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Associations between Single Nucleotide
Polymorphisms and Total Energy, Carbohydrate,
and Fat Intakes: A Systematic Review
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A better understanding of the genetic underpinning of total energy, carbohydrate, and fat intake is a prerequisite to develop personalized dietary
recommendations. For this purpose, we systematically reviewed associations between single nucleotide polymorphisms (SNPs) and total energy,
carbohydrate, and fat intakes. Four databases were searched for studies that assessed an association between SNPs and total energy, carbohydrate,
and fat intakes. Screening of articles and data extraction was performed independently by 2 reviewers. Articles in English or German language,
published between 1994 and September 2017, on human studies in adults and without specific populations were considered for the review. In total,
39 articles, including 86 independent loci, met the inclusion criteria. The fat mass and obesity—associated (FTO) gene as well as the melanocortin
4 receptor (MC4R) locus were most frequently studied. Limited significant evidence of an association between the FTO SNP rs9939609 and lower
total energy intake and between the MC4R SNP rs17782313 and higher total energy intake was reported. Most of the other identified loci showed
inconsistent results. In conclusion, there is no consistent evidence that the investigated SNPs are associated with and predictive for total energy,
carbohydrate, and fat intakes. Adv Nutr 2018;9:425-453.
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Introduction

Overweight and obesity have become a worldwide health
problem. Between 1975 and 2014, the prevalence of obesity
has more than doubled (1, 2). According to the WHO, 39% of
adults were overweight and 13% were obese in 2014 (3). The
obesity epidemic is mainly due to the modern lifestyle, which
is characterized by low physical activity and a high consump-
tion of energy-dense food (4). However, genetic factors also

Supported in part by Amway GmbH, Puchheim, Germany

Author disclosures: TD, JG, and LP, no conflicts of interest. CH is a member of the scientific
advisory board of 4sigma GmbH. HH is a member of scientific advisory boards of NovoNordisk,
Boehringer Ingelheim, and Orexigene. Amway GmbH had no role in the design, analysis, or
writing of this article.

Supplemental Material, Supplemental Table 1, Supplemental Figures 1 and 2, and
Supplemental References are available from the “Supplementary data" link in the online
posting of the article and from the same link in the online table of contents at
https://academic.oup.com/advances/.

Address correspondence to CH (e-mail: christina.holzapfel@tum.de).

Abbreviations used: BDNF, brain-derived neurotrophic factor; FGF21, fibroblast growth factor
21, FTO, fat mass and obesity associated; GWAS, genomewide association study; LD, linkage
disequilibrium; MC4R, melanocortin 4 receptor; NEGR1, neuronal growth regulator 1; PPARG,
PPAR y; SNP, single nucleotide polymorphism; TMEM18, transmembrane protein 18; %E,
percentage of energy intake.

play a substantial role in the pathogenesis of obesity (5). To
date, >100 loci have been identified for an association with
BMI (6, 7), but the causal genetic variants and their under-
lying biological mechanisms are largely unknown. Further-
more, a modification of eating behaviors by genetic variants
has been described (8).

In addition, studies have shown a considerable interindi-
vidual variation in metabolic responses to defined meal
challenges (9, 10). This variability may be partly explained by
genetic influences, and there is growing interest to better
understand the gene-diet associations. The identification of
associations as well as interactions between loci and dietary
intake may help to elucidate the molecular pathways that link
them with body weight. More research on these interactions
has been recently promoted by an NIH Working Group (11).
There are currently major efforts to investigate the associa-
tion between genetic factors and dietary intake. For instance,
loci associated with obesity are expressed in the brain
(12, 13), assuming a potential role in eating behavior and
food preferences. A recent genomewide association study
(GWAS) suggested that genetic variants are associated with
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macronutrient consumption in observational studies (14). In
addition, in 3 independent populations a gene-diet interac-
tion on obesity has been shown for an APOA2 polymorphism
and saturated fat intake (15). In that context, most of the liter-
ature tackles the fat mass and obesity-associated (FTO) gene
or consists of single findings from candidate gene studies
without any replication. Further challenges include imprecise
assessment of dietary intake, a high heterogeneity in study
design, as well as the loss of standardized statistical models.

The general vision of these research activities is that
genotype-based dietary recommendations may become a
more effective approach for weight management and disease
prevention. So far, the Food4Me project provided evidence
that the personalized intervention groups lost more weight
than the control group. However, integrating the informa-
tion on different genetic variants into the personalized di-
etary recommendations had no benefit for weight loss (16,
17). Against this background, several commercially available
genetic tests (direct-to-consumer tests) are currently offered
with the promise to provide reliable information for better
prevention or treatment of obesity and related metabolic dis-
turbances (18). However, a strong evidence base for these
tests is currently lacking.

Therefore, the aim of this study was to perform a sys-
tematic literature search to study potential associations be-
tween genetic variants and total energy, carbohydrate, and
fat intakes and to provide a better knowledge base for future
direct-to-consumer tests. The results will be beneficial for
hypotheses of clinical trials on gene-diet interactions. They
should also serve to develop more robust personalized di-
etary recommendations and, finally, to improve the preven-
tion and treatment of obesity and metabolic diseases.

Methods

This systematic review was performed according to the
guidelines on systematic reviewing methodology (19) and
the Preferred Reporting Items for Systematic Reviews
(PRISMA) have been considered (20). This review was regis-
tered in the International Prospective Register of Systematic
Reviews (PROSPERO; registration no. CRD42015025738).

Search Strategy

The 4 electronic databases the Cochrane Library, Web
of Science, PubMed, and Embase were searched for ar-
ticles published between 1994 and September 2017. The
search terms used were “genetic variant,” “gene vari-
ant,” “genotype,” “single nucleotide polymorphism,”
“SNP” “FTO,” “FABPR” “PPARG,” “ADRB,” “APOA2
and “APOAS5.” Due to biological knowledge [e.g., PPAR
y (PPARG) (21)] as well as due to application in
direct-to-consumer tests (e.g., bodykey by NUTRILITE,
Amway GmbH, Puchheim, Germany), the search terms
included some selected gene names. In particular, the FTO
locus as the genomic region with the strongest effect on
body weight was specifically included in the literature search
(7, 22). Furthermore, due to gene-diet interactions in clin-
ical research studies, APOA2 and APOAS5 were specifically
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included (15). For the search strategy, the genetic terms
were combined with the Boolean operator “OR.” The second
search terms related to nutrition included “diet,” “energy in-
take,” “macronutrient intake,” “carbohydrate intake,” and “fat
intake.” The nutritional search terms were combined with the
Boolean operator “OR.” The genetic and nutritional search
terms were combined with the Boolean operator “AND.” De-
pending on the database, plural forms of the search terms as
well as quotation marks were used (Supplemental Material).
Additional articles were identified through a hand-search of
the reference lists of relevant publications.

Article Screening and Selection

All of the records identified through the electronic database
search were imported into the reference management soft-
ware EndNote X7 (Thomsen Reuters). After the removal of
duplicates, 2 independent reviewers (TD and JG) assessed
titles, abstracts, and full-text articles for eligibility accord-
ing to the following inclusion criteria: articles in English or
German language, published between 1994 and September
2017, and in adults. Animal studies as well as studies focus-
ing on specific populations such as pregnant or breastfeeding
women or patients with cancer or other severe diseases were
excluded. Furthermore, articles investigating the association
between single nucleotide polymorphisms (SNPs) and the in-
take of food groups or the adherence to a specific diet without
analyzing the association with total energy, carbohydrate, or
fat intakes were not considered. Publications on copy number
variations, dietary patterns, or interaction terms with no clear
analysis of SNPs and energy, carbohydrate, or fat intakes were
not included in this systematic review. Because protein intake
accounts for fewer calories than carbohydrate and fat intakes,
it has a minor contribution to energy balance. Furthermore,
dietary recommendations for weight loss usually do not re-
fer to protein intake (23, 24). Thus, protein intake was not
considered. Reasons for excluding articles were documented.
Throughout the article screening, discrepancies between the
2 reviewers were discussed with a third reviewer (CH). The
review team contacted authors if additional information was
required.

Data Extraction

Two independent reviewers extracted the data from rele-
vant articles into an Excel spreadsheet in order to synthe-
size results narratively and in a tabular form. Data extraction
included the study design, study participants, intervention,
primary and secondary outcomes, sample size, statistical
methods, and assessment of total energy, carbohydrate, and
fat intakes. Results for an association between SNPs and to-
tal energy, carbohydrate, and fat intakes were documented.
Inconsistencies during data extraction were discussed with
the third reviewer. Furthermore, the linkage disequilibrium
(LD) based on the genotype data for the CEU population (i.e.
Utah residents with Northern and Western European ances-
try) was used in order to summarize and interpret findings
(25, 26). LD plots for the FTO and MC4R SNPs are shown in
Supplemental Figures 1 and 2.

€202 Iudy Gz U0 1sonb AQ | G6GG0G/SZ/b/6/9101ME/SEOUBADE/WOD"ANO"OILISPEDE//:SAY WO, PAPEOIUMOQ



Duplicates removed
(N = 4627)

A 4

Records excluded by
. Title (N = 9045)

A 4

. Abstract (N = 740)
. Full-text (N = 242)

Additional articles identified by

FIGURE 1

The results were reported in a tabular synthesis, separately
for each genotype according to the number of publications
per single locus. In the narrative synthesis, each SNP was
discussed for an association with total energy, carbohydrate,
and fat intakes without quality assessment of the articles. Loci
published in only 1 article are listed in Supplemental
Table 1.

Results

Articles Identified

The initial database search identified 14,692 articles
(Figure 1). Thirty-nine articles reported findings on the
association between SNPs and total energy, carbohydrate, or
fat intakes. These articles met the inclusion criteria accord-
ing to the PICOS (Participants, Intervention, Comparator,
Outcome, Study design) statement for systematic literature
search (Participants: adults without severe diseases and
nonpregnant or nonbreastfeeding women; Intervention: not
described; Comparator: SNPs and loci; Outcome: total en-
ergy, carbohydrate, and fat intakes; Study design: all kind of
studies). Twenty articles presented loci that were described
only in a single study (Supplemental Table 1). SNPs that
were investigated in >1 study were reviewed according to
the number of articles and the analyzed SNPs.

- N
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= (N =14,692)

k) . 491 from Cochrane Library
= . 6928 from Web of Science
3 . 3603 from PubMed
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=
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hand search of reference lists
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Flow chart of the systematic literature search according to Moher et al. (20).

Characteristics of Included Studies

The publication dates of articles ranged between 2000 and
2017. More than 80% of the articles (n = 32) represented
cross-sectional, cohort, or case-control studies. Two post-
prandial studies and 5 meta-analyses were included in the
current review. The sample sizes ranged from 20 to 29,480
subjects and <213,173 individual participants in the meta-
analyses. FFQs, food records, or dietary recalls were applied
for the assessment of dietary intake. However, most studies
(n = 25) used FFQs. The included studies differed in terms
of population characteristics such as BMI, sex distribution,
disease status, and ethnicity, as well as statistical methods ap-
plied (Tables 1-3, Supplemental Table 1). Furthermore, FTO
and MC4R SNPs differed in low and high LD values (Supple-
mental Figures 1 and 2).

Gene Loci and Dietary Intake

In the following, studies considering the association between
the most commonly studied loci and dietary intake are pre-
sented. Figure 2 shows the overlap of significant associations
between SNPs and total energy, carbohydrate, and fat intakes.

FTO Locus and Dietary Intake

In total, 13 studies as well as 4 meta-analyses reported on po-
tential associations between the FTO locus and total energy,
carbohydrate, and fat intakes. Approximately 40% of these ar-
ticles (n = 7) reported results on populations of European
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MC4Rrs571312
BDNF rs6265
BDNFrs2030323
BDNFrs10767664
ETV5rs9816226
GNPDA2rs10938397

FTOrs1421085
FGF21rs838133
CD36rs1761667

FTOrs9939609
FTOrs8050136
MC4R rs17782313
NEGR1rs2815752

fat
TMEM18rs6548238
KCTD15rs11084753
SH2B1 rs7498665
PPARG rs1801282

carbohydrate
MC4R rs2229616
KCTD15rs368794
FGF21rs838147

FTOrs10163409
FGF21rs838133

FIGURE 2 Venn diagram showing the overlap of significant
associations (P < 0.05) between SNPs and total energy,
carbohydrate, and fat intakes. In this diagram, the statistical model
used has not been considered. BDNF, brain-derived neurotrophic
factor; CD36, CD36 molecule; ETV5, ETS variant 5; FGF21, fibroblast
growth factor 21; FTO, fat mass and obesity—associated; GNPDA2,
glucosamine-6-phosphate deaminase 2; KCTD15, potassium
channel tetramerization domain—-containing 15; MC4R,
melanocortin 4 receptor; NEGRI, neuronal growth regulator 1;
PPARG, PPAR y; SH2B1, SH2B adaptor protein 1; SNP, single
nucleotide polymorphism; TMEMI8, transmembrane protein 18.

ancestry. Six publications presented data for different pop-
ulations (e.g., Asian, African American, American Indian,
Hispanic, and Asian or Pacific Islanders). The sample sizes
varied between 40 and 29,480 participants in observational
and experimental studies and yielded 213,173 subjects in
the meta-analyses. In total, 8 different FTO SNPs were in-
vestigated, whereas data for SNP rs9939609 were presented
in >60% of the articles (n = 11) (Table 1).

Three publications, including 2 meta-analyses, reported a
significant association between the A risk allele of rs9939609
and lower total energy intake (P < 0.01) (29, 30, 32). Both
meta-analyses estimated a lower total energy intake of 6.4
kcal/d (unadjusted) (29) or 5.9 kcal/d (adjusted) (30), respec-
tively. In contrast, other studies reported evidence of a signif-
icant association between the A risk allele with a higher total
energy intake (27, 33, 36, 37). Four articles did not find ev-
idence for a significant association between SNP rs9939609
and total energy intake (Table 1) (28, 31, 34, 35). In addi-
tion, an association with higher total energy intake was re-
ported for risk allele carriers of the FTO SNPs rs1421085 and
rs8050136, which are in a high LD to rs9939609 (7> > 0.90)
(38, 40), whereas Park et al. (39) observed findings in the
opposite direction in African and European Americans. The
SNPs rs3751812, rs9922708, and rs1121980 showed consis-
tently nonsignificant associations with total energy intake
(Table 1).

448 Drabsch etal.

With regard to carbohydrate intake, FTO risk allele car-
riers of rs9939609 consumed fewer carbohydrates [f3 =
-0.002% of energy (%E); P = 0.005] (29). Lear et al. (36) an-
alyzed a sample of 706 individuals of different ethnicities for
associations between rs9939609 and carbohydrate intake, re-
sulting in nonsignificant findings. However, subanalyses sug-
gested a lower carbohydrate intake per A allele change in
Aboriginal Canadians (8 = -2.2%E; P = 0.049) and a higher
intake per minor A allele in participants of European descent
(B8 = 2.3%E; P = 0.007). Park et al. (39) observed a signifi-
cantly lower carbohydrate intake (in %E) per A allele change
for the SNP rs8050136, whereas Haupt et al. (40) did not. Ina
joint analysis of samples of European ancestry (n = 71,326),
A allele carriers of the SNP rs10163409, which is not in LD to
rs8050136, showed a significantly positive association with
carbohydrate intake (8 = 0.166%E; P = 0.001) (41). Non-
significant results were consistently reported for the SNPs
rs1421085, rs3751812, rs9922708, rs9935401, and rs1121980
and carbohydrate intake (Table 1).

With regard to fat intake, significantly positive asso-
ciations between obesity-risk alleles of SNP rs9939609,
rs1421085, and rs8050136 and fat intake were observed.
Steemburgo et al. (33) showed a positive association be-
tween SNP rs9939609 and fat intake as percentage of en-
ergy (P =0.019) only for females (n = 126). McCaffery et al.
(38) confirmed this result in a subanalysis of non-Hispanic
white participants, showing a nominal association between
the obesity-associated minor allele of rs1421085 and greater
fat intake (8 = 0.37%E; P = 0.042). Moreover, Park et al.
(39) described a significantly positive association between
the FTO rs8050136 genotype and higher fat intake (Table 1).
In contrast, in the meta-analysis of Livingstone et al. (29),
the FTO risk allele carriers of rs9939609 consumed less fat
(P = 0.004). Chu et al. (41) showed a significant inverse as-
sociation between the SNP rs10163409 and fat intake ($ =
-0.22%E; P < 0.001) in a subcohort of 33,531 individu-
als. With regard to fat intake, nonsignificant results were
consistently reported for the SNPs rs3751812, rs9922708,
rs9935401, and rs1121980 (Table 1).

Melanocortin 4 Receptor Locus and Dietary Intake
Eleven publications (8 observational studies, 1 experimen-
tal study, and 2 meta-analyses) studied associations between
the melanocortin 4 receptor (MC4R) locus and total energy,
carbohydrate, and fat intakes (Table 2). Almost one-third of
the articles (n = 3) included data from European popula-
tions. The remaining articles included data from mixed pop-
ulations (n = 4) or nonspecified individuals (n = 4). The
sample sizes varied between 40 and 29,480 individuals for
observational and experimental studies and between 36,973
and 177,330 for the 2 meta-analyses. The studies reported
data on 5 MC4R SNPs: rs17782313, rs17700633, rs17700144,
1s2229616, and rs571312 (Table 2).

Most articles (8 out of 11) investigated the MC4R SNP
rs17782313, which is in high LD to rs571312 (r* = 0.96).
Two of them reported a significant association between the
CC genotype and a higher total energy intake (P < 0.01)
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(44, 45). For SNP rs571312, a similar significantly positive as-
sociation with energy intake was reported (3 = 58.84 kcal/d;
P = 0.02) (38). Other studies, including 2 meta-analyses,
did not find significant associations between MC4R SNPs
and total energy intake, or for rs17782313, rs17700633, or
rs2229616 (Table 2).

With regard to carbohydrate intake, a study in an Ira-
nian population showed a significant association between
SNP rs17782313 and a lower carbohydrate intake (P = 0.04
in lean subjects, P < 0.001 in overweight subjects) (44). A
study in persons with severe obesity showed that carriers of
the rs2229616 variant 1031 had a higher carbohydrate intake
(P =10.01) (46). Other studies did not observe significant as-
sociations between SNPs rs17782313, rs17700633, rs571312,
or rs17700144 and carbohydrate intake.

With regard to fat intake, results were nonsignificant, with
1 exception (Table 2). Only the analysis of 5724 white women,
performed by Qi et al. (45) showed a significant association
between the CC genotype and a higher total fat intake in
grams per day (P = 0.001). This association was no longer
significant, when data were expressed as percentage of total
energy intake.

Other Loci and Dietary Intake

The remaining 18 loci analyzed for an association with total
energy, carbohydrate, or fat intakes in >1 article are listed in
Table 3. Ten cross-sectional studies and 3 meta-analyses were
identified. The sample sizes varied between 118 and 71,326
participants. Data on total energy intake were available in 10
articles and data on carbohydrate and fat intakes in 11 arti-
cles.

Two studies on the brain-derived neurotrophic factor
(BDNF) locus showed a significantly positive association be-
tween the obesity-risk alleles and total energy intake (35, 38).
No significant association between BDNF SNPs and total en-
ergy intake was found in the other articles (32, 39, 43). With
regard to carbohydrate and fat intakes, nonsignificant find-
ings were reported for all 7 BDNF SNPs.

For SNP rs6548238 in the transmembrane protein 18
(TMEM18) locus, a significant association with fat intake
(P=0.030) in a sample of 12,462 German adults was reported
for T allele carriers (42), which was not confirmed by other
studies (32, 38, 39, 43). Consistently, no significant associa-
tions were found between TMEM 18 SNPs and total energy
or carbohydrate intakes.

For the potassium channel tetramerization domain-
containing 15 (KCTD15) locus, no significant associations
with total energy intake were shown (32, 38, 39,42, 43). How-
ever, SNP rs368794 showed a significant association with
higher carbohydrate intake (P = 0.020) (43). Studies on the
SNP rs11084753, which is in LD to rs368794 (1> = 0.8) did
not confirm this result (39, 42). With regard to fat intake and
rs11084753, Park et al. (39) did not find any significant re-
lation, whereas Holzapfel et al. (42) described a significant
association with a higher fat score (P = 0.03). Moreover,
no significant associations were reported for rs29941 or for
rs368794 and fat intake (32, 38, 43).

A significant association between the neuronal growth
regulator 1 (NEGR1) SNP rs2815752 and lower total en-
ergy intake (P = 0.004) was described in a Swedish cross-
sectional study (n = 29,480) (32). However, significance
was lost after correction for misreporting. McCaffery et al.
(38) confirmed the significant finding in non-Hispanic white
participants. This association was not confirmed by the
meta-analysis of Park et al. (39). In the Swedish study, a
significant association between rs2815752 and higher carbo-
hydrate intake (P < 0.001) was reported (32). This significant
result was not confirmed by the other articles (38, 39, 42, 43).
With regard to fat intake, no association with NEGRI SNPs
was described (38, 39, 42, 43), with the exception of Rukh et
al. (32) who found a significantly inverse association between
the rs2815752 T allele carriers and fat intake (8 = —-0.21%E;
P <0.001) (Table 3).

None of the studies investigating the SH2B adaptor pro-
tein 1 (SH2BI) locus reported significant associations with
total energy, carbohydrate, or fat intakes, with one excep-
tion. Bauer et al. (43) found a significantly higher fat in-
take for risk G allele carriers of SNP rs7498665 (P = 0.003).
The SNPs rs7647305 and rs9816226 at the ETS variant 5
(ETV5/SFRS10) locus (32, 38, 43) showed no significant asso-
ciations with total energy, carbohydrate, or fat intakes, except
for the subanalysis of McCaffery et al. (38).

The glucosamine-6-phosphate deaminase 2 (GNPDA2)
locus was not significantly associated with total energy, car-
bohydrate, or fat intakes (Table 3). Only Rukh et al. (32)
showed that the obesity-risk G allele was significantly asso-
ciated (8 = -10.97 kcal/d; P = 0.039) with a lower energy in-
take, although this result was no longer significant after cor-
rection for multiple comparisons.

Two SNPs that were in high LD (7> = 0.81) at the fibroblast
growth factor 21 (FGF21I) locus were significantly associated
with a higher carbohydrate intake as a percentage of energy
(P < 0.001) (14, 41). Chu et al. (41) presented data on fat in-
take and showed a significantly negative association with SNP
rs838133 (8 = -0.21%E).

For the PPARG SNP rs1801282, there was no signifi-
cant association with total energy or carbohydrate intakes
(Table 3). However, a significantly higher fat intake was ob-
served for Alal2 carriers compared with carriers of the Pro12
allele (47). Significantly positive associations were also found
for the rs1761667 at the CD36 locus. Ramos-Lopez et al. (51)
presented data showing a higher intake of calories (P < 0.001)
and a higher total fat intake (P < 0.001) for the AA genotype
of overweight participants but not for subjects with obesity.
This association was not confirmed by the study of Shen et
al. (50).

No significant associations between SNPs and total en-
ergy, carbohydrate, or fat intakes were found for the other loci
described in Table 3.

Discussion

The purpose of this review was to systematically explore as-
sociations between SNPs and total energy, carbohydrate, or
fat intakes. In total, 39 articles, including 86 different loci and
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176 SNPs, were identified. Twenty loci were described in de-
tail in this review, and the others are listed in Supplemental
Table 1.

First, significant associations were reported between the
FTO rs9939609 and rs8050136 risk alleles and total en-
ergy intake (Table 1). One study (32) and 2 partly overlap-
ping meta-analyses (29, 30) reported a significant associa-
tion (P < 0.003) between rs9939609 and a lower total energy
intake. Considering the estimated effect sizes per risk allele
of —6.4 (unadjusted) and —5.9 (adjusted) kcal/d from the 2
partly overlapping meta-analyses (29, 30), the results might
be clinically irrelevant with respect to measurement errors in
the collection of dietary data. In contrast, studies (27, 33, 36,
37) reporting a significantly higher energy intake presented
unadjusted results, apart from Oyeyemi et al. (27) and Lear et
al. (36) who adjusted for age and sex. Furthermore, the signif-
icant associations with higher energy intake were described
in specific target groups and limited sample sizes (27, 33, 36,
37).

It must be emphasized that results were mainly obtained
in cohorts of European ancestry. Qi et al. (30) replicated the
significant association between rs9939609 and a lower energy
intake in a subanalysis of whites, but Lear et al. (36) could not
replicate a significant association after dividing participants
according to ethnicity. Therefore, the significant association
between FTO 1s9939609 and energy intake observed in white
populations is possibly not applicable to other ethnicities.

Moreover, the reported association with alower energy in-
take was unexpected due to the association between the FTO
locus and a higher body mass (22). In addition, a major lim-
itation is the measurement error inherent in collecting self-
reported dietary intake data (52, 53). Rukh et al. (32) indi-
cated that the significant association between the FTO locus
and lower energy intake became nonsignificant after exclud-
ing misreporters. Sonestedt et al. (54) analyzed the relation
between FTO risk allele carriers and underreporting of di-
etary intake, showing a higher frequency of underreporters
among AA carriers of the FTO SNP rs9939609 than among
TT carriers.

However, since Frayling et al. (22) identified the associ-
ation between the FTO locus and BMI, many studies have
tried to elucidate the molecular mechanisms underlying this
relation (37, 55). Recently, Claussnitzer et al. (56) identified
the FTO SNP rs1421085 as the causal variant whose risk al-
lele leads to an enhanced fat storage and lower mitochondrial
fat burning. This latter observation suggests that the modest
increase in fat storage is due to lower thermogenesis and en-
ergy expenditure rather than due to a difference in energy in-
take. Taken together, the association between FT'O SNPs and
a lower total energy intake is weak and possibly of low clini-
cal relevance despite large sample sizes and sufficient statisti-
cal power. In addition, there is little biological plausibility due
to the heterogeneity of reported mechanisms and, in particu-
lar, evidence that gene variants may affect energy expenditure
rather than intake.

The results for an association between FTO SNPs and
carbohydrate intake were also inconsistent. Livingstone et
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al. (29) and Park et al. (39) showed a significantly lower
carbohydrate intake in risk allele carriers of rs9939609 and
rs8050136, respectively. Chu et al. (41) showed a higher in-
take for rs10163409. No significant evidence for an associ-
ation between SNPs and carbohydrate intake was shown in
the remaining studies (n = 10). In addition, a subanalysis by
Lear et al. (36) described a significant association between
rs9939609 and a higher carbohydrate intake in a cohort of
Aboriginal Canadians and a lower carbohydrate intake in
European persons. This ethnic difference was not confirmed
by the meta-analysis of Qi et al. (30). Therefore, there is no
consistent evidence to conclude that FTO SNPs are associated
with carbohydrate intake.

Six out of 17 articles described a significant association be-
tween FTO SNPs and fat intake, whereas 1 study and 1 meta-
analysis reported a significantly positive association between
rs9939609 and fat intake (29, 33). Consistently, a significant
association between the risk C allele of rs1421085 (LD to
19939609, r* = 0.9) and a higher fat intake as a percentage
of energy was reported in a mixed population (35) and in a
subgroup of non-Hispanic white participants (38). Further-
more, the meta-analysis of Park et al. (39) suggests that car-
riers of the obesity-risk allele (C allele) of the SNP rs8050136
are characterized by a higher fat intake. Due to the high link-
age between these SNPs, results suggest a positive association
between the FTO risk allele and fat intake. However, the effect
sizes were small and the changes in dietary intake across years
were not considered. It is questionable whether this finding,
which is largely based on epidemiologic studies, is of clinical
relevance.

Second, results for an association between MC4R SNPs
and dietary intake were inconsistent. The MC4R locus is
known to be associated with BMI (13), eating behavior (57),
and the regulation of food intake (58). Significantly positive
associations with total energy intake have been shown for
rs17782313 and rs571312. Khalilitehrani et al. (44) showed
that, after further adjustment for energy intake, the signifi-
cant association remained only in the overweight group. The
same study also presented significant evidence for a nega-
tive association between rs17782313 and carbohydrate in-
take. The results may be ascribed to the association between
MC4R and BMI itself. However, no other studies (n = 6)
confirmed this significant result. Furthermore, the associa-
tion between a higher total fat intake and rs17782313 was no
longer significant after adjustment for energy intake. There-
fore, the genetic association studies identified in this review
do not provide consistent evidence that the MC4R SNPs are
significantly associated with total energy, carbohydrate, or fat
intakes.

Third, associations between further loci and total energy,
carbohydrate, and fat intakes were more consistent, espe-
cially in terms of nonsignificant findings. One reason could
be that fewer articles, and therefore lower heterogeneity, have
been published for these loci. Most of the loci (Table 3) are
known to be associated with body weight management (12,
59, 60). Moreover, BDNF is involved in neuronal regulatory
pathways of appetite and energy balance in animal studies
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(61) but is also associated with BMI in humans (62). The lat-
ter might explain the consistent positive association between
total energy intake and the obesity-risk genotype of BDNF
SNPs. Significant associations between a lower energy intake
and the obesity-risk allele of the SNP rs2815752 (NEGRI)
were shown in 2 studies (32, 38). It can be supposed that
the NEGRI as well as TMEM18 loci, which are also associ-
ated with BMI (13), are involved in food regulation due to
their function in neural development (63). As investigated by
Berglund et al. (64), the FGF21 locus is involved in carbohy-
drate and lipid metabolism, which may drive the positive as-
sociation between FGF21 SNPs and carbohydrate intake (14,
41).

Strengths and Limitations

The major strength of this systematic review is that the inclu-
sion of identified SNPs associated with total energy, carbohy-
drate, or fat intakes was not limited to a specific locus. This
gives a wide overview of articles focusing on a direct associ-
ation between SNPs and total energy, carbohydrate, and fat
intakes, published between 1994 and September 2017. This
strength is in direct contrast to the systematic review and
meta-analysis performed by Livingstone et al. (29) who fo-
cused only on associations between FTO SNPs and macronu-
trient intake. The other 3 meta-analyses were not based on a
systematic review, but on original data (30, 39, 41). A fur-
ther strength is that this systematic review was not restricted
to a specific study type and included experimental as well
as population-based studies. However, this does not allow
pooling of data in a meta-analysis. The present review did
not include articles describing copy number variations, mu-
tation analyses, haplotypes, or studies investigating the asso-
ciation between genetic factors and food groups or dietary
patterns as well as gene-diet interactions. Furthermore, po-
tential associations between SNPs and protein intake, which
plays a minor role in the treatment and prevention of over-
weight and obesity (23, 24), were not considered. It must be
mentioned that GWASs identified SNPs at the FTO or FGF21
loci, which may be relevant for protein intake. For instance
Chu et al. (41) showed no significant evidence for an associa-
tion between rs10163409 at the FTO locus and protein intake
(8 = — 0.05%E; P = 0.08), whereas Tanaka et al. (14) showed
a significantly positive association between rs1421085, which
was not in LD to rs10163409, and protein intake ({3 = 0.08;
P < 0.001). However, due to the exclusion of protein intake
for this review, the article gained more focus and clarity.

The search strategy might be also biased due to the in-
clusion of selected gene names. It is assumed that this had no
impact on the results, because the MC4R locus—not included
in the list of search terms—was identified as the second most
common locus published for the reviewed topic.

A limitation is the high heterogeneity of data due to
sample size, nutritional assessment, and characteristics of
participants. The FFQ is the most commonly used di-
etary assessment tool to represent energy intake in obser-
vational studies. As mentioned by Cade et al. (65), FFQs
may poorly represent dietary intake, which can lead to both

overestimation and underestimation of macronutrient in-
take. It could be speculated that there is a relation between
the assessment tool used for dietary intake as well as the study
type and the significance level of the results. As shown in
Tables 1-3, there was no tendency for such bias.

Studies also varied in the statistical analysis and in the def-
inition of the primary endpoints. In nutrition research, the
comparison of results across studies and the replication of
valid data is a major area of concern. There is an urgent need
for studies harmonizing the data on macronutrient intake be-
tween the cohorts and standardizing the applied statistical
models.

Due to large differences in the primary outcomes, a for-
mal quality assessment was not performed. In addition, data
pooling and performing a meta-analysis were not considered
to be appropriate, because the data were too heterogeneous
for statistical pooling. Therefore, a narrative synthesis as in-
dicated in PROSPERO was conducted. A general limitation,
especially in the field of genetic association studies, was the
high publication bias (66). There is strong evidence that neg-
ative results are less frequently published.

The “pleiotropic” effect of identified SNPs may show the
complexity as well as the challenge of gene-based dietary rec-
ommendations. Most of the genetic loci identified in this
systematic literature search represent candidate genes (e.g.,
PPARG) for biological phenotypes. Only a few SNPs investi-
gated for an association with total energy, carbohydrate, or fat
intakes have been identified as BMI-related SNPs in GWASs
(7, 13, 62). Tanaka et al. (14) (Supplemental Table 1) identi-
fied some loci being associated with macronutrient intake,
whereas most of these associations were not confirmed by
replication analysis. Another weakness is that prospective in-
tervention studies are needed for confirmation before any
conclusion on the clinical relevance can be drawn. In addi-
tion, the small effect size of the SNPs identified and potential
gene-gene interactions may require studies focusing on ge-
netic scores.

Conclusions

The present review searched systematically for associations
between SNPs and total energy, carbohydrate, and fat intakes.
The principal finding was that the current literature does not
provide evidence for consistent associations between SNPs
and total energy, carbohydrate, or fat intakes. Therefore, the
conclusion is that the current knowledge is too limited to de-
rive dietary advice for weight management on the basis of ge-
netic information. More efforts and clinical trials are needed
to understand the mechanisms behind genetic variants and
how they may interact with the lifestyle and environment.
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