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Abstract

The growing interest in health-promoting diets has brought fermented foods into the spot-
light due to their unique microbial compositions and bioactive metabolites. Fermented
foods and their beneficial microbiota are expected to stimulate the overall industry’s ex-
pansion over the next few years as their beneficial health effects become established. This
narrative review explores the evolving dynamics of fermented food microbiota and their
interactions with the gut microenvironment, emphasizing strategic pathways to enhance
human health. Fermented foods, both industrially produced and traditionally prepared,
serve as carriers of beneficial microorganisms such as lactic acid bacteria, yeasts, and certain
fungi that transform food substrates into bioactive compounds including short-chain fatty
acids (SCFAs), exopolysaccharides, and bioactive peptides. Simultaneously, their bioactive
metabolites are the subject of passionate investigation by the scientific community, uncov-
ering novel beneficial aspects that have not been elucidated until now. These metabolites
contribute to improved gut barrier function, modulation of immune responses, and overall
metabolic health. Notably, microbial fermentation can reshape the intrinsic properties of
food, offering therapeutic potential beyond basic nutrition. The interactions between food-
derived microbes and the host gut microbiota suggest a synergistic mechanism influencing
gastrointestinal and systemic health outcomes. Nevertheless, there remains a significant
gap in the comprehensive evaluation of the existing literature in this specific research area.
Further research is needed to standardize fermented food formulations, validate the effects
of individual microbial strains, and optimize their application in personalized nutrition and
functional food development. Accordingly, this review highlights the association between
the microbiota of fermented foods and their metabolites with the gut microenvironment,
emphasizing their potential health-promoting properties.

Keywords: food—-gut axis; health-promoting microbes; microbiome modulation;
microbial metabolites; intestinal balance; disease modulation; nutritional health; immune
system support

1. The Dynamic Interaction Between Consumption of Fermented Foods
and Gut Microbiota

Growing interest in health-promoting diets has brought naturally derived, minimally
processed foods to the forefront, with fermented products attracting particular attention
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for their potential functional benefits, including improved gut health, enhanced nutrient
bioavailability, and modulation of the immune system [1,2]. Notably, fermented foods and
their beneficial microflora have captured the attention of consumers, scientists, and the
global industry alike, thanks to their microbially transformed metabolites which can exhibit
therapeutic properties. Currently, fermented foods and beverages account for roughly
one-third of the human diet [3]. Food fermentation is actually a biological method of
food preservation, and it can be accomplished by introducing specific microbes under
controlled conditions, which enables the bioconversion of food substrates through their
growth and metabolic activities. Currently, industrial food fermentation is accomplished
through the use of selected starter cultures, which are employed in large-scale production.
As modern microbiology has advanced, specific starter cultures have been identified and
selected to be applied for food fermentation, targeting desirable characteristics of food
products. The microorganisms typically involved in food fermentation primarily include
lactic acid bacteria, yeasts, bacilli, and filamentous fungi [2—4]. In local areas, there are
still producers engaged in small-scale production who have preserved their “inherited
starters” using traditional methods that have been passed down from one generation to the
next. Traditional fermented food can also be crafted through spontaneous or back-slopped
fermentation methods [1,4]. These practices serve as a valuable source of indigenous
microorganisms with potential health benefits [4].

Microbial fermentation can alter the intrinsic bioactive properties of food (Figure 1).
Fermented foods, enriched with health-promoting microbes, serve as dietary sources of
beneficial microbial strains, including lactic acid bacteria, yeasts, and other probiotics [3,5].
Upon ingestion, these microorganisms interact with the host gut microbiota, influencing
microbial composition and metabolic activity [3]. Central to this interaction is the bio-
conversion of key food components such as complex carbohydrates, proteins, lipids, and
other dietary compounds by both resident and introduced microbial strains [3,6-8]. These
substrates are metabolized into a wide array of bioactive microbial metabolites, including
short-chain fatty acids (SCFAs), bioactive peptides, exopolysaccharides, and vitamins [3].
This pathway highlights the therapeutic potential of fermented foods in modulating the
gut microenvironment, enhancing nutrient bioavailability, and promoting systemic health
benefits (Figure 1). For instance, it was reported recently that SCFAs produced as mi-
crobial metabolites have the capacity to modulate gut immune function by interacting
with immune cells such as dendritic cells and T cells and by promoting the production
of anti-inflammatory cytokines [9]. Furthermore, SCFAs such as butyrate may serve as a
primary energy source for colonic epithelial cells, promoting barrier integrity and reducing
gut permeability [10]. Beyond gut immunity, SCFAs and other microbial by-products
have been implicated in regulating metabolic pathways, reducing oxidative stress, and
influencing gut-brain axis signaling. These effects support emerging evidence linking
fermented food consumption with improved cognitive function, stress resilience, and
mental well-being [11-13]. Consequently, fermented foods not only deliver live beneficial
microbes but also supply a reservoir of bioactive metabolites that exert local and systemic
health effects [3]. Thus, fermented foods are highlighted not only as nutritional sources
but also as functional vehicles for microbiota-driven bioactivity, underscoring the need for
integrated research in diet and microbiome science to support functional food development
and personalized nutrition.
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Figure 1. Simplified illustration of food compound transformation into bioactive metabolites after
consumption of fermented foods with beneficial microbes.

In conclusion, the interplay between fermented food consumption and gut microbiota
represents a promising avenue for enhancing human health through dietary modulation.
Thus, this review focuses on the intricate relationship between fermented food consump-
tion and the gut microenvironment, highlighting the health-promoting potential of both the
microbial communities present in these foods and their bioactive metabolic by-products.
Through microbial fermentation, food substrates are transformed into bioactive compounds,
which have been shown to modulate immune responses, support gut barrier function, and
influence systemic metabolic pathways. These mechanisms suggest a clear link between
fermented foods and improved health outcomes, including gastrointestinal and immune
health as well as mental well-being. To explore these evolving dynamics, a narrative litera-
ture search was conducted, focusing on the interactions between fermented food microbiota
and the gut microenvironment, with an emphasis on strategic pathways to enhance human
health. Relevant peer-reviewed articles, primarily from the last decade, were identified
through structured searches in PubMed, Scopus, ScienceDirect, and Google Scholar using

Y77i

combinations of keywords such as “fermented foods”, “food microbiota”, “gut micro-
biota”, “gut microenvironment”, “probiotics”, “postbiotics”, and “human health”. Studies
included in this review addressed the microbial composition of fermented foods, their
influence on gut ecology, and associated health outcomes, while non-peer-reviewed sources
were excluded. The synthesis of this literature supports the conclusion that fermented
foods represent a promising, evidence-based approach to functional nutrition and health

promotion, warranting further interdisciplinary research and innovation.

2. Fermentative Bioprocesses and Microbial Transformation of
Food Substrates

Fermentative bioprocesses play a crucial role in food production, as microbial activity
significantly affects both the composition and nutritional value of foods [3]. A wide
variety of substrates derived from dairy and plant sources can be used for fermentation,
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including dairy milk, meat, fruits and vegetables, seafood, cereals, grains, root crops, and
various other region-specific food products. For each type of food substrate, a specific
group of microorganisms can be selected based on the sugar content of the substrate
and the fermentation abilities of the microbial strains involved [1,14,15]. These microbial
transformations begin during fermentation and often continue within the gastrointestinal
tract after consumption, contributing to overall health benefits [3].

Food substrates rich in monosaccharides and disaccharides are usually subject to
fermentation by yeasts or lactic acid bacteria. Conversely, food substrates abundant in
polysaccharides are best fermented by diverse microbial populations, encompassing molds,
yeasts, or bacilli. Specifically, hydrocarbons are valorized during microbial fermentation
in cereal- and grain-based foods. Products such as sourdough and fermented millet de-
pend on the activity of lactic acid bacteria and yeasts (e.g., Saccharomyces cerevisiae) to
break down complex starches, releasing organic acids and carbon dioxide (CO;). These
microbial transformations not only lower the glycemic index of the foods but also produce
prebiotic compounds that promote the growth of beneficial gut bacteria [16-18]. Similarly,
in dairy-based fermented foods (e.g., yogurt, kefir, and sour milk), lactose serves as the
primary substrate. It is metabolized by Lactobacillus spp. and Streptococcus thermophilus
into lactic acid, leading to acidification and enhanced digestibility [1,2]. Additionally, these
microbes can produce bioactive peptides with antihypertensive or immunomodulatory
effects, which may persist and be further metabolized by the host gut microbiota [19-21].
In vegetable-based fermentations such as kimchi and sauerkraut, fiber and plant-derived
oligosaccharides are fermented by Leuconostoc spp., Weissella spp., and Lactobacillus spp.,
producing short-chain fatty acids (SCFAs), antimicrobial compounds, and vitamins such as
folate and vitamin K2 [22,23]. These compounds are associated with improved gut barrier
integrity and anti-inflammatory activity once absorbed in the colon [24]. Legume-based
fermentations, like miso and natto, involve proteolytic microbes such as Bacillus subtilis
and Aspergillus oryzae, which hydrolyze soybean proteins into bioactive peptides with
antioxidant and lipid-lowering effects [25-27]. In meat and fish fermentations, protein-rich
substrates are transformed by lactic acid bacteria, resulting in flavor-enhancing amino
acids and antimicrobial peptides [28]. Some of these compounds, such as y-aminobutyric
acid (GABA), have been associated with blood pressure regulation and neuroprotective
functions after gut absorption [29].

Furthermore, fermented foods are renowned for their abundance of antimicrobial sub-
stances, such as organic acids, ethanol, and bacteriocins, all of which are produced through
microbial transformation either during food fermentation or within the gut microenviron-
ment [3,5]. Another significant aspect of fermented foods is that their components can enter
the human body either directly through interaction with beneficial live microorganisms
or indirectly through the consumption of microbial metabolites produced during food
fermentation [30]. In both cases, microbial activity interacting with food components can
enhance the concentration of bioactive compounds. The fermentation of food raw materials
can also take place in the gut, a bioprocess known as colonic fermentation. A key outcome
of colonic fermentation is the increased bioavailability of various bioactive compounds,
whose effectiveness often depends on the nature of the original food substrate. These
microbially transformed metabolites are generally more potent in delivering therapeutic
effects than their parent compounds [3,13,31].

Among health-promoting fermented foods, probiotic formulations are particularly
notable, as they contain viable probiotic microorganisms or live biotherapeutic agents.
Their regular consumption has been linked to a broad spectrum of clinically relevant health
benefits [5,32]. These include prevention of necrotizing enterocolitis in infants, symptom
relief for individuals with functional bowel disorders, reduced risk of antibiotic-associated
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diarrhea, improved management of ulcerative colitis, and decreased incidence and duration
of common upper respiratory and gastrointestinal infections [5,31].

These foods offer enhanced benefits to consumers beyond those provided by essential
nutritional components, including anticarcinogenic properties, and supplementation of
vitamins and bioactive compounds [5,32]. Research indicates a correlation between re-
duced consumption of live microbes and the rising prevalence of modern autoimmune
diseases [31]. This integrated perspective highlights that microbial fermentation is not
confined to food processing alone; it continues in the gastrointestinal tract, where the mi-
crobial transformation of residual substrates contributes to a range of physiological effects.
Consequently, substrate-specific fermentation processes and their microbial by-products
should be considered not only for food safety and preservation, but also for their functional
roles and health-promoting potential throughout the human digestive system [3,4,33].

3. Beneficial Microbes for Fermented Foods and Their
Bioactive Metabolites

Archaeological evidence suggests that the process of food fermentation was discovered
inadvertently thousands of years ago. Since the early days of civilization, fermented foods
have been crafted through spontaneous fermentations, primarily aiming to preserve raw
materials [1]. Fermented foods continue to play a significant role in human nutrition,
garnering increasing attention. This is reinforced by evidence-based research indicating
that live microbial cultures can provide health benefits to consumers [5].

Fermented foods are established as nutritionally and functionally rich foods produced
by microbial action associated with bacteria, yeast, mycelial fungi, and their enzymes.
Fermented foods can provide a diverse array of microorganisms, and their involvement in
medicinal values can lead to a broad spectrum of health-promoting effects. The primary
starter cultures used in the production of fermented foods include lactic acid bacteria
(LAB) (e.g., Lactobacillus spp., Streptococcus thermophilus, Bifidobacterium spp., and several
other probiotic bacterial species) and Saccharomyces in the cases of wine, beer, and bacteria
plus yeast in sourdough bread production. According to numerous recent studies, the
consumption of fermented foods containing live microbial cultures can yield a multitude
of health advantages [5,12,14,31,34-39]. These may include the production of antimicrobial
compounds targeting potential pathogenic microorganisms, as well as antimutagenic,
anticarcinogenic, and antitumor effects [3,5,40-44].

The presence of specific lactic acid bacteria (LAB) and Bifidobacteria in both humans
and animal models suggests that these microbial groups may have the potential to modulate
host metabolism and immune function [3,21,45,46]. Similarly, there is documented evidence
that Saccharomyces yeasts exhibit significant anti-inflammatory properties [47]. This aligns
with observations that moderate alcohol consumption, often involving yeast-fermented
beverages such as beer and wine, may be associated with certain immune-supporting
effects. However, it is important to note that the relationship is complex, and excessive
alcohol consumption has well-documented detrimental effects on the immune system. In
addition, fermented foods may help improve metabolic and physiological disorders, lower
cholesterol levels, enhance probiotic activity, and promote the production of exopolysac-
charides (EPSs) that can serve as prebiotic ingredients [31]. They also contribute to the
generation of a variety of other bioactive compounds with the potential to benefit overall
consumer health [3].

In recent decades, the term “Bioactive Food Component” has emerged as a significant
concept in scientific literature, aiming to describe food compounds capable of influencing
biological processes or substrates, thereby affecting body functions or conditions, and
ultimately, health [48]. These components have recently garnered extensive attention in
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research due to their perceived potential in promoting health and preventing diseases [33].
Similarly, intensive research is being conducted on the metabolic compounds produced by
fermented food starter cultures to understand their functional properties [3,20,49].

Microbial metabolites can enhance fermented foods by introducing a multitude of
bioactive components, which are well-documented in the recent literature for their potential
to offer various health benefits to consumers [3,5,8]. Notably, today’s accurate analytical
and biochemical research tools demonstrate the presence of various compounds providing
biological activity in fermented food products [30]. Several recent studies and some placebo-
controlled studies have provided evidence of the health-promoting effects of fermented
foods (Table 1).

Table 1. Fermented foods and their starter cultures providing health-beneficial effects.

Fermented Food

Starter Cultures Causing Possible Bioactivity Health-Beneficial Effects Reference

Natural Yoghurt

Lactobacillus delbrueckii subsp. bulgaricus

Streptococcus thermophilus ACE-inhibitory [50]

Yoghurt with probiotics

Antiproliferative, anticancer,
immunomodulatory, antimicrobial,
prevention of dysbiosis-associated
weight loss, reduction of systemic [51-55]
inflammation, decreased prevalence
of diabetic kidney disease, and
promotion of oral health

Lactobacillus helveticus
Lacticaseibacillus rhammnosus
Lacticaseibacillus fermentum

Bifidobacterium animalis subsp. lactis

Lactobacillus delbrueckii subsp. bulgaricus For cognitive treatment via gut—

Probiotic food beverages Streptococcus thermophilus, Lactobacillus casei brain sienalin [19]
Bifidobacterium lactis and many other species & &
. Lactobacillus helveticus Ar}tlhypert?nsw.e effects,
Sour milk . . . relieves anxiety, improves [56-58]
Levilactobacillus brevis .
sleep quality
Bifidobacterium animalis
Fermented dairy and Streptococcus thermophilus Alleviating allergic reactions [59]
non-dairy products Lactobacillus delbrueckii subsp. bulgaricus, and symptoms

Lactococcus lactis

Milk-based or
plant-sourced kefir

Antioxidant, anti-inflammatory,
Probiotic LAB and Bifidobacteria antihypertensive; antiviral; [2,60-63]
prevents osteoporosis

Gouda cheese

Lactococcus cremoris
Lactococcus lactis
Lec. lactis subsp. lactis biovar diacetylactis
Leuconostoc spp.

Antioxidant, antihypertensive;
beneficial effect on abdominal [64-66]
adipose

Mozzarella cheese

Streptococcus thermophilus, Lactobacillus bulgaricus,
Lactobacillus helveticus
Lactococcus lactis
Leuconostoc
lactic acid bacteria (LAB)
Enterococcus

ACE-inhibitory [67,68]

Streptococcus thermophilus, Lactobacillus delbrueckii ACE-inhibitory,

Gorgonzola cheese ~ yeast . antimicrobial [67,69]
Penicillium roqueforti
Sustains blood lipid profile in
Cheddar cheese Mesophilic culture individuals at risk of metabolic [70]
diseases
Kimchi Lactobacillus brevis Anti-inflammatory [71]
Kimchi Lactiplantibacillus plantarum Antitumoral effects [72]
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Table 1. Cont.
Fermented Food Starter Cultures Causing Possible Bioactivity Health-Beneficial Effects Reference
Miso Antihypertensive effects [73]
Natto (fermented soya Bacillus subtilis var. natto . Prevgntlon Qf osteoporosis; [27]
beans) antibacterial, anticancer, antioxidant
Fermented soy product Lactobacillus helve?zcus Improved total cholesterol [74]
Enterococcus faecium
Cheonggukjang Bacillus subtilis, Improves obesity-related parameters 175]
(fermented soya paste) Bacillus amyloliquefaciens, Rhizopus oligosporus and gut microbiota dysbiosis
Water kefir L. mali Reduction of body weight and [76]
lipid accumulation
Reduction of gastric volume; higher
Sourdough bread LAB culture fullness perception [17]

S- cerevisiae and hydrogen production

Fermented dairy and
non-dairy food

Relieves gastrointestinal tract
inflammation, IBD, IBS, and [77]
induction of cancer

Lactic acid bacteria;
probiotic yeast species

Food containing
prebiotic materials and
dietary fibers

Minimizing risks of IBS, IBD,

Probiotic species of bacteria
colorectal cancer

[78,79]

Probiotic beverages
made from fermented
fruits, vegetables, and

Diarrhoea control; regaining lost
hydration, nutrition, and stabilizing [80]
gut microbiota

Several species of
probiotic bacteria

cereals
Leuconostoc mesenteroides
Palm Lactobacillus plantarum
wine/Toddy/Kallu Liquorilactobacillus nagelii Antibacterial; improves eyesight and [81-83]
(fermented sap of palm Liguorilactobacillus sucicola gastrointestinal tract )
trees) Saccharomyces sp.
Acetobacter sp.
Dry-cured fermentec.l Staphylo'coccus carnosus, Antioxidant, antimicrobial,
sausages (e.g., salami, Micrococcus, [84]

chorizo, Thai naem)

lactic acid bacteria antihypertensive (ACE-inhibitory)

According to statistical data, global cheese consumption reached approximately
22 million tons in 2022. Consequently, cheese—particularly fermented cheese products
that undergo extensive microbial aging or ripening—can contribute significantly to hu-
man health by offering a range of potential health benefits (Table 1). Worldwide, there
are approximately 1500 different types of fermented cheese products produced annually,
including gouda, feta, mozzarella, cheddar, roquefort, stilton, and gorgonzola, among
others [28-34].

A noteworthy discovery highlighting the importance of incorporating fermented
cheese products into one’s diet has emerged from a recent randomized controlled trial [70].
In this trial, the influence of individual components of cheese was evaluated when con-
sumed either entirely or partially within a fermented cheese matrix during a real-life
intervention. For this investigation, Irish cheddar cheese, a high-fat fermented dairy prod-
uct, was chosen by the researchers to examine the impact of high-fat consumption on blood
lipid levels. The findings appear to validate that, even when consumed in substantial
quantities, dairy fat within the cheese matrix does not negatively affect the blood lipid
profiles of individuals at risk of metabolic diseases [70]

Regular consumption of sour milk has been demonstrated to have a notably significant
effect on reducing blood pressure in various studies [56,57]. In particular, a recent study
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demonstrated the antihypertensive effects of sour milk among hypertensive participants
who were not taking antihypertensive medications. Significantly, the systolic blood pres-
sure of these participants exhibited a notable reduction after 2 and 4 weeks of sour milk
consumption when compared to the placebo group that consumed unfermented acidified
milk [57].

Another type of fermented food with great popularity in Asia involves soybean fer-
mentation. Research has indicated that soybean extracts possess anticancer properties,
which can lead to lower cholesterol levels and have antihypertensive effects in both sponta-
neously hypertensive rats and humans [37-40]. Recent studies have shown that long-term
consumption of miso soup can help mitigate salt-induced hypertension. Miso soup is a
classic Japanese dish that starts with a dashi stock and is seasoned with miso paste. The
production of miso involves a two-stage fermentation process. In the first stage, a mold
such as Aspergillus oryzae is introduced to a substrate to create koji. In the second stage,
bacteria and yeast are added as the koji is mixed with a salt and soybean mash. The miso is
then allowed to ferment for a period of up to 2 years. [85].

The production of beer and wine played a significant, and even crucial, role in the
advancement of agriculture and the shift of human societies from nomadic hunter-gatherer
communities to settled farming civilizations. Palm wine presents a range of health advan-
tages, making it a compelling and noteworthy beverage deserving of microbiota analysis.
The presence of acetic acid bacteria (AAB), yeasts, and LAB, contributes to lactic, alcoholic,
and acetic acid fermentation in palm sap. Prior research has employed microbiological
methods to explore the microorganisms within palm wine and has identified antibacterial
properties effective against certain infections [83]. The ecological factors of the micro-
bial community affect its metabolic activities and, consequently, the composition of the
fermented product.

4. Fermentation-Driven Bioactive Compounds for Functional
Food Applications

Microorganisms have been integral to food production since the earliest stages of
human civilization, offering one of the most cost-effective and sustainable methods for
food processing and preservation. Traditionally, fermentation processes were driven by
spontaneous microbial activity originating from raw materials, which harbored complex,
naturally occurring, and often taxonomically undefined microbial consortia [1,4,86]. Over
time, the use of selected starter cultures has allowed for greater control, consistency, and
predictability in fermentation outcomes. However, many traditional fermented foods are
still produced through spontaneous fermentation, without deliberate microbial inocula-
tion [2,23]. Itis important to note that while some modern fermented products are processed
in a way that eliminates viable microorganisms from the final product, the majority of
widely consumed fermented foods such as yogurt, sour milk, kefir, cheese, kimchi, kom-
bucha, dry fermented sausages, and miso retain substantial populations of live microbes.
These often range from 10° to 10° colony-forming units per gram (CFU/g) [2,5,26,87-90].
Traditional fermentation practices include both spontaneous and back-slopped fermenta-
tion. In back-slopping, a portion of a previous successful fermentation (e.g., yogurt, whey,
or sourdough) is used to initiate the next batch, allowing for the enrichment of a resilient
and functionally adapted microbial community.

In industrial fermentation, the use of standardized starter cultures is essential to
ensure the quality, safety, and consistency of the final product. These microbial cultures,
primarily composed of lactic acid bacteria (LAB) and yeasts, drive the fermentation process
by metabolizing sugars into lactic acid or ethanol [91-93]. This metabolic activity initiates
a series of biochemical transformations that not only influence the flavor, texture, and
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preservation of fermented foods but also lead to the generation of bioactive components
with significant functional and health-promoting effects.

As illustrated in Figure 2, the bioactive components of fermented foods can be broadly
categorized into two main groups: (1) bacterial components and (2) microbial metabo-
lites [94]. Bacterial components refer to structural and functional elements of the microor-
ganisms themselves, such as cell wall fragments, surface proteins, exopolysaccharides,
and viable probiotic cells. These elements can directly interact with the host’s immune
system and gastrointestinal environment, influencing various physiological responses. In
contrast, microbial metabolites are low molecular weight compounds synthesized either
during food fermentation processes or as a result of microbial activity within the gut [5,94].
These bioactive components in fermented food may include short-chain fatty acids, organic
acids, bioactive peptides, bacteriocins, amino acids, vitamins, and various other functional
molecules. Collectively, these compounds, arising from both microbial cell structures and
metabolic by-products, form the basis of the health-promoting effects associated with
fermented foods. Their presence underscores the pivotal role of microbial fermentation
not only in enhancing food safety and preservation but also in driving the development of
functional food products with targeted physiological benefits [3,95-97].

SPONTANEOUS
FERMENTATION

o o
BACK-SLOPPED o

FERMENTATION Short chain Vitamins
Organic acids fatty acids
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Figure 2. Bioactive compounds present in fermented foods as a result of beneficial microbial activity
during controlled or spontaneous fermentation.

4.1. Bacteria and Yeasts for Fermentation

Widely recognized as a model eukaryotic microorganism, S. cerevisiae plays a crucial
role in the sugar and alcohol production, brewing, and baking industries due to its signifi-
cant economic value. This commonly applied yeast strain serves as a valuable source of
proteins, B vitamins, nucleic acids, and minerals, including a biologically active form of
chromium referred to as glucose tolerance factor [90].

Literature reports verify the capacity of yeasts to generate extracellular peptides that
exhibit inhibitory effects on both Gram-positive and Gram-negative bacteria as well as
some virus species [40,98]. These peptides serve as antimicrobial components and are
oligopeptides with varying sequence lengths, typically ranging from 10 to 100 amino
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acids [99]. They are released by yeast cells as they proliferate during the fermentation
process. Antimicrobial peptides can be found in various living kingdoms, including
bacteria, yeasts, fungi, and plants. They are present in many different fermented food
products and act against various pathogenic or spoilage microorganisms, providing an
immunomodulation response to the consumer [100,101].

Yeasts, being capable of releasing antimicrobial peptides, can effectively manage
the proliferation of spoilage microorganisms throughout the fermentation process, thus
diminishing the necessity for chemical antiseptics [98]. Nevertheless, these yeasts may also
exert their inhibitory effects on beneficial microorganisms. Therefore, when employing
yeasts or yeast-derived peptides as bio-preservatives, it is crucial to exercise selectivity to
prevent any interference with the fermentation process caused by the inhibition of beneficial
microorganisms [99].

Currently, the primary applications of S. cerevisiae biomass include its use in human
and animal nutrition, the production of flavoring agents, by-product valorization, and
as a filtering element for the clarification of beverages [102]. As Saccharomyces biomass
is the second most significant by-product of the brewing industry, scientific studies have
investigated the potential use of S. cerevisiae biomass in various biotechnological applica-
tions, including the extraction of valuable compounds and the biosorption of bioactive
substances [103].

4.2. Microbially Derived Health-Promoting Metabolites in Fermented Foods

Microorganisms in fermented foods play a vital role in producing a wide array of
health-promoting metabolites with significant functional potential. The nutritive com-
pounds of a food matrix may alter via microbial transformation during food fermentation,
providing novel bioactive compounds in the final food product [3]. As summarized in
Table 2, the bioactive components found in fermented foods can be broadly classified into
two categories: bacterial components, such as cell wall structures, surface proteins, and
viable probiotic cells, and microbial metabolites, including short-chain fatty acids, organic
acids, amino acids, vitamins, and other small molecules. Together, these compounds exert
diverse physiological effects, ranging from immune modulation and gut microbiota balance
to metabolic regulation and neuromodulation [3,5,58,104,105].

Table 2. Classification of microbially derived bioactive components in fermented foods.

Component or Metabolite That Provides

Category Bioactivity Health-Related Functions Reference
Cell wall components (e.g., Immune modulation, [104,105]
peptidoglycans, lipoteichoic acid) anti-inflammatory activity !
Enzymes /Surface proteins Enhance gut barrier, signal [106,107]
Bacterial (incl. ESPs) host receptors !
Components . Immunomodulation, antioxidant activity,
Exopolysaccharides (EPSs) cholesterol reduction, prebiotic effect 21]
Viable probiotic cells Gut rmcroblo.ta balance, competitive [5,106]
exclusion of pathogens
Short-chain fatty acids (SCFAs) (e.g., Energy source for colon cells;
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Among microbial metabolites, organic acids such as lactic acid and acetic acid play
a central role in both acidifying and preserving fermented products. Beyond extending
shelf life, they exert antimicrobial effects by inhibiting the growth of pathogenic and
spoilage microorganisms, thereby enhancing food safety [5,96]. Alongside organic acids,
bacteriocins, which are antimicrobial peptides synthesized by certain lactic acid bacteria,
also contribute to the inhibition of pathogenic and spoilage organisms, thus supporting
the stability of the gut microbiota and improving the safety of fermented food products.
Microorganisms like Lactococcus lactis and Lactobacillus spp. produce bacteriocins, natural
antimicrobial compounds that inhibit pathogenic bacteria and contribute to the safety of
fermented products [115].

Fermented foods are also valuable sources of essential micronutrients. The fermenta-
tion process enhances the biosynthesis and bioavailability of B-complex vitamins, including
B2 (riboflavin), B9 (folate), and B12 (cobalamin), which are critical for energy metabolism,
red blood cell formation, and neurological function. These vitamins are often deficient in
plant-based diets, making fermented foods an important dietary source [4,20,116].

Exopolysaccharides (EPSs) synthesized by strains such as Lactiplantibacillus plantarum
(formerly Lactobacillus plantarum) and Streptococcus thermophilus also play multifunctional
roles [21]. EPSs act as prebiotics, support immune modulation, and may help lower
serum cholesterol levels. In addition, they contribute to the sensory qualities of fermented
products, particularly texture and viscosity, enhancing both product quality and consumer
acceptance [21,117].

Postbiotics represent another category of interest. These are non-viable microbial
products or metabolic by-products released during fermentation or following the lysis
of probiotic bacteria. While they do not contain live microorganisms, postbiotics retain
significant bioactivity, including anti-inflammatory, antioxidant, and immune-regulating
effects, and offer advantages in stability and safety compared to live cultures [20,118].

Bioactive peptides released during microbial proteolysis of dietary proteins demon-
strate a wide range of physiological functions, including antihypertensive, antioxidant,
antimicrobial, and immunomodulatory effects. These peptides are increasingly recognized
as important contributors to the health-promoting properties of fermented foods [100].
Other essential metabolites include amino acids, which are either released or synthesized
during fermentation. These compounds serve not only as building blocks for proteins but
also as precursors for neurotransmitters and other bioactive molecules, thereby participat-
ing in important metabolic and neuromodulatory pathways.

Among microbial metabolites, short-chain fatty acids (SCFAs) such as acetate, propi-
onate, and butyrate are among the most extensively studied microbial metabolites. Primar-
ily produced by LAB and Bifidobacterium spp. through carbohydrate fermentation, SCFAs
provide energy to colonocytes, reinforce gut barrier integrity, modulate immune responses,
and are associated with reduced risk of colorectal cancer and metabolic disorders [44,119].

In addition, microbial fermentation can lead to the production of neuroactive com-
pounds such as y-aminobutyric acid (GABA), synthesized by LAB and lactococci. GABA
is known for its neuroprotective, antihypertensive, and anxiolytic properties, and may
play a role in gut-brain axis regulation [114]. Similarly, certain strains such as Lactobacillus
acidophilus and Bifidobacterium spp. contribute to the production of conjugated linoleic
acid (CLA), a bioactive lipid with demonstrated anticancer, anti-atherosclerotic, and im-
munomodulatory effects [43].

Collectively, these bioactive metabolites exemplify the biochemical complexity and
functional diversity of microbial fermentation. Their occurrence in fermented foods high-
lights the capacity of fermentation processes to not only improve preservation and sensory
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attributes but also to modulate host physiology and contribute to human health through
multiple well-defined biological pathways.

5. Impact of Diet on Sustaining Diversity in Gut Microbiota

The gastrointestinal tract houses an intricate ecosystem of microbiota. Within this
ecosystem, the gut microbiota engages in intricate molecular interactions with the host,
exerting influences on nutrition, immunity, and metabolism across an individual’s lifetime.
Approximately 1.5 kg of bacteria inhabit the colon, with a density of 10'? cells per gram
of intestinal content, establishing the gut microbiota’s recognition as a vital metabolic or-
gan [14]. Trillions of microorganisms coexist in the adult intestine, capable of autonomously
maintaining their own balance.

Over the course of long-term evolution, the gut microbiota has established a dynamic
equilibrium with humans and plays a crucial role in preserving human physiological
function and energy metabolism [10]. An increasing body of research has demonstrated
that healthy microbial communities contribute to enhancing nutrient absorption, fortify-
ing biological barriers, and regulating immune responses. However, when subjected to
multifaceted internal or external environmental changes, the equilibrium of the normal
gut microbiota can be disrupted, leading to physiological dysfunction and even a range of
metabolic disorders [120].

Diet is recognized as one of the primary modulators of the composition and functional
capacity of the human microbiome [121]. A strong body of evidence supports the relation-
ship between long-term dietary patterns and gut microbial diversity, taxonomic structure,
and gene functional profiles within the microbiome [122,123]. Observational studies have
shown that fiber-rich, plant-based diets such as the Mediterranean diet are associated
with greater microbial diversity and increased abundance of beneficial taxa, including
short-chain fatty acid (SCFA)-producing bacteria. Moreover, controlled dietary intervention
trials have demonstrated that even short-term dietary modifications can induce rapid and
measurable shifts in the composition and activity of the gut microbiota, underscoring the
dynamic and responsive nature of the microbial ecosystem to dietary inputs [6,108,123,124].

6. Contribution of Dietary Microbiota in Alleviating Diseases

A recent study proposed that a fermented food diet increases microbiome diversity
and decreases inflammatory signals, whereas a high-fiber diet changes microbiome function
and elicits personalized immune responses [125]. Certain fermented food products, such
as kombucha, yogurt, kefir, and kimchi are widely consumed due to their reported associa-
tions with weight management and reduced risks of diabetes, cancer, and cardiovascular
diseases [11,126,127].

The microbiota and fecal metabolome presented significant differences among fer-
mented food consumers versus non-consumers in a longitudinal study [128]. It was
observed that the metabolome of fermented food consumers was enriched with conjugated
linoleic acid (CLA) [128]. CLA, an animal-source fatty acid, has been characterized as an
anti-obesogenic, anticarcinogenic, and anti-atherosclerotic agent [129]. Fermented food
consumption might serve as a valuable means to reestablish evolutionarily significant con-
nections. Moreover, it could potentially reintroduce benign environmental and foodborne
microbes that have been depleted due to the sterilization of the industrialized environment.

Consumption of dairy can be protective against type 2 diabetes (T2D) risk in in
older adults at high cardiovascular risk [130-132]. In addition, consumption of fermented
milk supplementation improves glucose metabolism and alleviates the effects of muscle
soreness after high-intensity exercise [133]. Consumption of different fermented foods,
such as fermented milk products with probiotics, is associated with alterations in brain
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intrinsic connectivity and has a protective effect against social anxiety symptoms and
neuroticism [59,134].

By employing a combination of quantitative metagenomics, in silico genome recon-
struction, and metabolic modeling, it was found that the consumption of a fermented milk
product containing dairy starters and Bifidobacterium animalis enhances the production of
colonic short-chain fatty acids [46]. Additionally, this dietary approach led to a reduction
in the abundance of Bilophila wadsworthia compared to individuals with irritable bowel
syndrome who consumed a regular milk product [46]. Consumption of probiotic fermented
milk increased the abundance of Bacteroidetes, including members of the Bacteroidaceae
or Prevotellaceae families, which are decreased during the non-ingestion period [134]. So,
probiotic fermented milk has the potential to modify the microbial community structure
in the gastrointestinal tract of adult humans while preserving the overall stability of the
microbiota [134].

Kefir grains include microbial species Lactobacillus brevis, L. paracasei, L. helveticus, L.
kefiranofaciens, L. plantarum, L. kefiri, Lactococcus lactis, Streptococcus thermophilus, Acetobac-
ter lovaniensis, Acetobacter orientalis, S. cerevisiae, S. unisporus, Candida kefyr, Kluyveromyces
marxianus, and Leuconostoc mesenteroides with antimicrobial activity against Candida albi-
cans, Salmonella typhi, Salmonella enterica, Shigella sonnei, Escherichia coli, Bacillus subtilis,
Enterococcus faecalis, and Staphylococcus aureus [42,60,135]. Strains isolated from kefir have
been shown to colonize the human gut [39], leading to increases in the concentrations
of Lactobacillus spp., Lactococcus spp., and Bifidobacterium spp. along with reductions in
Proteobacteria and Enterobacteriaceae [35].

Recent studies have reported that components of kefir may modulate the immune
system by suppressing viral infections, including those caused by the Zika virus, hepatitis
C virus, influenza virus, and rotaviruses. In the context of COVID-19, kefir demonstrated
antimicrobial and immunomodulatory activity by downregulating the expression of pro-
inflammatory cytokines such as interleukin-6 (IL-6), interleukin-1 (IL-1), tumor necrosis
factor-alpha (TNF-), and interferon-gamma (IFN-y) [61]. Furthermore, chronic admin-
istration of kefir in a rat model significantly reduced hypertension, along with marked
decreases in tachycardia and left ventricular hypertrophy [136,137]. In similar experimental
models, administration of probiotic strains such as Lactobacillus fermentum and Lactobacillus
coryniformis in combination with Lactobacillus gasseri, Lactobacillus helveticus, Lactobacillus
paracasei, and Lactococcus lactis has also demonstrated hypotensive effects, suggesting a
potential role for these strains in cardiovascular regulation [52,138-140].

In the case of non-dairy fermented foods, a comparative analysis of three Kombucha
consortia revealed that microorganisms such as Komagataeibacter spp., Gluconacetobacter
spp., and Gluconobacter spp., along with yeasts like Brettanomyces spp. and Schizosaccha-
romyces spp., were among the most dominant. Furthermore, the metabolic profile was
strongly correlated with the microbial composition [127]. Metabolites, such as caffeine,
propanoic acid, and 2,3 butanediol differed greatly across the three kombuchas [127]. The
consumption of kimchi demonstrated positive impacts on glucose metabolism-related
factors and anthropometric measures in individuals with prediabetes. Fermented kimchi
also exhibited additional benefits on blood pressure and insulin resistance/sensitivity as
well as improvement in glucose tolerance [141]. In contrast to fresh kimchi, fermented
kimchi directly modulates the gene expression of molecules involved in metabolic and
immune pathways, or indirectly through alterations in gut microbial composition such as a
decrease in Blautia and an increase in Prevotella and Bacteroides [142].

Inflammatory bowel disease (IBD) is associated with genetic, infectious, immuno-
logical, and environmental factors, including modification of the gut microbiota [7,143].
IBD, as typified by diseases such as ulcerative colitis (UC) and Crohn’s disease, affects the



Foods 2025, 14, 2361

14 of 23

gastrointestinal tract without any satisfactory therapeutic approach. A diet with fermented
foods has been suggested lately because of their anti-inflammatory properties for restoring
the balance between helpful and harmful bacteria population in the gut [144]. This dysreg-
ulated microbiota composition is caused by modern environmental change, accompanied
by lack of dietary fiber and prebiotics. Dysbiosis, the dysregulated microbiota composition,
increases the inflammatory responses and increases the incidence of IBD [145,146].
Improvement of resolution in microbiome analysis revealed a reduction of the popula-
tion of the bacterial phyla Firmicutes and Bacteroidetes but the upregulation of Actinobacteria
and Proteobacteria during IBD [147]. In addition, fermented plant extract supplementation
induces the anti-inflammatory Firmicutes phylum and Clostridiales order [148]. In Crohn’s
disease patients, it has been observed that dietary yeasts cause a hyperinflammatory re-
sponse from a subset of Th1 cells that are able to lyse the epithelium [149]. Lactobacillus
paracasei TK1501-fermented soybeans alleviate dextran sulfate sodium (DSS)-induced colitis
by the introduction of prebiotic metabolite lipoteichoic acid and peptidoglycan [49]. Kefir,
a fermented milk product, has shown beneficial effects in a dextran sulfate sodium (DSS)-
induced colitis model by reducing neutrophil infiltration and reticulum edema, as well
as increasing the formation of autophagosomes [38]. Building on such findings, growing
evidence supports the role of fermented diets in managing inflammatory bowel disease
(IBD), prompting the launch of an ongoing clinical trial (NCT04401605). This trial inves-
tigates the impact of a diet enriched with fermented foods on inflammation and quality
of life in patients with mild to moderate ulcerative colitis (UC). While early results are
encouraging, indicating potential modulation of inflammatory cytokines and enhancement
of gut microbiota diversity in healthy individuals [150], comprehensive clinical evidence re-
mains limited. Notably, fermented plant extract (FPE) supplementation has been shown to
increase the abundance of Clostridiales, a bacterial group associated with anti-inflammatory
effects, and contribute to the suppression of intestinal inflammation [148]. Collectively,
these findings underscore the promising therapeutic potential of fermented foods and their
bioactive components in modulating gut health and managing chronic intestinal disorders.

7. Limitations and Controversies in the Fermented Food—-Gut Axis

While fermented foods have gained widespread attention for their potential health
benefits, several limitations and controversies within this field warrant critical consider-
ation. One of the primary challenges lies in the variability of microbial content among
fermented food products [2]. The microbial composition can vary significantly depend-
ing on factors such as the raw ingredients, fermentation conditions, starter cultures, and
even geographic origin. This variability complicates efforts to standardize products and
assess their reproducible health effects across populations [31,151]. For instance, tradi-
tional fermentation relies on spontaneous microbial communities, which are not always
reproducible or clearly defined, raising concerns about batch-to-batch consistency and
safety [13,93,152,153]. While these practices preserve cultural and microbial diversity,
they may also carry risks related to inconsistent microbial viability, contamination, or the
presence of opportunistic pathogens [4].

A significant limitation is faced regarding in vitro and animal studies which have
demonstrated the highly promising effects of fermented foods such as immunomodulation,
gut barrier protection, and metabolic regulation, while the translation to human clinical
outcomes is still inconsistent. Many human trials suffer from small sample size, short
duration, or lack of standardization in fermented product formulation, leading to mixed
or inconclusive results. Systematic reviews often report limited evidence for cause—effect
relationships due to confounding variables such as baseline diet, microbiota composition,
and genetic factors [154,155].
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Another area of controversy is the lack of consensus on viable microbial dose thresh-
olds, probiotic strain specificity, and survivability of microbes through the gastrointestinal
tract [5,151,156,157]. Even when viable microbes are present in fermented foods, not
all strains colonize the gut or exert measurable effects, and their metabolic interactions
with host cells remain only partially understood. The emerging concept of postbiotic
non-viable microbial products or metabolic by-products adds complexity to how benefits
are attributed, further blurring the lines between live microbial action and metabolite-
mediated effects [5,10,118,154]. Additionally, there are safety considerations, particularly
for immunocompromised individuals, the elderly, or those with gastrointestinal disor-
ders [10,12,32,158,159]. While most fermented foods are considered safe, rare cases of
contamination or adverse reactions due to uncontrolled fermentation or opportunistic
microbes have been reported.

Regulatory inconsistencies across countries regarding labeling, health claims, and
microbial content in fermented foods pose significant challenges for scientific validation
and consumer trust [157]. The lack of global regulatory frameworks for defining probiotics
and fermented products with functional claims limits the integration of these foods into
evidence-based nutritional guidelines [159].

Overall, addressing these limitations will require interdisciplinary efforts, standard-
ized research protocols, and high-quality clinical trials to clarify the functional mechanisms
of fermented foods and reliably translate them into public health strategies.

8. Concluding Remarks and Future Strategies

The human gut microbiome is composed of trillions of microorganisms, and changes
in the composition and activity of these resident microbes have been associated with a
range of systemic diseases, particularly those involving the immune system [120]. Recent
research highlights that the microbiota of individuals in industrialized societies differs
markedly from that of our recent ancestors [160]. Rapid modernization, including medical
interventions and dietary changes, has contributed to the progressive degradation of the
microbiota, a process thought to be implicated in the rising incidence of various diseases
common in industrialized populations. Meanwhile, accumulating evidence underscores a
bidirectional relationship between fermented food products and the gut microbiota. The
gut microbiota metabolizes natural compounds, leading to the production of metabolites
that vary in bioactivity, biotransformation, and toxicity.

The growing interest in the human microbiome as a critical determinant of human
health and behavior underscores the need to understand the functions of microorganisms
and their metabolic by-products introduced into the gastrointestinal tract through dietary
intake. Fermented foods are now recognized for their attributes that extend well-being
beyond simple preservation and sensory attributes. With the development of microecology
and medicine, gut microbiota has been reported to play an important role in the pharma-
cological effects of food products; besides, fermented foods have also been demonstrated
to be effective for modulating the gut ecosystem and maintaining the balance. However,
it is also important that the probiotic products, including fermented food and functional
beverages, produced from perishable dairy milk or non-dairy sources, should be available
to consumers in the functional state of cultures contained in the products. Therefore, the
use of the right quality of packaging materials is very important to retain the viability and
activity of probiotic cells during transportation of fermented products to the shops and
also for stocking them with a reasonable shelf life [161].

With the rapid advancement of meta-omics technologies, the field is moving closer
to implementing true systems biology approaches in nutrition and microbiome research.
Future research should focus on leveraging these tools to analyze the co-variation between
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microbial community structures and their metabolic outputs under varying dietary con-
ditions, thereby identifying specific microbial strains and metabolites that are directly
linked to measurable health outcomes. A deeper understanding of the complex interactions
among dietary components, food-associated microbes, the gastrointestinal microbiota,
and host metabolism will enable the rational design of functional foods. In this context,
fermented foods represent an “upstream” extension of the digestive process and provide a
promising platform to deliver targeted health benefits through controlled microbial activity.
Key future strategies include conducting strain-level analyses of fermentation-associated
microbes to determine their functional traits, developing fermented food formulations
enriched with well-characterized probiotics, and standardizing production and packaging
methods to preserve microbial viability and activity. Furthermore, integrating microbiology,
nutritional science, and systems biology within interdisciplinary research frameworks will
be essential to support personalized dietary interventions based on individual microbiome
profiles. Advancing such strain-specific and function-driven innovations in fermented
foods will ultimately contribute to the development of next-generation nutritional solutions
for health promotion and disease prevention.
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