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Abstract: Inflammatory bowel disease (IBD) is a chronic inflammatory condition of the gastrointestinal
tract resulting from interactions among various factors with diet being one of the most significant.
IBD-related dietary behaviors are not clearly related to taste dysfunctions. We analyzed body mass
index (BMI) and perception of six taste qualities and assessed effects of specific taste genes in IBD
patients and healthy subjects (HC). BMI in IBD patients was higher than in HC subjects. Taste
sensitivity to taste qualities was reduced in IBD patients, except for sour taste, which was higher
than in HC subjects. Genetic variations were related to some taste responses in HC subjects, but
not in IBD patients. Frequencies of genotype AA and allele A in CD36 polymorphism (rs1761667)
were significantly higher in IBD patients than in HC subjects. The taste changes observed could
be explained by the oral pathologies and microbiome variations known for IBD patients and can
justify their typical dietary behaviors. The lack of genetic effects on taste in IBD patients indicates
that IBD might compromise taste so severely that gene effects cannot be observed. However, the
high frequency of the non-tasting form of CD36 substantiates the fact that IBD-associated fat taste
impairment may represent a risk factor for IBD.

Keywords: inflammatory bowel disease (IBD); taste; gene effects

1. Introduction

Inflammatory bowel disease (IBD) is a chronic and relapsing inflammatory pathology of the
gastrointestinal tract. The main clinical phenotypes are Crohn’s disease (CD) and Ulcerative Colitis
(UC). Both disorders are characterized by flare-ups, followed by periods of remission. In the past
several decades, the incidence and prevalence of UC and CD have increased worldwide, especially
in western countries, in concert with industrialization and urban lifestyle [1,2]. The inflammatory
processes associated with IBD normally lead to significant weight loss [3], however some IBD patients
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gain excessive weight masking nutrition issues, such as nutritional deficiencies [4]. IBD is the result
of a complex interaction between genetic, immunologic, microbial, and environmental factors [5–8].
However, its precise aetiology remains uncertain [6].

Accumulating evidence suggests that diet is one of the most significant risk factors that contribute
to the pathogenesis of IBD [6]. Some studies found an increased risk of IBD associated with the
consumption of foods that are high in sugar, animal fats and oils, and protein [1,6,9–14]. On the other
hand, high intake of foods rich in fiber, including fruits and vegetables, has been shown to protect
against IBD [9–11,15–17]. In addition, it is known that some nutrients (such as Tryptophan, Arginine,
Glutamine and short-chain fatty acids derived from dietary fiber) enhance intestinal barrier function
and host immunity, which in turn protects against this disease [6]. Accordingly, diet recommendations
that encourage the consumption of plant-based foods and de-emphasize excess consumption of sugar
and animal foods may be a successful strategy for treatment of IBD.

Systemic inflammation and compromised immunity are characteristic features of IBD that put
these patients at greater risk for oral diseases such as dental caries and periodontitis [18]. Thus, it
is plausible that IBD affects overall taste function as well. In fact, Schutz et al. have suggested that
IBD patients overconsume sweets, fats, and proteins as a way to compensate for taste impairments
and thus to make their meals more satisfying [19]. However, published data on taste changes in IBD
patients are controversial [4,19–23]. Some authors have reported a reduction in overall taste function [4]
or reductions limited to specific qualities [4,19,20], while others reported no taste impairments in
these patients [23]. In addition, some studies reported that IBD patients with alterations of taste
function show zinc deficiency [19,22,24,25], which may be linked to the functionality of the salivary
zinc-dependent enzyme gustin/carbonic anhydrase VI (CAVI) [19]. Gustin CAVI is considered a trophic
factor promoting development of taste buds [26–28] and disruptions in this protein are known to
decrease taste function [29]. Importantly, the extant literature on taste changes in IBD has focused on
the classic four taste qualities (sweet, salty, bitter, sour), but studies have not included the fifth basic
taste (umami) or the ability to taste fatty acids which has been recently proposed as a sixth sensory
quality [30]. Evidence supporting fat taste as an oral sensation is based on evidence showing that the
primary transduction mechanism for fat taste consists of the interaction of saturated and unsaturated
long-chain fatty acids (LCFA; number of carbons ≥16, such as linoleic acid) with the plasma membrane
glycoprotein CD36 in taste buds [31–36]. In fact, the multifactorial CD36 scavenger receptor is an
88kDa protein which has been shown to be present in gustatory papillae of humans [37,38] as the
main long-chain fatty acid receptor in taste bud cells where it plays a decisive role in the orosensory
perception of dietary lipids (such as oleic acid), and fat preference [39–41]. Thus, major gaps still exist
in our understanding of taste mechanisms in IBD.

Individual differences in taste responses are well known and are partially controlled by genetic
factors. The genetic ability to taste the bitter compound 6-n-propylthiouracil (PROP) is the best-known
example of taste variability that has broad implications for taste perceptions, food preferences and
dietary behavior with subsequent impacts on nutritional status and health outcomes [42]. It is
well-established that super-tasters (who perceive extreme bitterness from PROP), compared with
PROP non-tasters (who are taste blind to this compound), are more responsive to other taste qualities
including fats, and that PROP tasting is associated with variations in food acceptability, selection
of vegetables and fruits and several health parameters, such as body mass composition, plasma
antioxidant status and colon cancer risk [39,43–56]. The observation that PROP super-tasters are more
responsive to a wide range of oral stimuli, compared to PROP non-tasters, is explained by the greater
density of fungiform taste papillae on the anterior surface of the tongue that has been reported in
these individuals [57–61]. In addition, PROP sensitivity has been associated with the polymorphism,
rs2274333 (A/G), of the gustin gene (CA6) which alters the functionality of gustin CAVI as trophic
factor of taste papillae by modifying its zinc binding capacity [27,28].

It is not known if taste variations associated with the aforementioned genes, as well as
polymorphisms in CD36 (the gene implicated in fatty acid taste), play a role in taste changes in
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IBD. Investigation of these gene effects could provide important insights for linking taste changes to
dietary behavior in IBD.

The aim of this study was evaluating whether differences in body mass index (BMI), in IBD
patients, may be associated with specific alterations in taste function. Given that, in IBD patients,
manifold oral pathologies have been observed to be caused by iron, zinc, or vitamin deficiencies [62–64],
we hypothesized specific taste dysfunctions in IBD patients compared with healthy controls. We further
hypothesized a higher BMI in IBD patients compared with controls, based on previous observations
showing that patients with IBD overconsume foods rich in sugar, fat and protein [19–21]. To achieve
this aim we determined if IBD patients differed from healthy controls in BMI and perception of
all six taste qualities (sweet, salty, sour, bitter, umami and fat). We also assessed gene effects on
these responses with the aim to understand the mechanisms involved in the possible alterations of
taste of IBD patients. Subjects were classified for their PROP taster status and genotyped for (a) the
rs2274333 (A/G) polymorphism of the gustin gene; and (b) the r1761667 polymorphism of the CD36
gene. Previous studies demonstrated a role for this CD36 gene variation in the protein expression
levels, in fat perception and metabolism [39,41,65–69].

2. Materials and Methods

2.1. Subjects

One hundred and fifty-nine Caucasian volunteers were recruited in the area of Cagliari, Italy.
Two groups were studied: inflammatory bowel disease (IBD) patients (n = 97; 53 men, 44 women; age
51.38 ± 1.5 y) and healthy control (HC) subjects (n = 62; 26 men, 36 women; age 48.79 ± 3.06 y). IBD
patients were referred to the study by the IBD clinics of the Gastroenterology Unit of the University
Hospital Company (AOU) Monserrato (CA), Italy and included Crohn’s Disease (CD) (n = 43) and
Ulcerative Colitis (UC) patients (n = 54). HC were recruited at the local University and matched
in age to the clinic population. All patients enrolled (both CD and UC patients), had a disease in
remission and were treated with mesalazine or 5-ASA agents or monoclonal antibodies against TNF-α
for their disease. Table 1 shows the demographic and clinical characteristics of IBD patients. BMI in
IBD patients was stable and did not tend to change over time, because of the condition of disease
remission. Exclusion criteria for both IBD patients and HC subjects were otolaryngology disorders,
major systemic diseases, drug interfering with taste or smell (e.g., steroids, antihistamines, and certain
antidepressants), pregnancy or lactation, food allergies, history of middle ear surgery, cranial trauma,
Bell’s palsy, or stroke. IBD patients who had any systemic diseases associated with IBD were not
included. Procedures were carried out in accordance with the Helsinki Declaration and approved by
the ethical committee of AOU of Cagliari. Subjects signed an informed consent prior to being enrolled
in the study.

Table 1. Demographic and clinical features of IBD patients and HC subjects.

Variables IBD HC

Age (years) 51.38 ± 1.5 48.79 ± 3.06
Gender (n)

Male 53 26
Female 44 36
CD (n) 43 -
UC (n) 54 -

IBD patients (n = 97) and HC subjects (n = 62). CD, Crohn’s disease; UC, Ulcerative Colitis.

2.2. Experimental Procedure

Subjects were requested to refrain from consuming any food or beverages, and from smoking,
using chewing gum or oral care products for at least 2 h prior to taste tests. They had to be in the test
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room 15 min before the beginning of the session in order to adapt to the environmental conditions
(23–24 ◦C; 40–50% relative humidity). Weight and height were measured for each subject in order to
calculate the BMI (Kg/m2) and a sample of whole saliva (2 mL) was collected into an Eppendorf tube.
The samples were stored at −80 ◦C until the molecular analyses were completed as described below.

For all taste assessments (see the taste assessment section), the solutions, prepared the day
before the session, were stored in a refrigerator until 1 h before testing. Stimuli were administered at
room temperature.

2.3. PROP Taster Status Classification

Subjects were classified for PROP taster status by using the impregnated paper screening test [70],
which was validated in numerous studies [71,72]. Briefly, two paper disks, one impregnated with
PROP solution (50 mmol/L) and one with sodium chloride, NaCl (1.0 mol/L), were placed on the tip of
the tongue of each subject for 30 s. The evaluations of the perceived intensity for each paper disk were
determined by using the LMS scale [73]. The use of this scale gave the subjects the freedom to estimate
the PROP bitterness intensity relative to the “strongest imaginable” oral stimulus ever perceived in
their life. The LMS is a semi-logarithmic 100-mm scale in which seven verbal descriptors are arranged
along the length of the scale. Subjects who gave to the PROP disk lower ratings than 15 mm on the
LMS were classified as PROP non-tasters (NT), those who gave higher ratings than 67 mm on the LMS
were classified as PROP super-tasters (ST), while medium-tasters rated PROP disk with intermediate
values [70]. For the subjects who gave a borderline rating for PROP disk, the ratings for NaCl were
used as a reference standard since the taste intensity to NaCl does not change with PROP taster status
in this procedure [74]. Based on their taster group assignments 14 HC subjects and 25 IBD patients
were classified as ST, 29 HC subjects and 39 IBD patients were MT, and 25 HC subjects and 33 IBD
patients were NT.

2.4. Sweet, Salty, Sour, Bitter and Umami Taste Sensitivity Assessments

Taste sensitivity to the four primary qualities (sweet, sour, salty, bitter) was examined by using
the Taste Strip Test (TST, Burghart Company, Wedel, Germany) [75,76]. Briefly, 16 filter paper strips
impregnated with four concentrations of each taste quality (0.05, 0.1, 0.2, or 0.4 g/mL of sucrose; 0.05,
0.09, 0.165, or 0.3 g/mL of citric acid; 0.016, 0.04, 0.1, or 0.25 g/mL of NaCl; 0.0004, 0.0009, 0.0024, or
0.006 g/mL of quinine hydrochloride) were presented to each subject sequentially. The subject placed
each paper strip on the tongue and identified the taste quality he/she perceived. Each correct answer
was rated 1 and the maximum score for the whole TST was 16 (4 per each taste quality). A subject was
considered normogeusic if he/she scored ≥9, hypogeusic or ageusic if he/she scored <9 (total taste score
below the 10th percentile) [76]. Taste sensitivity for umami was examined using four circular filter
papers impregnated with 10 µL of monosodium glutamate (MSG) solutions (0.0017, 0.0085, 0.0170
or 0.0338 g/mL) which were prepared immediately before the test session. Each correct answer was
rated 1 and the maximum score was 4. Taste qualities were presented in a pseudo-randomized manner
and concentrations within each solution type were tasted from the lowest concentration to the highest.
Before each stimulation subjects rinsed the mouth with spring water.

2.5. Oleic Acid Threshold Assessment

Oleic acid thresholds were assessed, in the absence of nose clips, by a variation of the staircase
method implemented in a 3-Alternative Forced Choice procedure according to Melis et al. [39]. Subjects
were presented with three paper filter disks: two impregnated with 10 µL of paraffine (control) and
one with the amount of oleic acid under evaluation. Oleic acid samples were presented in ascending
order from the lowest concentration (0.0015 µL) to the highest (pure) until subjects were able to identify
the odd sample in two consecutive trials. The oleic acid concentration presented was increased after
a single incorrect response and reduced after two consecutive correct responses. The concentration
at which subjects correctly identified the odd sample was reported as the detection threshold of the
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subject. All were instructed to rinse their mouths after each triad. The time between triads was
approximately 1–2 min. Twenty subjects were not able to distinguish paper disks impregnated with
pure oleic acid from those of controls. These subjects were excluded from the oleic acid thresholds and
CD36 molecular analyses.

2.6. Molecular Analysis

DNA was extracted from saliva samples by using the QIAamp® DNA Mini Kit (QIAGEN S.r.l.,
Milan, Italy) according to the instructions. Subjects were genotyped and for the single nucleotide
polymorphism (SNP), rs2274333 (A/G) of gustin gene located in the exon 3 that results in a substitution
of amino acid Ser90Gly, and for the rs1761667 (G/A) SNP of CD36 gene, located at the—31,118 promoter
region of exon 1A. The gustin gene and CD36 gene regions were amplified by PCR techniques.
Amplified samples of the fragments of 253 bp including the polymorphism rs2274333 (A/G) of gustin
gene were digested with restriction enzyme (HaeIII) according to Padiglia et al. [28]. The fragments
including the rs1761667 (G/A) SNP of CD36 were digested by the restriction enzyme (HhaI) according to
Banerjee et al. 2010 [77]. These methods have been validated by numerous studies [26,27,39,65,67,71,78].
Electrophoresis on a 2% agarose gel was used to separate the products of digestion. DNA bands were
visualized by staining with ethidium bromide and ultraviolet light to highlighting the deletion. PCR
50 bp Low Ladder DNA was used as a marker of molecular mass (Gene Ruler™-Thermo Scientific,
Waltham, MA, USA).

2.7. Data Analyses

One-way ANOVA was used to compare the differences in BMI, total taste score of the whole
TST, taste score of each taste quality and oleic acid threshold between IBD patients and HC subjects.
Two-way ANOVA was used to analyze the differences in BMI, total taste score of the whole TST, taste
score of each taste quality between IBD patients and HC subjects according to PROP taster status
and the rs2274333 (A/G) polymorphism of the gustin gene and to compare differences in oleic acid
threshold between two groups according to PROP taster status and the rs1761667 polymorphism of
CD36. Analysis of covariance (ANCOVA) was also used to control for differences in BMI between
IBD patients and HC subjects that could influence the taste scores. Specifically, one-way ANCOVA
(controlling for BMI) was used to compare differences in total taste score of the whole TST, taste score
of each taste quality and oleic acid threshold between two groups; two-way ANCOVA (controlling for
BMI) was used to analyze the differences between two groups in total taste score and taste score of
each taste quality according to PROP taster status and the rs2274333 (A/G) polymorphism of the gustin
gene; two-way ANCOVA (controlling for BMI) was also used to analyze the differences in oleic acid
threshold between two groups according to PROP taster status and the rs1761667 polymorphism of
CD36. ANCOVA confirmed all associations and results are shown in the figures. Post hoc comparisons
were performed with the Fisher’s least significant difference (LSD) test, except the assumption of
homogeneity of variance was violated, in this case the Duncan test was used. P values were adjusted
by Bonferroni correction (adjusted P = P · number of groups being compared). Differences between
IBD patients and HC subjects on genotype distribution and allele frequency of the rs2274333 (A/G)
polymorphism of the gustin gene and the polymorphism of the CD36 gene were compared by using
the Fisher method (Genepop software version 4.2; http://genepop.curtin.edu.au/genepop_op3.html).
Fisher’s exact test was used to analyze differences in frequency related to PROP taste status between
two groups. Statistical analyses were conducted using STATISTICA for Windows (version 10; StatSoft
Inc., Tulsa, OK). The significance level was set at p < 0.05.

http://genepop.curtin.edu.au/genepop_op3.html
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3. Results

3.1. BMI Effects

Figure 1 shows mean values (±SE) for BMI determined in IBD patients and HC subjects. The same
data are also shown according to PROP taster status and the rs2274333 (A/G) polymorphism of the
gustin gene. One-way ANOVA showed that BMI of IBD patients was higher than that of HC subjects
(F1, 157 = 27.459, p < 0.00001) (Figure 1A). Post hoc comparison showed that BMI of IBD patients
was higher than that of HC subjects in each PROP taster group (p < 0.045; Duncan’s test adjusted
by Bonferroni correction subsequent to two-way ANOVA) (Figure 1B). Post hoc comparison also
showed that IBD patients who carried the AA and AG genotype at this gustin gene polymorphism had
higher BMI than those of HC subjects with similar genotypes (p < 0.0051; Fisher’s test LSD adjusted
by Bonferroni correction subsequent to two-way ANOVA) (Figure 1C). In contrast, the BMI of IBD
patients who had the GG genotype did not significantly differ from that of HC subjects with GG
genotype (p > 0.05). No differences in BMI values between CD and UC patients were found (p > 0.05)
(data not shown).
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Figure 1. Mean (± SE) values of body mass index BMI (kg/m2) determined in HC subjects (n = 62)
and IBD patients (n = 97) (A). The same data are shown for each PROP taster group (B) and for each
genotype group of the rs2274333 (A/G) polymorphism of gustin gene (C). Different letters indicate
a significant difference (A: F1, 157 = 27.459, p < 0.00001, one-way ANOVA). * indicate a significant
difference with respect to the corresponding value of HC subjects (B: p ≤ 0.045, Duncan’s test adjusted
by Bonferroni correction subsequent two-way ANOVA; C: p ≤ 0.0051, Fisher LDS test adjusted by
Bonferroni correction subsequent two-way ANOVA).
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Also, IBD patients and HC subjects did not differ by PROP taster status classification (χ2 = 0.598,
p = 0.741) (Table 2) or in genotype distribution and allele frequency of the gustin gene polymorphism
(genotypes χ2 = 1.265, p = 0.531; alleles χ2 = 1.285, p = 0.526 Fisher’s test) (Table 3).

Table 2. Frequency of PROP taster groups in IBD patients and HC subjects.

Group IBD HC p-Value

n % n %

ST 25 25.8 14 22.6 0.741
MT 39 40.2 29 46.8
NT 33 34 25 40.3

p values derived from Fisher’s Exact Test. ST, super-tasters; MT, medium tasters; NT, non-tasters. IBD patients (n =
97) and HC subjects (n = 62).

Table 3. Genotype distribution and allele frequency of polymorphisms of Gustin and CD36 genes in
IBD patients and HC subjects.

Polymorphisms IBD HC p-Value

n % n %

Gustin gene
Genotype

AA 53 54.6 29 46.8 0.531
AG 36 37.1 28 45.2
GG 8 8.3 5 8

Allele
A 142 73.2 86 69.4 0.526
G 52 26.8 38 30.6

CD36
Genotype

GG 18 23.7 19 30.6 0.049
AG 36 47.4 36 58.1
AA 22 28.9 7 11.3

Allele
G 72 47.4 74 59.7 0.047
A 80 52.6 50 40.3

p derived from Fisher’s method. IBD patients (n = 97) and HC subjects (n = 62).

3.2. Total Taste Scores

Figure 2 shows mean values (±SE) of the total taste score for the TST determined in IBD patients
and HC subjects; the same data are also shown according to PROP taster status and the rs2274333
(A/G) polymorphism of the gustin gene. One-way ANCOVA controlling BMI showed that the total
taste score of IBD patients was lower than that of HC subjects (F1, 156 = 4.789; p = 0.0301) (Figure 2A).
The percentage of subjects who were classified as normogeusic or hypogeusic/ageusic in IBD patients
differed with respects that determined in HC subjects (χ2 = 6.243, p = 0.0125). Specifically, 74% (n = 72)
of IBD patients were normogeusic, and 26% (n = 25) were hypogeusic/ageusic, while 90% (n = 56) of
HC subjects were normogeusic, and 10% (n = 6) were hypogeusic/ageusic.

HC subjects who were classified as ST had higher total taste scores than IBD patients who were
ST (p = 0.00756; Duncan’s test adjusted by Bonferroni correction subsequent to two-way ANCOVA).
Also, HC subjects classified as ST had the highest total taste score than those of NT HC subjects (p =

0.026 Duncan’s test adjusted by Bonferroni correction subsequent to two-way ANCOVA) (Figure 2B).
No significant differences in total taste score related to PROP taster status were found in IBD patients
(p > 0.05).
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Figure 2. Means (±SE) values of the total taste score of the whole TST determined in IBD patients (n =

97) and HC subjects (n = 62) (A). The same data are shown for each PROP taster group (B) and for
each genotype group of the rs2274333 (A/G) polymorphism of gustin gene (C). Different letters indicate
a significant difference (A: F1, 156 = 4.789; p = 0.0301, one-way ANCOVA; B: p = 0.026, Duncan test
adjusted by Bonferroni correction subsequent two-way ANCOVA; C: p ≤ 0.039, Duncan test adjusted by
Bonferroni correction subsequent two-way ANCOVA). * indicate a significant difference with respect
to the corresponding value of HC subjects (p = 0.0075; Duncan test adjusted by Bonferroni correction
subsequent two-way ANCOVA).

HC subjects who carried the AA and AG genotypes of the gustin gene polymorphism were higher
than those of the HC subjects with the GG genotype (p < 0.039; Duncan’s test adjusted by Bonferroni
correction subsequent to two-way ANCOVA), whereas no significant differences related to the gustin
gene polymorphism were found in IBD patients (p > 0.05) (Figure 2C). Also, no differences in total
taste scores between CD and UC patients were found (p > 0.05) (data not shown).

3.3. Sweet, Salty, Sour, Bitter and Umami Taste Scores

Figure 3 shows mean values (±SE) of the taste scores for sweet, sour, salty, bitter and umami
determined in IBD patients and HC subjects; the same data are also shown according to PROP taster
status and the rs2274333 (A/G) polymorphism of the gustin gene. One-way ANCOVA revealed that
the taste score of IBD patients was lower than that of HC subjects for sweet, salty, bitter and umami
(sweet: F1, 156 = 18.640, p = 0.00003; salty: F1, 156 = 6.1010, p = 0.01459; bitter: F1, 156 = 21.686, p =

0.00001; umami F1, 156 = 10.804, p = 0.00126), but was higher in IBD patients for sour (F1, 156 = 36.663, p
< 0.00001) (Figure 3A).
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Figure 3. Mean values (±SE) of the taste score relative to sweet, sour, salty, bitter and umami determined
in IBD patients (n = 97) and HC subjects (n = 62) (A). The same data are shown for each PROP taster
group (B) and for each genotype group of the rs2274333 (A/G) polymorphism of gustin gene (C).
Different letters indicate a significant difference (A: F1,156 ≥ 6.1010, p ≤ 0.01459, one-way ANCOVA; B:
p ≤ 0.0207; Duncan’s test adjusted by Bonferroni correction subsequent two-way ANCOVA; C: p ≤
0.0297; Fisher LSD test adjusted by Bonferroni correction subsequent two-way ANOVA). * indicate
a significant difference with respect to the corresponding value of HC subjects (B: p ≤ 0.0288; Fisher
LSD test or Duncan’s test adjusted by Bonferroni correction subsequent two-way ANOVA; C: p ≤ 0.026;
Fisher LSD adjusted by Bonferroni correction test subsequent two-way ANOVA).

Results showed in HC subjects a significant effect of PROP taster status only on bitter scores
with ST having higher values than MT and NT (p < 0.0207; Duncan’s test adjusted by Bonferroni
correction subsequent to two-way ANCOVA), though a similar trend was observed for all qualities.
No significant differences related to PROP taster status were found in IBD patients (Figure 3B). Results
also showed the following effects of disease on taste score of each taster group (Figure 3B): MT and NT
IBD patients showed lower sweet scores than corresponding HC subjects in (p < 0.016; Fisher’s LSD
test adjusted by Bonferroni correction subsequent to two-way ANCOVA); MT and NT IBD patients
showed higher sour scores than corresponding HC subjects (p < 0.0288; Duncan’s test adjusted by
Bonferroni correction subsequent two-way ANCOVA); ST and NT IBD patients showed lower bitter
scores than corresponding HC subjects (p < 0.015; Duncan’s test adjusted by Bonferroni correction
subsequent to two-way ANOVA).

Two-way ANCOVA on the same data according to the gustin gene polymorphism revealed a
significant interaction of the participants’ group (IBD patients/HC subjects) × gustin gene genotype
group on the taste score relative to sweet (F2, 152 = 4.6693; p = 0.0179) (Figure 3C). Post hoc comparison
showed that HC subjects with A allele (AA and AG) gave higher sweet scores than GG HC subjects (p <

0.010; Fisher’s LSD test adjusted by Bonferroni correction subsequent to two-way ANCOVA). Post hoc
comparison also showed the following effects of disease on taste score of each gustin gene genotype
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group (Figure 3C): sweet, bitter and umami scores of IBD patients with AA and AG genotypes were
lower than those of the corresponding HC subjects, while scores for sour were higher in the IBD
patients than HC subjects, (p < 0.026; Fisher’s LSD test adjusted by Bonferroni correction subsequent to
two-way ANCOVA). No differences between CD and UC patients were found (p > 0.05).

3.4. Oleic Acid Threshold and Genotyping for CD36 Polymorphism, rs1761667 (A/G).

Figure 4 shows mean values (±SE) of the oleic acid threshold determined in IBD patients and HC
subjects; data are also shown according to PROP taster status and the rs1761667 (A/G) polymorphism
of CD36. One-way ANCOVA showed that the oleic acid threshold of IBD patients was higher than that
of HC subjects (F1,136 = 44.779, p < 0.000001) (Figure 4A). Post hoc comparison showed that the oleic
acid threshold of IBD patients was higher than that of HC subjects in both MT and NT (p < 0.00025;
Duncan’s test adjusted by Bonferroni correction subsequent to two-way ANCOVA). Also, the oleic
acid threshold in IBD patients was higher in each CD36 genotype group compared to these same
genotype groups in HC subjects (p < 0.017; Duncan’s test adjusted by Bonferroni correction subsequent
to two-way ANCOVA) (Figure 4B,C). No differences of the oleic acid threshold between CD and UC
patients were found (p > 0.05).
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Figure 4. Means (±SE) values of the oleic acid threshold (µL) determined in IBD patients (n = 97) and
HC subjects (n = 62) (A). The same data are shown for each PROP taster group (B) and for each genotype
group of the rs1761667 (A/G) polymorphism of CD36 gene (C). Different letters indicate a significant
difference (A: F1,136 = 44.779 p < 0.000001, one-way ANCOVA). * indicate a significant difference with
respect to the corresponding value of HC subjects (B: p ≤ 0.00025, Duncan test subsequent adjusted by
Bonferroni correction two-way ANOVA; C: p ≤ 0.017, Duncan test adjusted by Bonferroni correction
subsequent two-way ANOVA).
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IBD patients and HC subjects differed statistically based on the genotype distribution and allele
frequency of the CD36 polymorphism (Genotypes χ2 = 6.001, p = 0.049; alleles χ2 = 6.099, p = 0.047
Fisher’s test) (Table 3). Specifically, the genotype AA and allele A were more frequent in IBD patients,
while genotype GG and allele G were more frequent in HC subjects.

4. Discussion

Previous studies have reported that patients with IBD overconsume foods rich in sugar, fat and
protein [19–21]. It is uncertain if these dietary behaviors are related to taste dysfunction that could
contribute to higher BMIs observed in some studies in IBD patients [79], but not in others [80–82].
Previous investigations have not considered a possible role for genetic taste variation in weight status
in IBD. In our study, BMI was higher in IBD patients, as compared to HC subjects. There were no
specific effects of PROP taster status or the rs2274333 (A/G) polymorphism of the gustin gene on BMI.
Even if the BMI was marginally higher in subjects who were NT as compared to those who were MT
and ST. It is interesting to note that the relationship between the gustin gene polymorphism and BMI
appears to be opposite in HC and IBD patients. Melis et al. [27] previously demonstrated higher cell
culture production of gustin CAVI from the saliva of healthy normal weight individuals with the AA
genotype compared to gustin CAVI from saliva of individuals with the GG genotype. However, Lamy
and co-workers [83] showed that the level of gustin CAVI was elevated in morbidly obese women
relative to normal weight controls. Based on these observations, one can speculate that AA and AG
individuals, who are associated with a higher BMI among IBD patients, produce more gustin CAVI. It
is unclear whether this would be related specifically to obesity or to IBD.

Our results also showed that overall taste intensity, as well as intensity to specific qualities such
as sweet, salty, bitter and umami were reduced for the IBD patients. In contrast, sour taste was
higher in IBD patients than in HC subjects. Together, these results are consistent with data reported
by Steinbach et al. [4]. It is worth highlighting that, in the present study, the taste parameters were
analyzed controlling for differences in BMI between IBD patients and HC subjects. Therefore, the
taste changes we observed in IBD patients presumably were attributable to the disease and not to
differences in weight between the two groups. The present study also documented, for the first-time,
reduced taste perception by IBD patients for umami and fat which are the taste qualities related to
appetitive responses to protein- and lipid-rich food sources, respectively.

The overall reduction in taste in IBD patients can be well understood in the light of the manifold
oral pathologies observed in these patients [18]. These pathologies can be specific or non-specific
manifestations. Moreover, the symptoms that are associated with these oral pathologies (specially
acidic taste, taste changes, changes in the tongue and dry mouth) can be caused by iron, zinc, or vitamin
deficiencies due to rectal bleeding and intestinal malabsorption linked to IBD, or its pharmacological
treatments [62–64]. It is also well known that zinc deficiency (regardless of its cause) is associated with
taste dysfunction and losses in taste acuity [29].

On the other hand, we observed increased acid taste in IBD patients which could also be related
to disturbances in gustin CAVI. This salivary protein is a zinc dependent enzyme that, among other
functions, regulates pH balance of the saliva. Low salivary pH promotes the growth of infectious
microbes over beneficial ones. The shift in the composition of the oral microbiome observed in IBD
patients is associated with increased generation of bacteria-derived acid metabolites and greater risk of
oral disease [84]. Therefore, we speculate that disruptions in the levels or in the functionality of gustin
CAVI with a consequent reduction of its capacity to neutralize bacteria-produced acids may play a role
in the increased sour taste we observed in these patients. These results fit well with data on the role of
gustin CAVI in oral health, showing that variations in the gustin gene are associated with the presence
of aciduric and acidogenic species which are promoted at low pH [85]. Previous studies in IBD patients
indicate low levels of zinc that may be insufficient to activate the gustin enzyme [19,22,24,25]. Our
observations further suggest that zinc deficiency in combination with gustin CAVI changes may play a
role in the oral dysbiosis in IBD.
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Our findings indicate a significant direct relationship between overall taste function or bitter
taste and PROP taster status in HC subjects, who displayed a similar trend also for the other qualities.
These results are consistent with those revealing that healthy PROP super-taster subjects, compared to
non-taster, possess a greater density of fungiform taste papillae that can explain their high general
taste sensitivity [57–61]. Differently, we have not found a specific effect of PROP taster status on taste
function in IBD patients that may be explained by oral pathologies, especially those in the dorsal
surface of tongue [62–64]. This suggests that IBD patients who are PROP super-tasters do not have
taste advantages over PROP non-tasters.

HC subjects also showed an interesting significant effect of allele A of the gustin locus, which
determined a higher overall taste function and a higher sweet taste with respect to allele G. A similar
trend was found also for other qualities, except sour. The relationship between gustin CAVI and taste
sensitivity is not a matter of consensus, with some data reporting no association between protein levels
and taste sensitivity [86]. We studied the role of the rs2274333 (A/G) polymorphism of the gustin gene
on functionality of the protein as a trophic factor of fungiform papillae [26–28,71] and found that the
substitution of allele A with allele G leads to a structural modification of the protein active site which
decreases zinc binding [28]. Therefore, the allele A in the polymorphism results in a functional form of
gustin CAVI associated with high cellular proliferation and papilla density, while the allele G leads
to a less functional form associated with low cellular proliferation and papilla density. According to
these data, the high overall taste function and high sweet taste that we found in HC subjects with at
least an allele A support the hypothesis that a high papilla density in these subjects would allow them
to perceive taste stimuli more intensely. Rodrigues et al. [87] first studied the relationship between
salivary proteins and sweet taste sensitivity. They found an inverse effect showing higher gustin CAVI
levels in saliva associated with lower sweet sensitivity. Therefore, further studies are needed to better
understand the role of gustin CAVI in sweetness. On the other hand, we did not find a specific effect of
gustin gene polymorphism on taste function of IBD patients. These results are consistent with studies
reporting IBD patients (with alterations of taste function) to have zinc deficiency [19,22,24,25], and
suggest that the low level of zinc in these patients would be insufficient to activate gustin CAVI as a
trophic factor for papillae also when it is present in the more functional iso-form.

Contrary to expectations, we observed no specific effects of the genetic factors on taste function
of IBD patients. One potential explanation for this finding could be that the damage to the taste
system is so severe in IBD, that the effects of genes cannot be observed. This is not the case in obesity
(uncomplicated by other diseases) [49,50], in upper respiratory diseases [88–90] and different types of
cancer [54] where taste genes seem to play a prominent role in disease risk and disease symptoms. For
example, TAS2R38 polymorphisms are strongly related to upper respiratory infections and the risk of
chronic rhinosinusitis [88,89,91]. In this respect, IBD seems to be fundamentally different from these
other diseases.

Particular attention should be given to the marked decrease of fat perception that we found in
IBD patients with respect to HC subjects. This reduction does not depend on the PROP taster status or
the r1761667 polymorphism of CD36 gene, whose allele G has been already associated with a high
expression of CD36 protein [68,69] or an increased taste perception to fat [39–41,92,93]. Differently,
in HC subjects we previously showed a direct relationship between fatty acid perception and PROP
taster status or the polymorphism of CD36 locus [39]. These data seem inconsistent with respect to
what we found in this study. However, the wide differences we observed between HC subjects and
IBD patients dampened the effects of the two genetic factors in HC subjects, when the two groups were
analyzed together. In fact, if the data of the two groups were analyzed separately, it would be possible
to highlight the effect on fat perception of PROP taster status (with PROP super-tasters displaying
higher values than non-tasters; p = 0.045; Duncan’s test subsequent to one-way ANCOVA), or CD36
gene (with GG subjects showing higher values than AA subjects; p = 0.033; Duncan’s test subsequent
to one-way ANCOVA) in HC subjects, but not in IBD patients (p > 0.05; Duncan’s test subsequent to
one-way ANCOVA).
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Our results also show a higher frequency of IBD patients with genotype AA and allele A in CD36
locus, as compared to HC subjects. This could explain the low sensitivity for fat that we found in these
patients since the genotype AA and allele A are associated with low expression of the protein [68,69]
or decreased perception to fat [39–41,92,93].

5. Conclusions

In conclusion, our findings show impaired sweet, salty, bitter, umami and fat taste in IBD patients,
but increased sour taste. Reductions in sweet, umami, and fat perception may contribute to increased
consumption of foods rich in sugar, fat and protein by IBD patients and possibly excess weight gain
in some of these individuals [1,6,9–14]. Elevated sour taste in IBD patients may interfere with food
enjoyment and may represent a separate quality of life issue in this disease.

In addition, the high frequency of non-tasting form of CD36, which has not been previously
described associated with IBD, may substantiate the fact that disruption of fat perception in IBD
patients may represent a risk factor for this disease.

6. Limitations and Future Directions

This work provides important insights for linking taste changes to dietary behavior in IBD.
However, more studies are needed to assess directly relationships between oral sensations and food
selection in IBD.

In addition, our findings warrant a closer look at the potential role of this gustin gene
polymorphisms in body weight status in IBD, especially in a larger study sample. Our observations
further suggest that zinc deficiency in combination with gustin CAVI changes may play a role in the
oral dysbiosis in IBD. This interpretation is speculative and should be tested in future studies.

Author Contributions: Conceptualization, M.M. (Melania Melis) and I.T.B.; methodology, M.M. (Melania Melis),
M.M. (Mariano Mastinu), G.S., D.P., F.C., S.M.; statistical analysis, M.M. (Melania Melis), M.M. (Mariano Mastinu),
G.S. and I.T.B.; data curation, M.M. (Melania Melis), M.M. (Mariano Mastinu), G.S. and I.T.B.; writing—original
draft preparation, R.C. and I.T.B.; writing—review and editing, B.J.T.; supervision, P.U., R.C. and B.J.T.; project
administration, I.T.B.; funding acquisition, I.T.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by a grant from the University of Cagliari (Fondo Integrativo per la Ricerca,
FIR 2017-2018). This work has been realized within the research project supported by P.O.R. SARDEGNA
F.S.E. 2014–2020—Asse III “Istruzione e Formazione”, Obiettivo Tematico: 10, Obiettivo Specifico: 10.5, Azione
dell’accordo fi Partenariato:10.5.12 “Avviso di chiamata per il finanziamento di Progetti di ricercar—Anno 2017”.

Acknowledgments: The authors thank the volunteers, without whose contribution this study would not have
been possible.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Molodecky, N.A.; Kaplan, G.G. Environmental risk factors for inflammatory bowel disease. Gastroenterol.
Hepatol. (N. Y.) 2010, 6, 339–346.

2. Cosnes, J.; Gower-Rousseau, C.; Seksik, P.; Cortot, A. Epidemiology and natural history of inflammatory
bowel diseases. Gastroenterology 2011, 140, 1785–1794. [CrossRef]

3. Elsherif, Y.; Alexakis, C.; Mendall, M. Determinants of Weight Loss prior to Diagnosis in Inflammatory Bowel
Disease: A Retrospective Observational Study. Gastroenterol. Res. Pract. 2014, 2014, 762191. [CrossRef]
[PubMed]

4. Steinbach, S.; Reindl, W.; Dempfle, A.; Schuster, A.; Wolf, P.; Hundt, W.; Huber, W. Smell and taste in
inflammatory bowel disease. PLoS ONE 2013, 8, e73454. [CrossRef] [PubMed]

5. de Souza, H.S.; Fiocchi, C. Immunopathogenesis of IBD: Current state of the art. Nat. Rev. Gastroenterol.
Hepatol. 2016, 13, 13–27. [CrossRef] [PubMed]

6. Sugihara, K.; Morhardt, T.L.; Kamada, N. The Role of Dietary Nutrients in Inflammatory Bowel Disease.
Front. Immunol. 2019, 9, 3183. [CrossRef]

http://dx.doi.org/10.1053/j.gastro.2011.01.055
http://dx.doi.org/10.1155/2014/762191
http://www.ncbi.nlm.nih.gov/pubmed/25506359
http://dx.doi.org/10.1371/journal.pone.0073454
http://www.ncbi.nlm.nih.gov/pubmed/24086282
http://dx.doi.org/10.1038/nrgastro.2015.186
http://www.ncbi.nlm.nih.gov/pubmed/26627550
http://dx.doi.org/10.3389/fimmu.2018.03183


Nutrients 2020, 12, 409 14 of 18

7. Ananthakrishnan, A.N. Epidemiology and risk factors for IBD. Nat. Rev. Gastroenterol. Hepatol. 2015, 12,
205–217. [CrossRef]

8. Loddo, I.; Romano, C. Inflammatory Bowel Disease: Genetics, Epigenetics, and Pathogenesis. Front. Immunol.
2015, 6, 551. [CrossRef]

9. Reif, S.; Klein, I.; Lubin, F.; Farbstein, M.; Hallak, A.; Gilat, T. Pre-illness dietary factors in inflammatory
bowel disease. Gut 1997, 40, 754–760. [CrossRef]

10. Sakamoto, N.; Kono, S.; Wakai, K.; Fukuda, Y.; Satomi, M.; Shimoyama, T.; Inaba, Y.; Miyake, Y.; Sasaki, S.;
Okamoto, K.; et al. Dietary risk factors for inflammatory bowel disease: A multicenter case-control study in
Japan. Inflamm. Bowel Dis. 2005, 11, 154–163. [CrossRef]

11. Amre, D.K.; D’Souza, S.; Morgan, K.; Seidman, G.; Lambrette, P.; Grimard, G.; Israel, D.; Mack, D.;
Ghadirian, P.; Deslandres, C.; et al. Imbalances in dietary consumption of fatty acids, vegetables, and fruits
are associated with risk for Crohn’s disease in children. Am. J. Gastroenterol. 2007, 102, 2016–2025. [CrossRef]

12. Geerling, B.J.; Dagnelie, P.C.; Badart-Smook, A.; Russel, M.G.; Stockbrugger, R.W.; Brummer, R.J. Diet as a
risk factor for the development of ulcerative colitis. Am. J. Gastroenterol. 2000, 95, 1008–1013. [CrossRef]

13. Plat, J.; Mensink, R.P. Food components and immune function. Curr. Opin. Lipidol. 2005, 16, 31–37. [CrossRef]
14. Lee, J.Y.; Zhao, L.; Youn, H.S.; Weatherill, A.R.; Tapping, R.; Feng, L.; Lee, W.H.; Fitzgerald, K.A.; Hwang, D.H.

Saturated fatty acid activates but polyunsaturated fatty acid inhibits Toll-like receptor 2 dimerized with
Toll-like receptor 6 or 1. J. Biol. Chem. 2004, 279, 16971–16979. [CrossRef] [PubMed]

15. Loftus, E.V., Jr. Clinical epidemiology of inflammatory bowel disease: Incidence, prevalence, and
environmental influences. Gastroenterology 2004, 126, 1504–1517. [CrossRef] [PubMed]

16. Gilat, T.; Hacohen, D.; Lilos, P.; Langman, M.J. Childhood factors in ulcerative colitis and Crohn’s disease.
An international cooperative study. Scand. J. Gastroenterol. 1987, 22, 1009–1024. [CrossRef] [PubMed]

17. Russel, M.G.; Engels, L.G.; Muris, J.W.; Limonard, C.B.; Volovics, A.; Brummer, R.J.; Stockbrugger, R.W.
Modern life’ in the epidemiology of inflammatory bowel disease: A case-control study with special emphasis
on nutritional factors. Eur. J. Gastroenterol. Hepatol. 1998, 10, 243–249. [CrossRef] [PubMed]

18. Lauritano, D.; Boccalari, E.; Di Stasio, D.; Della Vella, F.; Carinci, F.; Lucchese, A.; Petruzzi, M. Prevalence
of Oral Lesions and Correlation with Intestinal Symptoms of Inflammatory Bowel Disease: A Systematic
Review. Diagnostics (Basel) 2019, 9, 77. [CrossRef] [PubMed]

19. Schutz, T.; Drude, C.; Paulisch, E.; Lange, K.P.; Lochs, H. Sugar intake, taste changes and dental health in
Crohn’s disease. Dig. Dis. 2003, 21, 252–257. [CrossRef]

20. Tiomny, E.; Horwitz, C.; Graff, E.; Rozen, P.; Gilat, T. Serum zinc and taste acuity in Tel-Aviv patients with
inflammatory bowel disease. Am. J. Gastroenterol. 1982, 77, 101–104.

21. Penny, W.J.; Mayberry, J.F.; Aggett, P.J.; Gilbert, J.O.; Newcombe, R.G.; Rhodes, J. Relationship between trace
elements, sugar consumption, and taste in Crohn’s disease. Gut 1983, 24, 288–292. [CrossRef] [PubMed]

22. Solomons, N.W.; Rosenberg, I.H.; Sandstead, H.H.; Vo-Khactu, K.P. Zinc deficiency in Crohn’s disease.
Digestion 1977, 16, 87–95. [CrossRef] [PubMed]

23. Kasper, H.; Sommer, H. Taste thresholds in patients with Crohn’s disease. J. Hum. Nutr. 1980, 34, 455–456.
[PubMed]

24. McClain, C.; Soutor, C.; Zieve, L. Zinc deficiency: A complication of Crohn’s disease. Gastroenterology 1980,
78, 272–279. [CrossRef]

25. Martini, G.A.; Brandes, J.W. Increased consumption of refined carbohydrates in patients with Crohn’s disease.
Klin. Wochenschr. 1976, 54, 367–371. [CrossRef] [PubMed]

26. Calò, C.; Padiglia, A.; Zonza, A.; Corrias, L.; Contu, P.; Tepper, B.J.; Barbarossa, I.T. Polymorphisms in
TAS2R38 and the taste bud trophic factor, gustin gene co-operate in modulating PROP taste phenotype.
Physiol. Behav. 2011, 104, 1065–1071. [CrossRef]

27. Melis, M.; Atzori, E.; Cabras, S.; Zonza, A.; Calò, C.; Muroni, P.; Nieddu, M.; Padiglia, A.; Sogos, V.;
Tepper, B.J.; et al. The gustin (CA6) gene polymorphism, rs2274333 (A/G), as a mechanistic link between
PROP tasting and fungiform taste papilla density and maintenance. PLoS ONE 2013, 8, e74151. [CrossRef]

28. Padiglia, A.; Zonza, A.; Atzori, E.; Chillotti, C.; Calò, C.; Tepper, B.J.; Barbarossa, I.T. Sensitivity to
6-n-propylthiouracil is associated with gustin (carbonic anhydrase VI) gene polymorphism, salivary zinc,
and body mass index in humans. Am. J. Clin. Nutr. 2010, 92, 539–545. [CrossRef]

29. Henkin, R.I.; Martin, B.M.; Agarwal, R.P. Efficacy of exogenous oral zinc in treatment of patients with
carbonic anhydrase VI deficiency. Am. J. Med. Sci. 1999, 318, 392–405. [CrossRef]

http://dx.doi.org/10.1038/nrgastro.2015.34
http://dx.doi.org/10.3389/fimmu.2015.00551
http://dx.doi.org/10.1136/gut.40.6.754
http://dx.doi.org/10.1097/00054725-200502000-00009
http://dx.doi.org/10.1111/j.1572-0241.2007.01411.x
http://dx.doi.org/10.1111/j.1572-0241.2000.01942.x
http://dx.doi.org/10.1097/00041433-200502000-00007
http://dx.doi.org/10.1074/jbc.M312990200
http://www.ncbi.nlm.nih.gov/pubmed/14966134
http://dx.doi.org/10.1053/j.gastro.2004.01.063
http://www.ncbi.nlm.nih.gov/pubmed/15168363
http://dx.doi.org/10.3109/00365528708991950
http://www.ncbi.nlm.nih.gov/pubmed/3685876
http://dx.doi.org/10.1097/00042737-199803000-00010
http://www.ncbi.nlm.nih.gov/pubmed/9585029
http://dx.doi.org/10.3390/diagnostics9030077
http://www.ncbi.nlm.nih.gov/pubmed/31311171
http://dx.doi.org/10.1159/000073343
http://dx.doi.org/10.1136/gut.24.4.288
http://www.ncbi.nlm.nih.gov/pubmed/6832625
http://dx.doi.org/10.1159/000198059
http://www.ncbi.nlm.nih.gov/pubmed/615740
http://www.ncbi.nlm.nih.gov/pubmed/7462622
http://dx.doi.org/10.1016/0016-5085(80)90576-4
http://dx.doi.org/10.1007/BF01469792
http://www.ncbi.nlm.nih.gov/pubmed/1271690
http://dx.doi.org/10.1016/j.physbeh.2011.06.013
http://dx.doi.org/10.1371/journal.pone.0074151
http://dx.doi.org/10.3945/ajcn.2010.29418
http://dx.doi.org/10.1016/S0002-9629(15)40664-0


Nutrients 2020, 12, 409 15 of 18

30. Mattes, R.D. Fat Taste in Humans: Is It a Primary. In Fat Detection: Taste, Texture, and Post Ingestive Effects;
Montmayeur, J.P., le Coutre, J., Eds.; CRC Press: Boca Raton, FL, USA, 2010; pp. 167–193.

31. Khan, N.A.; Besnard, P. Oro-sensory perception of dietary lipids: New insights into the fat taste transduction.
Biochim. Biophys. Acta 2009, 1791, 149–155. [CrossRef]

32. Martin, C.; Chevrot, M.; Poirier, H.; Passilly-Degrace, P.; Niot, I.; Besnard, P. CD36 as a lipid sensor. Physiol.
Behav. 2011, 105, 36–42. [CrossRef] [PubMed]

33. Laugerette, F.; Passilly-Degrace, P.; Patris, B.; Niot, I.; Febbraio, M.; Montmayeur, J.P.; Besnard, P. CD36
involvement in orosensory detection of dietary lipids, spontaneous fat preference, and digestive secretions. J.
Clin. Investig. 2005, 115, 3177–3184. [CrossRef] [PubMed]

34. Ibrahimi, A.; Abumrad, N.A. Role of CD36 in membrane transport of long-chain fatty acids. Curr. Opin. Clin.
Nutr. Metab. Care 2002, 5, 139–145. [CrossRef] [PubMed]

35. Gaillard, D.; Laugerette, F.; Darcel, N.; El-Yassimi, A.; Passilly-Degrace, P.; Hichami, A.; Khan, N.A.;
Montmayeur, J.P.; Besnard, P. The gustatory pathway is involved in CD36-mediated orosensory perception
of long-chain fatty acids in the mouse. FASEB J. 2008, 22, 1458–1468. [CrossRef]

36. El-Yassimi, A.; Hichami, A.; Besnard, P.; Khan, N.A. Linoleic acid induces calcium signaling, Src kinase
phosphorylation, and neurotransmitter release in mouse CD36-positive gustatory cells. J. Biol. Chem. 2008,
283, 12949–12959. [CrossRef]

37. Simons, P.J.; Kummer, J.A.; Luiken, J.J.; Boon, L. Apical CD36 immunolocalization in human and porcine
taste buds from circumvallate and foliate papillae. Acta Histochem. 2011, 113, 839–843. [CrossRef]

38. Ozdener, M.H.; Subramaniam, S.; Sundaresan, S.; Sery, O.; Hashimoto, T.; Asakawa, Y.; Besnard, P.;
Abumrad, N.A.; Khan, N.A. CD36- and GPR120-mediated Ca(2)(+) signaling in human taste bud cells
mediates differential responses to fatty acids and is altered in obese mice. Gastroenterology 2014, 146, 995–1005.
[CrossRef]

39. Melis, M.; Sollai, G.; Muroni, P.; Crnjar, R.; Barbarossa, I.T. Associations between orosensory perception of
oleic acid, the common single nucleotide polymorphisms (rs1761667 and rs1527483) in the CD36 gene, and
6-n-propylthiouracil (PROP) tasting. Nutrients 2015, 7, 2068–2084. [CrossRef]

40. Keller, K.L.; Liang, L.C.; Sakimura, J.; May, D.; van Belle, C.; Breen, C.; Driggin, E.; Tepper, B.J.; Lanzano, P.C.;
Deng, L.; et al. Common variants in the CD36 gene are associated with oral fat perception, fat preferences,
and obesity in African Americans. Obesity 2012, 20, 1066–1073. [CrossRef]

41. Pepino, M.Y.; Love-Gregory, L.; Klein, S.; Abumrad, N.A. The fatty acid translocase gene CD36 and lingual
lipase influence oral sensitivity to fat in obese subjects. J. Lipid Res. 2012, 53, 561–566. [CrossRef]

42. Tepper, B.J. Nutritional implications of genetic taste variation: The role of PROP sensitivity and other taste
phenotypes. Annu. Rev. Nutr. 2008, 28, 367–388. [CrossRef] [PubMed]

43. Tepper, B.J.; Nurse, R.J. PROP taster status is related to fat perception and preference. Ann. N. Y. Acad. Sci.
1998, 855, 802–804. [CrossRef]

44. Kirkmeyer, S.V.; Tepper, B.J. Understanding creaminess perception of dairy products using free-choice
profiling and genetic responsivity to 6-n-propylthiouracil. Chem. Senses 2003, 28, 527–536. [CrossRef]

45. Hayes, J.E.; Duffy, V.B. Revisiting sugar-fat mixtures: Sweetness and creaminess vary with phenotypic
markers of oral sensation. Chem. Senses 2007, 32, 225–236. [CrossRef] [PubMed]

46. Keller, K.L.; Steinmann, L.; Nurse, R.J.; Tepper, B.J. Genetic taste sensitivity to 6-n-propylthiouracil influences
food preference and reported intake in preschool children. Appetite 2002, 38, 3–12. [CrossRef] [PubMed]

47. Bell, K.I.; Tepper, B.J. Short-term vegetable intake by young children classified by 6-n-propylthoiuracil
bitter-taste phenotype. Am. J. Clin. Nutr. 2006, 84, 245–251. [CrossRef] [PubMed]

48. Dinehart, M.E.; Hayes, J.E.; Bartoshuk, L.M.; Lanier, S.L.; Duffy, V.B. Bitter taste markers explain variability
in vegetable sweetness, bitterness, and intake. Physiol. Behav. 2006, 87, 304–313. [CrossRef] [PubMed]

49. Tepper, B.J.; Koelliker, Y.; Zhao, L.; Ullrich, N.V.; Lanzara, C.; d’Adamo, P.; Ferrara, A.; Ulivi, S.; Esposito, L.;
Gasparini, P. Variation in the bitter-taste receptor gene TAS2R38, and adiposity in a genetically isolated
population in Southern Italy. Obesity 2008, 16, 2289–2295. [CrossRef]

50. Tepper, B.J.; Neilland, M.; Ullrich, N.V.; Koelliker, Y.; Belzer, L.M. Greater energy intake from a buffet meal in
lean, young women is associated with the 6-n-propylthiouracil (PROP) non-taster phenotype. Appetite 2011,
56, 104–110. [CrossRef]

http://dx.doi.org/10.1016/j.bbalip.2009.01.001
http://dx.doi.org/10.1016/j.physbeh.2011.02.029
http://www.ncbi.nlm.nih.gov/pubmed/21354192
http://dx.doi.org/10.1172/JCI25299
http://www.ncbi.nlm.nih.gov/pubmed/16276419
http://dx.doi.org/10.1097/00075197-200203000-00004
http://www.ncbi.nlm.nih.gov/pubmed/11844979
http://dx.doi.org/10.1096/fj.07-8415com
http://dx.doi.org/10.1074/jbc.M707478200
http://dx.doi.org/10.1016/j.acthis.2010.08.006
http://dx.doi.org/10.1053/j.gastro.2014.01.006
http://dx.doi.org/10.3390/nu7032068
http://dx.doi.org/10.1038/oby.2011.374
http://dx.doi.org/10.1194/jlr.M021873
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155458
http://www.ncbi.nlm.nih.gov/pubmed/18407743
http://dx.doi.org/10.1111/j.1749-6632.1998.tb10662.x
http://dx.doi.org/10.1093/chemse/28.6.527
http://dx.doi.org/10.1093/chemse/bjl050
http://www.ncbi.nlm.nih.gov/pubmed/17204520
http://dx.doi.org/10.1006/appe.2001.0441
http://www.ncbi.nlm.nih.gov/pubmed/11883912
http://dx.doi.org/10.1093/ajcn/84.1.245
http://www.ncbi.nlm.nih.gov/pubmed/16825702
http://dx.doi.org/10.1016/j.physbeh.2005.10.018
http://www.ncbi.nlm.nih.gov/pubmed/16368118
http://dx.doi.org/10.1038/oby.2008.357
http://dx.doi.org/10.1016/j.appet.2010.11.144


Nutrients 2020, 12, 409 16 of 18

51. Tepper, B.J.; Williams, T.Z.; Burgess, J.R.; Antalis, C.J.; Mattes, R.D. Genetic variation in bitter taste and
plasma markers of anti-oxidant status in college women. Int. J. Food Sci. Nutr. 2009, 60 (Suppl. S2), 35–45.
[CrossRef]

52. Basson, M.D.; Bartoshuk, L.M.; Dichello, S.Z.; Panzini, L.; Weiffenbach, J.M.; Duffy, V.B. Association between
6-n-propylthiouracil (PROP) bitterness and colonic neoplasms. Dig. Dis. Sci. 2005, 50, 483–489. [CrossRef]
[PubMed]

53. Carrai, M.; Steinke, V.; Vodicka, P.; Pardini, B.; Rahner, N.; Holinski-Feder, E.; Morak, M.; Schackert, H.K.;
Gorgens, H.; Stemmler, S.; et al. Association between TAS2R38 gene polymorphisms and colorectal cancer
risk: A case-control study in two independent populations of Caucasian origin. PLoS ONE 2011, 6, e20464.
[CrossRef] [PubMed]

54. Lucock, M.; Ng, X.; Boyd, L.; Skinner, V.; Wai, R.; Tang, S.; Naylor, C.; Yates, Z.; Choi, J.H.; Roach, P.; et al.
TAS2R38 bitter taste genetics, dietary vitamin C, and both natural and synthetic dietary folic acid predict
folate status, a key micronutrient in the pathoaetiology of adenomatous polyps. Food Funct. 2011, 2, 457–465.
[CrossRef]

55. Webb, J.; Bolhuis, D.P.; Cicerale, S.; Hayes, J.E.; Keast, R. The Relationships Between Common Measurements
of Taste Function. Chemosens. Percept. 2015, 8, 11–18. [CrossRef] [PubMed]

56. Tepper, B.J.; Melis, M.; Koelliker, Y.; Gasparini, P.; Ahijevych, K.L.; Tomassini Barbarossa, I. Factors Influencing
the Phenotypic Characterization of the Oral Marker, PROP. Nutrients 2017, 9, 1275. [CrossRef] [PubMed]

57. Bartoshuk, L.M.; Duffy, V.B.; Miller, I.J. PTC/PROP tasting: Anatomy, psychophysics, and sex effects. Physiol.
Behav. 1994, 56, 1165–1171. [CrossRef]

58. Bajec, M.R.; Pickering, G.J. Thermal taste, PROP responsiveness, and perception of oral sensations. Physiol.
Behav. 2008, 95, 581–590. [CrossRef]

59. Yeomans, M.R.; Tepper, B.J.; Rietzschel, J.; Prescott, J. Human hedonic responses to sweetness: Role of taste
genetics and anatomy. Physiol. Behav. 2007, 91, 264–273. [CrossRef]

60. Essick, G.; Chopra, A.; Guest, S.; McGlone, F. Lingual tactile acuity, taste perception, and the density and
diameter of fungiform papillae in female subjects. Physiol. Behav. 2003, 80, 289–302. [CrossRef]

61. Shahbake, M.; Hutchinson, I.; Laing, D.G.; Jinks, A.L. Rapid quantitative assessment of fungiform papillae
density in the human tongue. Brain Res. 2005, 1052, 196–201. [CrossRef]

62. Elahi, M.; Telkabadi, M.; Samadi, V.; Vakili, H. Association of oral manifestations with ulcerative colitis.
Gastroenterol. Hepatol. Bed Bench. 2012, 5, 155–160. [PubMed]

63. Laranjeira, N.; Fonseca, J.; Meira, T.; Freitas, J.; Valido, S.; Leitao, J. Oral mucosa lesions and oral symptoms
in inflammatory bowel disease patients. Arq. Gastroenterol. 2015, 52, 105–110. [CrossRef] [PubMed]

64. Katz, J.; Shenkman, A.; Stavropoulos, F.; Melzer, E. Oral signs and symptoms in relation to disease activity
and site of involvement in patients with inflammatory bowel disease. Oral Dis. 2003, 9, 34–40. [CrossRef]
[PubMed]

65. Sollai, G.; Melis, M.; Mastinu, M.; Pani, D.; Cosseddu, P.; Bonfiglio, A.; Crnjar, R.; Tepper, B.J.; Tomassini
Barbarossa, I. Human Tongue Electrophysiological Response to Oleic Acid and Its Associations with PROP
Taster Status and the CD36 Polymorphism (rs1761667). Nutrients 2019, 11, 315. [CrossRef] [PubMed]

66. Burgess, B.; Melis, M.; Scoular, K.; Driver, M.; Schaich, K.M.; Keller, K.L.; Tomassini Barbarossa, I.; Tepper, B.J.
Effects of CD36 Genotype on Oral Perception of Oleic Acid Supplemented Safflower Oil Emulsions in Two
Ethnic Groups: A Preliminary Study. J. Food Sci. 2018, 83, 1373–1380. [CrossRef]

67. Melis, M.; Carta, G.; Pintus, S.; Pintus, P.; Piras, C.A.; Murru, E.; Manca, C.; Di Marzo, V.; Banni, S.; Tomassini
Barbarossa, I. Polymorphism rs1761667 in the CD36 Gene Is Associated to Changes in Fatty Acid Metabolism
and Circulating Endocannabinoid Levels Distinctively in Normal Weight and Obese Subjects. Front. Physiol.
2017, 8, 1006. [CrossRef]

68. Love-Gregory, L.; Sherva, R.; Schappe, T.; Qi, J.S.; McCrea, J.; Klein, S.; Connelly, M.A.; Abumrad, N.A.
Common CD36 SNPs reduce protein expression and may contribute to a protective atherogenic profile. Hum.
Mol. Genet. 2011, 20, 193–201. [CrossRef]

69. Ghosh, A.; Murugesan, G.; Chen, K.; Zhang, L.; Wang, Q.; Febbraio, M.; Anselmo, R.M.; Marchant, K.;
Barnard, J.; Silverstein, R.L. Platelet CD36 surface expression levels affect functional responses to oxidized
LDL and are associated with inheritance of specific genetic polymorphisms. Blood 2011, 117, 6355–6366.
[CrossRef]

http://dx.doi.org/10.1080/09637480802304499
http://dx.doi.org/10.1007/s10620-005-2462-7
http://www.ncbi.nlm.nih.gov/pubmed/15810630
http://dx.doi.org/10.1371/journal.pone.0020464
http://www.ncbi.nlm.nih.gov/pubmed/21674048
http://dx.doi.org/10.1039/c1fo10054h
http://dx.doi.org/10.1007/s12078-015-9183-x
http://www.ncbi.nlm.nih.gov/pubmed/26110045
http://dx.doi.org/10.3390/nu9121275
http://www.ncbi.nlm.nih.gov/pubmed/29168731
http://dx.doi.org/10.1016/0031-9384(94)90361-1
http://dx.doi.org/10.1016/j.physbeh.2008.08.009
http://dx.doi.org/10.1016/j.physbeh.2007.03.011
http://dx.doi.org/10.1016/j.physbeh.2003.08.007
http://dx.doi.org/10.1016/j.brainres.2005.06.031
http://www.ncbi.nlm.nih.gov/pubmed/24834217
http://dx.doi.org/10.1590/S0004-28032015000200006
http://www.ncbi.nlm.nih.gov/pubmed/26039827
http://dx.doi.org/10.1034/j.1601-0825.2003.00879.x
http://www.ncbi.nlm.nih.gov/pubmed/12617256
http://dx.doi.org/10.3390/nu11020315
http://www.ncbi.nlm.nih.gov/pubmed/30717278
http://dx.doi.org/10.1111/1750-3841.14115
http://dx.doi.org/10.3389/fphys.2017.01006
http://dx.doi.org/10.1093/hmg/ddq449
http://dx.doi.org/10.1182/blood-2011-02-338582


Nutrients 2020, 12, 409 17 of 18

70. Zhao, L.; Kirkmeyer, S.V.; Tepper, B.J. A paper screening test to assess genetic taste sensitivity to
6-n-propylthiouracil. Physiol. Behav. 2003, 78, 625–633. [CrossRef]

71. Barbarossa, I.T.; Melis, M.; Mattes, M.Z.; Calò, C.; Muroni, P.; Crnjar, R.; Tepper, B.J. The gustin (CA6) gene
polymorphism, rs2274333 (A/G), is associated with fungiform papilla density, whereas PROP bitterness is
mostly due to TAS2R38 in an ethnically-mixed population. Physiol. Behav. 2015, 138, 6–12. [CrossRef]

72. Sollai, G.; Melis, M.; Pani, D.; Cosseddu, P.; Usai, I.; Crnjar, R.; Bonfiglio, A.; Tomassini Barbarossa, I. First
objective evaluation of taste sensitivity to 6-n-propylthiouracil (PROP), a paradigm gustatory stimulus in
humans. Sci. Rep. 2017, 7, 40353. [CrossRef] [PubMed]

73. Green, B.G.; Shaffer, G.S.; Gilmore, M.M. Derivation and evaluation of a semantic scale of oral sensation
magnitude with apparent ratio properties. Chem. Senses 1993, 18, 683–702. [CrossRef]

74. Tepper, B.J.; Christensen, C.M.; Cao, J. Development of brief methods to classify individuals by PROP taster
status. Physiol. Behav. 2001, 73, 571–577. [CrossRef]

75. Landis, B.N.; Welge-Luessen, A.; Bramerson, A.; Bende, M.; Mueller, C.A.; Nordin, S.; Hummel, T. “Taste
Strips”—A rapid, lateralized, gustatory bedside identification test based on impregnated filter papers. J.
Neurol. 2009, 256, 242–248. [CrossRef]

76. Mueller, C.; Kallert, S.; Renner, B.; Stiassny, K.; Temmel, A.F.; Hummel, T.; Kobal, G. Quantitative assessment
of gustatory function in a clinical context using impregnated "taste strips". Rhinology 2003, 41, 2–6.

77. Banerjee, M.; Gautam, S.; Saxena, M.; Bid, H.K.; Agrawal, C.G. Association of CD36 gene variants rs1761667
(G > A) and rs1527483 (C > T) with Type 2 diabetes in North Indian population. Int. J. Diabetes Mellit. 2010,
2, 179–183. [CrossRef]

78. Melis, M.; Mastinu, M.; Arca, M.; Crnjar, R.; Tomassini Barbarossa, I. Effect of chemical interaction between
oleic acid and L-Arginine on oral perception, as a function of polymorphisms of CD36 and OBPIIa and
genetic ability to taste 6-n-propylthiouracil. PLoS ONE 2018, 13, e0194953. [CrossRef]

79. Chan, S.S.; Luben, R.; Olsen, A.; Tjonneland, A.; Kaaks, R.; Teucher, B.; Lindgren, S.; Grip, O.; Key, T.;
Crowe, F.L.; et al. Body mass index and the risk for Crohn’s disease and ulcerative colitis: Data from a
European Prospective Cohort Study (The IBD in EPIC Study). Am. J. Gastroenterol. 2013, 108, 575–582.
[CrossRef]

80. Blain, A.; Cattan, S.; Beaugerie, L.; Carbonnel, F.; Gendre, J.P.; Cosnes, J. Crohn’s disease clinical course and
severity in obese patients. Clin. Nutr. 2002, 21, 51–57. [CrossRef]

81. Moran, G.W.; Dubeau, M.F.; Kaplan, G.G.; Panaccione, R.; Ghosh, S. The increasing weight of Crohn’s
disease subjects in clinical trials: A hypothesis-generatings time-trend analysis. Inflamm. Bowel Dis. 2013, 19,
2949–2956. [CrossRef]

82. Seminerio, J.L.; Koutroubakis, I.E.; Ramos-Rivers, C.; Hashash, J.G.; Dudekula, A.; Regueiro, M.; Baidoo, L.;
Barrie, A.; Swoger, J.; Schwartz, M.; et al. Impact of Obesity on the Management and Clinical Course of
Patients with Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2015, 21, 2857–2863. [CrossRef]

83. Lamy, E.; Simoes, C.; Rodrigues, L.; Costa, A.R.; Vitorino, R.; Amado, F.; Antunes, C.; do Carmo, I. Changes
in the salivary protein profile of morbidly obese women either previously subjected to bariatric surgery or
not. J. Physiol. Biochem. 2015, 71, 691–702. [CrossRef] [PubMed]

84. Lucas Lopez, R.; Grande Burgos, M.J.; Galvez, A.; Perez Pulido, R. The human gastrointestinal tract and oral
microbiota in inflammatory bowel disease: A state of the science review. Apmis 2017, 125, 3–10. [CrossRef]
[PubMed]

85. Esberg, A.; Haworth, S.; Brunius, C.; Lif Holgerson, P.; Johansson, I. Carbonic Anhydrase 6 Gene Variation
influences Oral Microbiota Composition and Caries Risk in Swedish adolescents. Sci. Rep. 2019, 9, 452.
[CrossRef] [PubMed]

86. Feeney, E.L.; Hayes, J.E. Exploring associations between taste perception, oral anatomy and polymorphisms
in the carbonic anhydrase (gustin) gene CA6. Physiol. Behav. 2014, 128, 148–154. [CrossRef]

87. Rodrigues, L.; Costa, G.; Cordeiro, C.; Pinheiro, C.; Amado, F.; Lamy, E. Salivary proteome and glucose levels
are related with sweet taste sensitivity in young adults. Food. Nutr. Res. 2017, 61, 1389208. [CrossRef]

88. Lee, R.J.; Xiong, G.; Kofonow, J.M.; Chen, B.; Lysenko, A.; Jiang, P.; Abraham, V.; Doghramji, L.; Adappa, N.D.;
Palmer, J.N.; et al. T2R38 taste receptor polymorphisms underlie susceptibility to upper respiratory infection.
J. Clin. Investig. 2012, 122, 4145–4159. [CrossRef]

89. Lee, R.J.; Cohen, N.A. The emerging role of the bitter taste receptor T2R38 in upper respiratory infection and
chronic rhinosinusitis. Am. J. Rhinol. Allergy 2013, 27, 283–286. [CrossRef]

http://dx.doi.org/10.1016/S0031-9384(03)00057-X
http://dx.doi.org/10.1016/j.physbeh.2014.09.011
http://dx.doi.org/10.1038/srep40353
http://www.ncbi.nlm.nih.gov/pubmed/28074885
http://dx.doi.org/10.1093/chemse/18.6.683
http://dx.doi.org/10.1016/S0031-9384(01)00500-5
http://dx.doi.org/10.1007/s00415-009-0088-y
http://dx.doi.org/10.1016/j.ijdm.2010.08.002
http://dx.doi.org/10.1371/journal.pone.0194953
http://dx.doi.org/10.1038/ajg.2012.453
http://dx.doi.org/10.1054/clnu.2001.0503
http://dx.doi.org/10.1097/MIB.0b013e31829936a4
http://dx.doi.org/10.1097/MIB.0000000000000560
http://dx.doi.org/10.1007/s13105-015-0434-8
http://www.ncbi.nlm.nih.gov/pubmed/26399515
http://dx.doi.org/10.1111/apm.12609
http://www.ncbi.nlm.nih.gov/pubmed/27704622
http://dx.doi.org/10.1038/s41598-018-36832-z
http://www.ncbi.nlm.nih.gov/pubmed/30679524
http://dx.doi.org/10.1016/j.physbeh.2014.02.013
http://dx.doi.org/10.1080/16546628.2017.1389208
http://dx.doi.org/10.1172/JCI64240
http://dx.doi.org/10.2500/ajra.2013.27.3911


Nutrients 2020, 12, 409 18 of 18

90. Melis, M.; Grzeschuchna, L.; Sollai, G.; Hummel, T.; Tomassini Barbarossa, I. Taste disorders are partly
genetically determined: Role of the TAS2R38 gene, a pilot study. Laryngoscope 2019. [CrossRef]

91. Lee, R.J.; Cohen, N.A. Role of the bitter taste receptor T2R38 in upper respiratory infection and chronic
rhinosinusitis. Curr. Opin. Allergy Clin. Immunol. 2015, 15, 14–20. [CrossRef]

92. Daoudi, H.; Plesnik, J.; Sayed, A.; Sery, O.; Rouabah, A.; Rouabah, L.; Khan, N.A. Oral Fat Sensing and
CD36 Gene Polymorphism in Algerian Lean and Obese Teenagers. Nutrients 2015, 7, 9096–9104. [CrossRef]
[PubMed]

93. Karmous, I.; Plesnik, J.; Khan, A.S.; Sery, O.; Abid, A.; Mankai, A.; Aouidet, A.; Khan, N.A. Orosensory
detection of bitter in fat-taster healthy and obese participants: Genetic polymorphism of CD36 and TAS2R38.
Clin. Nutr. 2017. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/lary.27828
http://dx.doi.org/10.1097/ACI.0000000000000120
http://dx.doi.org/10.3390/nu7115455
http://www.ncbi.nlm.nih.gov/pubmed/26556365
http://dx.doi.org/10.1016/j.clnu.2017.06.004
http://www.ncbi.nlm.nih.gov/pubmed/28669668
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subjects 
	Experimental Procedure 
	PROP Taster Status Classification 
	Sweet, Salty, Sour, Bitter and Umami Taste Sensitivity Assessments 
	Oleic Acid Threshold Assessment 
	Molecular Analysis 
	Data Analyses 

	Results 
	BMI Effects 
	Total Taste Scores 
	Sweet, Salty, Sour, Bitter and Umami Taste Scores 
	Oleic Acid Threshold and Genotyping for CD36 Polymorphism, rs1761667 (A/G). 

	Discussion 
	Conclusions 
	Limitations and Future Directions 
	References

