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Abstract

The taste stimulus glucose comprises approximately half of the commercial sugar sweeten-

ers used today, whether in the form of the di-saccharide sucrose (glucose-fructose) or half

of high-fructose corn syrup (HFCS). Therefore, oral glucose has been presumed to contrib-

ute to the sweet taste of foods when combined with fructose. In light of recent rodent data on

the role of oral metabolic glucose signaling, we examined psychopharmacologically whether

oral glucose detection may also involve an additional pathway in humans to the traditional

sweet taste transduction via the class 1 taste receptors T1R2/T1R3. In a series of experi-

ments, we first compared oral glucose detection thresholds to sucralose thresholds without

and with addition of the T1R receptor inhibitor Na-lactisole. Next, we compared oral detec-

tion thresholds of glucose to sucralose and to the non-metabolizable glucose analog, α-

methyl-D-glucopyranoside (MDG) without and with the addition of the glucose co-transport

component sodium (NaCl). Finally, we compared oral detection thresholds for glucose,

MDG, fructose, and sucralose without and with the sodium-glucose co-transporter (SGLT)

inhibitor phlorizin. In each experiment, psychopharmacological data were consistent with

glucose engaging an additional signaling pathway to the sweet taste receptor T1R2/T1R3

pathway. Na-lactisole addition impaired detection of the non-caloric sweetener sucralose

much more than it did glucose, consistent with glucose using an additional signaling path-

way. The addition of NaCl had a beneficial impact on the detection of glucose and its analog

MDG and impaired sucralose detection, consistent with glucose utilizing a sodium-glucose

co-transporter. The addition of the SGLT inhibitor phlorizin impaired detection of glucose

and MDG more than it did sucralose, and had no effect on fructose, further evidence consis-

tent with glucose utilizing a sodium-glucose co-transporter. Together, these results support

the idea that oral detection of glucose engages two signaling pathways: one that is com-

prised of the T1R2/T1R3 sweet taste receptor and the other that utilizes an SGLT glucose

transporter.
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Introduction

The oral detection of sugars is presumed to occur by activation of a class 1 taste receptor het-

eromer, TAS1R2-TAS1R3, sometimes referred to as a ‘sweetener receptor’ [1–5]. Notions of

how human sweet taste operates are largely based on mouse sweetener perceptual genetics and

physiology [6, 7]. By genetic homology, binding to and activation of this receptor is believed to

stimulate perceived sweetness in humans as well. In support of this idea, mutations in regula-

tory regions of the human T1R receptor genes are associated with slightly altered sensitivity to

sucrose [8, 9]. However, more recent genetic studies of human sweet taste perception and

intake have not replicated these observations [10]. Based on the assumption that the human

preference for sugary foods and beverages is driven by stimulation of sweet taste orally, the

design and creation of artificially sweetened beverages occurred over 100 years ago by Hyman

Kirsch in 1904 who made No-Cal ginger ale with calcium cyclamate to treat diabetics [11, 12].

Despite the century-long refinement of no-calorie or low-caloric sweeteners in beverages, diet

sodas have never captured a major share of the beverage market [13]. Reasons for this are pres-

ently unknown, but have been attributed to: 1) non-sucrose-like sweetness, 2) non-sucrose-

like bitterness and other side tastes, 3) non-sucrose-like temporal profile of sweetness (linger-

ing taste) [14], 4) customer fears of artificial ingredients in foods (naturalism bias) [15], and 5)

concerns for increased risk of medical pathologies from use, such as cancer [16, 17]. We

hypothesize an additional explanation that sugars may engage a second oral signaling pathway

for calories that noncaloric sweeteners fail to engage [18, 19].

Recently, mouse taste bud cells were found to contain many of the same molecular compo-

nents as do pancreatic beta islet of Langerhans cells, which use a multi-step metabolic signaling

pathway to detect glucose in the blood [19]. Beta islet cells indicate increases in blood glucose

via: A) the transport of glucose into the cells via molecular carriers such as the sodium-glucose

co-transporters (SGLTs) along with other transporters, such as GLUTs, B) the oxidation of

glucose to produce several ATP molecules via i) glycolysis involving glucokinase and the pro-

duction of ATP and pyruvate and ii) oxidative metabolism of the pyruvate via Krebs cycle in

mitochondria to yield additional ATP, and lastly, C) the closing of potassium channels that are

gated by ATP (KATP channel) [20]. The presence of glucose transporters [18], glucokinase, and

the ATP gated potassium channels KATP (Kir6.1 and SUR) have all been identified in mouse

taste bud cells [19]. Thus, it appears that taste bud cells in the mouth of mice are capable of

identifying when a “sweetener” is metabolizable [19, 21]. This system appears to have function-

ality in mice, as oral stimulation with sugars in the absence of T1R2-T1R3 taste receptors con-

tinues to elicit anticipatory insulin responses to sugar [22].

Whether a similar glucose metabolic signaling pathway exists and is functional within

human oral taste cells and whether it impacts sugar perception has not been determined. Were

such a signaling system to exist and be functional in the human mouth, it would have implica-

tions for oral signaling of the metabolizable sugar glucose and could help explain preference

for sugared beverages over non-caloric sweetener beverages (cf. [23]). In the present study, we

conducted several psychopharmacological experiments to identify whether a second signaling

pathway exists in human mouths for sugars such as glucose, but not for non-caloric sweeten-

ers, such as sucralose, and whether this pathway may involve the sodium-glucose-linked co-

transporters (SGLTs) as an initial step in this additional signaling pathway. Support for the

role of the specific SGLT transporters in glucose taste come from our use of added sodium,

which is co-transported with glucose, use of the SGLT inhibitor phlorizin, use of the sugar

fructose, which is not transported by SGLT, and use of the glucose analog α-methyl-D-gluco-

pyranoside (MDG) which is co-transported with sodium by SGLT, but is not metabolized to

produce ATP [24].
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Materials and methods

Experiment 1

Hypothesis. We hypothesize that glucose engages a dual oral signal comprised of i) T1R

receptor-based signaling and ii) a form of oral metabolic-pathway signaling that involves

transport of glucose by an SGLT, whereas sucralose engages only the T1R receptor signaling.

Therefore, we predicted that inhibiting the T1R2-T1R3 taste signal with the T1R inhibitor Na-

lactisole would have a greater impact (raising the threshold concentration) on sucralose than it

would on glucose detection thresholds.

Ethics statement. All research was conducted according to the principles expressed in the

Declaration of Helsinki, and approved by an Institutional Review Board at the University of

Pennsylvania (IRB #701334). Subjects provided written, informed consent on forms approved

by the Institutional Review Board prior to participation.

Subjects. Twelve healthy adults (7 female, 5 male; mean age = 39 years, S.D. = 13) partic-

ipated. Subjects were recruited from the surrounding community, and paid for their time.

Stimulus materials. Stimuli included filtered water (Milli-Q Water Purification System);

serial dilutions of D-(+)-glucose (> 99.5%, Sigma-Aldrich, USA) in filtered water in 1/8 log

steps ranging from 0.73–73 mM; serial dilutions of sucralose (> 98.0%, Sigma-Aldrich, China)

in filtered water in 1/8 log steps ranging from 2.0–200 μM; serial dilutions of glucose in filtered

water in 1/8 log steps ranging from 0.73–412 mM with the addition of 2 mM Na-lactisole

(Sodium 2-[4-methoxyphenoxy propionate], Endeavor Specialty Chemicals, UK); serial dilu-

tions of sucralose in filtered water in 1/8 log steps ranging from 2.0–1124.7 μM and 2 mM Na-

lactisole; serial dilutions of glucose in filtered water in 1/8 log steps ranging from 0.73–73 mM

with the addition of 2mM NaCl (>99.0% sodium chloride, Fisher Scientific, USA); serial dilu-

tions of sucralose in filtered water in 1/8 log steps ranging from 2.0–200 μM and 2 mM NaCl;

0.8 mM Na-lactisole used as a rinse. Stimuli were presented at room temperature.

Detection threshold method. Subjects completed six conditions each with a replicate.

The conditions measured absolute detection thresholds for i) glucose and ii) sucralose alone,

iii & iv) each with 2 mM Na-lactisole added, and v & vi) each with 2 mM NaCl to control for

the sodium associated with lactisole. In these conditions, subjects rinsed with water before and

between samples.

Each subject was instructed to refrain from smoking, eating, chewing gum, and drinking

anything, except water, for one hour before participation. At the start of each session subjects

rinsed their mouths with water 4 times for 30 seconds each and then expectorated for a total

rinse time of 2 minutes. They were presented with two 10 ml samples. In the glucose condition

the samples were water and glucose. While wearing nose clips, they put the whole sample in

their mouth and after 1–2 seconds expectorated and then rinsed with water. Next, they

repeated the tasting with the second sample. Their task was to select the sample that is different

from water in a two-alternative forced-choice (2-AFC) trial. If unsure, they were instructed to

guess. For the glucose + Na-lactisole condition, the samples were water + 2 mM Na-lactisole

and glucose + 2 mM Na-lactisole. For the glucose + NaCl condition the samples were water

+ 2 mM NaCl and glucose + 2 mM NaCl. For these conditions their task was to identify which

sample was stronger. Again, if unsure they were instructed to guess. The same scenario was

repeated using sucralose in place of glucose comprising three glucose conditions and three

sucralose conditions.

Detection thresholds were measured using a modified staircase method. Starting with the

average threshold for each test sample (7.33 mM for glucose, 20 μM for sucralose) subjects

made their selection (either different from water or the stronger sample depending on the test

condition). If their response was correct, they were presented with the same concentration
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until they gave 4 correct responses. If their response was incorrect, the next higher concentra-

tion was presented in ascending order until 4 correct responses were given in a row at the

same concentration. After 4 correct responses, a descending order of concentrations was pre-

sented until an incorrect response was given. This pattern was followed until subjects com-

pleted 5 reversals in concentration direction (ascending to descending or descending to

ascending). If the 5 reversals spread over more than 3 concentration-steps, however, testing

continued until the 5 reversals remained within a three concentration-step range in order to

clamp variability and avoid random walks on the staircase. The concentrations of the last 4

reversals were averaged to calculate each subject’s absolute detection threshold.

Sweet water taste control. Rinsing with Na-lactisole may result in what is known as

“sweet water taste” [25]. That is, after Na-lactisole treatment, plain water rinses are sometimes

perceived as sweet. To determine if our procedure gave rise to this phenomenon, we measured

subject’s detection thresholds for both glucose and sucralose under three conditions: 1) when

presented against water, 2) with the addition of 2 mM Na-lactisole, and 3) with 0.8 mM Na-

lactisole rinses between samples to inhibit sweet water taste. The same twelve subjects (7

female, 5 male; mean age = 39 years, S.D. = 13) that participated in Experiment 1 were tested

in these three conditions in duplicate. The concentration of 0.8 mM Na-lactisole for the rinse

was selected in preliminary studies to prevent sweet water taste from 2 mM Na-lactisole treat-

ment. See S1 Fig.

A repeated measures analysis of variance for the glucose detection thresholds revealed a

significant effect of condition F (2, 66) = 31.50, p < .00001. Post-hoc Tukey HSD analyses

revealed the detection thresholds for all three conditions (water, Na-lactisole, and Na-lacti-

sole rinse) were significantly different from one another, p < .001, with the detection

threshold for glucose without treatment as the lowest and the detection threshold with the

0.8 mM Na-lactisole rinses between stimuli as the highest. Therefore, there was no evidence

for an effect of sweet water taste following Na-lactisole treatment in this procedure. There

was no effect of replication, nor an interaction between condition and replication. The

repeated measures analysis of variance for the sucralose detection thresholds also revealed

a significant effect of condition F (2, 66) = 21.42, p < .00001. Post-hoc Tukey HSD analyses

revealed the detection thresholds for Na-lactisole treatment and the Na-lactisole treatment

with rinse were significantly higher than the detection threshold for sucralose alone, p <

.001. Again, there was no evidence for a sweet water taste following Na-lactisole treatment

in this procedure. There was no effect of replication, nor an interaction between condition

and replication.

Experiment 2A & B

Hypothesis. Based upon the outcomes of Experiment 1, we hypothesized that if the addi-

tional signaling pathway for glucose involves transport into cells via the sodium glucose co-

transporter (SGLT), then adding NaCl to both glucose and MDG should enhance detection

(lower detection threshold), but not enhance sucralose detection. MDG is transported by

SGLT but is not metabolizable into ATP. Thus, MDG will determine whether movement of

sodium with MDG by an SGLT is sufficient to enhance detection.

Subjects. The same subjects who participated in Experiment 1, participated in the detec-

tion threshold experiment comparing glucose to sucralose (Experiment 2A). A different group

of subjects participated in the experiment comparing detection thresholds of glucose and

MDG (Experiment 2B). Eleven healthy adults (7 female, 4 male; mean age = 44 years, S.D. =

12) participated. Subjects were recruited from among the surrounding community, and paid

for their time.
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Stimulus materials. Stimuli included filtered water (Milli-Q Water Purification System);

serial dilutions of D-(+)-glucose (> 99.5%, Sigma-Aldrich, USA) in filtered water in 1/8 log

steps ranging from 0.73–73 mM; serial dilutions of D-(+)-glucose in filtered water in 1/8 log

steps ranging from 0.73–73 mM with 20 mM NaCl (>99.0% sodium chloride, Fisher Scientific,

USA) added; serial dilutions of sucralose (> 98.0%, Sigma-Aldrich, China) in filtered water in

1/8 log steps ranging from 2.0–200 μM; serial dilutions of sucralose in filtered water in 1/8 log

steps ranging from 2.0–200 μM with 20 mM NaCl added; serial dilutions of α-methyl-D-gluco-

pyranoside (MDG) (> 99%, Sigma-Aldrich, China) in filtered water in 1/8 log steps ranging

from 0.73–73 mM; serial dilutions of MDG in filtered water in 1/8 log steps ranging from

0.73–73 mM with 20 mM NaCl added. Stimuli were presented at room temperature.

Detection threshold method. For Experiment 2A, subjects completed 4 conditions each

with a replicate. The conditions measured detection thresholds for glucose and sucralose each

with and without the addition of 20 mM NaCl. The same threshold measurement protocol

described in Experiment 1 was followed for Experiment 2A. Detection thresholds were mea-

sured using a modified staircase method with 5 reversals. In the glucose condition, the sample

pairs were deionized filtered water versus glucose or deionized filtered water with 20 mM

NaCl added versus glucose with 20 mM NaCl added. In the sucralose condition, the sample

pairs were deionized filtered water versus sucralose or deionized filtered water with 20 mM

NaCl added versus sucralose with 20 mM NaCl added. The subject’s task was to identify which

sample in the pair was stronger. If unsure, they were instructed to pick one.

For Experiment 2B, subjects also completed 4 conditions each with a replicate. The condi-

tions measured detection thresholds for glucose and MDG each with and without the addition

of 20 mM NaCl. The same threshold measurement protocol described in Experiment 1 was

followed for Experiment 2B. Detection thresholds were measured using a modified staircase

method with 5 reversals. In the glucose condition, the sample pairs were deionized filtered

water versus glucose or deionized filter water with 20 mM NaCl added versus glucose with 20

mM NaCl added. In the MDG condition the samples were deionized filtered water versus

MDG or deionized filtered water with 20 mM NaCl added versus MDG with 20 mM NaCl

added. The subject’s task was to identify which sample in the pair was stronger. If unsure, they

were instructed to pick one.

Experiment 3

Hypothesis. Based upon the outcome of Experiments 2A and 2B, we hypothesized if oral

glucose signaling involves an SGLT, then the pharmacological SGLT inhibitor, phlorizin,

should increase absolute detection thresholds for glucose and MDG, but not for sucralose, and

have no effect on fructose that is transported by GLUT5 instead of SGLT [26].

Subjects. Eleven of the same subjects that participated in Experiment 1participated in the

glucose and sucralose segments of Experiment 3 (6 female, 5 male; mean age = 39 years, S.D.

= 13). For the MDG segment subjects were the same individuals that participated in Experi-

ment 2B (7 females and 4 males with a mean age = 44 years with S.D. = 12). Finally, for the

fructose segment subjects included 7 females and 5 males with a mean age = 36 years with S.D.

= 12.

Stimulus materials. Stimuli included filtered water (Milli-Q Water Purification System);

serial dilutions of D-(+)-glucose (> 99.5%, Sigma-Aldrich, USA) in filtered water in 1/8 log

steps ranging from 0.73–73 mM; serial dilutions of D-(+)-glucose in filtered water in 1/8 log

steps ranging from 0.73–73 mM with 20 mM NaCl (>99.0% sodium chloride, Fisher Scientific,

USA) added; serial dilutions of D-(+)-glucose in filtered water in 1/8 log steps ranging from

0.73–73 mM with 20 mM NaCl and 0.2 mM phlorizin (>98.0%, Cayman Chemical Company,
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USA) added; serial dilutions of sucralose (> 98.0%, Sigma-Aldrich, China) in filtered water in

1/8 log steps ranging from 2.0–200 μM; serial dilutions of sucralose in filtered water in 1/8 log

steps ranging from 2.0–200 μM with 20 mM NaCl added; serial dilutions of sucralose in fil-

tered water in 1/8 log steps ranging from 2.0–200 μM with 20 mM NaCl and 0.2 mM phlorizin

added; serial dilutions of α-methyl-D-glucopyranoside (MDG) (> 99%, Sigma-Aldrich,

China) in filtered water in 1/8 log steps ranging from 0.73–73 mM; serial dilutions of α-

methyl-D-glucopyranoside (MDG) in filtered water in 1/8 log steps ranging from 0.73–73 mM

with 20 mM NaCl added; serial dilutions of α-methyl-D-glucopyranoside (MDG) in filtered

water in 1/8 log steps ranging from 0.73–73 mM with 20 mM NaCl and 0.2 mM phlorizin

added; serial dilutions of D-(-)-fructose (> 99%, Sigma-Aldrich, USA) in filtered water in 1/8

log steps ranging from 0.56–56 mM; serial dilutions of D-(-)-fructose in filtered water in 1/8

log steps ranging from 0.56–56 mM with 20 mM NaCl added; serial dilutions of D-(-)-fructose

in filtered water in 1/8 log steps ranging from 0.56–56 mM with 20 mM NaCl and 0.2 mM

phlorizin added. Stimuli were presented at room temperature.

Detection threshold method. There were four segments in Experiment 3. One for each

sweetener: glucose, fructose, MDG, and sucralose. In each segment, subjects completed 3 con-

ditions each with a replicate. The conditions measured detection thresholds for the sweetener

alone, with the addition of 20 mM NaCl, and with the addition of 20 mM NaCl and 0.2 mM

phlorizin. The same protocol described in Experiments 1 and 2 was followed for Experiment

3. Detection thresholds were measured using a modified staircase method with 5 reversals. For

each sweetener type (glucose, fructose, MDG, and sucralose the sample pairs were filtered

water versus sweetener alone, filtered water with 20 mM NaCl versus sweetener with 20 mM

NaCl, filtered water with 20 mM NaCl + 0.2 mM phlorizin added versus sweetener with 20

mM NaCl + 0.2 mM phlorizin added. The subject’s task was to identify which sample was

stronger. If unsure, they were instructed to pick one.

Results

All analyses were conducted using Statistica software (Version 13.5.0.17, Tibco), using an

alpha value of<0.05 for allowing Type I errors.

Experiment 1

Factorial repeated-measures analysis of variance (ANOVA) were conducted to compare the

main effects of condition (water, Na-lactisole, NaCl), and replication (1, 2) and the interaction

effect on detection thresholds for both glucose and sucralose. There was a main effect of condi-

tion for each sweetener such that the Na-lactisole treatment significantly raised threshold lev-

els. For glucose F (2, 66) = 24.86, p< .0001, post-hoc Tukey HSD analyses showed the

detection threshold with Na-lactisole (mean = 41.8 mM, S.D. = 25.9) was significantly higher

than both glucose alone (mean = 13.3 mM, S.D. = 5.5) and glucose with NaCl (mean = 13.8

mM, S.D. = 4.6), p< .001. For sucralose F (2, 66) = 33.00, p< .0001, post-hoc Tukey HSD

analyses showed the detection threshold with Na-lactisole (mean = 100.0 μM, S.D. = 73.7) was

significantly higher than both sucralose alone (mean = 11.9 μM, S.D. = 5.4) and sucralose with

NaCl (mean = 11.9 μM, S.D. = 5.0), p< .001. The water and NaCl conditions did not differ

from each other for either sweetener. The 2 mM NaCl was added to control for the effects of 2

mM sodium from the Na-lactisole. There was no effect of replication nor an interaction

between condition and replication for either sweetener. As expected, the Na-lactisole treat-

ment decreased sensitivity to the sweeteners glucose and sucralose (See Fig 1A).

Also as expected the Na-lactisole treatment had a significantly larger impact on sucralose

than on glucose. After Na-lactisole treatment and with water rinsing between samples, the
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‘fold’ increase in threshold concentration for glucose was x 3.1 and for sucralose x 10.0, t (11)

= -2.99, p = 0.012 (See Fig 1B). Overall, our hypothesis is supported by these data; Na-lactisole

interfered with detecting sucralose approximately three times more than it interfered with glu-

cose detection.

Experiment 2A

Factorial repeated-measures ANOVA were conducted to compare the main effects of condi-

tion (with and without NaCl), and replication (1, 2) and the interaction effect on detection

thresholds for both glucose and sucralose. For each sweetener there was a significant effect of

condition. For glucose the addition of NaCl significantly lowered the detection threshold (glu-

cose mean = 13.3 mM, S.D. = 5.5 while glucose + NaCl mean = 7.2 mM, S.D. = 1.6), F (1, 44) =

22.71, p< .0001. Conversely, for sucralose the addition of NaCl significantly raised the detec-

tion threshold (sucralose mean = 11.9 μM, S.D. = 5.4 while sucralose + NaCl mean = 19.1 μM,

S.D. = 7.7), F (1, 44) = 13.88, p< .001. Thus, the addition of 20 mM NaCl enhanced sensitivity

to glucose (lowered threshold concentration) by 46% on average, whereas the addition of 20

mM NaCl diminished sensitivity to sucralose (raised threshold concentration) by 161% on

average. There was no effect of replication nor an interaction between condition and replica-

tion for either sweetener (See Fig 2).

The hypothesis that NaCl would enhance sensitivity to glucose but not sucralose is sup-

ported by these data. These data are consistent with SGLT participating in glucose signaling by

moving glucose and sodium together into the cells.

Experiment 2B

A factorial repeated-measures ANOVA was conducted to compare the main effects of sweet-

ener (glucose or MDG), condition (with and without NaCl), and replication (1, 2) and the

interaction effects on the detection thresholds. The ANOVA revealed there was not a signifi-

cant difference between the sweeteners, thresholds are similar, but there was a main effect of

condition F (3, 80) = 6.28, p< .001. Post-hoc Tukey HSD analyses revealed the addition of

NaCl lowered the detection thresholds for each sweetener, glucose mean = 12.6 mM, S.D. =

Fig 1. A. Detection thresholds for glucose [mM] and sucralose [μM] with and without Na-lactisole. There are two bar charts in Fig 1A. The chart on the left (blue)

shows detection thresholds for glucose. The chart on the right (green) shows detection thresholds for sucralose. Each chart contains three bars. From left to right the bars

are: 1) Threshold with no treatment, 2) Threshold with 2mM Na-lactisole, 3) Threshold with 2mM NaCl (to control for sodium present in lactisole). All treatments were

paired with water rinses between stimuli. Twelve subjects participated in all conditions in duplicate. The error bars are standard errors of the mean. � indicates a

significant difference p< .001. B. Impact of Na-lactisole on glucose and sucralose detection thresholds. The “fold increase” in threshold concentration is shown by

taking the threshold concentration when treated with Na-lactisole and dividing it by the threshold concentration when untreated. The bar on the left (blue) represents

glucose and the bar on the right (green) represents sucralose. The treatment concentration of Na-lactisole was 2 mM and the untreated condition contained the same

level of sodium via the addition of 2 mM NaCl. All treatments were paired with water rinses between stimuli. Twelve subjects participated in all conditions in duplicate.

The error bars are standard error of the mean. � indicates a significant difference, p< .05.

https://doi.org/10.1371/journal.pone.0256989.g001
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4.2 while glucose + NaCl mean = 9.3 mM, S.D. = 2.8, p< .01; MDG mean = 11.7 mM, S.D. =

2.9 while MDG + NaCl mean = 9.0 mM, S.D. = 1.8, p< .05. There was no effect of replication

nor any significant interaction effects (See Fig 3). The lowering of the detection thresholds for

both glucose and MDG by the addition of NaCl is further evidence that SGLT is involved in

moving glucose and its analog into the cell, suggesting a second signaling pathway. Further-

more, it suggests that movement of MDG with sodium by SGLT is sufficient to alter thresholds

and ATP generation is not required.

Fig 2. Mean glucose [mM] and sucralose [μM] detection thresholds with added NaCl. There are two bar charts in Fig 2. The left chart shows

detection thresholds for glucose (blue). The right chart shows detection thresholds for sucralose (green). Each chart contains two bars. From left to

right the bars are: 1) Detection threshold, 2) Detection threshold with 20mM NaCl added. 20mM NaCl was selected to match the concentration of

glucose near threshold ~ 20mM. Thus, for each glucose molecule there would be a Na+ ion to be co-transported in theory. All treatments were paired

with water rinses between stimuli. Twelve subjects participated in all conditions in duplicate. The error bars are standard error of the mean. �

indicates significant difference, p< .0001.

https://doi.org/10.1371/journal.pone.0256989.g002

Fig 3. Comparison of detection thresholds for glucose and MDG with and without NaCl. There are four bars in the

chart. The first bar starting from the left shows the average detection threshold for glucose. The second bar shows the

average detection threshold for glucose with the addition of 20 mM NaCl. The third bar shows the average detection

threshold for MDG. The fourth bar on the right shows the average detection threshold for MDG with 20 mM NaCl. All

treatments were paired with water rinses between stimuli. Eleven subjects participated in all conditions in duplicate.

The error bars are standard errors of the mean. � indicates a significant difference p< .05; �� indicates a significant

difference p< .01.

https://doi.org/10.1371/journal.pone.0256989.g003

PLOS ONE Human glucose taste involves a glucose transporter

PLOS ONE | https://doi.org/10.1371/journal.pone.0256989 October 6, 2021 8 / 14

https://doi.org/10.1371/journal.pone.0256989.g002
https://doi.org/10.1371/journal.pone.0256989.g003
https://doi.org/10.1371/journal.pone.0256989


Experiment 3

Factorial repeated-measures ANOVA were conducted to compare the main effects of condi-

tion (water, NaCl, and phlorizin), and replication (1, 2) and the interaction effects on detection

thresholds for glucose, MDG, fructose, and sucralose. The results for glucose revealed a signifi-

cant main effect for condition F (2, 60) = 58.27, p< .00001. Post-hoc Tukey HSD analyses

showed the detection threshold for glucose with NaCl and phlorizin added (mean = 39.9 mM,

S.D. = 16.8) was significantly higher than the detection threshold for glucose alone

(mean = 13.5 mM, S.D. = 5.7) and for glucose with NaCl (mean = 7.2 mM, S.D. = 1.6 mM), p

< .001. Similar to glucose, there was a main effect for condition for MDG, F (2, 60) = 62.05, p

< .00001. Post-hoc Tukey HSD analyses showed the detection threshold for MDG with NaCl

and phlorizin added (mean = 37.6 mM, S.D. = 15.4) was significantly higher than the detection

threshold for MDG alone (mean = 11.7 mM, S.D. = 2.9) and for MDG with NaCl (mean = 9.0

mM, S.D. = 1.8), p< .001. For fructose, there were no significant differences in condition.

Finally, for sucralose there was a main effect for condition F (2, 60) = 3.45, p< .05. Post-hoc

Tukey HSD analyses showed the detection threshold for sucralose with NaCl (mean = 18.3

mM, S.D. = 7.5 mM) was significantly higher than sucralose alone, (mean = 12.2 mM, S.D. =

5.6 mM) p< .05, but no significant differences for the phlorizin condition (mean = 16.2 mM,

S.D. = 9.6 mM). There was no effect of replication nor an interaction between condition and

replication for any of the sweeteners (See Fig 4).

Fig 4. Impact of phlorizin on glucose, fructose, MDG and sucralose detection thresholds. There are four bar charts in Fig 4. The chart with the blue

bars show average detection thresholds for glucose in mM. The chart with the red bars show average detection thresholds for fructose in mM. The chart

with the purple bars show average detection thresholds for MDG in mM. The chart with the green bars show average detection thresholds for sucralose

in μM. Each chart contains three bars. From left to right the bars show: 1) Detection threshold, 2) Detection threshold with 20mM NaCl added, 3)

Detection threshold with 20mM NaCl and 0.2mM phlorizin added. All treatments were paired with water rinses between stimuli. Twelve subjects

participated in the fructose and sucralose testing and eleven subjects participated in the glucose and MDG testing. All subjects completed two

replications. Error bars are standard errors of the mean. � indicates a significant difference, p< .05, �� indicates a significant difference p< .001.

https://doi.org/10.1371/journal.pone.0256989.g004

PLOS ONE Human glucose taste involves a glucose transporter

PLOS ONE | https://doi.org/10.1371/journal.pone.0256989 October 6, 2021 9 / 14

https://doi.org/10.1371/journal.pone.0256989.g004
https://doi.org/10.1371/journal.pone.0256989


Phlorizin increased the absolute detection thresholds for both glucose and MDG in 100% of

the subjects (11 of 11) by approximately a 3-fold increase on average. Whereas, phlorizin had

no effect on absolute detection thresholds for fructose or sucralose. The pharmacological

SGLT inhibitor phlorizin had a profound impact on impeding every subject’s ability to detect

glucose and MDG but did not impede their detection of fructose nor sucralose, further sup-

porting the idea that oral glucose signaling involves a second pathway involving SGLT.

Discussion

These rinse-and-expectorate experiments point to the ability of humans to sense glucose orally

via a signaling pathway that includes the sodium-glucose cotransporters (SGLTs). The SGLT is

an initial step in what is described as the glucose metabolic signaling pathway, and our data

suggest this exists in parallel to the traditional T1R sweet taste pathway for oral glucose sensing

in humans. In the first experiment, we used the T1R (class 1 taste receptor) inhibitor Na-lacti-

sole [25, 27, 28] to block sweet taste. Na-lactisole had a much larger impact on sucralose detec-

tion thresholds than it did on glucose thresholds Fig 1A. Fig 1B illustrates that detection

thresholds for sucralose increased in concentration (indicating decreased sensitivity) by more

than 8-fold in the presence of Na-lactisole, whereas glucose thresholds only increased by

3-fold. We interpret this as supporting the idea that there are two sugar sensing coding chan-

nels in the mouth: one for signaling the sweet taste of sugars and a second that we hypothesized

is based on the metabolic signaling pathway for saccharides. Sucralose only engages the T1R-

sweet taste receptor, so inhibition of this receptor has a larger impact on its detection. Glucose,

however, engages both signaling channels and in the presence of Na-lactisole continues to be

signaled by a second pathway.

In a second experiment, we tested whether the SGLT glucose transporters are involved with

the initial step of moving the saccharide into the cell. Since the SGLTs must move sodium

together with glucose, we hypothesized that adding sodium (NaCl) at levels comparable to the

detection thresholds for glucose (~20 mM at the high end) would lower the threshold for glu-

cose but not for the non-caloric sweetener sucralose by enhancing glucose transport into the

cells. The SGLT1 transporter moves two sodium ions for each glucose molecule and the

SGLT2 transporter moves one sodium ion for each glucose molecule [29, 30]; therefore, this

concentration of sodium would improve movement for both transporters. We found that glu-

cose thresholds decreased (indicating increased sensitivity) in the presence of 20 mM NaCl by

approximately 50%, but sucralose thresholds did not decrease with added NaCl (See Fig 2). In

fact, the addition of NaCl interfered with sucralose sensitivity and raised detection threshold

concentrations modestly. This is most likely due to the weak salty taste of 20 mM NaCl cogni-

tively suppressing detection of sucralose by acting as a sweet-taste masking agent. This influ-

ence of the salty taste would also have occurred for glucose, but the impact of added Na on the

SGLT mechanism overcame this masking effect.

In the third experiment, we used phlorizin as an SGLT inhibitor [31] to interfere with glu-

cose signaling in the mouth. Whereas the addition of sodium was expected to enhance glucose

signaling and decrease detection thresholds of glucose, the addition of phlorizin was predicted

to interfere with glucose signaling and increase glucose detection thresholds. We found the

addition of 2 mM phlorizin increased glucose detection thresholds compared to the glucose

+ NaCl condition by approximately 5-fold, whereas sucralose detection thresholds were unaf-

fected by the addition of phlorizin (See Fig 3). Furthermore, there was no effect on fructose

thresholds of the addition of phlorizin. This is consistent with glucose taste signaling utilizing

an SGLT transporter, but fructose does not use SGLT [26]. Phlorizin is a natural phenolic glu-

coside chalcone common in apple trees, which when dimerized and oxidized is responsible for
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the yellow-brown color of apple juice and cider. It is a non-selective inhibitor of the SGLTs

[31], so we cannot conclude from the present data whether one particular SGLT (SGLT1 or

SGLT2) is more important for glucose signaling. Note that there are currently six known

forms of SGLT transporters, although SGLT3 in humans is thought to be a glucose receptor,

not a transporter [32]. There is recent evidence that phlorizin may also inhibit the GLUTs in

addition to SGLTs [33]. We do not believe this is reflected in our results, however, as phlorizin

had no impact on fructose, supporting the involvement of SGLTs but not GLUT2, GLUT5, or

GLUT8. We also saw NaCl enhance glucose thresholds (See Fig 2), further indication of a role

for SGLT and not GLUTs in this effect. Regardless, we have established that we can manipulate

human oral sensitivity to glucose positively with the addition of sodium and negatively with

the addition of phlorizin, all without similar impact on the sweetener sucralose. This bidirec-

tional psychopharmacological approach has strongly implicated the SGLTs as participating in

the first step of sugar transport into the cell. Logically, it is likely that other sugars besides glu-

cose, such as galactose, can be transported by SGLT in taste tissue [34], and sugars that do not

engage SGLT, such as fructose, may be transported via GLUT2 and GLUT8 in taste tissue [21]

and oxidized in taste tissue to produce ATP and close KATP channels [35].

The glucose metabolic signaling pathway combined with the sweet taste pathway creates a

striking parallel between the glucose signaling abilities of the pancreatic beta islet cells of Lang-

erhans and the signaling abilities of the oral cavity (most likely taste tissue) [20, 36]. It has pre-

viously been reported that mice possess within oral taste buds: 1) sugar transporters, 2) kinases

required to convert sugars into ATP, and 3) an ATP sensor in the form of an ion channel [18,

19]. Whether any of these exist in humans has been previously unknown. In the present work,

we also included MDG as a taste stimulus. This glucose analog can be transported by SGLT

but does not get oxidized to produce ATP, as it cannot be metabolized [24]. This allows us to

distinguish whether the first step in the metabolic signaling pathway can produce oral signals

independently of the remainder of the traditional metabolic signaling pathway, such as ATP

generation and the closure of KATP channels. We found that MDG oral detection thresholds

were enhanced by the addition of NaCl and impaired by the addition of phlorizin (See Fig 3).

This indicates that the transport of sodium by SGLT with glucose and MDG can activate cells

irrespective of whether ATP acts on KATP channels. Logically, the closure of KATP channels in

this signaling pathway may also further activate cells.

Collectively, these data allow us to screen enhancers of glucose signaling via stimulation of

the SGLT pathway for their impact on oral sugar signaling. These may involve any form of

pharmacological SGLT enhancement including the addition of sodium to glucose, SGLT phar-

macological modulation (allosteric or otherwise) to better transport glucose across the mem-

brane, and any glucose mimetic that can be transported into cells via SGLT. We speculate that

it may be possible to reduce sugar levels in beverages and foods by enhancing glucose via the

metabolic signaling pathway, especially at the level of SGLT transport. We note that SGLT sig-

nals may contribute to sweet taste, but may also contribute to an independent non-sweet signal

that conveys the presence of glucose [18]. This idea is suggested by work in T13-Knock-Out

mice which showed anticipatory insulin release to a glucose load, but did not show a behav-

ioral preference for glucose in water [22]. It is possible that oral SGLT contributes to glucose

reward in humans either directly or indirectly via anticipatory metabolic regulatory reflexes,

but note that oral SGLT in mice does not appear to contribute to preference [23]

In summary, the experiments presented here utilizing the T1R inhibitor Na-lactisole, the

co-transport agent for SGLT added NaCl, and the SGLT inhibitor phlorizin support the idea

that SGLTs are involved in the oral perception of glucose, but not the perception of sucralose

or fructose. These studies show that a non-T1R oral signaling pathway profoundly affects
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absolute detection of glucose but not sucralose or fructose. Future studies will determine the

utility of this SGLT-linked oral glucose signal in human psychology and physiology.

Supporting information

S1 Fig. No Evidence of “Sweet Water Taste” following lactisole treatment. There are two

charts. The chart on the left (blue bars) shows average detection thresholds for glucose (mM).

The chart on the right (green bars) shows average detection thresholds for sucralose (μM). In

each chart there are three bars. From left to right the first bar is the average detection threshold

for the sweetener when presented against water. The second bar is the average detection

threshold for the sweetener with the addition of 2mM lactisole. The third bar is the average

detection threshold for the sweetener with 0.8mM lactisole rinses between samples. The lacti-

sole rinses were to determine if the lactisole treatment gave rise to a “sweet water taste.” Twelve

subjects were tested in all conditions in duplicate. The error bars are standard errors of the

mean. � indicates a significant difference p < .001.

(TIF)

S1 Data.

(XLSX)
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