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Abstract: Gamma-aminobutyric acid (GABA) is present in the mammalian brain as the main in-
hibitory neurotransmitter and in foods. It is widely used as a supplement that regulates brain
function through stress-reducing and sleep-enhancing effects. However, its underlying mechanisms
remain poorly understood, as it is reportedly unable to cross the blood-brain barrier. Here, we
explored whether a single peroral administration of GABA affects feeding behavior as an evaluation
of brain function and the involvement of vagal afferent nerves. Peroral GABA at 20 and 200 mg/kg
immediately before refeeding suppressed short-term food intake without aversive behaviors in mice.
However, GABA administration 30 min before refeeding demonstrated no effects. A rise in circulating
GABA concentrations by the peroral administration of 200 mg/kg GABA was similar to that by the
intraperitoneal injection of 20 mg/kg GABA, which did not alter feeding. The feeding suppression by
peroral GABA was blunted by the denervation of vagal afferents. Unexpectedly, peroral GABA alone
did not alter vagal afferent activities histologically. The coadministration of a liquid diet and GABA
potentiated the postprandial activation of vagal afferents, thereby enhancing postprandial satiation.
In conclusion, dietary GABA activates vagal afferents in collaboration with meals or meal-evoked
factors and regulates brain function including feeding behavior.

Keywords: GABA; dietary GABA; vagal afferents; nodose ganglion; food intake; postprandial
satiation; vagotomy; capsaicin-sensitive sensory nerves; ERK

1. Introduction

Gamma-aminobutyric acid (GABA), a four-carbon nonproteinogenic amino acid, is
found in the mammalian brain [1] and serves as the main inhibitory neurotransmitter [2].
GABA is also naturally present in various foods, such as tea, soybean, germinated rice,
some vegetables and fruits, and some fermented foods [3-5]; it is acquired from our
daily normal diet. Recently, it has been manufactured and widely used as a dietary
supplement. Previous studies in human trials demonstrated that dietary GABA induces
antihypertensive effects [6], alleviates anxiety [7], and improves sleep quality [8] and
cognitive functions [9,10]. As a result, GABA is blended into many functional foods
and is sold worldwide including in Europe, the United States, and Asia. Despite the
regulation of brain functions such as relaxation, sleep, and cognitive functions by dietary
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GABA intake, GABA has long been thought to be unable to cross the blood-brain barrier
(BBB) [11-13]. Therefore, the mechanisms underlying the beneficial effects of GABA remain
poorly understood.

The hypothalamus plays a crucial role in the control of the stress response, sleep, and
feeding. Its activity is robustly regulated by peripheral information via two distinct routes,
blood-mediated humoral pathways and sensory nerve-mediated neural pathways [14,15].
Vagal afferent neurons have their cell bodies in bilateral nodose ganglia (NGs) and bipolarly
project to peripheral organs and the nucleus tractus solitarius (NTS)/the area postrema (AP)
in the brainstem [16-18]. Meal-associated gastrointestinal and pancreatic hormones such as
cholecystokinin, glucagon-like peptide-1, and insulin are elevated in circulation during the
postprandial phase and are involved in inducing satiation or feeding suppression [14,15,19].
However, the transfer of these gastrointestinal or pancreatic hormones to the brain is
tightly restricted by the BBB [14,15]. The branch terminals of vagal afferents sense these
gastrointestinal or pancreatic hormones, thereby inducing satiation [14,15]. Therefore,
dietary GABA, which is unable to cross the BBB, might act on the brain via vagal afferent
neural pathways.

The present study aimed to clarify whether a single GABA administration by oral
gavage affects brain function via vagal afferent nerves in mice. First, we examined changes
in circulating GABA concentrations after peroral (po) GABA administration compared
with its intraperitoneal (ip) administration. Next, we investigated the effects of po GABA
injection on feeding behavior as an evaluation of brain function and examined the expres-
sion of phosphorylated extracellular signal-regulated kinase 1 and 2 (pERK1/2) in the
NG, NTS, and AP. Phosphorylated ERK1/2 are known as cellular or neuronal activity
markers because they are elevated by membrane depolarization and Ca?* influx in PC12
cells [20], brain neurons [21-23], primary afferent (dorsal root ganglion) neurons [24], and
nodose ganglion [19,25-30]. Furthermore, we examined whether the effects of GABA on
feeding and pERK1/2 expression were counteracted by subdiaphragmatic vagotomy and
the chemical denervation of capsaicin-sensitive sensory nerves. We found that po GABA
administration immediately before refeeding suppressed food intake via vagal afferent
nerves. However, the po administration of GABA alone did not change pERK1/2 expres-
sion in vagal afferent nerves, and po GABA 30 min before refeeding failed to decrease food
intake. Therefore, we finally investigated the effect of GABA's interaction with the diet on
feeding regulation via vagal afferent nerves.

2. Materials and methods
2.1. Materials

GABA (>95% purity) was obtained from Pharma Foods International Co., Ltd. (Kyoto,
Japan). Capsaicin (>93.0% purity, as capsaicinoids including capsaicin and dihydrocap-
saicin), lithium chloride, and saccharin sodium dihydrate were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Liquid diet Ensure-H (EnsureH) was acquired
from Abbott Japan (Tokyo, Japan).

2.2. Animals

Male C57BL/6] mice were purchased from the Japan Charles River Laboratory Japan (Yoko-
hama, Japan) and housed for at least 1 week under controlled temperature (22.5 °C £ 2°C),
humidity (55% =+ 10%), and light (light phase; 7:30-19:30). Standard chow (CE-2, CLEA
Japan, Tokyo, Japan) and water ad libitum were available to the mice. The animal experi-
ments were carried out after receiving approval from the Institutional Animal Experiment
Committee of the Kyoto Prefectural University and in accordance with the Institutional
Regulations for Animal Experiments.

2.3. Measurement of Plasma GABA Concentration in the Postcaval Vein

Blood samples were collected from the postcaval vein of mice fasted for 5 h (9:00-14:00)
under isoflurane anesthesia at 0, 15, 30, 60, 90, and 120 min after po (200 mg/kg, 10 mL/kg)
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or ip (20 or 200 mg/kg, 10 mL/kg) GABA administration, respectively. GABA was dis-
solved in saline. For oral administration, the solution was injected directly into the stomach
using a stainless-steel feeding needle. The blood-sampling syringe contained heparinized
saline (final concentration; 50 IU/mL). Plasma was collected after centrifugation (3000 rpm
for 15 min at 4 °C) and stored at —80 °C until analysis. Then, plasma samples were mixed
one—to—one with 5% 5-sulfosalicylic acid and then centrifuged at 12,500 rpm for 5 min.
The supernatants were filtrated (0.45 um) and transferred to HPLC vials. The GABA
concentration in the plasma was analyzed using an LCMS-8045 mass spectrometer with
a Prominence UFLC (Shimadzu Co., Kyoto, Japan) connected to an Intrada Amino Acid
column (100 x 3 mm, Imtakt Co., Kyoto, Japan). The solvent system was a gradient of sol-
vent A (acetonitrile/formic acid = 100/0.1) and solvent B (acetonitrile/100 mM ammonium
formate = 20/80), the flow rate was 0.6 mL/min, and the following gradient was applied:
20% B in 0—4 min, 20%-100% B linear in 4-14 min, 100% B in 14-16 min. The injection
volume was 5 pL for all samples, and the mass spectrometer was operated in positive mode.
The amount of GABA in the samples (ug/mL plasma) was determined using a standard
curve (GABA at 1.92, 9.6, 48, 240, and 1200 ng/mL).

2.4. Measurements of Food Intake and Locomotor Activities

Mice were housed in individual cages and sufficiently habituated to a standard pow-
dered diet (CE-2, 3.4 kcal/g, CLEA Japan, Tokyo, Japan) in a feeding box (Shinano Manufac-
turing Co., Ltd., Tokyo, Japan) and to being handled for at least 1 week before experiments.
Mice, including intact mice, capsaicin-treated mice, and vagotomized mice, were deprived
of food from 18:00 with free access to water 1 day before the experiment (16 h fasting). On
the next day at 9:50, GABA (2, 20, or 200 mg/kg, 10 mL/kg, dissolved in saline) or saline
(10 mL/kg) was administrated po or ip, and CE-2 powdered diet was given at 10:00. The
feeding box, including powder food and food spillage, was weighted at 1, 2, 3, 6, and 24 h
after starting the test. The cumulative energy intake including food eaten (CE-2; 3.4 kcal/g)
and administered GABA (3.95 kcal/g) at each time was expressed.

In another experimental protocol for food intake, on experiment day at 9:20, GABA
(200 mg/kg, 10 or 40 mL/kg, dissolved in saline), liquid diet EnsureH (40 mL/kg), En-
sureH + GABA (EnsureH, 40 mL/kg; GABA, 200 mg/kg), or saline (10 or 40 mL/kg)
was administered by oral gavage to overnight-fasted mice. Then, 30 min after po injec-
tion, CE-2 powdered diet was provided at 10:00. EnsureH is a liquid diet that contains
1.5 kcal/mL with 14% of its metabolizable energy content as protein, 31.5% as fat, and
54.6% as carbohydrate.

Locomotor activity was estimated by the number of infrared beams broken in both X
and Y directions using an activity monitoring system (ACTIMO-100N; Shinfactory, Fukuoka,
Japan) combined with individual cages (size; W150 mm, D250 mm, H153 mm) with hanging
feeding baskets. A pellet CE-2 diet was used to measure locomotor activity. GABA was
perorally or intraperitoneally administered to overnight-fasted mice immediately before
refeeding, and food intake and locomotor activity were concomitantly measured.

2.5. Conditioned Taste Aversion Test

The conditioned taste aversion test was performed, as previously reported [31]. To
accustom mice to water deprivation schedules, they were allowed access to two water
bottles for 2 h (10:00-12:00) for 5 days. On the 6th day, mice were given 0.15% saccharine
instead of water for 0.5 h and were then injected with saline (10 mL/kg, po), GABA
(200 mg/kg, po), or lithium chloride (LiCl, 3 nmol, 20 mL/kg, ip). The 7th day was the rest
day, in which mice received free access to normal water for 2 h. On the 8th day, the 2-bottle
preference (0.15% saccharine vs. water) test was performed for 0.5 h. Conditioned taste
aversion was determined as a saccharine preference ratio: saccharine intake/total intake.
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2.6. Systemic Capsaicin Treatment

To impair the capsaicin-sensitive sensory nerves, systemic capsaicin treatment was
performed as described [26]. Mice were anesthetized with tribromoethanol (200 mg/kg,
ip) followed by the subcutaneous (sc) administration of capsaicin at 50 mg/kg (5 mL/kg,
solution composition: 10% ethanol, 10% Tween 80, and 80% saline). A second capsaicin
(50 mg/kg, 5 mL/kg, sc) injection was performed 2 days later, following the same protocol.
Finally, capsaicin (10 mg/kg, 10 mL/kg, ip) was injected into conscious mice 2 days later.
A total of 5 to 10 days after the final treatment, feeding experiments (diet; powder CE-
2) were performed. It has already been confirmed that the capsaicin-sensitive sensory
nerve is denervated by this method [26]. After this experiment, to confirm whether the
capsaicin treatment was successful, an eye-wiping behavioral test was performed by
dropping capsaicin solution (0.5 mM in 5% DMSO, 10% Tween 80, and 85% saline), and
a feeding test by ip injection of cholecystokinin-8 (4 pug/kg ip, vagal afferents dependent)
was administered. In the capsaicin-treated mice, the number of eye-wipes significantly
decreased (41.3 £ 2.33 times in intact mice vs. 10.3 &£ 0.871 times in capsaicin-treated
mice, p < 0.01 by unpaired t-test), and cholecystokinin-induced anorexigenic effects were
abolished (0.453 £ 0.0368 g by saline ip vs. 0.380 % 0.0863 g by CCK ip in capsaicin-treated
mice, not significant).

2.7. Subdiaphragmatic Vagotomy

Bilateral subdiaphragmatic vagotomy was performed as described [31]. In brief, a
midline incision was executed to achieve a wide exposure of the upper abdominal organs
in mice anesthetized with tribromoethanol (200 mg/kg ip). The bilateral subdiaphragmatic
trunks of vagal nerves along the esophagus were exposed and cut. In the sham operation
group, these vagal trunks were exposed but not cut. Vagotomized and sham-operated
mice were maintained on a nutritionally complete milk diet for human babies (Chilmil,
Morinaga, Tokyo, Japan). One week after the operation, feeding experiments similar to the
above were performed using a liquid diet (0.64 kcal/mL). Successful subdiaphragmatic
vagotomy was confirmed by an increase in stomach weight, as previously reported [32].

2.8. Immunohistochemical Detection of pERK1/2 in the Nodose Ganglion, Medial Nucleus Tractus
Solitarius, and Area Postrema

GABA (200 mg/kg, 10 or 40 mL/kg), EnsureH (40 mg/kg), EnsureH + GABA (En-
sureH; 40 mL/kg, GABA; 200 mg/kg), or saline (10 or 40 mL/kg) was administered po
at 10:00 to C57BL/6] mice fasted overnight (16 h). At 30 min after injection, mice were
transcardially perfused with Zamboni’s solution (4% paraformaldehyde and 0.2 % picric
acid in 0.1 M phosphate buffer at pH 7.4) under anesthesia. Bilateral NGs and brains were
collected, postfixed in the same fixative for 2 and 4 h at 4 °C, respectively, and incubated in
phosphate buffer containing 30% sucrose for 48 h at 4 °C.

Longitudinal sections (10 pm) of NGs were cut at 60 um intervals using a precision
cryostat (Leica Microsystems, Wetzlar, Germany). Coronal sections (40 um) of the hind-
brain were cut at 120 pm intervals using a freezing microtome (Yamato Kohki Industrial
Co., Ltd., Saitama, Japan). Rabbit polyclonal antibodies against phospho-p44/42 MAPK
(Thr202/Tyr204, pERK1/2) (1/500; #9101; Cell Signaling Technology, Danvers, MA, USA)
and Alexa 488-conjugated goat antirabbit IgG (1/500; A11008; Thermo Fisher Scientific,
Waltham, MA, USA) were used for the detection of pERK1/2 in NG and medial NTS/AP.
Fluorescence images were acquired with an AxioObserver Z1 microscope and Axiocam
506 color camera (Zeiss, Oberkochen, Germany). Neurons immunoreactive to pERK1/2 in
medial NTS (bregma —7.32 to —7.76 mm) were counted and averaged per section. In NGs,
the number of pERK1/2-positive NG neurons in four sections per mouse was counted and
averaged. The average pERK1/2-IR fluorescence intensity per unit area in the AP was
analyzed using an imaging analysis system (NIH Image/Image] 1.50a).
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2.9. Statistical Analysis

All data are shown as means £ SEM. Statistical analysis was performed with a two-
tailed unpaired t-test or by one-way ANOVA. When ANOVA indicated significant differ-
ences among groups, those groups were compared using Dunnett’s or Tukey’s post hoc
test. All statistical analyses were performed using Prism 7 (GraphPad Software, San Diego,
CA, USA), and p < 0.05 was considered significant.

3. Results
3.1. The Ability to Increase Plasma GABA Concentration after po GABA Administration Is
Markedly Lower Than That after Ip Administration

Researchers reported that orally administered GABA is absorbed into the blood in
humans [8]. Here, we examined and compared the abilities to increase plasma GABA con-
centration after the po vs. ip administration of GABA. Ip injection of GABA at 200 mg/kg
markedly increased plasma GABA concentration at 15 and 30 min after injection, peak-
ing 15 min after (17,122 £ 1658 pg/mL at 15 min) and returning to baseline 60 min after
(Figure 1). Additionally, po GABA administration into the stomach using a stainless feeding
needle significantly elevated the plasma GABA concentration at 15 and 30 min after injec-
tion (7.26 & 1.43 ug/mL at 0 min, 218 £ 39.9 pg/mL at 15 min, and 162.5 + 41.4 pg/mL at
30 min, Figure 1). However, its peak value at 15 min after po injection was approximately
80-fold lower than that after ip administration (Figure 1). The potency of increasing plasma
GABA concentration in po GABA administration at 200 mg/kg was similar to or slightly
lower than that in ip GABA administration at 20 mg/kg (Figure 1). These results indicate
that the oral ingestion of GABA limits its absorption or entry into the circulating blood.

£

2 20,000- g -O- IP 200 mg/kg
g 15,000 + FAN -&-IP 20 mg/kg
£ 10,000- AN

£ 50001 [ g ~@ PO 200mgkg
® = |/ X

g 1000 ”1 i# \\
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g 5004 [/ \ \\

3 | e e
© 0' ______________ -8
§ 6 3'0 6'0 9I0 1I20
o Time after GABA injection (min)

Figure 1. Plasma GABA concentrations in mice administered with peroral (po) vs. intraperitoneal
(ip) GABA. Time course of GABA concentrations in the postcaval vein plasma after po administration
of GABA (200 mg/kg; closed circle) or ip injection of GABA (200 mg/kg; open circle, 20 mg/kg; open
triangle). n = 4-6. * p < 0.01 by one-way ANOVA followed by Dunnett’s test vs. 0 min in each group.
GABA: Gamma-aminobutyric acid.

3.2. Po GABA Administration Immediately before Refeeding Suppresses Food Intake without
Aversive Behavior

Oral GABA supplementation reportedly regulates brain functions including suppress-
ing stress and enhancing sleep [33]. Central neurons regulating stress and sleep, such
as corticotropin-releasing hormone-containing neurons and orexin neurons, also control
food intake. Therefore, to evaluate its regulation of brain function, we investigated the
effect of oral GABA on food intake. In overnight-fasted mice, po administration of GABA
at 20 and 200 mg/kg but not 2 mg/kg immediately before the start of refeeding slightly



Nutrients 2022, 14, 2492

6 of 15

[ Saline po

>

I GABA 2 mg/kg po

N w
h |

Periodical food intake
(kcal/period)

i

o

and significantly decreased food intake only during 0-0.5 h after injection (Figure 2A-C).
These periodic feedings during 0-0.5 h in both GABA groups (20 and 200 mg/kg) were
approximately 85% of those in the saline group (Figure 2B,C). Subsequently, cumulative
food intake at 24 h after po GABA returned to normal levels, and body weight was not
altered (data not shown). Several compounds exhibiting short-term feeding suppression
such as oleoylethanolamide [34] reportedly induce locomotor impairment or aversion. We
therefore examined the effects of po GABA 20 or 200 mg/kg on the locomotor activity and
taste aversion. Po administration of GABA (20 and 200 mg/kg) immediately before refeed-
ing reduced food intake during 0-0.5 h after injection but did not alter locomotor activity
(Figure 2D). In the taste aversion test, po GABA (200 mg/kg) or po saline did not influence
saccharine preference, unlike lithium chloride (Figure 2E). These results suggested that po
GABA administration induced satiation without aversion or locomotor impairment.
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Figure 2. Po GABA administration immediately before the start of refeeding suppresses food intake in
a dose-dependent manner without aversive behaviors. (A-C): Periodic food intake in response to the
po administration of GABA at 2 (A), 20 (B), or 200 mg/kg (C) or saline immediately before refeeding
in mice fasted overnight (16 h). Periodic food intake (kcal) for 0-0.5 h after GABA injection includes
the energy from eaten chow and injected GABA. The amount of energy in GABA was calculated
as 3.95 kcal/g. Therefore, the energy GABA administered at 2, 20, and 200 mg/kg to the mice was
0.163 £ 0.00473 (A), 1.69 £ 0.0392 (B), and 15.8 & 0.219 (C) cal per mouse, respectively. * p < 0.05
by unpaired f-test. (D): Periodic food intake (left) and locomotor activity (right) in response to po
administration of GABA 20 or 200 mg/kg immediately before refeeding in mice fasted overnight
(16 h). * p < 0.05 by one-way ANOVA followed by Tukey’s test. n = 7. (E): In the taste aversion test,
saccharine preference was measured 2 days after the injection of saline (po), GABA (200 mg/kg, po),
or lithium chloride (LiCl, 3 mmol/kg, ip). ** p < 0.01 by one-way ANOVA followed by Tukey’s test.
n = 6-12. (F): Ip injection of GABA at 20 mg/kg immediately before refeeding did not change food
intake (left) or locomotor activity (right) in overnight-fasted mice. n = 6. GABA: Gamma-aminobutyric
acid. N.S.: not significant.
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Ip injection of GABA at 20 mg/kg demonstrated a similar capacity to increase plasma
GABA to that of po GABA administration at 200 mg/kg (Figure 1). In contrast, ip injection
of GABA at 20 mg/kg just before refeeding failed to decrease food intake (Figure 2F)
and did not change locomotor activity (Figure 2F). Therefore, the increases in circulating
GABA concentration after GABA administration might be not involved in GABA-induced
feeding suppression.

3.3. Feeding Suppression by Dietary GABA Supplementation Is Attenuated by the Chemical and
Surgical Denervation of Vagal Afferent Nerves

The vagal afferent nerves, which link several peripheral organs including the gas-
trointestinal tract and the brain, regulate food intake [14,15]. Therefore, we examined the
participation of vagal afferents in the suppression of food intake by po GABA administra-
tion. The GABA effects (200 mg/kg, po) of suppressing cumulative food intake during
0.5-6 h after injection in control intact mice (Figure 3A) were abolished in mice pretreated
with capsaicin subcutaneously (Figure 3B). Capsaicin is an agent that desensitizes the
capsaicin-sensitive sensory nerves including vagal afferents [35]. Po GABA administration
(200 mg/kg) immediately before refeeding significantly reduced cumulative milk-diet
intake during 0.5-3 h in control mice receiving a sham operation (Figure 3C). In contrast,
feeding suppression by GABA completely disappeared in subdiaphragmatic vagotomized
mice (Figure 3D). These results demonstrated that intact vagal afferents are necessary for
the anorexigenic effects of po GABA.

3.4. Po Administration of GABA Only without Feeding Does Not Alter Neural Activities in Vagal
Afferent Neurons

We investigated whether a single GABA administration by oral gavage increases the
expression of phosphorylated ERK1/2 (pERK1/2), as cellular/neuronal activity mark-
ers [19,24-30], in vagal afferent neurons. Po administration of GABA only at 200 mg/kg
did not change pERK1/2 expression in the neurons of right and left NGs 30 min after
injection (Figure 4A,B,G). Furthermore, po GABA did not alter the expression of pERK1/2
in the medial NTS and AP, which are the projection sites of the vagal afferents [16-18]
(Figure 4C-FH,I).

3.5. GABA-Supplemented Liquid Diet Enhances the Postprandial Activation of Vagal
Afferent Neurons

Although dietary GABA alone did not alter the expression of phosphorylated ERK1/2
in vagal afferent neurons, GABA administration immediately before refeeding suppressed
food intake via vagal afferents. Activation of a subclass of vagal afferents induces satiation
or suppresses food intake [15,19,36]. Therefore, we suspected that a simultaneous stimu-
lation with dietary GABA and a meal may induce vagal afferent activation and feeding
suppression. According to Figure 1, most GABA administered po might be absorbed or
metabolized from the gastrointestinal lumen within 30 min. The preadministration of
200 mg/kg GABA 30 min before refeeding did not alter food intake (Figure 5), contrasting
with the effects of administration just before refeeding (Figures 2C and 3A). These results
indicate that immediately administering GABA before meals is essential for suppressing
food intake, and the interaction between dietary GABA and meal-evoked factors might be
important for feeding regulation mediated by vagal afferents.

Next, we investigated whether adding GABA to meals enhances the meal-evoked
activation of vagal afferent nerves. Po administration of liquid diet EnsureH (40 mL/kg,
approximately 850 uL and 1.3 kcal per mouse) to overnight-fasted mice, compared with
saline (40 mL/kg), significantly increased the number of pERK1/2-positive neurons or
pERK1/2-immunoreactive fluorescence intensity in bilateral NGs, NTS, and AP by approx-
imately 1.5-fold (Figure 6A,B,D,E,G-I). These results indicate that meal intake activates
the vagal afferent-brain axis. The coadministration of EnsureH and GABA significantly
potentiated the meal-induced activation of the neurons in bilateral NGs, NTS, and AP,
and these values were approximately 2-3 times those of the saline group and significantly
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higher than those of the EnsureH group (Figure 6A-I). Additionally, no difference was
found in the activation of the left and right NGs by EnsureH + GABA (Figure 6G). These
results indicate that the simultaneous intake of GABA and a meal markedly activates vagal
afferents and innervating neurons.

A Intact mice B Capsaicin-treated mice
[ Saline po [ Saline po
= g El GABA 200 mg/kg po =3 El GABA 200 mg/kg po
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% 6 * % 6
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Figure 3. Peroral GABA administration suppresses food intake via vagal afferents. (A): Peroral
administration of GABA (200 mg/kg) immediately before refeeding significantly reduced food
intake in intact mice fasted overnight (16 h). n = 6. (B): The feeding suppression by po GABA
administration (200 mg/kg) immediately before refeeding was abolished in mice whose sensory
nerves including vagal afferent nerves were denervated by systemic treatment with capsaicin. n = 6.
(C,D): GABA (200 mg/kg, po) reduced cumulative milk-diet intake in sham-operated (C) but not
subdiaphragmatic vagotomized mice (D). n = 5-8. * p < 0.05, ** p < 0.01 by unpaired t-test. po, peroral.
GABA: Gamma-aminobutyric acid.
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Figure 4. A single po administration of GABA does not alter ERK1/2 phosphorylation in the nodose
ganglia (NGs), nucleus tractus solitarius (NTS), or area postrema (AP). A-D: Left NG (A,B) and
medial NTS and AP in the medulla (C,D) sections immunostained for pERK1/2 30 min after po
administration of 200 mg/kg GABA or saline to overnight-fasted mice. (EF): Extended pictures
of red squares in (C) to (D), respectively. Yellow arrowheads indicate pERK1/2-positive neurons.
Scale bar, 100 um. (G-I): The incidence of pERK1/2-positive neurons in the left and right NG
neurons (G) and the number of them in the bilateral NTS neurons (H). The fluorescence intensity of
pERK1/2-immunoreactivity per unit area in AP is indicated in I. n = 4. DMV, dorsal motor nucleus
of vagus nerves. po, peroral. GABA: Gamma-aminobutyric acid. Dotted line: borderline indicating

brain region.
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Figure 5. The preadministration of GABA 30 min before refeeding did not alter food intake.
A single po administration of GABA at 200 mg/kg 30 min before refeeding failed to decrease
food intake in overnight-fasted mice. n = 12. At —0.5 h, the value of saline group is 0 and that
of GABA is 0.0174 £ 0.000278 kcal, which are the energy values of the injected solution. po, peroral.
GABA: Gamma-aminobutyric acid.
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Figure 6. The coadministration of liquid diet EnsureH and GABA potentiates the postprandial
activation of neurons in nodose ganglia (NGs), nucleus tractus solitarius (NTS), and area postrema
(AP). (A-F): Left NG (A-C) and medial NTS and AP in the medulla (D-F) sections immunostained for
ERK1/2 phosphorylation 30 min after po administration of EnsureH (40 mL/kg), EnsureH + GABA
(40 mL/kg and 200 mg/kg), or saline (40 mL/kg) in overnight-fasted mice. Scale bar, 100 pm.
(G-I): The incidence of pERK1/2-positive neurons in the left and right NG neurons (G) and the num-
ber of them in the bilateral NTS neurons (H). The fluorescence intensity of pERK1/2-immunoreactivity
per unit area in AP is indicated in I. * p < 0.05, ** p < 0.01 by one-way ANOVA followed by Tukey’s
test. n = 4. DMV, dorsal motor nucleus of vagus nerves. po, peroral. GABA: Gamma-aminobutyric
acid. Dotted line: borderline indicating brain region. EnsureH+, po administration of EnsureH (gray
columns). GABA+, po administration of EnsureH containing GABA (black columns). EnsureH- and
GABA-, po administration of saline (white columns).

3.6. The Coadministration of GABA and Liquid Diet Prevents Overeating via Capsaicin-Sensitive
Sensory Nerves Including Vagal Afferents

Finally, we investigated whether the coadministration of GABA and a liquid diet sup-
presses food intake via sensory nerves including vagal afferents. Po GABA administration
(200 mg/kg, 40 mL/kg) alone 30 min before refeeding, compared with saline (40 mL/kg,
po), did not alter food intake in normal overnight-fasted mice (Figure 7A,B). In Figure 7A,B,
control mice administered saline consumed food containing approximately 1.3 kcal for
0.5 h after refeeding (Figure 7A,B, white bar). Then, we preadministered EnsureH with ap-
proximately 1.3 kcal (40 mL/kg, approximately 850 uL) into overnight-fasted mice 30 min
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before refeeding and measured food intake sequentially. Unexpectedly, EnsureH pread-
ministration alone did not change periodic food intake for 1-6 h after refeeding (Figure 7B),
thereby inducing overeating until 6 h after refeeding (Figure 7A). This result indicates that
meal intake by oral gavage exhibits a low potency to induce satiation. In contrast, the
coadministration of EnsureH (40 mL/kg) and GABA (200 mg/kg) by oral gavage 30 min
before refeeding remarkably suppressed food intake for 0-0.5 h after refeeding and thereby
prevented overeating (Figure 7A,B). The feeding suppression by EnsureH + GABA was
completely blunted in systemic capsaicin-treated mice (Figure 7C). These results suggest
that the coadministration of GABA and a liquid diet potentiates meal-evoked satiation and
prevents overeating via sensory nerves including vagal afferents.
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—_ [ saline [ Saline
'g [ GABA Il EnsureH
= Il EnsureH ’—‘; EnsureH + GABA
2 EnsureH + GABA o
3 257 .. " = 8-
] (]
dk ek x
< 2.0 N - ]Ir S 6l *
2 Y E
£ 18 Al ] B4
> 4 7
3 1.01| [/ AR 7~
= % 7
o ’ “1 T I T ’ o 2]
G 051 W % 9 7
2 VB VWL ¥ &
© % % % 7 I
4 (3] /] /] fa = § 0_ 4
3 6 & g -05 05 1 2 3 6
% Time after refeeding (h) o Time after refeeding (h)
o

Figure 7. The coadministration of liquid diet EnsureH and GABA markedly prevents overeating
through sensory nerves including vagal afferents. (A,B): Po administration of only GABA (200 mg/kg,
40 mL/kg) 30 min before refeeding, compared with saline (40 mL/kg, po), did not alter food intake
in intact mice fasted overnight. The preadministration of only EnsureH (40 mL/kg) by oral gavage
30 min before refeeding did not alter food intake (B), thereby increasing cumulative food intake and
inducing overeating until 6 h after refeeding (A). The coadministration of EnsureH (40 mL/kg) and
GABA (200 mg/kg) markedly suppressed food intake for 0-0.5 h after refeeding (B) and thereby
prevented overeating (A). n = 5-6. (C): In capsaicin-treated mice, the simultaneous administration
of EnsureH (40 mL/kg) and GABA (200 mg/kg) failed to decrease food intake. n = 11. * p < 0.05,
** p < 0.01 by one-way ANOVA followed by Tukey’s test. GABA: Gamma-aminobutyric acid.

4. Discussion

Dietary GABA demonstrates beneficial effects on brain function, such as relieving anx-
iety and improving sleep quality [33]. Since GABA reportedly cannot cross the BBB [11-13],
its underlying mechanisms remain poorly understood. Here, we found that a single po
GABA administration at 200 mg/kg suppressed short-term food intake without aversive
behaviors in mice. The increase in circulating GABA concentration after po GABA adminis-
tration at 200 mg/kg was similar to that after ip GABA injection at 20 mg/kg, which did
not change food intake. Therefore, these results indicate that the elevation of blood GABA
concentration is not involved in feeding regulation by dietary GABA. The suppression
of feeding by po GABA was blunted by the chemical denervation of capsaicin-sensitive
sensory nerves and surgical subdiaphragmatic vagotomy. However, po administration
of GABA alone did not alter pERK1/2 expression as cellular /neural activity markers in
vagal afferents and innervating brain sites including NTS and AP. Furthermore, we found
that po GABA immediately before refeeding suppressed food intake, but po GABA 30 min
before refeeding failed to decrease food intake. These results suggest that dietary GABA
interacts with meal-evoked satiation and the postprandial activation of vagal afferents. We
found that the coadministration of liquid diet and GABA potentiated the postprandial acti-
vation of vagal afferent neurons and enhanced meal-evoked satiation, thereby preventing
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hyperphagia. Therefore, dietary GABA might cooperate with meal-evoked factors such as
nutrient and postprandial hormones to interact with vagal afferents, being relayed to brain
function including food intake suppression.

The ability to increase plasma GABA concentration after po GABA administration was
markedly lower than that after ip administration. However, the absorption and metabolism
of dietary GABA in the intestine have not been completely elucidated, whereas other
amino acids such as glutamate and aspartate in the diet are mostly catabolized by the
small intestinal mucosa, and their concentrations in circulating blood do not increase
markedly [37,38]. Therefore, circulating GABA concentrations do not markedly increase
by oral GABA intake, as most of it may be metabolized in the intestine and liver. GABA
is widely used as a supplement and medicine (GAMMALON Tablets 250 mg, Alfresa
Pharma Co., Ltd., Japan). No adverse effects of oral GABA (~5 g/day) ingestion have been
observed [10,39-41]. Conversely, muscimol, which is a potent GABA 4 receptor agonist,
is known as a psychoactive and toxic ingredient in the mushroom Amanita muscaria that
crosses the BBB [42]. Therefore, the high safety of dietary GABA may be because it does
not cross the BBB and because its blood levels are not easily elevated after its oral ingestion.

We found that a single po administration of GABA immediately before refeeding
induces satiation and suppresses food intake via the vagal afferent nerves. However, the
mechanism by which GABA acts on the vagal afferents remains unproved. GABA is a
major inhibitory neurotransmitter in the brain acting through either chloride-permeable
ionotropic GABA 5 or metabotropic GABAg receptors [43]. A quick search in the mice vagal
afferent atlas by single-cell RNA sequencing transcriptomic analysis from Kupari et al. [44]
seems to indicate that genes coding for GABA 5 and GABAg receptor subunits are expressed
in all or a subclass of these neurons. Previous experiments using ferrets showed that some
of the vagal afferent neurons expressed immunoreactivity for the GABAg receptor, which
is involved in the inhibition of gastric mechanical sensory activity [45]. On the other
hand, other studies reported that GABA depolarized the desheathed nerves isolated from
NGs via GABA4 receptor using in vitro electrophysiology [46,47]. Hence, these previous
findings of GABA action on the vagal afferents using different models and species do not
provide a unified explanation. In the present study, we demonstrated that a single po
administration of 200 mg/kg GABA at doses that suppress food intake did not increase
pERK1/2 expression in NG neurons in vivo. Furthermore, po administration of GABA
alone 30 min before refeeding failed to suppress food intake, whereas the combination
of liquid diet and GABA significantly increased pERK1/2 expression in NG neurons and
prevented overeating due to feeding suppression. These results suggest that po GABA
administration might act indirectly, but not directly, on the vagal afferent nerves. We suspect
that it might interact with meals or meal-evoked factors to enhance the postprandial
activation of vagal afferents. Many gastrointestinal and pancreatic hormones such as
cholecystokinin, glucagon-like peptide-1 (GLP-1), peptide YY, and insulin directly activate
vagal afferent neurons and induce satiation [14,15,19]. GLP-1 released by meals and food
ingredients, such as the rare sugar D-allulose, activate a subclass of vagal afferent neurons
expressing GLP-1 receptor, thereby inducing satiation, enhancing insulin secretion, and
regulating glucose metabolism [19,48]. GABA reportedly stimulated GLP-1 release from
the GLUTag cell line in an in vitro situation [49]. In vivo, simultaneous po administration
of liquid meal and GABA, but not GABA alone, robustly increased pERK1/2 expression as
cellular/neural activity markers in vagal afferent neurons. GLP-1 is rapidly degraded to
inactive form by dipeptidyl peptidase-4 (DPP-4), resulting in a short half-life of 1-2 min [50].
Therefore, it is possible that GABA may enhance GLP-1 action on the vagal afferents by
inhibiting DPP4 activity. The mechanism by which dietary GABA interacts with vagal
afferent nerves ought to be examined in future research.

Vagus nerve stimulation, which is a form of neuromodulation that utilizes an im-
plantable pulse generator, recently became an FDA-approved treatment for brain dysfunc-
tions such as epilepsy, depression, and obesity [15,49,51]. Additionally, dietary GABA
regulates brain function through its stress-reducing and sleep-enhancing activities. How-
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evet, its underlying mechanisms remain undemonstrated because GABA has long been
thought to not cross the BBB [33]. The present study demonstrates that dietary GABA
activates the vagal afferent nerves in collaboration with meal-evoked factors and regulates
brain function including feeding behavior. In other words, dietary GABA enhances the
postprandial activation of vagal afferents, thereby potentiating postprandial satiation. Re-
cent growing evidence has indicated that gut-brain signal-related vagal afferents and gut
microbiota influence emotional behaviors [52-55]; thus, dietary GABA might act on the gut—
brain axis to treat stress-related disorders. By clarifying the detailed mechanism of vagal
afferent activation by dietary GABA, the control of vagal nerve activity by dietary GABA
might become a useful tool for improving brain functions including feeding, metabolism,
and other mental functions.

Author Contributions: UN., T.N., AY.,, M.K. and Y.I. developed concept and designed the study.
UN,, TN, RS, JH., KO, MM. and Y.I. performed experiments. U.N., T.N., K.O. and Y.I. analyzed
data, prepared figures, interpreted the results of the experiments, and drafted the manuscript. All
of the authors edited the final draft. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by a grant from Pharma Foods International Co., Ltd. to Y.I.
Y.I. is supported by Core Research for Evolutional Science and Technology (CREST, grant number
JPMJCR21P1) and the Adaptable and Seamless Technology transfer Program through Target-driven
R&D (A-STEP, grant number JPMJTR20UT) from Japan Science and Technology Agency (JST) and the
Japan Agency for Medical Research and Development (AMED) under grant number JP 211m0203014.

Institutional Review Board Statement: All animal experiments were carried out after receiving
approval from the Institutional Animal Experiment Committee of the Kyoto Prefectural University
and in accordance with the Institutional Regulations for Animal Experiments (Approval number:
KPU030510-C, KPU030628-C, KPU030403-C).

Acknowledgments: We thank Tenko Shimizu, Mayu Toyooka, and Asuka Muto at Kyoto Prefectural
University for their excellent technical assistance.

Conflicts of Interest: U.N., R.S,, M.M.,, A.Y. and M.K. were employed by Pharma Foods International
Co., Ltd. Y.I. declares that this study received funding from Pharma Foods International Co., Ltd. The
funder provided the GABA and was partly involved in designing and performing the experiments,
data analysis, making figures, statistical analysis and manuscript preparation. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

References

1.  Roberts, E.; Frankel, S. Gamma-Aminobutyric acid in brain: Its formation from glutamic acid. J. Biol. Chem. 1950, 187, 55-63.
[CrossRef]

2. Krnjevic, K.; Schwartz, S. The action of gamma-aminobutyric acid on cortical neurones. Exp. Brain Res. 1967, 3, 320-336.
[CrossRef] [PubMed]

3. Diana, M.; Quilez, J.; Rafecas, M. Gamma-aminobutyric acid as a bioactive compound in foods: A review. J. Func. Foods 2014, 10,
407-420. [CrossRef]

4. Rashmi, D.; Zanan, R.; John, S.; Khandagale, K.; Nadaf, A. Chapter 13-y-aminobutyric acid (GABA): Biosynthesis, role, commercial
production, and applications. Stud. Nat. Products Chem. 2018, 57, 413-452.

5. Briguglio, M.; Dell’Osso, B.; Panzica, G.; Malgaroli, A.; Banfi, G.; Zanaboni Dina, C.; Galentino, R.; Porta, M. Dietary neurotrans-
mitters: A narrative review on current knowledge. Nutrients 2018, 10, 591. [CrossRef]

6. Shimada, M.; Hasegawa, T.; Nishimura, C.; Kan, H.; Kanno, T.; Nakamura, T.; Matsubayashi, T. Anti-hypertensive effect of gamma-
aminobutyric acid (GABA)-rich Chlorella on high-normal blood pressure and borderline hypertension in placebo-controlled
double blind study. Clin. Exp. Hypertens. 2009, 31, 342-354. [CrossRef]

7. Abdou, A.M.; Higashiguchi, S.; Horie, K.; Kim, M.; Hatta, H.; Yokogoshi, H. Relaxation and immunity enhancement effects of
gamma-aminobutyric acid (GABA) administration in humans. Biofactors 2006, 26, 201-208. [CrossRef]

8. Yamatsu, A.; Yamashita, Y.; Pandharipande, T.; Maru, I.; Kim, M. Effect of oral gamma-aminobutyric acid (GABA) administration
on sleep and its absorption in humans. Food Sci. Biotechnol. 2016, 25, 547-551. [CrossRef]

9.  Yamatsu, A.; Nakamura, U.; Saddam, H.M.; Horie, N.; Kaneko, T.; Kim, M. Improvement of memory and spatial cognitive function

by continuous ingestion of 100mg/day of y—aminobutyric acid (GABA)—a randomized, double—blind, placebo—controlled
parallel—group clinical trial—. Jpn. Phamacol. Ther. 2020, 48, 475-486.


http://doi.org/10.1016/S0021-9258(19)50929-2
http://doi.org/10.1007/BF00237558
http://www.ncbi.nlm.nih.gov/pubmed/6031164
http://doi.org/10.1016/j.jff.2014.07.004
http://doi.org/10.3390/nu10050591
http://doi.org/10.1080/10641960902977908
http://doi.org/10.1002/biof.5520260305
http://doi.org/10.1007/s10068-016-0076-9

Nutrients 2022, 14, 2492 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yamatsu, A.; Nakamura, U.; Saddam, H.M.; Horie, N.; Kaneko, T.; Kim, M. Intake of 200 mg/day of y—aminobutyric acid
(GABA) improves a wide range of cognitive functions—A randomized, double—blind, placebo—controlled parallel—group
clinical trial—. Jpn. Phamacol. Ther. 2020, 48, 461-474.

Roberts, E.; Lowe, LP; Guth, L.; Jelinek, B. Distribution of y-aminobutyric acid and other amino acids in nervous tissue of various
species. J. Exp. Zool. 1958, 138, 313-328. [CrossRef]

Van Gelder, N.M.; Elliott, K.A.C. Disposition of y-aminobutyric acid administered to mammals. . Neurochem. 1958, 3, 139-143.
[CrossRef] [PubMed]

Kuriyama, K.; Sze, P.Y. Blood-brain barrier to h3-y-aminobutyric acid in normal and amino oxyacetic acid-treated animals.
Neuropharmacology 1971, 10, 103-108. [CrossRef]

Iwasaki, Y.; Yada, T. Vagal afferents sense meal-associated gastrointestinal and pancreatic hormones: Mechanism and physiological
role. Neuropeptides 2012, 46, 291-297. [CrossRef]

Berthoud, H.R.; Neuhuber, W.L. Vagal mechanisms as neuromodulatory targets for the treatment of metabolic disease. Ann. NY
Acad. Sci. 2019, 1454, 42-55. [CrossRef]

Williams, E.K.; Chang, R.B.; Strochlic, D.E.; Umans, B.D.; Lowell, B.B.; Liberles, S.D. Sensory neurons that detect stretch and
nutrients in the digestive system. Cell 2016, 166, 209-221. [CrossRef]

Han, W.; Tellez, L.A.; Perkins, M.H.; Perez, 1.O.; Qu, T.; Ferreira, J.; Ferreira, T.L.; Quinn, D.; Liu, Z.W.; Gao, X.B.; et al. A neural
circuit for gut-induced reward. Cell 2018, 175, 665-678.623. [CrossRef]

Bai, L.; Mesgarzadeh, S.; Ramesh, K.S.; Huey, E.L.; Liu, Y.; Gray, L.A.; Aitken, T.J.; Chen, Y.; Beutler, L.R.; Ahn, ].S.; et al. Genetic
identification of vagal sensory neurons that control feeding. Cell 2019, 179, 1129-1143. [CrossRef]

Iwasaki, Y.; Sendo, M.; Dezaki, K.; Hira, T.; Sato, T.; Nakata, M.; Goswami, C.; Aoki, R.; Arai, T.; Kumari, P,; et al. GLP-1 release
and vagal afferent activation mediate the beneficial metabolic and chronotherapeutic effects of D-allulose. Nat. Commun 2018, 9,
113. [CrossRef]

Rosen, L.B.; Ginty, D.D.; Weber, M.].; Greenberg, M.E. Membrane depolarization and calcium influx stimulate MEK and MAP
kinase via activation of Ras. Neuron 1994, 12, 1207-1221. [CrossRef]

Chandler, L.J.; Sutton, G.; Dorairaj, N.R.; Norwood, D. N-methyl D-aspartate receptor-mediated bidirectional control of extracel-
lular signal-regulated kinase activity in cortical neuronal cultures. . Biol. Chem. 2001, 276, 2627-2636. [CrossRef] [PubMed]
Lindgren, N.; Goiny, M.; Herrera-Marschitz, M.; Haycock, ].W.; Hokfelt, T.; Fisone, G. Activation of extracellular signal-regulated
kinases 1 and 2 by depolarization stimulates tyrosine hydroxylase phosphorylation and dopamine synthesis in rat brain. Eur. J.
Neurosci. 2002, 15, 769-773. [CrossRef] [PubMed]

Baldassa, S.; Zippel, R.; Sturani, E. Depolarization-induced signaling to Ras, Rap1 and MAPKSs in cortical neurons. Brain Res. Mol.
Brain. Res. 2003, 119, 111-122. [CrossRef] [PubMed]

Dai, Y.; Iwata, K; Fukuoka, T.; Kondo, E.; Tokunaga, A.; Yamanaka, H.; Tachibana, T.; Liu, Y.; Noguchi, K. Phosphorylation
of extracellular signal-regulated kinase in primary afferent neurons by noxious stimuli and its involvement in peripheral
sensitization. J. Neurosci. 2002, 22, 7737-7745. [CrossRef] [PubMed]

Ayush, E.A.; Iwasaki, Y.; Iwamoto, S.; Nakabayashi, H.; Kakei, M.; Yada, T. Glucagon directly interacts with vagal afferent nodose
ganglion neurons to induce Ca?* signaling via glucagon receptors. Biochen. Biophys. Res. Commun. 2015, 456, 727-732. [CrossRef]
[PubMed]

Goswami, C.; Iwasaki, Y.; Yada, T. Short-chain fatty acids suppress food intake by activating vagal afferent neurons. J. Nutr.
Biochem. 2018, 57, 130-135. [CrossRef]

Meleine, M.; Mounien, L.; Atmani, K.; Ouelaa, W.; Bole-Feysot, C.; Guerin, C.; Depoortere, I.; Gourcerol, G. Ghrelin inhibits
autonomic response to gastric distension in rats by acting on vagal pathway. Sci. Rep. 2020, 10, 9986. [CrossRef]

Sakurai, J.; Obata, K.; Ozaki, N.; Tokunaga, A.; Kobayashi, K.; Yamanaka, H.; Dai, Y.; Kondo, T.; Miyoshi, K.; Sugiura, Y.; et al.
Activation of extracellular signal-regulated protein kinase in sensory neurons after noxious gastric distention and its involvement
in acute visceral pain in rats. Gastroenterology 2008, 134, 1094-1103. [CrossRef]

Kondo, T.; Obata, K.; Miyoshi, K.; Sakurai, J.; Tanaka, ].; Miwa, H.; Noguchi, K. Transient receptor potential A1 mediates gastric
distention-induced visceral pain in rats. Gut 2009, 58, 1342-1352. [CrossRef]

Teratani, T.; Mikami, Y.; Nakamoto, N.; Suzuki, T.; Harada, Y.; Okabayashi, K.; Hagihara, Y.; Taniki, N.; Kohno, K.; Shibata, S.;
et al. The liver-brain-gut neural arc maintains the Treg cell niche in the gut. Nature 2020, 585, 591-596. [CrossRef]

Iwasaki, Y.; Maejima, Y.; Suyama, S.; Yoshida, M.; Arai, T.; Katsurada, K.; Kumari, P.; Nakabayashi, H.; Kakei, M.; Yada,
T. Peripheral oxytocin activates vagal afferent neurons to suppress feeding in normal and leptin-resistant mice: A route for
ameliorating hyperphagia and obesity. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 308, R360-R369. [CrossRef] [PubMed]
Ono, A.; Okuma, Y.; Hosoi, T.; Nomura, Y. Effect of subdiaphragmatic vagotomy on bacterial DNA-induced IL-1beta expression
in the mouse hypothalamus. Brain Res. 2004, 1028, 233-237. [CrossRef] [PubMed]

Hepsomali, P.; Groeger, ].A.; Nishihira, J.; Scholey, A. Effects of oral gamma-aminobutyric acid (GABA) administration on stress
and sleep in humans: A systematic review. Front. Neurosci. 2020, 14, 923. [CrossRef] [PubMed]

Fedele, S.; Arnold, M.; Krieger, ].P.; Wolfstadter, B.; Meyer, U.; Langhans, W.; Mansouri, A. Oleoylethanolamide-induced anorexia
in rats is associated with locomotor impairment. Physiol. Rep. 2018, 6, €13517. [CrossRef]

Buck, S.H.; Burks, T.F. The neuropharmacology of capsaicin: Review of some recent observations. Pharmacol. Rev. 1986, 38,
179-226.


http://doi.org/10.1002/jez.1401380207
http://doi.org/10.1111/j.1471-4159.1958.tb12620.x
http://www.ncbi.nlm.nih.gov/pubmed/13621235
http://doi.org/10.1016/0028-3908(71)90013-X
http://doi.org/10.1016/j.npep.2012.08.009
http://doi.org/10.1111/nyas.14182
http://doi.org/10.1016/j.cell.2016.05.011
http://doi.org/10.1016/j.cell.2018.08.049
http://doi.org/10.1016/j.cell.2019.10.031
http://doi.org/10.1038/s41467-017-02488-y
http://doi.org/10.1016/0896-6273(94)90438-3
http://doi.org/10.1074/jbc.M003390200
http://www.ncbi.nlm.nih.gov/pubmed/11062237
http://doi.org/10.1046/j.1460-9568.2002.01901.x
http://www.ncbi.nlm.nih.gov/pubmed/11886455
http://doi.org/10.1016/j.molbrainres.2003.08.020
http://www.ncbi.nlm.nih.gov/pubmed/14597235
http://doi.org/10.1523/JNEUROSCI.22-17-07737.2002
http://www.ncbi.nlm.nih.gov/pubmed/12196597
http://doi.org/10.1016/j.bbrc.2014.12.031
http://www.ncbi.nlm.nih.gov/pubmed/25511693
http://doi.org/10.1016/j.jnutbio.2018.03.009
http://doi.org/10.1038/s41598-020-67053-y
http://doi.org/10.1053/j.gastro.2008.01.031
http://doi.org/10.1136/gut.2008.175901
http://doi.org/10.1038/s41586-020-2425-3
http://doi.org/10.1152/ajpregu.00344.2014
http://www.ncbi.nlm.nih.gov/pubmed/25540101
http://doi.org/10.1016/j.brainres.2004.09.006
http://www.ncbi.nlm.nih.gov/pubmed/15527749
http://doi.org/10.3389/fnins.2020.00923
http://www.ncbi.nlm.nih.gov/pubmed/33041752
http://doi.org/10.14814/phy2.13517

Nutrients 2022, 14, 2492 15 of 15

36.
37.
38.
39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

Krieger, ].P. Intestinal glucagon-like peptide-1 effects on food intake: Physiological relevance and emerging mechanisms. Peptides
2020, 131, 170342. [CrossRef]

Wu, G. Intestinal mucosal amino acid catabolism. J. Nutr. 1998, 128, 1249-1252. [CrossRef]

Tome, D. The roles of dietary glutamate in the intestine. Ann. Nutr. Metab. 2018, 73 (Suppl. 5), 15-20. [CrossRef]

Takahashi, H.; Sumi, M.; Koshino, F. Effect of gamma-aminobutyric acid (GABA) on normotensive or hypertensive rats and men.
Jpn. J. Physiol. 1961, 11, 89-95. [CrossRef]

Cavagnini, F; Benetti, G.; Invitti, C.; Ramella, G.; Pinto, M.; Lazza, M.; Dubini, A.; Marelli, A.; Muller, E.E. Effect of gamma-
aminobutyric acid on growth hormone and prolactin secretion in man: Influence of pimozide and domperidone. J. Clin. Endocrinol.
Metab. 1980, 51, 789-792. [CrossRef]

Sakashita, M.; Horie, K.; Iwaki, K. Safety evaluation of excessive intake of y-aminobutyric acid in healthy subjects -a randomized,
placebo-controlled, double-blind study-. Jpn. Phamacol. Ther. 2016, 44, 1639-1644.

Puschner, B. CHAPTER 72-Mushroom toxins. Vet. Toxicol. Basic Clin. Princ. 2007, 915-925.

Chebib, M.; Johnston, G.A. The “ABC” of GABA receptors: A brief review. Clin. Exp. Pharmacol. Physiol. 1999, 26, 937-940.
[CrossRef] [PubMed]

Kupari, J.; Haring, M.; Agirre, E.; Castelo-Branco, G.; Ernfors, P. An atlas of vagal sensory neurons and their molecular
specialization. Cell Rep. 2019, 27, 2508-2523.e2504. [CrossRef] [PubMed]

Smid, S.D.; Young, R.L.; Cooper, N.J.; Blackshaw, L.A. GABA(B)R expressed on vagal afferent neurones inhibit gastric mechanosen-
sitivity in ferret proximal stomach. Am. J. Physiol. Gastrointest. Liver. Physiol. 2001, 281, G1494-G1501. [CrossRef]
Ashworth-Preece, M.; Krstew, E.; Jarrott, B.; Lawrence, A.J. Functional GABAA receptors on rat vagal afferent neurones. Br. J.
Pharmacol. 1997, 120, 469-475. [CrossRef]

Wallis, D.I; Stansfeld, C.E.; Nash, H.L. Depolarizing responses recorded from nodose ganglion cells of the rabbit evoked by
5-hydroxytryptamine and other substances. Neuropharmacology 1982, 21, 31-40. [CrossRef]

Krieger, J.P; Arnold, M.; Pettersen, K.G.; Lossel, P.; Langhans, W.; Lee, S.J. Knockdown of GLP-1 receptors in vagal afferents
affects normal food intake and glycemia. Diabetes 2016, 65, 34—43. [CrossRef]

Gameiro, A.; Reimann, F; Habib, A.M.; O’'Malley, D.; Williams, L.; Simpson, A K.; Gribble, EM. The neurotransmitters glycine
and GABA stimulate glucagon-like peptide-1 release from the GLUTag cell line. ]. Physiol. 2005, 569, 761-772. [CrossRef]

Tian, L.; Jin, T. The incretin hormone GLP-1 and mechanisms underlying its secretion. J. Diabetes 2016, 8, 753-765. [CrossRef]
Wang, Y.; Zhan, G.; Cai, Z,; Jiao, B.; Zhao, Y.; Li, S.; Luo, A. Vagus nerve stimulation in brain diseases: Therapeutic applications
and biological mechanisms. Neurosci. Biobehav. Rev. 2021, 127, 37-53. [CrossRef] [PubMed]

Hou, X,; Rong, C.; Wang, F; Liu, X.; Sun, Y.; Zhang, H.T. GABAergic system in stress: Implications of GABAergic neuron
subpopulations and the gut-vagus-brain pathway. Neural. Plast. 2020, 2020, 8858415. [CrossRef] [PubMed]

Kim, S.; Kwon, S.H.; Kam, T.I.; Panicker, N.; Karuppagounder, S.S.; Lee, S.; Lee, ] H.; Kim, W.R.; Kook, M.; Foss, C.A,; et al.
Transneuronal propagation of pathologic alpha-synuclein from the gut to the brain models Parkinson’s disease. Neuron 2019, 103,
627-641. [CrossRef] [PubMed]

Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of
Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050-16055. [CrossRef]

Sgritta, M.; Dooling, S.W.; Buffington, S.A.; Momin, E.N.; Francis, M.B.; Britton, R.A.; Costa-Mattioli, M. Mechanisms underlying
microbial-mediated changes in social behavior in mouse models of autism spectrum disorder. Neuron 2019, 101, 246-259.
[CrossRef]


http://doi.org/10.1016/j.peptides.2020.170342
http://doi.org/10.1093/jn/128.8.1249
http://doi.org/10.1159/000494777
http://doi.org/10.2170/jjphysiol.11.89
http://doi.org/10.1210/jcem-51-4-789
http://doi.org/10.1046/j.1440-1681.1999.03151.x
http://www.ncbi.nlm.nih.gov/pubmed/10561820
http://doi.org/10.1016/j.celrep.2019.04.096
http://www.ncbi.nlm.nih.gov/pubmed/31116992
http://doi.org/10.1152/ajpgi.2001.281.6.G1494
http://doi.org/10.1038/sj.bjp.0700909
http://doi.org/10.1016/0028-3908(82)90207-6
http://doi.org/10.2337/db15-0973
http://doi.org/10.1113/jphysiol.2005.098962
http://doi.org/10.1111/1753-0407.12439
http://doi.org/10.1016/j.neubiorev.2021.04.018
http://www.ncbi.nlm.nih.gov/pubmed/33894241
http://doi.org/10.1155/2020/8858415
http://www.ncbi.nlm.nih.gov/pubmed/32802040
http://doi.org/10.1016/j.neuron.2019.05.035
http://www.ncbi.nlm.nih.gov/pubmed/31255487
http://doi.org/10.1073/pnas.1102999108
http://doi.org/10.1016/j.neuron.2018.11.018

	Introduction 
	Materials and methods 
	Materials 
	Animals 
	Measurement of Plasma GABA Concentration in the Postcaval Vein 
	Measurements of Food Intake and Locomotor Activities 
	Conditioned Taste Aversion Test 
	Systemic Capsaicin Treatment 
	Subdiaphragmatic Vagotomy 
	Immunohistochemical Detection of pERK1/2 in the Nodose Ganglion, Medial Nucleus Tractus Solitarius, and Area Postrema 
	Statistical Analysis 

	Results 
	The Ability to Increase Plasma GABA Concentration after po GABA Administration Is Markedly Lower Than That after Ip Administration 
	Po GABA Administration Immediately before Refeeding Suppresses Food Intake without Aversive Behavior 
	Feeding Suppression by Dietary GABA Supplementation Is Attenuated by the Chemical and Surgical Denervation of Vagal Afferent Nerves 
	Po Administration of GABA Only without Feeding Does Not Alter Neural Activities in Vagal Afferent Neurons 
	GABA-Supplemented Liquid Diet Enhances the Postprandial Activation of Vagal Afferent Neurons 
	The Coadministration of GABA and Liquid Diet Prevents Overeating via Capsaicin-Sensitive Sensory Nerves Including Vagal Afferents 

	Discussion 
	References

