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Abstract

Background: Depression and obesity are complex global health problems. Recent

studies suggest that a genetic predisposition to obesity might be accentuated in people

with depression, but these analyses are prone to bias. Here, we tested the hypothesis

that depression accentuates genetic susceptibility to obesity and applied negative control

experiments to test whether any observed interactions were real or driven by confound-

ing and statistical biases.

Methods: We used data from up to 378 000 Europeans in UK Biobank, a 73 variant body

mass index (BMI) genetic risk score, two depression measures [depression symptoms

(DS), major depression (MD)] and an antidepressant usage variable available. We tested

whether (i) depression and (ii) antidepressant treatment accentuated genetic susceptibil-

ity to obesity. Finally, we performed negative control experiments by sampling individu-

als at random so that they had BMI distributions identical to depression cases and

controls.

Results: Depression was associated with an accentuation of an individual’s genetic risk

of obesity with evidence of interactions for both DS and MD (Pinteraction¼7�10–4 and

7�10–5 respectively). Antidepressant usage within DS cases accentuated genetic obesity

risk (Pinteraction¼ 9�10–4), but not for MD (Pinteraction¼ 0.13). Negative control experiments

suggested that the observed interactions for MD (empirical-P¼0.067) may be driven by

statistical biases or confounding factors but were not possible with the larger DS groups.
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Antidepressant usage interaction also appears to be driven by statistical artefacts (empir-

ical-P¼ 0.510 using MD and 0.162 using DS).

Conclusion: We have highlighted the importance of running negative experiments to

confirm putative interactions in gene–environment studies. We provide some tentative

evidence that depression accentuates an individual’s genetic susceptibility to higher BMI

but demonstrated that the BMI distributions within cases and controls might drive these

interactions.
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Background

Depression and obesity are global health problems that se-

verely impact health services and cost billions annually.

Recent studies have highlighted additional disease burden

when obesity and depression are co-morbid.1 The relation-

ship between these two diseases is complex, involving ge-

netic and environmental factors, with twin studies

suggesting 12% shared genetics.2 The genetic approach of

Mendelian randomization3 has provided evidence that bi-

directional associations exist and are, at least partially,

causal.4,5

Further evidence demonstrating the complexity of the

relationship between obesity and depression comes from

recent studies suggesting genetic variants associated with

body mass index (BMI) and a BMI genetic risk score

(BMI–GRS) may have stronger effects on BMI in people

with depression.5,6 For example, Mulugeta et al. report a

BMI–GRS by depression status interaction as well as

rs6567160 in the MC4R gene having a stronger effect on

BMI in depression cases than controls (b¼ 0.166 vs

0.100).5 Moreover, a single-nucleotide polymorphism

(SNP) in the FTO gene (rs9939609) was associated with

log10BMI in depression cases (b¼0.12) but not in controls

(b¼ 0.02).6 It is currently unknown whether other SNPs

associated with higher BMI show similar interactions.

The different effects of the BMI–GRS and BMI SNPs on

BMI in depressed individuals vs controls provide evidence

of an interaction between depression status and BMI

genetics to accentuate an individual’s genetic risk of obe-

sity. However, these interactions may not be specific to de-

pression, but a feature of selecting groups of individuals

with a higher BMI (i.e. individuals with depression) and

comparing them to groups of individuals of lower BMI

(i.e. individuals without depression).7 The effect of having

different BMI distributions can be tested by performing

negative control experiments in which individuals are ran-

domly sampled from a cohort to recreate two distributions,

e.g. BMI distributions, identical to those seen for depres-

sion cases and controls. Previous work demonstrated that

deprivation as measured by the Townsend deprivation in-

dex (TDI) interacted with BMI genetics to accentuate the

genetic risk of obesity in deprived individuals.7 Recreating

these BMI distributions randomly regardless of TDI 100

times did not provide the same evidence of interaction sug-

gesting that TDI really does accentuate an individual’s ge-

netic risk for obesity. To the best of our knowledge no

studies have used negative control experiments to test

whether depression truly interacts with BMI genetics and

therefore it remains unclear whether any of the reported

interactions are driven by confounding or statistical

artefacts.

The obesity and depression relationship is further com-

plicated by the heterogeneity of definitions of depression

that can be used in different studies8 and the effect of anti-

depressant treatment on weight changes, with most classes

of antidepressants having some association with weight

Key Messages

• This study provides evidence suggesting that depression and depression severity accentuate an individual’s genetic

susceptibility to higher body mass index (BMI).

• These types of interaction, known as gene–environment interactions, are prone to statistical bias so we performed

negative experiments to confirm the observed interaction.

• Our negative test results demonstrate that observed interactions may be driven by BMI distributions and therefore

our study highlights the importance of testing putative gene–environment interaction using negative experiments.
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gain.9,10 No studies have tested whether antidepressants

accentuate an individual’s genetic risk for obesity.

Here, we used the UK Biobank study to replicate previ-

ous findings in a larger data set of cases and controls and

also strengthen previous published work by using depres-

sion measures from validated questionnaires. Second,

within depression cases we test the role of antidepressant

usage in accentuating an individual’s genetic risk for obe-

sity. Finally, for the first time we perform negative control

experiments to test whether any observed interactions are

real or a consequence of the higher mean and SD in depres-

sion cases vs controls.

Methods

UK Biobank participants

UK Biobank recruited >500 000 participants from across

the UK between 2006 and 2010 (https://www.ukbiobank.

ac.uk/) and is described elsewhere.11 Briefly, participants

provided detailed phenotypic data, blood and urine sam-

ples, and agreed to have their health followed over time.

Genetic data were available for all participants and we de-

fined 451 025 participants of European ancestry using

principal component analysis as previously described. We

also defined a subset of 378 214 unrelated individuals us-

ing a KING Kinship matrix excluding one individual for

each pair of related individuals up to (and inclusive of)

third-degree relatives.12

Phenotypes

Depression

Depression was defined in two ways. The depression symp-

toms (DS; 41 389 cases and 246 065 controls) variable was

defined from self-report and Hospital Episode Statistics us-

ing the whole UK Biobank baseline interview data as previ-

ously described.4 Second, major depression (MD) was

defined in a subset of unrelated individuals (N¼ 123 923)

who completed the mental health questionnaire (MHQ;

29 488 cases of MD and 94 363 controls) using the defini-

tion proposed by Davis et al.13 Details of these variables

can be found in the Supplementary material (available as

Supplementary data at IJE online). The MHQ is based on

the Composite International Diagnostic Interview Short

Form (CIDI-SF)14 and was used to also derive a continuous

measure of severity of depression and, as such, should help

to limit spurious findings from the interaction analyses.7

Antidepressant usage

A binary antidepressant treatment at baseline (not lifetime)

variable was derived using the relevant treatment codes in

UK Biobank (field 20003, http://biobank.ndph.ox.ac.uk/

showcase/coding.cgi?id=4&nl=1). Briefly, we extracted 82

relevant codes across seven classes of antidepressant

(Supplementary Table S1, available as Supplementary data

at IJE online). The number of cases on each class of antide-

pressant can be found in Supplementary Table S2 (avail-

able as Supplementary data at IJE online).

BMI

Weight and height were measured for all participants and

BMI calculated. BMI was inverse normalized prior to anal-

yses to limit potential biases as a result of a skewed distri-

bution, including issues with heteroscedasticity.7

TDI

The TDI is a composite measure of deprivation based on

unemployment, non-home ownership, household over-

crowding and non-car ownership, with negative scores rep-

resenting low deprivation.

Genetic variants for BMI

As previously described,4 we selected 73/76 (Supplementary

Table S3, available as Supplementary data at IJE online)

SNPs associated with BMI at genome-wide significance in

Locke et al.15 Three SNPs were excluded because they were

known to be highly pleiotropic with multiple traits. We used

SNPs published in Locke et al. to avoid winner’s curse.16 In

Locke et al., the FTO variant is rs1558902 whereas in

Rivera et al. it is rs9939609. rs1558902 is in strong linkage

disequilibrium with rs9939609 (D’¼ 1, R2¼ 0.9335).

The 73 variants were extracted from imputation

data and a BMI–GRS for each participant calculated. Each

variant was recoded to represent the number of BMI-in-

creasing alleles. A weighted score was then calculated

(Equation 1) in which SNPn is the dosage and bn is the

beta-value from Locke et al. prior to rescaling to reflect the

number of BMI-increasing alleles (Equation 2):

Weighted score ¼ b1 � SNP1 þ b2 � SNP2
þ . . . bn � SNPn: (1)

GRS ¼ Weighted score
P

b
(2)

Negative control experiments

We tested whether putative interactions found in this study

were specific to depression or an artefact of the different BMI

distributions in depressed compared with non-depressed indi-

viduals. We used a computational optimization genetic algo-

rithm for group (GAG) selection (url: https://github.com/

drarwood/gags),12 which repeatedly sampled individuals to
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derive groups of the same number, matched to the BMI distri-

bution of cases and controls but randomized to depression

status. There was no overlap between individuals selected for

the two groups. We repeated this random sampling 1000

times and the interaction P-values (described below) were cal-

culated each time. We report the median analysis based on

the interaction P-value.

Statistical analysis

The mean and SD of BMI were calculated in depression

cases and controls and within cases stratified by antide-

pressant usage.

For both depression measures, we calculated the associ-

ation between the BMI–GRS and BMI separately in cases

and controls using linear regression models. The models

were adjusted for age, sex, assessment centre, TDI, five an-

cestry principal components and genotyping platform (two

were used).

Interactions between the BMI–GRS and depression on

BMI were tested by including the respective interaction

terms in the models (i.e. interaction term¼BMI–

GRS� depression status). This was repeated excluding de-

pression cases reporting antidepressant usage.

Interactions were also calculated between the BMI–

GRS and antidepressant use by including the interaction

terms BMI–GRS� antidepressant usage status in cases

only. Interaction analyses were then repeated using the 73

BMI variants individually to determine whether interac-

tions are driven by a subset of variants.

All interaction models were adjusted as specified above.

To control for potential confounders, we performed a sen-

sitivity analysis as suggested by Keller,17 which includes all

covariate-by-depression and covariate-by-BMI–GRS inter-

action terms in the models.

All interaction models and negative experiments were

run for all individuals and separately for males and

females. All analyses were performed in Stata (version 16)

or R (version 3.5.2).

Results

Individuals with DS or MD had a higher BMI compared

with controls with cases having 0.7 and 0.6 kg/m2 higher

BMI, respectively (Table 1). This was the same for males

and females (males: þ0.6 kg/m2 for MD and þ0.5 kg/m2

for DS; females þ0.8 kg/m2 for MD and þ0.7 kg/m2 for

DS; Table 1). T
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Individuals with depression and those with more

severe depression were associated with an

accentuated risk of high BMI

We observed interactions between depression status and

genetic susceptibility to high BMI using both depression

definitions (Table 2 and Figure 1). This apparent gene-by-

depression interaction meant that, compared with non-

depressed individuals, individuals with DS had a 0.91-kg/

m2 higher BMI if they had the highest BMI genetic risk

(top decile) but a 0.58-kg/m2 higher BMI if they had the

lowest BMI genetic risk (bottom decile, Table 2). Similarly,

MD was associated with a 0.78-kg/m2 higher BMI in peo-

ple with the highest genetic risk (top decile) but only a

0.27-kg/m2 higher BMI in people with the lowest genetic

risk (bottom decile, Table 2). Another way of expressing

this interaction is that carrying 10 additional BMI-raising

alleles (weighted by effect size) was associated with 3.7 kg

extra weight in the MD group and 3.0 kg in the non-

depressed group, for someone 1.73 m tall.

There was strong evidence of an interaction using

depression severity (Pinteraction¼ 4� 10–4; Table 2 and

Supplementary Figure S1, available as Supplementary data

at IJE online). Individuals above the median score com-

pared with individuals below the median score for depres-

sion severity had a 0.59-kg/m2 higher BMI in people with

the highest genetic risk (top decile) but a 0.32-kg/m2 higher

BMI in people with the lowest genetic risk (bottom decile,

Table 2).

Sensitivity analyses

Results were generally consistent when using the Keller

method (Supplementary Table S4, available as Supplementary

data at IJE online) and stratifying by sex (Table 3). The inter-

action observed for DS appears to be mostly driven by females

whereas the depression severity interaction was driven by

males (Table 3).

Antidepressant medication usage was associated

with an accentuated risk of high BMI

We then tested whether antidepressant usage within de-

pression cases accentuated an individual’s genetic risk of

obesity when compared with cases not taking antidepres-

sants. Within DS cases, antidepressant treatment accentu-

ated an individual’s genetic risk of obesity (Table 2 and

Figure 1, Pinteraction¼0.0009). Similar effect sizes were

noted for MD cases (Table 2) but confidence intervals

crossed the null (Pinteraction¼ 0.14). Depression cases on

antidepressants had an �1.4-kg/m2 higher BMI than peo-

ple who reported depression but were not treated with

antidepressants using both depression definitions

(Table 1).

In depressed cases not on treatment, we observed an at-

tenuation of the interaction effect but some evidence of an

interaction remained. DS cases (without antidepressant

medication) were associated with a 0.49-kg/m2 higher BMI

in people with the highest genetic risk (top decile) but a

0.42-kg/m2 higher BMI in people at lowest genetic risk

(bottom decile) when compared with non-depressed indi-

viduals (Pinteraction¼0.16). MD cases (without antidepres-

sant medication) were associated with a 0.53-kg/m2 higher

BMI in people with the highest genetic risk (top decile) but

a 0.15-kg/m2 higher BMI in people at lowest genetic risk

(bottom decile) when compared with non-depressed indi-

viduals (Pinteraction¼ 0.001; Figure 1).

To test whether antidepressant use by BMI–GRS inter-

action is explained by depression severity (i.e. more severe

cases are on treatment, less severe cases are not), we

repeated our analyses adding a BMI–GRS by depression

severity interaction term to the model. Adding this new in-

teraction attenuated the BMI–GRS by treatment interac-

tion to the null (beta interaction¼ 0.004, P¼ 0.32 with

severity interaction term vs 0.007, P¼ 9.2E-04 without

severity interaction term).

Sensitivity analyses

Antidepressant usage interactions were generally consistent

when using the Keller method (Supplementary Table S4,

available as Supplementary data at IJE online). Sex-strati-

fied analyses provided evidence of interactions when com-

paring females on antidepressants to controls but no

evidence in males (Table 3). Interaction was observed in

males only when comparing cases on antidepressant medi-

cation to controls (Table 3).

Negative control experiments provide evidence

that BMI distribution contributes to some of the

observed interactions

We tested whether observed interactions were real and not

a consequence of selecting groups of individuals with a

higher mean and SD of BMI and comparing them to

groups of individuals with a lower mean and SD of BMI by

sampling individuals 1000 times to have identical BMI dis-

tributions (means and SD) to the depression cases and con-

trols but randomized to depression status. For MD, 67/

1000 analyses (Table 2, P¼ 0.067) demonstrated stronger

interactions than observed with the real variable, providing

inconclusive evidence for the validity of the observed inter-

actions. The median interaction P-value obtained was

0.017, whilst the real interaction was 7� 10–5 (Figure 2).
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Table 2 Differences in body mass index by BMI–GRS decile, association and interaction for the depression measures and stratified by treatment status

Trait Strata BMI difference

in 10% lowest

genetic risk

BMI difference

in 10% highest

genetic risk

Per allele

beta

SE P-value

association

P-value

interaction

against reference

N negative

tests below

observed P

Major depression (MD) Controls Reference Reference 0.0210 0.0006 <2E-16 Reference

Cases þ 0.27 kg/m2 þ 0.78 kg/m2 0.0255 0.0011 <2E-16 6.98E-05 67/1000

Cases not on treatment þ 0.15 kg/m2 þ 0.53 kg/m2 0.0248 0.0012 <2E-16 1.32E-03 NA

Case on treatment þ 1.21 kg/m2 þ 2.28 kg/m2 0.0291 0.0030 <2E-16 1.36E-03 NA

Major depression (MD) Cases not on treatment Reference Reference 0.0248 0.0012 <2E-16 Reference

Cases on treatment þ 1.06 kg/m2 þ 1.75 kg/m2 0.0291 0.003 <2E-16 1.35E-01 510/1000

Depression symptoms (DS) Controls Reference Reference 0.0225 0.0004 <2E-16 Reference

Cases þ 0.58 kg/m2 þ 0.91 kg/m2 0.0257 0.0010 <2E-16 7.27E-04 Unable to do

Cases not on treatment þ 0.42 kg/m2 þ 0.49 kg/m2 0.0239 0.0011 <2E-16 1.58E-01 NA

Case on treatment þ 1.16 kg/m2 þ 2.27 kg/m2 0.0315 0.0020 <2E-16 1.40E-06 NA

Depression symptoms (DS) Cases not on treatment Reference Reference 0.0239 0.0011 <2E-16 Reference

Cases on treatment þ 0.74 kg/m2 þ 1.78 kg/m2 0.0315 0.0020 <2E-16 9.24E-04 162/1000

Depression severity Below median score (<3) Reference Reference 0.0209 0.0007 <2E-16 Reference

Above median score (�3) þ 0.32 kg/m2 þ 0.59 kg/m2 0.0231 0.0007 <2E-16 4.18E-04 NA

For differences in BMI, all values calculated from reference. For regression, ‘per allele beta’ represents BMI increase (inverse normalized scale) per allele within each group. N negative tests below observed P is the number

of negative experiments resulting in an interaction P smaller than the observed 1 out of 1000 negative experiments. BMI, body mass index; GRS, genetic risk score; SE, standard error.
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For DS, our algorithm was unable to recreate the distri-

butions due to the large sample sizes in both groups and

therefore we were unable to run the negative experiments.

Negative control experiments for the antidepressant in-

teraction within depressed cases suggested that our ob-

served interaction might be a consequence of the BMI

distributions and/or confounded by unaccounted for varia-

bles. For DS, 162/1000 random samples demonstrated

stronger interactions than observed with the real antide-

pressant usage variable, with a median P-value of 0.022

whilst the real interaction was 9� 10–4 (Table 2 and

Supplementary Figure S2, available as Supplementary data

at IJE online). For MD, 510/1000 simulations demon-

strated a stronger interaction than observed with the real

variable, with a median P-value similar to that obtained

with the real variable (0.1355 vs 0.1295; Table 2 and

Supplementary Figure S3, available as Supplementary data

at IJE online).

Negative experiments were also performed for sex-

stratified analyses, providing inconclusive evidence

about the interactions observed with MD in males only

(Table 3, empirical-P¼ 0.066) and suggested that statisti-

cal artefacts drive the interaction in females only (Table 3

and Supplementary Figures S4 and S5, available as

Supplementary data at IJE online). For DS, the observed

interactions in males and females may be due to statistical

artefacts (Table 3 and Supplementary Figures S6 and S7,

available as Supplementary data at IJE online) suggesting

Figure 1 Association between the BMI–GRS (by decile) and BMI in participants without depression (black circlers and dotted line), participants with

depression not on treatment (diamonds and dashed line) and participants with depression on treatment (squares and solid line) according to depres-

sion symptoms (DS, panel A) and major depression (MD, panel B) definitions

BMI, body mass index; GRS, genetic risk score; B, beta-coefficient; kg, kilograms; m, metres.
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Table 3 Differences in body mass index by BMI–GRS decile, association and interaction for the depression measures and stratified by treatment status in females and males

separately

Trait Strata FEMALES ONLY MALES ONLY

BMI difference

in 10% lowest

genetic risk

BMI difference

in 10% highest

genetic risk

Per

allele

beta

SE P

association

P interaction

against

reference

N negative

tests below

observed P

BMI difference

in 10% lowest

genetic risk

BMI difference

in 10% highest

genetic risk

Per

allele

beta

SE P

association

P interaction

against

reference

N negative

tests below

observed P

Major

depression

(MD)

Controls Reference Reference 0.0216 0.0009 <2E-16 Reference Reference Reference 0.0200 0.0007 <2E-16 Reference

Cases þ 0.56 kg/m2 þ 1.01 kg/m2 0.0255 0.0014 <2E-16 1.20E-02 340/1000 þ 0.24 kg/m2 þ 0.81 kg/m2 0.0256 0.0017 <2E-16 1.90E-03 66/1000

Cases not on

treatment

þ 0.45 kg/m2 þ 0.73 kg/m2 0.0245 0.0015 <2E-16 7.62E-02 NA þ 0.08 kg/m2 þ 0.62 kg/m2 0.0257 0.0018 <2E-16 3.01E-03 NA

Case on

treatment

þ 1.43 kg/m2 þ 2.65 kg/m2 0.0308 0.0037 <2E-16 4.32E-03 NA þ 1.63 kg/m2 þ 2.08 kg/m2 0.0243 0.0048 5.14E-07 3.54E-01 NA

Major

depression

(MD)

Cases not on

treatment

Reference Reference 0.0245 0.0015 <2E-16 Reference Reference Reference 0.0257 0.0018 <2E-16 Reference

Cases on

treatment

þ 0.97 kg/m2 þ 1.91 kg/m2 0.0308 0.0037 <2E-16 7.34E-02 334/1000 þ 1.55 kg/m2 þ 1.46 kg/m2 0.0243 0.0048 5.14E-07 7.21E-01 700/1000

Depression

symptoms

(DS)

Controls Reference Reference 0.0233 0.0006 <2E-16 Reference Reference Reference 0.0217 0.0004 <2E-16 Reference

Cases þ 0.86 kg/m2 þ 1.28 kg/m2 0.0269 0.0013 <2E-16 4.30E-03 576/1000 þ 0.55 kg/m2 þ 0.71 kg/m2 0.0234 0.0014 <2E-16 2.26E-01 856/1000

Cases not on

treatment

þ 0.67 kg/m2 þ 0.82 kg/m2 0.0250 0.0015 <2E-16 2.25E-01 NA þ 0.38 kg/m2 þ 0.35 kg/m2 0.0223 0.0016 <2E-16 7.83E-01 NA

Case on

treatment

þ 1.47 kg/m2 þ 2.68 kg/m2 0.0330 0.0026 <2E-16 3.15E-05 NA þ 1.25 kg/m2 þ 2.02 kg/m2 0.0276 0.0031 <2E-16 4.28E-02 NA

Depression

symptoms

(DS)

Cases not on

treatment

Reference Reference 0.0250 0.0015 <2E-16 Reference Reference Reference 0.0223 0.0016 <2E-16 Reference

Cases on

treatment

þ 0.81 kg/m2 þ 1.87 kg/m2 0.0330 0.0026 <2E-16 5.41E-03 119/1000 þ 0.87 kg/m2 þ 1.67 kg/m2 0.0276 0.0031 <2E-16 1.41E-01 265/1000

Depression

severity

Below median

score (<3)

Reference Reference 0.0225 0.0011 <2E-16 Reference Reference Reference 0.0194 0.0009 <2E-16 Reference

Above median

score (�3)

þ 0.68 kg/m2 þ 0.88 kg/m2 0.0230 0.0010 <2E-16 1.97E-01 NA þ 0.30 kg/m2 þ 0.64 kg/m2 0.0232 0.0011 <2E-16 6.30E-05 NA

For differences in BMI, all values calculated from reference. For regression, ‘per allele beta’ represents BMI increase (inverse normalized scale) per allele within each group. BMI, body mass index; GRS, genetic risk score;

SE, standard error.
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that if we were able to recreate the distribution in all indi-

viduals, our results would indicate that observed interac-

tions may not be real. Negative experiments for the

sex-stratified antidepressant medication analyses provided

further evidence of the importance of the BMI distribution

in these interaction analyses (Table 3 and Supplementary

Figures S8–S11, available as Supplementary data at IJE

online).

Interactions with individual BMI variants

Several of the 73 individual BMI SNPs demonstrated

nominal interaction effects with DS (n¼4) and MD (n¼ 8)

at P< 0.05 (Table 4, Supplementary Table S5 and

Supplementary Figures S12 and S13, available as

Supplementary data at IJE online). Only one variant,

rs10182181 near the ADCY3 gene, survived Bonferroni

correction (Pinteraction¼ 3� 10–5) using the MD definition.

To check that SNP interactions were not driven by their

strength of association with BMI, we plotted the main ef-

fect from Locke et al. (2014) and the interaction effect for

each SNP (Supplementary Figure S14, available as

Supplementary data at IJE online) and found weak correla-

tions (DS Pearson r¼ 0.263, P¼ 0.025; MD Pearson

r¼ 0.365, P¼ 0.015).

We did not find evidence that FTO variants interact

with depression to accentuate obesity risk (Supplementary

Table S5 and Supplementary Figures S15 and S16, avail-

able as Supplementary data at IJE online). For FTO, we

ran negative experiments: with MD, 726/1000 analyses

demonstrated stronger interactions than observed with the

real variable (Supplementary Figure S15, available as

Supplementary data at IJE online). We also tested the FTO

interaction reported in Rivera et al.6 by creating random

distributions using the number per group and means

reported in the article. Here, 35 interactions were below

the random-effect P-value in Rivera et al. (0.027) but none

(Supplementary Figure S16, available as Supplementary

data at IJE online) was below the Han/Eskin random-effect

P-value (Han/Eskin P¼7�10–8).6 For the latter negative

experiments, the median interaction P-value obtained for

these 1000 analyses was 0.475 (range 9.4E-05–0.997).

Individual BMI variants nominally (P< 0.05) interacted

with antidepressant usage (Supplementary Table S6 and

S7, available as Supplementary data at IJE online) but no

SNPs survived Bonferroni correction.

Discussion

In UK Biobank, we provided tentative evidence that de-

pression status accentuates an individual’s genetic suscepti-

bility to higher BMI but this could be driven by differences

in distributions, at least for some of the definitions of de-

pression analysed here. Our results also suggest that cur-

rent antidepressant usage in the depression cases might

accentuate an individual’s genetic susceptibility to higher

BMI but our negative experiments suggest that this interac-

tion might be a statistical artefact. Our results highlight the

crucial importance of negative control experiments when

running gene-by-environment analyses, which are prone to

confounding and various biases.7

Here, negative control experiments mimicked the BMI

distribution of depression cases and controls, testing

whether observed interactions were in part driven by

Figure 2 Histogram of the –log10 P-values obtained from 1000 negative-experiment major depression (MD) by BMI–GRS interaction analysis when

we randomly created groups of individuals to have the same means and standard deviations of participants with and without depression. Dashed

vertical lines represent the observed P-value in UK Biobank and the solid vertical line represents the median –log10p of the negative experiments.

GAG, genetic algorithm for group selection.
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statistical biases induced by the higher mean and SD of

BMI in depression cases.7 These negative control experi-

ments suggested that the MD by BMI–GRS interactions in

all participants might not be solely driven by statistical

biases arising from the different BMI distributions. Here,

we observed a stronger interaction in 6.7% of our negative

control experiments, which is more than the ideal <5%

threshold. However, GAG can only approximate means

and SD to one decimal point so a better approximation of

the distributions might lower the number of negative con-

trol experiments demonstrating a stronger interaction than

that achieved with the real variables. Because of this, we

cannot conclude with confidence whether this observed in-

teraction is real or the result of statistical artefacts. The

sex-stratified negative experiments demonstrated similar

results in males but suggested that the interaction observed

in females may be driven by statistical artefacts due to the

different BMI distributions. The GAG algorithm was un-

able to confirm the DS results in all participants and to rec-

reate the distributions used in Mulugeta et al. due to the

large number of individuals in the control group. Our DS

results were in agreement with those from Mulugeta et al.

using a similar definition of depression, but the lack of neg-

ative experiments in all individuals means that we are

unable to fully exclude the role of BMI distributions in

these interactions. However, in the sex-stratified negative

experiments, our findings suggest that the BMI distribu-

tions might drive the observed interactions, casting doubt

on the interactions observed in all individuals.

Our analyses suggested that being on antidepressant

medication accentuates an individual’s genetic susceptibil-

ity to higher BMI, especially in females. However, these

findings should be taken with great caution and need to be

confirmed by further investigations because interaction

results were not demonstrated using the MD definition and

negative experiments suggest that we cannot exclude the

role of differences in the BMI distribution or unmeasured

confounders driving these antidepressant interactions. An

antidepressant–obesity interaction, if real, would fit with

previous studies highlighting weight gain during antide-

pressant treatment.9,10

Several BMI variants demonstrated a nominal interac-

tion with MD, with all variants demonstrating a stronger

effect on BMI in people with depression. The strongest in-

teraction was for rs10182181 in ADCY3, which has previ-

ously been implicated in depression development in mice18

and is reported to affect the response to different diet

regimes in humans.19

Table 4 Details of association between single-nucleotide polymorphism (SNP) and body mass index in cases vs controls for

SNPs with a nominally significant SNP by depression interaction

Depression measure Case/control SNP Beta (SE) P-value P-value interaction LOCUS

Major depression (MD) Controls rs10182181 0.0270 (0.0043) 4.88E-10 2.85E-05 ADCY3

Cases rs10182181 0.0623 (0.0085) 5.64E-14 ADCY3

Major depression (MD) Controls rs9925964 0.0129 (0.0045) 4.51E-03 5.70E-03 KAT8

Cases rs9925964 0.0381 (0.0089) 1.99E-05 KAT8

Major depression (MD) Controls rs13021737 0.0454 (0.0057) 2.45E-15 8.93E-03 TMEM18

Cases rs13021737 0.0761 (0.0113) 1.72E-11 TMEM18

Major depression (MD) Controls rs17724992 0.0086 (0.0049) 7.90E-02 1.60E-02 PGPEP1

Cases rs17724992 0.0327 (0.0097) 7.30E-04 PGPEP1

Major depression (MD) Controls rs17094222 0.0068 (0.0053) 1.97E-01 2.62E-02 HIF1AN

Cases rs17094222 0.0312 (0.0104) 2.72E-03 HIF1AN

Major depression (MD) Controls rs3810291 0.0175 (0.0046) 1.64E-04 4.46E-02 ZC3H4

Cases rs3810291 0.0367 (0.0092) 6.24E-05 ZC3H4

Major depression (MD) Controls rs17024393 0.0562 (0.0138) 4.79E-05 4.53E-02 GNAT2

Cases rs17024393 0.0113 (0.0270) 2.95E-05 GNAT2

Major depression (MD) Controls rs17405819 0.0133 (0.0047) 4.79E-03 4.56E-02 HNF4G

Cases rs17405819 0.0338 (0.0094) 3.40E-04 HNF4G

Depression symptoms (DS) Controls rs6567160 0.0449 (0.0032) 2.04E-44 2.72E-03 MC4R

Cases rs6567160 0.0707 (0.0087) 5.29E-16 MC4R

Depression symptoms (DS) Controls rs2287019 0.0305 (0.0035) 6.74E-18 1.21E-02 QPCTL

Cases rs2287019 0.0548 (0.0096) 1.10E-08 QPCTL

Depression symptoms (DS) Controls rs1808579 0.0176 (0.0027) 9.76E-11 4.53E-02 NPC1, RMC1

Cases rs1808579 0.0318 (0.0073) 1.54E-05 NPC1, RMC1

Depression symptoms (DS) Controls rs10733682 0.0122 (0.0028) 9.95E-06 4.65E-02 LMX1B

Cases rs10733682 0.0260 (0.0075) 5.62E-04 LMX1B

BMI, body mass index; SE, standard error.
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In UK Biobank we were unable to replicate the previ-

ously reported interaction between a SNP in the FTO gene

and depression.6 The FTO SNP reported in Locke et al. is

different from the variant used by Rivera et al. but, here,

neither showed an interaction with depression. This may

be explained by the different depression definitions, with a

more severe clinical definition used in Rivera et al. Another

possible explanation could be that the observed interaction

with the FTO gene may have been driven by the differen-

tial BMI distributions in depression cases and controls.

This is supported by our negative experiments, but not

when using the distributions reported in Rivera et al.

Our analysis had several strengths. UK Biobank pro-

vides a single large study with a homogenous depression

definition unlike meta-analysis studies that can be limited

by non-homogeneous definitions. The size of UK Biobank

facilitates the negative-controls experiments, allowing us

to test the robustness of our results by determining whether

statistical artefacts including heteroscedasticity drive the

observed interaction, which has not been considered previ-

ously for the obesity gene–depression interactions. The

negative experiments account for statistical artefacts that

may bias gene–depression interactions and enable us to test

the specificity of our interaction. For example, people may

be overweight for many reasons other than depression (e.g.

social deprivation) and if this were the case, we would ex-

pect to see similar interactions in any group who were of

similar BMI.

This study has a number of limitations. First, our nega-

tive-experiment algorithm could only recreate the BMI dis-

tribution to one decimal point, meaning the distributions

maintain a margin of error. Second, the heterogeneity of

depression and data availability in UK Biobank means that

our results might not be applicable to specific depression

subtypes. Third, the MHQ used to create the MD

definition was not performed at baseline and therefore

there is a time gap between BMI measurements and the

MD definitions (median time between baseline and

MHQ¼7.6 years, range 5.9–10.8 years). It is not known

whether BMI at the time of completing the MHQ was sim-

ilar to the BMI at baseline, but BMI was measured twice in

a subgroup of 34 168 participants and the average change

was 0.01 (6 1.9) kg/m2. UK Biobank data are not popula-

tion representative, with studies demonstrating volunteer

bias20 and participation bias.21,22 Fourth, the MHQ was

only completed in a subset of individuals, which may intro-

duce further biases;21 however, we did observe similar ef-

fect estimates from a broader measure of depression from

the baseline UK Biobank. Finally, there is the possibility

that depression interaction analyses could be subject to

confounding by unmeasured variables, as with other obser-

vational analyses. We included key covariates and adjusted

our models for the gene-covariate and depression-covariate

interaction terms, but we cannot rule out other confound-

ers partially explaining the reported interaction.

In conclusion, we have demonstrated that, in UK

Biobank, depression observationally accentuates an indi-

vidual’s genetic risk of obesity but we showed that this

appears to be driven by differences in BMI distributions be-

tween cases and controls. We have, in fact, highlighted the

importance of testing putative gene-by-environment inter-

actions as clearly demonstrated by the results of our nega-

tive experiments.
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