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Objective : We performed an expanded multi-ethnic meta-analysis to identify associations between inflammation-related loci
with intracranial aneurysm (IA) susceptibility. This meta-analysis possesses increased statistical power as it is based on the most data
ever evaluated.

Methods : We searched and reviewed relevant literature through electronic search engines up to August 2022. Overall estimates
were calculated under the fixed- or random-effect models using pooled odds ratio (OR) and 95% confidence intervals (Cls).
Subgroup analyses were performed according to ethnicity.

Results : Our meta-analysis enrolled 15 studies and involved 3070 patients and 5528 controls including European, Asian, Hispanic,
and mixed ethnic populations. Of 17 inflammation-related variants, the rs1800796 locus (interleukin [IL]-6) showed the most
significant genome-wide association with IA in East-Asian populations, including 1276 IA patients and 1322 controls (OR, 0.65; 95%
Cl,0.56-0.75; p=3.24x10"*) under a fixed-effect model. However, this association was not observed in the European population (OR,
1.09; 95% Cl, 0.80-1.47; p=0.5929). Three other variants, rs16944 (IL-1p), rs2195940 (IL-12B), and rs1800629 (tumor necrosis factor-a)
showed a statistically nominal association with IA in both the overall, as well as East-Asian populations (0.01<p<0.05).

Conclusion : Our updated meta-analysis with increased statistical power highlights that rs1800796 which maps on the IL-6 gene is
associated with IA, and in particular confers a protective effect against occurrence of IA in the East-Asian population.
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INTRODUCTION

Intracranial aneurysm (IA) refers to abnormal dilatation of
the cerebral artery with symptoms ranging from asymptom-
atic, to wall rupture with life-threatening consequences. 1A
can usually be treated well by surgical clipping and endovas-
cular coil embolization if the 1A is detected before rupture. In
contrast, the mortality and disability rates are quite high in
the event of rupture as it results in subarachnoid hemorrhage
(SAH)". Accordingly, research in various fields from clinical
trials to genetic research and artificial intelligence has been
conducted to identify high-risk groups which may be predis-

1,11,15,21 L .
>3 Clinical risk factors

posed to IA formation and rupture
for IA include smoking, hypertension, family history of 1A,
and female gender””. In terms of pathophysiologic mecha-
nisms, inflammation play a critical role in IA formation,
growth, and rupture”. It is known that IA formation is pri-
marily related to endothelial dysfunction, inflammatory re-
sponses, and a series of vascular smooth muscle cell abnor-
malities including phenotype change, proliferation, migration,
and apoptosis””. These structural changes from pathological
remodeling in the face of inflammation, result in loosening of
the vascular wall integrity and aneurysmal dilatation®”. Infil-
tration of macrophages into the IA wall has been shown to
correlate with degradation of extracellular matrix””. Jayara-
man et al.” reported markedly elevated expression of tumor
necrosis factor (TNF)-« in human A, suggesting its potential
role in inflammation-mediated promotion of, and subsequent
apoptosis of the cerebral arteries. Mechanistically, the activity
of the TNF-a converting enzyme responsible for TNF-« re-
lease, was induced after IA formation. Further, a series of in-
flammatory responses such as nuclear factor-»B activation,
cyclooxygenase-2 (COX-2) expression, and macrophage infil-
tration into the IA wall, were significantly diminished in a
mouse model of TNF receptor superfamily member 1a defi-
ciencyZ). Also, interleukin (IL)-6 levels in blood samples taken
from the IA orifice were closely associated with outcomes in
patients with SAH"
it appears it should be possible to characterize high-risk

. Based on the results of studies like these,

groups by analyzing the association of inflammation-related
genes in relation to IA formation or rupture.

Several inflammation-related gene loci have been reported
to be associated with IA susceptibility using single nucleotide

polymorphism (SNP) or genetic linkage analysis. Among the
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various inflammation-related genetic variants, a previous me-
ta-analysis revealed that the rs1800629 polymorphisms
(TNF-a) was closely associated with IA in Caucasians'®. Also,
151800796 (IL-6) showed opposite effects with respect to the
formation of IA between Caucasian and Chinese populations,
although there was no statistical significance. In 2020, Xu et
al.”? reported that rs1799964 (TNF-«) and rs17561 (IL-1A)
were significantly associated with IA in dominant and addi-
tive models in the Chinese population. Recently, we reported
the updated results of genome-wide association study by gen-
otype correction and imputation in Korean patients with IA.
As an extension of this study, we have now evaluated the asso-
ciation between inflammation-related loci and IA susceptibil-
ity via multi-ethnic meta-analysis with increased statistical

power based on the most data thus far.

MATERIALS AND METHODS

All the study protocols have been approved by the Institu-
tional Review Boards and Ethics Committees of the Hallym
University Chuncheon Sacred Heart Hospital (No. 2017-9,
2018-6, and 2019-6). Informed consent was obtained from the

patients or their relatives.

Literature review and study collection

We searched for English-language publications that investi-
gated inflammation-related genes associated with IA patients.
Electronic databases including PubMed, Embase, and Web of
Science were used for articles that had been published up to
August 2022. The following key words were determined by re-
ferring to previous articles and used in “and” combinations'® :
“intracranial aneurysm(s)” or “cerebral aneurysm(s)” or “sub-
arachnoid hemorrhage”, “inflammation” or “inflammatory
cytokine” or “interleukin” or “tumor necrosis factor” or “high
mobility group box 1”7 or “genetic” (Fig. 1 and Supplementary
Table 1). We further included studies that contained the fol-
lowing criteria : 1) saccular aneurysm; 2) studies providing in-
formation of odds ratios (ORs), 95% confidence intervals
(Cls), and allele frequency; and 3) case-control study. Exclu-
sion criteria were : 1) non-saccular aneurysm such as fusiform
or dissection; 2) non-spontaneous aneurysm due to infection
or trauma; 3) review, comment, or case report; and 4) animal

study. Data extraction were performed by two investigators



(E.P.H. and D.H.Y.) independently. Disagreements were re-
solved by the third investigator (J.P.J.). Clinical information
(e.g., authors, year, ethnicity, age, gender, and sample size) and
genetic information (e.g., gene, SNP, and allele frequency)
were collected. The quality of enrolled studies was evaluated
using the Newcastle-Ottawa quality assessment scale'®. The
fixed-effect model assumes that one true effect size underlies
all studies in the meta-analysis having a less heterogeneity be-
tween studies. This model is known to be suitable for a small
number of studies. On the other hand, the random-effect
model assumes that the effect size is not identical across the all
studies involved in the meta-analysis. This approach can be
suitable for a large number of studies to generalize the results
beyond the included studies

Statistical analysis

Meta-analysis based on the inverse-variance method was
performed using the Genome-Wide Association Meta-Analy-
sis (GWAMA) software (http://www.well.ox.ac.uk/gwama/)zs).
Opverall estimates were calculated under the fixed- or random-
effect estimations. The Cochran Q test was performed for es-
timation of I” statistics to detect potential publication bias

across individual studies. Funnel plots were illustrated for the

PubMed (n=264); Embase (n=402);
Web of Science (n=142)
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visualization of a potential publication bias. Forest plots were
drawn to describe effect size of each study and overall out-
come. The plots were generated using the STATA software
v.17.0 (Stata Corp., College Station, TX, USA).

RESULTS

Study characteristics of enrolled studies

After searching for and identifying an initial 808 articles,
those that did not meet the inclusion criteria and duplicates
were continuously removed. Finally, a total of 15 studies in-
cluding 3070 patients and 5528 controls were included for me-
ta-analysis (Fig. 1). The enrolled studies included three ethnic-
ities including six European-ancestry, seven Asian (six East-
Asian and one South-Asian), one Hispanic Latin American,
and one mixed population. Detailed demographic character-
istics of the enrolled studies are presented in Table 1. With the
exception of one study"”, the mean age of patients and con-
trols in all others was over 40 years. One study had mixed-
ethnic population including European-ancestry, African-
American, and other ethnic subjects'”.

Table 2 shows summary statistics for the 17 total variants of

Records excluded (n=653) due to basic research, review,
case report, and irrelevant topics

Full-text articles assessed for eligibility
(n=30)

Y

meta-analysis (n=2), review (n=5), and unavailable data (n=3)

Articles excluded (n=15) due to overlapped (n=5),

Articles included quantitative synthesis
(n=15)

Fig. 1. PRISMA flow diagram of candidate study selection from reviewing previous genetic or genome-wide association studies focused on
inflammation-related genes in intracranial aneurysm. PRISMA : Preferred Reporting Items for Systematic Reviews and Meta-Analyses.
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Table 1. Clinical characteristics of the thirteen studies in the multi-ethnic meta-analysis of intracranial aneurysm in 8029 individuals

Morgan et al.”® (2006) GBR 55 (24-80) 56 (49-64) 36 (40.0) 2720 (100.0) 91 2612
Slowik et al.* (2006) POL 499+12.7 504+124 99 (42.9) 99 (42.9) 231 231
Fontanella et al.” (2007) ITA 54.1+14.0 53.4+14.2 56 (32.8) 70 (48.6) 171 144
Fontanella et al.? (2008) ITA 53.7+14.1 53.7+14.0 58 (32.4) 50 (32.1) 179 156
Sunetal.” (2008) CHN 4524117 41.849.0 104 (43.3) 116 (48.3) 240 240
Fontanella et al.” (2010) ITA 55.0+14.5 5374140 74 (34.4) 50 (32.3) 215 155
Zhangetal.”” (2011) CHN 36.0+4.2 33.0+4.5 103 (56.6) 95 (52.2) 182 182
Li et al.”? (2012) CHN 5314131 50.0+89 60 (36.6) 108 (41.9) 164 258
Liu etal. (2012) CHN 4744113 4564107 95 (43.2) 103 (46.8) 220 220
Bayri etal.” (2015) TUR - - - - 120 120
Sathyan et al*? (2015) IND 5124114 - 123 (55.9) - 226 244
Hendrix et al.” (2017) USA* 5494125 50.6+18.6 35 (23.5) 18 (36.0) 149 50
Borges et al.” (2018) BRA 54.049.0 52.046.0 - 38 (46.9) 33 81
Xuetal® (2021) CHN 5714106 66.5+12.1 117 (30.5) 117 (30.5) 384 384
Hong et al.” (2022) KOR 59.3+0.8 521410 104 (41.6) 142 (48.0) 250 296

Values are presented as mean+standard deviation, mean (range), or number (%) unless otherwise indicated. *This study includes various ethnicities
including white, African-American, and other. GBR : Great Britain, POL : Polish, ITA : Italian, CHN : Chinese, TUR : Turkish, IND : Indian, USA : United States
of America, BRA : Brazilian, KOR : Republic of Korea

Table 2. Summary of inflammation-related gene variants in intracranial aneurysm from each study enrolled in this meta-analysis

Morgan et al.*® (2006) I-6 rs1800796 G/C 0.051 79/8/4 2359/244/9 (1 08-3.10)
Slowik et al.* (2006) I-1B rs16944 /T 0.321 100/99/32 111/106/14 33 (1.01-1.76)
Fontanella et al.” (2007) TNF-a rs1800629 G/A 0.149 136/30/5 92/50/2 0.57 (0.37-0.89)
Fontanella et al.” (2008) I-6 rs1800796 G/C 0.091 149/26/4 131/23/2 11 (0.65-1.88)
Sun etal.” (2008) I-6 rs1800796 G/C 0.638 59/130/51 9/82/149 0.25(0.19-0.33)
Fontanella et al.” (2010) I-1a rs1800587 T 0.351 82/110/23 63/80/12 1.13 (0.83-1.53)
Fontanella et al.” (2010) 1B rs16944 aT 0.362 94/88/33 64/68/23 096 (0.71-1.30)
Zhang et al.*” (2011) I-6 rs1800796 G/C 0.082 145/32/5 165/16/1 51 (1.41-445)
Li et al.”” (2012) I-128 1s321222 A/C 0462 29/100/35 80/136/42 145 (110-1.91)
Liu et al.* (2012) I-6 rs1800796 G/C 0738 33/66/121 11/77/132 068 (0.50-0.92)
Bayri etal.” (2015) 16 rs1800796 G/C 0.144 94/24/2 83/33/4 0.64 (0.38-1.08)
Sathyan et al*? (2015) TNF-a rs1800629 G/A 0.100 185/41/0 192/51/1 0.82 (0.53-1.26)
Sathyan et al.*? (2015) I-1a 151800587 aT 0.302 109/83/27 118/108/17 91 (0.68-1.20)
Sathyan et al.*? (2015) 18 rs16944 T 0.396 84/101/38 90/115/39 099 (0.76-1.29)
Sathyan et al.”” (2015) I-6 rs1800796 G/C 0447 57/126/37 81/111/52 095 (0.73-1.23)
Sathyan et al.*? (2015) IL-12B rs321222 A/C 0.384 88/96/36 83/115/31 0.98 (0.75-1.28)
Hendrix et al.” (2017) HMGB1 152249825 /G 0.150 109/35/5 29/18/3 570 (1.80-17.98)°
Borges et al.” (2018) TNF-a rs1800629 G/A 0.325 21/3/9 47/15/19 096 (0.52-1.77)
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Table 2. Continued

Genotype*

Study Gene SNP NE/E EAF OR (95% CI)*
Case Control

Xuetal™ (2021) TNF-a rs1800629 G/A 0.059 337/46/1 342/41/1 4(0.68-1.93)
Xuetal™ (2021) TNF-a 1s1799724 T 0.124 293/86/5 298/77/9 97 (0.67-1.40)
Xuetal™ (2021) TNF-a 151799964 T/C 0.178 272/102/10 252/112/20 0.71(0.51-0.98)
Xuetal® (2021) I-1a rs17561 C/A 0.073 341/41/2 318/65/1 0.71 (0.44-1.15)
Xu et al. (2021) IL-1B rs1143627 G/A 0.529 77/199/108 93/185/106 113 (0.88-1.45)
Xuetal® (2021) 18 rs16944 A/G 0.544 71/196/117 88/187/109 8(0.92-1.52)
Xuetal™ (2021) 1B rs1143623 C/G 0401 134/185/65 144/179/61 098 (0.76-1.26)
Xuetal (2021) 1B rs1143630 /G 0.831 12/108/264 13/102/269 0(0.79-153)
Xuetal™ (2021) 1B rs2853550 A/G 0907 0/58/326 5/75/304 31 (0.85-2.01)
Xuetal™ (2021) 1B rs3136558 A/G 0.342 160/176/48 171/172/41 91 (0.70-1.19)
Xuetal™ (2021) I-6 rs1800796 G/C 0773 17/137/230 18/141/225 1.02 (0.75-1.38)
Xu et al (2021) I-12B rs3181216 A/T 0.282 207/152/25 191/155/38 0.74 (0.56-0.98)
Xu et al.™ (2021) I-128B rs3212227 /G 0473 105/191/88 107/195/82 1.04 (0.81-1.34)
Xuetal® (2021) I-12B rs1003199 4l 0378 131/208/45 148/190/46 13 (0.86-149)
Xuetal™ (2021) I-128 rs2195940 aT 0.050 354/28/2 341/41/2 0.59 (0.33-1.06)
Hong et al.” (2022) TNF-a rs1800629 G/A 0.060 220/30/0 261/34/1 5 (0.65-2.05)
Hong et al.” (2022) TNF-a 1s1799724 aT 0181 158/89/3 201/87/8 24.(0.88-176)
Hong et al.” (2022) TNF-a 1s1799964 T/C 0.212 143/96/11 192/95/9 33 (0.96-1.83)
Hong et al.” (2022) -1 rs17561 C/A 0.059 217/32/1 266/30/0 1.28(0.73-2.23)
Hong et al.” (2022) I-1a rs1800587 /T 0.059 217/32/1 266/30/0 1.28 (0.73-2.23)
Hong et al.” (2022) IL-1B rs2853550 G/A 0.080 208/41/1 255/38/3 1.23(0.77-197)
Hong et al.” (2022) 18 rs3136558 A/G 0473 80/109/61 75/157/64 0.89 (0.69-1.15)
Hong et al.” (2022) 1B rs1143630 G/T 0.201 160/77/13 191/93/12 03 (0.75-141)
Hong et al.” (2022) 18 rs1143627 A/G 0.239 68/122/60 69/150/77 0.84 (0.65-1.08)
Hong et al.” (2022) 1B rs1143623 C/G 0434 78/121/51 98/145/53 5(0.89-1.48)
Hong et al.” (2022) 1B rs16944 T 0498 60/122/68 79/148/69 21 (0.94-156)
Hong et al.” (2022) I-6 rs1800796 G/C 0.239 148/82/20 174/105/17 0.90 (0.67-1.20)
Hong et al.” (2022) IL-128B rs2195940 /T 0.052 228/20/2 263/33/0 0.72 (0.40-1.29)
Hong et al.” (2022) I-128B rs3181216 AT 0.271 17/113/20 170/109/17 1.34(1.00-1.80)
Hong et al.” (2022) IL-128 rs1003199 T 0318 107/112/31 147/125/24 31(0.99-1.73)
Hong et al.” (2022) I-12B rs3212227 A/C 0486 70/106/74 84/147/65 0.90 (0.70-115)
Hong et al.” (2022) HMGB1 rs2249825 C/G 0.887 3/45/202 3/66/227 21 (0.78-1.89)"

*Sample size of non-effect homozygous/heterozygous/effect homozygous genotypes. 'OR and 95% ClI were estimated under an allelic or additive
effect model. "These statistics were estimated under a dominant effect model. SNP : single nucleotide polymorphism, NE/E : non-effect/effect, EAF : effect
allele frequency, OR : odds ratio, CI : confidence interval, IL : interleukin, G : Guanine, C : Cytosine, T : Thymine, TNF : tumor necrosis factor, A : Adenine,
HMGBT : high mobility group box 1

inflammation-related genes such as IL-1e, IL-18, IL-6, IL-12B, quency, and OR with 95% ClIs. Sixteen variants showed an as-
TNEF-«, and high mobility group box 1 (HMGBI) in terms of ~ sociation result by allelic or additive effect models in each

variant name, effect allele frequency (EAF), genotype fre- study with the exception of one study” which used a domi-
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nant inherited test, not but not allelic or additive effect model
test. Thus, the meta-analysis of the rs2249825 locus (HMGBI)
was performed under the dominant model using the two

- 12,13
studies™"”

. These two studies showed a same effect direction
in the allele “G” of rs2249825, but a completely opposite fre-

quency in that allele type (i.e., 0.150 vs. 0.887).

Meta-analysis of the inflammatory-related loci in
the multi-ethnic populations

Estimates of the multi-ethnic meta-analysis of 17 variants
under the fixed- or random-effect inverse variance models are
presented in Table 3. In general, these variants did not pass a
genome-wide significance threshold in the overall meta-anal-
ysis (p<5x10”). The three inflammatory-gene loci of rs16944
(IL-1B), rs2195940 (IL-12B), and rs1800629 (TNF-«), showed a
statistically nominal association in the overall fixed- and ran-
dom-effect model (p=0.0390, 0.0413, and 0.026, respectively)
without heterogeneity across the studies. In particular, the

151800796 (IL-6) variant showed a suggestive protective asso-

ciation in IA formation (OR, 0.75; 95% CI, 0.67—0.85; p=1.81X
10°) in the overall fixed-effect model composed of 1886 IA
patients and 4454 controls. After excluding three studies that
caused heterogeneity™”*”
al association with IA formation (OR, 0.87; 95% CI, 0.76—0.99;
p=0.0455) (Fig. 2). Except for rs1800796, other variants did not
show an association with IA susceptibility.

In the subgroup analysis, the EAF for rs1800796 exhibited a
clear difference between European- and Asian-ancestry popu-
lations (EAF, 0.062 vs. 0.481). Interestingly, this locus was as-

sociated with protective effects on 1A formation in the East-

, this variant still showed a margin-

Asian subgroup meta-analysis (fixed-effect : OR, 0.65; 95%
CI, 0.56—0.75; p=3.24x10") but not the European population
subgroup meta-analysis (fixed-effect : OR, 1.09; 95% CI, 0.80—
1.47; p=0.5929). However, heterogeneity across the studies was
observed (Table 4). When the analysis was conducted includ-
ing studies targeting East-South Asian populations, the
rs1800796 showed a suggestive association with IA in the
fixed-effect model (OR, 0.72; 95% CI, 0.62—0.80; p=7.28%10""),

Table 3. Results of meta-analysis of the inflammatory-related loci associated with intracranial aneurysm

Fixed effect* Random effect* ) Sample Study (the
Gene SNP NE EAF I* Qvalue* ————— .
OR(95%Cl) p-value OR(95%Cl) p-value Case Control numberofstudies)

I1a rs17561 A C 0067 091(063-131) 06116 093(0.53-166) 08178 059 0.1178 634 680 2"

IL1a 151800587 C T 0219 104(0.85-127) 07105 1.04(0.85-1.27) 07105 000 04471 684 694 3°°¥

IR rs2853550 G A 0912 105(0.77-145) 07433 104 (0.65-1.66) 0.8588 053  0.1458 634 680 2"

IL1B rs3136558 G A 0396 090(0.75-1.08) 0.2534 090(0.75-1.08) 02534 000 09042 634 680 2°¥

IR 51143630 G T 0818 103(0.82-1.29) 07974 103(0.82-129) 07974 000 0.5936 634 680 2°¥

IL1B rs1143627 A G 0625 116(097-139) 01039  116(097-139) 01039 000 07752 634 680 2°¥

1B rs16944  C T 0443 113(1.01-128) 00390 113(101-1.28) 00390 000 04301 1303 1310 5'°P»*%
IL1B rs1143623 G C 0415 106(0.88-1.27) 05319 106(0.88-1.27) 05319 000 0399 634 680 2°¥

IL12B rs3212227 A C 0475 104(091-1.18) 05587 105(0.85-129) 06576 059 00602 1018 1167 4°%#¥
IL12B 152195940 T C 0051 065(043-098) 00413 065(043-098) 00413 000 06318 634 680 2°¥

IL12B 13181216 T A 0277 098(0.80-1.20) 0.8439 099 (0.56-178) 09834 0.88  0.0041 634 680 2"

I-12B 151003199 T € 0353 1.21(1.00-148) 00509 121 (1.00-148) 00509 000 04619 634 680 2°¥

TNF-a 151799964 C T 0192 098(078 23) 0.8655 097 (0.53-1 09285 086 00078 634 680 2%

TNF-a 151799724 T C 0148 111(0.86-143) 04339  1.11(0.86-1 ) 04339 000 03375 634 680 2°P

TNF-a 151800629 G A 0618 078(0.62-097) 00260 078(0.62-097) 00260 000 05848 1064 1149 5*73%

IL-6 151800796 G C 0262 075(0.67-0.85) 1.81E-06 090 (0.59-1.37) 06130 092 00000 1886 4454 g4 P#2833375940
HMGB1" 152249825 C G 0690 147(098-2.22) 00645 239(0.53-10.8) 0.2578 084 00138 399 344 2%V

*OR, 95% CI, p-value, Q value for heterogeneity, and heterogeneity (I’ statistic) were estimated in the overall meta-analyses under the fixed- and
random effect models using the inversed variance method. ‘The overall meta-analysis of the rs2249825 (HMGB1) was performed based on a dominant
inherited effect. SNP : single nucleotide polymorphism, NE : non-effect, E : effect, EAF : effect allele frequency, OR : odds ratio, Cl : confidence interval,
IL - interleukin, A : Adenine, C: Cytosine, T: Thymine, G : Guanine, TNF : tumor necrosis factor, HMGB1 : high mobility group box 1

530 https://doi.org/10.3340/jkns.2023.0001



Inflammation Loci for Intracranial Aneurysm | Hong EP, et al.

Funnel plot with pseudo 95% confidence limits Study Year OR L95 U95 Case,N Control, N
B ,,‘\‘ Fontanellaetal. 2008 111 0.65 188 179 156
£ Liuetal. 2012 068 050 092 220 220
£ 01l P Bayrictal. 2015 064 038 108 120 120 —
£ W ,:"LinO"g fe)‘(tl:‘ya” Sathyanetal 2015 095 073 123 220 244 ———=
s Xuetal. 2021 102 075 138 384 384 e
502 Hongeta. 2022 090 067 120 250 296 i , ,
| /By Fontanella Morgan  Fied effect 087 076 099 1373 1420 Heterogeneity=34.13%
03 L A ST a0 Rangomeffect 087 075 101 1373 1420 <> o Ovale0Ti7
45 40 05 00 05 10 00 05 10 15 20
@ In(OR) 0dds ratio

Fig. 2. A : Funnel plot with pseudo 95% confidence limits for rs1800796 (interleukin [IL]-6) in the overall meta-analysis. X-axis indicates the natural
logarithm of odds ratio (In[OR]). Y-axis indicates standard error of In(OR). Solid and short-dash lines indicate the overall effect and 95% confidence
intervals, respectively. B : Forest plots of rs1800796 in the inverse variance meta-analysis excluding study heterogeneity. The diamonds indicate
estimates of pooled OR from the fixed-effect (first diamond) and random-effect (second diamond) models. L95 : lower 95% confidence interval, U95 :
upper 95% confidence interval.

Table 4. Inflammation-related gene variants in the ethnicity-stratified trans-ethnic meta-analysis

Fixed effect* Random effect* Sample  Study (the
Gene SNP  NE E EAF I** Qvalue* number of
OR(95%Cl) p-value OR(95%Cl) p-value Case Control studies)

European—ancestry

IL-1B 1516944  C 0339 1.15(094-141) 01863  114(0.83-1.56) 04310 059 01176 446 386 2%
-6 1s1800796 G C 0062 1.09(0.80-147) 05929 109 (0.60-198) 07774 074 00211 390 2888 3***
East Asian

I-1a rs17561 A C 0067 091(0.63-131) 06116 093(053-1.66) 08178 059 01178 634 680 2°%
IL-1B rs2853550 G A 0912 1.05(0.77-145) 07433 104 (065-1.66) 0.8588 053 01458 634 680 2°*
1B 1s3136558 G A 039 090(075 08) 02534 090(0.75-108) 02534 000 09042 634 680 2%
1B rs1143630 G T 0818 103(0.82-1.29) 07974 103 (0.82-129) 07974 000 05936 634 680 2°¥
IL1B rs1143627 A G 0625 116(0.97-139) 0.1039 6(097-139) 01039 000 07752 634 680 2°%
IL1B rs16944 C T 0525 119(1 00-143) 0.0492 119(1 00-143) 00492 000 08896 634 680 2°¥
IL-1B rs1143623 G C 0415 106(0.88-127) 05319 1.06(0.88-1.27) 05319 000 03969 634 680 2°¥
IL-12B 1s3212227 A C 0498 106(091-123) 04520 107 (081-142) 06263 072 00280 1018 1167 37
IL-12B rs2195940 T C 0051 0.65(043-098) 00413 0.65(043-098) 00413 000 06318 634 680 2°%
IL-12B rs3181216 T A 0277 098(080 120) 0.8439 099(056 178) 09834 088 00041 634 680 2°*
IL-12B rs1003199 T C 0353 121(1.00-148) 00509 1.21(1.00-148 00509 000 04619 634 680 2°¥
TNF-a rs1799964 C T 0192 098(0.78-1.23) 0.8655 097 (0.53-1.80) 09285 086 00078 634 680 2°¥
TNF-a rs1799724 T C 0148 111(0.86-143) 04339  1.11(0.86-143) 04339 000 03375 634 680 2°¥
TNF-a rs1800629 A G 0059 115(0.78-1.68) 04855 1.15(0.78-1.68) 04855 000 09753 634 680 2°%
I-6 1s1800796 G C 0481 0.65(0.56-0.75) 3.24E-09 0.80(042-1.54) 05062 095 2.22E-16 1276 1322 5°*¥%
East + South Asian

I-1a rs1800587 C T 0170 098(0.76-1.27) 0.8678 099 (0.74-1.32) 09365 010 02905 469 539 2°%
IL-1B 1516944  C T 0491 113(097-131) 01113 1.13(097-131) 01113 000 05070 857 924 375
IL-128 rs3212227 A C 0475 104(o9w 118) 05587  1.05(0.85-1.29) 06576 059 00602 1018 1167 4%
TNF-a rs1800629 A G 0281 118(0.88-157) 0.2660 8(0.88-1.57) 02660 000 09779 860 924 3"
I-6 1s1800796 G C 0476 071(062-0.80) 728E-08 0.82(048-140) 04668 094 00000 1496 1566 674

*OR, 95% Cl, p-value, Q value for heterogeneity, and heterogeneity (I statistic) were estimated in the overall meta-analyses under the fixed- and
random effect models using the inversed variance method. SNP : single nucleotide polymorphism, NE : non-effect, E : effect, EAF : effect allele
frequency, OR : odds ratio, Cl : confidence interval, IL : interleukin, C: Cytosine, T : Thymine, G : Guanine, A : Adenine, TNF : tumor necrosis factor
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but not in the random-effect model. Inflammation-related
variants with the exception of rs16944 (IL-1B), rs2195940 (IL-
12B), and 151800796 (IL-6), did not possess significant or mar-
ginal associations (p-values of less than 0.05) with IA suscepti-
bility in either European- or Asian-ancestry meta-analyses
(Table 4).

DISCUSSION

Although the exact mechanisms by which inflammation is
involved in IA pathogenesis are still uncertain, it is generally
known that inflammatory factors play an important role in
the development, growth, and rupture of IA””. Among vari-
ous inflammation-related variants, our study revealed that the
151800796 (IL-6) showed the greatest overall significance with
IA susceptibility (OR, 0.75; 95% CI, 0.67-0.85; p=1.81x10")
under a fixed-effect model. However, study heterogeneity
across studies can be a concern. To address this issue, we per-
formed the meta-analysis again after excluding studies with
heterogeneity that significantly affected the results through
funnel plot (Fig. 2). The results showed that the pooled OR
was 0.87 (95% CI, 0.76—0.99) under a fixed effect model with
a heterogeneity of 34.13%, and still exhibiting the association
between rs1800796 and IA. When performing subgroup anal-
ysis based on ethnicity, the association was more evident in
the East-Asian populations than in the European population.
Accordingly, the 151800796 allele demonstrates an association
with IA, which occurs particularly in Asians.

IL-6 mediated inflammatory signaling results in IA forma-
tion via activation of monocyte chemoattractant protein-1,
matrix metallopeptidase 9, T helper 17, and macrophage and
monocyte infiltration””. Investigations into the role of IL-6 in
IA formation and rupture has principally been performed in
rodent models of IA. However, previous studies have shown
somewhat conflicting results leading to uncertainty as to
whether IL-6 is a risk factor or a protective factor for IA for-
mation and rupture. Overexpression of micro ribonucleic acid
(miR)-21 increased the risk of IA formation and rupture via
stimulation of c-Jun N-terminal kinase signaling pathway-
mediated inflammation, with increased IL-6". Kao et al."” re-
ported that high levels of IL-6 at IA were closely associated
with poor neurologic outcomes at 1 month, while high venous

IL-6 was marginally associated with poor outcomes. On the
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other hand, IL-6 gene expression was significantly increased
in IA induction in lymphocyte-deficient (Ragl) mice com-
pared to wild-type mice, indicating a protective role of IL-6 in
IA formation™. In terms of genetic predisposition to IA, IL-6
SNPs have been the main focus of investigation. McColgan et
al.* reported that IL-6 gene G572C polymorphism exhibited
a significant 1A association. Further, IL-6 gene G174C poly-
morphism showed a protective effect against IA formation af-
ter analysis of three studies. In this meta-analysis, the C allele
of rs1800796 (IL-6) exhibited a protective effect against [A
formation while the G allele increased the risk of IA. Although
not specifically 1A, it was shown when analyzing the -174 G/C
polymorphism (IL-6), that the GG genotype was a risk factor
for patients with multi-infarct dementia compared with the
CC genotype™. Therefore, it will be important to investigate
what differences are present in the IA wall as a result of ex-
pression of different SNP alleles, through follow-up studies.

In this study, three variants, namely; rs16944 (IL-18), rs2195940
(IL-12B), and rs1800629 (TNF-«) showed a statistically nomi-
nal association with IA. Based on the observation that an
IL-18 gene polymorphism was associated with severity of in-
flammatory bowel disease, studies on the role of IL-18 gene
and aneurysm formation have been conducted™*. Aortas
from IL-13 and IL-1R knockout mice revealed decreased in-
flammatory cytokine and matrix metalloproteinase 9 expres-
sion'”. Slowik et al.”” reported that the TT genotype of IL-13
511 C/T polymorphisms (rs16944) significantly increased the
risk of SAH in patients compared to controls. Our meta-anal-
ysis also showed that rs16944 (IL-1) increased the risk of IA
(OR, 1.13; 95% CI, 1.01-1.28; p=0.0390). IL-12B is located at
chromosome 5q33.3"". Li et al.”” reported that the AC/CC
genotypes and C allele of rs3212227 (IL-12B) increased the IA
risk more than the AA genotype and A allele. In particular,
the association was more evident in males than females. How-
ever, previous meta-analyses did not confirm the association
between rs3212227 (IL-12B) polymorphisms and IA'**”. We
also did not find this association after analyzing four studies
with fixed effect or random effect models. Meanwhile,
12195940 (IL-12B) showed a significant protective effect on
IA formation without heterogeneity (OR, 0.65; 95% CI, 0.43—
0.98; p=0.0413). TNF-« is a well-known pro-inflammatory

cytokine. Starke et al.*”

reported that TNF-« knockout mice
or mice pre-treated with a synthesized TNF-« inhibitor exhib-

ited significantly lower incidence of 1A formation and rupture



than sham controls. Expression of TNF-« mRNA and protein
were also elevated. Consistent with the results of the meta-
analysis published in 2020'”, we also observed a statistically
nominal association, but not a genome-wide significance level
(OR, 0.78; 95% ClI, 0.62—0.97; p=0.0260). Nevertheless, the as-
sociation between IA and differences in the allele or genetic
frequency of the three variants as compared to their expres-
sion in tissue or blood, is not clear. Accordingly, future studies
should address mechanistic differences between the three
variant SNPs in IA formation and growth.

In this study, we also analyzed HMGBI SNPs in relation to
IA. Hendrix et al."”’ reported that the G allele of rs2249825 in-
creased the risk of delayed cerebral ischemia in patients with
SAH. However, there was no significant difference in geno-
type frequencies associated with IA when compared to con-
trols. We also observed that rs2249825 did not have a mean-
ingful association with IA in the fixed effect model, although
it increased IA risk the most among the inflammation-related
variants we analyzed (OR, 1.47; 95% CI, 0.98-2.22; p=0.0645).
However, only two studies were analyzed, and heterogeneity
between those studies was high. Considering that HMGBL is
associated with vascular stiffness and inflammatory responses
in endothelial cells, both of which are highly related to IA™, a
more comprehensive analysis, including HMGBI gene vari-
ants and their expression of mRNA and protein is required.

Although this study is an upgraded meta-analysis with the
largest number of studies and subjects to date, it has some
limitations. First, the results of this meta-analysis could be bi-
ased depending on clinical factors (e.g., age, gender, and un-
derlying diseases) and the analytic methods (such as allelic or
genetic model-based SNP association tests e.g., additive or
dominant model) that are different for each study. Second,
various inflammation-related SNP analyses have been per-
formed, but the common SNPs studied in multiple studies
and ethnicities are very limited and rs1800796 (IL-6) is repre-
sentative. Third, the overall effect of study results showed a
moderate or high heterogeneity between intra-population
(e.g., within same nationality such as Chinese studies) and in-
ter-population. Therefore, further meta-analysis including
more studies that investigate inflammatory-related markers
under the level of genetic or genome-wide associations are re-
quired. Furthermore, research should be conducted on
whether SNPs which are known to be associated with IA via

meta-analysis, can be verified in over 10K subjects in a large-
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scale population study. Finally, it is challenging to find miss-
ing heritability to the point variation since IA formation and
growth are thought to be influenced by a variety of factors,
including not only genetic factors but also clinical factors'”.
In this regard, we emphasize that studies on the biological
functions of variants associated with IA would be informa-

tive™.

CONCLUSION

Our updated meta-analysis shows that rs1800796 (IL-6)
gene is closely associated with IA, and in particular offers a
protective effect against IA formation in the East-Asian popu-
lation. As well, three additional inflammation-related variants
(rs16944 [IL-1B], rs2195940 [IL-12B], and rs1800629 [TNF-«])
have a possible genetic association in IA formation in Europe-

an and Asian populations.
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