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Nitrate ameliorates alcohol-induced it

cognitive impairment via oral microbiota
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Abstract

Alcohol use is associated with cognitive impairment and dysregulated inflammation. Oral nitrate may benefit
cognitive impairment in aging through altering the oral microbiota. Similarly, the beneficial effects of nitrate

on alcohol-induced cognitive decline and the roles of the oral microbiota merit investigation. Here we found

that nitrate supplementation effectively mitigated cognitive impairment induced by chronic alcohol exposure

in mice, reducing both systemic and neurcinflammation. Furthermore, nitrate restored the dysbiosis of the oral
microbiota caused by alcohol consumption. Notably, removing the oral microbiota led to a subsequent loss

of the beneficial effects of nitrate. Oral microbiota from donor alcohol use disordered humans who had been taking
the nitrate intervention were transplanted into germ-free mice which then showed increased cognitive function
and reduced neuroinflammation. Finally, we examined 63 alcohol drinkers with varying levels of cognitive impairment
and found that lower concentrations of nitrate metabolism-related bacteria were associated with higher cognitive
impairment and lower nitrate levels in plasma. These findings highlight the protective role of nitrate against alcohol-
induced cognition impairment and neuroinflammation and suggest that the oral microbiota associated with nitrate
metabolism and brain function may form part of a “microbiota-mouth-brain axis”
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Introduction

Alcohol use disorder (AUD) occurs worldwide, with a
1.8% 12-month prevalence and a 4.4% lifetime prevalence
in China [1]. The development of AUD mainly involves
the modulation of biomarkers which are regulated by
neurotransmitter or other neurochemical systems. The
underlying factors for these cognitive dysfunctions
as well as for negative affect and social withdrawal in
alcoholics appears to involve various neurotransmitters
and inflammation [2, 3], and neurochemical target-based
therapy can be a better approach for the treatment of
AUD [4]. Long-term alcohol consumption has been
associated with liver disease [5], neuroinflammation [6],
and elevated cancer risk [7]. Chronic alcohol-induced
cognitive impairments include working memory,
attention, and executive functions [8—12]. The underlying
factors for these cognitive dysfunctions as well as for
negative affect and social withdrawal in alcoholics
appears to involve inflammation.

Dietary inorganic nitrate appears to be health-
promoting through conversion of nitrate to nitrite and
nitric oxide (NO) [13, 14]. The oral microbiota plays a
critical role in nitrate conversion. Approximately 25% of
dietary nitrate is actively taken up by the salivary glands
and secreted into the oral cavity, where it is reduced
to nitrite and NO by facultative anaerobic bacteria
residing on the oral cavity, after which it is transported
to various tissue [15, 16]. The NO released from nitrate
can improve synaptic activity and reduce inflammation
through inhibiting leukocyte recruitment to the site
of inflammation such as the brain [17-19, 20]. Besides,
inorganic nitrate consumption reduces aging-related
cognitive impairment through nitrate metabolism by
oral microbiota. Two distinct microbiome modules of
co-occurring bacteria, that were sensitive to nitrate
supplementation, showed stable relationships with
cognitive (Neisseria-Haemophilus) and pro-inflammatory
metabolism (Prevotella-Veillonella). Prevotella-
Veillonella was diminished after nitrate supplementation
[14, 21-23]. Thus, oral microbiota may modulate
cognitive function through nitrite metabolism and an
anti-inflammation response.

Gut microbiota composition also correlates with
alcohol-induced neuropsychic behaviors [24, 25]. We
previously showed that alcohol drinking led to diurnal
flora disturbances in the oral microbiota and to associated
cognitive impairment [26]. More broadly, gut microbiota
existing in the mouth to the rectum have been associated
with the pathogenesis of psychiatric diseases [27-31],
including AUD and with cognitive impairment [32, 33].
Specifically, the oral microbiome composition has been
associated with Alzheimer’s disease [34, 35, 36-38],
autism spectrum disorder [39], and post-traumatic stress
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disorder (PTSD) [40]. Among these, Alzheimer’s disease
has the most robust body of evidence, supported by
both epidemiological and animal studies, demonstrating
a strong association with alterations in oral microbiota.
A particularly striking discovery is the identification of
specific periodontal pathogens, such as Porphyromonas
gingivalis, in the brains of individuals with Alzheimer’s
disease [41].

In the present study, we used 165 rRNA gene
sequencing to test the impact of nitrate and alcohol on
the oral microbiota. Our specific mouse tests included
behavioral, serological, immunofluorescence tests
and oral microbiota transplantation (OMT), in which
Y-maze and novel-object recognition test were used to
assess cognitive function. We then examined 63 alcohol
drinkers with different levels of cognitive impairment to
investigate whether lower concentrations of oral nitrate
metabolism-related bacteria were associated with higher
cognitive impairment and lower nitrate levels in plasma.
We hypothesized that the oral microbiota was a requisite
factor for nitrate to inhibit neuroinflammation and
reduce alcohol-induced cognitive impairment.

Methods

Animal model

Specific pathogen-free (SPF) eight-week-old male
C57BL/6 mice were bred at the National Institute on
Drug Dependence, Peking University. The animals were
housed under 12 h/12 h light/dark conditions with
lights on from 8:00 AM to 8:00 PM and a controlled
temperature of 21-22 °C and humidity of 55% +5%.
Standard laboratory chow and water were provided
ad libitum. Germ-free (GF) C57BL/6 mice (6—8 weeks)
were bred and maintained in special plastic isolators
(GemPharmatech, Nanjing, China). Animals were
supplied with a 50-kGy irradiated sterile pelleted normal
chow diet (Xietong Shengwu, Nanjing, China) and
autoclaved tap water ab libitum. Bedding was replaced
every 7 days. All germ-free mice were routinely screened
for bacteria, viral, and fungus contamination.

For nitrate supplementation

The 45 SPF mice were divided into three dietary groups
and fed with the liquid feed: (a) Healthy Control Group
(HC group): control diet (fat comprising 10% of total
calories, 72% of calories as carbohydrate); (b) Alcohol
group (A Group): ethanol-containing diet (ingredient
identical to the control diet but with ethanol added
to account for 36% of total calories and the caloric
equivalent of carbohydrate removed, provided by
TROPHIC Animal Feed High-Tech Co., Ltd., Nantong,
China); 36% ethanol-derived calories refers to the
Lieber-DeCarli ad libitum diet [42], but we reduced the
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fat composition and make it equal to the standard diet.
(c) Alcohol and Nitrate Group (A +N group): ethanol
and inorganic nitrate-containing diet (identical to the
ethanol-containing diet but with sodium nitrate at 85
mg/kg/day; this amount is equivalent to a rich vegetable
intake in humans [43]). Specifically, mice received fresh
liquid feed in 50 ml feeders daily, between 7:00 PM and
8:00 PM. Body weight gain and food intake were assessed
once a week. After 6 weeks of intervention, behavioral
tests were conducted before euthanasia. Detailed are
described under the behavioral test section.

For antiseptic mouthwash

Of the 30 SPF mice, the oral microbiota of 15 mice were
depleted as the Chlorhexidine (CHX) group, while the
others were categorized as the Control (Ctrl) group. To
suppress the resident oral microflora, the CHX group
was treated twice daily for 6 weeks with 0.3 ml of a
commercial antibiotic mouthwash solution (0.2% wt/vol
Chlorhexidine Gluconate/water; Longly, Wuhan, China).
The Ctrl group received only a purified water solution
as mouthwash [44—46]. All the mice were treated with
ethanol and an inorganic nitrate-containing diet for
6 weeks. After 6 the week intervention, behavioral tests
were conducted before euthanasia.

For oral microbiome transplantation

We recruited 3 additional male patients with a
diagnosis of alcohol dependence according to DSM-IV.
Participants provided baseline saliva (BL) samples and
then received 14 days of dietary supplementation with
concentrated NO3 —-rich beetroot juice (2 X70 ml per
day, organic beetroot juice each containing ~595 mg
NO3 —, Beet it, James White Drinks, Ipswich, UK). They
were instructed to consume one 70 ml beverage in the
morning and another 70 ml in the afternoon each day,
and on the last day, to consume their final beverage 1-3
h prior to post-intervention (PI) saliva collection. To
ensure that recipient mice received similar inoculations,
microbiota collected from donor patients of the same
group were pooled. Bacteria were eluted and suspended
in 1 ml sterile phosphate-buffered saline (PBS). Colony
forming units (CFUs) were measured using a standard
curve, as previously described [47]. Details are shown in
Supplementary materials.

Out of 20 recipient GF mice, 10 received oral bacteria
from the BL samples (rBL), and 10 received from the
PI samples (rPI). Each germ-free mouse was orally
inoculated with bacteria from donors twice with a one-
day interval between inoculations, and a disposable
injection syringe was used to pierce the gingival tissue
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[48]. After 14 days’ intervention, behavioral tests were
conducted before euthanasia.

Behavioral, immunological and bacterial RNA tests

The Y-maze and the novel-object recognition (NOR)
tests were administered one or two days after the
interventions. Before the mice were euthanized, oral
swabs were taken of the entire oral cavity, including
the tongue, maxilla, and teeth, and stored in 2-ml
sterile tubes. The fasted mice were euthanized before
collecting blood samples. The brains were removed
immediately, and one half was fixed in 10% buffered
formalin for histological analysis. The remaining
half was frozen in liquid nitrogen and stored at —80
°C until further use. We used 16S rRNA sequencing
for analyzing oral microbiota. The levels of IL-1,
IL-6, IL-10, TNF-a, and S100p were measured using
an enzyme-linked immunosorbent assay (ELISA).
Immunohistochemical analyses of ionized calcium-
binding adapter molecule (Ibal) were conducted in
sections of the hippocampus and medial prefrontal
cortex (mPFC). See the Supplementary Materials for
more details.

Human study participants

Sixty-three alcohol-dependent patients were recruited
through advertisements. Patients were Han males with
alcohol dependence according to the Diagnostic and
Statistical Manual of Mental Disorders-1V (DSM-1V)
and the Mini International Neuropsychiatric Interview
was adopted to rule out the subjects with other
confounding disorders [49]. Patients were admitted
to The Second People’s Hospital of Guizhou Province
and Anhui Mental Health Center and assessed for self-
reported drinking conditions, including average drinks,
age at first drink, drinking years, and withdrawal days.
Patients were divided into two groups according to their
cognitive function, measured by the Beijing version
of the Montreal Cognitive Assessment (MoCA-BJ)
[50]. In spite of the linguistic and cultural differences
between the original English version and the Chinese
version of the scale, the MoCA-BJ] demonstrated an
excellent sensitivity and a fair specificity under the
recommended cut-off score of 26. The MoCA-BJ
showed optimal sensitivity and specificity when the
cut-off score was lowered to 22 [51]. So, we choose 22
as the cut-off score to divide alcohol drinkers to two
groups. The MoCA sores of the alcohol drinkers in
group AD-LC (Alcohol drinkers with lower cognitive
function, N= 27) had cognition less than 22, while
those in the group AD-HC of alcohol drinkers (Alcohol
drinkers with higher cognitive function, N= 36) had
better cognition with scores greater than or equal to 23.
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Bioinformatics analysis of bacterial flora

Alpha and beta diversity were estimated using
MOTHUR (v1.31.2) [52] and QIIME (v1.8.0) [53] at
the OTU level, respectively. Sample clusters were
conducted by QIIME (v1.8.0) based on UPGMA.
Kyoto Encyclopedia of Genes and Genomes (KEGG)
functions were predicted using PICRUSt2 (v2.3.0-b)
software [54]. Statistically significant KEGG pathways
for each group were additionally identified using
LEfSe. Bar plots of classification levels were plotted
with R package v3.4.1 and R package gplots. Principal
component (PCA) analysis in OTUs was plotted with
R package ade4. Partial least-squares discrimination
analysis was performed by R package mixOmics.
Principal Coordinate Analysis (PoCA) was performed
using QIIME (v1.8.0) [55]. Linear discriminant analysis
effect size (LEfSe) cluster or linear discriminant analysis
(LDA) analysis was conducted by LEfSe. Significant
Species or functions were determined by R (v3.4.1)
based on Wilcox-test or Kruskal-Test.

Statistical analysis

The statistical analysis was performed using SPSS 20.0
software (SPSS, Chicago, IL, USA). Data were assessed
for a normal distribution and expressed as the mean
tstandard error of the mean. Differences between
the two groups were assessed using the two-tailed,
unpaired Student’s t-test or the Mann—Whitney U
test. Other continuous variables were expressed as the
median (Q25, Q75) and analyzed by a nonparametric
test. The discontinuous variables were analyzed by
the chi-square test. For the comparisons of more than
two groups, a one-way analysis of variance (ANOVA)
was used, followed by the post hoc Tukey—Kramer
test for multiple comparisons. A p value of <0.05 was
considered statistically significant.

(See figure on next page.)
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Results

Dietary nitrate protects against alcohol-induced cognitive
impairment and restores alcohol-induced oral microbiota
changes in SPF mice

To determine the causal link between nitrate metabolism
and alcohol-induced cognitive impairment, we examined
whether nitrate supplementation prevents alcohol-
induced cognitive impairment in mice. We divided
SPF mice into three groups: healthy control diet (HC),
alcohol diet (A), and alcohol with extra inorganic nitrate
supplements (A +N) (Fig. 1A). We found A group gained
less weight after six weeks than controls (F, ;5= 7.025, p <
0.01; Post hoc A vs. HC p< 0.01). The mean weight of the
A+ N group mice showed no significant difference from
the other two groups except in day 42 (Fig. 1B). Food
intake was showed in Supplementary Fig. 1 A.

We tested the effects of nitrate supplementation on
cognitive function in mice using the NOR and Y-maze
behavior tests. Cognitive performance was severely
disrupted in the A group, and these effects were less
severe in A+ N group. Spontaneous alteration in the
Y-maze test increased by 17.43% in the A+ N group
compared with the A group (F, 39=10.042, p < 0.001; post
hoc: A vs. HC p< 0.001; A vs. A+ N p <0.05) (Fig. 1C).
Similarly, the NOR test showed a rise in the percentage of
novelty preference (F, 3y= 3.590, p < 0.05; post hoc: A vs.
HC p=0.017; A vs. A+ N p >0.05) in the HC group mice
compared with the A group, A+ N group showed no
significant difference with the two group (Fig. 1D). Thus,
nitrate can weaken alcohol’s impairment of cognitive
function, body weight, and food consumption.

To explore the possible link of oral bacteria in
cognitive improvement by nitrate, we performed
16S rRNA gene sequencing on saliva samples in the
HC, A, and A+ N groups. Nitrate prevent a drastic
shift in the oral microbiota composition in mice with
alcohol administration, making their oral microbiota

Fig. 1 Dietary nitrate benefits cognition and restores the oral microbiota changes caused by alcohol. A Schematic diagram showing the study
design for alcohol and nitrate supplementation. B The changes in body weight during six weeks among the three groups: group A had the lowest
weight gain, while group HC had the highest body weight gain, with significant differences compared with group A. The body weight gain

in group A+ N was not statistically significant different from the other two groups except on day 42 (n =13-14). C and D Behavioral tests showed
that novelty preference in the novel-object recognition (NOR) test and spontaneous alternation in the Y-maze test were significantly decreased

in group A mice compared with controls, and nitrate intake could improve cognitive function of mice with alcohol in behavioral tests (n =13-14).
E In group A, the Chao index of the oral microbiome was significantly higher compared with that in group HC, but nitrate consumption could
lessen the difference (n =13-14). F The weighted UniFrac distance varied among the three groups, demonstrating significant differences in the oral
microbiota of the three groups with different kinds of food intakes (n = 13-14). G The operational taxonomic unit (OTU) Core-Pan showed

that samples in group A had much more extra OTUs than the other two groups (n =13-14). H and | Each vertical bar represents the relative
abundance of the oral sample in different groups. The composition of the microbiota was substantially different among the three groups (n
=13-14). H at the phylum level, I at the genus level. J-P Genus-level differences in the relative abundance of Streptococcus, Corynebacterium,
Escherichia, Lactobacillus, Pasteurella, Megasphaera and Megamonas (n =13-14). Q Among level-3 Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways, differences in the lipopolysaccharide biosynthesis modules (n = 13-14). The data are expressed as the mean +SEM. *p <0.05, **p

<0.01, **p <0.001
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indistinguishable from that of the HC group. The
Chao (F,33= 8.474, p< 0.05) index of the microbiota
substantially increased after alcohol consumption, while
the Chao index of the oral flora was reduced almost to the
level of that in the HC group after nitrate administration
(Fig. 1E). We used the UniFrac distance metric to assess
the effects of nitrate and alcohol on between-individual
variation in microbiota community composition and
found the oral microbiota from the group A mice differed
from the other two groups based on PCoA, suggesting
evident differences in the composition of oral bacteria
between alcohol drinkers and alcohol drinkers with
nitrate supplementation (similar to healthy control mice,
p< 0.01, PERMANOVA; Fig. 1F).

The effect of alcohol and nitrate on altering the
oral microbiota was also evident in measurements of
the abundance of specific oral microbiota taxa. The
operational taxonomic unit (OTU) Core-Pan showed
that all groups had 573 OUT tags in common, while
samples in group A had 151 extra OTU tags. In contrast,
the HC and A + N groups had 36 and 57 distinct OTUs,
respectively (Fig. 1G). The community composition
changed considerably after alcohol administration at the
phylum level but was preserved when simultaneously
supplementing nitrate, especially among Firmicutes,
Cyanobacteria, Proteobacteria, and Actinobacteria
(Fig. 1H). At the genus level, the same situation obtained
(Fig. 1I) (Supplementary Fig. 2). Distinct composition
was observed in group A by the growth of bacteria,
included more Escherichia (X2= 7.252, p< 0.05),
Lactobacillus, (x*= 11.980, p< 0.01), Pasteurella (x*=
34.862, p< 0.01), Megasphaera (x*= 13.230, p= 0.001)
and Megamonas (x*= 12.370, p< 0.01) (Fig. 1L-P).
Meanwhile, the abundance of the nitrate metabolism-
related microbiota, Streptococcus, decreased in group
A (x*= 12.440 p< 0.01) (Fig. 1J) while the abundance of
Corynebacterium increased in group A+ N (x>= 18.840,
p< 0.001) (Fig. 1K).

We also found that immune-related Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional
modules were reinforced in group A, which included
lipopolysaccharide biosynthesis (x*= 20.090, p< 0.000)
(Fig. 1Q). These findings suggest that nitrate supplements
partly restore the oral microbiota impaired by alcohol
and inhibit the growth of some potential pathogenic
bacteria. Nitrate metabolism-related bacteria also
increased because of additional nitrate.

Nitrate prevents alcohol-induced inflammatory activation
in SPF mice

Previous studies found that chronic alcohol consumption
induced a rapid increase in the activation of the
neuroinflammatory response and affected the function of
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many brain regions [56], including the medial prefrontal
cortex (mPFC) and hippocampus. The hippocampus is a
critical brain region for modulating memory, navigation,
and cognition [57]. The mPFC receives innervation from
the brainstem and hippocampus and plays a fundamental
role in attention and memory [58].

Therefore, we hypothesized that nitrate would inhibit
the activation of inflammatory responds, which reflected
as the collection of microglia in the brain [59]. In group
A, we observed an increase in the number of Ibal-
positive cells in various areas of the hippocampus and
mPFC, including hippocampal CA1l (F,3,= 15.090, p<
0.001), hippocampal CA3 (F,3s= 33.980, p< 0.001),
dentate gyrus (DG, F,3,= 20.110, p< 0.001), dorso-
medial prefrontal cortex (dmPFC, F,;,= 113.800, p<
0.001), and ventro-medial prefrontal cortex (vmPFC,
F, 6= 11.160, p< 0.001) (Fig. 2A—F).

Activated microglia release proinflammatory cytokines,
which lead to the compromise of the blood—brain barrier
(BBB) [60, 61]. We found that alcohol consumption led to
an increase in proinflammatory cytokines IL-1B (F, o=
27.950, p < 0.001), IL-6 (F, ;o= 7.982, p< 0.01) and TNF-«
(Fy19= 2.698, p= 0.094), and a decrease in the anti-
inflammatory cytokine IL-10 (F, 4= 10.674, p< 0.001).
And this proinflammatory status were partially preserved
by nitrate supplementation in group A+ N (Fig. 2G-]).
S100p is a biochemical marker of brain injury [62] and
also significantly increased (F, o= 4.788, p< 0.05) in
group A compared with the HC groups (Fig. 2K).

There were significantly higher proinflammatory
cytokine levels in serum, including IL-1f (F, o= 13.461,
p<0.001) and IL-6 (F, ;o= 5.670, p < 0.05) in group A than
that in the other two groups. Proinflammatory cytokine
TNF-a (F, o= 2.522, p= 0.108) and anti-inflammatory
cytokine levels IL-10 (F, o= 0.823, p= 0.455) did not
change significantly (Supplementary Fig. 3 A-D).

These findings suggest chronic alcohol consumption
causes increased inflammatory responses in the central
neuron system and the peripheral circulation, while
nitrate supplementation may inhibit these immune
responses.

Elimination of the oral microbiota weakens nitrate’s
protective effects on cognition and inflammation

in alcohol-exposed mice

Next, to explore whether the oral-residing microflora
contributed to cognitive function and inflammatory
suppression induced by nitrate in alcohol consuming
mice, we assessed whether the absence of the oral
microbiota influences inflammation and cognitive
function after nitrate and alcohol supplementation for
6 weeks by comparing Ctrl mice with CHX mice. The
CHX group received Chlorhexidine treatment twice
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Fig. 2 Nitrate prevented inflammatory activation induced by alcohol consumption. A Representative images of Ibal immunofluorescence

in the CA1, CA3 and DG (hippocampus) and dmPFC and vmPFC (medial prefrontal cortex, mPFC). Scale bar =100 um. Higher definition picture
was shown in Supplementary Fig. 6. B-F Quantification of the number of Iba1-positive microglia in the CA1, CA3, DG, vmPFC and dmPFC. Group
A exhibited a higher number of Iba1-positive cells compared with the other two groups (n =13-14). G-J Higher levels of proinflammatory
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expressed as the mean +SEM. *p <0.05, **p <0.01, ***p <0.001

daily for 6 weeks, while the Ctrl group was treated with
saline (Fig. 3A). It was observed that the weight of the
Ctrl mice significantly increased starting from the 14 th
day (Fig. 3B). Food intake was showed in Supplementary
Fig. 1B. The venn diagram showed that samples in group
CHX had 158 extra OTU tags while the Ctrl groups had
673 extra OUTs (Supplementary Fig. 4 A). Meanwhile,
the composition of the oral microbiota in two groups
showed a significant difference (Supplementary Fig. 4D).
The effects of oral microbiota depletion on cognitive
function were tested in mice using the NOR and Y-maze
behavior tests. Spontaneous alteration in the Y-maze

test decreased with significant difference in the CHX
group than the Ctrl group (t =3.533, p< 0.01) (Fig. 3C).
However, the NOR test showed no significant difference
in the percentage of novelty preference (p >0.05)
(Fig. 3D).

Subsequently, we investigated whether the elimination
of oral microbiota would attenuate the anti-inflammatory
effects of nitrate. A heightened inflammatory response
was observed in the hippocampus and mPFC of CHX
mice compared with Ctrl mice. There was an increase
in the number of Ibal-positive cells in the CHX group
compared with the Ctrl group, including hippocampal
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CA1l (t =3.514, p< 0.01), hippocampal CA3 (t =2.426,
p< 0.05), dentate gyrus (DG, t= 3.274, p< 0.01), dorso-
medial prefrontal cortex (dmPFC, t= 3.121, p< 0.01),
and ventro-medial prefrontal cortex (vimPFC, t= 2.993,
p< 0.01) (Fig. 3E-]). The absence of oral microbiota was
found to promote pro-inflammatory phenotypes in the
brain tissue of the CHX group, evidenced by an increase
in pro-inflammatory cytokines IL-1p (t =6.284, p< 0.05),
IL-6 (t =4.163, p= 0.054) and TNF-a (p >0.05) and
alongside a decrease in the anti-inflammatory cytokine
IL-10 (p >0.05) (Fig. 3K-N). An increase in S1003
was observed in the CHX group, though not reaching
statistical significance (p >0.05) (Fig. 30). In peripheral
circulation, inflammatory markers exhibited a similar
trend to that observed in brain tissue, albeit without
statistical significance (Supplementary Fig. 3E-H).

In summary, these results indicate that oral microbiota
plays an important role in the nitrate-induced cognitive
protection and inflammatory suppression.

Transplantation of the oral microbiota
from nitrate-supplemented donors improves cognitive
function and reduces neuroinflammation in GF mice

To explore the role of oral microbiota in
mediating cognitive improvement and mitigating
neuroinflammation, oral microbiota samples from

alcohol drinkers, collected before and after 14 days of
nitrate supplementation, were randomly selected for
transplantation into GF mice (Fig. 4A). Microbiota
inocula, derived from pooled baseline (BL) and post-
intervention (PI) oral samples (labeled rBL and rPI,
respectively), were prepared from three randomly
selected alcohol drinkers, chosen without prior
knowledge of their microbial diversity profiles. Following
14 days of supplementation, significant changes occurred
in the oral microbiota composition of the subjects,
notably increases in Neisseria and Haemophilus,
alongside decreases in Veillonella (Fig. 4B).

Two weeks after OMT, we examined the composition
of the oral microbiota in two groups and found increases

(See figure on next page.)
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in the abundance of Haemophilus (Z =2.531, p=
0.010) (Fig. 4D). the abundance of Neisseria showed no
significant difference but an increase tendency while
the abundance of Veillonella and Prevotella showed an
decrease tendency (p >0.05) (Fig. 4E, Supplementary
Fig. 4B, C). The composition of the oral sample in the
rBL and rPI groups after OMT changed a lot at genus
level (Supplementary Fig. 4E). No statistically significant
difference in body weight was observed between the
two groups (Fig. 4C); in the meantime, the rPI mice
demonstrated improved performance in cognitive
behavior tests after OMT. Specifically, a significant
increase in spontaneous alteration was observed in the
Y-maze test (t =2.200, p< 0.05), whereas the changes in
novelty preference in the NOR test was not statistically
significant (Fig. 4F-Q).

Subsequently, we examined the inflammatory
responses in the rBL and rPI groups after OMT. A
reduction in inflammatory responses was observed in
the GF mice transplanted with PI oral microbiota in the
hippocampus and mPFC, comparing with the rBL group.
There was a decrease in the number of Ibal-positive cells
in rPI group (Fig. 4H), including hippocampal CA1 (t
=2.613, p< 0.05), hippocampal CA3 (p >0.05), dentate
gyrus (DG, t= 3.160, p< 0.01), dorso-medial prefrontal
cortex (dmPFC, t 2.444, p< 0.05), and ventro-medial
prefrontal cortex (vmPFC, t= 2.118, p< 0.05) (Fig. 41—
M). Transplantation with the PI oral microbiota resulted
in suppression of pro-inflammatory phenotypes in the
rPI group’s brain tissue, marked by an increase in pro-
inflammatory cytokines IL-1p (t =2.322, p< 0.05), IL-6
(t =2.674, p< 0.05) and TNF-a (t =2.001, p= 0.062).
(Fig. 4N-P). IL-10 and S100p showed no significant
difference between the two groups (p >0.05) (Fig. 4Q-
R). In peripheral circulation, the inflammatory factor
showed the same tendency as the brain tissue but with
no statistically significant difference (Supplementary
Fig. 31-L).

Collectively, these findings demonstrate that
transplantation of human oral microbiota following

Fig. 4 Transplantation of nitrate-supplemented oral microbiota improves cognitive function. A Schematic diagram showing the study design
for OMT. B The composition of the oral microbiota of two groups at the genus level (n =9-10). C The changes in body weight during two

weeks (n =9-10). D and E Differences in the relative abundance of Neisseria and Haemophilus (n =9-10). F and G Behavioral tests showed

that spontaneous alternation in the Y-maze test were significantly higher in the rPl group compared with the rBL group, while novelty preference
in the NOR test did not differ with statistically significant difference (n =9-10). H Representative images of lbal immunofluorescence in the CAT,
CA3, DG (hippocampus) and dmPFC and vmPFC (mPFC). Scale bar =100 um. Higher definition picture was shown in Supplementary Fig. 8. I-M
Quantification of the number of Iba1-positive microglia in the CA1, CA3, DG, vmPFC and dmPFC. The rPI group exhibited significant decreases

in the number of Iba1-positive cells compared with the rBL group (n =9-10). N-Q Significant decreases in the proinflammatory cytokines IL-13
and IL-6 were found in brain tissue in group rPl compared with group rBL. TNF-a and IL-10 in brain tissue showed no significant differences
between the two groups (n =9-10). R S1003 in the serum showed no significant difference between the two groups (n =9-10). The data are

expressed as the mean +SEM. *p <0.05, **p <0.01, ***p <0.001
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nitrate supplementation enhances cognitive function and
reduces neuroinflammation in OMT mice compared to
those receiving OMT from the subjects without nitrate
supplementation.

Greater cognitive impairment in alcohol drinkers

is associated with reductions in nitrate metabolism-related
bacteria

To clinically examine the relationship between oral
microbiota, nitrate consumption and alcohol-induced
cognitive impairment, we divided the alcohol drinkers
by the total MoCA-BJ score into low AD-LC and high
AD-HC impairment groups. Several MoCA cognitive
areas showed the largest differences: attention (n’=
0.300, Z= 4.651, p< 0.001), language (n*>= 0.376, Z=

A.
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4.830, p< 0.001), delayed recall (n>= 0.536, Z= 5.714,
p < 0.001) and execution (n*= 0.390, Z = 4.895, p< 0.001)
(Fig. 5A). The two alcohol drinker groups did not differ
in demographics or alcohol use characteristics except for
education years and annual household income as shown
in Table 1. Additionally, the plasma nitrate concentration
was lower in patients with lower MoCA scores (AD-LC
=1.939 +0.163, AD-HC =3.894 +0.779; t= 2.571, p<
0.05), suggesting that the cognitively impaired group
(AD-LC) was less able to convert nitrite to nitrate and
NO, which is our hypothesized role for the specific oral
bacterial deficiency associated with alcohol-induced
cognitive impairment.

Although the AD-LC and AD-HC groups showed
no significant difference in the Chao index, the groups
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Fig. 5 Higher cognitive impairment in alcohol drinkers is associated with reductions in nitrate metabolism-related bacteria and increased
inflammatory responses. A As expected from the selection of the two human subject groups, differences in the specific Montreal Cognitive
Assessment (MoCA) items: The scores of attention, language, memory and execution were significantly lower in the alcohol drinkers with lower
cognitive function (AD-LC) group than in the alcohol drinkers with higher cognitive function (AD-HC) group. B-E Genus-level differences

in the relative abundance of Neisseria, Haemophilus, Prevotella and Veillonella between the two groups. p < 0.05 and permutation p < 0.05 for all
data selected. The data are expressed as the mean +SEM (n =63). *p <0.05, **p <0.01, ***p <0.001
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Table 1 General demographic information

Item AD-LC (n=27) AD-HC (n =36) Z/x/t p value
Age(year) 44 (40,48) 37 (32,48.75) 366.5 0.097
Education years 8(6,9) 10.5(9,15) 780.00 0.000%**
Marriage status / / 1.18 0.277
Married 22 (81.48%) 25 (69.44%) / /
Single/Divorced/Widowed 5(18.52%) 11 (30.55%) / /
Income (yuan/year) 50000 (15000, 150000) 100,000 (52500, 200000) 653.00 0.019*
BMI (kg/mz) 2156 +292 2314 £3.71 -1.83 0.072
Withdrawal days 8.00 (3.00, 15.00) 7.50(3.00, 18.50) 490.00 0.956
Drinking years 10.00 (5.00, 15.00) 6.50 (3.25,17.75) 438.50 0.507
Age at first drink 17.00 £2.67 17.19+3.38 -0.25 0.806
Average drinks in a day (standard drinks)  12.00 (7.00, 21.00) 15.00 (9.00, 25.68) 631.5 0.060

AD alcohol dependence, BMI body mass index
*p < 0.05, ***p < 0.001

differed in the weighted UniFrac distances, which assesses
B-diversity in microbiota (p <0.01, PERMANOVA).
When we then examined specific differences at the genus
level, the AD-LC group showed markedly lower Neisseria
(Z =2.458, p< 0.05) and Haemophilus (Z =2.375, p<
0.05) and greater Prevotella (Z =— 3.125, p< 0.01) and
Veillonella genuses (Z = — 2.292, p< 0.05) (Fig. 5B-E).

Discussion

Alcohol and chronic alcohol drinking affects oral mucosa,
salivary glands, and saliva and impairs cognitive function
[63]. In addition, alcohol consumption may influence
the amount, composition, and diurnal rhythm of oral
microbiota [26, 64], which is consistent with the oral
microbiome’s association with other psychiatric disorders
[36, 39, 40]. Interestingly, inorganic nitrate consumption
has improved cognitive impairment caused by aging
through the activity of nitrate metabolism-related oral
microbiota, including Neisseria and Haemophilus, while
Prevotella, and Veillonella has been associated with pro-
inflammatory metabolism was diminished after nitrate
supplementation [14, 21-23].

The mechanisms of nitrate action are highly complex,
and its direct effects on neurovascular function could
indeed represent an alternative pathway influencing
cognitive outcomes. Previous studies have demonstrated
that NO exerts beneficial effects on neurovascular
function, primarily by inducing the dilation of cerebral
vessels and enhancing cerebral blood flow then
influence the cognitive function [65]. The present
study demonstrated the specific contributions of oral
microbiota to alcohol-induced cognitive impairment
and identified a potential mechanism involving nitrite
conversion to NO and its associated inhibition of
neuroinflammation. In mice, nitrate supplementation

protected against alcohol-induced cognitive impairment,
potentially by inhibiting neuroinflammation in the
hippocampal and PFC regions. Removal of the oral
microbiota diminished the beneficial effects of nitrate
supplementation. Then, transplantation into germ-free
mice of oral microbiota from AUD subjects given the
oral nitrate intervention improved cognitive function
and ameliorated neuroinflammation induced by alcohol
in these germ-free mice. These studies underscored
the close association between the oral microbiota
and brain function within a"microbiota-mouth-brain
axis". We also analyzed clinical data and found chronic
AUD was associated with the alteration of specific
oral microorganisms involved in nitrate metabolism.
We tested the concentration of nitrate in serum and
found significantly lower levels in the group with more
cognitive impairment. These findings suggest that a
nitrate-rich diet in conjunction with the appropriate oral
microflora might play a critical role in protecting against
alcohol-induced cognitive impairment.

Alcohol intoxication leads to CNS inflammation and
neurodegeneration [66], characterized by increased
expression of proinflammatory cytokines (e.g., TNFa,
IL-1B, and CCL2) and microglial activation. Oral nitrate
conversion to nitrite and NO generates a potent anti-
inflammatory mediator [15, 20]. In the present study,
we found that mice given chronic alcohol showed worse
cognitive behavior performance and more pronounced
immune responses than control mice. Alcohol-induced
inflammatory responses in the brain included an increase
in the proinflammatory cytokines IL-1p, IL-6, and TNF-a
and a decrease in the anti-inflammatory cytokine IL-10
[67, 68]. We also observed an increase in microglial
activation reflecting chronic neuroinflammation in
various areas of the hippocampus and medial PFC, which



Li et al. Journal of Neuroinflammation (2025) 22:106

previous studies found was related to dysfunction in
these brain areas [57, 69-71].

Previous studies with samples of rat tongue or human
saliva have implicated Micrococcus, Corynebacterium,
Propionibacterium, Neisseria, and Actinomyces as
critical to oral nitrate reduction [72, 73]. Like our
human study, our mouse experiment showed increases
in the abundance of Corynebacterium after nitrate
administration, but no change in Neisseria. Oral
microbiota depletion in mice weakened but did not
eliminate the of nitrate effect on cognitive function.
This discrepancy probably reflects basal activity of
nitrate reduction-related enzymes such as xanthine
oxidoreductase, which are active in rodents, but not in
humans [74, 75]. Nevertheless, the oral microbiota in
mice still plays a vital role in the metabolism of dietary
nitrate, as demonstrated by decreased plasma nitrite
levels in mice lacking oral bacteria [46].

Bacterial effects are critical for immune system
development in infants [76] and for maintaining immune
cell functions in the adult intestine [77]. Because of
the close anatomical position, oral pathogens can
enter the brain, potentially affecting memory and
causing dementia [78]. Bacteria entering through the
BBB into the brain tissue promotes glial activation,
neuroinflammation and neuron degeneration [79-81].
For example, oral bacterial pathogens are associated with
the risk of Alzheimer’s disease [82, 83]. High-throughput
sequencing was employed to analyze the bacterial
composition of the oral microbiome in snap-frozen brain
tissues from individuals with Alzheimer’s disease and
non-Alzheimer’s disease controls. The results revealed
that Prevotella and Veillonella were uniquely detected
in the Alzheimer’s disease group, suggesting a potential
association between these bacterial and the brain disease
[41]. Other studies have also suggested that Prevotella
and Veillonella are associated with pro-inflammatory
responses [84]. Similarity, we found lower levels of
Prevotella and Veillonella in AUD patients with better
cognitive function.

Our KEGG analysis revealed that inflammation-related
pathways, such as NOD-like receptor signaling and the
lipopolysaccharide (LPS) biosynthesis pathway were
upregulated after alcohol exposure but inhibited after
nitrate supplementation. LPS is an abundant molecule
in the outer membrane of bacteria that is associated
with chronic infection [85]. NOD-like receptor
signaling activates the NF-kB and MAPK pathways,
producing proinflammatory cytokines and chemokines
[86]. By transplanting the oral microbiota, GF mice
showed different degrees of cognitive impairment and
inflammatory responses. The enhanced inflammatory
response related to bacterial and functional pathways
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suggests that inflammation may play a critical role in
alcohol-induced cognitive impairment, and nitrate
supplementation may attenuate inflammatory immune
responses.

To our knowledge, we are the first to find the
beneficial effects of nitrate on alcohol induced
cognitive injury and elucidate the oral microbiota’s role
in the mechanism. However, the oral cavity is regarded
as an endogenous reservoir for gut microbiota, as oral
microbes translocate and colonize the intestine [87].
Furthermore, administration of chlorhexidine as well
as oral microbiota transplantation has an impact on
gut microbiota, and previous studies have shown that
gut microbiota also can impact memory function
and inflammation parameters [88]. Thus, we are the
first study to publish a link between oral microbiota,
inflammatory responses, and cognitive decline by
OMT, we have modestly extended the role of the
microbiota-gut-brain axis to explicitly include the oral
cavity. However, we have collected the gut microbiota
and will further analyze those data to clarify this gut-
brain relationship.

Finally, while we also have clinical support in a 63
patients cross-section study. The clinical conclusions
draw on previous studies showing that oral Neisseria
and  Haemophilus  concentrations  importantly
contribute to converting nitrite to nitrate and that
nitrate can reduce cognitive impairment that toxic
agents like alcohol can induce [21, 73]. Specific support
for our conclusions include finding that nitrite levels
were high in cognitively impaired AUD patients
suggesting that their ingestion of inorganic nitrites
were not being converted efficiently into nitrate and
NO. Two associations among the low impairment
AUD patients further supported nitrate’s protection
from alcohol’s induced cognitive impairment. First,
their low levels of plasma nitrites were presumably
due to conversion to nitrates and NO. Second,
their markedly greater oral concentrations of oral
Neisseria and Haemophilus provided a mechanism
for this biochemical conversion of nitrite. These two
associations do not prove causation but suggest testable
clinical hypotheses for proof of concept studies such as
a randomized double-blind placebo-controlled clinical
trial to test the effect of nitrate-rich juice on cognitive
function in patients with AUD. We also conducted
such a study along with measures of the oral and gut
microbiome.

These findings highlight the therapeutic potential of
nitrate supplementation and oral microbiota probiotics
as clinically relevant interventions for alcohol-induced
cognitive impairment. While nitrate-rich beetroot
juice has been widely used as a dietary supplement,
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the application of oral microbiota probiotics in brain-
related disorders is particularly intriguing, given the
established association between oral bacteria and
neural inflammation as well as brain function. To
further elucidate the underlying mechanisms, future
studies should employ metagenomic and metabolomic
analyses to investigate the functional roles of specific
microbial communities and bacterial species.
Collectively, this series of studies not only proposes
a novel strategy for addressing the neuropathology
of AUD but also offers potential therapeutic avenues
for other neurodegenerative diseases, which share
common inflammatory pathways.
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