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Kefir metabolites in a fly model 
for Alzheimer’s disease
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Alzheimer’s Disease (AD) is the most common cause of dementia among elderly individuals 
worldwide, leading to a strong motor-cognitive decline and consequent emotional distress and 
codependence. It is traditionally characterized by amyloidogenic pathway formation of senile 
plaques, and recent studies indicate that dysbiosis is also an important factor in AD’s pathology. 
To overcome dysbiosis, probiotics—as kefir—have shown to be a great therapeutic alternative for 
Alzheimer’s disease. In this present work, we explored kefir as a probiotic and a metabolite source 
as a modulator of microbiome and amyloidogenic pathway, using a Drosophila melanogaster model 
for AD (AD-like flies). Kefir microbiota composition was determined through 16S rRNA sequencing, 
and the metabolome of each fraction (hexane, dichloromethane, ethyl acetate, and n-butanol) was 
investigated. After treatment, flies had their survival, climbing ability, and vacuolar lesions accessed. 
Kefir and fraction treated flies improved their climbing ability survival rate and neurodegeneration 
index. In conclusion, we show that kefir in natura, as well as its fractions may be promising therapeutic 
source against AD, modulating amyloidogenic related pathways.

Alzheimer’s Disease (AD) is the most common cause of dementia among elderly individuals worldwide, leading 
to a strong cognitive decline and consequent emotional distress and codependence1. Its pathophysiology is mul-
tifactorial, but traditionally characterized by senile plaques production and deposit through the amyloidogenic 
pathway. In this pathway, the amyloid precursor protein (APP) is cleaved by the β-secretase enzyme, generating 
an Aβ peptide of 40 and 42 amino acids2, which oligomerizes and fibrilizes, causing senile plaques and leading 
to synapse degeneration3.

Recent studies indicate that dysbiosis—characterized by host gut-microbiome disbalance—plays a big role 
in AD’s pathology4–6. These alterations may contribute to neuronal damage by inhibiting pathways related to Aβ 
clearance, or directly by improving this peptides production or accumulation7–9.

To overcome dysbiosis, probiotics have shown to be a great therapeutic alternative for Alzheimer’s Disease10. 
Within this approach, kefir—natural probiotic drink constituted by symbiotic bacteria and yeasts—has been 
used11,12. It uses milk as a substrate, producing metabolic molecules with health-improving effects, as antioxidant, 
and anti-inflammatory properties13–18. Kefir administration has shown to be able to attenuate AD effect both 
in rats, through inflammatory process modulations19,20, and in AD patients, improved cognitive function and 
lowering both oxidative stress levels and red cells damage21.

As Drosophila melanogaster shares a similar yet simpler central nervous system in relation to mammals, its 
use in investigating neurodegenerative diseases has been incredibly valuable22–25. Plus, it has been suggested to be 
an interesting model for exploring gut-brain-axis interactions within these diseases26,27. Studies have shown that 
probiotic treatment attenuates AD effects27, but no study has investigated probiotics metabolites on AD model.

No previous studies have explored the effects of a peptide and cell-free fraction of kefir, compared its effects 
to the in natura version, or evaluated its metabolome. This way, in this study, we explored kefir effects—and from 
its metabolites—in D. melanogaster expressing human BACE and APP.

Results
Kefir characterization.  Since kefir grains bacterial community may vary depending on its source and 
preparation, to obtain a fingerprint of our sample, next-generation sequencing (NGS) was used to analyze the 
prokaryotic 16S ribosomal DNA gene (v4 region). A total of 180,388 paired-end V4-16S raw reads were obtained 

OPEN

1Institute of Biotechnology, Universidade Federal de Uberlândia, Uberlândia, Brazil. 2Department of Genetics, 
Harvard Medical School, Boston, MA, USA. 3Laboratory of Genetics and Molecular Cardiology, Heart Institute, 
University of São Paulo Medical School, São Paulo, SP, Brazil. *email: batista@uni-mainz.de; ueira@ufu.br

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-90749-8&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2021) 11:11262  | https://doi.org/10.1038/s41598-021-90749-8

www.nature.com/scientificreports/

from kefir grains with its fermentation product. After pre-processing, 143,961 reads were kept, with an average 
length of 252 bp. Processed sequences were clustered with representative sequences, and a 97% sequence iden-
tity cut-off was used. From this, five Operational Taxonomic Units (OTUs) were generated and sequences were 
BLAST against the NCBI nucleotide collection for taxa verification (Table 1).

After bioinformatics analysis, all OTUs – except one attributed to the Rickettsiales order—had a 100% 
match with the database. When BLAST against it, the best alignment was with an uncultured bacterium clone 
(MH977830.1), with 97% query cover and 7 bp difference.

Regarding read abundance, Lactobacillus kefiranofaciens was the most present strain (21.96%), followed by 
Lactobacillus kefiri (0.2%) and Acetobacter fabarum (0.17%). Traces of Lactococcus lactis (0.004%) and Rickett-
siales (0.001%) were also found.

To exclude the effects of microbiome interaction and analyze only the metabolite effects from kefir, a series of 
liquid–liquid partitioning was performed. From there, four organic fractions were obtained through liquid–liq-
uid partitioning. Each fraction was named after its respective solvent. In polarity increasing order, we obtained: 
hexane (Hex), dichloromethane (DCM), ethyl acetate (EtOAc) and n-butanol (But-OH) fractions. Extraction 
yield increased with solvent polarity: n-butanol (ButOH) and ethyl acetate fraction (EtOAc) presented higher 
yields (8.71% and 3.11%) than dichloromethane (DCM) and hexane fractions (Hex) (1.37% and 0.50% respec-
tively) (Table 2).

Each fraction had its metabolites characterized through GC–MS analysis, in which 696 unique compounds 
were found (Supplementary Table 1). From those, 117 molecules were present in all four fractions, with 156 
exclusive ones in Hexane, 66 in DCM, 47 in EtOAc, and 58 in ButOH. Principal Component Analysis (PCA) 
was able to discriminate all fractions, with Hexane having the most distinct metabolomic profile (Supplementary 
Figure S2).

AD‑like model validation.  Before evaluating kefir’s effect in the amyloidogenic pathway, we validated our 
D. melanogaster AD-like model accessing neurodegeneration through amyloid quantification, flies’ climbing 
ability evaluation and histopathological analysis.

Amyloid quantification.  Amyloid quantification is a direct method to verify functional expression of 
human BACE and APP. For that, a modified protocol from Westfall et al28 was implemented. We used Thioflavin 
T (ThT)—a benzothiazole dye that exhibits enhanced fluorescence upon binding to amyloid fibrils29—to quan-
tify the amyloid content of AD-like flies (Fig. 1a).

AD-like flies had higher amyloid content than control flies both at 10 (P = 0,0011) and 15 days post eclosion 
(d.p.e.) (P = 0,0463), suggesting that at 0 days post eclosion there is still not a significant amyloid content being 
produced through the human BACE cleavage of human APP. There is an increase in amyloid fibrils when com-
paring flies at 0 to 10 days post eclosion (d.p.e.) (P = 0,0067), but it remains stable from 10 to 15 d.p.e.

Rapid Iterative negative geotaxis (RING) assay.  The Rapid Iterative Negative Geotaxis (RING) assay 
was used to measure motor reflex decline related to neurodegeneration, in here observed as the fly climbing abil-
ity. As expected, already at 5–8 d.p.e. AD-like flies presented a decline in climbing ability (Fig. 1b, P = 0,0024) in 
relation to control elav-Gal4 flies, which persisted at 10–13 (P = 0,0013) and 15–18 d.p.e (P = 0,0083). However, 

Table 1.   16S-v4 read abundance and taxonomic units.

Taxonomy Read abundance (total) Read abundance (%)

Bacteria; Firmicutes; Bacilli; Lactobacillales; Lactobacillaceae; Lactobacillus; Lactobacil-
lus kefiranofaciens 31,980 21.96

Bacteria; Firmicutes; Bacilli; Lactobacillales; Lactobacillaceae; Lactobacillus; Lactobacil-
lus kefiri 294 0.20

Bacteria; Proteobacteria; Alphaproteobacteria;Rhodospirillales; Acetobacteraceae; 
Acetobacter; Acetobacter fabarum 261 0.17

Bacteria; Firmicutes; Bacilli; Lactobacillales;Streptococcaceae; Lactococcus; Lactococcus 
lactis 7 0.004

Bacteria; Proteobacteria; Alphaproteobacteria;Rickettsiales 2 0.001

Table 2.   Liquid–liquid partitioning yield from kefir methanolic extract, starting from 100 g of lyophilized 
kefir (fermented preparation).

Fraction Solvent Obtained weight (g) Yield (%)

Hex Hexane 0.1334 0.5053

DCM Dichloromethane 0.3634 1.3765

EtOAc Ethyl acetate 0.8226 3.1159

ButOH N-butanol 2.3012 8.7136
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when looking at AD-like flies climbing ability though time, there is a significative decay in its climbing ability 
from 5–8 to 10–13 d.p.e. (P = 0.001), but not from 10–13 to 15–18 d.p.e. Therefore, AD-like flies will only be 
assayed on the first two trial ages.

Histopathological analysis.  To further verify the neurodegenerative phenotype of AD-like flies, histo-
pathological analysis was performed at 10–13 d.p.e flies, with elav-Gal4 as a control. A neurodegeneration index 
from 0 to 5 was created according to vacuolar lesions in the central brain (Fig. 1c), being 0 no degeneration (as 
seen in elav-Gal4 flies, Fig. 1d) and 5, severe degeneration (as seen in AD-like flies, Fig. 1e). With these results, 
we confirm that the expression of human BACE and APP pan-neuronally induces a neurodegenerative pheno-
type at 10 d.p.e., and validate our model.

Treatments.  In natura kefir treatment.  Before investigating the effects of its metabolites, in natura kefir ef-
fects were accessed in AD-like flies. Control, fed with non-treated food, AD-like flies displayed a high mortality 
rate within the first two weeks of life, with only 40.4% of the flies alive (Fig. 2a). Kefir treatment improved the 
survival rate of these flies (P < 0.0001)—64.71% of kefir treated flies were still alive in the same period. This im-
provement was due to properties exclusive to kefir, as flies treated with non-fermented milk had a lower survival 
rate than control (P = 0.006), with only 20.8% of alive flies within the same period.

Through the RING assay, we verified that at 5 days after treatment (d.a.t.) AD-like flies fed with kefir dis-
played a higher climbing ability than both control (P < 0.0001) and flies treated with milk (P < 0.001) (Fig. 2b). 
At 10 d.a.t. this improvement in kefir treated flies is still present in relation to control flies (P < 0.0001), which 
is also shown in the histopathological analysis, where flies showed lower vacuolar lesions (P = 0,0037) (Fig. 2c, 
Supplementary Figure S3).

Kefir fractions treatment.  To verify if the improvements found in the neurodegenerative phenotype after 
kefir treatment was exclusive to microbiome interactions, or if it could also be achieved through isolated metab-

Figure 1.   AD-like flies show a degenerative phenotype. (a) Amyloid quantification through Thioflavin 
aggregation assay. AD-like flies presented a higher amyloid content when compared to control flies (elav-Gal4) 
at 10- and 15-days post eclosion (d.p.e.) (n = 20 in each genotype). (b) Climbing ability. AD-like flies presented a 
lower climbing ability in the RING assay than the control genotype at 5–8, 10–13, and 15–18 days post eclosion. 
AD-like flies present a climbing ability decrease when comparing flies at 5–8 and 10–13 d.p.e. (n ≥ 180 in each 
genotype). (c) Neurodegeneration index of elav-Gal4 (control) and AD-like flies based on histopathology 
analysis, according to vacuolar lesions. 0 indicates no lesions, and 5 indicates neurodegenerative phenotype 
(n = 10, at 10 days after treatment). Data are shown as the mean ± S.E.M. The statistical significance is indicated 
as ** for P < 0.01 and *** for P < 0.001 (two-tailed ANOVA). Illustrative images of (d) elav-Gal4 and (e) AD-like 
flies’ histopathology. Arrows indicate vacuolar lesions.
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olites, we proceeded with testing cell and peptide free fractions. For each fraction, Tween80 0.01% was used as a 
vehicle, and three concentrations were tested: 0.1, 0.25 and 0.5 mg/mL.

Vehicle and non-treated flies showed no difference in survival. On the other way, some fractions had a toxic 
effect on AD-like flies, with those displaying a lower survival rate in relation to vehicle-fed ones in the analyzed 
period. This happened for flies treated with Hex 0.5 mg/mL (P = 0,0290), DCM 0.1 and 0.5 mg/mL (P = 0,0006 and 
P < 0.0001, respectively), plus ButOH 0.25 mg/mL (P = 0,0084) (Fig. 3). Despite that, survival rate was improved 
on flies treated with EtOAc 0.5 mg/mL (P = 0.0005) and ButOH 0.5 mg/mL (P < 0.0001), which improved AD-
like flies’ survival rate as much as the kefir treatment (Fig. 3e).

On the RING assay, vehicle treatment also did not change flies climbing ability in relation to control flies 
(fed with non-treatment food) both at 5 and 10 d.a.t. (data not shown). At 5 d.a.t., treatment with at least one 
concentration of each fraction improved AD-like flies climbing ability when compared with the ones treated only 
with vehicle (Fig. 4). Flies treated with DCM fraction performed the best on the RING assay when the 0.25 mg/
mL concentration was used (P = 0,0051), while for both EtOAc and ButOH the best concentration was 0.5 mg/
mL (P = 0,0006 and P = 0,0124, respectively). Two concentrations of Hex fraction increased AD-like flies climbing 
ability: 0.1 (P = 0,0096) and 0.5 mg/mL (P = 0.0009), being the last, the most efficient.

At 10 d.a.t., EtOAc-treated flies did not perform better than vehicle-fed ones. Flies treated with Hex 0.1 mg/
mL and DCM 0.25 mg/mL maintained a better climbing ability performance than vehicle-treated flies (P = 0,0019 
and P < 0,0001). Performance was improved (in relation to vehicle) for flies treated with ButOH and Hex at 
0.25 mg/mL (P < 0.0001 and P = 0,0421)—rather than 0.5 mg/mL, which enabled the best performance at 5 d.a.t. 
for both fractions in this assay.

Comparing the best performance fractions with kefir treatment, at 5 d.a.t., kefir-treated flies had a higher 
climbing ability than the ones treated with fractions (P < 0.0001) (Fig. 5a). At 10 d.a.t., all treatments that 
improved AD-like flies climbing ability performed better than kefir-treated flies: Hex 0.1 (P = 0,0145) and 
0.25 mg/mL (P = 0,1253); DMC 0.25 mg/mL (P = 0,0064) and ButOH 0.25 mg/mL (P = 0,0298) (Fig. 5b). Beyond, 
on histopathological analysis, all fractions attenuated AD-like vacuolar lesions when compared to vehicle treated 
flies (Fig. 5c, Supplementary Figure S3). Flies treated with DCM 0.25 mg/mL showed the lowest neurodegenera-
tive index amongst all tested fractions (P = 0,0004). ButOH treatment at 0.25 mg/mL also brought neurodegen-
eration to low (P = 0,0021), followed by moderate neurodegeneration after EtOAc 0.25 mg/mL (P = 0,0039) and 
Hex 0.1 mg/mL (P = 0,0037) treatment.

The main findings of this work have been summarized in Fig. 6.

Discussion
Kefir microbiota can vary depending on the grains’ geographical origin, storage, and fermentation parameters 
(used milk type, grain-milk ratio, and temperature)30–32. Therefore, characterizing our sample’s bacterial micro-
biota—on composition and abundance—was needed to provide its fingerprint. Lactobacillus kefiranofaciens and 
Lactobacillus kefiri were the most present in kefir, followed by Lactococcus lactis and Acetobacter fabarum. A 
similar profile has also been shown in kefir samples from France, Ireland and the United Kingdom33, Belgium34, 
Malaysia35, Italy36, and Brazil37.

Kefir’s health improving effects have been demonstrated when used in natura19,38–41, as cell-free fraction42–45 
and as purified peptides46–50. However, no previous studies have characterized kefir metabolic composition, or 
investigated the biological effects of its peptide and cell-free fraction. This made us interested in evaluating kefir 
metabolic fraction as a treatment to improve AD-like flies’ degenerative phenotype.

For that, fermented kefir underwent methanol extraction, which precipitates microorganisms and peptides52. 
Due to kefir’s microbiological diversity, we hypothesized it would reflect on a vast quantity of secondary metabo-
lites. This way, we decided to partition this extract with four organic solvents with increasing polarity, to obtain 
a broader distribution of molecules and test their effect in the amyloidogenic pathway in D. melanogaster.

Figure 2.   (a) Survival rate of non-treated, kefir, and milk-treated AD-like flies (n ≥ 90 in each group). The 
statistical significance is indicated as *** for P < 0.001 and **** for P < 0.0001 (log-rank, Mantel–Cox test). (b) 
AD-like flies climbing ability after kefir and milk treatment at 5 and 10 days after treatment (d.a.t.). Kefir-treated 
flies performed better than control at both tested ages, and better than milk-treated flies at 5 d.a.t.. At 10 d.a.t., 
flies treated with milk or kefir showed an equivalent performance. Data are shown as the mean ± S.E.M. n ≥ 90 in 
each group. (c) Neurodegenerative index of non-treated (control) and kefir treated AD-like flies (n = 10, 10 days 
after treatment). The statistical significance is indicated as ** for P < 0.01, *** for P < 0.001, **** for P < 0.0001 and 
(Unpaired two-tailed t-test).
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Our first step was to validate AD-like flies, which express APP and BACE by using a pan neuron driver (elav-
Gal4). AD-like flies showed a higher amyloid content than control flies at 10- and 15-days post eclosion, which 
correlates with a decrease in climbing ability at the same age. Plus, within this interval, AD-like flies have a higher 
mortality rate than control flies and presence of vacuolar lesions at 10 d.p.e.. These phenotypical changes have 
been previously reported in AD-like flies, indicating the suitability of our model53,54.

After kefir treatment, we assayed flies’ survival and locomotor activity, as well as its neurodegeneration 
index through histology analysis. Treatment with kefir in natura improved AD-like flies’ survival rate, climbing 
ability and attenuated vacuolar lesions from severe to moderate-low, which correlates with previous studies, in 
which kefir has shown to improve learning and memory21, and reduce oxidative stress and inflammation51 in 
AD patients.

Regarding the effects of kefir fractions, non-polar fractions (hexane and dichloromethane) improved fly 
climbing in both tested ages—generating a better outcome than kefir at 10 d.a.t.. Instead, more polar fractions—
ethyl acetate and n-butanol—had a higher impact in improving AD-like flies’ survival.

In the histopathological analysis, the most efficient fraction to attenuate vacuolar lesions was dichlorometh-
ane, followed by n-butanol (both from severe to low). However, Hexane and ethyl acetate treated flies had a 
reduction of vacuolar lesions from severe to moderate.

When investigating each fraction’s metabolome, we found 117 compounds shared by all fractions. Among 
those shared compounds, we found the short-chain fatty acids (SCFAs): levulinic acid and linoleic acid. SCFAs 
are markedly downregulated in AD models in D. melanogaster64 and in mice65, and treatment with these fatty 

Figure 3.   Survival rate of AD-like flies after treatment with (a) hexane, (b) dichloromethane, (c) ethyl acetate 
or (d) n-butanol fractions from kefir’s methanolic extract. (n ≥ 90 in each group). (e) Best performance fractions 
(ButOH and EtOAc 0.5 mg/mL) were compared to kefir-treated flies. The statistical significance is indicated as * 
for P < 0.05, ** for P < 0.01, *** for P < 0.001, and **** for P < 0.0001 (log-rank, Mantel–Cox test).
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acids has been previously shown to inhibit Aβ aggregation in vitro66. Linoleic acid, specifically, has been shown 
to inhibit BACE activity in silico67 and to reduce Aβ oligomerization related neuronal death68. Beyond, we high-
light compounds with antioxidant (3-pyridinol55, methyl linoleate56, oxalic acid57, d-allose58, 1-dodecanol59) and 
anti-inflammatory activity (ethyl linoleate, methyl linoleanate60, lauric acid61) or even both (1-octadecanol62, 
heptocosane63). Finally, stearic acid and heneicosanoic acid have been described to inhibit β-amyloid aggrega-
tion and acetylcholinesterase in silico69.

The presence of these compounds with antioxidant, anti-inflammatory, and anti-BACE activity in all frac-
tions would explain the improvements seen in the evaluated AD-like characteristics. More specifically, we also 
investigated relevant compounds that were exclusive to each fraction. Within hexane fraction, we highlight 
oleic acid, which has been reported to inhibit BACE in silico67 and to ameliorate amyloidosis in vitro and in 
mice models of Alzheimer’s disease70. Within dichloromethane, norvaline was present, which has previously 
shown to act both on anti-inflammatory and antioxidative processes in a mouse model of Alzheimer’s Disease71. 

Figure 4.   AD-like flies climbing ability after 5 and 10 days of treatment with Tween 0.01% (used as a vehicle) 
or either (a) hexane, (b) dichloromethane, (c) ethyl acetate or (d) n-butanol fractions at 0.1, 0.25 and 0.5 mg/
mL. Data are shown as the mean ± S.E.M. (n ≥ 90 in each treatment). The statistical significance is indicated as * 
indicates P < 0.05, ** P < 0.01 and *** P < 0.001 in comparison to vehicle treated flies (Unpaired two-tailed t-test).

Figure 5.   Average climbing ability of flies treated with best performance fractions and kefir, as well as control 
and vehicle after (a) 5 or (b) 10 days after treatment. Data are shown as the mean ± S.E.M. n ≥ 90 in each 
treatment. The statistical significance is indicated in relation to kefir group as * indicates P < 0.05, ** P < 0.01 and 
*** P < 0.001 (Unpaired two-tailed t-test). (c) Neurodegenerative index of flies treated with all four fractions 
10 days after treatment, at its best performance concentration (n = 10). The statistical significance is indicated in 
relation to Tween 0.01% group as ** indicates P < 0.01 and *** P < 0.001 (Unpaired two-tailed t-test).
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Beyond, more SCFAs were detected, as butyric acid, valeric acid and propionic acids, which have been reported 
to inhibit Aβ aggregation in vitro66. Within the ethyl acetate fraction, melibiose was present, which has been 
listed as a promise for polyQ-mediated neurodegenerative disease treatment73 as AD for its anti-inflammatory 
mechanisms, which have improved Parkinson-related motor behavior in mice72. Last, within the n-butanol 
fraction, both ethanolamine and eicosapentaenoic acid were present. This combination has been described to 
attenuate oxidative stress, neuroinflammation, apoptosis, and Aβ-induced neurotoxicity in AD-model mice74.

In conclusion, this present work investigated the effect of kefir in natura and its metabolic fractions in the 
AD’s amyloidogenic pathway. Kefir microbiota composition was determined through 16S sequencing, finding 
Lactobacillus kefiranofaciens as its most abundant species and detecting one yet unknown bacterial species. To 
our knowledge, this is the first report comparing the effect of a probiotic in natura and its metabolic fractions, 
as well as its metabolome description. In an overview, n-butanol fraction performed the best: it improved AD-
like flies’ climbing ability, and attenuated vacuolar lesions, without compromising its survival—which happened 
with flies treated with dichloromethane. The metabolomic identification of these molecules—and correlation to 
their described beneficial effects within AD-related mechanisms—helps us understand more about kefir effects 
in the amyloidogenic pathway.

Methods
Kefir characterization.  Kefir grains were received as a donation in Uberlândia, Brazil. The fermented 
product—kefir—was obtained by inoculating kefir grains (4% m/v) in pasteurized whole cow milk. The fermen-
tation process went for 24 h at room temperature in a glass container covered with cloth to avoid contamination. 

Figure 6.   Brief summary of the main compound of each kefir fraction and of the outcome of treated AD-like 
flies. The compounds were identified by CG-MS, the motor reflex was evaluated by climbing assay, and the 
neurodegeneration index was evaluated by histopathological analysis. Upwards arrows indicate improvement 
in the evaluated outcome and downwards arrows indicate its decrease. White symbols indicate the activity 
of compounds exclusive to each. Squares indicate SCAFS, balls indicate compounds with anti-inflammatory 
activity, and triangles indicate anti-oxidants.
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Then, kefir grains were filtered, and the fermentation product was used for fly treatments. Exceeding grains were 
inoculated in milk (20% glycerol) and were kept at -20ºC for further experiments.

Next‑generation sequencing.  To investigate its bacterial composition and generate an identity of our 
product, kefir grains together with its fermented product were sequenced. The genomic DNA was purified 
according to the BGI Americas in-house protocol, and its integrity was tested using 1% agarose gel electropho-
resis. Sample concentration was tested using Qubit Fluorometer (Invitrogen).

For library construction, 30 ng of DNA and fusion primers were used to configure PCR for 16S-v4 regions 
(BGI Americas in-house protocol). After PCR, DNA was purified using Agencourt AMPure XP beads (DNA/
bead ratio of 1). The library was qualified with the Agilent 2100 bioanalyzer (Agilent Technologies), and paired-
end sequencing was done on Hiseq 2500 (Ilumina), using the MiSeq-PE250 sequencing strategy (MiSeq Reagent 
Kit).

For obtaining more accurate and reliable results, raw data was pre-processed by removing: reads with a lower 
average quality of 20 over 25 bp—based on the phred algorithm75; trimmed reads with less than 75% of their 
original length; reads contaminated by adapters (with 15 bp overlapped); and reads with low complexity (with 10 
consecutive same base). Plus, if the two paired-end reads overlapped (minimum of 15 bp overlap), the consensus 
sequence was generated by FLASH (Fast Length Adjustment of Short reads, v1.2.11)76.

16S data analysis.  To analyze community patterns, all clean the tags were clustered to OTUs (Operational 
Taxonomic Units) using USEARCH (v7.0.1090)77. The tags were clustered into OTUs with a 97% threshold by 
using UPARSE78, and unique, representative OTU sequences were obtained. Chimeras were then filtered out by 
using UCHIME(v4.2.40)79. Finally, chimeras were screened by mapping to Gold Database (v20110519)80 and to 
UNITE (v20140703)81.

All OUT tags were mapped to representative sequences using USEARCH GLOBAL, and were taxonomically 
classified using Ribosomal Database Project (RDP) Classifier v.2.282 (cutoff = 0.6). Bacterial 16S rDNA were anno-
tated using Greengene database (v201305)83 and BLAST searched against the National Center for Biotechnology 
Information (NCBI) nucleotide collection. Species were qualified when query cover was 100%.

Kefir fractions.  To obtain a cell and peptides free metabolite fraction, the fermented product was frozen at 
− 20 °C overnight and then lyophilized (L101, Liobras, SP, Brazil) for three days. Lyophilized material (100 g) was 
solubilized on 150 mL of methanol 80% for 15 min. The liquid phase was obtained through filter paper separa-
tion, following to liquid–liquid partitioning. In increasing polarity, hexane, dichloromethane, ethyl acetate, and 
n-butanol solvents were used. For each solvent, 200 mL were used and the process was repeated four times. The 
solvents were removed using a rotary evaporator (Buchi Rotavapor R-210, Flawil, Switzerland) and the fractions 
were left to evaporate in a chemical hood for a week. The resulting fractions were frozen overnight and lyophi-
lized to remove the remaining water.

When evaluating kefir’s metabolite, the usage of a vehicle was needed to improve fractions solubility. For that, 
Tween 80 successfully solubilized for all four fractions with the same concentration. Plus, it had the advantage 
of not influencing AD-like phenotype. Tween treatment displayed no effect on flies survival, climbing ability, or 
histopathological analysis. This is important since other vehicles, as DMSO and PEG, have shown neuroprotec-
tive effects or even CSN modulation84–88.

Metabolomics.  To characterize its composition via GC–MS, an adapted protocol from Fiehn89 was used. 
Each fraction (sample) was solubilized in its respective solvent. Samples were split in 5 aliquots and 5uL of inter-
nal standard D27 Myristic acid (3 mg/mL) was added to each aliquot. Samples were dried in SpeedVac Vacuum 
(Thermo) for 18 h.

For derivatization, dried metabolites were solubilized in 20μL of methoxylamine (40 mg/mL in pyridine), 
spiked with 3μL of FAME (Fatty acid methyl ester–Sigma-Aldrich) and incubated at 25 °C during 16 h at 650 rpm 
agitation. Then, 90μL of MSTFA with 1%TMCS was added. Samples were incubated for 1 h at 25 °C, followed by 
centrifugation at 15800 g for 10 min at room temperature. After derivatization, 1μL of each sample was injected 
randomly into an Agilent 7890B GC system operated in splitless mode, in triplicate. A DB5-MS + 10 m Dura-
guard capillary column (Agilent #122-5532G) within which helium carrier gas flowed at a rate of 0.82 mL min−1, 
was applied for metabolite separation. The injector temperature was set at 250 °C. The column temperature was 
held at 60 °C for 1 min, and then increased to 310 °C at a rate of 10 °C/min during 37 min. The column effluent 
was introduced into the ion source of an Agilent 5977A mass selective detector. The detector operated in the 
electron impact ionization mode (70 eV) and mass spectra were recorded after a solvent delay of 6.5 min with 
2.9 scans per second, starting at mass 50 and ending at mass 550, with step size of 0.1 m/z. The MS quadrupole 
temperature was set at 180 °C and the ion source temperature was set at 280 °C.

Data were deconvoluted with RT size window of 75 and 100, SNR threshold of 1, extraction window m/z 
delta of 0.3 AMU on left and 0.7 on right. Identification of compounds was made comparing the mass spectra 
and retention time (RT) of all detected compounds with the Agilent Fiehn GC/MS Metabolomics RTL Library 
(version A.02.02). The metabolites that were not identified in the Agilent Fiehn GC/MS Metabolomics RTL 
Library were searched in the National Institute of Standards and Technology (NIST) library 11 (2014) using 
Unknowns—Agilent MassHunter Workstation Quantitative Analysis (version B.06.00).

Data consistency was checked based on the identification of Internal Standard (Myristic Acid D27) among 
samples, considering a coefficient variation of metabolites intensity lower than 30% among the 3 technical rep-
licates. Only metabolites present in at least 3 of 5 samples from each group were submitted to statistical analysis. 
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Metabolites were analyzed using the MetaboAnalyst online platform. Missing values were substituted by 1/5 of 
lower value in the table and data was normalized using auto-scaling method and log transformation.

D. melanogaster stocks.  Flies were reared with standard cornmeal medium (soy powder 0,01%, glucose 
7,2%, agar 0,6%, cornmeal 0,073%, yeast 0,018%, nipagin 0,06% and acid solution 0,05% m/v) and kept in a 
12–12 h light/dark cycle incubator, at 25ºC.

To generate flies expressing human BACE and APP pan-neuronally, individuals from elav-Gal4 (Blooming-
ton Stock Center #458) and UAS-BACE,UAS-APP (#33,797) strains were anesthetized and sorted according to 
sex. Elav-Gal4 female virgins—with a visible meconium—and UAS-BACE,UAS-APP males and were crossed. 
The resulting F1 was sorted through while in pupae stage: the ones exhibiting tubby phenotype were discarded. 
These steps ensured the resulting individuals would be elav-Gal4; ;UAS-BACE,UAS-APP, hereafter addressed 
as AD-like flies.

Total amyloid quantification.  To verify the amyloidogenic pathway from AD-like, total amyloid content 
was assessed using the Thioflavin T (ThT), a benzothiazole dye that exhibits enhanced fluorescence upon bind-
ing to amyloid fibrils28,29. Fly heads of elav-Gal4 (control) and AD-like flies (pool of 20 heads each, in triplicate) 
were collected, homogenized in Tris–EDTA-Triton buffer with protease inhibitor (cOmplete Lysis-M (Sigma)) 
and centrifuged. The supernatants were collected and used for amyloid quantification and Bradford protein dos-
age in technical triplicate. In a protocol modified from Westfall et al.28, supernatants were incubated with ThT 
working solution (20 µM) for 20 min under agitation. Fluorescence was measured at 450 nm excitation / 482 nm 
emission and normalized to ThT only samples. Total fluorescence was corrected to each sample’s total protein 
content and to elav-Gal4 (control flies) fluorescence levels. This additional step was needed since in vivo samples 
could present autofluorescence.

Treatments.  For all assays, AD-like flies were treated at 0–3 days after eclosion. Treatment food was prepared 
by adding 2 mL of freshly-prepared kefir or its fractions (hexane, dichloromethane, ethyl acetate or n-butanol) 
to 1 g of enriched mashed potato medium (75% instant mashed potato, 15% yeast extract, 9,3% glucose, and 
0,07% nipagin). Food was changed every 2 days to ensure fresh treatment exposure. Beyond, water (control) and 
Tween80 0.01% (Sigma) (vehicle) were tested.

Survival assay.  In order to evaluate kefir (in natura and its fractions) toxicity, AD-flies survival rate was 
accessed. Male and female flies were treated as previously described and dead flies were counted every two days 
for 15 days. A total of 90 flies from each genotype and treatment were assayed. The mean lifespan was calculated 
through the Kaplan–Meier test on GraphPad Prism 8.0.2 software.

Rapid iterative negative geotaxis (RING) assay.  Since fly motor reflex is related to neurodegenera-
tion in D. melanogaster, we accessed its climbing ability after treatments. For this, groups of 30 male control 
(elav-Gal4) and AD-like flies of each treatment (tested in triplicate) were transferred to clean vials and put in a 
custom 12-vials holder. Flies had their behavior accessed 5 and 10 days after treatment. Before testing, flies were 
exposed to light and kept in a silent environment for 20 min, in order to acclimate. The holder was then hit three 
times on the bench, and the flies were given 4 s to climb 5 cm. This was repeated five times. The procedure was 
recorded and the video analyzed using QuickTime Player 7.7.9 software. The average climbing percentage was 
calculated as the percentage of flies of each group that reached the 5 cm mark after 120 frames that the holder 
touched the bench.

Histopathological analysis.  Ten flies of each treatment group, at the best performed concentration in pre-
vious experiments were used. All flies were analyzed at 10 d.p.e. and elav-Gal4 was used as a control. The flies had 
its head transferred to 4% formaldehyde in sodium phosphate buffer 0.1 M pH 7.2 for 16 h at 4 °C. The samples 
were then dehydrated in a graded ethanol series (70, 80, 90, and 95%) and transferred to methanol for 16 h at 
4 °C. After, they were embedded in HistoResin (Leica) and 2 µm thick slices were stained with hematoxylin and 
eosin, analyzed and photographed with a light photomicroscope. Neuropile images were used to calculate the 
neurodegenerative index—as normal to low, moderate, or severe—according to vacuolar lesions90.

Statistical analysis.  Obtained data distribution for each analyzed group within each experiment was eval-
uated as either parametric or non-parametric through the D’Agostino&Pearson test. Groups were compared 
through a t test with a stablished significance level of P < 0.05. Analysis was performed using the software Graph-
Pad Prism 8.

Data availability
The raw data generated from 16S-based microbiome NGS profiling have been deposited in the BioProject data-
base (NCBI), under the Submission ID: SUB9542632 and the BioProject ID: PRJNA725245. The other datasets 
generated during and/or analysed during the current study are available from the corresponding author on 
request.
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