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Editorial

Unveiling the Gut Microbiota: How Dietary Habits Shape
Health Through Microbiome Modulation
Xi Wang

Department of Occupational and Environmental Health, School of Public Health, Xi’an Jiaotong University
Health Science Center, Xi’an 710061, China; wn18andlife@xjtu.edu.cn

This Editorial provides an overview of the Special Issue “Dietary Habit, Gut Micro-
biome, and Human Health” which was recently published in Nutrients.

The intricate relationship between dietary habits and human health, mediated by
the gut microbiome, has become a focal point of research in recent years [1,2]. As a
complex and dynamically evolving ecosystem, the gut microbiome plays a critical role
in host metabolism, immunity, and neurological function [3,4]. Diet acts as a primary
modulator of gut microbiota composition, which subsequently influences the development
and progression of various diseases [2]. This Special Issue, “Dietary Habit, Gut Microbiome,
and Human Health”, compiles a series of cutting-edge articles that explore the interplay
between diet, the gut microbiome, and human health. The nine included studies cover a
broad spectrum of topics, ranging from the impact of specific dietary components on the
gut microbiota to the therapeutic potential of dietary interventions in the prevention and
management of diseases such as obesity, diabetes, autoimmune thyroid disease, cognitive
impairments and endemic osteoarthritis. These articles not only provide novel insights into
the mechanisms underlying diet–microbiome interactions but also underscore the potential
of targeting the gut microbiome to facilitate disease prevention and treatment, thereby
offering valuable guidance for future research and clinical practice in this domain.

Hernandez et al. investigate the effects of time-restricted feeding on cognitive function
and gut microbiome composition in aging rats. Comparing time-restricted feeding with a
ketogenic diet and a calorically matched control diet, they demonstrate that time-restricted
feeding enhances cognitive performance irrespective of macronutrient composition. Fur-
thermore, they identify significant differences in gut microbiome diversity and composition
among the diet groups, and reveal that an abundance of Allobaculum is linked to cognitive
task performance (Contributor 1). These findings suggest that time-restricted feeding may
be a viable alternative to caloric restriction for improving cognitive and physical health in
later life. This study also highlights the gut–brain axis as a promising therapeutic target for
addressing cognitive dysfunction.

Wu et al. investigate alterations in the gut microbiota in rats resulting from selenium
(Se) deficiency and exposure to T-2 toxin. Their study seeks to elucidate the potential
implications of these factors with regard to Kashin–Beck disease (KBD). Their findings
indicate that Se deficiency and T-2 toxin exposure induce significant changes in the gut
microbiota of rats. In their research, at the phylum level, Firmicutes predominated in both
the Se-deficient (SD) group and the T-2 toxin exposure group, whereas the proportion of
Bacteroidetes was reduced in the SD group compared to the T-2 group. At the genus level,
Ruminococcus_1 and Ruminococcaceae_UCG-005 exhibited higher relative abundance in
the SD group, while Lactobacillus and Ruminococcaceae_UCG-005 were more prevalent in
the T-2 group. This study underscores the distinct modifications in gut microbiota induced
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by Se deficiency and T-2 toxin, offering valuable insights into the potential role of gut
microbiota in the pathogenesis of KBD (Contributor 2). It highlights the need for further
investigation into the complex interactions between environmental factors, gut microbiota,
and joint health.

Fagunwa et al. explore the effects of dietary sodium on gut microbiota, revealing that
a high-sodium diet (HSD) significantly alters the microbiota by decreasing the presence of
Bacteroides and increasing the prevalence of Prevotella compared to a low-sodium diet
(LSD). Their study suggests that the Bacteroides/Prevotella (B/P) ratio is a more precise
marker for gut microbiota changes than the Firmicutes/Bacteroidetes (F/B) ratio, due
to its clearer differentiation between sodium intake levels. They also identify sodium
reabsorption genes in the epithelial sodium channel of the guts of people who eat an HSD
as opposed to an LSD (Contributor 3). These findings underscore the B/P ratio’s potential
as an indicator of dietary sodium intake and its effects on gut health, offering new insights
and directions for future research on the gut microbiome’s role in health.

Duysburgh et al. investigate the prebiotic effects of baobab fiber (BF) and Arabic gum
(AG), both individually and in combination, and demonstrate that BF and AG significantly
influence the composition and metabolic activity of the gut microbiota in both the proximal
and distal colon. Notable findings within this work include an increase in Bifidobacteriaceae
and Faecalibacterium prausnitzii populations, enhanced production of short-chain fatty
acids (SCFAs), and a reduction in branched-chain fatty acids (BCFAs) and ammonium
levels. The co-supplementation of BF and AG at a lower dosage exerts synergistic prebiotic
effects, evidenced by biological activity throughout the entire colon, increased abundance
of Akkermansiaceae and Christensenellaceae in the distal colon, and elevated levels of
spermidine and other metabolites of interest (Contributor 4). This research underscores the
potential of BF and AG co-supplementation as a promising prebiotic strategy for enhancing
gut health.

The review conducted by Chen et al. provides an in-depth analysis of the complex
interplay between dietary patterns, gut microbiota, and athletic performance. It elucidates
the pivotal role of gut microbiota in human health, particularly its influence on metabolism
and immune function. The authors underscore the significant impact of both training and
nutritional strategies on athletic performance, examining how various dietary patterns mod-
ulate the gut microbiota, which subsequently affects sports performance (Contributor 5).
The review details the primary functions of the gut microbiota and its association with
exercise, indicating that athletes possess distinct gut microbiota compositions compared to
sedentary individuals, characterized by greater diversity and an increased abundance of
beneficial species. Ultimately, the review posits that specific dietary patterns can enhance
sports performance by modulating the gut microbiota.

Wang et al. examine the effects of integrating exercise with konjac glucomannan (KGM)
on antibiotic-induced dysbiosis of the gut microbiota in mice. Their findings indicate that
this combined intervention is more effective than individual interventions in restoring
alterations in gut microbiota composition and diversity caused by antibiotic treatment.
Furthermore, in their work, a combination of exercise and KGM significantly enhances
microbial purine metabolic pathways. This study underscores the potential of employing a
combination of exercise and KGM as a promising strategy to mitigate the adverse effects
of antibiotics on the gut microbiome (Contributor 6). Nonetheless, further research is
warranted to determine the optimal timing and intensity of exercise interventions. This
study offers valuable insights for the development of strategies aimed at preventing and
managing gut microbiota dysbiosis.

Yun et al. investigate the impact of Lactobacillus plantarum P111 and Bifidobacterium
longum P121 on obesity and depression or cognitive impairment-like behavior induced by
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a high-fat diet (HFD) in mice. Their findings indicate that these probiotics, whether admin-
istered individually or in combination, can mitigate HFD-induced body weight gain, liver
steatosis, and depression or cognitive impairment-like behavior. The results demonstrate
that oral administration of P111 or P121 significantly reduces HFD-induced weight gain
and enhances lipid profiles in both the blood and liver. Moreover, these probiotics down-
regulate NF-κB activation and TNF-α expression in the liver and colon while concurrently
upregulating AMPK activation. They also attenuate HFD-induced depression/cognitive
impairment-like behavior and hippocampal NF-κB activation, leading to an increase in the
hippocampal BDNF-positive cell population and BDNF levels (Contributor 7). Notably,
the combined administration of P111 and P121 (LpBl) exhibits a more pronounced effect in
ameliorating body weight gain, liver steatosis, and depression or cognitive impairment-like
behavior. This study underscores the potential of P111 and P121 as promising candidates
for the prevention and treatment of these conditions.

Zhang et al. investigate the causal relationship between gut microbiota and autoim-
mune thyroid disease (AITD) through the application of a Mendelian randomization
approach. Following an examination of 119 gut microbiota and 9 metabolites, their re-
search identifies a causal association between 3-indoleglyoxylic acid levels and the risk
of AITD, implying that metabolites derived from gut microbiota may play a role in the
pathogenesis of AITD. Additionally, this study underscores the potential causal effects of
Ruminococcus torques on Graves’ disease and taurocholic acid on Hashimoto’s thyroiditis
(Contributor 8). In summary, this research offers novel insights into the influence of gut
microbiota on AITD, thereby laying the groundwork for future investigations and potential
therapeutic interventions.

Type 2 diabetes (T2D), a chronic metabolic disorder with extensive health implications,
has been increasingly associated with gut microbiota dysbiosis. The review article “Tar-
geting the Gut Microbiota for Prevention and Management of Type 2 Diabetes” provides
valuable insights into this intricate relationship. The authors conduct a comprehensive anal-
ysis of how alterations in the gut microbiota, including imbalances in bacterial species and
changes in metabolite production, contribute to the pathogenesis of T2D (Contributor 9).
They emphasize the potential of modulating the gut microbiota through nutritional inter-
ventions, such as specific diets and supplements, as well as physical exercise, to restore
microbial homeostasis and enhance glycemic control. This review improved our under-
standing of the gut microbiota–T2D connection and its implications for the development of
novel therapeutic strategies for T2D management.

This Editorial summarizes the nine articles that comprise this Special Issue, empha-
sizing the crucial link between dietary patterns, gut microbiota, and human health. The
findings deepen our understanding of the mechanisms involved in these processes and
suggest promising strategies for disease prevention and treatment, paving the way for
future research and practical applications in this dynamic field.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The intestinal tract of humans harbors a dynamic and complex bacterial community known
as the gut microbiota, which plays a crucial role in regulating functions such as metabolism and
immunity in the human body. Numerous studies conducted in recent decades have also highlighted
the significant potential of the gut microbiota in promoting human health. It is widely recognized that
training and nutrition strategies are pivotal factors that allow athletes to achieve optimal performance.
Consequently, there has been an increasing focus on whether training and dietary patterns influence
sports performance through their impact on the gut microbiota. In this review, we aim to present the
concept and primary functions of the gut microbiota, explore the relationship between exercise and
the gut microbiota, and specifically examine the popular dietary patterns associated with athletes’
sports performance while considering their interaction with the gut microbiota. Finally, we discuss
the potential mechanisms by which dietary patterns affect sports performance from a nutritional
perspective, aiming to elucidate the intricate interplay among dietary patterns, the gut microbiota, and
sports performance. We have found that the precise application of specific dietary patterns (ketogenic
diet, plant-based diet, high-protein diet, Mediterranean diet, and high intake of carbohydrate) can
improve vascular function and reduce the risk of illness in health promotion, etc., as well as promoting
recovery and controlling weight with regard to improving sports performance, etc. In conclusion,
although it can be inferred that certain aspects of an athlete’s ability may benefit from specific dietary
patterns mediated by the gut microbiota to some extent, further high-quality clinical studies are
warranted to substantiate these claims and elucidate the underlying mechanisms.

Keywords: gut microbiome; dietary pattern; sports performance; athlete

1. Introduction

In recent decades, with the rapid development of competitive sports worldwide,
there has been an increasing demand for greater sports performance. Factors such as
training strategies, dietary patterns and training environments have garnered significant
attention in improving sports performance. Among these factors, dietary patterns are
particularly crucial alongside training strategies. It is imperative for athletes to consume
adequate nutrition to optimize their condition during training and facilitate proper recovery
afterwards [1,2]. Different dietary patterns may yield varying effects on athletes’ sports
performance and be suitable for different athletic specialties [3–5]. However, there is a
paucity of comprehensive reviews examining the potential mechanisms by which dietary
patterns influence sports performance.

The human intestinal tract harbors a dynamic and complex bacterial community
known as the gut microbiota, which emerging evidence suggests has beneficial effects on
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human health, including strengthening the gastrointestinal barrier, improving immune
function, and regulating glucose and fat metabolism [6]. Consequently, there is growing
interest in investigating whether the gut microbiota acts as a mediator for various diseases
such as obesity, diabetes, cardiovascular diseases, and non-alcoholic fatty liver disease
(NAFLD) [7]. Furthermore, recent attention has focused on exploring the potential role of
the gut microbiota as a mediator between dietary patterns, especially for specific micronu-
trients such as dietary fiber and anthocyanins (ACNs) that are abundant in dietary patterns,
and sports performance in athletes [8–10]. However, most studies have primarily evaluated
the effects of supplements, like probiotics, on athletic performance rather than deeply
investigating the relationship between dietary patterns and sports performance through
their impact on the gut microbiota. This may be attributed to the complex interaction
among different nutrients within dietary patterns and a limited scientific understanding
of their specific influence on sports performance. Moreover, the application of dietary
patterns on animal models may pose challenges, while using human models may impede
the exploration of the potential mechanisms. Therefore, this review aims to summarize
recent studies examining how some primary dietary patterns affect sports performance
in athletes while also proposing some possible mechanisms involving nutrient-mediated
interactions with the gut microbiota to provide practitioners with insights into enhancing
sports performance through targeted dietary patterns.

2. The Overview of Gut Microbiota
2.1. Gut Microbiota

The human microbiota is defined as the microorganisms that exist in symbiosis with
the human body, encompassing approximately 1014–1015 bacteria [11]. It comprises bacteria,
archaea, fungi, viruses, bacteriophages, and protozoa [12]. These microorganisms colonize
various regions of the human body from birth onwards and are predominantly concentrated
in the oral and nasal cavities, skin, the urogenital tract and the gastrointestinal tract [11].
Notably, within the gastrointestinal tract, recent studies have revealed a microbial cell count
comparable to that of host cells [13]. Among the vast array of bacterial cells constituting
the gut microbiota, which comprises around 2000 identified species [14–16], the microbial
concentration gradually increases along the gastrointestinal tract, with an abundance of
particular anaerobic taxa [17,18]. In the stomach, the acidic pH limits the existence of
bacteria, so it presents the lowest number of bacteria, which are primary represented by
Lactobacillus, Candida, Streptococcus, and Helicobacter pylori. However, in the colon, the
favorable pH creates a more suitable habitat for bacteria such as Bacteroides, Clostridium,
Bifidobacterium, and Enterobacteriaceae, and most of these species are obligate anaerobic
bacteria, which participate in the decomposition of polysaccharides and the production of
short-chain fatty acids (SCFAs) [19].

The gut microbial composition and diversity undergo changes with aging and are
influenced by various factors. For instance, the mode of delivery significantly impacts the
initial colonization of bacteria. It has been suggested that infants born through natural
delivery predominantly harbor Lactobacillus and Prevotella species in their gut microbiota,
while those born via Cesarean section tend to possess microbiota dominated by Streptococ-
cus, Propionobacterium, and Corynebacterium bacteria. In adulthood, the gut microbiota forms
a relatively stable community, but it might vary among individuals. This microbiota com-
munity is mainly represented by the Bacteroidota and bacillota phyla, as well as Escherichia
and Lactobacillus to a lesser extent, but Bifidobacterium species remains constant. Among
the elderly, Bifidobacterium species decrease in quantity, but Escherichia and Lactobacillus
tend to increase [20,21]. Apart from the delivery mode, numerous other factors can also
influence the diversity of the gut microbiota, including dietary habits, antibiotic usage, host
genetics, lifestyle choices, surgical interventions, substance abuse disorders, mental health
conditions, and physical exercise [6,7,19,22].
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2.2. The Main Function of Gut Microbiota on Health

For a considerable duration, extensive research has focused on the perspective that
bacteria are pathogenic to humans, exemplified by Streptococcus pyogenes, Bordetella pertussis,
Corynebacterium diphtheriae, Clostridium tetani, Salmonella typhimurium, Vibrio cholera, and
numerous others [22–25]. However, the majority of the microbiota are non-pathogenic and
even crucial for human health. Substantial evidence now suggests that the gut microbiota
plays a pivotal role in human well-being. It participates in metabolic functions by process-
ing indigestible dietary residues and producing SCFAs, which contribute to host metabolic
homeostasis [26]. SCFAs subsequently influence mucosal or systemic circulation to impact
peripheral organs and tissues. Apart from SCFAs, numerous other microbial metabolites
also play crucial roles in various physiological functions. These include bile acids, which
promote lipid uptake and maintain gastrointestinal function; lipids such as Lipopolysac-
charide (LPS) and Peptidoglycan, which enhance immune system function and regulate
glucose homeostasis through the activation of the brain–enteric–liver axis; and choline,
which regulates lipid metabolism and glucose homeostasis [27–29]. The bacteria species
of the gut microbiota also participate in the synthesis of glycans, amino acids, vitamins
and other essential components of the human metabolism [14,30]. Furthermore, the gut
microbiota actively contributes to fortifying the gastrointestinal barrier by promoting the
proliferation and turnover of epithelial cells, thereby enhancing its physiological function.
Toll-like receptors (TLRs) play a key role in this process [30–33]. Within the small intestine’s
epithelium cells, Paneth cells recognize the enteric bacteria and subsequently initiate the
expression of diverse antimicrobial factors through TLR activation, effectively safeguarding
against pathogenic bacterial infiltration [31,33,34]. Additionally, the microbiota stimulates
immunoglobulin (IgA) secretion and the production of antimicrobial molecules that inhibit
the proliferation and colonization of pathogenic bacteria, thus facilitating the development
of gut-associated lymphatic tissue (GALT) and bolstering the host immune system [34,35].
The immune system detects pathogen-associated molecular patterns (PAMPs), which are
TLR ligands, enabling it to identify potentially pathogenic bacteria, and consequently
leading to increased cytokine levels and the enhanced activation of T cells against these
pathogens as a response. Although the gut microbiota has many benefits for the human
body, dysbiosis characterized by a quantitative and qualitative imbalance in the microbial
composition, along with reduced diversity among species, can give rise to various dis-
orders, including diabetes, cardiovascular diseases, inflammatory bowel diseases (IBD),
NAFLD, and obesity. Notably, the presence of Akkermansia muciniphila, which represents
3–5% of the typical intestinal microbial members, is decreased in obese people, and Al-
istipes putredinis, which belongs to the phylum Bacteroidota, seems to be represented in
people with type 2 diabetes and obesity [19,36–39]. In this context, several studies have
demonstrated that dietary interventions as well as exercise interventions hold promise
as effective strategies for modifying the composition and diversity of the gut microbiota
towards a more favorable community structure [19,40–43].

3. The Relation between Gut Microbiota and Exercise

Exercise is widely acknowledged to have a positive impact on human health, and re-
cent studies have increasingly focused on its relationship with the gut microbiota (Figure 1).
In contract to sedentary subjects, athletes and physically active individuals exhibit a greater
diversity of fecal bacteria, an abundance of beneficial species [44–46], and a heightened
microbial metabolism, as evidenced by increased activity in the carbohydrate and amino
acid metabolic pathway [45–47]. Moreover, regular endurance exercise modulates the
composition of the gut microbiota and reduces the presence of inflammation-associated
proteobacteria [19].
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Figure 1. The interaction between exercise and the gut microbiota. Exercise can lead to changes in 
the gut microbiota [44,47–51]. Unhealthy lifestyles can lead to dysbiosis [36,39]. The administration 
of probiotics can affect the condition of the gut microbiota, which can subsequently affect sport per-
formance [6,52]. The upward arrows indicate a rise or improvement, the down arrows indicate a 
drop. 

3.1. Gut Microbiota in Athletes 
A growing body of research has demonstrated that exercise exerts a modulatory ef-

fect on the gut microbiota, leading to a distinction in the microbial composition between 
athletes or physically active individuals and sedentary counterparts. As depicted in Table 
1, there were significant differences in the major taxa at various levels between the two 
population groups. It is worth noting that the trend observed in the Bacteroidetes to Fir-
micutes ratio between the two groups across different studies was inconsistent [53,54], 
which may be attributed to several factors including substantial individual variance, hu-
man species, and enterotypes [55]. 

But generally, it is widely accepted that athletes exhibit an enrichment of health-pro-
moting species within their gut microbiota, such as a higher abundance of Akkermansia 
spp. and Prevotella spp. [44,47–49,53–55]. The study conducted by Clarke et al. on male 
international rugby players from Ireland investigated the dietary intake and physical ac-
tivity of these athletes, revealing a higher α-diversity in the gut microbiota compared to 
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3.1. Gut Microbiota in Athletes

A growing body of research has demonstrated that exercise exerts a modulatory effect
on the gut microbiota, leading to a distinction in the microbial composition between athletes
or physically active individuals and sedentary counterparts. As depicted in Table 1, there
were significant differences in the major taxa at various levels between the two population
groups. It is worth noting that the trend observed in the Bacteroidetes to Firmicutes ratio
between the two groups across different studies was inconsistent [53,54], which may be
attributed to several factors including substantial individual variance, human species, and
enterotypes [55].

But generally, it is widely accepted that athletes exhibit an enrichment of health-
promoting species within their gut microbiota, such as a higher abundance of Akkermansia
spp. and Prevotella spp. [44,47–49,53–55]. The study conducted by Clarke et al. on male
international rugby players from Ireland investigated the dietary intake and physical
activity of these athletes, revealing a higher α-diversity in the gut microbiota compared to
sedentary controls [44]. The study also included two sedentary control groups consisting of
healthy non-professional athletes with different a body mass index (BMI), including a high
BMI (BMI > 28) and low BMI (BMI < 25). According to the findings, the professional athletes
exhibited greater diversity in their fecal microbiota compared to both control groups. The
gut microbiota of elite athletes consisted of 22 phyla of bacteria, while only 11 and 9 phyla
were found in the low and high BMI groups, respectively. Notably, increased Akkermansia
muciniphila, associated with the lean phenotype, was observed in professional athletes
and the low BMI group compared with the high BMI group. Akkermansia muciniphila,
associated with positive metabolic function, is a mucin-degrading bacterium that inhabits
the nutrient-rich mucus layer of the gut [56]. Furthermore, this study suggested that the
microbial metabolism levels differed between professional athletes and sedentary groups,
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as indicated by the increased activity in the carbohydrate and amino acid metabolism
pathways in athletes. However, it is important to note that the differences in dietary
patterns, which refer to a higher total energy, macronutrient (especially protein), and fiber
intake in professional athletes compared with the control group, may also influence the gut
microbial composition [44].

Table 1. Comparison of the gut microbial composition between athletes/physically active population
and non-athletes/sedentary population.

Author,
Year Country Sample Size, Sex and Age Main Findings on Gut Microbial Composition

Athletes/Physically
Active Population

Non-Athletes/Sedentary
Population

Xu et al., 2022
[53] China n = 66 (males = 36, females = 30),

Age: 18–25 years

Bacteroidetes (52.53%)
Firmicutes (43.99%)
Prevotella (20.88%)

Bacteroides (24.96%)
Faecalibacterium (6.86%)

Megamonas (11.67%)

Bacteroidetes (62.81%)
Firmicutes (32.14%)
Prevotella (26.81%)

Bacteroides (25.01%)
Faecalibacterium (10.57%)

Megamonas (5.15%)

Humińska-
Lisowska et al.,

2024 [55]
Poland n = 52, males

Age: 19–24 years

Enterotype:
Endurance group:

Bacteroides-driven (46.70%)
Strength group:

Prevotella-driven (50.00%)

Enterotype:
Control group:

Bacteroides-driven (40.90%)
Ruminococcus-driven (40.90%)

Hintikka et al.,
2022 [54] Finland

n = 54 (males = 28, females = 26)
Age:

Athlete group: 27.1 ± 5.1 years
Control group: 27.4 ± 5.6 years

Bacteroidetes (50.40%)
Firmicutes (46.00%)

Proteobacteria (2.30%)
Actinobacteria (0.79%)

Firmicutes (48.30%)
Bacteroidetes (46.20%)
Proteobacteria (3.36%)
Actinobacteria (1.57%)

Additionally, a study revealed that competitive cyclists exhibited a decreased relative
abundance of Bacteroides spp. Furthermore, the relative abundance of Prevotella spp. was
found to be higher in cyclists who engaged in training for more than 11 h per week
compared with those who trained less frequently [45]. These findings provide evidence
supporting the notion that physical exercise can induce alterations in the composition of
the gut microbiota.

3.2. Impact of Exercise Interventions on Gut Microbiota

To further substantiate the impact of physical exercise intervention on the gut mi-
crobiota, several studies have been conducted to explore the causal relationship between
exercise and alterations in the gut microbial composition (Figure 1). One study demon-
strated that an endurance exercise intervention induced modifications in the gut microbial
composition of sedentary, non-trained Finnish women, while controlling for factors such
as dietary habits, weight, and body composition [50]. Notably, there were no significant
changes observed in the total energy intake or macronutrient and dietary fiber consumption
following training. Moreover, no discernible differences were found in the α-diversity
of the gut microbiota or the phylum-level relative abundance between pre-intervention
and post-intervention samples. However, endurance exercise did lead to an increase in
the relative abundance of members of the genera Verrucomicrobia and Akkermansia, while
reducing the levels of inflammation-associated Proteobacteria within the gut.

In addition to endurance exercise, resistance training also exerts an influence on the
gut microbiota. Smith et al. demonstrated that 10 weeks of resistance training can improve
the alpha diversity in younger untrained adults [57]. Another study conducted by Dupuit
et al. explored the impact of a combination of high-intensity interval training (HIIT) and
resistance training on the gut microbiota of postmenopausal women [58]; the authors
indicated that the training intervention did not significantly change the alpha diversity
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and overall taxonomy of the fecal microbiota but modified the beta diversity, which is
inconsistent with the previous study, showing that more research about resistance training
is needed.

However, several other factors may also impact the effectiveness of exercise on the gut
microbiota. For instance, one study has indicated that BMI could potentially influence the
response of the gut microbiota to physical exercise. According to this particular study [59],
individuals with different body compositions (lean and obese) exhibit distinct baseline gut
microbiota profiles. However, after a 6-week aerobic exercise intervention, no significant
difference in the microbiota community composition was observed between lean and
obese subjects.

3.3. The Influence of Gut Microbiota on Sports Performance

Exercise exerts a significant impact on the composition of the gut microbiota, while
it is reciprocally influenced by the gut microbiota. Determining the precise effects of the
gut microbiota on sports performance in human clinical studies poses a challenge due
to the intricate interplay of nutritional, genetic and environmental factors [6]. However,
germ-free animal models provide a novel approach and have already been employed to
elucidate the impact of the gut microbiota on sports performance [60].

A cross-sectional study conducted by Hsu et al. investigated the swimming capacity
of specific pathogen-free (SPF), germ-free (GF), and Bacteroides fragilis gnotobiotic mice.
The results revealed that the swim-to-exhaustion time was the longest for SPF mice and the
shortest for GF mice, indicating a compromised sports performance in the absence of a gut
microbiota [60]. Although the effects of probiotics supplementation have been studied in
athletes and physically active populations, the small number of participants, the different
exercise intervention programs implemented, and the different training histories of the
participants may have influenced the outcomes [61]; therefore, the results remain contro-
versial. However, a review conducted by Marttinen et al. as summarized several benefits of
probiotics for the athlete. The authors demonstrated that the administration of probiotics
might reduce symptoms of gastrointestinal and upper respiratory tract illnesses, enhance
physical performance, improve post-exercise recovery, and improve mood-related out-
comes [6,62–65]. Therefore, there exists a significant association between the composition
of the gut microbiota and sports performance (Figure 1).

4. The Influence of Several Typical Dietary Patterns on the Gut Microbiota

Personal dietary habits play important roles in shaping the composition of the gut
microbiota in humans. Although further research is needed to fully understand the intri-
cate relationship between diet and the gut microbiota, numerous studies have highlighted
the significant impact of different types of dietary patterns on the composition of the gut
microbiota within 24 h [66,67]. The dietary patterns of individuals can be broadly catego-
rized into vegetarians, meat eaters and balanced eaters, each exhibiting a distinct profile
in the gut microbiota. Different types of dietary patterns elicit distinct alterations in the
proportions of Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria. Changes in
the gut microbiota induced by dietary interventions are observed within 24 h and return to
baseline levels within 48 h after discontinuation [66]. These changes encompass alterations
in carbohydrate and protein fermentation, intestinal inflammation, fat oxidation, as well as
an increase in amino acid availability, potentially promoting protein anabolism [46,68–71].
Furthermore, the quality, quantity and molecular characterization of carbohydrates, pro-
tein, and fat are key factors influencing both the composition and metabolism of the gut
microbiota. Unhealthy dietary patterns can stimulate the proliferation of detrimental gut
bacteria that pose risks to human health. However, a healthy dietary pattern has restorative
effects on beneficial gut bacteria [72]. The maintenance and modulation of beneficial gut
microbiota are vital for host health. In addition to general dietary patterns, probiotics
supplementation and wholefood supplementation are also common nutrition strategies.
Notably, probiotics are defined as living organisms with beneficial effects on health. Most
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probiotic supplementations contain high concentrations of Lactobacillus or Bifidobacterium
spp., which can support the immune system of the host, regulate gut permeability, and pro-
duce sanatory metabolites [73]. Unlike synthetic supplements, wholefood supplements are
based on the core idea of supplying the body with nutrients in their pure, unaltered state.
This implies that these supplements are rich in a broad spectrum of vitamins, minerals,
antioxidants, and other crucial nutrients that are inherently found in the foods from which
they are sourced [74,75]. In this section, the influence of several typical dietary patterns on
the gut microbiota will be discussed in detail (Figure 2).
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4.1. Ketogenic Diet

The ketogenic diet (KD) is characterized by a high fat content, a low carbohydrate
intake, and an appropriate proportion of protein and other essential nutrients. There are
four main types of ketogenic diets: (1) the classical KD with a macronutrient ratio of 4%
carbohydrate, 90% fat and 6% protein, (2) medium-chain triglyceride with a macronu-
trient ratio of 20% carbohydrate, 10% long-chain triglycerides fat, 60% medium-chain
triglycerides fat and 10% protein, (3) modified Atkins with a macronutrient ratio of 10%
carbohydrate, 65% fat and 25% protein, (4) low-glycemic-index diet with a macronutrient
ratio of 10% carbohydrate, 60% fat and 30% protein [82]. It can be seen that the KD does
not have a fixed nutrient ratio, but a high proportion of fat and a low proportion of car-
bohydrates should be guaranteed. The primary objective of this dietary pattern is to shift
the glucose metabolism towards fat metabolism through the restriction of carbohydrate
intake. Consequently, the KD can effectively lower blood sugar levels and increase free
fatty acid and ketone production, thereby influencing neuronal excitability [83]. Notably,
the KD is characterized by the production of ketone bodies (3-hydroxybutyrate, acetate and
acetoacetate). The elevation in ketones contributes to an increase in anti-inflammatory and
antioxidant activity, immune regulation, intestinal mobility and barrier function, cellular
growth and differentiation, ionic absorption, as well as the prevention of distal ulcers,
Crohn’s disease, and colon cancers. Additionally, the KD was initially employed for manag-
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ing refractory epilepsy and has progressively extended its application to encompass other
neurological disorders [84], such as Parkinson’s disease and Alzheimer’s diseases. With
the advancement of medical technology and sports science, there are several studies that
have demonstrated the potential of this dietary pattern in enhancing sports performance
in some ways [85–87]. Nevertheless, this diet still has some limitations; for example, the
ability of muscle to use glycogen for oxidation is impaired after long-term ketoadaptation,
leading to an inability to utilize the available glycogen, which provides a more effective
energy source when the oxygen supply becomes limiting. Therefore, the performance of
higher-intensity endurance exercise will be limited, which might increase the risk of injury
for athletes [88].

A study conducted by Ang et al. in both mice and humans demonstrated that the
ketogenic diet resulted in decreased levels of Bifidobacterium, which was mediated by the
increased production of ketone bodies, especially beta-hydroxy butyrate. The decrease in
Bifidobacterium reduced the levels of intestinal and visceral fat pro-inflammatory Th17 cells,
which might be a potential mechanism contributing to the ketogenic diet’s ability to reduce
body fat because of the relationships between obesity and chronic low-grade inflammation.
Furthermore, the ketogenic diet also decreased Lactobacilli and increased Fusobacteria and
Escherichia [89].

Several studies have indicated that variations in the quantity and source of dietary fat
can exert distinct effects on the host, with some of these effects potentially mediated by the
gut microbiota. The consumption of saturated fat has been shown to increase the abundance
of bacteria expressing LPS, leading to elevated levels of LPS and a pro-inflammatory state
known as metabolic endotoxemia. Furthermore, excessive fat intake is also associated
with reduced levels of butyric acid and retinoic acid [90], both crucial for maintaining
gut homeostasis. Furthermore, the consumption of saturated fat can enhance the relative
abundance of Bilophila wadsworthia by facilitating the conjunction of taurine with host LPS,
which serves as a terminal electron acceptor and subsequently leads to the production
of hydrogen sulfide and secondary bile acids. This cascade may ultimately result in
intestinal barrier disruption and immune cell infiltration [91]. Hence, it implies that a KD
characterized by a high saturated fat intake could potentially elevate the inflammatory level
of the host. Conversely, polyunsaturated fat acid (w-3) can increase SCFAs and promote
gastrointestinal integrity and inflammation. Furthermore, polyunsaturated fat increases
the abundance of Bifidobacterium, Lactobacilli, and Akkermansia muciniphila, which are also
increased by exercise. Thus, polyunsaturated fat might contribute to health and sports
performance by mimicking the effects of exercise, but the dose remains controversial; more
research is needed to investigate this [92,93].

Notably, with the advancement of research on diet and nutrition, the classical KD has
undergone certain variations; for instance, the very-low-calorie KD (VLCKD) is charac-
terized by a caloric intake of below 800 kcal/day. One study revealed that the VLCKD
results in a more substantial weight reduction, rendering it an excellent option for weight
loss [94,95]. Regarding the gut microbiota, a review has summarized the effects of the VL-
CKD on the gut microbiota [96]; in this study, the authors demonstrated that the abundance
of Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobiota in people who under-
took the VLCKD increased and that the abundance of Firmicutes, Firmicutes/Bacteroidetes
ratio, Proteobacteria, and Actinobacteria decreased. These seemingly contradictory results
suggest that further research is warranted to explore the impact of the VLCKD on the
gut microbiota. Furthermore, the application of the VLCKD still remains controversial,
especially for athletes, because this diet is used more in obese patients. However, the
VLCKD could be used to control weight acutely in special sports during a special period
with strict medical supervision, such as in gymnastics [97–99].

In conclusion, the impacts of the KD on the gut microbiota remains inconclusive and
controversial, necessitating further studies to comprehensively understand its effects.
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4.2. Plant-Based Diet

The plant-based diet is a dietary pattern primarily based on a diverse range of plants,
encompassing seeds, fruits, and plant tissues that provide energy for human consumption.
This includes cereals, tubers, legumes and their derivatives, as well as fruit and vegetable
products. The distinguishing features of the plant-based diet are its high carbohydrate
content, low energy density, low fat content, and absence of cholesterol, antibiotics or
hormones [100]. Long-term adherence to a plant-based diet not only reduces the risk of
many chronic diseases, but also contributes to the lower emission of greenhouse gases such
as carbon dioxide during food processing compared to other methods [101]. Consequently,
it plays an integral role in promoting human health and environmental preservation [102].

One study explored the microbial composition of 258 participants who adhered to one
of four dietary patterns: the Western diet group, flexitarian group, vegetarian group, and
vegan group [76]. Notably, the Western food group is characterized by a high intake of
energy, salt, saturated fat, simple or added sugar, and a low intake of fruits and vegeta-
bles [103]. The vegetarian group is characterized by omitting defined food groups such as
meat, sausage, fish, etc., and the vegan group is characterized by additionally omitting dairy
products and honey [104–106]. Flexitarians generally consume meat or sausage once or
twice per week [107]. The western diet group exhibited the lowest abundance of Bacteroides,
Lachnospiraceae_1, Butyricoccus, Lachnospiraceae UCG_004, and Haemophilus; whereas
the vegan group showed the highest abundance. For Dorea, the Ruminococcus torques group,
Eubacterium ruminantium group, Ruminococcaceae, Lachnospiraceae_2, Lactobacillus, and
Senegalimassilia, the lowest abundance was observed in the vegan group, while the highest
abundance was observed in the Western diet group [76]. Notably, a high abundance of
Lachnospiraceae in the vegan group indicates the extensive fermentation of plant-based
polysaccharides into SCFAs like butyrate, which is beneficial for human health. For ex-
ample, it serves as a crucial energy source for colonic epithelial cells, regulates intestinal
inflammation, and confers protection against colon cancer in humans [76,108,109].

Furthermore, the vegan diet might also contribute to improving performance and pro-
moting recovery in endurance sport by affecting body composition, blood flow, antioxidant
capacity, systemic inflammation, and glycogen storage [110].

4.3. High-Protein Diet

People who stick to a high-protein diet can take in higher-quality protein and provide
the body with amino acids. Protein is a macronutrient, as well as the main component of
skeletal muscle. The uptake and catabolism of specific proteins by the liver and skeletal
muscle are different, as is their ability to regulate the muscle protein synthetic response [111].
Amino acids can be metabolized into branched-chain fatty acids and SCFAs, ammonia,
sulfides, indole, and phenolic compounds via the gut microbiota [112]. Some of these (e.g.,
SCFAs and indole) may be beneficial for the health of the gut, while other metabolites (e.g.,
ammonia and p-cresol) may decrease gut epithelium integrity [113].

The high-protein diet is widely popular and frequently adopted by fitness enthusi-
asts and athletes, particularly for the latter who engage in intense exercise routines that
necessitate strict dietary practices to support optimal performance [114]. In contrast to
the general population, athletes often consume significantly higher amounts of protein;
however, if this excess protein remains unabsorbed, according to a study conducted by
Moreno-Pérez et al. [48], it can enter the colon and promote the growth and selection of
specific bacteria. In this study, a 10-week supplementation with protein, commonly used to
meet the elevated protein requirements among individuals undergoing training, resulted in
an increased abundance of Bacteroidetes while decreasing the taxa associated with overall
health, including Roseburia spp., Blautia spp., and Bifidobacterium longum, among runners.
Another study has compared the gut microbiota of bodybuilders consuming a high-protein
diet with sedentary controls [77], and found that excessive protein intake increased the
abundance of protein-fermenting bacteria such as Clostridium, Bacillus, Staphylococcus, and
other species belonging to the Proteobacteria family. Moreover, the high-protein diet might
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lead to a reduction in carbohydrate-fermenting bacteria, such as Bacteroides, Lactobacillus,
Bifidobacterium, Prevotella, Ruminococcus, Roseburia, and Faecalibacterium. The fermentation of
incompletely digested protein in the colon might lead to the production of toxic metabolites
such as ammonia, biogenic amines, indole compounds, and phenols. However, there was
no significant difference in the abundance of selected bacteria (Bifidobacterium spp., Bac-
teroides spp., Faecalibacterium prausnitzii, Akkermansia Muciniphila) between the bodybuilder
group and control group; the possible reason for this is that both of the two groups met
the criteria for the recommended fiber intake, and the effect of high protein intake on the
gut microbiota might have been attenuated by the appropriate intake of carbohydrate and
fiber. Therefore, it is imperative to strictly control not only the types of protein consumed,
but also the quantity ingested by athletes.

4.4. Mediterranean Diet

The Mediterranean diet (MD) originates from the Mediterranean region, including
Greece, Spain, France, and Italy. It is based on the traditional dietary habits of the countries
bordering the Mediterranean Sea. This dietary habit is characterized by a high intake of
fruits, vegetables, cereals, olive oil, legumes and tree nuts, a moderate intake of seafood,
and a low intake of sugar sweetened foods, red and proceed meat, and carbonated bev-
erages [4]. However, there remains controversy surrounding its precise definition. In
a recent study [115], the authors attempted to establish a unified definition of the MD
by considering daily servings of key foods and their nutrient content: Vegetables: 3 to
9 servings; Fruit: 0.5 to 2 servings; Cereals: 1 to 13 servings; Olive oil: up to 8 servings.

Considering its energy intake and macronutrient composition, the MD can be classified
as a predominantly plant-based dietary pattern, encompassing vegetables, fruits, cereals,
and olive oil [116–118]. It is notable that the MD exhibits a relatively high fat content,
with monounsaturated fats comprising twice the amount of saturated fat. The primary
source of monounsaturated fats in the MD is olive oil, which is closely associated with
the traditional olive cultivation in the Mediterranean region. Additionally, the MD allows
for the moderate consumption of white and red meat. Extensive evidence supports that
adherence to the MD promotes longevity while reducing the metabolic risks associated
with diabetes mellitus, obesity, and other metabolic syndromes [119,120]. Moreover, it
demonstrates a reduced risk of malignancy and cardiovascular disease while enhancing
cognitive function [116].

Numerous studies have consistently demonstrated that the gut microbiota plays
a crucial role as a potential mediator in the association between the MD and human
health. A study has indicated that nearly 60% of the overall composition of the gut
microbiota is responsive to dietary changes [121]. The MD can not only modulate the
diversity and composition of the gut microbiota, but also improve the generation of SCFAs
due to its high proportion of plant-based food [78]. Previous research has shown an
association between the MD and Prevotella [78,79], while another study suggests that the
MD contributes to reducing dysbiosis and increasing Bifidobacterium among patients with
metabolic syndrome [78,80]. However, it should be noted that not all studies support
the positive influence of the MD on the gut microbiota. Some investigations found no
significant difference in the gut microbiota composition between individuals adhering to
either the MD or Western diet interventions for 6 months. Therefore, further research is
warranted to comprehensively explore the impact of the MD on the gut microbiota [78,122].
Furthermore, according to a narrative review conducted by Griffiths et al., the application
of MD or individual foods and compounds in this dietary pattern might have potential
positive effects on oxidative stress, inflammation, injury, illness risk, and cognitive and
vascular function in competitive athletes [4].

4.5. High Intake of Carbohydrate

Limited research has been conducted on the high-carbohydrate diet, probably due
to the fact that a high intake of carbohydrate is not typically considered as an indepen-
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dent dietary pattern but rather as a supplementary measure in other dietary patterns to
meet the energy requirements of athletes, given its role as a primary fuel source during
exercise [123]. It is recommended that athletes consume ample amounts of simple car-
bohydrates to maintain glucose homeostasis and limit their fiber intake prior to exercise
in order to minimize gastrointestinal discomfort. Non-digestible carbohydrates will be
discussed later. Adequate carbohydrate consumption is crucial for athletes. The ingestion
of simple carbohydrates before and during exercise (e.g., glucose, fructose, sucrose) can
alleviate fatigue, facilitate rehydration and the maintenance of optimal fluid balance, and
enhance sports performance [124–128]. For example, lactose may serve as an effective
fuel source before, during and after exercise, thereby enhancing sports performance and
aiding recovery while also potentially exerting beneficial effects on the gut microbiota,
such as increasing Bifidobacteria and Lactobacilli populations [81]. According to a study
conducted by Faits et al., which discusses the different effects of simple, refined, and
unrefined carbohydrate-containing foods on the gut microbiota, after the consumption of
an unrefined carbohydrate diet, the abundance of Roseburia was higher and fecal secondary
bile acid concentrations were lower relative to the simple carbohydrate diet, whereas the
abundance of Anaerostipes was higher after the consumption of a simple carbohydrate diet
relative to the refined carbohydrate diet [129].

Notably, athletes in many sports often consume a high amount of fast-absorbed carbo-
hydrates to maximize glycogen storage. However, they also aim to avoid non-digestible
carbohydrates in order to prevent intestinal issues and other unfavorable syndromes that
can negatively impact sports performance, such as bloating and diarrhea [130]. While a
high intake of fast-absorbed carbohydrates can increase energy storage during training or
competition, a low intake of dietary fiber may lead to the reduced production of short-chain
fatty acids (SCFAs), altered intestinal transit times, and a loss of bacterial diversity [3], all
of which have negative implications for long-term health [131]. Therefore, it is important
for athletes to consume a certain amount of fiber to generate less gas after fermentation by
the gut microbiota in order to gain health benefits and avoid gastrointestinal issues.

5. Different Dietary Patterns and Sports Performance—Gut Microbiota as the
Mediator
5.1. Gut Microbiota as the Mediator

With the advancement of competitive sports, whether it pertains to athlete-to-athlete
competition or the audience’s heightened expectations for sporting event enjoyment, both
lead to elevated demands on athletes’ capabilities. Numerous factors, such as exercise
intensity, dietary patterns, lifestyle choices and genetic inheritance, among others, can
influence the sports performance of athletes or physically active individuals. The gut
microbiota—an integral component of human beings since birth—has emerged as a promi-
nent area of research interest due to its intricate composition and structure. Several studies
have indicated disparities between the gut microbiota profiles of athletes and those of
normal individuals. Numerous investigations have attempted to establish whether the gut
microbiota is a mediator linking dietary patterns and sports performance. Here, we present
a concise overview of the current primary evidence pertaining to the aforementioned
dietary patterns and the discuss probable mechanisms by which dietary patterns affect
sports performance (Table 2).
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Table 2. The probable mechanism of dietary patterns affecting sports performance.

Author,
Year

Dietary
Pattern Substance Subjects Pathway Most Important Findings

(Caesar et al., 2015
[115]) Ketogenic diet Saturated fat Male mice LPS/TLR4

pathway
Increases inflammatory

indices in WAT

(Minevich et al.,
2015 [119])

High-protein
diet

Bacillus
coagulans

GBI-30, 6086
Protein

Males (n = 11)
Promote the
absorb and

utilize of protein

Produces proteases which
can increase amino

acid absorption in humans

Table 2. Cont.

Author,
Year

Dietary
Pattern Substance Subjects Pathway Most Important Findings

(Zhu et al.,
2017 [121])

High-protein
diet Animal protein Male rats (n = 32)

Decrease the
binding of
CD14 and

LPS-binding
protein

Higher abundance of
Lactobacilli

Higher ratio of Firmicutes
to Bacteroidetes
Lower butyrate

Lower SCFAs-producing
bacteria

Lower LPS-binding
protein

Lower transcription factor
CD14 receptor

Lower inflammation

(Jäger et al.,
2007 [81])

Plant-based
diet/

Mediterranean
diet

Dietary fiber C2C12 myotubes
Female mice

AMPK/PGC-1α
pathway

Enhances fatty acid
oxidation of muscle

(Yang et al.,
2023 [132])

Plant-based
diet/

Mediterranean
diet

Anthocyanins C2C12 myotubes
Male mice (n = 60)

AMPK signaling
pathway

Reduces oxidative stress
Promotes mitochondrial

biogenesis
Converse skeletal muscle

fiber

This table shows the mechanisms of the effects of nutrients in different dietary patterns on the gut microbiota.
AMPK: adenosine 5-monophosphate-activated protein kinase; CD14: cluster of differentiation 14; LPS: lipopolysac-
charide; PGC-1α: proliferator-activated receptor gamma coactivator; SCFAs: short-chain fatty acids; TLR4: toll-like
receptors 4; WAT: white adipose tissue.

To date, the impact of the KD on sports performance remains controversial. As
mentioned earlier, the consumption of saturated fat increases the LPS level in the host,
which activates toll-like receptors 4 (TLR4) and cluster of differentiation 14 (CD14), leading
to obesity, increased inflammatory indices in white adipose tissue (WAT), and insulin
resistance [133]. Interestingly, this effect was observed only in subjects consuming saturated
fat. These findings suggest that athletes implementing a KD can increase their intake of
unsaturated fats to avoid inflammation and insulin resistance. Additionally, the VLCKD
may have a beneficial effect on obesity by regulating the gut microbiota and restoring
homeostasis [96]. The study by Gutierrez-Repiso et al., 2019, discussed the association
between the VLCKD and weight loss through the gut microbiota [134]. On one hand, the
authors reported that the abundance of Butyricimonas and Oscillospira increased at the genus
level. Notably, Oscillospira is positively associated with high-density lipoprotein, butyrate
and leanness, while Butyricimonas is positively associated with energy metabolism and
homeostasis between the microbiota and host. Both of these gut microbiota are beneficial for
weight loss. On the other hand, the proportion of Serratia and Citrobacter, whose abundance
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has been positively correlated to obesity, decreased. Therefore, the VLCKD can positively
regulate the gut microbiota after obesity-relative dysbiosis. This dietary pattern enables
rapid short-term weight reduction, making it suitable for athletes who need to quickly
regain an optimal weight.

In terms of the high-protein diet, research has primarily focused on the impact of
protein. Evidence suggests that the gut microbiota contributes to the absorption and utiliza-
tion of protein, as well as the anabolism and functionality of skeletal muscle by providing
fuel and storage and modulating inflammation. For example, the co-administration of the
probiotic Bacillus coagulans (GBI-30,6086) with protein has been shown to reduce the inflam-
mation of epithelial cells, enhance nutrient absorption and stimulate protease production
for increased amino acid uptake in humans [135,136]. These effects have the potential to
mitigate muscle damage and facilitate muscle recovery, thereby promoting sports perfor-
mance [137]. In addition, animal studies have been conducted to investigate the effects of
different protein types on the gut microbiota, with a particular focus on comparing animal-
based proteins to plant-based proteins [138–141]. These studies have demonstrated that the
consumption of meat protein leads to a higher abundance of Lactobacilli and an increased
ratio of Firmicutes to Bacteroidetes, while also reducing levels of butyrate-producing bac-
teria (e.g., Bacteroides and Prevotella), LPS-binding protein, and transcription factor CD14
receptor when compared to non-meat protein intake. Furthermore, dairy proteins appear
to have an intermediate effect between meat and non-meat proteins. It is worth noting that
LPS-binding protein binds to CD14 in order to activate macrophages, which can subse-
quently produce inflammatory cytokines, leading to inflammation. Based on these findings,
it can be hypothesized that athletes may benefit from consuming more meat protein rather
than non-meat protein in order to mitigate muscle inflammation and maintain optimal
sports performance. However, the studies mentioned above have primarily focused on
rodents, with limited exploration of their effects on humans; one reason for this may be
that it is difficult to intervene individually with different types of proteins in humans,
and that other nutrients might interfere with the experimental results. A human study
investigating the impact of various protein types on gut the microbiota and incorporating
a high- or low-saturated fat component into the study design indicated that the intake of
saturated fat may cover up the effects of protein types [142]. Another study conducted by
Losasso et al. that compared the influence of vegan, vegetarian and omnivore-oriented
Westernized dietary styles on the gut microbiota indicated that vegans and vegetarians
show higher α-diversity than those who consume animal protein, the main operational
taxonomic units associated with the phylum Bacteroidetes, and the genus Prevotella, which
can improve glycogen storage, was more prevalent among individuals that consume more
fiber and vegetable protein. However, the subjects in this study also consumed different
nutrients, which may have influenced the results [143]. Consequently, it can be inferred
that enhancing the protein bioavailability and absorption, as well as muscle protein syn-
thesis, serves as an important mechanism through which the gut microbiota influences
muscle mass and function. This mechanism is likely regulated by SCFA production, thereby
affecting insulin sensitivity, inflammation, and insulin growth factor I (IGF-I) release to
maintain anabolic–catabolic balance. Furthermore, more studies elucidating the effects
of different protein types in humans that consider other dietary components beyond just
protein consumption are needed [144,145].

It is noteworthy that dietary fiber plays an essential role in both the plant-based diet
and MD, as it constitutes their main component. Dietary fiber is composed of complex car-
bohydrates, including fermentable (mainly soluble) and non- or poorly fermentable (mainly
insoluble) fibers, as well as oligosaccharide. Dietary fiber influences the composition of the
gut microbiota, contributing to the establishment and maintenance of a healthy and diverse
gut microbiota while improving intestinal immunity [146]. However, the insufficient intake
of dietary fiber may have adverse effects on human health. The dietary fiber in the afore-
mentioned dietary patterns includes “Microbiota-accessible carbohydrate (MACs)”, which
are complex carbohydrates found in fruits, vegetables, legumes, and whole grains [116].
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A study conducted by Xu et al. has shown that a high intake of MACs promotes lipid
profile improvement, glycemic control, body weight reduction, and an inflammatory maker
decrease compared with low MAC intake [147]. Furthermore, MACs can influence the gut
microbiota and modulate the growth of species that produce SCFAs, which are the end
products of dietary fiber fermentation in the intestines. SCFAs play an essential role in
human metabolism. A study has indicated that SCFAs can directly activate Adenosine
5’-monophosphate (AMP)-activated protein kinase (AMPK) by increasing the AMP/ATP ra-
tio in skeletal muscle and liver or indirectly activate it via the Ffar2-leptin pathway [148–150].
The activation of AMPK triggers the expression of proliferator-activated receptor gamma
coactivator PGC-1α, which is known to regulate the transcriptional activity of key factors
including peroxisome proliferator-activated receptors PPARα, PPARδ, PPARγ, liver X
receptor (LXR), and farnesoid X receptor (FXR). These factors are crucial to regulate the
metabolism of cholesterol, lipid, and glucose. The fatty acid oxidation of muscle and liver is
ultimately enhanced, while de novo fatty acid synthesis in the liver is reduced [151,152]. In
addition, SCFAs have been demonstrated to enhance the protein expression of PGC-1α and
uncoupling protein-1 (UCP-1) in brown adipose tissue, subsequently promoting thermogen-
esis and fatty acid oxidation. These results suggest that the plant-based diet and MD, which
are rich in dietary fibers, could be considered for dietary planning among weight-conscious
athletes such as marathon runners. However, it is still crucial for endurance athletes to
maintain an adequate intake of simple carbohydrates. For instance, in an international
marathon competition that typically lasts for a minimum duration of approximately two
hours, athletes require sufficient glycogen reserves to optimize their sports performance.
Therefore, carbohydrate loading is commonly employed by endurance athletes as a strat-
egy to enhance glycogen concentrations prior to competitions. However, it is crucial to
avoid consuming carbohydrates that are indigestible and unabsorbable in the small in-
testine, such as fiber and resistant starch [88]. Nevertheless, scientific evidence suggests
that adopting a high-carbohydrate, low-fiber dietary pattern can have detrimental effects
on the gut microbiota and overall health. These effects include disruptions in intestinal
transit times, the loss of bacterial diversity, and reduced SCFA production [153–155]. Thus,
athletes should judiciously manage both the timing and quantity of their intake of simple
carbohydrates and nondigestible carbohydrates to optimize their sports performance while
minimizing gastrointestinal distress.

Notably, a clinical study conducted by Jang et al. in Korea revealed an inverse cor-
relation between total protein intake and the diversity of the gut microbiota, showing
that the athletes in resistance sport who have a high protein diet showed a decrease in
SCFs-producing commensal bacteria [49]. However, another study demonstrated a positive
correlation between a high protein intake and microbial diversity; the gut microbiota of
athletes consisted of 22 phyla of bacteria, while only 11 and 9 phyla were found in the
low and high BMI groups [44]. It is worth noting that Korean athletes did not meet the
recommended dietary fiber intake (≥25 g/day; median intake in bodybuilders 19 g/day,
endurance athletes 17 g/day) [49]. In contrast, Irish rugby players’ dietary fiber intake met
the recommendation level (median intake 39 g/day) [44]. Undigested dietary fiber serves
as an essential energy and carbon source of gut microbiota, contributing to its diversity
and acting as a substate for SCFA synthesis. Therefore, it can be inferred that combining
a high-protein diet with low-dietary-fiber diet may have detrimental effects on the gut
microbiota composition. This finding suggests that dietary fiber also plays an important
role in the high-protein diet. Further investigations are warranted to ascertain whether
alterations in SCFA levels serve as a pivotal mediator of the favorable physiological effects
associated with a high dietary fiber intake.

In addition to dietary fiber, anthocyanins (ACN) have recently attracted the atten-
tion of many researchers. Amongst some of the dietary patterns mentioned above, fruits
and vegetables are important components, particularly certain fruits that are abundant
in ACN, a subclass of polyphenols responsible for the red–blue–purple pigmentation ob-
served in fruits [156,157]. These bioactive compounds possess potent antioxidant and
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anti-inflammatory properties that can effectively modulate the secondary cascade associ-
ated with exercise-induced muscle damage (EIMD) [10,158–161]. Delphinidin and cyanidin
are the most extensively investigated anthocyanins, which also encompass malvidin, pe-
onidin, petunidin and pelargonidin. These compounds exhibit favorable physiological
effects in humans [162]. The bioavailability of ACN in the human intestinal tract is lim-
ited, with only a fraction of the dietary intake being digested and absorbed in the small
intestine. However, this bioavailability can be enhanced through interactions with the gut
microbiota [163]. The sugar moieties of ACN undergo hydrolysis by bacterial enzymes in
the colon, leading to the transformation of aglycone forms into a variety of compounds,
including protocatechuic acid, vanillic acid and gallic acid [164]. According to a study [132],
cyanidin consistently converts into protocatechuic acid, which exhibits multiple protective
functions for muscle health, such as reducing oxidative stress, promoting mitochondrial
biogenesis, and converting skeletal muscle fibers from type II to type I. These effects on
oxidative stress reduction and mitochondrial biogenesis may have potential benefits for
athlete recovery. Notably, the conversion of skeletal muscle fiber emerges as a promising
research domain, deserving significant attention. In the past, the selection of athletes across
various sports has heavily relied on hereditary factors due to the perception that one’s
skeletal muscle type is genetically predetermined and difficult to change through training.
With advancements in our understanding of the skeletal muscle fiber conversion, as well as
potential nutritional strategies, the process of athlete selection may become more adaptable.
However, humans still cannot make genetic changes. This means that while a certain
genetic hereditary factor, such as alpha actinin-3 gene (ACTN3), plays a decisive role in
skeletal muscle fiber conversion, dietary patterns could be utilized as a helpful strategy to
improve it [165].

However, the specific bacterial taxa responsible for the transformation of anthocyanins
into protocatechuic or gallic acid remain unknown. The bacterial enzymes involved in ACN
hydrolysis may be present in several taxa of the genera, such as Bacteroides, Clostridium and
Eubacterium [26,163]. Furthermore, different microbiota compositions may be associated
with distinct pathways of ACN biotransformation, potentially leading to diverse effects
ranging from beneficial to unknown outcomes [166,167], implying that the interaction
between ACN and the gut microbiota could vary among individuals. Therefore, further
research is needed to investigate individual differences in ACN metabolism and its potential
health-promoting effects.

5.2. Practical Application

As mentioned earlier, different dietary patterns affect sports performance in different
ways. Athletes should choose the appropriate dietary pattern on the basis of their actual
situation during training. Athletes who need to control their weight strictly during com-
petition in heavy sports, athletics and gymnastics may consider a ketogenic diet, which
would enable them to lose weight in a short time, but this dietary pattern also has limita-
tions; it is not suitable for enhancing strength in weight lifters or high-intensity cyclists,
for example [168]. In terms of the plant-based diet, current evidence supports that this
diet does not have a significant impact on sports performance, but as mentioned before,
the special micronutrients in the plant-based diet have anti-inflammation and antioxidant
effects to a certain extent, and it would be friendly to vegan athletes [169]. For athletes who
seek to gain muscle mass and strength, such as bodybuilders, the high-protein diet is a
good choice, because it is necessary to generate more muscle protein and prevent lean mass
losses during the periods that restrict energy intake to promote fat loss [170]. Compared
with other dietary patterns, the Mediterranean diet may be more suitable for most athletes;
both aerobic and anaerobic athletes can select this dietary pattern, whose strengths are
that it is rich in foods that can support high energy demands and that it can provide the
antioxidants, essential vitamins and minerals that promote recovery [3]. In practice, these
dietary patterns are used alternately or in a certain period of time, because any special
dietary patterns used for a long time will cause adverse reactions [3,98].
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6. Conclusions

In recent decades, it has been increasingly acknowledged that the gut microbiota plays
an important role in human health and sports performance. As mentioned earlier, the
impact of various dietary patterns on the gut microbiota and their subsequent effects on
sports performance may vary. Therefore, further evidence is required to substantiate the re-
lationship between different dietary patterns and their components with the gut microbiota
and sports performance. In addition, it should be noted that diet is inseparable from the
host; it is challenging to strictly disentangle exercise from daily diet during an experiment,
as the individual contributions of each participant are difficult to isolate and assess. To
date, there remains a dearth of research investigating the intricate interplay between diet,
exercise, and the gut microbiota. Additionally, the responses of the gut microbiota to diet
may vary among individuals, indicating that the formulation of diet regimens should
shift from standardized diet guidelines to flexible recommendations tailored to individual
preference and local customs, and the regular reassessment of these dietary regimens is
essential. Moreover, the significance of nutrients or compounds in diets that have tradition-
ally been regarded as non-nutritive cannot be disregarded, necessitating an exploration
into whether these nutrients exert their effects independently or synergistically. Future
research should focus on personalized nutrition strategies for different populations and the
combined effects of different nutrients. The aforementioned findings will contribute to a
comprehensive understanding of the intricate interplay among exercise, diet, and human
health, which has implications not only for athletes’ well-being but also for that of the
general population.

Key Points

• The interactions between exercise and the gut microbiota play a role in the sports
performance of athletes.

• The ketogenic diet, plant-based diet, high-protein diet, and Mediterranean diet may
improve sports performance from different aspects.

• The gut microbiota and its metabolites play an important role in the effects of dietary
patterns on sports performance.
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Abstract: Type 2 diabetes (T2D) is a chronic metabolic disorder with a heterogeneous
etiology encompassing societal and behavioral risk factors in addition to genetic and
environmental susceptibility. The cardiovascular consequences of diabetes account for
more than two-thirds of mortality among people with T2D. Not only does T2D shorten life
expectancy, but it also lowers quality of life and is associated with extremely high health
expenditures since diabetic complications raise both direct and indirect healthcare costs.
An increasing body of research indicates a connection between T2D and gut microbial traits,
as numerous alterations in the intestinal microorganisms have been noted in pre-diabetic
and diabetic individuals. These include pro-inflammatory bacterial patterns, increased
intestinal permeability, endotoxemia, and hyperglycemia-favoring conditions, such as the
alteration of glucagon-like peptide-1 (GLP-1) secretion. Restoring microbial homeostasis
can be very beneficial for preventing and co-treating T2D and improving antidiabetic
therapy outcomes. This review summarizes the characteristics of a “diabetic” microbiota
and the metabolites produced by microbial species that can worsen or ameliorate T2D
risk and progression, suggesting gut microbiota-targeted strategies to restore eubiosis and
regulate blood glucose. Nutritional supplementation, diet, and physical exercise are known
to play important roles in T2D, and here their effects on the gut microbiota are discussed,
suggesting non-pharmacological approaches that can greatly help in diabetes management
and highlighting the importance of tailoring treatments to individual needs.

Keywords: gut microbiota; type 2 diabetes; glucagon-like peptide-1; diet; supplements;
lifestyle intervention; physical exercise

1. Introduction
The gut microbiota is a complex ecosystem within the gastrointestinal tract environ-

ment, comprising bacteria, viruses, fungi, archaea, and protozoa [1]. It was previously
believed that there were almost ten times as many bacterial cells as human cells [2]; how-
ever, current research indicates that there are actually about the same number of them [3].
Gut bacteria are primarily composed of five phyla: 90% of them are represented by Fir-
micutes and Bacteroidetes, the remaining 10% mainly by Actinobacteria, Proteobacteria, and
Verrucomicrobia [4]. Great interindividual differences in gut microbial composition exist,
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and this makes each person’s bacterial community distinct and unique [5]. This complex
and dynamic ecosystem is modulated by not modifiable factors, such as host genetics
and sex, and modifiable ones such as environmental factors, medications, and lifestyle
choices, which affect diversity and richness [6,7]. There is mounting evidence that the
gut microbiota is essential to human health and that an “imbalance” in the gut micro-
bial community, namely dysbiosis, is linked to a number of clinical conditions, including
autoimmune disease [8], inflammatory intestinal diseases [9], mental disorders [10], and
metabolic diseases [11]. Obesity, non-alcoholic fatty liver, insulin resistance (IR), and
chronic inflammation, which are influenced by the gut microbiota, are associated with the
development of diabetes [12,13].

Diabetes mellitus (DM) refers to a range of metabolic dysfunctions marked by chronic
hyperglycemia due to impaired insulin efficacy, insufficient insulin secretion, or both of
them [14]. Diabetes can be classified into general categories, which are gestational diabetes,
type 1 (T1D) and type 2 diabetes (T2D), and specific types of diabetes [15]. Gestational dia-
betes is a glucose use disorder first diagnosed during pregnancy [14,15]. In T1D, antibodies
are generated against several components of pancreatic β-cells, which results in the islets
that make insulin deteriorating and ultimately being totally destroyed, leading to a shortage
of insulin [16]. This type also includes checkpoint inhibitor-induced diabetes and latent
autoimmune diabetes in adults (LADA) [14,15]. T2D is characterized by non-autoimmune
insulin deficiency associated with IR and frequently metabolic syndrome, while specific
types of diabetes are due to several causes, such as genetic defects, genetic syndromes,
disease of the exocrine pancreas, endocrinopathies, infections, and drug use [15]. The
International Diabetes Federation (IDF) reported that, worldwide, 536.6 million adults
(20–79 years), which represented 9.2% of the total, were diabetic in 2021, and T1D affected
an additional 1.2 million children and adolescents aged 0 to 19 [17]. Furthermore, by 2045,
the number of diabetics is expected to reach 700 million [18]. More than 90% of cases of DM
are T2D, a disorder characterized by non-autoimmune insulin deficiency associated with
IR and often metabolic syndrome, often undiagnosed for many years but with considerable
associated risks [15].

For a large population, this is a serious issue because T2D can cause severe comorbidi-
ties, including microvascular and macrovascular complications, accounting for the majority
of patient morbidity and death [19,20]. It is important to note that prediabetes, a condition
characterized by slightly elevated blood glucose level, is also associated with cardiovascular
events and death [21], confirming that these complications can arise before T2D develops.
T2D complications cause patients’ physical and emotional suffering in addition to a sig-
nificant financial burden on medical care. This chronic disease’s development is heavily
influenced by both hereditary and environmental factors interacting with each other and
determining T2D prevalence. Environmental factors that contribute to its ongoing rise in
prevalence include diet, ambient air pollution, and physical inactivity [22,23]. In terms of
the pathophysiology of T2D, IR causes the liver to produce more glucose and absorb less
from the muscles. Additionally, IR-induced β-cell dysfunction lowers insulin secretion,
creating a feedback loop that leads to hyperglycemia and further exacerbates the condition.
As obesity is linked to metabolic abnormalities that cause IR, it is a significant risk factor for
T2D. Engaging in physical exercise helps to prevent obesity and acts on insulin receptors to
increase muscle glucose uptake from plasma [24].

Some of the suggested causes for impaired insulin production and sensitivity in T2D
include oxidative stress, endoplasmic reticulum stress, ectopic lipid deposition, amyloid
deposition in the pancreas, lipotoxicity, and glucotoxicity. Oxidative stress, defined as
an imbalance between the body’s antioxidant defense systems and the generation of reac-
tive oxygen species (ROS), plays a key role in the etiology, development, and consequences
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of T2D. Hyperglycemia and mitochondrial dysfunction associated with T2D promote ROS
production, and oxidative stress is known to enhance IR and decrease β-cell activity, thereby
altering glucose homeostasis. Oxidative stress can harm any organ or tissue in the body,
leading to diabetic retinopathy, neuropathy, and nephropathy and resulting in vascular
consequences and cardiovascular illnesses [25]. ROS are produced more readily when
oxidative stress triggers the release of inflammatory mediators. Numerous studies have
demonstrated that IR and the traits of metabolic syndrome, such as hyperglycemia, are
connected to sub-clinical inflammation and that low-grade inflammation increases the risk
of T2D, which can be considered an inflammatory disease [26]. In order to understand the
complex pathophysiology of this multifactorial disease, the alteration of metabolic interor-
gan crosstalk (the signaling between tissue and secreted factors) should also be considered.
Hormones, insulin, glucagon, glucagon-like peptide-1 (GLP-1), organokines, and other
metabolic molecules, including amino acids, lipids, and free fatty acids (FFAs), are among
the regulators known to influence metabolism that are involved in T2D development and
progression [27].

The large number of individuals who are at risk for T2D, or suffer from it, suggests
the need to look for further reasons for the pathophysiology of the illness. This can result
in the development of strategies aimed at reducing its risk and novel treatments targeted at
stopping or reversing the disease’s progression. The aim of this review is to explore the
complex relationship between the gut microbiota and T2D, highlighting how an integrated
and individualized approach, based on diet, exercise, and supplementation, could help in
disease prevention and management.

2. Interaction Between the Gut Microbiota and T2D
The gut microbiota has been demonstrated to be altered in diabetic patients, indicating

its significant role in the pathophysiology of T2D [28–30]. A fecal metagenomic analysis
in European women revealed that T2D patients had four Lactobacillus species that were
enriched and five additional Clostridium species that were decreased in abundance com-
pared to healthy individuals [31]. It should be mentioned that the Lactobacillus species,
which could be associated with augmented glucose presence in the intestine, correlated
positively with hemoglobin A1c (HbA1c) and fasting glucose, whereas the Clostridium
species linked negatively with insulin, plasma triglycerides, fasting glucose, and HbA1c
and positively with adiponectin and high-density lipoprotein (HDL). Furthermore, proto-
typical butyrate producers Faecalibacterium prausnitzii and Roseburia intestinalis were very
discriminant for T2D [31]. The authors also reported that metagenomic markers for T2D
differed between people of different ages and population, suggesting that they greatly
depend on the context and should be better considered as a whole [31]. It has also been
discovered that metabolic parameters are linked to the changed gut microbiota in T2D.
For example, a strong and positive correlation exists between the ratio of Bacteroidetes to
Firmicutes, the ratio of Bacteroides-Prevotella group to C. coccoides-E. rectale group, and plasma
glucose levels [32]. Fusobacterium, Ruminococcus, and Blautia were positively correlated
with T2D, whereas Bacteroidetes, Bifidobacterium, Akkermansia, Faecalibacterium, and Rose-
buria were negatively correlated [33]. It should be underlined that Akkermansia are a very
beneficial bacteria for host metabolism, known for protecting the gut barrier. Interestingly,
prediabetics also have not-common gut microbiota [34–36]; furthermore, the microbial
composition varies across phases of T2D.

Although the role of individual bacterial species in promoting or counteracting T2D
has not yet been clarified, except in a few cases, the reported studies provide a general
picture of the gut microbiota in diabetics and healthy people. It should always be kept in
mind that the microbiota is an ecosystem that affects its host and can be greatly influenced
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by lifestyle. It has been shown that, in obesity and related metabolic illnesses, dietary
modifications quickly cause alterations in both Firmicutes and Bacteroidetes levels. Hwang
et al. demonstrated that depletion of Firmicutes and Bacteroidetes caused by antibiotics in
diet-induced obesity in mice alleviated systemic glucose intolerance, hyperinsulinemia, and
IR via GLP-1 production [37]. In response to a meal, enteroendocrine L cells release GLP-1,
an insulinotropic hormone that is essential for blood sugar levels, controlling secretions of
insulin and glucagon, emptying of the stomach, blood flow, and food consumption. GLP-1
is quickly degraded and deactivated by the enzyme dipeptidyl peptidase 4 (DPP4) [38]
and acts in a paracrine manner by binding locally to its receptor in the vagus nerve and
enteric nervous system, stimulating the gut–brain axis, and in an endocrine manner by
triggering β-cells [39]. Currently, GLP-1 receptor agonists like liraglutide, lixisenatide,
exenatide, dulaglutide, albiglutide, and semaglutide are used for the therapy of T2D [40].
Through metabolites that control enteroendocrine cells (EECs) and, subsequently, hormonal
activity, the gut microbiota influences host GLP-1 synthesis [41]. Furthermore, GLP-1
release was more prompt in the morning than in the afternoon in humans, indicating
that GLP-1 secretion possesses temporal variability [42]. The gut microbiota appears to
be crucial in regulating the rhythm of GLP-1 secretion since insulin production did not
follow a diurnal pattern in germ-free animals lacking a gut microbiome, but it does after
fecal transplantation from mice consuming a regular diet [43]. GLP-1 is stimulated by
metabolites from the gut microbiota, but the gut microbiota is also regulated by GLP-1
through appetite, satiety, nutrient regulation, and mechanisms involving inflammatory
responses [41]. Below, several mechanisms that elucidate the close relationship between
T2D and gut bacteria are described, and the strategies that can help in obtaining a healthier
microbial profile are reported.

2.1. Gut Barrier Permeability and Inflammation

The intestinal epithelium barrier interacts strongly with immune system cells and the
gut microbiota rather than acting as a static physical barrier. The gut microbiome’s composi-
tion influences immune system development and modifies immunological mediators, both
of which have an impact [44] on the intestinal epithelium. Dysbiosis, which is an imbalance
of gut microbial species, may also promote intestinal barrier breakdown and be linked to
a higher risk of contracting specific illnesses [45]. The leaky gut syndrome (LGS) hypothesis
states that intestinal hyperpermeability could permit pathogens and toxins to enter through
intestinal epithelium junctions into the bloodstream, impacting immune, respiratory, repro-
ductive, hormonal, or neurological systems [45]. The intestinal protective layer serves as
a barrier between the body and gut contents; when it malfunctions, bacteria or bacterial
products can seep into the body, increasing the risk of T2D [46]. The lipopolysaccharide
(LPS) produced by gut bacteria causes metabolic endotoxemia and IR in addition to act-
ing as a trigger for chronic low-grade inflammation through the LPS-CD14 pathway [47].
Furthermore, studies conducted in vitro and in vivo confirmed that hyperglycemia alters
the integrity of tight and adherent junctions, increasing intestinal barrier permeability and
allowing microbial compounds to enter into the bloodstream [48]. A key role for GLP-1 in
suppressing inflammation and restoring mucosal integrity has been suggested by Lebrun
et al.’s demonstration that, after gut barrier injury, enteroendocrine L cells recognize LPS,
enhancing the release of GLP-1 via a Toll-like receptor 4 (TLR4)-dependent mechanism,
which precedes the onset of significant modifications in inflammatory status and LPS
levels [44]. Enhancing gut barrier function and ameliorating inflammation can greatly
help in counteracting T2D and its complications. Several studies confirmed improved gut
permeability and reduced LPS infiltration using Akkermansia muciniphila, a bacterial strain
usually with reduced abundance in diabetes. A. muciniphila has been reported to enhance
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Mucin 2 gene expression, strengthening mucus barrier function, and to preserve gut cell
layer health, promoting intestinal epithelium renewing and tight junction protein expres-
sion. Furthermore, its abundance positively correlates with anti-inflammatory cytokines
and negatively with pro-inflammatory factors [49]. Given its protective effect against
endotoxemia, combined with its ability to improve metabolism and maintain microbiota
homeostasis, A. muciniphila has recently been proposed as a “next-generation probiotic” for
alleviating metabolic disorders [49].

2.2. Short-Chain Fatty Acids (SCFAs)

The intestinal microbiota breaks down and ferments dietary fibers that are ingested
with food, which aids in the metabolism of carbohydrates, producing monosaccharides and
short-chain fatty acids (SCFAs), which become important energy sources for the host and
can act as substrates for lipogenesis and gluconeogenesis. The principal SCFAs are acetic
acid, propionic acid, and butyric acid. According to earlier research, diabetic individuals
have less bacteria that produce SCFAs, and consequently less SCFAs produced [50]. Dietary
fibers are mostly broken down by Bacteroides, Prevotella, Parabacteroides, and Alistipes species
belonging to the phylum of Bacteroidetes. In addition to having a local effect on the colon
and acting as energy source, SCFAs have the ability to enter the bloodstream and alter
the metabolism of other organs. Their mode of action involves the stimulation of G
protein-coupled receptors (GPCRs), such as GPR43 and GPR41, which are expressed
in a number of different tissues, including adipose tissue, distal ileum, colon, lymph
nodes, and the inhibition of histone deacetylases (HDAs), causing gene transcription and
metabolic modifications with a pleiotropic effect [51,52]. Specifically, SCFAs can act in T2D
prevention and management in several manners, for example, preserving the integrity
of the gut epithelium by stimulating the synthesis of mucin [53] and enhancing the host
immune system by affecting the activities of macrophages [54], preventing the entry of
pathogens. Furthermore, acetate can promote immunometabolism, acting as an energy
source for immune cells [55]. Interestingly, SCFAs, through GPR43 and HDAs, promote
Peptide-YY (PYY) and GLP-1 expression and/or secretion, regulating food intake and
preventing obesity [56,57]. Additionally, it was demonstrated that human adipose-derived
mesenchymal stem cells expressed GPR43 and that upon propionate binding, these cells’
reduction in lipid accumulation indicated the prevention of adipogenesis [58]. This obesity
prevention effect represents another antidiabetic action of SCFAs.

Diabetics exhibit lower numbers of SCFA-producing bacteria and circulating SCFAs
compared to healthy individuals, with fewer genes involved in SCFA synthesis due to
microbiota disturbance. Specifically, reduced levels of butyrate and butyrate-producing
bacteria, such as Faecalibacterium prausnitzii, are associated with T2D due to increased
inflammation. This bacterium contributes to butyrate production and has shown potential
in reducing IR by inducing GLP-1 secretion through the fatty acid receptor FFAR2 [59]. The
butyrate biosynthetic pathway of F. prausnutzi is shared by Roseburia spp., hypothesized to
be a marker of health due to the decrease observed in several diseases, including T2D [60].
Butyrate has been shown to slow down the onset of T2D via a variety of processes, including
preserving the integrity of the intestinal epithelial barrier [61], enhancing insulin sensitivity,
and reducing inflammation and appetite. Butyrate is also important for transcriptional
regulation and post-translational modifications, as it significantly inhibits lysine and HDA
activity [62]. This inhibition results in histone hyperacetylation, increasing the accessibility
of transcription factors to gene promoter regions. Additionally, butyrate acts as a ligand
for two transcription factors: peroxisome proliferator-activated receptor γ (PPARγ) and
the aryl hydrocarbon receptor [63,64]. For these reasons, several strategies have been
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described to increase butyrate levels in T2D patients who are often butyrate-producing
bacteria deficient [65].

2.3. Branched-Chain Amino Acids (BCAAs)

In addition to SCFAs, functional products of the gut microbiota, such as amino acids,
are linked to the pathophysiology of obesity, IR, and T2D. The gut microbiota can affect the
amount of amino acids that are bioavailable from either endogenous or alimentary proteins
and can thus provide the host with amino acids [66]. Crucially, new research indicates that
increased systemic concentrations of branched-chain amino acids (BCAAs), namely leucine,
isoleucine, and valine, in adult humans are associated with obesity, IR, and T2D [67] and
might be thought as markers of IR and predictors of the onset of T2D. Zou et al. offered
proof-of-concept data for the therapeutic feasibility of modifying BCAA metabolism to treat
diabetes and showed that a BCAA catabolic deficiency and increased abundance of BCAAs
and BCKAs play a crucial causative role in obesity-associated IR [64]. Moreover, Liu et al.
revealed that branched-chain α-keto acids (BCKAs), which are endogenous metabolites of
BCAAs, might exacerbate inflammation and organ damage in T2D by inducing mitochon-
drial oxidative stress and cytokine release in macrophages [68]. A positive correlation was
found between the amounts of BCAAs, SCFAs, Prevotella, Alistipes, and Barnesiella; however,
a negative correlation was observed with Bacteroides and Enterococcus. It is interesting to
note that Prevotellaceae have been discovered to be considerably enriched in obesity [69].
Yoshida et al. demonstrated a favorable correlation between the gut microbiota and BCAA
catabolism in brown adipose tissue, which is a modulator of metabolic and cardiovascular
disorders [70]. Through an anti-inflammatory action, they demonstrated that treatment
with Bacteroides spp. like B. dorei and B. vulgatus reduced obesity-induced BCAA catabolic
deficiencies in this tissue and, therefore, obesity, underscoring the significance of specific
bacterial species in BCAA metabolism and metabolic health [70].

2.4. Bile Acids (BAs)

The liver produces primary bile acids (BAs) when cholesterol is broken down, which
are involved in the uptake and transportation of fats and fat-soluble vitamins. Cell death,
apoptosis, and inflammation can all be brought on by toxic bile acids. Conversely, bile acid-
stimulated nuclear and GPCR signaling protect against hepatic, intestinal, and macrophage
inflammatory responses. Depending on where receptor activation occurs—in the intestine
or the liver—it may either prevent or contribute to steatosis and obesity [71]. Abnormal
concentrations of BAs and fecal metabolites have been reported in people suffering of
metabolic disorders and in T2D patients [72]. In this context, the gut microbiota plays
a central role since it converts primary BAs into secondary BAs when they reach the
colon [73], preventing accumulation. An impairment in the conversion from primary to
secondary BAs may contribute to intestinal inflammation since secondary BAs can exert
anti-inflammatory effects [74]. In addition, certain secondary BAs preserve the intestinal
tract’s barrier function by impeding the development and migration of gut bacteria into host
cells [75]. Deoxycholic acid and lithocholic acid can also be harmful to the host, causing
oxidative stress, membrane damage, and colonic carcinogenesis [76], emphasizing the
various and different functions of microbial-generated secondary BAs. Finally, secondary
BAs can either activate the intestinal L cell’s Takeda G protein-coupled receptor 5 to
increase secretion of GPL-1 [77] or inhibit it by the farnesoid X receptor (FXR) [78], meaning
they have dual regulatory effects on GPL-1 secretion. On the other hand, BAs are strong
antibacterial substances that are differently tolerated by bacteria and have a significant
impact on the gut’s microbial ecology [79]. For this reason, the complex metabolism of BAs
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and the dual role of secondary BAs in gut health should be considered in evaluating the
gut microbiota’s effects on T2D.

2.5. Tryptophan and Its Metabolites

Tryptophan is an essential aromatic amino acid that is obtained from foods, including
milk, cheese, chicken, fish, and oats. Tryptophan plays a key function in the production of
proteins and is a precursor to several important metabolites. Even if most of the tryptophan
in food is processed locally in the gut by host enzymes, gut microorganisms digest around
5% of it. The three main metabolic routes for tryptophan are kynurenine (KYN) and its
derivatives, indole, and serotonin [80].

IR and T2D are linked to tryptophan dysmetabolism. KYN and KYN metabolite
production is correlated with the inflammatory status in metabolic syndrome through the
activation of indoleamine 2,3-dioxygenase 1. Concurrently, there is a deficiency in the
gut microbiota’s ability to produce indole-3-propionic acid (IPA) and other ligands for the
aryl hydrocarbon receptor (AhR). Inadequate activation of the AhR pathway modifies gut
permeability and facilitates LPS translocation by reducing GLP-1 and interleukin (IL)-22.
Furthermore, gut bacteria constitute a crucial modulator of the biosynthesis of serotonin,
which affects food behavior and satiety, and in consequence, body mass index (BMI), and
is disrupted in metabolic syndrome [81]. Chimerel et al. demonstrated that indole is
important for gut microbiota–mouse colonic L cells communication. Indole, on the one
hand, it caused an acute stimulation of GLP-1 secretion by inhibiting voltage-gated K+

channels and improving Ca2+ entry during short exposure; on the other hand, indole
decreased the rate at which ATP was created by inhibiting NADH dehydrogenase, which
led to a long-lasting reduction in GLP-1 secretion over longer period [82]. In this context,
diet plays an important role. For instance, increased intake of fiber and milk (which have
higher levels of gut Bifidobacterium) is linked to a better-circulating tryptophan metabolite
profile with enhanced IPA synthesis [83]. These data underline the importance of a targeted
diet in achieving an equilibrium microbial state.

2.6. Trimethylamine N-Oxide (TMAO)

L-carnitine and phosphatidylcholine-rich foods are broken down by gut bacteria into
trimethylamine, which the liver then converts to trimethylamine N-oxide (TMAO). Greater
TMAO concentrations were related to T2D and increased mortality risk independent
of glycemic control in T2D patients [84]. Gao et al. demonstrated that, in mice given
a high-fat diet, TMAO worsened poor glucose tolerance, blocked the hepatic insulin
signaling pathway, and induced inflammation in adipose tissue [85]. It is worth noting that
individuals with dysbiosis produce more TMAO than those with eubiosis while ingesting
the same food [86]. Increasing data suggest that TMAO is linked to increased risks of
cardiovascular disease and renal failure. In mice, dietary treatment with TMAO, carnitine,
or choline modified the cecal microbial composition, raising the risk of atherosclerosis [87].
Strategies to reestablish eubiosis and certain dietary adjustments might help not only
in counteracting the onset and progression of T2D but also the comorbidities, such as
cardiovascular diseases, related to it.

2.7. Antidiabetic Drugs

T2D and obesity are known to induce gut dysbiosis, while antidiabetic drugs can
help to restore a healthy microbiota [88]. Alpha-glucosidase inhibitors slow carbohydrate
uptake in the distal intestine, favoring bacterial growth. The most commonly used of
these inhibitors, Acarbose, increases the number of taxa that produce SCFAs, such as
Lactobacillus, Faecalibacterium, Prevotella [89], and Bifidobacterium [90]. Sitagliptin, which is
a dipeptidyl peptidase IV inhibitor, as well as metformin, commonly used to lower glucose
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and enhance insulin sensitivity, have been demonstrated to increase the relative abundance
of the genus Lactobacillus [90]. In T2D complicated with nonalcoholic fatty liver disease,
the intestinal bacterial community exhibited significant increases in diversity and richness
upon receiving treatment with liraglutide, a GLP-1 receptor agonist. Additionally, the
relative abundances of Bacteroidetes, Proteobacteria, and Bacilli were significantly elevated,
while those of Fusobacteria and Actinobacteria were significantly enhanced upon metformin
treatment [91]. Thus, different antiglycemic drugs exert different effects on the composition
of the gut microbiota, selectively increasing beneficial bacteria [90]. It is known that
the efficacy of drugs greatly depends on gut microbiota features, and gut microbiota
modulation could influence therapy outcomes [92]; for example, liraglutide responsiveness
is likely to depend on gut microbiota dysbiosis [93]. Restoring eubiosis in the altered gut
microbiota in T2D patients can greatly help in potentiating the effect and reducing the
doses of traditional drugs.

3. Diet, T2D, and the Gut Microbiota
An unbalanced and unhealthy diet is one of the primary risk factors for chronic illness

since it is widely acknowledged that eating habits have a substantial influence on our
overall health and wellbeing. Diet is one of the most important lifestyle interventions
in T2D prevention and management. A number of dietary strategies, such as a low-
carbohydrate diet (LCD), very-low-calorie diet (VLCD), fasting-mimicking diet (FMD), and
Mediterranean diet (MedDiet), have been suggested to reduce the occurrence of chronic
diseases [94].

3.1. Low-Carb, Very-Low-Calorie, and Fasting-Mimicking Diets

Given their positive effects on weight reduction and glycemic management, research
shows that low-carb (<130 g/day of carbs) and very low-carb diets (usually <50 g/day of
carbs) can be useful strategies for treating T2D. In clinical trials and standard care, LCDs
have shown weight and HbA1c-lowering effects [95]. A primary care practice in England
using an LCD approach saw 46% of people with T2D achieve remission, with improvements
in lipid profile, blood pressure, and weight loss. International researchers defined T2D
remission as HbA1c <6.5% at 3 months post antidiabetic medication cessation, without
bariatric surgery [96]. Significant weight loss through LCDs and VLCDs led to a 25–77%
remission rate in overweight and obese individuals, with reduced HbA1c and decreased
medical support [97,98]. Higher remission rates were directly associated with greater
weight reduction, according to recent results from the Diabetes Remission Clinical Trial
(DiRECT). Individuals who lost more than 10 kg were far more likely to achieve remission
than those who lost less. People with T2D experienced a remission rate of 46–60% after one
year [99]. Significant weight reduction was accomplished using an LCD. Consequently, 20%
of all practicing T2D patients achieved remission. It seems that a time frame of less than
one year for T2D treatment constitutes a significant window of opportunity for reaching
drug-free diabetic remission [100,101].

Studies show that most patients experienced remission because of dietary strategies,
with significant changes in blood lipids, HbA1c, blood glucose, and quality of life. Re-
mission was more likely in those who lost more weight and had a shorter T2D diagnosis
duration [102]. VLCD caused weight loss by 20–30%, sometimes in just 12–16 weeks
when daily energy intake was restricted to 400–800 kcal/day [103]. Steven et al. reported
that for the 40% of patients who reacted to a VLCD by reaching a fasting plasma glucose
of <7 mmol/L, a comprehensive and long-lasting weight reduction program resulted in
a continuous remission of T2D for at least 6 months [104]. Currently, available data indi-
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cates that only people who have been diagnosed with T2D relatively recently may benefit
from VLCD or other calorie restriction techniques to induce T2D remission.

While there is evidence that extensive behavioral support can increase the durability
of weight reduction with VLCD, people who do not receive the best possible assistance
for sustained behavior change will still find it difficult to successfully adhere to these
dietary methods over the long term [103]. In T2D patients using diet alone or metformin for
glycemic management, Van der Butg et al. found that a 5-day monthly fasting-mimicking
diet over a 12-month period increased HbA1c levels while requiring fewer pharmaceuticals,
looked safe in standard clinical practice, and decreased the need for glucose-lowering
drugs [105].

3.2. Mediterranean Diet

Among diets, MedDiet, one of the world’s most popular and researched regimens, has
been linked to several health advantages [106]. The Mediterranean diet provides several
benefits on metabolic illness and T2D risk. Molecules within the Mediterranean diet (Med-
Diet) can counteract mechanisms involved in T2D progression, including inflammation
and oxidation. In particular, MedDiet, adding another piece to the puzzle of metabolic
pathology prevention, can modulate the gut microbiota. A diet that emphasizes eating
more fruits, vegetables, whole grains, and seafood while consuming fewer starches, sug-
ary beverages, and red and processed meats can postpone the onset of T2D, according
to epidemiological research [107]. Moreover, a high intake of dietary fiber (particularly
cereal fiber), antioxidants, and monounsaturated fatty acids (MUFAs), along with foods
containing these nutrients, has been linked to improved insulin sensitivity, the ability of
pancreatic β-cells to secrete insulin, and a lower risk of developing T2D (Figure 1), accord-
ing to consistent epidemiological and clinical evidence [108,109]. MedDiet is praised for
its antidiabetic properties, making it a suitable alternative to low-fat, high-carb diets for
managing blood glucose in T2D patients [110].

By increasing antioxidant capacity and decreasing inflammation, Filippatos et al.
discovered that moderate to high adherence to MedDiet could prevent T2D [111]. More ad-
herence to MedDiet might reduce the incidence of T2D by 19%, according to a meta-analysis
of trials including 122,810 individuals [112]. High-MUFA diets have been demonstrated in
recent years to have a beneficial impact on glycemic management and total triglyceride
(TG) levels in T2D patients [109]. Additionally, two prospective studies have connected
the risks or outcomes of gestational T2D to MedDiet adherence. Participants in the highest
quartile of MedDiet adherence had a 40% reduced chance of developing T2D compared
to those in the lowest quartile, according to a nurses’ health survey that found 491 occur-
rences of incident T2D among 4413 females followed for 14 years and aged 22–44 with
a history of gestational diabetes [113]. Adherence to the Mediterranean diet (MedDiet) was
associated with a lower prevalence of gestational diabetes and better glucose tolerance,
even in women without the disease, according to research including 1076 pregnant women
from ten different countries [113]. Thus far, the vast majority of research has evidenced the
value of MedDiet in T2D prevention. What is even more exciting is the fact that studies
on pregnant women have increased the group for whom MedDiet adoption is appropriate
for T2D prevention. MedDiet education, depending on the population size, may be a safe
public health strategy to stop or postpone the onset of T2D. To elucidate the mechanisms of
T2D risk reduction that are not reliant on weight loss, more study is needed [106], but it
is likely that most of the diet-induced benefits in managing T2D pass through gut micro-
biota modulation. Mediterranean diet components have an important impact on the gut
microbiota’s development. The major intake of fiber, vitamins, antioxidants, and mono-
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and poly-unsaturated fatty acids and minor consumption of processed foods, saturated
fatty acids, and amino acids induce an increase in microbiome diversity.
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3.3. Effects of Diet on the Gut Microbiota

According to human studies, MedDiet can change the composition of gut microbes.
Donati Zeppa et al. reported a significant decrease in the abundance of Proteobacteria
in 20 BC survivors of the MoviS clinical trial following a 12-week home-based lifestyle
intervention based on MedDiet and exercise [114]. The adherence of eating habits to
MedDiet led to a reduction of the abundances of Proteobacteria and Firmicutes and an
increase in the abundance of advantageous bacterial communities such as Bacteroidetes,
Lactobacilli, Bifidobacteria, and Faecalibacterium. These bacterial modifications associated
with enhanced production of microbiota-derived metabolites have been observed in human
studies. SCFAs and MedDiet itself lead to oxidative stress, inflammation, obesity, and TD2
reductions [115].

Wang et al. [116] reported the potential connections between the gut microbiome, Med-
Diet, and T2D. Participants in this study comprised 394 normoglycemic, 805 prediabetic,
and 543 diabetic individuals from a cohort study of Hispanic/Latino men and women in the
United States. Increased adherence to MedDiet was linked to increased abundance of major
dietary fiber metabolizers, such as Faecalibacterium prausnitzii, Coprococcus, and Lachnospira.
The majority of adherents to MedDiet were found to have more or less abundant microbial
activities linked to the metabolism of amino acids and carbohydrates, with the exception of
those involved in the breakdown of galactose and lactose. A depletion of bacteria related
to dietary sulfur reduction to H2S has also been associated with the higher adherence to
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MedDiet. In particular, MedDiet showed a stronger protective effect against T2D in partici-
pants with lower levels of Prevotella. The microbial adaptations induced by MedDiet led to
increased microbiota-mediated metabolites, intestinal homeostasis, decreased dysbiosis,
and decreased intestinal permeability, contributing to the prevention of T2D onset [117].

Previous analysis has indicated a correlation between eating vegetarian and improve-
ments in T2D glycemic management [118]. In this context, Panhigrai et al. [119] proposed
a lifestyle intervention that promoted adherence to a plant-predominant diet in T2D pa-
tients. This diet was rich in phytochemicals and bioactive nutritional molecules, such as
vitamins and fiber, and low in fat. A dietary fiber intake of 50 g per day (25 g soluble and
25 g insoluble fiber) induced an improvement in glucose homeostasis and insulin secretion
in T2D patients, probably due to the increase in SCFA products by the anaerobic microbial
fermentation of fiber. Total SCFA, acetate, and butyrate levels in human feces were found
to be negatively associated with the risk of developing T2D in cross-sectional research
from the Henan rural cohort [120]. SCFAs stimulate GLP-1 and PYY in the stomach, which
improves glucose homeostasis [121]. The authors also identified SCFA interval levels asso-
ciated with decrease in T2D prevalence, although several studies will be needed to identify
a healthy individual SCFA concentration to prevent T2D. Whole grains and legumes are
known to lower postprandial blood glucose levels, both during the meal they are consumed
and at subsequent meals. This has significant consequences for blood glucose regulation
throughout the day and the avoidance of T2D [122].

In conclusion, more accurate and successful dietary interventions for the prevention of
T2D should arise from the personalization of diets based on the gut microbial compositions
of each individual.

4. Supplements, T2D, and the Gut Microbiota
Research on animals suggests that the evolution of IR to T2D may be influenced by the

nature of intestinal microbes. By lowering intestinal endotoxin concentrations, altering the
structure of the gut microbial population, and lowering energy harvest, probiotics and/or
prebiotics may be a viable strategy for improving insulin sensitivity [123]. Probiotics have
antidiabetic properties via decreasing oxidative stress, intestinal permeability, and pro-
inflammatory cytokines through the nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) pathway. To create guidelines for the use of pro- and prebiotics in the
prevention of T2D, better-planned human clinical trials are needed (Table 1). Furthermore,
other nutraceuticals, such as antioxidants and traditional Chinese medicine, have been
reported to exert antidiabetic activity, although most of them need to be metabolized and
activated by gut microorganisms.

4.1. Probiotics

Probiotics are live microorganisms that, when administered in the appropriate
amounts and for sufficient duration, can benefit the host’s health [124]. They work by reduc-
ing inflammation, strengthening the intestinal barrier, and ultimately restoring gut health.
Probiotics are currently undergoing extensive research as potential biotherapeutics thanks
to their health-promoting properties and their capacity to combat certain diseases [125].
Given the gut microbiota characteristics in patients with T2D and the resulting conse-
quences, probiotics are recognized as beneficial and complementary. Probiotics usually
improve T2D symptoms, enhancing intestinal integrity and restoring the host’s intestinal
barrier function through their surface molecules and metabolites, reducing systemic LPS
levels, lowering endoplasmic reticulum stress, and improving peripheral insulin sensitiv-
ity [126]. Probiotics, specifically Lactobacilli and Bifidobacteria, have recently gained attention
as promising biotherapeutics with proven efficacy demonstrated in different experimental
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models. Some studies have reported reductions in the abundances of Bifidobacterium spp.
and Lactobacillus spp. with increased plasma LPS, which caused metabolic endotoxemia via
NF-kB activation at the molecular onset of IR. One hypothesis is that T2D can be improved
by decreasing the concentration of LPS in the blood [125,127]. Ma et al. investigated the
activation of NF-kB signaling in the progression of inflammation using a HeLa cell line
preincubated with live Lactobacillus reuteri cells for 1–2 h. This treatment prevented translo-
cation of NF-kB to the nucleus and inhibited the expression of various pro-inflammatory
cytokines regulated by NF-kB [128].

In a double-blind, randomized, placebo-controlled trial, 50 volunteers consumed
120 g/d of fermented milk daily for 6 wks. The subjects were divided into two groups: the
probiotic group, who consumed fermented milk containing 109 colony-forming units/d of
Bifidobacterium animalis subsp lactis BB-12 and Lactobacillus acidophilus La-5, and the control
group, who had regular fermented milk. After 6 weeks, the intervention arm showed an
improvement in their glycemic profile. There was a significant decrease in fructosamine
levels, and HbA1c levels also appeared to be reduced. By contrast, the control group
did not show significantly affected glycemic control [129]. In addition, A. muciniphila has
a beneficial role in glycemic control and IR. Furthermore, its important roles in promoting
intestinal barrier function, lowering inflammation, boosting metabolism, and preserving
microbial homeostasis have received recent research interest [49]. Everard et al. proved that
treatment with A. muciniphila for 4 weeks reversed metabolic disorders induced by a high-
fat diet. This included fat mass gain, metabolic endotoxemia, adipose tissue inflammation,
and IR in male C57BL/6 ob/ob, HF-fed obese, and T2D mice. A. muciniphila administration
increased the levels of endocannabinoids in the intestine, which control inflammation, gut
barrier function, and gut peptide secretion [130].

Several studies demonstrated the effect of probiotics in GLP-1 normalization. A com-
mercial probiotic mixture called VSL#3, which contained four strains of Lactobacillus, three
strains of Bifidobacterium, and one strain of Streptococcus, boosted butyrate levels, which
in turn promoted the production of GLP-1 in a mouse model. GLP-1 level normalization
was associated with decreased meal consumption and enhanced glucose tolerance [131].
Also, Pegah et al. demonstrated that probiotics, as well as resveratrol, decreased glucose
and IR in diabetic rats by increasing GLP-1 levels and reducing oxidative stress [132].
Han and colleagues reported that the process by which fecal microbiota transplantation
from a normal glucose tolerance donor improved glycolipid abnormality in db/db mice
involved modifications to the bacterial composition that generates SCFAs and triggers the
GPR43/GLP-1 pathway [133]. For an exhaustive review on the mechanisms, applications,
and challenges of probiotics useful for counteracting T2D, see Shen et al. [134].

4.2. Antioxidants

IR and hyperglycemia—which is brought on by oxidative stress, disrupting glucose
homeostasis—can both contribute to T2D [135]. Antioxidants, both dietary and endoge-
nous, can alter gut microbiota composition and function, improving metabolic health.
Dietary polyphenols, which are naturally occurring substances found in fruits, vegetables,
cereals, tea, coffee, and wine, play an important role in the interaction between exogenous
antioxidants and the gut microbiota, regulating the incidence and progression of T2D.
Because of this, the small intestine absorbs only a tiny portion (5–10%) of the total amount
of polyphenols consumed. Approximately 90–95% of the total amount of polyphenols
consumed are deposited in the large intestine, where they are broken down into smaller
phenolic metabolites by the gut microbial population. Consuming meals high in polyphe-
nols may have health advantages since these metabolites are absorbable [136]. Research has
shown that higher consumption of polyphenol-rich foods is linked to improved glycemic
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control and reduced inflammation in patients with type 2 diabetes (T2D) [135]. Further-
more, the intake of polyphenols and the primary foods that contain them may help to
lower IR and reduce risk factors for T2D, including oxidative stress and inflammation, as
evidenced by numerous human studies.

The pertinent research relating dietary polyphenols to prediabetes and T2D is reviewed
by Guasch-Ferrè et al. [137], who concentrated on a number of clinical trials examining the
impact of polyphenols on cardiometabolic parameters in T2D patients. For instance, in
a meta-analysis including data from 22 randomized clinical trials, catechins from green tea
were found to have a positive effect on decreasing fasting glucose; however, its effects on
fasting insulin, HbA1c, and the Homeostatic Model Assessment for IR (HOMA-IR) were
not significant.

Green tea has been shown to correct microbial dysbiosis associated with various con-
ditions, including obesity, which negatively impacts the onset of T2D. In particular, the
abundance of the phylum Bacteroidetes significantly decreased in obese mice, whereas that
of the phylum Firmicutes significantly increased. Observational studies have indicated that
regular consumption of green tea is associated with improved glycemic control and a low-
ered risk of T2D [138]. Furthermore, the administration of green tea was able to influence
the composition of the gut microbial community by elevating the relative abundances of
some advantageous (and adversely correlated with obesity) bacteria, such Akkermansia,
Lachnospiraceae, and Alistipes [139].

Numerous extracts rich in polyphenol content have shown antidiabetic effects. Rutin
is the primary flavonoid glycoside found in djulis husk crude extract, which was the source
of one such polyphenol. In order to evaluate the preventive impact of rutin and djulis husk
crude extract on glucose tolerance, mice were given a high-fat diet (HFD) for 16 weeks in
order to cause hyperglycemia. Tung et al. found that the crude extract significantly reduced
HFD-induced diabetogenic effects. Furthermore, the crude extract markedly elevated the
phosphorylation of insulin receptor substrate 1 (pIRS1) and glucose transporter type 4
(GLUT4) protein expression in epididymal white adipose tissue and the liver. Moreover,
the crude extract restored the HFD-induced decrease in catalase (CAT) and glutathione
peroxidase (GPX) activities [140]. Furthermore, in HFD-fed animals, the expression of
Zonula occludens-1 (ZO-1) and occludin proteins in the colon was significantly downreg-
ulated, reducing intestinal permeability and LPS translocation. However, these effects
were reverted after the application of the crude extract. Furthermore, the crude extract
intervention significantly influenced the gut microbiota community and its alpha diversity.
Therefore, in cases of hyperglycemia brought on by a high-fat diet, the crude extract of
djulis shell may raise blood glucose levels and improve insulin receptor sensitivity. Its
capacity to control the gut microbiota, preserve intestinal barrier integrity to lower body
inflammation, boost antioxidant activity, and alter insulin signaling may be the reason for
this action [140].

Glycyrrhiza uralensis polysaccharide extract (GUP) is another extract that shows
promise for improving the gut microbiota in connection with T2D. It has exceptional
antioxidant properties, inhibits alpha-glucosidase activity, and enhances glycemic man-
agement in T2D. The genus Glycyrrhiza has many health benefits and contains bioactive
substances that are important for T2D treatment. A study showed that G. uralensis polysac-
charide extract (GUP) reduced liver lipid levels, oxidative stress, IR, and high blood sugar
in T2 diabetic mice. GUP also improved gut microbiota diversity, reducing harmful species
such as Bacteroides, Escherichia-Shigella, and Clostridium sensu stricto 1, and increasing ben-
eficial ones like Akkermansia, Lactobacillus, Romboutsia, and Faecalibaculum. This research
provides valuable information on dietary approaches for managing T2D and promoting
overall well-being [141].
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Melatonin interacts with gut bacteria to reduce T2D as well. Huang et al.’s case–control
research examined the relationship between T2D risk and serum melatonin in a community
of southern Chinese people, emphasizing the importance of the gut flora. Higher blood
melatonin levels were linked to a decreased risk of T2D and lower levels of fasting glucose,
according to research including 2034 people with T2D (cases) and healthy people (controls).
A reduced risk of T2D was associated with greater blood melatonin levels. The gut
microbiota and melatonin signaling mediated the connection; tryptophan metabolites may
play a particular role in this process. These results highlight the significance of melatonin
and associated microorganisms and metabolites as possible targets for T2D treatment. The
study also discovered that the gut microbiota of people with T2D was altered, showing
decreased levels of serum melatonin, a less diverse gut microbiota, a greater abundance of
Bifidobacterium, and a lower abundance of Coprococcus. Seven genera were also discovered
to be linked. Furthermore, a correlation between melatonin and features associated with
T2D was discovered to exist for seven genera. Among these, serum LPS and interleukin-10
(IL-10) showed positive correlations with Bifidobacterium, whereas serum interleukin-1β
(IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10), interleukin-17 (IL-17), α tumor necrosis
factor TNF-α, and LPS showed negative correlations with Coprococcus [142]. It is worth
mentioning a study that investigated the impact of a dietary intervention involving high-
fiber, polyphenol-rich, and vegetable protein functional foods on the fecal microbiota and
various biochemical parameters in patients with T2D. These parameters included LPS,
BCAAs, TMAO, HbA1c, and FFAs.

Patients with T2D showed imbalances in their intestinal bacteria, with an increase in
the abundance of Prevotella copri. Dietary intervention with functional foods significantly
enhanced the fecal microbiota compared with the placebo, leading to increased alpha di-
versity and modifying the abundances of specific bacteria. This change occurred regardless
of any T2D medication they were taking. The patients had fewer P. copri bacteria and more
of the bacteria F. prausnitzii and A. muciniphila, which are known to have anti-inflammatory
effects. The group who changed their diet also saw significant reductions in glucose, to-
tal and low-density lipoprotein (LDL) cholesterol, FFAs, HbA1c, triglycerides, and CRP,
as well as an improvement in antioxidant activity, compared to the group who did not
change their diet. Long-term adherence to a high-fiber, polyphenol-enriched, and veg-
etable protein-based diet provided benefits for gut microbiota composition and may offer
potential therapies for to improve glycemic control, dyslipidemia, and inflammation [143].

4.3. Chinese Medicine

Traditional Chinese medicine (TCM) has emerged as a promising approach to the
management of T2D [144,145]. Because TCM is mostly taken orally, it has a direct impact
on the gut microbiome. Nevertheless, a number of active components found in herbal
remedies, including tannins, flavonoids, and triterpene glycosides, have characteristics
such as high molecular flexibility, low lipophilicity, and hydrogen bonding capability, which
restrict TCM bioavailability. Its pharmacology is significantly influenced by absorption,
which is facilitated by a change in the gut microbiota. Furthermore, because different TCM
components function as nutrients for the growth of particular bacteria, TCM modulates
the population of host intestinal microbes. T2D can be treated with a particular Chinese
medicine formula called Huang-Qi-Ling-Hua-San (HQLHS). Astragalus Membranaceus,
Ganoderma lucidum, Inonotus obliquus, and Momordica charantia make up its composition.
Using a T2D mouse model induced by streptozotocin and a high-fat diet, researchers were
able to better understand how HQLHS reduced high blood sugar and high cholesterol levels.
HQLHS enhanced the abundances of Bifidobacterium, Turicibacter, Alistipes, Romboutsia, and
Christensenella. Next, fecal microbiota transplantation (FMT) was employed to determine
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whether these bacteria had any therapeutic value, with a focus on two particular strains of
Christensenella. The results demonstrated that feeding these strains to diabetic rats improved
their ability to metabolize fat and blood sugar, raised GLP-1 production, strengthened their
antioxidant defenses, and induced other positive benefits. Overall, the evidence pointed
to Christensenella being a major target for HQLHS treatment with a beneficial effect on
T2D [146].

The fruit of Lycium barbarum is another plant used in traditional Chinese medicine.
It is abundant in flavonoids, which have strong exploration potential and are linked to
anti-inflammatory and antioxidant properties that may lower the incidence of T2D. In T2D
mice induced with a high-fat diet (HFD) and streptozotocin (STZ), its therapeutic impact
was examined. Significant antidiabetic activity was demonstrated by the study, which
included decreased water intake, liver index, fasting blood glucose, HOMA-IR, HOMA-IS,
HbA1c levels, and Oral Glucose Tolerance Test (OGTT) levels, along with improved lipid
and glucose metabolism. Additionally, the study demonstrated the restoration of liver
tissue structure, as evidenced by a decrease in fat vesicles, and a remission of hepatocyte
swelling, as well as a reduction in the expression of proinflammatory cytokines and related
mRNAs. The study also looked at alterations in the gut microbiome of mice with T2D
induced by HFD/STZ. Bacteria including Bacteroidales_S24-7_group, Allobaculum, Turi-
cibacter, Coriobacteriaceae, Ruminococcaceae, Clostridiales_vadinBB60_group, and Enterococcus
were shown to be common in T2D patients. These findings showed improvements in the
metabolic profile, gut microbiota health, and glucose levels [147].

In a separate study, Wang et al. administered oral treatments for constipation to HFD-
fed mice and db/db mice using the Chinese formula Shouhuitongbian (SHTB; 200 and
100 mg/kg/d) and the standard medication metformin (100 mg/kg/d). The results showed
that SHTB successfully reduced inflammation, improved dysfunctional lipid metabolism,
and enhanced IR and glucose tolerance. Furthermore, SHTB demonstrated effectiveness in
treating T2D by altering the composition of the gut microbiota, particularly by increasing
the abundances of Akkermansia and Parabacteroides, and by promoting the production of
SCFAs and the breakdown of BCAAs [148].
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5. Physical Exercise, T2D, and the Gut Microbiota
Physical activity may have a protective effect on gut health and T2D. Not only is

exercise often recommended for weight loss and maintenance, but some studies suggest
that both acute and chronic exercise may reduce the risk of fatty liver and gastrointestinal
disorders, as well as inflammatory mediators and apoptotic markers in gut lymphocytes,
as observed in older animals [149]. This review looked at research exploring how exer-
cise might protect against or reduce mechanisms associated with the microbiota that are
believed to be responsible for triggering the processes underlying T2D.

5.1. The Role of Physical Activity in Intestinal Barrier Function and Metabolic Health

Yu et al. [150] recently investigated the relationship between intestinal permeability
and physical activity. Specifically, they showed that aerobic exercise, through its ability
to induce a redistribution of hypoxia-inducible factor-1 α (HIF-1α), modulated the tran-
scription of many barrier-protective genes and anti-inflammatory and tissue-protective
pathways [151]. In this context, chronic aerobic exercise stimulated AMP-activated protein
kinase (AMPK), an important downstream signaling pathway of sextrin2 (SESN2)-mediated
activity [152–157]. The latter is a stress-inducible protein that promotes epithelial cell sur-
vival and recovery and acts as a positive regulator of exercise-induced improvements in
glycolipid metabolism [151]. SESN2 is critical in controlling different types of stressors,
allowing epithelial cells to recover from inflammatory damage [153–155]. According to re-
search by Yu et al. [150], chronic aerobic exercise significantly reduced weight gain induced
by a high-fat diet, improved body composition in mice, and increased fasting glucose levels.
Notably, the levels of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in the control
and SENS2 ablation groups were significantly reduced with chronic aerobic exercise [158].
Interestingly, chronic aerobic exercise restored the levels of alpha diversity by increasing
the abundance of Bacteroidetes and reducing the abundances of Firmicutes and Actinobacteria
that the high-fat diet (HFD) had significantly increased in the mice [150]. Moreover, regular
exercise tends to increase several genera of bacteria, contributing to improved gut health
and metabolic benefits. Bifidobacterium, Lactobacillus, and Akkermansia are associated with
enhanced metabolic health. The abundance of Bacteroides, which play a role in breaking
down complex molecules in the gut, also increases with exercise. Additionally, Roseburia,
known for producing short-chain fatty acids (SCFAs) that support gut health, tends to
proliferate with physical activity [159,160]. In this way, exercise significantly protected the
intestinal epithelium from bacterial invasion. In addition, the colon villus musculature
thickened significantly after chronic aerobic exercise, showing a large increase in TJ protein
expression, as well as improved motility, as evidenced by more frequent stools. Although
these are early findings, the results on the role of chronic aerobic exercise in protecting the
gut barrier are promising and exciting.

5.2. The Importance of Chronic Endurance Exercises in SCFA Production and Consumption for the
Prevention of T2D

Numerous studies have examined the different functions of SCFAs in IR and T2D.
These functions include controlling immunomodulatory processes, maintaining intestinal
epithelial integrity, and controlling insulin secretion and pancreatic cell proliferation [161].
Owing to the therapeutic functions of SCFAs, studies on how exercise affects the production
and consumption of these fats were conducted [162,163]. Specifically, Allen J.M. [164]
studied whether a 6-week aerobic exercise program may alter gut microbial populations
and fecal SCFAs in previously inactive, lean, and obese adults. The authors found that
fecal concentrations of SCFAs (acetate, propionate, and butyrate) increased mostly in the
lean subjects after three sessions per week (30 to 60 min) of moderate-to-vigorous aerobic
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exercise over a period of six weeks, and this effect appeared to be dependent on BMI
status. After six weeks of returning to sedentary habits, the concentrations of SCFAs in
the obese group remained unchanged. Nevertheless, the washout period was associated
with a decline in the gut microbiome’s capacity to produce SCFAs in the obese group, as
evidenced by a decrease in the relative abundances of butyrate- and propionate-regulating
genes [164]. These results, although interesting, need further study with exercise protocols
of greater duration, intensity, and complexity. Finally, with the current state of the art, we
can conclude that, although the effect on obese people was not as strong as that on thin
people, it appears that constant physical activity plays a significant role in the regulation of
SCFAs and that the latter has a direct relationship with T2D.

The abundances of several genera of bacteria that produce SCFAs tend to increase
after exercise. These include Roseburia, known for producing butyrate, a type of SCFA that
supports gut health; Faecalibacterium, another butyrate producer, which is often associated
with anti-inflammatory effects; Akkermansia, primarily known for its role in maintaining the
gut lining, but also contributes to SCFA production; and Bifidobacterium, which produces
acetate, another important SCFA [159,160].

5.3. Exercise Modulation in the Reduction of LPS

As previously described (Section 2.1), LPS causes metabolic endotoxemia and IR and
represents a trigger for chronic low-grade inflammation through the LPS–CD14 pathway.
Following the consumption of high-fat, high-carbohydrate meals, LPS plasma concen-
trations greatly increase [165], indicating that the source of this fat-soluble LPS is the
gastrointestinal tract. Furthermore, dietary fat has been demonstrated to raise intestinal
permeability to LPS [166]. In a study [167], researchers examined the hypothesis that
a regimen of swimming for 60 minutes per session, 5 days per week for 8 weeks, ame-
liorates insulin resistance in high-fat diet (HFD)-induced obese (DIO) rats through the
regulation of TAK1-dependent signaling and its hepatic regulators. HFD feeding led to
increased body weight, visceral fat mass, serum free fatty acids (FFAs), and hepatic lipid de-
position, while reducing hepatic glycogen content and insulin sensitivity. Both chronic and
acute exercise training improved insulin resistance. Exercise training resulted in decreased
phosphorylation of TAK1, c-Jun N-terminal kinase 1 (JNK1), and insulin receptor substrate
1 (IRS1), while enhancing Akt phosphorylation in the liver. Furthermore, exercise elevated
the protein levels of USP4 and DUSP14 and reduced the protein levels of TRIM8 in the liver
of obese rats. These findings demonstrate that exercise induces significant modulation of
TAK1-dependent signaling and its regulators in the liver, leading to marked improvements
in insulin sensitivity. This study provides novel insights into the mechanisms by which
physical exercise mitigates insulin resistance. Exercise robustly reversed the activation of
this pathway and enhanced insulin signaling, presenting a novel mechanism by which
exercise improves insulin action in obesity and T2D. Thus, exercise, both acute and chronic,
promoted a reduction in serum LPS in rats that had been induced to eat HFD. This pathway
has been validated in various models examining the impact of exercise on LPS-induced lung
inflammation [168] and LPS-induced inflammatory responses in rat cardiac tissue [169]. In
conclusion, the available in vivo and in vitro evidence supports the need for clinical studies
to investigate the effects of moderate- and low-intensity exercise on different inflammatory
LPS-induced conditions.

5.4. The Effect of Exercise in Counteracting the Production of TMAO Associated with T2D

Recent results suggest that food has little bearing on the positive effects of regular exer-
cise on gut microbial populations [170–172]. Consequently, physical activity may encourage
the production of less dangerous bioactive metabolites, such as TMAO, by improving the
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profile of the gut microbiome, especially in older or obese people who are more prone
to have a dysfunctional gut microbiota [173]. Argyridou et al. [174] analyzed baseline
and 12-month follow-up data from the Walking Away from T2D study, which recruited
adults at high risk for T2D in primary care in 2009–2010. During this period, 316 men
and 167 women were analyzed. Moderate to vigorous physical activity (about 30 min
per day) was associated with TMAO in all models. The results showed that each 30 min
difference in moderate to vigorous physical activity was associated with less TMAO, while
sedentariness and light physical activity were not associated with TMAO in any model.
Thus, engagement in physical activity was associated with lower TMAO levels, suggesting
a possible new mechanism underlying the inverse relationship between physical activity
and cardiometabolic health [174]. In addition, Battillo and Malin [175] demonstrated that
a low-calorie diet plus high-intensity interval exercise intervention reduced TMAO more
than a low-calorie diet-only program. The study involved 23 sedentary women with obesity
(age: 48.4 ± 2.4 years; BMI: 37.9 ± 1.4 kg/m2), who were randomized to complete 12 super-
vised high-intensity interval exercise sessions (3 min 50% peak heart rate alternating with
3 min at 90% for 60 min) over 13 days. The exercise duration was progressively increased
so that participants completed 30 and 45 min of interval training on the first and second
days, respectively, and subsequently 60 min of exercise per session, with 1 rest day over
the 13 days. Overall, only in women with higher levels of circulating TMAO at baseline
did both treatments reduce plasma TMAO [176]. Finally, according to the above findings,
Erickson et al. demonstrated that the change in TMAO after diet and exercise intervention
was inversely related to visceral adipose tissue at baseline (r = −0.63, p = 0.009) and glucose
disposal rates (r = 0.58, p = 0.002) [176]. In conclusion, we can state that a low-calorie diet
and exercise approach appears to be effective in reducing TMAO.

5.5. The Effect of Exercise on GLP-1 and the Gut Microbiota in T2D

Exercise influences GLP-1 through several mechanisms. Physical activity stimulates
the secretion of GLP-1 from intestinal L cells, partly due to the increased production of
SCFAs by beneficial gut bacteria, which are more abundant in physically active individu-
als [159,160,177]. Exercise also enhances insulin sensitivity, amplifying the effects of GLP-1,
which helps to regulate blood glucose levels by promoting insulin secretion and inhibiting
glucagon release [178]. Additionally, regular physical activity increases the population of
bacteria that produce SCFAs, which not only stimulates GLP-1 secretion but also improves
gut barrier function and reduce inflammation [177]. Moreover, exercise aids in weight
loss and maintenance, enhancing the effectiveness of GLP-1 by reducing IR and inflamma-
tion [179]. These mechanisms collectively contribute to better glycemic control and overall
metabolic health in individuals with T2D. Different types of exercise influence GLP-1 levels
in various ways, enhancing its beneficial effects on glucose metabolism and overall health.
Aerobic exercises, such as running and cycling, significantly increase GLP-1 secretion
by improving gut microbiota composition and increasing the production of SCFAs [180].
Resistance training, including weight-lifting and body weight exercises, boosts GLP-1
levels by enhancing muscle insulin sensitivity and promoting lean muscle mass, which
is crucial for glucose uptake [180]. High-intensity interval training (HIIT) is particularly
effective in rapidly increasing GLP-1 levels due to its intense bursts of activity followed
by short rest periods, which improve cardiovascular fitness and insulin sensitivity [181].
These exercises collectively contribute to better glycemic control, weight management, and
overall metabolic health in individuals with T2D [182].
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6. Conclusions
Although the important role of hereditary components in determining the onset of T2D

is acknowledged, the disease primarily results from the common sedentary lifestyle and
the sharp rise in obesity worldwide. T2D comorbidities can cause early death, hasten the
course of the disease, and induce mental and physical illnesses. These comorbidities have
an adverse effect on general health, well-being, exacerbating diabetes-related outcomes,
and related expenditures in patients with T2D, leading to a substantial treatment burden,
higher healthcare utilization, costs, and lost economic output.

T2D is influenced by the gut microbiota, which also affects IR, glucose homeostasis,
and inflammation, major contributors to the development of T2D. It also affects how the
intestinal tract and extraintestinal tissues respond to antidiabetic medications. In this
review, we focused on the role that lifestyle plays in maintaining a healthy microbiota
and the implications for the development and treatment of T2D. Nonetheless, further
clinical research is required to elucidate the possible therapeutic impact of gut microbes
and their byproducts on T2D. Given the complexity of the variables that may affect clinical
outcomes, including basal conditions, nutrition, lifestyle, and medications, translating the
understanding of the microbiota for clinical benefit in diabetics is both a challenging and
exciting task for scientists. Figure 1 summarizes the factors that predispose or aggravate
T2D and those that improve the situation, also acting through the microbiota, highlight-
ing the central role of GLP-1. Emphasizing the need for a tailored approach is crucial,
particularly when addressing a diverse and specific group of individuals, which includes
pre-diabetics, confirmed patients, and those at risk of T2D. In order to minimize side effects
and increase benefits, the same level of attention to individual features—made possible by
technical progress—should be given to both identifying pharmaceutical interventions and
non-pharmacological ones.

A diet that is tailored to individual needs, whether it includes supplements or not,
a well thought out and meticulously implemented exercise chronic regimen, and cus-
tomized drug therapies, paying particular attention to gut microbiota status and changes,
represents an integrated strategy against T2D. In addition, it is important to keep an eye on
how things are developing to guarantee that the appropriate course of action is taken. This
review, far from being exhaustive, aims to provide useful insights for the implementation
of an integrated and individualized strategy for T2D prevention and management.
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AGE advanced glycation end product
AMPK AMP-activated protein kinase
AUC area under the curve
Bas bile acids
BCAAs branched-chain amino acids
BCKAs branched-chain α-keto acids
BMI body mass index
BSCFAs branched short-chain fatty acids
CAT catalase
CRP C-reactive protein
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db/db diabetic mice
DiRECT Diabetes Remission Clinical Trial
DM diabetes mellitus
DPP4 dipeptidyl peptidase 4
EECs control enteroendocrine cells
eWAT epididymal white adipose tissue
FFAs fatty acids
FMD fasting-mimicking diet
FMT fecal microbiota transplantation
FXR farnesoid X receptor
GLP-1 glucagon-like peptide 1
GLUT4 glucose transporter type 4
GPCRs G protein-coupled receptors
GPX glutathione peroxidase
GUP Glycyrrhiza uralensis polysaccharide
HbA1c glycosylated hemoglobin A1C
HDAs histone deacetylases
HDL high-density lipoprotein
HFD/STZ Streptozotocin high-fat diet
HFD high-fat diet
HIF-1α hypoxia-inducible factor-1 α

HIIT high-intensity interval training
HOMA-IR Homeostatic Model Assessment for Insulin Resistance
HOMA-IS Homeostatic Model Assessment for Insulin Sensitivity
HQLHS Huang-Qi-Ling-Hua-San
IDF International Diabetes Federation
IL interleukin
IL-10 interleukin-10
IL-17 interleukin-17
IL-1β interleukin-1β
IL-6 interleukin-6
IPA indole-3-propionic acid
IR insulin resistance
KYN kynurenine
LBFs flavonoids from Lycium barbarum
LCD low-carbohydrate diet
LDL low-density lipoprotein
LPS lipopolysaccharide
MUFA monounsaturated fatty acids

NCI-H716
cell line derived from ascites fluid of a colorectal adenocarcinoma from
a 33-year-old Caucasian male

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells
ob/ob mice obese mice
OGTT Oral Glucose Tolerance Test
PI3K phosphatidylinositol 3-kinase
pIRS1 phosphorylation of insulin receptor substrate 1
PYY peptide-YY
ROS reactive oxygen species
SCFA Short-chain fatty acid
SESN2 sextrin2
SHTB Shouhuitongbian
STZ streptozotocin
T1D type 1 T1D diabetes
T2D type 2 diabetes
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TCM traditional Chinese medicine
TLR4 Toll-like receptor 4
TMAO trimethylamine N-oxide
TNF-α tumor necrosis factor α
VLCD very-low-calorie Diet
VSL#3 probiotic “Very Safe Lactobacilli#3”
ZO-1 zonula occludens-1
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Abstract: Declining health, gut dysbiosis, and cognitive impairments are hallmarks of advanced
age. While caloric restriction is known to robustly extend the healthspan and alter gut microbiome
composition, it is difficult maintain. Time-restricted feeding or changes in dietary macronutrient
composition could be feasible alternatives for enhancing late life cognitive and physical health that
are easier to comply with for extended periods of time. To investigate this possibility, 8-month-old rats
were placed on time-restricted feeding with a ketogenic or micronutrient- and calorically matched
control diet for 13 months. A third group of rats was permitted to eat standard chow ad libitum during
this time. At 22 months, all rats were tested on a biconditional association task and fecal samples were
collected for microbiome composition analysis. Regardless of dietary composition, time-restricted-
fed rats had better cognitive performance than ad libitum-fed rats. This observation could not be
accounted for by differences in motivation, procedural or sensorimotor impairments. Additionally,
there were significant differences in gut microbiome diversity and composition between all diet
conditions. Allobaculum abundance was associated with cognitive task performance, indicating a
link between gut health and cognitive outcomes in aged subjects. Overall, time restricted feeding
had the largest influence on cognitive performance in aged rats.

Keywords: cognitive aging; dual tasking; gut–brain-axis; intermittent fasting; metabolism

1. Introduction

Two prominent hallmarks of advancing age are declining peripheral health and im-
paired cognitive function, which can bi-directionally influence each other [1]. Caloric
restriction, which has been shown to increase lifespan in several species, has been posited
to increase healthspan and cognitive function [2] as well, although the data on the latter are
equivocal [3]. The difficulty of maintaining long-term caloric restriction in humans, how-
ever, limits the translational potential of this lifestyle intervention for improving cognitive
and physical function in older adults. Importantly, both time-restricted feeding (which is
comparable to intermittent fasting) [4] and nutritional ketosis [5] mimic several aspects of
caloric restriction and may confer health benefits to aged populations while imposing less
severe dietary restrictions. Diet-based interventions may also alter the gut microbiome,
which could directly influence brain function through the gut–brain axis, which is com-
prised of a multitude of pathways and interactions between the central nervous system
and the gut. Specifically, ketogenic diets have been shown to influence gut microbiome
abundance and diversity [6–11], which are also altered by advanced age [12].
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A previous study reported that >3 months of nutritional ketosis, when initiated in
aged rats (>21 months old), resulted in improved cognitive function on a biconditional
association task compared to rats that were on a standard carbohydrate-based control
diet. Importantly, both diets had equivalent caloric and micronutrient content and were
given with a time-restricted feeding regimen once per day. Prior to initiating experimental
diets, the aged animals in this previous study had metabolic impairments, including
hyperinsulinemia and excess visceral white adipose tissue that was not evident in the young
animals and reversed by nutritional ketosis, but not the standard diet after 4 weeks [13]. The
possibility therefore exists that diet-induced cognitive benefits of ketosis are directly related
to the efficacy of reversing metabolic deficits rather than due to the elevation of ketone
bodies directly improving brain function. As the long-term carbohydrate restriction that
is necessary to maintain nutritional ketosis poses huge barriers for extended compliance
in community dwelling older adults [14], it is critical to determine the mechanisms by
which this diet confers cognitive resilience. Different dietary paradigms that may increase
compliance and therefore efficacy, such as time restricted feeding rather than restriction of
either calories or macronutrient content. Specifically, if dietary interventions are initiated
in mid-life, prior to the development of metabolic dysfunction, does ketosis still show the
same benefits on cognitive function in old age compared to a standard diet. Importantly,
mid-life is a critical time point for intervention, as this is likely when early pathology
associated with sporadic Alzheimer’s disease and related dementias is detectable but has
not yet produced cognitive impairment (e.g., [15,16]).

The goal of this study was to therefore investigate whether long-term time-restricted
feeding initiated in adulthood could improve cognitive outcomes in advanced age, and
the extent to which this interacts with macronutrient composition. Two groups of rats
were placed on a time-restricted feeding regimen beginning at 8 months of age. These
rats were given ~51 kcal of food once daily. All animals consumed the full ration of
calories within 3 h, resulting in ~21 h of fasting [13]. Among the rats given time-restricted
feeding, one group was fed a ketogenic diet, while the other group was fed a micronutrient
and calorically equivalent control diet [17]. A third group of rats was fed ad libitum until
21 months of age, at which time they were fed standard rodent chow once daily to encourage
appetitively motivated participation in cognitive testing. A previous study has reported
that rats of the Fischer 344 x Brown Norway hybrid strain develop hyperinsulinemia and
metabolic impairments when allowed unrestricted access to standard laboratory rodent
chow from adulthood into old age [13].

In old age, all rats were tested on a biconditional associated task (BAT), which quanti-
fies an animal’s ability to cognitively multitask by simultaneously alternating between two
different arms of a maze while completing a bi-conditional object discrimination. Specifi-
cally, the correct choice of the target object depends on the animal’s location on the maze
with each object only being rewarded in one of the two arms (Figure 1). Performance on this
type of object-place paired associative learning task has repeatedly been shown to decline
with age in rats [18–21], and has greater sensitivity for detecting age-related impairments
than the Morris watermaze test of spatial learning and memory [19]. Critically, the BAT
is more comparable to complex cognitive tasks that older human adults must complete
for instrumental activities of daily living and therefore is a better behavioral metric for
assessing the translational potential of novel interventions. Potential confounds due to
differences in motivation, or procedural and sensorimotor impairments, were assessed with
a simple object discrimination problem, in which performance is typically not impaired in
aged rats [18].
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Figure 1. Behavioral testing apparatus and objects utilized for BAT and object discrimination tasks.
(A) Birds-eye view of the testing apparatus used for alternations, BAT, and object discrimination
tasks. Note during the object discrimination, only one arm of the maze was used, and rats were not
required to alternate. Objects utilized during (B) BAT. In the left arm of the maze the white skull was
rewarded when selected while the blue poodle was the correct in the right arm. Thus, the correct
response updated based on spatial location. Objects used for (C) simple object discrimination testing.
The pig was the correct choice.

There is a plethora of mechanisms by which diet interventions could improve cognition
in old age. The gut–brain-axis, or interaction between gut and brain health and function,
has been recently identified as a powerful player in physiological functions in a variety of
conditions. Moreover, gut dysbiosis, or a perturbation in the normal composition and/or
density of the gut microbiome, is rampant with advanced age [12]. Cognitive deficits have
been increasingly linked to changes in the gut microbiome [22,23] as well as alterations in
metabolic function [24]. Therefore, we also investigated changes in the gut microbiome
across rats fed these three different diets. While it is well established that ketogenic [6–11]
and other [25] diets can significantly alter microbiome composition, to our knowledge, this
is the first paper to investigate gut microbiome changes in response to TRF in combination
with a ketogenic diet in an animal model, and the first to relate these changes to cognitive
outcomes in old age. Furthermore, potential interactions between TRF and age-related
changes in gut and metabolic health have also not yet been explored.

2. Materials and Methods
2.1. Subjects and Dietary Interventions

33 aged (22 months) male Fisher 344 x Brown Norway F1 (FBN) Hybrid rats from the
National Institute on Aging colony at Charles River were used in this study. All experimen-
tal procedures were performed in accordance with National Institutes of Health guidelines
and were approved by Institutional Animal Care and Use Committees at the University of
Florida. All rats were housed individually and maintained on a 12-h light/dark cycle with
all behavioral testing occurring in the dark phase. Rats were divided into three groups:
(1) fed ad libitum standard rodent chow until 21 months (n = 13), (2) fed 51 kCal of a
standard diet once daily from months 8 to 21 (n = 10) and (3) fed 51 kCal of a ketogenic
diet once daily from months 8 to 21 (n = 10). These group sizes were derived via power
analysis utilizing a preliminary cohort of 3–4 rats per diet group through two-sample

61



Nutrients 2022, 14, 3977

inference-estimation of sample size [26]. At 21 months of age, all rats were further re-
stricted (approximately 25–30 kCal/day) to encourage participation in the appetitively
motivated BAT behavior. Water was provided to all rats ad libitum throughout the study.

The same ketogenic diet (KD) and micronutrient matched control diet (CD) were used
as published previously [17,20,27]. An additional group of rats were fed ad libitum with
standard laboratory chow (Envigo, Teklad 2918). The KD was a high fat/low carbohydrate
diet (Lab Supply; 5722, Fort Worth, TX, USA) mixed with MCT oil (Neobee 895, Stephan,
Northfield, Illinois) with a macronutrient profile of 76% fat, 4% carbohydrates, and 20%
protein. The micronutrient-matched CD (Lab Supply; 1810727, Fort Worth, TX, USA) had a
macronutrient profile of 16% fat, 65% carbohydrates, and 19% protein. Nutritional ketosis
was verified by testing peripheral levels of glucose and the ketone body β-hydroxybutyrate
(BHB) 1 h after feeding.

2.2. Behavioral Testing

Rats were trained on the biconditional association task (BAT) as previously pub-
lished [19,21,28]. Briefly, rats were first trained to alternate between left and right arms
of a V-shaped maze (see Figure 1) with a macadamia nut reward at the end of each arm.
Alternation training continued until rats reached a criterion performance of ≥80% correct
with completion of all 32 trials within 20 min. Failing to alternate was logged as an incorrect
trial. Following alternation training, rats began testing on the BAT, in which a single object
pair was placed over two different food wells in the choice platform at the end of both
arms (Figure 1B, orb and blue poodle). One object covered a hidden food reward that
the rat could retrieve for moving the correct object. Importantly, in the left arm the orb
was the rewarded object while in the right arm the poodle was the rewarded object. Rats
were allowed to eat the food reward (macadamia nut) if they correctly displaced the object
contingent on the current location within the maze. Rats were given 32 trials per day in
alternating arms with objects placed pseudorandomly on the left and right sides within a
given arm. Rats were trained until a criterion performance of ≥80% correct for each object
on 2 consecutive days. Following criterion performance on the BAT, all rats were tested on
a simple object discrimination within a single arm of the maze. For this control task, object
choice was not contingent upon location, and the same object was always rewarded. For
both tasks involving objects, selecting the unrewarded object was logged as an incorrect
trial. During this phase of testing, rats did not make any alternation errors.

2.3. Statistical Analysis

All data are expressed as group means ± standard error of the mean (SEM) unless other-
wise reported. Glucose ketone index (GKI), body weights during behavior, and behavioral
performance on all tasks were analyzed using a one-way ANOVA across diet groups. For all
behavioral tasks, outliers were determined using the ROUT method [29] with a false discovery
rate of 0.1 prior to ANOVA, and normality was determined with the omnibus K2 test. One out-
lier was detected in the ketogenic-fed rats during alternation training, one outlier was detected
in the ketogenic-fed rats during WM/BAT training and one ab lib and two control-fed rats
were outliers during the object discrimination task. Body weight throughout the duration of
the study was analyzed using repeated measures-ANOVA (RM-ANOVA) across diet groups.
When applicable, follow up comparisons were performed between individual groups using
t-tests adjusted with Bonferroni’s multiple comparisons test. Finally, to examine for potential
relationships across variables, a principal component analysis (PCA) was performed with
a varimax rotation. Factors with eigenvalues above 1.0 were considered meaningful and
loading coefficients below 0.50 were excluded as done previously [18].

2.4. Fecal Microbiome Taxonomy

At the time of sacrifice, fecal samples were collected from 9 CD, 9 KD and 12 ad lib-fed
rats, directly from the distal colon. Samples were immediately placed in Para-Pak (Meridian
Bioscience Inc., Cincinnati, OH), frozen on dry ice and stored at −80 ◦C until use.
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Samples were processed by the Microbiome Institutional Research Core at the Uni-
versity of Alabama at Birmingham using previously published methods [30–32]. Briefly,
analysis of fecal microbiome was performed via 16S rRNA gene sequencing. Amplicon
sequence variants (ASVs) were resolved and taxonomy was assigned using the SILVA small
subunit ribosomal RNA database version 132 [33]. Alpha diversity was calculated utilizing
the microbiome package in R [34], and beta diversity was calculated utilizing the Phyloseq
package in R [35] via permutational multivariate analysis of variance (PERMANOVA).
Analysis of Compositions of Microbiomes (ANCOM) with Bias Correction was used to test
for differential using modified versions of previously published ANCOM scripts with a
detection limit of 0.7 [32,36,37].

3. Results
3.1. Peripheral Effects of Feeding Paradigms

Postprandial glucose (Figure 2A) and BHB (Figure 2B) measurements were utilized to
generate a glucose ketone index (GKI) for each rat as reported previously [27]. Lower GKI
values indicate greater levels of ketosis. GKI values during behavioral testing indicate only
rats fed the ketogenic diet were in nutritional ketosis (F[2,29] = 54.07; p < 0.001; Figure 2C).
There was no significant main effect of feeding method (F[1,30] = 0.76; p = 0.39), as rats on
time-restricted feeding with the standard diet had a significantly elevated GKI level relative
to ad libitum-fed rats (t[29] = 4.18; p < 0.001), but rats on time-restricted feeding with the
ketogenic diet had a significantly lower GKI level relative to ad libitum-fed (t[29] = 6.87; p <
0.001).
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Figure 2. Postprandial glucose, BHB and GKI values and body weight. Only rats fed a ketogenic diet
exhibited nutritional ketosis as evidenced by (A) reduced glucose, (B) elevated levels of the ketone
body β-hydroxybutyrate and (C) a lower glucose ketone index (GKI). (D) Body weights throughout
the lifespan continued to increase while fed a ketogenic or control diet via time-restricted feeding,
until the onset of further dietary restriction (solid black arrow) and during BAT testing (beginning
at dashed gray arrow). Body weight on the first day of (E) alternation training, as well as (F) BAT,
was significantly lower in ketogenic diet-fed rats relative to both other groups. C, control-fed; K,
ketogenic diet-fed; TRF, time restricted-fed; BAT, biconditional association task. All data are group
means ± 1 SEM; * indicates p < 0.05.
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Over the course of time-restricted feeding, both ketogenic and control-fed rats gained
a significant amount of weight (F[1,18] = 378.50; p < 0.001), indicating that they were not
calorically restricted. Although caloric intake was identical, the control-fed rats gained
significantly more weight that the ketogenic diet-fed rats (F[1,18] = 7.08; p = 0.02). Moreover,
the interaction between time and diet group was significant (F[1,18] = 67.09; p < 0.001), indi-
cating that the control-fed rats also gained weight more rapidly. Although this observation
suggests that rats were not calorically restricted, weights did not reach the level of ad
libitum-fed animals of the same age (Figure 2D). The control and ketogenic intermittent
fasting groups reached maximal weights that were on average 472 and 421 g, respectively,
compared to an average maximal weight of 547 g in the ad libitum-fed rats. This is likely
because rats with unrestricted access to food overconsume, which could be related to the
excessive visceral fat and metabolic impairments that have been reported for aged male
rats of this strain [13,17].

Prior to beginning shaping, all rats were placed on food restriction to motivate appetitive
behavior for cognitive testing. Animals were given ~25-30 Kcal/day (black arrow in Fig-
ure 2D), which initiated weight loss in all groups. Body weight on the first day of alternation
and BAT testing (dashed arrow in Figure 2D) was significantly lower in ketogenic diet-fed
rats than in control-fed (t[30] = 5.00; p = 0.004; t[30] = 5.43; p = 0.002, respectively) and ad
libitum-fed rats (t[30] = 7.15; p < 0.001; t[30] = 4.01; p = 0.02, respectively), though the control-fed
and ad libitum-fed rats did not significantly differ (t[30] = 1.83; p = 0.41; t[30] = 1.76; p = 0.44;
respectively Figure 2D,E). The comparable body weights during behavioral testing between
the time-restricted control-fed rats and rats that ate ad libitum between 8 and 21 months
suggest that potential differences in behavior cannot be explained by differences in overall
body condition.

3.2. Time Restricted Feeding, Regardless of Macronutrient Composition, Ameliorated Age-Related
Cognitive Impairment on the Biconditional Association Task

The total number of incorrect trials across all days of training through the final day of
criterion performance for all tasks were tabulated for each rat. For alternation training, neither
diet group (ketogenic versus standard; F[2,29] = 1.51; p = 0.24) nor feeding method (ad libitum
versus TRF; F[1,29] = 0.12; p = 0.73) significantly affected the number of incorrect trials required
to reach criterion performance on alternations throughout the maze (Figure 3A). Aged rats
typically perform comparable to young on this behavior [19]. The similar performance
accuracy on alternations across diet groups indicates that despite differences in weight, rats in
all diet and feeding groups were similarly motivated to retrieve the food reward.
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Figure 3. Behavioral performance of aged rats across diet groups and feeding methods. (A) There
were no differences across groups in ability to alternate between the left and right arms of the maze.
(B) Lifelong time-restricted feeding, regardless of macronutrient composition, improved ability to
acquire the object-in-place rule required for criterion performance on the BAT task to a degree that was
comparable to performance in young (4–8 mo) rats of the same strain. (C) All rats were able to perform
an object discrimination task similarly, indicating no sensorimotor deficits or motivation differences
across groups that would confound BAT task performance. All data are group means ± 1 SEM;
* indicates p < 0.05.

64



Nutrients 2022, 14, 3977

The number of incorrect trials required to reach criterion performance on BAT testing
was significantly different across the diet groups (F[2,28] = 4.48; p = 0.02; Figure 3B). These
results were due to the time-restricted feeding from young adulthood rather than dietary
macronutrient composition, as the method of feeding also had a significant effect on
performance (F[1,30] = 194.07; p < 0.001). Ad libitum fed rats required significantly more
trials to reach criterion performance than ketogenic diet-fed rats (t[1,28] = 2.63; p = 0.04) and
a strong trends towards significantly more trials than control-fed rats (t[1,28] = 2.38; p = 0.07).
Conversely, among the rats that were given time-restricted feeding from young adulthood
into old age, there was no difference in performance between the ketogenic and control
diet groups (t[28] = 0.22; p > 0.99).

Data from the cohort presented here were also compared to young animals from
other previously run cohorts that underwent identical BAT behavioral testing to assess
how life-long TRF influenced cognitive outcomes in advanced age. While old rats made
significantly more incorrect trials than young prior to reaching criterion performance on
BAT testing (F[1,64] = 19.22, p < 0.001), TRF-fed rats overall performed significantly better
than ad lib fed rats regardless of age group (F[1,64] = 7.64, p < 0.01). Moreover, when the
ketogenic and control groups of TRF fed rats were compared to young rats, there were was
no significant difference in performance across the three groups (F[2,38] = 1.35, p = 0.27). In
contrast, the ad libitum-fed aged rats made significantly more errors than the young rats
(T[39] = 4.40, p = 0.001). Together these data indicate that a mid-life intervention with TRF
may prevent age-related cognitive deficits commonly observed on this task.

Following BAT testing, a simple object discrimination control was utilized to ensure
all rats were able to discriminate between two dissimilar objects and to assess potential
differences in motivation or procedural impairments (Figure 3C). There was not a significant
difference in the number of incorrect trials required to reach a criterion performance on
this control task across the 3 groups of rats (F[2,25] = 2.60; p = 0.10), nor was there an effect
of feeding method (ad libitum versus time-restricted; F[1,29] = 0.82; p = 0.37). These data
demonstrate all rats were able to discriminate between objects and are not visually impaired,
indicating BAT task performance was not hindered by physical or sensory deficits, but
rather was likely to manifest from cognitive differences across diet groups that altered the
rate at which animals could learn the object-in-place rule.

3.3. Time Restricted Feeding and the Ketogenic Diet Influence Gut Microbiome Composition and
Beta Diversity

At the phylum taxonomic level (Figure 4A,B), two phyla were found to significantly
differ across diet groups: actinobacteria (F[2,27] = 11.49; p < 0.001) and deferribacteres
(F[2,27] = 7.39; p = 0.002). While both TRF groups had significantly reduced abundance of
actinobacteria relative to the ad libitum fed group (p < 0.01 for both comparisons), only
the ketogenic diet fed TRF group had significantly higher levels of deferribacteres than
the ad libitum fed group (t[27] = 3.30; p = 0.006; Figure 4C) but not the control TRF fed
group (t[27] = 0.38; p > 0.99). No other phyla differed by diet group or feeding paradigm
(p > 0.19 for all comparisons), nor did the ratio of firmicutes to bacteroidetes differ
(p > 0.30 for both comparisons; Figure 4E). In addition to broad changes at the phylum level,
additional analyses (see ANCOM below) were conducted at the genus level (Supplementary
Figure S1) to assess more detailed differences in gut microbiome composition.

Two common measures of alpha diversity, the Inverse Simpson (IS) index [40], which
measures the dominances of a multispecies community [40] and Shannon’s (S) index,
which takes taxa richness into account [41], were utilized. There were no differences across
groups in alpha diversity by either measure, whether separated by dietary macronutrient
composition (S: F[2,27] = 0.37, p = 0.72; IS: F[2,27] = 1.32, p = 0.28; A,B) or by feeding paradigm
(S: t[28] = 0.67, p = 0.51; IS: t[28] = 1.58, p = 0.13; Figure 5C,D).

65



Nutrients 2022, 14, 3977

Nutrients 2022, 14, 3977 8 of 16 
 

 

comparisons; Figure 4E). In addition to broad changes at the phylum level, additional 

analyses (see ANCOM below) were conducted at the genus level (Supplementary Figure 

S1) to assess more detailed differences in gut microbiome composition. 

 

Figure 4. Relative abundance at the phylum taxonomic level by (A) subject and (B) diet condition. 

Relative abundance of (C,D) significantly altered phyla and (E) the ratio of firmicutes to bacteroide-

tes. All data in panels C-E are group means  1 SEM; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001. 

Two common measures of alpha diversity, the Inverse Simpson (IS) index [40], which 

measures the dominances of a multispecies community [40] and Shannon’s (S) index, 

which takes taxa richness into account [41], were utilized. There were no differences 

across groups in alpha diversity by either measure, whether separated by dietary macro-

nutrient composition (S: F[2,27] = 0.37, p = 0.72; IS: F[2,27] = 1.32, p = 0.28; A,B) or by feeding 

paradigm (S: t[28] = 0.67, p = 0.51; IS: t[28] = 1.58, p = 0.13; Figure 5C,D). 

Beta diversity was calculated using Bray Curtis (BC) Dissimilarity and differences 

across groups were assessed with a permutational multivariate analysis of variance (PER-

MANOVA). PERMANOVA revealed a significant effect of both diet (F[2,29] = 4.87; p = 0.001) 

and feeding paradigm (F[1,29] = 5.81; p = 0.001) on beta diversity. As beta diversity has been 

shown to correlate with better cognition in middle-aged adults [42], this is one potential 

mechanism by which intermittent fasting could improve BAT performance accuracy. 
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Relative abundance of (C,D) significantly altered phyla and (E) the ratio of firmicutes to bacteroidetes.
All data in panels (C–E) are group means ± 1 SEM; ** indicates p ≤ 0.01; *** indicates p ≤ 0.001.

Beta diversity was calculated using Bray Curtis (BC) Dissimilarity and differences
across groups were assessed with a permutational multivariate analysis of variance (PER-
MANOVA). PERMANOVA revealed a significant effect of both diet (F[2,29] = 4.87; p = 0.001)
and feeding paradigm (F[1,29] = 5.81; p = 0.001) on beta diversity. As beta diversity has been
shown to correlate with better cognition in middle-aged adults [42], this is one potential
mechanism by which intermittent fasting could improve BAT performance accuracy.

Analysis of composition of microbiomes (ANCOM) was utilized to examine taxa that
had statistically different abundance between diet and feeding paradigm groups (Figure 6).
Interestingly, different phyla and genera were identified by the two analyses. ANCOM across
diet groups at the phylum level revealed 2 significantly different taxa, deferribacteres and
Euryarchaeota. At the genus level, 4 taxa were differentially abundant across diet groups,
3 of which were in the firmicutes phyla (Ileibacterium, [Ruminococcus] gauvreauii group, and
Allobaculum) and 1 from the tenericutes phyla (an uncultured bacterium).
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paradigm groups. (E) Conversely, beta diversity was different across both diet groups and feeding
paradigms. Data in (A–D) are group means ± 1 SEM; PC = principal component.
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Figure 6. Significantly altered genera identified utilizing the analysis of composition of microbiomes
(ANCOM) methodology. (A) 6 genera were identified to be significantly different across the different
diet and/or feeding paradigm groups. (B) Relative abundance of the identified genera. All data are
group means ± 1 SEM.

ANCOM across the different feeding paradigms identified only one significant dif-
ference at the phylum level, Actinobacteria. At the genus level, the same uncultured
tenericutes group and Allobaculum from the firmicutes phyla were significantly different
across feeding paradigm, along with two other firmicutes microbiota (Intestinimonas and
[Eubacterium] ventriosum group).

3.4. Alterations in Gut Microbiome Composition Correlate with Behavioral Performance

A principal component analysis (PCA) was used to determine if there was a relation-
ship between the significantly altered gut microbiota identified by ANCOM (see above)
with behavioral performance and biomarkers of ketosis (Figure 7). Three components had
eigenvalues > 1, which combined accounted for 61.60% of the variance.
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Figure 7. Principal component analysis on measures of nutritional ketosis, cognitive performance
and microbiome composition. (A) Components 1 and 2, (B) components 1 and 3 (C) and components
2 and 3 are shown as a function of diet group (light gray = ad libitum fed rats, medium gray = control
TRF fed rats and black = ketogenic diet TRF fed rats).

The first component, which accounts for 27.72% of the total variance with an Eigenvalue
of 2.77, loaded negatively with circulating ketones (−0.87) and negatively with circulating
glucose (0.82). Thus, component 1 largely represents dietary ketosis during behavioral task
performance. Moreover, this component loaded negatively with the genera Intestinimonas
(−0.66) and positively with Ileibacterium (0.61) and Ruminococcus gauvreauii group abundance
(0.52), demonstrating a relationship between abundance of these genera with a ketogenic diet.
The second component, which accounts for 20.31% of the total variance with an Eigenvalue of
2.03, positively correlates with the number of errors made on BAT prior to reaching criterion
(0.73) and Allobaculum abundance (0.79). Thus, this component suggests that worse cognition
was associated with greater abundance of a specific genera that is modified by both diet
composition and feeding paradigm. The third component, which accounts for 13.58% of the
total variance with an Eigenvalue of 1.36, positively loaded with Eubacterium ventriosum group
(0.71) and the uncultured tenericutes bacterium (0.77), and negatively with Ruminococcus
gauvreauii group abundance (−0.50).

4. Discussion

The data presented here show that time-restricted feeding initiated in mature adults,
prior to the onset of age-related metabolic impairments, can influence cognitive outcomes
in advanced age. Specifically, rats fed once daily between the ages of 8 and 21 months with
either a ketogenic or a standard control diet performed better on a cognitive biconditional
association task (BAT) compared to rats that were fed ad libitum during that same time
frame. This observation could not be accounted for by differences in body weight or
sensorimotor impairments. It is important to note than although rats were fed once daily,
and thus prevented from obesogenic overconsumption typically observed with ad libitum
feeding [43], these rats were not calorically restricted and continued to show modest
increases in weight throughout their lives.

Furthermore, we observed that nutritional ketosis, which has been shown to improve
metabolic health in aged rats [13,17], did not confer an additive benefit to time-restricted
feeding with a standard control diet in regard to multitasking performance on a bicon-
ditional association task. Shorter term ketogenic diets initiated in old age (21 months),
which is an age at which rats on lifelong ad libitum feeding have age-related declines in
metabolic function, have demonstrated improved cognitive outcomes on a similar task as
well as reduced anxiety-like behavior [20]. An important distinction between these two
studies is the timing of the initiation of ketogenic diet therapy. When initiated at 8 months
of age, normal rats show little metabolic dysfunction from lifelong ad libitum feeding with
a standard diet. In contrast, rats that are allowed to consume food ad libitum into old age
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gain excessive weight, acquire aberrant amounts of white adipose tissue, as well as show
disrupted insulin signaling and a reduced ability to utilize glucose in the brain [13,17,43,44].
The current data suggest that time-restricted feeding throughout adulthood, regardless
of the macronutrient composition, may be able to prevent these metabolic deficits in old
age and lead to resilience against age-related cognitive decline. In contrast, when diet
interventions are initiated in old age, declines in metabolic function need to be reversed. A
previous study reported that time-restricted feeding with a ketogenic diet may be more
effective at normalizing metabolic function in aged rats than time-restricted feeding with a
standard diet. Thus, it may be critical to consider an individual’s current metabolic status
when designing an optimal diet-based intervention for optimizing cognitive performance.
This type of precision medicine-based approach has recently been suggested as an new
avenue for treating cognitive aging [45].

The limited number of studies that have investigated the potential of TRF to alter gut mi-
crobiome composition have reported conflicting results. One group found significant changes
in the microbiome following TRF in young healthy male human subjects [46]. Moreover,
such changes correlated with changes in metabolic markers and circadian rhythm-associated
genes [47]. However, in another study of obese humans, TRF did not significantly alter
microbiome abundance or diversity, despite significant weight loss [39]. Here, we found
significant changes from TRF in rats, as well as from altered macronutrient composition via
a KD. Specifically, 2 firmicutes genera (Ileibacterium and ruminococcus gauvreauii group) were
reduced in abundance by the ketogenic diet alone. When the microbiota from TRF (both
ketogenic and control) were compared to ad lib fed rats 2 firmicutes genera (Intestinimonas and
Eubacterium ventriosum group) were modified. One firmicutes genus (Allobaculum) was reduced
in the TRF rats while and 1 tenericutes genus (an uncultured bacterium) was significantly
elevated in abundance in the TRF compared to ad lib fed rats.

Not only do our data indicate both dietary macronutrient composition and feeding
paradigm influence microbiome composition, but also that these changes correlate with
behavioral performance. Specifically, worse performance accuracy on the biconditional
association task was associated with higher Allobaculum abundance. Allobaculum, which is
involved in butyric acid production [48,49], increases following the consumption of a high
fat diet in rodents that produces cognitive impairments [38,50,51]. While this suggest that
increased levels of Allobaculum may be related to suboptimal health, other studies have
reported that voluntary exercise can lead to enhanced abundance of Allobaculum [52,53].
Thus, future studies should attempt to manipulate Allobaculum abundance directly to
examine the impact on cognitive function and metabolic health.

The current data also have important implications in mid-life food consumption
patterns and later life cognition. While is it well documented that high fat/high sugar
obesogenic diets are associated with worse cognition [54], these data show that over
consuming even a standard diet that does not contain high fat or excessive sugar can also
lead to worse to cognitive performance later in life relative to alternative feeding styles.
Thus, it is conceivable that adults who overconsume throughout mid-life are at a higher
risk for cognitive decline in advanced age. A 2020 report by the U.S. Department of Health
and Human Services found 17.5% of individuals 45–64 had diabetes [55], demonstrating
the dire necessity of interventions during this critical period to avoid further cognitive
decline in geriatric populations.

Our data provide additional support for the strong link between gut and brain func-
tion, known as the gut–brain-axis. However, what remains unclear is how alterations in
diet, such as those performed in this study, are able to influence cognitive function. One
potential explanation is that alterations in gut microbiome composition are capable of im-
proving other aspects of systemic health, including restoring insulin-related signaling and
preventing or decreasing inflammation. Moreover, changing the gut microbiome composition
can significantly influence metabolite production and bioavailability, which can influence
neurobiological processes. For example, one group found that diabetes-induced cognitive
impairments were ameliorated following both fasting-induced changes in gut microbiome
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composition and direct application of affected metabolites [56]. Changes such as these then
allow for the restoration of, or prevention of decline in, neurobiological function through
related avenues, including nutrient availability and decreased inflammatory processes.

A second way by which gut health and gut microbiome composition influence cogni-
tive outcomes is through a more direct impact on neurobiological function. This can take
place through a variety of means, including altered levels of neurotransmitters produced
by gut microbes and direct interaction of these microprobes and their metabolites with
the enteric nervous system. To test this theory, experiments directly influencing these
particular aspects of gut and nervous system function can help elucidate specific pathways
to utilize as therapeutic targets. This can include things like a vagotomy, or the removal
of part of the vagus nerve, to significantly sever the connection between gut function and
the nervous system prior to dietary intervention. Alternatively, to decrease peripheral
health-improving effects of dieting, such as weight loss or improved insulin resistance,
fecal matter transplants from specific populations can supplemented to study more direct
effects of gut microbiome population contributions to cognitive outcomes.

Moreover, these potential avenues through which gut composition and function
influence neurobiological function may be overlapping and synergistic. It is likely that
changes in one organ system has profound impacts on other organ systems, such as central
nervous system function. Additionally, while the work presented here utilizes a well-
published behavioral task that is sensitive to early cognitive decline, further cognitive
characterization would complement our findings and enhance our ability to link peripheral
function with cognitive performance.

5. Conclusions

Our data strongly suggest that interactions with peripheral and systemic functioning are
important aspects to consider with interventional therapies targeting age-related cognitive
decline through peripheral means, like through diet or orally ingested compounds. Thus,
these data are in support of utilizing the gut microbiome as modifiable therapeutic target for
alleviating cognitive dysfunction, which may occur through altered dietary macronutrient
consumption, altered feeding patterns or other supplements such as pre- or probiotics.
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Abstract: The aim of this study was to analyze the differences in gut microbiota between selenium de-
ficiency and T-2 toxin intervention rats. Knee joint and fecal samples of rats were collected. The patho-
logical characteristics of knee cartilage were observed by safranin O/fast green staining. DNA was
extracted from fecal samples for PCR amplification, and 16S rDNA sequencing was performed to com-
pare the gut microbiota of rats. At the phylum level, Firmicutes (81.39% vs. 77.06%) and Bacteroidetes
(11.11% vs. 14.85%) were dominant in the Se-deficient (SD) group and T-2 exposure (T-2) groups. At
the genus level, the relative abundance of Ruminococcus_1 (12.62%) and Ruminococcaceae_UCG-005
(10.31%) in the SD group were higher. In the T-2 group, the relative abundance of Lactobacillus (11.71%)
and Ruminococcaceae_UCG-005 (9.26%) were higher. At the species level, the high-quality bacteria
in the SD group was Ruminococcus_1_unclassified, and Ruminococcaceae_UCG-005_unclassified in the
T-2 group. Lactobacillus_sp__L_YJ and Lactobacillus_crispatus were the most significant biomarkers in
the T-2 group. This study analyzed the different compositions of gut microbiota in rats induced by
selenium deficiency and T-2 toxin, and revealed the changes in gut microbiota, so as to provide a
certain basis for promoting the study of the pathogenesis of Kashin–Beck disease (KBD).

Keywords: Kashin–Beck disease; T-2 toxin; selenium deficiency; gut microbiota; 16S rDNA gene
sequencing

1. Introduction

Kashin–Beck disease (KBD) is a chronic, degenerative and malformed osteoarticular
disease that mainly affects the epiphyseal plate cartilage and articular cartilage in children
during the growth and development period [1]. Many etiological studies have shown that
environmental selenium deficiency and T-2 toxin in grains could be important causes of
KBD [2]. Previous studies found that the selenium content in food, drinking water and
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patients in KBD endemic areas was significantly lower than that in non-endemic areas [3,4].
In addition, the epidemiological survey showed that the distribution of KBD in China
was an oblique band from northeast to southwest, which was highly coincident with the
distribution of Se deficiency in China [5]. T-2 toxin is a tricothecene toxin produced by
a variety of fusarium species [6]. In previous studies, it was suggested that T-2 toxin
could cause inflammatory damage of chondrocytes and upregulate the expression of KBD
susceptibility genes in chondrocytes [7,8]. The conclusions of the previous studies have
proved that the imbalance of selenium nutrition caused by low selenium in the external
environment and T-2 toxin poisoning in grain are likely to be important causes of the
etiology and pathogenesis of KBD [9].

Gut microbiota is a microbial community inhabiting the human gut and distributed
throughout the gastrointestinal tract, which is a dynamic ecosystem. The entire gut micro-
biota is composed of more than 1000 species of bacteria, as well as fungi, viruses, phages,
parasites and archaea [10]. Under normal conditions, different types of gut microbiota in
the human body exist stably in accordance with a certain proportion and quantity, which
are both interdependent and restricted to each other. Firmicutes and Bacteroidetes are the
most typical bacterial phyla in the healthy gut microbiota, followed by Actinobacteria, Pro-
teobacteria and Fusobacteria [11,12]. At the genus level, the most typical bacterial genera
are Bacteroides, Faecalibacterium and Bifidobacterium. The bacteria of each classification exist
dynamically and stably [13]. When stimulated by the internal and external environment,
the species, quantity, proportion, and metabolites of each bacterial group will change [14].
Gut microbiota plays an important role in the regulation of various diseases, including
diabetes, osteoarthritis, hypertension, chronic obstructive pulmonary disease (COPD), and
obesity [15–21]. The influence of gut microbiota on the above diseases is achieved through
the comprehensive effect of genetic and environmental factors [22]. Relevant studies have
confirmed that gut microbiota can participate in host physiological activities through its
metabolites, and can migrate to subchondral bone marrow and deep chondrocytes through
systemic circulation to cause cellular inflammation, thereby inducing changes in cartilage
tissue and causing osteochondral diseases [23]. It has also been shown that the cartilage–
gut–microbiome axis plays a role in chondrocyte differentiation, apoptosis, and injury
mechanism by regulating the levels of metabolites [24]. The concept of the cartilage–gut–
microbiome axis provides new ideas for the etiology and treatment of bone and cartilage
diseases, such as KBD and osteoarthritis. Previously, we found a comprehensive landscape
of the gut microbiota in KBD patients, and compared the gut microbiota of osteoarthritis
(OA) and KBD patients, which provided strong evidence for the correlation between gut
microbiota and KBD.

As the key suspected causes of KBD, mycotoxin contamination in grain and envi-
ronmental Se deficiency can affect the human body through the dietary channel [1,25,26].
Studies have shown that mycotoxins in grain are absorbed into the human body mainly in
the form of glucose covalent conjugates of mycotoxins, and can reach the human intestine
in intact form for hydrolysis and release, causing abnormal changes in gut microbiota [27].
In addition, selenium can increase the diversity of gut microbiota in mice and participate in
the composition of gut microbiota, and it also can be enriched by the gut microbiota [28,29].
These results suggest that the changes in gut microbiota in KBD patients may be closely
related to the above two environmental risk factors of KBD.

In this study, to further explore whether the gut microbiota of KBD patients is altered
due to Se deficiency and T-2 toxin and its relationship with cartilage damage, we established
the environment risk factors rat models of KBD induced by Se deficiency and T-2 toxin with
an 8-week and 4-week intervention, respectively, and the characteristics and differences
of gut microbiota after intervention in rats were analyzed and compared. This study will
provide an important scientific basis for clarifying that T-2 toxin and/or Se deficiency may
cause chondrocytes damage and metabolic disorders in KBD through the cartilage–gut–
microbiome axis.
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2. Materials and Methods
2.1. Model Construction and Sample Collection

A total of 24 weaned Sprague Dawley rats (3-week-old, 30–50 g) were provided by the
Experimental Animal Center of Xi’an Jiaotong University. The study protocol was approved
by the Animal Ethics Committee of Xi’an Jiaotong University (No. 2018-206). The rats were
reared in specific pathogen free (SPF) environment. The 24 rats were randomly divided
into three groups: the normal control group (NC) was fed with control diet (selenium
content: 0.18 ppm), the Se-deficient group (SD) was fed with Se-deficient diet (selenium
content: 0.02 ppm), the T-2 exposure group (T-2) which fed with control diet were given
T-2 toxin (200 ng/g·BW/day) by gavage [30], while the NC group and SD groups were
given the same volume of 0.9% normal saline by gavage. All feeds of rats were purchased
from Nantong Talofi Feed Company, Nantong, Jiangsu province, China. For intragastric
administration: after the rats were fixed, the needle used for intragastric administration
was inserted from the corner of the mouth, pushed gently against the roof of the mouth,
and there was a feeling of hollow after entering the esophagus. Then, the needle was slowly
inserted along the posterior wall of the pharynx into the esophagus, and the solution
could be injected only when there was no air countercurrent in the syringe. To prevent
the rats from failing to adapt to the T-2 toxin, in the T-2 group, the gavage treatment was
performed at the age of 8 weeks and ended at 12 weeks, lasting a total of 4 weeks. Since
the construction of the Se-deficient rat models need to last longer, the intervention of Se-
deficient diet began at the age of 4 weeks and ended at 12 weeks, lasting a total of 8 weeks.
The rats were fed in the mesh floor cages with 2 cages per group and 4 rats per cage, and all
animals had free access to distilled water at all time. The weight of the rats was measured
and recorded at a fixed time each week. During the experiment, we did not find that the
food intake of rats was affected by the intervention regimen. The rats treated by Se-deficient
diet had poor appetite and increased drinking water, and the rats treated by T-2 toxin were
sluggish, less active, and more serious hair removal. By analyzing the weight records, it
was found that the growth of rats in each group was in line with the normal development
rate, and there was no statistical difference in each node. At the age of 12 weeks, fresh feces
of the rats were collected with sterilized tweezers, and about 1 g (3–5 pellets) of feces were
collected from each rat, of which 1–2 pellets were used for analysis and the rest for backup,
all stored in the sterile EP tubes at −80 ◦C for follow-up experiments. At 24 h after the
last gavage, the rats were anesthetized by intraperitoneal injection of 10% chloral hydrate
(0.5 mL/100 g·BW). The rats were sacrificed by blood sampling from the abdominal aorta.
After the rats were killed, we detected the serum selenium content of rats by hydride
generation atomic fluorescence spectrometry (HG-AFS), and the results showed that the
serum selenium content of rats in the SD group was significantly lower than that in the
NC group, indicating that the Se-deficient model was successfully constructed. Relevant
research results have been published [31]. During the dissection of the rats, the fur and
muscle were stripped with scalpel, the knee joints on both sides of the rats were removed
with surgical scissors. After carefully separating the connective tissue, the knee joints of
rats were placed in the 50 mL centrifuge tubes with 4% paraformaldehyde fixing solution
and stored at room temperature away from light for later use.

2.2. T-2 Toxin Solution Preparation

An amount of 5 mg T-2 toxin crystals (CAS: 21259-20-1, purchased from Beijing
Bairingwei Technology Co., LTD, Beijing, China) were collected in a bottle, then 2 mL
absolute ethanol was added, shaken and blended using a vortex mixer, and the liquid
was sucked into a 250 mL beaker. The procedure was repeated three times to ensure the
complete dissolution of T-2 toxin crystals on the bottom and wall of the bottle. The 0.9%
saline was used to dilute the solution in the beaker, and the T-2 toxin solution with a
concentration of 20 µg/mL was obtained. The solution was divided into small aliquots and
frozen at −20 ◦C for subsequent experiment. Before each use, the solution was dissolved at
room temperature and sonicated to homogenize the solute.
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2.3. Safranin O/Fast Green Staining

The fixed knee joints samples of rats were decalcified with 10% (w/v) ethylenedi-
aminete traacetic acid (EDTA) for 4 weeks. The decalcified samples were cut to appropriate
size with a surgical blade, naturally dried and then subjected to ethanol gradient dehydra-
tion, xylene transparency, and paraffin embedding. The paraffin blocks were cut into serial
sections with a thickness of 4–7 µm, mounted on slides, baked at 60 ◦C and stored at room
temperature. Sections of the knee joint were deparaffinized with xylene, hydrated with
gradient ethanol, and washed with tap water. The sections were stained with hematoxylin
dye for 5 min, washed with tap water to remove excess dye, and rapidly differentiated in 1%
hydrochloric acid solution for several seconds. The step of fast green staining took 10 min,
and the excess dye was washed off with water. Then, the slices were placed in safranin O
staining solution for 45 s, washed with water and slightly soaked in differentiation solution.
Finally, the sections were rapidly dehydrated in absolute ethanol, transparent through
xylene, and then sealed with neutral gum for use. The stained cartilage sections were
observed and the images were collected by automatic digital slicing scanner (Pannoramic
desk, purchased from 3Dhistech, Budapest, Hungary).

2.4. DNA Extraction of Gut Microbiota

Fecal samples were collected from rats at 12 weeks of age, and the total DNA of
the gut microbiota in the fecal samples was extracted according to the instructions of
the E.Z.N.A.®Stool DNA Kit (D4015-02, Omega, Inc., Norcross, GA, USA). It has been
demonstrated that the reagent, which was designed to extract DNA from trace amounts
of sample, is efficient for preparing the DNA of most bacteria. Unused swabs processed
through DNA extraction were utilized as sample blanks, and the absence of any DNA
amplicons was confirmed in sample blanks. The quality of DNA extraction was detected
by agarose gel electrophoresis, and DNA was quantified using a UV spectrophotometer.
According to a modified version of the manufacturer’s (Omega) instructions, the total DNA
was eluted in 50 L of elution buffer and kept at −80 ◦C until it was measured in a PCR
by LC-BIO TECHNOLOGIES (HANGZHOU) CO., LTD., Hang Zhou, Zhejiang Province,
China.

2.5. 16S rDNA Gene Sequencing

The V3–V4 variable region of 16S rDNA gene was selected as the target region for
PCR amplification. The upstream primer was 341F (5’-CCTACGGGNGGCWGCAG-3’) and
the downstream primer was 805R (5’-GACTACHVGGGTATCTAATCC-3’). The 5′ ends
of each primer were marked with a unique barcode for each sample, and the universal
primers were sequenced. PCR amplification was performed after a total volume of 25 µL
of the reaction mixture including 25 ng of template DNA, 12.5 µL PCR Premix, 2.5 µL of
each primer, and PCR-grade water which used to adjust the volume was prepared. PCR
reaction conditions were as follows: first, predenaturation at 98 ◦C for 30 s; and then there
were 32 cycles of denaturation at 98 ◦C for 10 s, annealing at 54 ◦C for 30 s, and extension
at 72 ◦C for 45 s. The final extension lasted for 10 min at 72 ◦ C. In order to exclude the
possibility of false-positive PCR results as a negative control, ultrapure water was utilized
instead of sample solution throughout the DNA extraction procedure. The products of
PCR were purified using AMPure XT Beads (Beckman Coulter Genomics, Danvers, MA,
USA) and quantified with Qubit (Invitrogen, Carlsbad, CA, USA). The amplicon pool was
used for the sequencing process, and an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA, USA) and the Illumina Library Quantification kit (Kapa Biosciences, Woburn, MA,
USA), respectively, were used to measure the size and quantity of the amplicon libraries.
On NovaSeq PE250 platform, the libraries were sequenced.

Samples were sequenced using the Illumina NovaSeq platform in accordance with the
manufacturer’s specifications. Paired-end sequences were assigned based on the unique
barcode of each sample, and the barcode and primer sequence were both truncated. Paired-
end reads were merged using FLASH. To produce high-quality clean labels, the raw reads
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were quality filtered using fqtrim (v0.94) under specific filtering parameters. In addition,
the chimeric sequences were filtered by Vsearch software (v2.3.4). After data deduplication,
feature tables and feature sequences were obtained. The distances were determined for
PCoA and LEfSe using the Bray–Curtis method. We used QIIME2 and R (v3.5.2) to calculate
the Alpha diversity and Beta diversity and draw the pictures, respectively, reduced the
number of sequences in some samples to a minimum by randomly extracting the same
number of sequences, and classified bacteria using the relative abundance. The relative
abundance of each sample was used to normalize the feature abundance according to SILVA
classifier. Blast was used for sequence alignment, the SILVA and NT-16S databases were
used for annotation of each representative sequence, and R (v3.5.2) was used for drawing
pictures. LEfSe analysis was performed as the following steps: firstly, all characteristic
species was detected using Kruskal–Wallis rank sum test, and species with significant
differences were obtained by measuring species abundance differences among different
groups. Secondly, the Wilcoxon rank sum test was used to detect all subspecies of the
significantly different species obtained in the previous step to determine whether they
converged to the same taxonomic level. Finally, linear discriminant analysis (LDA) was
used to obtain the final differential species.

2.6. Statistical Analysis

We used SPSS 18.0 software for statistical analysis of the measured data and normality
tests for continuous variables. If the data met the normal distribution, Student’s t-test and
one-way analysis of variance (ANOVA) were used to evaluate the difference between the
two groups, and the LSD-t test was further used for comparison between the two groups.
Otherwise, the data were reanalyzed after transformation, or the rank-sum test was used for
comparison analysis between groups. Spearman correlation analysis was used to explore
the correlation between variables. p-value < 0.05 was considered statistically significant.
Statistical plots were drawn using GraphPad Prism 8.0.

3. Results
3.1. Pathological Changes in the Knee Joint of the Rats

In the NC group, the cartilage matrix was uniformly red, and the subchondral bone
was blue-green, and the cartilage tissue was in sharp contrast with the bone tissue. The
articular cartilage was smooth, and the chondrocytes were evenly distributed and arranged
neatly. Compared with the NC group, the cartilage zone was thinner, the surface of cartilage
appeared fissure, and the red part was significantly reduced in the SD and T-2 group. In
addition, articular cartilage showed obvious wear and matrix loss (Figure 1).
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Figure 1. The articular cartilage of the rat knee joint stained with safranin fast green. NC, normal
control group; SD, Se-deficient group; T-2, T-2 toxin exposure group.

3.2. Analysis of Gut Microbiota in Rats Exposed to Se Deficiency vs. Negative Control Rats

A total of 914,275 high-quality reads were obtained from 16S rDNA sequencing, with a
median of 77,072.5 reads per sample (71,749 to 79,342). There were 8621 features, including
4029 in the SD group and 4592 in the NC group. The alpha diversity and beta diversity were
compared between the SD and NC groups to evaluate the characteristics of gut microbiome
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in rats intervened by Se deficiency. The alpha diversity was used to assess species richness
and evenness of microorganisms in individual sample. In this study, observed species and
Chao 1 indices were used to reflect richness, while Shannon and Simpson indices could
comprehensively reflect richness and evenness in samples. The results showed that there
was no significant difference in Shannon, observed species, Simpson and Chao 1 indices
between the SD group and the NC group, indicating that the richness and evenness of
microbial communities in the two groups did not change significantly (Figure 2a). The
beta diversity was used to measure the magnitude of similarity in microbial community
composition between different samples. Principal co-ordinates analysis (PCoA) was used
to observe the similarities and differences between groups, and to visualize the similarity
or difference of the data. In this study, the PCoA results of both weighted (Figure S1a)
and unweighted UniFrac (Figure 2b) showed that there was no significant difference in
beta diversity between the SD group and the NC group (p > 0.05), indicating that there
was no significant difference in the composition and distribution of microbial communities
between the two groups.
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Figure 2. (a) Species diversity differences between the SD and NC groups were estimated by the
observed species, Shannon, Simpson, and Chao1 indices. SD, the Se deficiency group; NC, the
negative control group; (b) principal coordinate analysis (PCoA) of the gut microbiota based on the
unweighted (ANOSIM, p = 0.051) UniFrac distance matrices for the SD and NC groups; (c) bar chart
of species abundance at the phylum level in the SD group and NC group; n = 6 for the SD group and
n = 6 for the NC group.
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Microbial taxon division was performed to evaluate the relative proportions of dom-
inant taxa at the genus level between the SD and NC groups. Firmicutes was the domi-
nant phylum in the SD and NC groups, accounting for 81.39% and 79.29%, respectively.
The proportion of Bacteroidetes in the SD group (11.11%) was lower than that in the NC
group (12.12%). On the contrary, the proportion of Proteobacteria in SD group (4.17%) was
higher than that in the NC group (3.61%) (Figure 2c). At the phylum level, Firmicutes
was the dominant microbiome in the SD group. At the genus level, in the SD group,
the relative abundance of Ruminococcus_1 was increased and Ruminococcaceae_UCG-005
was decreased. At the species level, the dominant microbiome of the two groups were
Ruminococcaceae_UCG-005_unclassified (Figure 3a).
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Linear discriminant analysis effect size (LEfSe) could identify two or more biomarkers
and identify the microbiome with significant differences in abundance between groups.
The threshold of LEfSe analysis was set as LDA value > 3, p < 0.05. In the comparison
between the SD group and the NC group, the significant difference species with LDA
value > 3 was Lachnoclostridium in the NC group, which was a biomarker with statistical
differences between the two groups. At the genus level, Lachnoclostridium, Weissella, Bar-
nesiellaceae_unclassified and Duncaniella had significant differences in relative abundance
(Figure 3b).

In addition, species with the top 30 relative abundance at the genus level were selected.
The correlation between these dominant bacterial groups was calculated based on their
abundance using the SparCC method, and p values were obtained. The relationship pairs
with the absolute value of correlation coefficient > 0.4 were selected from the results, and the
correlation network diagram was drawn. Among the top 30 species of relative abundance
at the genus level, there was significant positive correlation between Ruminococcus_2
and Ruminococcus_1, followed by Ruminococcus_1 and Ruminococcaceae_UCG_014. There
was the strongest negative correlation between Bacteroides and Ruminococcaceae_UCG_005
(Figure S1b). The COG database was used to annotate the gene function of the microbiota
in samples, which can identify a variety of important functions, such as Na+/alanine
symporter, Transposase (or an inactivated derivative) and maltose binding periplasmic
protein periplasmic protein MalE (Figure S2).

3.3. Analysis of Gut Microbiota in Rats Exposed to T-2 Toxin vs. Negative Control Rats

A total of 884,350 high-quality 16S rDNA reads were obtained by sequencing, with a
median of 74,370.5 reads per sample (ranging from 67,143 to 77,629). There were 9271 fea-
tures, including 5272 in the T-2 group and 3999 in the NC group. The alpha diversity and
the beta diversity were compared between the T-2 group and the NC group to evaluate
the characteristics of gut microbiota in rats intervened by T-2 toxin. The results showed
that there was no significant difference in Shannon, observed species, Simpson and Chao 1
indices between the T-2 group and the NC group, indicating that the richness and evenness
of microbial community in the two groups did not change significantly (Figure 4a). In this
study, the PCoA results of unweighted UniFrac showed that the beta diversity of the T-2
group and the NC group was significantly different (p < 0.05) (Figure 4b), while the PCoA
results of weighted UniFrac were opposite (p > 0.05) (Figure S3a), suggesting that there
were differences in the species of the microbiota between the two groups, but there may be
no significant difference in species abundance.

To evaluate the relative proportions of dominant taxa at the genus level between the
T-2 group and the NC group, microbial taxa were divided. Firmicutes was the dominant
phylum in the T-2 group and the NC group, accounting for 77.06% and 79.30%, respectively.
The proportions of Bacteroidetes and Proteobacteria in the T-2 group were both higher than
those in the NC group, which were 14.85% vs. 12.12% and 3.95% vs. 3.61%, respectively
(Figure 4c). At the phylum level, Firmicutes was the dominant microbiome in the T-2 group.
At the genus level, the relative abundance of Lactobacillus in T-2 group was the highest,
while Ruminococcaceae_UCG-005 was the most dominant in the NC group. At the species
level, the dominant bacteria of the two groups were Ruminococcaceae_UCG-005_unclassified
(Figure 5a).

In the results with LDA value > 3, the significant difference species in the T-2 group
were Lactobacillus_sp_L_YJ and Lactobacillus_crispatus. However, the NC group was char-
acterized by Erysipelatoclostridium and Faecalitalea (Figure 5b). At the genus level, the
species with significant differences in relative abundance were mainly Phascolarctobacterium,
Erysipelatoclostridium, Faecalitalea and Veillonella (Figure S3b). Among the top 30 species in
relative abundance at the genus level, Lactobacillus was positively correlated with Chris-
tensenellaceae_R_7_group and Muribaculaceae_unclassified. There was a negative correlation
between Bacteroides and Ruminococcaceae_UCG_005 (Figure S3c).
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Several important functions were identified using the COG database, such as ATPase
components of ABC transporters with duplicated ATPase domains and carbamoylphos-
phate synthase large subunit and guanylate kinase (Figure S4).
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Figure 4. (a) Species diversity differences between the T-2 and NC groups were estimated by the
observed species, Shannon, Simpson, and Chao1 indices. T-2, the T-2 toxin exposure group; NC, the
negative control group; (b) principal coordinate analysis (PCoA) of the gut microbiota based on the
unweighted (ANOSIM, p = 0.007) UniFrac distance matrices for the T-2 and NC groups; (c) bar chart
of species abundance at the phylum level in the T-2 group and NC group; n = 6 for the T-2 group and
n = 6 for the NC group.
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classified (Figure 5a). 

 
Figure 5. (a) Circos plot of species abundance at the genus level in the T-2 group and the NC group; 
T-2, the T-2 toxin exposure group; NC, the negative control group; (b) significantly different species 

Figure 5. (a) Circos plot of species abundance at the genus level in the T-2 group and the NC group;
T-2, the T-2 toxin exposure group; NC, the negative control group; (b) significantly different species
with LDA > 3 in the linear discriminant analysis effect size (LEfSe); the threshold of LEfSe analysis
was set as LDA > 3, p < 0.05.

3.4. Analysis of Gut Microbiota in Rats Exposed to Se Deficiency vs. T-2 Toxin

At the phylum level, Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria and Verru-
comicrobia were the main phyla of gut microbiome in the SD and T-2 groups. Firmicutes had
the highest relative abundance in the SD and T-2 groups, with SD group (81.39%) being
higher than T-2 group (77.06%). The proportion of Bacteroidetes in SD group (11.11%) was
lower than that in T-2 group (14.85%). On the contrary, the level of Proteobacteria was higher
in SD group (4.17%) than in T-2 group (3.95%). In addition, Actinobacteria was the fourth
most common bacteria in the SD group (0.70%), while it was lower in the T-2 group (0.50%).
The level of Verrucomicrobia in the T-2 group was 1.81%, while it was only 0.36% in SD
group (Table 1).
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Table 1. The relative abundance of species in the SD and T-2 groups at the phylum and genus level.

SD T-2

Phylum
Firmicutes 81.39% 77.06%
Bacteroidetes 11.11% 14.85%
Proteobacteria 4.17% 3.95%
Actinobacteria 0.70% 0.50%
Verrucomicrobia 0.36% 1.81%

Genus
Ruminococcus_1 12.62% 4.58%
Ruminococcaceae_UCG-005 10.31% 10.75%
Ruminiclostridium_9 8.26% 4.74%
Lactobacillus 2.82% 11.71%
Muribaculaceae_unclassified 5.16% 9.26%
Firmicutes_unclassified 7.55% 8.95%

Phylum means the relative abundance of species in the SD and T-2 groups at the phylum level. Genus means the
relative abundance of species in the SD and T-2 groups at the genus level.

At the genus level, Ruminococcus, Lactobacillus, Firmicutes_unclassified and Muribacu-
laceae_unclassified were the main genus in the SD group and T-2 group. In the SD group,
Ruminococcus was the most dominant bacteria, accounting for 12.62% of Ruminococcus_1,
10.31% of Ruminococcaceae_UCG-005, and 8.26% of Ruminiclostridium_9, respectively. In the
T-2 group, Lactobacillus was the most abundant genus, accounting for 11.71%. The second
was Ruminococcaceae_UCG-005 (10.75%). The third most abundant genus was Muribacu-
laceae_unclassified (9.26%). Similarly, the proportion of Firmicutes_unclassified was the fourth
in the SD group and the T-2 group, which was 7.55% and 8.95%, respectively, showing a
higher level in the T-2 group (Table 1).

In addition, at the genus level, a total of 11 species with significant differences in rela-
tive abundance in the SD group were identified: Weissella, Morganella, Lachnoanaerobaculum,
Barnesiellaceae_unclassified, Globicatella, Acetivibrio, Duncaniella, Lachnoclostridium, Acetanaer-
obacterium, Oscillospira and Pseudoflavonifractor. In the T-2 group, a total of 15 species
with significant differences in relative abundance were identified: Acetanaerobacterium,
Hydrogenoanaerobacterium, Rikenella, Weissella, Veillonella, Phocea, Pseudoflavonifractor, Aero-
coccus, DTU014_unclassified, Ruminococcaceae_UCG-011, Eubacterium_xylanophilum_group,
Acetovibrio, Phascolarctobacterium, Erysipelatoclostridium, and Faecalitalea. Among them, Weis-
sella, Acetivibrio and Pseudoflavonifractor were significantly increased in SD and T-2 groups,
while Acetanaerobacterium was significantly decreased in both groups (Table 2A).

Table 2. Comparison of the differences in the microbiota between SD group and T-2 group at the
genus level.

SD T-2

(A) *
Weissella Up (3.45) up (3.06)
Acetivibrio up (2.89) up (5.30)
Pseudoflavonifractor up (3.49) up (4.61)
Acetanaerobacterium down (−2.93) down (−Inf)

(B) **
Morganella (Inf) Veillonella (2.03)
Globicatella (2.46) Ruminococcaceae_UCG-011 (Inf)
Duncaniella (Inf) Eubacterium_xylanophilum_group (1.98)
Oscillospira (3.05) Phascolarctobacterium (0.49)
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Table 2. Cont.

SD T-2

(C) ***
Lachnoanaerobaculum (−4.49) Hydrogenoanaerobacterium (-Inf)
Barnesiellaceae_unclassified (−3.11) Rikenella (−3.98)
Lachnoclostridium (−1.44) Phocea (−5.03)

Aerococcus (−4.86)
DTU014_unclassified (−3.49)
Erysipelatoclostridium (−1.69)
Faecalitalea (−3.30)

* Means the same significantly different species and abundance value (Log2FC). ** Means the significantly different
species and abundance value (Log2FC) with increased levels. *** Means the significantly different species and
abundance value (Log2FC) with decreased levels.

In the SD group, species with increased levels included Morganella, Globicatella, Dun-
caniella and Oscillospira; in the T-2 group, the levels of Veillonella, Ruminococcaceae_UCG-011,
Eubacterium_xylanophilum_group and Phascolarctobacterium increased (Table 2B); in the SD
group, the levels of Lachnoanaerobaculum, Barnesiellaceae_unclassified and Lachnoclostrid-
ium were decreased; in the T-2 group, the levels of Hydroanaerobacterium, Rikenella, Pho-
cea, Aerococcus, DTU014_unclassified, Erysipelatoclostridium and Faecalitalea were decreased
(Table 2C).

4. Discussion

Gut microbiota, composed of thousands of microbiota, strives to maintain the exis-
tence and function of intestinal mucosal barrier, participate in nutrient absorption and
digestion, substance transport and metabolism, regulate human immunity, growth and
development [32]. Studies on the changes in gut microbiota in osteochondral diseases
have suggested that the gut microbiota of patients with osteochondral diseases is diverse,
and there is a certain correlation between the pathogenesis of such diseases and gut mi-
crobiota [33]. Based on our previous study on the gut microbiota profile of KBD patients
and the results of comparing the gut microbiota of OA and KBD patients, we constructed
rat models of Se deficiency and T-2 toxin exposure, respectively, and conducted 16SrDNA
sequencing to analyze gut microbiota, aiming to investigate whether gut microbiota affects
the occurrence and development of KBD, hoping to provide inspiration for the prevention
and treatment of KBD.

In our previous study, the KBD patient was found to be characterized by elevated
levels of Fusobacteria and Bacteroidetes. Consistent with the 16S rDNA analysis at the genus
level, most of the differentially abundant species in KBD subjects belonged to Prevotella
according to metagenomic sequencing. This indicates a change in the composition of the
gut microbiota in patients with KBD. In the results of this study, Firmicutes were increased in
the SD group compared with the NC group, while the level of Bacteroidetes were decreased.
In contrast, the changes in the T-2 group showed a decrease in Firmicutes and an increase in
Bacteroidetes. The changes in Proteobacteria were consistent in the SD and T-2 groups, which
were higher than those in the NC group. In addition, the beta diversity of the T-2 group
was significantly different from that of the NC group (p < 0.05), suggesting that the species
of the T-2 group was different from that of the NC group. We can speculate that both Se
deficiency and T-2 toxin exposure can dysregulate the composition of the gut microbiota in
KBD, and the effects they play are different.

As an important group of bacteria in the gut, Bacteroidetes are involved in a variety
of metabolic activities and can decompose and utilize polysaccharides to help digest
carbohydrates [34]. Among them, Bacteroides and Prevotella have attracted more attention
from researchers. Bacteroides is involved in the degradation of polysaccharides and dietary
fiber [35]. Studies have found that Bacteroides can stimulate the immune system, enhance
the phagocytosis of macrophages, regulate the metabolism of the body, and induce the
proliferation of probiotics to promote the health of the body [36]. Bacteroides fragilis has
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beneficial immunomodulatory effects on the body [37]. Prevotella can use polysaccharides
to produce metabolites such as acetic acid and succinic acid [38]. Succinic acid can help
maintain the body’s immunity and improve the health of the host [39]. Studies on the
function of selenium point out that an adequate level of selenium is important for the
initiation of immunity [40]. Se deficiency and inhibition of selenoproteins expression are
associated with elevated levels of inflammatory cytokines in the gastrointestinal tract.
Under Se deficiency conditions, innate and adaptive immune responses are impaired [41].
In addition, a study of T-2 toxin pointed out that T-2 toxin disrupts the gut microbiota by
changing the relative abundance of species, genus, and phylum levels, and this change may
be a direct effect of the toxin and its antibacterial properties, a toxic consequence of T-2 toxin
on cells, or the release of antibacterial substances [42]. In this study, the level of Bacteroidetes
in the SD group was decreased, indicating that the low selenium nutritional status caused
the decrease in Bacteroides abundance, which led to the suppression of immune level, and
then caused cartilage damage. However, the level of Bacteroidetes was increased in the T-2
group, which may be caused by the toxic characteristics of T-2 toxin.

Firmicutes is the largest bacterial group in the gut, most of which are Gram-positive
bacteria [43]. Lactobacillus is the most well-known probiotic, which is colonized in the
human digestive tract and widely used in the food industry, medicine and health fields.
It can participate in the metabolism of a variety of amino acids, help maintain the bal-
ance of gut microbiota, improve host immunity, and maintain the health of women’s
vagina [44]. Studies have shown that Lactobacillus can ameliorate or limit inflammatory
bone damage and joint dysfunction in patients with OA by reducing the expression of
proinflammatory cytokines and cartilage damage [45]. Based on its anti-inflammatory
effect, Lactobacillus has also been used as a probiotic treatment for OA for a long time [46].
In this study, compared with the NC group, the abundance of Lactobacillus in the T-2 group
was significantly increased, and it was positively correlated with other bacteria such as
Christensenellaceae_R_7_group and Muribaculaceae_unclassified. We speculated that the rise of
Lactobacillus may be due to the lack of direct competition. These results indicated that T-2
toxin could not only unbalanced the gut microbiota of rats, but also regulate the quantity
and function of other gut microbiota by affecting the level of Lactobacillus.

Ruminococcus is one of the earliest discovered gastric bacteria. It can degrade cellu-
lose in the digestive tract and ferment glucose and xylose. Therefore, Ruminococcus can
effectively break down the cell wall of plants in the digestive tract, which helps to stabilize
the intestinal barrier and improve the body’s immunity [47]. Ruminococcus can induce
anti-inflammatory or pro-inflammatory responses in the host, reflecting the characteris-
tics of strain-specific immune regulation [48]. In this study, the relative abundance of
Ruminococcus_1 and Ruminococcaceae_UGG-005 in the SD group is higher at the genus level,
and the dominant bacteria in the SD group all belong to Ruminococcus, indicating that
exposure of Se deficiency causes the imbalance of gut microbiota in rats, and the number
and proportion of Ruminococcus changed significantly.

The characteristic pathological changes in KBD are necrosis of deep chondrocytes
in growth plate cartilage and articular cartilage. Previous studies have shown that Se
supplementation has a protective effect on growth plate cartilage, alleviates the necrosis of
chondrocytes in growth plate. T-2 toxins can induce oxidative stress and reduce collagen
type II and chondroitin sulfate in chondrocytes; therefore, Se deficiency and T-2 toxin were
considered as most important risk factor for causing and development of KBD [49]. The
human gut microbiome is strongly influenced by what they have taken in, such as Se defi-
ciency and T-2 toxin, for example, Se deficiency affects the composition and colonization of
the microbiome, which may interfere with the diversity of the microbiome [50,51]. And
dietary selenium supplementation in mice can optimize the composition of gut micro-
biome and reduce the dysfunction of gut microbiome caused by low selenium [52]. In
addition, the intestinal tract plays an important role in the metabolism and absorption of
T-2 toxin, leading to intestinal mucosal damage, inflammation and oxidative stress, such as
necrotizing enteritis and colibacillosis in animals. Fusarium toxins, such as T-2 toxin, was
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stable in gastrointestinal digestive fluid and cannot be absorbed by intestinal epithelial cells.
When they come into contact with the gut microbiota, they can be efficiently hydrolyzed,
allowing the metabolites to be easily absorbed from the gut [27]. According to our previous
study on KBD patients, we found considerable variability in the gut microbiota, such as
an increase in Bacteroides and a decrease in Firmicutes, which were similar to those in this
study. At present, the mechanism of Se deficiency and fusarium toxin causing KBD has
not been fully clarified. Based on the results of this study and the above discussion, we
speculated that Se deficiency and T-2 toxin would affect the composition of human gut
microbiota and its metabolites through dietary intake and intestinal absorption, resulting
in the dysregulation of gut microbiota, and then induced joint cartilage damage through
the cartilage–gut–microbiome axis, thereby triggering KBD. We believe that Se deficiency
and T-2 toxin cause gut microbial dysregulation, which leads to joint damage, is one of the
mechanisms triggering KBD. However, the specific mechanism is still unclear and needs
further study.

5. Conclusions

In conclusion, this study comparatively analyzed the different compositions of gut
microbiota in rats induced by Se deficiency and T-2 toxin, and identified and revealed the
changes in the phylum, genus and species levels of gut microbiota. The results not only
comprehensively reflect the situation of gut microbiota in rats with Se deficiency and T-2
toxin exposure, but also provide some clues for the role of the “cartilage–gut–microbiome”
axis in the occurrence and development of KBD, and provide a scientific basis for promoting
the study of the etiology and pathogenesis of KBD.
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Abstract: The gut microbiota is a dynamic ecosystem that plays a pivotal role in maintaining host
health. The perturbation of these microbes has been linked to several health conditions. Hence,
they have emerged as promising targets for understanding and promoting good health. Despite the
growing body of research on the role of sodium in health, its effects on the human gut microbiome
remain under-explored. Here, using nutrition and metagenomics methods, we investigate the
influence of dietary sodium intake and alterations of the human gut microbiota. We found that
a high-sodium diet (HSD) altered the gut microbiota composition with a significant reduction in
Bacteroides and inverse increase in Prevotella compared to a low-sodium diet (LSD). However, there is
no clear distinction in the Firmicutes/Bacteroidetes (F/B) ratio between the two diet types. Metabolic
pathway reconstruction revealed the presence of sodium reabsorption genes in the HSD, but not LSD.
Since it is currently difficult in microbiome studies to confidently associate the F/B ratio with what
is considered healthy (e.g., low sodium) or unhealthy (e.g., high sodium), we suggest that the use
of a genus-based ratio such as the Bacteroides/Prevotella (B/P) ratio may be more beneficial for the
application of microbiome studies in health.

Keywords: microbiome; gut; microbial ratios; ENaC; TspO; sodium intake; cholesterol; Bacteroides;
Prevotella

1. Introduction

The gut microbiota is an intricate and dynamic ecosystem, hosting an array of microor-
ganisms that play a pivotal role in maintaining host health [1,2]. The perturbation of these
microbes is linked to several conditions, such as cardiovascular diseases [3,4], respiratory
diseases [5–7], neurological diseases [8,9], gastrointestinal diseases [10,11], endocrine dis-
eases [12,13], immunity [14], cancers [15], and the brain–gut–immune axis [16]. At the phyla
level, the bacteria in the human gut are mainly composed of Firmicutes and Bacteroidetes;
others are Actinobacteria, Proteobacteria, Spirochetes, Synergistetes, Verrucomicrobiota,
and Fusobacteria [17–19].

The microbial definition of a healthy human gut is debated because of the variation
in what constitutes a ‘healthy microbiome’ [11]. However, the answer is being unravelled
with the advancement in high-resolution genomic studies such as metagenomics, meta-
transcriptomics, and metabolomics [20]. The gut microbiota is influenced in the foetus by
the maternal diet, health, and exposures; at infancy by the mode of birth, birth term, and
feeding; and in childhood and later life by host genetics, lifestyle, diet, age, environment,
and medications [21–23]. However, microbial diversity and ecological balance is largely
accepted as a measure of a ‘healthy gut’ [24].

High sodium intake is a global health concern, primarily because of its association with
hypertension and cardiovascular diseases, and could adversely affect other targeted organs
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even when there is no increase in blood pressure [25–27]. The World Health Organization
recommends an intake of less than 2000 mg of sodium/day [27]. However, most people
around the world still consume too much sodium, which can cause about 1.7 million deaths
each year [28]. Dietary sodium is predominantly consumed from salt. The implications
of sodium on the gut microbiome and the potential mechanistic pathways through which
it may influence host health are not well understood. Emerging research suggests that
sodium can alter the gut microbial composition, potentially affecting the host’s immune
response, metabolic function, and even the pathogenesis of diseases [29–31].

There are minimal human studies that evidence the influence of sodium on gut
microbiota as most studies are largely from non-human guts. A high-salt/sodium diet
(HSD) has been implicated in the exacerbation of colitis, characterized by a decrease in
Lactobacillus and butyrate production [30]. Most microbiome reports on dietary salt or
sodium have focused on how HSD negatively affects intestinal immunity, and exacerbates
colitis, inflammatory bowel disease, and hypertension [29,31,32]. Wang et al. [33] reported
that HSDs increase the abundance of Lachnospiraceae and Ruminococcus but decreased
Lactobacillus. A pilot study using Wistar rats showed that the high-salt group had a
significant reduction in Lactobacillus and Prevotella NK3B31, and a significant increase in
Alloprevotella and Prevotella 9 [34]. Studies by Kumar et al. [35] reported a reduction in the
abundance of both Firmicutes and Bacteroidetes in the gut of high-salt-fed rats compared
to low-salt guts. In another animal study, loss of Lactobacillus and other beneficial genera
in Firmicutes was not observed in the high-salt cohort of wilding mice [36], though it was
observed in conventional laboratory mice. In a related study on risk factors of hypertension,
HSD led to the reduction in beneficial Bacteroides (not B. fragilis) [37]. A human study by
Ferguson et al. [38] showed that HSD is associated with increases in Prevotella. There is
a research gap in the field of human studies that investigates the impact of sodium on
the gut microbiome. While there is a growing body of research on the role of sodium in
systemic health, the specific effects of sodium on the gut microbiome remain inadequately
explored. Existing human studies primarily focus on the cardiovascular implications of
high sodium intake, neglecting the potential interactions with the gut microbial community.
Understanding these interactions is crucial because emerging evidence suggests that dietary
components, including sodium, can influence the composition and functionality of the gut
microbiome, and influence overall health. Consequently, the aim of this study is to assess
the influence of dietary sodium on the gut microbiome in human subjects.

In this study, we used human subjects. First, we collected food diaries and faecal
samples and then performed a dietary analysis. Thereafter, samples were grouped into
a high-sodium diet and low-sodium diet and afterwards taxonomic analyses from the
high-resolution shotgun metagenome to understand the compositional uniqueness in both
gut types were performed. Then, we explored the distinct abundance of Bacteroides and
Prevotella within the gut ecosystem and examined their potential as indicators of dietary
sodium. We also consider how the ratio of these two genera can reflect compositional
changes in the gut microbiota. Finally, we use predictive functional tools to investigate the
likely relationship between the microbiome and metabolic pathways relevant to sodium
reabsorption and cholesterol metabolism.

2. Results
2.1. Dietary Record and Nutrient Evaluation

Each high-salt/sodium diet (HSD) and low-salt/sodium diet (LSD) group has three sam-
ples. Dietary and metagenomic results were based on these six samples (HSD—n = 3,
LSD—n = 3). The average sodium intake for the HSD group was 4534 mg/day while that
of LSD was 1058 mg/day. Sodium consumption in HSD is four folds higher than LSD, and
two folds higher than the recommended maximum sodium intake (Supplementary S7).
This allows for the comparison of the influence of dietary salt intake on the gut microbiota.
The AOAC fibre intake for LSD was 17.5 ± 1.95 g/day and HSD was 16.8 ± 5.29 g/day
(Supplementary S7). The mean age of the group on HSD was 30 ± 2.08 years while those
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classified as LSD were 44 ± 5.24 years. All the participants were residents in England and
were females except a male participant in the LSD group. A detailed nutritional analysis is
available in the supplemental information (Supplementary S1).

2.2. Taxonomic Analysis of Microbial Communities in High-Salt Gut and Low-Salt Gut

In the life-level domain, there is a close proportion in the relative abundance of bacteria
irrespective of diet groupings—HSD (99.6 ± 0.03) and LSD (99.2 ± 0.21) (Figure 1b). In
both groups, the dominant phylum is Firmicutes (61.8 ± 1.4), followed by Bacteroidetes
(24.7 ± 3.2), Actinobacteria (5.9 ± 2.4), Proteobacteria (3 ± 0.9), and Verrucomicrobia
(0.7 ± 0.01) (Figure 1a). This is similar to studies by Sánchez et al. [17], Shkoporov and
Hill [18], and Zhang et al. [19]. An alpha diversity analysis revealed slightly higher
microbial diversity in LSD (Shannon index: 3.23) when compared to HSD (Shannon index:
3.17) (Supplementary S2a). Non-metric Multidimensional Scaling (NMDS) by a Bray–Curtis
dissimilarity matrix indicated that HSD samples were more loosely grouped based on
relative abundance at the genus level than LSD (Supplementary S2b). Previous studies by
Ferguson et al. [38] also indicated like ours no significant difference in the alpha diversity
in LSD versus HSD. Their NMDS results also mirrored ours and indicated no significant
differences in bacterial clustering between LSD and HSD. This suggests individual variation
in microbial communities for all dietary groups, though variation is higher in high-salt
guts. The human gut microbiome is a complex and diverse community of microorganisms,
and variation may be due to the individual genetic makeup, health status, age, diet,
immune response, microbial interactions, environment, and lifestyle [21–23]. In both
groups, the dominant genera include Bacteroides, Clostridium, Faecalibacterium, Eubacterium,
Ruminococcus, and Roseburia. Figure 1c shows the top 55 genera across the groups.

By class, HSD has a higher abundance of Bifidobacteriales than LSD (Figure 2a) and
this is chiefly Bifidobacterium adolescentis (Figure 2h). Bacteria that are cellulose-related in
nomenclature constitute about 2.8% in the low-salt gut compared to 1.7% in the high-
salt gut (Figure 2g). To the best of our knowledge, this is the first report about the
abundance of cellulose-related bacteria in the gut in relation to dietary salt. The mean
AOAC fibre consumed by an HSD recipient was 16.8 g/100 g and LSD was 17.5 g/100 g
(Supplementary S7). Despite a similar overall fibre consumption pattern in both groups,
these cellulose-degrading bacteria are more abundant in the low-salt gut and chiefly dom-
inated by Bacteroides cellulosilyticus (Figure 2n). Other comparative taxonomy includes
Lachnospiraceae, dominated by Roseburia intestinalis (Figure 2b,i), and Ruminococcaceae,
dominated by Faecalibacterium prausnitzii (Figure 2c,j), Lactobacillus (Figure 2d,k), Bacteroides
(Figure 2e,l), and Prevotella (Figure 2f,m).

2.3. Significant Microbial Shift

A linear discriminant analysis revealed that there are significant differences between
HSD and LSD at the genus level. Heliobacterium had the highest LDA score of 7200 and
positively leaned towards LSD (Figure 3a). Other significant microbes for LSD include
Leptotrichia, Thermoanaerobacter, Exiguobacterium, Anaerococcus. Despite a low LDA score
for Bacteroides, the genus had the highest relative abundance among the differential genera
(10% for HSD and 23% for LSD) (Figure 3b). Because of their high abundance and differ-
ential significance in HSD and LSD, investigating their ratios or microbial shift may be
important in understanding diet–microbiome functions and interactions.

The visualization in Figure 4 represents a network analysis based on the pairwise
Spearman correlations between genera across the HSD and LSD conditions. The more
abundant genera are Bacteroides, Faecalibacterium, Clostridium, Eubacterium, Ruminococcus,
Prevotella, Bifidobacterium, and Dorea. Others are Coprococcus, Parabacteroides, Subdoligranum,
Butyrivibrio. Hence, microbial shifts in any of these abundant genera could be investigated
in regards to the dietary intake and functional microbiome. From the analysis, Bacteroides
and Prevotella have a negative correlative relationship, implying that as the abundance of
one genus increases in one dietary type (e.g., Bacteroides in LSD), the abundance of the other
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genus tends to decrease (e.g., Prevotella). Bacteroidia (class) and Bacteroidaceae (family)
have the highest mean differential abundance of 3.6% and 11.9%, respectively (Figure 3c,d).
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Microbiome studies currently use a shift in the Bacteroidetes/Firmicute ratio as a mea-
sure of dissimilar conditions (e.g., healthy vs. disease states) [39–41]. However, Figure 5c
indicates that there is no clear difference between high salt consumption and low salt
consumption based on phyla ratios. Both HSD and LSD show similar 2-fold variance for
the F/B ratio. Interestingly, there is significant large variation between these two cohorts
when a genus-based Bacteroides/Prevotella (B/P) ratio is applied even when two differ-
ent taxonomy platforms are compared (Figure 5a,b). This suggests that low dietary salt
intake correlates with increased Bacteroides and reduced Prevotella. In short, analyses of
results from both taxonomic tools indicate that there are low chances (1.1–2.2%) of ran-
domly observing interaction in an experiment of this size. Further supportive statistics for
genus-based ratios is available in the supplemental information (Supplementary S3).
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Figure 2. Relative abundance of selected commensal microbes. Top row—relative abundance of
(a) Bifidobacteriales, (b) Lachnospiraceae, (c) Ruminococcaceae, (d) Lactobacillus, (e) Bacteroides,
(f) Prevotella, (g) cellulo-related. Middle and bottom row—heatmaps of members (h) Bifidobacteriales
species, (i) Lachnospiraceae species, (j) Ruminococcaceae species, (k) Lactobacillus species, (l) Bac-
teroides species, (m) Prevotella species, (n) cellulo-related species. Calculated as relative abundance
with standard error of means within the bacteria domain. HSD, n = 3; LSD, n = 3.
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Figure 3. Linear discriminant analysis. (a) Kruskal–Wallis test was performed to identify genera with
statistically significant differences in abundance between the high- and low-salt groups (p = 0.05).
(b) Relative abundance of significantly differential genera. (c) Mean differential abundance between
HSD and LSD at class level. The total class number was 126, and classes with less than 0.05% abun-
dance were filtered out before calculation of differential abundance with significance across the
two groups. (d) Mean differential abundance between HSD and LSD at family level. The total
family classification was 416, and families with less than 0.05% abundance were filtered out before
calculation of differential abundance with significance across the two groups. Further results on
genus-level p values for Shapiro–Wilk test and Krustal–Wallis test are available in Supplementary S5.
HSD, n = 3; LSD, n = 3.
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Figure 4. Correlation and network analysis of genera. Each node (circle) represents a genus, and the
size of the node corresponds to the average abundance of the genus across both dietary classifications.
The lines (edges) connecting the nodes represent the strength and direction of the correlation between
the connected genera. Green edges (-) indicate a positive correlation. Red edges (-) signify a negative
correlation. HSD, n = 3; LSD, n = 3.

There is significant ecological interaction and change in the Bacteroides/Prevotella ratio
by dietary sodium intake. Hence, the suggestion here is that the Bacteroides/Prevotella
ratio should be checked alongside the Bacteroidetes/Firmicutes ratio. Since the consump-
tion of high sodium is known to be unhealthy [27,28], this work proposed that the Bac-
teroides/Prevotella ratio could be used complimentarily with the Bacteroidetes/Firmicutes
ratio in microbiome studies and investigating a ‘healthy gut’. There is a higher Bac-
teroides/Prevotella ratio in a low-sodium gut, which is at least 15-fold. However, a validation
analysis would require larger sample sizes and studies performed in various physiological
states to elucidate if the Bacteroides/Prevotella ratio will be a more clinically and statistically
accurate ratio rather than the phyla-based Bacteroidetes/Firmicutes ratio for a composi-
tional change marker and the determination of health indices [42].
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Figure 5. Microbial ratios. (a) Bacteroides/Prevotella ratio based on MG-RAST. Interaction
p value = 0.0114. (b) Bacteroides/Prevotella ratio based on Kraken 2 taxonomic reports. Interaction
p value = 0.0224. (c) Bacteroidetes/Firmicutes ratio based on MG-RAST. Interaction p value = 0.8143.
(d) Bacteroidetes/Firmicutes ratio based on Kraken 2 taxonomic reports. Interaction p value = 0.0709.
ANOVA was corrected for multiple comparisons with Šídák’s multiple comparisons test. p values
were interpreted: >0.1234 (not significant or ns), <0.0332 (*), <0.0021 (**). HSD, n = 3; LSD, n = 3.

2.4. Functional Predictions

The average predicted gene length for both HSD and LSD was 146bp. There was a
higher sequence count in LSD (464,813) than HSD (106,752). Similarly, the base pair count
was higher in LSD (45,143,166) than HSD (15,645,478) (Supplementary S6). Functional
prediction showed that uncharacterised genes were present in the epithelial sodium channel
of high-sodium guts but not low-sodium guts (Figure 6). To the best of our knowledge, this
is the first microbiome report to find a significant link between high sodium intake and
the SCNN1B and SCNN1G gene of the epithelial sodium channel (ENaC). The sequences
found in ENaC do not match with any protein in the protein data bank (PDB), Swiss Prot,
reference protein (RefSeq), and environmental metagenomic protein (env_nr) (Table 1).
The SCNN1G gene (gamma subunit) and SCNN1B (beta subunit) are two of three genes
that create the ENaC channel, with the last being SCNN1A (alpha subunit) [43,44]. When
compared to the canonical sequence P30536-1 in UniProt using Clustal 2.1 alignment,
the Brotolimicola acetigignens TspO isoform from our study has been found to have the
higher similarity (35.76%) than one of the three computational isoforms B1AH88-1 (31.63%).
Alistipes onderdonkii, Blautia, Phocaeicola dorei, Phocaeicola vulgatus, Brotolimicola acetigignens
were linked to TspO in the cholesterol metabolic pathway (Figure 7) and their corresponding
computational structures (Supplementary S8).
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3. Discussion

Based on previous extensive assessment of microbiota studies, other studies have
shown that it is difficult to associate the Firmicutes/Bacteroidetes ratio with a determined
health status [40,46]. A clear suggestion was to explore compositional changes at the
family, genus, or species level, which might be more relevant than the phyla-based Firmi-
cutes/Bacteroidetes ratio [40,47].

Hence, our study suggests the use of Bacteroides/Prevotella as a compositional change
marker. It is well established that Bacteroides and Prevotella are the two most abundant
genera in the Bacteroidetes irrespective of heathy or disease states in breast cancer [48],
blastocystis infection [49], HIV infection [50], urolithin metabotype cardiovascular risk [51],
and diabetes [52].

The dominance of these genera in the phylum and indeed the gut microbiome makes
them ideal to explore for microbial changes in various physiological states. For instance,
studies by An and colleagues [48] reported that the F/B ratio was three times lower in
patients with breast cancer than in healthy controls. Indeed, there was about a threefold
increase in Bacteroidetes in the disease cohort compared to the heathy cohort; however,
their work showed that there were only minor changes in the Firmicutes. In the healthy
cohort, mean relative abundance was Firmicutes at 33% and Bacteroidetes at 7% compared
to cancer (Firmicutes at 30%, Bacteroidetes at 16%). From the results in their work, a
distinct microbial shift may be better reported if the genus-based ratio is applied—healthy
(Bacteroides at 33%, Prevotella at 30%) and cancer (Bacteroides at 72%, Prevotella at 10%).
Nonetheless, not all studies on microbial ratios present genus-level data. For instance,
studies by Koliada et al. [39] reported that obese adults have a significantly higher level of
Firmicutes and lower level of Bacteroidetes compared to healthy-weight and lean adults.
Further inference may have been obtained if results on genera abundance were presented.

Previous works by Gabrielli et al. [49] support our position for the use of the genus-
based ratio. In their work, the microbial relative abundance of the blastocystis free group
of patients was Bacteroides at 32% and Prevotella at 2% compared to blastocystis carriers
(Bacteroides at 1%, Prevotella at 11%). Bacteroides and Prevotella were found to be major
bacteria clusters in their investigation on intestinal disorders. Even at the family level,
their work showed an inverse ratio of Bacteroidaceae and Prevotellaceae in the control
vs. infected. In a viral infection study, the faecal microbiota of untreated individuals with
chronic HIV infection exhibited a significantly higher abundance of Prevotella compared
to HIV-negative individuals (control). Inversely, HIV-negative individuals had increased
Bacteroides compared to those infected [50]. In a diabetes study, the LDA analysis shows that
Bacteroides (differential for control) and Prevotella (differential for type 2 diabetes) were the
two most significantly differential genera [52]. Additionally, these two genera were found to
be significantly pronounced in association studies of host factors and microbiome diversity
within different compositional clusters [53]. Prevotella- and Bacteroides-rich compositions
were found to be relatively non-overlapping.

Other studies on enterotype detection using cross-national clusters showed that Bac-
teroides and Prevotella are the two top genera that drive variation in the human gut [54].
Multispecies research across cows, dogs, deer, geese, humans, pigs, horses, chickens, and
seagulls also indicated the usefulness of the Bacteroides/Prevotella ratio [55]. In their studies,
a cluster analysis of Bacteroides–Prevotella community profiles indicates that Bacteroides–
Prevotella populations from samples of the same host species are much closer to each other
than to samples from different source species. Aside from the 16s rRNA bacterial commu-
nity and metagenome sequencing, which covers genus-level composition, investigation
using qPCR and RT-PCR may benefit from genomic targeting of Bacteroides and Prevotella
for elucidating who is there in various physiological environments.

To explore what they (microbes) can do, we applied functional tools with a focus on
the epithelial sodium channel (ENaC) in the sodium reabsorption pathway and translo-
cator proteins (TspOs) in the cholesterol metabolism pathway because of their relevance
to sodium intake. TspOs, also known as tryptophan-rich sensory proteins, are the mito-
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chondrial benzodiazepine receptor (MBR) family of transmembrane protein present in
prokaryotes and eukaryotes [1,56,57]. Mammalian TspO is both a biomarker and therapeu-
tic target, and the roles of these proteins are of research interest [58–60]. The knowledge on
the similarity between bacterial TspO and the mammalian homologues is a growing area.
Yeliseev et al. [61] reported 30% sequence similarity and with advancement in genomic
tools, improved structural and functional similarity has been inferred [59,62,63]. However,
experiments on Escherichia coli and Saccharomyces cerevisiae showed the absence of TspO,
indicating that it is an unimportant protein for biological activity in some organisms [64].
In our metagenome-based work, metabolic pathway reconstruction found TspOs relating to
Phocaeicola dorei, Blautia, Brotolimicola acetigignens, Phocaeicola vulgatus, Alistipes onderdonkii,
and uncultured Anaerostipes. Most of these were from guts fed with high-sodium food
(72%) compared to low-sodium guts (28%). However, the experimental validation of the
involvement of these proteins within the metabolic pathway remains to be elucidated and
is proposed as a direction for subsequent research endeavours. This will help answer the
question of what the microbes and their bioproducts are actually doing.

Three-decade studies on TspO proteins show that their expression and functions
relate to stress-induced changes including exogenous stress such as salt [63,65]. Here, the
presence of the TspO in both high-sodium and low-sodium guts may suggest a relationship
that is not limited to high salt stress alone. It is beyond the remit of this study to determine
if the bacterial TspO displayed function as a sensor (e.g., for high salt or sodium), or as
a translocator and transporter (e.g., for cholesterol). Despite the current understanding
on the TspO relationship with stress-induced situations, it is unclear how TspO itself
functions [10,63].

Meanwhile, the presence of sodium reabsorption genes in the ENaC of HSD (but not
LSD) may suggest that there might be a response or adaptation mechanism as a result of
high sodium in the gut. ENaC is crucial for sodium absorption in various tissues, including
the kidneys and gastrointestinal tract [66,67]. An increased presence or activity of SCNN1B
and SCNN1G could potentially reflect the body’s effort to maintain sodium homeostasis in
the face of high dietary sodium [68,69]. The lack of these ENaC genes in LSD (but not HSD)
could be part of a compensatory mechanism that is less active or unnecessary when the
sodium intake is lower [70]. Bacterial proteases such as those from Pseudomonas aeruginosa
and Serratia marcescens are capable of activating the ENaC signalling pathway [71–74].
However, the precise mechanism of ENaC modulation by proteases has not been fully
elucidated as the responsible protease(s) for the proteolytic activation of ENaC is yet to
be identified in vivo [75]. Notwithstanding, reconstructed metabolic profiles in this study
indicate that high sodium intake activates ENaC at the apical membrane via SCNN1B
and SCNN1G genes. Previous studies have shown that HSDs increase ENaC activity and
sodium absorption, contributing to hypertension via enhanced sodium entry in the kidneys
and immune system [13,76–81].

There is still limited knowledge of the role of bacterial TspO in different physiological
conditions—when, how, and with whom do they function as a sensor, a translocator, or a
transporter. Moreover, on the microbial compositional changes observed here, they are not
an indication of any disease predisposition or causality. Rather, they are observations on
the relevance of genus-based analyses. The genus-based Bacteroides/Prevotella ratio may be
beneficial for microbiome studies. Future microbiome studies will require correlation and
regression analyses of the differentially significant genera alongside various indices within
a structured causal methodology such as longitudinal studies, randomised control trials,
Mendelian randomization, and structural equation modelling.

4. Methods
4.1. Study Participants

All participants gave written informed consent before starting this study. Stool sam-
ples for this study were collected between January 2018 and December 2018. Ethical
approval was granted by the School of Applied Sciences Research Integrity and Ethics
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Committee, University of Huddersfield (SAS-REIC-17-2711-1). Faecal samples were col-
lected from individuals who responded to the research adverts, which were placed on
notice boards within the university, SU shops, and specialised food group. Individuals
who were in any of these categories as under 18 years, self-reporting as sick, pregnant, not
comfortable with collecting their faeces, or using antibiotics within the past three months
before the commencement of this study were excluded from this study. An additional
inclusion criterion is that participants should demographically be residents in England.
The included participants were initially classified as a vegetarian/vegan/raw cohort and
Western/omnivore cohort. Participants could withdraw from this study any time.

4.2. Food Diary and Dietary Analysis

Participants were given instructions on how to complete a one-week food diary with
detailed daily records of all foods and drinks consumed. After the completion of the food
diary on day seven, participants hygienically self-collected faecal samples in pre-supplied
DNA/RNA shield tubes [82]. Food diaries, collection tubes, and accompanying quick
instructions were single-blindly sent to participants and received without names. On arrival,
food diaries and samples were further coded with a laboratory ID to eliminate traceability
of samples to participants. Dietary information was examined for completeness, and
calculations were made for the average daily consumption of total energy, carbohydrates
(including sugars), fats (including saturated fats), protein, fibre, vitamins (including vitamin
A, thiamin, vitamin C), minerals (including iron, calcium, chloride, and sodium).

Nutrimen, a professional dietary analysis, was used to analyse the food diaries [83].
This platform allows for a quick look at pre-populated nutritional values according to
portions. It is based on a data source from Public Health England’s McCance and Widdow-
son’s The Composition of Foods Integrated Datasets (CoFIDs) and Food Standards Agency
food portion sizes [84–86]. In rare situations where particular foods are not available in the
Nutrimen database, they were manually entered using the nutritional values on product
labels, which were checked in grocery stores or websites. After analyses, the samples were
appropriately classified into the low-salt diet (LSD) cohort (<2500 mg/day of salt) and
high-salt diet (HSD) cohort (>7000 mg/day of salt). The corresponding sodium is LSD at
<1500 mg/day and HSD at >2700 mg/day. This reclassification fit into the joint WHO/FAO
international recommendations and most country-specific recommendations, which range
between 4000 and 5000 mg/day of salt, estimated at <2000 mg/day of sodium [23,27].
Three samples from each cohort were used.

4.3. DNA Extraction

Upon arrival, the samples were processed within 24 h. Where brief storage was
necessary before processing, the DNA/RNA shield tubes were stored in a fridge. Af-
ter processing, the remaining samples were immediately destroyed by submerging in
a hypochlorite disinfectant and discarded in compliance with Human Tissue Act 2004.
Genomic DNA was extracted and purified using Zymo Quick-DNA Faecal/Soil microbe
kits (Zymo Research, Irvine, CA, USA), an ultra-high-density BashingBeads™ fracture
resistant that omits or reduces the use of organic denaturants and proteinases [87]. Briefly,
about 150 mg of the faecal sample was added to the BashingBead™ lysis tube and buffer.
Combined chemical and mechanical lysis was then achieved by vortexing at 5 m/s, for
1 min in 5 cycles with a 30 s interval at 25 ◦C using Bead Blaster 24 (Benchmark Scientific,
Sayreville, NJ, USA). The lysed DNA was separated from the cell debris by centrifugation
(10,000× g). Thereafter, series of filtration lysis, DNA prewashing, gDNA washing, and
DNA elution steps were performed. Finally, the eluted DNA was measured using a Qubit®

dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The DNA samples
were stored at −20 ◦C for metagenomic sequencing downstream applications.
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4.4. Sequencing, Quality Checks, and Reads’ Assembling

The extracted DNA passed through quality control (QC) using microfluidics and
lab-on-a-chip technology—a Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). Libraries were prepared using a Nextera DNA Flex library preparation kit
(Illumina Inc., San Diego, CA, USA). Next, the libraries were normalized, pooled, and
paired-end sequenced for system-specific cycles using the Illumina systems (Supplementary
S4). Thereafter, a Next-Generation Sequence by shotgun metagenomics was performed on
Illumina Hiseq and Novaseq systems (Illumina Inc., San Diego, CA, USA) by Molecular
Research LP (Mr DNA, Shallowater, TX, USA). The sequencer produced 2 × 150-bp-paired
sequences at 10 million reads per sample. The generated sequencing reads were quality-
checked with FASTQC v0.11.8 [88]. After pre-processing stages of trimming, filtering,
and removing contaminants, all the samples had high-quality reads. The FASTQ files
were assembled into contigs on the command line with St. Petersburg genome assembler
toolkits (SPAdes v3.13.1) set with multiple k-mer lengths of 21, 33, 55, 77 [89–91]. The
assembled contigs were processed for taxonomic classification on MG-RAST [92,93] and
Kraken 2 [94], and also used as base files for microbial metabolic pathway analyses on
Kyoto Encyclopaedia of Genes and Genomes (KEGG) [43,44].

4.5. MG RAST Taxonomic Annotation

The Metagenomics Rapid Annotation using Subsystem Technology (MG-RAST) bioin-
formatic pipeline offers automated quality control, annotation, comparative analyses, and
archiving services [92,93,95]. The assembled FASTA files were uploaded to the server.
This was followed by the detection and removal of adapter sequences using a bit-masked
k-difference matching algorithm, Skewer [96]. The backend pipelines and processes include
screening and removal of Homo sapiens host-specific species sequences using DNA-level
matching with bowie [97,98]. Thereafter, the sequence files were trimmed by removing low-
quality sequences using a modified DynamicTrim [99]. The lowest phred score that was to
be counted as a high-quality base was set at a default of 15 and sequences were trimmed to
contain at most many sequences below 5. Duplicate Read Inferred Sequencing Error Esti-
mation (DRISEE) was used to assess sequencing quality and noise within the samples [100].
All sequences passed the pre-processing filtration step as checked with FASTQ-MCF. All
samples passed the dereplication checks. Next, SortMeRNA, an RNA genecalling tool, was
used to search all sequences for potential rRNA genes with a cut-off of 70% identity to the
ribosomal sequences from a reduced version of M5RNA [101]. Sequences were clustered
with CD-HIT software V4.6.8 using 97% identity for same species clustering [102]. An
RNA similarity search was then performed in BLAT, a BLAST-like alignment tool [103].
The parameters include a default e-value of 5, minimum alignment length of 15 bases,
minimum abundance adjusted to 2 and searched against representative hits in the RefSeq
database (release version 203) [104,105]. Detailed TSV files downloaded were used for
the calculation of relative abundance and statistical analyses. Except otherwise stated, all
taxonomic reports presented use this pipeline.

4.6. Microbial Shift Analyses

A linear discriminant analysis (LDA) was employed to identify bacterial genera that
are differentially abundant between high and low sodium intakes. Data were filtered to
exclude genera with relative abundances below 0.01%. Initially, the Shapiro–Wilk test was
employed to assess the normality of the data distribution. Given the non-normal distri-
bution observed, a non-parametric approach was adopted. The Kruskal–Wallis test was
applied to identify genera that exhibited statistically significant differences in abundance
between the high- and low-sodium groups (p = 0.05). LDA scores were calculated to assess
the effect size of differences alongside mean relative abundance providing a comprehensive
view on microbial shifts of significance.
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4.7. Galaxy–Kraken 2 Taxonomic Analyses

For further understanding of the genus-based ratios and pipeline comparison, Kraken
2 (Version 2.1.1) on the Galaxy bioinformatic pipeline was used [106]. The assembled contig
FASTA files were inputted, and default parameters include the confident score threshold
(0.0), minimum base quality (0), and minimum hit groups adjusted to 2. The database used
was Prebuilt Refseq indexes: Standard-16 (Standard with DB capped at 16 GB) (Version:
2022-06-07—Downloaded: 2023-08-17T071759Z). For all samples, Kraken report outputs
that assign taxonomic labels to sequencing reads were generated. The reports were viewed
and converted into tabular files for the calculation of relative abundance, statistical analyses,
and visualization.

4.8. Gene Predictions and Metabolic Annotations

To predict genes within the metagenomic sequences derived from stool samples, we
employed Prokka v1.13.3, a rapid prokaryotic genome annotation tool [107]. This command-
line tool is adept at recognizing coding sequences (CDSs), rRNA, tRNA, and other non-
coding RNA molecules, as well as some miscellaneous features, using an amalgamation
of various bioinformatics tools. The earlier assembled contigs also served as the input for
Prokka. Each sample was processed individually using the default Prokka parameters,
which entail a suite of annotation tools such as Prodigal for CDS prediction, Aragorn
for tRNA detection, and Barrnap for rRNA identification. Prokka utilized its default
database stack, starting with the manually curated Swiss-Prot, followed by RefSeq, and
finally relying on computationally predicted annotations from Pfam, TIGRFAMs, and other
sources if no match was found in the primary databases.

The output files generated served as input for the KEGG database, a resourceful tool
for predictive inference on the functional microbiome [43]. Specifically, the predicted genes
were analysed in metagenome-designed GHOSTKOALA for genes that correspond to
prokaryotes at the genus level, eukaryotes at the family level, and viruses [44]. Thereafter,
pathways were reconstructed for aldosterone-regulated sodium reabsorption (map04960)
to understand a potential microbiological link between the amount of sodium intake and
sodium reabsorption [108,109]. Likewise, associated cholesterol metabolism (map04979)
was reconstructed [110,111]. Finally, the genes found in the biological pathway were pooled
together by cohorts and reconstructed again to increase the specificity. The genes and
proteins underwent a search against four protein databases (Protein Data Bank, SwissProt,
Metagenomic Protein, and RefSeq) for similarity with experimental structures. Finally,
those found with significant similarity were reported.

4.9. Biostatistics and Visualization

Where relevant, data generated in various genomic pipelines used were pre-processed
in Ms Excel, with further statistics and visualization carried out using Graphpad 8, Python
v3.12.0 (pandas, scipy, numpy, matplotlib, seaborn), and R v4.3.0 (ggplot2 v3.3.6, phyloseq,
tibble, dplyr, ggforce, tidyverse, igraph, gggraph, Hmisc, vegan, BiocManager).

5. Conclusions

In conclusion, a high-sodium diet altered the composition of the human gut micro-
biota with a significant reduction in Bacteroides and inverse increase in Prevotella. Since
it is currently difficult in many microbiome studies to confidently associate the Firmi-
cutes/Bacteroidetes (F/B) ratio with what is considered healthy (e.g., low sodium) or
unhealthy (e.g., high sodium), we proposed the use of a genus-based ratio such as the Bac-
teroides/Prevotella (B/P) ratio for investigating compositional dynamics of gut microbiota.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu16070942/s1, Supplementary S1: Nutrients analysis. Supplementary S2:
Alpha and beta diversity. Supplementary S3: Firmicutes/Bacteroidetes ratio. Supplementary S4:
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Sequencing librariese. Supplementary S5: Shapiro Wilk Krustal. Supplementary S6: Predicted genes
statistics. Supplementary S7: Nutrition statistics. Supplementary S8: Bacterial translocator proteins.
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Abstract: Arabic gum, a high molecular weight heteropolysaccharide, is a promising prebiotic
candidate as its fermentation occurs more distally in the colon, which is the region where most
chronic colonic diseases originate. Baobab fiber could be complementary due to its relatively simple
structure, facilitating breakdown in the proximal colon. Therefore, the current study aimed to gain
insight into how the human gut microbiota was affected in response to long-term baobab fiber and
Arabic gum supplementation when tested individually or as a combination of both, allowing the
identification of potential complementary and/or synergetic effects. The validated Simulator of the
Human Intestinal Microbial Ecosystem (SHIME®), an in vitro gut model simulating the entire human
gastrointestinal tract, was used. The microbial metabolic activity was examined, and quantitative
16S-targeted Illumina sequencing was used to monitor the gut microbial composition. Moreover, the
effect on the gut microbial metabolome was quantitatively analyzed. Repeated administration of
baobab fiber, Arabic gum, and their combination had a significant effect on the metabolic activity,
diversity index, and community composition of the microbiome present in the simulated proximal
and distal colon with specific impacts on Bifidobacteriaceae and Faecalibacterium prausnitzii. Despite
the lower dosage strategy (2.5 g/day), co-supplementation of both compounds resulted in some
specific synergistic prebiotic effects, including a biological activity throughout the entire colon, SCFA
synthesis including a synergy on propionate, specifically increasing abundance of Akkermansiaceae
and Christensenellaceae in the distal colon region, and enhancing levels of spermidine and other
metabolites of interest (such as serotonin and ProBetaine).

Keywords: gut microbiome; prebiotics; baobab fiber; Arabic gum; SHIME® technology; Christensenel-
laceae; Akkermansiaceae

1. Introduction

The human microbiota contains up to 1014 bacterial cells, which is ten times higher
than the number of eukaryotic cells present in the human body. These bacterial cells are
able to colonize every body part exposed to the external environment. However, the most
heavily colonized organ is the gastrointestinal tract, i.e., 70% of all microbes reside in the
intestinal region [1]. These gut microbiota have been reported to have a strong effect on
human health and disease. Their presence prevents, amongst others, colonization of the
gut by pathogenic species such as Salmonella spp. (e.g., by means of nutrient competition
or secretion of bacteriocins) [2]. In addition, certain metabolites produced by the intestinal
microbiome serve as an important energy source for the host [3]. Butyrate is, for example,
recognized as one of the main energy sources for the gut epithelium [4]. The composition
and activity of the microbial community have also been related to metabolic syndrome,
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a group of risk factors including obesity [5]. Gut microbiota can also act as important
regulators of the immune system by the production of anti-inflammatory compounds [2].
For example, previous studies reported that the production of butyrate by bacterial species
such as Faecalibacterium prausnitzii can prevent intestinal inflammation [6]. Finally, the
enzymatic activity of some microbial groups proved to result in the conversion of certain
food constituents into potentially toxic or carcinogenic compounds related to the occurrence
of colorectal cancer (CRC) [7].

The beneficial health effects associated with gut microbiota can be stimulated by the
consumption of prebiotics, which have been defined as substrates that are selectively uti-
lized by host microorganisms, conferring a health benefit [8]. The most commonly used pre-
biotics include fructo-oligosaccharides, inulin, lactulose, and galacto-oligosaccharides [9].
These prebiotics are not digested by the enzymes produced by the human host and end
up in the colonic region, where they can be fermented by the gut microbiota [10]. As a
result, the composition of the microbial community will be altered due to (i) the difference
in fermentation capacity of the different bacterial species, (ii) the antimicrobial activity of
some specifically generated metabolites, mainly short-chain fatty acids (SCFA), and (iii) the
acid tolerance of the different species [11,12]. These compositional changes can, in turn,
also result in a decreased production of certain toxic/carcinogenic compounds such as
ammonia [13].

Since most chronic colonic diseases, such as ulcerative colitis and CRC, mainly origi-
nate in the distal colon, there is a need for (combinations of) prebiotics that exert biological
activity in this specific part of the colon or, preferably, throughout the entire colonic region.
However, currently used prebiotics are predominantly fermented in the proximal colon due
to their colonization by microbiota with a high saccharolytic potential [14]. The fermenta-
tion of Arabic gum (AG), a water-soluble heteropolysaccharide with high molecular weight,
is believed to occur mainly in the distal colon due to its rather complex structure and could,
therefore, be a promising prebiotic candidate [15–17]. This distal fermentation profile
was indeed observed by Daguet et al. [18,19] upon long-term administration of AG in an
in vitro gut model using fecal inocula of IBS (irritable bowel syndrome) and IBD (irritable
bowel disease) donors, respectively. The study of Cherbut et al. [20] also provided evidence
for a high digestive tolerance of AG in healthy individuals, i.e., no intestinal symptoms
such as flatulence, bloating, abdominal cramps, and diarrhea were reported when dosing
up to 30 g/day. Moreover, this repeated intake of AG resulted in increased total lactic
acid-producing bacteria and bifidobacteria levels in fecal stools [20]. Similar results were
observed in the in vivo study of Calame et al. [21], i.e., a daily dosage of 10 g AG/day
increased the amount of bifidobacteria and lactobacilli, which are well recognized for their
beneficial health effects related to (i) an increased resistance towards pathogenic coloniza-
tion and (ii) an increased production of certain SCFA [22]. Other health-promoting effects
that have been reported following repeated administration of AG were (i) stimulation of
the integrity of the gut wall barrier [18,19], (ii) modulation of gut inflammation [18,19],
(iii) transit modulation [23], (iv) kidney health [24], and (v) increased immunity [18,19].
The prebiotic effect of baobab fiber (BF), on the other hand, has not been extensively stud-
ied before. Studies investigating its potential health-promoting effects reported strong
antioxidative properties linked with its high vitamin C content [25,26]. In addition, prelimi-
nary studies revealed metabolic health improvement and gut transit modulation [27–29].
Moreover, the study of Foltz et al. [30] revealed a promising prebiotic potential of baobab
fruit pulp powder using an in vitro (short-term) fermentation model, i.e., administration
of the test product resulted in a stimulated production of acetate, propionate, lactate, and
butyrate (to a lower extent) by the gut microbial community of three healthy adult human
donors. Finally, an additional benefit of BF might be its potential complementarity with AG,
i.e., the relatively simple structure of BF might facilitate breakdown in the proximal part
of the colon, leading to a combined prebiotic effect exerted throughout the entire colonic
region [31].
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In order to systematically examine the prebiotic properties of test substrates on the
intestinal microbial community, in vitro approaches are widely used. These in vitro studies
range from short-term single-stage colonic incubations (e.g., [32]) to dynamic gut mod-
els (e.g., [33,34]), with the latter being able to simulate long-term administration studies
under highly controlled and representative intestinal conditions. To mimic the intestinal
microbiome as closely as possible, these in vitro gut models rely on fecal inocula from
human individuals. While it is generally estimated that the gut microbial community of
one individual contains 500 to 1000 different species [35], the collective human microbiome
is composed of more than 35,000 bacterial species, which stresses interindividual differ-
ences [36]. Therefore, these differences need to be taken into account in in vitro studies, as
they can affect the response to dietary interventions. In order to elucidate the potential
prebiotic effects of these interventions in sufficient detail, one relies on highly advanced
techniques such as 16S rRNA gene sequencing and targeted metabolomic analysis to in-
vestigate the effect on microbial metabolic activity and community composition following
long-term administration.

Within this study, the main objective was to gain insight into how the human gut
microbiota was affected in response to long-term BF and AG supplementation when tested
individually or as a combination of both prebiotic compounds in order to investigate poten-
tial complementary and/or synergetic effects. For this purpose, the validated Simulator of
the Human Intestinal Microbial Ecosystem (SHIME®, ProDigest BV and Ghent University,
Ghent, Belgium), an in vitro gut model simulating the entire human gastrointestinal tract,
was used.

2. Materials and Methods
2.1. Experimental Design

In the first part of this study, a donor pre-screening test was performed by means
of short-term fecal batch fermentations. Three different donors were tested, and it was
examined whether the two test products (i.e., AG and BF) affected the metabolic activity
of the gut microbiota. The test products were assessed individually and as a combination
of both. Moreover, a low and high dosage strategy was investigated. For the combined
treatment, in particular, a fiber ratio of 1:1 was used. Samples were taken at different time
points, and the metabolic activity was assessed by measuring the pH and the concentration
of (i) SCFA, (ii) lactate, (iii) branched SCFA (bCFA), and (iv) ammonium. All conditions
were tested in technical replications.

In the second part of this study, a long-term SHIME® experiment was performed using
a TripleSHIME® configuration with one donor and one test dose for each individual or
combined treatment procedure. The donor was selected based on the results of the short-
term fecal batch fermentations. Samples were again collected at different time points in
order to assess the effect of the repeated administration of the test products on the metabolic
activity and the composition of the gut microbiota. In order to monitor the metabolic
activity, the concentrations of (i) SCFA, (ii) lactate, (iii) bSCFA, and (iv) ammonium were
determined. For the composition of the gut microbiota, the novel quantitative 16S-targeted
Illumina sequencing approach of Vandeputte et al. [37] was used. Moreover, the effect on
the gut microbial metabolome was quantitatively analyzed by means of targeted ultra-
high-performance liquid chromatography coupled with high-resolution Orbitrap mass
spectrometry (UHPLC-LC-MLS/MS).

2.2. Chemicals and Test Products

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich (St. Louis,
MO, USA). AG (Inavea pure acacia™) was provided by Nexira (Rouen, France). It is an
exudate from the acacia tree, characterized by its content of 90% soluble fiber composed
of arabinogalactans hydrocolloid. Monomeric sugar distribution is about 40% galactose,
26% arabinose, 14% rhamnose, and 15% glucuronic acid [38]. The ramified, complex, and
heterogeneous polysaccharidic structure is partially linked to low amounts of proteins
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(about 2%) with a global molecular weight distributed from 20 kDa to 6000 kDa [15,17].
This structure specificity confers resilience to the fiber, a progressive fermentation profile,
and high tolerability in the gut [20]. BF was also provided by Nexira and consists of a
powder obtained from the baobab fruit pulp. Fibers of the baobab fruit are mainly insoluble
(about 64%), and the main classifications contained are cellulose, fructo-oligosaccharides,
and pectin (internal analysis). Polysaccharide structure has been described to be a rather
small polysaccharide (Mw 53 kDa) in comparison with AG, and it is composed of fructose
and glucose [31]. During the short-term fecal batch fermentations, the test products were
investigated at two different dosages, i.e., 2.5 g/L and 5 g/L total fiber, with a fiber ratio
of 1:1 being applied for the combined treatment. For the long-term SHIME® experiment,
only one individual and one combined treatment dose were examined. For the individual
treatment, on the one hand, an in vitro daily dosage of 5 g/d BF or AG was applied,
corresponding to an in vivo human dose of 10 g/d. For the combined treatment, on the
other hand, the in vitro dosage was equal to 2.5 g/d (i.e., 1.25 g/d BF + 1.25 g/d AG),
thus corresponding to 5 g/d (i.e., 2.5 g/d BF + 2.5 g/d AG) in vivo. The lower combined
test dose, as compared to the individual treatment, was selected in order to examine
whether significant effects (as compared to the control period) could still be obtained while
optimizing the combined treatment dose.

2.3. Donor Pre-Screening via Short-Term Fecal Batch Fermentations

A donor pre-screening test was performed by means of a short-term fecal batch
fermentation experiment simulating the conditions of the proximal large intestine. The
appropriate amount of test product was dissolved in water and dosed aseptically to reactors
containing 63 mL sugar-depleted nutritional medium (5.2 g/L K2HPO4 (Chem-lab NV,
Zedelgem, Belgium; CL00.1155.1000), 16.3 g/L KH2PO4 (Chem-lab NV; CL00.1146.1000),
2.0 g/L NaHCO3 (Chem-lab NV; CL00.1432.1000), 2.0 g/L yeast extract (Oxoid, Cheshire,
UK; LP0021B), 2.0 g/L special peptone (Oxoid; LP0072B), 1.0 g/L mucin (Carl Roth,
Karlsruhe, Germany; 8494.7), 0.5 g/L L-cystein (Sigma-Aldrich; 2430-100 GM), and 2.0
mL/L Tween80 (P4780-100 ML)) to obtain a (total) fiber concentration of 2.5 or 5 g/L.
Non-sterile anaerobic fecal slurries were prepared from freshly collected feces of three
healthy human donors (i.e., donor A, donor B, and donor C) and inoculated at 10% (v/v)
into the respective reactors, resulting in a total reactor volume of 70 mL. A blank was
included for each donor to monitor the background activity of the community. For this
purpose, only sugar-depleted nutritional medium was provided without the addition of
AG and/or BF. All reactors were anaerobically incubated in a shaking incubator (90 rpm)
at 37 ◦C for 48 h. Two technical replicates were performed for each treatment (and blank)
procedure. As a consequence, 14 incubation experiments were performed for each donor
or 42 experiments in total (i.e., 7 test conditions × 2 replicates × 3 donors, with blank, 2.5
and 5 g/L baobab fiber (BF), 2.5 and 5 g/L Arabic gum (AG), and 2.5 and 5 g/L BF + AG
as test conditions).

2.4. Simulator of the Human Intestinal Microbial Ecosystem (SHIME®)

The reactor setup used to simulate the human gastrointestinal tract was derived from
the SHIME® (ProDigest BV and Ghent University, Ghent, Belgium) as described by Molly
et al. [33]. However, the SHIME® setup was adapted from a single SHIME® configuration
(including one SHIME® arm) to a TripleSHIME® configuration (including three SHIME®

arms) in order to allow a parallel comparison between the three different treatment con-
ditions. Each arm of the TripleSHIME® configuration consisted of a succession of three
reactors, with each of them representing a different region of the human gastrointestinal
tract. The first reactor was used to simulate the upper gastrointestinal tract, followed by the
subsequent simulation of the gastric and small intestinal phases. The second and third reac-
tors were used to simulate the proximal colon (PC) and the distal colon (DC), respectively.
The PC reactor, on the one hand, was operated at pH 5.6–5.9 and had a retention time of
20 h. The DC reactor, on the other hand, was operated at pH 6.6–6.9, and the retention time
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was set at 32 h. Inoculum preparation, temperature settings, feeding regime, and reactor
feed composition were adopted from Possemiers et al. [39]. Therefore, the authors refer to
this specific study for more detailed information concerning these experimental aspects.

Upon inoculation of the PC and DC reactors with the fecal inoculum from the selected
donor, a two-week stabilization period was initiated. This stabilization period allows the fe-
cal microbiota to differentiate in the colonic reactors depending on the local environmental
conditions (e.g., difference in pH). Subsequently, the baseline microbial community compo-
sition and activity were determined in the PC and DC reactors during a two-week control
period, during which stability and reproducibility of the model were confirmed, reaching
an average of 93.1% and 91.0%, respectively. Finally, a three-week treatment period of
repeated daily administration of the test product(s) was incorporated to examine the effect
of the treatment on the activity and the composition of the gut microbiota. The test prod-
ucts (i.e., AG and/or BF) were added to the SHIME nutritional medium and administered
during each feeding cycle to obtain the corresponding daily doses. Thus, the test products
were first transferred to the upper gastrointestinal tract region before reaching the colon
vessels. It should be noted that SHIME nutritional medium (containing 1.2 g/L Arabic
gum, 2.0 g/L pectin, 0.5 g/L xylan, 4 g/L starch, 0.4 g/L glucose, 3 g/L yeast extract, 1 g/L
special peptone, 3 g/L mucin, and 0.5 g/L L-Cystein, ProDigest BV) was administered
during both the stabilization and control period in order to allow differentiation of the gut
microbial community within the proximal and distal colonic region, similar as what would
occur in an in vivo situation. However, the SHIME nutritional medium was supplemented
with AG and/or BF during the treatment period in order to determine whether AG and/or
BF had an effect on the gut microbial activity and composition. Thus, the results of the
treatment period were always compared to the results of the corresponding control period.

2.5. Analysis of the Microbial Metabolic Activity

For the short-term fecal batch fermentation experiments, the metabolic activity of the
microbial community present in each reactor was examined at three different time points,
i.e., following 0, 24, and 48 h of incubation. In order to characterize the metabolic activity,
pH values were measured using a Senseline pH meter F410 (ProSense, Oosterhout, The
Netherlands). Moreover, the concentration of different metabolites was assessed. The
concentration of SCFA, including acetate, propionate, butyrate, and bCFA (i.e., the sum of
isobutyrate, isovalerate, and isocaproate), was determined according to the procedure of De
Weirdt et al. [40]. Moreover, also the total concentration of all identified linear and branched
SCFA was calculated, i.e., by making the sum of acetate, propionate, isobutyrate, butyrate,
isovalerate, valerate, isocaproate, and caproate concentrations. The lactate levels were
assessed using a commercially available enzymatic assay kit (R-Biopharm Nederland B.V.,
Arnhem, The Netherlands; E8240) according to the manufacturer’s instructions. Finally,
ammonium levels were determined, as previously reported by Duysburgh et al. [41].
Ideally, administration of the fibers should result in an alteration of the environmental pH
and an increased production of lactate and SCFA, with propionate and butyrate being the
most important metabolites due to their health-promoting effect.

During the long-term SHIME® experiment, the effect of the test products on the
metabolic activity of the gut microbiota was also assessed based on the concentration
of (i) SCFA (acetate, propionate, butyrate, bCFA, and total SCFA), (ii) lactate, and (iii)
ammonium at different time points. For each colonic reactor (i.e., PC and DC), samples
were collected three times per week during the entire control and treatment period.

2.6. Microbial Community Analysis through Quantitative 16S-Targeted Illumina Sequencing

In order to determine the microbial community composition in the long-term SHIME®

experiment, samples were collected three times per week during the final week of the
control and treatment period from the PC and DC reactors. To obtain proportional abun-
dances at different phylogenetic levels (phylum, family, and OTU), 16S-targeted Illumina
sequencing (LGC Genomics GmbH, Berlin, Germany) was applied using the procedure of
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Props et al. [42]. Briefly, library preparation and sequencing were performed on an Illumina
Miseq platform with v3 chemistry. The V3-V4 hypervariable regions of the 16S rRNA gene
were amplified using primers 341F and 785Rmod (5′-CCT ACG GGN GGG WGC AG-3′

and 5′-GAC TAC HVG GGT ATC TAA KCC-3′, respectively). As described in Schloss and
Westcott [43] and Kozich et al. [44], the 16S-targeted sequencing analysis was adapted from
the MiSeq protocol for read assembly and clean-up using the mothur software (v. 1.39.5).
The different steps applied within this procedure were the following: (i) assembling of
reads into contigs, (ii) alignment-based quality filtering performed by alignment to the
mothur-reconstructed SILVA SEED alignment (v. 123), (iii) removal of chimeras, (iv) as-
signment of taxonomy via a naive Bayesian classifier [45] and RDP release 14 [46], and (v)
clustering of contigs into OTUs at 97% sequence similarity. In addition, sequences classified
as Eukaryota, Archaea, Chloroplasts, Mitochondria, and non-classified sequences were
removed. For each OTU, representative sequences were selected as the most abundant
sequence within that OTU. Furthermore, the obtained proportional abundances were used
to calculate the reciprocal Simpson diversity index. This value is a measure of both the
diversity and the evenness of the population and was calculated by the formula presented
in Equation (1).

Reciprocal Simpson Diversity Index =
1

n
∑

i=1
proportional abundance2

i

(1)

with n = the total number of OTUs detected in one sample.
From each colonic reactor, samples were also collected three times per week during the

final control and treatment week for enumeration of the bacterial cells via flow cytometry.
A ten-fold dilution series was initially prepared in a phosphate-buffered saline (PBS)
solution. Assessment of the viable, non-viable, and total population of the microbial
community was performed by staining the appropriate dilutions with SYTO 24 (0.1 mM;
Ex/Em: 480/500 nm; Life Technologies Europe B.V., Bleiswijk, The Netherlands; S7559) and
propidium iodide (0.2 mM; Ex/Em: 490/635 nm; Fisher Scientific B.V., Merelbeke, Belgium;
11599296). Samples were analyzed on a BD FACSVerse (BD Biosciences, Erembodegem,
Belgium). The samples were run using a high flow rate, and bacterial cells were separated
from medium debris and signal noise by applying a threshold level of 200 on the SYTO
channel. Proper parent and daughter gates were set to determine all populations. The data
were analyzed using the FlowJo software (version 10.5.2), and the results were obtained as
log (cells/mL).

By combining the proportional abundance values obtained by the 16S-targeted Illu-
mina sequencing method and the total amount of bacterial cells determined through flow
cytometry, quantitative abundances of the different taxonomic entities inside the reactors
could be determined. As a result, a potential community shift following the administration
of the test products could be mapped in large detail.

2.7. Evolution of the Gut Microbiome Activity Using Targeted Metabolomics

The dynamics of the metabolic patterns of the gut microbiome were analyzed dur-
ing the last week of both the control and treatment period (three samples/week) of the
long-term SHIME® experiment, and this was for both colonic regions and for each test
condition. The metabolomic profile was quantitatively analyzed (Biocrates Life Sciences
AG, Innsbruck, Austria) by means of targeted ultra-high-performance liquid chromatog-
raphy coupled with high-resolution Orbitrap mass spectrometry (UHPLC-LC-MLS/MS).
Moreover, the Biocrates MxP® Quant 500 kit (Biocrates, Innsbruck, Austria; 21094.12) was
applied according to the manufacturer’s instructions in order to analyze approximately
500 microbiome-related metabolites. A custom-made UHPLC column, based on a ZORBAX
Eclipse XDB-C18 column (Agilent Technologies, Santa Clara, CA, USA), and a Triple Quad
mass spectrometer Xevo® TQ-S (Waters, Milford, MA, USA) were used, and each identified
metabolite was categorized into a different metabolite category as summarized in Table S1.
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2.8. Data Processing and Statistical Analysis

Principle component analysis (PCA) was applied as a tool to aid the selection of the
most appropriate donor following the short-term fecal batch fermentations. The metabolic
activity results obtained from the incubations (i.e., pH, acetate, propionate, butyrate, bCFA,
and total SCFA) were thereto normalized and uploaded to an online software program,
i.e., ClustVis 1.0. The normalized results were included for all donors (i.e., donor A, donor
B, and donor C) and all test conditions (i.e., blank, 2.5 or 5 g/L AG, 2.5 or 5 g/L BF, and
2.5 or 5 g/L BF + AG). Relative changes between 0 and 48 h of incubation were applied,
and the normalized values were also calculated for an ‘average donor’ in order to identify
strong donor-specific effects. The metabolic activity results were based on three biological
replicates (=three donors) and two technical replicates. A confidence level of 70% was
selected.

With respect to the long-term SHIME® experiment, metabolic activity and microbial
community composition results (n = 3) were analyzed by means of a two-tailed homoscedas-
tic t-test. This type of statistical analysis was used to compare (i) the corresponding control
and treatment periods for a specific colonic region and (ii) the PC and DC region during the
control period. It should be stressed that statistical tests regarding the microbial commu-
nity composition were performed on the log10-transformed data (to make them normally
distributed). Differences were considered statistically significant if the p-value was less
than 0.05. For the reciprocal Simpson diversity index, statistical analysis was performed via
a fixed linear model analysis of variance (i.e., one-way ANOVA; p < 0.05) after verification
of the normality of the log-transformed data by means of a Shapiro–Wilk test.

With respect to the targeted metabolomics performed on samples from the long-term
SHIME® experiment (n = 3), outlier analysis, cleaning, imputation, and log2-transformation
of the data was performed prior to statistical analysis. Outlier analysis was performed
by means of the interquartile range (IQR) method developed by Tukey [47]. For this
purpose, the data were divided into four groups of equal size, setting three thresholds, and
the threshold values defining the groups were calculated. Then, the IQR was calculated
as the range between the first and third threshold, and any data point that was more
than 1.5 times the IQR above the upper or more than 1.5 times the IQR below the lower
threshold was considered an outlying value. Samples with markedly above-average
outlier numbers were excluded if a biological reason for the anomaly was unlikely. Data
cleaning was performed in order to exclude metabolites of which concentration values
were missing or below the limit of detection (LOD). As a consequence, analytes were
only included for further statistical analyses if at least 80% of valid values above the
LOD per analyte were available in at least one group of the samples. After cleaning, the
dataset still contained 164 metabolites. Missing value imputation was used to logically
replace missing values with non-zero values while maintaining the overall data structure,
according to Kooperberg and Stone [48]. Then, the dataset was further processed by log2-
transformation to make assumptions about statistical tests (e.g., symmetric distribution,
correction of heteroscedasticity, and skewness of the data) and to improve interpretability
and visualization. Moreover, the MetIDQ™ MetaboINDICATOR module was used to
calculate sums and ratios of selected metabolites or metabolic classes. Next, the normality
of the log-transformed data was checked by means of a Shapiro–Wilk test and statistical
analysis was performed via a fixed linear model analysis of variance (i.e., one-way ANOVA).
The significance level was set to 0.05, and p-values were calculated. In order to control
the false discovery rate (FDR) in multiple comparisons, FDR-adjusted p-values (q-values)
were calculated using the Benjamini and Hochberg method [49]. A q-value of <0.05 was
considered statistically significant. This type of analysis was performed for the individual
components as well as for the sums and ratios obtained while using the MetaboINDICATOR
module. Moreover, for each colonic region, separate ANOVA tests were performed to
elucidate potential differences between (i) corresponding control and treatment periods
and (ii) the different treatments. Finally, separate heatmaps were prepared for each test
product (i.e., BF, AG, and BF + AG) and each colonic region (i.e., PC and DC) to visualize
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the metabolomic results. Each row represents a different metabolite, or sum/ratio of
metabolites, while each column represents a different sample with a specific color coding
being applied, ranging from red to blue. For some microbiome-related metabolites of
interest, box plots were prepared as well. These box plots include the minimum, maximum,
and median values for each test condition during the control and treatment period.

Finally, to investigate potential associations between the metabolites and the metage-
nomic taxa, the metabolomics, microbial metabolic activity, and microbial community
datasets were integrated using non-square correlation matrices. Fold changes were calcu-
lated by comparing each treatment to their corresponding control, using the data collected
during the final control and treatment week (n = 3). Values below the limit of detection
(LOD) were replaced by 1

2 of the LOD. As an additional pre-processing step, metabolites
and taxa were excluded from analysis if the number of LODs exceeded half of the total
observations per investigated group. Fold changes were subsequently normalized via log10-
transformation. Pearson correlation coefficients and t-test-derived p-values were calculated
in R (R version 4.3.1 (2023-06-16 ucrt)) [50], comparing each metabolite and microbial family
or phylum for each treatment per vessel [51]. Then, non-square correlation matrices were
generated using the corrplot package [52] to visualize the pairwise association between the
metabolites and metagenomic families or phyla.

3. Results
3.1. Short-Term Fecal Batch Fermentation Experiment

The results of the short-term fecal batch fermentation experiment (Supplementary
Figure S1) indicated that each of the donors could have been selected for the long-term
SHIME® experiment. Nevertheless, it opted to select donor A since this specific donor
resulted in (i) the strongest pH decrease, (ii) the highest levels of total SCFA, acetate, and
propionate, and (iii) the lowest levels of bCFA and ammonium (individual results not
shown).

3.2. Long-Term SHIME® Experiment

3.2.1. The SHIME® Model as a Tool for the In Vitro Simulation of the Gut Microbiota
Present in the Different Colon Regions

The microbial community composition of the proximal colon (PC) and distal colon
(DC) reactors during the long-term SHIME® experiment was initially examined at the
end of the control period in order to verify whether the difference in experimental con-
ditions (i.e., pH and retention time) clearly resulted in a differentiation between both
colonic regions. Quantitative 16S-targeted Illumina sequencing was used to determine
the average levels (log (cells/mL)) of the different bacterial families encountered in the
PC and DC region (Table S2). It was observed that the main phyla in the microbial com-
munity of the donor prior to administration of BF and/or AG included Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria. However, for the majority of the bacterial
families, significant differences were clearly observed between the two distinct colonic
regions. Several bacterial families such as Christensenellaceae and Ruminococcaceae from
the Firmicutes phylum, Barnesiellaceae, and Rikenellaceae from the Bacteriodetes phylum,
and Bifidobacteriaceae from the Actinobacteria phylum specifically colonized the DC region.
Moreover, the low abundance of Verrucomicrobia phylum was specifically detected in this
colonic region. Other bacterial families, such as Bacillaceae from the Firmicutes phylum and
Enterobacteriaceae from the Proteobacteria phylum, were mainly present in the PC region.
Nevertheless, the highest cell density was observed overall in the DC region.

3.2.2. Metabolic Activity

The metabolic activity of the gut microbiota during the long-term SHIME® experiment
was assessed three times per week during the control and treatment period for each colonic
vessel. First, upon assessment of the normalized kinetic SCFA profiles (Figure 1), a sudden
increase in total SCFA concentrations was observed at the start of the treatment period
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for all experimental test conditions, with the strongest increases upon supplementation
of the individual test compounds. The total SCFA and acetate concentrations instantly
increased, while propionate and butyrate levels enhanced more gradually. Moreover, the
propionate concentration often declined at one point during the treatment period, while
the butyrate concentration increased at the same time. For the BF treatment, similar final
increases in total SCFA were observed in both colonic regions. For the AG treatment and the
combined treatment (BF + AG), on the other hand, the increase in total SCFA was slightly
enhanced in the DC region compared to the PC region. Furthermore, upon calculating the
average levels of the measured metabolic parameters during each experimental period
(Table 1), it was noticed that acetate, propionate, butyrate, and lactate concentrations were
significantly higher during the treatment period compared to the control period. This was
valid for each treatment condition and each colonic region with only one exception, i.e.,
for propionate in the DC region following BF supplementation, for which no significant
differences were observed between the experimental periods. Finally, treatment with the
different test products consistently reduced bCFA and ammonium levels in both colonic
regions.
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Figure 1. Normalized SCFA profiles during the long-term SHIME® experiment. Normalized kinetic
values (mmol/L) of acetate (AA), propionate (PA), butyrate (BA), and total SCFA associated with
treatment with baobab fiber (BF; (A,B)), Arabic gum (AG; (C,D)), and the combination of both (BF +
AG; (E,F)) in the proximal (PC; (A,C,E)) and distal colon (DC; (B,D,F)) region. Samples were taken
during two control (C1–C2) and three treatment (TR1–TR3) weeks, with each week three samples
(A–C) being collected and presented as single data points. Average concentrations obtained during
the control period (i.e., based on all six samples collected during the first (C1) and second (C2) week)
were thereto subtracted from the corresponding concentration obtained at a specific time point.
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Table 1. Microbial metabolic activity during the long-term SHIME® experiment. Absolute values
(average ± stdev) of acetate (mM), propionate (mM), butyrate (mM), lactate (mM), bCFA (mM), and
ammonium (mg/L) associated with the baobab fiber (BF), Arabic gum (AG), and combined (BF + AG)
treatment in the proximal colon (PC) and distal colon (DC) vessels. Samples were taken during two
control (C) and three treatment (TR) weeks (three samples/week). Statistically significant differences
between the control and treatment periods are indicated in bold (p < 0.05).

BF AG BF + AG

PC DC PC DC PC DC

C T C T C T C T C T C T

Acetate (mM) 30.4 ±
1.6

61.0 ±
8.8

41.0 ±
2.1

74.0 ±
11.8

25.7 ±
2.1

57.9 ±
14.8

42.6 ±
2.4

80.7 ±
15.8

28.7 ±
1.0

41.3 ±
4.7

42.6 ±
0.9

59.5 ±
6.8

Propionate
(mM)

28.1 ±
2.3

32.3 ±
3.4

29.0 ±
2.3

29.4 ±
2.1

23.3 ±
1.7

33.0 ±
4.0

24.9 ±
1.8

33.7 ±
3.7

26.0 ±
1.7

32.0 ±
2.2

25.7 ±
0.9

31.4 ±
2.8

Butyrate
(mM)

14.6 ±
2.1

26.8 ±
4.8

15.3 ±
1.3

21.0 ±
3.6

15.1 ±
1.5

25.4 ±
5.9

15.5 ±
1.3

21.3 ±
3.6

13.4 ±
1.1

19.3 ±
3.6

13.8 ±
0.6

16.4 ±
2.6

Lactate (mM) 0.015 ±
0.005

0.035 ±
0.004

0.008 ±
0.004

0.026 ±
0.007

0.017 ±
0.002

0.027 ±
0.004

0.009 ±
0.001

0.017 ±
0.003

0.018 ±
0.003

0.025 ±
0.006

0.008 ±
0.004

0.018 ±
0.007

bCFA (mM) 2.49 ±
0.14

1.57 ±
0.18

2.93 ±
0.13

1.84 ±
0.32

2.40 ±
0.15

1.79 ±
0.19

2.88 ±
0.11

1.89 ±
0.30

2.38 ±
0.16

1.89 ±
0.18

2.83 ±
0.09

2.08 ±
0.26

Ammonium
(mg/L)

284 ±
25 166 ± 39 402 ±

21 228 ± 63 266 ±
28 189 ± 41 351 ±

58 210 ± 57 265 ±
31 192 ± 28 347 ±

49 247 ± 46

3.2.3. Microbial Community Composition

The microbial community composition was determined both at the end of the control
and treatment period for all treatment conditions and both colonic regions using 16S-
targeted Illumina sequencing and flow cytometry. First, the reciprocal Simpson diversity
index was calculated as a measure of both the diversity and evenness of the microbial com-
munity (Figure 2). Repeated administration of the different test products tended to increase
the reciprocal Simpson diversity index and thus the population diversity (except in the PC
upon BF supplementation), reaching significance in the DC region upon administration
of the individual test products (i.e., BF and AG). However, the significance between the
different test products was not reached.
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Figure 2. Microbial community diversity during the long-term SHIME® experiment. Average
reciprocal Simpson diversity index of the proximal colon (PC) and distal colon (DC) upon treatment
with baobab fiber (BF), AG (Arabic gum), and their combination (BF + AG) at different time points
during the study, i.e., at the end of the control (C) and treatment period (TR) (n = 3). Significant
differences between the corresponding control and treatment periods have been indicated by means
of ‘*’ (p < 0.05).

Next, treatment effects at different phylogenetic levels (i.e., phylum and family level)
were investigated (Table 2). Results indicated that the enhanced Actinobacteria abundance
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in the PC vessels upon treatment with BF and BF + AG was mainly attributed to increased
levels of Bifidobacteriaceae. However, in the DC, increased Actinobacteria levels following
BF supplementation were mainly attributed to an increased population of Coriobacteriaceae.
No clear trend was observed for Actinobacteria levels in the DC region upon treatment
with BF + AG. The decreased Bacteroidetes population observed in the PC region using
BF and BF + AG was mainly the result of a decreased abundance of Bacteroidaceae. Nev-
ertheless, the level of bacterial cells belonging to the Prevotellaceae family increased for all
treatment conditions in the PC region despite the decreased or unchanged phylum levels.
The increased Bacteroidetes level observed in the DC region for all treatment conditions
was mainly linked to increased levels of Bacteroidaceae. For the AG treatment, in particular,
increased levels of Prevotellaceae were also observed in the DC region. Although Firmicutes
levels remained relatively stable in both colonic regions for all treatment conditions, some
changes were observed at the family level. Lachnospiraceae were significantly stimulated
upon treatment with AG in both colonic regions, whereas Ruminococcaceae specifically
increased in the DC for all test conditions. In addition, BF and BF + AG treatment increased
Eubacteriaceae levels, while BF + AG supplementation specifically stimulated the Chris-
tensenellaceae family. Finally, the increased abundance of the Verrucomicrobia phylum in
the DC region following BF and BF + AG administration was mainly attributed to increased
levels of Akkermansiaceae.

Table 2. Treatment effect on the microbial community composition at phylum and family level during
the long-term SHIME® experiment. Relative levels (log (cells/mL)) of different families belonging
to specific phyla observed in the proximal colon (PC) and distal colon (DC) vessels upon treatment
with baobab fiber (BF), Arabic gum (AG), and the combination of both (BF + AG). Relative values
were obtained by subtracting the average levels obtained at the end of the control period (n = 3)
from the corresponding levels obtained at the end of the treatment period (n = 3). The intensity of
the shading correlates with the relative abundance normalized for each of the different families (i.e.,
within each row), with the highest intensity being correlated with the highest value. Statistically
significant differences between the absolute levels at the end of the control period and the absolute
levels at the end of the treatment period were indicated by means of ‘*’ (p < 0.05).

Phylum Family PC DC
BF AG BF + AG BF AG BF + AG

Actinobacteria

Bifidobacteriaceae 0.51 * 0.29 0.55 * 0.31 0.20 * 0.00
Coriobacteriaceae 0.44 −0.59 * −0.73 * 0.55 * −0.56 * −0.46 *
Microbacteriaceae 0.87 −0.92 −0.76 0.49 −0.87 −0.73 *

Micrococcaceae −0.50 0.23 0.07 0.11 0.14 0.13
Total 0.48 * 0.23 0.40 * 0.31 * 0.13 −0.07

Bacteroidaceae −0.80 * −0.08 −0.41 * 0.22 * 0.25 * 0.28 *
Marinifilaceae <LOQ <LOQ <LOQ 0.67 0.39 0.29
Prevotellaceae 1.40 * 2.96 * 1.34 * 0.68 1.59 * 0.75
Rikenellaceae −0.72 * <LOQ <LOQ 0.28 0.11 0.21
Tannerellaceae −0.98 * 0.44 * 0.10 −0.37 * −0.23 * −0.01

Bacteroidetes

Total −0.47 * 0.13 −0.34 * 0.20 * 0.25 * 0.27 *
Acidaminococcaceae −0.88 * −0.21 −0.45 −0.23 0.08 0.04
Christensenellaceae <LOQ <LOQ <LOQ 0.48 −0.56 * 1.14 *

Clostridiaceae_1 <LOQ −0.31 −1.03 <LOQ <LOQ <LOQ
Enterococcaceae <LOQ −0.46 −0.25 <LOQ −0.56 * 0.65
Eubacteriaceae <LOQ <LOQ <LOQ 0.65 * 0.31 0.45 *
Family_XIII <LOQ <LOQ <LOQ 0.10 −0.55 * −0.14

Lachnospiraceae −0.09 0.46 * 0.00 0.12 0.23 * 0.04
Ruminococcaceae 0.82 0.72 0.91 0.85 * 0.71 * 0.67 *

Veillonellaceae −0.09 −0.18 −0.22 * −0.39 −0.16 * −0.03

Firmicutes

Total −0.08 −0.05 −0.19 * −0.11 0.03 0.03
vadinBE97 <LOQ <LOQ <LOQ −0.16 * −0.86 * −0.65 *

Lentisphaerae
Victivallaceae <LOQ <LOQ <LOQ 0.55 −0.99 * 0.10
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Table 2. Cont.

Phylum Family PC DC
BF AG BF + AG BF AG BF + AG

Total <LOQ <LOQ <LOQ 0.41 −0.95 * −0.32 *
Burkholderiaceae −0.47 * 0.17 −0.48 −0.04 −0.02 −0.09

Desulfovibrionaceae −1.48 <LOQ 0.15 −0.17 −0.31 −0.08
Enterobacteriaceae 0.09 −0.74 −0.58 0.28 −0.99 0.42
Pseudomonadaceae 0.19 −0.30 −0.71 0.26 0.17 0.38 *

uncultured −1.89 * <LOQ <LOQ −0.57 0.87 1.34

Proteobacteria

Total −0.22 −0.54 −0.59 −0.02 −0.18 0.21

Verrucomicrobia
Akkermansiaceae <LOQ <LOQ <LOQ 0.95 * −0.11 1.26 *
Puniceicoccaceae <LOQ <LOQ <LOQ 0.96 <LOQ −0.11

Total <LOQ <LOQ <LOQ 0.95 * −0.33 0.75 *

3.2.4. Metabolomics

Metabolomic analysis was performed on samples collected from the PC and DC reac-
tors of the long-term SHIME® experiment, and these results have been presented by means
of separate heatmaps (Figure S2A–F). Six microbiome-related metabolites of interest, de-
tected either in the PC or DC region, were selected and further discussed (Figures 3 and 4).
With respect to the PC region (Figure 3), significant changes between the control and
treatment period occurred, amongst others, for three metabolites and/or classes/ratios
of metabolites, i.e., ProBetaine, serotonin, and serotonin synthesis. For ProBetaine, treat-
ment with BF, AG, and BF + AG resulted in significantly higher concentrations than the
corresponding control periods. The highest and lowest values were obtained following
treatment with BF and AG, respectively, while intermediate values were obtained for
the combined treatment (BF + AG). Treatment with BF and BF + AG resulted in signif-
icantly higher serotonin levels as compared to the corresponding control periods, with
the strongest effect being observed for the individual BF treatment. In addition, a similar
trend was observed for the serotonin synthesis pathway. Treatment with AG alone had no
significant effect on the serotonin levels in the PC region, though the serotonin synthesis
pathway tended to be boosted. However, significance was only reached for BF and BF + AG.
For the DC region (Figure 4), significant changes between the control and treatment period
occurred, amongst others, for five metabolites, i.e., ProBetaine, spermidine, p-cresol-SO4,
serotonin, and sarcosine. For ProBetaine, all treatments increased ProBetaine levels as
compared to the corresponding control periods, but significance was only reached upon
supplementing BF alone. While the highest and lowest values were obtained for the BF and
AG treatment, respectively, intermediate values were obtained for the combined treatment
(BF + AG). For spermidine, all treatments significantly augmented concentrations than
the corresponding control periods. No significant differences were observed between the
treatments, although the combined treatment (BF + AG) proved to result in the highest
values. For p-cresol-SO4, treatment with BF, AG, and BF + AG significantly reduced the
metabolite concentrations compared to the corresponding control periods. As for spermi-
dine, no significant differences were observed between the different test products. Similar
to the PC region, treatment with BF and BF + AG resulted in augmented serotonin levels
as compared to the control periods, with a more pronounced effect again being observed
for the individual BF treatment. Treatment with AG alone had no significant effect on
the serotonin levels in the DC region. Finally, the sarcosine concentrations also decreased
following treatment with BF, AG, and BF + AG, though only reaching significance for
BF + AG. Furthermore, inter-treatment differences were observed, with the combined
treatment (BF + AG) resulting in significantly lower sarcosine concentrations compared to
AG treatment and intermediate values being obtained following BF supplementation.
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Figure 3. Specific metabolome-related changes observed in the proximal colon (PC) region following 
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(i.e., ProBetaine, serotonin, and serotonin synthesis) detected during the control (C) and treatment 
(TR) period upon repeated administration of baobab fiber (BF), Arabic gum (AG), and their combi-
nation (BF + AG). For each box plot, cleaned, imputed, and log2-transformed data from three inde-
pendent replicates (n = 3) were used to determine the minimum, maximum, and median values 
(log2(µM)). Significant differences between corresponding control and treatment values have been 
indicated by means of ‘*’, while significant differences between the treatments have been indicated 
by means of a different letter (p < 0.05 and q < 0.05). 

Figure 3. Specific metabolome-related changes observed in the proximal colon (PC) region following
long-term product administration. Box plots for different metabolites and metaboINDICATORS (i.e.,
ProBetaine, serotonin, and serotonin synthesis) detected during the control (C) and treatment (TR)
period upon repeated administration of baobab fiber (BF), Arabic gum (AG), and their combination
(BF + AG). For each box plot, cleaned, imputed, and log2-transformed data from three independent
replicates (n = 3) were used to determine the minimum, maximum, and median values (log2(µM)).
Significant differences between corresponding control and treatment values have been indicated by
means of ‘*’, while significant differences between the treatments have been indicated by means of a
different letter (p < 0.05 and q < 0.05).
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Figure 4. Specific metabolome-related changes observed in the distal colon (DC) region following
long-term product administration. Box plots for different metabolites and metaboINDICATORS (i.e.,
ProBetaine, spermidine, p-cresol-SO4, serotonin, and sarcosine) detected during the control (C) and
treatment (TR) period upon repeated administration of baobab fiber (BF), Arabic gum (AG), and their
combination (BF + AG). For each box plot, cleaned, imputed, and log2-transformed data from three
independent replicates (n = 3) were used to determine the minimum, maximum, and median values
(log2(µM)). Significant differences between corresponding control and treatment values have been
indicated by means of ‘*’, while significant differences between the treatments have been indicated
by means of a different letter (p < 0.05 and q < 0.05).

3.2.5. Correlation Analysis between Metabolites and Metagenomic Families

Correlation analysis was performed in order to identify potential associations between
the metabolites of interest and the identified metagenomic taxa (Figure 5). It was overall
concluded that the correlations clearly depended on the colonic region (i.e., PC or DC) and
the applied treatment (i.e., BF, AG, or BF + AG). In the PC region, a significant positive
correlation was, for example, observed between acetate and the Micrococcaceae, Rikenellaceae,
Veillonellaceae, and Desulfovibrionaceae families upon repeated BF administration. In the DC
region, a significant negative correlation was, for example, observed between sarcosine
and the Rikenellaceae, Ruminococcaceae, and Victivallaceae families upon repeated BF + AG
administration.
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Figure 5. Non-square correlation matrices visualizing pairwise association between the metabolites
and metagenomic families or phyla: (A) proximal colon–baobab fiber (PC–BF), (B) distal colon–
baobab fiber (DC–BF), (C) proximal colon–Arabic gum (PC–AG), (D) distal colon–Arabic gum
(DC–AG), (E) proximal colon–baobab fiber + Arabic gum (PC–BF + AG), (F) distal colon–baobab fiber
+ Arabic gum (DC–BF + AG). Statistically significant changes are indicated by means of * (p ≤ 0.05),
** (p ≤ 0.01), or *** (p ≤ 0.001).

4. Discussion

4.1. The SHIME® Model as a Tool for the In Vitro Simulation of the Gut Microbiota Present in the
Different Colon Regions

In the present study, the effect of repeated daily administration of AG, BF, and their
combination on the human gut microbiome was investigated using the validated in vitro
SHIME® model. While the microbial community of the selected donor was mainly dom-
inated by members of the Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria
phyla, which are indeed the phyla accounting for 93.5% of all identified species in the
human gut microbiome [53], also low abundances of the Lentisphaera, Synergistetes, and
Verrucomicrobia phyla were observed. Furthermore, the in vitro microbial community de-
veloped in a colon-region-specific way, confirming the literature findings [54]. For example,
the Ruminococcaceae family (part of Clostridium cluster IV) was significantly enhanced in
the DC region, as was observed in the study of Van den Abbeele et al. [54]. Furthermore,
Van Herreweghen et al. [55] confirmed that the mucin-degrading Akkermansia muciniphila,
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currently the only well-known representative of the Verrucomicrobia phylum in the human
gut, specifically colonizes the DC, as was observed within the presented study. Thus, this
region-specific colonization indicates that the SHIME® is a highly relevant in vitro model
to simulate the effect of repeated administration of BF, AG, and their combination on the
metabolic activity and community composition of the human gut microbiota.

4.2. Effect of Boabab Fiber and/or Arabic Gum on the Overall Gut Microbial Activity

Administration of BF, AG, and BF + AG enhanced levels of acetate and lactate, which
are both key metabolites formed during primary substrate fermentation, indicating an
effective breakdown of the test products. While acetate serves as an important energy
source for the host [3], increased lactate levels can be considered favorable since it exerts
strong antimicrobial effects against pathogens, especially at low pH values [56]. The
highest final levels of acetate in the PC and DC region were obtained for BF and AG,
respectively, indicating that BF was mainly fermented in the PC region, while AG was
also (partially) fermented in the DC region. This region-specific fermentation was most
likely the result of a difference in molecule structure/complexity, i.e., the structures of AG
and BF were, respectively, reported as being complex [15,17,20] and relatively simple [31].
As previous studies indicated that most chronic colonic diseases mainly originate in the
DC [14], prebiotic compounds should preferably exert their biological activity throughout
the entire colon, suggesting the potential of co-supplementing BF and AG. Moreover, while
the strongest increase in acetate production was obtained following administration of the
individual compounds, significantly higher acetate levels were still obtained in both colonic
regions upon combined BF + AG treatment, suggesting the potential to lower the test dose
without losing the ability to exert prebiotic properties.

Next to increased levels of acetate and lactate, propionate and butyrate concentrations
were also enhanced upon supplementation of the different test products, except for propi-
onate in the DC region upon BF treatment. Butyrate has been linked with anti-inflammatory
properties as it is responsible for maintaining intestinal homeostasis [57]. Moreover, it is
able to reduce oxidative stress in the colon and plays a protective role against CRC and
colitis [58].

Finally, ammonium and bCFA levels decreased for all treatment conditions, an effect
that can be considered as beneficial as markers of proteolytic fermentation have been linked
with direct and indirect health effects such as cancer development [59]. Although the
combined treatment resulted in the highest final bSCFA and ammonium concentrations,
probably due to the lower test dose, these levels were generally not significantly different
from the individual treatment conditions, confirming that the lower combined treatment
dosage was able to still entail potential health-promoting effects.

4.3. Effect of Boabab Fiber and/or Arabic Gum on the Gut Microbial Community Composition

The in vivo study of Calame et al. [21] previously confirmed that repeated administra-
tion of AG resulted in an increased abundance of Bifidobacteriaceae (Actinobacteria phylum),
while the current long-term in vitro study is the first one to reveal a similar phenomenon for
BF. Moreover, the current study identified potential complementary effects between both
prebiotic fibers since BF and AG resulted in enhanced Bifidobacteriaceae levels in different
colonic regions, i.e., in the PC and DC, respectively. Nevertheless, this complementarity
was only confirmed in the PC region where the combined treatment, using a lower dosing
strategy as compared to the individual treatments, still resulted in enhanced Bifidobacteri-
aceae levels. Interestingly, the community composition at the operational taxonomic unit
(OTU) level (Table S3) indicated that administration of BF and AG resulted in an increased
abundance of OTUs related to Bifidobacterium adolescentis and Bifidobacterium longum, re-
spectively, which again suggests complementarity between both prebiotic compounds. The
presence of Bifidobacteriaceae in the human gut microbiome can be considered beneficial
since previous studies indicated that these bacteria have, amongst others, the potential to
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(i) prevent and/or treat CRC, (ii) reduce symptoms of inflammatory bowel disease (IBD),
and (iii) treat diarrhea [60].

At the level of the Bacteroidetes phylum, all treatments resulted in significantly in-
creased Bacteroidaceae and Prevotellaceae levels in the DC and PC regions, respectively.
For the DC region, in particular, a significantly enhanced Prevotellaceae abundance was
only observed for AG. Thus, the current study is in line with the study of Kishimoto
et al. [61], where a pig model indicated that Prevotella ruminicola was the predominant
species responsible for AG fermentation and corresponding SCFA production.

In both colonic regions, but for the DC region in particular, increased levels of the
Ruminococcaceae family (Firmicutes phylum) were observed for all treatments. Interest-
ingly, the community composition results at the OTU level (Table S3) indicated that the
administration of AG and BF resulted in an increased abundance of OTU 13 in the PC
and DC regions, respectively. This specific OTU number is closely related to Faecalibac-
terium prausnitzii, which is able to exert a strong anti-inflammatory activity in the intestinal
environment, mainly linked with the production of butyrate stimulation of regulatory
T-cells [62]. Furthermore, increased Faecalibacterium prausnitzii levels have been associated
with a reduction of endotoxemia in obese subjects [63]. A specific finding for the combi-
natory product (BF + AG) included the significant stimulation of the Christensenellaceae
(Firmicutes phylum) abundance in the DC, which was not observed upon supplementation
of the individual test compounds. Christensenellaceae include several butyrate-producing
microorganisms and have been related to many health-promoting effects [64,65]. The study
of Goodrich et al. [66], for example, indicated that the abundance of Christensenellaceae was
significantly increased in individuals with a normal body mass index (BMI) compared to
obese individuals, suggesting an anti-obesity effect of this bacterial family. In addition,
long-term administration of Christensenellaceae minuta DSM33407 in a diet-induced obesity
mouse model indicated that this specific strain had a positive effect on body weight gain,
food metabolization, and fat accumulation [67].

At the level of the Verrucomicrobia phylum, an enhanced Akkermansiaceae abundance
was observed for BF alone and the combined treatment (BF + AG). Interestingly, despite the
lower test dose being applied, higher Akkermansiaceae levels were observed for the combined
treatment as compared to BF treatment alone, indicating complementary effects between
both fibers. A. muciniphila, the most well-known representative of the Akkermansiaceae family
in the human gut, has anti-inflammatory properties and a positive effect on metabolic
health [68]. In mice, A. muciniphila was linked with lowering body fat mass, improving
glucose homeostasis, and decreasing adipose tissue inflammation [69–71]. In overweight
and obese persons, on the other hand, a high abundance of A. muciniphila was correlated
with lower fasting glucose levels, reduced waist-to-hip ratios, and lower subcutaneous
adipocyte diameters. In addition, a high A. muciniphila abundance at baseline was linked
with better glucose homeostasis, blood lipid profile, and body composition by the end of
a 6-week calorie restriction period [72]. Thus, the increased Akkermansiaceae levels in the
DC region indicate a strong prebiotic potential for the combination of BF and AG when
supplemented at a concentration of 2.5 g/d.

4.4. Effect of Baobab Fiber and/or Arabic Gum on the Metabolomic Profile

For several of the metabolome-related metabolites of interest, similar trends were
observed for the individual and combined treatment strategy, including an increase of
ProBetaine in the PC, an increase of spermidine in the DC, and a reduction of p-cresol-
SO4 in the DC. ProBetaine is generally produced by microbial metabolization of betaine,
the latter being available through dietary intake and/or synthesis via microbial oxida-
tion of choline [73]. As no betaine was administered during the present in vitro study,
the enhanced levels of ProBetaine probably originated from enhanced microbial betaine
synthesis, with increased levels of betaine being correlated with antioxidative [73], osmo-
protective [74], and anti-inflammatory effects [75]. Spermine and spermidine are essential
for the proliferation of eukaryotic cells [76] and have been linked with health-promoting
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properties, including protection against oxidative stress, maintenance of the intestinal
mucosal barrier, and anti-inflammatory effects [77]. In addition, increased spermidine and
spermine concentrations were previously linked with a decrease in body weight and an in-
creased glucose tolerance in diet-induced obese mice (models) [78,79]. Thus, the increased
microbial production in the DC region can be considered beneficial. P-cresol-SO4, which is
predominantly synthesized by the gut microbiota in the distal part of the colon, has been
linked with detrimental health effects mainly due to oxidative stress [80,81]. Therefore, the
reduction of these metabolites in the DC could be considered beneficial.

Also, some product-specific effects were observed at the metabolomic level. Serotonin
levels increased in the PC and DC region following long-term administration of BF and BF
+ AG, while the individual treatment with AG had no direct effect on the serotonin levels.
However, the serotonin synthesis pathway tended to be boosted in the PC region only upon
administration of AG. Serotonin is a neurotransmitter that is critical for the development
and functioning of the central nervous system. Most serotonin (i.e., 95%) is produced in
the intestinal environment, where it is involved in hormonal, autocrine, paracrine, and
endocrine actions [82]. As an example, serotonin has been found to modulate motility,
inflammation, and epithelial development. It is involved in the regulation of peristaltic
movement, but high serotonin levels are potentially correlated with increased pathogenesis
in IBS patients. In addition, increased mucosal serotonin levels were previously linked
with a proinflammatory effect [82]. Therefore, long-term intake of the combined treatment,
entailing a more limited increase as compared to BF alone, would be recommended in
order to find a balance between the critical functions of serotonin and its adverse side
effects when too high levels are being reached. Finally, sarcosine levels decreased in the DC
region following long-term administration of the combined treatment strategy, while the
individual compounds resulted in unchanged levels. Sarcosine is an intermediate during
glycine synthesis with neuroprotective properties [83]. Thus, the production of sarcosine in
the colonic environment can be considered beneficial.

4.5. Correlation between the Different Metagenomic Taxa and the Metabolites of Interest

As indicated before, significantly enhanced acetate and lactate production was ob-
served in both colonic regions for all treatments. In the literature, enhanced acetate and
lactate levels were previously linked with enhanced Bifidobacterium spp. levels [84]. How-
ever, significant correlations between the Bifidobacteriaceae abundance and the production
of acetate and lactate were not observed in the current study. Nevertheless, this does not
necessarily mean that no acetate and lactate were formed by the members of the Bifidobacte-
riaceae family since acetate and lactate can be converted to secondary metabolites such as
butyrate due to cross-feeding interactions within the gut microbial community.

The Prevotellaceae abundance was significantly enhanced in the PC region for all treat-
ments. According to the literature, members of this family are able to produce acetate and
succinate as a result of their metabolic activity [85]. This was not confirmed in the current
study since negative (non-significant) correlations were observed between the Prevotellaceae
abundance and the production of acetate. As for the Bifidobacteriaceae family, this does not
necessarily mean that the members of the Prevotellaceae family did not contribute to the
increased production of acetate, as acetate was likely converted to secondary metabolites
such as propionate or butyrate.

Concerning the Firmicutes phylum, an enhanced Ruminococcaceae abundance was
observed in the DC region for all treatments, while the Christensenellaceae abundance in the
DC region was only enhanced for the combined treatment. Members of the Ruminococcaceae
family are able to produce acetate, lactate, succinate, and butyrate, with Faecalibacterium
prausnitzii being an important butyrate producer [86]. The Christensenellaceae members
mainly produce acetate, but small amounts of butyrate can also be formed [64]. The
Ruminococcaceae abundance was indeed positively correlated with acetate and/or lactate
production, but significance was not reached. For the Christensenellaceae abundance, on the
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other, a positive correlation with acetate production was indeed observed upon administra-
tion of BF + AG, but significance was again not reached.

Members of the Akkermansiaceae family were previously linked with an increased
acetate and propionate production, with propionate being the most important endpoint [87].
Treatment with BF and BF + AG resulted in an enhanced Akkermansiaceae abundance in the
DC region, which was indeed positively related with an enhanced acetate and propionate
production. However, significance was only reached for the acetate production upon
repeated administration of BF + AG.

The study of Gryp et al. [88] observed that the generation of p-cresol was correlated
with bacterial species belonging to the Bacteroidaceae, Bifidobacteriaceae, Eubacteriaceae, Lach-
nospiraceae, Porphyromonadaceae, Ruminococcaceae, and Veillonellaceae. While positive correla-
tions between the p-cresol-SO4 levels and the abundance of Eubacteriaceae (all treatments),
Lachnospiraceae (AG and BF + AG), Ruminococcaceae (AG and BF + AG), and Veillonel-
laceae (AG) were indeed observed within currently presented studies, significance was not
reached.

Finally, previous correlation studies have shown that high sarcosine levels were posi-
tively correlated with Escherichia-Shigella and negatively correlated with Ruminococcaceae,
Lachnospiraceae, Enterorhabdus, and Bacteroides [89]. Therefore, the reduction in sarcosine
concentration after co-supplementation of AG and BF could indicate a shift in microbiome
composition away from Escherichia-Shigella, a group containing several pathogenic species,
towards the other mentioned bacterial taxa, with the latter being confirmed in the current
study (i.e., a negative correlation with the Ruminococcaceae and Lachnospiraceae family was
observed, though only reaching significance for the Ruminococcaceae family).

5. Conclusions

This in vitro research is the first highlighting prebiotic activities of baobab fiber and
indicated that repeated administration of baobab fiber, Arabic gum, and their combination
had a significant effect on the metabolic activity and the microbial community composition
of the gut microbiota present in the proximal and distal colon. Main prebiotic activities have
been confirmed throughout lactate, short-chain fatty acid, diversity index, and Bifidobac-
terium enrichment. Despite the lower dosage strategy, co-supplementation of baobab fiber
and Arabic gum resulted in some specific synergistic prebiotic effects, including the ability
to exert their biological activity throughout the entire colon, specifically increased abun-
dance of Akkermansiaceae and Christensenellaceae in the distal colon region, and increased
levels of spermidine in the DC region.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nu16111570/s1. Figure S1: Donor-specific metabolic activity effect
during the short-term fecal batch fermentation experiments. Principle component analysis (PCA) of
all metabolic activity results obtained from the short-term fecal batch fermentation experiments (i.e.,
pH, acetate, propionate, butyrate, bCFA, and total SCFA). Relative changes between 0 and 48 h of
incubation were normalized for all donors (i.e., donor A, donor B, and donor C) and all test conditions
(i.e., blank, 2.5 or 5 g/L baobab fiber (BF), 2.5 or 5 g/L Arabic gum (AG), and 2.5 or 5 g/L BF + AG).
In addition, normalized values were calculated for an ‘average donor’ to identify donor-specific
effects. A confidence level of 70% was selected, and the PCA was performed based on three biological
replicates (= three donors) and two technical replicates. Figure S2: Metabolomic profile following
long-term product administration. Heatmaps of the metabolites and metaboINDICATORS that
were significantly different (p < 0.05 and q < 0.05) in the relevant group comparisons after data
cleaning, imputation, and log2-transformation. Separate heatmaps have been included for each
combination of the test product (i.e., baobab fiber (BF), Arabic gum (AG), and their combination
(BF + AG)) and each colonic region (i.e., proximal colon (PC) and distal colon (DC)). (A) PC–BF, (B)
PC–AG, (C) PC–BF + AG, (D) DC–BF, (E) DC–AG, and (F) DC–BF + AG. Each row and column of
the heatmap represent a different metabolite and sample, respectively. For each metabolite, it was
indicated as well as to which category of metabolites (see Table S1) it belongs. For both the control
(C) and treatment (TR) periods, three replicates (n = 3) have been included, and the representative
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log2-transformed values have been indicated by means of a specific color range going from red to
blue. Table S1: Classification of metabolome-related metabolites. Metabolite categories identified
following targeted ultra-high-performance liquid chromatography coupled with high-resolution
Orbitrap mass spectrometry (UHPLC-LC-MLS/MS). Table S2: Region-specific microbial colonization
in the SHIME®. Average (± SD) levels (log (cells/mL)) of different bacterial families encountered
in all proximal colon (PC) and distal colon (DC) vessels during the last week of the control period
(n = 9). The p-value has been indicated in bold when significant differences (p < 0.05) were obtained
between the different colon regions. In addition, the intensity of the shading correlates with the
absolute abundance, normalized for each of the different families (i.e., within each row). Table S3:
Treatment effect on the microbial community composition at OTU level during the long-term SHIME®

experiment. Relative levels (log (cells/mL)) of the 25 most abundant OTUs, belonging to specific
phyla and families, observed in the proximal colon (PC) and distal colon (DC) vessels upon treatment
with baobab fiber (BF), Arabic gum (AG), and the combination of both (BF + AG). The closely related
species, as identified by blasting of the corresponding sequence, were also included for each OTU.
Relative values were obtained by subtracting the average levels obtained at the end of the control
period (n = 3) from the corresponding levels obtained at the end of the treatment period (n = 3). The
intensity of the shading correlates with the relative abundance, normalized for each of the different
OTUs (i.e., within each row). Statistically significant differences between the absolute levels at the
end of the control period and the absolute levels at the end of the treatment period were indicated by
means of ‘*’ (p < 0.05).
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Abstract: Our previous studies have demonstrated that konjac glucomannan (KGM) can prevent
dysbiosis induced by antibiotics. While exercise may also impact the gut microbiome, there are
limited studies reporting its protective effect on antibiotic-induced dysbiosis. Therefore, this study
investigated the preventive and regulatory effects of a combination of 6-week exercise and KGM
intervention on antibiotic-induced dysbiosis in C57BL/6J mice compared with a single intervention.
The results showed that combined exercise and KGM intervention could restore the changes in the
relative abundance of Bacteroides (3.73% with CTL versus 14.23% with ATBX versus 4.46% with
EK) and Prevotellaceae_Prevotella (0.33% with CTL versus 0.00% with ATBX versus 0.30% with EK)
induced by antibiotics (p < 0.05), and minimized the Bray–Curtis distance induced by antibiotics
(0.55 with CTL versus 0.81 with ATBX versus 0.80 with EXC versus 0.83 with KGM versus 0.75 with
EK). Compared with the combined intervention, exercise intervention also produced a certain level
of recovery effects; the relative abundance of Rikenellaceae (1.96% with CTL versus 0.09% with ATBX
versus 0.49% with EXC) was restored, while KGM supplementation showed the best preventive effect.
In addition, the combination of exercise and KGM significantly enriched microbial purine metabolic
pathways (p < 0.05). These findings indicate that combining exercise with KGM could be a promising
approach to reducing the side effects of antibiotics on the gut microbiome.

Keywords: glucomannan dietary fiber; sports; gut microbiome; metagenomics; SCFA

1. Introduction

Antibiotics are highly effective in reducing bacterial infections and restoring good
health and are widely utilized in clinical practices; in a population experiment, participants
who received continuous antibiotic prophylaxis for 24 months were 14.4% less likely to
develop a first urinary tract infection than untreated participants [1]. However, the inappro-
priate use of antibiotics can also lead to other health issues [2], such as triggering allergic
reactions and toxic responses [3], as well as negatively impacting the gut microbiome,
leading to gut microbiome dysbiosis [4] and causing gastrointestinal symptoms and other
systemic diseases [5].

Microecological preparations mainly include probiotics, prebiotics, and synbiotics,
which can regulate the intestinal microecological balance, improve the health level of
the host, and promote the health state of the physiological live bacteria products and
the metabolic products of these bacteria and promote the growth and reproduction of
these physiological bacteria; they are considered an effective treatment for addressing
dysbiosis resulting from antibiotic use [6–8]. According to our previous research, konjac
glucomannan (KGM), a high molecular weight polysaccharide derived from konjac isolated
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from the tuber of Amorphophallus konjac C. Koch., has demonstrated its ability to prevent
and regulate antibiotic-induced dysbiosis in the gut microbiome [9].

Exercise is an effective and personalized strategy to promote physical health and
prevent disease. It can regulate metabolic function, boost the immune system, impact
inflammation status, and ultimately improve overall quality of life [10]. Emerging evidence
has demonstrated that exercise can influence the composition and distribution of the gut
microbiome [11]. This includes regulating the richness and diversity of microorganisms,
balancing intestinal microbiota through increased colonization of beneficial bacteria, and
improving host immune function and metabolic capacity [12]. In animal models, the
movement distance of the animals was negatively correlated with Bacteroidetes, and the
proportion of harmful bacteria in the exercise mice was also significantly reduced [12].
Despite these findings, there is currently no research on whether exercise can prevent or
regulate antibiotic-induced dysbiosis in the gut microbiota.

Therefore, this study aimed to investigate the impact of a singular aerobic exercise
intervention and its combination with KGM on dysbiosis induced by antibiotics. The
combination of nutritional and sports interventions is widely recognized as the most
effective strategy for managing many chronic diseases. The combination of diet control and
exercise is definitely more effective than a singular intervention and is well-documented in
various chronic disease treatment, such as obesity [13], and based on the positive effects
of exercise and KGM on gut microbiome [14,15], we hypothesize that the combination of
exercise and KGM intervention is more effective in preventing dysbiosis and regulating
the gut microbiome. This study holds significance in searching for potential solutions for
better-managing dysbiosis.

2. Materials and Methods
2.1. Chemicals

Based on our previous study [9], the native KGM with the highest molecular weight
was used in this study. A KGM with a purity of >95% was purchased from Johnson
& Johnson (Ezhou, China). The KGM used in the study had a molecular weight of
1.82 × 107 Da, a specific viscosity of 9.48 dL/g, and a galactose/glucose ratio of 1.65:1.
The six short-chain fatty acids standards, including acetic acid, propionic acid, n-butyric
acid, iso-butyric acid, n-valeric acid, and iso-valeric acid, were purchased from Aradin
(Shanghai, China). A DNA extraction kit was purchased from Tiangen Biotechnology Co.,
Ltd. (Beijing, China). All the chemicals used in this study are listed in Table S1, and the
detailed information is from the NCBI PubChem Compound Database and the supplier
sources.

2.2. Animal Experiment Design

Thirty male C57BL/6J mice (7-week-old) were purchased from Zhuhai BesTest Bio-
Tech Co., Ltd. (Zhuhai, Guangdong, China) and randomly assigned to 5 groups. They
were pre-adapted for 1 week prior to the experiment. Throughout the study, the mice were
provided with standard feed (AIN-93G purified feed, detailed formula listed in Table S2)
and distilled water. To eliminate potential confounding effects of female hormones on
experimental data, only male mice were used as subjects in this study. The mice were
housed in specific pathogen-free (SPF) facilities at Guangzhou Sport University Animal
Center under standard conditions (22–24 ◦C, 50± 5% humidity), following a 12 h light/dark
cycle. All experimental procedures adhered to the NRC Guidelines for the Care and Use
of Laboratory Animals (2011). The animal experiment was reviewed and approved by
the Animal Experimental Ethics Inspection of Guangzhou Sport University (Permit No.
2022DWLL-24, 19 August 2022).

In order to comply with the prevention time of KGM and ensure that the exercise du-
ration meets the minimum standard for long-term exercise intervention, we implemented
a 6-week experimental period [16]. Further details regarding the intervention time were
discussed in the Discussion section. As depicted in Figure 1a, during the 6-week experi-
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ment, mice in the control group (CTL), antibiotic group (ATBX), and exercise group (EXC)
were provided with distilled water as their drinking water. The KGM group (KGM) and
combined intervention group (EK) received KGM at a concentration of 2.5 g/L in their
drinking water. During week 3, except for the CTL group, the other four groups received
a combination of antibiotics (based on our previous study [9], the antibiotic formulation
is ampicillin, streptomycin, and clindamycin at a ratio of 1 mg/mL each) added to their
drinking water or KGM solution. The mice were free to access a drinking source and food.
The water and food were replaced every two to three days, while the consumption of
food and water was recorded and calculated weekly based. Based on the recorded data of
provided and leftover weights of food and water, the total and daily average food intake
and water intake of each mouse can be calculated throughout the experimental period.
Mice underwent exercise training on the ZH-PT/5S treadmill (Zhenghua Bio-Instrument
Facility, Huaibei, Anhui, China), with the EXC and EK groups undergoing a 6-week train-
ing regimen. The exercise protocol was designed based on a previously reported study,
with slight modifications [17].
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Figure 1. (a) The animal experiment diagram, (b) body weight, (c) food intake, (d) water intake in
different groups for 42 days. Average of six samples. Error bars represent standard deviation at
N = 6. Different letters indicate the significant difference among different groups for the same index,
ANOVA with Bonferroni or Tamhane T2 post-hoc test, p < 0.05. CTL: control; ATBX: antibiotic; EXC:
exercise; KGM: the native KGM; EK: combination of exercise and KGM.

As depicted in Table 1, the exercise program adopts progressive load exercise and
determines the treadmill speed in the first week at 60% of the maximum running speed.
Due to the reported impact of antibiotic intervention on the exercise ability of mice [18],
the exercise load was kept unchanged in week 3 (13 m/min, 40 min), as it was in week 2.
For the same reason, the speed increased in week 4 (14 m/min, 40 min) and remained at
that level until week 6.

Table 1. The protocol of the exercise program.

Week Velocity (m/min) Duration (min)

1 13 30
2, 3 13 40

4, 5, 6 14 40
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Fecal samples were collected from all groups on day 0, 14, 21, and 42 and stored at
−80 ◦C in sterile tubes for subsequent analysis. We strictly adhered to the 3R principles
in our experiments. In cases where the body condition of mice was poor, stool collection
and exercise intervention were suspended until they returned to a normal state. Following
the endurance test, the mice were given a day’s rest and subsequently anesthetized with
pentobarbital sodium. No incidents occurred at the end of the experiment. Blood samples
were collected by cardiac puncture using a needle containing a solution of citric acid and
glucose. The samples were immediately centrifuged at 3000 rpm at 4 ◦C for 15 min (Sorvall
ST 8R small benchtop centrifuge, Thermo Fisher Scientific, Osterode am Harz, Germany),
then plasma was collected and stored in a refrigerator at −80 ◦C for subsequent analysis.

2.3. Endurance Test

The mice were initially subjected to a speed of 10 m/min and underwent a 10 min
running session, followed by incremental increases in treadmill speed every 2 min by
2 m/min until reaching exhaustion, enabling the assessment of their endurance perfor-
mance [19]. According to our previous study [20], exhaustion was defined as the point
at which the mice reached the electric grid at least five times within one minute or the
inability of the animal to run on the treadmill for 10 s despite electrical prodding. Measures
of mice exercise endurance included exhaustion time and running distance.

2.4. Histological Analysis

After rinsing the colon tissue with normal saline, it was subsequently fixed in a 4%
paraformaldehyde solution at 4 ◦C for a duration of 24 h. Following fixation, the tissue
was embedded in paraffin and subjected to hematoxylin and eosin (H and E) staining.
A histological examination was performed using the Pannoramic 250 FLASH system
(3DHISTECH Ltd., Budapest, Hungary), and an intestinal histological score was assigned
(Table S3). The differences in intestinal pathological changes between different groups were
analyzed utilizing CaseViewer Software 2.4.

2.5. Quantification of Short-Chain Fatty Acids in Plasma and Fecal Samples

Short chain fatty acids (SCFAs) in plasma and feces were determined using Shimadzu
gas chromatograph (GC2010PLUS, Nishinokyo Kuwabara-cho, Nakagyo-ku, Kyoto 604-
8511, Japan) based on previous studies with minor modifications [21]. The six SCFA
standards used for identification and quantification include acetic acid, propionic acid,
n-butyric acid, iso-butyric acid, n-valeric acid, and iso-valeric acid (Aladdin®, Shanghai,
China). In the final calculation, n- and iso-butyric acid and n-and iso-valeric acid were
combined to be butyric acid and valeric acid, respectively.

A volume of 150 mL of Milli-Q water was added in the sterilized tubes containing
feces, followed by vortexing to complete homogenization. Then, the supernatant was
collected after 2 rounds of centrifugation at 12,000 rpm, 4 ◦C for 15 min using a Sorvall ST
8R small benchtop centrifuge (Thermo Fisher Scientific, Osterode am Harz, Germany). The
pH of the supernatant was adjusted to 2–3 using 1M HCl. Crotonic acid was used as the
internal standard. The sample was injected after filtration with a 0.45 µm membrane.

Agilent 7890B gas chromatography was used to determine SCFAs. Shimadzu SH-Rtx-
Wax capillary column (DB-FFAP 1233232, 30 × 0.32 mm, Agilent Technologies Inc., Santa
Clara, CA, USA) was used for separation. The carrier gas was high-purity nitrogen, and
the flow rate was 0.6 mL/min. The initial column temperature (100 ◦C) was maintained for
2 min, and the temperature was raised to 150 ◦C at a rate of 5 ◦C/min for 2 min and then
heated to 200 ◦C at a rate of 20 ◦C/min for 1 min. The FID temperature was 240 ◦C.
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2.6. DNA Extraction and 16S rRNA Sequencing

Genomic DNA extraction was performed using the Tiangen Fecal DNA Extraction Kit
(Tiangen, Beijing, China) and was carried out according to the manufacturer’s instructions.
The DNA concentration of microbial DNA was quantified using a NanoDrop 2000 (Thermo
Fisher, Waltham, MA, USA). Using Wekemo Technology Co., Ltd. (Shenzhen, China),
16S rRNA gene sequencing was performed. The data were demultiplexed and adapter-
trimmed using a DADA2 plugin in a Qiime2 software, resulting in amplicon sequence
variants (ASVs). Then, species annotation was obtained by referring to a Greengenes
database 13_8.

2.7. Metagenomic Sequencing and Data Analysis of Fecal Samples

The fecal samples were sent to Wekemo Technology Co., Ltd. (Shenzhen, Guangdong,
China) for metagenomic sequencing and data analysis of the gut. DNA was extracted
according to the method in previous studies [22]; DNA purity and concentration were
determined by agarose gel electrophoresis. Metagenomic sequencing using the Illumina
NovaSeq platform (San Diego, CA, USA) was conducted, employing insert sizes of 350 bp
and paired-end reads of 150 bp for each sample. Elimination of substandard and inde-
terminate bases was performed on the raw reads. The key step for quality control is to
first remove the joint sequence then scan the rest of the sequence; if the average quality
score is less than 20 (99% accuracy), then cut the subsequent sequence and remove the final
length of the sequence less than 50 bp. (Trimmomatic parameters: illuminclip: adapter
path: 2:30:10, sliding window: 4:20, minlen: 50). The effective sequences were obtained
by eliminating the reads that were aligned to both the rat’s genome reference and host
DNA contamination, using Bowtie 2 with a parameter set as “very sensitive”. A Kraken2
(2018) program was utilized to analyze the diversity and composition of species. The
DNA sequence abundance of each metagenomic sample was calculated using the Bayesian
resampling abundance as a statistical method based on the Kraken2 results. According
to the results of Bracken, the percentage of sequences from the kingdom to the species
was obtained for each sample in the total sequence. Principal component analysis (PCA)
showed overall differences in species composition between groups. The similarity of
species composition was studied by cluster analysis.

Linear discriminant analysis (LDA) effect size (LEfSe) was used to identify the char-
acteristic species with high abundance in various group. The thresholds of LDA > 2 and
LDA > 4 were used to distinguish high-abundance species. Gene function analysis was
conducted by employing the HUMAnN 2.0 software, which involved comparing DNA
sequences, post-quality-control, and removal of host sequences, with those present in the
UniProt reference cluster 90 (UniRef90) database. The default comparison parameters in
HUMAnN 2.0 were set to translated_query_corverage_threshold = 90.0, prescreen thresh-
old_0.01, evalue_threshold = 10, and translated_subject_coverage_threshold = 50.0, and
reads of inferior quality were eliminated correspondingly. Then, the protein expression
levels in UNniRef90 were quantified as reads per kilobase per million and then compared
with the clean reads of each sample to generate a functional database and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) corresponding to their relative functional abundance.
The LEfSe and a Dunn’s test were used to identify the characteristic KEGG metabolic path-
ways, KEGG. pathways level 1 and KEGG. pathways level 2 in each group. The metabolic
pathways were further verified in the MetaCyc database. The Circos diagrams were used
to visualize the top 10 characteristic EC enzyme activity pathways in various samples.

2.8. Statistical Analysis

The differences in body weight, water intake, and food intake among the groups at
each time point were analyzed using a Bonferroni or Tamhane T2 post hoc test or a one-
way ANOVA with least-significant difference (Bonferroni) [23], intestinal morphological
indicators, histological scores, running distance, concentration of SCFAs in feces, and SCFAs
in plasma concentration. In line with the objective of this study, Bray–Curtis dissimilarity
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was identified as the primary measure to assess the microbial shift caused by antibiotics
and various interventions. The most stringent Bonferroni multiple-testing correction
was employed for the primary outcome in order to compare the microbial shifts across
different groups. The Bray–Curtis was analyzed using permutational multivariate analysis
of variance (PERMANOVA). For the diversity and classification relative abundance of the
gut microbiome, the metagenomic detection data were analyzed using one-way ANOVA
and a Duncan post hoc test according to the literature report (Front Microbiol). For the data
that do not meet the normal distribution, a Kruskal–Wallis test was used. p < 0.05 indicates
statistically significant differences between groups. The statistical analysis was performed
using an SPSS 26.0 software. The differences in microbial communities were analyzed using
the Bray–Curtis dissimilarity principal component analysis (PCA), and the differences in
fecal samples were evaluated using qiime2. Before using the above statistical methods
to test the data, normality test is taken to ensure that the statistical method is correct.
According to the data obtained from the statistical results, the differences in microbial
diversity and different bacterial abundance between the groups can be compared, and the
intervention effects of different intervention measures on the gut microbiome of mice can
be judged by comparing with the CTL group. According to the PCA analysis, the difference
of gut microbiome structure between the other four groups and the CTL group could be
determined, and the most ideal intervention effect could be determined.

3. Results
3.1. Body Weight and Water and Food Intake

Figures 1 and S1 show the effect of different intervention methods on body weight
(Figure 1b), food intake (Figure 1c), and water intake (Figures 1d and S1a) in mice. In
general, the body weight of each group of mice increased gradually during the experiment,
and although it showed some fluctuations, there was no significant difference between the
groups at the end of the experiment. There was also no significant difference in total food
intake among the groups.

As shown in Figure 1d, compared with the CTL group, the water intake of mice
increased significantly when KGM was added, but exercise could offset this increased effect.
The EK group significantly reduced the increase in water intake caused by the addition
of KGM but still produced a significant difference with the CTL group, the ATBX group,
and EXC group. At the end of the experiment, we conducted tests to determine the longest
running distance achieved by mice in each group (Figure S1b). This was performed to assess
the impact of antibiotics on their sport performance and evaluate the restorative effects of
the three interventions. As shown in Figure S1b, even after administering antibiotics, there
was a significant improvement in the longest running distance achieved by the exercise
intervention group (the EXC and the EK groups) compared with the CTL group; the ATBX
group was significantly lower than the CTL group, but there was no significant difference
between the KGM group and the CTL group.

3.2. Intestinal Morphography

Figure 2a–e show the effects of different interventions on intestinal length and his-
tology. Neither antibiotic intervention nor native KGM supplementation had an effect
on colon length. However, compared with the CTL group, the EXC group significantly
increased small intestine and whole intestine length. In addition, the H and E staining and
histological scores showed no significant changes in colonic morphology among all groups.
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Figure 2. The effects of the different intervention methods on the intestinal tissue of mice. The length
of the (a) small intestine, (b) colon, and (c) total intestine, and (d) representative pictures of H and
E staining and (e) histological scores of mice colons. Average of six samples. Error bars represent
standard deviation at N = 6 for (a–c), and N = 3 for (e). Different letters indicate the significant
difference among different groups for the same index, ANOVA with Bonferroni or Tamhane T2
post hoc test, p < 0.05. CTL: control; ATBX: antibiotic; EXC: exercise; KGM: the native KGM; EK:
combination of exercise and KGM.

3.3. Short-Chain Fatty Acids

Figure 3 shows the generation of SCFAs in feces (Figure 3a–e) and plasma (Figure 3f)
in five groups on day 42. The main SCFAs in feces were acetic acid, propionic acid, and
butyric acid, and the main SCFA in plasma was acetic acid. Compared with the CTL group,
the total contents of SCFAs in the other four groups were significantly reduced, and the
content of SCFAs in the EXC group was the lowest, which was significantly different from
that in the ATBX group. Specifically, the acetic acid content could not recover to the CTL
level after antibiotic perturbation and three intervention methods, and there was significant
difference compared with the CTL group. There was no significant difference between the
ATBX group and the CTL group in propionic acid, valeric acid, and butyric acid content,
and the EXC, KGM, and EK groups did not recover to the CTL group level. In plasma, after
the intervention of exercise combined with KGM (the EK group), the content of acetic acid
was increased, and there was a significant difference compared with the other four groups.
After supplementing KGM (the KGM group), the content of acetic acid in the plasma of the
mice was lower than that in the CTL, ATBX, EXC, and EK groups and showed a significant
difference.
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Figure 3. The effect of different intervention methods on SCFAs in mice feces and plasma on day
42. (a) Acetic acid, (b) propionic acid, (c) butyric acid, (d) valeric acid, (e) total SCFAs, (f) acetic acid
in plasma. Different letters indicate the significant difference among different groups for the same
index, ANOVA with Bonferroni or Tamhane T2 post hoc test, p < 0.05. Average of six samples. Error
bars represent standard deviation at N = 6. CTL: control; ATBX: antibiotic; EXC: exercise; KGM: the
native KGM; EK: combination of exercise and KGM.

3.4. Gut Microbiome (16S rRNA Sequencing\Bioinformatic Analysis)

In general, both exercise and KGM intervention led to significant changes in the gut
microbiome. Table 2 shows the gut microbiome α diversity index on day 42. The diversity
index is an analysis of species diversity in a sample, including the richness and evenness
of species composition in the sample. Indices such as Observed OTUs and Shannon and
Faith Phylogenetic Diversity (Faith_pd) are usually used to assess the species diversity of
a sample, and the higher the index is, the more complex the diversity of the sample is. A
chao1 index is an index used to reflect species richness (number of species). It extrapolates
from the observed results a theoretical richness that is closer to the true richness. The
observed OTUs index refers to the number of OTUs actually measured in the sample and
the index that measures the richness of OTUs in the sample. The Shannon index, which is
calculated taking into account the total number of OTUs in the sample and the proportion
of each OTU. The Faith_pd is a diversity index calculated based on a phylogenetic tree,
which uses the representative sequences of OTUs in individual samples to calculate the
distance to build a phylogenetic tree, and adds the values of all the representative sequences
in a sample to get the values. The Simpson index is used to estimate the similarity of the
community, and it reflects the diversity based on accounting proportion of species in the
community [24].
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Table 2. The alpha-diversity indices of feces of mice on day 42. CTL: control; ATBX: antibiotic; EXC:
exercise; KGM: the native KGM; EK: combination of exercise and KGM.

Groups. Chao1 Faith_pd Observed_otus Shannon Simpson

CTL 224 ± 43.67 a 20.16 ± 4.98 a 224 ± 43.67 a 4.62 ± 1.19 0.86 ± 0.17
ATBX 156.68 ± 28.12 b 12.81 ± 1.27 bc 156.68 ± 28.12 b 4.22 ± 0.57 0.88 ± 0.04
EXC 147.17 ± 35.05 b 13.47 ± 1.76 bc 147.17 ± 35.05 b 5.14 ± 0.40 0.95 ± 0.01
KGM 96.83 ± 27.78 c 10.55 ± 2.13 c 96.83 ± 27.78 c 4.19 ± 0.84 0.89 ± 0.09

EK 183 ± 32.54 a 15.75 ± 2.14 b 183 ± 32.54 a 4.85 ± 0.39 0.93 ± 0.03

Data are shown in average ± standard errors. Different letters indicate the significant difference among different
groups for the same index, ANOVA, p < 0.05. N = 6.

The chao1 and observed_otus results were similar; only the EK group recovered to the
CTL group level, while the ATBX group, EXC group, and KGM group were significantly
lower than the CTL group, and the KGM group was significantly lower than the ATBX
group and EXC group. The Faith_pd index of the ATBX group, EXC group, KGM group,
and EK group decreased significantly compared with the CTL group, and the KGM group
was significantly lower than the EK group. There was no significant difference between
Shannon and Simpson among all groups.

3.5. Gut Microbiota

On day 0, as depicted in Figure 4a,b and Table S4, only minimal differences in gut
microbial composition were observed within each group. The Table S3 presents the relative
abundance of the top 20 taxa at different levels on day 0 and also showed no significant
differences in the Bray–Curtis distance among all groups, indicating good comparability at
the beginning of the experiment.
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On day 14, as illustrated in Figure 4c,d and Table S5, there was a significant increase
in Bacteroidetes at the phylum level for both the EXC group (77.64%) and the EK group
(73.57%) compared with the CTL group (52.70%). In contrast, the relative abundance of
Verrucomicrobia in the EXC group (0.31%) was significantly lower compared with the
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CTL group (13.53%). Additionally, compared with the CTL group (3.40%), the relative
abundance of Proteobacteria in the KGM group (0.33%) and the EK group (0.53%) was
significantly reduced. At the family level, compared with the CTL group (13.53%), the
relative abundance of Verrucomicroaceae in the EXC group (0.31%) and the EK group
(2.01%) decreased significantly. The relative abundance of Paraprevotellaceae in the EK
group (17.77%) was significantly higher than that in the CTL group (4.6%). However, the
relative abundances of Bifidobacteriaceae (4.10% with the CTL versus 0.04% with KGM
versus 0.02% with EK) decreased, while Alcaligenaceae (0.70% with the CTL versus 0.12%
with KGM versus 0.45% with EK) and Prevotellaceae (0.69% with CTL versus 0.00% with
KGM versus 0.71% with EK) showed a reduction due to KGM supplementation. At the
genus level, exercise single intervention increased the relative abundances of unclassified
taxa (43.83% with CTL versus 72.45% with EXC) but decreased Akkermansia (13.53% with
CTL versus 16.67% with EXC) and Parabacteroides (4.14% with CTL versus 1.19% with EXC).
Compared with the CTL group, the relative abundance of Helicobacter (2.48% with CTL
versus 0.00% with KGM), Sutterella (0.69% with CTL versus 0.12% with KGM), and Prevotel-
lae_prevotella (0.69% with CTL versus 0.00% with KGM) in the KGM group was significantly
decreased. The relative abundance of Akkermansia (13.53% with CTL versus 2.06% with
EK), Helicobacter (2.48% with CTL versus 0.17% with EK), and Erysipelotrichacea_Clostridium
(0.74% with CTL versus 0.05% with EK) in the EK group also decreased significantly. In
terms of the Bray–Curtis distance, the KGM, EXC, EK, and ATBX groups had significant
differences compared with the CTL group.

On day 21, as illustrated in Figure 5a–e and Table S6, one-week perturbance of antibi-
otic resulted in more pronounced alterations in the gut microbiota of other four groups
compared with the CTL group. At the phylum level, antibiotic intervention resulted in a
decrease in the relative abundance of Bacteroidetes (72.83% with CTL versus 1.54% with
ATBX), Firmicutes (17.31% with CTL versus 5.08% with ATBX), Verrucomicrobia (8.17%
with CTL versus 0.05% with ATBX), Actinobacteria (0.99% with CTL versus 0.18% with
ATBX), Tenericutes (0.13% with CTL versus 0.01% with ATBX), and TM7 (0.01% with CTL
versus 0.00% with ATBX) but an increase in Euryarchaeota (0.00% with CTL versus 0.07%
with ATBX) compared with the CTL group. The KGM group partially mitigated these
changes by preserving higher levels of Bacteroidetes (72.83% with CTL versus 1.54% with
ATBX versus 15.85% with KGM), Firmicutes (17.31% with CTL versus 5.08% with ATBX
versus 11.98% with KGM), and Verrucomicrobia (8.17% with CTL versus 0.05% with ATBX
versus 0.87% with KGM), However, exercise intervention (EXC group and EK group) had
no significant preventive effect on antibiotic-induced microbiome changes; the relative
abundance of microbiome in the EXC group and the EK group had no significant differ-
ence compared with the ATBX group at the phylum level. At the family level (Figure 5b),
compared with the CTL group, antibiotic intervention resulted in a decrease in the relative
abundances of S24_7 (57.04% with CTL versus 0.41% with ATBX), Erysipelotrichaceae
(8.64% with CTL versus 0.98% with ATBX), Verrucomicrobiaceae (8.17% with CTL versus
0.05% with ATBX), unclassified (5.12% with CTL versus 0.58% with ATBX), Paraprevotel-
laceae (4.78% with CTL versus 0.12% with ATBX), Porphyromonadaceae (3.78% with CTL
versus 0.05% with ATBX), Lactobacillaceae (2.45% with CTL versus 0.35% with ATBX),
Prevotellaceae (2.83% with CTL versus 0.16% with ATBX), and Rikenellaceae (1.56% with
CTL versus 0.03% with ATBX). In contrast, there was an increase in the relative abundances
of Pseudomonadaceae (0.00% with CTL versus 0.28% with ATBX). However, there was no
significant difference between the KGM group and the CTL group. The Pseudomonadaceae
in the EXC group (0.78%) also had no significant difference compared with the CTL group.
At the genus level (Figure 5c), antibiotic intervention caused reductions in Allobaculum
(7.27% with CTL versus 0.97% with ATBX), Akkermansia (8.17% with CTL versus 0.05% with
ATBX), Prevotella (4.78% with CTL versus 0.09% with ATBX), Parabacteroides (3.78% with
CTL versus 0.04% with ATBX), Lactobacillus (2.45% with CTL versus 0.35% with ATBX),
Prevotella_aceaeprevotella (2.83% with CTL versus 0.16% with ATBX), Serratia (0.00% with
CTL versus 0.54% with ATBX), and Bifidobacterium (0.64% with CTL versus 0.06% with
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ATBX). On the other hand, antibiotics led to an increase in Pseudomonas (0.00% with CTL
versus 0.28% with ATBX) and Faecalibacterium (0.00% with CTL versus 0.25% with ATBX).
Notably, KGM intervention effectively attenuated most of these changes. As shown in
Figure 5d, among the four groups with antibiotic perturbance, compared with the CTL
group, the Bray–Curtis distances of the ATBX group, the EXC group, the KGM group, and
the EK group were significantly different, but the Bray–Curtis distance of KGM group was
closer to that of the CTL group and had a significant difference compared with the ATBX
group, the EXC group, and the EK group.
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As illustrated in Figure 6a–e and Table S7, significant differences were observed in the
relative abundance of Tenericutes (0.45% with CTL versus 0.00% with ATBX versus 0.05%
with EK) at the phylum level on day 42 when comparing the ATBX group with the CTL
group. However, the combination of exercise and the KGM restored these differences to a
non-significant level, similar to that of the CTL group. There was no significant difference
between the EXC group and the KGM group compared with ATBX group. At the family
level (Figure 6b), compared with the CTL group, there is a significant difference in the
relative abundance of Bacteroidaceae (3.73% with CTL versus 14.23% with ATBX), Rikenel-
laceae (1.96% with CTL versus 0.09% with ATBX), and Helicobacteraceae (0.11% with CTL
versus 0.61% with ATBX) in the ATBX group, while there is no significant difference in the
relative abundance of Bacteroidaceae (3.73% with CTL versus 14.23% with ATBX versus
7.30% with EXC versus 4.46% with EK) in the EK group and EXC group compared with the
CTL group. The relative abundance of Rikenellaceae (1.96% with CTL versus 0.09% with
ATBX versus 0.49% with EXC) in the EXC group was not significantly different from that
in the CTL group. The addition of KGM (KGM group, EK group) showed no significant
difference in relative abundance of Helicobacteraceae (0.11% with CTL versus 0.12% with
KGM versus 0.00% with EK) compared with the CTL group. At the genus level (Figure 6c),
compared with the CTL group, the relative abundance of unclassified (79.72% with CTL
versus 45.27% with ATBX), Bacteroides (3.73% with CTL versus 14.23% with ATBX), Prevotel-
laceae_Prevotella (0.33% with CTL versus 0.00% with ATBX), Lachnospiraceae_Clostridium
(0.01% with CTL versus 0.45% with ATBX), and Pseudomonas (0.77% with CTL versus
0.00% with ATBX) in the ATBX group had significant differences. However, the relative
abundance of the unclassified (79.72% with CTL versus 65.07% with EK), Bacteroides (3.73%
with CTL versus 4.46% with EK), Prevotellaceae_Prevotella (0.33% with CTL versus 0.30%
with EK), and Lachnospiraceae_Clostridium (0.01% with CTL versus 0.14% with EK) in the
EK group had no significant difference compared with the CTL group. FIG S1C represents
the ratio of Firmicutes/Bacteroidetes (F/B) at each time point. The results obtained were
similar to those described previously, with antibiotic intervention leading to large fluctua-
tions in the gut microbiota on day 21, and KGM had the best protective effect compared
with other interventions. On day 42, there was no significant difference in the F/B ratio
among the groups. As shown in Figure 6d, compared with the CTL group, the Bray–Curtis
distance of the other four groups was significantly different, and the Bray–Curtis distance
between the KGM group and the CTL group was the farthest, which indicates that the
species composition and structure were the most different. There was a significant differ-
ence between the EK group and the ATBX group (p = 0.04, η2 = 0.43), indicating that the
recovery effect of the EK group was better than the ATBX group.

As depicted in Figure 7a–c, on the KEGG level 1, “Human Diseases” were enriched
in the ATBX group. On the KEGG level 2 (Figure 7b), antibiotic supplementation in-
creased “Translation” and “Signal transduction”, while exercise increased “Drug resis-
tance_antineoplastic”. The combined intervention of exercise and KGM (EK group) improved
the LDA score of “Infectious disease_bacterial”, “Nervous system”, and “Transcription”.

At the pathway level (Figure 7c), the intervention of ATBX significantly enriched
multiple KEGG pathways, including Ribosome (map03010), Glycolysis/Gluconeogenesis
(map00010: KO0850, K00001), HIF-1 signaling pathway (map04066), viral carcinogenesis
(Map05203), and AMPK signaling pathway (map04152: K000850).

The EXC group mainly enriched biosynthesis and energy metabolism pathways,
such as Monobactam biosynthesis (map00261: K01714); Antifolate resistance (map01523:
K00560); Glycine, serine, and threonine metabolism (map00260: K00382); Tetracycline
biosynthesis (map00253: K18221); and Adipocytokine signaling pathway (map04920:
K01897).
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Figure 6. Effects of different intervention methods on fecal microbial composition of mice on day 
42: (a) at phylum level, (b) at family level, and (c) at genus level. (d) The principal component anal-
ysis (PCoA), (e) Bray−Curtis distances from five groups to the CTL group. Not having the same 
letters indicates the significant difference among different groups for the same index. CTL: control; 
ATBX: antibiotic; EXC: exercise; KGM: the native KGM; EK: combination of exercise and KGM. Sam-
ples (N = 30) were colored by treatment. 

Figure 6. Effects of different intervention methods on fecal microbial composition of mice on day 42:
(a) at phylum level, (b) at family level, and (c) at genus level. (d) The principal component analysis
(PCoA), (e) Bray−Curtis distances from five groups to the CTL group. Not having the same letters
indicates the significant difference among different groups for the same index. CTL: control; ATBX:
antibiotic; EXC: exercise; KGM: the native KGM; EK: combination of exercise and KGM. Samples
(N = 30) were colored by treatment.
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Figure 7. Effects of different intervention methods on KEGG metabolic pathway in mice at day 42:
(a) KEGG metabolic pathways characteristics of CTL, ATBX, EXC, KGM, and EK groups at LDA2
level were analyzed via LEfSe, (b) KEGG. pathways level 1 characteristics of CTL, ATBX, EXC, KGM,
and EK groups at LDA2 level were analyzed by LEfSe (c) KEGG. pathways level 2 characteristics of
CTL, ATBX, EXC, KGM, and EK groups at LDA2 level were analyzed by LEfSe. Samples (N = 15)
were colored by treatment. CTL: control; ATBX: antibiotic; EXC: exercise; KGM: the native KGM; EK:
combination of exercise and KGM.

In the KGM group, there was enrichment in biosynthesis- and glucose-metabolism-
related pathways like Pantothenate and CoA biosynthesis (map00770), Glucosinolate
biosynthesis (map00966), Flavone and flavonol biosynthesis (map00944), and Vitamin B6
metabolism (map00750), along with Carbohydrate digestion and absorption (map04973).
The combined intervention of exercise and KGM resulted in enrichment of Streptomycin
biosynthesis (map00521: K01858), Alanine, aspartate and glutamate metabolism (map00250:
K00265, K01915), Folate biosynthesis (map00790), Inositol phosphate metabolism
(map00562), and Glutamatergic synapse (map04724: K01915) among other metabolic
pathways.

In addition, the differential metabolic pathways in the MetaCyc database are dis-
played as heat maps (Figure 8a). For the ATBX group and the EK group, UMP biosynthesis
III (PWY-7791), UMP biosynthesis I (PWY-5686), UMP biosynthesis II (PWY-7790), fo-
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late transformations II (PWY-3841), and TRNA-CHARGING-PWY were not significantly
different compared with the CTL group. The inosine-5’-phosphate biosynthesis I (PWY-
6123), inosine-5’-phosphate biosynthesis II (PWY-6124), 5-aminoimidazole ribonucleotide
biosynthesis II (PWY-6122), superpathway of 5-aminoimidazole ribonucleotide biosynthe-
sis (PWY-6277), guanosine ribonucleotides de novo biosynthesis (PWY-7221), and other
pathways related to purine metabolism were enriched in the EK group.
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Figure 8. Effects of different intervention methods on MetaCyc metabolic pathway in mice at day
42. (a) MetaCyc metabolic pathway heat map after different intervention methods. (b) As shown in
the Circos diagram, genes for enzyme activity were altered in five groups (Enzyme nomenclature
database). CTL: control; ATBX: antibiotic; EXC: exercise; KGM: the native KGM; EK: combination of
exercise and KGM. Samples (N = 15) were colored by treatment.

The Circos diagram (Figure 8b) shows the proportion of each EC enzyme activity
(top 10 abundance) in each sample, and the proportion of each EC enzyme activity in
each sample. The ATBX group and the EK group DNA-directed DNA polymerase (EC
2.7.7.7.), DNA topoisomerase-ATP-hydrolyzing (EC 5.99.1.3.), and 6-phosphofructokinase
(EC 2.7.1.11), restoring them to the CTL level, but the EXC group and the KGM group had
significant differences compared with the CTL groups. In addition, except for the KGM
group, beta-galactosidase (EC 3.2.1.23) in ATBX group, EXC group, and EK group had no
significant difference compared with the CTL group.

3.6. Correlation Analysis

At the end of the experiment, the correlation between the relative abundance of
different levels of gut microbiome and SCFAs was analyzed. The heat maps (Figure 9a)
show that at the phylum level, Actinobacteria is significantly negatively correlated with
acetic acid, propionic acid, butyric acid, and Valeric acid, while Tenericutes and TM7
are significantly positively correlated with acetic acid, propionic acid, and butyric acid.
In addition, Actinobacteria, Deferribacteres, and Cyanobacteria are positively correlated
with acetic acid levels in plasma. At the genus level (Figure 9c), Prevotella, Parabacteroides,
Bifidobacterium, Coprococcus, and Erysipelotrichaceae_Clostridium are significantly negatively
correlated with butyric acid. Helicobacter is significantly positively correlated with butyric
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acid. Paraprevotella, Sutterella, and Adlercreutzia are significantly positively correlated with
acetic acid level in plasma, and Helicobacter are significantly negatively correlated with
acetic acid level in plasma. Meanwhile, an increase in Adlercreutzia and a decrease in
Helicobacter were observed in the EK group, with a similar trend seen in the EXC group.
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Figure 9. A correlation heatmap linking the top 20 significantly differentiated bacteria with the SCFAs:
(a) phylum level; (b) family level; and (c) genus level. Samples (N = 15) were colored by treatment.
* 0.01 ≤ p < 0.05, ** 0.001 ≤ p < 0.01, *** p < 0.001. CTL: control; ATBX: antibiotic; EXC: exercise; KGM:
the native KGM; EK: combination of exercise and KGM.
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4. Discussion

In our previous research, we found that compared with the lower molecular weight
KGMs, the native KGM with higher molecular weight can more effectively prevent and
counteract the perturbation of the gut microbiome caused by antibiotics [9,25]. Additionally,
compared with both higher and lower concentrations, the moderate concentration of KGM
(2.5 g/L in drinking water) was found to be more effective in alleviating the side effects of
excessive exercise on the gut microbial composition and function [20]. Therefore, in this
experiment, we employed a strategy of free access to water supplemented with 2.5 g/L
of native KGM for mice. In this experiment, we found that the combination intervention
using this representative concentration exhibited the best effect in counteracting dysbiosis.
It is important to consider more concentrations in future studies.

In the present study, the average daily water intake in the KGM group (10.33 g/day/mice)
was significantly higher than that in the CTL group (4.76 g/day/mice) (Figure 1d). Specifi-
cally, each mouse in the KGM group consumed approximately 1000 mg/kg BW of KGM
per day, while mice in the EK (7.49 g/day/mice) group consumed around 750 mg/kg
BW of KGM per day. The increase in water intake in the KGM group was consistent
with our previous study [20], and we observed that exercise partially counteracted this
trend, although there was still a significant difference compared with water intake in the
CTL group. And a study has also reported that the amount of water that mice drink may
fluctuate due to many factors [26]. This led to differences in dietary fiber intake between the
KGM group and the EK group. Although this issue may affect the comparability between
the two groups, we can still comprehensively consider the final outcome while taking into
account the influence of KGM on water intake as a confounder factor. To improve this, to
address this issue and improve the study, future research should consider isolating the
effect of adding exercise while maintaining the same dietary fiber concentration.

Some studies have reported varied results regarding the recovery time following
antibiotic perturbation, as a result of the influence of various factors (animal models,
environment, antibiotic cocktail formulations, etc.) on this process [5,27,28]. A study
indicated that it takes about four weeks for the gut microbiota to recover to some extent
after antibiotic treatment [29]. However, another study showed that the recovery time of
four weeks post-antibiotic perturbance was still far from reaching the fecal alpha diversity
and bacterial richness of the control group [30]. In our previous study, we found that a
two-week period of natural recovery following antibiotic perturbance resulted in a limited
level of improvement, while the supplementation of singular KGM significantly accelerated
this process [9]. Therefore, considering both of the test cost and effects, the present study
employed a compromised three-week recovery period to investigate the extent of natural
recovery in mice during this time and to determine if any interventions can accelerate the
recovery process. The results showed (Table 2) that although there was a certain degree of
recovery in alpha diversity, bacterial richness, and beta diversity in mice, the effect was
more pronounced after exercise or exercise combined with KGM intervention. As far as we
know, this is the first time that dysbiosis induced by antibiotics has been addressed with
exercise in vivo.

Following a two-week intervention with exercise (prior to the administration of antibi-
otics), an increase in the relative abundance of Bacteroides in the feces of mice was observed
in the EXC group and the EK group (Table S4). Bacteroides is the main phylum for digestion
of dietary fiber [31], and it is able to convert carbohydrates into usable nutrients; it is widely
recognized to be positively correlated with a healthier metabolic status [32]. Bacteroides
were also inversely associated with type 2 diabetes in humans [33]. This is consistent with
previous studies [33]; the changes in EXC and EK groups are mainly caused by exercise, and
the main reason for the changes may be due to the positive effect of exercise on promoting
intestinal health; the changes in individual metabolic characteristics caused by exercise
also lead to this result. Additionally, Bacteroidetes have been reported to play a role in the
processing of complex carbohydrates [30,32]. This may also explain the increase induced by
exercise, as more energy is required under such conditions. Meanwhile, the two weeks of
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KGM intervention resulted in a decrease in the Proteobacteria phylum, some Proteobacteria
species may be associated with intestinal barrier dysfunction, chronic inflammation, and
insulin resistance and also may be associated with the severity of some diseases [34].

However, after one week of antibiotic intervention (at the end of third week), the
addition of KGM effectively mitigated the antibiotic-induced changes in microbiota better
than the EXC group (Figure 5e). This finding further supports the protective effects of KGM,
which is consistent with our previous finding [9]. After analysis and comparison, the F/B
ratio of the four time points can also support this conclusion. In order to comprehensively
observe the changes caused by antibiotics and to exclude other confounding factors that
may affect the experimental results, histological scoring was conducted on colon tissues.
The experimental results were consistent with our previous studies, and no significant
differences were found between groups [9]. It is noteworthy that exercise alone or combined
with KGM intervention did not exhibit significant preventive effects. Exercise leads to
blood redistribution to the muscles, causing ischemia in the gastrointestinal tract, which
can result in gastrointestinal disorders [35], and this may lead to a prolonged stay or an
increased absorption of antibiotics in the gastrointestinal tract and an increased risk of
harm to the body. Meanwhile, antibiotic intervention also reduces exercise capacity [18],
and inappropriate exercise load can lead to decreased immunity, ultimately resulting in the
occurrence of an “Open Window” phenomenon [36]. Considering this complex dynamic
interaction, we have chosen a low–moderate intensity of exercise. Several studies have
also reported a relationship between exercise and antibiotics. Doxorubicin is an effective
chemotherapy antibiotic utilized in cancer treatment. Previous studies have demonstrated
that a 4- to 12-week preconditioning regimen of treadmill exercise can mitigate its side
effects (liver toxicity or cardiac injury) [37,38], while another study reported that 10-day
exercise preconditioning has a limited effect on doxorubicin-induced tissue toxicity [39]. In
our previous study, supplementing KGM for two weeks and intervening with antibiotics
at the same time can achieve a good preventive effect. Therefore, in this experiment, the
time of exercise preconditioning was also decided to be two weeks, and exercise training
was still carried out within the weeks of antibiotic intervention, which is different from the
exercise preconditioning method mentioned above. This may also explain why exercise is
less effective in prevention. Therefore, the timing of exercise as a preventive measure holds
significant importance; inappropriate timing may exacerbate the adverse effects caused by
antibiotics. The limited preventive effect observed in the EXC and the EK groups may be a
result of a combination of factors (low–moderate exercise intensity, increased of absorption
antibiotics, and timing of exercise). According to some of the literature mentioned above,
in the later experiments, stopping the exercise intervention in mice during antibiotic
intervention, which might get different results. In addition, in future studies, the exercise
intensity of the intervention mice will be gradually increased to determine the different
effects of different exercise regimens.

At the end of the experiment (on day 42), although the composition of gut microbiome
in the stool of the ATBX group was partially recovered, the gut microbial composition
in the EK group was closer to that of the CTL group from the perspective of species
structure (Figure 6e). Specifically, antibiotic intervention significantly decreased the relative
abundance of Tenericutes phylum and unclassified taxa; however, only the EK group could
restore these levels to the CTL level (Table S6). Previous studies have reported lower levels
of Tenericutes in elderly patients with type 2 diabetes and obese individuals with metabolic
dysfunction [40,41]. Furthermore, while there was no significant difference in the relative
abundance of Verrucomicrobia between the KGM group and the CTL group after one-week
of antibiotic intervention, showed a significantly higher abundance of Verrucomicrobia
was observed in the KGM group compared with the CTL group after three-week recovery.
This increase was also observed within specific taxa, such as Verrucomicrobiaceae and
Akkermansia, which belong to the Verrucomicrobia phylum. Akkermansia has been identified
as a promising probiotic candidate for improving indicators related to type 2 diabetes
both in mice and humans [42], and it has been demonstrated to upregulate genes involved
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in maintaining intestinal barrier function, thereby promoting intestinal homeostasis [43].
Additionally, a higher relative abundance of Akkermansia is often associated with a healthier
metabolic status among adults, as it correlates negatively with body fat mass and glucose
intolerance [44]. Consistent with previous findings from other studies [45], our results
indicate that supplementation with KGM can effectively increase the relative abundance of
Akkermansia.

In the current study, the KGM group demonstrated a superior preventive effect on day
21 compared with the two groups with exercise intervention. In contrast, the EK group ex-
hibited the most effective restorative effect on day 42 among the three intervention groups.
Our previous study reported that KGM with high viscosity could adsorb antibiotics, which
partially contribute to the protective effect on gut bacteria [46]. However, whether the
presence of KGM affects the therapeutic efficacy of antibiotics is still doubted. For patients,
antibiotics are essential for treating inflammation and infections, but it is also important to
consider the balance of gut microbiota. In other words, we aim to minimize harm to the
gut microbiome while maximizing the effectiveness of antibiotics. If the use of KGM for
prevention compromises the efficacy of antibiotics, then it is not primarily recommended.
However, further experiments are required to confirm this. From this perspective, exercise
may be a more effective preventive strategy and also help to avoid any potential impact
on the efficacy of antibiotics. However, the increased energy requirement during exercise
enhances the metabolism and utilization of KGM by gut microbiota [47], consequently
reducing the concentration in the gut and decreasing the absorption of antibiotics. These
factors may explain why the preventive effect in the EK group was inferior to that in
the KGM group at day 21. On day 42, despite natural recovery over 3 weeks, the gut
microbiome was still not fully restored (CTL vs. ATBX). However, exercise continuously
regulated the gut microbiome through energy homeostasis and restored microbial compo-
sition, especially with sufficient usable carbohydrate substrates (for example, KGM). As
a result, the EK group better reduced the impact induced by antibiotics compared with
singular KGM intervention. Therefore, the recovery effect of the EK group was better than
that of both the EXC and KGM groups on day 42.

We found that the concentration of acetic acid in plasma was significantly increased
in the EK group (Figure 3f). Studies reported that the antibiotic treatment reduced the
cross-sectional area of muscle fibers, and acetic acid supplementation could counteract
this negative effect [48]. Acetic acid in plasma concentration was significantly increased
in the EK group compared with other four groups, suggesting that the combination of
exercise and KGM intervention may be able to better utilize acetic as an energy source [49],
even at the same fecal acetic concentration. In addition, two weeks of exercise led to an
increase in the relative abundance of many SCFA-producing bacteria (such as Bacteroides,
Prevotella, and so on), but this effect was offset after perturbance of antibiotics, and failed
to fully recover even after a three-week recovery period. The correlation analysis between
SCFAs and the relative abundance of gut microbiome (Figure 9c) showed that Adlercreutzia
levels were significantly positively correlated with the acetic acid level in plasma, and
Helicobacter levels were significantly negatively correlated with the acetic acid level in
plasma. Meanwhile, at the experiment end, the EK group was Adlercreutzia-increased and
Helicobacter-decreased. A recent study identified Adlercreutzia as a protective bacterium
for Alzheimer’s disease [50], while Helicobacte was highly associated with chronic gastritis
incidence [51]. This suggests that exercise combined with KGM intervention can not only
increase the acetic content in plasma but also may have a positive effect on the body by
altering the gut microbiome.

Additionally, the EK group was enriched with a variety of purine-metabolism-related
pathways (Figure 8a). Some gut microbiomes can use purines as carbon and energy
sources anaerobically, consequently affecting the host’s purine homeostasis [52]. A study
demonstrated that antibiotic intervention disrupted the gut microbiota of mice, resulting in
elevated serum uric acid levels and disturbed purine metabolism [53]. Some animal studies
reported that Lactobacillus can reduce the serum uric acid level of high-uric-acid animal
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models [54,55]. In the present study, there was no significant difference in Lactobacillus
levels between the KGM group and the CTL group on day 21; the relative abundance
of Lactobacillus in the ATBX, EXC, and EK groups was significantly decreased compared
with the CTL group. At the experiment end, the relative abundance of Lactobacillus in the
EK group was significantly higher than that in the CTL group (Table S6). Based on these
results and the Bray–Curtis distance (Figure 6e), exercise combined with KGM intervention
can not only promote the recovery of gut microbiome but may also regulate uric acid
levels by increasing the relative abundance of Lactobacillus. Moreover, these two effects
may also contain an interaction [56]. Previous studies have demonstrated that nucleotide
metabolism actively promotes antibiotic-induced bacterial death [57], which may also
provide a possible explanation for the limited efficacy of the exercise–KGM combination in
preventing antibiotic disruption. Furthermore, a study has reported a significant increase
in the presence of bacteria containing purine-metabolizing proteins (Bifidobacterium bifidum
and Ruminococus gnavus) in the feces of mice with high uric acid. Conversely, there was
a notable decrease in the presence of bacteria-containing proteins associated with purine-
recycling pathways (Lactobacillus vaginalis and Allobaculum) [53]. In the current study, there
was a trend of higher relative abundance of Allobaculum in the EXC, KGM, and EK groups
compared to the CTL group. However, this difference was not statistically significant,
possibly due to the short duration of exercise. This suggests that single exercise and KGM
supplement may also have a regulatory effect on the serum uric acid level induced by
antibiotics. However, the measurement of uric acid excretion was not applicable in the
present study, due to the lack of urine collection. Further studies are necessary to confirm
the relevant characteristics and clarify the relationships.

5. Conclusions

In conclusion, the combination of exercise and KGM demonstrated a more effective
reversal of the damage caused by antibiotics on gut microbiome compared with two
singular interventions. It is worth noting that supplementing KGM showed the best
preventive effect, while exercise exacerbated the dysbiosis immediately after antibiotic
perturbation. Additionally, the combination of exercise and KGM exhibited a certain degree
of regulatory effect on purine metabolism, but the causal relationship between restoring the
species structure of the gut microbiome community and regulating purine metabolism still
needs further research. In summary, the present study provides a promising solution and
research direction for preventing and regulating dysbiosis caused by antibiotics or even
other factors. Further studies are required to investigate the timing and broader impact of
exercise on gut microbial metabolites.
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Abstract: Background/Objective: Long-term intake of a high-fat diet (HFD) leads to obesity and gut
dysbiosis. AMP-activated protein kinase (AMPK) is a key regulator of energy metabolism. Herein,
we investigated the impacts of Lactobacillus (Lactiplantibacillus) plantarum P111 and Bifidobacterium
longum P121, which suppressed dexamethasone-induced adipogenesis in 3T3 L1 cells and increased
lipopolysaccharide-suppressed AMPK activation in HepG2 cells, on HFD-induced obesity, liver
steatosis, gut inflammation and dysbiosis, and depression/cognitive impairment (DCi)-like behavior
in mice. Methods: Obesity is induced in mice by feeding with HFD. Biomarker levels were measured
using immunoblotting, enzyme-linked immunosorbent assay, and immunofluorescence staining.
Results: Orally administered P111, P121, or their mix LpBl decreased HFD-induced body weight
gain, epididymal fat pad weight, and triglyceride (TG), total cholesterol (TC), and lipopolysaccharide
levels in the blood. Additionally, they downregulated HFD-increased NF-κB activation and TNF-α
expression in the liver and colon, while HFD-decreased AMPK activation was upregulated. They
also suppressed HFD-induced DCi-like behavior and hippocampal NF-κB activation, NF-κB-positive
cell population, and IL-1β and TNF-α levels, while increasing the hippocampal BDNF-positive cell
population and BDNF level. The combination of P111 and P122 (LpBl) also improved body weight
gain, liver steatosis, and DCi-like behavior. LpBl also mitigated HFD-induced gut dysbiosis: it
decreased Desulfovibrionaceae, Helicobacteriaceae, Coriobacteriaceae, and Streptococcaceae populations
and lipopolysaccharide production, which were positively correlated with TNF-α expression; and
increased Akkermansiaceae, Bifidobacteriaceae, and Prevotellaceae populations, which were positively
correlated with the BDNF expression. Conclusions: P111 and/or P121 downregulated adipogenesis,
gut dysbiosis, and NF-κB activation and upregulatde AMPK activation, leading to the alleviation of
obesity, liver steatosis, and DCi.

Keywords: obesity; liver steatosis; Lactobacillus plantarum; Bifidobacterium longum; psychiatric disorder;
gut microbiota

1. Introduction

Obesity is the accumulation of abnormal or excessive amounts of fat in the body [1].
The primary risk factor of obesity is the excessive intake of high-calorie diets, such as a high-
fat diet (HFD), and physical inactivity [1–3]. Long-term HFD feeding causes gut dysbiosis
and excessive endotoxin production, which induce inflammation and adipogenesis and sup-
press the activation of AMP-activated protein kinase (AMPK) [4–6]. The AMPK activation

Nutrients 2024, 16, 3810. https://doi.org/10.3390/nu16223810 https://www.mdpi.com/journal/nutrients158



Nutrients 2024, 16, 3810

downregulates lipid metabolism in cells and organisms, including the oxidative decomposi-
tion and biosynthesis of fatty acids and triglycerides [6,7]. Interestingly, endotoxin-induced
expression of proinflammatory cytokines suppresses AMPK activation, which inhibits
the inflammatory response of adipose tissue macrophages, and systemic inflammation,
including neuroinflammation [8,9]. Inflammation-inducing stressors such as pathogen
infection and gut bacterial endotoxin induce depression and cognitive impairment (DCi)
and systemic inflammation in mice [10,11]. Therefore, suppressing inflammation and
adipogenesis and/or inducing AMPK activation may be useful for the therapy of obesity
and psychiatric disorders, including DCi.

The gut microbiota is associated with both obesity and psychiatric disorders [5,12].
Gut dysbiosis-ameliorating probiotics may alleviate obesity, depression, and cognitive
impairment in mice and volunteers by modulating gut microbiota [13–15]. Lactobacillus
delbrueckii subsp. bulgaricus strain TCI904 alleviates HFD-induced weight gain and anxiety
in mice [16]. Lactiplantibacillus (Lactobacillus) plantarum LC27 and Bifidobacterium longum
LC67 alleviate weight gain by suppressing gut bacteria lipopolysaccharide (LPS) produc-
tion [17]. Lactobacillus acidophilus alleviates HFD-induced weight gain, hyperlipidemia, and
inflammation in mice [18]. Anti-inflammatory Lactobacillus plantarum NK33 and B. adoles-
centis mix (NVP1704) can also alleviate depression/anxiety and systemic inflammation in
LPS-producing Escherichia coli-exposed mice by modulating the gut microbiota [19]. Never-
theless, studies on obesity-ameliorating action mechanism(s) of probiotics remain elusive.

Therefore, we selected L. plantarum P111 and B. longum P121, which suppressed
dexamethasone-induced fat accumulation in 3T3L1 cells and increased LPS-suppressed
AMPK activation in HepG2 cells, from the bacteria collection of healthy human feces and
investigated their effects on HFD-induced obesity, liver steatosis, depression, and cognitive
impairment in mice.

2. Materials and Methods
2.1. Materials

LPS (L2630) and DAPI (4,6-diamidine-2-phenylindole dihydrochloride, F6057)) were
bought from Sigma (St. Louis, MO, USA). A limulus amoebocyte lysate (LAL) assay kit
(113412) was bought from Cape Cod Inc. (E. Falmouth, MA, USA). Antibodies targeting
p-p65 (#3033), p65 (#6956), AMPK (#25325), and p-AMPK (#25315), were bought from Cell
Signaling Technology (Danvers, MA, USA). BDNF (PA5-85730) and β-actin (AB8227) were
purchased from Santa Cruz Biotechnology (Dallas, TX, USA) and Abcam (Cambridge, UK),
respectively. Low-fat diet (LFD, D12450B, Research Diets Inc.) and HFD (D12492) were
bought from Research Diets Inc. (New Brunswick, NJ, USA).

2.2. Culture of Gut Microbiota-Derived Probiotics and Their Dosage Regimen

Gut bacteria, including P111 (KCCM13475P, from Korean Culture Center of Microor-
ganisms, Seoul, Republic of Korea) and P121 (KCCM13476), were cultured in GAM (D5422,
Nissuei Pharm Inc., Tokyo, Japan) or MRS (288130, BD, Franklin Lakes, NJ, USA) broth
(0.5 L) and then centrifuged at 5000× g for 20 min, washed with saline and distilled water,
and freeze-dried. The freeze-dried cells were resuspended in phosphate-buffered saline for
in vitro cell experiment or 1% trehalose for in vivo animal experiment.

To determine the appropriate dose of probiotics for in vivo studies, mice were sub-
jected to oral gavage with P111 (2 × 108 and 1 × 109 colony-forming unit (CFU)/mouse/day)
for 4 weeks in conjunction with HFD. Compared to mice receiving only HFD treatment,
P111 at doses of 2 × 108 CFU/mouse and 1 × 109 CFU/mouse reduced weight gain by
22% and 36%, respectively. Consequently, a dose of 1 × 109 CFU/mouse/day was selected
for further in vivo experiments.
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2.3. HepG2 and 3T3-L1 Cell Cultures

HepG2 cells (Korean Cell Line Bank, Seoul, Republic of Korea) were cultured in
DMEM (00741, GIBCO, Grand Island, NY, USA) containing 1% antibiotic–antimycotic
(AA, 15240-062, GIBCO) and 10% fetal bovine serum (FBS, 26140-079, GIBCO) at 37 ◦C
in a 5% CO2/air atmosphere [20]. The cells (1 × 106 cells/mL) were treated with or
without probiotics (1 × 105 CFU/mL) in the presence of palmitic acid (0.25 mM) or LPS
(100 ng/mL) for 24 h. 3T3-L1 cells (American Type Culture Collection, Manassas, VA, USA)
were cultured in DMEM supplemented with 10% FBS and 1% AA at 37 ◦C and 5% CO2/air
and differentiated into the adipocyte, as previously reported [21].

Lipid amount and AMPK activation activity were assayed using Oil Red O staining
and immunoblotting, respectively, as previously reported [21].

2.4. Animals

Animal experiments were conducted using male C57BL/6 mice (18–21 g, 6 weeks
old) obtained from Koatech (Pyeongtaek, Republic of Korea). Mice were housed in plastic
cages with 5 cm elevated wire flooring, under controlled conditions, for one week prior
to the commencement of experiments and used in animal experiments, as previously
reported [19]. All animal experiments were approved by the Institutional Animal Care and
Use Committee (IACUC approval nos. KHSASP-20-177, 14 July 2020; and KHSASP-21-098,
11 March 2021) and conducted according to the Ethical Policies and Guidelines of the
University for Laboratory Animals Care and Use and Use of Laboratory Animals and
ARRIVE guideline [22].

2.5. Preparation of Mice with Obesity and Anti-Obesity Activity Assay of Probiotics

To understand the anti-obesity activities of Lpl, Blo, and their (4:1) mix (LpBl), we
examined two sequential experiments in mice with HFD-induced obesity, which were
prepared as previously reported [17]. First, to investigate the effects of Lpl and Blo, mice
were randomly separated into 4 groups (LF, HF, Lpl, and Blo). Second, to examine the
effects of LpBl, mice were randomly separated into 3 groups (LF, HF, and LpBl). Each group
consisted of 8 mice. The LF group was fed an LFD for 8 weeks, while the HF, Lpl, Blo,
and LpBl groups were subjected to an HFD for the same duration. The LF and HF groups
were administered 1% trehalose (vehicle) via oral gavage once a day (six day/week) after
feeding on their assigned diet for 4 weeks. Lpl, Blo, and LpBl groups were administered
P111, P121, and their (4:1) mix (1 × 109 CFU/mouse/day, suspended in 1% trehalose)
via oral gavage once a day (six day/week) from next day after HFD feeding for 4 weeks,
respectively.

DCi-like behaviors were measured 24 h after the final gavage of probiotics. Mice were
euthanized via exposure to CO2, followed by cervical dislocation. Blood, colon, liver, and
brain tissues were collected and stored at −80 ◦C for biochemical marker analysis.

2.6. Behavioral Tasks

Depression-like behaviors were assessed using the elevated plus-maze test (EPMT)
and tail suspension test (TST) performed in a plus-maze apparatus and at the edge of a
table, respectively, as previously described [19]. Cognitive function-like behaviors were
evaluated using the Y-maze task (YMT) conducted in a three-arm horizontal maze (40 cm
long, 3 cm wide, and 12 cm high walls), as previously reported [23]. Detailed protocols are
indicated in the Supplementary Materials’ Methods section.

2.7. Immunoblotting and ELISA

Colon, liver, and brain tissue samples were homogenized and lysed in RIPA buffer and
then centrifuged at 14,000× g for 20 min. Proteins in the supernatant (20 µg) were analyzed
by immunoblotting for p65, p-p65, AMPK, p-AMPK, BDNF, and β-actin, as previously
described [23]. Cytokines in the liver, colon, and blood supernatants were measured using
ELISA kits [17].
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2.8. Determination of LPS Concentration

LPS levels in blood, liver, and feces were measured using an LAL assay kit, as previ-
ously reported [17].

2.9. Determination of Total Cholesterol (TC), HDL-Cholesterol (HC), and Triglyceride (TG) Levels
in the Liver and Blood

Liver tissue samples were homogenized, lysed in RIPA buffer (pc2002-050-00, Bios-
esang, Yongin-si, Republic of Korea), and then centrifuged at 14,000 g for 20 min. TC, HC,
and TG levels in the liver homogenate supernatant and blood were measured using each
commercial kit (Asan pharmaceutical Co., Seoul, Republic of Korea).

2.10. Immunofluorescence Staining

Immunofluorescence staining was performed, as described by Jang et al. [19]. Detailed
protocols are provided in the Supplementary Materials (Methods).

2.11. Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Quantitative PCR (qPCR) was performed for (SIRT)-1, sREBP-1c, PGC-1α, LPL, Fiaf,
G6PD, FAS, and β-actin, following the method described by Jang et al. [19]. The primers
are indicated in Supplementary Table S1.

2.12. Gut Microbiota Composition Analysis

Gut microbiota composition was determined using Illumina iSeq 100 [23]. Detailed
protocols are provided in the Supplementary Materials (Methods). Sequenced reads were
deposited in the NCBI’s short-read archive under accession number PRJNA163520.

2.13. Whole-Genome Analysis

The whole-genome sequences of P111 and P121 were analyzed, as previously re-
ported [23]. Detailed protocols are provided in the Supplementary Materials (Methods).

2.14. Statistical Analysis

Data were indicated as the mean ± standard deviation (SD) and analyzed by a Graph-
Pad Prism 9. The significance was analyzed by a one-way ANOVA, followed by Duncan’s
multiple-range test (p < 0.05).

3. Results
3.1. Effects of Probiotics on Lipid Accumulation and AMPK Activation in 3T3-L1 and
HepG2 Cells

First, we screened probiotics suppressing lipid accumulation in 3T3 L1 cells from
healthy human fecal microbiota-derived lactic acid bacteria collection. Of them, P111 and
P121 significantly suppressed dexamethasone-mediated adipogenesis (fat accumulation)
in 3T3 L1 cells (Figure 1 and Supplementary Figure S1). They also suppressed palmitic
acid-induced fat (lipid) accumulation in HepG2 cells. When they were (4:1), (1:1), or (1:4)
mixed, their lipid accumulation-inhibitory effects were not different. However, they in-
creased LPS-suppressed AMPK activation in HepG2 cells. Based on the analysis of Gram
staining, whole genome and 16S rRNA gene, and API 20A and 50 CHL kits (bioMérieux,
Marcy-l’Étoile, France), P111 and P121 were named L. plantarum and B. longum, respectively.
Their whole-genome sequences exhibited the highest phylogenetic similarity to L. plan-
tarum NCTC13644 (99.1%) and B. longum DSM20211 (96.3%), respectively, using OrthoANI
(Supplementary Figure S2).
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Figure 1. Effects of P111 and P121 on fat (lipid) deposition and AMPK activation in 3T3 L1 and 
HepG2 cells. (a) Effects on fat deposition in 3T3 L1 cells. Nc, vehicle alone; Dex, dexamethasone; 
Lpl, P111+dexamethasone; Blo, P121+dexamethasone. (b) Effects on fat deposition in HepG2 cells. 
Nc, vehicle alone; PA, palmitic acid; Lpl, P111+palmitic acid; Blo, P121+palmitic acid. (c) Effects on 
AMPK activation in HepG2 cells. Nc, vehicle alone; LPS, lipopolysaccharide (LPS); Lpl, P111+LPS; 
Blo, P121+LPS. Fat deposition and AMPK activation were assessed by Oil Red O staining and im-
munoblotting, respectively. 3T3 L1 cells were treated with probiotics (1 × 105 CFU/mL) and dexame-
thasone. HepG2 cells were treated with probiotics (1 × 105 CFU/mL) and palmitic acid. (n = 4). # p < 
0.05 vs. NC. * p < 0.05 vs. Dex or PA alone. 

3.2. P111 and P121 Alleviated HFD-Induced Body Weight Gain, Liver Steatosis,  
and Depression in Mice 

The effects of P111 and P121 on body weight changes were investigated in mice sub-
jected to HFD. Long-term feeding of HFD significantly increased body weight gain com-
pared to those of LFD feeding (Figure 2). Oral administration of P111 or P121 effectively 
mitigated HFD-induced weight gain. They also increased HFD-induced epididymal fat 
pad (EFP) weight and adipocyte size, as assessed by H&E staining. 

HFD feeding also increased TG, TC, and HC levels in the blood. However, oral ad-
ministration of P111 or P121 reduced HFD-increased TG and TC, while the HFD-de-
creased HC level increased. They also decreased HFD-induced corticosterone, IL-6, and 
LPS levels in the blood. 

Figure 1. Effects of P111 and P121 on fat (lipid) deposition and AMPK activation in 3T3 L1 and
HepG2 cells. (a) Effects on fat deposition in 3T3 L1 cells. Nc, vehicle alone; Dex, dexamethasone;
Lpl, P111+dexamethasone; Blo, P121+dexamethasone. (b) Effects on fat deposition in HepG2 cells.
Nc, vehicle alone; PA, palmitic acid; Lpl, P111+palmitic acid; Blo, P121+palmitic acid. (c) Effects on
AMPK activation in HepG2 cells. Nc, vehicle alone; LPS, lipopolysaccharide (LPS); Lpl, P111+LPS;
Blo, P121+LPS. Fat deposition and AMPK activation were assessed by Oil Red O staining and
immunoblotting, respectively. 3T3 L1 cells were treated with probiotics (1 × 105 CFU/mL) and
dexamethasone. HepG2 cells were treated with probiotics (1 × 105 CFU/mL) and palmitic acid.
(n = 4). # p < 0.05 vs. NC. * p < 0.05 vs. Dex or PA alone.

3.2. P111 and P121 Alleviated HFD-Induced Body Weight Gain, Liver Steatosis, and Depression
in Mice

The effects of P111 and P121 on body weight changes were investigated in mice
subjected to HFD. Long-term feeding of HFD significantly increased body weight gain
compared to those of LFD feeding (Figure 2). Oral administration of P111 or P121 effectively
mitigated HFD-induced weight gain. They also increased HFD-induced epididymal fat
pad (EFP) weight and adipocyte size, as assessed by H&E staining.

HFD feeding also increased TG, TC, and HC levels in the blood. However, oral admin-
istration of P111 or P121 reduced HFD-increased TG and TC, while the HFD-decreased HC
level increased. They also decreased HFD-induced corticosterone, IL-6, and LPS levels in
the blood.

HFD feeding increased liver weight and lipid droplet number (Figure 3 and
Supplementary Figure S3). Treatment with HFD also increased TG, TC, and HC levels
in the liver. However, P111 and P121 significantly reduced HFD-induced liver weight; lipid
droplet number; and TG, TC, and HC levels. Additionally, their treatments reduced TNF-α,
IL-1β, IL-6, and LPS levels.
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Figure 2. Effects of P111 and P121 on HFD-increased obesity in mice. Effects on body weight change 
(a), body weight gain (b), EFP weight (c), and EFP adipocyte size (d). Effects on TG (e), TC (f), and 
HC levels (g) in the blood. Effects on IL-6 (h), corticosterone (CORT, (i)), and LPS levels (j) in the 
blood. LF, LFD (8 weeks) alone; HF, HFD (8 weeks) alone; Lpl, P111 (4 weeks) with HFD (8 weeks); 
Blo, P121 (4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group. 

HFD feeding increased liver weight and lipid droplet number (Figure 3 and Supple-
mentary Figure S3). Treatment with HFD also increased TG, TC, and HC levels in the liver. 
However, P111 and P121 significantly reduced HFD-induced liver weight; lipid droplet 
number; and TG, TC, and HC levels. Additionally, their treatments reduced TNF-α, IL-
1β, IL-6, and LPS levels. 

HFD feeding suppressed AMPK activation and induced NF-κB activation in the liver. 
Furthermore, HFD feeding decreased SIRT-1, PGC-1α, and Fiaf levels, while sREBP-1c, 
LPL, G6PD, and FAS levels increased. However, treatment with P111 or P121 induced 
HFD-suppressed AMPK activation and SIRT-1, PGC-1α, and Fiaf levels, while HFD-in-
duced sREBP-1c, LPL, G6PD, and FAS levels and NF-κB activation decreased. 

Figure 2. Effects of P111 and P121 on HFD-increased obesity in mice. Effects on body weight change
(a), body weight gain (b), EFP weight (c), and EFP adipocyte size (d). Effects on TG (e), TC (f), and
HC levels (g) in the blood. Effects on IL-6 (h), corticosterone (CORT, (i)), and LPS levels (j) in the
blood. LF, LFD (8 weeks) alone; HF, HFD (8 weeks) alone; Lpl, P111 (4 weeks) with HFD (8 weeks);
Blo, P121 (4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group.

HFD feeding suppressed AMPK activation and induced NF-κB activation in the liver.
Furthermore, HFD feeding decreased SIRT-1, PGC-1α, and Fiaf levels, while sREBP-1c,
LPL, G6PD, and FAS levels increased. However, treatment with P111 or P121 induced HFD-
suppressed AMPK activation and SIRT-1, PGC-1α, and Fiaf levels, while HFD-induced
sREBP-1c, LPL, G6PD, and FAS levels and NF-κB activation decreased.
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Figure 3. Effects of P111 and P121 on liver weight and steatohepatitis-related marker expression in 
the liver. Effects on liver weight (a) and lipid droplet number (b). Effects on TG (c), TC (d), and HC 
(e). Effects on TNF-α (f), IL-1β (g), IL-6 (h), IL-10 (i), and LPS (j) levels, as assessed by ELISA. (k) 
Effects on p-p65, p65, p-AMPK, AMPK, and β-actin expression, as assessed by immunoblotting. (l) 
Effects on SIRT1, sREBP-1c, PGC-1a, LPL, Fiaf, G6PD, and FAS levels, as assessed by qPCR. LF, LFD 
(8 weeks) alone; HF, HFD (8 weeks) alone; Lpl, P111 (4 weeks) with HFD (8 weeks); Blo, P121 (4 
weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group. 

Long-term feeding of HFD increased depression-like behaviors, time spent in open 
arm (OT) and open arm entries (OE) in the EPMT, to 45.6% (F3,28 = 11.12, p < 0.001) and 
50.0% (F3,28 = 4.56, p < 0.01) of LFD-fed mice, respectively, and immobility time (IT) in the 
TST to 151.3% (F3,28 = 9.73, p < 0.001) of LFD-fed mice, respectively (Figure 4 and Supple-
mentary Figure S4). HFD also decreased spontaneous alternation (SA) in the YMT to 75.5% 
(F3,28 = 5.71, p < 0.001) of LFD-fed mice. Orally treated P111 and P121 alleviated HFD-in-
duced depression-like behaviors OT to 67.2% and 67.9% of LFD-fed mice, respectively, 

Figure 3. Effects of P111 and P121 on liver weight and steatohepatitis-related marker expression
in the liver. Effects on liver weight (a) and lipid droplet number (b). Effects on TG (c), TC (d), and
HC (e). Effects on TNF-α (f), IL-1β (g), IL-6 (h), IL-10 (i), and LPS (j) levels, as assessed by ELISA.
(k) Effects on p-p65, p65, p-AMPK, AMPK, and β-actin expression, as assessed by immunoblotting.
(l) Effects on SIRT1, sREBP-1c, PGC-1a, LPL, Fiaf, G6PD, and FAS levels, as assessed by qPCR. LF,
LFD (8 weeks) alone; HF, HFD (8 weeks) alone; Lpl, P111 (4 weeks) with HFD (8 weeks); Blo, P121
(4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group.

Long-term feeding of HFD increased depression-like behaviors, time spent in open
arm (OT) and open arm entries (OE) in the EPMT, to 45.6% (F3,28 = 11.12, p < 0.001) and
50.0% (F3,28 = 4.56, p < 0.01) of LFD-fed mice, respectively, and immobility time (IT) in
the TST to 151.3% (F3,28 = 9.73, p < 0.001) of LFD-fed mice, respectively (Figure 4 and
Supplementary Figure S4). HFD also decreased spontaneous alternation (SA) in the YMT to
75.5% (F3,28 = 5.71, p < 0.001) of LFD-fed mice. Orally treated P111 and P121 alleviated HFD-
induced depression-like behaviors OT to 67.2% and 67.9% of LFD-fed mice, respectively,
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and IT to 122.4% and 124.8% of LFD-fed mice, respectively. They recovered HFD-decreased
SA to 90.6% and 88.6% of LFD-fed mice, respectively.
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3.3. P11 and P121 Alleviated HFD-Induced Gut Inflammation and Dysbiosis in Mice 
Long-term HFD feeding shortened the length of colon and enhanced the expression 

of myeloperoxidase, TNF-α, IL-1β, and IL-6, activation of NF-κB activation (p-p65/p65), 
and number of NF-κB+CD11c+ cells in the colon, while decreasing IL-10 and SIRT1 expres-
sion and AMPK activation (p-AMPK/AMPK) (Figure 5 and Supplementary Figure S5). 
Orally administered P111 or P121 suppressed HFD-induced myeloperoxidase; IL-1β, IL-

Figure 4. Effects of P111 and P121 on DCi-like symptoms in mice with HFD-induced obesity. Effects
on OT in the EPMT (a), IT in the TST (b), and SA in the YMT (c). Effects on hippocampal BDNF (d),
TNF-α (e), IL-1β (f), IL-6 (g), and IL-10 expression (h). (i) Effects on hippocampal p-p65, p65, BDNF,
and β-actin expression. (j) Effects on hippocampal NF-κB+Iba1+ and BDNF+NeuN+ cell numbers.
LF, LFD (8 weeks) alone; HF, HFD (8 weeks) alone; Lpl, P111 (4 weeks) with HFD (8 weeks); Blo, P121
(4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group.

HFD treatment increased TNF-α, IL-1β, and IL-6 levels; NF-κB activation; and NF-κB+Iba1+

cell number in the hippocampus, while decreasing BDNF levels and the BDNF+NeuN+ cell
number. However, oral treatment with P111 or P121 reduced HFD-induced TNF-α, IL-1β,
and IL-6 levels; NF-κB activation; and NF-κB+ cell number, while increasing the BDNF
level and BDNF+NeuN+ cell number suppressed by HFD.
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3.3. P11 and P121 Alleviated HFD-Induced Gut Inflammation and Dysbiosis in Mice

Long-term HFD feeding shortened the length of colon and enhanced the expression of
myeloperoxidase, TNF-α, IL-1β, and IL-6, activation of NF-κB activation (p-p65/p65), and
number of NF-κB+CD11c+ cells in the colon, while decreasing IL-10 and SIRT1 expression
and AMPK activation (p-AMPK/AMPK) (Figure 5 and Supplementary Figure S5). Orally
administered P111 or P121 suppressed HFD-induced myeloperoxidase; IL-1β, IL-6, and
TNF-α levels; NF-κB activation (p-p65/p65); and NF-κB-positive cell population and
enhanced HFD-decreased IL-10 expression and AMPK activation (p-AMPK/AMPK).
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were not different in palmitic acid-treated HepG2 cells. Therefore, we examined the effect 
of LpBl (P111 and P121 (4:1) mix) on HFD-increased body weight gain in mice (Figure 6). 
HFD feeding significantly increased body weight gain compared to LFD feeding. How-
ever, oral administration of LpBl decreased HFD-induced body weight gain. Furthermore, 
they also decreased HFD-induced EFP weight and adipocyte size. 
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creased. LpBl also reduced HFD-induced blood IL-6, corticosterone, and LPS levels. 

Figure 5. Effects of P111 and P121 on HFD-induced colitis in mice. (a) Effects on colon length. Effects
on colonic myeloperoxidase (MPO, (b)), TNF-α (c), IL-1β (d), IL-6 (e), and IL-10 expression (f), as
assessed by ELISA. (g) Effects on colonic p-p65, p65, p-AMPK, AMPK, and β-actin expression, as
assessed by immunoblotting. (h) Effects on colonic SIRT1 expression, as assessed by qPCR. (i) Effects
on colonic NF-κB+CD11c+ cell populations. LF, LFD (8 weeks) alone; HF, HFD (8 weeks) alone; Lpl,
P111 (4 weeks) with HFD (8 weeks); Blo, P121 (4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF
group. * p < 0.05 vs. HF group.

3.4. Effects of P111 and P121 Mix (LpBl) on HFD-Induced Body Weight, Liver Steatosis, and Their
Related Biomarker Levels in Mice

When they were (4:1), (1:1), or (1:4) mixed, the lipid accumulation-inhibitory effects
were not different in palmitic acid-treated HepG2 cells. Therefore, we examined the effect
of LpBl (P111 and P121 (4:1) mix) on HFD-increased body weight gain in mice (Figure 6).
HFD feeding significantly increased body weight gain compared to LFD feeding. However,
oral administration of LpBl decreased HFD-induced body weight gain. Furthermore, they
also decreased HFD-induced EFP weight and adipocyte size.
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adipocyte size (d). Effects on blood TG (e), TC (f), and HC levels (g). Effect on blood IL-6 (h), corti-
costerone (CORT, (i)), and LPS levels (j), as assessed by ELISA. LF, LFD (8 weeks) alone; HF, HFD 
(8 weeks) alone; LpBl, P111 and P121 mix (4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF group. 
* p < 0.05 vs. HF group. 

HFD feeding also increased liver weight, lipid droplet number, and elevated levels 
of TG, TC, and HC in the liver (Figure 7 and Supplementary Figure S6). Conversely, oral 
treatment with LpBl significantly lowered HFD-increased liver weight; lipid droplet num-
ber; and TG, TC, and HC levels. Additionally, LpBl treatment attenuated HFD-induced 
elevations in TNF-α, IL-1β, IL-6, and LPS levels and NF-κB activation. 

Furthermore, LpBl upregulated HFD-decreased AMPK activation and PGC-1α, 
SIRT-1, and Fiaf levels, while HFD-induced sREBP-1c, LPL, G6PD, and FAS expression 
levels decreased. 

Figure 6. Effect of LpBl on HFD-induced body weight, liver steatosis, and their related biomarker
levels in mice. Effect on body weight change (a), body weight gain (b), EFP weight (c), and EFP
adipocyte size (d). Effects on blood TG (e), TC (f), and HC levels (g). Effect on blood IL-6 (h),
corticosterone (CORT, (i)), and LPS levels (j), as assessed by ELISA. LF, LFD (8 weeks) alone; HF,
HFD (8 weeks) alone; LpBl, P111 and P121 mix (4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF
group. * p < 0.05 vs. HF group.

HFD feeding enhanced blood TG, TC, and HC levels. On the contrary, oral treat-
ment with LpBl decreased HFD-induced TG and TC, while the HFD-suppressed HC level
increased. LpBl also reduced HFD-induced blood IL-6, corticosterone, and LPS levels.

HFD feeding also increased liver weight, lipid droplet number, and elevated levels
of TG, TC, and HC in the liver (Figure 7 and Supplementary Figure S6). Conversely,
oral treatment with LpBl significantly lowered HFD-increased liver weight; lipid droplet
number; and TG, TC, and HC levels. Additionally, LpBl treatment attenuated HFD-induced
elevations in TNF-α, IL-1β, IL-6, and LPS levels and NF-κB activation.
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liver TNF-α (f), IL-1β (g), IL-6 (h), IL-10 (i), and LPS levels (j), as assessed by ELISA. (k) Effects on 
liver p-p65, p65. P-AMPK, AMPK, and β-actin levels, as assessed by immunoblotting. (l) Effects on 
liver SIRT1, sREBP-1c, PGC-1a, LPL, Fiaf, G6PD, and FAS levels, as assessed by qPCR. LF, LFD (8 
weeks) alone; HF, HFD (8 weeks) alone; LpBl, P111 and P121 mix (4 weeks) with HFD (8 weeks). n 
= 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group. 

HFD feeding decreased OT and OE in the EPMT to 44.7% (F2,21 = 87.09, p < 0.001) and 
34.7% (F2,21 = 104.2, p < 0.001) of LFD-fed mice, respectively, and increased IT in the TST to 
175.4% (F2,21 = 71.99, p < 0.001) of LFD-fed mice, respectively (Figure 8 and Supplementary 
Figure S7). HFD treatment also decreased SA in the YMT to 71.5% (F2,21 = 35.61, p < 0.001) 
of LFD-fed mice. Conversely, oral treatment with LpBl alleviated HFD-induced DCi-like 

Figure 7. Effect of LpBl (P111 and P121 (4:1) mix) on liver steatosis-related marker levels. Effects
on liver weight (a) and lipid droplet number (b). Effects on liver TG (c), TC (d), and HC (e). Effects
on liver TNF-α (f), IL-1β (g), IL-6 (h), IL-10 (i), and LPS levels (j), as assessed by ELISA. (k) Effects
on liver p-p65, p65. P-AMPK, AMPK, and β-actin levels, as assessed by immunoblotting. (l) Effects
on liver SIRT1, sREBP-1c, PGC-1a, LPL, Fiaf, G6PD, and FAS levels, as assessed by qPCR. LF, LFD
(8 weeks) alone; HF, HFD (8 weeks) alone; LpBl, P111 and P121 mix (4 weeks) with HFD (8 weeks).
n = 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group.

Furthermore, LpBl upregulated HFD-decreased AMPK activation and PGC-1α, SIRT-
1, and Fiaf levels, while HFD-induced sREBP-1c, LPL, G6PD, and FAS expression levels
decreased.

HFD feeding decreased OT and OE in the EPMT to 44.7% (F2,21 = 87.09, p < 0.001) and
34.7% (F2,21 = 104.2, p < 0.001) of LFD-fed mice, respectively, and increased IT in the TST to
175.4% (F2,21 = 71.99, p < 0.001) of LFD-fed mice, respectively (Figure 8 and Supplementary
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Figure S7). HFD treatment also decreased SA in the YMT to 71.5% (F2,21 = 35.61, p < 0.001)
of LFD-fed mice. Conversely, oral treatment with LpBl alleviated HFD-induced DCi-like
behaviors: it recovered OT to 83.2% of LFD-fed mice, IT to 133.0% of LFD-fed mice, and SA
to 93.4% of LFD-fed mice.
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Figure 8. Effect of LpBl on HFD-induced DCi in mice. Effects on OT (a) in EPMT, IT in TST (b), and
SA in YMT (c). Effect on hippocampal BDNF (d), TNF-α (e), IL-1β (f), IL-6 (g), and IL-10 levels (h),
as assessed by ELISA. (i) Effect on hippocampal p-p65, p65, BDNF, and β-actin levels, as assessed by
immunoblotting. (j) Effect on hippocampal NF-κB+Iba1+ and BDNF+NeuN+ cell number, as assessed
by the confocal microscope. LF, LFD (8 weeks) alone; HF, HFD (8 weeks) alone; LpBl, P111 and
P121 mix (4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group.

Furthermore, LpBl treatment significantly lowered HFD-induced levels of TNF-α, IL-
1β, and IL-6; activation of NF-κB; and number of NF-κB-positive cells in the hippocampus.
Conversely, LpBl treatment enhanced HFD-suppressed levels of BDNF and the number of
BDNF-positive cells.

3.5. Effect of LpBl on HFD-Induced Gut Inflammation and Dysbiosis in Mice

HFD feeding resulted in colitis: it elevated myeloperoxidase, TNF-α, IL-1β, and IL-
6 levels, NF-κB activation (p-p65/p65), and NF-κB+CD11c+ cell number and decreased
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IL-10 and SIRT1 levels and AMPK activation (p-AMPK/AMPK) in the colon (Figure 9 and
Supplementary Figure S8). However, LpBl treatment lowered HFD-induced myeloperox-
idase; IL-1β, IL-6, and TNF-α levels; NF-κB activation (p-p65/p65); and NF-κB-positive
cell population and enhanced HFD-suppressed IL-10 level and AMPK activation (p-
AMPK/AMPK).
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Figure 9. Effect of LpBl on HFD-induced gut inflammation in mice. (a) Effect on colon length.
Effect on colonic myeloperoxidase (MPO, (b)), TNF-α (c), IL-1β (d), IL-6 (e), and IL-10 levels (f), as
assessed by ELISA. (g) Effect on colonic p-p65, p65, p-AMPK, AMPK, and β-actin levels, as assessed
by immunoblotting. (h) Effect on colonic SIRT1 level, as assessed by qPCR. (i) Effect on colonic
NF-κB+CD11c+ cell number. LF, LFD (8 weeks) alone; HF, HFD (8 weeks) alone; LpBl, P111, and
P121 mix (4 weeks) with HFD (8 weeks). n = 8. # p < 0.05 vs. LF group. * p < 0.05 vs. HF group.

We examined the impact of LpBl on HFD-induced gut dysbiosis in mice. HFD feeding also
fluctuated the composition of gut microbiota: it decreasedα-diversity (OUT richness) and shifted
β-diversity compared to that of LFD-fed mice (Figure 10 and Supplementary Tables S2 and S3).
However, oral administration of LpBl increased HFD-suppressed α-diversity and partially
shifted HFD-changed β-diversity to that of LFD-fed mice. In particular, HFD feeding
increased the populations of Firmicutes and Proteobacteria, including Streptococcaceae, Ru-
minococcaceae, Desulfovibrionaceae, Helicobacteriaceae, Coriobacteriaceae, AC160630_f, and Pep-
tococcaceae, while the populations of Bacteroidetes and Verrucomicrobia, including Muribacu-
laceae, Akkermansiaceae, Prevotellaceae, Porphyromonadaceae, FR888536_f, and Bifidobacteriaceae,
decreased. However, oral administration of LpBl partially shifted the HFD-changed gut mi-
crobiota composition to that of LFD-fed mice. In particular, LpBl decreased Streptococcaceae,
Helicobacteriacae, Peptococcaceae, and AC160630_f in mice with HFD-induced obesity, while
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Akkermansiaceae, Prevotellaceae, Lactobacillaceae, and Bifidobacteriaceae populations increased.
LpBl also decreased HFD-induced fecal LPS levels.
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At a family level, Streptococcaceae, Desulfovibrionaceae, and Moraxellaceae populations
had a positive correlation with body weight gain, while Muribacullaceae and Enterobacteri-
aceae populations were negatively correlated. Staphylococcaceae, Moracellaceae, Streptococ-
caceae, and Desulfovibrionaceae populations had a positive correlation with depression-like
behaviors (IT in TST), while Muribaculaceae, Enterobacteriaceae, Bifidobacteriaceae, Bifidobacte-
riaceae, and Morganellaceae populations were negatively correlated. Liver TNF-α expres-
sion level had a positive correlation with Moraxellaceae, Streptococcaceae, Corobacteriaceae,
and Desulfovibrionaceae populations, while Enterobacteriacae, Bifidobacteriaceae, Muribacu-
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laceae, and Morganellaceae populations were negatively correlated. Hippocampal BDNF
expression levels had a positive correlation with Bifidobacteriaceae, Muribaculaceae, and
Erysipelotrichaceae populations, while Peptococcaceae, Staphylococcaceae, and PAC001057_f
populations were negatively correlated. Liver SIRT1 expression level had a positive cor-
relation with Akkermansiaceae, Porphyromonadaceae, Enterobacteriaceae, Muribaculaceae, and
Bacteroidaceae populations, while Streptococcaceae, Desulfovibrionaceae, Helicobacteriaceae, and
Corobacteriaceae populations were negatively correlated.

4. Discussion

Excessive, chronic feeding of an HFD induces obesity, which is the representative risk
factor for heart disease, diabetes mellitus, and hepatic steatosis [24,25]. Furthermore, HFD
induces gut dysbiosis and microbiota LPS production in humans and mice, inducing gut
inflammation and membrane permeability [6,26]. Excessively exposed LPS also suppresses
AMPK activation and induces adipogenesis in the gut and liver and causes neuroinflam-
mation [7,27]. We also found that chronic feeding of an HFD induced body weight gain;
inflammation in the colon, liver, and hippocampus; and DCi-like behavior in mice.

In the present study, oral administration of P111, P121, or LpBL decreased HFD-
induced body weight gain and EFP weight. Furthermore, they enhanced HFD-suppressed
AMPK activation and SIRT expression in both the colon and liver. They also increased HFD-
suppressed PGC-1α and Fiaf expression and decreased HFD-induced sREBP-1c, LPL, G6PD,
and FAS expression. The feeding of an HFD decreases AMPK activation, which regulates
the expression of lipogenesis/lipolysis-involved metabolism-regulatory factors PGC1α,
sREBP-1c, Fiaf, LDL, G6PD, and SIRT-1 [28–31]. An HFD suppresses SIRT1 expression,
which increases PGC-1α expression and AMPK activation [28,32]. P111, P121, and LpBL
suppressed lipid accumulation and induced AMPK activation in palmitic acid-stimulated
HepG2 cells and suppressed adipogenesis in dexamethasone-stimulated 3T3 L1 cells.
These findings imply that P111, P121, or LpBL are able to suppress lipogenesis and induce
lipolysis in the liver and intestine by inducing AMPK activation and SIRT1 expression,
leading to the alleviation of liver steatosis. They also decreased HFD-induced liver and
EFP weights; liver lipid droplet number; and TC, TG, and HC levels in the liver and blood.
These observations suggest that these probiotics can have an effect on liver steatosis.

Oral administration of P111, P121, or LpBL decreased HFD-induced proinflammatory
cytokine expression, NF-κB activation (p-p65/065), and NF-κB-positive cell number in
the colon, liver, and brain. Furthermore, they lowered HFD-induced LPS levels in the
blood and feces. They also alleviated HFD-induced DCi-like behavior. LPS induces
NF-κB-mediated proinflammatory cytokine expression, which triggers adipogenesis and
hinders AMPK activation [4–6]. The AMPK activation inhibits systemic inflammation,
including neuroinflammation [8,9]. Inflammation-inducing stressors such as pathogens and
bacterial endotoxin induce DCi through systemic inflammation [10,11]. The combination of
P111 with P121 (LpBl) additively alleviated HF-induced body weight gain, liver and EFP
weights, liver steatosis, colitis, neuroinflammation, and DCi-like behavior. The efficacy of
LpBl was more potent than those of P111 and P121, but not significantly. These findings
suggest that P111 and/or P121 may suppress proinflammatory cytokine expression in the
gut, liver, and brain by suppressing LPS-linked NF-κB signal, leading to the alleviation of
colitis, hepatitis, neuroinflammation, and psychiatric disorders.

HFD feeding increased Proteobacteria, including Helicobacteriaceae, Firmicutes, Strepto-
coccaceae, and Staphylococcaceae populations, and bacterial LPS production. However, LpBl,
which most potently reduced HFD-induced body weight gain, suppressed HFD-induced
populations of Firmicutes and Proteobacteria, in particular, Streptococcaceae, Desulfovibri-
onaceae, Coriobacteriaceae, and Helicobacteriacae populations, which had a positive correlation
with body weight gain and a negative correlation with SIRT1 and BDNF expression levels
in the liver. LpBl reduced the HFD-induced LPS level in the feces, blood, and liver that
was positively correlated with TNF-α expression. The HFD-induced Streptococcaceae and
Helicobacteriaceae number had a positive correlation with IT in the TST, while SA in the
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YMT were negatively correlated. However, LpBl treatment increased HFD-suppressed
Bacteroidetes and Verrucomicrobiota, including Akkermansiaceae, Prevotellaceae, Bifidobacteri-
aceae, and Enterobacteriaceae populations, which had a negative correlation with DCi-like
behavior and a positive correlation with an increased hippocampal BDNF expression level.
Furthermore, LpBl suppressed HFD-induced corticosterone and IL-6 levels in the blood
and IL-6 levels in the colon, blood, liver, and hippocampus. HFD feeding suppresses the
Akkermansiaceae population in mice, in turn suppressing HFD-induced obesity and the
blood glucose level [33–35]. The probiotic L. plantarum KY1032 increases Akkermansiaceae
and Bifidobacteriaceae populations in volunteers with overweight [36]. Dietary fibers in-
crease gut Prevotellaceae and Bifidobacteriaceae populations and reduce body weight gain.
LPS increases DCi-like behavior and TNF-α and corticosterone expression [19]. Lactobacillus
reuteri NK33 alleviates depressive symptoms in mice by inhibiting gut dysbiosis and bacte-
rial LPS production. These results suggest that HFD can cause gut dysbiosis, which may be
closely associated with body weight gain, liver steatosis, gut inflammation, neuroinflam-
mation, and DCi-like behavior; and probiotics, in particular, LpBl, may mitigate obesity,
liver steatosis, colitis, and DCi by alleviating gut dysbiosis and bacterial LPS production.

Moreover, we discovered that chronic feeding of an HFD could cause gut dysbiosis,
along with body weight gain, which leads to DCi, and P111 and/or P121 could alleviate
body weight gain and DCi by regulating gut dysbiosis and AMPK activation. However, to
understand the action mechanism of P111 and/or P121, future research is needed to identify
their substances and to clarify the pathogenesis of overgrown fecal bacteria stemming from
an HFD.

5. Conclusions

P111, P121, and their mix LpBl can alleviate obesity, liver steatosis, DCi, and systemic
inflammation, including colitis, liver inflammation, and neuroinflammation, in vivo by
inducing AMPK activation and suppressing gut dysbiosis and LPS production.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nu16223810/s1. Figure S1. Effects of P111 (Lpl) and P121 (Bio) on lipid
accumulation and AMPK activation in 3T3 L1 and HepG2 cells. Figure S2. Characterization of the
whole genomes of L. plantarum P111 and Bifidobacterium longum P21. Figure S3. Effects of P111 (Lpl)
and P121 (Blo) on steatohepatitis-related marker expression in the liver. Figure S4. Effects of P111
(Lpl) and P121 (Bio) on neuroinflammation in the hippocampus of mice with HF-induced obesity.
Figure S5. Effects of P111 and P121 on gut inflammation in the colon of mice with HF-induced obesity.
Figure S6. Effect of LpBl on steatohepatitis-related marker expression in the liver. Figure S7. Effect of
LpBl on neuroinflammation in the hippocampus of mice with HF-induced obesity. Figure S8. Effect
of LpBl on gut inflammation in the colon of mice with HF-induced obesity. Table S1. Primers used in
the present study. Table S2. Effect of LpBl on the fecal microbiota composition of HF-treated mice at
the phylum level. Table S3. Effect of LpBl on the fecal microbiota composition of HF-treated mice
at the family level. Methods—Behavioral tasks and determination of LPS in the blood, liver, and
feces. Quantitative real-time polymerase chain reaction (qPCR). Gut microbiota composition analysis.
Immunofluorescence staining. References [37–40] are cited in the Supplementary Materials.
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Abstract: Objectives: Observational research shows associations of the gut microbiota and its
metabolites with autoimmune thyroid disease (AITD), but the causality is undetermined. Methods:
Two-sample Mendelian randomization (MR) was employed to analyze the association of the gut
microbiota and its metabolites with AITD. A total of 119 gut microbiotas and nine fecal/circulating
metabolites were the exposures. AITD, Graves’ disease (GD), and Hashimoto’s thyroiditis (HT) were
the outcomes. Inverse-variance weighting (IVW) was primarily used to assess causality; Cochran’s
Q was used to assess heterogeneity. Sensitivity analyses (weighted median, MRPRESSO regression,
MRPRESSO intercept, MRPRESSO global, Steiger filtering, leave-one-out) were conducted to assess
causal estimate robustness. Multivariable MR (MVMR) was used to estimate the effects of body mass
index (BMI) and alcohol consumption frequency on causality. Results: The outcomes were potentially
causally associated with 22 gut microbiotas and three metabolites. After multiple-test correction,
3-indoleglyoxylic acid retained significant causality with AITD (IVW: odds ratio [OR] = 1.09, 95%
confidence interval [CI] = 1.05–1.14, p = 2.43 × 10−5, FDR = 0.009). The sensitivity analyses were
confirmatory (weighted median: OR = 1.06, 95% CI = 1.01–1.12, p = 0.025; MRPRESSO: OR = 1.09, 95%
CI = 1.15–1.14, p = 0.001). MVMR revealed no confounding effects on this association (BMI: OR = 1.21,
95% CI =1.08–1.35, p = 0.001; drinks/week: OR = 1.22, 95% CI = 1.04–1.43, p = 0.014). Conclusions:
MR revealed no significant causal effects of the gut microbiota on the outcomes. However, MR
revealed the causal effects of 3-indoleglyoxylic acid on the risk of AITD.

Keywords: gut microbiota; metabolites; autoimmune thyroid disease; 3-indoleglyoxylic acid; mendelian
randomization study

1. Introduction

Autoimmune thyroid disease (AITD) is the most prevalent autoimmune disease and
the most common thyroid disorder [1]. AITD can result in thyroid dysfunction, cardiovas-
cular disease [2], autoimmune encephalitis [3], and adverse pregnancy outcomes [4]. The
two extremes of AITD are Hashimoto’s thyroiditis (HT) and Graves’ disease (GD) [5]. In
addition to genetic factors, environmental factors (radiation, viral infections, medications,
selenium, and iodine) can influence the incidence of AITD [5–7]. Recent studies have
identified changes in the gut microbial composition as another potential environmental
risk factor for AITD [8].

The gut microbiota plays a crucial role in the immune response. Certain microbiota
species continuously present antigens that dictate the host’s immune response [9], fostering
the differentiation and maturation of regulatory T cells [10] and modulating the immune
reactivity of B cells, dendritic cells, and macrophages [9]. Gut microbes produce metabolites
that may affect the immune system via the bloodstream [11], including short-chain fatty
acids (SCFAs) [12], trimethylamine N-oxide (TMAO) [13], tryptophan derivatives, and
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bile acids (BAs) [14]. Additionally, lipopolysaccharides (LPSs), which are endotoxins pro-
duced by pathogenic bacteria, can potentially induce intestinal inflammation, compromise
intestinal barrier integrity, and influence immune function [15].

Numerous studies have reported a link between the gut microbiota and AITD. A
meta-analysis concluded that, compared with those in the control group, the abundances
of Bifidobacterium and Lactobacillus in AITD were significantly lower, while the abundance
of Bacteroides fragilis was significantly greater [16]. Two studies reported a decreased abun-
dance of Prevotella in HT patients [17,18]. For GD patients, the abundances of Lactobacillus
were correlated with thyroid-stimulating hormone receptor antibodies (TRAb), thyroid
peroxidase antibodies (TPOAb), and thyroglobulin antibodies (TgAb) [19,20]; Synergistetes
showed a negative association with thyroid-stimulating antibody (TSAb); and Ruminococ-
cus, Bifidobacterium, and Veillonella were positively correlated with TRAb [21,22]. Other
bacterial groups such as Prevotella 9, Actinomyces odontolyticus, and Negativicutes are posi-
tively associated with TPOAb [23]. Furthermore, the gut microbiota significantly impacts
the intestinal absorption of iodine and selenium [24–26]. For example, Bacteroides can con-
vert intracellular selenite into selenocysteine and selenomethionine, potentially enhancing
organic selenium absorption [27] and contributing to a reduction in thyroid autoantibodies.

Metabolites also play a critical role in AITD development. SCFAs, through their inter-
action with G-protein-coupled receptors (GPCRs) on leukocytes and intestinal epithelial
cells [28], can inhibit AITD. SCFA supplementation has been shown to upregulate IL-22 and
IL-10, suppress AITDs and the NF-κB inflammatory pathway, reduce LPS stimulation, and
regulate TNF-α expression [29]. In individuals with primary hypothyroidism, primarily
due to AITD, a decrease in SCFA-producing bacteria leads to decreased SCFA levels, exacer-
bating damage to the intestinal barrier and increasing serum LPS levels [30]. Additionally,
SCFAs, in conjunction with the sodium/iodide symporter, may enhance iodide uptake by
thyroid follicular cells [31]. Gut microbiota metabolites also hold diagnostic potential in
other thyroid disorders. In a mouse model of Graves’ ophthalmopathy, fecal 16S rRNA
functional predictions revealed significant changes in BA metabolism [32]; TMAO has
shown potential in distinguishing between benign and malignant thyroid nodules [33];
and indole-3-carboxaldehyde in blood is a biomarker for papillary thyroid cancer [34].
While numerous studies have been conducted, their findings are often inconsistent, likely
due to differences in detection methods, diet, and lifestyle, which contribute to substantial
interindividual heterogeneity. Additionally, most studies have small sample sizes, limiting
their ability to establish a strong relationship between the gut microbiota and AITD. Finally,
as case–control studies, they are limited in assessing causality between the gut microbiota
and AITD, adding to the challenge of fully understanding this relationship.

Randomized controlled studies focused on the gut microbiota may contribute to estab-
lishing causal relationships; however, high-quality evidence is lacking in the field of the
gut–thyroid axis. In such scenarios, Mendelian randomization (MR) can serve as an alter-
native to randomized controlled trials, facilitating the exploration of causality [35]. The key
idea of MR is to utilize the random allocation of genetic variation in nature, treating genetic
variation as an instrumental variable (IV), effectively minimizing potential confounding
factors like environmental and socioeconomic influences to enable more reliable causal
assessment [35]. MR studies often leverage large genome-wide association study (GWAS)
datasets, increasing their power to detect small effect sizes and enhancing their statistical
robustness. By using genetic variation as an IV, MR also ensures that exposure (e.g., gut
microbiota traits) precedes the outcome (AITD), effectively mitigating reverse causation
bias. Therefore, MR is well suited for causal inference in studies examining the relationship
between the gut microbiota and disease.

In this study, we used statistics from several GWASs of gut microbes and fecal/circulating
metabolites to assess potential causal associations of gut microbes and metabolites with
AITD using two-sample MR, and multivariate MR (MVMR) was used to adjust for possible
confounders (body mass index [BMI] and alcohol consumption). Based on these analyses,
we investigated the role of the gut microbiome in the pathogenesis of AITD, aiming to
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provide evidence for the emergence of innovative therapeutic strategies, including dietary
interventions, probiotic supplementation, and fecal microbiota transplantation.

2. Materials and Methods
2.1. Study Design and Data Sources

This study’s results are reported in accordance with the STROBE-MR guidelines
(Supplementary Table S1) [36]. Furthermore, such an MR study must satisfy three assump-
tions for the instrumental variables (IVs) [37]: (A) it predicts the exposure of interest; (B) it
is independent of potential confounders; and (C) it influences the outcome only through
risk factors. Figure 1 depicts the research design and assumptions for the MR analysis.
Initially, we conducted a two-sample MR analysis of 119 different gut microbiotas and
AITD. Then, based on reports in the literature (Supplementary Table S2), we identified nine
gut microbiota metabolites in five categories that may be related to AITD. These SCFAs
include three SCFAs (fecal butyrate, circulating acetate, and propionate) [38,39], circulating
TMAO [40], two BAs (circulating cholic acid and taurocholic acid) [32], two indoles and
their derivatives (circulating indole-3-propionate and 3-indoleglyoxylic acid) [41,42], and
LPS (proxied by 3-hydroxymyristate) [43,44].

Supplementary Table S3 provides detailed information on the data sources. The
first part of the exposure data comprises gut microbiota GWAS data from the MiBioGen
consortium (https://mibiogen.gcc.rug.nl/, accessed on 7 June 2023) [45]. This dataset
included genome-wide genotype data and 16S rRNA fecal microbiome profiles obtained
from 18,340 individuals across 24 cohorts. We included only individuals of European
descent (n = 13,266) in our study. The taxonomic resolution of the fecal microbiome in this
research extended to the genus level. A total of 119 bacterial genera were extracted. We
used independent SNPs (r2 ≤ 0.01) as genetic tools and selected 116 genera (p < 1 × 10−5)
for subsequent analyses, excluding those with fewer than three SNPs.

The second part of the GWAS exposure data on fecal and blood metabolites came from
five different studies (Supplementary Table S3). The IVs for the fecal butyric acid metabolic
pathway (PWY-5022) originated from the GWAS conducted in the Dutch Microbiome
Project by Lopera-Maya EA et al. [46]. The IVs for circulating acetic acid were derived
from a pooled GWAS comprising 14 European cohorts encompassing 24,925 individuals,
as reported by Kettunen J et al. [47]. IVs associated with circulating propionate and TMAO
were extracted from a cohort of 822 participants in the Chronic Renal Insufficiency Cohort
(CRIC) study conducted by Rhee EP et al. [48]. IVs concerning indole and its derivatives
(circulating indole-3-propionate and 3-indole glyoxylic acid) were acquired from GWASs
on blood metabolomics conducted within the KORA and TwinsUK European cohorts by
Shin et al. [49] and the Canadian Longitudinal Study on Aging (CLSA) cohort by Chen
Y et al. [50], respectively. Circulating cholic acid, taurocholic acid, and LPS (proxied by
3-hydroxymyristate [44]) IVs were also obtained from the study by Chen Y et al. [50]. The
selection criteria for all IVs were r2 ≤ 0.01 and p < 1 × 10−5.

There were three genetic outcome-traits in this study. GWAS summary statistics for
AITD were acquired from the Icelandic and UK biobanks (https://www.ukbiobank.ac.
uk/, accessed on 7 June 2023) [6], encompassing 755,406 individuals (30,234 patients and
725,172 control participants) of European descent. The phenotype ‘AITD’ was specifically
characterized as encompassing GD, HT, other forms of hypothyroidism, and/or treatment
with thyroxine, excluding known non-AITD and drug-induced thyroid conditions [6]. The
GWAS summary data for GD and HT were obtained from a recent large-scale meta-analysis
of 220 phenotypes [51], which drew on data from three prominent biobanks: BioBank
Japan (https://biobankjp.org/en/, accessed on 7 June 2023), UK Biobank (https://www.
ukbiobank.ac.uk/, accessed on 7 June 2023), and FinnGen (https://www.finngen.fi/en,
accessed on 7 June 2023). We selected only subjects of European ancestry for inclusion in
the analysis (GD: 1678 patients and 456,942 control participants; HT: 15,654 patients and
379,986 control participants). The described methods of assessment and diagnostic criteria
for GD and HT are shown in Supplementary Method S1.
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ing the forward strand alleles utilizing allele frequency data and excluding palindromic 
genetic variants (kb > 10,000 and r2 < 0.001) [52]. Additionally, we assessed the potency of 

Figure 1. An overview of the Mendelian randomization design used to investigate the causal effect.
AITD, autoimmune thyroid disease; BA, bile acid; IVW, inverse-variance weighting; LPS, lipopolysac-
charide; MR, mendelian randomization; MRPRESSO, Mendelian randomization pleiotropy residual
sum and outlier; MVMR, multivariate mendelian randomization; SCFAs, short-chain fatty acids;
TMAO, trimethylamine N-oxide.

All relevant GWAS data were approved by the respective institutional ethics review
boards, and no additional ethical review was required for the published data of this
MR study.

2.2. Mendelian Randomization

Before delving into the results, we aligned the exposure and outcome data by deducing
the forward strand alleles utilizing allele frequency data and excluding palindromic genetic
variants (kb > 10,000 and r2 < 0.001) [52]. Additionally, we assessed the potency of the
genetic instruments for all SNPs using the F-statistic derived as (β2/se2), followed by an
MR analysis focusing on IVs with an F-statistic surpassing 10 [53].

Our primary analytical approach centered around employing the inverse-variance
weighting (IVW) method [54]. IVW calculates the weighted average of each IV’s effect
estimate, using the square of its standard error as the weight, to estimate the overall effect
of exposure on the outcome. We used Cochran’s Q test for heterogeneity, and when het-
erogeneity existed, we used the multiplicative random-effects model of IVW [54]. When
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p < 0.05 for the IVW method, we used the weighted median [55] and Mendelian random-
ization pleiotropy residual sum and outlier (MRPRESSO) [56] regression for sensitivity
analysis to strengthen its robustness. The weighted median approach, based on the median
effect of the IVs rather than the mean, reduces bias in the presence of pleiotropic IVs.
MRPRESSO offers an advanced method for detecting and correcting pleiotropy, performing
a global test and identifying outliers among the IVs; outliers are then adjusted or removed
to improve estimation accuracy. To gauge pleiotropy, we employed the intercept term of
the MR–Egger regression and the MRPRESSO global test [56]. In addition, we performed
“leave-one-out (LOO)” analysis [56], sequentially excluding each IV to verify result sta-
bility. To exclude IVs more closely associated with the outcome than with the exposure,
we executed an additional Steiger test [57], which compares the explanatory power of
the instruments for exposure versus the outcome. If an instrument explains more of the
exposure than the outcome, this supports the assumed causal direction. More detailed
information on these MR methods is provided in Supplementary Method S2.

Vujkovic-Cvijin et al. identified BMI and the frequency of alcohol consumption as
influential factors affecting the composition of the host gut microbiota [58]. Therefore, we
performed multivariate MR (MVMR) analyses. Furthermore, Cochran’s Q test and the
MR-Egger intercept were employed to examine study heterogeneity and detect horizontal
pleiotropy, respectively. In instances where heterogeneity arose within the IVW method,
we employed the weighted median approach to assess the impact of BMI and alcohol
consumption frequency on causal inference. Detailed information regarding the origins
and characteristics of the GWAS data for BMI and alcohol consumption frequency can be
found in Supplementary Table S3.

2.3. Statistical Analysis

We performed a total of (116 + 9) × 3 = 375 primary IVWs. To reduce the risk of
false positives, we applied the FDR (using the Benjamini–Hochberg method) multiple-test
correction (using a 5% false discovery rate). We considered a significant causal association
between exposure and outcome when p < 0.05 and FDR < 0.05 and a suggestive association
when p < 0.05 but FDR ≥ 0.05 [59]. We conducted the data analysis using R (version 4.1.2)
and applied the R packages “TwoSampleMR” [57] (version 0.5.6), “MendelianRandomiza-
tion” (version 0.9.0) [60], and “MRPRESSO” [56] (version 1.0).

3. Results

The objective of this study was to test the hypothesis that the gut microbiota and
its associated metabolites play a causal role in AITD. Participants were exclusively from
European populations, and there was no significant overlap between the samples used for
exposures and outcomes. We only included exposures with more than three independent
SNPs (r2 < 0.01 and p < 1 × 10−5) and an F-statistic > 10. All pooled datasets that were used
to obtain study exposures and outcomes are presented in Supplementary Tables S4 and S6.

3.1. Impact of Gut Microbiota Genus Abundance on AITD, GD, and HT

Out of the 348 primary IVW analyses, only 22 passed a significance test with a thresh-
old of p < 0.05 (Figure 2 and Supplementary Table S5). An increase in the abundance of
seven genera (Anaerofilum, Candidatus Soleaferrea, Lachnospiraceae UCG0101, Marvinbryantia,
Ruminiclostridium5, Ruminococcaceae NK4A214 group, and Tyzzerella3) showed potential
causal associations with AITD, while five genera (Defluviitaleaceae UCG011, Eubacterium
rectale group, Family XIII AD3011 group, Gordonibacter, and Oscillospira) exhibited potential
protective effects against AITD. Two genera, Bifidobacterium and Ruminococcus torques group,
were found to have potential pathogenic effects on GD, while Coprobacter and Flavonifrac-
tor had potential protective effects against GD. Anaerostipes and Turicibacter had potential
causal effects on HT, and Akkermansia, Butyrivibrio, Prevotella7, and Ruminococcaceae UCG011
had potential protective effects against HT. However, these associations no longer existed
after FDR (Benjamini–Hochberg) correction (Supplementary Table S5).
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Figure 2. Balloon plot of association of gut microbiota and associated metabolites with three AITD
outcomes. Significance of associations of 25 exposures with one or more outcomes is depicted (IVW:
p < 0.05). Associations at p > 0.05 are depicted with crosses. Beta means magnitude of potential causal
effect of gut microbiota traits or metabolites on thyroid disease. Beta > 0 indicates that changes in
gut microbiota may increase risk of thyroid disease, while beta < 0 suggests that gut microbiota may
have protective effect on thyroid health.

3.2. Impact of Gut Microbiota Metabolites on AITD, GD, and HT

Out of the 24 primary analyses conducted, only three had statistically significant
results (p < 0.05) (Figure 2 and Supplementary Table S7). The levels of 3-hydroxymyristate
and 3-indoleglyoxylic acid were identified as potential causative factors for AITD, while
taurocholic acid levels were identified as potential causative factors for HT (Figure 2 and
Supplementary Table S7). After correcting for FDR, only a significant positive causal
relationship between levels of circulating 3-indoleglyoxylic acid and AITD remained. The
risk of AITD increased by 9% for each standard deviation increase in 3-indoleglyoxylic
acid levels (OR = 1.09, 95% CI = 1.05 to 1.14, p = 2.43 × 10−5, FDR = 0.009) (Figure 2 and
Supplementary Table S7).

3.3. Sensitivity Analysis, Pleiotropy Test, and MVMR Analysis

To check the robustness of the results, we performed sensitivity analyses for the above
25 exposures and outcomes with potential causality (IVW: p < 0.05). Weighted median and
MRPRESSO regressions were used, with each test making different assumptions regarding
potential pleiotropy. The estimates from the different tests were consistent, supporting the
existence of robust causality. Pleiotropy was also assessed using the MR-Egger intercept and
the MRPRESSO Global test. Seven associations were retained after excluding nonrobust
results (weighted median p > 0.05, MRPRESSO p > 0.05, MR-Egger intercept p < 0.05,
MRPRESSO Global test < 0.05) (Figure 3 and Supplementary Table S8), and all IVs were
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subjected to a Steiger filter test, which showed that the IVs used in the analysis did not
have reverse causal relationships with the outcomes (Supplementary Tables S4 and S6).
Our analysis revealed a strong positive correlation between circulating 3-indoleglyoxylic
acid levels and AITD, which was consistent across multiple analytical approaches. The
weighted median approach yielded an OR of 1.06 (95% CI: 1.01 to 1.12, p = 0.025), while the
MRPRESSO approach yielded an OR of 1.09 (95% CI: 1.05 to 1.14, p = 0.001). Additionally,
LOO analysis confirmed the robustness of all SNPs (Supplementary Figure S1).
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Figure 3. The forest plots illustrate the relationship between the seven exposures and outcomes with
robust agreement across robust MR analysis methods. Dots depict the odds ratios (OR). Horizontal
bars depict the 95% confidence intervals (CIs). The OR is used to quantify the potential causal
effect of specific exposures on the risk of outcomes. OR > 1 indicates that the gut microbiota and
associated metabolite characteristics are associated with an increased risk of thyroid disease; OR < 1
suggests that the gut microbiota and associated metabolite characteristics may have a protective effect
against thyroid disease. AITD, autoimmune thyroid disease; GD, Graves’ disease; HT, Hashimoto’s
thyroiditis; MRPRESSO, Mendelian randomization pleiotropy residual sum and outlier.

Further MVMR analysis with BMI and frequency of alcohol consumption as confounders
showed that circulating 3-indoleglyoxylic acid levels increased the risk of AITD and were
not confounded by BMI and alcohol consumption (with BMI: OR = 1.11, 95% CI = 1.02 to
1.21, p = 0.017; with alcoholic drinks per week: OR = 1.13, 95% CI = 1.04–1.22, p = 0.003)
(Figure 4). Similarly, the potential association of the Ruminococcus torque group with GD
(with BMI: OR = 1.37, 95% CI = 1.04 to 1.81, p = 0.027; with alcoholic drinks per week: OR
= 1.58, 95% CI = 1.24 to 2.01, p = 2.44 × 10−4), and the potential causal role of circulating
taurocholic acid level on HT (with BMI: OR = 1.21, 95% CI = 1.08 to 1.35, p = 0.001; with
alcoholic drinks per week: OR = 1.22, 95% CI = 1.04 to 1.43, p = 0.014) were also unaffected
by BMI and frequency of alcohol consumption, which may warrant further investigation.
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Dots depict the odds ratio (OR). Horizontal bars depict the 95% confidence intervals (CIs). The OR
is used to quantify the potential causal effect of specific exposures on the risk of outcomes. OR > 1
indicates that the gut microbiota and associated metabolite characteristics are associated with an
increased risk of thyroid disease; OR < 1 suggests that the gut microbiota and associated metabolite
characteristics may have a protective effect against thyroid disease. No confounders, no adjustments
were made; with BMI, MVMR adjusted for BMI as a confounding factor; with alcoholic drinks per
week, MVMR adjusted for the frequency of alcohol consumption. AITD, autoimmune thyroid disease;
BMI, body mass index; GD, Graves’ disease; HT, Hashimoto’s thyroiditis; IVW, inverse-variance
weighting; MVMR, multivariate mendelian randomization; WM, weighted median. Bold, p < 0.05.

4. Discussion

We performed a comprehensive two-sample MR analysis of 119 gut microbiota expo-
sures and nine metabolite exposures on three AITD outcomes in order to estimate the causal
relationship. We found that genetically determined elevated levels of 3-indoleglyoxylic
acid were associated with an increased risk of AITD in a European population and were
not affected by BMI and frequency of alcohol consumption. In addition, the ability of
the Ruminococcus torques group to potentially increase the risk of GD, and the potential
pathogenic role of circulating taurocholic acid level on HT, were also not affected by BMI
and frequency of alcohol consumption.

The strong familial and heritable nature of AITD development prompts attention to
important susceptibility genes common to the development of AITD [61,62]. The abnormal
expression of immune-related genes resulting from the polymorphism of some thyroid-
related immune regulatory genes can lead to the collapse of the immune system and the
development of disease [61]. Some immune-related susceptible genes, such as FOXP3,
CTLA-4, PTPN22/LYP, FCRL3, etc., have been found in both GD and HT [61]. These
genes affect thyroid autoimmunity at various stages [61]. The partial consistency of genetic
susceptibility and the similarity in the pathogenesis of GD and HT allow some genetic
epidemiological studies to integrate the genetic information of AITD together and conduct
subsequent analyses [6,63]. Our MR analysis is based on previously reported integrated
GWAS data and large blood and fecal histology studies.

The influence of the gut microbiota, a novel environmental factor, on thyroid disease
appears to be less direct due to biological distance limitations. Based on the gut–thyroid
axis hypothesis, the role of gut flora-related metabolites in the circulation is particularly im-
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portant [8]. Tryptophan derivatives are an important gut microbiota metabolite for immune
regulation [64]. Tryptophan can be catabolized by aromatic amino acid aminotransferases
(ArAT) into various indole derivatives [65]. These indole derivatives are known ligands
for the immunoregulatory transcription factor aryl hydrocarbon receptor (AhR), which
interacts with transcription factors such as NF-κB, estrogen receptor, etc. [66], and is ca-
pable of activating regulatory feedback loops highly relevant to immunoregulation [67].
3-indoleglyoxylic acid is a derivative of indole-3-acetic acid [42,68]. A recent study on
microbiology revealed that 3-indoleglyoxylic acid enhances autoimmunity and promotes
IL-17 production by T cells in vitro [42]. Furthermore, there may be a causal relationship be-
tween 3-indoleglyoxylic acid and multiple sclerosis [42]. In our study, through MR analysis,
we found that circulating 3-indoleglyoxylic acid in plasma showed a significant pathogenic
role in AITD and was not disturbed by BMI or frequency of alcohol consumption. The
role played by 3-indoleglyoxylic acid in AITD and even in autoimmune diseases should be
explored in depth.

In addition to metabolites, we also evaluated a wide range of gut microbiota genera.
In the primary IVW analysis, there may have been 22 genera potentially associated with
AITD; however, after correction for multiple testing, all of these associations disappeared.
Although the Ruminococcus torques group was able to potentially increase the risk of GD,
in the LOO analysis, the potential causal association of Ruminococcus torques group with
GD disappeared after excluding rs10904297 (Supplementary Figure S2). This suggests that
the potential causal association of Ruminococcus torques group with GD was driven by a
single SNP (rs10904297); therefore, robust conclusions cannot yet be drawn. Molecular
simulations have shown that certain Bifidobacterium and Lactobacillus strains may induce
AITD through a cross-reactive antigen-mimetic mechanism due to their amino acid se-
quence homology with human thyroid peroxidase and thyroglobulin [69]. In our study,
the IVW method revealed that the same Bifidobacterium nominally increased the risk of GD,
which somewhat supports the conclusions of molecular modeling. However, in our study,
no genetically determined increase in Lactobacillus abundance was found to be associated
with any type of AITD risk. In addition, it has been shown that some gut microbiota,
such as Yersinia pestis and Helicobacter pylori, produce antigenic cross-reactive substances
with the thyroid-stimulating hormone receptor, which affects thyroid autoimmunity [70].
Unfortunately, the 119 genera analyzed in this study did not include these pathogenic
bacteria, and their causal relationship with AITD could not be further verified. The many
discrepant genera previously reported in observational studies may be influenced by many
confounding factors, such as diet, race, alcohol consumption, and BMI, which are difficult
to control for. The MVMR analyses we performed can compensate for this lack of control
for confounding factors. In addition, we selected participants with European ancestry
only to meet the requirements of MR analysis and to avoid the influence of mixed race
on the relationship between gut microbiota and disease. In conclusion, invalid results
accounted for a large proportion of our MR analyses of gut microbiota and AITD. There
may be some publication bias in the large number of positive results presented in recently
published research articles [71] and the causal relationship between flora and AITD may be
overestimated if not analyzed with correction for multiple testing. It is also possible that
altered gut flora abundance is a consequence rather than a cause of AITD. The ability to
explore the direction of causality is precisely the outstanding advantage of MR analysis for
problem solving.

Our article also has some limitations. First, although our MR analysis included
119 genera and 9 metabolites, some genera and metabolites were still not included. Sec-
ond, the threshold for SNP selection in our analysis did not reach the strict threshold
level (p < 5 × 10−8), but instead used the threshold commonly used in gut microbiota and
metabolite research (p < 1 × 10−5). However, we removed all weak IVs. Third, in addition
to BMI and alcohol consumption, environmental factors and even seasons have important
effects on gut flora, but we have not yet been able to exclude the influence of these factors
by analytical means. In future clinical studies on the gut microbiota, dietary intake can
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be assessed through food records or questionnaires, while detailed lifestyle factors (e.g.,
physical activity, sleep quality, and stress levels) are evaluated and adjusted for in the
analysis. Consistency in the season of microbiota sampling should also be maintained.
Additionally, longitudinal studies can investigate seasonal fluctuations in the gut micro-
biota, and statistical methods may be used to minimize seasonal impact on microbiota
composition. Fourth, we only examined the gut microbiota at the genus level, as this was
the smallest classification identified in the original GWASs. Since higher levels, such as
phylum or family, are more likely to include both increasing and decreasing genera, a mixed
result would be expected. Further technical and data improvements, such as identification
to the species or even subspecies level, are needed for future studies. Finally, although we
selected the European population for our study to minimize bias due to ethnicity, this also
limits the extrapolation of our results.

Although there are limitations in the IV assumptions in MR analysis, and there may
be residual confounding or other alternative causal pathways, this study provides a good
reference for future investigations between the gut microbiota and AITD in clinical practice.
In addition, our study shows, for the first time, that the level of metabolites associated
with the gut microbiota may be a causative factor for AITD to some extent. Intervention
strategies targeting specific gut bacteria, such as tryptophan-metabolizing bacteria and
Ruminococcus torques, may hold promise for targeted biotherapy in AITD management.
Future research could further elucidate the gut–thyroid axis by exploring temporal changes
in the gut microbiota of AITD patients and examining how the key microbial composition
and associated metabolite levels evolve over the course of the disease. Additionally, future
work could focus on analyzing the impact of other environmental factors, such as diet and
lifestyle, on the gut microbiota to address potential confounders and strengthen causal
conclusions. These approaches can meaningfully expand the translational impact of gut
microbiota research on the management of AITD.

5. Conclusions

In conclusion, our MR analysis suggests a possible pathogenic effect of circulating
3-indoleglyoxylic acid on AITD, highlighting the impact of tryptophan derivatives on
AITD. Additionally, the Ruminococcus torques group may increase GD risk, and elevated
taurocholic acid levels may play a pathogenic role in HT. Further research is needed to
confirm these findings.
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