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ARTICLE HIGHLIGHTS

¢ Epidemiological evidence suggests a bidirectional relationship between type 2 diabetes and depression, but the
causal relationships and underlying mechanisms between them remain unclear.

* By using Mendelian randomization, this study shows that depression is causal for type 2 diabetes, with BMI medi-
ating up to 37% of this effect; no evidence was found for causality in the reverse direction.

« Multitrait GWAS followed by expression quantitative trait locus analyses highlighted shared mechanisms of insu-
lin secretion and inflammation as potential pathophysiological functions underlying the comorbidity between de-
pression and type 2 diabetes.
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OBJECTIVE

Depression is a common comorbidity of type 2 diabetes. We assessed the causal
relationships and shared genetics between them.

RESEARCH DESIGN AND METHODS

We applied two-sample, bidirectional Mendelian randomization (MR) to assess causality
between type 2 diabetes and depression. We investigated potential mediation using
two-step MR. To identify shared genetics, we performed 1) genome-wide association
studies (GWAS) separately and 2) multiphenotype GWAS (MP-GWAS) of type 2 diabetes
(19,344 case subjects, 463,641 control subjects) and depression using major depressive
disorder (MDD) (5,262 case subjects, 86,275 control subjects) and self-reported depres-
sive symptoms (n = 153,079) in the UK Biobank. We analyzed expression quantitative
trait locus (eQTL) data from public databases to identify target genes in relevant tissues.

RESULTS

MR demonstrated a significant causal effect of depression on type 2 diabetes (odds
ratio 1.26 [95% Cl 1.11-1.44], P = 5.46 x 10~ %) but not in the reverse direction. Medi-
ation analysis indicated that 36.5% (12.4-57.6%, P = 0.0499) of the effect from de-
pression on type 2 diabetes was mediated by BMI. GWAS of type 2 diabetes and
depressive symptoms did not identify shared loci. MP-GWAS identified seven shared
loci mapped to TCF7L2, CDKAL1, IGF2BP2, SPRY2, CCND2-AS1, IRS1, CDKN2B-AS1.
MDD has not brought any significant association in either GWAS or MP-GWAS. Most
MP-GWAS loci had an eQTL, including single nucleotide polymorphisms implicating
the cell cycle gene CCND2 in pancreatic islets and brain and the insulin signaling gene
IRS1 in adipose tissue, suggesting a multitissue and pleiotropic underlying mechanism.

CONCLUSIONS

Our results highlight the importance to prevent type 2 diabetes at the onset of
depressive symptoms and the need to maintain a healthy weight in the context
of its effect on depression and type 2 diabetes comorbidity.

Type 2 diabetes is a disease characterized by chronic hyperglycemia, while de-
pression is its frequent comorbidity, potentially because of shared risk factors
(1). It has been shown that depression, even at subclinical levels, increases the risk
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of incident type 2 diabetes by 25-60% (2),
whereas others have shown that type 2
diabetes increases the risk of depression
by 40-60% (3).

The causality of the associations from
observational studies remains unclear
because of unmeasured confounding and
potential reverse causation. However, this
could be circumvented in part through
Mendelian randomization (MR), an ap-
proach that assesses potential causality be-
tween phenotypes using genetic variants as
instruments, since genes are allocated ran-
domly at birth and are free from confound-
ing (4). To date, only one MR study from
China reported a possible causal link be-
tween type 2 diabetes and depression (5).
Other studies have demonstrated a causal
effect of depression on type 2 diabetes and
the components of the metabolic syn-
drome (6,7). However, the reported causal
estimates in one of these studies may be bi-
ased because of the use of nonoverlapping
samples (8) in its MR studies. Additionally,
although Tang et al. (6) aimed to address
the role of BMI in the causal relationship
between depression and type 2 diabetes
by using BMI-adjusted summary statistics,
they did not formally estimate the indirect
effects mediated via BMI.

Previous large-scale genome-wide associa-
tion studies (GWAS) for type 2 diabetes and
depression reported 403 and 102 associated
genomic loci for these diseases, respectively
(9,10). However, standard GWAS investigate
each disease independently, without consid-
ering the genetic correlation between related
phenotypes and their heritabilities.

Here, we addressed the causal relation-
ship between depression and type 2 dia-
betes by conducting an MR study using
summary statistics from nonoverlapping
samples of previous GWAS of depression
(10) and type 2 diabetes (9). Additionally, we
used the UK Biobank (UKBB) to perform a
multiphenotype GWAS (MP-GWAS) for type 2
diabetes and depression to identify shared
genetic loci. For depression, we compared
two assessment approaches, clinically diag-
nosed major depressive disorder (MDD) and
depressive symptoms based on self-report.

RESEARCH DESIGN AND METHODS

MR

Summary Statistics Used

To assess causality between type 2 dia-
betes and depression, we performed a
two-sample bidirectional MR, first using
depression as a risk factor and type 2

diabetes as an outcome, then the reverse,
from two nonoverlapping data sets. We
then used a two-step MR approach to as-
sess the potential mediation via BMI in the
depression and type 2 diabetes relation-
ship (11) (Supplementary Fig. 1). The single
nucleotide polymorphisms (SNPs) used as
genetic instruments for type 2 diabetes,
depression, and BMI were from previous
large-scale European GWAS meta-analyses
(9,10,12). To limit potential bias introduced
by sample overlap, we used the type 2 dia-
betes summary statistics without the UKBB
data set since UKBB was part of the de-
pression meta-analyses.

Two-Sample Bidirectional MR

All MR analyses were conducted using
the R software package TwoSampleMR
version 0.5.4 (13). In the type 2 diabetes
GWAS summary statistics used, 96 SNPs
(inclusive of 6 proxy variants with a mini-
mum r» =0.8) out of the 102 indepen-
dent (r* <0.01) depression SNPs were
available. We excluded seven palindromic
SNPs (A/T or C/G) with intermediate allele
frequencies (minor allele frequency >45%)
to ensure that the effects of the SNPs for
the two phenotypes were aligned to the
same forward strand allele. The genetic in-
struments for type 2 diabetes included 403
genetic SNPs associated from a previous
GWAS (9). In the depression summary sta-
tistics, 343 (inclusive of 4 proxy variants
with a minimum r* =0.8) out of 403 inde-
pendent ( <0.01) type 2 diabetes SNPs
were available for the analysis. To obtain
the total causal effect estimate, we applied
the inverse variance weighted (IVW)
method (4). We performed sensitivity MR
analysis using weighted median (WM)
and MR-Egger regression methods to
evaluate the potential violations of the
MR assumptions (14) (Supplementary
Methods). F-statistic was used to evaluate
the instrument strength, where F >10 in-
dicates the presence of a strong instru-
ment. The F-statistic indicated a good
instrument strength for both type 2 dia-
betes (F = 32.87) and depression (F =
42.99). We assessed heterogeneity be-
tween the causal estimates from each
SNP using Cochran Q test. The sensitivity
of causal inference to any individual ge-
netic variant was tested by leave-one-out
analysis. We used the Strengthening the
Reporting of Observational Studies in Epide-
miology Using MR (STROBE-MR) reporting
guideline to facilitate readers’ evaluation of
our results (15) (Supplementary Table 1).
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Two-Step MR

To assess the potential indirect effect via
BMI in the depression-to-type 2 diabetes
total effect, we additionally performed a
two-step MR (11) using 97 BMI SNPs
(22). In the first step, the causal effect of
depression (exposure) on BMI (media-
tor) was determined. In the second step,
we estimated the causal effect of BMI on
type 2 diabetes (outcome). The indirect
effect via BMI as a mediator was then
obtained by taking the product of the ef-
fects from steps 1 and 2 of the two-step
MR (Supplementary Methods). The causal
estimates for both steps were obtained
using the IVW method, while the WM
was used as a sensitivity analysis.

GWAS and MP-GWAS

Cohorts Used

UKBB. We used data from the UKBB
(https://www.ukbiobank.ac.uk), which
consists of 500,000 individuals aged be-
tween 40 and 69 years at recruitment.
Genetic data were available for 488,377
individuals in the UKBB genotyped using
the UKBB BILEVE array (n = 49,979) and
the UKBB Axiom Array (n = 438,398)
(16). The genetic data were imputed us-
ing the Haplotype Reference Consor-
tium, the UK10K, and phase 3 of the
1000 Genomes Project (16), resulting in
~90 million variants available for associ-
ation testing.

FinnGen. The FinnGen data set sum-
mary statistics were used for replication
of our GWAS and MP-GWAS results
(https://www.finngen fi/fi). The June 2022
data freeze used in our analysis com-
prised 309,154 individuals. Summary sta-
tistics for 3,095 phenotypes are publicly
available for analysis. FinnGen study par-
ticipants were genotyped using the lllu-
mina and Affymetrix chip arrays (lllumina
Inc. [San Diego, CA] and Thermo Fisher
Scientific [Santa Clara, CA, https://www.
thermofisher.com). The data were then
imputed using the Sequencing Initiative
Suomi version 3 imputation panel (https://
sisuproject.fi), resulting in 16,962,023 var-
iants available for association analysis.

Phenotype Definition

Type 2 Diabetes. In the UKBB, individu-
als who self-reported to have a diabetes
diagnosis by a physician, did not commence
insulin medication within 1 year after di-
agnosis, and were at least 40 years old
at the time of diagnosis were classified
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as type 2 diabetes case subjects. Individ-
uals not meeting these criteria were clas-
sified as control subjects. For both case
and control subjects, we excluded indi-
viduals with gestational diabetes mellitus
(field 4041, code 1), those <40 years old
at the time of diagnosis (field 2976) and
those on insulin medication within the
first year of diagnosis (field 2986). Sex-
discordant individuals (genotype vs. re-
ported sex) were also excluded from the
analyses. We included individuals of all
ancestries in the entire UKBB to maximize
on sample size. In total, 19,344 case sub-
jects and 463,641 control subjects were
available (Supplementary Table 2). The
GWAS summary statistics in the FinnGen
study were based on the ICD-10 code E11
for type 2 diabetes in 304,769 individuals
(49,303 case subjects, 255,466 control
subjects).

Depression. We defined depression in
two ways: ICD-10-coded MDD based on
linked data from hospital records, and
self-reported depressive symptoms us-
ing the Patient Health Questionnaire 9
(PHQ-9) (17).

ICD-10-Coded MDD. Individuals with a
primary diagnosis of a depressive episode
(ICD-10 code F32) and recurrent depres-
sion (ICD-10 code F33) were defined as
MDD case subjects (hereafter referred to
as MDD). Individuals who answered no
to the questions, “Have you ever seen a
general practitioner for nerves, anxiety,
tension or depression?” (field 2090) and
“Have you ever seen a psychiatrist for
nerves, anxiety, tension or depression?”
and no to either “depressed/down for a
whole week” (field 4598) or “ever unen-
thusiastic/disinterested for a whole week”
were defined as control subjects. Partici-
pants were excluded from the study if
they had a diagnosis of bipolar disorder
(ICD-10 codes F30 and F31), mixed and
other personality disorder (ICD-10 code
F61), or schizophrenia (ICD-10 code F20).
Participants taking any of 58 antipsychotic
medications (field 20003) were also ex-
cluded. In total, 5,262 case subjects and
86,275 control subjects were used for the
MDD phenotype (Supplementary Table 1).
The proportion of individuals with MDD
who had a type 2 diabetes diagnosis are
shown in Supplementary Table 3.

FinnGen study data had ICD-10 codes
F32 and F33 available for MDD. The GWAS
summary statistics on MDD were based

on a total of 305,192 individuals (33,812
case subjects, 271,380 control subjects).

Depressive Symptoms. In UKBB, self-
reported depressive symptoms over the
previous 2 weeks (from the time of study
enrollment) were assessed using the PHQ-9
(17) (Supplementary Table 4). It has been
shown that the PHQ-9 is invariant be-
tween people with and without diabetes
(18), suggesting that its interpretation is
similar for both diabetes case subjects and
control subjects. Individuals missing re-
sponses for more than three PHQ-9 items
were excluded from the analysis. Missing
PHQ-9 responses for the remaining individ-
uals were imputed using imputeSCOPA soft-
ware (https://github.com/ImperialStatGen/
imputeSCOPA), which implements a random
forest approach to impute missing items.
The variables sex, age, education qualifica-
tion, BMI, Townsend Deprivation Index (an
area-based measure of deprivation), geno-
typing array, and eight principal compo-
nents were included in the imputation
model to improve the predictive accuracy
of the imputation (Supplementary Table
5). The sum of all nine PHQ-9 items after
imputation for all individuals was used for
quantitative association analysis. PHQ-9
data were available for 153,079 individu-
als (Supplementary Table 1). The propor-
tion of individuals with PHQ-9 data and
a type 2 diabetes diagnosis are shown
in Supplementary Tables 3 and 6. Symp-
tom-based depression phenotypes were
unavailable in the FinnGen replication
data set.

GWAS

We performed separate GWAS for type 2
diabetes, MDD, and PHQ-9 in the UKBB
data with BOLT-LMM using a linear
mixed model (19). We adjusted for age,
sex, array, BMI, and the first eight princi-
pal components. We analyzed common
variants (minor allele frequency >5%),
with imputation scores >0.4, Hardy-
Weinberg equilibrium P > 1 x 107 and
per-SNP variant missingness <0.015. All
analyses were performed on human ge-
nome build 37. The statistical threshold
for genome-wide significant SNPs (sig-
nals) used was P < 5 x 1072,

MP-GWAS

We used multitrait analysis of GWAS
(MTAG) (20), which implements a general-
ized IVW- meta-analysis, to increase the

Maina and Associates

power for locus identification, improve
SNP effect size estimates for type 2 diabetes
and depressive phenotypes, and identify po-
tential multiphenotype genetic variant effects.
We used summary statistics of the individual
GWAS as inputs of MTAG. In UKBB, two
MTAG models were tested, one with type 2
diabetes and MDD and the other with type 2
diabetes and total PHQ-9 scores, to assess
the consequence of using two different de-
pression definition criteria (disease diagnosis
vs. disease symptoms) in an MP-GWAS
approach. To assess the robustness of the
phenotype-specific MP-GWAS results, MTAG
computes a maximum false discovery rate
(maxFDR) statistic, a theoretical upper bound
limit on the FDR for a GWAS (20). A maxFDR
<5% indicates robust results.

Expression Quantitative Trait Locus
Analyses
To explore and identify target genes of
the identified loci, we used several ex-
pression quantitative trait locus (eQTL)
databases. We extracted eQTL data from
the Genotype-Tissue Expression (GTEXx)
Portal (https://gtexportal.org) for SNPs
identified in our MP-GWAS, focusing on
type 2 diabetes and depression relevant
tissues (i.e., brain, muscle, liver). In addi-
tion, as GTEx does not include data from
pancreatic islets, we used recent eQTL
data from the TIGER Data Portal (https://
tiger.bsc.es) obtained from >500 brain-
dead organ donor islets (21). We ex-
tracted data for the seven shared SNPs
identified in our MP-GWAS from both
eQTL studies using a nominal significance
threshold of P < 0.05.

Furthermore, we also used GTEx version
7 transcriptome data (22) from European
individuals to identify eQTLs using our MP-
GWAS summary statistics. We focused on
relevant tissues in 1) type 2 diabetes,
namely liver, whole pancreas, muscle, sub-
cutaneous adipose, adrenal gland, and
whole blood, and 2) depression, including
putamen basal ganglia, hippocampus, sub-
stantia nigra, frontal cortex, amygdala, and
anterior cingulate cortex. For each tissue,
the predicted expression levels were then
correlated with type 2 diabetes and PHQ-9
MTAG summary statistics. P values were
corrected for multiple testing using Bonfer-
roni correction based on the number of
genes tested per tissue (Supplementary
Table 7). Genes where <80% of the SNPs
used in the model were found in the
GWAS summary statistics were excluded
because of low reliability of association
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results. This analysis focused on type 2 dia-
betes and PHQ-9 phenotypes only, as the
MDD phenotype was underpowered in
both GWAS and MP-GWAS.

RESULTS

MR

Our MR analysis revealed that depression
was causally and positively associated with
type 2 diabetes using the VW method, with
an odds ratio (OR) of 1.26 (95% Cl 1.11-1.44,
P = 5.46 x 10~ %). This result was consistent
with the WM sensitivity analyses, which
showed an OR of 1.18 (95% Cl 1.02-1.38,
P = 0.0304) (Fig. 1, Supplementary Fig. 2A,
and Supplementary Table 8). The MR-Egger
test showed no evidence of directional plei-
otropy (P = 0.15), further confirming the va-
lidity of the results. The Cochran Q statistic
for heterogeneity was significant for the

IVW method (Q = 158.18, P = 1.02 x 10 ).
However, the leave-one-out analysis showed
no extreme outliers, suggesting that the
observed association was not changed after
removing any single variant (Supplementary
Fig. 3). We found no evidence of causality in
the reverse direction between type 2 diabe-
tes and depression in the primary or sensitiv-
ity analysis (IVW: OR 0.99 [95% CI 0.99-1.01],
P = 0.92) (Supplementary Fig. 2B and
Supplementary Table 9).

Mediation via BMI

We observed evidence of an indirect effect
via BMI (OR 1.09 [95% Cl 1.000083-1.19],
P =0.049) using the IVW method, suggest-
ing potential mediation of the depression
to type 2 diabetes causality via BMI. The
indirect effect was consistent using the
WM method (OR 1.09 [95% Cl 1.03-1.14],

Diabetes Care Volume 46, September 2023

P = 0.0021). The estimated proportion of
the mediated effect via BMI was 0.37
(95% Cl 0.12-0.58), indicating that any po-
tential mediation via BMI would account
for 37% of the total effect. Mediation
via BMI was not explored from type 2
diabetes to depression, as we observed
no significant total causal effect in this
direction.

GWAS in Type 2 Diabetes and
Depression

To identify whether type 2 diabetes and
depression have a shared genetic etiol-
ogy, we first performed a GWAS for both
phenotypes separately using the UKBB.
For type 2 diabetes, we identified 92 inde-
pendent SNPs at 84 loci, of which 82 were
replicated in the FinnGen data set with
nominal significance (P < 0.05) and
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Figure 1—Forest plots showing the MR analysis results between type 2 diabetes (outcome) (A) and depression (exposure) (B). The ORs, 95% Cls,

and P values are shown.
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consistent in direction of effect. For depres-
sion, we found three independent SNPs
and loci for PHQ-9 and no SNPs associated
with the binary depression MDD trait in
the UKBB. None of the GWAS SNPs identi-
fied in type 2 diabetes were shared with
depression (Supplementary Fig. 4 and Sup-
plementary Tables 10-12).

MP-GWAS in UKBB

To improve the power to identify shared
genetic variants between the two pheno-
types, we performed the largest MP-
GWAS to date of type 2 diabetes and de-
pressive phenotypes in the UKBB using the
respective GWAS summary statistics. The
MP-GWAS model with type 2 diabetes
and MDD did not identify any significant
associations for the binary definition of de-
pression (MDD). For type 2 diabetes, we
identified 71 independent signals at 66
loci (Supplementary Figs. 5 and 6 and
Supplementary Table 10). The maxFDR
for the type 2 diabetes and MDD MP-GWAS
results was 1.5% and 7.7%, respectively
(Supplementary Table 13), indicating that
the MDD results were likely inflated by the
higher powered type 2 diabetes GWAS. In
FinnGen, the maxFDRs were 11.5% and
25.5%, respectively, indicating highly in-
flated results for both traits.

In contrast, in the MP-GWAS model with
type 2 diabetes and PHQ-9, we identified
eight independent SNPs for PHQ-9 (com-
pared with only three SNPs detected in
GWAS) (Fig. 2 and Supplementary Table
14), suggesting greater power for SNP dis-
covery. Only the CACNA2D2 locus was re-
ported in both GWAS and MP-GWAS
analyses for PHQ-9, although with dif-
ferent, yet highly correlated lead SNPs
(CACNA2D2, chromosome 2, SNPgwas
rs35335661, SNPpp.gwas rs1467916,
r? = 0.99). For type 2 diabetes, MP-GWAS
identified 53 SNPs at 50 loci (compared
with 92 identified in the single-phenotype
GWAS), of which 24 loci were previously
reported (10). We replicated 43 type 2
diabetes signals in the FinnGen cohort
(Supplementary Table 14).

In total, we found seven SNPs shared
between type 2 diabetes and PHQ-9:
rs7903146 (TCF7L2), rs7766070 (CDKALI),
rs1359790 (SPRY2), rs16860235 (IGF2BP2),
rs76895963 (CCND2-AS1), rs2972144 (IRS1),
and rs10811662 (CDKN2B-AS1) (Table 1 and
Fig. 2). The maxFDR for type 2 diabetes
and PHQ-9 after MP-GWAS were 0.98%
and 1.8%, respectively (Supplementary
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Table 13), indicating that the results are
robust and not influenced by the sample
sizes of either GWAS.

eQTL Analyses

To explore whether the seven SNPs shared
between type 2 diabetes and self-reported
depression had a downstream functional
impact, we first extracted eQTL data of the
seven identified SNPs using the 1) GTEx
Portal in relevant tissues, including muscle,
liver, and brain, and 2) the TIGER Portal for
pancreatic islets. We found that of the
seven shared SNPs between type 2 diabe-
tes and depression, six were associated
with the expression of nearby genes in rel-
evant tissues (Table 2). This includes the
rs2972144-G risk allele associated with a
decreased expression of /RSI and RP11-
395N3.2 in visceral and subcutaneous adi-
pose tissue and RP11-395N3.1 in subcuta-
neous adipose tissue. Additionally, the
rs76895963-T risk allele was associated

with decreased expression of CCND2 in
pancreatic islets, brain cerebellum, skeletal
muscle, and subcutaneous adipose tissue
and decreased expression of its antisense
CCND2-AS1 in pancreatic islets, brain cere-
bellum, basal ganglia, and cortex in addi-
tion to CCND2-AS2 in the cerebellum. For
pancreatic islets, we found an increased ex-
pression of NDUFA9 (Table 2).

In addition, using our MP-GWAS sum-
mary statistics, we tested in GTEx whether
type 2 diabetes and PHQ-9 were associ-
ated with shared gene expression changes
in several target tissues, except for pan-
creatic islets as GTEx does not include
these data. This analysis identified addi-
tional target genes associated with both
type 2 diabetes and PHQ-9 in eight tis-
sues, consistent in direction of effect for
both phenotypes: subcutaneous adipose
(/IRS1, NCR3LG1, RP11-395N3.2), amyg-
dala (HSPA1B), frontal cortex (CDKAL1),
hypothalamus (EIF252P3), skeletal muscle
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Table 1-Summary statistics of the seven shared loci between type 2 diabetes and PHQ-9 after MP-GWAS

Type 2 diabetes PHQ-9

CHR SNP BP Nearest gene EA NEA  EAF B SE P B SE P

2 rs2972144 227101411 IRS1 G A 0.65 0.0031 0.00038 4.89x10'® 0.065 0.012 1.80x 10 °®
3 rs16860235 185512361 IGF2BP2 A G 028 0.0046 0.00040 1.41x1073° 0103 0.012 4.19 x 10"
6 rs7766070 20686573 CDKAL1* A C 026 00046 0.00041 7.79x10°%° 0103 0.014 124x10 *
9 rs10811662 22134253  CDKN2B-AS1 G A 0.83 0.0049 0.00048 7.88x 102> 0.09 0.015 4.30x 10" %
10 rs7903146 114758349 TCF7L2 T C 029 0.011 000040 6.88x10*® 0.21 0012 1.68x 10 %
12 rs76895963 4384844 CCND2-AS1 T G 098 0015 0.0014 3.08x102 029 0.043 1.91x10
13 rs1359790 80717156 SPRY2 G A 072 0.0035 0.00040 8.54x10 Y 0076 0.012 591x 10 *°

BP, base pair position (human genome build 37); CHR, chromosome; EA, effect allele; EAF, effect allele frequency; NEA, noneffect allele.
*Different SNPs for PHQ-9 (rs2206734, position 20694884, EA G, NEA C, high linkage disequilibrium with type 2 diabetes SNP r? = 0.544).

(HLA-DRA, RP11-370C19.2), substantia ni-
gra (BETL1), and whole blood (EIF252P3,
HLA-DRB1) (Supplementary Fig. 7 and
Supplementary Tables 7 and 15-17). Alto-
gether, our data demonstrate a functional
impact of our loci in several related tissues.

CONCLUSIONS

We performed a large, comprehensive
study to investigate the relationship be-
tween type 2 diabetes and depression
and found evidence for a causal positive

association from depression to type 2
diabetes, with evidence of mediation by
BMI. We also performed an MP-GWAS
of the two diseases, highlighting seven
shared loci that target nearby genes in
several target tissues.

Our MR analyses provide evidence for
causality on the previously reported epi-
demiological associations from depres-
sion to type 2 diabetes (2) but not in the
reverse direction. These findings are con-
sistent with the pathophysiology for these

diseases, whereby depression starts in ad-
olescence or early adulthood (23), whereas
type 2 diabetes usually develops later (24),
and poor health habits among individuals
with depression, including smoking, physical
inactivity, and increased caloric intake (and
associated overweight), that are known to
facilitate the development of type 2 di-
abetes (2,25). Indeed, our results indicate
mediation by BMI in the causal relation-
ship between depression and type 2 dia-
betes, further supporting this hypothesis.

Table 2—Target genes of SNPs shared between type 2 diabetes and depressive symptoms in relevant target tissues

Organ donors

CHR SNP BP Nearest gene EA NEA Tissue Effect direction  Gene target P
2 rs2972144 227101411 IRS1 G A Subcutaneous adipose Negative IRS1 2.60 x 107*¢
Subcutaneous adipose Negative RP11-395N3.2 5.70 x 10°%°
Subcutaneous adipose Negative RP11-395N3.1 1.70 x 10~
Visceral adipose Negative IRS1 2.80 x 10~
Visceral adipose Negative RP11-395N3.2 1.6 x 10~°°
3 rs16860235 185512361 IGF2BP2 A G Pancreatic islets Negative IGF2BP2 3.94 x 10°°
Pancreatic islets Negative C3orf70 0.028
Pancreatic islets Positive EIF4A2 0.045
6 rs7766070 20686573 CDKAL1 A Pancreatic islets Positive LINCO05811 0.049
9 rs10811662 22134253 CDKN2A-AS1 G A Pancreatic islets Positive MTAP 0.038
Pancreatic islets Positive CDKN2A 0.00099
Pancreatic islets Positive CDKN2B-AS1  1.54 x 10’
10 rs7903146 114758349 TCF7L2 T C Pancreatic islets Positive TCF7L2 0.0029
12 rs76895963 4384844 CCND2-AS1 T G Pancreatic islets Negative CCND2 1.68 x 10°°
Pancreatic islets Negative CCND2-AS1 0.017
Pancreatic islets Positive NDUFA9 0.039
Cerebellum Negative CCND2 7.90 x 10" *
Cerebellum Negative CCND2-AS1  2.10 x 10 *®
Cerebellum Negative CCND2-AS2  1.00 x 10 *®
Nucleus accumbens (basal ganglia) Negative CCND2-AS1  2.70 x 10°%7
Putamen (basal ganglia) Negative CCND2-AS1 0.000008
Cortex Negative CCND2-AS1 0.000011
Skeletal muscle Negative CCND2 9.30 x 10 3
Subcutaneous adipose Negative CCND2 2.70 x 10~ *°
13 rs1359790 80717156 SPRY2 G A NA NA NA NA

BP, base pair position (human genome build 37); CHR, chromosome; EA, effect allele; NA, information for this SNP was not available in the

eQTL databases; NEA, noneffect allele.
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Furthermore, antidepressants frequently induce
weight gain, leading to type 2 diabetes (25),
and the systemic inflammation associated with
increased stress hormone levels, such as corti-
sol in the context of depression, also favors in-
sulin resistance (26).

While epidemiological studies also show
increased risk of depression in people with
type 2 diabetes (3), we did not find evi-
dence for causality in this relationship. Our
evaluation of instrument strength for the
MR analysis suggests that the lack of this
causal association is not simply an issue of
statistical power. A likely hypothesis is that
the epidemiologically observed association
is confounded via other factors, which are
not easily assessed in epidemiological stud-
ies, such as psychosocial factors related to
the management of treatment-related pain,
i.e., from routine self-injections with insulin,
in this middle-age chronic disease. Diabetes
distress, the psychological burden caused by
dealing with having diabetes and having to
care for it, has been linked to depression
(27). However, a large international longitu-
dinal study of 14 countries showed that
only depressive symptoms, rather than
MDD, were predicted by diabetes distress
1 year after diagnosis (28).

Our MP-GWAS revealed seven shared
SNPs between type 2 diabetes and self-
reported depressive symptoms consistent
in their directions of effect. These SNPs
mapped to loci implicated in insulin secre-
tion pathways, consistent with previous
studies (29,30). We did not find any shared
SNPs associated with the binary MDD clini-
cal diagnosis and type 2 diabetes, which
we speculate could be due to PHQ-9 being
a continuous definition of depression and
likely improves power compared with the
binary MDD definition. Previous studies
have also shown that depression defined
based on self-reported symptoms (mini-
mal phenotyping) rather than strict diag-
nostic criteria enables greater power for
locus discovery in GWAS (31).

Our eQTL analysis provided clues about
the underlying mechanisms linking the
two diseases. For instance, we found that
the rs76895963-T risk allele was associated
with the decreased expression of CCND2
in the brain, pancreatic islets, and insulin
target tissues (adipose and skeletal mus-
cle), suggesting a pleiotropic effect of this
locus. CCND2 encodes cyclin D2, which is
involved in pancreatic (3-cell proliferation
and insulin secretion (32). Mouse knock-
out models of CCND2 have no brain

neurogenesis and showed mild depres-
sion-like symptoms (33). Therefore, CCND2
could have a multisystem and pleiotropic
effect that potentially mediates the rela-
tionship between type 2 diabetes and
depression.

In addition, we found that the rs2972144-G
risk allele was associated with decreased
expression of IRS1, which encodes insulin
receptor substrate 1, in adipose tissue. IRS1
is a key signaling molecule associated with
insulin resistance (34), a condition linked to
both type 2 diabetes and depression (35).

Lower expression of CDKAL1 in the fron-
tal cortex was associated with both type 2
diabetes and depressive symptoms. Varia-
tion in CDKAL1 has been associated with
depressive phenotypes (29). Although we
did not find an eQTL for this locus in pan-
creatic islets, variation at CDKALI has been
implicated in type 2 diabetes and shown to
reduce insulin secretion (36).

We also found two target genes im-
plicating the HLA region (HLA-DRA and
HLA-DRB1) in blood and skeletal muscle.
The role of depression treatments that
target the immune system is very active
(37). Type 2 diabetes is also known to
have an impact on the immune system,
with high blood glucose levels causing
an inflammatory response (38).

On the basis of our results, we draw
some clinical significance. Antidepressant
treatment offered to people with depres-
sion at risk for type 2 diabetes should fa-
vor those that provide better glycemic
control, such as selective serotonin reup-
take inhibitors (39). Additionally, people
with depression should be encouraged, as
part of routine clinical care, to engage in
positive lifestyle habits, such as increased
physical activity, adequate sleep, and a
proper dietary regimen.

This study exhibits several strengths. The
two-sample bidirectional MR incorporated
nonoverlapping data sets to limit bias and
was performed using the MP-GWAS for
the two diseases. Using two-step MR, we
assessed the role of BMI as a potential me-
diator in the depression-to-type 2 diabetes
causal effect, an approach that has not
been used in previous studies. However,
there are some limitations to be consid-
ered. Our analyses involving MDD in MR,
GWAS, and MP-GWAS require validation in
larger MDD data sets as they become pub-
licly available. Our study used Hospital
Episode Statistics data available in the
UKBB to define the diagnosis of MDD
(ICD-10 codes F32 and F33). Although not

Maina and Associates

as accurate as gold-standard diagnostic in-
terviews, Hospital Episode Statistics data
can, with reasonable certainty, ascertain a
diagnosis of unipolar depression (40). Com-
bining the diagnostic categories of F32
(major depressive episode) and F33 (recur-
rent major depression) may have further
increased the heterogeneity of depression
in our cohort. To effectively probe the cred-
ibility of the MTAG MP-GWAS results, repli-
cation using another MP-GWAS method is
needed. Furthermore, we could only repli-
cate the type 2 diabetes-MDD analyses be-
cause of unavailability of publicly available
depressive symptoms GWAS in the FinnGen
cohort.

In conclusion, our results highlight the im-
portance of an efficient prevention of type 2
diabetes at the onset of depressive symp-
toms. Maintaining a healthy weight in the
context of its effect on depression and
type 2 diabetes comorbidity is also highly
recommended.
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