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ARTICLE INFO ABSTRACT

Keywords: Kokumi taste-active compounds enhance salty taste perception. In animal models, sodium (salt) detection is
GSH mediated by the amiloride-sensitive epithelial sodium channel, ENaC. This ion channel works as a sodium re-
VEVG ceptor in the so-called sodium-taste cells. It is not known whether kokumi taste substances are able to affect the
Iizllz:ism activity of functional ENaCs in these cells. Here, we use the patch-clamp technique to study the effect of kokumi-
ENaC active tripeptides, glutathione (GSH) and y-glutamyl-valyl-glycine (EVG), on the ENaC-mediated membrane

Patch-clamp recording

current in rat fungiform sodium-taste cells. GSH and EVG reduced slightly this current and the effect disappeared

in the presence of amiloride, a specific ENaC blocker. No effect on membrane current was detected in other taste
cells (Type II and Type III cells) that do not express functional ENaC. Our findings suggest that the enhancing
effect of kokumi taste-active y-glutamyl peptides on salt reception is not explained by an increase in the activity

of ENaC.

1. Introduction

Sodium ion (Na™) is a necessary mineral for our bodies because it
regulates extracellular fluid osmolarity/volume and is involved in a
variety of physiological processes. The taste system is responsible for our
ability to detect Na* in foods: Na * elicits a specific sensation known as
salty taste, which guides the ingestion of this vital mineral [1]. However,
the widespread use of salt (NaCl) in food products to improve palat-
ability has unavoidably resulted in Na* consumption above physiolog-
ical requirements. Increased dietary sodium consumption contributes
significantly to the development of hypertension and related diseases
[2-4].

It is difficult to reduce salt content in foods without affecting flavor
and palatability because low sodium results in a poor savory taste and
increased bitterness [5,6]. One strategy for compensating for off-tastes
associated with salt reduction is to use so-called salty taste enhancers,
which are chemicals capable of increasing the sensation evoked by Na™
and thus making low-salt foods equally savory [7,8]. In recent years,
there has been a surge of interest in kokumi taste compounds, which
strongly enhance salty taste perception [9]. These substances,

y-glutamyl peptides such as y-glutamyl-cysteinyl-glycine (GSH, gluta-
thione) and y-glutamyl-valyl-glycine (EVG), and Maillard-reaction
peptides, are tasteless; however, they improve persistency and mouth-
fulness (mouth-filling sensation) and also enhance some primary taste
qualities, including salty taste [9-14]. How kokumi taste-active sub-
stances potentiate salt perception, however, is poorly understood.
Food Na™ is detected by specialized sensory cells on the tongue, the
taste cells, which use different mechanisms to detect varying salt con-
centrations [1]. In animal models, it is now well established that the
amiloride-sensitive epithelial sodium channel (ENaC) functions as a
specific sodium receptor when the salt concentration is < 150 mM [15,
16]. This concentration range is preferred by animals and liked by
humans [1]. Functional ENacC is found in a subset of taste cells known as
sodium-taste cells, which convert changes in salivary sodium concentra-
tion into an influx of Na® (i.e., an ionic current) into the cell. The
resulting membrane depolarization leads to action potential firing and
neurotransmitter release [16]. ENaC is also found in human taste tissue,
though its role as a sodium receptor is not fully understood [17].
There is evidence that small peptides can alter ENaC activity. Studies
on human ENaC functionally expressed in Xenopus oocytes have
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revealed that salt-taste-modulating substances such as the dipeptide
argininyl-arginine potentiate the ENaC-mediated sodium current [18].
Xu, Elkaddi, Garcia-Blanco et al. [19] found that some arginyl di-
peptides, which are potent salty taste enhancers [20], induce a signifi-
cant increase in the number of cultured human fungiform taste cells
responding to NaCl, most likely via ENaC. Furthermore, they found that
blocking calcium-sensing receptor (CaSR) had no effect on ENaC acti-
vation by arginyl dipeptides. These findings are significant because
CaSR is thought to function as a kokumi taste receptor [9,21,22] in taste
tissues [10,23-25].

Here we wanted to test if the well-known kokumi-active y-glutamyl
tripeptides, GSH and EVG [9,26], enhanced the activity of ENaC as
arginyl dipeptides did. We used patch-clamp recording to monitor
functional ENaC in sodium-taste cells from the rat fungiform papillae.
These salt-detecting cells were functionally identified by exploiting the
known inhibitory effect of the diuretic drug, amiloride [27,28].

2. Materials and methods
2.1. Ethical approval

Experiments were performed in compliance with the Italian law on
animal care No. 116/1992, and in accordance with the European
Community Council Directive (EEC/609/86). This study was approved
by the institutional review board, ‘Organismo Preposto al Benessere
degli Animali (OPBA)’.

2.2. Animals

Sprague-Dawley rat represents an animal model for salt taste, e.g.
Ref. [29]. Thus, we used Sprague-Dawley rats, male and female, 50-70
days of age, 200-350 g of weight. Animals were housed 2 per cage on a
12-h light/dark cycle in climate-controlled conditions with ad libitum
access to water and food. To isolate taste tissue, animals were deeply
anesthetized by inhalation of isoflurane (Merial Italia, Milan, Italy), and
then euthanized by cervical dislocation.

2.3. Fungiform taste cells

Electrophysiological experiments were performed on single taste
cells in isolated taste buds. The procedure to isolate taste buds from rat
fungiform papillae closely followed published protocols, e.g Refs.
[30-32]. In brief, the tongue was injected with an enzyme cocktail
containing: 1 mg collagenase A (Merck, Milan, Italy), 2.5 mg dispase II
(Merck), and 1 mg trypsin inhibitor type I-S (Merck) in 1 mL of Tyrode
solution (see below). The tongue was incubated in divalent-free Tyrode
solution for 30-40 min at 25 °C with air bubbling. The lingual epithe-
lium was then gently peeled away from the underlying tissue. The iso-
lated epithelium was placed in a Sylgard-lined Petri dish and examined
under a dissecting microscope for the presence of fungiform taste buds.
During taste bud isolation, amiloride (10 pM) was added to all solutions
to avoid enzymatic degradation of ENaCs, e.g. Ref. [30]. Taste buds were
plated on the bottom of a chamber consisting of a standard glass slide
onto which a silicon ring 1-2 mm thick and 15 mm ID was pressed. We
used glass slides pre-coated with poly-lysine (Fisher Scientific, Milan,
Italy) to improve adherence of isolated taste buds to the bottom of the
chamber. The chamber was placed on the stage of an upright Olympus
microscope (model BHWI), and taste buds were viewed with Nomarski
optics using a water immersion objective. During the experiments, iso-
lated taste buds were continuously bathed with Tyrode’s solution
(containing in mM: 140 NaCl, 5 KCl, 2 CaCly, 1 MgCl,, 10 glucose, 10
sodium pyruvate, and 10 HEPES; pH 7.4) by means of a gravity-driven
system.
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2.4. Patch-clamp recording

Whole cell patch-clamp recordings were made from cells in isolated
taste buds as described previously, e.g Refs. [30-32]. Signals were
filtered at 5 kHz with the patch-clamp amplifier (Axopatch 1-D; Mo-
lecular Devices, Sunnyvale, CA). The sampling rate was adjusted to the
type of membrane current: 100 kHz for fast currents (such as
voltage-gated sodium currents) and 100 Hz for slow currents (such as
amiloride responses). Data were acquired and analyzed with the
PCLAMP9 software (Molecular Devices). Recording pipettes were made
from soda lime glass capillaries (Globe Scientific, Paramus, NJ) on a
2-stage vertical puller (PP-830, Narishige, Tokyo, Japan). Typical
pipette resistances were 2-3 MQ when filled with a standard pipette
solution containing (in mM) 120 CsCl, 1 CaCl2, 2 MgCI2, 10 HEPES, 11
EGTA, and 2 ATPNay, pH 7.2 adjusted with CsOH. The liquid junction
potential of ~4 mV measured between pipette solution and Tyrode
(bath) solution was neglected. Patch pipette was positioned onto taste
cells by means of a water hydraulic micromanipulator (MHW-3,
Narishige).

2.5. Amiloride-sensitive epithelial sodium channel (ENaC)

The presence of functional ENaCs in taste cells was monitored by
studying the effect of bath-applied amiloride, a selective blocker of
ENaC at submicromolar concentrations, on the whole-cell current
recorded at the holding potential of —80 mV [27]. To assure specificity,
we used as a probe an amiloride concentration of 1 pM, which is above
the inhibition constant for ENaCs in these cells and below the dose range
affecting other membrane transporters [33,34].

2.6. Chemicals

All drugs were purchased from Merck. EVG (purity >97%) was
synthesized by Lugen Sci (Seoul, Korea). Amiloride was dissolved in
dimethyl sulfoxide at a concentration of 0.5 M, and then diluted to its
final concentration of 1 pM. GSH and EVG were dissolved in 50-pL
Tyrode’s at a concentration of 20 mM, and stored at —20 °C. For
experimental tests, one aliquot was diluted to a final concentration of 20
uM. We chose this concentration based on experiments performed in
vitro using HEK293 cells expressing human CaSR. Specifically, both GSH
and EVG at 20 pM produce a maximal response (see Supplementary
Fig. 1). The solutions were delivered via gravity-driven flow perfusion,
which ensured a solution exchange in less than 1 min.

2.7. Assessment of the drug effect on the ENaC-mediated stationary
current

When the membrane of taste cells is held at —80 mV, functional
ENaCs produce a stationary inward current (Ig) [27]. It is customary to
observe the behavior of Is during drug application to determine whether
a given chemical had any effect on ENaCs. An upward deflection in the
baseline current is observed if the tested chemical reduces Is. This is the
case with amiloride, which blocks ENaC [27]. On the other hand, if the
tested chemical increases Is, the baseline current deflects downward.
This is true for substances such as choline chloride, which increases the
current passing through ENaC [18]. Our goal was to see if GSH or EVG
caused any changes in Is when applied to taste cells. To monitor the drug
effect, the baseline current must be stable and without drift prior to drug
application. All of the recordings reported in this study met this
requirement. The amplitude of current deflection was measured in
comparison to the Is level when the effect was at its peak (Supplemen-
tary Fig. 2).

2.8. Statistics

Analysis and plotting were performed using Prism 9.0 software
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(Graph Pad Software, La Jolla, USA). Data comparisons were made with
Mann-Whitney test or Wilcoxon matched-pairs test. Spearman test was
used to establish correlation between variables.

3. Results

Fungiform sodium-taste cells were identified electrophysiologically
by the presence of voltage-gated sodium current (Fig. 1A), CALHM
current (Fig. 1 B), and the “response to amiloride” (Fig. 1C) [27,28].
Amiloride-sensitive sodium channels (ENaCs) are constitutively open: in
Tyrode’s solution, it is possible to record a stationary inward current (I,
Fig. 1C) due to the influx of Na™ into taste cells when the cell membrane
is held at —80 mV. Bath application of 1 pM amiloride reduces this
stationary current by blocking ENaCs, and this reduction is the response
to amiloride (Iyy, Fig. 1C). In sodium-taste cells held at —80 mV,
bath-application of 20 pM GSH (Fig. 2A) or 20 pM EVG (Fig. 2B) pro-
duced a small decrease of Is (upward deflection in the current records).
On the contrary, application of 1 pM amiloride resulted in a sharp Ig
reduction (Fig. 2). Supplementary Fig. 2 shows the complete recording
for the traces shown in Fig. 2. Even though it was slight, the upward
deflection of Is in the presence of either GSH or EVG differed signifi-
cantly from the current level recorded without the drug (Supplementary
Fig. 3). The effect of kokumi taste-active y-glutamyl peptides was related
to the magnitude of the response to amiloride: the larger Iy, the greater
the effect (Spearman correlation coefficient r = 0.6640, P = 0.0161).
Supplementary Fig. 4A shows the distribution of Is reduction induced by
20 pM GSH or EVG and 1 pM amiloride. The median value for the
amiloride effect was almost ten times larger than the one for GSH or EVG
(horizontal bars in Supplementary Fig. 4A). To establish whether the
small Is reduction induced by kokumi taste peptides was due to an effect
on ENaC, we repeated the experiments with EVG in the presence of
amiloride. The left current record in Fig. 3A depicts the effect of EVG
alone. After washing out EVG, we applied amiloride and waited for its
maximum effect on I (not shown). At this point, we applied EVG once
more in the presence of an ongoing amiloride application (right current
record). When ENaC was blocked by amiloride, EVG was unable to
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Fig. 1. Electrophysiological identification of sodium-taste cells in rat
fungiform taste buds. All the recordings are from the same cell and were
obtained with the whole-cell configuration of the patch-clamp technique. (A)
Voltage-gated sodium currents (Iy,) were elicited by the application of depo-
larizing voltage steps (10-mV increments from —70 mV to 50 mV) from a
holding potential —80 mV. Iy, appears as downward deflections in the current
records. (B) Currents mediated by calcium homeostasis modulator (CALHM)
channels (Icarum) were elicited by applying 20-mV voltage steps (from —80 mV
to + 80 mV) from a holding potential of —40 mV. Ica uy were activated by
membrane potentials larger than 0 mV (upward deflections in the current re-
cords). (C) Response to amiloride (I4,,) obtained by bath-applying 1 pM ami-
loride (box over the record) to the cell membrane held at —80 mV. Is: stationary
inward current.
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Fig. 2. Effect of kokumi-active y-glutamyl tripeptides on the stationary
inward current (Is) in sodium-taste cells. Cells were held at —80 mV in the
whole-cell configuration of the patch-clamp technique. (A) left: Bath-
application of 20 pM glutathione (GSH) reduces Is (grey shadow). Application
of 1 pM amiloride (AM) soon after induces a sharp Is reduction, which is shown
only in part. right: Distribution of the Is reduction value during application of
GSH and then of amiloride in 6 sodium-taste cells. (B) left: Bath-application of
20 pM y-glutamyl-valyl-glycine (YEVG) reduces Is (grey shadow). Application of
1 pM amiloride (AM) soon after induces a sharp Is reduction, which is shown
only in part. right: Distribution of the Is reduction value during application of
YEVG and then of amiloride in 7 sodium-taste cells. Vertical bars: 50 pA; hor-
izontal bars: 20 s.

reduce Is. The results from three different cells are shown in Fig. 3B. It
should be noted that the current noise was significantly reduced in the
presence of amiloride (Fig. 3A, right current record). This is due to
amiloride’s strong blocking effect on ENaC [27] (see also Supplementary
Fig. 2).

In alveolar epithelial cells of the rat lung, bath-applied oxidized
glutathione (GSSG) inhibits ENaC activity [35]. We therefore tested
whether GSSG also affected Is in rat fungiform sodium-taste cells.
Indeed, 20 pM GSSG mimicked the effect observed with the kokumi taste
peptides (Fig. 4). Although the sample size was limited (n = 3), GSSG
seemed to produce a larger current reduction (median value of 16 pA)
compared to GSH and EVG (median value: 9.5 pA and 6.5 pA, respec-
tively; horizontal bars in Supplementary Fig. 4A). However, after
normalization to the amiloride-induced current reduction, the effect of
GSSG (median value of 7.1%) was comparable to that of GSH or EVG
(median values of 5.1% and 8.3%, respectively; horizontal bars in
Supplementary Fig. 4B).

To explore the specificity of the effect on ENaC expressed in sodium-
taste cells, we tested GSH or EVG on cell types lacking the response to
amiloride: Type II and Type III cells. These cells can be identified elec-
trophysiologically based on the occurrence of specific voltage-gated ion
currents (Supplementary Figs. 5 and 6). Type II cells sense sweet, bitter,
and umami substances, while Type III cells detect acids and hypertonic
salt solutions [36-39]. Supplementary Fig. 7A shows that in Type II
cells, GSH had no effect on the membrane current when the cell was held
at —80 mV, that is, in the experimental conditions used with
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Fig. 3. Effect of YEVG on the stationary inward
current (Is) in sodium-taste cells. Cell membrane
was held at —80 mV in the whole-cell configuration of
the patch-clamp technique. (A) Effect of 20 pM
y-glutamyl-valyl-glycine either alone (left) or in the
presence of 1 pm amiloride (right) on Is (dashed line).
Note the marked upward shift of Is in the presence of
amiloride: from about 86 pA (left) to about 16 pA
(right). No effect by YEVG was detected after reduc-
tion of Is by amiloride (right). Note that Ig shifts to-
ward 0 mV when amiloride is present because of
channel blockage by this drug. (B) Distribution of the
Is reduction values during application of YEVG alone
(yEVG) or in the presence of amiloride (yYEVG + Am)
in 3 sodium-taste cells.
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Fig. 4. Effect of oxidized glutathione (GSSG) on the stationary inward
current (Is) in sodium-taste cells. Whole-cell configuration of the patch-
clamp technique, holding potential: 80 mV. (A) Bath-application of 20 uM
GSSG reduces Is (grey shadow). Application of 1 pM amiloride (AM) soon after
induces a larger Is reduction. (B) Distribution of the Is reduction value during
application of GSSG and then of amiloride in 3 sodium-taste cells.

sodium-taste cells (Fig. 2). The same finding was obtained with Type III
cells (Supplementary Fig. 7B). Note that these cell types do not exhibit
functional ENaCs, as indicated by the lack of the amiloride response
(Supplementary Fig. 7). GSH was unable to affect the holding current at
—80 mV in all tested cells (4 Type II cells and 5 Type III cells). Similar
results were obtained also with EVG (5 Type Il and 4 Type III cells) (data
not shown). The statistical analysis of pooled data for the effect of
y-glutamyl tripeptides on Is in sodium cells and Type II/III cells is shown
in Supplementary Fig. 8.

4. Discussion

As a whole, our findings suggest that GSH and EVG slightly inhibit
ENaC in sodium-taste cells. Thus, the enhancing effect of these sub-
stances on salt reception does not appear to be mediated by an increase
in the activity of the sodium receptor, as it has been suggested for arginyl
dipeptides [18,19].

CaSR senses kokumi substances in taste tissues and seems to be
expressed by Type II and Type III cells [9,10,21-24]. In a subset of Type
III cells, CaSR is functional and is involved in the regulation of serotonin
release [25]. It is not known whether CaSR is expressed in sodium-taste
cells. Further experiments are required to elucidate its role, if any, in the
inhibitory effect of GSH or EVG on ENaC.

GSSG inhibits alveolar ENaC activity by reducing the channel open

T T
YEVG yEVG+Am

probability, Pp [35]. The GSSG effect likely results from reversible
S-glutathionylation of the channel protein [35]. These findings would
explain why the inhibitory effect in sodium-taste cells is quite small
compared to the effect of amiloride (Fig. 4). The positive charge-bearing
guanidinium group of amiloride interacts with part of the ENaC channel
pore, causing channel blockage [40] and a strong inhibition of the sta-
tionary current. On the contrary, GSSG likely reduces the channel ac-
tivity (Po) without any pore blockage. It is tempting to speculate that
also GSH and EVG may interact with the ENaC protein to reduce its
activity without blocking the channel. It is worth noting that while
arginyl dipeptides seem to enhance ENaC activity in heterologous
expression system [18,19], y-glutamyl peptides do not in sodium-taste
cells, that is, in situ (present data). This disparity could be explained
by the different experimental and methodological approaches used. In
rat fungiform taste cells, all three classical a-, f-, and y-ENaC subunits
have been identified [41,42]. It is unknown, however, how they come
together to form a functional channel in sodium-taste cells. Differences
in the subunit stoichiometry in the channel protein could explain the
discrepancy among results. In any case, it is clear that a comprehensive
picture of how kokumi taste-active peptides work will require further
investigations. Species differences may also be involved and should be
taken into account. For example, GSH works as kokumi substance for
humans but not for cats [43].

Enzymatic cleavage by serine proteases, such as trypsin, can activate
ENaC [44]. Because our procedure for isolating taste buds from the rat
tongue required enzymatic treatment (see Materials and Methods),
ENaCs could have been cleaved during tissue preparation and thus fully
activated. This may prevent further activation by kokumi taste-active
peptides. However, it is worth noting that Baquero and Gilbertson
[45] demonstrated an increase in ENaC-mediated stationary current by
insulin in mouse fungiform taste cells using the same enzymatic cocktail
we used in this study. The presence of a trypsin inhibitor in the enzy-
matic mixture may have protected ENaC from enzymatic cleavage by
external proteases. Nonetheless, future experiments will be required to
address these concerns.

5. Conclusions

Our findings suggest that the enhancing effect of kokumi taste-active
y-glutamyl peptides, GSH and EVG, on salt reception is most likely not
due to an increase in the activity of the amiloride-sensitive sodium re-
ceptor, ENaC. It is conceivable that other mechanisms, involving
perhaps cross-talk between taste cells or taste cells and trigeminal nerve
endings [11,46], could be responsible for the kokumi sensation of salty
food.
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