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ABSTRACT

Background: Nitric oxide is a free radical that can be produced from dietary nitrate and positively affects cardiovascular health. With cardiovascular
health playing an important role in the etiology of dementia, we hypothesized a link between dietary nitrate intake and the risk of dementia.
Objectives: This study aimed to find the association of total, vegetable, and nonvegetable dietary nitrate intake with the risk of dementia and imaging
markers of vascular brain health, such as total brain volume, global cerebral perfusion, white matter hyperintensity volume, microbleeds, and lacunar
infarcts.

Methods: Between 1990 and 2009, dietary intake was assessed using food-frequency questionnaires in 9543 dementia-free participants (mean age, 64 y;
58% female) from the prospective population-based Rotterdam Study. Participants were followed up for incidence dementia until January 2020. We used
Cox models to determine the association between dietary nitrate intake and incident dementia. Using linear mixed models and logistic regression models,
we assessed the association of dietary nitrate intake with changes in imaging markers across 3 consecutive examination rounds (mean interval between
images 4.6 y).

Results: Participants median dietary nitrate consumption was 85 mg/d (interquartile range, 55 mg/d), derived on average for 81% from vegetable sources.
During a mean follow-up of 14.5 y, 1472 participants developed dementia. A higher intake of total and vegetable dietary nitrate was associated with a
lower risk of dementia per 50-mg/d increase [hazard ratio (HR): 0.92; 95% confidence interval (CI): 0.87, 0.98; and HR: 0.92; 95% CI: 0.86, 0.97,
respectively] but not with changes in neuroimaging markers. No association between nonvegetable dietary nitrate intake and the risk of dementia (HR:
1.15; 95% CI: 0.64, 2.07) or changes in neuroimaging markers were observed.

Conclusions: A higher dietary nitrate intake from vegetable sources was associated with a lower risk of dementia. We found no evidence that this

association was driven by vascular brain health.
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Introduction

Nitric oxide is a free radical that regulates vasodilation, has an
inhibitory effect on platelet aggregation, and, thereby, improves blood
circulation [1,2]. Nitric oxide can be produced endogenously by nitric
oxide synthases through the oxidation of L-arginine [3,4]. Alternatively,
dietary nitrate can be metabolized into nitric oxide through the
nitrate-nitrite-nitric oxide pathway [5]. In particular, dietary nitrate
from vegetable sources may convert easily to nitric oxide owing to the
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enhancing effects of accompanying bioactive compounds such as
vitamin C and polyphenols [6,7].

Given these effects of nitric oxide on the vasculature, a higher di-
etary nitrate intake has been linked to a lower risk of various cardio-
vascular adverse health outcomes, such as hypertension and coronary
artery disease [8—10]. With cardiovascular disease now established in
the multifactorial etiology of dementia, a link between dietary nitrate
intake and risk of dementia has been hypothesized, but direct evidence
remains scarce [11,12].
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Previous randomized controlled trials have investigated the effect of
nitrate or nitrite supplementation on cerebral blood perfusion and
cognitive performance but yielded inconsistent results [13-20]. A
recent meta-analysis concluded that this may be explained by the small
sample sizes and short intervention timeframes of these trials [12].
Large and long-term experiments have not yet been conducted owing
to challenges such as high attrition rates and high costs. This highlights
the need to verify the link between nitrate intake and the risk of de-
mentia using large observational cohort studies with long follow-up
periods.

Therefore, we studied the association of total, vegetable, and non-
vegetable dietary nitrate intake with the risk of dementia within a large
prospective population-based cohort study. We further explored the
association between dietary nitrate intake and imaging markers of
vascular brain health, such as total brain volume, cerebral perfusion,
white matter hyperintensity volume, microbleeds, and lacunar infarcts.

Methods

Study population

This study was embedded within the prospective population-based
Rotterdam Study, details of which have been described elsewhere [21].
In briefly, the initial study was established in 1990 with 7983 partici-
pants aged 55 y or older, who were living in the district of Ommoord in
Rotterdam, the Netherlands. In 2000, the study was enlarged with a
second cohort including 3011 participants who turned 55 y or moved
into the study area and, again, in the year 2005 with a third cohort
comprising 3932 persons aged 45 y or older. Every 3 to 6y, all par-
ticipants are invited to undergo extensive follow-up examinations.

The Rotterdam Study has been approved by the Medical Ethics
Committee of Erasmus Medical Center and by the board of the
Netherlands Ministry of Health, Welfare, and Sports. Written informed
consent was obtained from all participants.

At study entry of the 3 cohorts, dietary data were collected for 9737
participants. From this sample, we excluded participants who reported
an unreliable energy intake of <500 or >5000 kcal/d (n = 38), par-
ticipants who had prevalent dementia (n = 38), were insufficiently
screened for dementia (n = 58), or did not sign the informed consent
form to link the study database to medical records (n = 60). This
resulted in a sample comprising 9543 participants who were eligible to
be followed up for incident dementia (dementia sample) (Supplemental
Figure 1A). From 2005 onward, magnetic resonance imaging (MRI) of
the brain was implemented in the core protocol of the Rotterdam Study.
Between 2006 and 2012, corresponding to the fifth examination round
of the first cohort, the third examination round of the second cohort,
and study entry of the third cohort, dietary data were collected for 5425
dementia-free participants, after which 4228 participants underwent >1
MRI scan. We excluded participants with insufficient segmentations (»
= 162) and prevalent cortical infarcts (n 117), resulting in an
additional sample of 3949 participants (brain imaging sample) (Sup-
plemental Figure 1B).

Dietary assessment

Dietary intake was assessed for all 3 subcohorts at study entry,
which constituted the baseline for the dementia sample. For the first and
second subcohorts, dietary intake was again assessed between 2009
and 2012, which constituted together with the study entry of the third
subcohort as baseline for the brain imaging sample. The approach used
to quantify dietary intake at study entry for the first and second cohort
was slightly different compared with the method used at the other
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dietary assessment visits (Supplemental Figure 1). At study entry for
the first and second cohort, participants first completed a self-
administered food-frequency questionnaire (FFQ) including 170 food
items, followed by a structured interview with a trained dietician to
specify food items and preparation methods and to identify in which
frequencies and amounts the food items were consumed. At the other
dietary assessment visits, participants completed a self-administered
semiquantitative 389-item FFQ. The FFQ includes questions on main
food items, its subtypes, preparation methods, cooking fats, and con-
diments. Overall, the questionnaire is well-structured according to
meals, with questions on frequency and portion sizes in household
units as part of the food item instead of as a separate list. These FFQs
have been validated against other dietary assessment methods, which
showed that both FFQs can adequately rank individuals according to
their intake of several nutrients [22—-24]. Unfortunately, nitrate intake
was not evaluated in these validation studies.

Dietary nitrate intake

In this study, all foods derived from plants, such as potatoes, but
excluding fruits, nuts, and cereals, were defined as vegetables. Dietary
nitrate content of vegetables obtained from the FFQs was calculated
using a comprehensive vegetable nitrate database, which was devel-
oped by means of a systematic review including studies measuring
nitrate concentrations in vegetables between 1980 and 2016 [25].
Measurements were mostly chemical analyzes performed in accredited
laboratories. The final database summarizes data from 255 studies, with
information on 178 vegetables. From these studies, 12 were conducted
in the Netherlands, covering 557 entries from 26 different vegetables.
Overall, dietary nitrate concentrations in vegetables vary substantially
across and within countries, for instance, because of differences in
agricultural practices, soil composition, farming methods, and fertilizer
use [26]. Given that one entry per vegetable in the Netherlands pre-
sumably does not provide a reasonable proxy for the dietary nitrate
content, we considered the median nitrate concentration of each
vegetable that was measured in the Netherlands and surrounding
countries. The median was taken as the distribution of the obtained
dietary nitrate concentrations for each vegetable was quite skewed. For
30% of the vegetables from which 16% of the total calculated dietary
nitrate was derived, <3 entries were available for the Netherlands and
surrounding counties. For these vegetables, the median nitrate con-
centration of all European countries was used. For 12% of the vege-
tables from which 0.5% of the total calculated dietary nitrate was
derived, <3 entries were available for all European countries. For these
vegetables, the median nitrate concentration of all countries was used.
The database included season-specific estimates because nitrate in
vegetables varies between seasons [26]. However, given that we are
interested in habitual nitrate intake, and we have previously shown that
vegetable consumption across different seasons remains constant [27],
mean nitrate concentrations throughout the year were used. Moreover,
during the preparation processes boiling or cooking, ~50% of the ni-
trate content in vegetables will be lost [28]. Therefore, we divided the
obtained nitrate concentration of the corresponding vegetable by 2 if
such preparation method was used. This approach has been validated
against urinary nitrate excretion samples in individuals from Australia,
which showed that FFQs can adequately rank individuals according to
their dietary nitrate intake [25]. The dietary nitrate content of non-
vegetable food items obtained from the FFQs was determined based on
a comprehensive database, which was developed by means of a sys-
tematic review including 26 studies that have used chemical analyses to
measure nitrate concentrations of foods between 1967 and 2008 [29].
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Data from Western countries only was used as dietary nitrate concen-
trations in nonvegetable foods differ substantially between high and
middle income counties, but less variation is seen across high-income
countries [30].

Follow-up for dementia

Participants were screened for dementia at baseline and every 3 to 6
y during follow-up examinations using the mini-mental state exami-
nation (MMSE) and the geriatric mental schedule organic level. Those
with a MMSE score of <26 or a geriatric mental schedule organic level
score of >0 were further examined using the Cambridge Examination
for Mental Disorders in the Elderly diagnostic interview. Participants
were also monitored for dementia on a continuous basis through an
electronic link between the study database and medical records from
general practitioners and the Regional Institute of Outpatients Mental
health Care. The final diagnosis was established by a consensus panel
led by a neurologist, according to standard criteria for dementia (DSM-
II-R) and for subdiagnosis of Alzheimer disease (NINCDS-ADRDA).
Follow-up was virtually completed until January 1, 2020, for 95.9% of
the potential person-years.

Acquisition and postprocessing of brain MRI

MRI scanning of the brain was performed on a 1.5-Tesla MRI
scanner (GE Signa Excite; General Electric Healthcare) according to
standardized protocols [31] to determine total brain volume, global
cerebral perfusion, white matter hyperintensity volume, microbleeds,
and lacunar infarcts. There were no hardware or software updates over
the study period. The scan protocol, sequence details, and processing of
the data have been described in detail previously [31].

Covariables

Energy and alcohol intake were calculated from the obtained dietary
data based on the Dutch Nutrient Database tables. Using structured
interviews, data on educational attainment and smoking status were
obtained. Education attainment was classified into 4 levels: primary,
lower, intermediate, and higher. Smoking status was categorized as
never, current, or former. Physical activity was measured using a
validated adapted version of the Zutphen Physical Activity Question-
naire at study entry for the first and second cohort and the LASA
Physical Activity Questionnaire at the other visits. A diet quality score
reflecting adherence to the Dutch Dietary Guidelines was calculated by
adding adherence scores for 14 food recommendations, as described in
detail elsewhere [32]. A plant-based dietary index was derived from the
dietary intake data as described in detail elsewhere [33]. A higher index
reflects relatively higher consumption of plant-based and lower con-
sumption of animal-based foods. Height and weight were measured at
the research center and body mass index was calculated. APOE ge-
notype was obtained using polymerase chain reaction of coded DNA
samples for the first cohort and with bi-allelic TagMan assay for the
second and third cohorts.

Statistical analysis

Descriptive statistics are presented as mean (standard deviation) for
normally distributed continuous variables, median (interquartile range)
for nonnormally distrusted continuous variables and number (per-
centage) for categorical variables. The interquartile range is provided as
a measure of spread, that is, the difference between the upper quartile
and lower quartile [34].

Because the distribution of dietary nitrate intake was right-skewed,
we performed a natural-log transformation to obtain a roughly normal
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distribution. Moreover, to consider energy intake, we applied the
nutrient residual method to calculate energy-adjusted nitrate intake.
However, given that both the natural-log transformation and nutrient
residual method did not affect our results, effect estimates based on
crude dietary nitrate intake variables are provided in the manuscript for
interpretation purposes.

We determined the association between dietary nitrate intake at
baseline and the risk of dementia and Alzheimer disease using Cox
proportional hazard models. We verified that the proportional hazard
assumption was met based on Schoenfeld residuals. Dietary nitrate
intake was included in the model per 50-mg/d increase, equivalent to
~30 g of nitrate-rich vegetables and ~250 g of nitrate poor vegetables
[25] and per quartile. To further explore potential nonlinear associa-
tions, we included dietary nitrate intake as a quadratic term in the
models and tested whether this improved the fit of the models using
ANOVA. All analyses were adjusted for age, sex, and energy intake
(model I) and, additionally for educational attainment, diet quality,
alcohol intake, physical activity, smoking status, body mass index, and
APOE ¢4 status (model II). To assess potential effect modification, we
added an interaction term between dietary nitrate intake and sex, APOE
€4 status, dietary intake of vitamin C, and body mass index (as
adiposity is associated with impaired nitric oxide availability [35]).
Moreover, to evaluate the robustness of our findings, we performed
several sensitivity analyses. First, to evaluate whether reverse causality
accounted for potential associations, we repeated the analysis after
excluding the first 5 y of follow-up. Second, given that for the first and
second subcohorts, a different FFQ has been used to assess dietary
nitrate intake than for the third subcohort, we repeated the analyses in
the first and second subcohorts only. Third, to enhance comparability
between the dementia risk results and brain imaging results, we also
repeated the analyses within the brain imaging sample. Fourth, we
repeated the analyses while additionally correcting for vegetable intake
(grams per day) and after replacing the overall diet quality score in the
models by a plant-based dietary index. Finally, we repeated the ana-
lyses for dietary nitrate intake derived from diverse vegetable groups
separately.

We determined the association of dietary nitrate intake at baseline
with total brain volume, cerebral perfusion, and white matter hyper-
intensity over time, using linear mixed models with a random intercept
and slope. The natural logarithm of white matter hyperintensity volume
was taken to reach an approximately normal distribution. Time in years
between the consecutive MRI scans was used as underlying time scale.
We included dietary nitrate intake in the model as fixed effect (main
effect), representing overall differences in trajectories of imaging
markers during follow-up. In addition, we included an interaction term
between dietary nitrate intake and time (slope effect), allowing imaging
markers to change differentially over time for different dietary nitrate
intake levels. To correct for confounders, all aforementioned covari-
ables were included in the models and intracranial volume as proxy of
head size was additionally added. We further included an interaction
term between age and time because changes in MRI markers are
exponentially related to age [36]. To study the association between
dietary nitrate intake with the prevalence and incidence of any
microbleeds and lacunar infarcts, we used logistic regression models.
All aforementioned covariables were included in the models and in the
models assessing incidence, time between dietary nitrate intake
assessment, and the MRI scan on which the incidence was detected was
added.

Missing data on covariables were imputed using 5-fold multiple
imputation. In the dementia sample, 19% of the physical activity data,
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5% of the APOE €4 status data, and <1% of all other covariables was
missing. In the brain imaging sample, 6.5% of the APOE €4 status data,
4.8% of the physical activity data, and <1% of all other covariables
were missing. The distribution of covariables in the imputed data set
was similar as in the nonimputed data set. All statistical analyses were
conducted using R Statistical Software version 4.0.3.

Results

Baseline characteristics of the total study population are provided in
Table 1 and per quartile of dietary nitrate intake in Supplemental
Table 1. The mean age of the participants in the dementia sample was
64.1 y (standard deviation: 8.6 y), and 58% were female. Participants
median dietary nitrate consumption was 85 mg/d (interquartile range,
55 mg/d), derived on average for 81% from vegetable sources. Total
dietary nitrate and dietary nitrate from vegetable sources were posi-
tively correlated with total vegetable intake (» 0.63 and 0.64,
respectively). Overall, dietary nitrate was mainly derived from the
category other vegetables, followed by dark green vegetables, starchy
vegetables, red and orange vegetables, and beans and peas (Supple-
mental Table 2).

During a mean follow-up of 14.5 y, 1472 participants developed
dementia (incidence rate 10.6 per 1000 person-years), of whom 1078
presented with Alzheimer disease. A higher intake of total and vege-
table dietary nitrate intake was associated with a lower risk of dementia
per 50-mg/d increase [hazard ratio (HR): 0.92; 95% confidence interval
(CD: 0.87, 0.98; and HR: 0.92; 95% CI: 0.86, 0.97, respectively]
(Table 2). No association between nonvegetable dietary nitrate intake
and the risk of dementia was observed (HR: 1.15; 95% CI: 0.64, 2.07).
Analyzing dietary nitrate intake into quartiles showed no indication for
nonlinearity, neither did adding a quadratic term in the models (P >
0.4). No evidence for effect modification by sex, APOE €4 status, di-
etary intake of vitamin C, or body mass index was found (P-interaction
> 0.45). Furthermore, effect estimates were similar for Alzheimer
disease, after excluding the first 5 y of follow-up, when restricting the
analyses to the first and second subcohorts, and when repeating the
analyses in the brain imaging sample (Supplemental Figure 2).
Moreover, additional adjustment for vegetable consumption or
replacing the diet quality score by a plant-based dietary index did not
affect our results. In addition, effect estimates were somewhat stronger
for dietary nitrate intake derived from dark green vegetables and star-
chy vegetables than for other vegetables (Supplemental Figure 3).

Participants in the brain imaging sample were on average aged 65.2
y (standard deviation: 10.8 y) and 57% were women (Table 1). Baseline
characteristics per quartile of dietary nitrate intake are provided in
Supplemental Table 3. Among the 3949 participants, 2433 participants
underwent a second and 1107 participants a third MRI scan. The mean
interval between scans was 4.6 y. Participants with second and third
MRI scans were on average younger compared with those without an
additional MRI scan, whereas other baseline characteristics were
similar (Supplemental Table 4). Dietary nitrate intake was not associ-
ated with cerebral brain perfusion or white matter hyperintensity vol-
ume over time (Table 3). A higher nonvegetable, but not total or
vegetable, dietary nitrate intake was associated with a higher total brain
volume (mean difference in z-score of main effect per 50-mg/d increase:
0.11; 95% CI: 0.03, 0.20) but not with changes in total brain volume
over time (mean difference in z-score of slope: 0.01; 95% CI: 0.00,
0.01). No association between dietary nitrate intake and either preva-
lent or incident microbleeds and lacunar infarcts was observed
(Table 4).
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TABLE 1
Baseline characteristics of the study population

Characteristics Dementia sample (»  Brain imaging sample
= 9543) (n = 3949)
Age (y) 64.1 (8.6) 65.2 (10.8)
Female sex 5530 (58) 2264 (57)
Energy intake (kcal/d) 2099 (595) 2144 (656)
Education attainment
Primary 1463 (15) 328 (8)
Lower 3900 (41) 1473 (38)
Intermediate 2662 (28) 1178 (30)
Higher 1463 (15) 927 (24)
Diet quality score 6.7 (1.9) 6.9 (1.9)
Alcohol intake (g/d) 5[17] 7 [17]
Physical activity (MET h/wk) 69 [63] 42 [65]
Smoking status
Never 2231 (23) 701 (18)
Former 4152 (44) 1974 (50)
Current 3114 (33) 1268 (32)
Body mass index (kg/m?) 26.8 (4.0) 27.3 (4.1)
APOE &4 status
No allele 6482 (72) 2656 (72)
1 allele 2353 (26) 957 (26)
2 allele 205 (2) 81 (2)
Total dietary nitrate intake 85 [55] 95 [75]
(mg/d)
Vegetable dietary nitrate 70 [53] 78 [71]
intake (mg/d)
Nonvegetable dietary nitrate 6[7] 16 [10]
intake (mg/d)
Total brain volume (mL) — 934.5 (99.8)
Cerebral perfusion (mL) — 524.7 (102.4)
White matter hyperintensity — 3.2 [2.01]
volume (mL)
Any microbleeds — 808 (20)
Any lacunar infarcts — 293 (7)

Data are shown for nonimputed data and are presented as mean (standard
deviation) for normally distributed continuous variables, medium [inter-
quartile range] for nonnormally distributed continuous variables, and number
(percentages) for categorical variables.

MET, metabolic equivalent of task; N, number of participants.

Discussion

In this population-based cohort study, higher dietary nitrate intake
from vegetable sources was associated with a lower risk of dementia,
whereas no association was found for dietary nitrate intake from
nonvegetable sources. Dietary nitrate intake was also not associated
with cerebral perfusion or vascular pathology (i.e., white matter
hyperintensity volume, microbleeds, and lacunar infarcts), but a higher
dietary nitrate intake from nonvegetable sources was associated with a
higher total brain tissue volume.

Although it has previously been hypothesized that dietary nitrate
affects brain health [11], the direct link between dietary nitrate intake
and the risk of dementia has not been studied before. However, few
randomized controlled trials have studied the effect of nitrate or
nitrite supplementation on cognitive performance. Some studies
found an improvement in certain cognitive test performances after
supplementation [13—15], but most studies found no effect [16-20].
These null findings may be explained by the relatively small sample
sizes (i.e., maximum of 62 participants) and short study periods (i.e.,
<7 d in most studies). In particular, the hypothesis that nitrate be-
comes effective after long-term consumption seems likely because,
particularly, the trail with the longest supplementation duration of 10
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TABLE 2
Dietary nitrate intake and the risk of dementia
n/N Model I Model 11
Total dietary nitrate intake
Per 50-mg/d increase 1472/9543 0.91 (0.86, 0.96) 0.92 (0.87, 0.98)
Per quartile
Quartile 1(1.9-64.3 mg/a) 434/2386 Reference Reference
Quartile 2(64.3-85.4 mg/d) 449/2386 0.98 (0.86, 1.12) 0.99 (0.87, 1.13)
Quartile 3(g5.4-119.0 mg/d) 383/2386 0.93 (0.80, 1.07) 0.93 (0.81, 1.08)
Quartile 4(119.1-1063.5 mg/d) 206/2385 0.84 (071, 1.00) 0.88 (0.74, 1.05)
Vegetable dietary nitrate intake
Per 50 mg/d increase 1472/9543 0.90 (0.85, 0.96) 0.92 (0.86, 0.97)
Per quartile
Quartile 1(9.0-50.1 mg/a) 443/2386 Reference Reference
Quartile 2(s0.1-70.4 mg/d) 436/2386 0.95 (0.83, 1.09) 0.96 (0.84, 1.11)
Quartile 3(70.4-103.0 mg/d) 381/2386 0.89 (0.77, 1.02) 0.91 (0.79, 1.05)
Quartile 4(103.1-1052.0 mg/d) 212/2385 0.83 (0.70, 0.98) 0.87 (0.73, 1.03)
Nonvegetable dietary nitrate intake
Per 50-mg/d increase 1472/9543 1.17 (0.66, 2.07) 1.15 (0.64, 2.07)
Per quartile
Quartile 1(124-11.4 mg/a) 384/2386 Reference Reference
Quartile 2(11.4-14.3 mg/a) 419/2386 1.03 (0.90, 1.19) 1.05 (0.91, 1.21)
Quartile 3(14.3-18.1 mg/d) 393/2386 1.15 (0.99, 1.33) 1.13 (0.97, 1.32)
Quartile 4(18.1-82.0 mg/a) 276/2385 1.06 (0.89, 1.25) 1.07 (0.90, 1.27)

Cox proportional hazards models were used to obtain hazard ratios and 95% confidence intervals. Model I is adjusted for age, sex, and energy intake. Model II is
further adjusted for educational attainment, diet quality, alcohol intake, physical activity, smoking status, body mass index, and APOE €4 status.
n, number of incident cases; N, number of participants at risk.

TABLE 3
Dietary nitrate intake and total brain volume, cerebral perfusion, and white matter hyperintensity volume (n = 3949)

Total brain volume Cerebral perfusion White matter hyperintensity volume

Per 50-mg/d increase in Main effect, mean difference in z-score (95% confidence interval)

Total dietary nitrate intake

Vegetable dietary nitrate intake

Nonvegetable dietary nitrate intake
Per 50-mg/d increase in

Total dietary nitrate intake

Vegetable dietary nitrate intake

0.00 (—0.01, 0.01)
0.00 (—0.01, 0.01)
0.11 (0.03, 0.20)

0.00 (0.00, 0.00)
0.00 (0.00, 0.00)

0.01 (—0.02, 0.04)
0.01 (—0.02, 0.04)

—0.14 (-0.38, 0.10
Slope, mean difference in z-score (95% confidence interval)

0.00 (~0.01, 0.00)
0.00 (~0.01, 0.00)

—0.01 (—0.03, 0.02)
0.00 (—0.03, 0.02)
—0.02 (—0.24, 0.20)

0.00 (0.00, 0.00)
0.00 (0.00, 0.00)

Nonvegetable dietary nitrate intake 0.01 (0.00, 0.01) —0.03 (—0.08, 0.02) 0.00 (—0.01, 0.02)

Linear mixed models with a random intercept and slope were used to obtain mean differences of the main effect (i.e.,., dietary nitrate included in the models as
fixed effect) and slope effect (i.e.,., interaction between dietary nitrate intake and time). Models are adjusted for age, sex, energy intake, educational attainment,
diet quality, alcohol intake, physical activity, smoking status, body mass index, APOE €4 status, and intracranial volume.

TABLE 4
Dietary nitrate intake and microbleeds and lacunar infarcts (n = 3949)

Per 50-mg/d increase in Prevalent vascular brain disease

Any microbleeds (n = 808) Any lacunar infarcts (n = 293)

Total dietary nitrate intake 0.97 (0.91, 1.05) 1.05 (0.94, 1.16)
Vegetable dietary nitrate intake 0.98 (0.91, 1.05) 1.04 (0.94, 1.16)
Nonvegetable dietary nitrate intake 0.65 (0.33, 1.26) 1.13 (0.43, 2.99)

Incident vascular brain disease
Any microbleeds (n = 279)

Per 50-mg/d increase in
Any lacunar infarcts (n = 115)

Total dietary nitrate intake 1.01 (0.91, 1.13) 0.96 (0.81, 1.15)
Vegetable dietary nitrate intake 1.01 (0.91, 1.13) 0.97 (0.82, 1.16)
Nonvegetable dietary nitrate intake 0.64 (0.21, 1.95) 0.34 (0.06, 1.93)

Logistic regression models were used to obtain odds ratios and 95% confidence intervals. Models are adjusted for age, sex, energy intake, educational attainment,
diet quality, alcohol intake, physical activity, smoking status, body mass index, and APOE €4 status. In the models assessing incidence, time between dietary
nitrate intake assessment and MRI scan on which the incidence was detected was added.

wk reported robust improvement in executive functioning at the end Our findings of an association between a higher dietary nitrate
of the trial [14]. We extended this evidence in a long-term cohort intake and a lower risk of dementia could be explained by the free
study by showing that dietary nitrate intake is also associated with a radical nitric oxide. Oral bacteria metabolize dietary nitrate to nitrite,

lower risk of dementia. and in the acid environment of the stomach, nitrite can be metabolized
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further into nitric oxide. This will be absorbed in the small intestine and
subsequently released in the blood circulation [37]. In the blood cir-
culation, nitric oxide regulates vasodilation and platelet aggregation.
This maintains vascular health [1,2], which is a key determinant in the
prevention of dementia [38]. However, our null findings with brain
imaging markers could not confirm that vascular brain health drives the
association between dietary nitrate intake and dementia. In line with
these findings, a recent meta-analysis of randomized controlled trails
found no strong evidence for an acute effect of dietary nitrate intake on
cerebral perfusion [12], but other brain imaging markers have not
previously been studied. An explanation for the observed null findings
could be that nitric oxide mainly affects small blood vessels that cannot
be detected on brain images. Alternative potential mechanisms un-
derlying the association between dietary nitrate and dementia include a
protective effects of nitric oxide on metabolic functions [30,39] and the
regulation of reactive oxygen species homeostasis [40].

In this study, the association between dietary nitrate intake and the
risk of dementia seems to be driven by dietary nitrate from vegetable
sources. This may be explained by accompanying bioactive com-
pounds in vegetables, such as vitamin C and polyphenols, which
enhance the formation of nitrate into nitric oxide [6,7]. However, we
found no evidence for interaction between dietary intake of nitrate and
vitamin C, which could possibly suggest that enhancing effects require
the presence of multiple bioactive compounds. However, it is also
possible that bioactive compounds common in nitrate-rich vegetables
drive the observed link between nitrate and dementia through pathways
unrelated to nitrate [41].

That dietary nitrate from nonvegetable sources was not associated
with the risk of dementia may be explained by the absence of
enhancing effects of bioactive compounds present in vegetables.
Without enhancing stimulus, nitrate can be converted into nitrosamines
[42], chemical compounds that may adversely affect brain health [43].
Furthermore, nitrate from nonvegetable sources is mainly derived from
animal-based foods that contain high levels of saturated fats and so-
dium, of which excessive consumption has been linked to an increased
risk of dementia [44]. These adverse effects may have eclipsed the
positive effects of dietary nitrate on brain health. However, observed
null findings should be interpreted with caution because, on average,
only 19% of the consumed dietary nitrate was derived from non-
vegetable sources. Intake levels of nonvegetable dietary nitrate in this
study, which are similar to those reported in other populations [26,45],
may be too low to identify meaningful associations. In addition, the
database used to assess dietary nitrate from nonvegetable sources was
less extensive and up-to-date than the database from vegetable sources.
Consequently, the relatively low precision of the nonvegetable dietary
nitrate consumption levels may have diluted effect estimates toward the
null.

Certain methodological considerations need to be considered when
interpreting the findings. First, the FFQs used to determine dietary
intake were not originally compiled to assess dietary nitrate intake.
Consequently, intake of some nitrate-rich foods (i.e., radish and turnip)
was not assessed in detail. Moreover, information on preparation
methods was lacking for some foods, whereas most meal preparation
methods reduce the nitrate content of the food [28]. Second, dietary
nitrate concentrations in foods vary owing to environmental factors,
such as season and temperature [26]. Therefore, the composition tables
for the Netherlands are needed specifically to precisely determine di-
etary nitrate intake, and although we had access to an extensive data-
base, for some food items, dietary nitrate content was not known for the
Netherlands. Hence, misclassification, which is presumably
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differential, persists, and may have led to an underestimation of the true
association. Third, nitrate concentrations in foods are slightly reduced
over the past 30 y in the Netherlands [46]. Such temporal changes were
not considered in the databases, which could have affected the preci-
sion of the calculated nitrate values. Fourth, data on food intake was
self-reported and, thereby, sensitive to recall bias. Fifth, although we
corrected for a wide range of potential confounders such as total energy
intake and diet quality, residual confounding may persist. Sixth, this
study includes individuals living in the Netherlands, an economic
well-developed county, in which mean daily nitrate consumption levels
are substantially lower compared with low economic developed
countries [40]. Moreover, ~95% of our study population was of
Caucasian ethnicity. This hampers generalizability of our results to
study populations from lower economic developed counties and other
ethnicities. Finally, dietary habits most likely change over time, but our
data were too limited to consider this.

In conclusion, a higher dietary nitrate intake from vegetable sources
was associated with a lower risk of dementia in the general population.
We found no evidence for vascular brain health as an underlying
mechanism. Further studies should verify our observations, elucidate
the potential effects of nonvegetable dietary nitrate intake on brain
health, and identify mechanisms underlying the association between
dietary nitrate intake and the risk of dementia.
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