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The sodium ion (Na+) is essential for life. Na+ is the main cation in the extracellular fluid
bathing all our cells, and it is also a key element in many body secretions. In addition to determining
the extracellular fluid osmolality, Na+ is involved in several physiological processes that would be
impaired by its deficiency—without Na+, neurons and muscle cells would not be able to generate
electrical impulses, the intestinal adsorption of nutrients would be undermined, and the kidneys
would not work properly. To maintain stable levels of Na+ in our body, losses through kidneys,
the gastrointestinal tract, and sweating have to be balanced by the ingestion of foods containing
this mineral. Our ability to recognize Na+ relies mainly on the activity of the taste system. Usually,
we consume sodium in the form of sodium chloride (NaCl), the common table salt. Moderate
concentrations of salt induce a specific “salty” sensation that is appealing and appetitive for us.
However, saltiness can be perceived as pleasant or unpleasant according to the salt concentration and
the medium in which salt occurs. For example, we dislike salt concentrations >150 mM in aqueous
solution, but we found them palatable when salt is in foodstuffs. The positive hedonic tone (liking) of
salt taste may expose us to salt overconsumption. This is further exacerbated by the widespread use of
NaCl as preservative and as flavoring agent in processed foods. When consumed in excess, salt is
detrimental to health: in fact, excessive sodium intake is linked to the development of hypertension
and related pathologies.

This Special Issue provides a contribution to our understanding of salt taste and of its impact
on nutrition and health. Although Na+ is a simple chemical, the biological processes underlying
its handling in our body are quite complex. Figure 1 shows a simplified scheme of sodium balance
mechanisms. In the following paragraphs, I will discuss some of the new findings with relation to
the processes highlighted in Figure 1: Na+ detection, eating behavior, blood pressure regulation,
and Na+ output regulation.

Nutrients 2020, 12, 1537; doi:10.3390/nu12051537 www.mdpi.com/journal/nutrients1
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Figure 1. Sodium balance. An adequate extracellular concentration of Na+ ([Na+]ext) is vital for the
functioning of our cells. Diet provides the daily amount of Na+ to balance off losses through kidney,
intestine, and sweating (not shown). Food Na+ is detected mainly by taste buds, which contained sensory
cells able to sense this cation through sodium receptors (ENaC and others not yet identified). Taste
information is fundamental for recognizing the quality and the intensity of saltiness. However, large salt
concentration may also activate trigeminal nerve endings, which contain another “salt” receptor (TRPV1).
This sensory pathway is believed to provide information on stimulus intensity in supra-threshold salt
concentration range. Chemosensory signals are processed in the brain for conscious perception and for
sodium appetite regulation. The outcome of central processing guides salt intake (Na+ input). Note
that oral chemosensory input provides feed-forward signals alerting central neurons on the presence of
sodium-containing foods before Na+ absorption has occurred in the gut. Once absorbed, ingested Na+

is confined mainly to the extracellular space, and changes in its extracellular concentration affect blood
volume and blood pressure, which in turn influence the renin-angiotensin-aldosterone system (RAAS).
RAAS controls the amount of Na+ lost by kidney and colon (Na+ output), and also provides feedback
to neural centers and taste buds to regulate sodium appetite and salt sensitivity, respectively. In turn,
the brain modulates renin secretion through baroreceptor reflexes. Papers in this Special Issue touch
upon some of the processes (Na+ detection, eating behavior, blood pressure regulation, Na+ output
regulation) that are associated with the handling of food Na+ by our body. Note that, for simplicity,
other factors involved in sodium balance, such as the atrial natriuretic peptide, are not shown.

1. Na+ Detection

The principal detectors of food Na+ are the taste cells, specialized epithelial cells clustered in
the taste buds of the oral mucosa. Na+ activates these sensory cells by interacting with specific
membrane proteins (sodium receptors) located in their apical portion, where they reach contact
with the saliva. Taste cells then relay sensory information to nerve fibers, which transmit electrical
impulses to the brain (Figure 1). The use of the diuretic drug, amiloride, has allowed researchers to
distinguish two parallel signaling routes in most mammals: the amiloride-sensitive (AS) pathway and
the amiloride-insensitive (AI) pathway. The epithelial sodium channel (ENaC), which is blocked by
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amiloride, works as a sodium receptor in the AS pathway. Sodium detection by the AI pathway is not
affected by amiloride. The AS mechanism is highly specific for Na+ detection, whereas the AI one is
more broadly tuned to detect also other cations. However, the identity of the AI salt receptor(s) is(are)
still unknown. These gustatory pathways transmit information on the stimulus quality (saltiness)
and its intensity (salt concentration). Four papers provide data on the mechanisms underlying Na+

detection by taste cells. Bigiani [1] reviews our current understanding on the possible involvement of
ENaC in the initial events of Na+ detection in humans. Although this oligomeric protein works as
low-salt receptor in laboratory mammals, available data “seem to favor a role for ENaC downstream
of the initial receptive events” in human salt taste. Shigemura et al. [2] provide compelling evidence
that some components of the renin-angiotensin-aldosterone system (RAAS) occur in mouse taste
buds. Circulating RAAS plays a key role in the regulation of sodium balance by controlling sodium
excretion and by providing feedback to specific neural circuits and taste buds to regulate sodium
appetite and salt sensitivity, respectively (Figure 1). The existence of components of RAAS in taste buds
suggest that the activity of salt-sensitive cells could be also modulated locally in response to “random
perturbations in the oral cavity during feeding and drinking”, and this could affect information sent to
central neurons. The authors suggest that local RAAS could be involved in “short-term feedforward
regulation predicting changes in body fluid composition”. Cattaneo et al. [3] found that the abundance
of certain bacterial taxa on the tongue dorsum of healthy volunteers was negatively correlated with
salt taste sensitivity (assessed by recognition threshold for NaCl solutions): namely, the more abundant
those taxa, the lower the salt taste threshold. This result underscores the importance of the so-called
perireceptor events in salt detection and possibly in defining the inter-individual differences in salt
taste perception. The authors suggest that “oral microbiota composition deserves to be considered as
an influencing variable when investigating perireceptor events involved in chemosensory processes”.
Lossow et al. [4] studied the effect of changes in dietary salt content on mRNA expression for ENaC
subunits in mouse taste buds. They found that mRNA levels were not affected either by low-salt or by
high-salt diet. Thus, taste function does not seem to play a major role in body adjustment to sodium
imbalance, at least on the basis of the mRNA expression levels for the sodium receptor in mice.

In addition to taste cells, food Na+ can be detected by trigeminal nerve endings, which are widely
distributed throughout the lingual mucosa and also around taste buds. This sensory pathway is activated
by high salt concentrations and likely provides information on salt concentration in supra-threshold
range and also to avoid ingestion of hyperosmotic salt that could impair extracellular osmolality.
Trigeminal nerve endings express the transient receptor potential vanilloid 1 receptor (TRPV1), an ion
channel proposed to work as “salt” receptor. Rhyu et al. [5] provide interesting data on the involvement
of trigeminal pathway in salt detection. These authors found that some “kokumi” peptide fractions
isolated from Ganjang, a typical Korean soy sauce, were able to increase the perceived salt taste intensity
in human volunteers, that is, they worked as a salt taste enhancer. Kokumi refers to tasteless compounds
able to improve persistency and mouthfulness (mouth-filling sensation) as well as to enhance some of
basic taste qualities, including salty taste, as demonstrated here. By recording the activity of chorda
tympani (CT) taste nerve in rats, Rhyu et al. [5] found that these taste active peptides did not affect
the ENaC-mediated AS pathway, but the AI one. However, the enhancing effect was likely due an
interaction between trigeminal nerve endings containing TRPV1 and taste cells of the AI pathway. These
results suggest “a novel relationship between trigeminal system and salt taste perception”.

2. Eating Behavior

Eating behavior is a complex activity that has evolved to assure the proper ingestion of chemicals
for body metabolism and homeostasis. In humans, the consumption of salty foods is driven not only by
the integrated neuroendocrine mechanisms regulating the activity of central appetite neurons (Figure 1),
but also by the combination of several other factors, including genetic context and non-homeostatic
influences, such as learning, cultural factors, and personal habits. All these factors significantly
affect the preference for salty foods, and therefore salt intake, determining individual variability.
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Three papers address human eating behavior in terms of possible association between salt taste
perception and salt preference or dietary habits. Cattaneo et al. [3] found a correlation between
decreased salt taste sensitivity and consumption of bakery and salty baked products in healthy,
normal-weight, 18-30-year old volunteers. These findings indicate that inter-individual variation in
salt perception may affect habitual salt consumption. As reported above, they also found a correlation
between relative abundance of certain bacterial taxa and salt taste sensitivity. Thus, oral microbiota may
influence food preference. The possible association between salt taste genotype and eating behavior
has been studied by Ferraris et al. [6] in a large-sized (n = 536) and well-characterized elderly cohort in
Australia. They evaluated the association between the occurrence of single nucleotide polymorphisms
(SNPs) for the TRPV1-encoding gene and individual salt intake. TRPV1 is a salt receptor expressed
in trigeminal nerve endings, which may contribute to the perception of NaCl, especially when salt
concentration is high. Their findings indicate that there is no association between TRPV1 SNP and salt
intake in the analyzed elderly cohort, suggesting that, at least for people aged 65 years or older, the
TRPV1 genotype is not crucial in defining salt consumption. Veček et al. [7] performed a cross-sectional
study on general population of Dalmatia, Croatia (n = 2798 subjects) to determine possible association
between salt taste perception, Mediterranean diet, and Metabolic Syndrome (MetS). They found that
there were no differences in the overall Mediterranean diet compliance between subjects with different
salt taste threshold. However, they found that “subjects with higher salt threshold added salt to their
food more frequently compared to subjects with both lower and intermediate threshold”. This means
that individuals with higher salt sensitivity (lower taste threshold) could have a reduced salt intake.
Interestingly, they found that these subjects also showed lower prevalence of MetS.

3. Blood Pressure Regulation

Nervous and endocrine mechanisms assure a proper level of hydraulic pressure in the large
arteries to sustain an adequate blood perfusion throughout the body. Salt intake may affect blood
pressure. Ingested Na+ is confined into the extracellular compartment. Here, through water retention,
Na+ sets the overall volume, including the blood volume. In turn, this affects blood pressure (Figure 1).
It is therefore clear that one of the consequences of an increased salt intake is likely an increase in
blood pressure. Several studies underscore the role of excessive salt consumption in the development
of hypertension, which represents a component of MetS. The association between salt intake and blood
pressure is addressed in this Special Issue. Ferraris et al. [6] found (see above) that SNP for the gene
encoding the salt receptor, TRPV1, was not associated with a variation in salt intake in an elderly
cohort. Consistently, neither systolic nor diastolic blood pressure varied by genotype. The authors
acknowledge that “as the cohort was 65 years and older, the results are not necessarily generalizable to
the wider adult or youth population” since aging may affect genetic expression. In their cross-sectional
study on the general population of Dalmatia (Croatia), Veček et al. [7] found that “subjects with higher
salt taste threshold were on average older than those with lower threshold”. This means that the
ability to recognize salty stimuli blunts with age. In addition, they found that “age was also negatively
correlated with salt taste intensity perception”, evaluated with supra-threshold testing. As a whole,
these results suggest that aging affects salt taste performance. Veček et al. [7] also found that high blood
pressure, a MetS component, was more common among subjects with higher salt recognition threshold,
that is, those with lower salt sensitivity. Mun et al. [8] studied the effect of Doenjang, a traditional
Korean seasoning with a high salt content obtained by soybean fermentation, on the blood pressure
in rats, which were fed a high-salt diet with or without Doenjang. Interestingly, blood pressure was
significantly lower in the first group, although the administered salt content was similar in the two
groups. In addition, RAAS was also affected: renin and aldosterone levels were decreased in mice
fed with Doenjang. Likely, other chemicals occurring in Doenjang as well as its microbial community
offset the effect of salt intake on blood pressure. Thus, their results suggest that “eating traditional salty
fermented food is not a direct cause of hypertension, and the intake of Doenjang in normal healthy
animals improved blood pressure”. In line with the goal of reducing salt consumption without affecting
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the palatability of foodstuffs, Rhyu et al. [5] identified kokumi active peptides that could be used as salt
taste enhancers. Clearly, this would be beneficial for controlling blood pressure, because less salt would
be necessary to have the same saltiness perception when these peptides are present in foods.

4. Na+ Output Regulation

Renal excretion and losses through the gastrointestinal tract represent the output of the homeostatic
system controlling the extracellular concentration of Na+ ([Na+]ext). Variations in salt intake lead
to changes in [Na+]ext, which in turn affect, through expansion/reduction of extracellular volume to
correct osmolality, blood volume and RAAS (Figure 1). RAAS targets the renal nephron and the colon,
where aldosterone affects sodium reabsorption through ENaC to match changes in sodium intake.
Lossow et al. [4] found that changes in dietary salt content in mice affected ENaC mRNA expression
levels in kidney and distal colon. As reported above, they also analyzed ENaC expression in taste
buds, since in this mammal ENaC works as sodium taste receptor. They data clearly indicate that
“colon and kidney seem to be of greater importance to compensate imbalanced sodium homeostasis
than gustatory tissue based on the monitored ENaC expression levels”. These results underscore
the importance of an adequate regulation of sodium output to compensate changes in [Na+]ext due
to variations in salt intake. In this regard, it is worth noting that salt taste works as a feedforward
mechanism that can reduce sodium appetite to prevent overconsumption. On the contrary, Na+ output
is the expression of a homeostatic regulation, which uses compensatory feedback mechanisms to
stabilize [Na+]ext (Figure 1).

5. Final Note

I would like to thank all the authors in this Special Issue for providing their new research data on
salt taste mechanisms and on the role of salt taste in nutrition and health. I am sure their valuable
contributions will be appreciated by the readership of Nutrients, as well as by the scientific community.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Taste reception is fundamental for the proper selection of food and beverages. Among the
several chemicals recognized by the human taste system, sodium ions (Na+) are of particular
relevance. Na+ represents the main extracellular cation and is a key factor in many physiological
processes. Na+ elicits a specific sensation, called salty taste, and low-medium concentrations of
table salt (NaCl, the common sodium-containing chemical we use to season foods) are perceived as
pleasant and appetitive. How we detect this cation in foodstuffs is scarcely understood. In animal
models, such as the mouse and the rat, the epithelial sodium channel (ENaC) has been proposed
as a key protein for recognizing Na+ and for mediating preference responses to low-medium salt
concentrations. Here, I will review our current understanding regarding the possible involvement of
ENaC in the detection of food Na+ by the human taste system.

Keywords: sodium taste; sodium receptor; salt taste; amiloride; taste transduction

1. Introduction

The sodium ion (Na+) is an essential mineral for our body because it regulates the osmolality of the
extracellular fluid and plays a key role in many physiological processes, from the generation of nerve
impulses to renal function. Na+ is lost continuously through urine, feces, and sweat. Thus, to maintain
proper bodily balance, we need to replace losses by the ingestion of food containing this cation.
Our ability to detect Na+ in foodstuffs relies on the taste system: Na+ elicits a specific sensation called
salty taste [1,2] that guides the intake of this important mineral [3,4]. Table salt (NaCl) represents
a prototypic chemical substance evoking salty taste. It is well established that Na+ is responsible for
the perceived saltiness and for the pleasantness of low to medium concentrations of table salt [4,5].

The early events in taste reception typically include the interaction of the chemical stimulus with
a membrane receptor in taste cells, specialized epithelial cells clustered in sensory end-organs called
taste buds [6]. Most of studies on sodium taste reception have been performed on laboratory rodents
(mouse and rat). In these mammals, the epithelial sodium channel (ENaC) works as low-salt receptor,
mediating acceptance responses to low-medium salt concentrations and driving salt consumption [5].
The obvious question is then: does ENaC play any role in sodium detection in humans? In this review,
I will discuss current information supporting or arguing against the possible involvement of this ion
channel in human salt taste. I will evaluate whether data from human studies fit the model for the
detection of Na+ based on ENaC as sodium receptor localized at the apical membrane of taste cells;
that is, where these cells contact the saliva in the so-called taste pore region of taste buds [6,7].

2. Psychophysics

In laboratory rodents, a pharmacological feature of taste ENaC is its sensitivity to amiloride,
a diuretic drug, which selectively blocks the channel at submicromolar concentrations [8]. Since ENaC
is inhibited by amiloride, application of this drug during stimulation with NaCl blunts the taste

Nutrients 2020, 12, 1195; doi:10.3390/nu12041195 www.mdpi.com/journal/nutrients7
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response and the attractiveness of low sodium concentrations [9,10]. Following the same methodological
approach, the involvement of the ENaC pathway in human taste reception has been investigated over
15 years by sensory evaluation of the amiloride effect on salt taste. Unexpectedly, findings have been very
controversial. Some authors found that indeed the presence of amiloride reduced the perceived saltiness
of the NaCl solutions, although to varying degrees [11–15]. On the contrary, other investigators found
that amiloride had negligible or no effect on salt taste [16–21]. The discrepancy among studies might
be due to differences in the experimental design. For example, perception arising from stimulation of
the anterior tongue seems to be affected by amiloride [11–13], whereas perception from whole-mouth
stimulation is not [16]. This raises the possibility that in the whole-mouth protocol, additional sensory
inputs from the oral cavity may “obscure” the information conveyed by amiloride-sensitive pathway
at the level of central processing [22]. However, other studies in which stimuli were delivered only
to the anterior dorsal surface of the tongue failed to find a significant effect of amiloride on saltiness
perception [17,20,21]. Of note, amiloride strongly reduces the sour side taste of salt solutions when
subjects can use not only one response category (saltiness), but all taste qualities (saltiness, sweetness,
sourness, bitterness) to describe their perception [17,19].

Further factors affecting the outcome of the sensory assays might include the impact of amiloride
bitterness in establishing the taste quality of salt solutions as well as the amiloride concentration tested.
It is worth noting that some studies showing the amiloride effect used high drug concentrations (500 μM
and 1 mM) [12–14], whereas studies claiming a negligible effect of amiloride on salt perception adopted
smaller concentrations of the drug (10–100 μM) [17,18,20,21]. The specificity of amiloride for ENaC is
true only for low drug concentration (half-maximal inhibition in submicromolar range; [8]). At higher
concentrations, amiloride also affects other cellular proteins, including ion channels, transporters,
and receptors [3,23]. A few examples of the molecular targets other than ENaC are shown in Table 1.
It is worth noting the same proteins are also found in the taste cells of laboratory rodents (Table 1,
rightmost column). As nicely pointed out by Lindemann [3] “if concentrations above 10 μM are
needed for half-maximal inhibition, effects of amiloride other than blockage of Na+ channels need to
be considered”. Thus, it is possible that human testing may have yielded contrasting results due to
nonspecific effects of amiloride. However, it is also possible that ENaC in humans displays a lower
sensitivity to amiloride than typical ENaC, as indicated by molecular biology studies (see below).

Table 1. Molecular targets, other than ENaC, for the inhibitory effect of amiloride expressed by the
inhibition constant (Ki = amiloride concentration producing 50% inhibition). Data refer to nontaste
tissues. The occurrence of these molecular targets in rodents taste cells is also referenced.

Molecular Target Ki (μM) Cell/Tissue Occurrence in Rodent Taste Cells

T-type calcium channel 30 Mouse neuroblastoma and chick
DRG 1 neurons [24] [25,26]

Na+/H+ exchanger 30 Rabbit renal microvillous
membrane [27] [28–30]

Muscarinic receptors 40–80 Rabbit pancreatic acini [31] [32,33]
1 Dorsal Root Ganglion.

3. Electrophysiology

In laboratory animals, application of NaCl solution to the tongue mucosa produces a transepithelial
current due to the movement of ions across the epithelium [9,34,35]. This current is believed to be
sustained mainly by Na+ entering taste cells via the apical ENaC since amiloride strongly reduces it.
Obviously, during NaCl stimulation, a voltage drop between mucosal and serosal side of the tongue
develops, and this voltage drop can be measured with adequate instrumentation [9,34,35]. This approach
has been applied to human volunteers to evaluate the contribution of the amiloride-sensitive pathway
to the perceived saltiness. Electrophysiological recordings of lingual surface potential (LSP) in
response to focal NaCl stimulation have provided evidence that, in some individuals, amiloride (100
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μM) was able to reduce the voltage drop caused by NaCl application [36]. However, the effect was
highly variable among individuals, ranging from 0% to 42% inhibition. Further studies demonstrated
a positive correlation between LSP and the perceived intensity of saltiness [37]. It was also found that
in expert salt tasters, amiloride (10 μM) impaired the ability to distinguish between two different salt
concentrations (100 and 300 mM NaCl) [37]. Again, not all subjects exhibiting a LSP during NaCl
stimulation were sensitive to amiloride, underscoring the high variability of the amiloride effect
across individuals observed previously [36]. Nonetheless, these electrophysiological studies seem to
confirm the psychophysical findings suggesting suppression of perceived saltiness by amiloride in
some individuals when a small area of the tongue surface is stimulated [11–13].

4. Molecular Biology and Immunohistochemistry

In laboratory rodents, ENaC is an oligomeric protein made of three nonidentical subunits, named
α-, β-, and γ-ENaC [38,39]. Expression cloning studies with Xenopus oocytes have clearly indicated that
the α-subunit is required to induce channel activity, whereas the presence of the β- and γ-subunit allows
maximal expression of sodium current [40]. Although it is still unknown how these subunits assemble
to form ENaC in taste cells [41], all of them have been detected in taste tissues from laboratory animals
by using molecular and immunohistochemical techniques [42–46]. It is important to underscore that
there is also direct evidence that amiloride-sensitive taste cells do have ENaC subunits, whereas
amiloride-insensitive cells do not [46]. By applying the same techniques on tissue samples from
human subjects, it has been possible to establish that α-, β-, and γ-ENaCs occur in human taste
papillae [47,48]. In man, however, taste tissues also express an additional δ-subunit, which is missing
in rodents [48,49]. The δ-subunit is analog to the α-subunit in that its presence is necessary to form
a Na+-permeable channel [50]. It is then possible that in human taste tissues, ENaC may include
either an α- or δ-subunit. This subunit change may have an impact on the amiloride sensitivity, since
replacement of α-subunit by a δ-subunit makes the channel 50-fold less sensitive to amiloride [50–52].
If this is the case, then the negligible effect of amiloride observed in some psychophysical studies
(e.g., [17,18]) could be attributed to variations in the molecular composition of the ENaC protein [53].
It is worth noting that the expression level of ENaC subunits may vary significantly among subjects
and that ENaC mRNAs are also detected in nontaste epithelium [48].

The detection of ENaC subunits in human taste tissues does not necessarily imply that this
channel is involved in the initial events of sodium detection. According to the model of sodium taste
detection proposed for rodents, ENaC should be found at the apical membrane of taste cells to work
as a sodium receptor [3,8]. Immunohistochemical localization of ENaC subunits in human lingual
epithelium has revealed that δ-ENaC is exclusively restricted to the taste pore region in both fungiform
and circumvallate taste buds [48]. However, it has not been possible to establish whether this subunit
localized to the apical membrane of taste cells or to tight junctions surrounding the apical ends of
these cells. Unexpectedly, the other ENaC-subunits were found in the basolateral compartment of taste
cells, which is involved in later stages of the sensory transduction and in intercellular communications
with nerve endings and adjacent cells [5]. This raises the possibility that ENaC may serve other
functions in taste buds. Recent findings indicate that ENaC plays a key role in the regulation of
adult neurogenesis [54]. It is then tempting to speculate that ENaC might be involved in taste cell
development since these cells continuously turnover [55,56]. Of note, another study found that δ-ENaC
immunoreactivity was distributed over both the apical and basolateral ends of fungiform taste cells [49].
Although it is not clear how to reconcile these conflicting results on labeling pattern, both findings
support the notion that δ-ENaC is expressed in human taste buds.

Although the model of sodium detection involving apically located ENaC explains several
experimental observations, ENaC-subunits localized to the basolateral membrane could also
mediate sodium reception by sensing Na+ leaked through tight junctions around taste cells [5].
Thus, this paracellular pathway could be responsible for activation of taste cells even in the absence of
apical ENaC. Since the basolateral compartment of taste cells is exposed to an extracellular solution
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containing about 150 mM Na+, a significant diffusion of this cation through tight junctions could occur
only if Na+ concentration in the mucosal surface is much higher than 150 mM. It is then possible that
basolateral ENaCs may be relevant for sodium detection when salt concentration in the stimulating
solution exceeds plasma tonicity. The basolateral localization of ENaC subunits may be a further factor
in determining the variable amiloride sensitivity observed in human studies (see above).

5. Genetics

Single nucleotide polymorphisms (SNPs) in the gene coding for the ENaC β-subunit (SCNN1B) are
somehow associated with changes in suprathreshold taste sensitivity for NaCl solutions, but not with
salt taste threshold [57]. The β-subunit does not play a role in pore formation of the channel protein,
but it is assumed to modulate channel activity and to be important for channel trafficking to the cell
membrane [40,58,59]. Thus, these findings indicate that variations in the β-ENaC genes may contribute
to differences in salt taste perception among individuals through a possible effect on the expression of
ENaC in the taste cell membrane. Interestingly, these data imply that ENaC may be involved in the
recognition of NaCl at concentrations that would have an impact on the actual consumption of dietary
salt, that is, at suprathreshold concentrations. As pointed out by Contreras [60], in general, people do
not add salt to food in order to be able to just detect it, but do so to a preferred suprathreshold level.
It is noteworthy that amiloride tends to reduce suprathreshold intensities of perceived NaCl in adult
volunteers [15]. However, a significant difference in taste intensity ratings between individuals with
SNPs was found only for large concentrations of NaCl, such as 1 M [57]. Aqueous solutions of salt
above ~150 mM are not preferred by humans [61]. In animals, salt levels exceeding tonicity of blood
plasma are normally not accepted [62]. High salt concentrations activate other sensory pathways in
addition to the ENaC-mediated one, including an amiloride-insensitive taste pathway and trigeminal
nerve endings [5,22]. These components of salt reception mediate aversion responses and work as
warning mechanisms to avoid the ingestion of hyperosmotic salt solutions [5,10,63]. Thus, the findings
on SNPs of the ENaC β-subunit seemingly do not fit the model involving ENaC as low-salt receptor.

6. Salt Taste Enhancers

Chemicals able to increase the sensation evoked by NaCl without being salty themselves,
the so-called “salt taste enhancers”, have attracted the attention of researchers for many years [64].
The reason is that these substances may be used to reduce salt content in processed foods to prevent
excessive sodium intake, which is linked to the development of hypertension and subsequent
pathologies [65,66]. Research on the mechanisms underlying the action of salt taste enhancers has
provided some clues on the peripheral events leading to salt taste perception in humans.

Studies on human αβγ- or δβγ-ENaC functionally expressed in Xenopus oocytes have shown that
sodium current through ENaCs is activated by salt-taste-modulating substances, such as L-arginine
(Arg) [48]. By monitoring the changes of intracellular calcium levels in cultured human fungiform
taste (HBO) cells, Xu et al. [67] found recently that some arginyl dipeptides, which proved to work
as potent salty taste enhancers (up to 20% increase in perceived saltiness [68]), induced a significant
increase in the number of cultured cells responding to NaCl. They also found that the effect required
the presence of either α-ENaC or δ-ENaC. These results clearly indicate that salt taste enhancers
target the human sodium receptor ENaC in both the αβγ or δβγ form. Unexpectedly, Arg was unable
to stimulate cultured human taste cells [67], although it enhances the perceived saltiness in human
sensory evaluations [48,68].

There are some aspects of the above studies that require keen consideration. In particular,
it is remarkable how the effect of Arg may be affected by the cell system used to express human αβγ- or
δβγ-ENaC. In Xenopus oocytes, Arg increases the sodium current through ENaCs [48], whereas in HBO
cells, it is ineffective in changing intracellular calcium levels [67]. It is possible that this discrepancy may
derive from the different experimental and methodological approach adopted. However, the finding
that Arg potentiates ion currents through ENaC is, by itself, quite surprising. Both Arg and amiloride
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bear a guanidinium group (Figure 1), which occurs as a cation in physiological conditions (pH 7.4).
It is believed that the positive charge-bearing guanidinium group of amiloride penetrates part of the
ENaC channel pore, causing channel blockage, whereas the pyrazine group interacts with the outer
mouth of the channel [69]. The chemical similarity may suggest that Arg, like amiloride, could affect
ENaC directly from the extracellular space. Indeed, Ogawa et al. [70] suggested that “the guanidinium
group of Arg may interact with sodium channels in taste bud membranes”. Yet, Arg enhances the
current through ENaC, whereas amiloride reduces it.

Figure 1. Structure of L-arginine (top) and amiloride (bottom). Both chemicals bear a guanidinium
group (red), which is protonated in physiological conditions. This group is believed to interact with the
ENaC channel pore from the extracellular space.

7. Salivary Proteins

Proteins represent an important component of the saliva [71], the medium carrying Na+ to the
apical, chemosensitive tips of taste cells. Recent studies on human subjects have found a correlation
between salivary serine-type endoprotease activity and sensitivity to NaCl [72]. Since serine proteases
increase the activity of ENaC through proteolytic cleavage [73,74], the authors have proposed
that endoproteases of the saliva might affect salt taste sensitivity by modifying ENaC functioning.
Stolle et al. [75] have identified a tetrapeptide that is likely released from salivary proteins by serine-type
endoprotease activity and that is able to enhance salt taste perception. This means that in the saliva
of salt sensitive subjects, an endogenous salt enhancer might be produced by enzymatic cleavage.
It was also found that the abundance of two salivary proteins, lipocalin-1 and lysozyme C, could be
related to individuals’ low sensitivity to NaCl. The authors have put forward the hypothesis that
electrostatic interaction of these proteins with ENaC in taste cells may reduce the accessibility of
sodium ions to ENaC [75]. These findings are clearly fascinating, but do not prove that ENaC actually
functions as a sodium receptor in humans.

8. Discussion

The possible involvement of the ion channel, ENaC, in human taste reception has been investigated
with different approaches. To date, however, it is not possible to provide a definitive answer as to the
role of the ENaC pathway in producing salty sensations due to inconsistent findings. Perhaps the more
conflicting results are from psychophysical studies involving the use of amiloride, a pharmacological
probe for ENaC, to challenge saltiness perception. There are several issues regarding the adopted
methodology that might be responsible for the observed discrepancies. For instance, the amiloride
concentration used in sensory tests is not always adequate to avoid side effects on other ion channels and
transporters. Thus, the apparent effect of amiloride in some studies (e.g., [12–14]) might be somehow
misleading. Nonetheless, electrophysiological studies suggest that the application of salt solution on
the human tongue induces a voltage drop across the mucosa that is similar to the one observed in
laboratory animals. However, ENaC mRNAs are found also in nontaste epithelium [44,48,76], raising
the possibility that the ion current crossing the mucosa could also be due to Na+ diffusion through
epithelial cells.
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According to the model proposed for rodents, ENaC should be found at the apical membrane of
taste cells, which stick out into the taste pore bathed by saliva containing taste stimuli [3,8]. Available
data suggest that only the δ-subunit localizes to the taste pore region in human taste buds, whereas other
ENaC subunits seem to be segregated in the basolateral compartment, beneath the apical tips of taste
cells. It is not yet known whether all the subunits are required to form a functional sodium receptor [41].
Differential expression of ENaC-subunits has been described in transporting epithelia [77], suggesting
that endogenous channel in vivo may require only one or two subunits to work properly. δ-ENaC
expressed alone in Xenopus oocytes is able to mediate a membrane current [50]. Thus, the occurrence
of the δ-subunit in the taste pore region of human taste buds seems to suggest that it may function
as a sodium receptor. Unfortunately, the microscopic analysis has not allowed establishing with
confidence whether this subunit lies in the apical end of taste cells or in the tight junctions connecting
adjacent taste cells just below the taste pore [48]. Indirect evidence supporting a role for ENaC in
human salt taste has been provided by genetic studies [57] and by in vitro assays on cells expressing
the human αβγ- or δβγ-ENaC [48,67], although there is some inconsistency among these data. Recent
analysis of the correlation between the salivary proteome and the salt sensitivity in human volunteers
are seemingly consistent with a role of ENaC [72,75].

In conclusion, the available data are suggestive of possible involvement of ENaC in human
sodium detection, although it is not clear whether this occurs at the beginning of the reception process
(interaction between sodium receptor and Na+ at the apical membrane of taste cells) or later on, after Na+

has been detected. The lack of the amiloride effect in some psychophysical studies [16–18,20,21] and the
presence of α-, β-, and γ-subunit only in the basolateral portion of taste buds [48] seem to favor a role
for ENaC downstream of the initial receptive events. Consistent with this hypothesis is the finding that
SNPs in the gene coding for the ENaC β-subunit affect suprathreshold sensitivity to salt solutions, that
is, at concentration levels above the detection/recognition threshold [57]. Clearly, further research is
required to obtain a coherent and thorough comprehension of the early events of sodium detection in
human taste cells. This information represents the premise for understanding interindividual variability
in the function of sodium taste receptors and its potential implications for eating behavior.
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Abstract: The systemic renin-angiotensin system (RAS) is an important regulator of body fluid and
sodium homeostasis. Angiotensin II (AngII) is a key active product of the RAS. We previously
revealed that circulating AngII suppresses amiloride-sensitive salt taste responses and enhances
the responses to sweet compounds via the AngII type 1 receptor (AT1) expressed in taste cells.
However, the molecular mechanisms underlying the modulation of taste function by AngII remain
uncharacterized. Here we examined the expression of three RAS components, namely renin,
angiotensinogen, and angiotensin-converting enzyme-1 (ACE1), in mouse taste tissues. We found
that all three RAS components were present in the taste buds of fungiform and circumvallate papillae
and co-expressed with αENaC (epithelial sodium channel α-subunit, a salt taste receptor) or T1R3
(taste receptor type 1 member 3, a sweet taste receptor component). Water-deprived mice exhibited
significantly increased levels of renin expression in taste cells (p < 0.05). These results indicate the
existence of a local RAS in the taste organ and suggest that taste function may be regulated by both
locally-produced and circulating AngII. Such integrated modulation of peripheral taste sensitivity by
AngII may play an important role in sodium/calorie homeostasis.

Keywords: taste; sodium taste; renin; angiotensin II; angiotensinogen; angiotensin-converting enzyme

1. Introduction

The renin-angiotensin system (RAS) is a major hormone system involved in body fluid and sodium
homeostasis [1]. Angiotensin II (AngII), an octapeptide hormone, is the most powerful biologically
active product of the RAS and plays important roles in the regulation of vascular tone, cardiac function,
and renal sodium re-absorption. AngII is also thought to be a potent stimulator of sodium appetite
and preference. For example, intracerebroventricular or intravenous infusion of AngII in the rat
produces dose-dependent salt appetite and stimulates sodium intake over a range of concentrations
that are normally rejected [2,3]. The gustatory system provides critical information about the quality
and nutritional value of food before it is ingested. Thus, changes in sodium taste sensitivity might
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contribute to the ingestive behaviors induced by AngII. We recently addressed this hypothesis and
revealed that AngII suppresses amiloride-sensitive salt taste responses and enhances the responses to
sweet compounds via the AngII type 1 receptor (AT1) expressed in taste cells, without any effects on
the amiloride-insensitive salt, sour, bitter, or umami responses [4]. These results suggest that the taste
organ is a peripheral target of AngII and that AngII may function to increase sodium intake through
the specific reduction in amiloride-sensitive salt taste sensitivity and increase energy intake through
the enhancement of sweet responses. However, the molecular mechanisms underlying the modulation
of taste function by AngII remain uncharacterized.

It is generally known that AngII is produced by the classical or circulating RAS [1]. Renin is a
proteolytic enzyme released primarily from the juxtaglomerular cells of the kidney in response to a
decrease in arterial blood pressure or sodium chloride level in the nephron [5]. Angiotensinogen is
secreted constitutively, mainly by hepatic cells, into the circulation. Renin cleaves angiotensinogen at
the N-terminus to form the decapeptide, angiotensin I (AngI). AngI is converted to AngII through the
removal of two C-terminal residues by circulating angiotensin-converting enzyme-1 (ACE1), which is
found in various organs, including the lung and kidney [6]. AT1, the main receptor subtype for
circulating AngII, is widely distributed throughout the body including vascular smooth muscle, kidney,
heart, brain, and taste organ [4,7]. AngII is degraded into smaller active peptides, AngIII, AngIV,
and Ang (1–7), by endopeptidases or carboxypeptidases such as ACE2, which is a homolog of ACE1 [8].

In addition to the circulating RAS, it is now recognized that tissues such as the kidneys, brain,
heart, adrenal glands and vasculature each have an organ-specific RAS [9,10]. For example, all the
RAS components are present in the kidneys, and intrarenal AngII is produced independently of the
circulating RAS to function as a paracrine factor via AT1. Inappropriate activation of the intrarenal
RAS contributes to the pathogenesis of hypertension and renal injury [11,12]. RAS components are
also present in cardiac myocytes and fibroblasts, where they synthesize AngII intracellularly [13,14].
Hyperglycemia selectively upregulates the intracellular RAS system in cardiac myocytes and vascular
smooth muscle cells [15], and this is associated with cardiomyocyte apoptosis, oxidative stress, and
fibrosis in diabetic rats [16]. The above findings raise the possibility that an organ-specific RAS might
also exist in taste tissues and that AngII might be produced locally in response to changes in the
peripheral oral environment (e.g., a change in the sodium concentration or osmolality of the saliva or
the presence of chemical compounds in foods).

To explore this possibility, we utilized reverse transcription-polymerase chain reaction (RT-PCR), in
situ hybridization, and double-staining immunohistochemistry to investigate the expression patterns of
renin, angiotensinogen, and ACE in the taste tissues of mice under hydrated and dehydrated conditions.

2. Materials and Methods

All experimental procedures were performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals established by the National Institutes of Health and approved by the
Committee for Laboratory Animal Care and Use at Kyushu University, Japan. The ethical approval
code for the animal experiments was A27-009.

2.1. Animals

This study used male and female C57BL/6NCrj mice (B6; Charles River, Tokyo, Japan), taste
receptor type 1 member 3 (T1R3)-green fluorescent protein (GFP) mice [17] and glutamate decarboxylase
67 (GAD67)-GFP mice [18] aged 8–16 weeks of age and weighing 21–30 g. The mice were housed at
a constant temperature (24 ± 1 ◦C) under a 12 h–12 h light-dark cycle (lights on at 08:00) and given
access to food and water ad libitum.

2.2. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

RT-PCR was performed as described previously [4,19–21]. Mouse taste buds in the peeled
epithelium were individually removed from fungiform or circumvallate papillae by aspiration with a
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transfer pipette. The RNeasy Plus Micro kit (Qiagen, Stanford, CA, USA) was used to purify RNAs
from 100 fungiform or circumvallate taste buds from three mice or from a 1 mm × 1 mm block of
epithelial tissue without taste buds. cDNAs were synthesized by RT [oligo(dT)12–18 primer] using
the SuperScript pre-amplification system (Invitrogen, Carlsbad, CA, USA). Two protocols were used
to prevent genomic DNA from contributing to the signal: (1) primers were chosen to span one or
more introns to distinguish the PCR products from genomic DNA; The primer sequences are shown in
Supplementary Table S1, and (2) RNA was handled in parallel in the presence and absence of reverse
transcriptase. PCR was performed using the following conditions: 95 ◦C for 5 min (one cycle); 94 ◦C
for 15 s, 58 ◦C for 30 s, 68 ◦C for 40–80 s (25–40 cycles); and 75 ◦C for 5 min (one cycle). Each 20 μL
of PCR solution contained 0.5 U of Taq DNA polymerase (TaKaRa Ex TaqHS; Takara Bio, Kusatsu,
Japan), 2 μL of 10× PCR buffer containing 20 mmol/L Mg2+, 0.2 mmol/L of each deoxyribonucleotide
triphosphate, and 0.6 μmol/L of each primer pair. The resulting amplification products were visualized
in a 2% agarose gel with 0.5 μg/mL ethidium bromide.

2.3. In Situ Hybridization

In situ hybridization experiments were performed as described previously [4,21–24]. PCR products
amplified using specific primer pairs for RAS genes (Supplementary Table S1) were purified and
cloned into the pGEM T-easy vector (Promega, Madison, WI, USA) and confirmed by direct sequencing.
Digoxigenin-labeled antisense RNA probes were synthesized by in vitro transcription using the
digoxigenin-ribonucleic acid (DIG-RNA) Labeling Mix and T7 or SP6 RNA polymerase (Roche,
Mannheim, Germany). Frozen blocks of the dissected anterior parts of the tongue embedded in
optimum-cutting temperature (OCT) compound (Sakura Fine technical, Tokyo, Japan) were sectioned
into 6-μm thick slices, which were mounted on silane-coated glass slides. The cryosections were
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at room temperature,
treated two times with 0.1% diethylpyrocarbonate in PBS for 15 min, washed with 5× saline sodium
citrate buffer (SSC) for 15 min at room temperature, and then prehybridized in a hybridization buffer
consisting of 50% formamide, 5× SSC, 5× Denhardt’s solution, 500 μg/mL denatured salmon testis
DNA and 250 μg/mL denatured baker’s yeast tRNA for 1 h at room temperature. Hybridization was
performed for 18 h at 58 ◦C in a hybridization buffer that included 200 ng/mL antisense (or sense)
RNA probe. After hybridization, the sections were washed two times in 5× SSC for 5 min each
and two times in 0.2× SSC for 30 min each at 65 ◦C. Subsequently, the sections were immersed in
Tris-buffered saline (TBS) consisting of 50 mmol/L Tris-HCl (pH 7.5), and 150 mmol/L NaCl for 5 min
at room temperature, treated with a blocking solution containing 0.5% blocking reagent (Roche) in
TBS for 30 min, and applied with anti-digoxigenin Fab fragments-conjugated to alkaline phosphatase
(AP; 1:400 dilution; Roche) in blocking solution for 60 min at room temperature. After three washes of
5 min each in Tris-NaCl-Tween 20 (TNT) buffer consisting of 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L
NaCl and 0.05% Tween 20, the sections were immersed in AP buffer comprising 100 mmol/L Tris-HCl
(pH 9.5), 100 mmol/L NaCl, and 50 mmol/L MgCl2 for 5 min. The signals were developed using
5-bromo-4-chloro-3-indolylphosphate and nitroblue-tetrazolium chloride as chromogenic substrates.
Next, the reaction was stopped by washing the slides with Tris-ethylenediaminetetraacetic acid (EDTA)
buffer, after which the slides were mounted. The signal specificity of the mRNA for each gene in the
taste tissues was tested using a sense RNA probe as a negative control.

2.4. Immunohistochemistry

Immunohistochemistry was performed as described previously [4,20]. The dissected tongues
of B6, T1R3-GFP or GAD67-GFP mice were fixed in 4% paraformaldehyde in PBS for 45 min at
4 ◦C. For immunohistochemical analyses for rennin, mice were deprived of water for 47 h (23 h
water deprivation, 1 h water drinking, and 23 h water deprivation) before tongue dissection. After
dehydration with sucrose solution (10% for 1 h, 20% for 1 h, and 30% for 3 h, at 4 ◦C), the tongue frozen
block was embedded in OCT compound (Sakura Fine technical) and sectioned into 8-μm thick slices,
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which were mounted on silane-coated glass slides and air-dried. The sections were rinsed with TNT
buffer, exposed to 1% blocking reagent (Roche) for 1 h at room temperature, and applied overnight at
4 ◦C with primary antibodies targeting renin (1:100 dilution; sc-27318; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), angiotensinogen (1:100; 11992-1-AP; Protein tech, Chicago, IL, USA), ACE1 (1:100;
sc-12187; Santa Cruz Biotechnology), ecto-nucleoside triphosphate diphosphohydrolase-2 (ENTPDase2;
1:100; AF5797; R&D Systems, Minneapolis, MN, USA), epithelial sodium channel α-subunit (αENaC;
1:100; AB3530P; Millipore, Darmstadt, Germany), AT1 (1:100, sc-1173; Santa Cruz Biotechnology) or
Gα-gustducin (gustducin; 1:100; sc-395; Santa Cruz Biotechnology) in 1% blocking reagent. After
washing with TNT buffer, the tissues were incubated for 2 h at room temperature with peroxidase
or alkaline phosphatase-conjugated secondary antibodies (1:500–1000; Jackson ImmunoResearch
Laboratories, Philadelphia, PA, USA) in 1% blocking reagent, and this was followed by incubation for
30 min at room temperature with tyramide-Alexa 568 (for GFP-mice) or tyramide-Alexa 488 substrates
(TSA kit; Invitrogen) for the detection of renin, ACE1 or angiotensinogen. After washing with TNT,
the tissues were incubated with AP buffer for 5 min at room temperature followed by HNPP/FastRed
AP substrate (HNPP fluorescent detection kit; Roche) for 40 min at room temperature to detect the
signals of the counterpart. The immunofluorescence of labeled cells and GFP fluorescence were
observed using a confocal laser scanning microscope (Fluoview FV-1000; Olympus Corp., Tokyo, Japan)
and accompanying software. Nomarski images were also obtained in order to visualize individual
cells in the taste buds.

To evaluate the number of cells expressing renin, angiotensinogen, ACE1, T1R3-GFP, GAD67-GFP,
αENaC, ENTPDase2 and AT1, Nomarski images were overlaid with immunofluorescence (or GFP)
images, we then counted the number of positive cells displaying apparent apical processes and/or
perinuclear region in each taste bud in horizontal sections of fungiform papillae and circumvallate
papillae. Image-Pro Plus v4.0 (Media Cybernetics, Rockville, MD, USA) was used to exclude artifactual
signals: cells were considered positive if their signal density was greater than the mean plus two
standard deviations (SDs) of that of taste cells in the negative control (primary antibodies omitted).
The same cells found on contiguous sections were counted only once.

2.5. Quantitative Densitometric Analysis

To examine whether the expression of renin, a principal initiator of the RAS cascade, in taste
cells was upregulated in response to dehydration, B6 mice were deprived of water for 47 h (23 h
water deprivation, 1 h water drinking, and 23 h water deprivation). The mice had free access to food
throughout the procedure. Dissected tongues from water-deprived and non-water-deprived mice (n= 3,
each) were fixed at the same time in 4% paraformaldehyde in PBS for 45 min at 4 ◦C. After dehydration,
embedding, and sectioning at 8 μm, both tongue slices were mounted on a single silane-coated
glass slide. Then, renin signals were detected by single-molecule immunohistochemistry using
CF568-conjugated anti-goat IgG (1:200, Biotium, Hayward, CA, USA) as a secondary antibody instead
of a tyramide amplification system, in order to avoid excessive catalyzed reporter deposition of tyramide.
All procedures, including image capture, were performed under the same conditions (incubation
periods, temperatures, reagent volumes/concentrations, and exposure values for image capture).
The taste cell in each section was delineated by comparison with adjacent sections counterstained
with gustducin (a type II taste cell marker proposed to be a bitter taste-related G-protein in mouse
circumvallate papillae) [25].

Measurement of the total area of a positive cell, and the mean signal intensity was performed
using Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA) [26]. Regions of interest were drawn
around immuno-positive cells in the captured images, and the mean total area and the mean and
median pixel intensities of the signals were determined using the Measurement tool in Photoshop.
The pixel intensities were normalized against the background by subtracting the value obtained from
an area outlying the positive cells in the same section. Two sections of the circumvallate papillae at
regular intervals were analyzed for each mouse.
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2.6. Quantitative PCR (qPCR)

To further examine whether the expression of renin in taste cells was upregulated in response to
dehydration, the relative abundance of renin mRNAs in circumvallate taste papillae was examined
by using a quantitative PCR method as previously described [24]. The isolated taste buds from
each circumvallate papillae of each mouse were pooled (n = 4–7 water-deprived mice, n = 3–7
non-water-deprived mice). As a positive control for renin expression, a 1 mm3 block of the kidney was
also collected from each mouse (n= 7 and 7, water-deprived and non-water-deprived mice, respectively).
Total RNA extraction was performed as described in RT-PCR section. The RNA concentration was
measured using NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA). The purity of
nucleic acids was assessed by calculating the A260/A280 absorbance ratio. SuperScript VILO Master
Mix (cat. no. 11755050, Thermo Fisher Scientific) was used for cDNA synthesis. For quantitative
real-time PCR, Fast SYBR Green Master Mix (Applied Biosystems, CA, USA) was used. PCR was
performed as follows: 95 ◦C for 20 s (one cycle); 95 ◦C for 3 s, 60 ◦C for 30 s (40 cycles); and 95 ◦C for
15 s, 60 ◦C for 1 min, 95 ◦C for 15 s (one cycle for melting curve analysis) using the ABI StepOnePlus
system (Applied Biosystems). Data were analyzed with the StepOne Software (ver. 2.3, Applied
Biosystems). The presence of a single amplicon was verified by melting curve analysis, and by agarose
gel electrophoresis. Data were obtained from at least three independent experiments, and all reactions
were run in triplicate. The quantitative PCR data were normalized using the ΔΔCt method with
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in each sample as reference. ΔΔCt values were
calculated by subtracting the average ΔCt of the non-water-deprived samples from each ΔCt of both
the non-water-deprived and the water-deprived samples. Fold change from non-water-deprived to
water-deprived conditions was calculated as 2(−ΔΔCT). All primer pairs for renin, gustducin, keratin 8,
and GAPDH were chosen such that the primers are in separate exons. The PCR primers used for each
gene are presented in Supplementary Table S1.

2.7. Statistical Analysis

All values are given as the mean ± standard error of the mean. The data were statistically analyzed
using Student’s t-test for unpaired samples (Excel; Microsoft Corp., Redmond, WA, USA). p < 0.05 was
considered statistically significant.

3. Results

3.1. RT-PCR Reveals Renin-Angiotensin-Related Gene Expression in Mouse Taste Buds

The expressions of renin, angiotensinogen, ACE1, and ACE2 mRNAs in the taste cells of B6
mice were examined by RT-PCR. As shown in Figure 1A, bands of the correct size (460 bp for renin,
318 bp for angiotensinogen, 398 bp for ACE1, and 303 bp for ACE2) were evident in taste papillae.
Renin, angiotensinogen, and ACE1 mRNAs were expressed in fungiform and circumvallate papillae
but not in tongue epithelium devoid of taste buds. Similarly, RT-PCR products for a taste cell marker,
transient receptor potential channel M5 (TRPM5; 368 bp) [27–30], were also found in fungiform and
circumvallate papillae but not in tongue epithelium devoid of taste buds. ACE2 mRNA was expressed
in all tissues. As a positive control, β-actin mRNA (360 bp) was also detected in all tissues. All control
experiments in which the reverse transcriptase enzyme was omitted (RT-) yielded negative results.
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Figure 1. Renin, angiotensinogen (Agt) and angiotensin-converting enzyme-1 (ACE1) mRNAs are
expressed in mouse taste bud cells. (A) Reverse transcription-polymerase chain reaction (RT-PCR)
amplification of renin, Agt, ACE1, ACE2, transient receptor potential channel M5 (TRPM5), and β-actin
mRNAs from fungiform papillae (FP), circumvallate papillae (VP), and tongue epithelium devoid
of taste cells (ET). RT+ and RT− conditions are, respectively, with and without reverse transcriptase.
M (bp): 100 bp marker ladder. (B) In situ hybridization detection of renin, Agt, ACE1, epithelial sodium
channel α subunit (αENaC), taste receptor type 1 member 3 (T1R3), and polycystic kidney disease
2-like 1 (PKD2L1) in FP and VP of B6 mice. The sense probes served as a negative control. Dotted lines
indicate the outlines of taste buds: scale bar, 50 μm.

3.2. Renin-Angiotensin-Related Genes Are Localized to a Subset of Taste Bud Cells

In situ hybridization experiments detected renin, angiotensinogen, and ACE1 mRNA in a
subset of cells in the fungiform and circumvallate papillae of mice but not in surrounding epithelial
cells (Figure 1B). Comparable results were obtained for three markers of taste cells: αENaC
(an amiloride-sensitive salt taste receptor subunit candidate) [31], T1R3 (a sweet/umami taste receptor
component) [32,33] and polycystic kidney disease 2-like 1 (PKD2L1; a sour taste-related molecule) [34,35]
(Figure 1B). Control hybridizations using sense probes for renin, angiotensinogen, ACE1, αENaC,
T1R3, and PKD2L1 were negative. These results, together with the RT-PCR data, strongly suggest that
renin, angiotensinogen, and ACE1 are expressed in mouse taste bud cells of both the anterior and
posterior tongue.

3.3. Renin-Angiotensin-Related Proteins Are Co-Expressed with T1R3 or αENaC in Taste Bud Cells

Immunohistochemistry experiments detected renin, ACE1, and angiotensinogen in some
spindle-shaped taste cells of the fungiform and circumvallate papillae of the mouse but not in

22



Nutrients 2019, 11, 2251

surrounding tissues or gustatory nerves. Notably, co-expression of renin and taste cell markers
was observed (Figure 2 and Table 1). In both the fungiform and circumvallate papillae, a subset
of renin-positive cells expressed αENaC (ENaC/renin: 83.9% in fungiform papillae and 88.1% in
circumvallate papillae) and T1R3 (as marked by T1R3-GFP; T1R3/renin: 54.7% in fungiform papillae
and 49.2% in circumvallate papillae). Renin-expressing cells also showed immunoreactivity for AT1
(AT1/renin: 72.0% in fungiform papillae and 80.0% in circumvallate papillae) [4], but renin expression
was not found in sour/type III cells as marked by GAD67-GFP (GAD/renin: 0% in both fungiform and
circumvallate papillae).

The co-expression of ACE1 and taste cell markers was also examined (Figure 3 and Table 2).
ACE1-positive cells expressed αENaC (ENaC/ACE1: 71.9% in fungiform papillae and 91.3%
in circumvallate papillae) and T1R3 (T1R3/ACE1: 70.0% in fungiform papillae and 57.5% in
circumvallate papillae). ACE1-expressing cells also exhibited positivity for AT1 (AT1/ACE1: 81.3%
in fungiform papillae and 79.7% in circumvallate papillae). ACE1 expression was rarely observed in
GAD67-expressing cells (GAD/ACE1: 0% in fungiform papillae and 2.7% in circumvallate papillae).

Figure 4 and Table 3 present data regarding the co-expression of angiotensinogen and taste cell
markers. The majority of angiotensinogen-positive cells expressed T1R3 (T1R3/angiotensinogen: 73.0%
in fungiform papillae and 70.7% in circumvallate papillae) and renin (renin/angiotensinogen: 75.8% in
fungiform papillae and 70.6% in circumvallate papillae). A subset of cells expressing ENTPDase2, a type
I taste cell marker [36], showed positive signals for angiotensinogen (ENTPDase2/angiotensinogen:
37.5% in fungiform papillae and 34.1% in circumvallate papillae). Angiotensinogen was not observed
in GAD67-expressing cells (GAD/angiotensinogen: 0% in both fungiform and circumvallate papillae).

The inverse co-expression ratios (renin, ACE1, and angiotensinogen/taste cell markers) are shown
in Tables 1–3. A summary of the expression patterns of renin, ACE1, angiotensinogen, and taste cell
markers in the fungiform and circumvallate papillae is shown in Figure 5.
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Figure 2. Co-expression of renin with taste receptor family 1 member 3 (T1R3), glutamate decarboxylase
67 (GAD), epithelial sodium channel α subunit (αENaC) or angiotensin II type 1 receptor (AT1) in
taste bud cells. (A) Expression of renin in fungiform papillae (FP) and circumvallate papillae (VP) of
T1R3-green fluorescent protein (GFP) mice. (B) Expression of renin in FP and VP of GAD67-GFP mice.
(C) Co-expression of renin with αENaC in FP and VP of B6 mice. (D) Co-expression of renin with AT1 in
FP and VP of B6 mice. Immunostaining for renin is shown in red (A,B) or green (C,D). GFP fluorescence
in T1R3-GFP and GAD67-GFP mice is shown in green (A,B). Immunostaining for αENaC and AT1 is
shown in red (C,D). The last merge panels: Nomarski images were overlaid with immunofluorescence
(or GFP) merge images. Arrows indicate renin-expressing taste cells that co-express T1R3, αENaC,
or AT1. Dotted lines indicate the outlines of taste buds: scale bar, 25 μm.
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Table 1. Co-expression ratio of Renin and taste cell markers in fungiform (FP) and circumvallate
papillae (VP) in mice.

FP VP FP VP

T1R3/Renin 54.7% (29/53, n = 12) 49.2% (31/63, n = 17) Renin/T1R3 39.7% (29/73, n = 12) 36.0% (31/86, n = 17)
GAD/Renin 0% (0/33, n = 8) 0% (0/42, n = 11) Renin/GAD 0% (0/13, n = 8) 0% (0/33, n = 11)
ENaC/Renin 83.9% (26/31, n = 10) 88.1% (37/42, n = 11) Renin/ENaC 92.9% (26/28, n = 10) 86.0% (37/43, n = 11)
AT1/Renin 72.0% (18/25, n = 9) 80.0% (32/40, n = 11) Renin/AT1 72.0% (18/25, n = 9) 91.4% (32/35, n = 11)

AT1: angiotensin II type 1 receptor; ENaC: epithelial sodium channel α-subunit; GAD: glutamate decarboxylase;
T1R3: taste receptor type 1 member 3. The number of protein1 + protein2 doubly labeled cell/number of protein2
positive cell and n = number of taste buds examined are shown in parentheses.

 

Figure 3. Co-expression of angiotensin-converting enzyme-1 (ACE1) with taste receptor type 1
member 3 (T1R3), glutamate decarboxylase 67 (GAD), epithelial sodium channel α subunit (αENaC) or
angiotensin II type 1 receptor (AT1) in taste bud cells. (A) Expression of ACE1 in fungiform papillae
(FP) and circumvallate papillae (VP) of T1R3-green fluorescent protein (GFP) mice. (B) Expression of
ACE1 in FP and VP of GAD67-GFP mice. (C) Co-expression of ACE1 with αENaC in FP and VP of B6
mice. (D) Co-expression of ACE1 with AT1 in FP and VP of B6 mice. Immunostaining for ACE1 is
shown in red (A,B) or green (C,D). GFP fluorescence in T1R3-GFP and GAD67-GFP mice is shown
in green (A,B). Immunostaining for αENaC and AT1 is shown in red (C,D). The last merge panels:
Nomarski images were overlaid with immunofluorescence (or GFP) merge images. Arrows indicate
ACE1-expressing taste cells that co-express T1R3, αENaC, or AT1. Dotted lines indicate the outlines of
taste buds: scale bar, 25 μm.
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Table 2. Co-expression ratio of ACE1 and taste cell markers in fungiform (FP) and circumvallate
papillae (VP) in mice.

FP VP FP VP

T1R3/ACE 70.0% (35/50, n = 11) 57.5% (42/73, n = 20) ACE/T1R3 58.3% (35/60, n = 11) 46.2% (42/91, n = 20)
GAD/ACE 0% (0/38, n = 11) 2.7% (2/75, n = 16) ACE/GAD 0% (0/15, n = 11) 4.3% (2/47, n = 16)
ENaC/ACE 71.9% (23/32, n = 7) 91.3% (42/46, n = 10) ACE/ENaC 85.2% (23/27, n = 7) 93.3% (42/45, n = 10)
AT1/ACE 81.3% (26/32, n = 7) 79.7% (63/79, n = 13) ACE/AT1 96.3% (26/27, n = 7) 98.4% (63/64, n = 13)

ACE1: angiotensin-converting enzyme-1; AT1: angiotensin II type 1 receptor; ENaC: epithelial sodium channel
α-subunit; GAD: glutamate decarboxylase; T1R3: taste receptor type 1 member 3. The number of protein1 + protein2
doubly labeled cell/number of protein2 positive cell, and n=number of taste buds examined are shown in parentheses.

 

Figure 4. Co-expression of angiotensinogen (Agt) with taste receptor type 1 member 3 (T1R3), glutamate
decarboxylase 67 (GAD), nucleoside triphosphate diphosphohydrolase-2 (ENTPDase2) and renin in
taste bud cells. (A) Expression of Agt in fungiform papillae (FP) and circumvallate papillae (VP) of
T1R3-green fluorescent protein (GFP) mice. (B) Expression of Agt in FP and VP of GAD67-GFP mice.
(C) Co-expression of Agt with ENTPDase2 in FP and VP of B6 mice. (D) Co-expression of Agt with
renin in FP and VP of B6 mice. Immunostaining for Agt is shown in red. GFP fluorescence in T1R3-GFP
and GAD67-GFP mice and immunostaining for ENTPDase2 and renin are shown in green. The last
merge panels: Nomarski images were overlaid with immunofluorescence (or GFP) merge images.
Arrows indicate Agt-expressing taste cells that co-express T1R3, ENTPDase2, or renin. Dotted lines
indicate the outlines of taste buds: scale bar, 25 μm.
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Table 3. Co-expression ratio of Agt and taste cell markers in fungiform (FP) and circumvallate papillae
(VP) in mice.

FP VP FP VP

T1R3/Agt 73.0% (27/37, n = 7) 70.7% (41/58, n = 14) Agt/T1R3 60.0% (27/45, n = 7) 37.6% (41/109, n = 14)
GAD/Agt 0% (0/10, n = 4) 0% (0/56, n = 17) Agt/GAD 0% (0/8, n = 4) 0% (0/68, n = 17)

ENTPD2/Agt 37.5% (9/24, n = 9) 34.1% (15/44, n = 14) Agt/ENTPD2 8.7% (9/103, n = 9) 7.9% (15/189, n = 14)
Renin/Agt 75.8% (25/33, n = 9) 70.6% (24/34, n = 9) Agt/Renin 92.6% (25/27, n = 9) 85.7% (24/28, n = 9)

Agt: angiotensinogen; ENTPDase2: ecto-nucleoside triphosphate diphosphohydrolase-2; GAD: glutamate
decarboxylase; T1R3: taste receptor type 1 member 3. The number of protein1 + protein2 doubly labeled
cell/number of protein2 positive cell, and n = number of taste buds examined are shown in parentheses.

Figure 5. Summary of the patterns of co-expression between renin, angiotensinogen (Agt),
angiotensin-converting enzyme-1 (ACE1), angiotensin II type 1 receptor (AT1) and type-specific
markers of taste cells [nucleoside triphosphate diphosphohydrolase-2 (ENTPDase2) for cell type I, taste
receptor type 1 member 3 (T1R3) for cell type II, and glutamate decarboxylase 67 (GAD) for cell type
III] in both the fungiform and circumvallate papillae of mice.

3.4. Renin Expression Is Upregulated in the Taste Buds Cells of Water-Deprived Mice

To examine whether water deprivation leads to changes in the abundance of renin,
we performed immunohistochemistry and quantitative image analyses using circumvallate papillae
from non-deprived and water-deprived mice. In non-deprived mice (used as the control),
immunoreactivity for renin was observed in the apical process regions of taste cells with weaker
expression in the cell body regions (Figure 6A). In water-deprived mice, immunoreactivity for renin
was observed throughout some cells, i.e., from apical to basal regions (Figure 6B). There were no
significant differences between non-deprived and water-deprived mice in the mean number of positive
cells per bud [2.75 ± 0.2 (n = 28) vs. 2.85 ± 0.2 (n = 27)] or the mean area (pixels) of a positive cell
[576.7 ± 25.0 (n = 28) vs. 563.2 ± 27.4 (n = 28)] (Figure 6C,D). However, significant differences were
observed between control and water-deprived mice in both the mean pixel intensity (arbitrary units)
[14.5 ± 0.9 (n = 28) vs. 19.2 ± 1.5 (n = 28), p < 0.05] and the median pixel intensity (arbitrary units)
[10.3 ± 0.6 (n = 28) vs. 15.4 ± 1.4 (n = 28), p < 0.01] of the immuno-positive cells (Figure 6E,F).
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Figure 6. The level of renin expression in taste cells is upregulated after water deprivation.
(A) In non-deprived (control) mice, renin was expressed at the apical process regions of taste cells
and more weakly in the cell body regions (lower image: higher magnification of the upper image).
(B) In mice deprived of water for 47 h, renin expression was observed throughout some cells, i.e.,
from apical to basal regions. Water deprivation did not change the mean number of renin-positive
cells per taste bud [n = 28 taste buds from three non-water deprived mice (ND), n = 27 taste buds
from three water-deprived mice (WD)] (C) or the mean area of renin-positive cells (n = 28 taste cells
from ND, n = 28 taste cells from WD) (pixels: pxs) (D). However, significant differences were detected
in the mean pixel intensity (E) and median pixel intensity (F) of renin-positive cells (arbitrary unit:
AU). Gustducin immunoreactivity was detected throughout positive cells from the apical to the basal
regions in both non-water-deprived mice (G) and water-deprived mice (H). Water deprivation did
not change the mean number of gustducin-positive cells per taste bud (n = 23 taste buds from ND,
n = 23 taste buds from WD) (I), mean area of gustducin-positive cells (n = 32 taste cells from ND,
n = 38 taste cells from WD) (pixels: pxs) (J), mean pixel intensity of gustducin-positive cells (K) or
median pixel intensity (L) of gustducin-positive cells (arbitrary unit: AU). (M) Quantification of mRNA
expression of renin, gustducin and keratin 8 by real-time PCR in the circumvallate taste papilla (CV)
and Kidney (as the control tissue for renin expression) from ND and WD. Data were obtained from
at least three independent experiments (n = 3–7 mice) per group each PCR assays were performed
in triplicate. The quantitative PCR results were normalized using the ΔΔCt method with GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) in each sample as the reference, and shown as fold
change of mRNA expression compared to ND. * p < 0.05, ** p < 0.01 for comparisons between ND and
WD groups (Student’s t-test). All data are presented as the mean ± standard error of the mean. Dotted
lines indicate the outlines of taste buds: scale bar, 25 μm.

We also examined differences in the abundance of gustducin protein (a taste-specific G-protein
mostly expressed in bitter taste cells in mouse circumvallate papillae) in taste cells between control and
water-deprived mice. Immunoreactivity for gustducin was observed throughout the apical-to-basal
regions of a subset of taste cells in both the non-deprived and water-deprived groups (Figure 6G,H).
We observed no significant differences between the non-deprived and water-deprived groups in
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the mean number of positive cells per taste bud [6.13 ± 0.3 (n = 23) vs. 6.09 ± 0.3 (n = 23)], the mean
area of a positive cell [548.5 ± 20.4 (n = 32) vs. 532.8 ± 20.5 (n = 38)], the mean pixel intensity of a
positive cell [22.8 ± 1.1 (n = 32) vs. 23.8 ± 1.2 (n = 38)] or the median pixel intensity of a positive cell
[19.6 ± 1.1 (n = 32) vs. 20.6 ± 1.2 (n = 38)] (Figure 6I–L).

Next, we asked whether renin mRNA expression in circumvallate taste bud cells is upregulated
after water-deprivation by using quantitative PCR. mRNA levels of genes were normalized for GAPDH
as the endogenous reference gene and shown as fold change of mRNA expression compared to
non-water-deprived groups (Figure 6M). Statistical analysis by t-test revealed a significant difference
in relative renin mRNA expression in circumvallate taste buds between control and water-deprived
mice [1.36 ± 0.62 (n = 3 mice) vs. 4.60 ± 0.46 (n = 4), p < 0.01]. In the Kidney as the control tissue for
renin expression, renin mRNA was significantly increased in the water-deprived group compared
with the non-water-deprived group [1.11 ± 0.22 (n = 7) vs. 5.53 ± 0.51 (n = 7), p < 0.01) (Figure 6M).
We also performed quantitative PCR analysis of gustducin and keratin 8 (a pan-taste cell marker) in
the circumvallate taste bud cells, and observed no significant differences in the mRNA expression
between control and water-deprived groups [gustducin: 1.14 ± 0.33 (n = 5) vs. 1.02 ± 0.20 (n = 7),
keratin 8: 1.37 ± 0.43 (n = 6) vs. 1.51 ± 0.52 (n = 6)] (Figure 6M). Together, these results suggest that
renin expression is upregulated in taste cells in response to dehydration.

4. Discussion

In the present study, we found that three RAS components, namely renin, ACE1,
and angiotensinogen, were present in the taste buds of fungiform and circumvallate papillae and
co-expressed with αENaC (a salt taste receptor), T1R3 (a sweet taste receptor component) [31–33] and
AT1 [4]. Furthermore, significantly increased levels of renin expression were observed in taste cells
after water deprivation of the mouse. These results suggest that the taste organ contains a local RAS
that may be capable of producing AngII within the taste buds. AngII may function as a modulator of
amiloride-sensitive salt and sweet taste sensitivities via AT1 in an autocrine and paracrine manner.

In animals with AngII-dependent hypertension, the intrarenal AngII level is higher than that
which can be explained on the basis of equilibration with circulating AngII [12]. This suggests that
AngII can be synthesized within the kidney. Indeed, all components of the RAS are present in the distal
nephron [11,37]. Principal cells in the connecting tubule and the cortical collecting duct abundantly
express renin, a key initiator of the RAS, which cleaves the N-terminal end of angiotensinogen to
generate AngI in the tubular fluid. Renin immunolocalizes predominately to the apical side of the
cytoplasm of principal cells. Quantitative histological analysis revealed that mice exhibited minimal
renin immuno-staining (below the detection level) in the connecting tubule under high sodium diets,
in contrast, overnight sodium restriction led to a marked increase in the number of the renin-positive
connecting tubule cells. Furthermore, the amount of renin mRNA was shown to increase in response
to sodium restriction [11,37]. In our study, renin immunostaining predominated at the apical regions of
taste cells, which face the oral cavity and are available to sense various chemical compounds in saliva
or foods (Figure 6A). Moreover, significantly increased levels of renin in taste cells were observed in
water-deprived mice (Figure 6E,F,M), which may be consistent with the results observed in connecting
tubule cells in the kidney [11]. These results indicate that renin synthesis initiating the RAS cascade
occurs in taste cells and may be regulated in response to factors in the oral environment such as sodium
concentration (osmolality) in the saliva or chemical compounds in foods, which are sensed at the apical
regions of the taste cells.

A previous study showed that amiloride-sensitive NaCl taste responses were suppressed 10–30 min
after intraperitoneal injection of AngII, suggesting that systemic AngII produced by the circulating
RAS is able to modulate NaCl taste responses in taste cells [4]. Thus, there may be two pathways
regulating taste, namely the circulating RAS and the local RAS. What would be the advantage of
the co-existence of these two RASs? One possibility is that the local RAS assists in maintaining the
constancy of body NaCl balance through acute changes in AngII production in response to fasting or
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random perturbations in the oral cavity during feeding and drinking. In other words, the local RAS
could help to avert decreases in body sodium levels or prevent excessive sodium/calorie consumption
independently of changes in body NaCl balance. However, once NaCl balance has been changed,
the distal nephron NaCl concentration would serve to regulate the circulating RAS, which supports
the maintenance of prolonged deviations of body NaCl concentration from the normal set point [5].
Such temporally integrated regulation of taste sensitivity by local AngII (short-term feedforward
regulation predicting changes in body fluid composition) and systemic AngII (long-term negative
feedback regulation in response to changes in body salt/water balance) may play an important role
in sodium/energy homeostasis. ACE2, which degrades Ang II to Ang (1–7) to oppose the actions of
Ang II, is present not only in fungiform and circumvallate papillae but also in the tongue epithelium
(Figure 1A). This observation suggests that AngII generated locally in taste buds can be rapidly
degraded by ACE2, which would support the hypothesis of short-term regulation of taste sensitivity
by a local RAS.

Multiple lines of evidence from studies using molecular approaches indicate that the basic
taste qualities (sweet, salty, bitter, sour, and umami) are mediated by distinct taste cells expressing
unique taste receptors [38]. Sweet, umami and bitter substances activate G-protein coupled receptors
(T1R2+T1R3 for sweet [32,33], T1R1+T1R3 for umami [33] and T2Rs for bitter [39]) and subsequent
common signaling pathways involving phospholipase C-β [28], the type 3 inositol 1,4,5-trisphosphate
receptor [40] and TRPM5 [27–30]. Salty and sour substances are believed to activate channel-type
receptors (ENaC for amiloride-sensitive salt taste [31,41] and PKD2L1/1L3 for sour taste [34,35]).
Each of these taste receptors is expressed in a different set of taste cells [38]. The present study
demonstrated that all three of the RAS components studied are co-expressed with αENaC or T1R3
but not GAD67, suggesting that taste-regulated AngII production by the local RAS may be mediated
by αENaC-expressing, amiloride-sensitive salt taste cells, and T1R3-expressing sweet taste cells.
The expression patterns of the RAS components in the taste organ may relate to previous observations
that AngII suppresses amiloride-sensitive salt taste responses and enhances sweet taste responses
without any effects on bitter, umami and sour responses [4]. The relationship between salt and sweet
preferences via AngII signaling, analogous to that between reduced salt-sensitive neural responses and
increased sugar-sensitive neural responses to dietary NaCl in the rat nucleus of the solitary tract after
intracerebroventricular renin infusion on chronic deoxycorticosterone acetate (DOCA, the precursor
of aldosterone) treatment [42], or that between sodium and glucose absorption via sodium-glucose
cotransporter-1 in the small intestine [43], may optimize sodium and calorie intake via the taste system.

The macula densa is a group of 15–20 epithelial cells in the distal convoluted tubule of the kidney.
These cells play a critical role in sensing changes in tubular fluid composition and sending signals to the
juxtaglomerular apparatus that controls renin release [44]. It has been shown that increasing the NaCl
concentration at the macula densa suppresses renin release, whereas reducing the NaCl concentration
results in a prompt stimulation of renin release [45]. NaCl sensing by the macula densa involves apical
NaCl transport mechanisms, including the furosemide-sensitive Na+/K+/2Cl−cotransporter (NKCC),
which is the primary NaCl entry mechanism [46,47]. The apical membranes of macula densa cells
also express Na+/H+ exchanger (NHE), which participates in Na+ transport and the regulation of
intracellular pH and cell volume [48,49]. It has been reported that NHE1 and NHE3 were detected in
taste receptor cells [50]. It is possible that NKCC or NHE may participate in sensing changes in NaCl
concentration at the cell membrane of taste cells.

It is generally accepted that an elevation in the circulating level of AngII inhibits renin secretion
from the juxtaglomerular apparatus of the kidney. However, intrarenal AngII increases renin mRNA
and protein levels in the distal nephron [51], indicating positive-feedback regulation of intrarenal RAS
by AngII. In experiments involving renal cross-transplantation between global AT1-knockout mice and
wild-type controls, AngII was shown to cause hypertension through stimulation of AT1 receptors in
the kidney [52]. Overexpression of renin in the collecting duct caused spontaneous hypertension [53].
The Aldosterone/NaCl-induced RAS functional impairment also, not only caused a reduction of the salt
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taste sensitivity, but also salt-sensitive hypertension in rat [54]. These results suggest that intrarenal
RAS contributes to the pathogenesis of hypertension. The existence of such a positive-feedback
mechanism in the taste organ potentially would have broad implications, since continuous activation
of the taste organ RAS might be associated with hypertension induced by excessive salt consumption
through sustained low salt taste sensitivity.

5. Conclusions

We have demonstrated that the taste organ has three major components of the RAS, namely renin,
angiotensinogen, and ACE1, which would enable AngII to be produced locally in the taste buds.
Expression analyses showed that the RAS components are co-expressed with αENaC or T1R3 in a subset
of taste cells. Renin immunoreactivity was detected at the apical regions of taste cells, which face the
oral cavity and thus are exposed to various chemical compounds in saliva or food. Furthermore, renin
synthesis in taste tissue was significantly upregulated in response to water deprivation. Taken together,
these results suggest the existence of a previously unidentified local RAS in the taste organ. The specific
reduction of amiloride-sensitive salt taste sensitivity and enhancement of sweet taste sensitivity may
be mediated by both locally-produced AngII (temporal feedforward regulation) and circulating AngII
(continuous negative feedback regulation). Such an integrated regulation of peripheral taste sensitivity
by AngII may play an important role in sodium/calorie homeostasis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/9/2251/s1,
Table S1: PCR primers.
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Abstract: The role of taste perception, its relationship with oral microbiota composition, and their
putative link with eating habits and food intake were the focus of the present study. A sample
of 59 reportedly healthy adults (27 male, 32 female; age: 23.3 ± 2.6 years) were recruited for the
study and taste thresholds for basic tastes, food intake, and oral microbiota composition were
evaluated. Differences in taste perception were associated with different habitual food consumption
(i.e., frequency) and actual intake. Subjects who were orally hyposensitive to salty taste reported
consuming more bakery and salty baked products, saturated-fat-rich products, and soft drinks than
hypersensitive subjects. Subjects hyposensitive to sweet taste reported consuming more frequently
sweets and desserts than the hypersensitive group. Moreover, subjects hypersensitive to bitter taste
showed higher total energy and carbohydrate intakes compared to those who perceived the solution
as less bitter. Some bacterial taxa on tongue dorsum were associated with gustatory functions and
with vegetable-rich (e.g., Prevotella) or protein/fat-rich diets (e.g., Clostridia). Future studies will be
pivotal to confirm the hypothesis and the potential exploitation of oral microbiome as biomarker of
long-term consumption of healthy or unhealthy diets.

Keywords: taste sensitivity; taste thresholds; food records; food intake; oral microbiota; eating habits

1. Introduction

There are many known drivers of food choice and habits, however, taste is considered one of the
main predictors [1]. It is generally assumed that humans perceive five different taste modalities: bitter,
sweet, umami, sour, and salty. Each taste quality is associated with different nutritional or physiological
requirements, or indicates a potential dietary risk [2]. Sweet, salty, and umami are supposed to signal
the nutrient composition of foods, with sweet taste representing carbohydrates, salty taste associated
with electrolytes, and umami with proteins. On the contrary, stimuli categorized as bitter and sour
are associated with compounds that could be potentially harmful, and are generally regarded as
innate aversions [3,4]. Taste perception varies greatly among individuals, strongly influencing food
preferences and selection, and therefore nutritional status and health [5]. In particular, during the last
decades, research has been focusing on bitter taste perception, and the genetic predisposition to perceive
the bitter taste of 6-n-propylthiouracil (PROP) has gained considerable attention as a prototypical taste
stimulus and an oral marker of food preferences and eating behavior [6]. Some additional markers
include the density of fungiform papillae on the tongue tip [7] and thermal tasting [8].

Previous studies suggested a connection between individuals’ taste sensitivity and food acceptance
and consumption [9–11]. It has been conclusively demonstrated that PROP-sensitive individuals
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detect more bitterness from glucosinolate-containing vegetables than non-sensitive individuals and an
association between variation in bitter taste perception and food preferences has been documented [12–15].
However, the potential interaction between bitterness sensitivity and food intake has yet to be fully
understood [10,16]. Furthermore, it has been reported that variation in sweet taste perception between
individuals (see [17] for a review) could influence food selection and overall dietary intake. However,
even if a number of previous studies [18–23] have investigated this relationship, conflicting results
have been reported, probably due to differences in study participants’ characteristics (e.g., gender,
ethnicity, age), in sweet taste perception assessment (e.g., psychophysical measurement, type of sweet
stimuli) or in dietary intake assessment (e.g., food record, food frequency questionnaire).

The variability in response to salty stimuli has been examined for decades, but a direct genetic
link to human salt taste perception has yet to be discovered [16]. The relationship between salty
sensitivity and food intake has been studied much less but a connection between individuals’ salt taste
sensitivity and sodium-rich foods acceptance and consumption has been suggested [18,19]. Moreover,
salty sensitivity appears to be determined more by environmental factors, including exposure to NaCl
and consumption of specific nutrients, than by heritability components [24–28].

Recently, in addition to the study of the perception of basic tastes, increasing attention has been
focused on the sensitivity to fat stimulus since various evidence indicated that humans can perceive
non-esterified, long-chain fatty acids in the oral cavity [29,30]. Moreover, it has been suggested that
fat perception may influence the choice and consumption of some high-fat foods and, thus, possibly
affects body weight [31,32]. However, additional studies are needed to confirm this assumption.

In this context, the potentiality of nongenetic factors to interact with genetic predisposition and
influence food habits should be adequately considered. Recently, it has been suggested that differences
in oral microbiota could be involved in the interindividual differences in taste perception. Indeed, in
agreement with other reports [33,34], we previously reported a relationship between reduced taste
perception and specific oral bacteria’s growth [35].

The impact of taste sensitivity and its putative influence on food intake were the focus of the
present study. We explored whether variation in gustatory functions among individuals could be
related to different dietary patterns and intake. Moreover, gustatory functions and dietary patterns
were studied in relation to oral microbiota composition.

2. Material and Methods

2.1. Participants

Healthy, normal-weight volunteers, 18–30 years of age, were recruited from the University of
Milan community through public advertisement. They received oral and written explanations of the
protocol and answered questionnaires aimed at applying exclusion criteria. The following exclusion
criteria were considered: (1) smokers; (2) pregnant or lactating women; (3) subjects on medication that
may interfere with their ability to taste; (4) history of food allergies that may interfere with the study
evaluations; (5) subjects on antibiotics two months before the study. Participants were asked to refrain
from eating, drinking (except room temperature water), brushing teeth, and chewing gum for 3 h prior
to testing.

Power analysis was conducted to determine an appropriate sample size to achieve adequate
power. Using data from previous studies [17,20,21] and an α of 5% and a β of 10% (90% power), it
was calculated that a sample size of 51 would be required to classify at least 20% of the subjects as
hypersensitive to all basic taste.

Informed, written consent was obtained from all subjects. The present study was performed
according to the principles established by the Declaration of Helsinki and the protocol was approved
by the Institutional Ethics Committee of the University of Milan (protocol number 16/17).
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2.2. Gustatory Function Assessments

Seven concentrations for each taste stimulus were prepared to determine the recognition thresholds.
These concentration ranges covered the published threshold values [36–38], and were adjusted according
to preliminary tests. Concentration ranges were established such that the lowest concentration was
clearly below and the highest concentration was clearly above the level at which subjects could detect
or recognize the stimulus, and allowed for interindividual threshold differences. The dilution factor
and the final concentration range were reported in Table 1.

Table 1. Concentrations (g/L) of sucrose, sodium chloride, caffeine, and citric acid used to determine
recognition thresholds.

Taste
Quality

Reference
Stimuli

Sample Concentration (g/L) a

1 2 3 4 5 6 7

Sweet Sucrose 1.6 × 10−1 4.0 × 10−1 1.02 2.56 6.4 16.0 40.0

Salty Sodium
chloride 6.25 × 10−2 1.25 × 10−2 2.5 × 10−1 5.0 × 10−1 1.0 2.0 4.0

Bitter Caffeine 3.0 × 10−3 9.0 × 10−3 3.0 × 10−2 8.0 × 10−2 2.4 × 10−1 8.0 × 10−1 2.0
Sour Citric acid 2.0 × 10−2 5.0 × 10−2 8.0 × 10−2 1.5 × 10−1 3.5 × 10−1 7.5 × 10−1 1.5
a The concentration series for sucrose, sodium chloride, and caffeine were prepared with successive 0.4 log dilution
steps. The concentration series for citric acid were prepared with successive 0.3 log dilution steps. Reference
chemical details: sucrose (Sigma Aldrich srl, Milano, Italy), sodium chloride (Sigma Aldrich srl, Milano, Italy),
caffeine (Sigma Aldrich srl, Milano, Italy), and citric acid (Sigma Aldrich srl, Milano, Italy).

For each taste, participants received the samples at each concentration as a three-alternative
forced-choice (3-AFC) ascending series, according to ISO/DIS 13301:2018 [39]. Starting from the lowest
concentration, three samples (10 mL each), one containing the sample with stimulus and distilled
water and two background samples (only with distilled water), were presented at each concentration.
Participants were asked to take the whole 10 mL of sample into their mouth, swirl the solution around
for 3 s, and expectorate. Using the forced-choice method, participants were instructed to select, or
guess, the sample which was different from the other two. All samples were given a three-digit number,
and the position of the samples with stimuli was randomly allocated. Participants were asked to rinse
their mouth with distilled water between each concentration step.

2.3. Food Intake Evaluation

A Food and Beverage Frequency Questionnaire (FB-FFQ) was used to assess the consumption
frequency of specific categories of foods and beverages over the previous month. The questionnaire
was developed by considering a previous validated questionnaire for the Italian population [40]
but specifically focusing on the main important food and beverage classes contributing to identify
“consumers’ behavior according to taste sensitivity” more than actual energy and nutrient intake.
In fact, the main purpose was to assess in a qualitative way the habitual intake of foods and beverages.
Participants indicated their frequency of intake of 22 food categories (i.e., sweets, salty snacks, dairy
products, meats, fish, fruit, vegetables) using the following frequency categories: less than once a
month, 1–3 times per month, 1–4 times per week, 5–7 times per week, 2-4 times per day, and 5 or more
times per day [20,41].

In addition, each participant completed a seven-day food diary to assess their food and nutrient
intake. Participants were given verbal instructions and written examples on how to fill in the diary
recording the type and amount of foods consumed and possibly the recipes and method of preparation.
All participants were given a food record booklet.

2.4. Oral Sample Collection, DNA Extraction, and Microbiota Composition Evaluation

Oral sample collection was performed as previously reported in Cattaneo et al. [35]. In brief,
volunteers, sitting in front of a mirror, were asked to protrude the tongue and gently press the
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swab on the surface, rolling and touching edges, tip, and all defined areas of the tongue (~2/3 of
tongue length) for 2 min using a sterile flocked swab (FLOQSwabsTM, COPAN S.p.A., Brescia, Italy).
The swab samples were immediately placed in 750 μL of Power Bead solution provided in the DNeasy
PowerLyzer PowerSoil DNA extraction kit (Qiagen, Hilden, Germany) and stored at −80 ◦C. For DNA
extraction, samples were thawed on ice, homogenized for five minutes, and dried. Then, samples
were processed using the DNA extraction kit and following manufacturer’s instructions with a minor
modification (e.g., samples were incubated at 65 ◦C for 10 min after adding C1 solution). Bacterial cell
disruption was performed mechanically using a Precellys bead beater kept in a cold room (3 cycles
of 6800 rpm × 30 s; Advanced Biotech Italia s.r.l., Seveso, Italy). Quantification and verification of
the 260/280 ratio of the extracted DNA was carried out with a Take3 Micro-Volume plate in a Gen5
microplate reader (BioTek Instrument Inc., Winooski, VT, USA). Finally, DNA samples were stored at
−80 ◦C. The bacterial taxonomic composition of oral swabs was assessed in a previous study by 16S
rRNA gene profiling using Illumina HiSeq technology [35]. Analysis and taxonomic assignment of
sequencing reads were also performed by means of the bioinformatic pipeline Quantitative Insights
Into Microbial Ecology (QIIME) version 1.9.0 with the GreenGenes database (version 13_5). Metadata
were deposited in the European Nucleotide Archive (ENA) of the European Bioinformatics Institute
under accession code PRJEB28769.

2.5. Data Analysis

The matrix of the correct and incorrect answers produced separately by each judge was used to
calculate the individual thresholds. The individual’s Best Estimate Threshold (BET) for each sensory
stimulus was calculated as the geometric mean of the highest concentration missed and the next highest
concentration that was correctly recognized (ISO/DIS 13301:2018) [39].

Participants were divided according to their taste sensitivity into three groups, using basic taste
thresholds as a grouping variable. Participants were defined as hypersensitive if they presented
threshold values in the lower percentile (25th percentile): Salty ≤ 0.088 g/L; Sweet ≤ 0.639 g/L;
Bitter ≤ 0.0164 g/L; Sour ≤ 0.0316 g/L, and as hyposensitive if they presented threshold values in
the higher percentile (75th percentile): Salty ≥ 0.0353 g/L; Sweet ≥ 4.040 g/L; Bitter ≥ 0.1385 g/L;
Sour ≥ 0.1095 g/L. The remaining subjects were considered as medium sensitive.

Food record data were used to estimate total energy and macronutrient intake by using the
software MètaDieta developed using Italian food composition tables (METEDA srl, Italy).

The FB-FFQ data registered for the 22 food item categories were converted to daily frequency
equivalents (DFE) calculated by allocating proportional values to the original frequency categories
with reference to a base value of 1.0, equivalent to once a day [20,41]. The scores were calculated as
reported in Table 2.

Table 2. The six frequency response options and their conversion into Daily Equivalent Frequency.

Original Frequency used in FFQ Daily Equivalent Frequency

Less than once per month 0.02
1–3 times per month 0.07
1–4 times per week 0.43
5–7 times per week 0.86
2–4 times per day 3.00

5 or more times per day 5.00

FFQ: Food Frequency Questionnaire.

Pearson’s coefficients correlations were conducted to analyze the relationship between the
gustatory functions.

Mixed ANOVAs were carried out considering “Taste sensitivity” (hyper, medium, and hypo) to
basic tastes, “gender” (female, F and male; M) and their interaction as fixed factors and dietary intake,
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total energy and macronutrient intake as dependent variables, followed by pairwise comparisons
using the Bonferroni test adjusted for multiple comparisons (p < 0.05). Participants were added as
random factor in all the analyses. These statistical analyses were performed using IBM SPSS Statistics
for Windows, Version 25.0 (IBM Corp., Armonk, NY, USA).

Correlation analyses between the tongue microbial ecology data, gustatory functions, and dietary
intake, total energy and macronutrient intake were performed using the Kendall and Spearman
formulas as predictors and dependent variables. Significance was set at p ≤ 0.05 (α = 5%); significance
in the range 0.05 < p < 0.10 was accepted as a trend.

3. Results

3.1. Participant Characteristics

Fifty-nine volunteers (27 males, 32 females) were recruited for this study. The characteristics of all
participants are detailed in Table 3.

Table 3. Baseline characteristics, energy and nutrient intake, and gustatory functions (taste thresholds,
PROP responsiveness, and FPD) presented as mean, standard error of study participants.

Mean SEM

Age (years) 23.3 0.3
BMI (kg/m2) 21.6 0.3

Gustatory Functions
Sweet threshold (g/L) 3.61 0.62
Salty threshold (g/L) 0.20 0.02
Bitter threshold (g/L) 0.16 0.04
Sour threshold (g/L) 0.09 0.01

Food Intake
Total Energy (kcal) 1829 60

Protein (%) a 15.6 0.4
Fat (%) a 35.2 0.9

Carbohydrates (%) a 45.2 0.7
Protein (g) b 68.0 2.3

Fat (g) b 70.1 2.7
Carbohydrates (g) b 216.0 8.6

Total Fiber (g) b 15.1 6.7
a Calculated as% of total energy intake (kcal); b Calculated as gram per day.

3.2. Association among Gustatory Functions and Their Relationship with Food Intake

Significant correlations were found between tastes that share many common features in the
transduction mechanisms. In particular, the bitter threshold showed a significant correlation with
the sweet threshold (r = 0.34, p < 0.01), while the sour threshold had significant correlations with
the recognition thresholds of salty (r = 0.34, p < 0.01). Moreover, a significant correlation was found
between sour and bitter thresholds (r = 0.31, p < 0.05).

As previously described in the “Material and Methods” section, basic taste thresholds were used
as grouping variables and respondents were divided into three groups according to their sensitivity
(hypersensitive, medium sensitive, hyposensitive). Among the whole samples, no more than 14 subjects
switched from hypo- to hypersensitive within the different stimuli. For salty sensitivity, the group
with low sensitivity corresponded to 27.1% of the total sample (10 M, 6 F), the medium sensitive group
accounted for 27.1% (7 M, 9 F) and the group with high sensitivity corresponded to 45.8% (10 M,
17 F) of the total sample. For sweet sensitivity, the group with high sensitivity corresponded to 28.8%
(9 M, 8 F) of the total sample, while the medium and hyposensitive groups accounted for 22.1% (6 M,
7 F) and 49.1% (12 M, 17 F) of the total sample, respectively. For bitter sensitivity, the hypersensitive
group corresponded to 40.7% (15 M, 9 F) of the total sample, while the medium and hyposensitive
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groups accounted for 18.6% (4 M, 7 F) and 40.7% (8 M, 16 F) of the total sample, respectively. For sour
sensitivity, the hypersensitive group corresponded to 22.0% (5 M, 8 F) of the total sample, while the
medium and hyposensitive groups accounted for 44.1% (10 M, 17 F) and 33.9% (12 M, 8 F) of the total
sample, respectively.

3.2.1. Salty Sensitivity

The elaboration of the results on potential impact of “Salty sensitivity” on food and beverage
consumption frequency is reported in Table 4.

Consumption frequency of bakery and salty baked products, legumes, fats, and soft drinks seemed
to be associated with “Salty sensitivity”. Post hoc comparisons showed that, in general, hyposensitive
subjects consumed these products significantly more than did medium and hypersensitive subjects.
The main factor “gender” was significant for various food categories. In all cases, females have
been found to consume significantly less salty baked products (F(1,53) = 8.46, p < 0.01), cured meats
(F(1,53) = 11.25, p < 0.001), and soft drinks (F(1,53) = 10.19, p < 0.01), but more fish (F(1,53) = 9.88, p < 0.01),
fruit (F(1,53) = 8.15, p < 0.01), and nuts (F(1,53) = 7.02, p < 0.05) than males. The “Salty sensitivity” ×
“gender” interaction was significant only in a few cases (cereal and cereal-derived products: F(2,53) = 5.52,
p < 0.01; cured meats: F(2,53) = 3.62, p < 0.05; nuts: F(2,53) = 3.27, p < 0.05; soft drinks: F(2,53) = 5.06,
p < 0.01).

When food record data were considered, a significant association with “Salty sensitivity” was
found (F(2,53) = 3.52, p < 0.05) on fat (as% energy intake), with hyposensitive subjects showing a higher
intake compared to medium and hypersensitive subjects. A significant “gender” association was found
(F(2,53) = 5.76, p < 0.05), underlying a higher fat intake in female subjects with respect to males.

3.2.2. Sweet Sensitivity

The elaboration of the results on potential impact of “Sweet sensitivity” on food and beverage
consumption frequency is reported in Table 4.

Consumption frequency of legumes and sweets and desserts seemed to be associated with “Sweet
sensitivity”. Post hoc comparisons showed that, in general, hypersensitive subjects consumed these
products significantly less than did medium and hyposensitive subjects. The main factor “gender”
was significant for various food categories. In all cases, females reported consuming significantly
less salty baked products (F(1,53) = 14.29, p < 0.001), cured meats (F(1,53) = 5.89, p < 0.05), sweets
and desserts (F(1,53) = 4.06, p < 0.05), alcoholic beverages (F(1,53) = 5.19, p < 0.05), and soft drinks
(F(1,53) = 5.16, p < 0.05), but more fish (F(1,53) = 5.70, p < 0.05) than males. The “Sweet sensitivity” ×
“gender” interaction was significant only in a few cases (dairy products: F(2,53) = 3.48, p < 0.05; candies
and gums: F(2,53) = 3.17, p < 0.05).

When food record data were considered, significant differences were found between female and
male subjects on total energy and carbohydrates and fat consumptions. Energy (kcal) (F(2,53) = 4.71,
p < 0.05) and carbohydrate intakes (g) (F(2,53) = 5.70, p < 0.05) were significantly lower in female subjects
compared to male subjects. By contrast, fat intake (as% energy intake) (F(2,53) = 8.60, p < 0.01) was
significantly higher in females than males.

3.2.3. Bitter Sensitivity

The elaboration of the results on potential impact of “Bitter sensitivity” on food and beverage
consumption frequency is reported in Table 5.

“Bitter sensitivity” had a significant association with consumption frequency of oils (F(2,53) = 5.41,
p < 0.01). Post hoc comparisons showed that hyposensitive subjects consumed these products
significantly more than did medium and hypersensitive subjects. The main factor “gender” was
significant for some food categories. In all cases, females reported consuming significantly less salty
baked products (F(1,53) = 6.63, p < 0.05) and cured meats (F(1,53) = 8.47, p < 0.01), but more fish
(F(1,53) = 8.79, p < 0.01), fruit (F(1,53) = 4.87, p < 0.05), and nuts (F(1,53) = 4.02, p < 0.05) than males.

40



Nutrients 2019, 11, 1167

The “Bitter sensitivity” × “gender” interaction was significant only in a few cases (oils: F(2,53) = 5.32,
p < 0.01; salty snacks: F(2,53) = 3.54, p < 0.05).

When food record data were considered, a significant association with “Bitter sensitivity” was
found on energy (Kcal) (F(2,53) = 3.30, p < 0.05) and carbohydrates (g) (F(2,53) = 3.59, p < 0.05) intakes,
with hypersensitive subjects showing higher intakes compared to medium and hyposensitive subjects.
A significant “gender” association was found with carbohydrates (F(2,53) = 6.97, p < 0.01) and fat intakes
(as% energy intake) (F(2,53) = 11.77, p < 0.001), underlying a lower carbohydrates but a higher fat intake
in females than males.

3.2.4. Sour Sensitivity

The elaboration of the results on potential impact of “Sour sensitivity” on Food and Beverage
consumption frequency is reported in Table 5.

“Sour sensitivity” had a significant association only with consumption frequency of fish (F(2,53) = 6.14,
p < 0.01). Post hoc comparisons showed that subjects characterized by medium sensitivity to sour
consumed fish significantly less than did hypo- and hypersensitive subjects. The main factor “gender”
was significant for some food categories. In all cases, females reported consuming significantly less
salty baked products (F(1,53) = 8.21, p < 0.01), cured meats (F(1,53) = 6.47, p < 0.05), and soft drinks
(F(1,53) = 5.29, p < 0.05), but more fish (F(1,53) = 10.42, p < 0.01) and nuts (F(1,53) = 4.04, p < 0.05) than
males. The “Sour sensitivity” × “gender” interaction was significant only in one category (salty snacks:
F(2,53) = 3.54, p < 0.05).

When food record data were considered, significant differences were found between female and
male subjects for carbohydrates (g) (F(2,53) = 3.86, p < 0.05) and fat consumptions (as% energy intake)
(F(2,53) = 9.12, p < 0.01). Carbohydrates intake (g) was significantly lower in female subjects compared
to male subjects. By contrast, fat intake (as% energy intake) (F(2,53) = 8.60, p < 0.01) was significantly
higher in females than males.

3.3. Correlation between Tongue Dorsum Microbiota, Gustatory Functions, and Dietary Intake

To infer potential links between bacteria on tongue dorsum, gustatory functions, and dietary
intake, we performed correlation analyses between taste thresholds, total energy, and macronutrient
intake and the DADA2/SILVA/speciateIT-determined bacterial relative abundances.

Several bacterial taxa abundances were correlated with taste thresholds. In particular, one taxon
negatively correlated with sweet, three with sour, and six with salty thresholds. In summary, bacterial
taxa abundances increase in subjects characterized by lower taste thresholds. On the contrary, the
genus Rothia was the only taxon positively associated with taste thresholds, specifically salty. No taxon
was correlated with the bitter threshold (Figure 1 – left side).

Finally, we performed correlation analyses between the oral microbiota and dietary intake.
We found that energy and macronutrient intake were significantly correlated with several bacteria taxa
(Figure 1 – right side). Notably, we found that several taxa in Clostridia class (e.g., genera Selenomonas,
Ruminococcaceae, Johnsonella, and Veilonella) were positively correlated with total energy, protein, and
fat intake and negatively correlated with carbohydrates and total fiber intake (e.g., genera Catonella
and Peptostreptococcus). Contrarily, Prevotella genus was positively correlated with total fiber intake
(Figure 1 – right side). Overall, these results seem to indicate that some microbial taxa are positively
associated with vegetable-rich (Prevotella genus) or protein/fat-rich diets (Clostridia class).
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Figure 1. Correlations between the relative abundance of bacterial taxa on tongue dorsum and taste
thresholds for the four basic tastes (left side) and nutritional variables (right side). The heatmap
represents the Spearman’s correlation R-values. Asterisks relate to the Kendall rank correlation p values:
* p < 0.05; ** p < 0.01. Prevotella genera and Clostridia class, which showed significant correlation with
energy and macronutrients intake, are highlighted in green and in grey colors, respectively.
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4. Discussion

The present study evaluated interindividual differences in recognition thresholds for basic tastes
and examined to what extent these variations in gustatory functions among individuals could be
related to food intake in a sample of reportedly healthy adult women and men. Additionally, these
variables were further evaluated in relation to individual oral microbiota composition.

The present study shows that recognition thresholds for the basic tastes were associated with
each other, albeit in different ways. Indeed, significant correlations were found between tastes that
share many common features in the transduction mechanisms. The perception of both sweet and bitter
tastes is mediated via G-coupled protein receptors, encoded by TAS1R and TAS2R taste receptor gene
families, while salty and sour tastes are transduced via ion channels [42]. Thus, these findings seem to
confirm the presence of the well-known dichotomy in taste coding for perception of pleasant (e.g.,
sweet and savory compounds) vs noxious stimuli (e.g., sour and bitter tastants) [43].

The results of the present study showed that interindividual differences in taste perception may
influence habitual food consumption and intake. This assumption supports various observations that
taste sensitivity may play an important role in dietary habits and body energy balance [37,44–46].
Indeed, it has been suggested that subjects characterized by a reduced or distorted taste sensitivity
could increase the willingness to ingest foods that involve greater stimulation of the taste and oral
somatosensory system (e.g., high-energy dense foods rich in sugars and fats), leading to unhealthy
food choices, and thus pathogenesis of weight excess.

As far as salt intake is regarded, a few studies [47–49] examined the association between salt
hedonics and sodium intake, but the relationship between salty sensitivity and food intake has been
poorly investigated. Kim and Lee [25] reported an association between individuals’ salty taste sensitivity
and sodium-rich fast foods acceptance and consumption in a sample of Korean adolescents. Moreover,
Hayes and colleagues [47] reported that variation in salt perception was associated with differences in
preferences to high-sodium foods and, indirectly, to sodium intake. Accordingly, in the present study,
subjects who were orally hypersensitive to sodium chloride solution reported consuming less bakery
and salty baked products than those who were defined as hyposensitive. Moreover, hyposensitivity to
salty taste seems to increase consumption of less healthy foods, like saturated-fat-rich products and
soft drinks. This assumption is supported by food record data, in which fat intake (expressed as a
percentage of total energy intake) was found to be higher in the hyposensitive group.

Previous studies have failed to find associations between sweet taste and diet parameters [21,23].
Contrarily, the present data from the FB-FQ and sweet sensitivity suggests that participants who have
a higher threshold for sweet taste (hyposensitive) reported consuming more frequently sweets and
desserts than the hypersensitive group. This is supported by findings of recent studies, where positive
relationships were found between reduced perceived intensity and increased desire for higher energy
providing taste stimuli [50]. Accordingly, Jayasinghe and colleagues [20] showed that participants
who perceived as sweeter the highest glucose concentrations are reported to be more sensitive to sweet
taste and had a lower consumption frequency of sweet foods compared to those who perceived the
solution proposed as less sweet.

Interestingly, this study did not find any relationship between sweet taste sensitivity and energy
or macronutrient intakes expressed as a percentage of total energy or grams. This result was in contrast
with previous findings suggesting an inverse correlation between glucose taste perception and total
energy and carbohydrate intakes [20]. However, as recently discussed by Webb and colleagues [38] it
is necessary to use a combination of sweet taste measurements (e.g., glucose, sucrose, and fructose) to
better characterize the overall perception and the relationships between sweet taste perception and
food intake.

Nevertheless, we observed a relationship between bitter taste sensitivity and total energy and
carbohydrates intakes. Participants who were orally hypersensitive to caffeine solutions showed
higher total energy and carbohydrate intakes compared to those who perceived the solution as less
bitter, suggesting a potential shift towards less healthy dietary patterns in the hypersensitive group of
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subjects. These results seem to support the hypothesis that higher taste sensitivity to bitter compounds
can elicit rejection responses in subjects leading to a reduced selection and intake of some vegetable
foods in favour of high-energy-dense foods [51].

Regarding the relationship between sour taste sensitivity and food consumption frequency, our
results failed to underline any significant association. It is important to note that, in literature, the
attention has been mainly focused on individual variation in sour taste perception and preferences
for sour foods [52], suggesting that low preference for sour foods could eventually lead to limited
choices or inadequate intake of fruit and berries. However, even if these results demonstrated a genetic
contribution to preference for sour foods, the authors underlined that sour taste perception and related
preferences for sour foods are mediated by both genetic and environmental factors (e.g., food habits of
the family). Thus, the potential relationship among sour taste perception and subsequent food choices
and intake remains to be explored [16].

As expected, gender-related differences in food consumption frequency and intake were found,
confirming previous studies in which differences in the nutritional quality of the diet of men and
women were highlighted [53–56]. Indeed, men reported significantly more frequent consumption of
salty baked products, cured meats, sweets and desserts, alcoholic beverages, and soft drinks than did
women. On the other hand, women were more likely to consume fish, fruit and nuts. Macronutrients
intake, in terms of percentage of total energy intake, differed between female and male subjects. Clearly,
as expected, men consumed higher total energy and carbohydrates compared to women.

In order to provide further insights into the complexities of human eating behavior, the
present study focused the attention on less investigated nongenetic factors potentially influencing
food preference and habits. In particular, we considered the oral microbiota composition since,
recently, a relationship between reduced taste perception and specific oral bacteria’s growth has been
reported [35], in agreement with previous findings [33,34]. Solemdal and colleagues [34] investigated
variables related to taste ability and oral health in acutely hospitalized elderly, showing that taste
perception, particularly for sour taste, was reduced in acutely hospitalized elderly with high lactobacilli
growth. Besnard and colleagues [33] tested the hypothesis that obese and normal-weight adults could
be characterized by an impaired fat taste perception, which could be also linked to a change in the
microbial composition. This study showed no difference in the fat taste perception and composition of
oral microbiota between normal-weight and obese subjects. Otherwise, specific bacterial composition
was found in lipid non-tasters, irrespectively of nutritional status. Moreover, in our previous study, we
found that subjects who were characterized by a greater responsiveness to PROP presented differences
in the relative abundance of some taxa compared to subjects who were less responsive to the PROP
compound. In particular, five bacterial genera, including the Gram-positive genera Actinomyces,
Oribacterium, Solobacterium, and Catonella, and the Gram-negative Campylobacter, were overrepresented
in the most responsiveness group.

In the present study, interesting further correlations between the relative abundance of bacterial
taxa on tongue dorsum and gustatory functions were found. The present results showed that a number
of taxa were inversely correlated with salt and sour thresholds, showing that a great salty and sour
sensitivity may be linked to specific taxa, mainly attributed to Clostridiales and Bacteroidales order. Given
the diversity of genera and species within the oral microbiome [57], it is overall difficult to propose
systematic explanations of such links. However, a hypothesis may reside in bacterial modulatory ability
as suggested by Alcock and colleagues [58], who described a potential involvement of microbes in the
manipulation of eating behavior by altering the host preferences through a modulation of receptor
expression, as in vivo animal model studies on gut microbiota showed [59,60]. Another plausible
explanation may lie in bacterial ability to degrade carbohydrates into disaccharides, monosaccharides,
and organic acids, used as “building material” for biofilms [61]. The physical barrier between tastants
and taste receptors would, as a consequence, be less or more efficient, thus influencing sensitivity.
According to our results, also Feng and colleagues [62] reported that a higher proportion of Actinobacteria
was linked to lower taste sensitivity, while a higher proportion of Bacteroidetes increased sensitivity.
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Nonetheless, a more detailed characterization of microbial communities and their metabolic
feature would be of interest, but this study supports that the oral microbiota composition deserves
to be considered as an influencing variable when investigating peri-receptor events involved in
chemosensory processes.

The role of diet in shaping the gut microbiota is widely recognized [63,64]. However, until recently,
only a few studies have considered the association between habitual diet and oral microbiota.

In the present study, interesting correlations between the relative abundance of bacterial taxa on
tongue dorsum and dietary intake were found. Indeed, Clostridia class was positively associated with
total energy, fat, and protein intake but negatively associated with fiber intake, whereas Proteobacteria
phylum and Prevotella genus showed the opposite association. Since it has been found that oral cavity
and stool bacteria overlapped in nearly half (45%) of the subjects in recent studies [65,66], it is possible
to hypothesize that dietary habits could affect both oral and gut microbiota in a similar way. Indeed, our
results are in line with the general assumption that some gut microbial taxa are positively associated
with vegetable-rich (Prevotella) or protein/fat-rich diets (Clostridia) [67,68]. However, further studies
are warranted to clarify whether observations from the gut microbiome are transferrable to the oral
microbiome. In this context, the oral microbiome could be further investigated as potential marker of
long-term consumption of healthy or unhealthy diets.

The strengths of the present study include an investigation of the relationship between taste
sensitivity for all the four tastes with a range of parameters of food consumption frequency and
food intake. In particular, dietary intake was investigated through assessment of actual food intakes
(seven-day food records) and habitual intakes of different categories of foods and beverages (FB-FQ),
capturing different aspects of eating habits. Finally, the multidisciplinary approach applied in the
present study offers new insights into the reciprocal impact between taste perception, food intake, and
oral microbiota composition.

The present study has also several limitations. Firstly, participants involved were a small sample
of Italian women and men of similar age (young) and BMI (normal range). Therefore, the findings of
this study cannot be generalized to other ethnicities, ages, or BMI groups. Secondly, the study design
was cross-sectional and the findings represent only relationships among variables under study while
no causations can be ascertained. Thirdly, limitations to the study include validity of food intake
measurements. Reported intakes may be inaccurate due to memory recall, interviewer and subject
bias, and responder fatigue, all of which contribute to underestimating or overestimating food intake
measures [69].

In conclusion, the present study shows a link between taste sensitivity and dietary measurements
in a group of young healthy women and men with normal BMI and food intake. Moreover, significant
relationships between taste sensitivity and dietary measurements, but also with oral microbiota
composition, were found.

These findings have implications for eating behavior, as perceived sensory properties of foods
and beverages clearly influence preferences and the type and amount of food consumed [1]. Moreover,
this study provides further support that nongenetic factors, such as the oral bacteria lining the tongue,
should be adequately considered in order to gain new insights into taste-related eating habits that may
influence long-term health outcomes. The impact of genetic and nongenetic characteristics, including
the complex interactions among multiple factors related with food cues and exposure, can affect food
choices and dietary intake. For this reason, this topic remains an important research area to be further
investigated, since all these aspects reciprocally influence each other, driving towards individual
eating behavior.
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Abstract: Renal excretion and sodium appetite provide the basis for sodium homeostasis. In both
the kidney and tongue, the epithelial sodium channel (ENaC) is involved in sodium uptake and
sensing. The diuretic drug amiloride is known to block ENaC, producing a mild natriuresis. However,
amiloride is further reported to induce salt appetite in rodents after prolonged exposure as well
as bitter taste impressions in humans. To examine how dietary sodium content and amiloride
impact on sodium appetite, mice were subjected to dietary salt and amiloride intervention and
subsequently analyzed for ENaC expression and taste reactivity. We observed substantial changes of
ENaC expression in the colon and kidney confirming the role of these tissues for sodium homeostasis,
whereas effects on lingual ENaC expression and taste preferences were negligible. In comparison,
prolonged exposure to amiloride-containing drinking water affected β- and αENaC expression in
fungiform and posterior taste papillae, respectively, next to changes in salt taste. However, amiloride
did not only change salt taste sensation but also perception of sucrose, glutamate, and citric acid, which
might be explained by the fact that amiloride itself activates bitter taste receptors in mice. Accordingly,
exposure to amiloride generally affects taste impression and should be evaluated with care.

Keywords: epithelial sodium channel; sodium homeostasis; amiloride; salt deprivation; short-term
preference test

1. Introduction

Sodium is the main cation in the extracellular fluid and the primary determinant of osmolarity,
crucial for many biological processes [1]. Accordingly, levels of sodium are tightly controlled through
a precise balance of sodium intake and excretion. The latter is primarily realized via the kidney, which
plays a major role in volume, electrolyte, and blood pressure regulation [2,3]. To move sodium across the
apical plasma membrane, the distal tubules and collecting duct of the kidney utilize the epithelial sodium
channel (ENaC). In times of sodium deficits, aldosterone, a mineralocorticoid hormone produced in the
adrenal glands [4], promotes the translocation of ENaC from cytoplasmic compartments to the apical
plasma membrane in the renal collecting system [5] triggering sodium reabsorption. In comparison,
sodium absorption in the intestine is primarily realized by the sodium/hydrogen exchanger rather than
through the ENaC, which is limited to epithelial cells of the distal colon and rectum [6,7]. However, after
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proctocolectomy, ENaC was verified in the distal part of the small intestine, indicating the importance
of ENaC-mediated reabsorption of salt and water in the intestine [8]. Inhibition of ENaC is achieved
by amiloride [9–12], first described by Cragoe in 1967 [13]. Amiloride lowers systemic blood pressure
by preventing absorption of sodium and increasing its excretion along with water (natriuresis) [14–16].

Additionally, sodium homeostasis is maintained by ingestive behavior. Sodium appetite is the
instinctive drive to seek salty substances or beverages for consumption [17] stimulated by sodium
deficiency, hypovolemia, or mineralocorticoids. Accordingly, sodium-depleted rats ingest high sodium
chloride solutions even at concentrations they would normally reject [18–21]. Already decades ago,
studies revealed that amiloride not only affects the kidney but also acts as a potent blocker of salt taste
in rodents [22–25]. Applied to the tongue before or during sodium stimulation, amiloride reduces
sodium-evoked responses in the chorda tympani nerve innervating the fungiform papillae on the
frontal tongue as well as the palate in the oral cavity [9,10,26,27]; vice versa, sodium deprivation or
aldosterone application results in an increased number of amiloride-sensitive taste receptor cells in
fungiform papillae [28].

Conclusively, ENaC has been detected in lingual epithelia and taste buds [9,10,23,29–33]. Fully
functional ENaC is believed to be composed of three homologous subunits (α, β, and γ) arranged with
a 1:1:1 stoichiometry [34,35]. In 2010, Chandrashekar and colleagues demonstrated the involvement of
the α-subunit of ENaC in salt attraction and sodium taste responses by a tissue-specific knock-out
model [32]. However, a recent gene-targeted approach, using fluorescent marker proteins under the
control of the Scnn1a and Scnn1b gene loci, encoding α- and βENaC, respectively, concluded that the
assumed αβγ-subunit composition of ENaC seems highly unlikely in taste tissue, as ENaC subunits
were distributed in different taste bud cells under adequate sodium conditions [33].

Accordingly, the cellular and molecular composition of the “salt taste receptor” is still quite
controversial with many unanswered questions. Furthermore, studies regarding the expression levels
of ENaC subunits in gustatory tissues after dietary sodium restriction are rare and inconclusive [28,36].
To explore how sodium ingestion as well as short- and longtime exposure to amiloride impact on
sodium appetite, we utilized a gene-targeted animal model with modified Scnn1a and Scnn1b loci,
which were subjected to dietary and amiloride interventions, followed by taste reactivity testing
(short-term preference test) and expression analysis of potential ENaC subunits.

2. Materials and Methods

2.1. Animal Experiments

All animal experiments were approved by and conducted following the national guidelines of
the Ministry of Environment, Health and Consumer Protection of the federal state of Brandenburg
(14513 Teltow, Germany; 2347-02-2017), and institutional guidelines of the German Institute of Human
Nutrition Potsdam-Rehbruecke (14558 Nuthetal, Germany; T-01-17, T-02-17). Mice were housed in
polycarbonate cages and kept under constant conditions (12 h light/dark cycles with light beginning at
6:00 am; 22 ◦C room temperature; 55% humidity). The animals received food and water ad libitum (for
details see feeding experiments).

2.2. Feeding Experiment and Amiloride Intervention

In this study, either wild-type or homozygous double gene-targeted
Scnn1aIRES-GFP/Scnn1bIRES-tdRFP mice (abbreviated Scnn1++/++ and Scnn1aa/bb, respectively,
throughout) with modified Scnn1a and Scnn1b loci were used. These carried modified alleles allowing
the synthesis of green (GFP) and red (tdRFP) fluorescent proteins in cells expressing α- and βENaC
subunits, respectively. Details of modification/gene-targeting were described previously [33].

Before the experiments, Scnn1++/++ and Scnn1aa/bb animals had free access to water and standard
chow diet (V1534, Ssniff, Soest, Germany; sodium content of 0.24%). From the 7th week of life
on, the animals continued to have free access to water, while the chow was replaced either by a
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sodium-adequate (equal sodium content as within the chow, however 4.8 above nutrient requirements
of laboratory animals) [37], sodium-deficient or high salt diet, with 0.21% (0.5% NaCl; E15430-04, Ssniff,
Soest, Germany), <0.03% (E15430-24, Ssniff, Soest, Germany), and 1.71% sodium (4% NaCl; E15431-34,
Ssniff, Soest, Germany), respectively. Body weight, food, and water intake were monitored weekly
from weaning onward (21 days). Blood pressure was recorded prior to diet change/experimental
session (6th week) and after 4 weeks of intervention (10th week) using Power Lab and Chart 5 software
(ADInstruments Ltd., Oxford, UK). Urine samples were collected during the day (6 am to 5 pm)
and overnight (5 pm to 6 am) at week 10, while mice were individually housed in metabolic cages
(TechniPlast, Buguggiate, Italy). Urinary sodium content was determined in triplicate with a LAQUA
twin system (Horiba Scientific for Na+, Darmstadt, Germany). Until then, all animals went through
the same experimental procedure differing only in the sodium content of the diet. To test the effect
of the consumed sodium on RNA expression levels and the distribution of fluorescent proteins, a
randomly selected experimental set of mice were killed at the 11th week of life and subjected either to
taste bud isolation (n = 4–6 per diet and genotype) or perfusion (n = 3 per diet and genotype). In a
different experimental set, taste responses to different taste solutions were assessed by a short-term
preference test. The remaining mice further continued with the dietary intervention for additional
4 weeks (n = 10–11 per diet and genotype) with defined access to water and food (for details see
short-term preference test). In the third experimental setup, taste responses to different taste solutions
after pre-treatment with amiloride were examined. In this experiment, mice fed a sodium-adequate
diet either received access to amiloride-containing (300 μM) or amiloride-free water for 36 h [38] prior
to short-term preference tests (n = 10–16 per intervention and genotype). Amiloride treatment was
restricted to a maximum of 3 times for each animal, with a recovery phase of 36 h in-between (with
amiloride-free water). After the final intervention/third amiloride treatment, animals were subjected
either to taste bud isolation (n = 4 per intervention and genotype) or perfusion (n = 3 per intervention
and genotype).

2.3. Short-term Preference Tests

Short-term preference tests were performed using the DavisRig system (MS-160, DiLog
Instruments, Tallahassee, FL, USA), permitting several taste stimuli to be presented in a brief trial
within a single test session. During these experiments, mice were singly housed with defined access
to water and food. Mice were initially trained for 3 days after 18 h water restriction, using water as
test stimulus to get used to the shutter system. To monitor attractive taste responses, animals were
restricted for 22.5 h with limited access to food (1 g of the corresponding diet) and water (2.5 mL).
For aversive taste stimuli, mice were water restricted over a period of 22.5 h with free access to food,
as reported earlier [39]. Mice performed preference tests at the beginning of the light phase, followed
by 1 h with free access to water and food. Test sessions were restricted to 2 or 5 consecutive days
for attractive or aversive taste stimuli, respectively. To control for small individual differences in lick
rate, number of licks to each taste stimulus was divided by the average number of licks to water
alone for each mouse and day. A lick ratio of 1.0 reveals that licks to taste stimulus equals licks to
water. In contrast, a lick ratio close to 0 indicates only a few licks of taste stimulus relative to licks for
water, and a lick ratio > 1.0 signifies more licks of the taste stimulus relative to that for water. In case
of apparent decreasing motivation of the animals, for example, reduced water licks under aversive
test conditions or diminished licks for sucrose and sucralose under attractive restriction conditions,
we excluded the entire subsequent test session. Accordingly, sometimes only the first 15 instead of
20 min were taken into consideration, adjusted day by day, and according to the motivational behavior
of each mouse.

Taste solutions for testing were prepared daily with reagent grade chemicals and distilled water,
sucrose (10–1000 mM, Merck, Darmstadt, Germany), monopotassium glutamate (MPG; 1–100 mM;
Fluka, Oberhaching, Germany), denatonium benzoate (DB; 0.1–10 mM; Sigma, Taufkirchen, Germany),
citric acid (CA; 1–100 mM; Roth, Karlsruhe, Germany), sodium chloride (NaCl; 10–1000 mM;

55



Nutrients 2020, 12, 995

Roth, Karlsruhe, Germany), inosine monophosphate (IMP; 1 mM; Sigma, Taufkirchen, Germany),
and amiloride (0.1 mM; Sigma, Taufkirchen, Germany). Solutions were presented at room temperature.
The sequence of stimulus presentation was randomized with varying taste solutions and concentrations
(no ascending or descending presentation of a single taste solution) every day to minimize systematic
order and contrast effects.

2.4. Tissue Preparation

Scnn1++/++ and Scnn1aa/bb mice were either anesthetized by intraperitoneal injection of 150 mg/kg
body weight pentobarbital (Narcoren from Merial, Hallbergmoos, Germany) followed by transcardial
perfusion with phosphate-buffered saline (PBS; 0.01 M Na2HPO4, 1.764 mM KH2PO4, 2.683 mM KCl,
0.1369 M NaCl, pH 7.4) and 4% paraformaldehyde (PFA) to gain tissue for cryosections (14 μm) and
subsequent immunohistochemistry or with isoflurane (Cp-pharma, Burgsdorf, Germany) to gain
tissues for RNA extractions as reported earlier [33].

2.5. Immunohistochemistry

Immunohistochemistry was performed as described before [33]. Primary antibodies included
TrpM5 (1:5000; [40]) and aromatic L-amino acid decarboxylase (AADC, also known as DOPA
decarboxylase, 1:500; GTX30448, GeneTex, Irvine, CA, USA).

Co-localization analysis in fungiform papillae was based on confocal (Leica TCS SP8) z-stack
scans through tissue sections, of which a single plane was used for evaluation. Mean fluorescence
intensity was evaluated in the operating mode of TCS SP8 LAS X software by defining a region of
interest (ROI), namely one taste bud, in the digitized graph. Collected data reflect results from tissue
sections of at least 3 mice per intervention.

2.6. RNA Isolation and qRT-PCR

Taste cells, lingual epithelium, kidney, and distal colon were subjected to RNA
isolation and cDNA synthesis as previously reported [33]. Afterwards, 12.5 ng/well
cDNA served as a template for quantitative RT-PCR using TaqMan Gene Expression
Master Mix (Applied Biosystems by ThermoFisher Scientific, Foster City, CA, USA) and
the corresponding probes (αENaC, Mm00803386_m1; βENaC, Mm00441215_m1; γENaC,
Mm00441228_m1; Eef2, Mm01171435_gH; all ABI Applied Biosystems by ThermoFisher Scientific,
Foster City, CA, USA; β-actin probe 5′FAM-TTGAGACCTTCAACACCCCAGCCA-3′TAM, β-actin
for 5′-TACGACCAGAGGCATACAG-3′, β-actin rev 5′-GCCAACCGTGAAAAGATGAC-3′; Eurofins
MWG Operon, Martinsried, Germany) in a final volume of 10 μL. After initial 10 min denaturation at
95 ◦C, PCR was carried out for 40 cycles with 95 ◦C for 15 s and 60 ◦C for 60 s using Quant Studio 12K
Flex Real-Time PCR System (Applied Biosystems by ThermoFisher Scientific, Foster City, CA, USA).
Relative expression was determined based on normalization to β-actin and eukaryotic translation
elongation factor 2 (Eef2) mRNA levels. As amplification efficiencies of all used probes were quite
similar, cycle threshold (CT) values were averaged from triplicates and differences between CT values
of ENaC and the housekeeping genes were calculated as ΔCT for normalization and finally expressed
as 2−ΔCT. Collected data reflect results from isolated tissue of at least 4 mice.

2.7. Functional Expression Analysis

Functional expression analysis of bitter taste receptor cDNAs has been reported in detail earlier [39].
For the screening for amiloride-responsive bitter taste receptors, the compound has been applied
to human embryonal kidney cells transiently expressing mouse (Tas2rs) and human bitter taste
receptors (TAS2Rs) at a concentration of 3 mM. Subsequently, hits were verified by dose-concentration
analyses, with concentrations ranging between 0.0001 and 3 mM. Latter data reflect results from
3 individual experiments.
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2.8. Statistics

Data are given as means ± standard deviation (STABW; tables) or standard error (STE; figures).
Statistical reliability of the observed results in the feeding study was determined by UNIANOVA and
post-hoc analysis using Bonferroni’s multiple comparison test (SPSS, SPSS 16.0, IBM, Chigago, IL,
USA). For quantitative expression analysis, significant differences between 3 diets were determined by
UNIANOVA (SPSS, SPSS 16.0, IBM, Chicago, IL, USA), followed by a comparison of individual pairs
of means using Bonferroni’s post-hoc test, whereas comparison between 2 intervention groups was
conducted by using Student’s unpaired t-test. Differences were considered to be statistically significant
if p ≤ 0.05.

3. Results

3.1. Feeding Experiment

To investigate if diets with varying sodium content impact on the expression of ENaC, we fed
Scnn1++/++ and Scnn1aa/bb mice with low, adequate, and high salt diets over a period of 4 weeks
(from 7th to 10th week of age). We monitored body weight, food, and water intake from weaning
onward. As expected, body weight constantly increased during the experiment independent of diet
and genotype (p < 0.001; Figure 1A). Mice consumed equal amounts of food, ranging from 1.3 g after
weaning to 3.7 g, with a mean intake of 2.5 g per day, irrespective of the sodium content of the diet
(Figure 1B). In contrast, water intake changed after the diet switched (Figure 1C). When fed a high salt
diet, mice increased their daily water intake by about 78% in comparison to animals fed with a diet
adequate in sodium. The water intake of mice on low, adequate, and high salt diet ranged around
3.6 ± 0.5 mL, 3.6 ± 0.6 mL, and 6.5 ± 0.7 mL per day, respectively (p < 0.001). Furthermore, we observed
significant differences in water intake based on genotype from the 5th week on, with significantly
higher values in Scnn1aa/bb animals (Figure 1C).

In addition, we measured blood pressure prior and at the end of the dietary intervention
(Figure 1D). Prior to diet change, no significant differences for mean systolic blood pressure were
observed. After 3.5 weeks, animals that received the high salt diet showed slightly increased systolic
blood pressure compared to animals that ate low or adequate salt diets, triggering significant diet X
genotype effects (p = 0.012). Furthermore, urine was collected in metabolic cages at the end of the
dietary intervention. Urinary volumes of mice fed the high salt diet were slightly higher, relative to the
other groups. However, differences did not reach significance when considered for day, night, or total
volume, due to high variations between the animals (Figure 1E). Considering mean urinary sodium
content, significant variances were observed depending on diet (significant differences between all
groups) and diet X genotype (p < 0.001), but not based on genotype itself. Thereby, no significant
differences between groups fed low and sodium-adequate diet were recognized, whereas animals
receiving the high salt diet showed significantly higher urinary sodium content in comparison to all
other groups (Figure 1F).

3.2. Expression Analysis

In order to examine the impact of dietary salt on the expression of the ENaC subunits, we measured
the transcription levels in the gustatory tissue, kidney, and distal colon of Scnn1aa/bb mice. Quantitative
RT-PCR analyses of isolated fungiform and foliate/vallate taste buds and of non-gustatory lingual
tissue showed no differences in relative expression levels of all 3 ENaC subunits after feeding a high or
low salt diet in comparison to Scnn1aa/bb animals fed a control diet over a period of 4 weeks (Table 1).
In kidney, αENaC expression was significantly reduced after consumption of a high salt diet, whereas
β- and γENaC were not affected (Table 1). In the distal colon, intervention with a low salt diet resulted
in significantly higher expression levels of α- and βENaC in comparison to Scnn1aa/bb animals fed
with a standard or high salt diet. For γENaC, such significant variances were only detected between
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Scnn1aa/bb animals fed a low and high salt diet, with higher expression levels for animals who received
a low salt diet (Table 1).

 

Figure 1. Physiological parameters of Scnn1++/++ and Scnn1aa/bb mice during dietary monitoring.
(A) Body weight, (B) food and (C) water intake, (D) blood pressure, (E) urinary volume, and (F)
sodium excretion of Scnn1++/++ (n = 11) and Scnn1aa/bb mice (n = 19–20) fed with low salt, adequate,
and high salt diet over a period of 4 weeks (7th to 10th week, time point of diet change is indicated
by underline); after initial 3 weeks of sodium adequate chow diet (4th to 6th week) after weening
(3rd week). Statistical differences between 2 bars at a specific time point are indicated by different
letters based on UNIANOVA and post-hoc analysis using Bonferroni´s multiple comparison test.
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Table 1. Relative expression of epithelial sodium channel (ENaC) subunits in Scnn1aa/bb mice after
dietary intervention. Based on quantitative RT-PCR, the relative expression levels of ENaC subunits
normalized to the housekeeping genes β-actin and eEf2 in isolated taste buds and non-gustatory tissue
were determined. Data represent the means of 6 Scnn1aa/bb mice, fed with sodium-adequate, low,
or high salt diet over a period of 4 weeks. Statistical testing is based on UNIANOVA and post-hoc
analysis using Bonferroni´s multiple comparison test. p-Values rely on comparison of all groups
with significant differences indicated in bold; individual differences between the different diets are
additionally indicated as the following: * statistical significance between sodium-adequate and high
salt diet; # statistical significance between sodium-adequate and low salt diet; $ statistical significance
between low and high salt diet based on Student´s t-test.

ENaC Subunit
Adequate
(mean ±
STABW)

Low Salt
(mean ±
STABW)

High Salt
(mean ±
STABW)

p-Value

fungiform
papillae

α 0.0151 ± 0.0053 0.0174 ± 0.0098 0.0201 ± 0.0104 0.735
β 0.0062 ± 0.0030 0.0101 ± 0.0059 0.0087 ± 0.0069 0.464
γ 0.0093 ± 0.0026 0.0118 ± 0.0066 0.0117 ± 0.0075 0.719

vallate and
foliate papillae

α 0.0606 ± 0.0111 0.0577 ± 0.0217 0.0538 ± 0.0152 0.780
β 0.0027 ± 0.0007 0.0024 ± 0.0010 0.0036 ± 0.0009 0.084
γ 0.0020 ± 0.0005 0.0018 ± 0.0007 0.0021 ± 0.0004 0.669

non-gustatory
epithelium

α 0.0228 ± 0.0061 0.0283 ± 0.0107 0.0205 ± 0.0037 0.212
β 0.0011 ± 0.0004 0.0010 ± 0.0003 0.0010 ± 0.0002 0.942
γ 0.0008 ± 0.0001 0.0007 ± 0.0003 0.0007 ± 0.0002 0.891

kidney
α 0.0698 ± 0.0235 0.0600 ± 0.0154 0.0420 ± 0.0069 0.034 *
β 0.0260 ± 0.0086 0.0196 ± 0.0043 0.0215 ± 0.0043 0.211
γ 0.0425 ± 0.0112 0.0296 ± 0.0036 0.0360 ± 0.0084 0.054

distal colon
α 0.0357 ± 0.0104 0.0504 ± 0.0102 0.0266 ± 0.0063 0.002 #,$

β 0.0051 ± 0.0017 0.0258 ± 0.0184 0.0026 ± 0.0010 0.003 #,$

γ 0.0091 ± 0.0068 0.0306 ± 0.0302 0.0027 ± 0.0026 0.041 $

Furthermore, no differences were noted regarding expression of the fluorescent reporter proteins
in fungiform taste buds of Scnn1aa/bb animals. Consumption of either the low or high salt diet did
not affect the location of GFP and tdRFP fluorescence, nor the fluorescence intensity. Accordingly,
GFP always co-localized with Type III cell marker AADC, whereas tdRFP was not co-expressed with
Type II or Type III cell markers TrpM5 or AADC, respectively (Figure 2).

However, ENaC expression of Scnn1aa/bb in comparison to Scnn1++/++ animals consuming an
adequate salt diet revealed overall higher expression levels (Table S1). Whereas non-gustatory tissue
differences in the expression levels of ENaC subunits did not reach statistical significance, prominent
differences were recognized in lingual taste papillae affecting all ENaC subunits. In kidney, genotype
primarily affected α- and βENaC subunits, whereas in the distal colon only βENaC expression was
significantly increased in Scnn1aa/bb animals.
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Figure 2. Expression of fluorescent proteins in fungiform papillae after dietary intervention. Fungiform
papillae sections of Scnn1aa/bb animals expressing GFP (synthesis of green) and tdRFP (synthesis of red)
fluorescence in αENaC- and βENaC-expressing cells, respectively, were stained for Type II (TrpM5)
and Type III (AADC) taste cell markers after dietary intervention. Therefore, animals received either an
adequate, low, or high salt diet over a period of 4 weeks. Independently of the consumed diet, GFP and
tdRFP fluorescence showed no co-localization in taste papillae. Whereas GFP-positive cells always
co-expressed AADC, tdRFP-positive cells revealed no overlap with the cell markers TrpM5 or AADC,
visualized by immunofluorescence (white). Scale bars apply to all images.
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3.3. Short-term Preference Tests

In order to determine if the sodium content of diets affects taste preferences for NaCl or other
tastants, despite the lack of changes in gustatory ENaC expression, we performed a dietary intervention
study. A group of 10 to 11 Scnn1++/++ and Scnn1aa/bb mice was fed an adequate, low, or high salt diet
for another 4 weeks (total intervention of 8 weeks, from week 7–15). During this time, short-term
preference tests were performed under conditions allowing the analysis of taste responses to attractive
(Figure 3A–D) and aversive (Figure 3E–H) taste stimuli. For this procedure, it was mandatory to
deprive animals of water. Even though the mice that received the high salt diet drank significantly
more water under ad libitum conditions (Figure 1C), water restriction did not have an impact on the
water lick rates during 5 s measuring periods. Accordingly, taste preference tests were carried out
under the same conditions for all animals, independent of diet or genotype. Mean lick responses are
shown in Figure 3.

Under conditions for testing attractive stimuli there was no diet X genotype effect for sucrose
(Table S3). However, ANOVA revealed an effect for concentration with increasing number of licks/water
at 30 mM sucrose for Scnn1aa/bb animals under the high salt regime (Figure 3A). For MPG+IMP, there
were effects for concentration and diet X genotype (Figure 3B, Tables S2 and S3). The latter was
observed at 1.0, 3.0, and 10 mM, with Scnn1aa/bb animals showing increased lick rates (Table S2).
NaCl taste solutions were licked more at the low concentration of 30 mM by Scnn1aa/bb animals under
the high salt regime and resulted in higher lick numbers at the high salt concentration of 300 mM by
Scnn1aa/bb animals pretreated according to the low salt regime (Figure 3C, Tables S2 and S3). These
effects were eliminated by amiloride treatment (Figure 3D, Tables S2 and S3). Control stimuli like
IMP and denatonium benzoate presented only at a single concentration did not result in any diet X
genotype effects (Figure S1A, Tables S2 and S3). In comparison to that, the control stimuli amiloride
and citric acid revealed such effects, with higher lick/water ratios in Scnn1aa/bb animals (Figure S1A,
Tables S2 and S3). For amiloride, highest lick/water means were observed for Scnn1aa/bb animals fed
with a high salt diet, which were even higher than for animals fed the low or adequate diet, indicating
that in this case not only genotype but also diet has an effect.

Additionally, animals were further water-restricted for 22.5 h to perform short-term preference
tests for aversive stimuli (Figure 3E–H, Tables S2 and S3). Here, all taste stimuli were affected by
concentration and diet X genotype (Table S3). For denatonium benzoate, Scnn1++/++ mice showed
higher mean licks for denatonium benzoate at 0.1 to 1.0 mM than other diet X genotype constellations
(Figure 3E). Scnn1++/++ animals further tended to show higher lick to water ratios for citric acid at 1
and 10 mM (exception: low salt fed animals at 1 mM; Figure 3F). In comparison to that, NaCl did not
result in significant differences at 10 to 100 mM, whereas Scnn1aa/bb and Scnn1++/++ mice fed with a low
salt diet and Scnn1aa/bb animals fed with an adequate diet showed higher lick ratios than Scnn1++/++

animals fed with an adequate diet or animals fed with a high salt diet (both genotypes; Figure 3G).
Independent of diet, we observed changes in lick ratios among Scnn1++/++ and Scnn1aa/bb animals for
1 mM MPG+IMP, 100–1000 mM NaCl (attractive regime) as well as for 10 mM and 100 mM citric acid,
300–1000 mM NaCl, and 1000 mM NaCl+amiloride (aversive regime), respectively, when testing diet
adequate in sodium content (p ≤ 0.05, Student’s t-test).
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Figure 3. Taste response curves of Scnn1++/++ and Scnn1aa/bb mice after dietary intervention. After
4 weeks fed with sodium-adequate, low, or high salt diet, Scnn1++/++ and Scnn1aa/bb mice were
subjected to short-term preference tests using an automated gustometer. To do so, animals were either
restricted for 22.5 h with access to 2.0 mL water and 1 g food (attractive restriction conditions, (A–D))
or water-deprived for 22.5 h (aversive restriction conditions, (E–H)). Taste solutions and concentrations
were presented randomly. Each data point represents a mean ± standard error (SE) of 5 s presentations
from the 10 to 11 animals tested. Statistical testing was based on UNIANOVA and post-hoc analysis
using Bonferroni´s multiple comparison test. Significant differences over all groups in line drawings
were indicated by asterisk(s) with * p < 0.05, ** p < 0.01, and *** p < 0.001.
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3.4. Amiloride Intervention

As reported in a recent study, application of 300 μM amiloride over a period of 36 h induces robust
salt appetite [38]. To investigate whether amiloride affects only the preference for sodium or also ENaC
expression, Scnn1++/++ and Scnn1aa/bb mice were subjected to short-term preference tests as well as to
taste bud and tissue preparations after receiving amiloride for 36 h next to a sodium-adjusted diet.
According to the latter and subsequent expression analysis, free access to amiloride-containing water
did not have an impact on the relative expression values for α-, β- or γENaC subunits in non-gustatory
tissue and kidney, whereas in fungiform and foliate/vallate papillae, β- and αENaC, respectively, were
induced after amiloride treatment (Table 2). However, no impact of amiloride intervention on GFP and
tdRFP fluorescence was recognized in fungiform papillae with regard to localization and apparent
intensity (Figure 4). According to expression analysis, all 3 ENaC subunits of the distal colon were
affected by amiloride intervention, with significantly higher relative expression levels after access to
amiloride for 36 h (Table 2).

Table 2. Relative expression of ENaC subunits in Scnn1aa/bb mice after amiloride intervention. Based on
quantitative RT-PCR the relative expression levels of ENaC subunits normalized to the housekeeping
genes β-actin and eEf2 in isolated taste buds and non-gustatory tissue were determined. Data
represent means of 6 Scnn1aa/bb mice, with access to a sodium-adequate diet and water or 300 μM
amiloride-containing drinking solution for 36 h prior to tissue isolation. Statistical testing was based on
Student´s t-test. Differences were considered to be significant if p < 0.05, as indicated in bold.

ENaC
Subunit

Water
(mean ± STABW)

Amiloride
(mean ± STABW)

p-Value

fungiform papillae
α 0.0104 ± 0.0019 0.0136 ± 0.0019 0.051
β 0.0030 ± 0.0014 0.0060 ± 0.0012 0.017

γ 0.0056 ± 0.0025 0.0063 ± 0.0024 0.700

vallate and foliate
papillae

α 0.0529 ± 0.0089 0.0700 ± 0.0083 0.031

β 0.0024 ± 0.0003 0.0028 ± 0.0006 0.311
γ 0.0018 ± 0.0004 0.0017 ± 0.0003 0.853

non-gustatory
epithelium

α 0.0229 ± 0.0041 0.0280 ± 0.0019 0.066
β 0.0008 ± 0.0004 0.0013 ± 0.0004 0.195
γ 0.0007 ± 0.0002 0.0008 ± 0.0003 0.682

kidney
α 0.0583 ± 0.0217 0.0744 ± 0.0199 0.317
β 0.0223 ± 0.0061 0.0238 ± 0.0057 0.738
γ 0.0399 ± 0.0172 0.0326 ± 0.0034 0.432

distal colon
α 0.0256 ± 0.0097 0.0597 ± 0.0164 0.012

β 0.0051 ± 0.0018 0.0428 ± 0.0105 <0.001

γ 0.0067 ± 0.0038 0.0684 ± 0.0227 0.002

In the short-term preference test, 3 concentrations of sucrose, MPG+IMP, NaCl,
and NaCl+amiloride representing attractive taste stimuli were tested (Figure 5, Tables S4 and S5).
The main differences were due to amiloride treatment. However, few additional effects of genotype
were recognized (Tables S4 and S5). Accordingly, at least medium and high concentrations of sucrose
and MPG+IMP resulted in significantly fewer licks after amiloride intervention (Figure 5A,B), whereas
NaCl presentations led to increased licks/water ratios (Figure 5C,D). Licks of water did not show
significant changes upon amiloride treatment. Aversive control stimuli (denatonium benzoate and
citric acid) were only checked at a single concentration, whereas denatonium benzoate did not result
in any differences between the groups and lick responses for citric acid were reduced after amiloride
treatment (Figure 5E, Table S4).
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Figure 4. Expression of fluorescent proteins in taste papillae after amiloride intervention. Fungiform
papillae sections of Scnn1aa/bb animals expressing GFP (green) and tdRFP (red) fluorescence in αENaC-
and βENaC-expressing cells, respectively, were stained for Type II (TrpM5) and Type III (AADC) taste
cell markers after amiloride intervention. Therefore, animals received adequate salt diet without or
with 300 μM amiloride-containing drinking water prior to sacrifice. Independent of intervention,
GFP and tdRFP fluorescence showed no co-localization in taste papillae. Whereas GFP-positive cells
always co-expressed AADC, tdRFP-positive cells revealed no overlap with the cell markers TrpM5 or
AADC, visualized by immunofluorescence (white). Scale bar applies to all images.

In addition, amiloride treatment did not only change perceived intensity of taste solutions but also
increased motivational behavior of the animals. Accordingly, amiloride-treated mice initiated more
trials/completed a larger percentage of trials during the 20 min test sessions than did mice that received
only water. A trial began with the opening of the shutter and ended 5 s after the mouse made its first
lick on the drinking spout (see Section 2). In each session, trials were set to a maximum of 50. Whereas
most of the time, animals performed about 20–30 trials per day (e.g., “water-treated” mice, Figure 5 or
after dietary intervention, Figure 3), amiloride-treated animals performed about 40–50 trials per session
(Figure S2). Despite considerable individual variations for all animals independent of intervention,
amiloride-treated animals showed reduced latency, or the time taken to initiate the first lick of a
trial, reaching statistical significance for at least one concentration of a presented stimulus. Only for
concentrated control stimuli (denatonium benzoate and citric acid) was no or a converse situation
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recognized, however, it did not reach statistical significance (Figure S2E). Accordingly, the overall
performance of amiloride-treated mice was changed.

Figure 5. Taste responses of Scnn1++/++ and Scnn1aa/bb mice after access to amiloride-containing
water. Scnn1++/++ and Scnn1aa/bb mice receiving a sodium-adequate diet had either access to 300 μM
amiloride-containing water 13 h prior to restriction starting or received water without amiloride.
The restriction phase lasted for 22.5 h with access to 2.0 mL water ± 300 μM amiloride and 1 g of
food. Lick responses to different concentrated solutions of sucrose (A), monopotassium glutamate
with inosine 5´monophosphate (MPG+IMP; B), sodium chloride (NaCl; C), NaCl with amiloride
(NaCl+amiloride; D), or bitter and sour stimuli (E) were determined by an automated gustometer.
Each data point represents a mean ± SE of 5 s presentations from 10 to 16 animals tested. Statistical
was testing based on UNIANOVA and post-hoc analysis using Bonferroni´s multiple comparison test.
Different letters indicate statistical significance.
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3.5. Amiloride Interaction with Bitter Taste Receptors

Amiloride was reported to be tasteless to rats and mice at or below 100 μM [41–43], whereas
humans perceive bitterness at concentrations above 100 μM [44–47]. If, however, amiloride would
also cause bitter perception in mice, this could have an unspecific impact on salt intake in case of
synchronous application of amiloride. In order to confirm that amiloride could (not) activate bitter
taste receptors, we performed functional expression analyses with mouse and human bitter taste
receptor constructs. Transient expression of 25 human and 34 mouse bitter taste receptors revealed
that amiloride indeed activated 1 and 7 bitter taste receptors, respectively (Figure 6). The activation of
mouse bitter taste receptor Tas2r121 was observed at concentrations of 0.01 mM and above (Figure 6A),
whereas the human bitter taste receptors, TAS2R4, TAS2R7, TAS2R13, TAS2R38, TAS2R39, TAS2R43,
and TAS2R46 revealed an activation by amiloride at ~100 times higher concentrations (Figure 6B).

 
Figure 6. Concentration-response relations of murine (A) and human (B) bitter taste receptor-expressing
cells stimulated with increasing concentrations of amiloride calculated from calcium traces acquired by
fluorometric imaging plate reader (FLIPR) recordings. Changes in fluorescence (ΔF/F) were plotted
semi-logarithmically versus agonist concentrations.

4. Discussion

Modern society is characterized by high consumption of table salt [48–52], which increases risks of
diseases such as stroke, left ventricular hypertrophy, renal stones, or osteoporosis [53–60]. Accordingly,
it is of considerable interest to elucidate and understand the molecular and cellular basis of salt taste.
In 2010 the relevance of theαENaC subunit in attractive salt taste in mice was confirmed by a conditional
knock-out in taste bud cells, impairing amiloride-sensitive salt taste detection, while retaining normal
responses to other taste qualities as well as high salt reception [32,61]. This is in agreement with
the observation that salt taste is, at least in mice, partially affected by the diuretic drug amiloride,
a well-known effector of ENaC in the kidney [9–12]. Based on functional expression experiments in
Xenopus oocytes, formation of a fully functional ENaC depends on the simultaneous presence of α-, β-,
and γ-subunits, even though the α-subunit alone is sufficient to induce weak sodium currents [62–66].
However, a recent study with gene-targeted mice, labelingα- andβENaC-expressing cells by fluorescent
proteins, revealed almost no co-localization of the different subunits in taste papillae [33]. To investigate
if table salt restriction or overconsumption affects ENaC expression, we used the same α- and βENaC
knock-in animals for a dietary intervention study. Over a period of 4 weeks, animals received either an
adequate, low, or high salt diet with free access to food and water. Variable sodium content of the diet
did not result in any changes in averaged food intake (Figure 1B), supporting the assumption that the
caloric need determines the amount of food that is ingested rather than the sodium content. From
the time point of dietary change, animals receiving a high salt diet showed a drastic increase in water
intake, whereas sodium depletion caused no alterations in water intake in comparison to animals fed
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an adequate sodium diet (Figure 1C). Accordingly, only ingestion of the high salt diet provided a
rapid osmotic stimulation of thirst, as stated before for rats [67,68]. While some reports observed that
sodium depletion by low salt diet did not enhance dietary sodium ingestion [69,70], others reported an
induction of sodium appetite [71]. Our data suggest the absence of compensatory sodium ingestion.
As oral sodium consumption rapidly quenches sodium appetite [72,73], an altered hedonic valance
of sodium depending on the body’s needs is assumed [71,74,75]. To measure the ‘liking’ of taste
solutions, short-term preference tests were performed (Figure 3). In order to test the wide range of
behavioral responses, attractive and aversive restriction conditions were applied. Under conditions
favoring attraction behavior, we observed a higher mean lick ratio at 300 mM NaCl in Scnn1aa/bb

animals fed with adequate and low salt diet in comparison to the other groups, whereas lick ratios
for NaCl in Scnn1aa/bb animals fed with a high salt diet gradually decreased with NaCl concentration
(Figure 3C). In comparison, Scnn1++/++ mice were relatively indifferent to all NaCl concentrations in
comparison to water and did not show concentration-dependent changes in their lick ratio. Under
water-restricted (aversive) conditions Scnn1++/++ and Scnn1aa/bb animals fed with low salt diet as
well as Scnn1aa/bb animals fed with sodium-adequate diet revealed less aversive behavior towards
hypertonic saline solutions (300 and 1000 mM) than animals fed with high salt diet or Scnn1++/++

animals fed with sodium-adequate diet (Figure 3G). Accordingly, depending on the table salt content
of the diet, mice became significantly more adept at avoiding high salt-containing solutions to satisfy
the demand for an adequate sodium supply. This is in line with the observation that sodium depletion
does neither alter perceived intensity nor quality, assuming that only the hedonic character of table salt
is affected [76]. Indeed, sodium-depleted human subjects also displayed an increased preference for
high salt diets [77]. Moreover, sodium-depleted rodents drink sodium-containing solutions even at
concentrations they would normally reject [18]. Accordingly, sodium deficits seem to trigger an intake
behavior towards concentrated sodium solutions.

Furthermore, preference for table salt was reduced by co-application of amiloride without
remaining variations between the different diet X genotype constellations under attractive restriction
conditions; fitting to the observation that exposure to amiloride diminishes licks to table salt [78,79].
The co-application of amiloride and NaCl under water-restricted conditions had only modest effects
on NaCl avoidance (Figure 3H), supporting the view that amiloride-insensitive pathways mediate the
detection of high sodium concentrations [80–83].

Conspicuously, next to the diet, expression levels of ENaC subunits also seem to affect NaCl taste.
Mice lacking Engrailed-2, a transcription factor critical for neural development, showed an increase in
the expression of αENaC subunits in lingual taste papillae, accompanied by increased taste responsivity
to 300 mM NaCl and reduced avoidance of salt [84]. Knock-in of fluorescent proteins in the here used
Scnn1aa/bb mice also resulted in higher mRNA expression levels of ENaC subunits in taste papillae,
but not in non-gustatory lingual tissues (Table S1). These differences in gene expression are probably
due to the endowment of both loci with bovine growth hormone polyadenylation signal (BGH) as part
of the gene targeting strategy [33]. The presence of the BGH signal results in increased stability and
by that mild overexpression of α- and βENaC mRNA [85,86], potentially resulting in the production
of higher polypeptide levels from the recombinant locus and eventually accounting for differences
between both genotypes (Tables S2 and S3). This is seen, for instance, in the case of the Scnn1aa/bb

knock-in mice fed with a sodium-adequate diet, who showed higher lick/water ratios for NaCl (100 to
1000 mM) than Scnn1++/++ mice under attractive restriction conditions (Figure 3C). In comparison to
these observations, Scnn1aa/bb animals fed with a low salt diet seem more susceptible to the exposure
of high NaCl concentrations, resulting in higher lick ratios at 100, 300, and 1000 mM in comparison to
corresponding Scnn1++/++ animals (Figure 3C). This effect was not seen if NaCl was accompanied by
amiloride (Figure 3D). Moreover, it seems that Scnn1aa/bb knock-in mice overexpressing α- and βENaC
in general are more sensitive to low MPG+IMP and less sensitive towards high concentrated salt and
sour stimuli.
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Compared to genotype, either feeding of low or high sodium-containing diets failed to significantly
alter relative RNA expression levels of ENaC subunits in gustatory tissue (Table 1). These observations
confirm earlier studies, reporting unchanged transcription levels for ENaC subunits in taste buds
of sodium-deprived rodents compared with animals fed a control diet [28,36,87,88]. Additionally,
no changes in fluorescent protein expression (GFP and tdRFP) were observed, neither regarding cellular
localization nor intensity in fungiform papillae. Accordingly, GFP fluorescence was only recognized in
Type III cells, whereas tdRFP fluorescence was restricted to non-Type II and -Type III cells (Figure 2).
However, with regard to physiologically potentially more relevant tissues for sodium homeostasis,
elevated ENaC expression was recognized in the distal colon of animals, which were fed a low salt
diet (Table 1). These results confirm and extend earlier studies which reported that low salt diet or
application of aldosterone resulted in increased transcription of β- and γENaC subunits in the colon,
whereas αENaC subunit transcription remained unchanged [36,89–91]. Some groups further reported
that sodium-depleted rats not only showed altered ENaC mRNA levels, but also higher αENaC protein
levels in the colon in comparison to animals fed a high salt diet [89,90]. In comparison to that, mice fed
a high salt diet showed significantly reduced αENaC expression levels in the kidney in comparison
to animals that received a sodium-adequate diet (Table 1). Previously, low salt diet or application of
aldosterone was observed to induce the expression of the αENaC subunit in the kidney, accompanied
with unchanged expression for β- and γENaC subunits [5,92–96], which was also not observed in this
study. Accordingly, compensatory effects for maintaining sodium homeostasis are realized via the
colon and kidney rather than taste tissue with regard to adaptations in ENaC expression, indicating
the pivotal role of these tissues in sodium reabsorption [97,98].

In addition to dietary intervention, salt appetite in mice was reported to be induced more
robustly by exposure to 300 μM amiloride in drinking water over a period of 36 h, as reported
recently [38]. Access to 300 μM amiloride-containing drinking water for 36 h resulted in significantly
higher expression levels for β- (and nearly also for αENaC) and αENaC in fungiform and posterior
lingual papillae, respectively (Table 2). Additionally, once more in the distal colon, all ENaC subunit
transcription levels were significantly increased after amiloride treatment (Table 2). Furthermore,
lick responses to different taste solutions were altered (Figure 5, Tables S4 and S5). We observed
increased lick ratios for NaCl potentially based on a sodium imbalance due to blocked ENaC channels
(Figure 5C,D) as well as reduced lick/water ratios for most of the tested concentrations of sucrose
and MPG+IMP (Figure 5A,B), indicating perceptual changes and/or reduced attractiveness to the
mice. At least for humans, amiloride was recognized to suppress sweet taste [99–101]. Cell culture
experiments using a cell line stably expressing human sweet taste receptor revealed that in the
presence of 3 mM amiloride responses to sweet tastants like sugars and artificial sweeteners were
reduced [99–101]. As sweet and umami taste share molecular and hedonic similarities, comparable
effects of long-term amiloride exposure to both taste qualities appear reasonable. Moreover, a reduced
lick/water ratio was recognized for 100 mM citric acid (Figure 5E). Whether interactions of amiloride
with αENaC, which is expressed in sour-mediating Type III cells, or acid-sensing ion channels (ASICs)
might be responsible for this, requires further analyses. At least after short amiloride exposure, neural
responses to citric or hydrochloric acid were not affected by amiloride in various species [99,102–104],
including the mouse [105]. Otherwise, preliminary results (unpublished) showed that at concentrations
above 100 μM amiloride resulted in reduced lick/water ratios in short-term preference tests, indicating
that aversive taste perception is triggered. Previously, amiloride has been reported to taste bitter to
humans at concentrations above 100 μM [44–47], whereas amiloride was reported to be tasteless to rats
and mice at or below 100 μM [41–43]. Our functional expression analysis now identified Tas2r121 as a
murine bitter taste receptor for amiloride (Figure 6). This new finding may also have an impact on the
observed species differences concerning the amiloride sensitivity of salt taste [44,46,104]. Moreover,
the finding that amiloride tastes bitter to mice suggests that amiloride treatment does not only block
attraction to low sodium chloride concentrations, but also represents at the same time an aversive taste
stimulus. This should be kept in mind when interpreting and planning such experiments.
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In summary, this study showed that sodium depletion, feeding a hypertonic saline diet,
and amiloride intervention impact taste liking and ENaC expression, with differences regarding
subunits and organs. Thereby, colon and kidney seem to be of greater importance to compensate
imbalanced sodium homeostasis than gustatory tissue based on the monitored ENaC expression
levels. However, effects of genotype were also recognized. As Scnn1aa/bb animals showed higher
levels of ENaC subunits (at least at cDNA level) than corresponding wild-type controls, changes of
ENaC expression seem to have a prominent impact on taste liking even without dietary interventions.
This needs to be addressed in detail in future studies. Additionally, we could confirm that the
application of 300 μM amiloride in the drinking water is an efficient way to induce salt appetite.
However, amiloride did not only alter taste sensation for salt but also for sucrose, MPG+IMP, and high
concentrations of citric acid, indicating a more general influence of this drug and its bitter taste on
taste perception.
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Abstract: Kokumi taste substances exemplified by γ-glutamyl peptides and Maillard Peptides
modulate salt and umami tastes. However, the underlying mechanism for their action has not been
delineated. Here, we investigated the effects of a kokumi taste active and inactive peptide fraction
(500–10,000 Da) isolated from mature (FIIm) and immature (FIIim) Ganjang, a typical Korean soy
sauce, on salt and umami taste responses in humans and rodents. Only FIIm (0.1–1.0%) produced a
biphasic effect in rat chorda tympani (CT) taste nerve responses to lingual stimulation with 100 mM
NaCl + 5 μM benzamil, a specific epithelial Na+ channel blocker. Both elevated temperature (42 ◦C)
and FIIm produced synergistic effects on the NaCl + benzamil CT response. At 0.5% FIIm produced
the maximum increase in rat CT response to NaCl + benzamil, and enhanced salt taste intensity in
human subjects. At 2.5% FIIm enhanced rat CT response to glutamate that was equivalent to the
enhancement observed with 1 mM IMP. In human subjects, 0.3% FIIm produced enhancement of
umami taste. These results suggest that FIIm modulates amiloride-insensitive salt taste and umami
taste at different concentration ranges in rats and humans.

Keywords: Korean soy sauce; kokumi; umami; salty; chorda tympani; amiloride-insensitive salt
taste pathway

1. Introduction

Mammals use G-protein-coupled receptors (GPCRs) expressed in Type II taste receptor cells (TRCs)
to detect bitter, sweet, and umami taste stimuli. While amiloride-sensitive salt taste is detected by Type
1 cells expressing epithelial Na+ channels, Type II and Type III cells mediate amiloride-insensitive salt
taste. Otopetrin-1 proton selective channel expressed in Type III TRCs detects sour taste stimuli [1–6].
Much progress has been made in the identification of taste receptors and the downstream signalling
mechanisms involved in the transduction of salty, sour, sweet, bitter and umami taste qualities. However,
psychophysical, neural, and cellular studies have long suggested that cell to cell interactions within
taste buds and interactions between different taste receptors enhance or suppress taste responses [7,8].
The synergism between monosodium glutamate (MSG) and 5’-ribonucleotides, a distinct characteristic
of umami taste, is an example of a binary taste interaction between agonists [9,10]. Additionally,
umami peptides modulate bitterness by interfering with ligand binding to the human bitter taste
receptor TAS2R16 [11]. Interactions between non-tastants and tastants can also modulate taste intensity.
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SE-1, a sweet receptor positive allosteric modulator, binds to the sweet receptor without activating it,
but does so in a manner that causes the orthogonal ligands to bind with higher affinity [12,13].

Kokumi taste has the characteristics of enhancing continuity, thickness, and mouthfeel, and was
first observed in an aqueous extract of garlic in an umami solution. Kokumi produces its effect despite
minimally eliciting any taste on its own [14]. Sulfur-containing compounds and their γ-glutamyl
peptides, including γ-Glu-Cys-Gly (GSH) were suggested to be kokumi-active substances [14–17].
Because GSH was identified as an endogenous modulator of the calcium-sensing receptor, which
participates in calcium homeostasis in the body [18], identification of GSH as an active component
suggests the involvement of calcium-sensing receptor in kokumi perception [19]. Subsequent sensory
analyses using various extracellular calcium-sensing receptor agonists have shown that kokumi did
have a taste-enhancing effect on sweet, salty, and umami taste [19]. Not only does the γ-glutamyl
peptide elicit kokumi taste, but the Maillard [20] reacted peptides (MRPs), which are gradually formed
by longer maturation of Korean soy sauce, Ganjang (JGN), have been suggested to play a role in
the kokumi taste in humans [21]. JGN is generally stored at ambient conditions for a year, and for
up to four years or more to attain full maturity. The taste characteristics of kokumi increase as the
maturation progresses.

Salt taste is detected by at least two receptor-mediated pathways. One pathway is Na+ specific
and involves Na+ influx into TRCs that express amiloride- and benzamil (Bz)-sensitive epithelial Na+

channels (ENaCs) [22,23]. The second pathway is amiloride-insensitive and is cation nonselective,
and does not discriminate between Na+, K+ and NH4

+ salts. The contribution of these two pathways
varies in different taste receptive fields. Approximately 65% of TRCs in the fungiform taste buds
exhibit functional ENaCs, 35% of TRCs in foliate taste buds are amiloride-sensitive, while TRCs in the
circumvallate are completely amiloride-insensitive, and do not seem to express functional ENaCs [24].
Although at present the identity of the amiloride-insensitive Na+ pathways in TRCs remains elusive,
the amiloride- and Bz-insensitive salt taste receptors are the predominant transducers of salt taste in
humans [25–27].

Investigations conducted using the Maillard reaction between peptides (1000–5000 Da) isolated
from soy protein hydrolysate and xylose (Xyl-MRPs) have been known to enhance umami, continuity,
and mouthfeel in umami solution, support the notion that MRPs are another class of kokumi
substances [28]. Interestingly, Xyl-MRPs not only modulate umami taste, but also modulate salt
taste. The effect of Xyl-MRPs on salt taste is observed at much lower concentrations than those
that increase the umami taste [27]. Over a range of concentrations, Xyl-MRPs [27,29] reversibly
enhanced the Bz-insensitive NaCl chorda tympani (CT) taste nerve response in rodents, whereas,
at high concentrations, they inhibited the Bz-insensitive NaCl CT response. The effect of Xyl-MRPs on
the Bz-insensitive NaCl CT responses were transient receptor potential vanilloid 1 (TRPV1)-dependent.
In human sensory evaluation, at low salt concentrations, galacturonic acid MRPs (GalA-MRPs) [27]
enhanced human salt taste perception. These data suggest that, in both rodents and humans,
MRPs induce changes in amiloride-insensitive salt taste and umami taste.

In this paper, we investigated the effects of a naturally occurring MRPs fraction (500–10,000 Da,
FII) isolated from mature (FIIm; 4-year old) and immature (FIIim; 1-year old) JGN on salty and
umami taste responses in rodents and human subjects. Effects of FIIm and FIIim were investigated
on the Bz-insensitive NaCl CT responses and their interactions with TRPV1 modulators, and
glutamate CT responses in rats. Effects of FIIm and FIIim were investigated on behavioral responses
to NaCl in C57BL/6 mice, and on the sensory evaluation of salty and umami tastes in human
subjects. Our results demonstrate that FIIm produces concentration-dependent biphasic effects on
amiloride-insensitive neural and behavioral responses to NaCl in rodents. Above the concentrations
that modulate salty taste, FIIm enhanced CT responses to glutamate. In human subjects, FIIm produced
concentration-dependent biphasic effects on salt taste perception and at higher concentrations enhanced
umami taste. These results suggest that FIIm modulates salty and umami taste in rodents and humans
via similar mechanisms.
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2. Materials and Methods

2.1. Isolation of FIIm and FIIim from JGN

FII fraction containing MRPs of molecular weight (MW) ranging between 500 and 10,000 Da was
isolated from immature (FIIim; 1-year old) and mature (FIIm; 4-year old) JGN with an ultra-filtration unit
(Model 840, Amicon Inc., Beverly MA, USA) using YM-10 (MW cutoff 10,000 Da) and YC-05 (MW cutoff
500 Da) membranes (Millipore Co., Bedford, MA, USA) at 2–4 ◦C under N2 pressure. Each fraction was
lyophilized and stored in a desiccated freezer at −20 ◦C until use. FIIm was further separated using
YM5, YM3 or YM1 Millipore membranes that had a cut offMW of 5000, 3000 and 1000 Da, respectively.
These fractions were: FIIma (MW 500–1000 Da), FIImb (MW 1000–3000 Da), FIImc (MW 3000–5000 Da)
and FIImd (MW 5000–10,000 Da). FIIm and FIIim are the unfractionated MRPs and FIIm(a-d) are the
sub-fractions of different molecular weight. Successive column chromatography was performed with
FIIm to obtain aromatic, basic, acidic, and neutral conjugated peptide fractions using activated charcoal
(60 cm long and 4.0 cm I.D.; Junsei Chemical Co. Ltd., Tokyo, Japan), cation-exchanger (60 cm long
and 3.0 cm I.D.; Amberlite IRC-50), and anion-exchanger (60 cm long and 3.0 cm I.D.; Amberlite IRA
400, both from Sigma Co. Ltd., St. Louis, MO, USA) [30,31].

2.2. CT Taste Nerve Recordings

In contrast to glossopharyngeal nerve response to NaCl, the predominant NaCl CT response in
rodents is amiloride sensitive. However, a significant part of the NaCl CT response is Bz- and amiloride
insensitive across the concentration-response range of NaCl [32]. The identity of the amiloride-insensitive
receptor presently at best remains elusive in the circumvallate taste receptive field. Our previous
studies suggest that in the anterior tongue the amiloride-insensitive pathway is a non-selective cation
channel that is sensitive to resiniferatoxin (RTX), N-(3-methoxyphenyl)-4-chlorocinnamide, SB-366791 (SB),
capsazepine, iodo-RTX, and temperature [33,34]. We have previously investigated the effect of various
salt taste modulators on the Bz-insensitive NaCl CT response using both rats and mice [27,29,32–36].
To compare the results of the effects of FIIm on neural responses to NaCl with previously published results,
we monitored Bz-insensitive NaCl CT response in rats.

Animals were housed in the Virginia Commonwealth University (VCU) animal facility in
accordance with institutional guidelines. All animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC #AD20116). Female Sprague-Dawley rats (150–200 gm) were
anesthetized by intraperitoneal injection of pentobarbital (60 mg/Kg) and supplemental pentobarbital
(20 mg/Kg) was administered as necessary to maintain surgical anesthesia. The animal’s corneal
reflex and toe-pinch reflex were used to monitor the depth of surgical anesthesia. Body temperatures
were maintained at 37 ◦C with a Deltaphase Isothermal PAD (Model 39 DP: Braintree Scientific Inc.
Braintree, MA, USA). The left CT nerve was exposed laterally as it exited the tympanic bulla and
placed onto a 32G platinum/iridium wire electrode. CT responses were recorded and analyzed as
described previously [27,29,32–36].

The composition of rinse and NaCl stimulating solutions is shown in Table 1. CT responses in
rats were monitored while the anterior lingual surface was stimulated first with the rinse solution (R)
and then with salt solutions containing 0.1–0.5% FIIim, FIIm and FIIm sub-fractions (FIIm(a–d)). The pH
of the rinse solution and the salt solutions was adjusted to 6.1. In some experiments Bz (5 μM) was
added to salt solutions to block Na+ entry into TRCs through apical epithelial Bz-sensitive ENaCs.
CT responses were also recorded at 23 ◦C and 42 ◦C. In additional experiments we tested the effect of
FIIm on the CT response to MSG and MSG + 5’-inosine monophosphate (IMP), a specific modulator
of umami taste [37]. CT responses to MSG were monitored in the presence of Bz to eliminate the
contribution of Na+ to the glutamate CT response [33] and SB (1 μM), a TRPV1 blocker [38]. In CT
experiments the tonic (steady-state) part of the NaCl CT response or glutamate CT response was
quantified and normalized to CT responses to 0.3M NH4Cl. The normalized data were reported as the
mean (M) ± SEM of the number of animals (n). Student’s t-test was employed to analyze the differences
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between sets of data. Since we are comparing the normalized CT responses to NaCl + Bz before and
after FIIim, FIIm or FIIm sub-fractions in the same CT preparation, paired t-test was used to evaluate
statistical significance.

Table 1. Taste stimuli used for CT experiments.

(mM) Stimuli (mM)

R 10 KCl + 10
HEPES NaCl 10 KCl + 10 HEPES + 100 NaCl

R 10 KCl + 10
HEPES NaCl + Bz 10 KCl + 10 HEPES + 100 NaCl + 0.005 Bz

R 10 KCl + 10
HEPES NaCl + Bz + RTX 10 KCl + 10 HEPES + 100 NaCl + 0.005 Bz + RTX

(0–0.01)

R 10 KCl + 10
HEPES

NaCl + Bz + FII or
sub-fractions

10 KCl + 10 HEPES + 100 NaCl + 0.005 Bz + FII
or sub-fractions

R 10 KCl + 10
HEPES NaCl + SB 10 KCl + 10 HEPES + 100 NaCl + 0.001 SB

R 10 KCl + 10
HEPES NaCl + SB + FII 10 KCl + 10 HEPES + 100 NaCl + 0.001 SB + FII

or sub-fractions)

R 10 KCl + 10
HEPES N + Bz + SB + FII 10 KCl + 10 HEPES + 100 NaCl + 0.005 Bz + 0.001

SB + FII or sub-fractions

R 10 KCl MSG + Bz + SB 10 KCl + 100 MSG + 0.005 Bz + 0.001 SB

R 10 KCl MSG + Bz + SB + IMP 10 KCl + 100 MSG + 0.005 Bz + 0.001 SB + 1 IMP

R 10 KCl MSG + Bz + SB + FII 10 KCl + 100 MSG + 0.005 Bz + 0.001 SB + FII

R 10 KCl Control-1 300 NH4Cl

R 10 KCl Control-2 300 NaCl

4-(2-Hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) was used to buffer the pH of rinse and salt stimuli at pH
6.1. Bz (benzamil); RTX (resiniferatoxin); SB (SB-366791, N-(3-methoxyphenyl)-4-chlorocinnamide). All compounds
were obtained from Sigma-Aldrich.

2.3. Behavior Studies in Mice

Rats have a high preference for NaCl even in the presence of Bz [29]. Because of already high
background NaCl preference, small increases in NaCl preference are difficult to evaluate in rats.
In contrast, mice demonstrate a more moderate preference for NaCl and small shifts in the preference
curve are easily detected. Therefore, mice were used for behavioral studies. Behavioral studies were
performed in WT (C57BL/6J) mice (30–40 gm) using standard two bottle/48 h tests [39]. Both males and
females were used. The care and use of the mice followed the institutional and national guidelines,
and the protocol was approved by the committee on the Ethics of Animal Experiments of the Korea
Food Research Institute (Permit Number: KFRI-M-12028). Mice (63–70 days of age) were housed in
separated cages and were maintained on a standard laboratory chow (Pico-Lab Rodent Diet 20–5053,
PMI Feeds) and water ad libitum. The air-conditioned animal room was maintained at 22 ± 2 ◦C,
with relative humidity of 59 ± 1% and a 12 h light/dark cycle (light period, 07:00–19:00 h). Each mouse
was tested at approximately the same time of day. Before the start of the experiment mice were given
two bottles with water for 2 weeks. The experiment was started when mice were accustomed to
drinking equally from 2 bottles. Mice were given a choice between two bottles, one containing water
and the other a test solution in the following order: water, 30 mM NaCl, 80 mM NaCl, 100 mM NaCl,
120 mM NaCl, 150 mM NaCl, 200 mM NaCl and 300 mM NaCl. We also performed behavioral studies
when both water and the NaCl solutions contained 10 μM amiloride. In some experiments, mice were
given a choice between water and 100 mM NaCl or between water + 10 μM amiloride and 100 mM
NaCl + 10 μM amiloride containing varying concentrations (0.1, 0.25, 0.5, 0.75, and 1.0%) of FIIm.
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For each 48 h period the mass of water versus the mass of the test solution consumed by each mouse/g
BW was measured. The preference ratio for a taste stimulus was calculated as the mass of the test
solution consumed/48 h/g BW divided by the mass of the total fluid intake (mass water +mass of the
test solution)/48 h/g BW). The bottles containing water or the test solution were switched from left
to right every day. The data were analyzed using one-sample t-tests against 0.5, a reference value
meaning indifference of the test solution with respect to the control solution.

2.4. Human Sensory Evaluation

All human sensory evaluation protocols were approved by the Public Institutional Review
Board Designated by Ministry of Health and Welfare, South Korea. The ethic approval code is
P01-202004-23-004. Each participant signed a consent form to participate in salt taste sensory
evaluations. To maintain a subject’s confidentiality, the personal data was coded and the taste data
were analyzed off line. Previously trained panelists (men and women, ages between 25 to 37 years)
with no history of basic taste disorders were recruited. The panelists washed their mouth after tasting
each samples. The data was analyzed by one-way ANOVA to compare between-group differences.

2.4.1. Salt Sensory Evaluation

Panelists were trained to recognize salt taste intensity with reference to 0.2%, 0.35%, 0.5%, and 0.7%
NaCl solution representing a value of 2.5, 5.0, 8.5, and 15.0, respectively, using a 15-point intensity
scale [40]. To evaluate the effect of FIIim and FIIm on salt taste, FIIim or FIIm (0–0.01%) dissolved in
0.2% NaCl solution was presented to the panelists and the salt taste intensity was evaluated with
reference to 0.2% NaCl (intensity scale value = 2.5; R1), and 0.35% NaCl (intensity scale value = 5.0;
R2), respectively.

2.4.2. Umami Sensory Evaluation

According to the manufacturer’s instructions, Japanese fish soup base, Hondashi (0.04 g) was
dissolved in 100 ml water. The 0.04% Hondashi fish soup base was used as a control and was given an
intensity of 5 on a 10-point intensity scale. FIIm at 0.003%, 0.01%, 0.03% and 0.3% was dissolved in
0.04% Hondashi Fish soup base and their effect was evaluated on umami taste by the same trained
panelists (n = 6). As a control, FIIm was dissolved in water at 0.003%, 0.01%, 0.03% and 0.3%. These
concentrations of FIIm were evaluated for umami taste by the same panelists (n = 6).

3. Results and Discussion

3.1. Effect of FIIm and FIIim on the Bz-insensitive NaCl CT Response

As shown in a representative CT trace (Figure 1A), adding increasing concentrations of FIIm to
100 mM NaCl + 5 μM Bz (NaCl + Bz) solution (Table 1) initially produced an increase in both phasic
and tonic NaCl CT response of between 0.1% and 0.5%. Above 0.5% FIIm the magnitudes of the phasic
and tonic CT responses were less than their respective maximum values. In the presence of 1% FIIm,
the tonic CT response decreased below the NaCl + Bz CT response in the absence of FIIm (Figure 1A).
The variation of the normalized mean tonic NaCl + Bz CT response plotted as a function of the log of
FIIm or FIIim concentrations (%) are summarized in Figure 1B. FIIm produced a biphasic dose-response
relationship for both the phasic (data not shown) and tonic (Figure 1B; •) NaCl + Bz CT response.
The maximum increase in the mean normalized tonic CT response occurred at 0.5% of FIIm, an 88%
increase relative to NaCl + Bz tonic CT response in the absence of FIIm. At 1% FIIm, the tonic NaCl + Bz
CT response was significantly less than the tonic CT response with NaCl + Bz alone (p = 0.0466; n = 3).
Stimulating the tongue with the rinse solution (R) containing varying concentrations of FIIm elicited
only transient (phasic) CT responses that were concentration-independent and were indistinguishable
from the mechanical rinse artifact (data not shown). These results indicate that, at the concentrations
used in these experiments, FIIm, by itself, is not a gustatory stimulus in the fungiform taste receptive
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field and only modulate the CT response in the presence of salt (NaCl + Bz). In contrast, FIIim did not
produce any changes in either the phasic (data not shown) or the tonic CT response between 0.1% and
1% (Figure 1B; �). The Xyl-MRPs, GalA-MRPs, glucosamine-MRPs, and fructose-MRPs also produced
biphasic effects on the Bz-insensitive NaCl CT response with maximum increase at 0.25%, 0.25%,
0.50%, 0.75% and 1%, respectively [27]. This suggests that both MRPs naturally generated during
longer maturation and synthesized in vitro have a common property of producing biphasic effects on
the Bz-insensitive NaCl CT response. The potency of MRPs depends upon the reacted sugar moiety.
However, at present it is not known which sugar moieties are conjugated to the peptides comprising
FIIm. FIIm is a mixture of MRPs of varying molecular weights, charge and affinity for their putative
salt taste receptor(s). In comparison, 0.27% GalA-MRPs enhanced the Bz-insensitive NaCl CT response
by 101% [27], suggesting naturally occurring FIIm produces effects on the NaCl + Bz CT response that
are comparable to those produced by the GalA-MRPs.

Figure 1. Effect of FIIim and FIIm on the benzamil (Bz)-insensitive NaCl chorda tympani (CT) response.
(A) Shows a representative trace in which the CT responses were monitored while the rat tongue was
first superfused with a rinse solution (R) and then with a stimulating solution containing 100 mM NaCl
+ 5 μM Bz + FIIm (0–1%) maintained at room temperature. The arrows represent the time periods when
the rat tongue was superfused with R and the stimulating solutions. The data were normalized to the
tonic response obtained with 0.3 M NH4Cl. (B) Shows the mean normalized tonic NaCl CT responses
in different sets of 3 rats each while their tongues were first stimulated with R and then with NaCl + Bz
solutions containing 0–1% of the FIIm (•) or FIIim (�) expressed in log units. The values are M ± SEM
of 3 rats.

3.2. Effect of SB and FIIm on the Bz-insensitive NaCl CT Response

In our previous studies, Bz-insensitive NaCl CT responses in rodents were inhibited by TRPV1
blockers. In addition, Bz-insensitive NaCl CT responses were not observed in TRPV1 knockout
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mice [33]. Accordingly, in the next series of experiments we tested if FIIm effects on salt responses
were also sensitive to SB, a TRPV1 blocker. Because 0.4% and 0.5% FIIm give almost equivalent
CT responses (Figure 1B), we used 0.4% FIIm in these experiments. In mixtures containing NaCl
+ Bz + SB, the constitutive NaCl + Bz tonic CT response was inhibited to the rinse baseline level
(Figure 2A,C). Subsequently, stimulating the rat tongue with solutions containing NaCl + Bz + SB +
0.4% FIIm significantly inhibited the CT nerve response relative to NaCl + Bz + 0.4% FIIm (Figure 2A,C;
** p = 0.0001; n = 3). These results suggest that both the constitutive amiloride- and Bz-insensitive CT
response and the subsequent FIIm-induced increase in the CT response are SB-sensitive.

 
Figure 2. Effect of resiniferatoxin (RTX), SB-377791 (SB), FIIm and temperature on the benzamil
(Bz)-insensitive NaCl chorda tympani (CT) response. (A) Shows a representative CT trace obtained
while the rat tongue was first stimulated with rinse solution (R) and then with NaCl, NaCl + Bz, NaCl
+ Bz + 0.4% FIIm, NaCl + Bz + 0.25 μM RTX, NaCl + Bz + 0.4% FIIm + 0.25 μM RTX, NaCl + Bz + 1 μM
SB and NaCl + Bz +SB + 0.4% FIIm maintained at room temperature. The data were normalized to
the tonic response obtained with 0.3 M NH4Cl. The arrows represent the time periods when the rat
tongues were superfused with R and the stimulating solutions. (B) Shows a representative CT trace
obtained while the rat tongue was first stimulated with R at 23 ◦C (R23 ◦C) and then with NaCl + Bz
(NaCl + Bz23 ◦C), NaCl + Bz + 0.4% FIIm at 23 ◦C (NaCl + Bz + FIIm23 ◦C), NaCl + Bz at 42 ◦C (NaCl
+ Bz42 ◦C) and NaCl + Bz + 0.4% FIIm at 42 ◦C (NaCl + Bz + FIIm42 ◦C). The trace also shows the CT
response in the presence of NaCl + Bz + SB and NaCl + Bz + SB + 0.4% FIIm maintained at 23 ◦C.
The data were normalized to the tonic response obtained with 0.3 M NH4Cl. The arrows represent the
time periods when the rat tongues were superfused with R and the stimulating solutions. (C) Shows
the M ± SEM normalized rat tonic NaCl + Bz CT responses at 23 ◦C and 42 ◦C in the absence and
presence of 0.4% FIIm. All unpaired comparisons were made with respect to the normalized value of
the tonic CT response to NaCl + Bz at 23 ◦C. * p = 0.0038; ** p = 0.0001; n = 3).
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3.3. Effect of RTX and FIIm on the NaCl + Bz CT Response

Consistent with previous studies [33,35], at room temperature (23 ◦C), RTX (0.25 μM) enhanced
the rat NaCl + Bz CT response relative to NaCl + Bz (Figure 2A,C; * p = 0.0001; n = 3). When the tongue
was stimulated with NaCl + Bz solutions containing both RTX (0.25 μM) and FIIm (0.4%), no further
increase in the magnitude of the Bz-insensitive NaCl CT response was observed relative to NaCl +
Bz + RTX (Figure 2C). These results suggest that RTX and FIIm target the same amiloride-insensitive
pathway(s). The Bz-insensitive NaCl taste responses are regulated by several intracellular signaling
mediators. A decrease in taste cell Ca2+, activation of protein kinase C, and inhibition of calcineurin
enhanced the magnitudes of the Bz-insensitive NaCl CT responses in the presence of RTX, and either
minimized or completely eliminated the decrease in the CT response at RTX concentrations >1 μM.
In contrast, increasing taste cell Ca2+ inhibited the Bz-insensitive NaCl CT response in the presence of
RTX [41]. An increase in taste cell phosphatidylinositol 4,5-bisphosphate inhibited the control NaCl +
Bz CT response and decreased its sensitivity to RTX. Alternately, a decrease in phosphatidylinositol
4,5-bisphosphate enhanced the control NaCl + Bz CT response, increased its sensitivity to RTX
stimulation, and inhibited the desensitization of the CT response at RTX concentrations >1 μM [42].
It is likely that Bz-insensitive NaCl CT responses in the presence of FIIm are also regulated by the above
intracellular modulators and are responsible for their biphasic effects on the NaCl CT response.

3.4. Effect of Elevated Temperature and FIIm on the NaCl + Bz CT Response

In our previous studies, Bz-insensitive NaCl CT responses in rodents were temperature dependent.
In addition, temperature and modulators of the Bz-insensitive NaCl CT response produced additive
effects on CT response [26,33,36]. Accordingly, we next tested the effect of elevating the temperature
from 23 ◦C to 42 ◦C on the CT response to NaCl + Bz and NaCl + Bz + 0.4% FIIm. As shown in a
representative CT recording, elevating the temperature from 23 ◦C to 42 ◦C increased the magnitude of
the tonic NaCl + Bz CT response relative to 23 ◦C (Figure 2B). FIIm (0.4%) further increased the CT
response at 23 ◦C and 42 ◦C (Figure 2B). The mean tonic NaCl + Bz CT response at 23 ◦C (Figure 2C)
was significantly enhanced by increasing the temperature to 42 ◦C (* p = 0.0039) and by the addition of
0.4% FIIm (Figure 2C; ** p = 0.0001; n = 3). These results show that elevated temperature and FIIm

produce additive effects on the amiloride-insensitive NaCl CT response.

3.5. Effect of FIIm sub-fractions of Different Molecular Weights (FIIm(a-d)) on the NaCl + Bz CT Response

FIIm was further separated into four sub-fractions of varying molecular weights: FIIma

(500–1000 Da), FIImb (1000–3000 Da), FIImc (3000–5000 Da) and FIImd (5000–10,000 Da). As shown in
representative CT recordings in Figs. 3A and 3B, the relationship between varying concentrations
of FIIma and FIImc and the magnitude of NaCl + Bz CT response was shifted to the right on the
concentration axis relative to FIIm (Figure 1A). The relationships between varying concentrations of
FIIma, FIImb, FIImc and FIImd and the corresponding mean normalized tonic NaCl + Bz CT response
are plotted in Figure 3C. The results show that for all sub-fractions FIIm(a–d), the relationship between
their concentrations and the magnitude of tonic NaCl + Bz CT response is shifted to the right on
the concentration axis relative to FIIm. FIIma produced the maximum increase in the NaCl + Bz
tonic CT response at a concentration between 1.5 and 2.5% (Figure 3C; ). This concentration is
significantly higher than the concentration at which FIIm produced the maximum increase in the
NaCl + Bz CT response (0.5%; Figure 1B). These results suggest that FIIm fraction is composed of
MRPs of varying molecular weights that differ in their affinity and potency in modulating the putative
amiloride-insensitive salt taste pathway(s).
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Figure 3. Effects of FIIm sub-fractions (FIIm(a-d)) on the benzamil (Bz)-insensitive NaCl chorda tympani
(CT) response. Representative CT responses showing the effect of adding varying concentrations of
FIIm sub-fractions FIIma (500–1000 Da) (A) and FIImc (1000–3000 Da) (B) on the rat CT responses to
NaCl + Bz. The arrows represent the time period when the tongue was superfused with the rinse and
stimulating solutions. In each rat the data were normalized to the tonic response obtained with 0.3M
NH4Cl. (C) Shows the mean normalized tonic NaCl CT responses in different sets of 3 rats each while
their tongues were first stimulated with R and then with NaCl + Bz solutions containing 0–1% of the
four FIIm sub-fractions in log units. The values are M ± SEM of 3 rats in each group. In each case the
data were fitted to Equation (4).

3.6. Effect of FIIm sub-fractions (Neutral, Acidic, Basic and Aromatic) on the NaCl + Bz CT Response

FIIm was further separated into neutral, acidic, basic and aromatic sub-fractions. Since the
relationships between varying concentrations of the neutral, acidic and basic fractions and the
magnitude of the tonic NaCl + Bz CT response were very similar in individual rats, the data from these
three fractions were combined and are plotted in Figure 4A (�). In all three fractions, the relationship
between their concentrations and the magnitude of the mean normalized tonic NaCl CT response was
shifted to the right on the concentration axis relative to FIIm (Figure 4A; •). In contrast, the aromatic
fraction produced a biphasic response in the NaCl + Bz CT response with a very sharp-peak at
0.75% (Figure 4A; �). These results further suggest that FIIm is composed of neutral, acidic, basic
and aromatic MRPs that show varying degrees of potency and affinity for modulating the putative
amiloride-insensitive salt taste pathway(s). It is interesting to note that relative to control (NaCl + Bz),
0.5% FIIm (Figure 1A) produced an equivalent maximum increase in the tonic NaCl + Bz CT response
as 1 μM RTX (Figure 4B).
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Figure 4. Effects of aromatic, neutral, acidic and basic FIIm sub-fractions on the benzamil-insensitive
NaCl chorda tympani (CT) response. (A) Shows the relationship between varying FIIm sub-fraction
concentrations expressed in log units and the mean normalized tonic NaCl CT response from 3 rats in
each group for FIIm (•), aromatic (�) and combined neutral, acidic and basic maillard reacted peptides
(�). (B) Shows the relationship between resiniferatoxin (RTX) concentrations expressed in log units and
the mean normalized tonic NaCl CT responses from 3 rats (•). The values are M ± SEM of 3 rats in
each group.

We also recorded FIIm-induced changes in the Bz-insensitive NaCl CT response in wild type
(WT; C57BL/6J) and homozygous TRPV1 knockout mice (B6. 129S4-Trpv1tmijul; Jackson Laboratory,
Bar Harbor, ME). Consistent with our earlier study with MRPs [27], FIIm produced a similar biphasic
response on the Bz-insensitive NaCl CT response in WT mice. In TRPV1 KO mice, FIIm (0.4%) did
not induce CT response above the rinse baseline (data not shown). This is akin to our results in
rats. SB inhibited the basal Bz-insensitive NaCl CT response. In the continuous presence of SB, FIIm

produced a significantly smaller increase in the Bz-insensitive NaCl CT response relative to the absence
of SB (Figure 2). These results indicate that FIIm produces similar effects on rats and mice.

3.7. Effect of Calcitonin Gene Related Peptide (CGRP) on NaCl CT Responses

RTX activates and SB inhibits amiloride-insensitive NaCl CT responses (Figure 2). However,
TRPV1 immunoreactivity was not found in TRCs [43–45]. We hypothesize that RTX and other
modulators of TRPV1 alter Bz-insensitive NaCl CT responses indirectly, by releasing CGRP from
trigeminal nerves [46]. The released CGRP then acts on its specific receptor (CGRPR) in TRCs to
modulate Bz-insensitive NaCl CT responses [47].

84



Nutrients 2020, 12, 1198

Due to the concern that topical lingual application of CGRP, a large neuropeptide, may not be
able to reach its receptor in TRCs, CGRP was administered by intraperitoneal injection. CT responses
were monitored while the rat tongue was stimulated with 0.3M NH4Cl, 0.3 M NaCl and 0.1M NaCl
before and after an i.p. injection of 23 μg/100 BW or 68 μg/100 g BW CGRP dissolved in 0.5 mL PBS.
Following i.p. injection of 68 μg/100 g BW CGRP the NaCl CT response increased with time (data not
shown). As shown in Figure 5A, 10 min post CGRP injection, the NaCl CT responses were almost
two times greater than control (Figure 5B). CGRP also induced an increase in the CT response to 0.3M
NaCl. However, an i.p. injection of 23 μg/100 BW CGRP did not induce any changes in rat NaCl CT
response 10 min post CGRP injection (Figure 5B). These results indicate that CGRP effects on NaCl CT
response are both time- and dose-dependent and are observed over a range of NaCl concentrations.
These results suggest a possible interaction between the trigeminal and salt taste systems.

Figure 5. Effect of i.p. injection of calcitonin gene related peptide (CGRP) on NaCl chorda tympani (CT)
response. (A) Shows a representative CT trace obtained while the rat tongue was first stimulated with
rinse solution (R) and then with 0.3M NH4Cl, 0.3M NaCl and 0.1M NaCl before and after i.p. injection
of CGRP (68 μg/100 g BW in PBS). In each rat the data were normalized to the tonic response obtained
with 0.3M NH4Cl. The values are M ± SEM of 3 rats in each group. (B) Shows summary of the data
from 3 rats in each group injected with either 23 or 68 μg CGRP/100 g BW. Values are M ± SEM of 3 rats.
* p = 0.017 (0.1M NaCl) and 0.009 (0.3M NaCl).
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Using calcium imaging, a subset of acid responsive Type III mouse circumvallate TRCs were
identified as the amiloride-insensitive salt responsive cells [2]. CGRPR has been suggested as the
functional link to cellular transduction pathway for CGRP action on Type III TRCs. CGRP has been
shown to increase [Ca2+] in Type III TRCs. This effect of CGRP was dependent upon phospholipase
C activation and was prevented by U73122 [47]. In mouse taste buds, CGRP caused TRCs to secrete
serotonin (5-HT), a presynaptic (Type III) cell transmitter. 5-HT seems to reduce taste evoked ATP
secretion in Type II cells [47]. However, at present this information is lacking in the fungiform taste
receptive field.

Here, we present new data that suggest that CGRP can modulate rat amiloride-insensitive NaCl
CT responses (Figure 5). In a recent study [3] amiloride-insensitive Ca2+ responses in mouse taste bud
cells were localized to the apical tips of Type II, but not in Type III fungiform TRCs. It is suggested that,
because anterior (fungiform) and posterior (circumvallate) taste fields differ functionally, in an earlier
study [2] amiloride-insensitive NaCl responses may have been detected in only Type III circumvallate
taste cells. Although the identity and location of the amiloride- and Bz-insensitive pathway(s) are
ambiguous at present, CT recordings demonstrate that a component of the amiloride- and Bz-insensitive
NaCl CT response at low NaCl concentrations (100 mM) is present in the anterior taste field that is
modulated by RTX, FIIm, temperature, SB (Figures 1A and 2B) and voltage [33,34].

N-geranyl cyclopropylcarboxamide (NGCC), a modulator of the amiloride- and Bz-insensitive
NaCl CT responses [48], activates hTRPV1 expressed in HEK293T cells [49]. In our preliminary
studies, component of FIIm induced inward current in TRPV1-expressing cells in whole-cell
patch-clamp recordings [50,51]. Currently studies are underway to demonstrate direct activation
of the expressed umami taste receptor by FIIm. However, at present it is not clear if, like RTX,
other modulators of the amiloride-insensitive pathway release CGRP from TRPV1 expressed in
trigeminal neurons in a dose-dependent manner. In addition, it is also not known if, like other
modulators of the amiloride-insensitive NaCl CT response, CGRP elicits a biphasic effect on rat NaCl
CT responses. Taken together, our data suggest a possible linkage between the trigeminal system
and amiloride-insensitive salt taste. It has recently been demonstrated that sour taste pathway works
together with the somatosensory system to trigger aversive responses to acidic stimuli [5].

3.8. Behavioral Studies with Mice

Under control conditions, mice demonstrated a bell shaped NaCl preference curve with a
significant preference for 100 mM NaCl (Figure 6A; �; * p = 0.02; n = 10) and aversion for 300 mM
NaCl (**** p = 0.0001) [39]. In the presence of 10 μM amiloride the NaCl preference curve was again
biphasic but was shifted to the right on the NaCl concentration axis. In the presence of amiloride, mice
showed a significant NaCl preference at 150 mM NaCl (Figure 6 A; •; *** p = 0.0024).
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Figure 6. Effect of amiloride and FIIm on NaCl Preference in WT mice. (A) Shows NaCl Preference in
WT mice when given a choice between H2O and varying concentrations of NaCl (3, 80, 100, 120, 150,
200 and 300 mM) in the absence (�) and presence of 10 μM amiloride (•). The values are presented as
mean (M) ± SEM of n, where n = 7–10. * p = 0.02; ** p = 0.0134; *** p = 0.0024; **** p = 0.0001. (B) Shows
NaCl Preference in WT mice when given a choice between H2O and 100 mM NaCl (�) or H2O and 100
mM NaCl + 10 μM amiloride (•) containing increasing concentrations of FIIm (0.1 to 1%). * p = 0.0086;
** p = 0.0018; *** p = 0.0001 (n = 10). Dotted line represents the indifference value.

As shown in Figure 6B, adding increasing concentrations of FIIm (0.1 to 1%) to 100 mM NaCl
solutions in the absence and presence of 10μM amiloride produced biphasic changes in NaCl preference,
increasing it at 0.25% and lowering it at higher concentrations. Under control conditions, FIIm maximally
enhanced the NaCl preference at 0.25% relative to NaCl alone (Figure 6B; �; ** p = 0.0001; n = 10).
Above 0.25% FIIm NaCl preference was significantly less than its maximum value. In the presence of
10 μM amiloride the maximum increase in NaCl preference was observed at 0.5% FIIm (Figure 6B; •;
* p = 0.0086). Above 0.5% FIIm NaCl preference was significantly less than its maximum value. There
was no change in NaCl preference when equivalent concentrations of the FIIim were added to the
test solutions containing 100 mM NaCl or 100 mM NaCl + 10 μM amiloride (data not shown). These
behavioral responses to NaCl are correlated with the biphasic effects of FIIm concentrations on the
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amiloride- and Bz-insensitive NaCl CT responses (Figure 1). In this sense, FIIm mimics the effect of
other modulators [27,33,34,36,48,52] of the amiloride- and Bz-insensitive NaCl CT responses.

3.9. Effect of FIIm on Salt Taste in Human

In human sensory evaluation, FIIm produced a biphasic effect on salt taste. FIIm increased salt
taste intensity between 0.3 and 0.5%, but slightly decreased it above 0.5% (Figure 7). The maximum
salt taste intensity in human subjects was detected at 0.5% FIIm (Figure 7; •). In contrast, FIIim had no
significant effect on human salt taste perception (Figure 7; �). In our previous studies, GalA-MRPs,
Xyl-MRPs [27] and NGCC [48], modulators of the amiloride- and Bz-insensitive NaCl CT responses
in rodents, also produced biphasic effects on human salt taste intensity. Although functional ENaC
channels are expressed in human fungiform TRCs [53], the amiloride- and Bz-insensitive salt taste
receptors are the predominant transducers of salt taste in humans [25–27]. Thus, modulation of the
amiloride-insensitive salt taste in humans via FIIm or other modulators may provide alternate ways to
regulated human salt taste and perhaps salt intake.

Figure 7. Effect of FIIm and FIIim on human salt taste intensity. Shows the effect of varying
concentrations (0.03 and 1.0%) of FIIim (�) and FIIm (•) expressed in log units on human salt taste
intensity. R1 corresponds to the intensity (2.5) of 0.2% NaCl and R2 corresponds to the intensity (5.0) of
0.35% NaCl. FIIm showed a significant (* p = 0.01) salt taste-enhancing activity at 0.003% and 0.005%.
In contrast, no effect of FIIim was observed on human salt taste intensity over the concentration range
between 0.03 and 1.0%.

3.10. Effect of FIIm on the Rat CT Response to Glutamate

Stimulating the rat tongue with 100 mM MSG + Bz+ SB elicited a CT response and the CT response
was enhanced in the presence of 1 mM IMP (Figure 8A). Glutamate CT response was also enhanced in
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the presence of 2.5% FIIm. The normalized tonic CT responses to glutamate in the absence and presence
of IMP and FIIm are summarized in Figure 8B. FIIm at 2.5% enhanced the CT response to glutamate
that was equivalent to the enhancement observed with 1 mM IMP. These results further suggest that
unlike the Bz-insensitive NaCl CT response, the basal umami CT response and the subsequent FIIm

induced enhancement of the umami CT response is SB-insensitive. In our previous study, Xyl-MRs
also enhanced the CT response to glutamate at concentrations above which they modulated the NaCl +
Bz CT responses. In contrast to Xyl-MRPs, at these concentrations GalA-MRPs or Glc-NH2-MRPs did
not show effects on the glutamate CT response [27]. These results suggest that the umami enhancing
effect of MRPs is dependent on the conjugated sugar(s). However, at present the identity of the specific
sugar resides conjugated with the peptides comprising the FIIm is not known.

 
Figure 8. Effect of FIIm on the glutamate chorda tympani (CT) response and human umami taste
sensory evaluation. (A) Shows a representative CT response in which the rat tongue was first rinsed
with the rinse solution (R) and then with 100 mM MSG + 5 μM benzamil (Bz) + 1 μM SB-366791 (SB),
MSG + Bz + SB +1 mM IMP, MSG + Bz + SB + 1% FIIm and MSG + Bz + SB + 2.5% FIIm. The arrows
represent the time period when the tongue was superfused with the rinse and stimulating solutions.
(B) Shows mean normalized tonic CT responses from 3 rats. In each rat the data were normalized to
the tonic response obtained with 0.3 M NH4Cl. * p = 0.001. (C) Shows the effect of adding increasing
concentrations of FIIm (0.003 to 0.3%) to the 0.04% Fish Soup Base (open bars) or to H2O (filled bars).
The values are presented as M ± SEM of n, where n represents the number of panel members tested.
* p = 0.01.

In our earlier study [33], RTX demonstrated a biphasic response on the rat Bz-insensitive NaCl
CT response. At 1 μM, it maximally enhanced and at 10 μM, maximally inhibited the Bz-insensitive
NaCl CT response. At 1 and 10 μM concentrations, RTX did not alter CT responses to 500 mM sucrose,
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10 mM quinine and 10 mM HCl. These results tend to suggest that over the concentration range that
alter the Bz- insensitive NaCl CT response, modulators of the amiloride-insensitive pathway may not
alter sweet, bitter or sour taste. At present it is not known if FIIm concentrations that modulate salt
responses also alter responses to other taste stimuli.

3.11. Effect of FIIm on Umami Taste in Human

In human subjects, adding 0.3% FIIm to umami soup base produced a significant increase in
umami taste intensity (Figure 8C; open bars; p < 0.01; n = 9). Equivalent concentrations of FIIm added
to water produced umami intensity ratings of < 1 (Figure 8C; filled bars). In contrast to a strong salt
taste enhancing effect at 0.5% FIIm, lower concentrations (<0.3%) of the FIIm did not have a significant
effect on umami taste intensity. Thus, depending upon the concentration, MRPs can be used either as
salt taste or umami taste modifiers.

These results show that FIIm modulates both salt and umami taste in humans but at different
concentration range. The differences in the sensitivity to FIIm between humans and mice are most likely
due to the variations in the umami taste receptor protein [54,55]. This dual property of being able to
modulate the Bz-insensitive NaCl response and the glutamate response at two different concentration
ranges is not restricted to FIIm. We have recently shown that at different concentrations ranges, NGCC
modulates Bz-insensitive salt taste responses and glutamate taste responses in humans and animal
models [48].

4. Conclusions

In summary, a naturally occurring kokumi taste active peptide fraction (MW 500–10,000 Da)
isolated from mature (FIIm; 4-year old) Ganjang, a typical Korean Soy Sauce, modulates the amiloride-,
Bz-insensitive NaCl CT response in rodents in a biphasic manner. At low concentrations (0.1 to 0.5%)
it enhanced and at higher concentrations (>0.5%) inhibited the Bz-insensitive NaCl CT response.
FIIm effects on Bz-insensitive NaCl CT responses are TRPV1 dependent. FIIm may indirectly alter CT
responses to NaCl via the release of CGRP from trigeminal fibers near the fungiform taste buds in
the anterior taste field. This suggests a novel relationship between trigeminal system and salt taste
perception. At concentrations >1%, FIIm enhanced the CT response to glutamate. In human sensory
tests, FIIm increased the salt taste intensity between 0.3 and 0.5%, and the umami taste intensity at
0.3%. We conclude that, depending upon its concentration, FIIm modulates both salty and umami
tastes in humans and rodents. The active component(s) and salt enhancing property of naturally
occurring MRPs by longer maturation in food should be further investigated for a better understanding
of the potential link between the compound and its beneficial effect in reducing salt intake in the
human population.
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Abstract: A small amount of emerging research has observed variations between individual sensitivity,
preference and intake of salt in the presence of single nucleotide polymorphisms (SNP) on the genes
encoding salt taste receptors. Sodium intake is a significant risk factor for common diseases in elderly
populations such as hypertension and cardiovascular disease; however, this does not fully explain
the risk. Research into the influence of salt taste genetics on diet quality is yet to be undertaken
and current research on indicators of health is limited and mixed in the direction of associations.
Therefore, a secondary analysis of data from a well-characterised elderly cohort (the cross-sectional
Retirement Health and Lifestyle Study, n = 536) was conducted to explore relationships between
the salt taste-related SNP TRPV1-rs8065080 (assessed by Taqman genotyping assay), dietary habits
and biomarkers of health. Data were analysed with standard least squares regression modelling and
Tukey’s HSD post hoc tests. No association was found between the TRPV1-rs8065080 genotype, sodium
intake or multiple diet quality indices (assessed by food frequency questionnaire). Sodium-related
markers of health including blood pressure and markers of kidney function (urinary creatinine and
albumin/creatinine ratio) and general health markers, such as Body Mass Index (BMI), were also not
related to TRPV1-rs8065080 genotype. To date, this study is the most comprehensive investigation
conducted to determine if the TRPV1-rs8065080 genotype relates to sodium intake and health markers
influenced by sodium intake. Although no significant relationships were found, these findings are an
important contribution to the limited body of knowledge surround this SNP. In addition to further
research across other ages and cultures, the TRPV1-rs8065080 genotype may interact with other ion
channels, and so further studies are required to determine if polymorphic variations influence sodium
intake, diet and health.

Keywords: salt; taste; TRPV1 gene; rs806500; dietary; biomarker; elderly; nutrigenetics

1. Introduction

With an ageing population [1] and diet known to be a major modifiable determinant of disease
risk, understanding the relationships between taste status, diet and health status may be important in
detecting and managing at-risk groups [2]. Excess sodium intake in the elderly increases the risk of
cardiovascular disease, hypertension [3], osteoporosis [4] and gastric cancers [5]. However, in most

Nutrients 2020, 12, 1056; doi:10.3390/nu12041056 www.mdpi.com/journal/nutrients95



Nutrients 2020, 12, 1056

countries, salt intake levels remain higher than the World Health Organizations’ recommendations [6].
Furthermore, sensitivity, preference and intake of salt vary widely between individuals. The influence
of genetics on these factors has been demonstrated across each of the five tastes, including salt in
limited early research [7,8]. Individual differences in salt taste perception have been attributed to
variations on the genes encoding taste receptors [9,10]. Evidence for the role of genetics in salt taste
and health is emerging, and therefore, many relationships remain to be characterised.

Salt taste is detected through ion channels [11]. Along with the epithelial sodium channel (ENaC),
the transient receptor potential cation subfamily V member 1 (TRPV1) channel has been identified as
a salt taste receptor that responds to a variety of cations [12]. The TRPV1 gene is located on chromosome
17 [13] and is expressed throughout the body [14]. Salt concentration levels elicit different taste pathways.
Type 1 taste cells have been identified as activated when concentrations are appetitive [15], while
Type II and III taste cells are triggered by higher salt concentrations that are perceived as aversive [15].
Furthermore, single nucleotide polymorphisms (SNP’s) on the TRPV1 gene have been identified as
having influence on the threshold levels at which individuals perceive salt solutions [9].

TRPV1-rs8065080 is a missense mutation with the single amino acid change from isoleucine to
valine occurring at position 585 [13]. The frequency of alleles differs between populations. The TRPV1-
rs8065080 T allele is more common in Caucasian, African and Hispanic populations, and the C allele
more common in Asian populations [13]. Animal and cell culture studies demonstrate potential
mechanistic roles for the TRPV1-rs8065080 polymorphism in ion channel function. Transfection of
HeLa cells with the TRPV1-rs8065080 C allele results in a 20%–30% loss of channel function [16].
Furthermore, salt-sensitive rats on a high salt diet had reduced expression and function, with authors
hypothesizing that this was a potential mechanism for salt sensitivity [17].

Human research on the function and dietary outcomes of the different TRPV1-rs8065080 variants
is limited and mixed. In a study of ten TRPV1 SNPs (n = 95, white, young adults), TRPV1-rs8065080
was the only SNP identified as being related to salt suprathreshold taste sensitivity [9]; however, liking
and salt intake were not assessed. In a sub-study of participants from the Guelph Family Study (n = 125)
various TRPV1 SNPs, but not TRPV1-rs8065080, were found to be associated with higher sensitivity to,
and preference for, salt [18]. Sodium intake was assessed by three TRPV1 SNP’s (rs4790151, rs4790522
and rs877610); however, no significant relationships were found [18]. A smaller American study
(n = 20), in which the TRPV1-rs8065080 T allele was associated with higher sensitivity to salt, found T
allele carriers consumed higher amounts of sodium than C allele carriers [10]. However, the small
cohort size in the study limits the power of the analysis. In addition to salt taste, a large Korean
epidemiology study (n = 8842) found TRPV1-rs8065080 T allele carriers to have a higher preference
for, and consumption of oily foods [19]. The varied relationships demonstrate SNP-related functional
impacts on taste that require further definition.

The health outcomes of TRPV1-rs8065080 variants have been investigated in both sodium-related and
non-sodium-related diseases. While sodium intake is an established risk factor in high blood pressure [3],
a recent Taiwanese study did not find a connection to the TRPV1 SNP [20]. In male and female adults
(n = 551), TRPV1-rs8065080 was not associated with systolic or diastolic blood pressure levels [20].
Conversely, the TRPV1-rs8065080 allele carriage has been associated with risk for other diseases not
directly related to sodium intake, including type 2 diabetes and insulin sensitivity [19], the risk for knee
osteoarthritis [21], cough and wheeze in asthmatics [16,22], and differential responses to pain [23,24].

The relationships between the TRPV1-rs8065080 polymorphism, salt intake and markers of health
related to sodium intake remain to be fully elucidated. Therefore, we assessed the relationship between
the TRPV1-rs8065080 genotype, sodium intake, diet quality, Body Mass Index (BMI), blood pressure
and markers of kidney function in a well-characterised elderly cohort.
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2. Materials and Methods

2.1. Subjects

This secondary cross-sectional analysis examined data from the Retirement Health and Lifestyle
Study (RHLS) conducted on the NSW Central Coast of Australia from 2010 to 2012 [25]. Individuals
living in private dwellings were randomly selected from extracts of the Wyong and Gosford local
government areas Australian Commonwealth Electoral Rolls. Individuals from 12 participating
retirement villages located in the same electorates were also randomly selected from retirement
village resident lists. Participants were eligible to participate if they were aged 65 years or older and
their primary residence for the last 12 months or more was located within the Wyong or Gosford
local government areas. Those who were not living independently or were residing in a communal
setting other than a retirement village, had been living in the area for less than 12 months, and/or
were in the process of relocating, were not eligible to participate. Individuals were also ineligible
if another member of their household was taking part in the study. People with language or other
communication difficulties, who were cognitively impaired or unable to provide informed consent,
were also excluded [26]. Participants were not excluded based on pre-existing health conditions.
In total, 831 people were recruited for this study, however, the provision of a blood sample for
genotyping was optional. Only those who were successfully genotyped for TRPV1-rs8065080 and
provided a valid food frequency questionnaire were included in this sub-study. Complete data sets
were available for 536 participants. Ethics approval for the RHLS study was granted by The Human
Research Ethics Committee of the University of Newcastle (Reference No. H-2008-0431) and written
consent obtained from participants [27].

2.2. Anthropometric Measures

Age, sex, education and income levels were collected via questionnaires. Anthropometric measures
followed the International Society for the Advancement of Kinanthropometry (ISAK) guidelines [28].
Participants wore light comfortable clothing and measures were repeated until two consecutive values
within 0.5 cm were recorded. The stretch stature method was used to measure height and recorded to
the nearest 0.01 cm [28]. Digital scales (Wedderbum© UWPM150 Platform Scale) measured weight
which was recorded to the nearest 0.01 kg. Calculations using the height and weight measures
determined Body Mass Index for each participant (BMI = weight (kg)/height (m2)). Waist, hip and
waist to hip ratio measures were also taken, following the ISAK guidelines [28].

2.3. Blood Pressure Readings

Blood pressure (BP) measurements were administered by qualified clinical staff using an OMRON
IA2 machine. Readings were taken from both arms, allowing at least one minute between measurements.
In the arm with the highest reading, a further two BP measurements were taken and recorded, these
two consecutive measurements were averaged and used in statistical analyses. If the consecutive
readings differed by >10 mmHg for systolic blood pressure or by >6 mmHg for diastolic blood pressure,
a further fourth measurement was taken. Measurement was abandoned after a maximum of four
readings (on one arm). Participants were excluded if their measurement was invalid (consecutive BP
readings differed by more than 10 mmHg systolic or 6 mmHg diastolic); there was a physical limitation
preventing measurement; they presented with a very high BP curtailing measurement, or there was
a machine error.

2.4. Collection of Biological Samples

After fasting, whole blood was collected via venipuncture, by a trained nurse, into EDTA-lined
tubes and stored at −20 ◦C [27]. Urine samples were also collected without preservative on the morning
of the clinic visit while the participant was fasting. Urinalysis was conducted by the Hunter Area
Pathology Service.
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2.5. Genotyping

In the RHLS study, deoxyribonucleic acid (DNA) was isolated from peripheral blood cells with
the QIAGEN QIAmp DNA mini-kit following the manufacturers’ protocol [25,29]. The DNA samples
were stored at −20 ◦C [25]. The SNP was assessed with quantitative polymerase chain reaction (qPCR)
in the QuantStudio 7 Flex Real-Time PCR System [30]. Allelic discrimination for TRPV1-rs8065080
was performed using TaqMan™ assay code C___11679656_10 (Applied Biosystems™, ThermoFisher
Scientific, CA, USA). In 384 well plates (MicroAmp® Optical 384-Well Reaction Plate with Barcode,
Applied Biosystems™, ThermoFisher Scientific, CA, USA), 2.25 μL of DNA was dried down in each well.
Each qPCR reaction contained the DNA and 2.50 μL 2x TaqMan™Master Mix, 0.25 μL 20x TaqMan™
Assay and 2.25 μL nuclease-free water (UltraPure™ Distilled Water, Invitrogen, ThermoFisher Scientific,
CA, USA). Two no-template controls with all components except DNA were run for specificity validation.
The plates were sealed (MicroAmp® Optical Adhesive Film, Applied Biosystems™, ThermoFisher
Scientific, CA, USA) and centrifuged (SelectSpin™ Plate Centrifuge, Select BioProducts, NJ, USA).
Denaturing occurred for 10 min at 95 ◦C initially, then 15 s at 95 ◦C over 40 cycles. Elongation and
annealing ran for 10 min at 60 ◦C. Data were captured at the end of each cycle.

2.6. Dietary Assessment

A food frequency questionnaire (FFQ), containing 225 items, and covering all food groups [31]
was used to estimate daily sodium intake and to calculate the diet quality indices. Data were analysed
using Foodworks 2.10.146 (Xyris Software, Brisbane, QLD, Australia) [32]. Three diet quality indices
were calculated from the available data: The Dietary Guideline Index (DGI) [33], the Australian
Recommended Food Score (ARFS) [34,35] and the Australian Healthy Eating Index (Aust-HEI) [36].

The DGI is a 150-point index based on the Dietary Guidelines for Australian Adults, Australian
Guide to Healthy Eating, national indicators for food and nutrition and the Australian Alcohol
Guidelines [33,37,38]. A score of 0–10, proportionally adjusted, was allocated across 15 food categories,
with higher scores indicating higher quality dietary intake [33]. The fifteen constituents of the DGI
are set to assess a participant’s intake of key nutrients from core food groups, the proportion of key
nutrient intakes from healthy food types (e.g., lean meats or wholegrain cereals), diversity of foods in
the diet and intakes of unhealthy foods.

The ARFS reflects the Australian Dietary Guidelines and focuses on dietary variety as an indicator
of diet quality [34,35]. Points are allocated within eight food sub-scales (vegetables, fruits, protein
sources, grains, dairy, fats and alcohol). Points are assigned based on of frequency of consumption
reflective of the guidelines. The ARFS score was calculated by summing the points for each item.
A maximum of 74 points were possible, with higher scores indicating a wide variety in dietary
intakes [35]. Minor modifications were made to the ARFS scorings system due to differences in the
foods listed on the FFQ used. Garlic, beetroot and zucchini were not listed on the FFQ used here,
but cucumber, asparagus and sweet potato were and so were substituted in the vegetable sub-scale.
Similarly, frozen or canned fruits and pears were substituted for berries and kiwifruit/plums/grapes in
the fruit sub-scale. In the grains sub-scale, the all-bran was replaced with all high fibre cereals not
already captured. In the protein foods sub-scale, veal was not listed in the FFQ, but turkey/quail/duck
were and so they were substituted. Alcohol consumption was recorded as an average so consumption
per sitting could not be calculated. Points were awarded based on average annual consumption
equivalent to 1 or 2 drinks per day for a maximum of four days of the week. Zero points were awarded
to those who consumed more than this or never consumed alcohol.

The Aust-HEI generates a score for healthy dietary behaviours and food consumption, equally
weighting dietary variety, measures of healthy choices, fruit and vegetable consumption, fat
consumption and consumption of discretionary foods [36]. Possible scores range from 0–60 points.
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2.7. Medical History and Medication Status

Self-reported medical history of cardiovascular diseases (hypertension, heart disease, stroke,
heart attack and vascular disease) and kidney disease were recorded via interviewer administered
questionnaire. Regular prescription medication use was recorded via presentation of medication
packages to investigators of photographic recording of brand, active ingredient and dose, and self-report
of frequency of use via interviewer administered surveys.

2.8. Statistical Analysis

Data analyses were completed with statistical analysis software JMP (Version 14.2; SAS Institute
Inc., USA). Participant characteristics were reported as number and percentage of the total cohort
when variables were categorical and mean, minimum and maximum ranges and standard deviation
(SD) when continuous. Genotype allele frequency was reported as number and percentage with
distributions analyzed using Pearson’s chi-squared tests. Associations between genotype and the
continuous variables were assessed with standard least squares regression. Least squared means were
compared with appropriate adjustments, or raw means unadjusted, using Tukey’s HSD post hoc test.
The threshold for statistical significance was p = <0.05. Stratified analyses by each of the potential
confounding variables are also presented where appropriate.

3. Results

3.1. Participant Characteristics

After exclusions, data for 536 participants were available for analysis. Participant age ranged from
65 to 94 years (mean 77.4 years, standard deviation of 6.8 years, Table 1). The mean BMI of participants
was in the overweight range (28.5; Table 1). The mean DGI was 97/150, the mean ARFS was 26.8/74
and the mean AUST-HEI was 30.2/60. Mean estimated sodium intake was 2052 mg/day.

Table 1. Distribution of continuous variables.

Variable Mean Minimum Maximum SD

Age (years) 77.4 65 94 6.8
DGI (150-point index) 97.0 30.9 132.6 15.8
ARFS (74-point index) 28.9 6 50 7.6

AUST-HEI (60-point index) 30.2 5 50 9.7
BMI (kg/m2) 28.5 17.1 46.3 4.8

Sodium intake (mg/day) 2052 506 8250 843

BMI: Body Mass Index.

All dietary indices and BMI were normally distributed. 45% of participants were male. The majority
reported incomes in the middle-income bracket with education levels of TAFE qualification or higher
(Table 2). Due to the small numbers of participants in the higher income bracket, this variable
was collapsed into two groups for analysis (above AUD 20,000 and below AUD 20,000). Similarly,
ex-smokers and current smokers were collapsed into “ever” smokers for analysis.

Table 2. Distribution of categorical variables.

Variable n %

Sex
Males 241 45.0

Females 295 55.0

Income
<AUD 20,000 per year 165 31.5

AUD 20,000 to AUD 60,000 per year 322 61.6
>AUD 60,000 per year 36 6.9
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Table 2. Cont.

Variable n %

Education
≤Trade qualification 177 33.1

TAFE or other certificates 295 55.1
≥Bachelor degree 63 11.8

Smoking
Current smoker 15 2.8

Ex-smoker 253 47.2
Never smoked 268 50.0

History of cardiovascular disease a,b

Yes 219 40.9
No 317 59.1

History of kidney disease b

Yes 90 17.5
No 425 82.5

Use of anti-hypertensive medication b

Yes 118 22.0
No 418 78.0

Regular use of any prescription medication b

Yes 438 81.7
No 98 18.3

a includes hypertension, heart disease, stroke, heart attack and vascular disease; b self-reported.

3.2. Genotype Distributions

The variant TRPV1-rs8065080 allele (C) had a frequency of 0.36, and the ancestral allele (T) had
a frequency of 0.64. The heterozygous genotype (C/T) was the most common, followed by T/T and
C/C (Table 3). The distributions of age (p = 0.5), sex (p = 0.7), income (p = 0.5), education (p = 0.6),
history of cardiovascular disease (p = 0.2), history of kidney disease (p = 0.5), use of antihypertensive
medication (p = 0.1) and use of any prescription medication (p = 0.1) did not vary significantly by
TRPV1-rs8065080 genotype.

Table 3. TRPV1-rs8065080 genotype distribution.

SNP Female n (%) Male n (%) Total n (%)

C/C 33 (11.2) 33 (13.7) 66 (12.3)
C/T 134 (45.4) 116 (48.1) 250 (46.6)
T/T 128 (43.4) 92 (38.2) 220 (41.1)

3.3. Sodium Intake by Genotype

As TRPV1 is involved in detecting salt taste, the relationship between sodium intake and
TRPV1-rs8065080 genotype was assessed. Sodium intake was higher in males than females with
mean intakes of 2226 ± SD814 mg/day and 1910 ± SD840 (p < 0.001) and was higher in the higher
income group (1906 ± SD924 mg/day vs. 2129 ± SD8044 mg/day, p = 0.005). Intake also reduced
with age (β = −0.13, p = 0.004). However, sodium intake was not related to smoking status (p = 0.9),
education (p = 0.9), history of cardiovascular disease (p = 0.9, history of kidney disease (p = 0.3), use
of anti-hypertensive medication (p = 0.5) or use of any prescription medication (p = 0.6). Therefore,
sodium intake was assessed by genotype in the complete cohort without adjustments, and with
adjustments for age, income and sex. However, there were no significant differences in sodium intake
by genotype (Figure 1). The association remained non-significant when salt intake was categorically
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analysed by quartiles (χ2 =4.8, p = 0.3). Furthermore, there were no significant differences in salt intake
by genotype when analyses were stratified by each of the potential adjustment variables (Table S1).

Figure 1. Sodium intake does not vary by TRPV1-rs8065080 genotype. (A) Unadjusted mean values
(B) Least- squares means with adjustments for age, income and sex. Error bars mark 95% confidence intervals.

3.4. Diet Quality by Genotype

It is often hypothesized that taste genetics are involved in modulating dietary preferences and
intake. Therefore, we used three diet quality indices to assess the relationship between TRPV1-rs8065080
genotype and diet quality. DGI and AUST-HEI were higher in females than males and both increased
with education (Table S2). The DGI was also higher in those who had never smoked, compared to
those with a history of smoking (Table S2). ARFS did not vary by sex, education or smoking status
(Table S2). None of the diet quality indices varied by income (Table S2), age (DGI p = 0.1, AUST-HEI
p = 0.2, ARFS p = 0.2), history of cardiovascular disease (DGI p = 0.2, AUST-HEI p = 0.2, ARFS p = 0.3),
history of kidney disease (DGI p = 0.4, AUST-HEI p = 0.2, ARFS p = 0.2), use of anti-hypertensive
medication (DGI p = 0.3, AUST-HEI p = 0.3, ARFS p = 0.1) or use of any prescription medication
(DGI p = 0.2, AUST-HEI p = 0.1, ARFS p = 0.1). Therefore, the relationship between diet quality
and TRPV1-rs8065080 genotype was assessed without adjustments, and with adjustments for sex,
education and smoking. However, there were no significant differences in any of the diet quality
indices by genotype (Figure 2) Furthermore, there were no significant differences in any of the indices
by genotype when analyses were stratified by each of the potential adjustment variables (Table S1).

Figure 2. Diet quality indices do not vary by TRPV1-rs8065080 genotype. (A) DGI (B) AUST-HEI
(C) ARFS. Error bars mark 95% confidence intervals. Unadjusted present mean values with no
adjustments. Adjusted present Least-squares means with adjustments for sex, education and smoking.

3.5. Markers of Health by Genotype

The relationship between TRPV1-rs8065080 genotype and BMI was assessed as a marker of
health status. BMI reduced with age (β = −0.17, p = 0.0001), was higher in those who had a history
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of smoking (29.1 ± 5.1 vs 27.7 ± 5.6, p = 0.005), and reduced with increasing education (β = 0.12,
p = 0.03) and income (β =0.13, 0.01). BMI did not vary by sex (p = 0.7) history of cardiovascular disease
(p = 0.1), history of kidney disease (p = 0.4), use of anti-hypertensive medication (p = 0.2) or use of
any prescription medication (p = 0.1). Therefore, the relationship between BMI and TRPV1-rs8065080
genotype was assessed without adjustments, and with adjustments for age, smoking status, education
and income. However, BMI did not vary by genotype (Figure 3A).

Figure 3. BMI, systolic blood pressure and diastolic blood pressure do not vary by TRPV1-rs8065080
genotype in the elderly. (A) BMI (B) Systolic blood pressure (C) Diastolic blood pressure. Error bars
mark 95% confidence intervals. Unadjusted present mean values with no adjustments. Adjusted
present Least-squares means with adjustments for age, smoking status, education and income.

The relationship between TRPV1-rs8065080 genotype and blood pressure was assessed as a marker
of a salt-sensitive health outcome. Systolic and diastolic blood pressure both increased with age
(p = 0.003 and p = 0.0001, respectively), and were higher in males (p = 0.003 and p = 0.006, respectively)
and those who had a history of smoking (p = 0.03 and p = 0.02, respectively). Blood pressure did not
vary by education (p = 0.9), income (p = 0.9) history of cardiovascular disease (p = 0.2), history of kidney
disease (p = 0.1), use of anti-hypertensive medication (p = 0.2) or use of any prescription medication
(p = 0.1). Therefore, the relationship between blood pressure and the TRPV1-rs8065080 genotype was
assessed without adjustments, and with adjustments for age, smoking status, education and income.
However, neither systolic nor diastolic blood pressure varied by genotype (Figure 3B,C). The incidence
of hypertension did not vary between genotypes (χ= 0.5, p= 0.8). Results did not vary when adjustment
for sodium intake was added, and there was no significant interaction between TRPV1-rs8065080
genotype and sodium intake in predicting systolic or diastolic blood pressure (pinteraction = 0.6 and 0.7,
respectively). Furthermore, there were no significant differences these markers by genotype when
analyses were stratified by each of the potential adjustment variables (Table S1).

The relationship between the TRPV1-rs8065080 genotype and urine creatinine and albumin to
creatinine ratio was assessed as a marker of kidney health. Urine creatinine was inversely related to
age (β = −0.14. p = 0.001), was higher in males (8.5 ± SD5.0, v 10.2 ± SD5.2, mmol/L, p = 0.0006) and
those with a history of kidney disease (8.9 ± SD2.0, v 10.0 ± SD4.2, mmol/L, p = 0.02). Urine markers
did not vary by education, income, smoking history, history of cardiovascular disease (p = 0.9), use of
anti-hypertensive medication (p = 0.2) or use of any prescription medication (p = 0.3). Therefore, the
relationship between urine markers and TRPV1-rs8065080 genotype was assessed without adjustments,
and with adjustments for age and sex. However, neither urine creatinine nor the albumin to creatinine
ratio varied by genotype (Table 4). Results did not vary when adjustment for sodium intake was
added, and there was no significant interaction between TRPV1-rs8065080 genotype and sodium
intake in urine creatinine, albumin or albumin to creatinine ratio (pinteraction = 0.7 and 0.5, respectively).
Furthermore, there were no significant differences in salt intake by genotype when analyses were
stratified by each of the potential adjustment variables (Table S1).
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Table 4. TRPV1-rs8065080 and urine creatinine and albumin to creatinine ratio.

Unadjusted (Mean ± SEM) Adjusted (Mean ± SEM)

C/C C/T T/T ptrend C/C C/T T/T ptrend

Creat (mmol/L) 9.3 ± 0.6 9.7 ± 0.3 9.2 ± 0.3 0.5 9.1 ± 0.7 9.8 ± 0.4 9.2 ± 0.4 0.4
Alb/Creat Ratio

(mg/mmol) 2.5 ± 4.0 9.3 ± 2.0 3.6 ± 2.3 0.1 5.7 ± 4.0 9.7 ± 2.3 7.5 ± 2.5 0.2

4. Discussion

This study is the most comprehensive characterisation of the relationships between the TRPV1-
rs8065080 genotype, sodium intake and health markers influenced by sodium intake to date. Despite
the suggested role for TRPV1 in the detection of salts [12] including sodium [9,10], no association was
found between the SNP, sodium intake or sodium-related markers of health including blood pressure
and markers of kidney function in the elderly. Additionally, although salt preference potentially
influences dietary patterns and quality, BMI and multiple diet quality indices were not related to the
TRPV1-rs8065080 genotype.

The data presented here, in elderly participants, supports the finding for TRPV1-rs4790151,
-rs4790522 and -rs877610 and sodium intake in a previous smaller study (n = 125) which found that
these SNPs were not associated with sodium intake in adults and preschool-aged children. However,
it is contradictory to the data presented in a small study (n = 20) of young predominantly Caucasian
participants by Pilic et al. [10], who reported that the TRPV1-rs8065080 T allele carriers consumed
higher amounts of sodium than C allele carriers. From an SNP perspective, the TRPV1-rs8065080
missense mutation alters one amino acid and, therefore, direct comparison is only possible between
this study and the work of Pilic et al. [10]. The contradictory results may be explained by the significant
difference in ages between the two cohorts, as age has been found to be a factor in phenotypical
variance in genetic expression [39]. However, the limited research available in the genetics of salt
taste restricts the valuable comparative analysis, highlighting the need for studies such as this that
contribute to the characterisation of TRPV1 SNPs.

Despite no relationship between the presence of the SNP and sodium intake being found, assessing
the relationship between TRPV1-rs8065080 genotype, blood pressure and kidney function remained
important due to the extra-oral expression of TRPV1 throughout the body [14]. Extra-oral taste
receptors act as chemosensors [40] and therefore may have biological impacts independent of the
modulation of diet via taste thresholds and preferences. However, no association was found between
blood pressure and the TRPV1-rs8065080 genotype in the present study. This supports the findings of
a similarly sized study in male and female Taiwanese adults (n = 551) which found no association
between TRPV1-rs8065080 and systolic or diastolic blood pressure levels [20]. Together, these two
well-sized studies suggest that the TRPV1-rs8065080 genotype does not directly relate to blood pressure
in adulthood nor in later life of the elderly. Demonstrating the presence or absence of this relationship
in the elderly is important, as ageing is known to heighten the effect of sodium intake on blood
pressure [41]. The present study is the first to assess the relationship between the TRPV1-rs8065080
genotype and markers of kidney function; therefore, the absence of association is novel.

The relationship between the TRPV1-rs8065080 genotype and broader markers of dietary
composition, including BMI and diet quality indices, has not been explored previously. This approach
was taken to reflect overall dietary composition, as dietary patterns are important in determining
disease risk. Furthermore, a nutrient-focused reductionist approach may miss important and relevant
associations. However, the TRPV1-rs8065080 genotype was not related to diet quality by any of the
indices used and was not related to BMI.

Strengths of this study include the large-sized and well-characterised nature of the cohort that is
representative of the larger population. The TRPV1-rs8065080 allele frequencies in participants matched
those found in global populations [13]. The mean BMI (28.5 kg/m2) placed the study population
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in the overweight category, and this was reflective of the national average for older adults [42].
The average sodium intake reported in this cohort was also similar to the broader Australian cohort [43].
Furthermore, multiple outcome variables were able to be assessed in a single cohort as a result of the
study population being well-characterised.

Limitations also need to be considered in the interpretation of these data. As a secondary
analysis of data from a cross-sectional study, time-sensitive outcomes such as the age-related decline in
taste [44] cannot be accounted for. As the cohort was 65 years and older, the results are not necessarily
generalizable to the wider adult or youth population. However, the elderly cohort is suitable for the
research question, as genetic and dietary exposures, and their interactions, accumulate over a lifetime
and the relationships may only become apparent in older age. Dietary data collected with FFQs
may be subject to reporting bias, including inaccurate recall, an under-reporting of quantities of
discretionary food and over-reporting of healthful foods. Added salt used as seasoning is also likely
to be under-reported via FFQs. However, the use of multiple dietary indices rather than a focus on
estimated nutrient intakes improves the integrity of the body of data presented here. Future studies
using 24-h urinary sodium should be conducted to confirm this result, as this would more precisely
demonstrate intake. While the relationship between the TRPV1-rs8065080 genotype and the outcome
variables are well-investigated in the present study, and limited associations found, interactions with
other TRPV1 SNPs or other ion channel taste receptor SNPs may exist. For this reason, polymorphic
variant studies are needed in the future.

5. Conclusions

Additional studies are needed in more diverse age and cultural groups to determine if the lack
of associations found between the TRPV1-rs8065080 genotype with sodium intake and markers of
health is confined to the Caucasian elderly demographic. Furthermore, while this study was the first
to characterise the relationship between TRPV1-rs8065080 genotype and markers of dietary intake,
quality and health outcomes—data on perception, preference and sensitivity were not available, and
further studies are needed to elucidate the differential impacts of oral versus extra-oral taste receptors.
However, the extensive characterisation presented here will be important in the interpretation of the
results of future studies assessing the relationship between the TRPV1-rs8065080 genotype, and dietary
and health outcomes.
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Abstract: Metabolic syndrome (MetS) is a widespread disorder and an important public
health challenge. The purpose of this study was to identify the association between salt taste perception,
Mediterranean diet and MetS. This cross-sectional study included 2798 subjects from the general
population of Dalmatia, Croatia. MetS was determined using the Joint Interim Statement definition,
and Mediterranean diet compliance was estimated using Mediterranean Diet Serving Score. Salt taste
perception was assessed by threshold and suprathreshold testing (intensity and hedonic perception).
Logistic regression was used in the analysis, adjusting for important confounding factors. As many as
44% of subjects had MetS, with elevated waist circumference as the most common component (77%).
Higher salt taste sensitivity (lower threshold) was associated with several positive outcomes: lower
odds of MetS (OR = 0.69; 95% CI 0.52–0.92), lower odds for elevated waist circumference (0.47;
0.27–0.82), elevated fasting glucose or diabetes (0.65; 0.45–0.94), and reduced HDL cholesterol
(0.59; 0.42–0.84), compared to the higher threshold group. Subjects with lower salt taste threshold
were more likely to consume more fruit, and less likely to adhere to olive oil and white meat
guidelines, but without a difference in the overall Mediterranean diet compliance. Salt taste intensity
perception was not associated with any of the investigated outcomes, while salty solution liking was
associated with MetS (OR = 1.85, CI 95% 1.02–3.35). This study identified an association between
salt taste perception and MetS and gave a new insight into taste perception, nutrition, and possible
health outcomes.

Keywords: salt taste perception; taste threshold; sodium chloride; metabolic syndrome;
Mediterranean diet

1. Introduction

Metabolic syndrome (MetS) is a cluster of synergistic risk factors, such as abdominal obesity,
arterial hypertension, hyperglycemia, and dyslipidemia that contribute to cardiovascular disease
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(CVD) and mortality. There is a surge in the prevalence of all of the components of MetS, causing a
worldwide pandemic and implicating both clinical and public health [1]. Given that there are still
several definitions in use, which differ in their cut-off values for MetS components, the prevalence of
MetS in the literature ranges anywhere between 10% and 84%, depending both on the characteristics
of the sample and definition used [2]. A majority of the studies indicate that 15% to 40% of the adult
population in most countries can be characterized as having MetS [3–7]. Mediterranean countries
also exhibit high MetS prevalence, ranging from one quarter to one third of the population [8–10].
Unfortunately, Croatia is not at all an exception to this epidemiological situation. Previous studies have
shown rather high burden of MetS in Croatian population, with crude prevalence ranging from 36% to
as high as 60% in the Mediterranean region of the country [11], and 40% in the continental Croatia [12].

The main driving force contributing to such high prevalence of MetS is increase in obesity
due to overconsumption of calorie-dense foods and drinks, with simultaneous decrease in physical
activity levels and an alarming proportion of sedentary lifestyle [13]. The unprecedented increase in
obesity worldwide has resulted from the perfect storm conditions enabled by industrial production
of highly processed food, drift from the traditional food consumption practices, overall labor-saving
technological advances, environmental, socio-economic and demographic changes. According to the
global survey on obesity in 195 countries, 604 million adults and 108 million children were obese
in 2015 [14]. Since 1980, prevalence of obesity doubled in 73 countries and increased in most other
countries [14]. The Mediterranean region displays a particularly worrisome trend in childhood obesity.
A recent study showed an increase in the prevalence of overweight and obesity from 22.9% in 1999 to
25.0% in 2016 among children aged 2 to 13 years in the Mediterranean part of Europe [15]. One of the
explanations for this trend is departure from the traditional lifestyle and Mediterranean diet, especially
in younger people from Mediterranean countries [16,17]. Interestingly, it was found that change in the
food supply in the Mediterranean area, especially more readily available mass-produced food from the
long supply chain (opposite from the local food markets) was associated with MetS [18]. These trends
are very misfortunate and represent a double missed opportunity, because Mediterranean diet was
shown to have the capacity for preventing the development of metabolic syndrome, as well as the
ability to reverse it in people with or without type 2 diabetes [19,20].

Along with economic, social and environmental factors, taste perception is a major determinant of
dietary choices and its impact on obesity has been previously studied. However, study results on this
topic are still contradictory and inconclusive. Obese adults were reported to consume more salty foods
and to have reduced salt sensitivity and higher salt preference [21–23]. Additionally, obese women
showed decrease in both olfactory and taste capacity, including salt taste, compared to normal weight
women [24]. On the other hand, adolescents with early onset and severe obesity displayed lower
recognition thresholds, indicating higher acuity, and higher sensitivity for both sucrose and salt
compared to the non-obese adolescents [25]. Finally, some studies found no association between body
composition and salt taste sensitivity threshold [26], and no association between obesity and salt
liking [27]. On the contrary, fat-liking was found to be associated with an increased risk of obesity [27].
Moreover, animal models have shown that high-fat diet resulted in obesity and pronounced loss of
taste buds, indicating that taste loss could be a metabolic consequence of the obese state [28].

The exact mechanism on how greater sodium consumption could contribute to higher body
weight remains unclear. Some authors propose that sodium intake is often accompanied by higher
consumption of energy-dense foods and soft drinks [29]. The well-recognized link between high
dietary salt intake, arterial hypertension and endothelial dysfunction brought the salt taste preference
into focus [30]. However, studies investigating the association between salt taste and MetS are very
scarce in the literature [31,32]. Furthermore, an even greater paucity exists at the intersection of
salt taste sensitivity, nutrition and MetS research. Such studies would provide valuable information
about the factors contributing to the MetS, which is very important for targeted prevention and
treatment approaches. Prevention of MetS should be strongly emphasized since numerous studies
have demonstrated that people with MetS have a 5-fold increase in risk of type 2 diabetes and a 3-fold
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increase in risk of CVD and related mortality, as well as increased risk for cancer [2,33]. Given these
serious health consequences of MetS, any additional insight that illuminates its contributing factors is
advantageous and welcome.

The aim of this study was to examine the association between salt taste threshold and
suprathreshold perception and MetS components in the general population of Dalmatia, Croatia.
Additionally, we examined the adherence to the Mediterranean diet according to the salt taste perception.

2. Materials and Methods

2.1. Study Participants

This cross-sectional study included subjects from the “10,001 Dalmatians” project [34], which was
previously described in details [11]. For the purposes of this study, a sub-sample of 2798 subjects was
used from three Dalmatian settlements: the Island of Vis (n= 390, sampled in 2011), the Island of Korcula
(n = 1908, sampled during 2012–2016 period) and the City of Split (n = 500; sampled in 2012–2013).
A population-based sample was gathered via direct postal invitations, radio announcements and
support from the local general practitioners and local government officials. The only exclusion criterion
was age of <18 years old. All potential subjects were informed on the study aims and goals, expected
benefits and risks, after which those who decided to participate have signed the informed consent.
The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethical
Board of the University of Split School of Medicine (2181-198-03-04/10-11-0008).

2.2. Data Collection and Measurements

Each subject provided a fasting blood sample, filled a self-administered questionnaire and had
blood pressure and anthropometric measurements done. Trained medical professionals (medical
doctor or research nurse) collected data on medical history and previous diagnoses, as well as on
medications being used for: hypertension, coronary heart disease (CHD), cerebrovascular insult (CVI),
type 2 diabetes, hyperlipidemia, cancer, bipolar disorder and gout.

The questionnaire included questions on demographic characteristics (age and gender),
socioeconomic status (education and material status), smoking, alcohol consumption, physical activity,
and dietary habits. Education was classified in three categories based on the number of years of
completed schooling (primary, secondary, and university level). Material status was based on the
subjects’ material possessions and classified into quartiles, as described previously [11]. Namely,
subjects answered to 16 questions about their material possessions (heating system, wooden floors,
video/DVD recorder, telephone, computer, two TVs, freezer, dishwasher, water supply system,
flushing toilet, bathroom, library with more than 100 books, paintings or other art objects, a car,
vacation house or second apartment, boat). Based on the sum of all positive responses, subjects were
divided into quartiles.

Based on smoking habits, we divided subjects in active smokers (for whom we calculated the
number of pack-years, by multiplying the number of cigarettes smoked per day with the number of
years they smoked), ex-smokers (stopped smoking more than 1 year ago) and non-smokers. Alcohol
consumption was measured as the total number of units of alcohol ingested per week, while physical
activity was self-assessed as light, moderate or intensive.

The Mediterranean Diet Serving Score (MDSS) was calculated as suggested by Monteagudo et al.,
based on the food frequency questionnaire consisting of 55 questions [35]. Shortly, this scoring approach
requires daily consumption of cereals, vegetables, fruit and olive oil (in each main meal), one or two
daily servings of nuts and dairy products, daily moderate alcohol intake (ideally a glass of wine
per day), consumption of fish and legumes several times per week, while other meats and sweets should
be consumed rarely, once or twice per week [35]. The maximum MDSS value is 24 points, and the
cut-off value of ≥14 points was used to define compliance with the principles of the Mediterranean
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diet [11]. Additionally, we asked subjects about their habits of adding salt before tasting food, and they
could have responded as never, occasionally, often or almost always.

Blood pressure was measured in a sitting position after a rest period of at least ten minutes.
We measured the blood pressure twice in each subject in order to calculate the average value, which was
used in the analysis.

Anthropometric measures included body height and mass, measured using a combined
stadiometer and a scale instrument (model 704, Seca GmBH & Co., Hamburg, Germany), while
waist and hip circumferences were measured in millimeters using an inelastic measuring tape.
Using these measures we have calculated body mass index (BMI), waist-to-hip ratio (WHR) and
waist-to-height ratio (WHtR), as relative estimates of central obesity. During the anthropometric
measurement, subjects were dressed in underwear or light clothing.

2.3. Biochemistry Measurements and Metabolic Syndrome Definition

After blood collection, the sample was processed in a field laboratory and stored in a −80 ◦C
freezer. Biochemical analysis was performed at accredited Brayer Polyclinic laboratory in Zagreb
using standard methods for determining biochemical parameters. In this study, we used data on
fasting glucose (mmol/L), triglycerides (mmol/L), total cholesterol (mmol/L), LDL cholesterol (mmol/L),
HDL cholesterol (mmol/L) and HbA1c (%).

Metabolic syndrome was defined according to the Joint Interim Statement definition [36].
The subject had to have at least three of the following criteria: elevated waist circumference (≥80 cm for
women and ≥94 cm for men), elevated triglycerides (≥1.7 mmol/L) or using medications, reduced HDL
concentration (<1.0 mmol/L in men, <1.3 mmol/L in women) or using medications, elevated systolic
and/or diastolic blood pressure (≥130/85 mmHg) or using medications for hypertension, elevated
fasting glucose (≥5.6 mmol/L) or using medications for diabetes [36].

2.4. Measurement of Salt Taste Perception

Salt taste perception was assessed by threshold and suprathreshold testing designed according
to the ISO standards [37], and performed by trained researchers. Subjects had to restrain from
chewing gum, smoking, eating and drinking anything except water, at least half an hour before testing.
All of the tests were performed using water solutions of table salt. Solutions were prepared daily and
kept at room temperature. Due to the conditions of the field testing away from the laboratory, we used
a standardized commercial mineral water, with following content: 64.2 mg/L of Ca2+, 32.1 mg/L of
Mg2+, 1.7 mg/L of Na+, and 2.8 mg/L of Cl−.

For salt taste recognition threshold, we used five concentrations, starting with the weakest solution
and equally increasing concentrations (0.22 log increment). These solutions, each in an individual
volume of 10 mL, were presented to the subjects starting from the lowest concentration of 8.21 mmol/L
(0.48 g of NaCl dissolved in 1 L of water), followed by 13.69 mmol/L, 22.81 mmol/L, 38.02 mmol/L,
while the highest concentration was 63.37 mmol/L. We performed a pilot testing (n = 32) using
these concentrations in order to confirm that they are appropriate for use in the general population
across different ages, identifying both people who recognize the lowest concentration and those not
recognizing the highest concentration.

Subjects were blinded to the taste quality presented to them and increasing concentrations of
solutions were used until the point when they correctly recognized salty taste. Subjects were instructed
to taste the solution for a couple of seconds and they were allowed to swallow the solution before
providing their answer. The correct answer was denoted as the ordinal number of the solution,
starting with the number 1, which marked the lowest concentration and number 5 marked the highest
concentration, while number 6 was used in cases when subjects didn’t recognize salty taste of the
solution with the highest concentration. Between testing solution presentations, subjects were instructed
to rinse their mouth with the same water used for preparation of testing solutions. Subjects were
presented with only one solution at a time in order to make the testing procedure overall less time
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consuming and less cumbersome, especially for elderly subjects. With each solution presentation,
subjects were asked whether the solution tasted like plane water or something else, and in case of
confirmatory answer, they were asked to identify the quality of the taste (sweet, salty, sour or bitter).
Because of this simplified testing procedure, unlike the usual 3-alternative forced choice or 2-alternative
forced choice, each subject performed two recognition threshold testing rounds, with a break of at least
of 30 min in between them. Based on these two testing responses, a geometric mean was calculated
using the ordinal numbers of correctly recognized solutions. Those subjects who had a geometric mean
result of ≤2.0 were considered as having a lower salt taste recognition threshold, which corresponds to
the higher sensitivity and acuity. A geometric mean between 2.1 and 4.0 was considered as intermediate
threshold, while those subjects with a result of ≥4.1 and those who didn’t recognize the highest salt
concentration at both testing times were considered as having a higher taste threshold and lower salt
taste acuity.

After threshold testing, suprathreshold salt taste perception was tested as perceived intensity and
hedonic response (liking), using a 10 mL of table salt solution with the concentration of 137 mmol/L
(8 grams of NaCl per liter). This concentration is slightly more than double the highest threshold
solution concentration (3.7 g/L), and it was used before as the highest concentration for threshold
testing [38], pointing to be a possible concentration for suprathreshold testing, but not too concentrated
to be off-putting. Suprathreshold measurements were available in a subsample of the subjects consisting
of 1155 people sampled after 2012 (926 subjects from Korcula and 229 subjects from Split subsample).
The Labeled Magnitude Scale (LMS) was used to estimate the taste intensity perception [39]. In short,
we placed words describing the intensity of the salty taste along a vertical line, without any numeric
markers. The words “no sensation” were placed at the start of the line (0 mm), “barely detectable” at
2 mm, “weak sensation” at 7 mm, “moderate” at 20 mm, “strong” at 40 mm, “very strong” at 61 mm,
and “strongest imaginable” was placed at 114 mm from the beginning of the line [37]. Subjects have
practiced using the scale in at least one tasting attempt, after which they placed their final mark on the
LMS line immediately after tasting the solution. Their intensity response was measured in millimeters
as the distance of the subjects’ mark relative to the beginning of the scale. Based on the corresponding
wording along the line, we have divided subjects into three groups in order to simplify the analysis.
Subjects who marked their response between 0 and 39 mm on the LMS line were considered as having
felt nothing to medium strong intensity (lower perceived intensity). Subjects responding between 40
to 61 mm found the solution to be strong to very strong, and those who responded between 62 and
114 mm thought that the solution was extremely strong in intensity.

Hedonic perception (liking) was tested using the same suprathreshold salt solution concentration,
using the Labeled Affective Magnitude scale (LAM) [40]. LAM scale is also a vertical line with a total
length of 100 mm, where semantic labels “greatest imaginable dislike”, “neither like nor dislike”,
and “greatest imaginable like” were placed at 0, 50 and 100 mm, respectively, but without displayed
numbers [40]. Subjects were asked to make a mark indicating how much they liked or disliked the
taste of the concentrated salt solution. Their responses were turned into a numeric variables in the way
that the middle of the scale was regarded as a 0 mm, and negative responses were below that point (the
start of the line was marked as −50 mm and it indicated “greatest imaginable dislike”), while positive
response were above the middle point (up to +50 mm, indicating “greatest imaginable like”). Based on
these distances, we have divided subjects into three groups; those who disliked the solution (response
between −50 to −10 mm), those who neither liked nor disliked it (−9 to +9 mm), and those who liked
concentrated salty solution (+10 to +50 mm).

2.5. Statistical Analysis

Categorical variables were presented as absolute numbers and percentages. Numerical variables
were tested for normality using Kolmogorov–Smirnov test and central tendency was presented
using medians and interquartile ranges (IQR), due to mostly non-normal data distribution.
Differences between groups were tested using chi-square test for categorical variables,
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and Mann–Whitney U test or Kruskal–Wallis tests were used for numerical variables, depending on
the number of groups. Spearman correlation test was used to identify bivariate correlation between
age, threshold and suprathreshold salt taste perception, and the frequency of adding salt before tasting
the food.

The association between the presence of the MetS and salt taste threshold (full sample, n = 2798),
salt taste intensity and hedonic perception (subsample, n = 1155) was tested by multivariate logistic
regression analysis. Several logistic regression models were created and adjusted for confounders.
Prevalent MetS and each of the five MetS components were considered to be dependent variables.
The association between independent variables (taste threshold, taste intensity and taste hedonic
perception) and dependent variables was adjusted for age, gender, place of residence (Island Vis,
Island Korcula, City of Split), education level (primary, secondary, university), quartiles of material
status, BMI (in all regression models except for elevated waist circumference), smoking (never-smokers,
ex-smokers, active smokers), alcohol intake (units/week), physical activity (low, moderate, intensive),
Mediterranean Diet Serving Score (MDSS), and adding salt before tasting food (never, occasionally,
often, almost always).

Additionally, the association between the Mediterranean diet (MDSS ≥14 points) and it’s
components (dependent variables) and salt taste perception (three independent variables) was tested
using multivariate logistic regression analysis. Models were adjusted to the same confounding variables,
but excluding the MDSS score.

Significance level was set at p < 0.05. Data analysis was conducted using IBM SPSS Statistics for
Windows, v21.0 (IBM, Armonk, NY, USA).

3. Results

This cross-sectional study included 2798 subjects from the Island of Vis, the Island of Korcula
and the City of Split. According to their salt taste recognition threshold, we divided subjects into
three categories, where lower taste threshold indicated higher taste acuity. Subjects with higher
salt taste threshold were on average older, had higher proportion of men, lower education level,
higher anthropometric indices, and highest average values for all of the MetS constituent components,
except for HDL cholesterol (Table 1). There were no differences in habits, except in the Mediterranean
diet adherence and adding salt before tasting food. Subjects with higher salt threshold added salt to
their food more frequently compared to subjects with both lower and intermediate threshold (Table 1).

Table 1. Subjects’ characteristics according to the salt taste recognition threshold perception.

Lower Salt Taste
Threshold/Higher Acuity

n = 1094

Intermediate Salt Taste
Threshold/Acuity

n = 1236

Higher Salt Taste
Threshold/Lower Acuity

n = 468
p

Socio-demographic characteristics

Age (years); median (IQR) 52.0 (23.0) 56.0 (21.0) 59.0 (19.0) <0.001 *

Gender; n (%)

Women 751 (68.6) 746 (60.4) 260 (55.6) <0.001 †
Men 343 (31.4) 490 (39.6) 208 (44.4)

Place of residence; n (%)

Vis 123 (11.2) 110 (8.9) 157 (33.5) <0.001 †
Korčula 727 (66.5) 910 (73.6) 271 (57.9)

Split 244 (22.3) 216 (17.5) 40 (8.5)

Education level; n (%)

Primary school 180 (16.6) 294 (24.1) 175 (37.8) <0.001 †
Secondary school 588 (54.1) 633 (51.9) 210 (45.4)
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Table 1. Cont.

Lower Salt Taste
Threshold/Higher Acuity

n = 1094

Intermediate Salt Taste
Threshold/Acuity

n = 1236

Higher Salt Taste
Threshold/Lower Acuity

n = 468
p

University level 318 (29.3) 293 (24.0) 78 (16.8)

Anthropometry

Weight (kg); median (IQR) 75.9 (21.0) 78.0 (21.2) 79.0 (18.5) 0.001 *

BMI (kg/m2); median (IQR) 25.5 (5.6) 26.1 (5.6) 26.2 (5.7) <0.001 *

WHR; median (IQR) 0.89 (0.11) 0.92 (0.11) 0.94 (0.11) <0.001 *

WHtR; median (IQR) 0.54 (0.09) 0.55 (0.09) 0.57 (0.10) <0.001 *

Metabolic syndrome components

Waist circumference (mm);
median (IQR)

919.5 (158.0) 942.5 (150.0) 967.5 (132.3) <0.001 *

Fasting glucose (mmol/L);
median (IQR)

5.2 (0.9) 5.4 (1.0) 5.5 (1.2) <0.001 *

Systolic blood pressure;
median (IQR)

125.0 (25.0) 130.0 (20.0) 135.0 (22.6) <0.001 *

Diastolic blood pressure;
median (IQR)

80.0 (15.0) 80.0 (10.0) 80.0 (11.6) <0.001 *

Triglycerides (mmol/L);
median (IQR)

1.1 (0.7) 1.2 (0.8) 1.3 (0.9) <0.001 *

HDL (mmol/L); median
(IQR)

1.5 (0.5) 1.4 (0.5) 1.4 (0.5) 0.351 *

Other biochemical parameters

Total cholesterol (mmol/L);
median (IQR)

5.8 (1.6) 5.8 (1.6) 5.9 (1.5) 0.284 *

LDL cholesterol (mmol/L);
median (IQR)

3.7 (1.5) 3.7 (1.3) 3.7 (1.5) 0.911 *

HbA1c (%); median (IQR) 5.3 (0.6) 5.3 (0.5) 5.3 (0.6) 0.068 *

Habits

Smoking; n (%)

Never-smokers 519 (47.7) 602 (49.2) 225 (48.6) 0.833 †
Ex-smokers 267 (24.5) 275 (22.5) 111 (24.0)

Active smokers 302 (27.8) 346 (28.3) 127 (27.4)

Pack-years in smokers;
median (IQR)

12.0 (18.0) 14.0 (24.0) 20.0 (30.0) <0.001 *

Alcohol intake
(units/week); median (IQR)

6.8 (18.9) 6.7 (20.3) 6.8 (20.3) 0.087 *

Physical activity; n (%)

Low 262 (24.3) 263 (21.6) 103 (22.6) 0.528 †
Moderate 717 (66.5) 834 (68.6) 303 (66.4)

Intensive 100 (9.3) 119 (9.8) 50 (11.0)

Mediterranean diet
adherence (MDSS points);

median (IQR)
11.0 (6.0) 10.0 (5.0) 11.0 (6.0) 0.011 *

Adding salt before tasting food; n (%)

Never 430 (42.4) 504 (43.6) 139 (31.0) <0.001 †
Occasionally 250 (24.6) 316 (27.3) 102 (22.7)

Often 256 (25.2) 251 (21.7) 164 (36.5)

Almost always 79 (7.8) 86 (7.4) 44 (9.8)

IQR—interquartile range; BMI—body mass index; WHR—waist-to-hip ratio; WHtR—waist-to-height ratio;
MDSS—Mediterranean Diet Serving Score; * Kruskal-Wallis test; † chi-square test.

Subjects with MetS were on average older, had higher proportion of men and Vis Island inhabitants,
lower education level, higher anthropometric indices, and higher average values for all of the MetS
constituent components, as well as other biochemical parameters (Appendix A, Table A1). Subjects with
MetS were less frequently active smokers, but with higher average pack-years among smokers,

115



Nutrients 2020, 12, 1164

had slightly higher proportion of subjects with intensive level of physical activity, greater average score
of the Mediterranean diet adherence, and they added salt to their food more frequently compared to
subjects without MetS (Appendix A, Table A1).

Salt taste threshold was correlated negatively with intensity perception and positively with
age and the habit of adding salt before food tasting (all p < 0.001). Additionally, salt taste intensity
perception was correlated negatively with age and hedonic perception (both p < 0.001) (Table 2).

Table 2. Correlation between age, salt adding habit, threshold and suprathreshold salt taste perception,
data presented are Spearman’s rho correlation coefficients (P values).

Salt
Taste Threshold

Salt Taste Intensity
Perception

Salt Taste Hedonic
Perception

Adding Salt Before Food
Tasting

Age 0.224 (<0.001) −0.170 (<0.001) 0.038 (0.198) −0.016 (0.387)

Salt taste
threshold

−0.132 (<0.001) 0.043 (0.143) 0.092 (<0.001)

Salt taste intensity
perception

−0.399 (<0.001) −0.024 (0.424)

Salt taste hedonic
perception

0.066 (0.025)

We observed high prevalence of MetS, with differences according to the salt taste threshold
sensitivity, where 57.9% of subjects with lower taste acuity had MetS, compared to 38.3% of subjects
with higher taste acuity (lower salt taste threshold) (Table 3). Elevated waist circumference was the most
common metabolic syndrome component in all threshold sensitivity groups (as high as 79.5%), followed
by elevated blood pressure (up to 56.2% in subjects with higher threshold) (Table 3). The only MetS
component without significant difference between threshold sensitivity groups was HDL cholesterol.

Table 3. Prevalence of metabolic syndrome components according to the salt taste recognition threshold
perception, data are presented as n (%).

Lower Salt Taste
Threshold/Higher Acuity

n = 1094

Intermediate Salt Taste
Threshold/Acuity

n = 1236

Higher Salt Taste
Threshold/Lower Acuity

n = 468
p †

Elevated waist
circumference

797 (73.5) 980 (79.5) 367 (79.4) 0.001

Elevated glucose or
diabetes present

90 (8.4) 131 (10.8) 80 (17.4) <0.001

Elevated blood pressure or
hypertension present

423 (38.7) 580 (46.9) 263 (56.2) <0.001

Elevated triglycerides 250 (22.9) 340 (27.5) 143 (30.6) 0.002

Reduced HDL 207 (18.9) 239 (19.3) 86 (18.4) 0.899

Metabolic syndrome
present

419 (38.3) 564 (45.6) 271 (57.9) <0.001

† chi-square test.

After stratification according to the age, only middle-aged subjects (35–65 years old) presented with
higher salt taste threshold more frequently in subjects with MetS (18.6% vs. 12.0%), and less frequently
with lower threshold compared to the subjects without MetS (38.6% vs. 43.2%). Similar results
were present in the subgroup of subjects older than 65 years, but with borderline insignificant result
(p = 0.056) (Appendix A, Table A2). There were no differences in either salt taste intensity or hedonic
perception between subjects with MetS and those without it, in any of the age groups (Appendix A,
Table A2).

There was a borderline insignificant result in the Mediterranean diet compliance between
subjects with different taste threshold perception (Appendix A, Table A3). We also observed that
subjects with higher salt taste thresholds more frequently complied with the Mediterranean pyramid
recommendations for olive oil, legumes, fish, and white meat, while they less frequently complied
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with fruit and potatoes guidelines, compared to subjects in lower taste threshold group (Appendix A,
Table A3). Similar results were obtained in the regression analysis adjusted for confounding factors,
where subjects with lower salt taste threshold were more likely to consume fruit several times a day
(OR = 1.52, 95% CI 1.16–1.97; p = 0.002), the same as subjects with intermediate threshold (OR = 1.41,
95% CI 1.09–1.81; p = 0.008), compared to subjects with higher threshold (Table 4). The opposite was
recorded for olive oil and white meat consumption, while the result for fish was borderline insignificant
(OR = 0.76, 95% CI 0.58–1.00; p = 0.053). There were no differences in consumption of vegetables,
legumes, red meat and sweets, or in overall compliance to the Mediterranean diet between subjects with
lower and higher salt taste thresholds (Table 4). There were also no differences in the Mediterranean
diet or in food groups compliance with regard to the salt taste intensity nor with hedonic perception
(Table 4).

Subjects with lower salt taste threshold had lower odds of having elevated waist circumference
(OR = 0.47, 95% CI 0.27–0.82; p = 0.008; fully adjusted model), the same as for having elevated fasting
glucose or diabetes (OR = 0.65, 95% CI 0.45–0.94; p = 0.022), compared to higher threshold group
(Table 5). Subjects with both lower and intermediate threshold had lower odds of having reduced
HDL cholesterol (OR = 0.59, 95% CI 0.42–0.84; p = 0.003 and OR = 0.65, CI 95% 0.47–0.91; p = 0.011,
respectively) and lower odds of having MetS (OR = 0.69, 95% CI 0.52–0.92; p = 0.013 and OR = 0.75,
95% CI 0.57–0.99; p = 0.044, respectively) (Table 5).

Salt taste intensity perception did not show significant association with metabolic syndrome and
its components. Only subjects who liked salty solution had higher odds of having metabolic syndrome
(OR 1.85, CI 95% 1.02–3.35; p = 0.042), compared to subjects who disliked the solution (Table 5).
Those subjects who liked salty solution also had a borderline insignificantly higher odds for having
elevated blood pressure or diagnosis of hypertension (OR = 1.79, 95% CI 0.97–3.31; p = 0.063) and
borderline insignificantly lower odds for having reduced HDL cholesterol (OR = 0.48, 95% CI 0.22–1.03;
p = 0.058) (Table 5).

Pictorial presentation of the main findings of the study, with the results from adjusted logistic
regression models are presented in Figure 1.

Figure 1. Pictorial presentation of the main findings of the study (results are from adjusted logistic
regression model; NS—non-significant).
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4. Discussion

The most important and new findings of this study include identification of the lower odds for
MetS and most of the MetS components in subjects with higher salt taste sensitivity (lower threshold),
as well as the association of salt taste threshold with several Mediterranean diet food groups in the
general population. Contrary to this, we found no indication of the association between suprathreshold
salt taste perception and these outcomes, except for higher odds of MetS in subjects with higher liking
of salty solution.

MetS is a common disorder in the general population [41]. The same situation is present in Croatia.
As many as 44% of subjects included in this study had MetS, which is similar to previously reported
MetS prevalence in both adult population in Croatia [42,43] and in obese children and adolescents [44],
while some studies found crude MetS prevalence to be even greater than 55% [45]. Some of the
differences between these studies can be explained by different diagnostic criteria being used and
different population groups included. The MetS is associated with many adverse outcomes, such as
increased risk of cardiovascular disease, diabetes, chronic kidney disease and total mortality [46,47].
This makes MetS a very important public health challenge and a research target, in order to identify
risk factors behind its development and useful approaches in prevention and treatment. Many of
the MetS risk factors have been identified and repeatedly confirmed, such as poor nutrition and
lack of physical activity. Determinants influencing these risk factors are now becoming increasingly
important, and taste perception is surely among them [32,48]. Taste and olfaction form the basis
of flavor perception, and as such, they are well-recognized and major predictors of food choices,
dietary patterns, body composition and consequent health outcomes [49]. The sense of taste has been
extensively studied and many determinants of individual differences in taste perception have been
identified, such as genetic factors, age, habits and lifestyle factors, alongside with various pathologies
and metabolic diseases, such as obesity [50]. Salt taste perception was investigated to a lesser extent,
and most commonly in relation to the salt sensitivity (change in blood pressure depending on the
change in salt intake), hypertension and salt intake [51,52]. The association between salt intake
and hypertension was indeed extensively studied [30]. Salt taste perception was substantially less
frequently investigated, especially in association with the MetS. There are only a handful of studies
published so far on this topic [31]. Hence, we aimed to fill this gap and examine the association of
both salt taste threshold sensitivity and suprathreshold perception with different health outcomes
included in the MetS definition. Namely, based on the regression analysis, we found that subjects with
lower salt taste threshold, indicating higher salt taste sensitivity, had 31% lower odds of having MetS
(OR = 0.69; 95% CI 0.52–0.92). They also had 53% lower odds for elevated waist circumference (OR
= 0.47; 95% CI 0.27–0.82), 35% lower odds for having elevated fasting glucose or diabetes diagnosis
(OR = 0.65; 95% CI 0.45–0.94), and 41% lower odds for having reduced HDL cholesterol (OR = 0.59;
95% CI 0.42–0.84), compared to the higher threshold group, while the result for elevated triglycerides
was borderline insignificant (OR = 0.76; 95% CI 0.57–1.02). These results confirm previous results of
increased salt taste threshold in subjects with MetS compared to the subjects without MetS, which
was independent of sex, age and BMI [31]. Another study found a positive association between
sodium excretion, indicating higher intake, and components of MetS, such as blood pressure, waist
circumference, triglycerides, and fasting glucose and an inverse association with HDL cholesterol [53].
Additionally, subjects with higher sodium excretion also had a higher body fat percentage, body
fat mass, and insulin levels, pointing to the high-salt diet as a significant risk factor for MetS [53].
Additionally, several studies have identified the association between salt taste perception and obesity,
which is a fundamental MetS component. For instance, one of these studies, including only healthy
adults, showed that salt taste threshold was higher in people with higher BMI, with a similar result
for olfactory threshold, indicating that increasing BMI was associated with a decrease in olfactory
and taste sensitivity [54]. A decreased taste capacity was found with increase in visceral fat, with a
negative correlation between salt taste threshold and BMI, total fat mass and visceral fat, as well as
with insulin, leptin, glucose, and HDL cholesterol in healthy women [24]. However, there are studies
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that showed the opposite results. For example, Hardikar et al. found that obese subjects had lower
thresholds for sucrose and salt, as well as higher ratings of intensity, indicating a higher sensitivity to
sweet and salty tastes, compared to lean subjects [55]. Donaldson et al. pointed that threshold was
lower for salt, unchanged for sweet and higher for bitter and sour taste in obese adults [22].

We found an association between higher salt taste threshold and elevated blood pressure and/or
previous diagnosis of hypertension in bivariate analysis, but this association was not confirmed in
multivariate analysis. This was actually the only MetS component not showing the association with
salt taste threshold in our subjects, while controlling for important confounding factors. This is in
contrast with previous studies, which showed that higher salt taste sensitivity threshold was associated
with increased blood pressure [56], even so in women with normal-range blood pressure [57], and also
in response to exercise [58]. However, some studies did not manage to demonstrate the association
between salt taste threshold and hypertension [59] or between suprathreshold intensity perception and
either hypertension or mean blood pressure [60]. An inverse association was reported between salt taste
intensity perception and the frequency of adding salt to foods [60]. This habit of adding salt to the food
before tasting was rather prevalent in our subjects, and it was positively correlated with both salt taste
threshold and hedonic perception, but not with age or with salt taste intensity perception. Such habit
should be strongly discouraged because daily salt consumption in food is unequivocally associated
with increase in blood pressure and risk for hypertension. Moreover, animal and human studies
showed that long-term intake of high-sodium diet increases the risk of obesity, insulin resistance and
diabetes development, irrespective of total energy or glucose intake [61,62]. Lanaspa et al. performed
an interesting study in which they elaborated potential underlying pathophysiological mechanism
by which salt may cause obesity and MetS [63]. They showed that prolonged high-salt diet in mice
generated endogenous fructose production by activating hepatic aldose reductase (AR), what resulted
in hepatic sorbitol and triglyceride accumulation, as well as serum leptin elevation [63]. Obesity, on the
other hand, can be both caused and lead to hedonic eating (eating for pleasure and not for hunger), by
disrupting the normal taste input processing [64]. Elevated BMI was found to be related to changes
in the brain activity in regions involved in salt taste perception [23]. Indeed, it was shown that salt
taste engages various brain regions that modulate reward, taste processing, and executive control in
eating [64], possibly resulting in greater salt consumption in overweight/obese people, in association
with reduced salt sensitivity and a higher salt preference [23,64].

The association between salt taste perception and dietary choices and habits are not well understood
or extensively studied. Only a handful of studies have so far examined this topic [65,66]. One such
study showed that healthy adults who were hyposensitive to salty taste consumed more bakery and
salty baked products, more saturated fat-rich products, and less soft drinks compared to people with
higher taste acuity [65]. To our best knowledge, this is the first study to investigate the association
between salt taste perception and adherence to the Mediterranean diet. Our results showed that
subjects with lower salt taste threshold more frequently complied with the Mediterranean pyramid
recommendations for fruit, but less so with the recommendations for consumption of olive oil and
white meat (and borderline insignificant for fish), compared to subjects with higher salt taste threshold.
After adjusting for important confounding factors, there was no difference in the overall compliance
to the Mediterranean diet between lower and higher salt taste threshold group, possibly due to the
opposite associations found for fruits and olive oil.

Overall, compliance with the Mediterranean diet was rather low in our subjects (23%). As we
reported previously, it was particularly low in younger age groups, and lower in men compared to
women [17]. Unfortunately, this departure from the traditional Mediterranean diet in the population of
Dalmatia represents potentially invaluable losses in the domains of population health, environmental
sustainability, local economy and cultural heritage preservation [67]. Population health might be on
the line already, given that the recent generations of the Adriatic islanders have lost their advantage in
life expectancy at birth compared to the mainland population, possibly due to diminishing adherence
to the Mediterranean diet and traditional lifestyle [68].
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Furthermore, the loss of Mediterranean diet represents an immense missed opportunity for
primary prevention of CVD. Namely, it was shown that people compliant with the Mediterranean diet
had a 30% risk reduction for the major cardiovascular event (myocardial infarction, stroke, or death
from cardiovascular causes) [69]. Besides primary and secondary prevention of CVD, Mediterranean
diet plays a role in improving health in overweight and obese patients, preventing the increase in weight
and waist circumference in non-obese people, and both improving MetS and reducing its incidence [70].
A meta-analysis including 33,847 individuals showed that high adherence to the Mediterranean diet
reduced the risk of MetS by 19% [71]. In addition, higher intake of some polyphenols, which have
been suggested to be partly responsible for the beneficial effects of the Mediterranean diet, showed an
inverse association with blood pressure, fasting plasma glucose, HDL cholesterol and triglycerides [72].

Further studies are needed to elucidate the link between salt taste perception and Mediterranean
diet adherence, especially since we did not find any apparent association between salt taste intensity
or hedonic perception and the Mediterranean diet compliance in our study. The only significant
association we have identified between suprathreshold salt taste perception was a 85% increase in odds
for MetS presence in subject who positively rated salty solution compared to those who disliked it.
Additionally, we identified a suggestive higher odds (borderline insignificant) for elevated blood
pressure or hypertension and lower odds for reduced HDL cholesterol in subjects who liked salty
solution. Contrary to our expectations and due to the negative correlation between salt taste threshold
and intensity perception, we found no significant associations with the perceived intensity rating.
For example, a study from Coltell et al. did show an inverse association between higher taste intensity
and MetS components [32].

As mentioned above, our subjects have reported adding salt to their food before tasting quite
frequently, and as many as 32% of subjects said they do it often or almost always. Furthermore, it is
known that the average daily salt intake in Croatian population is extremely high, estimated to be
as much as 13 g in men and 10 g in women [73]. This could have affected our results substantially.
Indeed, previous studies demonstrated plasticity in salt taste perception, pointing to the findings that
manipulation with dietary salt intake has the potential to change both salt preference and perception
in adults [73]. Once people are habituated to a diet with the certain amount of salt, foods with lower
salt content are perceived as less intense. Within the context of a high salt diet, this may lead to the
poor acceptance of low salt foods, which may explain in part why adherence to a low sodium diet is
initially difficult for most of the people [74]. Additionally, salt taste perception can be influenced by
many other characteristics, such as smoking, excessive alcohol intake and age [75].

Our study showed that subjects with higher salt taste threshold were on average older than those
with lower threshold. Age was also negatively correlated with salt taste intensity perception. The same
was found in a recent study including a large sample from the general population, with even stronger
negative association for the higher concentrations of the testants [76]. It is well established that sensory
acuity diminishes with age, albeit the sense of smell is more prone to deterioration with age than the
sense of taste [77]. Consequently, age-related changes in sensory perception and preference could have
a major impact on appetite and food intake. In addition, ageing brings a variety of lifestyle changes
as well as a greater number of chronic diseases and associated medications, which can affect taste
sensation [78].

Several limitations and advantages of this study should be considered. Firstly, this is a
cross-sectional study, and therefore causality cannot be assessed in determining taste differences
as a cause of MetS. Namely, we cannot elucidate whether subjects with reduced salt taste acuity
(increased threshold) developed MetS as a consequence of this sensory characteristic or the MetS was a
causal predictor of the salt taste acuity loss. For example, subjects with lower salt taste acuity could
also have altered perception of food, which could influence their food choices toward less healthy,
more processed salty foods, influencing their body weight and the risk for MetS development.
Unfortunately, these habits were not included in the questionnaire, and we can not clarify this further
based on the available data. Secondly, data for salt taste intensity and hedonic perception were
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available only for a subset of subjects, which might have introduced bias of undetermined direction
and magnitude. The conditions of the field-testing were not ideal as would have been in the laboratory,
which could have resulted in less accurate and precise measures of salt taste perception. Lastly,
we used aqueous solution to deliver testant, while most of the salty foods are not consumed in a
liquid form, which might have influenced suprathreshold responses and especially hedonic responses
of the subjects. For instance, subjects could have rated concentrated salty solution as more intense
and less hedonically appealing, compared to the rating they would provide for solid salty foods, such
as chips or cured processed meats. This could be behind our result of absent association between
suprathreshold salt taste perception and prevalent MetS and its components. The main advantages
of this study include a large population-based sample size and the testing of both threshold and
suprathreshold salt taste perception. The analysis included numerous confounders related to MetS,
such as diet, physical activity, smoking, alcohol consumption and adding salt before tasting food. To the
best of our knowledge, this is the first study to examine the association between salt taste threshold
sensitivity, intensity perception and hedonic rating, with both MetS and the Mediterranean diet.

In conclusion, this study adds new insights into the existing body of knowledge about salt taste
perception, nutrition and possible health outcomes. Still, there is much to be investigated, given the
amount of discrepancies between previous studies, which are limited in number. Given the importance
of salt taste in food palatability and associated food choices, as well as its role in propelling overweight
and obesity, hypertension, MetS and other health outcomes, further studies are warranted.
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Appendix A

Table A1. Subjects’ characteristics according to the presence or absence of the metabolic syndrome.

Metabolic Syndrome Absent
n = 1543

Metabolic Syndrome Present
n = 1254

p

Socio-demographic characteristics

Age (years); median (IQR) 49.0 (23.0) 61.0 (16.0) <0.001 *

Gender; n (%)

Women 1000 (64.8) 756 (60.3) 0.014 †
Men 543 (35.2) 498 (39.7)

Place of residence; n (%)

Vis 149 (9.7) 241 (19.2) <0.001 †
Korčula 1095 (71.0) 812 (64.8)

Split 299 (19.4) 201 (16.0)
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Table A1. Cont.

Metabolic Syndrome Absent
n = 1543

Metabolic Syndrome Present
n = 1254

p

Education level; n (%)

Primary school 225 (14.8) 424 (34.1) <0.001 †
Secondary school 874 (57.3) 557 (44.8)

University level 426 (27.9) 263 (21.1)

Anthropometry

Weight (kg); median (IQR) 73.0 (19.4) 82.4 (21.3) <0.001 *

BMI (kg/m2); median (IQR) 24.4 (5.1) 27.8 (5.3) <0.001 *

WHR; median (IQR) 0.88 (0.10) 0.95 (0.09) <0.001 *

WHtR; median (IQR) 0.52 (0.08) 0.59 (0.08) <0.001 *

Metabolic syndrome components

Waist circumference (mm);
median (IQR)

890.0 (150.0) 990.0 (129.5) <0.001 *

Fasting glucose (mmol/L);
median (IQR)

5.0 (0.7) 5.8 (1.2) <0.001 *

Systolic blood pressure; median
(IQR)

120.0 (15.0) 140.0 (20.0) <0.001 *

Diastolic blood pressure;
median (IQR)

80.0 (10.0) 81.0 (10.0) <0.001 *

Triglycerides (mmol/L); median
(IQR)

1.0 (0.5) 1.6 (1.0) <0.001 *

HDL (mmol/L); median (IQR) 1.5 (0.4) 1.3 (0.4) <0.001 *

Other biochemical parameters

Total cholesterol (mmol/L);
median (IQR)

5.6 (1.6) 6.1 (1.6) <0.001 *

LDL cholesterol (mmol/L);
median (IQR)

3.6 (1.4) 3.9 (1.4) <0.001 *

HbA1c (%); median (IQR) 5.2 (0.5) 5.5 (0.7) <0.001 *

Habits

Smoking; n (%)

Never-smokers 719 (47.0) 626 (50.4) <0.001 †
Ex-smokers 326 (21.3) 327 (26.3)

Active smokers 485 (31.7) 290 (23.3)

Pack-years in smokers; median
(IQR)

10.5 (17.5) 22.1 (25.3) <0.001 *

Alcohol intake (units/week);
median (IQR)

6.8 (18.9) 6.7 (21.5) 0.086 *

Physical activity; n (%)

Low 328 (21.5) 300 (24.4) 0.004 †
Moderate 1066 (69.9) 788 (64.2)

Intensive 130 (8.5) 139 (11.3)

Mediterranean diet adherence
(MDSS points); median (IQR)

11.0 (5.0) 12.0 (5.0) <0.001 *

Adding salt before tasting food; n (%)

Never 635 (43.4) 438 (37.9) 0.012 †
Occasionally 373 (25.5) 295 (25.5)

Often 350 (23.9) 320 (27.7)

Almost always 105 (7.2) 104 (9.0)

IQR—interquartile range; BMI—body mass index; WHR—waist-to-hip ratio; WHtR—waist-to-height ratio;
MDSS—Mediterranean Diet Serving Score; * Mann-Whitney U test; † chi-square test.

124



Nutrients 2020, 12, 1164

T
a

b
le

A
2

.
Sa

lt
ta

st
e

th
re

sh
ol

d
an

d
su

pr
at

hr
es

ho
ld

pe
rc

ep
ti

on
ac

co
rd

in
g

to
th

e
pr

es
en

ce
or

ab
se

nc
e

of
th

e
m

et
ab

ol
ic

sy
nd

ro
m

e,
st

ra
ti

fie
d

by
ag

e
gr

ou
ps

.

1
8
–
3
4
.9

Y
e
a
rs

O
ld

3
5
–
6
4
.9

Y
e
a
rs

O
ld

≥6
5

Y
e
a
rs

O
ld

M
e
ta

b
o

li
c

S
y

n
d

ro
m

e
A

b
se

n
t

M
e
ta

b
o

li
c

S
y

n
d

ro
m

e
P

re
se

n
t

p
†

M
e
ta

b
o

li
c

S
y

n
d

ro
m

e
A

b
se

n
t

M
e
ta

b
o

li
c

S
y

n
d

ro
m

e
P

re
se

n
t

p
†

M
e
ta

b
o

li
c

S
y

n
d

ro
m

e
A

b
se

n
t

M
e
ta

b
o

li
c

S
y

n
d

ro
m

e
P

re
se

n
t

p
†

S
a
lt

ta
st

e
th

re
sh

o
ld

(s
a
m

p
le

si
z
e

is
2
7
9
7
)

n
=

3
4
2

n
=

4
8

n
=

9
8
0

n
=

7
3
1

n
=

2
2
1

n
=

4
7
5

L
o

w
e
r

sa
lt

ta
st

e
th

re
sh

o
ld
/h

ig
h

e
r

a
cu

it
y

;
n

(%
)

18
2

(5
3.

2)
29

(6
0.

4)
42

3
(4

3.
2)

28
2

(3
8.

6)
69

(3
1.

2)
10

8
(2

2.
7)

In
te

rm
e
d

ia
te

sa
lt

ta
st

e
th

re
sh

o
ld
/a

cu
it

y
;
n

(%
)

13
4

(3
9.

2)
15

(3
1.

3)
0.

57
0

43
9

(4
4.

8)
31

3
(4

2.
8)

0.
00

1
99

(4
4.

8)
23

6
(4

9.
7)

0.
05

6

H
ig

h
e
r

sa
lt

ta
st

e
th

re
sh

o
ld
/l

o
w

e
r

a
cu

it
y

;
n

(%
)

26
(7

.6
)

4
(8

.3
)

11
8

(1
2.

0)
13

6
(1

8.
6)

53
(2

4.
0)

13
1

(2
7.

6)

S
a
lt

ta
st

e
su

p
ra

th
re

sh
o

ld
(s

a
m

p
le

si
z
e

is
1
1
5
5
)

n
=

1
7
1

n
=

1
7

n
=

4
4
0

n
=

2
5
7

n
=

9
7

n
=

1
7
3

S
a
lt

ta
st

e
in

te
n

si
ty

p
e
rc

e
p

ti
o

n

N
o

se
n

sa
ti

o
n

to
m

e
d

iu
m

st
ro

n
g

;
n

(%
)

13
(7

.6
)

0
(0

.0
)

40
(9

.1
)

18
(7

.0
)

11
(1

1.
3)

21
(1

2.
1)

S
tr

o
n

g
to

v
e
ry

st
ro

n
g

;
N

(%
)

90
(5

2.
6)

11
(6

4.
7)

0.
40

8
29

3
(6

6.
6)

17
7

(6
8.

9)
0.

61
4

66
(6

8.
0)

12
9

(7
4.

6)
0.

28
7

E
x
tr

e
m

e
ly

st
ro

n
g

;
n

(%
)

68
(3

9.
8)

6
(3

5.
3)

10
7

(2
4.

3)
62

(2
4.

1)
20

(2
0.

6)
23

(1
3.

3)

S
a
lt

ta
st

e
h

e
d

o
n

ic
p

e
rc

e
p

ti
o

n

D
is

li
k

e
;
n

(%
)

12
9

(7
5.

4)
13

(7
6.

5)
34

2
(7

7.
7)

18
3

(7
1.

2)
79

(8
1.

4)
12

6
(7

2.
8)

N
e
it

h
e
r

li
k

e
n

o
r

d
is

li
k

e
;
n

(%
)

25
(1

4.
6)

3
(1

7.
6)

0.
83

4
70

(1
5.

9)
54

(2
1.

0)
0.

15
2

14
(1

4.
4)

28
(1

6.
2)

0.
12

5

L
ik

e
;
n

(%
)

17
(9

.9
)

1
(5

.9
)

28
(6

.4
)

20
(7

.8
)

4
(4

.1
)

19
(1

1.
0)

† c
hi

-s
qu

ar
e

te
st

.

125



Nutrients 2020, 12, 1164

Table A3. Mediterranean diet and food groups consumption based on the modern Mediterranean
pyramid [35] according to the salt taste recognition threshold perception, data are presented as n (%).

Lower Salt Taste
Threshold/Higher Acuity

n = 1094

Intermediate Salt Taste
Threshold/Acuity

n = 1236

Higher Salt Taste
Threshold/Lower Acuity

n = 468
p †

Fruit (several times a day) 614 (56.1) 647 (52.3) 229 (48.9) 0.023

Vegetables (several times a day) 388 (35.5) 387 (31.3) 169 (36.1) 0.052

Olive oil intake (several times a day) 692 (63.3) 831 (67.2) 331 (70.7) 0.010

Cereals (several times a day) 984 (89.9) 1111 (89.9) 424 (90.6) 0.902

Nuts (1–2 times a day) 54 (4.9) 59 (4.8) 14 (3.0) 0.208

Dairy products (1–2 times a day) 256 (23.4) 255 (20.6) 100 (21.4) 0.262

Fish (≥2 times a week) 727 (66.5) 808 (65.4) 355 (75.9) <0.001

Legumes (≥2 times a week) 264 (24.1) 270 (21.8) 133 (28.4) 0.017

Potatoes (≤3 times a week) 813 (74.3) 820 (66.3) 281 (60.0) <0.001

Eggs (2–4 times a week) 278 (25.4) 294 (23.8) 111 (23.7) 0.614

White meat (2 times a week) 440 (40.2) 490 (39.6) 224 (47.9) 0.006

Red meat (<2 times a week) 318 (29.1) 332 (26.9) 129 (27.6) 0.490

Sweets (≤2 times a week) 287 (26.2) 364 (29.4) 130 (27.8) 0.224

Wine (1–2 glasses a day) 200 (18.3) 188 (15.2) 93 (19.9) 0.035

Overall Mediterranean diet
compliance (MDSS ≥ 14 points)

275 (25.8) 258 (21.8) 114 (25.3) 0.062

† chi-square test.
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Abstract: Fermented foods in Korea contain a lot of salt. Although salt is reported to exacerbate
health trouble, fermented foods have beneficial effects. We hypothesized that doenjang could reduce
blood pressure in Sprague–Dawley (SD) rats fed a high-salt diet. Eighteen SD rats were divided into
three groups: normal-salt (NS) group, high-salt (HS) group, and high-salt with doenjang (HSD) group.
The salinity of doenjang and saltwater was adjusted to 8% using Mohr’s method. Blood pressure
was significantly reduced in the HSD group compared with the HS group. Water intake and urine
excretion volume has significantly increased in the HS group compared with the HSD group. The
excreted concentrations of urine sodium, urine potassium, and feces potassium significantly increased
in the HSD group compared with the HS and NS groups. Renin level was significantly decreased
in the HSD group compared to the other groups. These results indicate that eating traditional salty
fermented food is not a direct cause of hypertension, and the intake of doenjang in normal healthy
animals improved blood pressure.

Keywords: high-salt diet; blood pressure; doenjang; renin; soybean paste

1. Introduction

Doenjang, Korean soy paste, is a fermented soybean product in traditional Korean cuisine.
Doenjang is the basis of various dishes such as soup, stew, and salad dressing. Doenjang is produced by
fermentation with Bacillus subtilis and mold such as Aspergillus, Rhozopus, and Mucor species. Doenjang
has a long fermentation period that extends from 2 to 24 months. Due to its fermentation, doenjang
contains a high level of bioactive compounds such as isoflavones and saponins [1]. In addition,
doenjang is a good source of essential amino acids, minerals, vitamins, and phenolic compounds [2,3].

In previous studies, doenjang showed anti-obesity effects in rat fed with high-fat diet [4], and
overweight adults [5–7], anti-diabetic effects in high-fat diet-induced obese mice [8,9], anti-cancer
effects in carcinogenic mice [10,11], and anti-inflammation effects in mice [12–14]. The intake of
doenjang reduces body fat mass in overweight subjects [5] and decreases visceral or abdominal fat
mass in overweight subjects with mutant alleles of PPAR-gamma or uncoupling protein-1 [6,7]. In the
long term, the intake of fermented doenjang improved glucose tolerance and inhibited hyperglycemia
in high-fat diet-induced obese mice [8,9]. These health benefits may be due to the higher content of
aglycone isoflavones and the diversity and abundance of Bacillus probiotic strains [4,9].

Despite the health benefits, doenjang fermentation requires a large amount of salt. Doenjang is
traditionally made from fermented meju that has been dipped in a 18%–20% salt solution for more
than 30 days [15]. Doenjang is fermented with 4 kg of meju dipped in brine, 10 L of water, and 1.25 kg
of salt; the final salinity of traditional doenjang is 12% [2].
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The main dietary sources of sodium in Korea are kimchi, salt, soy sauce, and soybean paste [16].
The World Health Organization recommends adults eat less than 2000 mg of sodium or 5 g of salt every
day. Elevated sodium levels can raise blood pressure and may increase the risk of heart disease and
stroke [17]. Thus, reducing sodium intake is recommended in the guidelines of many organizations.
The optimal level of sodium intake is controversial; however, the sodium reduction program will help
people prevent cardiovascular disease in communities that eat large amounts of salt [18]. However,
although there are few studies that have combined doenjang and salt, there is a lack of research on
mechanisms to prevent the side effects of salt. We hypothesized that consumption of traditional
fermented foods would offset the side effects of table salt intake. Therefore, the antihypertensive
effects of doenjang, a traditional fermented soybean paste, on the regulation of blood pressure were
investigated in Sprague–Dawley (SD) rats.

2. Materials and Methods

2.1. Preparation of Doenjang

Doenjang was supplied by SunChangJangLye Co., Ltd. (Sunchang-gun, Korea). Meju, soybean
fermented with Aspergillus oryzae and Bacillus subtilis for one month, and saltwater (26%, w/v) were
mixed at a 1:3 ratio and fermented for 2 months. When the meju fermentation is complete, it is
separated into the liquid phase and the solid phase. The crushed solid phase was matured for 6 months
(Figure 1). Matured doenjang was stored by freeze drying. Freeze-dried doenjang and salt (Samchun
Chemical, Seoul, Korea) were dissolved in distilled water to a salinity of 8% [19–21] using Mohr’s
method [22].

Figure 1. A manufacturing process diagram of doenjang. Meju, block of fermented soybeans; sea salt,
manufacture of common salt by solar heat.

2.2. Animal Study

Male SD rats, aged three weeks, were purchased from Central Lab Animal Inc. (Seoul, Korea).
The animals were fed on an AIN-76 diet (standard diet, Research Diets, New Brunswick, NY, USA)
for one week, and eighteen rats were randomly divided into three groups (n = 6): normal-salt group
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(0.3%, NS), high-salt group (8%, HS), and high-salt with doenjang group (HSD). Animals were kept at
a temperature of 24 ± 2 ◦C with a humidity of 60 ± 5% and a light/dark cycle of 12:12 h. They were
given free access to the AIN-76 diet and tap water.

The rats were fed orally administered 10 mL/kg body weight (BW) for the eight-week experimental
period (Table 1). From the fifth to seventh weeks of the experimental period, rats were housed in
metabolic cages for 24 h a week. Urine and feces were collected for analysis. The Animal and Use
Committee of Chonbuk National University approved the experimental protocol (CBNU 2017-0016).

Table 1. Ingredients administered orally during the experimental period.

Group 1 Energy
(kcal)

Ash (g)
Crud

Protein
(g)

Carbohydrate
(g)

Crud
Fat (g)

Salt
(%)

Sodium
(mg/kg
BW/day)

Potassium
(mg/kg

BW/day)

NS 0 0 0 0 0 0 0 0
HS 0 0 0 0 0 8.00 314.72 0

HSD 72.75 7.37 4.80 4.24 4.06 8.02 229.29 14.98

Body weight (BW). 1 The normal-salt (NS) group was fed with distilled water. The high-salt (HS) group was fed with
saltwater that dissolved NaCl in distilled water. The high-salt with doenjang (HSD) group was fed with doenjang
solution that mixed freeze-dried deonjang in distilled water.

2.3. Collection of Serum and Organs

After 12 h of overnight fasting, rats were anesthetized with 2 mg/kg BW of alfaxan (Jurox, Australia)
and 0.5 mL/kg BW of rompun (Bayer, Seoul, Korea) by intramuscular injection, and blood was collected
by orbital vein puncture. Serum was centrifuged at 1100× g for 15 min at 4 ◦C. Liver and kidney were
harvested, rinsed, and weighed. Both tissues and serum were stored at −80 ◦C until analysis.

2.4. Measurement of Blood Pressure

Blood pressure was assessed weekly by the tail-cuff method (BP-2000; Visitech Systems, Inc.,
Apex, NC, USA) after 6 h of oral administration.

2.5. Serum Profile Analysis

Serum glutamate oxaloacetate transaminase (GOT) and glutamate pyruvate transaminase (GPT)
were analyzed using a commercially available kit (Asan Pharmaceutical Co., Seoul, Korea).

Renin, angiotensin II (Ang II), and aldosterone in serum were measured by ELISA using a Rat
Renin ELISA Kit (MyBioSource, San Diego, CA, USA), Angiotensin II ELISA Kit, and Aldosterone
ELISA Kit (Enzo Life Sciences, Inc., Farmingdale, NY, USA).

2.6. Ion Content Analysis in Feces and Urine

Sodium and potassium ion concentrations in feces and urine on the 7th week were analyzed by
inductively coupled plasma-optical emission spectrometry (ICP-OES; Optima 8300DV, Perkin Elmer,
Waltham, MA, USA) at Wonkwang University Wonnature (Iksan, Korea).

2.7. Gene Expression in the Kidney Cortex

Total RNA was extracted from the kidney cortex using Trizol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA), and the concentration was measured with BioDrop (Biochrom, Holliston, MA,
USA). The RNA was reversed to complementary DNA (cDNA) using a high-capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA, USA). The expression levels were quantified
with real-time PCR using SYBR Green PCR Master Mix (Toyobo, Osaka, Japan) and a 7500 Real-Time
PCR system (Applied Biosystems). The relative gene expression levels were analyzed by the 2-ΔΔCt
(-delta delta comparative threshold) method using β-actin as the reference gene. Primer sequences
for the angiotensin II type 1 receptor (AT1 receptor, sense 5′-ACTCTTTCCTACCGCCCTTC-3′,
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antisense 5′-TTAGCCCAAATGGTCCTCTG-3′), angiotensin-converting enzyme (ACE, sense
5′-GAGCCATCCTTCCCTTTTTC-3′, antisense 5′-GGCTGCAGCTCCTGGTATAG-3′), mineralocorticoid
receptor (MR, sense 5′-GCTTTGATGGTAGCTGCG-3′, antisense 5′-TGAGCACCAATCCGGTAG-3′),
Na+/K+ ATPase alpha 1 (NKAα1, sense 5′-CCGGAATTCTGCCTTCCCCTACTCCCTTCTCATC-3′,
antisense 5′-TGCTCTAGACTTCCCCGCTGTCGTCCCCGTCCAC-3′), Na+/H+ exchanger3 (NHE3,
sense 5′-GGAACAGAGGCGGAGGAGCAT-3′, antisense 5′-GAAGTTGTGTGCCAGATTCT-3′),
Na+/Ca2+ exchanger (NCX, sense 5′-GCGATTGCTTGTCTCGGGTC-3′, antisense
5′-CCACAGGTGTCCTCAAAGTCC-3′), Na+/HCO3

− co-exchanger (NBC, sense
5′-GGCACAGAGAGAGGAGGCTT-3′, antisense 5′-TGTCTTCCCAATGTCAGCCAG-3′) were used.

2.8. Analysis of Microbial Communities in Doenjang

Chunlab, Inc. (Seoul, Korea) performed the microbial community analysis of doenjang.

2.9. Statistical Analysis

The data were analyzed using one-way ANOVA with SPSS version 12.0 (SPSS Inc., Chicago,
IL, USA). Values are expressed as mean ± standard deviation. The differences among groups were
assessed using the Duncan’s multiple range tests. Statistical significance was considered at p < 0.05.

3. Results

3.1. Metabolic Characterization and Serum Chemistry

The initial BW, final BW and feed intake were not significantly different in all groups. The water
intake and urine volume were increased in the HS group compared with the HSD group. Although
salt intake was the same, water intake was decreased in the HSD group (Table 2).

Table 2. Metabolic characterization in Sprague–Dawley (SD) rats fed with high-salt diet.

Group 1 Initial Body
Weight (g)

Final Body
Weight (g)

Diet Intake
(g/day)

Water Intake
(mL/day)

Urine Volume
(mL/day)

NS 128.24 ± 8.27 358.86 ± 33.18 16.97 ± 2.97 22.65 ± 4.81 a,b 9.54 ± 3.24 c

HS 129.40 ± 7.28 359.73 ± 26.51 19.35 ± 5.61 25.96 ± 6.4 a 16.17 ± 3.02 a

HSD 129.51 ± 9.03 356.09 ± 47.93 18.03 ± 3.19 18.88 ± 4.53 b 13.25 ± 2.53 b

Values are the mean ± standard deviation, with different letters significantly different (p < 0.05) by Duncan’s multiple
range test. Six rats were assigned to each group. 1 NS, normal-salt group; HS, high-salt group; HSD, high-salt with
doenjang group.

Liver and kidney weights were not significantly different in all groups. In addition, liver-to-BW
and kidney-to-BW ratios were no significant differences among groups. Significant difference was not
observed in serum GOT and GPT levels among groups (Table 3).

Table 3. Organ weights and serum chemistry in SD rats fed with high-salt diet.

Group 1 Liver
Weight (g)

Kidney
Weight (g)

Liver/BW Kidney/BW GOT (IU/L) GPT (IU/L)

NS 11.55 ± 1.01 2.65 ± 0.34 3.23 ± 0.19 b 0.74 ± 0.06 25.33 ± 9 2.62 ± 2.35
HS 12.7 ± 1.13 2.81 ± 0.24 3.53 ± 0.18 a 0.78 ± 0.06 24.75 ± 4.81 2.31 ± 0.77

HSD 11.88 ± 2.06 2.7 ± 0.37 3.33 ± 0.26 b 0.76 ± 0.08 26.53 ± 4.88 2.31 ± 2.04

Values are the mean ± standard deviation, with different letters significantly different (p < 0.05) by Duncan’s
multiple range test. Six rats were assigned to each group. 1 NS, normal-salt group; HS, high-salt group; HSD,
high-salt with doenjang group; BW, body weight; GOT, Glutamate oxaloacetate transaminase; GPT, glutamate
pyruvate transaminase.
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3.2. Systolic Blood Pressure

Initial systolic blood pressure was the same in all three groups. From the first to eighth week of
the feeding period, the systolic blood pressure in the HS group was higher than in the other groups.
However, significant differences were not observed in systolic blood pressure between the NS and
HSD groups at the end of the experiment (Figure 2). Final systolic blood pressure was 157.45 ± 14.36
mmHg in HS, 135.44 ± 13.91 mmHg in HSD, and 137.14 ± 10.44 mmHg in NS groups.

Figure 2. Changes in systolic blood pressure in Sprague–Dawley (SD) rats fed with high-salt diet.
Values are the mean ± standard deviation, with different letters significantly different (p < 0.05) by
Duncan’s multiple range test. Six rats were assigned to each group. NS normal-salt group; HS, high-salt
group; HSD, high-salt with doenjang group.

3.3. Ion Concentration in Feces and Urine

Sodium and potassium levels in feces and urine are shown in Figure 3. The sodium concentration
in feces was not significant in three different groups. Fecal and urine potassium concentration was
significantly higher in the HSD group than in the HS and NS groups. Sodium excretion in urine was
significantly higher than NS in HS and HSD groups with a large amount of salt ingested.

Figure 3. Ion concentrations in feces and urine in SD rats fed with high-salt diet. Values are the mean ±
standard deviation, with different letters significantly different (p < 0.05) by Duncan’s multiple range
test. Six rats were assigned to each group. NS, normal-salt group; HS, high-salt group; HSD, high-salt
with doenjang group.
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3.4. Renin-Angiotensin-Aldosterone Levels in Serum

The serum renin-angiotensin-aldosterone (RAA) levels were analyzed (Table 4). Renin and
aldosterone concentrations were slightly and significantly decreased in the HSD group compared to
the HS group. Ang II level was significantly increased in the HS and HSD groups compared with the
NS group.

Table 4. Renin-angiotensin-aldosterone (RAA) levels in serum (pg/mL).

Group 1 Renin Angiotensin II Aldosterone

NS 41.72± 1.77 a 109.29 ± 5.19 b 19.88 ± 1.10 a,b

HS 43.10± 3.36 a 121.60 ± 4.98 a 21.37 ± 0.97 a

HSD 38.22± 2.66 b 118.85 ± 8.01 a 19.23 ± 2.03 b

Values are the mean ± standard deviation, with different letters significantly different (p < 0.05) by Duncan’s multiple
range test. Six rats were assigned to each group. 1 NS, normal-salt group; HS, high-salt group; HSD, high-salt with
doenjang group; RAA, renin-angiotensin-aldosterone.

3.5. Relative Gene Expression in the Kidney Cortex

The mRNA expression of the kidney cortex was analyzed (Figure 4). The mRNA expression
of Ang II type 1 (AT1) receptor, Ang-converting enzyme (ACE), mineralocorticoid receptor (MR),
and Na+/Ca2+ exchanger (NCX) was significantly higher in the HS group than in the HSD groups.
Na+/HCO3

− co-exchanger (NBC) mRNA expression was significantly lower in the HS group than in
the NS group. However, mRNA expression of the Na+/K+ ATPase α1 (NKAα1) and Na+/H+ exchanger
3 (NHE3) was not significantly in three different groups. Genetic changes in the HSD group were not
significantly different from those in the NS group.

β

Figure 4. The mRNA expression of the kidney cortex in SD rats fed with high-salt diet. Values are
the mean ± standard deviation, with different letters significantly different (p < 0.05) by Duncan’s
multiple range test. Six rats were assigned to each group. NS, normal-salt group; HS, high-salt
group; HSD, high-salt with doenjang group; AT1 receptor, angiotensin II type 1 receptor; ACE,
angiotensin-converting enzyme; MR, mineralocorticoid receptor; NKAα1, Na+/K+ ATPase alpha 1;
NHE3, Na+/H+ exchanger3; NCX, Na+/Ca2+ exchanger; NBC, Na+/HCO3− co-exchanger.

3.6. Microbial Community in Doenjang

The microbial community in doenjang used in this experiment is shown in Figure 5 and consisted
of the following: Bacillales (85.93%), Lactobacillales (13.58%), Oceanospirillales (0.31%), Rhizobiales
(0.12%), Enterobacteriales (0.03%), Clostridiales (0.01%), Desulfovibrionales (0.01%), Bacilli_uc (0.01%), and
Bacteroidales (0.01%). The most common species in doenjang were Bacillus paralicheniformis (69.38%),
Bacillus subtilis group (5.18%), Bacillus acidicola (4.11%), Bacillus_uc (3.57%), and Bacillus dabaoshanensis
(1.62%).
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Figure 5. Microbial community in doenjang.

4. Discussion

Doenjang, a fermented soybean paste, is made from the fermentation of soybeans, salt, and water
using a traditional method. The first step in making doenjang is to prepare meju by steeping, steaming,
and forming the soybeans [10]. The second step is to soak fermented soybeans in saltwater and ferment
them in natural conditions for one or two months [23]. The solid is separated from the liquid, which is
collected to make the doenjang. The cooked cereals, salt, and crushed meju are added and left to ripen
for 3–6 months [24]. Doenjang made from soybean and salt is traditionally used as both a condiment
and has been used as a portion of health food that has anti-obesity, anti-diabetic, anti-cancer, and
anti-inflammatory activities. Doenjang has ACE inhibitory effects that can help prevent increased
blood pressure [24,25]. Lactobacillus rhamnosus in doenjang showed vigorous proteolytic activity and
could aid in generating bioactive peptides [26].

In the present study, the intake of doenjang decreased blood pressure through modulation of the
RAA system (RAAS), known to regulate blood pressure and fluid and electrolyte balance [27]. The
RAAS plays a central role in regulating blood pressure by maintaining sodium and water homeostasis
and vascular tone. Renin, as an inactive form, is synthesized from the kidney and released into
the circulatory system in response to low levels of sodium in the tubular, low blood pressure in the
arterioles of a renal glomerulus, and sympathetic activation. The active renin facilitates the division
of angiotensinogen, which is cleaved by ACE to create Ang II, the main effector in the RAAS. The
synthesis and secretion of aldosterone, another effector molecule in the RAAS, are stimulated by Ang
II through the AT1 receptor in the adrenal cortex [28].

Although the rats in the HSD group consumed more calories due to the addition of doenjang, BW
was not significantly different between the three groups. Liver weight, GOT, and GPT levels did not
significantly between the groups; however, the liver/BW ratio was significantly lower in the HSD group
than in the HS group. The liver weight in 2.3% NaCl group was significantly bigger than in commercial
diet (0.3% NaCl) [29]. However, hepatic weight in the Japanese soybean paste (miso) diet group was
decreased than in the NaCl diet group [29]. The initial stage of hypertension was not associated with
overall renal failure, a small number of glomeruli, or glomerular hypertension [29]. Salt intake for eight
weeks did not cause hepatic or renal injury, likely because of the short-term ingestion. The metabolism
of doenjang is thought to be slower compared to the response to high-salt diet and decreases the risk of
development and progression of hypertension and kidney damage.

Salt intake is an essential factor in controlling urination and water intake. Higher salt consumption
increases urinary output and water intake to comparable levels. Increases in serum sodium and serum
osmotic pressure stimulate thirst and antidiuretic hormones, causing increased fluid intake, decreased
serum osmotic pressure, and increased urine volume [30].
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A high level of sodium intake is reportedly associated with increased blood pressure. In the present
study, the elevated blood pressure observed in rats fed a high-salt diet was consistent with previous
studies [30,31]. Changes in systolic blood pressure were studied in spontaneously hypertensive rats
fed a doenjang for nine weeks. Doenjang fermented with Monascus koji significantly decreased systolic
blood pressure compared with a commercial diet [32]. Watanabe et al. showed that miso reduced
blood pressure in SD and Dahl rats despite high salt content. Stroke-prone spontaneously hypertensive
rats fed a miso diet showed decreased blood pressure and increased life survival compared with
rats fed a high-salt diet containing 2.5% NaCl [33]. Ingestion of soybean paste, including doenjang
and miso, is considered a significant source of dietary salt that does not increase blood pressure.
Triple injections of His-His-Leu isolated peptides from doenjang lowered systolic blood pressure in
spontaneously hypertensive rats [34]. In previous studies, doenjang extract exhibited ACE inhibitory
activity in vitro [25]. When consuming fermented doenjang, dipeptides such as arginine-proline, which
can produce an ACE inhibitory effect, are also ingested. Dipeptides and other peptide substances are
known to prevent high blood pressure or have blood pressure depressant abilities [24].

The relationship between estimated potassium excretion and blood pressure is consistent with
a systolic pressure of 0.65 mmHg per gram of potassium and a decrease in diastolic pressure of
0.42 mmHg per gram [35]. Sodium and potassium excretion, which is estimated as surrogate marker
for ingestion, and blood pressure records in adults showed a non-linear correlation. If sodium excretion
remains constant and potassium excretion is high, blood pressure decreases [35]. The sodium excreted
in urine was not significantly different in the HS and HSD groups; however, the potassium excreted in
urine was significantly elevated in the HSD group than in the HS group. The difference in ion excretion
may also have contributed to lower blood pressure in rats in the HSD group.

In conventional theory, the typical reaction to the increase in salt intake is the suppression of
circulating RAA hormones. Circulating renin activity and aldosterone concentrations were actively
suppressed by a high-sodium diet [36]. Changes in arterial pressure were not observed with the
high-sodium diet, although levels of Ang II and aldosterone were lessened in the 4% and 8% NaCl
groups [19]. However, Wang et al. propose that renal RAAS action is independent or Versa of plasma
RAA level at high salt intake, and improper activation of the RAAS in the kidney may contribute
directly to hypertension and kidney damage [37]. Although the high-salt diet did not inhibit RAA
level, doenjang lowered serum levels of renin and aldosterone in the present study.

A high-salt diet increased the mRNA expression of RAAS components in the kidney cortex. AT1
receptor and ACE mRNA expression in the kidney cortex was higher in the high-salt diet than in
normal-salt diet groups. The RAAS in the kidney was inappropriately enhanced by high salt intake
in SD rats [37]. High salt intake exacerbated blood pressure elevation during the development of
hypertension in spontaneously hypertensive rats [38]. The increased salt content in the diet stimulates
glomerular oxidative stress, which leads to the AT1 receptor, MR, and ACE up-regulation, subsequently
causing hyperbole in sodium transporters, and providing to sodium retention and hypertension [39,40].
A high-salt diet could cause kidney damage through oxidative stress and modulation in the ACE/ACE2
ratio [41].

Electrogenic cationic pumps, as well as NKA α1, NCX, NBC, and NHE3, are essential for
transcellular movement of water and ions in osmoregulatory epithelia. Increasing Ang II concentration
decreased NKA activity in eel enterocytes; however, NKA activity was not affected by concentration
of Ang II in saline adaptation [42]. The abundance of NHE3 and NKAα1 in the kidney cortex and
medulla was not changed in SD rats fed a 4% NaCl diet [43]. A chronic high-salt diet increased renal
NCX1 mRNA expression in Wistar–Kyoto rats [44].

Regarding the regulation of the sodium–potassium pump, Ang II activates PKCβ at low
concentrations. As a result, the NKAα1 subunit is phosphorylated, and NKA is incorporated
into the plasma membrane. Aldosterone is reported to stimulate the migration of the NKAα1 subunit
from the intracellular compartment to the basal side membrane surface of the distal nephron. NBC-1
plays a vital role in regulating renal acid-alkaline balance, maintaining pH in the blood and the cells,

138



Nutrients 2019, 11, 2745

and regulating sodium transport through NHE-3 in the proximal tubule. The regulations of NHE3
and NBC-1 have standard features due to the interrelated functions of the two ion transporters. The
isolation of individual levels in function regulation is severe because many intracellular factors are
involved in modulating the transporter function at different levels and may act as universal regulators
of several transporters [45].

In this study, we confirmed that doenjang affects the RAA mechanism. However, doenjang
containing high salt does not have a direct effect on blood pressure increase in a healthy animal model.
The results from the present study indicate the importance of the microbial community in doenjang.
The majority of microorganisms in doenjang are Bacillus paralicheniformis, which is tolerant to 10%
NaCl [46]. Furthermore, probiotic microorganisms, including Bacillus strains, may have exerted health
benefits. The consumption of probiotics may improve blood pressure control. Probiotics can be used
as a potential supplement for future interventions to prevent high blood pressure or improve blood
pressure control [47]. Although the mechanism is different from that of the RAAS, probiotics are
expected to contribute to blood pressure control.

The primary sources of dietary sodium for the Korean people are kimchi, salt, soy sauce, and
soybean paste [16]. Because doenjang significantly contributes to salt intake in Koreans, the focus in the
present study was on the effects of salt contained in doenjang on blood pressure. The consumption of a
large amount of traditional, salty fermented food was not found to be a direct cause of hypertension.
For example, the high consumption of kimchi was not associated with an increased risk of hypertension
in Korean adults [48]. The results from the present study showed that the intake of doenjang in normal
healthy animals might improve blood pressure.

5. Conclusions

Our study demonstrated that doenjang with high-salt content improved blood pressure in SD rats.
The intake of doenjang increased potassium excretion in feces and urine compared to high salt intake.
Furthermore, doenjang decreased renin and aldosterone levels in serum and the expression of the AT1
receptor, ACE, and MR in the kidney cortex compared to high salt intake. These results indicate that
eating traditional salty fermented food is not a direct cause of hypertension, and the intake of doenjang
in normal healthy animals improved blood pressure.
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