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Abstract 
The impact of individual amino acids (AA) on gut hormone secretion and appetite regulation in pigs remains largely unknown. The aim of the 
present study was to determine the effect of the 20 proteinogenic AA on the release of the anorexigenic hormones cholecystokinin (CCK) and 
glucagon-like peptide 1 (GLP-1) in postweaning pigs. Six 25-d-old male piglets (Domestic Landrace × Large White; body weight = 6.94 ± 0.29 kg) 
were humanely killed for the collection of intestinal segments from the duodenum, jejunum, and ileum. Tissue samples from the three intestinal 
segments were used to determine which of the regions were more relevant for the analysis of gut peptides. Only the segments with the highest 
CCK and GLP-1 secretion and expression levels were evaluated with the 20 individual AA. Tissue segments were cut open, cleaned, and stripped 
of their muscle layer before identical circular samples were collected and incubated in 24-well plates for 1 h (37 °C, 5% v/v CO2). The culture 
broth consisted of a glucose-free KRB buffer containing no added AA (control) or with the addition of 10 mM of 1 of the 20 proteinogenic AA. 
Following incubation, tissues and supernatant were collected for gene expression and secretion analysis of CCK and GLP-1 levels. CCK secretion 
and mRNA expression were higher (P < 0.05) in duodenum when compared with proximal jejunum or ileum, whereas GLP-1/proglucagon levels 
were higher in ileum vs. duodenum (P < 0.05) and jejunum (P < 0.05, for GLP-1 only) in postweaning pigs. Based on these results, the effect 
of AA on CCK and GLP-1 secretion was studied in the duodenum and ileum, respectively. None of the AA tested stimulated both anorexigenic 
hormones. Of all the essential AA, Ile, Leu, Met, and Trp significantly (P < 0.05) stimulated GLP-1 from the ileum, while only Phe stimulated CCK 
from the duodenum. Of the nonessential AA, amide AA (Gln and Asn) caused the release of CCK, while Glu and Arg increased the release of 
GLP-1 from the ileum. Interpreting the results in the context of the digestion and absorption dynamics, non-bound AA are quickly absorbed and 
have their effect on gut peptide secretion limited to the proximal small intestine (i.e., duodenum), thus, mainly CCK. In contrast, protein-bound 
AA would only stimulate CCK release from the duodenum through feedback mechanisms (such as through GLP-1 secreted mainly in the ileum).

Lay Summary 
Understanding which dietary amino acids (AA) may impact the release of gut hormones involved in the modulation of feed intake, such as 
cholecystokinin (CCK) and glucagon-like peptide 1 (GLP-1), can help improve pig feed formulations. The series of studies presented assessed 
the effect of the 20 proteinogenic non-bound AA on the secretion of CCK and/or GLP-1 by duodenum, jejunum, and/or ileum samples from 
postweaning piglets. None of the AA tested stimulated the secretion of both CCK and GLP-1. Among the essential AA (EAA), Ile, Leu, Met, and 
Trp significantly stimulated GLP-1 from the ileum, while Phe stimulated CCK from the duodenum. Of the non-essential AA (NEAA), AA amides 
Gln and Asn caused the release of CCK, while Glu and Arg increased the release of GLP-1 from the ileum. The results suggest that both non-
bound EAA and NEAA participate in appetite control via the release of gut peptides in pigs. Given that CCK was mainly released from duodenum 
samples (in the pre-enzymatic section of the small intestine), protein-bound AA could only influence CCK release through feedback mechanisms 
such as through the presence of GLP-1 receptors.
Key words: amino acid, cholecystokinin, gastrointestinal tract, glucagon-like peptide 1, pig
Abbreviations: AA, amino acids; CaSR, calcium-sensing receptor; CCK, cholecystokinin; EAA, essential amino acids; EEC, enteroendocrine cells; GCG, 
proglucagon; GIT, gastrointestinal tract; GLP-1, glucagon-like peptide 1; GLP-1R, glucagon-like peptide 1 receptor; KRB, Krebs–Ringer bicarbonate; LDH, lactate 
dehydrogenase; NEAA, nonessential amino acids; T1R1-T1R3, umami taste receptor

Introduction
The postweaning process has been associated with a high de-
gree of stress and poor performance with potential lifetime 
consequences in pigs (Collins et al., 2017). There are multiple 

factors involved, including low early feed intake after weaning 
followed by overconsumption, impaired intestinal function, 
and diarrhea (Bruininx et al., 2001; King and Pluske, 2003). In 
addition, piglet diets are often relatively rich in crude protein 
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and/or synthetic amino acids (AA). Some dietary AA have 
been shown to significantly impact pig’s appetite (Roura et al., 
2011). Furthermore, the gastrointestinal sensing of AA and 
peptides derived from protein digestion can stimulate the secre-
tion of gut hormones involved in appetite regulation (Müller 
et al., 2021). However, little is known about how individual 
AA affect gut peptide secretion in pigs (Roura et al., 2016). 
Consequently, studying the anorexigenic properties of AA and 
the physiological mechanisms involved have the potential to 
help uncover the control of feed intake in postweaning pigs.

Cholecystokinin (CCK) and glucagon-like peptide 1 (GLP-
1) are two of the better-known anorexigenic hormones pro-
duced by the gastrointestinal tract (GIT) in pigs and other 
mammalian species. CCK and GLP-1 are primarily secreted 
by enteroendocrine cells (EEC) located in proximal or distal 
segments of the small intestine, respectively. CCK is mainly 
released by the duodenum (I-cells), while GLP-1 is released 
by the ileum and colon (L-cells) (Bacarese-Hamilton et al., 
1984; Voortman et al., 2012; Pluschke et al., 2018). In mice, 
Phe, Trp, Leu, and Glu have previously been shown to stimu-
late CCK release by stimulating the calcium-sensing receptor 
(CaSR) or the umami taste receptor (T1R1-T1R3; Wang et 
al., 2011; Daly et al., 2013). Similarly, in vitro evidence in ro-
dents and humans suggests that a considerable group of AA 
trigger GLP-1 secretion including, Trp, Phe, Asn, Gln, Glu, Ala, 
Ser, Leu, Ile, Met, and Arg (Reimann et al., 2004; Chen and 
Reimer, 2009; Mace et al., 2012). In pigs, Arg stimulated duo-
denal CCK release via activation of CaSR (Wang et al., 2018). 
Similarly, Phe and Trp increased the mRNA expression of 
CaSR and the release of CCK in the duodenum, whereas Leu 
and Ile induced CCK release through the activation of T1R1-
T1R3 in the jejunum (Zhao et al., 2018; Feng et al., 2019; 
Tian et al., 2019). In contrast, little information is currently 
available on the effect of individual AA on GLP-1 in pigs.

Based on performance data, it has been shown that excess 
dietary levels of Lys, Met, Thr, and Trp reduce feed intake and 
growth in pigs (Edmonds et al., 1987). In addition, the impact 
of Lys on feed intake was associated with an increased CCK 
expression in weaner pigs (Yin et al., 2017). A potential medi-
ation of gut peptides in the appetite modulation by Met, Thr, 
and Trp seems to remain unknown.

Overall, there is limited literature on the secretion of gut hor-
mones and their relevance to appetite regulation in pigs. The ef-
fect of AA on CCK and GLP-1 is a subject that merits further 
investigation. Studying the individual effect of AA on CCK and 
GLP-1 secretion may help determine the anorexigenic potential 
of dietary AA. We hypothesized that the most limiting (Lys and 
Met), aromatic (Trp and Phe), and branched-chain (BCAA; Leu 
and Ile) AA will significantly stimulate CCK and/or GLP-1 secre-
tion in pigs. The main objective of this study was to evaluate the 
effect of physiologically relevant doses of the 20 proteinogenic 
AA on the intestinal release of CCK and GLP-1 in young pigs.

Materials and Methods
Animal ethics
All experimental treatments and procedures were approved 
by The University of Queensland Animal Ethics Committee 
(Animal Ethics Certificate: CNFS/568/16).

Chemicals
The 20 proteinogenic AA: Ala, Arg, Asn, Asp, Cys, Gln, Glu, 
Gly, His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr, and 

Val (reagent grade; purity ≥97%), were purchased from 
Sigma-Aldrich (Castle Hill, New South Wales, Australia). 
Triton-X 100, cytotoxicity detection kit (PLUS) LDH (Roche 
Diagnostics), and the chemicals for the preparation of the 
Krebs–Ringer bicarbonate (KRB)/HEPES buffer were pur-
chased from Sigma-Aldrich. The KRB buffer containing mag-
nesium chloride (0.0468 g/L), potassium chloride (0.34 g/L), 
sodium chloride (7.0 g/L), sodium phosphate dibasic (0.1 g/L), 
sodium phosphate monobasic (0.18 g/L), d-glucose (1.8 g/L), 
and HEPES (5,579 g/L) was adjusted to pH 7.4 before use.

Animals, housing, and feeding
Six 25-d-old male piglets (Domestic Landrace × Large White; 
body weight = 6.94  ±  0.29  kg) were sourced from the ex-
perimental farm of SunPork Solutions Ltd (SunPork Pty Ltd, 
Eagle Farm, Queensland, Australia) located in Westbrook 
(Queensland, Australia). The pigs were housed in an envir-
onmentally controlled room with fully slatted floor pens at 
the Herston Medical Research Centre of The University of 
Queensland (Herston Campus, Queensland, Australia). The 
temperature in the nursery was thermostatically set between 
27 and 28 °C. Pigs had ad libitum access to water and feed 
for the duration of the experiment. The starter diet was for-
mulated to meet or exceed all essential amino acids (EAA) 
requirements (Lys, Met, Thr, and Trp) without the need for 
synthetic AA supplementation (Table 1). Following a 7-d 
adaptation period, piglets were humanely killed (Lethabarb; 
162.5  mg/kg) to acquire intestinal samples from the duo-
denum, jejunum, and ileum.

Intestinal tissue collection
On day 8 of the trial, animals were humanely killed. The 
small intestine was removed from the pylorus to the ileocecal 
valve and the length was measured. Intestinal segments were 
quickly (within 10 min) collected from the duodenum (5 cm 
distal from the pylorus), proximal jejunum (approx. 100 to 
120 cm distal from the pylorus; based on the total length of the 
small intestine), and ileum (5 cm proximal from the ileocecal 
valve). The sampling locations were selected based on pre-
vious data published by Adeola and King (2006). Intestinal 
segments were stored in ice-cold KRB/HEPES buffer bubbled 
with O2/CO2 (95%/5%), to prevent ischemia, and transported 
within 20 min (one pig at a time) to Lab C213 at Hartley 
Teakle building 83 at The University of Queensland (St Lucia 
Campus, Queensland, Australia) for further processing.

Primary intestinal cell culture
Intestinal segments were used in a porcine primary cell culture 
adapting the method published by Voortman et al. (2012). In 
short, tissue segments were cut open longitudinally, cleaned 
from debris using buffered KRB/HEPES, and stripped of their 
outer muscle layer before equally sized circular samples (ap-
proximately 1.13  cm2, 68 samples per intestinal segment) 
were excised using a 12  mm biopsy punch (Acuderm Inc., 
Fort Lauderdale, Florida, USA). The circular tissue samples 
were transferred into 24-well plates (Thermofisher Scientific, 
Waltham, Massachusetts, USA) filled with 500 μL ice-cold 
KRB/HEPES buffer (pH 7.4) and kept at room temperature 
for 30 min before being placed in a humidified incubator at 
37 °C and 5% v/v CO2. Following a preincubation of 1 h, 
the media within each well was replaced with a pre-warmed 
KRB/HEPES buffer (37 °C, 500 μL with pH 7.4) containing 
no glucose but 1 of the 20 AA or a control (buffer with no 
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added AA or glucose) and incubated for an additional 1 h at 
37 °C and 5% v/v CO2. Triplicates of untreated or control 
samples were used for the evaluation of the gut hormone se-
cretion and gene expression levels across the small intestine 
segments of piglets. All AA were tested at a concentration 
of 10 mM (except for Tyr which was tested at 2.5 mM due 
to low solubility) based on previously published data on AA 
intestinal concentrations following protein digestion in pigs 
(Cho and Bayley, 1972). After incubation, the media from 
each well was collected into Eppendorf tubes and stored at 
−80 °C for future hormone analysis. Likewise, following incu-
bation, tissue samples were transferred into Eppendorf tubes 
filled with RNAlater and left at room temperature for 24 h 
before being placed at −80 °C for future mRNA analysis. To 
check tissue viability, lactate dehydrogenase (LDH) activity 
(a cytosolic enzyme released following cell abrasion) was 
measured in samples and compared with positive controls 
(tissue samples treated with 1% of Triton-X 100) following 
the (PLUS) LDH kit’s instructions. The collected media for 
the evaluation of LDH levels was stored at 4 °C until analysis 
(within 24 h of collection).

Gut hormones and LDH secretion analysis
Concentrations of CCK released by EEC were analyzed using 
a Porcine Cholecystokinin ELISA kit (MBS264395) from 
MyBioSource (San Diego, California, USA). The inter-assay 
coefficient of variance (CV) for the CCK kit was 7.5% and the 
intra-assay CV was 3.2%. GLP-1 levels were analyzed using 
the Glucagon-Like Peptide-1 (Total) ELISA kit (EZGLPT1-
36K) from Merck Millipore (Burlington, Massachusetts, 
USA). Inter-assay CV was 7.8%, whereas the intra-assay CV 
was 2.1%. When necessary, samples were diluted in assay 
buffer to obtain values within the detection range of the kit ac-
cording to the manufacturer’s guidelines. The optical density 
of the ELISA plate wells was measured in a BMG FLUOstar 
OPTIMA Microplate Reader (BMG Labtech, Mornington, 
Victoria, Australia). To check the viability of the intestinal tis-
sues incubated, LDH activity was determined using a Roche 
LDH reagent kit PLUS (Sigma-Aldrich).

CCK and proglucagon (GCG) RNA extraction and 
RT-qPCR analysis
GLP-1 gene expression in the form of its protein precursor 
GCG, also expressed in L-cells, was determined in this study 
(Baggio and Drucker, 2007). RNA extraction was performed 
following the standard procedure recommended by the manu-
facturer. In brief, the initial extraction of RNA from the intes-
tinal mucosa samples was performed using Trizol Reagent (Cat. 
No. 15596026; Invitrogen, Carlsbad, California, USA). The 
PureLink RNA Mini Kit (Cat. No. 12183018A; Invitrogen), 
was used for the isolation of high-quality total RNA. RNA 
quality and concentration in tissue samples were measured 
using an Invitrogen Nano Drop spectrophotometer (NanoDrop 
8000, Thermofisher Scientific). Next, the cDNA synthesis 
was performed with QuantiTect Reverse Transcription Kit 
(Cat. No. 205313; Qiagen, Hilden, Germany). Primers for 
CCK (forward: 5ʹ-CAGGCTCGAAAAGCACCTTC-3ʹ, re-
verse: 5ʹ-GCGGGGTCTTCTAGGAGGTA-3ʹ, 157  bp), 
GCG (forward: 5ʹ-AGAACTCCGCCGCAGACA-3ʹ, re-
verse: 5ʹ-TAAAGTCTCGGGTGGCAAGATT-3ʹ, 65  bp), and 
GAPDH (forward: 5ʹ-TGGTGAAGGTCGGAGTGAAC-3ʹ, re-
verse: 5ʹ-GAAGGGGTCATTGATGGCGA-3ʹ, 104 bp) used in 
this study have previously been published by Tian et al. (2019; 

Table 1. Composition of the experimental diet (as fed basis)

 % 

Ingredients, %

  Wheat 60.80

  Soya bean full 16.00

  Blood meal 3.00

  Meat meal 6.55

  Fish meal 4.25

  Chocolate milk powder 5.00

  Single cell protein 2.50

  Vegetable oil 1.50

  Salt 0.15

  Choline chloride 60% 0.04

  Vitamin and mineral premix1 0.20

Calculated nutrient content, %

  Crude protein 24.97

  Digestible energy, MJ/kg 15.25

  Calcium 1.18

  Phosphorus 0.86

  Lysine 1.40

  Methionine 0.44

  Threonine 0.94

  Tryptophan 0.28

  Met/Lys 0.31

  (Met + Cys)/Lys 0.60

  Trp/Lys 0.20

  Thr/Lys 0.67

Analyzed composition2, %

  Crude protein 25.13

  Moisture 8.19

  Ash 5.31

  Crude fiber 2.69

  Ether extract 6.90

  Lysine 1.33

  Methionine 0.42

  Threonine 0.95

  Tryptophan 0.30

  Glycine 1.34

  Histidine 0.74

  Arginine 1.53

  Alanine 1.45

  Tyrosine 0.70

  Valine 1.22

  Serine 1.14

  Phenylalanine 1.28

  Isoleucine 0.88

  Leucine 1.88

  Glutamic acid 4.47

  Proline 1.69

  Hydroxyproline 0.27

  Aspartic acid 2.10

1Premix composition (as fed basis): vitamin A, 10,000 IU/kg; vitamin D3, 
1,800 IU/kg; vitamin E, 100 mg/kg; vitamin K3, 5 mg/kg; vitamin B1, 3 mg/
kg; vitamin B2, 6 mg/kg; niacin, 30 mg/kg; pantothenic acid, 30 mg/kg; 
pyridoxine, 4 mg/kg; biotin, 0.3 mg/kg; folic acid, 2.5 mg/kg; vitamin B12, 
0.04 mg/kg; iron, 100 mg/kg; iodine, 0.7 mg/kg; manganese, 45 mg/kg; 
selenium, 0.3 mg/kg; zinc, 120 mg/kg; cobalt, 0.3 mg/kg; copper, 10 mg/kg.
2Based on laboratory proximal and AA analysis.
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for CCK and GCG) or da Silva et al. (2014; for GAPDH). The 
reaction volume (10.05 uL) for the real-time PCR contained 
the following: 5 µL of SYBR Green master mix solution, 3 µL 
of RNAs free water, 1 µL of cDNA sample, 0.5 µL forward 
and reverse PCR primers, and 0.05 µL of ROX reference dye 
solution. The RT-qPCR analysis followed a modified version 
of the program published by Van Liefferinge et al. (2021). In 
brief, the PCR program was set for denaturation at 95 °C for 
2 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 
60 s using QuantStudio 6, Thermofisher Scientific. All samples 
were measured in triplicate. GAPDH was used as a reference 
gene for the relative calculations of gene expression levels fol-
lowing the Pfaffl method (Pfaffl, 2001).

Statistical analysis
Statistical analysis was performed using R software (RStudio, 
Inc., Boston, Massachusetts, USA). Gut hormone secretion 
and gene expression data across intestinal segments were ana-
lyzed using a two-way ANOVA considering “tissue” as a fixed 
effect and “pig” as a random effect, and their interaction, fol-
lowed by a Tukey post hoc test. To compare the effect of indi-
vidual AA on CCK and GLP-1 secretion with control-treated 
samples, a two-way ANOVA was run including “AA” as a 
fixed factor and “pig” as a random factor, and their inter-
action. Within each pig, each of the 20 individual AA were 

independently tested on 3 tissue samples (biological repli-
cates) from the intestinal segment identified with the highest 
secretion and expression level of CCK or GLP-1. Data are 
presented as the mean ± SEM of absolute amounts or per-
centage of control. Results were considered statistically sig-
nificant when the P < 0.05. Values of 0.05 < P < 0.1, were 
noted as trends. The number of samples (n) refers to the 
number of pigs used.

Results
LDH levels were measured in the duodenum, jejunum, and 
ileum samples to determine the integrity of the primary intes-
tinal cultures. LDH leakage from samples was 4.45 ± 2.12%, 
8.60 ± 3.13%, and 6.56 ± 1.56% for the duodenum, jejunum, 
and ileum samples, respectively. Intestinal samples for gut 
hormone analysis must contain ideally an LDH leakage of 
10% or less relative to the positive controls (tissue samples 
treated with Triton-X 100) indicating that the results val-
idated the integrity of the samples (Voortman et al., 2012; 
Ripken et al., 2014).

The results of the concentration and tissue expression of 
CCK and GLP-1 in the duodenum, jejunum, and ileum sam-
ples incubated for 1 h in KRB/HEPES buffer with no added 
glucose are shown in Figures 1 and 2, respectively. CCK 

Figure 1. Cholecystokinin (CCK) secretion and gene expression levels along the small intestine of weaner pigs. Tissue hormone levels (measured in 
supernatant) (A) and mRNA expression (B) of CCK in primary cultures of duodenum (Duo), proximal jejunum (P. Jeju), and ileum (Ile) of postweaning 
pigs incubated for 1 h in KRB/HEPES free glucose buffer (n = 6). Data are expressed as the mean + SEM. Different letters (a, b, and c) indicate 
significant differences (P < 0.05).

Figure 2. Glucagon-like-peptide 1 (GLP-1) secretion and proglucagon (GCG) gene expression levels along the small intestine of weaner pigs. Tissue 
hormone levels of GLP-1 (measured in supernatant) (A) and GCG gene expression (B) in primary cultures of duodenum (Duo), proximal jejunum (P. Jeju), 
and ileum (Ile) of postweaning pigs incubated for 1 h in KRB/HEPES free glucose buffer (n = 6). Data are expressed as the mean + SEM. Different 
letters (a and b) within the same graph indicate significant differences between tissues (P < 0.05).
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released from duodenum was significantly higher than from 
the proximal jejunum (P < 0.05) or ileum (P < 0.01) reaching 
1.91 ± 1.1, 1.07 ± 0.67, and 0.59 ± 0.32 pmol/L, respectively. 
Similarly, the gene expression data showed higher levels of 
the CCK mRNA in the duodenum than in the proximal je-
junum (P < 0.05) or ileum (P < 0.01; Figure 1). In contrast, 
GLP-1 concentrations were significantly (P < 0.01) higher in 
the ileum than in the jejunum or duodenum cultures reaching 
73.58 ± 14.84, 23.61 ± 6.95, and 25.46 ± 7.96 pmol/L, re-
spectively. Consistently, an expression pattern of GCG was 
also identified predominantly in the ileum (Figure 2). A Tukey 
test revealed significant differences in the GCG mRNA abun-
dance between ileum and duodenum (P < 0.05). Based on these 
results, the duodenum and ileum were selected for the testing 
of the effect of individual AA on CCK or GLP-1, respectively.

The effects of incubating duodenum samples with each indi-
vidual 9 EAA or 11 non-essential amino acids (NEAA) in pigs 
on CCK secretion are illustrated in Figures 3 and 4, respect-
ively. Regarding EAA, the incubation with Phe (2.64 ± 0.33 
pmol/L) significantly (P < 0.05) increased whereas with Leu, 
His, Trp, and Thr (2.46  ±  0.38, 2.50  ±  0.39, 2.03  ±  0.26, 
and 2.11  ±  0.31 pmol/L, respectively) tended (P < 0.1) to 

increase CCK release in duodenum compared with the con-
trol samples (1.57 ± 0.23 pmol/L). Among the NEAA, Asn 
and Gln (2.49 ± 0.20 and 2.50 ± 0.27 pmol/L, respectively) 
significantly increased (P < 0.05) whereas Gly, Ser, and Cys 
(2.18 ± 0.32, 2.38 ± 0.21, and 2.18 ± 0.35 pmol/L, respect-
ively) resulted in a trend (P < 0.1) to stimulate CCK secretion 
from the duodenum when compared with the KRB/HEPES 
free glucose buffer control samples.

The effects of incubating each single EAA or NEAA on 
the secretion of GLP-1 from the ileum samples are shown in  
Figures 5 and 6. From the EAA, Ile, Leu, Met, and Trp 
(305.93  ±  57.79, 288.13  ±  47.56, 273.73  ±  43.52, and 
305.29 ± 56.07 pmol/L, respectively) significantly triggered 
GLP-1 release (P < 0.05) whereas Val (261.53 ± 38.91 pmol/L) 
showed a tendency (P < 0.1) to increase the gut peptide secretion 
compared with the control (201.16 ± 42.57 pmol/L). Regarding 
NEAA, Arg and Glu (279.06  ±  49.74 and 293.31  ±  43.88 
pmol/L, respectively) significantly increased (P < 0.05) whereas 
Asp, Cys, Gln, Gly, and Ser (253.15 ± 35.61, 244.22 ± 28.91, 
259.49 ± 46.86, 257.50 ± 39.43, and 264.07 ± 36.37 pmol/L, 
respectively) tended (P < 0.1) to trigger GLP-1 released from 
ileum when compared with the saline controls.

Figure 3. Duodenal cholecystokinin (CCK) secretion following essential amino acid (EAA) stimulation in weaner pigs. CCK secretion form porcine 
duodenum cultures following a 1 h incubation with EAA (His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val) at 10 mM. Data are expressed as percentage of 
control (KRB buffer alone = dotted line). n = 6, each data point within boxplots represents the average of three biological replicates within each pig. 
*P < 0.05.
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Discussion
An ex vivo model sampling the three main sections of the 
porcine small intestine (duodenum, jejunum, and ileum) was 
selected to characterize the effect of free AA on the two main 
anorexigenic gut peptides known in pigs CCK and GLP-1. The 
results showed a pattern of secretion and gene expression of 
CCK (in the absence of AA) characteristic of the porcine small 
intestine with a higher abundance in the duodenum than in the 
jejunum or ileum. These results aligned with those previously 
described in growing and finishing pigs (Bacarese-Hamilton 

et al., 1984; Voortman et al., 2012). In contrast, GLP-1 se-
cretion levels were highest in the ileum compared with the 
other segments of the small intestine studied. This secretion 
pattern was confirmed with the mRNA expression levels of 
GCG. These results are also consistent with the current litera-
ture (Voortman et al., 2012; Wewer Albrechtsen et al., 2016). 
Taken together, these secretion patterns validate the ex vivo 
model used in this research project.

The experimental approach was novel in that, to the best of 
our knowledge, never have all the 20 individual proteinogenic 

Figure 4. Duodenal cholecystokinin (CCK) secretion following non-essential amino acid (NEAA) stimulation in weaner pigs. CCK secretion form porcine 
duodenum cultures following a 1 h incubation with NEAA at 10 (Ala, Arg, Asn, Asp, Cys, Gln, Glu, Gly, Pro, and Ser) or 2.5 mM (Tyr). Data are expressed 
as percentage of control (KRB buffer alone = dotted line). n = 6, each data point within boxplots represents the average of three biological replicates 
within each pig. *P < 0.05.
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AA had been tested for CCK and GLP-1 in pigs. The results 
showed several novel observations such as that none of the 
AA studied significantly stimulated the release of both gut 
peptides from EEC. This finding fits well with previous re-
ports where AA sensors and receptors and gut hormones are 
not homogeneously expressed along with the pig GIT, ra-
ther they follow specific patterns. For example, our results 
mimic the observations of van der Wielen et al. (2014) who 
reported high levels of expression of CCK in the porcine duo-
denum and in scattered locations along the jejunum but not 
in the ileum. In addition, the glucagon-like peptide 1 receptor 
(GLP-1R) was co-expressed in similar areas to CCK in the 
duodenum. In a recent review, Müller et al. (2021) were able 
to map the sites of expression of the main AA sensors and gut 
peptides in the porcine GIT. These differences in the pattern 
of expression of AA sensors may explain the singularities of 
how different dietary AA stimulate the secretion of CCK or 
GLP-1 (Tian et al., 2019).

In addition, the results showed that none of the four most 
limiting EAA in pig diets (Lys, Met, Thr, and Trp), triggered 
the release of CCK in the duodenum. This is potentially rele-
vant to commercial formulation practices where balanced 

diets are often supplemented with these limiting EAA using 
crystal and synthetic forms. In previous work, pigs were 
shown to be highly tolerant to dietary excesses of non-bound 
EAA supplements (Edmonds and Baker, 1987; Edmonds et 
al., 1987). Free EAA in the diet are thought to be absorbed 
early in the proximal segments of the small intestine before 
enzymatic digestion occurs (Yen et al., 2004). Thus, from an 
evolutionary point of view, most AA sensors would be an-
ticipated further down the GIT in synchrony with enzymatic 
digestion (Silk et al., 1985; Bröer, 2008). Consistent with this 
principle, several of the EAA triggered a significant response 
from the ileum primary culture by means of increasing the 
release of GLP-1. These were the three BCAA (Leu, Ile, and 
Val—it is noted that the latter was a trend where P = 0.053-), 
and Met and Trp.

The results on BCAA-induced GLP-1 secretion align with 
those previously described in human and mice using intes-
tinal ex vivo and in vitro models (Reimann et al., 2004; Chen 
and Reimer, 2009). In addition, these results agree with pre-
vious reports describing a satiating effect of dietary BCAA 
in pigs (Wiltafsky et al., 2010; Wessels et al., 2016; Kwon et 
al., 2019). Leu consumption has also been associated with 

Figure 5. Ileal glucagon-like peptide 1 (GLP-1) secretion following essential amino acid (EAA) stimulation in weaner pigs. GLP-1 secretion from porcine 
ileum cultures following a 1 h incubation with EAA (His, Ile, Leu, Lys, Met, Phe, Thr, Trp, and Val) at 10 mM. Data are expressed as percentage of control 
(KRB buffer alone = dotted line). n = 6, each data point within boxplots represents the average of three biological replicates within each pig. *P < 0.05, 
**P < 0.01.
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increased insulin blood levels in piglets, a process known to 
be mediated by GLP-1 or other incretins such as the gastric 
inhibitory polypeptide (Zhang et al., 2019). Met and Trp also 
triggered the release of GLP-1 in the porcine ileum. The effect 
of Trp on GLP-1 secretion is consistent with previous reports 
in rodents (Mace et al., 2012). In pigs, dietary excesses of Trp 
(4%) and Met (2%) have been related to reduce feed intake 
when compared with a standard weaner diet (Edmonds and 

Baker, 1987). Hence, our data suggest that Met and Trp may 
exert an anorexigenic effect associated with their capacity to 
stimulate GLP-1 secretion from the ileum. In addition, Trp 
has been shown to increase ghrelin secretion and feed intake 
in pigs (Zhang et al., 2007). While this study did not involve 
ghrelin, the significant impact on GLP-1 suggests that Trp 
may play a relevant role in orchestrating hunger-satiety in the 
gut consisting of a sequence of orexigenic (ghrelin) followed 

Figure 6. Ileal glucagon-like peptide 1 (GLP-1) secretion following non-essential amino acid (NEAA) stimulation in weaner pigs. GLP-1 secretion from 
porcine ileum cultures following a 1 h incubation with NEAA at 10 (Ala, Arg, Asn, Asp, Cys, Gln, Glu, Gly, Pro, and Ser) or 2.5 mM (Tyr). Data are 
expressed as percentage of control (KRB buffer alone = dotted line). n = 6, each data point within boxplots represents the average of three biological 
replicates within each pig. *P < 0.05, **P < 0.01.
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by anorexigenic stimulus (GLP-1) in a sequential fashion as 
food progresses from stomach to the distal small intestine, 
respectively.

The lack of effect of EAA Leu, Ile, and Trp on the release of 
CCK in pigs were in contrast with some recent publications 
(Zhao et al., 2018; Tian et al., 2019). This could be related to 
the limitations of the ex vivo model used in this study which 
disallowed feedback mechanisms from other GIT segments 
(Cummings and Overduin, 2007; Furness et al., 2013). On the 
one hand, it seems unlikely that EAA may directly stimulate 
sensors in the duodenum (before enzymatic digestion). On the 
other hand, the co-expression of CCK and the GLP-1R shown 
by van der Wielen et al. (2014) is consistent with a feedback 
mechanism supported by our data where these EAA would 
trigger GLP-1 secretion from the ileal epithelia which in turn 
would retro-activate the GLP-1R in the duodenum (but not 
in an ex vivo model). In addition, differences in methodology 
such as AA concentration, incubation time, culture media or 
buffer (absence of divalent cations, e.g., Ca2+), and intestinal 
segments tested, among other factors, could have contributed 
as well to the lower CCK responses observed in this com-
pared with previous experiments.

Phe was the only EAA, which significantly stimulated CCK 
release directly from the primary culture of the porcine duo-
denum. These results are consistent with previous intestinal 
ex vivo and in vitro studies on Phe-induced CCK release in 
rodents and pigs (Mangel et al., 1995; Wang et al., 2011; Feng 
et al., 2019). While the nutritional relevance of Phe is unclear 
in pigs, the current results advocate for further investigations 
to describe its role in modulating appetite.

Several NEAA have been identified as major energy sub-
strates of the intestinal mucosa and constituents of proteins 
relevant to the gut barrier function (Wu, 2013). Most notably 
Gln, Asn, Glu, and Arg have been associated with gut health 
in pigs (Chalvon-Demersay et al., 2021). In our studies, the 
two amide AA (Gln and Asn) were significantly involved in 
releasing CCK from the duodenum, while Glu and Arg in-
creased the release of GLP-1 from the ileum. Consistent with 
the results, amide AA have previously been shown to delay 
gastric emptying, a physiological response associated with 
CCK release (Moran and McHugh, 1982; Nishi et al., 2003). 
The amide group can be easily hydrolyzed; thus, these two 
AA play a crucial role in nitrogen (N) exchange via ammonia 
(NH3) transport between tissues. However, N is an essen-
tial nutrient for the development of the microbiota as well. 
Limiting the availability of N for bacterial growth is funda-
mental to control pathogen infection. While admittedly specu-
lative, the high responsiveness of the proximal GIT to amide 
AA by slowing down the rate of passage may respond to the 
need of limiting the N available for microbial use. Similarly, 
a significant impact of Glu and Arg inducing GLP-1 release 
aligns with previous results in rodents (Reimann et al., 2004; 
Mace et al., 2012). In pigs, high supplementation of Glu (as 
monosodium glutamate) has been related to delayed gastric 
emptying, lower feed intake, and growth (Bauchart-Thevret 
et al., 2013; Li et al., 2018). Glu-induced GLP-1 release may 
be related to its use as a main metabolic fuel by the gut epi-
thelium (Burrin and Stoll, 2009). Given the affinity of Glu 
for the T1R1-T1R3 in pigs, the potential involvement of the 
receptor in Glu-induced GLP-1 release merits further investi-
gation (Roura et al., 2011).

These data support the notion that gut hormone release 
is dependent on the nature and characteristics of the AA 

(potentially related to their side-chain property). Additional 
studies are required to confirm these initial observations.

Conclusions
This study consisted of systematic testing of all 20 
proteinogenic AA on the release of anorexigenic gut pep-
tides CCK and GLP-1. Whereas the duodenum is the small 
intestinal segment with the highest CCK gene expression 
and secretion, GLP-1/GCG is mainly secreted in the ileum of 
weaned pigs. Collectively, the data presented in this manu-
script provide evidence that both EAA and NEAA regulate 
key metabolic processes associated with appetite control in 
pigs. In particular, gut responses to EAA seem to be stronger 
in post enzymatic processes such as the release of GLP-1 from 
EEC in the ileum. In contrast, proximal responses to NEAA 
(particularly amide AA) are robust leading to an early release 
of CCK in the duodenum.

Author Contributions
Maximiliano Müller: conceptualization, investigation, data 
curation, formal analysis, and writing – original draft. Elout 
Van Liefferinge: investigation and writing – review & editing. 
Marta Navarro: investigation and writing – review & editing. 
Elisabet Garcia: investigation and writing – review & editing. 
Alan Tilbrook: conceptualization and writing – review & 
editing. Robert van Barneveld: conceptualization and writing 
– review & editing. Eugeni Roura: conceptualization, writing 
– review & editing, supervision, project administration, fund-
ing acquisition, and resources.

Acknowledgments
This study was supported by The University of Queensland 
and Australian Pork limited as part of the project APL 
2016/053. We thank the biostatistician Allan Lisle for provid-
ing statistical counseling.

Conflict of Interest Statement
The authors declare there is no conflict of interest.

LITERATURE CITED
Adeola, O., and D. E. King. 2006. Developmental changes in morph-

ometry of the small intestine and jejunal sucrase activity during the 
first nine weeks of postnatal growth in pigs. J. Anim. Sci. 84:112–
118. doi:10.2527/2006.841112x

Bacarese-Hamilton, A. J., T. E. Adrian, and S. R. Bloom. 1984. Distribu-
tion and heterogeneity of immunoreactive cholecystokinin (CCK) 
in the mucosa of the porcine gastrointestinal tract. Regul. Pept. 
9:289–298. doi:10.1016/0167-0115(84)90081-8

Baggio, L. L., and D. J. Drucker. 2007. Biology of incretins: GLP-
1 and GIP. Gastroenterology 132:2131–2157. doi:10.1053/j.
gastro.2007.03.054

Bauchart-Thevret, C., B. Stoll, N. M. Benight, O. Olutoye, D. Lazar, and 
D. G. Burrin. 2013. Supplementing monosodium glutamate to par-
tial enteral nutrition slows gastric emptying in preterm pigs(1–3). J. 
Nutr. 143:563–570. doi:10.3945/jn.112.167783

Bröer, S. 2008. Amino acid transport across mammalian intestinal 
and renal epithelia. Physiol. Rev. 88:249–286. doi:10.1152/
physrev.00018.2006

https://doi.org/10.2527/2006.841112x
https://doi.org/10.1016/0167-0115(84)90081-8
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.3945/jn.112.167783
https://doi.org/10.1152/physrev.00018.2006
https://doi.org/10.1152/physrev.00018.2006


10 Journal of Animal Science, 2022, Vol. 100, No. 4 

Bruininx, E. M. A. M., C. M. C. Van der Peet-Schwering, and J. W. 
Schrama. 2001. Individual feed intake of group-housed weaned 
pigs and health status. In: Varley, M. A., and J. Wiseman, editors, 
The weaner pig: nutrition and management. Wallingford (UK): 
CAB International; p. 113–122.

Burrin, D. G., and B. Stoll. 2009. Metabolic fate and function of dietary 
glutamate in the gut. Am. J. Clin. Nutr. 90:850s–856s. doi:10.3945/
ajcn.2009.27462Y

Chalvon-Demersay, T., D. Luise, N. Le Floc’h, S. Tesseraud, W. Lambert, 
P. Bosi, P. Travesi, M. Beaumont, and E. Corrent. 2021. Functional 
amino acids in pigs and chickens: implication for gut health. Front. 
Vet. Sci. 8:663727. doi:10.3389/fvets.2021.663727

Chen, Q., and R. A. Reimer. 2009. Dairy protein and leucine alter GLP-
1 release and mRNA of genes involved in intestinal lipid metabol-
ism in vitro. Nutrition 25:340–349. doi:10.1016/j.nut.2008.08.012

Cho, C. Y., and H. S. Bayley. 1972. Amino acid composition of digesta 
taken from swine receiving diets containing soybean or rape-
seed meals as sole source of protein. Can. J. Physiol. Pharmacol. 
50:513–522. doi:10.1139/y72-078

Collins, C. L., J. R. Pluske, R. S. Morrison, T. N. McDonald, R. J. Smits, 
D. J. Henman, I. Stensland, and F. R. Dunshea. 2017. Post-weaning 
and whole-of-life performance of pigs is determined by live weight 
at weaning and the complexity of the diet fed after weaning. Anim. 
Nutr. 3:372–379. doi:10.1016/j.aninu.2017.01.001

Cummings, D. E., and J. Overduin. 2007. Gastrointestinal regulation 
of food intake. J. Clin. Invest. 117:13–23. doi:10.1172/JCI30227

Daly, K., M. Al-Rammahi, A. Moran, M. Marcello, Y. Ninomiya, and 
S. P. Shirazi-Beechey. 2013. Sensing of amino acids by the gut-
expressed taste receptor T1R1-T1R3 stimulates CCK secretion. 
Am. J. Physiol. Gastrointest. Liver Physiol. 304:G271–G282. 
doi:10.1152/ajpgi.00074.2012

da Silva, E. C., N. de Jager, W. Burgos-Paz, A. Reverter, M. Perez-Enciso, 
and E. Roura. 2014. Characterization of the porcine nutrient and 
taste receptor gene repertoire in domestic and wild populations 
across the globe. BMC Genom. 15:1057–1057. doi:10.1186/1471-
2164-15-1057

Edmonds, M. S., and D. H. Baker. 1987. Amino acid excesses for 
young pigs: effects of excess methionine, tryptophan, threo-
nine or leucine. J. Anim. Sci. 64:1664–1671. doi:10.2527/
jas1987.6461664x

Edmonds, M. S., H. W. Gonyou, and D. H. Baker. 1987. Effect of ex-
cess levels of methionine, tryptophan, arginine, lysine or threonine 
on growth and dietary choice in the pig. J. Anim. Sci. 65:179–185. 
doi:10.2527/jas1987.651179x

Feng, J., C. Kang, C. Wang, L. Ding, W. Zhu, and S. Hang. 2019. 
L-phenylalanine increased gut hormone secretion through calcium-
sensing receptor in the porcine duodenum. Animals (Basel) 9:476. 
doi:10.3390/ani9080476

Furness, J. B., L. R. Rivera, H. -J. Cho, D. M. Bravo, and B. Callaghan. 
2013. The gut as a sensory organ. Nat. Rev. Gastroenterol. Hepatol. 
10:729–740. doi:10.1038/nrgastro.2013.180

King, R. H., and J. R. Pluske. 2003. Nutritional management of the pig 
in preparation for weaning. In: Pluske, J. R., J. Le Dividich, and 
M. W. A. Verstegen, editors, Weaning the pig. Concepts and con-
sequences. Wageningen (The Netherlands): Wageningen Academic 
Publishers; p. 37–52.

Kwon, W. B., K. J. Touchette, A. Simongiovanni, K. Syriopoulos, A. 
Wessels, and H. H. Stein. 2019. Excess dietary leucine in diets for 
growing pigs reduces growth performance, biological value of 
protein, protein retention, and serotonin synthesis1. J. Anim. Sci. 
97:4282–4292. doi:10.1093/jas/skz259

Li, Y., H. Han, J. Yin, J. Zheng, X. Zhu, T. Li, and Y. Yin. 2018. Effects 
of glutamate and aspartate on growth performance, serum amino 
acids, and amino acid transporters in piglets. Food Agric. Immunol. 
29:675–687. doi:10.1080/09540105.2018.1437892

Mace, O. J., M. Schindler, and S. Patel. 2012. The regulation of K- and 
L-cell activity by GLUT2 and the calcium-sensing receptor (CASR) 
in rat small intestine. J. Physiol. 590:2917–2936. doi:10.1113/
jphysiol.2011.223800

Mangel, A., V. Prpic, H. Wong, S. Basavappa, L. Hurst, L. Scott, R. 
L. Garman, J. S. Hayes, A. I. Sharara, N. D. Snow, et al. 1995. 
Phenylalanine-stimulated secretion of cholecystokinin is cal-
cium dependent. Am. J. Physiol. 268:G90–G94. doi:10.1152/
ajpgi.1995.268.1.G90

Moran, T. H., and P. R. McHugh. 1982. Cholecystokinin suppresses 
food intake by inhibiting gastric emptying. Am. J. Physiol. 
242:R491–R497. doi:10.1152/ajpregu.1982.242.5.R491

Müller, M., M. Ryoo, and E. Roura. 2021. Gut sensing of dietary amino 
acids, peptides, and proteins, and feed intake regulation in pigs. 
Anim. Prod. Sci. (ahead of publication). doi:10.1071/an21185

Nishi, T., H. Hara, and F. Tomita. 2003. Soybean beta-conglycinin pep-
tone suppresses food intake and gastric emptying by increasing 
plasma cholecystokinin levels in rats. J. Nutr. 133:352–357. 
doi:10.1093/jn/133.2.352

Pfaffl, M. W. 2001. A new mathematical model for relative quantifica-
tion in real-time RT-PCR. Nucleic Acids Res. 29:e45. doi:10.1093/
nar/29.9.e45

Pluschke, A. M., B. A. Williams, D. Zhang, S. T. Anderson, E. Roura, 
and M. J. Gidley. 2018. Male grower pigs fed cereal soluble dietary 
fibres display biphasic glucose response and delayed glycaemic re-
sponse after an oral glucose tolerance test. PLoS One 13:e0193137. 
doi:10.1371/journal.pone.0193137

Reimann, F., L. Williams, G. da Silva Xavier, G. A. Rutter, and F. M. 
Gribble. 2004. Glutamine potently stimulates glucagon-like pep-
tide-1 secretion from GLUTag cells. Diabetologia 47(9):1592–
1601. doi:10.1007/s00125-004-1498-0

Ripken, D., N. van der Wielen, H. M. Wortelboer, J. Meijerink, R. F. 
Witkamp, and H. F. Hendriks. 2014. Steviol glycoside rebaudioside 
a induces glucagon-like peptide-1 and peptide YY release in a por-
cine ex vivo intestinal model. J. Agric. Food Chem. 62:8365–8370. 
doi:10.1021/jf501105w

Roura, E., B. Humphrey, K. C. Klasing, and M. Swart. 2011. Is the pig 
a good umami sensing model for humans? A comparative taste re-
ceptor study. Flav. Frag. J. 26:282–285. doi:10.1002/ffj.2057

Roura, E., S. J. Koopmans, J. P. Lallès, I. Le Huerou-Luron, N. de Jager, 
T. Schuurman, and D. Val-Laillet. 2016. Critical review evaluating 
the pig as a model for human nutritional physiology. Nutr. Res. 
Rev. 29:60–90. doi:10.1017/S0954422416000020

Silk, D. B., G. K. Grimble, and R. G. Rees. 1985. Protein digestion and 
amino acid and peptide absorption. Proc. Nutr. Soc. 44:63–72. 
doi:10.1079/pns19850011

Tian, M., J. Heng, H. Song, Y. Zhang, F. Chen, W. Guan, and S. Zhang. 
2019. Branched chain amino acids stimulate gut satiety hormone 
cholecystokinin secretion through activation of the umami taste re-
ceptor t1r1/t1r3 using an in vitro porcine jejunum model. Food 
Funct. 10:3356–3367. doi:10.1039/c9fo00228f

van der Wielen, N., M. van Avesaat, N. J. W. de Wit, J. T. W. E. Vogels, 
F. Troost, A. Masclee, S. -J. Koopmans, J. van der Meulen, M. V. 
Boekschoten, M. Müller, et al. 2014. Cross-species comparison of 
genes related to nutrient sensing mechanisms expressed along the in-
testine. PLoS One 9:e107531. doi:10.1371/journal.pone.0107531

van Liefferinge, E., M. Müller, N. Van Noten, J. Degroote, S. Niknafs, 
E. Roura, and J. Michiels. 2021. Cinnamaldehyde induces release 
of cholecystokinin and glucagon-like peptide 1 by interacting with 
transient receptor potential ankyrin 1 in a porcine ex-vivo intestinal 
segment model. Animals (Basel) 11:2262. doi:10.3390/ani11082262

Voortman, T., H. F. Hendriks, R. F. Witkamp, and H. M. Wortelboer. 
2012. Effects of long- and short-chain fatty acids on the release 
of gastrointestinal hormones using an ex vivo porcine intestinal 
tissue model. J. Agric. Food Chem. 60:9035–9042. doi:10.1021/
jf2045697

Wang, Y., R. Chandra, L. A. Samsa, B. Gooch, B. E. Fee, J. M. Cook, 
S. R. Vigna, A. O. Grant, and R. A. Liddle. 2011. Amino acids 
stimulate cholecystokinin release through the ca2+-sensing recep-
tor. Am. J. Physiol. Gastrointest. Liver Physiol. 300:G528–G537. 
doi:10.1152/ajpgi.00387.2010

Wang, C., C. Kang, Y. Xian, M. Zhang, X. Chen, M. Pei, W. Zhu, and S. 
Hang. 2018. Sensing of l-arginine by gut-expressed calcium sensing  

https://doi.org/10.3945/ajcn.2009.27462Y
https://doi.org/10.3945/ajcn.2009.27462Y
https://doi.org/10.3389/fvets.2021.663727
https://doi.org/10.1016/j.nut.2008.08.012
https://doi.org/10.1139/y72-078
https://doi.org/10.1016/j.aninu.2017.01.001
https://doi.org/10.1172/JCI30227
https://doi.org/10.1152/ajpgi.00074.2012
https://doi.org/10.1186/1471-2164-15-1057
https://doi.org/10.1186/1471-2164-15-1057
https://doi.org/10.2527/jas1987.6461664x
https://doi.org/10.2527/jas1987.6461664x
https://doi.org/10.2527/jas1987.651179x
https://doi.org/10.3390/ani9080476
https://doi.org/10.1038/nrgastro.2013.180
https://doi.org/10.1093/jas/skz259
https://doi.org/10.1080/09540105.2018.1437892
https://doi.org/10.1113/jphysiol.2011.223800
https://doi.org/10.1113/jphysiol.2011.223800
https://doi.org/10.1152/ajpgi.1995.268.1.G90
https://doi.org/10.1152/ajpgi.1995.268.1.G90
https://doi.org/10.1152/ajpregu.1982.242.5.R491
https://doi.org/10.1071/an21185
https://doi.org/10.1093/jn/133.2.352
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1371/journal.pone.0193137
https://doi.org/10.1007/s00125-004-1498-0
https://doi.org/10.1021/jf501105w
https://doi.org/10.1002/ffj.2057
https://doi.org/10.1017/S0954422416000020
https://doi.org/10.1079/pns19850011
https://doi.org/10.1039/c9fo00228f
https://doi.org/10.1371/journal.pone.0107531
https://doi.org/10.3390/ani11082262
https://doi.org/10.1021/jf2045697
https://doi.org/10.1021/jf2045697
https://doi.org/10.1152/ajpgi.00387.2010


Müller et al. 11

receptor stimulates gut satiety hormones cholecystokinin and 
glucose-dependent insulinotropic peptide secretion in pig model. J. 
Food Sci. 83:2394–2401. doi:10.1111/1750-3841.14297

Wessels, A. G., H. Kluge, F. Hirche, A. Kiowski, J. Bartelt, E. Corrent, 
and G. I. Stangl. 2016. High leucine intake reduces the concentra-
tion of hypothalamic serotonin in piglets1. J. Anim. Sci. 94:26–29. 
doi:10.2527/jas.2015-9728

Wewer Albrechtsen, N. J., R. E. Kuhre, S. Toräng, and J. J. Holst. 2016. 
The intestinal distribution pattern of appetite- and glucose regu-
latory peptides in mice, rats and pigs. BMC Res. Notes. 9:60. 
doi:10.1186/s13104-016-1872-2

Wiltafsky, M. K., M. W. Pfaffl, and F. X. Roth. 2010. The effects of 
branched-chain amino acid interactions on growth performance, 
blood metabolites, enzyme kinetics and transcriptomics in weaned 
pigs. Br. J. Nutr. 103:964–976. doi:10.1017/S0007114509992212

Wu, G. 2013. Functional amino acids in nutrition and health. Amino 
Acids 45:407–411. doi:10.1007/s00726-013-1500-6

Yen, J. T., B. J. Kerr, R. A. Easter, and A. M. Parkhurst. 2004. Difference in 
rates of net portal absorption between crystalline and protein-bound  

lysine and threonine in growing pigs fed once daily. J. Anim. Sci. 
82:1079–1090. doi:10.1093/ansci/82.4.1079

Yin, J., H. Han, Y. Li, Z. Liu, Y. Zhao, R. Fang, X. Huang, J. Zheng, W. 
Ren, F. Wu, et al. 2017. Lysine restriction affects feed intake and 
amino acid metabolism via gut microbiome in piglets. Cell. Physiol. 
Biochem. 44:1749–1761. doi:10.1159/000485782

Zhang, J., W. Xu, H. Han, L. Zhang, and T. Wang. 2019. Dietary leucine 
supplementation restores serum glucose levels, and modifying hep-
atic gene expression related to the insulin signal pathway in IUGR 
piglets. Animals (Basel) 9:1138. doi:10.3390/ani9121138

Zhang, H., J. Yin, D. Li, X. Zhou, and X. Li. 2007. Tryptophan enhances 
ghrelin expression and secretion associated with increased food in-
take and weight gain in weanling pigs. Domest Anim. Endocrinol. 
33:47–61. doi:10.1016/j.domaniend.2006.04.005

Zhao, X., Y. Xian, C. Wang, L. Ding, X. Meng, W. Zhu, S. Hang. 2018. 
Calcium-sensing receptor-mediated l-tryptophan-induced secre-
tion of cholecystokinin and glucose-dependent insulinotropic 
peptide in swine duodenum. J. Vet. Sci. 19:179–187. doi:10.4142/
jvs.2018.19.2.179

https://doi.org/10.1111/1750-3841.14297
https://doi.org/10.2527/jas.2015-9728
https://doi.org/10.1186/s13104-016-1872-2
https://doi.org/10.1017/S0007114509992212
https://doi.org/10.1007/s00726-013-1500-6
https://doi.org/10.1093/ansci/82.4.1079
https://doi.org/10.1159/000485782
https://doi.org/10.3390/ani9121138
https://doi.org/10.1016/j.domaniend.2006.04.005
https://doi.org/10.4142/jvs.2018.19.2.179
https://doi.org/10.4142/jvs.2018.19.2.179

