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ABSTRACT

Alzheimer’s disease (AD) is a debilitating brain disorder with rapidly mounting prevalence world-
wide, yet no proven AD cure has been discovered. Using a multi-omics approach in a transgenic AD
mouse model, the current study demonstrated the efficacy of a modified Mediterranean-ketogenic
diet (MkD) on AD-related neurocognitive pathophysiology and underlying mechanisms related to
the gut-microbiome-brain axis. The findings revealed that MkD induces profound shifts in the gut
microbiome community and microbial metabolites. Most notably, MkD promoted growth of the
Lactobacillus population, resulting in increased bacteria-derived lactate production. We discovered
elevated levels of microbiome- and diet-derived metabolites in the serum as well, signaling their
influence on the brain. Importantly, these changes in serum metabolites upregulated specific
receptors that have neuroprotective effects and induced alternations in neuroinflammatory-
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associated pathway profiles in hippocampus. Additionally, these metabolites displayed strong
favorable co-regulation relationship with gut-brain integrity and inflammatory markers, as well
as neurobehavioral outcomes. The findings underscore the ameliorative effects of MkD on AD-
related neurological function and the underlying gut-brain communication via modulation of the
gut microbiome-metabolome arrays.
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Introduction death worldwide, and the risk of developing AD

doubles every five years for those over the age of 65.
The multifactorial complexity of AD etiology, with
genetic and environmental risk factors, makes it

Alzheimer’s disease (AD) is the predominant form
of dementia, comprising 60-80% of reported
cases. AD ranks as the seventh leading cause of
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improbable that any single drug or intervention
will effectively treat or cure AD for all patients.
Nevertheless, emerging evidence shows that life-
style behaviors, such as consuming a nutritious
diet, may promote healthy aging and reduce the
risk of AD." Notably, one-third of AD cases are
linked to modifiable risk factors that can be alle-
viated through dietary and lifestyle adjustments.”
Thus, dietary and lifestyle interventions are
a promising pathway for reducing AD incidence
worldwide.

Diet provides nutrients and energy to the host
and shapes the gut environment through direct
interactions with the microbiota. The gut micro-
biome, characterized by its dynamic complexity
and myriad symbiotic relationships among microbes
or between microbes and the host, demonstrates
remarkable flexibility and can be readily modulated.
It exhibits daily cyclical fluctuations in composition,
and dietary modification can induce significant
microbiome changes within a single day.”> These
alterations in the intestinal microbiota subsequently
impact the gut microecological environment, lead-
ing to shifts in microbiota-derived metabolites.
However, diet effects are not limited to the gut.
The subsequent changes triggered by dietary shifts
in the gut can profoundly affect the brain through
a network of intricate connections between the two
organs, including pathways involving the vagus
nerve, immune system responses, and bacterial
metabolites and byproducts. This bidirectional com-
munication network, often referred to as the ‘gut-
microbiome-brain’ axis, assumes a pivotal role in
maintaining homeostasis in the gastrointestinal
tract and central nervous system.” Studies have
demonstrated the crucial role of microbial commu-
nities and their function in neurodegenerative
disease,” as well as the ameliorative effects of mod-
ulating the gut microbiome on neurodegeneration.’
Specifically, dysbiosis in the gut leads to an increase
in lipopolysaccharides (LPS) in systemic circulation,
which stimulate the inflammatory signaling path-
way, contributing to neurodegeneration and neuro-
nal death.” Intriguingly, recent studies have revealed
that amyloid-beta peptide (AP), known for its criti-
cal role in AD pathology, possesses antimicrobial
activity. AP increases during brain infection by
pathogen from the gut, acting as a double-edged
sword.® Amyloids derived from bacterial organisms

have also been suggested as provoking factors for the
deposition of AP in AD by stimulating the immune
system and inducing systemic inflammation.’

The Western-style dietary pattern (WD), also
referred to as an average American diet, is charac-
terized by its low fiber content and high levels of
refined sugar and saturated fat. As the name
implies, it reflects the typical dietary pattern of
industrialized countries and is associated with obe-
sity, metabolic disease, and cardiovascular disease.
The WD may be a contributing factor in
triggering AD-related pathology by inducing sys-
temic inflammation and impairing the gut-blood-
brain barrier (BBB), thereby leading to
neuroinflammation.'” On the other hand, the
Mediterranean diet (MD), rich in fiber and unsa-
turated fats, has been scientifically endorsed as
a beneficial approach in preventing and managing
various diseases, promoting healthy aging,'' and
effectively modulating the gut microbiome and
metabolite profiles to reduce the risk of cognitive
decline or AD."? Additionally, the Ketogenic diet
(KD), characterized by high fat and very low car-
bohydrate intake, induces a state of ketosis. This
state offers ketones as an alternative metabolic pre-
cursor to glucose in the brain, particularly in mili-
eus where brain cells face challenges in using
glucose as an energy source due to systemic meta-
bolic impairments (e.g., brain insulin resistance).
Ketones have been shown to confer
a neuroprotective role and improvements in cog-
nitive function following ketogenic interventions
by enhancing brain energy metabolism.'> While it
shows promise as a dietary intervention to improve
cognitive symptoms at the prodromal stage
of AD,'* adherence to the KD can be challenging
due to its extreme nature, particularly for older
adults who have elevated risk for micronutrient
deficiencies, impaired bone health, and liver
diseases.”"'” To this end, we have recently demon-
strated the benefits of combining both MD and KD
to mitigate the adverse impacts of the KD while
maximizing advantages from both diets and have
demonstrated benefits for cognitive functioning.'®”
%% Propelled by our preceding studies,'® > we
herein comprehensively examine the effects of
a modified Mediterranean-ketogenic diet (MkD)
versus WD on entero-metabolic and neurocogni-
tive health in a preclinical AD model. To elucidate



the underlying mechanisms, we executed a high-
throughput multi-omics approach, including meta-
genomics and metabolomics, to assess the causal
mechanisms of dietary-modulated microbiome
and metabolite signatures in gut-brain integrity,
inflammatory arrays, and AD-related neurocogni-
tive features. Finally, we identified specific
microbes and microbial metabolites that demon-
strate ameliorative effect on neuroinflammatory
and neurodegenerative arrays in the context
of AD neuropathology.

Results

MKkD intervention prevents metabolic dysregulation
in an AD model

Through a 12-week dietary intervention with MkD
vs. WD in transgenic APP/PS1 (AD) versus wild-
type (WT) mice, we assessed the physiological
parameters to determine the effects of the diets on
body-composition and metabolic health. Overall,
the AD mice exhibited higher bodyweight com-
pared to the WT counterparts, primarily due to
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increased food intake starting from week 3, which
continued until the study endpoint (Figure 1b,
Figure S1A,B). We did not observe any significant
differences in weight gain between the two diets;
however, a significant difference in body-
composition was observed. Specifically, in AD
mice, MkD resulted in a significantly lower fat
mass compared to the WD-fed group; and
a similar pattern was observed in WT mice
(Figure 1c). Furthermore, we noticed a tendency
for longer intestinal length in the MkD-fed mice,
while liver weight was higher in the WD-fed mice,
particularly in the AD group (Figure 1d,e). Cecum
weight remained relatively consistent across all
groups (Figure S1E). During the glucose tolerance
test (GTT), MkD-fed WT mice exhibited signifi-
cantly elevated fasting glucose levels. Although the
area under the curve (AUC) showed no significant
difference between the groups, the peak post-
prandial blood glucose level was higher in WD-
fed mice compared to MkD-fed mice in both gen-
otypes (Figure 1f, Figure S1C). Notably, we
observed a higher AUC in the insulin tolerance
test (ITT) in MkD-fed mice, with the difference
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Figure 1. A Mediterranean-ketogenic diet, compared to a standard Western-style diet, improves body-composition in APP/PS1 mice.
(a) Schematic study design. (b) Weekly changes in bodyweight. (c) Differences in body mass (%) were evaluated in terms of total fat
and lean mass per group. Comparison of (d) total gastrointestinal length and (e) liver weight. Blood glucose level changes in response
to (f) oral glucose tolerance test and (g) intraperitoneal insulin tolerance test. The area under curve (AUC) was calculated as an index of
glucose tolerance or insulin tolerance for each test. (h) Gut permeability measured by FITC-dextran (n=5/group). See also Figure S1.
Data are presented as mean + SD. Significance was determined by the one-way ANOVA test with post-hoc Dunn'’s test. n=8-9 per
group (except for gut permeability test). #p<0.1; *p<0.05; **p<0.01; ***p<0.001. For the line plots, the significance between groups
was differentiated by color. Light gray color represents the difference between WT-WD and AD-WD, dark gray; WT-WD and WT-MkD,
and red; WT-MkD and AD-MkD. WT: wild-type; AD: Alzheimer’s disease (APP/PS1 transgenic) mice; MkD: Mediterranean-ketogenic diet;

WD: Western-style diet.



4 (&) G.PARKETAL.

being significant, especially in WT mice. An inter-
esting observation in the ITT assessments was that
the serum glucose level in WT-WD mice reached
its lowest point 60 minutes after insulin injection,
while all other groups reached this point at 30
minutes. Additionally, the WD-fed mice in both
groups took relatively longer time to reach their
original fasting glucose level (Figure lg, Figure
S1D). Furthermore, compared to WD, the MkD
intervention consistently showed lower gut epithe-
lial permeability in both genotypes (Figure 1h).

MkD induces improvements in neurobehavioral
function

To explore the impact of diet on neurobehavioral
and neuromuscular activities, we subjected the mice
to a battery of behavioral assays. Overall, MkD
showed a beneficial influence on various behavioral
domains in mice, including exploratory behavior,
anxiety levels, memory, and motor performance
(Figure 2). Compared to WD counterparts, MkD-
fed mice exhibited higher time spent in the center
area and traversed greater distances in the open-field
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Figure 2. Mediterranean-ketogenic diet, versus a standard Western-style diet, improves neurocognitive and behavioral function in
APP/PS1 mice. (a) Results of the open-field test, including time spent in the center area, total traversed distance, and freezing time
(n=5/group). (b) Results of the T-maze spontaneous test, including the average time spent making decisions and the alternation score,
which counts the alternative decisions compared to the previous trial (n=8-9/group). (c) Time spent near familiar and novel objects,
along with the discrimination index value in the novel object test (n=4/group). (d) Time spent on the hanging wire (n=8-9/group). (e)
Latency to fall on the rotating rod (n=8-9/group). (f) Correlation between behavioral outcomes using Spearman’s correlation. (g)
Heatmap illustrating the differences in behavior assays outcomes on genotype and diet, as determined using a two-way ANOVA
model (e p<0.1; ®® p<0.05). See also Figure S1. Data are presented as mean = SD. Significance was determined by the one-way
ANOVA test with post-hoc Dunn’s test. *p<0.05; ***p<0.001. WT: wild-type; AD: Alzheimer’s disease (APP/PS1 transgenic) mice; MkD:

Mediterranean-ketogenic diet; WD: Western-style diet.



test (OPT), indicating modestly improved explora-
tory activity and lower anxiety-like behavior
(Figure 2a). Spatial working memory, assessed by
alternation score in the T-maze test, did not show
a statistically significant difference between the two
groups; however, the MkD-fed mice exhibited sig-
nificantly reduced latency time, suggesting improve-
ment in neurocognitive processing or task-specific
adaptation, leading to better/faster decision-making
(Figure 2b,f). Analogously, the discrimination index
(DI), which reflects the object recognition and dis-
crimination ability, in MkD-fed mice showed
a tendency to explore more for both familiar and
novel objects (Figure 2¢). As widely recognized and
expected in this model, AD mice displayed compro-
mised neuromuscular ability, evidenced by shorter
hanging time on the wire and decreased endurance
on the accelerating rotating rod (Figure 2d-f).
However, MkD-fed mice, particularly the AD mice,
demonstrated significant improvement in the hang-
ing-wire test and showed positive trends in the
rotarod test (Figure 2d-e). In the location-memory
test, which assesses spatial memory and discrimina-
tion ability, the discrimination ability of mice
remained unchanged by the diet, though WT-MkD
mice exhibited relatively better ability compared to
WT-WD mice (Figure S1F). Similarly, all groups
showed similar grip-strength, which measures mus-
cular strength and motor function (Figure S1G). To
validate consistency between the neurocognitive and
behavioral tests, we calculated correlations among
the results and found intriguing and strong associa-
tions (Figure 2f). For instance, mice that spent more
time in the center area explored greater distance in
the OPT (p =0.398, p-value = 0.082) and spent less
time making decisions on the T-maze (p=-0.457,
p-value = 0.043). Additionally, mice that spent less
time making decisions on the T-maze exhibited
more active travel in the OPT (p = 0.569, p-value =
0.009). Taken together, these data indicate that MkD
may benefit behavioral and neuromotor abilities
compared to WD, particularly in AD mice.

MkD induces distinct and positive gut microbiome
modulation compared to WD intervention

Propelled by the observed favorable outcomes of
MKD on neurobehavior and metabolic features, we
examined the diet-specific changes in the gut

GUT MICROBES 5

bacterial and fungal microbiomes, aiming to iden-
tify potential underlying mechanisms (Figure 3,
Figure S2-5). In terms of the bacterial microbiome
community, we observed slightly higher microbial
alpha-diversity in MkD-fed mice from both geno-
types, with a markedly distinct gut microbiome
structure compared to WD-fed counterparts,
resulting in distinct diet-specific beta-diversity
clusters in the PCoA analysis (Figure 3a,b).
Indeed, the mice showed substantially different
microbiome composition profiles based on their
diet. At the phylum level, MkD-fed mice had an
increased abundance of Bacteroidota and reduced
Actinobacteriota (Figure 3c). The downstream
genus level comparison and the Linear
Discriminatory Analysis (LDA) effect size (LEfSe)
analysis revealed higher abundance of bacterial

genera Lactobacillus, Akkermansia,
g Erysipelatoclostridiaceae,  Lachnoclostridium,
Intestimonas,  and  Parasuterella,  while

Bifidobacterium and Dubosiella were lower, in
MkD-fed mice compared to WD-fed counterparts
(Figure  3d,e). Specifically,  Lactobacillus,
Akkermansia, Bacteroides, and Intestimonas gradu-
ally increased over time in MkD-fed mice, whereas
Dubosiella elevated more significantly, and
Lactobacillus decreased markedly over time in
WD-fed mice (Figure 3f, Figure S3D). The
PICRUSt-inferred prediction of the microbiome’s
functional readout also showed distinct arrays in
MKkD-fed vs. WD-fed WT mice, but no significant
differences were seen in the AD group. However,
several functional pathways showed identical pat-
terns by diet in both genotypes. The abundance of
KEGG pathways associated with D-alanine meta-
bolism, glycosaminoglycan degradation, steroid
hormone biosynthesis, and pathogen infection
were more abundant in MkD mice, whereas the
pathways related to the metabolism of amino
acids (AAs; i.e., histidine, phenylalanine, tyrosine,
and tryptophan) were more prevalent in WD
group. Notably, MkD-fed mice showed less gene
families annotated to the insulin signaling pathway
compared to WD-fed mice (Figure S5).

Since changes in diet or bacterial microbiome
may influence resident fungal flora, we also
assessed the mycobiome (fungal microbiome)
community. As such, we did not observe statis-
tically significant differences or patterns in
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Figure 3. Mediterranean-ketogenic diet, versus standard Western-style diet, induces distinct and beneficial arrays of gut microbiome
diversity and composition in APP/PS1 mice. (a) Alpha-diversity was determined using the Shannon index and Chaol index.
Significance between groups was calculated using the non-parametric Kruskal-Wallis test. (b) PCoA analysis based on Bray-Curtis
dissimilarity was used to represent the beta-diversity of each group, genotype, and diet. Significance was calculated using
PERMANOVA with 999 random permutations. Relative abundance of bacterial microbiome composition at the (c) phylum and (d)
genus level. (e) Bacterial microbiome composition differences between groups were analyzed using the linear discrimination analysis
(LDA) effect size (LEfSe) algorithm (LDA>3.0, p-value<0.05). (f) The heatmap represents the taxa changes over time for each group.
Spearman’s correlation was used, and significantly correlated taxa (p<0.05) are indicated with a ‘e’ sign. See also Figure S3. n=8-9 per
group. Data are presented as mean =+ SD. *p<0.05; **p<0.01. WT: wild-type; AD: Alzheimer’s disease (APP/PS1 transgenic) mice; MkD:

Mediterranean-ketogenic diet; WD: Western-style diet.

terms of the mycobiome diversity and composi-
tion based on the two diets (Figure S2A-B).
Across all groups, the gut mycobiome was
dominated by the Ascomycota phylum, and at
the genus level, Wickerhamomyces and
Saccharomycetales genera prevailed. Only the
Ophiostoma genus showed significantly higher
abundance in WT-WD-fed mice compared to
WT-MkD-fed mice, but not in AD mice
(Figure S2C-E). Over time, all major genera
were constantly increased or decreased in all

groups, although an unknown genus within the
Ascomycota phylum was more rapidly decreased
in MkD-fed mice whereas an unknown genus in
Eurotiales order was more rapidly increased in
WD-fed mice (Figure S2F, Figure S$4D).
Furthermore, while the two-way ANOVA test
revealed that  Aspergillus, f Mrakiaceae,
Candida, and Saccharomyces differed signifi-
cantly by diet, these genera were almost
depleted in all groups, regardless of their diets
(Figure 5a, Figure S2F).



MKD induces distinct fecal and serum metabolomics
signatures by fostering specific neurotransmitter
arrays

Metabolites, which are produced during digestion
and by the gut microbiota, represent an important
factor in evaluating the effects and underlying
mechanisms of the MKD. Certain dietary metabo-
lites not only regulate gut health, but also exert direct
effects on the immune system and brain. Given the
substantial differences observed in the gut micro-
biome following the two dietary interventions, we
performed global untargeted metabolomics to mea-
sure microbiota-derived metabolites in both feces
and serum. Overall profiles of metabolites clearly
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varied according to the diet (Figure 4). Specifically,
fecal metabolite profiles demonstrated stronger pre-
dictive power compared to bacterial and fungal
community profiles when employing the Random
Forest model with merged abundance data of micro-
biome and metabolomics (Figure 5¢,d). Each group
was successfully classified with high accuracy (AUC
=0.80-0.98). Notably, among the 20 most promi-
nent features, 18 were metabolites, providing strong
evidence that the diet effect was more pronounced in
metabolites (Figure 5¢,d). Certainly, the PCoA ana-
lysis based on the relative abundance of metabolites
from the feces and serum showed distinct clustering
signatures by diet, and notable differences were
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Figure 4. Mediterranean-ketogenic diet, versus standard Western-style diet, distinctly modulates the gut and blood metabolome in
APP/PS1 mice. PCoA analysis of (a) fecal and (d) serum metabolites (untargeted global metabolome) was conducted based on Bray-
Curtis dissimilarity, representing the beta-diversity of each group, genotype, and diet. Significance was calculated using PERMANOVA
with 999 random permutations. The abundance of metabolites and the ranking of groups or diets by their average abundance are
shown for (b) fecal and (e) serum metabolites. For the abundance heatmap, z-scores were calculated based on the average abundance
of each group. Dendrograms were generated using hierarchical clustering results with the average linkage method, based on Bray-
Curtis dissimilarity. Spearman’s correlation results between diets within each genotype are shown for (c) fecal and (f) serum
metabolites. See also Figure S6. n=8-9 per group for fecal metabolome and n=5 per group for serum metabolome. WT: wild-type;
AD: Alzheimer’s disease (APP/PS1 transgenic) mice; MkD: Mediterranean-ketogenic diet; WD: Western-style diet.
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Figure 5. Mediterranean-ketogenic diet, versus standard Western-style diet, distinctly shapes the gut microecological niche via
modulating the multi-omics arrays of host microbe-metabolite co-regulation interactions. Circular heatmap illustrating the differences
in dominant (a) bacterial and fungal genera and gut and serum metabolites based on genotype and diet, as determined using a two-
way ANOVA model. P-values were -log transformed and used for visualization. The dendrogram was generated using hierarchical
clustering results with the average linkage method, based on Bray-Curtis dissimilarity. Significant taxa (p<0.05) are indicated with a ‘e’
sign. (b) Microbiota-metabolites co-occurrence network. Circular nodes represent genera (white: bacteria, gray: fungi), while yellow
octagon nodes represent metabolites. Only significant links are shown here (Spearman’s rank correlation coefficient (p) >0.5;
Benjamini-Hochberg corrected p<0.05). Red links denote positive correlation and black links indicate negative correlation, with
line thickness corresponding to the correlation coefficient value. A random-forest prediction model between groups based on
combined abundance data of microbiome and metabolome. (c) Receiver operating characteristic (ROC) curve depicts the classification
accuracy, while (d) a bar graph highlights the top 20 most strongly predictive genera and metabolites based on relative importance
scores. WT: wild-type; AD: Alzheimer’s disease (APP/PS1 transgenic) mice; MkD: Mediterranean-ketogenic diet; WD: Western-style diet.

observed between WT and AD mice in serum meta-  significantly lower in AD mice but were markedly
bolomics (Figure 4a,d). In the feces, most of the increased with MkD. Furthermore, excitatory neu-
metabolites were more abundant in MkD-fed mice,  rotransmitter glutamate was higher in the MkD
with AAs, lactate, and purines being particularly  group, while glycine and sarcosine also exhibited
prominent. It is noteworthy that precursors for neu-  an increase with MkD. Meanwhile, total bile acids
rotransmitters and neuroactive metabolites, includ- ~ (TBAs), several SCFAs, glucose, and succinate
ing glycine, tyrosine, and histidine, were all  showed elevated levels with the WD (Figures 4b,c,



5A, Figure S6A). However, in the serum, relatively
fewer metabolites were found to be more abundant
following MkD. Leucine, lactate, alanine, and gly-
cine were increased with MkD as in the feces,
whereas glutamate and isoleucine displayed an
inverse prevalence, being more prevalent with the
WD diet. Additionally, lipoprotein and valine levels
were higher in WD-fed mice (Figure 4e.f,
Figure S6B).

We also applied co-occurrence network analy-
sis to evaluate the associations between gut
microbes and fecal-serum metabolites, aiming to
gain insight as to how metabolites are modified
by altered microbiota (Figure 5b). The majority of
AAs, including threonine, glutamine, glutamate,
and methionine, along with its metabolite sarco-
sine, exhibited positive correlations with
Lactobacillus, Lachnoclostridium, Parasutterella,
and Akkermansia, all of which were enriched
following MKD. Particularly, the Lactobacillus
genus coexisted with most metabolites increased
by MkD and had a mutually exclusive relation-
ship with TBAs. Conversely, Dubosiella, which
was more prevalent in WD-fed mice, predomi-
nantly exhibited negative correlations with meta-
bolites enriched by MKkD. Notably, lactate
demonstrated a positive correlation with micro-
biota belonging to the Lachnospiraceae family,
which are estimated to utilize lactate, such as
Lachnoclostridium, Lactococcus, and g uncul-
tured. Leucine also showed a mutual ascent co-
regulation network with several microbial taxa
belonging to families Lachnospiraceae and
Oscillospiraceae (Figure 5b).

MkD improves gut and brain inflammatory profiles,
which strongly correlate with neurocognitive
improvements

Enhanced neurocognitive and neuromuscular
activity, along with substantial modulation of the
gut microbiome and fecal-serum metabolites,
prompted us to investigate the state of epithelial
barrier integrity and inflammation in both the gut
and brain niches. To this end, we measured mRNA
expression of genes encoding tight-junction pro-
teins and inflammatory markers and determined
their correlation with neurocognitive outcomes to
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understand potential underlying relationships. The
distal part of small intestine (ileum) and large
intestine (colon) were used and hippocampus and
hypothalamus (regions damaged in the early stage
of AD, leading to memory impairment and beha-
vioral alternation) were chosen for gene
quantification.””** We found that the MkD inter-
vention tended to increase the expression of trans-
membrane protein Claudin (CLDN) 12, which
regulates Ca®" absorption and homeostasis, in
both the ileum and colon, although a reverse
trend occurred in AD mice. Furthermore,
CLDNI12 expression was positively correlated with
motor functions (Figure 6a,b, Figure S7D-E).
Interestingly, CLDN3, which directly influences
junction tightness, also showed a positive associa-
tion with motor functions, although its expression
was not significantly different among groups. In
the hippocampus and hypothalamus of MkD-fed
mice, we found increased expression of CLDNS5,
the most enriched tight-junction protein impli-
cated in neurodegenerative disorders. While zonu-
lin (ZO)-1 was significantly increased in the
hippocampus of WT-MkD mice compared to
their WD counterparts, the AD groups exhibited
reverse trends (Figure 6c,d, Figure S7A).
Concomitant to improvement in barrier integrity,
MKD also predominantly reduced the expression of
pro-inflammatory mediators in both the gut and
brain. We found a strong decline in interleukin
(IL)-1pB in the colon and hippocampus after MkD
intervention, and this decrease negatively corre-
lated with locomotor activity (Figure 6a,c Figure
S7A-B). Additionally, MkD led to the downregula-
tion of IL-6, known for its implication in neurode-
generation of the hippocampus and hypothalamus.
Notably, lower hippocampal IL-6 expression was
associated with higher locomotor activity
(Figure 6c,d, Figure S7B). A constant marginal
decrease in IL-8 was observed in the ileum and
hippocampus after MkD, with its level inversely
correlated with locomotor activity and proportion-
ally related to latency time in the T-maze test
(Figure 6b,c, Figure S7B-C). Tumor necrosis factor
(TNF)-a also tended to be less expressed following
MKD in the colon and hypothalamus, and the
reduction in colonic TNF-a correlated with favor-
able outcomes in the OPT (Figure 6a,d, Figure
S7A-B). Though there was a reverse trend between
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Figure 6. Mediterranean-ketogenic diet, versus standard Western-style diet, ameliorates gut and brain barrier integrity and lowers
intestinal and neuronal inflammation in association with improved neurocognitive and behavioral functions in APP/PS1 mice. Gene
expression of tight-junction proteins (CLDN1, CLDN3, and CLDN12) and inflammatory markers (IL-16, IL-8, IL-10, IL-17, and TNF-a) in (a)
colon and (b) ileum. Gene expression of tight-junction proteins (CLDN5, ZO-1, and OCLN) and inflammatory markers (IL-1B, IL-6, IL-8, IL-
10, and TNF-a) in (c) hippocampus and (d) hypothalamus. Data are presented as mean + SD. Significance was determined by unpaired
t-tests between WT-WD and WT-MkD, as well as between AD-WD and AD-MkD. See also Figure S7-58. n=6-8 per group. #p<0.1; *p<0.05.

WT: wild-type; AD: Alzheimer’s disease (APP/PST transgenic) mice; MkD: Mediterranean-ketogenic diet; WD: Western-style diet.

WT and AD mice, we found decreased IL-17 in the
gut following MkD. On the other hand, IL-10 was
increased in the gut but decreased in the brain after
MKD in AD mice (Figure 6a-d). Based on these
findings, in order to validate the transcriptional
responses of key tight-junction proteins (CLDN5
and ZO-1) and inflammatory markers (IL-1p, IL-6,
and TNF-a) to MKkD and to assess if they translate
into similar protein levels as their mRNA tran-
scripts in the brain, the protein levels of these
markers were quantified. Overall, cytokine levels
exhibited similar expression patterns, decreasing
in MkD-fed mice compared to WD-fed mice.
Particularly, TNF-a showed a significant decrease
after the MKD intervention in AD mice. However,
tight-junction proteins demonstrated a reverse
trend compared to their transcriptional responses,
although ZO-1 levels were higher in AD-MkD
mice compared to AD-WD mice (Figure S10A-B).

Lactate and leucine, key metabolites, potentially
mediate ameliorative effects of MkD on AD
pathology

We next aimed to identify key metabolites derived
from MKkD that could contribute to reduced inflam-
mation and improved barrier function, neurobeha-
vior, and neuromuscular activity. To achieve this, we
overlapped the metabolomic profiles of the feces and

serum to screen the metabolites that could poten-
tially be transported to the brain via the gut-brain
axis. Lactate and leucine stood out as metabolites
that were simultaneously more abundant in both the
feces and serum following MkD, with lactate show-
ing more pronounced differences in the feces than in
serum while leucine displayed more distinct differ-
ences in serum compared to the feces based on diet
(Figure 7a,b). To confirm that these metabolites are
microbiota-derived, we executed the PICRUSt2
workflow to retrieve the functional readout of the
microbiome. As anticipated, the comparative analy-
sis of the relative abundance of genes associated with
lactate or leucine production revealed a higher pre-
sence of genes involved in lactate production in
MKD-fed mice, particularly genes encoding NAD"-
dependent lactate dehydrogenase (IdhA), which is
known to play a significant role in lactate production
(Figure 7c). This corroborates that the MkD-
modulated microbiome may have an increased
capacity to produce lactate, which could be trans-
ported to the brain via circulation. On the other
hand, the gut microbiome in WD-fed mice harbored
more genes involved in leucine production (Figure
S8A), suggesting the possibility that leucine may be
derived from the MKkD itself rather than being pro-
duced by the altered gut microbiota.

Additionally, to determine the potential role of
lactate and leucine in mediating the favorable changes
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Figure 7. A Mediterranean-ketogenic diet increases lactate and leucine levels in both the gut and blood, which upregulate lactate
receptor and induce changes in brain metabolome in APP/PST mice. (a) Relative abundance of gut and serum lactate. (b) Relative
abundance of gut and serum leucine. (c) Bacterial biosynthesis pathway and associated genes for lactate and the predicted relative
abundance of genes (KO orthology). (d) Protein levels of lactate receptor (GPR81) and AD biomarkers (Ap and total-/phosphorylated-
tau) in brain were quantified by Western blot (n=4/group). (e) The protein levels are presented by fold-change calculated compared to
WT-WD group. (f) PCoA analysis of brain metabolites (untargeted global metabolome) was conducted based on Bray-Curtis
dissimilarity, representing the beta-diversity of each group, genotype, and diet. Significance was calculated using PERMANOVA
with 999 random permutations. (g) The abundance of metabolites and the ranking of groups or diets by their average abundance are
shown for brain metabolites. For the abundance heatmap, z-scores were calculated based on the average abundance of each group.
Dendrograms were generated using hierarchical clustering results with the average linkage method, based on Bray-Curtis dissimilarity.
(h) Spearman’s correlation results between diets within each genotype are shown for brain metabolites. See also Figure S9-10. n=8-
9 per group (except for Western blot). Data are presented as mean = SD. Significance was determined using unpaired t-tests between
WT-WD and WT-MkD, as well as between AD-WD and AD-MkD. #p<0.1; *p<0.05; **p<0.01; ***p<0.001. WT: wild-type; AD: Alzheimer’s
disease (APP/PS1 transgenic) mice; MkD: Mediterranean-ketogenic diet; WD: Western-style diet.

in tight-junction and inflammatory markers, as well as
neurocognitive outcomes, we conducted correlational
analyses (Figure S9A-D) wherein we observed an
inverse correlation of intestinal lactate levels with
hippocampal inflammatory markers IL-1B and IL-6.
In addition, serum lactate levels showed negative cor-
relations with brain inflammatory markers, including
hippocampal IL-6, IL-8, and hypothalamic IL-10
(Figure S9A-B). Given that we found increased levels
of these inflammatory markers to be associated with

poor neurocognitive outcomes, it is worth noting that
lactate levels in the feces were also negatively corre-
lated with these outcomes (Figure S9C). Furthermore,
fecal lactate exhibited a positive correlation with colo-
nic CLDN12 and a negative correlation with colonic
IL-17 (Figure S9A-B). The correlation between fecal
and serum leucine with various markers was more
pronounced compared to lactate. Fecal leucine dis-
played broader association arrays with markers of the
intestine, while serum leucine showed stronger
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associations with markers of the brain. Commonly,
both fecal and serum leucine exhibited negative cor-
relations with colonic IL-8, hippocampal IL-1f, and
IL-6, and positive correlations with ileum CLDN1 and
colonic IL-10. Additionally, fecal leucine demon-
strated a positive association with colonic CLDN12,
while serum leucine was positively associated with
hippocampal tight-junction proteins, including
CLDNS5 and ZO-1 (Figure S9C-D). Notably, hippo-
campal IL-1P and colonic CLDN12 showed signifi-
cant correlations with motor coordination, and both
fecal and serum leucine positively correlated with this
outcome (Figure SOE).

To further confirm the brain-specific effects of
diet and diet-induced changes in key metabolites,
we quantified the levels of proteins involved in
lactate metabolism and neurodegenerative disease
pathology and assessed brain metabolomic profiles.
Specifically, the expression levels of G-protein-
coupled receptor 81 (GPR81), a lactate receptor
distributed in the brain, tended to increase in
MKkD-fed mice and nearly reached significant aug-
mentation in AD mice, although AD mice exhib-
ited relatively lower expression compared to WT
mice (Figure 7d,e). This finding suggests that the
increased level of lactate following MkD enhances
GPR81 expression in the brain. Subsequent brain
metabolome analyses revealed distinct metabolite
profiles between WD-fed and MkD-fed groups
in AD mice (Figure 7f). AD-MkD mice showed
higher levels of lactate and neurotransmitter-
related metabolites such as aspartate, glutamate,
and glutamine. Conversely, metabolic by-products
like N-butyrylglycine and 3-Hydroxyisovalerate,
along with energy metabolism-associated metabo-
lites such as creatine and hypoxanthine, were more
abundant in AD-WD mice. Notably, the metabolite
profiles of WT mice differed significantly from
those of AD mice. However, biosynthetic precur-
sors like sn-Glycero-3-phosphocholine (GPC),
a precursor of acetylcholine, and pyroglutamate
were more abundant, while the acute neurotoxic
byproduct succinylacetone decreased after MkD in
both WT and AD mice (Figure 7g,h). Unlike fecal
and serum metabolites, leucine was more abundant
in WD-fed mice in both genotypes.

Furthermore, we measured specific hallmarks
of AD, including AP and tau (total-tau and phos-
phorylated-tau), to assess the direct impact of the

diet on pathogenesis. AD mice exhibited higher
levels of AP compared to WT mice. Although Af
levels decreased in WT-MKkD mice, the change was
not significant, and there was no difference
observed in AD mice. Interestingly, total-tau levels
varied among individual mice, but AD-WD mice
tended to have higher levels compared to other
groups. Regarding phosphorylated-tau, no signifi-
cant differences were observed among the groups,
although it was marginally decreased in the MkD-
fed group (Figure 7d,e).

MkD induces distinct transcriptomic changes in the
hippocampus of AD mice

Based on the findings of reduced pro-
inflammatory cytokine expression in the hippo-
campal area and the predominance of GPR81
expression in the hippocampus, we next exam-
ined the transcriptional changes for 770 genes
associated with 23 neuroinflammation pathways
in the hippocampus using the NanoString
Neuroinflammation panel. Overall, the profiles
of differentially expressed genes (DEGs) were
distinct between genotypes. WT mice exhibited
a higher number of DEGs (34 genes; 1 upregu-
lated, 33 downregulated) than AD mice (12
genes; 4 upregulated, 8 downregulated), with
most genes showing downregulation in both
groups (Figure 8a). Subsequently, pathway
enrichment was assessed using a set of under-
lying genes. Interestingly, each WD-fed, WT-
MkD, and AD-MkD mice clustered separately,
indicating that mice within the same genotype-
diet group shared similar pathway profiles
(Figure 8b). AD-MkD mice demonstrated the
most significant changes in pathway profiles,
while WT-MkD mice showed the least changes
compared to other groups (Figure 8b). More
specifically, the top six most differentially
expressed pathways (DEPs) based on global sig-
nificance scores, including angiogenesis, innate
immune response, and cytokine and inflamma-
tory signaling, were all downregulated after MkD
in WT mice. Meanwhile, among these six DEPs
in AD mice, with the exception of the oligoden-
drocyte function, all other pathways, including
astrocyte function, matrix remodeling, notch,
autophagy, and angiogenesis, were upregulated
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Figure 8. Mediterranean-ketogenic diet, versus standard Western-style diet, distinctly modulates the transcriptional arrays in
hippocampus in APP/PST mice (a) volcano plots showing differentially expressed genes (DEGs) (log2 fold-change), and top 15
DEGs most significantly changed by diet. (b) Heatmap based on the pathway score of each sample for 23 neuroinflammation-
associated pathways. The dendrogram was generated using hierarchical clustering results with the complete linkage method, based
on Euclidean distance. (c) Volcano plots showing differentially expressed pathway associated DEGs and bar graphs of pathway
signature scores of samples for top six differentially expressed pathways in WT and AD group respectively. (d) Predicted cell type
abundance. Differences in pathway score and cell type were between WT-WD and WT-MkD and AD-WD, as well as AD-MkD were
assessed with Mann-Whitney U test. n=6 per group. #p<0.1; ¥p<0.05. WT: wild-type; AD: Alzheimer's disease (APP/PS1 transgenic)

mice; MkD: Mediterranean-ketogenic diet; WD: Western-style diet.

after MkD (Figure 8c). Although these differ-
ences did not reach a statistically significant
level and showed moderate variances in pathway
signature scores, there was a clear trend that
more genes associated with these pathways were
highly expressed in one diet group compared to
the counterpart. Additionally, we estimated the
cell abundance using genes previously character-
ized for various cell populations. In the WT
group, there were mostly no differences between
diets, except for endothelial cells, which
decreased nearly significantly in MkD-fed mice.
Conversely, in the AD group, the abundance of
microglia and astrocytes was higher in MkD-fed
mice compared to WD-fed mice.

Discussion

Nutritional and dietary modifications have emerged
as promising strategies for the prevention and ameli-
oration of neurodegenerative diseases, such as AD, by
modulating the gut-brain axis. In this study, we con-
ducted a comprehensive assessment of the ameliora-
tive effect of MkD, a newly emerging dietary pattern,
on AD neuropathology in a mouse model. Our find-
ings revealed favorable outcomes in metabolic health,
as well as improvement in neurocognitive and neuro-
muscular activities. These therapeutic outcomes were
accompanied by specific shifts occurring in the gut
microbial community, as well as gut-blood metabo-
lites profiles.



14 (&) G.PARKETAL.

Certain dietary patterns can disrupt systemic
metabolic processes, thereby increasing susceptibil-
ity to AD.>> A WD pattern is known to contribute to
metabolic disorders, including hepatosteatosis; and
glucose homeostasis and insulin sensitivity are clo-
sely intertwined with the liver. Hepatic steatosis is
prevalent among overweight individuals and is
strongly associated with glucose intolerance and
insulin resistance.”* Accumulation of fat in the
liver diminishes hepatic insulin clearance, resulting
in hyperinsulinemia-driven insulin resistance.” In
our study, mice subjected to WD exhibited increased
liver weight, fat accumulation, and elevated levels of
circulatory lipoproteins. Conversely, even though
MkD-fed mice gained similar weight to those on
the WD, they displayed lower liver weight and fat
mass, suggesting that the MkD diet protected against
hepatosteatosis, even without concurrent weight
reduction, unlike WD.?® Also, our functional ana-
lyses revealed higher upregulation of insulin signal-
ing pathways in WD-fed mice, as compared to
MkD-fed mice, in both genotypes. This upregulation
is in line with previous research involving obese
mice with insulin resistance’” and demonstrates
a causal association between the microbiome and
insulin sensitivity.”® However, WD-fed mice did
not exhibit signs of abnormal glucose intolerance
or insulin resistance compared to MkD-fed mice.
This discrepancy might be attributed to the relatively
shorter duration of the study (12-weeks) compared
to previous studies reporting impaired glucose/insu-
lin homeostasis in WD-fed mice. For instance,
a previous study examining the impact of hypertri-
glyceridemia on glucose homeostasis and insulin
response also noted normal glucose metabolism
and insulin sensitivity in mice during the early
pathological stage (4 months) whereas, at a later
stage (12 months), significant glucose intolerance
and insulin resistance were recorded.* It is plausible
that the WD-induced impact on glucose/insulin reg-
ulation decreases insulin clearance ability during
early pathological stages, which later leads to detect-
able impairment in glucose intolerance and insulin
resistance at intermediate-late pathological stages
during long-term intervention.

We found that the two dietary interventions dis-
tinctly shaped the gut microbiome and metabolomic
profiles. Overall, the microbiome diversity tended to
be increased after the MkD, and the microbiome

composition differed significantly between MkD- vs.
WD-fed mice. These findings are in line with previous
studies by our team and others reporting the effects of
MD or MKD interventions.”® > Specifically, we found
a profound proliferation of Lactobacillus in response
to MKD, a signature similar to previous studies exam-
ining the microbiome in relation to MD or KD
patterns,”>>> whereas WD reduced its abundance.
Several Lactobacillus species and strains have been
found to show beneficial effects on neurocognitive
function by modulating the gut microbiota and the
activity of enzymes related to AD pathology.***
These therapeutic effects of Lactobacillus partially ori-
ginate from its metabolites. Notably, certain
Lactobacillus spp. possess the glutamate decarboxylase
(gadB/gadC) genes, enabling these strains to produce
y-Aminobutyric acid (GABA), an inhibitory neuro-
transmitter known to play a central role in prevention
of neurological disorders by altering GABAergic
circuits.”® Indigenous Lactobacillus strains have been
found to harbor these genes and possess the ability to
produce GABA.”” While GABA’s permeability
through the blood-brain barrier (BBB) remains
unclear,”®” studies have shown that specific
Lactobacillus intervention or modulation of the gut
microbiota through a KD can increase GABA levels in
the hippocampus.*>*' In our study, we observed
a notable increase in glutamate, the precursor of
GABA, and a higher functional abundance of gluta-
mate decarboxylase gene (Figure S8B) in MkD-fed
mice compared to the WD group. This finding may
indicate that enhanced Lactobacillus may lead to
increased production of GABA, thereby potentially
exerting a protective impact on AD risk.
Furthermore, all Lactobacillus species produce lactate
through the action of lactate dehydrogenase.*” Our
findings indicated that the MkD-fostered microbiota
not only exhibited a significantly higher abundance of
lactate dehydrogenase genes, but also comprised ele-
vated levels of lactate in the feces and serum.
Microbiota-derived lactate has been shown to have
several positive effects on the host, including
enhanced regulation of intestinal stem-cell-mediated
epithelial development® and proliferation of lactate-
utilizing bacteria that metabolize lactate to butyrate.**
Additionally, lactate has been reported to regulate and
enhance enteric immune and inflammatory responses
by suppressing the toll-like receptor (TLR)-4 signaling
pathway.* The anti-inflammatory effects of lactate in



the intestine have been confirmed for both dietary
intake and lactate derived from the gut
microbiota.*** Interestingly, we found a negative
association between lactate levels and the expression
of IL17 in the colon. Notably, TLR-4 regulates IL17
production and is required for IL17-induced tissue
inflammation.”’”  Furthermore, we also found
a significant co-occurrence pattern of lactate with
taxa belonging to the Lachnospiraceae family, includ-
ing the genus Lachnoclostridium. Species within the
Lachnospiraceae family are known as lacta
te-utilizers and butyrate-producers.*® Likewise,
Lachnoclostridium has been reported to possess simi-
lar functionality.” Although we did not detect
a favorable trend in SCFAs following MKD, these
results might suggest that MkD shapes the gut ecolo-
gical niche by altering microbiota composition, lead-
ing to concomitant increase in bacterial clades with
a symbiotic relationship through their metabolites.
Moreover, we explored the possibility of microbiota-
produced lactate translocating to the brain and influ-
encing neurological function. The well-established
concept of the ‘gut-brain axis’ emphasizes bidirec-
tional communication between these two organs
mediated by several pathways involving bacterial frag-
ments, neurotransmitters/neuropeptides, and micro-
bial by-products and metabolites generated in the
gut.* In terms of bacterial metabolites, several of
these are able to pass through or interact with the
BBB as these travel through the circulatory system,
thereby influencing the central nervous system (CNS)
and its functions.® GPR81, also known as
Hydroxycarboxylic Acid Receptor 1 (HCAR1),
a lactate receptor, which is enriched at the BBB and
active in the mammalian brain,”" has been found to
enhance cerebral vascular endothelial growth factor
A (VEGFA), leading to increase in cerebral angiogen-
esis. Additionally, subcutaneous injection of L-lactate
has been shown to increase lactate level in circulation,
resulting in an augmentation of brain VEGFA and
capillary density.”> AD has been inherently linked
with ischemic brain condition, as infarction corre-
sponds with AP deposition and reactive oxygen spe-
cies (ROS) formation, both crucial factors in AD.>* In
addition, it has been shown to play various neuropro-
tective roles by modulating energy metabolism and
synaptic activity.”® In our findings, along with an
elevated lactate level in the serum, GPR81 increased
after MkD, particularly in AD mice, and angiogenesis
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pathway was mildly upregulated in the hippocampal
area. Furthermore, lactate administration ameliorated
LPS-induced neuroinflammation by blocking the
transport function of monocarboxylate transporter 1
(MCT1) in microglia, leading to improvements in
sickness behavior, such as enhancements in total dis-
tance in the OFT and performance on the rotarod.”
This finding was further validated by significant nega-
tive correlations of fecal and serum lactate levels with
inflammation markers in the hippocampus, as well as
positive correlations with the outcomes of behavioral
assays. Particularly noteworthy, both IL-1p and IL-6
exhibited negative correlations; these interleukins are
typically stimulated by LPS, but their levels are found
to be reduced in MCT1 knockdown cells.” Also, IL-6
has been linked with cognitive impairments, and the
neutralization of elevated IL-6 in the brains of AD
mice has been found to alleviate memory
impairment.”® Similarly, dietary lactate treatment
has been shown to improve memory function by
increasing GABA level in the hippocampus.”’
Collectively, these findings indicate a mechanism
through which (MkD-fostered) microbiota-derived
lactate may be transported to the brain via the gut-
blood-brain channel, thereby contributing to the miti-
gation of AD-associated neuroinflammation and neu-
rocognitive impairment through its interaction with
transporters and receptors, including GPR8I.

An important aspect to consider is the surge in
AAs that accompanies the host adaptation to the
MKD pattern. The increase in AAs mostly results
from a KD, whereas traditional MD contains fewer
AAs than WD.!"" Among the elevated AA arrays
following MkD, we found leucine to be the most
substantially and significantly increased AA in both
serum and feces levels. Leucine is known to play
a pivotal role in maintaining intestinal integrity
and function through the activation of the mamma-
lian target of rapamycin (mTOR) pathway, which
stimulates protein synthesis in intestinal epithelial
cells.”® Our findings revealed several favorable cor-
relations of fecal leucine levels with markers of tight-
junction integrity and inflammation in both the
ileum and colon, possibly arising from improved
gut epithelial integrity. Furthermore, leucine is
known to readily and rapidly cross the BBB via the
solute-carrier transporter 7a5 (SLC7A5; also known
as LAT1), undergoing rapid transamination to the
production of neurotransmitters or their precursors,
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such as glutamate and ketoleucine.”® Astrocytes,
particularly situated in close proximity to brain
capillaries, serve as the initial metabolic site for
leucine.”® Leucine accounts for up to 25% of the
total glutamate nitrogen content, serving as
a significant contributor to brain glutamate.®'
Given its status as an essential AA, dysregulation
or impairment in leucine transporters can trigger
neurological and neurobehavioral abnormalities,
increasing the risk of AD.*** Our findings revealed
an increased abundance and enhanced function of
astrocytes in the hippocampus, suggesting that leu-
cine might more actively convert to neurotransmit-
ters, especially in AD mice. However, the brain’s
leucine level was relatively lower in MkD, presum-
ably due to rapid uptake and transamination in
astrocytes.”> Moreover, our findings indicated
a negative correlation of serum leucine levels with
hippocampal IL-6 and IL-1§ as well as hypothalamic
TNF-a. We also noticed a positive correlation of
serum leucine with CLDNS5, which is highly
enriched in BBB and linked to neurodegenerative
disorders,® and a similar pattern with ZO-1.
However, the quantification of both proteins
showed reverse trends compared to mRNA tran-
scripts, suggesting potential discrepancies between
transcription and resulting protein production.
Given the possibility of several influencing factors
such as steady state, signal delay, and post-
transcriptional processes, more studies focusing on
tight-junction proteins in the brain are necessary.*
Additionally, leucine levels showed a positive corre-
lation with performance in the hanging-wire neuro-
muscular coordination test. Administration of
leucine-enriched essential AAs has previously been
shown to reduce IL-6 expression in stressed muscles
and promote muscle recovery.®® Clinically, leucine
supplementation has been found to attenuate
C-reactive protein, an inflammatory marker that
increases following IL-6 secretion, thereby improv-
ing muscle strength in patients with cerebral palsy.®”
Although these studies did not assess the inflamma-
tory profiles within the CNS, these do demonstrate
a connection between IL-6 and neuromuscular func-
tion, underscoring the ameliorative effect of leucine.
Concomitantly, BCAAs supplementation has been
reported to reduce hippocampal IL-1f levels, which
is exacerbated by obesity.®® Conversely, studies have
also reported specific adverse effects of elevated

BCAA levels, including leucine, on obesity, insulin
resistance, and metabolic health®””%; however, stu-
dies have suggested that such negative outcomes are
more likely linked to the relative quantity of dietary
BCAAs rather than the elevated BCAAs
themselves.”"

We also found a noteworthy increase in the abun-
dance of Akkermansia,  Lachnoclostridium,
Parasutterella, and Bacteroides in response to MkD.
These findings align with previous research demon-
strating a reproducible increase in these genera
through an MD.”* A growing body of evidence under-
scores the pivotal role of Akkermansia muciniphila,
a mucin-degrading bacterium, in influencing the host
brain function via the gut-brain axis. Studies actively
investigating its potential role in AD have proposed
several plausible mechanisms, including regulation
and protection of the integrity of the intestinal muco-
sal barrier and modulation of immune responses and
metabolites.”” Parasutterella, a core bacterial member
of the human and murine gut microbiome, may sig-
nificantly contribute to host metabolic functions by
regulating the bile acid (BA) profiles via influencing
the expression of ileal BA transporter genes and hepa-
tic BA synthesis genes. Our findings revealed
a substantial reduction in BAs in both genotypes of
mice following MkD, which is consistent with earlier
findings from  Mediterranean-style  dietary
interventions.”*”> While certain BAs play a pivotal
role in shaping the microbiome composition and
metabolic activities, an excessive production or imbal-
ance between primary and secondary BAs can lead to
gut dysbiosis and DNA damage due to their inherent
toxicity. Imbalances in BAs have been implicated in
conditions such as recurrent Clostridioides difficile
infection and inflammatory bowel disease.”® In this
context, our findings suggest that MkD may contri-
bute to the maintenance of gut and metabolic health
by efficiently reducing BAs in the gut through the
proliferation of Parasutterella and a reduction in diet-
ary cholesterol, which serves as a precursor to BA.

Regarding the various changes observed in the
brain, including alterations in protein expression,
metabolites, and inflammatory pathway-associated
gene transcription levels, both genotypes exhibited
distinct changes after MKD. These differences likely
arise from alternations in transcriptional networks
commonly found in transgenic models expressing
mutant forms of the amyloid precursor protein.””



Notably, AD mice have over 2-fold more A than
WT mice, indicating the effect of gene manipula-
tion on AD mice, elevating AB production while
disrupting transcriptional networks. Despite this,
there was an increase in GPC in MkD-fed mice in
both genotypes, particularly pronounced in AD
mice. GPC, a naturally occurring choline com-
pound in the brain, serves as a precursor to acet-
ylcholine. Acetylcholine, the primary
neurotransmitter implicated in learning and mem-
ory, has been investigated for treating dementias,
including AD.”®”” Moreover, succinylacetone,
a byproduct of tyrosine degradation, decreased in
both genotypes following MkD. Accumulation of
succinylacetone is known to inhibit neurotransmis-
sion by increasing aminolevulinic acid, inducing
the formation of free radicals, and causing oxida-
tive damage.®® Furthermore, the abundance of
microglia and astrocytes notably increased in AD-
MKD mice. Although both cells play crucial roles in
brain health and function, they have ambivalent
roles in neuroinflammation and neurodegenera-
tion. Reactive astrocytes are divided into two phe-
notypes: Al (neurotoxic) and A2
(neuroprotective). Similarly, activated microglia
consist of M1 (pro-inflammatory) and M2 (anti-
inflammatory) phenotypes.®"** Although we could
not examine whether the increased astrocytes and
microglia are in a reactive state, they may not
represent the Al or M1 phenotype. This assump-
tion is supported by the significant downregulation
of the Caspase 7 gene (Casp7c), which activates
microglia driving neurodegeneration, and TNF-aq,
forming a positive feedback loop with activated
microglia. In contrast, the S100 calcium-binding
protein A10 (S100a10), identified as a specific mar-
ker of A2-astrocytes, was upregulated in AD-MkD
mice compared to AD-WD mice.*’® In terms
of AD biomarkers, although there were no changes
observed in AP and phosphorylated-tau levels fol-
lowing MKkD, the total-tau level was higher in AD-
WD mice compared to all other groups, whereas
the level of total-tau in AD-MKD mice was nearly
identical to that in WT mice. Both total-tau and
phosphorylated-tau are known to increase in AD,
with total-tau levels particularly associated with
alterations in neuronal plasticity and BBB
dysfunction.**®” One potential mechanism behind
this dysfunction is the upregulation of the

GUT MICROBES (&) 17

autophagy pathway. Our transcriptional analysis
revealed an upregulation of the autophagy-
associated pathway following MkD in the AD
group. Previous studies have reported that the tau
protein can be degraded via the autophagy-
lysosome system, and enhancing autophagy func-
tion has been proposed as a promising therapeutic
strategy for reducing tau accumulation.®®®
Further studies are needed to better evaluate how
MKD upregulates autophagy.

The current study has limitations that should be
noted when interpreting our results. Firstly, we used
female mice based on prior studies reporting more
consistent and reproducible patterns in the appear-
ance of neuropathological symptoms in females ver-
sus males in this model. Given the sexual dimorphism
in AD predisposition, as well as in microbiome com-
position, our study could not assess sex-specific
mechanisms that may differ in male models. Second,
our intervention duration of 12 weeks was chosen to
capture assessments during the intermediate patholo-
gical trajectory in order to evaluate the preventative
potential of MkD. However, this duration results in
nearly identical performance in behavioral assays
between WT and AD mice. Given that AD in humans
is typically detected at age 65 years or older, future
studies should examine the efficacy of MKD in aging
models in the absence of genetic predisposition.
Although we used WD and MkD diets to mimic the
composition of human diets, the effects of diet can
vary in humans due to differences in the microbiome
and metabolism between humans and mice.”*”"
Previous transcriptome profiles have shown signifi-
cant differences in neurotransmitter receptors and ion
channels, which play a major role in brain function
between humans and mice.”> Consequently, some-
times opposite conclusions are drawn regarding simi-
lar dietary interventions for humans and mice.”
Therefore, to precisely understand the effects of
MKkD on human AD pathology, long-term clinical
intervention studies focusing on dietary effects are
necessary. Nevertheless, the study has several
strengths and advantages. To our knowledge, this is
the first comprehensive study executing multi-omics
approaches and assessing multi-organ elements to
systematically capture entero-neuro-physiologic
responses to an innovative and clinically-
translational dietary pattern in a validated
preclinical AD model. Taken together, our findings
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demonstrate that MkD pattern could offer advanta-
geous dietary components, including leucine, while
specifically modulating the gut microbiome-
metabolome arrays characterized by sequentially fos-
tered population of lactate-producing, lactate-to-
butyrate metabolizing and butyrate-producing taxa
including  Lactobacillus, ~ Lachnoclostridium,
Parasutterella, and Bacteroides. This leads to elevated
arrays of microbiota-derived metabolites viz. lactate
and butyrate across the gut-blood-brain niches, even-
tually improving the AD-related neurocognitive and
neuromotor function. Notably, some of these out-
comes manifest favorable effects in both
transgenic AD mice and wild-type counterparts, indi-
cating that MkD-induced mechanisms may prevent
metabolic disorders and delay AD-like pathology
independent of genetic predisposition. The findings
corroborate the emerging evidence underscoring the
role of nutritional elements and diet-microbiome
interactions in AD pathology. Further, the study
reveals potential microbiome-associated mechanisms
through which Mediterranean, ketogenic, or the
newly invented MkD patterns may regulate intestinal,
metabolic, and neurocognitive health in individuals
at-risk for AD or aging-associated metabolic
disorders.

Materials and methods
Animal studies

The overall experimental design is summarized in
Figure 1A. Female APP/PS1 double-transgenic (AD)
mice (B6.Cg-Tg(APPswe, PSEN1dE9)85Dbo/Mmyjax;
on C57BL/6] background; n=18) and wild-type
(WT) littermates (n = 18) were obtained from the
Jackson Laboratory Inc. (Bar Harbor, ME, USA) at
the age of 6-weeks. Mice were housed in individual
cages and were given a two-week period to acclimatize
to the new vivarium conditions. Both sets of mice
were then randomly divided into two groups using
simple randomization (n=9 per group) and were
housed in individual cages until the end of experi-
ment. These groups were provided with an ad libitum
approach to feeding, receiving a WD or the MkD for
a total duration of 12 weeks. All the diet formulations
had the same caloric content (details in
Supplementary Table S1). Fecal samples were col-
lected at the beginning of the intervention, at

4-weeks, and at 8-weeks post-intervention. Mice
were placed in sterile 1L polypropylene beakers
until they passed at least 2-3 fecal pellets. These fecal
samples were immediately preserved at —80°C for
further analysis. Following the 8-week nutritional
intervention, the mice underwent a series of assess-
ments as outlined in the subsequent sections. Weekly
measurements were taken for bodyweight and diet
intake. Upon reaching the end (12-weeks of interven-
tion, at age 20-week) of the intervention period, the
mice were anesthetized using isoflurane and then
humanely euthanized by cervical dislocation.
Measurements were taken for cecum weight, liver
weight, and total gastrointestinal length. Tissues
were collected, snap-frozen in liquid nitrogen, and
were immediately preserved at — 80°C for further ana-
lysis. All animal studies and protocols were approved
by Florida State University’s Institutional Animal
Care and Use Committee (Protocol #202100008).

Diet

The dietary patterns WD (with a calorie distri-
bution of 35% fat, 50% carbohydrate, 15% pro-
tein) and MkD (consisting of 66% fat, 10%
carbohydrate, 24% protein) were developed in
collaboration with Research Diets Inc. (New
Brunswick, NJ, USA). We closely emulated the
composition of human diets, including compar-
able macronutrient ratios, fiber content, ingredi-
ent types, and fatty acid proportions, aligning
with common human eating habits.”* The WD
(Product #D21080102) regimen incorporated
essential components like sucrose, corn oil,
anhydrous butter, and cooked beef. Its formula-
tion drew inspiration from the 2008 Dietary
Assessment of Major Food Trends conducted
by the US Department of Agriculture. In con-
trast, the MkD (Product #D21080103) pattern
predominantly included ingredients such as
wheat starch, Inulin fiber, olive oil, Menhaden
oil, flaxseed oil, egg white, and fish protein iso-
late. These components match the MkD model
used in our previous clinical investigations.'®"’
Both dietary plans were designed in a way to
maintain an equivalent caloric value (~3.65 kcal/
g). Mice had unrestricted access to water
throughout the duration of study.



Body-composition

At the study endpoint, total body-composition
including lean mass, fat mass, and total water was
measured in live mice by using the EchoMRI-130
Body-Composition Analyzer (EchoMRI, MRI that
Counts, Houston, TX, USA).

Glucose and insulin tolerance tests

Glucose tolerance test (GTT) and insulin tolerance
test (ITT) were completed as described in our pre-
vious reports.” Tests were conducted subsequent to
the collection of the final time-point fecal samples and
all behavioral assays. Briefly, for GTT, the mice were
fasted for six hours whereafter a glucose solution (2.5
g/kg bodyweight) was orally administered to the mice,
and their blood glucose levels were measured at 0
minutes (before the injection), as well as at 15, 30, 60,
and 120 minutes after the glucose administration. For
ITT, the mice were fasted for four hours, and insulin
(Humulin) was injected intraperitoneally. The mice’s
blood glucose levels were assessed at 0 minutes (before
the injection), as well as at 15, 30, 60, and 120 minutes
after the injection.

In-vivo gut permeability

Gut epithelial permeability was measured using the
fluorescein isothiocyanate (FITC)-dextran assay as
per our previously described method.” Tests were
conducted subsequent to the collection of the final
time-point fecal samples and all behavioral assays.
Briefly, the mice were fasted for 4 hours prior to the
experiment and were orally administered a solution of
fluorescein isothiocyanate (FITC) dextran (4 kDa) at
a dose of 60 mg/100 g bodyweight. Two-hours after
administration, while still on fast, 100 uL of blood was
collected from a tail vein using a heparinized capillary
tube. The serum concentration of FITC-dextran was
measured using a fluorescence plate reader at 530 nm
with excitation at 485 nm.

Gut microbiome analysis

Gut bacterial and fungal microbiome profiles were
measured and analyzed as per our previously
described methods.”® The fecal samples were pre-
served at —80°C until microbial DNA extraction.
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The QIAmp PowerFecal Pro DNA Kit (Qiagen)
was used to extract genomic DNA from a 200 mg
fecal specimen, following the manufacturer’s
guidelines. Universal primers 515F (barcoded)
and 806 R were employed to amplify the hypervari-
able V4 region of the bacterial 16S rRNA gene and
ITS1f and ITS2 (barcoded) were used to amplify
the internal transcribed spacer (ITS) region of the
fungal rRNA gene, in accordance with the Earth
Microbiome Project benchmark protocol (http://
www.earthmicrobiome.org). Subsequently, the
resulting amplicons were purified using AMPure®
magnetic purification beads (Agencourt) and
quantified by using a Qubit-4 fluorometer
(InVitrogen). Equal molar concentrations of the
libraries were pooled into one and the final ampli-
con library was sequenced for paired-end (2 x
300bp) sequencing using an Illumina MiSeq
sequencer (using Miseq reagent kit v3; Illumina
Inc., San Diego, United States).

Metabolomics analysis

Fecal, blood, and brain metabolomic arrays were
measured by executing the global untargeted
approach through the use of a high-throughput
Nuclear magnetic resonance(NMR) system, as
described in our previous reports.”” Fecal, serum,
and brain samples from the mice were processed
following the previously described protocol”® with
minor modifications. Samples were extracted
through vortexing for five minutes with deionized
water. The extracted samples were combined with
a phosphate buffer (pH=7.4) in D20 to create
a final solution containing 10% D20, 0.1 M ¢, and
0.1mM  Trimethylsilyl propionate  (TSP).
Following centrifugation, the samples were trans-
ferred to 5mm NMR tubes and analyzed using
a Bruker Ascend 400 MHz high-resolution NMR
system (Bruker Biospin, Germany). For all samples,
a 1D first increment of a NOESY (noesygpprld)
experiment with water suppression was conducted,
employing 64 scans. Subsequent NMR processing
included phasing and referencing to TSP in
TopSpin 4.06 (Bruker BioSpin, Germany). NMR
spectra were processed in Amix 4.0 (Bruker
BioSpin), and automated binning was applied, as
previously described,” to minimize peak overlap
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and splitting. Metabolite quantification was per-
formed using Chenomx 8.6 (Chenomx Inc). Total
intensity normalization was applied prior to
further data analysis.

Neurocognitive and neuromuscular function

Open-field test

The examination was conducted in accordance
with a previously established protocol.'” The
assessment took place in a designated room within
the vivarium facility to evaluate fundamental loco-
motor activity. Mice were carefully positioned at
the center of a sanitized chamber measuring 40 x
40 cm?, and their movements were recorded via
video for a duration of 5 minutes. Behavior para-
meters, including mobility, total distance covered,
and the percentage of time spent in the central area,
were analyzed using the Ethovision XT software
(Noldus).

Novel object test

The examination was conducted following
a previously described protocol,'”" omitting
a preliminary habituation phase. A pair of similar
objects were positioned within the same chamber
used for the open field test, enabling the mice to
explore them for 5minutes. After 24 hours, the
mice underwent a test to evaluate memory reten-
tion. This test was achieved by placing two objects
in the chamber, keeping their original positions
while replacing the second object (a familiar woo-
den cube) with a third object (a novel black rubber
cylinder). The orientation of the mice was once
again monitored for 5-minutes. The Ethovision
XT software was utilized to measure the amount
of time the mice spent exploring the objects, spe-
cifically when their nose tip came within a radius of
2 cm from the objects. Memory retention was cal-
culated using a discrimination index formula: (time
spent exploring the objects at their original loca-
tion — time spent exploring objects at the new loca-
tion)/total exploring time for all objects.

Location memory test

The examination was conducted in accordance
with a previously established protocol'®" with
some modifications. Four distinct objects were

evenly positioned within the previously described
chamber. The mouse was gently situated at one
end, facing the arena wall, and was permitted to
explore freely for a duration of 5 minutes. After
a 24-hour interval, the positions of two adjacent
objects were interchanged, and the mouse’s reten-
tion of spatial memory was evaluated through
a 5-minute video recording of its behavior. The
Ethovision XT software was used to ascertain the
time the mouse spent exploring the objects, regis-
tering instances when the mouse directed its nose
tip within a 2 cm radius of the objects. The calcula-
tion of memory retention utilized a discrimination
index formula: (time spent exploring the relocated
objects — time spent exploring the familiar object)/
total exploring time.

T-maze spontaneous test

The spatial working memory of rodents was
assessed using this test, following the previously
described protocol.'> The mice were gently placed
at the far end of the initial arm, with their heads
facing the southern wall. Subsequently, the mice
were allowed to move freely, and any alterations
they made (either left or right) in the goal arms
were recorded. Each mouse underwent seven trials,
and the percentage alteration score, which acts as
an indicator of working memory, was calculated
using the formula: (total number of correct alter-
nations/6) * 100.

Neuromuscular and motor function test

The neurobehavioral coordination of the mice was
evaluated using grip strength, rotarod, and hanging
wire tests. To measure forelimb grip strength, a grip
strength meter (World Precision Instruments) was
employed. Each mouse’s forelimbs were placed on
a brass pole, and its tail was gently pulled until its
grip was released. This procedure was conducted
for three trials per mouse. During the rotarod test,
the mice underwent a 5-minute training session in
which they were positioned on a Rotarod apparatus
(Harvard Apparatus) rotating at a consistent speed
of 4 rpm. On a subsequent day, the mice were
tested by placing them on the apparatus and initi-
ating rotation at 4 rpm, with speed increments of
1 rpm every 8seconds. The time taken for each
mouse to fall from the rotarod was recorded, and
each trial, accompanied by a 5-minute rest interval,



was conducted three times for each mouse. The
hanging wire test was executed following the out-
line provided by Hoffman et al. .'>> In essence,
a circular wire (32 cm long and 2.5mm in dia-
meter) was securely fastened on a stand, enabling
free circular motion. The mice were positioned
beneath the wire, ensuring that all four paws were
in contact. Three distinct hanging times were
recorded, with a 30-second interval between each
measurement.

Gene expression analyses

Snap-frozen intestinal (colon and ileum) and brain
(hippocampus and hypothalamus) were used to
extract total RNA using the RNeasy kit (Qiagen).
Subsequently, the High-capacity cDNA reverse
transcription kit (ThermoFisher) was used for
reverse transcription. The quantification of
mRNA expression for tight junction proteins and
inflammatory markers were quantified using real-
time PCR (QuantStudio3, Applied Biosystems)
with primers listed in Supplementary Table S2.
For internal normalization, the 18S gene was
employed as a housekeeping control. The results
were expressed as ddCt method, normalized
against the 18S expression in the WT-WD group.

Western blot

Before the experiment, all the primary antibodies (all
purchased from Invitrogen, Waltham, MA, USA),
including IL-1P (cat# P420B), IL-6 (cat# P620),
TNF-a (cat# AMC3012), claudin-5 (cat# 35-2500)
zonulin-1 (cat# 40-2200), GPR81 (cat# PA5-
114741), AP (cat# 51-2700), total-tau (cat# 13-
6400), phosphorylated-tau Ser396 (cat# 44-752 G),
and beta-actin (cat# MA5-15739), were diluted
1:1000 in a 3% Bovine Serum Albumin buffer with
0.1% azide. Homogenized brain tissues were lysed
using Buffer A (50 mM HEPES, pH 7.4, 150 mM
NaCl, 1 mM EGTA and 0.1 mM MgCl,) containing
1% Triton X-100, 2 mM sodium orthovanadate, 10
mM sodium pyrophosphate, 10 mM sodium fluor-
ide, and protease inhibitor cocktail (Sigma, P340-5
ML) for 20 minutes on ice. After 1 minute of centri-
fugation, only the supernatant was transferred into
a new tube and was subjected to sonication using
a QSonica sonicator for 10 seconds. The protein
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content was quantified at 595nm using the
Bradford Assay in a spectrophotometer. Total
extracts (50 ug) were separated in 4-20% acrylamide
precast Criterion gels (BioRad, Hercules, CA, USA).
The gels were transferred onto a PVDF membrane
utilizing the Owl HEP-1 semidry system (Thermo
Scientific, Waltham, MA, USA). Subsequently, the
membranes underwent a 20-minute blocking phase
in TBS (150 mM NaCl, 2 mM KCI, 25 mM Tris, pH
7.4) containing 1.5% nonfat dry milk (Bio-Rad,
Hercules, CA, USA). Following a wash in TBS, the
membranes were exposed to primary antibodies for
a duration of 1 to 2 hours or overnight. Next, the
membranes were rinsed three times in TBS-T (TBS
with 0.05% T-X100) for 10 minutes each and were
then subjected to a 45-minute incubation with HRP-
conjugated secondary antibodies in a blocking buf-
fer. After three TBS-T washes, the membranes were
developed employing Pierce ECL Western blotting
substrate (Thermo Fisher Scientific, Waltham,
MA, USA).

Nanostring neuroinflammation transcriptional
analysis

One hundred ng of total hippocampal RNA under-
went analysis using the NanoString nCounter® sys-
tem, specifically the Mouse Neuroinflammation
Panel (NanoString Technologies, Seattle, WA) to
assess RNA transcript counts for 770 genes asso-
ciated with 23 neuroinflammation pathways along
with 13 internal reference genes. The counts of
gene transcription were adjusted by the geometric
mean of internal reference genes before subjecting
them to detailed analysis using nSolver analysis
software (ver. 4.0). The pathway signature scores,
calculated from nSolver advanced analysis, were
employed to summarize alterations in the expres-
sion levels of groups of genes associated with spe-
cific biological pathways. These pathway scores
were generated through the first principal compo-
nent analysis score of each sample, based on its
gene expression levels across a particular pathway’s
measured genes. Consequently, a positive score
would signify an abundance of upregulated genes
within the pathway, while a negative score would
indicate a prevalence of downregulated genes. In
addition, global significance statistics quantify the
degree of differential expression among the genes
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within a gene set concerning a covariate, irrespec-
tive of whether individual genes are upregulated or
downregulated. On the other hand, directed global
significance statistics gauge how much the genes
within a gene set are either upregulated or down-
regulated concerning the variable. Cell type abun-
dance was assessed using genes that have
previously demonstrated characteristic traits of dif-
ferent cell populations, serving as markers to quan-
tify the abundance of these specific populations.
Differences in pathway score and cell type were
assessed with Mann — Whitney U test.

Bioinformatics and statistical analysis

The microbiome sequencing data was processed using
QIIME2 (ver. 2-2023.5).!%* Raw sequences were
demultiplexed and filtered based on their quality
using the q2-demux plugin, followed by trimming
and denoising through DADA2.'” All identified
amplicon sequence variants (ASVs) were aligned uti-
lizing MAFFT.'” Taxonomy assignment for the
ASVs was carried out using the sklearn classifier
with the pre-trained naive Bayes taxonomy classifier,
aligned against the 99% SILV A 138 database (bacterial
taxonomy) or the 99% UNITE 9.0 database (fungal
taxonomy). Chaol (richness) and the Shannon index
(richness and evenness) were employed as measures
of alpha diversity. For beta-diversity analysis, the
Bray-Curtis dissimilarity index was used, and these
results were visualized through principal coordinate
analysis (PCoA). Non-parametric Kruskal-Wallis test
and PERMANOVA with 999 random permutations
were applied to identify significant differences in
microbial diversity and structure. Metagenomic func-
tional activities were predicted using the open-source
bioinformatics tool Phylogenetic Investigation of
Communities by Reconstruction of Unobserved
States 2 (PICRUSt2).'"” Sequences were input into
PICRUSt2 to predict the functional genes of classified
members within the gut microbiota. The inferred
gene families were subsequently annotated against
Kyoto Encyclopedia of Genes and Genomes
(KEGG) orthologs and grouped into KEGG pathways
to generate functional pathways. Differential abun-
dance of taxa, metabolites, and predicted functional
pathways were identified using methods such as
Linear Discriminant Analysis (LDA) effect size
(LEfSe),'® the ANOVA-Like Differential Expression

(ALDEx2)'" approach, and Spearman’s correlation.
To predict the group using microbiome and metabo-
lite patterns through supervised classification, the q2-
sample-classifier plugin in QIIME2 was employed.
A nested stratified 5-fold cross-validation was per-
formed using the Random Forest classifier grown
with 5,000 trees. To determine taxa that consistently
increased or decreased over time, Spearman’s correla-
tion was used. To assess the impact of two factors,
genotype and diet, on taxa abundance and potential
interaction effects, a two-way ANOVA was con-
ducted. Visualization utilized ‘R’ or ‘Python’ packages.

Acknowledgments

The authors wish to thank the members of the FSU Institutional
Animal Care & Use Committee (ACUC) and the FSU Laboratory
Animal Resources (LAR) for help with animal husbandry and
supervision, and the members of the FSU Biological Core
Laboratory for assistance with metagenomic sequencing. The
authors are also thankful to fellow lab members and colleagues
who provided miscellaneous helps, suggestions, and resources
pertaining to this work. Additionally, the authors thank Ngan
Nguyen (from North Carolina A&T State University) for help
with metabolomics analysis and Karen McFarland (from
University of Florida) for help with the NanoString assay.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The study was supported by the Florida State University
Council on Research & Creativity (FSU-CRC) funding pro-
gram and the FSU College of Health & Human Sciences new
investigator funding to RN. RN also acknowledges funding
from the Infectious Diseases Society of America (IDSA), the
United States Department of Agriculture (USDA-ARS
#440658), and the Florida Department of Health (23A02 and
24A05). BW would like to thank the National Science
Foundation (NSF; Grant No. 2245530) for support in meta-
bolomics studies. The findings in this publication have not
been formally disseminated by the funders and should not be
construed to represent any agency determination or policy.

ORCID

Gwoncheol Park
Saurabh Kadyan
Ravinder Nagpal

http://orcid.org/0000-0003-3778-5895
http://orcid.org/0000-0003-0469-3417
http://orcid.org/0000-0002-4250-1749



Author contributions

R.N. conceived and designed the study. G.P., SX., N.H.,, J.P,,

B.W,,

P.C,, G.S,, and R.N. performed the experiments. G.

P. and S.K. performed the data analysis and visualization. G.
P. wrote the first draft of the manuscript. G.P., S.X,, P.C,,P.E,,
J.S., and R.N. reviewed and edited the manuscript. All authors
reviewed and approved the final version of the manuscript.

Data availability statement

The data that support the findings of this study are openly
available in National Center for Biotechnology Information
(NCBI)-Sequence Read Archive (SRA) at https://www.ncbi.
nlm.nih.gov/sra, reference number PRJNA1011002 (16S
rRNA sequencing dataset) and PRJNA1010986 (ITS rRNA
sequencing dataset).

References

1.

Dhana K, Evans DA, Rajan KB, Bennett DA,
Morris MC. Healthy lifestyle and the risk of
Alzheimer dementia: findings from 2 longitudinal
studies. Neurology. 2020;95(4):e374-83. doi:10.1212/
WNL.0000000000009816.

. Norton S, Matthews FE, Barnes DE, Yaffe K, Brayne C.

Potential for primary prevention of alzheimer’s disease:
an analysis of population-based data. Lancet Neurol.
2014;13(8):788-794. doi:10.1016/S1474-4422(14)
70136-X.

. David LA, Maurice CF, Carmody RN, Gootenberg DB,

Button JE, Wolfe BE, Ling AV, Devlin AS, Varma Y,
Fischbach MA. et al. Diet rapidly and reproducibly
alters the human gut microbiome. Nature. 2014;505
(7484):559-563. doi:10.1038/nature12820.

. Morais LH, Schreiber HL, Mazmanian SK. The gut

microbiota-brain axis in behaviour and brain disor-
ders. Nat Rev Microbiol. 2021;19(4):241-255. doi:10.
1038/s41579-020-00460-0.

. Quigley EMM. Microbiota-brain-gut axis and neurode-

generative diseases. Curr Neurol Neurosci Rep. 2017;17
(12):94. doi:10.1007/s11910-017-0802-6.

. Gates EJ, Bernath AK, Klegeris A. Modifying the diet

and gut microbiota to prevent and manage neurode-
generative diseases. Rev Neurosci. 2022;33(7):767-787.
doi:10.1515/revneuro-2021-0146.

. Zhao ], Bi W, Xiao S, Lan X, Cheng X, Zhang J, Lu D,

Wei W, Wang Y, Li H. Neuroinflammation induced by
lipopolysaccharide causes cognitive impairment in mice.

Sci Rep. 2019;9(1):5790. doi:10.1038/s41598-019-42286-8 .
. Kumar DKV, Choi SH, Washicosky KJ, Eimer WA,

Tucker S, Ghofrani J, Lefkowitz A, McColl G,
Goldstein LE, Tanzi RE. Amyloid-B peptide protects
against microbial infection in mouse and worm models
of Alzheimer’s disease. Sci Transl Med. 2016;8(340):
ra34072-ra34072. doi:10.1126/scitranslmed.aaf1059.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

GUT MICROBES (&) 23

. Friedland RP, Chapman MR, Bliska JB. The role of

microbial amyloid in neurodegeneration. PloS Pathog.
2017;13(12):e1006654. doi:10.1371/journal.ppat.1006654
Wieckowska-Gacek A, Mietelska-Porowska A,
Wydrych M, Wojda U. Western diet as a trigger of
Alzheimer’s disease: From metabolic syndrome and
systemic inflammation to neuroinflammation and neu-
rodegeneration. Ageing Res Rev. 2021;70:101397.
doi:10.1016/j.arr.2021.101397.

Tosti V, Bertozzi B, Fontana L. Health benefits of the
Mediterranean diet: metabolic and molecular
mechanisms. ] Gerontol A Biol Sci Med Sci.
2018;73:318-326. doi:10.1093/gerona/glx227.

Maggi S, Ticinesi A, Limongi F, Noale M, Ecarnot F.
The role of nutrition and the Mediterranean diet on the
trajectories of cognitive decline. Exp Gerontol.
2023;173:112110. doi:10.1016/j.exger.2023.112110.
Jensen NJ, Wodschow HZ, Nilsson M, Rungby J. Effects
of ketone bodies on brain metabolism and function in
neurodegenerative diseases. Int ] Mol Sci. 2020;21
(22):8767. doi:10.3390/ijms21228767.

Lilamand M, Porte B, Cognat E, Hugon ], Mouton-Liger F,
Paquet C. Are ketogenic diets promising for Alzheimer’s
disease? A translational review. Alz Res Therapy. 2020;12
(1):42. doi:10.1186/s13195-020-00615-4.

Wrtodarek D. Role of ketogenic diets in neurodegenera-
tive diseases (Alzheimer’s disease and Parkinson’s dis-
ease). Nutrients. 2019;11(1):169. doi:10.3390/
null010169.

Heikura IA, Burke LM, Hawley JA, Ross ML, Garvican-
Lewis L, Sharma AP, McKay AKA, Leckey JJ,
Welvaert M, McCall L. et al. A short-term ketogenic
diet impairs markers of bone health in response to
exercise. Front Endocrinol. 2020 [accessed 2023 Aug
8];10. doi:10.3389/fend0.2019.00880.

Long F, Bhatti MR, Kellenberger A, Sun W, Modica S,
Horing M, Liebisch G, Krieger JP, Wolfrum C,
Challa TD. A low-carbohydrate diet induces hepatic
insulin resistance and metabolic associated fatty liver
disease in mice. Mol Metab. 2023;69:101675. doi:10.
1016/j.molmet.2023.101675.

Nagpal R, Neth BJ, Wang S, Craft S, Yadav H. Modified
Mediterranean-ketogenic diet modulates gut micro-
biome and short-chain fatty acids in association with
Alzheimer’s disease markers in subjects with mild cog-
nitive impairment. EBioMedicine. 2019;47:529-542.
doi:10.1016/j.ebiom.2019.08.032.

Nagpal R, Neth BJ, Wang S, Mishra SP, Craft S,
Yadav H. Gut mycobiome and its interaction with
diet, gut bacteria and alzheimer’s disease markers in
subjects with mild cognitive impairment: a pilot study.
EBioMedicine [Internet]. 2020 [accessed 2023 Aug
8];59. doi:10.1016/j.ebiom.2020.102950.

Kumar A, Sharma M, Su Y, Singh S, Hsu FC, Neth BJ,
Register TC, Blennow K, Zetterberg H, Craft S. et al.
Small extracellular vesicles in plasma reveal molecular
effects of modified Mediterranean-ketogenic diet in


https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.1212/WNL.0000000000009816
https://doi.org/10.1212/WNL.0000000000009816
https://doi.org/10.1016/S1474-4422(14)70136-X
https://doi.org/10.1016/S1474-4422(14)70136-X
https://doi.org/10.1038/nature12820
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1038/s41579-020-00460-0
https://doi.org/10.1007/s11910-017-0802-6
https://doi.org/10.1515/revneuro-2021-0146
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.1126/scitranslmed.aaf1059
https://doi.org/10.1371/journal.ppat.1006654
https://doi.org/10.1016/j.arr.2021.101397
https://doi.org/10.1093/gerona/glx227
https://doi.org/10.1016/j.exger.2023.112110
https://doi.org/10.3390/ijms21228767
https://doi.org/10.1186/s13195-020-00615-4
https://doi.org/10.3390/nu11010169
https://doi.org/10.3390/nu11010169
https://doi.org/10.3389/fendo.2019.00880
https://doi.org/10.1016/j.molmet.2023.101675
https://doi.org/10.1016/j.molmet.2023.101675
https://doi.org/10.1016/j.ebiom.2019.08.032
https://doi.org/10.1016/j.ebiom.2020.102950

24 (&) G.PARKETAL.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

participants with mild cognitive impairment. Brain
Communicat. 2022;4(6):fcac262. doi:10.1093/brain
comms/fcac262.

Rao YL, Ganaraja B, Murlimanju BV, Joy T,
Krishnamurthy A, Agrawal A. Hippocampus and its
involvement in Alzheimer’s disease: a review. 3 biotech.
3 Biotech. 2022;12(2):55. doi:10.1007/s13205-022-
03123-4.

Vercruysse P, Vieau D, Blum D, Petersén A, Dupuis L.
Hypothalamic alterations in neurodegenerative diseases
and their relation to abnormal energy metabolism.
Front Mol Neurosci. 2018;11:2. doi:10.3389/fnmol.
2018.00002.

Craft S. The role of metabolic disorders in Alzheimer
disease and vascular dementia: two roads converged.
Arch Neurol. 2009;66(3):300-305. doi:10.1001/arch
neurol.2009.27.

Meex RCR, Watt MJ. Hepatokines: linking nonalco-
holic fatty liver disease and insulin resistance. Nat Rev
Endocrinol. 2017;13(9):509-520. doi:10.1038/nrendo.
2017.56.

Finucane FM, Sharp SJ, Hatunic M, Sleigh A, De Lucia
Rolfe E, Aihie Sayer A, Cooper C, Griffin §J,
Wareham NJ. Liver fat accumulation is associated
with reduced hepatic insulin extraction and beta cell
dysfunction in healthy older individuals. Diabetol
Metab Syndr. 2014;6(1):43. doi:10.1186/1758-5996-
6-43.

Shively CA, Appt SE, Vitolins MZ, Uberseder B,
Michalson KT, Silverstein-Metzler MG, Register TC.
Mediterranean versus Western diet effects on caloric
intake, obesity, metabolism, and hepatosteatosis in
nonhuman primates. Obesity. 2019;27(5):777-784.
doi:10.1002/0by.22436.

Zhao T, Zhan L, Zhou W, Chen W, Luo J, Zhang L,
Weng Z, Zhao C, Liu S. The effects of erchen decoction
on gut microbiota and lipid metabolism disorders in
Zucker diabetic fatty rats. Front Pharmacol.
2021;12:647529. doi:10.3389/fphar.2021.647529.

Khan MT, Nieuwdorp M, Béckhed F. Microbial mod-
ulation of insulin sensitivity. Cell Metab. 2014;20
(5):753-760. d0i:10.1016/j.cmet.2014.07.006.

Ding Y-L, Wang Y-H, Huang W, Liu G, Ross C,
Hayden MR, Yang JK. Glucose intolerance and
decreased early insulin response in mice with severe
hypertriglyceridemia. Exp Biol Med (Maywood).
2010;235(1):40-46. doi:10.1258/ebm.2009.009100.
Nagpal R, Shively CA, Appt SA, Register TC,
Michalson KT, Vitolins MZ, Yadav H. Gut microbiome
composition in non-human primates consuming
a  Western or Mediterranean diet. Front
Nutr[internet]. 2018 [accessed 2023 Jul 28];5. doi:10.
3389/fnut.2018.00028.

McLeod A, Bernabe BP, Xia Y, Sanchez-Flack J,
Lamar M, Schiffer L, Hemphill NON, Fantuzzi G,
Maki P, Fitzgibbon M. et al. Exploring the effects of
a Mediterranean diet and weight loss on the gut

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

microbiome and cognitive performance in older,
African American obese adults: a post hoc analysis.
Nutrients. 2023;15(15):3332. d0i:10.3390/nu15153332.
Newman TM, Shively CA, Register TC, Appt SE,
Yadav H, Colwell RR, Fanelli B, Dadlani M,
Graubics K, Nguyen UT. et al. Diet, obesity, and the
gut microbiome as determinants modulating metabolic
outcomes in a non-human primate model.
Microbiome. 2021;9(1):100. doi:10.1186/s40168-021-
01069-y.

Ma D, Wang AC, Parikh I, Green SJ, Hoffman JD,
Chlipala G, Murphy MP, Sokola BS, Bauer B,
Hartz AMS. et al. Ketogenic diet enhances neurovascu-
lar function with altered gut microbiome in young
healthy mice. Sci Rep. 2018;8(1):6670. doi:10.1038/
$41598-018-25190-5.

Huang HJ, Chen JL, Liao JF, Chen YH, Chieu MW,
Ke YY, Hsu CC, Tsai YC, Hsieh-Li HM. Lactobacillus
plantarum PS128 prevents cognitive dysfunction in
Alzheimer’s disease mice by modulating propionic
acid levels, glycogen synthase kinase 3 beta activity,
and gliosis. BMC Complement Med Ther. 2021;21
(1):259. doi:10.1186/s12906-021-03426-8.

Song X, Zhao Z, Zhao Y, Wang Z, Wang C, Yang G,
Li S. Lactobacillus plantarum DP189 prevents cognitive
dysfunction in D-galactose/AICI3 induced mouse
model of Alzheimer’s disease via modulating gut micro-
biota and PI3K/Akt/GSK-3p signaling pathway. Nutr
Neurosci.  2022;25(12):2588-2600.  do0i:10.1080/
1028415X.2021.1991556.

Li Y, Sun H, Chen Z, Xu H, Bu G, Zheng H.
Implications of GABAergic neurotransmission in
Alzheimer’s disease. Front Aging Neurosci. 2016
[accessed 2023 Jul 28];8. doi:10.3389/fnagi.2016.00031.
Yunes RA, Poluektova EU, Dyachkova MS,
Klimina KM, Kovtun AS, Averina OV, Orlova VS,
Danilenko VN. GABA production and structure of
gadB/gadC genes in lactobacillus and bifidobacterium
strains from human microbiota. Anaerobe.
2016;42:197-204. doi:10.1016/j.anaerobe.2016.10.011.
Al-Sarraf H. Transport of 14C-y-aminobutyric acid
into brain, cerebrospinal fluid and choroid plexus in
neonatal and adult rats. Dev Brain Res. 2002;139
(2):121-129. doi:10.1016/S0165-3806(02)00537-0.
Kuriyama K, Sze PY. Blood-brain barrier to H3-y-
aminobutyric acid in normal and amino oxyacetic
acid-treated animals. Neuropharmacol. 1971;10
(1):103-108. doi:10.1016/0028-3908(71)90013-X.
Janik R, Thomason LAM, Stanisz AM, Forsythe P,
Bienenstock J, Stanisz GJ. Magnetic resonance spectro-
scopy reveals oral lactobacillus promotion of increases
in brain GABA, N-acetyl aspartate and glutamate.
Neuroimage. 2016;125:988-995. doi:10.1016/j.neuro
image.2015.11.018.

Olson CA, Vuong HE, Yano JM, Liang QY, Nusbaum D],
Hsiao EY. The gut microbiota mediates the anti-seizure


https://doi.org/10.1093/braincomms/fcac262
https://doi.org/10.1093/braincomms/fcac262
https://doi.org/10.1007/s13205-022-03123-4
https://doi.org/10.1007/s13205-022-03123-4
https://doi.org/10.3389/fnmol.2018.00002
https://doi.org/10.3389/fnmol.2018.00002
https://doi.org/10.1001/archneurol.2009.27
https://doi.org/10.1001/archneurol.2009.27
https://doi.org/10.1038/nrendo.2017.56
https://doi.org/10.1038/nrendo.2017.56
https://doi.org/10.1186/1758-5996-6-43
https://doi.org/10.1186/1758-5996-6-43
https://doi.org/10.1002/oby.22436
https://doi.org/10.3389/fphar.2021.647529
https://doi.org/10.1016/j.cmet.2014.07.006
https://doi.org/10.1258/ebm.2009.009100
https://doi.org/10.3389/fnut.2018.00028
https://doi.org/10.3389/fnut.2018.00028
https://doi.org/10.3390/nu15153332
https://doi.org/10.1186/s40168-021-01069-y
https://doi.org/10.1186/s40168-021-01069-y
https://doi.org/10.1038/s41598-018-25190-5
https://doi.org/10.1038/s41598-018-25190-5
https://doi.org/10.1186/s12906-021-03426-8
https://doi.org/10.1080/1028415X.2021.1991556
https://doi.org/10.1080/1028415X.2021.1991556
https://doi.org/10.3389/fnagi.2016.00031
https://doi.org/10.1016/j.anaerobe.2016.10.011
https://doi.org/10.1016/S0165-3806(02)00537-0
https://doi.org/10.1016/0028-3908(71)90013-X
https://doi.org/10.1016/j.neuroimage.2015.11.018
https://doi.org/10.1016/j.neuroimage.2015.11.018

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

effects of the ketogenic diet. Cell. 2018;173(7):1728-1741.
el3. doi:10.1016/j.cell.2018.04.027.

Wang Y, Wu J, Lv M, Shao Z, Hungwe M, Wang J,
Bai X, Xie J, Wang Y, Geng W. Metabolism character-
istics of lactic acid bacteria and the expanding applica-
tions in food industry. Front Bioeng Biotechnol. 2021
[accessed 2023 Jul 29];9. d0i:10.3389/fbioe.2021.612285.
Lee YS, Kim TY, Kim Y, Lee SH, Kim S, Kang SW,
Yang JY, Baek IJ, Sung YH, Park YY. et al. Microbiota-
derived lactate accelerates intestinal stem-cell-mediated
epithelial development. Cell Host Microbe. 2018;24
(6):833-846.¢6. doi:10.1016/j.chom.2018.11.002.
Duncan SH, Louis P, Flint HJ. Lactate-utilizing bac-
teria, isolated from human feces, that produce butyrate
as a major fermentation product. Appl Environ Microb.
2004;70:5810-5817. doi:10.1128/AEM.70.10.5810-
5817.2004.

Iraporda C, Errea A, Romanin DE, Cayet D, Pereyra E,
Pignataro O, Sirard JC, Garrote GL, Abraham AG,
Rumbo M. Lactate and short chain fatty acids produced
by microbial fermentation downregulate proinflamma-
tory responses in intestinal epithelial cells and myeloid
cells. Immunobiol. 2015;220(10):1161-1169. doi:10.
1016/j.imbi0.2015.06.004.

Iraporda C, Romanin DE, Bengoa AA, Errea A],
Cayet D, Foligné B, Sirard JC, Garrote GL,
Abraham AG, Rumbo M. Local treatment with lactate
prevents intestinal inflammation in the TNBS-Induced
colitis model. Front Immunol. 2016 [accessed 2024 Jan
3];7. d0i:10.3389/fimmu.2016.00651.

Tang H, Pang S, Wang M, Xiao X, Rong Y, Wang H,
Zang YQ. TLR4 activation is required for IL-17-
induced multiple tissue inflammation and wasting in
mice. ] Immunol. 2010;185(4):2563-2569. doi:10.4049/
jimmunol.0903664.

Meehan CJ, Beiko RG. A phylogenomic view of ecolo-
gical specialization in the lachnospiraceae, a family of
digestive tract-associated bacteria. Genome Biol Evol.
2014;6(3):703-713. doi:10.1093/gbe/evu050.

Detman A, Laubitz D, Chojnacka A, Kiela PR,
Salamon A, Barberan A, Chen Y, Yang F,
Blaszczyk MK, Sikora A. Dynamics of dark fermenta-
tion microbial communities in the light of lactate and
butyrate production. Microbiome. 2021;9(1):158.
doi:10.1186/s40168-021-01105-x.

Rutsch A, Kantsj6 JB, Ronchi F. The gut-brain axis:
how microbiota and host inflammasome influence
brain physiology and pathology. Front Immunol. 2020
[accessed 2023 Aug 1];11. doi:10.3389/fimmu.2020.
604179.

Morland C, Lauritzen KH, Puchades M, Holm-Hansen
S, Andersson K, Gjedde A, Attramadal H, Storm-
Mathisen ], Bergersen LH. The lactate receptor,
G-protein-coupled receptor 81/hydroxycarboxylic acid

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

GUT MICROBES (&) 25

receptor 1: expression and action in brain. ] Neurosci
Res. 2015;93(7):1045-1055. do0i:10.1002/jnr.23593.
Morland C, Andersson KA, Haugen ©OP, Hadzic A,
Kleppa L, Gille A, Rinholm JE, Palibrk V,
Diget EH, Kennedy LH. et al. Exercise induces
cerebral VEGF and angiogenesis via the lactate
receptor HCAR1. Nat Commun. 2017;8(1):15557.
doi:10.1038/ncomms15557.

Dong S, Maniar S, Manole MD, Sun D. Cerebral hypo-
perfusion and other shared brain pathologies in ischemic
stroke and Alzheimer’s disease. Transl Stroke Res. 2018;9
(3):238-250. doi:10.1007/s12975-017-0570-2.

Colucci ACM, Tassinari ID, Loss E, de Fraga S. History
and function of the lactate receptor GPR81/HCARI in
the brain: a putative therapeutic target for the treatment
of cerebral ischemia. Neuroscience. 2023;526:144-163.
doi:10.1016/j.neuroscience.2023.06.022.

Kong L, Wang Z, Liang X, Wang Y, Gao L, Ma C.
Monocarboxylate transporter 1 promotes classical
microglial activation and pro-inflammatory effect via
6-phosphofructo-2-kinase/fructose-2, 6-biphosphatase
3. J Neuroinflammat. 2019;16(1):240. doi:10.1186/
$12974-019-1648-4.

Lyra eSilva NM, Gongalves RA, Pascoal TA, Lima-
Filho RAS, Resende EPF, Vieira ELM, Teixeira AL, de
Souza LC, Peny JA, Fortuna JTS. et al. Pro-
inflammatory interleukin-6 signaling links cognitive
impairments and peripheral metabolic alterations in
Alzheimer’s disease. Transl Psychiatry. 2021;11
(1):1-15. doi:10.1038/s41398-021-01349-z.

Mao JH, Kim YM, Zhou YX, Hu D, Zhong C, Chang H,
Brislawn CJ, Fansler S, Langley S, Wang Y. et al. Genetic
and metabolic links between the murine microbiome
and memory. Microbiome. 2020;8(1):53. doi:10.1186/
540168-020-00817-w.

Song B, Zheng C, Zha C, Hu S, Yang X, Wang L,
Xiao H. Dietary leucine supplementation improves
intestinal health of mice through intestinal SIgA
secretion. ] Appl Microbiol. 2020;128(2):574-583.
doi:10.1111/jam.14464.

Térlungeanu DC, Deliu E, Dotter CP, Kara M,
Janiesch PC, Scalise M, Galluccio M, Tesulov M,
Morelli E, Sonmez FM. et al. Impaired amino acid
transport at the blood brain barrier is a cause of autism
spectrum disorder. Cell. 2016;167(6):1481-1494.e18.
doi:10.1016/j.cell.2016.11.013.

Yudkoff M, Daikhin Y, Nissim I, Horyn O, Luhovyy B,
Lazarow A, Nissim I. Brain amino acid requirements
and toxicity: the example of leucine. J Nutr. 2005;135
(6):15315-1538S. doi:10.1093/jn/135.6.15318.
Kanamori K, Ross BD, Kondrat RW. Rate of glutamate
synthesis from leucine in rat brain measured in vivo by
15N NMR. ] Neurochem. 1998;70(3):1304-1315.
doi:10.1046/j.1471-4159.1998.70031304.x.


https://doi.org/10.1016/j.cell.2018.04.027
https://doi.org/10.3389/fbioe.2021.612285
https://doi.org/10.1016/j.chom.2018.11.002
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.1128/AEM.70.10.5810-5817.2004
https://doi.org/10.1016/j.imbio.2015.06.004
https://doi.org/10.1016/j.imbio.2015.06.004
https://doi.org/10.3389/fimmu.2016.00651
https://doi.org/10.4049/jimmunol.0903664
https://doi.org/10.4049/jimmunol.0903664
https://doi.org/10.1093/gbe/evu050
https://doi.org/10.1186/s40168-021-01105-x
https://doi.org/10.3389/fimmu.2020.604179
https://doi.org/10.3389/fimmu.2020.604179
https://doi.org/10.1002/jnr.23593
https://doi.org/10.1038/ncomms15557
https://doi.org/10.1007/s12975-017-0570-2
https://doi.org/10.1016/j.neuroscience.2023.06.022
https://doi.org/10.1186/s12974-019-1648-4
https://doi.org/10.1186/s12974-019-1648-4
https://doi.org/10.1038/s41398-021-01349-z
https://doi.org/10.1186/s40168-020-00817-w
https://doi.org/10.1186/s40168-020-00817-w
https://doi.org/10.1111/jam.14464
https://doi.org/10.1016/j.cell.2016.11.013
https://doi.org/10.1093/jn/135.6.1531S
https://doi.org/10.1046/j.1471-4159.1998.70031304.x

26 (&) G.PARKETAL.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Ikeuchi T, Kanda M, Kitamura H, Morikawa F, Toru S,
Nishimura C, Kasuga K, Tokutake T, Takahashi T,
Kuroha Y. et al. Decreased circulating branched-chain
amino acids are associated with development of
Alzheimer’s disease in elderly individuals with mild
cognitive impairment. Front Nutr. 2022 [accessed
2023 Aug 3];9. doi:10.3389/fnut.2022.1040476.
Yudkoff M, Daikhin Y, Grunstein L, Nissim I, Stern J,
Pleasure D, Nissim I. Astrocyte leucine metabolism:
significance of branched-chain amino acid
transamination. J Neurochem. 1996;66(1):378-385.
doi:10.1046/j.1471-4159.1996.66010378.x.

Greene C, Hanley N, Campbell M. Claudin-5: gate-
keeper of neurological function. Fluids Barriers CNS.
2019;16(1):3. doi:10.1186/s12987-019-0123-z.

Liu Y, Beyer A, Aebersold R. On the dependency of
cellular protein levels on mRNA abundance. Cell.
2016;165(3):535-550. do0i:10.1016/j.cell.2016.03.014.
Kato H, Miura K, Nakano S, Suzuki K, Bannai M,
Inoue Y. Leucine-enriched essential amino acids attenu-
ate inflammation in rat muscle and enhance muscle
repair after eccentric contraction. Amino Acids.
2016;48(9):2145-2155. doi:10.1007/s00726-016-2240-1.
Theis N, Brown MA, Wood P, Waldron M. Leucine
supplementation increases muscle strength and
volume, reduces inflammation, and affects wellbeing
in adults and adolescents with cerebral palsy. ] Nutr.
2021;151(1):59-64. doi:10.1093/jn/nxaa006.

Feijé G, dos S, Jantsch J, Correia LL, Eller S, Furtado-
Filho OV, Giovenardi M, Porawski M, Braganhol E.
Neuroinflammatory responses following zinc or
branched-chain amino acids supplementation in obese
rats. Metab Brain Dis. 2022;37(6):1875-1886. doi:10.
1007/s11011-022-00996-5.

Lynch CJ, Adams SH. Branched-chain amino acids in
metabolic signalling and insulin resistance. Nat Rev
Endocrinol. 2014;10(12):723-736. d0i:10.1038/nrendo.
2014.171.

Holecek M. Branched-chain amino acids in health and
disease: metabolism, alterations in blood plasma, and as
supplements. Nutr Metab. 2018;15(1):33. doi:10.1186/
$12986-018-0271-1.

Solon-Biet SM, Cogger VC, Pulpitel T, Wahl D,
Clark X, Bagley EE, Gregoriou GC, Senior AM,
Wang QP, Brandon AE. et al. Branched-chain amino
acids impact health and lifespan indirectly via amino
acid balance and appetite control. Nat Metab. 2019;1
(5):532-545. d0i:10.1038/542255-019-0059-2.
Bourdeau-Julien I, Castonguay-Paradis S, Rochefort G,
Perron J, Lamarche B, Flamand N, Di Marzo V,
Veilleux A, Raymond F. The diet rapidly and differen-
tially affects the gut microbiota and host lipid mediators
in a healthy population. Microbiome. 2023;11(1):26.
doi:10.1186/s40168-023-01469-2.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Xu R, Zhang Y, Chen S, Zeng Y, Fu X, Chen T, Luo S,
Zhang X. The role of the probiotic akkermansia muci-
niphila in brain functions: insights underpinning ther-
apeutic potential. Crit Rev Microbiol. 2023;49
(2):151-176. d0i:10.1080/1040841X.2022.2044286.
Galié S, Garcia-Gavilan J, Camacho-Barcia L, Atzeni A,
Muralidharan J, Papandreou C, Arcelin P, Palau-
Galindo A, Garcia D, Basora J. et al. Effects of the
Mediterranean diet or nut consumption on gut micro-
biota composition and fecal metabolites and their rela-
tionship with cardiometabolic risk factors. Mol Nutr
Food Res. 2021;65(19):2000982. doi:10.1002/mnfr.
202000982.

Meslier V, Laiola M, Roager HM, Filippis FD,
Roume H, Quinquis B, Giacco R, Mennella I,
Ferracane R, Pons N. et al. Mediterranean diet inter-
vention in overweight and obese subjects lowers plasma
cholesterol and causes changes in the gut microbiome
and metabolome independently of energy intake. Gut.
2020;69(7):1258-1268. doi:10.1136/gutjnl-2019-320438.
Collins SL, Stine JG, Bisanz JE, Okafor CD, Patterson AD.
Bile acids and the gut microbiota: metabolic interactions
and impacts on disease. Nat Rev Microbiol. 2023;21
(4):236-247. doi:10.1038/s41579-022-00805-x.

Wan YW, Al-Ouran R, Mangleburg CG, Perumal TM,
Lee TV, Allison K, Swarup V, Funk CC, Gaiteri C,
Allen M. et al. Meta-analysis of the Alzheimer’s disease
human brain transcriptome and functional dissection
in mouse models. Cell Rep. 2020;32(2):107908. doi:10.
1016/j.celrep.2020.107908.

Moreno MDJM. Cognitive improvement in mild to
moderate Alzheimer’s dementia after treatment with
the acetylcholine precursor choline alfoscerate:
a multicenter, double-blind, randomized, placebo-
controlled trial. Clin Ther. 2003;25(1):178-193. doi:10.
1016/S0149-2918(03)90023-3.

Parnetti L, Mignini F, Tomassoni D, Traini E,
Amenta F. Cholinergic precursors in the treatment of
cognitive impairment of vascular origin: ineffective
approaches or need for re-evaluation? J Neurol Sci.
2007;257(1-2):264-269. doi:10.1016/j.jns.2007.01.043.
Silbergeld EK, Hruska RE, Bradley D, Lamon JM,
Frykholm BC. Neurotoxic aspects of porphyrinopa-
thies: lead and succinylacetone. Environ Res. 1982;29
(2):459-471. doi:10.1016/0013-9351(82)90046-9.
Escartin C, Galea E, Lakatos A, O’Callaghan JP,
Petzold GC, Serrano-Pozo A, Steinhiduser C,
Volterra A, Carmignoto G, Agarwal A. et al. Reactive
astrocyte nomenclature, definitions, and future
directions. Nat Neurosci. 2021;24(3):312-325. doi:10.
1038/541593-020-00783-4.

Jurga AM, Paleczna M, Kuter KZ. Overview of general
and discriminating markers of differential microglia


https://doi.org/10.3389/fnut.2022.1040476
https://doi.org/10.1046/j.1471-4159.1996.66010378.x
https://doi.org/10.1186/s12987-019-0123-z
https://doi.org/10.1016/j.cell.2016.03.014
https://doi.org/10.1007/s00726-016-2240-1
https://doi.org/10.1093/jn/nxaa006
https://doi.org/10.1007/s11011-022-00996-5
https://doi.org/10.1007/s11011-022-00996-5
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1038/nrendo.2014.171
https://doi.org/10.1186/s12986-018-0271-1
https://doi.org/10.1186/s12986-018-0271-1
https://doi.org/10.1038/s42255-019-0059-2
https://doi.org/10.1186/s40168-023-01469-2
https://doi.org/10.1080/1040841X.2022.2044286
https://doi.org/10.1002/mnfr.202000982
https://doi.org/10.1002/mnfr.202000982
https://doi.org/10.1136/gutjnl-2019-320438
https://doi.org/10.1038/s41579-022-00805-x
https://doi.org/10.1016/j.celrep.2020.107908
https://doi.org/10.1016/j.celrep.2020.107908
https://doi.org/10.1016/S0149-2918(03)90023-3
https://doi.org/10.1016/S0149-2918(03)90023-3
https://doi.org/10.1016/j.jns.2007.01.043
https://doi.org/10.1016/0013-9351(82)90046-9
https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1038/s41593-020-00783-4

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

phenotypes. Front Cell Neurosci. 2020 [accessed 2024
Jan 2];14. doi:10.3389/fncel.2020.00198.

Fujita A, Yamaguchi H, Yamasaki R, Cui Y,
Matsuoka Y, Yamada K, Kira J. Connexin 30 deficiency
attenuates A2 astrocyte responses and induces severe
neurodegeneration in a 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine hydrochloride Parkinson’s disease ani-
mal model. ] Neuroinflammat. 2018;15(1):227. doi:10.
1186/512974-018-1251-0.

Ayers KL, Mirshahi UL, Wardeh AH, Murray MF,
Hao K, Glicksberg BS, Li S, Carey DJ, Chen R. A loss
of function variant in CASP7 protects against
Alzheimer’s disease in homozygous APOE e4 allele
carriers. BMC Genomics. 2016;17(S2):445. doi:10.
1186/512864-016-2725-z.

Bras JP, Bravo J, Freitas J, Barbosa MA, Santos SG,
Summavielle T, Almeida MI. TNF-alpha-induced
microglia activation requires miR-342: impact on
NF-kB signaling and neurotoxicity. Cell Death
Disease. 2020;11(6):1-15. do0i:10.1038/s41419-020-
2626-6.

Visser PJ, Reus LM, Gobom J, Jansen I, Dicks E, van der
Lee SJ, Tsolaki M, Verhey FR]J, Popp ], Martinez-Lage
P. et al. Cerebrospinal fluid tau levels are associated
with abnormal neuronal plasticity markers in
Alzheimer’s disease. Mol Neurodegener. 2022;17
(1):27. doi:10.1186/s13024-022-00521-3.

Hampel H, Blennow K, Shaw LM, Hoessler YC,
Zetterberg H, Trojanowski JQ. Total and phosphory-
lated tau protein as biological markers of Alzheimer’s
disease. Exp Gerontol. 2010;45(1):30. doi:10.1016/j.
exger.2009.10.010.

Hamano T, Enomoto S, Shirafuji N, Ikawa M,
Yamamura O, Yen S-H, Nakamoto Y. Autophagy and
tau protein. Int J Mol Sci. 2021;22(14):7475. doi:10.
3390/ijms22147475.

Jiang S, Bhaskar K. Degradation and transmission of
tau by autophagic-endolysosomal networks and poten-
tial therapeutic targets for tauopathy. Front Mol
Neurosci. 2020 [accessed 2024 Jan 3];13. doi:10.3389/
fnmol.2020.586731.

Nguyen TLA, Vieira-Silva S, Liston A, Raes ]. How
informative is the mouse for human gut microbiota
research? Dis Model Mech. 2015;8(1):1-16. doi:10.
1242/dmm.017400.

Perlman RL. Mouse models of human disease: an evo-
lutionary perspective. Evol Med Public Health.
2016;2016:170-176. doi:10.1093/emph/eow014.

Song HW, Foreman KL, Gastfriend BD, Kuo JS,
Palecek SP, Shusta EV. Transcriptomic comparison of
human and mouse brain microvessels. Sci Rep. 2020;10
(1):12358. doi:10.1038/s41598-020-69096-7.

CaiL, Xia X, GuY, Hu L, Li C, Ma X, Yin J. Opposite
effects of low-carbohydrate high-fat diet on metabolism

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

GUT MICROBES (&) 27

in humans and mice. Lipids Health Dis. 2023;22(1):191.
doi:10.1186/512944-023-01956-3.

Barrington WT, Wulfridge P, Wells AE, Rojas CM,
Howe SY, Perry A, Hua K, Pellizzon MA, Hansen KD,
Voy BH. Improving metabolic health through precision
dietetics in mice. Genetics. 2018;208(1):399-417.
doi:10.1534/genetics.117.300536.

Kadyan S, Park G, Singh P, Arjmandi B, Nagpal R.
Prebiotic mechanisms of resistant starches from dietary
beans and pulses on gut microbiome and metabolic
health in a humanized murine model of aging. Front
Nutr. 2023;10:1106463. do0i:10.3389/fnut.2023.1106463 .
Munley JA, Kelly LS, Park G, Gillies GS, Pons EE,
Kannan KB, Whitley EM, Bible LE, Efron PA,
Nagpal R. Multicompartmental traumatic injury
induces sex-specific alterations in the gut microbiome.
J Trauma Acute Care Surg. 2023;95(1):30-38. doi:10.
1097/TA.0000000000003939.

Kadyan S, Park G, Wang B, Singh P, Arjmandi B,
Nagpal R. Resistant starches from dietary pulses mod-
ulate the gut metabolome in association with micro-
biome in a humanized murine model of ageing. Sci Rep.
2023;13(1):10566. doi:10.1038/s41598-023-37036-w.
Gratton J, Phetcharaburanin J, Mullish BH,
Williams HR, Thursz M, Nicholson JK, Holmes E,
Marchesi JR, Li JV. Optimized sample handling strategy
for metabolic profiling of human feces. Anal Chem.
2016;88(9):4661-4668. do0i:10.1021/acs.analchem.
5b04159.

Wang B, Maldonado-Devincci AM, Jiang L. Evaluating
line-broadening factors on a reference spectrum as
a bucketing method for NMR based metabolomics.
Anal Biochem. 2020;606:113872. doi:10.1016/j.ab.
2020.113872.

Crawley JN. Exploratory behavior models of anxiety in
mice. Neurosci Biobehav Rev. 1985;9(1):37-44. doi:10.
1016/0149-7634(85)90030-2.

Barker GRI, Bird F, Alexander V, Warburton EC.
Recognition memory for objects, place, and temporal
order: a disconnection analysis of the role of the medial
prefrontal cortex and perirhinal cortex. ] Neurosci.
2007;27(11):2948-2957. doi:10.1523/J]NEUROSCI.
5289-06.2007.

d’Isa R, Comi G, Leocani L. Apparatus design and
behavioural testing protocol for the evaluation of spa-
tial working memory in mice through the spontaneous
alternation T-maze. Sci Rep. 2021;11(1):21177. doi:10.
1038/s41598-021-00402-7.

Hoffman E, Winder S]. A modified wire hanging
apparatus for small animal muscle function testing.
PloS Curr. 2016;8:ecurrents.md.le2be-
c4e78697b7b0ff80ea25a1d38be.  doi:10.1371/cur
rents.md.le2bec4e78697b7b0ff80ea25a1d38be.


https://doi.org/10.3389/fncel.2020.00198
https://doi.org/10.1186/s12974-018-1251-0
https://doi.org/10.1186/s12974-018-1251-0
https://doi.org/10.1186/s12864-016-2725-z
https://doi.org/10.1186/s12864-016-2725-z
https://doi.org/10.1038/s41419-020-2626-6
https://doi.org/10.1038/s41419-020-2626-6
https://doi.org/10.1186/s13024-022-00521-3
https://doi.org/10.1016/j.exger.2009.10.010
https://doi.org/10.1016/j.exger.2009.10.010
https://doi.org/10.3390/ijms22147475
https://doi.org/10.3390/ijms22147475
https://doi.org/10.3389/fnmol.2020.586731
https://doi.org/10.3389/fnmol.2020.586731
https://doi.org/10.1242/dmm.017400
https://doi.org/10.1242/dmm.017400
https://doi.org/10.1093/emph/eow014
https://doi.org/10.1038/s41598-020-69096-7
https://doi.org/10.1186/s12944-023-01956-3
https://doi.org/10.1534/genetics.117.300536
https://doi.org/10.3389/fnut.2023.1106463
https://doi.org/10.1097/TA.0000000000003939
https://doi.org/10.1097/TA.0000000000003939
https://doi.org/10.1038/s41598-023-37036-w
https://doi.org/10.1021/acs.analchem.5b04159
https://doi.org/10.1021/acs.analchem.5b04159
https://doi.org/10.1016/j.ab.2020.113872
https://doi.org/10.1016/j.ab.2020.113872
https://doi.org/10.1016/0149-7634(85)90030-2
https://doi.org/10.1016/0149-7634(85)90030-2
https://doi.org/10.1523/JNEUROSCI.5289-06.2007
https://doi.org/10.1523/JNEUROSCI.5289-06.2007
https://doi.org/10.1038/s41598-021-00402-7
https://doi.org/10.1038/s41598-021-00402-7
https://doi.org/10.1371/currents.md.1e2bec4e78697b7b0ff80ea25a1d38be
https://doi.org/10.1371/currents.md.1e2bec4e78697b7b0ff80ea25a1d38be

28 (&) G.PARKETAL.

104. Bolyen E, Rideout JR, Dillon MR, Bokulich NA,

105.

106.

Abnet CC, Al-Ghalith GA, Alexander H, Alm EJ,
Arumugam M, Asnicar F. et al. Reproducible, inter-
active, scalable and extensible microbiome data
science using QIIME 2. Nat Biotechnol. 2019;37
(8):852-857. d0i:10.1038/s41587-019-0209-9.
Callahan BJ, McMurdie PJ, Rosen M]J, Han AW,
Johnson AJA, Holmes SP. DADA2:
High-resolution sample inference from Illumina
amplicon data. Nat Methods. 2016;13(7):581-583.
doi:10.1038/nmeth.3869.

Katoh K. MAFFT: a novel method for rapid multiple
sequence alignment based on fast Fourier transform.
Nucleic Acids Res. 2002;30(14):3059-3066. doi:10.
1093/nar/gkf436.

107.

108.

109.

Douglas GM, Maffei V], Zaneveld JR, Yurgel SN, Brown JR,
Taylor CM, Huttenhower C, Langille MG. PICRUSt2 for
prediction of metagenome functions. Nat Biotechnol.
2020;38(6):685-688. doi:10.1038/s41587-020-0548-6.

Segata N, Izard ], Waldron L, Gevers D, Miropolsky L,
Garrett WS, Huttenhower C. Metagenomic biomarker
discovery and explanation. Genome Biol. 2011;12
(6):1-18. doi:10.1186/gb-2011-12-6-r60.

Fernandes AD, Reid JN, Macklaim M,
McMurrough TA, Edgell DR, Gloor GB. Unifying the
analysis of high-throughput sequencing datasets: char-
acterizing RNA-seq, 16S rRNA gene sequencing and
selective growth experiments by compositional data
analysis. Microbiome. 2014;2(1):1-13. doi:10.1186/
2049-2618-2-15.


https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/2049-2618-2-15
https://doi.org/10.1186/2049-2618-2-15

	Abstract
	Introduction
	Results
	MkD intervention prevents metabolic dysregulation in an AD model
	MkD induces improvements in neurobehavioral function
	MkD induces distinct and positive gut microbiome modulation compared to WD intervention
	MkD induces distinct fecal and serum metabolomics signatures by fostering specific neurotransmitter arrays
	MkD improves gut and brain inflammatory profiles, which strongly correlate with neurocognitive improvements
	Lactate and leucine, key metabolites, potentially mediate ameliorative effects of MkD on AD pathology
	MkD induces distinct transcriptomic changes in the hippocampus of AD mice

	Discussion
	Materials and methods
	Animal studies
	Diet
	Body-composition
	Glucose and insulin tolerance tests
	In-vivo gut permeability
	Gut microbiome analysis
	Metabolomics analysis
	Neurocognitive and neuromuscular function
	Open-field test
	Novel object test
	Location memory test
	T-maze spontaneous test
	Neuromuscular and motor function test

	Gene expression analyses
	Western blot
	Nanostring neuroinflammation transcriptional analysis
	Bioinformatics and statistical analysis

	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Author contributions
	Data availability statement
	References

