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Abstract

Background: The brain-gut axis has emerged as a potential target in neurodegenerative
diseases, including dementia, as individuals with dementia exhibit distinct gut microbiota
compositions. Fecal microbiota transplantation (FMT], the transfer of fecal solution from

a healthy donor to a patient, has shown promise in restoring homeostasis and cognitive
enhancement.

Objective: This study aimed to explore the effects of FMT on specific cognitive performance
measures in Alzheimer’s dementia (AD] patients and investigate the relationship between
cognition and the gut microbiota by evaluating changes in gene expression following FMT.
Methods: Five AD patients underwent FMT, and their cognitive function [Mini-Mental State
Examination (MMSE]), Montreal Cognitive Assessment (MoCAJ, and Clinical Dementia Rating
Scale Sum of Boxes (CDR-SOB]] was assessed before and after FMT. The patients’ fecal
samples were analyzed with 16S rRNA to compare the composition of their gut microbiota.
We also assessed modifications in the serum mRNA expression of patients’ genes related to
lipid metabolism using serum RNA sequencing and quantitative real-time polymerase chain
reaction.

Results: Significant improvements in cognitive function, as measured by the MMSE (pre- and
post-FMT was 13.00 and 18.00) and MoCA were seen. The MoCA scores at 3months post-FMT
(21.0) were the highest (12.0). The CDR-SOB scores at pre- and post-FMT were 10.00 and
5.50, respectively. Analysis of the gut microbiome composition revealed changes via 16S rRNA
sequencing with an increase in Bacteroidaceae and a decrease in Enterococcaceae. Gene
expression analysis identified alterations in lipid metabolism-related genes after FMT.
Conclusion: These findings suggest a link between alterations in the gut microbiome,

gene expression related to lipid metabolism, and cognitive function. The study highlights

the importance of gut microbiota in cognitive function and provides insights into potential
biomarkers for cognitive decline progression. FMT could complement existing therapies and
show potential as a therapeutic intervention to mitigate cognitive decline in AD.

Keywords: Alzheimer’s dementia, cognitive function, fecal microbiota transplantation, gene
expression, gut microbiome, lipid metabolism

Received: 19 July 2023; revised manuscript accepted: 12 November 2023.

Ther Adv Neurol Disord
2024,Vol. 17: 1-14

DOI: 10.1177/
17562864231218181

© The Authorl(s), 2024.
Article reuse guidelines:
sagepub.com/journals-
permissions

Correspondence to:
Soo-Hyun Park
Department of Neurology,
Hallym University
Kangdong Sacred Heart
Hospital, Seoul 05355,
Republic of Korea
g2skhomef@gmail.com

Jun-Seob Kim
Department of Nano-
Bioengineering, Incheon
National University,
Incheon, Republic of Korea

Hyelim Park

Inha Research Institute
for Aerospace Medicine,
Inha University College
of Medicine, Incheon,
Republic of Korea

Jung-Hwan Lee

Division of
Gastroenterology,
Department of Hospital
Medicine, Inha University
Hospital, Incheon,
Republic of Korea

Jongbeom Shin

Boram Cha

Kye Sook Kwon

Yong Woon Shin

Division of
Gastroenterology,
Department of Internal
Medicine, Inha University
Hospital, Inha University
School of Medicine,
Incheon, Republic of Korea

Yerim Kim

YeoJin Kim

Jong Seok Bae

Ju-Hun Lee

Department of Neurology,
Hallym University
Kangdong Sacred Heart
Hospital, Seoul, Republic
of Korea

Seok-Jin Choi

Tae Jung Kim

Sang-Bae Ko
Department of Neurology,
Seoul National University
Hospital, Seoul, Republic
of Korea

*These authors are co-
first authors.

journals.sagepub.com/home/tan

@ @ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
@ (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the Sage and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://journals.sagepub.com/home/tan
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:g2skhome@gmail.com

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 17

Introduction

Neurodegenerative disorders are a group of con-
ditions characterized by the progressive deteriora-
tion and loss of neurons, leading to various
abnormalities. Among these, dementia stands out
as a significant global cause of mortality, contrib-
uting to approximately 1.62million deaths in
2019 and imposing substantial economic and
social burdens.!2 The impact of dementia extends
beyond mortality, affecting the quality of life and
leading to heightened morbidity, increased chal-
lenges in nursing care, and higher rates of depres-
sion.? Despite ongoing exploration of diverse
treatment modalities, including medication and
rehabilitation, the effectiveness of these treat-
ments remains uncertain,*5 underscoring the
necessity for alternative interventions.

An emerging area of research highlights the
potential role of the brain—gut axis in neurode-
generative disorders.®7 This bidirectional com-
munication system between the gastrointestinal
and central nervous systems contributes to vari-
ous cellular mechanisms affecting health and dis-
ease, such as immune system regulation and
homeostasis.® Notably, individuals with neuro-
logical disorders, including dementia, exhibit dis-
tinct gut microbiota compositions compared to
healthy individuals.® Moreover, early-stage
patients show a different gut microbial composi-
tion than those with advanced disease, suggesting
the gut microbiota’s potential influence on dis-
ease progression.%10

Fecal microbiota transplantation (FMT), a pro-
cedure involving the transfer of a fecal solution
from a healthy donor to a patient, has shown
promising therapeutic potential.®"10 This proce-
dure shifts the recipient’s homeostasis toward a
healthier state, restoring the blood-brain barrier
and intestinal integrity.!! FMT’s potential impact
on cognitive enhancement through the brain—gut
axis has been observed.!? Despite these potential
benefits, many issues still need to be addressed,
including safety concerns, lack of standardized
protocols, limited understanding of the microbi-
ome, and ethical and regulatory challenges.

Given this context, our study aims to explore
whether FMT significantly affects specific cogni-
tive performance measures in dementia patients.
We also examined the relationship between cog-
nition and gut microbiota by evaluating patients’

gene expression changes following the FMT
procedure.

Methods

Patients recruitment

All patients were screened between April 2020
and July 2022 at the Dementia and Microbiome
Centers in the hospital. We enrolled patients aged
more than 18years who were diagnosed with
dementia with relapsed Clostridioides difficile infec-
tion (CDI) and who required FMT. We came
across patients with severe CDI who had previ-
ously failed treatment with several antibiotics and
had relapsed symptoms with a positive CDI stool
test. We also screened patients admitted with a
dementia diagnosis made by a neurologist, par-
ticularly those with Alzheimer’s dementia (AD).!3
The following patients were considered unfit for
FMT and were excluded: patients with known
immunosuppression (HIV infection or steroid
therapy); other acute infectious diseases except
for CDI; pregnant women; breastfeeding women;
patients with structural digestive tract abnormali-
ties, such as obstruction, ileus, or perforation;
patients requiring intensive care unit care; and
patients with ongoing antibiotic therapy. In all,
14 patients were enrolled; however, six were lost
to follow-up, and three did not undergo fecal
analysis because of the patient’s fecal samples
were unsuitable for analysis. Finally, five patients
were included in the study.

Fecal microbiota transplantation

Stool donors with no gastrointestinal or other
health problems underwent blood and stool tests,
including a COVID-19 test. Informed consent
was obtained from the physician before screen-
ing. Donors were required to answer a question-
naire regarding FMT donor selection.!* Donor
condition was regularly checked using laboratory
and stool tests. The donated stool was filtered
using a 110 X 10 cm non-woven swab mixed with
40 mL of sterile saline (0.9% NaCl) and stored at
—80°C in a stool bank. The stool suspension was
stored in a sterile container until FMT.

Before FMT, stool suspensions (60g/300mL)
were prepared at 37°C for sixh. The recipients
underwent bowel preparation according to their
condition and doctor’s instructions before FMT.
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Stool suspensions (60g) were injected into the
recipients’ intestinal tracts through colonoscopy
by a skilled gastroenterologist, following the FMT
guidelines.!> Recipients were monitored and
examined for side effects at the microbiome
center after FMT.

Cognitive function and laboratory evaluations

A neurologist evaluated cognitive function indi-
vidually in all patients with AD for approximately
20-30min. The Mini-Mental State Examination
(MMSE; range, 0-30), Montreal Cognitive
Assessment (MoCA; range, 0-30), Clinical
Dementia Rating Scale (CDR; range, 0—30), and
Glasgow Coma Scale (GCS; range, 3-15) tests
were performed before FMT and 1 and 3 months
after FMT. Although the test time varied, the test
results were confirmed to be as close as possible
to those before FMT.

The MMSE is a brief test used to evaluate cogni-
tive function. It is widely used to evaluate demen-
tia severity.1® However, MMSE is insufficient for
assessing executive impairments.’” MoCA is
more sensitive than MMSE for observing mild
cognitive impairment and AD.!¢ It evaluates a
broad range of cognitive domains, including exec-
utive and visuospatial functions. Therefore,
according to the best practice guidelines, we
employed the MMSE and MoCA scores as stand-
ardized tools for cognitive testing during clinical
practice.!” CDR is widely used to grade dementia
severity and yields the Sum of Boxes (CDR-SOB)
scores (range, 0—18) regularly used in clinical and
research settings.!® Higher scores on the MMSE
and MoCA and lower scores on the CDR and
CDR-SOB suggest better cognitive function
(Supplemental Table S1). GCS was the sum of
the scores and individual elements (with three
being the worst and 15 being the highest).

Laboratory tests were performed, including infec-
tion markers, inflammation markers, electrolytes,
etc., before FMT and 1 and 3 months after FMT
or at admission with cognitive function tests
simultaneously (maximum 3 days before and after
the cognitive test). The general conditions that
affected the cognitive function tests were evalu-
ated. Therefore, we also confirmed whether the
patients’ cognition was influenced by their gen-
eral condition and excluded those patients for
whom it was (Supplemental Table S3).

Gut microbiota analysis

Patient feces (approximately 2—-5mlL) were col-
lected from a stool carrier before and after FMT.
All samples were stored at —80°C until shipping
to the Macrogen-Biotech Lab (Seoul, Republic of
Korea) for 16S rRNA gene amplicon sequencing
and sequencing.

Metagenomic DNA was extracted from fecal
samples, and the V3-V4 region of the bacterial
16S rRNA gene was amplified using barcoded
universal primers. PicoGreen was used to pool
and normalize the amplified products. The quan-
tity and fragment size of the extracted DNA was
assessed using an Agilent Technologies 2100
Bioanalyzer equipped with a DNA 1000 chip
(Santa Clara, CA, USA). According to the manu-
facturer’s instructions, sequencing was performed
using a MiSeq sequencer on an Illumina
platform.

Microbiome profiling was conducted using the
16S-based microbial taxonomic profiling (MTP)
platform of EzBio-Cloud Apps (ChunlLab Inc.,
Seoul, Republic of Korea). After taxonomic pro-
filing of each sample, a comparative MTP ana-
lyzer from the EzBio-Cloud Apps was used for
comparative analysis. On the ChunLab MTP
platform, the sequencing reads were preprocessed
using the following five steps: (1) filtering of low-
quality reads, (2) merging of paired-end reads,
(3) removal of barcode and primer sequences, (4)
taxonomic assignment of the reads, and (5)
removal of chimeric sequences. Taxonomic
assignment of the reads was conducted using the
ChunlLab 16S rRNA database (DB ver.
PKSSU4.0).1°

OTU picking was conducted using UCLUST
and CD-HIT with a 97% similarity cutoff of 0.49
and Good’s coverage, rarefaction, and alpha-
diversity indices were calculated, including the
Chao and Shannon indices observed in MTP.
Beta diversity was analyzed using the permuta-
tional multivariate analysis of variance
(PERMANOVA) variance. Overall differences in
the microbiome structure were evaluated using
principal coordinate analysis of unweighted and
weighted UniFrac distances.2? Linear discrimi-
nant analysis effect size (LEfSe) was used to
determine the taxonomic differences of pre- and
post-FMT.2! Functional biomarker analysis using
the phylogenetic investigation of communities by
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reconstruction of the wunobserved states
(PICRUSt) software package was performed
between the pre-and post-FMT groups using
EzBio-Cloud Apps.22

RNA extraction and reverse transcription

Total RNA was purified from 200uL of serum
using the miRNeasy Serum/Plasma Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s
protocols. The RNA concentration and quality
were assessed using a NanoDrop spectrophotome-
ter (Thermo Scientific, Wilmington, DE, USA).
For mRNA quantitative polymerase chain reaction
(gPCR), 250ng of total RNA was reverse tran-
scribed to cDNA wusing the RT2 First Strand
Kit (Qiagen) according to the manufacturer’s
instructions.

Quantitative real-time polymerase chain

reaction

Transcriptomes related to lipid metabolism were
evaluated via qPCR using the human fatty acid
metabolism RT2 Profiler PCR array (Qiagen),
which profiled the expression of 84 gene tran-
scripts related to lipid metabolism. Each cDNA
sample was mixed with RT2 SYBR Green Master
Mix (Qiagen). Two housekeeping genes were
selected as references: glyceraldehyde-3-phos-
phate dehydrogenase and hypoxanthine phospho-
ribosyltransferase 1. The Ct values were
standardized based on gene selection. The fold
change/regulation of expression was calculated
using the delta/delta Ct method of the data analy-
sis web portal, in which delta Ct was calculated
between the gene of interest and the average ref-
erence genes, followed by delta—delta Ct calcula-
tions. The fold change was calculated using
formula 2 (44Co,

Statistical analysis

Data are presented as mean, range, median, or
number (percentage), as appropriate. Statistical
significance among the three groups was deter-
mined using the Kruskal-Wallis test, a nonpara-
metric method for deciding whether samples
originate from the same distribution. In addition,
comparisons among the three groups were con-
ducted using the Friedman test, which is a nonpar-
ametric statistical test. Relative gene expression
data from the quantitative real-time polymerase
chain reaction were analyzed using the comparative

Ct method (2724Ct), Statistical analyses were per-
formed using GraphPad Prism (Version 9.3,
GraphPad Software, San Diego, CA, USA), the R
statistical package (R Foundation, Vienna, Austria;
https://www.r-project.org), and SPSS 27.0, for
Windows (SPSS Inc., Chicago, IL, USA). Relative
gene expression data were analyzed using the online
RT2 Profiler PCR Array data analysis program
(https://geneglobe.qiagen.com/cn/analyze). p
Values <0.05 were considered significant.

Results

Baseline characteristics

The baseline characteristics of the study groups
are presented in Table 1. Patients were diagnosed
with AD based on cognitive function tests, serum
tests, and brain imaging (Figure 1). Patients pre-
sented with CDI symptoms, such as abdominal
pain, diarrhea, vomiting, or fever (body tempera-
ture >38°C). The major CDI symptoms were
abdominal pain and fever in FMT patients. Of
the five patients recruited, three were females,
and two were males; the median age at the time of
FMT was 74years (range 62-90years). All the
subjects were treated with one or two antibiotics
before FMT; two patients (20.0%) were adminis-
tered oral vancomycin, and two (20.0%) were
administered metronidazole.

Effects on clinical presentation after FMT

No serious adverse effects were reported after
FMT (Table 1). Nausea was reported in one
patient 3h after FMT. However, the patient’s
symptoms  resolved  without intervention.
Transient abdominal pain was reported in one
patient after the procedure caused by gas insertion
for a colonoscopy. No recurrence of CDI symp-
toms or FMT-related complications was noted.

All five patients showed improved cognitive func-
tion post-FMT compared with pre-FMT (Table
2 and Supplemental Table S1). The mean value
of the difference in the MMSE scores of five
patients before and three months following FMT
was 6.0 (p=0.010). The median MMSE scores
were higher after FMT than those before FMT.
Notably, cognitive function continued to improve
after FMT [pre-FMT; 11.0 (median), 12.8-16.0
(interquartile range, IQR) versus 1-month post-
FMT; 16.0 (median), 13.0-18.0 (IQR) wersus
3 months post-FMT; 17.0 (median), 12.8-19.0
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Table 1. Clinical characteristics of FMT.

Characteristics FMT (N=5)
Sex, female, n (%) 3 (60)
Age, years, median (IQR) 74 (62-90)
mRS, median (IQR) 3(1-4)
Geriatric Depression Scale, 17 (13-22)
median (IQR)
Nutrition supplement status
Oral feeding, n (%) 3 (60)
Enteral feeding, n (%) 2 (40)
Peripheral feeding, n (%) 0(0)
Presenting symptoms of CDI
Diarrhea, n (%) 3 (60)
Abdominal pain, n (%] 4 (40)
Fever (>38°C), n (%) 4 (40)
Antibiotics for CDI
Vancomycin, n (%) 2 (40)
Metronidazole, n (%) 2 (40)
Vancomycin + metronidazole, 1(20)
n (%)
FMT dose, g 60
Complications after FMT
None, n (%) 3 (60)
Nausea, n (%) 1(10)
Abdominal pain, n (%] 1(10)
Fever (>38°C), n (%) 0(0)
Medication for dementia
Donepezil, n (%) 3 (60)
Memantine, n (%) 1(10)
Donepezil + memantine, n (%) 1(10)
Duration of dementia, years, 3.2 (1.8-5.3)

median (IQR)

CDI, Clostridioides difficile infection; FMT, fecal microbiota
transplantation; IQR, interquartile range; mRS, modified

Rankin Scale.

(IQR)]. Friedman test revealed that the mean
value of the difference in MMSE scores of five
patients before and three months following FMT
was significant (p=0.005).

The median MoCA scores were similar to the
median MMSE scores. Median MoCA scores at
three months post-FMT [21.0, 12.5-23.5 (IQR)]
were the highest [12.0, 8.5-16.5 (IQR)]. It was
confirmed that FMT reduced cognitive impair-
ment, which improved and was maintained over
time. The mean difference in MoCA score
between pre- and 3 months post-FMT was 6.2
(mean, p=0.042). In addition, the mean values of
MoCA scores were significantly distinct among
the five patients (p=0.025, Friedman test).

The median CDR-SOB score was lesser post-
FMT [5.5 (median), 4.0-8.0 (IQR)] than that
pre-FMT [10.0 (median), 5.0-12.0 (IQR)].
However, the median CDR-SOB score did not
change significantly between 1 and 3 months after
FMT. Nevertheless, the mean difference in CDR-
SOB scores between pre- and 3 months post-
FMT was 3.1 (p=0.048). The Friedman test of
the CDR-SOB was also significantly different
between pre- and 3months post-FMT in five
patients (p=0.005). Therefore, it can be inferred
that FMT significantly improved cognitive
function.

Comparison of fecal microbiome composition
before and after FMT

We compared the paired samples in five patients
before and at 1 and 3 months after FMT. The
bacterial richness of the gut microbiota
increased in patients after FMT (Figure 2).
This indicates that the microbiome analysis
revealed changes in bacterial taxa before and
after FMT. There was an increase in the aver-
age bacterial composition, including the abun-
dance of members of the Bacteroidaceae family
(from 17% to 33%). By contrast, the abun-
dance of the family Enterococcaceae decreased
from 23% to 6%.

An analysis of the abundance of each genus before
and after FMT in patient fecal samples revealed
that the proportions of Bacteroides, Parabacteroides,
Alistipes, Tannerella, and Actinobacteria were rela-
tively enriched in fecal samples after FMT com-
pared to those before FMT (8% versus 27%, 2%
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https://journals.sagepub.com/home/tan

THERAPEUTIC ADVANCES in
Neurological Disorders

Volume 17

Screened AD patients with CDI (n= 38)

Exclusion

patients with immunosuppression

patients with acute other infectious diseases
pregnancy

breastfeeding women

patients with structural digestive tract abnormalities
patients with required intensive care unit

patients with ongoing antibiotics therapy

A

‘Written informed consent enrolled
AD patients with relapsed CDI (n= 14)

Lose of follow-up (n=2)
Insufficient fecal analysis (n=3)

A4

Enrolled AD patients with CDI (n= 5)

- FMT intervention

!

Follow-up 1 month after FMT (n= 5)
- Fecal microbiome analysis
- Cognitive function test
- Serum analysis

l

Follow-up 3 months after FMT (n=>5)
-  Fecal microbiome analysis
- Cognitive function test
- Serum analysis

Figure 1. Study flow.

Patients were diagnosed with AD based on cognitive function tests, serum tests, and brain imaging.

AD, Alzheimer’s dementia.

versus 10%, 1% versus 5%, 0% versus 4%, and 0%
versus 4%, respectively). By contrast, Enterococcus
proportions (31% versus 18%) were reduced after
FMT compared to before. The taxonomic rela-
tive abundance of the Enterococcaceae family
was altered after FMT [pre-FMT; median, 6.70
(IQR, 4.60-18.77) wersus post-FMT; median,
37.41 (IQR, 21.47-57.87), p=0.11]. Particularly,
Bacteroides genus was altered after FMT [pre-
FMT; median, 0.84 (IQR, 0.18-12.9) wversus
post-FMT; median, 38.18 (IQR, 1.58-76.11),
p»=0.047].

The alpha diversity significantly differed before
and 3 months after FMT [Figure 3(a)]. The com-
position of patient feces altered the diversity
(Shannon index, p=0.026) and species richness
(Chao index, p=0.11) after FMT. The beta
diversity exhibited a significant difference between
pre-and three-month post-FMT according to

PERMANOVA [p=0.046, Figure 3(b)]. LEfSe
confirmed a significant taxonomic profile differ-
ence between pre-and post-FMT [Figure 3(c)].
After FMT, some bacteria were either enriched
or reduced. At the phylum level, Bacteroidaceae
was the most enriched taxon post-FMT (LEfSe
>2, p<0.05). At the genus level, Bacteroides,
Alistipes, and Odoribacter were enriched after
FMT (LEfSe >2, p<0.05).

Expression of genes involved in lipid

metabolism after FMT

We used commercially available PCR arrays to
compare the pre-and post-FMT gene expression
profiles. These arrays contained primers for 84
genes involved in fatty acid biosynthesis, trans-
port, and metabolism. The results revealed
altered expression of all genes (Figure 4). There
were statistically significant differences in the
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Table 2. Cognitive function difference between before and after FMT.

Cognitive FMT
function test

Before FMT, After 1 month After 3months Before FMT compared pValue® p Valueb

median (IQR) FMT, median FMT, median (IQR) to after 3months FMT,

(1GR) mean (SD)

MMSE 11.0 (8.0-14.0) 16.0 (13.0-18.0) 17.0 (12.8-19.0) 6.0 (1.6 0.010 0.005
MoCA 12.0 (8.5-16.5) 17.0 (11.5-18.5) 21.0 (12.5-23.5) 6.2 (2.7) 0.042 0.025
CDR-SOB 10.0 (5.0-12.0) 5.5 (4.0-8.0) 5.5 (4.0-8.0) 3.1(2.6) 0.048 0.005

aKruskal-Wallis H.
bFriedman test.

CDI, Clostridioides difficile infection; CDR-SOB score, Clinical Dementia Rating Scale Sum of Boxes Score; FMT, fecal microbiota transplantation;
IQR, interquartile range; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; SD, standard deviation.

Pre-FMT

Post-FMT
after 3 months

0% 10% 20% 30% 40%
m Enterococcus
MAlistipes
mTannerella
M Parabacteroides
u Lactobacillus
Sutterella ® Hafnia

Figure 2. Change in microbiome before and after FMT.

m Escherichia

m Longicatena

m Bacteroides

® Enterobacteriaceae_g

m ETC(under 1% in average)

50% 60% 70% 80% 90%

g

m Ruminococcus_g4

m Unclassified in higher taxonomic rank
m Streptococcus

W Actinobacteria

m Klebsiella

We compared the paired samples in five patients before and at 1 and 3 months after FMT, the bacterial component of the gut

microbiota increased in patients after FMT.
FMT, fecal microbiota transplantation.

expression of 12 mRNA genes between pre- and
post-FMT (p<<0.05; Table 3). In all, 11 mRNA
genes (ACAAI, ACADI11, ACOTS8, BDHI,
DECR2, EHHADH, SLC27A2, SLC27A3,
SLC27A4, SLC27A6, and B2M) were upregu-
lated and one (FABP6) was downregulated after
FMT (more than twofold).

In particular, the expression levels of three mRNA
genes (ACAA1, EHHADH, and B2M) increased
continuously after FMT (Figure 5). The expres-
sion of one mRNA gene (FABP6) expression
continuously decreased after FMT. Among the
investigated mRNA genes, significant shifts were
observed in the expression of ACAAI
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Figure 3. Microbiome analysis before and after FMT. (a) The alpha diversity, including composition, and richness of gut microbiome,
differed before and 3 months after FMT (Shannon index, p=0.026, Chao index, p=0.11). (b) The beta diversity exhibited a significant
difference before and 3 months after FMT ([PERMANOVA, p=0.046). (c) LEfSe confirmed a significant taxonomic profile difference
between pre- and post-FMT. At the genus level, Bacteroides, Alistipes, and Odoribacter were enriched after FMT (LEfSe > 2, p<0.05).
FMT, fecal microbiota transplantation.

(32.51 £2.02 wversus 29.21+1.63, p=0.0004),
EHHADH (19.33+£0.35 wersus 27.36+0.58,
p=0.016), and B2M (24.53*=0.30 wversus
22.33+£0.23, p=0.010, data not shown) after
FMT compared to that before FMT. In addition,
there were remarkable changes in the expression
of genes such as EHHADH after FMT (Table 3
and Figure 5).

To further explore the association among gene
expression, FMT, and cognitive function, we
included 11 mRNAs, for which a significant dif-
ference between the groups (p<0.05) was dem-
onstrated to avoid overlooking a relevant
relationship with gene expression. A receiver
operating characteristic (ROC) curve was gener-
ated for cognitive improvement before FMT wer-
sus 1 and 3months after FMT (Table 4 and
Figure 6). Furthermore, three months post-FMT
showed the highest area under the curve (0.957,
p=0.10) for cognitive improvement compared to
1-month post-FMT (0.591, p=0.606).

Discussion

The composition of the gut microbiome is known
to have a substantial impact on cognitive func-
tion. By investigating this interaction through

fecal and blood analyses, our study finds that
FMT could effectively mitigate cognitive decline
in dementia patients. Specifically, our findings
indicate a link between alterations in the gut
microbiome, gene expression related to lipid
metabolism, and cognitive function. Given the
essential role of lipid metabolism in brain func-
tion, from neuron signaling to maintain the
blood—brain barrier, these changes could serve as
potential biomarkers for cognitive decline
progression.

Our study also discovered a notable correlation
between cognitive decline and changes in gut
microbiota following FMT. Generally, dementia
patients have less diverse gut microbiota com-
pared to healthy individuals.!%23 However, FMT
significantly increases the enrichment of
Proteobacteria and Bacteroidetes, both positively
linked to cognitive function.”2%25 At the genus
level, Bacteroides, Parabacteroides, Alistipes,
Tannerella, and Actinobacteria are associated with
cognitive function enhancement, while
Enterococcus correlates with cognitive dysfunc-
tion.2%27 These associations underline the poten-
tial of both direct and indirect modifications of
the gut microbiota composition to impact cogni-
tive function.
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We used commercially available PCR arrays to compare the pre- and post-FMT gene expression profiles. These arrays contained primers for 84
genes involved in fatty acid biosynthesis, transport, and metabolism. The results revealed altered expression of all genes.

FMT, fecal microbiota transplantation.

The gut microbiota may impact neuronal func-
tion directly or indirectly by producing neuroac-
tive metabolites.?8 This crucial role of the gut
microbiota extends to regulating central neuro-
transmitters and normal brain development,
including the hippocampus and microglial mor-
phology.?9-31 Our findings corroborate previous
studies showing that an absence or insufficiency
of gut microbiota is associated with microglial
impairment.!3 We further explored the influence
of gut microbiota alteration by FMT on host gene
expression. Changes in metabolites such as bile
acids, amino acids, and short-chain fatty acids
induced by alterations in gut microbiota have
been found to affect brain function.3? In particu-
lar, changes in lipid metabolism have been linked
to cognitive decline, and it is possible that changes
in the transcriptional activity of genes involved in
lipid metabolism could provide a therapeutic tar-
get.33-37 Consequently, our study provides addi-
tional evidence linking lipid metabolism to
cognitive function, with the discovery that FMT
results in the increased expression of three genes

(ACAAI, EHHADH, and B2M) associated with
lipid metabolism and the downregulation of one
gene (FABP6).

In addition, these results had an interesting point
where they correlated with the lipid panel results
in serum before and after FMT (Supplemental
Table S2). After FMT, it was confirmed that tri-
glyceride (TG; 140.25 wersus 147.25mg/dL,
mean) and low-density lipoprotein (LDL; 100.75
versus 127.50mg/dL, mean) levels increased.
What is peculiar is that high-density lipoprotein
(HDLj; 49.75 wversus 24.75mg/dL, mean) levels
are lowered after FMT. TG and LDL, bad cho-
lesterol in our body, seem to increase while HDL
decreases relatively, so additional research is
needed.?® Therefore, this study provided clinical
clues indicating the effect of cognitive function
after gut microbiota changes wia lipid
metabolism.

This study does have limitations. First, our follow-
up period was only threemonths post-FMT,
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Table 3. Expression of genes after FMT.
Gene symbol Fold regulation  Description Transcription factors p Value
Over-expression
ACAAT 81.98 Acetyl-CoA acyltransferase NF-kappaB1 0.024
1
ACAD11 14.04 Acyl-CoA dehydrogenase COMP1, c-Ets-1, ELk-1, HTF, Pax-2a, Pax- 0.043
family 2, Pax-6, ZID, XBP-1, NRF-2, CUTL1
ACOT8 17.55 Acyl-CoA thioesterase 8 NF-YB, Elk-1, MyoD, HEN1, HNF- 0.019
4alphat, COUP-TF1, COUP-TF, Tal-1beta,
NF-Y, CBF(2), E47, CP1A, c-Myc, COUP,
USF-1, MIF-1, MZF-1, PPAR-gammal,
PPAR-alpha, CBF-A, CBF-B, Max1,
c-Ets-1, CBF-C, AREB6, PPAR-gamma2,
p300, NF-YC, CP1C, STAT3, USF1, NF-YA,
HNF-4alpha?2
BDH1 79.41 3-Hydroxybutyrate Sp1 0.001
dehydrogenase
DECR?2 5117.31 2,4-Dienoyl CoA reductase 2 nan 0.042
EHHADH 1439.32 Enoyl-CoA, hydratase/3- CBF(2], NF-Y 0.008
hydroxyacyl CoA
dehydrogenase
SLC27A2 31.11 Solute carrier family 27 c-Myc, Sp1, CHOP-10, HEN1, Max, C/ 0.028
(fatty acid transporter) EBPalpha
SLC27A3 50.39 Solute carrier family 27 NF-AT3, NF-AT, NF-AT1, NF-AT4, NF- 0.024
(fatty acid transporter) AT2
SLC27A4 5.95 Solute carrier family 27 p300 0.016
(fatty acid transporter)
SLC27A6 11.07 Solute carrier family 27 nan 0.030
(fatty acid transporter)
B2M 412 Beta-2-microglobulin IRF-1, Pax-4a, ATF-2, NF-Y, ISGF-3, TBP,  0.001
CBF(2)
Under-expression
FABPé -42.66 Fatty acid-binding protein AP-1 0.010

FMT, fecal microbiota transplantation.

which might only partially capture long-term
effects on cognitive function. Future studies
should include longer-term follow-ups. Second,
the assessment of cognitive function was restricted
due to hospital policies. Future studies need to
incorporate a broader range of cognitive function
tests. Moreover, during our study, we could not
evaluate dementia using brain magnetic resonance
image (MRI), which would be beneficial for future

studies to consider MRI evaluation over extended
periods. Third, we check laboratory tests before
and after FMT. Although further evaluation is
needed, laboratory results showed that patients’
general condition before and after FMT did
not significantly affect cognitive function
(Supplemental Table S3). However, we could not
reflect the required daily energy, including nutri-
tion support status. Therefore, there seems to be a

journals.sagepub.com/home/tan


https://journals.sagepub.com/home/tan

J-S Kim, H Park et al.

w

-Log10(p-value)
w

2 ACAA1
: EHHADH
1
. S .
" H i - b
. o ¢ e, phee .
0 . *® a pe
-5 0 5 10
Log2 (3m after FMT/before)

Figure 5. Alteration of gene expression after FMT compared to before FMT.
The expression levels of three mMRNA genes (ACAAT, EHHADH, and B2M) increased continuously after FMT. The expression of
one mRNA gene (FABPé) expression continuously decreased after FMT.

FMT, fecal microbiota transplantation.

Table 4. ROC curve analysis of cognitive functions to discriminate gene expression between before and after

FMT.
Timing of Cognitive AUC p Value 95% Confidence interval J-index
Testing
Lower Upper
Before FMT 0.409 0.606 0.411 0.771 0.290
After 1 month FMT 0.591 0.606 0.218 0.599 0.516
After 3months FMT 0.957 0.010 0.871 1.000 0.871

AUC, area under the curve; FMT, fecal microbiota transplantation; ROC, receiver operating characteristic.

consideration between the patient’s nutritional
status and gut microbiome for further study.
Lastly, it is necessary to analyze the gut microbiota
of patients with cognitive dysfunction in larger
patient groups and across multiple centers.

In conclusion, this study suggests that FMT
could offer a novel approach to mitigating cogni-
tive decline in dementia patients by influencing
the gut microbiota and related lipid metabolism.

FMT could serve as an additional treatment
option to complement existing therapies, thereby
enhancing the overall management of cognitive
decline. Furthermore, our findings suggest the
potential use of gene expression related to lipid
metabolism as a marker for cognitive decline.
Future research should delve further into this
promising intervention and its potential to
improve the quality of life for individuals living
with AD.
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Figure 6. ROC curves of cognitive improvement to discriminate gene
expression between before and after FMT.

Three months post-FMT showed the highest AUC (0.957, p=0.10) for cognitive
improvement compared to that for 1-month post-FMT (0.591, p=0.606).

AUC, area under the curve; FMT, fecal microbiota transplantation; ROC, receiver
operating characteristic.
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