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Abstract: Hereditary mechanisms are partially responsible for individual differences in sensitivity to
and the preference for sweet taste. The primary aim of this study was to examine the associations
between 10 genetic variants and the intake of total sugar, added sugar, and sugars with sweet taste
(i.e., monosaccharides and sucrose) in a middle-aged Swedish population. Two single nucleotide
polymorphisms (SNPs) within the Fibroblast grow factor 21 (FGF21) gene, seven top hits from a
genome-wide association study (GWAS) on total sugar intake, and one SNP within the fat mass
and obesity associated (FTO) gene (the only SNP reaching GWAS significance in a previous study),
were explored in relation to various forms of sugar intake in 22,794 individuals from the Malmö
Diet and Cancer Study, a population-based cohort for which data were collected between 1991–1996.
Significant associations (p = 6.82× 10−7 − 1.53× 10−3) were observed between three SNPs (rs838145,
rs838133, and rs8103840) in close relation to the FGF21 gene with high Linkage Disequilibrium, and
all the studied sugar intakes. For the rs11642841 within the FTO gene, associations were found
exclusively among participants with a body mass index ≥ 25 (p < 5 × 10−3). None of the remaining
SNPs studied were associated with sugar intake in our cohort. A further GWAS should be conducted
to identify novel genetic variants associated with the intake of sugar.

Keywords: genetic variants; SNPs; sugar intake; total sugar; added sugar; sweet taste; FGF21 gene;
FTO gene

1. Introduction

Over the years, scientific evidence associating sugar intake with non-communicable
diseases such as dental caries [1,2], weight gain [3,4], metabolic syndrome, type 2 dia-
betes [1,2,5], and cardiovascular mortality [1] among others, has continued to increase [6,7].
Due to the adverse health effects associated with high sugar intake, it is important to un-
derstand the determinants of consumption and desire for foods with a high sugar content.

The study of genetic factors has proved to be an important source of knowledge and
understanding of the determinants and mechanisms of dietary preference and consumption
through the identification of single-nucleotide polymorphisms (SNPs). The potential SNPs
related to sugar intake and sweet taste preference, as well as other traits, can be identified
using various approaches. In the candidate gene approach, the studied genes are selected
based on their biological function on the phenotypes of interest or their proximity to a
chromosomal region that has been linked with the phenotype [8], whereas in genome-wide
association studies (GWAS), the whole genome is analyzed without previous assumptions
so that new genetic variants may be revealed [9].

Studies using the candidate gene approach have reported associations between su-
crose sensitivity and several genetic variants within or in close proximity of the sweet taste
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receptor genes TAS1R2 [10], TAS1R3 [11], and the downstream gene GNAT3 [12]. However,
associations between genetic variants and the intake of carbohydrates and/or sweet foods
have only been found for the sweet taste receptor TAS1R2 [13], but not for TAS1R3 [14],
or for the glucose transporter GLUT2 [15]. Nevertheless, of the 21 investigated SNPs in
these genes, none were found to be associated with total sugar intake in the UK biobank
(n = 174,424) [16]. In GWAS, the fibroblast growth factor 21 (FGF21) gene, more specifically
the rs838133 SNP and the adjacent rs838145, have been linked to higher intake of carbo-
hydrates and overall caloric intake [13,17–19]. Although this is a well-established region
in relation to carbohydrate metabolism and intake, it is understudied regarding specific
subgroups of carbohydrate intake, in particular added sugar.

A GWAS study by Hwang et al. [16] aimed to discover new possible genetic variants
associated with the intake of total sugar and sweets using data from the UK biobank,
perceived intensity of glucose, fructose, and sweeteners using an Australian adolescent
twin sample, and perceived intensity and sweetness and the liking of sucrose using a US
adult twin sample. The strongest association observed, and the only loci that reached
GWAS significance, was between the rs11642841 within the fat mass and obesity associated
(FTO) gene and total sugar intake (p = 3.8 × 10−8) [16]. In addition, results found for many
of the SNPs and phenotypes were suggestive of an association (p < 1.0 × 10−5). Therefore,
a replication of these associations is required.

The aim of this study was to explore the associations between the eight SNPs most
strongly associated with total sugar intake as found by Hwang et al. [16] as well as the two
well-established SNPs in close relation to the FGF21 gene with the consumption of total
sugar (i.e., all mono- and disaccharides present in the diet), added sugar (i.e., mono- and
disaccharides not naturally occurring in foods and beverages), and sugars with a sweet
taste (i.e., all monosaccharides and sucrose) in a middle-aged Swedish population. As a
secondary aim, we explored the associations with an intake of different sugar-sweetened
foods and beverages, macronutrients, and energy intake. Additionally, we studied 20 SNPs
in candidate genes as listed by Hwang et al., and the 71 SNPs identified in their GWAS of
sweet intake and perceived intensity of sweet substances [16].

2. Materials and Methods
2.1. Study Population

The Malmö Diet and Cancer Study (MDCS) is a population-based prospective cohort
study, with a baseline examination conducted between years 1991–1996. The source
population consisted of men born between 1923 and 1945, and women born between
1923 and 1950, living in the municipality of Malmö, Sweden (n = 74,138). All participants
provided written informed consent prior to participation, and ethical approval was granted
by the Regional Ethical Review Board in Lund (LU/90-51) [20,21].

The participants completed a self-administered questionnaire that included ques-
tions regarding lifestyle factors such as education, demographics, alcohol habits, physical
activity, tobacco use, and past medical history. Anthropometric measurements were per-
formed, and blood samples were collected from the participants and stored in a biobank.
Among the 28,098 individuals with complete anthropometric and dietary information,
27,068 individuals had information about genetics. We excluded 3263 individuals who
were born outside of Sweden, as well as 1011 individuals with diabetes at baseline due to a
generally reduced intake of sugar in this group. After the exclusions, 22,794 participants
remained and constituted the study sample of this study.

2.2. Dietary Data

Dietary data were collected through a modified diet history method which consisted
of a food diary, a food questionnaire, and a complementary interview. Participants re-
ported their consumption of cooked meals and cold beverages in the food diary for seven
consecutive days. The 168-item food questionnaire estimated average frequencies and
portion-sizes of food items not covered in the food record (mainly breakfast and snacks)
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during the preceding year. Additionally, a 60-min (until September 1994) or 45-min (from
September 1994) diet history interview was held, where information about the cooking
methods and portion sizes was recorded and reviewed so that there was no overlapping
information between the food diary and the food questionnaire [22].

The participants’ energy and nutrient intakes were calculated based on information
from the Swedish National Food Agency’s database [22]. A validation study has been
performed, where the diet history method was validated against 18 days of weighed food
records. A relatively high ranking validity was revealed with an energy-adjusted Pearson
correlation coefficients of (men/women) carbohydrates (0.66/0.70), protein (0.54/0.53), fat
(0.64/0.69), fibre (0.74/0.69) and sucrose (0.60/0.74) [23].

The main dietary outcomes for our study were total sugar intake, added sugar intake
and the intake of sugars with a sweet taste. The total sugar intake included all mono- and
disaccharides present in the diet from any source. The added sugar intake was estimated
by subtracting the naturally occurring sugars in fruit, vegetable, and fruit juice intake
from the sum of the participants’ total monosaccharide and sucrose intakes [24]. Sugars
with a sweet taste included all monosaccharides and sucrose, both added to and naturally
occurring in foods. These variables were expressed as percentages of non-alcoholic energy
intake (E%).

The secondary dietary outcomes were monosaccharide intake (mainly fructose,
glucose and galactose) (E%), disaccharide intake (mainly lactose, sucrose and maltose)
(E%), sucrose intake (E%), sweets and chocolate intake (g/day), sugar-sweetened beverages
(SSBs) intake (g/day), ice cream intake (g/day), pastry intake (cakes, pies, cookies, and
buns) (g/day), total energy intake (kcal/day), carbohydrate intake (E%), fat intake (E%),
and protein intake (E%).

2.3. Genotyping and Selection of SNPs

Blood samples were used for genotyping, which was performed using the Illumina
GSA v1 genotyping array. Some SNPs were not genotyped directly but were imputed via
the Haplotype Reference Consortium reference panel [25].

Our primary exposures consisted of the two SNPs near the FGF21 gene (rs838133
and rsr838145), and eight SNPs that constituted the top hits for total sugar intake in the
UK biobank GWAS (n = 174,424) identified by Hwang et al. [16]. Our secondary exposures
consisted of 104 SNPs and included 11 SNPs that were suggestively associated (p < 1 × 10−5)
with sweets intake in the UK biobank GWAS (n = 21,447) [16] as well as 73 SNPs associated
with the perceived intensity and preference of various sweet substances in two samples:
the US adult twin sample (n = 686) [26] and the Australian Brisbane adolescent Twin Study
(n = 1757) [27]. Additionally, 20 SNPs that were previously identified using the candidate-
gene approach in association with sweet phenotypes and listed in Hwang et al. [16] were
also studied (Figure 1).

The genotyped variants were subject to quality control and further exclusions were
made in cases of Hardy–Weinberg Equilibrium test of p < 1 × 10−15 (Table S1), sample
call rate of <90%, and minor allele frequency (MAF) of <0.05. Information about six of the
SNPs included in Hwang et al. was unavailable in the MDCS, five SNPs were excluded
due to a minor allele frequency (MAF) < 0.05 (Table S2), and two duplicates were removed,
resulting in a total of 101 SNPs that were included in our analyses (Figure 1).

2.4. Statistical Analyses

All the statistical analyses were performed using R version 4.0.3 (R Foundation for
Statistical Computing, Vienna, Austria). A linear regression model was used to study the
associations between the SNPs and the dietary outcomes as continuous variables. The
SNPs were coded as 0, 1, and 2, with 2 being the homozygous for the effect allele (i.e., the
allele that was reported to be associated with higher outcome ratings in Hwang et al. [16]).
The variables for sugar-sweetened foods and beverages were log-transformed as they were
not normally distributed. The model was adjusted for age, sex, method (45- or 60-min
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dietary interviews), and total energy intake (kcal/day). The effect sizes were presented as
a β/standard error of the estimate (SEE). A p-value of <0.05 denoted statistical significance
and Bonferroni-corrected significance thresholds were used to correct for multiple testing.
Furthermore, 10 SNPs were included as primary exposures; thus, the Bonferroni-corrected
significance threshold was set to p < 0.005. The LD and Hardy–Weinberg equilibrium were
identified using the Genetics R-package [28]. The power calculations were performed using
the genpwr R-package [29].

1 

 

 

Figure 1. Description of all SNPs included in this study, based on a list compiled by Hwang et al. [16]. * Main SNPs in
our study. 1 Hwang et al. [16]. 2 Hwang et al. [27]. 3 Knaapila et al. [26] SNPs: Single-nucleotide polymorphisms. MAF:
Minor allele frequency. MDCS: Malmö Diet and Cancer Study. gSweet: Weighted mean of the glucose, fructose, NHDC, and
aspartame intensity ratings.

Several sensitivity analyses were carried out to further explore the associations be-
tween the studied exposures and outcomes. To account for the limitations of a single
self-reported dietary assessment, a sensitivity analysis was performed which excluded
those assessments for which there was an indication that the reported intake may not
be representative of long-term intake, i.e., excluding potential energy misreporters and
those who had reported drastic dietary changes before a baseline examination (n = 14,939).
Potential energy misreporters were identified based on the participants’ estimated energy
expenditure using Black’s revised Goldberg cut-offs [30].

Some of the SNPs included in our study, particularly those associated with
TAS1R2 [10,31] and FTO [32,33], have been previously indicated to be associated with
body mass index (BMI) or to have BMI as an effect modifier. Thus, we explored whether
any of our associations were dependent on BMI by studying the associations in individuals
with BMI < 25 and ≥25 separately. Finally, an analysis that excluded current smokers and
those with missing information on smoking was conducted since it has been suggested
that smokers might have impaired taste sensitivity (n = 16,436) [34,35].

3. Results
3.1. Study Population Characteristics

Our cohort consisted of 22,794 individuals (61.4% women) with an average age of
58.1 years (ranging between 44.5 and 73.6 years). The study population had a mean energy
intake of 2281 kcal per day, a mean total sugar intake of 20.4 E%, a mean added sugar
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intake of 10.2 E%, and a mean intake of sugars with a sweet taste of 16.0 E%. The mean
BMI of our sample was 25.5 kg/m2 with 50.8% of participants having a BMI of 25 kg/m2

or above. The number of current smokers in our population was 6352 (27.9%) (Table 1).

Table 1. Baseline characteristics for the Malmö Diet and Cancer study population.

Characteristic Mean (SD)

Age (years) 58.1 (7.68)
BMI (kg/m2) 25.5 (3.87)
Total sugar (E%) 20.4 (5.24)
Added sugar (E%) 10.2 (4.21)
Sugars with sweet taste (E%) 1 16.0 (4.93)
Sucrose (E%) 8.62 (3.46)
Monosaccharides (E%) 7.36 (2.82)
Disaccharides (E%) 13.0 (3.98)
Sweets and chocolate (g/day) 15.1 (19.9)
Sugar-sweetened beverages (g/day) 74.9 (143)
Ice cream (g/day) 12.1 (18.6)
Cakes (g/day) 38.1 (31.0)
Total energy (kcal/day) 2281 (644)
Carbohydrates (E%) 45.0 (5.97)
Fat (E%) 39.2 (6.06)
Protein (E%) 15.8 (2.50)

n (%)
BMI < 25 2 11,188 (49.1)
BMI ≥ 25 2 11,579 (50.8)
Women 13,992 (61.4)
Smoking status 3

Non-smokers 8754 (38.4)
Former smokers 7682 (33.7)
Current smokers 6352 (27.9)

1 Sucrose and all monosaccharides. 2 Information on BMI was missing for 27 participants. 3 Information on
smoking was missing for 6 participants. SD: Standard deviation. E%: Percentage of non-alcoholic energy intake.
BMI: Body Mass Index.

Information about the 10 primary genetic variants in our analyses is shown in Table 2,
including the location, associated gene, effect allele, as well as the results reported for the
associations with total sugar intake from Hwang et al. [16].

Table 2. Description and allele frequencies of the 10 primary SNPs.

SNP CHR:BP Associated Gene EA 1 NEA EAF p-Value for Total Sugar
Intake from Hwang et al. 2

rs11577403 1:43989773 PTPRF A G 0.36 1.60 × 10−7

rs7424551 2:216079163 AC073284.4 G A 0.35 6.70 × 10−8

rs35267617 5:146693114 STK32A T C 0.47 3.60 × 10−7

rs6911544 6:51477640 RP3-335N17.2 A C 0.18 1.00 × 10−6

rs559904 12:121029354 POP5 A G 0.29 2.90 × 10−7

rs11642841 16:53845487 FTO C A 0.41 3.80 × 10−8

rs60764613 18:1839911 CTD-2015H3.1 G T 0.15 1.20 × 10−7

rs838145 19:48745473 IZUMO1, FGF21 G A 0.40 2.70 × 10−6

rs8103840 19:49254955 FUT1, FGF21 C T 0.50 5.90 × 10−7

rs838133 19:49261368 FGF21 A G 0.43 4.80 × 10−7

CHR: Chromosome, BP: Base pair, EA: Effect allele, NEA: Non-effect allele, EAF: Effect allele frequency. 1 The effect alleles were determined
based on the effect alleles in Hwang et al. [16]. 2 Results from Hwang et al. [16].

3.2. Associations between Primary SNPs and Main Outcomes

We found several Bonferroni-corrected significant associations (p < 0.005) between the
primary genetic variants and the three main forms of sugar intake under study (total sugar,
added sugar, sugars with sweet taste). The strongest associations were found for the three
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SNPs located in chromosome 19, within the FGF21 gene (rs838133) or in close proximity to
the FGF21 gene (rs838145 and rs8103840) (Table 3). All three SNPs were in high linkage
disequilibrium (LD), the correlation coefficient between rs838145 and rs838133 was 0.62
(D′ = 0.81) and the correlation coefficients for rs838145 and rs838133 with rs8103840 were
0.68 (D′ = 0.99) and 0.70 (D′ = 0.98), respectively (Tables S3 and S4). All three alleles
(rs838145 G, rs838133 A, and rs8103840 C) were positively associated with intakes of total
sugar (β = 0.18, β = 0.22, and β = 0.20, respectively), added sugar (β = 0.13, β = 0.15, and
β = 0.13, respectively), and sugars with a sweet taste (β = 0.16, β = 0.22, and β = 0.20,
respectively), with the β-value representing an increase in E% per additional allele (Table 3,
Figure 2).

Table 3. Associations between the 10 primary SNPs and the main outcomes.

Total Sugar Added Sugar Sugars with Sweet Taste 1

SNP EA Associated Gene β SE p β SE p β SE p

rs11577403 A PTPRF 0.04 0.05 0.42 0.01 0.04 0.82 0.04 0.05 0.40
rs7424551 G AC073284.4 −0.02 0.05 0.71 0.03 0.04 0.45 −0.01 0.05 0.83
rs35267617 T STK32A −0.01 0.05 0.76 0.00 0.04 0.90 −0.04 0.05 0.34
rs6911544 A RP3-335N17.2 0.08 0.06 0.22 0.07 0.05 0.20 0.08 0.06 0.19
rs559904 A POP5 0.08 0.05 0.13 0.01 0.04 0.74 0.06 0.05 0.21

rs11642841 C FTO 0.09 0.05 0.07 0.10 0.04 0.01 0.06 0.05 0.17
rs60764613 G CTD-2015H3.1 0.06 0.07 0.33 0.16 0.05 2.89 × 10−3 0.12 0.06 0.06

rs838145 G IZUMO1, FGF21 0.18 0.05 2.32 × 10−4 0.13 0.04 1.53 × 10−3 0.16 0.05 6.52 × 10−4

rs8103840 C FUT1, FGF21 0.20 0.05 2.04 × 10−5 0.13 0.04 4.85 × 10−4 0.20 0.04 1.06 × 10−5

rs838133 A FGF21 0.22 0.05 2.42 × 10−6 0.15 0.04 1.87 × 10−4 0.22 0.05 6.82 × 10−7

1 All monosaccharides and sucrose. SNP: Single-nucleotide polymorphism, EA: Effect allele, SE: Standard error.

Another significant association was found for the rs60764613 G allele, located within
the CTD-2015H3.1 gene on chromosome 18, which was positively associated with added
sugar intake (p = 2.89 × 10−3) (Table 3 and Table S5). However, the only SNP with a strong
GWAS significance in Hwang et al. [16] was rs11642841 within the FTO gene, which did
not associate with any of the main sugar outcomes in our cohort.

3.3. Associations between Primary SNPs and Secondary Outcomes

Regarding secondary outcomes (sugar-sweetened food and beverage consumption,
other forms of sugar intake, energy intake, and macronutrient intakes), rs838145 G allele
showed positive associations for intakes of carbohydrates, sucrose, disaccharides, sweets
and chocolates, and cakes, but not for SSBs, monosaccharides, ice cream or total energy
intakes. The rs838133 A allele, which had a slightly stronger association with the intakes
of added sugar and sugars with a sweet taste than the rs838145 G allele, showed similar
associations as the former but with the addition of a positive association with monosaccha-
ride intake and a negative association with protein intake. The rs8103840 C allele showed
positive associations for intakes of sucrose, disaccharides, and cakes, but not for SSB, ice
cream, total energy, or fat intakes (Figure 2 and Table S5). Further, a significant association
was found for the rs60764613, located within the CTD-2015H3.1 gene for the intake of
sweets and chocolate, and cakes. The rs11642841, allocated within the FTO gene, presented
a significant association with intakes of disaccharides and total energy intake and it was
one of few alleles to demonstrate a suggestive association (p < 0.05) with intakes of SSBs
(Figure 2 and Table S5).
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Figure 2. Associations between all primary and secondary SNPs and dietary variables in the MDCS
cohort. The effect sizes are presented as β/SEE. TAS1R2: Taste receptor type 1 member 2 gene.
TAS1R3: Taste receptor type 1 member 3 gene. GNAT3: G protein subunit alpha transducin 3.
GLUT2: Glucose transporter 2 gene. SEE: Standard error of the estimate. MDCS: Malmö Diet and
Cancer Study. 1 Sucrose and all monosaccharides. 2 Rs2192762 was associated with both NHDC and
gSweet intensity in Hwang et al. [16]. * p < 0.05, ** p < 0.005.

3.4. Associations between Secondary SNPs and All Outcomes

A statistically significant inverse association was identified between the rs5400 C allele
(located within the GLUT2 gene) and carbohydrate intake, and between the rs167132 T
allele (previously associated with gSweet, a weighted mean of the glucose, fructose, NHDC,
and aspartame intensity ratings, and sucrose intensity traits in the GWAS performed by
Hwang et al. [16]) and total energy intake (Figure 2 and Table S5).

3.5. Sensitivity Analyses

When the population was stratified based on BMI, the associations for participants
with BMI ≥ 25 (50.8% of the population) were generally stronger than those for BMI < 25.
Among participants with a BMI ≥ 25, the associations between rs11642841 within the FTO
gene (i.e., the only SNP reaching GWAS significance in Hwang et al. [16]) and total sugar,
added sugar, and sweet sugars, as well as sucrose intake were strengthened compared
to the main results. Indications of interactions between BMI and rs11642841 on total sugar,
added sugar, and sugars with sweet taste were found (p = 0.04 for all outcomes). For BMI < 25,
only a few associations met the Bonferroni-corrected threshold of significance, such as the
association of rs838133 with an intake of sugars with a sweet taste and rs60764613 with
cake intake (Figure 3, Tables S6 and S7).

In further sensitivity analyses, we observed that the exclusion of current smokers
strengthened the associations of the three SNPs within or near the FGF21 gene (rs838145,
rs838133 and rs8103840) with total sugar. The associations between rs60764613 and total
sugar and sugars with a sweet taste were also strengthened, reaching a significance of
p < 0.05 but not reaching the Bonferroni-corrected threshold of significance (Figure S1,
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Table S8). When potential energy misreporters and diet changers were excluded (34.5%
of the population), attenuations of a few associations were observed whereas some asso-
ciations were strengthened. For instance, rs8103840 (FUT1 and FGF21 genes) association
with total sugar intake was attenuated but remained significantly Bonferroni-corrected
(p < 0.005), and the associations of rs838145 (FGF21 gene) and rs60764613 (CTD-2015H3
gene) and added sugar intake were attenuated and no longer reached the Bonferroni-
corrected significance, whereas the associations between rs838133 (FGF21 gene) and the
main outcomes were strengthened. (Figure S2, Table S9).
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4. Discussion

Our study primarily aimed to examine the associations between well-established
genetic variants in the FGF21 gene and different forms of sugar intake, as well as to replicate
the top hits recently reported in the GWAS by Hwang et al. [16]. We found significant
associations between three previously reported SNPs within and in close proximity to the
FGF21 gene (rs838133, rs838145, and rs8103840) and total intake of sugar, added sugar, and
sugars with a sweet taste. In contrast with Hwang et al. [16], no significant associations
were found between the rs11642841 within the FTO gene in our main analyses. However,
when stratifying our sample based on BMI, an association between rs11642841 and the
total and added sugar intakes for participants with a BMI ≥ 25 kg/m2 was discovered. The
remaining SNPs could not be replicated for associations with sugar intake in our cohort,
including those within genes coding for proteins involved with the transduction of sweet
taste signals, such as the TAS1R2 and GNAT3 genes.

Our findings agree with previous GWASs that linked several variants within the
FGF21 locus with macronutrient intake [17,19,36,37], and there is much support for the
idea that FGF21 is the effector gene behind the associations between rs838133, rs838145,
and rs8103840 and a higher sugar intake. It has been demonstrated that the liver-derived
hormone FGF21, encoded by the FGF21 gene, is released in response to sugar consump-
tion [13,38], alcohol intake [39] and diets that are deficient in protein [40,41], further
contributing to an explanation for the observed associations with a lower protein intake
in the present study. This sugar-induced FGF21 response signals for the central nervous
system to suppress preference of sweet taste and sugar intake through a negative feedback
loop so as to restore macronutrient balance [42–44]. This effect has been further demon-
strated by the administration of FGF21 analogues in animals [45], and antibody-mediated
activation of the FGF21 receptor-complex in humans [46], which both have been found to
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suppress the sweet taste preference [45,46]. Recent findings in mice have indicated that the
primary dietary effect of FGF21 is on sugar and carbohydrate preference, rather than on
protein preference per se [47], and effects on protein intake may primarily occur in terms
of a substitution for carbohydrates.

When examining whether any of the sugar-sweetened foods or beverages may con-
tribute to associations with sugar intake, connections were found between the three SNPs
in close proximity to the FGF21 gene as well as the rs60764613 (within the CTD-2015H3
gene) and higher intakes of cakes, and sweets and chocolate. Previously reported findings
from MDCS for another SNP within the FTO gene (rs9939609) [32], only found associations
with cakes and SSB, but no other foods. In our study, suggestive associations were found
between the rs11642841 C within the FTO gene and the intake of cakes (p = 2.7 × 10−3) and
SSB consumption (p = 7.6 × 10−3). Furthermore, we did not find associations between any
of the other studied SNPs and the intake of SSBs. This was an unexpected finding since
SSB consumption tends to be more consistently associated with adverse health outcomes
as compared to the intake of total sugar [6].

When dividing the participants based on their BMI, the associations between rs11642841
in the FTO gene and most of the associations with sugar intake variables were found
exclusively among participants with BMI ≥ 25 kg/m2, indicating that these associations
might be partially associated with BMI as well. For Hwang et al., the rs11642841 C allele
was found to have the strongest positive association with total sugar intake and was,
contrary to our findings, inversely associated with BMI [16]. In line with the findings of
Hwang et al. [16], but in contrast with previous studies reporting associations between
variants within the sweet taste receptor and sweet signal transduction genes TAS1R2 and
GNAT3, and sweet perception, sweet preference, and intake of sweet foods [10,31,48–50],
we found no associations for the variants within TAS1R2 or GNAT3 in the main analyses.
There were no associations found for TAS1R2 in the subgroup analyses of BMI < 25 and
≥25, despite the associations between TAS1R2 and sugar intake previously having been
suggested to be BMI dependent [10,48]. These discrepancies could be due to previous
studies being conducted in smaller study samples of a few hundred participants and with
less comprehensive dietary assessment methods [10,48], and thus, our findings provide
further insight to the genetics of sugar intake as related to the sweet taste receptor and
sweet signal transduction genes.

When smokers were excluded in a further sensitivity analysis, strengthened associa-
tions between the FGF21 adjacent SNPs and an association between rs60764613 (within
the CTD-2015H3 gene), which was previously associated with smoking initiation [51], and
total sugar intake were found. Additionally, the methodology used in this study allowed
for the exclusion of potential energy misreporters and drastic dietary changed. Given that
the dietary data used in this study was self-reported, this sensitivity analysis aimed to
account for potential diet measurement errors and unstable eating habits and resulted in
some associations being strengthened, as was the case for the three main SNPs in close
proximity with the FGF21 gene, while other associations were weakened.

There are several possible explanations behind the discrepancies between our results
and those reported by Hwang et al. [16]. For example, none of the SNPs, except for rs11642841
within the FTO gene, reached the GWAS significance threshold in Hwang et al. [16], thus it is
possible that they were chance findings. Another possible explanation is that many of the
suggestive associations reported by Hwang et al. [16] were found for perceived intensity
and preference of sweet substances, and not for sugar consumption per se, which was
the aim of our study. Methodological factors that could influence the discrepancies of our
findings include the use of different dietary assessment methods and of populations with
different sample sizes. Finally, the fact that the studies were conducted during different
time periods could also influence any discrepancies of results found for sugar intake
between the studies, as the general consumption patterns could vary through time.

In addition to extensive sensitivity analyses, the strengths of this study include its
large study sample and the comprehensive dietary assessment which allowed us to study
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different dietary factors, including various types of sugars and sources of added sugar,
which in turn allowed us to explore whether certain sugars were more strongly associated
with the exposures than others. For example, our study found that rs838145 G (FGF21
gene) was associated with an increased intake of sucrose and other disaccharides, while
no association was found with the monosaccharide intake. This study is, to the best
of our knowledge, the first to investigate the associations between multiple SNPs and
intake of different sugars and sources of sugar. Although we had no information from
our participants regarding sweet-taste perception to compare with the results obtained by
Hwang et al. [16], being able to measure sugars with sweet taste as an approximation of
this information was an additional strength of our study.

Despite the relatively large study sample, it is possible that the study lacked the
statistical capacity to identify SNPs with small effect sizes, particularly those with a lower
MAF. The dietary outcomes in this study are most likely polygenic traits, meaning that
they are influenced by multiple different SNPs with generally low effects. For example, in
our study we had a high capacity to detect the effects of the FGF21 adjacent SNPs, which
all had high effect allele frequencies and relatively high effects (β~0.20) for total sugar and
sugars with sweet taste, whereas the statistical power may not have been high enough
to identify other, less common SNPs with lower effects. In our analysis, we assumed an
additive model, but the statistical capacity would be further weakened with regard to
dominant or recessive effects. To gain further knowledge about the genetic background
of sugar consumption, larger study samples are warranted. Additionally, GWAS should
be conducted for the specific outcomes of this study to identify SNPs that are specifically
associated with the consumption of various sugars as opposed to a preference or perception
of sweetness. Unfortunately, high-quality information was not available regarding the
consumption of non-nutritive sweeteners, and 90% of the study population reported that
to have no consumption of artificially sweetened beverages. Thus, associations with
non-nutritive sweetener intake were not investigated. To gain a deeper understanding
of the genetics of sweet preference and consumption, future studies should examine the
associations between genetic variants and non-nutritive sweeteners.

Furthermore, it is important to note the potentially limited generalizability of our
results due to the homogeneity in ethnicity, locality, and the age of our study popula-
tion [20], pertaining to both genetic conditions and consumption patterns as the outcomes
may reflect diverse behaviors in populations from different countries or age groups. Al-
though there might be some differences between the MDCS population and the samples
studied in Hwang et al. [16], they were all of European ancestry and presumably have a
comparable genetic architecture. However, these results can not necessarily be extrapolated
to populations of other ancestries. Consequently, more studies are needed in European
populations to confirm our results, as well as in populations of different ancestries to inves-
tigate whether similar associations can be found. Moreover, the dietary data of MDCS was
collected in the 1990s, and it therefore reflects the eating patterns of that period in an older
adult Swedish population, meaning that different results might be obtained in younger
participants or in more recent studies and it should consequently be investigated further.

5. Conclusions

This study explored SNPs that have been previously suggested to be associated with
sugar intake and sweet taste preference and sensitivity, in association with an intake of
numerous different sugar definitions and different sugar-rich foods and beverages in a
Swedish population. The strongest associations were found between three variants located
within or in close relation to the FGF21 gene (rs838145, rs838133, and rs8103840) and intakes
of added sugar, total sugar, and sugars with a sweet taste, providing additional support
for the role of FGF21 in the regulation of sweet taste preference. Most of the previously
identified SNPs could not be replicated to associate with sugar intake in this population.
These findings contribute important knowledge to the general understanding of genetic
determinants of sugar consumption behaviours and provide useful insights for future
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Mendelian randomization studies that may provide insight into the causality between
sugar consumption and disease incidence, which to date remains unclear. Further research
should be conducted in populations of different ancestries, age groups, and dietary habits
to gain a better understanding of the associations between SNPs and sugar consumption.
Additional GWAS should also be conducted to identify novel SNPs that are specific to the
different types of sugars investigated in this study.
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with a BMI < 25, Table S7: Associations between all primary and secondary SNPs and all dietary
outcomes for participants with a BMI≥ 25, Table S8: Associations between all primary and secondary
SNPs and all dietary outcomes when excluding current smokers, Table S9: Associations between all
primary and secondary SNPs and all dietary outcomes after excluding potential energy misreporters
and those reported to have made prior drastic diet changers, Figure S1: Sensitivity analysis excluding
current smokers and Figure S2: Sensitivity analysis excluding potential energy misreporters and
self-reported diet changers.

Author Contributions: Conceptualization, S.J., E.G.-P., K.N., Y.B. and E.S.; methodology, S.J., E.G.-
P., Y.B. and E.S.; formal analysis, S.J.; resources, E.S.; data curation, E.S.; writing—original draft
preparation, S.J. and E.G.-P.; writing—review and editing, S.J., E.G.-P., S.R., E.A., Y.B. and E.S.;
visualization, S.J.; supervision, E.S.; funding acquisition, E.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Swedish Research Council (2016-01501, 2020-01412), the
Heart and Lung Foundation (2016-0267, 2019-0555) and the Albert Påhlsson Foundation. Further
support was provided by the Swedish Foundation for Strategic Research (IRC15-006). The APC was
funded by Lund University’s APC Fund.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethical Committee at Lund University (LU 51-90), with
date of approval: 14 February 1990.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The dataset presented in this article are not readily available because
of ethical and legal restrictions. Requests to access the dataset should be directed to the Chair of the
Steering Committee for the Malmö cohorts, see instructions at https://www.malmo-kohorter.lu.se/
malmo-cohorts (last accessed on 3 November 2021).

Acknowledgments: The authors would like to thank all the MDCS participants and staff without
whom this and many other studies would not have been possible.

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

References
1. Khan, T.A.; Tayyiba, M.; Agarwal, A.; Mejia, S.B.; de Souza, R.J.; Wolever, T.M.S.; Leiter, L.A.; Kendall, C.W.C.; Jenkins, D.J.A.;

Sievenpiper, J.L. Relation of Total Sugars, Sucrose, Fructose, and Added Sugars with the Risk of Cardiovascular Disease: A
Systematic Review and Dose-Response Meta-analysis of Prospective Cohort Studies. Mayo Clin. Proc. 2019, 94, 2399–2414.
[CrossRef] [PubMed]

2. Tsilas, C.S.; de Souza, R.J.; Mejia, S.B.; Mirrahimi, A.; Cozma, A.I.; Jayalath, V.H.; Ha, V.; Tawfik, R.; Di Buono, M.; Jenkins, A.L.; et al.
Relation of total sugars, fructose and sucrose with incident type 2 diabetes: A systematic review and meta-analysis of prospective
cohort studies. CMAJ 2017, 189, E711–E720. [CrossRef] [PubMed]

3. Malik, V.S.; Schulze, M.B.; Hu, F.B. Intake of sugar-sweetened beverages and weight gain: A systematic review. Am. J. Clin. Nutr.
2006, 84, 274–288. [CrossRef]

4. Vartanian, L.R.; Schwartz, M.B.; Brownell, K.D. Effects of soft drink consumption on nutrition and health: A systematic review
and meta-analysis. Am. J. Public Health 2007, 97, 667–675. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/nu13113954/s1
https://www.mdpi.com/article/10.3390/nu13113954/s1
https://www.malmo-kohorter.lu.se/malmo-cohorts
https://www.malmo-kohorter.lu.se/malmo-cohorts
http://doi.org/10.1016/j.mayocp.2019.05.034
http://www.ncbi.nlm.nih.gov/pubmed/31806098
http://doi.org/10.1503/cmaj.160706
http://www.ncbi.nlm.nih.gov/pubmed/28536126
http://doi.org/10.1093/ajcn/84.2.274
http://doi.org/10.2105/ajph.2005.083782
http://www.ncbi.nlm.nih.gov/pubmed/17329656


Nutrients 2021, 13, 3954 13 of 14

5. Malik, V.S.; Popkin, B.M.; Bray, G.A.; Despres, J.P.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and risk of metabolic
syndrome and type 2 diabetes: A meta-analysis. Diabetes Care 2010, 33, 2477–2483. [CrossRef] [PubMed]

6. World Health Organisation. Guideline: Sugars Intake for Adults and Children; World Health Organisation: Geneva, Switzerland, 2015.
7. World Health Organisation/Food and Agriculture Organisation. Joint WHO/FAO Expert Consultation on Diet., Nutrition and the

Prevention of Chronic Diseases; World Health Organisation/Food and Agriculture Organisation: Geneva, Switzerland, 2003.
8. Tabor, H.K.; Risch, N.J.; Myers, R.M. Candidate-gene approaches for studying complex genetic traits: Practical considerations.

Nat. Rev. Genet. 2002, 3, 391–397. [CrossRef]
9. Tam, V.; Patel, N.; Turcotte, M.; Bossé, Y.; Paré, G.; Meyre, D. Benefits and limitations of genome-wide association studies. Nat.

Rev. Genet. 2019, 20, 467–484. [CrossRef] [PubMed]
10. Dias, A.G.; Eny, K.M.; Cockburn, M.; Chiu, W.; Nielsen, D.E.; Duizer, L.; El-Sohemy, A. Variation in the TAS1R2 Gene, Sweet Taste

Perception and Intake of Sugars. J. Nutr. Nutr. 2015, 8, 81–90. [CrossRef]
11. Fushan, A.A.; Simons, C.T.; Slack, J.P.; Manichaikul, A.; Drayna, D. Allelic polymorphism within the TAS1R3 promoter is

associated with human taste sensitivity to sucrose. Curr. Biol. 2009, 19, 1288–1293. [CrossRef] [PubMed]
12. Fushan, A.A.; Simons, C.T.; Slack, J.P.; Drayna, D. Association between common variation in genes encoding sweet taste signaling

components and human sucrose perception. Chem. Senses 2010, 35, 579–592. [CrossRef]
13. Søberg, S.; Sandholt, C.H.; Jespersen, N.Z.; Toft, U.; Madsen, A.L.; von Holstein-Rathlou, S.; Grevengoed, T.J.; Christensen, K.B.;

Bredie, W.L.P.; Potthoff, M.J.; et al. FGF21 Is a Sugar-Induced Hormone Associated with Sweet Intake and Preference in Humans.
Cell Metab. 2017, 25, 1045–1053.e1046. [CrossRef]

14. Han, P.; Keast, R.S.J.; Roura, E. Salivary leptin and TAS1R2/TAS1R3 polymorphisms are related to sweet taste sensitivity and
carbohydrate intake from a buffet meal in healthy young adults. Br. J. Nutr. 2017, 118, 763–770. [CrossRef]

15. Eny, K.M.; Wolever, T.M.; Fontaine-Bisson, B.; El-Sohemy, A. Genetic variant in the glucose transporter type 2 is associated with
higher intakes of sugars in two distinct populations. Physiol. Genom. 2008, 33, 355–360. [CrossRef] [PubMed]

16. Hwang, L.D.; Lin, C.; Gharahkhani, P.; Cuellar-Partida, G.; Ong, J.S.; An, J.; Gordon, S.D.; Zhu, G.; MacGregor, S.; Lawlor, D.A.; et al.
New insight into human sweet taste: A genome-wide association study of the perception and intake of sweet substances. Am. J.
Clin. Nutr. 2019, 109, 1724–1737. [CrossRef]

17. Chu, A.Y.; Workalemahu, T.; Paynter, N.P.; Rose, L.M.; Giulianini, F.; Tanaka, T.; Ngwa, J.S.; Qi, Q.; Curhan, G.C.; Rimm, E.B.; et al.
Novel locus including FGF21 is associated with dietary macronutrient intake. Hum. Mol. Genet. 2013, 22, 1895–1902. [CrossRef]
[PubMed]

18. Frayling, T.M.; Beaumont, R.N.; Jones, S.E.; Yaghootkar, H.; Tuke, M.A.; Ruth, K.S.; Casanova, F.; West, B.; Locke, J.; Sharp, S.; et al. A
Common Allele in FGF21 Associated with Sugar Intake Is Associated with Body Shape, Lower Total Body-Fat Percentage, and
Higher Blood Pressure. Cell Rep. 2018, 23, 327–336. [CrossRef] [PubMed]

19. Tanaka, T.; Ngwa, J.S.; van Rooij, F.J.; Zillikens, M.C.; Wojczynski, M.K.; Frazier-Wood, A.C.; Houston, D.K.; Kanoni, S.;
Lemaitre, R.N.; Luan, J.; et al. Genome-wide meta-analysis of observational studies shows common genetic variants associated
with macronutrient intake. Am. J. Clin. Nutr. 2013, 97, 1395–1402. [CrossRef] [PubMed]

20. Berglund, G.; Elmstahl, S.; Janzon, L.; Larsson, S.A. The Malmo Diet and Cancer Study. Design and feasibility. J. Intern. Med.
1993, 233, 45–51. [CrossRef]

21. Manjer, J.; Carlsson, S.; Elmstahl, S.; Gullberg, B.; Janzon, L.; Lindstrom, M.; Mattisson, I.; Berglund, G. The Malmo Diet and
Cancer Study: Representativity, cancer incidence and mortality in participants and non-participants. Eur. J. Cancer Prev. 2001, 10,
489–499. [CrossRef]

22. Wirfalt, E.; Mattisson, I.; Johansson, U.; Gullberg, B.; Wallstrom, P.; Berglund, G. A methodological report from the Malmo Diet
and Cancer study: Development and evaluation of altered routines in dietary data processing. Nutr. J. 2002, 1, 3. [CrossRef]

23. Riboli, E.; Elmståhl, S.; Saracci, R.; Gullberg, B.; Lindgärde, F. The Malmö Food Study: Validity of two dietary assessment methods
for measuring nutrient intake. Int. J. Epidemiol. 1997, 26 (Suppl. S1), S161–S173. [CrossRef] [PubMed]

24. Ramne, S.; Alves Dias, J.; Gonzalez-Padilla, E.; Olsson, K.; Lindahl, B.; Engstrom, G.; Ericson, U.; Johansson, I.; Sonestedt, E.
Association between added sugar intake and mortality is nonlinear and dependent on sugar source in 2 Swedish population-based
prospective cohorts. Am. J. Clin. Nutr. 2019, 109, 411–423. [CrossRef] [PubMed]

25. McCarthy, S.; Das, S.; Kretzschmar, W.; Delaneau, O.; Wood, A.R.; Teumer, A.; Kang, H.M.; Fuchsberger, C.; Danecek, P.; Sharp, K.; et al.
A reference panel of 64,976 haplotypes for genotype imputation. Nat. Genet. 2016, 48, 1279–1283. [CrossRef] [PubMed]

26. Knaapila, A.; Hwang, L.D.; Lysenko, A.; Duke, F.F.; Fesi, B.; Khoshnevisan, A.; James, R.S.; Wysocki, C.J.; Rhyu, M.; Tordoff, M.G.; et al.
Genetic analysis of chemosensory traits in human twins. Chem. Senses 2012, 37, 869–881. [CrossRef] [PubMed]

27. Hwang, L.D.; Zhu, G.; Breslin, P.A.; Reed, D.R.; Martin, N.G.; Wright, M.J. A common genetic influence on human intensity
ratings of sugars and high-potency sweeteners. Twin Res. Hum. Genet. 2015, 18, 361–367. [CrossRef]

28. Warnes, G.; Gorjanc, G.; Leisch, F.; Man, M. Genetics: Population Genetics. R Package Version 1.3.8.1.3. 2021. Available online:
https://CRAN.R-project.org/package=genetics (accessed on 15 September 2021).

29. Moore, C.; Jacobson, S. genpwr: Power Calculations under Genetic Model Misspecification. R Package Version 1.0.4. 2021.
Available online: https://CRAN.R-project.org/package=genpwr (accessed on 15 September 2021).

30. Black, A.E. Critical evaluation of energy intake using the Goldberg cut-off for energy intake:basal metabolic rate. A practical
guide to its calculation, use and limitations. Int. J. Obes. Relat. Metab. Disord. J. Int. Assoc. Study Obes. 2000, 24, 1119–1130.
[CrossRef]

http://doi.org/10.2337/dc10-1079
http://www.ncbi.nlm.nih.gov/pubmed/20693348
http://doi.org/10.1038/nrg796
http://doi.org/10.1038/s41576-019-0127-1
http://www.ncbi.nlm.nih.gov/pubmed/31068683
http://doi.org/10.1159/000430886
http://doi.org/10.1016/j.cub.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19559618
http://doi.org/10.1093/chemse/bjq063
http://doi.org/10.1016/j.cmet.2017.04.009
http://doi.org/10.1017/S0007114517002872
http://doi.org/10.1152/physiolgenomics.00148.2007
http://www.ncbi.nlm.nih.gov/pubmed/18349384
http://doi.org/10.1093/ajcn/nqz043
http://doi.org/10.1093/hmg/ddt032
http://www.ncbi.nlm.nih.gov/pubmed/23372041
http://doi.org/10.1016/j.celrep.2018.03.070
http://www.ncbi.nlm.nih.gov/pubmed/29641994
http://doi.org/10.3945/ajcn.112.052183
http://www.ncbi.nlm.nih.gov/pubmed/23636237
http://doi.org/10.1111/j.1365-2796.1993.tb00647.x
http://doi.org/10.1097/00008469-200112000-00003
http://doi.org/10.1186/1475-2891-1-3
http://doi.org/10.1093/ije/26.suppl_1.S161
http://www.ncbi.nlm.nih.gov/pubmed/9126544
http://doi.org/10.1093/ajcn/nqy268
http://www.ncbi.nlm.nih.gov/pubmed/30590448
http://doi.org/10.1038/ng.3643
http://www.ncbi.nlm.nih.gov/pubmed/27548312
http://doi.org/10.1093/chemse/bjs070
http://www.ncbi.nlm.nih.gov/pubmed/22977065
http://doi.org/10.1017/thg.2015.42
https://CRAN.R-project.org/package=genetics
https://CRAN.R-project.org/package=genpwr
http://doi.org/10.1038/sj.ijo.0801376


Nutrients 2021, 13, 3954 14 of 14

31. Habberstad, C.; Drake, I.; Sonestedt, E. Variation in the Sweet Taste Receptor Gene and Dietary Intake in a Swedish Middle-Aged
Population. Front. Endocrinol. 2017, 8, 348. [CrossRef]

32. Brunkwall, L.; Ericson, U.; Hellstrand, S.; Gullberg, B.; Orho-Melander, M.; Sonestedt, E. Genetic variation in the fat mass and
obesity-associated gene (FTO) in association with food preferences in healthy adults. Food Nutr. Res. 2013, 57. [CrossRef]

33. Loos, R.J.; Yeo, G.S. The bigger picture of FTO: The first GWAS-identified obesity gene. Nat. Rev. Endocrinol. 2014, 10, 51–61.
[CrossRef]

34. Frye, R.E.; Schwartz, B.S.; Doty, R.L. Dose-related effects of cigarette smoking on olfactory function. JAMA 1990, 263, 1233–1236.
35. Pepino, M.Y.; Mennella, J.A. Effects of cigarette smoking and family history of alcoholism on sweet taste perception and food

cravings in women. Alcohol. Clin. Exp. Res. 2007, 31, 1891–1899. [CrossRef]
36. Meddens, S.F.W.; de Vlaming, R.; Bowers, P.; Burik, C.A.P.; Linner, R.K.; Lee, C.; Okbay, A.; Turley, P.; Rietveld, C.A.;

Fontana, M.A.; et al. Genomic analysis of diet composition finds novel loci and associations with health and lifestyle. Mol.
Psychiatry 2021, 26, 2056–2069. [CrossRef]

37. Merino, J.; Dashti, H.S.; Sarnowski, C.; Lane, J.M.; Todorov, P.V.; Udler, M.S.; Song, Y.; Wang, H.; Kim, J.; Tucker, C.; et al. Genetic
analysis of dietary intake identifies new loci and functional links with metabolic traits. Nat. Hum. Behav. 2021. [CrossRef]

38. Migdal, A.; Comte, S.; Rodgers, M.; Heineman, B.; Maratos-Flier, E.; Herman, M.; Dushay, J. Fibroblast growth factor 21 and
fructose dynamics in humans. Obes. Sci. Pract. 2018, 4, 483–489. [CrossRef] [PubMed]

39. Zhao, C.; Liu, Y.; Xiao, J.; Liu, L.; Chen, S.; Mohammadi, M.; McClain, C.J.; Li, X.; Feng, W. FGF21 mediates alcohol-induced
adipose tissue lipolysis by activation of systemic release of catecholamine in mice. J. Lipid Res. 2015, 56, 1481–1491. [CrossRef]

40. Laeger, T.; Henagan, T.M.; Albarado, D.C.; Redman, L.M.; Bray, G.A.; Noland, R.C.; Munzberg, H.; Hutson, S.M.; Gettys, T.W.;
Schwartz, M.W.; et al. FGF21 is an endocrine signal of protein restriction. J. Clin. Investig. 2014, 124, 3913–3922. [CrossRef]
[PubMed]

41. Maida, A.; Zota, A.; Sjoberg, K.A.; Schumacher, J.; Sijmonsma, T.P.; Pfenninger, A.; Christensen, M.M.; Gantert, T.; Fuhrmeister, J.;
Rothermel, U.; et al. A liver stress-endocrine nexus promotes metabolic integrity during dietary protein dilution. J. Clin. Investig.
2016, 126, 3263–3278. [CrossRef] [PubMed]

42. Von Holstein-Rathlou, S.; BonDurant, L.D.; Peltekian, L.; Naber, M.C.; Yin, T.C.; Claflin, K.E.; Urizar, A.I.; Madsen, A.N.;
Ratner, C.; Holst, B.; et al. FGF21 Mediates Endocrine Control of Simple Sugar Intake and Sweet Taste Preference by the Liver.
Cell Metab. 2016, 23, 335–343. [CrossRef]

43. Jensen-Cody, S.O.; Flippo, K.H.; Claflin, K.E.; Yavuz, Y.; Sapouckey, S.A.; Walters, G.C.; Usachev, Y.M.; Atasoy, D.; Gillum, M.P.;
Potthoff, M.J. FGF21 Signals to Glutamatergic Neurons in the Ventromedial Hypothalamus to Suppress Carbohydrate Intake. Cell
Metab. 2020, 32, 273–286.e276. [CrossRef]

44. Hill, C.M.; Qualls-Creekmore, E.; Berthoud, H.R.; Soto, P.; Yu, S.; McDougal, D.H.; Munzberg, H.; Morrison, C.D. FGF21 and the
Physiological Regulation of Macronutrient Preference. Endocrinology 2020, 161. [CrossRef]

45. Talukdar, S.; Owen, B.M.; Song, P.; Hernandez, G.; Zhang, Y.; Zhou, Y.; Scott, W.T.; Paratala, B.; Turner, T.; Smith, A.; et al. FGF21
Regulates Sweet and Alcohol Preference. Cell Metab. 2016, 23, 344–349. [CrossRef]

46. Baruch, A.; Wong, C.; Chinn, L.W.; Vaze, A.; Sonoda, J.; Gelzleichter, T.; Chen, S.; Lewin-Koh, N.; Morrow, L.; Dheerendra, S.; et al.
Antibody-mediated activation of the FGFR1/Klothoβ complex corrects metabolic dysfunction and alters food preference in obese
humans. Proc. Natl. Acad. Sci. USA 2020, 117, 28992–29000. [CrossRef] [PubMed]

47. Flippo, K.H.; Jensen-Cody, S.O.; Claflin, K.E.; Potthoff, M.J. FGF21 signaling in glutamatergic neurons is required for weight loss
associated with dietary protein dilution. Sci. Rep. 2020, 10, 19521. [CrossRef] [PubMed]

48. Eny, K.M.; Wolever, T.M.; Corey, P.N.; El-Sohemy, A. Genetic variation in TAS1R2 (Ile191Val) is associated with consumption of
sugars in overweight and obese individuals in 2 distinct populations. Am. J. Clin. Nutr. 2010, 92, 1501–1510. [CrossRef] [PubMed]

49. Choi, J.H. TAS1R2 sweet taste receptor genetic variation and dietary intake in Korean females. Appetite 2021, 164, 105281.
[CrossRef] [PubMed]

50. Chamoun, E.; Liu, A.S.; Duizer, L.M.; Feng, Z.; Darlington, G.; Duncan, A.M.; Haines, J.; Ma, D.W.L. Single nucleotide
polymorphisms in sweet, fat, umami, salt, bitter and sour taste receptor genes are associated with gustatory function and taste
preferences in young adults. Nutr. Res. 2021, 85, 40–46. [CrossRef] [PubMed]

51. Liu, M.; Jiang, Y.; Wedow, R.; Li, Y.; Brazel, D.M.; Chen, F.; Datta, G.; Davila-Velderrain, J.; McGuire, D.; Tian, C.; et al. Association
studies of up to 1.2 million individuals yield new insights into the genetic etiology of tobacco and alcohol use. Nat. Genet. 2019,
51, 237–244. [CrossRef]

http://doi.org/10.3389/fendo.2017.00348
http://doi.org/10.3402/fnr.v57i0.20028
http://doi.org/10.1038/nrendo.2013.227
http://doi.org/10.1111/j.1530-0277.2007.00519.x
http://doi.org/10.1038/s41380-020-0697-5
http://doi.org/10.1038/s41562-021-01182-w
http://doi.org/10.1002/osp4.295
http://www.ncbi.nlm.nih.gov/pubmed/30338119
http://doi.org/10.1194/jlr.M058610
http://doi.org/10.1172/JCI74915
http://www.ncbi.nlm.nih.gov/pubmed/25133427
http://doi.org/10.1172/JCI85946
http://www.ncbi.nlm.nih.gov/pubmed/27548521
http://doi.org/10.1016/j.cmet.2015.12.003
http://doi.org/10.1016/j.cmet.2020.06.008
http://doi.org/10.1210/endocr/bqaa019
http://doi.org/10.1016/j.cmet.2015.12.008
http://doi.org/10.1073/pnas.2012073117
http://www.ncbi.nlm.nih.gov/pubmed/33139537
http://doi.org/10.1038/s41598-020-76593-2
http://www.ncbi.nlm.nih.gov/pubmed/33177640
http://doi.org/10.3945/ajcn.2010.29836
http://www.ncbi.nlm.nih.gov/pubmed/20943793
http://doi.org/10.1016/j.appet.2021.105281
http://www.ncbi.nlm.nih.gov/pubmed/33930495
http://doi.org/10.1016/j.nutres.2020.12.007
http://www.ncbi.nlm.nih.gov/pubmed/33444969
http://doi.org/10.1038/s41588-018-0307-5

	Introduction 
	Materials and Methods 
	Study Population 
	Dietary Data 
	Genotyping and Selection of SNPs 
	Statistical Analyses 

	Results 
	Study Population Characteristics 
	Associations between Primary SNPs and Main Outcomes 
	Associations between Primary SNPs and Secondary Outcomes 
	Associations between Secondary SNPs and All Outcomes 
	Sensitivity Analyses 

	Discussion 
	Conclusions 
	References

