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Recent studies have confirmed that gut microbiota differs according to race or country in many
diseases, including mild cognitive impairment (MCI) and Alzheimer’s disease. However, no study has
analyzed the characteristics of Korean MCI patients. This study was performed to observe the
association between gut microbiota and MCl in the Korean elderly and to identify potential markers
for Korean MCl patients. For this purpose, we collected fecal samples from Korean subjects who were
divided into an MCI group (n = 40) and control group (n = 40) for 16S rRNA gene amplicon sequencing.
Although no significant difference was observed in the overall microbial community profile, the
relative abundance of several genera, including Bacteroides, Prevotella, and Akkermansia, showed
significant differences between the two groups. In addition, the relative abundance of Prevotella
was negatively correlated with that of Bacteroides (r =0.733). This study may provide Korean-
specific basic data for comparing the characteristics of the gut microbiota between Korean and non-
Korean MCI patients.
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Introduction

Mild cognitive impairment (MCI) is considered an intermediate stage between the cognitive changes of aging
and fully developed symptoms of dementia, such as those seen in Alzheimer’s disease (AD) [1]. MCl is associated
with a greater decline in cognitive function than normal aging; however, it does not significantly interfere with
daily life, making it difficult to diagnose in the early stages. Although many patients with MCI experience memory
impairment, their medical examination results are often normal. Some studies have shown that patients with MCI
progress to AD at a rate of 10-15% per year, and 80% of these patients are diagnosed with AD approximately after
6 years of follow-up [2]. Therefore, the identification and recognition of MCI is an important issue and challenge
to be overcome.

Over the past decades, the role of gut microbiota has been observed primarily in immunological, nutritional,
and metabolic functions of the host [3-5]. Recently, the gut microbiota has been reportedly linked to brain
processes and behaviors [6]. The link between the brain and gut microbiota is called the Gut- Brain axis. Gut
microbiota has been reported to modulate and influence cognitive dysfunction as well as the progression of
neurodegenerative diseases. Dysbiosis in the human gut can negatively affect brain function by causing
neuroinflammation [7]. For example, recent studies have demonstrated associations between gut microbiota and
dementia [8]. Several reports suggest that patients with AD have quantitative and qualitative changes in their gut
microbiota [9].

Alterations in the composition of the human gut microbiota are not only determined by health conditions but
also by gender, nationality, and ethnicity [10-12]. In addition, some studies on microbiota composition in
different ethnic and racial groups have confirmed that the gut microbiota differs according to race in many
diseases, such as autism, cancer, irritable bowel syndrome, and obesity [13-19]. Various studies have investigated
the association between gut microbiota and MCI by race (e.g., Japanese and Chinese) [8, 20, 21]. These results can
enable racial classification of MCI patients and may help to establish recommendations for race-specific
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treatment methods based on gut microbiota characteristics. However, no study has examined the relationship
between the gut microbiota and MCI in the Korean population.

Therefore, the purpose of this study was to examine the association between gut microbiota and MCI in elderly
Koreans and identify potential markers for Korean MCI patients. Additionally, potential correlations between the
relative abundance of different gut microbiota at the phylum and genus levels were analyzed.

Materials and Methods

Study Design

A cohort of elderly Koreans living in community (aged 57-80 years of both sexes) was recruited from the
Dongshin University Medical Center (Republic of Korea). Participants voluntarily applied to be subjects for this
study and informed consent was obtained from all subjects prior to participation, following the IRB-approved
consent form. The medical ethics committee of Dongshin University Medical Center approved the study protocol
(DSGOH-2021-004). Neuropsychological tests (Global Deterioration Scale (GDS), Korean Mini-Mental State
Examination (K-MMSE), and Korean version of the Montreal Cognitive Assessment (MoCA-K)) were performed
to classify the participants into the MCI and control groups. The diagnostic criteria for MCI were as follows: (1)
second or third stage of GDS, (2) K-MMSE score < 23, and (3) MoCA-K score < 22. Those who fulfilled two or
more of these three criteria were assigned to the MCI group and the rest were assigned to the control group. There
was a total of 40 subjects in the MCI group (n = 40) and 40 subjects in the control group (n = 40). The
characteristics of the MCI and control groups are shown in Table 1.

Fecal Sample Collection and DNA Extraction

Fresh fecal samples were collected in NBgene tubes (Noble Biosciences) and stored at —-80°C until analysis. Fecal
DNA was extracted using an AccuFAST automation system (AccuGene Inc., Republic of Korea) according to the
manufacturer’s instructions. For MiSeq sequencing, bacterial genomic DNA amplification was performed using
primers containing 515 forward and 806 reverse bases with Nextera adaptor sequences to target the V4
hypervariable region of the 16S rRNA genes. 16S rRNA genes were amplified through 25 polymerase chain
reaction (PCR) cycles using KAPA HiFi HotStart ReadyMix (Roche sequencing, USA). PCR products (~250 bp)
were purified using HiAccuBeads for next-generation sequencing (NGS) library purification (AccuGene Inc.).
The amplicon libraries were pooled at an equimolar ratio and the pooled libraries were sequenced on an Illumina
MiSeq system using the MiSeq Reagent Kit v2 for 500 cycles (Illumina, USA).

Microbiota Analysis

All reads were denoised by correcting amplicon errors and used to infer exact amplicon sequence variants
(ASVs) using DADA2 v1.16 [22]. The SILVA release 138 rRNA reference database [23] was utilized to create a
Naive Bayes classifier to classify the ASV's obtained from DADA2. Downstream analyses of quality- and chimera-
filtered reads were performed using the Quantitative Insights Into Microbial Ecology (QIIME2-2022.2) software
package [24]. Each sequence obtained from the DADA?2 datasets was assigned to taxonomy with a threshold of
99% pairwise identity using QIIME2 workflow scripts and SILVA release 138 rRNA reference database classifier.
To explore the metabolic and other functional activities of the gut bacterial communities in control vs. MCI
subjects, an open-source bioinformatics tool called phylogenetic investigation of communities by reconstruction
of unobserved states (PICRUSt 2) was used. The ASV's generated from the 16S rRNA gene amplicon sequencing
data were entered into PICRUSt 2 software. They were analyzed for the prediction of functional genes of the
classified members of the gut microbiota resulting from reference-based ASV selection against the SILVA release
138 database. Subsequently, the inferred gene families were annotated against the Kyoto Encyclopedia of Genes
and Genomes (KEGG) orthologs and then collapsed into KEGG pathways to generate the functional pathway.
Finally, the functions were categorized and compared at levels of 3.

Data and Statistical Analysis

Bacterial diversity was determined by a-diversity using Chao 1, observed species, Shannon, and Simpson
indices) Microbial community clustering (B-diversity) was performed using unweighted and weighted UniFrac
distance matrix, Jaccard, and Bray Curtis distance matrices. The linear discriminant analysis (LDA) effect size
(LEfSe) method was used to characterize taxa with statistical significance and biological relevance. For LEfSe

Table 1. Baseline characteristics of MCI and control groups.

Characteristics MCI (n =40) Control (n=40)
Age (yrs, mean + SD) 69.5+4.8 66.4+5.8
Sex (female/male) 34/6 38/2
BMI (kg/m’, mean + SD) 23.9+2.2 23.6 3.0
Education (yrs, mean + SD) 9.6+2.9 109+2.7
GDS score (mean + SD) 23+04 1.0+0.0
K-MMSE score (mean * SD) 25.7%2.1 280+ 137
MoCA-K score (mean + SD) 20.0+2.3 251+1.7"
Diabetes (%) 47.5 35
Hypertension (%) 25.0 27.5

' <0.05,""p<0.001 compared to MCL
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analysis, the Kruskal-Wallis test (a value of 0.05) and LDA score > 1 were used as thresholds. Pairwise
comparisons were analyzed using the Mann-Whitney U test. Statistical analyses were performed using GraphPad
Prism v.9.3.1 (GraphPad Software, USA). All data are expressed as the mean + standard deviation. Statistical
significance was set at p < 0.05. Multiple testing was corrected using the positive false discovery rate (FDR, type 1
error) by computing q-values after the t-test. The associations among fecal microorganisms and K-MMSE,
MoCA-K, age, and education were assessed using Spearman’s rank correlation analysis.
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Fig. 1. Comparison of the bacterial relative abundance of the control and MCI groups at the (A) phylum and (B)
genus levels. (C) Cladogram showing the phylogenetic relationships of bacterial taxa revealed by LEfSe. (D) Bar chart showing
the log-transformed Linear Discriminant Analysis (LDA) scores of bacterial taxa identified by LEfSe analysis (the log-
transformed LDA score of 1.0 as the threshold).
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Results

Alpha and Beta Diversity of Gut Microbiota

The analysis of alpha diversity included calculations of Chao 1, observed species, Shannon, and Simpson
indices; however, no significant difference was detected between the MCI and control groups (Fig. S1A). Beta
diversity was analyzed using Bray Curtis, Jaccard, Unweighted UniFrac, and Weighted UniFrac matrices
(Fig. S1B). No significant difference was observed between the two groups in the beta diversity analysis, implying
that MCl-related changes might occur only in certain bacterial taxa.

Taxonomic Distribution and Composition of Gut Microbiota

Comparison of the relative abundances of bacterial phylum and genus in the control and MCI groups are shown
in Figs. 1A and 1B. At the phylum level, Firmicutes and Bacteroidota were the predominant phyla. In the MCI
group, Firmicutes accounted for 46.04% of the total abundance of gut microbiota. The LEfSe and cladogram
analysis of the gut microbiota between the MCI and control groups are shown in Figs. 1C and 1D. The genera
Eubacterium nodatum group, Oribacterium, Rikenellaceae RC9 gut group, and Bacteroides were abundant in the
samples from the MCI group, whereas the genera Prevotella, Coprococcus, and Eubacterium ruminantium group
were abundant in the samples from the control group.

Microorganisms with significant differences in relative abundance between MCI and the control groups are
presented in Fig. 2. The relative abundance of the phylum Verrucomicrobiota in fecal samples was significantly
lower in the MCI group than in the control group (Fig. 2A). At the genus level, nine genera exhibiting different
relative abundances between the MCI and control groups were identified. (Fig. 2B). The relative abundance of
Prevotella, Coprococcus, Akkermansia, Lachnospiraceae UCG-010, Prevotellaceae UCG-001, and Clostridia UCG-
014 was significantly lower in the MCI group, whereas that of Bacteroides, Rothia, and Rikenellaceae RC9 gut group
was significantly higher in the MCI group.

Prediction of Changed KEGG Pathways Using PICRUSt Analysis

Functional metabolic pathways related to gut microbiota abundance were determined by PICRUSt analysis
using the ASVs table. A total of 10,144 pathways were detected, and 39 primary pathways at level 3 showed
statistically significant differences between the MCI and control groups (Fig. 3). The citrate cycle (TCA cycle) and
valine, leucine, and isoleucine degradation were found to have the most significant values among the 39 main
pathways (p < 0.001). In particular, amino acid metabolism (n-glycan biosynthesis; phenylalanine, tyrosine, and
tryptophan biosynthesis; taurine and hypotaurine metabolism; and histidine metabolism) was significantly
decreased in the MCI group compared to the control group. Remarkably, all 39 primary pathways were markedly
higher in the control group than in the MCI group, suggesting that functional gut microbiota may be involved in
the pathogenesis and development of MCI.
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Fig. 2. Comparison of the relative abundance showing significant difference between the control and MCI
groups at the (A) phylum and (B) genus levels. *p < 0.05.
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Significant differences in gene categories at level 3 (¢-test, p < 0.05) between the control and MCI groups. Statistical analysis was
performed using Students ¢-test. p < 0.05, **p < 0.01, ***p < 0.001.

Correlation Analysis between Microbiota and Clinical Characteristics

Fig. 4 shows the results of the correlation analysis between the relative abundance of different gut microbiota at
the phylum and genus level and the clinical characteristics, indicating evident differences in the MCI and control
groups based on the scale scores. The relative abundance of the phylum Verrucomicrobiota positively correlated
with that of the genus Akkermansia (r = 0.743, p value = 0.007). In addition, the relative abundance of genus
Prevotella was negatively correlated with that of Bacteroides (r = 0.733, p-value = 0.042).

Discussion

Many studies analyzing gut microbiota changes in cognitive frailty, AD, and other types of dementia have been
conducted using animal and human models. Animal models of cognitive frailty, including AD showed a
characteristic composition of the gut microbiota, which was significantly different from that of the control group
[25-28]. Observational human studies conducted on fecal samples from patients with different types of cognitive
impairment demonstrated changes in gut microbiota in these patients, which could lead to gut microbiota
dysbiosis [29-31]. Common clinical conditions of cognitive impairment are associated with dysbiosis of the gut
microbiome, which is defined as the loss of number and diversity of microbes symbiotically living in the human
gastrointestinal tract [32]. However, in this current study, upon comparing the a- and B-diversity, no significant
difference was noticed between the Korean MCI and control groups. These results suggest that the MCI group
differed in the relative abundance of some specific microbes, rather than exhibiting a distinct difference in the
overall gut microbial profile.

The composition of gut microbiota may vary by race. Chen et al. [33] reported that the gut microbial community
differed significantly among three races (Asian, American, and European). Furthermore, gut microbiota can vary
across regions, even within the same Asian race [34]. Although gut microbiota alterations in patients with
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Fig. 4. Heatmap of Spearman’s rank correlation coefficients between relative abundance of gut microbiota at
the phylum and genus level and clinical characteristics. Circle sizes and color intensity represent the strength of
correlation. Blue circles = positive correlations; red circles = negative correlations. Statistical analysis was performed using
Student’s ¢-test.

different kinds of cognitive disorders, including MCI and AD, have been studied primarily in Asian countries such
asJapan and China, no study has analyzed the gut microbiota of the patients with MCI in Korea. Analysis of the gut
microbiota of Asian subjects with cognitive dysfunction showed that the genus Bacteroides had a higher relative
abundance in the MCI group than in the normal group in Japanese subjects, which is consistent with the results of
this current study [8]. However, no similar tendency was observed between Chinese and Korean MCI groups.
Mingyan et al. [21] reported that the relative abundance of Prevotella was higher and that of Bacteroides was lower
in the MCI group than in the normal group among Chinese subjects, which is inconsistent with the results of this
current study. These results suggest that the microbes showing significant differences in the MCI group may be
different from country to country even within the same Asian population. In addition, the relative abundance of
Prevotella and Bacteroides showed a negative correlation with each other in this study, suggesting that the
correlation between gut microbes could be a clue for predicting cognitive dysfunction in Koreans.

The relative abundance of family Prevotellaceae, which was significantly lower in the MCI group in this study,
was reported to be 77.6% lower in patients with Parkinson’s disease (PD) than in the healthy control group, and
this decline might result in reduced mucin synthesis and a subsequent increase in gut permeability [35]. Unger et
al. [36] reported that patients with PD showed a decrease in the proportion of Prevotella in their feces, which
might cause a reduction in short-chain fatty acids (SCFAs) [37]. Prevotella is also known to be involved in
formation of the mucus in the colonic mucosal layer. The reduction in Prevotella causes a decrease in intestinal
mucus formation and an increase in intestinal permeability, increasing susceptibility to the effects of bacterial
antigens and endotoxins [38]. The intestinal epithelium is exposed to large amounts of microorganisms and
helminths as well as ingested materials. One of the well-known clinical manifestations of helminth infections is
cognitive dysfunction [39]. Mucus is the first line of defense and aids in limiting exposure to all these threats to the
epithelium [40]. Therefore, a decrease in Prevotella involved in mucus production may contribute to the
development of cognitive dysfunction. In this current study, the relative abundance of Akkermansia was significantly
lower in the MCI group, whereas the relative abundance of Bacteroides was significantly higher. Akkermansia is
considered beneficial to human health and is believed to be a potential probiotic because it can strengthen the
epithelial cell layer and modulate the immune system [41]. In addition, Akkermansia can produce large amounts
of propionate [42]. Propionate has been reported to have multiple beneficial effects on host physiology, such as
stimulating gut gluconeogenesis and exerting protective effects in PD patients [43]. The reduction in the
abundance of Akkermansia has been reported to be associated with dysfunction of the intestinal barrier, which
could be an important risk factor for AD [44]. Therefore, it is presumed that the reduced abundance of
Akkermansia is related to MCI. Meanwhile, the relative abundance of Bacteroides was positively correlated with
the AD markers p-tau and p-tau/Ap,, [45]. Increased abundance of Bacteroides may result in increased translocation
of lipopolysaccharide from the intestines into systemic circulation and the brain, contributing to AD pathology
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[46]. Overall, some strains of the genera (Prevotella, Akkermansia, and Bacteroides) in the human gut can regulate
immune responses of the intestinal wall through various mechanisms, which are expected to be associated with
cognitive dysfunction.

In the current study, the Korean MCI group showed decreased relative abundance of functional metabolic
pathways. Among them, orthologs related to amino acid metabolism (n-glycan biosynthesis; phenylalanine,
tyrosine, and tryptophan biosynthesis; taurine and hypotaurine metabolism; and histidine metabolism) were
significantly lower in the MCI group than in the control group. Lower levels of amino acid metabolism can be
associated with decreased neurotransmitter synthesis (e.g., tryptophan can cross the blood-brain barrier and is a
precursor of serotonin) [47]. Low levels of amino acid metabolism in the MCI group may contribute to metabolic
disorders associated with neurodegenerative disorders and depletion of neurotransmitters, hormones, and
immune system modulators. These results not only suggest that gut microbiota may play a role in progressive
activation of the immune system but can also contribute to cognitive dysfunction when altered.

Gut microbiome-based therapy is a promising approach for the prevention and treatment of cognitive
impairment. However, there are limited clinical studies and many challenges due to differences in genomic
sequences, gut microbiota composition, and dietary patterns [48]. Future large-scale studies are needed to clarify
the role of gut microbiota in the etiology of cognitive impairment and recommendations for clinical practice.
Furthermore, race- and country-specific microbiome data should be accumulated for gut microbiome-based
therapies for cognitive impairment to be more effective.

Conclusion

This study is the first to identify the characteristics of gut microbiota in elderly Korean MCI patients. In this
study, although no significant difference was noticed in the whole microbial community profile, the relative
abundance of several genera, including Bacteroides, Prevotella, and Akkermansia, showed significant differences
between the two groups. The results of the relative abundance of certain genera were consistent with those of MCI
patients in other countries; however, certain genera showed different results, suggesting that potential marker
microbes in MCI may differ with race. Since this study was conducted with a relatively small sample of the Korean
population, it may be difficult to determine potential markers for Korean MCI patients. Nevertheless, this study
can provide Korean-specific basic data for comparing the gut microbiota characteristics among Korean and non-
Korean MCI groups.
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