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ABSTRACT

Introduction: Previous studies have reported
controversial relationships between circulating
vascular endothelial growth factors (VEGF) and
ischemic stroke (IS). This study aims to
demonstrate the causal effect between VEGF
and IS using Mendelian randomization (MR).

Methods: Summary statistics data from two
large-scale genome-wide association studies
(GWAS) for 16,112 patients with measured
VEGF levels and 40,585 patients with IS were
downloaded from public databases and inclu-
ded in this study. A published calculator was
adopted for MR power calculation. The primary
outcome was any ischemic stroke, and the sec-
ondary outcomes were large-artery stroke, car-
dioembolic stroke, and small-vessel stroke. We
used the inverse variance-weighted (IVW)
method for primary analysis, supplemented by
MR-Egger regression and the weighted median
method.
Results: Nine SNPs were included to represent
serum VEGF levels. The IVW method revealed
no strong causal association between VEGF and
any ischemic stroke (odds ratio [OR] 1.01,
95% CI 0.99–1.04, p = 0.39), cardioembolic
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stroke (OR 1.04, 95% CI 0.97–1.12, p = 0.28),
large-artery stroke (OR 1.02, 95% CI 0.95–1.09,
p = 0.62), and small-vessel stroke (OR 0.98,
95% CI 0.91–1.04, p = 0.46). These findings
remained robust in sensitivity analyses. MR-
Egger regression suggested no horizontal
pleiotropy.
Conclusions: This Mendelian randomization
study found no relationship between geneti-
cally predisposed serum VEGF levels and risks of
IS or its subtypes.

Keywords: Vascular endothelial growth factor;
Ischemic stroke; Causal association; Mendelian
randomization; Stroke prevention; Causal link

Key Summary Points

Why carry out this study?

Currently, the causality relationship
between vascular endothelial growth
factors (VEGF) and ischemic stroke (IS)
remains unclear because of the inherited
risk of confounding of observational
studies.

Therefore, we aim to use Mendelian
randomization (MR) analyses to explore
whether genetically predisposed
circulating VEGF levels increase the risk of
IS, and specifically, three subtypes of IS, in
the absence of confounders and reverse
causations.

What was learned from this study?

Our study provides genetic evidence that
high serum VEGF levels do not increase
risks of IS. Therefore, high VEGF levels
may not predict the risk of stroke under
clinical circumstances.

Future studies should investigate the
differences between lacunar and non-
lacunar strokes since they require different
treatment intensities and have diverged
prognosis. Secondly, the specific link
between VEGFA and IS remains to be
elucidated in future studies once such
variables are recognized.

INTRODUCTION

Vascular endothelial growth factors (VEGF)
promote angiogenesis and nurture neurons
[1, 2]. VEGF have been implicated in multiple
stroke-related pathophysiological pathways,
including atherosclerosis, promoting collateral
circulation, and increasing vascular permeabil-
ity [2]. Stroke is the second leading cause of
death and loss of disability-adjusted life years
worldwide [3]. Serum VEGF level is considered
as a potential biomarker of stroke [4], because
high VEGF levels are often observed concur-
rently with ischemic attacks. However, the
causal relationship between VEGF and ischemic
stroke (IS) has never been fully understood.
VEGFA is known as the most effective factor to
promote neovascularization [5] and therefore a
high-level VEGFA expression within
atherosclerotic plaques is believed to lead to
plaque revascularization and eventually cause
large-artery strokes. Compared to VEGFA, other
subtypes of VEGF have received far less research
attention. VEGFB is noted as a ‘‘survival’’ factor
rather than a potent angiogenic factor, because
it protects brain microvasculature stability in
injured regions, rather than producing unsta-
ble neovascularization [6]. Observational stud-
ies from clinical practice have been giving
controversial results in the past few years, and
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an important cause was the mixed measure-
ment of VEGF. Most studies used the enzyme-
linked immunosorbent assay (ELISA) technique
to detect circulating VEGF; however, different
designs of the primary antibodies would bind
different epitopes of VEGF, thus generating
mixed results [4]. Furthermore, a recent Men-
delian randomization study aimed to explore
whether high serum VEGF levels cause ischemic
heart disease, and reported negative results [7].
In summary, whether high serum VEGF levels
would cause ischemic stroke remains unknown.

Mendelian randomization (MR) uses genetic
variants to represent a certain exposure. Such
genetic variants are used as instrumental vari-
ables, which are randomly distributed in the
general population by nature [8, 9]. A major
advantage of using MR is that one can infer
causal relationships between risk factors (expo-
sure) and diseases (outcome) without environ-
mental or reverse confounders [10]. In this
study, we aim to use MR analyses to explore
whether genetically predisposed circulating
VEGF levels increase the risk of IS, and specifi-
cally, three subtypes of IS, in the absence of
confounders and reverse causations. Depicting
this causality would provide insights into using
VEGF neutralizing antibodies as a primary pre-
vention of IS.

METHODS

Study Design

We carried out MR analysis with a two-sample
design, employing summary statistics from two
extensive genome-wide association studies
(GWAS) [11, 12]. Each of the individual studies
obtained approval from the respective local
institutional review board or ethics committee.
In this current study, we exclusively extracted
summarized data from consortia. Ethics
approval was deemed unnecessary, given that
all analyses were conducted utilizing publicly
accessible databases [13]. A genetic variant
serves as a valid instrument when it met the
main assumption of MR: (1) it should be
strongly associated with the risk factor, (2) it
must not be tied to any confounding factors,

and (3) its impact on the outcome should come
only through its effect on the exposure.

Genetic Instruments for Circulating VEGF
Levels

Genetic association estimates of genome-wide
significant single nucleotide polymorphisms
(SNPs) (p\5 9 10-8) with predicted serum
VEGF levels (per log-transformed pg/mL) were
obtained from a GWAS including 16,112 sam-
ples of European ancestry based on the 1000
Genomes reference data [11]. It is the most
comprehensive GWAS of circulating VEGF and
the instruments have been widely used in
multiple MR studies confounding different
outcomes, including ischemic heart disease
[7, 14]. The serum VEGF levels were measured
using commercial ELISA assays. Participants’
age ranged from 30.4 to 76.2 years old. All SNPs
were clumped with a 10,000-kB window to a
threshold of r2\ 0.1 to ascertain independence
between genetic variants according to the 1000
Genomes (EUR) reference data from SNP
Annotation and Proxy Search (http://www.
broad.mit.edu/mpg/snap/ldsearchpw.php). We
utilized the online database Phenoscanner to
investigate potential pleiotropy of the instru-
ments concerning confounding traits. This
included traits such as hypertension medical
history, patient’s blood lipid status, and dia-
betes status [15]. Proxies (with r2[0.80) for
SNPs not present in the outcome dataset
were determined utilizing the LDproxy tool
on the National Cancer Institute LDlink plat-
form (https://ldlink.nih.gov/?tab=ldproxy). The
robustness of the instrument was indicated by
the F-statistic. All SNPs exhibited F-statistic
values exceeding 10, indicating a low likelihood
of introducing substantial weak instrument bias
in the MR analyses. Any paralimbic SNPs were
excluded.

Summary Statistics Data for Ischemic
Stroke

A multi-ancestry GWAS conducted by the
GIGASTROKE consortium, encompassing
62,100 and 1,234,808 cases of European
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ancestry and controls, was used to derive the
evaluation of genetic relationship between SNP
and outcome [16]. This is the latest and largest
comprehensive GWAS, which has been applied
in most MR studies [17]. IS cases were diagnosed
on the basis of clinical and imaging criteria. In
accordance with the Acute Stroke Treatment
(TOAST) criteria, IS was categorized into the
following subtypes: large-artery stroke (LAS,
n = 6399), cardioembolic stroke (CES,
n = 10,804), and small-vessel ischemic stroke
(SVS, n = 6811). Replication analyses were con-
ducted within the MEGASTROKE Consortium,
comprising 40,585 cases and 406,111 controls.
All cases of IS were categorized into LAS
(n = 4373), CES (n = 7193), and SVS (n = 5369)
[12].

Compliance with Ethics Guidelines

The summary-level datasets utilized in our
study were retrieved from de-identified public
datasets or studies. All included studies had
received prior approval from the appropriate
ethics committee, and informed consent was
obtained from all participants involved in the
original studies [11, 12, 16]. Ethical approval
was not required for our study as we exclusively
utilized summary-level data. The study com-
plied with the Declaration of Helsinki.

Mendelian Randomization Power
Calculation

To assess the adequacy of the participant size for
conducting MR analyses, we performed power
calculations using a published calculator. A
total of 10 SNPs of VEGF levels explained the
variance which ranged from 19% to 52%.
Rs34528081 was clumped to ascertain inde-
pendence and excluded from the instruments.
Under the assumption that the remaining nine
SNPs contributed only 19% of the variance, we
performed power calculations using an online
tool (https://shiny.cnsgenomics.com/mRnd/).

Statistical Analysis

The primary outcome was defined as any IS,
with secondary outcomes including LAS, CES,
and SVS. With regards to individual SNPs, MR
estimates were computed using the ratio of
coefficients method, and their standard errors
were derived using the delta method. Primary
analysis involved amalgamating the ratio esti-
mates under a random-effects model inverse-
variance weighting (IVW) approach. Addition-
ally, the findings were complemented by
employing MR-Egger regression and a penalized
weighted median for a comprehensive assess-
ment [18–20].

The MR-Egger intercept test was used to
estimate the horizontal pleiotropic effects. The
MR-Egger estimates were calculated to adjust for
pleiotropy, which is the phenomenon where a
single genetic variant affects multiple traits or
outcomes. In this test, if the intercept value for
the MR-Egger regression significantly deviates
from zero (P\ 0.05), it suggests the presence of
horizontal pleiotropy, which indicates that the
genetic variant is influencing the outcome
through pathways unrelated to the main expo-
sure of interest [18]. In addition to other anal-
yses, we utilized the penalized weighted median
estimates to enhance robustness. This method
penalizes the weights of candidate instruments
in the weighted regression model, taking into
account heterogeneous ratio estimates. Funnel
plots were utilized for a visual inspection of
heterogeneity, with any observable asymmetry
around the vertical line raising the possibility of
directional pleiotropy. This graphical approach
provided an additional layer of scrutiny to
detect potential biases or anomalies in the MR
estimates. Moreover, we applied the MR pleio-
tropy residual sum and outlier (MR-PRESSO)
method as an additional step to corroborate the
presence of potential outliers in our MR analy-
ses [21]. This method enhanced the robustness
of our findings by identifying and addressing
any influential data points that might impact
the validity of the results.

To communicate the outcomes effectively,
we exponentiated all results to present odds
ratios (ORs) and their accompanying 95% con-
fidence intervals (CIs) for stroke. These values
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reflect the association per logarithmic increase
in circulating VEGF levels, offering a compre-
hensive perspective on the impact of VEGF in
the context of stroke risk. To account for mul-
tiple testing, we applied a Bonferroni correction
and set a significance threshold of a = 0.05/4
(one exposure and four outcomes). P values
ranging from 0.05 to 0.0125 indicate potential
causal significance between the exposure and
outcome. All statistical analyses were performed
using R version 4.0.0, with the utilization of the
R packages TwoSampleMR and MR-PRESSO.

RESULTS

Nine SNPs were performed as instruments for
analyzing ischemic stroke (Supplementary
Table 1). The power calculation indicated a
statistical power ranging from 85% to 100% for
detecting an OR of 0.9 or 1.1. Each of the
instrumental variables displayed significant
associations with circulating VEGF levels and
demonstrated independence from the majority
of confounding factors. All instruments were
also independent of the outcomes. Figure 1a
illustrates MR causal effect estimates for the risk
of stroke per log-transformed increase in circu-
lating VEGF levels. In summary, the application
of the IVW method did not reveal a substantial
causal link between VEGF levels and the
occurrence of IS (OR 1.01, 95% CI 0.99–1.04,
P = 0.39), CES (OR 1.04, 95% CI 0.97–1.12,
P = 0.28), LAS (OR 1.02, 95% CI 0.95–1.09,
P = 0.62), and SVS (OR 0.98, 95% CI 0.91–1.04,
P = 0.46). Replication analysis using MEGA-
STROKE exhibited consistent results with that
of GIGASTROKE (Fig. 1b). The causal effects of
singe instrument are described in Supplemen-
tary Table 3.

The conclusions drawn from the penalized
weighted median method align with those
derived from our analyses using the same
method. Moreover, the MR-Egger regression
intercept provided no substantial evidence of
horizontal pleiotropy (P[ 0.05), reinforcing the
robustness of our findings (Table 1). There were
no outliers detected in the analyses of funnel
plot (shown as Fig. 2a, b), and this observation

was corroborated by the results of the MR-
PRESSO outlier test.

DISCUSSION

In this two-sample MR study, we explored the
causal relationship between circulating VEGF
levels and risks of IS using genetic instrumental
variables. Our findings suggest that a high level
circulating VEGF is unlikely to result in any IS
or its subtypes, specifically LAS, CES, and SVS.
The findings remained robust in sensitivity
analyses with different MR methods. In clinical
practice, high circulating VEGF levels may not
be a predictor of ischemic stroke.

The hypothesis of VEGF causing atheroscle-
rotic stroke is deduced from its role in athero-
genesis. An atherosclerotic plaque is a hypoxic
and inflammatory environment. Both features
upregulate VEGF expression to promote angio-
genesis and relieve ischemia, but the newly
generated vessels could lead to intraplaque
hemorrhage and eventually plaque rupture [2].
However in real-world experiences, a prospec-
tive community-based study including 3041
participants reported a complex, inverted
U-shaped relation between serum VEGF level
and incidence of cardiovascular diseases, as the
incidence increases with serum VEGF going up
but then drops at the highest quartile of VEGF
levels [22]. Such population-based studies were
inevitably to suffer from epidemiological con-
founders, including patients’ age, gender,
comorbidities of coronary artery diseases [22],
myocardial infarction [23], and diabetes melli-
tus [24], which are all known to influence VEGF
levels.

Using MR analyses that eliminate the afore-
mentioned confounders and reverse causations,
the largely null results of our study provided
evidence that high circulating VEGF does not
cause IS or its subtypes. This result is consistent
with a previous MR study focusing on VEGF’s
relationship with ischemic heart disease (IHD)
[7]. That MR study enrolled 60,801 patients
with IHD and 123,504 controls, only to find no
positive effect of VEGF on IHD risks [7]. Another
recent MR study involving 41 cytokines and
growth factors identified VEGF as a possible
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cause of CES (p\ 0.05), but its p value did not
meet the Bonferroni correction threshold [25].
It also reported no causality between VEGF and
any IS, LAS, or SVS [25].

The biggest strength of this study lies within
the rigorous assumptions of MR analyses. We
satisfied all three key assumptions that validate
an MR study [26]. First, for the relevance
assumption, the adopted instrumental variables
in our study were associated with circulating
VEGF levels and incidence of IS in two large
GWAS [11, 12]. The large sample size substan-
tially compensated for the potential weak
instrumental bias. Second, in terms of the
independence assumption, it is established that
genetically predisposed serum VEGF accounts
for the majority of serum VEGF levels. Acute-
onset conditions, including acute coronary
syndrome and stroke, may cause temporal
fluctuations in VEGF levels, but could not be
held accountable for the chronic and slow pro-
gression of atherosclerotic plaques. Last,
regarding the exclusion restriction, MR-Egger

test suggested no evidence of heterogeneity,
and the MR-PRESSO method found no outliers,
suggesting that the genetic variants under dis-
cussion only affect the outcome through their
effects on the VEGF levels. Another strength is
the robustness of our findings, as we applied
four methods and all gave negative results. We
also distinguished between different subtypes of
IS, especially LAS, which theoretically could be
caused by elevated VEGF. Though our largely
null finding negated the causal relationship
between VEGF and IS, the biomarker role of
VEGF in IS diagnosis should not be repudiated.
The upregulation of VEGF is likely to be the
outcome instead of the cause of ischemia.

A notable limitation of this study is that we
failed to distinguish subgroups of VEGFs. VEGFs
are a group of growth factors that primarily
include VEGFA, VEGFB, VEGFC, VEGFD, and
placental growth factor (PlGF) [2]. Among
them, VEGFA is considered as the most rele-
vant, as it originates from almost all vascular-
ized tissues in humans, and loss of a single
VEGF allele results in embryonic death in mice
[5]. However, no strong genetic variables have
been identified to predict serum VEGFA levels.
Another limitation is that all participants were
of European descent. Different populations
have different genetic characteristics, and some
genetic variations may be prevalent in one
population but scarce or absent in another as a
result of recent emergence and limited dissem-
ination [27, 28]. Hence, the generalizability of
our results to other ethnic groups may be
potentially limited, and this is also a common
limitation in MR studies [29, 30].

bFig. 1 Causal effect of VEGF on the risk of ischemic
stroke and its subtypes estimated using four MR methods.
a GIGASTROKE; b MEGASTROKE. The causal effect
from VEGF to outcomes is expressed as OR per unit. Error
bars represent the 95% CIs of the estimates. The odds
ratios (OR) are per genetically predicted 1 SD increase in
genetically predicted per standard deviation (SD) increase
in log odds of the circulating VEGF. SNP single nucleotide
polymorphism, GWAS genome-wide association study,
VEGF vascular endothelial growth factor, IVW inverse-
variance weighted, OR odds ratio, CIs confidence intervals,
MR-PRESSO MR pleiotropy residual sum and outlier

Table 1 Results of MR-Egger intercept analyses

MEGASTROKE GIGASTROKE

Outcome MR-Egger intercept SE p value MR-Egger intercept SE p value

AIS 0.008 0.006 0.189 0.007 0.005 0.151

SVS 0.010 0.020 0.638

LAS 0.014 0.016 0.399 0.011 0.015 0.487

CES 0.008 0.018 0.685 0.003 0.016 0.839

AIS all ischemic stroke, CES cardioembolic stroke, LAS large-artery stroke, SVS small-vessel stroke, SE standard error
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Future studies should investigate the differ-
ences between lacunar and non-lacunar strokes,
since they require different treatment intensi-
ties and have diverged prognosis [31]. Secondly,
the specific link between VEGFA and IS remains
to be elucidated in future studies, once such
variables are recognized.

CONCLUSION

Our two-sample MR study provides genetic
evidence that high serum VEGF levels do not
increase the risk of IS. Therefore, high VEGF
levels may not predict the risk of stroke under
clinical circumstances. Future studies should
explore the relationship between VEGFA and IS.
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