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ORIGINAL ARTICLE

Sex-Specific Association Between Genetic  
Risk of Psychiatric Disorders and  
Cardiovascular Diseases
Jiayue-Clara Jiang , PhD*; Kritika Singh, PhD*; Rachana Nitin , PhD; Lea K. Davis , PhD; Naomi R. Wray , PhD;  
Sonia Shah , PhD

BACKGROUND: Though epidemiological studies show increased cardiovascular disease (CVD) risks among individuals with 
psychiatric disorders, findings on sex differences in comorbidity have been inconsistent.

METHODS: This genetic epidemiology study examined the sex-specific association between the genetic risk of 3 psychiatric 
disorders (major depression [MD], schizophrenia, and bipolar disorder), estimated using polygenic scores (PGSs), and risks 
of 3 CVDs (atrial fibrillation [AF], coronary artery disease [CAD], and heart failure [HF]) in 345 169 European-ancestry 
individuals (UK Biobank), with analyses replicated in an independent BioVU cohort (n=49 057). Mediation analysis was 
conducted to determine whether traditional CVD risk factors could explain any observed sex difference.

RESULTS: In the UK Biobank, a 1-SD increase in PGSMD was significantly associated with the incident risks of all 3 CVDs in 
females after multiple testing corrections (hazard ratio [HR]AF-female=1.04 [95% CI, 1.02–1.06]; P=1.5×10−4; HRCAD-female=1.07 
[95% CI, 1.04–1.11]; P=2.6×10−6; and HRHF-female=1.09 [95% CI, 1.06–1.13]; P=9.7×10−10), but not in males. These female-
specific associations remained even in the absence of any psychiatric disorder diagnosis or psychiatric medication use. 
Although mediation analysis demonstrated that the association between PGSMD and CVDs in females was partly mediated by 
baseline body mass index, hypercholesterolemia, hypertension, and smoking, these risk factors did not explain the higher risk 
compared with males. The association between PGSMD and CAD was consistent between females who were premenopausal 
and postmenopausal at baseline, while the association with AF and HF was only observed in the baseline postmenopausal 
cohort. No significant association with CVD risks was observed for the PGS of schizophrenia or bipolar disorder. The female-
specific positive association of PGSMD with CAD risk was replicated in BioVU.

CONCLUSIONS: Genetic predisposition to MD confers a greater risk of CVDs in females versus males, even in the absence of 
any depression diagnosis. This study warrants further investigation into whether genetic predisposition to depression could 
be useful for improving cardiovascular risk prediction, especially in women.
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The idea that mental health is linked to cardiovascu-
lar health has long been recognized: William Harvey 
wrote in 1628 “every affection of the mind that is 

attended with either pain or pleasure, hope or fear, is the 

cause of an agitation whose influence extends to the 
heart.”1 Modern epidemiological studies find that collec-
tively, individuals with psychiatric disorders, namely, major 
depression (MD), schizophrenia, and bipolar disorder 
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(BD), have a ≈50% higher odds of developing cardiovas-
cular diseases (CVDs).2 The increased CVD risk among 
individuals with psychiatric disorders may be attributed 
to a combination of genetic3 and nongenetic factors, 
with the latter including the use of prescribed psychiatric 
medications, smoking, and social isolation.4,5

There are marked sex differences in both the preva-
lence and clinical presentation of psychiatric disorders 
and CVDs. Depression is almost twice as prevalent in 
females than males (lifetime prevalence of 26.1% ver-
sus 14.7%),6 with women showing augmented symptom 
severity.7 Men show an earlier onset for BD although the 
prevalence is reported to be equal between sexes for 
bipolar I disorder but higher in women for bipolar II dis-
order, which is characterized by depressive episodes.8 At 
the same time, despite a higher lifetime risk of CVD in 
men (60.3% versus 55.6% in women at an index age of 
45 years),9 CVD is a leading cause of female deaths,10 
and yet CVD risk in women remains underestimated and 
underresearched, leading to underdiagnosis and under-
treatment of CVDs in women.10

Few studies have investigated the sex differences in 
the cardiovascular comorbidity of schizophrenia and BD, 
and observational studies have presented inconsistent 
findings on the sex-specific association between depres-
sion and CVD outcomes.11 While some observational 
studies (N≤3237) have found depression or depressive 
symptoms to be a risk factor for heart failure (HF) and 
coronary artery disease (CAD) among women but not 
in men,12,13 a study on a Chinese cohort (N=512 712) 
found an association between depression and CVD-
related mortality in men only.14 The variability in findings 
may be due to differences in sample sizes, unmeasured 
confounders, follow-up times, sex balance in the cohort, 
and the criteria for defining depression phenotypes and 
CVD outcomes. At the same time, observational studies 
cannot establish causal associations and cannot deter-
mine whether this risk is a direct result of medications, 
which are known to have an adverse cardiometabolic 
effect,4 or other environmental factors in consequence 

of a diagnosis of depression. Furthermore, although 
an association between depressive symptoms and 
increased CAD risk in women aged ≤55 years (but not 
in women aged >55 years) was previously observed,13 it 
remains unknown how the menopause transition (peri-
menopause), a period where adverse changes in body 
composition, lipids, and measures of vascular health 
occur,15 affects the cardiovascular comorbidity among 
women with a higher risk of depression.

Large genome-wide association studies (GWASs) 
have been successful at identifying genetic loci associ-
ated with disease risk. Novel statistical methods applied 
to GWAS data are facilitating our understanding of 
shared biology between diseases, as well as in making 
causal inferences in disease comorbidity, overcoming 
some of the caveats of observational studies. Previous 
genetic analyses, such as summary statistics–based 
Mendelian randomization analyses, have provided evi-
dence to support a causal effect of depression on CAD 
and HF.16 However, few studies have investigated sex dif-
ferences using such genetic approaches, with an exam-
ple being a small-scale study (n=18 385; 50.9% female) 
that showed a putative causal effect of MD on CAD in 
females but not males.17 To what extent genetic factors 
contribute to comorbidity between psychiatric disorders 
and CVDs in different sexes is an outstanding question 
and one that will better inform CVD prevention strategies. 
In this study, we used polygenic scores (PGSs) derived 
from GWAS summary statistics (which estimate an indi-
vidual’s genetic liability to a disease) to examine the sex-
specific association between a higher genetic risk of 3 
psychiatric disorders (BD, MD, and schizophrenia) and 
the incident risk of 3 CVDs [atrial fibrillation (AF), CAD, 
and HF] in the UK Biobank cohort of 345 169 individu-
als (definition of incident cases is presented in Figure 1, 
and summary of characteristics is shown in Table 1). The 
findings were independently replicated in a BioVU cohort 
of 49 057 individuals (a summary of characteristics is 
shown in Table S1).

METHODS
Detailed study methods are presented in Supplemental 
Methods. For the UK Biobank cohort, consent was collected 
from all participants by the UK Biobank. The current study was 
conducted using the UK Biobank Resource under application 
number 12505. This research is covered by The University 
of Queensland Human Research Ethics Committee approval 
(HREC number 2020/HE002938). The BioVU consent form is 
provided to patients in the outpatient clinic environments at the 
Vanderbilt University Medical Center. The Vanderbilt University 
Medical Center Institutional Review Board oversees BioVU 
and approved this project (IRB#172020). Due to ethics and 
privacy considerations, requests to access the data set from 
qualified researchers trained in human subject confidentiality 
protocols may be sent to UK Biobank and BioVU. The scripts 
and PGS single-nucleotide polymorphism weights used in the 

Nonstandard Abbreviations and Acronyms

AF atrial fibrillation
BD bipolar disorder
CAD coronary artery disease
CVD cardiovascular disease
GWAS genome-wide association study
HF heart failure
HR hazard ratio
MD major depression
OR odds ratio
PGS polygenic score
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study are available at https://github.com/CNSGenomics/
CVD_psych_PRS_Jiang.

RESULTS
Increased Genetic Risk of MD Is Associated 
With an Increase of AF, CAD, and HF Risk in 
Females
Sex-stratified Cox proportional hazards regression analy-
sis in the UK Biobank showed that after multiple testing 
corrections (P<2.8×10−3), a 1-SD increase in PGSMD was 
significantly associated with increased incident risks of all 

3 CVDs in females (hazard ratio [HR]AF-female=1.04 [95% 
CI, 1.02–1.06]; P=1.5×10−4; HRCAD-female=1.07 [95% CI, 
1.04–1.11]; P=2.6×10−6; and HRHF-female=1.09 [95% CI, 
1.06–1.13]; P=9.7×10−10) but not in males, and the asso-
ciation with incident CAD and HF was significantly higher in 
females compared with males (2-sided Wald test P=0.016 
and 3.2×10−4, respectively; Figure 2). These associations 
remained even after correcting for the genetic risks of all 
3 CVDs (Figure S1), indicating that PGSMD captured addi-
tional risk for CVD over and above, which was captured by 
the PGSs for all 3 CVDs. No associations between PGS 
for schizophrenia or BD with CVD risks passed multiple 
testing corrections in either sex (Figure 2).

Figure 1. Flowchart for defining prevalent and incident cardiovascular disease (CVD) cases in the UK Biobank cohort.
*The full inclusion and exclusion criteria for each CVD are presented in Table S4. BMI indicates body mass index; ICD-10, International 
Classification of Diseases, Tenth Edition; ICD-9, International Classification of Diseases, Ninth Edition; OPCS4, Office of Population 
Censuses and Surveys, version 4; and QC, quality control.
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Mendelian randomization was performed to test the 
null association between MD diagnosis and prevalent 
CVD risks. At P<8.3×10−3 (multiple testing corrections for 
6 tests), we found significant evidence to reject the null 
hypothesis for the association between MD diagnosis and 
all 3 CVDs in females, as well as the association between 
MD diagnosis and prevalent CAD in males (Table S2). All 
of the significant associations showed a positive direction 
of effect, which indicates that increased risk of MD diag-
nosis was associated with increased CVD risks.

The Influence of Menopausal Status on the 
Association Between Genetic Risk of MD and 
Incident CVDs
We further explored the association between PGSMD and 
incident CVDs in females of the UK Biobank stratified by their 
self-reported menopausal status at baseline (npost=114 375 
and npre=27 334). As expected from previous evidence on 

the increase in CVD risks after menopause,15 the incidence 
of CVD was higher in the postmenopausal group (6.0%, 
2.9%, and 3.1% for AF, CAD, and HF, respectively) com-
pared with the premenopausal group (0.8%, 0.7%, and 
0.5% for AF, CAD, and HF, respectively; χ2 P<2×10−16; 
Table S3). Using a nominal significance (P<0.05) thresh-
old, we found that PGSMD was significantly associated with 
increased incident CAD regardless of baseline menopausal 
status (HRCAD-pre=1.22 [95% CI, 1.06–1.42]; P=6.3×10−3; 
HRCAD-post=1.07 [95% CI, 1.03–1.11]; P=1.2×10−4). The 
associations with CAD risk in both the baseline premeno-
pausal and postmenopausal female groups were higher 
than in males (2-sided Wald test P=0.019 and 0.047, 
respectively; Figure 3). A 1-SD increase in PGSMD was 
also associated with incident AF and HF in the baseline 
postmenopausal females (HRAF-post=1.03 [95% CI, 1.01–
1.06]; P=6.4×10−3; HRHF-post=1.10 [95% CI, 1.06–1.13]; 
P=8.2×10−8), where the association with incident HF was 
significantly higher than the male cohort (2-sided Wald test 

Table 1. Summary of Characteristics of the UK Biobank Cohort

Female Male

Total number 186 683 158 486

Average age at baseline, y (SD) 57 (7.9) 57.4 (8.1)

Average BMI at baseline (SD) 26.9 (5.1) 27.8 (4.2)

Current or previous smokers at baseline (%) 77 180 (41.3) 81 209 (51.2)

Case* Control* Case* Control*

Prevalent BD n (%) 817 (0.4) 148 856 (79.7) 585 (0.4) 137 306 (86.6)

Age at baseline, y (SD) 56.1 (7.9) 57 (7.9) 57.4 (7.9) 57.4 (8.1)

Prevalent MD n (%) 12 774 (6.8) 148 856 (79.7) 7316 (4.6) 137 306 (86.6)

Age at baseline, y (SD) 57 (8.0) 57 (7.9) 57.5 (8.1) 57.4 (8.1)

Prevalent SCZ n (%) 654 (0.4) 148 856 (79.7) 733 (0.5) 137 306 (86.6)

Age at baseline, y (SD) 57 (8.4) 57 (7.9) 56.5 (8.5) 57.4 (8.1)

Incident AF n (%) 8926 (4.8) 176 132 (94.3) 14 180 (8.9) 140 403 (88.6)

Age at baseline, y (SD) 62.6 (5.9) 56.7 (7.9) 62.2 (6.2) 56.8 (8.1)

Incident CAD n (%) 4451 (2.4) 180 294 (96.6) 10 160 (6.4) 140 167 (88.4)

Age at baseline, y (SD) 61.4 (6.5) 56.8 (7.9) 60.4 (6.9) 56.9 (8.1)

Incident HF n (%) 4644 (2.5) 181 392 (97.2) 7653 (4.8) 149 136 (94.1)

Age at baseline, y (SD) 62.7 (6.1) 56.8 (7.9) 62.4 (6.2) 57.1 (8.1)

Hypercholesterolemia status at baseline n (%) 19 799 (10.6) 148 376 (79.5) 27 753 (17.5) 105 053 (66.3)

Age at baseline, y (SD) 61.8 (5.9) 55.9 (7.9) 61.4 (6.4) 55.6 (8.2)

Hypertension status at baseline n (%) 43 831 (23.5) 122 590 (65.7) 49 984 (31.5) 85 607 (54)

Age at baseline, y (SD) 60.3 (6.8) 55.4 (7.9) 60.3 (7.0) 55.2 (8.2)

T2D status at baseline n (%) 2638 (1.4) 175 375 (93.9) 4637 (2.9) 141 330 (89.2)

Age at baseline, y (SD) 60.6 (6.9) 56.8 (7.9) 61.6 (6.3) 57 (8.1)

Baseline postmenopausal (%)† 114 375 (80.7) -

Baseline premenopausal (%)† 27 334 (19.3) -

AF indicates atrial fibrillation; BD, bipolar disorder; BMI, body mass index; CAD, coronary artery disease; HF, heart failure; MD, major depression; SCZ, schizophrenia; 
and T2D, type II diabetes.

*Controls for BD, MD, and SCZ were individuals who had no diagnosis of psychiatric disorders or psychiatric medication use. For each disease, individuals with the disease 
at baseline were removed from the incident analysis, and individuals who developed the disease after enrollment into UK Biobank were removed from baseline analysis.

†Menopausal status was defined by self-reported menopausal status at baseline (baseline postmenopausal: females who answered yes to having had menopause 
at baseline; baseline premenopausal: females who answered no to having had menopause at baseline). Female participants who met any of the following criteria were 
excluded from the premenopausal group: (1) females who did not report to have had menopause at baseline but later self-reported menopause in follow-up assessments 
(although only ≈18.7% of females who did not report to have had menopause at baseline completed follow-up surveys on their menopausal status); (2) females who did 
not report to have had menopause at baseline but were at least 50 y of age at baseline; and (3) females who preferred not to answer or self-reported to be not sure about 
their menopausal status at baseline or any follow-up assessment. The percentages of females who were premenopausal and postmenopausal represent percentages of 
total females who met the criteria for either menopausal group (n=141 709).
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P=8.9×10−4). Despite risk estimates that were higher than 
or similar to those observed in the postmenopausal cohort, 
the associations between PGSMD with incident AF or HF 
in the baseline premenopausal group were not statistically 
significant (HRAF-pre=1.07 [95% CI, 0.94–1.23]; P=0.29; 
HRHF-pre=1.10 [95% CI, 0.92–1.30]; P=0.30), which may 
be a reflection of the much smaller sample size for the pre-
menopausal cohort (Figure 3).

The Associations Between the Genetic Risk 
of MD and CVDs Are Partly Mediated by 
Body Mass Index, Hypercholesterolemia, 
Hypertension, and Smoking
To gain mechanistic insight into the association between 
PGSMD and CVD risk, we performed a sex-stratified 
mediation analysis in the UK Biobank cohort to inves-
tigate whether traditional modifiable CVD risk factors 
could explain the observed sex difference. Although the 
association between PGSMD and CVD risk in females 

was found to be partly mediated by many traditional risk 
factors (namely, body mass index, hypercholesterolemia, 
hypertension, and smoking), given that the proportion 
of CVD risk explained by each of the risk factors was 
higher in males (though not all statistically significant 
after multiple testing corrections), the observed sex dif-
ferences in the MD-CVD associations was unlikely to be 
explained by these traditional risk factors (Table 2). For 
example, baseline body mass index mediated 34% (95% 
CI, 21%–78%; P=6×10−4) of the association between 
PGSMD and incident AF in males but only 25% (95% CI, 
18%–41%; P<2×10−16) in females (Table 2).

Genetic Risk of MD Is Associated With 
Increased CVD Risk in Females Even in the 
Absence of Psychiatric Diagnosis or Psychiatric 
Medication Use
To dissociate the effects of behavioral changes or medi-
cation use as a consequence of depression diagnosis, 

Figure 2. Change in risk of incident cardiovascular diseases (CVDs) per SD increase in psychiatric disorder polygenic scores 
(PGSs) in the UK Biobank cohort.
Associations for the sex-stratified cohorts (red: female; blue: male) were estimated with Cox proportional hazards regression models, including 
body mass index, smoking status, genotyping array, and 20 genetic PCs as covariates. The x axis shows the hazard ratio (HR) per SD increase 
in PGS, with P values labeled, and error bars indicate 95% CIs. *A statistically significant difference in the log(HR) values between females and 
males (2-sided Wald test P<0.05). The dark gray line indicates an HR of 1. AF indicates atrial fibrillation; BD, bipolar disorder; CAD, coronary 
artery disease; HF, heart failure; MD, major depression; and SCZ, schizophrenia.
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sex-stratified Cox proportional hazards regression analy-
sis was performed between PGSMD and incident CVD 
risks among UK Biobank participants who had no psy-
chiatric disorder diagnosis and were not on any psychi-
atric medication (n=286 162). Among these individuals, 
we observed a nominally positive association of PGSMD 
with incident AF (HRAF-female=1.03 [95% CI, 1.01–1.06]; 
P=0.013), incident CAD (HRCAD-female=1.05 [95% CI, 
1.01–1.08]; P=0.016), and incident HF (HRHF-female=1.07 
[95% CI, 1.04–1.11]; P=1.2×10−4) in females only 
(Figure 4).

Replication of Main Findings in the BioVU 
Cohort
We repeated our analysis in the independent BioVU 
cohort (n=49 057). Similar to the UK Biobank cohort, 
after multiple testing corrections (P<2.8×10−3 was 
used to indicate statistical significance), we observed 
a positive association of PGSMD with prevalent CAD 
in females of the BioVU cohort (odds ratio [ORCAD-

female]=1.08 [95% CI, 1.03–1.12]; P=4.3×10−4) but 
not in males (ORCAD-male=1.04 [95% CI, 1.00–1.08]; 
P=0.044; Figure S2). The difference in risk estimates 
between the 2 sexes did not reach statistical signifi-
cance (2-sided Wald test P>0.05) possibly due to the 
smaller sample sizes (Figure S2). The associations 
between PGSMD and HF risks passed the nominal 
significance threshold in both sexes (ORHF-female=1.07 
[95% CI, 1.02–1.11]; P=3.6×10−3; ORHF-male=1.06 
[95% CI, 1.02–1.10]; P=7.2×10−3) but did not pass 

multiple testing corrections, likely due to the small sam-
ple size. Unlike the UK Biobank, we did not observe a 
significant association between PGSMD and prevalent 
AF in either sex. A nominally significant genetic asso-
ciation of PGSMD with HF in both sexes and with CAD 
in females was observed in the sensitivity analyses 
adjusting for the diagnosis of psychiatric disorders and 
antidepressant medication use (Figure S3).

DISCUSSION
Using data from the UK Biobank cohort, we show for 
the first time the association between genetic predis-
position to MD with incident AF and HF in females but 
not in males and validate a previously reported sex dif-
ference (increased risk in women) in the association 
with CAD. Mendelian randomization analysis showed 
evidence to reject a lack of causal association between 
MD diagnosis and all 3 CVD risks in females, as well as 
between MD diagnosis and CAD risk in males; however, 
these results should be interpreted with caution due 
to the limitations of current Mendelian randomization 
methods in calculating causal estimates for binary expo-
sures.18 As we observed a larger number of CVD cases 
in males and, therefore, had greater power to detect a 
risk estimate equivalent to that found in females, the 
observed sex difference in the depression-CVD asso-
ciations was unlikely to be driven by differences in sta-
tistical power. We also show for the first time that the 
genetic risk of depression is associated with increased 
risks of CVDs even in the absence of psychiatric 

Figure 3. Change in risk of incident 
cardiovascular diseases per SD 
increase in PGSMD in the UK Biobank 
cohort, stratified by menopausal 
status.
Associations for females who were 
baseline postmenopausal (orange) and 
baseline premenopausal (pink) were 
estimated with Cox proportional hazards 
regression models, including body mass 
index, smoking status, genotyping array, 
and 20 genetic PCs as covariates. The 
estimates for the male cohort (blue) are 
shown for the purpose of comparison. 
The X axis shows the hazard ratio (HR) 
per SD increase in the polygenic score 
(PGS), with P values labeled, and error 
bars indicate 95% CIs. *A statistically 
significant difference (2-sided Wald test 
P<0.05) in the log(HR) values between 
the corresponding female cohort and male 
cohort. The dark gray line indicates an HR 
of 1. AF indicates atrial fibrillation; CAD, 
coronary artery disease; HF, heart failure; 
and MD, major depression.
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diagnosis or psychiatric medication use, and this asso-
ciation is, thus, not simply a consequence of behavioral 
changes or medication following a depression diagno-
sis. Interestingly, the association with incident CAD was 
consistent among females who were premenopausal 
at baseline (average age of 44.9 years at baseline), as 
well as in older females who were postmenopausal at 
baseline (mean age of 60.8 years at baseline), while the 
increased risk of incident AF and HF was only observed 
in the latter group. Our results from mediation analysis 
suggest that although the depression-CVD link is partly 
mediated by traditional CVD risk factors, these do not 
explain the sex difference observed in the UK Biobank. 
Additional risk factors need to be investigated to under-
stand the driver of the higher CVD risks in women with 
a higher genetic risk of MD.

We repeated these analyses in the independent BioVU 
cohort and applied the same multiple testing correction 
threshold as UK Biobank. After multiple testing correc-
tions, consistent with the higher risk of CAD in females 
observed in the UK Biobank, we observed a statistically 
significant association between the genetic risk of MD 
and increased CAD risk in females but not males in 
BioVU although this difference in effect between males 
and females was not statistically significantly different. 
We also observed a nominally significant association 
between PGSMD and HF risks in both sexes but did not 
find any association with AF risks in either sex in BioVU. 
The lack of replication of the sex differences in BioVU 
could potentially be explained by lower statistical power, 
given the much smaller sample size in BioVU (≈49 000 
in BioVU versus ≈345 000 in the UK Biobank). Index 

Table 2. Sex-Stratified Mediation Analysis of Risk Factors Modeled as Mediators of the Association Between PGSMD and 
Incident Cardiovascular Diseases in the UK Biobank

Outcome Mediator Sex Proportion mediated (average) 95% CI lower 95% CI upper P value

Incident AF Baseline BMI Female 0.25* 0.18* 0.41* <2×10–16*

Male 0.34* 0.21* 0.78* 6×10–4*

Baseline hypercholesterolemia Female 0.085* 0.038* 0.25* 6×10–4*

Male 0.13 0.043 0.43 8.6×10–3

Baseline hypertension Female 0.17* 0.088* 0.35* <2×10–16*

Male 0.46 0.21 2.5 0.027

Baseline smoking status Female 0.089* 0.059* 0.19* <2×10–16*

Male 0.18 0.093 0.59 6.2×10–3

Baseline T2D Female 0.021 0.0072 0.08 0.012

Male 0.075 0.019 0.36 0.024

Incident CAD Baseline BMI Female 0.13* 0.094* 0.21* <2×10–16*

Male 0.24 0.14 0.74 6.4×10–3

Baseline hypercholesterolemia Female 0.098* 0.048* 0.24* 4×10–4*

Male 0.16 0.042 0.69 0.02

Baseline hypertension Female 0.14* 0.081* 0.34* 2×10–4*

Male 0.44 0.18 1.5 0.016

Baseline smoking status Female 0.098* 0.071* 0.18* <2×10–16*

Male 0.22 0.11 0.69 7.4×10–3

Baseline T2D Female 0.043 0.012 0.11 0.015

Male 0.072 −0.018 0.39 0.09

Incident HF Baseline BMI Female 0.17* 0.13* 0.24* <2×10–16*

Male 0.39 0.23 1.2 3.4×10–3

Baseline hypercholesterolemia Female 0.084* 0.038* 0.17* 6×10–4*

Male 0.15 0.069 0.7 0.014

Baseline hypertension Female 0.16* 0.073* 0.25* <2×10–16*

Male 0.37 0.19 1.3 7.8×10–3

Baseline smoking status Female 0.099* 0.063* 0.14* <2×10–16*

Male 0.31 0.15 1.1 0.016

Baseline T2D Female 0.057 0.013 0.11 0.013

Male 0.22 −0.77 1.6 0.079

AF indicates atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; HF, heart failure; MD, major depression; PGS, polygenic score; and T2D, type II 
diabetes.

*Mediation effects that passed multiple testing corrections (P<1.7×10−3).
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event bias could also distort the associations between 
PGSMD and CVDs in BioVU. The Vanderbilt University 
Medical Center is a tertiary health care center; as such, 
the BioVU participants were individuals who sought spe-
cialized care at the Vanderbilt University Medical Cen-
ter and, thus, were not representatives of the general 
population. Potential index event bias in the BioVU data 
is demonstrated by the negative association between 
schizophrenia and BD PGSs with CAD and HF risk in 
males. Though the UK Biobank is not entirely free of 
index event bias, it is more representative of the general 
population (not relying on hospital records) than BioVU. 
Furthermore, analysis in the UK Biobank included only 
incident CVD cases, while BioVU analysis included all 
CVD cases due to the nature in which participants were 
recruited (not prospective recruitment such as UK Bio-
bank). At the same time, the diagnostic strategies of psy-
chiatric disorders are likely to differ between the United 
Kingdom and the United States.19 Independent replica-
tion in a large population cohort will provide more robust 
validation of our findings.

A few observational studies have found depression 
to be associated with increased AF, CAD, and HF risk 
in women, and such associations were either weaker 
or absent in men.12,13,20 However, observational studies 
are prone to unmeasured confounder bias and reverse 

causation. These studies also have not been able to 
determine if this risk is independent of psychiatric medi-
cation use. Previous genetic analyses that utilize GWAS 
summary data to assess causality have shown that an 
increased genetic risk for MD is associated with an 
increased CAD and HF risk.16 However, these stud-
ies lacked a sex perspective, except for a previously 
reported genetic association between MD PGS and CAD 
observed in females but not males in a (smaller) BioVU 
cohort.17

In this study, we also observed comparable risk esti-
mates between PGSMD and incident CVDs among 2 
cohorts of women who were at different menopausal 
stages at enrollment into the UK Biobank although 
the risk estimates in the premenopausal cohort were 
restricted by sample size and, thus, did not reach statisti-
cal significance for AF and HF. The menopause transi-
tion involves extensive changes in sex hormones, body 
composition, and lipid profiles, which can increase CVD 
risk in women postmenopause.15 Our findings demon-
strate that depression may be an important consideration 
in CVD risk assessment regardless of menopausal stage.

The MD GWAS data from which our PGSMD were 
derived identified loci known to be associated with body 
mass index,21 which corroborates our finding that the asso-
ciation between PGSMD and CVD risks was partly mediated 

Figure 4. Change in risk of incident 
cardiovascular diseases per SD 
increase in PGSMD among UK 
Biobank individuals with no 
diagnosis of psychiatric disorders and 
psychiatric medications.
Associations for the sex-stratified cohorts 
(red: female; blue: male) were estimated 
with Cox proportional hazards regression 
models, including body mass index, 
smoking status, genotyping array, and 
20 genetic PCs as covariates. The x 
axis shows the hazard ratio (HR) per 
SD increase in the polygenic score 
(PGS), with P values labeled, and error 
bars indicate 95% CIs. *A statistically 
significant difference in the log(HR) values 
between females and males (2-sided Wald 
test P<0.05). The dark gray line indicates 
an HR of 1. AF indicates atrial fibrillation; 
CAD, coronary artery disease; HF, heart 
failure; and MD, major depression.
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by body mass index. However, sex-specific mediation anal-
yses suggest that the more pronounced CVD risk associ-
ated with higher genetic predisposition to MD in females 
versus males is not explained by traditional CVD risk fac-
tors. We note that these mediation analyses were likely to 
be sensitive to confounders, which could lead to a viola-
tion of the assumption of mediation analysis. However, this 
assumption is often difficult to test, particularly in our study, 
due to the complex relationships among the traditional 
CVD risk factors. Our findings are intended to highlight the 
importance of further investigation into the mechanisms 
that mediate the association between the genetic risk of 
MD and CVD risks, particularly mechanisms underlying 
the sex difference. Previous studies have suggested hor-
monal dysregulation and proinflammatory responses as 2 
potential mechanisms underlying this female preponder-
ance.22 Specific subtypes of depression, such as postpar-
tum depression and postmenopausal depression, suggest 
the involvement of hormone fluctuations in depression 
among females.22 Interestingly, Takotsubo cardiomyopathy, 
often triggered by emotional or physical stress, is more 
common in postmenopausal women (90% of cases).23 At 
the same time, elevated inflammatory biomarkers, such as 
interleukin-6 and tumor necrosis factor alpha, are report-
edly higher in depressed women relative to depressed 
men, suggesting a sex- differential inflammatory response 
to MD.22 These proinflammatory cytokines are linked to 
CVD risks.24 Furthermore, a previous sex-stratified GWAS 
of depression highlighted gene expression regulation as 
a significantly enriched biological process in both females 
and males though the regulatory genes involved appeared 
to be sex-specific.25 At the same time, tissues involved 
in cardiovascular homeostasis are found to show abun-
dant sex differences in gene expression.26 The evidence 
above suggests differential transcriptomic regulation as a 
potential mechanism underlying the sex-specific MD-CVD 
associations. In addition to biological mechanisms, many 
social factors associated with stress, such as long hours 
of caregiving, affect the risks of CVD more in women 
than men. These social factors may also contribute to the 
stronger MD-CVD link in women.27 Further studies, taking 
into consideration the different depression subtypes and 
symptoms, are required to understand the role of these 
factors in the heightened risk of CVDs among females 
with depression.

Currently, the QRESEARCH Cardiovascular Risk 
Algorithm version 3 (QRISK3) (UK) is the only CVD 
risk prediction calculator that incorporates diagnoses of 
severe mental illnesses as risk factors for primary pre-
vention.28 In New Zealand, individuals with severe mental 
illness are advised to undergo earlier and more frequent 
risk assessments.29 In Australia, severe mental illnesses 
are recommended as a reclassification factor and to 
be used to refine CVD risk categorization for individu-
als whose risk predicted from traditional risk factors lies 
close to a threshold of a higher risk group.30 Furthermore, 

the American Heart Association has recommended 
incorporation of a depression diagnosis as a risk factor 
of adverse prognosis among patients with acute coro-
nary syndrome,31 but the diagnosis of depression is not 
currently incorporated into the calculation of CVD risk 
(pooled cohort equations) in the United States.32 Given 
the observation of higher CVD risk in individuals who 
are genetically predisposed to depression, even in the 
absence of a depression diagnosis, future studies inves-
tigating any benefit of including such information in risk 
tools are warranted, especially in women.

The strengths of our study lie, first, in the investiga-
tion of sex-specific psychiatric-CVD comorbidity, and 
the ability to dissociate the effects of depression from 
medications and behavior changes following diagno-
sis. However, the limitations of our study need to be 
acknowledged. We derived PGSs from sex-combined 
summary statistics of GWAS, which might fail to capture 
genetic variants that confer sex-differential associations. 
The between-sex genetic correlations for BD, MD, and 
schizophrenia are reported to range between 0.86 and 
1, indicating moderate to subtle sex differences in the 
genetic architecture of these psychiatric disorders.33 
Nevertheless, PGSs derived from sufficiently pow-
ered sex-stratified GWAS studies, which are becoming 
increasingly available for neuropsychiatric and cardiovas-
cular traits,33,34 will provide additional information on the 
sex-differential genetic factors in diseases. In addition, 
we defined disease status using self-reported answers 
to questionnaires, electronic health records (International 
Classification of Diseases, Ninth Edition; International 
Classification of Diseases, Tenth Edition; and OPCS4), 
and death records. As self-reported data and electronic 
health records may be prone to ascertainment bias and 
missingness, manual adjudication of disease status by 
qualified clinicians will provide more reliable phenotype 
definitions. However, cohorts with genetic data and phe-
notype definitions of such granularity are rare and often 
lack sufficient sample sizes; therefore, in this study, 
we utilized multiple sources for phenotype definitions 
(including International Classification of Diseases, Ninth 
Edition; International Classification of Diseases, Tenth Edi-
tion; OPCS4 operation; and death records) to minimize 
the bias potentially introduced by misclassification and 
measurement error. Moreover, due to the lower number 
of CVD cases among females in the UK Biobank, our 
analysis in the female cohort had lower power. In addi-
tion, the analysis of CVD risks stratified by menopausal 
states did not account for the potential effects of any 
menopause treatments, which are known to impact CVD 
risks.35 Over 47.5% (54 350 of 114 375) of baseline 
postmenopausal females in this study self-reported hav-
ing used hormone replacement therapy at baseline (ver-
sus only 1.5% of the baseline premenopausal cohort). 
This is an important consideration for future studies to 
dissociate the effects of such treatments on the CVD risk 
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among individuals with a genetic predisposition to MD. 
Furthermore, the healthy-volunteer bias in the UK Bio-
bank is well documented, where individuals with severe 
mental illnesses are underrepresented compared with 
the general population.36 While an underrepresentation 
of depression is also present in this cohort, it is estimated 
that this bias is likely more prominent for more severe 
mental illnesses, namely, schizophrenia.36 Finally, due 
to the sparsity of data in diverse ancestry populations, 
our analysis was restricted to individuals with geneti-
cally inferred European ancestry. Addressing this caveat 
requires sufficiently powered GWAS of depression and 
biobank-style data in diverse groups, which will become 
increasingly available in the future. Given large racial/
ethnic disparities in CVD outcomes in countries such as 
the United States, United Kingdom, and Australia, due 
to disparities in socioeconomic status and health care 
access, it is imperative for future studies aimed at devel-
oping improved CVD prevention strategies to consider 
these factors to ensure more equitable CVD prevention.

To our best knowledge, this is the first study that has 
explored a sex-specific association between the genetic 
risk of 3 different psychiatric disorders and risks of AF, 
CAD, and HF, with further stratification for menopause 
status. CVD risk calculators that do not incorporate psy-
chiatric disorders as a predictor are reported to underes-
timate CVD risk by 30% and 60% in men and women, 
respectively.37 Our findings highlight the need for studies 
focused on understanding sex-specific drivers of CVD 
risk in the presence of depression to inform the develop-
ment of risk predictors and prevention strategies in the 
context of comorbidity. Furthermore, our findings under-
score the importance of effective implementation of CVD 
screening in females with a predisposition to or diagnosis 
of depression. Several studies have documented gender 
disparities in the use of cardiovascular tests, including 
assessment of CVD risk.38 This may be especially rel-
evant among young women, who show a high depression 
prevalence but are traditionally perceived to have lower 
CVD risk.
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