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Background: The causal role of interleukins (ILs) for cardiovascular disease has not been fully elucidated.We con-
ducted a Mendelian randomization study to investigate the associations of circulating ILs with coronary artery
disease (CAD), atrial fibrillation (AF), and ischemic stroke.
Methods and results: Single-nucleotide polymorphisms associated with IL-1β, IL-1 receptor antagonist (IL-1ra),
IL-2 receptor subunit alpha, IL-6, IL-16, IL-17 and IL-18 were identified from genome-wide association studies.
Summary-level data of the outcomes were obtained from three large consortia. Genetic predisposition to higher
IL-1ra levels were significantly associated with CAD. The odds ratio was 1.36 (95% confidence interval (CI),
1.14–1.63; P = 5.37 × 10−4) per one standard deviation increase in IL-1ra levels. Genetically higher IL-6 levels,
predicted by a variant in the IL6R gene and corresponding to reduced IL-6 bio-function, were significantly in-
versely associated with CAD and AF. The odds ratios per one standard deviation increase in IL-6 levels were
0.64 (95%CI, 0.54–0.76; P = 2.22 × 10−7) for CAD and 0.70 (95%CI, 0.62–0.80; P = 1.34 × 10−7) for AF. There
was a suggestive positive association of IL-1ra with cardioembolic stroke and suggestive inverse associations of
IL-6 with any ischemic stroke, cardioembolic stroke, and small vessel stroke, and of IL-16 with CAD. The other
ILs were not associated with any outcome.
Conclusions: These results strengthen the evidence that IL-6 inhibition may offer a therapeutic approach for pre-
vention of CAD, AF, and ischemic stroke. In contrast, IL-1 inhibition through raised IL-1ra levels may confer in-
creased risk of CAD and cardioembolic stroke. The role of IL-16 for CAD warrants further investigation.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Cardiovascular disease (CVD) is a leading cause of premature death
and exerts a great burden on medical system, society and sustainable
human development worldwide. World Health Organization has been
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estimated that 17.9million people died from CVD in 2016, representing
approximately 31% of all global deaths. For a better prevention and
management of CVD, the etiology has been studied by seeking or verify-
ing potential CVD-associated risk factors, such as body mass index [1],
lifestyle factors [2,3], and certain nutrients [4,5]. Behind those
established associations, inflammation plays a vital intermediary role
in the pathogenesis of CVD [6].

Interleukins (ILs) are a group of cytokines with important roles in
the regulation of immune and inflammatory responses. Immunosup-
pressive drugs have been proved by Food and Drug Administrations
for treatments of certain inflammatory diseases and cancers, such as
Anakinra (anti-IL-1) and Sarilumab (anti-IL-6) for rheumatoid arthritis
and Tocilizumab (anti-IL-6) for large-cell lung carcinoma and ovarian
cancer [7–9]. Epidemiological studies of the associations of IL-6 and IL-
1 receptor antagonist (IL-1ra), an endogenous inhibitor of both IL-1α
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and IL-1β, with risk of coronary artery disease (CAD) and ischemic
stroke have reported conflicting results. High circulating levels of IL-6
have been associated with an increased risk of CAD in observational
studies [10,11]. Furthermore, a functional variant in the IL-6 receptor
(IL6R) gene, which associates with higher levels of IL-6 and soluble IL-
6 receptor as well as decreased levels of C-reactive protein and fibrino-
gen (two liver-derived proteins reflecting inflammation status), has
been shown to be related to lower risk of CAD [12,13]. No clear associa-
tion has been found between IL-6 levels and risk of stroke, but studies
have generally been small and data on ischemic stroke subtypes with
different etiologies are scarce [14]. Genetic upregulation of IL-1ra is as-
sociated with decreased levels of IL-6 and C-reactive protein and has
been observed to be associated with higher odds of CAD but not ische-
mic stroke [15,16]. The role of other ILs for CVD has been scarcely inves-
tigated and the results are inconsistent [17–22].

Genome-wide association studies (GWASs) of circulating ILs have
discovered one or more genetic loci for circulating IL-1β, IL-1ra, IL-2ra,
IL-6, IL-16, IL-17, and IL-18 levels [23–26]. We conducted a two-
sample Mendelian randomization (MR) study to assess the causal na-
ture of the associations of those ILswith the risk of CAD, AF and ischemic
stroke and its subtypes by using summary-level data from published
GWASs. As secondary analyses, we investigated the associations of cir-
culating ILs with lipids (low- and high- density lipoprotein cholesterol,
total cholesterol and triglycerides), which are potential mediators of
any association between ILs and CVD [15].

2. Methods

2.1. Study design

The MR design is based on instrumental variable analysis and can
strengthen the inference on the casual nature of associations between
risk factors and outcomes by exploiting genetic variants as instrumental
variables of an exposure [27]. This techniqueminimizes confounding as
genetic variants are randomly assorted at conception and are generally
unrelated to self-selected lifestyle factors, behaviors and environmental
factors. In addition, it overcomes reverse causality as allelic randomiza-
tion antedates the onset of disease. Fig. 1 summarizes the assumptions
Fig. 1. Assumptions of the Mendelian randomization design and summary of data sources used
genome-wide association study.
of the MR design and the data sources used in the current two-sample
MR study based on summary-level data from published GWASs on ILs
[23–26], cardiovascular disease [28–30], and lipid levels [31]. More de-
tails of the GWASs are shown in Supplementary Table 1.

Studies included in the original GWASs had been approved by a rel-
evant institutional review board and participants had provided in-
formed consent. The present analyses have been approved by the
Swedish Ethical Review Authority.

2.2. SNP selection

One SNP for IL-2ra, IL-16, and IL-17, two SNPs for IL-1β, IL-1ra and IL-
6, and three SNPs for IL-18 were selected at the genome-wide signifi-
cance level (P b 5 × 10−8) from the summary-level data of three
GWASs on these traits [23–26]. The two SNPs associated with IL-1β
were in complete linkage disequilibrium (R2 = 1.0). Thus, we included
only the SNP with the strongest association with IL-1β. For IL-6,
rs643434 in the ABO gene was excluded due to strong pleiotropic asso-
ciationswith cardiometabolic traits (34), leaving rs4129267 (in the IL6R
gene) as instrumental variable for IL-6 in theprimary analyses. The SNPs
influencing IL-1ra were on the same chromosome but in different gene
regions and nearly independent (R2 = 0.1 in the CEU population). The
SNPs influencing IL-18 were on different chromosomes and uncorre-
lated. The phenotypic variance explained by the selected SNPs was
about 1.0% for IL-1β, 2.0% for IL-1ra, 4.4% for IL-2ra, 0.5% for IL-6, 4.1%
for IL-16, 0.5% for IL-17 and 6.6% for IL-18.

2.3. Outcome sources

Summary-level data for CAD, AF and ischemic stroke and its sub-
types were obtained from the Coronary ARtery DIsease Genome-wide
Replication andMeta-analysis plus The Coronary Artery Disease Genet-
ics (CARDIoGRAMplusC4D) consortium (60,801 CAD cases and 123,504
non-cases) [28], Atrial Fibrillation consortium (60,801 AF cases and
123,504 non-cases) [29] and MEGASTROKE consortium (34,217 cases
of any ischemic stroke, 4373 large artery stroke cases, 7193 cardioem-
bolic stroke cases, 5386 small vessel stroke cases and 404,630 non-
cases) [30]. The CAD case status was defined by an inclusive CAD
in the present study. AF indicates atrial fibrillation; CAD, coronary artery disease; GWAS,
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diagnosis (e.g., myocardial infarction, acute coronary syndrome, chronic
stable angina, or coronary stenosis N50%). For AF, cases were defined as
individuals with paroxysmal or permanent AF or atrial flutter. The clas-
sification of any ischemic stroke and its subtypes was mainly based on
the Trial of Org 10,172 in Acute Stroke Treatment (TOAST) criteria.
The associations of the selected SNPs for ILswith theCVDs are presented
in Supplementary Tables 2 and 3. The IL-1β variant was not available in
the CARDIoGRAMplusC4D and MEGASTROKE consortia and no suitable
proxy (defined as R2 N 0.8) was identified.

Summary-level data for serum lipid levels were available from
Global Lipids Genetics Consortium, including 188,577 European-de-
scent individuals [31]. Four of the IL-related SNPs were not available
in the dataset of Global Lipids Genetics Consortium. The proxy SNPs
were used by searching the database of Division of Cancer Epidemiology
&Genetics in National Cancer Institute at the correlation level of R2 ≥ 0.8
[32]. Three of four missing SNPs were replaced by proxies and one SNP
for IL-18were not available and excluded from the analyses. The associ-
ations of the selected SNPs for ILs with serum lipids are presented in
Supplementary Table 4.

2.4. Statistical analyses and pleiotropy assessment

The IL–outcome associations were estimated using the Wald
method [33], and was calculated by dividing the beta coefficient for
the SNP–outcome association with the beta coefficient for the SNP–IL
association. The inverse-variance weighted method with fixed effects
was used to combine the Wald estimates for the two and three SNPs
for IL-1ra and IL-18, respectively. The odds ratios (OR) with 95% confi-
dence intervals (CI) of CVD and changes of serum lipids levels were
scaled to one standard deviation (SD) increment of genetically pre-
dicted circulating levels of ILs. A sensitivity analysis was conducted for
IL-6 where the IL-6-related SNP in the ABO (blood group) locus was in-
cluded in the analysis. Power calculation was carried out using a web-
tool [34]. All statistical analyses were two-sided and performed in
Stata/SE 15.0. To account for multiple testing, we considered associa-
tions with P values b0.001 (where P = 0.05/36 (six ILs and six out-
comes)) to represent strong evidence of causal associations.
Associations with P values between 0.05 and 0.001 were considered
suggestive evidence of causal associations. We searched the
PhenoScanner V2 database (a database of human genotype-
phenotype associations) to detect possible pleiotropy for each included
SNP [35].

3. Results

3.1. Statistical power

We had over 95% power to detect an OR of 0.7 (or 1.3) for all in-
cluded circulating ILs and an OR of 0.9 (or 1.1) for IL-2ra, IL-16 and IL-
18 in the analyses of CAD, AF and any ischemic stroke (Supplementary
Fig. 2. Associations of genetically predicted IL-1ra levelswith cardiovascular disease. CI indicates
deviation.
Table 5). The powerwas low in the analyses of ischemic stroke subtypes
(Supplementary Table 5).
3.2. ILs and CVD

Genetic predisposition to higher levels of IL-1ra was significantly
associated with higher odds of CAD and suggestively associated with
higher odds of cardioembolic stroke but was not associated with the
other CVDs (Fig. 2). For one SD increase of circulating IL-1ra levels,
the ORs were 1.36 (95% confidence interval (CI), 1.14–1.63; P =
5.37 × 10−4) for CAD and 1.44 (95% CI, 1.02–2.03; P=0.037) for car-
dioembolic stroke.

Genetically predicted circulating IL-6 levels were significantly in-
versely associated with CAD and AF and suggestively inversely associ-
ated with any ischemic stroke, cardioembolic stroke, and small vessel
stroke (Fig. 3). The ORs per one SD increase in IL-6 levels were 0.64
(95% CI, 0.54–0.76; P = 2.22 × 10−7) for CAD, 0.70 (95% CI, 0.62–0.80;
P=1.34 × 10−7) for AF, 0.81 (95% CI, 0.67–0.98; P= 0.026) for any is-
chemic stroke, 0.64 (95% CI, 0.45–0.91; P = 0.013) for cardioembolic
stroke, and 0.65 (95% CI, 0.42–0.99; P = 0.046) for small vessel stroke.
Results were consistent for all outcomes except small vessel stroke
when the IL-6-related SNP in the ABO gene was included in the analysis
(Supplementary Table 6).

There was a suggestive inverse association between IL-16 levels and
CAD (OR per one SD increase in IL-16 levels 0.95; 95% CI, 0.91–1.00; P=
0.033) (Supplementary Fig. 1). Genetically predicted IL-1β, IL-2ra, IL-17
and IL-18 levels were not associated with any type of CVD (Supplemen-
tary Fig. 1 and Supplementary Fig. 2).
3.3. ILs and serum lipids

Genetic predisposition to higher circulating IL-1ra levels was associ-
ated with higher levels of serum low-density lipoprotein cholesterol,
total cholesterol and triglycerides, but was not associated with high-
density lipoprotein cholesterol (Supplementary Fig. 3). Other ILs were
not associated with serum lipid levels (Supplementary Fig. 3).
3.4. Potential pleiotropic associations

The related traits for each included SNP in the present study were
searched at the genome-wide significance level and was presented in
the Supplementary Table 7. Rs4129267 for IL-6 was associated with
blood protein levels, C-reactive protein, fibrinogen (IL-6 as amain regu-
lator of fibrinogen synthesis), allergic disease, rheumatoid arthritis, and
asthma. Rs4778636 for IL-16 was associated with blood protein levels.
Rs1530455 for IL-17 and rs4251961 for IL-1ra were associatedwith cer-
tain immune cell counts.
confidence interval; IL-1ra, interleukin 1 receptor antagonist; OR, odds ratio; SD, standard



Fig. 3. Associations of circulating IL-6 with cardiovascular disease risk in Mendelian randomization analyses. CI indicates confidence interval; IL-6, interleukin 6; OR, odds ratio; SD,
standard deviation.
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4. Discussion

The present study showed that genetically predicted IL-1ra levels
were positively associatedwith CAD and cardioembolic stroke, whereas
genetically predicted IL-6 levelswere inversely associatedwith CAD, AF,
and ischemic stroke, especially cardioembolic and small vessel stroke.
Therewas suggestive evidence of an inverse association between higher
IL-16 levels and CAD. The other assessed circulating ILs were not associ-
ated with any CVD outcome.

The impact of IL-1ra on CVD risk has been studied during the last
century. However, data on cardiovascular effects of IL-1 have been in-
consistent. Pre-clinical and clinical studies proved the efficiency of IL-1
blockade on reduction of recurrent atherosclerotic cardiovascular
events in patients with prior acute myocardial infarction and elevated
C-reactive protein levels [36]. Nevertheless, in a systematic review of
five cohort studies with 1855 CVD cases and 18,745 non-cases, circulat-
ing IL-1ra levels were positively associated with CVD risk after adjust-
ment of confounders [37]. A clinical study with 499 patients showed
that patients with lower IL-1 levels (IL-1(−) genotypes) had lower
risk of CAD compared with those with IL-1(+) genotypes, and that
the association was mediated by oxidized phospholipids and lipopro-
teins [38]. In contrast, a large MR study found that dual IL-1α/β inhibi-
tion, represented by a genetic score of two SNPs (rs6743376 and
rs1542176), increased the risk of CAD by 3% per additional allele [15].
This finding was verified by the present MR study using two different
instrumental variables for IL-1ra (rs4251961 and rs6759676) identified
at genome-wide significance in a large GWAS [23]. In addition, results
from both the previous study [15] and our study showed that geneti-
cally higher IL-1ra levels were associated with higher levels of serum
lipids, potentially mediating the positive association between IL-1ra
and CAD [23].

The evidence on the association between IL-1ra and ischemic stroke
is conflicting. A genetic studywith 844 ischemic stroke patients and 668
controls found that rs380092 in IL-1ra controlling gene, which is not in
linkage equilibriumwith the two SNPs used as instrumental variables in
the present study, was associated with any ischemic stroke [39]. How-
ever, in two small case-control studies, IL-1β polymorphism (−511)
was not associated with any ischemic stroke in one of the studies [40]
but was associated with small vessel stroke in the other study [41]. In
the present MR study, genetic predisposition to higher levels of IL-1ra
was associated with suggestive higher odds of cardioembolic stroke
but was not associated with any ischemic stroke, large artery stroke,
or small vessel stroke. Our null finding for any ischemic stroke is consis-
tent with results of another large MR study of 12,389 ischemic stroke
cases and 62,004 controls [15]. Discrepancies between studies may be
attributed by different SNP selection and statistical power to detect
weak associations between IL-1ra levels and ischemic stroke subtypes.
The null association between IL-1ra levels and AF in the present study
is in line with the results of an MR study with 6707 AF cases [15].
Our findings for IL-6 are in line with those of previous MR studies of
the association between a functional variant in the IL6R gene and CAD
[12,13]. Those MR studies showed that the variant in the IL6R gene did
not only associate with higher IL-6 levels and higher odds of CAD but
was also associated with lower levels of C-reactive protein and fibrino-
gen [12,13], effects that are concordant with IL6R blockade by Toci-
lizumab treatment. As for the effect of IL-6 on AF, most previous
observational studies found that high IL-6 levels were associated with
the presence and duration of AF and increased left atrial diameter
[42]. Previous data on the association between IL-6 genetic variations
and ischemic stroke risk were conflicting, possibly because of small
sample sizes and different proportions of stroke subtypes in different
populations [14]. This MR study is to the best of our knowledge the
first to show a potential causal association between IL-6 and risk of is-
chemic stroke, in particular cardioembolic and small vessel stroke. The
association of genetically higher IL-6 levels with lower odds of CAD,
AF, and ischemic stroke may seem paradoxical. However, a possible ex-
planation is that higher levels of circulating IL-6 correspond to lower
cellular binding of IL-6 to its receptor and lower bio-function of IL-6, im-
plying impaired IL-6 signaling [12]. Therefore, our findings indicate that
IL-6 inhibition is associated with lower risk of CVD.

Few studies have examined the associations of IL-16, IL-17 and IL-18
with CAD, AF and ischemic stroke. In one study with 157 CAD patients
and 202 healthy controls, T allele in one IL-16 controlling gene was as-
sociated with a significantly lower odds of CAD compared with G allele
in rs11556218 [18], which is consistent with our finding (T allele in
rs11556218 is highly correlated with G allele in rs4778636, R2 =
0.94). Another study also found a specific IL-16-related SNP
(rs8034928) to be significantly associated with the risk of CAD in a Chi-
nese Han population [19]. High levels of IL-17 [20] and IL-18 [21] were
reported to be associated with an increased risk of CAD in two studies,
but no causal association between those ILs and CAD was supported
by the present MR study. The levels of IL-18 were significantly higher
in AF patients undergoing coronary artery bypass surgery [22] or in
the absence of structural heart disease [17] compared to non-AF indi-
viduals. The present study suggested a borderline positive association
between genetically predicted IL-18 levels and AF.

There are several potential explanations for the findings in the pres-
ent study. With regards to IL-6, the functional polymorphism tagged by
rs7529229 (highly correlated with rs4129267; R2 = 0.98) causes in-
creased soluble IL-6R levels by increasing proteolytic cleavage of the
membrane-bound receptor [12]. The elevated soluble IL-6R levels acts
on a diverse range of cell types includingmegakaryocytes and endothe-
lial cells, thereby influencing the risk of CAD [12]. In addition, levels of
IL-6 influence the risk of CVD possibly through its negative feedback
on IL-1 and tumor necrosis factor alpha that initiate the inflammatory
cascade, especially for patients after stroke [14]. IL-6 also links with
the regulation of C-reactive protein, fibrinogen, and serum amyloid-A
[42]. C-reactive protein does not appear to be causally associated with
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CVD risk [43], but the role of other pathways controlled by IL-6 for CVD
development needs further research.

The negative effects of IL-1ra on CVD could be explained, at least
partly, by their counteractive interaction with the IL-1 signaling path-
way that regulates the metabolism of low-density lipoprotein choles-
terol and triglycerides, as shown in the present study and other
researches [15]. Elevated low-density lipoprotein cholesterol and tri-
glyceride levels are associated with CAD but not cardioembolic stroke
[44,45]. The IL-1 signaling pathway was also reported to influence the
formation of atheromatous lesions, vascular inflammation and plaque
rupture, which are associated with CVD risk [46]. Moreover, activation
of inflammasome complex, which is critical for the generation of active
IL-1, has been proposed to participate in the development of CVD [47].
With regards to the role of IL-16 in CVD, while it was not well under-
stood about the underlyingmechanisms, some studies prompted a reg-
ulatory effect of IL-16 on CAD development by promoting cardiac
fibrosis and myocardial stiffening [48]. Apart from that, the infiltration
of T cells to human epicardial adipose tissue was demonstrated to be
inversely associated with CAD [49], which suggested a role of IL-16
during this biological process given the fact that IL-16 is a major
chemoattractant of T cells.

A major strength of this study is theMR approach, whichminimized
confounding and reverse causality. In addition, we systematically tested
the association of ILs levels with several cardiovascular diseases using
summary-level data from large-scale genetic consortia. Hence, we had
high statistical power to detect weak associations of ILs with CAD, AF
and total ischemic stroke but not ischemic stroke subtypes due to lim-
ited number of cases. We restricted the study population to European
ancestry as much as possible to reduce bias from population stratifica-
tion. However, this restriction reduced the transferability to individuals
of non-European descents. In addition, the genetic instrument for IL-6
was extracted from a GWAS with mere Sardinians ancestry. However,
another SNP (rs7529229) in linkage disequilibrium (R2 = 0.98) with
the selected SNP for IL-6 in the IL6R gene region has been shown to be
strongly associated with IL-6 levels (P = 8.41 × 10−68) in 29,838 indi-
viduals of European ancestry from 17 studies [12]. Another limitation
of this study is that we only had three or less SNPs as instrumental var-
iables for individual ILs. This confined sensitivity analyses to explore po-
tential pleiotropic effects, which might weaken the reliability of the
results. However, we detected no possible pleiotropic effects, driving
the associations, for the SNP included in the present study.

5. Conclusions

This MR study strengthens the evidence that IL-6 inhibition may
offer a therapeutic approach for prevention of CAD, AF, and ischemic
stroke. In contrast, IL-1 inhibition through raised IL-1ra levels may con-
fer increased risk of CAD and cardioembolic stroke. The role of IL-16 for
CAD warrants further investigation.
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