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Abstract: There is wide variation in how individuals perceive the chemosensory attributes of liquid
formulations of ibuprofen, encompassing both adults and children. To understand personal variation
in the taste and chemesthesis properties of this medicine, and how to measure it, our first scientific
strategy centered on utilizing trained adult panelists, due to the complex and time-consuming
psychophysical tasks needed at this initial stage. We conducted a double-blind cohort study in
which panelists underwent whole-genome-wide genotyping and psychophysically evaluated an
over-the-counter pediatric medicine containing ibuprofen. Associations between sensory phenotypes
and genetic variation near/within irritant and taste receptor genes were determined. Panelists who
experienced the urge to cough or throat sensations found the medicine less palatable and sweet,
and more irritating. Perceptions varied with genetic ancestry; panelists of African genetic ancestry
had fewer chemesthetic sensations, rating the medicine sweeter, less irritating, and more palatable
than did those of European genetic ancestry. We discovered a novel association between TRPA1
rs11988795 and tingling sensations, independent of ancestry. We also determined for the first time
that just tasting the medicine allowed predictions of perceptions after swallowing, simplifying future
psychophysical studies on diverse populations of different age groups needed to understand genetic,
cultural-dietary, and epigenetic factors that influence individual perceptions of palatability and, in
turn, adherence and the risk of accidental ingestion.

Keywords: genetic ancestry; ibuprofen; pediatric formulations; taste; irritation; chemesthesis; single
nucleotide polymorphisms

1. Introduction

How medications are delivered often differs between children and adults. While adults
typically take medicine as solid formulations, encapsulating unpleasant-tasting active pharma-
ceutical ingredients (APIs), young children, unable or unwilling to swallow pills or capsules,
are treated with liquid formulations that contain sugars, salts, and flavor volatiles to improve
palatability [1-4]. There are cultural exceptions to this generalization, however.
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In the United Kingdom, a popular cold and flu medicine for adults is formulated as a
powder, containing APIs and excipients such as lemon flavors and sweeteners [5], dissolved
in hot water and served as a tea. When the manufacturer replaced the API paracetamol
with ibuprofen in the 1990s, some consumers complained that the tea tasted “bad” [6,7].
The accuracy of these complaints was later confirmed by psychophysical studies on adults
who rated aqueous ibuprofen solutions as tasting irritating and bitter after swallowing,
and felt chemesthetic sensations (i.e., chemically evoked irritation, e.g., the “tingle” of
carbonation) in the oral cavity and throat [8]. Current formulations of this medicine do not
contain ibuprofen, confirming that individual differences exist in the taste and chemesthetic
properties of ibuprofen and the importance of the palatability of medicines among adults.

For pediatric populations, ibuprofen is often delivered as a sweetened suspension
because sweetness is not only a preferred taste but also effective in masking unpleasant
tastes [9]. Over-the-counter (OTC) sweetened ibuprofen suspensions are among the most
widely used pharmaceutics for children [10], yet a recent study shows that, like adults,
some children experienced “tingling” and “burning” sensations in mouth and throat after
swallowing an ibuprofen-containing chewable capsule, whereas others did not [11]. Of
importance, ibuprofen accounts for most unintentional poison exposures among children
under 6 years in the United States [12,13]. While child-resistant packaging has been shown
to prevent pediatric pharmaceutic poisonings, unsupervised ingestion can occur when such
packaging is disabled, the medicine is within the child’s reach, and the child thinks the
medicine tastes good [14]. Taken together, these data led us to hypothesize that, although
sweetened suspensions of ibuprofen taste bad enough to deter some from ingesting large
volumes, those children who do not experience its irritant properties may find that the
medicine “tastes like candy’ [15], thereby increasing their risks of overconsumption due to
children’s inborn proclivity for sweetness [16].

The primary goal of the present study was (1) to begin addressing this hypothe-
sis by (a) determining the degree of personal variation in the palatability of a popular
over-the-counter (OTC) sweetened formulation of ibuprofen via detailed measurements
of chemosensory perceptions in a trained adult sensory panel and (b) comparing these
results with panelists” genetics, by conducting a candidate gene association study on se-
lected variants in/near sweet and bitter taste receptors (TAS1Rs and TAS2Rs) and related
chemosensory transient receptor potential (TRP) channels. For this initial study, we did
not test children because the psychophysical tasks needed were complex and lengthy, and
because, as reported above, variation in the perception of ibuprofen exists in both adults
and children [6]. Using traditional psychophysical methods found in basic research [17]
and sensory evaluation research [6,18], we studied a panel of adults trained in the detailed
sensory methods used. As a secondary goal, (2) we addressed the need recognized by
regulatory agencies (e.g., European Medicine Agencies; FDA) [19,20] and pharmaceutical
companies [21] for safe and simpler standardized measures of medicine palatability and
determined for the first time that just tasting the medicine led to predictions of perceptions
after swallowing, simplifying future testing.

2. Results
2.1. Panel Characteristics

The 154 panelists (64 males; 90 females) who met the inclusion criteria had a mean age
of 34 £ 1 years and represented the diversity of the city where they lived: Philadelphia,
PA, USA [22] (Figure S1). The genetic ancestry of the unrelated panelists (n = 141) was
determined to be as follows: African (n = 63), European (n = 51), South Asian (n = 13), East
Asian (n =7), or American (n = 7; Figure 52). To assess response reliability, we repeated
testing for 114 panelists 46 + 1 days later. Psychophysical ratings of sweetness (r = 0.56),
irritation (r = 0.50), bitterness (r = 0.50), and hedonics (r = 0.43) were significantly correlated
between the two sessions (p’s < 0.001).
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2.2. Chemosensory Phenotypes

As shown in Table 1, panelists rated the medicine as tasting less sweet and more
irritating, bitter, and unpalatable after swallowing than after the sip-and-spit condition.
Irritation ratings persisted and were higher in the delay condition (5 min after swallowing)
versus the sip-and-spit condition, confirming an aftertaste effect.

Table 1. Effect of experimental condition on sweetness, bitterness, irritation, and palatability ratings
of an ibuprofen-containing pediatric formulation !.

Experimental Condition p Value 2

Sip & Spit Swallow Delay Sip v Swallow Sip v Delay
Intensity, gLMS
rating
Sweetness 339+ 16 313+ 16 164+ 1.3 0.02 0.001
Irritation 6.7 +£07 109+ 1.0 89+1.0 <0.001 0.02
Bitterness 73+£08 8.6 0.8 6.6 £0.8 0.03 0.34
Palatability
Hedonic gLMS rating 164 £2.1 104 £22 82+21 <0.001 0.06

! Over-the-counter ibuprofen formulation (Children’s Motrin™ Oral Suspension, Johnson & Johnson Consumer
Inc., McNeil Consumer Healthcare Division). Because bitterness and irritation ratings were not normally dis-
tributed, square root transformation on the original data was applied prior to analysis; however, original gLMS
data are summarized here to preserve the integrity of the meaning of the scale. 2 p values from one-way analysis
of variance. Comparisons between sip-and-spit and swallow conditions determined how perceptions changed
upon swallowing. Comparisons between sip-and-spit and delay conditions determined whether or not there was
an aftertaste. To be considered an aftertaste, ratings had to be significantly higher in the delay than sip-and-spit
condition. Data are least squared means + SEM; n = 154.

Psychophysical ratings varied widely across panelists for all conditions. Sip-and-spit
ratings for sweetness, irritation, bitterness, and palatability were predictors of ratings after
swallowing (Figure 1A-D). Sweetness ratings varied greatly among panelists, from 1 (no
sensation) to 98 (strongest imaginable), as did irritation (0 to 57, very strong), bitterness (0 to
51, very strong), and hedonic ratings (—64, strong dislike, to 98, strongest imaginable like).
How much panelists liked the taste of the ibuprofen formulation was positively related
to the hedonic ratings of its sweetening excipients, Ace-K (r = 0.37, p < 0.001) and sucrose
(r=0.37; p <0.001), and negatively related to its irritation ratings (r = —0.30; p < 0.001).

A greater proportion of panelists experienced the urge to cough and throat tin-
gling /scratching in the swallow condition than in the sip-and-spit condition, and had these
sensations localized in the epiglottis, larynx, trachea, hypopharynx, and hypopharynx
areas (Figure 1E-G). Over two-thirds (72%) experienced at least one of the eight sensations,
and one-third (31%) coughed after swallowing. Overall, chemesthetic perception predicted
palatability; for those who experienced no chemesthetic sensations (1 = 42), palatability was
positively correlated only with sweetness (r = 0.37; p = 0.02); for those who experienced one
or more irritation sensations (n = 112), palatability was negatively correlated with irritation
(r=—0.28; p < 0.001) and only slightly correlated with sweetness (r = 0.19; p = 0.045).
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Figure 1. Sensory (gLMS) rating and chemesthetic sensations across experimental conditions (A-G).
Relationships of gLMS ratings between sip-and-spit and swallow conditions for sweetness ((A);
Pearson correlations: r = 0.78, p < 0.001), irritation ((B); r = 0.54, p < 0.001), bitterness ((C); r = 0.65,
p <0.001), and palatability (hedonics; (D); r = 0.76; p < 0.001) for all participants (n = 154). Each data
point represents one panelist. Because bitterness and irritation ratings were not normally distributed,

square root transformation was applied prior to analysis; however, original gLMS data are plotted
to preserve the integrity of the meaning of the scale. (E-G) Percentages of panelists (n = 154) who
experienced each of the listed chemesthetic sensations (E) and locations (F) during the spit-and-sip
((F), hatched bars) and swallow (solid bars) conditions. Panelists used the illustration of the sagittal
section of head and throat areas (G) to indicate locations of sensations. * p < 0.05 compared to

sip-and-spit condition, Fisher’s exact test.
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2.3. Genetic Associations with Chemosensory Phenotypes

When grouped by chemesthetic responses, panelists who had the urge to cough or
felt scratchiness in the throat (43%, 66/154) rated the medicine as more irritating, less
sweet, and less palatable (Figure 2A). This pattern was held in those of African genetic
ancestry (Figure 2B), but those of European genetic ancestry differed only in sweetness
and palatability patterns (Figure 2C). Panelists who experienced tingling sensations in
the throat (35%, 54/154) perceived the medicines as more irritating and less palatable
(Figure 2D); among panelists of African ancestry this pattern held (Figure 2E), but among
those of European ancestry tingling was associated only with greater irritation (Figure 2F).
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Figure 2. Relationships between sensory (gLMS) ratings, chemesthetic sensations, and genetic
ancestry (A-F). gLMS ratings (mean + SEM) for sweetness, irritation, bitterness, and hedonics of a
pediatric ibuprofen formulation between panelists who did versus did not experience the urge to
cough or scratchiness after swallowing (A—C) and between panelists who did and did not experience
tingling in the throat (D-F). A and D, all panelists (1 = 154). (B,E) those with African genetic ancestry
(n = 63); (C,F) those with European genetic ancestry (n = 51). Because bitterness and irritation ratings
were not normally distributed, square root transformation was applied prior to analysis; however,
original gLMS data were plotted to preserve the integrity of the meaning of the scale. * Significant
difference between ancestry groups (p < 0.05), ANOVA. Trend of difference (p = 0.06), ANOVA. (G).
Heatmap of chemesthetic experiences (urge to cough/scratch; throat tingling) and gLMS ratings
(irritation, sweetness, and hedonic) between individuals of African or European genetic ancestry.
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Genetic ancestry covariates PC1 and PC2 were associated with ratings of sweetness,
palatability, and irritation (Figure S2) and the urge to cough or scratchiness or tingling
in the throat (Figure S3). More panelists with European genetic ancestry, versus those
with African genetic ancestry, experienced the urge to cough or throat scratchiness (59%
vs. 32%; p = 0.004) and tingling sensations (45% vs. 24%; p = 0.03) after swallowing the
medicine (Figure 2G). Compared to panelists of European genetic ancestry (1 = 51), those of
African genetic ancestry (n = 63) rated the formulation as sweeter (26.1 £ 2.2 vs. 36.7 + 2.8;
p = 0.005) and more palatable (2.4 £ 2.7 vs. 14.0 £ 4.1; p = 0.03).

Table 2 summarizes SNP—phenotype associations with significant or marginal signifi-
cance (p < 0.10). Four novel associations were found between selected TRP family SNPs and
sweetness ratings or chemesthetic sensations after swallowing, and five known associations
were confirmed between taste receptor SNPs and the sweetness ratings of Ace-K or bitter-
ness ratings of the control drug PTU. No marginal associations were found for other SNPs
(TAS2R10 rs597468, TAS2R14 rs1015443, TAS2R46 1s2708380, and TRPM5 rs230169).

Table 2. SNP—chemosensory phenotype associations of all ancestry groups (1 = 141 unrelated
individuals) and only those of African (1 = 63) or European (1 = 51) genetic ancestry.

SNP Major/
Gene Identifier/ Minor
Function Allele !

SNP-Phenotype,

187593557/

TRPMS8 S419N G/A
rs224534/

TRPV1 Ta601 G/A

TRPAI rsll988795/ C/T

Intronic

rs35744813/

TASIR3 Intergenic c/T
rs3741845/

TAS2R9 V187A A/G
1510845293

TAS2R31 A227V/ G/A
rs713598/

TAS2R38 'A4OP C/G

Minor Allele Frequency Phenotype, Phgrl:)l:- e Linear or Logistic Regression *
All African European Stimulus 2 Value}e,l; Nonadjusted PC Adjusted
Ancestries  Ancestry Ancestry P Effect Size p Value Effect Size p Value
0326 0563 0,049 Swﬁgt‘raiﬁ“g' 0.02 5924215 0007  349+288 0.23
Cough/scratch, 0.49 0.60
Motrin 0.009 (0.30-0.77) 0.003 (0.32-1.10) 0.10
0.28 0.143 0.324 Tingle, Motrin 0.04 — 0.23 — 0.96
) ) 1.88 1.80
0337 0310 0.353 Tingle, Motrin 0.06 (1.12.323) 0.02 (1.05.3.15) 0.03
Sweet rating, o o
0.369 0.619 0.127 AceK 0.01 046 0.74
Sweet rating,
S, 0.07 — 0.18 — 093
Bitter rating, —0.99 £+ —1.00 +=
0.426 0222 0569 Ao K <0.001 021 <0.001 025 <0.001
039 0.325 0510 B‘ttircer_algng' 0.002 0.69 +0.23 0.003 0.78 +0.23 0.001
0.465 0.508 0412 B“tel,rTrS““g' <0.001 1724024 <0001  173+£025  <0.001

1 Minor allele defined based on its frequency from all ancestry groups of the unrelated panelists (1 = 141). 2 Sweet
or bitter intensity ratings (continuous phenotypes) or the proportion of minor allele carriers who experienced
chemesthetic sensations versus who did not (dichotomous phenotypes) after swallowing 5 mL of Children’s
Motrin™ Oral Suspension, or ratings after tasting Ace-K, sucrose, and control drug PTU. Rating data for bit-
terness were square root transformed. 3 p values from one-way ANOVA (continuous phenotypes) or Fisher’s
exact test (dichotomous phenotypes). 4 Linear (continuous phenotypes) or logistic (dichotomous phenotypes)
regression model tested SNP—phenotype relationships in all unrelated panelists (1 = 141). Effect sizes are the
mean =+ standard error of the mean for continuous phenotypes and odds ratios (95% confidence interval) for
dichotomous phenotypes. p Values are from a regression model without (non-adjusted) and with PC1 and PC2
as covariates (PC adjusted). Dash (—) indicates effect sizes with p > 0.05. Abbreviations: Ace-K, Acesulfame
potassium; PC, principal component; PTU, propylthiouracil; SNP, single-nucleotide polymorphism.

Further linear or logistic regression models on data of unrelated individuals revealed
that minor allele A of TRPMS rs7593557 was associated with increased ratings of sweetness
and a smaller percentage of panelists who experienced the urge to cough or scratchiness.
However, when adjusted for genetic ancestry, the SNP—phenotype associations were no
longer significant (Table 2). The A allele of TRPMS rs7593557 is rare in individuals of
European genetic ancestry but a major allele in those of African genetic ancestry. For the
two TRP SNPs that were statistically associated with experiencing tingling sensations in
Fisher’s exact tests, logistic regression results found that minor allele A of TRPV1 rs224534
did not change the likelihood of experiencing tingling sensations, while minor allele T of
TRPA1 rs11988795 significantly increased the likelihood of experiencing tingling sensations
by 1.88 times, independent of genetic ancestry.
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The established associations of bitter receptor SNPs such as TAS2R38 rs713598 with
the bitterness of PTU and those of TAS2R9 rs3741845 and TAS2R31 rs10845293 with the
bitterness of Ace-K were confirmed and remained significant after adjusting for genetic
ancestry (Table 2). The SNP rs35744813 near the sweet taste receptor gene TASIR3 was
associated with the sweetness of Ace-K and sucrose, but its minor allele was not significantly
associated with differences in perceived sweetness.

3. Discussion

We found reproducible individual differences among adults in the taste and palatabil-
ity of a popular OTC ibuprofen-containing pediatric formulation and two of its sweetening
excipients, and genetic variation contributed to some of these differences. Swallowing the
formulation intensified perceived irritation and bitterness and diminished sweetness and
palatability compared to the sip-and-spit condition. Chemesthetic sensations lingered in
the throat, confirming prior reports of an aftertaste [8,11]. The most notable individual
differences in perception were identified by grouping panelists by the chemesthetic sen-
sations they experienced after swallowing; for those who experienced none of the eight
checklist sensations, palatability related only to sweetness ratings. However, for those
who experienced the urge to cough and felt scratchiness in the throat, the medicine tasted
more irritating, less sweet, and less palatable whereas for those who experienced tingling
in the throat, the medicine tasted more irritating and less palatable. When compared to
those of European genetic ancestry, those of African genetic ancestry were less likely to
experience these chemesthetic sensations and the medicine tasted sweeter, less irritating,
and more palatable.

While some evidence suggested that ibuprofen is a chemesthetic irritant, particularly in
the throat [8,23], and can interact with TRP channels in peripheral sensory neurons [24,25],
this is the first investigation of its phenotype—-genotype associations in humans. Our find-
ings highlight the importance of accounting for genetic ancestry in this type of research [26].
While self-reported race is widely used as a proxy for genetic ancestry [27,28], genome-wide
genotyping enabled us to determine individuals’ genetic ancestry using a genome-wide
SNP set and to control for the effects of genetic ancestry that often confound these genetic
associations. We identified novel associations between TRPA1 rs11988795 and tingling sen-
sations independent of genetic ancestry, suggesting that this SNP is a potential biomarker
for ibuprofen-induced tingling sensations in diverse populations. TRPA1 has been reported
to be selectively excited by ibuprofen in rodent sensory neurons [29], which provides func-
tional evidence of its involvement in the response to ibuprofen. In contrast, we also identi-
fied a novel association between TRPMS8 rs7593557 and the urge to cough or the scratchiness
sensations of ibuprofen, which was confounded by genetic ancestry, demonstrating the
advantage of using genome-wide genotyping data to characterize genetic ancestry.

Trained in psychophysical methods, adult panelists rated an OTC sweetened formu-
lation that contained the API ibuprofen and common sweetening excipients, providing a
more complex flavor than do aqueous solutions of ibuprofen that are previously used [8].
While the excipients Ace-K and sucrose most likely masked some of the unwanted bitter-
ness and irritation of the API [4], we found that individual perceptual differences in the
sweetness of the formulation and of the excipient Ace-K alone were related to variation in a
bitter TAS2R9 receptor, a finding consistent with those of prior research [30]. Consequently,
panelists’ ratings included not only variation in the taste of ibuprofen but also taste—taste
and taste—irritation interactions of ibuprofen and excipients, and individual genetic varia-
tion. Both bitterness and chemical irritation can suppress sweetness, and vice versa [31,32].
Further, these data suggest that evaluating aqueous solutions of the API alone may not
inform on either the acceptance or risk of formulation misuse, especially for those that
contain palatable sweetening agents and flavor volatiles.

The present study is not without limitations. Although we identified a novel associa-
tion between TRPAT and tingling sensations of ibuprofen, and confirmed established associ-
ations between TAS2R38 and the bitterness of PTU [33] and between TAS2R9 and TAS2R31
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the bitterness of Ace-K [30,34], the investigation into genotype—phenotype associations was
limited by a small sample size. Further, we cannot rule out that different gLMS ratings and
chemesthetic sensations for ibuprofen between individuals of African and European genetic
ancestry may be due to nongenetic factors, as self-identified race/ethnicity is highly corre-
lated with genetic ancestry. Research has shown that Americans who self-reported as Black
most preferred significantly higher levels of sweetness [35] and had higher daily intakes
of added sugar [36] than those who self-reported as White. While our evidence suggests
that adults with African genetic ancestry perceived the pediatric formulation of ibuprofen
differently than did those of European genetic ancestry, future association studies on taste
and palatability need to include children and other age groups to determine the relative
contributions of cultural-dietary, developmental, genetic, and epigenetic pathways [37,38].

Other taste psychophysical studies conducted in adults, which allow for more complex
taste ratings and longer testing duration, have revealed personal variation in taste, irritation,
and the palatability of pediatric medicines, including the first-line treatment for young
children infected with human immunodeficiency virus [39] and, in the present study,
ibuprofen, one of the most widely used non-steroidal anti-inflammatory drugs. In light
of our secondary goal, to address safe and simpler standardized measures of medicine
palatability, we determined that just tasting the medicine was a predictor of perception
after swallowing, suggesting that this as a safe, streamlined, standardized measure of the
palatability of medicines for adult panelists [20,40]. The methods employed herein yielded
consistent and reliable individual differences over time. Further, we determined whether
adults deemed a popular OTC pediatric ibuprofen formulation pleasant or unpleasant
derived primarily from the perception of irritation in the throat and from genetic ancestry.
Because ratings of the swallowed medicine were predictive of ratings from tasting alone,
this method can be used as an initial assessment tool to study individual differences in the
taste of other medicines, particularly when swallowing is not allowed.

Needs for Pediatric Research. We caution that the data generated from trained adults
are not generalizable to children, and we emphasize that fundamental challenges and the
need for more research in children remain, including the need for validated methods to
assess the palatability and chemesthetic properties of medicines among young children,
who are prone to attention lapses, tend to answer questions in the affirmative, and have
limited language capabilities [4]. Because of the pronounced age-related changes in taste
preferences and sensitivity [41] and differences among genetic ancestry groups, pediatric
research is needed to determine whether sensitivities to ibuprofen and other APIs change
with age and which chemesthetic or taste sensations predict nonadherence to a medication
regimen or decrease risks of overingestion when unsupervised [4]. Such research, however,
needs to represent the diversity of the target patient population of the medicine and account
for genetic ancestry [26,42].

While much attention has been paid to improving the taste of the medicine, since taste
is the key factor in children’s acceptance and medication adherence [43], there has been a
long-standing fear that a medicine may taste too good (e.g., like candy) to some children
due to excipients such as sweeteners and palatable flavors [15]. Recall that palatability was
positively correlated only with sweetness in those adult panelists who did not experience
chemesthetic sensations after swallowing the medicine. In a recent study, 7- to 12-year-
old children rated the palatability of a chewable capsule formulation of ibuprofen using a
hedonic scale and were asked open-ended questions, including whether they felt sensations
in the mouth or throat areas [11]. More than half reported tingling or burning sensations
after swallowing the capsule(s), but the remaining 40% did not, suggesting susceptibility
to overconsumption in this group. Although further research is needed to confirm this is
indeed the case among young children, support for the existence of personal variations
in perception among children—the hallmark of human perception—also come from a
historical example of individual differences in the taste-related risks of pediatric poisoning
and research on denatonium (Bitrex™). In the 1980s to early 2000s, legislation in some US
states mandated the addition of this “highly unpalatable”, stable chemical to a variety of
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toxic liquids (e.g., paints, detergents, and antifreeze) to prevent poisonings and suicides. US
poison control data, however, revealed that this bittering agent did not deter poisoning in all
children (or adults), and thus its use could not be justified [44,45]. By taking the perspective
of precision medicine that “nobody is average”, a greater understanding of the genetic and
phenotypic variation underlying how a given medicine tastes to individual patients may
inform clinical care and lead to different formulations tailored to their specific risks.

4. Materials and Methods
4.1. Participants and Stimuli

Healthy adults trained as sensory panelists were enrolled in a multisession study as
trained sensory panelists to evaluate the taste of a variety of pediatric liquid formulations
and excipients, one of which was an over-the-counter (OTC) sweetened suspension contain-
ing ibuprofen (100 mg/5 mL, 2% w/v) marketed for children (Berry-Flavored Children’s
Motrin™ Oral Suspension, Johnson & Johnson Consumer Inc., McNeil Consumer Health-
care Division, Fort Washington, PA, USA) herein referred to as the ibuprofen formulation
plus two of its excipients, 0.6 M sucrose and 0.12 M Acesulfame potassium (Ace-K), and
560 uM propylthiouracil (PTU) as a control stimulus for genotype—phenotype analysis [33].
Inclusion criteria encompassed healthy adults who were between 18 and 55 years old. Each
adult was screened for medical eligibility by the study doctor (E.D.L.), who conducted a
thorough review of all prescription and nonprescription medications and known allergies.
Current smokers, those with known allergies or sensitivities to any of the medications or
stimuli included in the taste panel, or who were taking or had taken in the recent past any
medication that was contraindicated to those included in the taste panel were not eligible
to participate. Each panelist who was a biological female took a urine pregnancy test prior
to the start of each test session and was allowed to participate if test results were nega-
tive. Participants completed questionnaires to collect demographic information, including
self-reported race. The Office of Regulatory Affairs at the University of Pennsylvania and
the Institutional Review Board of the Children’s Hospital of Philadelphia approved all
procedures and consent forms, and the study complied with the Declaration of Helsinki for
medical research involving human Subjects. Each panelist gave written informed consent
prior to screening. The trial was registered at clinicaltrials.gov (NCT013627351) prior to the
start of the study (November 2018-July 2021).

The study was temporarily halted from March to July 2020 due to the COVID-19-
related discontinuation of nonessential human subject research in Philadelphia. Upon study
resumption in August 2020, we adapted the testing facility and received IRB approval to
implement several procedures to reduce risks to study staff and participants. In addition to
screening for COVID-19 symptomatology, we administered the National Institute of Health
Olfaction Toolbox test [46] since anosmia or hyposmia could impact taste and hedonic
ratings, and we did not retest the participants. As shown in Appendix A, we enrolled
169 adults of whom 15 were excluded because they failed the screening (n = 4) or did not
understand psychophysical tasks/adhere to the protocol (n = 11). The self-reported races
of the 154 panelists (64 males; 90 females) who met the inclusion criteria were as follows:
41% Black, 36% White, 13% Asian, 1% Native American, or 8% more than one race. The last
38 participants enrolled were tested during the COVID-19 pandemic. Although all were
asymptomatic at the time of testing, 15% were categorized as having hyposmia or anosmia,
an incidence above that reported prior to the pandemic [47]. We repeated the statistical
analyses without these six panelists, and the findings remained unchanged.

4.2. Phenotyping

Using a double-blind study design, panelists were tested in closed rooms designed
specifically for sensory testing, with red light illumination to eliminate the effect of the color
of the solution, if any, on sensory ratings. During the first session, panelists were trained
individually to identify basic taste sensations and were familiarized with rating taste
and irritation sensations on the general labeled magnitude scale (gLMS) and palatability
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on the hedonic gLMS, on a computer with Compusense five™ Plus software (version 5)
(Compusense, Inc., Guelph, Ontario, Canada). The gLMS visually spaces verbal descriptors
of intensity for chemosensory perceptions (e.g., bitterness, sweetness, and irritation) as no
sensation (0), barely detectable (1.4), weak (5.8), moderate (16), strong (35), very strong
(53), and strongest imaginable (100) [48]. Because some individuals, despite training,
confuse bitter with sour [49], we used the higher of the two ratings (hereafter referred to as
bitterness), as carried out previously [50]. The hedonic gLMS ranked affective experience
using the same visual arrangement, with the anchors strongest imaginable liking (100)
and strongest imaginable disliking (—100) of any kind, with 0 indicating neither like nor
dislike. Both scales rank perceived intensity along a vertical axis lined with adjectives
spaced semi-logarithmically to yield ratio-quality data.

After swishing it in their mouth for 5 s, panelists rated taste, irritation, and palatability
on a computer. One minute separated the presentation of each stimulus, during which
panelists rinsed their mouths with water. Stimuli were presented in a quasi-randomized
order since during the sessions in which they rated the ibuprofen medicine, it was presented
last since it was the only stimulus that was swallowed. This formulation was evaluated
under three conditions and in the following order: (a) swishing in mouth for 5 sec and
spitting out without swallowing (sip-and-spit condition); (b) after a one-minute pause,
swishing in the mouth for 5 sec and then swallowing (swallow condition); and (c) five
minutes post-swallowing (delay condition). Immediately after rating the intensity of taste,
irritation, and hedonics, panelists were presented with a checklist of eight chemesthetic
sensations—burning, tingling, stinging, numbing, cooling, scratching, urge to cough, and
urge to sneeze—and indicated which, if any, they experienced. They were then presented
with a diagram of the sagittal section of the head and throat areas (i.e., tongue, hard
palate, soft palate, oropharynx, nasopharynx, hypopharynx, larynx, trachea, esophagus,
and epiglottis as shown in Figure 1G) and indicated where, if anywhere, they felt these
chemesthetic sensations [6,29]. The investigator recorded if the panelist coughed or sneezed.
This was repeated for each of the three conditions. The entire test session was repeated for
a subset of participants to assess response reliability.

4.3. Genotyping, Genetic Ancestry, and Candidate Single-Nucleotide Polymorphisms (SNPs)

Saliva samples were collected from each enrolled panelist (1 = 154). Eight samples
that had poor DNA quality were not processed with a genotyping assay. Genotypes of the
remaining individuals were assayed on Infinium Global Screening Array (Illumina, Inc.,
San Diego, CA, USA) and called using GenomeStudio (version 1.9). Quality control was per-
formed at the variant and subject levels. At the variant level, 451,143 SNPs were obtained
after applying the following criteria: (1) autosomal SNPs with a call rate of >95% across sam-
ples, and (2) a Hardy-Weinberg equilibrium p-value of > 10~7, and (3) with a minor allele
frequency (MAF) of >0.01. At the individual level, samples with a genotype missing rate
of >5% were removed; one sample failed to meet this criterion (Supplementary Figure S1).
We also determined whether or not individuals’ reported sex was consistent with their
chromosomal sex by performing a “sex check” with PLINK (version 1.9) [51]. The reported
biological sex of all individuals matched their chromosomal sex.

Kinship analysis was performed with KING (version 2.2.7) [52] to detect whether
or not any panelists were relatives. Four pairs of related individuals were identified as
having a first three-degree relationship, of which one individual from each pair (family)
was retained, yielding a final sample size of 141 unrelated participants for genetic ancestry
analysis (Appendix A). Genetic ancestry was assigned to study participants based on
their overlap in the principal component (PC) space [53] created with genotypes of the
2504 reference subjects of the 1000 Genomes Project, which were labeled according to
their super population clusters [54] as African (n = 661), European (n = 503), South Asian
(n = 489), East Asian (n = 504), or American (n = 347). Specifically, the genotypes of common
SNPs that were shared between study participants and those in 1000 Genomes Project were
combined and PC analysis was performed on the combined panel with PLINK. Scatter
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plots of the first two principal components (PC1; PC2) were generated to project data
from each panelist onto this lower-dimensional space and genetic ancestry was assigned
to the 141 unrelated study participants, according to their overlap with the categories of
the 1000 Genomes Project (Figure S1). Their genetic ancestry, which was determined to be
African (n = 63), European (n = 51), South Asian (n = 13), East Asian (n = 7), or American
(n =7), was used in statistical analyses. Self-reported race was never used as a proxy for
genetic ancestry.

The imputation of genotypes to a greater portion of the human genome was performed
on Michigan Imputation Server (https://imputationserver.sph.umich.edu/index.html#
(accessed on 21 January 2022)) with 1000 Genomes Project phase 3 v5 genotype data
as a reference for unrelated individuals. Imputed variants were filtered based on the
(1) imputation quality score of r* > 0.30; (2) a Hardy-Weinberg equilibrium p value of >10~7,
and (3) a MAF of > 0.01, yielding 12,072,402 imputed variants. To conduct the candidate
gene association study, we selected SNPs within or near sweet and bitter taste receptors
(TAS1Rs and TAS2Rs) and chemosensory transient receptor potential (TRP) channels that
were biologically informed, including (a) rs35744813 near the sweet taste receptor gene
TAS1R3 [55]; rs3741845 within the bitter receptor gene TAS2R9 [30]; and rs10845293 within
the bitter receptor TAS2R31 [34] since sucrose and Ace-K were excipients; (b) SNPs in
the TRP family including rs230169 within the gene TRPM5 (encoding TRP cation channel
subfamily M member 5), the final step in the sweet taste receptor transduction cascade that
leads to receptor depolarization [56]; rs11988795 within the gene TRPAI; rs7593557 within
the gene TRPMS; and rs224534 within the gene TRPV1 because ibuprofen is considered
an irritant [57] and activates Trpal in rodent neurons [29]; (c) SNPs within other bitter
taste receptors (TAS2R10 rs597468, TAS2R14 rs1015443, and TAS2R46 rs2708380) that are
considered generalists with 19 to 21 ligands each [58]; and (d) TAS2R38 rs713598, which
was used as an internal control for genotype-taste phenotype (PTC) associations [33]. For
each SNP, we determined whether or not the distribution of alleles varied according to
genetic ancestry.

4.4. Statistical Analyses

We computed descriptive statistics and used the Shapiro-Wilk test to assess for nor-
mality. Salty and savory ratings were rarely provided and therefore eliminated from the
analysis. The gLMS ratings for sweetness were normally distributed (p > 0.20), but ratings
of bitterness and irritation were not (Shapiro-Wilk normality test, p < 0.01). Square root
transformation on original bitterness and irritation ratings (plus 0.01) was applied prior to
analysis; however, the raw gLMS data were plotted to preserve the integrity of the meaning
of the gLMS scale.

First, we focused on phenotyping data from 154 panelists. Separate ANOVA tests de-
termined whether ratings intensified and the number and locations of sensations increased
upon swallowing (sip-and-spit vs. swallow) and whether or not panelists experienced
an aftertaste (sip-and-spit vs. delay), which was deemed to have occurred only when the
taste or irritation ratings were greater in the delay condition than in the sip-and-spit condi-
tion. Separate correlational analyses were conducted to determine whether or not gLMS
ratings in the sip-and-spit condition were predictive of ratings in the swallow condition.
Dichotomous groupings were formed based on whether the individual experienced certain
chemesthetic sensations or not and we determined whether or not the taste and palatability
differed between groups using Fisher’s exact tests.

Second, we investigated the genetic associations with chemosensory phenotypes but
analyses focused on the 141 unrelated individuals with successful genotyping and the
determination of genetic ancestry (Appendix A). Separate ANOVA tests were conducted
to determine whether or not candidate SNPs were associated with continuous, gLMS
ratings, whereas Fisher’s exact tests were conducted to determine associations of SNPs
with dichotomous groupings of sensory phenotypes. The relationship between genetic
ancestry covariates (PC1 or PC2) and phenotypes was assessed using linear regression
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for continuous gLMS ratings (Figure S2) or logistic regression for dichotomous grouping
(Figure S3). For SNP—phenotype relationships that showed marginal associations (p < 0.10),
linear or logistic regression models for continuous or dichotomous phenotypes, respectively,
without (non-adjusted) and with adjustments for genetic ancestry covariates (PC1; PC2),
were used to determine whether or not identified associations were confounded by genetic
ancestry [33]. Effect sizes were computed as (1) mean =+ standard error of the mean (SEM)
for continuous phenotypes, representing how many units of rating each copy of a minor
allele changed, and the (2) odds ratio (OR) for dichotomous phenotypes, representing the
increased risk of experiencing the sensation conferred by carrying one copy of the minor
allele, along with the corresponding 95% confidence intervals (CIs). Comparisons between
ancestry groups were limited to African (n = 63) and European (n = 51) due to the small
sample size of other ancestry groups. Data were analyzed using R and Statistica (v13.1;
StatSoft, Tulsa, OK, USA). The statistical significance level was set at p < 0.05 (two-tailed)
for all analyses unless noted otherwise.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms241713050/s1.
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Appendix A

Dates of Trial: 2018-2021
NCT 013627351
Assessed for eligibility (1 = 169)

Reasons for Exclusion (1 = 15)
Did not meet inclusion criteria (1 = 4)
Did not understand task (n=11)

4

Psychophysical testing to assess sensory
phenotypes and saliva collected for genotyping

(n=154)
Reasons for Exclusion (n=13)

Poor DNA quality (1 =8)

— Genotyping failed quality control (1 =1)
Kinship analysis identified 4 pairs of related
individuals so one from each pair chosen at

J random (1 = 4)

A

Genome-wide genotyping and genetic ancestry
analyses (n = 141)

Figure Al. Study flow chart. The study population consisted of women and men who were non-
smokers; had no known allergies or sensitivities to any of the medications or stimuli included in the
taste panel; and who were not taking and had not taken in the recent past any medication that was
contraindicated to those included in the taste panel. Biological females had to have a negative urine
pregnancy test on each testing day. We based our sample size calculation using prior adult sensory
panel data reported by Mennella et al. (Reprinted/adapted with permission from Ref. [17]).

References

1.  Kroeze, ].H.; Bartoshuk, L.M. Bitterness suppression as revealed by split-tongue taste stimulation in humans. Physiol. Behav. 1985,
35,779-783. [CrossRef]

2. Menrella, J.A.; Reed, D.R.; Roberts, K.M.; Mathew, P.S.; Mansfield, C.J. Age-related differences in bitter taste and efficacy of bitter
blockers. PLoS ONE 2014, 9, e103107. [CrossRef]

3.  Schwieterman, M.L.; Colquhoun, T.A.; Jaworski, E.A.; Bartoshuk, L.M.; Gilbert, ].L.; Tieman, D.M.; Odabasi, A.Z.; Moskowitz,
H.R,; Folta, KM.; Klee, H.J.; et al. Strawberry flavor: Diverse chemical compositions, a seasonal influence, and effects on sensory
perception. PLoS ONE 2014, 9, e88446. [CrossRef] [PubMed]

4. Mennella, J.A.; Spector, A.C.; Reed, D.R.; Coldwell, S.E. The bad taste of medicines: Overview of basic research on bitter taste.
Clin. Ther. 2013, 35, 1225-1246. [CrossRef] [PubMed]

5. Electronic Medicines Compendium (EMC) Lemsip Cold and Flu Lemon. Available online: https://www.medicines.org.uk/emc/
product/617 /smpctgref (accessed on 5 June 2023).

6.  Beauchamp, G.K. The flavor of serendipity. Am. Sci. 2019, 107, 170-177.

7. Schatzker, M. The Dorito Effect: The Surprising New Truth about Food and Flavor; Simon and Schuster: New York, NY, USA, 2015.

8. Breslin, P.A.; Gingrich, T.N.; Green, B.G. Ibuprofen as a chemesthetic stimulus: Evidence of a novel mechanism of throat irritation.
Chem. Senses 2001, 26, 55-65. [CrossRef]

9.  Mennella, ].A.; Reed, D.R.; Mathew, P.S.; Roberts, K.M.; Mansfield, C.J. “A spoonful of sugar helps the medicine go down”: Bitter
masking by sucrose among children and adults. Chem. Senses 2015, 40, 17-25. [CrossRef]

10. Hines, E.Q. Pediatric poisonings: The risk of over-the-counter pharmaceuticals. Pediatr. Ann. 2017, 46, e454-e458. [CrossRef]

11. Barnett, S.; Bhatt, A. A chewable pediatric preparation of ibuprofen is palatable and acceptable to children. Paediatr. Neonatal Pain
2020, 2, 2-6. [CrossRef]

12.  Ross, J.A.; Woodfin, M.H.; Rege, S.V.; Holstege, C.P. Pediatric suicides reported to U.S. poison centers. Clin. Toxicol. 2022, 60,
869-871. [CrossRef]

13.  Rakowsky, S.; Spiller, H.A.; Casavant, M.]J.; Chounthirath, T.; Hodges, N.L.; Kim, E.H.; Smith, G.A. Antipyretic medication
exposures among young children reported to US Poison Centers, 2000-2015. Clin. Pediatr. 2018, 57, 266-276. [CrossRef]

14.  White, N.D.; Kibalama, W. Prevention of pediatric pharmaceutical poisonings. Am. J. Lifestyle Med. 2018, 12, 117-119. [CrossRef]


https://doi.org/10.1016/0031-9384(85)90412-3
https://doi.org/10.1371/journal.pone.0103107
https://doi.org/10.1371/journal.pone.0088446
https://www.ncbi.nlm.nih.gov/pubmed/24523895
https://doi.org/10.1016/j.clinthera.2013.06.007
https://www.ncbi.nlm.nih.gov/pubmed/23886820
https://www.medicines.org.uk/emc/product/617/smpc#gref
https://www.medicines.org.uk/emc/product/617/smpc#gref
https://doi.org/10.1093/chemse/26.1.55
https://doi.org/10.1093/chemse/bju053
https://doi.org/10.3928/19382359-20171120-02
https://doi.org/10.1002/pne2.12013
https://doi.org/10.1080/15563650.2022.2042013
https://doi.org/10.1177/0009922817698124
https://doi.org/10.1177/1559827617745014

Int. ]. Mol. Sci. 2023, 24, 13050 14 0of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Silver, K. Why Medicine Flavor Matters in Drug Design, Especially for Kids. Available online: https:/ /www.pfizer.com/news/
articles/why_medicine_flavor_matters_in_drug_design_especially_for_kids (accessed on 9 August 2023).

Smethers, A.D.; Mennella, J.A. Sweet taste and added sugar consumption in infancy and childhood. In Sensory Science and
Chronic Disease: Clinical Implications and Disease Management; Joseph, P., Duffy, V., Eds.; Springer International Publishing: Cham,
Switzerland, 2021.

Mennella, J.A.; Mathew, P.S.; Lowenthal, E.D. Use of adult sensory panel to study individual differences in the palatability of a
pediatric HIV treatment drug. Clin. Ther. 2017, 39, 2038-2048. [CrossRef]

Marques, C.; Correia, E.; Dinis, L.T.; Vilela, A. An overview of sensory characterization techniques: From classical descriptive
analysis to the emergence of novel profiling methods. Foods 2022, 11, 255. [CrossRef] [PubMed]

Khan, D.; Kirby, D.; Bryson, S.; Shah, M.; Rahman Mohammed, A. Paediatric specific dosage forms: Patient and formulation
considerations. Int. J. Pharm. 2022, 616, 121501. [CrossRef] [PubMed]

European Medicines Agency Committee for Medicinal Products for Human Use and Paedatric Committee Guideline on
Pharmaceutical Development of Medicines for Paediatric Use (Adopted) 2013. Available online: eu/docs/en_GB/document_
library /Scientific_guideline/2013/07/WC500147002.pdf (accessed on 7 July 2023).

Thompson, C.; Lombardi, D.; Sjostedt, P.; Squires, L. Best practice recommendations regarding the assessment of palatability
and swallowability in the development of oral dosage forms for pediatric patients. Ther. Innov. Regul. Sci. 2015, 49, 647-658.
[CrossRef] [PubMed]

Pew Charitable Trusts Philadelphia 2023: The State of the City. Available online: https://www.pewtrusts.org/en/research-and-
analysis/reports/2023/04/philadelphia-2023-state-of-the-city (accessed on 5 July 2023).

Bennett, S.M.; Hayes, J.E. Differences in the chemesthetic subqualities of capsaicin, ibuprofen, and olive oil. Chem. Senses 2012, 37,
471-478. [CrossRef] [PubMed]

Rose, T.M.; Reilly, C.A.; Deering-Rice, C.E.; Brewster, C.; Brewster, C. Inhibition of FAAH, TRPV1, and COX2 by NSAID-serotonin
conjugates. Bioorg. Med. Chem. Lett. 2014, 24, 5695-5698. [CrossRef] [PubMed]

Caceres, A.L; Liu, B.; Jabba, S.V.; Achanta, S.; Morris, ].B.; Jordt, S.E. Transient Receptor Potential Cation Channel Subfamily M
Member 8 channels mediate the anti-inflammatory effects of eucalyptol. Br. J. Pharmacol. 2017, 174, 867-879. [CrossRef] [PubMed]
Peterson, R.E.; Kuchenbaecker, K.; Walters, R K.; Chen, C.Y.; Popejoy, A.B.; Periyasamy, S.; Lam, M.; Iyegbe, C.; Strawbridge,
R.J.; Brick, L.; et al. Genome-wide association studies in ancestrally diverse populations: Opportunities, methods, pitfalls, and
recommendations. Cell 2019, 179, 589-603. [CrossRef] [PubMed]

Duello, T.M.; Rivedal, S.; Wickland, C.; Weller, A. Race and genetics versus ‘race’ in genetics: A systematic review of the use of
African ancestry in genetic studies. Evol. Med. Public Health 2021, 9, 232-245. [CrossRef]

Khan, A.T.; Gogarten, S.M.; McHugh, C.P; Stilp, A.M.; Sofer, T.; Bowers, M.L.; Wong, Q.; Cupples, L.A.; Hidalgo, B.; Johnson,
A.D.; et al. Recommendations on the use and reporting of race, ethnicity, and ancestry in genetic research: Experiences from the
NHLBI TOPMed program. Cell Genom. 2022, 2, 100155. [CrossRef] [PubMed]

Peyrot des Gachons, C.; Lescoat, E.; Slade, L.; Beauchamp, G.K. Comparative perceptual properties of the TRPA1 ligand
oleocanthal and the TRPV1 ligand capsaicin in the pharyngeal area. In Proceedings of the 41st Annual Meeting for the Association
for Chemoreception Sciences, Bonita Springs, FL, USA, 14-17 April 2019.

Allen, A.L.; McGeary, J.E.; Knopik, V.S.; Hayes, ].E. Bitterness of the non-nutritive sweetener acesulfame potassium varies with
polymorphisms in TAS2R9 and TAS2R31. Chem. Senses 2013, 38, 379-389. [CrossRef] [PubMed]

Green, B.G.; Lim, J.; Osterhoff, F.; Blacher, K.; Nachtigal, D. Taste mixture interactions: Suppression, additivity, and the
predominance of sweetness. Physiol. Behav. 2010, 101, 731-737. [CrossRef] [PubMed]

Prescott, J.; Stevenson, R.J. Effects of oral chemical irritation on tastes and flavors in frequent and infrequent users of chili. Physiol.
Behav. 1995, 58, 1117-1127. [CrossRef]

Genick, U.K,; Kutalik, Z.; Ledda, M.; Destito, M.C.; Souza, M.M.; Cirillo, C.A.; Godinot, N.; Martin, N.; Morya, E.; Sameshima,
K.; et al. Sensitivity of genome-wide-association signals to phenotyping strategy: The PROP-TAS2R38 taste association as a
benchmark. PLoS ONE 2011, 6, €27745. [CrossRef]

Bobowski, N.; Reed, D.R.; Mennella, ].A. Variation in the TAS2R31 bitter taste receptor gene relates to liking for the nonnutritive
sweetener Acesulfame-K among children and adults. Sci. Rep. 2016, 6, 39135. [CrossRef]

Mennella, J.A.; Lukasewycz, L.D.; Griffith, ].W.; Beauchamp, G.K. Evaluation of the Monell forced-choice, paired-comparison
tracking procedure for determining sweet taste preferences across the lifespan. Cherm. Senses 2011, 36, 345-355. [CrossRef]
Bowser, S.; Farnsworth, N.; Russell, K.; Schlechter, H.; Bernstein, S.; Courville, A.B.; Zambell, K.; Skarulis, M.; Muniyappa, R.
Sweet taste perception is greater in non-Hispanic black than in non-Hispanic white adults. Nutrition 2019, 59, 103-107. [CrossRef]
Kuzawa, C.W.; Sweet, E. Epigenetics and the embodiment of race: Developmental origins of US racial disparities in cardiovascular
health. Am. J. Hum. Biol. 2009, 21, 2-15. [CrossRef]

Aneli, S.; Mezzavilla, M.; Bortolini, E.; Pirastu, N.; Girotto, G.; Spedicati, B.; Berchialla, P.; Gasparini, P.; Pagani, L. Impact of
cultural and genetic structure on food choices along the Silk Road. Proc. Natl. Acad. Sci. USA 2022, 119, e2209311119. [CrossRef]
[PubMed]

Deng, M.; Hida, N.; Yamazaki, T.; Morishima, R.; Kato, Y.; Fujita, Y.; Nakamura, A.; Harada, T. Comparison of bitterness
intensity between Prednisolone and quinine in a human sensory test indicated individual differences in bitter-taste perception.
Pharmaceutics 2022, 14, 2454. [CrossRef] [PubMed]


https://www.pfizer.com/news/articles/why_medicine_flavor_matters_in_drug_design_especially_for_kids
https://www.pfizer.com/news/articles/why_medicine_flavor_matters_in_drug_design_especially_for_kids
https://doi.org/10.1016/j.clinthera.2017.08.012
https://doi.org/10.3390/foods11030255
https://www.ncbi.nlm.nih.gov/pubmed/35159407
https://doi.org/10.1016/j.ijpharm.2022.121501
https://www.ncbi.nlm.nih.gov/pubmed/35092832
eu/docs/en_GB/document_library/Scientific_guideline/2013/07/WC500147002.pdf
eu/docs/en_GB/document_library/Scientific_guideline/2013/07/WC500147002.pdf
https://doi.org/10.1177/2168479015573585
https://www.ncbi.nlm.nih.gov/pubmed/30227032
https://www.pewtrusts.org/en/research-and-analysis/reports/2023/04/philadelphia-2023-state-of-the-city
https://www.pewtrusts.org/en/research-and-analysis/reports/2023/04/philadelphia-2023-state-of-the-city
https://doi.org/10.1093/chemse/bjr129
https://www.ncbi.nlm.nih.gov/pubmed/22281531
https://doi.org/10.1016/j.bmcl.2014.10.064
https://www.ncbi.nlm.nih.gov/pubmed/25467164
https://doi.org/10.1111/bph.13760
https://www.ncbi.nlm.nih.gov/pubmed/28240768
https://doi.org/10.1016/j.cell.2019.08.051
https://www.ncbi.nlm.nih.gov/pubmed/31607513
https://doi.org/10.1093/emph/eoab018
https://doi.org/10.1016/j.xgen.2022.100155
https://www.ncbi.nlm.nih.gov/pubmed/36119389
https://doi.org/10.1093/chemse/bjt017
https://www.ncbi.nlm.nih.gov/pubmed/23599216
https://doi.org/10.1016/j.physbeh.2010.08.013
https://www.ncbi.nlm.nih.gov/pubmed/20800076
https://doi.org/10.1016/0031-9384(95)02052-7
https://doi.org/10.1371/journal.pone.0027745
https://doi.org/10.1038/srep39135
https://doi.org/10.1093/chemse/bjq134
https://doi.org/10.1016/j.nut.2018.08.003
https://doi.org/10.1002/ajhb.20822
https://doi.org/10.1073/pnas.2209311119
https://www.ncbi.nlm.nih.gov/pubmed/36375050
https://doi.org/10.3390/pharmaceutics14112454
https://www.ncbi.nlm.nih.gov/pubmed/36432645

Int. ]. Mol. Sci. 2023, 24, 13050 150f 15

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

Ivanovska, V.; Rademaker, C.M.; van Dijk, L.; Mantel-Teeuwisse, A.K. Pediatric drug formulations: A review of challenges and
progress. Pediatrics 2014, 134, 361-372. [CrossRef]

Mennella, J.A.; Pepino, M.Y.; Duke, EF,; Reed, D.R. Age modifies the genotype-phenotype relationship for the bitter receptor
TAS2R38. BMC Genet. 2010, 11, 60. [CrossRef] [PubMed]

Borrell, L.N.; Elhawary, J.R.; Fuentes-Afflick, E.; Witonsky, J.; Bhakta, N.; Wu, A.H.B.; Bibbins-Domingo, K.; Rodriguez-Santana,
J.R.; Lenoir, M.A.; Gavin, J.R., 3rd; et al. Race and genetic ancestry in medicine-A time for reckoning with racism. N. Engl. J. Med.
2021, 384, 474-480. [CrossRef]

Venables, R.; Marriott, J.; Stirling, H. FIND OUT: Key problems with children’s medicines formulations... It’s a taste issue! Int. ].
Pharm. Pract. 2012, 20, 23.

White, N.C.; Litovitz, T.; Benson, B.E.; Horowitz, B.Z.; Marr-Lyon, L.; White, M.K. The impact of bittering agents on pediatric
ingestions of antifreeze. Clin. Pediatr. 2009, 48, 913-921. [CrossRef]

Mullins, M.E.; Zane Horowitz, B. Was it necessary to add Bitrex (denatonium benzoate) to automotive products? Vet. Hum.
Toxicol. 2004, 46, 150-152.

Dalton, P.; Doty, R.L.; Murphy, C.; Frank, R.; Hoffman, H.J.; Maute, C.; Kallen, M.A; Slotkin, J. Olfactory assessment using the
NIH Toolbox. Neurology 2013, 80 (Suppl. S3), S32-536. [CrossRef]

Hoffman, H.J.; Rawal, S.; Li, CM.; Duffy, V.B. New chemosensory component in the U.S. National Health and Nutrition
Examination Survey (NHANES): First-year results for measured olfactory dysfunction. Rev. Endocr. Metab. Disord. 2016, 17,
221-240. [CrossRef]

Bartoshuk, L.M.; Duffy, V.B.; Green, B.G.; Hoffman, H.J.; Ko, CW.; Lucchina, L.A.; Marks, L.E.; Snyder, D.].; Weiffenbach, ]. M.
Valid across-group comparisons with labeled scales: The gLMS versus magnitude matching. Physiol. Behav. 2004, 82, 109-114.
[CrossRef] [PubMed]

Meiselman, H.L.; Dzendolet, E. Variability in gustatory quality identification. Percept. Psychophys. 1967, 2, 496—498. [CrossRef]
Alfaro, R.; Crowder, S.; Sarma, K.P,; Arthur, A.E.; Pepino, M.Y. Taste and smell function in head and neck cancer survivors. Cherm.
Senses 2021, 46, bjab026. [CrossRef] [PubMed]

Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, PI.; Daly, M.].; et al.
PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. . Hum. Genet. 2007, 81, 559-575.
[CrossRef]

Manichaikul, A.; Mychaleckyj, ].C.; Rich, S.S.; Daly, K.; Sale, M.; Chen, W.M. Robust relationship inference in genome-wide
association studies. Bioinformatics 2010, 26, 2867-2873. [CrossRef]

Price, A.L.; Patterson, N.J.; Plenge, R.M.; Weinblatt, M.E.; Shadick, N.A.; Reich, D. Principal components analysis corrects for
stratification in genome-wide association studies. Nat. Genet. 2006, 38, 904-909. [CrossRef]

Genomes Project Consortium; Auton, A.; Brooks, L.D.; Durbin, R.M.; Garrison, E.P.; Kang, H.M.; Korbel, ].O.; Marchini, J.L.;
McCarthy, S.; McVean, G.A.; et al. A global reference for human genetic variation. Nature 2015, 526, 68-74.

Nelson, G.; Hoon, M.A.; Chandrashekar, J.; Zhang, Y.; Ryba, N.J.; Zuker, C.S. Mammalian sweet taste receptors. Cell 2001, 106,
381-390. [CrossRef]

Liman, E.R. TRPM5 and taste transduction. Handb. Exp. Pharmacol. 2007, 179, 287-298.

Allen, A.L.; McGeary, ].E.; Hayes, J.E. Polymorphisms in TRPV1 and TAS2Rs associate with sensations from sampled ethanol.
Alcohol. Clin. Exp. Res. 2014, 38, 2550-2560. [CrossRef]

Meyerhof, W.; Batram, C.; Kuhn, C.; Brockhoff, A.; Chudoba, E.; Bufe, B.; Appendino, G.; Behrens, M. The molecular receptive
ranges of human TAS2R bitter taste receptors. Chem. Senses 2010, 35, 157-170. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1542/peds.2013-3225
https://doi.org/10.1186/1471-2156-11-60
https://www.ncbi.nlm.nih.gov/pubmed/20594349
https://doi.org/10.1056/NEJMms2029562
https://doi.org/10.1177/0009922809339522
https://doi.org/10.1212/WNL.0b013e3182872eb4
https://doi.org/10.1007/s11154-016-9364-1
https://doi.org/10.1016/j.physbeh.2004.02.033
https://www.ncbi.nlm.nih.gov/pubmed/15234598
https://doi.org/10.3758/BF03210253
https://doi.org/10.1093/chemse/bjab026
https://www.ncbi.nlm.nih.gov/pubmed/34050750
https://doi.org/10.1086/519795
https://doi.org/10.1093/bioinformatics/btq559
https://doi.org/10.1038/ng1847
https://doi.org/10.1016/S0092-8674(01)00451-2
https://doi.org/10.1111/acer.12527
https://doi.org/10.1093/chemse/bjp092
https://www.ncbi.nlm.nih.gov/pubmed/20022913

	Introduction 
	Results 
	Panel Characteristics 
	Chemosensory Phenotypes 
	Genetic Associations with Chemosensory Phenotypes 

	Discussion 
	Materials and Methods 
	Participants and Stimuli 
	Phenotyping 
	Genotyping, Genetic Ancestry, and Candidate Single-Nucleotide Polymorphisms (SNPs) 
	Statistical Analyses 

	Appendix A
	References

