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and bioinformatics study
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Abstract

Background To explore the causal relationship between serum albumin and venous thromboembolism (VTE)
comprises deep vein thrombosis (DVT) and its consequential condition, pulmonary embolism (PE), through
Mendelian randomization (MR) design, seeking to clarify the protective roles of albumin in the development of
venous thrombosis.

Methods We performed a bidirectional two-sample Mendelian randomization analysis utilizing aloumin genome-
wide association study (GWAS) data alongside VTE datasets from various sources. Additionally, to minimize
heterogeneity across different datasets, a meta-analysis of the Mendelian randomization results was conducted.
Furthermore, genes associated with such exposures were identified to unravel how exposure impacts outcomes.
This was followed by applying bioinformatics techniques for gene enrichment analysis and employing the Cytoscape
software to pinpoint the hub genes.

Results The findings from the meta-analysis of the Mendelian randomization indicate that reduced levels of albumin
are associated with an elevated risk of VTE (OR=0.739, 95% Cl: 0.695 t0 0.787, P=1.82e-9), DVT (OR=0.700, 95% Cl:
0.646 t0 0.772, P=2.96e-15),and PE (OR=0.717, 95% Cl: 0.647 to 0.793, P=1.74e-10). Bioinformatics analysis revealed
that serum albumin primarily protects against VTE by influencing inflammation and cytokines.

Conclusions Our bidirectional MR analysis confirmed a substantial causal association linking serum albumin to VTE.
Bioinformatics analysis revealed that this causal link is mediated by the immune response through inflammation and
cytokines.
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Background

Venous thromboembolism (VTE), including deep vein
thrombosis (DVT) and its consequential condition, pul-
monary embolism (PE), is a prevalent and potentially
lethal disorder encountered in medical settings [1]. In
2010, thromboembolic conditions were estimated to
be responsible for a quarter of all global deaths, making
them the primary cause of mortality [2]. Therefore, iden-
tifying the risk factors for VTE and early prevention are
crucial for the patient’s prognosis. Common risk factors
for venous thrombosis consist of immobility, obesity, and
older age [3]. Research has also shown that genetic fac-
tors significantly contribute to developing VTE [4], such
as antithrombin (AT), protein C (PC), and protein S (PS)
gene mutations, leading to loss of protein anticoagulant
function [5].

Serum albumin is essential for the maintenance of
plasma colloid osmotic pressure and exhibits a range of
physiological properties, notably its antioxidant, anti-
inflammatory, anticoagulant, and antiplatelet aggregation
functions [6]. Numerous observational studies indicate
that decreased albumin levels are associated with an
elevated risk of VTE [7-10]. However, existing evidence
from observational studies may be influenced by biases,
including confounding or reverse causation. Serum albu-
min concentrations can be affected by various underlying
factors, including infections, malnutrition, and renal dis-
ease, making it challenging to explain their direct causal
relationship with VTE.

Based on Mendel’s inheritance laws, the Mendelian
randomization (MR) study design closely parallels that
of randomized controlled trials (RCTs), allowing for the
control of unmeasured confounders and distinguishing
between causation and correlation [11]. Because geno-
types are early biological markers, they are less vulner-
able to the effects of environmental factors and disease
status, thereby ruling out unmeasured confounders and
the possibility of reverse causation [12]. This methodol-
ogy offers a stronger foundation for assessing the causal
associations between serum albumin and VTE occur-
rences. In this study, we employed bidirectional MR to
probe the causal connections between serum albumin
and the vulnerability to VTE, including its DVT and PE
subtypes, using openly accessible genome-wide asso-
ciation study (GWAS) data retrieved from a European
cohort. The objective of our research was to investigate,
using MR design, the causal link between serum albumin
and VTE, and to elucidate the protective mechanisms of
albumin in the pathogenesis of VTE.

Methods

Study design

Genetic variants are instrumental variables in MR in
determining causality. The MR approach rests on three
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critical assumptions: (1) The instruments must demon-
strate a robust association with the exposure variable;
(2) The instruments should not be influenced by any
potential confounding variables; and (3) The instruments
should affect the outcome solely through their relation-
ship with the exposure variable [13]. Based on the three
major assumptions above, we conducted a two-sample
bidirectional MR analysis of serum albumin with VTE.
To elucidate the mechanisms through which these expo-
sures affect outcomes, we identified associated genes and
applied bioinformatics techniques for gene enrichment
analysis. CytoHubba, a plugin within Cytoscape, was
utilized to pinpoint the key genes integral to this pro-
tective mechanism. The specific research methodology
is depicted in Fig. 1. Given that this study relies on pre-
existing publications and publicly available databases,
there is no requirement for additional ethical approval or
consent.

Data source
Table 1 provides a summary of the GWAS utilized for
both exposures and outcomes in this study. The GWAS
datas for serum albumin were sourced from three dis-
tinct datasets. GCST90025992 was obtained from the UK
Biobank (UKB), where analysis encompassed 54 herita-
ble traits, such as anthropometric measurements, blood
pressure, pulmonary function, hematological indices, and
serum biomarker levels [14]. GCST90092807 was derived
from research conducted by Richardson TG et al., which
focused on assessing the genetic predictive impact of
therapeutic targets on the human metabolome [15].
This analysis was performed through large-scale pheno-
typic evaluation, integrating targeted metabolomics with
GWAS genotyping within the UKB. GCST90018945 orig-
inated from the investigation by Sakaue S et al., carried
out an extensive genome-wide association study with as
many as 315,268 individuals from European cohorts [16].
The FinnGen consortium, focusing on leveraging
genetic data from the Finnish population to comprehend
the genetic foundation of diseases and characteristics,
provided summary statistics on VTE, DVT, and PE in
European populations. The study followed the principles
set forth in the Declaration of Helsinki, and informed
consent was secured from all participants before the
commencement of the research. The institutional review
boards approved the study protocol of the original
research studies. Cases were identified using the codes
from the International Classification of Diseases.

Selection of instrumental variables

At first, genome-wide significant single nucleotide poly-
morphisms (SNPs) associated with the exposure were
detected using a threshold of p<5.0x10°% Follow-
ing this, a predetermined criterion (r*<0.001 within a
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Fig. 1 A summary of the bidirectional Mendelian randomization study and bioinformatics study. Created in BioRender.com

Table 1 An overview of GWAS used for exposures and outcomes

Exposures/Outcomes Source PubMed ID Author participants  Year Sample size

Venous thromboembolism FinnGen _ _ European 2021 21,021 cases and 391,160 controls

Deep vein thrombosis 6,501 cases and 357,111 controls

Pulmonary embolism 10,046 cases and 401,128 controls

Serum albumin levels GCST90025992 34,226,706 Barton AR 2021 400,938 individuals
GCST90092807 35,213,538 Richardson TG 2022 115,064 individuals
GCST90018945 34,594,039 Sakaue S 2021 315,268 individuals

10,000 kb region) was applied to remove SNPs in linkage
disequilibrium, thereby guaranteeing the independence
of the selected instrumental variables [17]. The F-statistic
was utilized to evaluate the strength of the instrumental
variables (IVs), where values greater than 10 indicated a
reduced likelihood of weak instrument bias greater than
10 [18]. The SNP F-statistics we selected were all greater
than 10 (Supplementary File 1). Ultimately, aligning

variants removed SNPs incompatible with the outcome
datasets and those displaying a palindromic sequence.
Furthermore, the MR Steiger filtering technique was
utilized to eliminate SNPs that had an incorrect causal
orientation. We reviewed the human gene phenotypic
association database (PhenoScanner V2) [19] to assess
potential pleiotropic connections between instrumen-
tal variables and unrelated traits, excluding those linked
to VTE, such as smoking and BMI. Subsequently, we
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utilized the MR-PRESSO [20] and Radial MR techniques
[21] to eliminate any potential pleiotropic SNPs.

Bioinformatics analysis

FUMA (Functional Mapping and Annotation, https://fu
ma.ctglab.nl/snp2gene) is a comprehensive online bioin
formatics platform designed for the functional annota-
tion, gene mapping, and downstream analysis of SNPs
identified through GWAS or other genetic research. In
this study, we employed its gene mapping functionality
to assign SNPs to their nearest genes based on a linear
closest-gene approach (within 100 kb), facilitating further
analyses (Supplementary File 2).

Next, we annotated the mapped genes using the R
package org.Hs.eg.db, which provides updated and com-
prehensive human genome annotations. Subsequently,
we performed functional enrichment analysis using the
clusterProfiler package in R to identify overrepresented
pathways and biological processes. The analysis focused
on Gene Ontology (GO) terms in three categories: bio-
logical processes (BP), molecular functions (MF), and
cellular components (CC), as well as Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways. Enrichment
significance was evaluated using hypergeometric testing
and adjusted for false discovery rate (FDR<0.05) using
the Benjamini-Hochberg method. For clarity, the enrich-
ment results were visualized using the Sangerbox 3.0
platform, an open-access tool that provides interactive,
publication-ready figures.

To explore protein-protein interactions, we queried the
STRING database (https://string-db.org/), a curated pla
tform that integrates experimentally validated and pre-
dicted protein-protein interaction data. Leveraging this
interaction data, we constructed a preliminary interac-
tion network and imported it into Cytoscape, an open-
source platform designed for visualizing and analyzing
complex molecular networks. Cytoscape employs com-
putational metrics to prioritize nodes based on their net-
work topology. We used degree centrality as the primary
ranking criterion to identify the top 10 highly connected
(“hub”) genes within the network. This detailed network
provides critical insights into the molecular interactions
underlying VTE-related phenotypes and forms the foun-
dation for further experimental validation and hypothesis
development.

Statistical analysis

The inverse variance weighting (IVW) technique derived
the primary causal estimates. In the random-effects IVW
method, regression analysis is carried out by regress-
ing genetic associations with the outcome against asso-
ciations with the exposure, with the intercept set to zero.
This method offers a reliable causation prediction when
heterogeneity exists and no horizontal pleiotropy exists
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[22]. Additionally, we applied various other MR method-
ologies, such as the MR Egger approach [23], weighted
median technique [24], weighted mode approach [25] and
MR-PRESSO methodology [20], to assess the robustness
of the IVW test outcomes. Subsequently, a meta-analysis
was conducted to synthesize the aggregated estimates of
albumin’s association with the risk of VTE. The I statistic
was employed to quantify heterogeneity across the three
studies, and P values were derived using the Cochran Q
test. In the absence of heterogeneity, a fixed-effect model
was applied to integrate the causal estimates. Conversely,
a random-effects model was utilized when heterogeneity
was present.

Pleiotropy was assessed using MR-Egger regression,
revealing that the intercept was not significantly different
from zero (p>0.05), suggesting the absence of horizontal
pleiotropy [20]. Heterogeneities were measured using the
Cochran Q statistic within the IVW method, yielding a P
value of <0.05, signifying substantial heterogeneity [26].
Additionally, a leave-one-out sensitivity analysis was con-
ducted to identify potentially impactful SNPs.

The study displays odds ratios (ORs) and 95% confi-
dence intervals (ClIs) to illustrate the causal effects. An
adjusted p-value of 0.05/9 (combining three exposures
and three outcomes) after the Bonferroni correction was
considered statistically significant [27]. Results within the
p-value range of 0.0056 to 0.05 were interpreted as pro-
viding suggestive indications of association. All statistical
computations were performed using R software (version
4.2.0), utilizing the “TwoSampleMR” and “MR-PRESSO”
packages for executing MR.

Results

Selection of instrumental variables

Comprehensive details regarding each independent SNPs
linked to the exposure are provided in Supplementary
File 1. Within our assessment, the F-statistics of the IVs
associated with the exposure consistently surpassed the
threshold of 10, indicating a low risk of bias due to weak
instrumental variables.

Bidirectional MR analysis

The causal effect of serum albumin on VTE

Our research demonstrates a causal relationship between
decreased albumin levels and the incidence of VTE. In
the GCST90025992 study, MR analysis using the IVW
method yielded an OR of 0.785 for VTE (95% CI: 0.709
to 0.870, P=7.87e-6). In the GCST90092807 study, using
the IVW method resulted in an OR of 0.796 for VTE
(95% CIL: 0.675 to 0.939, P=0.009). In the GCST90018945
study, applying the IVW method in MR analysis pro-
duced an OR of 0.693 for VTE (95% CI: 0.635 to 0.756,
P=9.78e-16). A subsequent meta-analysis of the three
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GWAS data yielded a combined OR of 0.739 (95% CI:
0.695 to 0.787, P=1.82e-9) (Figs. 2A and 3A).

The causal effect of serum albumin on DVT

Using the IVW method, the primary analyses unveiled
a substantial causal influence of albumin. In the
GCST90025992 study, the IVW method in MR analysis
produced an odds ratio of 0.741 for DVT(95% CI: 0.651
to 0.844, P=9.18e-6). The GCST90092807 study similarly
found an OR of 0.741 (95% CI: 0.577 to 0.952, P=0.019).
The GCST90018945 study reported an OR of 0.643 (95%
CI: 0.559 to 0.739, P=1.49e-9) with the IVW method. A
meta-analysis combining these three GWAS results pro-
duced an overall OR of 0.700 (95% CI: 0.646 to 0.772,
P=2.96e-15) (Figs. 2B and 3B).

The causal effect of serum albumin on PE

The initial IVW analysis identified a significant causal
effect of albumin. In the GCST90025992 study, MR anal-
ysis with the IVW method resulted in an OR of 0.717 for
PE (95% CI: 0.647 to 0.793, P=1.74e-10). Similarly, the
GCST90092807 study reported an OR of 0.702 (95% CI:
0.569 to 0.866, P=0.001). The GCST90018945 study also
applied the IVW method, reported an OR of 0.669 (95%
CI: 0.595 to 0.740, P=5.99e-13). A meta-analysis of these
three GWAS revealed an overall OR of 0.693 (95% CI:
0.646 to 0.743, P=9.64e-25) (Figs. 2C and 3C).

The sensitivity analysis for the causal effect of serum albumin
on VTE, DVT, and PE

Funnel plots and Cochran’s Q test indicated a lack of
heterogeneity. Additionally, the MR-Egger intercept and
MR-PRESSO analyses confirmed the lack of horizon-
tal pleiotropy, as shown in Table 2 and Supplementary
Figs. 1-9. Furthermore, a leave-one-out sensitivity analy-
sis did not identify any single SNP as a significant driver
behind the causal association between albumin and VTE,
as illustrated in Supplementary Figs. 1-9.

Reverse MR analyses

In reverse analyses, all employed methods uniformly
indicated a lack of significant causal association between
genetically predicted VTE and serum albumin, as
depicted in Supplementary Fig. 10.

Biological functional analysis

We used FUMA for gene mapping and identified genes
situated 100 kb upstream and downstream of the SNPs
associated with albumin. After removing duplicates, we
identified 1,128 genes associated with albumin and VTE,
1,085 genes associated with DVT, and 1,231 genes associ-
ated with PE (Fig. 4A-C and Supplementary File 2). We
conducted GO and KEGG functional enrichment analy-
sis on these genes to further confirm the mechanism by
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which albumin leads to VTE, DVT, and PE. To obtain a
more precise insight into the biological functions of these
genes, we conducted a comprehensive enrichment analy-
sis in three key categories: BP, MF, and CC. KEGG pri-
marily focuses on the roles of these genes in metabolic
and signal transduction pathways. Our analysis found no
significant enrichment of genes in CC or KEGG pathways
(Supplementary File 3—4).

For genes related to albumin and VTE, those involved
in the BP are primarily enriched in inflammatory
response to antigenic stimulus, collagen metabolic pro-
cess and regulation of collagen biosynthetic process
(Fig. 4D). The molecular functions of the gene products
are mainly concentrated in interleukin-1 receptor bind-
ing, alcohol dehydrogenase [NAD(P)+] activity, and
receptor tyrosine kinase binding (Fig. 4G).

Regarding the genes linked to albumin and DVT, those
involved in BP show significant enrichment in inflamma-
tory response to antigenic stimulus, negative regulation
of catalytic activity, and regulation of peptidase activ-
ity (Fig. 4E). In the domain of MF, these gene products
predominantly exhibit on IgG binding, interleukin-1
receptor binding, and alcohol dehydrogenase [NAD(P)+]
activity (Fig. 4H).

For genes related to albumin and PE, those involved
in BP are predominantly enriched in receptor-medi-
ated endocytosis, regulation of sodium ion transmem-
brane transport, and regulation of sodium ion transport
(Fig. 4F). The MF focuses on regulating receptor tyrosine
kinase binding, alcohol dehydrogenase [NAD(P)+] activ-
ity, and sodium channel regulator activity (Fig. 41).

Utilizing the Hub plugin within Cytoscape, we identi-
fied the top 10 hub genes. The hub genes associated with
albumin in the contexts of VTE, DVT and PE exhibit
remarkable similarity. The top 10 genes in VTE are TP53,
TNEF, IL6, ALB, BCL2, PPARG, ESR1, CD44, MTOR and
CREBBP (Fig. 4]). For DVT, the top 10 genes are TP53,
TNEF, IL6, ALB, UBA52, BCL2, PPARG, CD44, ESR1 and
MTOR (Fig. 4K). For PE, the top 10 genes are TP53, TNF,
IL6, UBA52, ALB, UBB, ESR1, GRB2, BCL2 and PPARG
(Fig. 4L).

Discussion
To investigate the possible causal link between serum
albumin parameters and VTE events, we employed MR
analysis with a substantial sample of GWAS data. The
results of the MR suggest that low albumin levels lead to
an increase in VTE, DVT, and PE. Furthermore, through
bioinformatics analysis, we investigated the potential
mechanism by which serum albumin exerts a protective
effect against VTE.

Previous studies have also found that low serum albu-
min is a moderate indicator of increased risk of VTE.
However, the association observed in observational
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Fig. 2 (A) The results of the MR analysis between albumin and VTE. The GCST90025992 study showed an OR of 0.785 (95% Cl: 0.709-0.870, P=7.87e-6).
The GCST90092807 study reported an OR of 0.796 (95% Cl: 0.675-0.939, P=0.009). The GCST90018945 study yielded an OR of 0.693 (95% Cl: 0.635-0.756,
P=9.78e-16). (B) The results of the MR analysis between albumin and DVT. The GCST90025992 study reported an OR of 0.741 (95% Cl: 0.651-0.844,
P=9.18e-6). The GCST90092807 study found an OR of 0.741 (95% Cl: 0.577-0.952, P=0.019). The GCST90018945 study yielded an OR of 0.643 (95% Cl:
0.559-0.739, P=1.49e-9). (C) The results of the MR analysis between albumin and PE. The GCST90025992 study reported an OR of 0.717 (95% Cl: 0.647-
0.793, P=1.74e-10). The GCST90092807 study found an OR of 0.702 (95% Cl: 0.569-0.866, P=0.001). The GCST90018945 study yielded an OR of 0.669 (95%
Cl:0.595-0.740, P=5.99e-13)
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Fig. 3 (A) The results of the MR-meta between albumin and VTE. The meta-analysis combined three GWAS datasets, yielding a pooled odds ratio (OR)
of 0.739 (95% Cl: 0.695 to 0.787, P=1.82e-9), indicating higher albumin levels may have a protective effect in reducing the risk of VTE. (B) The results of
the MR-meta between albumin and DVT. The meta-analysis combining the three GWAS datasets generated a pooled odds ratio (OR) of 0.700 (95% Cl:
0.646 to 0.772, P=2.96e-15). The results suggest that higher albumin levels may have a protective effect in reducing the risk of DVT. (C) The results of the
MR-meta between albumin and PE. The meta-analysis combining the three GWAS datasets generated a pooled odds ratio (OR) of 0.693 (95% Cl: 0.646 to
0.743, P=9.64e-25). The results suggest that higher aloumin levels may have a protective effect in reducing the risk of PE

Table 2 The sensitivity analysis of serum albumin on VTE, DVT, and PE

Pleiotropy Heterogeneity
MR-Egger intercept MR-PRESSO global test Cochran’s Q test IVW Cochran’s Q test Egger
test
Exposure Outcome intercept Pval Pval Pval Pval
GCST90025992 VTE -0.001 0.592 0.700 0.701 0.667
DVT 0.001 0.781 0.991 0.989 0.987
PE 0.002 0422 0.798 0.796 0.791
GCST90092807 VTE -0.008 0.393 0.707 0.709 0.699
DVT -0.012 0.358 0.703 0.702 0.699
PE -0.003 0.792 0.892 0.865 0.829
GCST90018945 VTE -0.001 0.599 0.770 0.773 0.761
DVT -0.004 0.284 0.993 0.993 0.993
PE -0.002 0483 0.792 0.774 0.765

studies may not necessarily reflect causality. Our MR
study precisely addresses this limitation. However, the
protective mechanism of albumin against VTE is not yet
clear. By conducting functional enrichment analysis on
genes related to albumin and VTE, we found that they
are primarily enriched in pathways such as inflamma-
tory response to antigenic stimulus, interleukin-1 recep-
tor binding, and alcohol dehydrogenase activity. Key
gene analysis further highlights a strong association with
inflammation and cytokines. Research has now recog-
nized a bidirectional relationship between inflammation

and thrombosis [28].TP53 is the primary focus of this
investigation. It is a critical tumor suppressor gene and
plays a role in modulating immune responses and regu-
lating inflammatory signaling [29]. Loss of TP53 function
affects the expression, activity, and release of coagula-
tion factors, including tissue factor [30]. Numerous stud-
ies highlight TP53 as a key biomarker for VTE [31-34].
Recent clinical studies in liver cancer have demon-
strated a correlation between a high coagulation-related
risk score and a higher TP53 mutation rate [35]. This
may partially elucidate the elevated prevalence of VTE
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observed in oncology patients. A meta-analysis revealed
a significant association between elevated IL-6 levels and
the incidence of VTE in COVID-19 patients [36]. A case-
control study also identified IL-6 as an independent risk
factor for VTE [37]. This aligns with the established role
of IL-6 in the coagulation cascade. Inflammation-induced
IL-6 elevation stimulates the synthesis of acute-phase
proteins such as C-reactive protein, thrombopoietin, and
fibrinogen [38, 39]. IL-6 initiates the coagulation cas-
cade through the upregulation of tissue factor expres-
sion on monocytes, promoting thrombin activation and
accelerating fibrin clot formation [40]. Concurrently,
IL-6 contributes to endothelial dysfunction via multiple
mechanisms, including the disruption of vascular endo-
thelial-cadherin (VE-cadherin) junctions and upregu-
lation of Cb5a receptor expression on endothelial cells.
Furthermore, IL-6, through its interaction with the sol-
uble IL-6 receptor (sIL-6R) and subsequent activation of
endothelial cells, stimulates the release of IL-6, IL-8, and
monocyte chemoattractant protein-1 (MCP-1). This, in
turn, recruits immune cells and plasminogen activator
inhibitor-1 (PAI-1), further amplifying the coagulation
cascade [41]. Collectively, these mechanisms implicate
IL-6 as a key contributor to the pathogenesis of venous
thrombosis. The study conducted by McInnes et al. dem-
onstrated that the interleukin-6 receptor (IL-6R) antago-
nist tocilizumab (TCZ) significantly reduces circulating
D-dimer levels in patients with rheumatoid arthritis (RA)
[42]. As one of the most widely utilized clinical biomark-
ers of blood coagulation activation, D-dimer is closely
associated with an increased risk of vascular events when
elevated. These findings underscore the pivotal role of
the IL-6 signaling pathway in coagulation and suggest a
promising therapeutic strategy for mitigating thrombotic
risk in patients. In addition to IL-6, elevated TNF-« lev-
els are linked to a heightened risk of VTE [43]. Studies
have shown that infusion of TNF-a can rapidly generate
thrombin, ultimately leading to the formation of deep
vein thrombosis [44]. Tissue factor (TF) is the primary
initiator of the extrinsic coagulation cascade. Inflam-
matory mediators, such as tumor necrosis factor-alpha
(TNF-a), potently induce the expression of both full-
length and alternatively spliced TF in endothelial cells
and blood cells [45]. Beyond its influence on TF, TNF-«a
also downregulates thrombomodulin (TM), a key anti-
coagulant protein [46]. Furthermore, it promotes leuko-
cyte recruitment and platelet activation by upregulating
adhesion molecule expression [47]. In addition, TNF-«
stimulates the release of other pro-inflammatory cyto-
kines, establishing a positive feedback loop that ampli-
fies the coagulation response [48]. Furthermore, the
levels of IL-1 are significantly elevated in patients with
VTE [43]. IL-1 is also an inflammatory cytokine that,
when bound to IL-1R1, leads to the expression of many
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inflammation-related genes [49]. Tissue factor is central
in initiating coagulation, and pro-inflammatory cytokines
such as IL-1, TNF-a, and IL-6 can upregulate tissue fac-
tor expression [50]. This indicates a close relationship
between inflammation and a procoagulant state. BCL-
2, known for its anti-apoptotic properties, is one such
protein. In an animal model of chronic thrombotic pul-
monary arterial hypertension caused by inflammation-
triggered VTE, the mRNA and protein levels of BCL-2
rise with the frequency and duration of embolisms [51].
Moreover, the balance of pro- and anti-apoptotic BCL-2
family protein expression influences platelet apopto-
sis [52, 53]. In patients with acute PE, platelets exhibit
increased mitochondrial reactive oxygen species (ROS)
production and reduced mitochondrial BCL-2 protein
levels, suggesting a state of concurrent platelet activa-
tion and apoptosis [54]. Reports on vascular diseases
and thrombosis related to these mutations are limited.
Evidence has demonstrated that thromboembolism con-
stitutes a significant complication for women undergo-
ing tamoxifen treatment for breast cancer. Genotypic
analysis of estrogen receptors (ESR) can facilitate the
identification of thromboembolism risk subsequent to
tamoxifen exposure [55]. Furthermore, research indicates
that kidney transplant recipients undergoing treatment
with mTOR inhibitors are subject to an elevated risk of
thrombotic events. This increased risk is correlated with
mTOR inhibitor therapy, which induces endothelial acti-
vation, promotes thrombin generation, and impairs fibri-
nolytic activity in patients [56].

Gene enrichment analysis has revealed significant dif-
ferences in the pathways enriched in PE compared to
VTE and DVT. Notably, PE is predominantly associated
with pathways involving receptor-mediated endocyto-
sis and sodium ion transmembrane transport, whereas
VTE/DVT is primarily enriched in pathways related to
antigen-driven inflammatory responses. These disparities
are likely attributable to the unique structural and func-
tional characteristics of pulmonary vascular endothelial
cells. Pulmonary endothelial cells internalize albumin
via receptor-mediated endocytosis (e.g., gp60 and FcRn
receptors) [57]. The internalized albumin plays a pivotal
role in maintaining vascular integrity by regulating endo-
thelial barrier function and exerting anti-inflammatory
effects, which help modulate both inflammatory and
coagulation pathways—functions that are crucial for the
proper physiology of the pulmonary circulation. In the
context of hypoalbuminemia, impaired albumin uptake
and function can lead to endothelial dysfunction, char-
acterized by barrier breakdown, increased inflammation,
and fibrin deposition, thereby markedly elevating the risk
of PE. Sodium ion transmembrane transport is critical for
maintaining cellular ion homeostasis and vascular tone
[58]. Compared to the systemic deep venous system, the
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pulmonary circulation is characterized by low-pressure,
high-flow hemodynamics [59]. These unique hemody-
namic properties render pulmonary vascular endothe-
lial cells particularly susceptible to disruptions in ion
transport. Dysregulation of sodium ion transport may
therefore exert a more pronounced effect on pulmonary
vascular endothelial function, ultimately contributing to
the development and progression of PE.

Albumin is among the most prevalent proteins in the
human body, serving a vital function in regulating blood
osmotic pressure and facilitating the transport of nutri-
ents. It also exhibits antioxidant and anti-inflammatory
properties[60, 61]. Albumin reduces vascular perme-
ability by protecting and restoring the glycocalyx of vas-
cular endothelial cells [62]. This endothelial protection
mechanism may also be associated with its protective
effect against thrombus formation. Albumin can sig-
nificantly reduce TNF-a, IL-6, and IL-1 levels in patients
with liver cirrhosis [63, 64]. In vitro studies have found
that albumin can inhibit the production of cytokines by
blocking TLRY activation and signaling in leukocytes
[64]. It can also protect tissues from inflammatory dam-
age by inhibiting the leakage of lysosomal proteinase B,
releasing mitochondrial cytochrome ¢, and reducing cas-
pase-3 activity [65]. Research on CD44 primarily focuses
on tumor metastasis, with studies in vascular diseases
suggesting that loss or inhibition of CD44 expression
may hinder pathological angiogenesis [66]. Albumin can
induce cell expression of CD44 by activating the ERK
signaling pathway [67]. Hypoalbuminemia is a clinical
feature of nephrotic syndrome and diabetic nephropa-
thy, and studies have shown that urinary UBA52 levels in
these patients are significantly elevated [68, 69]. To date,
no empirical investigations have elucidated a correla-
tion between PPARG, UBA52, CREBBP, GRB2, and UBB
in relation to VTE and albumin. Additional research is
required to elucidate the mechanisms of these genes in
VTE and their therapeutic potential.

Serum albumin has been identified as a reasonable,
cost-effective biomarker for assessing the risk of VTE
[70]. Low serum albumin levels have been shown to be
an independent risk factor for DVT, underscoring the
importance of evaluating DVT risk in patients with
hypoalbuminemia [71]. A recent meta-analysis further
supports this association, demonstrating that hypoalbu-
minemia (defined as <3.5 g/dL) is a significant risk factor
for VTE in both medical and surgical patients [72]. Addi-
tionally, a large population-based cohort study revealed a
linear inverse relationship between serum albumin levels
and VTE risk, with a marked increase in risk observed
when albumin levels fall below 45 g/L [73]. These find-
ings propose the potential for albumin-based or albumin-
enhancing therapeutic strategies in the prevention and
management of VTE. Despite these promising insights,
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several challenges must be addressed before these find-
ings can be effectively translated into clinical practice.
Serum albumin levels are subject to fluctuation across
various pathological conditions, highlighting the need for
the establishment of standardized thresholds to quantify
thrombosis risk. Rigorous clinical trials will be essential
to validate the feasibility and efficacy of albumin-based
therapeutic interventions, as well as to investigate poten-
tial synergistic effects with existing antithrombotic ther-
apies. While serum albumin demonstrates substantial
promise as both a biomarker and therapeutic target in
VTE management, further research is imperative to fully
realize its clinical potential.

From a biological perspective, VITE may influence
serum albumin levels through various indirect mecha-
nisms. For instance, systemic inflammation triggered by
VTE can suppress hepatic albumin synthesis or promote
albumin degradation, thereby leading to altered serum
albumin levels [74]. However, in our MR analysis, the
genetic instruments utilized are predominantly SNPs
directly associated with VTE. While this approach is
effective for evaluating whether VTE has a direct causal
relationship with serum albumin levels, it may not fully
account for other potential indirect pathways, such as
chronic inflammation, hepatic metabolic dysfunction, or
prolonged tissue injury. Given these limitations, future
studies should integrate functional research approaches,
including animal models and cell-based experiments,
to further investigate these potential mechanisms. Such
supplementary studies will provide a more comprehen-
sive understanding of the possible reverse causal rela-
tionship between VTE and serum albumin levels and
elucidate the underlying biological mechanisms.

A notable strength of this study is the use of extensive
serum albumin GWAS datasets and MR to investigate
the causal relationship between serum albumin levels
and VTE. However, a significant limitation is the reli-
ance on GWAS data exclusively from European-ancestry
populations, which may limit the generalizability of the
findings. To improve validity across diverse genetic and
environmental contexts, future research should include
underrepresented populations, such as those of Asian
and African descent. Sensitivity analyses using MR-Egger
and MR-PRESSO tests showed no evidence of horizon-
tal pleiotropy, supporting the robustness of the results.
Horizontal pleiotropy occurs when a genetic variant
influences the outcome through pathways other than the
exposure of interest, potentially biasing the results of MR
analyses. This can be particularly problematic as it vio-
lates a key assumption of MR — that the instrumental
variables only affect the outcome through the exposure.
While the lack of evidence for horizontal pleiotropy is
reassuring, it is important to note that the power of MR-
Egger to detect balanced pleiotropy is inherently limited,
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especially in cases where the sample size is restricted or
the genetic variants used as instruments are relatively
weak. Moreover, MR-PRESSO requires that the majority
of instrumental variables are valid, an assumption that, if
violated, can lead to inaccurate interpretations. Addition-
ally, while genome-wide significance-based SNP selection
ensures strong associations with the exposure, it may
inadvertently include SNPs with downstream pleiotro-
pic effects or exclude biologically relevant variants with
moderate effects. Despite these limitations, the study
provides valuable insights into the potential causal role
of serum albumin in VTE, laying a solid foundation for
future research to expand on these findings.

Conclusions

In summary, our bidirectional MR analysis confirmed a
significant causal relationship between serum albumin
and VTE, which includes DVT and PE. Bioinformat-
ics analysis suggests that this causal relationship may be
mediated by inflammation and cytokines.
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