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Abstract

Aim: The present study aimed to evaluate the effects of selected straight alkyl chain, hydroxylated chain 
and branched chain amino acids on gastric adaptive relaxation, as these have previously been shown to have 
differing effects on gastric emptying. Materials and Methods: Gastric adaptive relaxation was evaluated us-
ing a barostat in rats under urethane anesthesia. The pressure within the balloon, introduced from the mouth 
to the stomach, was changed stepwise from 1 to 8 mmHg. The increased volume just after the increase of 
balloon pressure was defined as distension-induced gastric adaptive relaxation (accommodation). Amino 
acids were administered orally or intravenously. Results: As compared with control rats administered with 
distilled water, those rats that were orally administered amino acids having straight alkyl chain and extra hy-
droxylated alkyl chain, such as glycine and l-serine, had significantly enhanced gastric adaptive relaxation, 
but administration of l-alanine and l-threonine did not. Branched chain amino acids, such as l-isoleucine, 
l-leucine and l-valine, also did not significantly influence gastric adaptive relaxation. Glycine and l-serine 
showed the same efficacy when administered intravenously. Conclusion: Among the amino acids evaluated 
in the present study, glycine and l-serine significantly enhanced gastric adaptive relaxation, suggesting that 
short alkyl chain amino acids may enhance gastric adaptive relaxation as compared with the other amino 
acids. These findings may suggest that glycine and l-serine would be useful in the therapy of functional 
dyspepsia, especially for early satiety, because the dysfunction of adaptive relaxation is one of the causes of 
early satiety.
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Introduction

In 2013, Jordi et al. (1) reported that l-arginine, l-lysine and l-glutamic acid inhibited food intake via the 
area postrema or vagal afferents. Carney et al. (2) found that a sense of fullness was greater after l-tryptophan 
than after ingestion of d-tryptophan, suggesting a delay in gastric emptying. We also observed a significant de-
lay in gastric emptying with treatment with l-tryptophan using the 13C-breath test (3). In the previous paper, we 
reported that amino acids having either an alkyl chain with a hydroxyl group, or a branched chain, differently 
inhibited and/or delayed gastric emptying, by analyzing the change of expired 13CO2 air and the Cmax, Tmax 
and AUC120 min values as evaluated by the noninvasive breath test using [1-13C]acetic acid in conscious rats (4). 
However, the effects of these amino acids on gastric adaptive relaxation have not been clarified in relation to 
the structure of different amino acids.

In basic studies using experimental animals, many reports have investigated changes in intra-gastric 
pressure by surgically inserting a pressure transducer into the stomach of rats or mice (5–8). However, such 
surgical intervention would affect gastric physiological function in an in vivo study. We recently improved the 
method to evaluate gastric adaptive relaxation in rats without surgery (9).

Therefore, in the present study we evaluated the effects of amino acids having either a straight alkyl chain 
(glycine and l-alanine), an extra hydroxylated alkyl chain (l-serine and l-threonine) or a branched 
chain (l-isoleucine, l-leucine and l-valine) on gastric adaptive relaxation using our improved method (9).

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 weighing about 200 g were purchased from SLC (Shizuoka, Japan) 

and housed for 1 week prior to the commencement of the experiments under a constant tempera-
ture of 21 ± 2 degree centigrade, with a humidity of 55 ± 15% and exposed to a 12-hour light/dark 
cycle. The rats were fasted in mesh cages for 18 hrs before each experiment in order to prevent 
coprophagy, but were allowed free access to drinking water during this period.

Barostat study
Gastric adaptive relaxation was evaluated by the method previously reported by us (9). Rats were anes-

thetized with urethane (1.2 g/kg, i.p.). In this study we used a modified balloon, by removing the tube within 
the balloon to improve the fitting of the balloon to the fundus (Fig. 1A right). A polyvinyl tube with an adher-
ent polyethylene balloon (maximum volume 7 ml; 3 cm maximum diameter) was introduced from the mouth 
to the stomach (Fig. 1A left). Five ml of air was injected into the balloon via a second balloon tube under the 
closed first balloon tube used for fitting the balloon to the stomach as shown in Fig. 1A right. The second bal-
loon tube was immediately opened to the air. After 5 min recovery time, the tube of the balloon was connected 
to the barostat (Barostat Distender IIR, G&J Electronics, Toronto Canada). The pressure of the balloon was 
changed stepwise, from 1, to 2, then 4 and 8 mmHg, at 1 min intervals. The volume of the balloon increased 
correspondingly. When the pressure was raised the balloon inflated quickly and then the volume gradually 
increased reaching a plateau within one min. The amplitude of this gradually increased component was used 



M. Uchida and C. Iwamoto

— 58 —

Fig. 1. Schematic representation of the experimental setting, the changes of the balloon 
pressure and gastric adaptive relaxation, and time schedule of the experiment. 
Note the following: A: A slightly improved balloon with the tube within the bal-
loon removed was used in this study so that the balloon fitted more closely within 
the fundus. The balloon was introduced from the mouth to the stomach in anes-
thetized rats without surgical operation and set at the fundus. The balloon has two 
tubes connecting to the barostat. B: The balloon volume increased gradually just 
after the increment of the balloon pressure, and allowed to plateau for about 1 min. 
We defined this increased volume as the gastric adaptive relaxation. C: Amino 
acids were administered orally 30 min before the barostat study. Twenty min after 
the amino acids administration, rats were anesthetized by intraperitoneal admin-
istration of urethane (1.2 g/kg). The balloon was introduced from the mouth to the 
stomach 5min after anesthesia and the barostat study performed 5 min later.
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as a measure of the adaptive relaxation (see Fig. 1B).
Following the evaluation of gastric adaptive relaxation, each rat was dissected and the position of the bal-

loon visually checked to determine correct positioning in the fundus. If the balloon was not in the right posi-
tion, the data from that animal was excluded from the results.

Effects of orally administered amino acids on the gastric adaptive relaxation
In the present study we used amino acids having either a straight alkyl chain, such as glycine 

and l-alanine, an extra hydroxylated alkyl chain, such as l-serine and l-threonine, or a branched 
chain, such as l-isoleucine, l-leucine and l-valine. After fasting, 1 g/kg of amino acid dissolved 
or suspended in distilled water for injection was administered orally in a volume of 5 ml/kg. In 
control rats, distilled water for injection was administered instead of the amino acid solution. 
Barostat study was performed 30 min after administration of the amino acid solution. The time 
schedule used in the present experiments is shown in detail in Fig. 1C. 

The dosage of amino acids (1 g/kg) was identical to that in our earlier study (4) to allow a 
comparison between the gastric adaptive relaxation and gastric emptying studies.

Effects of intravenously administered glycine and l-serine on gastric adaptive relaxation
In this study, because orally administered glycine and l-serine showed significant enhance-

ment of gastric adaptive relaxation, we examined the effects of intravenously administered glycine 
and l-serine.

The pressure of the balloon was changed stepwise, from 1, to 2 and then 4 mmHg, at 1 min 
intervals. One min after the balloon pressure was changed from 2 to 4 mmHg, an amino acid solu-
tion was administered intravenously at a dosage of 100 mg/kg (2 ml/kg) dissolved in saline. In the 
control rats, saline was administered instead of amino acid solution. The increased volume of the 
balloon when it reached a plateau was calculated either 3 min after or within 3min. The increase 
in volume was used as a measure of adaptive relaxation (ml).

Agents
Amino acids used in the present study were purchased from Wako Pure Chemical (Tokyo, Japan). Both 

distilled water for injection and saline were obtained from Otsuka Pharmaceutical Factory, Inc. (Tokushima, 
Japan).

Data analysis
All results are presented as the mean ± standard error (S.E.). Statistical analysis was performed by Dun-

nett’s multiple comparison test and P<0.05 was considered to be significant.

Results

Effects of orally administered amino acids on the gastric adaptive relaxation
In the control group, the volume of gastric adaptive relaxation increased with the increment of the bal-

loon pressure as shown in Fig. 2, and a positive correlation was observed between the balloon pressure and 
the gastric adaptive relaxation. However, significance could not be calculated because with 4 observations, the 
degrees of freedom was 2.
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Adaptive relaxation showed the highest value at 8 mmHg. Therefore, we used a pressure of 8 mmHg to 
evaluate the effects of amino acids hereafter. The effects of amino acids were expressed as a percentage of the 
control at 8 mmHg.

 In the control group, the gastric adaptive relaxation was 0.57 ± 0.11 ml at 8 mmHg. The effects of amino 
acids used were shown in Fig. 3. In the straight alkyl chain and extra hydroxylated alkyl chain amino acids, 
glycine and l-serine significantly enhanced the gastric adaptive relaxation as compared with the control group 
(P<0.05), but l-alanine and l-threonine did not. The branched chain amino acids, l-isoleucine and l-leucine 
and l-valine, also did not significantly influence gastric adaptive relaxation.

Fig. 2. Correlation between the balloon pressure and changes in the adaptive relaxation in 
control rats. Adaptive relaxation increased with each increment of the balloon pres-
sure. A positive correlation was observed between the pressure and the adaptive relax-
ation. Values represent the mean ± standard error of the mean (SEM) (n = 5).

Fig. 3. Effects of orally administered amino acids on gastric adaptive relaxation in rats. Gas-
tric adaptive relaxation was expressed as a percentage of that in control rats. In the 
control rats, gastric adaptive relaxation was 0.57 ± 0.11 ml at 8 mmHg. Values were ex-
pressed as the percentage of the control at 8 mmHg, and represent the mean ± standard 
error of the mean (SEM) (n = 5 or 6). *: Significant difference observed as compared 
with control (P<0.05).
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The chemical structure of the amino acids and their respective values of gastric adaptive relaxation are 
shown in Fig. 4. The shorter alkyl chain amino acids, glycine and l-serine, significantly enhanced gastric adap-
tive relaxation. On the contrary, the longer alkyl chain amino acids, l-alanine and l-threonine, as compared 
with glycine and l-serine, respectively, did not enhance gastric adaptive relaxation. Similarly, the branched 
chain amino acids having longer alkyl chains when compared with glycine and l-serine also did not enhance 
gastric adaptive relaxation.

Fig. 4. Chemical structures of the amino acids and their gastric adaptive relaxation as a percentage of the 
control value. Values represent the mean ± standard error of the mean (SEM) (n = 5 or 6).
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Effects of intravenously administered glycine and l-serine on the gastric adaptive relaxation
The effects of intravenously administered glycine and l-serine on gastric adaptive relaxation are shown in 

Fig. 5. The balloon volume increased gradually and reached a plateau within 3 min. In the control rats, adap-
tive relaxation was 0.30 ± 0.03 ml. Glycine and l-serine significantly enhanced the gastric adaptive relaxation 
(Fig. 5).

Discussion

As compared with the control, glycine and l-serine significantly enhanced the gastric adaptive relaxation 
when administered both orally and intravenously. This did not occur with the other amino acids used in the 
present study. These findings clearly demonstrate that the calorific content of amino acids is not involved at 
all in the enhancement of gastric adaptive relaxation, because all amino acids were administered orally at the 
same dosage of 1 g/kg (4 Kcal/kg). In addition, it was found that none of the amino acids tested significantly 
inhibited gastric adaptive relaxation.

Nitric oxide (NO) has been accepted as a mediator of gastric adaptive relaxation. Adaptive relaxation 
has been known to be mediated by capsaicin sensitive afferent nerves. Lee et al. (10) reported that acute ad-
ministration of capsaicin decreased proximal gastric tone and inhibited phasic contractility of the proximal 
stomach in humans. We have also reported that NO plays an important role in the gastric adaptive relaxation 
in the rat stomach as reported previously using a barostat (9). Tonini et al. (11) also reported a role for NO- and 
vasoactive intestinal peptide-containing neurones in the relaxation of human gastric fundus strips. Desai et 
al. (5) reported that adaptive relaxation in the isolated stomach of guinea pigs is mediated by a nonadrenergic 
and noncholinergic neurotransmitter substance indistinguishable from NO and derived from l-arginine by 
NO synthase. These findings show that NO may be involved in the enhancement of gastric adaptive relaxation 
by glycine and l-serine. Pretreatment with the Nω-nitro-l-arginine methyl ester, NO synthase inhibitor, may 
clarify the mechanism involved in the adaptive relaxation caused by glycine and l-serine in this study. How-

Fig. 5. Effects of intravenously administered glycine and L-serine on gastric adaptive 
relaxation in rats. In control rats, gastric adaptive relaxation was 0.30 ± 0.03 ml 
at 8 mmHg. Significant differences were observed following intravenous admin-
istration of both glycine and L-serine (P<0.05 and P<0.01, respectively). Values 
represent the mean ± standard error of the mean (SEM) (n = 4).
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ever, pretreatment with Nω-nitro-l-arginine methyl ester significantly inhibited the gastric adaptive relaxation 
as reported by us using our experimental system (9). Thus, further evaluation would be needed to clarify the 
mechanism involved in producing the effects of glycine and l-serine using another method, such as in vitro 
studies of preparations of the fundus of the stomach.

Nagahama et al. (12) reported that orally administered glycine was highly effective against acid reflux 
esophagitis in rats. This finding may show that glycine would enhance gastric adaptive relaxation and inhibit 
reflux esophagitis. Li et al. (13) found that glycine had a protective effect on cisplatin nephrotoxicity and that 
this efficacy was inhibited by treatment with Nω-nitro-l-arginine methyl ester, suggesting the involvement of 
NO. However, Nagahama et al. (12) found that NO was not involved in the efficacy of glycine against acid re-
flux esophagitis, because the efficacy was not influenced by the prior subcutaneous administration of Nω-nitro-
l-arginine methyl ester. Therefore, glycine may not enhance gastric adaptive relaxation via a NO pathway.

Glycine has been known to be converted to serine by serine hydroxymethyltransferase (14). Therefore, the 
enhancement of gastric adaptive relaxation by glycine may in fact be caused by l-serine derived from glycine. 
In the present study, l-serine also significantly enhanced gastric adaptive relaxation. Mishra et al. (15) reported 
that l-serine was a potential antihypertensive agent in chronic Nω-nitro-l-arginine methylester-treated and 
spontaneously hypertensive rats, supporting our relaxant effect of the gastric smooth muscle by l-serine, even 
though in experimental tissue from different organs. On the contrary, Mishra et al. (15) reported that glycine, 
the precursor of l-serine, increased blood pressure in chronic Nω-nitro-l-arginine methylester-treated and 
spontaneously hypertensive rats. In the present study, both l-serine and glycine significantly enhanced the 
gastric adaptive relaxation. Therefore, glycine may not cause the enhancement of gastric adaptive relaxation 
as a result of its conversion to l-serine.

Yim et al. (16) reported the expression of a functional glycine receptor chloride channel that attenuates 
contraction induced by both a tachykinin and acetylcholine in airway smooth muscle. Therefore, the mecha-
nism of enhancement of adaptive relaxation by glycine may be explained by the presence of glycine receptor 
chloride channels. However, further studies are needed to clarify the mechanisms involved in the enhancement 
of gastric adaptive relaxation by glycine or l-serine.

With regard to the correlation between the chemical structures and gastric adaptive relaxation, it would 
appear that the shortest alkyl chain amino acids, glycine and l-serine, enhance gastric adaptive relaxation, as 
the longer alkyl chain amino acids, l-alanine, l-threonine, l-leucine, l-isoleucine and l-valine, did not show 
significant effects on the gastric adaptive relaxation (Fig. 4). Therefore, a short alkyl chain may be effective 
on the enhancement of gastric adaptive relaxation. However, we reported that l-tryptophan significantly en-
hanced gastric adaptive relaxation (3). l-tryptophan has an aromatic ring, but not an alkyl chain. To elucidate 
the speculation that a molecule with a short alkyl chain may be effective in the enhancement of gastric adaptive 
relaxation, many other compounds having a longer alkyl chain would need to be evaluated for their capacity to 
produce gastric adaptive relaxation.

Sanaka et al. (17) reported that delayed gastric emptying may cause the gastric adaptive relaxation which 
occurs with proton pump inhibitor therapy, suggesting that the enhancement of gastric adaptive relaxation 
induces the delay of gastric emptying. In addition, we also found that l-tryptophan may inhibit gastric empty-
ing through the enhancement of gastric adaptive relaxation (3). These reports suggest that inhibition of gastric 
emptying may relate to the enhancement of gastric adaptive relaxation. However, a correlation between gastric 
emptying and gastric adaptive relaxation has not been clarified for amino acids other than l-tryptophan as 
reported by us (3).

We have previously evaluated the effects of these same amino acids on gastric emptying with the breath 
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test using [1-13C]acetic acid, and found that l-serine significantly delayed gastric emptying. The Tmax and 
Cmax values were significantly delayed and decreased, respectively, as compared with control, but the AUC-

120min value was not. In addition, glycine also significantly delayed and inhibited gastric emptying, with a 
significant decrease in the Cmax and AUC120min as well as a significant delay in the Tmax as compared with 
the control (4). Then, we analyzed the correlation between gastric adaptive relaxation and gastric emptying. 
By adding the data for the Tmax values and the gastric adaptive relaxation cited from these previous studies to 
the present results, a significant positive correlation between the gastric adaptive relaxation and Tmax values 
was found as shown in Fig. 6 (r = 0.861, P< 0.01). However, the other pharmacokinetic parameters, Cmax and 
AUC120min values did not show a significant correlation with gastric adaptive relaxation (data not shown). These 
findings may show that enhancement of gastric adaptive relaxation delays gastric emptying, although these 
amino acids might have a direct effect on the function of the antrum.

In conclusion, the present results show that glycine and l-serine significantly enhanced gastric 
adaptive relaxation and that the other amino acids used in the present study did not significantly 
influence it. Therefore, glycine and l-serine may become useful in the therapy of functional dys-
pepsia, especially for early satiety, because one of the causes of early satiety is dysfunction of gas-
tric adaptive relaxation. Moreover, it was found that there was a positive correlation between the 
enhanced gastric adaptive relaxation and the inhibition of gastric emptying as evaluated by the 
breath test, suggesting that enhanced gastric adaptive relaxation delays gastric emptying. 
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Fig. 6. Correlation in rats between gastric adaptive relaxation and Tmax, one of the pa-
rameters for gastric emptying. By adding the data of Tmax value and gastric adap-
tive relaxation cited from our previous studies to the present results, a significant 
positive correlation was obtained between Tmax values and gastric adaptive relax-
ation (P<0.01). Open circle represents control values.
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