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Abstract

Introduction: The glutamate receptor, metabotropic 8 gene (GRM8) encodes a

G-protein-coupled glutamate receptor and has been associated with smoking

behavior and liability to alcoholism implying a role in addiction vulnerability.

Data from animal studies suggest that GRM8 may be involved in the regulation

of the neuropeptide Y and melanocortin pathways and might influence food

intake and metabolism. This study aimed to investigate the effects of the genetic

variant rs2237781 within GRM8 on human eating behavior. Methods: The ini-

tial analysis included 548 Sorbs from Germany who have been extensively phe-

notyped for metabolic traits and who completed the German version of the

three-factor eating questionnaire. In addition, we analyzed two independent

sample sets comprising 293 subjects from another German cohort and 430 Old

Order Amish individuals. Genetic associations with restraint, disinhibition, and

hunger were assessed in an additive linear regression model. Results: Among

the Sorbs the major G allele of rs2237781 was significantly associated with

increased restraint scores in eating behavior (P = 1.9 9 10�4; b = +1.936). The
German cohort and the Old Order Amish population revealed a trend in the

same direction for restraint (P = 0.242; b = +0.874; P = 0.908; b = +0.096;
respectively). A meta-analysis resulted in a combined P = 3.1 9 10�3 (Z-score

2.948). Conclusion: Our data suggest that rs2237781 within GRM8 may influ-

ence human eating behavior factors probably via pathways involved in addictive

behavior.
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Introduction

Eating behavior has been shown to be a complex trait influ-

enced by genetic and psychological factors as well as social

and environmental circumstances influencing individual

food selection, taste preferences, eating pattern, and eating

behavior (Steinle et al. 2002; Grimm and Steinle 2011). A

genetic contribution to individual eating behavior pheno-

types has been demonstrated by heritability estimates (0.28,

0.40, and 0.23 for restraint, disinhibition, and hunger,

respectively) in the Old Order Amish population, a geneti-

cally isolated Caucasian population of Central European

dissent (Steinle et al. 2002). Numerous candidate gene

studies support the role of genetics in eating behavior. For

instance, genetic variation in TAS2R38 has been signifi-

cantly associated with eating behavior disinhibition in Old

Order Amish (Dotson et al. 2010a) and genetic variation in

bitter taste receptors has been reported to influence glucose

homeostasis (Dotson et al. 2008, 2010b). Taste perception

is predominantly mediated via G-protein-coupled recep-

tors. The glutamate receptor 8 (GRM8) is a G-protein-

coupled glutamate receptor influencing the inhibition of

the cyclic AMP cascade as well as regulating the presynaptic

glutamate release. Genetic variation within GRM8 has been

reported to significantly influence risk for diseases affecting

the central nervous system including depression (Terracci-

ano et al. 2010), autism (Li et al. 2008), schizophrenia

(Takaki et al. 2004), and attention deficit hyperactivity syn-

drome (Elia et al. 2011). Interestingly, electrophysiological

studies linked variants within GRM8 to increased risk of

vulnerability to alcoholism (Rangaswamy and Porjesz 2008;

Chen et al. 2009). Furthermore, rs2237781 within GMR8

has been identified to be at risk for smoking initiation and

suggests that members of the glutamate receptor family

may associate with nicotine dependence and vulnerability

to addiction (Vink et al. 2009). The neurotransmitter

glutamate is involved in substance abuse behavior and may

influence food intake (Stanley et al. 1993). A glutamate

injection into the lateral hypothalamus has led to a dose-

dependent eating response in satiated rats (Stanley et al.

1993). Although the hypothesis of “food addiction” is

under debate, there are further indications implying that

alterations in brain reward pathways are similar to those

seen in drug addiction, particularly through effects on the

dopaminergic system (Johnson and Kenny 2010; Pandit

et al. 2012). Several studies have shown that mechanisms

influencing craving for alcohol and other substances may

possibly overlap with processes regulating appetite for food,

implying a potential relationship with eating behavior

(Robinson and Berridge 2000; Kelley et al. 2005; Volkow

and Wise 2005; Volkow et al. 2008, 2011, 2013). Moreover,

there are indeed similarities reported for both eating disor-

ders and substance abuse (Umberg et al. 2012). In line with

this, data from studies in chicks indicate that GRM8 may

influence the NPY system and melanocortin pathway which

may play a role in feeding behavior and metabolism via the

hypothalamic pathway (Higgins et al. 2010). Taken

together, GRM8 might be involved in the control of addic-

tion behavior and may play a role in the regulation of

eating behavior phenotypes.

In the present study we aimed to assess the effects of

the genetic variant rs2237781 within GRM8 on eating

behavior determined by the German version of the three

factor eating questionnaire (TFEQ) (Pudel and Wes-

tenh€ofer 1989) in the self-contained population of Sorbs

(Veeramah et al. 2011), and to replicate the findings in

two independent study cohorts.

Methods

Subjects

Sorbs

All subjects of the discovery cohort are part of an exten-

sively phenotyped self-contained population in Eastern

Germany, the Sorbs (B€ottcher et al. 2009; Veeramah et al.

2011). The phenotyping included a standardized interview

for past medical history, family history and eating

behavior factors (German version of TFEQ, Pudel and

Westenh€ofer 1989), collection of anthropometric data

(weight, height, waist-to-hip ratio, body impedance analy-

sis), and a 75 g oral glucose tolerance test (OGTT).

Moreover, data regarding alcohol intake (glasses per week,

0.2 L), smoking behavior (cigarettes per day), and coffee

consumption (cups per day) have been recorded. In total,

618 Sorbs out of 1046 completed the German version of

the TFEQ. Seventy subjects with Type 2 diabetes (T2D)

have been excluded from the study (definition of T2D

according to ADA criteria [ADA 2010]). Finally, the study

included 548 Sorbs (346 females; 202 males). Mean age

was 45 � 16 years and mean body mass index (BMI)

26.1 � 4.3 kg/m². Mean eating behavior scores for the

Sorbs population are shown in Table 1.

The study was approved by the ethics committee of the

University of Leipzig and all subjects gave written

informed consent before taking part in the study.

German cohort

For replication purposes, we analyzed another sample set

from Germany comprising 293 healthy volunteers (100

female, 193 male). Subjects were recruited in Leipzig,
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Germany, via newspaper announcements, posters in public

transportation, and announcements on a local internet-

based platform (overweight and obese subjects) or the local

participant database of the Max Planck Institute for

Human and Cognitive Brain Sciences. Phenotyping of par-

ticipants included the following measurements: anthro-

pometric data (BMI, weight, height), age, sex, smoking

behavior, eating behavior factors were assessed by the Ger-

man version of TFEQ (Pudel and Westenh€ofer 1989). Mean

age was 27 � 5 years and mean BMI 27.7 � 6.8 kg/m².
Mean eating behavior scores for the German cohort are

shown in Table 1. The local ethics committee of the Uni-

versity of Leipzig approved the study.

Old Order Amish (AFDS)

The Amish Family Diabetes Study (AFDS) is an effort

to identify genetic contributors to obesity, diabetes, and

cardiovascular diseases. Recruitment and phenotyping of

AFDS participants has previously been described (Hsueh

et al. 2000). Briefly, individuals with a previous diagnosis

of T2D having an age at diagnosis between 35 and 65 years

were recruited, as well as all first and second-degree family

members over the age of 18 years of each proband

(siblings, parents, offspring, grandparents, grandchildren,

aunts, and uncles). Phenotyping included anthropometric

measures (height, weight, waist circumference, hip circum-

ference, and body impedance analysis), a 75 g OGTT

(performed only among individuals not known to have a

diagnosis of T2D), blood pressure, blood chemistry, and

lipid profiles. Whole blood was collected for DNA extrac-

tion. To examine the relationship of eating behavior, obes-

ity and related traits, and genetics, we administered the

TFEQ (Stunkard and Messick 1985). For the purposes of

the current analysis, we analyzed eating behavior scores

from 430 individuals (417 nondiabetic subjects [96%])

from the AFDS (48% male). The mean age of men was

52.1 � 11.8 years and of women 51.3 � 11.7 years. Mean

BMI was 26.5 � 3.9 kg/m2 for men and 28.8 � 5.5 kg/m2

for women. Eating behavior scores (restraint 6.9 � 4.0;

disinhibition 5.3 � 2.6; hunger 4.5 � 2.8) were positively

associated with BMI (Steinle et al. 2002).

German version of TFEQ

We investigated specific factors influencing eating behavior

as evaluated by the German version of the TFEQ quantify-

ing three different eating behavior factors influencing

human eating behavior: dietary restraint, disinhibition, and

hunger (Pudel and Westenh€ofer 1989). We assessed all

questions by assigning each item either with a score from 1

to 4 or true–false questions with 1 or 0. The restraint scale

includes 21 questions measuring individual cognitive con-T
a
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trol of eating. The eating behavior factor disinhibition rep-

resents susceptibility to loose cognitive control by external

factors resulting in overeating (16 questions). Realizing

hunger feelings based on physiological signals leading to

food intake was covered by 14 questions.

Genotyping

GRM8 variant rs2237781 was genotyped using the TaqMan

SNP Genotyping assay (Applied Biosystems, Inc., Foster

City, CA). The genotyping reaction was amplified on an

ABI 2720 Thermal Cycler (Applied Biosystems Inc.; 95°C
for 10 min, and 92°C for 15 sec, and 60°C for 1 min, for

40 cycles) and fluorescence was detected on an ABI 7500

Real-Time PCR System (Applied Biosystems Inc.). To

assess genotyping reproducibility, a random ~5% selection

of the samples was re-genotyped in all SNPs; all genotypes

matched initial designated genotypes. For replication of the

association signals in the Old Order Amish, we used

rs10487466 which serves as linkage disequilibrium proxy

for rs2237781 (r2 = 1.0 based on HapMap release 27). The

genotypes were extracted from a previously completed gen-

ome-wide scan using GeneChip Human Mapping 100K Set

(Affymetrix, Santa Clara, CA) platform (Rampersaud et al.

2007). There were no deviations from Hardy–Weinberg

equilibrium.

Statistical analysis

Prior to statistical analysis, non-normally distributed

parameters were logarithmically transformed to approxi-

mate normal distribution. Genetic associations with

restraint, disinhibition and hunger were assessed using lin-

ear regression models (data analyzed as continuous vari-

ables) using age, gender, BMI, and current smoking as

covariates for the Sorbs and German cohort. Significant

effects in the Sorbs were adjusted for relatedness structure

estimated on the basis of genome-wide SNP array data.

The Amish data were adjusted for age, sex, and relatedness

structure. Current smoking was defined as follows: current

smokers versus ever smokers + never smokers. P-values

<0.05 were considered to provide nominal evidence for

association. Two-sided P-values are reported. Statistical

analyses were performed using SPSS statistics 20 version

20.0.1 (SPSS, Inc., Chicago, IL). For adjustments regarding

relatedness structure in the discovery cohort, we used a

mixed-model approach implemented in the GenABEL

package of the statistical software environment R (http://

www.r-project.org, Amin et al. 2007). A meta-analysis was

performed using METAL (http://www.sph.umich.edu/csg/

abecasis/metal/). Study specific P-values and effect direc-

tions were converted into a Z-statistics and weighted with

sample size of each study.

Results

Association analysis in Sorbs

An association analysis for variant rs2237781 located in intron

4 of GRM8 was performed in the discovery population. Using

linear regression analysis and an additive inheritance model

the major G allele was significantly associated with higher

restraint in eating behavior (adjusted P = 1.9 9 10�4) in the

Sorbs (Table 2). No significant association could be detected

for the eating behavior factors disinhibition and susceptibility

to hunger feelings. Given a low frequency of the A allele

(minor allele frequency [MAF 0.07]) we also included a reces-

sive model of inheritance which showed significantly higher

restraint values in homozygous G allele carriers (Table 2).

When analyzing data regarding alcohol intake, smoking

behavior, and coffee consumption, we detected a higher

but nonsignificant intake for each category in homo-

zygous G allele carriers (Table 2).

Association analysis in German cohort

In our second cohort comprising a limited sample set of

293 individuals we observed no significant association

(Table 2). However, we detected the same effect direction

between the major G allele as the allele show tendency for

higher restraint values (Table 2). No significant associa-

tion was detected for the eating behavior factors disinhi-

bition and susceptibility to hunger feelings.

Association analysis in Old Order Amish

Despite consistent effect directions with the discovery and

the German cohort, no significant association was found

between rs10487466 and restraint eating behavior in the

Amish using linear regression models (adjusted P = 0.908,

b = +0.096; Table 3). Of note, there was a significant asso-

ciation of rs10487466 with hunger (P = 3.9 9 10�3,

adjusted for age, sex, and family structure, data not shown).

Meta-analysis including all three study
populations

A sample size weighted meta-analysis including the results

from all three study populations (Sorbs, German cohort,

and Old Order Amish) resulted in a significant association

for restraint (combined P = 3.1 9 10�3, Z-score 2.948,

Table 3).

Discussion

The metabotropic receptor GRM8 has been associated with

smoking behavior (Vink et al. 2009) and liability to alcohol-
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ism (Chen et al. 2009) implying there may be a role in addic-

tion vulnerability. Moreover, GRM8 has been identified to

be differentially regulated during different nutritional states

in chicks (Higgins et al. 2010). It has been shown to be co-

regulated in the same gene network with proopiomelanocor-

tin gene (POMC), one of the most important genes

controlling metabolism, highlighting its potential role in

food intake (Higgins et al. 2010). POMC is a central player

of the melanocortin system within the arcuate nucleus of the

hypothalamus (reviewed in Cone 2006). Higgins et al.

(2010) described a reduced POMC expression in fasted

chicks. The coregulation of GRM8 and POMC suggests that

glutamatergic neurotransmission may influence feeding

behavior in chicks (Higgins et al. 2010). Glutamate itself is

involved in addiction and may also influence food intake

(Stanley et al. 1993). Furthermore, it has been postulated

that common hedonic mechanisms may underlie obesity

and drug addiction (Johnson and Kenny 2010). Filbey et al.

(2012) reported further indications for a potential overlap of

neural mechanisms in addiction and compulsive overeat-

ing adding further weight on possibly common regulatory

processes.

In the present study we therefore hypothesized that

rs2237781 within GRM8 might influence human eating

behavior factors in a similar fashion as seen in smoking

behavior. Using linear regression models we observed in

the Sorbs significantly increased restraint scores in individ-

uals for the homozygous major G allele for rs2237781.

Restraint eating is known to be a behavioral trait cogni-

tively controlling body weight not only in normal weight

individuals but also in obese and overweight subjects. Indi-

viduals representing restraint eating behavior tend to rigor-

ously control, for example, the amount of food intake as

well as caloric intake. This may also serve as a counteracting

behavior in order to attenuate the effects from frequent dis-

inhibited eating. Thus, as both restraint and disinhibition

are associated with increased body weight the restraint

eating periods might fail resulting in disinhibited eating

episodes which would ultimately lead to higher BMI (Gal-

lant et al. 2010). Further, it has to be mentioned that albeit

not significant, we detected higher intake of consumer

goods such as alcohol, coffee, and cigarette smoking in

homozygous G allele carriers in our discovery cohort.

Our data prompted us to replicate the finding in two

other independent cohorts, the German cohort and the

Old Order Amish population. We identified in both pop-

ulations the same effect direction as in the Sorbs but did

not reach statistical significance which might most likely

be due to low sample size. A weighted meta-analysis of all

three cohorts revealed nominal associations of rs2237781

with increased restraint scores implying the variant might

be involved in restraint eating to some extent. However,

our data need to be interpreted with caution and can be

viewed as a suggestive indication that rs2237781 may play

a role in influencing restraint scores, especially in our

discovery cohort.

Further, in the Old Order Amish we found significant

associations with susceptibility to recognizing hunger feel-

ings. It is noteworthy to point out that the three eating

behavior factors restraint, disinhibition, and hunger are

not considered to be totally independent from each other

and thus rs2237781 might be involved in the development

of different eating behavior factors influencing individual

food intake.

Moreover, it needs to be mentioned that our study is

limited at several aspects. First of all, the sample sizes of

our study populations are quite small which may have

prevented us from significant replication. Second, we can-

not rule out that various genetic backgrounds of the stud-

ied cohorts, especially the Old Order Amish, may have

influenced the heterogeneous outcome of the studies.

Third, data regarding consumer goods intake are available

for the Sorbs only. Therefore, larger studies are necessary

to verify the effects we have detected so far.

It is further noteworthy to acknowledge that, especially

in the context of potential functionality, rs2237781 maps

near an additional gene encoding microRNA592. One

might hypothesize that the SNP may potentially affect

posttranslational modifications of GRM8 via regulating

the expression of microRNA592. However, further studies

are warranted to investigate underlying functional mecha-

nisms.

In conclusion, the present study suggests that

rs2237781 within GRM8 may influence the regulation of

human eating behavior and might potentially be involved

in affecting human liability to addiction behavior.

Table 3. Meta-analysis for association of rs2237781 with restraint including Sorbs, German cohort, and Old Order Amish.

Chr Effect allele

Sorbs German cohort Old Order Amish Combined

P-value b SE P-value b SE P-value b SE P-value Z-Score Direction

7 G 0.00018 +1.951 0.518 0.372 +0.685 0.765 0.908 +0.096 0.829 0.00319 2.948 +++

P-values were calculated based on effect sizes from linear regression model using additive inheritance model. All presented data are adjusted for

age, gender, and family structure (for Sorbs, Amish). SE, standard error.

Meta-analysis is based on effect sizes from linear regression models.
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