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Abstract

Background: Fermentation is among the oldest and most versatile food processing techniques,
enhancing not only shelf life but also nutritional and functional value. While Asian and Western
fermented foods are extensively studied, traditional Eastern European fermentations—such as
sauerkraut, kefir, bryndza, kvass, and sourdough—remain underexplored, despite their enduring
cultural and dietary importance. These foods combine spontaneous or mixed-culture fermentations,
diverse substrates, and unique microbial consortia that may yield distinct bioactive profiles with
potential health benefits. Methods: This narrative review synthesizes data from scientific articles,
regional reports, and ethnographic sources retrieved from PubMed, Scopus, and Google Scholar up
to 2025. Studies were selected for relevance to composition, microbiology, bioactive compounds, and
human or experimental health outcomes related to Eastern European fermented foods. Results:
Evidence indicates that traditional fermented dairy, cereal, and vegetable products contain bioactive
peptides, polyphenols, vitamins, organic acids, and live or non-viable microorganisms contributing
to antioxidant, antihypertensive, immunomodulatory, and metabolic effects. Mechanistic studies
support the generation of ACE-inhibitory peptides, microbial vitamins, and prebiotic/postbiotic
compounds. However, variability in artisanal production and the scarcity of standardized human
trials limit definitive conclusions. Conclusions: Eastern European fermented foods represent a
culturally unique yet scientifically undercharacterized component of functional nutrition. Their
complex microbial ecosystems and diverse substrates offer valuable models for studying diet-
microbe interactions. Further omics-based and clinical research is warranted to clarify bioavailability,
mechanisms of action, and their potential integration into evidence-based dietary strategies.

Keywords: Eastern Europe; fermented foods; functional foods; probiotics; postbiotics; bioactive
peptides; traditional diets; nutrition science

1. Introduction

Fermentation is one of the oldest and most widespread methods of food preservation and
transformation, practiced for a long time across different cultures. First evidences of producing
fermented beverages are many millennia old [1]. Food fermentation originated in spontaneous
biochemical processes in which native microorganisms transform moist substrates through
enzymatic activity. Depending on the outcome, this process produces either edible fermented foods
or inedible spoiled products. Over time, human societies refined these natural phenomena into
controlled techniques, developing regionally specific fermentation systems adapted to local
environments and raw materials. The earliest known examples likely involved the alcoholic
fermentation of fruits by wild yeasts, while the later emergence of ceramic vessels for storing aqueous
foods facilitated broader experimentation and diversification of fermented products.
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Beyond its role in extending shelf life and enhancing flavor, fermentation profoundly alters the
nutritional and functional profile of foods [2]. Microbial activity during fermentation can enrich
products with bioactive peptides, vitamins, organic acids, and secondary metabolites, while also
modifying the bioavailability of existing nutrients. These attributes have positioned fermented foods
as important contributors to human health and as candidates for functional food development.

In the scientific literature, much of the focus on fermented foods was centered on Asian products
(such as miso, kimchi, and natto) or on globally popular Western varieties (such as yogurt, cheese,
and sourdough bread). In contrast, the rich tradition of fermented foods in Eastern Europe has
received comparatively little attention, despite their cultural and dietary significance. Countries
across this region—including Romania, Poland, Ukraine, Russia, and the Balkan states —have long
relied on fermentation as a household and artisanal practice to preserve vegetables, dairy, cereals,
and beverages. Sauerkraut, kefir, kvass, and a variety of regional cheeses and pickled vegetables are
staples that continue to be consumed daily by millions of people. Eastern European fermented foods
are of particular interest because they often involve complex microbial consortia, unique raw
materials, and traditional preparation methods that can lead to distinctive bioactive profiles.
Evidence suggests that such foods may exert beneficial effects on cardiovascular health,
gastrointestinal function, immunity, and metabolic regulation[3-5]. At the same time, some products
carry potential drawbacks, such as high sodium content or variability in microbial quality, which
warrant careful evaluation [6]. Eastern Europe has a long-standing reliance on fermented foods that
continues to shape both rural and urban dietary patterns. Historically, the region’s continental
climate and limited access to fresh produce favored the preservation of vegetables, dairy, and cereals
through fermentation, a practice deeply embedded in domestic food culture. Ethnographic and
dietary studies document the persistence of these foods—such as sauerkraut, kefir, bryndza, kvass,
and bors—as common components of everyday diets in countries including Poland, Romania,
Slovakia, and Bulgaria. While quantitative dietary data remain limited, regional reports and national
surveys suggest that fermented products remain nutritionally and culturally significant, contributing
to food diversity, microbial exposure, and dietary resilience in contemporary Eastern European
populations [7-10]. Given the growing scientific and consumer interest in functional foods, it is timely
to examine the contribution of Eastern European fermented foods as sources of bioactive compounds
and as potential vehicles for health promotion. This narrative review aims to (i) provide an overview
of the main categories of traditional fermented foods from Eastern Europe, (ii) summarize the current
knowledge on their bioactive constituents and associated health effects, (iii) compare them with other
global fermented foods, and (iv) identify key research gaps and future directions for their integration
into modern dietary patterns and functional food development.

Ultimately, this review positions Eastern European fermented foods as a distinctive and
underexplored model for understanding how traditional, microbially rich products can inform
modern strategies in nutrition science and functional food innovation.

2. Methods: Literature Search Strategy

This narrative review was conducted to provide a comprehensive synthesis of Eastern European
fermented foods, their bioactive components, and associated health effects. Relevant literature was
identified through searches in PubMed, Scopus, and Web of Science, covering publications up to
August 2025. Keywords included combinations of terms such as “fermented foods,” “Eastern

i

Europe,” “sauerkraut,” “kefir,” “kvass,” “fermented dairy,” “fermented vegetables,” “bioactive
compounds,” “functional foods,” and “health effects.” In addition to English-language peer-
reviewed articles, grey literature, including regional reports, theses, and traditional food compendia
in Romanian, Polish, and Russian, was consulted to capture foods and practices underrepresented in
mainstream databases. Articles were selected based on relevance to the composition, microbial
content, bioactive properties, and documented or potential health effects of traditional fermented
foods from Eastern Europe. No systematic inclusion or exclusion criteria were applied, as this work

is intended as a narrative synthesis, providing a broad overview and critical discussion rather than a
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quantitative meta-analysis. Where possible, studies were prioritized for human trials and in vitro or
animal studies with clear mechanistic insights, supplemented by historical and cultural descriptions
to contextualize the functional potential of these foods.

3. Historical and Cultural Context of Classes of Fermented Foods

Fermentation has been an integral part of Eastern European food culture for centuries, serving
as both a necessity for preservation and a cornerstone of culinary identity. The long, harsh winters,
limited access to fresh produce during colder months, and the abundance of raw materials such as
cabbage, milk, rye, and root vegetables created conditions in which fermentation was not only
practical but indispensable. Generations of households developed fermentation practices that were
deeply embedded in daily life, transmitted through family traditions, and often tied to seasonal cycles
and local festivities. Traditional fermentation procedures generally rely on spontaneous microbial
activity initiated by naturally occurring microorganisms present on raw materials, utensils, or in the
surrounding environment. The process typically involves minimal technological intervention and is
conducted under ambient conditions that favor the growth of desirable bacteria, yeasts, or molds
[11]. Such fermentations are often performed in small batches using household or community-based
practices, where environmental factors and indigenous microflora impart characteristic sensory and
nutritional properties to the final products [12].

Eastern European fermented foods encompass a diverse array of products, reflecting regional
biodiversity, cultural traditions, and resource availability. These foods can be broadly categorized
into dairy, vegetables, cereals, and beverages, each with distinctive microbial communities, bioactive
compounds, and potential health benefits.

3.1. Vegetable Fermentation

Vegetable Fermentation is perhaps the most iconic expression of this tradition. Cabbage, preserved
as sauerkraut, became a dietary staple across Central and Eastern Europe. The product was known
by different names, according to each region [13]. In Romania, Poland, Ukraine, and the Balkans,
large barrels of shredded cabbage or cabbage leafs prepared in autumn [14] were relied upon to
provide essential vitamins throughout the winter, when scurvy and micronutrient deficiencies were
otherwise a risk. The quantity of cabbage in a household was either a sign of prosperity, or of scarcity.
Fermentation enriches the cabbage with lactic acid bacteria and vitamins C and K. As boosters for
preservation, many other plants are added (mustard, celery, leafs, horseradish, etc) contributing to
the enrichement of the nutritional value of the fermented product.

Sauerkraut is not merely a side dish but a foundation for numerous cooked meals, symbolizing
resilience in the face of food scarcity. Bell peppers, cucumbers, carrots, garlic, beets and even small
watermelons are also frequently fermented, producing pickles [15], each with different microbial
communities and flavors that became part of everyday diets. These products illustrate how local
biodiversity and microbial ecology are intersected with nutritional needs [10,16].

The microbial diversity of fermented vegetables is highly variable and influenced by preparation
methods, local microflora, and salt concentration, creating unique microbial “signatures” that
differentiate regional products [17].

3.2. Fermented Dairy Products

Fermented dairy products hold a similarly prominent role in Eastern European traditions. Kefir,
originating in the Caucasus, became widespread in Russia and Eastern Europe by the 19th century,
and was celebrated for its purported health benefits long before the mechanisms of probiotics and
lactic acid bacteria were understood. Kefir grains contain complex symbiotic consortia of lactic acid
bacteria (LAB), acetic acid bacteria, and yeasts, creating a beverage rich in peptides, organic acids,
and vitamins. The fermentation process enhances protein digestibility and produces naturally
occurring antimicrobial compounds [18].
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Other traditional dairy beverages, such as ryazhenka in Russia (fermented baked milk) or ayran
in the Balkans (a yogurt-based drink), highlight the creativity with which dairy was preserved and
consumed. Their production illustrates regional adaptations, where local processing (heat treatment,
dilution, mixing with herbs or salt) shaped both sensory properties and nutritional profiles.
Ryazhenka is baked fermented milk, traditionally prepared by heating milk before fermentation. This
process yields Maillard reaction products, mild acidity, and a unique flavor profile, with potential
antioxidant properties [19]. Ayran, a diluted yogurt-based beverage, is widely consumed in the
Balkans. Its hydrating properties and probiotic potential make it an important functional food in both
traditional and modern diets [20]. Domestic Bulgarian yoghurt, “kiselo mlyako”, is produced
similary to ayran, but has a hystorical recognition of having anti ageing effects. At the start of the
20th century, the renowned Russian scientist and Nobel laureate Ilya Mechnikov (1845-1916) turned
his attention to the issue of human aging. Mechnikov identified Bulgarian yogurt (“kiselo mlyako”),
rich in beneficial lactobacilli, as a food capable of suppressing these harmful bacteria that cause
ageing. Based on this, he argued that Bulgaria’s unusually high number of centenarians was linked
to the regular consumption of this traditional yogurt [21,22].

Matzoon or matsuni is a type of traditional Armenian and Georgian fermented dairy product
that consists of milk and a starter culture or previously made matzoon. It is typically made with
boiled cow’s milk combined with yogurt, and the mixture is then allowed to sit in a warm place until
it becomes homogenous. Semi-firm and with a distinctive, tangy flavor, matzoon is featured in
numerous traditional Armenian dishes and beverages, both sweet and savory, such as the refreshing
beverages known as matsnabrdosh and tahn, various sauces for dishes made with local greens, and
soups [23].

Cheese-making traditions also flourished, especially in areas with wide pastures, with products
such as bryndza (a sheep’s milk cheese popular in Romania and Slovakia) representing both
nutritional security and cultural identity.

Cheeses such as bryndza and other sheep- or cow-milk varieties undergo lactic fermentation,
which develops texture, flavor, and bioactive peptides with ACE-inhibitory and antioxidant
properties. These cheeses also provide a concentrated source of minerals and protein, making them
nutritionally valuable in regions with limited access to fresh produce during winter months. These
products highlight the dual function of fermentation as both nutrient preservation and functional
enrichment [24].

3.3. Cereal-Based Fermentations

Cereal-based fermentations are another cornerstone. Fermentation of cereals is a long-standing
practice in Eastern Europe, primarily for bread and beverages. Rye sourdough bread has been a staple
across the Baltic states, Poland, and Russia, not only for its flavor but also for its longer shelf life and
enhanced digestibility. Fermentation of dough improves digestibility, increases mineral
bioavailability, and generates bioactive peptides. The long fermentation also contributes to lower
glycemic indices compared to industrial breads, suggesting potential benefits for metabolic health
[25,26]. Other cereal-based fermentations include fermented porridges, like kissel [27] and regional
sourdough variations, often consumed as staple meals or snacks [28,29], highlighting the adaptability
of fermentation to local grains and seasonal availability. There is also a plethora of beverages based
on cereals, that will be presented in the next subchapter.

3.4. Fermented Beverages

Fermented Beverages in Eastern Europe extend beyond dairy and cereal-based products,
representing a broad category with unique microbial and bioactive properties [30].

Kvass remains the most widespread traditional beverage. Kvass, a lightly alcoholic beverage
made from fermented rye or fermented bread, is emblematic of Slavic food culture, mentioned for
the first time in the 10th century. Other grains like barley and wheat, or fruits and vegetables, can
also be used. Historically considered a “drink of the people,” it was consumed daily across social
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classes, providing hydration, modest nutrition, and safe microbial quality in times when water could
be unreliable. Traditionally consumed across social classes, it has served both as a nutritional
supplement and as a culturally symbolic beverage. It involves fermenting the ingredients with water,
sugar, and yeast, resulting in a lightly alcoholic beverage with a sour, tangy taste and natural
carbonation. opular types include malty bread kvass, earthy beet kvass (often used in borscht), and
even lettuce kvass [31-33]. Similar cereal-based fermented beverages were prepared regionally,
sometimes flavored with herbs, honey, or berries, reflecting the biodiversity of local environments.
Fermented herbal or berry infusions, such as elderberry or cranberry ferments, are common in rural
areas, often prepared in households for seasonal consumption. Even in big cities, elderberry
fermented beverages (“socata” in Romanian) are prepared in season by many families, as a healthier
alternative to comercial soft drinks. These beverages may contain polyphenols, organic acids, and
lactic acid bacteria.

“Bors” is a traditional Romanian fermented liquid, distinct from the beetroot-based borscht of
Ukraine and Russia. It is prepared from wheat or barley bran, corn flour, and water, often with the
addition of a slice of bread —particularly black bread—to initiate fermentation. The mixture
undergoes natural fermentation driven by lactic acid bacteria and yeasts, producing a tangy, slightly
yellow liquid with a refreshing, mildly pungent aroma, eventually enriched with aromatic herbs (e.g.
lovagge). In Romanian cuisine, “bors” is primarily used to impart a characteristic sour flavor to
“ciorbe” (sour soups), but it can also be consumed directly as a probiotic beverage. The fermented
solids can be dried and preserved as a starter, known as “huste”, for subsequent batches.
Nutritionally, “bors” is rich in lactic acid, vitamins, and minerals derived from the cereal bran, and it
contains phenolic compounds that confer antioxidant properties. Its fermentation process enhances
the bioavailability of nutrients and generates beneficial microorganisms that support gut health.
Conceptually, bors is similar to Russian kvass—a fermented rye bread drink —but it remains unique
in its composition, preparation, and culinary application [34,35].

Braga, boza or busa are traditional fermented cereal beverages widely consumed in the Balkans,
Turkey, but also in many parts of Eastern Europe [36]. The names and recipes vary by region—
“braga” and “busa” are used in specific areas —reflecting local cereal availability and fermentation
practices. This diversity not only influences taste and texture but also affects the nutritional and
microbial profiles, illustrating the intersection of culture, diet, and health in Eastern European
fermented foods. They are typically prepared from a mix of cereals such as wheat, maize, millet,
barley, oats, rye, or rice, which serve as a source of carbohydrates, dietary fiber, and essential
micronutrients. The fermentation process is driven LAB and yeasts. LAB produce organic acids,
primarily lactic acid, which lower the pH, preserve the beverage, and contribute to its characteristic
tangy flavor. Yeasts generate low levels of ethanol and carbon dioxide, adding mild effervescence.
Fermentation also enhances the nutritional value of the drink by increasing the bioavailability of
certain minerals, producing B-group vitamins, and generating bioactive compounds with potential
health benefits [37]. Boza, braga, and busa provide energy from fermentable sugars while delivering
probiotics and bioactive metabolites that may support gut health. Depending on the cereal
composition and fermentation duration, they can also supply dietary fiber, protein fragments, and
micronutrients such as magnesium, phosphorus, and iron. The combination of carbohydrates,
microbial metabolites, and micronutrients makes these beverages a functional traditional food with
both nutritional and cultural relevance.

Kombucha, though originally from East Asia, became integrated into Russian and Eastern
European traditions by the 19th and 20th centuries. It s consumption gained popularity due to its
perceived health benefits, safety, and appealing sensory characteristics [38]. Its fermentation
produces organic acids, vitamins, and a diverse microbial consortium [39]. While a borderline case
in terms of origin, kombucha exemplifies the region’s capacity to adapt and integrate fermented
beverages into everyday diets [40].

Across all categories, Eastern European fermented foods share several characteristics. First, we
notice the microbial diversity. Spontaneous or starter-driven fermentation generates complex
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communities of bacteria and yeasts, producing bioactive metabolites. Fermentation increases
bioavailability of vitamins, minerals, and proteins while producing bioactive peptides and organic
acids [41,42]. All of them carry a functional potential. Evidence suggests health benefits. Even more,
these fermented foods are eaten daily by a high number of people, due to their cultural
embeddedness. These foods are integral to seasonal diets, traditions, and social rituals, which helps
maintain their consumption and microbial authenticity.

The cultural dimension of fermentation in Eastern Europe goes far beyond preservation. These
foods often carried symbolic and ritual meaning. In Romania, sauerkraut leaves are essential for
preparing sarmale (cabbage rolls), a dish associated with weddings, holidays (Christmas, Easter), and
community gatherings. Sarmale is frequently prepared in large quantities for festive occasions, and
fermented cabbage (sauerkraut) is often used for its flavour and traditional wrapping in many
regions[43]. During fasting periods of Orthodox Christianity — such as Lent or the Nativity Fast —
plant-based foods become central, and fermented vegetables like sauerkraut are used because they
are allowed and because they provide nutrients when fresh vegetables are less available [44]. Sarmale
wrapped in sauerkraut leaves can also be adapted (meatless or with mushrooms) during fasting [45].
In Russia, kvass has been deeply embedded in culture for over a millennium. Its origin dates back at
least to the Primary Chronicle of Kievan Rus (989 AD), and it was consumed by people of all social
classes. It was offered to guests as a gesture of hospitality, served in communal settings, during
festivals, markets, celebrations, and sometimes used in religious fasts or daily meals [46]. As for kefir,
traditional narratives from the Caucasus note that kefir grains were zealously guarded cultural
treasures, passed from generation to generation. The symbiotic culture (bacteria + yeasts) was
considered precious, with households maintaining their own grains as heirlooms [47].

Industrialization in the 20th century altered the production of many of these foods, shifting from
household to factory-scale processes. Yet, unlike in some Western contexts, homemade fermentation
remained widespread in Eastern Europe, partly due to strong cultural attachment, partly due to
economic necessity. Even today, urban households frequently prepare their own sauerkraut or
pickles, preserving continuity with ancestral practices[48,49] . This persistence has ensured that
microbial diversity, traditional methods, and cultural symbolism remain alive, making Eastern
European fermented foods unique not only in their composition but also in their sociocultural
significance.

In recent decades, scientific and consumer interest has converged on these traditional foods.
Researchers are beginning to uncover the bioactive compounds [50] and microbial profiles [51].
responsible for their health-promoting effects, while consumers are increasingly drawn to them as
“authentic” and “natural” dietary components [52]. Understanding their historical and cultural roots
is therefore essential, not only for appreciating their continued role in the daily diet but also for
framing them as potential functional foods within contemporary nutrition science.

4. Bioactive Compounds and Functional Properties

Eastern European fermented foods are rich in a variety of bioactive compounds that emerge
from microbial activity during fermentation, interactions with the food matrix, and enzymatic
transformations of native substrates. These compounds confer functional properties, contributing to
cardiovascular, gastrointestinal, metabolic, and immune health. In this section, we discuss bioactive
peptides, polyphenols and secondary metabolites, probiotic, prebiotic and postbiotic factors,
vitamins and micronutrients, and organic acids that can be found in these fermented foods.

4.1. Bioactive Peptides

Bioactive peptides are short chains of amino acids (often 2-20 residues, though sometimes
longer) generated during proteolysis—i.e.,, the enzymatic breakdown of larger proteins—by
fermenting microorganisms. These peptides may exert diverse physiological effects such as ACE-
inhibition (important for blood pressure control), antioxidant activity (scavenging reactive oxygen
species), immunomodulation, and antimicrobial effects. Their production, stability, and bioactivity
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are strongly influenced by the protein substrate (type and content), length and conditions of
fermentation, and the microbial community involved (species, strain, and their proteolytic
systems)[53]. Several peptides with known or potential physiological effects have been identified in
traditional Eastern European fermented foods (Table 1).

Table 1. Identified bioactive peptides in traditional Eastern European fermented foods.

Representative peptide(s)

Food or class Reported bioactivity Key reference(s)
Tripeptides Val-Pro-Pro s
(VPP) and Ile—Pro—ProéﬁE;nh:;;;iZ e), antioxidant [>4]
Kefir (IPP); multiple Casein_immu?c))modm:to; (varies b 1551
derived peptides (LC-MS eptide) Y y[56]
identified) PEP

Casein-derived peptides

(including motifs similar
Bryndza (sheep-milkto VPP/IPP reported in
cheese) rlper}ed cheeses); ,Speaf,lcgenerally)
peptide sequencing in
bryndza is limited

ACE-inhibitory, = antioxidant
(reported for ripened cheeses

[57]
[58]

Antioxidant and modest ACE-

A f 1 i
range of sma I:)ephdesinhibitory activities reported;[59]

(LC-MS identified)
derived from rye storage
proteins and glutenins

Rye sourdough contribute to improved[60]
digestibility and lower|[61]

postprandial glycemia

Notes: Where specific peptide sequences in traditional Eastern European products are not reported in primary
studies, the table indicates peptide classes or motifs documented in similar fermented dairy or cereal matrices.
VPP = Val-Pro-Pro; IPP = Ile-Pro-Pro.

4.1.1. Dairy Examples:

One of the most studied products is kefir. In kefir, recent studies show that the presence and
activity of Lactobacillus plantarum and other lactobacilli in fermentation significantly increases ACE-
inhibitory activity over time. For example, one kefir sample fermented with L. plantarum showed
~87.3% ACE inhibition after an extended fermentation (28 days), with an ICs, of ~19.7 mg/L. While
the specific peptide sequences were not identified in this study, earlier proteomic analyses of kefir
have reported the presence of 3-casein—derived peptides such as Val-Pro-Pro (VPP) and Ille-Pro-Pro
(IPP), both recognized ACE inhibitors [55,62,63]. Lactotripeptides from casein fragments (Val-Pro-
Pro, Ile-Pro-Pro) are among the best documented in kefir and yogurt-like fermentations [64,65].
Peptides from asl-casein and (3-casein with antioxidant and antimicrobial activities have also been
isolated in kefir-like LAB fermentations (e.g., Lactobacillus helveticus, L. plantarum) [54,66].

Bryndza cheese exhibits substantial proteolysis during ripening. A study on the effects of partial
replacement of salt with potassium chloride in bryndza found that changes in protein breakdown
(proteolytic patterns) are observed, suggesting that the peptides produced during these processes
may vary in abundance and composition [67]. The microbiota of bryndza (and its bacterial/yeast
communities) have been already characterized, showing rich diversity that is a precondition for
diverse proteolytic activity resulting potentially in active peptides generating. For example,
Lactobacillus paracasei, Lactococcus lactis, and other lactic acid bacteria are commonly present in
bryndza [68,69].

Thus, one can conclude that kefir and bryndza cheese contain peptides that have demonstrated
ACE-inhibitory activity in vitro and in animal models[58,70]. These peptides may contribute to
cardiovascular benefits traditionally associated with fermented dairy consumption. [57,71-73], but
human studies are still needed.
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4.1.2. Cereal Examples

Sourdough fermentations of various cereal flours (whole wheat, spelt, rye, kamut) with selected
lactic acid bacteria have been shown to produce antioxidant peptides. In one study, extracts from
sourdoughs had significantly higher radical scavenging activity compared to chemically acidified
doughs. The researchers identified 25 specific peptides (8 to 57 amino acids in length) via LC-MS/MS
that were stable even after simulated digestive enzyme hydrolysis [74]. Studies have shown that
water/salt-soluble extracts from sourdoughs possess significantly higher radical scavenging activity
compared to extracts from chemically acidified doughs [59-61].

Rye sourdough bread has repeatedly been shown to improve postprandial glucose and insulin
responses when compared to non--sourdough breads — while in many of these studies the precise
peptides are not fully identified, the improved metabolic responses are believed to be partly mediated
by peptides and organic acids released during fermentation [75,76]. This has been supported by
EFSA'’s scientific opinions on rye bread and other clinical trials with sourdough rye crispbread [77].
The fermentation of sourdough breaks down gluten and phytic acid, potentially releasing minerals
and altering the bread’s structure to create a lower and more sustained release of glucose into the
bloodstream [78]. One of the causes of the mentioned effects is a longer fermentation, that tends to
allow more extensive proteolysis, generating a broader spectrum of peptides. The kefir example
above showed also increasing ACE inhibition with longer incubation [58].

Another factor that enhances the peptides production is the microbial composition. Strains differ
in protease sets; e.g., L. plantarum in kefir gave higher ACE-inhibition. In cereals, mixed LAB
communities produce more diverse peptide profiles than single-strain fermentations. When a mixed
community of microorganisms, such as multiple LAB strains, is used for fermentation (like in cereals),
it leads to a wider range of peptide products. The interaction between different microbial strains in a
mixed culture can be synergistic, enhancing the overall production of diverse peptides compared to
using a single strain [79].

Last but not least, peptide production depends on the substrate protein content and quality [80].
Dairy is rich in casein and whey proteins; cereals have prolamins, glutelins, and other storage
proteins (with lower digestibility). The type of cereal (rye, wheat, spelt) and the level of protein affect
how many peptides and which ones can be released. Wholegrain flours or intact kernels often result
in more substrates for proteolysis, which explains the presence of multiple peptides in sordough rye
bread.

Although in vitro and animal models provide clear evidence for ACE-inhibitory and antioxidant
peptides in fermented dairy and cereals, human data on peptide-specific clinical endpoints and
bioavailability are limited; this issue is discussed in detail in Section 7 (Challenges and Research
Gaps).

4.2. Polyphenols and Secondary Metabolites

Polyphenols and other secondary plant metabolites (flavonoids, phenolic acids, betalains,
glucosinolates and derivatives) are major contributors to the antioxidant, anti-inflammatory and
signalling properties attributed to many plant-based foods [81-83]. Fermentation of vegetables,
cereals, and berries can significantly alter the content, chemical form, and bioavailability of
polyphenols, flavonoids, betalains and related secondary metabolites. In traditional Eastern
European fermentations such as sauerkraut, beet kvass and berry ferments, these compounds may
be liberated from bound forms, transformed by microbial enzymes, or preserved against degradation,
collectively enhancing antioxidant capacity.

These polyphenols and their metabolites can act as free radical scavengers, modulate the gut
microbiota, and influence inflammatory and metabolic pathways [84]. The following subsections
detail the underlying biochemical mechanisms, examples from vegetable and cereal fermentations,
and implications for health. Key transformations of polyphenols and related secondary metabolites
in traditional Eastern European fermented foods are summarized in Table 2.
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Microbial fermentation affects polyphenols through several, well-characterised biochemical
routes:

- Hydrolysis of ester/ether bonds and depolymerization: microbial esterases and glycosidases
cleave polyphenol conjugates (e.g., glycosides, phenolic acid esters), liberating aglycones and
free phenolic acids that are more extractable and sometimes more bioactive [84,85]

- Decarboxylation and reduction: some LAB possess phenolic acid decarboxylases (pdc) and
related enzymes that convert hydroxycinnamic acids (e.g., ferulic, p-coumaric acid) into
vinyl/ethyl derivatives with altered bioactivities. Strain-level differences in pdc genes materially
affect the metabolic outcome [86-88]

- Deglycosylation: microbial -glucosidases remove sugar moieties from flavonoid glycosides,
producing [84]

- Formation of novel metabolites (postbiotic phenolics): microbial metabolism can produce
smaller phenolic catabolites and short-chain phenolic acids that may exert direct biological
effects or act via the gut microbiota [84,89]

These mechanisms explain why fermentation can increase extractable polyphenols and
antioxidant capacity in many studies — but they also explain variability: the same substrate
fermented with different microbes or conditions can give divergent results.

4.2.1. Evidence from Vegetable Fermentations (Sauerkraut, Beet Kvass, Mixed Ferments)

e  Sauerkraut and brassica ferments: Lactic acid fermentation of cabbage alters its phytochemical
profile in predictable ways: glucosinolates may be hydrolysed to isothiocyanates or nitriles
depending on processing (cutting, salting, temperature) [90], and polyphenol extractability can
increase as cell walls are partially degraded and conjugates hydrolysed [91]. Targeted
metabolomic and metagenomic studies of sauerkraut document dynamic shifts in metabolites
and microbial functions across fermentation stages, linking specific microbial succession to
secondary-metabolite transformations. These changes underlie measured increases in certain
antioxidant activities in many (but not all) sauerkraut preparations [92,93].

e  Beet kvass and betalain-rich ferments: Beetroot fermentations (beet kvass) present a slightly
different profile: the dominant pigments are betalains (betacyanins and betaxanthins), not
flavonoids.[94]. Several recent analyses of commercially produced and traditional fermented
beetroot juices in Polish markets show high antioxidant capacity and measurable betalain
content in fermented products, although thermal processing and fermentation conditions
influence betalain stability. Some studies report retention or even improved antioxidant activity
in certain beet ferments, while others show losses depending on boiling/processing and long
fermentation times — so product formulation and process control matter. [95,96].

So, regarding vegetables, fermentation often increases extractability and alters the profile of
polyphenols and glucosinolate derivatives in vegetable ferments (including sauerkraut), and can
preserve or concentrate betalains in beet ferments — but results are conditional on processing and
strain/temperature/salt choices [97].

4.2.2. Evidence from Cereal Fermentations (Rye Sourdough and Related Products)

Rye and other cereal sourdough fermentations illustrate another common pattern: many
phenolic compounds in cereals are bound (esterified to cell walls, ferulic acid conjugates). LAB and
fungal enzymes during sourdough fermentation can release these bound phenolics (e.g., ferulic,
vanillic, p-coumaric acids), increasing extractable phenolics and antioxidant capacity of the dough
and bread [85]. Metabolic and peptidomic studies on sourdoughs (wheat and rye) demonstrate strain-
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dependent metabolism of phenolic acids and increased extractability after fermentation, which
contributes to improved in vitro antioxidant markers and may partly explain lower postprandial
glycemic responses of long-fermented rye breads.[98]. However, the magnitude of these changes
depends on flour type, bran fraction, fermentation length, and the specific LAB/yeast strains used
[98,99].

4.2.3. Evidence from Fermented Beverages (Kombucha and Tea-Based Ferments)

Kombucha and similar tea-based ferments derive most polyphenols from the tea substrate
(catechins, theaflavins, flavonols). Fermentation by the SCOBY (yeasts + bacteria) modifies the
polyphenolic profile: some polyphenols are transformed (deglycosylated, oxidized), and the total
measured antioxidant activity often increases relative to the starting infusion, particularly when tea
residues or polyphenol-rich adjuncts are used [100]. Recent studies show that formulation (type of
tea, addition of herbs) and fermentation time markedly influence total phenolics and antioxidant
measures. Nonetheless, human clinical evidence for systemic effects of kombucha polyphenols is
limited and mixed, and safety/variability issues mean that functional claims should be cautious
[97,101].

4.2.4. Factors Driving Heterogeneity in Outcomes

Several variables explain why studies report increases, no change, or decreases in polyphenol
content after fermentation:

e  Raw material and pre-processing: cooking, blanching, or boiling before fermentation can leach
or degrade heat-sensitive compounds (notably vitamin C and some polyphenols/betalains).
Studies show boiling + fermentation often reduces some phenolics compared with raw [96,102]

e  Microbial strains and enzymatic repertoire: presence/absence of [3-glucosidase, esterases, and
pdc genes determines whether bound phenolics are liberated or decarboxylated into less
extractable forms. Strain selection (or spontaneous flora) is therefore critical [85,89]

e  Fermentation time, temperature, and oxygen: longer or warmer fermentations often increase
conversion but may also permit oxidative degradation; controlled low-temperature
fermentations can preserve labile pigments [92,96]

e  Matrix interactions: polyphenols can bind to proteins or fibre; proteolysis and polysaccharide

breakdown during fermentation alter binding equilibria and extractability [84]

4.2.5. Implications for Bioavailability and Health

Increased extractability is a plausible first step toward improved bioavailability, but human
absorption and metabolism depend on intestinal and hepatic processing as well as gut microbiota
conversion to smaller phenolic metabolites. Few studies combine food-level fermentation analysis
with human pharmacokinetic or clinical endpoints; this remains a key evidence gap [84,99]. Multiple
in vitro and animal studies show fermentation-enhanced antioxidant and anti-inflammatory
activities; however, direct clinical evidence that fermented vegetable or sourdough-derived
polyphenols reduce disease endpoints is limited and heterogeneous. Hence, claims should be framed
as potential functional contributions supported by mechanistic data rather than proven clinical effects
[84,92]. Paired studies that couple detailed fermentation metabolomics (untargeted LC-MS) with
human absorption (plasma metabolomics) and clinical endpoints are still rare but needed [92,99].
Strain-level functional screening for key enzymes (p-glucosidase, esterases, pdc) and deliberate
starter selection could standardize beneficial transformations while preserving traditional sensory
profiles [85,89]. We noticesd that process optimization (time/temperature/salt) studies to maximize
retention of labile polyphenols (e.g., betalains) while promoting liberation of bound phenolics are
essential for product development [96].
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Table 2. Polyphenols and secondary metabolites in traditional Eastern European fermented foods and their

microbial transformations.

Mai
ajor Microbial or enzymaticReported Key
Food polyphenol .
. transformation outcome references
pigment classes
tractabl
Phenolic acids, [-glucosidase-mediated Thenoliczx ractable
Sauerkraut flavonoids, deglycosylation; partialp L [84,103]
. . . i antioxidant
glucosinolates hydrolysis of glucosinolates .
activity
(etacymnins, LD fermentation potental
Beet kvass yanms, preserves betalains, producesp .. [95]
betaxanthins), . . 1 antioxidant
. phenolic catabolites .
phenolic acids potential
) . LAB esterase and ! ) extractable
Ferulic, p-coumaric, phenolics,
Rye . ., decarboxylase .
vanillic s .. improved [59]
sourdough activity releases ny
(bound) ) antioxidant
bound phenolics )
capacity
Catechins, . L 1 total phenolics
Yeast/bacterial dat d
Kombucha theaflavins, dzai /ijsc f;?on oxidation an (moderate), altered[100]
flavonols glycosy flavonoid profile

4.3. Probiotics, Prebiotics and Postbiotics

Fermented foods represent complex microbial ecosystems containing live probiotic organisms
and a rich milieu of bioactive microbial metabolites, collectively referred to as postbiotics. Their
effects on health are discussed in subsections 5.2. and 5.3. Unlike isolated probiotic supplements,
traditional fermented foods deliver microorganisms within a nutrient-rich matrix, which can
modulate their survival, colonization, and host interactions.

4.3.1. Probiotic Microorganisms

Traditional Eastern European fermentations rely largely on LAB and, to a lesser extent, yeasts,
many of which meet the FAO/WHO definition of probiotics when administered in adequate amounts.
Dominant genera include:

e  Lactobacillus (especially L. plantarum, L. brevis, L. casei, L. helveticus, L. kefiri)
e  Leuconostoc mesenteroides and Leuconostoc lactis

e  Lactococcus lactis and Pediococcus pentosaceus

®  Yeasts such as Saccharomyces cerevisiae and Kluyveromyces marxianus

These taxa are recurrently identified in kefir, sauerkraut, bryndza, and rye sourdough and are
associated with distinct health-related mechanisms, as presented in Table 3.

Table 3. Health effects of taxa in East European fermented products.

Mechanism Proposed Effects Key references

LAB adhere to intestinal mucosa, inhibit E. colj,

titi lusi £
Competitive  exclusion o Salmonella, Listeria spp. via bacteriocins and organic[104,105]

pathogens acids

Modulation of mucosallncreased secretion of IgA, IL-10; downregulation of[ 106]
immunity proinflammatory cytokines

Enhancement of intestinalLAB upregulate tight-junction proteins (occludin,[ 107,108]
barrier claudin) and short-chain fatty acid (SCFA) production” "’
Influence on gut microbiota Fermented foods increase [105,109]
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microbial diversity

and beneficial genera

(e.g., Bifidobacterium,
Faecalibacterium) in human trials

Recent human trials support that regular consumption of fermented foods increases microbiota
diversity and reduces systemic inflammatory markers (e.g., IL-6, TNF-«) in healthy adults [105].
These effects were stronger for multi-strain, naturally fermented foods such as kefir and sauerkraut
than for single-strain probiotic products [51].

4.3.2. Pre - and Postbiotic Compounds and Their Functional Roles

Even in the absence of viable cells, fermented food matrices remain biologically active due to a
broad range of pre and postbiotic compounds. Prebiotics are substrates that are selectively utilized
by host microorganisms conferring a health benefit; postbiotics are preparations of inanimate
microorganisms and/or their components that confer a health benefit. In the context of traditional
Eastern European fermented foods, both classes are important: fermentation can generate or
concentrate fermentable substrates (prebiotics) and it produces or releases microbial-derived
molecules and structural components (postbiotics) that act on host physiology even when microbes
are non-viable.

e  Prebiotics:

The key compound classes of prebiotics are fermentable oligosaccharides (including
arabinoxylo-oligosaccharides from cereals), resistant starch fractions, pectic-oligosaccharides,
and certain microbial exopolysaccharides (EPS) produced in situ [110]. Sources in Eastern
European ferments are different, in function of the substrate. In rye sourdough and other cereal
ferments, partial hydrolysis of hemicelluloses and arabinoxylans during long fermentation can
release short-chain oligosaccharides (AXOS) that are fermentable by beneficial colonic bacteria
[111]. In vegetable ferments (sauerkraut, mixed pickles) there is cell-wall breakdown and
endogenous enzyme action during fermentation that may increase the proportion of soluble
fibers and pectic-oligosaccharides, potentially improving fermentability[112]. As for dairy
ferments (kefir), certain EPS (e.g., kefiran) synthesized by kefir-associated microbes resist host
digestion and can act as substrates for gut microbes [113]. The mechanisms of action of prebiotics
include selective stimulation of beneficial microbial taxa (e.g., Bifidobacterium, certain
Faecalibacterium spp.), leading to increased production of SCFAs in the colon [114], indirect
modulation of host physiology via SCFAs (energy source for colonocytes, signaling via G-
protein coupled receptors such as GPR41/43, epigenetic modulation via histone deacetylase
inhibition)[115] and improvement of mineral bioavailability through SCFA-mediated pH
reduction and solubilization of cations[41]. Most mechanistic data for these effects come from in
vitro fermentation models and animal studies [116-118]; human trials directly linking specific
fermentation-generated prebiotics from traditional foods to clinical endpoints are limited [119]
Demonstration of selective utilization and downstream SCFA changes in human feeding studies
is an important research priority.

e  Postbiotic compounds produced or enriched by fermentation belong to SCFAs, organic acids
(lactic, acetic), microbially released bioactive peptides, vitamins (microbial-synthesized B-
vitamins, menaquinones), microbial cell-wall components (peptidoglycan fragments,
lipoteichoic acids), heat-stable metabolites, and extracellular vesicles [120].

SCFAs and organic acids are produced during fermentation in situ (and generated later in the
colon following prebiotic fermentation). Many traditional ferments contain measurable lactic and
acetic acids; some cereal and vegetable ferments may contribute substrates that increase colonic SCFA
production. Microbial peptides and small molecules result from proteolysis during dairy and cereal
fermentation releases peptides (see Section 4.1) that can act locally or systemically (e.g., ACE-
inhibitory peptides). The structural microbial components are sterilized (cell-free) fractions from
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sauerkraut and some dairy ferment supernatants. They retain biological activity in vitro and in vivo,
indicating that non-viable cell material and soluble metabolites contribute to effects attributed to the
food matrix [121-123]. The mechanisms of action of postbiotics are: immune modulation- cell wall
components and bacterial metabolites interacting with pattern recognition receptors (e.g., toll-like
receptors-TLRs, Nucleotide-binding Oligomerization Domain proteins -NODs) on epithelial and
immune cells [124], modulating cytokine production and mucosal immune tone, barrier function
where SCFAs and certain microbial metabolites enhance expression/localization of tight-junction
proteins (occludin, claudins), reduce epithelial permeability, and promote mucin production [125].
There are also antimicrobial and competitive effects: organic acids and bacteriocins in cell-free
supernatants inhibit pathogen growth and can alter luminal ecology without requiring live cells [126]
and metabolic signaling. SCFAs act as signaling molecules (via GPRs), influence hepatic lipid and
glucose metabolism, and contribute to appetite regulation through enteroendocrine pathways [127].

Preclinical studies (cell culture, gnotobiotic and conventional animal models) provide
mechanistic support for many postbiotic actions [125,128]. Human evidence is emerging: randomized
feeding studies with whole fermented foods have shown changes in biomarkers of inflammation, gut
permeability, and metabolite profiles, but disentangling the contributions of live microbes, prebiotic
substrates, and postbiotic molecules remains challenging.[105,129-131]. Isolated postbiotic
preparations (e.g., heat-killed strains, purified EPS) are less commonly tested in large human trials
but show promise in controlled settings[132-135].

4.4. Vitamins and Micronutrients

Fermentation can increase or stabilize the content of several vitamins and minerals. Certain lactic
acid bacteria and yeasts are capable of synthesizing B-group vitamins, including riboflavin, folate,
and cobalamin (vitamin Bi,), during dairy, cereal, and vegetable fermentations [136]. For example,
L.plantarum and L. fermentum strains used in sourdough and sauerkraut are known folate
producers, while Propionibacterium freudenreichii in some cheeses contributes to By, and vitamin K,
(menaquinone) formation—nutrients important for hematologic, bone, and cardiovascular health
[137,138]. In parallel, microbial metabolism during fermentation can improve mineral bioavailability.
Organic acid production lowers pH and reduces antinutritional factors such as phytates and oxalates,
which normally chelate iron, zinc, calcium, and magnesium. The degradation of phytic acid in
fermented cereals and legumes markedly enhances the absorption of these minerals, while lactic acid
itself may facilitate passive mineral transport in the intestine [139-141]. Traditional fermented foods,
particularly in Eastern Europe —such as kefir, bryndza cheese, sauerkraut, and rye sourdough—thus
provide not only preserved but also nutrient-enriched staples, especially valuable in seasons when
fresh produce is scarce. Although much of the evidence arises from compositional and in vitro
studies, emerging human trials suggest that long-term inclusion of fermented foods can modestly
improve micronutrient status and overall dietary quality [142].

4.5. Organic Acids

Organic acids—mainly lactic, acetic, propionic, and butyric acids—are among the most
characteristic metabolites produced during fermentation by lactic acid bacteria and associated yeasts.
These acids are central to both the safety and sensory profile of fermented foods [143], contributing
to flavor development, texture, and extended shelf life through pH reduction and inhibition of
spoilage organisms. Beyond preservation, organic acids exert nutritional and physiological roles.
Lactic and acetic acids can enhance mineral bioavailability by reducing intestinal pH and solubilizing
cations such as calcium, magnesium, and iron [144]. Some organic acids, including butyrate and
propionate, also act as metabolic intermediates in colonocyte energy metabolism and influence
glucose and lipid homeostasis via G-protein—coupled receptors (GPR41, GPR43) [145,146]. In
traditional Eastern European products such as sauerkraut, kefir, and kvass, organic acids are key
indicators of successful fermentation and product stability.
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The health-promoting potential of fermented foods arises not from a single compound but from
multiple interactions between components, making traditional foods functionally complex,
potentially providing broader health effects than isolated bioactive compounds or supplements [147-
149].

For example, kefir combines peptides, vitamins, lactic acid, and live microbes, which together
influence different health endpoints. Vegetable fermentations similarly integrate polyphenols,
vitamins, and LAB metabolites, reinforcing antioxidant and anti-inflammatory effects.

5. Health Effects: Evidence Overview

Eastern European fermented foods contain diverse bioactives and microbes (see Section 4) that
plausibly impact different health outcomes. The subsections below summarize mechanistic evidence
and human studies for each domain.

5.1. Cardiovascular Health

Fermented dairy, particularly kefir and traditional cheeses, and fermented vegetables like
sauerkraut, may contribute to blood pressure regulation, lipid modulation, and vascular function.

The antihypertensive and vascular effects observed in vivo are thought to reflect the combined
action of ACE-inhibitory peptides (see Section 4.1) and antioxidant polyphenols (see Section 4.2),
which protect endothelial cells and modulate nitric oxide availability. LAB fermentation can produce
bioactive lipids, including conjugated linoleic acid, which may influence lipid metabolism [150,151].
A randomized trial with kefir consumption (200-500 mL/day for 8-12 weeks) in hypertensive patients
demonstrated modest but significant reductions in systolic and diastolic blood pressure [3]. However,
a recent meta-analysis of RCTs found no significant effect of kefir on blood pressure in adults[152].
In vitro studies of bryndza and other sheep-milk cheeses confirm ACE-inhibitory activity and
antioxidant capacity [153]. Observational data from Eastern European populations consuming
fermented vegetables suggest an association with lower cardiovascular risk markers, although
controlled studies remain limited [9].

5.2. Gastrointestinal Health

Traditional Eastern European fermented foods such as kefir, sauerkraut, and rye sourdough

exert beneficial effects on gastrointestinal function through their combined content of live
microorganisms, fermentable substrates, and bioactive metabolites. These foods enhance gut
microbial diversity, competitively inhibit pathogenic bacteria, and strengthen intestinal barrier
integrity via lactic acid bacteria and yeasts [9,147]. Fermentation metabolites —particularly SCFAs—
serve as energy substrates for colonocytes and regulate mucosal immune responses, while
polyphenols from fermented vegetables and cereals might act as prebiotic substrates promoting the
growth of beneficial taxa, though they are not recognised prebiotics sensu stricto.
Clinical observations report that kefir and sauerkraut consumption can improve stool frequency and
consistency [154] in individuals with functional constipation [155], while small-scale studies suggest
areduction in Helicobacter pylori load with regular fermented vegetable intake [156]. Animal models
further support improved barrier function and anti-inflammatory signaling following fermented
dairy and cereal consumption [157,158], although large-scale human trials remain limited [157,159]
and preliminary.

5.3. Immune Function

In Eastern European diets, traditional fermented foods such as kefir, bryndza, and fermented
vegetables may influence both innate and adaptive immune responses through microbial metabolites
and bioactive compounds. Lactic acid bacteria can stimulate immunoglobulin A (IgA) production
and modulate cytokine balance, promoting an anti-inflammatory immune tone [160,161]. As
described earlier, bioactive peptides and exopolysaccharides formed during fermentation also exert
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immunomodulatory effects, enhancing resistance to pathogens, while vitamins synthesized
microbially (e.g., folate, B1;, and K;) support cellular immune processes. Human and experimental
studies involving kefir consumption report increased natural killer (NK) cell activity and enhanced
mucosal immunity, suggesting systemic immune engagement beyond the gut [162,163]. In addition,
observational and laboratory studies link fermented vegetable intake with lower circulating
inflammatory markers and improved immune balance [164-167]. While these findings highlight
plausible mechanisms and biological effects, clinical evidence remains limited, and well-controlled
trials using standardized, region-specific fermented products are needed to confirm causal effects.

5.4. Metabolic Health

In Eastern European diets, fermented dairy, vegetable, and cereal products may contribute to
metabolic homeostasis by influencing glucose regulation, lipid metabolism, and inflammatory
balance. Bioactive peptides and SCFAs formed during fermentation can enhance insulin sensitivity
and glucose uptake by peripheral tissues, while polyphenols and microbial metabolites help
attenuate oxidative stress and low-grade inflammation that underlie metabolic disorders [168,169].
Fermentation of cereals, particularly in rye sourdough, reduces the glycemic index of bread and
increases mineral bioavailability through phytate degradation and organic acid formation [73].
Intervention studies in adults with metabolic syndrome report modest reductions in fasting glucose
and improvements in lipid profiles following regular consumption of kefir or fermented vegetables
[170,171]. Similarly, rye sourdough bread elicits a lower postprandial glucose response than
industrial yeast breads, likely due to organic acids and fermentation-induced peptide activity
[77,172-174]. However, human evidence remains limited, and further controlled trials with
traditional Eastern European products are warranted.

6. Comparative Perspective

Eastern European fermented foods occupy a distinct niche within global fermentation traditions,
both in terms of microbial composition and functional properties. While many fermented foods share
general mechanisms — such as lactic acid production, bioactive peptide generation, and polyphenol
enhancement — regional variations create unique nutritional and functional signatures (Table 4).

Table 4. Comparation between fermented food worldwide.

. Microbial .. Environmental
Region Common Substrates__, . Nutritional Role v
Diversity Advantages
Mixed cultures: Rich in fiber, bioactive
Vegetables (e.g. lactic acidpeptides, organic
sauerkraut), cerealsbacteria acids, probiotics;Adapted to cold climates
Eastern .
Euro (e.g., rye sourdough,(LAB), supports gut healthand seasonal scarcity;
urope
P kvass), dairy (e.g.yeasts, and preservation-focused
kefir) acetic acid immune tone
bacteria
High in plant Tropical to temperate
Spontaneous  or & . P P P .
. protein, umamiclimates; fermentation
Soy (e.g., miso,starter-enhanced
) . . compounds, andused for flavor,
Asia tempeh), pulses, rice, LAB, fungi . . ) .
. microbial metabolites;preservation,
vegetables (Aspergillus, L .
Rhizopus), yeasts supports  digestionand protein enhancement
pus)y and metabolic health
Defined  starterConsistent
. L . Refrigeration-based
L . cultures: single-probiotic delivery, .
Western  Primarily dairy (e.g., | . . o preservation; less seasonal
. strain LAB (e.g.calcium, B vitamins;
(Industrial) yogurt, cheese ) . . dependence;
Lactobacillus less microbial L
. . . focused on standardization
delbrueckii, diversity
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Streptococcus
thermophilus)

6.1. Microbial Diversity

Eastern European fermentations often rely on spontaneous or mixed-culture fermentation,
resulting in complex consortia of lactic acid bacteria (Lactobacillus, Leuconostoc, Lactococcus), acetic acid
bacteria, and yeasts. In contrast, many Western commercial products (e.g., industrial yogurt) employ
single-strain or defined starter cultures, which produce more consistent but less diverse microbial
profiles [175]. Asian fermentations, such as kimchi or miso, include region-specific microbial species,
but raw materials (e.g., soy, chili, ssaweed) and flavor profiles differ substantially from the cabbage-
, dairy-, and cereal-based Eastern European repertoire [176]. Metagenomic studies confirm that
spontaneous fermentations typical of Eastern Europe harbor a higher microbial richness and
functional gene diversity than controlled starter fermentations [177,178]. Such diversity enables
cooperative and sequential metabolism among taxa, generating a broader range of bioactive peptides,
organic acids, and volatile compounds.

This microbial diversity contributes to distinctive flavor, aroma, and functional metabolite profiles,
potentially supporting broader physiological effects.

6.2. Substrates and Nutrient Matrix

Vegetable substrates dominate in Eastern Europe (cabbage, beet, cucumbers), whereas
fermented dairy is prominent in both Eastern Europe and Western Europe, and legumes/soy in Asia.
In contrast to soy- and pulse-based Asian ferments or milk-centered Western ones, Eastern European
traditions combine vegetables, cereals, and dairy —substrates that together yield a nutritionally
dense, microbially active matrix well adapted to cold climates and seasonal food scarcity [179] .
Cereal-based fermentations (rye sourdough, kvass) are particularly characteristic of Eastern Europe
and northern climates, providing unique bioactive peptides and organic acids not commonly found
in Asian or Western diets. The combination of seasonally available, locally sourced ingredients and
traditional preparation methods shapes the nutrient matrix, impacting bioactive content and
potential health effects.

6.3. Functional Implications

The synergy of microbial diversity and substrate composition in Eastern European fermented
foods results in distinct functional properties, including a broader spectrum of bioactive peptides,
diverse postbiotic metabolites, and multiple micronutrient enhancements. While similar functional
claims are made for Asian and Western fermented foods, the integration of cereals, vegetables, and
dairy in Eastern Europe is relatively unique, offering a more complex combination of bioactives in
single dietary items [147,179] . This integrative pattern may underlie the observed resilience of
traditional Eastern European diets, which combine plant-based ferments with dairy matrices,
providing complementary microbial and metabolic stimuli that may support metabolic, immune, and
gut health simultaneously.

6.4. Cultural Context and Persistence

The persistence of household-level fermentation practices in Eastern Europe, maintained across
centuries probably as reaction to food scarcity but also as a result of own harvest preservation,
supports ongoing exposure to diverse microbial and bioactive profiles.

This continuity preserves both microbial and biochemical biodiversity that are increasingly eroded
in industrialized food systems, linking cultural resilience with potential health resilience. Distinct
regional varieties illustrate this diversity: Romanian bors (a wheat-bran ferment used as a soup base),
Polish kapusta kiszona (traditional sauerkraut), Slovak bryndza (fermented sheep cheese), and
Russian or Ukrainian kvass (mildly fermented cereal beverage) exemplify how fermentation adapted
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to local raw materials and seasonal cycles. These products, though simple in preparation, maintain
complex microbial ecosystems that reflect centuries of empirical selection and household-level
innovation, linking food preservation directly to identity and resilience.

This contrasts with regions where industrial production dominates, potentially limiting microbial
diversity and functional variation. Traditional knowledge, seasonal cycles, and communal practices
ensure that functional potential is closely tied to cultural heritage, reinforcing both dietary and health
impacts.

7. Challenges and Research Gaps

Despite the long-standing consumption and apparent functional potential of Eastern European
fermented foods, several scientific and methodological challenges limit a comprehensive
understanding of their health effects.

7.1. Heterogeneity of Traditional Practices

Preparation methods vary widely by region, household, and season, resulting in substantial
variability in microbial composition, metabolite content, and nutrient profiles. Standardization for
research purposes remains difficult, as most published studies rely on commercially produced or
laboratory-fermented samples that may not accurately represent traditional products. This
heterogeneity complicates reproducibility and cross-study comparison [10].

7.2. Limited Clinical Evidence

While in vitro and animal studies provide strong mechanistic support, well-designed human
trials remain scarce, as explained previously in this article. Existing studies are typically small, short-
term, or observational, limiting the ability to infer causality or establish dose-response relationships.
Few clinical investigations directly compare traditional fermented foods with industrial analogues,
leaving uncertainty about the magnitude of their specific health impacts.

7.3. Bioavailability and Mechanistic Understanding

The bioavailability of bioactive peptides, polyphenols, and vitamins in fermented foods remains
insufficiently characterized. The presence of these compounds does not necessarily ensure efficient
absorption or biological activity. Interactions between microbial metabolites and host physiology —
including modulation of the gut microbiota, epithelial signaling, and metabolic pathways—are
incompletely understood [147,180]. Longitudinal and multi-omic studies are needed to clarify how
habitual consumption influences chronic disease outcomes.

7.4. Safety and Quality Considerations

Some traditional products contain high salt levels (notably fermented vegetables) or trace
ethanol (in cereal-based beverages such as kvass), which may present health risks for sensitive
populations. [32,181-183]. This highlights the importance of hygienic practices, consumer education,
and microbial monitoring to ensure both safety and functional integrity.

7.5. Integration with Modern Nutrition Science

Although traditional knowledge provides a valuable foundation, systematic scientific
integration remains limited. Translating artisanal practices into evidence-based dietary
recommendations or functional food innovations requires comprehensive nutritional, microbial, and
metabolomic characterization. The application of omics technologies can help map microbial and
metabolite diversity, link them to health endpoints, and guide the rational development of
standardized, culturally grounded fermented foods [184]. Addressing these challenges will require
interdisciplinary collaboration among microbiologists, nutritionists, food technologists, and public
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health experts. Harmonized methodologies, region-specific food characterization, and large-scale
human intervention trials are critical steps toward validating the health-promoting potential of
Eastern European fermented foods within modern nutrition science. Despite the deep-rooted
presence of fermentation across Eastern Europe, scientific documentation and coordinated research
remain uneven. Most published data originate from Poland, Romania, and the Czech Republic, while
Balkan and Baltic countries are underrepresented in the international literature. Establishing regional
collaborations or EU-supported consortia could facilitate standardized methods, microbial
biobanking, and cross-country clinical research. Such initiatives would elevate the global visibility of
Eastern European food heritage and accelerate its integration into evidence-based nutrition and
functional food science.

8. Conclusions and Perspectives

Eastern European fermented foods represent a unique intersection of nutrition, microbiology,
and cultural tradition. Traditional household fermentation practices maintain microbial and
biochemical diversity; integrating this heritage into research design is both a scientific opportunity
and an ethical imperative. Their distinctive microbial diversity, multi-substrate fermentation, and
continuity within traditional diets distinguish them from Western and Asian fermentation systems,
highlighting both functional potential and cultural significance.

Although preclinical and small human studies support beneficial physiological effects, the
evidence base remains fragmented. Well-controlled clinical trials, standardized characterization of
traditional products, and detailed mechanistic studies are urgently needed to substantiate causal
links between traditional fermented food intake and measurable health outcomes.

Future research should focus on the systematic standardization and molecular characterization
of traditional preparations while preserving cultural authenticity. The application of omics-based
technologies —metagenomics, metabolomics, proteomics, and transcriptomics —offers
unprecedented opportunities to identify novel microbial strains, metabolic pathways, and synergistic
interactions within multi-component fermentations. These approaches can map strain-level diversity
and bioactive metabolite profiles, bridging artisanal practices with modern food science.

Another research priority is the assessment of bioavailability and host interactions for
fermentation-derived peptides, polyphenols, vitamins, and postbiotics, ideally through integrated
human trials combining metabolic and microbiome endpoints.

Beyond laboratory research, innovation should connect traditional methods with modern
functional food development, ensuring safety, palatability, and consumer acceptance. Finally, public
health strategies could integrate traditional fermented foods into dietary guidelines, promote
education on safe home fermentation practices, and encourage culturally grounded dietary diversity
as part of sustainable nutrition models.

Linking traditional knowledge with modern nutritional science can transform Eastern European
fermented foods from legacy staples into scientifically validated, health-promoting functional foods.
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