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Genetic Profile of Endotoxemia Reveals an 
Association With Thromboembolism and 
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BACKGROUND: Translocation of lipopolysaccharide from gram-negative bacteria into the systemic circulation results in endotox-
emia. In addition to acute infections, endotoxemia is detected in cardiometabolic disorders, such as cardiovascular diseases 
and obesity.

METHODS AND RESULTS: We performed a genome-wide association study of serum lipopolysaccharide activity in 11 296 indi-
viduals from 6 different Finnish study cohorts. Endotoxemia was measured by limulus amebocyte lysate assay in the whole 
population and by 2 other techniques (Endolisa and high-performance liquid chromatography/tandem mass spectrometry) 
in subpopulations. The associations of the composed genetic risk score of endotoxemia and thrombosis-related clinical end 
points for 195 170 participants were analyzed in FinnGen. Lipopolysaccharide activity had a genome-wide significant associa-
tion with 741 single-nucleotide polymorphisms in 5 independent loci, which were mainly located at genes affecting the contact 
activation of the coagulation cascade and lipoprotein metabolism and explained 1.5% to 9.2% of the variability in lipopolysac-
charide activity levels. The closest genes included KNG1, KLKB1, F12, SLC34A1, YPEL4, CLP1, ZDHHC5, SERPING1, CBX5, 
and LIPC. The genetic risk score of endotoxemia was associated with deep vein thrombosis, pulmonary embolism, pulmonary 
heart disease, and venous thromboembolism.

CONCLUSIONS: The biological activity of lipopolysaccharide in the circulation (ie, endotoxemia) has a small but highly significant 
genetic component. Endotoxemia is associated with genetic variation in the contact activation pathway, vasoactivity, and 
lipoprotein metabolism, which play important roles in host defense, lipopolysaccharide neutralization, and thrombosis, and 
thereby thromboembolism and stroke.
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Lipopolysaccharide, also known as endotoxin, is 
an important virulence factor for gram-negative 
bacteria. The structural differences of the lipopoly-

saccharide molecules between bacterial species can 

have a major effect on their functional properties and 
biological activity. Lipopolysaccharide can act as an 
immunostimulator or immunomodulator, thereby con-
tributing to the virulence of various bacterial species.1
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Translocation of lipopolysaccharide in the circula-
tion, endotoxemia, can occur in the interface of host 
mucosal microbiota and the bloodstream (eg, in the 
gut).1 Endotoxemia is associated with an increased risk 
of cardiometabolic disorders, including incident cardio-
vascular disease events, obesity, metabolic syndrome, 
and diabetes.2–4 In addition, serum lipopolysaccha-
ride activity is associated with many noncommunica-
ble disease risk factors: it is inversely associated with 
high-density lipoprotein (HDL) cholesterol concentra-
tions and directly with triglyceride, cholesterol, CRP 
(C-reactive protein), fasting glucose, insulin, glycated 
hemoglobin concentrations, and body mass index.5 
Overall, endotoxemia is associated with a highly ad-
verse metabolic profile of inflammatory character.6

Previous candidate gene studies have demon-
strated the importance of innate immune system 
pathways in host responsiveness to administered 
lipopolysaccharide.7 In addition, a genome-wide 
association study (GWAS) for fever after evoked en-
dotoxemia identified a genetic locus that modulates 
clinical responses in trauma and sepsis.8 However, 
the genetic determinants of human endotoxemia 
have not been investigated previously. The aim of this 

work was to assess the genetic profile of serum lipo-
polysaccharide activity using a GWAS approach, and 
to determine whether this profile has an association 
with cardiovascular risk.

METHODS
Data Availability
The authors declare that the data supporting the find-
ings of the study are available within the article, its 
Supplementary Material, and on request from the cor-
responding author. Genome-wide summary-level sta-
tistics are available to download from GWAS Catalog 
with study accession GCST90032674 (ftp://ftp.ebi.
ac.uk/pub/databases/gwas/summary_statistics/
GCST90032001-GCST90033000/GCST90032674/). 
The FINRISK data are available from the THL Biobank 
(https://thl.fi/en/web/thl-bioba​nk/for-resea​rchers) based 
on a written application and following the relevant 
Finnish legislation. For the FinnDiane study and the twin 
samples, individual-level data cannot be shared be-
cause of restrictions in patient and participant consent. 
FinnGen Data Freeze 5-summary level data are publicly 
available at the FinnGen website (https://www.finng​
en.fi/en/access_results). UK biobank summary-level 
data are available at http://www.neale​lab.is/uk-bioba​nk/ 
and Megastroke at https://www.megas​troke.org/.

Study Population
Participants from 3 studies, FinnDiane, FINRISK, and 
Finnish Twin Cohort, were used in the GWAS analyses. 
The FinnDiane cohort consists of participants with type 
1 diabetes (FD-T1D) and individuals with unclassified 
diabetes; the FINRISK studies consist of population-
based surveys in Finland; and, finally, the Finnish Twin 
Cohort study consists of Finnish adult twins. From each 
study, 2 independent cohorts were analyzed separately: 
from the FinnDiane, FD-T1D (n=3940) and Finn Diane 
cohort of individuals with unclassified diabetes (n=302); 
from the FINRISK, FINRISK92 (n=656) and FINRISK97 
(n=5667); and from the Finnish Twin Cohort, FinnTwin16 
(n=451) and VpEpi (n=280). Altogether, the GWAS anal-
yses included 11  296 unique samples. Independent 
from the GWAS population, FinnGen Study (https://
www.finng​en.fi/) Data Freeze 5, including 195 170 par-
ticipants, was used9 to analyze the associations of the 
designed genetic risk score of endotoxemia (LPS-GRS) 
with disease end points. Every participant provided 
written informed consent, and the study was approved 
by the Coordinating Ethics Committee of the Hospital 
District of Helsinki and Uusimaa. Additional lead single-
nucleotide polymorphism (SNP) association lookups 
and Mendelian randomization (MR) analysis used UK 
Biobank and Megastroke populations. Data S1 con-
tains more detailed descriptions of study populations.

CLINICAL PERSPECTIVE

What Is New?
•	 The biological activity of lipopolysaccharide in 

the circulation (ie, endotoxemia) has a small but 
highly significant genetic component.

•	 The 5 genetic loci, which associate with endo-
toxemia, are mainly located at genes affecting 
the contact activation of the coagulation cas-
cade and lipoprotein metabolism.

•	 The genetic risk score of endotoxemia is associ-
ated with deep venous thrombosis, pulmonary 
embolism, venous thromboembolism, and is-
chemic stroke.

What Are the Clinical Implications?
•	 The analyses suggest that endotoxemia may be 

one of the causal factors in thromboembolism 
and stroke.

•	 The results indicate that the microbiome/host 
interactions play a role in thromboembolism and 
stroke risk.

Nonstandard Abbreviations and Acronyms

LAL	 limulus amebocyte lysate
LPS-GRS	 genetic risk score of endotoxemia
MR	 Mendelian randomization
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Lipopolysaccharide Activity Measures
Endotoxin activities were determined with a limu-
lus amebocyte lysate (LAL) assay on 1:5 diluted 
serum samples (HyCult Biotechnology b.v., Uden, the 
Netherlands), and the results were log transformed 
(natural logarithm) because of skewed distributions. 
Data S1 contains more details.

Genetic Analysis
Cohorts were genotyped with various genotyping 
platforms and went through rigorous quality con-
trol. Imputation was performed using 1000 Genomes 
Project phase 3 reference genotypes. Single-marker 
association analysis was performed with linear mixed 
model to correct for the effect of cryptic relatedness 
and close relatives. The models were adjusted for em-
pirical kinship matrix, sex, age, body mass index, total 
cholesterol, HDL cholesterol, triglycerides (log trans-
formed), and study-specific covariates (in FinnDiane, 

sample freeze time and genotyping batch; in FINRISK, 
genotyping batch and recruitment region; and in Finnish 
Twin Cohort, sample freeze time, genotyping batch, and 
additionally pregnancy status in FinnTwin16). The results 
were meta-analyzed using inverse variance weighted 
fixed effect meta-analysis. Genome-wide significance 
level was set to P<5×10−8. More detailed specification of 
genetic analyses, expression quantitative trait loci analy-
sis, gene set enrichment analysis, genetic risk score, 
MR, post hoc GWAS, and conditioned analyses can be 
found in Data S1.

Endotoxemia Measured by Using Other 
Techniques
A subpopulation of FinnDiane was used to determine 
endotoxemia by mass spectrometry–based method 
(n=363), as previously described,10 and a commercially 
available Endolisa assay (n=326) (609033; Hyglos 
GmbH, Bernried, Germany). Selection of participants 

Table 1.  Clinical Characteristics of the Subjects in the 6 Cohorts

Characteristic

Cohort

FD-T1D FD-rest FINRISK92 FINRISK97 FT16 VpEpi

Total No. 3940 302 656 5667 451 280

Log(lipopolysaccharide) −0.65 (0.48) −0.60 (0.49) 0.23 (0.55) −0.61 (0.52) −0.47 (0.30) −0.61 (0.21)

Women, n (%) 1901 (48.2) 133 (44.0) 250 (38.1) 2826 (49.9) 233 (51.7) 172 (61.4)

Age, y 40.58 (12.7) 53.78 (11.9) 53.66 (8.7) 53.07 (10.8) 24.40 (0.8) 61.72 (4.2)

BMI, kg/m2 25.37 (3.8) 26.28 (4.1) 27.59 (4.5) 27.15 (4.4) 22.72 (2.9) 27.77 (4.9)

Total cholesterol, mmol/L 4.81 (0.9) 4.87 (1.0) 5.99 (1.1) 5.68 (1.0) 4.94 (0.9) 4.68 (0.9)

HDL cholesterol, mmol/L 1.42 (0.4) 1.38 (0.4) 1.32 (0.4) 1.39 (0.4) 1.78 (0.4) 1.53 (0.4)

Log(triglycerides), mmol/L 0.08 (0.5) 0.13 (0.5) 0.45 (0.6) 0.29 (0.5) 0.14 (0.4) 0.14 (0.4)

Values are given as mean (SD) or number (percentage). Log refers to logarithmic transformation of the values. All clinical variables differed between the 
cohorts (P<0.001, 1-way ANOVA or χ2 test, where appropriate). BMI indicates body mass index; FD-T1D, FinnDiane cohort of participants with type 1 diabetes; 
FD-rest, FinnDiane cohort of individuals with unclassified diabetes; FINRISK92 and FINRISK97, FINRISK-cohorts enrolled in 1992 and 1997, respectively; FT16 
and VpEpi, younger and older subpopulations of the Finnish Twin Cohort; and HDL high-density lipoprotein.

Figure 1.  Manhattan and QQ plots of genome-wide association study (GWAS) results combined in fixed-effects meta-
analysis.
We performed a GWAS of endotoxemia, measured by limulus amebocyte lysate assay in 11 296 individuals with Finnish ancestry. The 
horizontal red line represents genome-wide significance (P<5×10−8). Single-nucleotide polymorphisms in 5 independent loci available 
in all cohorts passed the genome-wide significance threshold. Inflation of the P values is presented in the QQ plot (λqc=1.049).
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for mass spectrometry was based on the F12 SNP 
rs1801020 genotype, obtaining 121 TT-homozygous 
and 242 CC-homozygous participants. For Endolisa 
assay, population genotype for rs1801020 was distrib-
uted as follows: TT, 21; TC, 124; and CC, 181. Endolisa 
measures were log transformed, and the correlations 
with LAL assay results were computed using Pearson 
product-moment correlation. The SNP association 
with endotoxemia was analyzed with linear regression, 
applying an additive genetic model.

RESULTS
Genetic Association Analyses
The genetic factors associated with endotoxemia, 
measured using the LAL assay, were analyzed in 6 
Finnish cohorts using the GWAS setting. The genetic 
analyses contained 8.1 to 9.9  million genotyped or 
imputed genetic markers passing quality control per 
cohort. The clinical characteristics of participants are 
presented in Table 1.

When the cohort-wise results were combined in 
fixed-effects meta-analysis composed of 11 296 par-
ticipants, 741 markers clustered at 5 independent loci 
(in chromosomes 3, 4, 5, 11, and 15) were genome-
wide significantly (P<5×10−8) associated with endotox-
emia (Figure 1 and Table 2). In addition, a single SNP, 
rs77601517 on chromosome 12, reached genome-wide 
significance in the FINRISK-97 cohort. However, the 
SNP was additionally available only in the FINRISK-92 
cohort, demonstrating no association, and was not 
studied further. All the significant SNPs (Table S1) and 
the Manhattan and QQ plots (Figure S1) are available in 
the Supplementary Material.

The cohort-wise forest plots for the lead variants 
are presented in Figure 2. Stepwise conditional regres-
sion with GCTA–conditional and joint analysis did not 
indicate independent secondary signals in any of the 5 
loci after accounting for the lead SNPs. QQ plot of the 
GWAS meta-analysis with the significant SNPs omit-
ted (Figure S2) demonstrated good adherence to the 
diagonal for the nonsignal SNPs. Figure S3 presents 
the Manhattan and QQ plots of GWAS conditioned on 
the lead SNPs. In addition, the leave-one-out analysis 
showed that single cohort is not excessively driving the 
result of the meta-analysis (Table S2 and Figure S4).

Linking SNPs to Genes
The regional plots of the 5 loci identified (Figure S5) and 
their position in relation to nearby genes (Table S1) are 
presented in the supplemental data. To identify biological 
pathways and processes behind endotoxemia, we per-
formed a pathway enrichment analysis. The complete 
list of top pathways enriched with P<0.01 is presented 
in Table  S3. The strongest gene set enrichment was 

observed in the biological processes “intrinsic pathway” 
(23 genes; P=5×10−4), followed by “chromatin packaging 
and remodeling” (237 genes; P=5×10−4). However, none 
of the associations in the enrichment analysis reached 
statistically significant false discovery rate (<0.05).

The expression quantitative trait locus analysis iden-
tified 24 genes affected by our GWAS significant mark-
ers (Table 2; full list in Tables S4 and S5 for blood11 and 
genotype-tissue expression portal, respectively). Loci in 
chromosomes 3, 4, 5, and 11 had expression quantita-
tive trait loci associations with several genes’ expression 
(KNG1, F11/KLKB1, F12, and SERPING1, respectively) 
playing a role in the contact activation of the intrinsic 
pathway of coagulation. Figure 3 illustrates the relation 
of these genes and the intrinsic pathway of coagulation.

Post Hoc Regression Analyses
To evaluate the proportion of the endotoxemia variance 
explained by the genetic markers, we performed ad-
ditional regression analyses in the 2 largest cohorts 
(FD-T1D and FINRISK97). The clinical covariates, age, 
sex, body mass index, and total cholesterol, HDL cho-
lesterol, and triglyceride concentration, used in the 
GWAS analyses explained 50.8% of the lipopolysac-
charide variability in the FinnDiane cohort and 27.8% of 
the lipopolysaccharide variability in the FINRISK cohort 
(Tables  S6 and S7). Adding the 5 lead SNPs repre-
senting each loci to the models increased the propor-
tions by 1.5 percentage points in FinnDiane and by 9.2 
percentage points in FINRISK, resulting in 52.3% and 
37.1% of the variance explained, respectively.

Alternative Methods to Measure 
Lipopolysaccharide
Endotoxemia was also measured in 2 separate sub-
samples of the FinnDiane cohort by determining the 
lipopolysaccharide mass and by using the Endolisa 
assay. The original LAL results, which measure the 
biological activity of lipopolysaccharide, had a modest 
but significant correlation with both the lipopolysac-
charide mass (correlation=0.23; P=7.5×10−6) and the 
Endolisa (correlation=0.19; P=7.1×10−4) results. In both 
subsamples, the lead SNP of the FinnDiane cohort 
(rs1801020) was strongly associated with endotox-
emia, when measured using the LAL assay (β=0.083 
[P=7.48×10−5] and β=0.072 [P=0.016], respectively). 
However, the lead SNP did not associate significantly 
with either lipopolysaccharide mass (P=0.30) or the 
Endolisa results (P=0.7). The measures and differ-
ences by genotype are presented in Figure S6.

Genetic Risk Score and MR
In the Megastroke population, single lead SNPs were 
associated with the risk of “ischemic stroke,” “any 
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stroke,” “TOAST small artery occlusion,” “TOAST 
cardioaortic embolism,” or “intracranial aneurysm” 
(Figure 4A). We composed a genetic risk score for en-
dotoxemia (LPS-GRS) from GWAS-significant SNPs 
and analyzed its association with designed end points 
in an independent population, the FinnGen. LPS-GRS 
was significantly associated with deep vein thrombo-
sis, pulmonary embolism, and venous thromboembo-
lism (Figure 4B and Table S8). Next, MR using the lead 
SNPs was conducted on the UK Biobank data, which 
displayed associations with deep vein thrombosis, 
pulmonary embolism, and venous thromboembolism, 
and Megastroke populations, which revealed an asso-
ciation with ischemic stroke (Figure 4C and Figure S7). 
More detailed information is available in Tables  S9 
through S11.

DISCUSSION
We identified 5 genetic loci that displayed signifi-
cant association with serum endotoxin activity lev-
els in multiple cohorts. According to the expression 
quantitative trait loci, several of these SNPs are as-
sociated with expression of nearby genes that affect 
the contact activation of coagulation and lipoprotein 
metabolism. These both play important roles in host 
defense against infectious organisms, including in-
duction of inflammatory responses and lipopolysac-
charide neutralization. Furthermore, the composed 
genetic profile and the MR results indicated asso-
ciations of endotoxemia with thromboembolism and 
stroke. The results further link microbiomes with car-
diovascular diseases.

Endotoxemia is associated with increased risk of 
cardiovascular events in the largest population of the 
present study, the FINRISK, and other studies.2,12–14 
It may also contribute to stroke,12–14 and metabolic 
endotoxemia has been suggested as a novel thera-
peutic target to improve stroke outcome.14 Dysbiosis 
may maintain an inflammatory environment, which 
has a significant impact on cerebrovascular risk and 
stroke severity through the microbiota-gut-brain axis.15 
Dysbiosis, including increased abundance of gram-
negative Enterobacteriaceae-family members, has 
been reported in patients with large-artery atheroscle-
rotic ischemic stroke and transient ischemic attack 
compared with asymptomatic people.16 Therefore, in 
addition to a genotype predisposing to endotoxemia, 
patients with stroke may have an ample source of lipo-
polysaccharide. A more recent study showed that inter-
action between lipopolysaccharide and SARS-CoV-2 
S protein resulted in a hyperinflammatory effect,17 
which was hypothesized to contribute to the activation 
of the coagulation and complement system observed 
in severe COVID-19 disease. Future research will show 
whether endotoxemia plays a role in COVID-19.Ta
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A large portion of significant polymorphisms 
associated with endotoxemia in the present study 
were located at genes affecting the contact acti-
vation of the coagulation cascade. The dynamics 
of this pathway are complex but relatively well de-
scribed, and the currently detected genetic associ-
ations fit well with an overall phenotype of increased 
coagulation. The lead SNP in the chromosome 5 

locus (rs1801020) is a known functional variant; the 
minor allele results in an additional upstream open 
reading frame for gene F12 at the sequence level, 
leading to increased expression and activity.11,18 The 
KNG1, KLKB1/F11, and SERPING1 loci also con-
tained SNPs that affect the gene/protein expression 
levels or the protein activity.11,19 The lead SNP on 
chromosome 11, rs2081361, has been previously 

Figure 2.  Forest plots of the lead single-nucleotide polymorphisms of loci reaching genome-wide significance in meta-
analysis of the genome-wide association study for endotoxemia.
The meta-analysis included 11 296 samples. Presented point size is proportional to the inverse of SE of the estimate. DinnDiane: rest, 
FinnDiane cohort of individuals with unclassified diabetes; FinnDiane: T1D, FinnDiane cohort of participants with type 1 diabetes; FR 
indicates FINRISK; and FT16 and VpEpi, subpopulations of Finnish Twin Cohort.
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associated with high SERPING1 expression,11 which 
may affect the levels of the central complement sys-
tem regulator, C1 inhibitor, and thereby FXII activity. 
Furthermore, in chromosome 3 locus, rs5030049 
in the intronic region of KNG1 is associated with 
higher protein levels of high-molecular-weight ki-
ninogen,19 which is the nonenzymatic cofactor in 
the contact system. In the same locus, rs710446 
and rs2304456 have also been associated with 
FXI plasma levels.20 In addition, endotoxemia was 
associated with rs4253238 and rs4253417 in chro-
mosome 4, linking it with high activities of plasma 
kallikrein21 and FXI,22 which are important activators 

of coagulation (ie, FX and FIX). In addition to the 
complement system, all these proteins play a major 
role in the intrinsic pathway. “Intrinsic cascade” was 
also recognized as the top pathway enriched in the 
present study.

In post hoc analysis, lead SNPs explained a larger 
percentage of endotoxemia variance in the population-
based cohort (FINRISK97) than in the cohort consist-
ing of patients with diabetes (FD-T1D). Subjects with 
diabetes have higher serum lipopolysaccharide levels 
compared with subjects without diabetes because 
of hyperglycemia, hyperinsulinemia, hypertriglyceri-
demia, and low HDL cholesterol concentrations.5 All 

Figure 3.  Hypothesized connection between intrinsic pathway of coagulation and genetic 
variants associating with endotoxemia.
Genetic associations connect endotoxemia to increased coagulation: via gene expression (expression 
quantitative trait loci [eQTL]), protein expression, and protein activity. Two possible mechanisms are 
hypothesized to explain the association. Bradykinin is cleaved from kininogen and can affect intestinal 
permeability by allowing increased microbial leakage from the gut. Immunothrombosis, a mechanism 
proposed to be involved in normal immunology, is hypothesized to alter both immunological defense and 
formation of thrombosis when dysregulated. Genetic risk score and Mendelian randomization analysis 
connect endotoxemia to venous thromboembolism, deep vein thrombosis, and stroke. GWAS indicates 
genome-wide association study.
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these metabolic features are associated with impaired 
clearance of lipopolysaccharide,6 and the role of ge-
netics in determining the endotoxemia levels may be 
smaller. Indeed, the covariates explained a larger por-
tion of the endotoxemia variance in the cohort of di-
abetic subjects than in the population-based cohort. 
However, the variance explained may be notably over-
estimated because of a phenomenon called “winner’s 
curse,” which is characteristic for large-scale quantita-
tive trait studies.23

Several SNPs in the endotoxemia-associated loci 
discovered have been earlier associated with throm-
bosis in general: they include SNPs in genes F11,24 
KNG1,24 and KLKB.25 The LPS-GRS of the present 
study also showed associations with conditions linked 
to blood coagulation alterations, which further vali-
dates the association between endotoxemia and the 
contact activation pathway. Although the genetic back-
ground of stroke has been intensively studied and her-
itability has been evaluated to range between 16% and 
40%,26 our results are novel: the MR results suggested 
a causal role of endotoxemia in thromboembolism 
and stroke. The MR approach uses the genetic risk 
score SNPs (effectively the lead SNPs of the lipopoly-
saccharide GWAS) as “instrumental variables,” which 
allows us to study the causality between endotoxemia 
and clinical end points in comparable manner as in a 
randomized controlled trial. Using genetic variants as 

instrumental variables, which do not have endogenous 
issues, such as reverse causation or missing con-
founders, provides us with consistent estimates from 
a regression. However, one of the MR assumptions is 
that the genetic variant does not have any other effect 
to the outcome other than through the exposure (en-
dotoxemia). In the present study, this assumption was 
not totally fulfilled, because it can be assumed that the 
SNPs located at genes affecting the coagulation cas-
cade could in addition have more direct associations 
with thromboembolism and stroke.

The observed signal of causality between 
thrombosis-related end points and endotoxemia may 
be hypothesized to be a sign of imbalanced “immuno-
thrombosis” (Figure 3), a term that describes a throm-
bosis in microvessels triggered by inflammation.27 In 
this concept, proposed by Engelmann and Massberg, 
immunothrombosis is a naturally occurring process 
that suppresses pathogen invasion, but potentially 
leads to pathological thrombosis if not carefully in bal-
ance. We hypothesize that LPS-GRS may partly reflect 
defective immunothrombosis, which may affect both 
the formation of pathogenic thrombosis and the eleva-
tion of lipopolysaccharide activity in circulation.

In addition to immunothrombosis, it is plausible 
that the contact activation pathway has a significant 
impact on gut barrier function (Figure 3). Negatively 
charged molecules (eg, heparin, dextran sulfate, and 

Figure 4.  Associations of the cardiovascular disease end points with 5 endotoxemia-associated single-nucleotide 
polymorphisms (SNPs) and the composed genetic risk score (GRS).
A, Significant associations of the lead SNPs with stroke events in the Megastroke population. P value for logistic regression analysis 
is presented on the right side. The asterisk marking represents P<0.01. B, GRS of endotoxemia (LPS-GRS) is calculated from the 5 
lead SNP genotypes, based on stepwise conditional regression (GCTA–conditional and joint analysis [COJO]) of lipopolysaccharide 
genome-wide associated study results weighted with effect sizes. False discovery rate (accounting for total of 46 end points tested) 
is presented on the right side. Population consists of 195 170 individuals from the FinnGen study. Full list of analyzed phenotypes is in 
Table S8. C, Association between endotoxemia and prothrombotic end points is analyzed by Mendelian randomization in Megastroke 
(for ischemic stroke) and UK Biobank populations using MR-base platform. The 5 lead SNPs, based on GCTA-COJO, were used in the 
analysis. DVT indicates deep vein thrombosis; OR, odds ratio; and TOAST, classification of 5 subtypes of ischemic stroke.

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 14, 2021



J Am Heart Assoc. 2021;10:e022482. DOI: 10.1161/JAHA.121.022482� 9

Leskelä et al� GWAS of Endotoxemia

endotoxins) activate the kallikrein-kinin system, which 
eventually leads to production of the vasodilator, bra-
dykinin.28 Earlier studies support the view that ab-
errant activation of kallikrein-kinin pathway could be 
associated with decreased intestinal barrier function, 
which may eventually lead to higher circulating en-
dotoxin levels and thereby increase the risk of organ 
damage.29

The fifth locus associated with endotoxemia is next 
to LIPC, encoding hepatic lipase. Hepatic lipase also 
has plausible links to the kinetics of the contact activa-
tion cascade, because it is characterized by its ability to 
bind heparin and heparan sulfate in the endothelium.30 
Heparin or heparan sulfate interact with antithrombin 
(III),31 potentiating its inhibitory effect on both FXII and 
FXI activity. Most important, however, genetic varia-
tion in LIPC affects lipoprotein particle distribution and 
composition, which might have a direct effect on endo-
toxemia.32 Hepatic lipase is recognized in HDL metab-
olism and reverse cholesterol transport by hydrolyzing 
phospholipids and triglycerides, resulting in particles 
that are more susceptible to clearance. Most of the li-
popolysaccharide activity in the circulation is bound to 
lipoproteins, especially HDL, which contributes to the 
neutralization of lipopolysaccharide activity.33 However, 
lipoprotein distribution is different during inflammation, 
infection, or metabolic diseases.5,6 Therefore, detoxi-
fication of lipopolysaccharide and the following net 
endotoxemia is dependent on the inflammatory and 
metabolic state, lipoprotein and apolipoprotein profile, 
and concentrations of lipopolysaccharide binding pro-
teins, which may all be disturbed in stroke.33

We also measured endotoxemia using different 
techniques, Endolisa and a mass spectrometry–based 
method. The former technique is based on the binding 
of lipopolysaccharide to a recombinant bacteriophage 
protein, and the latter quantifies the most abundant 
hydroxylated fatty acid of the lipid A moiety of most 
lipopolysaccharide molecules. The genetic associa-
tions seem to be restricted to the biological activity of 
lipopolysaccharide determined by the LAL assay, be-
cause with the 2 other methods we did not find sig-
nificant associations with the lead SNP (rs1801020). 
Indeed, correlations between the results obtained with 
different methods were only modest. It is known that 
structural variations and enzymatic modifications of li-
popolysaccharide molecules lead to differing immuno-
logic responses.1 In relation to systemic inflammation, 
the level of endotoxin activity has been considered a 
more important determinant than the total endotoxin 
mass.

The observed associations between lead SNPs and 
coagulation-related end points should be interpreted 
with caution because of multiple testing of various 
end points and the 5 lead SNPs. Another obvious lim-
itation of the work is that we were not able to target 

the mechanisms behind the observed associations. 
Traditionally, endotoxemia has been considered an 
acquired characteristic of an individual, but as the 
mechanisms of the endotoxemia-disease associations 
are still nonconclusive, a more complex connection 
is probable. This would include, as proposed in this 
study, underlying genetics, which can act as a mutual 
risk factor for both disease incidence and mechanisms 
affecting lipopolysaccharide processing or access into 
the circulation.

The current data convincingly show that the genetic 
variation makes a highly significant contribution to en-
dotoxemia. Assuming that genetic factors can modify 
the translocation or the neutralization of endotoxins, 
the results suggest a novel part in the puzzle of host/
microbiome interactions. More important, the results 
further characterize the concept of tight interaction be-
tween immunity and coagulation.
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Jeffrey Waring   Abbvie, Chicago, IL, United States 

Bridget Riley-Gillis Abbvie, Chicago, IL, United States 

Anne Lehtonen  Abbvie, Chicago, IL, United States 

Athena Matakidou Astra Zeneca, Cambridge, United Kingdom 

Jennifer Schutzman  Genentech, San Francisco, CA, United States 

Julie Hunkapiller  Genentech, San Francisco, CA, United States 

Natalie Bowers  Genentech, San Francisco, CA, United States 

John Michon  Genentech, San Francisco, CA, United States 

Vinay Mehta  Merck, Kenilworth, NJ, United States 

Andrey Loboda  Merck, Kenilworth, NJ, United States 

Aparna Chhibber   Merck, Kenilworth, NJ, United States 

Heli Lehtonen   Pfizer, New York, NY, United States 
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Stefan McDonough  Pfizer, New York, NY, United States 

Marika Crohns  Sanofi, Paris, France 

Diptee Kulkarni  GlaxoSmithKline, Brentford, United Kingdom 

 

Opthalmology Group 

Kai Kaarniranta   Northern Savo Hospital District, Kuopio, Finland  

Joni A Turunen   Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

Terhi Ollila   Hospital District of Helsinki and Uusimaa, Helsinki, Finland 

Sanna Seitsonen   Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

Hannu Uusitalo   Pirkanmaa Hospital District, Tampere, Finland 

Vesa Aaltonen   Hospital District of Southwest Finland, Turku, Finland 

Hannele Uusitalo-Järvinen  Pirkanmaa Hospital District, Tampere, Finland 

Marja Luodonpää   Northern Ostrobothnia Hospital District, Oulu, Finland 

Nina Hautala    Northern Ostrobothnia Hospital District, Oulu, Finland 

Heiko Runz   Biogen, Cambridge, MA, United States 

Stephanie Loomis  Biogen, Cambridge, MA, United States 

Erich Strauss   Genentech, San Francisco, CA, United States 

Natalie Bowers   Genentech, San Francisco, CA, United States 

Hao Chen    Genentech, San Francisco, CA, United States 

John Michon   Genentech, San Francisco, CA, United States 

Anna Podgornaia   Merck, Kenilworth, NJ, United States 

Vinay Mehta   Merck, Kenilworth, NJ, United States 

Dorothee Diogo    Merck, Kenilworth, NJ, United States 

Joshua Hoffman   GlaxoSmithKline, Brentford, United Kingdom 

 

Dermatology Group 

Kaisa Tasanen  Northern Ostrobothnia Hospital District, Oulu, Finland 

Laura Huilaja  Northern Ostrobothnia Hospital District, Oulu, Finland 
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Katariina Hannula-Jouppi Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

Teea Salmi  Pirkanmaa Hospital District, Tampere, Finland 

Sirkku Peltonen   Hospital District of Southwest Finland, Turku, Finland 

Leena Koulu  Hospital District of Southwest Finland, Turku, Finland 

Ilkka Harvima  Northern Savo Hospital District, Kuopio, Finland  

Kirsi Kalpala  Pfizer, New York, NY, United States 

Ying Wu   Pfizer, New York, NY, United States 

David Choy  Genentech, San Francisco, CA, United States 

John Michon  Genentech, San Francisco, CA, United States 

Nizar Smaoui   Abbvie, Chicago, IL, United States 

Fedik Rahimov  Abbvie, Chicago, IL, United States 

Anne Lehtonen  Abbvie, Chicago, IL, United States 

Dawn Waterworth GlaxoSmithKline, Brentford, United Kingdom 

Odontology Group 

Pirkko Pussinen  Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

Aino Salminen  Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

Tuula Salo  Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

David Rice  Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

Pekka Nieminen  Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

Ulla Palotie  Hospital District of Helsinki and Uusimaa, Helsinki, Finland  

Maria Siponen  Northern Savo Hospital District, Kuopio, Finland 

Liisa Suominen  Northern Savo Hospital District, Kuopio, Finland 

Päivi Mäntylä  Northern Savo Hospital District, Kuopio, Finland 

Ulvi Gursoy  Hospital District of Southwest Finland, Turku, Finland 

Vuokko Anttonen  Northern Ostrobothnia Hospital District, Oulu, Finland 

Kirsi Sipilä  Northern Ostrobothnia Hospital District, Oulu, Finland 

 
FinnGen Analysis working group 

Justin Wade Davis    Abbvie, Chicago, IL, United States 
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Bridget Riley-Gillis    Abbvie, Chicago, IL, United States 

Danjuma Quarless    Abbvie, Chicago, IL, United States 

Fedik Rahimov    Abbvie, Chicago, IL, United States 

Sahar Esmaeeli    Abbvie, Chicago, IL, United States 

Slavé Petrovski     Astra Zeneca, Cambridge, United Kingdom 

Eleonor Wigmore    Astra Zeneca, Cambridge, United Kingdom 

Jimmy Liu     Biogen, Cambridge, MA, United States 

Chia-Yen Chen    Biogen, Cambridge, MA, United States 

Paola Bronson     Biogen, Cambridge, MA, United States 

Ellen Tsai    Biogen, Cambridge, MA, United States 

Stephanie Loomis   Biogen, Cambridge, MA, United States 

Yunfeng Huang    Biogen, Cambridge, MA, United States 

Joseph Maranville    Celgene, Summit, NJ, United States 

Shameek Biswas     Celgene, Summit, NJ, United States 

Elmutaz Shaikho Elhaj Mohammed  Celgene, Summit, NJ, United States 

Samir Wadhawan    Bristol-Meyers-Squibb 

Erika Kvikstad    Bristol-Meyers-Squibb 

Minal Caliskan    Bristol-Meyers-Squibb 

Diana Chang     Genentech, San Francisco, CA, United States 

Julie Hunkapiller     Genentech, San Francisco, CA, United States 

Tushar Bhangale     Genentech, San Francisco, CA, United States 

Natalie Bowers     Genentech, San Francisco, CA, United States 

Sarah Pendergrass   Genentech, San Francisco, CA, United States 

Dorothee Diogo     Merck, Kenilworth, NJ, United States 

Emily Holzinger     Merck, Kenilworth, NJ, United States 

Padhraig Gormley    Merck, Kenilworth, NJ, United States 

Xing Chen     Pfizer, New York, NY, United States 

Åsa Hedman     Pfizer, New York, NY, United States 

Karen S King    GlaxoSmithKline, Brentford, United Kingdom 
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Clarence Wang    Sanofi, Paris, France 

Ethan Xu    Sanofi, Paris, France 

Franck Auge    Sanofi, Paris, France 

Clement Chatelain   Sanofi, Paris, France 

Deepak Rajpal   Sanofi, Paris, France 

Dongyu Liu   Sanofi, Paris, France 

Katherine Call   Sanofi, Paris, France 

Tai-he Xia   Sanofi, Paris, France 

Beryl Cummings   Maze Therapeutics, San Francisco, CA, United States 

Matt Brauer   Maze Therapeutics, San Francisco, CA, United States 

Mitja Kurki Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland / 

Broad Institute, Cambridge, MA, United States 

Samuli Ripatti    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Mark Daly    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Juha Karjalainen Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland / 

Broad Institute, Cambridge, MA, United States 

Aki Havulinna    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Anu Jalanko   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Priit Palta    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Pietro della Briotta Parolo  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Wei Zhou    Broad Institute, Cambridge, MA, United States 

Susanna Lemmelä   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Manuel Rivas    University of Stanford, Stanford, CA, United States 

Jarmo Harju    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Aarno Palotie   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Arto Lehisto    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Andrea Ganna    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Vincent Llorens    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Hannele Laivuori   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 
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Sina Rüeger  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Mari E Niemi  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Taru Tukiainen  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Mary Pat Reeve  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Henrike Heyne  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Nina Mars  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Kimmo Palin   University of Helsinki, Helsinki, Finland  

Javier Garcia-Tabuenca University of Tampere, Tampere, Finland 

Harri Siirtola  University of Tampere, Tampere, Finland 

Tuomo Kiiskinen  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Jiwoo Lee Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland / Broad 

Institute, Cambridge, MA, United States  

Kristin Tsuo Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland / Broad 

Institute, Cambridge, MA, United States 

Amanda Elliott Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland / Broad 

Institute, Cambridge, MA, United States 

Kati Kristiansson   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland 

Mikko Arvas   Finnish Red Cross Blood Service, Helsinki, Finland  

Kati Hyvärinen  Finnish Red Cross Blood Service, Helsinki, Finland  

Jarmo Ritari   Finnish Red Cross Blood Service, Helsinki, Finland  

 Miika Koskinen   Helsinki Biobank / Helsinki University and Hospital District of Helsinki and Uusimaa, Helsinki 

Olli Carpén   Helsinki Biobank / Helsinki University and Hospital District of Helsinki and Uusimaa, Helsinki 

Johannes Kettunen Northern Finland Biobank Borealis / University of Oulu / Northern Ostrobothnia Hospital 

District, Oulu, Finland 

Katri Pylkäs  Northern Finland Biobank Borealis / University of Oulu / Northern Ostrobothnia Hospital 

District, Oulu, Finland 

Marita Kalaoja  Northern Finland Biobank Borealis / University of Oulu / Northern Ostrobothnia Hospital 

District, Oulu, Finland 
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Minna Karjalainen  Northern Finland Biobank Borealis / University of Oulu / Northern 

Ostrobothnia Hospital District, Oulu, Finland 

Tuomo Mantere  Northern Finland Biobank Borealis / University of Oulu / Northern 

Ostrobothnia Hospital District, Oulu, Finland 

Eeva Kangasniemi  Finnish Clinical Biobank Tampere / University of Tampere / Pirkanmaa 

Hospital District, Tampere, Finland 

Sami Heikkinen  Biobank of Eastern Finland / University of Eastern Finland / Northern Savo 

Hospital District, Kuopio, Finland 

Arto Mannermaa Biobank of Eastern Finland / University of Eastern Finland / Northern Savo 

Hospital District, Kuopio, Finland 

Eija Laakkonen  Central Finland Biobank / University of Jyväskylä / Central Finland Health 

Care District, Jyväskylä, Finland 

Csilla Sipeky     University of Turku, Turku, Finland 

Samuel Heron    University of Turku, Turku, Finland  

Antti Karlsson  Auria Biobank / University of Turku / Hospital District of Southwest 

Finland, Turku, Finland 

Dhanaprakash Jambulingam  University of Turku, Turku, Finland  

Venkat Subramaniam Rathinakannan University of Turku, Turku, Finland 

 

Biobank directors 

Lila Kallio   Auria Biobank / University of Turku / Hospital District of Southwest Finland, Turku, Finland  

Sirpa Soini   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland  

Jukka Partanen  Finnish Red Cross Blood Service / Finnish Hematology Registry and Clinical Biobank, 

Helsinki, Finland  

Eero Punkka   Helsinki Biobank / Helsinki University and Hospital District of Helsinki and Uusimaa, Helsinki 

Raisa Serpi  Northern Finland Biobank Borealis / University of Oulu / Northern Ostrobothnia Hospital 

District, Oulu, Finland 
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Johanna Mäkelä  Finnish Clinical Biobank Tampere / University of Tampere / Pirkanmaa Hospital District, 

Tampere, Finland 

Veli-Matti Kosma  Biobank of Eastern Finland / University of Eastern Finland / Northern Savo Hospital District, 

Kuopio, Finland 

Teijo Kuopio  Central Finland Biobank / University of Jyväskylä / Central Finland Health Care District, 

Jyväskylä, Finland 

 

FinnGen Teams 

Administration 

Anu Jalanko    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Risto Kajanne    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Mervi Aavikko    Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Manuel González Jiménez   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Analysis  

Mitja Kurki Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland / 

Broad Institute, Cambridge, MA, United States 

Juha Karjalainen Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland / 

Broad Institute, Cambridge, MA, United States 

Pietro della Briotta Parola  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Sina Rüeger   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Arto Lehistö   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Wei Zhou   Broad Institute, Cambridge, MA, United States 

Masahiro Kanai   Broad Institute, Cambridge, MA, United States 

Clinical Endpoint Development  

Hannele Laivuori   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Aki Havulinna   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Susanna Lemmelä  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  
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Tuomo Kiiskinen   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Communication  

Mari Kaunisto  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Data Management and IT Infrastructure  

Jarmo Harju   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Elina Kilpeläinen   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Timo P. Sipilä   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Georg Brein   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Oluwaseun A. Dada Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Ghazal Awaisa   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Anastasia Shcherban  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Genotyping  

Kati Donner   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Timo P. Sipilä  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Sample Collection Coordination 

Anu Loukola   Helsinki Biobank / Helsinki University and Hospital District of Helsinki and Uusimaa, Helsinki 

Sample Logistics  

Päivi Laiho  THL Biobank / The National Institute of Health and Welfare Helsinki, Finland  

Tuuli Sistonen   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland  

Essi Kaiharju   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland  

Markku Laukkanen  THL Biobank / The National Institute of Health and Welfare Helsinki, Finland  

Elina Järvensivu   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland  

Sini Lähteenmäki   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland  

Lotta Männikkö   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland 

Regis Wong   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland 
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Registry Data Operations 

Hannele Mattsson  THL Biobank / The National Institute of Health and Welfare Helsinki, Finland 

Kati Kristiansson   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland  

Susanna Lemmelä  Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Tero Hiekkalinna   THL Biobank / The National Institute of Health and Welfare Helsinki, Finland 

Teemu Paajanen  THL Biobank / The National Institute of Health and Welfare Helsinki, Finland 

Sequencing Informatics  

Priit Palta   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland 

Kalle Pärn   Institute for Molecular Medicine Finland, HiLIFE, University of Helsinki, Finland  

Trajectory Team 

Tarja Laitinen   Pirkanmaa Hospital District, Tampere, Finland 

Harri Siirtola   University of Tampere, Tampere, Finland 

Javier Gracia-Tabuenca University of Tampere, Tampere, Finland 
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Data S1. 

 

Supplemental Methods 

 

Study population 

The FinnDiane Study 

The FinnDiane study is an ongoing nationwide multi-center study consisting of adult participants 

with T1D. The participants are enrolled by their local attending physicians at 77 local hospitals or 

healthcare centers. Although FinnDiane is not a population study per se, the distribution of the 

participants closely follows that of the population density in Finland. Blood samples and basic clinical 

measures are taken during the visit of examination. Data has also been collected from the national 

registries. For this study, the FinnDiane cohort was divided into two sub-cohorts: participants 

fulfilling the conventional T1D criteria (“FD-T1D”: age at diabetes onset <40 years, insulin dependent 

within one year of diabetes onset) and participants with plausible other types of diabetes not 

matching the aforementioned criteria (“FD-rest”). 

 

The FINRISK Study 

FINRISK is a random population-based survey designed to study the prevalence of CVD risk factors 

in Finland and it is conducted every five years34. Participants undergo a physical examination and

complete a questionnaire regarding CVD risk factors. In the present study, we included subsets of 

two of the cohorts enrolled in 199212 (FR92) and 19973 (FR97), and who had had the LPS activities 

measured. For these cohorts, data from blood measures and background questionnaires as well as 
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national registries was available. The subset of FINRISK -92 with LPS measures available was a CVD 

case-cohort sample12, and thus is not a random population sample. 

 

The Finnish Twin Cohort Study 

The Finnish Twin Cohort was first established in 1974 to investigate genetic and environmental risk 

factors for chronic disorders. Twins and their families have been ascertained in three stages from 

the Central Population Register in 1974 (older like-sexed pairs), 1987 (multiple births 1968-1987) 

and 1995 (opposite-sex pairs 1938-1957). The older part consists of same-gender twin pairs born 

before 1958 with both twins alive in 1975, and four surveys have been carried out, the latest during 

2011-2012. Based on this latest survey, twins from pairs concordant and discordant for blood 

pressure were invited to an in-person clinical study35, with blood draws after overnight fasting.

FinnTwin16 is a longitudinal study of initially adolescent twins born in 1975-197936. The twins replied

to a fourth survey as young adults in 2000-2002, after which a sample of pairs concordant and 

discordant for alcohol were invited to an in-person assessment including a fasting blood draw37.

 

FinnGen Study 

The Finngen study population used in the study was independent from the GWAS meta-analysis. 

Finngen is a growing project with samples from multiple biobanks and cohort studies: Auria Biobank 

(www.auria.fi/biopankki), THL Biobank (www.thl.fi/biobank), Helsinki Biobank 

(www.helsinginbiopankki.fi), Biobank Borealis of Northern Finland 

(https://www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/Pages/Biobank-Borealis-briefly-in-

English.aspx), Finnish Clinical Biobank Tampere (www.tays.fi/en-
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US/Research_and_development/Finnish_Clinical_Biobank_Tampere), Biobank of Eastern Finland 

(www.ita-suomenbiopankki.fi/en), Central Finland Biobank (www.ksshp.fi/fi-

FI/Potilaalle/Biopankki), Finnish Red Cross Blood Service Biobank 

(www.veripalvelu.fi/verenluovutus/biopankkitoiminta) and Terveystalo Biobank 

(www.terveystalo.com/fi/Yritystietoa/Terveystalo-Biopankki/Biopankki/).  All Finnish Biobanks are 

members of BBMRI.fi infrastructure (www.bbmri.fi).  

 

Patients and control subjects in FinnGen provided informed consent for biobank research, based on 

the Finnish Biobank Act. Alternatively, older research cohorts, collected prior to the start of FinnGen 

(in August 2017), were collected based on study-specific consents and later transferred to the 

Finnish biobanks after approval by Fimea, the National Supervisory Authority for Welfare and 

Health. Recruitment protocols followed the biobank protocols approved by Fimea. The Coordinating 

Ethics Committee of the Hospital District of Helsinki and Uusimaa (HUS) approved the FinnGen study 

protocol, Nr HUS/990/2017.  

 

The FinnGen study is approved by Finnish Institute for Health and Welfare (THL), approval number 

THL/2031/6.02.00/2017, amendments THL/1101/5.05.00/2017, THL/341/6.02.00/2018, 

THL/2222/6.02.00/2018, THL/283/6.02.00/2019, THL/1721/5.05.00/2019, Digital and population 

data service agency VRK43431/2017-3, VRK/6909/2018-3, VRK/4415/2019-3 the Social Insurance 

Institution (KELA) KELA 58/522/2017, KELA 131/522/2018, KELA 70/522/2019, KELA 98/522/2019, 

and Statistics Finland TK-53-1041-17.  
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The Biobank Access Decisions for FinnGen samples and data utilized in FinnGen Data Freeze 5 

include: THL Biobank BB2017_55, BB2017_111, BB2018_19, BB_2018_34, BB_2018_67, BB2018_71, 

BB2019_7, BB2019_8, BB2019_26, Finnish Red Cross Blood Service Biobank 7.12.2017, Helsinki 

Biobank HUS/359/2017, Auria Biobank AB17-5154, Biobank Borealis of Northern 

Finland_2017_1013,  Biobank of Eastern Finland 1186/2018, Finnish Clinical Biobank Tampere 

MH0004, Central Finland Biobank 1-2017, and Terveystalo Biobank STB 2018001. 

 

UK Biobank, Megastroke, and Cerebrovascular Disease Knowledge Portal 

UK Biobank is a large-scale biobank study conducted in United Kindom, including 452 264 

individuals, 778 traits, and 30 million genetic variants (http://www.nealelab.is/uk-biobank/). The 

study began in 2006 and the round 2 results used in the present study were released in 2018.  

 

Megastroke is an international consortium of 29 studies, including 67,162 cases and 454,450 

controls38.    Megastroke    is    included    in    the    Cerebrovascular    Disease    Knowledge    Portal

(CDKP, https://cd.hugeamp.org/), along with 22 datasets, of which 18 datasets have GWAS 

information available. The portal has data on 48 disease traits, all connected to cerebrovascular 

diseases. 

 

Genotyping and genotype imputation 

The FinnDiane cohort was genotyped in three batches using Illumina Human CoreExome chips 

(v12.1.0, v12.1.1 and v24.1.0 correspondingly). The FINRISK genotype data has been created using 

multiple genotyping platforms. Parts of the FR97 and FR92 cohorts were genotyped in the same 
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batches.  The chips used were Affymetrix 6.0, and various versions of Illumina HumanCoreExome, 

Illumina 610K, and Illumina Omniexpress. The FinnTwin16 subsample was genotyped in three 

batches using Illumina Human670-QuadCustom v1 A and Illumina HumanCoreExome-12 v1.1 A & 

v1.0 A chips. The Finnish Twin Cohort VpEpi subsample was genotyped in three batches using 

Illumina Human670-QuadCustom v1 A, Illumina Human610-Quad v1 B and Illumina 

HumanCoreExome-24 v1.0 A chips. 

 

The genotypes of each cohort went through rigorous QC, removing poor quality samples (such as 

gender issues, low genotyping rate, extreme heterozygosity, sample mix-ups, and PCA/MDS-

outliers) and poor quality markers (such as low genotyping rate, monomorphic in cohort or batch, 

HWE violations, MAF differing notably from 1000G reference). 

All cohorts were imputed using 1000G phase3 reference genotypes39. FinnDiane and Finnish Twin

Cohorts were imputed with minimac3 -software40 and FINRISK cohorts with the IMPUTE2 –

software41.

 

Genetic analyses 

Single marker association analyses were performed with rvtests software42 using LMM-based

analysis to correct for the effect of cryptic relatedness and close relatives included in the analyses. 

The p-value for association was computed using score test (--meta score). The models were adjusted 

for empirical kinship matrix, sex, age, BMI, total cholesterol, HDL cholesterol, triglycerides (log-

transformed) and study-specific covariates (in FinnDiane, sample freeze time and genotyping batch; 

in FINRISK, genotyping batch and recruitment region; in Finnish Twin Cohort, sample freeze time, 
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genotyping batch and additionally pregnancy status in FinnTwin16). Missing covariate values were 

imputed to the mean of the cohort (by software default). Multivariable regression model was fitted 

to the data, and the residuals of the model were inverse normalized and used as response variables 

for genetic analyzes (as implemented in the --useResidualAsPhenotype and --inverseNormal flags of 

rvtests). Genotype dosages computed from the imputation posterior probabilities were used in the 

analyses. The kinship matrix was computed using vcf2kinship software (distributed with rvtests) 

using imputed genotype dosages of common (MAF>5%) markers. The analyses were conducted 

correspondingly in the six aforementioned cohorts. Cohort-wise results were filtered based on 

imputation quality (minimac3: R2>0.7; IMPUTE2: information>0.7), Hardy-Weinberg equilibrium 

(pHVE>1×10-10), missing genotypes (less than 5%) and allele frequency (MAF>1%). Finally, the results 

were meta-analyzed using METAL-software43 in an inverse variance weighted fixed effect meta-

analysis. Markers reaching genome-wide significance (p<5×10-8) in meta-analysis were considered

statistically significant. Forest-plots of the results were plotted using R and metafor package44.

 

A baseline linear regression model with the same covariates as the initial GWAS analyses were fitted, 

and the model performance (Akaike information criterion, AIC) and explanatory power (adjusted R2) 

of covariates in the models were evaluated in FD-T1D and FR97 cohorts (using participants with 

complete covariate data available). Then each of the lead SNPs from fixed-effects meta-analyses 

were added onto the baseline model separately to evaluate the increase in performance, and finally 

all five lead SNPs were added to the model simultaneously and the model performance was 

evaluated. The increase in explanatory power was evaluated as an increment in adjusted R2 of the 

baseline model vs. full model, and the improvement of models and informativeness of the SNPs 

were confirmed by a decrease in the AIC value. Additionally, stepwise conditional regression45
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(GCTA-COJO) was performed to reveal putatively causal and conditionally independent signals from 

each top locus from meta-analysis. 

 

As the associations of the lead SNPs were independent from each other in the multivariable 

regression models, the conditional GWAS analyses were adjusted for all the five lead markers 

(rs5030082, rs71640036, rs1801020, rs2081361, and rs10152355) simultaneously. In addition, the 

cohort-wise GWAS analyses were also re-analyzed, conditioning the analyses for the lead SNPs of 

genome-wide significant loci available in all cohorts in the initial fixed-effects meta-analysis, and the 

conditional analysis results were combined in fixed effects meta-analysis using METAL, 

corresponding to the initial GWAS analyses. 

 

We performed leave-one-out analysis, where the GWAS meta-analysis was implemented leaving 

one of the cohorts out of the analysis at a time. In other respect, the meta-analysis used the same 

parameters as the initial GWAS meta-analysis.  

 

Expression quantitative loci 

The effect of significant variants (n=741) on gene expression was estimated using quantitative trait 

loci (eQTL) data from GTEx portal (gtexportal.org/home/eqtls) and eQTLs association meta-analysis 

study performed on 5,311 blood samples11. Data from GTEx Portal were obtained on 27/6/2020 and 

contained information from 838 individuals and 49 tissues (release v8). For the GTEx-data, p-value 

threshold was set to p<10-6 and normalized effect size (NES) to |NES|>0.2 for eQTL association to 

be considered significant.  
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Gene set enrichment analysis 

Gene set enrichment analysis (GSEA) of the fixed effects meta-analysis of GWAS results was 

performed with the Meta-Analysis Gene-set Enrichment of VariaNT Associations (MAGENTA) 

software46 (vs 2.4) allowing the minimum gene set size of four and maximum gene set size of 2000.

The number of randomly sampled gene sets for GSEA-GWAS p-value estimation was 10000, and the 

gene boundaries used for mapping SNPs onto genes were 110kb upstream to the most extreme 

gene transcript start position and 40kb downstream to the most extreme gene transcript end 

position. 

 

Mendelian Randomization 

MR-Base47,48 was used to conduct mendelian randomization (MR) analysis. Outcome variables were

chosen based on GSEA and GRS analysis: ischemic stroke, pulmonary embolism, deep vein

thrombosis of lower extremities and pulmonary embolism, and venous thromboembolism (UK-

biobank; http://www.nealelab.is/uk-biobank/) were studied. Lead SNPs (in accordance with GCTA-

COJO analysis) of the GWAS meta-analysis were used in MR. The analysis was conducted with 

default parameters using an online tool available at http://app.mrbase.org/.  

 

Genetic Risk Score 

The 5 lead SNPs of GWAS meta-analysis (in accordance with GCTA-COJO analysis) were used in GRS 

calculation. The risk score was calculated as a sum of these SNP genotypes weighed with 

corresponding effect sizes of a GWAS fixed effect meta-analysis. 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 14, 2021



 

Genetic Risk Score endpoints 

FinnGen uses nationwide registries to define disease endpoints, including registries for the 

International Classification of Diseases (ICD) revisions 8, 9, and 10 codes, which are linked to 

personal identification numbers assigned to all Finnish citizens and residents. ICD-10 diagnosis 

codes associated with the endpoints are listed in Table S8. Some endpoints have other inclusion 

criteria in addition to diagnosis codes: endpoints “Cerebrovascular diseases”, “Aneurysms, 

operations, SAH” and “Endovascular/surgical operations to intracerebral aneurysms” include 

participants with information on surgical or endovascular operations for intracerebral aneurysms as 

retrieved from hospital discharge registry; “Atrial fibrillation and flutter” includes participants with 

dronedarone medication; “Peripheral artery operations in Hilmo” includes participants with 

peripheral artery operations as retrieved from hospital discharge registry. A comprehensive listing 

of FinnGen endpoints and control definitions is available online at 

https://www.finngen.fi/en/researchers/clinical-endpoints.  

 

Lead SNP associations in UK Biobank and CDKP populations 

Online lookup tools were used to analyze lead SNP associations in UK-biobank and Cerebrovascular 

Disease Knowledge Portal (CDKP) populations. The Gene ATLAS49 tool was used to achieve a 

phenome-wide association study approach in the UK-biobank population (Table S10). CDKP online 

browser (https://cd.hugeamp.org/) was used to study lead SNP associations in cerebrovascular 

disease phenotypes (Table S10). CDKP combines multiple populations, including Megastroke, and 

summarizes the result in bottom line analysis. Beta-values and corresponding confidence intervals 

were transformed to odds ratios using exp()-function in R.  
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UK Biobank population showed associations in a wide range of phenotypes, including body mass- 

and coagulation-related traits. The most significant associations in CDKP included “Cardio-aortic 

embolism (TOAST-classification)”, “all ischemic stroke”, “any stroke”, and “TOAST other 

determined”. 

 

Endotoxemia measured by using other techniques 

A subset of FinnDiane participants (n=369) was selected based on the F12 SNP rs1801020 genotype, 

and endotoxemia was measured using a HPLC-MS/MS approach as previously described16. The 

method quantifies 3-hydroxytetradecanoic acid (3HM), and the plasma samples (50 µl) were spiked 

with the internal standard (3-hydroxytridecanoic acid, 4 pmol). The samples were hydrolyzed (for 

total 3HM) or not (for unesterified 3HM), and free fatty acids were extracted, separated using HPLC, 

and detected by MS/MS. The LPS-derived 3HM was calculated as the difference between total and 

unesterified 3HM. The homozygous participants were selected in approximately 1:2 ratio, resulting 

in 124 and 245 participants with the TT- and the CC-homozygous genotype, respectively. In QC, four 

of the samples were excluded, and the LPS-mass could not be defined in two samples. Thus 363 

participants were used for the regression analyses (TT: 121, CC: 242). 

 

For the Endolisa-assay analyses, the population consisted of 326 subjects genotyped for rs1801020 

(TT: 21, TC: 124 and CC: 181). In addition to the endotoxemia determinations by using the LAL-assay 

similarly as in the GWAS analysis, it was also measured using Endolisa assay (609033, Hyglos GmbH, 
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Bernried, Germany) according to the manufacturers’ protocol. All samples passed additional QC and 

were included in the regression analyses. 

 

Due to skewed distribution, Endolisa measures were log-transformed (natural logarithm), but the 

LPS mass demonstrated visually normal distribution. The correlation was computed using Pearson's 

product-moment correlation. The SNP association with endotoxemia was analyzed with linear 

regression applying an additive genetic model. Due to the post-hoc nature of the additional 

analyses, p<0.05 was considered statistically significant. 

 

Results from post-hoc analyses 

Despite belonging to the same pathway, the lead SNP associations were independent of each other. 

This was observed in further analyses, where the estimated effect sizes and significances in models 

with either single or multiple SNPs were of similar magnitude (Table S6 and S7). GCTA-analysis 

highlighted the lead-SNP of each locus as being causal or being conditionally independent, except 

that rs2048 was the lead-SNP used in the GCTA-analysis for chromosome 4 since rs71640036 was 

not found from the LD reference data we used.  

 

Heterogeneity of the GWAS meta-analysis was substantial in lead SNPs of the loci in chromosomes 

3, 4, and 5, while lead SNPs in chromosomes 11 and 15 did not show heterogeneity. However, the 

leave-one-out GWAS meta-analyses showed that the result is not driven by a single cohort (Figure 

S3). 

 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 14, 2021



In post-hoc GWAS analyses conditioned on the lead SNPs, no genome-wide significant associations 

were identified, either at the single cohort or meta-analysis levels, (Figure S2, Table S1), suggesting 

there were no additional underlying independent associations in these or other loci. 
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Table S1. SNPs associated with a genome-wide significant level with endotoxemia. See Excel file. 

 

Table S2. Leave-one-cohort-out GWAS meta-analysis, SNPs associated with genome-wide significant level 

with endotoxemia. See Excel file. 

 

Table S3. Pathway enrichment analyses associating with the GWAS of endotoxemia. See Excel file. 

 

Table S4. Expression quantitative trait locus (eQTL) analysis in 5,311 blood samples. See Excel file. 

 

Table S5. Expression quantitative trait locus (eQTL) analysis in GTEx (release v8) data. See Excel file. 
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Table S6. The estimated effect sizes and significances of the lead SNPs associated with endotoxemia in single and multi SNP models in the FinnDiane T1D 

cohort. 

  Baseline model1  Single SNP model2  Multiple SNP model3 

SNP  AIC Adjusted R^2  beta SE p-value AIC Adjusted R^2  beta SE p-value AIC Adjusted R^2 

rs5030082   
 
2543 

 
 

0.508 

 0.034 0.0080 1.70E-05 2527 0.510  0.033 0.0079 2.55E-05  
 

2429 

 
 

0.523 
rs71640036   0.046 0.0078 3.62E-09 2510 0.512  0.045 0.0077 4.93E-09 
rs1801020   0.065 0.0088 1.19E-13 2490 0.515  0.063 0.0087 3.84E-13 
rs2081361   -0.026 0.0088 0.0029 2536 0.509  -0.028 0.0087 0.0012 
rs10152355   0.025 0.0087 0.0046 2537 0.509  0.023 0.0085 0.0059 

 

1log(LPS) ~ age + sex + BMI + Cholesterol + HDL-cholesterol + log(Triglycerides) + sample freeze time + Genotyping batch  
2log(LPS) ~ baseline model + one of the lead SNPs        
3log(LPS) ~ baseline model + rs5030082 + rs71640036 + rs1801020 + rs2081361 + rs10152355   

Model fitted using N=3,812 participants with complete covariate data from the FD-T1D cohort  

 

Table S7. The estimated effect sizes and significances of the lead SNPs associated with endotoxemia in single and multi SNP models in the FINRISK-97 

cohort. 

 

  Baseline model1  Single SNP model2  Multiple SNP model3 

SNP  AIC Adjusted R^2  beta SE p-value AIC Adjusted R^2  beta SE p-value AIC Adjusted R^2 

rs5030082   

 

6734 

 

 

0.279 

 0.071 0.0085 5.12E-17 6665 0.288  0.076 0.0080 3.37E-21  

 

5974 

 

 

0.371 

rs71640036   0.159 0.0081 1.05E-82 6363 0.325  0.156 0.0079 6.27E-85 

rs1801020   0.157 0.0095 1.73E-60 6466 0.313  0.153 0.0091 1.66E-62 

rs2081361   -0.045 0.0091 8.94E-07 6712 0.282  -0.035 0.0085 4.35E-05 

rs10152355   0.038 0.0086 7.74E-06 6716 0.282  0.031 0.0080 1.07E-04 

 
1log(LPS) ~ age + sex + BMI + Cholesterol + HDL-cholesterol + log(Triglycerides) + recruiting area + Genotyping batch  
2log(LPS) ~ baseline model + one of the lead SNPs        
3log(LPS) ~ baseline model + rs5030082 + rs71640036 + rs1801020 + rs2081361 + rs10152355   

Model fitted using N=5,588 participants with complete data from the FR97 cohort
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Table S8. Genetic risk score (LPS-GRS) is calculated from GWAS-significant SNP genotypes, weighted with GWAS effect sizes. Association analysis was done 

using logistic regression model. The model was adjusted for sex, age, and 10 genetic principal components.  

 

End-point (related ICCD-10 diagnosis BETA SE P-value OR BETA_L BETA_U N_controls N_cases FDR Control exclusion criteria 

Cerebrovascular diseases* (I60, I61, I63, I64, 
I66, I67.1-I67.7, I68.1, I68.2, excl. I63.6) 0.0166 0.0100 0.097 1.017 

-
0.00301 0.0362 183921 11249 0.303 

- 

Diseases of arteries, arterioles and 
capillaries (I70-I72, I74) 0.0150 0.0117 0.199 1.015 

-
0.00791 0.0379 187010 8160 0.398 

- 

Atrial fibrillation and flutter* (I48) 0.0124 0.0100 0.215 1.013 -0.0072 0.0320 107200 18777 0.398 
Cardiovascular diseases 
(excluding rheumatic etc) 

Endovascular/surgical operations to 
intracerebral aneurysms* 0.0131 0.0422 0.757 1.013 -0.0696 0.0957 182218 568 0.841 

Cerebrovascular diseases 

Cerebral aneurysm, nonruptured (I67.1) -0.0188 0.0336 0.575 0.981 -0.0846 0.0470 182218 892 0.725 Cerebrovascular diseases 

Angina pectoris (I20) -0.00296 0.00918 0.747 0.997 -0.0210 0.0150 168997 15621 0.841 Cerebrovascular diseases 

Atherosclerosis, excluding cerebral, coronary 
and PAD (I70) 0.0174 0.0140 0.215 1.018 -0.0101 0.0449 184632 5537 0.398 

Diseases of arteries, arterioles 
and capillaries 

Cerebral atherosclerosis (67.2) 0.119 0.111 0.284 1.127 -0.0991 0.3380 182218 83 0.490 Cerebrovascular diseases 

Cerebral atherosclerosis (67.2) 0.116 0.111 0.296 1.123 -0.102 0.3345 195087 83 0.493 - 

Cerebrovascular diseases (I60-I69) 0.0183 0.00942 0.0522 1.018 
-
0.00018 0.0367 182218 12952 0.218 

- 

Major coronary heart disease event (I20-I22) -0.00302 0.00859 0.725 0.997 -0.0199 0.0138 177483 17687 0.841 - 

Major coronary heart disease event 
excluding revascularizations (I20-I22) 0.00558 0.00838 0.506 1.006 -0.0108 0.0220 168997 19800 0.722 

Major coronary heart disease 
event 

Dissection of cerebral arteries, nonruptured 
(I67.0) -0.003004 0.108 0.978 0.997 -0.214 0.208 182218 86 0.978 

Cerebrovascular diseases 

Diseases of arteries, arterioles and 
capillaries (I7) 0.0159 0.0103 0.122 1.016 

-
0.00425 0.0361 184632 10538 0.321 

- 

DVT of lower extremities and pulmonary 
embolism (I80.2- I80.3, I26) 0.0810 0.0125 9.14E-11 1.084 0.0565 0.106 188301 6869 2.28E-09 

- 

Intracerebral haemmorrhage (I61) -0.00269 0.0279 0.923 0.997 -0.0574 0.0520 180528 1302 0.962 
Ischaemic Stroke (excluding all 
haemorrhages), TIA   

Ischaemic heart disease, wide definition 
(I20-I25 0.00274 0.00741 0.711 1.003 -0.0118 0.0173 168469 26701 0.841 

- 
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Nontraumatic intracranial haemmorrhage 
I60-I61) -0.00143 0.0215 0.947 0.999 -0.0435 0.0407 182218 2212 0.966 

Cerebrovascular diseases 

Ischemic heart diseases (I20-I25) 0.00438 0.00744 0.556 1.004 -0.0102 0.0190 168997 26173 0.725 - 

Death due to cardiac causes 0.0231 0.0144 0.108 1.023 
-
0.00508 0.0513 189855 5315 0.306 

- 

Myocardial infarction (I21-I22) 0.00970 0.0107 0.363 1.010 -0.0112 0.0306 168997 10813 0.567 Ischemic heart diseases 

Complications following myocardial 
infarction (I23) -0.187 0.106 0.0762 0.829 -0.394 0.0197 168997 86 0.272 

- 

Myocardial infarction, strict (I21-I22, excl. 
I21.90, I21.97, I22.90, I2.97) 0.00690 0.0111 0.535 1.007 -0.0149 0.0287 168997 9789 0.723 

Ischemic heart diseases 

Myocardial infarction, unclassifiable (I21.9, 
I22) 0.00989 0.0179 0.580 1.010 -0.0252 0.0449 191871 3299 0.725 

- 

Myocardial infarction, without ST-evelation 
(I21.4) 0.0254 0.0143 0.0755 1.026 

-
0.00262 0.0535 189853 5317 0.272 

- 

Other intracranial haemorrhages (I62) 0.138 0.0609 0.0239 1.147 0.0182 0.2569 182218 280 0.118 Cerebrovascular diseases 

Other peripheral vascular diseases (I73) 0.0796 0.0335 0.0177 1.083 0.0138 0.1453 184632 914 0.0981 
Diseases of arteries, arterioles 
and capillaries 

Peripheral artery disease (E10.5, E11.5, 
E12.5, E13.5, E14.5, I70.2, I73.9) 0.0181 0.0134 0.177 1.018 

-
0.00822 0.0445 184632 6001 0.386 

Diseases of arteries, arterioles 
and capillaries 

Peripheral artery operations in Hilmo * 0.0328 0.0272 0.227 1.033 -0.0205 0.0861 184632 1387 0.406 
Diseases of arteries, arterioles 
and capillaries 

DVT of lower extremities (I80.2-I80.3) 0.0792 0.0164 1.35E-06 1.082 0.0471 0.1113 170316 3930 1.35E-05 

Diseases of veins, lymphatic 
vessels and lymph nodes, not 
elsewhere classified 

Status post-ami (I25.3) -0.0281 0.0304 0.354 0.972 -0.0876 0.0314 168997 1145 0.567 Ischemic heart diseases 

Pulmonary embolism (I26) 0.0828 0.0171 1.21E-06 1.086 0.0493 0.116 191560 3610 1.35E-05 - 

Pulmonary heart disease, diseases of 
pulmonary circulation (I26-I28) 0.0776 0.0164 2.14E-06 1.081 0.0455 0.110 191249 3921 1.78E-05 

- 

Other pulmonary heart/vessel disease (I27, 
I28) 0.0310 0.0495 0.532 1.031 -0.0661 0.128 191249 413 0.723 

Pulmonary heart disease, 
diseases of pulmonary circulation 

Subarachnoid haemmorrhage (I60) -0.00527 0.0302 0.862 0.995 -0.0645 0.0540 180547 1105 0.917 
Ischaemic Stroke (excluding all 
haemorrhages), TIA   

Aneurysms, operations, SAH (I67.1, I60)* -0.00613 0.0236 0.795 0.994 -0.0524 0.0401 182218 1818 0.864 Cerebrovascular diseases 

Myocardial infarction, with ST-evelation 
(I21.1-I21.3) 0.0104 0.0203 0.607 1.010 -0.0293 0.0502 192647 2523 0.740 

- 
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Occlusion and stenosis of arteries, not 
leading to stroke (I66) 0.139 0.0826 0.0930 1.149 -0.0231 0.301 182218 151 0.303 

Cerebrovascular diseases 

Stroke, excluding SAH (I61, I63, I64, excl. 
I63.6) 0.0137 0.0108 0.205 1.014 

-
0.00752 0.0350 180531 9576 0.398 

Ischaemic Stroke (excluding all 
haemorrhages), TIA  

Ischaemic Stroke, excluding all 
haemorrhages (I63, I64, excl. I63.6) 0.0154 0.0114 0.175 1.016 

-
0.00685 0.0377 181368 8653 0.386 

Ischaemic Stroke (excluding all 
haemorrhages), TIA  

Stroke, including SAH (I60, I61, I63, I64) 0.0151 0.0105 0.149 1.015 
-
0.00541 0.0356 179847 10313 0.355 

Ischaemic Stroke (excluding all 
haemorrhages), TIA   

Other embolism and thrombosis (I82) 0.0606 0.0247 0.0143 1.062 0.0121 0.109 170316 1680 0.089 

Diseases of veins, lymphatic 
vessels and lymph nodes, not 
elsewhere classified 

Transient ischemic attack (G45, excl. G45.4) 0.0193 0.0121 0.110 1.020 
-
0.00439 0.0431 181368 7480 0.306 

Ischaemic Stroke (excluding all 
haemorrhages), TIA   

Unstable angina pectoris (I20.0) -0.0106 0.0135 0.430 0.989 -0.0371 0.0158 177348 6125 0.633 
Major coronary heart disease 
event 

Venous thromboembolism (I26, I80, O87.1, 
O88.2, excl. I80.0) 0.0778 0.0117 2.73E-11 1.081 0.0549 0.101 187253 7917 1.36E-09 

- 

Embolic stroke with flimmer (I63.1, with I48) 0.0280 0.0194 0.147 1.028 
-
0.00989 0.0660 179847 2891 0.355 

Cerebrovascular diseases 

 

 

 

BETA, beta-value for logistic regression model; SE, standard error; OR, odds ratio; BETA_L95, lower bound of 95%-confidence interval of beta; BETA_U95, 

upper bound of 95%-confidence interval of beta, N_NA, number of samples with phenotype information not available; FDR, false discovery rate; PAD, 

pheripheral artery disease; DVT, deep vein thrombosis; SAH, subarachnoid hemorrhage; PAD, diagnosis based on biopsy; TIA, Transient ischemic attack.  

*Inclusion criteria contains other clinical data in addition to ICD-10 diagnosis codes, such as national codes for surgical operations or information about 

medications.  
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Table S9. Mendelian Randomization. The analysis was done using mr-base database, which utilized UK-

biobank and Megastroke populations. 

  

 

se, standard error; DVT deep vein thrombosis 

 

 

outcome samplesize SNP beta se p-value 

Ischemic stroke 

440328 rs10152355 0.08982 0.130539 0.491407 

440328 rs1801020 0.000386 0.046368 0.993351 

440328 rs2048 0.127549 0.039984 0.001423 

440328 rs2081361 -0.04167 0.128472 0.745693 

440328 rs5030082 0.216283 0.083059 0.009215 

440328 All - Inverse variance weighted 0.084186 0.038261 0.027783 

440328 All - MR Egger 0.064933 0.100758 0.565173 

Diagnoses - main ICD10: 
I26 Pulmonary 

embolism 

361194 rs10152355 0.004752 0.00236 0.044013 

361194 rs1801020 0.000929 0.000843 0.270067 

361194 rs2048 0.00347 0.000755 4.36E-06 

361194 rs2081361 -0.00235 0.002446 0.33724 

361194 rs5030082 0.001847 0.001584 0.243784 

361194 All - Inverse variance weighted 0.002198 0.000791 0.005446 

361194 All - MR Egger 0.002723 0.002065 0.2788 

DVT of lower 
extremities and 

pulmonary embolism 

361194 rs10152355 0.004553 0.003192 0.153794 

361194 rs1801020 0.000121 0.00114 0.915801 

361194 rs2048 0.006111 0.001022 2.23E-09 

361194 rs2081361 -0.0033 0.003308 0.318297 

361194 rs5030082 0.00475 0.002143 0.026673 

361194 All - Inverse variance weighted 0.003338 0.001528 0.028928 

361194 All - MR Egger 0.004127 0.00401 0.379034 

DVT of lower 
extremities 

361194 rs10152355 0.000264 0.002242 0.906254 

361194 rs1801020 -0.00049 0.000801 0.543722 

361194 rs2048 0.003311 0.000718 3.99E-06 

361194 rs2081361 -0.00174 0.002324 0.453454 

361194 rs5030082 0.003179 0.001506 0.034759 

361194 All - Inverse variance weighted 0.001572 0.000961 0.10196 

361194 All - MR Egger 0.00221 0.002509 0.443217 

Venous 
thromboembolism 

361194 rs10152355 0.004868 0.0033 0.140155 

361194 rs1801020 5.75E-05 0.001179 0.961077 

361194 rs2048 0.006462 0.001056 9.52E-10 

361194 rs2081361 -0.0035 0.00342 0.306437 

361194 rs5030082 0.005677 0.002216 0.0104 

361194 All - Inverse variance weighted 0.003573 0.001648 0.030169 

361194 All - MR Egger 0.004194 0.004342 0.405296 
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Table S10. Phenome-wide association study of lead SNPs in UK-Biobank population. See Excel file. 
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Table S11. Lead-SNP associations in Cerebrovascular Disease Knowledge Portal -material. The result is 

summarized using bottom line analysis. 

Variant Phenotype P-value Odds Ratio CI_hi CI_low Sample size 

rs5030082 Any stroke 2.95e-03 2.795 5.50689 1.419068 442,255 

rs5030082 1 All ischemic stroke 4.89e-03 1.031 1.083287 0.982161 525,705 

rs5030082 
TOAST small artery 
occlusion 3.58e-02 2.858 7.614086 1.072508 252,646 

rs71640036 
TOAST cardio-aortic 
embolism 9.41e-05 2.939 5.04804 1.710867 322,150 

rs71640036 2 All ischemic stroke 2.38e-03 2.809 5.468476 1.441955 424,295 

rs1801020 
TOAST other 
undetermined 3.00e-02 1.313 1.616074 1.067159 10,318 

rs1801020 
Modified Rankin scale 
score 0-2 vs 3-6 4.14e-02 1.113 1.233678 1.004008 5,802 

rs2081361 Intracranial aneurysm 3.13e-02 1.043 1.086542 1.001001 30,745 

 

CI_hi, upper limit of 95% confidence interval; CI_low, lower limit of 95% confidence interval; TOAST, 

classification of five subtypes of ischemic stroke 
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Figure S1. Cohort-wise Manhattan and QQ-plots of GWAS results for endotoxemia. The GWAS was 

performed in five cohorts, FinnDiane T1D (n=3,940), FinnDiane rest (n=302), FINRISK-92 (n=656), FINRISK-97 

(n=5,667), and Twin studies TF16 (n=451) and VpEpi (n=280).The horizontal red and blue line represents 

genome-wide (p<5×10-8) and suggestive significance level (p<1×10-5), respectively. Inflation of the p-values 

is presented in the QQ-plots (λqc values). 
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Figure S2: QQ-plot of GWAS meta-analysis results after exclusion of genome-wide significant SNPs (p-

value < 5e-8). The QQ-plot demonstrated good adherence to the diagonal for the non-signal SNPs. 
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Figure S3. Post-hoc GWAS analysis for endotoxemia conditioned on the lead SNPs. Cohort-wise Manhattan 

and QQ-plots are presented. The GWAS was performed in five cohorts, FinnDiane T1D (n=3,940), FinnDiane 

rest (n=302), FINRISK-92 (n=656), FINRISK-97 (n=5,667), and Twin studies TF16 (n=451) and VpEpi 

(n=280).The horizontal red and blue line represents genome-wide (p<5×10-8) and suggestive significance level 

(p<1×10-5), respectively. Inflation of the p-values is presented in the QQ-plots (λqc values). 
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Figure S4. Leave-one-cohort-out GWAS meta-analysis for endotoxemia. GWAS meta-analysis was done 

leaving one cohort out at a time in following order: FinnDiane rest (n=302), FinnDiane T1D (n=3,940), FINRISK-

92 (n=656), FINRISK-97 (n=5,667), and Twin studies TF16 (n=451) and VpEpi (n=280). The horizontal red and 

blue line represents genome-wide (p<5×10-8) and suggestive significance level (p<1×10-5), respectively. 

Inflation of the p-values is presented in the QQ-plots (λqc values).  
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Figure S5. Regional plots of the five loci identified in GWAS of combined in fixed-effects meta-analysis. In 

the meta-analysis of 11,296 individuals with Finnish ancestry, a total of 740 markers at five independent 

loci in chromosomes 3 (A), 4 (B), 5 (C), 11 (D), and 15 (E) associated with endotoxemia. The regional plots of 

these loci are presented. 
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Figure S6. Correlation of LPS measured by different techniques. LPS was measured in serum samples in two 

subpopulations of FinnDiane population. LPS was determined by using the LAL assay (all samples), the mass 

spectrometry -based technology (n=363), and Endolisa-assay (n=326). Scatterplots presenting results 

obtained with different methods are presented. The correlation coefficients (cor) are shown above. The box 

plots show the mean LPS results obtained with different methods for different genotypes of the lead SNP, 

rs1801020. The p-values for the comparisons between the genotypes are shown above. The center line 

represents the mean, the box limits the standard deviation, and the whiskers show the 95% confidence 

intervals. The results obtained by the LAL and Endolisa assay were logarithmically transformed (log).  
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Figure S7. Forest plots for mendelian randomization of endotoxemia on various disease endpoints.  

 

MR, mendelian randomization. 
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