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Preface

This Reprint brings together a tailored selection of recent contributions that explore the influence
of probiotics, prebiotics and functional foods on human health. Its scope encompasses mechanistic
investigations of microbiota—host interactions, translational studies of bioactive food components,
and clinical data addressing emerging applications. The aim of this volume is to provide readers
with a coherent and up-to-date overview of how dietary interventions leveraging microbial and
functional food strategies can support immune, metabolic, cognitive and gastrointestinal systems.
The purpose is twofold: first, to serve as a reference resource summarizing current findings in the
field; and second, to stimulate new avenues of research by highlighting unresolved questions and
promising trends. The motivation for compiling this Reprint arises from the accelerating pace of
discovery in microbiome science, the growing interest in personalized nutrition approaches, and the
need for an accessible synthesis of evidence bridging food science, nutrition and clinical practice. It is
addressed to researchers, clinicians, food technologists and nutrition professionals seeking to deepen
their understanding of how functional foods and microbial-based interventions may contribute to
health promotion and disease prevention. We trust that this Reprint will facilitate interdisciplinary

dialogue and foster the translation of emerging knowledge into actionable strategies.

Nelson P. Guerra
Guest Editor
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Editorial
The Impact of Probiotics, Prebiotics, and Functional Foods on
Human Health

Nelson Pérez Guerra

Department of Analytical and Food Chemistry, Faculty of Sciences, University of Vigo, 32004 Ourense, Spain;
nelsonpg@uvigo.gal

The impact of probiotics, prebiotics, and functional foods on human health continues
to be a dynamic and expanding area of research. Numerous studies have explored their
potential to modulate gut microbiota, enhance immune function, and address various
chronic conditions, highlighting the significant implications of nutritional science in health
maintenance and disease prevention. Reflecting this growing interest, this Special Issue
presents 15 papers contributed by researchers from diverse fields (including nutrition,
biotechnology, biomedicine, clinical pharmacology, metabolic diseases, food science, micro-
biology, medicine, pediatrics, and neonatology) examining the potential applications of
probiotics, prebiotics, and functional foods in promoting human health.

Furthermore, the articles featured in this Special Issue provide compelling evidence
that combinations of prebiotics and probiotics, as well as metabolites produced by probi-
otic strains, can play a valuable role in the management and treatment of various human
diseases. For example, the combination of inulin with resistant dextrin (another prebiotic
compound) significantly reduced gas production, making it a more tolerable option, partic-
ularly for older adults, who are more susceptible to gut microbiota imbalances. Notably,
this blend not only enhanced microbial diversity, but also tended to lower the pH in the
fermentation medium, indicating a more favorable gut environment (contribution 1).

Thua-Nao, a traditional fermented soybean product from Thailand, demonstrated
a capacity to suppress preneoplastic lesions in the liver and colon of rats exposed to carcino-
gens. The protective effects were associated with both modulation of the gut microbiota
and the presence of bioactive compounds such as isoflavones, including genistein and
daidzein. These findings suggest the potential of Thua-Nao as a dietary intervention for
cancer prevention (contribution 2).

Probiotic supplementation also continues to show promise. A randomized, double-
blind trial on Lactobacillus paragasseri OLL2716 revealed that daily consumption of yogurt
containing this probiotic significantly alleviated epigastric pain and improved gastroin-
testinal symptoms. These results support the therapeutic role of probiotics in managing
common digestive complaints, such as postprandial fullness and early satiety (contribution
3).

Fruit by-products, such as fiber-rich fractions from persimmon peels and pomace, are
also emerging as valuable functional food sources. Rich in phenolic compounds, these
fractions promoted the growth of beneficial bacteria like Faecalibacterium prausnitzii, and
exhibited anti-inflammatory properties. This study highlights both the potential for food
waste valorization, and the role of dietary fibers in supporting both gut health and systemic
inflammation reduction (contribution 4).

A combination of Bifidobacterium animalis subsp. lactis GCL2505 with inulin signifi-
cantly increased resting energy expenditure in overweight individuals. This suggests that

Nutrients 2025, 17, 1529 https:/ /doi.org/10.3390/nul7091529
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modifying the gut microbiota through targeted probiotic and prebiotic intake could enhance
metabolic efficiency and support weight management, marking a notable development in
the understanding of gut microbiota’s influence on human metabolism (contribution 5).

Sleep deprivation is known to negatively impact gut health, yet pre-colonization with
Faecalibacterium prausnitzii was found to protect against intestinal barrier dysfunction in
sleep-deprived mice. The treatment reduced inflammation, increased butyrate production,
and restored gut microbiota balance. This provides promising evidence for the use of
probiotics to mitigate the gastrointestinal effects of poor sleep (contribution 6).

Another compelling study examined the influence of Lacticaseibacillus paracasei
strain Shirota on mental performance. Office workers who consumed this probiotic via
fermented milk experienced improvements in attention and stress-related physiological
markers, such as heart rate variability and theta power on electroencephalogram. These
findings reinforce the emerging role of the gut-brain axis in cognitive health and workplace
performance (contribution 7).

Further evidence from studies involving GCL2505 and inulin points to their efficacy
in reducing visceral and total fat area, as well as in increasing bifidobacteria counts in
overweight participants. This supports the hypothesis that gut microbiota modulation can
influence fat metabolism and body composition (contribution 8). Additionally, this same
combination improved cognitive function, particularly in attention and executive function
domains, likely through gut microbiota-mediated reductions in inflammation, offering
a novel approach to combat cognitive decline (contribution 9).

Brassica juncea, a glucosinolate-rich plant, has shown potential in addressing
metabolic conditions such as obesity and liver disease. Treatments with whole-plant
extracts or isolated glucosinolates ameliorated hepatic steatosis and liver injury in high-
fat-diet-fed rats. These results suggest that bioactive plant compounds may serve as
natural therapeutic agents for non-alcoholic steatohepatitis and related metabolic disorders
(contribution 10).

Data from the U.S. National Health and Nutrition Examination Survey (NHANES,
2011-2014) revealed that nonfood probiotics and prebiotics may protect against cognitive
decline, particularly in older men. Supplement users exhibited significantly better cognitive
scores, suggesting that even non-dietary supplementation may contribute meaningfully to
brain health in aging populations (contribution 11).

A preclinical study using a chronic kidney disease (CKD) model demonstrated that
resistant maltodextrin and chitosan oligosaccharide supplementation supported gut barrier
integrity and promoted beneficial bacteria such as Lactobacillus, Bifidobacteria, Akkerman-
sia, and Roseburia in rats with chronic kidney disease. This intervention may offer a novel
strategy to mitigate gut-derived inflammation and complications in CKD (contribution 12).

Comprehensive reviews further emphasize the diversity and specificity of prebiotic
and probiotic actions. For instance, inulin and fructo-oligosaccharides (FOS) were shown
to prevent microbial dysbiosis, strengthen intestinal barrier function, and modulate im-
mune responses, highlighting the importance of prebiotic variety in maintaining health
(contribution 13). In pediatric populations, bioactive compounds derived from probiotics
(such as short-chain fatty acids, bacteriocins, exopolysaccharides, vitamins, and gamma-
aminobutyric acid) have demonstrated positive effects on immune function, neurodevelop-
ment, and protection against gastrointestinal disorders. These findings reinforce the value
of integrating probiotics and postbiotics into child health strategies (contribution 14) [1].
Finally, early-life probiotic intake has shown promise in modulating immune tolerance to
food antigens, suggesting a role in both the prevention and treatment of food allergies in
infants and children. While mechanisms require further investigation, these studies point
to the potential of probiotics in managing allergic diseases (contribution 15) [2].
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The ingestion of probiotics, prebiotics, or synbiotics in older adults has shown promis-
ing results, particularly in improving gut microbiota composition and promoting healthy
aging (contributions 1, 3, 5, 9) [3,4]. However, there is conflicting evidence regarding
their effects on humoral immunity markers, immune cell population levels and activity,
incidence and duration of infectious diseases [3], as well as cognition (contribution 11),
physical function, frailty, mood, length of hospitalization, and mortality [5]. Therefore,
more rigorous and high-quality research is needed to clarify their broader role in healthy
aging and to identify the most effective probiotic combinations [3-5].

In summary, this collection of research offers diverse insights into how prebiotics, pro-
biotics, and functional foods may positively influence health outcomes across a wide range
of populations and conditions. From metabolic and gastrointestinal health to cognitive
function and cancer prevention, the evidence underscores the crucial role of gut microbiota
modulation in contemporary nutritional and medical science.

However, as some studies have been conducted using animal models (contributions 2,
6, 10, 12), extrapolating these findings to human health should be approached with great
caution, as the results have not yet been validated in humans.

Twenty-eight manuscripts were submitted for consideration for the Special Issue,
and all of them were subject to a rigorous review process. In total, fifteen papers were
finally accepted for publication and inclusion in this Special Issue (twelve articles and three
reviews). The contributions are listed below:

1. Yoshida, K.; Kokubo, E.; Morita, S.; Sonoki, H.; Miyaji, K. Combination of Inulin and
Resistant Dextrin Has Superior Prebiotic Effects and Reduces Gas Production During
In Vitro Fermentation of Fecal Samples from Older People. Nutrients 2024, 16, 4262.

2. Taya, S.; Dissook, S.; Ruangsuriya, J.; Yodkeeree, S.; Boonyapranai, K.; Chewonarin,
T.; Wongpoomchai, R. Thai Fermented Soybean (Thua-Nao) Prevents Early Stages of
Colorectal Carcinogenesis Induced by Diethylnitrosamine and 1,2-Dimethylhydrazine
Through Modulations of Cell Proliferation and Gut Microbiota in Rats. Nutrients 2024,
16, 3506

3. Yamada, N.; Kobayashi, K.; Nagira, A.; Toshimitsu, T.; Sato, A.; Kano, H.; Hojo, K.
The Beneficial Effects of Regular Intake of Lactobacillus paragasseri OLL2716 on Gastric
Discomfort in Healthy Adults: A Randomized, Double-Blind, Placebo-Controlled
Study. Nutrients 2024, 16, 3188.

4. Lopez-Bermudo, L.; Moreno-Chamba, B.; Salazar-Bermeo, J.; Hayward, N.; Morris, A;
Duncan, G.; Russell, W.; Cardenas, A.; Ortega, A Escudero-Lopez, B.; Berna, G.; Marti
Brufa, N.; Duncan, S.; Neacsu, M.; Martin, F. Persimmon Fiber-Rich Ingredients Pro-
mote Anti-Inflammatory Responses and the Growth of Beneficial Anti-Inflammatory
Firmicutes Species from the Human Colon. Nutrients 2024, 16, 2518.

5.  Baba, Y.; Azuma, N.; Saito, Y.; Takahashi, K.; Matsui, R.; Takara, T. Effect of Intake
of Bifidobacteria and Dietary Fiber on Resting Energy Expenditure: A Randomized,
Placebo-Controlled, Double-Blind, Parallel-Group Comparison Study. Nutrients 2024,
16,2345.

6. Wang, X,; Li, Y.; Wang, X.; Wang, R.; Hao, Y.; Ren, E; Wang, P.; Fang, B. Faecal-
ibacterium prausnitzii Supplementation Prevents Intestinal Barrier Injury and Gut
Microflora Dysbiosis Induced by Sleep Deprivation. Nutrients 2024, 16, 1100.

7. Kikuchi-Hayakawa, H.; Ishikawa, H.; Suda, K.; Gondo, Y.; Hirasawa, G.; Naka-
mura, H.; Takada, M.; Kawai, M.; Matsuda, K. Effects of Lacticaseibacillus paracasei
Strain Shirota on Daytime Performance in Healthy Office Workers: A Double-Blind,
Randomized, Crossover, Placebo-Controlled Trial. Nutrients 2023, 15, 5119.
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8. Baba, Y, Saito, Y.; Kadowaki, M.; Azuma, N.; Tsuge, D. Effect of Continuous Ingestion
of Bifidobacteria and Inulin on Reducing Body Fat: A Randomized, Double-Blind,
Placebo-Controlled, Parallel-Group Comparison Study. Nutrients 2023, 15, 5025.

9.  Azuma, N.; Mawatari, T.; Saito, Y.; Tsukamoto, M.; Sampei, M.; Iwama, Y. Effect
of Continuous Ingestion of Bifidobacteria and Dietary Fiber on Improvement in
Cognitive Function: A Randomized, Double-Blind, Placebo-Controlled Trial. Nutrients
2023, 15,4175.

10.  Sheu, M.; Yeh, M,; Tsai, M.; Wang, C.; Chang, Y.; Wang, C.; Huang, H. Glucosinolates
Extracts from Brassica juncea Ameliorate HFD-Induced Non-Alcoholic Steatohepatitis.
Nutrients 2023, 15, 3497.
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2023, 15, 3408.

12.  Anegkamol, W.; Kamkang, P; Hunthai, S.; Kaewwongse, M.; Taweevisit, M.;
Chuaypen, N.; Rattanachaisit, P.; Dissayabutra, T. The Usefulness of Resistant Mal-
todextrin and Chitosan Oligosaccharide in Management of Gut Leakage and Micro-
biota in Chronic Kidney Disease. Nutrients 2023, 15, 3363.

13. Pedrosa, L.; de Vos, P,; Fabi, ]J. From Structure to Function: How Prebiotic Diversity
Shapes Gut Integrity and Immune Balance. Nutrients 2024, 16, 4286.
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Article

Combination of Inulin and Resistant Dextrin Has Superior
Prebiotic Effects and Reduces Gas Production During In Vitro
Fermentation of Fecal Samples from Older People

Kazuma Yoshida *, Eri Kokubo, Shunsuke Morita, Hirofumi Sonoki and Kazuhiro Miyaji

Health Care & Nutritional Science Institute, R&D Division, Morinaga Milk Industry Co., Ltd.,

5-1-83, Higashihara, Zama 252-8583, Kanagawa, Japan; e-karita@morinagamilk.co.jp (E.K.);
s-morita@morinagamilk.co.jp (5.M.); h-sonoki@morinagamilk.co.jp (H.S.); k_miyazi@morinagamilk.co.jp (K.M.)
* Correspondence: kazuma-yoshida693@morinagamilk.co.jp; Tel.: +81-46-252-3057

Abstract: Background: Older people are more susceptible to deterioration of the gut microbiota.
Prebiotics help improve the gut microbiota. Inulin, a major prebiotic, stimulates the growth of
Bifidobacterium; however, it produces a large amount of gas, which leads to abdominal symptoms.
Methods: In this study, in vitro fecal fermentation was performed using fecal samples from seven
older people (mean subject age, 73.4 years; five men and two women) to examine whether combining
inulin with another prebiotic material, resistant dextrin, could lead to decreased gas production and
show prebiotic effects. Results: The Bifidobacterium counts and short-chain fatty acid production did
not differ significantly between the inulin 0.5% group and the inulin 0.25% plus resistant dextrin
0.25% combination group. However, the inulin 0.25% plus resistant dextrin 0.25% combination
group had lower gas production than the inulin 0.5% group (p < 0.10). Furthermore, compared with
the inulin 0.5% group, the 0.25% combination group showed significantly greater gut microbiota
diversity and tended toward a lower pH in the fermentation medium at the end of fermentation
(p =0.09). These effects are believed to be due to the combination of inulin, which is highly selective
for Bifidobacterium and rapidly utilized by the gut microbiota, and resistant dextrin, which is slowly
utilized by various bacterial genera. Conclusions: These findings suggest that the inulin plus resistant
dextrin combination has superior prebiotic effects in older people and causes less gas production
than inulin alone.

Keywords: gut microbiota; prebiotics; inulin; resistant dextrin; gas production; older people;
fecal fermentation

1. Introduction

The human gut microbiota deteriorates with aging, leading to a decrease in the
abundance of beneficial bacteria, including the Bifidobacterium genus [1,2]. Gut microbiota
deterioration has been found to impair intestinal function and the immune system [3,4];
additionally, it is associated with diseases such as diabetes and kidney disease [5]. Therefore,
the improvement of the gut microbiota is particularly crucial for older individuals.

A prebiotic is defined as “a substrate that is selectively utilized by host microorganisms
conferring a health benefit”; prebiotics include nondigestible carbohydrates, such as fibers
and oligosaccharides, that help improve the gut microbiota [6]. The ability of the gut
microbiota to access non-digestible carbohydrates varies depending on several factors,
including their chain length, molecular weight, and chemical structure [7]. In general,
oligosaccharides are rapidly utilized by the gut microbiota owing to their short chain
lengths and low molecular weights. In contrast, soluble dietary fiber, which has a long
chain length and high molecular weight, is slowly utilized by the gut microbiota.

Inulin, one of the major prebiotics, is a type of fructan composed of 3-(2, 1) fructosyl-
fructose bonds. It has a linear structure. Although inulin is a soluble dietary fiber, its

Nutrients 2024, 16, 4262. https:/ /doi.org/10.3390/nu16244262 5 https:/ /www.mdpi.com/journal /nutrients
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structure is similar to that of oligosaccharides, and it can be easily utilized by the gut
microbiota [8]. Inulin is highly selective for Bifidobacterium and reportedly exhibits prebiotic
effects, including promoting Bifidobacterium growth (bifidogenic effect) and short-chain
fatty acid (SCFA) production [9,10]. However, inulin is rapidly utilized in large quantities
owing to its easy utilization by the gut microbiota, leading to significant gas production in
the intestine, which can cause abdominal symptoms such as bloating [11,12]. In addition,
inulin cannot exert a prebiotic effect in the distal colon as it is primarily utilized in the
proximal colon and does not reach the distal colon [13].

High gas production from inulin can be mitigated by combining it with other pre-
biotics. For example, studies on in vitro human fecal fermentation have demonstrated
that combining inulin with acacia gum, which is slowly utilized by the gut microbiota,
leads to bifidogenic effects and decreased gas production [13]. Combining other slowly
utilized prebiotic materials with inulin may yield similar effects. However, the utilization
of prebiotic materials by the gut microbiota depends on their composition and structure.
Therefore, it is necessary to determine if combining inulin with these materials can produce
similar effects.

Resistant dextrin is a soluble fiber synthesized from starch found in wheat and maize.
Similar to normal dextrin, resistant dextrin is characterized by its 1—4 glucoside linkages.
In addition to its 1—6 linkages, resistant dextrin also has several branched structures,
such as 1—2 and 1—3 linkages [14]. Resistant dextrin slows the rise in blood glucose and
triglyceride levels after meals, and it is widely used in health-food products in Japan [15,16].
Resistant dextrin is utilized more slowly and produces less gas than inulin [17]. Therefore,
a resistant dextrin plus inulin combination may exert prebiotic effects and cause lesser gas
production than inulin alone. This could be used to develop health-food products for older
people. However, this aspect has not yet been investigated in detail.

In vitro fecal fermentation assays are conducted to study the effects of prebiotics on the
stimulation of the growth of beneficial bacteria and the production of useful metabolites [7].
This approach helps verify the prebiotic effects by measuring both the microbiota and
metabolite levels in the fermentation medium. Additionally, when prebiotics are utilized,
useful metabolites, such as SCFAs, are produced and the pH of the medium decreases, thus
mimicking the conditions in the human intestinal tract [18]. Therefore, the prebiotic utiliza-
tion rate can be determined by measuring the fermentation medium pH [13]. Furthermore,
the amount of gas produced by the gut microbiota can be measured by examining the gas
production in the fermentation vessel [17,19]. Although examining these effects in human
studies is challenging, they can be easily verified using in vitro fecal fermentation.

The selection of individuals is crucial in fecal fermentation studies because gut micro-
biota characteristics can vary among individuals. The response to prebiotics has been found
to differ between older and younger individuals because of age-related changes in the
gut microbiota [20,21]. Studies comparing the effects of prebiotics on older people mainly
focus on single prebiotic materials [22-24]. To the best of our knowledge, no studies have
compared the gas production and prebiotic effects of prebiotic combinations with those
of each material alone in older people. Therefore, in this study, we specifically used fecal
samples from older individuals to investigate the effects of prebiotics in this age group.

The objective of this study was to examine whether using a combination of inulin and
resistant dextrin would provide prebiotic effects, such as bifidogenic effects and increased
SCFA production, and whether this combination would cause lesser gas production than
inulin alone. Therefore, we performed an in vitro fecal fermentation study with fecal
samples from older people.

2. Materials and Methods
2.1. Sample Collection

We collected fecal samples from healthy older participants in Japan. Participants who
were suspected of having an infectious bowel disease were excluded to prevent infection
during fermentation. Participants were recruited through a clinical trial recruitment site
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https:/ /www.seikatsu-kojo.jp/ (accessed on 8 December 2024). To recruit participants, the
exam details were posted on the recruiting site by the agency operating this site. Thirteen
participants were recruited from the pool of healthy older Japanese individuals who were
registered on the recruiting site. The participants collected the fecal samples in small stool
tubes and stored them under anaerobic conditions using an AnaeroPouch (Mitsubishi
Gas Chemical, Tokyo, Japan), which was then kept in the household freezer. To limit the
burden on the participants, we requested that each participant provide only one fecal
sample. Within 48 h of collection, the frozen fecal samples were shipped with dry ice to the
Morinaga Milk Industry laboratory and stored at —80 °C.

Five participants were excluded from the study due to improper sample collection
methods, such as the failure to maintain anaerobic conditions. Additionally, one sample
did not show Bifidobacterium and was therefore not used in this study, which focused on
Bifidobacterium growth. Finally, seven samples were used for fermentation (mean subject age,
73.4 years; age range, 72-75 years; five men and two women). Written informed consents
were obtained from the participants before the start of the study. The study protocol was
approved by the Ethics Committee of the Japan Conference of Clinical Research (Tokyo,
Japan; protocol code: NFSFA-01; date of approval: 18 October 2019).

2.2. In Vitro Fecal Fermentation

Fecal fermentation was performed using a pH-controlled multichannel jar fermenter
(Bio Jr. 8; ABLE, Tokyo, Japan), following the methods described in a previous study [22].
A carbon source was added to yeast extract, casitone, and fatty acid (YCFA) medium
(Supplementary Table S1), and 100 mL of medium was filled in each vessel. The fermen-
tation process was performed under anaerobic conditions (100% CO,) at a temperature
of 37 °C, with constant stirring at 200 rpm and the pH maintained above 6.0. Inulin (Fuji
FF; Fuji Nihon Seito Co., Tokyo, Japan), resistant dextrin (Fibersol-2; Matsutani Chemical
Industry Co., Ltd., Hyogo, Japan), and a mixture of both were used as carbon sources. In
the single carbon source groups, inulin (Inu0.5% group) or resistant dextrin (RD0.5% group)
was added at a concentration of 0.5%. In the combination groups, a mixture containing
0.25% of each carbon source (Inu0.25%RD0.25% group) or 0.5% of each carbon source
(Inu0.5%RD0.5% group) was used.

The frozen stored fecal samples were thawed and diluted with saline to a concentration
of 10%. A volume of 100 pL of diluted fecal samples was added to each vessel. A 100 uL
sample of the fecal dilution was used for bacterial community analysis. After 4 h of
fermentation, the CO, supply was stopped, and a gas collection bag (Laboratory for
Expiration Biochemistry Nourishment Metabolism Co., Ltd., Nara, Japan) was connected
to each vessel. The exhaust port was sealed with a clip, and the vessel was sealed for gas
measurement. The dissolved oxygen concentration was monitored during fermentation to
ensure that anaerobic conditions were maintained. If the dissolved oxygen concentration
exceeded 0.5%, indicating a failure to maintain anaerobic conditions, fecal fermentation was
repeated. The medium’s pH was measured every 30 min for 24 h; the pH value at 23.5h
was used as the 24 h value for data analysis. After 24 h of fermentation, the gas collection
bags were removed, and the medium was collected for SCFA and gut microbiota analyses.
The amount of gas accumulated in the bag was measured using a syringe. Centrifugation
of the diluted fecal sample remainder and the medium after 24 h of fermentation was
performed at 8000 x g for 3 min at 4 °C. The sediment was collected for bacterial analysis,
and the supernatant was used for SCFA measurements and thin-layer chromatography
(TLC). Fecal fermentation was performed once for each fecal sample.

2.3. Microbiota Analysis

The bead-beating method was used to extract the total DNA. Following extraction,
the V3-V4 region of the bacterial 165 rRNA gene was amplified and sequenced according
to a previously described method [25].
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2.4. RT-PCR

RT-PCR was performed using a QuantStudio3® RT-PCR system (Thermo Fisher Scien-
tific, Waltham, MA, USA) and TB Green® Premix Ex Taq™ TIli RNaseH Plus
(TaKaRa Bio Inc., Shiga, Japan). The primers F: 5'-CTCCTGGAAACGGGTGG-3' and
R: 5-GGTGTTCTTCCCGATATCTACA-3" were used to determine the total Bifidobacterium
count, as previously described [26]. To determine the total bacterial count, the primers F:
5'-CCTACGGGRSGCAGCAG-3' and R: 5'-ATTACCGCGGCTGCT-3' were used, as previ-
ously described [27]. The amplification process was conducted as follows: it commenced
with an initial hold at 95 °C for 10 s, followed by 40 cycles each at 95 °C for 3 s, 55 °C for
20s, and 72 °C for 30 s. Fluorescent products were detected at the end of each cycle, and
melting curves were generated from 60 °C to 95 °C, with increments of 0.1 °C/s. All the
samples were evaluated in duplicate. The detection limit was set at 10° copies/mL.

2.5. SCFA Analysis

SCFAs (acetic acid, propionic acid, and butyric acid) were analyzed via liquid chro-
matography performed using a Shimadzu Organic Acid Analysis System (Shimadzu Co.,
Kyoto, Japan). The culture supernatants were diluted 10 times and filtered through a
0.22 pm membrane filter (TORAST disc nylon membrane; Shimadzu Co.) before analysis.
The HPLC system consisted of three Shim-pack Fast-OA columns (size, 100 mm x 7.8 mm
internal diameter [ID]) connected in series, along with a Shim-pack Fast-OA guard column
(size, 10 mm X 4.0 mm ID). The eluent used was 5 mmol/L p-toluenesulfonic acid, and
the reaction solution comprised 5 mmol/L p-toluenesulfonic acid, 100 pmol/L ethylenedi-
aminetetraacetic acid, and 20 mmol/L Bis-Tris (Shimadzu Co.). The flow rate and oven
temperature were set at 0.8 mL/min and 50 °C, respectively. The conductivity detector
CDD-10AVP (Shimadzu) was used for the measurements.

2.6. TLC Analysis

TLC was performed to measure the resistant dextrin and inulin residues remaining in
the medium’s supernatant at the start of incubation and end of fermentation, following a
previously described method [25,28]. The samples were spotted onto precoated silica gel
60 TLC aluminum plates (Merck, Darmstadt, Germany) and developed using a solvent
composed of ethyl acetate, acetic acid, 2-propanol, formic acid, and water in a ratio of
25:10:5:1:15. The plates were then treated with a reagent comprising diphenylamine, aniline,
and phosphoric acid. This reagent was prepared by blending 100 mL acetone (FUJIFILM
Wako Pure Chemical Corp., Osaka, Japan), 1 g diphenylamine (Nacalai Tesque Inc., Kyoto,
Japan), 1 mL aniline (FUJIFILM Wako Pure Chemical Corp.), and 10 mL phosphoric acid
(Hayashi Pure Chemical Industry, Ltd., Osaka, Japan). After development, the samples
were visualized by heating in an oven.

2.7. Statistical Analysis

Statistical analysis was performed using JMP version 13.2.1 (SAS Institute, Cary, NC,
USA). The gas production and the Shannon index were compared using the Steel-Dwass
test. The bacterial counts, SCFAs, and pH were compared using the Tukey-Kramer multiple
comparison test. The correlation between the gas production and the bacterial population
was calculated using Spearman’s rank correlation coefficient. Statistical significance was
setatp <0.05.

3. Results
3.1. Gas Production

The gas production in the Inu0.5% group and Inu0.5%RD0.5% combination group
was significantly higher than that in the RD0.5% group (p < 0.05, Figure 1). Additionally,
the gas production in the Inu0.25%RD0.25% combination group was lower than that in the
Inu0.5% group (p < 0.10).
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Figure 1. Gas production during 4-24 h of fermentation. Different letters indicate significant
differences (p < 0.05, Steel-Dwass test).

3.2. Microbiota Composition

The bacterial composition differed among the groups (Figure 2A). The proportion
of Bifidobacterium was highest in the Inu0.5% group (26.1%), followed by that in the
Inu0.5%RD0.5% combination group (17.7%), the Inu 0.25%RD0.25% combination group
(15.1%), and the RD0.5% group (5.8%). Additionally, the Prevotella genus proportion was
higher in the combination groups than in the prebiotic alone groups. The microbiota diver-
sity (a-diversity: Shannon index) was the lowest in the Inu0.5% group; the diversity in the
Inu0.25%RD0.25% combination group was significantly higher than that in the Inu0.5%
group (p < 0.05, Figure 2B).
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Figure 2. Bacterial population and microbiota diversity after 24 h of fermentation. (A) Top 30 pre-
dominant bacterial genera in the feces and fecal fermentation samples. Colors indicate the percentage
of each bacterial population. (B) Box plot showing the a-diversity measured using the Shannon index
after 24 h of fermentation. Different letters indicate significant differences (p < 0.05, Steel-Dwass test).
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The correlation between the bacterial genera and the gas production was examined to
investigate the bacteria involved in gas production. A significant correlation was observed
only for the Clostridium genus (R = 0.58). However, this genus was detected in only
one sample, and no significant correlation was observed with the other bacterial genera
(Supplementary Table S2A,B).

3.3. Bifidobacterium and Total Bacterial Counts

The Bifidobacterium and total bacterial counts were determined using RT-PCR. In
all the inulin-containing groups (Inu0.5%, Inu0.25%RD0.25%, and Inu0.5%RD0.5%), the
Bifidobacterium count was significantly higher than that in the RD0.5% group (Table 1). The
total bacterial count was the highest in the Inu0.5%RD0.5% combination group, followed
by the Inu0.5% group and the Inu0.25%RD0.25% combination group, which had almost
equal counts, and the RD0.5% group. Notably, the total bacterial count was significantly
higher in the Inu0.5%RD0.5% group than in the RD0.5% group.

Table 1. Bifidobacterium and total bacterial cell counts after 24 h in the fecal fermentation sample,
determined using RT-PCR.

Total_Bifidbacterium Total_Bacteria
Cell Number (/mL) Cell Number (/mL)
Mean SD Mean SD
Inu0.5% 9.642 0.26 10.06 @b 0.16
RDO0.5% 8.44° 0.33 9.86 P 0.41
Inu0.25%RD0.25% 9452 0.22 10.05 ab 0.17
Inu0.5%RD0.5% 9.694 0.27 10.26@ 0.17

Different letters indicate significant differences (p < 0.05, Tukey-Kramer multiple comparison test).

3.4. SCFA Production

The acetate level in all the inulin-containing groups was significantly higher than that
in the RD0.5% group (Table 2). The propionate and butyrate levels did not significantly
differ between the groups, but all the inulin-containing groups had higher levels than
the RD0.5% group. Additionally, the total acetate, propionate, and butyrate levels in all
the inulin groups were significantly higher than that in the RD0.5% group; furthermore,
the Inu0.5%RD0.5% combination group showed a significantly higher total level than the
Inu0.25%RD0.25% combination group.

Table 2. Short-chain fatty acids in the medium after 24 h of fecal fermentation, measured using
HPLC.

Acetic + Propionic

Acetic Acid (mM) Propionic Acid (mM) Butyric Acid (mM) + Butyric Acid (mM)

Mean SD Mean SD Mean SD Mean SD

nu0.5% 87.3ab 7.5 16.1 6.6 6.0 45 109.3 2P 15.2
RDO0.5% 58.6 ¢ 14.4 12.4 3.9 2.9 3.6 73.9¢ 18.6
Inu0.25% RD0.25% 77.7 0 5.5 14.7 6.0 5.5 2.9 97.9b 10.8
Inu0.5% RDO0.5% 100.22 6.8 14.3 8.6 5.6 4.8 120.02 12.0

Different letters indicate significant differences (p < 0.05, Tukey-Kramer multiple comparison test).

3.5. pH

The medium’s pH in the Inu0.5% group increased after 14 h of fermentation (Figure 3).
After 24 h of fermentation, it was higher (p = 0.09) than that in the Inu0.25%RD0.25% combi-
nation group and significantly higher than that in the Inu0.5%RD0.5% combination group
(Table 3). The RD0.5% group showed a slower decrease than all the inulin groups, with the
pH being significantly higher than that of the other groups at 12 h after fermentation.
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Figure 3. Changes in the pH of the fermentation medium during the 24 h fermentation process. Values
are presented in terms of the mean (1 = 7). Inu0.5%, RD0.5%, RD0.25%Inu0.25%, and RD0.5%Inu0.5%
are depicted using a light gray line, a black line, a dotted line, and double lines, respectively.

Table 3. pH after 0, 12, and 24 h of fermentation.

pH Oh pH_12h pH_24h
Mean SD Mean SD Mean SD
Inu0.5% 6.44 0.02 5.95P 0.01 6.15ab 0.09
RDO0.5% 6.44 0.01 6412 0.06 6222 0.17
[nu0.25%RD0.25%  6.44 0.01 6.01P 0.06 6.02 bc 0.05
Inu0.5%RD0.5% 6.44 0.01 5.95b 0.01 5.97¢ 0.05

Different letters indicate significant differences (p < 0.05, Tukey-Kramer multiple comparison test).

3.6. Inulin and Resistant Dextrin Residues in the Culture Supernatant

The inulin and resistant dextrin residues in the culture supernatant after fermentation
were analyzed using TLC (Figure 4). Inulin spots were not detected for the supernatant
after fermentation, indicating that all of the inulin had been used by the fecal microbiota. In
contrast, resistant dextrin spots remained after fermentation, confirming that the resistant
dextrin was retained after 24 h of fermentation.
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Figure 4. Thin-layer chromatography (TLC) showing the resistant dextrin and inulin degradation in
the fecal fermentation supernatants at 0 (0 h) and 24 (24 h) h after fermentation. A representative
sample image is shown. Glucose (Glc), maltose (Mal), sucrose (Suc), and fructose (Fur) spots are size
markers. The standard (STD) was prepared by dissolving each prebiotic in distilled water.

4. Discussion

In this study, in vitro fermentation was performed using fecal samples obtained from
older individuals. The results suggest a combination of inulin and resistant dextrin can
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elicit prebiotic effects, including a bifidogenic response and SCFA production. Moreover,
gas production was also reduced when compared to using inulin alone. Additionally, we
found that the inulin plus resistant dextrin combination increased the diversity of the gut
microbiota and helped to maintain a low pH in the culture medium. These results suggest
that the combination of inulin and resistant dextrin may have superior prebiotic effects than
each prebiotic material alone. To the best of our knowledge, this study not only examines
the prebiotic effects of inulin and resistant dextrin combinations but also provides valuable
insights as it utilizes fecal samples from older people.

The Inu0.25%RD0.25% combination group showed lesser gas production than the
Inu0.5% group. This finding suggests that reducing the total inulin level leads to a decrease
in gas production, consistent with the findings of a previous study that showed that
replacing some of the inulin with other prebiotics reduced gas production [13]. Human
studies have also shown that replacing some of the fructo-oligosaccharide (a high gas-
producing material) with acacia gum (a slowly fermented material) can lead to reduced
gas production and alleviate abdominal symptoms, such as belching [29]. These findings
suggest that, if the total intake of prebiotics is the same, an inulin and resistant dextrin
combination would be more effective in reducing abdominal symptoms than inulin alone.

In this study, we examined the Inu0.5%RD0.5% combination group to assess whether
gas production can be additively increased when inulin is combined with resistant dextrin.
As we expected, the Inu0.5%RD0.5% combination group showed more gas production
than the Inu0.5% group, suggesting an additive increase in gas production due to the
combination with resistant dextrin. However, the Inu0.25%RD0.25% combination group,
which had half the amount of inulin and resistant dextrin compared to the Inu0.5%RD0.5%
combination group, produced less than half the amount of gas as that group. Thus, the
findings suggest that gas production is not necessarily related to the amount of prebiotics
added, and there might be a certain threshold for the prebiotic quantity and blending
ratio that leads to gas production. Previous human studies have reported that inulin
and fructo-oligosaccharide do not cause abdominal symptoms when administered at low
doses; however, they can cause abdominal symptoms once the intake exceeds a certain
threshold [11,30]. An in vitro study that assessed the prebiotic effects of an inulin and
polydextrose mixture in two different ratio combinations (inulin:polydextrose = 1:1 or
1:2), found that the amount of gas production was the same regardless of the combination
ratios [31]. Therefore, examining different amounts and blending ratios of inulin and
resistant dextrin combinations could clarify the amounts and blending ratios that do not
cause gas production.

Bifidobacterium is a beneficial taxon that maintains intestinal and immune function [32].
Bifidobacterium counts decline with age and are also reduced in sarcopenia [1,33]. Therefore,
increasing the Bifidobacterium counts in older people is important. Inulin is highly selective
for Bifidobacterium; some studies have suggested that the combination of inulin with other
prebiotics, which are less selective for Bifidobacterium, can potentially enhance or maintain a
bifidogenic effect [19,31]. In the current study, although the Inu0.25%RD0.25% combination
group showed a slight decrease in the Bifidobacterium count and proportion compared to
the Inu0.5% group, these values were significantly higher than those in the RD0.5% group.
A recent human study has also demonstrated an increased Bifidobacterium count when an
inulin plus resistant dextrin combination was used [34]. Therefore, replacing some of the
inulin with resistant dextrin could help increase or maintain the bifidogenic effects, with
less gas production than when administering inulin alone.

The SCFAs, particularly acetate, propionate, and butyrate, produced by the gut micro-
biota from prebiotics are important for host energy regulation and immunomodulation;
however, their production is reduced in older people [35,36]. In the current study, the
Inu0.25%RD0.25% combination group showed a slightly lower acetate level than the
Inu0.5% group but a significantly higher level than the RD0.5% group. Acetate is a ben-
eficial metabolite that promotes glucagon-like peptide 1 secretion, thereby increasing
energy expenditure and fat oxidation [37]. Bifidobacterium is an acetate-producing bacterial
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genus [38]. The Inu0.25%RD0.25% combination group also demonstrated an increase in
the Bifidobacterium counts, explaining the increased acetate levels compared to those of
the RD0.5% group. Additionally, the Inu0.5%RD0.5% combination group had a higher
acetate level than the Inu0.5% group. These findings suggest that Bifidobacterium rapidly
grows by utilizing inulin and that the growing Bifidobacterium utilizes resistant dextrin,
resulting in increased acetic acid production. Propionate and butyrate were also elevated
in the Inu0.5% group and combination groups compared to the RD0.5% group, although
the differences were not statistically significant. These results suggest that using an inulin
plus resistant dextrin combination leads to an increase in SCFA production.

This study showed that the inulin plus resistant dextrin combination had superior
prebiotic effects than inulin alone, that is, it increased the microbiota diversity and decreased
the fermentation medium’s pH. A decrease in the gut microbiota diversity is associated
with various diseases, such as obesity [39,40]. It is suggested that prebiotic intake is effective
in maintaining this diversity [41]. In the current study, the Inu0.25%RD0.25% combination
group had greater microbiota diversity than the Inu0.5% group. The utilization of prebiotics
by different bacteria depends on the prebiotic structure; prebiotics with more complex
structures may be utilized by a greater variety of bacteria, leading to an increase in the
microbiota diversity [42]. Increased diversity was also observed in another study that
investigated the effects of inulin combined with pectin, which has a more complex structure
than inulin [43]. Furthermore, an in vivo study showed that a combination of galacto-
oligosaccharides and inulin, which are highly selective for Bifidobacterium, with dietary
fiber, increased various bacterial species owing to their low selectivity, resulting in increased
microbiota diversity [44]. Resistant dextrin is utilized by various bacterial species and has
been reported to particularly increase the abundance of the Fusicatenibacter genus [45]. In
this study, the resistant dextrin plus inulin combination may also increase the diversity,
suggesting that combinations of inulin with other soluble fibers with low selectivity may
increase the microbiota diversity compared to using inulin alone.

An increased intestinal pH inhibits the growth of beneficial bacteria, such as butyrate-
producing bacteria, and increases the number of bacteria producing putrefactive products
harmful to the host [18,46]. The decrease in the intestinal pH is induced by SCFAs derived
from prebiotics [18]. Consistent with the results of a previous study, the pH decreased
faster in the inulin-only group than in the resistant-dextrin-only group [17]. However,
during fermentation, the pH of the inulin-only group gradually increased and was higher
than that of the resistant-dextrin-only group at the end of fermentation. Inulin residue was
not detected in the supernatant after fermentation, suggesting that all the inulin had been
utilized by the gut microbiota during fermentation. Therefore, although the amount of
SCFAs at 24 h was higher in the inulin-only group than in the resistant-dextrin-only group,
the production of SCFAs from inulin decreased later in the fermentation process and the
lower pH could not be maintained. Similar results were observed in a fecal fermentation
study comparing the prebiotic effects of several arabinoxylan materials. Some materials
increased the pH at the end of fermentation, suggesting that the materials may have
been utilized completely [47]. Even in vivo, in the distal colon, where prebiotics are less
accessible, the production of SCFAs by the gut microbiota is limited, resulting in a higher
pH than that of the proximal colon [48]. In contrast, when inulin was combined with
resistant dextrin, a lower pH was maintained even after 24 h of fermentation. The presence
of resistant dextrin residue in the culture supernatant after fermentation suggested that
SCFA production continued during fermentation. Additionally, no increase in the pH
was observed in the combination groups, which may be due to the utilization of resistant
dextrin after inulin consumption by the gut microbiota. When prebiotics with different
fermentation speeds are combined, the faster material is utilized first, then the slower
material is utilized, suggesting the prebiotic effect is sustained for longer [49,50]. These
results suggest that the inulin plus resistant dextrin combination was effective in lowering
the intestinal pH and maintaining the acidic condition.
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The main limitation of this study is its small sample size. Therefore, these findings
may not be generalizable to other older populations. However, our study provides valu-
able insights, despite the small sample size, owing to its analysis of fecal samples from
older people. A previous in vitro fecal fermentation study had reported that middle-aged
individuals produced more gas from prebiotics than young adults; this finding suggests
that abdominal symptoms are more likely to occur with an increase in age [21]. Although
the current study did not directly compare fecal samples from older people with those from
younger people, it showed that the inulin plus resistant dextrin combination may have
prebiotic effects in older people, with lesser gas production than that with inulin alone. In
addition, this study provides limited mechanistic insights into how the combination of
inulin and resistant dextrin leads to the observed effects. Future studies should compare
samples from people of different age groups and health statuses, and examine the prebiotic
dose-dependence, to provide further insights into the mechanisms. Finally, this in vitro
study administrated prebiotics only once, so it is unclear whether similar effects would be
observed with long-term intake in humans. Further clinical trials are required to confirm
whether this composition exhibits prebiotic effects while reducing abdominal symptoms in
older people.

5. Conclusions

The inulin plus resistant dextrin combination showed prebiotic effects, such as in-
creased Bifidobacterium counts and SCFA production, and lesser gas production, than inulin
alone. Additionally, it showed potential benefits, such as an increase in the microbiota
diversity and maintenance of a lower pH. These effects are believed to be attributable to
the combination of prebiotic materials that are highly selective for Bifidobacterium and are
rapidly utilized by the gut microbiota along with prebiotic materials that are slowly utilized
by various bacterial genera. These findings can be applied to the development of food
products combining inulin with resistant dextrin for older people, which would provide a
prebiotic that also addresses the issue of abdominal symptoms.
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Abstract: Background: Thua-nao is a traditional fermented soybean product widely consumed in
the northern areas of Thailand. There has been little research on the biological activity of Thua-
nao, particularly its anticancer properties. Objectives: The objective of this study was to examine
the cancer chemopreventive effects of dried Thua-nao on liver and colorectal carcinogenesis in-
duced by carcinogens in rats. Methods: Rats were injected with diethylnitrosamine (DEN) and
1,2-dimethylhydrazine (DMH) to induce preneoplastic lesions. Rats orally received dried Thua-nao
for 13 weeks. The preneoplastic lesions, including glutathione S-transferase placental form (GST-
P)-positive foci and aberrant crypt foci (ACF), were evaluated in the liver and colon, respectively.
The cancer chemopreventive mechanisms of dried Thua-nao on liver and colorectal carcinogenesis
were examined. Results: Dried Thua-nao administration suppressed colorectal aberrant crypt foci.
Moreover, dried Thua-nao reduced proliferation cell nuclear antigen (PCNA)-positive cells in the
colon. Interestingly, dried Thua-nao modulated the gut microbiota in DEN- and DMH-induced rats.
Isoflavones, including genistein and daidzein, represent promising chemopreventive agents in dried
Thua-nao. Conclusions: In conclusion, these results highlight the cancer chemopreventive effect
of dried Thua-nao in DEN and DMH-induced colorectal carcinogenesis through cell proliferation
reduction and gut microbiota modulation.

Keywords: Thai fermented soybean; Thua-nao; aberrant crypt foci; cell proliferation; gut microbiota

1. Introduction

Cancer is a serious global public health issue, with colon and liver cancers being
common and destructive [1]. Colon cancer, or colorectal cancer (CRC), ranks as the third
most prevalent cancer globally and is the second leading cause of cancer-related mortality
worldwide [1]. A sedentary lifestyle, obesity, smoking, and excessive alcohol consumption
are among the lifestyle factors that can influence colorectal cancer [2]. Primary prevention
strategies, including the implementation of early detection through screening, the avoid-
ance of risk factors, and the maintenance of a healthy lifestyle, can significantly reduce the
incidence and impact of colorectal cancer [2]. Liver cancer, or hepatocellular carcinoma
(HCCQC), ranks as the sixth most prevalent cancer globally and is the third primary cause of
cancer-related mortality worldwide [1]. Common risk factors for liver cancer are frequently
associated with chronic liver disease, including hepatitis B or C infection, cirrhosis, or
environmental factors such as heavy alcohol intake, smoking, and exposure to aflatoxin [3].
Both colorectal cancer and liver cancer have common risk factors, including lifestyle deci-
sions such as diet, obesity, and alcohol intake. Particularly, diet is one of the environmental
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factors that is associated with an increased risk of cancer. However, dietary patterns that are
appropriate may mitigate the likelihood of developing cancer [4,5]. The American Cancer
Society (ACS) provides dietary and physical activity recommendations for preventing the
progression of cancer [6]. These recommendations include the consumption of foods that
are rich in nutrients, vegetables, legumes, fruits, and whole grains [6]. Furthermore, several
studies have indicated that consumption of vegetables, unrefined grains, and fermented
foods is associated with a reduced risk of cancer; naturally occurring chemicals in these
foods act as chemopreventive agents against cancer [7-9].

Currently, researchers are investigating the influence of microbial community alter-
ations on cancer. These microbial communities play important roles in several types of
cancers, including breast, liver, and colorectal cancer. Tens of thousands of microorgan-
isms live in the human digestive system, including bacteria, archaea, fungi, protozoa,
and viruses, with bacteria making up the vast majority [10]. Gut dysbiosis is a condition
characterized by changes in the composition and function of the gut microbiota due to an
imbalance between beneficial and harmful microorganisms. Dysbiosis can be classified
into three categories: depletion of helpful microorganisms, proliferation of harmful mi-
croorganisms, and reduction in microbial variety [11]. Dysbiosis is a contributing factor to
various clinical illnesses, especially cancers [11]. Nutrition profoundly affects the composi-
tion of the human gut microbiota. For instance, a diet abundant in high-fermented foods
enhances the diversity of bacteria in the body while concurrently reducing inflammatory
indicators [12].

Thua-nao is a traditional fermented soybean product that is commonly consumed in
the northern regions of Thailand, including Chiang Mai, Chiang Rai, Lampang, and Mae
Hong Son. In addition, there are similar fermented soybean products in many countries,
including natto in Japan, kinema in India, and chongkukjang in Korea [13]. The traditional
preparation of Thua-nao involves immersing the soybeans overnight and boiling them for
4 h until they become completely soft. Subsequently, the cooked soybeans are naturally
fermented in bamboo baskets lined with banana leaves for a few days. Although fresh
Thua-nao can be consumed after fermentation, most people prefer steaming or grilling
before consumption. Cooked Thua-nao can be shaped into a flat disk and sun-dried to
create a variety form known as Thua-nao kab. The dried product can be mashed into a fine
powder and stored for several months [13]. The previous study found that the proximate
analysis of commercial Thua-nao collected from six local markets in Chiang Mai comprised
38.94-42.06% crude protein, 20.37-25.22% fat, 12.92-28.06% crude fiber, 4.70-5.44% ash,
and 57.22-64.78% moisture [14]. Thua-nao is naturally fermented by indigenous microor-
ganisms, especially the Bacillus spp. group [15,16]. Pakwan and colleagues reported that
Bacillus was the most common bacteria in Thua-nao, while Lactic acid bacteria (LAB) of
the family Leuconostocaceae were also present in substantial quantities [15]. Consequently,
Thua-nao is a nutrient-rich source of beneficial bacteria that has the potential to be a pro-
biotic food [15]. Furthermore, Thua-nao is abundant in bioactive compounds, including
isoflavones and short-chain fatty acids; it also possesses biological activities, such as antiox-
idant activity, which are beneficial for health [14,16]. Nonetheless, the exact health benefits
of Thua-nao consumption are still unclear, and the chemopreventive efficacy of Thua-nao
against cancer in animal models remains inadequately explored. Diethylnitrosamine (DEN)
and 1,2-dimethylhydrazine (DMH) are recognized as carcinogens for the liver and colon,
respectively, and both undergo metabolism by cytochrome P450 in the dual organ carcino-
genicity assay [17]. In line with the three Rs of animal research, these carcinogens were
given to the same rats in this investigation to minimize the number of animals involved
in the experimental process [17-19]. Therefore, to elucidate the cancer chemopreventive
properties of Thua-nao, a model of liver and colon carcinogenesis induced by DEN and
DMH in rats was employed to examine its effects on the early stages of liver and colorectal
carcinogenesis in rats, as well as its potential inhibitory mechanisms.
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2. Materials and Methods
2.1. Preparation of Thua-Nao

Soybeans were purchased from a commercial brand in Thailand. After being soaked
overnight, soybeans were boiled for three hours and naturally fermented in an incubator at
37 °C for 3 days. The fresh Thua-nao was dried in a hot air oven at 50 °C for 48 h, subse-
quently being milled with a powder grinder. The dried powder was stored at —20 °C until
use. The animal equivalent dose (AED) of dried Thua-nao was calculated based on a 75 kg
Thai adult’s average daily Thua-nao intake, which is roughly 12 g (160 mg/kg bw/day). A
conversion factor of 6.2 is utilized to multiply by the human dose in order to calculate AED
based on the difference in body surface area between rats and humans [20]. Therefore, the
equivalent human dose of dried Thua-nao (160 mg/kg bw/day) is equivalent to a dose of
992 mg/kg bw/day in rats. In the cancer chemopreventive study, the daily animal doses of
dried Thua-nao were 100 and 1000 mg/kg bw. Additionally, the BAM method was used to
count the Escherichia coli and coliform bacteria in the dried powder of Thua-nao in order to
check the food safety in Thua-nao for pathogenic microorganism contamination [21].

2.2. Chemical Constituents of Dried Thua-Nao

Dried Thua-nao powder was soaked in 70% ethanol for two days and then extracted
again. The filtrate was evaporated and freeze-dried to obtain an ethanolic extract. This
extract was used to measure the contents of phenolic compounds and isoflavones.

The content of total phenolic compounds in the ethanolic extract was measured
spectrophotometrically using the Folin—Ciocalteu method [22].

The isoflavone contents of the ethanolic extract were examined by high-performance
liquid chromatography (HPLC). The analysis was performed using a reverse phase C18
column (Agilent 4.6 mm X 250 mm, 5 pm) and analyzed on an Agilent HPLC 1260 (Agilent
Technologies, Santa Clara, CA, USA). Gradient elution was carried out using a mixture of
1% trifluoroacetic acid (TFA) in water and methanol. The flow rate was 1 mL/min, and
the injected volume was 10 uL. The absorbances at 254 and 260 nm were monitored. The
isoflavone contents were determined and quantified using calibration curves for daidzin,
daidzein, genistin, genistein, glycitin, and glycitein.

2.3. Animal and Experimental Protocol

The Institutional Animal Care and Use Committee of the Faculty of Medicine, Chiang
Mai University, approved the animal study protocol (no. 26/2565). The animal study
protocol was performed in accordance with the relevant guidelines and regulations. This
protocol follows the recommendations in the ARRIVE guidelines. Male Wistar rats (three-
week-old rats) were acquired from Nomura Siam International Co., Ltd., Bangkok, Thailand.
All rats were maintained under standard conditions at 25 °C with a 12 h light/dark cycle
and were provided with a commercial basal diet (C.P. mice feed 082G, Samut Prakan,
Thailand, Table S1) and water.

The animal experimental design is illustrated in Figure 1. All rats were randomly
divided into five groups. Rats in groups 1 through 3 were injected with 100 mg/kg bw of
DEN (i.p.) on days 0, 4, and 11 and 40 mg/kg bw of DMH (s.c.) on days 0 and 7, whereas
rats in groups 4 and 5 were injected with 0.9% normal saline solution. Dried Thua-nao
at 100 and 1000 mg/kg bw were oral gavage fed 5 days a week for 13 weeks, whereas
distilled water was used as a vehicle. Throughout the experiment, body weight and intake
of diet and water were recorded. At the end of the experiment, rats were euthanized with
overdosed isoflurane. Blood was collected for aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) determinations at the Small Animal Hospital, Faculty of Veterinary
Medicine, Chiang Mai University. Internal organs, including the liver, spleen, and kidneys,
were collected and weighed. The liver was sectioned into three pieces and fixed in 10%
buffered neutral formalin (BNF) for determinations of glutathione S-transferase placental
form (GST-P)-positive foci and proliferation cell nuclear antigen (PCNA)-positive cells by
immunohistochemistry. The colon was expanded with 10% BNF and placed on ice for
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30 min. Then, the colon was divided into three segments, namely proximal, distal, and
rectum segments, and flattened in 10% BNF for evaluation of aberrant crypt foci (ACF);
cross-section paraffin-embedded colonic tissues were used for determining PCNA-positive
cells by immunohistochemistry. Furthermore, feces were collected from the rat anus and
kept at —80 °C for analysis of the composition of the fecal intestinal microbiota.

\ \ | \
Week 0 1 2 15

2 s

Gr.l ? ‘ Vehicle I
h 4

2 s

Gr.2 v ‘ Dried Thua-nao 100 mg/kg bw ‘

. 4 s
Gr.3 ?v ‘ Dried Thua-nao 1000 mg/kg bw l

G O s
Gr4 57 ‘ Vehicle ‘
G 3 O s
Gr.5 %7 7 ‘ Dried Thua-nao 1000 mg/kg bw ‘

¥ Diethylnitrosamine (DEN) 100 mg/kg bw, i.p. W 1,2-dimethylhydrazine (DMH) 40 mg/kg bw, s.c.
@ N 0.9% Normal saline solution S Sacrifice

Figure 1. Animal experimental protocol for a cancer chemopreventive study of dried Thua-nao in
DEN- and DMH-treated rats.

2.3.1. Determination of Preneoplastic Lesions in DEN- and DMH-Treated Rats

The preneoplastic lesions in the liver were investigated by immunohistochemical
staining with the anti-GST-P antibody (MBL, Nagoya, Japan), as previously described [23].
Briefly, liver sections of 4 pum thickness were deparaffinized and dehydrated. The liver
sections were soaked in 3% hydrogen peroxide (H,O,) and 1% skimmed milk to prevent
the activity of pseudoperoxidase and non-specific binding of proteins, respectively. Fol-
lowing incubation with a rabbit polyclonal anti-rat GST-P antibody, the liver sections were
incubated with an anti-rabbit IgG biotinylated antibody. Subsequently, the liver sections
were soaked with diaminobenzidine (DAB), while hematoxylin was used as a counterstain.
The area and number of GST-P-positive foci exceeding 0.02 mm? were analyzed. The results
were represented as the area and number of GST-P-positive foci per liver area (cm?).

The ACF in the colon was evaluated using methylene blue staining. Methylene blue
staining was applied to each segment’s flattened colon. The number and size of ACF
were counted under the light microscope following Bird’s criteria [24,25]. The results were
expressed as the size and number of ACF per rat.

2.3.2. Determination of PCNA-Positive Cells by Inmunohistochemistry

The immunohistochemistry of PCNA-positive cells was analyzed in the liver and
colon as detailed by Chariyakornkul et al. [18]. The paraffin-embedded liver sections
and colon cross-sections were deparaffinized. The sections were first incubated with a
monoclonal mouse anti-rat PCNA antibody (BioLegend, San Diego, CA, USA), followed
by biotinylated antibodies and an Elite avidin-biotin complex kit (Vector Laboratories, Inc.,
Burlingame, CA, USA). The PCNA-positive cells were counted using a light microscope.
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2.3.3. Investigation of the Fecal Gut Microbiota Composition in Rats

The gut bacterial profiles were analyzed using 16s rRNA amplicon sequencing. First,
bacterial DNA was extracted from frozen feces using a QlAamp DNA microbiome kit
according to the instructions provided in the user manual. The hypervariable V4 re-
gion of the 16S rRNA gene from gut microbiota was sequenced using primers 515F (5'-
GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3'). Fol-
lowing PCR amplification, paired-end sequencing (2 x 250 bp) was performed on the
Illumina NovaSeq 6000 platform, according to the manufacturer’s 16S genomic sequencing
library preparation protocol. The raw sequencing data were processed to remove low-
quality reads, merge overlapping reads, and identify and remove chimeric sequences. High-
quality clean sequences were then annotated at various taxonomic levels (phylum to genus)
using the Quantitative Insights Into Microbial Ecology 2 (QIIME2; version 2021.8.0). Taxon-
omy classification was performed against the SILVA 16S rRNA gene reference database
release 138. The alpha diversity metrics, including species richness, were reflected by the
Shannon index. Beta diversity was evaluated using the Unifrac phylogenetic distance. Data
visualization was performed using R software version 4.3.2.

2.4. Statistical Analysis

All data are presented as mean £ SD values. The significance of differences between
groups was assessed by one-way ANOVA, followed by Tukey’s multiple comparison test,
utilizing GraphPad Prism 9.0 software (GraphPad Software, Boston, MA, USA). Statistical
significance was considered as p-value < 0.05.

The Kruskal-Wallis test was applied to assess differences in alpha-diversity among
the groups. For pairwise comparisons between groups, the Wilcoxon rank-sum test was
used. Additionally, PERMANOVA was employed to evaluate statistical differences in
beta-diversity across groups.

3. Results
3.1. Chemical Components and Microbial Contamination of Dried Thua-Nao

The chemical constituents of dried Thua-nao are shown in Table 1. One hundred grams
of dried Thua-nao contained 1180.21 =+ 26.63 mg of phenolic compounds, as measured by
spectrophotometry. The major isoflavones in dried Thua-nao were daidzein and genistein.
To consider food safety in terms of pathogenic microorganism contamination in Thua-
nao, total coliform bacteria were determined primarily, and it was found that there were
>1100 most probable number (MPN)/g of total coliform bacteria. However, fecal coliform
bacteria and E. coli were 3.6 MPN/g and <3 MPN/g, respectively. It is concluded that the
Thua-nao used in this study is safe from bacterial contamination based on the presence
of fecal coliform bacteria and E. coli being less than the limits (fecal coliform bacteria and
E. coli <500 and 3 MPN/ g, respectively).

Table 1. The contents of total phenolic compounds and isoflavones of dried Thua-nao.

Compounds Dried Thua-Nao
Spectrophotometry (per 100 g dried Thua-nao)
Total phenolic compounds (mg GAE) 1180.21 £ 26.63
HPLC (mg per 100 g dried Thua-nao)
Daidzin 1.68 + 0.01
Glycitin ND
Genistin 451 +0.34
Daidzein 43.45 +1.51
Glycitein 6.61 +0.02
Genistein 40.71 £ 0.51

Values are expressed as mean + SD. Gallic acid equivalent (GAE); not detected (ND).
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3.2. Effect of Dried Thua-Nao on Preneoplastic Lesion Formation in the Liver and Colon of DEN-
and DMH-Treated Rats

According to overall findings, the administration of dried Thua-nao to rats receiving
NSS led to a notable rise in their general parameters, including final body weight and diet
consumption, compared to rats treated with only NSS. The injections of DEN and DMH
tended to reduce the final body weight of the rats, while administration of dried Thua-nao
at a low dose tended to increase the final body weight and significantly increase diet intake
when compared to DEN- and DMH-treated rats (Table 2). Furthermore, administering
dried Thua-nao did not affect the absolute and relative kidney and spleen across the groups.
Nevertheless, the administration of dried Thua-nao at a high dose to rats treated with NSS
resulted in a significant increase in the absolute weight of the liver, although no significant
difference was observed in the relative weight of the liver (Table 3). The administration
of DEN and DMH induced liver damage in rats, as detected by increasing serum AST
and ALT levels; however, feeding dried Thua-nao did not reduce serum AST and ALT
when compared to DEN- and DMH-treated rats (Figure 2). Interestingly, feeding dried
Thua-nao did not change levels of liver function enzyme when compared to NSS-treated
rats, suggesting that dried Thua-nao is non-hepatotoxic to rats.

Table 2. Effects of dried Thua-nao on general observations.

. Consumption
Body Weight (g)
Group Treatments y ght i (Per Rat Per Day)
Initial Final Diet (g) Water (mL)

1 DEN + DMH 113 + 8 453 + 52 21.3£138 293 £31

DEN + DMH + o
2 TN 100 mg/kg bw 115+ 10 482 + 45 23.6 £1.7 28.7 £3.9

DEN + DMH +
3 TN 1000 mg/kg bw 114 +£13 469 £+ 21 21.3+1.3 26.5+ 39
4 NSS 115+ 6 478 + 35 203£13 29.7 £5.0
5 NSS + TN 1000 mg/kg bw 116 +£5 543 +30* 244+16* 31.9+22

The data are expressed as mean + SD. Diethylnitrosamine (DEN); 1,2-dimethylhydrazine (DMH); normal saline so-
lution (NSS); Thua-nao (TN). * Significantly different compared to the NSS-treated group (p < 0.05). ** Significantly
different compared to the DEN- and DMH-treated group (p < 0.05).

Table 3. Effects of dried Thua-nao on some vital organ weights in rats.

Liver Kidney Spleen
Group Treatments . : i

Absolute (g)  Relative (%)  Absolute (g)  Relative (%)  Absolute (g)  Relative (%)

1 DEN + DMH 13.80 £+ 2.07 3.09 £ 0.69 3.04 £1.08 0.70 £ 0.37 0.89 £0.27 0.20 £ 0.09

2 DEN + DMH + TN 14.58 £ 1.76 3.03 +0.24 3.07 +£0.25 0.64 & 0.04 0.89 +0.11 0.18 £ 0.02
100 mg/kg bw

DEN + DMH + TN 13.66 = 1.42 2.92 £0.30 2.99 £0.16 0.64 £ 0.03 0.86 = 0.08 0.18 £ 0.02
1000 mg/kg bw

4 NSS 12.78 +1.32 2.67 +£0.19 2.70 +0.27 0.57 +0.04 0.77 +0.06 0.16 & 0.02

5 NSS + TN 1636 =1.54*  3.01 £0.22 3.07 £0.29 0.56 £ 0.03 0.70 £0.10 0.13 £0.02
1000 mg/kg bw

The data are presented as mean + SD. Diethylnitrosamine (DEN); 1,2-dimethylhydrazine (DMH); normal saline
solution (NSS); Thua-nao (TN). * Significantly different compared to the NSS-treated group (p < 0.05).

Dried Thua-nao neither induced GST-P-positive foci nor ACF in NSS-treated rats
(Table 4), suggesting that dried Thua-nao is non-carcinogenic to rat liver and colon. Rats
treated with DEN and DMH exhibited a marked elevation in GST-P-positive foci and ACF
formation compared to NSS-treated rats. The administration of dried Thua-nao at a dose
of 1000 mg/kg bw tended to reduce the number and size of GST-P-positive foci in DEN-
and DMH-treated rats, but the results were not significantly different when compared
with carcinogen-induced rats. Notably, the dried Thua-nao at a dose of 1000 mg/kg
bw significantly decreased the number of ACF in the colon of DEN- and DMH-treated
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rats, while the size of the aberrant crypt did not change. The results suggest that dried
Thua-nao could reduce the development of colorectal carcinogenesis in rats. Additionally,
administering dried Thua-nao to rats treated with NSS did not cause the formation of
GST-P-positive foci in the liver or ACF in the colon, indicating that dried Thua-nao does
not have carcinogenic effects in the rat liver and colon.

AST ALT
2000 - 100.0 -
*
150.0 - 75.0 *
a g
S =2
5 100.0 - E 50.0 -
< 2
50.0 - 25.0 - '
0.0 - 0.0 -
NSS = = - * + NSS - - - + +
DEN+DMH + + + DEN+DMH + + + o
DW + - - + - DW + . - + -
TN 100 1000 1000 ™ 100 1000 1000
(A) (B)
Figure 2. Effects of dried Thua-nao on serum liver function enzyme levels in rats. The levels of
(A) aspartate aminotransferase (AST) and (B) alanine aminotransferase (ALT) in rats. Diethylni-
trosamine (DEN); 1,2-dimethylhydrazine (DMH); normal saline solution (NSS); Thua-nao (TN);
distilled water (DW). * Significantly different compared to the NSS-treated group (p < 0.05).
Table 4. Effects of dried Thua-nao on preneoplastic lesion formation in DEN- and DMH-treated rats.
Liver Colon
Number of Area of
Group Treatments GST-P-Positive GST-P-Positive Total Aberrant Aberrant
Foci/Liver Area Foci (mm?)/Liver Crypt Foci/Rat Crypt/Focus
(cm?) Area (cm?)
1 DEN + DMH 208 +7.4* 112 +£0.51 % 1489 £ 52.2% 490+ 0.44*
2 DEN + DMH + TN 19.1 £5.7 0.97 +0.20 126.1 £ 57.7 511+ 0.43
100 mg/kg bw
3 DEN + DMH + IN 149 + 48 0.69 = 0.60 87.8 + 43,5 451 + 044
1000 mg/kg bw
4 NSS 0.0 £0.0 0.00 £ 0.00 0.0£0.0 0.00 £+ 0.00
NSS + TN
5 1000 mg/kg bw 0.0£0.0 0.00 £ 0.00 0.0£0.0 0.00 £ 0.00

The data are shown as mean =+ SD. Diethylnitrosamine (DEN); 1,2-dimethylhydrazine (DMH); normal saline solu-
tion (NSS); Thua-nao (TN). * Significantly different compared to the NSS-treated group (p < 0.05). ** Significantly
different compared to the DEN- and DMH-treated group (p < 0.05).

3.3. Effect of Dried Thua-Nao on Cell Proliferation in Liver and Colon of DEN- and
DMH-Treated Rats

Following the administration of dried Thua-nao at a high dose, which demonstrated
a decrease in preneoplastic lesions of carcinogen-treated rats, the mechanisms of cell
proliferation were investigated. The number of PCNA-positive cells in the liver and colon
of rats that were treated with DEN and DMH significantly increased when compared to
rats that were treated with NSS. Administration of the dried Thua-nao at a high dose
significantly reduced the number of PCNA-positive cells in both the liver and the colon
when compared to DEN- and DMH-treated rats (Figure 3). Based on these findings,

23



Nutrients 2024, 16, 3506

PCNA-positive cell/area (mm?)

dried Thua-nao may prevent the formation of preneoplastic lesions by modulating cell
proliferation in the liver and colon carcinogenesis.
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Figure 3. Effect of dried Thua-nao on cell proliferation in rat liver and colon tissues. PCNA-
positive cells in the (A) liver and (B) colon were quantified by immunohistochemical staining.
Diethylnitrosamine (DEN); 1,2-dimethylhydrazine (DMH); normal saline solution (NSS); Thua-nao
(TN); distilled water (DW). * Significantly different compared to the NSS-treated group (p < 0.05).
** Significantly different compared to the DEN- and DMH-treated group (p < 0.05).

3.4. Effect of Dried Thua-Nao on Bacterial Profile in Rats

In this study, the impact of Thua-nao on the gut microbiota of rats treated with
DEN and DMH was investigated. Our in-depth 16S rRNA amplicon sequencing analysis
showed that the gut microbiome’s composition and diversity changed significantly after
Thua-nao administration.

This study found that the alpha diversity metrics, particularly the Shannon index,
showed a significant change in the Thua-nao administered to the NSS-treated rats (NSS_TN)
compared to the NSS-treated rats (NSS_DW). These changes indicate a notable increase in
microbial diversity, suggesting that consuming Thua-nao contributes to a more robust gut
microbiota. This finding was depicted in Figure 4A, which shows a boxplot comparison of
the alpha diversity between groups. Furthermore, beta-diversity analysis, utilizing Unifrac
phylogenetic distance, demonstrated a clear separation between the groups (Figure 4B),
signifying distinct gut bacterial communities in each group. Such differentiation underpins
Thua-nao’s influential role in modulating the gut microbiome landscape, emphasizing its
dietary significance.

The characterized bacterial composition at various taxonomic levels, from phyla to
genera, is presented in Figure 5, revealing six bacterial phyla with differences in their
relative abundance across the four groups (Figure 5A). Firmicutes were found to have a
higher-level abundance in all of the groups, suggesting a foundational presence in the gut
microbiome. At the genus level, a total of 155 microbial genera were annotated (Table S2),
with the top 11 in abundance shown in Figure 5B, providing a clear visualization of the
microbial distribution in each group.
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Figure 4. Alternation in bacterial diversity within each group. (A) Boxplot of gut microbial alpha-
diversity based on Shannon index. (B) Beta-diversity of gut microbiota composition structure based
on Unifrac phylogenetic distance. Diethylnitrosamine (DEN); 1,2-dimethylhydrazine (DMH); normal
saline solution (NSS); Thua-nao (TN); distilled water (DW); n = 5 rats in each group. Statistical
significance was determined using the Kruskal-Wallis test to assess differences among groups, with
Wilcoxon rank-sum tests used to determine pairwise differences between groups. The level of

statistical significance is denoted as * p < 0.05.
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Figure 5. Percent relative abundances of the taxonomic compositions in each group at (A) the phylum
and (B) genus levels. Diethylnitrosamine (DEN); 1,2-dimethylhydrazine (DMH); normal saline
solution (NSS); Thua-nao (TN); distilled water (DW); n = 5 rats in each group.

Furthermore, the relative abundance of the differential microbiota in each group is
presented in Figure 6. Rats injected with DEN and DMH (DEN_DMH_DW) showed
a marked increase in the abundance of Alloprevotella and Oscillibacter as compared to
the NSS-treated group (NSS_DW). Administering dried Thua-nao to DEN- and DMH-
treated rats (DEN_DMH_TN) significantly reduced the abundance of Alloprevotella and
Defluviitaleaceae_UCG-011, along with an increase in the abundance of Enterococcus, Lacto-
coccus, Leuconostoc, Lactococcus lactis, and Staphylococcus sciuri when compared to DEN- and

DMH-treated rats (DEN_DMH_DW).
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Figure 6. Cont.
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Figure 6. Relative abundance of the differential microbiota in each group. Relative abundance of
(A) Alloprevotella, (B) Defluviitaleaceae_UCG-011, (C) Enterococcus, (D) Lactococcus, (E) Leuconostoc,
(F) Oscillibacter, (G) Lactococcus lactis, and (H) Staphylococcus sciuri. Diethylnitrosamine (DEN);
1,2-dimethylhydrazine (DMH); normal saline solution (NSS); Thua-nao (TN); distilled water (DW);
n =5 rats in each group. Statistical significance was determined using the Kruskal-Wallis test to assess
differences among groups, with Wilcoxon rank-sum tests used to determine pairwise differences
between groups. Levels of statistical significance are denoted as * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

Fermented soybean products are frequently employed as seasoning agents or condi-
ments for enhancing the taste of food. Various fermented soybean products originating
from diverse regions of Asia include tempeh, natto, miso, soy sauce, doenjang, and Thua-
nao [13,26,27]. Fermented soybean products exhibit various bioactive compounds and
potential health benefits, including antidiabetic, antioxidant, anti-inflammatory, antihyper-
lipidemic, and anticancer activities [27,28]. Thua-nao is a traditional fermented soybean
product that is widely consumed in northern Thailand. However, there have been few
studies on Thua-nao’s biological activities, particularly anticancer activity. The present
study reveals the cancer chemopreventive effects of Thua-nao in a rat model of liver and
colon carcinogenesis induced by DEN and DMH. DEN is commonly employed as a hepato-
carcinogen in the process of chemically induced hepatocarcinogenesis, whereas DMH is
frequently utilized as a colon carcinogen in animal models of chemically induced colon car-
cinogenesis. The dual organ carcinogenicity model, employing DEN and DMH as initiators,
was utilized to induce the early stages of liver and colon carcinogenesis in rats [17]. GST-P
is highly expressed during hepatocarcinogenesis in rats and has been used as a reliable
marker for experimental hepatocarcinogenesis in rats [29]. In addition, ACF can be used as
a reliable marker for chemically induced colorectal carcinogenesis in rats [30]. This model
served as a valuable tool for investigating potential cancer chemopreventive agents [18,19].

Dried Thua-nao consumption at a high dose significantly increased both the final body
and the liver weights, but the relative organ weight showed no statistical difference. The
normalization of organ weights to the body is one of the procedures to reduce variations
among groups in which their body weights are varied and finally presented in organ-to-
body weight ratios [31]. In addition, those ratios are considered critical parameters for
drug and substance toxicity determinations. Consequently, when the relative liver weight
shows no statistical difference, it can be inferred that administering dried Thua-nao had no
effect on the liver.

Co-administration of DEN and DMH induced the formation of GST-P-positive foci in
the liver and ACF in the colon. Thua-nao, however, did not inhibit GST-P-positive foci in
DEN- and DMH-treated rats. Interestingly, Thua-nao reduced the total number of ACF but
had no effect on the size of ACF in the colons of carcinogen-treated rats. Furthermore, the
inhibitory effect of dried Thua-nao was observed only when administered in high doses,
which were equal to human daily consumption. This underlines the role of Thua-nao
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in regulating the formation of preneoplastic lesions in the colon following carcinogen
exposure in rats. In DMH-induced ACF development in rats, liver CYP2E] catalyzes the
biotransformation of DMH to methylazoxymethanol (MAM), which interacts with DNA,
causing adduction at O®-methylguanine (O°-MeG), ultimately resulting in mutations and
tumors [32]. In colonic mucosa cells, MAM, an electrophilic methylating chemical, can
methylate DNA at guanine bases [33]. The number of ACF is thought to be related to
O°-MeG. Furthermore, data have been published that indicate a correlation between the
decrease in O°-MeG in the colonic mucosa and the decrease in ACF, or adenocarcinoma,
in the rat colon [34]. Reducing phase I enzyme activity is, therefore, an effective approach
for preventing reactive intermediates from generating DNA adducts [35,36]. Moreover,
the conjugated MAM is hydrolyzed by intestine bacterial 3-glucuronidase, which releases
free MAM [37]. After free MAM is reabsorbed into the colonic epithelial cell, DNA adduct
and mutation occur [38]. As a result, one potential approach to preventing colorectal
carcinogenesis is to reduce the activity of bacterial 3-glucuronidase. Numerous studies
indicated that Ficus dubia latex extract and purple rice extract suppressed DMH-induced
colorectal carcinogenesis by modifying xenobiotic metabolism in the liver and colon, result-
ing in decreased DNA adduct levels and a reduction in ACF numbers during the initiation
stage [36,39].

One of the most important factors in cancer development is an imbalance between cell
growth and apoptosis [40]. The proliferating cellular nuclear antigen (PCNA) is a reliable
biomarker for cell proliferation [41]. This finding reveals that the administration of Thua-
nao at a high dose significantly reduced the number of PCNA-positive cells in the colon
in carcinogen-treated rats. Furthermore, this study reveals that genistein and daidzein
are the most abundant isoflavones found in dried Thua-nao. These isoflavone aglycones
are converted from their isoflavone glycosides by 3-glycosidase, which is produced by
microorganisms during the fermentation process [27]. Furthermore, recent studies indi-
cate that many traditional Asian fermented soy products, such as Japanese natto, Indian
kinema, and Thai Thua-nao, have a much higher content of isoflavone aglycone compared
to unfermented soybeans [42,43]. A systematic review and meta-analysis reported that
soy isoflavone consumption was significantly associated with a reduced risk of colorectal
cancer [44]. Several studies have discovered that genistein effectively inhibited the develop-
ment of colon cancer caused by carcinogens in in vitro studies. Zhang et al. reported that
genistein suppresses azoxymethane-induced WNT/ 3-catenin signaling, avoiding early
colon neoplasia [45]. Moreover, Sekar et al. found that genistein reduced ACF in DMH-
induced rats by activating nuclear factor-erythroid 2 related factor 2 (Nrf-2) and modulating
the expression of proliferative markers, including PCNA [46]. In human colon cancer cells,
genistein promotes G2/M cell cycle arrest and apoptosis through an ATM/p53-dependent
mechanism [47]. Hence, the probable cancer chemopreventive compounds in Thua-nao
would likely comprise isoflavones, including genistein and daidzein.

The gut microbiota has a crucial role in the initiation and promotion of various types
of cancer, especially malignancies in the gastrointestinal tract. Bacteria can indeed initiate
chronic inflammation of the gastric mucosa, leading to permanent alterations in intestinal
epithelial cells and increasing the susceptibility of individuals to cancer [48,49]. Notably, the
gut microbiota in colorectal cancer is linked to certain strains of Bacteroides fragilis, Escherichia
coli, Clostridium spp., Streptococcus gallolyticus, Fusobacterium nucleatum, Streptococcus bovis,
and Enterococcus faecalis [49-51]. However, the role of E. faecalis remains controversial [52].
E. faecalis is a member of the Firmicutes phylum and is occasionally employed as a probiotic
product [53]. Nevertheless, under certain circumstances, E. faecalis can have pathogenic
effects and can be detrimental to the development of colorectal cancer due to its capacity
to disrupt the DNA of colonic epithelial cells [54]. In this study, no significant difference
in the abundance of Enterococcus was observed between carcinogen-treated rats and those
treated with NSS. However, the administration of dried Thua-nao resulted in an increased
abundance of this genus in rats treated with DEN and DMH. Furthermore, de Almeida et al.
conducted an analysis of the correlation between E. faecalis and the development of cancer.
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They observed that the data only indicated an increase in the concentration of the bacteria
but did not provide any information on its specific functional roles in the development of
colorectal cancer [52]. In this study, Alloprevotella abundance was increased in DEN- and
DMH-treated rats. Previous research revealed that Alloprevotella was enriched in tumor
tissues or feces of individuals with colorectal cancer or adenomas and involved in colorectal
carcinogenesis [55,56]. However, administering dried Thua-nao to DEN- and DMH-treated
rats resulted in a decrease in the abundance of Alloprevotella, which is inconsistent with
previous studies [57]. According to Yu et al., a microecological preparation increased the
amount of Alloprevotella compared to rats that were treated with azoxymethane/dextran
sodium sulfate [57]. Moreover, administering dried Thua-nao to DEN- and DMH-treated
rats revealed an increase in the amount of Lactococcus and Leuconostoc in the phylum
Firmicutes, especially Lactococcus lactis, which are known as probiotics. Hosseini et al. found
that nisin, a low molecular weight antibacterial peptide that is produced by L. lactis, has
inhibitory effects on cancer cell proliferation, which are linked to the reduced expression
of cyclin D1 in the SW480 cancer cell line [58]. This study proposes that dried Thua-nao
has the capacity to modulate pathogenic bacteria and beneficial bacteria, hence potentially
mitigating the formation of preneoplastic lesions. Nonetheless, clinical investigations about
the cancer-preventive efficacy of Thua-nao should be further undertaken.

5. Conclusions

These findings indicate the cancer chemopreventive potential of dried Thua-nao in the
early stages of colorectal carcinogenesis. Moreover, the inhibitory mechanism of Thua-nao
may contribute to the reduction in cell growth and the modulation of gut microbiota.
The probable cancer chemopreventive compounds in Thua-nao are isoflavones, including
genistein and daidzein. In conclusion, Thua-nao may be a promising food source of
beneficial chemopreventive substances for the prevention of cancer or the promotion of
health. Moreover, further research is necessary to obtain additional evidence of its effects
on chemopreventive potential via clinical studies.
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Abstract: We investigated the effects of Lactobacillus paragasseri OLL2716 on gastrointestinal symptoms
in healthy adults with gastric complaints. In this randomized, double-blind, placebo-controlled trial,
174 healthy Japanese adults were randomly assigned to an OLL2716 or placebo group, and each
group consumed 85 g of yogurt containing L. paragasseri OLL2716 or placebo yogurt daily for
12 weeks. The primary endpoint was the change in gastric symptoms from baseline as per the
participants” questionnaires at 6 and 12 weeks. The secondary endpoints were changes from baseline
in the short-form Nepean Dyspepsia Index (SF-NDI), the Gastrointestinal Symptom Rating Scale
(GSRS), and the Council on Nutrition Appetite Questionnaire-Japanese (CNAQ-J) scores at 6 and
12 weeks. The primary endpoint data showed that the changes in “epigastric pain” at 6 and 12 weeks
were significantly decreased in the OLL2716 group compared with those in the placebo group.
Additionally, the changes in “epigastric pain syndrome-like symptoms” were significantly decreased
in the OLL2716 group compared with those in the placebo group at 6 weeks. The SE-NDI items
that improved at 6 weeks were “irritable, tense, or frustrated”, “enjoyment of eating or drinking”,
and “tension”, which are sub-scales related to mental stress. The items “Over-all” in the GSRS and
“feeling hungry” in the CNAQ-] significantly improved in the OLL2716 group compared with the
placebo group at 12 weeks. The results suggest that regular intake of L. paragasseri OLL2716 may
improve both gastric discomfort and mental stress in healthy adults with gastric complaints, such as
postprandial fullness or early satiety.

Keywords: probiotics; Lactobacillus paragasseri OLL2716; gastrointestinal discomfort; autonomic
nervous system; mental stress; appetite

1. Introduction

Mental stress in daily life is thought to be related to gastrointestinal dysfunction and
subsequent harmful symptoms because it disrupts the autonomic nervous system. Several
studies have suggested that disturbances in the autonomic nervous system can cause
delayed gastric motility [1-3]. A recent systematic review and meta-analysis supported the
association between optimally measured delayed gastric emptying and upper gastrointesti-
nal symptoms [4]. Furthermore, several studies concerning the stomach-brain axis have
been performed, and they have reported the existence of a mutual communication between
the brain and stomach via the autonomic nervous system [5-7].

Mental stress affects gastric motility, visceral perception, and the secretion of gastric
hormone [8]. In contrast, stomach dysfunction, such as stomach pain and overloaded
stomach acid, causes mental stress because it directly impairs the quality of life [9,10].
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According to epidemiological studies, 50% of functional gastroenteropathies are caused
by psychological stress, whereas the remaining 50% are caused by gastrointestinal tract
dysfunction [11-13]. Although the cause-and-effect relationship remains unclear [14],
maintaining both mental health and normal stomach function is essential.

Recently, several probiotic strains have been reported to exert beneficial effects on
gastrointestinal function and discomfort [3,15,16]. Lactobacillus paragasseri OLL2716 (for-
merly known as Lactobacillus gasseri) has been reported to have beneficial effects, such
as suppressive effects on Helicobacter pylori infection and the improvement of functional
dyspepsia (FD), which is a condition with persistent abdominal symptoms mainly affecting
the epigastrium [17,18]. Otomi et al. reported that L. paragasseri OLL2716 may ameliorate
autonomic nervous system disorders [15]. Ohtsu et al. reported that L. paragasseri OLL2716
improved delayed gastric emptying and salivary amylase concentrations in healthy adults
with stomach dysfunction [3]. In this study, we investigated the effects of L. paragasseri
OLL2716 on gastric discomfort and mental stress in healthy adults with gastric complaints.

2. Materials and Methods
2.1. Study Design

A randomized, double-blind, placebo-controlled, parallel-group trial was conducted
by assigning participants to either the OLL2716 or the placebo group (Figure 1). This
study was conducted between June 2021 and April 2022 at eight hospitals and clinics
(Ageo Central Second Hospital, Saitama, Japan; Kanauchi Medical Clinic, Tokyo, Japan;
Kanazawabunko Hospital, Kanagawa, Japan; Fuefuki Central Hospital, Yamanashi, Japan;
MY Medical Clinic Shibuya, Tokyo, Japan; Musashisakai Clinic, Tokyo, Japan; Medicaltopia
Soka Hospital, Saitama, Japan; and Nihonbashi Sakura Clinic, Tokyo, Japan). The study
was approved by the Ethics Committees of Meiji Co., Ltd. (Tokyo, Japan) and Ageo
Central Second Hospital (Saitama, Japan). In compliance with the ethical principles of
the Declaration of Helsinki and the ethical guidelines for epidemiological studies, the
participants were fully informed of the purpose and content of the study, and written
informed consent was obtained from all participants before participating in the study.
The study protocol was registered on 12 November 2020, using the University Hospital
Medical Information Network (UMIN) Clinical Trial Registration System (UMIN000042422).
CONSORT 2010 checklist can be found in Table S1.

—32 weeks

First Second
screening screening Intake period
period period
-12 weeks -3 weeks 0 week 6 weeks 12 weeks
| AN
Placebo yogurt (85 g/day) )
|
L. paragasseri OLL2716-containing yogurt (85 g/ day)>
v v v v
Visit 1 Visit 2 Visit 3 Visit 4
Baseline 6 weeks 12 weeks

Figure 1. Study design and schedule to investigate the effects of L. paragasseri OLL2716 on gastric
discomfort and mental stress in healthy adults with gastric complaints.
2.2. Participants

Healthy Japanese adults aged 20-64 years were recruited for this study. Eligibility was
determined based on whether participants met the inclusion and exclusion criteria. The
inclusion criteria were as follows: (1) healthy Japanese men and women aged 20-64 years
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at the time of consent; (2) participants who felt “mild” to “slightly severe” postprandial
fullness or early satiety on the ‘Individual Gastric Symptom Scores’ at the first screening
test and baseline (second screening).

The exclusion criteria were as follows: (1) receiving medical care or treatment for
diabetes or gastrointestinal-, eating-, or stress-related psychiatric disorders in the past
6 months; (2) treatment with medication for dyspepsia symptoms in the past 6 months;
(3) taking low-dose aspirin or nonsteroidal anti-inflammatory drugs (NSAIDs) in the past
6 months or more; (4) meeting at least one of the first screening or baseline functional
dyspepsia Rome 1V criteria; (5) serum anti-H. pylori antibody titer of >10 U/mL at the
first H. pylori screening test and having received H. pylori eradication treatment; (6) severe
heartburn or acid reflux at either the first screening or baseline; (7) suspected diabetes
mellitus, dyslipidemia, gastrointestinal disease, or severe renal impairment at the first
screening or baseline; (8) undergoing any treatment other than those listed previously
(excluding transient treatments such as those for the common cold); (9) judged to have a
good appetite on the Council on Nutrition Appetite Questionnaire-Japanese (CNAQ-J) at
either the first screening or baseline; (10) m-FSSG scores for “postprandial fullness” and
“early satiety” were both “0” at baseline; (11) answer was the “best (score 1)” on Q1 of
the SF-36v2 at baseline; (12) a total score of 2 on the short-form Nepean Dyspepsia Index
(SE-NDI) “irritable, tense, or frustrated because of your stomach problems” at baseline;
(13) taking medicines that may affect gastric symptoms for at least 3 days per week for the
past one month or more; (14) regular use of foods containing lactic acid bacteria such as
yogurt, health foods, or supplements for at least 1 month; (15) taking medicines (such as
antibiotics) that affect lactic acid bacteria; (16) smokers; (17) normal alcohol consumption
exceeding 40 g per day; (18) food allergies; (19) pregnant, planning or hoping to become
pregnant during the study period, or breastfeeding; (20) dental or oral problems that
cause bleeding during saliva test; (21) marked lifestyle changes, (22) unable to perform the
various testing procedures; (23) would or might travel for more than 1 week during the
study period; (24) participated in other clinical trials in the past month or plan to participate
in other clinical trials during the study period; and (25) judged by the investigator to be
unsuitable for participation. The m-FSSG and SF-36v2 were used only as exclusion criteria
during volunteer screening and were not used for the efficacy evaluation. Ultimately, the
clinicians made a comprehensive judgment to ensure that no such patients were included
in this study:.

2.3. Study Protocol

The allocation manager randomly assigned participants to two groups, one receiving
the test food and the other receiving the control food, using a block randomization method,
with age and sex as adjustment factors. The placebo group was asked to ingest 85 g of
yogurt per serving, which consisted of raw milk, dairy products, sugar, a sweetener (stevia),
and water fermented with Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus
thermophilus. The OLL2716 group was asked to ingest yogurt containing L. paragasseri
OLL2716 (with >10° colony-forming units of L. paragasseri OLL2716 per serving), added
to the same yogurt described for the placebo group. The nutritional values per serving
(85 g) of placebo yogurt and yogurt containing L. paragasseri OLL2716 were 68 kcal energy,
2.9 g protein, 2.6 g fat, 8.3 g carbohydrate, and 102 mg calcium. After confirming that they
were indistinguishable in flavor and appearance, the participants ingested one (85 g) of the
assigned test foods per day for 12 weeks. The timing of consumption was not limited. In
addition to the person in charge of allocation who assigned the participants to two groups
and determined the group of participants, the person who decided the identification
number of the test food products and the person who assigned the identification number
of the test food products to the group number were separated. As a result, the participants
and all study staff were blinded to the test food by using a method in which the three pieces
of information necessary for key opening were not collected.
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2.4. Helicobacter Pylori Screening Test

Serum anti-H. pylori antibody titers were measured during the first screening con-
ducted by SRL (Tokyo, Japan), and participants with a titer of 10 U/mL or higher were
excluded from the study because they were H. pylori-infected.

2.5. FD Rome IV Diagnostic Criteria

Participants who answered at least one question regarding postprandial fullness, early
satiety, epigastric pain, or epigastric burning at baseline were suspected of having FD using
a questionnaire based on the international diagnostic criteria (Rome IV) at first screening
and baseline [19]. Two FD subtypes have been defined: (1) postprandial fullness and early
satiety, classified as postprandial distress syndrome (PDS); and (2) epigastric pain and
burning, classified as epigastric pain syndrome (EPS) [20]. Therefore, participants suspected
of having FD symptoms, such as PDS and EPS, based on the Rome IV questionnaire
were excluded according to the exclusion criteria, and participants with chronic stomach
discomfort were also excluded from this study.

2.6. Individual Gastric Symptom Scores (Questionnaire for Gastric Symptoms of the Participants)

A questionnaire on the severity of individual FD and accompanying symptoms was
completed during the baseline period and after 6 and 12 weeks of test food intake, as
described in a previous study [18]. Participants rated the severity of symptoms (post-
prandial fullness, early satiety, epigastric bloating, epigastric pain, epigastric burning,
heartburn, reflux feeling of gastric acid, nausea, belching, and abdominal bloating) oc-
curring in the prior week on a seven-point Likert scale [18,21,22]: (1) none (absence of
symptoms); (2) extremely mild (symptoms could be entirely ignored); (3) mild (symp-
toms easily tolerated); (4) moderate (symptoms noticed by the patient, but did not affect
daily activities); (5) moderate-to-severe (symptoms occasionally limited daily activities);
(6) severe (symptoms often limited daily activities); and (7) extremely severe (considerable
interference with daily activities, often requiring rest). Furthermore, symptoms including
“postprandial fullness” and “early satiety” were categorized as PDS-like symptoms; those
including “epigastric pain” and “epigastric burning” as EPS-like symptoms; and symptoms
including both PDS- and EPS-like symptoms as FD-like symptoms. This questionnaire has
been widely used not only in previous clinical studies on L. paragasseri OLL2716 [18] but
also as a tool for evaluating upper gastrointestinal symptoms [21,22].

2.7. Short-Form Nepean Dyspepsia Index (SF-NDI)

The SF-NDI consists of several items that assess health-related quality of life [23,24].
The questionnaire was administered at the first screening, baseline, and 6 and 12 weeks
after consumption of the test foods. Five sub-scales, namely tension (two items, “general
emotional well-being” and “irritable, tense, or frustrated”), interference with daily activities
[two items, “fun (ability)” and “fun (enjoyment)”], eating/drinking [two items, “eat or
drink (ability)” and “eating or drinking (enjoyment)”], knowledge/control [two items,
“wondered (always)” and “thought (very serious illness)”], and work/study [two items,
“work or study (ability)” and “work or study (enjoyment)”], were derived.

2.8. Gastrointestinal Symptom Rating Scale (GSRS)

The questionnaire was administered at baseline and at 6 and 12 weeks after consump-
tion of the test foods. The GSRS is a 15-item, self-administered questionnaire that assesses
the severity of a wide range of gastrointestinal symptoms [25,26]; Each of the 15 questions
on a Likert scale could be scored on a scale of 1-7, with a total score ranging from 15
to 105 points; however, they were divided by the number of questions to evaluate the
score. Five sub-scales, namely reflux syndrome (RS, two items, “heartburn” and “acid
regurgitation”), abdominal pain syndrome (AP, three items, “abdominal pain”, “sucking
sensations in the epigastrium”, and “nausea and vomiting”), indigestion syndrome (IS,
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four items, “borborygmus”, “abdominal distension”, “eructation”, and “increased flatus”),
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constipation syndrome (CS, three items, “decreased passage of stools”, “hard stools”, and
“feeling of incomplete evacuation”), and diarrhea syndrome (DS, three items, “increased
passage of stools”, “loose stools”, and “urgent need for defecation”), were derived. Fur-
thermore, symptoms including RS, AP, and IS were categorized as upper gastrointestinal
(GI)-related, whereas symptoms including CS and DS were categorized as lower Gl-related.

2.9. Council on Nutrition Appetite Questionnaire-Japanese (CNAQ-])

The CNAQ-] consists of eight categories: (1) appetite, (2) feeling full, (3) feeling hungry,
(4) food tastes, (5) food tastes compared with those when younger, (6) meal frequency per
day, (7) feeling sick or nauseated when eating, and (8) usual mood. Each item is answered
on a five-point scale ranging from 1 to 5, with the total score ranging from 8 to 40 [27,28].
Additionally, we defined the total score of feeling full and feeling hungry as “pre- and
post-meal satisfaction” and the total score of appetite, feeling full, and feeling hungry as
“eating satisfaction” for evaluation. The CNAQ-J was administered at the first screening,
baseline, and 6 and 12 weeks after consumption of the test foods.

2.10. Statistical Analyses

The effect size of L. paragasseri OLL2716 in the present study was predicted based on
a previous study [18] that examined its effectiveness in improving functional dyspepsia,
because no studies have examined the effectiveness of L. paragasseri OLL2716 in healthy
adults on the improvement of upper gastrointestinal symptoms. In a previous study [18],
the disappearance rate of PDS symptoms in individuals with PDS symptoms was 37.5% in
the OLL2716 group (n = 48) and 17.8% in the placebo group (n = 45), with a difference in
disappearance rates of 19.7%. In the current study targeting healthy adults with PDS-like
symptoms, the difference in disappearance rates between the OLL2716 and placebo groups
was 19.7%, similar to that in the previous study [18]. At a two-sided significance level of
5% and power of 80%, the required sample size for each group was calculated to be 78.
Considering an approximately 10% dropout rate, the target number of participants in the
study was set at 90 for each group.

Intergroup comparisons at baseline were performed using the chi-square test for cate-
gorical variables and unpaired Student’s ¢-test for continuous variables. Gastrointestinal
symptoms were compared between the two groups using the Wilcoxon signed rank and
Fisher’s exact tests. As this study included healthy adults with low-severity upper gastroin-
testinal symptoms, the improvement rate instead of the disappearance rate was used for
the evaluation. To compare the ratio of improvement in gastrointestinal symptoms between
the groups, logistic regression analysis with group factors was performed to evaluate the
odds ratio, 95% confidence interval, and p-value for the placebo group. Data are expressed
as means + standard deviation. All statistical analyses were two-sided, and the signifi-
cance level was set at 5% with no adjustment for multiple comparisons. Data analysis was
conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) and Bell Curve for
Excel 2016 version 3.20 (Social Survey Research Information Co., Ltd., Tokyo, Japan).

3. Results
3.1. Participant Selection and Baseline Characteristics

A total of 487 Japanese individuals (21-62 years old) who provided written, informed
consent were recruited and selected using two screening tests: (1) first screening and (2) sec-
ond screening (baseline). According to the protocol, after the screening, 174 participants
were enrolled in the present study and randomly assigned to the OLL2716 and placebo
groups, with 87 participants in each group (Figure 2).

No significant differences were observed in the participants’ background character-
istics (Table 1). All 174 participants completed the intake period of 12 weeks and were
included in the analysis. No adverse effects or serious adverse events were observed in
either group. Additionally, the average intake rate was 99.9% in both the OLL2716 and
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Enrollment

Allocation

placebo groups, with the lowest intake rate among the participants being 97.5%. Compli-
ance was confirmed by having the participants record their daily intake in a lifestyle diary.

First screening

Assessed for eligibility (n = 487) Excluded (n = 250)
Dedlined to participate (n = 18)
Deviation from selection criteria (n = 232)

Second screening (baseline)
Assessed for eligibility (n = 237)

Excluded (n = 63)
Deviation from selection criteria (n = 63)

Randomized (n =174)

Analysis

OLL2716 group (n = 87) Placebo group (n = 87)
Did not receive allocated intervention (n = 0) Did not receive allocated intervention (n = 0)
Dropped out during study (n = 0) Dropped out during study (n = 0)
Completed study (1 = 87) Completed study (n = 87)

Figure 2. Flow chart of participants in this study.

Table 1. Baseline characteristics of the participants.

OLL2716 Placebo

Characteristics (1 = 87) (1 = 87) p-Value
Female 55 56 1
Male 32 31 0-875
Age (year) 374 £11.9 37.0£11.1 0.792 2
Postprandial fullness score 25+0.7 25+0.8 0.839 2
Early satiety score 21£09 21£1.0 0.814 2
BMI [kg(m?)~1] 222437 224+35 0.777 2
Data are shown as mean =+ standard deviation. Intergroup comparison: ! Chi-square test, 2 t-test; BMI, body

mass index.

3.2. Primary Endpoint

In the present study, the primary endpoint was the change in gastric symptoms
in the participants’ questionnaires, similar to a previous study [18]. Table 2 shows the
changes in scores and the number of participants with improved scores. The number of
participants with improved scores is further presented as the proportion of the number of
participants with improved scores to the number of evaluated participants. The changes in
epigastric pain at 6 and 12 weeks were —0.5 + 1.3 and —0.7 & 1.2 in the OLL2716 group
and —0.1 & 1.3 and —0.2 & 1.4 in the placebo group, respectively. The data showed that
changes in epigastric pain in the OLL2716 group were significantly improved compared
with those in the placebo group at 6 and 12 weeks. The changes in EPS-like symptoms
in the OLL2716 group (—0.9 & 2.1) were significantly improved compared with those in
the placebo group (—0.3 £ 2.3) at 6 weeks. Similarly, the number of participants with
improved scores for epigastric pain and EPS-like symptoms in the OLL2716 group was
45 and 52, respectively, which was a significant improvement compared with that in the
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placebo group (30 and 34, respectively) at 6 weeks. No significant differences in other
symptoms were noted between the two groups.

3.3. Secondary Endpoints
3.3.1. SE-NDI

In the present study, several items concerning the stress caused by gastric symptoms
were improved by the intake of the yogurt containing L. paragasseri OLL2716 (Table 3).
Specifically, the changes in “irritable, tense, or frustrated”, “enjoyment of eating or drink-
ing”, and tension (summary of two items), which are the sub-scales related to mental stress,
in the OLL2716 group at 6 weeks were improved compared with those in the placebo group.
The number of participants with improved scores for “enjoyment of eating or drinking”
in the OLL2716 group was significantly more than that in the placebo group at 6 weeks
(Table 3).

3.3.2. GSRS

The changes in the GSRS scores were similar between the two groups (Table 4). The
number of participants with improved scores for “lower GI symptoms” and “Over-all” in
the OLL2716 group at 12 weeks was significantly more than that in the placebo group. No
significant differences in other symptoms were noted between the two groups.

3.3.3. CNAQ-]

Changes in the CNAQ-] scores for feeling hungry at 12 weeks improved with the intake
of yogurt containing L. paragasseri OLL2716 (Table 5). In addition, changes at 12 weeks in
the CNAQ-] scores for “pre- and post-meal satisfaction”, including feeling full and feeling
hungry and for “eating satisfaction”, including appetite, feeling full, and feeling hungry,
were significantly improved in the OLL2716 group, compared with those in the placebo
group. No significant differences in other symptoms were noted between the two groups.
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4. Discussion

In the present study, we investigated the effects of L. paragasseri OLL2716 intake on
gastric discomfort and mental stress in healthy Japanese adults with gastric complaints,
using four different questionnaires. An evaluation of the questionnaires showed that
yogurt containing L. paragasseri OLL2716 helped relieve both gastric discomfort and mental
stress. At the primary endpoint, epigastric pain and EPS-like symptoms in the OLL2716
group significantly improved compared with those in the placebo group (Table 2). The
odds ratios for the improvement in gastric symptoms in the efficacy analysis population
were investigated in an additional analysis. The relief odds ratios for the improvement
in “epigastric pain” and “EPS-like symptoms” of the OLL2716 and placebo groups after
6 weeks of intake were 2.0 (95% CI, 1.1-3.7, p = 0.022) and 2.3 (95% CI, 1.3-4.3, p = 0.007),
respectively. Similarly, a previous study [15] showed that yogurt containing L. paragasseri
OLL2716 improved stomach pain caused by an empty stomach. These data strongly
suggest that L. paragasseri OLL2716 intake reduces the risk of stomach upsets. Interestingly,
L. paragasseri OLL2716 ameliorated FD in H. pylori-uninfected individuals [18]. Therefore,
L. paragasseri OLL2716 may be a beneficial probiotic strain for the stomach in a wide range
of healthy adults and patients. However, because a study on H. pylori-uninfected patients
with FD showed an improvement in PDS symptoms [18], we hypothesized that PDS-like
symptoms would also improve in the present study. The differences in the results could be
due to the low baseline values for both PDS- and EPS-like symptoms because this study
was conducted on healthy adults. Healthy adults were more responsive than unhealthy
adults to changes in EPS-like symptoms because humans are generally more sensitive
to pain.

At the secondary endpoint, L. paragasseri OLL2716 probably improved the stress
associated with gastric disorders, based on the results of the SE-NDI. The SF-NDI is a
common questionnaire used to assess the relationship between gastric complaints and the
quality of life, including mental stress. In the present study, question items concerning
stress, namely “tension” and sub-scales related to mental stress, at 6 weeks, were improved
by the intake of the yogurt containing L. paragasseri OLL2716. An additional analysis was
conducted because the intake of yogurt containing L. paragasseri OLL2716 may improve
gastrointestinal symptoms and further enhance the quality of life, including mental stress.
The relief odds ratios for improvement in “eating or drinking (enjoyment)” and “tension”
of the OLL2716 and placebo groups after 6 weeks of intake were 2.0 (95% CI, 1.1-3.6,
p =0.031) and 2.0 (95% CI, 1.1-3.7, p = 0.022), respectively. The lack of statistical differences
at 12 weeks could be due to the beneficial effects of placebo yogurt on the stomach in
the long term; however, yogurt containing L. paragasseri OLL2716 was considered to be
more effective earlier. To the best of our knowledge, these are the first subjective results
indicating a relationship between the stomach and stress in L. paragasseri OLL2716-ingesting
participants. Thus, L. paragasseri OLL2716 may ameliorate both gastric discomfort and
mental stress in healthy adults with gastric complaints.

The GSRS is a popular questionnaire that is used to assess gastrointestinal symptoms.
Whereas the change in GSRS scores was similar between the groups, the number of “Over-
all” improved participants (total assessment) in the OLL2716 group at 12 weeks was
improved compared with the placebo group. Compared with the placebo group, the odds
ratios for improvement in “lower GI symptom” and “Over-all” in the OLL2716 group after
12 weeks of intake were 1.9 (95% CI, 1.0-3.5, p = 0.035) and 2.0 (95% CI, 1.1-3.8, p = 0.029),
respectively. The results of the primary endpoint and GSRS evaluations suggest that
L. paragasseri OLL2716 has a positive effect on the entire digestive tract. Otomi et al. reported
that L. paragasseri OLL2716 improved GSRS scores [15] and suggested that L. paragasseri
OLL2716 helped relieve upper gastrointestinal symptoms. However, the current study
suggests that L. paragasseri OLL2716 alleviates upper and lower gastrointestinal symptoms.
Further research is required to clarify whether L. paragasseri OLL2716 alleviates the lower
gastrointestinal symptoms.
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The CNAQ-J is commonly used to assess appetite. The changes at 12 weeks in the
CNAQ-] score of feeling hungry, “pre- and post-meal satisfaction” and “eating satisfaction”,
were improved by the intake of the yogurt containing L. paragasseri OLL2716. Gastroin-
testinal signaling, such as neural pathways and released peptide hormones, has been
reported to influence the feelings of satiety and hunger [29]. Additionally, acute mental
stress suppresses appetite [30,31]. Therefore, in this study, it was considered possible
that improvements in the gastrointestinal symptoms and stress led to the improvement
in appetite.

The efficacy of L. paragasseri OLL2716 was not limited to gastrointestinal symptoms
such as stomach pain and EPS-like symptoms but also affected stress and appetite. These
improvements were considered to be due to the consumption of yogurt containing L. para-
guasseri OLL2716, which alleviated gastrointestinal symptoms such as stomach pain and
subsequently led to reduced stress and improved appetite.

All previous clinical studies on L. paragasseri OLL2716 [15,18,32-34] were conducted
with live bacteria in yogurt, leading us to consider that L. paragasseri OLL2716 is most
effective when included in yogurt in the live bacterial state. Therefore, we chose yogurt
as the formulation and set yogurt as the placebo. However, the control food was yogurt
containing Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermophilus, known as
starter lactic acid bacteria, which are necessary for preparing yogurt. Therefore, considering
that yogurt itself has a beneficial effect on the digestive tract, these effects may lead to an
improvement in gastric symptoms. Additionally, yogurt is primarily composed of milk
ingredients and contains x-lactalbumin, one of the whey proteins, and casein, both of
which have been reported to have analgesic effects [35,36]. Given that the placebo yogurt
contained these proteins in addition to the two types of lactic acid bacteria, it is possible
that the placebo yogurt also demonstrated a certain degree of improvement. Nonetheless,
it is considered to be highly significant that the continued intake of L. paragasseri OLL2716
resulted in even greater improvement.

We identified three limitations of this study: an unclear mechanism of action, the
selection of participants primarily based on subjective measures, and the observation period.
One limitation of this study is that although we found that the regular intake of yogurt
containing L. paragasseri OLL2716 improved both gastric discomfort and mental stress in
healthy adults with gastric complaints, the mechanism of action remains unclear. One of
the presumed mechanisms for the beneficial effects of L. paragasseri OLL2716 is thought to
be associated with the regulation of autonomic function because previous studies [3,15]
have reported the improvement of stress markers, such as immunoglobulin A and amylase
concentrations in saliva, also known as sympathetic markers. Moreover, in a previous study
on L. paragasseri OLL2716, the main effects were observed in PDS symptoms [18]; however,
in the present study, improvements were also observed in EPS-like symptoms such as
stomach pain. Stomach pain is associated with peptic ulcers caused by stomach acid or H.
pylori infection as well as gastritis caused due to medications such as NSAIDs, infections,
alcohol, and gastroesophageal reflux disease [37-40]. The present study targeted healthy
adults, excluding those with H. pylori infections, medication use, or excessive alcohol
consumption; therefore, these factors were not thought to be the cause of stomach pain.
Imbalances in autonomic nervous system function have also been reported as the causes of
stomach pain [41]. Given that previous studies [3,15] have reported improvements in stress
and sympathetic markers, the effects of L. paragasseri OLL2716 on the autonomic nervous
system may also contribute to the improvement of stomach pain. However, as evaluations
to support this finding were not conducted in the present study, further evidence of EPS-like
symptoms is required.

Second, the selection of participants primarily based on subjective measures may
have resulted in an inability to completely exclude participants with conditions such as
gastroparesis, which could have prevented us from clearly demonstrating the differences
between the OLL2716 and placebo groups. In this study, it was not feasible to conduct
gastric emptying tests for all the participants because of scheduling constraints. How-
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ever, in future studies, conducting such tests on selected participants may help clarify
participant characteristics.

Regarding the third limitation, an increasing number of participants showed improve-
ment after 6 and 12 weeks. Therefore, extending the intervention period might have led to
more pronounced improvement effects. Future research should consider the duration of
intake based on the evaluation criteria.

As suggested by this study, continuous intake of L. paragasseri OLL2716 may help
improve gastric symptoms and alleviate stress, which in turn suggests that functional
foods containing L. paragasseri OLL2716 could enhance the quality of life in healthy adults.
Although the continuous intake of L. paragasseri OLL2716 has been reported to improve
symptoms in patients with FD [18] and in those infected with H. pylori [32], its impact on
the quality of life in these patients has not been investigated. Therefore, it is important
to explore whether continuous intake of L. paragasseri OLL2716 could also contribute to
improving the quality of life associated with symptoms in these patients, making this a
topic for further research.

5. Conclusions

In conclusion, our findings suggest that regular intake of L. paragasseri OLL2716 may
improve both gastric discomfort and mental stress in healthy adults with gastric complaints
such as postprandial fullness or early satiety. Although one possible mechanism is the
regulation of autonomic function, further research is required to clarify the mechanism of
action of L. paragasseri OLL2716.

6. Patents

N.Y, KK., AN., and H.K. are the inventors of pending patents (Japanese Patent
Application No. 2023-015847).
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Abstract: Persimmon fruit processing-derived waste and by-products, such as peels and pomace,
are important sources of dietary fiber and phytochemicals. Revalorizing these by-products could
help promote circular nutrition and agricultural sustainability while tackling dietary deficiencies and
chronic diseases. In this study, fiber-rich fractions were prepared from the by-products of Sharoni and
Brilliant Red persimmon varieties. These fractions were quantified for their phenolic composition and
assessed for their ability to promote the growth of beneficial human colonic Firmicutes species and for
their in vitro anti-inflammatory potential. Gallic and protocatechuic acids, delphinidin, and cyanidin
were the main phenolics identified. Faecalibacterium prausnitzii strains showed significantly higher
growth rates in the presence of the Brilliant Red fraction, generating more than double butyrate
as a proportion of the total short-chain fatty acids (39.5% vs. 17.8%) when compared to glucose.
The fiber-rich fractions significantly decreased the inflammatory effect of interleukin-1p in Caco-2
cells, and the fermented fractions (both from Sharoni and Brilliant Red) significantly decreased the
inflammatory effect of interleukin-6 and tumor necrosis factor-c in the RAW 264.7 cells. Therefore,
fiber-rich fractions from persimmon by-products could be part of nutritional therapies as they reduce
systemic inflammation, promote the growth of beneficial human gut bacteria, and increase the
production of beneficial microbial metabolites such as butyrate.

Keywords: dietary fiber; Faecalibacterium prausntizii; Eubacterium eligens; pectins; anti-inflammatory
activity; butyrate

1. Introduction

Persimmon (Diospyros kaki Thunb.), belonging to the Ebanaceae family, is a fruit that
originated in China [1]. Due to its taste, nutrient content, bioactive compounds, and
health benefits [2], its consumption has increased in recent years, with more than 4 million
tons/year produced [3] in countries like China, South Korea, Japan, and Spain. The
astringent varieties like ‘Red Brilliant” and “Triumph or Sharoni” are the most commercially
cultivated [4], in Spain and Israel [5]. The persimmon processing leads to the generation
of several by-products, such as peels, pomace, hulls, and leaves [6], which could deliver
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zero-waste persimmon production, promoting circular nutrition [7]. Furthermore, the
development of nutraceuticals and functional food ingredients could tackle global dietary
deficiencies/malnutrition and diseases by delivering important nutrients like dietary fiber
and bioactive phytochemicals [8,9].

The main waste produced by persimmon industrialization is the peel and pulp, which
are separated during juice production [10], which serves as a potential valuable source for
phytochemicals and polysaccharides. Persimmon by-products are rich in carotenoids such
as lutein, zeaxanthin, 3-cryptoxanthin, 3-carotene, xx-carotene, and lycopene, as well as
polyphenols like gallic acid, fumaric acid, epigallocatechin, and catechin [11,12]. Although
some research has been carried out studying the bioactive composition of persimmon by-
products [1], bonded phenolics and carotenoids to dietary fiber and indigestible compounds
hold promise to be fully explored and utilized.

Persimmon by-product processing involves different methods, such as the use of
solvents or the application of technologies such as ultrasound, to obtain bioactive com-
pounds. Fermentation, an ancient technology, has been applied for shelf-life enhancement,
organoleptic improvement, and the production of certain metabolites [13,14]. It also shows
potential for bioactive extraction from food materials, influencing the discovery of new
bioactive compounds, the improvement of health benefits, and even an increase in the
bioaccessibility and bioavailability of some compounds [13,14], which is a key aspect
during the gastrointestinal digestion of complex macromolecules like dietary fibers.

The dietary fibers consumed in our diets usually escape digestion by bacteria in the
upper intestinal tract and are then colonized by bacteria in the colon [15]. The human
colon hosts a dense and varied collection of microorganisms. Molecular profiling of
the gut microbiota shows that the healthy human colon hosts two bacterial phyla, the
Firmicutes and Bacteroidetes, usually making up the majority of the total microbiota [16]
and the composition and metabolic output of the human gut microbiota have a major
impact on health and disease [17]. Both the micronutrient and macronutrient content of
diets, including fiber content and composition, are important drivers in modulating the
composition of the gut microbiota and activities [18], some of which can have an impact on
wider health, including the brain [19].

Certain colonic anaerobes possess key fiber degrading enzymes [15] and cross feed
to other members of the microbiota in the large intestine [20]. Moreover, primary and
secondary metabolites produced by the fermentation of selective compounds in dietary
fiber may lead to the stimulation of anti-inflammatory response pathways, playing a
role in the modulation of severe gastrointestinal (GI) disorders like ulcerative colitis [21].
Furthermore, the interaction of dietary polysaccharides and gut microbiota supports the
modulation of the gut barrier, which is associated with a stimulation of the immune system
and a reduction in pro-inflammatory cytokines, especially in the exposure to external
molecules like pathogenic bacteria or their endotoxins [22]. In this sense, dietary fiber,
throughout its interaction with gut microbiota, can be implied in the modulation of the
cellular adaptative, increasing its importance to be consumed. Through their receptors in
the immune cells, metabolites originating from the gut microbiota influence the metabolism
of the immune cells. These compounds from various microbes have an anti-inflammatory
activity. Gut microbiota-derived metabolites can inhibit inflammatory cells and improve
the differentiation and activity of immunosuppressive cells [23]. Persimmon tannins [24]
and polysaccharides [25] modify the microbiota balance in rats and mice and act as anti-
inflammatory and antioxidant agents [26].

The average intake of fiber in the UK is 10-15 g despite the recommendation to
maintain health being 30 g fiber per day [27]. Plant cell walls are a valuable source of
carbon for gut bacteria and are primarily composed of cellulose, hemicellulose, and pectin.
Pectins are structurally highly complex, and degradation of pectin-rich fibers requires that
pectin degraders possess an array of glycosyl hydrolase and polysaccharide lyases [28].
One Firmicutes species, Eubacterium (now Lachnospira) eligens, has been reported to have a
wide-ranging collection of specialist pectin-degrading enzymes and has been reported to
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be efficient at degrading pectins whilst other species, such as Faecalibacterium prausnitzii
which is one of the most abundant bacteria in a healthy human colon, is likely to be more
specialized and possess the ability to utilize more specific components of pectin [28,29].

The main products formed by fermentation by the human gut microbiota are the
short-chain fatty acids, including the three main acids acetate, propionate, and butyrate. In
particular, the latter product, butyrate, is the main end product of Faecalibacterium prausnitzii
and is generated by these bacteria utilizing acetate, generated by certain bacteria, such as
Eubacterium eligens, to form butyrate via the butyryl CoA:acetate CoA transferase route.
Butyrate is the major energy source for colonocytes, possesses anti-inflammatory activity,
and regulates apoptosis [30]. Metabolism of dietary fibers also results in the release of plant
polyphenols, which are largely responsible for giving fruits and vegetables their color and
can also have potent anti-inflammatory activities [31].

This study aims to revalorize persimmon by-products by producing fiber-rich ingredi-
ents, characterize their phenolic composition, and assess their ability to promote beneficial,
understudied bacteria, in particular representative Firmicutes species, from the human
colon. Furthermore, the study assessed the in vitro anti-inflammatory potential of the
persimmon fiber-rich ingredients.

2. Materials and Methods
2.1. Preparations of Soluble Fiber-Rich Fractions from the Persimmon Fruits

Two varieties of fresh persimmon fruits (Red Brilliant and Sharoni varieties) were
purchased from a local market in Elche, Spain. The fruits were washed and cut into 2-3 cm
wedges to be further processed using an industrial fruit juice machine to separate juice
and solid by-products. The by-products, made up of pulp and peels, were vacuum dried
at 60 °C and stored at 20 °C for further treatment (Figure 1). Batches of the by-product of
each persimmon variety were hydrated with water (1:10 w/v) at room temperature prior to
fermentation or hydrolysis treatments.

Fermentation treatment: A total of 1 L of each suspension containing by-products
from each variety was inoculated with 1 mL of fresh suspensions (107 CFU/mL) of each
Streptococcus salivarius subsp. thermophilus CECT 7207 and Lactobacillus casei CECT 475. The
suspensions were incubated at 37 °C for 24 h at 150 rpm in a benchtop incubator shaker.
After incubation, the suspensions were filtered, discarding the liquid. The solid fractions
were vacuum dried at 60 °C overnight. The powder obtained from each sample was further
subjected to hydrolysis.

Hydrolysis treatment: Each suspension containing by-products from each variety,
fermented and non-fermented, was exposed to alkaline hydrolysis by adjusting the pH of
each suspension to 12 with 5 M NaOH (color change of suspension from clear to deep dark)
using a pH meter (Hanna Instruments edge®, Daselab S.L., Valencia, Spain). The mixtures
were heated at 40 °C for 24 h under constant shaking (150 rpm) in a benchtop incubator
shaker; then, the pH was lowered to 2.5 with 5 M HCl (acidic hydrolysis, color change
from deep dark to red). The suspensions were filtered, and the liquid fractions were freeze
dried (LyoQuest, Telstar, Barcelona, Spain) to obtain persimmon water-soluble fractions of
Red Brilliant (RB) and Sharoni (SH) without fermentation, and water-soluble fermented
persimmon fractions of Red Brilliant (RBF) and Sharoni (SHF).

2.2. Chemicals and Reagents

Standards and reagents: Standards for the free sugar analysis, including glucose,
fructose, sucrose, rhamnose, fucose, arabinose, xylose, mannose, galactose, galacturonic
acid, glucuronic acid, and maltose, were purchased from Sigma-Aldrich (Dorset, UK) and
Thermo-Fisher Scientific (UK). Standards for the anthocyanin aglycones (anthocyanins)
analysis, including delphinidin (>95%), cyanidin (>95%), pelargonidin (undeclared purity),
and peonidin (>96.5%), were all purchased from Sigma-Aldrich (Dorset, UK) and malvidin
(>95%) from Phytolab, Germany. The aglycone standard, petunidin, was purchased from
ChemFaces (Wuhan, China) at a purity of >95%. All the phenolic standards were purchased
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from Sigma-Aldrich (Gillingham, UK), Phytolab (Vestenbergsgreuth, Germany) or synthe-
sized, as described previously [32]. General reagents were purchased from Sigma-Aldrich
(Dorset, UK) and Fischer Scientific (Loughborough, UK). Reagents used for hydrolysis to
obtain persimmon fiber-rich fractions were purchased from Sigma-Aldrich (Madrid, Spain),
while strains used to ferment persimmon by-products to obtain fermented persimmon
fractions were purchased from Spanish Type Culture Collection (CECT, Valencia, Spain).

Persimmon fruit
(Red brilliant or Sharoni varieties)

Juice processing Persimmon juice

Water ——» Hydration

! ;
Alkalyne/acid

hydrolysis
Filtering
Filtering Water

Freeze-drying

Non-fermented water-soluble
persimmon fractions

—» \Water

Water ——» Hydration

Alkalyne/acid

hydrolysis Red Birilliant Sharoni var.
var. fraction 'RB' fraqtion 'SH’

Filtering |- Water y m
Q -
Freeze-drying

Fermented water-soluble

l’ persimmon fractions —l

Fermented Red Brilliant Fermented Sharoni
var. fraction 'RBF' var. fraction 'SHF'

Figure 1. Diagram for processing of the persimmon fruit by-products to obtain soluble fiber-rich
fractions through alkaline/acid hydrolysis or fermentation.

2.3. Analysis of Free Sugars Composition of Persimmon Fiber-Rich Fractions

The quantification of mono- and disaccharides from the persimmon fraction was
performed using a 1260 Infinity HPLC from Agilent (Wokingham, UK) equipped with
a RI detection and an Asahipak NH2P-50 4E (5 pm; 25 cm x 0.46 cm), (Shodex, Japan)
column connected to an Asahipak NH2P-50G 4A pre-column (4.6 mm x 10 mm, Shodex,
Japan). Persimmon fractions (approx. 0.05 g, n = 3) were dissolved in 250 uL of water and
filtered using 0.2 um filters prior to the HPLC analysis using an isocratic solvent program
consisting of 70% acetonitrile at a constant flow of 1 mL/min. Quantification of the free
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sugars was performed using external calibration curves using validated standards for each
sugar analyzed.

2.4. Analysis of Anthocyanin Composition of Persimmon Fiber-Rich Fractions

Quantification of the anthocyanidin (anthocyanin aglycones) content from persimmon
fiber-rich fractions was performed by extraction and hydrolysis methods adapted from
Zhang et al. [33]. Briefly, samples of persimmon (0.05 g, n = 3) were extracted with
methanol-water-hydrochloric acid (ratio of 50:33:17; v/v/v; 3 mL) three consecutive times,
and the supernatants and the pellet were combined and hydrolyzed at 100 °C for 60 min.
Hydrolyzed samples were then immediately cooled to room temperature, filtered using
0.2 um filters, and analyzed using a 1260 Infinity HPLC from Agilent (Wokingham, UK)
with a Synergi 4 um Polar-RP 80A (250 x 4.6 mm) column with a Polar-RP 4 x 3 mm
pre-column from Phenomenex (Macclesfield, UK). The HPLC system was equipped with a
DAD detector, and spectra were recorded between 200 and 700 nm. The chromatograms
were monitored at 530 nm. For the HPLC separations, the following solvents were used: A:
formic acid (2.125%) and B: acetonitrile/methanol (85:15, v/v) in an isocratic program using
18% B for 40 min at 1 mL/min, as described by Zhang et al. [33]. The column temperature
was held at 35 °C. The separation and quantification of anthocyanins were performed using
external standardization, as described previously [34].

2.5. Analysis of Other Phenolic Molecules Composition of Persimmon Fiber-Rich Fractions

Phenolic molecule extraction used an existing method [35], which has been further
amended. Briefly, the persimmon samples (approx. 0.1 g dry weight; n = 3) were suspended
in HCl1 (0.2 M; 3 mL) and then extracted three consecutive times into ethyl acetate (5 mL).
The three ethyl acetate extracts were combined and dried before being dissolved with
methanol (0.5 mL), which represented the “free fraction” and was stored at —70 °C prior to
LC-MS analysis.

The remaining aqueous fraction’s pH was adjusted for the alkaline hydrolysis using
NaOH (4 M) and stirred at room temperature for 4 h under nitrogen. The pH was reduced
afterwards to 2 with HCI (6 M), and samples were extracted again into ethyl acetate
(3 x 5mL). The three ethyl acetate extracts were combined and dried before being dissolved
with methanol (0.5 mL), which represented the “alkaline-bound fraction’.

The pH of the aqueous fraction was then adjusted again using HCl (6M) for the
acid hydrolysis and incubated at 95 °C for 30 min. The samples were cooled to room
temperature and extracted three times with ethyl acetate (5 mL each). The three ethyl
acetate extracts were combined and dried being dissolved with methanol (0.5 mL), which
represented the ‘acid-bound fraction’. The alkaline-bound and acid-bound fractions were
combined and represented as bound fractions analyzed using LC-MS/MS analysis.

To prepare samples for LC-MS analysis, an aliquot of free and respectively bound
fractions dissolved in methanol, as described above, was mixed with Internal Standard
1 (IS1) for negative-mode mass spectrometry (13C benzoic acid) and Internal Standard
2 (IS2) for positive-mode mass spectrometry (2-amino-3,4,7,8-tetramethylimidazo [4,5-
flquinoxaline).

The liquid chromatography separation of phenolic metabolites was performed on an
Agilent 1100 LC-MS system using a Zorbax Eclipse 5 um, 150 mm x 4 mm column from
Agilent Technologies (Wokingham, UK) as described elsewhere [36]. All persimmon sample
extracts prepared as mentioned above were screened for phenolic acids and derivatives,
flavonoids, and lignan metabolites. Three gradient solvents were used to separate the
different categories of metabolites, with the mobile-phase solvents being water containing
0.1% acetic acid (A) and acetonitrile containing 0.1% acetic acid (B). In all cases, the flow
rate was 300 pL/min with an injection volume of 5 puL. The LC eluent was directed, without
splitting, into an ABI 3200 triple-quadrupole mass spectrometer (Applied Biosystems,
Warrington, UK) fitted with a turbo-ion spray source. All the metabolites were quantified
using multiple reaction monitoring.
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2.6. Preparation of Bacterial Cultures and Assessment of Growth on Persimmon Fiber-Rich
Fractions Using a Microtitre Plate Assay

Six bacterial strains were tested for their ability to utilize soluble persimmon fiber-rich
fractions as growth substrates using the microtiter plate method in triplicate (technical
replicates) as described previously [28].

Bacterial strains included two strains that represented the two phylogroups of Fae-
calibacterium prausnitzii (A2-165, M21/2), Coprococcus species 1L2-50 held by the Rowett
Institute, Aberdeen; Eubacterium eligens (DSM3376 = ATCC27750); and Bifidobacterium bi-
fidum (DSM20456) were purchased from Deutsche Sammlung von Mikroorganismen und
Zellkulturen (DSMZ) (Braunschweig, Germany); and Bacteroides thetaiotaomicron (ATCC
5482) was from the American type culture collection (ATCC) (Manassas, VA, USA). The
strains for growth studies were pre-prepared by culturing on M2 medium containing 0.2%
(w/v) of each glucose, cellobiose, and soluble potato starch [37] for 20-24 h at 37 °C under
a stream of CO; gas. Sterile microtiter plates were maintained in an anaerobic cabinet
(Don Whitley, Shipley, UK) for 24 h prior to adding 200 uL of anaerobic pre-reduced
basal M2 medium containing either 0.2% (w/v) of glucose or persimmon fractions as the
single growth substrate. The wells were then inoculated with overnight cultures grown
anaerobically in M2GSC medium in triplicate for each substrate or basal medium as a
control. The plates were covered with Q-optical seals (Bio-Rad, UK), and then the plates
were incubated for 24 h at 37 °C in a Tecan Safire 2 microplate reader (Tecan Group Ltd.,
Mainnerdorf, Switzerland), with optical readings at 650 nm taken every hour following
low-speed shaking for 5 s, as described previously [28]. For the mixed bacterial culture
studies and assessment of growth on persimmon fibers using a microtiter plate assay, the
strains were prepared and mixed in equal amounts and processed, as described.

2.7. Growth Rate Determinations

Growth rate calculations were performed using at least three values during the mid-
exponential growth phase, as described previously [38]. Briefly, semi-log values of the
growth from the microtiter plates were used to determine the growth rates per hour.

2.8. Quantification of Short-Chain Fatty Acid Analysis

Shor- chain fatty acid (SCFA) formation was determined in culture supernatants by
gas chromatography, as described previously [39]. Briefly, following derivatization of the
samples using N- tert-butyldimethylsilyl-N-methyltrifluoroacetamide, the samples were
analyzed using a Hewlett-Packard gas chromatograph fitted with a fused silica capillary
column with helium as the carrier gas. The lower detection limit for each of the acids was
0.2 mM.

2.9. Mammalian Cell Culture

The cell lines human colorectal adenocarcinoma (Caco-2), human hepatoma (HepG2),
murine macrophage (RAW 264.7), and 3T3-L1 mouse embryo fibroblast were obtained
from ATCC (American Type Culture Collection, Gaithersburg, MD, USA).

All cell lines were usually grown in culture T-flasks in a CO,-incubator at 37 °C with
5% COy. The culture medium was Dulbecco’s Modified Eagle Medium (DMEM) (Sigma
Aldrich, Madrid, Spain) supplemented with 0.1 mM of non-essential amino acids (Gibco,
Thermo Fisher Scientific Inc., Waltham, MA, USA), 100 U/mL of penicillin/0.1 g/mL of
streptomycin (Gibco), 10% fetal bovine serum (FBS) (Hyclone Laboratories Inc., Logan, UT,
USA), and 2 mM L-glutamine (Gibco). The culture medium was refreshed every 24-48
h. At a confluency of 70-80% (every 2-3 days), cells were split at a ratio of 1:3-1:5 using
trypsin-EDTA (Gibco). For all the experiments, cell passages 10-30 were used.

In the case of 3T3-L1, they were maintained in a pre-adipocyte state using the above-
mentioned splitting and feeding protocol. To obtain the adipocyte phenotype, cells were
cultured to 85-90% confluency and maintained for 3 days in the previously indicated
feeding media. Then, the medium was completely changed to the differentiation media.
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This medium included DMEM supplemented with 10% FBS, 1 ug/mL of insulin (Sigma
Aldrich, Madrid, Spain), 0.25 uM dexamethasone (DEX) (Sigma-Aldrich, Madrid, Spain),
and 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich). This medium was
left on the cells for 48 h. Afterwards, the cells were cultured for another 5 days in post-
differentiation media containing insulin without DEX and IBMX. Fresh insulin was added
to media each day of feeding. This post-differentiation medium was added to the cells
until the end of the experiment. Adipocytes were used 7-10 days after differentiation.

2.10. Persimmon Fiber-Rich Fractions Preparation for Cell Culture Studies

Individual stock solutions of the four fractions (RB, RBE, SH, and SHF) at 250 mg/mL
were prepared in dimethyl sulfoxide (DMSO) used as a vehicle (Thermo Fisher Scientific
Inc.). Different concentrations of the stock solutions were prepared in the corresponding
media (100, 250, and 500 pg/mL), with the final DMSO concentrations being 0.04%, 0.1%,
and 0.2%, respectively. A concentration of 10% (v/v) DMSO was used as a control for the
maximal cytotoxicity.

2.11. Viability and Cytotoxicity Assays

Cells were seeded on a 96-well plate (Thermo Fisher Scientific Inc.) at 5 x 10*
(HepG2), 2 x 10* (Caco-2), 10 x 103 cells/well (adipocytes derived from 3T3-L1), and
10 x 103 cells/well (RAW 264.7) and incubated for 24 h at 37 °C and 5% CO,. The cell
culture medium was then removed, and the cells were exposed, for 24 h and 48 h, to 100 uL
of cell culture medium (control), 10% DMSO in medium, the three different concentrations
of the four fractions (100, 250, and 500 pg/mL) in the complete medium, or different DMSO
concentrations equivalent to the amount of vehicle in the corresponding assayed fractions
(0.04%, 0.1%, and 0.2%). Empty wells and sample controls, containing the medium with no
cells to determine the baseline signal, were included in all assays.

For the human cell lines HepG2 and Caco-2, the Alamar Blue assay was used to
determine the effect of the extracts on cell viability. This assay incorporates an oxidation—
reduction (REDOX) indicator, assessing the mitochondrial ability to reduce resazurin into
the fluorescent product resorufin [40]. Briefly, 100 pL of Alamar Blue working solution was
prepared by mixing cell culture medium with a stock solution of resazurin sodium salt
(5 mg/mL) (Panreac AppliChem, Barcelona, Spain) in phosphate-buffered saline (PBS) in a
10:1 ratio and then added to each well. Cells were then incubated for 2 h at 37 °C before
measuring fluorescence.

For adipocytes and RAW 264.7 cells, the Live/Dead Viability /Cytotoxicity Kit for
mammalian cells (Thermo Fisher Scientific Inc.) was used. This 2-color fluorescence cell
viability assay is based on 2 probes: calcein AM, which identifies live cells, and ethidium
homodimer-1 (EthD-1), which detects dead cells. Consequently, live cells are stained green
and dead cells are stained red. The cell viability and cytotoxicity were evaluated in line with
the manufacturer’s instruction. Briefly, after incubations with the different concentrations
of the four fractions, the supernatant was removed, and the cells were washed with PBS
twice. Moreover, samples of live and dead cells were prepared for controls. To prepare
dead cell controls, live cells were treated with 0.1% saponin for 10 min. The following
controls were prepared: (i) all live cells labeled only with EthD-1; (ii) all live cells labeled
only with calcein AM; (iii) all dead cells labeled only with EthD-1; (iv) all dead cells labeled
only with calcein AM; (v) one cell-free control labeled with EthD-1; and another cell-free
control labeled with calcein AM. After determining the optimal dye concentrations, cell
culture medium with calcein AM (2 uM) and EthD-1 (4 uM) was added to each well and
incubated for another 30 min. The supernatant was then removed, and cells were washed
with PBS twice. Live and dead cell numbers were calculated from standard curves with
known numbers of live and dead cells.

The results were averaged over 4 different independent experiments with 5 replicates
per experiment. Fluorescence was measured with a multimodal Varioskan Lux spectropho-
tometer (Thermo Fisher Scientific Inc.). For the alamar blue assay, the excitation and
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emission wavelengths were 530 and 590 nm, respectively. For the Live/Dead kit, the excita-
tion and emission filters were 485/530 nm (live cells) and 530/645 nm (dead cells). The
results indicated the percentage of viable cells in relation to the control of each compound
after background fluorescence was subtracted. This was calculated as the number of live
cells divided by the number of total cells at each time point.

2.12. Inflammatory Cytokine Tests

Caco-2 and RAW 264.7 cells were seeded in 12- and 24-well plates at a density of
2 x 10° and 10 x 10° cells/well, respectively, and allowed to adhere for 22 h before
initiating different treatments. To analyze the anti-inflammatory effect of the fractions,
inflammation was induced by treating Caco-2 cells with 25 ng/mL interleukin 1 (IL-
1B) (R&D Systems, Inc., Minneapolis, MN, USA) and RAW 264.7 cells with 1 ug/mL
lipopolysaccharide (LPS) (Sigma-Aldrich). IL-13 and LPS were diluted in complete media
from a 10 pug/mL stock and 1 mg/mL stock solution in PBS, respectively.

The protocol was to culture the cells with media containing 100 pug/mL of the different
four fractions (100 ng/mL) for 2 h at 37 °C. Next, cells were cultured with the inflammatory
stimulus for 24 h in the presence or absence of the same concentrations of the different
four fractions in the completed media. Non-stimulated Caco-2 and RAW 264.7 cells were
cultivated in parallel with the four different fractions (100 pg/mL) in complete media
for 24 h and used as controls. Additional controls were cells cultivated for 24 h with
complete media, media with vehicle (DMSO 0.04%), or media with IL-1f3 (25 ng/mL) or
LPS (1 ug/mL). After treatments, the extracellular media were collected, centrifuged at
1500 rpm to remove debris, and kept at —20 °C until analysis.

Interleukin 6 (IL-6) and tumor necrosis factor « (TNF-«) were quantified using a
sandwich ELISA method (R&D Systems, Inc.) according to the manufacturers’ instructions.
Fluorescence values were recorded with a microplate reading Varioskan Lux spectropho-
tometer (Thermo Fisher Scientific Inc.) at 450 nm for IL-6 and 520 nm for TNF-c.

2.13. Cellular Antioxidant Enzyme Activity Assays

HepG2 cells were seeded in 12-well plates at a density of 1 x 10° cells/well in complete
medium and allowed to adhere for 24 h before initiating different treatments. After
incubating cells for 24 h at 37 °C with each of the four different fractions (100 pg/mL) in
complete media, oxidative stress was induced by cultivating the cells with 500 uM H,O,
for another 2 h at 37 °C, either in the presence or absence of the same concentrations of
the different four fractions in complete media. Cells cultivated in parallel with the four
different fractions (100 pg/mL) in complete media were used as controls. Cells incubated
in complete media and then added 500 pM HO; for 2 h at 37 °C were treated as the model
group. Additional controls were cells cultivated in complete media or in media with vehicle
(DMSO 0.04%).

After treatment, cells were then lysed in an ice-cold solubilization buffer (10 mM
Tris CIH pH 7.5, 150 mM CINa, 0.1 mM EDTA) and a supernatant was collected by cen-
trifuging at 10,000 x g for 15 min at 4 °C. Samples were frozen at —20 °C until the enzyme
activity assay.

Superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR) activities
were determined using colorimetric and fluorescent activity kits (Thermo Fisher Scientific
Inc.) according to the manufacturers’ instructions. Lectures were recorded with a microplate
reading Varioskan Lux spectrophotometer (Thermo Fisher Scientific Inc.) at 450 nm for
SOD, 560 nm for CAT, and 390 nm excitation and 510 nm emission for GR. Results were
expressed as U/mL for SOD and CAT and mU/mL for GR.

2.14. Statistical Analysis

All the analyses were performed in triplicate, and the results are presented as the
mean = standard deviation (SD). The significance differences between persimmon sample
composition (in terms of varieties and preparation treatments) were assessed using a paired
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t test (significance level p < 0.05) with a significance threshold of * p < 0.05, ** p < 0.01,
and *** p < 0.001. The phytochemicals profiles measured by LC-MS/MS were determined
by principal component analysis (PCA), unit variance (UV)-scaled using SIMCA 14.1
(Umetrics, Cambridge, UK). For the rest of the results presented, statistical comparisons
were performed using the two-tailed unpaired t test, U-Mann—Whitney test, and the
Kruskal-Wallis test. p-values less than 0.05 were considered statistically significant.

The SPSS Version 29.0 software package (IBM, Armonk, NY, USA) was used for
statistical analysis. GraphPad Prism 10.0 (GraphPad Software Inc, San Diego, CA, USA)
was used to graph the data.

3. Results

The persimmon fruit by-products from varieties ‘Red Brilliant” and ‘Sharoni” were
further processed to obtain soluble fiber-rich fractions (Figure 1) to determine their potential
functionalities.

3.1. Composition of the Soluble Persimmon Fiber-Rich Fractions

The free monosaccharides compositions of Brilliant Red (RB), Sharoni (SH), RBE, and
SHEF fractions are shown in Table 1. RB fraction had significantly (p < 0.05) higher levels
of fructose and glucose (p < 0.001) than SH fraction. Moreover, as might be expected,
fermented fractions had significantly (p < 0.001) lower levels of fructose and glucose than
non-fermented fractions.

Table 1. Free monosaccharides content in persimmon RB, SH, RBF, and SHF fractions.

Compound Fiber-Rich Persimmon Fraction
(/100 g) RB SH RBF SHF
Fructose 18.47 £0.10 * 8.62 £ 0.92 0 *** 0 ***
Glucose 20.31 4 1.23 *** 4.83 +0.48 0 *** 0 ***

RB: Red Brilliant fraction; RBF: Red Brilliant fermented fraction; SH: Sharoni fraction; SHF: Sharoni fermented
fraction. Values are expressed as g/100 g dry weight. Mean + SD (n = 3). * p < 0.05; *** p < 0.001.

Principal component analysis (PCA) analysis of the persimmon metabolites measured
by LCMS showed that the phytochemicals profile of the molecules extracted in the free
fractions of the RB and RBF was different than the one from SH and SHF. Furthermore,
this analysis also indicates that the profile of the bound phytochemicals, those extracted
following the hydrolysis (alkaline and acid), is also different that the one extracted in the
free fraction, but the profile of the bound phytochemicals for RB, RBF, SH, and SHF is
similar (Figure 2A).

Gallic acid and protocatechuic acid were the most abundant molecules measured by
LC-MS/MS in the persimmon samples, they are mostly found in free forms in the RB
and RBF and more equally distributed between free and bound forms in the SH and SHF
samples (Figure 2C-F). The fermentation had a significant effect on the extractability of
the phytochemicals, especially for the Brilliant Red variety of persimmon, incrementing
the number of molecules extractable (Figure 2B-D); the sum of free molecules measured
by LCMS in RB before fermentation rises from 63 mg to 133 mg after the fermentation,
and the bound molecules from 6 to 47 mg, respectively. The Sharoni variety seems to be
richer in the phytochemicals measured by LCMS than the Brilliant Red variety; however,
as the fermentation increases the extractability of the molecules, the RBF fraction is richer
in extractable phytochemicals (Figure 2G,H).

The HPLC analysis demonstrated that the persimmon fiber-rich products contain
anthocyanins in abundance, also that the fermentation significantly increased (p < 0.01) the
amount of extractable delphinidin and cyanidin in both varieties of persimmon (Figure 3),
and these anthocyanins are more abundant in the samples from the Sharoni variety.
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Figure 2. Composition of the soluble persimmon fiber-rich fractions. (A) The principal compo-
nent analysis (PCA) of all plant metabolites measured by LCMS in free and bound fractions from
persimmon samples. (B) The total phytochemicals (free and bound) content (in mg) obtained by
summing the individual plant metabolites measured by LCMS. (C-F) The most abundant molecules
(above 1 mg/100 g), measured by LCMS in free and bound fractions (as mean + SD, n = 3) in the
persimmon fiber-rich fractions. (G,H) Ten most abundant plant metabolites (as mean = SD,n =3
summing the bound and free extractable molecules) measured in the persimmon samples, where
RB and RBF are fiber-rich persimmon fractions from Brilliant Red variety, fermented (F) or not;
respectively, SH and SHF are fiber-rich persimmon fractions from Sharoni variety, fermented (F) or
not; * p < 0.05, ** p < 0.01, *** p < 0.001. RB: Red Brilliant; RBF: Red Brilliant fermented; SH: Sharoni;
SHEF: Sharoni fermented.
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Figure 3. Values of anthocyanins in soluble persimmon fiber-rich fractions. The anthocyanins
(A) delphinidin and (B) cyanidin in mg/100 g persimmon sample (as mean + SD, n = 3) measured
by HPLC, where RB, RBE, are fiber-rich persimmon fractions from Brilliant Red variety, fermented
(F) or not; respectively, SH, SHF are fiber-rich persimmon fractions from Sharoni variety, fermented
(F) or not; ** p < 0.01. RB: Red Brilliant fraction; RBF: Red Brilliant fermented fraction; SH: Sharoni
fraction; SHF: Sharoni fermented fraction.
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3.2. Effects of Persimmon Fiber-Rich Fractions on Cell Viability

The effects of the four fractions on cell viability were studied in four cell lines (two
of human and two of murine origin) after 24 and 48 h of culture with the fractions. Three
concentrations of the fractions were tested (100, 250 and 500 pg/mL). In human cell lines
Alamar Blue assay was used. For murine cell lines, the Live/Dead Viability / Cytotoxicity
Kit was employed.

Firstly, none of the different DMSO concentrations equivalent to the amount of vehi-
cle in the corresponding assayed fractions (0.04%, 0.1% and 0.2%) exerted any effect on
cell viability.

In all cell lines (Figure 4A-D), the culture with the fractions at 100 ug/mL for 24 h did
not affect cell viability. In the 48-hour culture, there was only a significant decrease (p < 0.05)
in viability with RBF and SHF fractions and only for the Caco-2 cell line (Figure 4D).
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Figure 4. Effect of the different persimmon fiber-rich fractions on the viability on murine and human
culture cell lines over 24 and 48 h culture incubations. (A) Effect of the fractions on the RAW 264.7 cell
line. (B) Effect of the fractions on the 3T3-L1 cell line differentiated to adipocytes. (C) Effect of the
fractions on the HepG2 cell line. (D) Effect of the fractions on the Caco-2 cell line. Viability was
expressed as a percentage relative to the control (cells cultured without fraction). Blue bars indicate a
24 h culture with the fractions and red bars indicate 48 h culture. The concentrations of the fractions
were 100, 250, and 500 pg/mL. Values are expressed as the mean £ SD (n = 4). * p < 0.05 fractions
versus control at 24 h. # p < 0.05 fractions versus control at 48 h. RB: Red Brilliant fraction; RBF: Red
Brilliant fermented fraction; SH: Sharoni fraction; SHF: Sharoni fermented fraction.

In the RAW 264.7 cell line (Figure 4A), only the RB fraction, at any concentration and
during 24 h of culture, did not affect cell viability. In the rest of the culture conditions
(type of fraction and duration of culture), there was a significant (p < 0.05) decrease in
cell viability.

For the HepG2 cell line (Figure 4C), none of the concentrations of the four fractions
affected cell viability at 24 h or 48 h of culture with the fractions. At the other extreme
was the adipocyte cell line (Figure 4B), where any concentration above 100 pg/mL of all
fractions significantly (p < 0.05) decreased viability.

In the Caco-2 cell line (Figure 4D), when cultured at concentrations above 100 pg/mL,
the four fractions significantly (p < 0.05) decreased cell viability at 24 and 48 h of culture.
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3.3. Anti-Inflammatory Effects of Persimmon Fiber-Rich Fractions

The anti-inflammatory effects were evaluated for the four fractions, but only at con-
centrations with no cytotoxic effects observed (100 ng/mL). One murine (RAW 264.7) and
one human (Caco-2) cell line were studied. Two conditions were tested: (i) previous culture
with the fractions for 2 h and then addition of the proinflammatory stimulus for 24 h but
without the fractions, and (ii) culture of the fractions and the proinflammatory stimulus
together during 26 h. None of the four fractions had proinflammatory effects in the two
cell lines, nor did 0.04% DMSO.

In the Caco-2 cell line, all the fractions and in both conditions tested significantly
(p < 0.05) decreased the inflammatory effect of IL-1 (Figure 5C).
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Figure 5. Effects of the different persimmon fiber-rich fractions on inflammation, in murine and
human cell lines. (A) Effect of the fractions on IL-6 release, in RAW 264.7 cell line. (B) Effect of the
fractions on TNF-« release, in RAW 264.7 cell line. (C) Effect of the fractions on IL-6 release, in Caco-2
cell line. The red bar represents the inflammatory stimulation condition with LPS or IL-1§3. The blue
bars are the culture conditions with the addition of the fractions before the induction of inflammation
and then the addition of LPS (1 pg/mL) or IL-1f (25 ng/mL) with the absence of the fractions. The
green bars indicate the simultaneous culture condition of the fractions and LPS (1 ug/mL) or IL-13
(25 ng/mL). The concentration of fraction used was 100 pug/mL. All cultures lasted 24 h. Values are
expressed as the mean + SD (n = 7). Different letters indicate a significant difference (p < 0.05) versus
induction of inflammation with LPS or IL-13. RB: Red Brilliant fraction; RBF: Red Brilliant fermented
fraction; SH: Sharoni fraction; SHF: Sharoni fermented fraction. LPS: lipopolysaccharide.

In the RAW 264.7 cell line, RBF and SHF fractions significantly decreased (p < 0.05)
IL-6 (Figure 5A) and TNF-« (Figure 5B) LPS-induced production in the two conditions
tested. The RB fraction had no anti-inflammatory effects. In the case of SH, there was a
significant (p < 0.05) reduction of IL-6 and TNF-« production in the assay condition of
simultaneously culture of fractions and proinflammatory stimulus.
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3.4. Effects of Persimmon Fiber-Rich Fractions on the Activity of Antioxidant Enzymes

The antioxidant activity of the four fractions was analyzed in the human line HepG2
at the concentration of the fractions at which viability was not affected (100 pg/mL) and in
the same two culture conditions already mentioned in the previous section.

None of the four fractions had any effect on antioxidant enzyme activity in the HepG2
cell lines, nor did 0.04% DMSO, in the absence of any oxidative stress stimulus.

The antioxidant activity of SOD, CAT, and GR enzymes was studied. SOD (Figure 6A)
and GR (Figure 6C) enzymes significantly (p < 0.05) increased their activity after induction
of oxidative damage with HyO, when HepG2 cells were cultured with the different fractions
and for the two conditions tested. There was only one exception, and that was the cultur.e of
SH fractions together with H,O, (Figure 6C). In the case of CAT enzyme activity (Figure 6B),
there was a significant (p < 0.05) increase in its activity for all fractions in the condition of
previous culture with the fractions. When RBF and SH fractions and H,O, were cultured
simultaneously, there was no increase in the activity of the antioxidant enzyme.

A B

( ) HepG2 ( ) HepG2
0.25 8

F 0.204 b z

E} 3

20.154 >

2 3

8 0.104 8

[=] =

o <

@ 0.054 o
0.00-

2  q
O a 2
L o &L

GR activity (mU/ml)

Figure 6. Effects of different persimmon fiber-rich fractions on antioxidant enzyme activity. (A) Effect
of fractions on SOD activity, in HepG2 line. (B) Effect of fractions on CAT activity, in HepG2 line.
(C) Effect of fractions on GR activity, in HepG2 cell line. The red bar represents the pro-oxidant
stimulation condition with H,O, (500 uM). The blue bars are the culture conditions with the addition
of the fractions before the induction of oxidative stress and then the addition of H,O, with the
absence of the fractions. The green bars indicate the simultaneous culture condition of the fractions
and HyO,. The concentration of fraction used was 100 pug/mL. All cultures lasted 24 h. Values are
expressed as the mean + SD (n = 7). Different letters indicate a significant difference (p < 0.05) versus
induction of oxidation with H,O,. RB: Red Brilliant fraction; RBF: Red Brilliant fermented fraction;
SH: Sharoni fraction; SHF: Sharoni fermented fraction. SOD: superoxide dismutase; CAT: catalase;
GR: glutathione reductase.

3.5. Effects of Persimmon Fiber-Rich Fractions on Bacterial Growth

All strains showed variable, although significant, growth (p < 0.01) with the RB fraction
(Figure 7), while no significant growth was detected with RBF, SH, and SHF fractions.
Faecalibacterium prausnitzii strains (A2-165 and M21/2) showed a significantly (p < 0.05
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and p < 0.01, respectively) higher growth rate with RB fraction as a carbohydrate source
than with glucose (Figure 7B,C). For the rest of the species, except for Eubacterium eligens
(Figure 7D), the growth rate with RB fraction as a carbohydrate source was significantly
(p <0.01, p <0.001 and p < 0.01, respectively) lower than glucose (Figure 7A,E,F).
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Figure 7. Growth stimulation by RB, RBF, SH, and SHF fiber-rich fractions and comparison of growth
rates (h~1) between glucose and RB fraction in different bacterial strains. (A) Coprococcus species
L2-50; (B) Faecalibacterium prausnitzii A2-165; (C) Faecalibacterium prausnitzii M21/2; (D) Eubacterium
eligens DSM3376; (E) Bacteroides thetaiotaomicron B5482; (F) Bifidobacterium bifidum DSM20456. The
final fraction concentration was 0.2%. Growth stimulation in microtiter plates values were expressed
as mean OD650 values. Values in growth rate were expressed as mean + SD (n = 3). Basal M2
medium contains no added carbohydrate source. * p < 0.05; ** p < 0.01; *** p < 0.001. ns: not significant.
RB: Red Brilliant fraction; RBF: Red Brilliant fermented fraction; SH: Sharoni fraction; SHF: Sharoni
fermented fraction.

The mix of three Firmicutes strains (Eubacterium eligens DSM3376, Faecalibacterium
prausnitzii A2-165, and Faecalibacterium prausnitzii M21/2) and one Bacteroidetes strain
(Bacteroides thetaiotaomicron B5482) showed equal growth rate with RB fraction and glucose
(Figure 8A). In the mix of bacteria, fermentation of the RB fraction resulted in the produc-
tion of formate, acetate, propionate, butyrate, and succinate at the end of the incubation
(Figure 8B), while glucose fermentation resulted in the production of the same SCFA prod-
ucts as the RB fraction plus lactate (Figure 8B). The butyrate level was higher (no significant
difference) in RB compared to glucose, while lactate (approx. 5 mM) was only detected
when the bacteria were grown on glucose, which is likely due to more rapid growth. The
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ratio of butyrate as a proportion of the total SCFA was higher (p < 0.01) on RB compared to
glucose (Figure 8C).
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Figure 8. Growth stimulation and short-chain fatty acids production of a mix of three Firmicutes and
one Bacteroidetes strain (A-C) and a mix of two Firmicutes, one Bacteroidetes and one Bifidobac-
terium strain (D-F) by glucose and RB fraction. (A) Growth rate of three Firmicutes (Eubacterium
eligens DSM3376; Faecalibacterium prausnitzii A2-165; Faecalibacterium prausnitzii M21/2) and one
Bacteroidetes (B. thetaiotaomicron B5482) strains; and (B) short-chain fatty acids (SCFA) profile in the
medium after a 24 h culture by glucose and RB fraction (n = 2); and (C) percentage of butyrate in total
SCFA (n =2). (D) Growth rate of two Firmicutes (Eubacterium eligens DSM3376, Faecalibacterium praus-
nitzii M21/2), one Bacteroidetes (B. thetaiotaomicron B5482) and one Bifidobacteria (Bifidobacterium
bifidum DSM20456) strains, (E) SCFA profile in the medium after 24 h culture by glucose and RB
fraction (n = 2) and (F) percentage of butyrate in total SCFA (n = 2). Growth stimulation in microtiter
plates values were expressed as mean OD650 values. Values in growth rate were expressed as mean
=+ SD (n = 10). Basal M2 medium contains no added carbohydrate source. mM= millimolar. * p < 0.05;
**p <0.01; *** p < 0.001. SCFA: short-chain fatty acids; RB: Red Brilliant fraction.

In a separate experiment with a more complex mix of bacteria, a mix of two Firmi-
cutes strains (Eubacterium eligens DSM3376 and Faecalibacterium prausnitzii M21/2), one
Bifidobacterium strain (Bifidobacterium bifidum DSM20456), and one Bacteroidetes strain
(Bacteroides thetaiotaomicron B5482) showed growth with RB fraction, although the growth
rate was significantly (p < 0.001) lower than glucose (Figure 8D). In the mix of bacteria,
fermentation of the RB fraction resulted in the production of formate, acetate, butyrate, and
lactate (Figure 8E). Glucose fermentation produced the same SCFA as the RB fraction plus
propionate and succinate (Figure 8E). The latter two products are likely to only come from
the fermentation activity of the Bacteroides thetaiotaomicron strain B5482. In Figure 8E, the
butyrate level was significantly higher (p < 0.01) in RB compared to glucose. In addition,
the percentage of butyrate as a proportion of the total SCFA in RB was twice as much
(p < 0.01) as in glucose (Figure 8F).

Overall, the RB fermentation results in a more beneficial fermentation profile compared
to that of glucose.

4. Discussion

The concentrations of bioactive phytochemicals, such as delphinidin and cyanidin,
found in the persimmon fiber-rich fractions, specifically the fermented fractions from the
Sharoni variety, are similar to those found in berries [41]. Delphinidin and cyanidin health-
promoting benefits such as antioxidant, anti-cancer, anti-inflammatory, cardioprotective
and anti-hypertensive are well documented by several reviews [42—44]. Berries such
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as bilberries are particularly rich in anthocyanins and are consumed because of their
high content of these bioactives. We also observed that the fermentation used to prepare
the persimmon fractions significantly increased the extractability of several bioactive
phytochemicals, such as anthocyanins and phenolic acids, suggesting that these molecules
could therefore be more bioavailable in vivo and therefore exert health benefits. In fact,
the anti-inflammatory effects exerted by the persimmon fiber-rich fractions in murine and
human cell lines were higher in both fermented fractions and in the Sharoni variety, which
had significantly higher levels of anthocyanins. Regarding the antioxidant activity, we
found that all persimmon fiber-rich fractions had antioxidant activity in a human liver
cell line. Inflammation and oxidative stress are the most common features of chronic
diseases. Functional food ingredients, such as fermented fiber-rich persimmon fractions
rich in anthocyanins, could therefore be used in the design of functional foods as part of
nutritional therapies to prevent the development of chronic diseases.

The extracts used in the study were rich in pectin [45]. We found it remarkable that
the persimmon pectin fiber-rich fractions in cultured cell lines did not show cytotoxic
effects unless they were used at high, non-physiological, and not nutritionally relevant
concentrations higher than 100 ug/mL. This agrees with studies showing that pectin can
reduce in vitro tumoral cell proliferation and viability in different cell lines from human
and murine origins at the same concentrations [46,47]. Several signaling pathways have
been proposed for pectin in vitro, with anti-cancer activity being the most relevant to the
DNA and mitochondrial damage, the increase in the production of reactive oxygen species,
higher levels of apoptosis, cell cycle arrest, and the interference with extracellular matrix
proteins [46,47]. Our data show that the most significant effects of the extracts occur in
a murine fibroblast cell line and a human colon cancer line. The studies indicate that
pectin can reduce in vitro cell viability in some tumor lines more than in others. This
occurs regardless of whether the lines are of murine or human origin. No effects of pectin
have been described in healthy cells. These results are encouraging as they guarantee
their use for the development of food ingredients without having detrimental adverse
events in healthy cells and with anti-cancer properties that decrease tumor cell proliferation.
Although our results and those of other studies are based on in vitro studies, they open
the possibility to further analyze the use of extracts as possible adjuvant therapies against
some tumors.

It is, however, important to determine whether industrial by-products from the fruit
industry can be used to promote the growth and metabolic output of bacteria in the human
colon to promote health as this will help to drive a greener economy and reduce waste
by-products from the food industry. The selectivity of pectin-rich food by products, such as
those derived from persimmon fruits, for gut bacteria suggest that these fruit by-products
could be used as prebiotics. The selectivity of pectin and pectic-oligosaccharides as a growth
substrate was demonstrated by Chung et al. [28]. They showed that Eubacterium eligens
and Faecalibacterium prausnitzii utilized pectin and pectic-oligosaccharides as growing
substrate. These bacteria showed also to grow very well on model short oligomers (with
degree of polymerization of 4 and 5) substrates. Others also showed that a range of
whole fruits and vegetables also promoted these important bacterial species [48]. The
current study revealed that two F. prausnitzii strains (A2-165 and M21/2) grew more rapidly
on the none pre-fermented BR substrate than on glucose. One of the other Firmicutes
strains of E. eligens (DSM3766) showed no significant difference in growth rates between
the two substrates, while all the other strains tested achieved lower growth rates on the
BR substrate when compared to glucose. When several of the strains belonging to the
Bacteroidetes and Firmicutes phyla were mixed together and compared from the growth
and fermentation of the none pre-fermented BR compared to glucose, butyrate was one
of the major fermentation products formed on the BR substrate, suggesting that this fruit
by-product may be a valuable substrate to promote the growth of health-promoting bacteria
from the human colon. Moreover, in additional incubations, which included a bacterial
strain from a third phylum, B. bifidum, it was still evident that butyrate was one of the
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main fermentation products. These findings are extremely important because of the strains
in the mix that only F. prausnitzii can form butyrate, and this therefore demonstrates
that this bacterium can compete very well for the BR substrate within the strain mixes.
F. prausnitzii is recognized as one of the most abundant bacterial species in the healthy
human colon, in part due to its ability to produce butyrate and also because it has been
shown to attenuate the development of colitis in mouse models [49,50]. These bacteria help
maintain the integrity of the intestinal mucosa, release molecules with anti-inflammatory
properties, and contribute to the maintenance of a healthy microbiota [51]. F. prausnitzii
also possesses the capacity to induce the anti-inflammatory cytokine interleukin 10 (IL-
10) [52], as does the important key pectin degrader E. eligens [28]. Butyrate is the major
energy source for colonocytes and may modulate carcinogenesis through its effects on
proliferation, differentiation, and apoptosis in the gut, as well as stimulation of the immune
system [53]. Butyrate also promotes blood flow and gut motility in the colon, which are
important for digestion [54]. Furthermore, butyrate supports wound healing processes that
are needed to repair epithelial injury [55]. Moreover, butyrate can prevent and treat diet-
induced insulin resistance [56]. The crosstalk between the microbiome and host immunity
regulates inflammatory status and has an important role in the prevention of chronic
non-communicable diseases and health maintenance [57].

The persimmon fruit by-products tested in this study contain a heterogeneous family
of phytochemicals with anti-inflammatory, antioxidant, and anti-cancer effects. These
effects are most probably due to their richness in anthocyanins. Moreover, the pectin
fiber-rich fraction inhibited “in vitro” tumoral cell line proliferation. In addition, the
unfermented fractions clearly supported growth of important human colonic bacterial
species with respect to promoting the growth of anti-inflammatory and butyrate-producing
species that are likely to promote colonic and general health. Thus, fiber-rich fractions,
obtained from persimmon fruit by-products can be used to generate foods with healthier
properties to be considered as part of new therapeutic resources to promote health. The
“in vivo” functionality of new therapeutic foods containing persimmon fiber-rich fractions
will be the scope of further investigations.
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Abstract: Bifidobacterium animalis subsp. lactis GCL2505 in combination with inulin has been shown to
have several health benefits, including an improvement in the intestinal microbiota and a reduction
in human visceral fat. Previous studies have suggested that the visceral fat reduction of GCL2505 and
inulin may be achieved by improving daily energy expenditure. This parallel, placebo-controlled,
randomized, double-blind study was conducted to evaluate the effects of GCL2505 and inulin on
resting energy expenditure (REE) in overweight or mildly obese Japanese adults (n = 44). Participants
ingested 1 x 10'° colony forming units of GCL2505 and 5.0 g of inulin daily for 4 weeks. REE score at
week 4 was set as the primary endpoint. At week 4, the REE score of the GCL2505 and inulin group
was significantly higher than that of the placebo group, with a difference of 84.4 kcal/day. In addition,
fecal bifidobacteria counts were significantly increased in the GCL2505 and inulin group. Our results
indicated that the intake of GCL2505 and inulin improves energy balance, which is known to be a
major factor of obesity, by modulating the microbiota in the gut. This is the first report to demonstrate
the effects of probiotics and dietary fiber on REE in humans.

Keywords: Bifidobacterium animalis subsp. lactis; probiotics; inulin; visceral fat; metabolic syndrome;
gut microbiota; resting energy expenditure; obesity

1. Introduction

Obesity is a state resulting from the excessive accumulation of fat and can have harmful
effects on health. The World Health Organization diagnostic criteria defined a body mass
index (BMI) of >25 kg/ m? as overweight and >30 kg/ m? as obese; in 2022, 43% of adults
aged > 18 years worldwide were overweight and 16% were obese [1]. Being overweight
or obese has caused an estimated 5 million deaths in 2019 through non-communicable
diseases such as cardiovascular disease, diabetes, cancer, neurological diseases, chronic
respiratory diseases, and gastrointestinal diseases [2]. Furthermore, if no action is taken,
economic losses and healthcare costs due to being overweight or obese are projected to
reach $3 trillion annually by 2030 [3], making being overweight or obese one of the greatest
public health crises of the 21st century.

Being overweight or obese is primarily caused by an imbalance between energy intake
and energy expenditure. Obesity is commonly treated by caloric restriction to lower energy
intake as well as exercise to increase energy expenditure. However, with industrialization
and urbanization, the widespread use of trains and automobiles has led to reduced amounts
of physical activity. Furthermore, it is known that 6 out of 10 obese people live in low-
and middle-income countries [4]. Poverty often causes people to select cheap, high-calorie
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foods [1]. These social factors are some of the reasons for the increase in overweight and
obese individuals.

Resting energy expenditure (REE) accounts for the largest portion of the amount of
energy a person expends each day (approximately 60%), followed by physical activity
(approximately 30%) and diet-induced thermogenesis (DIT; approximately 10%) [5]. It has
been reported that the main determinants of DIT heat production are the energy content
of the diet and the proportion of protein and alcohol, and it is difficult to control energy
expenditure by regulating DIT because energy intake rises as DIT increases [6]. In addition,
obese individuals are reported to be less physically active than non-obese individuals [7].
Therefore, REE has attracted attention because efforts can be made to reasonably improve
energy consumption. REE consists mainly of respiration, visceral activity, and temperature
maintenance. It is known that body temperature is maintained primarily through non-
shivering thermogenesis specific to brown adipose tissue (BAT) [8]. A previous study
reported that cold stimulation and intake of some capsinoids increased energy expenditure
and decreased body fat in participants with low BAT activity [9]. Furthermore, it has been
demonstrated not only in experimental animals such as mice but also in humans that BAT
dysfunction contributes to obesity [10,11]. These previous studies have suggested that BAT
contributes to the elimination of overweight and obesity by increasing energy expenditure
through non-shivering thermogenesis.

In addition to cold stimulation and capsinoids, the effects of short-chain fatty acids
(SCFAs) on BAT activity and energy expenditure have attracted attention. SCFAs are
saturated aliphatic organic acids consisting of one to six carbons, of which acetate (C2),
propionate (C3), and butyrate (C4) are the most abundant (>95%). The relationship
between SCFAs and BAT activity has been studied, and animal studies have reported that
the administration of butyric acid activates BAT and improves energy expenditure [12],
while administration of acetic acid enhances the expression of genes related to BAT function
and increases oxygen consumption, an indicator of energy expenditure [13]. Furthermore,
human studies have shown that the infusion of a mixture of SCFAs into the intestine
improves lipid oxidation and REE compared with the placebo [14]. These previous studies
have suggested a possible effect of SCFAs on energy expenditure via the activation of BAT;
the most reasonable way to synthesize SCFAs is fermentation in the body by intestinal
bacteria [15]. Non-digestible carbohydrates (dietary fiber) are fermented to produce energy
for bacterial growth, and SCFAs are produced as the main end product [16]. Therefore,
probiotics, which produce SCFAs in the gut, prebiotics, which are capitalized by intestinal
bacteria, and synbiotics, which are a complex of probiotics and prebiotics, are suitable
materials for increasing the level of SCFAs in the gut. Previous animal studies have
shown that probiotics and prebiotics support the BAT-mediated enhancement of REE.
The combined administration of the probiotic strain Bifidobacterium adolescentis 2016_7_2
and a high-fat diet leads to a decrease in the respiratory quotient (RQ) and an increase
in the expression of Ucp-1 in BAT [17], and the intake of the prebiotic caffeoylquinic acid
improves energy expenditure with the help of the microbiota [18]. In humans, however,
there have been no reports of improved energy metabolism by probiotics, prebiotics, or
synbiotics, although there are reports of enhanced fat oxidation with the administration of
oligopeptides [19] and 24 g of inulin [20].

Bifidobacterium animalis subsp. lactis GCL2505, commercially named “BifiX” in Japan,
is a probiotic strain that grows in the gut that passes through and was originally isolated
from the feces of healthy adults [21,22]. Previous animal experiments have revealed that
SCFAs produced in the intestine by GCL2505 have anti-metabolic syndrome effects such as
improving glucose tolerance and suppressing visceral fat accumulation [23] and affect host
metabolic homeostasis, including the enhancement of glucose tolerance and suppression of
body fat accumulation, via G protein-coupled receptor 43, which is also known as the SCFA
receptor [24]. Clinical studies have reported that the intake of GCL2505 was associated with
improved cognitive function [25] and vascular endothelial function [26] when administered
in combination with inulin [27], a typical prebiotic material. Furthermore, we recently
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conducted a clinical trial to evaluate the efficacy of GCL2505 and inulin on obesity [28]. In
healthy adult men and women with a BMI of >23 kg/m? and <30, 12 weeks of GCL2505
and inulin intake significantly decreased visceral and total fat area, increased the total
number of bifidobacteria, and decreased the levels of several lipid markers. Therefore, it
was suggested that the combined intake of GCL2505 and inulin improves the intestinal
environment and reduces abdominal fat related to the SCFA-mediated pathway. Because
GCL2505 can proliferate in the gut, it may contribute to the increase in SCFA levels in the
gut, thereby exerting anti-obesity effects.

In other words, the effect on visceral fat caused by the combined intake of GCL2505
(a high producer of SCFAs) and inulin is thought to be due to the increased presence of
SCFAs in the gut, but the mechanism of action has not been clarified. From the previous
studies, it was considered that the visceral-fat-reduction effect of GCL2505 and inulin
may be achieved by improving daily energy expenditure. Therefore, the present study
conducted a parallel, placebo-controlled, randomized, double-blind study to evaluate the
effects of intake of the synbiotics GCL2505 and inulin on REE in overweight or mildly
obese Japanese adults.

2. Materials and Methods
2.1. Participants

This study was approved by the Ethics Committee of Medical Corporation Seishinkai
Takara Clinic on 20 September 2023 (approval number: 2309-00178-0078-3BTC). Written
informed consent was obtained from all participants in accordance with the Declaration
of Helsinki. Participants were Japanese men and women between the ages of 25 and
61 years at the time of consent who satisfied the inclusion criteria, did not satisfy any of
the exclusion criteria, and were deemed eligible by the study investigator. The inclusion
criteria were as follows: (1) in good health, (2) BMI between 25 kg/ m? and 30 kg/ m?, (3)
body fat percentage of at least 15% in men and 25% in women, and (4) the top 40 partici-
pants with the lowest resting energy metabolism among those satisfying selection criteria
(1) through (3) and not satisfying the exclusion criteria. The exclusion criteria were as
follows: (1) undergoing treatment for or a history of malignant tumor, heart failure, or
myocardial infarction, (2) having a pacemaker or implantable cardioverter-defibrillator,
(3) undergoing treatment for arrhythmia, liver damage, kidney damage, cerebrovascu-
lar disease, rheumatism, diabetes, dyslipidemia, hypertension, or other chronic diseases,
(4) consuming foods for specified health uses or foods with functional claims, (5) taking
pharmaceuticals (including herbal medicines) or supplements, (6) having allergies (to
pharmaceuticals or food related to the tested food), (7) pregnant, lactating, or intending to
become pregnant during the study period, (8) participation in other clinical trials during
the 28 days prior to the date of consent, (9) took antibiotics during the 28 days prior to the
date of consent; and (10) deemed ineligible by the principal investigator.

2.2. Management of Participants

Participants were managed as follows: (1) During the study period, the ingestion or
non-ingestion of test drinks and the occurrence of menstruation (for women only) were
recorded daily in a logbook provided by the contract research institute. (2) The physical
condition of the study participants was ascertained by interview at the time of their visit to
the hospital. (3) Dietary intake was examined 3 and 2 days before each test day. A Calorie
and Nutrition Diary (CAND) was used for the dietary survey [29]. The participants were
asked to submit their CAND at the time of each examination visit. (4) For breakfast and
lunch on the day before each test, participants consumed the specified prescribed diet.
Participants spent the evening at their designated accommodation facility and consumed
the prescribed dinner no later than 12 h before the start of the test the next day. Participants
were asked to avoid eating and drinking anything other than the prescribed diet and
were only allowed to drink water. (5) Participants were asked to ensure compliance with
the following points during study participation: (a) from the date of obtaining consent
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to participate in the study until the final test (4 weeks post-test), avoid binge eating and
drinking and maintain their previous lifestyle; (b) if any change in physical condition occurs
during the study period, immediately contact the sponsoring clinical research organization
and ask for instructions on what to do next; (c) consume the test drinks according to the
prescribed dosage and administration, at an intake rate of at least 80%; (d) during the
test period, avoid, to the extent possible, consuming foods for specified health use, foods
with functional claims, fermented foods such as yogurt, kimchi, and natto, and other
foods/beverages with possible functional properties; (e) avoid alcohol consumption and
excessive exercise from 3 days before each examination until the end of the examination on
the same day; (f) refrain from consuming caffeine-rich beverages (energy drinks, coffee, etc.)
for 3 days before the test, and avoid consuming caffeine-containing beverages on the day
before the test.

2.3. Test Foods

The test foods were a dairy drink containing inulin (Orafti GR; Beneo GmbH, Mannheim,
Germany) and GCL2505 (active drink) or a placebo. The active drink was made by diluting
the fermented dairy drink in which the bifidobacteria count was measured with a non-
fermented dairy drink containing the same ingredients to stabilize the bifidobacteria count.
The active drink contained 5.0 g of inulin and 1 x 10'° colony-forming units of GCL2505
per 100 g. The placebo was prepared with the same ingredients as the active drink, with
the addition of food-grade acetic acid and lactic acid to adjust flavor and pH; the basic
ingredients were skim milk powder, fructose dextrose, sucrose, yeast extract, acidifier,
stabilizer, and flavoring. The nutritional details of the test foods are shown in Table 1.

Table 1. Nutritional details of the test drinks.

Active Placebo
Energy, kcal /100 g 60.2 47.7
Moisture, g/100 g 82.3 87.0
Protein, g/100 g 2.8 2.8
Fat, g/100 g 0.1 0.1
Carbohydrate, g/100 g 14.9 9.1
Ash, g/100 g 1.1 1.1

The active drink contained 5.0 g of inulin and 1.0 x 10'° colony-forming units of GCL2505.

2.4. Experimental Design

The study was a randomized, placebo-controlled, double-blind, parallel-group study.
Participants who satisfied the eligibility criteria at the time of the screening test were
assigned by the allocation manager to either the active or placebo group at a 1:1 ratio,
using an allocation table generated by the open-source software program R (ver. 4.2.1); the
algorithm used block random allocation with a random block size of seven. For the sample
size, the final target number of participants was set at 20, based on our previous study
of resting energy expenditure with GCL2505 and inulin (UMIN000050836, unpublished).
The participant selection process is shown in Figure 1. In this study, 81 participants were
screened. After screening, 44 participants were eligible; 22 were assigned to the active
group and 22 were assigned to the placebo group. The doses of GCL2505 and inulin were
determined based on previous studies, respectively [28,30]. Participants in the active and
placebo groups consumed 100 g of test foods once daily for 4 weeks. Both the participants
and observers were blinded to group allocation for the duration of the study. Double
blinding was accomplished by labeling the test foods with an identification number only.
The identification numbers of the active and placebo drinks were kept strictly confidential
and were not disclosed until the allocation manager sent out the allocation list after the
study was completed. The allocation manager generated the allocation order based on
the identification numbers of the test foods provided and created an allocation list and an
emergency key. The emergency key was sealed in an envelope for each study participant,
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and the envelope was stamped with an allotment seal and sealed. After the study was
completed and the data were fixed, the allocation manager confirmed that the allocation list
and emergency key had not been opened, and the identification numbers of the test foods
were revealed. The primary outcome was REE at week 4. Secondary outcomes included
REE at week 2, RQ, carbohydrate oxidation, fat oxidation, body weight, BMI, body fat
percentage, and muscle mass at weeks 2 and 4, as well as fecal SCFAs (formic acid, acetic
acid, lactic acid, propionic acid, n-butyric acid, iso-butyric acid, succinic acid, n-valeric acid,
and iso-valeric acid) and the number of bifidobacteria in feces at week 4. The study was
conducted at the Medical Corporation Seishinkai Takara Clinic (Tokyo, Japan) from October
to December 2023 by Orthomedico Inc., a contract research organization (Tokyo, Japan),
and was registered with the University Hospital Medical Information Network Clinical
Trials Registry as UMIN000052435. This article conforms to the Consolidated Standards of
Reporting Trials (CONSORT) 2010 guidelines (Supplementary Materials, Table S1).

| Assessed for eligibility (1 =81) | [Excluded (7 37)

E

uE.. + Did not satisfy inclusion criteria (n = 34)
el ¢ Declined to participate (n=3)
| | Randomized (n = 44) | + Other reasons (n = 0)

:

g Placebo group (1 = 22) | | Active group (n =22)

=

<

2

o Discontinued intervention (n =1) Discontinued intervention (1 =0)

_é * Declined for personal reasons (n=1)

£

2 Analyzed (1 =20) Analyzed (n=20)

-%“ Exclude from analysis (n=1) Exclude from analysis (1 =2)

f: * Protocol violation (n=1) * Protocol violation (r = 2)

Figure 1. Flowchart of participant selection.

2.5. Indirect Calorimetry

Participants” oxygen uptake (VO,) and carbon dioxide production (VCO;) were mea-
sured using a respiratory gas analyzer (AE310S; Minato Medical Science, Osaka, Japan) in
the morning of the test day. Participants were instructed to rest in their assigned accom-
modations from the evening before the test and to consume their assigned dinner in the
accommodations at least 12 h before the start of the test the next day. Measurements were
taken in a resting sitting position at a comfortable room temperature; VO, and VCO, were
recorded continuously for 15 min. REE and RQ were calculated by the following equations:

REE (kcal/day) = [3.9 x VO, (mL/min) + 1.1 x VCO; (mL/min)] x 1.44 (1)
RQ =VCO,/VO, @)

2.6. Anthropometric Measurements and Body Composition

Body weight and height were measured in units of 0.1 kg and 0.1 cm, respectively,
with the participant standing. BMI was calculated by dividing weight (kg) by the square of
height (m).

2.7. Fecal Samples

Fecal samples were submitted on weeks 0 and 4. Fecal samples were handled ac-
cording to previously described procedures [28] and promptly transported to the Kyoto
Institute of Nutrition and Pathology (Kyoto, Japan) by refrigerated transport at tempera-
tures below —15 °C.
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2.8. Fecal Short-Chain Fatty Acids

Concentrations of SCFAs in feces were determined using ion-exclusion high-performance
liquid chromatography (HPLC) according to the procedure of Morishima et al. [31]. Specif-
ically, 0.3 g of feces was placed into a 1.5 mL microtube. To a suspension consisting of
feces and 0.6 mL distilled water, 0.09 mL of 12% perchloric acid was added and allowed
to stand on ice for 3 min after suspension. Samples were then centrifuged (15,000x g,
10 min, 4 °C), and the collected supernatant was filtered through a 0.45 pm COSMONICE®
Filter W (water-based: Nacalai Tesque, Inc., Kyoto, Japan) before being subjected to analy-
sis. An LC-10ADVP pump, CDD-10A VP conductometer, Shim-Pack SCR-102(H) Column
(8.0 mm x 30 cm X 2 columns), and CTO-20AC column heater module (all manufactured
by Shimadzu Corporation, Kyoto, Japan) were used to measure the analytical concen-
trations of SCFAs. Distilled water for HPLC (Fujifilm Wako Pure Chemical Corporation,
Osaka, Japan) containing 5 mM p-toluenesulfonic acid was prepared as the mobile phase
and filtered through a 0.45 pm cellulose acetate membrane filter (Toyo Roshi Kaisha, Ltd.,
Tokyo, Japan) for use in the measurements. The post-column pH buffering solution was
distilled water with 5 mM p-toluenesulfonic acid, 20 mM Bis-Tris, and 100 uM EDTA (free
acid) added. Mobile phase and pH buffering solution were supplied at a flow rate of
0.8 mL/min each. The column temperature was set at 45 °C. Components were identified
by the Kyoto Institute of Nutrition and Pathology (Kyoto, Japan), using a CBM-20A data
module (Shimadzu Corporation, Kyoto, Japan).

2.9. Fecal DNA Extraction

Bacterial DNA was extracted from fecal samples, according to the procedure of Tour-
lousse et al. [32]. Specifically, 0.2 g of fecal sample, 700 uL of FE1 buffer, and 10 puL of RNase
were added to a tube containing beads, and a bead-beating homogenizer (FastPrep-24;
MP Biomedicals, Irvine, CA, USA) was run at 6 m/s for 1 min to destroy the cells. This
process was repeated three times, during which the samples were held at room temperature
for 5 min. The samples were then centrifuged at 12,000x g for 15 min with 90 puL of FE2
buffer added. The supernatant (up to 500 puL) was collected and mixed with FB buffer and
isopropanol, each at 0.4x the volume of the supernatant obtained. Finally, the sample was
loaded onto a spin column and washed according to the manufacturer’s instructions. The
purified DNA was eluted from the column by 50 uL of Tris-EDTA buffer (pH 8.0).

2.10. Fecal Bifidobacteria

Real-time polymerase chain reaction (PCR) was performed with reference to Tanaka et al.,
using genus-specific primers capable of detecting Bifidobacterium spp., including GCL2505 [33].
The primer sequences were as follows: Bifidobacterium spp. sense primer, 5-GATTCTGGCT-
CAGGATGAACGC-3'; Bifidobacterium spp. antisense primer, 5'-CTGATAGGACGCGA-
CCCCAT-3'. Each PCR reaction mixture contained 20 pmol of each primer, 5 pL of SYBR®
premix Ex taq (Takara Bio, Kusatsu, Japan), and 1 uL of DNA solution. This procedure was
performed by the Kyoto Institute of Nutrition and Pathology (Kyoto, Japan).

2.11. Statistical Analysis

All measurement data are presented as means and standard deviations (SD) or 95%
confidence intervals (CIs). All statistical analyses were performed using IBM® SPSS®
Statistics 23 (IBM Corp., Armonk, NY, USA). p-value < 0.05 was used as the threshold
for determining significant differences. Missing data were treated as missing values and
no proxy values were used. Unpaired t-tests were used to assess baseline at study entry
between participants in both groups and dietary bias during the study period. The partici-
pants’ indirect calorimetry and body parameters during the study period were compared
between groups, using a mixed-effects model for repeated measures, based on the restricted
maximum likelihood method. The mean structure of models other than BMI assumed
a fully unstructured variance—covariance matrix for error terms, including time, group
(active or placebo), sex, baseline values, baseline BMI values, and interactions between
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time and group, and between baseline values and time. The mean structure of models for
BMI included baseline value, time point, group (active or placebo), sex, interaction between
time point and group, and interaction between baseline value and group, and assumed a
fully unstructured variance—covariance matrix in the error term. Satterthwaite’s method
was used to estimate the degrees of freedom. The difference between groups at each
time point was calculated as the difference in the marginal estimated means. Fecal SCFAs
concentrations were statistically analyzed by covariate analysis adjusted for baseline (week
0). Fecal bifidobacteria were compared within each group by paired t-test and between the
two groups by a covariate analysis adjusted for the baseline (week 0).

3. Results
3.1. Subjects (Analysis Target Population)

At the start of the study, a significant difference in plasma glucose values between
the active and placebo groups was observed but was deemed acceptable because it was
within the reference range. There were no differences in the baseline characteristics of other
participant data between the two groups (Table 2). By the end of the study, one participant
from the placebo group withdrew for personal reasons. After the completion of the entire
study, three participants whose consumption rate of the test food was less than 80% were
excluded according to study participant management criteria (5)-(c) (1 = 1 from the placebo
group and n = 2 from the active). Finally, 40 participants were analyzed, with 20 in the
placebo group and 20 in the active group. There were no reported harms or unintended

effects in either group.

Table 2. Participant characteristics at baseline.

Active Group Placebo Group p-Value

Age, years 47.75 (11.07) 47.75 (9.68) 1.00
Female, n (%) 16 (80.00) 16 (80.00) 1.00
Height, cm 160.18 (6.44) 157.50 (6.45) 0.20
Body weight, kg 68.61 (8.37) 66.86 (6.21) 0.46
Body mass index, kg/m? 26.65 (1.47) 26.90 (1.02) 0.53
Systolic blood pressure, mmHg 120.40 (18.19) 123.95 (15.50) 0.51
Diastolic blood pressure, mmHg 79.95 (13.22) 80.90 (10.32) 0.80
White blood cell count, /pL 6130.00 (1475.80) 6000.00 (1069.68) 0.75
Red blood cell count, x10*/uL 470.00 (31.98) 463.90 (38.73) 0.59
Hemoglobin, g/dL 13.77 (1.31) 13.64 (1.26) 0.75
Hematocrit, % 44.18 (3.45) 43.65 (3.29) 0.62
Platelet count, x10*/uL 26.20 (5.01) 29.27 (5.84) 0.08
Total serum protein, g/dL 7.06 (0.37) 7.09 (0.33) 0.79
Aspartate aminotransferase, U/L 21.20 (11.73) 22.35 (12.84) 0.77
Alanine aminotransferase, U/L 22.50 (19.03) 22.95 (17.02) 0.94
Total bilirubin, mg/dL 0.68 (0.33) 0.69 (0.28) 0.96
v-Glutamyl transpeptidase, U/L 35.05 (50.11) 26.80 (15.07) 0.49
Blood urea nitrogen, mg/dL 12.93 (3.66) 11.29 (1.71) 0.08
Creatinine, mg/dL 0.70 (0.13) 0.68 (0.07) 0.55
Uric acid, mg/dL 5.29 (1.10) 5.64 (1.25) 0.35
Sodium (Na), mEq/L 142.25 (2.12) 141.60 (2.01) 0.33
Chlorine (Cl), mEq/L 102.60 (1.27) 102.25 (2.02) 0.52
Potassium (K), mEq/L 4.15(0.23) 4.07 (0.28) 0.33
Serum amylase, U/L 80.40 (52.48) 75.50 (26.09) 0.71
Total cholesterol, mg/dL 215.80 (45.89) 225.75 (34.27) 0.44
HDL cholesterol, mg/dL 57.65 (12.52) 55.70 (13.67) 0.64
LDL cholesterol, mg/dL 131.20 (40.90) 139.20 (34.01) 0.51
Triglycerides, mg/dL 118.30 (46.71) 134.20 (59.54) 0.35
Glucose, mg/dL 88.40 (5.78) 93.05 (6.21) 0.02
HbA1lc (NGSP), % 5.41 (0.21) 5.47 (0.31) 0.48
Compliance rate of the test sample, % *  99.1 (3.5) 102.7 (7.1) -

All data are presented as mean (SD). Differences between placebo and active groups were assessed by unpaired
t-test. * Indicates compliance rate of the test sample, excluding participants who dropped out.
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3.2. Dietary Composition

Nutrients ingested by the participants were calculated from the food records for 2 days
before REE measurement (Table 3). No statistically significant differences were observed
between the two groups in energy, protein, fat, carbohydrate, and dietary fiber. Participants
were required to eat the designated dinner at the provided accommodations no later than
12 h before the start of the next day’s test, thereby ensuring that the content of the meal
the day before the REE measurement did not affect the test results. Accordingly, it was
concluded that dietary content did not affect the results of this study.

Table 3. Changes in dietary composition in the active (n = 20) and placebo (1 = 20) groups during the

intervention period.

0 Week 2 Weeks 4 Weeks
Active 2430.02 (1999.86, 2860.17) 2201.98 (1821.45,2582.50)  2270.44 (1886.14, 2654.74)
Energy, kcal Placebo 2234.22 (1971.28, 2497.17) 2236.50 (1957.50, 2515.50)  1943.19 (1624.80, 2261.58)
p-value 0.45 0.89 0.21
Active 102.14 (82.54,121.73) 87.80 (70.33, 105.28) 93.64 (75.36, 111.93)
Protein, g Placebo 90.81 (78.16, 103.46) 91.12 (77.40, 104.83) 78.38 (64.20, 92.57)
p-value 0.35 0.77 0.20
Active 93.48 (73.39, 113.56) 79.80 (60.79, 98.81) 85.86 (66.31, 105.40)
Fat, g Placebo 80.75 (68.49, 93.01) 79.75 (67.23,92.27) 64.54 (52.08, 77.00)
p-value 0.30 1.00 0.08
Active 280.39 (234.10, 326.68) 270.57 (233.45, 307.69) 265.11 (230.95, 299.27)
Carbohydrate, g Placebo 272.41 (242.12, 302.70) 275.72 (238.19, 313.25) 250.93 (211.18, 290.67)
p-value 0.78 0.85 0.60
Active 15.42 (11.42,19.42) 14.06 (10.65, 17.48) 14.73 (11.74,17.71)
Dietary fiber, g Placebo 15.09 (12.56, 17.62) 14.82 (12.15,17.48) 14.69 (11.24, 18.13)
p-value 0.89 0.74 0.99
All data are presented as mean (95% Cls). Differences between the placebo and active groups were assessed by
unpaired f-test.
3.3. Indirect Calorimetry
The REE score at week 4 (the primary endpoint) of the active group (1376.5 £ 272.8
kcal/day) was greater than that of the placebo group (1303.2 £ 188.1 kcal/day), and a
significant difference was confirmed (p = 0.042 by repeated measurements analysis using a
linear mixed model). In addition, the REE score in the active group at week 2 (1435.9 £ 195.2
kcal/day) was also statistically higher than in the placebo group (1345.5 & 231.6 kcal/day)
(p = 0.002 by repeated measurements analysis using a linear mixed model). In contrast,
no significant differences were observed between the two groups in RQ, carbohydrate
oxidation, or lipid oxidation (Table 4).
Table 4. Changes in indirect calorimetry in the active (1 = 20) and placebo (1 = 20) groups during the
intervention period.
0 Week 2 Weeks 4 Weeks
Active 1326.8 (1262.9, 1390.7) 1435.9 (1464.2, 1565.5) * 1376.5 (1393.0, 1517.6) *
Resting energy Placebo 1325.1 (1257.3, 1392.8) 1345.5 (1362.5, 1463.5) 1303.2 (1308.7, 1433.0)
expenditure, Difference _
keal/day between groups 1.8 (—94.4,97.9) 101.8 (39.2, 164.4) 84.4 (3.2, 165.7)

p-value

0.971

0.002

0.042
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Table 4. Cont.

0 Week 2 Weeks 4 Weeks
Active 0.83 (0.81, 0.85) 0.83 (0.81, 0.85) 0.85(0.82, 0.87)
Placebo 0.83(0.82, 0.84) 0.83(0.81, 0.84) 0.84 (0.80, 0.86)
Respiratory quotient  Difference

between groups
p-value

—0.01 (—0.03, 0.02)
0.649

0.00 (—0.02, 0.03)
0.695

0.01 (—0.02, 0.05)
0.429

Carbohydrate
oxidation amount,
mg/min

Active

Placebo
Difference
between groups

133.2 (111.57,154.77)
139.5 (123.95, 155.00)

—6.3(-33.9,21.3)

153.1 (138.6, 178.4)
142.0 (121.9, 162.6)

16.2 (—9.1, 41.6)

163.1 (138.7, 198.5)
144.9 (115.0, 175.3)

23.4 (—17.2, 64.0)

p-value 0.645 0.202 0.250
Active 82.4 (72.74,92.02) 85.6 (83.6, 100.9) 76.3 (73.8,92.4)
L Placebo 79.0 (71.01, 87.08) 80.2 (78.8, 96.0) 74.6 (72.5,91.1)
Fat oxidation amount, .
Difference

mg/min

between groups
p-value

3.3(-9.6,16.3)
0.606

4.8 (—6.3,15.9)
0.382

1.3 (—10.8, 13.5)
0.826

All data are presented as mean (95% ClIs). Differences between the placebo and active groups were assessed by
the mixed-effects model for repeated measures. * p < 0.05.

3.4. Fecal Bifidobacteria

The quantified number of bifidobacteria in feces was converted into logarithmic values
and compared (Figure 2). Inter-group comparison at week 4 revealed that the total number
of bifidobacteria was significantly increased in the active group (11.5 £ 0.9 log cells/g
feces) compared with the placebo (11.3 & 1.2 log cells/g feces) (p = 0.037 by analysis
of covariance with baseline values as covariates). Intra-group comparison revealed a
statistically significant increase in the total number of bifidobacteria in the active group
at week 4 compared with that at week 0 (10.5 = 2.0 log cells/g feces) (p = 0.013 by paired
t-test). In contrast, the number of fecal bifidobacteria in the placebo group did not change
during the study period (week 0: 11.3 £ 1.0 log cells/g feces).

Fecal bifidobacteria (log cells/g)

10 4

p=0.037

p=0013

0 \I/\’ 4 Iw

Active

0 ;v 4;\'
Placebo

Figure 2. Changes in fecal bifidobacteria in the active (n = 20) and placebo (1 = 20) groups during
the study period. Boxplots represent interquartile range (25-75%) with median shown in black.

Inter-group differences were analyzed by analysis of covariance with baseline values as covariates.

Intra-group differences were analyzed by paired t-test.
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3.5. Fecal Short-Chain Fatty Acids

The fecal concentration of propionic acid in the active group (15.4 & 6.0 mmol/kg wet
feces) at week 4 was statistically lower than in the placebo group (20.9 &= 9.2 mmol/kg wet
feces) (p = 0.015 by analysis of covariance with baseline values as covariates). In all the
items except propionic acid, there were no statistically significant differences between the
active group and the placebo during the study period (Table 5).

Table 5. Changes in fecal SCFA concentrations in the active (1 = 20) and placebo (1 = 20) groups

during the intervention period.

0 Week 4 Weeks

Active 0.0 (0.0, 0.0) 0.0 (—0.2,0.2)
Formic acid, mmol/kg wet feces Placebo 0.0 (0.0, 0.0) 0.2 (0.0, 0.5)

p-value - 0.156

Active 55.6 (43.7, 67.5) 42.4 (34.7,50.2)
Acetic acid, mmol/kg wet feces Placebo 49.6 (40.3, 58.9) 52.9 (45.1, 60.7)

p-value 0.444 0.063

Active 0.4(—04,1.2) 0.0 (—0.1,0.1)
Lactic acid, mmol/kg wet feces Placebo 0.3 (0.0, 0.6) 0.0 (0.0,0.1)

p-value 0.759 0.335

Active 19.0 (144, 23.6) 15.4 (12.1,18.5) *
Propionic acid, mmol/kg wet feces Placebo 18.6 (13.8,23.4) 20.9 (17.8,24.2)

p-value 0.918 0.015

Active 9.5(7.3,11.7) 7.4(5.6,9.2)
n-Butyric acid, mmol/kg wet feces Placebo 7.9 (5.3,10.6) 8.6 (6.8,10.4)

p-value 0.377 0.378

Active 0.9 (0.1,1.7) 0.3(-0.2,1.0)
iso-Butyric acid, mmol/kg wet feces  Placebo 0.0 (0.0, 0.0) 0.6 (0.0, 1.2)

p-value 0.051 0.612

Active 1.0 (0.0, 2.1) 1.4 (-0.1,2.9)
Succinic acid, mmol/kg wet feces Placebo 0.7 (0.2,1.1) 04 (—-1.0,1.9)

p-value 0.547 0.356

Active 0.8(—0.3,1.9) 0.4 (—0.1, 1.0
n-Valeric acid, mmol/kg wet feces Placebo 0.3(—0.3,0.9) 0.3(—0.2,0.9)

p-value 0.449 0.876

Active 1.0 (0.1, 2.0) 0.4 (—0.2,1.0)
iso-Valeric acid, mmol/kg wet feces  Placebo 0.0 (0.0, 0.0) 0.6 (—0.1,1.1)

p-value 0.051 0.808

All data are presented as mean (95% Cls). Differences between the placebo and active groups were assessed by

analysis of covariance with baseline values as covariates. * p < 0.05.

3.6. Anthropometric Parameters

Body weight, BMI, body fat percentage, and muscle mass were measured during the
study period (Table 6). There were no statistically significant differences between the active
and placebo groups.

Table 6. Changes in anthropometric parameters in the active (1 = 20) and placebo (1 = 20) groups
during the intervention period.

0 Week 2 Weeks 4 Weeks
Active 68.6 (64.9,72.3)  69.0(67.8,69.3)  68.9 (67.6,69.2)
Body weight, kg Placebo 66.9 (64.1,69.6)  67.1(67.6,68.9)  67.1(67.5,69.0)
p-value 0.459 0.526 0.726
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Table 6. Cont.

0 Week 2 Weeks 4 Weeks

Active 26.6 (26.0,27.3)  26.8(26.8,27.3) 267 (26.7,27.2)
Body mass index, kg/ m?2 Placebo 26.9 (26.5, 27.3) 27.0 (26.7,27.2) 27.0 (26.7,27.2)

p-value 0.528 0.753 0.965

Active 37.6(35.1,40.2)  37.9(37.0,389)  37.7(35.5,40.0)
Body fat rate, % Placebo 37.4(34.6,40.2) 37.3(36.5,38.5) 35.6(33.6,38.1)

p-value 0.903 0.291 0.213

Active 405 (37.3,43.7)  40.5(40.1,41.1)  40.6 (39.1,42.2)
Muscle mass, kg Placebo 39.7 (36.7, 42.6) 39.9 (40.3,41.2) 41.1 (40.4, 43.5)

p-value 0.714 0.540 0.239

All data are presented as mean (95% CIs). Differences between the placebo and active group were assessed by the
mixed-effects model for repeated measures.

4. Discussion

We investigated the effect of consuming a dairy drink containing Bifidobacterium
animalis subsp. lactis GCL2505 and inulin on REE in healthy adults. The results showed that
the active group had a statistically significantly higher REE score for the primary outcome
compared with the placebo group and an increased number of fecal bifidobacteria. Because
we have previously shown that GCL2505 and inulin reduce visceral and body fat area, the
present results were considered to support earlier findings.

GCL2505 and inulin, which have been shown to inhibit fat accumulation [28], are
expected to contribute to the prevention of weight gain and obesity. Obesity is a state of
excessive fat accumulation resulting from an imbalance between energy intake and energy
expenditure [34]. In other words, continuous intake of GCL2505 and inulin, which has the
effect of reducing fat in humans, may cause a rebalancing of energy levels. Thus, the effect
of GCL2505 and inulin on REE, which significantly affects the amount of energy a person
consumes per day, was verified in this study. The mechanism by which probiotics suppress
obesity has been investigated in several studies, and it was reported that the suppressive
effect of Lactobacillus gasseri SBT2055 on visceral fat accumulation was due to inhibitory
effects on the absorption and promotion of lipid excretion in the intestinal tract [35].
Inhibitory effects of Bifidobacterium breve B-3 [36] and Lactobaclillus paracasei subsp. paracasei
F199 [37] on fat accumulation in adipose tissue have also been reported. Lactobacillus gasseri
BNR17 is one of the few bacteria shown to improve energy metabolism. Animal studies
have also suggested that the effects of BNR17 on visceral fat accumulation and abdominal
circumference reduction depend on increased expression of genes related to fatty acid
metabolism [38]. Meanwhile, in the present study, the direct effect of intake of bifidobacteria
and dietary fiber on REE was confirmed in clinical trials. REE is strictly determined by
summing the metabolic rates of body tissues [39]; however, indirect calorimetry, which is
simple, noninvasive, and highly accurate for measurement [40,41], was used in the present
study. To date, no studies have demonstrated an ameliorative effect of probiotics on REE,
and the reasons for this are not clear. However, for REE to be measured in this study,
participants were provided accommodations the day before at the testing facility and were
kept in a strictly controlled environment. Given the study design, along with the high
ability of GCL2505 and inulin to improve SCFAs levels in the gut, the present study may be
the first to demonstrate the effect of probiotics and soluble dietary fiber on REE in a clinical
trial. REE (the primary endpoint of this study) was correlated with basal metabolic rate [42],
suggesting that the increase in REE may also indicate an increase in the participants” basal
metabolic rate.

It was hypothesized that the increase in REE with the intake of GCL2505 and inulin
was achieved by a mechanism of action comprising the following two steps. In Step 1,
the intake of GCL2505 and inulin increases bifidobacteria in the gut and increases the
levels of SCFAs. In a previous animal study, ingestion of GCL2505 alone contributed to an
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increase in the number of bifidobacteria in the feces and a concomitant increase in acetic
acid levels in the feces and blood [24]. In addition, previous clinical studies reported that
GCL2505 and inulin increased the total number of bifidobacteria in feces [43] and that
intake of inulin increased SCFAs such as acetic acid via an increase in bifidobacteria [44].
These results support our hypothesis. However, in the present study, we were unable
to detect an increase in the levels of SCFAs in the gut as a result of the intervention,
and there was no significant difference between the two groups in terms of acetic and
butyric acid concentrations in the feces at week 4. Propionate levels in the active group
were significantly lower than in the placebo. This discrepancy can be explained by the
detectable stability of SCFAs in the gut. The amount of SCFAs present in the feces was
known to be highly influenced by stool retention time and other factors [45], with large
variations between individuals and between days. Another clinical trial with increased
stool collection points and a crossover study design was conducted to confirm the effect
of GCL2505 and inulin on the levels of SCFAs in the gut, and the positive impact of the
intervention was confirmed (UMIN000050924). In Step 2, the increased levels of SCFAs may
activate BAT via the activation of its receptor, G protein-coupled receptor 41 (GPR41), as
well as sympathetic nerve stimulation, which, in turn, promotes REE. As mentioned above,
previous studies in animals have reported that the administration of acetic acid and butyric
acid increases energy expenditure via the activation of brown adipocytes [12,13] and that
SCFAs contribute to energy regulation via GPR41 [46]. In addition, SCFAs have been shown
to promote the expression of GPR41 and 43 in adipose tissue as well as the differentiation of
adipocytes into beige adipocytes, which have the same function as brown adipocytes [47].
In clinical trials, colonic infusion of SCFAs promoted increased lipid oxidation and REE [14].
An observational study in humans revealed a positive correlation between the relative
abundance of the genus Bifidobacterium and BAT activity [48], together with the possibility
that this effect occurs in an SCFA-dependent manner. These previous studies suggested
that SCFAs are likely to have an effect on BAT and REE. Thus, based on the hypotheses
thus far, it is speculated that intake of GCL2505 and inulin may increase the concentration
of SCFAs in the gut by increasing the total number of bifidobacteria in the gut, thereby
stimulating the sympathetic nervous system via GPR41 and activating BAT to improve
energy expenditure.

RQ, which is the ratio of carbohydrate to fat oxidation [49], did not change in either
the active or placebo groups during the study period. Brooks et al. showed that the energy
supply from carbohydrates (glycogen and glucose) increased with increasing exercise
intensity, thereby causing the RQ values to change [50]. These previous studies showed
that RQ was influenced by environmental factors. Therefore, the stability of the RQ
observed in the present study can be attributed to a highly accurate test design that was set
up to suppress the influence of environmental factors. The group difference between the
active and placebo groups based on the marginal estimated means of REE at week 4 was
84.4 kcal/day (Table 4). It has been reported that the amount of energy deficit required
to reduce body weight by 1 kg is around 7400-7700 kcal [51,52]. Based on this concept,
the theoretical value of the weight difference between the groups during the current
intervention period of 28 days was calculated to be about 0.3 kg. It was considered that
the change in values was too small to confirm intervention-induced changes in the body
weight and BMI of participants in the active group during this study. However, because
the effect on REEs has been confirmed, it is expected that continued intake of GCL2505 and
inulin would have a long-term optimizing effect on body weight and BMI. Furthermore, in
this study, no aspects of BAT activity were measured, such as body temperature, density of
BAT, or cold-induced thermogenesis. In addition, although total bifidobacteria counts were
quantified by qPCR, the change in intestinal microbiota was not comprehensively analyzed
by 16S amplicon sequence analysis or shotgun metagenomic sequencing. Therefore, further
studies are needed to determine the impact of bacteria other than bifidobacteria and
whether they influenced the changes in BAT activity or the improvement in REE. Moreover,
hypotheses regarding the mechanism may be fully discussed by recruiting a sufficient
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number of subjects, measuring SCFA accurately while minimizing individual differences
and daily variability, and combining this with BAT activity measurements.

Metabolic syndrome, which is the simultaneous development of insulin resistance,
obesity, atherosclerosis, and several metabolic diseases represented by dyslipidemia and
hypertension, is one of the major public health threats of our time [53]. It is known that
the diseases contributing to metabolic syndrome start from obesity, and the overview is
sometimes described by the concept of the “metabolic domino effect” [54]. Meanwhile,
it has become clear that intestinal bacteria play a pivotal role in maintaining host energy
metabolism homeostasis [55-57], and probiotics, one of the most promising materials for
improving the intestinal environment, are expected to contribute to solving this problem.
The ability of probiotics to reach the intestine alive is considered very important for their
health benefits to the host. We previously reported that GCL2505 not only reaches the
intestinal tract alive after ingestion but also has the characteristic of proliferating in the
intestinal tract [21] and has an excellent ability to increase the number of bifidobacteria in
the gut [22]. Clinical trials have demonstrated that GCL2505 is effective in reducing visceral
fat [58], and animal studies have shown that this effect is due to the high production of
SCFAs via the intestinal viability and intestinal proliferation of GCL2505 [59]. In addition,
GCL2505 in combination with inulin has been shown in clinical trials to reduce body
fat [28], improve vascular endothelial function [26], and improve cognitive function [25].
The effects on cognitive function have been suggested to be due to the anti-inflammatory
effects of SCFAs, and further studies are expected. Although a series of research studies
have proven the effectiveness of GCL2505 and inulin, the REE improvement effect has been
newly revealed in this study. Thus, we can expect that the effects of GCL2505 and inulin on
the diseases that constitute metabolic syndrome will contribute to preventing the onset and
progression of these diseases in a domino-like fashion, thereby reducing or eliminating the
risk of metabolic syndrome.

5. Conclusions

The administration of GCL2505 and inulin improved REE by increasing the levels
of bifidobacteria in the gut. These results suggest that the intake of GCL2505 and inulin
improves the energy balance, which is the underlying cause of obesity. These results might
also suggest the underlying mechanism of the anti-obesity effects of GCL2505 and inulin,
and this is the first report of the effects of probiotics and dietary fiber on REE.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu16142345/s1, Table S1: CONSORT 2010 checklist.

Author Contributions: Conceptualization, Y.B.; methodology, Y.B.; validation, Y.B., N.A., Y.S. and
K.T.,; formal analysis, Y.B.; investigation, Y.B., N.A., Y.S., K.T. and R.M.; writing—original draft
preparation, Y.B., N.A,, Y.S., K.T. and R.M.; writing—review and editing, Y.B., N.A., Y.S., K.T. and
R.M,; visualization, Y.B.; supervision, T.T. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was funded by Ezaki Glico Co., Ltd., Japan, and there was no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Medical Corporation Seishinkai Takara Clinic
(approval date: 20 September 2023; approval number: 2309-00178-0078-3BTC).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The datasets generated during the present study and/or analyzed
during the current study are available from the responsible author upon reasonable request.

Acknowledgments: We would like to express our sincere appreciation to the team members involved
in the production of the test foods for this research.

82



Nutrients 2024, 16, 2345

Conflicts of Interest: The authors declare that this study received funding from Ezaki Glico Co., Ltd.
Y.B.,N.A., YS, K.T. and R.M. are employees of Ezaki Glico Co., Ltd. The other author, T.T., reports
no conflicts of interest in this work.

References

1. World Health Organization. Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail /
obesity-and-overweight (accessed on 25 April 2024).

2. GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors in 204 countries and territories, 1990-2019: A systematic
analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1223-1249. [CrossRef] [PubMed]

3. Okunogbe, A.; Nugent, R.; Spencer, G.; Powis, ].; Ralston, ].; Wilding, J. Economic impacts of overweight and obesity: Current
and future estimates for 161 countries. BM] Glob. Health 2022, 7, €009773. [CrossRef] [PubMed]

4. Rocha, T.X.; Melson, E.; Zamora, J.; Fernandez-Felix, B.M.; Arlt, W.; Thangaratinam, S. Sex-specific obesity and cardiometabolic
disease risks in low- and middle-income countries: A meta-analysis involving 3,916,276 individuals. J. Clin. Endocrinol. Metab.
2024, 109, 1145-1153. [CrossRef] [PubMed]

5. Miiller, M.].X;; Geisler, C. From the past to future: From energy expenditure to energy intake to energy expenditure. Eur. |. Clin.
Nutr. 2017, 71, 358-364. [CrossRef] [PubMed]

6.  Westerterp, K.R. Diet induced thermogenesis. Nutr. Metab. 2004, 1, 5. [CrossRef] [PubMed]

7. Ravussin, E. Physiology. A NEAT way to control weight? Science 2005, 307, 530-531. [CrossRef] [PubMed]

8. Lee, P,; Smith, S.; Linderman, J.; Courville, A.B.; Brychta, R.J.; Dieckmann, W.; Werner, C.D.; Chen, K.Y,; Celi, ES. Temperature-
acclimated brown adipose tissue modulates insulin sensitivity in humans. Diabetes 2014, 63, 3686-3698. [CrossRef] [PubMed]

9. Yoneshiro, T.; Aita, S.; Matsushita, M.; Kayahara, T.; Kameya, T.; Kawai, Y.; Iwanaga, T.; Saito, M. Recruited brown adipose tissue
as an antiobesity agent in humans. J. Clin. Investig. 2013, 123, 3404-3408. [CrossRef] [PubMed]

10. Kajimura, S.; Saito, M. A new era in brown adipose tissue biology: Molecular control of brown fat development and energy
homeostasis. Annu. Rev. Physiol. 2014, 76, 225-249. [CrossRef]

11.  Saito, M.; Yoneshiro, T.; Matsushita, M. Activation and recruitment of brown adipose tissue by cold exposure and food ingredients
in humans. Best Pract. Res. Clin. Endocrinol. Metab. 2016, 30, 537-547. [CrossRef]

12. Gao, Z; Yin, ].; Zhang, J.; Ward, R.E.; Martin, R.J.; Lefevre, M.; Cefalu, W.T.; Ye, J. Butyrate improves insulin sensitivity and
increases energy expenditure in mice. Diabetes 2009, 58, 1509-1517. [CrossRef] [PubMed]

13. Hanatani, S.; Motoshima, H.; Takaki, Y.; Kawasaki, S.; Igata, M.; Matsumura, T.; Kondo, T.; Senokuchi, T.; Ishii, N.; Kawashima, J.;
et al. Acetate alters expression of genes involved in beige adipogenesis in 3T3-L1 cells and obese KK-Ay mice. J. Clin. Biochem.
Nutr. 2016, 59, 207-214. [CrossRef] [PubMed]

14. Canfora, E.E; van der Beek, C.M.; Jocken, ].W.E.; Goossens, G.H.; Holst, J.J.; Olde Damink, S.W.M.; Lenaerts, K.; Dejong,
C.H.C,; Blaak, E.E. Colonic infusions of short-chain fatty acid mixtures promote energy metabolism in overweight/obese men:
A randomized crossover trial. Sci. Rep. 2017, 7, 2360. [CrossRef] [PubMed]

15. Tremaroli, V.; Biackhed, F. Functional interactions between the gut microbiota and host metabolism. Nature 2012, 489, 242-249.
[CrossRef] [PubMed]

16.  Flint, H.].; Duncan, S.H.; Scott, K.P,; Louis, P. Links between diet, gut microbiota composition and gut metabolism. Proc. Nutr. Soc.
2015, 74, 13-22. [CrossRef] [PubMed]

17.  Wang, B.; Kong, Q.; Cui, S.; Li, X.; Gu, Z.; Zhao, J.; Zhang, H.; Chen, W.; Wang, G. Bifidobacterium adolescentis isolated from
different hosts modifies the intestinal microbiota and displays differential metabolic and immunomodulatory properties in mice
fed a high-fat diet. Nutrients 2021, 13, 1017. [CrossRef] [PubMed]

18. Liu, Y;; Zhong, X,; Lin, S.; Xu, H.; Liang, X.; Wang, Y,; Xu, J.; Wang, K.; Guo, X.; Wang, |.; et al. Limosilactobacillus reuteri and
caffeoylquinic acid synergistically promote adipose browning and ameliorate obesity-associated disorders. Microbiome 2022,
10, 226. [CrossRef] [PubMed]

19. Jin, A;; Kan, Z,; Tan, Q.; Shao, J.; Han, Q.; Chang, Y.; An, N.; Yi, M. Supplementation with food-derived oligopeptides promotes
lipid metabolism in young male cyclists: A randomized controlled crossover trial. J. Int. Soc. Sports Nutr. 2023, 20, 2254741.
[CrossRef] [PubMed]

20. van der Beek, C.M.,; Canfora, E.E.; Kip, A.M.; Gorissen, S.H.M.; Olde Damink, S.W.M.; van Eijk, HM.; Holst, ].].; Blaak, E.E.;
Dejong, C.H.C.; Lenaerts, K. The prebiotic inulin improves substrate metabolism and promotes short-chain fatty acid production
in overweight to obese men. Metabolism 2018, 87, 25-35. [CrossRef] [PubMed]

21. Ishizuka, A.; Tomizuka, K.; Aoki, R.; Nishijima, T.; Saito, Y.; Inoue, R.; Ushida, K.; Mawatari, T.; Ikeda, T. Effects of administration
of Bifidobacterium animalis subsp. lactis GCL2505 on defecation frequency and bifidobacterial microbiota composition in humans.
J. Biosci. Bioeng. 2012, 113, 587-591. [CrossRef]

22. Tanaka, Y.; Takami, K.; Nishijima, T.; Aoki, R.; Mawatari, T.; Ikeda, T. Short- and long-term dynamics in the intestinal microbiota
following ingestion of Bifidobacterium animalis subsp. lactis GCL2505. Biosci. Microbiota Food Health 2015, 34, 77-85. [CrossRef]
[PubMed]

23.  Aoki, R; Kamikado, K.; Suda, W,; Takii, H.; Mikami, Y.; Suganuma, N.; Hattori, M.; Koga, Y. A proliferative probiotic Bifidobac-

terium strain in the gut ameliorates progression of metabolic disorders via microbiota modulation and acetate elevation. Sci. Rep.
2017, 7, 43522. [CrossRef] [PubMed]

83



Nutrients 2024, 16, 2345

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Horiuchi, H.; Kamikado, K.; Aoki, R.; Suganuma, N.; Nishijima, T.; Nakatani, A.; Kimura, I. Bifidobacterium animalis subsp. lactis
GCL2505 modulates host energy metabolism via the short-chain fatty acid receptor GPR43. Sci. Rep. 2020, 10, 4158. [CrossRef]
[PubMed]

Azuma, N.; Mawatari, T.; Saito, Y.; Tsukamoto, M.; Sampei, M.; Iwama, Y. Effect of continuous ingestion of bifidobacteria and
dietary fiber on improvement in cognitive function: A randomized, double-blind, placebo-controlled trial. Nutrients 2023, 15, 4175.
[CrossRef] [PubMed]

Azuma, N.; Saito, Y.; Nishijima, T.; Aoki, R.; Nishihira, J. Effect of daily ingestion of Bifidobacterium and dietary fiber on vascular
endothelial function: A randomized, double-blind, placebo-controlled, parallel-group comparison study. Biosci. Biotechnol.
Biochem. 2023, 88, 86-96. [CrossRef] [PubMed]

Mensink, M.A; Frijlink, HW.; van der Voort Maarschalk, K.; Hinrichs, W.L.J. I Inulin, a flexible oligosaccharide I: Review of its
physicochemical characteristics. Carbohydr. Polym. 2015, 130, 405-419. [CrossRef] [PubMed]

Baba, Y.; Saito, Y.; Kadowaki, M.; Azuma, N.; Tsuge, D. Effect of continuous ingestion of bifidobacteria and inulin on reducing
body fat: A randomized, double-blind, placebo-controlled, parallel-group comparison study. Nutrients 2023, 15, 5025. [CrossRef]
Suzuki, N.; Baba, A.; Kakinuma, T.; Sano, Y.; Tanaka, M.; Ouchi, S.; Watanabe, T.; Yamamoto, K. A novel dietary questionnaire:
The Calorie and Nutrition Diary (CAND). New Food Indust. 2019, 61, 721-732.

Kolida, S.; Meyer, D.; Gibson, G.R. A Double-Blind Placebo-Controlled Study to Establish the Bifidogenic Dose of Inulin in
Healthy Humans. Eur. |. Clin. Nutr. 2007, 61, 1189-1195. [CrossRef] [PubMed]

Morishima, S.; Aoi, W.; Kawamura, A.; Kawase, T.; Takagi, T.; Naito, Y.; Tsukahara, T.; Inoue, R. Intensive, prolonged exercise
seemingly causes gut dysbiosis in female endurance runners. J. Clin. Biochem. Nutr. 2021, 68, 253-258. [CrossRef] [PubMed]
Tourlousse, D.M.; Narita, K.; Miura, T.; Sakamoto, M.; Ohashi, A.; Shiina, K.; Matsuda, M.; Miura, D.; Shimamura, M.; Ohyama,
Y.; et al. Validation and standardization of DNA extraction and library construction methods for metagenomics-based human
fecal microbiome measurements. Microbiome 2021, 9, 95. [CrossRef] [PubMed]

Tanaka, K.; Nakamura, Y.; Terahara, M.; Yanagi, T.; Nakahara, S.; Furukawa, O.; Tsutsui, H.; Inoue, R.; Tsukahara, T.; Koshida, S.
Poor bifidobacterial colonization is associated with late provision of colostrum and improved with probiotic supplementa-tion in
low birth weight infants. Nutrients 2019, 11, 839. [CrossRef] [PubMed]

Carneiro, I.P; Elliott, S.A.; Siervo, M.; Padwal, R.; Bertoli, S.; Battezzati, A.; Prado, C.M. Is obesity associated with altered energy
expenditure? Adv. Nutr. 2016, 7, 476-487. [CrossRef] [PubMed]

Ogawa, A.; Kobayashi, T.; Sakai, F.; Kadooka, Y.; Kawasaki, Y. Lactobacillus gasseri SBT2055 suppresses fatty acid release through
enlargement of fat emulsion size in vitro and promotes fecal fat excretion in healthy Japanese subjects. Lipids Health Dis. 2015,
14, 20. [CrossRef] [PubMed]

Kondo, S.; Xiao, J.-Z.; Satoh, T.; Odamaki, T.; Takahashi, S.; Sugahara, H.; Yaeshima, T.; Iwatsuki, K.; Kamei, A.; Abe, K.
Antiobesity effects of Bifidobacterium breve strain B-3 supplementation in a mouse model with high-fat diet-induced obesity. Biosci.
Biotechnol. Biochem. 2010, 74, 1656-1661. [CrossRef] [PubMed]

Aronsson, L.; Huang, Y.; Parini, P.; Korach-André, M.; Hakansson, J.; Gustafsson, ].-A.; Pettersson, S.; Arulampalam, V.; Rafter, J.
Decreased fat storage by Lactobacillus paracasei is associated with increased levels of angiopoietin-like 4 protein (ANGPTL4). PLoS
ONE 2010, 5, €13087. [CrossRef] [PubMed]

Kim, J.; Yun, J.M.; Kim, M.K.; Kwon, O.; Cho, B. Lactobacillus gasseri BNR17 supplementation reduces the visceral fat accumulation
and waist circumference in obese adults: A randomized, double-blind, placebo-controlled trial. . Med. Food 2018, 21, 454-461.
[CrossRef] [PubMed]

Nelson, K.M.; Weinsier, R.L.; Long, C.L.; Schutz, Y. Prediction of resting energy expenditure from fat-free mass and fat mass. Am.
J. Clin. Nutr. 1992, 56, 848-856. [CrossRef] [PubMed]

Frings-Meuthen, P.; Henkel, S.; Boschmann, M.; Chilibeck, P.D.; Alvero Cruz, ].R.; Hoffmann, F.; Mostl, S.; Mittag, U.; Mulder, E.;
Rittweger, N.; et al. Resting energy expenditure of master athletes: Accuracy of predictive equations and primary determinants.
Front. Physiol. 2021, 12, 641455. [CrossRef] [PubMed]

Fraczek, B.; Grzelak, A.; Klimek, A.T. Analysis of daily energy expenditure of elite athletes in relation to their sport, the
measurement method and energy requirement norms. J. Hum. Kinet. 2019, 70, 81-92. [CrossRef]

Compher, C.; Frankenfield, D.; Keim, N.; Roth-Yousey, L.; Evidence Analysis Working Group. Best practice methods to apply to
measurement of resting metabolic rate in adults: A systematic review. J. Am. Diet. Assoc. 2006, 106, 881-903. [CrossRef] [PubMed]
Anzawa, D.; Mawatari, T.; Tanaka, Y.; Yamamoto, M.; Genda, T.; Takahashi, S.; Nishijima, T.; Kamasaka, H.; Suzuki, S.;
Kuriki, T. Effects of synbiotics containing Bifidobacterium animalis subsp. lactis GCL2505 and inulin on intestinal bifidobacteria:
A randomized, placebo-controlled, crossover study. Food Sci. Nutr. 2019, 7, 1828-1837. [CrossRef] [PubMed]

Birkeland, E.; Gharagozlian, S.; Birkeland, K.I; Valeur, J.; Mdge, I.; Rud, I.; Aas, A.-M. Prebiotic effect of inulin-type fructans on
faecal microbiota and short-chain fatty acids in type 2 diabetes: A randomised controlled trial. Eur. . Nutr. 2020, 59, 3325-3338.
[CrossRef] [PubMed]

Miiller, M.; Hermes, G.D.A.; Canfora, E.E.; Smidt, H.; Masclee, A.A.M.; Zoetendal, E.G.; Blaak, E.E. Distal colonic transit is linked
to gut microbiota diversity and microbial fermentation in humans with slow colonic transit. Am. . Physiol. Gastrointest. Liver
Physiol. 2020, 318, G361-G369. [CrossRef] [PubMed]

84



Nutrients 2024, 16, 2345

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.

56.

57.

58.

59.

Kimura, I; Inoue, D.; Maeda, T.; Hara, T.; Ichimura, A.; Miyauchi, S.; Kobayashi, M.; Hirasawa, A.; Tsujimoto, G. Short-chain fatty
acids and ketones directly regulate sympathetic nervous system via G protein-coupled receptor 41 (GPR41). Proc. Natl. Acad. Sci.
USA 2011, 108, 8030-8035. [CrossRef]

Lu, Y,; Fan, C; Li, P; Lu, Y.; Chang, X.; Qi, K. Short chain fatty acids prevent high-fat-diet-induced obesity in mice by regulating
G protein-coupled receptors and gut microbiota. Sci. Rep. 2016, 6, 37589. [CrossRef]

Ortiz-Alvarez, L.; Acosta, EM.; Xu, H.; Sanchez-Delgado, G.; Vilchez-Vargas, R.; Link, A.; Plaza-Diaz, J.; Llamas, ].M.; Gil, A.;
Labayen, I; et al. Fecal microbiota composition is related to brown adipose tissue 18F-fluorodeoxyglucose uptake in young
adults. J. Endocrinol. Investig. 2023, 46, 567-576. [CrossRef] [PubMed]

Frayn, K.N. Calculation of substrate oxidation rates in vivo from gaseous exchange. J. Appl. Physiol. 1983, 55, 628-634. [CrossRef]
[PubMed]

Brooks, G.A. Importance of the “crossover” concept in exercise metabolism. Clin. Exp. Pharmacol. Physiol. 1997, 24, 889-895.
[CrossRef]

Wishnofsky, M. Caloric equivalents of gained or lost weight. Am. J. Clin. Nutr. 1958, 6, 542-546. [CrossRef] [PubMed]

Webster, ].D.; Hesp, R.; Garrow, ].S. The composition of excess weight in obese women estimated by body density, total body
water and total body potassium. Hum. Nutr. Clin. Nutr. 1984, 38, 299-306. [PubMed]

Huang, P.L. A comprehensive definition for metabolic syndrome. Dis. Model. Mech. 2009, 2, 231-237. [CrossRef] [PubMed]
Itoh, H. What is ‘metabolic domino effect’?—New concept in lifestyle-related diseases. Nihon Rinsho. Jpn. . Clin. Med. 2003, 61,
1837-1843.

Turnbaugh, PJ.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, ].I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027-1031. [CrossRef] [PubMed]

Ley, R.E.; Turnbaugh, PJ.; Klein, S.; Gordon, ]J.I. Human gut microbes associated with obesity. Nature 2006, 444, 1022-1023.
[CrossRef] [PubMed]

Ridaura, V.K;; Faith, J.J.; Rey, EE.; Cheng, J.; Duncan, A.E.; Kau, A.L.; Griffin, N.W.; Lombard, V.; Henrissat, B.; Bain, J.R.; et al.
Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 2013, 341, 1241214. [CrossRef] [PubMed]
Takahashi, S.; Anzawa, D.; Takami, K.; Ishizuka, A.; Mawatari, T.; Kamikado, K.; Sugimura, H.; Nishijima, T. Effect of Bifidobac-
terium animalis ssp. lactis GCL2505 on visceral fat accumulation in healthy Japanese adults: A randomized controlled trial. Biosci.
Microbiota Food Health 2016, 35, 163-171. [CrossRef]

Aoki, R.; Tsuchida, S.; Arai, Y.; Ohno, K.; Nishijima, T.; Mawatari, T.; Mikami, Y.; Ushida, K. Effect of Bifidobacterium animalis subsp.
lactis GCL2505 on the physiological function of intestine in a rat model. Food Sci. Nutr. 2016, 4, 782-790. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

85



 §6)-

S8g nutrients MoPY

Article

Faecalibacterium prausnitzii Supplementation Prevents
Intestinal Barrier Injury and Gut Microflora Dysbiosis Induced
by Sleep Deprivation

Xintong Wang 1, Yixuan Li !, Xifan Wang 2, Ran Wang !, Yanling Hao !, Fazheng Ren 1’3, Pengjie Wang -3*
and Bing Fang 1

Key Laboratory of Precision Nutrition and Food Quality, Department of Nutrition and Health, China

Agricultural University, Beijing 100083, China; xtwang@cau.edu.cn (X.W.); liyixuan@cau.edu.cn (Y.L.);

wangran@cau.edu.cn (R.W.); haoyl@cau.edu.cn (Y.H.); renfazheng@cau.edu.cn (FR.)

2 Department of Obstetrics and Gynecology, Columbia University, New York, NY 10032, USA;
wangxfan@126.com

3 Food Laboratory of Zhongyuan, Luohe 462000, China

*  Correspondence: wpjl019@cau.edu.cn (P.W.); bingfang@cau.edu.cn (B.F)

Abstract: Sleep deprivation (SD) leads to impaired intestinal barrier function and intestinal flora
disorder, especially a reduction in the abundance of the next generation of probiotic Faecalibacterium
prausnitzii (F. prausnitzii). However, it remains largely unclear whether F. prausnitzii can ameliorate
SD-induced intestinal barrier damage. A 72 h SD mouse model was used in this research, with or
without the addition of F. prausnitzii. The findings indicated that pre-colonization with F. prausnitzii
could protect against tissue damage from SD, enhance goblet cell count and MUC2 levels in the colon,
boost tight-junction protein expression, decrease macrophage infiltration, suppress pro-inflammatory
cytokine expression, and reduce apoptosis. We found that the presence of F. prausnitzii helped to
balance the gut microbiota in SD mice by reducing harmful bacteria like Klebsiella and Staphylococcus,
while increasing beneficial bacteria such as Akkermansia. Ion chromatography analysis revealed
that F. prausnitzii pretreatment increased the fecal butyrate level in SD mice. Overall, these results
suggested that incorporating F. prausnitzii could help reduce gut damage caused by SD, potentially
by enhancing the intestinal barrier and balancing gut microflora. This provides a foundation for
utilizing probiotics to protect against intestinal illnesses.

Keywords: sleep deprivation; Faecalibacterium prausnitzii; intestinal barrier function; intestinal
microflora; short chain fatty acids

1. Introduction

Sleep is an essential physiological process of the body, but with the acceleration of
social rhythm, there is still a 1/3 of the world’s population that suffer from the insufficient
sleep phenomenon [1]. Sleep loss can damage the body’s cognitive function, gastrointestinal
digestion, absorption function and endocrine homeostasis [2—4]. Recently, research has
found that sleep deprivation (SD) induces intestinal barrier dysfunction [5]; the prevention
of disease-causing substances and bacteria from entering the bloodstream is the primary
function of the intestinal mucosal barrier [6]. MUC2, the main mucin that forms gels in
the intestines, plays a key role in creating the mucus barrier [7]. Tight-junction proteins
like claudins, zona occludens, and occludin are responsible for preserving the integrity
of the intestinal epithelial barrier [8]. The weakening of the intestinal epithelial barrier is
marked by a reduction in mucous layer thickness, disturbance in the distribution of tight-
junction proteins, and compromised intestinal integrity resulting in heightened intestinal
permeability. This allows toxins to move into the lamina propria, triggering an exaggerated
immune response from the host’s immune cells [9]. Since SD can seriously affect the
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intestinal health of the body; it is of great significance and great demand to find a healthy
and green substance or method to alleviate the adverse effects of insomnia.

Recently, more and more studies have shown that severe intestinal flora imbalances
are related to SD, so the research and application of microecological agents are receiv-
ing more attention [10]. Previous research has shown that SD can disrupt the balance
of intestinal microorganisms in mice, resulting in a reduction in beneficial bacteria like
Faecalibacterium [11]. When the intestinal barrier becomes more permeable, it is unable to
effectively block out the microorganisms in the surroundings [12]. This leads to a significant
amount of detrimental bacteria and their byproducts passing through the intestinal bar-
rier during times of stress, subsequently impacting intestinal epithelial cells and immune
cells in a chain reaction [13]. Nevertheless, certain research has indicated that adjusting
and replenishing the equilibrium of gut bacteria could improve gut health and decrease
long-lasting inflammation [14,15]. Therefore, preserving the balance of gut bacteria and
improving the strength of the intestinal barrier could offer a novel approach to preventing
and treating intestinal damage caused by SD.

Faecalibacterium is recognized as a key bacterium in maintaining a healthy gut, and
fluctuations in its levels may indicate an imbalance in the human gut microbiota, making
it a potential contender for future probiotics [16]. In patients with inflammatory bowel
disease (IBD), there is a reduction in the richness of two mucosa-associated Faecalibacterium
phylotypes [17]. In a recent study using multicenter amplicon sequencing data, Chen et al.
found that, within a cohort of 708 individuals (354 irritable bowel syndrome (IBS) patients
and 354 healthy controls), the genus Faecalibacterium was one of the depleted taxa in IBS
patients [18]. Furthermore, Faecalibacterium abundance was found to be higher in healthy
individuals than in individuals with mild Alzheimer’s disease patients, in whom it was
positively correlated with cognitive performance [19]. It can be seen that Faecalibacterium
is associated with a variety of human diseases. SCFAs are among the most thoroughly
investigated bacterial metabolites; Faecalibacterium is considered the main producer of
butyrate [20]. Butyrate serves as a crucial energy source for cells in the intestines and is
essential for regulating intestinal peristalsis, maintaining epithelial barrier function, and
supporting the immune system’s health [21,22]. In addition, butyrate is involved in the
enhancement of the colon barrier by increasing the synthesis of tight-junction proteins and
the production of antimicrobial peptides [23]. In chronic kidney disease, Faecalibacterium
could restore the disturbed intestinal microflora and drive its metabolite butyrate to play
renal protection [24]. The potential of Faecalibacterium to enhance intestinal health in sleep-
deprived mice is uncertain, and further research is needed to understand the mechanism
behind its effects.

In this study, we constructed an acute SD model for 72 consecutive hours and admin-
istered Faecalibacterium prausnitzii (F. prausnitzii) with gavage before SD. We analyzed the
intestinal flora and intestinal barrier in mice through the identification of colon inflam-
mation markers, LPS, proteins related to tight junctions, and 16s rDNA sequencing. Our
results showed that F. prausnitzii could improve intestinal barrier damage and intestinal
microflora disturbance induced by SD. Its metabolite butyrate has participated in the
improvement of F. prausnitzii on intestinal damage.

2. Materials and Methods
2.1. Animal and Experimental Design

Forty-eight male ICR mice, 8 weeks old, from Vital River Laboratory Animal Tech-
nology Co., Ltd. in Beijing, China, were housed in cages under standard environmental
conditions with a temperature of 21 £ 1 °C and relative humidity of 50 &= 10%. All animal
experiments were performed at the SPF animal room, China Agricultural University. They
were kept on a 14 h light/10 h dark cycle, with lights on at 7:00 a.m. and off at 9:00 p.m.
The mice were provided with ad libitum access to food and water. All mice used in the
experiments were housed in groups of four per cage under the same environmental and
husbandry conditions. The mice were randomly divided into four groups: (1) control
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group (CON, n = 12); (2) sleep deprivation group (SD, n = 12); (3) F. prausnitzii colonization
group (FP group, n = 12); and (4) sleep deprivation with F. prausnitzii colonization group
(SD + FP group, n = 12). The number of mice for each group was determined based on
similar experiments from the literature [25].

To construct a pseudo-sterile mouse model, all mice were given water with 1 g/kg
ampicillin (A102048, Aladdin, Shanghai, China), 100 mg/kg gentamicin (G100391, Aladdin,
Shanghai, China), 0.5 g/kg neomycin (N412785, Aladdin, Shanghai, China), 0.5 g/kg
vancomycin (V105495, Aladdin, Shanghai, China), and 10 mg/kg erythromycin (E105345,
Aladdin, Shanghai, China) for 10 days. A new solution of antibiotics was made daily to
ensure its effectiveness. Mice (FP and SD + FP) received an oral gavage of 108 CFU of F.
prausnitzii (in 0.2 mL PBS) at 8 a.m. The CON and SD groups received a 0.2 mL PBS vehicle
via oral gavage. After 14 days of inoculation, mice in the SD group and SD + FP group
were subjected to SD for 72 h. A modified multi-platform water environment method was
utilized to establish the SD mouse model [11]. Four mice were housed in one cage, and
their body weight was recorded daily.

At 8 a.m. on the day the experiment concluded, every mouse was euthanized through
anesthesia with chloral hydrate. The mouse colon contents were gathered and frozen at
—80 °C for microbial analysis. One part of the colon was preserved in 4% paraformaldehyde
for morphological examination, while another section was stored at —80 °C for RT-PCR
and ELISA testing.

2.2. Probiotic Culture

The probiotic F. prausnitzii (DSM 17677) was obtained from DSMZ. F. prausnitzii probi-
otics were introduced into the Modified Reinforced Clostridial Broth Medium (MZMDO039B,
Ningbo Mingzhou Biotechnology Co., Ltd., Ningbo, China) and incubated at 37 °C for
48 h in an anaerobic setting. After centrifuging the probiotic culture, the supernatant was
removed and the bacterial precipitates were then mixed with 20% glycerol. Plate counting
was used to determine the bacterial content, and the bacterial solution was diluted to a
final concentration of 108 CFU (0.2 mL). Mice were treated via oral gavage with 200 puL of
either F. prausnitzii suspension or anaerobic PBS.

2.3. Hematoxylin and Eosin (H&E) Staining

Freshly isolated colon samples were fixed with 4% paraformaldehyde overnight.
After dehydration, the tissues were encased in paraffin and cut into slices that were 5 um
thick. Colon tissue sections were stained with H&E (G1120, Solarbio, Beijing, China) and
evaluated histologically based on established criteria from a previous publication [26]. Each
tissue section was microscopically assessed for the loss of epithelial surface, destruction of
crypt and infiltration of immunocytes (each category scored from 0 to 4). The total scores
indicate the cumulative pathological score recorded for every individual sample.

2.4. AB-PAS Staining

Colon tissue sections were treated with alcian blue and periodic acid-Schiff (AB-PAS)
stains following the instructions provided by the manufacturer (G1285, Solarbio, Beijing,
China). The average number of goblet cells in 30 randomly selected intact crypts per group
was determined by calculating goblet cell counts.

2.5. Immunohistochemical Staining

Paraffin sections were treated with rabbit anti-ZO-1 (1:200, 21773-1-AP, Proteintech,
Chicago, IL, USA), rabbit anti-mucin-2 (MUC2) (1:2000, 27675-1-AP, Proteintech, Chicago,
IL, USA), rabbit anti-occludin (1:700, GB111401-100, Servicebio, Wuhan, China), rabbit
anti-cleaved caspase-3 (1:200, 9661, CST, Boston, MA, USA), and mouse anti-F4/80 (1:1000,
GB11027, Servicebio, Wuhan, China) primary antibodies overnight at 4 °C. Afterward,
the portions were washed with 0.01M PBS (pH 7.4) and then exposed to biotinylated
goat anti-rabbit IgG (1:300, GB23303, Servicebio, Wuhan, China) or rabbit anti-mouse IgG
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(1:300, GB23301, Servicebio, Wuhan, China) for a duration of 2 h at ambient temperature.
Afterward, the portions were dyed with hematoxylin and placed on a mount. In every
instance, slides lacking the main antibody were analyzed for comparison. Cells showing
immunoreactivity exhibited a yellow-brown stain in their cytoplasm. Positive cells in
five cross-sections were randomly selected for each sample, and at least 30 fields were
counted for each group. The integrated optical density (IOD) was measured by using
Image] software (version 4.0.2; Scion Corp., Frederick, MD, USA)

2.6. Real-Time Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Six colon samples were used to extract total RNA with the FastPure® Cell/Tissue
Total RNA Isolation Kit V2 (RC112; Vazyme, Nanjing, China). The HiScript III All-in-one
RT SuperMix Perfect for gPCR (R333; Vazyme, Nanjing, China) was utilized to synthesize
the initial cDNA strand. The ChamQ Universal SYBR qPCR Master Mix (Q711; Vazyme,
Nanjing, China) was utilized for RT-PCR amplification. Every sample underwent two
rounds of testing. Supplementary Table S1 contains the list of RT-PCR primers.

2.7. Enzyme-Linked Immunosorbent Assay (ELISA)

The colon tissues were collected for the detection of inflammatory factors, such as
tumor necrosis factor alpha (TNF-«) (MK2868A; Meike, Yancheng, China) and interleukin-
6 (IL-6) (MK5737A; Meike, Yancheng, China), and lipopolysaccharide (LPS) (MK3418A;
Meike, Yancheng, China) concentrations using a competitive ELISA. The tests were con-
ducted in compliance with the guidelines provided by the manufacturer. Every sample
underwent two rounds of testing. Both the intra-assay and inter-assay coefficients of
variation (CV) were below 15%.

2.8. Gut Microbiota Analysis

Samples of feces were gathered and frozen at —80 degrees Celsius for analysis using
high-throughput DNA sequencing. Mouse feces were used to extract total DNA with
the FastDNATM SPIN Kit from MP Bio in the Irvine, CA, USA. The Thermo Scientific
Nanodrop 2000 (Waltham, MA, USA) was utilized to assess the strength and cleanliness of
the samples. PCR was used to amplify DNA templates with specific primers 338F (ACTCC-
TACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT). PCR products were
identified using 2% agarose gel electrophoresis, and were then purified and quantified
using the qubit 4.0 system (Thermo Fisher Scientific, Waltham, MA, USA). Per the standard
protocol of Majorbio Bio-Pharm Technology Co., Ltd. in Shanghai, China, the amplicons
were combined in equal amounts for sequencing on the Illumina MiSeq PE300 platform.
The analysis of data was conducted on the Majorbio cloud platform (cloud.majorbio.com,
accessed on 6 November 2023).

2.9. Detection of SCFAs Using lon Chromatography

Ion chromatography was used to determine the levels of short-chain fatty acids in
feces as per the previously studied technique [27]. Briefly, around 25 mg of feces was
mixed on a spin with 4 mL of sterile deionized water. Next, the specimen was spun at
8000 times the force of gravity at a temperature of 4 degrees Celsius for a duration of 10 min.
After collection, the supernatant underwent filtration using a 0.22 mm mesh and was then
analyzed for SCFAs content using an ion chromatography system (DIONEX ICS-3000,
Thermo Fisher Scientific, Waltham, MA, USA).

2.10. Statistical Analysis

The information was presented as the average plus standard error and assessed with
GraphPad Prism version 9 from GraphPad Software located in La Jolla, CA, USA. The
data were analyzed with a normal distribution test and homogeneity test of variance.
Group variances were compared using a one-way ANOVA, with Tukey’s post hoc test
conducted afterwards. The Kruskal-Wallis test was used to examine variations in microbial
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composition among various groups at the genus level. Any p-values less than 0.05 were
deemed to be statistically significant.

3. Results
3.1. F. prausnitzii Colonization Alleviated Intestinal Mucosal Barrier Disruption Induced by SD

A mouse model was created to simulate intestinal barrier damage induced by SD, with
or without colonization by F. prausnitzii, to investigate the potential beneficial effects of F.
prausnitzii on the condition (Figure 1A). As illustrated in Figure 1B, we noticed a difference
in the physical appearance of the mice, specifically in terms of their weight, across the CON,
FP, SD, and SD + FP groups. Following a 72 h SD period, the weight of sleep-deprived
mice was notably less than that of the control group. HE staining revealed that the control
group exhibited normal tissues, while the SD group showed a breakdown of the epithelial
barrier and invasion of inflammatory cells. However, pre-treatment with F. prausnitzii
attenuated the above intestinal damage induced by SD (Figure 1C,F). Histological scoring
revealed a significant increase in the SD group (66.1%, p < 0.001) compared to the CON
group. However, colonization of F. prausnitzii alleviated the damage in the SD + FP group
compared with the SD group (35.6%, p = 0.04).
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Figure 1. Faecalibacterium prausnitzii colonization alleviated intestinal mucosal barrier disruption
induced by SD. (A) Diagram showing the layout of the experiment. (B) Body weight. (C) Hematoxylin
and eosin (H&E) staining, Bar = 100 um. (D) Alcian blue, and periodic acid-Schiff (AB-PAS) staining,
Bar = 100 um. (E) Representative captures of immunohistochemical of MUC?2 in colon, Bar = 100 um.
(F) Histologic scores (1 = 8). (G) The number of goblet cells per crypt (n = 6). (H) IOD of MUC2 in the
intestinal tissue from each treatment group (1 = 6). (I) The mRNA levels of Muc2 in the colon (1 = 6).
One-way ANOVA was utilized to evaluate variances. The study included a control group (CON),
a group colonized with Faecalibacterium prausnitzii (FP), a group subjected to sleep deprivation (SD),
and a group experiencing sleep deprivation with Faecalibacterium prausnitzii colonization (SD + FP).
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The outcome indicates the average value plus or minus the standard error. *, p < 0.05; **, p < 0.01;
*** p < 0.001 compared with the control group. ns, non-significance. # p < 0.05 vs. the CON group;
& p < 0.05 vs. the SD group.

AB-PAS staining was utilized to further identify the quantity of goblet cells. In the
SD group, there was a notable decrease in the number of goblet cells in the colon (24.4%,
p = 0.01) when compared to the control group (Figure 1D,G). Following the colonization of
F. prausnitzii, there was a notable rise in the number of goblet cells in the colon within the
SD + FP group (26.2%, p = 0.04) in contrast to the SD group (Figure 1D,G). MUC2, which is
released by goblet cells, plays a significant role in safeguarding the intestinal epithelium.
Immunohistochemistry results showed that the expression of MUC2 was significantly
decreased in the SD group, compared with the CON group (5.9%, p = 0.002). In contrast,
after F. prausnitzii colonization, the expression of MUC2 was significantly increased (4.4%,
p = 0.04) in the SD + FP group compared with the SD group (Figure 1E,H). Additionally, it
was discovered that the mRNA levels of Muc2 in the colon of sleep-deprived mice were
decreased compared to the control mice (p = 0.03), but the colonization of F. prausnitzii
significantly increased the expression of this gene (p = 0.02) (Figure 1I).

Subsequently, the presence of tight-junction proteins was examined through immuno-
histochemistry and RT-PCR analyses. In the SD group, there was a significant decrease
in the levels of ZO-1 (p = 0.008) and occludin (p = 0.05) tight-junction proteins compared
to the CON group, as shown in Figure 2A-D. Conversely, following the colonization of
F. prausnitzii, there was a notable increase in the expression of ZO-1 (p = 0.007) and oc-
cludin (p = 0.03) in the SD + FP group when compared to the SD group (Figure 2A-D).
Furthermore, alterations in colonic tight-junction proteins were noted at the mRNA level
in sleep-deprived mice. Specifically, the mRNA levels of colonic ZO-1, Cloudin-1, and
occludin decreased after SD, but the presence of F. prausnitzii improved these markers
(Figure 2E-G). Together, these data suggested that SD leads to the disruption of intesti-
nal barrier integrity and decreased numbers of goblet cells but could be improved by F.
prausnitzii colonization.
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Figure 2. Faecalibacterium prausnitzii colonization increased the expression of tight-junction proteins
in sleep-deprived mice. (A) Representative captures of immunohistochemical of ZO-1 in colon,
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Bar = 100 um. (B) Representative captures of immunohistochemical of occludin in colon, Bar = 100
pum. (C) IOD of ZO-1 in the intestinal tissue from each treatment group (1 = 6). (D) IOD of occludin
in the intestinal tissue from each treatment group (1 = 6). (E-H) The mRNA levels of ZO-1, occludin,
Cloudin-1, and Cloudin-3 in the colon (1 = 6). One-way ANOVA was utilized to evaluate variances.
The study included a control group (CON), a group colonized with Faecalibacterium prausnitzii
(FP), a group subjected to sleep deprivation (SD), and a group experiencing sleep deprivation with
Faecalibacterium prausnitzii colonization (SD + FP). The outcome indicates the average value plus or
minus the standard error. *, p < 0.05; **, p < 0.01 compared with the control group. ns, non-significance.

3.2. The Colonization of F. prausnitzii Suppressed the Production of Inflammatory Cytokines in
SD Mice

We assessed alterations in inflammatory markers and macrophages in the colon to
examine the inflammation response triggered by SD. By utilizing F4/80 as a marker for
macrophages, we confirmed that there was a 32.6% increase in the amount of F4/80-positive
cells in the colon of the SD group compared to the CON group (Figure 3A,B). We also
observed a significant increase in IL-6 (41.3%, p = 0.04), and TNF-« (50.6%, p = 0.009)
levels in the SD group compared with the CON group (Figure 3C,D). Nevertheless, the
establishment of F. prausnitzii notably inhibited the stimulation of macrophages and reduced
the levels of inflammatory molecules. Specifically, there was a decrease in the quantity of
F4/80-positive cells in the colon of the SD + FP group compared to the SD group, with
a significance level of p = 0.02. We also observed a significant decrease in IL-6 (38.3%,
p = 0.005) and TNF-« (33.7%, p = 0.008) levels in sleep-deprived mice with F. prausnitzii
colonization compared with SD mice. Additionally, the expression of pro-inflammatory
cytokines (Tnf-c, 11-13, I1-6) and F4/80 mRNA decreased in sleep-deprived mice following
the introduction of F. prausnitzii (Figure 3F-I). Interestingly, we also observed a significant
increase in LPS in the colon in the sleep-deprived mice versus the control mice, while the
colonization of F. prausnitzii reversed this change (Figure 3E). These results suggested that
the colonization of F. prausnitzii could improve the intestinal inflammation caused by SD.
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Figure 3. Faecalibacterium prausnitzii colonization inhibited the expression of inflammatory cytokines
in sleep-deprived mice. (A) Representative captures of immunohistochemical of F4/80 in colon,
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Bar = 100 um. (B) The quantification of F4/80+ cells (1 = 6). (C,D) The levels of cytokines (TNF-o
and IL-6) in the colon (n = 6). (E) The levels of LPS in the colon (1 = 6). (F-K) The mRNA levels
of Tnf-o, 11-6, 11-13, F4/80, Mcp-1 and II-10 in the colon (n = 6). One-way ANOVA was utilized
to evaluate variances. The study included a control group (CON), a group colonized with Faecal-
ibacterium prausnitzii (FP), a group subjected to sleep deprivation (SD), and a group experiencing
sleep deprivation with Faecalibacterium prausnitzii colonization (SD + FP). The outcome indicates the
average value plus or minus the standard error. *, p < 0.05; **, p < 0.01 compared with the control
group. ns, non-significance.

3.3. Colonization of F. prausnitzii Mitigated Gut Microbiota Dysbiosis Induced by SD in Mice

To examine how the presence of F. prausnitzii affects the composition of the gut
microbiota in mice subjected to SD, 16s rDNA gene sequencing was performed. In total,
24 samples were collected from four groups of mice (1 = 6) and subsequently sequenced to
generate V3-V4 16s rDNA gene profiles. The Venn diagram indicated that SD treatment
or F. prausnitzii colonization resulted in different microbial changes in mice (Figure 4B). (3-
diversity analysis measures the level of dissimilarity among various microbial communities
(Figure 4D-F). The Bray—Curtis PCoA analysis indicated distinct group separation, with
PC1, PC2, and PC3 explaining 25.65%, 20.37%, and 13.60% of the variation, respectively
(Adonis, p = 0.001, R2 = 0.6698, Figure 4E). UPGMA analysis indicated that the SD + FP
group exhibited a closer relationship with the CON group compared to the SD group,
further supporting the findings of PCoA (Figure 4C). Verrucomicrobiota, Firmicutes, and
Proteobacteria were the most common microorganisms at the phylum level (Figure 4G). At
the genus level, Akkermansia, Blautia, Escherichia-Shigella, Parasutterella, Lachnoclostridium,
Coprobacillus, and Klebsiella were the predominant floras (Figure 4H). LDA and LEfSe were
used to determine the particular bacterial phyla linked to CON, FP, SD, and SD + FP
groups, to pinpoint the key taxa that could account for the variations among the groups.
Additionally, the LEfSe analysis revealed 52 taxa biomarkers in three groups, each identified
with an LDA score greater than 3 and a p-value less than 0.05 (Figure 5A,B). Akkermansia
was the most abundant bacterium at the genus level, and its content in the SD + FP group
was the highest among all groups. Specifically, the relative abundance of Akkermansia
was higher in SD + FP group than in SD group (p = 0.07, Figure 5C). Furthermore, the
comparative prevalence of Klebsiella (p < 0.001, LDA score = 4.49, Figure 5D), Enterobacter
(p=0.002, LDA score = 3.78, Figure 5E), Empedobacter (p < 0.001, LDA score = 3.29, Figure 5F),
Proteus (p < 0.001, LDA score = 3.86, Figure 5G), Staphylococcus (p = 0.01, LDA score = 3.35,
Figure 5H), Comamonas (p < 0.001, LDA score = 3.29, Figure 5I), and Acinetobacter (p < 0.001,
LDA score = 3.53, Figure 5]) was notably elevated in the SD group compared to the CON,
FP, and SD + FP group (p < 0.05).

3.4. F. prausnitzii Colonization Alleviated Colon SCFAs Reduction in SD Mice

We assessed the concentrations of short-chain fatty acids in the feces of various treated
mice using ion chromatography, as these are crucial metabolites produced by Faecalibac-
terium. The results showed that the level of fecal butyrate was decreased in the SD group
compared with the CON group. In addition, the level of fecal butyrate was higher in the
FP group than in the SD group. However, after colonization with F. prausnitzii in sleep-
deprived mice, the level of fecal butyrate was significantly increased (p = 0.009) compared
to the sleep-deprived mice (Figure 6C). No notable variances were observed in the levels of
acetate in the feces (Figure 6A), propionate (Figure 6B), and valerate (Figure 6D) among the
four groups (p > 0.05).

3.5. F. prausnitzii Colonization Reduced Intestinal Apoptosis Level Induced by SD

The inflammatory response is accompanied by the excessive apoptosis of cells engaged
in inflammation. The SD group showed a notable increase in cleaved caspase-3 expression
compared to the CON group (p = 0.04). However, the colonization with F. prausnitzii
reversed these changes. The protein levels of cleaved caspase-3 were lower in the SD + FP
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group compared to the SD group, with a significance level of p = 0.03 (Figure 6E,F). In
addition, we quantified the mRNA expression of pro-apoptotic Bax and anti-apoptotic
Bcl-2. The findings indicated that SD decreased the expression of the anti-apoptotic protein
Bcl-2, but colonization with F. prausnitzii reversed these effects (Figure 6G). No significant
changes were detected for Bax levels in different treated groups (Figure 6H).
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Figure 4. Composition of the colonic microbiota in mice. (A) Rarefaction curves. (B) Venn diagram.
(C) Unweighted pair-group method with arithmetic mean (UPGMA) analysis (at the genus level).
(D) Principal component analysis (PCA). (E) PCoA score plot. (F) Nonmetric multidimensional
scaling (NMDS) score plot based on the binary_jaccard distance plot based on the ASV of the gut
microbe. (G) Relative abundances of gut microbiota at the phylum level. (H) Relative abundances of
gut microbiota at the genus level. The study included a control group (CON), a group colonized with
Faecalibacterium prausnitzii (FP), a group subjected to sleep deprivation (SD), and a group experiencing
sleep deprivation with Faecalibacterium prausnitzii colonization (SD + FP).
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Figure 5. Faecalibacterium prausnitzii colonization inhibited the colonic microbial dysbiosis induced
by sleep deprivation. (A) Taxonomic cladogram obtained from LEfSe sequence analysis in the colon.
Biomarker taxa are highlighted by colored circles and shaded areas. (B) The diameter of each circle
reflects the abundance of that taxon in the community. A cutoff value of 3 was used for LDA.
(C-J) Relative abundance of g Akkermansia, g__ Klebsiella, g__Enterobacter, g__Enterobacter, g__Proteus,
§__Staphylococcus, g_ Comamonas, §__Acinetobacter in the colon microbiota based on the LefSe results.
The study included a control group (CON), a group colonized with Faecalibacterium prausnitzii
(FP), a group subjected to sleep deprivation (SD), and a group experiencing sleep deprivation with
Faecalibacterium prausnitzii colonization (SD + FP). The outcome indicates the average value plus or
minus the standard error. *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with the control group.
ns, non-significance.
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Figure 6. Faecalibacterium prausnitzii colonization reversed decrease in SCFAs and increase in intestinal
apoptosis induced by sleep deprivation. (A) The colon acetate concentration (1 = 5). (B) The colon
propionate concentration (1 = 5). (C) The colon butyrate concentration (1 = 5). (D) The colon valerate
concentration (n = 5). (E) Representative captures of immunohistochemical of cleaved caspase-3 in
colon, Bar = 100 um. (F) The quantification of cleaved caspase-3+ cells (1 = 6). (G,H) The mRNA levels
of Bax and Bcl-2 in the colon (1 = 6). One-way ANOVA was utilized to evaluate variances. The study
included a control group (CON), a group colonized with Faecalibacterium prausnitzii (FP), a group
subjected to sleep deprivation (SD), and a group experiencing sleep deprivation with Faecalibacterium
prausnitzii colonization (SD + FP). The outcome indicates the average value plus or minus the standard
error. *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with the control group. ns, non-significance.

4. Discussion

Sleep is the most essential physiological function of the human body, which is both
important and complex. Lack of sleep can cause problems with the digestive system,
immune system, metabolism, and circulation [28-30]. Our previous research has shown
that SD could affect the intestinal barrier in mice, leading to changes in gut bacteria, includ-
ing a decrease in beneficial Faecalibacterium in the colon [11]. Faecalibacterium, as the next
generation of probiotics, has diverse functional effects such as anti-inflammatory effects,
antioxidant and antimicrobial [31]. Furthermore, it was recently found that Faecalibacterium
could ameliorate renal dysfunction in patients with chronic kidney disease partly through
the butyrate-mediated GPR43 signaling in the kidney [24]. Uncertainty remains regarding
the potential of F. prausnitzii colonization to repair intestinal barrier damage and restore
intestinal microflora balance in sleep-deprived mice. In this study, by constructing an
SD mouse model with F. prausnitzii intervention, it was found that SD caused intestinal
microflora disturbance and intestinal permeability increase in mice, which then led to the
introduction of toxic substances into the intestinal cavity to induce inflammation and the
programmed death of colon epithelial cells. The preimplantation of F. prausnitzii remodeled
the disturbed intestinal microflora in sleep-deprived mice, improved overtransition inflam-
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mation and apoptosis, enhanced intestinal integrity, and ultimately improved intestinal
function (Figure 7).
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Figure 7. Schematic diagram of the potential mechanism by which Faecalibacterium prausnitzii amelio-
rates intestinal injury induced by sleep deprivation. A feasible mechanism is that the colonization
of Faecalibacterium prausnitzii ameliorates impaired intestinal barrier function in SD mice through
regulating intestinal inflammation, programmed death, and the gut microbiota. SD: sleep deprivation;
LPS: lipopolysaccharide; ZO-1: tight-junction protein zonula occluden-1; TNF-«: tumor necrosis
factor-alpha; IL-6; interleukin-6. (+); promote; (-); inhibit.

Lack of sleep may impact the gut tissue in both structure and performance [32].
In this study, we found that acute SD caused the disruption of colonic epithelial cell
morphology and function in mice. Through HE staining, it could be observed that there
is inflammatory cell infiltration and intestinal epithelial cell damage in the colon of SD
mice, and the colonization of F. prausnitzii could improve it. Goblet cells produce mucin
glycoproteins that create a protective mucus barrier to prevent bacterial infiltration [33,34].
The main mucin is found in the intestines. The deletion of the MUC2 gene destroyed
the intestinal mucus barrier and disturbed intestinal symbiotic flora, which made mice
sensitive to the colonization of Citrobacter muris [35]. Goblet cells and MUC2 protein
expression were significantly decreased in the SD group compared to the control group but
were restored to normal levels with F. prausnitzii colonization. Maintaining the integrity
of the intestinal epithelial cell barrier is dependent on the consistent presence of tight-
junction protein. Exposure to stress or infection can disrupt the regulation of tight-junction
protein expression in the body, leading to an increase in the size of the intestinal epithelial
paracellular space. This can expose lamina propria immune cells to harmful bacteria,
ultimately causing inflammation in the intestines [36,37]. A previous study found that the
supernatant of F. prausnitzii enhances the intestinal barrier function by affecting paracellular
permeability and may thereby attenuate the severity of DSS-induced colitis in mice [38]. In
sleep-deprived mice, the levels of ZO-1, occludin, and Claudin-1, which are colonic proteins
related to tight junctions, were found to be notably decreased. However, the presence of F.
prausnitzii was able to bring back the expression of these tight-junction proteins.

Additionally, we assessed alterations in the intestinal microflora composition in the
colon contents of mice following various treatments. Overall, the alpha-diversity and
beta-diversity results showed that the microbiomes of the SD + FP group were similar
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to the CON group, while the SD group was less similar to the other groups, suggesting
that the colonization of F. prausnitzii improved the disturbed intestinal microflora of SD
mice. During the research, we noticed a rise in the proportion of Klebsiella, Proteus, Staphy-
lococcus, and Enterococcus in sleep-deprived mice. Klebsiella, a prevalent pathogen, can be
found in the respiratory system and gut of humans and can produce different harmful
elements like adhesins, capsular polysaccharides, siderophores, and lipopolysaccharides to
induce the body’s immune response [39]. A prior investigation discovered that Klebsiella
pneumoniae triggered IBD by activating caspase-11-mediated IL18 in the cells lining the
intestines [40]. Proteus is a common intestinal symbiotic bacterium, which is considered
a potential pathogenic bacterium [41]. The relative abundance of Proteus was found to
be significantly increased in MPTP-induced Parkinson’s disease [42]. Staphylococcus is a
Gram-positive bacterium that could cause pneumonia, pseudomembranous colitis, peri-
carditis, sepsis, and other acute and chronic infections [43]. In general, we have observed
the increase in various conditional bacteria in sleep-deprived mice. Conversely, follow-
ing colonization by F. prausnitzii, there has been a notable reduction in the proportion of
detrimental bacteria in the intestines of sleep-deprived mice. It shows that F. prausnitzii
has corrected the disordered intestinal microflora caused by SD. Additionally, there was a
notable rise in the proportion of Akkermansia in sleep-deprived mice following the coloniza-
tion of F. prausnitzii. Akkermansia is a mucin-degrading bacteria in the gut. The addition
of Akkermansia led to an increase in the quantity of goblet cells that produce mucin in the
mice [44]. In addition, in the mucous layer, there are still some bacteria that cannot degrade
mucus, but use carbon and nitrogen generated by mucin degradation by Akkermansia;
these microorganisms include F. prausnitzii, Rothella, etc. Studies have shown that when
Akkermansia and Faecalibacterium are co-cultured, they exhibit synergistic growth and
produce butyrate [45]. Overall, our findings indicated that the presence of F. prausnitzii
can restore the balance of gut bacteria in sleep-deprived mice by increasing the levels of
beneficial bacteria and reducing the levels of harmful bacteria.

Additionally, there was a notable rise in the proportion of various detrimental microbes
in the intestines of sleep-deprived mice, particularly Klebsiella. The research discovered
that klebsiella pneumoniae can stimulate the generation of fully developed IL18 in colon
epithelial cells and gut organoids, leading to colitis and enhancing DSS-induced colitis [40].
Following SD, our findings indicated a notable rise in the presence of LPS in the colon,
along with an observed increase in gut permeability. Therefore, we speculated that the
excess LPS produced by the increased harmful bacteria may cross the intestinal barrier and
enter the lamina propria of the colon. TLR4 is a receptor for bacterial LPS in response to LPS-
induced inflammation [46]. The activation of NF-«B leads to the production of different
inflammatory mediators and cytokines [47,48]. Likewise, we noted that the presence
of F. prausnitzii was able to decrease macrophage infiltration and lower the amount of
pro-inflammatory cytokines in the colon. Similar to our results, F. prausnitzii generates
butyrate to support Th17/Treg equilibrium and improve colorectal colitis by blocking
histone deacetylase 1 [49]. Hence, restoring gut immune balance with Faecalibacterium
could improve intestinal damage caused by SD.

Faecalibacterium is a major butyrate-producing bacteria and most of its functions are
based on its metabolites. As a result, we also assessed the concentration of short-chain
fatty acids present in the colon contents. Similar to our previous findings, the content
of butyrate in the colon contents of sleep-deprived mice has decreased significantly [50].
Interestingly, the content of butyrate in sleep-deprived mice has increased significantly
after pre-colonization with Faecalibacterium. It could be seen that the colonization of Fae-
calibacterium has significantly increased the content of butyrate, its metabolite. However,
alterations in various other short-chain fatty acids (acetate, propionate, and valerate) did
not show statistical significance among the different treatment groups. The research has
shown that butyrate enhances the production of mucus in the goblet cells of the intestines,
reinforces the chemical defense, and boosts the synthesis of tight-junction protein, which
helps restore the compromised physical barrier [51]. Moreover, butyrate exhibits a benefi-
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cial anti-inflammatory impact on both intestinal epithelial cells and immune cells [52,53].
In prior research, it was noted that Prevotellaceae generates butyrate to reduce cardiotox-
icity associated with PD-1/PD-L1 inhibitors through the PPARx-CYP4X1 pathway in
macrophages located in the colon [54]. Hence, we hypothesized that the positive impact of
F. prausnitzii colonization on intestinal barrier impairment in sleep-deprived mice is due
to the significant generation of its metabolite butyrate. According to the previous results,
we have observed the reduction in goblet cells, and the colonization of F. prausnitzii could
alleviate them to a certain extent. Studies have shown that butyrate can regulate inflam-
matory response by inhibiting the NF-«kB pathway, effectively inhibiting the apoptosis
pathway, and ultimately improving intestinal barrier function [55]. Hence, we speculated
that the presence of F. prausnitzii has a beneficial effect in decreasing colon cell apoptosis. In
sleep-deprived mice, the colon exhibited elevated levels of cleaved caspase-3 protein and
reduced levels of Bcl-2 anti-apoptotic factor mRNA, as indicated by our findings. Unlike
sleep-deprived mice, no significant apoptosis has been observed in sleep-deprived mice
colonized by F. prausnitzii.

Based on the worldwide human health problem of sleep loss, this study first explored
the relationship between F. prauznitzi and sleep deficiency from the perspective of probiotics.
In addition, this study evaluated the beneficial effects of colonization of F. prauznitzi on
intestinal damage in sleep-deprived mice from multiple aspects of the intestinal barrier,
including the mechanical barrier, immune barrier and microbial barrier. More importantly,
through the detection of intestinal short-chain fatty acids, the relationship between F.
prauznitzii and butyrate was found, which provided the direction for further exploration of
the mechanism of F. prauznitzii. There are some limitations to our study. The animal model
we constructed in this study was used to simulate acute SD, but a large number of people
also face chronic sleep restriction in their daily lives. Therefore, in the follow-up research, it
is necessary to expand the breadth of sleep research and more comprehensive research on
the beneficial effects of F. prauznitzii on organismal health. In addition, the results of this
study are based on animal models, and while our results provide valuable insights into
the role of F. prauznitzii in alleviating intestinal damage in sleep-deprived mice, further
research is needed to apply these results to human health.

F. prauznitzii, a health-related human intestinal bacterium with reduced levels in
patients with a variety of metabolic diseases and IBD, is considered a next-generation
probiotic with therapeutic potential. However, F. prausnitzii is strictly anaerobic, and two
challenges need to be addressed before it can be used in human subjects. The first is that
bacteria need to be produced on a large scale under strict anaerobic conditions, and the
second is that adequate hypoxia conditions must be maintained throughout the culture
process (such as centrifugation, filtration or lyophilization) [56]. At present, some studies
have carried out preliminary exploration, using the symbiotic relationship between F.
prausnitzii and Desulfovibrio piger, a sulfate-reducing bacterium, which can be used for
the large-scale production of F. prausnitzii and improve storage stability [20]. Therefore,
exploring the health effect of F. prausnitzii in the human body and transforming it for
industry is the focus of future research. In addition, as scientists become more and more
clear about the classification of F. prausnitzii, exploring and verifying the mechanism of
action of F. prausnitzii in humans or animals is also the focus of future research.

5. Conclusions

The findings of our study indicated that F. prausnitzii, when used as probiotics, had a
positive impact on alleviating the intestinal damage induced by SD. The positive impact of
F. prausnitzii could be due to its ability to prevent SD-induced inflammation in the intestines,
reduce dysbiosis in the gut microbiome, and promote the function of the intestinal barrier
by potentially involving its metabolite butyrate in the process. These results provided new
evidence for the protective mechanisms of F. prausnitzii against intestinal injury, thereby
revealing the potential values of F. prausnitzii in SD-related body damage and having
significant implications for F. prausnitzii as probiotics.
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Abstract: Lacticaseibacillus paracasei strain Shirota (LcS) modulates psychological homeostasis via
the gut-brain axis. To explore the possible efficacy of LcS for improving daytime performance, we
conducted a double-blind, randomized, crossover, placebo-controlled study of 12 healthy office
workers with sleep complaints. The participants received fermented milk containing viable LcS (daily
intake of 1 x 10'! colony-forming units) and non-fermented placebo milk, each for a 4-week period.
In the last week of each period, the participants underwent assessments of their subjective mood and
measurements of physiological state indicators via an electroencephalogram (EEG) and heart rate
variability in the morning and afternoon. The attention score in the afternoon as assessed by the visual
analog scale was higher in the LcS intake period than in the placebo intake period (p = 0.041). Theta
power on EEG measured at rest or during an auditory oddball task in the afternoon was significantly
lower in the LcS period than in the placebo period (p = 0.025 and 0.009, respectively). The change rate
of theta power was associated with the change in attention score. Treatment-associated changes were
also observed in heart rate and the sympathetic nerve activity index. These results indicate that LcS
has possible efficacy for improving daytime performance, supported by observations of the related
physiological state indicators.

Keywords: probiotics; daytime performance; electroencephalograms; heart rate

1. Introduction

Exposure to psychological stress causes various physical and mental disorders via
the nervous and endocrine systems, such as depression, stomach pain, headaches, loss of
appetite, diarrhea, fatigue, and insomnia [1-3]. Occupational stress and sleep disorders are
associated with presenteeism, which refers to productivity losses from employees working
with poor health conditions [4,5]. In Japan, costs corresponding to lost productivity due to
presenteeism account for 80% of companies’ total health-related costs and are higher than
the costs of absenteeism [6].

One of the symptoms of mental stress is disordered sleep, which has been found to
increase cognitive task errors [7] and the risk of accidents [8]. This is because sleep distur-
bances can cause fatigue, drowsiness, decreased alertness, and lack of motivation, affecting
daytime performance [7]. These mood indicators are commonly assessed by self-reported
questionnaires. However, physiological state indicators such as electroencephalography
(EEG) and heart rate variability (HRV) have been used as surrogate measures of daytime
performance. EEG is a non-invasive technique for recording the brain’s electrical activity
and reflects changes in mental status and cognitive function [9,10]. The EEG frequency
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bands beta (13-30 Hz), alpha (8-13 Hz), theta (4-8 Hz), and delta (0—4 Hz) are commonly
used for studying brain activities. The P300 wave is an event-related potential (ERP) compo-
nent elicited by the target stimulus in an oddball task occurring at around the 300 ms latency
region and is commonly used to estimate cognitive performance. HRV analysis provides
information about the status of the autonomic nervous system [11]. High-frequency (HF)
components at 0.15-0.4 Hz reflect parasympathetic nerve activity, whereas the ratio of HF
to low-frequency (LF) (0.04-0.15 Hz) components reflects sympathetic nerve activity [12].

The digestive system is highly regulated by the brain and state of mind, such as
anxiety, depression, and fear, which greatly affect its functions. The brain and gut exchange
information in both directions through the nervous, endocrine, and immune systems and
are closely influenced by each other, forming a relationship called the gut-brain axis [13].
In recent years, the concept of a microbiota—gut-brain axis has been gaining attention
as studies of stress [14-16] and mental illness [17-19] have produced a growing body of
evidence that the gut microbiota is involved in the gut-brain axis. In addition, probiotics
that contribute to the health of the host, either directly or through the improvement of the
intestinal environment, are expected to exert positive effects via the gut-brain axis [20-23].

Lacticaseibacillus paracasei strain Shirota (LcS; formerly named the Lactobacillus casei
strain Shirota [24]) is a widely used probiotic strain, which was selected from the microbial
collection of Dr. Minoru Shirota, the founder of Yakult Honsha Co., Ltd. (Tokyo, Japan)
LcS has a long history of safe use as a food material for over 80 years, and the United
States Food and Drug Administration has accredited it as Generally Recognized As Safe
(GRAS) [25]. LcS has been revealed in numerous clinical studies to have functions such
as bowel movement normalization [26,27], infection prevention [28], and immunomod-
ulation [29]. It has also been found to act on the nervous and endocrine systems. We
previously reported that an LcS intervention in medical students preparing for an academic
exam prevented the onset of physical symptoms and attenuated a stress-induced rise in
salivary cortisol [30-32]. In addition, it was effective in maintaining the quality of sleep
under academic stress conditions by suppressing the decline in deep sleep and shortening
sleep latency, as measured by both subjective questionnaires and sleep EEG measures [33].

To explore the possible efficacy of LcS for improving daytime performance, we con-
ducted a double-blind, randomized, crossover, placebo-controlled study in healthy partic-
ipants with sleep complaints. We assessed their subjective mood using perceived mood
questionnaires and measured physiological indicators via EEG and HRV.

2. Materials and Methods
2.1. Test Beverages

Fermented milk containing at least 1.0 x 10!! colony-forming units of LcS (strain
no.: YIT 9029) per bottle (100 mL) was used as the test beverage. The nutritional content
per bottle was as follows: 1.5 g of protein, 0.1 g of fat, 14.1 g of carbohydrates, and
63.0 kcal calories. The probiotic strain was obtained from the Culture Collection Research
Laboratory of Yakult Central Institute, Tokyo, Japan. Since there is insufficient evidence
for the efficacy of any probiotic strain on daytime performance, we decided to use an inert
placebo, non-fermented milk, to evaluate the contribution of both LcS and its metabolites
to any health benefits for the endpoint. The nutritional content, color, flavor, taste, and
pH of the non-fermented placebo milk were adjusted to match the test beverage. The
placebo was made from the same ingredients as the test beverage, except that lactic acid
was added to match the acidity [31], and the identical plastic bottle was used for storage
and the provision of the test beverage and the placebo. The beverages were hand-delivered
to each participant weekly and stored at 0-10 °C.

2.2. Study Design and Participants

This study was conducted in Kunitachi-shi, Tokyo, from August to December 2021
as a double-blind, randomized, crossover, placebo-controlled study. The study protocol
was registered at the UMIN (University Hospital Medical Information Network) Clinical
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Trials Registry (ID: UMIN000044852). The study comprised a 3-week pre-intervention
period, a first 4-week intervention period, a 4-week washout period, and a second 4-week
intervention period (Figure 1). Healthy male and female office workers were recruited for
this study. Because little information was available on the impact of probiotics on daytime
performance, the present study is seen as an exploratory study in this field, and no formal
sample size calculation was performed. We set the sample size to 12 in total by considering
the handling capability of the EEG system, which was to be used only on weekdays during
a specified period. There are several reports that cognitive abilities decline with age [34-36]
and lack of sleep [37,38]. It has also been reported that the reaction times of the go/no-go
task decline with age older compared to 40 years [35]. Based on these observations, office
workers between 40 and 59 years old who were aware of impaired sleep quality were
chosen as the participants. Those meeting any of the following criteria were excluded
from the study: a history of sleep-related illnesses, use of medicines or health foods that
could influence sleep, smoking habits, allergies to milk or soy, placement of an artificial
cardiac pacemaker, skin disorders on the face or head, severe dry eye symptoms, and
participation in other clinical trials during the study period. Finally, 5 males and 7 females
were enrolled and were divided into the following two groups: one group was treated
with the placebo and LcS in that order, and the other group was treated in the reverse
order. Simple randomization was performed by assigning random numbers from a random
number table to the groups. The codes of the treatments were assigned by personnel not
involved in the study, and participants and those giving treatment or assessing outcomes
were blinded to the treatment allocation.

Pre-intervention Intervention period | Washout Intervention period |l
Placebo first period Placebo (4 weeks) period LcS (4 weeks)
3 k 4 k
LcS first (3 weeks) LcS (4 weeks) (4 weeks) Placebo (4 weeks)

Figure 1. Study design. LcS, Lacticaseibacillus paracasei strain Shirota.

2.3. Questionnaires

The daytime mood, including perceived sleepiness, physical fatigue, motivation, at-
tention, and optimism, was surveyed using a visual analog scale (VAS) ranging from
0 mm for “severely unfavorable” daytime performance to 100 mm for “supremely fa-
vorable”. Sleepiness was also evaluated on a 9-point Likert scale using the Karolinska
Sleepiness Scale (KSS) [39]. Participants completed the questionnaires at an arbitrary time
in the morning (8:00-11:00) and in the afternoon (15:00-18:00) every day for 5 weekdays
during the last week of each period. Information on sleep habits and stress levels was
also collected via retrospective self-assessments for the previous 1-month period before
intervention using the Pittsburgh Sleep Quality Index (PSQI) [40] and the Japanese version
of the Perceived Stress Scale (JPSS) [41], respectively.

2.4. Daytime EEG and HRV Measurement

EEG and HRV measurements were conducted in a shielded room during the last
week of each period: in the pre-intervention period and in intervention periods I and
II. Participants underwent measurements on any day from Tuesday to Thursday in the
morning (8:00-11:00) and in the afternoon (15:00-18:00). Each measurement required about
1 h, including preparation and cleanup, and the day and time of each individual’s mea-
surements were matched between the experimental periods. We instructed the participants
not to consume alcohol for at least 24 h before the measurement and caffeinated beverages
on the day of measurement and confirmed the participants” adherence to the instructions
before the measurement.

EEG signals were recorded with Ag/AgCl electrodes placed on the scalp at the Fz,
Cz, and Pz positions according to the International 10-20 System. Two electrodes placed
on both ears were regarded as a reference for the scalp electrodes, and two forehead
electrodes served as the ground and system reference. To aid in the elimination of data
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obtained during eye movements or blinks, an electrooculogram (EOG) was recorded with
an electrode placed 2 cm lateral to the lateral canthus of the left eye and 2 cm above the
upper edge of the left orbit. Electrodes were also attached to the left arm to monitor the
electrocardiogram (ECG) for HRV analysis. EEG and ECG were recorded using a Polymate®
biological signal recording device (Miyuki Giken Co., Ltd., Tokyo, Japan) with a sampling
rate of 1000 Hz; the impedances of all electrodes were kept below 10 k().

The procedure for each measurement is shown in Figure 2. The participants performed
the whole task seated on an armchair, fixating their eyes on a point directly in front of
them at a 0.5 m distance. During a 5 min task period, participants performed an auditory
oddball task with a 2-tone paradigm. The procedures were compliant with the guidelines
of the Japanese Society of Clinical Neurophysiology [42], and a target tone (2000 Hz) and a
standard tone (1000 Hz) were randomly emitted every 2.0 s with a 100 ms duration for each,
150 times in total, with appearance rates of 20% and 80%, respectively, using the Stimuli
Output Sequencer Program v. 2009-Jan. (NoruPro Light Systems, Inc., Tokyo, Japan). The
participants responded by pressing a button only for the target stimulus, and their reaction
time was calculated. Finally, EEG was recorded with the eyes closed for 2 min to estimate
the basal resting state.

Start End
Resting Resting Resting Resting
eyes open eyes open eyes open eyes closed

2 min 2 min 2 min 2 min

Figure 2. Experimental procedure for electroencephalogram and heart rate variability measurement.

2.5. Analysis of EEG and HRV

The MATLAB R2018b mathematical analysis software (MathWorks, Inc., Natick, MA,
USA) was used to analyze spontaneous brain waves [43]. Fourier transformation was per-
formed for data removed using a 0.5-30-Hz band-pass filter, and power spectrum analysis
was performed in each frequency band (theta wave, 4-8 Hz; alpha wave, 8-13 Hz; beta
wave, 13-30 Hz). The event-related potential (ERP) P300 was obtained and analyzed via
the arithmetic mean method using the EP Travel Light software v. 2009-Feb. (NoruPro
Light Systems, Inc.). When P300a and P300b were observed, P300b was selected, and
when three or more peaks were observed, it was considered inconclusive. An analysis
program based on the MemCal method using the RR Interval Analysis software v. 2009-Feb.
(NoruPro Light Systems, Inc.) was used to analyze heart rate and HRV. LF components at
0.04-0.15 Hz, reflecting sympathetic and parasympathetic nerve activity, and HF compo-
nents at 0.15-0.4 Hz, reflecting parasympathetic nerve activity, were analyzed, and the ratio
of the LF/HF parameters was calculated as an index of sympathetic nerve activity [12].

2.6. Statistical Analysis

The order effect and time effect of the crossover test were calculated from repeated-
measures analysis of variance in the pre-intervention period, intervention period I, and
intervention period II. Variables were subjected to the assessment of treatment efficacy if
they did not have any significant order and time effects (p > 0.05). The pairwise comparison
between the placebo and LcS intake periods was performed using the Wilcoxon rank sum
test. Fisher’s exact test was used to compare the proportions in participant attributes. To
assess statistical associations between variables, Spearman’s rank correlation coefficient (o)
was calculated for differences in the data between the placebo and LcS periods. Spearman’s
rank correlation coefficient (p) was also calculated for the data at the pre-intervention period.
Due to the exploratory character of the study and the clear definition of a single primary
outcome parameter, no correction for multiplicity testing was applied. The significance
level was set at 0.05, with less than 0.05 considered significant. The EZR and R v. 4.2.0
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statistical analysis software (R Foundation for Statistical Computing, Vienna, Austria) were
used for the analysis.

3. Results
3.1. Characteristics of Participants

The participants were 12 healthy male and female office workers who consented
to participate and were divided into the following two groups: one group received the
placebo treatment first, while the other group received the LcS treatment first. There were
no significant differences between the two groups in terms of their age, height, weight,
JPSS, PSQI, and number of complaints about sleep (Table 1). The rate of compliance for
test beverage consumption was calculated as the percentage of the actual intake over a
defined period, and the results were 99.7% in the placebo treatment and 100% in the LcS
one. No adverse events related to the test beverage intake were identified. Blinding was
confirmed at the end of the study based on responses when the participants were asked to
guess which beverage they received first.

Table 1. Characteristics of the participants.

Placebo First LcS First Total
Number 2 males, 4 females 3 males, 3 females 5 males, 7 females
Age (years) 472 +£738 455+59 46.3 £ 6.6
Height (cm) 161.75 + 7.04 166.50 £ 9.89 164.13 & 8.55
Body weight (kg) 54.66 £ 12.08 58.16 + 13.22 56.42 + 12.21
Body mass index 20.71 £3.16 20.80 + 2.89 20.76 £+ 2.88
JPss 182+75 25,5+ 11.2 21.8£9.8
PSQI 6.7 1.6 73+138 70+£17
Complaints about sleep
Sleep latency 1/6 0/6 1/12
Wake after sleep onset 5/6 4/6 9/12
Waking up too early 3/6 3/6 6/12
Sleep quality 1/6 2/6 3/12
Sleepiness on rising 2/6 2/6 4/12
Daytime sleepiness 3/6 4/6 7/12
Sleep duration 2/6 2/6 4/12

Values are expressed as the means =+ standard deviation (quantitative variables) or proportions (complaints about
sleep). Lacticaseibacillus paracasei strain Shirota (LCS); JPSS, Japanese Perceived Stress Score; PSQI, Pittsburgh
Sleep Quality Index.

3.2. Perceived Mood

Daytime mood was assessed using the KSS and VAS items asking about perceived
sleepiness, fatigue, motivation, attention, and optimism. The scores were generally better
during the LcS intake period than during the placebo intake period in both the morning
and afternoon (Figure 3). The VAS score of attention in the afternoon was significantly
higher during the LcS intake period than during the placebo intake period (Figure 3e,
p =0.041).

3.3. EEG

There was no significant difference in the alpha, beta, or beta/alpha ratio between
the treatments, both during the resting state and during the tasks (Figure 4). Theta power
(tV2/min) observed during the resting state with the eyes open and during the oddball
task in the afternoon was significantly lower during the LcS intake period than during the
placebo intake period (p = 0.025 and 0.009, respectively).

Table S1 shows the button-press reaction time and the ERP P300 latency to the target
stimulus in auditory oddball tasks. The reaction time during the LcS intake period tended
to be shorter when compared to the placebo intake period in both the morning and the
afternoon, although this difference was not statistically significant. The efficacy assessment
of the ERP P300 latency was available only in the morning measurements because, for the
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afternoon measurements, we were able to determine the P300 in only 8 participants for both
intervention periods (10 in the LcS intake period and 8 in the placebo). The morning P300
latency was shorter during the LcS intake period than during the placebo intake period.

KSS Sleepiness Fatigue
4 85 80
80 75
3 75 70
70
2 65 65 |‘
1 60 60 ’J_‘
55 55
0 50 50
Placebo LcS |Placebo LcS Placebo LcS |Placebo LcS Placebo LcS |Placebo LcS
AM PM AM PM AM PM
(@ (b) ()
Motivation Attention Optimism
80 80 80
75 75 p=0.041 75
70 70 70
65 65 65
60 60 60
55 55 55
50 50 50
Placebo LcS |[Placebo LcS Placebo LcS |Placebo LcS Placebo LcS |Placebo LcS
AM PM AM PM AM PM

(d) (e) )

Figure 3. Impact of Lacticaseibacillus paracasei strain Shirota (LcS) intake on daytime mood. Partici-
pants completed the questionnaires in the morning (AM) and in the afternoon (PM) every day for
5 weekdays during the last week of each 4-week placebo and LcS intervention period. Sleepiness was
evaluated with the Karolinska Sleepiness Scale (KSS) (a). Perceived sleepiness (b), physical fatigue (c),
motivation (d), attention (e), and optimism (f) were also surveyed using a visual analog scale (VAS)
from 0 mm for “severely unfavorable” daytime performance to 100 mm for “supremely favorable”.
Values are expressed as the means + standard error (n = 12). The Wilcoxon rank sum test was used
for the comparison between treatments.

3.4. HRV

Table 2 shows the heart rate and autonomic nerve indices calculated from HRV. Heart
rate was lower during the LcS intake period than during the placebo intake period, re-
gardless of the time (AM/PM) and activity (resting/task). No significant difference was
observed in either the LF/HF ratio (an index of sympathetic nerve activity) or the HF com-
ponent (parasympathetic nerve activity), except for the LF/HF ratio during the afternoon
oddball task.

3.5. Relationship between the Perceived Mood and Physiological Parameters

We analyzed the relationship between the perceived mood and physiological indices
using the differences between the placebo and LcS interventions (LcS-placebo, Figure 5a).
The LcS/placebo ratio was used in EEG data. In the morning, heart rate during the resting
state with the eyes closed was associated with the KSS (o = 0.636; 95% CI 0.193 to 0.880),
sleepiness (—0.545; —0.905 to 0.139), motivation (—0.699; —0.914 to —0.156), fatigue (—0.441;
—0.871 to 0.169), attention (—0.474; —0.862 to 0.319), and optimism (—0.730; —0.939 to —0.291).
In the afternoon, LF/HF during the resting state with eyes closed was associated with the
KSS (0.687; 0.256 to 0.889), motivation (—0.531; —0.978 to 0.162), fatigue (—0.552; —0.927 to
0.028), attention (—0.538; —0.865 to 0.036), and optimism (—0.552; —0.900 to 0.068). As for
EEG, the theta wave during the resting state with the eyes closed was associated with the KSS
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(0.493; —0.228 to 0.919) and attention (—0.497; —0.913 to 0.235). The relationships between the
theta wave, heart rate, LF/HF, and attention are also shown graphically (Figure 5b—d). These
relationships indicate that physiological indices reflect subjective indices.
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Figure 4. Impact of Lacticaseibacillus paracasei strain Shirota (LcS) intake on electroencephalography
(EEG). EEG was measured during the last week of each 4-week placebo and LcS intervention period,
and the power spectrum (uV2/min) of theta waves (4-8 Hz) (a), alpha waves (8-13 Hz) (b), beta
waves (13-30 Hz) (c), and the beta/alpha ratio (d) were calculated during the resting state (eyes
open and closed) and during the task both in the morning (AM) and the afternoon (PM). Values
are expressed as the means + standard error (1 = 12). The Wilcoxon rank sum test was used for the

comparison between treatments.

Table 2. Impact of LcS intake on the following HRV metrics: heart rate and autonomic nerve indices.

Time  Treatment HR (bpm) LF/HF HF (ms?)
Ay Placebo 678431 413 + 120 3211 + 1059
Resting LeS 647 +30  *  360+112 2004 + 37.1
(Eyes closed) oy Placebo  680£30 352 + 1.45 3902 + 215.1
LS 66.9 + 4.0 528 + 3.16 2793 + 1037
Ay Placebo  675%25 6.69 + 1.86 307.9 + 129.4
Resting LcS 66,5+ 2.8 473 £1.07 2955 + 90.8
(Eyes open) oy Placebo  685+27 5.67 + 1.50 3480 + 1422
LcS 67.0 + 3.4 6.59 + 250 3525 + 96.4
Ay Placebo 67426 455+ 1.33 2965 + 63.7
Task LeS 65.9 + 2.9 332+ 1.00 4302 + 198.4
oy Placebo  68.0+31 464+ 1.32 4209 + 2032
LcS 66.4 + 3.4 3244087 *  289.8+708

Heart rate variability (HRV) was measured during the last week of each 4-week placebo and Lacticaseibacillus
paracasei strain Shirota (LcS) intervention period, and heart rate (HR), the ratio of low-frequency (LF) components
to high-frequency (HF) components, and HF were calculated in the resting state (with the eyes closed and open)
and during the auditory oddball task. Values are expressed as the means + standard error (n = 12). The Wilcoxon
rank sum test was used for the comparison between treatments (¥, p < 0.050). AM, morning; PM, afternoon.
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Figure 5. Correlation analysis between perceived daytime mood and physiological indices. The
correlation matrix was based on Spearman’s rank correlation coefficient (o) between the perceived
mood and physiological indices using the difference in values of 12 participants between the placebo
and Lacticaseibacillus paracasei strain Shirota (LcS) intervention periods (a). Color intensity and the
size of circles are proportional to correlation coefficients. Relationships between the visual analog
scale (VAS) attention score and morning heart rate (HR), (b) afternoon ratio of low-frequency (LF)
components to high-frequency (HF) components (LF/HF), (c) and afternoon electroencephalogram
theta power (d). Plots from 12 participants and the fitted linear trendline (dotted blue line) are shown,
and data lying on dashed red lines indicate no difference between the periods. AM, morning; KSS,

Karolinska Sleepiness Scale; PM, afternoon.

4. Discussion

We investigated whether LcS affects the daytime performance of healthy office workers
with sleep complaints and observed that LcS intake suppresses the decline in perceived
attention in the afternoon. This result is considered to be supported by the fact that other
VAS items (sleepiness, fatigue, motivation, and optimism) tended to be better during the
LcS intake period. All items of VAS were lower in the afternoon than in the morning,
suggesting an overall decline in performance in the afternoon. The VAS score of attention
in the afternoon was significantly higher during the LcS intake period than during the
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placebo intake period. The VAS attention score in the afternoon during the LcS intake
period was similar to that of the placebo intake period in the morning, indicating that the
effect size of LcS was comparable to the range of diurnal variation.

During the LcS intake period, the EEG theta power that appeared during the resting
state (eyes open) and when performing tasks in the afternoon was significantly lower than
that during the placebo intake period. Correlation analysis showed that the changes in
daytime attention with LcS intervention were associated with the changes in theta power in
the resting state (eyes closed) in the afternoon (p = —0.497). These results indicate that LcS
increases the arousal level both subjectively and objectively. Spontaneous brain waves are
constantly observed, and the degree of arousal is estimated by the intensity of beta, alpha,
theta, and delta waves (classified by frequency). Alpha and beta waves are observed in the
wakeful state [9], and theta waves increase when the degree of wakefulness is reduced. The
beta/alpha ratio during wakefulness has also been widely used as an index of attention and
stress in previous reports [44]. The beta/alpha value tended to be higher during LcS intake
than with the placebo, supporting an increased arousal level, although this difference was
not statistically significant.

The shortened latency of the ERP P300 also supports the results, indicating improved
perceived attention. ERP P300 latency is believed to indicate the attentional state of the
brain. Prolonged P300 latency is related to aging [34], depression [45], and dementia [46].
The ingestion of polyunsaturated fatty acids [47] or caffeine [48] can shorten P300 latency.
However, the ERP P300 peak measured in the afternoon was not detectable in this study,
suggesting that P300 characterizes brain traits under good conditions but may not be
suitable for assessing brain status under poor conditions. For example, a decrease in P300’s
amplitude has been reported during sleep deprivation [49]. However, the fact that the
LcS intervention showed a tendency for a shorter button-press reaction time in our task
provides data supporting increased attention.

Heart rate during the LcS intake period was lower than that during the placebo
intake period, regardless of the time of day or if the individual was resting/performing
a task, with a significant difference in the resting heart rate (with eyes closed) in the
morning. Moreover, changes in heart rate with closed eyes in the morning were correlated
with improved mood (positively for the KSS, negatively for motivation and optimism).
A reduction in heart rate induced by LcS intervention has also been observed after the
intake of a hot water extract of LcS [50], which is consistent with our results. The LF/HF
values during the afternoon oddball task were significantly lower during the LcS intake
period. The reduction in heart rate and LF/HF with LcS in the present study supports the
finding that LcS affects the autonomic nervous system because HRV has been considered
a product of emotional response or stress exerted via the autonomic nervous system.
These neurological responses are consistent with the ability of LcS to attenuate a stress-
induced rise in cortisol in the academic test stress model [30-32]. In an animal study,
the intragastric administration of LcS stimulated gastric vagal afferent activity in a dose-
dependent manner [32], and it has been shown to suppress stress-induced sympathetic
nerve activity via signal transmission through the gastric vagal afferent [51,52]. The results
of these animal and human experiments suggest that LcS acts via the autonomic nervous
system to improve performance. LcS may also affect mood because several probiotics have
been reported to normalize anxiety-like behavior via the vagus nerve [53,54].

Only individuals with sleep complaints were included in this study, and stress was
not taken into consideration. The stress levels of the participants enrolled in this study
were not very high in terms of JPSS values. LcS has been shown to prevent the worsening
of stress and sleep quality under academic stress [30-33], but the effect on stress and sleep
may be mild in people with low-stress levels, as in this study. When we analyzed the
relationship between perceived mood and other parameters in the pre-intervention period,
a high negative correlation was confirmed between the stress state and perceived mood in
the morning and afternoon, and the degree of correlation was stronger than that with sleep
(Table S2). Our results are consistent with reports that mental and physical stress and sleep
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disturbances directly and indirectly affect job performance [4,55]. The Japanese Ministry
of Health, Labor, and Welfare has reported that half of the Japanese population lives with
worry or stress and that one-fourth of working-age people have sleep complaints [56]. The
effects of LcS on work performance may be captured more clearly by targeting participants
with high-stress levels.

The present study must be seen as an exploratory study in this field, and thus, no
formal sample size calculation was performed. We set the sample size to 12, considering
the handling capability of the EEG system, but this may be insufficient for making strong
conclusions. To eliminate this limitation, we adopted a crossover study design. The
crossover design has high power and statistical efficiency, and it is possible to obtain
an estimate with the same level of accuracy as a parallel design, even with a smaller
number of participants [57]. We confirmed that the crossover trial was conducted properly
without any time or order effect. Another concern was the selection of a placebo and its
impact when used in the crossover study. We selected non-fermented milk as a placebo,
the nutritional content, color, flavor, taste, and pH of which were adjusted to match the
test beverage, but it was practically impossible to make the characteristics of the non-
fermented milk have complete correspondence with the fermented one, considering the
wide variety of metabolites produced by microbial fermentation. Blinding was assured by
confirming that the participants could not guess at the end of the study which treatment
they received first. However, it cannot be concluded that subtle differences in flavor and
texture between the test beverage and the placebo did not have any impact on the study
outcomes. We believe that the current study basically provides reliable results on the
effect of LcS on daytime performance, and further studies using a randomized, placebo-
controlled, double-blind, parallel-group study design with a larger sample size are needed
to address such limitations.

5. Conclusions

Our results suggest that LcS intervention improves mood when measured as daytime
performance indices compared with the placebo. Furthermore, the daytime perceived
mood indices were associated with physiological parameters such as EEG and autonomic
nerve activity data.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15245119/s1, Table S1: Effect of LcS on reaction time and ERP
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indicators during the pre-intervention period.
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Abstract: Bifidobacterium animalis subsp. lactis GCL2505 has been shown to have several positive
health effects, including improved defecation frequency and reduced visceral fat. It is known that
combined intake of GCL2505 and inulin increases the total number of bifidobacteria compared
with ingestion of GCL2505 alone. This randomized, double-blind, placebo-controlled, parallel-
group study was conducted to confirm that consumption of GCL2505 and inulin reduces abdominal
fat (n = 120). Participants consumed a test beverage containing 1 x 1010 colony-forming units of
GCL2505 per 100 g and 2.0 g of inulin per 100 g for 12 weeks. A change in the visceral fat area
(VFA) was set as the primary endpoint. There were significant reductions in VFA and total fat
area. The intervention significantly increased the total number of bifidobacteria and affected the
levels of several lipid markers. Regression analysis of bifidobacteria and measured parameters
showed that total bifidobacteria correlated with VFA and body mass index (BMI), while endogenous
bifidobacteria and Bifidobacterium animalis subsp. lactis correlated only with BMI, suggesting that
increases in both contributed to the decrease in VFA. These results suggest that combined intake of
GCL2505 and inulin improves the intestinal environment and reduces abdominal fat in association
with the SCFA-mediated pathway.

Keywords: Bifidobacterium animalis subsp. lactis; inulin; synbiotics; abdominal fat; overweight; gut
microbacteria

1. Introduction

The World Health Organization defines overweight and obesity as abnormal or exces-
sive fat accumulation that has the potential to negatively impact health. Obesity is a risk
factor for lifestyle diseases such as hypertension, dyslipidemia and diabetes, as well as non-
communicable diseases such as cardiovascular diseases (mainly heart disease and stroke),
musculoskeletal diseases (especially osteoarthritis) and some cancers. The worldwide
prevalence of obesity nearly tripled between 1975 and 2016, with more than 650 million
adults becoming obese. Overweight and obesity are linked to more deaths worldwide
compared with underweight [1]. Thus, the obesity epidemic is one of the greatest public
health challenges of the twenty-first century. Abdominal visceral fat accumulation (ab-
dominal obesity) is a form of obesity related to environmental factors such as diet and
physical inactivity and is also an underlying component of metabolic syndrome, which
is a risk factor for coronary heart disease, hypertension, type-2 diabetes and impaired
glucose tolerance. Furthermore, accumulation of abdominal visceral fat is considered to
have greater negative health implications compared with obesity in general [2]. Caloric
restriction and exercise are commonly used to treat obesity. For severe obesity, bariatric
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surgery and pharmacotherapy may also be used, but these have issues such as invasiveness
and continuity. Therefore, there is a need for treatments such as functional foods, which do
not require major lifestyle changes and are easier to apply to daily life [3].

The fundamental cause of overweight and obesity is an energy imbalance between
calories ingested and calories expended [1]. In addition, it has been reported that the
gut microbiota and obesity are closely related, with the composition and diversity of gut
microbiota altered in overweight and diabetes [4]. Accordingly, probiotics and prebiotics
may offer one approach to treating overweight and obesity by regulating the gut micro-
biota. Probiotics are defined as “live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host” [5]. Lactic acid bacteria (especially Lactobacil-
lus spp.) and bifidobacteria have been reported as probiotics in the treatment of obesity.
Consumption of Lactobacillus gasseri SBT2055 has been shown to reduce body weight, body
fat percentage, body fat mass, visceral fat mass, subcutaneous fat mass, waist circum-
ference, hip circumference, waist-to-hip ratio (WHR) and triglycerides (TG) [6,7], while
consumption of strain BNR17 has been shown to reduce visceral fat mass [8]. Consumption
of Lactiplantibacillus plantarum DAD-13 has been shown to reduce body weight and body
mass index (BMI) [9], while strain K50 has been shown to reduce total cholesterol (TC)
and TG [10], and strain LMT-1-40 has been shown to reduce body fat mass and abdominal
VFA and to change insulin-related parameters [11]. In addition, it has been reported that
consumption of Bifidobacterium breve B-3 decreases body fat mass, body fat percentage and
abdominal VFA [12]. Consumption of Bifidobacterium animalis subsp. lactis CECT8145 de-
creases BMI, waist circumference and waist circumference/height [13], while consumption
of strain GCL 2505 decreases visceral fat [14]. Furthermore, several meta-analyses have
suggested an association of probiotics with glucose metabolism, lipid metabolism, body
fat mass, body weight, visceral adipose tissue and hepatic adiposity [15-17]. Meanwhile,
prebiotics are nonviable food components that confer a health benefit on the host and are
associated with modulation of the gut microbiota [18]. Multiple meta-analyses [19-21]
have shown that prebiotics reduce body weight, BMI, body fat, fasting glucose, insulin and
fasting TG. However, the efficacy of a single probiotic depends on various factors, including
diet and indigenous bacteria [22-24]. In addition, the effect of prebiotics is influenced by
the gut microbiota of the individual and its sugar capitalization [24,25]. For these reasons,
there may be limitations to using single probiotics or prebiotics to treat obesity in diverse
populations. The combination of probiotics and prebiotics is called synbiotics [26], and
it has been reported that intake of synbiotics increases gut bifidobacteria [27,28]; even
in subjects with low probiotic strain growth, total bifidobacteria counts increased due to
an increase in endogenous bifidobacteria [29]. Furthermore, several animal studies have
reported that intake of synbiotics acts synergistically against obesity [30,31]. Clinical trials
investigating the health benefits of synbiotics in a variety of areas found the following
benefits. For intestinal health, there was a reduction in abdominal pain frequency [32] as
well as an overall improvement in symptoms of irritable bowel syndrome [33]. For obesity
and metabolic diseases, reductions in body weight, BMI [34] and body fat percentage [35] as
well as improvements in inflammatory markers [36] have been reported. Improvements in
the stress response [37] as well as reductions in tension and drowsiness [38] have also been
reported. Therefore, it may be beneficial to consider a synbiotic or multi-strain probiotic
approach with a view toward providing benefits to a broader population.

Bifidobacterium animalis subsp. lactis, a probiotic strain, is commonly used in fermented
dairy products and has shown numerous health benefits related to gastrointestinal and
immune health [39,40]. Bifidobacterium animalis subsp. lactis GCL2505 is a probiotic strain
isolated from the feces of healthy adults that can grow in the gut [41,42] and it is used
in fermented milk products in Japan. In clinical trials, daily consumption of fermented
milk containing 8 x 10'° colony-forming units (CFU) of GCL2505, which contains higher
numbers of bifidobacteria compared with regular fermented milk, reduced abdominal
VFA [14]. Also, combined intake of GCL2505 and inulin was shown to be more effective
in increasing the total number of bifidobacteria compared with ingestion of GCL2505
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alone [29]. Based on these findings, this study evaluated the effects of the synbiotic intake
of GCL2505 and inulin on abdominal fat accumulation in overweight Japanese adults in a
placebo-controlled, randomized, double-blind, parallel-group study.

2. Materials and Methods
2.1. Participants

Participants were Japanese men and women between the ages of 20 and 65 years at
the time of consent, who satisfied the inclusion criteria, did not satisfy any of the exclusion
criteria and were deemed eligible to participate by the principal investigator. The inclusion
criteria were as follows: (1) BMI of 23 or higher and less than 30 at the screening test; (2) able
to abstain from alcohol for 2 days before each measurement; and (3) fully informed of the
purpose and content of the study, deemed to have the capacity to consent, volunteered
of their own accord to participate in the study based on a thorough understanding of the
purpose and content of the study and provided written informed consent to participate
in the study. Exclusion criteria were as follows: (1) regularly taking medications that
affect obesity, hyperlipidemia or lipid metabolism; (2) treatment for severe kidney disease,
heart disease, respiratory disease, endocrine disease, diabetes or other illness (excluding
transient illnesses such as colds); (3) unable to stop intake of health foods or supplements
that affect obesity, hyperlipidemia or lipid metabolism; (4) unable to restrict the intake
of foods that might affect the intestinal microbiota; (5) use of antibiotics within 1 month
prior to the start of the study; (6) regularly use intestinal drugs and laxatives (including
strong laxatives); (7) history of digestive surgery (excluding appendectomy); (8) history
of allergy to any of the study food ingredients; (9) current or former drug or alcohol
dependence; (10) presence of metal (e.g., surgical implants) that precludes computed
tomography (CT) scans of the measurement site; (11) implanted medical devices such as
cardiac pacemakers and cardioverter-defibrillators; (12) claustrophobia; (13) pregnant or
lactating, or expecting to become pregnant during the study; (14) participation in research
involving the ingestion of other foods or the use of pharmaceuticals, the application of
cosmetics or pharmaceuticals or participation in other research while participating in this
study; and (15) deemed ineligible by the principal investigator.

2.2. Test Foods

The test products were a dairy drink (active drink) containing inulin (Orafti GR;
BENEO GmbH, Mannheim, Germany) and GCL2505 or placebo. The active drink contained
1 x 10'9 CFU of GCL2505 and 2.0 g of inulin per 100 g. The placebo was prepared using the
same ingredients as the active drink, with the addition of food-grade acetic acid and lactic
acid to adjust the flavor and pH; the basic ingredients were skim milk powder, fructose,
dextrose, sucrose, yeast extract, acidifier, stabilizer and flavoring. The nutritional details of
the test products are shown in Table 1.

Table 1. Nutritional details of the test drinks.

Parameter Placebo Group Active Group
Energy, kcal /100 g 47.0 52.0
Moisture, g/100 g 87.0 84.8

Protein, g/100 g 2.8 2.8
Fat, g/100 g 0.1 0.1
Carbohydrate, g/100 g 9.0 11.2
Ash, g/100 g 1.1 1.1

The active drink contained 2.0 g inulin and 1.0 x 10'° colony-forming units GCL2505.

2.3. Experimental Design

This was a randomized, placebo-controlled, double-blind, parallel-group study. Partic-
ipants were randomized by computer-generated randomization into two groups (1:1), with
age at screening, sex, body weight, body fat rate and VFA serving as stratification factors for
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randomization in block sizes of four. The controller (allocation manager) assigned the two
groups to the test drink intake group and the control food intake group. For the sample size,
the final target number of subjects was set at 60, referring to previous reports on visceral
fat reduction with probiotics [14,43,44]. Participants in the active and placebo groups con-
sumed 100 g of dairy beverage once daily for 12 weeks. Both the participants and observers
were blinded to the group allocation for the duration of the study. Double blinding was
accomplished by labeling the test drink with only an identification number. The change in
VFA between weeks 0 and 12 was set as the primary endpoint. The secondary endpoints
were VFA between weeks 0 and 8, subcutaneous fat area (SFA) between weeks 0, 8 and
12, total fat area (TFA) between weeks 0, 8 and 12, body weight, BMI, body fat rate, waist
circumference, hip circumference, WHR, TC, low-density lipoprotein cholesterol (LDL-C),
HDL-C, triglyceride, free fatty acid and fecal bifidobacteria. The study was conducted at
the Shinagawa Season Terrace Health Care Clinic (Tokyo, Japan) from October 2022 to April
2023 by K.S.0. Corporation (Tokyo, Japan), a contract research organization, and was regis-
tered with the University Hospital Medical Information Network Clinical Trials Registry
(UMIN-CTR) “http:/ /www.umin.ac.jp/ctr/index.htm (accessed on 26 October 2022)” as
UMINO000049328. This article conforms to the Consolidated Standards of Reporting Trials
(CONSORT) 2010 guidelines (Supplementary Materials, Table S1).

2.4. Abdominal Fat Area

Abdominal VFA and SFA were measured using CT. Four-slice CT images (120 kVp,
400 mAs tube current, 5.0 mm slice thickness and 420 mm field of view) were acquired at the
level of the lumbar 4 vertebra. Abdominal VFA, SFA and TFA (i.e., visceral + subcutaneous)
were measured using Fat Scan ver. 4 (East Japan Institute of Technology Co., Ltd., Hitachi,
Japan). To avoid unnecessary radiation exposure, CT scans were conducted only once at
each measurement point (0, 8 and 12 weeks). The measurement of VFA by CT is reported
to be easily affected by the slice site as well as the respiration phase of the subject [45].
Therefore, to investigate the time course changes in VFA accurately, the scanner and
principal investigator strictly assessed a series of CT images obtained from the same
subjects at each measurement point, treating any inappropriate data as missing values.

2.5. Anthropometric Measures and Body Composition

Weight and height were measured to the nearest 0.1 kg and 0.1 cm, respectively, with
the participant standing. BMI was calculated in the standard way: weight (kg) divided
by the square of height (m). Waist and hip circumferences were measured to the nearest
0.1 cm in a standing position. Waist circumference was measured around the abdomen
at the level of the umbilicus. Hip circumference was measured at the level of maximum
extension of the buttocks posteriorly in a horizontal plane.

2.6. Clinical Parameters

Blood pressure, pulse rate and the concentrations of biochemical and hematological
parameters in plasma were measured at weeks 0, 4, 8 and 12. The concentrations of
urinary parameters were also measured at weeks 0 and 12. Blood samples were drawn
from each participant after 10 h of no food or drink except water (fasting) prior to testing.
Clinical parameters included hematological tests (white blood cell count, red blood cell
count, hemoglobin, hematocrit, platelet count and leukogram), biochemical tests (total
protein, albumin, total bilirubin, aspartate aminotransferase, alanine aminotransferase,
lactate dehydrogenase, alkaline phosphatase, gamma-glutamyltransferase, urea nitrogen,
creatinine, uric acid, sodium, chlorine, potassium, calcium, TC, LDL-C, HDL-C, TG, glucose
and HbAlc [NGSP]) and urinalysis (protein, sugar, bilirubin, urinary ketone bodies, occult
blood reaction, urobilinogen, pH and specific gravity). All of these tests were performed at
LSI Medience Corporation (Tokyo, Japan).
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2.7. Fecal Samples

Fecal samples were submitted at weeks 0, 8 and 12. Fecal samples were collected
at home between 7 and 2 days before the specified visit. The submitted samples were
promptly transported to the Kyoto Institute of Nutrition and Pathology (Kyoto, Japan) by
refrigerated transport at temperatures below —15°C.

2.8. Fecal DNA Extraction

Bacterial DNA was extracted from fecal samples, using the ISOSPIN Fecal DNA Kit
(Nippon Gene Co., Ltd., Tokyo, Japan), following the procedure of Tourlousse et al. [46].
Specifically, a 0.2 g fecal sample, 700 puL of FE1 buffer and 10 uL of RNase were added to
a tube with attached beads. A bead-beating homogenizer (FastPrep-24; MP Biomedicals,
Irvine, CA, USA) was used at a rate of 6 m/s for 1 min to crush the cells. The process
was repeated three times, during which the sample was kept at room temperature for
5 min. Then, 90 uL of FE2 buffer was added and the samples were centrifuged at 12,000 x g
for 15 min. The supernatant (up to 500 puL) was collected and mixed with FB buffer and
isopropanol, each at 0.4x the volume of the supernatant obtained. Finally, the sample
was loaded onto a spin column and washed according to the manufacturer’s instructions.
Purified DNA was eluted with 50 pL of Tris-EDTA buffer (pH 8.0).

2.9. Fecal Bifidobacteria

Bacterial DNA was extracted from 10-fold dilutions of the fecal samples, and the num-
ber of gut bifidobacteria was determined by quantitative real-time PCR using bifidobacteria
species- and subspecies-specific primers according to a procedure described previously [47].
Total counts of bifidobacteria in the fecal samples are represented as the sum of 10 species (B.
longum subsp. longum, B. adolescentis, B. catenulatum, B. pseudocatenulatum, B. breve, B. bifidum,
B. longum subsp. infantis, B. dentium, B. angulatum and B. animalis subsp. lactis). Endogenous
bifidobacteria were regarded as the sum of nine species, without B. animalis subsp. lactis. The
detection limit of each species or subspecies was 2.0 x 10° cells per gram of feces.

2.10. Statistical Analysis

All measurements are expressed as mean, standard deviation (SD) and standard
error (SE). Statistical analyses were performed using IBM® SPSS® Statistics 27 (IBM Corp.,
Armonk, NY, USA) or R®42.1 (R Foundation for Statistical Computing, Vienna, Austria).
A p-value < 0.05 was used as the threshold for determining significance. As basic statistics,
means, SDs and SEs are expressed to the nearest significant digit and percentages are
expressed to one decimal place, with digits adjusted by rounding. Missing data were treated
as missing values and no surrogate values were used. Statistical analysis of VFA, SFA,
TFA and fecal bifidobacterium was performed with unpaired ¢-tests, using the Benjamini—
Hochberg procedure in order to compare between the active and placebo groups at each
examination time. In addition, statistical analyses were performed with paired t-tests,
using the Benjamini—-Hochberg procedure in order to compare the test results at the start
of intake (week 0) with those at 8 and 12 weeks after intake. Fecal bifidobacteria counts
were converted to ordinary logarithms before performing statistical analysis. For VFA, SFA
and TFA, an intergroup comparison was performed using two-factor repeated-measures
analysis of variance (ANOVA) with the actual values. For the other items, comparisons
between the active and placebo groups at each examination time were statistically analyzed
with an unpaired t-test (two-tailed). In addition, statistical analysis was performed with
paired t-tests to compare the test results at the start of the intake with those at 4, 8 and
12 weeks after intake. Regression analysis to correlate bifidobacteria counts with body
composition parameters and biomarkers of obesity were performed by applying ANOVA
to a mixed linear model, with bifidobacteria count as the objective variable, sex, age, BMI,
VFA, SFA, TG, TC, LDL-C, HDL-C, treatment group (active or placebo) and time point (0, 8
and 12 weeks) as explanatory variables and participant ID as a random variable. The Imer
function of the R package ImerTest, version 3.1-3, was used for these analyses.
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3. Results
3.1. Analysis of the Participant Population

The flow chart of study participation is shown in Figure 1. A total of 473 participants
were screened for this study. After screening, 120 participants were eligible: 60 were
assigned to the active group and 60 were assigned to the placebo. A significant difference
in basophil ratio between the active and placebo groups was observed at the beginning of
the study but was deemed acceptable because it was within the reference range. For the
other items, there were no differences in the baseline characteristics of the participants” data
(Table 2). Dietary consumption for the three days prior to the measurement is summarized
in Table 3. It was concluded that the results of dietary consumption did not significantly
affect the results of this study. The fat intake of the active group at week 12 was significantly
less than that of the placebo group. The difference in mean fat intake between the active
and placebo groups was 8.2 g/day or 73.8 kcal/day in terms of calories. Considering the
energy intake recommended for the participants in this study [48], this change was only
2.8-3.8% of the daily energy intake. In addition, the difference between groups in the
degree of change in VFA, discussed below, was confirmed from week §; it was determined
that this difference between groups, confirmed at week 12, did not have a significant impact
on the study. Also, energy and protein intakes at week 12 were significantly reduced
compared with week 0 in both the active and placebo groups. Changes in energy and
protein intake from baseline in the active and placebo groups were determined not to have
affected the study results because there were no significant differences between the groups.
Carbohydrate and fiber intakes at week 12 in the placebo group were significantly reduced
compared with baseline but this was determined not to have affected the study results
because there were no significant differences between groups. By the end of the study,
one participant from the active group withdrew due to an illness unrelated to the study
that may have affected the results, and one participant from the placebo group withdrew
for personal reasons. After the completion of the entire study, one participant from the
placebo group was excluded due to a confirmed illness unrelated to the study that may
have affected the results. In addition, three participants were excluded because they were
found to have consumed drugs or foods during the study period that might have affected
the results (n = 1 from the active group and n = 2 from the placebo group). Thus, a total
of 114 patients (58 in the active group and 56 in the placebo group) were included in the
analysis. There were no reported harms or unintended effects in either group.

Assessed for eligibility (n =473)

Excluded (n = 353)
* Not meeting inclusion criteria (n = 318)

) * Declined to participate (n = 7)
Randomized (n = 120) * Other reasons (n = 28)

|

Placebo group (n = 60) Active group (n = 60)

Discontinued intervention (n = 1) Discontinued intervention (n = 1)

; < | Lo
* Declined for personal reason (7= 1) * Due to an illness affecting the study (n = 1)
v v
Analyzed (n = 58) Analyzed (n = 56)
Excluded from analysis (n = 1) Excluded from analysis (n = 3)
* Due to an illness affecting the study (n=1) * Protocol violation (n = 3)

Figure 1. Flowchart of participant selection.
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Table 2. Baseline characteristics of the participants (placebo group: n = 60; active group: n = 60).

Characteristic Placebo Group Active Group p-Value
Age, years 50.6 (8.0) 50.6 (8.4) 0.973
Height, cm 165.9 (8.2) 167.8 (8.5) 0.221
Body weight, kg 73.6 (7.9) 73.8 (8.2) 0.873
w Body mass index, kg/m2 26.7 (1.5) 26.2 (2.0) 0.129
%D Waist circumference, cm 92.5(5.1) 924 (6.2) 0.902
’E Hip circumference, cm 98.0 (3.6) 98.2 (4.5) 0.840
& Waist-to-hip ratio 0.9 (0.04) 0.9 (0.04) 0.720
,§ Visceral fat area, cm? 124.9 (31.0) 124.0 (31.3) 0.864
5 Subcutaneous fat area, cm? 206.0 (58.1) 207.7 (65.2) 0.881
v Total fat area, cm? 330.9 (61.6) 331.7 (69.8) 0.953
Systolic blood pressure, mmHg 127.7 (11.2) 132.4 (15.1) 0.055
Diastolic blood pressure, mmHg 79.0 (10.6) 82.3 (11.7) 0.108
Heartbeat, bpm 77.5 (10.5) 78.4 (10.8) 0.644
White blood cell count, /L 6185.0 (1449) 6076.7 (1077) 0.643
Red blood cell count, x10%/pL 495.8 (45.4) 489.0 (43.8) 0.405
Hemoglobin, g/dL 15.0 (1.3) 14.7 (1.2) 0.214
Hematocrit, % 47.2 (3.6) 46.6 (3.2) 0.351
” Platelet count, x10%/uL 26.7 (4.5) 28.0 (6.0) 0.164
ap Neutrophil ratio, % 58.3 (7.2) 57.8 (5.9) 0.675
T Lymphocyte ratio, % 32.2 (6.8) 32.6 (5.7) 0.678
& Monocyte ratio, % 5.6 (1.3) 5.3 (1.0) 0.193
2 Eosinophil ratio, % 3.2 (2.0) 34(2.7) 0.652
% Basophil ratio, % 0.7 (0.3) 0.9 (0.3) 0.047
g Total serum protein, g/dL 7.2(0.4) 7.3 (0.3) 0.237
5 Albumin, g/dL 4.4 (0.3) 4.5 (0.3) 0.120
Aspartate aminotransferase, U/L 24.8 (10.8) 23.5 (6.7) 0.430
Alanine aminotransferase, U/L 304 (21.2) 26.6 (17.1) 0.280
Lactate dehydrogenase, U/L 183.0 (29.6) 188.9 (32.7) 0.308
Total bilirubin, mg/dL 0.8 (0.2) 0.9 (0.3) 0.228
Alkaline phosphatase, U/L 75.7 (19.9) 76.8 (17.3) 0.758
v-Glutamyl transpeptidase, U/L 40.4 (31.3) 44.7 (36.6) 0.485
Blood urea nitrogen, mg/dL 13.3 (2.8) 13.8 (3.2) 0.356
Creatinine, mg/dL 0.8 (0.15) 0.8 (0.16) 0.894
Uric acid, mg/dL 5.8 (1.3) 5.8 (1.3) 0.746
Sodium (Na), mEq/L 141.3 (1.7) 1414 (1.4) 0.726
ED Chlorine (Cl), mEq/L 104.1 (2.2) 103.9 (1.7) 0.645
- Potassium (K), mEq/L 4.2 (0.3) 4.2 (0.2) 0.145
& Calcium (Ca), mg/dL 9.5 (0.3) 9.5 (0.3) 0.294
2 Total cholesterol, mg/dL 218.0 (30.2) 217.8 (31.9) 0.967
% LDL cholesterol, mg/dL 140.0 (27.5) 137.9 (30.0) 0.694
g HDL cholesterol, mg/dL 55.3 (12.4) 58.6 (14.7) 0.185
i Triglycerides, mg/dL 131.6 (65.8) 121.4 (49.7) 0.338
Glucose, mg/dL 89.8 (9.2) 89.1 (9.6) 0.677
HbA1lc (NGSP), % 5.5(0.3) 5.5(0.3) 0.926
Free fatty acid, mEq/L 0.4 (0.2) 0.5(0.2) 0.077
Urine pH 6.2 (0.5) 6.2 (0.6) 0.560
Urine specific gravity 1.0 (0.007) 1.0 (0.007) 0.491
Compliance rate of the test sample, % * 99.80 (0.50) 99.88(0.42) 0.349

All data are presented as the mean (standard deviation). Comparisons of value between placebo and active
groups were tested by analysis of variance. HDL, high-density lipoprotein; LDL, low-density lipoprotein. * The

compliance rate of test sample intake is shown excluding participants who dropped out.
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Table 3. Dietary composition during the treatment period.

Parameter 0 Weeks 4 Weeks 8 Weeks 12 Weeks
Enerey keal Active 1820.9 (385.4) 18165 (4284)  1792.3(399.5)  1704.8 (413.2) *
&Y/ Placebo 19253 (360.3)  1929.8 (4114)  1880.7 (414.8)  1820.1 (366.6) *
Protein Active 68.7 (15.7) 67.3 (17.8) 66.0 (16.2) 64.9 (17.5) *
'8 Placebo 72.5 (15.3) 72.1 (15.4) 69.7 (19.0) 68.6 (14.9) *
Fat Active 63.8 (17.9) 61.4 (19.2) 60.7 (20.0) 55.9 (19.1) **
'8 Placebo 67.9 (20.0) 66.9 (20.4) 65.3 (20.6) 64.1 (18.7)
Active 229.7 (53.0) 236.2 (57.4) 2333 (52.8) 222.6 (54.8)
Carbohydrate, g Placebo 2433 (56.2) 247.1 (59.4) 240.4 (53.5) 230.2 (50.6) *
. . Active 10.8 (3.3) 10.7 3.1) 10.6 (3.1) 10.1 (3.2)
Dietary fiber, g Placebo 10.9 (2.9) 11.0 (3.0) 10.4 (3.0) 9.9 (2.7) *

All data are presented as the mean (standard deviation). * p < 0.05 compared with week 0, paired t-test.  p < 0.05
compared with placebo, unpaired ¢-test.

3.2. Abdominal Fat Area

From the viewpoint of the accuracy of the CT data described in Section 2.4, we assessed
a series of CT images obtained from the same participants at each measurement point,
treating any inappropriate data as missing values. Data from 16 participants (1 in the active
group and 15 in the placebo group) were treated as missing values in part or in whole due
to overestimation of VFA, caused mainly by compression of the abdominal cavity during
inspiration, and 6 participants (all in the active group) were treated as missing values in
part or in whole due to underestimation of VFA, caused mainly by the inclusion of an
internal organ or gas in the CT scan images. Consequently, data from 102 participants at
week 0 (55 in the active group and 47 in the placebo group), data from 100 participants at
week 8 (54 in the active group and 46 in the placebo group) and data from 94 participants
at week 12 (52 in the active group and 42 in the placebo group) were analyzed. The mean
decreases in VFA from baseline to 8 and 12 weeks, respectively, were significantly greater
in the active group (—12.5 £ 1.8 cm? and —13.6 + 2.2 cm?) compared with the placebo
group (3.0 £ 2.0 cm? and —2.2 + 2.2 cm?). In addition, the mean reduction in TFA
from baseline to 8 and 12 weeks, respectively, was significantly greater in the active group
(—13.7 4 2.6 cm? and —13.0 + 3.0 cm?) compared with the placebo group (—0.7 4 4.2 cm?
and 0.3 + 3.9 cm?). There were no statistically significant differences in SFA between the
two groups and no changes within either group (Figure 2). The actual values of VFA, SFA
and TFA are summarized in Table 4; VFA and TFA in the active group at weeks 8 and 12
were significantly reduced compared with baseline. There was a significant group-by-time
interaction in VFA and TFA from baseline.

Table 4. Changes in abdominal fat area by CT scan during the treatment period.

Parameter 0 Weeks 8 Weeks 12 Weeks Time x Group *
,  Active 124.0(41) 111.1(42)* 106.8(3.6)*

Visceral fatarea, cm”  pj, by 119.8(3.9) 1175 (49) 1149 (4.0) <0.0001
Subcutaneous fat Active 206.9 (8.3) 207.2 (8.3) 206.7 (8.6) 0.379
area, cm? Placebo  211.9 (8.8) 212.2 (8.6) 215.8 (9.4) ’
Active  331.0(93) 3184(9.9)* 3135 (9.5)*
2
Total fatarea, em”  pj.aho  331.7(9.1)  329.7(102) 3307 (10.3) 0.001

All data are presented as the mean (standard error). * p < 0.05 compared with week 0, paired t-test. T p-value
represented as a group-by-time interaction effect by two-factor repeated-measures analysis of variance.
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Figure 2. Changes in (a) visceral fat area, (b) subcutaneous fat area and (c) total fat area in the placebo
and active groups during the study period. Values are the means, with error bars as standard error.
Asterisks (*) indicate a p-value < 0.05 as a result of inter-group difference (the placebo group vs. the
active group; unpaired ¢-test with Benjamini-Hochberg procedure). SFA, subcutaneous fat area; TFA,

total fat area; VFA, visceral fat area.

3.3. Anthropometric Parameters

Body weight, BMI and WHR values are summarized in Table 5; there were no statisti-
cally significant differences in body weight, BMI or WHR between the two groups. Body
weight and BMI in the active group at week 12 were significantly lower compared with
baseline. The values for waist and hip circumference that were used to calculate WHR are
presented in Table S2 of the Supplementary Materials.

Table 5. Changes in anthropometric parameters during the treatment period.

Parameter 0 Weeks 4 Weeks 8 Weeks 12 Weeks
. Active  749(11)  748(L1)  747(11)  746(L1)*
Body weight, kg Placebo  74.8(1.1) 748 (L1) 746 (L.1) 74.3 (1.1)

(

. Active  265(03)  264(03)  264(03)  263(03)*
2

Body mass index, kg/m™  p1 by 270(02) 27002 269(02) 269 (02)

Waistto-hip ratio Active  09(0.005)  0.9(0.005)  0.9(0.005) 0.9 (0.005)
p Placebo 0.9 (0.006) 0.9 (0.005)  0.9(0.005) 0.9 (0.005)

All data are presented as the mean (standard error). * p < 0.05 compared with week 0, paired ¢-test.

3.4. Biochemical Parameters in Plasma

The values of TC, LDL-C, HDL-C, TG and free fatty acids in plasma are summarized
in Table 6. TG in the active group at weeks 4 and 8 was significantly lower compared with
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the placebo group. TC, LDL-C and HDL-C in the active group at week 8 were significantly
lower compared with baseline. Free fatty acids in the active and placebo groups at week 12
were significantly increased compared with baseline.

Table 6. Changes in plasma biochemistry parameters during the treatment period.

Parameter 0 Weeks 4 Weeks 8 Weeks 12 Weeks

Active 2194 (42)  2176(41) 211.6(42)*  217.5(4.6)
Placebo 2192 (42)  2190(37)  2162(42)  219.4 (4.3)

Active  139.9(42)  1363(3.8) 1353(3.9)* 1365 (4.3)

Total cholesterol, mg/dL

LDL cholesterol, mg/dL )| 10 1363 (38)  139.0(34) 1387 (37) 1381 (40)
Active 579 (2.1) 50.0(19)  558(17)*  56.2(17)
HDL cholesterol, mg/dL | 1o 55,5 (1.7) 54.6 (1.8) 542 (1.9) 54.5 (1.8)
. . Active  113.6(70) 1162(63)* 113.6(5.4)*  118.3 (8.8)
Triglycerides, mg/dL ) bo  1302(83) 1417(111) 1385(101) 1431 (15.8)
3 *
Free fatty acid, mEq/L ACtive  053(003)  050(0.02)  053(002) 061 (003)

Placebo  0.48 (0.03) 0.50 (0.02) 0.48 (0.02) 0.55 (0.03) *

All data are presented as the mean (standard error). HDL, high-density lipoprotein; LDL, low-density lipoprotein.
* p < 0.05 compared with week 0, paired t-test. * p < 0.05 compared with placebo, unpaired #-test.

3.5. Fecal Bifidobacteria

Changes in the number of fecal bifidobacteria are shown in Figure 3 and Table 7. Total
bifidobacteria, B. animalis subsp. lactis, B. catenulatum and B. pseudovatenulatum counts in
the active group at weeks 8 and 12 were significantly higher compared with the placebo
group. In addition, total bifidobacteria, B. animalis subsp. lactis, B. longum subsp. longum,
B. adolescentis group, B. catenulatum and B. pseudovatenulatum in the active group at 8 and
12 weeks were significantly increased compared with baseline.

B. animalis subsp. lactis
B B. longum subsp. longum
B. adolescentis group
B B. catenulatum and B. pseudocatenulatum
B. breve
B B bifidum
B. longum subsp. infantis
W B. dentium
B. angulatum

Fecal bifidobacteria (x 10'° cells/g)

ow 8w 12w ow 8w 12w
Active Placebo

Figure 3. Changes in the number of fecal bifidobacteria in the placebo and active groups during the
study period. Values are expressed as the sum of the mean = standard error values of each species.
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Table 7. Changes in the number of fecal bifidobacterial during the treatment period.

Bifidobacteria 0 Weeks 8 Weeks

12 Weeks

Active  9.62(0.14)  10.35 (0.08) **

Total bifidobacteria Placecbo  9.48(0.17)  9.60 (0.17)

10.41 (0.07) **

9.61 (0.17)

. %#
B. animalis subsp. lactis Active 5.70 (0.15) 9.67 (0.09)

9.77 (0.08) *#

Placebo  5.70 (0.14) 5.72 (0.15) 5.50 (0.10)
B, loneim subso. lonein Active  8.62(0.20)  8.86(0.23) * 8.96 (0.23) *
Htong p- fong Placebo 826 (0.23)  8.35 (0.24) 8.37 (0.23)
B. addolescentis s Active  7.81(0.28)  8.14(0.31)* 8.18 (0.31) *
: group Placebo  7.73(029)  8.09 (0.29) 8.19 (0.30)
Active  822(0.25) 840 (027)**  837(0.27)**
B. catenulatum and B. pseudocatenulatum Placebo  7.89 (0.26) 7.87 (0.26) 7.90 (0.25)
- Active  5.66 (0.11) 5.77 (0.12) 5.74 (0.12)
- oreve Placebo  5.62 (0.11) 5.62 (0.11) 5.68 (0.12)
L Active  6.02 (0.20) 6.08 (0.20) 6.14 (0.21)
B. bifidum Placebo  5.89 (0.18) 598 (0.19) 5.98 (0.19)
L Active  5.53 (0.09) 5.59 (0.11) 5.57 (0.10)
B Tongum subsp. infantis Placebo 551 (0.09) 551 (0.10) 5.52 (0.09)
B donti Active  5.64 (0.11) 5.66 (0.10) 5.63 (0.10)
- dentium Placebo  5.63 (0.09) 5.71 (0.10) 5.64 (0.09)
B. anoulatum Active n.d. n.d. n.d.
- ang Placebo n.d. n.d. n.d.
. . Active  9.60 (0.14)  9.89 (0.16) * 9.92 (0.16) *
Endogenous bifidobacteria Placebo  9.45(0.17)  9.57(0.17) 9.61(0.17)

All data are presented as the mean (standard error) of common logarithms of the number of bacteria per 1 g
feces. The detection limit of quantitative PCR was 2.0 x 10° cells per gram of feces. n.d., not detected. * p < 0.05
compared with placebo, unpaired t-test with Benjamini-Hochberg procedure. # p < 0.05 compared with week 0,
paired t-test with Benjamini-Hochberg procedure.

3.6. Regression Analysis with Fecal Bifidobacteria and Measured Parameters

Table 8 shows the results of the regression analysis performed to examine the associa-
tion of total bifidobacteria, endogenous bifidobacteria and B. animalis subsp. lactis bacteria
counts with the participants’ characteristics, body compositions and plasma parameters.
Regression analysis showed that an increase in the number of total bifidobacteria was
significantly associated with a decrease in BMI and VFA, while an increase in the number
of B. animalis subsp. lactis and endogenous bifidobacteria was significantly associated with
a decrease in BML

Table 8. Association of changes over time in body composition and metabolic parameters with
changes in bifidobacteria.

. . Ratio of Change Explanatory Change from
Object Variable from Week 0 to 12 Variable Week 0 to 12, % p-Value
. . BMI —0.5(0.2) 0.010
Total bifidobacteria 33.46 (12.51) VEA _72(13) 0.012
Endogenous
bifidobacteria 27,875.92 (5977.64) BMI —0.5(0.2) 0.025
B. animalis subsp. lactis 8.07 (2.63) BMI —0.5(0.2) 0.025

All data are presented as the mean (standard error). Data were generated by applying analysis of variance to a
mixed linear model. BMI, body mass index; VFA, visceral fat area.

126



Nutrients 2023, 15, 5025

4. Discussion

We investigated the effects of consuming a dairy drink containing a synbiotic compris-
ing Bifidobacterium animalis subsp. lactis GCL2505 and inulin on abdominal fat in overweight
adults. The results showed that the consumption of the test beverage resulted in a reduction
in abdominal visceral fat and total abdominal fat. In abdominal adipose tissue, visceral
and subcutaneous adipose tissue have very different effects on metabolic disorders [49],
and several studies have reported that excess VFA, rather than SFA, body weight or BMI,
is correlated with metabolic disorders [45,50]. Therefore, abdominal VFA was set as the
primary endpoint in this study.

After 12 weeks of consuming a dairy beverage containing GCL2505 and inulin, the
reduction in VFA from week 0 to weeks 8 and 12 in the active group was significantly
greater than that in the placebo group. Although there was no significant group difference
in the reduction in SFA, the reduction in TFA was significantly greater compared with the
placebo group, thus confirming the reduction in overall abdominal fat due to ingestion
of the synbiotic. In addition, quantification of fecal bifidobacteria showed that total bifi-
dobacteria, B. animalis subsp. lactis, B. catenulatum and B. pseudocatenulatum in the active
group at weeks 8 and 12 were significantly greater compared with the placebo group. This
confirmed an increase in endogenous bifidobacteria due to inulin, as well as an increase in
B. animalis subsp. lactis due to ingestion of GCL2505. In the active group, the total number
of endogenous bifidobacteria, B. longum subsp. longum and B. adolescentis was significantly
increased at weeks 8 and 12 compared with baseline. These results are in line with a previ-
ous study showing that intake of GCL2505 and inulin increases endogenous bifidobacteria
(especially B. longum subsp. longum and B. adolescentis) as well as total bifidobacteria counts
more compared with GCL2505 alone [29].

At weeks 4 and 8, TG in the active group was significantly lower compared with the
placebo group, suggesting an effect of GCL2505 and inulin intake on lipid parameters in
plasma. In addition, body weight and BMI at week 12 as well as TC, LDL-C and HDL-C
at week 8 in the active group were significantly lower compared with baseline. Changes
in body weight and BMI were also reported in a meta-analysis by Koutnikova et al. [17],
along with changes in VFA, which showed significant differences between groups. In
addition, changes in body weight, BMI, TC and LDL-C were reported in a meta-analysis on
synbiotics by Musazadeh et al. [51], along with changes in TG, which showed significant
differences between groups. Although further studies are needed because of the absence of
differences between groups, it is possible that the changes in these parameters were due
to the intake of GCL2505 and inulin. However, the differences between groups in TG at
week 12 as well as the differences in TC, LDL-C and HDL-C at week 12 compared with
baseline were not significant. In addition, there was a significant increase in free fatty acids
at week 12 compared to baseline in both groups. These results might be associated with an
increase in the mean changes in TFA from baseline in both groups from weeks 8 to 12. It is
hypothesized that intake of GCL2505 and inulin reduced visceral and body fat through a
mechanism involving two steps. In the first step, intake of GCL2505 and inulin increases
bifidobacteria and production of short-chain fatty acids (SCFAs) in the gut. In this study;
total bifidobacteria counts increased significantly in the active group compared with the
placebo group. In animal studies, the intake of GCL2505 alone contributed to an increase in
the number of fecal bifidobacteria along with a corresponding increase in the concentration
of acetic acid in feces and blood [52,53]. In clinical studies, intake of GCL2505 and inulin
increased total bifidobacteria counts in feces [29], while intake of inulin alone increased
SCFAs such as acetic acid [54] by increasing the number of bifidobacteria in the gut. Thus, in
the present study, it was suggested that GCL2505 and inulin in the gut increased acetic acid,
one of the SCFAs, by increasing the number of total bifidobacteria. In the second step, the
increase in SCFAs in the gut improved glucose tolerance and systemic fatty acid oxidation
through their receptor, G protein-coupled receptor 43 (GPR43), leading to a reduction
in visceral and body fat. Previous studies in animals showed that increased production
of acetic acid improves glucose tolerance, promotes systemic fatty acid oxidation and
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suppresses body fat accumulation via GPR43 [53]. In addition, intake of inulin led to a
reduction in VFA [55]. In clinical studies, it was shown that daily consumption of a test
beverage containing a higher amount of GCL2505 (8 x 10'° CFU) compared with standard
fermented milk reduced abdominal VFA [14]. Taken together, the findings suggest that
combined intake of GCL2505 and inulin may increase the concentration of SCFAs in the
gut by increasing the total bifidobacteria count, thereby reducing visceral fat and body fat
via GPR43.

The differences in TG between groups at week 8 may be due to the action of SCFAs.
It was suggested that SCFAs promote lipid clearance in the liver by downregulating
angiopoietin-like protein 4, which inhibits lipoprotein lipase [56]. In fact, the reduction
in TG associated with Lactiplantibacillus plantarum consumption [10] is thought to be due
to SCFA-mediated mechanisms of action. In the present study, VFA at baseline in the
active group (124.0 & 31.3 cm?) was lower than that reported in a previous study [14] in
which GCL2505 alone was ingested eight times (133.4 + 29.6 cm?) and the participants had
low visceral fat from the start. Nevertheless, the change in VFA (—13.6 2.2 cm?) was
greater than that reported in previous trials (—5.1 + 1.8 cm?). In addition, the degree of
change was greater than that reported in a meta-analysis [17] (—6.30 cm?, 95% CI —9.05,
—3.56). In addition, as noted above, combined intake of GCL2505 and inulin was shown in
clinical studies to increase the total number of intestinal bifidobacteria more compared with
consumption of GCL2505 alone [29]. It is possible that the combined intake of GCL2505
and inulin might have reduced VFA and TFA more effectively in the present study by
increasing total bifidobacteria.

The relationship between parameters such as VFA and TG (which changed in this
study) as well as the number of bifidobacteria were estimated by regression analysis and
applying analysis of variance to a mixed effects model. The results suggest that an increase
in total bifidobacteria count is significantly associated with a decrease in BMI and VFA,
whereas an increase in B. animalis subsp. lactis and endogenous bifidobacteria is associated
only with a decrease in BMI and not with a decrease in VFA. Because the increase in B.
animalis subsp. lactis and endogenous bifidobacteria does not correlate with the decrease
in VFA, it is possible that increases in both B. animalis subsp. lactis and endogenous
bifidobacteria contributed to the reduction in VFA that appeared when inulin was ingested
in addition to GCL2505. In addition, parameters related to lipids such as TG, TC, LDL-
C and HDL-C showed no significant correlation with total bifidobacteria, endogenous
bifidobacteria and B. animalis subsp. lactis. In some lactic acid bacteria, effects on blood
lipids were also reported for pathways that were not mediated by SCFAs [57]. It is possible
that the changes in the present parameters may have been caused by a pathway that is
not mediated by SCFAs derived from bifidobacteria. This study quantified bifidobacteria
but did not investigate other intestinal bacteria. Therefore, further research is needed to
understand how intestinal microbiota other than bifidobacteria change and affect body
composition and blood parameters.

Accumulation of visceral fat induces chronic inflammation. Recent studies have
reported that intake of GCL2505 and inulin suppresses chronic inflammation, thereby
improving cognitive and vascular function [58,59]. Further research is needed to determine
the mechanism by which the intake of GCL2505 and inulin suppresses chronic inflammation
by suppressing visceral fat accumulation.

5. Conclusions

In conclusion, the results suggest that the combined intake of GCL2505 and inulin
suppresses the accumulation of visceral fat more compared with the intake of GCL2505
alone. Visceral adipose tissue has endocrine functions and it secretes a variety of bioactive
substances, including adipocytokines, which affect the risk of developing metabolic ab-
normalities. In terms of preventing the development of metabolic abnormalities, reducing
visceral fat is relatively more important than weight or body fat. It is thought that the
combined intake of GCL2505 and inulin, which are functional food components that can be
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easily applied to daily life, may help to prevent the development of metabolic abnormalities
in overweight adults.
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Abstract: Bifidobacterium animalis subsp. lactis GCL2505 has been shown to have some positive effects
on health, including improved defecation frequency and reduced visceral fat. These effects are
thought to be due to GCL2505's unique ability to reach the intestine in a viable form and proliferate
after a single intake. This leads to an increased number of intestinal bifidobacteria. This randomized,
double-blind, placebo-controlled, parallel-group study was conducted to confirm that intake of
GCL2505 and inulin (a prebiotic) improve cognitive function (n = 80). Participants consumed test
drinks containing 1 x 1010 colony-forming units of GCL2505 per 100 g and 2.0 g of inulin per 100 g for
12 weeks. The change in cognitive function assessment scores was set as the primary endpoint. There
were significant improvements in scores in the neurocognitive index domain, which is an assessment
of overall cognitive function, in addition to overall attention, cognitive flexibility, and executive
function domains. The intervention significantly increased the number of fecal bifidobacteria and
affected the levels of several inflammatory markers. These results suggest that intake of GCL2505
and inulin improves cognitive function by improving the intestinal environment and alleviating

inflammation.

Keywords: Bifidobacterium animalis subsp. lactis; probiotics; visceral fat; metabolic syndrome; gut

microbacteria; anti-inflammatory; mild cognitive impairment; aging

1. Introduction

It is estimated that more than 55 million people have dementia worldwide, and nearly
10 million new cases of the disease occur each year. Dementia is now the seventh leading
cause of death and one of the leading causes of disability and dependency among the
elderly. The global economic cost of dementia has reached USD 1.3 trillion, approximately
half of which is attributed to care provided by informal caregivers (e.g., family members
and close friends), who provide an average of 5 h of care and supervision per day [1].
Furthermore, it is estimated that the number of people with dementia will continue to rise,
reaching 78 million by 2030 and 139 million by 2050 [2].

Alzheimer’s disease (AD), a disease of progressive cognitive decline, is the most
common form of dementia, with a prevalence of more than 60%, and represents a serious
threat to public health [1]. Although the pathogenesis of AD remains to be elucidated, a
number of therapeutic approaches have been developed based on the “amyloid cascade
hypothesis”, that neurofibrillary tangles are caused by the increase and accumulation of
amyloid- (Ap) in the brain, followed by abnormal phosphorylation of tau protein [3,4].
AD is a chronic disease of the brain that progresses over decades, with A3 accumulation
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in the brain beginning decades before clinical symptoms appear [5]. Once AD develops,
it is difficult to improve its symptoms, and currently available AD drugs can only slow
the progression of the disease; thus, there is no fundamental cure. For this reason, it is
desirable to prevent the onset of AD. Mild cognitive impairment (MCI) is a pre-dementia
condition characterized as a cognitive state between normal cognitive aging and dementia
and is associated with an increased risk of developing AD [6]. Clinical studies have shown
that patients with MCI progress to AD at a rate of 10% to 15% per year [7]. Meanwhile, it
has been reported that it is possible to regress from MCI to a cognitively normal state [8,9].
Therefore, implementing appropriate intervention at the MCI stage is critical to reduce the
number of patients with dementia. In addition, AD is not only caused by genetic factors
and aging but also by environmental factors such as lifestyle habits, including sleep and
diet. Accordingly, it is desirable for substances that contribute to the prevention of AD to
be included in daily-use foods and used on a routine basis [10].

Various studies have investigated the triggers of AD, clarifying the relationship be-
tween obesity and cognitive function as well as the mechanisms of obesity-induced cog-
nitive decline. An observational study reported that cognitive function was lower in
participants with more visceral fat [11]. Another study reported that the insulin resistance
that developed with obesity promoted the accumulation of Af3 and the formation of neu-
rofibrillary tangles [12]. The association between inflammation and cognitive function has
also received attention. Acute and chronic systemic inflammation associated with increased
levels of tumor necrosis factor (TNF)-c, a typical inflammation-inducing cytokine, are asso-
ciated with increased cognitive decline in AD [13]. Thus, management of environmental
factors is now considered important for the prevention of AD, and lifestyle interventions
aimed at preventing the onset and progression of AD as well as preventive measures in
daily life with functional foods are necessary as one approach to solving the problem [14].
In addition, food ingredients such as chlorogenic acid [15], propolis extract [16], and astax-
anthin [17] have been reported to improve cognitive function, while probiotics are expected
to play a major role in future dementia countermeasures, based on the results of meta-
analyses showing that probiotics improve cognitive function in patients with MCI [18]. The
cognitive improvement effect of the probiotic bacterial strain Lactobacillus rhamnosus GG
might be attributable to the improvement of signaling markers [19]. Meanwhile, intake
of Bifidobacterium breve A1 might contribute to the modulation of brain immune response
through the production of short-chain fatty acids (SCFAs), thereby contributing to the
improvement of cognitive function [20,21]. It has also been reported that intake of Lacti-
plantibacillus plantarum OLL2712 protects against memory decline in the elderly due to its
high IL-10 induction activity in immune cells [22].

Bifidobacterium animalis subsp. lactis GCL2505, a probiotic strain originally isolated
from the feces of healthy adults [23-25], has been shown to reduce visceral fat [26]. Ho-
riuchi et al. reported that GCL2505 affects host metabolic homeostasis (e.g., enhanced
glucose tolerance, suppressed body fat accumulation) in a GPR43-dependent manner, due
to enhanced SCFA production in the gut [27]. In clinical trials, daily consumption of fer-
mented milk containing GCL2505 was shown to reduce abdominal visceral fat mass [28].
Furthermore, clinical studies have shown that GCL2505, when taken in combination with
inulin [29], a typical prebiotic material, increases the total number of bifidobacteria in the
gut more than GCL2505 alone [30].

In our study based on previous results, it was newly found that the combined intake
of GCL2505 and inulin may reduce the risk of cognitive decline via visceral fat reduction.
We also speculate that the anti-inflammatory effect of acetic acid produced by GCL2505 in
the gut might improve cognitive function. SCFAs are known to exhibit anti-inflammatory
effects by modulating immune cell chemotaxis as well as the release of reactive oxygen
species (ROS) and cytokines [31]. However, it has not yet been demonstrated that the
visceral-fat-reducing and anti-inflammatory effects of probiotics contribute directly to
improving cognitive function. Therefore, in the present study, we conducted a randomized,
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double-blind, placebo-controlled, parallel-group study to test the hypothesis that the
combined intake of GCL2505 and inulin improve cognitive function.

2. Materials and Methods
2.1. Participants

Participants were Japanese men and women between the ages of 50 and 80 years at
the time of consent, who satisfied the inclusion criteria, did not satisfy any of the exclusion
criteria, and were deemed eligible to participate by the study investigator. In this study,
participants had to be selected from healthy people, not sick people, because the effects of
food consumption—bifidobacteria and inulin—had to be confirmed. Young adults with
documented cognitive decline were excluded from the study because they were more likely
to have AD or other illnesses. Participants had to be drawn from healthy individuals with
mild cognitive decline due to aging. The inclusion criteria were as follows: (1) score of
24 or higher on the Mini Mental State Examination—]Japanese (MMSE-]), 17 or higher on
the Japanese version of the Montreal Cognitive Assessment (MoCa-]), and 5 or less on the
Geriatric Depression Scale—short version—]Japanese (GDS-5-]); (2) subjective symptoms
of memory loss or reported by close relatives or acquaintances to have other symptoms
of memory loss; and (3) fully informed of the purpose and content of the study, deemed
to have the capacity to consent, and volunteered of their own accord to participate in the
study based on a thorough understanding of the purpose and content of the study, and
provided written informed consent to participate in the study. Exclusion criteria were as
follows: (1) current or past history of mental disorders (including depressive symptoms),
cerebrovascular diseases, and sleep disorders; (2) serious liver, kidney, heart, respiratory,
endocrine, or metabolic diseases; (3) smoker; (4) regular alcohol user (consuming > 60 g
pure alcohol equivalent daily) with an extremely irregular diet; (5) unable to follow the
restrictions on foods or supplements that affect the intestinal environment during the
study period; (6) use of antibiotics within 1 month prior to the start of the study; (7) have
undergone digestive surgery (excluding appendicitis); (8) have experienced allergies to any
of the study food ingredients; (9) currently taking medications that may affect cognitive
function (e.g., antipsychotic, anxiolytic, antidepressant, antiparkinsonian, antisomatics,
antiepileptic, and anticoagulant medications); (10) visual or hearing impairment that
may interfere with cognitive function tests; (11) routinely consume foods or supplements
that may affect cognitive function; (12) current or former drug or alcohol dependence;
(13) participation in research involving the ingestion of other foods or the use of pharma-
ceuticals, the application of cosmetics or pharmaceuticals, or participation in other research
while participating in this study; and (14) deemed ineligible by the principal investigator.

2.2. Test Foods

The test products were a dairy drink (active drink) containing inulin (Orafti GR;
BENEO GmbH, Mannheim, Germany) and GCL2505 or placebo. The active drink contained
1 x 10' colony-forming units of GCL2505 and 2.0 g of inulin per 100 g. The placebo was
prepared using the same ingredients as the active drink, with the addition of food-grade
acetic acid and lactic acid to adjust the flavor and pH; the basic ingredients were skim milk
powder, fructose, dextrose, sucrose, yeast extract, acidifier, stabilizer, and flavoring. The
nutritional details of the test products are shown in Table 1.

Table 1. Nutritional details of the test drinks.

Placebo Active
Energy, kcal /100 g 48.0 52.0
Moisture, g/100 g 86.9 84.9
Protein, g/100 g 2.8 2.8
Fat, g/100 g 0.1 0.1
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Table 1. Cont.

Placebo Active
Carbohydrate, g/100 g 9.1 11.2
Ash, g/100 g 1.1 11

The active drink contained 2.0 g of inulin and 1.0 x 10'° colony-forming units of GCL2505.

2.3. Experimental Design

This was a randomized, placebo-controlled, double-blind, parallel-group study. Par-
ticipants were stratified by age at screening and sex, and Cognitrax (short), MMSE-], and
MoCa-] scores served as stratification factors for randomizing in block sizes of four by
computer-generated randomization to two groups (1:1). The controller (allocation man-
ager) assigned the two groups to the test drink intake group and the control food intake
group. For sample size, the final target number of subjects was set at 80, referring to
previous reports on probiotic-induced cognitive function [21,22]. Participants in the active
and placebo groups consumed 100 g of dairy beverage once daily for 12 weeks. Both
the participants and observers were blinded to the group allocation for the duration of
the study. Double blinding was accomplished by labeling the test drink with only an
identification number. The change in Cognitrax (long) scores between weeks 0 and 12
was set as the primary endpoint. The secondary endpoints were Cognitrax (long) scores
between weeks 0 and 8, fecal bifidobacteria, SF-36v2® scores, blood inflammation markers
(Olink Target 96 Inflammation), blood high-sensitivity C-reactive protein (hs-CRP), blood
interleukin (IL)-13, and serum brain-derived neurotrophic factor (BDNF). The study was
conducted at Nihonbashi Cardiology Clinic (Tokyo, Japan) from September to December
2022 by K.S.O. Corporation (Tokyo, Japan), a contract research organization, and was
registered with the University Hospital Medical Information Network Clinical Trials Reg-
istry (UMIN-CTR) “http://www.umin.ac.jp/ctr/index.htm (accessed on 15 July 2022)” as
UMINO000048386. This article conforms to the Consolidated Standards of Reporting Trials
(CONSORT) 2010 guidelines (Supplementary Materials, Table S1).

2.4. Cognitrax Test

Participants” cognitive function was measured using Cognitrax, a computer-based
battery of cognitive function tests that was developed as a Japanese version of CNS Vital
Signs [32]. Based on a previous study [33], the cognitive function tests were administered
in the following order: verbal memory test, visual memory test, finger tapping test, symbol
digit coding test, Stroop test, shift attention test, continuous performance test, perception
of emotion test, nonverbal reasoning test, and four-part continuous performance test.

2.5. Quality of Life Test
The SF-36v2®, a widely used quality of life rating scale, consists of the following eight

T ”oou

scales: “physical functioning”, “role physical”, “bodily pain”, “general health perceptions”,
“vitality”, “social functioning”, “role emotional”, and “mental health”. The score for each
scale was estimated based on national norms (norm-based scoring) and calculated as a

standard score (mean, 50) [34].

2.6. Mental Health Status

The Japanese version of the World Health Organization Five Well-Being Index (WHO-
5-]) survey was conducted at weeks 0, 8, and 12 [35] to confirm that participants had no
abnormal mental health status during the study period.

2.7. Biochemical Parameters

Blood pressure, pulse rate, and body weight were measured at weeks 0, 8, and 12. The
concentrations of biochemical parameters were also measured at weeks 0 and 12. Blood
samples were drawn from each participant after 4 h of no food or drink except water
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(fasting) prior to testing. Biochemical parameters included hematological tests (white blood
cell count, red blood cell count, hemoglobin, hematocrit, mean corpuscular volume, mean
corpuscular hemoglobin, mean corpuscular hemoglobin concentration, platelet count,
leukogram), biochemical tests (total protein, albumin, total bilirubin, aspartate amino-
transferase, alanine aminotransferase, lactate dehydrogenase (IFCC), alkaline phosphatase
(IFCC), gamma-glutamyltransferase, urea nitrogen, creatinine, uric acid, sodium, chlorine,
potassium, calcium, total cholesterol, low-density lipoprotein cholesterol, high-density
lipoprotein cholesterol, triglycerides, phospholipids, glucose, HbAlc (NGSP), insulin), and
urinalysis (protein, sugar, bilirubin, urinary ketone bodies, occult blood reaction, urobilino-
gen, pH, and specific gravity). In addition, serum BDNF was quantified. All of these tests
were performed at LSI Medience Corporation (Tokyo, Japan).

2.8. Inflammatory Protein Profile

Blood inflammation markers in frozen serum were determined using Olink® Target
96 Inflammation Panels (Olink Proteomics AB, Uppsala, Sweden) with proximity expansion
technology, a high-throughput multiplex proteomic immunoassay [36]. The panel contains
92 immune-related proteins, mostly cytokines and chemokines. The assay involves epitope-
specific binding and hybridization of a set of paired oligonucleotide antibody probes,
followed by amplification using quantitative PCR, normalized on a log base 2 to Olink’s
own relative abundance units (normalized protein expression values). Quality control
was performed on samples (using spiked internal controls) and external controls for each
sample plate. This inspection was performed by Pharma Foods Corporation (Tokyo, Japan).
In addition, blood hs-CRP (LSI Medience Corporation) and blood IL-1f3 (Filgen, Inc., Aichi,
Japan) were quantified.

2.9. Fecal Samples

Fecal samples were submitted at weeks 0 and 12. Fecal samples were collected at home
between 7 and 2 days before the specified visit. The submitted samples were promptly
transported to the laboratory by refrigerated transport.

2.10. Fecal DNA Extraction

Bacterial DNA was extracted from fecal samples using the ISOSPIN Fecal DNA Kit
(Nippon Gene Co., Ltd., Tokyo, Japan), following the procedure of Tourlousse et al. [37].
Specifically, a sample (here, 0.2 g fecal sample), 700 uL of FE1 buffer, and 10 pL of RNase
were added to a tube with attached beads. A bead-beating homogenizer (FastPrep-24;
MP Biomedicals, Irvine, CA) was used at a rate of 6 m/s for 1 min to crush the cells. The
process was repeated three times, during which the sample was kept at room temperature
for 5 min. Then, 90 uL of FE2 buffer was added and the samples were centrifuged at
12,000 g for 15 min. The supernatant (up to 500 uL) was collected and mixed with FB
buffer and isopropanol, each at 0.4x the volume of the supernatant obtained. Finally,
the sample was loaded onto a spin column and washed according to the manufacturer’s
instructions. Purified DNA was eluted with 50 puL of Tris-EDTA buffer (pH 8.0).

2.11. Fecal Bifidobacteria

Following Tanaka et al. [38], real-time polymerase chain reaction (PCR) was per-
formed using genus-specific primers capable of detecting Bifidobacterium spp., including
GCL2505. The primer sequences were as follows: Bifidobacterium spp. sense primer,
5'-GATTCTGGCTCAGGATGAACGC-3'; Bifidobacterium spp. antisense primer, 5'-CTGAT-
AGGACGCGACCCCAT-3'. Each PCR reaction mixture consisted of 20 pmol of each primer
in a total volume of 10 uL; 5 uL of SYBR® premix Ex taq (Takara Bio, Shiga, Japan); and 1 pL
of DNA solution [38]. This inspection was performed by the Kyoto Institute of Nutrition
and Pathology (Kyoto, Japan).
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2.12. Statistical Analysis

All measurements were expressed as mean and standard deviation (SD). All statistical
analyses were performed using IBM® SPSS® Statistics 27 (IBM Corp., Armonk, NY, USA).
A p-value < 0.05 was used as the threshold for determining significance. As basic statistics,
means and SDs are expressed to the nearest significant digit, percentages are expressed to
one decimal place, and finally digits were adjusted by rounding. Missing data were treated
as missing values and no surrogate values were used; Cognitrax (Long) statistical analyses
were performed with paired t-tests in order to compare the test results at the start date of
the intake (week 0) with those at 8 and 12 weeks after intake. For the other items, Dunnett’s
test (two-tailed) was used to compare the test results at the start of intake (week 0) with
those at 8 and 12 weeks after the start of intake, and the Wilcoxon signed rank test was
used for qualitative items. Comparisons between the active and placebo groups at each
examination time were statistically analyzed with an unpaired ¢-test (two-tailed), and a
Wilcoxon’s rank-sum test was used to compare the qualitative endpoints.

3. Results
3.1. Analysis of the Participant Population

The participant selection process is shown in Figure 1. A total of 255 participants were
screened for this study. After screening, 80 participants were eligible: 40 were assigned to
the active group and 40 were assigned to the placebo. A significant difference in alkaline
phosphatase levels between the active and placebo groups was observed at the beginning
of the study but was deemed acceptable because it was within the reference range. For
the other items, there were no differences in the baseline characteristics of the participants’
data (Table 2). By the end of the study, one participant from the active group withdrew for
personal reasons. After the completion of the entire study, one participant from the placebo
group was dropped due to an extremely irregular lifestyle. One participant from the active
group was dropped due to a confirmed illness unrelated to the study that may have affected
the results. In addition, nine participants were also excluded because they were found to
have consumed drugs or foods during the study period that might have affected the results
(n =5 from the active group and 7 = 4 from the placebo group). Another participant in
the active group was dropped due to partial missing primary-endpoint data. Thus, a total
of 67 patients (32 in the active group and 35 in the placebo group) were included in the
analysis. Moreover, four participants with reduced WHO-5-] scores were also excluded for
Cognitrax analysis (1 = 1 from the active group and n = 3 from the placebo group) because
they had a score of <50, which is used as the cut-off for assigning a ‘screening diagnosis’ of
depression in the global version of WHO-5 [39]; reduced WHO-5-] scores might indicate
the possibility of earlier depression caused by isolation due to the COVID-19 pandemic,
and thus Cognitrax tests may not have been performed properly in these participants.
There were no reported harms or unintended effects in each group.

Table 2. Baseline characteristics of the participants (placebo group: n = 40; active group: n = 40).

Placebo Group Active Group p-Value
Age, years 62.7 (6.9) 64.6 (7.1) 0.229
MMSE-] 28.0 (1.6) 28.0 (1.3) 0.878
Corrected MOCA-] 22.9(1.8) 229 (2.1) 0.955
GDS-S-] 2.1 (1.6) 1.8 (1.7) 0.372
Height, cm 161.5 (9.0) 161.8 (8.0) 0.907
Body weight, kg 59.0 (11.3) 59.5 (12.1) 0.842
Body mass index, kg/m2 22.4(2.8) 22.6 (3.1) 0.861
Systolic blood pressure, mmHg 129.5 (17.0) 128.3 (16.3) 0.733
Diastolic blood pressure, mmHg 77.8 (12.8) 75.7 (10.7) 0.439
Heartbeat, bpm 70.6 (10.7) 71.1 (12.0) 0.830
White blood cell count, /uL 5817.5 (1731.7) 5685.0 (1543.8) 0.719
Red blood cell count, x10*/uL 446 (40.9) 4455 (41.1) 0.957
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Table 2. Cont.

Placebo Group Active Group p-Value
Hemoglobin, g/dL 13.7 (1.3) 13.7 (1.1) 0.978
Hematocrit, % 43.3(3.7) 434 (3.3) 0.914
Platelet count, x10*/uL 24.6 (5.1) 23.5(5.1) 0.354
Mean corpuscular volume, fL 97.3 (4.3) 97.6 (3.8) 0.764
Mean corpuscular hemoglobin, pg 30.9 (1.8) 30.9 (1.3) 0.966
Mean corpuscular hemoglobin concentration, % 31.7 (1.1) 31.7 (0.9) 0.711
Neutrophil ratio, % 54.9 (7.7) 55.4 (8.8) 0.777
Lymphocyte ratio, % 35.1(6.7) 342 (7.7) 0.573
Monocyte ratio, % 6.3 (1.8) 6.0 (1.5) 0.501
Eosinophil ratio, % 2.9 (2.0) 3.6 (2.5) 0.173
Basophil ratio, % 0.8 (0.3) 0.8 (0.3) 0.461
Total serum protein, g/dL 7.1(0.4) 7.1(0.4) 0.358
Albumin, g/dL 4.4(0.2) 4.4 (0.2) 0.718
Aspartate aminotransferase, U/L 22.0 (6.2) 222 (9.6) 0.923
Alanine aminotransferase, U/L 18.1 (9.0) 17.5 (9.1) 0.777
Lactate dehydrogenase, U/L 185.1 (23.8) 187.5 (23.5) 0.655
Total bilirubin, mg/dL 1.0 (0.4) 0.9 (0.3) 0.175
Alkaline phosphatase, U/L 59.8 (14.6) 66.1 (13.0) 0.045
v-Glutamyl transpeptidase, U/L 26.3 (13.7) 304 (32.7) 0.467
Blood urea nitrogen, mg/dL 14.8 (2.5) 14.4 (3.4) 0.594
Creatinine, mg/dL 0.8 (0.2) 0.8 (0.1) 0.788
Uric acid, mg/dL 5.6 (1.6) 5.1(1.3) 0.181
Sodium (Na), mEq/L 141.5(1.7) 141.2 (1.9) 0.392
Chlorine (Cl), mEq/L 104.3 (2.0) 104.1 (2.1) 0.664
Potassium (K), mEq/L 4.3(0.4) 4.3(0.3) 0.667
Calcium (Ca), mg/dL 9.3(0.3) 9.3 (0.3) 0.966
Total cholesterol, mg/dL 216.3 (35.0) 212.7 (36.0) 0.649
LDL cholesterol, mg/dL 125.0 (30.8) 118.9 (25.6) 0.338
HDL cholesterol, mg/dL 71.3 (17.0) 73.1(24.1) 0.705
Triglycerides, mg/dL 98.8 (49.1) 103.0 (52.6) 0.711
Phospholipid, mg/dL 233.9 (31.5) 233.9 (37.9) 0.995
Glucose, mg/dL 88.6 (8.4) 87.5 (9.8) 0.601
HbA1lc (NGSP), % 5.5(0.3) 5.5(0.3) 0.778
Urine pH 6.2 (0.7) 6.2 (0.8) 0.759

All data are presented as mean (standard deviation). Comparisons between the placebo and active groups were

tested by analysis of variance.

Assessed for eligibility (n =255)

I Excluded (n=175)

+ Not meeting inclusion criteria (7 = 10)

v
) * Declined to participate (n = 6)
Randomized (n = 80) * Other reasons (7 =159)
—
A4 \ 4
Placebo group (n = 40) ’ ‘ Active group (n = 40)
Discontinued intervention (1 = 0) l— _’ Discontinued intervention (n = 1)

* Declined for personal reason (7= 1)

v

Analyzed (n = 35)
Excluded from analysis (7 = 5)
* Protocol violation (1 = 5)

Analyzed (n=32)
Excluded from analysis (n = 7)
* Due to an llness affecting the study (n=1)
* Protocol violation (1 = 6)

Figure 1. Flowchart of participant selection.
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3.2. Cognitrax Test

The change in neurocognitive index domain score from week 0 to week 12 in the
active group (5.5 & 7.1) was greater than that in the placebo group (2.3 £ 4.0), and there
was a statistically significant difference between them (p = 0.027 by the unpaired ¢-test).
Furthermore, the changes in complex attention domain score (8.3 £ 11.8 vs. 3.2 &+ 6.9,
p = 0.041 by the unpaired t-test), cognitive flexibility domain score (9.8 & 11.5vs. 4.8 £6.7,
p = 0.038 by the unpaired t-test), and executive function domain score (9.5 £ 11.8 vs.
45 + 6.9, p = 0.044 by the unpaired t-test) in the active group from week 0 to 12 were
significantly higher than those in the placebo group (Table 3). The results of the Cognitrax
task to calculate scores for each domain are presented in Supplementary Materials, Table S2.

Table 3. Post-intervention changes in each cognitive function parameter (placebo group: n = 32;
active group: n = 31).

Week 0 Week 8 Week 12
Mean (SD) Mean (SD) p-Value Mean (SD) p-Value

Neurocognitive index Placebo 103.5 (5.7) 104.8 (4.9) 0.090 105.7 (5.9) 0.003

Active 101.6 (6.8) 104.5 (8.2) 0.045 107.2 (5.1) <0.001

A Neurocognitive index Placebo 1.4 (44) 0.345 2.3 (4.0) 0.027
Active 2.9 (7.6) 55(7.1)

Composite memory Placebo 105.3 (13.6) 102.7 (15.9) 0.264 102.6 (12.3) 0.231

Active 104.4 (14.8) 107.6 (13.6) 0.147 107.2 (13.3) 0.297

A Composite memory Placebo —2.7(13.2) 0.070 —2.8(12.7) 0.114
Active 3.2(12.1) 2.8 (14.7)

Verbal memory Placebo 105.3 (13.6) 106.1 (15.0) 0.746 105.1 (13.2) 0.926

Active 104.6 (14.3) 107.9 (13.6) 0.129 108.5 (14.6) 0.142

A Verbal memory Placebo 0.8 (14.1) 0.452 —0.2(13.3) 0.241
Active 3.3(11.7) 3.9 (14.5)

Visual memory Placebo 103.7 (14.8) 98.3 (15.7) 0.035 99.2 (14.8) 0.124

Active 103.3 (12.8) 105.1 (11.8) 0.495 103.7 (11.0) 0.861

A Visual memory Placebo —5.4 (14.0) 0.047 —4.5 (16.1) 0.202
Active 1.8 (14.3) 3.9 (14.5)

Psychomotor speed Placebo 106.3 (8.8) 108.5 (9.3) 0.045 108.3 (10.1) 0.073

Active 106.2 (8.3) 108.9 (8.4) 0.016 108.6 (7.6) 0.054

A Psychomotor speed Placebo 2.1(5.7) 0.664 1.9 (5.8) 0.720
Active 2.8 (6.1) 2.5(6.9)

Reaction time Placebo 94.7 (11.3) 94.8 (11.8) 0.906 98.8 (11.1) <0.001

Active 96.6 (9.1) 98.8 (10.6) 0.112 100.8 (9.5) 0.003

A Reaction time Placebo 0.1 (6.0) 0.230 4.2 (4.8) 0.981
Active 2.2(7.3) 42(7.1)

Complex attention Placebo 108.3 (8.9) 111.9 (6.2) 0.028 111.5 (6.4) 0.015

Active 104.0 (11.2) 105.2 (23.4) 0.762 112.3 (4.7) <0.001

A Complex attention Placebo 3.6 (8.8) 0.580 3.2(6.9) 0.041
Active 1.2 (22.4) 8.3 (11.8)

Cognitive flexibility Placebo 102.8 (9.3) 106.1 (7.3) 0.004 107.5 (8.4) <0.001

Active 96.7 (10.9) 102.2 (9.8) 0.014 106.5 (6.4) <0.001

A Cognitive flexibility Placebo 3.3 (6.0) 0.359 4.8 (6.7) 0.038
Active 5.5 (11.6) 9.8 (11.5)

Processing speed Placebo 114.4 (9.3) 115.9 (9.9) 0.312 116.8 (10.2) 0.100

Active 114 (9.3) 117.2 (11.1) 0.058 118.4 (9.3) 0.004

A Processing speed Placebo 1.4 (7.9) 0.403 2.3(7.7) 0.291
Active 3.3(9.2) 44 (7.8)

Executive function Placebo 102.8 (9.3) 105.3 (7.5) 0.016 107.2 (9) 0.001

Active 96.8 (11.1) 102.0 (9.9) 0.022 106.3 (6.4) <0.001

A Executive function Placebo 2.5 (5.5) 0.265 45 (6.9) 0.044
Active 5.2(11.9) 9.5 (11.8)

Social acuity Placebo 86.2 (14.7) 92.0 (14.5) 0.052 94.0 (18.0) 0.013

Active 90.0 (17.6) 94.5 (17.2) 0.213 98.1 (14.9) 0.018
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Table 3. Cont.

Week 0 Week 8 Week 12
Mean (SD) Mean (SD) p-Value Mean (SD) p-Value

A Social acuity Placebo 5.8 (16.3) 0.790 7.8 (16.8) 0.937
Active 4.6 (20.1) 8.2 (18.1)

Reasoning Placebo 94.7 (16.5) 91.3 (18.3) 0.264 95.0 (17.5) 0.929

Active 92.8 (15.9) 96.6 (14.5) 0.166 93.9 (14.2) 0.706

A Reasoning Placebo —3.4 (16.9) 0.078 0.3 (15.8) 0.837
Active 3.8 (14.9) 1.1 (15.6)

Working memory Placebo 105.7 (12.1) 105.0 (14.1) 0.779 105.6 (11.0) 0.952

Active 103.5 (13.7) 109.2 (9.3) 0.010 107.7 (10.6) 0.095

A Working memory Placebo —0.7 (14.3) 0.056 —0.1(11.6) 0.180
Active 5.7 (11.6) 4.2 (13.5)

Sustained attention Placebo 108.3 (10.0) 108.8 (9.0) 0.767 109.0 (10.3) 0.737

Active 106.7 (9.9) 110.6 (9.1) 0.020 111.7 (7.2) 0.013

A Sustained attention Placebo 0.6 (10.6) 0.184 0.7 (11.5) 0.126
Active 3.9(8.8) 5.0 (10.6)

Simple attention Placebo 102.5 (11.6) 103.0 (14.1) 0.892 103.8 (9.8) 0.528

Active 105.6 (7.3) 81.4 (136.6) 0.337 105.7 (6.8) 0.948

A Simple attention Placebo 0.5 (19.3) 0.320 1.3 (11.3) 0.683
Active —24.2(137.7) 0.1 (10.9)

Motor speed Placebo 99.7 (10.7) 101.4 (10.0) 0.101 100.5 (11.4) 0.523

Active 99.2 (11.7) 100.8 (10.4) 0.129 99.8 (10.2) 0.673

A Motor speed Placebo 1.8 (5.9) 0.926 0.8 (7.1) 0.901
Active 1.6 (5.8) 0.6 (7.6)

All data are presented as mean (SD) of Cognitrax scores. Data at week 8 and week 12 were compared with those
at week 0 using the paired t-test. Comparisons between the placebo and active groups were calculated as changes
from week 0, indicated by the “A” symbol, and tested using the unpaired f-test.

3.3. Quality of Life Test

Changes in quality of life during the study period were assessed by the SF-36v2®. No
statistically significant differences were found between the active and placebo groups in
terms of change in score (Table 4).

Table 4. Post-intervention changes in each quality-of-life parameter (placebo group: n = 35; active

group: n = 32).
Week 0 Week 8 Week 12
Mean (SD) Mean (SD) p-Value Mean (SD) p-Value

Physical functioning Placebo 52.2 (5.4) 51.7 (6.0) 0.682 52.8 (4.8) 0.633

Active 53.2 (5.0) 53.6 (4.0) 0.660 53.7 (5.1) 0.556

A Physical functioning Placebo —0.6 (5.4) 0.115 0.6 (4.0) 0473
Active 0.4 (3.0) 0.5 (3.1)

Role physical Placebo 52.8 (5.6) 53.6 (5.1) 0.534 53.6 (5.5) 0.471

Active 53.3 (6.8) 53.7 (4.7) 0.873 54 (4.4) 0.710

A Role physical Placebo 0.8 (4.3) 0.895 0.9 (6.0) 0.777
Active 0.4(7.2) 0.7 (6.0)

Bodily pain Placebo 49.9 (8.8) 48.6 (7.9) 0.472 49.3 (10.1) 0.825

Active 50.9 (10.3) 50.9 (9.2) 1.000 51.8 (9.4) 0.648

A Bodily pain Placebo —1.4(6.8) 0.273 —0.7 (9.6) 0.296
Active 0.0 (6.2) 0.9 (7.7)

General health perceptions Placebo 58.2 (6.9) 57.2 (6.9) 0.256 58.2 (6.8) 1.000

Active 57.1 (6.8) 57.5(7.1) 0.846 57.2 (8.0) 0.981

A General health perceptions Placebo —1.0 (4.3) 0.877 0.0 (4.7) 0.575
Active 0.4 (3.9) 0.1(5.2)

Vitality Placebo 55.5 (7.0) 55.8 (7.7) 0.930 56.0 (6.2) 0.854

Active 56.8 (6.7) 57.2 (6.2) 0.862 57.0 (6.4) 0.963
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Table 4. Cont.

Week 0 Week 8 Week 12
Mean (SD) Mean (SD) p-Value Mean (SD) p-Value

A Vitality Placebo 0.3 (6.6) 0.443 0.5 (6.5) 0.535
Active 0.4 (5.0) 0.2 (5.6)

Social functioning Placebo 54.2 (6.6) 55.3 (6.3) 0.423 55.0 (6.3) 0.632

Active 53.5 (7.0) 55.1 (5.7) 0.183 55.2 (5.2) 0.128

A Social functioning Placebo 1.1(5.1) 0.877 0.8 (7.0) 0.850
Active 1.6 (6.7) 1.8 (5.6)

Role emotional Placebo 52.8 (6.3) 54.9 (4.5) 0.041 54.6 (4.3) 0.093

Active 54.4 (5.1) 53.8 (4.8) 0.779 549 (4.2) 0.783

A Role emotional Placebo 2.1(6.1) 0.332 1.8 (6.3) 0.720
Active —0.6 (7.2) 0.6 (3.2)

Mental health Placebo 56.9 (4.4) 57.6 (5.5) 0.663 57.6 (6.9) 0.718

Active 57.1 (6.7) 57.1 (6.5) 0.993 57.5 (5.4) 0.775

A Mental health Placebo 0.7 (6.1) 0.732 0.7 (5.2) 0.982
Active 0.1(5.1) 0.5 (4.4)

All data are presented as mean (SD) of SF-36v2® scores. Data at week 8 and week 12 were compared with those at
week 0 using Dunnett’s test. Comparisons between the placebo and active groups were calculated as changes
from week 0, indicated by the “A” symbol, and tested using the unpaired t-test.

3.4. Fecal Bifidobacteria

Quantification of the bifidobacteria in the feces (Figure 2A) revealed that the total
number of bifidobacteria in the active group at week 12 increased significantly compared
to week 0, while that of the placebo group did not change much. And the total number of
bifidobacteria was significantly increased in the active group (7.71 £ 0.56 log cells/g feces)
compared with the placebo group (7.31 &£ 0.90 log cells/g feces) at week 12 (p = 0.031 using
the unpaired t-test).

A. Fecal bifidobacteria B. Serum BDNF
9 OPlacebo W Active 50
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Week 0 Week 12 Week 0 Week 12

Figure 2. Changes in fecal bifidobacteria (A) and in serum BDNF (B) in the placebo (1 = 35) and active
(n = 32) groups during the study period. Values are means, with error bars as standard deviation.
Double number signs (##) indicate p-value < 0.01 as a result of intra-group difference (week 0 vs.
week 12; paired f-test). Asterisk (*) indicates p-value < 0.05 as a result of inter-group difference (the
placebo group vs. the active group; unpaired t-test).

3.5. Serum BDNF

Serum BDNF levels were quantified. The results showed no statistically significant
difference between the active and placebo groups during the study period (Figure 2B).
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3.6. Blood Inflammation Markers

The expression levels of 92 inflammatory markers were examined at weeks 0 and
12 using Olink® Target 96 Inflammation Panels; 75 inflammatory markers that were deter-
mined to be quantifiable were analyzed (Supplementary Materials, Table S3). The results
showed that there were statistically significant differences between the change in scores
from week 0 to week 12 for leukemia inhibitory factor receptor, sulfotransferase 1A1, C-C
motif hemokine (CCL)23, and TNF (ligand) superfamily member 12 (TWEAK) in the active
and the placebo groups (using the unpaired t-test) (Table 5). In addition, there were no
statistically significant differences between the change in scores from week 0 to week 12 of
adenosine deaminase, osteoprotegerin, eotaxin, glial cell line-derived neurotrophic factor,
fractalkine, interleukin-8 (IL-8), CCL28, IL-18, IL-10, CCL19, and T-cell surface glycoprotein
CD?5 in the active and placebo groups, but the trends were considered significant because
the p-value was <0.1 (Table 5). Blood /s-CRP and blood IL-13 were also measured at weeks
0 and 12, but neither showed a statistically significant difference between the active and
placebo groups (Supplementary Materials, Table S4).

Table 5. Post-intervention changes in each cognitive function parameter (placebo group: n = 32;
active group: n = 31).

Week 0 Week 12 Change
Parameter
Mean (SD) Mean (SD) p-Value Mean (SD) p-Value
LIF-R, NPX Placebo 3.36 (0.27) 3.39 (0.23) 0.459 0.02 (0.19) 0.012
Active 3.49 (0.30) 3.40 (0.20) 0.008 —0.10 (0.19)
ST1A1, NPX Placebo 2.19 (1.16) 1.75 (0.83) 0.111 —0.36 (1.10) 0.020
Active 1.82(0.82) 2.10 (1.00) 0.079 0.33 (0.86)
CCL23, NPX Placebo 10.86 (0.35) 10.88 (0.25) 0.718 0.02 (0.25) 0.021
Active 11.09 (0.46) 10.90 (0.40) 0.012 —0.15 (0.32)
TWEAK, NPX Placebo 9.10 (0.34) 9.08 (0.33) 0.658 —0.01 (0.18) 0.033
Active 9.22 (0.26) 9.10 (0.20) 0.002 —0.12 (0.19)
ADA, NPX Placebo 5.39 (0.41) 5.46 (0.39) 0.068 0.08 (0.23) 0.052
Active 5.53 (0.37) 5.50 (0.30) 0.345 —0.04 (0.24)
OPG, NPX Placebo 10.49 (0.4) 10.58 (0.41) 0.134 0.09 (0.34) 0.052
Active 10.60 (0.30) 10.60 (0.20) 0.188 —0.04 (0.17)
CCL11, NPX Placebo 8.66 (0.43) 8.76 (0.36) 0.029 0.09 (0.24) 0.054
Active 8.72 (0.29) 8.70 (0.20) 0.649 —0.02 (0.21)
GDNF, NPX Placebo 1.98 (0.47) 2.19 (0.44) 0.003 0.20 (0.33) 0.055
Active 2.15(0.33) 2.10 (0.30) 0.447 0.04 (0.28)
CX3CL1, NPX Placebo 3.66 (0.48) 3.82(0.51) 0.059 0.17 (0.48) 0.058
Active 3.86 (0.41) 3.80 (0.40) 0.520 —0.04 (0.34)
IL-8, NPX Placebo 597 (0.41) 6.22 (0.49) 0.012 0.24 (0.53) 0.063
Active 6.15 (0.75) 6.20 (0.70) 0.733 0.02 (0.37)
CCL28, NPX Placebo 2.62 (0.50) 2.64 (0.49) 0.711 0.02 (0.27) 0.063
Active 2.73 (0.46) 2.60 (0.50) 0.009 —0.09 (0.18)
IL-18, NPX Placebo 9.10 (0.67) 9.28 (0.68) 0.002 0.18 (0.30) 0.064
Active 9.14 (0.63) 9.20 (0.50) 0.912 0.01 (0.41)
IL-10, NPX Placebo 3.22 (0.52) 3.44 (0.78) 0.035 0.22 (0.56) 0.064
Active 3.47 (0.44) 3.50 (0.40) 0.975 0.00 (0.28)
CCL19, NPX Placebo 8.73 (0.77) 8.88 (0.90) 0.163 0.15 (0.60) 0.081
Active 8.72 (0.49) 8.70 (0.60) 0.278 —0.06 (0.31)
CD5, NPX Placebo 5.92 (0.40) 5.91 (0.37) 0.864 —0.01 (0.19) 0.092
Active 6.02 (0.39) 5.90 (0.30) 0.017 —0.09 (0.20)

All data were obtained using Olink® Target 96 Inflammation Panels and are presented as the mean (SD) of log
base 2-normalized protein expression values (NPX). Data at week 12 were compared with those at week 0 using
the paired f-test. Comparisons between the placebo and active groups were evaluated by calculating the change in
measurements at week 0 and 12 in both groups using unpaired t-tests. LIF-R, leukemia inhibitory factor receptor;
ST1A1, sulfotransferase 1A1; CCL23, C-C motif hemokine 23; TWEAK, tumor necrosis factor (ligand) superfamily,
member 12; ADA, adenosine deaminase; OPG, osteoprotegerin; CCL11, eotaxin; GDNE, glial cell line-derived
neurotrophic factor; CX3CL1, fractalkine; IL-8, interleukin 8; CCL28, C-C motif chemokine 28; IL-18, interleukin
18; IL-10, interleukin 10; CCL19, C-C motif chemokine 19; CD5, T-cell surface glycoprotein CD5.
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4. Discussion

We investigated the effects of consuming a dairy beverage containing Bifidobacterium
animalis subsp. lactis GCL2505 and inulin on cognitive function in healthy adults. The
results showed that the test drink had a positive effect on cognitive function.

Cognitive function was assessed using Cognitrax, a computerized battery of neu-
rocognitive tests developed for routine clinical screening applications. Cognitrax has been
reported to have very similar characteristics to traditional psychological tests. It can mea-
sure a wide range of cognitive functions and is suitable for accurate assessment of scored
cognitive functions because of its high sensitivity to discriminating between individuals
with MCI and healthy individuals [32]. A similar test, CNS Vital Signs, is reported to
adequately discriminate between healthy individuals, patients with MCI, and patients
with dementia [40]. Cognitrax has also been used to assess cognitive function in clinical
trials [15-17]. Therefore, Cognitrax was considered a suitable tool for testing cognitive
function in this study.

The change in neurocognitive index domain scores from week 0 to week 12 was
significantly higher in the active group than in the placebo group. The Neurocognitive
Index domain score is calculated by averaging the scores from the total memory, cognitive
functioning speed, reaction time, total attention, and cognitive flexibility domains, and is,
therefore, used to assess a person’s overall neurocognitive status. Furthermore, intake of
GCL2505 and inulin was associated with statistically significant improvements in scores in
the complex attention, cognitive flexibility, and executive function domains. Total attention
refers to the ability to process things accurately while maintaining attention. Cognitive
flexibility refers to the ability to understand and process changes in instructions. Executive
function refers to the ability to make decisions based on an understanding of background
rules and concepts. Thus, it is considered that intake of GCL2505 and inulin may contribute
to improved activities of daily living by improving these functions.

It is hypothesized that intake of GCL2505 and inulin improves cognitive function
through a mechanism involving the following three steps. Step 1: Intake of GCL2505 and
inulin improves the intestinal environment. In this study, the number of fecal bifidobacteria
was significantly increased in the active group compared with the placebo group. It was
reported that intake of GCL2505 increases the number of bifidobacteria in the feces and
the concentration of acetic acid in the feces and blood [23,25-27]. Clinical studies have
shown the effects of inulin [41] as well as the enhanced effect of GCL2505 in combination
with inulin in terms of increased total bifidobacteria count in the intestine [30]. Thus,
participants in the active group who consumed a test drink containing GCL2505 and inulin
in the present study had an improved intestinal environment via increasing the number of
bifidobacteria in the gut. This change may possibly have increased the level of acetic acid,
an SCFA, in the gut of the active group. Step 2: Improvement in the intestinal environment
leads to alleviation of inflammation. Increased SCFA levels in the gut alleviate inflamma-
tion in the body. It was reported that administration of dietary fiber or acetic acid to mice
reduced blood levels of IL-1, a known inflammatory cytokine [42]. SCFAs are also known
to have positive effects on inflammation by reducing visceral fat and improving glucose
metabolism. Experiments with mice showed that GCL2505 played a role in reducing vis-
ceral fat area by increasing the number of bifidobacteria in the intestine, as evidenced by the
increased numbers in the feces as well as the higher acetic acid levels in feces and blood [26].
Daily consumption of yogurt containing GCL2505 has been shown in clinical studies to
reduce visceral fat mass in the abdomen of humans [28]. Inulin consumption has also been
proven to reduce visceral fat area [43], and Lauridsen et al. found that obese individuals
have decreased expression of IL-10, which contributes to reducing inflammation, and in-
creased expression of nitric oxide synthase 2, which triggers inflammation, in the brain [44].
A correlation between high-fat diet intake and hypothalamic inflammatory status has
been reported [45,46], and Mao et al. reported that administration of a high-fat diet in
combination with (-)-epigallocatechin gallate in mice suppressed the increased expression
of IL-6, TNF-«, and IL-1§3 in the hypothalamus by inhibiting body weight gain [47]. Step
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3: Alleviating inflammation improves cognitive function. It has recently been shown that
inflammatory conditions and cognitive function are closely linked. Studies on patients
with AD have reported a correlation between attenuated cognitive function and acute
and chronic systemic inflammation associated with increased TNF-« levels [13], and that
reduced levels of NLRP3 (nucleotide-binding oligomerization domain-like receptor family,
pyrin domain-containing 3) inflammasome-derived inflammatory cytokines alleviate the
progression of AD pathology [48]. TNF-« is a typical pro-inflammatory cytokine [49], and
Habbas et al. suggested a link between increased TNF-o levels in the brain and cognitive
impairment [50]. Increasing the number of SCFA-producing bacteria by fecal transplan-
tation in rats resulted in increased SCFA levels in the gut and a reduction in cognitive
decline [51]. The hypothesis thus far indicates that the effects of GCL2505 and inulin on
cognitive function may be realized by increasing intestinal SCFA levels and alleviating
inflammatory conditions.

In this study, the changes in expression of 75 inflammation markers from week 0 to 12
were analyzed by principal component analysis and tested by permutational multivariate
analysis of variance, but there were no statistically significant differences between the active
and placebo groups (p = 0.109) (Supplementary Materials, Figure S1). However, some
reductions in pro-inflammatory cytokine levels were observed. For example, TWEAK is
expressed in animals with chronic intestinal inflammation [52] and induces secretion of the
pro-inflammatory cytokine IL-8 [53]. CCL23 is also secreted by neutrophils stimulated by
lipopolysaccharides and TNF-« [54]. These results suggest that the chronic inflammatory
state of the intestinal tract may be somehow affected by GCL2505 and inulin and that the in-
hibitory effect of Bifidobacterium breve Al on brain atrophy may be related to the suppression
of inflammation [55]. The effect of Lactiplantibacillus plantarum OLL2712, which has been
shown to strongly induce IL-10 production and have an effect on chronic inflammation, was
confirmed to improve cognitive function, suggesting that the suppressive effect of OLL2712
on gut and nerve inflammation may be the reason for the improvement [22]. Intake of
Bifidobacterium longum BB68S led to a decrease in the numbers of the inflammation-inducing
bacteria Solobacterium and Oribacterium, indicating that improved cognitive function might
be due to reduced inflammation [56]. Akbari et al. reported that administration of multiple
probiotics had a favorable effect on hs-CRP as well as MMSE scores, malondialdehyde,
insulin metabolic markers, and triglyceride levels in patients with AD [57]. An interven-
tion involving the intake of Bifidobacterium bifidum BGN4 and Bifidobacterium longum BORI
decreased intestinal levels of inflammatory bacteria and increased BDNF levels, suggesting
that these bifidobacteria might have an anti-inflammatory effect [58]. The effects of pro-
biotics on cognitive function have also been verified by multiple clinical trials. Many of
these effects are presumed to be due to the alleviation of inflammation, but in many cases,
the results from indirectly assessing inflammatory conditions have been used. In contrast,
in the present study, multiple inflammation markers were measured for the first time in a
study in which probiotics were ingested, thereby directly demonstrating the relationship
between inflammation and the effect of probiotics on cognitive function. Although further
research is needed to understand the inflammatory state, it is believed that the effects of
GCL2505 and inulin on cognitive function are strongly related to the inflammatory state in
the gut.

The results of the SF-36v2® health-related quality of life assessment in the present
study did not reveal any differences between the active and placebo groups. All scores at
week 0 were above 50 except for the bodily pain scale. It is possible that the participants in
this study did not originally have low SF-36v2® scores, so the improvement effect was not
apparent. The selection criteria “subjective or other symptoms of forgetfulness” established
in this study suggested that the person’s quality of life was not significantly impaired. Also,
we did not confirm the effect of GCL2505 and inulin on BDNF, which is a neurotrophic
factor that is essential for synaptogenesis, plasticity, and neuroimmune responses and
plays an important role in learning, memory formation, and affective disorders [59,60].
Although BDNF levels have been reported to be associated with gut microbiota [61,62],
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meta-analyses have shown no correlation between probiotic intake and BDNF levels. [63].
Given the inconsistent relationship between BDNF and the gut microbiota observed here,
further research is warranted.

Just to be sure, no serious health problems have been reported as a result of the
consumption of foods containing GCL2505. In addition, foods using Bifidobacterium animalis
subsp. lactis have been sold all over the world, and no health hazard has been reported to
be caused by these bifidobacteria. So the safety of GCL2505 is assured, but in some cases,
intake of GCL2505 may cause slightly increased farting or softer stools in some people.

5. Conclusions

This is the first randomized controlled trial to demonstrate the efficacy of GCL2505 and
inulin in improving memory function in the elderly. Elderly patients with early memory
loss who consumed GCL2505 and inulin for 12 weeks showed significant improvements
in scores in the neurocognitive index domain, which is an assessment of overall cognitive
function, in addition to the complex attention, cognitive flexibility, and executive function
domains, and the number of bifidobacteria in feces increased significantly. Because there
is currently no effective pharmacological therapy to prevent the onset and progression
of cognitive decline in the pre-dementia stage, the findings of this study suggest that
continuous intake of GCL2505 and inulin may be an effective approach to protect memory
function in the elderly.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15194175/s1, Table S1: CONSORT 2010 checklist of information
to include when reporting a randomized trial. Table S2: Post-intervention changes in Cognitrax
scores (placebo group: n = 32; active group: n = 31), Table S3: Post-intervention changes in each
inflammatory marker (all data), Table S4: Post-intervention changes in IL-1f3 and /s-CRP scores,
Figure S1: Principal coordinate analysis with t-distribution ellipses between the active and the
placebo groups.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is mainly characterized by excessive fat ac-
cumulation in the liver. It spans a spectrum of diseases from hepatic steatosis to non-alcoholic
steatohepatitis (NASH), fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). Brassica juncea is
rich in glucosinolates and has been proven to possess many potential pharmacological properties, in-
cluding hypoglycemic, anti-oxidation, anti-inflammatory, and anti-carcinogenic activities. This study
aims to investigate whether whole-plant Brassica juncea (WBJ) and its glucosinolates extracts (BGE)
have hepatoprotective effects against a high-fat diet (HFD)-induced NAFLD and further explore
the mechanism underlying this process in vivo and in vitro. WBJ treatment significantly reduced
body fat, dyslipidemia, hepatic steatosis, liver injury, and inflammation; WB]J treatment also reversed
the antioxidant enzyme activity to attenuate oxidative stress in HFD-fed rat liver. Moreover, WB]
and BGE enhanced the activation of AMPK to reduce SREBPs, fatty acid synthase, and HMG-CoA
reductase but increased the expression of CPT-I and PPAR« to improve hepatic steatosis. In addition,
WB]J and BGE could ameliorate NAFLD by inhibiting TNF-« and NF-kB. Based on the above results,
this study demonstrates that WBJ and BGE ameliorate HFD-induced hepatic steatosis and liver injury.
Therefore, these treatments could represent an unprecedented hope toward improved strategies
for NAFLD.

Keywords: non-alcoholic fatty liver disease (NAFLD); Brassica juncea; glucosinolates; high-fat diet
(HFD); AMPK

1. Introduction

Worldwide, the incidence of chronic liver disease is increasing year by year, resulting
in liver-related morbidity and increased mortality [1]. Non-alcoholic fatty liver disease
(NAFLD) is the most common causes of chronic liver disease. Many studies have clearly
shown that NAFLD is a multi-organ disease that is related to type 2 diabetes mellitus
(T2DM), cardiovascular diseases (CVD), and chronic kidney disease (CKD) [2]. Methods
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to effectively ameliorate NAFLD have become a global issue that should not be underes-
timated. NAFLD is related to lipotoxicity, which is caused by the accumulation of toxic
metabolites derived from triglycerides in the liver, pancreas, and muscles, leading to a
cascade of inflammation and insulin resistance [3]. The pathogenic mechanism of NAFLD
is still unclear. So far, the two-hit theory proposed by Day et al. is the most widely accepted
hypothesis [4]. The first hit is brought about by obesity and insulin resistance (IR). IR can
promote the synthesis of triglycerides and reduce fatty acid 3-oxidation in mitochondria,
which accelerates the accumulation of excessive triglycerides and free fatty acids in the liver,
resulting in hepatic steatosis [5]. The second hit is related to oxidative stress and abnormal
mitochondrial function. Severe steatosis leads to lipid toxicity, induces the increase in
the CYP2E1 and CYP4A activities of cytochrome P-450, produces oxidative free radicals,
and releases inflammatory cytokines (e.g., TNF-«, IL-6, etc.), which eventually causes
more serious complications such as steatohepatitis, liver fibrosis, liver cirrhosis, or liver
cancer [6].

Research has demonstrated that, if dysregulated, AMPK and its related pathways
are associated with metabolic diseases such as cancer, inflammatory diseases, obesity,
and diabetes. AMPK activates the upstream kinases of 3-hydroxy-3-methylglutaryl-CoA
reductase (HMG CoAR) and acetyl-CoA carboxylase (ACC), which, in turn, phosphory-
late HMG CoAR and ACC, therefore inhibiting cholesterol biosynthesis and fatty acid
synthesis/lipogenesis [7]. In addition, AMPK inhibits glycolysis to control hepatic glu-
cose production by downregulating phosphoenolpyruvate carboxykinase and glucose
6-phosphatase [8]. Therefore, restoring or activating the expression of the AMPK pathway
could potentially be therapeutic in NAFLD.

Peroxisome proliferator-activated receptor o« (PPAR) is a ligand-activated transcrip-
tion factor that is essential for fatty acid metabolism [9]. Many studies have shown that fatty
acids are lipophilic molecules, which can be used as ligands to activate PPAR«x. Activated
PPAR« triggers several genes, including lipoprotein lipase genes that allow lipoprotein par-
ticles to release fatty acids, which conversely control the rates of fat catabolism, lipogenesis,
and ketone body synthesis [10]. Therefore, PPAR« is expressed in many organs with active
fatty acid oxidation such as the liver, heart, and skeletal muscle [11]. The influences of
PPAR«x on both acute and chronic inflammatory processes have been identified in in vitro
and in vivo studies. PPAR«x are essential to the prevention of NAFLD, and extra-hepatocyte
PPAR« activity contributes to whole-body lipid homeostasis. Moreover, PPAR«x also im-
proves metabolic syndromes, including obesity, atherosclerosis, and NASH, by inhibiting
chronic inflammation [12]. For instance, PPARx negatively regulates hepatic inflammatory
responses induced by an improper diet by repressing the signaling pathways controlled by
the AP-1 and NF-«B transcription factors [13].

Brassica juncea (mustard) contains ascorbic acid, carotenoids, fiber, polyphenols, glu-
cosinolates, and other ingredients, which have the effects of improving metabolic syn-
dromes such as obesity, dyslipidemia, and diabetes [14]. Polyphenols and glucosinolates
are considered to be the main functional components for disease prevention. Many studies
have confirmed that glucosinolates have the effects of anti-inflammation and anti-oxidation,
increasing the activity of detoxifying enzymes and inhibiting the mitosis of cancer cells,
thereby preventing the occurrence of cancer [15]. Glucosinolates and their hydrolysates
can activate phase II detoxification enzymes and antioxidant enzymes, as well as eliminate
reactive oxygen species and lipid peroxidation by regulating the Nrf2/ARE signaling
pathway [16]. However, the potential effects of glucosinolates and the mechanism of their
action against a high-fat diet (HFD)-induced NAFLD remain unclear. In this study, the
efficacy and mechanism of Brassica juncea and its functional component, glucosinolates,
were analyzed in improving NAFLD in vivo and in vitro.
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2. Materials and Methods
2.1. Preparation of Whole-Plant Brassica juncea (WB]) and Glucosinolates Extracts from Brassica
juncea (BGE)

Whole plants of Brassica juncea (WB]) were freeze-dried using a rotary evaporator. The
glucosinolates were extracted from 2 g WBJ with 20 mL 70% aqueous methanol solution
in a water bath at 75 °C for 15 min. The extract was centrifuged at 3000 rpm for 5 min,
and the supernatant was collected. All of the supernatant was pipetted onto a column
containing a DEAE Sephadex A-25 anion exchange resin (GE Healthcare, Uppsala, Sweden).
Glucosinolates were eluted from the column with 0.5 mol/L potassium sulphate. The eluent
was vacuum freeze-dried to yield a powder as the glucosinolates extract of Brassica juncea
(BGE). All BGE were dissolved with sterile ddH,O and filtered through a 0.22 pm syringe
filter and stored at —20 °C until analysis with high-performance liquid chromatography
(HPLC) or until performance of the cell experiment.

2.2. HPLC Analysis

The glucosinolate composition in Brassica Juncea was determined using HPLC accord-
ing to a previous study [17]. The HPLC system (Hitachi, Danbury, CT, USA) consisted of
a pump (L-6200A), an ultraviolet detector (L-4250), and a Hitachi D-7000 HPLC system
manager program. Then, 10 L BGE was injected into the GL Sciences Inertsil ODS-2
column (5 um particle size, 4.6 x 250 mm). Mobile-phase solvent A (100% distilled water)
and solvent B (20% acetonitrile in water) were used for the elution of compounds at a flow
rate of 1.5 mL/min. The absorbance spectrum was detected at a wavelength of 229 nm.
Sinigrin (SIN), progoitrin (PRO), and gluconapin (NAP) were used as standards.

2.3. Animal Models and Treatment

Male Wistar rats (200 =+ 10 g) were purchased from the BioLASCO Taiwan Co., Ltd.
(Taipei, Taiwan). The rats were housed and used according to the guidelines of the Taiwan
regulations for animal care. All animal experimental protocols were reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC) of the Chung Shan Medical
University, Taichung, Taiwan (Approval Number 1770). The rats were housed in standard
laboratory conditions (22 + 2 °C, 60 £ 5% relative humidity, and under a 12 h light/dark
cycle). Food and water were provided ad libitum to help rats adapt to the new environment
for at least 1 week before the experimental procedures. In total, 60 rats were randomly
divided into 5 groups (n = 12 per group): control; HFD; HED + 0.5% WBJ; HFD + 1.0% WBJ;
HFD + 2.0% WBJ (Figure 1). The feed formulation for the rats is presented in Table 1. All rats
except the control group were fed with the HFD for 4 weeks prior to WBJ administration to
trigger non-alcoholic steatohepatitis. After 4 weeks, the rats were fed an HFD and given
different concentrations of WB] (0.5%, 1.0%, and 2.0%) simultaneously for 8 weeks. During
this period, all rats were weighed every week. At the end of the experiment, all animals
were euthanized, and the liver, blood, and visceral fat were subsequently harvested for
further analysis.

Control I I [ Normal diet
] wFp dier
HFD i I O wasfed
HED + 0.5% WBJ | ] 0.5% WBJ |
HFD + 1.0% WBJ | ] 1.0% WBJ |
HFD + 2.0% WBJ | ] 2.0% WBJ |
I [ |
0wk 4 wk 12 wk
t t %
HFD WBI start fed sacrificed

Figure 1. Schematic representation of WBJ treatment in Wistar rats.
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Table 1. Feed formulation of Wistar rats.

HFD
Ingredients (g/kg Dietary Weight) Control _ D MD HD
Casein 260 260 260 260 260
Corn sstarch 500 150 150 150 150
Sucrose 90 90 90 90 90
Corn oil 50

Beef tallow 400 400 400 400
Cellulose 50 50 50 50 50
Mineral mixture ¢ 40 40 40 40 40
Vitamin mixture ¢ 10 10 10 10 10
WBJ 5 10 20

?, Mineral and vitamin mixtures (AIN-76) were purchased from Oriental Yeast (Tokyo, Japan). Control, normal
diet; HFD, high-fat diet; LD, low dose (contained 0.5% WBJ); MD, middle dose (contained 1.0% WBJ); HD, high
dose (contained 2.0 % WBJ). WBJ, whole-plant Brassica juncea.

2.4. Blood Sample Analysis

Samples were harvested with cardiac puncture and immedjiately collected into BD vacu-
tainer TM heparin blood collection tubes. The blood samples were centrifuged at 3000 rpm for
5 min at 4 °C. The serum was separated and stored at —20 °C for further analysis. The levels of
total cholesterol, triglyceride, aspartate transaminase (AST), and alanine transaminase (ALT)
in the serum were measured with clinical chemistry reagent kits (Randox Laboratories, Ltd.,
Antrim, UK). The free fatty acid (FFA) level in the serum was determined with a quantification
kit (BioVision, Inc., Mountain View, CA, USA) according to the manufacturer’s instructions.

2.5. Hepatic Histologic Analysis

Liver tissues were excised and fixed in 10% (v/v) neutral buffered formalin overnight.
Then, the specimens were paraffin embedded. The paraffin blocks were sectioned at
5 um and stained with a hematoxylin and eosin (H&E) reagent. Frozen sections were
stained with Oil red O. The sections were observed at 200 x or 400 x magnification under
optical microscopy.

2.6. Determination of Total Triglyceride and Cholesterol Contents in the Liver

The rat liver samples (0.5 g) were homogenized with chloroform/methanol (1:2, v/v) at
4 °C for 3 min. Then, chloroform and distilled water (1:1, v/v) were added to the homogenate
and vortexed for 1 min. The homogenate was centrifuged at 3000 rpm for 12 min, and the lipid
extract in the lowest layer was dissolved with 200 uL isopropanol after it was completely air
dried. The triglyceride and cholesterol levels in the hepatic samples were measured through
commercial kits (Human, Wiesbaden, Germany) according to the manufacturer’s protocol.

2.7. Antioxidant Enzyme Activity Assays

The rat liver samples (0.5 g) were mechanically disrupted with 5 mL phosphate-EDTA
(0.1 M KH,PO4 + 0.1 mM EDTA, pH 7.0) buffer with a homogenizer at 4 °C for 3 min. The
homogenate was centrifuged at 3000 rpm for 30 min. After that, the supernatant was recen-
trifuged at 12,000 rpm for 5 min. The cleared hepatic homogenate was collected and stored at
—20 °C. The activity of SOD was detected according to a previous method [18]. Then, 50 uL
hepatic homogenate was mixed with 100 uL Tris—cacodylic acid buffer (50 mM, pH 8.2) and
ultrapure water added to 980 uL. Lastly, 20 puL 0.2 mM pyrogallol was blended in the mixed
solution. The autoxidation rate of pyrogallol was immediately assayed every 30 s for 3 min
at 420 nm with a spectrophotometer and calculated to analyze the superoxide anion radical
scavenging activity of SOD. The glutathione (GSH) activity was measured as follows: 0.5 mL
hepatic homogenate was mixed with 4.5 mL phosphate-EDTA buffer (0.1 M NayHPO,, 5 mM
EDTA, pH 8.0), and the mixture was diluted 10 times in phosphate-EDTA buffer. After diluting,
0.1 mL o-phthalaldehyde (5 mg/mL, dissolved in ethanol) was mixed with the dilute solution.
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The final reaction was performed for 15 min at room temperature and protected from light.
The fluorescence intensity was detected at an emission spectrum of 420 nm and an excitation
spectrum of 350 nm through a fluorophotometer. GSH-Rd activity was assayed as described
previously [19]. Then, 10 pL hepatic homogenate was mixed with 90 pL potassium phosphate
buffer solution (20 mM, pH 7.0), followed by incubation in 900 puL of the reaction solution
(1.1 mM MgCl,e6H,0, 5.0 mM GSSG and 0.1 mM NADPH in potassium phosphate buffer
(100 mM, pH?7.0)). The reduction rate of NADPH was immediately monitored every 30 s for
5 min at a wavelength of 340 nm with a spectrophotometer.

2.8. Cell Culture and Treatment

The human hepatocellular carcinoma cell line HepG2 was purchased as a commercially
available product (Food Industry Research and Development Institute, Hsinchu, Taiwan).
HepG2 cells were cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM)
that was supplemented with 10% fetal bovine serum (FBS), 1.5 g/L sodium bicarbonate,
4 mM L-glutamine, 1 mM sodium pyruvate, 1 mM non-essential amino acids solution
(NEAA), and 1 mM PSA. The cultured cells were grown at 37 °C in a humidified incubator
with 5% CO;. To establish the in vitro model of cellular fat accumulation, HepG2 cells
at 70% confluence were stimulated with 0.3 mM of a long-chain oleic acid (OA)/1% BSA
complex and treated with various concentrations of BGE (50 uM SIN, 50 uM PRO, 50 uM
NAP, and 2.0-6.0 mg/mL BGE) for 24 h.

2.9. Cell Viability and Cytotoxicity Assays

Cell viability was calculated through the reduction of MTT (3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide). Cells were frequently cultured for 24 h, followed by
treatment with 0.3 mM OA /1% BSA and various concentrations of BGE for 24 h. Thereafter,
the medium was removed, and the MTT reagent (0.5 mg/mL in culture medium) was
subsequently added to each well for 4 h. The reduced purple-blue MTT formazan crystals
produced by viable cells were solubilized with 1 mL isopropanol, and the solution was
centrifuged at 1200 rpm for 5 min. After centrifuging, the supernatant was collected and
measured at 563 nm with an ELISA reader.

2.10. Nile Red Stain

Cellular lipid accumulation was assessed with Nile red staining. HepG2 cells were
treated with 0.3 mM OA /1% BSA and various concentrations of BGE (50 uM SIN, 50 uM
PRO, 50 uM NAP, and 2.0 mg/mL BGE) for 24 h. Adherent cells were separated with trypsin
for 5 min and then centrifuged at 1000 rpm for 10 min. The supernatant was removed and
washed twice with PBS. Cells stained with the Nile red solution were removed from light
exposure for 30 min at room temperature. The cellular lipid contents were analyzed with
flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).

2.11. Preparation of Cells and Hepatic Proteins

The protein extracts from cultured cells or liver tissues were lysed and extracted with
a RIPA buffer (150 mM NacCl, 0.5% deoxycholic acid, 50 mM Tris-Base, 1% NP-40, 1%
SDS, 10 ng/mL PMSF, and 10 pug/mL leupeptin, pH 7.5) containing 1% protease inhibitor
(17 ug/mL leupeptin and 10 ug/mL sodium orthovanadate) and phosphatase inhibitor.
The cell lysates or liver tissues were homogenized with the RIPA buffer on ice for 3 min.
Then, all protein extracts were centrifuged at 12,000 rpm for 20 min at 4 °C. The protein
concentration was measured with Coomassie blue (Kenlor Industries, Inc., Santa Ana,
CA, USA) and BSA (bovine serum albumin) was used as a standard. The absorbance was
detected at 595 nm with a spectrophotometer.

2.12. Western Blot Analysis

Protein samples were separated with a 6-15% SDS-PAGE and transferred onto nitro-
cellulose membranes. Membranes were blocked with commercial BlockPRO Protein-Free
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blocking buffer (Visual Protein) for 1 h at room temperature. Blots were washed with TBST
(Tris-buffered saline with Tween 20, pH7.6) 3 times (10 min each time) and hybridized with
various primary antibodies specific for p-AMPK, AMPK, SREBP-1, FAS, SREBP-2, HMG-
CoR, CPT1, TNF-«, or NF-kB overnight at 4 °C. The primary antibodies were removed,
and the membranes were washed with TBST followed by incubation with anti-mouse
or anti-rabbit horseradish peroxidase HRP-conjugated secondary antibodies for 1 h at
room temperature. The secondary antibodies were removed, and the membranes were
washed with TBST. The blotted membrane was activated with enhanced chemilumines-
cence (ECL) and imaged with a LAS-4000 Super CCD Remote Control Science Imaging
System (Fuji, Tokyo, Japan). Protein quantity was determined with densitometry using
Fujfilm MultiGauge, version 3.0, software.

2.13. Statistical Analysis

Statistical analyses were performed using SigmaPlot 12.5 software (12.5.0.38). The
statistical significance (p < 0.05) among all of the different groups was determined using
the student’s t test or one-way ANOVA. Results are expressed as the mean value &= SD. All
results are representative of at least three independent experiments.

3. Results
3.1. Daily Intake of BGE in Rats

The major glucosinolates in BGE were sinigrin (SIN, 97.33%) and gluconapin (NAP,
2.67%) (Figure 2A—C). To simulate the pattern of human ingestion of Brassica juncea, the
rats were directly fed whole-plant Brassica juncea powder (WB]) to investigate the efficacy
of Brassica juncea in NAFLD. According to the HPLC analysis, the daily food intake of rats
of 0.5% WB]J, 1.0% WBJ, and 2.0% WB] contained 2.314 g, 4.628 g, and 9.256 g of sinigrin
and 63.7 pg, 127.4 ng, and 254.8 pug of gluconapin, respectively (Figure 2D).
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Figure 2. The HPLC chromatogram of BGE. (A) HPLC chromatogram of three kinds of glucosinolates
standards. Peak: 1, sinigrin (SIN); 2, progoitrin (PRO); 3, gluconapin (NAP). (B) HPLC chromatogram
of glucosinolates from BGE (100 mg/mL, 10 uL). (C) HPLC chromatogram profiles of mixture BGE
and 2 pg/mL glucosinolate standards. (D) Glucosinolate compounds identified in BGE. # The average
daily intake in the rats was 13 g/day and BGE was 0.5% of the diet. ? The average daily intake in the
rats was 13 g/day and BGE was 1.0% of the diet. © The average daily intake in the rats was 13 g/day
and BGE was 2.0% of the diet.
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3.2. Effect of WB] Treatment on Serum Lipid Parameters

In order to reflect a human dietary pattern, the WB] was freeze-dried and fed to obese
rats induced by the HFD. After treatment with an HFD in rats, the serum triglyceride (TG)
and free fatty acids (FFA) in the HFD group were higher than the control group, whereas
WB]J decreased the TG level induced by the HFD. Low-density lipoprotein cholesterol
(LDL-C) and high-density lipoprotein cholesterol (HDL-C) are clinically regarded as the
key factors for evaluating cardiovascular disease [20]. This study further analyzed the
contents of LDL-C and HDL-C in rat serum to explore whether WB] could reduce blood
lipids and reduce the incidence of cardiovascular disease. Table 2 shows that WB] could
decrease the total cholesterol content even though the HFD did not induce the increase
in cholesterol in rats. The LDL-C level of the HFD group was higher than the control
group. However, the value of the LDL-C after treatment with WB] was lower than the
HFD group. Meanwhile, after induction of the high-fat diet, the HDL-C in the HFD group
was decreased. The value of HDL-C tended to rise in the WBJ treatment groups. A similar
result was also observed for the LDL-C/HDL-C ratio.

Table 2. Effects of WB] on the serum biochemical parameters and hepatic lipids in HFD-fed rats.

Control HFD HFD + 0.5% WBJ HFD + 1.0% WBJ HFD + 2.0%WB]
Total cholesterol (mg/dL) 709 +£3.574 71.3 £9.25 519 +6.19°¢ 55.2 +7.09°¢ 592 +7.23¢
Total triglyceride (mg/dL) 347 +7.24 121.4 +26.98° 64.4+8.77°¢ 742 £1647° 62.1 +15.09¢
FFA (mmol/L) 0.73 £0.10 1.124+0.20° 0.77 £ 0.16 ¢ 0.95+0.07 ¢ 0.85+0.10°¢
LDL-C (mg/dL) 114 +3.27 18 +3.20°? 158 £ 1.75 139 +£2.13°¢ 124+211°¢
HDL-C (mg/dL) 49.3 +5.96 30.8 +4.78° 36.1+6.31° 374+772°¢ 43.1+6.61°¢
LDL-C/HDL-C ratio 0.23 £+ 0.05 0.60 +0.15 0.45 4+ 0.09 ¢ 0.38 +£0.08 ¢ 0.28 £ 0.06 ¢
Glucose (mg/dL) 155.7 £ 52.95 267.7 + 51.48 235 + 71.04 268.6 £+ 65.61 248 + 38.34
AST (U/L) 121.7 £10.45 140.2 £ 27.32 145 £ 26.44 133.8 £17.81 1279 £11.76
ALT (U/L) 33.2£3.91 59.4 +9.16" 493 +581° 442 +745°¢ 41.6 +8.42°¢
BUN (mg/dL) 20.64 +1.81 1292 +1.37°% 9.74 +0.92 ¢ 114 +£096°¢ 10.54 £0.39°¢
UA (mg/dL) 4.01 £1.25 4.58 + 1.05 4.75£1.03 513 £ 1.34 493 £1.22
Creatinine (mg/dL) 0.61 £ 0.05 0.68 +0.04 b 0.62 +0.07 ¢ 0.66 £ 0.05 0.63 £ 0.04
Liver-triglyceride (mg/dL) 253.74 + 30.21 328.05 + 26.48 Y 309.23 + 58.54 265.17 +54.82 ¢ 194.04 + 58.57 ¢
Liver cholesterol (mg/dL) 38.12 £12.43 136.38 & 21.00 ¢ 113.12 £ 31.21 99.96 4+ 27.93 ¢ 96.69 + 39.85 ¢

? Each value is expressed as the mean + SD (n = 10/ group). Results were statistically analyzed with a one-way
ANOVA. ! p < 0.05 compared to the control group. ¢ p < 0.05 compared to the HFD group.

The liver function in rat serum was also analyzed to further observe whether WBJ
could reduce liver injury. The results showed that the GOT and GPT of the HFD group were
higher than in the control group. After feeding the rats WB], the values decreased with the
increase in WBJ concentration, which indicated that WBJ could alleviate the liver injury
induced by the high-fat diet. However, WBJ had a less significant effect on improving
blood sugar levels and renal function in this animal model (Table 2).

3.3. Effect of WBJ on Fat Distribution in Rats

The peripheral fat around the kidneys, intestinal interstitium, and accessory testicles were
collected and weighed when the mice were euthanized. The results show that the fat around
these organs in the group fed with the HFD increased significantly compared with the control
group. The fat around the organs decreased when treated with WB], especially in the 2.0% WB]
group, indicating that WBJ could effectively reduce body fat production (Table 3). Similarly, the
levels of TG and CHO in the feces of the HFD group were higher than in the control group,
whereas the levels of TG and CHO in the feces increased with the increase in WBJ concentration
compared to the HFD group (Figure 3). The above results reveal the effect of WB] on the
inhibition of lipid accumulation.
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Table 3. WB] reduced organ peripheral fat weight in HFD-fed rats.

HFD

HFD + 0.5% WBJ

HFD + 1.0% WBJ

HFD + 2.0% WBJ

Tissue Weights (mg) Control
Kidney fat 21.63 £ 25.56 °
Intestinal fat 331.63 £ 230.70
Gonad fat 326.63 + 116.79

7766.00 + 1408.37 ¢
8306.75 + 221045

5978.75 + 1844.83 ¢
6125.63 &+ 1394.05 ¢
4827.13 £ 1891.91

5622.25 + 1346.33 ¢
6037.50 + 994.79 ¢
4766.75 + 1046.01

5310.25 + 1976.94 ¢
5783.75 £ 577.86 ¢
4426.00 + 1184.69 ¢

5936.75 + 874.64 "

? Each value is expressed as the mean & SD (n = 12/group). Results were statistically analyzed with one-way
ANOVA.? p < 0.05 compared to the control group. ¢ p < 0.05 compared to the HFD group.

(A) (B)

2500

W Control
== HFD

2000 | ) HFD+1.0%WBJ

- HFD+2.0%WBJ

1500
1000

500

o el

1 3 B
Weeks

Triglyceride content in feces (mg/0.5 g feces)

Cholesterol content in feces (mg/0.5 feces)

Weeks

Figure 3. Effects of WB] on lipid content in feces from HFD-fed rats. Feces levels of TG (A) and CHO
(B) were measured at weeks 1, 3, and 5. Each value is expressed as the mean + SD (n = 12/group).
Results were statistically analyzed with one-way ANOVA. # p < 0.05 compared to the control group.
* p < 0.05 compared to the HFD group.

3.4. WBJ Reduced Hepatic Steatosis Induced by an HFD

The liver weight/body weight ratio was used to evaluate whether WBJ ameliorated
NAFLD induced by the high-fat diet. Compared with the HFD group, the ratio of liver
weight to body weight was slightly decreased after feeding with WB]. Notably, the ratio of
liver weight to body weight in the 2.0% WB]J group was significantly lower than that in the
HEFD group (Figure 4A,B). Accordingly, WBJ could slow down hepatomegaly caused by a
high-fat diet. Next, we observed the fat accumulation in rat livers with H&E staining and
Oil red O staining. The results showed that there was no hepatic steatosis in the control
group. However, many lipid droplets were found in the livers of the HFD group. The
results indicate that WB] could effectively reduce hepatic steatosis, especially in the 2.0%
WB]J treatment group (Figure 4C).
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Body weight(g/rat)
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Weeks =

Control
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Figure 4. Effects of WB] on the liver weight and histopathological examination of the liver tissue in
HFD-fed rats. (A) Body weight change versus time in rats fed various diets. (B) Liver/body weight ratio.
(C) H&E and Oil red O staining images of liver sections. All values are the mean £ SD (n = 12). Control,
rats fed normal chow; HFD, rats fed with 40% beef tallow; HFD + 0.5% WB]J, rats fed an HFD with 0.5%
WBJ; HED + 1.0% WB]J, rats fed an HFD with 1.0% WBJ; HFD + 2.0% WB], rats were fed an HFD with 2.0%
WBJ. Results were statistically analyzed with a one-way ANOVA. ¥ p < 0.05 compared to the control group.
* p < 0.05 compared to the HFD group. The sections were photographed at 200 x or 400x magnification.
The yellow arrow indicated the lipid droplet.
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3.5. Mechanisms of WB] Reducing Hepatic Steatosis Induced by an HFD

Our previous studies demonstrated that Mulberry leaf polyphenol extracts and Solanum
polyphenol extracts reduced the expression of triglyceride synthesis (SREBP-1, FAS) and
cholesterol synthesis (SREBP-2, HMGoCR), and increased the expression of the fatty acid
-oxidation protein CPT-1 by activating the AMPK pathway [21-23]. This study further
observed the expression of lipid metabolism-related proteins with a western blot assay.
The results showed that the activity of p-AMPK and the level of CPT-1 in the HFD group
were lower than in the control group, and the expression of SREBP-1, FAS, SREBP-2, and
HMGCoR was increased significantly. However, after treatment with WBJ, p-AMPK activity
significantly increased compared to the HFD group. WBJ inhibited the expression of SREBP-
1, FAS, SREBP-2, and HMGCoR induced by the HFD, and promoted CPT-1 expression
(Figure 5A-D). Inflammation plays a crucial role in the development of NAFLD into non-
alcoholic steatohepatitis (NASH). This study further analyzed the protein expression of
inflammatory factors. The results showed that WBJ could reduce the activities of TNF-« and
NF-«B in the liver induced by the HFD and had a significant effect at a low concentration
of 0.5% WB] (Figure 5E). In summary, it might be concluded that WB] can produce lipid-
lowering and anti-inflammatory effects by inhibiting the synthesis pathways of lipids and
the expression of inflammatory factors, thereby reducing the occurrence of NAFLD.
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Figure 5. WBJ treatment reduced lipid synthesis-related protein and inflammatory protein expression
in the liver of HFD-fed rats. Animals were fed a control diet, HFD, or HFD pair feeding with a 0.5%,
1.0%, or 2.0% WB]J diet (n = 12). Protein extracts from rat liver were measured with western blotting
to detect (A) p-AMPK, AMPK; (B) SREBP-1, FAS; (C) SREBP-2, HMGCoR; (D) CPT1; and (E) TNF-«,
NF-kb. B-actin was used as a loading control. Data are presented as the mean + SD from three
independent experiments and were statistically analyzed with a one-way ANOVA.

3.6. WBJ] Enhanced Antioxidative Enzyme Activities in Rat Liver

Severe liver lipid accumulation may promote the generation of oxidative stress, leading
to the deterioration into NAFLD [24]. We further explored the effect of WB] on reducing
the liver oxidative stress induced by an HFD. After feeding rats with an HFD for 12 weeks,
the antioxidant enzyme activities of glutathione (GSH), glutathione reductase (GSH-Rd),
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and superoxide dismutase (SOD) in the liver showed a significant decrease compared
to the control group. However, after treatment with WBJ, the liver antioxidant enzyme
activity rose compared to the HFD group in a dose-dependent manner. Therefore, it could
be concluded that WBJ can diminish NAFLD induced by an HFD by increasing the activity
of antioxidant enzymes in the liver of rats (Figure 6).
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Figure 6. Effects of WBJ on the antioxidant enzyme activities in the liver of HFD-fed rats. The levels
of GSH (A), GSH-Rd (B), and SOD (C) in the liver tissue of rats were measured as described in the
Materials and Methods. All values are presented as the mean £ SD (n = 12). Results were statistically
analyzed with a one-way ANOVA. # p < 0.05 compared to the control group. * p < 0.05 compared to
the HFD group.

3.7. The Cytotoxicity Effects of Brassica juncea Glucosinolates on HepG2 Cells

Glucosinolates are a group of phytochemicals that have been shown to be beneficial
against a wide range of chronic liver diseases [25]. HepG2 cells were treated with 50 pM
SIN, 50 uM NAP, 2.0 mg/mL BGE, 4.0 mg/mL BGE, and 6.0 mg/ml BGE for 24 h, and the
cell viability was tested with an MTT assay. The survival rate of cells in the 4.0 mg/mL BGE
and 6.0 mg/mL BGE groups showed a significant decrease compared to the control group.
Therefore, the dosage that did not significantly cause the death of HepG2 cells (50 uM SIN,
NAP, and 2.0 mg/mL BGE) was selected for follow-up experiments (Figure 7A).
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Figure 7. Effects of Brassica juncea glucosinolates on lipid accumulation in HepG2 cells. HepG2 cells
were incubated with different glucosinolates (50 uM SIN, NAP, and 2.0, 4.0, 6.0 mg/mL BGE) at 37 °C
for 24 h. (A) Cell viability was analyzed with an MTT assay. (B) HepG2 cells were stained with Nile
red and analyzed using flow cytometry. The data are presented as the mean + SD for three replicates
per treatment. * p < 0.05 compared to the control group. * p < 0.05 compared to the HFD group.

3.8. Brassica juncea Glucosinolates Inhibited the Lipid Accumulation in HepG2 Cells

To evaluate the effect of glucosinolates on lipid accumulation in hepatocytes, HepG2
cells were exposed to oleic acid (OA); then, 50 uM SIN, 50 uM NAP, and 2.0 mg/mL BGE
were added at the same time, for 24 h. The lipids in the cells were stained with Nile red and
analyzed quantitatively with flow cytometry. The results showed that the lipid content in
HepG2 cells in the SIN, NAP, and BGE groups was lower than that in the induction group,
and reducing SIN by about 40% had the most significant effect (Figure 7B). Therefore, SIN
and BGE were used in the subsequent experiment.

3.9. The Mechanisms of Brassica juncea Glucosinolates Reversing NAFLD

Previous studies have demonstrated that the activation of AMPK reduced the expression
of triglyceride synthesis proteins, such as SREBP-1 and FAS, activated the expression of fatty
acid -oxidation proteins, such as CPT-1 and PPAR«, and then inhibited the occurrence of
NAFLD [26]. Our results showed that OA induced excessive lipid accumulation and inhibited
the activity of p-AMPK in HepG2 cells, whereas SIN and BGE restored the p-AMPK activity
(Figure 8A). Moreover, SIN and BGE decreased the levels of SREBP1 and FAS in HepG2 cells
induced by OA (Figure 8B). Meanwhile, SIN and BGE accelerated the lipid 3-oxidation via
increasing CPT-1 and PPARx expression reduced by OA (Figure 8C). Inflammation plays
a crucial role in the progression from NAFLD to more severe non-alcoholic steatohepatitis
(NASH) [27]. Figure 8D shows that SIN inhibited TNF-« and NF-«kB expression induced
by OA in HepG2 cells, whereas BGE inhibited the inflammation of HepG2 cells in a dose-
dependent manner. In summary, it can be concluded that Brassica juncea glucosinolates SIN
and BGE can regulate lipid synthesis and inflammatory factors by activating AMPK, and
these glucosinolates can also produce lipid-lowering and anti-inflammatory effects.
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Figure 8. Brassica juncea glucosinolates reduced lipid synthesis-related protein and inflammatory
protein expression in OA-induced HepG2 cells. HepG2 cells were treated with 0.3 mM OA and 50
uM SIN or different concentrations of BGE (2.0, 2.5 mg/mL BGE) at 37 °C for 24 h. Protein extracts
from HepG2 cells were measured with western blotting to detect (A) p-AMPK, AMPK; (B) SREBP-1,
FAS; (C) PPAR«, CPT1; and (D) TNF-o, NF-kb. -actin was used as a loading control. Data are
presented as the mean £ SD from three independent experiments and statistically analyzed with a
student’s t-test.

4. Discussion

The pathogenesis of NAFLD is closely related to obesity, and the World Health Organi-
zation (WHO) regards obesity as the most important public health issue in the 21st century.
Studies have shown that obesity induces oxidative stress and lipid peroxidation in the
body. Lipid accumulation, oxidative stress, and inflammation have been widely regarded
as the key factors for simple steatosis, leading to NASH [4,28,29]. Unfortunately, there are
still many limitations to the medical treatment of NAFLD induced by a high-fat diet. So
far, diet control and exercise are the main suggestions to treat NAFLD because there are
currently no FDA-approved medications for this disease. Therefore, if the supplement of
natural products can help people prevent or ameliorate NAFLD, it will improve the health
quality of the whole society. Our laboratory previously demonstrated that the functional
components from Mulberry leaf, Nelumbo nucifera leaf, and Hibiscus sabdariffa can effectively
reduce body fat and improve alcoholic and non-alcoholic fatty liver disease [30-32]. The
hypoglycemic, neuroprotective, antibacterial, and anticancer effects of Brassica juncea have
been proven previously [33]. Here, our results showed that WB] reduced body weight,
body fat, and hepatomegaly in rats induced by an HFD. In both in vivo and in vitro experi-
ments, WB] and BGE upregulated p-AMPK expression and exhibited antioxidant enzyme
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activities, thereby helping to reduce lipid synthesis and promote fatty acid 3-oxidation, as
well as reducing the production of inflammatory factors.

In the serum lipid parameters, we observed that WB] had a stronger effect on improv-
ing HDL values than reducing LDL values following treatment with WBJ (Table 2). This
might be the reason why WB] decreased the CHO level induced by an HFD in rats in a
dose-dependent manner. Moreover, the levels of serum CHO, TG, or FFA, whether given
0.5% WB]J, 1.0% WB]J, or 2.0% WB]J, were significantly lower than those in the HFD group.
Therefore, WBJ indeed had a lipid-lowering effect, and it had a significant effect at a low
dose (0.5% WB]J) (Table 2).

Brassica juncea is rich in dietary fibers (3.2 g dietary fiber/100 g), which can promote
gastrointestinal peristalsis, the digestion and absorption of nutrients, and regulate the
interactions among intestinal microorganisms [34,35]. In addition, several studies have
demonstrated that dietary fiber can elevate the excretion of lipids, reduce the production of
cytokines in white adipose tissue, and inhibit systemic inflammation [36,37]. This study
confirmed that WBJ promoted lipid excretion in feces. However, during the experiment,
we found that there was an occult blood reaction in rat feces from the sixth week after an
HFD, which may have been caused by the long-term intake of the HFD [38]. Fecal TG and
CHO analyses were therefore limited in the later stage of the experiment. Nevertheless, we
still found that WB] promoted lipid excretion in the third and fifth weeks after the HFD
treatment (Figure 3). The imbalance of gut microbiota causes abnormal lipid metabolism
in the adipose tissue and liver, as well as immune disorders, which are closely related to
metabolic syndromes such as obesity, fatty liver, diabetes, and cardiovascular disease [39,
40]. In the future, we will evaluate the effect of functional components of WB] on increasing
beneficial intestinal bacteria and reducing bad bacteria, and we will further explore the role
of Brassica juncea in disease prevention.

Increasingly, studies have indicated that the AMPK signaling pathway plays a vital
role in improving lipid metabolism disorders [41]. LKB1 (liver kinase B1, also known as ser-
ine/threonine kinase 11) phosphorylates AMPKa™"172, thus activating AMPK. Following
this, activated AMPK (p-AMPK) inhibits the synthesis pathways of ATP consumption (such
as glycogenesis, glycogen synthesis, fatty acid, and cholesterol synthesis) and promotes
catabolism (such as fatty acid oxidation, glycolysis) to produce adenosine triphosphate
(ATP) [7]. In addition to the LKB1 signaling pathway, there are other AMPK upstream
kinases (AMPKK) that can activate AMPK, such as CaMKK and TAK1, to maintain energy
balance [26,42]. Our results also showed that WBJ and BGE activated AMPK, inhibited
the pathway of SREBP1/FAS, SREBP2/HMGCOoR, reduced the synthesis of TG and CHO,
and promoted the expression of CPT1 to increase the 3-oxidation of fatty acids, thereby
reducing the accumulation of lipids in the liver. In the future, the effect of Brassica juncea on
the expression of LKB1, CaMKK, and TAK1 proteins will be evaluated to further explore
the possible mechanism of mustard in improving NAFLD.

Nowadays, for many health foods, it is known that excessive supplementation is not
beneficial for health. Indeed, high doses of glucosinolates may have side effects on the
body. After feeding rats with 50 umol/kg sinigrin or its degradation product, allyl isothio-
cyanate (25 umol/kg and 50 umol/kg), for 4 h, rats showed mild hyperglycemia. After
continuously feeding sinigrin and allyl isothiocyanate for two weeks, the rats exhibited
hyperinsulinemia, hyperlipidemia, and other systemic metabolic disorders [43]. However,
the detailed mechanism of metabolic abnormalities caused by excessive glucosinolates is
still not fully understood, which is also one of the issues that we need to clarify in the future.

Cruciferae plants are vegetables that are often eaten in our daily life, such as broccoli,
cabbage, Chinese cabbage, and mustard. Glucosinolates, a unique component of Cruciferae,
have been proved to be a multi-target natural substance that can effectively lower body
fat. Glucosinolates also have detoxifying, anti-inflammatory, antioxidant, and anticancer
effects [44]. However, rich secondary metabolites, such as glucosinolates, lead to the spicy
and bitter taste of some cruciferous plants. The bitterness of cruciferous plants is often
associated with consumer rejection and poor taste. If functional components, such as BGE,
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can be extracted and applied to the development of hepatoprotective nutrient foods, it is
believed that its economic value can effectively be improved.
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Abstract: In this study, we collected data from the National Health and Nutrition Examination Survey
(NHANES) for the years 2011-2014. Multiple linear regression and logistic regression were used to
analyse the association between nonfood pro- or prebiotic use and cognitive function among elderly
Americans. To estimate the potential unobserved results, propensity score matching (PSM) was
used to analyse the causal effect. Nonfood pro- or prebiotic use was analysed through the Dietary
Supplement Use 30-Day Study. Cognitive function was evaluated by the Digit Symbol Substitution
Test (DSST), the Animal Fluency Test (AFT), the Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD), and a composite Z-score calculated by summing the Z-scores of three tests. Male
participants who used nonfood pro- or prebiotics tended to have higher comprehensive cognitive
function (sum.z) with a B-coefficient of 0.64 (95% CI: 0.08-1.19). Probiotics or prebiotics may be a
protective factor against cognitive impairment in males, with an odds ratio of 0.08 (95% CI: 0.02-0.29).
Furthermore, the average treatment effect for the treated (ATT) with nonfood pro- or prebiotics (0.555)
on sum.z in males was statistically significant (p < 0.05). Our research revealed that nonfood pre- or
probiotic use was an effective method to improve cognitive function in elderly men from the USA.

Keywords: probiotic; prebiotic; cognitive function; NHANES

1. Introduction

Aging can have negative effects on cognitive skills, including learning and memory.
Cognitive health has emerged as a critical public health concern, especially for the elderly.
The elderly are expected to account for more than one-fifth of the world’s population by
2050 [1]. In the United States, the population aged 65 and above is expected to nearly double
from 52 million in 2018 to 95 million in 2060. This increase will lead to a higher proportion
of this age group in the total population, rising from 16% to 23% [2]. Therefore, the number
of Americans suffering from age-related cognitive decline is expected to increase [3]. This
decline may be caused by a combination of genetic and environmental factors, as well as
physiological, psychological, social, lifestyle, and dietary considerations [4].

There are multiple causes for cognitive impairment, but one potential factor is that
the decrease of microbial diversity in elder individuals results in disruption of intestinal
barrier permeability [5]. Recent studies have revealed that gut microbiota can affect brain
function and behaviour. The gut-brain axis not only maintains the muscular, sensory, and
secretory pathways in the gastrointestinal tract but also affects brain growth, function, and
behaviour [6]. The gut microbiota plays a circular role in microglia functions, neuronal
shape, and blood-brain barrier integrity [7]. Compared with young people, elderly people

Nutrients 2023, 15, 3408. https:/ /doi.org/10.3390/nu15153408 166 https:/ /www.mdpi.com/journal /nutrients



Nutrients 2023, 15, 3408

have a lower abundance of beneficial microbiota, specifically Bifidobacterium and Lacto-
bacillus [8]. Probiotics are food ingredients or supplements that contain living microbes,
while prebiotics are composed of non-digestive substrates which selectively stimulate the
growth of beneficial microbes. The intake of prebiotics can elevate the levels of beneficial
gut microbiota in older adults [9]. In addition, probiotic supplements can suppress the
NEF-«B signalling pathway mediated by TLR4 and RIG-I, as well as the inflammatory re-
sponse, thereby improving cognitive function in aged SAMPS8 mice [10]. Therefore, the
intake of probiotics or prebiotics may have positive effects on human health. Moreover,
the consumption of pre- or probiotics is high in the United States, with the highest intake
found among older adults, reaching 8.8% [11]. Based on these findings, there is a growing
interest in using nonfood pre- or probiotics as medicine to regulate the gut microbiota and
return to a more physiological state.

Although some systematic reviews on the effects of pre- or probiotics on cognitive
outcomes have been performed, no consistent conclusions have been drawn [12,13], which
are insufficient to provide definitive evidence that the use of pre- or probiotics has effects on
cognitive function. Therefore, we aimed to conduct a well-controlled and population-based
study to better understand the role of nonfood pre- or probiotics in cognitive function. In
this study, we aimed to investigate the association between nonfood pre- or probiotic use
and cognitive function in older adults through analysing the data from the National Health
and Nutrition Examination Survey (NHANES) for the years 2011-2014.

2. Materials and Methods
2.1. Population under Investigation

NHANES is a study adopting a multistage sampling approach to assess health con-
ditions and lifestyle alterations in the United States. These data are collected through
personal interviews, physical assessments, biological specimen collection, and field investi-
gations involving representative samples from the national population. We collected data
on 19,931 individuals from the NHANES (2011-2014). Then, we excluded the interviewees
under 60 years old (n = 16,299) and those with missing data on BMI, smoking, drinking,
hypertension, stroke, diabetes mellitus (DM) and cardiovascular disease (CVD), and stroke
(n = 745). Additionally, participants who lacked pre- or probiotic dietary supplement
information (n = 923) and those who did not receive cognitive function tests or failed
to complete four cognitive tests were also excluded (n = 176). Finally, only 1788 partic-
ipants were included in our analysis, as shown in Figure 1, which describes the whole
screening procedure.

2.2. Assessment of Nonfood Pre- or Probiotic Use

We analysed the Dietary Supplement Use 30-Day Study before the interview date to
determine whether the sample used nonfood pre- or probiotics. Detailed nonfood pre- or
probiotic information can be found in Table S1 [11].

2.3. Cognitive Functioning Evaluation

The NHANES cognitive functioning test was conducted at the Mobile Exam Center
(MEC), which consisted of the CERAD word learning test (CERAD), Animal Fluency Test
(AFT) and Digit Symbol Substitution Test (DSST) (https:/ /wwwn.cdc.gov/Nchs/Nhanes/
2013-2014/CFQ_H.htm (accessed on March 2017)). We used Z-score to standardise the
scores of CERAD, AFT, and DSST. The sum of the three standardised scores is recorded
as ‘sum.z’.

2.4. Covariates

The NHANES collects information on demographic, socioeconomic, and health-related
issues. We adopted some of them as covariates, including age (60-70 years and >70 years),
gender (male and female), ethnicity (Mexican-American, non-Hispanic white, non-Hispanic
black, and others), educational level (less than high school, high school or higher) [14],
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ratio of family income to poverty (PIR) (<1.3, >1.3-3.5, and >3.5), body mass index (BMI)
(normal: <25 kg/m?, overweight: 25 to <30 kg/m?, obesity: >30 kg/m?) [15], drinking
(never, former, current) [16] and smoking status (never, former, current) [17]. In addition,
disease history (hypertension, stroke, DM, and CVD) was included as covariates.

NHANES 2011-2014

n=19,931
Participants younger than 60 years old
(n=16,299)
n=3,632
I Participants with missing data on covariates
v (n=745)
n=2,887
T Participants with incomplete dietary data
! (n=923)
n=1,964
[ Participants with incomplete coginitive
v function data (n=176)
n=1,788

Figure 1. The flow diagram of the sample screening procedure.

2.5. Statistical Analysis

We chose ‘wtmec2yr’ for 2011-2014 and calculated these weights using the follow-

ing formula:
wt=1/2 x WTDR2D. 1)

Continuous data were represented by mean and standard deviation (SD), while cate-
gorical variables were denoted by sample size and weighted percentage (%). The partici-
pants were divided into two groups: one group included individuals who used nonfood
pre- or probiotics, and the other group comprised those who did not consume either. To
investigate the relationship between cognitive function and nonfood pre- or probiotic use,
we conducted a linear regression analysis with defined risk factors of cognitive function as
covariates based on previous studies [18]. Model 1 did not make any adjustments. Model
2 adjusted for age, gender, race, educational level, PIR, BMI, alcohol drinking status, and
smoking status. Model 3 further adjusted for hypertension, stroke, DM, and CVD in addi-
tion to the factors from Model 2. We also stratified our analysis by gender, age, ethnicity,
and BMI to evaluate their impact on cognitive function. Furthermore, we analysed the
interaction effects of these three factors (age, ethnicity, and BMI) with nonfood pre- or
probiotic use. The p value < 0.05 was statistically significant.

To better understand the effects of nonfood pre- or probiotic use on cognitive im-
pairment, we performed a logistic regression analysis. Since there is no clear diagnostic
measure for cognitive impairment, we established the cutoff point for the two age groups
based on previous studies to define cognitive impairment [19]. The lowest quartile of sum.z
was used as the threshold, with —0.812 for 60-69 years old and —2.311 for >70 years old.
All analyses were performed using R (4.2.2) software.

Although regression models have been used to investigate the relationship between
nonfood pre- or probiotic use and cognitive function, cross-sectional observational research
is methodologically challenged by the limitation of causal inference. In order to address this
limitation when randomized data are unattainable, we adopted propensity score matching
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(PSM) as a suitable alternative for estimating effects. Using binary random variables
‘Di’ to represent whether nonfood pre- or probiotics were used or not and “Yi’ to measure
comprehensive cognitive function (sum.z), we established a simple linear regression model:

Yi= o+ BDi+ i, @)

The value of i = 1 represents ‘nonfood pre- or probiotic use’, while the value of
i = 0 represents ‘no nonfood pre- or probiotic use’. Kernel matching was adopted to
eliminate bias, and the average treatment effect for the treated (ATT), representing the
[-coefficient, was denoted as the anticipated difference in outcomes between the nonfood
pre- or probiotic use group and the group with no nonfood pre- or probiotic use [20]. The
data analysis was performed using Stata (15.1) software.

3. Results
3.1. Descriptive Statistics

This analysis included 1788 elderly individuals aged 60 or above. In this study cohort,
the average age of the two groups was 69.05 for those who used nonfood pre- or probiotics
and 69.36 for those who did not. Participants who used nonfood pre- or probiotics were
more likely to be white. The baseline characteristics of the population are displayed in
Table 1. Three different cognitive tests (z.CERD, z.AFT, and z.DSST) and their sum (sum.z)
were compared between the participants who used nonfood pre- or probiotics and those
who did not. The p-values indicated statistical significance between the two groups for
each test. The sum.z, which represents the comprehensive cognitive function, showed an
improvement of 0.68 when comparing the participants who used nonfood pre- or probiotics
with those who did not.

Table 1. Characteristics of all participants according to nonfood pre- or probiotic use.

Nonfood No Nonfood
Characteristic Pre- or Probiotic Use  Pre- or Probiotic Use p
135 (7.56%) 1653 (92.4%)
Age 69.05 (67.78, 70.32) 69.36 (68.92, 69.80) 0.65
Age_subgroup 0.72
60-69 67 (57.00) 838 (54.86)
>70 68 (43.00) 815 (45.14)
Gender 0.56
Female 68 (54.94) 940 (57.55)
Male 67 (45.06) 713 (42.45)
Ethnicity 0.01
White 87 (89.63) 892 (82.67)
Black 26 (4.81) 345 (6.95)
Mexican 8 (1.85) 120 (2.63)
Other 14 (3.71) 296 (7.75)
Education 0.1
Less than high school 12 (6.51) 347 (13.31)
High school or higher 123 (93.49) 1306 (86.69)
PIR 0.16
<13 21 (9.34) 448 (15.62)
1.3-3.5 53 (37.32) 632 (37.96)
>3.5 61 (53.34) 573 (46.42)
BMI 0.32
<25 40 (32.50) 444 (25.91)
25-29.9 45 (37.06) 588 (36.82)
>30 50 (30.44) 621 (37.27)
Smoker 0.75
Never 68 (52.96) 855 (51.63)
Former 57 (40.19) 617 (39.00)
Current 10 (6.84) 181 (9.37)
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Table 1. Cont.

Nonfood No Nonfood
Characteristic Pre- or Probiotic Use  Pre- or Probiotic Use p
135 (7.56%) 1653 (92.4%)
Alcohol 0.37
Current 82 (69.56) 928 (64.13)
Former 38 (21.66) 458 (22.57)
Never 15 (8.78) 267 (13.30)
Hypertension 0.12
No 45 (41.40) 470 (32.25)
Yes 90 (58.60) 1183 (67.75)
Stroke 0.28
No 123 (90.64) 1534 (93.70)
Yes 12 (9.36) 119 (6.30)
DM 0.43
No 85 (66.90) 958 (63.43)
Yes 50 (33.10) 695 (36.57)
CVD 0.57
No 103 (76.22) 1283 (78.78)
Yes 32 (23.78) 370 (21.22)
z.CERD 0.27 (0.03, 0.51) 0.14 (0.05, 0.24) 0.3
z.AFT 0.51 (0.26, 0.75) 0.26 (0.18, 0.33) 0.05
z.DSST 0.61 (0.45, 0.76) 0.31 (0.25, 0.38) 0.002
sum.z 1.39 (0.88, 1.89) 0.71 (0.53, 0.90) 0.02

PIR: ratio of family income to poverty; BMI: body mass index; DM: diabetes mellitus; CVD: cardiovascular disease.

Furthermore, we compared cognitive function by gender among the participants
who did not use nonfood pre- or probiotics. The results revealed that females had worse
comprehensive cognitive function than males (0.54 vs. 0.91) in the group that did not use
nonfood pre- or probiotics (Table S2).

3.2. Modulation of Cognitive Function Score According to Nonfood Pre- or Probiotic Use

To explore the relationship between cognitive function and nonfood pre- or probi-
otic use, we performed a multiple linear regression analysis with a crude model and two
multivariable-adjusted models (Table 2). In the crude model (Model 1), the better perfor-
mance of cognitive function was significantly associated with the use of nonfood pre- or
probiotics. The (-coefficient for z.DSST and comprehensive cognitive function (sum.z)
were 0.29 (95% CI: 0.11-0.47) and 0.67 (95% CI: 0.14-1.21), respectively. However, after
adjusting for age, sex, race, BMI, smoking, alcohol use, education, and poverty (Model 2)
and further adjusting for diseases including hypertension, stroke, DM, and CVD (Model 3),
no significant relationship was found. Furthermore, we carried out a subgroup analysis
and found that males performed better cognitive functions. In Model 1, the 3-coefficient
of z.DSST was 0.41 (95% CI: 0.11,0.72) and the B-coefficient of sum.z was 1.09 (95% CI:
0.30,1.88). After adjusting for covariates, the association between sum.z and nonfood pre-
or probiotic use remained significant, with the value of 0.73 (95% CI: 0.19 to 1.27) in Model
2 and 0.64 (95% CI: 0.13 to 1.24) in Model 3, although the coefficients were attenuated
(Table 2). However, no significant association was found in females.

3.3. Interaction Effects

To learn more about the interaction between nonfood pre- or probiotic use and factors
such as age, ethnicity, and BMI, we conducted interaction analyses on these variables.
The results indicated that there was no interaction between these variables in the model
when other covariates were considered. However, participants who used nonfood pre- or
probiotics showed better z.AFT, z.DSST, and sum.z in the population of BMI < 25, with
-coefficients of 0.31(95% CI: 0.06, 0.56), 0.41 (95% CI: 0.12, 0.70) and 0.88 (95% CI: 0.17,
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1.59), respectively (Figure 2). Moreover, white individuals who used pre -or probiotics
showed better z.DSST, with the B-coefficient of 0.19 (95% CI: 0.01, 0.37).

Table 2. Regression coefficients and 95% confidence intervals in nonfood pre- or probiotic use group

when compared with no nonfood pre- or probiotic use group.

z.AFT z.CEART z.DSST Sum.z
All participants (n = 1788)
Model 1 0.25 (0.00, 0.50) 0.13 (—0.12, 0.38) 0.29 (0.11, 0.47) ** 0.67 (0.14,1.21) *
Model 2 0.14 (—0.08, 0.36) 0.06 (—0.17,0.29) 0.15 (—0.01, 0.32) 0.35 (—0.08, 0.78)
Model 3 0.13 (—0.09, 0.36) 0.07 (—0.17, 0.30) 0.16 (—0.01, 0.33) 0.36 (—0.09, 0.80)
Male (n = 780)
Model 1 0.4 (—0.02, 0.83) 0.27 (—0.05, 0.60) 0.41(0.11,0.72) * 1.09 (0.30, 1.88) *
Model 2 0.29 (—0.07, 0.65) 0.19 (—0.07, 0.45) 0.25 (0.00, 0.50) 0.73(0.19,1.27) *
Model 3 0.25 (—0.11, 0.61) 0.18 (—0.09, 0.45) 0.26 (—0.01, 0.52) 0.69 (0.13, 1.24) *
Female (n = 1008)
Model 1 0.12(—0.15, 0.39) 0.03 (—0.31, 0.37) 0.2 (—0.01, 0.41) 0.35 (—0.35, 1.05)
Model 2 0.01 (—0.25,0.27) —0.05 (—0.36, 0.25) 0.06 (—0.13, 0.25) 0.01 (—0.57, 0.60)
Model 3 0.03 (—0.24, 0.31) —0.03 (—0.35, 0.29) 0.08 (—0.12, 0.29) 0.09 (—0.54, 0.72)

Model 1: no adjustment; Model 2: adjusted for age, gender, ethnicity, educational level, PIR, BMI, smoke, and
drink; Model 3: adjusted for all the factors in Model 2 plus hypertension, stroke, DM, and CVD. PIR: ratio of

family income to poverty; BMI: body mass index; CVD: cardiovascular disease. * p < 0.05, ** p < 0.01
A CERAD & B AFT -
Characteristic Full-adjusted B (95%Cl) " Interaction Characteristic Full-adjusted B (95%Cl) Interaction
Age 0.45 Age 0.81
60-69 —p— 0.02(-0.28, 0.32) 60-69 ——eo— 0.13(-0.15, 0.41)
>=70 } 0.14(-0.18, 0.45) >=70 —o—i 0.12(-0.15, 0.39)
Ethnicity 0.66 Ethnicity 0.74
White —to— 0.07(-0.17, 0.32) White r— 0.13(-0.12, 0.38)
Black T 0.12(-0.29, 0.54) Black ——— 0.18(-0.16, 0.53)
Mexican —t— 0.13(-0.37, 0.62) Mexican ~+H—————— -0.17(-0.85, 0.51)
Other  ——o——— -0.21(-0.73,031) Other N 0.18(-0.20, 0.55)
BMI 058 BMI 0.40
<25 —t— 0.15(-0.23, 0.53) <25 e 0.31(0.06, 0.56)*
25-29.9 —f— 0.03(-0.33, 0.40) 25-29.9 ———1 0.04(-0.41, 0.50)
>=30 —eo—i -0.04(-0.38, 0.29) >=30 —— 0.05(-0.41,0.51)
T T T 1
10 05 00 05 10 0 05 00 05 10
¢ DSST P D Composite-z score P
Characteristic Full-adjusted B (95%Cl) Interaction Characteristic Full-adjusted B (95%Cl) Interaction
Age 0.31 Age 0.46
60-69 ——o— 0.11(-0.11,0.33) 60-69 ——— 0.26(-0.29, 0.80)
>=70 —o— 0.28(0.01, 0.56) >=70 H—e—  0.54(-0.14,1.21)
Ethnicity 0.32 Ethnicity 0.50
White o 0.19(0.01, 0.37)* White H—eo— 0.39(-0.08, 0.87)
Black —— 0(-0.35, 0.36) Black ——— 0.31(-0.49, 1.11)
Mexican F——e—— -0.15(-0.47, 0.16) Mexican — -0.2(-1.05, 0.66)
Other [ ——— 0.03(-0.36, 0.42) Other —— 0(-0.76, 0.76)
BMI 0.06 BMI 0.12
<25 —e— 0.41(0.12, 0.70)* <25 —e— 0.88(0.17, 1.59)*
25-29.9 —— 0.01(-0.23,0.26) 25.29.9 —te—— 0.09(-0.62, 0.80)
>=30 —T— 0.08(-0.23, 0.39) >=30 —f——— 0.08(-0.73, 0.90)
T T 1 ) 1 1 1 ) 1
-05 0 05 1.0 -15 -10 -05 00 05 10 15

Figure 2. Association between nonfood pre- or probiotic use and different cognitive function scores
stratified by age, ethnicity, and BMI. Adjusted for age, gender, ethnicity, BMI, drink, smoke, education,
PIR, hypertension, stroke, DM, and CVD. The strata variable was not included in the model when
stratifying by itself. (A) CERAD; (B) AFT; (C) DSST; (D) Composite-z score (sum.z). * p < 0.05.

3.4. Cognitive Impairment and Nonfood Pre- or Probiotic Use

To further explore the association between nonfood pre- or probiotic use and cognitive
impairment, the sum.z score was divided into quartiles based on age subgroups, with
the lowest quartile considering cognitive impairment. The basic characteristics of the
two groups are displayed in Table 3. The results showed that participants with cognitive
impairment used almost none of the nonfood pre- or probiotics. Subsequently, a logistic
regression analysis was conducted to examine the association between nonfood pre- or
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probiotic use and cognitive impairment in males and females. The results suggested that
nonfood pre- or probiotic use was a protective factor for cognition impairment in males,
with significant odds ratios in both the unadjusted model and the two adjusted models
(p < 0.001), while no significant difference was observed in women in the adjusted models
(Table 4).

Table 3. Characteristics of all participants in cognitive impairment and non-cognitive impair-
ment groups.

Cognitive Impairment = Non-Cognitive Impairment

Characteristic p
447 (25.00) 1341 (75.00)
Age 71.51 (70.70, 72.33) 68.94 (68.46, 69.42) <0.0001
Age_subgroup 0.003
60-69 226 (46.49) 679 (56.59)
>70 221 (53.51) 662 (43.41)
Gender 0.57
Female 223 (55.54) 785 (57.64)
Male 224 (44.46) 556 (42.36)
Ethnicity <0.0001
White 157 (65.82) 822 (86.43)
Black 143 (16.20) 228 (5.06)
Mexican 48 (6.15) 80 (1.92)
Other 99 (11.83) 211 (6.59)
Education <0.0001
Less than high school 180 (29.57) 179 (9.67)
High school or higher 267 (70.43) 1162 (90.33)
PIR <0.0001
<1.3 205 (36.65) 264 (11.18)
1.3-3.5 151 (40.26) 534 (37.48)
>3.5 91 (23.09) 543 (51.34)
BMI 0.59
<25 122 (29.01) 362 (26.05)
25-29.9 157 (35.00) 476 (37.17)
>30 168 (35.98) 503 (36.78)
Smoker 0.02
Never 229 (52.43) 694 (51.63)
Former 151 (34.63) 523 (39.91)
Current 67 (12.94) 124 (8.46)
Alcohol <0.0001
Current 183 (43.27) 827 (68.45)
Former 163 (32.51) 333 (20.69)
Never 101 (24.22) 181 (10.86)
Hypertension <0.0001
No 101 (19.10) 414 (35.58)
Yes 346 (80.90) 927 (64.42)
Stroke 0.003
No 388 (86.10) 1269 (94.74)
Yes 59 (13.90) 72 (5.26)
DM 0.01
No 230 (54.74) 813 (65.35)
Yes 217 (45.26) 528 (34.65)
CVD 0.01
No 310 (68.38) 1076 (80.37)
Yes 137 (31.62) 265 (19.63)
Group <0.001
s No pre- or probiotic 432 (97.29) 1221 (89.89)
Pre- or probiotic use 15 (2.71) 120 (10.11)

PIR: ratio of family income to poverty; BMIL: body mass index; CVD: cardiovascular disease.
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Table 4. Odds ratio (95% confidence intervals) of nonfood pre- or probiotic use in cognitive impair-
ment in males and females.

Model 1 Model 2 Model 3
OR (95% CI) p OR (95% CI) p OR (95% CI) P
Male 0.06 (0.02,0.19) <0.0001 0.08 (0.02, 0.25) <0.001 0.08 (0.02, 0.27) <0.001

Female 0.38 (0.17, 0.83) 0.02 0.52(0.21, 1.26) 0.14 0.50 (0.20, 1.24) 0.13

Model 1: no adjustment; Model 2: adjusted for age, gender, ethnicity, educational level, PIR, BMI, smoke, and
drink; Model 3: adjusted for all the factors in Model 2 plus hypertension, stroke, diabetes, and CVD; PIR: ratio of
family income to poverty; BMI: body mass index; DM: diabetes mellitus; CVD: cardiovascular disease.

3.5. Balance Test and PSM Results

To estimate the causal effect of nonfood pre- or probiotic use on the sum.z score, we
used propensity score matching (PSM) to avoid selectivity bias caused by potential outcomes.
As previous analyses have indicated that there is gender bimodality in the impact of nonfood
pre- or probiotic use on cognitive function, we stratified our samples by gender and con-
ducted PSM on males and females separately. Before kernel matching, we redefined several
covariates, including age, BMI, PIR, education level, smoking status, alcohol consumption,
hypertension, stroke, DM, and CVD, as shown in Table S3. Tables 5 and 6 show the balance
tests for males and females. The results showed that after matching, all covariates between
the nonfood pre- or probiotic use group and the no nonfood pre- or probiotic use group
were almost balanced (p < 0.05), which meant that sample equilibrium was achieved to some
extent. Table 7 shows the ATT for males and females. For males, the result was significantly
different (p < 0.05) between the treated group and the control group, with a difference of 0.555
and a standard error (SE) of 0.282. However, for females, the difference was not statistically
significant (p > 0.05), with a difference of 0.235 and a standard error of 0.266. From this, it
is suggested that nonfood pre- or probiotic use is an effective method to improve cognitive
function in elderly men.

Table 5. Balance test of covariable in males.

Mean Value

Variable Sample Nonfood Pre- or No Nonfood Pre- St_and%rd Bias N T p
Probiotic Use or Probiotic Use Bias (%) Reduction (%)

Age U 70.015 70.289 —4.1 —0.32  0.752
M 70.015 70.212 —2.9 28.2 —0.17 0.867
Ethnicity U 0.731 0.889 —14.5 —1.09 0.277
M 0.731 0.792 —5.6 61.7 —0.32  0.746
PIR U 1.478 1.149 453 3.32 0.001
M 1.478 1.377 139 69.4 0.84 0.401
Education U 0.94 0.781 47.1 3.1 0.002
M 0.94 0.927 4 91.5 0.31 0.756
BMI U 1.03 1.077 —6.1 —0.48 0.628
M 1.03 1.059 -3.8 37.6 —-0.22 0.827
Smoking U 0.642 0.776 —-21.1 —-1.58 0.114
M 0.642 0.7 -9.3 56.2 —0.54 0.589
Alcohol U 1.642 1.539 16.8 1.28 0.201
M 1.642 1.594 7.7 54.1 0.45 0.654
Hypertension 8) 0.612 0.697 -17.9 —-144 015
M 0.612 0.663 —10.7 40.4 —0.61 0.545
Stroke U 0.06 0.067 -3.1 —0.24 0.811
M 0.06 0.061 —-0.6 80.5 —-0.04 0971
CVD U 0.224 0.264 —9.2 —0.71 0478
M 0.224 0.242 —4.2 54.3 —0.25 0.805
DM U 0.358 0.467 —22.2 —1.71  0.088
M 0.358 0.406 -9.7 56.1 —-0.57 0573

PIR: ratio of family income to poverty; BMI: body mass index; DM: diabetes mellitus; CVD: cardiovascular disease;
M: matched; U: Unmatched.
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Table 6. Balance test of covariable in females.

Mean Value

Variable Sample Nonfood Pre- or No Nonfood Pre- or Standard Bias T p
et o Bias (%) Reduction (%)
Probiotic Use Probiotic Use

Age U 70.235 69.766 7.1 0.55 0.584
M 70.235 70.013 3.4 52.6 0.19 0.846
Ethnicity U 0.515 0.893 —35.7 —-2.64  0.008
M 0.515 0.67 —14.7 59 —-091 0.362
PIR U 1.118 1.02 12.8 1 0.316
M 1.118 1.072 6 53.5 0.35 0.728
Education U 0.882 0.797 23.4 1.71 0.087
M 0.882 0.846 10 57.2 0.62 0.537
BMI U 1.118 1.13 -1.5 —-0.12  0.906
M 1.118 1.133 -1.9 —28.3 —0.11 0913
Smoking U 0.5 0.453 7.1 0.57 0.569
M 0.5 0.473 4.1 42.4 0.24 0.812
Alcohol U 1.353 1.295 75 —-0.16  0.869
M 1.353 1.325 3.5 52.9 —0.05 0.962
Hypertension U 0.721 0.73 —2.1 1.25 0.212
M 0.721 0.724 —-0.8 59.8 0.83 0.408
Stroke U 0.118 0.076 14.2 1.13 0.26
M 0.118 0.075 14.3 -0.3 0.72 0.474
CVD U 0.25 0.194 13.5 —0.05 0.964
M 0.25 0.198 124 8.3 0.04 0.971
DM U 0.382 0.385 —-0.6 0.57 0.566
M 0.382 0.379 0.6 —-12.4 0.21 0.838

PIR: ratio of family income to poverty; BMI: body mass index; DM: diabetes mellitus; CVD: cardiovascular disease;
M: matched; U: Unmatched.

Table 7. PSM result in males and females.

Nonfood No Nonfood Difference SE T
Pre- or Probiotic Use Pre- or Probiotic Use (ATT) p
Male 0.54 —0.015 0.555 0.282 1.97 <0.05
Female 0.604 0.37 0.235 0.266 0.88 >0.05

ATT: the average treatment effect for the nonfood pre- or probiotic use.

4. Discussion

This cross-sectional analysis aimed to evaluate the association between nonfood pre-
or probiotic use and cognitive function in older adults. We found that nonfood pre- or
probiotic use is significantly positively correlated with comprehensive composite cognitive
function, particularly among males, both before and after adjusting for demographic
and potential confounding factors. Moreover, obesity significantly altered the association
between nonfood pre- or probiotic use and cognitive function. Our results suggest that
alterations in the gut microbiota may contribute to the prevention of cognitive impairment
in older adults. In previous studies, the association between nonfood pre- or probiotic
use and cognitive function has been inconsistent. Several meta-analyses have shown that
probiotic treatment improves cognitive impairment [21-24]. However, some studies do
not support the positive effects of probiotics, prebiotics, and fermented foods on cognitive
function in elder populations [12,25,26]. Inconsistent results may be due to different
sociodemographic characteristics or small sample sizes. In our analysis, we found that
nonfood pre- or probiotic use improved comprehensive cognitive function. This study
is a national survey with a large sample size, providing reliable evidence. Furthermore,
we conducted subgroup analyses by examining demographic characteristics (gender, age,
ethnicity, and BMI). Males and individuals with a BMI < 25 are more likely to benefit from
nonfood pre- or probiotic use. It is well-known that elder women with higher oestrogen
levels are at higher risk for Alzheimer’s disease. The observed gender dimorphism in
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cognitive function may be due to the metabolism of sex hormones regulated by the gut
microbiota [27]. Therefore, preventive strategies for cognitive impairment in women may
need to consider other intervention measures. Some evidence also suggests that obesity
can impair cognitive function [28,29], leading us to speculate that obesity may interfere
with the effectiveness of probiotics or prebiotics. Obesity is a metabolic disorder and is
associated with gut microbiota dysbiosis, which may affect the function of prebiotics and
probiotics in the gut. Therefore, it may be necessary to consider the relationship between
obesity, gut microbiota, and cognitive function when designing interventions for improving
cognitive function strategies with prebiotics or probiotics. In the future, research focusing
on the effects of specific probiotic and prebiotic types on individuals with different BMI
levels may develop more personalized intervention strategies to meet the needs of different
populations, thereby improving the success rate and applicability of these approaches.
In addition, it is important to explore how obesity interferes with the effectiveness of
prebiotics or probiotics.

To further understand the effects of nonfood pre- or probiotic use on cognitive function,
after conducting correlational analyses (multiple linear regression and multiple logistic
regression), we also adopted the kernel matching method for propensity scores to infer
causal relationships between nonfood pre- or probiotic use and cognitive function. PSM is
primarily used to address confounding biases in estimating causal effects in observational
studies. By matching individuals with similar propensity scores in the experimental and
control groups, the reliability of causal inference is improved by simulating a randomized
controlled trial. ATT was calculated to assess the effect of nonfood pre- or probiotic use
on cognitive function. Our results indicated (ATT = 0.555, p < 0.05) that, after considering
confounding factors, nonfood pre- or probiotic use had a significant positive effect on
cognitive function in males. However, it should be noted that this study was based on
observational data. Although propensity score matching (PSM) was used to control for
potential confounding factors, there may still be some unconsidered confounders, which
may continue to bias results. Therefore, it just implies that nonfood pre- or probiotic use is
a potential causal relationship and could be an effective strategy for improving cognitive
function in elderly males.

This study has several advantages. First, it avoids the heterogeneity of small samples
by using a large, nationally representative sample. Second, cognitive function was assessed
by using three cognitive scores (DSST, AFT, and CEARD) and a composite cognitive score
(sum.z). Multiple linear regression was used to analyse the effect of nonfood pro- or
prebiotic use on cognitive function, and then logistic regression was used to further confirm
that nonfood pro- or prebiotic use was a protective factor for cognitive impairment. In the
regression analyses, covariates were also adjusted to eliminate potential confounding effects.
Third, this study was an observational study, so causal inference was methodologically
challenging. To address this limitation, and to perform causal inference when random
data are not available, we used kernel matching to eliminate biases and propensity score
matching (PSM) in the form of ATT to interpret potential causal effects. However, there
are some limitations to this study. First, dietary data were collected in the NHANES
questionnaire, which may introduce information bias. For instance, data from the Dietary
Supplement Use 30-Day Study may be subject to recall bias. Second, in this study, we only
analysed whether the participants were using nonfood pro- or prebiotics. Since it is difficult
to standardize the amount or unit of pre- or probiotics in the diet, we did not quantify
their intake, so we were unable to explore the effect of different types or amounts of pre-
or prebiotics on cognitive function. Moreover, the data from the Dietary Supplement Use
30-Day Study only recorded participants” intake, not the duration of use of pre- or prebiotic
supplements. Therefore, it is difficult to distinguish between short-term and long-term
differences. Despite some limitations, the obtained results have been encouraging and
motivating for further research in this direction. Further long-term prospective research
is necessary.
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5. Conclusions

In conclusion, by adopting a nationally representative cohort of elder people from the
USA, we found that the positively association between nonfood pre- or probiotic use and
cognitive function is stronger in males, the population of BMI < 25 and white individuals.
Our study emphasized that nonfood pre- or probiotic use is an effective method to improve
cognitive function in elderly men.
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Abstract: Microbiota-dysbiosis-induced gut leakage is a pathophysiologic change in chronic kidney
disease (CKD), leading to the production of several uremic toxins and their absorption into the
bloodstream to worsen the renal complications. We evaluate the benefits of resistant maltodextrin
(RMD) and chitosan oligosaccharide (COS) supplements in cell culture and CKD-induced rats.
The RMD exerted a significant anti-inflammatory effect in vitro and intestinal occludin and zonula
occluden-1 up-regulation in CKD rats compared with inulin and COS. While all prebiotics slightly
improved gut dysbiosis, RMD remarkably promoted the relative abundance and the combined
abundance of Lactobacillus, Bifidobacteria, Akkermansia, and Roseburia in CKD rats. Supplements of
RMD should be advantageous in the treatment of gut leakage and microbiota dysbiosis in CKD.

Keywords: gut microbiota; prebiotics; chronic kidney disease; chitosan oligosaccharide; maltodextrin;
gut leakage; tight junction

1. Introduction

Chronic kidney disease (CKD) is a global health crisis. Patients with CKD suffer from
the retention of serum uremic toxins that subsequently instigate systemic complications.
Uremic toxins are mainly produced in the intestine by the gut microbiota and absorbed
into the bloodstream. In CKD patients, harmful gut microbiota overgrowth leads to the
production of uremic toxins, inflammation, and an increase in gut permeability [1,2]. The
retention of serum uremic toxins such as urea, ammonia, indoxyl sulfate, P-cresol, and
trimethylamine-N-oxide causes fatal cardiovascular and metabolic complications and
subsequently worsens the renal function.

Several approaches to suppress uremic toxin synthesis and absorption have been
recently introduced to alleviate CKD progression or induce renal recovery. Among these,
dietary supplementation with prebiotics and probiotics was one of the most promising
methods [3-6]. Prebiotics serve several beneficial functions in gut ecology. They act as a
food source to promote the growth of commensal gut microbiota. Additionally, they are fer-
mented and metabolized into short-chain fatty acids (SCFA), which provide more favorable
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functions, including anti-inflammation, suppression of pathogenic bacteria, immunomod-
ulation, mucin production, maintenance of a normal gut barrier, and increased colonic
mineral absorption [7]. Inulin, or fructo-oligosaccharide (FOS), and galacto-oligosaccharide
(GOS) are common prebiotics used in various products and were evidently beneficial in
correcting gut dysbiosis and lowering serum uremic toxins [8-10].

Recent studies disclosed the usefulness of other prebiotics in modifying gut microbiota
and modulating gut and other systemic diseases. Chitosan, as a non-plant derived prebiotic,
was used to treat bowel inflammation and metabolic syndrome [11,12], and maltodextrin, a
starch commonly used as a placebo, was lately reported to contain prebiotic properties [13].
In the present study, we focused on the effects of chitosan oligosaccharide (COS) and
resistant maltodextrin (RMD) supplementation on the gut barrier integrity in cell culture
and cisplatin-induced CKD rats. We anticipated that COS and RMD supplementation may
improve the gut barrier and alleviate gut dysbiosis found in CKD.

2. Materials and Methods
2.1. Tested Chemicals

The resistant maltodextrin (RMD) and inulin used in this study were purchased from
Banpong Novitat Co., Ltd. (Bangkok, Thailand). RMD is an oligosaccharide with random
1-2,1-3, 14, and 1-6 « and (3 glycosidic linkages, making it partially resistant to human
digestive enzymes. The glycemic index of RMD was evaluated to be approximately 59, and
it has a 2000 Da molecular weight. Inulin is a chain of fructose molecules linked together,
with a glucose molecule at one end. The molecular weight of inulin typically ranges from
approximately 500 to 4000 daltons.

Chitosan oligosaccharide (COS) is an oligomer composed of (-(1-4)-linked d-
glucosamine units. It is derived from the deacetylation and hydrolysis of chitin. The
molecular weight of COS is less than 10,000 daltons, and each molecule consists of ap-
proximately 55 monomers. A small molecule COS used in this study was synthesized and
provided by Assist. Prof. Dr. Rath Pitchyangura from the Department of Biochemistry,
Faculty of Science, Chulalongkorn University, with a molecular weight of around 5-9 kDa.

2.2. In Vitro Study
2.2.1. MTT Survivability Test

Caco-2, human colon adenocarcinoma cells were used in this study. The cells were
cultures in sterilized DMEM (Dulbecco’s modified Eagle’s medium, containing 4 mM
L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L sodium bi-
carbonate) supplemented with 10% v/v FBS (fetal bovine serum), 1% v/v penicillin, and
1% v/v streptomycin and incubated at 5% CO, and 37 °C. The cells were seeded in a
96-well plate with 15,000 cells per plate and incubated for 24 h. The cells were washed
with PBS (phosphate-buffered saline) and new DMEM was added to the test substances
for 24 h. The test substances included inulin, RMD, and COS at 10, 50, 100, 500, and
1000 pg/mL. PBS, 0.05% acetic acid, and 0.3% H,O, were used as positive control, vehicle,
and negative control for viable cells, respectively. After 24 h, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) was added to the cells. A multidetection
microplate reader was used to detect the absorbance at 570 nm on the culture plate. The sur-
vivability of cells exposed to different concentrations of the test substances were compared
to the positive control.

2.2.2. Transepithelial Electrical Resistance (TEER) Assay

Caco-2 cells of 500,000 cells were seeded into transwell (ThinCertTM, 0.4 pm pore
size, 1.131 cm? culture surface) and incubated for 21 days with high glucose DMEM
supplemented with 10% FBS, 1% penicillin, and 1% streptomycin. Then, the cells were
washed by PBS and the medium was replaced by FBS-free media. The cells” TEER values
were measured using an epithelial voltohmmeter (EVOM?2) to obtain TEER values at 0 h.
The cells in the transwell were treated with PBS, as a control, and the tested substances,
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including 100 pg/mL of inulin, COS, and RMD. A concentration of 60 ng/mL of TGF-3,
growth factor, was used to see the TEER value in integrity-enhanced epithelial tissue. The
study was carried out in 2 settings: normal and inflammation. In the inflammation setting,
the cells were challenged by adding 50 ng/mL TNF-«, pro-inflammatory cytokine, in both
the apical and basolateral sides to induce cell inflammation that disturbs the epithelial
integrity of the cells 1 h before adding the test substances. The cells from each treatment
were incubated for 24 h and then their TEER values were remeasured to obtain TEER values
at 24 h. Fold changes were calculated from the ratio between TEER values at 24 h and TEER
values at 0 h. The fold change in TEER values from each treatment was compared to the
fold change in TEER from the control to calculate the %TEER to control.

2.3. Animal Study
2.3.1. Animal Preparation, CKD Induction, and Sample Collection

The rats were raised in the Animal Center at the Faculty of Medicine, Chulalongkorn
University, in a 35 cm x 75 cm X 18 cm cage, at 22 °C, under a 12/12 light and dark cycle,
40-60% relative humidity, with ad libitum food and drink. Four-week-old Wistar rats
were purchased from Nomura Siam Co., Ltd. and acclimatized for two weeks before the
initiation of the experiment. The rats were randomly assigned to five groups: control, CKD,
inulin, COS, and RMD, each consisting of 6 animals. To induce kidney damage, the rats in
the CKD, inulin, COS, and RMD groups received an intraperitoneal injection of cisplatin
at a dosage of 10 mg/kg of body weight. In contrast, the control group rats were injected
with 1 mL of normal saline. Following the injection, all rats were monitored for a period of
five weeks to allow the acute renal injury to subside.

During this period, the rats were provided with normal chow (CP 802), comprised of
carbohydrate 52%, fat 19.77%, and protein 28.23%, and drinking water containing 1% w/w
phosphate (as phosphoric acid), along with the designated treatments for the experiment.
Additionally, the rats were orally administered 54 mg of inulin per kg, 16 mg of COS per kg,
or 54 mg of RMD per kg of rat. An approximately 0.5 mL blood sample was obtained from
each rat’s tail vein using heparinized 1.5 mL microcentrifuge tubes. The blood was then
centrifuged at 2500 G for 10 min to separate the plasma, which was subsequently stored at
—80 °C. The rats’ fresh feces were collected and preserved in DNA/RNA Shield®® reagent
(ZYMO Research, Irvine, CA, USA) at —80 °C.

Blood samples were collected from all rats before the administration of cisplatin, at
the start of the treatments, and on the day of sacrifice. At the end of the twelve-week study
period, the rats were euthanized using long exposure to CO,. On the day of sacrifice, blood
samples were collected via cardiac puncture. The kidneys were longitudinally split, with
half of the specimens placed in 4% paraformaldehyde and stored at 4 °C, while the other
half was collected in RN Alater™ and stored at —80 °C. The jejunum section of the intestine
was cut into 1 cm pieces and stored at —80 °C. Fecal samples were also collected and stored
in DNA/RNA Shield®® reagent (ZYMO Research) at —80 °C. The remaining sections of
the intestine and right femur bones were collected and preserved in paraformaldehyde at
4°C.

2.3.2. Gene Expression of Tight Junction Protein

RNA was extracted from the jejunum sections of the intestinal tissue, and quantitative
reverse transcription-polymerase chain reaction (RT-qPCR) was performed. RT-qPCR
utilized primers specific to GAPDH (a housekeeping gene), claudin-1, occludin, and zonula
occludens-1 (ZO-1). The goal was to measure the relative expression of each tight junction
protein in response to different treatments.

To determine the fold changes of each tight junction protein relative to the control
group, the expression levels were calculated and normalized to the housekeeping gene.
This analysis allowed for an assessment of the impact of each treatment on the expression
of these crucial tight junction proteins.
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2.3.3. Serum Creatinine, Calcium, Phosphate, and PTH Profiling

The concentrations of creatinine, calcium, and phosphate in the samples were ana-
lyzed using the automated Alinity ci system at the Department of Laboratory Medicine,
Faculty of Medicine, Chulalongkorn University. The serum parathyroid hormone (PTH)
concentration from each treatment was determined using an enzyme-linked immunosor-
bent assay (ELISA) of a parathyroid hormone ELISA kit in 96-well plates purchased from
Wuhan Fine Biotech Co., Ltd. (Wuhan, China). The optical densities were measured at a
wavelength of 450 nm using multidetection microplate readers. In addition, the estimated
creatinine clearance (eClCr) (Supplementary Figure S1 and Table S1) was calculated using
the web-based ACLARA (https://idal.uv.es/aclara/, accessed on 13 July 2023) [14].

2.3.4. Histopathological Evaluation

The tissue samples were subjected to permanent slide-making processes at the Depart-
ment of Pathology, Faculty of Medicine, Chulalongkorn University. Sections of jejunum
tissues were stained using the hematoxylin and eosin (H&E) staining technique to visualize
the ZO-1 protein. Immunofluorescent staining was performed using a rabbit polyclonal
antibody specific to ZO-1. The evaluation of the stained tissues was conducted by a pathol-
ogist affiliated with the Department of Pathology, Faculty of Medicine, Chulalongkorn
University.

2.3.5. Intestinal Microbiota Analysis

The DNA extraction process from fecal samples involved using the ZymoBIOMICS™
DNA Miniprep Kit according to the manufacturer’s instructions provided by Zymo Re-
search Corp and supplied by S.M.Chemical Supplies Co., Ltd., Bangkok, Thailand. The
resulting DNA was then assessed for concentration and purity using a DeNovix™ UV-vis
spectrophotometer (Purchased from Bio-Active Co., Ltd., Bangkok, Thailand) and stored at
—20 °C until further analysis.

To analyze the intestinal microbiome, the 16S/ITS Microbiome Profiling Service of-
fered by Modgut Genomic Service at King Mongkut’s University of Technology Thonburi
(Thailand), was utilized. The V3-V4 region of the 16S rRNA gene, serving as the target
sequence, was amplified. The richness of microbial taxonomic groups in the samples was
determined by the number of groups, while the evenness of their distribution indicated
the evenness of the groups. For data visualization, an analysis of the alpha diversity,
which includes the Shannon index and Pielou’s evenness, was conducted to summarize the
ecological communities of the gut microbiota in terms of richness and evenness. The top
relative abundance taxa were determined by calculating the average abundance of each
taxon in each group divided by the total abundance of that taxon. The relative abundance
of the bacteria was further analyzed and correlated with physiological parameters.

2.4. Statistical Analysis

The statistical analysis in the current study was conducted using SPSS version 22.0.
Continuous data were assessed using the Student t-test for comparing two independent
groups, while the ANOVA with post hoc Bonferroni test was used for comparisons in-
volving more than two groups. Non-parametric variables were analyzed using the Mann-
Whitney U test. In an animal experiment, the Student ¢-test was employed to compare two
independent groups, and the Kruskal-Wallis test was used to evaluate differences in means
for non-parametric data. To examine correlations, Pearson correlation was employed.
Significance was determined at p < 0.05. Figures, diagrams, and graphs were created using
GraphPad Prism 9 (Windows 64-bit) v9.5.1.733.

2.5. Ethical Consideration

The research adhered to the principles outlined in the Helsinki Declaration and fol-
lowed the guidelines of good clinical practice when involving human participants, who
provided fecal samples. The experimental procedures involving animals were conducted
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in accordance with the protocols of the Institutional Animal Care and Use Committee
(IACUCQ). Ethical approval for the study was obtained from the Institutional Review Board
of the Faculty of Medicine, Chulalongkorn University (IRB number 914/64). The protocols
for animal experiments were approved by the Chulalongkorn University Animal Care and
Use Committee (CU-ACUC protocol number 004/2563).

3. Results
3.1. In Vitro Study

In this study, we conducted an MTT survivability test on Caco-2 cells to assess the
potential cytotoxicity of inulin, chitosan oligosaccharide (COS), and resistant maltodextrin
(RMD). Our results demonstrated a significant decrease in cell viability at a concentration
of 1000 pug/mL for inulin and COS, and at 500 pug/mL for RMD (Figure 1A). These findings
indicated the presence of a toxic dose of the tested treatments on Caco-2 cells. Based on
these results, we selected the concentration of 100 pg/mL for inulin, COS, and RMD to
investigate the impact on transepithelial electrical resistance (TEER) across the Caco-2 cell
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Figure 1. Effects of prebiotics on Caco-2 cells’ viability and TEER after 24 h of treatment. (A) MTT cell,
(B) %TEER under normal conditions, (C) %TEER in an inflammation-induced condition. * p < 0.05,
** p <0.005, *** p < 0.001, and **** p < 0.0001 as compared to PBS.

To further investigate the effects of prebiotic treatments on intestinal barrier integrity,
we employed the TEER assay. The TEER values of the Caco-2 cell monolayers were
compared between each prebiotic treatment and the control group. As a positive control
for TEER enhancement, TGF-f was included. In the normal setting, none of the prebiotic
treatments exhibited a significant increase in the %TEER compared to the control group,
as shown in Figure 1B. However, under an inflammation-induced setting using TNF-o
induction, both inulin and maltodextrin demonstrated a substantial increase in TEER
compared to the vehicle-treated group, as shown in Figure 1C.
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(C)

3.2. Animal Studies

All rats with CKD exhibited significantly higher serum creatinine levels compared
to the control group, indicating the induction of CKD through cisplatin administration.
The estimated creatinine clearance of CKD rats was about 41.1% lower than the control
(3.80 £ 0.42 vs. 2.24 £ 0.97 mL/min in control and CKD groups, respectively). However,
no significant differences were observed between prebiotic-treated and untreated rats in
terms of serum creatinine levels (Figure 2A), suggesting that the prebiotic treatments did
not have a significant impact on renal function.
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Figure 2. (A) Serum creatinine. (B) The RNA expression levels of occludin (OCLN) and zonula
occluden-1 (ZO-1) in the jejunum. (C) Immunohistochemistry against ZO-1 protein in intestinal
epithelium of rat jejunum. * p < 0.05, ** p < 0.005.

The RNA expression levels of occludin (OCLN) and zonula occluden-1 (ZO-1) in the
jejunum of rats were analyzed. We found no significant differences in the RNA expression
of OCLN among any of the groups. However, treatment with RMD resulted in a promotion
of jejunal ZO-1 expression in rats with CKD, as shown in Figure 2B. This suggests that
RMD may play a role in enhancing the expression of ZO-1, a critical tight junction protein
involved in gut barrier integrity.

Immunohistochemistry studies also revealed that COS and RMD slightly rescued
Z0-1 protein expression in the jejunum of rats with CKD, further supporting the potential
protective effects of RMD on gut barrier integrity (Figure 2C).
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3.3. Gut Microbiome Study

3.3.1. Fecal Microbiota Diversity
The Shannon index and Pielou’s evenness were evaluated to assess the diversity and

evenness of bacterial communities at week 12 of the experiment. However, no significant
differences were observed in the Shannon index and Pielou’s evenness among the different
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Figure 3. Species diversity of fecal microbiota: (A) alpha-diversity indices. The reported values are
median + IQR (n = 4). A significant difference among all the groups was not detected. (B) Beta
diversity (Bray—Curtis dissimilarity) PCoA index. Results are means for n = 4; * p < 0.05.
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In contrast, when examining the control group, beta diversity analysis to compare
the gut microbiota alteration between pre- and post-study in each treatment group us-
ing principal coordinate analysis (PCoA) of Bray—Curtis dissimilarity demonstrated no
significant difference in diversity between week 0 and week 12. This suggests that the
overall composition of bacterial communities in the control group remained relatively
stable over the course of the experiment. The CKD group exhibited a significantly lower
diversity at the 12th week, while inulin supplementation led to a relatively lesser but still
significantly lower diversity. This indicates a notable change in the bacterial community
composition over time in these groups. On the other hand, the rats treated with RMD did
not show a significant change in beta diversity, similar to the control group, suggesting
that RMD treatment maintained a relatively stable and consistent bacterial community
composition throughout the 12-week period. Interestingly, the COS group displayed a
significant increase in diversity, suggesting a notable shift in the composition of bacterial
communities caused by the COS treatment.

3.3.2. Relative Abundances and Correlation

Regarding the relative abundance of bacterial phyla in the fecal microbiota, compar-
isons were made between each treatment group and the CKD group (Figure 4A). At week 0,
in the control group, Cyanobacteria were found to be higher in abundance compared to the
CKD group, while Proteobacteria were lower. By week 12, significant differences in relative
abundance emerged. In the control group, Verrucomicrobiota and Campylobacterota were
higher in abundance compared to the CKD group. Similarly, in the RMD group, a higher
relative abundance of Verrucomicrobiota compared to CKD was observed. These findings
indicate that both the control and RMD groups exhibited higher levels of Verrucomicrobiota
compared to the CKD group at the end of the 12-week period. These results indicated
the potential influence of RMD on the relative abundance of the specific bacterial phylum
Verrucomicrobiota.

The analysis of relative abundances at the genus level revealed slight differences in sev-
eral bacterial genera across each treatment group; however, no significant differences were
observed. While the relative abundances of various genera showed some variability, these
differences did not reach statistical significance. Of particular interest were the beneficial
bacteria, including Lactobacillus, Bifidobacterium, Roseburia, and Akkermansia. The relative
abundances of these genera were aggregated for each treatment group. Remarkably, a sig-
nificant increase was observed in the RMD treatment group compared to the other groups,
as shown in Figure 4B. This finding suggests that the administration of RMD had a notable
impact on the relative abundances of these beneficial bacterial genera. The significant
increase in the relative abundances of the aforementioned genera in the RMD treatment
group indicates the potential of RMD in promoting the growth and proliferation of these
beneficial bacteria. These findings support the notion that RMD may exert beneficial effects
on the gut microbiota composition by selectively enriching beneficial bacterial populations.

To explore the relationships between the fecal microbiota and various physiological
parameters, including serum creatinine levels, ZO-1 RNA expression, and occludin RNA
expression, Pearson correlation coefficients (r-values) were calculated. These correlation co-
efficients provide insights into the strength and direction of associations between variables.
A heatmap was generated based on the correlation coefficients to visualize the relationships
between the variables. The heatmap allows for a comprehensive overview of the correlation
patterns among the measured parameters (Figure 4C).

185



Nutrients 2023, 15, 3363

Fermicutes Bacteroidota Cyanobacteria Verrucomicrobiota
100 60 4 4
=3 Control
= CKD
Inulin
80
. 3 3 a | = COoSs
IS
B =
< a i E 404 RMD
£ I
5 60 E a
c
2 E ] 2 I ol
2 40+
K 20+ 1
¢ |
1= 1= -
20- i 1 H
- —
} l x
4 L L L L L L) YT orTrTorrontd = L L L L L L L L) clll*- LI
012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012
Week Week Week Week
( ) Desulfobacterota Patescibacteria Proteobacteria Campylobacterota
3 2.0 0.8 0.8
=3 Control
l ] = CKD
Inulin
. 1.5 0.6 0.6 = COos
3 =1 RMD
-l I
=
5
3 1.0+ 0.4 0.4+
< 1
H ﬂ b
w 0.5+ 0.2 T 0.2
E a
| i 8 "
H T
yerTrorTr ooroTr o ornTrorntda vrTr oror ooroTrornTord LI L L L L L L o"’IIIIIIIIII
012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012 012
Week Week Week Week
Beneficial Genera
__ 10+ *%
2
g &
c
S
(B) 5 6-
3
K-
s ] E
[
.2 E
s
© 2
[]
¢ | B
v T T 1 T T
> O & L ©
& N
<,°& d. \00 00 Q'é\
1.0
Serum Cr—
| | | 0.5
ZO-1 RNA expression -} 0
( ) I _05
OCLN RNA expression =
IlllllllllllllllllllllllllllllIlIlllIllIllllllllllllllllllllll
2.\ o 2.3 @ A 2 X © @, @ 28 R42 R 20 'b 9 5
oo{bo\e\:t 9’5 6\0 2 N?’Ix\Q 04 G, g\ 06“ 0\\6\ 00"0“0\2)‘0\&0,\? 0\)6\\ :;%\OQX 030\&3({\:?)@\\00% a\;\i@}@\\ \05\06\\\0\\00 S 0o\ \’6% ‘\@& \\"’\00 \\ 90 f«@
36% S e m/@%"@@‘ O SERE e R \°“<°M°%°oqo\ew
R A M Q&"’W SR s ‘,‘0{\%}0?%’»&%0@ RSV 0@?“@‘2/ e & W
PV @ 2 A & Q7 PoA? &
; \'6 < & LR N & 27
& & & 6(A/ O e & S © &
é‘@o \066\ e,“%z \o"\ 0@ @“‘2\@0 ‘@o‘ (}o‘;&‘ al o
& ¢ & O P W P & &
« S oS & &
NS V &
&

Figure 4. (A) Relative abundance of fecal microbiota at phylum level. (a) represents significant

difference compared to CKD group at week 0, (b) represents significant difference compared to CKD
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at week 12. p < 0.05. (B) Relative abundance of 4 beneficial genera, Lactobacillus, Bifidobacterium,
Roseburia, and Akkermansia, ** p <0.05. (C) Heatmap of correlation between fecal microbiota, serum
creatinine, ZO-1 RNA expression, and occludin RNA expression. r-values were calculated using
Pearson correlation test. Red color indicates negative correlation, blue color indicates positive

correlation.

4. Discussion

Prebiotic is a term used for a group of nutrients that are degraded and function as
a food source by gut microbiota [15]. Several types of prebiotics are currently available.
The most common prebiotics used in food products are fructans or inulin and fructo-
oligosaccharide (FOS), which evidently promoted lactic acid bacteria growth, and galacto-
oligosaccharide (GOS) that boosted Bifidobacteria and Lactobacilli [16]. Other prebiotics
such as lactulose, arabinoxylans, xylo-oligosacharide (XOS), resistant starch, and other
carbohydrate oligosaccharides are sometimes used. Currently, most scientists believe that
prebiotics only work as the bacterial food source to maintain a balanced gut microbiota
and restore gut microbiota homeostasis or gut eubiosis [17].

The present study focused on utilizing prebiotics to alleviate gut leakage. As an initial
step, we tested candidate prebiotics to assess their ability to enhance tight junction protein
expression and increase transepithelial electrical resistance, particularly in an inflammatory
state, using in vitro models. Overall, our investigation demonstrated that in vitro studies
could partially reflect the in vivo results. Prebiotics that showed stronger effects on Caco-2
cells tended to exert favorable effects in animal studies.

We used inulin as a standard prebiotic and found that even though inulin could
restore transepithelial electrical resistance of inflammation-induced Caco-2 cells, in the
in vivo study, inulin was ineffective in rescuing tight junction expression in the intestine.
Lately, several groups of researchers utilized inulin as a prebiotic, or a component in
synbiotics, to treat renal injury, and most of these studies found that prebiotics and/or
synbiotics containing inulin improved serum creatinine, inflammatory cytokines, uremic
toxins, glucose, and lipid profiles, but did not mitigate the pathological change in affected
tissues, such as cardiac, kidney, or intestinal integrity [18-20]. Melekoglu, et al. reported
that inulin supplementation to CKD rats could reduce serum creatinine, p-cresyl sulfate,
and IL-6 but had no effect on serum indoxyl sulfate and colonic claudin-1 and occludin
protein expression [21]. Regarding this, inulin is not the most appropriate prebiotic to treat
kidney disease patients, and new prebiotics should be investigated. In the present study,
we explored COS due to the previous report of microbiota-independent prevention of
intestinal epithelial inflammation in vitro [22], and RMD, which has been commonly used
as a placebo in numerous prebiotics studies, but also presents some prebiotic properties.

Chitosan is a polymer of randomly distributed acetylated and deacetylated forms of D-
glucosamine which is derived from chitin found in the outer skeleton of shellfish. Chitosan
has a lot of benefits as a biomedical polymer for tissue engineering, artificial organ synthesis,
and wound healing [23]. Intake of chitosan may reduce intestinal fat absorption and was
assumed to be advantageous in the treatment of hypertension, hypercholesterolemia, and
obesity. The degradation of chitosan yields COS, which has lower viscosity and high
intestinal epithelial absorption [24]. COS contains an anti-bacterial activity against certain
microorganisms such as Escherichia coli, Pseudomonas aeruginosa, Acinetobacter baumannii,
Staphylococcus aureus, etc. [25,26].

In the aspect of prebiotics, COS promotes Bifidobacteria, Lactobacilli, Prevotella,
Rosuburia, and Faecalibacterium prausnitzii growth, while suppressing the number of
Firmicutes, Streptococci, Bacteroides fragilis, Clostridium spp., and E. coli [27,28]. In certain
conditions, COS improves gut dysbiosis and intestinal epithelial leakage [12]. Additionally,
COS was reported to be beneficial in metabolic syndrome, diabetes mellitus and fatty liver
disease since it can inhibit hepatic fat accumulation, reduce adipogenesis, and stimulate
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white fat cell browning and promote glucose homeostasis in diabetic rats [11,29-31]. Recent
studies revealed the beneficial effects of chitosan nanoparticles and COS in ulcerative
colitis, autoimmune encephalitis, autoimmune arthritis, lupus nephritis, and autoimmune
hepatitis [32-34]; however, there have been a limited number of studies about COS in
renal diseases. Chitosan nanoparticle-encapsulated drugs combined with metformin re-
duced creatinine, proteinuria, and downregulated TNF-«, IL-6, and IL-1§3 in type 2 DM
rats [35,36]. Zhang H., et al., revealed that COS ameliorated proteinuria and the expression
of kidney injury markers and may reverse pathologic change in diabetic rats” kidneys [37].
Recent research revealed that COS attenuates oxidative damage, renal fibrosis, and renal
cyst growth [38,39]. Accordingly, we expected that supplementation with COS could be
beneficial in chronic renal disease. However, our in vitro study showed that COS could
not enhance the integrity of colonic epithelial cells in normal or inflammatory states and
giving COS supplements to CKD rats could not restore the intestinal tight junction protein
expression and the glomerular function. The gut microbiome study demonstrated that
COS slightly improved the number of Firmicutes and Patescibacteria, while reducing
Bacteroidota, Vercurromicrobiota, and Desulfobacterota, similar to inulin feeding, and
supposedly partially normalized gut dysbiosis. We infer that COS may not be an ideal
prebiotic to treat gut leakage in CKD.

It should be noted that a dosage of 8 mg/kg of COS was used in this experiment,
while 20 mg/kg of COS, given to animals in a previous study, was claimed to have an
anti-inflammatory effect. Regarding this, we supposed that a higher dose or alternative
preparation of COS may be advantageous in CKD. Further investigation is required to
validate this hypothesis.

RMD is a polymer of D-glucose derived from the enzymatical process of starch,
especially from plants. RMD has been used as the placebo control in many studies focusing
on prebiotic efficacy. However, indigestible, fermentable, resistant maltodextrin was proven
to have prebiotic functions, as consumption of RMD increased gut microbiota richness,
particularly the Bifidobacteria count, and short chain fatty acid (SCFA) production [40-42].
Recent reports revealed that when compared to FOS, RDM intake was more efficient
in the production of acetate, butyrate, propionate, and total SCFA, as well as lower in
trimethylamine synthesis [13,43]. However, evidence was lacking about the impact of RMD
on disease prevention, including intestinal epithelium and kidney health.

Our study showed that RMD treatment efficiently increased monolayer Caco-2 cell
integrity in normal and inflammatory-induced conditions and promoted intestinal ZO-1
expression in CKD rats. These effects are stronger than inulin at the same dosage. The
RMD supplement substantially boosted the relative abundance of gut microbiota in CKD
rats, and partly suppressed Verrucomicrobiota and ‘bad bacteria” Campyrobacterota numbers.
In addition, we found that the combination of ‘good bacteria’ Lactobacillus, Bifidobacteria,
Akkermansia, and Roseburia increased significantly in RMD-fed rats compared to their
CKD counterparts. This group of bacteria is responsible for SCFA synthesis and mucous
membrane protection. These results indicated that RMD supplementation was better than
dose-dependent inulin and COS in the modulation of gut dysbiosis.

Gut bacteria such as Lactobacillus, Bifidobacteria, Akkermansia, and Roseburia are com-
monly recognized as beneficial microbiota. These bacteria have been found to enhance
metabolism, reduce inflammation, improve intestinal barrier function, and maintain mi-
crobiota homeostasis. Their higher abundance is associated with positive outcomes in
the treatment of diabetes mellitus, obesity, and inflammatory bowel disease (IBD) [44—-46].
In CKD patients, lower levels of Lactobacillus, Bifidobacteria, Akkermansia, and Roseburia
have been strongly linked to poorer glomerular function, malnutrition, and fatal compli-
cations [10,46,47]. Therefore, promoting the growth of these beneficial bacteria through
prebiotics such as RMD is considered advantageous for CKD therapy.

Based on the correlation study between the relative abundance of gut microbiota and
serum creatinine or tight junction protein expression (Figure 4C), significant correlations
were observed between specific components of the gut microbiota and serum creatinine
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levels. Notably, Oscillibacter and Lachnoclostridium showed a negative correlation, while
Sellimonas, Eubacterium nodatum, and NK 4A214 exhibited a positive correlation with
serum creatinine. Serum creatinine is commonly utilized as a marker of kidney function,
particularly glomerular filtration rate. Normally, creatinine production is independent of
gut microbiota activity, as it primarily originates from muscle metabolism and glomerular
filtration. However, recent research has indicated that the gut microbiota can influence
various aspects of human health, including metabolism and inflammation, which may
indirectly impact kidney function [48]. It is important to note that correlation does not
imply causation and may be linked to factors such as the animal’s activities, hydration
levels, and underlying health conditions that can influence creatinine levels independently
of the gut microbiota.

Moreover, we demonstrated the deleterious effects of Alistipes and Anaerovorax on
the expression of intestinal tight junction protein expression. Previous studies reviewed
the increase in Alistipes abundance in bowel inflammation related to the downregulation
of intestinal claudin-1, ZO-1, and occludin expression [49,50], while Anaerovorax was
associated with low tight junction protein expression in heat stress [51]. Regarding renal
diseases, these bacteria were reported to be elevated in CKD patients [52,53]. We speculated
that the abundance of Alistipes and Anaerovorax could reflect the severity of gut leakage
and uremic toxin absorption in CKD patients.

5. Conclusions

We proposed the resistant type of maltodextrin as a desirable prebiotic supplement
in CKD patients to improve gut integrity, lower uremic toxin absorption, and modulate
beneficial gut microbiota growth. RMD is generally safe and has no contraindication for
hypertension, diabetes mellitus, or renal insufficiency. We also expected that COS may
be useful in the management of CKD, but the optimal preparation and dosage should be
validated. Our future plan includes utilizing COS and RMD as components of synbiotics to
alleviate complications of CKD in animal models.
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Abstract: The microbiota stability, diversity, and composition are pillars for an efficient and beneficial
symbiotic relationship between its host and itself. Microbial dysbiosis, a condition where a home-
ostatic bacterial community is disturbed by acute or chronic events, is a predisposition for many
diseases, including local and systemic inflammation that leads to metabolic syndrome, diabetes, and
some types of cancers. Classical dysbiosis occurs in the large intestine. During this period, pathogenic
strains can multiply, taking advantage of the compromised environment. This overgrowth triggers an
exaggerated inflammatory response from the human immune system due to the weakened integrity
of the intestinal barrier. Such inflammation can also directly influence higher polyp formation and/or
tumorigenesis. Prebiotics can be instrumental in preventing or correcting dysbiosis. Prebiotics are
molecules capable of serving as substrates for fermentation processes by gut microorganisms. This
can promote returning the intestinal environment to homeostasis. Effective prebiotics are generally
specific oligo- and polysaccharides, such as FOS or inulin. However, the direct effects of prebiotics on
intestinal epithelial and immune cells must also be taken into consideration. This interaction happens
with diverse prebiotic nondigestible carbohydrates, and they can inhibit or decrease the inflammatory
response. The present work aims to elucidate and describe the different types of prebiotics, their
influence, and their functionalities for health, primarily focusing on their ability to reduce and control

inflammation in the intestinal epithelial barrier, gut, and systemic environments.

Keywords: microbiota; prebiotics; inflammation; polysaccharides; dysbiosis

1. Introduction

The correlations among dietary components, gut microbiota modulation, and the
resulting health-related effects are a constant topic of interest throughout the scientific com-
munity. Prebiotics are one type of dietary component that is notably explored. Prebiotics
might stimulate the activity or growth of certain bacterial strains, specifically fermented
by local microbiota, which can establish or strengthen a symbiotic relationship between
microbiota and the host [1].

Prebiotics support intestinal health by maintaining, repairing, and straightening the
gut barrier. This barrier is a complex and multifaceted structure comprised of a protective
mucus layer, a tightly regulated epithelial cell layer, and specialized proteins known as
tight junctions, which act as gatekeepers for the gut lining. Together, these elements form a
robust defense and gatekeeper system that prevents the entry of harmful substances and
allows beneficial nutrients and molecules to pass through.
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When the gut barrier is weakened, whether due to dysbiosis, antibiotic usage, or
dietary insufficiencies, prebiotics can help restore its integrity. By selectively nourishing
beneficial gut bacteria, prebiotics help these organisms thrive, promoting the production of
short-chain fatty acids (SCFAs) such as butyrate. These SCFAs directly enforce epithelial
health, strengthen tight junctions, and enhance mucus production. Also, direct effects on
epithelial and mucus integrity have been reported for prebiotics [2—4].

Additionally, regular intake of prebiotics can contribute to the long-term resilience of
the gut barrier, making it less susceptible to disruptions from dietary changes or external
stressors. Through this ongoing support, prebiotics give rise to a balanced microbial
environment and the gut’s essential protective functions, ensuring a healthier, more resilient
intestinal system over time [5,6].

Gut barrier disruption may lead to substantial intestinal tissue inflammation due to
an unnatural over-interaction between bacterial-derived molecules and the host immune
system apparatus. While a typical gut environment has a basal stimulation of immune
cells, resulting in a ready-to-act immune system, high inflammation can lead to problems
such as metabolic disorders, higher toxicity (due to increased permeability), and colon
carcinogenesis [5].

In addition to prebiotics, probiotics might also support health. Probiotics are defined
as beneficial microorganisms consumed to preserve and promote gut health. According to
Patra et al. (2022), through a robust systematic network and meta-analysis, probiotics or
probiotic-derived bacteriocins could interact directly with immune enzymes involved in
colorectal cancer (CRC) pathogenesis, such as COX-2, and even modulate nod-like receptor
protein-3 (NLRP3) or NF-kB pathways, reducing CRC-associated inflammation [7].

The aim of this review is to elucidate, based on the literature, if those crucial inter-
actions with immune and metabolic receptors also happen with prebiotics. While some
prebiotics have been extensively studied in preclinical models, this review focuses on
updating the current understanding of both emerging and conventional prebiotics. Specifi-
cally, it explores their role in enhancing gut barrier integrity, reducing inflammation, and
mitigating the risk of colon cancer. This review aims to connect findings from preclinical
research with evidence from clinical trials and human studies. By doing so, it provides
a thorough analysis of the effectiveness of prebiotics and their potential applications for
enhancing human health.

2. Bibliometric Analysis Methodology

For the present analysis, the Scopus database was utilized mainly due to its excellent
and intuitive interface for replicating such criteria described here in the future. Two sets of
criteria were used. The first focused on tracking the level of interest and the publication
rates of reviews and articles on prebiotics over time. The following three sets of keywords
were used in this first approach, merged by the Boolean operator “AND”:

(1) “prebiotics” AND “inflammation”;
(2) “prebiotics” AND “colon” AND “cancer”;
(38) “prebiotics” AND “TLR".

The time of publication was set to start in 1997, the first year reporting any publication
for all three search settings. The language was limited to English for its position as the
universal academic language. Finally, the subject areas chosen to restrict the search were
focused on those more inclined to interfere with health-related matters regarding prebiotics,

i

including “Medicine”; “Biochemistry, Genetics, and Molecular Biology”; “Immunology
and Microbiology”; “Pharmacology, Toxicology, and Pharmaceutics”; and “Chemistry”.
The purpose of Figure 1 is to show the comparisons between different search terms
and the number of reviews (indicated by letters followed by the number 2 and represented
with dotted lines) and original articles (indicated by letters followed by the number 1 and
represented with solid lines) for each term. As visualized in Figure 1, “inflammation”
is a search term that appears more often than the other search strings in any given year.

This also comes from a terminology point of view since inflammation is a significant
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umbrella term that, aside from being studied by itself, supports several physiological
and pathological processes involving—or not—human health issues. Nevertheless, from
this, we can expect that such terminology often resonates more in the literature due to
its relevance and complexity and as a “primary pillar” topic. Terminology C, “prebiotics
and TLR” is a more straightforward, smaller concept within the larger “inflammation
topic” and has kept quite a small and constant uprising, especially from 2020 onwards. It
is assumed that this topic may have gained attention through its connection with other
critical subjects. These include immunotherapy research focused on immune receptors,
the interaction of specific prebiotics with these receptors, and a growing interest in tight
junction proteins, gut barrier stability, and related pathologies. Additionally, terminology B,
“prebiotics and colon cancer”, although potentially associated with these areas, has a distinct
biomedical background. This unique background supports methodological independence,
encompassing research into chromosomal instabilities, genetic disorders, potential surgical
treatments, and other related factors. Even then, specific trends are similar for all the terms
used, at least when using the methodology shown here, with particular attention to a
plateau of publications observed from 2022 to 2024. This presentation offers an overview
tailored to both researchers and lay readers. It highlights the emerging publication trends
over recent years, identifies areas with limited or underexplored literature, and pinpoints
sharp increases in interest around specific keywords. Additionally, it aids in constructing
VOSviewer map inputs and refining subsequent searches. For example, interest in the
interaction between TLRs) and prebiotics has shown a gradual but modest increase. This
trend lacks the significant surge observed between 2016 and 2021 for the broader keyword
“inflammation”. In the last four years, the topic has reached a plateau and has even been
surpassed by reviews focusing on the same subject.
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Figure 1. Number of articles published in the Scopus database starting 1997 until now. Number 2
(dotted lines) represents the number of “review articles” under a determined set of terms, while
number 1 (solid lines) shows the number of “original articles”. A: “prebiotics” AND “inflammation”;
B: “prebiotics” AND “colon” AND “cancer”; C: “prebiotics” AND “TLR”.

The second search approach was similar to the one described above, except for the
publication date being set between 2021 and 2025, to select only for very recent literature
for the VOSViewer software analysis. The Scopus database search document data were
exported as .csv files using all the citation, bibliographical, and abstract/keyword data.
Using the VOSViewer software, version 1.6.18, a map was created based on bibliographical
data. With the Scopus file extension selected, a co-occurrence of all keywords with complete
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counting was performed, and the simulations were chosen based on a minimum occurrence
of 100 times for all the terms searched. Visualization was standard, with attraction and
repulsion values set as the default.

Such relevance of the data, briefly discussed above, can be observed from the differ-
ence in densification among Figures 2—4. Figure 2 shows the result from the search “A”
(prebiotics and inflammation), which shows an intensely dense formation of four keyword
clusters. Each cluster is well-defined, and boundaries can be drawn.
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Figure 2. VOSViewer map from the search combination of the terms “prebiotics” and “inflammation”
(search A).

The red cluster is focused on animal and cell experimentation data and methodology,
ranging from animal model types, such as “albino mouse”, “inbred ¢57”, and “raw 264.7
cell line”, which refer not only to animal and cell types but also to how the study is set as
an intervention/condition, as shown by terms such as “colitis” and “dextran sulfate”.

The green cluster holds terms related to human clinical studies, with both method-
ologies such as “cohort analysis”, “randomized clinical trial”, and “prospective study”, as
well as population characteristics, such as “adult”, “aged”, “supplementation”, and “diet”.

The blue cluster is mainly focused on microbiome-related terms, which was highly
expected to be relevant. Some of the terms include “Bacteroides”, “Verrucomicrobia”, and
“Lactobacillus”.

Finally, the yellow cluster is the smallest one and, interestingly, highly related to
metabolic syndromes, with terms such as “liver tissue”, “glucose”, “cholesterol”, blood
levels, “metabolic disorder”, among others.

196



Nutrients 2024, 16, 4286

@
fatty@cids
antioxidapt acti\ﬁy b .ferm‘ation
antioxidant & : .
cytotexicity @ F'):r,'e.)tlc%

@ humah cel.; “ ’ fatty acids; volatile

s enzymeactivigy, Y4 YN A ' agent @

major clifical study
[

_middigaged

clinicaljarticle
ction

e*uence

\ (]
ir tes “actinoBacteria

. 4

_real timg pol

immunohiggochemistry
[ J hist@logy

color‘issue

lipididiet

-
fecaﬁnicrobic. transplantati

& VOSviewer

Figure 3. VOSViewer map from the search combination of the terms “prebiotics” and “colon” and
“cancer” (search B).
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Figure 4. VOSViewer map from the search combination of the terms “prebiotics” and “TLR”
(search C).
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Figure 2 shows the proximity between the microbiome-related and metabolic disorder
terms, intermediated by inflammation-related keywords. Based on that, additional research
with the same parameters as described for the maps but changing the search terms to “pre-
biotics AND microbiome AND metabolic disorder”, as well as excluding two reoccurring
“contamination” terms through the usage of the “AND NOT” Boolean operator (probiotics
and review), resulted in 407 original article documents in the last five years in the Scopus
database, giving us an average of about 81 original articles exploring such correlations per
year. Examples of metabolic disorders identified were glucose tolerance, cardiomyopathies,
insulin resistance, and hyperlipidemia.

Regarding search “B” (prebiotics and colon cancer), three less dense clusters reflecting
the lower amount of published data available are highlighted in Figure 3.

The Green cluster is related to the animal modeling and analytical methodology
used, with terms such as “ulcerative colitis” (a risk factor for colorectal cancer—CRC),
“immunohistochemistry”, “histology”, and “RNA extraction”.

The red cluster merges terms related to human clinical studies (“middle-aged”, “major
clinical study”, and “female”), the microbiome (“prebiotics”, “lactobacillus”, “intestine
flora”, and “dysbiosis”), and finally microbiome-related methodologies (“RNA 16s”, “fecal
microbiota transplantation”, and “DNA extraction”.

The blue cluster is mainly related to in vitro methodologies such as “mass fragmen-
tography”, “apoptosis”, “enzyme activity”, and “antioxidant activity”.

We applied the above exclusion criteria to check the literature convergence between
microbiome, colorectal cancer, and prebiotics. We obtained 258 original article papers over
the past five years (averaging 52 papers/year). Similar to what is observed in Figure 3,
the search results were intrinsically connected to inflammation and fermentation. In this
search, a common approach to colorectal cancer evaluation in animal models, “aberrant
crypt foci”, was also identified.

Figure 4 shows the scarcity of terms with similar levels of relevance/occurrence when
using the combination of terms “prebiotics” and “TLR”. Nevertheless, a particular pattern
is maintained due to their natural separations between animal experimentation and human
studies (blue cluster). But this time, the red and green clusters were, albeit separated,
highly related and similar, with terms shared between them such as “animal experiment”,
“mice”, “animals”, among others. Complementary terms related to the microbiome, such
as “intestine flora”, were under the green cluster. Meanwhile, terms more related to
inflammation, such as “toll-like receptor 4”, “interleukin-6”, and “tumor necrosis factor”,
were under the red cluster.

Despite the scarcity, one final search was performed to identify the proximity relation-
ships among the microbiome-, TLR-, and prebiotic-related terms. Here, the findings were
reduced, with 62 original articles published over the last five years, which was an average
of about 12 articles per year. Again, converging with the terms found in Figure 4, many
articles explored TNF-« expression/secretion (red cluster). Although not present in the
figure, butyrate production was also relevant in the search, alongside high-fat diet-induced
obesity, epithelium integrity, and immune function.

The following sections were written based on the articles in the above bibliomet-
ric analyses.

3. Prebiotics Definition, Types, and Effects

While the first definition of prebiotics can be tracked to as early as three decades ago,
more updated versions have been distributed throughout the literature. The most accepted
updated definition is the one from ISAPP (International Scientific Association for Probiotics
and Prebiotics), which describes prebiotics as “substrates that are selectively utilized by
host microorganisms conferring a health benefit” [8]. The World Gastroenterology Organi-
zation Global Guidelines specify the following two extra points: (1) selective fermentation,
not general “utilization”; and (2) resulting in compositional or activity changes of the
gastrointestinal microbiota [9].
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The most usual prebiotics are 3-glucans, pectins, fructo- and galactooligosaccharides
(FOSs and GOSs), inulins, lactulose, and human milk oligosaccharides (HMOs). Other
fermentable polysaccharides can also be characterized as prebiotics [9,10]. Polyphenols,
resistant starch, and conjugated linoleic acids are also being studied as potential candidates
for being described as prebiotics, further expanding this realm [8,11]. Being non-digestible
is a requirement since it must be available for use by the beneficial bacteria in the host
intestinal tract. Such molecules naturally occur in healthy diets, either present in whole
grain foods, vegetables, and fruits, but they can also be supplemented [10]; some of the
classic beneficial effects of this compound class are shown in Figure 5.

Established prebiotic effects

* Helps howel movement

* Reduces toxic component ingestion exposure
« Controls blood sugar and lipid levels

« Lowers risk of chronic
inflammation

« Stimulates beneficial bacteria growth
« Enhances SCFAs production

¥

Figure 5. Established prebiotic effects for intestinal and systemic health.

The chemical structure of a substance is a key factor in determining whether it qualifies
as a prebiotic. More complex structures present challenges because they are harder to
standardize, making it difficult to predict their effectiveness when used for prevention or
treatment. The term “prebiotics” is not limited to carbohydrate-based molecules. In fact,
many dietary fibers can exert prebiotic effects, depending on their fermentability. Simpler
sugars, such as fructans and glucans, are already recognized as prebiotics. However, more
complex structures, like heteropolysaccharides (for example, pectins), can also qualify as
prebiotics. For those, some factors such as high molecular variability can be influenced
by the extraction method, source, molecular size, and the availability of glycosidic bonds
necessary for bacterial breakdown, changing their prebiotic behavior [12].

3.1. Gut Barrier Function

The gut barrier is a complex, multi-layered system crucial in maintaining gut home-
ostasis and protecting the body from external injuries. It comprises a physical barrier of
the gut microbiota, a mucus layer, epithelial cells, and immune cells, working together to
prevent bacterial adhesion and regulate other processes [13,14]. The gut microbiota keeps
the host healthy by competing with pathogenic and symbiotic organisms. They compete
for space and resources, primarily derived from diet, to grow and expand their populations
at the expense of pathogens [15]. In the mucus layer, antimicrobial products and secretory
IgA are released, and its thickness can be regulated via the proteolytic activity ratio of
bacteria and the secretory capability of goblet cells [16].

As one of the mentioned parts of the gut barrier, epithelial cells form an intestinal
epithelial barrier (IEB). This IEB serves as a critical interface between the external environ-
ment and the body’s internal milieu, regulating the passage of nutrients and preventing the
entry of harmful antigens and microorganisms [17]. Tight junctions (T]Js) within the IEB are
essential to controlling paracellular permeability and maintaining barrier integrity. When
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TJs are dysfunctional, they lead to increased gut permeability, generating the so-called
“leaky gut syndrome” [17,18].

Inflammation is closely connected to the function and stability of the gut barrier. For
instance, an imbalance in the gut microbiota can disrupt the epithelial barrier by breaking
down the mucus layer or causing cellular stress through exposure to the underlying epithe-
lial cell layer. Conversely, certain beneficial strains can produce SCFAs from fermentable
substances, and they provide a rapid energy source for epithelial cells, which can help
strengthen both the cellular and mucus layers of the gut barrier [19].

The local immune system is also influenced by antigens derived from the microbiota.
Regulatory T cells (Tregs) with a tissue repair phenotype, known as ST2+, make up a signif-
icant portion of the Foxp3+ Treg population in the gut’s lamina propria. ST2 interacts and
responds to IL-33, an alarmin, and amphiregulin (AREG), a growth factor. Overall, Tregs
help reduce the intensity of proinflammatory responses to common microbial molecules.
For example, Tregs use aryl hydrocarbon receptors (AhRs) to increase basal resistance and
minimize tissue damage, promoting a more controlled immune response [20,21].

3.2. Inflammation and Carcinogenesis

Colon cancer is one of the most prevalent and lethal types of human cancer, according
to the Globocan statistics [22]. The interplays between environmental interferences and
genetic alterations heavily induce its pathogenesis. For instance, chromosomal instability
(CIN) is a hallmark of most colon tumors and significantly contributes to tumor progression
by increasing genetic abnormalities. Errors during mitosis and issues with spindle check-
point activity often facilitate CIN, resulting in aneuploidy and the loss of heterozygosity.
CIN can be triggered by chromosomal segregation molecules, such as aurora kinase B
(AURKB), which is activated by BOP1. BOP1 is stabilized by the overexpression of the long
noncoding RNA CCAT2. Additionally, epigenetic factors may influence this process. Cer-
tain microRNAs (miRNAs) can regulate epithelial-mesenchymal transition, a mechanism
linked to the onset of colorectal cancer (CRC) [23].

The tumor microenvironment comprises immune cells, stromal cells, and the intestinal
microbiome, all playing a role in CRC pathogenesis. For example, MAPK-activated protein
kinase 2 (MK2) in macrophages has been linked to a pivotal contribution to colon tumori-
genesis under chronic inflammation. Tumor angiogenesis (vascularization) is one of the
consequences of the MK2 activity [24,25]. Chronic inflammation is a significant risk factor
for the development of colorectal cancer (CRC). Patients with chronic inflammatory bowel
diseases, such as ulcerative colitis and Crohn’s disease, face an elevated risk of developing
colitis-associated cancer (CAC). The persistent inflammatory state in the colon is strongly
associated with tumor development, and the risk of CAC increases with the duration of
inflammation [26,27].

Some critical immune signaling pathways are implicated in the pathogenesis of
inflammation-associated colon cancer. The NF-kB pathway, for example, is crucial for regu-
lating immune responses and inflammation. Still, its activation promotes gene expression
in cell proliferation and survival, which can contribute to tumorigenesis. Prostaglandins
and cyclooxygenases have also been linked to the development of CRC. Moreover, cell
survival and strength can be promoted by the STAT3 signaling pathway, which can be
activated via IL-6, a proinflammatory cytokine [26].

Cytokines are essential mediators of the immune response and can influence colorectal
cancer (CRC) development. TNF-« and IL-1§3 are key inflammatory cytokines that promote
CRC progression by stimulating interactions between various cell types in the gut. Main-
taining a balance between pro- and anti-inflammatory cytokines is crucial for preserving
tissue homeostasis and preventing malignant transformations [28,29].

As briefly mentioned before, the gut microbiota significantly influences the inflam-
matory environment in the colon, and alterations in the diversity and function of the
microbiome are associated with changes in the immune response. The toll-like receptors
(TLRs) on immune cells respond to microbial components, promoting tolerance or activat-
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ing inflammatory signaling pathways, leading to CRC. Consequently, the microbiota and
its metabolites are part of a “microbiome-inflammation” axis [27,30,31].

3.3. Prebiotics and Inflammation: A Clinical View

Targeting inflammatory pathways and cytokines is a therapeutic strategy to prevent
or treat inflammation-associated CRC. The use of monoclonal antibodies, tyrosine kinase
inhibitors (e.g., cetuximab), and nucleic acid drugs (e.g., siRNAs and antisense oligonu-
cleotides) as modulators of inflammatory responses is already a trend in clinical exploration
for not only CRC but other types of cancers as well [32-36].

However, in this review, we propose to evaluate whether prebiotics can significantly
impact inflammation and CRC as well. Postbiotics, which are a combination of probiotics
and prebiotics, such as butyrate (an SCFA), can modulate specific immune cells. For
example, Kang et al. (2023) found out through a big-cohort study that butyrate boosted
anti- programmed cell death protein 1 (PD-1) efficacy by inducing functional CD8+ T
cells. PD-1 is considered an immune system “brake” protein, limiting immune response
throughout CRC development [37].

Polyphenols are also classified as potential prebiotic candidates. Molinari and col-
leagues (2021) pointed out that human clinical trials analyzing such treatments are rather
scarce, primarily focusing on inflammatory biomarkers, as opposed to animal studies,
which the authors deeply dive into [38]. Nevertheless, Macis et al. (2023) tested both
curcumin and anthocyanin commercial formulations in a phase II presurgical trial in pa-
tients with adenomatous polyps. Still, they did not achieve statistical significance related
to the inflammatory biomarkers evaluated (IL-6, IL-10, and TNF- «) [39]. Moorthy et al.
(2021) reported in their systematic review, specifically taking animal studies into account,
that almost all studies sampled with polyphenolic extracts and all those utilizing pure
polyphenols resulted in improvements in the metabolic and gut microbiota profiles. Gut
microbiota genus level abundances were correlated to the symptom-alleviating trend after
high-fat diet-induced obesity, while alpha diversity was not altered consistently throughout
the gathered literature [40].

Another type of emerging prebiotic is resistant starch (RS), which is often a product of
the starch retrogradation process but can also be found naturally in some grains, beans,
and green fruits. In a placebo-controlled clinical trial, a patented resistant potato starch
(Solnul™) reduced diarrhea and constipation effects compared to the control and signifi-
cantly increased Akkermansia and Bifidobacterium levels [41]. Within in vitro digestion and
fermentation simulations, mixed bacterial cultures exhibited significant growth compared
to the control. Notably, the growth of Lactobacillus and Bifidobacterium mono-cultures was
particularly enhanced by RS [42]. Technologies to extract more RS from different sources
continue to be explored. Das et al. (2022) reported an enzyme-mediated biotransformation
that doubled the RS yield. The RS-rich banana flour generated had a better prebiotic and
symbiotic potential, enhancing the growth of the Bacillus coagulans, Lactobacillus rhamnosus,
and Saccharomyces boulardii strains [43]. Notably, those prebiotics can often be employed
as tools for other purposes, such as carrying compounds that are sensitive to the upper
gastric chemical environment, as happens with RS nanoparticles. Wang et al. (2022) found
improvements in Lactobacillus plantarum growth, its S-layer protein stability, as well as
higher butyric acid levels after the addition of RS nanoparticles in a 0.5% concentration [44].

Conventional prebiotics may benefit inflammatory-derived health conditions, such as
psoriasis, which are not typically associated with gut health. Buhas et al. (2023) found that
after 12 weeks of consuming probiotics and prebiotics, an intervention group of 42 subjects
showed significant improvements in the quality-of-life scores related to dermatological
issues. Regarding inflammatory markers, TNF-o significantly decreased in the intervention
group, while IL-10, an anti-inflammatory cytokine, significantly increased. Although IL-6
and IL-17a showed numerical changes, these were not statistically significant [45].

The symbiotic administration of Bifidobacterium animalis and fructo-oligosaccharides
(FOS) for 30 days in middle-aged subjects impacted systemic inflammation, where IL-6,
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IL-8, IL-17a, and IFNYy were significantly reduced in the plasma samples. Such effects
were not observed in the placebo group, and the authors stated that it was probably gut
permeability-independent results due to the lack of change in fecal albumin or plasma
intestinal fatty acid-binding protein (iFABP) presence [46].

In an elderly population, the symbiotic effect of Bifidubacterium animalis subsp. lactis
and inulin that focused on cognitive function improvements also achieved the relevant
changes regarding inflammation biomarkers. A significant increase in the leukemia in-
hibitory factor receptor (LIR), CCL-23, and TNF ligand superfamily member 12, as well as
a decrease in sulfotransferase 1A1, was detected [47]. CCL-23, for example, is a chemotactic
cytokine for resting T cells, monocytes, and neutrophils. This could signify a proinflamma-
tory treatment profile, contrary to what is often expected.

De Giani et al. (2022) compared the effects of administering prebiotics alone versus a
symbiotic treatment that included two strains of Lactobacillus, one strain of Bifidobacterium,
and two types of fructans (DP 3-5 and DP10 inulin). In elderly participants, they observed
that those in the symbiotic group showed increased levels of fecal calprotectin and f3-
defensin 2 after 28 days (T28), which remained elevated at a 28-day follow-up (T56). In
contrast, the prebiotic group showed an increase in 3-defensin 2 at T28, but this effect did
not persist to T56. Fecal calprotectin levels in the prebiotic group remained unchanged [48].
Moludi et al. (2021) also reported more significant benefits in groups receiving a com-
bination of probiotics and inulin (symbiotic) than inulin alone or a placebo. While the
inulin-only group showed a modest increase in the anti-inflammatory cytokine IL-10, re-
duced levels of lipopolysaccharide (LPS; indicating reduced microbial translocation), and
decreased TNF-«, the symbiotic treatment produced much more potent effects. Specifically,
the symbiotic group had increases of 0.37 and 10.10 ng/mL for IL-10, reductions of —1.86
and —22.02 EU/L for LPS, and reductions of —5.73 and —25.05 ng/mL for TNF-co in the
inulin-only and symbiotic groups, respectively [49].

In a study by Neyrinck et al. (2021) involving obese patients, fecal calprotectin levels
were reduced in the intervention group despite using only inulin, without any probiotics.
This finding suggests that inulin alone may help reduce gut inflammation. However, the
treatment did not alter the composition of SCFAs. Interestingly, rumenic acid, a conjugated
linoleic acid with immunomodulatory potential, was increased in the fecal content and was
correlated with an increased abundance of Bifidobacterium [46]. In another study involving
obese children, inulin administration for up to six months did not impact fecal calprotectin
levels or cytokines like IL-13 and IL-6 [50]. The variability in outcomes across these studies
may have resulted from significant population differences, highlighting the need for further
comparable research to confirm these effects.

A meta-analysis of randomized controlled trials investigated the effects of prebiotics,
probiotics, and symbiotics on patients with non-alcoholic fatty liver disease (NAFLD). Pan
et al. (2024) found that prebiotics alone can reduce inflammation by lowering TNF- «,
IL-6, and C-reactive protein (CRP) levels [51]. Apart from being related to metabolic and
liver health, they can also increase local inflammation in the large intestine, compromising
gut health.

3.4. Prebiotics and TLRs: Direct Modulation Matters?

Several preclinical studies have elucidated another aspect of dietary prebiotics, espe-
cially the ones of carbohydrate origin, which is the role of the direct modulation of immune
receptors and other molecules. Toll-like receptors (TLRs), for example, are vital triggers for
innate immune responses and are necessary for microbial tolerance in the intestine, but
they have also been implicated in other biological scenarios. What if the inflammatory
marker outcomes observed and discussed in the previous topic could also have a role in
this direct modulation and are not only driven by microbiota regulation? A summary of
the observed outcomes is shown in Figure 6.
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Figure 6. Direct effects observed of prebiotics in both immune and epithelial cells.

A robust cross-sectional study evaluating over 14,000 participants found (after adjust-
ments towards age, gender, race, and other biological parameters) inverse associations of
dietary fiber (including some prebiotics) intake and systemic inflammation index, systemic
inflammation response index, neutrophil-to-lymphocyte ratio, and other immune-related
metrics [52]. The authors argued for both sides; although the microbiota changes caused
by prebiotics are established mechanisms, the significant contribution of the direct effects
from dietary fiber in the immune system is a particularly interesting trending topic.

Imiquimod is a pharmacological agonist of TLR7, and there is a psoriasis-like induc-
tion model of rats with the topical application of imiquimod. A diet containing inulin
administered to the animals improved skin thickness, erythema, scaling, and other visual
aspects of inflammation while decreasing the number of inflammatory-infiltrating cells.
The authors, however, focused on microbiota modulation and concluded that propionate
production, at least partly, plays a role in attenuating inflammation. However, the inhibition
of epidermal hyperproliferation was only achieved through the high-inulin diet and not
with oral propionate ingestion, influenced by keratin-16 expression [53]. The mechanisms,
nevertheless, still need to be more conclusive.

By using inulin as a treatment approach, the integrity of the blood—brain barrier (BBB)
and inflammation after chronic stress were restored and managed by the inclusion of this
prebiotic. TJ protein expression in the gut barrier, such as claudin-5, VE-cadherin, occludin,
claudin-1, and ZO-1, were higher in the inulin group than in the condition-positive group.
Aside from the structural help, TLR4 abundance and NF-kB were higher in the condition-
positive group, leading to a higher release of iNOS, COX-2, and TNF- «. A reversion of
this scenario was observed using inulin treatment. Once more, inulin enhanced the SCFA
levels in the feces and serum, corroborating data from other studies. Therefore, modulation
of the TLR4/MyD88/NF-kB pathway was pointed out as the most influenced by inulin
treatment in chronically stressed mice [54].

Metabolic syndrome-related inflammation (on systemic adipose tissue) was also con-
trolled in rats that ingested 10% prebiotic inulin. Adipocyte area decreased, alongside
lower mRNA expression of IL-6 and TLR4 transmembrane protein, which led to a bet-
ter inflammatory profile of the epididymal adipose tissue of the animals [55]. Different
fructans, such as inulin-like, levans, and graminans, also performed as immune modu-
lators in several in vitro experiments. Akkerman et al. (2024) found that fructose-based
levan exopolysaccharides had a molecular-weight-dependent activation on TLR2 and 4
dependently on the MyD88 adapter molecule. Inhibition of TLR5 and 8 was also achieved,
showing both pro- and anti-inflammatory potentials [56]. Meanwhile, in another study,

203



Nutrients 2024, 16, 4286

graminan-type fructans (GTFs) activated TLR3, 7, and 9, and inhibited TLR2 and 4. Co-
incidently, inulin-like fructans (ITFs) activated TLR2 and 4 but did not exert inhibition of
any particular TLR. While stimulating dendritic cells, GTFs and long-chain ITFs reduced
proinflammatory cytokine production, such as TNF-« and MCP-1 [57]. Activation needs to
be considered since some types of patients, for example, those with inflammatory bowel
disease, may not be able to tolerate fructan fibers that are not totally fermented, potentially
leading to impairment of the condition [58].

The most commonly studied prebiotics are inulin, FOS, and GOS. Their relatively
simple structures facilitate regulatory approval and standardization for population health.
When considering other types of dietary fibers, the structural differences between molecules
play a significant role in interactions with TLRs. For example, Lagos et al. (2024) found
that type B-resistant starch crystals led to higher TLR2-dependent NF-«B activation in both
in vitro and in silico experiments. TLR4 activation was also observed exclusively with
these B-type crystal structures, while no activation was detected for TLR5. In monocytes,
this activation triggered the release of IL-8, TNF-«x, and IL-1RA. Structural factors such
as polydispersity, crystallinity, and chain length are components that may be adjusted to
achieve targeted activation of specific receptors [59].

Pectins are also candidates for direct immunomodulation, especially regarding TLR
interaction. One of the main structural components for pectins in this regard has been the
degree of methylation, which is the proportion of methylated galacturonic acid (GalpA)
units throughout the backbone, and the degree of blockiness, which is the interval ratio of
methylations in the pectic chain. TLR2/1 dimerization was better inhibited through blocks
of non-methylated GalpA units intercalated with methylations [60]. Gasaly et al. (2024)
identified that both low and high DM lemon pectins inhibited the IL-8 secretion induced
by TLR2/1, with low DM pectin being more efficient. Also, low DM pectin was still the
most potent anti-inflammatory and suitable for T] protein gene expression modulation [61].
The inhibition was more pronounced for both samples in the Caco-2 cell line and less in the
DLD-1 cell line. While both lemon pectin samples differed between high and low DM, both
had a blockwise distribution of those methyl groups, which can form anchor points when
binding to some TLR pockets [61]. Pam3csk4 (TLR2/1 agonist) enhanced claudin-1 and 3
in both cell lines while enhancing claudin-2 only in the DLD-1 cell line. Those trends were
reversed by low DM pectin, depending on the cell type, but not by high DM pectin [61].

Li et al. (2023) administered chows enriched with long-chain 57% DM citrus pectin
for mice with S. typhimurium-induced colitis. The animals exhibited a reversal of colon
shortening and improved disease activity index (DAI) scores. TJ proteins, including oc-
cludin, ZO-1, and ZO-2, downregulated by colitis, had their expression restored after
pectin treatment. Additionally, the upregulation of TLR2 and NF-«B was reversed in the
pectin-treated group [62]. It is important to note that all the studies mentioned above used
pectins with high levels of GalpA residues rather than neutral sugars like those found in
rhamnogalacturonan (RG) fragments. Hyun et al. (2023) conducted an in vitro and in silico
analysis of pectin heteropolysaccharides and discovered that pectin galactans are strongly
affixed to the leucine-rich segment of TLR4. Interestingly, these fragments selectively bind
to TLR4 and not TLR2, which activates macrophages toward an inflammatory profile [63].
Structure—-function relationship studies of these carbohydrates are essential to understand-
ing these variations in the effects of different pectic fragments. This approach will enable
more refined preclinical and clinical testing in the near future.

A lesser-known prebiotic fiber, konjac glucomannan (KGM), was also shown to directly
impact the immune system of mice beyond microbiota regulation. Once again, TJ proteins,
such as occluding and ZO-2, in the gut were upregulated after KGM treatment, and the
overall colonic barrier was enhanced following the pretreatment of KGM and injection of
S. typhimurium (to induce colitis). The proposed mechanism was via TLR2, not via TLR4,
resulting in the improved upregulation of TNF- & and CCLS, as well as the downregulation
of IFN. Of course, some of the effects observed were also correlated but not limited to
microbiota regulation [64].
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4. Conclusions and Future Research

Overall, prebiotic consumption has been widely studied as a potential strategy for
reducing inflammation by modulating the intestinal microbiota, with research often focus-
ing on the development and progression of colorectal cancer (CRC) through in vitro and
in vivo studies, as well as clinical trials. Although the definition of prebiotics varies across
the literature [8,9], it generally includes dietary fibers, fructo- and galactooligosaccharides,
specific conjugated lipids, and emerging candidates like polyphenols [38,46,48]. Clinical
trials in humans have shown that various prebiotic and symbiotic treatments frequently
modulate inflammatory markers such as IL-6, IL-10, and TNF-o. Such use aims to improve
gut barrier function and structure, immune tolerance, and reasonable immune response
buildup and is a promising alternative for co-adjuvant therapy. New studies have shown
that some prebiotics can directly interact with cells from the immune system and the
gut epithelial barrier, making the biological effects of prebiotics go beyond microbiota
modulation. Nevertheless, some interindividual differences are limitations of a significant
part of human clinical studies; therefore, more work focusing on avoiding and lowering
such limitations is necessary for the progression of prebiotic usage protocol establishment.
Hopefully, in the near future, it will be possible to further explore how particular prebiotics
directly modulate immune molecules, enhancing our understanding of the impact this may
have on specific immune-related disorders.

Future research on prebiotics should aim to provide more definitive evidence of both
microbiota-dependent and direct immune-modulating effects, as these interactions offer
promising therapeutic potential. The ability of prebiotics to support gut health and re-
duce inflammation has been well documented, primarily through microbiota modulation.
However, emerging studies have revealed that prebiotics may also interact directly with
immune cells and the epithelial barrier, suggesting a more complex biological role beyond
microbiota influence alone. To build a stronger foundation for clinical applications, future
studies should focus on understanding the structure—function relationship of diverse prebi-
otics and identifying which molecular features are the most effective for specific immune
pathways. Standardizing methodologies and considering individual variability will also
be crucial, as these factors often introduce limitations in clinical trials. By addressing
these areas, future research can establish more explicit protocols for using prebiotics to
target immune-related disorders, moving towards their potential role as adjunct therapies
in managing inflammation and the associated diseases. Also worth mentioning are the
applications of emerging prebiotics such as polyphenols and resistant starch, as well as the
technologies such as the nanoparticle carriage system, especially in human studies, which
should also contribute to further advances.

Overall, prebiotics are promising for the enhancement of health and resilience, espe-
cially by supporting gut integrity and immune function. This paper highlights evidence
that prebiotics can assist in restoring the gut barrier and reducing inflammation, particu-
larly following disturbances such as antibiotic use or other gut injuries. Prebiotics provide a
valuable approach to maintaining health and preventing disease in vulnerable individuals
by replenishing beneficial microbes and directly strengthening epithelial and immune
cell functions.
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Abstract: Background: This review investigates the impact of bioactive molecules produced by probi-
otics on child health, focusing on their roles in modulating gut microbiota, enhancing immune function,
and supporting overall development. Key metabolites, including short-chain fatty acids (SCFAs),
bacteriocins, exopolysaccharides (EPSs), vitamins, and gamma-aminobutyric acid (GABA), are high-
lighted for their ability to maintain gut health, regulate inflammation, and support neurodevelopment.
Objectives: The aim of this review is to examine the mechanisms of action and clinical evidence
supporting the use of probiotics and postbiotics in pediatric healthcare, with a focus on promot-
ing optimal growth, development, and overall health in children. Methods: The review synthesizes
findings from clinical studies that investigate the effects of probiotics and their metabolites on pe-
diatric health. The focus is on specific probiotics and their ability to influence gut health, immune
responses, and developmental outcomes. Results: Clinical studies demonstrate that specific probiotics
and their metabolites can reduce gastrointestinal disorders, enhance immune responses, and decrease
the incidence of allergies and respiratory infections in pediatric populations. Additionally, postbiotics—
bioactive compounds from probiotic fermentation—offer promising benefits, such as improved gut
barrier function, reduced inflammation, and enhanced nutrient absorption, while presenting fewer
safety concerns compared to live probiotics. Conclusions: By examining the mechanisms of action and
clinical evidence, this review underscores the potential of integrating probiotics and postbiotics into
pediatric healthcare strategies to promote optimal growth, development, and overall health in children.

Keywords: probiotics; short-chain fatty acids; exopolysaccharide; vitamins; peptides; postbiotics

1. Introduction

Childhood is a critical period characterized by the rapid growth, development, and
maturation of various physiological systems, including the gastrointestinal tract and the
immune system. During this stage, maintaining a balanced gut microbiota is essential,
as it plays a vital role in nutrient absorption, metabolism, immune development, and
protection against pathogens [1,2]. Disruptions in the gut microbiome, such as those
caused by antibiotics, poor nutrition, or infections, can lead to various health issues in
children, including gastrointestinal disorders, allergies, and impaired immune responses [3].
Recent research has highlighted the potential of probiotics—live microorganisms that
confer health benefits to the host—to modulate the gut microbiota and improve pediatric
health outcomes [4,5].

A key aspect of probiotics’ benefits lies in the bioactive metabolites they produce.
These metabolites, including short-chain fatty acids (SCFAs), bacteriocins, exopolysac-
charides (EPSs), vitamins, and neuroactive compounds like gamma-aminobutyric acid
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(GABA), are crucial mediators of the beneficial effects associated with probiotics [6,7].
For instance, SCFAs, such as acetate, propionate, and butyrate, play significant roles in
maintaining gut barrier integrity, modulating immune function, and providing energy
to colonocytes, which are particularly important in infants and young children whose
immune and digestive systems are still developing [8,9].

Probiotic metabolites also contribute to the regulation of inflammatory responses,
which is crucial in preventing conditions such as necrotizing enterocolitis (NEC), a severe
gastrointestinal disorder that predominantly affects preterm infants [10,11]. Metabolites
like bacteriocins, antimicrobial peptides produced by probiotics, help in protecting against
pathogenic bacteria by disrupting their cell membranes, thereby preventing infections
such as antibiotic-associated diarrhea. In addition, exopolysaccharides (EPSs) produced by
probiotic strains support biofilm formation, promoting long-term colonization of the gut
and protection against pathogens [12-14].

Furthermore, these metabolites have a direct impact on nutrient absorption, a vital
function during childhood, a period marked by increased nutritional demands for growth
and development. For example, certain metabolites enhance the bioavailability of essential
vitamins and minerals, which are critical for bone growth, cognitive development, and
overall health [15]. Additionally, bioactive molecules like GABA, produced by certain
probiotic strains, have been implicated in supporting neurodevelopment and emotional
regulation through their interaction with the gut-brain axis [16,17].

Given the diverse and critical roles of these bioactive metabolites in promoting child
health, there is growing interest in understanding their specific mechanisms of action and
potential applications in pediatric care. This review aims to provide a comprehensive
overview of the various metabolites produced by probiotics and their impact on child
health. We will discuss the specific types of metabolites, such as SCFAs, bacteriocins, EPS,
vitamins, and neuroactive compounds, and explore how these molecules contribute to
gastrointestinal health, immune modulation, nutrient absorption, and neurodevelopment
in children. By examining the evidence, this review seeks to highlight the potential of
incorporating probiotic-derived metabolites into pediatric healthcare strategies to enhance
the health and well-being of children.

2. Adaptive Role of Metabolites Produced by Probiotic Bacteria

From an evolutionary perspective, the ability of probiotic bacteria to produce metabo-
lites enables them to adapt effectively to their host [18,19]. Bacteria that generate beneficial
metabolites gain a survival advantage by outcompeting harmful microbes and fostering
symbiotic relationships with their hosts. This evolutionary trait allows beneficial bacteria to
thrive and proliferate within the gut environment, supporting host health and contributing
to the stability of the microbial community [20,21].

For example, probiotic bacteria produce various metabolites and molecules as part of
their complex survival strategies within the gut environment, ensuring their survival and
competitiveness while significantly contributing to the host’s health [22]. They compete
for space and nutrients by producing metabolites such as SCFAs and bacteriocins, which
inhibit the growth of pathogenic bacteria and other microbes [23]. SCFAs, like acetate,
propionate, and butyrate lower the gut pH, creating a less hospitable for harmful pathogens
and favoring the growth of beneficial bacteria, thus maintaining their niche within the gut
microbiota [24]. Additionally, bacteriocins, which are ribosomally synthesized antimicrobial
peptides, target and kill competing bacterial strains by permeabilizing their cell membranes,
ensuring the dominance of probiotic strains in their ecological niche [25].

Furthermore, EPSs, which are high-molecular-weight polymers secreted by probiotic
bacteria, play a crucial role in biofilm formation. Biofilms are structured communities of
bacteria encased in a self-produced matrix that adheres to surfaces that protect the bacteria
from environmental stresses, including desiccation, antibiotics, and the host immune
system [14]. This stable environment enhances bacterial survival and promotes long-term
colonization in the gut [26].
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In addition, the production of metabolites like vitamins and SCFAs fosters a symbiotic
relationship with the host [27]. For example, vitamins such as B12 and folate, synthesized by
bacteria like Lactobacillus reuteri, are essential for the host’s metabolic processes, including
DNA synthesis and energy metabolism [28,29]. By providing these essential nutrients,
probiotics contribute to the host’s nutritional status and overall health, creating a mutually
beneficial relationship [30].

Moreover, SCFAs produced by probiotic bacteria serve as an energy source for colono-
cytes and play a role in maintaining the integrity of the gut barrier, which is crucial for
preventing the translocation of pathogens and toxins from the gut into the bloodstream,
thereby protecting the host from infections and inflammation [31]. Additionally, SCFAs
have been shown to modulate the host immune system, promoting anti-inflammatory
responses and enhancing immune tolerance [32]. A summary of the metabolites and their
effects are illustrated in Figure 1.
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Figure 1. Role of metabolites in the adaptation of probiotic bacteria within the gut environment.
This figure depicts how probiotic metabolites benefit both the bacteria and the host: 1. symbiotic
interaction; 2. self-protection; and 3. pathogen inhibition. EPSs: exopolysaccharides; SCFAs: short-
chain fatty acids; pH: potential of hydrogen; ATP: adenosine triphosphate.

In conclusion, probiotic bacteria produce these metabolites not out of altruism but
as part of their survival strategies within the gut environment. The range of survival
strategies employed by these bacteria is as diverse as the array of molecules they produce,
which, while primarily serving their own persistence and competitiveness, ultimately have
significant and beneficial effects on the host’s health.

3. Specific Probiotic Strains for Children’s Health

When it comes to enhancing children’s health, selecting specific probiotic strains
plays a crucial role in providing targeted benefits. Research has highlighted the efficacy
of particular probiotic strains in promoting gut health, bolstering the immune system,
and alleviating various health issues in children [33,34]. The gut microbiota of children is
composed of numerous microorganisms, each potentially contributing to child health and
development. However, this section will focus on those microorganisms with the strongest
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scientific evidence supporting their positive effects in children, as well as those with the
most detailed descriptions of the metabolites they produce.

3.1. Lactobacillus rhamnosus

L. rhamnosus is a facultative anaerobic bacterium known for its extensive genomic
diversity and metabolic flexibility. Its genome is highly adaptable, featuring a broad
array of genes encoding transporters and enzymes that facilitate the utilization of various
carbohydrates, including lactose, glucose, galactose, and fucose. This adaptability enables
L. rhamnosus to thrive in different niches within the gastrointestinal tract [35,36].

The bacterium’s ability to metabolize a wide range of carbohydrates is complemented
by its production of key metabolites. In children, L. rhamnosus produces several important
metabolites, including lactic acid, acetic acid, and short-chain fatty acids (SCFAs) such as
butyrate. These metabolites are crucial for maintaining a low pH in the gut, which inhibits
the growth of pathogenic bacteria and fosters a healthy gut environment [37].

Additionally, L. rhamnosus metabolizes fucose through unique pathways, resulting in
the production of lactic acid, 1,2-propanediol, acetic acid, formic acid, and carbon dioxide.
These metabolites are vital for energy production and biomass formation, which distinguish
L. rhamnosus from other lactic acid bacteria [37].

L. rhamnosus also possesses several genes responsible for synthesizing antimicrobial
peptides, including bacteriocins, which inhibit the growth of pathogenic bacteria [38].
Furthermore, it produces EPSs that are crucial for biofilm formation. These EPSs enhance
the bacterium’s ability to adhere to intestinal surfaces and resist environmental stressors,
such as bile salts and low pH [39].

The presence of genes encoding antioxidant enzymes, such as superoxide dismutase
(SOD) and glutathione reductase, further contributes to its protective capabilities. These
enzymes help protect both the bacterium and host cells from oxidative stress [39,40].

L. rhamnosus has also been shown to modulate host immune responses by interacting
with dendritic cells and promoting the production of anti-inflammatory cytokines, such as
IL-10. This immunomodulatory effect underscores its value in maintaining gut health [35,36].

Moreover, L. rhamnosus produces inosine, a metabolite with antioxidant, anti-inflammatory,
anti-infective, and neuroprotective properties. The production of inosine is notably upregulated
in L. rhamnosus compared to other Lactobacillus species, suggesting a unique metabolic profile
that enhances its probiotic and postbiotic activities [41].

3.2. Bifidobacterium infantis

B. longum subsp. infantis is particularly adapted to the infant gut environment, largely
due to its unique genomic configuration that enables the metabolism of human milk
oligosaccharides (HMOs). The genomics of B. infantis reveal specialized adaptations for
thriving in the infant gut, including unique metabolic pathways, genetic stability, and
competitive advantages through bacteriocin production [42].

The genome of B. infantis contains a vast array of genes encoding glycosyl hydrolases
and transport proteins that specifically target and degrade HMOs, providing a competitive
advantage in the infant gut [43,44].

Additionally, B. infantis produces key metabolites, such as acetate and lactate, which
have been shown to strengthen the intestinal barrier by enhancing tight junction in-
tegrity [45]. The bacterium’s genome also contains genes for producing various short-chain
fatty acids (SCFAs), which serve as energy sources for colonocytes and play a role in
maintaining gut homeostasis [46]. Although the genome of B. infantis does not directly
contain genes for producing indole-3-lactic acid (ILA), its production of ILA results from
its ability to metabolize tryptophan present in the growth medium, especially when grown
on HMOs [47].

Furthermore, B. infantis stands out among Bifidobacterium species for its numerous bacteri-
ocin gene clusters, including lanthipeptides and thiopeptides. These bacteriocins provide a
competitive edge in colonizing the infant gut by inhibiting harmful microorganisms [48].
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In addjition to its gastrointestinal benefits, B. infantis produces inosine, a metabolite of
B. infantis, has been shown to exert cardioprotective effects. It mitigates cardiac inflamma-
tion and cell death during ischemia/reperfusion injury by activating the adenosine A2A
receptor, which reduces pro-inflammatory cytokines and supports ATP generation through
the purine salvage pathway [49].

3.3. Streptococcus thermophilus

S. thermophilus, a widely recognized probiotic bacterium found in fermented dairy
products, plays a pivotal role in influencing gut health and host metabolism through its
diverse metabolic activities. One of its primary metabolites is lactate, produced via the
glycolysis pathway [50]. Lactate is crucial for lowering the pH in the gut, which not only
facilitates milk coagulation during fermentation but also modulates the colon epithelium.
This modulation affects the expression of various transporters and proteins involved in cell
cycle regulation, thereby positively impacting gut health and function [51].

In addition to lactate, S. thermophilus produces a range of amino acids, including leucine,
isoleucine, proline, aspartic acid, and tryptophan. These amino acids are essential for the
bacterium’s growth and significantly contribute to the sensory properties and quality of
fermented milk products. The strain also generates various fatty acids and other metabolites,
such as 2-hydroxybutyric acid, D-glycerol-D-galactose-heptanol, and hydra starch, which
influence the flavor profile and overall characteristics of the fermentation process [52].

Metabolic pathways in S. thermophilus involve the breakdown and utilization of several
amino acids, including cysteine, methionine, glutamate, glutamine, arginine, aspartate,
asparagine, and alanine. These amino acids are integral to the synthesis of glutathione, a
potent antioxidant that helps the bacterium combat oxidative stress and environmental
challenges [53]. Moreover, S. thermophilus affects gut metabolism by altering tryptophan
metabolism, leading to reduced levels of indole derivatives and increased production of
serotonin. This metabolic shift has broader implications for mood regulation and gut-brain
interactions [54].

Furthermore, S. thermophilus produces a range of antibiotic-like compounds and
bactericidal proteins, such as bacteriocins, which are instrumental in reducing uremia and
inhibiting the growth of pathogenic microbes. These antimicrobial properties enhance the
probiotic benefits of S. thermophilus, making it a valuable contributor to gut health and a
potent preventive measure against infections caused by harmful bacteria [55]. Overall, the
metabolic versatility and probiotic attributes of S. thermophilus underscore its significance
in both industrial applications and health-related functions.

3.4. Lactobacillus acidophilus

Lactobacillus acidophilus is a probiotic microorganism known for producing a range
of metabolites that contribute to gut health, including conjugated linoleic acid (CLA),
exopolysaccharides (EPSs), and bacteriocins (BACs). The production of these metabolites is
influenced by several factors, such as initial pH, temperature, incubation time, yeast extract
concentration, and the availability of free linoleic acid [56].

Bacteriocins, which are antimicrobial peptides produced by L. acidophilus, play a key
role in inhibiting the growth of pathogenic bacteria [57]. Unlike conventional antibiotics,
these bacteriocins have a relatively narrow spectrum of activity and can be degraded by pro-
teases in the gastrointestinal tract. This may limit their direct antimicrobial efficacy but also
reduces their potential to disrupt beneficial microbiota [58]. Certain bacteriocin-producing
strains, such as L. acidophilus JCM1132, have been shown to alter gut microbiota composition
in healthy mice, reducing inflammatory responses and potentially preventing metabolic
diseases. This finding underscores the probiotic potential of bacteriocin-producing strains
in modulating gut health [59].

Another important metabolite produced by L. acidophilus is valeric acid, a short-chain
fatty acid (SCFA) that has been demonstrated to suppress the development of non-alcoholic
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fatty liver disease-associated hepatocellular carcinoma (NAFLD-HCC) by inhibiting specific
cellular pathways [60].

L. acidophilus also produces several antigenic proteins, such as GroEL (HSP60), enolase,
and transcription factors EF-Ts and EF-Tu. These proteins are recognized by serum IgG
antibodies in children, particularly those with autoimmune conditions like type 1 diabetes
and celiac disease, suggesting a complex interaction between the immune system and
commensal bacteria [61].

The strain L. acidophilus 5e2 synthesizes exopolysaccharides composed of glucose,
galactose, and glucosamine, which may promote gut health by fostering beneficial microbial
communities. Additionally, Lactobacillus species produce biosurfactants such as surlactin,
which have the capacity to reduce surface tension and inhibit pathogen adhesion, thereby
maintaining a balanced microbiota and providing protection against infections [62,63].

3.5. Saccharomyces boulardii

S. boulardii, a probiotic yeast, is well known for its therapeutic benefits, particularly in
gastrointestinal health. Recent research has expanded our understanding of the metabolites
produced by S. boulardii, highlighting its potential applications in gastrointestinal disorders,
cancer treatment, and as a microbial cell factory.

Saccharomyces cerevisiae var. boulardii synthesizes a diverse range of bioactive metabo-
lites, including polyphenolic compounds such as vanillic acid, cinnamic acid, and phenyl
ethyl alcohol, as well as essential nutrients like vitamin B6. These compounds contribute to
its antioxidant capacity and provide a foundation for its anti-carcinogenic, antibacterial, an-
tiviral, and general health-promoting properties [64,65]. Additionally, S. boulardii produces
molecules like erythromycin and amphetamine, further enhancing its therapeutic profile.

One of the notable metabolites produced by S. boulardii, particularly by the strain
S. boulardii-B508, is the Saccharomyces anti-inflammatory factor (SAIF). This factor has
been shown to reduce the burden of Mycobacterium intracellulare in human macrophages
by inducing apoptosis in infected cells and inhibiting IL-8 expression through the sup-
pression of NF-«B activation, a key regulator of the human inflammatory response [66].
S. boulardii also synthesizes a phosphatase capable of dephosphorylating endotoxins such
as the lipopolysaccharide (LPS) of Escherichia coli, thereby reducing their cytotoxic effects.
Furthermore, it produces a 54-kDa serine protease that decreases intestinal permeability
and inhibits the secretion of water and electrolytes, enhancing its ability to protect against
bacterial toxins and exert anti-inflammatory effects in the gastrointestinal tract [67,68].

Moreover, S. boulardii generates high levels of acetic acid at 37 °C, a characteris-
tic linked to unique mutations in the SDH1 and WHI2 genes, which are not found in S.
cerevisiae. These genetic traits enable the yeast to thrive in acidic environments, providing re-
sistance to gastric conditions and supporting its efficacy as a probiotic [69,70]. Additionally,
S. boulardii produces a serine protease that cleaves Clostridioides difficile toxin A, stimulates
the production of antibodies against this toxin, and modulates inflammatory responses by
promoting anti-inflammatory molecules like peroxisome proliferator-activated receptor-
gamma (PPAR-y) [71].

In summary, the array of bioactive compounds produced by S. boulardii, including or-
ganic acids, enzymes, polyphenols, and proteases, underlines its diverse probiotic activities
and therapeutic potential, making it a valuable tool in managing various health conditions.

4. Bioactive Metabolites Produced by Probiotics: Mechanisms of Action and Their
Role in Enhancing Pediatric Health

Probiotics, particularly Lactobacillus and Bifidobacterium species, are increasingly used
in pediatric healthcare for their benefits in managing gastrointestinal disorders and en-
hancing immune function [72,73]. Research suggests that the benefits of probiotics in
children are generally species-specific rather than strain-specific [4]. Probiotics have proven
effective in treating conditions like necrotizing enterocolitis (NEC), antibiotic-associated
diarrhea, and Helicobacter pylori infections [74-76]. Beyond gastrointestinal health, probi-
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otics support immune modulation, nutrient absorption, and anti-inflammatory responses,
potentially reducing the frequency of infections, allergies, and inflammation-related con-
ditions [77]. Strains like Lactobacillus rhamnosus GG have shown promise in alleviating
allergic symptoms and promoting overall child health [78]. Understanding the bioactive
metabolites and mechanisms of action of probiotics is crucial for their effective integration
into pediatric care.

4.1. Immunomodulatory Metabolites

Probiotic bacteria, particularly strains of Bifidobacterium and Lactobacillus, produce a variety
of immunomodulatory metabolites that play crucial roles in maintaining gut homeostasis and
modulating the host immune system. These metabolites, which include short-chain fatty
acids (SCFAs), bacteriocins, indole derivatives, and vitamins, have been shown to suppress
inflammation, enhance microbial diversity, and improve intestinal barrier function by altering
intestinal permeability and strengthening intercellular junctions [79]. Additionally, Lactobacillus
and Bifidobacterium species are well known for their production of SCFAs and vitamins, which
enhance intestinal barrier integrity and promote anti-inflammatory responses [80]. Moreover,
gut microbial-derived metabolites such as polyamines, choline-derived compounds, and
secondary bile acids have been identified as immunoregulatory molecules that specifically
affect adaptive immune responses, particularly T helper 17 and regulatory T cells, thereby
influencing health and disease outcomes [81].

These strains produce immunomodulatory metabolites that positively impact the im-
mune system in children by enhancing innate immunity, regulating pro-inflammatory cytokine
expression, and preventing tissue damage from excessive inflammatory responses [82,83].
Specifically, Lactobacillus rhamnosus GG has been shown to induce beneficial Th1 immunomod-
ulatory effects, thus helping to manage conditions like cow’s milk allergy and atopic dermatitis
by promoting IL-10 production [84].

Additionally, probiotics modulate the infant microbiota, induce immune mediator
production, and influence cytokine production by intestinal cells, showcasing their ability
to shape the immune response [82]. These effects are strain-specific and impact the im-
mune system through various pathways, such as suppressing inflammation via the NF-xB
pathway and enhancing phagocytic activity [85]. Furthermore, probiotics have been associ-
ated with reducing allergic reactions by downregulating Th2-related responses, inhibiting
pro-inflammatory cytokine production, and modulating immune system components, ulti-
mately promoting anti-inflammatory and immunomodulatory effects [86]. For example,
lactic acid bacteria (LAB) are particularly effective in preventing allergic diseases like atopic
eczema in infants by enhancing the body’s capacity to produce immune-enhancing cy-
tokines such as interferon-gamma (IFN-y) [87]. Specific probiotic strains also significantly
increase the production of intestinal immunoglobulin A (IgA), which enhances mucosal
immunity and protects against gastrointestinal infections [88]. Moreover, probiotics can
influence systemic immunity by promoting the activity of natural killer (NK) cells and
the differentiation of T-helper cells, both crucial for fighting infections and maintaining
immune balance [89].

Lactobacillus gasseri TCI515, a probiotic strain, exemplifies this role by enhancing
the expression of innate immunity-regulating genes and inhibiting pro-inflammatory
cytokine gene expression, thereby improving innate immunity and preventing tissue
damage from excessive inflammatory responses [83] Similarly, LAB fermentation of herbal
medicines generates metabolites like exopolysaccharides, SCFAs, and bacteriocins, which
have immunomodulatory properties and interact with the immune system, potentially
boosting the innate immune response in children [90].

Overall, probiotic bacteria play a crucial role in producing metabolites that interact
with and modulate the immune system, offering significant benefits for children’s health
and well-being.
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4.2. Anti-Inflammatory Metabolites

Probiotics have been studied for their potential to produce anti-inflammatory metabo-
lites, such as short-chain fatty acids (SCFAs) like butyrate and acetate, which may modulate
immune responses and reduce inflammation in children [91]. However, the evidence is
mixed and often varies depending on the specific strains used, the health status of the
children, and the biomarkers measured. For example, a recent study involving a com-
bination of Lactobacillus acidophilus and Bifidobacterium lactis demonstrated a significant
reduction in inflammatory markers, such as MPIF-1 and MIP-3¢, in children, suggesting
an anti-inflammatory effect through immune modulation [92]. Similarly, another study
found that synbiotic supplementation in overweight children led to decreased levels of
inflammatory markers like tumor necrosis factor-o and interleukin-6, although these effects
were associated with weight reduction rather than a direct anti-inflammatory action [93,94].

In children with various diseases, probiotics have shown potential in reducing sys-
temic inflammation, particularly in conditions such as allergies, autoimmune diseases, and
severe illnesses [94]. However, a study investigating the long-term effects of Lactobacillus
paracasei supplementation during weaning found no significant impact on metabolic and
inflammatory profiles at school age, suggesting that early probiotic intervention may not
have lasting anti-inflammatory benefits [95]. Thus, the effectiveness of these biotics appears
to be influenced by the health status of the children, with greater benefits observed in those
with specific conditions, indicating that they may be more effective for certain groups.

Given that the molecular mechanisms underlying the anti-inflammatory effects of
specific probiotic molecules are not well understood, a recent in vitro study demonstrated
that secreted metabolites from Bifidobacterium infantis and Lactobacillus acidophilus exert
anti-inflammatory effects in immature human enterocytes by modulating genes involved
in immune response, cell survival, and NF-«B signaling. These metabolites reduce IL-6 and
IL-8 production, suggesting their potential to mitigate inflammation in conditions such as
necrotizing enterocolitis in children [96].

Additionally, another in vitro study evaluating the anti-inflammatory effects of
biomolecules in probiotics commonly used in children showed that intestinal bacterial
metabolites produced by Bifidobacterium animalis subsp. lactis LKM512 can suppress TNF-
alpha production in J774.1 cells stimulated by lipopolysaccharide (LPS), suggesting that
consumption of yogurt containing this strain may help reduce inflammatory cytokines
produced by macrophages [97].

In conclusion, while probiotics and their metabolites show promising potential as
anti-inflammatory agents in children, further investigation is needed to fully elucidate the
molecular mechanisms underlying these effects and to determine optimal conditions for
their application. Such insights could guide the development of targeted probiotic therapies,
particularly for conditions like necrotizing enterocolitis, allergies, and autoimmune diseases,
ultimately improving therapeutic outcomes for pediatric populations. A summary of the
role of probiotic metabolites in children’s health is shown in Figure 2.

4.3. Nutrient Absorption-Enhancing Metabolites

Probiotics have been shown to enhance nutrient absorption in children by producing
beneficial metabolites that improve gut health and nutrient uptake. These metabolites include
vitamins, minerals, and short-chain fatty acids (SCFAs), which play crucial roles in maintaining
a healthy gut microbiome and improving overall health outcomes in children [4].

A recent study demonstrated that probiotics significantly increased the blood levels of
vitamins and minerals such as vitamin D, vitamin A, calcium, zinc, and iron in children
over a 10-week period. This finding suggests that probiotics can enhance the absorption
of these essential nutrients, potentially improving the nutritional status and immunity
of children [98]. Probiotics have also been shown to regulate lipid metabolism, which is
crucial for nutrient absorption. In overweight or obese children, probiotics helped reduce
levels of LDL cholesterol and leptin while increasing HDL cholesterol and adiponectin,
indicating improved lipid profiles and metabolic health [99,100].
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Figure 2. Role of probiotic metabolites in children’s health. Short-chain fatty acids (SCFAs), ex-
opolysaccharides (EPSs), Immunoglobulin A (IgA), interleukin-10 (IL-10), and interferon-gamma
(IFN-v) in immune cells. Nuclear factor kappa B (NF-«kB) activation leading to reduced levels of
interleukin-6 (IL-6) and interleukin-8 (IL-8).

The administration of prebiotic-enhanced lipid-based nutrient supplements (LNSs)
in undernourished infants led to a significant increase in the production of SCFAs such
as acetate, butyrate, and propionate. These SCFAs are known to enhance gut health and
nutrient absorption by promoting a beneficial gut microbiota composition. Similarly, the use
of multi-strain probiotics in obese children increased the abundance of beneficial bacteria
like Lactobacillus spp. and Bifidobacterium animalis, which are associated with improved
SCFA production and lipid metabolism [101].

A recent study assessed the effectiveness of probiotics in improving health outcomes
for children with severe acute malnutrition (SAM) in the Democratic Republic of Congo.
The findings suggested that probiotics contributed to better health metrics, including
weight gain, shorter recovery times, and overall nutritional improvement. The study
concluded that incorporating probiotics into rehabilitation protocols could enhance the
recovery of malnourished children [102].

In vitro approaches have shown that a mixture of Saccharomyces boulardii, Lactobacil-
lus acidophilus, Lactobacillus rhamnosus, and Bifidobacterium breve, in combination with the
enzyme amylase, disrupts pathogenic gastrointestinal biofilms, improving nutrient absorp-
tion by enhancing permeability and increasing the penetration of proteins and vitamins
through intestinal cell monolayers [103].

While the evidence supports the role of probiotics in enhancing nutrient absorption
through the production of beneficial metabolites, the effects can vary based on the probiotic
strains used, the duration of supplementation, and the health status of the children. Further
studies are needed to optimize probiotic interventions for different pediatric populations
and to fully understand the mechanisms behind these benefits.

4.4. Gut Microbiota-Balancing and Barrier-Enhancing Metabolites

A healthy microbiota involves maintaining an appropriate diversity and abundance
of beneficial microorganisms that outnumber and outcompete potentially pathogenic or
harmful ones [104]. When this delicate equilibrium is altered, the microbiota becomes
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imbalanced, a condition known as dysbiosis [105]. In children, dysbiosis is associated with
alterations of gut function such as diarrhea [106], infant colic [107] or even autoimmune
and atopic diseases such as asthma or rhinitis [108].

Balancing the gut microbiota is essential for optimal digestive health in children,
and probiotic metabolites contribute significantly to this balance [109,110]. The bioactive
molecules produced by probiotics help maintain a healthy gut environment by improving
the balance of the gut microbiota [4]. By supporting a diverse and beneficial microbial
community in the gut, these metabolites promote digestive health, prevent conditions such
as diarrhea and colic, and contribute to overall well-being in children.

Short-chain fatty acids (SCFAs) are primary metabolites produced during the fermen-
tation of dietary fibers by probiotic bacteria in the colon. These SCFAs, particularly butyrate,
play a critical role in modulating the composition and activity of the gut microbiota [111].
Butyrate, for instance, is known for its ability to promote the growth of beneficial bac-
teria such as Faecalibacterium prausnitzii, a bacterium associated with anti-inflammatory
properties [112]. At the same time, SCFAs help lower the pH of the gut environment,
creating conditions unfavorable for pathogenic bacteria [113], thereby reducing the risk of
gastrointestinal infections like diarrhea and colic in children.

In addition to promoting a healthy microbial balance, SCFAs have been found to
enhance the production of mucin, a key component of the gut mucus layer that provides a
protective barrier against pathogens [114]. By increasing mucin production, SCFAs help to
fortify the gut lining, reducing the likelihood of pathogens adhering to and invading the
epithelial cells of the intestine. Furthermore, butyrate serves as a primary energy source
for colonocytes [115,116], the cells lining the colon, thereby maintaining the integrity and
function of the intestinal barrier [117].

Tight junctions are critical components that regulate the permeability of the gut barrier.
Probiotic-derived metabolites like butyrate have been demonstrated to upregulate the
expression of tight junction proteins, including claudin and occluding [118], which are
essential for maintaining the integrity of the epithelial barrier. By enhancing these tight
junctions, probiotics help prevent “leaky gut,” a condition characterized by increased
intestinal permeability that allows toxins, microbes, and other harmful substances to enter
the bloodstream, potentially triggering systemic inflammation and immune responses.

Additionally, certain metabolites produced by probiotics, such as lactate and hydrogen
peroxide, have antimicrobial properties that contribute to maintaining a healthy gut barrier.
Lactate, for example, can inhibit the growth of pathogenic bacteria by lowering the pH of
the gut environment [119]. Meanwhile, hydrogen peroxide, produced by various microbial
strains, has direct bactericidal effects against pathogens further protecting the integrity of
the gut barrier [120].

5. Types and Mechanisms of Action of Probiotic Metabolites in Children

Probiotic metabolites, the bioactive compounds produced by beneficial microorgan-
isms, play a crucial role in promoting and maintaining health in children. These metabolites,
which include short-chain fatty acids (SCFAs), bacteriocins, exopolysaccharides (EPSs), and
vitamins, among others, exert a variety of beneficial effects on the host. Understanding the
types and mechanisms of action of these probiotic metabolites is essential for leveraging
their full therapeutic potential. This section delves into the various types of probiotic
metabolites and explores the specific mechanisms through which they exert their health-
promoting effects in children. A summary of the main metabolites produced by probiotic
bacteria in children is shown in Figure 3.

5.1. Vitamins

Probiotic bacteria play a vital role in synthesizing essential vitamins that significantly
impact the overall health and development of children. These beneficial bacteria, particu-
larly certain strains of lactic acid bacteria (LAB) and bifidobacteria, can produce various
vitamins necessary for multiple physiological processes, such as growth, development,
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and immune function [121]. In this section, we explore the types of vitamins produced by
probiotic bacteria, their impact on children’s health, and the mechanisms through which

these vitamins exert their beneficial effects.
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Figure 3. Major metabolites produced by probiotic bacteria in children. SCFAs: short-chain fatty
acids; EPSs: exopolysaccharides; GABA: gamma-aminobutyric acid; AMPS: antimicrobial peptides.

5.1.1. Vitamin B Complex

Probiotic bacteria are known to synthesize several B vitamins, including B1 (thiamine),
B2 (riboflavin), B3 (niacin), B5 (pantothenic acid), B6 (pyridoxine), B7 (biotin), B9 (folate),
and B12 (cobalamin). These vitamins are critical for energy metabolism, DNA synthesis,
red blood cell formation, and the proper functioning of the nervous system. Ensuring
adequate levels of these vitamins is crucial for children’s growth and development, as they
support numerous metabolic pathways and physiological processes [15,121].

Research has shown that specific probiotic strains, such as those within the genera
Lactobacillus and Bifidobacterium, are highly effective at producing B vitamins. For example,
Lactobacillus fermentum has been identified as a robust producer of folate and vitamin B12,
achieving production levels of up to 801.79 ug/mL for folate [122]. These strains can
enhance the nutritional profile of various foods, such as fermented dairy products, making
them an excellent source of B vitamins.

Oligosaccharides, which are prebiotic fibers that serve as a food source for probiotic
bacteria, have been found to enhance the vitamin-producing capabilities of certain probiotic
strains. Studies indicate that the presence of oligosaccharides can increase the synthesis of
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B vitamins by enhancing the bacteria’s properties, such as hydrophobicity, auto-aggregation,
and biofilm formation [123].

Several probiotic strains, including Lactobacillus reuteri, Lactobacillus acidophilus,
Streptococcus thermophilus, and Lactobacillus rhamnosus GG, are recognized for their ability to
produce essential B-group vitamins, such as vitamin B12, riboflavin, folate, and thiamine, which
are vital for numerous metabolic and physiological processes [124]. For example, L. reuteri
strains produce corrinoids related to vitamin B12, while L. acidophilus strains increase riboflavin
levels during fermentation, enhancing the nutritional value of foods like soymilk [125,126].
Additionally, S. thermophilus can boost the production of bioactive folate forms [127].

Leveraging these probiotic strains’ vitamin-producing capabilities could help de-
velop fortified, vitamin-rich functional foods, which are especially beneficial in promoting
children’s growth and development.

5.1.2. Vitamin K

Vitamin K, particularly in its K2 form (menaquinone), is another vital nutrient syn-
thesized by probiotic bacteria [128]. This vitamin plays a crucial role in blood clotting,
bone health, and cardiovascular function. The synthesis of vitamin K2 by gut bacteria is
especially significant in children, who may have limited dietary intake of this nutrient due
to selective eating habits or inadequate nutrition [129,130].

The probiotic bacterium Bacillus clausii has been demonstrated to produce vitamin
K2, effectively correcting coagulation disorders in infants following antibiotic treatment by
normalizing prothrombin levels [131]. Similarly, Lactococcus lactis is a known producer of
vitamin K2, particularly in the context of fermented foods, where different strains produce
varying amounts of the vitamin. Under specific cultivation conditions, these bacteria can
enhance the delivery of vitamin K2 through extracellular vesicles [132].

Additionally, certain neonatal gut bacteria, such as Enterobacter agglomerans, Serratia
marcescens, and Enterococcus faecium, have been identified as producers of menaquinones,
a form of vitamin K2. This suggests that even in early life, the gut microbiota can con-
tribute significantly to vitamin K production, which is essential for proper blood clotting
processes [133]. However, antibiotic treatments in infants can disrupt the gut microbiota,
leading to decreased vitamin K production. Studies have shown that administering probi-
otics like B. clausii can help restore normal prothrombin levels, highlighting the role of gut
bacteria in vitamin K synthesis and coagulation [131].

There are far fewer bacteria known to produce vitamin K than those that synthesize
B vitamins; however, as the gut microbiota of infants and children continues to be decoded,
more microorganisms capable of synthesizing vitamin K are likely to be discovered, given
its importance in pediatric health.

It is important to highlight that probiotics not only produce vitamins but also enhance
their absorption and bioavailability. For instance, a study involving children aged 8-13
showed that probiotic supplementation significantly increased blood levels of vitamins D
and A compared to a placebo group over a 10-week period, suggesting that probiotics may
improve the absorption and serum concentrations of essential vitamins [98]. Another study
reported improvements in gut health markers, such as increased bifidobacteria and reduced
inflammatory markers, in children receiving prebiotics and vitamin supplements, demon-
strating the potential of probiotics to enhance both gut health and vitamin status [134].

The ability of probiotics to synthesize and enhance the absorption of vitamins has
broad implications for child health. By ensuring the production of essential nutrients,
such as B vitamins and vitamin K, probiotics support various physiological processes,
including energy metabolism, immune response, and bone mineralization. Furthermore,
vitamins produced by commensal bacteria may influence immune responses, suggesting
roles beyond basic nutrition, such as regulating gene expression and enhancing nutrient
absorption [15,31]. A summary of the probiotic bacteria involved in the synthesis of
vitamins is described in Table 1.
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Table 1. Key vitamins produced by probiotic bacteria.

Probiotic Strain

Vitamin Produced

Mechanism

Lactobacillus fermentum [122]

Folate (B9), Vitamin B12 (Cobalamin)

Synthesis of folate and B12

Lactobacillus reuteri (DCM 20016,
JCM1112, CRL1324, CRL1327) [31]

Corrinoids (related to Vitamin B12)

Production of corrinoids

Lactobacillus acidophilus (ATCC314,
FTDC 8833) [121]

Riboflavin (B2)

Enhances riboflavin production

Streptococcus thermophilus (ABM5097) [15]

5-Methyltetrahydrofolate (5-MTHF) (Folate)

Increases folate production

Lactobacillus rhamnosus GG [31]

Folate (B9), Riboflavin (B2), Thiamine (B1)

Produces and releases folate and
riboflavin efficiently; low production
of intracellular thiamine

Bacillus clausii [131]

Vitamin K2 (Menaquinone)

Production of vitamin K2

Lactococcus lactis [132]

Vitamin K2 (Menaquinone)

Production of vitamin K2

Enterobacter agglomerans, Serratia
marcescens, Enterococcus faecium [133]

Menaquinones (Vitamin K2)

Contributes to vitamin K production
in the neonatal gut

Various strains (Lactobacillus,
Bifidobacterium) [123]

B Vitamins (B1, B2, B3, B5, B6, B7, B9, B12),
Vitamin K

Utilizes oligosaccharides to enhance
hydrophobicity, auto-aggregation,
and biofilm formation, thus
improving B vitamin production

Lactobacillus gasseri (FTDC 8131) [135]

Riboflavin (B2)

Interacts with riboflavin; context
suggests strain-dependent variability
in production or consumption of
the vitamin

Bifidobacterium strains (B. longum,
B. bifidum) [31]

Thiamine (B1)

Low but significant production of
intracellular thiamine without
extracellular synthesis; does not
produce folates or riboflavin

Children consuming probiotics [98]

Vitamin D, Vitamin A

Probiotics enhance absorption and
serum concentrations of vitamins

5.2. Short-Chain Fatty Acids (SCFAs)

Short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate are key
metabolites that play a vital role in supporting gut health in children. SCFAs are essen-
tial for maintaining a healthy digestive system [136]. One of their primary functions
is to nourish the cells lining the intestines, known as colonocytes [115], which are cru-
cial for forming a robust gut barrier that prevents harmful substances from entering the
bloodstream [115]. Additionally, SCFAs are critical for the development, regulation, and
maturation of the immune system [137,138]. Notably, butyrate, a specific SCFA, has demon-
strated anti-inflammatory properties [136], helping to protect against conditions such as
colic, gastrointestinal infections, and inflammatory bowel disease [139].

SCFAs also contribute to maintaining an optimal gut environment by lowering the
pH [140,141], which supports the growth of beneficial bacteria while inhibiting gut
pathogens [142]. Furthermore, these molecules enhance the gut barrier by promoting
the production of mucins, substances that protect the gut lining and prevent the adherence
and invasion of pathogens [143].

Certain probiotic strains, such as Lactobacillus and Bifidobacterium, are known to pro-
duce SCFAs in the gut [31,144-146]. These beneficial bacteria are commonly found in
fermented foods like yogurt or in dietary supplements specifically formulated for chil-
dren. When children consume foods rich in probiotics, these bacteria proliferate in the gut
and produce SCFAs by fermenting dietary fibers present in fruits, vegetables, and whole

grains [147,148].
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5.3. Antimicrobial Peptides

Antimicrobial peptides (AMPs) are small molecules that serve as natural antibiotics
produced by the body and certain probiotic bacteria [149,150]. AMPs represent a promising
avenue for enhancing child health by modulating the gut microbiota and providing a
natural defense against pathogens [150]. These bioactive molecules, which include bac-
teriocins and other peptide-based antimicrobials, have been shown to selectively inhibit
harmful bacteria while promoting the growth of beneficial microbes [151]. Furthermore,
unlike conventional antibiotics, AMPs have a lower propensity for developing resistance,
making them a safer alternative for managing pediatric infections and promoting overall
gut health [152-154].

Although there is currently limited direct evidence for the use of probiotic-derived an-
timicrobial peptides (AMPs) specifically in pediatric health, several lines of research suggest
their potential as novel therapeutic agents for children. Extensive studies have demon-
strated the broader benefits of probiotic-derived AMPs for human health, particularly their
antimicrobial, immunomodulatory, and microbiota-regulating properties [151,155-157].
Additionally, AMPs from other sources have proven effective in managing pediatric in-
fections, and clinical trials have highlighted cationic antimicrobial peptides as promising
alternatives for treating infections in neonates and children, especially in cases involving
antibiotic-resistant pathogens [158]. Further research into the use of probiotic-derived
AMPs could open up new pathways for developing innovative, safe, and effective treat-
ments to manage infections and enhance health outcomes in children.

5.4. Enzymes

The enzymes produced by probiotics hold significant potential in improving children’s
health by supporting essential digestive functions and enhancing nutrient absorption [159].
These beneficial microorganisms produce enzymes that break down complex nutrients,
making them more accessible for a child’s developing digestive system. As children’s
gut microbiota continues to evolve, the enzymatic activity provided by probiotics plays
a pivotal role in promoting a balanced gut environment, which is crucial for immune
function, growth, and overall well-being [160].

One of these enzymes derived from probiotics is 3-glucosidase, an enzyme important for
breaking down complex carbohydrates into simpler sugars, which can enhance the probiotic’s
effectiveness in the gut [161]. Bifidobacterium species, which are early colonizers of the infant gut,
produce (3-galactosidase to metabolize milk-based diets. This enzyme cleaves the glycosidic
bond in lactose through hydrolysis, producing the monosaccharides glucose and galactose,
which are essential for energy production and growth in infants [162]. In addition to hydrolysis,
(3-galactosidase can transfer galactosyl units to other sugar molecules through transgalactosy-
lation. This activity forms galactooligosaccharides (GOSs), which are beneficial prebiotics that
promote the growth of healthy gut microbiota [162-164]. In infants with nutritional disorders
such as celiac disease and cystic fibrosis, 3-galactosidase activity can be affected. For example,
lactase activity is significantly reduced in celiac disease, while hetero-3-galactosidase activity
remains relatively stable [165].

Similarly, lacto-N-biosidase (LNBase) plays a crucial role in the digestion of human
milk oligosaccharides (HMOs). This enzyme, primarily found in Bifidobacterium spp.,
facilitates the breakdown of complex sugars into simpler forms that can be utilized by the
infant’s gut microbiota [160]. For instance, LNBase from Bifidobacterium bifidum (LnbB) is
essential for the degradation of HMOs, specifically lacto-N-tetraose, into lacto-N-biose I
and lactose, which is vital for the early life microbiota in infants [166].

LNBase operates via a substrate-assisted catalytic mechanism, with a unique metabolic
pathway specific to lacto-N-biose I, a major core structure in HMOs [167]. Its activity is
modulated by specific amino acids, such as His263, which plays a critical role in the catalytic
process by altering the pKa of the acid /base residue [166]. The stability of LNBase during
digestion and its ability to modulate gut microbiota composition, increasing the abundance

222



Nutrients 2024, 16, 3706

of beneficial bacteria like B. bifidum, underscores its potential in alleviating infant food
allergies and promoting overall gut health [160].

The enzymatic activities of probiotics contribute significantly to infant and child
health by enhancing digestion, nutrient absorption, and gut microbiota composition. These
findings highlight the importance of continued research into probiotic-derived enzymes as
valuable tools for improving pediatric health outcomes.

5.5. Exopolysaccharides (EPSs)

EPSs are complex carbohydrate polymers secreted by probiotic bacteria such as
Lactobacillus, Bifidobacterium, Streptococcus, Weissella, during metabolic processes [168]. Struc-
turally, exopolysaccharides consist of repeating units of glucose, galactose, mannose and
rhamnose, which can form homo or heteropolysaccharides, often linked by glycosidic
bonds [169]. These polysaccharides can either be covalently anchored to the cell surface,
forming capsular polysaccharides [170], or be secreted into the extracellular environment,
leading to the formation of a mucilaginous layer. This latter form plays a critical role in
the development of bacterial biofilms [170,171]. These types of polysaccharides can vary
widely in composition, branching, and molecular weight, contributing to their diverse
functional properties and activities [172].

One of the most notable is their bifidogenic activity, which refers to their ability to se-
lectively stimulate the growth of specific members of the infant gut microbiota, specifically
of Bifidobacterium species [173]. In infants, Bifidobacterium typically accounts for about 90%
of intestinal bacteria [174].

The bifidogenic effects of EPSs arise from their complex carbohydrate structures,
which are resistant to digestion in the upper gastrointestinal tract. Upon reaching the
colon, these EPSs serve as prebiotics. Lv et al. (2024) isolated and purified EPSs from
Bifidobacterium animalis subsp. Lactis SF (SE-EPS) from the feces sample of a healthy infant),
and their probiotic potential was evaluated in vitro. SF-EPS regulated the gut microbiota
by increasing the relative abundances of Faecalibacterium, Anaerostipes, and Bifidobacterium,
while reducing the abundance of Enterobacter and Klebsiella. Furthermore, SF-EPS enhanced
the production of SCFAs by intestinal microorganisms. These findings suggest that SF-EPS
may serve as a potential prebiotic for use in functional foods [14].

Exopolysaccharides also exhibit potent biological activities, including antioxidant proper-
ties, free radical scavenging, and the reduction of oxidative stress [14,175]. Tarique et al. (2024)
showed the antioxidant potential of EPSs from Enterococcus faecium and S. thermophilus. This
potential could be due to the different sugars and their arrangements which can affect the
ability of EPSs to interact with and neutralize free radicals [26].

EPSs also have immunoregulatory properties. EPSs from Bifidobacterium longum
subsp. infantis E4 demonstrated significant immunomodulatory and anti-inflammatory
effects in vitro. These EPSs enhanced macrophage activity and reduced inflammatory
markers, indicating potential benefits for immune health in infants [176]. Additionally,
some studies have found that EPSs from probiotics have other properties, such as antitumor
activity [177-179], antibacterial activity [180], antiviral protection [181], and lipid regulation
potential [182,183]. EPSs also enhance adherence and subsequent colonization of microflora
on host cells [14].

In summary, their combination of different biological activities makes EPSs promis-
ing candidates for functional foods and therapeutic agents aimed at improving chil-
dren’s health.

5.6. Neurotransmitters
5.6.1. Gamma-Aminobutyric Acid (GABA)

GABA is a crucial neurotransmitter for children, playing a key role in brain develop-
ment, emotional regulation, and cognitive functions like learning and memory. It helps
maintain a balance between excitatory and inhibitory signals in the brain, which is impor-
tant for reducing anxiety, promoting restful sleep, and managing stress [184-186]. Adequate
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GABA levels support healthy neural circuit formation, contribute to emotional stability,
and help children with behavioral control, making GABA essential for overall mental and
physical well-being [187,188]. Interestingly, these levels have been found to increase with
age [189], and this difference in GABA levels seems to be related to how fast children can
learn. Experimental results indicate children show more flexible GABA-related inhibitory
processing compared to adults, allowing for quicker adaptation to stabilize learning [186].

While Lactobacillaceae species are recognized as primary producers of GABA, Bifidobac-
terium species have been identified as the most efficient GABA producers [187]. Notably,
gad genes responsible for GABA synthesis are also found in other probiotic strains [190,191].
The production of GABA by these microorganisms has suggested a link between the gut
microbiota and neurological health [191]. GABA is produced by the enzyme glutamate
decarboxylase (GAD), which requires pyridoxal-5'-phosphate (PLP) and works through
the irreversible x-decarboxylation of l-glutamate, consuming one cytoplasmic proton [192].

Bifidobacterium species such as Bifidobacterium adolescentis, Bifidobacterium dentium,
and Bifidobacterium longum have demonstrated the capacity to synthesize GABA through the
decarboxylation of glutamate by GAD enzymes. This process not only helps in maintaining
the gut’s acid-base balance but also contributes to the pool of bioactive GABA within
the host [190,193-196].

GABA-producing probiotic strains significantly impact the gut-brain axis, a communica-
tion network between the gastrointestinal tract and the central nervous system, involving the gut
microbiota, immune system, enteric nervous system (ENS), and central nervous system [197].
GABA can modulate ENS activity—affecting gut motility, secretion, and blood flow [198]—and
may influence the central nervous system via the vagus nerve, impacting neuropsychiatric
conditions [199,200]. Increased GABA levels in the gut have been linked to reduced stress
and anxiety-like behaviors [185], with specific bacteria like Bacteroides and GABA-producing
Bifidobacterium strains playing roles in mental health and reducing systemic inflammation
associated with mood disorders and neurodegenerative diseases [191,200].

Previous studies have demonstrated that the gut microbiota diversity in children
with autism spectrum disorder (ASD) undergoes significant changes, with alterations in
Bifidobacterium being linked to the severity of ASD [201]. Infants at higher risk for ASD have
a decreased abundance of Bifidobacterium and an increased abundance of Clostridium and
Klebsiella compared to those at lower risk. Additionally, fecal GABA levels were lower in
infants with a higher likelihood of ASD, with GABA levels showing a positive correlation
with Bifidobacterium [202].

Analyses on children with attention deficit hyperactivity disorder (ADHD) have
found lower levels of GABA and reduced presence of lactic acid bacteria. These bacteria
are known to be involved in the production of GABA, suggesting that the reduction
of lactic acid bacteria in the gut of infants with ADHD could be associated with lower
GABA levels [203,204].

Furthermore, clinical trials have suggested that probiotics containing GABA-producing
Bifidobacterium or Lactobacillaceae species can be effective in treating gastrointestinal issues
and enhancing overall mental health in children [205-207].

5.6.2. Other Neurotransmitters Produced by Probiotics

In addition to GABA, probiotic microorganisms are gaining recognition for their ca-
pacity to produce various neurotransmitters, which can significantly influence host health
via the gut-brain axis. A well-documented example is serotonin (5-HT), a neurotransmitter
crucial for regulating mood, appetite, and sleep. Certain probiotic strains, such as Enterococ-
cus and Streptococcus, have been shown to synthesize serotonin, suggesting their potential
impact on emotional and psychological well-being [208].

Dopamine, another essential neurotransmitter associated with reward and motivation,
is produced by probiotic strains like Bacillus and Lactobacillus species [209]. The production
of dopamine by these probiotics could affect neurological functions and behaviors, high-
lighting a possible route through which to influence the host’s nervous system. Similarly,

224



Nutrients 2024, 16, 3706

Lactobacillus plantarum is known to produce acetylcholine, which plays a critical role in
learning, memory, and muscle activation [210]. The presence of acetylcholine in the gut
underscores the complex communication pathways of the gut-brain axis.

Probiotics like Escherichia coli and Bacillus subtilis have also demonstrated the ability
to synthesize norepinephrine, a neurotransmitter involved in alertness and the body’s
“fight or flight” response [211]. This ability suggests that these microorganisms could help
modulate stress and mood responses. Additionally, Lactobacillus reuteri is known to produce
histamine, which is critical for immune responses and gut motility [212]. The production
of glutamate, an excitatory neurotransmitter important for synaptic plasticity, has been
observed in strains of Lactobacillus and Bifidobacterium [213].

Overall, the capacity of probiotics to synthesize these neurotransmitters supports their
potential role in managing neuropsychiatric and gastrointestinal disorders by modulating
the gut-brain axis, providing a promising avenue for therapeutic intervention.

5.7. Bioactive Postbiotic Fractions

Postbiotics, defined by the International Scientific Association for Probiotics and
Prebiotics (ISAPP) as “inanimate microorganisms and/or their components that confer
health benefits to the host”, include microbial cells, metabolites, and fermentation byprod-
ucts [214]. Postbiotics are key mediators of microbiota—host interactions. Unlike probiotics,
which are live microorganisms, postbiotics do not contain live bacteria but consist of benefi-
cial byproducts released during the microorganisms’ life cycle [215,216]. Postbiotics can be
classified based on their composition, including lipids (e.g., butyrate, propionate), proteins
(e.g., lactocepin), carbohydrates (e.g., polysaccharides, teichoic acids), vitamins, organic
acids (e.g., lactic acid), and complex molecules (e.g., lipoteichoic acids) [215-217]. Addition-
ally, they can be categorized by their physiological functions, such as immunomodulatory,
anti-inflammatory, hypocholesterolemic, anti-obesity, antihypertensive, anti-proliferative,
and antioxidant effects (Figure 4) [218,219]. These compounds are widely present in foods
such as yogurt, kefir, and pickled vegetables, and can also be intentionally applied in
functional foods such as infant formulas [215,216,220].

The significance of postbiotics lies in their potential health benefits and greater stability
compared to probiotics. Because postbiotics lack live bacteria, they are more stable and
have a longer shelf life, making them easier to store and use in therapeutic and nutritional
applications [221]. The unique structure of postbiotics can exert a range of beneficial effects on
the host through diverse cellular and molecular mechanisms. Postbiotics play a crucial role
in children’s health by supporting gut balance, boosting immunity, and promoting digestive
health. They help reduce inflammation, enhance nutrient absorption, and protect against
infections, contributing to overall well-being in growing children [215,222]. Additionally, the
use of postbiotics is associated with fewer safety concerns than probiotics, as there is no risk of
infection from live bacteria. This makes them particularly suitable for vulnerable populations,
including infants, the elderly, and immunocompromised individuals [215,216,223].

Postbiotics exhibit significant immunomodulatory and anti-inflammatory effects, play-
ing a critical role in enhancing both innate and adaptive immune responses. One of the key
mechanisms by which postbiotics exert immunomodulatory effects is through the activa-
tion of immune receptors such as Toll-like receptors (TLRs). For instance, heat-inactivated
Lactobacillus casei has been shown to enhance macrophage-mediated innate immunity
by increasing the transcription of TLRs (TLR2, TLR3, TLR4, and TLR9) and stimulating
pro-inflammatory cytokines, which strengthen the body’s defense against infections [224].
Moreover, postbiotics derived from Lactobacillus gasseri TMCO0356 have demonstrated a
more potent effect on immune activity than their probiotic counterparts, inducing higher
levels of interleukin-12 (IL-12) in macrophages [225].
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Figure 4. Postbiotics and their potential positive effects in children.

The anti-inflammatory properties of postbiotics are equally noteworthy. By regulating
cytokine production, postbiotics can help reduce inflammatory responses. For example,
supernatants of Faecalibacterium prausnitzii have been shown to alleviate colitis in mice
by increasing the production of the anti-inflammatory cytokine IL-10 while reducing the
pro-inflammatory cytokine IL-12, likely through the inhibition of NF-«B activation [226].
Additionally, Lactobacillus paracasei B21060 postbiotics have demonstrated protective effects
against inflammation caused by Salmonella in human colon tissues [227]. Another example
of the immunomodulatory action of postbiotics involves Lactobacillus reuteri 17938, which
promotes the production of the anti-inflammatory cytokine IL-10 in dendritic cells, leading
to an enhanced regulatory T-cell response [228].

Recent research has increasingly focused on the role of fermented infant formulas and
their postbiotic components in enhancing infant health, particularly in reducing the severity of
gastrointestinal and allergic conditions. A study by Béghin et al. (2021) explored the effects of
a fermented infant formula (FF) with Bifidobacterium breve C50 and Streptococcus thermophilus
065 combined with prebiotic oligosaccharides on gut microbiota composition and immune
function in healthy term infants. The findings indicated that this combination led to a gut
microbiota composition and metabolic activity more similar to that of breastfed infants, with a
significant increase in secretory IgA (SIgA) levels, highlighting its potential to enhance early
immune defense [229]. In contrast, a study by Thibault et al. (2004) focused on the impact of an
FF with the same probiotic bacteria on the incidence and severity of acute diarrhea in healthy
infants aged 4 to 6 months [230].

In summary, postbiotics offer a range of immunomodulatory and anti-inflammatory
benefits, making them promising therapeutic agents. Their ability to regulate immune
responses, reduce inflammation, and support overall immune health highlights their
potential in managing diverse health [215,231,232].

6. Clinical Applications and Health Implications

A comprehensive analysis published by Dronkers et al. in 2020 on 1341 studies
retrieved from the ClinicalTrials.gov database (using the search term “probiotics”) showed
that 56% were conducted in the USA or Europe; around 100 studies have been registered
annually since 2010, and this number has been increasing in recent years [233]. The

226



Nutrients 2024, 16, 3706

vast majority of these studies were interventional (95.6%), but almost half were in healthy
participants (43.8%), and only 31.8% of those studies were in children (from birth to 17 years
old). Of the 852 studies that could be analyzed, Lactobacillus rhamnosus GG (LGG) was
the probiotic strain most frequently registered (146 studies), followed by Bifidobacterium
animalis ssp. lactis BB12 with 55 studies, while VSL#3, a consortium of three different
Bifidobacteria, four Lactobacillus, and one Streptococcus thermophilus strains, was the most
registered multispecies preparation, featuring in 74 studies.

Over the last five years, ClinicalTrials.gov has listed 730 studies, of which 167 were in
children and 157 were interventional studies in children. Two studies were withdrawn (one
in colic and other in peanut allergy); five were prematurely terminated (two in respiratory
infections, one in atopic dermatitis, one in surgical procedures and one in healthy children),
and forty-eight were completed, addressing a range of conditions including allergic dis-
eases, respiratory infections, cystic fibrosis, obesity, ADHD, gastrointestinal diseases, and
autism spectrum disorder (ASD). This indicates that 84 studies (53.5%) are registered but
still ongoing. Despite this focus, the volume of published clinical trials in children has been
decreasing according to the Pubmed.gov database, from 69 publications in 2020 and 2021
to 55 articles in 2022 and just 46 in the last year.

In recent years, the role of probiotics in managing ASD has been studied, as the
potential benefits of probiotics have been suggested by explorations of the gut-brain axis,
thus offering hope for improved management strategies [234]. However, a meta-analysis
published in the Journal of Medical Microbiology in 2022 showed no significant benefit of
probiotics for ASD treatment [235]. This study highlighted that the lack of standardization
in trials—such as variations in strains, dosages, and protocols—complicates our ability to
conduct comprehensive meta-analyses with robust findings.

Current Practice Guidelines

Recommendations for the clinical application of probiotics still show discrepancies
between existing guidelines, particularly those for acute gastroenteritis in children, as
summarized in Table 2.

American Academy of Pediatrics (AAP): Probiotics such as L. rhamnosus GG and
S. boulardii are recommended for reducing the duration of acute gastroenteritis in children.
However, routine use in healthy children is not broadly advised. Probiotics may help pre-
vent antibiotic-associated diarrhea and necrotizing enterocolitis (NEC) in preterm infants,
though caution is advised in immunocompromised patients [236].

European Society for Pediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN):
Probiotics for conditions like acute gastroenteritis and prevention of NEC in preterm infants
are supported, but strain-specific efficacy and proper quality control are emphasized [237].

The British Society of Pediatric Gastroenterology, Hepatology and Nutrition (BSPGHAN)
aligns with ESPGHAN, emphasizing selective use of probiotics for gastrointestinal issues and
the importance of strain-specific evidence in children [236].

For instance, the American Gastroenterological Association (AGA) is against the use of
probiotics [236,238]. These inconsistencies arise from several factors, including variability in
literature review processes—such as incomplete searches or differing inclusion criteria—which
can lead to conflicting recommendations. Additionally, some guidelines may place more
weight on single randomized controlled trials (RCTs), while others incorporate a broader
evidence base [239]. Differences in study populations, including socioeconomic levels,
medical issues, and geographical features, also influence these recommendations. Potential
conflicts of interest (COI) bias from industry sponsorship may further impact guideline
development. Lastly, the evolving nature of research means that guidelines may not always
reflect the most current evidence. These factors highlight the need for more standardized
approaches and regular updates to clinical guidelines to support better decision making
and foster ongoing research [239].

227



Nutrients 2024, 16, 3706

¢ Aandadsar ‘np O] X G pue N O X § [£92] DO snsouwviys 7 + F295¢ wnuoy -dsqns wnduoy °q
[€92'29¢] 98€¥ DOIV
¢ 98IeYDSIP [HUN [TW }SLaIq YIIM A[Tep 901M) 9sop /3 /Sw 6T stymyedopton T + 46951 LV sHsnfas -dsqns unSuo
1 (suawISa1 SNoLEA) gD 0T X T [¢97'192] "a1qe[reae 123UO OU ST urens sny
86641 INSA 10 « 0££SS DDLV ManaL ]
¢ np 0L X § [192] 64 10 z1-ad sov] “dsqns syvuiuy g
I (urens yoes Jo) nyd (01 X G'€ 03 0°¢  [19¢] F-HLL snpydonsiayy *s pue ‘g1-dd s1ov] g ‘c0-dd suvfur °g
I ny (01 X 903 (O X [ WoIf [19¢] D9 snsouwivys 7
S1.OY [09z—857]
1 mO Amwamzowﬁ OOO\OMAV mww\ﬁﬁﬁmnmumg pue SMarAal uﬁmawam%m SI}H[OD0I91U WEHNSOHUOC wO UOTJUSAI ]
T %Mum ~m#&m05 OLH wO COSM.E:U mﬂu— .HOw \%mﬁ\ﬁﬁu mOﬁ u—mmm~ W —hmm\cmNu D5 mSmQﬁSS&x 1 wmﬂ.ﬁmﬂ@ TmﬁbOuOmOC wO UOTJUS AL
1 3w 006-05T [cse] « upavpnog °g RALIRTP 9]101J1p D) JO UOHULAIL]
9 Jjuauwijead) donjoiqnue mO uonjeanp ayj .HOw \\ﬁwmﬁ 90IM} \Swu oﬁOﬁ X T —mmNu AGQL pue \%XO \Z\m mc:mbmv SNSOUMYYL ]
[¥ac] (Fem sniwoljvs
1o3ye skep / 105 SN][190qoIOVISIT PUe ‘T/M mwwmo::::t SNJ10vqQ1asv213o0T “‘T9M
€ Ue JUSW)EaI) DOIqIUE JO uoneinp ay 10y ‘Aep 1ad nyo uor(q 01 i vjupyd snjj1ovqiL)doior] “0ZM 1osuovivd snijiovqiasvotiov]
P HOIE JO HORBIP ot 167 Hep P HOIE ‘SGM snjujdoprov snij1ovqoonT *£EM snjiydopiov snjj1ovqoionT ‘TGM
s1ov] *d ‘cTM winpyfiq wntiopuqopyig) snorqord sawadsnmy
1 JUSLaI) dNOIqIUE JO uoneInp ayy 10y ‘Aep 1ad nyo uor(q 6< [egz] OO snsouwwviys -7
1 juLuIjEaI) DOIqIUE JO uoneInp ayj 10y ‘Aep 1od nydo uoriq ¢< [zez] « upivinoq °s
([tsal
1 V/N dnoi3 [erouag e se sonorqor g AV'V JO 5K POIPaI) (VY JO UORUSASLY
e skep £ snid [ose]
BIYLIRIP JO uonjeINp 9yj 10J \%mﬁ € 90uo njp SOﬁ X T \CQLH INADN mw&.ﬁ&&&uu T pue QOOZE snsouwivyd 7 Nol_m s1ov] °q
[6¥c] (00521
€ sAep g 103 950 /N2 (0T X GNP O] TP (O TP 0T d-DINT “€0SLT I-DIN'T ‘6FSLT I-DIN'T ‘0SSLTI-DIN'D) tinpifiq
q \mSNNQ&QE\S&N S \WSNEQQR.BE T \m,:utx%N:& TRA 11Y0onAqop T
€ sAep ¢ 10§ ‘A[rep 251m1 NP0 (10T X T'1 [8%C] €/71€48 T/ TELS “1/71ELS SuTens snsoutviyl
¢ s&ep g 10§ ‘A[rep 951m1 ‘NP> (0T X §°C [£¥2] 090124 19svovivd 7
€ s&ep g 105 ‘Arep 20u0 NP (,01 X § (9%l ed s1ov] °q
, [s¥T] 9%l WSA tanat ]
1 m%@—u [ HOw \mmﬁ\ﬁwmbm yoeo .HOw Smu oﬁOﬁ X T % 202061 snsouv
1 sAep 6 10§ ‘Kep /ngo (0T X 03 01 X 1 [¥¥¢l 86641 INSQ 1a31124 T
I skep /¢ 10§ ‘Kep /3w 0G/-05T [e¥c] « npavinog °s
I skep /-G 105 ‘Kep /npo 1 101< [evel DO snsouwwys T
[[1¥2] eoyLrerp jo uonemp
1 V/N dnoi3 [erouag e se sonorqoi g ueawW dY} paonpair ‘y gF< unsey eayLIerp
JO Y[SLI 9} PadNPal] SHLIDUS0IISES NOY
xx [PAI] 3S0(] PIPUIWWOIY urexg d>1oIqoiJ Iapiosiq
DUIPIAY ) o )

‘([0%] woay payIpour) SUOHIPUOD UOWWOD JSOW J0J SI1}0IGOL] U0 SAUIPPIND JUSLIND) g d[qe],

228



Nutrients 2024, 16, 3706

"SaTpN3S TeyURWILIDdXa-UoU () ‘Sarpnys [eyuswLiadxa-rsenb
(€) ‘s[ern 010D pazZIwopuer () ‘S[eLr} [0IjU0d PIZIWOPURI JO SISA[EUR-LJOUL IO MITADI DIRWRISAS () 4\ ‘SH/-T INDND 11P4V]10q *S UTex}S 9 UJIM SITPTS JSOIA]

“uor(Iq 0081 (8 99-%5) £ L1-GT
‘uornq 0seT (8N €6¥¢€) A F1-11

[o6T°68¢]
(£vT WSA snimjdoutiayy *s pue ‘ge/F¢ INSA 22249 °d *LELFT

€ “uot(q 006 (3 €e—¥2) A 6-4  INSA sHuvful *g ‘9€L¥T INSA WnSuo] g “YeLyT INSA SnoLvS|ng SBIYINOJ
‘uonq 05y (84 €241) £ 9% “dsqns uysonaqpap 1 °se/¥e INSA snidopiov 1 “08LFT INSA
:sagesop A[reqq wnivjuyd "7 ‘€6/¥ INSA 12s0ov4vd ) SUTens g Jo AIMXIW Y
‘uoriq 0081 (84 99-%9) £ £1-61 [882] VSV~ 03 JueIa[01UL 950wy ut 10 Aderay juean(pe
fuoriq oseT (3 £5-¥¢) £ F1-11 se “(£¥T INSA snjmdouriayy - pue ‘ge/ INSA 22249 °d *LEL¥T
€ fuot([iq 006 (34 €6-¥2) £ 62 INSQ siupfur g '9¢/¥¢ INSA Wnsuo] g “ve/FT INSA SnoLws|ng
fuonq 05y (84 €2-41) L 9% “dsqns wysonaqpap 1 'se/¥e INSA snidopiov 1 “0€LF INSA
:sagesop A[req wnivjup)d "7 ‘€6 /¥ INSA 12svov4vd ) Surens g Jo AIMXIW Y
1 V/N dnoid e se sonorqoig [£82] sn1od 2aneId[ N
13 Aqrep aotmy ngo (0T X €03 NP O] [98T%8¢] DO snsoumwiys ]
I Kep/myp (0T X 703N O] [S8T'F8T] 86T INSA Homad T sg1/ured feunwopqe feuonoung
I sep (g 103 Aep yoea suroqmau 03 ‘Aep/nyd (0T [e82] 8€6/1 INSA 1Ma3naL "] uoruaaazd o170 afueUy
(28] T€£¥C NSA Snipydoutiay] S pue ‘LeL¥T
c skep 1z 10y npuomq g VNSQ SuBful g puv ‘2eLyT NSQ 2224q g ‘9ELYT NS 1ol
g “(FeL¥T INSA snorvdng ~dsqns myoaniqpap 7 ‘Ge/¥¢ INSA
snuydoprov “T ‘0g4FT INSA wniviupid T “eg/FT INSA 1osvovivd ]
€ skep gg 10 ‘A[pandadsar myd 401 X 06T [18¢] 9¥TTT 1agnas T Pue g-0£061 Snsouuwiis ]
[4 s&ep gg-1g 10§ ‘Aep/ngd> (O X losc’esc] crad suovy g
I s&ep g 3sed 3e 10§ Aep /nyd (0T [8£2'£4T] 88641 INSA Hainat ]
1 V/N dnoi3 [erouag e se sonorqor g [942-1£¢] o110d o[yueyUy
I Su 00g [0£2'692] « #p4vp0q °S
1 dnoi8 [erouad e se sonoIqoI ] [892—%9¢] uondayur riojAd 412700903119
xx [2A97] 3S0(] PIPUIWWOIY urexg d>1oIqoiJ IdpIoSIq
duapIAg : A :

Ju0D "7 AqeL

229



Nutrients 2024, 16, 3706

7. Challenges of Using Bioactive Molecules from Probiotics for Pediatric Diseases

The use of probiotics in children, particularly in the most vulnerable—such as preterm
infants, immunocompromised, or those with underlying health conditions—is still limited
by safety concerns. Although many studies confirm the safety of probiotics, there have
been isolated cases of sepsis or gastrointestinal mucormycosis linked to contaminated
probiotic products, highlighting the need for stringent quality control measures during
manufacturing [291]. Furthermore, the reported risk of cross-colonization with probiotic
strains in neonatal intensive care units (NICUs) suggested that despite probiotics offered
potential benefits, they must be administered cautiously, supported by comprehensive
safety assessments [291]. The Agency for Healthcare Research and Quality reviewed 622
studies on probiotic safety and found that while there is no evidence of increased risk from
randomized controlled trials, the literature lacks systematic reporting on adverse events,
making it difficult to assess rare risks with confidence [292]. Therefore, it is crucial to imple-
ment standardized protocols for safety outcomes in clinical trials, ensuring comprehensive
and transparent data collection. Enhanced guidelines would enable a more accurate assess-
ment of the benefits/risks associated with probiotic use and support informed decision
making in both research and clinical practice.

Translating promising findings from preclinical and clinical studies into clinical
guidelines is an imminent challenge. Research conducted in diverse geographic regions
may not be generalizable due to variations in genetics, diet, sanitation, and endemic en-
teropathogens [293]. Systematic reviews have thus far failed to recommend specific strains
due to inconsistency in results and lack of standardized protocols regarding species, dosage,
and administration duration [233]. Variations in study designs, including differences in
probiotic strains, dosages, and treatment durations, have led to inconsistent results and
have hindered the development of clear guidelines. Moreover, the absence of standardized
protocols and regulatory frameworks complicates the approval and adoption of probiotics
for pediatric use. To overcome these obstacles, more well-designed randomized controlled
trials (RCTs) and meta-analyses are needed to establish evidence-based guidelines for
probiotic use in children.

Clinical trials in pediatric populations present additional ethical challenges and special
regulatory compliance. Moreover, differences in diet, genetics, and environmental factors
across different populations limit the generalization of the research findings. Regulatory
agencies should develop frameworks that promote innovation while ensuring safety and
efficacy, facilitating global standardization in probiotic research and applications.

A significant limitation in many studies is the underexplored interaction between
different probiotic species, which may work synergistically. Most preclinical and clinical
investigations focus on isolated strains, neglecting the complex interactions within the
entire gut microbiota. The gut microbiome is a unique ecosystem for each individual,
harboring diverse microorganisms. Interactions among multiple probiotic species can
enhance therapeutic efficacy through synergistic mechanisms [294,295].

Current research primarily emphasizes individual probiotics, yet the potential for
multi-strain synergism warrants further investigation. Combining strains with complemen-
tary roles, such as one that strengthens gut barrier integrity and another that modulates
immune responses, could improve treatment strategies for complex pediatric conditions
like inflammatory bowel disease (IBD) and allergies [296-298]. However, studying these
interactions requires long-term research to navigate the microbiome’s complexities.

Furthermore, probiotics do not function in isolation; their introduction can alter the
native microbial community, yielding both positive and negative effects. Understanding
these dynamics is crucial for developing effective, personalized probiotic therapies. Regu-
latory agencies should promote frameworks that foster innovation while ensuring safety
and efficacy in probiotic research.
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8. Future Perspectives and Opportunities

Successful integration of probiotic-derived bioactive molecules in the pediatric population
is also an opportunity to enhance treatment options and potentially improve outcomes. In
addressing the previously discussed challenges, we can make substantial strides toward safer,
more effective, and widely accepted probiotic-based therapies for pediatric populations.

8.1. Fostering of Clinical Research

The current situation of clinical trials with probiotics in the pediatric population
reveals a growing interest in the field, while the decrease in the number of publications
might indicate stronger review criteria for the available data. Future allocation of resources,
multidisciplinary teams, and active collaboration are essential to strengthen clinical research
oriented to answer relevant and important questions.

8.2. Evidence-Based Clinical Guidelines

The current data available and their variability offer an opportunity to foster broader
and global collaborations among healthcare providers, their institutions, research-oriented
organizations, academia, and industry. Therefore, creating stronger evidence for the use
of probiotics in children should be a must. Development of updated guidelines (based on
evidence) that consider regional differences in diet, genetics, and environmental factors
will further facilitate personalized treatments.

8.3. Strengthening Ethical Frameworks for Pediatric Research

Pediatric research presents unique opportunities, despite its ethical challenges, which
can be addressed by developing innovative frameworks that balance patient protection
with medical progress. Regulatory agencies can set international ethical standards for
probiotic trials, including informed consent and independent ethical reviews. Transparent
data sharing, and international collaboration can build trust and accelerate the transition
from research to clinical practice.

8.4. Enhancing Professional Education and Interdisciplinary Collaboration

Promoting literacy in basic sciences (e.g., biochemistry and microbiology) among
healthcare professionals through interdisciplinary workshops, seminars, and updated
curricula fosters innovation and informed decision making. Integrating probiotic science
into medical education and offering continuous professional development may lead to
the discovery of new probiotic strains or bioactive compounds with unique benefits for
children, thus enhancing clinical practice and research.
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Abstract: Food allergy represents a failure of oral tolerance mechanisms to dietary antigens. Over
the past few years, food allergies have become a growing public health problem worldwide. Gut
microbiota is believed to have a significant impact on oral tolerance to food antigens and in initiation
and maintenance of food allergies. Therefore, probiotics have also been proposed in this field as a
possible strategy for modulating both the gut microbiota and the immune system. In recent years,
results from preclinical and clinical studies suggest a promising role for probiotics in food allergy
prevention and treatment. However, future studies are needed to better understand the mechanisms
of action of probiotics in food allergies and to design comparable study protocols using specific
probiotic strains, defined doses and exposure times, and longer follow-up periods.

Keywords: oral tolerance; gut microbiota; gut dysbiosis; cow’s milk allergy; egg allergy; shellfish
allergy; food specific immunotherapy

1. Introduction

Food allergy represents a major health issue in Western countries due to its increasing
prevalence in the last several decades, reaching rates of 8% in children and 3% in adults [1].
In the last few years, an increase in the severity of food-induced allergic reactions, such as
anaphylaxis, has been reported in children [2]. Allergens responsible for allergic reactions
are usually different in children and adults; indeed, peanut (2.2%), milk (1.9%), shellfish
(1.3%), and tree nuts (1.2%) are the most common allergens in children, whereas shellfish
(2.9%), milk (1.9%), peanut (1.8%), tree nuts (1.2%), and finfish (0.9%) are the most common
ones in adults [3]. Furthermore, different allergens generally result in food allergies with
a different clinical course. Thus, childhood food allergies to cow’s milk, egg, wheat, or
soy typically resolve during childhood, while food allergies to peanuts, tree nuts, fish,
and shellfish are usually persistent in adulthood. However, a changing pattern in food
allergies has been observed in the last thirty years, with an increased risk of persistence
up to later ages [3,4]. Beside this, it is well known that individuals with food allergies are
at a higher risk of developing other allergic conditions later in life as part of the atopic
march. These conditions may include allergic rhinitis, conjunctivitis, and asthma [5]. Recent
epidemiological changes have placed a significant burden on patients, their caregivers,
and healthcare systems. Therefore, it is very important to develop effective strategies
for the management of food allergies, starting at a young age. The elimination diet is
currently the first-line treatment for all children with food allergies. There is increasing
evidence that the gut microbiota plays a crucial role in overall health. It is likely that gut
dysbiosis, which is an imbalance in gut microbiota composition and functions, anticipates
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the development of food allergies [6]. Thus, modulation of gut microbiota has become a
potential tool for prevention and treatment of food allergies. Hence, the use of probiotics
has been claimed as one of the possible strategies to modulate gut microbiota composition
and functions.

This paper aims to review the most recent and relevant preclinical and clinical studies
on the use of probiotics in the management of food allergies, analyzing the real possibility
of an effective strategy for their prevention and treatment in the future.

2. Gut Dysbiosis and Food Allergies

Based on the hypothesis that gut dysbiosis may play a role in the development of food
allergies, many studies have been carried out to assess whether gut microbiota composition
and functions could be associated with the development, persistence, or resolution of food
allergies, as well as which biological mechanisms could be involved.

Several observational studies have shown that gut dysbiosis plays a role in the devel-
opment of food allergies [6-15]. The currently available studies are quite diverse, and no
specific bacterial group has been definitively linked to the onset or clinical course of food
allergy [6-15]. However, the results of observational studies suggest that gut dysbiosis may
precede the onset of food allergies. Additionally, research indicates that gut microbiota
during early life, particularly in the first 6 months of life, play a crucial role not only in the
development but also in the persistence of food allergies until adulthood [10]. A recent
study analyzed the fecal microbiome and metabolome of food allergy concordant or discor-
dant twin pairs, suggesting a potential role of gut dysbiosis in food allergies beyond infancy
and into adulthood. Data analysis revealed a diverse gut microbiota and metabolites in
twins with food allergies compared to healthy twins, even within the same twin pairs,
both in infancy and adulthood. These findings suggest that the gut microbiota may have a
protective role against food allergies, even in adulthood [16].

Further studies suggested that Akkermansia muciniphila and Faecalibacterium prausnitzii
contribute to allergic diseases and that their colonization in the gut microbiota is modified in
atopic patients compared to healthy controls [17-19]. However, current studies in pediatric
patients are preliminary and only focused on atopic dermatitis and allergic asthma [17-19].

In a cross-sectional observational pilot study, Fieten et al. analyzed the fecal mi-
crobiome of children with atopic dermatitis with or without a concomitant food allergy
and found that F. prausnitzii and A. muciniphila discriminate between the presence and
absence of food allergy in children with atopic dermatitis (p = 0.001). The fecal mi-
crobiome of children with atopic dermatitis and food allergies harbored relatively less
F. prausnitzii and A. muciniphila than that of children with atopic dermatitis without food
allergies [20].

De Filippis et al. identified specific microbial signatures in the gut microbiome of
allergic children affected by food or respiratory allergies, such as a higher abundance of
Ruminococcus gnavus and F. prausnitzii and a depletion of Bifidobacterium longum, Bacteroides
dorei, B. vulgatus, and fiber-degrading taxa [21]. The authors hypothesized that the increased
abundance of F. prausnitzii reported in allergic subjects in this and previous studies was
probably linked to an increase in F. prausnitzii clade A, previously associated with the
Westernized lifestyle [22]. Interestingly, Song et al. found an increase in F. prausnitzii strain
L2-6 (belonging to clade A) in atopic dermatitis, suggesting a role of this F. prausnitzii clade
in allergy development [23].

Observational studies in humans, however, provide no evidence about a causal rela-
tionship between gut dysbiosis and the development of food allergies and do not elucidate
the mechanisms involved. Animal models show that antibiotic-treated mice exhibit a
predisposition to allergy development, while germ-free mice do not develop oral tolerance
but maintain a Th2 immune response to oral administration of food antigens [24,25]. This
condition may only be reversed by early gut microbiota remodulation. These data support
the pivotal role of gut microbiota in establishing oral tolerance to dietary antigens early
in life. Indeed, germ-free mice, colonized with feces from healthy donors, are protected
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from developing cow’s milk allergy (CMA) upon sensitization and challenge to cow’s milk
proteins. In contrast, germ-free mice colonized with feces from infants with CMA exhibit
severe allergic responses, including anaphylaxis [26].

There are multiple mechanisms by which the gut microbiota may influence food
allergy predisposition. Murine models of food allergy have shown several effects of the
gut microbiota, including modulation of the Th2 immune response, regulation of the
development of mucosal immunity and oral tolerance, regulation of basophil populations,
and promotion of gut barrier function through reduced gut permeability and increased
mucus production [27].

Also, even metabolites resulting from the gut microbiota functions have an emerging
role in food allergies. Butyrate is a short-chain fatty acid produced by the fermentation
of dietary fiber in the colon. It has a strong immunoregulatory effect, which is expressed
through both immune and non-immune mechanisms of action. Indeed, butyrate can
improve the integrity of the intestinal epithelial barrier by increasing the thickness of the
mucus layer and the expression of tight junctions. Alongside these effects, it has several
direct and indirect effects on immune cells that contribute to the induction and maintenance
of oral tolerance [28].

As for butyrate production, a Canadian longitudinal study showed that infants who
develop allergic sensitization do not differ from those who already have gut dysbiosis with
reduced butyrate production at 3 months of age [29].

On the other hand, the protective effects of breastfeeding on food allergies may be
partly explained by the human milk butyrate content, which has been demonstrated to
modulate several tolerogenic mechanisms. Human milk butyrate could at least partly
explain the breastfeeding protective effect towards food allergies. This effect has been
tested in animal models in vivo and in cellular models in vitro. Butyrate can regulate gut
barrier function, promote the activation of regulatory T cells (Tregs), and modulate the
Th1/Th2 response in favor of a tolerogenic Th1 immune response [30].

3. Probiotic-Induced Gut Microbiota Modulation for Food Allergy Prevention
and Treatment

3.1. Probiotics and Their Mechanisms of Action

According to the widely recognized FAO/WHO definition [31], revised in a consensus
statement by the International Scientific Association for Probiotics and Prebiotics [32],
probiotics are defined as “live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host”. To meet this definition, probiotics must be
present in a reasonable amount within the product. It has been suggested that at least
1 x 10” colony-forming units (CFU) are required to ensure gut colonization and exert mea-
surable beneficial effects [33]. Lower amounts can be used in cases where robust scientific
evidence supports the specific strain’s colonization ability. Probiotics are available on the
market in many different forms, including medicinal products, medical devices, dietary
supplements, and foodstuffs. Globally, the probiotics market has steadily grown in the last
few years.

This is true for all probiotic formulations available and at any age, both in childhood
and adulthood [34]. Considering this increase in marketing, it is worthy of being em-
phasized that not all probiotics are the same and/or provide the same beneficial effects.
Growing evidence shows that the efficacy of probiotics is strain- and disease-specific [35].
Therefore, health professionals should take these two aspects into account when recom-
mending probiotics.

Different strains of probiotics have distinct mechanisms of action. This may ex-
plain why some probiotics, unlike others, are effective against specific diseases and condi-
tions [35]. Current preclinical and clinical data regarding the possible role for probiotics
in the prevention and treatment of allergies, specifically food allergies, are encouraging
but not yet sufficient to strongly recommend the use of probiotics in these conditions. In
the following sections, we will discuss the main preclinical and clinical studies that have
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evaluated the role of probiotics and their mechanisms of action in the prevention and
treatment of pediatric food allergies.

3.2. Data from Animal Models of Food Allergy

Mice are the most widely used animal models to study the pathophysiological mecha-
nisms underlying IgE-mediated food allergies, and the possible preventive and therapeutic
strategies for cow’s milk, egg, and shellfish allergies. Herein, we report the most recent
studies, limited to the last five years, focused on the role of specific probiotic strains in
mouse models of food allergies.

3.2.1. Cow’s Milk Allergy

In a recent study, Lactobacillus (L.) plantarum HM-22 has been administered by gavage
to a-lactalbumin-induced allergic mice for five weeks to investigate its possible effect
on gut inflammation and microbiota. The study demonstrated that L. plantarum HM-22
induced a significant increase in serum levels of tolerogenic cytokines, including IL-10,
IEN-y, and TGF-3, and a significant decrease in serum total IgE and IL-4 levels in mice
with «-lactalbumin-induced allergy. The colonic tissue crypt structure of x-lactalbumin-
induced allergic mice was initially altered, resulting in reduced goblet cells and increased
inflammatory corpuscles, but L. plantarum HM-22 administration was found to attenuate
these effects. Furthermore, L. plantarum HM-22 significantly increased the expression
of occludin and claudin-1 in the colon of «-lactalbumin-induced allergic mice, thereby
reducing gut permeability. In addition, L. plantarum HM-22 enhanced gut microbiota
colonization in «-lactalbumin-induced allergic mice [36].

Lactobacillus acidophilus KLDS 1.0738 was found to alleviate 3-lactoglobulin-induced
allergic inflammation in a mouse model of cow’s milk allergy (CMA) [37]. Furthermore,
Li et al. investigated its molecular regulation mechanism in {3-lactoglobulin-induced
macrophages, treated with viable or non-viable strains of L. acidophilus KLDS 1.0738 and
Toll-like receptor 4 (TLR4) inhibitors or miR-146a inhibitors. The results showed that treat-
ment with L. acidophilus KLDS 1.0738 may suppress the TLR4/NF-kB signaling pathway
by modulating miR-146a expression, thereby reducing the overexpression of downstream
inflammatory factors [38].

Fu et al. assessed the impact of three Lactobacillus strains on the immune system,
gut barrier, and gut microbiota in -lactoglobulin-induced allergic mouse model. Oral
administration of L. plantarum ZDY2013 and L. rhamnosus GG (LGG) suppressed the allergic
response by reducing serum total IgE levels, attenuating anaphylaxis symptoms, and
inducing Th1 immune cells or Tregs differentiation to inhibit the Th2 immune response.
In addition, L. plantarum ZDY2013 and LGG improved gut barrier function through tight
junction regulation, and L. plantarum ZDY2013 and L. plantarum WLPL04 regulated gut
dysbiosis in allergic mice [39].

3.2.2. Egg Allergy

In a recent study, the use of Bifidobacterium longum subsp. longum 51A (BL51A)
was evaluated in a mouse model of ovalbumin (OVA) food allergy. BL51A was orally
administered and resulted in a reduction of OVA-specific serum IgE levels, gut permeability,
proximal jejunal damage, eosinophil and neutrophil recruitment, and levels of eotaxin-1,
CXCL1/KC, IL-4, IL-5, IL-6, IL-13, and TNF. In addition, this treatment increased IL-10
levels [40]. Recently, similar results were obtained for Akkermansia muciniphila BAA-835 in
a mouse model of OVA food allergy [41]. However, a recent study found that the impact
of A. muciniphila is context-dependent and can be detrimental to food allergies when the
microbiota is deprived of dietary fiber. To investigate the causal role of A. muciniphila
in modulating food allergies, the authors used germ-free mice colonized with a fully
characterized 14-member synthetic human gut microbiota, in which A. muciniphila can be
included or excluded. The study found that the presence of A. muciniphila in the microbiota,
combined with fiber deprivation, led to stronger anti-commensal IgE coating and innate
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type 2 immune responses. This worsened food allergy symptoms in animal models of OVA
and peanut allergy [42].

Duan et al. investigated the effects of oral administration of L. plantarum JC7 using a
mouse model of OVA sensitization. The authors showed that L. plantarum JC7 significantly
alleviated allergic manifestations; it also reduced plasma histamine levels, OVA-specific
serum IgE levels, and shifted Th1/Th2 and Treg/Th17 imbalances. This was achieved by
promoting the secretion of IL-10 and IFN-y tolerogenic cytokines, meantime, inhibiting
secretion of those involved in the allergic response, such as IL-4 and Th17. The observed
effects may be attributed to the activation of the NF-«B signaling pathway. In addition,
OVA-sensitized group showed gut dysbiosis that was restored by L. plantarum JC7 oral
administration. Specifically, oral administration of L. plantarum JC7 increased the rich-
ness, diversity, and uniformity of cecum microbiota, which was characterized by a higher
abundance of Bacteroidetes and reduced Firmicutes colonization [43].

In another study by Miranda et al., the probiotic effect of Saccharomyces cerevisiae
UFMG A-905 was evaluated in an OVA food allergy model. The authors also evalu-
ated if Saccharomyces cerevisine UFMG A-905 might be effective after inactivation. The
study found that oral administration of only viable probiotics significantly reduced tis-
sue damage and myeloperoxidase activity, as well as IL-17 levels. However, this study
did not find any significant changes in the serum OVA-specific IgE and IgG levels. This
suggests that the observed effects in the evaluated murine model were local rather than
systemic [44].

3.2.3. Shellfish Allergy

Fu et al. demonstrated different effects of oral administration of five distinct strains
of lactic acid bacteria in alleviating gut allergic inflammation and symptoms related to
food-induced anaphylaxis in a mouse model of food allergy to shrimp tropomyosin, a
major shrimp allergen. The most effective strain in reducing allergies was Bacillus co-
agulans 09.712, which significantly improved epithelial barrier function and increased
lymphocyte proliferation. Bacillus coagulans 09.712 induces CD4+Foxp3+Tregs produc-
tion, which suppresses the pro-inflammatory Th17 response in this allergic mouse model.
Also, Bacillus coagulans 09.712 administration suppresses mTOR activation, resulting in
up-regulation of FOXP3 and down-regulation of GATA-3, which, in turn, facilitates the
control of tropomyosin-induced pro-inflammatory Th2 and Th17 immune responses [45].

Oral administration of L. casei Zhang probiotic strain reduced allergy symptoms and
gut epithelial damage in a mouse model of tropomyosin-induced food allergy. In addition,
administration of L. casei Zhang changed development and function of dendritic cells (DCs),
T cells, and B cells, resulting in a tropomyosin-specific antibody isotypes shift towards
a more tolerogenic pattern through the activation of the NF-«B signaling pathway [46].
Moreover, in a previous study, the same authors demonstrated that even Bifidobacterium
(B.) infantis can alleviate shrimp tropomyosin-induced food allergy in mice by tolero-
genic DCs-dependent Treg induction, by and a favorable gut microbiota modulation [47]
(Table 1).

In conclusion, though the results of probiotics use in animal models of food allergies
look promising, they cannot be immediately translated to humans due to many genetic
and environmental factors that may influence food allergies onset and course. Nonetheless,
well-designed animal models may be useful for future studies to better understand the
mechanisms that underlie specific probiotic strains effects in food allergies.
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Table 1. Data from animal models of food allergies.

Food Study Probiotic Findings
Increased serum levels of IL-10,
IFN-y, and TGF-f3;
Jiang et al Reduced serum levels of total IgE
[§ i L. plantarum HM-22  and IL-4;
Reduced gut permeability (increased
expression of occludin and claudin-1
. in the colon).
Cow’s milk
Ni et al. . ) .
Lietal L. acidophilus KLDS  Suppression of the TLR4/NF-kB
[37,38] 1.0738 signaling pathway
L. plantarum Reduced serum levels of total IgE;
Fu et al. ZDY2013 and L. Promoted Th1 differentiation,

[39] rhamnosus GG inhibiting Th2 responses;

(LGG) Improved gut barrier function.
Reduced serum levels of total IgE,
Santos et al. B. longum 51A gut permeability, proximal jejunal

[40] damage, eosinophil and neutrophil

recruitment, and levels of eotaxin-1,
Miranda et al. A. muciniphila CXCL1/KC, IL-4, IL-5, IL-6, IL-13,

[41] BAA-835 and TNF,

Increased serum levels of IL-10.

The presence of A. muciniphila in the

microbiota, combined with fiber

Egg deprivation, led to stronger
Parrish et al. o anti-commensal IgE coating and
A. muciniphila . .

[42] innate type 2 immune responses.
This worsened food allergy
symptoms in animal models of OVA
and peanut allergy.

Reduced plasma histamine levels,
Duan et al. OVA-specific IgE serum levels, shift
[43] L. plantarum JC7 in Th1/Th2 immune response, and
Treg/Th17 imbalance.
. Saccharomyces Reduced tissue damage,
Miranda et al. .. . .o
[44] cerevisine UFMG myeloperoxidase activity levels, and
A-905 IL-17 serum levels.
Fuetal. Bacillus coagulans Improvecll gut barrier ﬁ.mCtlon;
Suppression of the pro-inflammatory

[45] 09.712
Th17 response.

] Attenuated allergy symptoms and
Shellfish gut epithelial damage;
Fuetal ) . .

[46] L. casei Zhang Favoring a tolerogenic pattern
through the activation of the NF-«B
signaling pathway.

Fuetal. . . Attenuated allergy symptoms;

[47] B. infantis Induction of Tregs.

3.3. Data from Human Studies Related to Food Allergy Prevention

Clinical studies that have evaluated the role of probiotics in the prevention of food
allergies are based on three different approaches:

e administration of probiotics only to the mother during pregnancy and breastfeeding;
e administration of probiotics to mother and infant in the perinatal period;
e administration of probiotics only to infants after delivery.
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3.3.1. Administration of Probiotics Only to the Mother during Pregnancy and Breastfeeding

Boyle et al. conducted a randomized controlled trial to investigate the effects of
prenatal treatment with LGG on pregnant mothers from 36 weeks of gestation until delivery.
The study found that this treatment did not reduce the risk of eczema and food sensitization
to eggs, peanuts, and cow’s milk in infants at high risk of developing allergic diseases,
based on a one-year follow-up [48].

In a double-blind, randomized trial, pregnant women were given either probiotic-
supplemented milk or placebo from 36 weeks of gestation until three months postpartum
while breastfeeding. The probiotic milk contained LGG, L. acidophilus La-5, and B. an-
imalis subsp. lactis Bb-12. At two years of age, their children underwent assessments
for atopic sensitization, atopic dermatitis, asthma, and allergic rhino-conjunctivitis. The
authors concluded that administering probiotics to non-selected mothers reduced atopic
dermatitis overall incidence, but did not have any impact on atopic sensitization. The
tested trophoallergens included cow’s milk, hen egg white, cod, hazelnut, and peanut [49].

Rautava et al. conducted a double-blind, placebo-controlled study to determine if
probiotic supplementation during pregnancy and breastfeeding in mothers with allergic
diseases and atopic sensitization could reduce the risk of eczema development in infants,
with a two-year follow-up. Mothers were randomized to receive: L. rhamnosus LPR and
B. longum BL999; L. paracasei ST11 and B. longum BL999; or placebo, starting two months
before delivery throughout the first two months after delivery, while breastfeeding. Infants
of mothers who received L. rhamnosus LPR and B. longum BL999 or L. paracasei ST11 and
B. longum BL999 had a significantly lower risk of developing eczema during the first two
years of life compared to placebo. In contrast, the two probiotic mixtures did not affect the
risk of infants” atopic sensitization. The tested trophoallergens included cow’s milk, hen
egg white, wheat and rice flour, cod, soybean, potato, carrot, and banana [50].

3.3.2. Administration of Probiotics to Mother and Infant in the Perinatal Period

One of the first large sample size studies was a double-blind, placebo-controlled
trial conducted in mothers with infants at high risk of allergy. Pregnant women were
randomized to receive a probiotic mixture consisting of two lactobacilli, bifidobacteria,
and propionibacteria (a capsule containing freeze-dried LGG, L. rhamnosus LC705, B. breve
Bb99, and Propionibacterium freudenreichii ssp. shermanii JS) or placebo during the last month
of pregnancy, and their infants were to receive it from birth until age 6 months. Infants
also received a prebiotic galactooligosaccharide or placebo. At five years, the cumulative
incidence of allergic diseases (eczema, food allergy, allergic rhinitis, and asthma) and IgE
sensitization did not differ between the two study groups. However, there were fewer IgE-
associated allergic diseases in cesarean section delivered children who received probiotics.
The authors concluded that probiotic supplementation during the last month of pregnancy,
and during the first six months of infants’ life, is not effective in reducing the incidence of
allergic diseases at five years of age [51].

Indeed, in a previous double-blind, randomized, placebo-controlled study, a single
LGG probiotic strain was administered prenatally to mothers with infants at high risk
allergy and postnatally to their infants for six months. The authors found that LGG was
effective in preventing early atopic disease in high-risk children throughout a two-year
follow-up period [52].

3.3.3. Administration of Probiotics Only to Infants after Delivery

Postnatal administration of a probiotic mixture consisting of B. infantis, B. lactis, and
Streptococcus thermophilus did not affect the incidence of allergic manifestations or atopic
sensitization during the first two years of life in very preterm newborns [53]. In this study,
food allergy was defined according to a parental report of a physician-diagnosed allergy
to cow’s milk, soy, egg, wheat, or peanut. Skin prick tests were performed only for egg
white, cow’s milk, and peanut. Additionally, this study did not evaluate the strain- and
disease-specific probiotic effect.

250



Nutrients 2024, 16, 297

In a multicenter, randomized, double-blind, controlled study, a non-hydrolyzed fer-
mented infant formula containing heat-killed B. breve C50 and Streptococcus thermophilus 065
(HKBBST) was administered to infants at high risk of atopy during their first year of life.
The use of HKBBST milk did not affect the proportion of CMA but reduced the proportion
of positive skin prick tests to cow’s milk and the occurrence of allergy-like events in the

first two years of life [54] (Table 2).

Table 2. Data from human studies related to food allergy prevention.

Study Probiotic Findings
No reduction in the risk of
Boyle et al. eczema and food sensitization to
[48] LGG to a pregnant mother eggs, peanuts, and cow’s milk

in offspring

Dotterud et al.
[49]

LGG, L. acidophilus La-5, and B.
animalis subsp. lactis Bb-12 to a
pregnant and lactating mother

Lower cumulative incidence of
atopic dermatitis and no effect on
atopic sensitization in offspring

Rautava et al.
[50]

L. rhamnosus LPR and B. longum
BL999 or L. paracasei ST11 and B.
longum BL999 to pregnant and
lactating mothers

Lower risk of eczema and no
effect on atopic sensitization
in offspring

Kuitunen et al.
[51]

Probiotic mixture (lactobacilli,
bifidobacteria, and
propionibacteria) for pregnant
mothers and their infants
after birth

No difference in the cumulative
incidence of allergic diseases and
IgE sensitization at 5 years of life

in offspring

Kalliomaéki et al.

[52]

LGG to the pregnant mother and
their infants after birth

Lower incidence of early atopic
diseases in high-risk children

No effect on the incidence of
allergic diseases or atopic
sensitization during the first
2 years of life

B. infantis, B. lactis, and
Streptococcus thermophilus in very
preterm newborns

Plummer et al.

[53]

No effect on the incidence of
CMA, a lower proportion of
positive skin prick tests in cow’s
milk, or a lower occurrence of
allergy-like events in the first
2 years of life

Not hydrolyzed fermented
formula containing heat-killed B.
breve C50 and Streptococcus
thermophilus 065 to infants at high
risk of atopy

Morisset et al.
[54]

In 2015, the World Allergy Organization (WAO) issued guidelines on probiotics for
the prevention of allergic diseases. The WAQO guideline panel suggests supplementation
with probiotics in pregnant women at high risk of having an allergic child, in women
who breastfeed infants at high risk of developing allergies, and in infants at high risk of
developing allergies. The authors specified that all recommendations are conditional and
supported by very low-quality evidence [55].

In 2016, Zhang et al. conducted a PRISMA-compliant systematic review and meta-
analysis of randomized controlled trials on probiotics for the prevention of atopy and food
hypersensitivity in early childhood. The results indicated that administering probiotics
prenatally and postnatally could reduce the risk of atopy and food hypersensitivity in
young children [56].

To date, many studies have evaluated the role of probiotics in preventing food sensi-
tization without assessing their effects on confirmed food allergy prevention. Therefore,
further studies are needed to determine the effectiveness of probiotics as a global prevention
strategy for food allergies. Future studies should also assess the optimal probiotic strains,
dosing, and duration of therapy and should be designed with a long-term follow-up period.
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3.4. Data from Human Studies Related to Food Allergy Treatment

Most of the available clinical studies on the use of probiotics as a possible therapeutic
strategy for pediatric food allergies focus on IgE-mediated CMA, which is the earliest
and most common food allergy in pediatrics [57]. It is usually resolved at school age, but
the natural history of food allergies has changed in recent years, and persistent forms
of food allergy in adulthood are increasingly common [47]. Currently, CMA therapy is
based on cow’s milk proteins elimination diet replaced by the use of special alternative
formulas in non-breastfed infants [58]. Special formulas mostly used for the management
of CMA are: extensively hydrolyzed whey formula (eHWEF), extensively hydrolyzed casein
formula (eHCF), soy formula (SF), hydrolyzed rice formula (HRF), and amino acid-based
formula (AAF) [59]. These hypoallergenic formulas resolve allergic symptoms by lacking
IgE-binding epitopes [60]. However, besides ameliorating allergic symptomes, it should be
crucial to find strategies to promote oral tolerance in patients with food allergies.

Berni Canani et al. demonstrated that in children with IgE-mediated CMA, LGG-
supplemented eHCF resulted in higher rates of oral tolerance compared to eHCF without
LGG and other hypoallergenic formulas used in CMA treatment [61].

These findings were consistent with those of a one-year follow-up study conducted
in the United States, which showed better outcomes using eHCF plus LGG compared to
eHCF alone or AAF, as first-line CMA dietary management in infants [62].

The use of eHCF plus LGG for the treatment of IgE-mediated CMA in children is
associated with a higher rate of oral tolerance acquisition and a lower incidence of atopic
manifestations compared to the use of eHCF alone, or other special formulas for CMA
treatment (e.g., HRF, SF, eHWE, AAF), even after a 36-months follow-up [63,64]. These
results align with those of a retrospective study performed in the United Kingdom based on
a large cohort of formula-fed CMA infants extracted from the Health Improvement Network
database, which indicated that eHCF plus LGG is not only more effective than eHWF in
managing CMA symptoms, but it also has greater potential to prevent the occurrence of
other atopic manifestations in these patients [65].

Basturk et al. conducted a randomized, double-blind, placebo-controlled trial in CMA
infants who received oral LGG for 4 weeks. The mothers of all breastfed patients were put
on a milk-free diet, and all formula-fed patients were offered eHF. The probiotic group
showed statistically significant improvement in symptoms such as bloody stools, diarrhea,
restiveness, and abdominal distension, as well as improvement in mucous stools and vom-
iting, compared to the placebo group. In contrast, a statistically significant improvement in
abdominal pain, constipation, and dermatitis was not observed. Although the probiotic
group had higher complete recovery rates than the placebo group, the difference was not
statistically significant [66].

All the clinical studies presented so far have evaluated the role of LGG alone, or in
addition to formula, in the management of infants and children with IgE-mediated CMA.
However, there is also evidence regarding the role of some Bifidobacteria strains in the
treatment of CMA.

In a randomized, double-blind, placebo-controlled trial, Jing et al. demonstrated
that B. bifidumm TMC3115 supplementation reduced allergic symptoms, improved anti-
inflammatory responses, reduced serum IgE levels, increased serum IgG2 levels, and
improved gut microbiota in infants with CMA [67].

Strisciuglio et al. investigated the effect of Bifidobacteria on the phenotype and activa-
tion status of peripheral basophils and lymphocytes in children with CMA. The treatment
with Bifidobacteria resulted in a decrease in circulating naive and activated CD4+ T cells,
as well as degranulating basophils. The authors concluded that Bifidobacteria may have
beneficial effects on in modulating oral tolerance in children with CMA [68] (Table 3).
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Table 3. Data from human studies related to cow’s milk allergy treatment.

Study Probiotic Findings
Berni Canani et al eHCF + LGG induced a higher oral tolerance
[61] ' eHCF + LGG rate than eHCF alone or other special formulas
in children with CMA
Guest et al. eHCF + LGG induced a higher tolerance rate
[62] eHCF + LGG than eHCF alone or AAF in children with CMA
eHCF + LGG induced a higher oral tolerance
Berni Canani et al. rate and a lower incidence of atopic
[63] eHCF + LGG manifestations than eHCF alone in children
with CMA with a follow-up of 36 months
eHCF + LGG induced a higher oral tolerance
Nocerino et al rate and a lower incidence of atopic
[64] ' eHCF + LGG manifestations than other special formulas in
children with CMA with a follow-up of
36 months
eHCF + LGG is more effective than eHWF in
Guest et al. both managing symptoms of CMA and
[65] eHCF +LGG preventing the occurrence of other atopic
manifestations in children with CMA
Milk-free diet + LGG improved symptoms
Basturk et al. Milk-free diet + such as bloody stools, diarrhea, restiveness,
[66] LGG abdominal distension, mucous stools and
vomiting in infants with CMA
Reduced allergic scores, improved
Jing et al. Milk-free diet + anti-inflammatory responses, reduced serum
[67] B. bifidum TMC3115 IgE levels, increased serum IgG2 levels and

improved gut microbiota in infants with CMA

Strisciuglio et al.
[68]

Milk-free diet +
Bifidobacteria

Decreased circulating naive and activated
CD4+ T cells, as well as degranulating
basophils, in infants with CMA

In 2019, Qamer et al. evaluated the use of probiotics for CMA in the first systematic
review of randomized controlled trials. The authors concluded that there is limited, low-
quality evidence indicating that probiotic supplementation may be associated with earlier
acquisition of oral tolerance to cow’s milk proteins in children with CMA. However, the
authors specified that large, well-designed trials are necessary to confirm these findings [69].

In 2022, the Global Allergy and Asthma European Network (GA?’LEN) made no
recommendation for or against any probiotics in managing food allergies, whether used as
a supplement or added to infant formulas. GA?LEN suggested addressing high-quality
prospective trials on infants and young children with documented food allergies [70].

3.5. Probiotics in Food-Specific Immunotherapy

Oral immunotherapy is one of the possible allergen-specific therapeutic strategies
proposed for the management of food allergies. The primary goal of oral immunotherapy
is to induce desensitization to the allergen, but it is often burdened by allergic reactions.
Probiotics have been evaluated in combination with oral immunotherapy to enhance their

effectiveness or mitigate their adverse effects.

In 2015, Tang and colleagues published the first double-blind, placebo-controlled,
randomized trial of a combined therapy with a probiotic, L. rhamnosus CGMCC 1.3724, and
peanut oral immunotherapy in children with peanut allergies. They found that probiotic
and peanut oral immunotherapy were highly effective, with seven children achieving
possible sustained unresponsiveness if nine were treated [71].
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The same study group later demonstrated that combined therapy with L. rhamnosus
CGMCC 1.3724 and peanut oral immunotherapy provided long-lasting clinical benefit
compared to placebo, with two-thirds of treated participants symptom-free after peanut
ingestion 4 years after completing treatment [72].

Moreover, the authors described another study protocol of a multicentre, randomized,
controlled trial evaluating the effectiveness of probiotic L. rhamnosus CGMCC 1.3724 and
peanut oral immunotherapy in inducing desensitization or tolerance in children with
peanut allergy compared with oral immunotherapy alone and with placebo [73].

In a multicenter, randomized, phase 2b trial, another probiotic, L. rhamnosus ATCC
53103, plus peanut oral immunotherapy, was compared to peanut oral immunotherapy
plus placebo in children aged 1-10 years with a confirmed diagnosis of peanut allergy
through oral challenge. The authors concluded that both treatments were able to induce
desensitization, and the addition of the probiotic did not improve treatment efficacy but
might offer a safety benefit [74].

Based on the observations in peanut allergy, Loke et al. planned the first double-blind,
placebo-controlled, randomized trial to examine the effectiveness of probiotic and egg oral
immunotherapy in inducing desensitization or sustained unresponsiveness in children
with egg allergy compared to placebo [75].

4. Conclusions, Limitations and Future Perspectives

This narrative review outlines the current preclinical and clinical studies on the use
of probiotics in the management of food allergies in infancy and childhood, exploring
available data from animal models of cow’s milk, egg, and shellfish allergies as well as
data from human studies related to food allergy prevention and treatment. The available
evidence is not conclusive, but it suggests that probiotics may have a role in preventing
and treating food allergies in pediatrics. The lack of consistency is due to the wide range of
probiotic strains used in studies based on different study protocols.

The most promising results available concern the use of specific probiotic strains as
adjuvants in the management of children with IgE-mediated cow’s milk allergies, as well as
the use of specific probiotic strains in oral immunotherapy for children with IgE-mediated
peanut allergies.

Nevertheless, current studies lay the groundwork for future well-designed studies to
eventually identify specific probiotic strains that may be effective in the management of
food allergies, the relative optimal dose to be administered, and the proper duration and
timing of administration.

Itis also critical that these studies do not confuse food allergy with allergic sensitization
to food antigens, as this could be an additional confounding factor in interpretation. Indeed,
the diagnosis of food allergies should be based on a positive oral food challenge.

Another future goal should be to clarify the molecular mechanisms by which probiotics
interact with host cells and the gut microbiota and how these interactions affect the immune
response to food antigens, including complex epigenetic mechanisms.
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