �C for 5 min, sepa-
rated via 7% SDS-PAGE gel (polyacrylamide: 30% w/v, 
acrylamide: 0.8% w/v and bisacrylamide (37�5:1)); 
1�5 M Tris HCl, pH 8.8; SDS 0.4%; ammonium persul-
fate 10% and tetramethylethylenediamine 0.01%. 
Proteins were then blotted on a Western Bright polyvi-
nylidene difluoride membrane (Witec, Luzern, 
Switzerland) at 90 V for 90 min using a Trans-Blot 
Turbo Transfer System (Bio-Rad, Hercules, CA). The 

Table 2. Mean values with their standard error of the overall 
period feed intake, protein intake, carcase protein, average 
daily gain and feed conversion ratio in female and castrated 
pigs.

Castrates Female SEM p-Values

Feed intake (kg) 232.4 213.6 2.89 <0.001
Protein intake (kg) 28.42 26.31 0.33 <0.001
Carcase protein (kg) 13.72 14.10 0.22 0.150
ADG (kg/d) 1.00 0.86 0.03 0.021
FCR 2.67 2.65 0.02 0.640

ADG: average daily gain; FCR: feed conversion ratio
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membranes were blocked for 60 min at room tempera-
ture with 5% bovine serum albumin (Sigma-Aldrich, St. 
Louis, MA) in 0.1% Tween 20 (Sigma-Aldrich, St. Louis, 
MA) in phosphate-buffered saline (PBS) and further 
incubated in the same buffer supplemented with the 
primary antibodies anti-SGLT1 (ab14686, Abcam, 
Cambridge, UK,) or anti-vinculin (V4505, Sigma-Aldrich, 
St. Louis, MA) at 4 �C overnight. Anti-SGLT1 was 
diluted 1:1000 and anti-vinculin 1:2000 in 0.1% Tween 
20, in PBS containing 5% bovine serum albumin. 
Vinculin was shown not to vary during the entire dur-
ation of the experiment (data not shown) and therefore 
used as housekeeping protein to normalise SGLT-1 
expression. After washing, membranes were incubated 
for 1 h at room temperature with goat-anti-rabbit IgG 
HRP-conjugated (A9169, Sigma-Aldrich, St. Louis, MA) 
for SGLT-1 and goat-anti-mouse IgG HRP-conjugated 
(Merck Life Science, Milano, Italy) for vinculin, diluted 
1:1000 and 1:3000, respectively, in 0.1% Tween 20 in 
PBS supplemented with 5% milk powder. After wash-
ing, signals were detected using a Quantum Kit (Witec, 
Luzern, Switzerland) and a G:BOX (Syngene 
International Ltd., Bangalore, India). Signals were quan-
tified using Genetools software (Syngene International 
Ltd., Bangalore, India). The ratio of the intensities of the 
protein bands of interest versus the housekeeping pro-
tein was calculated for each filter, and the ratios from 
different Western blot filters were used to determine 
protein abundance.

Data analysis and statistics

All statistical analyses were conducted with R software 
(version 4.2.1). The data were analysed by ANOVA 
using linear mixed-effects regression (Lme4) models 
(Bates et al. 2015). The models contained the tissue 
(jejunum vs. ileum), the sex (castrates vs. female) and 
the two-way interaction as fixed effects and the ani-
mal as a random effect. For pairwise comparisons, the 
Sidak function was performed for a modified Tukey 
test for multiple comparisons of means. Means and 
pooled SEM were calculated with the lsmeans function 
from the emmeans package (Lenth and Lenth 2018). 
The residuals of linear mixed-effects models were 
checked for normality and homoscedasticity.

Results

The restricted animal cohort utilised in our study was 
constrained by the inherent limitations associated with 
the Ussing chamber system. Additionally, the uneven 
distribution of subjects across sexes was due to 

constraints encountered during the slaughter process. 
In order to maintain methodological coherence and 
facilitate a comprehensive interpretation of the find-
ings, only the results obtained from the same cohort 
of pigs utilised in the Ussing chamber experiments 
were used for additional parameters analysed, such as 
serum creatinine, NEFA and glucose.

Efficiency traits

Castrated pigs eat more feed (P< 0.001) and more 
protein (P < 0.001) compared to female. Accordingly, 
they grew faster (P ¼ 0.02) than female pigs. By con-
trast, carcase protein and the FCR were similar. Those 
results are summarised in Table 2.

Mid-jejunal and distal-ileal physiological traits

All the tissues were viable at the end of the Ussing 
chamber experiment. The TEER tended to be greater 
in the jejunum (Ptissue ¼ 0.093) and in castrates 
(Psex ¼ 0.064). Values are reported in Figure 1.

The delta values of the short-circuit current (DIsc) 
reported in Table 3 indicate that the absorption rate 
of L-Met (Ptissue < 0.001; þ111.8%) was higher in the 
ileum than in the jejunum. The L-Glu had a tendence 
to the same trend (Ptissue ¼ 0.061; þ78%). Similarly, D- 
Glu was more efficiently absorbed in the ileum than in 
the jejunum (Ptissue < 0.001; þ275%). Females 
absorbed L-Arg more efficiently (Psex ¼ 0.001 þ 105%) 
than castrated males, regardless of tissue (Table 3).

Figure 1. Trans-epithelial electrical resistance (TEER; X � cm2) 
in the jejunum and ileum of female and castrated finishing 
pigs. T: tissue; S: sex.
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Despite the differences in active D-Glu uptake 
observed in the Ussing chamber experiments, the pro-
tein expression of the SGLT1 transporter tended to be 
similar (P¼ 0.068) between jejunal and ileal tissues 
(1 ± 0.14 and 1.25 ± 0.25 protein induction folds, 
respectively, Figure 2). The expression of SGLT1 pro-
tein was similar (P > 0.05) also between female and 
castrated pigs in both jejunum and ileum (Figure 2).

Serum metabolites

No differences between sexes were found in the quan-
tified serum metabolites. Specifically, no differences 
between the two sexes were found for serum creatin-
ine (P ¼ 0.55, Figure 3A), NEFA (P ¼ 0.91, Figure 3B) 
and glucose (P ¼ 0.37, Figure 3C) concentration. The 
average values of the measured serum metabolites are 
reported in Figure 3.

Discussion

The main outcome of this study was to highlight the 
differences between the mid-jejunum and distal-ileum 
regarding glucose and AA uptake in female and cas-
trated finishing pigs. Because of technical limitations, 
was not possible to extend such investigation to the 
remaining sites of the small intestine, that could be 
the target of future studies.

Jejunum and ileum comparison—AAs active 
uptake

The AAs tested in this study were chosen because of 
the different transporters involved in their active 
uptake along the gastrointestinal tract. Our results 
demonstrate that segmental differences in uptake of 
the neutral AAs, L-Met, exist in finishing pigs, with 
greater active uptake in the distal ileum than in the 
mid-jejunum. The essential AA, methionine, has several 
biological functions, serving as a methyl donor, anti-
oxidant and precursor of bioactive compounds (Luo 
and Levine 2009), where the L form is the biologically 
active form of the methionine. Similar to the present 
results, Richards et al. (2005) observed greater uptakes 
of DL-Methionine, a precursor of the L-Met, in the 
ileum than in the jejunum in broiler chickens. An 
Naþdependent active transport of methionine in the 
distal ileum has also been reported in other species, 
such as the rabbit (Munck, 1985). The main L-Met 
transporter in the pig intestine is the B0AT1 system 
(SLC6A19), located on the apical side of the entero-
cytes (Br€oer 2008). This system carries all the neutral 
AAs and its expression has been found to increase 
from the duodenum to the ileum in humans (Terada 
et al. 2005). Similar results have been found in pigs. A 
study focused on the expression of putative Met trans-
porters along the gastrointestinal tract of pigs and the 
Western blot analysis showed that the protein expres-
sion of B0AT1 was highest in the ileum compared to 
the other segments (Romanet et al. 2021). Higher 
B0AT1 expression in the ileum could explain the 
higher active uptake of L-Met observed in our study, 
compared to the jejunum. A recent study has investi-
gated the role of the gut microbiota in regulating the 
Met cycle within the pig gut. The findings, outlined in 
Wu et al. (2022), reveal a significant increase (almost 
10-fold) in Met concentration within the contents of 
the caecum, colon, rectum and faeces of germ-free 
(GF) pigs compared to their counterparts in the con-
trol group. This notable increase underscores the pro-
found influence of gut microbiota on Met metabolism, 
particularly within the large intestine. Interestingly, the 

Table 3. Change in short-circuit current induced by L-gluta-
mmate, L-arginine, L-methionine and D-glucose in the 
jejunum and ileum of female and castrated finishing pigs.

Item
Jejunum Ileum P-Values1

DIsc, lA castrates female castrates female SEM T S T � S

L-Glu 2.26 2.57 3.30 5.31 0.82 0.061 0.198 0.716
L-Arg 2.26 3.42 1.87 5.08 0.69 0.635 0.001 0.108
L-Met 2.47 2.44 5.38 5.01 0.89 <0.001 0.755 0.765
D-Glu 3.85 6.14 18.90 17.31 4.01 <0.001 0.894 0.376

Values are LS means and pooled standard errors of the means (SEM).
1T: tissue (jejunum and ileum); S: sex (female and castrated male); T � S: 
tissue by sex interaction

DIsc: change in short-circuit current; L-Glu: L-glutammate; L-Arg: L-argin-
ine; L-Met: L-methionine; D-Glu: D-glucose

Figure 2. SGLT1 protein expression in the jejunum and ileum 
of female and castrated finishing pigs. T: tissue; S: sex.
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presence of gut microbiota was also found to diminish 
Met concentration in the circulatory system. This phe-
nomenon suggests that the gut microbiota could 
potentially modulate the expression and/or activity of 
Met transporters throughout the gastrointestinal tract 
(GIT), albeit not in the jejunum, where no significant 
differences in Met concentrations between GF and 
control animals were observed. This discrepancy might 
be attributed to two plausible reasons: first, the pre-
dominant role of jejunal microbiota in lipid and sugar 
degradation rather than AA metabolism, and second, 
the comparatively lower abundance and diversity of 
microbiota in the jejunal environment, as opposed to 
the ileum and large intestine. The involvement of gut 
bacteria in the modulation of the expression and/or 
activity of the AAs transporters is also suggested by 
other studies (Yin, Han, J et al. 2017; Yin, Menon, J 
et al. 2017; Yi et al. 2019). Consequently, it is plausible 
to hypothesise that the observed variations in active 
L-Met uptake between the jejunum and ileum could 
be mediated by the gut microbiota. Nonetheless, fur-
ther comprehensive studies are needed to elucidate 
this intricate relationship.

Differences in AAs absorption between the jejunum 
and ileum have also been investigated in vivo in female 
chickens (Mitchell and Levin 1981). In particular, they 
observed that ileal enterocytes had a greater absorptive 
capacity than jejunal enterocytes for glycine and valine, 
but not for Met. However, the authors also clarified 
that the whole jejunum has a greater number of enter-
ocytes than the whole ileum. Therefore, considering the 
whole intestinal segment, the functional maximum 
absorption capacity for glycine and valine can be con-
sidered comparable in the two regions (Mitchell and 

Levin 1981). Future studies comparing the absorptive 
capacity of the jejunum and ileum should take into 
account other factors such as the number of entero-
cytes in a specific segment, but also the contact time 
of the nutrients in the respective regions.

Another aspect to take into account in our study is 
that the three different AAs were added to the same 
apical buffer at intervals of 15 min. This strategy 
allowed us to obtain results about the uptake of the 
different AAs on the same tissues, reducing the inter- 
individual variability and the number of animals to be 
used for the experiment. However, mutual inhibitory 
actions between different classes of AA have been 
observed (Christensen et al. 1969; Calvert and 
Shennan 1996; Br€oer 2008). An example is the system 
B0þ which is a Naþ dependent transporter with a 
high affinity for both neutral and cationic AAs (Br€oer 
2008). However, this transporter has not been found 
in swine (Br€oer 2008). To limit any interference of the 
cationic AA, L-Arg, on the uptake of the neutral AA, L- 
Met was added to the apical side 15 min after adding 
L-Arg. Nevertheless, one cannot exclude the possibility 
that any interference occurred. The Naþ independent 
counterpart (system b0þ) has been found in pig small 
intestines and is also accessible to other AAs, such as 
the anionic AA, L-Glu (Munck LK et al. 2000). The 
potential effects of such interactions on the uptake of 
a specific AA need to be taken into account when 
interpreting the present results.

Jejunum and ileum comparison – D-glu active 
uptake

The uptake of D-Glu was greater in the ileum than in 
the jejunum of finishing pigs. Herrmann et al.’s (2012) 

Figure 3. Serum concentration of (A) creatinine, (B) NEFA and (C) glucose measured in female and castrated finishing pigs. NEFA: 
non-esterified fatty acid.
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study on post-weaning piglets from different breeds 
and Von Heimendahl et al.’s (2010) study on growing 
pigs at 14 weeks of age also observed greater D-Glu 
uptake in the ileum compared to the jejunum. These 
studies could suggest that the difference in D-Glu 
uptake is a general characteristic of post-weaning 
pigs, regardless of age. Interestingly, contrasting 
results were found in newborn and pre-weaned pig-
lets (30-day-olds) (Puchal and Buddington 1992; 
Moran et al. 2010). This could indicate that the intes-
tinal physiology of the D-Glu uptake is altered by the 
weaning process, during which adaptive and matur-
ational processes, such as villus length, lactase activity 
and macromolecule fluxes across the jejunum are 
induced in the gut by weaning (Montagne et al. 
2007). The importance of the weaning process in regu-
lating the D-Glu uptake in the jejunum and ileum is 
also demonstrated by a study in which the D-Glu 
uptake was measured in the mid-jejunum and distal 
ileum of 90-day-old pigs previously exposed to early 
or late weaning (Li et al. 2022). The study showed that 
the intestinal segments of pigs previously exposed to 
early weaning had reduced SGLT1 activity (by approxi-
mately 30%) compared to late-weaned controls. 
Although jejunal and ileal D-Glu uptake were not stat-
istically compared in this study, DIsc values were 
numerically higher in the ileum compared to the 
jejunum of both early and late weaned pigs (Li et al. 
2022).

In line with the results of previous studies (Balen 
et al. 2008; Moran et al. 2010; Herrmann et al. 2012), 
the differences in uptake between the two segments 
was not reflected in differences in SGLT1 protein 
expression. The present data suggest that SGLT1 pro-
tein expression in the jejunum is similar to that of the 
ileum. However, more studies are needed to further 
investigate the activation state of the SGLT1 protein.

Regarding the higher ileal D-Glu uptake compared 
to the jejunum, despite non-significant differences in 
the SGLT1 protein expression, such a difference could 
be driven by a different status of the post-translational 
modification of the SGLT1 protein. However, the 
SGLT1 phosphorylation status in post-weaning piglets 
has already been found not to be associated with seg-
ment-specific glucose transport features (Klinger et al. 
2018). The Ser418 phosphorylation status of SGLT1, 
indeed, was similar between the jejunum and ileum in 
pigs and cannot be considered the cause for the differ-
ences in glucose absorption between the two small 
intestinal segments (Klinger et al. 2018). Therefore, 
other post-translational modifications need to be inves-
tigated to explain such differences. An explanation for 

the results found in the present and other studies 
could be the involvement of other ion fluxes. For 
example, it has been observed that glucose and related 
SGLT1 activity may induce Ca2þ influx (Kellett 2011) 
and Ca2þ dependent Cl− secretion (Yin, Han, J et al. 
2017; Yin, Menon, L et al. 2017). These ion fluxes may 
affect electrogenic glucose transport by modifying the 
apical membrane potential, resulting in stimulation or 
attenuation of SGLT1 activity by hyperpolarisation or 
depolarisation, respectively.

Sex-related differences in electrophysiological 
measurements

Despite lower values of feed intake, protein intake and 
ADG of females compared to castrates, the carcase 
protein and the FCR were similar. This could suggest 
that females are more protein efficient than the cas-
trated. The literature is inconsistent regarding the 
effect of sex on the protein efficiency. Ruiz-Ascacibar 
et al. (2017) found no differences in protein efficiency 
between female and castrated pigs, but a more recent 
investigation found that Swiss Large White females 
were 1.3% more protein efficient than Swiss Large 
White castrated males (Ewaoluwagbemiga et al. 2023). 
In this study it has been observed that compared to 
the castrates, females had a higher L-Arg uptake, a 
tendency to a lower TEER through the electrophysio-
logical measurements and a tendency to a lower small 
intestine TEER in females compared to castrates. 
Physiological concentrations of L-Arg are essential in 
maintaining normal cellular function (Tapiero et al. 
2002). In pigs, starting from AAs such as L-Arg, the 
liver, kidneys and pancreas synthesise creatinine, 
which is mainly located in skeletal muscle as an 
energy source (Janicki and Buzała 2013). Therefore, 
higher L-Arg intake in females may have resulted in 
higher serum creatinine levels in female serum sam-
ples than in castrates’ serum samples. The lack of dif-
ferences in serum creatinine levels between sexes 
could be explained by the lower protein intake in 
females compared to castrates throughout the grow-
ing and finishing periods. Despite the lower protein 
intake, the similar carcase protein content suggests an 
efficient utilisation and deposition of protein in 
females, and the higher L-arg uptake could be part of 
such efficient utilisation of nutrients in females pigs. 
Furthermore, AAs are converted to creatine in skeletal 
muscle and only 1–2% of the daily creatine and 
phosphocreatine stores are broken down to creatinine 
and excreted in the urine. The rate-limiting step in the 
endogenous synthesis of creatine takes place in the 
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kidney, where arginine: glycine amidinotransferase 
enzymes convert arginine to the precursor of creatine 
(Janicki and Buzała 2013). The blood creatinine level 
therefore depends on a number of physiological proc-
esses that are not solely dependent on AA absorption.

A deeper understanding of the difference in L-Arg 
uptake between castrates and females may be eluci-
dated by considering the role of L-Arg and its meta-
bolic pathways in female reproductive physiology. 
Specifically, the catabolism of L-Arg through nitric 
oxide (NO) synthases results in the synthesis of NO 
and L-citrulline. The L-Arg-NO system has been impli-
cated in the central regulation of reproductive proc-
esses in females, as well as in the modulation of 
oxidative stress during oocyte development. This phe-
nomenon arises from the rapid reaction between oxy-
gen-derived free radicals, particularly superoxide and 
NO, leading to the formation of highly reactive inter-
mediates. Comprehensive insights into the involve-
ment of L-Arg in NO production and its intricate 
interplay with the female reproductive cycle, even in 
non-pregnant states, are detailed in the comprehen-
sive review of Bodis et al. (2022).

It has been observed in rats that female had signifi-
cantly higher levels of L-Arg in plasma compared to 
male rats (Zhang et al. 2021) and that plasma levels of 
AAs differ between female and male rats (Okame et al. 
2015). The active uptake of L-Arg is mainly mediated 
by the cationic AA transporter CAT-1, but its expres-
sion between female and male resulted similar in rats, 
despite sex differences in L-Arg plasma concentration 
(Zhang et al. 2021). Thus, since CAT-1 can be modu-
lated post-translationally and its level can also be 
regulated by the AAs availability (Hatzoglou et al. 
2004), more research should be carried out in the 
future to fully understand how CAT-1 and other forms 
of arginine transporter function in the castrates and 
female intestine and if its activity correlates with pro-
tein efficiency in pigs. The role of sex steroids in the 
regulation of intestinal permeability has not been fully 
elucidated. Several variables need to take into account 
when considering sex-related differences in intestinal 
integrity. Several of such differences are very well 
summarised in the review of Pigrau et al. (2016). 
According to the literature, sex hormones have a 
strong effect in modulating the gut microbiota, the 
brain-gut homeostasis, mucosal functioning the there-
fore the development of the intestinal barrier (Pigrau 
et al. 2016). The role of sex-hormones in the regula-
tion of intestinal physiology is being increasingly rec-
ognised and also our results suggest that the sex 

factor need to be considered in pigs when studies on 
intestinal physiology are performed.

Conclusion

This study suggests that in addition to the jejunum, 
the ileum also plays an important role in the active 
uptake of selected AAs, particularly L-Met. This also 
suggests a higher electrogenic D-Glu uptake in the 
ileum compared to the middle jejunum in finishing 
pigs, as was already observed in post-weaning and 
growing pigs. However, the involvement of apical 
membrane depolarisation mediated by other ion 
fluxes in the regulation of SGLT1 activity and/or glu-
cose uptake warrants further study. In addition, this 
study suggests that sex-related differences exist in the 
intestinal active uptake of L-Arg in pigs.
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