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Medium-chain triglycerides and ketogenic
diet prevent alterations of the gut
microbiome in transgenic Alzheimer’s

disease mice
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The systemic mechanisms underlying the benefits of ketogenic interventions on cognition in
Alzheimer’s disease (AD) are understudied. Interventions involving a carbohydrate-free high-fat

ketogenic diet (KD) or dietary supplementation with medium-chain triglycerides (MCT) both improve
cognition in AD mouse models, yet with opposing effects on circulating ketones levels, peripheral
insulin sensitivity and inflammation. Since the gut microbiome regulates systemic metabolism and
inflammation and is altered by aging and disease, we investigated how it is affected in mice subjected
to MCT and KD. At early stages of pathology, AD mice exhibited substantially reduced richness and
distinct composition of gut microbiome species. Administration of MCT or KD for 1-month increased
microbiome diversity, restoring the levels of more than 50% of the bacteria altered in AD mice and
inducing novel alterations. Both diets increased levels of short-chain fatty acid-producing bacteria,
such as Lachnospiraceae, which directly correlated with improved hippocampal dendritic spine
density. Interestingly, longer term administration of KD increased the obesity-associated Firmicutes/
Bacteroidota ratio and bodyweight in AD but not WT mice, suggesting that AD-associated metabolic
defects should be considered when designing such intervention. We conclude that MCT and KD may

influence AD central and peripheral defects in part via modulation of the gut microbiome.

Alzheimer’s disease (AD) is characterized by pathological changes in the
brain (amyloid plaques, neurofibrillary tangles, metabolic defects, and
neuroinflammation) that lead to neuronal loss and progressive cognitive
decline'”. The exact pathogenesis of AD is not well understood. Sporadic
AD, which is generally late-onset and represents 95% of all AD cases, is
strongly influenced by systemic risk factors such as diabetes, obesity,
inflammation and physical inactivity*’. This suggests a key role for body-
brain interactions in the etiology of AD.

Lifestyle interventions affecting peripheral metabolism, such as keto-
genic dietary strategies, have yielded promising results in reducing mild
cognitive impairment’ and improving autonomy in patients with AD.
Ketone bodies, including acetoacetate and beta-hydroxybutyrate (BHB),

constitute a cell-permeable energy source for the brain that is preserved
during aging and AD’. The classic low-carbohydrate, high-fat ketogenic diet
triggers an energetic metabolic switch from glucose to the use of ketones
derived from hepatic oxidation of fatty acids'’. Given the challenge of long-
term adherence to such a regime, dietary supplementation with ketogenic
substrates such as medium-chain triglycerides (MCT)"' composed of capric
(C10:0) and caprylic (C8:0) acids'*" has been explored. Hepatic oxidation of
these medium-chain fatty acids (MCFA) can increase blood ketones without
the need for carbohydrate restriction'’. Although dietary supplementation
with MCT and adherence to a ketogenic diet can increase ketonemia and
improve brain energy metabolism™*™", the observed cognitive benefits of
such interventions are variable, with some non-responding patients'®. This
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raises questions about the underlying mechanisms mediating the cognitive
effects of such interventions, including their potential effects on peripheral
tissues and systemic processes.

In this regard, we recently modeled the effects of ketogenic inter-
ventions in 3xTg-AD and 5xFAD transgenic mouse models of AD,
showing that both an MCT-enriched carbohydrate-based diet (70%
carbohydrates, 10% ketogenic MCT with C8:0/C10:0 ratio of 3:2) and a
carbohydrate-free, high fat ketogenic diet (KD) modulated hippocampal
gene expression and similarly improved hippocampal-dependent spatial
learning and memory. Interestingly, despite their similar effects on the
brain, MCT and KD interventions had vastly different effects on keto-
nemia and peripheral metabolism'’; indeed, MCT did not increase cir-
culating ketone levels yet improved the peripheral insulin sensitivity of
AD mice, while KD induced a sustained elevation of circulating BHB,
triggered pro-inflammatory liver gene expression and increased the
adiposity of AD mice".

Since gut bacteria are increasingly recognized for their roles in nutrient
metabolism, immunity, neurological functions™*' and potential contribu-
tions to AD pathophysiology’* ™, the present study investigated whether the
gut microbiome of AD mice is remodeled by MCT and KD. Fecal levels of
major microbial metabolites such as short-chain fatty acids (SCFA) decrease
with aging and AD*", and altered microbiome features have been reported
in transgenic mouse models of AD, suggesting links between aging, AD
genetic risk and the gut microbiome™*. Notably, the classic ketogenic diet
and particularly production of BHB have been consistently shown to reduce
a major type of fiber-digesting bacteria, Bifidobacteria, which support the
growth of SCFA-producing bacteria through cross-feeding™”. However,
the reported effects of ketogenic diet on SCFA levels and SCFA-producing
bacteria are controversial and might change according to the host physio-
logical state™”™’. Here, using stool samples from our well-studied prior
cohorts of MCT- and KD-treated 3xTg-AD and 5xFAD mice, we evaluated
whether these interventions modulated the effect of AD genetics on the gut
microbiome and whether this might contribute to their observed cognitive
benefits.

Results
KD, in contrast with MCT, induced a marked gut microbiome shift
while inducing selective metabolic changes in AD mice
The gut microbiome of AD mice is reportedly altered even before the
occurrence of cognitive deficits™*’, and is also highly influenced by age and
diet. To examine the gut microbiome composition of wildtype (WT) and
AD mice and changes as a result of MCT supplementation, KD, and diet
duration, we sequenced the fecal microbiome of 3xTg-AD, 5xFAD, and
their respective control mice at 1 or 2-month intervals beginning at pre-
symptomatic stages (prior to cognitive deficits) (Fig. la, Supplementary
Fig. 1a). 3xTg-AD mice, whose slow progression of amyloid plaques and
neurofibrillary tangles facilitates study of pre-pathological stages*"*, were
administered the diets for 5 months (from 3 to 8 months old). 5XFAD mice,
ahighly amyloidogenic fast-progressing model* useful for reproducing later
stages of disease, were administered diets for 3 months (from 2 to 5 months
old). Females were used because they present more severe brain pathologies
and peripheral metabolic defects than males***,

3xTg-AD mice, 5XFAD mice, and their aged-match WT counterparts
were fed either a Control diet (70% carbohydrates, 20% fats (long-chain
triglycerides), and 10% proteins, 4.1 kcal/g), an MCT-supplemented diet
(70% carbohydrates, 20% fats (10% long-chain triglycerides, 10% medium-
chain triglycerides), and 10% proteins, 4.1 kcal/g), or a KD (90% long-chain
triglycerides and 10% proteins, 6.7 kcal/g), with all diets containing 50 g of
fibers in the form of cellulose (Supplementary Table 1). The metabolic
responses of the mice were assessed by measuring body weight, blood BHB
and glycemia (Fig. 1a, b, Supplementary Data 1). All mice were on animal
facility standard chow diet at baseline (28 days before diet and on day 0)
(Fig. 1a, Supplementary Fig. la, Supplementary Table 1). 2 months-old
(MO) 3xTg-AD mice exhibited higher body weight than WT mice (Fig. 1a
—days on diet: —28 to 0). On Control and MCT diets, 3xTg-AD mice

remained similarly overweight compared to WT mice over the 5 months of
diet, with similar weight gain from baseline (Fig. la—days on diet: 0 to 140).
Interestingly, on the KD, 3xTg-AD mice exhibited strikingly more body
weight gain than WT mice on KD or 3xTg-AD mice on Control diet (Fig.1a
—Body weight gain). 5xFAD mice at baseline had bodyweights that, unlike
3xTg-AD mice, did not differ or tended to be lower than their WT controls
(Supplementary Fig. 1a—days on diet: —28 to 0). While the body weight gain
of their WT strain was similar across the Control, MCT and KD diets
(Supplementary Fig. 1a—days on diet: 0 to 85), 5xFAD mice on the KD had
increased weight gain compared to Control and MCT diets such that their
bodyweights overtook those of WT: from day 63 to day 85, 5XFAD mice on
KD tended to weigh 2-3 g more than WT mice on the same diet (Supple-
mentary Fig. la—days on diet: 0 to 85). Thus, despite model-specific var-
iations, both 3xTg-AD and 5xFAD mice showed selective increases in body
weight gain in response to the KD.

We assessed blood BHB concentration and the glucose/ketone index
(GKI) as measures of hyperketonemia (BHB > 0.05 mmol/L and higher
than BHB levels in mice fed the Control diet) and a ketosis state (GKI < 9),
respectively. This revealed that KD stimulated hyperketonemia (Fig. 1b,
Supplementary Fig. 1b) and a ketosis state (Fig. 1b, Supplementary Fig. 1b)
in 3xTg-AD, 5xFAD mice, and their WT counterparts. However, AD mice
exhibited a significantly lower KD-induced BHB increase compared to their
WT controls, which was observed from day 14 in 3xTg-AD mice (Fig. 1b)
and on day 85 in 5XFAD mice (Supplementary Fig. 1b). None of the mice fed
with MCT showed changes in blood ketone levels or GKI, which remained
the same as those of mice on the Control diet (Fig. 1b, Supplementary
Fig. 1b). Thus, KD, but not MCT, triggered a sustained increase in blood
BHB levels, with both AD mouse models showing a dampened ketogenic
response versus WT, suggesting that AD genetics alter some metabolic
functions.

We then analyzed the dissimilarities among the gut microbiomes using
multidimensional scaling (MDS; Fig. 1c, Supplementary Fig. 1c), hier-
archical clustering, and a heatmap of the relative abundance of the most
representative amplicon sequence variants (ASVs; Fig. 1d, Supplementary
Fig. 1d). After quality control, filtering, and phylogenetic classifications, we
identified 283 ASVs for comparison in 3xTg-AD and WT mice fecal matter
(Supplementary Data 2). MDS analysis showed a marked genotype effect, as
visualized by the separation between 3xTg-AD and WT mice along the two
main axes of the plot, which together captured 26.4% of the variability of the
data (Fig. lc—MDI and MD?2). The second main difference was among the
dietary interventions. Mice fed the MCT and Control diets partially over-
lapped within their WT or 3xTg-AD genotypes, while mice on the KD
prominently separated along the MD2 and MD3 axes that accounted for
9.7% and 8.8% of the variance respectively (Fig. 1c). Using the abundance
patterns of the 283 ASVs and an unsupervised clustering method, mice
separated into two clusters subdivided into four subclusters based on age,
genotype and diet (Fig. 1d). Interestingly, the gut microbiome features of
younger 3xTg-AD mice on Control diet (Fig. 1d—4, 6 MO, cluster I/sub-
cluster 1) differed more than that of older 3xTg-AD mice on Control diet (8
MO, cluster II/subcluster 4) from the microbiome of WT mice (cluster II/
subclusters 3,4) (Fig. 1d). This suggests that the baseline difference between
3xTg-AD and WT mice tends to decrease with aging with older 3xTg-AD
mice converging toward WT mice. In addition, while 3xTg-AD mice on KD
(cluster I/subcluster 2) were in the same cluster as younger 3xTg-AD mice
on Control diet, the 3xTg-AD mice on MCT (cluster II/subcluster 4) clus-
tered with WT and older 3xTg-AD mice on Control diet (Fig. 1d), indicating
that 1-month MCT already shifts the 3xTg-AD microbiome toward that of
WT mice.

The same analysis was performed for the 5xFAD model, in which 218
ASVs were identified for comparison. The MDS plot showed a significant
diet effect of KD, with the microbiome of both 5xFAD and WT mice on KD
separating from all mice on MCT and Control diet along the main axis
(Supplementary Fig. 1c—MD1 16.7% variance). We noticed a clear dis-
tinction between 5xFAD and WT mice on KD that was not present on
Control or MCT diets, suggesting an effect of AD genotype on the response
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to KD (Supplementary Fig. 1c). Consistent with this, unsupervised clus-
tering using the abundance patterns of 218 ASVs allowed the identification
of two main clusters, separate into KD-fed mice (cluster I) and Control or
MCT-fed mice (cluster II) (Supplementary Fig. 1d). The sub-clustering of
KD-fed mice again highlighted a separation between WT (cluster I/sub-
cluster 1) and 5xFAD mice (cluster I /subcluster 2) (Supplementary Fig. 1d).

Thus, while there was no baseline difference between WT and 5xFAD
mice, they separated on the KD, suggesting AD genotype affects
response to KD.

Altogether, these data reveal a model-specific microbiome composi-
tion, with baseline difference (WT vs AD mice) being more prominent in
3xTg model than 5xFAD model.
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Fig. 1 | KD, in contrast with MCT, induced a marked gut microbiome shift while
inducing selective metabolic changes in 3xTg-AD mice. a Body weight monitoring
in mice fed diets (n = 6-7/genotype/diet). The mixed-effect stats model identifies
significant: Time effect (P < 0.0001, F(2.518, 82.90) = 86.66), genotype X diet effect
(P=0.0032, F(5, 33) = 4.47), Interaction effect (Time x Genotype X Diet, P < 0.0001,
F(12.59,82.90) = 4.010). The arrows indicate the start of the diet (black) and the time
when fecal matter was harvested (brown). /Body weight gain at the end of diet (2-way
ANOVA identifies genotype effect (P =0.011, F(1, 33) = 7.34), diet effect (P = 0.001,
F(2, 33) = 8.53) and interaction (P = 0.029, F(2, 33) = 3.96)). Data are expressed as
mean+SEM. b Blood levels of beta-hydroxybutyrate(BHB) and glucose/ketone
index (GKI) at different timepoints. BHB: 2-way ANOVA at each time point shows
at DO (genotype effect: P=0.01, F(1, 33) = 7.46), D14 (diet effect: P < 0.0001, F(2,
33) = 30.25), D85 (diet effect: P <0.0001, F(2, 33) = 16.26), D140 (genotype effect :
P=0.017, F(1, 33) = 6.31), diet effect: P = 0.0009, F(2, 33) = 8.68), Interaction effect:
P =0.0055, F(2, 33) =6.13). /GKI is the ratio of blood glucose levels out of blood
BHB. GKI < 9 indicates ketosis. 2-way ANOVA at each time point shows at DO (not

significant), D14 (diet effect: P <0.0001, F(2, 33) = 25.45), D85 (diet effect:
P=0.0023, F(2, 33) =7.34), D140 (diet effect: P=0.0041, F(2, 33) = 6.52), Interac-
tion effect: P=0.017, F(2, 33) = 4.61). Data are expressed as median and min/max,
with boxplot identifying 25-75% range. Symbols illustrating significance on (a, b):
Asterisks (*) indicate significant diet effect (difference with Control diet) within the
same genotype; Hashes(#) indicate significant genotype effect (difference with WT
group) within the same diet. Statistical significance is presented on the graphs as
follow: * or # P < 0.05; ** or ## P < 0.01; *** or ### P < 0.001; ¥*** or ####

P <0.0001. ¢ Multidimensional scaling (MDS) analysis of microbiome of experi-
mental groups (65 samples, n = 3-4/genotype/diet/time excepted WT-C-5

months = 1) with percentage of variance explained, legend indicates genotype and
diet. d Unbiased heatmap of all varying bacterial species abundance in fecal
microbiome with hierarchical clustering of rows (283 ASVs) and columns

(65 samples, n = 3-4/genotype/diet/timepoint excepted WT-C-5 months = 1),
legend indicates genotype, diet, time and level of abundance.

In both models, KD prominently modulates microbiome composition
while inducing changes in body weight and blood ketones levels, while MCT
has more subtle effects.

Gut microbiome diversity is reduced early in 3xTg-AD mice and

partially reversed by MCT and KD

To begin investigating the microbiome features modulated by the dietary
interventions, we explored the ASV-based alpha and beta diversities. Alpha
diversity is a within-sample measure of the number of different species
(richness) and their relative abundance (evenness of species
representation)”. Beta diversity is a measure of diversity across samples,
describing how similar or divergent two samples are®.

Alpha diversity was analyzed using three indices, namely Shannon
describing the richness and evenness®, Chaol for richness®, and Simpson
for evaluating the presence of dominant species over the others* (Fig. 2a—c).
These indices identified that younger 3xTg-AD mice on the Control diet (4,
6 MO) had significantly reduced alpha diversity compared to WT mice
(Shannon, Fig. 2a; Chaol, Fig. 2c). MCT and/or KD interventions sig-
nificantly increased the alpha diversity in 3xTg-AD mice, especially after
1 month of diet at 4 MO(Shannon, Simpson and Chaol, Fig. 2a—c). WT
versus 3xTg differences in alpha diversity on the Control diet were less
pronounced at older ages along with the impact of MCT and KD(Fig. 2a—c).
We used three indices of beta-diversity: Bray-Curtis (based on relative
abundance)”, Unweighted Unifrac (presence/absence of species and phy-
logenic information)*, and Jaccard (presence/absence of species)*’. These
indices revealed marked dissimilarities between WT and 3xTg-AD mice on
the Control diet at each time point with 3xTg-AD mice on MCT or KD
tending toward WT mice on Control diet (Fig. 2d-f). However, Jaccard and
unweighted Unifrac metrics indicated that the microbiome of 3xTg-AD
mice on KD or MCT was not exactly aligned with WT mice microbiome
(Fig. 2e, f). These results reveal that MCT and KD restore microbial alpha-
diversity levels in 3xTg-AD mice to those seen in WT controls, but the
specific microbial communities remain divergent (beta-diversity).

In the 5xFAD model, baseline alpha and beta diversity metrics of
5xFAD and WT mice on the Control diet did not differ significantly but after
1 month of intervention they were modulated by the diets specifically in the
5XxFAD mice (Supplementary Fig. 2): the MCT diet reduced all alpha
diversity indices in 5xFAD and the KD reduced the Chaol index in 5xFAD
mice, and these effects were not seen in the WT mice(Supplementary
Fig. 2a—c). There were no significant differences in alpha diversity after
3 months of intervention (Supplementary Fig. 2a—c). All beta diversity
metrics were consistent with a prominent diet-specific effect of KD in both
WT and 5xFAD mice (Supplementary Fig. 2d-f).

Taken together, the microbiome diversity analysis revealed baseline
alterations in alpha and beta diversities in 3xTg mice at early timepoints that
declined with time and were absent in 5XFAD mice. MCT and KD partially
prevented these changes in 3xTg-AD mice and induced selective alterations
in 5xFAD mice.

MCT and KD restored ASVs with differential abundance levels
and induced new alterations in AD mice

We next performed differential abundance (DA) analyses at the ASV,
family, and phylum levels in order to identify the bacterial differences
between WT and AD mice at baseline and in response to MCT or KD.

Of the 283 identified ASVs, 102 were significantly different in abun-
dance between WT mice and 3xTg-AD mice on the Control diet at 4 MO,
with 87/102 being less abundant in 3xTg-AD mice and 15/102 being more
abundant (Fig. 3a). The most abundant ASV in 3xTg-AD mice was Bifi-
dobacterium pseudolongum (Fig. 3a—Log2 fold change =~ 10) and the least
abundant were Bacteroides thetaiotaomicron and a species from the family
Muribaculaceae (Fig. 3a—Log2 fold change ~ —12). The differentially
abundant ASVsin 6 MO 3xTg-AD mice on the Control diet were reduced to
52 (Supplementary Fig. 3a—52 ASVs), with 83% (43/52) sharing the same
expression pattern as in 4 MO mice (Fig. 3b). Strikingly, administration of
the MCT and KD diets for 1 month at 4 MO corrected the relative abun-
dance of 63 /102 ASVs and 55/102 ASVs, respectively, including 41 that
were reversed by both interventions (Fig. 3¢, d). The proportion and type of
ASVs corrected by MCT or KD remained similar after 3 months at 6 MO.
(Supplementary Fig. 3b—22/52 ASVs with MCT, 30/52 ASVs with KD,
Supplementary Fig. 3c). Besides correcting differentially abundant ASVs,
MCT and KD also respectively altered the relative abundance of 17 and 51
additional ASVs (Fig. 3¢). Thus, a substantial proportion of gut microbiome
ASVsin young adult 3xTg-AD mice (4 MO, 6 MO) exhibit a major decrease
in abundance while a few dominant ASVs increase in abundance, consistent
with the previously described reduction in alpha diversity. MCT and KD
partially reverse these alterations.

Phylum and family characterization performed in 4 MO mice
revealed that 3xTg-AD mice on Control diet had higher levels of Acti-
nobacteriota owing to the abundance of Bifidobacterium pseudolongum
from the Bifidobacteriaceae family (Fig. 3e, f). Bacteroidota and Pro-
teobacteria were globally in low abundance in 3xTg-AD mice on Control
diet, mainly driven by decreased Muribaculaceae and Sutterrellaceae
families (Fig. 3e, f) while Verrumicrobiota mainly composed of Akker-
mansiaceae were not altered (Fig. 3e, f). Notably, although the overall
Firmicutes levels were not altered, 3xTg-AD mice had reduced levels of
Lachnospiraceae, Oscillospiraceae, Anaerovoracaceae, Oscillospirales
UCG-010 families and increased levels of Lactobacillaceae (Supplemen-
tary Fig. 3d). Three Firmicutes with unidentified families were also
altered in 3xTg-AD mice and belonged to the orders Clostridia UCG-014
and Clostridia vadin BB60 (Supplementary Data 2, Fig. 3d). Interestingly,
3xTg-AD mice presented a higher Firmicute:Bactoroidota ratio (F/B), an
indicator of an altered microbiome generally observed in obesity
phenotypes*~' (Fig. 3g).

Administration of MCT or KD for 1 or 3 months prevented the AD-
induced phenotype by reducing levels of Bifidobacterium pseudolongum
(Fig. 3d, Supplementary Fig. 3¢) which significantly restored Bifidobacter-
iaceae and therefore Actinobacteriota levels (Fig. 3e, f). Both diets also
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Fig. 2 | 1-month of MCT and KD partially reversed lower gut microbiome
diversity in 3xTg-AD mice. Indices of Alpha diversity at different time points of the
diet including a Shannon index, b Simpson index, and ¢ Chaol index (Multivariate
statistical analysis with Kruskal Wallis and pair-wise comparison post-hoc test:
Wilcoxon, results on graph). Data are expressed as median and min/max, with
boxplot identifying 25-75% range. d—f Indices of beta-diversity including: d Bray-

Diet duration (month)

Curtis showing PCoA1l and PCoA2 (Multivariate statistical analysis with Adonis2
considering the following factors: group(genotypeXdiet) and residual, results for
group factor on graph) e Volatility plot of the average changes of principal com-
ponent analysis 1 (PCoA1l) of Unweighted Unifrac distance matrix. f Volatility plot
of the average changes of PCoA1 of Jaccard distance matrix. e, f Data are expressed as

mean + SEM.
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restored several Firmicutes families and introduced novel alterations in
3xTg-AD mice microbiome in diet-specific manner (Fig. 3f, Supplementary
Fig. 3d). For instance, 1-month of MCT intervention restored overall
Oscillospiraceae levels and several Lachnospiraceae species (Supplementary
Fig. 3¢, d, Fig. 3d) while introducing more Erysipelotrichaceae and Clos-
tridiaceae in 3xTg-AD mice (Supplementary Fig. 3¢, d).

KD restored overall levels of Lachnospiraceae and Anaerovoracaceae
(Fig. 3d, e, Supplementary Fig. 3c, d) and added more Erysipelatoclos-
tridiaceae (Supplementary Fig. 3d). Most Bacteroidota and Proteobacteria
remained unchanged by diet (Fig. 3d-f, Supplementary Fig. 3¢, d).

In the 5xFAD model, DA analysis identified only eight ASV's that were
altered at 3 MO (Supplementary Fig. 4a, b) and only one at 5 MO
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Fig. 3 | 1-month of MCT or KD restored ASVs with differential abundance levels
and induced new alterations in 3xTg-AD mice microbiome. a Volcano plot of
ASVs relative abundance fold change between WT and 3xTg-AD mice on Control
diet (WT_C vs 3xTg_C, n = 4/genotype/diet, Limma adjusted P <0.05). b Venn
diagram comparing differential ASVs in 4 months-old 3xTg-AD mice (WTC vs
3xTgC_4mo, n = 4/genotype/diet, Limma adjusted P < 0.05) and 6 months-old
3xTg-AD mice (WTC vs 3xTgC_6mo, n = 4/genotype/diet, Limma adjusted

P <0.05). ¢ Venn diagram of the following comparisons (n = 4/genotype/diet,
Limma adjusted P < 0.05): AD-induced alterations (WT_C vs 3xTg_C), MCT effect
in AD mice (WT_C vs 3xTg_M), KD effect in AD mice (WT_C vs 3xTg_K). The
ASVs that are significantly different in WT_C vs 3xTg_C and not significant in
WT_C vs 3xTg_M or WT_C vs 3xTg_K are considered “restored”. d Hierarchical
heatmap of the average abundance of ASV's with differential abundance in WT_Cvs
3xTg_C (n = 4/genotype/diet, adjusted P < 0.05). The color code in the extreme left
column indicates whether the ASV abundance is rescued by MCT (cyan), KD (pink),
or both diets (purple). Asterisks indicate most and least abundant ASVs in 3xTg C
compared to WT_C. e Relative abundance of phyla. 2-way ANOVA identifies in
Actinobacteriota (genotype effect: P < 0.0001, F(1, 18) = 51, diet effect: P <0.0001,

F(2,18) = 26, interaction effect: P < 0.0001, F(2,18) = 27), Bacteroidota (genotype
effect: P <0.0001, F(1, 18) = 28.11), Firmicutes (diet effect: P = 0.044, F(2,

18) = 3.74), Proteobacteria (genotype effect: P =0.0034, F(1, 18) = 11.33) and Ver-
rumicrobiota (not significant). f Relative abundance of the most abundance family in
each phylum. 2-way ANOV A identifies in Bifidobacteriaceae (genotype effect:

P <0.0001, F(1,18) = 57.37, diet effect: P < 0.0001, F(2,18) = 32.97, interaction effect:
P <0.0001, F(2,18) = 32.47), Muribaculaceae (genotype effect: P = 0.0003, F(1,

18) = 19.66), Lachnospiraceae (genotype effect: P = 0.015, F(1, 18) = 7.16, diet effect:
P =0.0006, F(2, 18) = 11.59, interaction effect: P = 0.034, F(2, 18) = 4.11), Sutter-
elaceae (genotype effect: P=0.0034, F(1, 18) = 11.33), Akkermansiaceae (not sig-
nificant). g Ratio of Firmicutes out of Bacteroidota relative abundance (F:B ratio).
2-way ANOVA identifies genotype effect (P = 0.048, F(1,18) = 4.48). Symbols
illustrating significance on (e-g): Asterisks (*) indicate significant diet effect (dif-
ference with Control diet) within the same genotype; Hashes(#) indicate significant
genotype effect (difference with WT group) within the same diet. Statistical sig-
nificance is presented on the graphs as follow: * or # P < 0.05; ** or ## P < 0.01; ***
or ### P <0.001; ¥*** or #### P < 0.0001. Data are expressed as mean + SEM.

(Supplementary Fig. 4e), which is consistent with the similar microbiome
diversity of 5xFAD and WT mice on the Control diet (Supplementary
Fig. 2). At the phylum level, this corresponded to higher levels of Proteo-
bacteria associated with Enterobacteriaceae at 3 MO, such as Escherichia coli
(Shigella) (Supplementary Fig. 4a, Supplementary Fig. 5a, ¢). MCT and KD
restored all 6/8 and 8/8 altered ASVs, respectively (Supplementary Fig. 4b).
The only ASV altered in 5 MO 5xFAD mice was the most abundant ASV, a
Muribaculum species (Supplementary Fig. 4a, Supplementary data 2), and
this ASV was restored by both diets during both periods (Supplementary
Fig. 4a, b). Interestingly, when exposed to the MCT or KD, the microbiome
of 5xFAD mice showed specific changes, especially in Firmicutes and
Verrumicrobiota, that were not observed in WT mice (Supplementary
Fig. 5a—c). After 1 or 3 months of intervention, MCT tended to decrease the
levels of Firmicutes more in 5XFAD mice than WT mice (Supplementary
Fig. 5a—c), primarily affecting Lachnospiraceae and Oscillospiraceae (Sup-
plementary Fig. 4c, e, Supplementary Fig. 5¢). KD increased Firmicutes and
decreased Verrumicrobiota in 5xFAD mice and did the opposite in WT
mice (Supplementary Fig. 4d, f, Supplementary Fig. 5a); this resulted in a
significant increase in the F/B ratio in 5XFAD mice fed the KD compared to
WT mice fed the same diet (Supplementary Fig. 5b). Notably, Akkermansia
municiphila, the most common Verrumicrobiota in the microbiome, was
significantly reduced by KD in 5xFAD mice (Supplementary Fig. 44, f,
Supplementary Fig. 5¢).

Taken together, genetic models of AD present (i) altered abundances of
bacteria that are shifted towards normal by MCT and KD, and (ii) evidence
of additional MCT or KD effects on the microbiome that specific to mice
carrying AD mutations.

Functional mechanisms associated with changes in the micro-
biome of 3xTg-AD mice fed with MCT or KD

We used PICRUST in order to predict functional changes associated with
the microbiome composition of 3xTg-AD mice fed a Control diet and
treated with dietary interventions for 1 month. We used two databases,
Metacyc and KEGG, to derive metabolic pathway profiles and then per-
formed a Pearson correlation analysis to highlight the ASVs driving these
predicted functional changes.

Principal component analysis (PCA) on the predicted metabolic
pathway profiles obtained with Metacyc revealed a baseline distinction
between WT and 3xTg-AD mice on the Control diet along axis 2 (PC 2,
Fig. 4a). 3xTg-AD mice on MCT or KD were more similar to the WT mice
fed the Control diet along the same axis (PC 2, Fig. 4a), and most mice fed
the KD were separated from those fed the MCT diet on axis 1(PC1, Fig. 4a),
indicating that genetics and diet both drive the differential metabolic
pathways. 80 pathways with Metacyc and 21 pathways with KEGG were
predicted to change across the six experimental groups (Fig. 4b, ¢, Supple-
mentary Fig. 6a, b). These pathways were separated into three main

groups according to the dendrograms and their expression: (1) pathways
reduced by MCT or KD in 3xTg-AD mice, (2) pathways increased by MCT
or KD, and (3) pathways altered in 3xTg-AD mice with no diet effect
(Fig. 4b, ¢).

For the first group, Metacyc and KEGG analyses revealed 26 pathways
that were enriched in 3xTg-AD mice on the Control diet and reduced in
3xTg-AD mice on the MCT or KD. These pathways were related to amino
acids (protein digestion and absorption, synthesis of aspartate-derived
amino acids (L-lysine, L-threonine, L-methionine), L-alanine biosynthesis,
and proteasome), carbohydrates (carbohydrate digestion and absorption,
sucrose and glucose degradation), and synthesis of DNA precursors (pyr-
imidine and inosine monophosphate biosynthesis) (Fig. 4b, ¢, Supple-
mentary Fig. 6a, b). The precursors of all these pathways are produced in the
reductive tricarboxylic acid (TCA) pathway’>”, which was also enriched in
3xTg-AD mice but was unaltered by MCT or KD (Fig. 4b). In addition,
KEGG predicted increased lipid mechanisms in 3xTg-AD on Control diet
which were reduced with MCT or KD, such as PPAR signaling, fatty acid
degradation, adipocytokine signaling (Fig. 4c, Supplementary Fig. 6b). In
the same line, Metacyc highlighted increased Bifidobacterium shunt
(Fig. 4b) and lactate production from hexose, also occurring in
Bifidobacteria™**.

The second group involved functions predicted to be increased by the
microbiome of KD- or MCT-fed mice. Both databases highlighted a
decrease in lipid biosynthesis in the microbiome of 3xTg-AD mice fed the
Control diet, notably fatty acid biosynthesis, phospholipid biosynthesis,
diacylglycerol, and phosphatidylglycerol (Fig. 4b, ¢, Supplementary Fig. 6a,
b). These pathways were upregulated by the KD (Fig. 4b, c). 3xTg-AD mice
fed MCT and/or KD had a microbiome enriched with ketone bodies or
short-chain fatty acid (SCFA)-producing processes, including butanoate,
acetoacetate and acetone production from the fermentation of pyruvate,
acetyl-CoA, and L-lysine, as well as propionate formation from propane-
diol degradation (Fig. 4b). Pathways involved in ketone body substrates or
SCFA substrates were also increased with MCT or KD, such as L-lysine
biosynthesis and fatty acid beta-oxidation (Fig. 4b), as well as processes of
Clostridium acetobutylicum acidogenic fermentation for pyruvate synthesis
and degradation into SCFA (Fig. 4b). Both diets resulted in a predicted
increase of urea cycle and purine degradation (Fig. 4b). KD, but not MCT,
increased various pathways of glycolysis and sucrose degradation, several
arginine- and polyamine-related pathways and UDP-N-acetylmuramoyl-
pentapeptide critical for peptidoglycan biosynthesis of gram-positive bac-
teria (Fig. 4b).

In the last group, approximately 12 pathways were predicted to be
reduced in 3xTg-AD mice on the Control diet and remained unaffected by
dietary interventions, with the most significant being related to apoptosis
(Fig. 4c, Supplementary Fig. 6b), mannan degradation, chondroitin degra-
dation, and inositol degradation (Supplementary Fig. 6a, Fig. 4b).
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Fig. 4 | Functional mechanisms associated with changes in the microbiome of
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group (1) pathways enriched in 3xTg-AD mice compared to WT mice on Control
diet and reduced by MCT or KD, group (2) pathways reduced or unaltered in 3xTg-
AD mice compared to WT mice on Control diet and increased by MCT or KD and
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Normalized Enrichment Score (NES)

Correlation analysis was performed between PICRUST-predicted
METACYC pathways changes and ASV relative abundance to identify the
ASVs involved in the predicted pathway changes. This revealed 50 ASVs
significantly associated with the pathways in group (1) (Fig. 4d), 115 ASVs
with pathways in group (2) (Fig. 4e, Supplementary Fig. 7a), and 91 ASVs
with pathways in group (3) (Supplementary Fig. 7b). Pathways that were not

significantly associated with any ASV were removed (Supplementary
Data 2). The increased relative abundances of group (1)-pathways in 3xTg-
AD mice on Control diet were driven mainly by the increase of Bifido-
bacterium pseudolongum, which positively correlated with almost all these
pathways including synthesis of amino acids and deoxyribonucleotides and
carbohydrate degradation (Fig. 4d). Interestingly, one of the pathways that
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Fig. 5 | Increased MCT and KD-induced hippocampal spine density correlates
with Lachnospiraceae abundance in AD mice microbiome. a Average spine
density in DG of 3xTg-AD mice after 5 months of dietary interventions (n =6
animals/diet, paired t-test on graph : 3xTg_Cvs 3xTg_M, 3xTg_Cvs 3xTg_K) Data
are expressed as mean+SEM, red points represent mice whose gut microbiome was
analyzed. b Spine density of dentate gyrus (DG) neurons in 3xTg-AD mice subjected
to 5 months of dietary interventions and whose gut microbiome was analyzed

(n = 15-36 neurons/group, Welch test on graph *P < 0.05: 3xTg_C vs 3xTg_M,
3xTg_C vs 3xTg_K). Data are expressed as median and min/max, with boxplot
identifying 25-75% range. c—e Pearson correlation between ASV abundance in gut
microbiome and spine density in DG in 3xTg-AD mice on Control or on MCT diet

(n=6): ¢ Volcano plot of correlation values highlighting significant correlation
(P<0.05), d) Heatmap of significant correlations (significant correlations, P < 0.05
are indicated by asterisks), e regression plot of the most significant correlation.
f-h Pearson correlation between ASV abundance in gut microbiome and spine
density in DG in 3xTg-AD mice on Control diet or on KD (1 = 6): f Volcano plot of
correlation values highlighting significant correlation (P < 0.05), g Heatmap of
significant correlations (significant correlations, P < 0.05 are indicated by asterisks),
h regression plot of the most significant correlation. i Dot plot of inflammatory
pathways altered in the hippocampus of 3xTg_AD mice (WT_C vs 3xTg_C)
obtained with GSEA. MCT (WT_C vs 3xTg_M) and KD (WT_C vs 3xTg_K) effects
on these pathways after 6 months-intervention.

was increased in 3xTg-AD mice, L-alanine biosynthesis, correlated with the
absence of multiple bacterial species (Fig. 4d). By separating the SCFA/
ketone-related (Fig. 4e) from the other pathways in group (2) (Supple-
mentary Fig. 7a), we noted that the bacterial species most increased in 3xTg-
AD mice and decreased by KD and MCT, Bifidobacterium pseudolongum,
was negatively correlated with 7/9 SCFA-related pathways stimulated by
KD or MCT (Fig. 4d). This suggests that the inhibition of Bifidobacteriaceae
is closely related to the metagenomic functions driven by KD or MCT. The
SCFA-related pathways were also positively correlated mainly with species
of Lachnospiraceae and other Firmicutes including Peptococcaceae sp.1,
Ruminococcaceae  Paludicola  sp.,  Lachnospiraceae  Lachnospir-
aceae.UCG.006 sp.2, Lachnospiraceae sp.13, Lachnospiraceae Blautia coc-
coide (Fig. 4e). The same ASV's were also positively correlated with almost all
other pathways enriched by MCT or KD (Supplementary Fig. 7a). MCT-
induced isopropanol biosynthesis was highly correlated with two species of
Clostridium sensu strictol (Supplementary Fig. 7a, Supplementary data 2,
Clostridium sensu strictol sp. Pearson correlation = 0.99, Clostridium sensu
strictol sp.1 Pearson correlation = 0.96). Half of the species correlating with
SCFA-pathways in group (2) did not correlate with pathways in group (1) or
group (3) (Supplementary Fig. 7¢), suggesting the specificity of bacteria and
functional changes induced by MCT and KD. Finally, Bacteroides thetaio-
taomicron and a species of Muribaculaceae (Muribaculaceae sp.) were
positively correlated with almost all pathways that were reduced in 3xTg-
AD mice (Supplementary Fig. 7b). These species are therefore important
drivers of 3xTg-AD mice microbiome phenotype unaffected by diets.

Overall, these data reveal potential functional changes associated with
the increased proportion of Bifidobacteriaceae over Firmicutes families and
the reduction of Bacteroidetes in the gut microbiome of 3xTg-AD mice.
These changes involve macronutrient and nucleotide metabolism that were
partially regulated with KD and MCT interventions, which reduce Bifido-
bacteriaceae processes and increase specific gut bacteria with potential
effects on SCFA-related pathways and lipid metabolism.

MCT and KD-induced changes in Lachnospiraceae abundance
correlate with brain changes in AD mice

We recently demonstrated that the dietary interventions used here result in
cellular and molecular changes within the brains of AD mice that are
associated with improvements in learning and memory". Since the present
microbiome analyses were performed on a subset of the mice used in our
previous work, we tested whether specific ASVs modulated by MCT or KD
can be correlated with changes in hippocampal dendritic spine density and
in line with hippocampal immune-related gene expression of 3xTg-
AD mice.

MCT and KD were shown to increase dendritic spine density in the
hippocampal dentate gyrus (DG) of 3xTg-AD mice after 5 months of
intervention" (Fig. 5a). Similar trends were observable for the dendritic
spine measurements from the subset of those mice used in the present study
(Fig. 5a—red points and Fig. 5b). Using the average spine density of these
mice (Fig. 5a—red points), we calculated the Pearson correlations between
spine density in the DG and the relative abundance of ASVs modulated by
diets in 3xTg-AD mice (Fig. 5c-h). Among 61 ASVs differentially repre-
sented in the gut microbiome of 3xTg-AD mice on Control diet versus
3xTg-AD mice on either MCT or KD (Supplementary Data 3), 7 were

associated with MCT-induced spine density increase and 8 with KD-
induced spine density increase (Fig. 5¢, d, f, g). These bacteria were mainly
species of Lachnospiraceae positively or negatively correlated with spine
density in the DG (Fig. 54, e, g, h, Supplementary Fig. 8). Interestingly,
Lachnospiraceae”” have been implicated in the modulation of neuroin-
flammation and KD and MCT diets indeed regulated hippocampal-related
immune gene expression. Specifically, Gene Set Enrichment Analysis
(GSEA) re-analysis of our prior bulk hippocampal RNAseq data revealed
down-regulation of 31 and up-regulation of 3 immune-related pathways in
3xTg-AD mice (Fig. 5i—WT_C vs 3xTg_C), and these were modulated
toward normal by KD (Fig. 5i—WT_C vs 3xTg_K) and especially MCT
(Fig. 5i—WT_C vs 3xTg_M).

Thus, MCT and KD-induced changes in Lachnospiraceae abundances
are a potential contributor to the beneficial effects of these diets on the brains
of AD mice.

Discussion
This study reports the effects of MCT supplementation and the KD on the
fecal microbiome in transgenic mouse models of AD.

1 month of MCT or KD intervention was sufficient to restore,
respectively, 62% and 54% of disturbed ASVs in the microbiome of 3xTg-
AD mice. These effects persisted after 3 months of treatment. In 5xFAD
mice, MCT and KD induced specific alterations in their microbiome.

Both MCT and KD increased the alpha diversity of the microbiome in
3xTg-AD mice, whereas they either reduced or did not alter this parameter
in 5xFAD mice. Both dietary interventions reduced the levels of Bifido-
bacterium pseudolongum in 3xTg-AD mice, and only KD depleted their
abundance in 5XFAD mice microbiome. The abundance of Bifidobacterium
pseudolongum was negatively correlated with ketone bodies and SCFA-
related pathways. Although the link between Bifidobacteria and cognition is
not clearly established, ketogenic interventions seem to reduce their levels™
potentially through the production of ketone bodies. Studies reporting the
anti-seizure effects of ketogenic interventions in epilepsy also reported
decreased levels of Bifidobacteria after a high-fat low-carbohydrate keto-
genic diet”. A small clinical trial evaluating the effect of a low-carbohydrate
modified-Mediterranean ketogenic diet in MCI patients noticed a reduction
in Bifidobacteria®” in their patients, and similar observations were made in
obese men treated with a low-carbohydrate ketogenic diet”™. In this last
study, it was proven that BHB directly inhibits the growth of different
species of Bifidobacteria, which results in the decrease of pro-inflammatory
immune cells in the gut and preserves the intestinal barrier”’. Our study is
the first to report such potential inhibitory effect of MCT supplementation
on Bifidobacteria.

We observed that both diets also decreased the levels of Lactobacilla-
ceae, especially Lactobacillaceae HT002 and Lactobacillaceae Johnsonii, in
5xFAD and 3xTg-AD mice. This has been reported in other studies in
humans and mice treated with low-carbohydrate ketogenic diets™****. MCT
and KD reduced the levels of Escherichia coli (Shigella) in 5xFAD mice,
whereas several studies reported the opposite. MCT and KD also
increased the levels of several SCFA-producing bacteria, such as
Lachnospiraceae"0 and Muribaculaceae®, in 3xTg-AD and 5xFAD mice.
Further investigations are needed to understand the downstream con-
sequences of such changes, especially in AD.
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The MCT diet is an alternative ketogenic intervention using MCFA to
boost ketone production'"'*'* and thus avoid the energetic consequences of
carbohydrate deprivation. It is interesting to observe how a small proportion
of MCFA (10%) incorporated into a high-carbohydrate diet can produce
similar effects on the microbiome as a low-carbohydrate, high-fat diet-like
intervention (KD). However, the two interventions differed. First, mice
subjected to the MCT diet did not show a permanent plasma increase in
BHB. The increase in SCFA-producing bacteria can be due to the presence
of transient mild ketosis, as discussed in other studies'****. Second, we
observed differences in the bacterial and SCFA-related pathways driven by
the MCT diet compared to KD. The 3xTg-AD and 5xFAD mice on the
MCT diet had reduced global levels of Lachnospiraceae compared to those
on the KD. Furthermore, in 3xTg-AD mice, MCT increased the levels of
specific genera of Lachnospiraceae including Roseburia, Lachnoclostridium,
Lachnospiraceae GCA.900066575, Marvinbryantia, and the Clostridium
genus Clostridium sensu strictol. Some of these genera, especially Clos-
tridium sensu stricto, were correlated with isopropanol biosynthesis pre-
dicted to be increased in 3xTg-AD mice on an MCT diet according to
PICRUST analysis. There has been no existing study on the microbiome of
AD patients treated with MCT diets. However, studies reported that high-
dose of MCT supplementation in mice on a standard diet resulted in
increased levels of Lachnospiraceae™. A high-fat MCT, low-carbohydrate
diet in a Parkinson’s disease mouse model increased some species of
Lachnospiraceae and Clostridia® with no indication about the genus.

Clostridium species catalyze isopropanol biosynthesis from pyruvate,
which is first metabolized into acetone and then isopropanol™®. This sug-
gests that the MCT diet promotes the production of isopropanol instead of
the production of lactate from pyruvate, which would have been observed in
a normal carbohydrate-enriched diet. Further investigations are required to
understand the function of this reaction and the benefits in the context of AD.

We have shown that 4 months old 3xTg-AD mice on a standard diet
presented alterations in the microbiome, which tended to decrease with
aging. These mice had lower microbiome diversity, a distinct microbiome
composition compared to age-matched WT mice, and altered relative
abundance of 102 ASVs at 4 months of age. Among these ASVs, we have
reported increased levels of Bifidobacterium pseudolongum and reduced
levels of Bacteroidota, resulting in a higher F/B ratio, and altered abundance
in several families of Firmicutes. In 3 months old 5xFAD mice, we observed
minor differences compared to WT mice, which mainly disappeared at
5 months of age. Young 5xFAD mice microbiome was characterized by
enriched levels of Esherichia coli (Shigella), Muribaculaceae, and Enter-
ococcaceae Enterococcus, as well as decreased levels of Defluviitaleaceae UCG
011 sp., Peptostreptococcaceae Romboutsia ilealis.1, Eggerthellaceae Parvi-
bacter, and altered levels of two species of Lachnospiraceae.

Similar to our observations, early changes in the microbiome of 3xTg-
AD mice were shown to resorb over time in a longitudinal study from 4 to
13 months of age”. Changes in the gut microbiome in people at a high risk of
developing AD dementia have been analyzed by few studies. Cognitively
normal individuals with cerebral amyloid beta deposition presented minor
alterations and no differences in alpha or beta diversity compared with those
with no amyloid deposition”, similar to what was observed in our 5xFAD
mice. Other studies reported changes in individuals with mild cognitive
impairment (MCI) such as lower levels of Bacteroidetes™***, higher levels of
Escherichia®, Enterobacteriaceae”, Bifidobacterium®, Lachnospiraceae
Roseburia®®, and Lactobacillus(Lactobacillaceae)®, as observed in the
present study. A lower alpha diversity associated with reduced Firmicutes
and increased Bacteroidetes was also reported in individuals with subjective
cognitive decline and MCI”’. In symptomatic AD individuals, the existing
studies reported lower alpha-diversity and clear distinct microbiome
alterations with the most consistent changes being reduced Firmicutes™’"”
especially Lachnospiraceae™”” and Clostridiaceae families, reduced
Bacteroidota™””*”® and increased Escherichia coli””’""”. Interestingly Bifi-
dobacterium levels were reported either increased or decreased in AD or
MCI patients™*******”*”>_ Genotypes of Bifidobacterium are often con-
sidered beneficial for gut health and are used in probiotic cocktails™. Here,

we highlight the fact that these bacteria are increased by genetic risk factors
for AD; therefore, more research is needed to understand their role in AD.

The predicted functional changes based on alterations in the micro-
biome of 3xTg-AD mice suggest impaired metabolic processes of macro-
nutrients. Bifidobacterium pseudolongum and Lactobacillaceae HT002 were
associated with increased L-aspartate, L-threonine, L-lysine, and
L-methionine biosynthetic pathways, sucrose degradation, hexose and
xylose fermentation to pyruvate/lactate, and deoxyribonucleotide synthesis.
Reduced levels of Bacteroidota, especially Bacteroides thetaiotaomicron and
Muribaculaceae, correlated with a decrease in the degradation of mannan,
inositol, chondroitin sulfate, and 4-deoxy-L-threo-hex-4-enopyranuronate.
Some of these correlations have been proven in the literature™”, for
instance, the degrading effect of Bacteroides thetaiotaomicron on chon-
droitin sulfate”.

Some altered pathways observed in this study have been described in
the brain, body or gut microbiome in the context of AD. For instance,
higher microbial abundance of the sucrose degradation(sucrose phos-
phorylase) and s-adenosyl-methionine (SAMe) cycle 1 pathways has also
been reported in MCI patients when compared to demented ones’. The
4-deoxy-L-threo-hex-4-enopyranuronate degradation” another sugar
catabolic pathway downstream of chondroitin sulfate degradation® and
implicated in SCFA production””® was also disturbed in AD and
MCI"*”. Chondroitin sulfate derived proteoglycans play a role in the
response to neurological damages and might be involved in ADY.
Nevertheless, little is known about the microbial chondroitin sulfate.
Methionine levels and molecules involved in its cycle, such as homo-
cysteine, have also been documented in patients with AD and MCI, as
well as in interventions targeting this compound®” . For instance, a
genetic model of methionine restriction in drosophila highlighted the
importance of microbiota-derived methionine in aging®.

In addition, our results also support the idea that the AD microbiome is
characterized by a shift from SCFA-producing bacteria (Bacteroidetes,
Lachnospiraceae) toward lactate-producing bacteria (Bifidobacterium,
Lactobacillaceae)™>***. Reduced fecal levels of SCFA along different stages
of AD**" have been reported. Notably, a study in APP/PS1 mice described
excessive levels of lactic acid and reduced levels of SCFAs in their fecal
matter®,

Altogether, the onset of microbial alterations during early or pre-
symptomatic stages of AD suggests a contribution of microbial species to
AD pathophysiology through alterations in sugar, lactate, SCFA, and
amino acids.

Both 3xTg-AD and 5xFAD mice showed reduced upregulation of
BHB, increased F/B ratio and higher body weight gain under the KD
compared to WT mice on the same diet. In the case of 5xFAD mice fed the
KD, the microbiome composition was distinct from that of their WT lit-
termates, while this difference was not present in the Control diet. Fur-
thermore, 5xFAD mice on the MCT diet showed reduced alpha diversity
due to reduced levels of Firmicutes (Lachnospiraceae, Oscillospiraceae,
Lactobacillaceae, Ruminococcaceae). Together, these responses demon-
strate beneficial effects of these interventions on the brain can be accom-
panied by unexpected peripheral and microbiome changes. The specific
metabolic response of AD mice to KD suggests latent metabolic defects
related to AD pathophysiology which need to be considered when designing
such dietary intervention in AD patients.

A first limitation of this study is the sample size 3 or 4 per group, which
if increased may reduce variability within the groups. Second, the lack of
information regarding the levels of microbial metabolites limits the com-
plete interpretation of microbiome alterations, as changes in the relative
abundance of bacteria do not necessarily involve changes in metabolites.
Similarly, 16S rRNA sequencing limits the interpretation of functional
changes. A metatranscriptomic or metagenomic analysis would give more
indication about the presence of the species, but also about their activity
levels through the transcripts.

In conclusion, this study reinforces the idea of microbial alterations
existing in the early stages of AD. This suggests that genetic predispositions
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to AD induce a microbial shift toward lactate-producing bacteria and
impaired metabolic processing of macronutrients. These alterations can be
prevented by MCT supplementation or KD, which increase the levels of
SCFA-producing bacteria and decrease those of the main lactate-producing
bacteria. However, ketogenic strategies drive different bacterial genera and
different mechanisms, which require further investigation. This study
proposes that the microbiome might contribute to AD pathophysiology and
represent a therapeutic target of ketogenic interventions.

Materials and methods

Mice and treatment

5xFAD mice. The generation and characterization of the model were
previously described””®. The 5xFAD (Jackson laboratory MMRRC
stock#: 34840-JAX) transgenic mouse model carries five familial Alz-
heimer’s disease (FAD) mutations, including Swedish (K670N, M671L),
Florida (I716V), and London (V7171) mutations in the APP transgene, as
well as M146L and L286V FAD mutations in the PSEN1 transgene, both
under mouse Thyl promoter. These transgenic mice were bred onto the
B6SJLF1/] background (Jackson laboratory stock#: 100012). For our
experiments in this study, we utilized both heterozygous mutant mice
and non-carrier mice as appropriate controls.

3xTg-AD mice and B6;129 genotype wild type. The generation and
characterization of the model were previously described*”. 3xTg-AD
mice (Jackson laboratory MMRC stock#: 34830-JAX) possess three
human dementia-causing mutations that lead to AD’s pathological traits:
APPg,,. and taup;g;;, encoded in two independent transgene constructs
under control of the central nervous system (CNS) mouse regulatory
element Thyl.2, co-microinjected into single-cell embryos harvested
from homozygous mutant PS1y;46v knock in (PS1-KI) mice. Wild type
mice are B6;129 (WT, the 3xTg-AD background genotype, Jackson
laboratory stock#: 101045) obtained from a cross between C57BL/6]
females (B6) and 129S1/SvIm] males (129S).

Housing and dietary interventions. Mice received either a Control diet
(C, 70% carbohydrate, 20% long-chain triglycerides, 10% protein,
4.1 kcal/g, Research Diets product #D171212091), a Control diet enriched
with medium-chain triglycerides (MCT, 70% carbohydrate, 10% long-
chain triglycerides, 10% medium-chain triglycerides (Caprylic acid to
Capric acid ratio of 3:2), 10% protein, 4.1 kcal/g, Research Diets product
#D17121210I) or a carbohydrate-free ketogenic-like diet (KD, 90% long-
chain triglycerides, 10% protein, 6.7 kcal/g, Research Diets product# :
D10070801). All diets contain 50 g of fibers in the form of cellulose. See
table - detailed composition.

All animals were group-housed (3-4 per cage) in reverse cycle room
(12h Dark-light cycle 10AM—OFF, 10PM—ON) with food/water ad
libitum. 5xFAD mice were on diets for 3 months, spanning ages
2-5 months. 3xTg-AD mice were on diets for 5 months, spanning ages
3-8 months to analyze protective changes at pre-symptomatic level.

Metabolic features

Body weight monitoring. The food pellets were changed twice a week
according to the food company recommendations. The mice were
weighed 28 days before the beginning of the experiment and twice from
day 0 to day 28. From this date until day 140, mice were weighted once or
twice a month.

Beta-hydroxybutyrate and glucose monitoring. At different time
points (Day 0, Day 14, Day 85, Day 140) circulating beta-hydroxybutyrate
(BHB) levels were measured using the freestyle precision neo (Abbott,
product# : ART30531) with the blood BHB test strips (Abbott, REF# : 70748-
75). Glycemia was monitored using a blood glucose monitoring system
(Abbott, ART20771) with the reading strips (Abbott, 70825-70). The mice
were pricked in the tail vein with a needle to have the required blood drops
for the strips.

Sample collection

Fecal matters were collected from each mouse at different timepoints of
dietary interventions: Day 28, Day 85 and Day 140 (only 3xTg-AD mice) on
diet. For 3xTg-AD mice, this corresponded to 4 months old, 6 months old
and 8 months old. For 5xFAD mice, it was at 3 months old and 5 months old.

DNA library preparation and 16S rRNA sequencing

16S amplicon libraries were prepared according to our previous works™"”* by
a blinded experimenter. Extractions of microbial DNA from the stool
samples were performed using the QIAamp DNA stool mini kit (Qiagen)
with some modifications™ . Briefly, stool sample is resuspended in 500 pl
of ASL Buffer (Qiagen) with 250 ul of 0.1 mm glass beads. Samples were
homogenized for 3 min at 6500 rpm (Precellys 24), then incubated at 95 °C
for 15 min. Another round of homogenization was performed for 3 min at
6500 rpm and then centrifuged for 10 min at 13 000 rpm at room tem-
perature. The supernatants were transferred to 1 ml of 100% EtOH and 10 pl
3 M sodium acetate (pH =5.2), then precipitated at —80 °C for 15 min.
Samples were centrifuged at 4 °C for 20 min at 13,000 rpm and pellets were
resuspended in 200 pl Tris 10mM pH=7.5 and EDTA 1 mM. 2 ul for
DNAse-Free RNase A (10 mg/mL) was added and incubated at 37 °C for
30 min followed by the addition of 15 pl of proteinase K and 200 pl of AL
Buffer (Qiagen) incubated at 70 °C for 30 min. 200 pl of 100% EtOH was
added and transferred to a QIAamp column. The next step was done
according to the manufacturer’s instructions and the DNA samples were
stored at -80°C. For the amplification of the V4 region of the bacterial 16S
rRNA gene, the 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 806 R
(5-GGACTACHVGGGTWTCTAAT-3') paired primers were used with
5 ng of microbial genomic DNA™. Lastly, the pooled and indexed libraries
(60 ng) were sequenced in paired-end modus on an Illumina MiSeq” at the
RNomics Platform of the University of Sherbrooke (https://rnomics.med.
usherbrooke.ca/).

Bioinformatics analysis

Quality control, filtering and trimming (truncate R1 and R2 reads after 240
and 160 bp, respectively; after truncation, sequences with more than 0 Ns
and with higher than 2 “expected errors” were discarded; truncate reads at
the first instance of a quality score less than or equal to 2) of fastq files,
evaluation of error rate of amplicons, merging of paired reads, amplicon
sequence variant table (ASV) table construction, chimera removal, tax-
onomy assigning (through SILVA database “silva nr99 v138.1 wSpecies
train set.fa.gz”) were all performed with R package DADA2 v1.24.0. The
selected ASV were present in at least 10 samples and had depth sequencing
of at least 1000 reads.

The overall structure of datasets and individual phenotypic char-
acteristics were explored though multidimensional analysis plots such as
heatmap and multidimensional scaling (MDS) plots utilizing R package
metagenomeSeq v1.38.0°*'™. The first 3 most important MDS axes where
3D visualized through R package plotly v4.11.0. Within-habitat diversity
species richness (Alpha diversity) analysis was performed through R
package phyloseq v1.30.0'"" utilizing Shannon, Simpson and Chaol indices.
Mean comparisons were tested through R package ggpubr v0.6.0 and
included non-parametric Wilcoxon test for two-group comparison and
non-parametric Kruskal-Wallis test for multiple groups comparisons.
Variance in the structure of the population (Beta diversity) with Bray-Curtis
metric was also performed with phyloseq v1.30.0. Here to test if the groups
were significantly different from each other we performed a Permanova test
using the adonis function from the vegan v2.6-4 R package. To track the
longitudinal microbiome changes, more specifically to check how beta
diversity changed across diet time, we created volatility plots through
QIIME2'” using Unweighted Unifrac and Jaccard metrics.

Next, we performed a differential expression analysis to statistically
compare previously obtained ASVs among the different pre-determined
groups (WT Cvs 3xTg C, WT Cvs 3xTgM, WT Cvs 3xTg KD). First, due to
varying depths of coverage across mice, we needed to normalize data. To
reduce biases resulting from preferentially sampled taxa we normalized by
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using CSS (Cumulative-Sum Scaling)'”’ implemented in metagenomeSeq™.
We sampled same mice between different conditions, so their duplicated
effect cannot be omitted from the successive statistical analysis, however
differences between mice were not of direct interest; to account for all of this
we decided to treat mice IDs as random effect in a mixed effects model where
our fixed effects were just reduced to our group of interest'”. Thus, mice IDs
were considered as a blocking variable. Their apport was calculated though
the function duplicateCorrelation of R package limma v3.50.1'” and
included in the subsequent fitted model. All interesting contrasts (WT C vs
3xTg C, WT C vs 3xTg M, WT C vs 3xTg KD) were then statistically
evaluated and visualized (through volcano plots) with limma where dif-
ferential expressed ASVs were filtered at a P-adjusted threshold value at
0.05. Heatmaps were also used to visualize the diet effect on microbial
alterations of AD mice. They were generated with R package Pretty Heat-
maps (Raivo Kolde (2019). pheatmap: Pretty Heatmaps. R package version
1.0.12. https://CRAN.R-project.org/package=pheatmap).

Venn diagrams were created to better visualize common differentially
expressed ASVs among conditions of interest. The same was done for
5xFAD mice following the interesting contrasts (WT C vs 5xFAD C, WT C
vs 5xFAD M, WT Cvs 5xFAD KD, WT Cvs WT M, 5xFAD Cvs 5xFAD M,
WT C vs WT KD, 5xFAD C vs 5xFAD KD).

To predict functional abundances based on marker gene sequences we
used PICRUS®2'”. We then performed DA analysis, using ALDEx2
Kruskal-Wallace test, on its abundance data outputs, annotated under
Metacyc and KEGG consortia, with R package ggpicrust2 v1.7.330'”. We
filter out those pathways that did not passed a P adjusted of 0.05. Using
resulting differentially expressed pathways we plotted a heatmap (R package
Pretty Heatmaps) and barplots with error bars (to limit the results to better
visualize the plot, here we ordered by decrescent adjusted P and selected just
the top 20). Metacyc pathway PCA was performed with R package fac-
toextra v1.0.7 and visualized with ggplot R package.

Statistical analysis and reproducibility
The sample sizes were calculated to reach a degree of freedom of ANOVA
between 10 and 18'* and mice were randomly assigned to experimental
groups, ensuring that each litter was distributed across groups :

Day 28 on diet

Control diet: WT n=4, 3xTg-ADn=4/ WT n=4,5xFAD n=4

MCT diet: WT n=4, 3xTg-ADn=4/WT n=4,5xFAD n=4

KD: WT n=4,3xTg-ADn=4/WT n=4,5xFAD n=4

Day 85 on diet

Control diet: WT n=4, 3xTg-AD n=4/ WT n=4,5xFAD n=4

MCT diet: WT n=4, 3xTg-AD n=4/ WT n=4,5xFAD n=4

KD: WT n=4,3xTg-ADn=4/WT n=4,5xFAD n=4

Day 140 on diet

Control diet: WT n =1 (due to technical issues, the amplification did

not work for 2 animals), 3xTg-AD n =4

MCT diet: WT n =3, 3xTg-AD n=3

KD: WT n =3, 3xTg-ADn=3

The correlation between varying ASVs and predicted functional
changes was calculated in R using Pearson method. We filtered out the
correlation that did not passed an adjusted P of 0.05 (Benjamini and
Hochberg’s method) and visualized with ggplot heatmap. The correlation
between ASVs and hippocampal spine density was calculated using Pearson
method (P <0.05). Statistical tests for metabolic monitoring and relative
abundance levels at phylum and family levels were performed using
GraphPad Prism v10.0(GraphPad Software). Mixed effect analysis and two-
way ANOVA with Sidak post hoc test were used for appropriate situations.
The pair-wise comparison tests were performed only for the following
contrasts : for genotype effect within the same diet/ WT Cvs 3xTgC, WT M
vs 3xTg M, WT KD vs 3xTg KD, for diet effect within the same genotype /
WT Cvs WT M, WT Cvs WT KD, 3xTg Cvs 3xTg M, 3xTg Cvs 3xTg KD.
Data are presented as means + standard errors of the mean or median with
minimum and maximum. Statistical tests performed are detailed in the

legend for each figure. P < 0.05 was considered statistically significant and
0.05 < P < 0.1 was considered nearly significant.

Nomenclature

A specific bacterium is named based on its genus and species (ex: Bifido-
bacterium pseudolongum). When the specific genus or the species is not
known, the bacterium is named with the most precise taxonomical group
plus “sp.” in the text or “NA” on the graphs (ex: Muribaculaceae sp.,
Muribaculaceae_NA_NA).

Gene set enrichment analysis on hippocampus transcriptome
GSEA was performed using the “gseGO” function from the clusterProfiler
package in R software v4.5.0 within the RStudio development environment
v2025.05.0. Gene lists for each comparison were first ranked based on the
formula: -logl0(P-value) x sign(Fold Change). The “Biological Process
(BP)” ontology was specified, and the genome wide annotation for mouse
(org.Mm.eg.db) was used as the reference. Pathways with a gene set size
between 5 and 600 were included, and those with a false discovery rate
(FDR) g < 0.05, adjusted by the Benjamini-Hochberg method for multiple
comparisons, were considered significant. Among the enriched pathways,
those related to immune response and inflammation were specifically
identified through manual curation.

Ethics

All experiments were carried out in accordance with the guidelines of the
Canadian Council of Animal Care and were approved by the Institutional
Animal Care Committee of the University of Sherbrooke (protocol
#2020-2688).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The data underlying this article are available in the article, in its online
supplementary material and supplementary datasets. Sequencing data are
available on Sequence Read Archive (SRA): PRINA1160852.

Code availability

The source codes used to generate these results are based on resources
referenced in the method section of the present article and are available
upon request to the corresponding authors.
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