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Abstract

Introduction

In observational studies, venous thromboembolism (VTE) has been associated with Cush-
ing’s syndrome and with persistent mental stress, two conditions associated with higher cor-
tisol levels. However, it remains unknown whether high cortisol levels within the usual range
are causally associated with VTE risk. We aimed to assess the association between plasma
cortisol levels and VTE risk using Mendelian randomization.

Methods

Three genetic variants in the SERPINA 1/SERPINAG6 locus (rs12589136, rs11621961 and
rs2749527) were used to proxy plasma cortisol. The associations of the cortisol-associated
genetic variants with VTE were acquired from the INVENT (28 907 cases and 157 243 non-
cases) and FinnGen (6913 cases and 169 986 non-cases) consortia. Corresponding data
for VTE subtypes were available from the FinnGen consortium and UK Biobank. Two-sam-
ple Mendelian randomization analyses (inverse-variance weighted method) were
performed.

Results

Genetic predisposition to higher plasma cortisol levels was associated with a reduced risk of
VTE (odds ratio [OR] per one standard deviation increment 0.73, 95% confidence interval
[CI] 0.62-0.87, p<0.001). The association was stronger for deep vein thrombosis (OR 0.69,
95% CIl 0.55-0.88, p = 0.003) than for pulmonary embolism which did not achieve statistical
significance (OR 0.83, 95% CI 0.63-1.09, p = 0.184). Adjusting for genetically predicted sys-
tolic blood pressure inverted the direction of the point estimate for VTE, although the result-
ing Cl was wide (OR 1.06, 95% CI 0.70-1.61, p = 0.780).
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Conclusions

This study provides evidence that genetically predicted plasma cortisol levels in the high
end of the normal range are associated with a decreased risk of VTE and that this associa-
tion may be mediated by blood pressure. This study has implications for the planning of
observational studies of cortisol and VTE, suggesting that blood pressure traits should be
measured and accounted for.

Introduction

Cortisol is a glucocorticoid hormone that regulates numerous physiologic processes in the
body, such as the stress and immune responses, intermediary metabolism, cardiovascular
function, skeletal growth, reproduction, and cognition [1]. Abnormally high cortisol levels are
a defining feature of Cushing’s syndrome (CS), a medical condition which manifests clinically
with a range of conditions such as abdominal adiposity and hypertension [2-4].

The relationship between cortisol and venous thromboembolism (VTE) is not fully under-
stood. VTE occurs more frequently in patients with CS than in the general population [5, 6],
and mechanistic studies show evidence of hypercoagulable state in CS patients compared to
healthy controls [6]. A cohort study found a positive association between VTE and persistent
mental stress in the previous 1 to 5 years in a sample drawn from the general population [7].
Because chronic psychological stress is associated with higher cortisol concentration, this
study provides indirect evidence relating to a potential association between chronic hypercor-
tisolemia and VTE risk in the general population. Additionally, a meta-analysis of observa-
tional studies shows that normal-range greater cortisol levels are associated with greater risk of
cardiovascular disease (CVD), and this finding is substantially confirmed by genetic evidence
[8]. Because CVD and VTE share several risk factors, an association between usual-range cor-
tisol and VTE seems possible.

We conducted a Mendelian randomization (MR) investigation of the association between
circulating cortisol levels and risk of VTE in the general population and assessed whether the
association was mediated by abdominal adiposity and blood pressure. In MR studies, genetic
variants reliably related to the risk factor are used as instrumental variables with the purpose to
evaluate the causal relationship between a risk factor and a disease. Confounding and reverse
causality are diminished in MR studies because the genetic alleles are randomly allocated at
conception and cannot be altered by the development of disease. Understanding whether cor-
tisol is causally associated with VTE risk may offer initial evidence as to whether sustained ele-
vated cortisol levels within the usual range affect the risk of VTE. This study is an extension of
our previous MR study showing a positive association of plasma cortisol levels proxied by
three genetic variants with atrial fibrillation risk, an association that was mediated by abdomi-
nal adiposity and systolic blood pressure [9].

Materials and methods
Study design

We used a two-sample Mendelian randomization study design, where summary statistics data
for the genetic associations with plasma cortisol were acquired from the CORtisol NETwork
(CORNET) consortium and genetic associations with VTE overall or its subtypes were
obtained from the International Network Against Venous Thrombosis (INVENT) consortium
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Selection of instrumental variables (SNPs) for cortisol

CORNET consortium
e 3 SNPs in the SERPINA1 and SERPINAG loci associated

with plasma cortisol at genome-wide significance in
12 597 participants of European ancestries

SNP-VTE associations obtained from three sources

UK Biobank cohort
* DVT cases: 10 386
* PE cases: 7733
* Participants: 367 561
* European (British) ancestries

INVENT consortium* FinnGen consortium
* VTE cases: 28 907 VTE cases: 6913
* Noncases: 157 243 DVT cases: 3592

* European ancestries PE cases: 3016
Participants: up to 176 899

European (Finnish) ancestries

Two-sample Mendelian randomization analyses

Primary analysis Secondary analyses
* Univariable IVW, adjusting for * Multivariable IVW, adjusting for
the correlations between SNPs SBP (participants: 757 601 in ICBP) or
WOC (participants: 232 101 in GIANT)

Meta-analysis of results from all data sources and each outcome

Fig 1. Study overview. Abbreviations: CORNET, CORtisol NETwork; INVENT, International Network Against Venous Thrombosis; DVT, deep vein
thrombosis; GIANT, Genetic Investigation of ANthropometric Traits consortium; ICBP, International Consortium of Blood Pressure; IVW, inverse-
variance weighted; PE, pulmonary embolism; SBP, systolic blood pressure; SNP, single-nucleotide polymorphisms; VTE, venous thromboembolism;
WC, waist circumference. *The INVENT consortium includes participants from the UK Biobank study.

https://doi.org/10.1371/journal.pone.0272807.g001

(recruited between 1972-2014), FinnGen consortium (2017-ongoing) and the UK Biobank
cohort (2006-2010). The study overview is depicted in Fig 1. Ethics approval is not required
for this study as it relies on summary associations from published studies. Information on par-
ticipant characteristics and ethics approval for the individual studies included in this analysis
is available in the respective publications of the CORNET [10], INVENT [11] and FinnGen
[12] studies.

We have reported summarized demographic data for individual cohorts participating to
CORNET and INVENT, for which this information was available (S1 Table).

Genetic instruments for cortisol

The instrument for cortisol comprised three genetic variants (single nucleotide polymor-
phisms; SNPs) in the region of chromosome 14, containing the SERPINA6 and SERPINA1
genes, that were related to morning plasma cortisol levels at P<5x10~® in the CORNET con-
sortium (rs12589136, rs11621961 and rs2749527) [10]. The discovery genome-wide associa-
tion meta-analysis included nine studies with a total of 12 597 participants of European
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Table 1. Power calculation.

Outcome

Venous thromboembolism

Deep vein thrombosis

Pulmonary embolism

https://doi.org/10.1371/journal.pone.0272807.t001

descents [10]. Mean morning plasma cortisol levels in the included studies ranged from 305 to
765 nmol/L. The genetic association estimates were adjusted for age, sex, and genetic principal
components, when available in the individual studies [10]. The genes SERPINA6 and SER-
PINALI are expressed in tissues (e.g. the pancreas and liver) that have a known role in cortisol
physiology [13], confirming the reliability of the genetic variants as predictors of cortisol
levels.

Data sources for VTE and mediators

Summary statistics of the three above-mentioned SNPs with VTE in individuals of European
ancestries were acquired from the INVENT (which includes the UK Biobank study) [11] and
FinnGen [12] studies (Fig 1). The corresponding data for VTE subtypes were acquired from
the FinnGen consortium and the UK Biobank, and the equivalent data for waist circumference
(as a measure of abdominal adiposity) and systolic blood pressure were taken from the Genetic
Investigation of ANthropometric Traits consortium [14] and the International Consortium of
Blood Pressure [15], respectively (Fig 1). The INVENT consortium included data from 18 pro-
spective cohorts and case-control studies of adult women and men of European ancestry or
African American ancestry [11]. In the present analysis of cortisol and VTE, we only included
data from the analysis of individuals of European ancestries to avoid population stratification
bias. In the INVENT consortium, the genetic association estimates were adjusted for study-
specific covariates and participant relatedness, when available in the individual studies [11].
The FinnGen consortium (R4 release) included 176 899 participants of Finnish descent. Par-
ticipants with high genotype missingness (>5%), extreme heterozygosity (+4 standard devia-
tion), uncertain gender or of non-Finnish origin were excluded [12]. The genetic association
estimates were adjusted for age, sex, ten genetic principal components, and genotyping batch
[12]. Relevant participant consent and ethical approval were previously obtained in all the
studies analyzed.

Power calculation

Power calculation were performed using an online web resource [16], assuming 0.05 signifi-
cance level and 0.54% variance explained by the genetic instrument [10]. Owing to the absence
of prior studies measuring the relation between cortisol and VTE, we anticipated an odds ratio
(OR) of ~1.4, based on the in multivariable analyses of an observational investigation into
stress and VTE [7]. Results of power calculations show power greater than 80% in all pooled
analyses for VTE and both subtypes (Table 1).

Data source Cases Controls Total Power
INVENT 28 907 157 243 186 150 99.2%
FinnGen 6913 169 986 176 899 65.8%
Meta-analysis 35820 327229 363 049 99.9%
FinnGen 3592 173 307 176 899 41.0%
UK Biobank 10 386 357175 367 561 83.3%
Meta-analysis 13978 530 482 544 460 92.5%
FinnGen 3016 173 883 176 899 35.7%
UK Biobank 7733 359 828 367 561 71.9%
Meta-analysis 10 749 533 711 544 460 85.0%
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Table 2. Characteristics of the genetic variants used as instrumental variables for cortisol levels and their associations with venous thromboembolism in the
INVENT and FinnGen consortia.

rsID Chr | Gene EA | Plasma cortisol levels INVENT consortium FinnGen consortium

Beta (SE)* | P EAF Beta (SE)* |P EAF Beta (SE)* | P EAF
rs12589136 14 SERPINA6 | T 0.22 0.10 (0.015) | 3.3x107*2 0.21 -0.01 (0.01) | 0.24 0.21 -0.05 (0.02) 0.03
rs11621961 | 14 SERPINA6 | C 0.64 0.08 (0.013) | 4.0x107® 0.63 -0.04 (0.01) | 4.0x107° 0.65 -0.01(0.02) | 0.44
rs2749527 | 14 SERPINAI |C 0.51 0.08 (0.013) | 5.2x107" 0.49 -0.02 (0.01) | 0.02 0.49 -0.01(0.02) | 0.55

Abbreviations: Chr, chromosome; EA, effect allele; EAF, effect allele frequency; INVENT, International Network Against Venous Thrombosis; SE, standard error.

*The beta coefficients and standard errors correspond to the age- and sex-adjusted cortisol z-score change in cortisol levels for each additional effect allele.

https://doi.org/10.1371/journal.pone.0272807.t1002

Statistical analysis

We conducted two-sample MR analyses in R using the MendelianRandomization package v.
0.5.6 [17]. There was no overlap between exposure and outcomes samples. The fixed-effect
inverse-variance weighted approach was applied to all analyses, and adjustment was made for
linkage disequilibrium (LD) between genetic variants. The LD matrix was estimated in 367
643 individuals of European descents in the UK Biobank study using qctool v2.0.5. To evaluate
whether waist circumference and blood pressure may mediate the potential association
between genetically predicted plasma cortisol and VTE, we conducted multivariable fixed-
effect MR analyses. Results across data sources were combined through meta-analysis after
MR analysis.

Results

Characteristics of the three genetic variants (rs12589136, rs11621961 and rs2749527) applied
as instrumental variables for plasma cortisol levels and their relations with VTE in the
INVENT and FinnGen consortia are presented in Table 2.

Higher genetically predicted cortisol levels were related to a decreased risk of VTE. The OR
of VTE in the meta-analysis of results from the INVENT and FinnGen consortia was 0.73
(95% confidence intervals [CI] 0.62-0.87, p<0.001) (Fig 2). Associations were similar in both
data sources. The association was stronger for deep vein thrombosis (OR 0.69, 95% CI 0.55-
0.88, p = 0.003) than for pulmonary embolism which did not achieve statistical significance
(OR 0.83,95% CI 0.63-1.09, p = 0.184).

The relation between genetically predicted cortisol levels and VTE risk was not appreciably
altered after adjustment for genetically predicted waist circumference (OR 0.71, 95% CI 0.56-
0.89, p = 0.003) but did not remain after adjustment for genetically predicted systolic blood
pressure (OR 1.06, 95% CI 0.70-1.61, p = 0.780) (Fig 3). Individual-variant genetic associations
with systolic blood pressure are available in S2 Table.

Discussion

Findings of this first MR investigation of the possible causal relationship between cortisol and
VTE showed that genetic predisposition to high plasma cortisol levels is related to a decreased
risk of VTE, particularly deep vein thrombosis. Accounting for genetically predicted systolic
blood pressure inverted the direction of the point estimate, in keeping with previous observa-
tional evidence, although the adjusted association remains inconclusive in this study. While
the relation between blood pressure and VTE is not fully elucidated, higher systolic blood pres-
sure was found to be associated with a lower risk of VTE in the UK Biobank study [18, 19] and
in 5.5 million primary care patients [20]. It is therefore possible that blood pressure may
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Outcome Data source OR (95% CI) P

VTE INVENT . 0.73 (0.60-0.89) 0.002
VTE FinnGen u 0.74 (0.52-1.05) 0.093
VTE Meta-analysis g 0.73 (0.62-0.87) <0.001
OVI  UKBiobank @1 072(055095 002
DVT FinnGen | 0.61 (0.37-0.98) 0.043
DVT Meta-analysis ——— 0.69 (0.55-0.88) 0.003
PE  UKBiobank ® 1 083(060-114) 0245
PE FinnGen L] 0.84 (0.50-1.42) 0.517
PE Meta-analysis ——— 0.83 (0.63-1.09) 0.184

T T T 1
0.30 0.50 1.0 1.5

OR (95% ClI)

Fig 2. Associations of genetically predicted one standard deviation increment of plasma cortisol levels with risk of
venous thromboembolism (VTE), deep vein thrombosis (DVT), and pulmonary embolism (PE). Abbreviations: CI,
confidence interval; INVENT, International Network Against Venous Thrombosis; OR, odds ratio.

https://doi.org/10.1371/journal.pone.0272807.9002

mediate the association between genetically predicted cortisol and risk of VTE as this associa-
tion did not persist upon adjustment for systolic blood pressure in the multivariable MR analy-
sis. The apparent inconsistency between the current study and published observational studies
might be explained by treatment with antihypertensive medications in a sizeable proportion of
participants. Medical treatment of hypertension is a priority in patients with CS [21], and the
inverse association between cortisol and VTE driven by raised blood pressure may be offset by
antihypertensive medications, resulting in an apparent positive association of hypercortisole-
mia with VTE risk. However, as the genetic associations with VTE were estimated in datasets
taken from the general population, the results of our investigation do not primarily relate to
individuals with CS, but rather to those with cortisol levels in the usual range.

Our findings for cortisol and VTE are in opposite direction to our recent results for cortisol,
proxied by the same genetic variants as in the present study, and risk of atrial fibrillation [9].

Adjustment Data source OR (95% ClI) P
wcC INVENT . 0.75 (0.58-0.97) 0.032
wC FinnGen n 0.59 (0.37-0.94) 0.027
wcC Meta-analysis ———— 0.71 (0.56-0.89) 0.003
SBP INVENT - 1.27 (0.79-2.04) 0.328
SBP FinnGen L 0.59 (0.25-1.40) 0.232
SBP Meta-analysis ———— 1.06 (0.70-1.61) 0.780
[ T I T 1
0.25 0.50 10 15 25
OR (95% ClI)

Fig 3. Association of genetically predicted one standard deviation increment of plasma cortisol levels with risk of
venous thromboembolism in multivariable Mendelian randomization analysis adjusted for genetically predicted
waist circumference (WC) or systolic blood pressure (SBP). Abbreviations: CI, confidence interval; INVENT,
International Network Against Venous Thrombosis; OR, odds ratio.

https://doi.org/10.1371/journal.pone.0272807.9003
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In contrast to VTE, systolic blood pressure is positively associated with risk of atrial fibrillation
[18, 22]. In our previous MR study, the association between genetic predisposition to higher
cortisol levels and increased risk of atrial fibrillation was partly mediated by systolic blood
pressure and partly by abdominal adiposity [9].

A strength of this study is that results of MR analyses are less likely to be biased by reverse
causality and residual confounding compared with traditional observational studies. In the
observational setting, particularly in a case-control study, it may not be possible to decipher
whether elevated cortisol levels increase the risk of VTE or whether VTE has caused increased
internal stress and consequential elevation of circulating cortisol. This reverse causation bias is
avoided in MR studies as the genetic instruments are set at conception and cannot be altered
by the disease. Furthermore, confounding from factors that can modify cortisol levels was
reduced in this MR study as genetic alleles are randomly distributed at conception. Hence, one
trait (e.g., plasma cortisol) is unlikely associated with other traits (e.g., confounders). A further
strength is the use of data from large-scale genetic consortia and biobanks, thereby providing
large number of VTE cases and high precision of the estimates. Our results were consistent
across data sources which strengthen the evidence that the observed association between
plasma cortisol and VTE is causal.

A constraint of this MR study is that the genetic variants used as instrumental variables
accounted for only 0.54% of the variation in morning plasma cortisol. This low variation
resulted in decreased statistical power in our analyses. However, given the large sample sizes
of the outcome datasets, we had high precision in our MR estimates as reflected by relatively
narrow Cls. Another shortcoming is that we cannot entirely rule out that the genetic variants
used as instrumental variables for cortisol affect the risk of VTE directly through any other
unknown causal pathway. As all the genetic variants are in the same gene region, it is possi-
ble that the genetic associations with VTE risk are driven by another pathway regulated at
this locus. In this regard, we note that the cortisol-raising genetic variants used in our study
were inversely associated at a genome-wide level of significance with albumin and sex hor-
mone-binding globulin. However, these biomarkers have not been shown to be positively
associated with VTE risk in observational epidemiological analyses [23, 24], rendering them
unlikely to affect the inverse association between cortisol and VTE risk observed in this
study. A potential limitation is that our analyses only included participants of European
ancestries which limits the generalizability of our results to populations of non-European
origin. A further potential limitation of our study concerns the moderate LD (>0.2)
observed for two of the three instrumental variables (rs12689136 and rs2749527). We have
however addressed this at the analysis stage, by explicitly accounting for between-variant LD
in all MR analyses. Finally, a limitation of this work is that covariate adjustment in the
INVENT consortium was somewhat inconsistent; out of the 16 studies, 3 did not adjust for
age and sex, and 1 additionally adjusted for hypertension [11]. However, results were consis-
tent in FinnGen, which adjusted for age and sex and did not adjust for hypertension, sug-
gesting that these variations in covariate adjustment are unlikely to affect the overall
conclusion of this study.

In conclusion, the present MR study provides evidence that genetically predicted plasma
cortisol levels in the high end of the usual range are associated with a reduced risk of VTE and
that this association may be mediated by blood pressure. This finding needs confirmation in
further MR and longitudinal prospective studies. While this information per se is unlikely to
have immediate clinical implications, it has implication for research, as it prompts the plan-
ning of observational studies of cortisol and VTE that measure and account for blood pressure
traits.
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S1 Table. Summary demographic characteristics of the CORNET and INVENT consortia.
SD, standard deviation.
(DOCX)

$2 Table. Individual-variant genetic associations with systolic blood pressure (ICBP study)
used in the present study’s multivariable Mendelian randomization analysis.
(DOCX)

Acknowledgments

The authors thank the researchers of the International Network Against Venous Thrombosis
(INVENT) consortium, the FinnGen consortium, the Genetic Investigation of ANthropomet-
ric Traits consortium, and the International Consortium of Blood Pressure for sharing sum-
mary statistics genome-wide association data.

INVENT consortium members: Sara Lindstrom, PhD,' Lu Wang, PhD,” Erin N. Smith,
PhD,’ William Gordon, MS,* Astrid van Hylckama Vlieg, PhD,” Mariza de Andrade, PhD,°
Jennifer A. Brody, BA,” Jack W. Pattee, BA,® Jeffrey Haessler, MS,? Ben M. Brumpton, PhD,
MPH,'° Daniel I. Chasman, PhD,!! Pierre Suchon, MD-PhD, Ming-Huei Chen, PhD,'? Con-
stance Turman, MS,14 Marine Gelrmain,15 Kerri L. Wiggins, MS, RD,16 James MacDonald,
MS,Y Sigrid K. Braekkan, PhD,'8 Sebastian M. Armasu, MS,'° Nathan Pankratz, PhD,?°
Rabecca D. Jackson, MD,?! Jonas B. Nielsen, MD, PhD,?? Franco Giulianini, PhD,* Marja K.
Puurunen, MD, PhD,** Manal Ibrahim, MD,?® Susan R. Heckbert, MD, PhD,2° Theo K.
Bammler, PhD,*’ Kelly A. Frazer, PhD,?® Bryan M. McCauley, MS,? Kent Taylor, PhD,*°
James S. Pankow, PhD, MPH,*! Alexander P. Reiner, MD, MPH,*? Maiken E. Gabrielsen,
PhD,” Jean-Francois Deleuze, PhD,?* Chris J. O’Donnell, MD,” Jihye Kim, PhD, MPH,**
Barbara McKnight, PhD,*” Peter Kraft, PhD,’® John-Bjarne Hansen, MD, PhD,* Frits R.
Rosendaal, MD, PhD,*® John A. Heit, MD,*' Bruce M. Psaty, MD, PhD,** Weihong Tang,
MD, PhD,*® Charles Kooperberg, PhD,** Kristian Hveem, MD, PhD,* Paul M. Ridker, MD,
MPH,*® Pierre-Emmanuel Morange, MD-PhD,* Andrew D. Johnson, PhD,* Christopher
Kabrhel, MD MPH,*” David-AlexandreTrégouét, PhD,* Nicholas L. Smith, PhD*'

Affiliations of INVENT consortium members: ' Department of Epidemiology, University of
Washington, Seattle, Washington, USA; Public Health Sciences Division, Fred Hutchinson
Cancer Research Center, Seattle, WA, USA. *Department of Environmental and Occupational
Health Sciences, University of Washington, Seattle, Washington, USA. 3’Department of Pediat-
rics and Rady Children’s Hospital, University of California San Diego, La Jolla, USA; K.G. Jeb-
sen Thrombosis Research and Expertise Center, Department of Clinical Medicine, UiT-The
Arctic University of Norway, Tromsa, Norway. *“Department of Epidemiology, University of
Washington, Seattle, WA, USA. *Department of Clinical Epidemiology, Leiden University
Medical Center, Leiden, The Netherlands. *Department of Health Sciences Research, Mayo
Clinic, Rochester, MN USA. “Cardiovascular Health Research Unit, Department of Medicine,
University of Washington, Seattle WA USA. ®Division of Biostatistics, School of Public Health,
University of Minnesota, Minneapolis, MN USA. *Division of Public Health, Fred Hutchinson
Cancer Research Center, Seattle WA, USA. '°K.G. Jebsen Center for Genetic Epidemiology,
Department of Public Health and Nursing, NTNU, Norwegian University of Science and
Technology, Trondheim, Norway; MRC Integrative Epidemiology Unit, University of Bristol,
Bristol, UK; Clinic of Thoracic and Occupational Medicine, St. Olavs Hospital, Trondheim
University Hospital, Trondheim, Norway. ' Division of Preventive Medicine, Brigham and
Women’s Hospital, Boston, USA; Harvard Medical School, Boston, USA. '*Laboratory of

PLOS ONE | https://doi.org/10.1371/journal.pone.0272807  August 19, 2022 8/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272807.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272807.s002
https://doi.org/10.1371/journal.pone.0272807

PLOS ONE

Cortisol and venous thromboembolism

Haematology, La Timone Hospital, Marseille, France; C2VN, Aix Marseille University,
INSERM, INRA, C2VN, Marseille, France. '*Population Sciences Branch, Division of Intra-
mural Research, National Heart, Lung and Blood Institute, Bethesda, MD, USA; NHLBI and
Boston University’s The Framingham Heart Study, Framingham, MA, USA. "*Program in
Genetic Epidemiology and Statistical Genetics, Harvard T.H. Chan School of Public Health,
Boston, MA, USA. >INSERM UMR_S 1219, Bordeaux Population Health Research Center,
University of Bordeaux, France. '°Cardiovascular Health Research Unit, Department of Medi-
cine, University of Washington, Seattle WA USA. '"Department of Environmental and Occu-
pational Health Sciences, University of Washington, Seattle, Washington, USA. 8K G. Jebsen
Thrombosis Research and Expertise Center, Department of Clinical Medicine, UiT-The Arc-
tic University of Norway, Tromse, Norway; Division of Internal Medicine, University Hospital
of North Norway, Tromse, Norway. '*Health Sciences Research, Mayo Clinic, Rochester, MN
USA. **Department of Laboratory Medicine and Pathology, School of Medicine, University of
Minnesota, Minneapolis, MN, USA. *' Division of Endocrinology, Diabetes and Metabolism,
The Ohio State University, Columbus OH, USA. 22Department of Internal Medicine, Division
of Cardiology, University of Michigan Medical School, Ann Arbor, Michigan, USA. **Division
of Preventive Medicine, Brigham and Women’s Hospital, Boston, USA. **NHLBI and Boston
University’s The Framingham Heart Study, Framingham, MA, USA. **Laboratory of Haema-
tology, La Timone Hospital, Marseille, France.; C2VN, Aix Marseille University, INSERM,
INRA, C2VN, Marseille, France. **Department of Epidemiology, University of Washington,
Seattle, Washington, USA; Kaiser Permanente Washington Health Research Institute, Kaiser
Permanente Washington, Seattle WA USA. *’Department of Environmental and Occupational
Health Sciences, University of Washington, Seattle, Washington, USA. *®Department of Pedi-
atrics and Rady Children’s Hospital, University of California San Diego, La Jolla, USA; K.G.
Jebsen Thrombosis Research and Expertise Center, Department of Clinical Medicine, UiT-
The Arctic University of Norway, Tromsg, Norway; Institute of Genomic Medicine, University
of California San Diego, La Jolla, California, USA. *’Health Sciences Research, Mayo Clinic,
Rochester, MN USA. **Los Angeles Biomedical Research Institute and Department of Pediat-
rics, Harbor-UCLA Medical Center, Torrence CA 90502, USA. ' Division of Epidemiology
and Community Health, School of Public Health, University of Minnesota, Minneapolis, Min-
nesota, USA. **Department of Epidemiology, University of Washington, Seattle WA, United
States; Division of Public Health, Fred Hutchinson Cancer Research Center, Seattle WA,
United States. *’K.G. Jebsen Center for Genetic Epidemiology, Department of Public Health
and Nursing, NTNU, Norwegian University of Science and Technology, Trondheim, Norway.
**Centre National de Recherche en Génomique Humaine, Direction de la Recherche Fonda-
mentale, CEA, 91057 Evry, France; CEPH, Fondation Jean Dausset, Paris, France. **Million
Veteran’s Program, Veteran’s Administration, Boston, MA; Population Sciences Branch, Divi-
sion of Intramural Research, National Heart, Lung and Blood Institute, Bethesda, MD, USA;
NHLBI and Boston University’s The Framingham Heart Study, Framingham, MA, USA.
*Program in Genetic Epidemiology and Statistical Genetics, Harvard T.H. Chan School of
Public Health, Boston, MA, USA. *’Department of Biostatistics, University of Washington,
Seattle WA USA; Division of Public Health Sciences, Fred Hutchinson Cancer Research Cen-
ter, Seattle, WA, USA. **Program in Genetic Epidemiology and Statistical Genetics, Harvard
T.H. Chan School of Public Health, Boston, MA, USA. **K.G. Jebsen Thrombosis Research
and Expertise Center, Department of Clinical Medicine, UiT-The Arctic University of Nor-
way, Tromsg, Norway; Division of Internal Medicine, University Hospital of North Norway,
Tromsg, Norway. *’Department of Clinical Epidemiology, Leiden University Medical Center,
Leiden, The Netherlands. *'Health Sciences Research, Mayo Clinic, Rochester, MN USA.
*2Cardiovascular Health Research Unit, Departments of Medicine, Epidemiology, and Health

PLOS ONE | https://doi.org/10.1371/journal.pone.0272807  August 19, 2022 9/11


https://doi.org/10.1371/journal.pone.0272807

PLOS ONE

Cortisol and venous thromboembolism

Services, University of Washington, Seattle WA USA; Kaiser Permanente Washington Health
Research Institute, Kaiser Permanente Washington, Seattle WA USA. **Division of Epidemiol-
ogy and Community Health, School of Public Health, University of Minnesota, Minneapolis,
Minnesota, USA. **Division of Public Health, Fred Hutchinson Cancer Research Center, Seat-
tle WA, United States. *’K.G. Jebsen Center for Genetic Epidemiology, Department of Public
Health and Nursing, NTNU, Norwegian University of Science and Technology, Trondheim,
Norway. “Division of Preventive Medicine, Brigham and Women’s Hospital, Boston, USA;
Harvard Medical School, Boston, USA. ’C2VN, Aix Marseille Univ, INSERM, INRA, C2VN,
Marseille, France; Laboratory of Haematology, La Timone Hospital, Marseille, France; CRB
Assistance Publique—Hopitaux de Marseille, HemoVasc (CRB AP-HM HemoVasc), Mar-
seille, France. **Population Sciences Branch, Division of Intramural Research, National Heart,
Lung and Blood Institute, Bethesda, MD, USA; NHLBI and Boston University’s The Framing-
ham Heart Study, Framingham, MA, USA. **Center for Vascular Emergencies, Department of
Emergency Medicine, Massachusetts General Hospital; Channing Division of Network Medi-
cine, Brigham and Women’s Hospital; Harvard Medical School. >0INSERM UMR_S 1219,
Bordeaux Population Health Research Center, University of Bordeaux, France. >' Department
of Epidemiology, University of Washington, Seattle, Washington, USA; Kaiser Permanente
Washington Health Research Institute, Kaiser Permanente Washington, Seattle WA USA;
Seattle Epidemiologic Research and Information Center, Department of Veterans Affairs
Office of Research and Development, Seattle WA USA.

Author Contributions

Conceptualization: Elias Allara, Stephen Burgess, Susanna C. Larsson.

Formal analysis: Susanna C. Larsson.

Methodology: Stephen Burgess.

Supervision: Elias Allara.

Visualization: Susanna C. Larsson.

Writing - original draft: Elias Allara, Wei-Hsuan Lee, Stephen Burgess, Susanna C. Larsson.

Writing - review & editing: Elias Allara, Wei-Hsuan Lee, Stephen Burgess, Susanna C.
Larsson.

References

1. Oakley RH, Cidlowski JA. The biology of the glucocorticoid receptor: new signaling mechanisms in
health and disease. J Allergy Clin Immunol 2013; 132(5):1033—44. https://doi.org/10.1016/j.jaci.2013.
09.007 PMID: 24084075

2.  Whitworth JA, Williamson PM, Mangos G, Kelly JJ. Cardiovascular consequences of cortisol excess.
Vasc Health Risk Manag 2005; 1(4):291-9. https://doi.org/10.2147/vhrm.2005.1.4.291 PMID:
17315601

3. Sharma ST, Nieman LK, Feelders RA. Cushing’s syndrome: epidemiology and developments in dis-
ease management. Clin Epidemiol 2015; 7:281-93. https://doi.org/10.2147/CLEP.S44336 PMID:
25945066

4. Torpy DJ, Mullen N, llias |, Nieman LK. Association of hypertension and hypokalemia with Cushing’s
syndrome caused by ectopic ACTH secretion: a series of 58 cases. Ann N Y Acad Sci 2002; 970:134—
44. https://doi.org/10.1111/j.1749-6632.2002.tb04419.x PMID: 12381548

5. Stuijver DJ, van Zaane B, Feelders RA, et al. Incidence of venous thromboembolism in patients with
Cushing’s syndrome: a multicenter cohort study. J Clin Endocrinol Metab 2011; 96(11):3525-32.
https://doi.org/10.1210/jc.2011-1661 PMID: 21880802

PLOS ONE | https://doi.org/10.1371/journal.pone.0272807  August 19, 2022 10/11


https://doi.org/10.1016/j.jaci.2013.09.007
https://doi.org/10.1016/j.jaci.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24084075
https://doi.org/10.2147/vhrm.2005.1.4.291
http://www.ncbi.nlm.nih.gov/pubmed/17315601
https://doi.org/10.2147/CLEP.S44336
http://www.ncbi.nlm.nih.gov/pubmed/25945066
https://doi.org/10.1111/j.1749-6632.2002.tb04419.x
http://www.ncbi.nlm.nih.gov/pubmed/12381548
https://doi.org/10.1210/jc.2011-1661
http://www.ncbi.nlm.nih.gov/pubmed/21880802
https://doi.org/10.1371/journal.pone.0272807

PLOS ONE

Cortisol and venous thromboembolism

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Wagner J, Langlois F, Lim DST, McCartney S, Fleseriu M. Hypercoagulability and Risk of Venous
Thromboembolic Events in Endogenous Cushing’s Syndrome: A Systematic Meta-Analysis. Front
Endocrinol (Lausanne) 2018; 9:805. https://doi.org/10.3389/fendo.2018.00805 PMID: 30745894

Rosengren A, Freden M, Hansson PO, Wilhelmsen L, Wedel H, Eriksson H. Psychosocial factors and
venous thromboembolism: a long-term follow-up study of Swedish men. J Thromb Haemost 2008;
6(4):558-64. https://doi.org/10.1111/j.1538-7836.2007.02857.x PMID: 18045241

Crawford AA, Soderberg S, Kirschbaum C, et al. Morning plasma cortisol as a cardiovascular risk factor:
findings from prospective cohort and Mendelian randomization studies. Eur J Endocrinol 2019;
181(4):429-38. https://doi.org/10.1530/EJE-19-0161 PMID: 31325907

Larsson SC, Lee WH, Burgess S, Allara E. Plasma Cortisol and Risk of Atrial Fibrillation: A Mendelian
Randomization Study. J Clin Endocrinol Metab 2021; 106(7):e2521—e6. https://doi.org/10.1210/clinem/
dgab219 PMID: 33822969

Bolton JL, Hayward C, Direk N, et al. Genome wide association identifies common variants at the SER-
PINA6/SERPINA1 locus influencing plasma cortisol and corticosteroid binding globulin. PLoS Genet
2014; 10(7):e1004474. https://doi.org/10.1371/journal.pgen.1004474 PMID: 25010111

Lindstrom S, Wang L, Smith EN, et al. Genomic and transcriptomic association studies identify 16 novel
susceptibility loci for venous thromboembolism. Blood 2019; 134(19):1645-57. https://doi.org/10.1182/
blood.2019000435 PMID: 31420334

FinnGen consortium. FinnGen Documentation of R4 release, 2020. Web: https://finngen.gitbook.io/
documentation/ [access date December 10, 2020].

The Genotype-Tissue Expression (GTEXx) portal. Broad Institute of MIT and Harvard. https://gtexportal.
org/home/ [access date February 12, 2021].

Shungin D, Winkler TW, Croteau-Chonka DC, et al. New genetic loci link adipose and insulin biology to
body fat distribution. Nature 2015; 518(7538):187-96. https://doi.org/10.1038/nature14132 PMID:
25673412

Evangelou E, Warren HR, Mosen-Ansorena D, et al. Genetic analysis of over 1 million people identifies
535 new loci associated with blood pressure traits. Nat Genet 2018; 50(10):1412-25. https://doi.org/10.
1038/s41588-018-0205-x PMID: 30224653

Brion MJ, Shakhbazov K, Visscher PM. Calculating statistical power in Mendelian randomization stud-
ies. Int J Epidemiol 2013; 42(5):1497-501. https://doi.org/10.1093/ije/dyt179 PMID: 24159078

Yavorska OO, Burgess S. MendelianRandomization: an R package for performing Mendelian randomi-
zation analyses using summarized data. Int J Epidemiol 2017; 46:1734-9. https://doi.org/10.1093/ije/
dyx034 PMID: 28398548

Higgins H, Mason AM, Larsson SC, Gill D, Langenberg C, Burgess S. Estimating the population bene-
fits of blood pressure lowering: A wide-angled Mendelian randomization study in UK Biobank. J Am
Heart Assoc 2021: 10:021098. https://doi.org/10.1161/JAHA.121.021098 PMID: 34459231

Gregson J, Kaptoge S, Bolton T, et al. Cardiovascular Risk Factors Associated With Venous Thrombo-
embolism. JAMA Cardiol 2019; 4(2):163—73. https://doi.org/10.1001/jamacardio.2018.4537 PMID:
30649175

Nazarzadeh M, Pinho-Gomes AC, Mohseni H, et al., editors. Blood pressure and risk of venous throm-
boembolism: A large-scale prospective cohort analysis and a Mendelian randomisation study. J Hyper-
tens; July 2019.

Nieman LK, Biller BM, Findling JW, et al. Treatment of Cushing’s Syndrome: An Endocrine Society Clin-
ical Practice Guideline. J Clin Endocrinol Metab 2015; 100(8):2807—-31. https://doi.org/10.1210/jc.2015-
1818 PMID: 26222757

Nazarzadeh M, Pinho-Gomes AC, Bidel Z, et al. Genetic susceptibility, elevated blood pressure, and
risk of atrial fibrillation: a Mendelian randomization study. Genome Med 2021; 13(1):38. https://doi.org/
10.1186/s13073-021-00849-3 PMID: 33663581

Folsom AR, Lutsey PL, Heckbert SR, Cushman M. Serum albumin and risk of venous thromboembo-
lism. Thromb Haemost 2010; 104(1):100—4. hitps://doi.org/10.1160/TH09-12-0856 PMID: 20390234

Stegeman BH, Helmerhorst FM, Vos HL, Rosendaal FR, Van Hylckama Vlieg A. Sex hormone-binding
globulin levels are not causally related to venous thrombosis risk in women not using hormonal contra-
ceptives. J Thromb Haemost 2012; 10(10):2061-7. https://doi.org/10.1111/j.1538-7836.2012.04878.x
PMID: 22882730

PLOS ONE | https://doi.org/10.1371/journal.pone.0272807  August 19, 2022 11/11


https://doi.org/10.3389/fendo.2018.00805
http://www.ncbi.nlm.nih.gov/pubmed/30745894
https://doi.org/10.1111/j.1538-7836.2007.02857.x
http://www.ncbi.nlm.nih.gov/pubmed/18045241
https://doi.org/10.1530/EJE-19-0161
http://www.ncbi.nlm.nih.gov/pubmed/31325907
https://doi.org/10.1210/clinem/dgab219
https://doi.org/10.1210/clinem/dgab219
http://www.ncbi.nlm.nih.gov/pubmed/33822969
https://doi.org/10.1371/journal.pgen.1004474
http://www.ncbi.nlm.nih.gov/pubmed/25010111
https://doi.org/10.1182/blood.2019000435
https://doi.org/10.1182/blood.2019000435
http://www.ncbi.nlm.nih.gov/pubmed/31420334
https://finngen.gitbook.io/documentation/
https://finngen.gitbook.io/documentation/
https://gtexportal.org/home/
https://gtexportal.org/home/
https://doi.org/10.1038/nature14132
http://www.ncbi.nlm.nih.gov/pubmed/25673412
https://doi.org/10.1038/s41588-018-0205-x
https://doi.org/10.1038/s41588-018-0205-x
http://www.ncbi.nlm.nih.gov/pubmed/30224653
https://doi.org/10.1093/ije/dyt179
http://www.ncbi.nlm.nih.gov/pubmed/24159078
https://doi.org/10.1093/ije/dyx034
https://doi.org/10.1093/ije/dyx034
http://www.ncbi.nlm.nih.gov/pubmed/28398548
https://doi.org/10.1161/JAHA.121.021098
http://www.ncbi.nlm.nih.gov/pubmed/34459231
https://doi.org/10.1001/jamacardio.2018.4537
http://www.ncbi.nlm.nih.gov/pubmed/30649175
https://doi.org/10.1210/jc.2015-1818
https://doi.org/10.1210/jc.2015-1818
http://www.ncbi.nlm.nih.gov/pubmed/26222757
https://doi.org/10.1186/s13073-021-00849-3
https://doi.org/10.1186/s13073-021-00849-3
http://www.ncbi.nlm.nih.gov/pubmed/33663581
https://doi.org/10.1160/TH09-12-0856
http://www.ncbi.nlm.nih.gov/pubmed/20390234
https://doi.org/10.1111/j.1538-7836.2012.04878.x
http://www.ncbi.nlm.nih.gov/pubmed/22882730
https://doi.org/10.1371/journal.pone.0272807

