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Abstract

The field of microbiome science has seen rapid advancements, with probiotics, prebiotics, and postbiotics emerging
as critical means for modulating gut health and systemic well-being. Among these, postbiotics represent a novel paradigm,
defined as preparations of inanimate microorganisms and/or their bioactive components that confer health benefits to the
host. Postbiotics offer distinct advantages over probiotics, including enhanced safety, stability, and ease of integration
into functional foods, pharmaceuticals, and therapeutics. Despite their potential, the field of postbiotics is still nascent,
with significant gaps in understanding their mechanisms of action, clinical efficacy, and regulatory frameworks. This
review aims to provide a comprehensive synthesis of the current state of postbiotic research, focusing on their definitions,
health benefits, and challenges in adoption. First, we address the historical evolution and terminological ambiguities
surrounding  postbiotics, highlighting the inconsistencies that complicate scientific communication and
commercialization. Second, we explore their bioactive properties, mechanisms of action, and potential applications in
areas such as gut health, immune modulation, metabolic regulation, and disease prevention. Third, we critically evaluate
the limitations in commercializing postbiotic-based products and propose directions for future research, emphasizing the
need for standardized production protocols and robust clinical trials. By integrating insights into recent advancements and
identifying research gaps, this review seeks to clarify the conceptual and practical challenges associated with postbiotics
and emphasize standardization as a crucial step in addressing postbiotic-related regulatory and research challenges.
Through their unique combination of bioactivity, safety, and versatility, postbiotics have the potential to transform both
microbiome science and public health. This work aims to inform researchers, clinicians, and industry stakeholders while
laying the groundwork for the development of innovative postbiotic-based interventions.
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Introduction
The human gut microbiome has garnered postbiotics have emerged as integral components in
substantial attention for its critical role in health and strategies to modulate the microbiome for therapeutic

disease. Within this context, probiotics, prebiotics, and and preventive applications. Among these, the latter
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have gained prominence due to their advantages over
probiotics, such as safety, stability, and ease of
integration into applications [1,2]. Defined by the
International Scientific Association for Probiotics and
Prebiotics (ISAPP) as “preparations of inanimate
microorganisms and/or their components that confer a
health benefit on the host” [3], postbiotics represent a
paradigm shift in microbiome research. Their bioactive
compounds, including metabolites, cell wall fragments,
and inactivated microbial cells - offer an alternative to
the challenges associated with maintaining the viability
and functionality of live probiotics [4].

While the interest in postbiotics has surged, the
field faces critical knowledge gaps and challenges that
impede the exploration of its full scientific and
commercial potential. Chief among these is the
inconsistent terminology surrounding postbiotics and
their related concepts. Historically, “postbiotics”
referred broadly to any bioactive compound produced
by probiotics, including their metabolic byproducts.
Over time, additional terms such as paraprobiotics [5],
metabiotics [6] and bacterial lysates [7] emerged to
describe specific aspects of these substances, leading to
confusion in their classification and usage. For instance,
while paraprobiotics specifically denote inactivated or
dead probiotics, metabiotics emphasize bioactive
metabolites produced during microbial metabolism [8].
These terminological ambiguities, compounded by
varying definitions in the literature, hinder progress in
understanding, regulating, and utilizing postbiotics
effectively.

The 2021 ISAPP definition, which expanded
postbiotics to include inanimate microorganisms, has
been instrumental in fostering a consensus. Aguilar-
Toala [8] found Salminen et al. [3]’s consensus
statement on redefining the term “postbiotic” to include
inactivated microorganisms has several ~major
drawbacks. According to him, the original 2013
definition of postbiotic as “any factor resulting from
probiotic metabolic activity conferring host benefits” is
well-established and widely used in the literature. To
date, only 14 % of relevant publications used postbiotic
to encompass inactivated  bacteria. While
“paraprobiotics,” which explicitly refer to inactivated or
dead bacteria with health benefits, have gained attention
with 56 publications over the past 10 years, the use of

alternative terms like “non-viable probiotics” has also

been common, highlighting the diversity in terminology
within this emerging field and is thought to better
separate the concepts of postbiotics and inactivated
probiotics. Ultimately, if separation proves too
technically challenging across many applications,
utilizing one combined definition encompassing
inactivated cells and metabolites could be a reasonable
practical compromise, despite losing some scientific
nuance [9].

Beyond terminological issues, the mechanisms of
action underlying postbiotic efficacy remain poorly
understood. Postbiotics have demonstrated promising
effects on gut health [10], immune modulation [1], and
inflammation reduction [11,12], yet the molecular
pathways through which these benefits occur require
further elucidation. For example, short-chain fatty acids
(SCFAs) - a well-characterized class of postbiotic
metabolites - have been shown to influence immune
responses and maintain colonic integrity, but the
specific receptor interactions and downstream effects
remain incompletely characterized [13]. Similarly, the
heterogeneity of postbiotics complicates mechanistic
studies, as their composition varies widely depending on
microbial strains, fermentation conditions, and
production methods [14]. This opens the door for further
debate.

The clinical evidence supporting postbiotics is
another area requiring significant attention. While
preclinical studies have highlighted their potential in
treating gastrointestinal disorders [15], metabolic
diseases [16], and inflammatory conditions [17], the
translation of these findings into robust human trials
remains limited. For example, postbiotics have shown
efficacy in reducing symptoms of irritable bowel
syndrome (IBS) and inflammatory bowel disease (IBD)
in animal models [4], but large-scale, placebo-controlled
trials in humans are scarce. Furthermore, there is a lack
of standardized protocols for postbiotic production,
characterization, and administration, which complicates
their clinical evaluation and comparison across studies
[18,19]. Adding to these challenges is the overlap in
functional roles between postbiotics, probiotics, and
prebiotics. Probiotics introduce beneficial
microorganisms, prebiotics provide substrates to
support their growth, and postbiotics represent the
bioactive compounds produced during microbial

metabolism. While these components are often studied
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in isolation, their synergistic interactions are critical to
understanding  their collective impact on the
microbiome. For instance, prebiotics such as inulin and
galactooligosaccharides not only nourish probiotics but
also indirectly enhance postbiotic production [20].
However, the contexts in which postbiotics outperform
probiotics or prebiotics in terms of efficacy and safety
remain poorly defined.

Despite these challenges, emerging technologies
and scientific advancements offer promising avenues for
addressing the knowledge gaps in postbiotic research.
Metabolomics, proteomics, and transcriptomics provide
powerful tools for characterizing the complex mixtures
of bioactive compounds in postbiotics, enabling a
deeper understanding of their mechanisms of action
[21]. These approaches can also support the
development of precision medicine strategies tailored to
individual microbiomes [14]. Moreover, the integration
of postbiotics into sustainable and plant-based food
systems aligns with growing consumer demand for
environmentally friendly and ethically produced health
solutions. Unlike probiotics, which often require
animal-derived substrates for cultivation, postbiotics
can be produced using plant-based fermentation
processes, offering a more sustainable alternative
[22,23].

This review aims to address the critical gaps in
postbiotic research by synthesizing current evidence on
their definitions, mechanisms, and applications. We
seek to clarify the terminological ambiguities that have
hindered progress in this field and provide a
comprehensive evaluation of the health benefits
associated with postbiotics. By highlighting recent
advancements and identifying areas for future research,
this review aspires to guide the scientific community,
industry stakeholders, and regulatory bodies in
harnessing the full potential of postbiotics. Through a
clearer understanding of their role in microbiome
modulation, we hope to advance their applications in

improving human health and well-being.

Methods

Literature search strategy, study selection, and
data extraction

A comprehensive literature search was conducted
in May 2021 using the PubMed database to identify

relevant publications on postbiotics and paraprobiotics.

The following search terms were used: “Postbiotic*”,
“paraprobiotic*”, “non-viable probiotic*”, “inactivated
probiotic*”, “tyndallized probiotic*”, and “heat-killed
probiotic*”. The search was limited to publications in
English up to Jun 2024. The initial search results were
screened based on the title and abstract. Studies were
included if they provided a definition or discussed the
concepts of postbiotics, paraprobiotics, or inactivated
probiotics in relation to health benefits. Reviews,
original research articles, consensus statements, and
perspective/opinion pieces were included. Studies were
excluded if they did not discuss definitions or concepts
related to the scope of this review. After title/abstract
screening, the full texts of potentially relevant
publications were retrieved and assessed for eligibility
by 2 independent reviewers. Any discrepancies were
resolved through discussion to reach a consensus. The
reference lists of included publications and relevant
reviews were also manually checked for additional
eligible studies. For each included study, data was
extracted on: (1) the definition(s) or conceptual
description(s) of postbiotics, paraprobiotics, inactivated
probiotics provided, (2) the specific terminology used,
(3) the context in which the terms were discussed (e.g.
mechanisms, production, applications), and (4) any
comments on distinguishing or combining the
definitions of these terms. The extracted data was
synthesized and analysed to evaluate the predominant
definitions, the level of consistency or discrepancy
across the literature, any emerging consensus or
divergence in viewpoints, and the rationale provided for
combining or separating the definitions of postbiotics

and paraprobiotics.

Equating postbiotics with probiotics or
prebiotics

Probiotics, prebiotics, and postbiotics have
emerged as integral components in the field of gut-
health and overall human well-being. These distinct, yet
interconnected concepts have gained significant
attention in recent years due to their potential benefits
and role in shaping the complex ecosystem of the human
microbiome. It is crucial to fully understand the relation
of these 3 concepts to grasp the complex interplay
between microorganisms, their metabolites, and the
host’s health. The International Scientific Association
for Probiotics and Prebiotics (ISAPP) defines probiotics
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as “live microorganisms that, when administered in
adequate amounts, confer a health benefit on the host”
[24]. Most probiotic products contain a limited and
specific selection of microbial species, mainly
consisting of lactic acid bacteria (LAB), such as
Lactobacillus and Bifidobacterium strains, which are
generally recognized as safe (GRAS) [25]. The most
common microbial strains used as probiotics are
Lactobacillus, Bifidobacterium, and Enterococcus [26].
Probiotics have been widely studied for their ability to
modulate the gut microbiome, enhance immune
function, and support various aspects of human health,
which include digestive health, metabolic regulation,
and even mental well-being [27]. In 2016, the
International Scientific Association of Probiotics and
Prebiotics convened a panel of experts in microbiology,
nutrition and clinical research to review and update the
definition of prebiotics. The new definition, as proposed
by the ISAPP experts, define prebiotics as “a substrate
that is selectively utilized by host microorganisms
conferring health benefits” [28]. Prebiotics are non-
digestible food components that selectively promote the
growth and activity of beneficial bacteria, especially
probiotics, within the gut [20]. These prebiotic
compounds  are  typically  carbohydrate-based
polysaccharides such as inulin, fructooligosaccharides
(FOS), and galactooligosaccharides (GOS) that are
resistant to breakdown by human digestive enzymes
[29]. The benefits of prebiotics extend fasr beyond
digestive function. Prebiotics have been shown to
possess anti-inflammatory properties, boost immune
function, and exhibit anti-cancer properties,
underscoring their multifaceted benefits for overall
health and well-being [30].

The transition from probiotics to postbiotics

represents a shift in focus from live bacteria to their

bioactive compounds. While probiotics have long been
recognized for their health-promoting effects,
postbiotics offer an alternative approach that eliminates
the need for live bacteria consumption. Probiotics are
live microorganisms that confer health benefits when
consumed in adequate amounts [24]. However, the use
of live bacteria in therapeutic applications poses
challenges in terms of stability, storage, and
standardization. Postbiotics are defined as the
preparation of inanimate microorganisms and/or their
components that confer a health benefit on the host [3].
They include metabolites, cell components, and
inactivated microbial cells. Postbiotics offer a viable
alternative by harnessing the beneficial bioactive
compounds produced by LAB without the need for live
bacterial cells [3,22]. Thus, this transition allows for
increased stability and ease of storage, as well as the
potential to target specific health conditions with
concentrated and standardized postbiotic formulations
[31].

According to the International Scientific
Association for Probiotics and Prebiotics (ISAPP),
postbiotics can be classified into 3 main categories:
Metabolic byproducts, cell components, and inactivated
microorganisms [3]. Metabolic byproducts include
organic acids, bacteriocins, and antimicrobial peptides,
while cell components refer to the cellular structures and
components of LAB, such as peptidoglycan and teichoic
acid [32]. Prebiotics, probiotics, and postbiotics work in
synergy, where prebiotics nourish the beneficial gut
bacteria, probiotics introducing new beneficial strains,
and postbiotics, which are the byproducts, further
enhance the well-being of the host through immune
modulation, anti-inflammation, and intestinal barrier

support [33].
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Figure 1 Postbiotics have been reported to have physiological functions including anti-inflammatory, antihypertension,

immunomodulation, antiobesity, antiproliferation, antioxidant and hypocholesterolemic effects.

Postbiotics as a single compound

The term "postbiotics" has gained significant
attention in microbiome research and its potential
applications in human health. Generally, postbiotics,
produced by gut microbiota, influence health through
short-chain fatty acids, bile acids, polyamines, p-cresol,
and bactericidal metabolites [34]. Short-chain fatty acids
serve as a primary energy source for colonocytes,
influence the gut-brain axis to reduce appetite, and play
epigenetic roles [35, 36]. Bile acids participate in
glucose metabolism and modulate the immune response
[37, 38]. Polyamines maintain homeostasis, regulate
apoptosis, cell proliferation, and epigenetic processes by
interacting with proteins and nucleic acids [39]. p-
Cresol exhibits antimicrobial and antioxidant properties
but is associated with enteric pathogens, autism, and
kidney diseases [34]. Bacteriocins provide antibiotic
action against pathogens [40], while polyphenols
demonstrate their beneficial effects through their critical
role in metabolite production [41]. However, a common
misconception that persists in the field is the tendency to
regard postbiotics as a single, uniform compound. While
some may argue that postbiotics are inherently complex

mixtures of bioactive substances, treating them as a

singular compound offers significant practical and
scientific advantages. This could help overcome some of
the challenges associated with processing, isolation, and
application in research and industry.

One of the primary reasons to regard postbiotics as
a single compound is the sheer complexity involved in
isolating and characterizing the broad spectrum of
bioactive substances they include. Postbiotics are the
result of metabolic processes in  probiotic
microorganisms, and as such, their composition is
highly diverse and strain dependent [42, 43]. Different
strains produce distinct metabolite profiles, and even
within the same strain, the postbiotic output can vary
significantly depending on fermentation conditions,
nutrient availability, and environmental factors [44]. For
example, Lactiplantibacillus plantarum can produce a
variety of SCFAs, bacteriocins, peptides, and
polysaccharides, each with different biological
activities. SCFAs like butyrate can interact with
peptides or polysaccharides in modulating gut
microbiota and immune function. In animal study, Li
[45] reported that polysaccharide from Patinopecten
yessoensis skirt boosts immune response by modulating

gut microbiota and short-chain fatty acids metabolism,
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especially butyrate metabolism. In mixed-culture
systems, interactions between multiple microbial
species further complicate this profile, making the
isolation and identification of individual postbiotic
compounds both technically challenging and resource-
intensive. Advanced techniques such as liquid
chromatography-mass spectrometry (LC-MS) and
nuclear magnetic resonance (NMR) spectroscopy are
essential for profiling metabolites but require significant
expertise and resources [46, 47].

Treating postbiotics as a unified compound
enables researchers to study their collective biological
activities—such as immune modulation, gut health
improvement, and inflammation reduction—without
being hindered by the challenges of isolating every
component. The presence of various microbial species
can lead to synergistic or antagonistic interactions that
may activate silent biosynthetic gene clusters, leading to
the production of novel postbiotics [47]. Lin [48]
demonstrated the synergistic effect of the 4Mix
postbiotics (Probiotic Extracts of 4 strains, PE0401),
composed of metabolites from L. salivarius AP-32, L.
acidophilus TYCAO6, L. plantarum LPL2§, and B.
longum subsp. infantis BLI-02, in enhancing anti-
inflammatory activity, antioxidative capacity, and the
regulation of tight junction proteins. Notably, the anti-
inflammatory activity of PE0401 was superior to other
mixed postbiotic formulations, highlighting its potential
as a more effective therapeutic combination. Given
these complexities, considering postbiotics as a single
composite entity simplifies the isolation process by
focusing on the bioactive properties of the entire mixture
rather than analysing each individual compound. This
approach allows for easier standardization in research
and applications, providing a reliable measure of their
overall health-promoting effects.

From a product development perspective,
standardizing postbiotics as a composite entity
streamlines both production and regulatory processes. If
postbiotics were to be treated as a mixture of discrete
compounds, manufacturers would face the daunting task
of isolating and quantifying each bioactive compound to
ensure consistency in their products. This would not
only increase production costs but could also lead to
variability in efficacy due to the challenges of
maintaining precise dosages of each individual

component [4, 49]. By considering postbiotics as a

unified compound, the manufacturing process becomes
more straightforward, enabling consistent, reliable
products that can be more easily scaled for mass
production [31, 50]. The perception of postbiotics as
singular compounds also reduces the potential for
confusion when communicating their benefits to the
public and healthcare professionals. Terms like
"metabolites" or "byproducts" are sometimes used
interchangeably with "postbiotics," leading to a lack of
clarity about what exactly is being studied or used. By
adopting a unified, functional definition of postbiotics,
researchers and industry stakeholders can help clarify
the distinction between postbiotics and other metabolic
products [4, 51]. This would improve communication
and ensure that the health benefits of postbiotics are
better understood and more widely accepted.

This perspective acknowledges the complexity of
postbiotics while providing a practical framework for
advancing research and applications. Recognizing
postbiotics as a composite entity allows for the
investigation of specific metabolites and their
synergistic  interactions,  fostering a  holistic
understanding that can guide more effective and targeted
therapies [52]. Future research should first focus on the
collective bioactivity of postbiotics to standardize health
benefits, then progressively target individual
compounds using techniques like metabolomics to
uncover specific mechanisms. This dual approach will
support both broad applications and personalized
interventions, maximizing postbiotics' potential in

human health.

Production methods and composition of
postbiotics

In many literatures, postbiotics are referred as
bioactive compounds produced by probiotics
fermentation or through metabolic activity of
microorganisms in the gastrointestinal tracts [53].
Molecules like organic acids, peptides, enzymes and
other metabolites are the result from microbial activity
like enzyme synthesis, carbohydrates fermentation and
synthesis of different vitamins and peptides [43, 51]. As
shown in Figure 2, teichoic acids, short chain fatty acid
(SCFA), vitamins, plasmalogens, peptides and enzymes
are the postbiotics derived from the production of
structural and metabolic microbial activity [54]. The
microbial population of the digestive tract creates
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postbiotics that consist of cellular component, secreted
substances and metabolic waste released by living
microorganisms, that are extracted using cell lysis [54].
The bacteria that constitute a postbiotic can be whole,
inert, or broken down into their structural components.

Probiotics are live microorganisms that directly
interact with the host, while prebiotics provide
nourishment for their growth and activity. Through their
metabolic processes and their environmental interaction,
probiotics produce postbiotics, which are bioactive
compounds resulting from these interactions. The
consumption of probiotics or prebiotics can indirectly
influence the levels of specific postbiotics in the gut
[55]. The International Scientific Association for
Probiotics and Prebiotics (ISAPP) [56] defined
postbiotics as (i) “soluble factors secreted by live
bacteria, or released after bacterial lysis, such as
enzymes, peptides, teichoic acids, peptidoglycan-
derived muropeptides, polysaccharides, cell-surface
proteins and organic acids”; (i) “non-viable metabolites
produced by microorganisms that exert biological
effects on the hosts”; and (iii) "a preparation of
inanimate microorganisms and/or their components that
confers a health benefit on the host". This definition
highlights that postbiotics include a wide range of
compounds and components such as short-chain fatty
acids (SCFAs), organic acids, enzymes, peptidoglycans,
exopolysaccharides, and antimicrobial substances [25].
These compounds have demonstrated various beneficial
properties, including anti-inflammatory  effects,
modulation of the immune system, enhancement of
intestinal barrier function, and regulation of microbial
composition.

The extraction of postbiotics predominantly
involves separating bioactive extracellular metabolites
from the cells using centrifugation and ultrafiltration
techniques [57]. Some secondary metabolites, like
bacteriocins or antimicrobial peptides, can also act as
postbiotic metabolites if they are produced in the gut by
probiotics and contribute to host health. postbiotic
metabolites are generally byproducts of primary
metabolism with a focus on host health, whereas
secondary metabolites are often ecologically driven and
associated with microbial competition or survival [34].
A postbiotic must originate from a specific
microorganism or a combination of microorganisms

whose genomic sequences are known and can be created

using a well-defined technological process of biomass
generation and inactivation that is repeatable [58].

Proteolytic cultures are used as starters in
laboratory fermentation process, where the pH is
maintained neutral and postbiotics release is improved
[59]. Inactivated probiotic cells are required to produce
postbiotics and paraprobiotics. Apart from natural
fermentation, various laboratory approaches such as
thermal treatments, high pressure, ultraviolet light,
ionizing radiation and sonication can render probiotic
cells inactive, affecting their cell structure, and
physiological activity. These techniques can be used to
improve the nutritional profile, shelf life, and health-
promoting objectives of a variety of foods, although
there may be more efficient ways to inactivate and create
postbiotics [60].

Additionally, the most popular technique for
preparing postbiotics is the use of formalin and thermal
treatment. These inactivation procedures should be
successful in preserving the beneficial microbial's
health-promoting qualities during the generation of
postbiotics [59]. Thermal inactivation for preparing
postbiotics depends on the microorganisms' heat
resistance, thermostability, state (vegetative cells or
spores) [61], evolution, water activity, and growth
medium [62]. The state of the cells influences specific
parameters and require specific times and temperature
for postbiotics production. A study by [63] have shown
that heat-killed lactic acid bacteria can enhance
immunomodulatory potential by skewing the immune
response towards Thl polarization. This indicates that
certain probiotic strains maintain beneficial properties
post-thermal inactivation. Another research [64] on
heat-killed Bifidobacterium animalis J-12 at 121°C for
15 minutes demonstrated reduced inflammatory markers
and improved healing of oral ulcers in hamsters,
suggesting its therapeutic properties. Similarly, [65]
found that heat-killed Lactobacillus salivarius AP-32
and Lactocaseibacillus paracasei ET-66 lozenges
increased antibacterial potential compared to live
strains, while also enhancing oral and intestinal health.
Furthermore, [66] reported that heat-killed
Bifidobacterium bifidum MG731 at 121°C for 15
minutes induced apoptosis in human gastric cancer cells
and significantly delayed tumour growth in xenograft
models. By modulating the Akt-p53 pathway, it

showcases the potential as an anti-tumor agent. In a
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study by [67], thermal treatment between 70°C to 121°C
deactivates postbiotics and releases intracellular
contents, with antioxidant and anti-inflammatory
activities being maintained at mild heating temperatures
(below 100°C). However, the beneficial content is
diminished at 121°C, reducing bioactive components
such as zomepirac and flumethasone [67]. LAB strains
subjected to heat (80°C for different durations) showed
enhanced hydrophobicity, auto-aggregation, and co-
aggregation with pathogens. The heat-killed LAB cells,
especially those inactivated for 15 minutes has been
more efficient in reducing pathogenic bacteria adhesion.
Moderate heat inactivation preserves and modifies
beneficial characteristics of bacterial cells, enhancing
their ~ competitive  ability  against  pathogenic
microorganisms [63]. Heat-killed Lacticaseibacillus
paracasei MCC 1849 (hereafter designated as heat-
killed CC1849) is a well-established heat-killed
probiotic strain with immuno-modulatory properties. In
a study by [68], the organisms were suspended in
distilled water and were killed by heating them at 100°C
for 30 min. The administration of live probiotics to
people with weak immunity may be hazardous.
Therefore, in such cases, non-viable heat-killed
probiotics could be an alternative since no safety
concerns of heat-killed probiotics are reported to date.
Heat-killed bacteria might thus display safety
advantages over live probiotics [69]. Taken together,
non-viable heat-killed L. paracasei MCC1849 is likely
to be safe for human consumption immuno-modulation,
safety, and use in various commercial products.
Conversely, since thermal treatments may cause
the activity loss of some heat-sensitive physiologically
active substances, conversely, non-thermal treatments
are gaining attention for their potential in inactivating
microorganisms while preserving their beneficial
components [70]. Despite their less common use to
inactivate viable forms of probiotics and creating
postbiotics, various non-thermal methods such as
ionizing radiation, ultraviolet light, ultrasound, and
supercritical CO, have shown promising results in
preparing postbiotics [43]. These methods, including
UV inactivation, high-intensity ultrasound (HIUS), and
supercritical CO; technology, have shown effectiveness
in preserving the stability and health benefits of
postbiotics, which can ameliorate metabolic syndrome

through gut microbiota modulation and immune

regulation [58]. For instance, UV-inactivated
Enterococcus  gallinarum L-1 paraprobiotics
demonstrated superior immunomodulatory effects in
fish compared to heat-inactivated ones when exposed to
UV light at 254 nm for 30 minutes [63]. Similarly,
HIUS-treated Bifidobacterium longum, subjected to 20
kHz ultrasound waves at 150W for 15 minutes,
significantly reduced serum cholesterol levels in rats,
highlighting potential applications in lipid regulation
and weight management [71]. Supercritical CO;
technology, using CO> at 31°C and 74 bar for 9 hours,
efficiently extracted glycolipids from postbiotics,
outperforming traditional solvent extraction methods
[72]. Additionally, in a study by [73], ultrasonication has
been utilized to produce postbiotics from Lactobacillus
strains (Lactobacillus sp. Lal and La2), resulting in
Pobt-Lal and Pobt-La2. In this study, sonication was
carried out in 20 rounds, lasted for 1 minute in each
cycle, with the amplitude set at 70%, and maintained at
SO0W. The postbiotics generated through ultrasonication
showed a concentration-dependent anti-proliferation
effect on HT-29 colon cancer cells. The study indicated
that the postbiotics extracted through ultrasonication
have the potential to inhibit the growth of colon cancer
cells, suggesting a role in anticancer research. which
showed a concentration-dependent anti-proliferation
effect on HT-29 colon cancer cells, suggesting potential
anticancer applications. These studies underscore the
potential of non-thermal techniques to create functional
postbiotics with significant health benefits and
antimicrobial ~ properties, offering  promising
applications in food safety, health promotion, and
further research into their therapeutic potential.
Exploring non-thermal techniques for postbiotic
production not only expands the possibilities for
creating functional food supplements and preservatives
but also opens avenues for further research into their
health-promoting properties and applications in various
industries [74].

Metabolomics is a powerful method for
quantifying micromolecules in complex biological
systems and is ideal for detection of postbiotics [75].
Additionally, it is important to note that the distinction
between probiotics, prebiotics, and postbiotics does not
imply a hierarchical relationship but rather highlights
different aspects of the microbiota-host interaction.
While probiotics and prebiotics have been extensively
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relationship between these entities can be viewed as a
the

studied and acknowledged for their beneficial effects,

the emerging field of postbiotics aims to shed light on continuum, it therefore may dismiss term

the complex array of compounds produced by probiotics paraprobiotics.

and their potential impact on human health. Because the
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Figure 2 Postbiotics have been reported to be categorized into 6 distinct groups; proteins, organic acids, carbohydrates,

vitamins/cofactors, complex molecules, and lipids.

Bacterial lysates

Bacterial lysates (BLs) are made from bacterial
cells that are broken down and are aimed to stimulate the
immune system to recognize and fight infections. They
are obtained by the degradation of Gram-negative and
Gram-positive bacteria either chemically or physically.
Its clinical application depends on gut-lung axis idea,
which refers to the functional relationship between the
intestine’s immune system and the respiratory system
[76]. Recently, BLs have gained a lot of attention due to
their role in lowering the frequency of recurrent
respiratory tract infections in children [77] and their
positive effects on chronic obstructive pulmonary
disease [78]. Each bacterial strain is independently
produced, harvested, put through the chosen method of
inactivation and then if needed, lyophilized to produce a
polyvalent bacterial lysate [79]. The lyophilized BLs are
taken orally to reach the Peyer’s patches present in the

lines of small intestine where they stimulate dendritic

cells (DCs) and then causing the activation of both T and
B lymphocytes. The innate immune system is activated,
and IgA production is promoted when mature
lymphocytes travel to the mucosal membrane of the
respiratory tract [80]. Studies from the literature suggest
that BLs are strong immunomodulators capable of
stimulating immunoregulatory responses in mucosal
tissues and antibodies against pathogens [81]. It is
hypothesized that there is association of occurrence of
infections in extremely industrialized countries and also
an increase in allergy illnesses. Considering exposing
insufficient microorganisms to imitate the presence of
bacteria is an appealing choice in the case of utilizing
BLs to boost the immune system. Indeed, a 2018 meta-
analysis of almost 4800 children found that those getting
a commercially available BL preparation had a
significantly reduced incidence of respiratory infections
than the control group [82]. Similar study from 2020

also shows that BL add-on medication was found to be
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beneficial for the reduction of asthma exacerbations and
wheezing episodes in case of children (p 0.001 for both
objectives) [83]. In a recent study from 2023 resulted to
clinical benefits on BL add-on therapy have
immunomodulatory effects that significantly improve
asthma symptoms and lung function and have better
impacts on asthmatic children than adults [84]. The
favourable results of BLs on lowering the episodes of
asthma exacerbation and wheezing episodes in children
[85] and chronic obstructive pulmonary disease in adults
are due to infection prevention, however, it is not the
only explanation. BLs can also help to ease the
symptoms of atopic dermatitis and lower the frequency
of allergic rhinitis episodes [86]. Furthermore,
consuming heat-killed Lactobacillus paracasei may
help to reduce the symptoms of dry eye syndrome,
which is caused by extended recurrent exposure to the
blue light that is emitted by LED screens [87].

Plasmalogens

A collection of lipids, known as plasmalogens, is
present in a variety of organisms including bacteria,
protozoa, invertebrates and mammmals [88]. Two types
of plasmalogens have a vinyl ether instead of a fatty acid
inglycerol  sn-1  (R1) position, which are
glycerophosphoryl ethanolamine and
glycerophosphorylcholine. The presence of
polyunsaturated fatty acids in plasmalogens at the sn-2
(R2) location sets them apart from other membrane-
associated bacterial structural elements [89]. Research
indicates that plasmalogens have different roles within
cells related to their unique R1 and R2 positions. They
act as synaptic transmitters, alveolar surfactants, and
improve membrane dynamics during respiratory cycles
by lowering phospholipid surface tension and viscosity
and amplifying signal transduction [90]. Plasmalogens
also perform membrane, antioxidant and signaling roles
in cells, preserving unsaturated membrane lipids from
oxidation while avoiding hazardous oxidation products
[91]. These lipids are also known as endogenous
antioxidants because they are derived by different
strains of Bifidobacterium when H,O; is present [92,
93]. This is why plasmalogen has also been
demonstrated for their antioxidative properties,
protecting cells from oxidative stress by scavenging
reactive oxygen species (ROS) and preventing the
propagation of lipid peroxidation [94, 95]. These lipids

are vital in preserving the integrity of unsaturated
membrane lipids while avoiding hazardous oxidation
products. Notably, plasmalogens have shown beneficial
effects in various health contexts, such as obesity,
neurodegenerative conditions, type 2 diabetes, cancer,
and inflammation. For instance, plasmalogen
supplementation has been shown to improve cognitive
performance in patients with Alzheimer’s disease [96].
In the brain, plasmalogens constitute 50 to 80% of the
total glycerophosphoethanol amines in grey and white
matter, playing a crucial role in synaptic transmission
and neural function. Depletion of plasmalogens impairs
synaptic transmission and is associated with increased
oxidative damage vulnerability [97]. However,
plasmalogen-derived fatty acids may act as ligands for
G-protein coupled receptors (GPRs) such as GPR120,
which regulate adipogenesis and possess anti-
inflammatory properties [98, 99].

Teichoic acids (TA)

Teichoic acids (TAs) and lipoteichoic acids (LTAs)
are crucial anionic glycopolymers in the cell walls of
Gram-positive bacteria, such as Staphylococcus aureus
and Lactobacillus plantarum, where they can constitute
up to 60% of the cell wall's bulk [100, 101]. These
components play essential roles in regulating cell wall
permeability, rigidity and bacterial shape [102],
influencing processes such as ion homeostasis, cell
division, and autolysin regulation [103]. TAs and LTAs
can elicit immune responses and act as immunological
adjuvants [104]. They enhance granulocyte-monocyte
colony formation in bone marrow and are necessary for
activating the mannose-binding lectin pathway and
opsonophagocytosis mediated by IgG on staphylococcal
surfaces [105, 106]. Recent studies highlight their
immunomodulatory roles, showing that d-alanylating
teichoic acid in Lactobacillus plantarum induces pro-
inflammatory cytokine production in DCs and alters T
cell populations [101, 106]. Research by [107]
demonstrated that, strains lacking LTAs have been
observed to induce higher IL-10 production compared to
their wild-type counterparts, demonstrating potential in
modulating immune responses. Furthermore, TAs are
involved in the activation of toll-like receptors (TLRs),
critical for innate immune responses, and their
modification  can  significantly = impact  the
immunomodulatory properties of bacteria [107].
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Additionally, TAs possess bioactivities, including
anticancer, immunomodulatory, and antioxidant
properties, where research shown that TLR4 expression
levels in lung cancer cells can be influenced by TA,
however, with implication for drug resistance in cancer
treatment [108]. Targeting TAs has therapeutic potential,
with advancements in TA fragment synthesis facilitating
immunological studies and the development of novel
vaccine modalities to combat Gram-positive bacterial
infections [104]. Furthermore, teichoic acids play a
significant role in antibiotic resistance and are also
studied for various biological properties, therefore
considered important [109]. Inhibiting TA biosynthesis
is proposed as a novel antibacterial strategy, as TA-
deficient bacteria show impaired virulence and survival,
making TAs a promising target for new antibiotic
therapies [110].

Short chain fatty acids (SCFAs)

Short-chain fatty acids (SCFAs) are key
metabolites produced by the fermentation of dietary
fibres by gut microbiota, predominantly Bacteroides and
Firmicutes. The primary SCFAs—acetate (C2),
propionate (C3), and butyrate (C4)—play crucial roles
in maintaining colonic integrity and overall health by
serving as a primary energy source for colonocytes,
regulating immune responses, and modulating
metabolic processes [111]. SCFAs are absorbed in the
colon and have systemic effects on various organs.
Acetate, the most prevalent SCFA, is involved in lipid
synthesis and cholesterol metabolism. Propionate is
primarily metabolized in the liver, regulating
gluconeogenesis and cholesterol synthesis. Butyrate is
utilized by intestinal epithelial cells as an energy source
and plays a crucial role in maintaining intestinal barrier
function [112]. Variations in SCFA levels are associated
with several health conditions, including inflammatory
bowel disease (IBD), colorectal cancer, obesity, and
metabolic syndrome. For instance, butyrate has anti-
inflammatory properties and protects against colorectal
cancer by promoting apoptosis and inhibiting tumour
cell proliferation [26]. Clinical studies have
demonstrated the potential therapeutic benefits of
SCFAs, such as improving gut health by butyrate
supplementation and treating conditions like ulcerative
colitis and Crohn’s disease [113]. Moreover, SCFAs

modulate systemic inflammation and enhance insulin

sensitivity, playing a role in managing diabetes and
obesity [114, 115]. Animal studies by [116] further
illustrate the importance of SCFAs, showing reduced
body weight gain and improved insulin sensitivity in
high-fat diet-induced obese mice through lipid
metabolism and inflammatory pathway modulation.
SCFAs regulate immune cell function through G
protein-coupled receptors (GPCRs) and histone
deacetylases (HDACS), highlighting their significance
in immune modulation and inflammatory responses
[117]. These findings underscore the vital role of SCFAs
in maintaining gut health, modulating immune

responses, and regulating metabolic processes.

Enzymes

Enzymes are active proteins that catalyse
biological reactions and are essential for various
metabolic, physiological, and regulatory processes.
Industrially, enzymes are primarily derived from
microbial sources, including bacterial strains such as
Bacillus licheniformis, Bacillus subtilis, and fungal
strains like Aspergillus niger and Aspergillus oryzae
[118, 119]. Bacillus species are particularly valued for
their rapid growth rate, ability to secrete proteins
extracellularly, and safety profile, making them ideal for
enzyme production [120]. Bacillus subtilis, for example,
produces proteases with high stability in the presence of
harsh detergents, extreme temperatures, organic
solvents, varying pH levels, and oxidizing agents [121].
Optimal protease production by Bacillus subtilis occurs
under specific conditions: 2% skim milk, 300 L of yeast
sludge, 0.4% ammonium sulfate, 0.03% cane molasses,
0.2% urea, 48-hour incubation with constant agitation at
pH 7.5, and 45 °C [122]. Enzymes also play a crucial
role in microbial defense mechanisms against reactive
oxygen species (ROS), which damage carbohydrates,
proteins, lipids, and nucleic acids. Antioxidant enzymes
such as superoxide dismutase (SOD), NADH-oxidase,
glutathione peroxidase (GPx), and catalase are vital in
combating ROS. High levels of GPx, exhibiting strong
antioxidant properties, have been found in Lactobacillus
fermentum  strains [123]. Genetically modified
Lactobacillus strains producing SOD or catalase have
shown superior performance in alleviating symptoms of
Crohn’s disease in mouse models compared to their
unmodified counterparts [124]. Additionally, these

strains demonstrated enhanced anti-inflammatory
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effects in mouse models of inflammatory bowel disease,
reducing inflammation and body temperature
significantly [125]. Furthermore, genetically engineered
Lactobacillus lactis producing catalase has been shown
to protect mice from chemically induced colon cancer
[126].

Peptides

Peptides, particularly antimicrobial peptides
(AMPs), are a type of postbiotic produced by microbiota
that play crucial roles in inhibiting bacterial growth by
creating pores in bacterial membranes or hindering
bacterial wall formation [127, 128]. These peptides can
function independently or in response to infections,
acting as endotoxin neutralizers and immunomodulatory
agents to enhance innate immunity [128]. Genetically
modified Lactococcus lactis producing AMPs can
inhibit the proliferation of multidrug-resistant
Enterococci and E. faecium strains in the intestinal tract
[129]. The mechanism of action for AMPs involves
electrostatic interactions between the positively charged
amino acids of AMPs and the negatively charged
components of bacterial membranes, such as
lipopolysaccharides [32]. Recent research has
highlighted the potential of D-enantiomeric
antimicrobial peptides in combating multidrug-resistant
bacteria, such as Pseudomonas aeruginosa and
Acinetobacter baumannii. These peptides retain activity
under challenging physiological conditions and can
disrupt biofilms effectively [130]. Another study
demonstrated the development of antimicrobial peptides
conjugated with fatty acids on the side chains of D-
amino acids, showing enhanced antimicrobial
selectivity and anti-biofilm activity against multidrug-
resistant bacteria, along with stability under various
environmental conditions [131]. These findings
emphasize the therapeutic potential of AMPs in treating
antibiotic-resistant infections. Bacteriocins are also a
well-studied class of AMPs and are produced by both
gram-positive and gram-negative bacteria and exhibit a
broad spectrum of antibacterial activity. The advantages
of bacteriocins are determined by their stability,
spectrum, safety, diversity, bioengineering potential, and
production  efficiency [128]. Bacteriocins are
categorized into four classes: Class 1 (heat-resistant
peptides modified post-transcriptionally, including
lantibiotics), Class 2 (pediocin-like and non-pediocin-

like peptides), Class 3 (large thermolabile proteins), and
Class 4 (complex proteins bound to carbohydrates or
lipids) [129]. Nisin, a well-known Class 1 lantibiotic,
has demonstrated in vitro effectiveness against various
pathogens, including Bacillus, = Mycobacterium
smegmatis, Cutibacterium acnes, and Clostridium
species [32]. Pediocin produced by Pediococcus
bacteria, is effective against Listeria monocytogenes and
E. coli [132]. Despite promising in vitro results, the
clinical application of bacteriocins faces challenges such
as host tissue toxicity, insensitivity to physiological
conditions, enzyme responsiveness, milder
antimicrobial activity, and high production costs due to
complex design requirements [32].

Vitamins

Humans lack biochemical pathways for vitamins
synthesis and require exogenous sources of vitamins as
they are essential for various physiological processes,
such as DNA replication and repair, brain function, bone
health and blood clotting. For instance, folate is crucial
for DNA replication and repair [133], while vitamin K
acts as a cofactor of gamma carboxylase activity in
blood clotting [134]. Riboflavin functions as a hydrogen
carrier in redox reactions, and various B-group vitamins,
including folate, riboflavin, cobalamin (vitamin B12),
pyridoxine, thiamine, niacin, and nicotinic acid, are
produced by lactic acid bacteria and Bifidobacterium
species [135]. The gut microbiota plays a vital role in
vitamin synthesis. For example, Bifidobacterium
adolescentis is known for its high production of folic
acid, and probiotics such as L. sanfranciscensis, L.
reuteri, L. rossiae, and L. fermentum have genes
necessary for the synthesis of vitamin B12 [136].
Thiamine produced by bacteria is ingested by human
colonocytes, contributing significantly to systemic
health [137]. Riboflavin absorption occurs through
specific transporters in the large intestine, while vitamin
B12 absorption is inversely proportional to its luminal
concentration. Vitamin K, produced by intestinal
bacteria, offers protection against osteoporosis and
coronary heart disease [138]. Postbiotics are bioactive
compounds produced by gut microbiota during
fermentation that include many essential vitamins.
Recent research has optimized solid-state fermentation
using Bacillus amyloliquefaciens and

Lactiplantibacillus plantarum to enhance the production
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of postbiotics with antibacterial, antioxidant, and anti-
inflammatory activities [139]. Furthermore, vitamins A,
D, and E must be added to the diet as supplements,
whereas vitamins like riboflavin (B2) and folic acid (B9)
can be generated by commensal bacteria in the gut.
Numerous fermented foods, including milk, yogurt, and
cheese, are rich sources of these vitamins, aiding the
digestive system. B-group vitamins, including B12, B2,
B6, B9, and vitamin K, synthesized by the gut
microbiome, are crucial for energy production, gene
regulation, and modulation of intestinal immunity [139].
For example, vitamins B2, B6, and B9 have shown anti-
tumorigenic effects against pro-monocytic lymphoma
cells [140]. Additionally, the gut microbiota is involved
in the production and metabolism of aromatic amino
acids that function as bioactive molecules in the brain,

kidney, and cardiovascular systems [141].

Postbiotic bioactivity mechanisms

Postbiotics, comprising a range of bioactive
compounds such as short-chain fatty acids (SCFAs), bile
salts, exopolysaccharides, p-glucans, conjugated
linoleic acids, phenolic compounds, peptidoglycans,
lipoteichoic acids, and heat-killed bacteria, have
demonstrated significant health benefits through a
variety of mechanisms [9]. These compounds are
involved in hypo-cholesterolemic [142], antioxidant
[143, 144], immunomodulatory[145], and anti-
inflammatory processes [11], which contribute to their
therapeutic potential in human health. The mechanisms
underlying these diverse activities are summarized in
Figure 3.
Like probiotics, postbiotics exert cholesterol-lowering
effects through various mechanisms, including bile salt
hydrolase activity, cholesterol assimilation, and
inhibition of cholesterol transporters [146]. Both
probiotics and postbiotics have shown to improve lipid
profiles, alleviate liver damage, and regulate intestinal
microbiota and metabolites in hypercholesterolemic
mice [147]. Hypo-cholesterolemic functions of
postbiotics are primarily attributed to SCFAs, bile salts,
exopolysaccharides, p-glucans, conjugated linoleic
acids, and phenolic compounds. Postbiotics, such as
those derived from Lactobacillus plantarum J26, have
shown promise in alleviating hypercholesterolemia by
regulating the LXRa-CYP7Al-bile acid-excretion
pathway [142]. Postbiotics can also upregulate

peroxisome proliferator-activated receptors (PPARSs),
which are essential for fatty acid oxidation and the
reduction of triglyceride production [148]. This
regulation promotes lipid homeostasis by reducing fat
accumulation in tissues [31]. Additionally, postbiotics
activate AMP-activated protein kinase (AMPK), which
reduces the activity of hepatic 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR) and 3-
hydroxy-3-methylglutaryl-CoA synthase (HMGCS),
leading to cell-autonomous lipolysis and fat breakdown
[149]. Moreover, the activation of IRF4 (interferon
regulatory  factor 4) and nucleotide-binding
oligomerization domain (NOD) by postbiotics results in
reduced adipose tissue inflammation and improved
glucose tolerance, suggesting a beneficial impact on
metabolic regulation and insulin sensitivity in obesity
[25]. These findings provide a theoretical basis for the
development of probiotics and postbiotics in managing
cholesterol-related disorders.

In addition to their lipid-regulating -effects,
postbiotics also exhibit potent antioxidant properties
which are attributed to their ability to protect cells from
free radical damage and oxidative stress [150]. Recent
studies have explored the antioxidant properties of
postbiotics derived from lactic acid bacteria (LAB).
Postbiotics produced by various L. plantarum strains
demonstrated significant antioxidant activity using
DPPH and ABTS assays, with strain RI11 showing the
highest activity [151]. Similarly, postbiotics from five
LAB species exhibited potent antioxidant effects, with
L. casei demonstrating the strongest activity [152].
Postbiotics isolated from traditional fermented sausages
showed higher antioxidant capacity compared to
inactivated probiotics, known as paraprobiotics, with
free radical scavenging effects ranging from 5.65% to
76.04% [153]. The enzymatic antioxidant activity of
postbiotics is mediated by enzymes such as glutathione
peroxidase and glutathione reductase, which degrade
hydrogen peroxide and regulate reactive oxygen species
(ROS) [23]. These enzymes play a crucial role in
maintaining cellular redox balance and preventing
oxidative damage. Furthermore, postbiotics contain
non-enzymatic antioxidants, particularly reduced
glutathione, which scavenges ROS and reactive nitrogen
species (RNS), contributing to the maintenance of
Additionally,

exopolysaccharides in postbiotics upregulate uronic acid

intracellular ~ redox  status  [1].
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production, which enhances the antioxidant activity of
the polysaccharides and reduces ferrous ion activity,
thereby decreasing the presence of free radicals and
providing further protection against oxidative stress
[154].

Postbiotics also exert significant
immunomodulatory and anti-inflammatory effects.
These properties are linked to compounds such as
SCFAs, peptidoglycans, lipoteichoic acids, polyphenol
metabolites, and heat-killed bacteria. Research has
shown that postbiotics can increase the secretion of anti-
inflammatory cytokines like IL-10 and upregulate
protective genes such as MUC?2 in intestinal cells [155].
Postbiotics upregulate anti-inflammatory cytokines and
promote the differentiation of regulatory T-lymphocytes
(Tregs), which are essential for maintaining immune
tolerance and preventing excessive inflammation [149].
Moreover, postbiotics downregulate the Thl pathway,
which is typically associated with pro-inflammatory
responses, and promote a Th2 response, thereby
correcting the imbalance between Thl and Th2
lymphocytes. This modulation is important for
preventing immunological diseases such as atopic
dermatitis and other autoimmune disorders [31].
Additionally, postbiotics contribute to the molecular
integrity of enterocytes, enhancing the intestinal barrier
and supporting antibacterial activity.

Finally, postbiotics  exhibit antimicrobial
properties, which are attributed to various compounds
including bacteriocins, enzymes, small molecules, and
organic acids. Lactobacillus strains produce postbiotics

containing bacteriocins, which inhibit pathogens like

Listeria monocytogenes and Clostridioides difficile
[156, 157]. These postbiotics maintain their
antimicrobial activity across a wide pH range and can
withstand heat treatment. They effectively inhibit
biofilm formation, motility, and virulence gene
expression in pathogens. Postbiotics from Enterococcus
faecalis also demonstrate anti-spore germination
activity against C. difficile [157]. Supplementing
postbiotics with inulin can enhance their inhibitory
activity against various pathogens [158]. These
bioactive substances have bacteriostatic and bactericidal
effects against both gram-positive and gram-negative
microbes, suggesting that postbiotics help maintain a
balanced gut microbiota while protecting against
pathogenic infections [25].

Postbiotics provide a diverse array of health
benefits through their ability to regulate lipid
metabolism, mitigate oxidative stress, modulate
immune responses, and exert antimicrobial effects. The
mechanisms through which postbiotics exert these
effects are complex and involve the activation of key
signaling pathways such as PPARs, AMPK, and IRF4,
as well as the modulation of inflammatory cytokines and
the Th1/Th2 balance. These findings support the
potential of postbiotics as functional ingredients in
human health products, offering therapeutic benefits for
metabolic disorders, inflammation, oxidative stress, and
immune dysregulation. Further research into the specific
mechanisms of individual postbiotic compounds will
enhance their application in clinical settings and expand

their role in promoting overall health and well-being.
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Figure 3 Functions, associated compounds, biomechanism, and effects of postbiotics. A) Hypo-cholesterolemic functions
of postbiotics are associated with short-chain fatty acids (SCFA), bile salts, exoplolysaccharides, betaglucans, conjugated
linoleic acids and phenolic compounds, which; i) upregulates peroxisome proliferation-activated receptors and FA
oxidation, ultimately downregulating triglyceride production, ii) upregulates activated protein kinase while decreasing 3-
hydroxy-3-methylglutaryl-CoA (HMGCR) and 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS), which triggers cell
autonomous lipolysis, and iii) upregulates IRF4 and nucleotide binding oligomerization domain and results in reduction
of adipose tissue inflammation as well as glucose tolerance. B) Antioxidant functions of postbiotics are reportedly
associated with; iv) enzymatic glutothione peroxidase and reductase that degrades hydrogen peroxides, and v) non-
enzymatic reduced glutathione that scavenges reactive oxygen species (ROS) and reactive nitrogen species (RNS)
whereby both mechanisms regulate redox reaction rates. vi) A second non-enzymatic exopolysaccharides on the other
hand upregulates uronic acid and improves exopolysaccharide activity, which then reduces ferrous ion activity and
therefore decreases the presence of free radicals. C) Both immunomodulation and anti-inflammatory functions of
postbiotics are associated with short-chain fatty acids (SCFA), peptidoglycans, lipotechoic acids, polyphenol metabolites
and heat-killed bacteria. These compounds were proposed to; vii) upregulate both anti-inflammatory cytokines and
regulatory T-lymphocyte differentiation, as well as downregulating the Thl pathway. These modulations eventually
correct imbalances in Th1l and Th2 lymphocytes.

Potential health effects of postbiotics

Postbiotics, the metabolic byproducts of probiotic
microbes, have garnered significant interest for their
potential to impact the host's microbiome and overall
health. As shown in Table 1, extensive research has
explored the mechanisms by which postbiotics influence
various  physiological  processes, leading to
investigations of their therapeutic applications across
diverse medical domains. Preclinical animal studies
have been instrumental in elucidating the potential

health effects of postbiotics. These studies have

examined the impact of postbiotic administration on
disease states, biomarkers, and physiological processes,
providing valuable insights into how postbiotics
function and their possible therapeutic benefits [159].
Clinical trials have further explored the efficacy of
postbiotics in treating gastrointestinal disorders, such as
inflammatory bowel disease, irritable bowel syndrome,
and diarrhoea [4]. The evidence suggests that postbiotics
can reduce intestinal inflammation, improve symptoms,
and restore gut microbial balance in these conditions.
Additionally, postbiotics have shown promise as
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interventions for metabolic disorders, including obesity,

type 2 diabetes, and non-alcoholic fatty liver disease,

with the potential to impact metabolic parameters

positively [33]. Beyond these applications, postbiotics

have also been linked to various other health effects,

such as immunological modulation [160], antibacterial,

antiviral, antioxidant, and anticancer activities [161], as

well as improvements in gut health and potential effects

on polycystic ovary syndrome and depressive symptoms

[162]. However, further research is needed to elucidate

the extensive health benefits and applications of

postbiotics fully.

Table 1 Summary of previous research highlighting the health benefits of postbiotics.

Health benefits/ Postbiotics source (probiotic Medium of Mode of .
L. References . . Key findings
applications strain) fermentation study
. Postbiotics enhanced antibacterial
Karbowiak . N . .. .
¢ al. [63] Lactobacillus salivarius AP-32 MRS broth In-vitro  activity and skewed the immune
etal.
response toward Thl polarization.
5 Postbiotics induced pro-
Immune Kojima et . . .
. Lactiplantibacillus plantarum MRS broth In-vitro  inflammatory cytokine production and
modulation al. [101] .
altered T-cell populations.
Postbiotics showed
Machata et Lacticaseibacillus  paracasei . . .
. MRS broth Invivo  immunomodulatory properties with
al. [163] MCC 1849 (heat killed) . .
safety advantages over live probiotics.
Postbiotics contains anti-
Breyner et . . L . ) .
1 [164] Faecalibacterium prausnitzii M17 medium Invivo  inflammatory molecule (MAM) that
al.
Anti-inflammatory reduced colitis symptoms in mice.
effects Retained antioxidant and anti-
Sun et al. Lacticaseibacillus . . .
) MRS broth In-vitro  inflammatory activity after moderate
[67] paracasei ET-22 (ET-22) ) o
thermal inactivation.
Postbiotic improve blood lipid
o metabolism and reduce hepatic steatosis
Postbiotic ] ] o .
Pan et al. . and liver inflammation in high-fat diet
Lactobacillus paracasei preparation In vivo . o ]
[148] . mice. It regulates lipid metabolism by
medium . .
altering gene expression in hepatocytes
at the mRNA level.

Postbiotics supplementation
improved lipid profiles and liver health
by restoring serum AST, ALT, SOD,

. TC, and TG levels after acute alcohol
Ye et al. Lactobacillus plantarum  Improved MRS . . ) .
o Invivo  intake, while upregulating genes
Blood lipid- [165] ABI161 (Patented) . . . .
. involved in fatty acid metabolism and
lowering . ) .
downregulating  those in  steroid
biosynthesis.

In zebrafish fed a high-fat diet,

postbiotics from L. plantarum LP25 (K-
. o LP25) supplementation significantly
Lactiplantibacillus plantarum . .
Yu et al. reduced weight gain, body fat, and the
LPI1, LP25, and Pediococcus MRS Broth In vivo . . .
[166] expression of lipogenesis-related genes
pentosaceus PP18 . T
(FASN, Leptin, SREBF1). Heat-killing
at 120 °C proved to be the most effective
preparation method.
L Choti et al. Lactobacillus . ) Postbiotics treatment for 8 weeks
Antioxidant effects Whey solution Invivo o .
[167] plantarum SMFM2017-YK1 increased antioxidant gene expression,
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Health benefits/ Postbiotics source (probiotic Medium of Mode of .
L. References . . Key findings
applications strain) fermentation study
and Limosilactobacillus potentially reducing ROS and oxidative
fermentum SMFM2017-NK1 stress in periodontal tissues associated
with periodontitis.
. The study demonstrates that
Enterococcus faecalis M157 _y . .
postbiotics enhance antioxidant activity
KACC 81148BP and 10 % whey ) . . .
Park et al. . ) Invivo by increasing GPx1 and SODI protein
Lactococcus lactis CAU2013 solution . .
[168] levels, which help suppress periodontal
KACC 81152BP . .
inflammation.

Postbiotic ~ treatment  reduced
intestinal permeability and improved
intestinal barrier function by lowering

Wang et al.  Lactobacillus serum D-LA, DAO, and LPS levels and
MRS broth In vivo . . ] )
[169] delbrueckii subsp. jakobsenii increasing the expression of tight
junction proteins like Occludin, ZO-1,
and Claudin-1 in S. Typhimurium-
infected mice

Treatment by postbiotics
significantly repaired DSS-induced

Gut barrier Liu et al. Limosilactobacillus ) damage to intestinal tight junctions by
) MRS broth In vivo i . .
improvement [170] fermentum HF06 restoring ZO-1 and occludin levels with

near-complete recovery comparable to
the NC group.
Lactiplantibacillus
plantarum LPL28,
Ligilactobacillus Increased fecal water content,
Zhao etal.  salivarius AP-32, ) . promoted intestinal motility, and
. . Soy protein In vivo ) L . ]
[171] Bifidobacterium improved serum motilin levels in mice
longum subsp. infantis BLI- with constipation.
02, and Lactobacillus
acidophilus TYCA06.
Kim et al Powder Bifidobacterium Delayed tumor growth and induced
im et al.
[66] bifidum MG731 and Saline In vitro  apoptosis in human gastric cancer cells
Lactobacillus reuteri MG5346 via Akt-p53 pathway modulation.
. Postbiotic treatment significantly
Anti-cancer
. ) ) Glucose yeast reduced tumor volume and cancer
potential Weizmannia coagulans .
Zhong et al. extract peptone . markers (CEA, CCA and ECPKA) while
MZY531 o In vivo . . .
[172] (GPY)liquid lowering TGF-f and increasing SMAD4
broth expression, suggesting an anti-cancer
effect

Postbiotics significantly suppressed

Salmonella infection by inhibiting
Guan etal.  Lactiplantibacillus plantarum . o .
MRS broth Invivo  bacterial pathogenicity, —modulating
[173] HJIZW08 .
o . autophagy, and inhibiting NLRP3
Antimicrobial . L
inflammasome activation
effects —
. The study found that postbiotics
Morales- Fermented milk L .
] Bifidobacterium breve and . demonstrated antimicrobial effects by
Ferré et al. ) infant formula In vivo ) ) ] o
Streptococcus thermophilus reducing viral shedding and inhibiting
[174] (Lactofidus™)

rotavirus detection in a rat model of
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antimicrobial properties, making them an asset in the
fight against harmful and pathogenic microbes [19].
Postbiotics can be classified into different types based
on their chemical nature and biological activities. These
metabolites include Short-chain fatty acids (SCFAs),
exopolysaccarides, cell wall fragments, enzymes,
proteins, and other metabolites [14]. One of the primary
antimicrobial mechanisms of postbiotics is the
production of organic acids such as acetic acid, lactic
acid, and propionic acid [31]. These acids lower the pH
of the environment, creating inhospitable conditions for

the growth and proliferation of many harmful bacteria.

Health benefits/ Postbiotics source (probiotic Medium of Mode of .
L. References . . Key findings
applications strain) fermentation study
early life diarrhea induced by
rotavirus infection.
Postbiotics  increased  colonic
propionic acid, enhanced hippocampal
. Streptococcus oo .
Cognitive and Zhang et al. . ) . antioxidant capacity, reduced
thermophilus MN-ZLW-002 Saline In vivo o ) .
mental health [175] (Powder) astrogliosis, and improved -cognitive
owder,
" function and anxiety in AD mice via the
gut-brain axis.
Postbiotics inhibits adipogenesis in
3T3-L1 cells and hBM-MSCs by
. reducing lipid accumulation,
In vitro . . .
Lee et al. Lactiplantibacillus downregulating key adipogenic and
MRS agar and . .
[176] plantarum L-14 In vi inflammatory markers, activating the
n Vivo
AMPK  signaling pathway, and
improving lipid profiles and liver health
in HFD-fed mice.
DS0908 and DS0950 promote
Anti-obesity thermogenesis in pre-adipocytes, MSCs,
effects and HFD-induced obese mice by
upregulating thermogenic and beige
Bifidobacterium In vit adipocyte markers, reducing
n vitro
Rahman et bifidum DS0908 intracellular triglycerides, improving
) ) MRS broth and In . . D .
al. [177] and Bifidobacterium ) mitochondrial ~ oxidative  capacity,
vivo
longum DS0950 lowering body weight and adipocyte size
without affecting food intake, enhancing
glucose metabolism and lipid profiles,
and activating the PKA/p38 MAPK
signaling pathway.
Postbiotics improved energy and
Improved nutrient Riusetal.  Aspergillus oryzae (Retrieved . nutrient-use efficiency, water
) i Not mentioned In vivo . ) . -
absorption [178] from Biozyme Inc.) absorption, and intestinal permeability
in heat stressed calves.
Inhibition activity of postbiotics against
pathogens In addition to organic acids, postbiotics can also produce
Postbiotics have demonstrated remarkable antimicrobial peptides known as bacteriocins [22].

These specialized proteins have the ability to target and
destroy specific strains of bacteria, including drug-
resistant pathogens [179]. A study by Meena et al. [180]
mentioned that bacteriocins produced by some bacteria
mostly target Gram-positive bacteria, however some of
the bacteriocins also demonstrate antimicrobial activity
against a diverse range of spoilage-inducing microbes
and pathogens. The antimicrobial prowess of postbiotics
is not limited to their direct actions against harmful
bacteria. These microbial-derived compounds have also
been observed to enhance the immune system's ability

to recognize and eliminate pathogenic microbes [181].
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By modulating the host's immune response, postbiotics
can bolster the body's natural defenses against infection,

providing an additional layer of protection.

Impact on constipation

Constipation is a common gastrointestinal disorder
characterized by infrequent, difficult, or incomplete
bowel movements. In recent years, the potential of
postbiotics has emerged as a promising avenue for
managing constipation.

Postbiotics have been found to repair the intestinal
barrier, which is vital for maintaining the integrity of the
gut lining and preventing inflammation, a common
contributor to constipation [76]. On the same note, a
study by Wei ef al. [182] demonstrate postbiotics
derived from hawthorn fruit and probiotics strains
exhibit remarkable effects in alleviating constipation
through multifaceted approach by modulating water and
sodium metabolism, repairing intestinal barrier, and
restoring gut microbiome.

Postbiotics with a carbohydrate structure, such as
exopolysaccharides, have been shown to regulate water
and sodium metabolism in the gut, a crucial mechanism
for maintaining proper fluid balance and facilitating
smooth bowel movements [12]. In an animal study by
[171], postbiotics were found to shorten the time to the
first black stool, raise fecal water content, promote
intestinal motility, and increase serum motilin levels in
loperamide-treated mice with constipation.

Improved intestinal motility is another mechanism
by which postbiotics can effectively manage
constipation. By enhancing the movement of food
through the digestive system, postbiotics can facilitate
regular bowel movements and reduce the risk of
constipation [182]. As research in this field continues to
evolve, the integration of postbiotics into
comprehensive constipation management strategies may
become an invaluable tool for healthcare professionals
and individuals seeking to alleviate this debilitating

condition.

Impact on blood lipid-lowering

High blood lipid levels, especially elevated total
and LDL cholesterol are a major risk factor for
cardiovascular disease (CVD), the leading cause of
death globally. While traditional approaches like dietary

changes and medications have been the mainstay,

postbiotics may offer a promising alternative.Postbiotics
can influence blood lipids through several mechanisms.
They can promote beneficial bacteria in the gut that can
outcompete cholesterol-assimilating pathogens, leading
to reduced cholesterol absorption and lower blood
cholesterol levels. A study by Vourakis ef al. [183], has
further elucidated the mechanisms by which short-chain
fatty acids (SCFAs) can help to lower blood cholesterol
levels. The study findings indicate that SCFAs are
capable of reducing the rate of cholesterol synthesis in
the body [183].

Furthermore, SCFAs can also upregulate bile salt
export pumps in the liver, increasing cholesterol
excretion in bile and lowering blood cholesterol [184].
SCFAs produced by certain gut bacteria during
fermentation can influence bile acid metabolism by
producing bile salt hydrolase that hydrolyses bile acids
[185]. This increases the ratio of free conjugated bile
acids, leading to greater excretion of bile acids, reducing
the overall pool of both cholesterol and bile acid,
subsequently, lowering the blood cholesterol level [183,
185]. As research in this field continues to evolve, the
incorporation of postbiotics into comprehensive
strategies for blood-lipid management may become an
increasingly promising avenue for healthcare

professionals and individuals alike.

Impact on inflammatory diseases

Extensive research has highlighted the ability of
postbiotics to mitigate inflammation. Studies have
shown that postbiotics can reduce inflammation by
modulating the immune system and improving the
balance of gut microbiota, which can help alleviate
symptoms of inflammatory diseases such as irritable
bowel syndrome (IBS), inflammatory bowel disease
(IBD), and other gastrointestinal disorders [33]. As
reviewed by Scott et al. [159] addition to butyrate,
Faecalibacterium prausnitzii produces a microbial
Anti-inflammatory Molecule (MAM), a protein that has
been shown to exhibit anti-inflammatory effects in mice
models with induced colitis [164].

Additionally, postbiotics have been shown to
inhibit the production of pro-inflammatory cytokines,
such as TNF-a and IL-1p, which are key players in the
development of inflammatory diseases [159, 186].
Moreover, postbiotics have exhibited anti-arthritic and

anti-inflammatory effects in animal models of
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rheumatoid arthritis and osteoarthritis, inhibiting the
production of inflammatory mediators and modulating
the immune system [187].

These properties make postbiotics a promising
therapeutic target for the management of various
inflammatory diseases, offering a more holistic and less
invasive approach compared to conventional treatments.
However, further extensive human clinical trials are
needed to fully validate the efficacy and safety of
postbiotics in the context of specific inflammatory

conditions.

Impact on the absorption of beneficial element

The human body relies on a constant supply of
essential elements for optimal functioning. These
elements, including minerals and vitamins, are often
obtained through diet, but their absorption can be
influenced by various factors. One of the primary ways
in which postbiotics impact the absorption of beneficial
elements is by enhancing nutrient bioavailability.
Studies have shown that postbiotics can increase the
solubility and absorption of essential micronutrients,
such as calcium, iron, and zinc, in the gut [55, 188]. The
gut microbiome is a complex ecosystem that plays a
crucial role in the absorption and metabolism of
nutrients. Postbiotics have been shown to positively
influence the composition and diversity of the gut
microbiome, which can have a direct impact on nutrient
absorption [4]. By selectively promoting the growth of
beneficial bacteria and inhibiting the proliferation of
harmful microorganisms, postbiotics can create an
optimal environment for efficient nutrient utilization
[154].

Impact of postbiotic on the reduction of cancers

Emerging research suggests that postbiotics, the
metabolic byproducts of probiotic bacteria, may offer a
promising approach for the prevention and management
of various types of cancer. Postbiotics have been
observed to exhibit a wide range of anti-cancer
properties, including the ability to inhibit tumor growth,
induce apoptosis in cancer cells, and modulate the
immune system [190, 191]. In preclinical studies,
postbiotic supplementation has been shown to reduce
the incidence and progression of colorectal cancer,
breast cancer, and skin cancer [192-194]. The

underlying mechanisms involve the ability of

postbiotics to regulate inflammatory pathways, enhance
antioxidant defenses, and inhibit the activity of
carcinogenic enzymes [195].

Postbiotics have also been found to enhance the
efficacy of conventional cancer therapies, such as
chemotherapy and radiation therapy, by sensitizing
cancer cells to these treatments and reducing the side
effects [196]. This is particularly relevant in the context
of colorectal cancer, as postbiotics can improve the
intestinal barrier function and reduce the toxicity
associated with chemotherapeutic agents [197]. While
the current evidence suggests the potential of postbiotics
in cancer prevention and treatment, further research is
needed to elucidate the specific mechanisms of action,
optimal dosing, and the impact on different cancer types.
Additionally, more clinical trials are necessary to
validate the efficacy of postbiotic interventions in

human subjects.

Prospective role of postbiotics in mental health

The COVID-19 pandemic has had a significant
mental health impact, beyond direct mortality. Survivors
of COVID-19 have experienced emotional, physical,
and financial challenges, leading to issues like despair,
anxiety, and post-traumatic stress disorder (PTSD)
[198]. "Brain fog" - cognitive deficits like abnormal
cognition, memory loss, depression, and anxiety - has
emerged as a serious post-COVID health concern,
though the underlying mechanisms are not fully
understood [199]. Gut dysbiosis and disruption of the
gut-brain axis may play a role. These postbiotics, which
are beneficial metabolites produced by probiotics, have
been found to influence brain functions and behaviours
through the gut-brain axis, potentially improving
gastrointestinal activity, stress responses, and mental
health conditions such as anxiety and depression [200-
203]. Postbiotics can influence this axis through several
pathways, including the production of
neurotransmitters, the modulation of the hypothalamic-
pituitary-adrenal (HPA) axis, and the regulation of
immune responses [204]. Studies mentioned by Braga et
al. [205], show that postbiotics can produce
neurotransmitters such as acetylcholine, dopamine,
gamma-aminobutyric acid (GABA), catecholamines,
and serotonin, all of which are essential for the proper
functioning of the brain and the maintenance of mental

health. These neurotransmitters are involved in
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regulating mood, cognition, and emotional processing,
and their imbalance has been linked to various mental
health disorders, including depression and anxiety
[206].

While more clinical studies are needed to fully
support their use, the potential of postbiotics in mental
health is a promising area for future research and
development. Nonetheless, the current evidence
suggests that the integration of postbiotics into
comprehensive mental health treatment strategies holds
promise for improving the well-being and quality of life
of individuals affected by the lasting consequences of
the COVID-19 pandemic.

General health benefits: Postbiotics

Mounting evidence suggests that non-viable
microbial components and metabolites, collectively
termed postbiotics, exert significant physiological
benefits on the host (Vinderola et al., 2022). Unlike
traditional probiotics, which require live colonization to
exert their effects, postbiotics offer several advantages
due to their ability to function independently of viability
(Karbowiak et al., 2022). One key advantage of
postbiotics is their enhanced bioactivity compared to
their parent probiotic strains (Jakub Zétkiewicz et al.,
2020). This improved functionality makes them
attractive for a wide range of health applications. Studies
have demonstrated that postbiotics can modulate the
immune system, protect against immune disorders,
improve intestinal barrier function, and influence the gut
microbiome composition, all of which contribute to
overall health (Ji et al., 2023; Liu et al., 2021; Zhao et
al.,2024).An intriguing application of postbiotics lies in
their ability to combat bacterial biofilms, a significant
concern in the food industry due to their increased
resistance to antimicrobials (Che et al., 2024). Research
has shown that postbiotics can effectively disrupt and
eliminate biofilms formed by various food-borne
pathogens, thereby enhancing food safety (Khani et al.,
2023).

The versatility of postbiotics extends beyond their
therapeutic potential. By circumventing the challenges
associated with the viability and survival of live
probiotics, postbiotics offer a more stable and
potentially more effective alternative for various
applications in human and animal health, as well as in
the food industry (Liang & Xing, 2023; Prajapati et al.,

2023). As research in this field continues to flourish, the
therapeutic and practical applications of postbiotics are
likely to expand further, solidifying their position as a
promising category within the realm of microbial-based

therapeutics and functional ingredients.

Current landscape of commercialized
postbiotics

Postbiotics are a versatile and stable alternative to
probiotics, making them suitable for various commercial
applications in multiple industries. Postbiotics are
becoming increasingly recognized for their unique
properties, from improving gut health in functional
foods and beverages to providing targeted dietary
supplements, cosmetics, and skincare benefits [49,176-
178]. Their potential extends beyond human health,
including animal feed, pet care, pharmaceuticals,
agriculture, and personalized nutrition [144,149,179].
The following sections explore the expanding use of
postbiotics and their impact on product innovation and
health solutions.

Functional foods and beverages

Postbiotics can be incorporated into dairy products
and non-dairy beverages to enhance their functional
properties [211, 212]. Postbiotics can be included in
fermented dairy products like yogurt, cheese, and kefir
to fortify the dairy product with antioxidants and to help
maintain the viability of probiotics in the products. As
an example, Yousefvand et al [211] explore the
incorporation of Bifidobacterium animalis subsp. lactis
BB12-derived postbiotic powders (PP) into low-fat
yogurt to enhance its functional properties, particularly
focusing on antioxidant activity, physical properties,
and consumer acceptability over a 21-day storage
period. Despite the similar viability of starters
(Streptococcus ~ thermophilus  and  Lactobacillus
delbrueckii subsp. bulgaricus) (>8.5 log cfu/g), this
study found that PP improves the antioxidant and
physicochemical properties of low-fat yogurt by nearly
doubling the values in samples without it. PP from skim
milk had no effect on the product's mouthfeel, flavor, or
acceptability. The study supports the potential of
postbiotic fortification as a method of producing yogurt
with improved functional properties, specifically
increased antioxidant activity. Importantly, the physical
integrity and consumer appeal of the yogurt were
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preserved, especially with postbiotics derived from skim
milk or a mixture of media. These findings highlight the
versatility of postbiotics as functional ingredients in
dairy products, providing health benefits while
maintaining product quality.

Beyond their ability to enhance the
antioxidant capacity of dairy products, postbiotics hold
great promise as biopreservatives in non-dairy
beverages. This alternative approach is particularly
relevant in combating foodborne illnesses caused by
bacterial pathogens like Salmonella, Escherichia coli,
Yersinia, Campylobacter, and Listeria monocytogenes,
as well as fungi such as Aspergillus and Fusarium.
Given these benefits, postbiotic supplementation could
be a promising option for lowering the prevalence of
infectious diseases in populations. Incorporating
postbiotics derived from beneficial strains like
Lactobacillus, Bifidobacterium, and Saccharomyces
cerevisiae var. boulardii into food products can improve
their quality and shelf life by acting as natural
preservatives [212, 213]. Unlike traditional antibiotics
in the food industry, postbiotics provide a safer, more
sustainable alternative by utilizing antimicrobial
compounds such as organic acids, fatty acids, and
bacteriocins [212].

Chuah et al. [214] reported the potential of
Lactobacillus brevis C23, co-cultured with different
LAB strains, to produce significant amounts of y-
aminobutyric acid (GABA) and bacteriocin-like
inhibitory substances (BLIS), both of which offer health
and food preservation benefits. Using response surface
methodology (RSM), a coconut-based medium was
optimized to maximize GABA (3.22 mg/mL) and BLIS
production (84.40% activity). The resulting postbiotic,
derived from the cell-free supernatant, exhibited
superior antioxidant activity compared to conventional
preservatives like nisin and potassium sorbate.
Microbiological tests further demonstrated its enhanced
effectiveness against LAB, molds, and coliforms,
positioning it as a promising natural food preservative.
This study highlights the ability of postbiotics to inhibit
harmful microorganisms and neutralize toxins without
promoting antibiotic resistance. In addition, the
presence of GABA may provide health benefits such as
antioxidant and anti-inflammatory effects. As resistance
grows, postbiotics provide a novel solution to food
safety while also improving functional foods. Their

potential as stand-alone agents or adjuvants to
antibiotics opens up new, natural food preservation

options.

Dietary supplements

Postbiotics are emerging as a promising addition
to the dietary supplement industry, offering benefits in
immune regulation, anti-inflammatory effects, and
gastrointestinal health [25, 209, 215]. Unlike probiotics,
postbiotics consist of inanimate microbial cell fractions
or lysates that contain metabolites such as short-chain
fatty acids, which retain functional health benefits
without requiring live microorganisms. Furthermore,
postbiotics provide greater safety benefits than
probiotics, as there is no risk of intestinal translocation,
bacterial resistance, or worsening of local inflammation
[216]. This unique characteristic enhances their stability
and makes them an attractive option for various
supplement formulations, including capsules, powders,
and gummies [215].
Capsules and tablets are convenient for consumers who
prefer precise dosing and portability [217, 218]. Since
postbiotics do not require refrigeration and are stable
during storage, they offer an advantage over probiotics,
which are more sensitive to environmental factors [212].
Postbiotic powders provide a versatile option for
consumers who prefer to incorporate supplements into
drinks or meals [211, 215]. They can easily be mixed
into smoothies or other beverages, allowing for higher
doses and combinations with other functional
ingredients like vitamins, fibers or probiotic lysate
powder [219]. Gummies and chewables appeal to both
adults and children who prefer non-pill formats, offering
a more enjoyable and palatable way to consume
postbiotics while promoting consistent use [216-218].
The expanding research on postbiotics highlights their
potential to support gut health and immune function,
positioning them as a valuable addition to the health
supplement market. Research has demonstrated that
postbiotic gummies can enhance immune function and
reduce inflammation by modulating the gut microbiota.
In a recent randomized-controlled trial, Singh et al.
[220] evaluated the efficacy of an EpiCor yeast
postbiotic gummy containing 250 mg of dried yeast
fermentate. The study found that healthy children who
took the postbiotic gummy experienced significantly
reduced cold/flu symptom severity and required less
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cold/flu medication compared to those in the placebo
group. As a result, postbiotic gummies made from dried
yeast fermentate have been shown to improve immune
function in children.

Another double-blind, randomized, placebo-controlled
clinical trial found that daily consumption of
galactooligosaccharide gummies improved constipation
symptoms, gut dysbiosis, depression levels, and quality
of life in sedentary university teaching staff [221]. The
same study describes the restoration of gut dysbiosis by
increasing lactic acid bacteria such as Bifidobacterium
and Lactobacillus by 1230% and 322%, respectively,
while decreasing the Clostridium bacteria group, which
is commonly associated with inflammation. These
studies show that postbiotics offer a safe and stable
alternative to probiotics, providing immune-regulating,
anti-inflammatory, and gut health benefits without the
risks of live microorganisms. Their stability supports
various supplement forms, particularly gummies, which
have effectively enhanced immune function and
improved gut health in children and adults, positioning

postbiotics as a valuable addition to health supplements.

Cosmetics and skincare products

The skincare and cosmetics industry is
increasingly incorporating postbiotics due to their
beneficial effects on skin health. A key aspect of these
"cosmeceuticals" is the growing understanding of the
biochemical composition of the skin's natural microbial
flora, known as the microbiome. The ability to
manipulate the skin microbiome to treat various skin
conditions has opened up new treatment pathways. It
began with probiotics in cosmetic applications, defined
as "live microorganisms with health-enhancing
properties mediated through ingestion or topical
application to the host." Scientists have been intrigued
by the bioactive compounds in probiotic cell fractions
and lysates, leading to the use of postbiotics in
cosmeceuticals to modulate the skin microbiome for
skin health. Postbiotics contain bioactive compounds
such as short-chain fatty acids, bacteriocins, and organic
acids, which have antimicrobial, immunomodulatory,
antioxidant, and anti-inflammatory properties that may
inhibit the growth of some pathogenic or opportunistic
skin pathogens and promote the development of healthy,
normal flora in the skin [50, 222].

Given the documented health benefits of postbiotics,
such as their ability to improve the skin barrier, reduce
inflammation, and promote balance and diversity in the
skin microbiome, these bioactive compounds are
increasingly recognized for their use in a wide range of
skincare product categories. This includes anti-aging
products, acne treatments, sensitive skin care,
moisturizers, and lotions. The multifaceted effects of
postbiotics  highlight their importance in the
development of innovative skincare solutions that
address specific dermatological concerns while also
contributing to overall skin health and resilience. For
example, a recent study investigated the effects of
Epidermidibacterium keratini (EPI-7) ferment filtrate, a
postbiotic derived from novel actinobacteria, on skin
aging through a randomized split-face clinical trial with
Asian women [223]. Key findings revealed that EPI-7
significantly improved skin barrier function, elasticity,
and dermal density compared to a placebo. Additionally,
the postbiotic increased skin microbiome diversity,
notably enhancing the abundance of beneficial microbes
such as Cutibacterium, Staphylococcus, and
Corynebacterium. The study suggests that EPI-7
postbiotics, which contain orotic acid, may reduce skin
aging by positively modulating the skin microbiota.
One of the postbiotics reported to possess anti-acne
properties is LactoSporin, an extracellular metabolite
purified from the fermented broth of Bacillus coagulans
MTCC 5856, which contains a Bacillus ferment filtrate
extract. In a recent randomized, comparative clinical
study, LactoSporin® 2% w/w cream was evaluated
against benzoyl peroxide for the treatment of mild-to-
moderate acne. Both treatments demonstrated
significant improvements in skin condition, with
LactoSporin notably reducing skin oiliness. The study
established that LactoSporin is equally effective as
benzoyl peroxide for acne treatment and may be
beneficial for other seborrheic conditions. The proposed
mechanism of LactoSporin's antimicrobial activity
involves a reduction in pH, inhibition of microbial
biofilms, and disruption of ion transport in targeted cells
[224].

Thus, the capacity of postbiotics to improve skin barrier
function, elasticity, and dermal density, while
simultaneously modulating the natural flora of the skin
microbiome and exhibiting antimicrobial activity

through skin pH regulation, which may inhibit microbial
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biofilms, makes postbiotic lysates well-suited for use as
active ingredients in moisturizers, lotions, and products
formulated for sensitive skin. Postbiotics enhance skin
hydration and strengthen the skin barrier by promoting
the production of natural moisturizing factors (NMFs)
[225]. The incorporation of postbiotics into skincare
formulations represents a significant advancement,
capitalizing on their natural, microbiome-friendly
properties to address a range of dermatological concerns
and enhance skin health. Their versatility and efficacy in
anti-aging, acne treatment, sensitive skin care, and
moisturization have positioned postbiotics as a focal

point in contemporary cosmetic product development.

Green feed additives

Postbiotics are gaining increasing recognition in
animal nutrition due to their ability to confer health
benefits similar to probiotics without the complexities
associated with maintaining live bacterial cultures. As
non-viable microbial byproducts, postbiotics offer
immunomodulatory effects and contribute to enhanced
gut health in both livestock and companion animals
[226]. In livestock feed, they have demonstrated the
capacity to improve gut integrity and bolster immune
responses in species such as poultry, swine, and cattle,
ultimately leading to improved productivity and a
reduced reliance on antibiotics [227]. For companion
animals, including dogs and cats, postbiotics can be
formulated into supplements to promote digestive
health, alleviate skin conditions, and boost overall
immunity. The growing adoption of postbiotics in
animal nutrition underscores their potential as a safe and
effective alternative to traditional probiotics.
One example of the successful application of postbiotics
in aquaculture health was reported by Wang et al. [228].
The study demonstrated that dietary postbiotics that
contain cell lysates of Bacillus, Lactobacillus, and yeast
Saccharomyces species could potentially be used as an
alternative to antibiotics in aquaculture, as demonstrated
in juvenile oriental river prawns (Macrobrachium
nipponense).  Supplementing 0.76% to 2.66%
postbiotics in feed significantly enhanced growth
performance, survival rate, antioxidant capacity, non-
specific immunity, and gut health compared to the
antibiotic florfenicol. Postbiotics improved immune
gene expression and gut morphology, supporting their

use as a safer and more sustainable approach to

enhancing aquatic animal health without the adverse
effects of antibiotics.

Another significant finding on the application of
postbiotics in aquaculture health is the improvement of
metabolism and gut health of common carp (Cyprinus
carpio). Yu and colleagues [229] discovered that
postbiotic stress worry-free concentration® (SWFC)
derived from the culture supernatant of Cetobacterium
somerae and Lactococcus lactis has the potential to
improve aquaculture health. SWFC supplementation
(0.2-0.3 g/kg) improved skin mucus, liver, gut, and
immune function while decreasing inflammation and
oxidative stress. SWFC also improved gut microbiota
balance, boosting beneficial bacteria like Cetobacterium
while decreasing harmful genera like Vibrio.

Meng and colleagues [230] also reported the successful
application of psotbiotic as a green feed additive in
Cyprinus carpio. The study found that dietary
supplementation with a paraprobiotic-postbiotic (CPP)
compound from autochthonous Saccharomyces
cerevisiae, Bacillus velezensis, and Cetobacterium
somerae (at biomass of 1 X 10,2 x 10, and 5 x 10 cells/g)
significantly improved health in high-fat-fed Cyprinus
carpio without affecting growth performance. CPP (at 2
g/kg) improved liver and gut health by reducing lipid
deposition, enhancing antioxidant capacity, and
alleviating inflammation. It also strengthened non-
specific immunity, as indicated by increased epidermal
mucus complement and superoxide dismutase (SOD)
activity. CPP supplementation reportedly improved gut
microbiota balance by increasing the abundance of
beneficial bacteria such as Cetobacterium. These
findings suggest that postbiotics, particularly nonviable
cell lysates, are an effective green alternative to
traditional feed additives, offering enhanced benefits by
reducing inflammation and oxidative stress in
aquaculture. They overcome the limitations of
probiotics, making them ideal for use in intensive
farming systems.

The supplementation of postbiotics could also enhance
nutrient digestibility and milk productivity in dairy
cows. For example, a study carried out by Vicente et al.
[231] shows that supplementation of postbiotics derived
from Saccharomyces species in dairy cows during the
transition period offers significant health benefits,
including improved nutrient digestibility, enhanced

colostral immunoglobulin concentration, and increased
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milk production. The study demonstrated that
postbiotics improve dry matter intake and the
digestibility of organic matter and fiber, especially in
late gestation and early lactation. Cows receiving
postbiotics also showed higher milk yields with better
fat and protein content, along with more persistent
lactation performance. The findings underscore the
potential of postbiotics as valuable feed additives in
promoting sustainable farming practices. By supporting
healthier, eco-friendly animal feed, postbiotics improve
the quality of food resources while also helping maintain
public health, thus aligning with green farming and food

security goals.

Agriculture and plant health

Postbiotics are health-promoting agents not only
in animal and human nutrition but also in agriculture.
Their potential applications as pesticide alternatives are
in line with reported immunomodulatory effects and the
growing demand for environmentally friendly farming
practices. In the context of sustainable and organic
farming, the search for environmentally friendly
alternatives to chemical pesticides is critical [232, 233].
Postbiotics have the potential to enhance plant resilience
against pests, reducing the need for synthetic chemicals
that can be harmful to ecosystems [233, 234].
Postbiotic formulations can stimulate the plant's innate
immune responses, enhancing its ability to resist pest
infestations. For example, certain postbiotic metabolites
have been found to induce the production of plant
defense-related hormones such as salicylic acid and
jasmonic acid. These hormones are involved in systemic
acquired resistance (SAR) and induced systemic
resistance (ISR) pathways, which help plants fend off
insect pests and microbial pathogens. By activating
these natural defense mechanisms, postbiotics can
improve the plant's tolerance to environmental stresses,
including pest attacks [235]. Manikandan et al. [236]
also concluded that postbiotics derived from microbial
agents such as Bacillus and Streptomyces spp. were a
promising alternative to chemical treatments for plant
pathogen control. These postbiotics activate plant
immune pathways and provide biocontrol benefits,
boosting plant resistance to Dbiotic stresses and
promoting growth. By reducing the reliance on harmful
agrochemicals, postbiotics contribute to sustainable

agricultural practices and environmental preservation.

Their incorporation into crop management strategies not
only helps to reduce disease-related losses, but also
promotes environmentally friendly and humane food
production systems.

From an economic standpoint, postbiotics could offer
cost-effective alternatives to conventional inputs. While
the initial development and production of postbiotic
products may require investment, their potential to
enhance crop yields, reduce input costs, and mitigate
losses from disease and pests could provide long-term
benefits for farmers. Furthermore, postbiotics are
biodegradable and less likely to contribute to
environmental contamination, making them an
attractive option for farmers seeking to adopt greener
practices [232-234]. However, further research is
needed to better understand the mechanisms by which
postbiotics influence plant health and soil microbiomes,
as well as to develop standardized formulations for
agricultural use. With continued advancements in the
field, postbiotics may play a pivotal role in shaping the

future of sustainable agriculture.

The commercialization of postbiotic-based
products: Challenges and the way forward

The commercialization of postbiotic-based
products faces several challenges that need to be
addressed for these products to gain wider acceptance in
the functional food and dietary supplement markets.
These challenges include a lack of standardization,
regulatory uncertainty, quality control in production,
limited scientific validation, low consumer awareness,
and cost-intensive manufacturing processes [31, 237-
239].

A major challenge in postbiotic commercialization
is the need for clear definitions and standards. While
probiotics and prebiotics have regulatory frameworks,
the term "postbiotics" lacks a universally accepted
definition [238]. This creates confusion for
manufacturers and consumers and complicates product
labeling and marketing. The European Food Safety
Authority (EFSA) and the United States Food and Drug
Administration (FDA) have strict probiotic guidelines,
but there is little guidance for postbiotics.

Global regulatory frameworks should explicitly
incorporate postbiotics, as defined by ISAPP as
inanimate microorganisms providing health benefits

[56, 240]. This integration would enhance clarity and
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consistency in safety, efficacy, and labeling
requirements, promoting global acceptance of postbiotic
products. While progress in North America, Europe,
Asia, and Australia indicate a favorable trend, further
alignment with existing regulatory systems is essential
for solidifying their status. The Codex Alimentarius
(FAO/WHO), for example, should develop guidelines
for food safety and hazard analysis in postbiotic
production.

In Europe, postbiotics are classified under the
European Food Safety Authority’s (EFSA) Novel Foods
Regulation (EU) 2015/2283. This regulation
necessitates the provision of evidence regarding the
safety, stability, and health claims associated with these
substances. Furthermore, the Qualified Presumption of
Safety (QPS) list catalogues microbial strains that have
received pre-approval for safety, thereby facilitating
their use in food products [241]. In the United States, the
U.S. Food and Drug Administration (FDA) classifies
postbiotics as Generally Recognized as Safe (GRAS)
when they meet established safety criteria. Additionally,
dietary supplements that contain postbiotics are required
to adhere to the provisions of the Dietary Supplement
Health and Education Act (DSHEA) as well as current
Good Manufacturing Practices (¢cGMP) standards. This
regulatory framework is essential to ensure the quality
and safety of such products in the marketplace [242].

In Japan, the Food for Specified Health Uses
(FOSHU) system is instrumental in approving
functional foods, including postbiotics, based on
substantiated health benefits [56]. Conversely, in
Malaysia, while the Food Act of 1983 and the Food
Regulations of 1985 govern safety assessments and
health claims, the inclusion of postbiotics in regulatory
standards remains absent. This discrepancy highlights
the varying degrees of regulatory frameworks governing
the recognition and incorporation of postbiotics within
the health food sector across different nations. Due to a
lack of clear legal frameworks, companies struggle to
categorize postbiotics as functional foods or dietary
supplements [239]. This regulatory uncertainty slows
down the approval process and restricts market access.

A robust quality control (QC) system, coupled
with a comprehensive legal framework, is essential for
ensuring the safety, efficacy, and consistency of
postbiotics. In response to the growing demand for
standardized practices, the China Nutrition and Health

Food Association (CNHFA) has embarked on an
initiative to develop industry standards aimed at
quantifying postbiotics. This initiative integrates
advanced methodologies, including flow cytometry and
polymerase chain reaction (PCR) techniques,
specifically tailored to quantify inactivated microbial
cells. Such efforts are anticipated to enhance the rigor
and consistency of postbiotic measurement across the
industry, thereby facilitating improved quality assurance
and regulatory compliance in health food products.

The postbiotic quality control system could be
designed to encompass five critical stages of production:
raw material sourcing, fermentation, post-fermentation
processing, final product testing, and packaging and
labeling. The utilization of high-quality raw materials is
of paramount importance; microbial strains must be
well-characterized, non-pathogenic, and adhere to the
European Food Safety Authority's (EFSA) Qualified
Presumption of Safety (QPS) or the Food and Drug
Administration's (FDA) Generally Recognized as Safe
(GRAS) status [241]. Furthermore, the substrate
employed during fermentation must be free from
contaminants, such as heavy metals and pesticides, and
maintain a consistent composition to ensure
reproducibility of results.

To optimize and standardize the production of
bioactive compounds, fermentation parameters,
including temperature, pH, oxygen levels, and time,
must be meticulously controlled[243]. Rigorous
contamination control measures, inclusive of aseptic
procedures, sterilized equipment, and ongoing microbial
testing, must be implemented to safeguard the integrity
of the process. Subsequent to fermentation, the quality
control system must incorporate critical post-
fermentation quality control steps, which include
metabolite separation, purification, and the removal of
by-products [244]. Heat treatment techniques can
effectively ensure microbial inactivation in non-viable
postbiotics while preserving their bioactive properties.

Comprehensive testing of the final postbiotic
product is requisite in confirming product quality.
Analytical techniques such as high-performance liquid
chromatography (HPLC) or gas chromatography-mass
spectrometry (GC-MS) can be employed to
quantitatively measure bioactive metabolites [245, 246].
Microbial analysis is necessary to confirm the absence

of pathogens, including Escherichia coli and Salmonella
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spp. Stability testing is essential for determining the
shelf life of postbiotics, while functional assays serve to
validate health benefits, such as antioxidant activity
[245]. At the final stage of production, optimal
packaging solutions must be employed to protect the
product from detrimental environmental factors,
including light and moisture [247, 248]. Labels must
accurately communicate product composition, usage
instructions, storage conditions, and dosage information
to ensure safe consumer use.

It is crucial that the QC system aligns with the
latest global postbiotic regulations. The implementation
of International Organization for Standardization (ISO)
standards such as ISO 22000 pertaining to food safety
management and ISO 17025 addressing laboratory
competence in testing and calibration will significantly
enhance the credibility and accessibility of postbiotic
products. Furthermore, certifications like Non-GMO
Project Verified, Halal, and Kosher are instrumental in
fostering consumer trust and promoting cultural
acceptance, particularly within the Southeast Asian and
Middle Eastern markets.

Aside from a lack of standardization and
regulatory uncertainty, the commercialization of
postbiotic products necessitates strong scientific
evidence to support health claims. While in vitro and
animal studies have shown that postbiotics can be
beneficial, large-scale clinical trials in humans are still
limited. Thus, companies face difficulties in making
substantiated claims about their products due to the
scarcity of substantial clinical evidence. Unlike popular
probiotics, consumer awareness of postbiotics needs to
increase [149]. Companies must invest in educating
consumers about the advantages of probiotics and
prebiotics. With this awareness, it will be easier to
generate consumer demand and adopt postbiotic-based
products.

The need for substantial scientific and well-
characterized postbiotic properties chemically and
biologically, as well as clinical evidence in humans, may
result in higher manufacturing costs. The mechanisms
supporting postbiotic production range from traditional
fermentation methods to advanced enzyme conversion
and synthetic biology techniques, which require precise,
high hygiene and quality control standards [31].
Moreover, the cost of manufacturing postbiotics can be

higher due to the additional steps required to produce

and purify bacterial metabolites. Thermal treatments,
such as pasteurization or heat inactivation, are widely
used to inactivate microorganisms and release their
cellular contents, making them a common method for
producing inanimate microorganism lysates. However,
non-thermal methods, like high-pressure treatments,
ionizing radiation, or enzymatic processes, are also
gaining traction as alternative approaches for postbiotic
preparation, particularly when preserving bioactive
components is essential [149]. As a result, the high
production costs may be passed on to consumers,
affecting the competitive price of postbiotic products.

Thus, while postbiotics have significant potential as
functional ingredients in animal and human health
products, several challenges must be overcome to
achieve commercial success. These include the need for
standardized definitions, clearer regulatory frameworks,
more robust scientific validation, improved consumer
awareness, and cost-effective manufacturing processes.
Addressing these challenges will be critical in unlocking
the full market potential of postbiotic-based products

and advancing their role in sustainable health practices.

Conclusion and future recommendations

In conclusion, the exploration of postbiotics and
their potential health effects has shed light on a
fascinating field of research with promising
applications. However, it is essential to address the
misconceptions surrounding postbiotics to ensure
accurate understanding and maximize their potential
benefits. Through this review, we have discussed several
misconceptions related to postbiotics and provided
insights into the scientific basis behind postbiotics, their
potential health effects, and the challenges faced in
postbiotic research. Postbiotics are a diverse group of
compounds produced by probiotic microorganisms
during fermentation. It has demonstrated various health-
promoting properties, including immunomodulatory,
anti-inflammatory, antioxidant, and antimicrobial
effects. The scientific basis behind postbiotics lies in
their interactions with the host, particularly the gut
microbiota, immune system, and other physiological
processes. Understanding the mechanisms of action
underlying postbiotics is crucial for identifying specific
targets, signaling pathways, and cellular responses
involved in their effects. Misconceptions, such as

considering postbiotics as synonymous with probiotics
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or overlooking their compositional variability, hinder
our understanding of their true potential.
Overgeneralization of health effects and the need to
recognize inter-individual variability are important
considerations in postbiotic research and personalized
interventions. Future directions in postbiotic research
include standardization, regulatory considerations,
exploration of therapeutic applications, integration of
multi-omics approaches, and long-term safety
evaluations.

Collaboration among researchers, industry
stakeholders, and regulatory agencies is crucial for
advancing postbiotic research and translating it into
practical applications. By dispelling misconceptions,
conducting rigorous research, and addressing the
challenges in postbiotic research, we can unlock the full
potential of postbiotics in promoting human health. This
rapidly evolving field holds promise for personalized
interventions, improved therapeutic strategies, and
advancements in precision medicine. As our
understanding deepens, postbiotics are poised to play an
increasingly important role in enhancing human well-
being and fostering a healthier future. Postbiotics
possess favorable influence on the host, are compounds
and/or cellwall constituents produced by living bacteria
or liberated after bacterial lysis. Even if the precise
mechanisms are still unclear, postbiotics may help the
health of host by imparting certain physiological
advantages. To enable the discovery and
characterization of newer postbiotics, which can help
with the comprehension of signaling pathway alteration,
more research is still required. Postbiotics, whether as
bacteria’s components or metabolites, offer benefits and
can mimic probiotics’ favorable therapeutic effects.
They do so without putting the body at risk of receiving
live germs. Advances in cytobiotics, a subset of
postbiotics with selective anticancer properties,
underscore the therapeutic potential of these
innovations. Such developments align with the vision of
using food as medicine, paving the way for sustainable
health solutions. There have been reports of their
anticancer,  anti-obesogenic,  immunomodulatory,
metabolic, and antioxidant effects. In addition to in-vitro
and in-vivo research, postbiotics have been studied in
the food industry too. They are known to have a longer
shelf life than other biotics, as well as easier storage,
handling, and transportation. Postbiotics could be a

viable therapy option for human patients, paving the
path for the development of new pharmaceutical and
food items with specialized physiological effects. As of
today, the entire world is afflicted by the COVID-19
epidemic, and efforts are being made to combat and
contain the situation. However, the long-term
consequences must be thoroughly examined. The
widespread use of repurposed medicines and antibiotics
will harm our gut microbiota, and there may be another
threat lurking behind COVID-19. As a result, it
reminded us of an old proverb from our forefathers: “It’s
all about gut feelings”. Keeping this perspective in
mind, our “buddy bugs” have given us “carte blanche”
to investigate postbiotics as treatments. Exploring the
human internal bioreactor may be a light of hope in the
midst of heavy clouds; consequently, a vision of
“precision postbiotics” will undoubtedly emerge.
However, it is worth noting that the future lies in
merging the benefits of probiotics, prebiotics, and
postbiotics into comprehensive solutions termed
“futuristic probiotics”. This holistic approach leverages
live cells, their metabolites, and synergistic prebiotic

compounds.
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