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Abstract Background Diabetes was considered as a risk factor for venous thromboembolism
(VTE), but conflicting findings have been reported from observational studies. This study
aimed at investigating the causal associations of type 1 and type 2 diabetes with VTE,
including deep vein thrombosis (DVT) and pulmonary embolism (PE).

Methods We designed a bidirectional two-sample Mendelian randomization (MR)
analysis by using summary-level data from large genome-wide association studies
performed in European individuals. Inverse variance weighting with multiplicative random
effect method was used to obtain the primary causal estimates, and weighted median,
weighted mode, and MR egger regression were replenished as sensitivity analyses to test
the robustness of the results.

Results We found no significant causal effects of type 1 diabetes on VTE (odds ratio
[OR]: 0.98, 95% confidence interval [Cl]: 0.96-1.00, p=0.043), DVT (OR: 0.98, 95% Cl:
0.95-1.00, p=0.102), and PE (OR: 0.98, 95% Cl: 0.96-1.01, p=0.160). Similarly, no
significant associations of type 2 diabetes with VTE (OR: 0.97, 95% Cl: 0.91-1.03,
p=0.291), DVT (OR: 0.96, 95% Cl: 0.89-1.03, p=0.255), and PE (OR: 0.97, 95% Cl:
0.90-1.04, p=0.358) were also observed. Results from multivariable MR analysis were
consistent with the findings in univariable analysis. In the other direction, the results
showed no significant causal effects of VTE on type 1 and type 2 diabetes.

Conclusion This MR analysis demonstrated no significant causal associations of type 1
and type 2 diabetes with VTE in both directions, in conflict with previous observational
studies reporting positive association, which provided clues for understanding the
underlying pathogenesis of diabetes and VTE.
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Confounders

A risk factor ?

Instrumental Variables:
SNPs

Bidirectional MR analysis

Visual Summary. Causality between diabetes and VTE. Diabetes was considered as a risk factor for VTE, but conflicting
findings have been reported from observational studies. This study performed a bidirectional MR analysis by using SNPs

as instrumental variables to explore the causal associations of type 1 and type 2 diabetes with VTE. The results suggested

no significant causal associations, and the positive association reported by observational studies may come from confounders
frequently identified in diabetic patients rather than a causal effect. DVT, deep vein thrombosis; MR, Mendelian randomization;
PE, pulmonary embolism; SNPs, single-nucleotide polymorphisms; VTE, venous thromboembolism.

Introduction

Venous thromboembolism (VTE), including deep vein
thrombosis (DVT) and pulmonary embolism (PE), is a major
global burden of disease. As the third leading vascular
disease after acute myocardial infarction and stroke, VTE
affects nearly 10 million people worldwide per year.! With
the enlarging aging population, improving economic con-
ditions, and increasing prevalence of obesity and metabolic
diseases, the incidence of VTE is expected to rise.23

It was proposed that VTE and atherosclerotic disease have
shared risk factors.* Many risk factors, including obesity,
smoking, dyslipidemia, metabolic syndrome, and diabetes,
were found to increase the risk of both VTE and atheroscle-
rotic disease.” As a common risk factor of atherosclerotic
disease, diabetes was considered as a risk factor for VTE as
well.® Laboratory evidence supported that insulin resistance
and acute and chronic hyperglycemia could induce coagula-
tion activation and fibrinolysis impairment, resulting in a
hypercoagulable state in patients with diabetes.”” Lots of
observational studies have also investigated the association
between diabetes and VTE, whereas the results were incon-
sistent.'%1> Two previous meta-analyses estimated a 1.4-
fold increased risk of VTE for patients with diabetes com-
pared with patients without,'®'" while after adjusting the
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potential confounders, another large meta-analysis sug-
gested that diabetes was unlikely to play a major role in
VTE development.'? Furthermore, a recent study evaluated
the association of type 1 and type 2 diabetes with VTE, and
they found that type 2 diabetes was related to the increased
risk of VTE, but type 1 diabetes was not in the unadjusted
model; however, in the fully adjusted model, type 1 diabetes
was associated with a greater risk for VTE but type 2 diabetes
was not.”> Due to the limitations in terms of potential
confounders and reversal causality bias, it is difficult to
infer causality between diabetes and VTE from these obser-
vational studies. Mendelian randomization (MR) is a meth-
od that uses genetic variants as instrumental variables (IVs)
to test the causal relation between a modifiable exposure
and a disease.'®!” As an individual's alleles were randomly
allocated and fixed at conception, the MR method can
circumvent reversal causality and environmental confound-
ers that were inherent in traditional epidemiologic
approaches.'8-20

To infer the causality between diabetes and VTE, we
perform a bidirectional MR analysis to investigate the causal
associations of type 1 and type 2 diabetes with VTE (includ-
ing DVT and PE), and the multivariable MR (MVMR) method
was also conducted to reduce the potential pleiotropic
effects.
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Methods

Study Design

This study was a bidirectional two-sample MR analysis,
using single-nucleotide polymorphisms (SNPs) as IVs to
investigate the causal associations of type 1 and type 2
diabetes with VTE (including DVT and PE). The causal
effects assessed by MR method based on three assump-
tions: (1) IVs are associated with the exposure; (2) [Vs are
not associated with the outcomes except through the
exposure; (3) IVs are not related to measured or unmea-
sured confounders.

At first, we used type 1 or type 2-associated SNPs to assess
their causal effects on VTE. Then, to exclude the reversal
causality, the VTE-associated SNPs were used as IVs for
examining the causal associations in the other direction.
Summary-level data for exposures (sample 1) and outcomes
(sample 2) were extracted from the recent large genome-
wide association studies (GWAS) of European descendants,
which can be retrieved on MRC integrative Epidemiology
Unit OpenGWAS data.?’

Data Source and Selection of Instrumental Variables
An overview of GWAS used for exposures and outcomes is
shown in =Supplementary Table S1 (available in the online
version). Summary-level data of type 1 diabetes were ac-
quired from the GWAS conducted by Forgetta et al in 2020.%2
This study included 9,358 type 1 diabetes cases and 15,705
controls covering 12,783,129 SNPs from 12 European
cohorts, with the objective to discover novel rare loci with
large effects on risk of type 1 diabetes. For type 2 diabetes,
summary-level data were extracted from a meta-analysis of
GWAS with 62,892 type 2 diabetes cases and 596,424 con-
trols, containing 5,030,727 SNPs.?3 This study meta-analyzed
three GWAS datasets of European descendants: DIAbetes
Genetics Replication and Meta-analysis (DIAGRAM,
N=149,821, participants from more than 10 countries),
Genetic Epidemiology Research on Aging (GERA,
N=53,888, all White European American participants),
and UK Biobank (UKB, N=455,607, all UK participants),
aiming at identifying functional genes and inferring possible
mechanisms for type 2 diabetes. Moreover, GWAS datasets
used for VTE (9,176 cases and 209,616 controls), PE (4,185
cases and 214,228 controls), and DVT (4,576 cases and
190,028 controls) were derived from FinnGen biobank
(www.finngen.fi) that released in 2021. The FinnGen re-
search project was launched in 2017, by combining genome
information with digital health care data from Finnish par-
ticipants. The project aims at improving human health
through genetic research. The FinnGen study plans to utilize
500,000 unique samples collected from a nationwide net-
work of Finnish biobanks. Once completing the study, the
database will cover approximately 10% of the Finnish popu-
lation. The study was conducted according to the guidelines
of the Declaration of Helsinki. The informed consent was
obtained from the participants. The study protocol had been
approved by the institutional review committees of the
original research studies.

The selection of SNPs used as IVs was according to the
criteria as follows: (1) SNPs must meet genome-wide signif-
icance criteria (p <5 x 1078); (2) SNPs were not in linkage
disequilibrium (defined as r? < 0.001 within 10,000 kbp win-
dow based on the European 1000 Genomes panel); (3) F-
statistic [F-statistic =(B/SE)?] of SNPs >10 to avoid weak
instrument bias; (4) removing instruments with reverse
causality by using Steiger filtering; (5) removing potential
pleiotropic SNPs by the MR pleiotropy residual sum and
outlier (MR-PRESSO) method.?*2>

Statistical Analysis

The inverse variance weighting with multiplicative random
effect (IVW-MRE) method was used to obtain the primary
causal estimates. Odds ratios (ORs) with 95% confidence
intervals (CIs) are presented for the causal effects. The
statistical significance was considered as p < 0.05/6 (2 expo-
sures x 3 outcomes) = 0.008; findings with p-value between
0.008 and 0.05 were regarded as suggestive evidence of
association.

To validate assumption 1, the IVs selected were strongly
associated with the exposure of interest at genome-wide
significance level. And also, SNP F-statistics, which assess
the instrument strength, were all greater than 10
(=Supplementary Table S2, available in the online ver-
sion).?® The assumptions 2 and 3 are independent from
horizontal pleiotropy.?’ Several methods were conducted to
reduce the potential pleiotropy. First, the potential pleio-
tropic SNPs were removed by the MR-PRESSO method.?*%°
Second, other MR analysis methods, including MR egger
regression, weighted median, and weighted mode, were
performed as additional sensitivity analyses. The potential
pleiotropy was tested by MR egger regression, and an
intercept did not statistically differ from zero (p > 0.05)
that suggested that there might be no horizontal pleiotro-
py.2”?8 Third, given that both smoking and body mass index
(BMI) were related to diabetes and VTE,>°-3! it indicated
that these factors may confound the diabetes-VTE associa-
tion. Therefore, to further reduce the potential pleiotropy,
MVMR with smoking and BMI as covariates was also
implemented. An overview of GWAS summary statistics
for covariates is listed in ~Supplementary Table S3 (avail-
able in the online version).

Despite GWAS used for VTE (including DVT and PE)
derived from FinnGen biobank, which only enrolled Finnish
participants, GWAS used for type 1 and type 2 diabetes
partially included Finnish individuals. A limited overlapping
might present between the cohorts used in the exposures
and outcomes GWAS, which was unavoidable due to the use
of summary-level data. To avoid the weak instrument bias in
MR analyses brought by potential overlapped datasets, IVs
with F-statistic <10 were removed as mentioned above. The
distribution (range and mean) of F-statistics is shown in
~Supplementary Table S2 (available in the online version),
which indicated that F-statistics were large enough to avoid
the weak instrumental bias.

The analyses were performed using the R software (R
Foundation for Statistical Computing, Austria, version 4.1.3),
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and the R package of “TwoSampleMR” and “MR-PRESSO” was
used to perform MR analyses.

Results

A bidirectional MR analysis was performed to assess the
association between diabetes and VTE. The numbers of
eligible SNPs associated with exposures (diabetes or VTE)

are shown in =Figs. 1 and 2, respectively. The causal esti-
mates were calculated by both univariable and MVMR
analyses.

Causal Effects of Diabetes on VTE

The causal associations of type 1 diabetes and type 2
diabetes with VTE by univariable MR analysis are shown
in =Fig. 1. The results of IVW-MRE suggested that there was

(A) Outcomes No.SNPs OR (95% CI) P value
Type 1 diabetes VTE 37 —— 0.98(0.96-1.00)  0.043
DVT 37 —— 0.98 (0.95-1.00) 0.102
PE 37 —— 0.98 (0.96-1.01) 0.160
(B)
Type 2 diabetes VTE 114 — 0.97 (091-1.03) 0.291
DVT 114 L 0.96 (0.89-1.03) 0.255
PE 114 T 0.97 (0.90-1.04) 0.358
f T T 1
0.8 0.9 1 1.1

Fig.1 The causal association of diabetes with VTE. In univariable MR analysis, results of IVW-MRE suggested that there were no significant causal
effects of type 1 (A) and type 2 (B) diabetes on VTE. Cl, confidence interval; DVT, deep vein thrombosis; IVW-MRE, inverse variance weighting
with multiplicative random effect method; MR, Mendelian randomization; No. SNPs, number of single-nucleotide polymorphisms; OR, odds

ratio; PE, pulmonary embolism; VTE, venous thromboembolism.

(A) Outcomes No.SNPs OR (95% CI) P value
VTE Type 1 diabetes 12 —— 0.98(0.92-1.05) 0.604
Type 2 diabetes 6 —— 1.04 (1.00-1.09) 0.069
(B)
DVT Type 1 diabetes 9 —a— 0.97(091-1.04) 0.375
Type 2 diabetes 5 —— 1.04 (1.00-1.09) 0.066
©
PE Type 1 diabetes 6 - ' 0.98(0.88-1.10)  0.725
Type 2 diabetes 3 —— 1.02(098-1.07) 0.271
f T T T 1
0.8 0.9 1 1.1 1.2

Fig. 2 The causal associations of VTE with type 1 and type 2 diabetes. The results showed that there were no causal effects of VTE (A), DVT (B),
and PE (C) on type 1 and type 2 diabetes by IVW-MRE in univariable MR analysis. Cl, confidence interval; DVT, deep vein thrombosis;
IVW-MRE, inverse variance weighting with multiplicative random effect method; MR, Mendelian randomization; No. SNPs, number of single-
nucleotide polymorphisms; OR, odds ratio; PE, pulmonary embolism; VTE, venous thromboembolism.
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a suggestive causal effect of type 1 diabetes on VTE (OR:
0.98, 95% CI: 0.96-1.00, p =0.043). However, no significant
effects were observed on DVT (OR: 0.98, 95% CI: 0.95-1.00,
p=0.102) and PE (OR: 0.98, 95% CI: 0.96-1.01, p=0.160),
respectively.

For type 2 diabetes, no significant association with VTE
was found (OR: 0.97, 95% CI: 0.91-1.03, p =0.291) (~Fig. 2).
And also, there were no causal associations of type 2 diabetes
with DVT (OR: 0.96,95% CI: 0.89-1.03, p = 0.255) and PE (OR:
0.97, 95% CI: 0.90-1.04, p=0.358), respectively.

In sensitivity analysis (=~ Supplementary Table S4, available
in the online version), for type 1 diabetes and type 2 diabetes—
VTE associations, the estimated ORs calculated by MR egger
regression, weighted median, and weighted mode showed
similar directions with the results from the IVW-MRE method.
The pleiotropy test using MR egger regression indicated that
pleiotropy may exist for causal association between type 1
diabetes and DVT (p < 0.05) (~Supplementary Table S5, avail-
able in the online version), and the MR Egger regression also
suggested a significant causal association of type 1 diabetes
with DVT (OR: 0.95, 95% CI: 0.91-0.98, p=0.004). Moreover,
no significant pleiotropy biased the other causal estimations
(p>0.05).

The diabetes and VTE risk were correlated with smoking
and BMIL. To further reduce the influence of potential pleiotro-
py from these factors, MVMR analysis was conducted. After
adjusting for smoking and BMI, no significant associations of
type 1 and type 2 diabetes with VTE were observed (~Table 1).

Causal Effects of VTE on Diabetes

We further examined the causal effects of VTE on type 1 and
type 2 diabetes. In both univariable (=Fig. 2) and MVMR
analysis (=Table 2), no significant causal effects of VTE on
type 1 and type 2 diabetes were observed. Moreover, the
sensitivity analysis (=~Supplementary Table S6, available in
the online version) supported the results from IVW-MRE in
univariable analysis, and the pleiotropy test using MR egger
regression indicated that no significant pleiotropy biased the
causal estimations (p>0.05) (~Supplementary Table S7,
available in the online version).

Discussion

In comparison with some well-recognized risk factors of VTE,
such as immobility, major trauma, older age, cancer, and
thrombophilia, conflicting results were reported for diabe-
tes.'%"12 The current study provided the first evidence from
MR analysis on the causal associations of type 1 and type 2
diabetes with VTE, and no significant causal effects of type 1
and type 2 diabetes on VTE risk were observed in univariable
analysis. After controlling for potential confounders, the
causal associations were not changed.

Despite possible pleiotropy existed between type 1 dia-
betes and DVT, and the MR Egger test suggesting a significant
causal association between type 1 diabetes and DVT, it
should be noted that MR Egger is statistically less powerful
than IVW and no causal association was indicated by MVMR

Table 1 The results of multivariable MR analysis for associations between diabetes and VTE

Exposures Outcome No. SNPs OR (95% Cl) p-Value

Type 1 diabetes VTE 25 0.98 (0.96-1.00) 0.080
DVT 25 0.98 (0.95-1.01) 0.197
PE 25 0.98 (0.95-1.01) 0.166

Type 2 diabetes VTE 89 0.97 (0.91-1.03) 0.277
DVT 89 0.96 (0.89-1.04) 0.274
PE 89 0.96 (0.89-1.04) 0.310

Abbreviations: Cl, confidence interval; DVT, deep vein thrombosis; MR, Mendelian randomization; No. SNPs, number of single-nucleotide
polymorphisms; OR, odds ratio; PE, pulmonary embolism; VTE, venous thromboembolism.
Note: The table provided the results of multivariable MR after controlling smoking and body mass index.

Table 2 The results of multivariable MR analysis for associations between VTE and diabetes

Exposures Outcome No. SNPs OR (95% Cl) p-Value
VTE Type 1 diabetes 9 1.04 (0.92-1.18) 0.493
Type 2 diabetes 5 1.05 (0.89-1.24) 0.525
DVT Type 1 diabetes 5 1.05 (0.95-1.16) 0.321
Type 2 diabetes 3 1.07 (0.92-1.25) 0.381
PE Type 1 diabetes 4 1.01 (0.88-1.16) 0.866
Type 2 diabetes 3 1.05 (0.92-1.21) 0.465

Abbreviations: Cl, confidence interval; DVT, deep vein thrombosis; MR, Mendelian randomization; No. SNPs, number of single-nucleotide
polymorphisms; OR, odds ratio; PE, pulmonary embolism; VTE, Venous thromboembolism.
Note: The table provided the results of multivariable MR after controlling smoking and body mass index.
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analysis. Thus, we believe no causal effects of type 1 diabetes
on DVT. In addition, a bidirectional design also excluded the
reversal causality between VTE and diabetes.

Hyperglycemia and insulin resistance, the main metabolic
abnormalities in diabetes, have been proposed to contribute
to the diabetic prothrombotic status through a series of
events, including endothelial dysfunction, platelet hyperac-
tivity, impaired fibrinolysis, oxidative stress, and low-grade
inflammation.3? Not only atherothrombotic events, VTE was
also seen to occur more frequently in patients with diabe-
tes.>3> Moreover, according to the known evidence, current
guidelines considered diabetes as a weak risk factor (OR < 2)
for VTE.® Our null findings for these reasons came as sur-
prising. Nevertheless, some observational studies were in
line with our findings when confounders were meticulously
taken into account,'?13-34

The results of the current study contradicted the find-
ings from two previous meta-analyses that suggested that
diabetes increased the risk of VTE.'®'" However, BMI,
race, and other potential confounders that may affect
the diabetes-VTE association were not considered in
these previous studies, thus making their results difficult
to interpret. After adjusting for BMI, Bell et al found the
absence of statistical significance.'? Similarly, in a case-
control study, diabetes was univariablely identified as a
risk factor for VTE, while the association disappeared after
controlling for confounders.'” In several observational
studies,3>3 on account of the positive association of
diabetes with VTE was attenuated after adjusting for BMI,
it was suggested that some of the associations may be
attributed to a higher prevalence of obesity among indi-
viduals with diabetes. In addition, the commonly used
adjustment factors in observational studies, such as obe-
sity, hypertension, dyslipidemia, and smoking, may con-
tribute to the reported hypercoagulability and endothelial
dysfunction among diabetic patients.>* On the other hand,
Heit et al have shown that patients with diabetes were
more frequently hospitalized for surgery or for acute
medical illness, or confined to a nursing home, which
tended to support that these risk factors predisposed
these patients to develop VTE.?

Pleiotropy is an important issue to be considered in MR
analysis. In many cases, multiple genetic variants were used
in MR analysis, and it may be difficult to ensure each
genetic variant solely associating with the risk factor of
interest. In the current study, for example, if some diabetes
variants had effects on VTE through other pathways instead
of diabetes, IV assumptions would not hold and the causal
estimates were biased. Given that smoking and BMI were
both related to diabetes and VTE>°~3! we used MVMR
analysis with adjustment for smoking and BMI to assess
the independent effects of diabetes on VTE. Consistent with
some observational studies,'?'>3437 the results indicated
that there were still no significant causal effects of type 1
and type 2 diabetes on VTE risk. Since the MR method is
able to examine the causal association and without the
influence of reversal causality and environmental con-

Thrombosis and Haemostasis  Vol. 123 No. 9/2023 © 2023. The Author(s).

founding, we believe that diabetes is not causally related
to the development of VTE.

Some limitations need to be addressed in our study. First, as
stated above, although this study suggested no causal effects of
type 1 and type 2 diabetes on VTE risk, the exact pathways that
underlying high prevalence of VTE in these patients need
further investigation. Second, to ensure the homogeneity of
genetic background, we assess and compare the causal asso-
ciations of type 1 and type 2 diabetes with VTE only in
individuals of European descendants, thus limiting the gener-
alizability of our results to populations with other races or
ethnicities. Third, the summary-level data were used to per-
formed MR analysis, thus the effects of diabetes on VTE in
different subgroups, such as older versus younger or male
versus female, cannot be answered. Fourth, a limited over-
lapping might exist between the cohorts used in the exposures
and outcomes, but the F-statistics for IVs were large enough to
avoid the weak instrumental bias. Nonetheless, it was the first
bidirectional MR study to assess the causal association of
diabetes with VTE, and both univariable and multivariable
analyses obtained the consistent results.

Conclusion

In conclusion, the bidirectional MR analysis demonstrated
that there were no significant causal associations of type 1
and type 2 diabetes with VTE. The positive association
reported by observational studies may result from confound-
ers frequently identified in diabetic patients rather than a
causal effect of diabetes.

What is known about this topic?

* Diabetes was considered as a risk factor for venous
thromboembolism (VTE).

* The association between diabetes and VTE was con-
flicting according to available research studies.

What does this paper add?

» There were no significant causal effects of type 1 and
type 2 diabetes on VTE.

* Nosignificant causal effects of VTE on type 1 and type 2
diabetes were also observed.

» The exact mechanisms underlying high prevalence of
VTE in these patients need further investigation.
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