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Correlation Between Gastric Emptying and Gastric 
Adaptive Relaxation Influenced by Amino Acids 

Masayuki Uchida, Orie Kobayashi,* and Chizuru Saito

Food Science Research Laboratories, Research and Development Division, Meiji Co, Ltd, Odawara, Kanagawa, Japan

Background/Aims
Amino acids have many physiological activities. We report the correlation between gastric emptying and gastric adaptive relaxation 
using tryptophan and amino acids with a straight alkyl chain, hydroxylated chain, and branched chain. Here we sought to further 
clarify the correlation between gastric emptying and gastric adaptive relaxation by using other amino acids. 

Methods
In Sprague-Dawley rats, gastric emptying was evaluated by a breath test using [1-13C] acetic acid. The expired 13CO2 pattern, Tmax, Cmax, 
and AUC120min values were used as evaluation items. Gastric adaptive relaxation was evaluated in a barostat experiment. Individual 
amino acids (1 g/kg) were administered orally 30 minutes before each breath test or barostat test. 

Results
L-phenylalanine and L-tyrosine did not influence gastric emptying. All other amino acids, ie, L-proline, L-histidine, L-cysteine, 
L-methionine, L-aspartic acid, L-glutamic acid, L-asparagine, L-arginine, L-glutamine, and L-lysine significantly delayed and inhibited 
gastric emptying. L-Cysteine and L-aspartic acid significantly enhanced and L-methionine and L-glutamine significantly inhibited 
gastric adaptive relaxation. L-Phenylalanine moved the balloon toward the antrum, suggesting strong contraction of the fundus. Tmax 
showed a significant positive correlation (r = 0.709), and Cmax and AUC120min each showed negative correlations (r = 0.613 and 0.667, 
respectively) with gastric adaptive relaxation. 

Conclusion
From the above findings, it was found that a close correlation exists between gastric emptying and adaptive relaxation, suggesting 
that enhanced gastric adaptive relaxation inhibits gastric emptying. 
(J Neurogastroenterol Motil 2017;23:400-408)
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Introduction 	

Many physiological functions of amino acids have been re-
ported. The physiological functions of L-glutamic acid in particular 
have been studied because L-glutamic acid is present in most or-
gans and tissues such as skeletal muscles, brain, kidneys, and liver, 
and it plays several important roles.1,2 A physiological role of dietary 
glutamic acid also has been reported.3 Regarding gastric function, 
the effects of essential and nonessential amino acids were evalu-
ated on gastric emptying in dogs.4 In the other report, L-arginine, 
Llysine, and L-glutamic acid inhibited food intake via the area pos-
trema or vagal afferents.5 In addition, a sense of fullness was greater 
after L-tryptophan treatment than after ingestion of D-tryptophan.6 
These findings suggest that the above-mentioned amino acids in-
hibit gastric emptying.

We observed that amino acids with an alkyl chain, hydroxyl 
group, and branched chain differently inhibited and/or delayed 
gastric emptying as shown by a breath test,7 and that L-glycine 
and L-serine significantly enhanced gastric adaptive relaxation in 
a barostat study.8 Based on those findings, we speculated that there 
is a close correlation between gastric emptying and gastric adaptive 
relaxation. Indeed, another of our studies demonstrated that L-
tryptophan significantly inhibited gastric emptying and significantly 
enhanced gastric adaptive relaxation.9 The delay of gastric empty-
ing also reported to relate the gastric adaptive relaxation in proton 
pump inhibitor-treated patients,10 suggesting that the enhancement 
of gastric adaptive relaxation induces a delay of gastric emptying. In 
addition, the effect of pancreatic polypeptide was evaluated in gas-
tric accommodation and gastric emptying in conscious rats.11 These 
findings are in accordance with our finding that the delay of gastric 
emptying is closely related to enhanced gastric adaptive relaxation.8,9

If there was amino acid enhancing or inhibiting gastric adaptive 
relaxation without significantly affecting gastric emptying, it would 
be useful material for treating functional dyspepsia, especially for 
early satiety or obesity and diabetic mellitus, respectively. Indeed, 
acotiamide is the only drug in the world for the treatment of func-
tional dyspepsia12,13 and there is no therapeutic drug for the treat-
ment of obesity. 

Therefore, in the present study, to further clarify the correlation 
between gastric emptying and adaptive relaxation, we evaluated the 
effects of other cyclic amino acids, amino acids with an aromatic 
ring and a sulfur group, and acidic and basic amino acids on gastric 
emptying and adaptive relaxation in a rat model. 

Materials and Methods 	

The following animal studies were performed in accordance 
with the Guiding Principles for the Care and Use of Laboratory 
Animals approved by Meiji Co., Ltd.

Animals
Male Sprague-Dawley rats (7-8 weeks old) were purchased 

from SLC (Hamamatsu, Japan) and housed for 1 week prior to 
commencement of experiments under a constant temperature of 21 
± 2°C, humidity of 55 ± 15% and a 12-hour light/dark cycle (light 
from 7:00 to 19:00). The rats were fasted in mesh cages for 18 
hours before each experiment in order to prevent coprophagy, but 
were allowed free access to drinking water during this period.

Breath Test System
The breath test was performed as previously described.14 In 

brief, desiccators were selected as the animal chambers because 
they were easy to set up. Each animal chamber was connected to 
an aspiration pump (Masterflex L/S; Cole-Parmer, Vernon Hills, 
IL, USA). A desiccator with a volume of 2000 mL was employed 
so that the rat could move freely within the chamber and the ex-
pired air could be collected effectively in the breath-sampling bag 
(Otsuka Pharmaceutical, Tokyo, Japan). Aspirating the expired 
air caused fresh air to be automatically drawn into the desiccator 
through a hole in the side of the desiccator. The air in the chamber 
was continuously aspirated during the experimental period. Aspi-
rated air was discharged to the exterior of this breath test system 
except for the period during which expired air was collected in the 
breath-sampling bag. An infrared spectrometer (POCone; Otsuka 
Electronics, Osaka, Japan) was used to measure the expired 13CO2 
because it can do so simply and effectively.

Test Meal and Breath Test for Evaluating Gastric 
Emptying

Racol, a liquid nutrient formula containing [1-13C] acetic acid 
(16 mg/kg) was used as the test meal and administered orally in a 
volume of 2.5 mL/kg. The rat was placed in the chamber immedi-
ately after the oral administration of the test meal. The expired air 
was collected at 5-minute intervals for the first 70 minutes, with fur-
ther samples taken at 90 and 120 minutes. The expired air was aspi-
rated at a speed of 150 mL/min. At each sample point, the expired 
air was collected into a breath sampling bag for 1.5 minutes. A gas-
eous mixture of 5% CO2 and 95% O2 was used as the reference gas 
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of the spectrometer. The 13CO2 levels were measured by placing the 
breath-sampling bags into the inlet port of the spectrometer. The 
measured values are presented as Δ13CO2 (‰).

The maximum concentration of 13CO2 (Cmax, ‰), the time 
taken to reach the maximum concentration (Tmax, min), and the 
area under the curve (AUC120min, ‰·min) were calculated using 
the measured Δ13CO2 values and used as pharmacokinetic param-
eters in addition to the change in the expired 13CO2 as described in 
the previous manuscript.14

Barostat Study
Gastric adaptive relaxation was evaluated as we have previously 

described.15 In brief, rats were anesthetized by urethane (1.2 g/kg, 
ip). For fitting the balloon to the fundus, a slightly improved balloon 
was obtained by removing the tube within the balloon. A polyvinyl 
tube with an adherent polyethylene bag (maximum volume 7 mL; 
3 cm maximum diameter) was introduced from the rat’s mouth to 
its stomach. Five milliliters of air was injected into the balloon from 
one of the balloon tubes under the other-side balloon tube which 
was closed for fitting the balloon to the fundus, and the balloon tube 
was immediately opened to the air.

After 5 minutes of recovery time, the tube of the balloon was 
connected to the barostat (Barostat Distender IIR; G&J Electron-
ics, North York, ON, Canada). The pressure of the balloon was 
changed stepwise by 1, 2, 4, and 8 mmHg at 1-minute intervals. 
The volume of the balloon was increased by the change of the 
pressure. The balloon volume just after the change of the pressure 
increased gradually and reached a plateau approximately 1 minute 
after the change of the pressure. The amplitude of the gradual com-
ponent was used as the gastric adaptive relaxation

The gastric adaptive relaxation increased in a pressure-depen-
dent manner and showed the highest value at 8 mmHg. The effects 
of amino acids are thus expressed as the percentage of the control at 
8 mmHg.

After evaluation of gastric adaptive relaxation, we checked 
whether the balloon was positioned at the fundus or not. In cases in 
which the balloon was not in the right position, the data obtained 
were excluded from the analysis.

Amino Acid Treatment
We used a cyclic amino acid, ie, L-proline; 3 amino acids with 

an aromatic ring, ie, L-histidine, L-tyrosine, and L-phenylalanine; 
2 amino acids with a sulfur group, ie, L-cysteine and L-methionine; 
2 acidic amino acids, ie, L-aspartic aid and L-glutamic acid; and 4 
basic amino acids, ie, L-asparagine, L-arginine, L-glutamine, and 

L-lysine. After the rat was fasted for 18 hours, 1 g/kg of each amino 
acid dissolved or suspended in distilled water for the injection was 
administered orally in a volume of 5 mL/kg. In the control rats, dis-
tilled water was administered instead of the amino acid for the injec-
tion. The breath test and barostat study were performed 30 minutes 
after the amino acid administration.

Agents
The amino acids were purchased from Wako Pure Chemical 

(Tokyo, Japan). [1-13C] acetic acid was purchased from Cambridge 
Isotope Laboratories (Cambridge, MA, USA). The Racol and the 
distilled water for the injection were obtained from Otsuka Phar-
maceutical (Tokyo, Japan) and Otsuka Pharmaceutical (Tokushima, 
Japan), respectively.

Statistical Methods
All results are presented as the mean ± SD or SEM. The 

statistical analysis was performed by Dunnett’s multiple comparison 
test, and a P-value < 0.05 was considered significant.

Results 	

Effects of the Amino Acids on Gastric Emptying
The changes of expired 13CO2 air in the control rats and amino 

acid-treated rats are shown in Figures 1A and 2A. The effects of the 
amino acids on the pharmacokinetic parameters are given in Table. 
In the control group, the expired 13CO2 air increased with time and 
peaked at approximately 30 minutes before decreasing (Fig. 1A and 
2A). The Cmax, Tmax, and AUC120min values were 386.6 ± 47.3‰, 
28.8 ± 4.8 minutes, and 25 665 ± 1823‰·min, respectively 
(Table). Compared with the values of Tmax, Cmax, and AUC120min in 
the control group, there were no amino acids that significantly en-
hanced gastric emptying under the present experimental conditions 
(Table).

The effects of L-proline, L-histidine, L-tyrosine, L-phenylal-
anine, L-cysteine, and L-methionine are shown in Figure 1A. L-
Proline, L-histidine, L-cysteine, and L-methionine significantly 
delayed and inhibited gastric emptying, because the Tmax was 
significantly delayed, the Cmax values were significantly decreased, 
and the AUC120min values were significantly decreased compared to 
the control (Table). Two of the amino acids with an aromatic ring, 
ie, L-Tyrosine and L-phenylalanine showed no influence on gastric 
emptying (Fig. 1A and Table).

The effects of the acidic and basic amino acids are shown in 
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Figure 2A and summarized in Table. All of these amino acids sig-
nificantly delayed and inhibited the gastric emptying, because the 
Tmax was significantly delayed, the Cmax values were significantly 
decreased, and the AUC120min values were significantly decreased 
compared with the control values (Table).

The Effects of the Amino Acids on Gastric Adaptive 
Relaxation

In the control group, the volume of gastric adaptive relaxation 
increased with the increase in the balloon pressure, and the gastric 
adaptive relaxation was 0.57 ± 0.11 mL at 8 mmHg. The effects 
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of the amino acids on gastric adaptive relaxation are illustrated 
in Figures 1B and 2B. Compared to the control, L-cysteine, L-
aspartic acid, and L-arginine significantly enhanced gastric adaptive 
relaxation (Fig. 1B and 2B). Conversely, L-methionine and L-
glutamine significantly inhibited gastric adaptive relaxation (Fig. 1B 
and 2B). After we checked the position of the balloon, we observed 
that L-phenylalanine moved the balloon toward the antrum from 
the fundus in all rats (n = 6). Therefore, the adaptive gastric relax-
ation by L-phenylalanine could not be calculated (Fig. 1B).

The Correlation Between Gastric Emptying and 
Gastric Adaptive Relaxation

In addition to the results obtained in the present study, we 
added the data that we obtained in previous studies of amino acids 
with a straight alkyl chain, hydroxylated chain, and branched chain, 
and L-tryptophan on the gastric emptying and gastric adaptive 
relation.7-9 A significant positive correlation was observed between 
gastric adaptive relaxation and Tmax vlues (r = 0.709, Fig. 3A). 
Significant negative correlations were also observed between gastric 
adaptive relation and Cmax and AUC120min values (r = 0.613, Fig. 

3B; r = 0.667, Fig. 3C, respectively).

Amino Acids’ Chemical Structure, Gastric Emptying, 
and Adaptive Relaxation

The chemical structures of the amino acids and the results of 
gastric emptying and adaptive relaxation are shown in Figure 4. Of 
the aromatic amino acids, L-tyrosine and L-phenylalanine (which 
have a benzene ring) showed no effect on gastric emptying. How-
ever, L-proline (which has a pyrrole ring) and L-histidine (which 
has an imidazole ring) significantly delayed and inhibited gastric 
emptying, suggesting that the difference of the aromatic ring dif-
ferently influences gastric emptying. Only L-phenylalanine did not 
inhibit gastric emptying.

Among the sulfur amino acids, L-cysteine (which has a shorter 
side chain) showed greater delay and inhibition of the gastric emp-
tying compared to L-methionine (which has a longer side chain). 
Regarding the acidic amino acids, the length of the side chain did 
not show a significant difference between L-aspartic acid and L-
glutamic acid. Of the basic amino acids, L-arginine and L-lysine 
(which have a longer side chain) showed greater delay and inhibi-

Table. The Effects of Amino Acids on the Pharmacokinetic Parameters of the Expired ∆13CO2 from Rats Treated with [1-13C] Acetic Acid

Treatment Cmax (‰)   Tmax (min)   AUC120min (‰·min)

Control 386.6 ± 47.3    28.8 ± 4.8    25 665 ± 1823
L-Proline    222.5 ± 23.5    58.8 ± 7.5 19 462 ± 882

 (P < 0.001)  (P < 0.001)  (P < 0.001)
L-Histidine 260.4 ± 56.0   53.8 ± 7.5 21 337 ± 2741

 (P = 0.014)   (P < 0.001)  (P = 0.039)
L-Tyrosine    379.5 ± 24.5 26.3 ± 6.3 25 310 ± 763
L-Phenylalanine   364.1 ± 12.0 26.7 ± 5.8 24 657 ± 635
L-Cysteine 178.5 ± 34.8 76.3 ± 16.0  16 439 ± 2966

 (P < 0.001)   (P < 0.001)  (P = 0.002)
L-Methionine 261.1 ± 35.2 40.0 ± 9.1 21 732 ± 2281

 (P = 0.005) (P = 0.036)
L-Aspartic acid 266.4 ± 51.6 35.0 ± 0.0   19 251 ± 2255

 (P < 0.001)  (P = 0.040)   (P = 0.005)
L-Glutamic acid   283.0 ± 5.3  38.3 ± 2.9   21 741 ± 339

 (P = 0.005)   (P = 0.029)   (P = 0.016)
L-Asparagine 282.1 ± 4.4  43.3 ± 2.9    21 916 ± 408

 (P = 0.014)   (P = 0.006)   (P = 0.019)
L- Arginine    280.4 ± 14.9 57.5 ± 10.4    9206 ± 563

 (P = 0.005)   (P = 0.002)   (P = 0.001)
L- Glutamine  270.4 ± 9.6 45.0 ± 7.1 20 685 ± 645

 (P = 0.003) (P = 0.009) (P = 0.002)
L- Lysine 161.2 ± 23.5 81.7 ± 14.4   12 327 ± 2364

 (P < 0.001) (P < 0.001) (P < 0.001)

Values are the mean ± SD of the rats (n = 4). Values in parentheses indicate P-value vs control.
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tion of the gastric emptying compared to L-asparagine and L-
glutamine (which have a shorter side chain).

Regarding the gastric adaptive relaxation of the amino acids 
with an aromatic ring, only L-phenylalanine inhibited relaxation. 
Of the sulfur and acidic amino acids, L-cysteine and L-aspartic 
acid (which have a shorter side chain) showed enhanced gastric 
adaptive relaxation compared to L-methionine and L-glutamine 
(which have a longer side chain). Among the basic amino acids, L-
arginine and L-lysine (which have a longer side chain) enhanced 
the gastric adaptive relaxation more than L-asparagine, which did 
not show a marked effect on gastric adaptive relaxation. In contrast, 
L-glutamine showed a marked inhibitory effect on gastric adaptive 
relaxation.

Discussion 	

Concerning the effects of amino acids on gastric emptying, 
there are many reports. In the present study, many amino acids were 

found to influence gastric emptying. However, L-phenylalanine 
did not significantly delay and inhibit gastric emptying. Indeed, 
L-phenylalanine, a potent cholecystokinin (CCK) releaser, did 
not slow gastric emptying in dogs,4 which supports our present 
findings. On the contrary, L-phenylalanine released CCK and 
was associated with reduced food intake in humans.16 L-Proline (a 
cyclic amino acid) and L-histidine which have a 5-membered ring 
delayed and inhibited gastric emptying. However, L-phenylalanine 
and L-tyrosine did not influence gastric emptying. Amino acids 
with a 6-membered aromatic ring may thus have no effect on gas-
tric emptying. Regarding the sulfur amino acids, L-methionine and 
L-cysteine significantly delayed and inhibited gastric emptying. On 
the contrary, DL-methionine did not influence gastric emptying in 
young pigs17 and L-methionine did not influence gastric emptying 
in dogs.4 In this study, L-cysteine significantly delayed and inhib-
ited gastric emptying. L-Cysteine suppressed ghrelin and reduced 
appetite in both rodents and humans,18 suggesting the inhibition of 
gastric emptying. Therefore, the ghrelin may explain the mecha-
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nism of L-cysteine. 
On the L-glutamine, significant delay and inhibition was ob-

served. Glutamine was found to be a novel agent for increasing the 
glucagon-like peptide-1,19 which inhibits gastric emptying.20 This 
finding supports our present results. However, no effect was found 
on antral, duodenal or pyloric pressures or plasma CCK in healthy 
men.21 L-Arginine and L-Asparagine also significantly delayed and 
inhibited gastric emptying. These amino acids had a direct sensory 

input assessing dietary protein content and quality.5 L-Lysine dose-
dependently delayed gastric emptying and stimulated gastrointes-
tinal secretion in rats,22 in accordance with our present results, but 
not in young pigs.18 In a dog model, aspartic acid did not influence 
gastric emptying,4 but in this study it inhibited and delayed gas-
tric emptying. Food intake was most potently reduced by oral L-
glutamic acid in rats,5 and also in a clinical study, monosodium 
glutamate increased antral distension,23 supporting our present 
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Figure 4. The chemical structures of 
the amino acids and their effects on the 
gastric emptying and gastric adaptive 
relaxation. NE means not evaluated, 
because L-phenylalanine moved the 
balloon toward the antrum from the 
fundus in all rats used (n = 6).
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results. However, these conflicting results may be due to the differ-
ences in experimental conditions. Indeed, some amino acids men-
tioned above supported our results. However, the other amino acids 
showed opposite effects. Therefore, it would be very important to 
evaluate all amino acids by using the same experimental conditions 
at the same time, as we did in the present study. From the present 
study, it became newly obvious that L-proline and L-histidine sig-
nificantly delayed and inhibited, and L-tyrosine did not influence 
gastric emptying. 

Basic research using rats investigated the intra-gastric pressure 
by inserting a pressure transducer into the stomach via a surgical 
procedure.24,25 However, it is easy to speculate that such a surgical 
procedure affects the gastric physiological function in an animal 
study, and that an animal study does not always reflect in vivo and 
human physiology. We improved the method for investigating 
gastric adaptive relaxation with the use of a barostat without the 
need for a surgical procedure,15 and used this method in the present 
study. Adaptive relaxation has been known to be mediated by the 
capsaicin-sensitive afferent nerve. The acute administration of cap-
saicin decreased the proximal gastric tone and inhibited the phasic 
contractility of the proximal stomach in humans.26 We also reported 
that nitric oxide (NO) plays an important role in the gastric adap-
tive relaxation as demonstrated with the use of a barostat.15 Indeed, 
NO formed from L-arginine was detected in the murine stomach 
in vivo.27 In the present study, L-cysteine, L-aspartic acid and L-
arginine significantly enhanced the gastric adaptive relaxation. We 
therefore speculate that L-arginine enhances the gastric adaptive re-
laxation through NO generation. However, the mechanisms under-
lying the effects of L-cysteine and L-aspartic acid on enhanced gas-
tric adaptive relaxation remain unclear. In contrast, L-methionine 
and L-glutamine significantly inhibited gastric adaptive relaxation 
in our present investigation. L-Phenylalanine moved the balloon to 
the antrum, suggesting a strong contraction of the fundus.

In this study, we analyzed the correlation between gastric emp-
tying and gastric adaptive relaxation by adding the data obtained 
in our earlier studies.7-9 A significant positive correlation was then 
revealed between gastric adaptive relaxation and the Tmax values. 
Significant negative correlations were also observed between gas-
tric adaptive relaxation and the Cmax values and AUC120min. These 
data clearly indicate that gastric emptying has a close relationship 
with gastric adaptive relaxation.

Diet therapy and exercise therapy are therapeutic methods for 
obesity,28 but these therapies do not always provide sufficient effects. 
Partial gastric resection and various other surgical procedures are 
thus sometimes used to combat obesity.29 The goal of such surgical 

operations is to decrease the volume of food ingested by a patient 
by decreasing the stomach volume. In this study, L-glutamine, 
L-methionine, and L-phenylalanine inhibited gastric adaptive 
relaxation and L-phenylalanine had the most potent activity, sug-
gesting that these amino acids may be useful for treating obesity. L-
phenylalanine in particular may be the most useful amino acid for 
this purpose, because L-phenylalanine does not influence gastric 
emptying, and the inhibition of gastric emptying may cause bloat-
ing. On the other hand, dysfunction of gastric adaptive relaxation is 
closely related to the pathogenesis of early satiety, and the improve-
ment of gastric adaptive relaxation could thus be a useful therapy 
for functional dyspepsia.30 In the present study, L-aspartic acid sig-
nificantly enhanced gastric adaptive relaxation in the rat model, and 
L-aspartic acid did not markedly influence gastric emptying, show-
ing that L-aspartic acid does not induce gastric bloating. Therefore, 
L-aspartic acid may become a useful agent for the therapy of func-
tional dyspepsia, especially its feature of early satiety.

In conclusion, we observed a significant positive correlation 
between enhanced gastric adaptive relaxation and inhibition of gas-
tric emptying evaluated by a breath test, suggesting that enhanced 
gastric adaptive relaxation delays gastric emptying. In addition, it 
was found that L-aspartic acid enhanced and L-glutamine, L-me-
thionine, and L-phenylalanine inhibited gastric adaptive relaxation.
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