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Abstract

Objective: Until now, observational studies have explored the impact of vitamin C intake on Alzheimer’s disease
(AD) risk, however, reported ambiguous findings. To develop effective therapies or prevention, the causal link
between vitamin C levels and AD should be established.

Methods: Here, we selected 11 plasma vitamin C genetic variants from a large-scale plasma vitamin C GWAS
dataset (N = 52,018) as the potential instrumental variables. We extracted their corresponding summary statistics
from large-scale IGAP clinically diagnosed AD GWAS dataset (N = 63,926) and UK Biobank AD proxy phenotype
GWAS dataset (N = 314,278), as well as two UK Biobank subgroups including the maternal AD group (27,696 cases
of maternal AD and 260,980 controls) and paternal AD group (14,338 cases of paternal AD and 245,941 controls).
We then performed a Mendelian randomization (MR) study to evaluate the causal association between plasma
vitamin C levels and the risk of AD and AD proxy phenotype. Meanwhile, we further verified these findings using a
large-scale cognitive performance GWAS dataset (N = 257,841).

Results: In IGAP, we found no significant causal association between plasma vitamin C levels and the risk of AD. In
UK Biobank, we found that per 1 SD increase in plasma vitamin C levels (@about 20.2 umol/l) was significantly
associated with the reduced risk of AD proxy phenotype (OR = 0.93, 95% (I 0.88-0.98, P = 7.00E—03). A subgroup
MR analysis in UK Biobank indicated that per 1 SD increase in plasma vitamin C levels could significantly reduce the
risk of AD proxy phenotype in the maternal AD group (OR = 0.89, 95% (I 0.84-0.94, P = 7.29E—-05), but not in the
paternal AD group (OR = 1.02, 95% C/ 0.92-1.12, P = 759E-01). The leave-one-out permutation further showed that
the SLC23AT rs33972313 variant largely changed the precision of the overall MR estimates in all these four GWAS
datasets. Meanwhile, we did not observe any significant causal effect of plasma vitamin C levels on the cognitive
performance.

Conclusion: We demonstrated that there may be no causal association between plasma vitamin C levels and the
risk of AD in people of European descent. The insistent findings in clinically diagnosed AD and AD proxy
phenotype may be caused by the phenotypic heterogeneity.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegen-
erative disease, which is characterized by extracellular
deposition of amyloid plaques mainly composed of [-
amyloid protein (AP) [1]. Meanwhile, it is reported that oxi-
dative stress is involved in the pathogenesis of AD [2, 3]. The
soluble oligomeric forms of A could induce neurotoxicity
in neuronal cell cultures, which is triggered by reactive oxy-
gen species [2, 4]. Vitamin C is an important water-soluble
antioxidant, which could neutralize reactive oxygen species
and reduce the oxidative stress [3]. Evidence from animal
models of AD highlighted the protective role of vitamin C in
AD [5]. Kook and colleagues found that the high-dose sup-
plementation of vitamin C could reduce amyloid plaque bur-
den in the cortex and hippocampus in 5 familial AD
mutation (5XFAD) mice and further ameliorate the blood—
brain barrier disruption and mitochondrial alteration [5].

Until now, observational studies have investigated the
role of vitamin C intake (both diet and supplements) in
AD, however, reported ambiguous findings [6—10]. The
Rotterdam Study, a population-based, prospective cohort
study in the Netherlands, showed that high intake of
vitamin C was associated with reduced AD risk with rate
ratio = 0.82 and 95% confidence interval (CI) 0.68-0.99
corresponding per 1 SD increase in intake [6]. The Rush
Memory and Aging Project (MAP) indicated that highest
vs. lowest quartile intakes of vitamin C were associated
with reduced AD risk (hazard ratio = 0.64, 95% CI 0.45—
0.92) [10]. The Washington Heights-Inwood Columbia
Aging Project (WHICAP) showed neither dietary nor
supplemental vitamin C was associated with the de-
creased risk of AD [7]. The Cache County Study indi-
cated no evidence of a protective effect with the use of
vitamin C supplements to reduce the prevalence and in-
cidence of AD [8]. The Chicago Health and Aging Pro-
ject (CHAP) found that total vitamin C intake from
foods and supplements or vitamin C intake from foods
alone was not significantly associated with the risk of
AD [9].

In order to develop effective therapies or prevention,
the causal link between vitamin C levels and AD should
be established. Hence, it is necessary to improve the
causal inference through other study designs and over-
come the methodological limitations of observational
studies [11]. Interestingly, Mendelian randomization
(MR) design has been widely used to determine the
causal inferences in AD, such as vitamin D levels and
AD, vitamin E levels and AD, and vitamin B12 levels
and AD [11-16]. Meanwhile, Williams and colleagues
recently conducted a MR analysis to evaluate the causal
association of four circulating antioxidants including cir-
culating ascorbate (vitamin C), B-carotene, retinol (vita-
min A), and urate with the risk of AD [17]. Williams
and colleagues found that increased circulating levels of
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ascorbate, p-carotene, retinol, or urate could not reduce
the risk of AD [17]. They suggested that MR studies
should further verify these findings using larger AD
case—control samples and more additional variants as
the instrument [17]. Until now, large-scale AD or AD
proxy phenotype GWAS datasets and newly identified
vitamin C genetic variants are publicly available [18-20].
Here, we performed an updated two-sample MR study
to investigate the causal association of plasma vitamin C
levels with AD and AD proxy phenotype using large-
scale plasma vitamin C genome-wide association study
(GWAS) dataset, clinically diagnosed AD GWAS dataset
from IGAP, and three AD proxy phenotype GWAS data-
sets from UK Biobank [18-20]. Meanwhile, we further
verified these findings using a large-scale cognitive per-
formance GWAS dataset [21].

Materials and methods

Study design

Our study design is a two-sample MR study, which is
based on the large-scale publicly available GWAS sum-
mary datasets in plasma vitamin C, AD, AD proxy
phenotype, and cognitive performance [18-21]. All par-
ticipants have given informed consent in all these corre-
sponding original studies [18—21]. In general, MR must
meet three principal assumptions [22-26]. First, genetic
variants should be significantly associated with plasma
vitamin C levels (P < 5.00E-08). Second, plasma vitamin
C genetic variants should not be associated with con-
founders. Third, plasma vitamin C genetic variants
should affect the risk of AD only through plasma vita-
min C levels. Figure 1 provides a flow chart about our
MR study design.

Vitamin C GWAS dataset

The vitamin C GWAS dataset is from a recent large-
scale GWAS meta-analysis of plasma vitamin C in
52,018 individuals of European ancestry [18]. In brief,
these 52,018 samples are from (1) the Fenland study, an
ongoing, population-based cohort study (z = 10,771) in
Cambridgeshire, UK; (2) European Prospective Investiga-
tion into Cancer and Nutrition (EPIC)-InterAct study, a
case—cohort study (n = 16,841) from eight European
countries (France, Italy, Spain, UK, Netherlands,
Germany, Sweden, and Denmark); (3) EPIC-Norfolk
study, an ongoing UK-based prospective cohort study (n
= 16,756, excluding overlapped samples with EPIC-
InterAct); and (4) EPIC-CVD study, a case—cohort study
(n = 7650, excluding overlapped samples with EPIC-
InterAct or EPIC-Norfolk) [18]. The vitamin C GWAS
has adjusted for age, sex, study center, and the first 10
genetic principal components of ancestry within each
cohort [18].



Liu et al. Genes & Nutrition (2021) 16:19 Page 3 of 17
Assumption 2
Genetic variants are not associated with
either known or unknown confounders
Assumption 1
Genetic variants are associated
with vitamin C levels
: A 4 A 4
Instrumental variable Risk factor Outcomes
Vitamin C variants Vitamin C Alzheimer’s disease
: X 4
; )
Assumption 3
Genetic variants influence risk of the
Alzheimer’s disease through the
Vitamin C, not through other pathways
Plasma vitamin C GWAS datasets Pleiotropy analysis MR analysis
11 genetic variants IGAP AD MR-Egger intercept test IVW
UK Biobank AD proxy MR-PRESSO test Weighted median
Cognitive performance Heterogeneity test MR-Egger
MR-PRESSO

Fig. 1 The flow chart about the MR study design

IGAP clinically diagnosed AD GWAS dataset

The AD GWAS dataset is from the International Gen-
omics of Alzheimer’s Project (IGAP), which is the large-
scale meta-analysis of GWAS using clinically diagnosed
AD (NINCDS-ADRDA criteria or DSM-IV guidelines)
in individuals of European ancestry [20, 27]. The IGAP
stage 1 is based on a meta-analysis of 46 GWAS datasets
including 21,982 AD and 41,944 cognitively normal con-
trols of European descent from four AD consortia in-
cluding Alzheimer Disease Genetics Consortium,

Cohorts for Heart and Aging Research in Genomic Epi-
demiology Consortium (CHARGE), The European Alz-
heimer’s Disease Initiative (EADI), and Genetic and
Environmental Risk in AD/Defining Genetic, Polygenic
and Environmental Risk for Alzheimer’s Disease Consor-
tium (GERAD/PERADES) [20]. This AD GWAS has ad-
justed for age, sex, and population substructure [20].
Table 1 provides the demographic profiles about the
IGAP AD GWAS dataset, as provided in the original
study [20].

Table 1 Demographic profiles about the selected AD and AD proxy phenotype GWAS datasets

GWAS datasets AD or AD proxy

Controls or proxy controls

N % female Mean AAO (s.d) N % female Mean AAE (s.d)
IGAP ADGC 14,428 593 711 (17.3) 14,562 593 76.2 (9.9)
IGAP CHARGE 2137 673 826 (12) 13,474 558 76.7 (8.2)
IGAP EADI 2240 65 754 (9.1) 6631 60.6 789 (7.0)
IGAP GERAD 3177 64 730 (0.2) 7277 518 51.0 (0.1)
UK Biobank AD proxy 42,034 659 - 272,244 - -
Maternal AD group from UK Biobank 27,696 100 - 260,980 - -
Paternal AD group from UK Biobank 14,338 0 - 245,941 - -

AD Alzheimer's disease, AAO age at onset, AAE age at examination
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UK Biobank AD proxy phenotype GWAS datasets

The AD proxy phenotype GWAS datasets are from the
large-scale GWAS of AD family history in 314,278 par-
ticipants from UK Biobank [19]. UK Biobank included
502,536 community-dwelling individuals aged 37-73
years recruited in the UK between 2006 and 2010 [28].
The proportion of women was 56% and the average age
was 56 (SD 8) in both women and men [28]. In the UK
Biobank AD GWAS dataset, the AD status was assessed
by self-report [19]. All participants were asked to answer
the question: Has/did your father or mother ever suffer
from Alzheimer’s disease/dementia? This GWAS ex-
cluded participants whose parents were aged less than
60 years, dead before reaching age 60 years, or without
age information [19]. Finally, 314,278 participants pro-
vided the AD information about at least one parent and
were further divided into 27,696 maternal cases and
14,338 paternal cases [19].

Meanwhile, a subgroup analysis of the UK Biobank
AD proxy phenotype was conducted in maternal AD
and paternal AD including 27,696 cases of maternal AD
with 260,980 controls and 14,338 cases of paternal AD
with 245,941 controls, as provided in Table 1 [19]. In
the single maternal or paternal AD GWAS, the key
covariates adjusted for including age of parent at death
or at time of the offspring’s self-report, assessment cen-
ter, genotype batch, array, and 40 genetic principal com-
ponents [19]. Until now, the genetic correlation between
clinically diagnosed AD and AD proxy phenotype has
been investigated [29]. Jansen and colleagues found a
strong genetic correlation of 0.81 (SE = 0.185) between
clinically diagnosed AD status and AD proxy phenotype
in UK Biobank [29]. Marioni and colleagues also identi-
fied a high genetic correlation of maternal AD (rg = 0.91
and SE = 0.24) and paternal AD (rg = 0.66 and SE =
0.39) with clinically diagnosed AD status [19].

Cognitive performance GWAS dataset

We selected the cognitive performance GWAS dataset
from Social Science Genetic Association Consortium
(SSGAC) (N = 257,841) [21]. This is a meta-analysis of
two large-scale cohorts including general cognitive abil-
ity in COGENT (Cognitive Genomics Consortium) (N =
35,298) and cognitive performance in UK Biobank (N =
222,543) [21]. The phenotype measures used in both co-
horts are provided in supplementary Table 1.

MR analysis

We selected the inverse-variance weighted (IVW) as the
main MR analysis method to combine the variant-
specific Wald estimators by taking the inverse of their
approximate variances as the corresponding weights
[25]. Meanwhile, we selected the weighted median, MR-
Egger, MR pleiotropy residual sum and outlier (MR-
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PRESSO), and leave-one-out permutation analysis as the
sensitivity analysis methods [22, 25]. The weighted me-
dian could produce consistent estimates even 50% of se-
lected genetic variants are valid instruments [22-26].
MR-Egger is based on the same regression model with
IVW, but allows and accounts for the potential plei-
otropy using the MR-Egger intercept test [22-26]. If the
selected genetic variants are not pleiotropic, then the
MR-Egger intercept term should tend to zero as the
sample size increases [25]. The MR-PRESSO global test
could identify the horizontal pleiotropic outliers [22].
Importantly, MR-PRESSO could correct for the horizon-
tal pleiotropy via outlier removal (the MR-PRESSO out-
lier test) [22]. The leave-one-out permutation analysis
sequentially removes each genetic variant from the MR
analysis and evaluates the influence of a single genetic
variant on the over MR estimate [22—-26].

Meanwhile, we conducted a heterogeneity test with
Cochran’s Q statistic (together with the I* statistic) from
IVW, which could provide evidence of heterogeneity due
to pleiotropy or other causes [30]. Cochran’s Q statistic
approximately follows a x> distribution with k-1 degrees
of freedom (k stands for the number of genetic variants)

[381]. I?= (Q_(k_l))/Q x 100% ranges from 0 to

100%, and 0-25%, 25—-50%, 50-75% and 75—-100% corre-
sponding to low, moderate, large, and extreme hetero-
geneity, respectively [31].

In addition to the heterogeneity test, we also per-
formed a pleiotropy analysis using the manual methods.
First, we checked the pleiotropic association of vitamin
C genetic variants or their proxies using PhenoScanner
[32]. PhenoScanner is a curated database holding pub-
licly available results from large-scale GWAS [32]. The
database currently contains over 65 billion associations
and over 150 million unique genetic variants [32].
Hence, PhenoScanner is a useful tool for searching hu-
man genotype—phenotype associations [32]. Second, we
inquired the pleiotropy analysis results from Zheng and
colleagues, as they conducted a MR analysis to evaluate
the causal association between plasma vitamin C and
type 2 diabetes [18]. Zheng and colleagues constructed a
vitamin C-raising genetic score using the 11 plasma vita-
min C genetic variants in the EPIC-InterAct study and
examined its association with anthropometric, lifestyle,
dietary factors, and lipid biomarkers [18]. Meanwhile,
Zheng and colleagues evaluated the association of 11
plasma vitamin C genetic variants with 174 blood me-
tabolites using 174 GWAS summary statistics [18, 33].

The odds ratio (OR) and 95% confidence interval (CI)
for AD or AD proxy phenotype, as well as the effect size
(beta) and 95% CI for cognitive performance, corres-
pond to 1 standard deviation (SD) in vitamin C levels (1
SD = 20.2 umol/l from the EPIC-Norfolk study) [18]. All
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the statistical tests were completed using three R Pack-
ages including “meta: General Package for Meta-
Analysis,”  “MendelianRandomization,” and  “MR-
PRESSO,” respectively [11]. The significance threshold is
P < 0.05.

Power analysis

We first calculated the proportion of plasma vitamin C
variance R* explained by the selected genetic variants
using two formulas. The first formula was

K
ey B

=B+ 2*N*Se(ﬁi)2

where f3; is the effect size for SNP;, se(f3;) is the stand-
ard error for SNP,;, N is the sample size for SNP;, and K
is the number of the selected genetic variants [34]. The
second formula was

k
R* = 2«MAF*(1-MAF)+f;
i=1

i=

where f3; is the effect size for SNP;, MAF is the minor
allele frequency for SNP;, and K is the number of the se-
lected genetic variants [35]. We further calculated the
statistical power using the Web-based tool mRnd and a
two-sided type-I error rate a of 0.05 [36].

Results

Vitamin C genetic variants and their association with AD,
AD proxy phenotype, and cognitive performance

We selected 11 genetic variants with a genome-wide
significant level (P < 5.00E-08) as the potential in-
strumental variables from the recent vitamin C
GWAS dataset [18]. These vitamin C genetic variants
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are successfully identified around 11 loci on chromo-
some 1 (RERI), 2 (SLC23A3), 5 (SLC23A1 and
RGS14), 6 (GSTAS), 11 (FADSI), 12 (SNRPF and
CHPTI), 14 (AKTI), 16 (MAF), and 17 (BCAS3) [18].
On chromosome 5, the SLC23A1 rs33972313 and
RGS14 rs10051765 are 38084490 bps away from each
other. On chromosome 12, the SNRPF rs117885456
and CHPTI rs2559850 are 5844348 bps away from
each other. Hence, all these 11 genetic variants are
completely independent and not in linkage disequilib-
rium with each other (¥ < 0.01 and D’ < 0.01). All
these selected 11 genetic variants could explain 1.79%
and 1.84% variance of plasma vitamin C levels, as
provided in Table 2. The summary results about the
effect of each genetic variant on vitamin C levels and
the standard errors are also provided in Table 2.

We further extracted the corresponding summary sta-
tistics in the IGAP AD GWAS dataset, UK Biobank AD
proxy phenotype GWAS datasets, and cognitive per-
formance GWAS dataset using the 11 vitamin C genetic
variants, respectively, as provided in Table 3. It is noted
that rs56738967 (C/G, C with the minor allele frequency
(MAF) = 0.321) is an ambiguous palindromic variant
(i.e., with alleles either A/T or C/G). Hence, we selected
its proxy rs17689159 (C/T, C with the MAF = 0.29),
which showed high linkage disequilibrium with
1s56738967 (r* = 1 and D’ = 1) using the HaploReg v4.1
based on the linkage disequilibrium information in 1000
Genomes Project (CEU) [37]. Only the SLC23AI
rs33972313 variant was significantly associated with AD
proxy phenotype in UK Biobank GWAS datasets (P =
4.71E-05 for AD proxy phenotype in maternal AD and
P = 1.14E-03 for AD proxy phenotype in both maternal
AD and paternal AD) using the adjusted significance
threshold P < 0.05/11 = 4.55E-03.

Table 2 Main characteristics of 11 selected plasma vitamin C genetic variants

SNP Chromosome  Position (GRCh37) EA  NEA  EAF Beta  SE P value Gene R* R*

1s6693447 1 2330190 T G 0551 0039 0006  625E-10  RERI 008%  008%
rs13028225 2 220031255 T C 0857 0102 0009  238E-30  SLC23A3  025%  026%
1s33972313 5 138715502 C T 0968 036 0018  461E-90  SLC23AT  076%  080%
rs10051765 5 176799992 C T 0342 0039 0007  364E-09  RGS14 006%  007%
rs7740812 6 52725787 G A 0594 0038 0006  188E-09  GSTAS 008%  007%
15174547 1 61570783 C T 0328 0036 0007  384E-08  FADSI 005%  0.06%
rs117885456 12 96249111 A G 0087 0078 0012  170E-11  SNRPF 008%  0.10%
rs2559850 12 102093459 A G 0598 0058 0006  630E-20  CHPTI 018%  0.16%
rs10136000 14 105253581 A G 0283 004 0007  133E-08  AKTI 006%  0.06%
rs56738967 16 79740541 C G 0321 0041 0007  762E-10  MAF 007%  007%
rs9895661 17 59456589 T C 0817 0063 0008  105E-14  BCAS3 012%  0.12%

SNP single-nucleotide polymorphism, EA effect allele, NEA non-effect allele, EAF effect allele frequency, SE standard error. Beta is the regression coefficient based
on the vitamin C raising allele (effect allele); R?, the proportion of vitamin C variance explained by the selected genetic variants; ® and ®, the proportion of plasma
vitamin C variance R* explained by the selected genetic variants was calculated using the first formula and the second formula
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Table 3 GWAS summary statistics corresponding to 11 vitamin C genetic variants in IGAP and UK Biobank
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SNP Plasma vitamin C AD GWAS from  AD proxy GWAS Maternal AD group  Paternal AD group  Cognitive

GWAS IGAP from UK Biobank  from UK Biobank from UK Biobank performance GWAS

EA NEA EAF Beta 6.SE  Beta 7.SE Beta SE Beta SE Beta SE
rs10051765 C T 0342 -00126 0016  -0.019 0.01 —-0.009 0.012 -0.036 0.017 0.00272 0.00305
rs10136000 A G 0283 -00368 0018  0.005 0.01 —-0.006 0012 0.025 0.017 —-0.00183  0.00320
rs117885456 A G 0.087 -0.0407 0.032 -0.004 0.01 -0.004 0.012 —-0.005 0.017 0.00227 0.00497
rs13028225 T C 0.857  0.0071 0.0208 0.012 0.01 0.006 0.012 0.023 0.017 0.00557 0.00412
15174547 c T 0328 -0012 00151 -0.002 0.01 -0.014 0012 0.021 0017 0.01375 0.00300
rs2559850 A G 0.598 -0.012 0.015 -0.011 0.01 -0.014 0.012 —-0.005 0.017 —-0.00145 0.00290
rs33972313  C T 0.968 0.0144 0.0428 —0.032 0.01 -0.05 0.012 0.001 0.017 —0.00561 0.00784
rs56738967° C G 0321 00154 00166 0.006 0.01 —-0.003 0012 0.023 0.017 0.00322 0.00307
6693447 T G 0551 -0.0025 00148 001 0.01 0.007 0.012 0.015 0.017 0.00003 0.00288
rs7740812 G A 0594 -0.0137 0.0145 0.008 0.01 0.012 0.012 0.002 0.017 —0.00565 0.00293
rs9895661 T C 0817 -00024 00192 -0014 0.01 —-0.008 0013 —-0.025 0.018 —-0.00288  0.00382

SNP single-nucleotide polymorphism, EA effect allele, NEA non-effect allele, EAF effect allele frequency, SE standard error. Beta is the regression coefficient based
on the vitamin C raising allele (effect allele); >we selected the rs17689159 variant (C/T, C with the MAF = 0.29) in high linkage disequilibrium with rs56738967 (~* =

landD'=1)

Table 4 MR analysis of the causal association of plasma vitamin C levels with AD, AD proxy phenotype, and cognitive performance
using 11 genetic variants including the rs174547 variant

GWAS dataset Method OR/beta® 95% Cl P value
IGAP AD VW 0.93 0.80-1.09 3.85E-01
Weighted median 1.01 0.83-1.23 9.25E-01
MR-Egger 1.09 0.85-140 4.90E-01
MR-PRESSO 0.93 0.81-1.08 3.80E-01
UK Biobank AD proxy VW 0.93 0.88-0.98 7.00E-03
Weighted median 092 0.87-0.97 2.00E-03
MR-Egger 091 0.85-0.98 9.00E-03
MR-PRESSO 093 0.88-0.98 2.30E-02
Maternal AD group from UK Biobank VW 0.89 0.84-0.94 7.29E-05
Weighted median 087 0.82-0.93 3.30E-05
MR-Egger 0.87 0.80-0.94 1.00E-03
MR-PRESSO 0.89 0.85-0.93 6.65E-04
Paternal AD group from UK Biobank VW 1.02 092-1.12 7.59E-01
Weighted median 1.00 0.92-1.10 9.25E-01
MR-Egger 0.99 0.86-1.14 9.08E-01
MR-PRESSO 1.02 0.92-1.12 7.66E-01
Cognitive performance VW 0.007 [-0.043, 0.057] 0.775
Weighted median -0.012 [~0.050, 0.026] 0.546
MR-Egger -0.019 [-0.100, 0.061] 0.638
MR-PRESSO 0.007 [-0.043, 0.057] 0.781

OR odds ratio, C/ confidence interval, IVW inverse-variance weighted, /IGAP International Genomics of Alzheimer’s Project, MR-PRESSO Mendelian randomization
pleiotropy residual sum and outlier; the significance of suggestive association between vitamin C levels and AD was at P < 0.05; the significance of statistically
significant association between vitamin C levels and AD was at Bonferroni-corrected significance P < 0.05/4 = 0.0125. “OR for AD and AD proxy phenotype, and
beta for cognitive performance
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MR analysis

We first conducted a MR analysis using 11 plasma
vitamin C genetic variants. In the IGAP AD GWAS
dataset and the cognitive performance GWAS dataset,
we did not observe any significant causal effects of
plasma vitamin C levels on the risk of AD and the
cognitive performance, as provided in Table 4. Inter-
estingly, the MR analysis in the UK Biobank GWAS
dataset showed that per 1 SD increase in vitamin C
levels (about 20.2 pmol/l) was significantly associated
with the reduced risk of AD proxy phenotype (OR =
0.93, 95% CI 0.88-0.98, P = 7.00E-03) using IVW
method. Importantly, three additional sensitivity ana-
lysis methods further supported the suggestive or sig-
nificant association of genetically increased vitamin C
levels with the reduced risk of AD proxy phenotype
(Table 4). These estimates were consistent with the
IVW estimate in terms of direction and magnitude
including weighted median (OR = 0.92, 95% CI 0.87-
0.97, P = 2.00E-03), MR-Egger (OR = 091, 95% CI
0.85-0.98, P = 9.00E-03), and MR-PRESSO (OR =
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We further conducted a subgroup MR analysis in UK
Biobank GWAS datasets. Interestingly, the results indi-
cated that genetically increased vitamin C levels could
significantly reduce the risk of AD proxy phenotype in
the maternal AD group, but not in the paternal AD
group (Table 4). IWV showed that per 1 SD increase in
vitamin C levels (about 20.2 pmol/l) could reduce 11%
risk of AD proxy phenotype in the maternal AD group
with OR = 0.89, 95% CI 0.84-0.94, and P = 7.29E-05.
Importantly, three additional sensitivity analysis methods
including weighted median, MR-Egger, and MR-
PRESSO further supported this finding in the maternal
AD group (Table 4). Figure 2 shows the individual MR
estimates about the causal effect of vitamin C levels on
the risk of AD in IGAP and the risk of AD proxy pheno-
type in UK Biobank GWAS datasets using the IVW
method, respectively.

Using the three statistical methods, we did not identify
any significant pleiotropic variant among the selected 11
vitamin C genetic variants in the IGAP AD and UK Bio-
bank AD proxy phenotype GWAS datasets. In brief, the

0.93, 95% CI 0.88-0.98, P = 2.30E-02). MR-Egger intercept test showed no significant
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pleiotropy in the IGAP AD GWAS dataset (intercept =
-0.013 and P = 0.116) and UK Biobank AD proxy
phenotype GWAS datasets (intercept = 0.004 and P
varying from 0.354 to 0.616). The MR-PRESSO global
test identified no horizontal pleiotropic outliers with P
varying from 0.1785 to 0.5045. The heterogeneity test
from IVW showed Cochran’s Q statistics P varying from
0.1409 to 0.7701 and I* varying from 0.0 to 32.3%. In the
cognitive performance GWAS dataset, the MR-PRESSO
global test identified the rs174547 variant to be a pleio-
tropic outlier. Importantly, the heterogeneity test of 11
genetic variants from IVW showed Cochran’s Q statis-
tics P = 8E-04 and I* = 66.7%. Meanwhile, the hetero-
geneity test of 10 genetic variants excluding rs174547
from IVW showed Cochran’s Q statistics P=0.4184 and
I? = 2.2%. Hence, rs174547 may be a pleiotropic variant
in the cognitive performance GWAS dataset. More de-
tailed pleiotropy analysis results are provided in Table 5.

Using the manual methods in PhenoScanner, we found
that the rs174547 variant was significantly associated
with a large number of lipid metabolism and lipid bio-
markers at the genome-wide significance level (P <
5.00E-08), as provided in supplementary Table 2 [32].
Meanwhile, Zheng and colleagues also found rs174547
to be significantly associated with glycerophospholipids
or sphingolipids [33]. Until now, the causal association
between cholesterol and AD has been established, espe-
cially the high-density lipoprotein (HDL) cholesterol [38,
39], low-density lipoprotein (LDL) cholesterol [40], and
total cholesterol [40]. Hence, rs174547 may be a pleio-
tropic variant. We further conducted a MR analysis
using 10 plasma vitamin C variants excluding the
rs174547 variant and found the similar findings as the
MR analysis including the rs174547 variant, as provided
in Table 6.

The leave-one-out permutation further showed that
only the SLC23A1 rs33972313 variant largely changed
the precision of the overall MR estimates in the IGAP
AD GWAS dataset (Fig. 3), UK Biobank AD proxy
phenotype GWAS dataset (Fig. 4), UK Biobank maternal
AD and paternal AD GWAS datasets (Figs. 5 and 6),
and cognitive performance GWAS dataset (Fig. 7). Im-
portantly, MR analysis excluding the rs33972313 variant
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indicates no significant causal association between
plasma vitamin C levels and the risk of AD proxy pheno-
type, as provided in Figs. 4, 5, and 6. Hence, the
SLC23A1 rs33972313 variant may have driven the causal
association in UK Biobank GWAS datasets.

Power analysis

All these selected 11 genetic variants could explain
1.79-1.84% variance of plasma vitamin C levels. In the
IGAP GWAS dataset, our MR study had 80% power to
detect an OR of 0.84 or lower per SD increase in vitamin
C levels (about 20.2 pmol/l) for AD. In UK Biobank
GWAS datasets, our MR study had 80% power to detect
OR of 0.90, 0.87, and 0.83 or lower per SD increase in
vitamin C levels (about 20.2 pmol/l) for AD proxy
phenotype, maternal AD, and paternal AD, respectively.
Interestingly, the power is 80% to detect the causal asso-
ciation between increased vitamin C levels and reduced
risk of maternal AD with OR = 0.87, as reported in the
UK Biobank maternal AD GWAS dataset. These detect-
ive ORs are comparable with a previous observational
study, which reported that per 1 SD increase in vitamin
C intake levels could reduce the risk of AD with rate ra-
tio 0.82 [6].

Discussion

Until now, observational studies have explored the im-
pact of vitamin C intake (both diet and supplements) on
AD risk [6-10]. Some observational studies found that
high vitamin C levels could reduce the risk of AD. How-
ever, others reported ambiguous findings [6-10]. In
order to develop effective therapies or prevention, the
causal link between vitamin C levels and AD should be
established. Hence, it is necessary to improve the causal
inference through other study designs and overcome the
methodological limitations of observational studies [11].
Hence, we performed an updated two-sample MR study
using multiple large-scale GWAS datasets from plasma
vitamin C (N = 52,018), IGAP clinically diagnosed AD
(N = 63,926), UK Biobank AD proxy phenotype (N =
314,278), UK Biobank maternal AD (27,696 cases of ma-
ternal AD and 260,980 controls) and paternal AD

Table 5 Pleiotropy analysis of 11 selected plasma vitamin C genetic variants

GWAS dataset MR-Egger intercept

MR-PRESSO global test Heterogeneity test from IVW

Intercept 8. 95% CI P value P value P 95% Cl Q statistics P value
IGAP -0.013 [-0.030, 0.003] 0.116 0.5045 0.0% [0.0%, 55.6%] 05357
Maternal AD group from UK Biobank 0.004 (—0.006, 0.014] 0416 04305 00%  [0.0%, 39.0%] 0.7701
Paternal AD group from UK Biobank  0.004 [-0.013,0.021] 0616 0.297 323% [0.0%, 66.7%] 0.1409
UK Biobank AD proxy 0.004 [-0.005, 0.013] 0354 0.1785 17.7% [0.0%, 57.9%] 0.2748
Cognitive performance 0.002 [-0.003, 0.008] 0404 0.0035 66.7% [37.2% 824%] 8E-04

The significance threshold is P < 0.05
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Table 6 MR analysis of the causal association of plasma vitamin C levels with AD, AD proxy phenotype, and cognitive performance

using 10 genetic variants excluding the rs174547 variant

GWAS dataset Method OR/beta® 95% Cl P value
IGAP AD VW 0.94 0.81-1.10 4.64E-01
Weighted median 1.02 0.83-1.24 8.83E-01
MR-Egger 1.09 0.85-1.40 5.07E-01
MR-PRESSO 0.94 0.81-1.10 4.71E-01
UK Biobank AD proxy VW 093 0.88-0.98 1.30E-02
Weighted median 092 0.87-0.97 2.00E-03
MR-Egger 091 0.84-0.98 1.70E-02
MR-PRESSO 0.93 0.88-0.98 3.41E-02
Maternal AD group from UK Biobank VW 0.89 0.84-0.94 8.38E-05
Weighted median 0.87 0.82-093 3.30E-05
MR-Egger 0.86 0.80-0.93 2.54E-04
MR-PRESSO 0.89 0.85-0.93 1.05E-03
Paternal AD group from UK Biobank VW 1.01 091-1.12 8.25E-01
Weighted median 1.00 0.92-1.10 9.38E-01
MR-Egger 1.00 0.87-1.15 9.95E-01
MR-PRESSO 1.01 091-1.12 830E-01
Cognitive performance VW —0.005 [-0.034, 0.025] 0.754
Weighted median -0.013 [-0.051, 0.025] 0510
MR-Egger —0.004 [-0.054, 0.045] 0.865
MR-PRESSO —-0.005 [-0.034, 0.025] 0.761

OR odds ratio, C/ confidence interval, IVW inverse-variance weighted, /IGAP International Genomics of Alzheimer’s Project, MR-PRESSO Mendelian randomization
pleiotropy residual sum and outlier; the significance of suggestive association between vitamin C levels and AD was at P < 0.05; the significance of statistically
significant association between vitamin C levels and AD was at Bonferroni-corrected significance P < 0.05/4 = 0.0125. °OR for AD and AD proxy phenotype, and

beta for cognitive performance

(14,338 cases of paternal AD and 245,941 controls), and
cognitive performance (N= 257,841).

In IGAP, we did not identify any significant causal
association between plasma vitamin C levels and the
risk of AD. Meanwhile, we did not observe any sig-
nificant causal effect of plasma vitamin C levels on
cognitive performance. Hence, there may be no causal
association between plasma vitamin C levels and the
risk of AD in people of European descent. In UK Bio-
bank, we found that per 1 SD increase in plasma vita-
min C levels (about 20.2 umol/l) was significantly
associated with the reduced risk of AD proxy pheno-
type using four MR methods including IVW, weighted
median, MR-Egger, and MR-PRESSO. A subgroup
analysis in the UK Biobank maternal AD group fur-
ther supported these above findings, but not in the
paternal AD group. These findings may indicate the
gender differences in the causal association between
plasma vitamin C levels and the risk of AD.

We consider that the inconsistent findings in clinically di-
agnosed AD and AD proxy phenotype may be caused by
phenotypic heterogeneity. In UK Biobank, the proxy pheno-
type for AD and control was assessed via self-report [19].

Participants were asked to report “Has/did your father or
mother ever suffer from Alzheimer’s disease/dementia?” [19].
However, not all UK Biobank participants could exactly dis-
criminate AD from other dementia sub-types, because of dif-
ferent presentations and genetic architectures [19, 41].
Hence, the self-report parental AD status may not exactly re-
flect the clinically diagnosed AD status and further cause the
phenotypic heterogeneity [19, 41].

Our MR findings in IGAP are comparable to those
from Williams and colleagues [17]. Williams and col-
leagues selected one vitamin C genetic variant
rs33972313 as the instrument, which was identified in
15,087 participants [42], and selected the AD GWAS
including 54,162 individuals of European ancestry
(17,008 AD cases and 37,154 controls) [27]. They found
no causal association between circulating vitamin C
levels and the risk of AD [17]. Here, we selected 11
vitamin C genetic variants including rs33972313 and
other 10 novel genetic variants as the instrumental vari-
ables, which were identified in 52,018 individuals of
European ancestry [18], and the large-scale AD GWAS
datasets from IGAP (n = 63,926, 21,982 AD and 41,944
controls) [20].
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The leave-one-out permutation analysis indicated that
the SLC23A1 rs33972313 variant may have driven the
causal association in UK Biobank GWAS datasets.
SLC23A1 rs33972313 is the first genetic variant associ-
ated with plasma vitamin C levels, which is identified by
a candidate gene approach [42]. Importantly, the
SLC23A1 rs33972313 variant was further reported to be
the strongest signal associated with plasma vitamin C
levels by the GWAS method [18]. SLC23A1 encodes sol-
ute carrier family 23 member 1 and plays an important
role in the uptake of vitamin C into target tissues [43].

Until now, the observational studies supported the
gender differences in AD [44]. The AD prevalence was
1.7-fold higher in females compared to males [19]. Our
findings show that high vitamin C levels may improve
AD in females. Interestingly, evidence from observa-
tional studies supported our findings. A pilot cross-
sectional study in healthy adults showed gender differ-
ences in plasma vitamin C concentrations and cognitive
function [45]. Compared with males with inadequate
plasma vitamin C levels, females with adequate vitamin
C concentrations were more compromised on tasks
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involving psychomotor performance/motor speed and
exhibited higher performance on tasks involving recall,
recognition, attention, and focus [45]. The Rotterdam
Study consisted of 5395 participants with the mean age
67.7 years (59% female, n = 3183) [6]. This study identi-
fied a weak association between per 1 SD increase in
vitamin C levels and reduced AD risk with RR = 0.82,
95% CI 0.68-0.99, and P = 0.04 [6]. The MAP analyzed
925 participants with average age 81 years, 75% female,
and 98% White [10]. This study showed that the highest
quartile intakes of vitamin C (Q4) were associated with
reduced AD risk compared with the lowest quartile (Q1)

with HR = 0.64, 95% CI 0.45-0.92, and P = 0.01 [10]. A
recent cross-sectional study evaluated the association of
plasma vitamin C concentrations with cognitive function
using 80 healthy adults with mean age 60.97 years (65%
female, n = 52) [46]. This study demonstrated that high
plasma vitamin C levels were associated with improved
attention, focus, working memory, decision speed, de-
layed and total recall, and recognition [46]. Until re-
cently, Travica and colleagues conducted a systemic
review and highlighted the gender differences in plasma
and brain vitamin C levels, which may further contribute
to differences in gender-associated cognitive ability [47].
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Evidence shows that vitamin C supplementation
using both oral administration and intravenous admin-
istration could increase the plasma vitamin C levels
[48]. The oral administration may reach a maximum
level of about 70-80 pumol/L, and the intravenous ad-
ministration may even reach a maximum level around
50 mmol/L [48]. Therefore, the vitamin C concentra-
tion achieved by supplementation is higher than the
genetically determined per SD increase (20.2 pmol/l)
[48]. Importantly, there is no difference in the effects of
the plasma vitamin C concentrations on cognitive per-
formance between vitamin C supplementation and

dietary intake [46]. Until now, several randomized con-
trolled trials (RCTs) have evaluated the effects of vita-
min C supplementation on AD cerebrospinal fluid
(CSF) biomarkers [49] and cognitive function [50, 51].
The results showed that 800 IU/day of vitamin E plus
500 mg/day of vitamin C plus 900 mg/day of a-lipoic
acid did not influence CSF biomarkers [49]. Interest-
ingly, vitamin C supplementation effectively improved
attention, motivation, and reaction time and contrib-
uted to better performance on cognitive tasks requiring
sustained attention [51]. Hence, our findings may have
clinical and public health implications.



Liu et al. Genes & Nutrition (2021) 16:19

Page 13 of 17

rs10051765 A

rs9895661 4

rs2559850

rs117885456 A

rs33972313 1

rs7740812

Variants

rs13028225 1

rs6693447 4

rs56738967 1

rs174547 4

rs10136000 1

|
|
|
|
1
|
|
|
1
1
T
|
|
1
1
1
|
|
1
1
1
1
|
1
1
|
1
|
1
1
|
|
1
1
1
|
|
’
1
|
|
|
1
1
|
|
|
|

IVW estimate
1
1
1

~0.1 0.0

Biobank paternal AD GWAS dataset using the VW method

Leave—one-out causal estimate (95% ClI)

Fig. 6 Leave-one-out permutation analysis of the causal association between plasma vitamin C levels and the AD proxy phenotype in the UK

01 02 03

Our MR study may have some limitations. First,
our MR analysis just reflects the findings in Euro-
pean ancestry. The causal association between vita-
min C levels and AD risk may be different across
different ancestries. Hence, our findings should be
further replicated in other ancestries. Second, the
IGAP and UK Biobank GWAS datasets are from the
clinically diagnosed AD and self-report AD proxy
phenotype, respectively [19]. Hence, there may be
some differences across the different diagnostic cri-
teria. Here, we only performed the subgroup analysis

MR analysis in UK Biobank GWAS datasets [19].
However, this subgroup analysis MR analysis is not
the real gender-specific MR analysis. The plasma
vitamin C genetic variants are from the 52,018 indi-
viduals of European ancestry including both men
and women [18]. In the original study, the AD
GWAS in UK Biobank include 27,696 cases of ma-
ternal AD with 260,980 controls and 14,338 cases of
paternal AD with 245,941 controls. However, these
controls consist of both men and women [19]. We
think that it is necessary to conduct a gender-
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specific MR analysis. However, the unavailable
gender-specific plasma vitamin C and AD GWAS
datasets limit our further analysis. Third, the plasma
vitamin C GWAS dataset and four AD GWAS data-
sets are all from the individuals of European ances-
try, as described in the “Materials and methods”
section [18-20]. Hence, we could not exclude the
sample overlap between the exposure and outcome

data sources. However, we could not exactly check
the sample overlap between the exposure and out-
come data sources, as the individual information in
all these GWAS datasets is not publicly available
[18-20]. Fourth, only the observational studies sup-
ported the gender differences in AD and the gender
differences in plasma vitamin C concentrations and
cognitive function. Hence, biological evidence is
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required to reveal the mechanisms underlying the
causal association.

Conclusions

Our MR analysis demonstrated that there may be no
causal association between plasma vitamin C levels and
the risk of AD risk in people of European descent. How-
ever, our findings from the UK Biobank AD proxy
phenotype may indicate the gender differences in the
causal association between plasma vitamin C levels and
the risk of AD.
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