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Aim: Familial loading for alcohol dependence (AD) and variation in genes 
reported to be associated with AD or BMI were tested in a longitudinal study. 
Materials & methods: Growth curve analyses of BMI data collected at approximately 
yearly intervals and obesity status (BMI  >  30) were examined. Results: High-risk 
males were found to have higher BMI than low-risk males, beginning at age 15 years 
(2.0 kg/m2 difference; p = 0.046), persisting through age 19 years (3.3 kg/m2 difference; 
p = 0.005). CHRM2 genotypic variance predicted longitudinal BMI and obesity status. 
Interactions with risk status and sex were also observed for DRD2 and FTO gene 
variation. Conclusion: Variation at loci implicated in addiction may be influential in 
determining susceptibility to increased BMI in childhood and adolescence.
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Obesity is a prevalent medical condition that 
affects more than one third of adults in the 
United States and almost 17% of children 
and adolescents [1]. Obesity has been found 
to increase risk for a myriad of significant 
health problems, including Type 2 diabetes, 
coronary heart disease, stroke, hypertension, 
arthritis and cancer [2]. Altogether, it has been 
estimated that obese individuals are at 18% 
higher risk for all-cause mortality, compared 
with individuals with a healthy weight [3]. It 
is projected that by 2030, the treatment costs 
for preventable obesity-related diseases will 
reach between US$195 and US$276 billion, 
with economic productivity losses estimated 
to reach between US$390 and US$580 bil-
lion [2]. Thus, the societal burden of obe-
sity is immense, both in terms of healthcare 
expenditures as well as premature morbidity 
and mortality.

Adiposity appears to be influenced by 
genetic factors with 40–70% of the variation 
in BMI attributable to genetic variation [4]. 
Recently, there has been increased focus on 
the possibility that those most susceptible to 

becoming obese also have a greater risk for 
addiction [5]. Neural circuits supporting the 
brain’s reward systems that are implicated 
in drug and alcohol abuse appear to also be 
involved in the urges to overeat observed 
in individuals with greater BMI and obe-
sity. Specifically, the mesolimbic dopamine 
pathway appears to play an important role 
in mediating reinforcement of substance use 
as well as food consumption [6]. Administra-
tion of both drugs and palatable food acti-
vates the ventral tegmental area, nucleus 
accumbens and other striatal regions in both 
humans and animals [7,8]. Furthermore, 
individuals with substance use disorders or 
higher levels of BMI show greater activation 
of similar reward and attention regions, com-
pared with healthy controls, when presented 
with cues related to abused substances or 
high-fat/high-sugar foods, respectively [9,10].

Abnormalities of the brain’s reward sys-
tem are likely due to a complex interaction of 
genetic and environmental effects and recent 
research has hypothesized that addiction and 
obesity may have overlapping genetic liabil-
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ity [11]. Several genes have been identified as conferring 
risk for addiction, including BDNF [12], DRD2 [13], 
FTO [14], CHRM2 [15] and OPRM1 [16–19]. Interest-
ingly, these genes have also been associated with BMI, 
obesity or overeating in subjects without family histo-
ries of alcohol dependence (AD) [20–24]. Thus, com-
mon genetic variants linked to a number of biologi-
cal processes have been independently associated with 
both of these conditions. Two other genes that have 
been studied in association with obesity are LEP and 
SERPINF1, though findings in the literature have been 
mixed [25–27]. Whereas these genes have yet to be stud-
ied with regard to risk for addiction, the proteins they 
code for, leptin and PEDF, respectively, have each been 
implicated in alcoholism [28,29].

Because no studies have examined the genetic liabil-
ity for addiction and obesity in the same sample, the 
current study sought to examine whether familial load-
ing for AD, variation in genes associated with AD, as 
well as genes previously found to influence BMI would 
be associated with increased BMI and obesity in the 
current sample. Subjects with and without a high 
familial density of AD had their BMI assessed approxi-
mately annually from ages 8–19 years. Growth curve 
analysis was used to examine the main effect of seven 
candidate genes (18 SNPs) on BMI, as well as inter
actions between genotype, risk status and sex. BMI 
was analyzed both continuously and as a categorical 
obesity variable (i.e., BMI >30).

Materials & methods
Clinical sample & assessments
High-risk group
A three generation study of multiplex AD families initi-
ated in 1985 provided the participants for the present 
study. Third-generation offspring of second-generation 
probands were studied. All participants were of Cau-
casian background. These multiplex AD families were 
originally identified through the presence of two sec-
ond-generation adult brothers (proband pair) with AD. 
The multiplex AD families were first identified through 
one member of the pair currently being in treatment 
at the time of identification. Probands were screened 
with the Diagnostic Interview Schedule (DIS) [30] for 
the presence of AD, and other Axis I (diagnostic crite-
ria from the Diagnostic and Statistical Manual – Third 
Edition [DSM-III]) disorders (Feighner Criteria for AD 
was also obtained). Extensive in-person and family his-
tory information are available for these targeted families 
including the probands’ parents (first generation) and 
the second-generation siblings of the identified pro-
bands. The multiplex sampling strategy used in this 
study resulted in a high density of AD in the targeted 
pedigrees and increased familial loading for AD among 

third-generation offspring (an average of four first- and 
second-degree relatives for the present subsample) as 
previously described [31]. Therefore, third-generation 
offspring of the brother pairs and offspring of their sib-
lings in these multiplex families provided the high-risk 
offspring for the present report. These offspring have 
a greater familial loading for AD than is commonly 
seen in studies designed to identify offspring of alco-
hol dependent parents. All existing third-generation 
offspring were recruited for annual follow-up during 
childhood as part of an ongoing longitudinal study. 
The study has ongoing approval from the University 
of Pittsburgh Institutional Review Board. Participants 
provided informed consent at each follow-up visit, 
while children provided assent with parental consent.

Low-risk group
Controls were recruited from the community through 
advertisements targeting families with children. To 
avoid bias among volunteers, no information was pro-
vided in the advertisements regarding the purpose of 
the study other than to indicate it was a large-scale 
family study of hereditary aspects of cognition and per-
sonality. Interested individuals contacted the research 
program and screening was initiated. Control families 
were included if two adult brothers without a lifetime 
history of alcohol or drug dependence were present and 
first- and second-degree relatives were without psycho-
pathology by family history. The low-risk subjects of 
this report are the offspring of these identified index 
cases. Written informed consent was obtained from 
the parent and child after the study had been described 
and questions answered.

A total of 158 subjects were selected for inclusion 
in the current analyses for whom both genotyping 
data and a minimum of two BMI measurements 
between the ages 8 and 19 years were available. The 
sample included 96 subjects (51 male and 45 female) 
from multiplex for AD families and 62 (33  male 
and 29  female) low-risk control subjects. A total of 
1002 BMI measurements were available for statisti-
cal modeling. Overall, the groups did not differ in 
mean age at entry into the study, age at last visit, or 
socioeconomic status (SES; Table 1).

BMI measurements
All third-generation offspring who were enrolled in a 
longitudinal follow-up initiated in 1989 were weighed 
and measured at the time of their yearly childhood 
(between the ages of 8–19 years) follow-up visits.

DNA extraction & genotyping
Genomic DNA was extracted from lymphocytes from 
whole blood or from Epstein–Barr virus-transformed 
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lymphoblastic cell lines and assayed in our laboratory 
as previously described [32]. Genotyping was completed 
on a Biotage PSQ 96MA Pyrosequencer (Biotage AB, 
Uppsala, Sweden). Each polymorphism was analyzed by 
PCR amplification incorporating a biotinylated primer. 
Thermal cycling included 45 cycles at an annealing 
temperature of 60°C. The Biotage workstation was 
used to isolate the biotinylated single strand from the 
double-strand PCR products. The isolated product was 
then sequenced using the complementary sequencing 
primer. Seven candidate genes (18 SNPs) were chosen 
based on their previously demonstrated association 
with addiction (CHRM2, BDNF, OPRM1, DRD2) or 
obesity (FTO, LEP, SERPINF1). The following SNPs 
were assessed: BDNF rs6265; CHRM2 rs1424569, 
rs1424387, rs1824024, rs2061174, rs324650, rs8191992 
and rs8191993; DRD2 rs6277; FTO rs9939609, 
rs17818902 and rs17820875; LEP rs7799039, 
rs2167270 and rs11763517; OPRM1 rs2281617; and 
SERPINF1 rs12150053 and rs12603825.

Quality control
SNP genotyping quality control involved ongoing 
monitoring of SNP signals provided by Qiagen soft-
ware. Output is provided using three categories for 
each SNP: pass, fail and check. Data analysis was per-
formed for only those signals meeting the ‘pass’ crite-
rion. Signals that failed or were returned as needing 
further checking were rerun. If after three attempts the 
SNP did not meet the ‘pass’ criterion, it was eliminated 
from the analysis.

Data analysis
Mixed effects logistic and linear models were used to 
investigate the relationship between BMI development 
during childhood and adolescence and familial load-

ing for AD along with potential modification by spe-
cific genes. The goal of the analyses was to determine 
if familial loading for AD was related to BMI growth 
curves and/or occurrence of obesity. A second goal was 
to determine if genes associated with addiction would 
modify the relationship between familial risk and BMI. 
A third goal was to determine if variation in genes pre-
viously reported to influence BMI would modify the 
relationship between risk status and body mass.

Genetic models
Due to the low frequency of individuals who were 
homozygous for the minor allele, we assumed a domi-
nant genetic model with the minor allele as the effect 
allele to maximize statistical power. Each gene was 
tested for departure from Hardy–Weinberg equilib-
rium (HWE) using Haploview [33]. No SNP was found 
to exhibit statistically significant HWE departure.

Linear mixed-effects model
A linear mixed-effects model was used to test associa-
tions between the candidate genes or familial risk sta-
tus with BMI development. The model was fit using 
xtmixed in Stata, specifying random effects to adjust 
for within subject correlations across time and family 
relatedness. Genetic effects were considered individu-
ally for each SNP, controlling for the linear effect of 
age and possible nonlinear effects of age (age2). Possi-
ble age-dependent genetic effects on BMI development 
were modelled, estimating a dominant minor allele 
effect for each of three age ranges: 8–13, 14–16 and 
17–19 years. Potential age-dependent effects of familial 
risk on BMI were modelled with age as a continuous 
variable and tested for each of ages 8–19 years. Addi-
tionally, genetic effects were tested for possible differ-
ences by sex and familial risk. Risk was controlled for 

Male   Female  Significance

  High Low   High Low  

Subjects (n) 51 33 45 29 NS

BMI measurements (n) 332 213 294 163 NS

BMI† ≥30, n (%) 15 (29.4) 5 (15.2) 7 (15.6) 8 (27.6) NS

Age at first visit, mean (SD) 11.2 (2.5) 11.2 (2.4) 10.8 (2.2) 11.6 (2.4) NS

Age at last visit, mean (SD) 18.1 (1.3) 18.0 (0.8) 17.8 (1.3) 17.5 (1.9) NS

BMI at first visit, mean (SD) 20.8 (4.6) 19.8 (4.8) 20.3 (5.3) 21.0 (4.1) NS

BMI at last visit, mean (SD) 26.4 (5.2) 24.6 (4.4) 24.5 (4.7) 24.8 (5.5) NS

SES‡, mean (SD) 38.6 (10.2) 44.3 (12.3) 40.2 (10.3) 44.0 (9.7) NS
†BMI was calculated as weight in kilograms divided by height in meters squared.
‡SES was calculated using occupation and education as previously described [31].
NS: Not significant; SD: Standard deviation; SES: Socioeconomic status.

Table 1. Characteristics of study subjects by gender and familial-risk status.
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as an independent effect for SNPs showing significant 
interactions with sex. Similarly sex was controlled for 
as an independent effect for SNPs showing significant 
interactions with risk. Additionally, because of pos-
sible effects of smoking on BMI, number of cigarettes 
smoked per day was stratified into three groups: none, 
below the median of those who smoked (<one half 
pack) and above the median (>one half pack).

Mixed-effects logistic model
A mixed-effects logistic model was used to investigate 
the associations of obesity with SNP variation. Obesity 
was defined as an observed BMI >30 in the 8–19 years 
age range. The model was fit using xtmelogit in Stata, 
specifying random effects for family to adjust for family 
relatedness (siblings were present in some families). The 
interaction of genotypic variation with sex or risk was 
tested. Risk was controlled for as an independent effect 
for SNPs showing significant interactions with sex. 
Similarly sex was controlled for as an independent effect 
for SNPs showing significant interactions with risk.

Correction for multiple tests
Using a Bonferroni correction method, results would 
need to be <0.003, to account for multiple tests.

Results
Familial risk effects
Results of the growth curve analysis of familial risk 
with BMI treated as a continuous variable are sum-
marized in Table 2, and illustrated in Figure 1. High-
risk males were found to have higher BMI than 

low-risk males, beginning at age 15 years (2.0 kg/m2 
difference; p  =  0.046). This group difference per-
sisted through adolescence and increased in mag-
nitude through age 19 years (3.3  kg/m2 difference; 
p = 0.005). High-risk females were not found to have 
higher BMI than low-risk females at any age.

Longitudinal BMI: genetic & sex effects
Results of the growth curve analyses with BMI as a 
continuous variable are summarized in Table 3. Of the 
seven genes tested, only CHRM2 variation showed a 
significant main effect. Minor allele carriers for SNP 
rs8191993 (C>G) had greater BMIs in the 14–16 
and 17–19 age ranges, regardless of sex or risk status. 
Additionally, two candidate genes demonstrated sig-
nificant interactions with risk. Among high-risk par-
ticipants with multiple relatives with alcohol depen-
dence, DRD2 rs6277 minor allele (T>C) (C) carriers 
had higher BMIs in the 14–16 and 17–19 age ranges, 
and those who were homozygous for the major allele of 
the FTO rs17818902 (T>G) had greater BMI during 
late adolescence (17–19 years age range). No effect of 
DRD2 rs6277 or FTO rs17818902 was seen in the LR 
group at any age.

Two genes showed significant interactions with sex. 
Among males only, carriers of the CHRM2 rs2061174 
minor allele (T>C) had significantly higher BMIs 
across all age ranges, and individuals with the C (T>C) 
minor allele of DRD2 rs6277 had greater BMIs in the 
14–16 and 17–19 years age ranges. Significant inter
actions between sex and genetic variation may be seen 
in Table 3.

Obesity: genetic & sex effects
When obesity was analyzed as a categorical variable 
(i.e., BMI >30), many of the effects seen for the analy-
ses using BMI as a continuous variable were replicated 
(Table  4). CHRM2 rs8191993 minor allele carriers 
(C>G) showed an increased odds ratio (OR) for being 
obese (OR: 2.5) independent of sex. There was also a 
significant interaction between this SNP and risk status, 
indicating that the relationship between minor allele 
status and obesity was stronger in the low-risk group. 
Consistent with the results obtained using the continu-
ous BMI measure, using the binary (yes/no) obesity 
variable, the minor allele of DRD2 rs6277 (T>C) was 
significantly associated with greater odds of being obese 
(OR: 5.0) but only in males. Also, the presence of the 
minor allele of CHRM2 rs2061174 (T>C) conferred 
greater risk for obesity, but only among males.

Discussion
The current study supports the existence of a shared 
diathesis for addiction and obesity by demonstrating 

Age (years) Difference (kg/m2) 95% CI p-value

8 0.48 -1.88–2.84 0.69

9 0.74 -1.59–3.07 0.53

10 1.00 -1.31–3.30 0.40

11 1.25 -1.03–3.54 0.28

12 1.51 -0.75–3.78 0.19

13 1.77 -0.49–4.02 0.12

14 2.03 -0.22–4.27 0.077

15 2.28 0.04–4.53 0.046*

16 2.54 0.29–4.79 0.027*

17 2.80 0.54–5.06 0.015**

18 3.05 0.78–5.33 0.009**

19 3.31 1.01–5.61 0.005**

Statistically significant values are in bold.
*p < 0.05.
**p < 0.01.

Table 2. Estimated difference in BMI between high and low 
familial risk males by age.
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Figure 1. BMI trajectories for ages 8–19 years. (A) High-
risk males displayed significantly higher BMI than 
low-risk males from age 16 to 19 years. (B) No effect of 
familial risk on BMI was observed among the female 
participants at any age.

Female BMI trajectories

Age (years)
8 9 10 11 12 13 14 15 16 17 18 19

29

27

25

23

21

19

17

15

B
M

I

High-risk
Low-risk

Male BMI trajectories

Age (years)

B
M

I

High-risk
Low-risk

8 9 10 11 12 13 14 15 16 17 18 19

29

27

25

23

21

19

17

15

future science group

Developmental changes in BMI: addiction & obesity genes    Research Article

that males at ultra-high-risk for AD show significantly 
higher BMI between the ages of 16 and 19 than low-
risk males. Emerging research suggests that abnormal-
ities in reward circuitry may predispose individuals to 
both addiction and obesity [34]. Indeed, abnormalities 
in reward processing have been demonstrated among 
offspring with a family history of alcoholism [35], 
which are thought to be partially genetically deter-
mined. The current findings indicating that males at 
high risk for substance use problems also display a sig-
nificant predisposition to weight gain in adolescence 
supports the notion that aberrant reward system func-
tion may represent a common etiological pathway to 
both conditions.

The current results also replicate previous reports 
of an association between BMI and genetic varia-
tion in CHRM2, DRD2 and FTO. Our findings 
demonstrate that CHRM2 rs2061174 accounted for 
4.1% of the variance in BMI in our sample, DRD2 
rs6277 explained 3.6% of BMI variance, and CHRM2 
rs8191993 and FTO rs17818902 each accounted for 
1.6% of the variance in BMI. The proportion of vari-
ance explained by each SNP was calculated using the 
R package MuMIn [36]. These estimates are compara-
ble to earlier studies that have measured the effects of 
variation at these loci, which have reported that SNPs 
within the CHRM2, FTO and DRD2 genes explained 
approximately 1–3% of the variance in BMI [22,37–39].

The CHRM2 gene is a muscarinic acetylcholine 
receptor gene which has been linked to both substance 
use [40] and body mass [22]. There is evidence to suggest 
that increased disinhibition may represent a common 
mechanism supporting both of these associations, per-
haps mediated by specific genetic variation. CHRM2 
variation has been shown to influence indices of dis-
inhibition [40], as well as externalizing behavior [41]. A 
robust literature has implicated disinhibitory traits in 
risk for addiction [42], and emerging data suggest that 
this factor may also play a critical role in weight sta-
tus. A recent meta-analysis of 23 studies demonstrated 
significantly higher impulsivity among overweight and 
obese children, with the dimension of disinhibition 
showing the greatest effect [43]. Furthermore, obesity 
is also highly comorbid with childhood externalizing 
disorders [44]. Therefore, disinhibitory traits may pre-
dispose to both addiction and increased BMI with evi-
dence that CHRM2 may be influential in this process.

Congruently, prior work has demonstrated an asso-
ciation between CHRM2 rs1824024 and the P300 
component of the event-related potential [45,46]. The 
relationships between reduced P300 amplitude, which 
is thought to be an indicator of disinhibitory condi-
tions, familial risk for AD [47,48] and externalizing 
disorders of childhood [49] are well-documented. The 

presence of reduced amplitude P300 has also been 
related to the likelihood of developing obesity and nic-
otine dependence [50]. Additionally, reduced amplitude 
of P300 in childhood appears to predict the likelihood 
of developing substance use disorders many years later. 
The longest follow-up shows P300 amplitude recorded 
as early as age 9 years predicts substance use outcome 
by age 20 [51]. Follow-ups at 3 and 7 years, respec-
tively, from other laboratories confirm this relation-
ship [52,53]. Therefore, these data lend further support 
for the hypothesis that CHRM2 may influence risk 
for both addiction and obesity through the influence 
of the cholinergic system on behavioral disinhibition, 
particularly as it relates to electrophysiological indices 
of disinhibitory processes.

Additionally, interactions between familial risk for 
substance use and specific genes appeared to influ-
ence the observed BMI in childhood and adolescence. 
Among high-risk individuals, carriers of the minor 
allele (C) (T>C) of DRD2 SNP rs6277 displayed 
greater BMI in adolescence, whereas minor allele (G) 
(T>G) carriers of the FTO SNP rs17818902 were 
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found to be protected, with the G carriers display-
ing lesser BMI between the ages of 17 and 19 years. 
Variation within the DRD2 gene has frequently been 
linked to hedonic response to drug rewards, and more 
recently has been implicated in binge eating and obe-
sity [20]. Thus, our observation that DRD2 variation 
influences BMI among high-risk adolescents supports 
the contention that differences in the hedonic experi-
ence of reward may impact risk for obesity as well as 
substance abuse.

Some of the effects observed appear to be sex spe-
cific. DRD2 rs6277 and CHRM2 rs2061174 signifi-
cantly influenced BMI, but only among males. Inter-
estingly, prior research has also reported sex-specific 
effects of DRD2 variation at this locus on waist cir-
cumference [54]. Although the precise mechanism of 
the observed sex specificity is unclear, prior research 
has reported sex differences in mesocortical dopamine 
neurotransmission [55] as well as interactions between 
dopamine and estrogen in cognitive functioning [56]. 
Future research should explore how dopaminergic gene 
variation may differentially impact BMI in males and 
females.

Congruently, only male carriers of the minor allele 
(C) (T>C) of CHRM2 rs2061174 displayed greater 
BMI throughout childhood and adolescence. Indeed, 
earlier studies have also reported sex-specific effects 
of CHRM2 variation on nicotine dependence [57]. 
Future research is necessary to elucidate how CHRM2 
variation leads to different effects in men and women. 
Nonetheless, these data implicate the minor C allele in 
risk for a number of pathological conditions.

Among the three obesity genes tested (FTO, LEP 
and SERPINF1), our data replicate the well-substan-
tiated relationship between FTO and body mass, 
whereas associations with LEP and SERPINF1 were 
not observed in our sample. Variation in the FTO 
gene has been linked to BMI in a number of differ-
ent populations, yet the exact physiological function 
of this gene is not well understood [23,24]. Similarly, 
the specific causal variants underlying this association 

remain unclear. Our data replicate prior findings that 
the minor allele of SNP rs17818902 (T>G) is associ-
ated with lesser BMI [24]. Together, these findings indi-
cate that variation at this locus may be an important 
component of the relationship between the FTO gene 
and bodyweight.

Although prior studies have implicated SERPINF1 
and LEP in obesity, the literature on these genes has 
been inconsistent. Animal research suggests that the 
SERPINF1 gene influences body mass [58], although 
results from human studies have been mixed. Böhm 
and colleagues [26] have reported an association 
between SERPINF1 genotype and total adipose tis-
sue mass among 1974 middle-aged Caucasians at high 
risk for Type 2 diabetes. However, a second study of 
younger Mexican American individuals failed to detect 
an influence of genetic variation at this locus [27]. The 
discrepancy among existing studies of this gene may be 
attributable to differences in the selection criteria, age 
range or size of the samples studied. Future research is 
needed to clarify the role of SERPINF1 in the determi-
nation of bodyweight. Findings for the LEP gene and 
body mass have also been mixed with both positive and 
negative reports [59].

A number of studies have found that associations 
between particular genes and either increased BMI 
or obesity are highly dependent on the age of the 
subjects studied [60]. The present analysis focused on 
children and adolescents so the long-term effects of 
genes having greater influence in adulthood could not 
be known. Finally, the current sample was recruited 
based on risk for AD. The selection criteria did not 
include BMI. Therefore, the present sample would be 
expected to more closely match the general popula-
tion with respect to BMI distribution than samples 
specifically selected for increased BMI or disease 
conditions such as Type 2 diabetes associated with 
increased BMI. These considerations may explain 
the lack of association between LEP, SERPINF1 and 
BMI in the current analysis. To our knowledge, this 
is the first study to find a main effect of CHRM2 

Gene SNP   Alleles Odds ratio 95% CI p-value

CHRM2 rs8191993 High risk C/G 1.2 0.4–3.5 NS

    Low risk 11.4 1.3–103.3 0.03

CHRM2 rs2061174 Male T/C 6.0 1.6–22.6 0.008

    Female 0.8 0.3–2.6 NS

DRD2 rs6277 Male T/C 5.0 1.1–23.7 0.04

    Female 1.0 0.3–3.3 NS

CHRM2 rs8191993 All C/G 2.5 1.0–6.1 0.05

NS: Nonsignificant.

Table 4. Odds ratio for obesity by familial risk status, gender, age range and SNP.
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SNP rs8191993 on BMI, although another SNP 
from this gene, rs12673281, was previously found in 
a large-scale BMI study [22]. Laramie et al. [22] found 
the relationship between the SNP rs12673281 to be 
highly significantly related to BMI in a family study 
(FBAT  =  0.0041) and in the case–control analysis 
the p-value was reported at 2.2  ×  10-6 Our SNP, 
rs8191993, was found to increase the odds of being 
obese (OR: 2.5). The D´ for rs1267381 and rs819193 
is reported at 0.82 in HapMap Release 22. Although 
r2 is 0.056 in HapMap, the distance of 57,000  bp 
suggests that these two SNPs are in reasonably high 
linkage disequilibrium.

Limitations of the study
One limitation of the current study is our reliance 
on BMI to measure adiposity. A broad range of adi-
posity may be associated with a given BMI value, as 
increases in both lean mass and body fat will inflate 
this index. Therefore, in some instances greater BMI 
may actually correspond to favorable changes in body 
composition. Such a bias towards increased BMI due 
to lean muscle may have impeded our ability to detect 
significant associations between genetic variation 
in the LEP and SERPINF1 genes and obesity. This 
could have explained our male-only findings for risk 
group differences in BMI as well. However, the male-
limited effect on obesity suggests this was probably 
not the case.

The current analyses were conducted with a mod-
est number of individual subjects although the total 
number of repeated observations was reasonably 
large. Consequently, a full genotypic analysis could 
not be performed. Rather, those both heterozygous 
and those homozygous for the minor allele were com-
bined and contrasted with the homozygous major 
allele individuals (dominant genetic model).

Another possible limitation of our study is that 
most of the genes found in large-scale genome-wide 
association studies were not tested. Our goal was to 
test genes previously identified in studies of AD and 
related endophenotypes and to include genes previ-
ously associated with BMI. However, inclusion of 
genes previously associated with BMI was limited to 
just four genes (LEP, SERPINF1, BDNF and FTO). 
In contrast, a total of 32 loci have been found based 
in an analysis of 249,796 individuals for whom a 
BMI had been collected [61]. Although only one of 
these genes (FTO) appeared to map to BMI in our 
family study, this may not be unexpected. It is quite 
possible that genes identified through GWAS may 
not discriminate among individuals from multiplex 
for AD families if the diathesis for dependence and 
BMI are shared in common and genes discriminat-

ing those who carry increased risk do so because of 
highly penetrant loci.

A comment regarding the strength of our findings 
needs to be mentioned. Some of the findings would 
not reach the Bonferroni-adjusted threshold for sig-
nificance (p  <  0.003). However, the candidate genes 
were chosen based on a hypothesis-driven strategy for 
which Bonferroni correction may be too conservative. 
Also, to our knowledge no prior study has investigated 
the influence of familial loading for alcoholism on 
obesity and included the potential moderating effects 
of specific obesity and addiction genes. Therefore, the 
importance of directly assessing familial loading for 
AD to determine if this loading confers greater risk for 
higher BMI suggested the need to take advantage of 
this developmental data set, although of limited size. 
The presence of longitudinal follow-up assessments 
allowed us to show that risk status influences the tra-
jectory of BMI across development, and the effect is 
not limited to specific time points.

Conclusion
A previous study from our laboratory demonstrated 
that individuals with a family history of alcoholism 
with prenatal exposure to cigarettes display a signifi-
cantly greater susceptibility to weight gain in adoles-
cence [62]. The current analysis found a main effect of 
familial risk on BMI and for the first time demonstrates 
that CHRM2, a gene that has been implicated in AD, 
has a role in the development of increased BMI across 
adolescence. Additionally, we found further support 
for the role of DRD2 and FTO in the determination 
of body mass across time. Our findings also highlight 
the importance of addressing developmental aspects of 
weight gain to better understand how genetic variation 
impacts obesity risk. Importantly, these data support 
the existence of a shared diathesis for addiction and 
obesity, which may be mediated by genetic influences 
on disinhibition and reward processing.

Future perspective
There is increasing evidence that liability for addiction 
and obesity may have overlapping neurobiological eti-
ology. An improved understanding of the interactive 
effects of genetic and environmental variables has 
important implications for the development of person-
alized medicine, allowing preventative and treatment 
measures to be targeted to those at greatest risk.
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Executive summary

Clinical relevance of uncovering common pharmacogenetic underpinnings of addiction & obesity
•	 Obesity is a prevalent condition affecting both children and adults with increased all-cause mortality.
•	 Alcohol dependence (AD) is a prevalent condition especially among those with a family history of AD that 

substantially increases morbidity and mortality.
•	 Successful treatment and prevention strategies uncovered in either obesity or addiction research, if tailored to 

specific genetic variation, could be utilized in both disorders.
Evidence that the dopaminergic reward circuit is involved in addictive behaviors
•	 Dopaminergic signaling has been the most extensively studied system for understanding drugs of addiction 

including alcohol, nicotine and other drugs of abuse.
•	 The outcome of treatment of nicotine dependence is better in those with the DRD2 A2 allele.
•	 DRD2 C957T modulates striatal dopamine D2 receptor binding and mRNA stability and has been shown to vary 

with AD status within families with both affected and unaffected family members.
Evidence that the dopaminergic reward circuit is involved in obesity & normal feeding behavior
•	 Dopamine neurons regulate feeding behaviors needed for survival. Dopamine-deficient mice die of starvation 

as result of reduced feeding behavior, but this behavior can be restored by replenishing striatal dopamine.
•	 Exposure to food stimuli affects dopaminergic neurons in the ventral tegmental area and the nucleus 

accumbens, brain regions that express ghrelin, leptin and insulin receptors.
Evidence that CHRM2 is involved in addictive disorders
•	 CHRM2 has been shown to be related to AD as well as being associated with a robust endophenotype for AD, 

the amplitude of the P300 component of the event-related potential.
Evidence that CHRM2 is involved in regulation of BMI & obesity
•	 The present study, which was conducted to include those at ultra-high risk for AD, shows that major allele 

carriers of the CHRM2 SNP rs2061174 had a sixfold increase in risk for becoming obese.
Value of testing for genetic variation in multiplex families to uncover common diatheses for alcohol & 
drug dependence & increased BMI
•	 A recent genome-wide association study of 249,796 individuals identified 32 loci associated with BMI, yet 

these loci explained only 1.5% of the variance.
•	 Genome-wide association studies are designed to detect common variants of small effect and although 

important may not identify those genes of high penetrence affecting both vulnerability for developing drug 
dependence and AD, but also identify those genes likely to affect risk for increased BMI and obesity.
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