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Abstract
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Background: Observational studies have suggested a close but controversial relationship between blood pres-
sure (BP) and amyotrophic lateral sclerosis (ALS). It remains unclear whether this association is causal. The authors
employed a bidirectional two-sample Mendelian randomization (MR) approach to evaluate the causal relationship
between BP and ALS. Genetic proxies for systolic blood pressure (SBP), diastolic blood pressure (DBP), antihyperten-
sive drugs (AHDs), ALS, and their corresponding genome-wide association study (GWAS) summary datasets were
obtained from the most recent studies with the largest sample sizes. The inverse variance weighted (IVW) method
was adopted as the main approach to examine the effect of BP on ALS and four other MR methods were used for
sensitivity analyses. To exclude the interference between SBP and DBP, a multivariable MR approach was used.

Results: We found that genetically determined increased DBP was a protective factor for ALS (OR=0.978, 95% Cl
0.960-0.996, P=0.017) and that increased SBP was an independent risk factor for ALS (OR=1.014, 95% Cl 1.003-1.025,
P=0.015), which is supported by sensitivity analyses. The use of calcium channel blocker (CCB) showed a causal
relationship with ALS (OR=0.985, 95% Cl 0.971-1.000, P=0.049). No evidence was revealed that ALS caused changes

Conclusions: This study provides genetic support for a causal effect of BP and ALS that increased DBP has a protec-
tive effect on ALS, and increased SBP is a risk factor for ALS, which may be related to sympathetic excitability. Blood
pressure management is essential in ALS, and CCB may be a promising candidate.
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Background

Amyotrophic lateral sclerosis (ALS) is a rare fatal neu-
rodegenerative disorder with particularly severe loss of
motor neurons and consequent muscle weakness and
wasting [1]. The median survival of ALS patients is three
years after symptom onset, and death is mainly due to
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respiratory failure [2]. The poor prognosis of ALS has
placed a massive burden on society and the economy;
however, the cause and pathogenesis of ALS remain
largely elusive. Approximately 10% of ALS cases have a
positive family history (fALS), whereas others are spo-
radic ALS (sALS). Therefore, there is a great need to
identify causal risk factors for ALS and corresponding
strategies in disease prevention. Recently, an increasing
number of nonmotor symptoms have been reported in
ALS, which have mainly been neglected by doctors and
recalled by more than 60% of patients [3, 4], providing
new directions for further research.
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Hypertension is one of the critical risk factors for cardio-
vascular events and chronic kidney disease, contributing
to the global disease burden most significantly [5]. Hyper-
tension is largely determined by inheritance with a herit-
ability of approximately 50% [6]. Epidemiological studies
revealed abnormal blood pressure values in ALS patients
compared with healthy controls [7, 8]. However, the effect
of blood pressure on ALS is controversial. A study reported
hypertension as a risk factor for ALS due to the association
between the long duration of hypertension and poor ALS
survival in univariate analysis [9]. Some studies suggested
that hypertension was associated with a delay in the age of
ALS onset and identified hypertension as a protective factor
for ALS risk [10, 11]. Due to these inconsistent observational
studies being susceptible to the influence of confounders,
selection biases, and reverse causality, the true association
between blood pressure and ALS remains largely ambigu-
ous. If increased blood pressure is a causal risk factor for
ALS, it would help to better understand the pathophysiol-
ogy of ALS. Similarly, interventions targeting hypertension
could be a promising option for ALS prevention.

Mendelian randomization (MR) is a novel statistical
approach for assessing the causal relationship between
an exposure and an outcome depending on genetic vari-
ances as instrumental variables (IVs) [12]. By simulat-
ing randomized controlled trials (RCTs) with naturally
grouped risk alleles, the MR approach can produce
weighted controls to account for reverse causality and
confounders [13]. Therefore, in the present study, we
employed a bidirectional two-sample MR study with the
most recent genome-wide association studies (GWASs)
summary-level data to systematically decipher the causal
association between blood pressure and ALS and eluci-
date the influences of antihypertensive drugs on ALS risk.

Methods and materials

Data sources

GWAS summary data collection

To assess blood pressure comprehensively and enhance
statistical power, we regarded blood pressure as a con-
tinuous variable instead of a binary variable that con-
sidered the presence or absence of hypertension [14].
Systolic blood pressure (SBP) and diastolic blood pres-
sure (DBP) were included as separate exposures. We
obtained their summary-level data from the largest
GWASs involving more than 757,600 European individ-
uals, which are meta-analyses on the data from the UK
Biobank and the International Consortium for Blood
Pressure after adjusting for age and sex [15]. Blood
pressure was measured by automated measurement or
manual measurement. The mean SBP was 141.1 mmHg
(standard deviation (SD)=20.7), and the mean DBP was
84.3 mmHg (SD=11.3).
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We attempted to study the influence of antihyperten-
sive drugs on ALS. Proxies for common antihyperten-
sive drugs (including angiotensin-converting enzyme
inhibitor (ACEI), angiotensin receptor blocker (ARB),
B-blocker (BB), and calcium channel blocker (CCB)) were
determined by DrugBank (https://www.drugbank.ca/)
and GeneCards (https://www.genecards.org/).

We exploited the most recent ALS GWAS from a large-
scale study performed by Nicolas et al. with 80,610 Euro-
pean individuals, where the proportion of ALS cases was
0.258 [16]. All the patients had disease onset after age
18 years and were diagnosed at probable or definite levels
according to the El Escorial criteria.

IV selection

Single-nucleotide polymorphisms (SNPs) independently
(r*<0.001) associated with blood pressure at the genome-
wide significance level (P<5E—8) were strictly selected
as IVs, and IVs for antihypertensive drugs were all sig-
nificantly associated with SBP (P<5E—8) and in relatively
modest linkage disequilibrium (LD) (r*<0.4), both as
described previously [17], which increased the propor-
tion of phenotypic variance explanation and statistical
power. The genetic contributions of each allele change in
SBP and DBP were 0.016 and 0.025, respectively.

I'Vs absent in the ALS dataset were replaced with prox-
ies in strong LD (r*>0.9) by searching the publicly avail-
able online tool SNiPA (http://snipa.helmholtz-muenc
hen.de/snipa3/). Those without reported proxies were
excluded from downstream MR analysis. Due to the
requirements of MR approaches, the exposure would be
removed when its available IVs were less than two. Alto-
gether, 400 SNPs were identified as IVs for SBP, 397 SNPs
were identified as I'Vs for DBP, 47 SNPs were identified as
IVs for CCB, and 5 SNPs were identified as I'Vs for ALS.
An additional table showed this in more detail (see Addi-
tional file 1). ACEI, ARB, and BB were removed due to
insufficient IVs. In multivariable MR (MVMR) analysis
(see below), 62 SNPs for SBP and 30 SNPs for DBP were
excluded because they were palindromic with intermedi-
ate allele frequencies.

Two-sample MR

The theoretical basis of MR research relies on three
assumptions: assumption I, the selected genetic vari-
ances are not related to other confounders; assumption
2, the selected genetic variances are significantly related
to exposure; and assumption 3, the selected genetic vari-
ances are significantly related to the risk of outcome only
through the pathway of exposure [18]. The strict selec-
tion of IVs satisfied assumption 1. Assumptions 2 and 3
were met through various MR approaches.
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We implemented the multiplicative random effects
inverse variance weighted (IVW) method as the main
approach to examine the overall causal relationship
between exposure and ALS based on the effect of IVs
on exposure and the effect of IVs on ALS [19]. To vali-
date the results from the IVW method, we applied the
weighted median method, simple median method [20],
MR Egger method [21] and MR-PRESSO method as sen-
sitivity analyses. To evaluate the potential pleiotropy of
IVs, MR Egger regression, which accounts for the pres-
ence of pleiotropy when the intercept significantly devi-
ates from the origin, and MR-PRESSO analysis, which
was used to detect the influence of outliers [22], were
employed. The heterogeneity of SNPs utilized in IVW
estimates was tested by Cochran’s Q test, which suggests
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apparent heterogeneity when it is lower than the signifi-
cant P value. Leave-one-out analysis was employed to
evaluate the possibility of results being driven by a sin-
gle SNP. We also calculated F statistics for IVs to dem-
onstrate whether they are strong instruments. Given
the close correlation between SBP and DBP, a multivari-
able MR (MVMR) approach was adopted to diminish the
interference between them. Specifically, the causal asso-
ciation between SBP and ALS was estimated regarding
DBP as a covariate, and the association between DBP and
ALS was estimated with SBP as a covariate. In addition,
reverse causation between blood pressure and ALS was
assessed by bidirectional MR analysis, which made ALS
the exposure and blood pressure the outcome. The pro-
cess is shown in Fig. 1.

SBP (r?<0.001, P<5*10-%)

@
A

confounders

pressure; SBP, systolic blood pressure

amyotrophic lateral sclerosis

GWAS: Neuron. 2018;97(6):1268 1283. e6. N cases=20806 , N controls=59804

Fig. 1 Flow chart showing the process for the Mendelian randomization analyses. The number in the line indicates 3 key assumptions for MR.
Assumption 1: The selected genetic variances are not related to other confounders. Assumption 2: The selected genetic variances are significantly
related to the exposure. Assumption 3: The selected genetic variances are significantly related to the risk of the outcome only through the pathway
from exposure. GWAS, genome-wide association studies; MR, Mendelian randomization; SNP, single-nucleotide polymorphism; DBP, diastolic blood
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Table 1 Summary of the causal effects of each trait on ALS via different MR methods

DBP SBP CcCB
N SNPs 397 400 47
F statistics 31,000 29,400 3180
Cochran’s Q
Q 446.290 431.440 40.603
p value 0.041 0.127 0.697

Simple median
OR (95% Cl)
Pvalue

0.990 (0.977, 1.004)
0.178
Weighted median

OR (95% Cl) 0.991 (0.977, 1.006)
Pvalue 0.248

MR Egger
OR (95% Cl) 0.983 (0.961, 1.007)
Pvalue 0.165

Inverse variance weighted-mre

OR (95% Cl) 0.991 (0.982, 1.001)
Pvalue 0.074
MR Egger
Intercept 0.002
Pvalue 0461
MR-PRESSO
Outlier-corrected NA
Global test P value 0.042
Distortion test NA
Multivariable MR
OR (95% Cl) 0.978 (0.960, 0.996)
Pvalue 0.017

1.006 (0.993, 1.018)
0.624

0.987 (0.964, 1.010)
0.254

1.006 (0.994, 1.019)
0.590

0.987 (0.964, 1.011)
0.277

1.007 (0.985, 1.029)
0.163

1.017 (0.970, 1.067)
0.486

1.006 (0.998, 1.015) 0.985 (0.971, 1.000)

0.397 0.049
—0.003 —-0.010
0.246 0.171
NA NA
0.140 0.720
NA NA
1.014 (1.003, 1.025) NA
0.015 NA

DBP diastolic blood pressure, SBP systolic blood pressure, ALS amyotrophic lateral sclerosis, CCB calcium channel blocker, OR odds ratio, Cl confidence interval, MR

Mendelian randomization, SNP single-nucleotide polymorphism

P values less than 0.05/3 were considered significant
with Bonferroni correction, and a P value between 0.017
and 0.05 was regarded as a suggestive significance level.
All analyses were carried out in R software version 3.6.3
by the "TwoSampleMR" package (version 0.5.6) [23] and
the "MR-PRESSO" package (version 1.0) [22].

Results

In our study, proxies related to SBP, DBP, CCB, and ALS
were utilized to investigate the relationship between
blood pressure and ALS using five MR methods. The
detailed results are displayed in Tables 1 and 2, and the
main results are visualized in Figs. 2 and 3.

We found that increased DBP had a potential protec-
tive effect on ALS (IVW-odds ratio (OR)=0.991, 95%
confidence interval (CI) 0.982-1.001, P=0.074) (Table 1,
Fig. 2). The simple median method (OR=0.990, 95%
CI 0.977-1.004, P=0.178) and the MR Egger method
(OR=0.983, 95% CI 0.961-1.007, P=0.165) gener-
ated similar results with wider Cls and less precision.

No influence of outliers was detected. The MR PRESSO
global test provided suggestive horizontal pleiotropy
for IVs (P=0.042), which was not supported by the MR
Egger intercept (intercept=0.002, P=0.461). The het-
erogeneity of IVs was observed by Cochran’s Q test
(Q=446.290, P=0.041). When we adjusted SBP, the
effect of DBP on ALS was enhanced. The risk of ALS
was alleviated by 2.2% (OR=10.978, 95% CI 0.960—0.996,
P=0.017) with a per genetically predicted SD increase
in DBP (approximately 11 mmHg). In the bidirectional
causal relationship exploration, no evidence was found
that ALS caused changed DBP values (IVW-OR =1.024,
95% CI0.841-1.246, P=0.815) (Table 2).

With an overview analysis of the association between
SBP and ALS, SBP was suggested to have a null genetic
relationship with ALS (IVW-OR=1.006; 95% CI 0.998—
1.015; P=0.397) (Table 1, Fig. 2). Sensitivity analyses
generated analogical results. We observed no obvious
horizontal pleiotropy of the IVs with the MR Egger
method (intercept=—0.003, P=0.246). No instrument
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Table 2 Summary of the causal effects of ALS on blood pressure
via MR methods

DBP SBP
N SNPs 5 5
Cochran's Q
Q 7.525 7.002
p value 0.111 0.136

Simple median

OR (95% Cl) 1.069 (0.877,1.302) 1.22(0.863,1.726)
Pvalue 0511 0.260

Weighted median
OR (95% Cl) 1.094 (0.922,1.297) 1.265(0.934,1.713)
Pvalue 0.304 0.129

MR Egger
OR (95% Cl) 1.349 (0.863,2.108) 1.686 (0.755, 3.765)
P value 0.280 0.292

Inverse variance weighted-mre
OR (95% Cl) 1.024 (0.841, 1.246) 1.126 (0.809, 1.566)
Pvalue 0.815 0482

MR Egger
Intercept —0.045 —0.066
Pvalue 0278 0.360

MR-PRESSO
Outlier-corrected NA NA
Global test P value 0.203 0.223
Distortion test NA NA

DBP diastolic blood pressure, SBP systolic blood pressure, ALS amyotrophic
lateral sclerosis, CCB calcium channel blocker, OR odds ratio, C/ confidence
interval, MR Mendelian randomization, SNP single-nucleotide polymorphism

outliers existed, and Cochran’s Q test detected no het-
erogeneity. After DBP was adjusted, we observed a sig-
nificant risk effect of SBP on ALS, which elevated ALS
risk by 1.4% per genetically predicted unit increase
(OR=1.014, 95% CI 1.003-1.025 P=0.015). No modify-
ing role of ALS on SBP values was manifested (OR, 1.126,
95% CI 0.809-1.567, P=0.482) (Table 2).

Considering the deleterious effect of high SBP on ALS,
we probed the role of antihypertensive drugs on ALS.
Owing to the limited numbers of IVs, ACEI, ARB, and BB
were excluded from the downstream analyses. The IVW
approach indicated a suggestive protective role of CCB
on ALS (OR=0.985; 95% CI 0.971-1.000; P=0.049),
which was not verified by additional MR analyses. No
influence of the outliers, heterogeneity, or horizontal
pleiotropy were detected (Table 1, Fig. 3).

Discussion

Based on large-scale blood pressure GWASs and ALS
GWAS, we conducted a two-sample bidirectional MR
study and found that an increased DBP may be a pro-
tective factor for ALS, while SBP may be a risk factor

Page 5 of 10

for ALS in the European population, shedding light on
the importance of nonmotor systems in ALS pathogen-
esis. Furthermore, CCB was suggested to have a protec-
tive effect on ALS in our study, which may modify ALS
management.

An observational study and animal study noted a lower
blood pressure in ALS patients than in healthy controls
[8, 24]. However, the effect of abnormal blood pres-
sure on ALS remains inconsistent. We utilized the MR
framework to elucidate the causal relationship between
blood pressure and ALS. With the IVW approach, DBP
was assessed to play a protective role on ALS risk with
an OR equal to 0.978 after adjusting for SBP, and sensi-
tivity analyses generated results in the same direction.
However, there was heterogeneity in the IVs employed
for DBP, which may increase the probability of type one
error. When investigating the role of SBP in ALS while
eliminating the influence of DBP, SBP was identified as
a genetically described risk factor for ALS risk. Addi-
tional MR analyses verified the robustness of this result.
Our results are not fully supported by those in a previous
study [25], and we carefully recognized the causal rela-
tionship between blood pressure and ALS by doubling
the sample size. Furthermore, previous evidence for the
relationship between blood pressure and ALS was mainly
derived from observational studies, which could not dis-
tinguish between abnormal blood pressure causing ALS
or ALS status causally influencing blood pressure. To
clarify this, we performed a reverse direction MR analysis
to determine the effect of ALS on blood pressure values.
No results supported the view that ALS can influence
blood pressure values. In addition, SBP is the current
primary therapeutic target in blood pressure manage-
ment, and its elevation is more common and critical for
cardiovascular outcomes than DBP [26, 27]; therefore,
the risk effect of SBP on ALS has received closer atten-
tion. We explored the effect of antihypertensive drugs on
ALS, hoping to find a promising pharmacological inter-
vention for ALS. It was shown that CCB played a protec-
tive role in ALS. The protective effect of ACEI on ALS
was also reported in a prior study [28], but we failed to
verify this finding due to the limited number of IVs to
mimic ACEL Further studies to confirm these results are
of great interest. The ‘gold standard’ for empirically alle-
viating the concerns of residual confounding and reverse
causation in clinical research is an RCT [29]. However,
RCTs testing the association between blood pressure
and ALS risk have not been implemented, mainly due
to ethical issues. Therefore, observational studies with
actual patients should be involved in future replication.
Because the ALS presymptomatic stage could persist
for years [30], cohort studies may provide more cred-
ible evidence with a diminished interference of reverse
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Risk factors No. of SNPs OR (95% CI) P-value
DBP
Simple median 397 - 0.990 (0.977, 1.004) 0.178
Weighted median 397 - 0.991 (0.977, 1.006) 0.248
MR-Egger 397 —— 0.983 (0.961, 1.007) 0.165
(Egger—intecept) (0.002) 0.461
VW 397 =+ 0.991 (0.982, 1.001) 0.074
MVMR 367 —— 0.978 (0.960, 0.996) 0.017
SBP
Simple median 400 = 1.006 (0.9983, 1.018) 0.624
Weighted median 400 L 1.006 (0.994, 1.019) 0.590
MR-Egger 400 - 1.007 (0.985, 1.029) 0.163
(Egger—intecept) (-0.003) 0.246
VW 400 ] 1.006 (0.998, 1.015) 0.397
MVMR 338 - 1.014 (1.003, 1.025) 0.015
[
A 0.96 1
OR (95% CI) for Amyotrophic Lateral Sclerosis
MR Test
Inverse variance weighted Simple median
/ MR Egger / Weighted median
0.10 1
. °
®
o 0.051 o« 1 ®
| ®
<
C 3
o h— ]
uEIJ—J *® 1
© i
% —0.051 oty oo 1
(d)) L 2
L 2
—-0.10 1
-0.15 1
0.2 0.4 0.6

Fig. 2 The relationship between blood pressure and ALS. a The main results of the effects of 1 genetically predicted SD unit increase in blood
pressure on ALS via MR approaches. b Scatter plot of the SNP effects on DBP versus ALS, with the slope of each line corresponding to the estimated
MR effect per method. ¢ Scatter plot of the SNP effects on SBP versus ALS, with the slope of each line corresponding to the estimated MR effect per
method. OR, odds ratio; Cl, confidence interval; MR, Mendelian randomization; SNP, single-nucleotide polymorphism; DBP, diastolic blood pressure;

SBP, systolic blood pressure; ALS, amyotrophic lateral sclerosis
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causation than other observational studies [29]. A large-
scale population-based prospective cohort can be estab-
lished, where information about blood pressure values
and the use of antihypertensive drugs is collected at base-
line. After long-term follow-up, the relationship between
the observed phenotypes and ALS can be revealed using
various association analyses. Combining these data and
the results generated with the MR framework may deliver
convincing conclusions in the future.

The potential mechanisms underlying the relation-
ship between blood pressure and ALS remain unclear.
The results generated with high-resolution magnetic
resonance imaging suggested a link between the com-
bination of low DBP and high SBP and cerebral hypop-
erfusion [31]. Hypoperfusion can lead to insufficient
energy in neurons and trigger neuroinflammation and
blood-brain barrier disruption, accelerating the neu-
rodegenerative pathological changes in ALS [32, 33]. In

addition, the combination of low DBP and high SBP is
associated with increased large arterial stiffness, which
attenuates resting cerebral blood flow and the clearance
of aggregated proteins [34]. Some sympathetic dysfunc-
tions in ALS have been reported recently, including
decreased norepinephrine levels [35], decreased heart
rate variability, and degeneration of the cardiac sympa-
thetic nerve [36, 37]. Abnormal sympathetic excitability
may also play an essential role in the causal pathway from
SBP to ALS, which elevates SBP and aggravates oxygen
tension in ALS. Low oxygen tension can cause reductive
bond cleavage and an increase in disordered superoxide
dismutase 1 protein (SOD1) in ALS patient-derived cells,
facilitating disease progression [38].

Interventions relevant to calcium ions (Ca?") seem to
be a promising target for ALS management. Neverthe-
less, caution should be taken when explaining the MR
results into expected pharmacologic efficacy attributed

(See figure on next page.)

Fig. 3 The relationship between CCB and ALS. a The main results of the effects of genetically predicted CCB on ALS via MR approaches. b Scatter
plot of the SNP effects on CCB versus ALS, with the slope of each line corresponding to the estimated MR effect per method. OR, odds ratio; Cl,
confidence interval; MR, Mendelian randomization; SNP, single-nucleotide polymorphism; CCB, calcium channel blocker; ALS, amyotrophic lateral

sclerosis
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Risk factors No. of SNPs OR (95% CI) P-value

CCB

Simple median 47 —i- 0.987 (0.964, 1.010) 0.254

Weighted median 47 M- 0.987(0.964, 1.011) 0.277

MR-Egger 47 —M 1.017 (0.970, 1.067) 0.486
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to the difference between genetically predicted lifelong
exposure to a biomarker and short-term intervention.
Ca”" is an essential mediator of cell communication and
signal transduction, and calcium channels are widely
expressed. Basal intracellular calcium levels were ele-
vated in motor neurons with mutant transactive response
DNA-binding protein 43 (TDP43), suggesting altered
Ca’" homeostasis in ALS [39]. Aberrant Ca’* levels
cause functional defects in lysosomes and autophagic
flux, hinder the removal of misfolded toxic proteins, and
result in further disease development [40, 41]. The pro-
tective effect of CCB on ALS may be directly due to the
clearance of accumulated Ca** from neurons.

Our study is the first to shed light on the interventive
effect of blood pressure management in ALS. All the analy-
ses are performed with the largest European-based GWASs.
Reliable data sources and study design provide sufficient
statistical power. Nevertheless, there are still some short-
comings in this study. The limitations of the methodology
have been reviewed elsewhere [42]. Some SNPs overlapped
in the IVs for SBP and DBP, which may affect the results;
therefore, the MVMR approach, sensitivity analyses, and
horizontal pleiotropy tests were adopted to assess the true
relationship and detect the robustness of estimates. In addi-
tion, both sALS and fALS were involved in the ALS GWAS
we employed, aiming to validate previous ALS-causing
genes and provide more broadly acceptable conclusions.
Although sALS and fALS share similar neuropathological
signatures and risk factors, monogenetic causes are associ-
ated with specific clinical features. Therefore, targeted MR
studies that distinguish fALS and sALS would yield more
detailed and tailored results. Because sALS was the over-
whelming majority, the previous results we found would
not change significantly after removing fALS. For analyses
focused on fALS, the newly generated results may be in the
same direction as those we reported but with wider Cls due
to the limited number of cases. However, these hypotheses
cannot be confirmed owing to the lack of available ALS
GWAS individual-level data. Moreover, the potential effect
of blood pressure on the prognosis of ALS was speculated
without MR evidence, similarly due to the lack of relevant
GWAS data (e.g., clinical progression pattern, cognitive
impairment, and survival).

Conclusion

This study provides genetic support for a causal effect of
BP and ALS that increased DBP has a protective effect on
ALS, and increased SBP is a risk factor for ALS, which
may be related to sympathetic excitability. Blood pres-
sure management is essential in ALS, and CCB may be a
promising candidate.
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