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A B S T R A C T

Ergothioneine (ET) is a dietary amino-thione with strong antioxidant and cytoprotective properties and has pos-
sible therapeutic potential for neurodegenerative and vascular diseases. Decreased blood concentrations of ET
have been found in patients with mild cognitive impairment, but its status in neurodegenerative and vascular de-
mentias is currently unclear. To address this, a cross-sectional study was conducted on 496 community-based
participants, consisting of 88 with no cognitive impairment (NCI), 201 with cognitive impairment, no dementia
(CIND) as well as 207 with dementia, of whom 160 have Alzheimer's Disease (AD) and 47 have vascular demen-
tia (Martinez-Vea et al., 2006) [1]. All subjects underwent blood-draw, neuropsychological assessments, as well
as neuroimaging assessments of cerebrovascular diseases (CeVD) and brain atrophy. Plasma ET as well as its
metabolite l-hercynine were measured using high sensitivity liquid chromatography tandem-mass spectrometry
(LC-MS/MS). Plasma ET concentrations were lowest in dementia (p < 0.001 vs. NCI and CIND), with intermedi-
ate levels in CIND (p < 0.001 vs. NCI). A significant increase in l-hercynine to ET ratio was also observed in de-
mentia (p < 0.01 vs. NCI). In multivariate models adjusted for demographic and vascular risk factors, lower lev-
els of ET were significantly associated with dementia both with or without CeVD, while ET associations with
CIND were significant only in the presence of CeVD. Furthermore, lower ET levels were also associated with
white matter hyperintensities and brain atrophy markers (reduced global cortical thickness and hippocampal
volumes). The incremental decreases in ET levels along the CIND-dementia clinical continuum suggest that low
levels of ET are associated with disease severity and could be a potential biomarker for cognitive impairment.
Deficiency of ET may contribute towards neurodegeneration- and CeVD-associated cognitive impairments, possi-
bly via the exacerbation of oxidative stress in these conditions.

1. Introduction

Dementia is a major cause of disability in late-life and is associated
with high costs for public healthcare systems [2]. In light of the in-
creased life expectancy and significant growth in elderly populations

worldwide, the number of patients suffering from dementia is expected
to increase dramatically over the next decades [2]. At present, the two
commonest forms of dementia in the elderly are Alzheimer's disease
(AD) and vascular dementia [1], with the former being a progressive
neurodegenerative condition characterized by cortical accumulation of
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intercellular amyloid plaques and intracellular neurofibrillary tangles,
and the latter predominantly a sequela of chronic, small vessel cere-
brovascular diseases (CeVD) [3]. AD and vascular dementia, the latter
part of a continuum of disease called vascular cognitive impairment
(VCI) [4] share multiple common risk factors including aging, hyper-
tension, diabetes and cardiovascular diseases [5–7]. Accumulating evi-
dence suggests that AD- and CeVD-associated pathologies often coexist
and may exert additive or synergistic effects that increase the risk and/
or severity of cognitive impairment and dementia [8,9]. However, the
underlying pathogenic mechanisms for AD and VCI, as well as how they
may interact, are not fully understood, resulting in obstacles towards
identification of clinically useful biomarkers and therapeutic targets.

Of the many disease processes implicated in AD and VCI, there is in-
creasing focus on oxidative stress as a key pathogenic factor in both
conditions [10–13]. Extensive oxidative damage in the brain can result
from increased generation of harmful reactive oxygen species under
various conditions, as well as reduced antioxidant potential, aberrant
protein aggregation and endothelial injury, which in turn aggravate ex-
isting brain dysfunction [10,11,14]. Furthermore, it has become in-
creasingly clear that oxidative stress is involved in the propagation of
neuronal injury that occurs early in the course of these diseases. Ac-
cordingly, a wide range of oxidative damage markers such as stable oxi-
dized products of lipids, proteins and nucleic acids, are elevated in the
brain and cerebrospinal fluid (CSF) of patients with mild cognitive im-
pairment (MCI), a pre-dementia phase comparable to CIND, AD and
VaD [12,15–17]. However, in addition to markers of oxidative stress, it
may also be worthwhile to investigate anti-oxidation processes in dis-
ease conditions.

Recent studies suggest that ergothioneine (ET), a naturally occur-
ring amino-thione with strong antioxidant and other cytoprotective
properties, may be neuroprotective [18–20]. In mammals, ET is derived
solely from dietary sources such as mushrooms [21,22]. Unlike many
other diet-derived micronutrients, ET can accumulate in blood and var-
ious body tissues (including the brain) due to the presence of a specific
transporter, organic cation transporter novel-type 1 (OCTN1, also
known as ergothioneine transporter, ETT), which transports ET into
cells and tissues [19,23–26]. This specific transport, along with low uri-
nary excretion and metabolic turnover, may explain the persistence of
elevated blood ET as long as four weeks after oral administration in hu-
mans [27]. In several experimental models, ET exhibited cytoprotective
effects against cardiovascular diseases [28], inflammation [29] and
neuronal injury [30–32]. Furthermore, a recent longitudinal study
showed that higher plasma ET is an independent predictor for de-
creased cardiovascular disease and mortality risks [33], suggesting a
protective role of ET in vascular pathologies. In neurodegenerative dis-
eases, serum ET was significantly lower in patients with Parkinson's dis-
ease (PD) compared to age-matched healthy subjects [34]. Similarly,
decreased blood ET was reported in patients with MCI [18,35]. Taken
together, these results suggest a potential involvement of ET in both
neurodegeneration and vascular pathologies. l-Hercynine is thought to
be a major oxidation product of ET [36] (see Supplementary Fig. S1)
and has previously been detected in human blood with high correla-
tions to ET concentrations [27]. However, the status of blood ET and l-
hercynine in AD subjects with and without concomitant CeVD is at pre-
sent unknown. In this study, we investigated associations of plasma ET
and l-hercynine with clinical and neuroimaging parameters, namely (a)
cognitive impairment and dementia (both AD and VaD); (b) CeVD; and
(c) neurodegeneration.

2. Methods

2.1. Study population

Details of the inclusion criteria and assessment of the clinical cohort
utilized in this retrospective case-control study have previously been

described [37]. A total of 618 participants were recruited from memory
clinics and the community in Singapore from August 2010 to July 2019.
Only individuals with available blood plasma samples and gradable
MRI scans (n = 496) were included in this study. All subjects under-
went standard physical, clinical, blood tests, and neuropsychological as
well as neuroimaging assessments at the National University of Singa-
pore. The study received ethics approval from the National Healthcare
Group Domain-Specific Review Board (reference 2010/00017; study
protocol DEM4233) and was conducted in compliance with the guide-
lines in the Declaration of Helsinki. Written informed consent was ob-
tained from all participants or their next-of-kin in their preferred lan-
guage prior to their enrolment into the study.

2.2. Diagnostic criteria

The diagnoses of all study participants were discussed and con-
firmed at weekly consensus meetings attended by study clinicians and
neuropsychologists, during which detailed clinical features, neuropsy-
chological testing and brain imaging data were reviewed. Patients who
had no objective cognitive impairment on formal neuropsychological
test battery or functional loss were designated as no cognitive impair-
ment (NCI). Details of the component tests used to assess the seven cog-
nitive domains (Executive Function, Attention, Language, Visuomotor
Speed, Visuoconstruction, Verbal Memory, Visual Memory) have been
described previously [ [38], also see Supplementary Table S1]. Partici-
pants with cognitive impairment no dementia (CIND) were defined as
having impairment(s) in at least one domain of the neuropsychological
tests (that is, scoring at least 1.5 standard deviations below the estab-
lished education-adjusted cut-off values on any test), but otherwise did
not meet the Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSMIV) criteria for dementia. Diagnoses of Alzheimer's
disease (AD) followed the criteria of the National Institute of Neurologi-
cal and Communicative Disorders and Stroke and the Alzheimer's Dis-
ease and Related Disorders Association (NINCDS-ADRDA) [39]. Vascu-
lar dementia was diagnosed according to the National Institute of Neu-
rological Disorders and Stroke and Association Internationale pour la
Recherché et I'Enseignement en Neurosciences (NINDS-AIREN) criteria
[40]. For further analyses, individuals were classified into two groups
based on their cognitive impairment status, with NCI as ‘cognitively
unimpaired’ while CIND and Dementia (AD and VaD) were combined
as ‘cognitively impaired’.

2.3. Demographic and other risk factors assessments

A detailed questionnaire was administered to all participants to col-
lect information on age, sex, race and highest attained education. Edu-
cation status was categorized as low (not exceeding primary school ed-
ucation) or high (beyond primary school education). Physical examina-
tion included height, weight, and blood pressure measurements. Risk
factors, such as hypertension, hyperlipidemia, diabetes mellitus, and
cardiovascular diseases were ascertained from clinical interviews and
medical record searches, and classified as present or absent. Hyperten-
sion was defined as systolic blood pressure of 140 mm Hg or more and/
or diastolic blood pressure 90 mm Hg or more, or history of antihyper-
tensive medication use. Diabetes mellitus was defined as glycated
haemoglobin (HbA1c) of 6.5% or more, or on diabetic medication. Hy-
perlipidemia was defined as total cholesterol levels of 4.14 mM or
more, or on lipid lowering medication. Cardiovascular disease was
classified as a previous history of atrial fibrillation, congestive heart
failure, and myocardial infarction. Apolipoprotein E (APOE) genotyp-
ing was performed as described previously [41], and APOE ε4 carrier
status was defined as having at least one ε4 allele. Body mass index
(BMI) was calculated as mass (kg)/height squared (m2).
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2.4. Neuroimaging

Magnetic resonance imaging [42] scans were performed on a 3-T
Siemens Magnetom Trio Tim scanner, using a 32-channel head coil, at
the Clinical Imaging Research Center, National University of Singapore.
Subjects with claustrophobia, contraindications for MRI, or those who
were unable to tolerate the procedure were excluded. All MRIs were
graded by one radiologist and two clinicians blinded to the neuropsy-
chological and clinical data. The sequences included T1-weighted Mag-
netization Prepared Rapid Gradient Recalled Echo, Fluid Attenuated In-
version Recovery, T2-weighted, and Susceptibility Weighted Imaging
sequences.

MRI markers of CeVD were defined based on the Standards for Re-
porting Vascular Changes on Neuroimaging (STRIVE) criteria [43]: (a)
Cortical infarcts were defined as hypodense lesions interrupting the cor-
tex grey/white junction; (b) Lacunes were defined by the presence of
hypodense focal lesions measuring ≥3 mm and <15 mm; (c) WMH
were defined as hyperintense on T2 and FLAIR sequences and hy-
pointense on T1 weighted images and were graded using the Age-
Related White Matter Changes (ARWMC) scale [44]. Significant CeVD
was defined as the presence of cortical infarcts and/or ≥2 lacunes, and/
or confluent WMH (ARWMC score ≥8) in 2 regions of the brain, as de-
scribed previously [45]. Additionally, quantitative analyses of brain at-
rophy as neurodegeneration markers on MRI were performed using an
automated segmentation procedure at the Department of Medical Infor-
matics, Erasmus University Medical Center, Netherlands (FreeSurfer,
v.5.1.0) on T1 weighted images (TR = 7.2 ms, TE = 3.3 ms, ma-
trix = 256 × 256 × 180 mm3). Image preprocessing and the tissue
classification algorithm have been described elsewhere [46]. Brain at-
rophy was indicated by two parameters: (a) Global cortical thickness,
measured as the shortest distance between grey/white matter boundary
and pial surface at each vertex, with cortical thickness averages con-
verted to millimeters (mm); (b) Hippocampal volumes, calculated for
left and right hemispheres separately, with average volumes were then
converted into milliliters.

2.5. Plasma ergothioneine and l-hercynine measurements

Blood was drawn from study participants into ethylenediaminete-
traacetic acid (EDTA) tubes and processed by centrifugation at 2000×g
for 10 min at 4 °C, followed by extraction of the upper plasma layer and
storage at −80 °C until use. ET, deuterated ET-d9, l-hercynine, and
deuterated l-hercynine-d9 standards were provided by Tetrahedron Sci-
entific Inc. (Paris, France). 10 μl of plasma was mixed with 105 μl
methanol containing ET-d9 and l-hercynine-d9. Samples were vortexed
and incubated at −20 °C for 2 h, followed by centrifugation and drying
of supernatant under a stream of nitrogen gas. Dried samples were re-
suspended in 100 μl of ultrapure water and transferred to silanized vials
for analysis. Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) was performed using an Agilent 1290 UPLC coupled to a 6460-
QQQ mass spectrometer (Agilent Technologies, CA, USA). Sample
aliquots were kept at 10 °C in the autosampler, then injected (2 μl) onto
a Cogent Diamond-Hydride column (4 mm, 150 × 2.1 mm, 100 Å; Mi-
croSolv Technology Corporation, NJ, USA) at 30 °C. The mobile phase
consisted of 100% acetonitrile (solvent A) and 0.1% formic acid (sol-
vent B). Chromatographic separation was achieved using a gradient
elution at 0.4 ml/min from 25% solvent B at 1 min to 40% solvent B
over 3 min to elute ET (retention time of 3.6 min). MS was carried out
under positive ion, electrospray ionization mode, using multiple reac-
tion monitoring for quantification of specific target ions (see
Supplementary Table S2). Capillary voltage was 3200 V, and gas tem-
perature was kept at 350 °C. Nitrogen sheath gas pressure for nebuliz-
ing samples was kept at 50psi, with gas flow rate of 12.5 L/min. Ultra-
high purity nitrogen was used as collision gas. Compounds were
quantified with calibration standards (at least 8 concentrations encom-

passing the sample range), using the Agilent Mass Hunter software (Ag-
ilent Technologies, CA, USA).

2.6. Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics ver-
sion 26 (IBM Co., Armonk, NY, USA) and R software version 4.0.2 (R
Core Team). One-way analyses of variance (ANOVA) with Bonferroni
post hoc test, Kruskal–Wallis test with Dunn's post hoc tests and Chi-
square tests were used to detect group differences for normally distrib-
uted continuous variables (age and BMI), skewedly distributed continu-
ous variables (ET, l-hercynine and l-hercynine/ET ratio), and binary
variables (gender, APOE4 status, education level, hypertension, hyper-
lipidemia, diabetes and cardiovascular diseases), respectively. Blood
biomarkers (ET, l-hercynine and l-hercynine/ET ratio) evaluated were
not normally distributed, and were therefore log-transformed before in-
clusion as determinants in subsequent regression analyses. Binary logis-
tic regression models were constructed with odds ratios (OR) and 95%
confidence intervals (CI) to determine the associations between blood
biomarkers with CIND and dementia. Unadjusted models were first as-
sessed (Model 1), followed by adjustments for age, gender, education,
APOE ε4 carrier status, hypertension, diabetes and cardiovascular dis-
eases as covariates (Model 2). Further regression analyses were per-
formed for both CIND and dementia stratified by significant CeVD on
MRI. To examine the relationships between blood biomarkers with
CeVD, two analytical approaches were adopted. First, lacunes and corti-
cal infarct counts, as well as ARWMC scores, were used to stratify par-
ticipants into those with or without significant CeVD based on previ-
ously described cut-offs ([45] also see above under Neuroimaging), then
analyzed using binary logistic regression. Second, Poisson regression
and negative binomial regression models (with measure of association
as rate ratios (RRs) and corresponding 95% CIs) were constructed for
counts of cortical infarcts and lacunes, respectively, while linear regres-
sion models with mean differences (β) and 95% CI were used for the
ARWMC visual scores for WMH, as residuals fulfilled the normality and
homoscedasticity assumption of a linear regression model. Models were
assessed with no adjustments (Model 1) and subsequent adjustments for
covariates including age, gender, hypertension, diabetes, cardiovascu-
lar disease and cognitive status (Model 2). Similarly, linear regression
models with β and 95% CI were performed for associations between the
blood biomarkers and imaging markers of neurodegeneration (global
cortical thickness and hippocampus volume). Here the models were un-
adjusted (Model 1); adjusted for covariates including age, gender, edu-
cation, APOE, hypertension, diabetes, cardiovascular diseases, intracra-
nial volume, cognitive status (Model 2) and lastly, additionally adjusted
for WMH (Model 3). P values of <0.05 were considered statistically
significant.

3. Results

3.1. Group descriptions

Amongst the 496 study participants, 88 (17.7%) individuals were
NCI controls, 201 (40.5%) were CIND and 207 (41.8%) were dementia
patients. Of the dementia group, 160 (32.3%) had AD and 47 (9.5%)
had VaD. Demographic and clinical characteristics of study participants
are presented in Table 1. Patients with CIND and dementia were older
(p < 0.001 for both), had lower education level (p < 0.05 and
p < 0.001, respectively) and with higher APOE ε4 carrier frequency
(p < 0.01 and p < 0.001, respectively) compared to NCI. The preva-
lence of vascular risk factors such as hypertension (p < 0.05 and
p < 0.001, respectively) and diabetes (p < 0.01 and p < 0.001, re-
spectively) were also significantly higher in CIND and dementia groups
compared to NCI. No significant difference was observed in nutritional
status (as indicated by BMI) among groups. Furthermore, whilst age
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Table 1
Baseline characteristics of the study cohort (n = 496).
Characteristics NCI

(n = 88)
CIND
(n = 201)

Dementia
(n = 207)

P value

Age, mean (SD), y 68.7 (7.0) 73.0 (8.0)a 74.9 (7.5)a <0.001
Female, no., % 46 (52.3) 98 (48.8) 120 (58.0) 0.172
Education ≤ elementary,

no., %
26 (29.5) 90 (44.8)b 140 (67.6)b,c <0.001

APOE ε4 carrier, no., % 12 (13.6) 60 (29.9)b 69 (33.3)b 0.002
BMI, mean, kg/m2 24.4 (3.6) 23.9 (3.8) 23.0 (4.1) 0.198
Hypertension, no., % 50 (56.8) 138 (69.0)b 160 (78.0)b,c 0.001
Diabetes, no., % 18 (20.5) 76 (37.8)b 89 (43.0)b 0.001
Cardiovascular diseases,

no., %
5 (5.7) 27 (13.4) 33 (16.0) 0.059

Hyperlipidaemia, no., % 59 (67.0) 159 (79.1) 152 (73.4) 0.084
Ergothioneine, median

(IQR), nM
1197
(1093)

798 (954)d 588 (633)d,e <0.001

l-Hercynine, median (IQR),
nM

16.2
(16.8)

10.8 (15.1)d 10.4 (18.5)d 0.005

l-Hercynine/ET ratio,
median (IQR)

0.011
(0.015)

0.012
(0.017)

0.017 (0.018)d 0.005

CIND = cognitive impairment no dementia, NCI = no cognitive impairment,
BMI = body mass index, no. = number of cases, SD = standard deviation,
IQR = interquartile range.
BMI was missing for 2 CIND and 6 dementia patients, hypertension data were
was missing for 1 CIND and 2 dementia patients, cardiovascular disease data
were missing for 1 NCI and 1 dementia patient.
Bold texts indicate statistically significant p values for tests by one-way ANOVA
(age and BMI); Chi-Square (gender, education level, APOE status, hypertension,
diabetes, cardiovascular diseases, hyperlipidaemia); Kruskal-Wallis H test (er-
gothioneine, l-hercynine and l-hercynine/ergothioneine ratio).

a Significantly different from NCI tested by one-way ANOVA with post-hoc
Bonferroni tests (p < 0.05).

b Significantly different from NCI tested by Chi-Square test (p < 0.05).
c Significantly different from CIND tested by Chi-Square test (p < 0.05).
d Significantly different from NCI tested by Kruskal-Wallis H test with post-hoc

Dunn's test (p < 0.05).
e Significantly different from CIND tested by Kruskal-Wallis H test with post-

hoc Dunn's test (p < 0.05).

was significantly different amongst the clinical subgroups, the observed
age range is not known to be associated with significant differences in
ET levels [18].

3.2. Plasma ergothioneine (ET) and l-hercynine in a cohort of AD and VCI
subjects

Compared to NCI controls, there was a significant decrease in
plasma ET concentrations in CIND patients (p < 0.001 vs. NCI), and a

further decline in dementia (p < 0.001 vs. CIND and NCI) (Fig. 1A).
Within the dementia group, there was no significant difference between
AD and VaD (AD, median [IQR]: 577 [638]; VaD, median [IQR]: 615
[669]; p = 0.879). There were significant reductions of plasma l-
hercynine, a putative oxidation product of ET, in CIND and dementia
compared to NCI controls (p < 0.01 for both, Fig. 1B). However, there
was no significant difference in l-hercynine between the CIND and de-
mentia groups. As expected, there was a significant positive correlation
between ET and l-hercynine in all three diagnostic groups (Spearman's
rho = 0.419, 0.395, and 0.562 for NCI, CIND and dementia respec-
tively; p < 0.001 for all). The l-hercynine to ET ratio is thought to be
an indicator of ET oxidation rate, and this ratio was significantly in-
creased in the dementia group compared to NCI (p < 0.01, Fig. 1C),
suggesting a higher rate or extent of ET oxidation in dementia. No dif-
ferences in the l-hercynine/ET ratio were observed between NCI and
CIND or between CIND and dementia.

Investigating the associations between plasma ET concentrations
and demographic characteristics and vascular risk factors showed that
age had a weak, negative correlation with ET levels (Spearman correla-
tion coefficient rho = −0.174, p < 0.001). Lower ET levels were also
found in male participants, patients with lower educational levels and
in APOE ε4 carriers (p < 0.001, p = 0.001, p = 0.002, respectively,
Mann-Whitney U tests). Plasma ET levels were significantly lower in pa-
tients with hypertension, diabetes or cardiovascular diseases
(p = 0.006, p = 0.019, p < 0.001 respectively, Mann-Whitney U
tests), but not with hyperlipidaemia. l-Hercynine/ET ratio was higher
in male participants (p = 0.001) and significantly increased in those
with hypertension, diabetes or cardiovascular diseases (p < 0.05 for
all). l-Hercynine was decreased in patients with lower educational lev-
els (p = 0.019) but not associated with other demographic characteris-
tics or vascular risk factors. The significant associations of several de-
mographic and disease factors with plasma biomarkers warranted the
inclusion of these factors as covariates in subsequent multivariate
analyses, which found lower levels of ET significantly associated with
CIND (Odds ratio, OR: 0.20; 95% CI: 0.07–0.56; p = 0.002) and de-
mentia (OR: 0.06; 95% CI: 0.02–0.20; p < 0.001) after adjustment for
covariates (see Table 2). In contrast, lower l-hercynine concentrations
were only associated with dementia (OR: 0.29; 95% CI: 0.13–0.69;
p = 0.005) but not with CIND (OR: 0.59; 95% CI: 0.27–1.30;
p = 0.191), while no significant association was observed in l-
hercynine/ET ratio with CIND or dementia (Table 2, p = 0.215 and
p = 0.114, respectively).
Model 1. Unadjusted.

Model 2: Adjusted for age, gender, education, APOE4, hypertension,
diabetes, and cardiovascular diseases.

Fig. 1. Plasma ergothioneine (ET), l-hercynine, and l-hercynine/ET ratio in cognitive impairment and dementia. Data are presented separately for ergothioneine
(A), l-hercynine (B), and l-hercynine/ET ratio (C). In the scatter plot the central horizontal line shows the median concentration, and the error bars show the 25th
and 75th percentiles, respectively. p values of pairwise comparisons are indicated with asterisks: **p < 0.01, ***p < 0.001 using Kruskal-Wallis ANOVA with
Dunn's post hoc tests.
CIND = cognitive impairment no dementia, NCI = no cognitive impairment.
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Table 2
Associations between plasma biomarkers and diagnoses of CIND and demen-
tia.

CIND
OR (95% CI)
(n = 201)

Dementia OR (95% CI)
(n = 207)

Ergothioneine*

Model 1 0.13 (0.05–0.32) 0.03 (0.01–0.09)
Model 2 0.20 (0.07–0.56) 0.06 (0.02–0.20)
l-Hercynine*
Model 1 0.39 (0.19–0.77) 0.03 (0.01–0.09)
Model 2 0.59 (0.27–1.30) 0.29 (0.13–0.69)
l-Hercynine/ET ratio*
Model 1 1.55 (0.75–3.19) 2.96 (1.40–6.27)
Model 2 1.71 (0.73–4.00) 2.11 (0.84–5.34)

CIND = cognitive impairment no dementia, CI = confidence interval,
OR = odds ratio.
∗ log transformed

Bold values represent statistically significant associations at
p < 0.05.

Interpretation: Significant OR < 1 (bold text) indicates that each
10-fold (1 unit of log10 [plasma biomarker]) increase in plasma bio-
marker level was associated with (1-OR)*100% lower chance of getting
the respective cognitive outcome. Significant OR > 1 (bold text) indi-
cates that each 10-fold (1 unit of log10 [plasma biomarker]) increase in
plasma biomarker level was associated with OR times more likely get-
ting the respective cognitive outcome.

3.3. Associations between plasma biomarkers and CeVD

To explore potential associations between the measured plasma bio-
markers and neuroimaging markers of CeVD, we first compared plasma
biomarker values among participants stratified by clinical diagnoses
and presence vs. absence of significant CeVD (Fig. 2). No significant dif-
ference is observed in plasma biomarkers levels among the NCI –CeVD
vs. NCI + CeVD subgroups. Hence, we combined the two NCI sub-
groups in subsequent analyses. ET levels were significantly lower in the
CIND subgroup only in the presence of CeVD, while decreased ET was
detected in AD with or without concomitant CeVD, and also in VaD
(Fig. 2). These results from pairwise comparisons were borne out in
subsequent regression analyses. As shown in Table 3, after correcting
for covariates, ET levels were significantly associated with all sub-
groups with significant CeVD, that is CIND + CeVD (OR: 0.09; 95% CI:
0.02–0.37; p = 0.001), AD + CeVD (OR: 0.09; 95% CI: 0.02–0.39;
p = 0.001), and VaD (OR: 0.13; 95% CI: 0.02–0.88; p = 0.036). How-

ever, in the absence of significant CeVD, ET levels were only associated
with AD (OR: 0.04; 95% CI: 0.01–0.19; p < 0.001), but not with CIND
(OR: 0.41; 95% CI: 0.12–1.40; p = 0.149). In contrast, l-hercynine was
not associated with CIND, AD or VaD subgroups, irrespective of CeVD
status. For l-hercycine/ET ratio, associations with clinical subgroups
were weak, and statistical significance was lost when adjusted for co-
variates (see Table 3 Model 2) except for the association with AD (OR:
4.81; 95% CI: 1.37–16.87; p = 0.014).

AD = Alzheimer's disease, CeVD = cerebrovascular disease
CIND = cognitive impairment no dementia, NCI = no cognitive im-
pairment, VaD = vascular dementia.

3.4. Associations between plasma ET and specific CeVD markers

Fig. 3 shows that plasma ET concentrations were significantly lower
in subjects with cortical infarcts (p = 0.010), ≥2 lacunes (p = 0.034),
and confluent WMH measured by ARWMC scores ≥8 (p < 0.001, Fig.
4A–C). Decreased l-hercynine concentrations were found in patients
with confluent WMH (p = 0.023, Fig. 3D–F). No significant changes
were observed for l-hercynine/ET ratio for any of the measured CeVD
markers (p > 0.05 for all, Fig. 3G–I). In multivariate analyses, lower
ET concentrations were significantly associated with significant WMH
(Table 4A, OR: 0.46; 95% CI: 0.24–0.88; p = 0.018) and higher AR-
WMC scores (Fig. 4 and Table 4B, Mean Difference β: −1.48; 95% CI:
−2.66 to −0.29; p = 0.015). In contrast, significant associations be-
tween l-hercynine or l-hercynine/ET ratio and any of the CeVD mark-
ers were lost after adjustment for covariates (Model 2, Tables 4A and
4B).

WMH = white matter hyperintensities, ARWMC = age-related
white matter changes [Wahlund et al. ref [43]].

NCI = no cognitive impairment, CIND = cognitive impairment no
dementia, ARWMC = age-related white matter changes [Wahlund et
al. ref [43]].

3.5. Associations between plasma biomarkers and neurodegeneration

Plasma ET and l-hercynine levels were positively correlated with
both cortical thickness (p < 0.001 and p = 0.002, respectively) and
hippocampal volume (p < 0.001 for both), as shown in Fig. 5. l-
Hercynine/ET ratio was negatively correlated with cortical thickness
(p = 0.007) but not with hippocampal volume (p = 0.896). ET contin-
ued to show strong associations with global cortical thickness (β: 0.08;
95% CI: 0.03–0.13; p < 0.001) and hippocampal volume (β: 0.61; 95%
CI: 0.28–0.95; p < 0.001) even after adjustments for demographics,
vascular risk factors, cognitive status and intracranial volume (Model 2,
Table 5). Since WMH is currently also regarded as a risk factor for brain

Fig. 2. Plasma ergothioneine (ET), l-hercynine, and l-hercynine/ET ratio in dementia and cognitive impairment with concomitant CeVD. Data are presented sepa-
rately for ergothioneine (A), l-hercynine (B), and l-hercynine/ET ratio (C). In the scatter plots the central horizontal lines show the median concentrations, and the
error bars show the 25th and 75th percentiles, respectively. *p < 0.05, **p < 0.01, ***p < 0.001 indicate significant pairwise comparisons using Kruskal-Wallis
ANOVA with Dunn's post hoc tests. Absence and presence of significant CeVD indicated as “C-” and “C+” respectively.
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Table 3
Associations between plasma biomarkers and concomitant CeVD in dementia
and VCI.

Significant CeVD

Absence Presence

CIND
OR (95%
CI)
(n = 96)

AD
OR (95%
CI)
(n = 61)

CIND
OR (95%
CI)
(n = 105)

AD
OR (95%
CI)
(n = 99)

VaD
OR (95% CI)
(n = 47)

Ergothioneine*
Model 1 0.24 (0.09–

0.67)
0.02 (0.01–
0.10)

0.05
(0.02–
0.16)

0.03
(0.01–
0.09)

0.02 (0.01–
0.11)

Model 2 0.41 (0.12–
1.40)

0.04 (0.01–
0.19)

0.09
(0.02–
0.37)

0.09
(0.02–
0.39)

0.13
(0.02–0.88)†

l-Hercynine*
Model 1 0.40 (0.18–

0.88)
0.38 (0.15–
0.96)

0.36
(0.16–
0.82)

0.37
(0.17–
0.80)

0.13 (0.04–
0.39)

Model 2 0.60 (0.24–
1.50)

0.55 (0.18–
1.70)

0.68
(0.26–
1.82)

0.65
(0.22–
1.94)

0.25
(0.06–1.00)†

l-Hercynine/ET
ratio*

Model 1 0.97 (0.42–
2.23)

4.33 (1.57–
11.95)

2.46
(1.06–
5.72)

3.33
(1.43–
7.78)

1.40 (0.46–
4.28)

Model 2 0.96 (0.34–
2.68)

4.81 (1.37–
16.87)

2.79
(0.99–
7.84)

2.44
(0.72–
8.28)

0.72
(0.15–3.40)†

AD = Alzheimer's disease, CeVD = cerebrovascular disease, CI = confidence
interval, CIND = cognitive impairment no dementia, OR = odds ratio,
VaD = vascular dementia.
Model 1: Unadjusted.
Model 2: Adjusted for age, gender, education, APOE4, hypertension, diabetes,
and cardiovascular diseases.
∗ Log transformed.
† Corrected using Firth's bias-reduced logistic regression due to separation
where hypertension perfectly predicts VaD.
Bold values represent statistically significant associations at p < 0.05.
Interpretation: Significant OR < 1 (bold text) indicates that each 10-fold (1 unit
of log10 [plasma biomarker]) increase in plasma biomarker level was associated
with (1-OR)*100% lower chance of getting the respective cognitive outcome.
Significant OR > 1 (bold text) indicates that each 10-fold (1 unit of log10
[plasma biomarker]) increase in plasma biomarker level was associated with
OR times more likely getting the respective cognitive outcome.

atrophy [47], we extended the multivariable model with additional ad-
justments for WMH. The results showed that significant associations ex-
ist between ET and atrophy markers independent of WMH (Model 3,
Table 5, p = 0.004 and p < 0.001 for global cortical thickness and hip-
pocampal volume, respectively). Furthermore, l-hercynine showed a
positive association with hippocampal volume (β: 0.35; 95% CI:
0.10–0.60; p = 0.007) but not with global cortical thickness (β: 0.03;
95% CI: −0.01 – 0.07; p = 0.115), while l-hercynine/ET ratio was not
associated with either quantitative atrophy marker (Table 5).

4. Discussion

The present study showed that decreased plasma ET levels were as-
sociated with dementia and VCI independent of age, sex and cardiovas-
cular risk factors. These results are in line with a much smaller previous
study which found decreased plasma ET concentrations in patients with
MCI [18], and extend these earlier findings to show that ET is further
reduced in demented patients compared to the prodromal stages of de-
mentia. The incremental deficits of plasma ET along the clinical contin-
uum suggest that ET may be associated with disease severity and is a
potential peripheral biomarker for early detection of prodromal demen-

tia. Furthermore, this is the first study investigating associations be-
tween plasma ET and the clinico-pathological features of neurodegener-
ation and CeVD, two of the major causes of cognitive impairment, and
showed that low plasma ET levels strongly associate with neuroimaging
markers of brain atrophy and WMH.

Oxidative stress is considered a central mechanism underlying the
pathogenesis of dementia and is associated with both neurodegenera-
tive and cerebrovascular changes that lead to loss of cognitive function.
Modulation of oxidative stress levels and its related risk factors remains
a therapeutically useful but challenging aim in dementia [12,14,48,49].
Recent evidence suggests that ET is one such compound that can offer
antioxidant protection and other cytoprotective mechanisms against
deleterious effects of oxidative stress [20,27]. ET exists in a wide vari-
ety of foods but is especially abundant in mushrooms which are capable
of biosynthesizing this compound [21]. ET manifests a natural antioxi-
dant property in that it reacts rapidly with a range of free radicals as
well as chelates transition metal ions [22,50]. By virtue of its unique
tautomeric structure and physiological predominance towards the
thione form, ET is more stable and has a slower turnover compared to
other antioxidants [21]. Moreover, in 2005 the specific ET transporter,
ETT was found to mediate the avid uptake of ET by cells and the accu-
mulation of ET in tissues [24]. ETT is also expressed in the brain
[20,26], which allows ET to enter and accumulate in the brain [51–53].
The presence of a specific transport system suggests important physio-
logical roles for ET, particularly in the brain. Indeed, numerous in vitro
and in vivo studies have established the cytoprotective properties of ET
against oxidative stressors and toxins through antioxidant and other
mechanisms as previously detailed [19,20,22].

However, thus far, very few studies have investigated the associa-
tion between ET and dementia, and it is at present unclear whether ET
is linked to the core pathological features of AD, VaD or other dementia
disorders. CeVD is considered as the main cause of vascular-related cog-
nitive impairment and is observed to be highly prevalent in AD as well
as in non-demented elderly [7,9,54]. Increased oxidative stress and al-
tered antioxidant status have previously been found to be associated
with CeVD [10,55,56]. The present data support this hypothesis by
showing significant associations between decreased ET levels and white
matter lesions (WML, as indicated by WMH neuroimaging features). Al-
though the etiology of WML is not fully understood, it is often presumed
to be of an ischemic or demyelinating origin, and appears to be associ-
ated with increased risk of stroke, dementia as well as being a predictor
of accelerated cognitive decline [57,58]. The postulated mechanisms
underlying WML include blood-brain barrier disruption, hypoperfu-
sion, inflammation and other processes, all of which are closely related
to increased vascular oxidative stress [59–61]. Evidence from in vitro
studies suggested that ergothioneine may prevent neurovascular dis-
eases by protecting the integrity and function of brain vascular en-
dothelium [62,63]. Decreased ET in patients with significant WMH sup-
ports the role of a deregulated antioxidant defense system in the patho-
physiological mechanisms leading to WML. Several animal studies have
also reported a protective role of ET in cerebrovascular endothelia, with
ameliorating effects against several vascular risk factors, including hy-
pertensive disorders [64], diabetes [62] and ischemia/reperfusion-
induced cardiovascular injury [65]. Furthermore, a longitudinal associ-
ation between higher ET and lower risk of cardiovascular disease and
mortality has been demonstrated in a cohort of 3236 participants in
Sweden with a median follow-up time of 21 years [33]. These findings
thus support a potential role for declining ET levels as a predictor for,
and possibly a mediator of, peripheral vascular diseases. The associa-
tion between ET and WMH remained robust even after controlling for
several vascular risk factors, suggesting that ET could also be an inde-
pendent biomarker for specific CeVD markers like WMH. Notably, these
associations were not found between ET and infarcts or lacunes, sug-
gesting the presence of a mechanistic link between ET and WMH which
remains to be elucidated.
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Fig. 3. Plasma ergothioneine, l-hercynine and l-hercynine/ET ratio in a cohort with dementia and VCI stratified by presence of specific CeVD markers. Cut-offs of
counts/scores for definitions of significant CeVD have been previously described [45]. Bar graphs show medians and interquartile ranges (IQR). Mann-Whitney U
tests were performed, with p values indicated with asterisks: *p < 0.05, ***p < 0.001, n.s: not significant.

Besides CeVD, ET may also have a potential role in neurodegenera-
tion, the leading pathophysiological basis of dementias like AD. A wide
range of in vitro and in vivo studies have demonstrated the neuroprotec-
tive potential of ET, probably achieved through the inhibition of neu-
roinflammation, oxidative stress, apoptosis and mitochondrial dysfunc-
tion amongst other mechanisms. It has been shown in several animal
models that oral administration of ET protected against neuronal dys-
function and cognitive impairment induced by various neurotoxicants
including β-amyloid peptides [32], cisplatin [30] and d-galactose [31].
In humans, lower blood levels of ET have been found in patients with
other neurodegenerative disorders, such as PD [34] or mild cognitive
impairment [18]. However, to the best of our knowledge, this study is
the first to investigate associations between ET and the severity of neu-
rodegeneration. The hippocampus and cortex are the brain regions
where atrophy is most prominent in dementia patients [66–68]. In the
present work, we show that lower ET levels were significantly associ-

ated with cortical thinning and decreased hippocampal volumes. These
results provide further support for the hypothesis that declining periph-
eral ET levels may be associated with severity of neurodegeneration.
The finding that ET changes are significant in CIND with CeVD (but not
in CIND without CeVD), and also in AD with or without CeVD as well as
in VaD, suggest that both neurodegenerative and cerebrovascular dis-
eases contribute to ET depletion in an additive manner, but at severe
disease stages (AD or VaD), this additive effect is no longer observed,
suggestive of a floor effect for ET levels. Taken together, the above ob-
servations suggest that decreased plasma ET levels found in our patients
with cognitive impairment and dementia may result from AD-related
neurodegenerative or vascular mechanisms, or both. Indeed, ET reduc-
tion may reflect a depleted antioxidant capacity to counteract increased
oxidative stress-associated cellular and tissue injury found in both AD
and CeVD, and the presence of both neurodegenerative and cerebrovas-
cular disease processes exacerbates these deficits. This postulate should
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Fig. 4. Correlation between plasma ergothioneine and white matter hyperin-
tensities. Scatter plot of plasma ergothioneine concentrations against ARWMC
scores. Solid line indicates linear regressed best-fit curve while dashed lines in-
dicate 95% confidence intervals. r = Spearman correlation coefficient (r) with
associated two-tailed p value.

be further investigated by looking into associations of plasma ET with
other peripheral oxidative stress biomarkers known to be linked to
CeVD and neurodegeneration.

l-Hercynine is often regarded as a major oxidation product of ET. A
significant increase in l-hercynine/ET ratio was observed in patients
with dementia, consistent with some depletion of ET being related to
oxidative stress. However, this association was not seen in dementia pa-
tients with CeVD, suggesting a complex relationship between ET oxida-
tion and mixed pathologies in dementia. There were no significant asso-
ciations between l-hercynine or l-hercynine/ET ratio with MRI mark-
ers of CeVD and atrophy. Other mechanisms which account for the
early decrease of plasma ET in CIND and in WMH as well as neurode-
generation should be explored in future work.

There are several limitations in the present study. First, the effects of
other potential confounders, such as differences in dietary intake of ET
and the activity of its transporter (ETT), on decreased ET levels ob-
served in patients with CIND or dementia are unclear, although an ear-
lier study showed that the decrease in blood ET in MCI patients was un-
likely to be due to the variation in ET intake from mushrooms, the ma-
jor source of dietary ET [18]. Besides, in the current study there were
no significant differences in BMI, a nutritional status indicator, in pa-
tients with CIND or dementia compared to NCI controls, suggesting
comparable calorie intake amongst different diagnostic groups. Indeed,
the potential links between long term habitual diet lacking in ET and
cognitive impairment or dementia seem very important to explore, e.g.,
would supplementation of the diet with ET, even if given at the CIND/
MCI stages, ameliorate disease features or change the course of disease?
These questions will need to be addressed through longitudinal studies
and clinical trials.

The adsorption and accumulation of ET in human tissues, including
the brain, is also mediated by the transport efficacy of ETT [26,53,69],
which might be impaired under disease conditions. Further study will
be needed to determine if there are variable expression or functional ac-
tivity of the ETT as well as differences in long term diet patterns be-
tween or within groups. Furthermore, ET levels in the brain were not
examined and plasma ET levels may not necessarily reflect brain con-
centrations. Although studies in mice have revealed that ET levels in
the brain change in a similar manner to blood values [52], this has not
been validated in humans. Moreover, since the present study utilized a
cross-sectional design, we were unable to investigate the temporal rela-
tionship between ET and the progression of WMH and brain atrophy.
Lastly, the associations between ET and other important pathological
hallmarks of AD like Aβ or tau burden in the brain have not been deter-

Table 4
Associations of plasms biomarkers with specific CeVD neuroimaging markers.
A: CeVD binary outcome variables using binary logistic regression

WMH (ARWMC≥8)
OR (95% CI)
(n = 217)

Presence of cortical infarct
OR (95% CI)
(n = 70)

Presence of ≥2 lacunes
OR (95% CI)
(n = 75)

Ergothioneine*
Model

1
0.28 (0.15–0.49) 0.37 (0.17–0.82) 0.44 (0.20–0.96)

Model
2

0.46 (0.24–0.88) 0.83 (0.33–2.12) 1.12 (0.46–2.74)

l-Hercynine*
Model

1
0.56 (0.35–0.88) 0.82 (0.43–1.55) 0.57 (0.31–1.06)

Model
2

0.67 (0.40–1.10) 0.97 (0.49–1.92) 0.66 (0.34–1.28)

l-Hercynine/ET ratio*
Model

1
1.37 (0.83–2.26) 1.75 (0.87–3.55) 0.97 (0.49–1.92)

Model
2

1.08 (0.63–1.85) 1.09 (0.51–2.34) 0.56 (0.27–1.17)

B: CeVD continuous outcome variables using Poisson or linear regressions

WMH by ARWMC
scores
β (95% CI)

Number of cortical infarcts
RR (95% CI)

Number of lacunes RR
(95% CI)

Ergothioneine*
Model

1
−2.79 (−3.93–
−1.66)

0.42 (0.23–0.76) 0.32 (0.20–0.52)

Model
2

−1.48 (−2.66–
−0.29)

0.89 (0.47–1.69) 0.64 (0.37–1.09)

l-Hercynine*
Model

1
−0.83 (−1.79–
0.12)

0.96 (0.59–1.56) 0.65 (0.44–0.96)

Model
2

−0.64 (−1.57–
0.29)

1.11 (0.69–1.79) 0.74 (0.48–1.12)

l-Hercynine/ET ratio*
Model

1
1.28 (0.24–2.33) 1.93 (1.14–3.25) 1.44 (0.96–2.16)

Model
2

0.78 (−0.25–1.81) 1.24 (0.73–2.13) 0.97 (0.62–1.50)

ARWMC = age-related white matter changes, CeVD = cerebrovascular dis-
ease, CI = confidence interval, MRI = magnetic resonance imaging,
OR = odds ratio, WMH = white matter hyperintensities, RR = rate ratio,
β = mean difference. WMH was missing for 1 CIND patient.
¶ Cut-offs of counts/scores for definitions of significant CeVD have been previ-
ously described [45].
∗Log transformed.
Model 1: Unadjusted.
Model 2: Adjusted for age, gender, hypertension, diabetes, cardiovascular dis-
eases and cognitive status.
Bold values represent statistically significant associations at p < 0.05.
Interpretation (A): Significant OR < 1 (bold text) indicates that each 10-fold (1
unit of log10 [plasma biomarker]) increase in plasma biomarker level was asso-
ciated with (1-OR)*100% lower chance (OR% higher chance when OR > 1) of
getting the respective cognitive outcome.
Interpretation (B): 1. Linear regression models with mean differences (β) and
95% CI were used for the ARWMC visual scores for WMH grading: Significant β
(bold text) < 0 indicates that for each 10-fold (1 unit of log10 [plasma bio-
marker] increment) increase in plasma biomarker level the outcome variable
will decrease (increase when β > 0) by β value. 2. Poisson regression models
and negative binomial regression models with rate ratios (RR) and 95% CI were
constructed for the count of cortical and lacunar infarct, respectively: Signifi-
cant RR (bold text) indicates that a patient with each 10-fold (1 unit of log10
[plasma biomarker]) increase in plasma biomarker level will have on average
RR times as many cortical infarcts or lacunes on MRI compared to a person with
lower plasma biomarker levels.
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Fig. 5. Correlations between plasma ergothioneine, l-hercynine, l-hercynine/ET ratio with cortical thickness and hippocampal volume. Scatter plots of plasma bio-
markers against cortical thickness (A,C,E) and hippocampal volumes (B,D,F). Solid lines indicate linear regressed best-fit curves while dashed lines indicate respec-
tive 95% confidence intervals. r = Spearman correlation coefficients with associated two-tailed p values.

mined, although numerous studies have shown that ET may be protec-
tive against Aβ [32,70] and hence declining ET levels may further accel-
erate disease pathology. Further studies are therefore needed to investi-
gate the neuropathological correlates of ET alterations.

5. Conclusions

Our findings suggest that low plasma ET levels might be an early
biomarker for WMH- or neurodegeneration-related cognitive impair-
ment and dementia. The deficiency of ET may have deleterious effects
on cognition through diminished antioxidant protection of vasculature
and/or neurons in the brain, although multiple other mechanisms of cy-
toprotection could be involved [20,71]. Given that blood ET may be el-
evated via dietary supplementation, this highlights a potential thera-
peutic agent for cognitive impairment.
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Table 5
Associations of plasma biomarkers with quantitative atrophy neuroimaging
markers.

Global cortical thickness Hippocampal volume

β (95% CI) p β (95% CI) p

Ergothioneine*
Model 1 0.13 (0.09–2.05) <0.001 1.01 (0.66–1.35) <0.001
Model 2 0.08 (0.03–0.13) <0.001 0.61 (0.28–0.95) <0.001
Model 3 0.07 (0.02–0.12) 0.004 0.61 (0.27–0.94) <0.001
l-Hercynine*
Model 1 0.05 (0.01–0.09) 0.008 0.62 (0.33–0.91) <0.001
Model 2 0.03 (−0.01–0.07) 0.115 0.35 (0.10–0.60) 0.007
Model 3 0.03 (−0.01–0.07) 0.150 0.35 (0.10–0.60) 0.007
l-Hercynine/ET

ratio*
Model 1 −0.04 (−0.08–

0.00)
0.056 −0.06 (−0.38–

0.26)
0.707

Model 2 −0.02 (−0.06–
0.02)

0.407 0.00 (−0.27–0.27) 0.999

Model 3 −0.02 (−0.06–
0.03)

0.439 0.00 (−0.28–0.27) 0.996

β = mean difference, CI = confidence interval. Hippocampus volume and
global cortical thickness were available for 465 participants.
∗ Log transformed.
Model 1: Unadjusted.
Model 2: Adjust for age, gender, education, APOE, hypertension, diabetes, car-
diovascular diseases, intracranial volume and cognitive status.
Model 3: Further adjusting for WMH.
Interpretation: Linear regression models with mean differences (β) and 95% CI
were used for global cortical thickness and hippocampus volume: Significant β
(bold text) > 0 indicates that for each 10-fold (1 unit of log10 [plasma bio-
marker]) increase in plasma biomarker level the outcome variable will increase
by β value.
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Abbreviations

AD Alzheimer's disease
ANOVA Analyses of variance
APOE Apolipoprotein E
ARWMC Age-Related White Matter Changes scale
β Mean differences
BMI Body mass index
CeVD Cerebrovascular disease
CI Confidence interval
CIND Cognitive impairment no dementia
CSF Cerebrospinal fluid
DSM-IV Diagnostic and Statistical Manual of Mental Disorders, 4 th edition
EDTA Ethylenediaminetetraacetic acid
ET Ergothioneine
ETT Ergothioneine transporter
FLAIR Fluid Attenuated Inversion Recovery
HbA1c haemoglobin A1c
IQR Interquartile range
LC-MS/MS Liquid chromatography-tandem mass spectrometry
MCI Mild cognitive impairment
MMSE Mini-Mental State Examination
MRI Magnetic resonance imaging
NCI No cognitive impairment
NINCDS-ADRDA National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders

Association
NINDS-AIREN National Institute of Neurological Disorders and Stroke-Association Internationale pour la Recherché et l' Enseignement en Neuro-

science
OCTN1 Organic cation transporter novel-type 1
OR Odds ratio
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PD Parkinson's disease
RR Rate ratio
SD Standard deviation
STRIVE Standards for Reporting Vascular Changes on Neuroimaging
VaD Vascular dementia
VCI Vascular cognitive impairment
WMH White matter hyperintensities
WML White matter lesions

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.freeradbiomed.2021.10.019.
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