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Responding to global trends favoring low-sugar diets, this study explored the potential of menthol, a cooling
agent, to enhance sweet taste perception through integrated sensory evaluations and molecular modeling. The
results of static sensory evaluation (recognition threshold determination, paired comparison test and 15 cm-
linear scale) and dynamic sensory analysis indicated that menthol lowered sweetness threshold of HFCS (from
5.98 g/L to 5.02 g/L), while intensifying maximum sweetness intensity and prolonging the duration of sweetness.
Sensory analysis identified optimal sweet enhancement at 0.004—0.030 g/L menthol concentrations, while 0.060
g/L caused sweetness suppression through intensified cooling/bitter sensations. Molecular modeling comparing
T1R2/T1R3-Glu/Fru system and T1R2/T1R3-Glu/Fru/Men system elucidated that the addition of menthol
increased the number of hotspot residues in protein-sugars binding and stabilized interactions by occupying sites
near sugar active sites, maintaining the Venus Flytrap Domain in its closed, activated configuration. These
findings demonstrated the underlying contribution menthol made to sweet enhancement and sugar reduction.

1. Introduction

The World Health Organization has recommended free sugar intake
to be less than 10 % of total daily energy, a further reduction to <5 % of
total daily energy is encouraged for added health benefit (WHO, 2015).
The consumption of sugar-sweetened beverage, a widespread dietary
habit among urban youth, has become one of the leading sources of
excessive free sugars intake (Miele et al., 2017). The free sugars in
beverages are mainly sucrose and high-fructose corn syrup (HFCS). The
excessive consumption of added sugars results in adverse health out-
comes. Consequently, many countries and regions with high sugar-
sweetened beverages (SSB) consumption levels have introduced inter-
vention policies, such as SSBs consumption tax, to reduce consumers'
sugar consumption levels (Zhai et al., 2024). The trend towards sugar-
free and low-sugar beverages is gaining momentum globally (Chen
etal., 2022; Deliza et al., 2021). The approaches to low-sugar beverages
revolves around sugar reduction and artificial sweeteners. Given con-
sumers' reluctance to compromise on taste, current research endeavors
are directed towards the innovation of novel, high-intensity, low-addi-
tive non-nutritive sweeteners. These sweeteners may not fully replicate
the taste and effectiveness of traditional nutritive sweeteners (Miele
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et al., 2017) and their safety remains a subject of controversy (Maluly
et al., 2020). Increasingly, consumers are adopting long-term low-sugar
dietary practices to reduce the stimulatory effect of sweetness and
enhance their sensitivity to sweetness (da Portela et al., 2024). Never-
theless, due to inherent biological constraints, dietary habits, and
environmental influences, implementing such practices can be chal-
lenging and require sustained effort over a prolonged period. Therefore,
there is an urgent need to explore sugar reduction methods that offer
consumers a pleasant sensory experience.

The interplay of cross-modal perception refers to the stimulation of
one sense (e.g., olfaction) that satisfies or enhances the experience of
another sense (e.g., gustation) (Biswas & Szocs, 2019). Study have
demonstrated that specific odors can amplified taste perception in-
tensity (Ai & Han, 2022). Additionally, there are evidences that chem-
esthesis, the perception of chemical stimuli distinct from taste and smell,
interacts with basic taste modalities (Sun et al., 2023; Wang et al.,
2022). Steven Pringle noted that cool-sensing ingredients, such as
menthol, have potential applications in enhancing flavor perception
(McDonald et al., 2016). Therefore, it is hypothesized that leveraging
chemesthesis, particularly through agents like menthol, could achieve a
synergistic enhancement of sweetness perception. Cooling agents (e.g.,
menthol) elicit a cooling sensation by directly stimulating chemically
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Nomenclature
STR sweet taste receptors
HFCS high-fructose corn syrup
VFD venus flytrap domain
GPCRs C G protein-coupled receptors
PDB protein data bank
RSD relative standard deviation
MD molecular dynamic
PME Particle-mesh Ewald
TMD transmembrane domain
CRD cysteine-rich domain
RMSD root mean square deviation

RMSF root mean square fluctuation
Rg radius of Gyration

SASA solvent-accessible surface area
AUC area under the curve

SATI single-attribute time-intensity
MATI multi-attribute time-intensity

sensitive fibers, which are part of the nociceptive and temperature-
sensitive fiber network (McDonald et al., 2016). Current research on
cooling sensation primarily focuses on its underlying mechanisms (Xu
et al., 2020), with limited exploration into the interaction between
cooling sensation and taste perception.

Currently, the exploration of cross-modal sensory interaction
mechanisms primarily relies on artificial sensory evaluation. This
approach serves dual purposes: to discover and characterize substances
that enhance or suppress flavors, as well as to assess the sensory effects
of these compounds (Biichner et al., 2022; Rocha et al., 2020). Artificial
sensory evaluation encompasses both static and dynamic sensory ana-
lyses. Static sensory analysis aims to provide a comprehensive assess-
ment of a product's sensory attributes, whereas dynamic sensory
analysis focuses on the changes in specific sensory characteristics over
time (Vidal et al., 2019). In addition to sensory analysis, multidisci-
plinary techniques and methodologies, such as molecular modeling, are
being harnessed. Molecular modeling is gradually gaining traction in
elucidating the mechanisms underlying sensory responses. It is well-
established that human sweet taste receptors (STR) belong to the class
C G protein-coupled receptors (GPCRs), consisting of a heterodimer
protein formed by the hT1R2 and hT1R3 subunits. Despite the absence
of a crystal structure for the human T1R1/T1R3 receptor, Yuan et al.
(2024) have employed homology modeling to construct its three-
dimensional structure. Prior researches have investigated the interac-
tion mechanisms between various sweet substances and the TIR2/T1R3
receptor protein using molecular docking (Kim et al., 2017; Zhu et al.,
2024). Zhang and colleagues further explored the sweetening mecha-
nism of flavor enhancers using molecular docking techniques (Zhang
etal., 2010). It is noteworthy that molecular docking may produce false-
positive results. Molecular dynamics simulations, however, can not only
analyze and validate the binding stability between ligands and receptors
but also effectively reduce the false-positive outcomes of molecular
docking (Zhao et al., 2024).

Cooling agents are widely employed in food and beverage products-
including confectionery, chewing gum, chocolate, ice cream, yogurt,
tea, coffee, and carbonated beverages-to enhance sensory attributes
such as flavor complexity, palatability, and hedonic appeal, aligning
with robust consumer preference. Building upon the premise of favor-
able consumer acceptance of cooling additives in food and the hypoth-
esis of cross-modal sensory interactions between cooling and sweetness
perception, this study evaluates the cross-modal interaction between
cooling and sweetness perception, investigating both threshold/supra-
threshold responses and underlying molecular mechanisms. Sensory
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evaluations were conducted to analyze the impact of various menthol
concentrations on the sweetness threshold, intensity, and duration of
HFCS. Molecular docking was employed to explore the effects of
menthol incorporation on binding sites and interaction forces between
the STR and ligand molecules. Molecular dynamics simulations were
conducted to investigate the dynamic interactions between STR and
ligand molecules, thereby assessing the stability of system binding. This
research has deepened our understanding of the role of coolness in
enhancing sweetness and has provided insights into sugar reduction
strategies for the development of low-sugar foods, particularly
beverages.

2. Materials and methods
2.1. Reagents

Food grade ethanol (95 %) (Gengma Hualin Alcohol Co., Ltd., Lin-
cang, China); Food grade menthol (Anhui Province Yifan Spice Co., Ltd.,
Hefei, China); High fructose corn syrup (F55) (Guangzhou Shuangqiao
Co., Ltd., Guangzhou, China); Drinking purified water (Hangzhou
Wahaha Group Co., Ltd., Hangzhou, China).

2.2. Sample preparation

The test sample concentrations were in weight/volume and are listed
in Table S1.

Preparation of sweet sample: Dissolving HFCS in drinking purified
water.

Preparation of cooling stock solution: 2.50 g of menthol were accu-
rately weighed and diluted with 95 % ethanol to a final volume of 25 mL,
yielding a 100 g/L menthol stock solution.

Preparation of Menthol xHFCS sample: Menthol stock solution was
diluted to a specific concentration using purified water, and this diluted
menthol solution was then used to prepare the Menthol x HFCS solution.

2.3. Sensory panel and experimental conditions

The study was reviewed and approved by the Ethics Committee of
Shanghai Institute of Technology and informed consent was obtained
from each subject prior to their participation in the study. The assessors
were unaware of the tests' purpose and were compensated after the
sensory testing.

The sensory evaluation panel consisted of 30 assessors (10M20F,
aged 18-26 years), selected from a group of 60 healthy, non-smoking
individuals (32M48F) with prior taste-testing experience. Based on
self-reports, all 30 assessors had no oral diseases and no strong prefer-
ences or aversions towards food with cooling or sweetness. The asses-
sors' ability to discern the sweetness of HFCS solutions was examined
through triangle tests and ranking tests, with accuracy rates exceeding
80 % for triangle tests and 50 % for ranking tests. The selected assessors
underwent specialized training to familiarize the evaluation procedures
of different sensory experiments and the usage of the APPsense software,
along with sensory memory training.

All 30 assessors participated in recognition threshold assessments
and paired comparison tests. Additionally, 10 of them (4M6F, aged
21-26) participated in sweetness intensity assessments, including static
overall intensity assessments and dynamic time-intensity assessments.

The sensory assessments were conducted in a dedicated sensory
assessment room, where the selected assessors worked independently to
evaluate the samples in each round of assessment. Solutions samples
were prepared fresh daily, and stored in disposable cups at room tem-
perature (25 °C) before sensory evaluation. The sensory evaluation was
conducted between 10:00 a.m. and 4:00 p.m. on the day of experiments.
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2.4. Test of sweet taste recognition thresholds for HFCS

The sweetness recognition thresholds were determined using a three-
alternative forced-choice (3-AFC) ascending concentration series pro-
cedure, compliant with ISO 13301:2018 (Sensory analysis - Methodology -
General guidance for measuring odour, flavor and taste detection thresholds
by a three-alternative forced-choice (3-AFC) procedure) (ISO 13301, 2018).
The experiment was conducted in 5 trials, each based on five different
concentrations of menthol solutions. Each trial comprised 11 rounds of
tests, involving two types of solutions: menthol solution without added
HFCS (M) as the reference sample, and a mixed solution (MF) with the
same menthol concentration as the reference but with added HFCS.
Across the 11 samples in each round, the concentration of HFCS
increased progressively (concentrations detailed in Table S1A). The two
solutions were poured into three cups, with two of the samples being
identical, resulting in six possible presentation orders: AAB, ABA, BAA,
BBA, BAB, and ABB. and in which the assessor is asked to select the
sample perceived as different. If the assessors perceived no difference
between the three samples, he or she was instructed to choose one
(mandatory choice).

During tasting, assessors were asked to put the sample solution into
their mouths, swishing it around to ensure exposure of the entire oral
cavity (Johnson et al., 2018). After 5 s, they were to spit out the sample
and assess its sweetness. To ensure that the taste and cooling sensation
from the previous sample had completely dissipated before evaluating
the next sample, assessors were instructed to wait until they could no
longer detect any flavor or cooling effect from the previously tasted
sample. This was self-assessed by each assessor based on their own
sensory perception. Assessors rinsed their mouths with purified water
between each sample to further aid in the dissipation process.

The individual threshold of assessor was calculated using the Best
Estimate Threshold (BET), where the BET was the geometric mean of the
highest concentration at which an incorrect choice was made and the
adjacent higher concentration at which a correct choice was made. The
individual BETs were then log-transformed, and the panel threshold was
determined as the anti-logarithm of the mean of the logoBET. The
dispersion of the panel threshold was characterized by the standard
deviation of the log;(BET. If an assessor makes correct choices for all 11
rounds' concentration levels or makes an incorrect choice at the highest
concentration, the concentration gradient should be appropriately
expanded, and the testing should continue.

2.5. Establishment of reference scale for sweetness intensity

The sweetness threshold of the HFCS-aqueous solution obtained
through thresholds test is 5.98 g/L. Given the application background of
beverage production, the sweetness range is moderate, with a sugar
content of approximately 40-65 g/L. The initial HFCS concentration was
6.0 g/L, increasing to 68.3 g/L in 1.5-fold steps (concentrations detailed
in Table S1B). The establishment of the sweet intensity reference system
was based on the reported procedure by (Zhang et al., 2016) with slight
modifications, as following steps:

(1) Descriptor Calibration: Assessors first assigned numerical values
(0-15 cm scale) to five sweetness intensity descriptors (“slightly
sweet”, “a little sweet”, “sweet”, “ relatively sweet” and “very
sweet”). The initial scaling ranges for each descriptor were
defined by compiling the minimum and maximum values across
all assessors. Ambiguities in descriptor overlap were adjusted
through subsequent group discussions.

(2) Sensory Evaluation: Assessors then evaluated seven ascending
concentrations of HFCS (6.0-68.3 g/L) in triplicate sessions (3-h
intervals). For each concentration, they rated perceived sweet-
ness intensity using the adjusted descriptors' scaling range
(0-15.0 cm).

Food Chemistry: X 26 (2025) 102337

(3) Psychophysical Modeling: Stevens' psychophysical laws
(expressed as S = k*I") was applied to model the relationship
between HFCS concentration and perceived sweetness intensity.
The midpoint concentration of each descriptor's fitted range was
selected to anchor the final reference scale.

2.6. Paired comparison test

The paired comparison test was conducted in five trials, each trial
consisting of four rounds of testing. In each round, two samples with the
same concentration of HFCS were used; one was supplemented with
menthol and served as the test sample (M x F), while the other, without
menthol, served as the comparison sample (F) (concentrations detailed
in Table S1C).

In each group of testing, assessors were required to record the three-
number code of the sample that was sweeter between two samples. If the
assessors perceived no difference between the two samples, he or she
was instructed to choose one (mandatory choice). Two possible pre-
sentation orders (AB, BA) were used for each set of test samples,
randomly and counterbalanced among sensory panel. The tasting pro-
cedure and break between samples adhere to the protocols outlined in
Section 2.4.

Rigorous identification criteria were established to ensure the ac-
curacy and reliability of the research. These criteria stipulated that at
least half of the panelists must be able to discern differences between the
stimulus and control samples, allowing for a high risk at a 95 % confi-
dence level. This translated into a detection probability (Pd) of 50 %, a
Type I error probability (a-risk) of 0.05, and a Type II error probability
(B-risk) of 0.2. Adhering to the ISO 5495:2005 bilateral testing standard,
this assessment determines whether there is a difference in sweetness
between the test sample and the control sample by evaluating whether
more than 21 out of 30 evaluators make the same choice in each round
of testing.

2.7. Overdll intensity evaluation of sweetness: 15-cm labeled line scale

10 panelists were instructed to undergo additional training using the
established sweetness reference scale, assigning sweetness scores on a
scale of 0 to 15 to HFCS solutions with concentrations of 5.98, 9.60,
22.10, 38.10, and 57.20 g/L. This process continued until both indi-
vidual assessors and the sensory panel achieved a relative standard de-
viation (RSD) of less than 0.2 for the reference solution scale values. This
indicated that the evaluation results of the panel had stabilized, and
their reproducibility met the specified requirements (Zhao et al., 2015).

The assessors initially tasted the reference samples (see Table S1C)
and memorized their sweetness intensities and corresponding scores.
Subsequently, they tasted the test samples, discerned the sweetness in-
tensity of each, and assigned scores using the 15-cm labeled line scale for
the sweetness intensity. This process was repeated in three rounds for
reproducibility, with a three-hour interval between each round.

2.8. Dynamic sweetness intensity evaluation: Time-intensity test

Dynamic sweetness intensity was evaluated via a time-intensity (TI)
test as follows:

(1) Panelist Training: 10 assessors underwent additional training
using the established sweetness reference scale. They completed a
pre-experiment with three randomly selected reference samples
(Table S1C) to familiarize themselves with the TI protocol.
Training was conducted using sensory testing software Appsense
V10.1.2 (Beijing Yinghuali Technology Co., Ltd., Beijing, China),
which automatically recorded sweetness intensity at predefined
intervals: every 5 s (0-10 s), 10 s (10-60 s), 15 s (60-180 s), and
30 s (180-300 s). Training concluded when assessors achieved
reproducibility criteria: relative standard deviation (RSD) <0.2
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for maximum sweetness intensity and RSD <0.4 for the timing of
maximum intensity occurrence.

Formal TI Testing: Following ASTM 1909-13 guidelines, asses-
sors first memorized the sweetness intensities and scores of
reference samples (Table S1C). During testing, they evaluated
HFCS samples using a 15-cm labeled line scale. Samples were
gargled for 5 s, expectorated, and sweetness intensity was rated at
predefined intervals (as above) via the Appsense V10.1.2 soft-
ware. Testing was repeated in triplicate (3-h intervals between
sessions).

(2

—

2.9. Homology modeling of the sweet taste receptor

The amino acid sequences of the TIR2/T1R3 proteins were retrieved
from the Uniprot (T1R2, UniProtKB: Q8TE23; T1R3, UniProtKB:
Q7RTXO0). Using Protein BLAST tool of the NCBI, a search was conducted
in the Protein Data Bank (PDB) for crystal structures with high sequence
similarity (Boratyn et al., 2012). A crystal structure, 7EPA(Du et al.,
2021), exhibiting a sequence identity of 27 % was selected as the
modeling template. The TIR2/T1R3 proteins were then subjected to
homology modeling using the SWISS-MODEL (Swiss Institute of Bioin-
formatics, Lausanne, Switzerland), followed by molecular mechanics
optimization of the protein models (Maier et al., 2015; Waterhouse
et al., 2018). Finally, the PROCHECK program was utilized to assess the
quality of the models.

2.10. Molecular docking

The constructed T1R2/T1R3 protein structure underwent molecular
mechanics optimization, serving as the receptor for molecular docking.
The structures of glucose, fructose, and menthol were built using the
Build module of YASARA (YASARA Biosciences GmbH, Vienna,
Austria), and each molecular structure was optimized using the GAFF
force field, serving as ligands for molecular docking. AutoDock 4.2.6 and
Autodock Tools 1.5.6(Scripps Research Institute, La Jolla, CA, USA)
were used for receptor-ligand docking. The semi-flexible docking
method was adopted for studying the binding mode of ligands molecules
(glucose, fructose, menthol) and T1R2/T1R3. The docking box was
designed to encompass the active site, with grid points set to 80 x 80 x
80 in the XYZ directions and a grid spacing of 0.375 A. The number of
docking runs was set to 100, with all other parameters remaining at their
default values.

2.11. Molecular dynamic simulation

The molecular dynamic (MD) simulation was conducted using the
Gromacs 2018.4 (Groningen University, Groningen, Netherlands) under
constant temperature and pressure conditions with periodic boundary
conditions. The Amber14SB all-atom force field and the TIP3P water
model were employed. Throughout the MD simulation, bonds involving
hydrogen atoms were constrained using the LINCS algorithm with an
integration step size of 2 fs. Electrostatic interactions were computed
using the Particle-mesh Ewald (PME) method, while non-bonded in-
teractions were truncated at 10 A and updated every 10 steps. The
simulation temperature was maintained at 300 K using the V-rescale
temperature coupling method, and the pressure was controlled at 1 bar
using the Parrinello-Rahman method. Initially, both systems were sub-
jected to energy minimization using the steepest descent method to
eliminate close contacts between atoms. Subsequently, 100 ps of NVT
and NPT equilibration simulations were performed at 310 K. Finally, a
100 ns MD simulation was conducted, with configurations saved every
10 ps. The visualization of simulation results was presented by Gromacs
embedded program and VMD (University of Illinois at Urbana-
Champaign, Urbana, IL, USA).
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Fig. 1. The impact of menthol concentration levels on the sweetness recogni-
tion threshold of HFCS. M1, M2, M3, and M4 denote the concentrations of L-
menthol in the samples, which are 0.004, 0.010, 0.030, and 0.060 g g/L.
Different lowercase letters indicate statistically significant differences (p
< 0.05).

2.12. Statistical analysis

Sensory data were collected and compiled using the APPsense
V10.1.2. Microsoft Office Excel 2019 was employed for statistical
analysis, including data aggregation, computation of means, and
determination of standard deviations. Variance (ANOVA) analysis was
conducted with IBM SPSS Statistics 27, while Origin 2022 was utilized
for nonlinear curve fitting, principal component analysis, and graphical
representation of the data.

3. Results and discussion

3.1. Sensory analysis of the enhancing effect of cooling stimulation on
sweetness intensity

3.1.1. Enhancing effect of cooling stimulation on sweet taste sensitivity

Based on the calculation method described in Section 2.4, the
sweetness group recognition thresholds of HFCS in pure water and so-
lutions with varying menthol concentrations (0.004 g/L, 0.010 g/L,
0.030 g/L, 0.060 g/L) were determined as 5.98 g/L, 5.82 g/L, 5.02 g/L,
5.28 g/L, and 6.65 g/L, respectively. Referring to ISO 13301-2018, the
dispersion of these thresholds was characterized by the standard devi-
ation of their logarithmic values (See Fig. 1).

It is noteworthy that the 0.004 g/L menthol concentration selected in
this study is the coolness threshold of menthol measured in our previous
sensory evaluation. It is evident that threshold concentration of menthol
had no significant (p<0.05) impact on the threshold of HFCS, consistent
with the findings of Biichner et al. (2022).

Furthermore, it was observed that menthol, under 0.060 g/L, has the
effect of lowering the sweet taste threshold of HFCS, suggesting that
mild cooling stimulation primes taste receptor sensitivity. However, at
0.06 g/L, assessors qualitatively reported perceiving a bitter taste in
addition to the cooling sensation-a known off-taste of menthol at
elevated concentrations (Green & Schullery, 2003). The intense cooling
sensation or bitter stimulation may divert attention away from taste,
resulting in a decreased perception (Han et al., 2022). We focused on the
impact of cool sensation on sweet taste perception, without conducting a
quantitative assessment of bitterness. However, prior studies indicate
that bitter stimulation not only enhances bitter signals in the brainstem
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Fig. 2. Comparative analysis of sweetness scale results between the control and
test samples. Each bar represents a test sample (e.g. the first bar represents test
sample M1F1). The vertical axis indicates the number of assessors who
preferred the test sample as sweeter. Positive values signify the number of as-
sessors who chose the test sample, while negative values represent those who
opted for the compared sample. Each sample was evaluated by a panel of 30
assessors. In this study, according to the ISO 5495:2005, a sample is deemed to
have a significantly higher sweetness than the other if it is preferred by at least
21 assessors.

but also triggers the brain cortex to suppress the desire for sweet sub-
stances, blunting the ability to perceive initial sweetness (Jin et al.,
2021). This unintended bitterness may have confounded sweetness
threshold measurements at higher menthol concentrations, highlighting
a limitation of menthol as a cooling agent. Therefore, future studies
exploring the effects of higher cooling intensities on the sweet taste
threshold should consider using non-bitter cooling agents as alternatives
to menthol, in order to eliminate the interference of bitterness.

3.1.2. Concentration-response curves and reference scale of sweetness

By pooling the results of the calibration for each descriptor and
analyzing the maximum and minimum scale values, the panel estab-
lished a comprehensive scaling range for each descriptor. The results
showed that the sweetness descriptors could cover the common sweet-
ness ranges found in beverages, with scale values ranging from 1.0 to
14.8 cm. Semantic overlaps among the descriptors were rectified
through panel training and discussions. Arranged in ascending order of
sweetness intensity, the scale ranges are as follows: slightly sweet
(1.0-3.0 cm), a little sweet (3.0-6.9 cm), sweet (6.9-9.0 cm), relatively
sweet (9.0-12.2 cm), and very sweet (12.2-14.8 cm) (See Fig. S1A). This
serves as a scaling basis for subsequent research on sweetness
perception.

The panel conducted three rounds of scoring for the sweetness in-
tensity of HFCS reference samples with concentrations ranging from 6 to
68.3 g/L. The RSD values for the sweetness intensity reference sample
scale results, whether evaluated by individual or panel, were within
0.20, indicating valid and stable data (See Table S2). A fitting analysis
was conducted to correlate the concentrations of HFCS with their cor-
responding overall sweetness intensity values (See Fig. S1B). The results
revealed a power function relationship between the concentration (C)
and the overall sweetness intensity value (I), with a fitting equation of I
= 1.83¢%%1-3.72 (R? = 0.9962), indicating an ideal fit. This demon-
strates that there exists a power function correspondence between the
psychological magnitude of the evaluator's perception of sweetness in-
tensity and the physical magnitude of HFCS concentration, conforming

Food Chemistry: X 26 (2025) 102337

15
CCJc EdMv v EEv v
a
ab
12 bj_ﬁ c
z
172
5ot
g
% aab
&= b
s oy “in
7 a
a
3F 5 b bb
bﬂhbb
0
Il 2 I3 T4 F5

Fig. 3. The influence of varying intensities of menthol stimuli on the percep-
tion of sweetness.

to the general form of Stevens' psychophysical law (expressed as S =
k*I™). In essence, the assessor's response to sweetness intensity follows
this law under the given concentration of HFCS. Finally, after discussion
and consensus, the panel agreed on the overall sweetness rating values
for the reference samples (See Fig. S1A), establishing a sweetness in-
tensity reference system. Specifically, HFCS concentrations of 5.98 g/L
(F1), 9.60 g/L (F2), 22.10 g/L (F3), 38.10 g/L (F4), and 57.20 g/L (F5)
were chosen to represent the five sweetness intensity descriptors:
threshold sweetness, slightly sweet, a little sweet, sweet, and relatively
sweet.

3.1.3. Assessing the sweetening enhancement of menthol through paired
comparison tests and 15 cm linear scale

This study compared and evaluated the sweetness perception of
HFCS solutions with different cooling stimuli (M1-M4) against those
without cooling stimuli. This preliminary exploration aimed to assess
the impact of varying cooling intensities on the perception of sweetness.

Fig. 2 illustrates the influence of different cooling stimuli on the
perception of HFCS sweetness. The following trends are observable: (a)
The cooling stimulus of M1 significantly enhances the perception of
sweetness for all concentrations of HFCS, ranging from F1 to F5. This
suggests a synergistic effect between the cooling stimulus provided by
M1 and the sweetness of the HFCS, resulting in a stronger perception of
sweetness among the panelists. (b) The cooling stimulus of M2 produces
a significant enhancement in the perception of sweetness for moderate
to high concentrations of HFCS, specifically from F2 to F5. Compared to
M1, M2 may exhibit less significant effects at lower concentrations but
remains effective in enhancing sweetness perception at moderate to high
concentrations. (c) The cooling stimulus of M3 is only effective in
significantly sweetening HFCS at moderate to high concentrations (F3 to
F5). This indicates that the cooling stimulus of M3 is more compatible
with higher concentrations of the HFCS, producing a noticeable sweet-
ening effect within these ranges. (d) Conversely, the cooling stimulus of
M4 diminishes the perception of HFCS sweetness among panelists. To
elucidate this, it is crucial to consider the role of multisensory infor-
mation in perception. Research by Mishra and Gazzaley (2012) suggests
that the distribution of attention when processing multisensory infor-
mation significantly impacts perception. In the case of M4, intense
cooling sensations or significant changes in cooling intensity from M3 to
M4 may captivate the panelists' attention and increase their cognitive
load, prompting them to focus more on the degree of cooling stimulation
or the magnitude and variance of intensity changes, thereby diverting
their attention away from sweetness and perceiving a decrease in
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Fig. 4. The TI curves of cooling-sweetness systems.

sweetness(Floor et al., 2023). Alternatively, according to literature and
panel feedback, the high concentration of menthol in M4 could have
contributed to a bitter taste, which suppressed the perception of
sweetness (Jin et al., 2021), resulting in a lower perception of sweetness
compared to the compared sample.

The assessment of menthol's sweetening efficiency was conducted by
quantifying the sweetness intensity using the 15 cm linear scale method.
As depicted in Fig. 3, the results from this method exhibit a general
concordance with those obtained through paired comparison testing.

However, discrepancies arise when it comes to the cooling stimulus
of M4, the two methodologies yield divergent conclusions. The paired
comparison test indicates that the cooling stimulus of M4 suppresses the
perception of sweetness, whereas the linear scale method reveals no
significant (p<0.05) difference in sweetness between the M4 cooling-
sweetness system and a solution of HFCS with an equivalent
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concentration. Such differences may stem from the distinct focuses of
the two evaluation methods. Quantitative estimation methods, such as
the 15 cm linear scale approach, are particularly advantageous for
assessing samples with pronounced differences. These techniques
generate continuous data (e.g., scoring differentials) that enable pan-
elists to articulate their sensory perceptions with greater nuance,
thereby facilitating sophisticated analyses such as effect degree calcu-
lations. Difference testing methodologies amplify population preference
signals through simplified binary decision-making and forced-choice
paradigms. While this approach facilitates the detection of subtle yet
consistent differences and mitigates systematic bias arising from
inconsistent rating scales (e.g., lenient/strict scoring tendencies), it
comes at the expense of quantitative information on the degree of dif-
ference. Synthesizing the results of both methodologies, it is evident that
cooling-induced sweetness enhancement demonstrates marked stability
in M1 and M2, with M3 exhibiting moderate efficacy. The impact of M4's
cooling stimulus on sweet taste perception appears modulated by mul-
tiple covariates, including individual differences, experimental condi-
tions, and analytical methods, necessitating further investigation in
future studies.

Indeed, the static sweet intensity fails to account for the duration of
stimulation and the intricate influence of cooling sensation within a
complex sensory experience. Therefore, in evaluating how assessors
discern this static “sweetness intensity” from the intricate temporal
features and complex perceptual matrix, the impact of the temporal
dimension must be taken into consideration.

3.1.4. Impact of cooling stimulation on dynamic perception characteristics
of sweet taste

The TI curves for 25 cooling-sweet solutions were constructed (See
Fig. 4) to investigate the dynamic influence of menthol on sweetness
perception over time.

All samples exhibited a similar trend in sweetness, rapidly increasing
to a peak within the first 5-10 s, followed by a gradual decline. The
findings of Bian et al. (2023) indicate that sweetness perception is pri-
marily determined from the initial 2-5 s of sensation, aligning with the
observed Tpax of 5 s in this study. Samples F1 and F2 reached sweetness

Table 1

The parameter information of TI curves of cooling-sweetness systems.
Sample Téa Riecrease Tax Thhax Ricrease Thiateau AUC
F1 31.85 + 28.65b —0.02 £ 0.01bc 0.93 4+ 0.13c 12.00 & 7.14a 0.10 + 0.04c¢ 11.11 4+ 9.27a 57.85 + 9.94b
MI1F1 47.31 £ 17.01ab —0.03 £ 0.02c 1.69 £+ 0.32a 7.00 + 4.58¢ 0.30 + 0.10a 5.55 + 3.90a 92.83 £ 11.97a
M2F1 48.50 + 21.89ab —0.02 + 0.01ab 1.26 £+ 0.24b 6.50 & 2.29¢ 0.22 + 0.08b 7.43 + 3.97a 83.95 + 11.27a
M3F1 51.58 + 33.24ab 0.02 + 0.01abc 1.23 £+ 0.14b 5.50 £ 1.50c 0.24 + 0.05ab 8.48 + 7.75a 88.08 + 12.31a
M4F1 62.00 + 10.54a —0.01 £ 0.00a 1.09 + 0.14bc 9.00 + 5.83ab 0.16 + 0.07bc 9.00 + 5.78a 88.65 + 8.38a
F2 51.58 + 29.79a —0.04 &+ 0.02a 2.05 £+ 0.24¢ 8.00 & 3.32a 0.30 + 0.10c 6.84 + 4.55b 84.38 + 10.03b
M1F2 82.13 + 49.73ab —0.05 £ 0.04a 3.57 £ 0.29a 5.50 + 1.50b 0.68 + 0.13a 8.30 £ 5.71a 174.28 + 21.98a
M2F2 82.85 + 58.45ab —0.04 £+ 0.03a 2.63 + 0.20b 5.50 + 1.50b 0.50 + 0.09b 8.53 &+ 6.15a 141.28 + 19.88a
M3F2 90.54 + 47.86b —0.04 + 0.03a 2.93 + 0.90b 5.50 + 1.50b 0.56 + 0.21ab 6.78 + 3.67ab 171.55 + 22.15a
MA4F2 91.95 + 69.77b —0.03 &+ 0.03a 2.45 + 0.76bc 5.00 + 0.00b 0.49 £ 0.15b 9.39 £+ 9.00a 160.00 + 28.76a
F3 62.24 + 23.21b —0.09 £ 0.04a 4.81 £ 0.61b 5.50 + 1.50a 0.92 + 0.21b 4.97 + 3.19a 161.70 + 16.38b
M1F3 101.27 + 45.69ab —0.09 £+ 0.07a 6.22 + 0.89a 5.50 + 1.50a 1.20 £+ 0.29a 5.79 + 5.35a 272.75 £ 28.79a
M2F3 89.75 + 39.65ab —0.09 &+ 0.07a 6.04 &+ 0.75a 5.00 & 0.00a 1.21 +£0.15a 5.49 + 2.85a 267.10 £ 27.85a
M3F3 103.44 + 61.43ab —0.08 £ 0.06a 5.51 + 0.70ab 5.50 &+ 1.50a 1.05 + 0.22ab 7.66 £+ 4.70a 288.13 + 36.76a
M4F3 116.44 + 59.53a —0.06 + 0.05a 5.15 £ 0.79b 5.00 + 0.00a 1.03 + 0.16ab 4.28 + 2.34a 288.40 £ 39.27a
F4 69.32 + 30.12b —0.13 + 0.07a 7.51 + 0.99b 5.00 & 0.00a 1.50 + 0.20b 4.25 +1.19 239.15 £ 22.21b
M1F4 113.51 + 55.38ab —0.12 £ 0.10a 9.08 £+ 0.62a 5.00 £ 0.00a 1.82+0.12a 7.72 + 4.30ab 477.48 £+ 51.05a
M2F4 128.88 + 59.36ab —0.10 £ 0.06a 9.33 £ 0.91a 5.00 + 0.00a 1.87 £ 0.18a 6.98 + 4.91ab 542.95 £ 56.94a
M3F4 145.65 + 75.74a —0.09 £ 0.07a 8.70 = 1.21a 5.50 & 1.50a 1.66 + 0.38ab 11.07 &+ 7.65a 594.83 £ 63.77a
M4F4 156.96 + 77.28a —0.06 &+ 0.04a 7.71 £ 1.06b 5.00 & 0.00a 1.54 + 0.21b 9.97 £+ 5.14a 565.78 + 62.56a
F5 70.44 + 25.71b —0.18 £ 0.08a 10.48 £ 0.65¢ 5.00 + 0.00a 2.10 + 0.13b 4.86 + 2.71b 294.86 + 23.07b
MI1F5 121.52 + 54.26ab —0.15 £ 0.12a 11.99 + 1.01ab 5.50 & 1.50a 2.29 + 0.44ab 6.32 + 4.09ab 646.45 £+ 66.91a
M2F5 121.52 + 54.27a —0.12 4+ 0.10a 12.37 + 1.67a 5.00 & 0.00a 2.47 £ 0.33a 9.07 + 5.51ab 805.89 + 74.50a
M3F5 121.52 + 54.28a —0.11 £ 0.08a 11.94 + 1.24ab 5.00 + 0.00a 2.39 + 0.25ab 9.01 + 5.02ab 802.35 £ 75.69a
M4F5 121.52 + 54.29a —0.09 £ 0.09a 10.97 + 1.22bc 5.50 + 1.50a 2.10 + 0.44b 10.43 £ 5.32a 828.33 £ 78.87a

Note: ¢ Sweetness extinction time. ? Rate of intensity decrease following Inax. ¢ Maximum sweetness intensity. ¢ Time to reach Inay. ¢ Rate of intensity increase prior to
Imax- f Duration where sweetness intensity remains >90 % of I,ax. 8 Area under the curve. Different lowercase letters within the same indicator denote statistically

significant differences (p < 0.05).
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Fig. 5. The homology model structure of STR and molecular docking of ligand molecules with STR. (A) The homology model structure of STR. (B) Ramachandran
plot of the model. (C) The molecular docking results and partial enlarged views of TIR2/T1R3-Glucose/Fructose system. (D) The molecular docking results and
partial enlarged views of T1R2/T1R3-Glucose/Fructose/Menthol system. Ligand molecules: glucose (blue ball-and-stick), fructose (yellow ball-and-stick), and
menthol (purple ball-and-stick). The upper images of partial enlarged views highlight the binding patterns of ligands on the hydrophilic(blue) and hydrophobic
(orange) surfaces of the protein. The lower images depict the binding sites of ligands with STR amino acid residues (beige stick). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

peak around the 10th second, likely due to their relatively lower
sweetness levels, making it more difficult for assessors to detect and thus
delaying the perception of maximum sweetness intensity. All samples
maintained their peak intensity for approximately 5 s, followed by a
gradual reduction. Furthermore, Fig. 4 highlights the concentrated
sweetness of samples with the same concentration of HFCS, suggesting
that the cooling sensation has a limited enhancing effect on the sweet-
ness peak (Inax) and does not enhance the sweetness to a higher se-
mantic description category. The data in Fig. 4 reveals that samples F4
and F5, without the addition of menthol, exhibit a shorter sweetness
durations. This finding underscores the persistent feature of the cooling
sensation induced by menthol, which contributes to extending the
sweetness duration in the cooling-sweet hybrid system.

Based on the established reference system, when the assessors
employed 0.84 cm as the criterion for sweetness evaluation, it signified
the precise point at which the sweetness was perceptible or the threshold
beyond which it became imperceptible in a descending evaluation. This
critical value is denoted by a dashed black line in Fig. 4. To ensure

experimental accuracy, during pre-experimental training and the formal
evaluation, assessors were instructed to utilize scores below 0.84 c¢cm to
describe residual non-sweet sensations in the mouth as sweetness wanes.
These sensations may encompass the gradual dominance of sourness,
astringency sensation, or the cooling sensation induced by menthol.
Consequently, in analysis of sweetness duration, we specifically refer to
the time interval from the initial perception of sweetness to the moment
when the assessor's assessment drops below 0.84 cm, thus gauging the
persistence of sweetness.

To further evaluate the Temporal-Intensity characteristics of sweet-
ness perception across varying degrees of cooling sensation, this study
extracted seven characteristic parameters from the TI curves of 25
cooling sensation-sweetness systems (See Table 1).

As evident in Table 1, significant differences in five characteristic
parameters (Imax, Tplateaus Text> Rincrease and AUC) were observed across
varying cooling degrees for the same HFCS concentration. Notably, the
similar distribution trends of samples based on I;,ox and Ripcrease, as well
as Tplateau and AUC, suggest a strong correlation between these pairs of
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Fig. 6. Comparative analysis of stability in both systems. (A) RMSD of each domain in TIR2/T1R3-Glu/Fru; (B) RMSD of each domain in T1R2/T1R3-Glu/Fru/Men;
(C) RMSD of glucose and fructose in TIR2/T1R3-Glu/Fru; (D) RMSD of glucose and fructose in TIR2/T1R3-Glu/Fru/Men; (E) RMSF of T1R2 in both systems; (F)

RMSF of T1R3 in both systems; (G) Rg in both systems; (H) SASA in both systems;

variations of the active site pocket in T1R2/T1R3-Glu/Fru/Men.

parameters. Specifically, the significant difference in I« aligns with the
findings in Fig. 3, indicating that M1 to M3 exhibit a certain sweetness-
enhancing effect, while M4 lacks such an effect. Additionally, Tex: dis-
played a significant difference (p < 0.05) between the groups with and
without menthol. These results suggest that the overall sweetness
perception by evaluators is primarily governed by two parameters: Iax
and Tey. Consequently, in practical applications, one can initially
determine the initial concentration of HFCS based on the target sweet-
ness range, and subsequently, enhance sweetness intensity and prolong
sweetness duration through appropriate menthol addition, ultimately
achieving sweetness enhancement or reduction in HFCS addition.

To mitigate potential psychological biases in the assessment process,
this study employed the Single-Attribute Time-Intensity (SATI) method
for a sustained and focused evaluation of the sweetness attribute.
Ideally, to precisely identify the potential impact of cooling sensation on
sweetness perception, the Multi-Attribute Time-Intensity (MATI)
method should be utilized, concurrently assessing both cooling and
sweetness attributes in one sample (Kuesten et al., 2013). This approach
would not only eliminate inherent differences between samples but also
reduce the time and cost of evaluation. However, given the current
limitations of cooling sensation evaluation methods and the heightened
perceptual acuity required for assessing this chemesthesis, the study opts
for the SATI method as the primary tool for evaluating sweetness attri-
butes, pending the refinement of cooling sensation evaluation
techniques.

3.2. Molecular mechanism of menthol enhancing sweet taste perception

3.2.1. Homology modeling of STR and molecular docking of ligand
molecules with STR

This study successfully constructed a TIR2/T1R3 sweet receptor
protein model by SWISS-MODEL program, and its accuracy was rigor-
ously evaluated through the PROCHECK program. As illustrated in
Ramachandran plot (Fig. 5B), a remarkable 97.5 % of amino acid resi-
dues in this model reside in the favored region, while 99.40 % of their

(DAngular variations of the active site pocket in TIR2/T1R3-Glu/Fru; (J)Angular

dihedral angles fall within acceptable ranges, adhering to stereochemi-
cal energy principles, thus affirming the reliability of this model's
structure. Consequently, the protein model is deemed reasonable and
can serve as a template for subsequent investigations.

This study employs the comprehensive T1R2/T1R3 structure
(Fig. 5A) for molecular simulations. The human STR belongs to the Class
C GPCRs, consisting of a heterodimer protein formed by T1R2 and T1R3
subunits. As evident in Fig. 5A, it comprises three distinct parts: an
extracellular Venus flytrap domain (VFD) with a sizable central cavity
and a leaf-like structure, a transmembrane domain (TMD) region
composed of seven helical structures, and a cysteine-rich domain (CRD)
that bridges the two. The VFD serves as the primary binding site for
molecules such as glucose, fructose, and sucrose, critical for the STR to
perceive sweet signals (DuBois, 2016). Therefore, a thorough analysis of
the interactions between this domain and ligands could contribute
significantly to elucidating the molecular mechanism underlying men-
thol's enhancement of sweet perception.

In molecular simulation, menthol, glucose, and fructose were docked
as ligands with TIR2/T1R3, contrasting with a system devoid of
menthol (glucose-fructose-T1R2/T1R3 complex). Docking scores indi-
cate: glucose-T1R2 at —3.66 kcal/mol, glucose-T1R3 at —3.84 kcal/mol;
fructose-T1R2 at —3.06 kcal/mol, and fructose-T1R3 at —3.84 kcal/mol,
all docking within the VFD of T1R2 or T1R3. Similar to findings by
Kashani-Amin et al. (2019) glucose and fructose molecules bind within
the active pocket of VFD of T1R3, with varying selectivity for different
ligands and STR conformations. Absolutely, based on binding affinity,
both ligands preferentially bind to the T1R3 subunit. Fig. 5C-D depict
the binding conformation and sites of menthol-glucose-fructose-T1R2/
T1R3 complex. Clearly, glucose, fructose, and menthol primarily bind
within the hydrophilic cavity of TIR3's VFD, consistent with Chéron
et al. (2017) exhibiting extensive hydrogen bonding interactions with
surrounding amino acid residues.
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Fig. 7. The binding sites and conformations of the both systems during simulation.

3.2.2. Impact of menthol on the structural stability of TIR2/T1R3-glucose/
fructose complex

To further elucidate the molecular recognition mechanisms and
docking stability between three ligands and proteins, this study con-
ducted MD simulations on the binding of menthol, glucose, and fructose
with STR.

The root mean square deviation (RMSD), which reflects the sum of
atomic deviations from the target conformation, is a crucial indicator for
assessing system stability. In comparing Fig. 6A-B, during the simula-
tion, it was observed that the RMSD fluctuations of the T1R3 subunit,
when bound to menthol, were significantly reduced compared to the
T1R2 subunit. This diminution in fluctuation is postulated to be a result
of menthol binding, which restricts the mobility of the T1R3 subunit. A
further analysis of each domain within T1IR2 and T1R3 revealed that
menthol had a relatively minor impact on the conformational changes of
each domain in T1R2, whereas it significantly influenced the confor-
mations of VFD and TMD of T1R3. Specifically, menthol binding
reduced the RMSD of T1R3's VFD from fluctuating around 0.56 nm to a

more stable range around 0.41 nm, and similarly, the RMSD of T1R3's
TMD decreased from 0.58 to 0.34. The RMSD analysis also served to
evaluate the stability of the ligands relative to STR during the simula-
tion. As depicted in Fig. 6C-D, the RMSD values of glucose and fructose
remained consistently low and stable, indicating a robust binding be-
tween the ligands and STR. Notably, the addition of menthol did not lead
to significant conformational changes or dissociation of glucose and
fructose from STR.

The root mean square fluctuation (RMSF) serves as a metric for
quantifying the flexibility of amino acid residues in proteins. As illus-
trated in Fig. 6E-F, the amino acid flexibility distribution in TIR2/T1R3
proteins reveals that the binding of menthol and T1R3 significantly
enhances the RMSF in the Res560-Res830 region of T1R2 while
diminishing it in the Res500-Res600 region of T1R3. This indicates that
the binding of menthol to the VFD of T1R3 augments the atomic fluc-
tuations in the CRD of T1R2 while reducing those in the terminal region
of the CRD of T1R3 and the first two transmembrane helices of its TMD.
The CRD and TMD of T1R3 not only serve as active binding sites for
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high-intensity sweeteners but also participate in the transduction of
sweet taste signals (Jang et al., 2021; Kim et al., 2017). Therefore, it is
plausible that menthol exerts a sweet-enhancing effect by influencing
the transduction of these sweet taste signals.

The Radius of Gyration (Rg) serves to quantify the extent of
conformational changes, where a larger Rg indicates a more expanded
structure. As observed in Fig. 6G, both systems exhibit a relatively stable
level of expansion. Notably, the Rg of TIR2/T1R3-Glu/Fru/Men slightly
surpasses T1R2/T1R3-Glu/Fru after 60 ns, indicating a marginal
swelling induced by menthol.

The solvent-accessible surface area (SASA), reflecting the interface
between protein and solvent, serves as a proxy for conformational
changes in proteins. Fig. 6H reveal a gradual yet indistinctive decline in
SASA for both systems. Post 60 ns, the average SASA values for TIR2/
T1R3-Glu/Fru and T1R2/T1R3-Glu/Fru/Men are 753.95 + 7.72 nm?
and 763.24 + 7.21 nm?, respectively. In the later stages of the simula-
tion, the slight elevation in protein expansion and SASA observed in
T1R2/T1R3-Glu/Fru/Men suggests that, while the overall protein
structure remains largely unaltered, the addition of menthol potentially
enhances the accessibility of previously concealed or inaccessible active
sites for interactions with solvents (such as water molecules) or other
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glucose and fructose molecules.

An in-depth analysis of the angular variations of three amino acids
(Asn68, Ser189, and His278) situated near the active site of T1R3 in two
distinct systems has been conducted to elucidate the effect of Menthol on
the interaction between LB1 and LB2. As illustrated in Fig. 6I-J, a
noticeable reduction in the angular range of the active site is observed in
the T1R2/T1R3-Glu/Fru/Men system, suggesting a propensity towards
closure of the T1R3 active site after 100 ns of MD simulation. This
configuration favors stable binding of glucose and fructose molecules
within the active site, minimizing their escape from the pocket. Zhang
et al. (2024) demonstrated that the sweet signal of natural sweet sub-
stances (taking sucrose as an example) is generally transmitted through
the cyclic adenosine monophosphate (cAMP) pathway. When sweet
substances bind to the sweet taste receptors TIR2/T1R3, they activate
the G a subunit and adenylate cyclase to produce cAMP. cAMP activates
protein kinase A, causing potassium ion channel phosphorylation and
inhibiting potassium ion efflux, thereby triggering membrane polariza-
tion and neurotransmitter release, generating electrical signals to stim-
ulate peripheral nerves, and transmitting them to the taste center of the
brain through the chordal nervous system, ultimately perceiving
sweetness. Sweetness enhancers, on the other hand, do not activate STR
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Fig. 8. Interaction of ligands with TIR2/T1R3 protein in both systems during simulation. (A) The total number of hydrogen bonds between glucose and fructose with
STR; (B) Binding energy between glucose and T1R3;(C) Binding energy between fructose and T1R3; (D) Binding energy between menthol and T1R3.

but rather stabilize the closed state of the VFD domain by binding to it in
both T1R2 and T1R3 subunits, thereby enhancing the affinity between
sugar molecules and STR, ultimately intensifying sweet taste perception
(Ahmad & Dalziel, 2020; Monique et al., 2018). In their exploration of
the binding patterns between STR and low-molecular-weight sweet-
eners, Masuda and his colleagues discovered that the interaction be-
tween LB1 and LB2 is pivotal for the recognition of all sweeteners. The
interactions at the pocket entrance formed by LB1 and LB2 facilitate the
formation of the STR's closed structure, which is essential for its acti-
vation (Masuda et al., 2012). Further research conducted by Zhang et al.
(2010) and Yamada et al. (2019) has revealed that sweetness enhancers
enhance sweetness perception by strengthening the hydrophobic in-
teractions between the two lobes of the VFD, LB1 and LB2, and reducing
the free energy required for its closure, thereby stabilizing the closed
conformation.

3.2.3. Effect of menthol on the interaction between sweet taste molecules
and T1R2/T1R3 protein

This study further examines the interplay between the ligands and
the TIR2/T1R3 protein. Fig. 7 depicts the changes in the interaction
between the ligands and the T1R2/T1R3 protein at 0 ns, 20 ns, 40 ns, 60
ns, 80 ns, and 100 ns during the simulation. This figure reveals that the
ligands stably bind to STR through hydrogen bonding and hydrophobic
interactions, exhibiting no tendency to escape from STR.

Interaction of ligand molecules with T1R2/T1R3 Protein in T1R2/
T1R3-Glu/Fru (A) and T1R2/T1R3-Glu/Fru/Men (B) during Simulation.

Upon analyzing the amino acid sites involved in docking, within the
T1R2/T1R3-Glu/Fru system, glucose exhibits high binding frequencies
with amino acid residues such as Gly168, Ser170, Asp190, GIn193,
Glu301, and GIn389, stabilized by hydrogen bonds. Similarly, fructose
also displays high binding frequencies with residues like Ser147, Ser170,
Glu217, and GIn221, forming hydrogen bonds. However, in the T1R2/
T1R3-Glu/Fru/Men system, the pattern of hydrogen bonding between
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glucose, fructose, and specific amino acid residues undergoes alter-
ations, with menthol also forming stable hydrogen bonds with residues
like Glu301 and GIn326. The active cavity constituted by these amino
acid residues represents the active binding site. Currently, there is
limited research reporting on the active sites of natural small molecular
sugars (such as glucose, fructose, and sucrose) binding to the VFD of
T1R3. Kashani-Amin et al. (2019) have suggested that the VFD active
site of T1R3 for a-D-glucooligosaccharides are primarily constituted by
amino acid residues like E148, H281, S306, L308, 1L.331, L.385, N386,
H387, H388, Q389, and F391. Notably, the Serl47 residue, which
fructose docks with, has been proven crucial for the sensitivity of sugar
molecules in activating STR (Dubovski et al., 2023).

Upon analyzing the binding patterns of ligands and STR in the two
systems from a conformational perspective, an analysis of the hydrogen
bond counts and binding energy changes in both systems was conducted
(Fig. 8). Fig. 8A illustrates that the hydrogen bond interactions between
glucose and fructose with T1R3 in the T1R2/T1R3-Glu/Fru/Men sys-
tem, with the addition of menthol, are more stable compared to the
T1R2/T1R3-Glu/Fru system. From the observation of the binding sites
of glucose, fructose, and menthol in Fig. 7, it is evident that the inclusion
of menthol occupies a portion of the active cavity, shifting glucose and
fructose towards the left, thereby altering the position of hydrogen
bonding and consequently influencing their interactions with the STR.
Zhang et al. (2010)posit that in the combined effect of sucrose/sucralose
and enhancers, the enhancer occupies partial sites within the receptor's
active pocket, thereby achieving a binding mode akin to that of
stevioside.

Fig. 8B-D highlights the changes in binding energies between the
ligands and STR in both systems. In the TIR2/T1R3-Glu/Fru/Men sys-
tem, the binding energies of glucose and fructose with STR exhibit a
relatively stable trend, averaging at —208.96 + 15.59 kJ/mol and —
167.39 + 15.91 kJ/mol, respectively. In contrast, the TIR2/T1R3-Glu/
Fru system, devoid of menthol, displays significant fluctuations in the
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binding energies of glucose and fructose with the STR, averaging at
—77.65 + 66.25 kJ/mol and — 117.79 + 32.44 kJ/mol, respectively.
This comparison underscores the substantial enhancement in the bind-
ing of glucose and fructose with the STR induced by the inclusion of
menthol. Fig. 8D further demonstrates that the binding energy of
menthol itself with the STR is also relatively stable, averaging at
—110.25 + 9.13 kJ/mol. This indicates that menthol molecules can
stably bind to the active site of the T1R3, potentially providing a robust
foundation for its enhancing effect on glucose and fructose molecules.
Zhang et al. (2010) propose that the sweetening mechanism of taste
enhancers follows a “docking-locking” two-step mechanism. The
sweetener Initially binds to the hinge region, inducing the closure of the
VFT domain (docking). Subsequently, the enhancer binds near the
opening, further stabilizing the closed conformation (locking). The en-
tropy loss incurred during the closure process is compensated by the
binding of the enhancer, thereby ensuring binding stability.

4. Conclusion

In this study, the cooling agent, menthol, exhibits a notable capa-
bility to potentiate the sensory perception of sweetness in HFCS. Spe-
cifically, menthol lowers the sweetness detection threshold, elevates
maximum perceived intensity, and prolongs sweetness duration. Further
molecular modeling reveals the potential mechanism by which menthol
enhances sweetness: menthol molecules stably bind near the binding
sites of glucose and fructose with the STR. This binding facilitates two
critical actions: (1) By altering glucose/fructose conformations, menthol
strengthens hydrogen bonding between these ligands and the receptor's
VFD. (2) Menthol enhances hydrophobic interactions near the ligand-
binding pocket, stabilizing the closed VFD conformation required for
receptor activation. Additionally, menthol may strengthen sweet taste
perception by affecting the transduction of sweet signals. These com-
bined effects likely amplify downstream signal transduction, linking
molecular interactions to perceptual outcomes, necessitating further
validation and revelation through biological experiments and electro-
encephalography techniques in future studies.
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