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Abstract

Background/Objectives: Antimicrobial resistance (AMR), microbiota disruption, and
chronic inflammation have intensified the search for alternative and complementary an-
timicrobial strategies. Probiotics and plant-derived bioactive compounds (phytochemi-
cals) are increasingly being investigated as microbiota-supporting, immunomodulatory,
and antimicrobial agents. This review synthesizes the current evidence on probiotic—
phytochemical interactions, with particular emphasis on mechanisms relevant to antimi-
crobial synergy, gut barrier reinforcement, microbiota modulation, and translational de-
velopment. Methods: A narrative literature review with a structured search strategy was
conducted using major scientific databases, including PubMed, Scopus, EBSCO, Google
Scholar, SpringerLink, Wiley Online Library, and Taylor & Francis, and open reposito-
ries. Publications from January 2016 to April 2026 were considered, with an emphasis on
experimental, preclinical, clinical, and mechanistic studies addressing the combined use
of probiotics, postbiotics, plant extracts, or defined phytochemicals. Results: Available
evidence indicates that selected probiotic—-phytochemical combinations may enhance an-
timicrobial activity through complementary mechanisms, including pathogen membrane
destabilization, inhibition of adhesion and biofilm formation, quorum-sensing interference,
stimulation of probiotic viability and metabolite production, and biotransformation of
phytochemicals into more active derivatives. These interactions may also support epithelial
barrier integrity and immune regulation. However, the evidence remains heterogeneous
and is strongly influenced by probiotic strain identity, phytochemical composition, dose,
formulation, and the experimental model. Most studies are still limited to in vitro or animal
models, and clinical validation remains scarce. Conclusions: Probiotic-phytochemical com-
binations represent a promising but insufficiently standardized strategy for antimicrobial
and microbiota-targeted interventions. Future progress requires chemically characterized
plant preparations, strain-level probiotic selection, harmonized synergy assays, advanced
delivery systems, and well-designed clinical trials.
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1. Introduction

Antimicrobial resistance (AMR), primarily driven by the overuse and misuse of an-
tibiotics, is a significant global health threat. It is closely linked to increased morbidity,
mortality, economic burden, disruption of the gut microbiota, and weakened host immunity.
As frontline antibiotics lose their effectiveness, innovative and ecologically sustainable
antimicrobial strategies are urgently needed [1-3].

In recent years, probiotics have gained considerable attention as potential adjuncts and
alternatives to conventional antimicrobial therapies. Probiotics are live microorganisms that,
when consumed in adequate amounts, confer health benefits to the host [4]. Classical lactic
acid bacteria (LAB), including Lactobacillus sensu lato strains, exert broad antagonistic effects
through competitive exclusion, immune modulation, biofilm interference, and production
of antimicrobial metabolites such as organic acids, bacteriocins, and hydrogen peroxide.
These antagonistic effects include the occupation of adhesion sites on mucus and epithelial
surfaces, competition for fermentable carbohydrates and amino acids, and strain-dependent
modulation of epithelial and dendritic cell (DC) responses [5-7]. These microbial products
are relevant to the concept of postbiotics, which are defined as preparations of inanimate
microorganisms and/or their components that confer health benefits to the host. In this
context, probiotic-derived metabolites (e.g., organic acids and bacteriocins) released by
live bacteria or after bacterial lysis contribute to postbiotic-mediated antimicrobial and
immunomodulatory effects [8]. Simultaneously, non-LAB probiotics, such as Bifidobacterium
spp., contribute to carbohydrate fermentation and acetate production [9,10], Bacillus spp.
offer enhanced technological and gastrointestinal stability owing to spore formation [11,12],
and Escherichia coli Nissle 1917 provides a well-characterized non-LAB probiotic model
with distinct colonization and immunomodulatory properties [13]. These properties make
them attractive candidates for clinical and biotechnological applications.

Plant-derived bioactive compounds have also gained attention because their antimicro-
bial, antioxidant, and immunomodulatory properties have been documented for centuries
in traditional medicines. Importantly, compounds that act as antioxidants in mammalian
tissues may exert pro-oxidant or redox-disruptive effects in bacterial cells, depending on
their concentration, redox state, and microbial physiology [14,15]. Phytochemicals such
as polyphenols, flavonoids, terpenoids, and alkaloids may inhibit pathogens through
membrane disruption, virulence and quorum-sensing (QS) interference, efflux pump inhibi-
tion, and prevention or disruption of biofilm formation, among other mechanisms [16-18].
Owing to these antimicrobial properties, many phytochemicals have been investigated
as antimicrobial-supportive agents and as natural preservatives [18]. Their potential is
particularly relevant in addressing the growing challenges of antimicrobial resistance and
drug-resistant pathogens [19]. Importantly, many plant extracts exhibit prebiotic prop-
erties, selectively promoting the growth and metabolic activity of beneficial probiotic
strains [20-22]. Prebiotics are substrates selectively utilized by host microorganisms, con-
ferring a health benefit [4]. Synbiotics are mixtures comprising live microorganisms and
substrate(s) selectively utilized by host microorganisms that confer a health benefit [4,23].

Despite these advances, most studies have examined probiotics and plant extracts in
isolation. Emerging evidence suggests that selected probiotic-phytochemical combinations
may exert complementary or synergistic multi-target effects, including enhanced antimi-
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crobial activity, biofilm disruption, modulation of redox and inflammatory pathways, and
support for intestinal barrier integrity. In some experimental settings, such combinations
may also contribute to antibiotic-sparing strategies by lowering the concentration of con-
ventional antimicrobials required for pathogen inhibition; however, this effect requires
confirmation using appropriate quantitative combination assays in future studies. This inte-
grated strategy aligns with modern ecological and systems biology perspectives, in which
the gut microbiota and its metabolic networks are viewed as dynamic ecosystems that can
be modulated using complementary, bioactive agents [24,25]. In 2023, Wishna-Kadawarage
et al. proposed the term “prophybiotic” to describe a formulation that combines a probiotic
microorganism with a plant extract in one preparation [26]. Related terminology has also
appeared in the literature; for example, Savelyeva et al. used the term “phyto probiotic com-
plex” for a natural preparation combining probiotic and plant-derived components [27].
In this review, we use the term “phytoprobiotic” as an operational descriptor for com-
bined formulations or intervention strategies that integrate probiotic microorganisms with
plant-derived bioactives/extracts to achieve complementary effects on the gut microbiota,
antimicrobial activity, and host-related outcomes. Because no standardized definition of
“phytoprobiotic” currently exists, the term is used here descriptively and should not be
interpreted as a formally established regulatory or consensus category.

Although several reviews have addressed probiotics, plant bioactives, or synbiotic-like
approaches, fewer studies have specifically integrated evidence on probiotic—plant bioactive
combinations while clearly distinguishing quantitatively confirmed synergy from additive
or complementary interactions. Therefore, this review provides a focused mechanistic
synthesis of the current knowledge on probiotic-phytochemical interactions, with particular
attention to documented synergy, methodological limitations, and translational relevance
for gut health, and their supportive role in gut-health-oriented and antimicrobial-supportive
strategies. We discuss the mechanistic foundations of probiotic action, chemical diversity,
and antimicrobial activity of plant bioactives and the emerging evidence for their combined
effects. By integrating mechanistic, ecological, and translational perspectives, this review
proposes a conceptual framework for evaluating probiotic—plant bioactive combinations as
microbiota-targeted strategies in the post-antibiotic era.

2. Methodology of the Review—Narrative Literature Review with
a Structured Search Strategy

The literature used in this narrative review with structured search was collected over
a period of three months using databases and platforms available through the library
system of the John Paul II Catholic University of Lublin (KUL), including Scopus, PubMed,
EBSCO, Google Scholar, De Gruyter, Springer Nature, Oxford University Press—Medicine
Collection, SAGE Premier, Science, SpringerLink, Taylor & Francis, Wiley Online Library,
and open repositories. The search covered publications from January 2016 to April 2026.
Keywords were used individually and in Boolean combinations, including: “probiotics”,

s /a7 /a7 7o

“postbiotics”, “metabolites”, “synbiotic”, “randomized controlled trials”, “meta-analyses”,
“phytochemicals”, “plant extract”, “in vitro”, and “antimicrobial action”, for example:
(probiotic* OR Lactobacillus OR Bifidobacterium OR Bacillus) AND (phytochemical* OR plant
extract* OR polyphenol* OR flavonoid*) AND (synerg* OR FICI OR checkerboard OR time-
kill OR co-culture) AND (gut OR microbiota OR inflammation OR chronic disease). The
inclusion criteria primarily focused on clinical trials (RCTs), in vitro studies, animal studies,
meta-analyses, and mechanistic reviews of the concurrent use of probiotics/postbiotics and
plant-derived substances for gut health and chronic disease prevention. Non-peer-reviewed
articles, case reports, and publications not available in English were excluded.

Additionally, operational definitions were used in this review:

https:/ /doi.org/10.3390/nul18132112


https://doi.org/10.3390/nu18132112

Nutrients 2026, 18,2112

4 of 69

e  Synergy: FICI < 0.5, or >2 1log10 CFU/mL reduction versus the best single agent in
time-kill assays.

Additive effect: 0.5 < FICI < 1.0;

Indifference: 1.0 < FICI < 4.0;

Antagonism: FICI > 4.0.

Complementary interaction: mechanistically consistent interaction without a formal

synergy test.

3. Mechanisms of the Antibacterial Action of Probiotic Microorganisms

Probiotic microorganisms employ a wide range of antibacterial strategies that work
together to suppress harmful bacteria, influence the balance of microbial communities,
and enhance the host immune system. These mechanisms are multifaceted, often over-
lapping, and involve both direct antagonism toward pathogens and indirect modulation
of host-microbe interactions [28]. Understanding these mechanistic layers is essential
for elucidating the antimicrobial and host-related functions of probiotics and provides a
mechanistic basis for interpreting their potential interactions (Figure 1).
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Figure 1. Overview of the principal mechanisms underlying the antimicrobial and host-modulatory
activity of probiotic microorganisms. These mechanisms include the production of organic acids and
short-chain fatty acids (SCFAs), secretion of bacteriocins and antimicrobial metabolites, biosurfactant-
mediated effects, competition for nutrients and adhesion sites, quorum-sensing interference, biofilm
inhibition, extracellular polymeric substance (EPS) disruption, epithelial barrier reinforcement, and
modulation of host immune responses. Together, these activities contribute to pathogen inhibition,
biofilm disruption, intestinal barrier protection, immune homeostasis, and improved overall gut
health. Abbreviations: AHL, acyl-homoserine lactone; Al-2, autoinducer-2; EPS, extracellular poly-
meric substances; IgA, immunoglobulin A; IL, interleukin; SCFA, short-chain fatty acid; TJ, tight
junction; TLR, Toll-like receptor; Treg, regulatory T cell; Th17, T-helper 17 cell.
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3.1. Production of Organic Acids and Environmental Acidification

LAB and Bifidobacterium species produce lactic, acetic, and other short-chain fatty
acids (SCFAs) that lower gut pH, creating unfavorable conditions for acid-sensitive
pathogens [28]. Quantitative analyses demonstrated strain-dependent differences in se-
cretion of organic acids, including SCFAs. For example, the Lacticaseibacillus rhamnosus
strain 484 isolated from human breast milk produced 14.11 mg/mL (~14.1 g/L) of L-lactic
acid after 24 h of cultivation, exceeding the production observed for the reference L. rham-
nosus GG strain (12.89 mg/mL), highlighting the inter-strain variability in acidification
capacity [29]. Interestingly, L. rhamnosus GG predominantly produces L-lactate and no
D-lactate was detected after 48 h of cultivation, with L-lactate concentrations exceeding
100 mmol/L, supporting its favorable metabolic profile for probiotic applications [29,30].
Furthermore, Lactiplantibacillus plantarum AC11S produced approximately 18 g/L of lactic
acid during lactose fermentation at pH 6.5 and 30 °C, illustrating the high acidification
potential characteristic of many lactic acid bacteria [31]. In vitro HPLC-MS/MS measure-
ments showed that Limosilactobacillus reuteri DSM 17938 and Bacillus clausii T produced the
highest amounts of acetate (644.3 & 7.2 and 602.0 £ 54.2 ng/mL, respectively), whereas
B. clausii strains also secreted detectable levels of propionate (up to 1.21 & 0.38 ng/mL)
and butyrate (2.70-3.04 ng/mL), highlighting the metabolic diversity among probiotic mi-
croorganisms [32]. Not all probiotic-mediated acidification relies predominantly on lactate
production. For example, the probiotic strain Clostridium butyricum MIYAIRI 588, which
belongs to lactate-utilizing bacteria (LUB), contributes to intestinal acidification mainly
through butyrate production, thereby supporting colonization resistance and illustrating
metabolic complementarity among probiotic species [33]. Such diversity may be beneficial,
as excessive D-lactate accumulation by certain lactic acid-producing bacteria has been
associated with D-lactic acidosis in susceptible individuals, particularly in patients with
short bowel syndrome [33,34]. Similarly, another LUB strain, C. butyricum TO-A, efficiently
converted lactate and acetate into butyrate, reaching concentrations of 5.05 & 0.82 mM in
the presence of both substrates and 7.64 & 0.67 mM in the presence of D-lactate and acetate,
demonstrating the strain’s capacity to act as an efficient butyrate supplier and emphasizing
the metabolic diversity among probiotic species [35].

Beyond simple acidification, undissociated organic acids diffuse across bacterial mem-
branes, dissociate in the neutral cytoplasm, and disrupt intracellular pH homeostasis,
thereby impairing key metabolic pathways [36]. This acidification is mainly local and
depends on fermentation intensity, buffering capacity, and intestinal region [28,36,37]. Acid-
sensitive pathogens include Clostridioides difficile, pathogenic E. coli, Listeria monocytogenes,
and Salmonella [28,36]. Intracellular acidification disrupts enzyme activity, ATP generation,
amino acid transport, and proton-gradient-dependent metabolism [36]. SCFAs, particularly
butyrate, support tight junction (T]) proteins, including occludin, claudin-1, and ZO-1,
inhibit NF-kB partly through histone deacetylase (HDAC)-dependent mechanisms, and
modulate cytokines such as IL-6, IL-8, TNF-«, and IL-10 [37,38].

3.2. Bacteriocin Production and Antimicrobial Peptides

Many probiotic and food-associated bacteria produce antimicrobial peptides (AMPs),
known as bacteriocins [39]. Representative examples include nisin, produced mainly by
Lactococcus lactis [40], plantaricin, produced by L. plantarum strains [41], and pediocins,
produced by Pediococcus spp. (e.g., pediocin PA-1 produced by P. acidilactici strains) [42].
These small, cationic, amphiphilic peptides primarily disrupt target cell membranes, induce
pore formation, inhibit cell wall or envelope synthesis; in some cases, indirect effects on QS-
regulated phenotypes have also been reported [43-46]. For example, bacteriocin Abp118
produced by Ligilactobacillus salivarius UCC118 has been reported to exhibit anti-listerial
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activity in animal models, whereas enterocin CRL35 produced by Enterococcus mundtii
RL35 showed activity against Listeria spp. and selected viral pathogens, highlighting the
broad antimicrobial spectrum of bacteriocins [47]. Similarly, pediocin PA-1 displayed
potent anti-listerial activity, with a minimum inhibitory concentration of 45 nM against
L. monocytogenes, and effectively suppressed pathogen growth in a model of the human
gut environment [42]. Furthermore, the two-peptide bacteriocin plantaricin NC8 «f3
permeabilized bacterial membranes and exhibited potent activity against Staphylococcus
aureus and Staphylococcus epidermidis, illustrating the membrane-targeting mode of action
characteristic of many bacteriocins [48]. Given the structural diversity of bacteriocins, only
representative mechanisms and antimicrobial targets are discussed here and summarized
in Figure 1.

In addjition to bacteriocins, some Bacillus strains also produce non-ribosomal lipopep-
tides, including surfactin and fengycin, which have biosurfactant and biofilm-disrupting
properties. These lipopeptides are synthesized by non-ribosomal peptide synthetases rather
than ribosomal translation. Surfactin and fengycin have been reported to affect pathogens
such as Campylobacter jejuni, S. aureus, and selected Gram-negative biofilm-forming bacte-
ria [49-51]. These lipopeptides destabilize microbial membranes through pore formation
and surface activity, contributing to activity against both planktonic pathogens and biofilm-
associated cells [49].

3.3. Competition for Nutrients and Adhesion Sites

Probiotics inhibit pathogen colonization through competitive exclusion, which in-
volves both the occupation of ecological niches and competition for host-associated bind-
ing sites and nutrients. Many probiotic strains adhere to intestinal mucus and mucins,
thereby limiting pathogen access to the mucosal surface and supporting colonization resis-
tance [52,53]. Adhesion may involve strain-specific surface molecules, including S-layer
proteins, mucus-binding proteins, exopolysaccharides, and other cell envelope structures
that interact with mucin and epithelial receptors. In some models, interactions with epithe-
lial adhesion-related molecules, such as E-cadherin- or integrin-associated pathways, have
been proposed [52]. For example, the specific adhesion factors of L. plantarum strains con-
tribute to host-microbe interactions and pathogen exclusion. The collagen-binding protein
of L. plantarum Lp91 exhibited anti-adhesive activity against enteric pathogens, thereby
promoting competitive exclusion and colonization resistance, whereas adhesion-related
proteins identified in L. plantarum HEAL9 and 299v have been implicated in persistence
within the intestinal mucus layer [54]. In addition, probiotic surface-associated microbial
patterns may be recognized by host pattern recognition receptors, including Toll-like re-
ceptors (TLRs), although these interactions are highly strain- and context-dependent and
should not be generalized across all probiotic taxa [52,53].

Probiotics also suppress pathogen proliferation by utilizing key nutrients, including
carbohydrates and amino acids, thereby reducing the resources available for competing
microorganisms [53]. For example, the probiotic strain E. coli Nissle 1917 contributed to
colonization resistance by competing with enterohemorrhagic E. coli (EHEC) O157 for mucus-
derived monosaccharides, including arabinose, galactose, N-acetylglucosamine, mannose, and
ribose, thereby occupying the same nutrient niche and limiting pathogen colonization [55].

3.4. Modulation of Host Immune Responses

The effects of probiotics on host immunity are highly strain-specific and depend on
microbial surface structures, secreted metabolites, host cell type, and inflammatory context.
Selected probiotic strains interact with intestinal epithelial cells, DCs, macrophages, and
other mucosal immune cells through microbe-associated molecular patterns (MAMPs)
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recognized by pattern recognition receptors, including TLRs [56,57]. However, these
interactions should not be generalized across all probiotic taxa because different strains
may induce distinct cytokine profiles and immune outcomes [58,59].

Some probiotic strains promote mucosal immune readiness by increasing secretory
IgA production, modulating DC maturation, and supporting balanced innate immune
responses [60-62]. For example, Lactobacillus delbrueckii subsp. lactis PTCC 174 and L. rham-
nosus ATCC 9595 may enhance anti-inflammatory mediators, such as IL-10, while mod-
ulating pro-inflammatory cytokines, including IL-12 and TNF-«, although the direction
and magnitude of these effects depend strongly on the strain, dose, and experimental
model [59]. Specific probiotic strains have been shown to support epithelial barrier in-
tegrity by modulating TJ-associated protein expression and reducing epithelial barrier
dysfunction [63-66]. For example, L. rhamnosus GG and Lacticaseibacillus paracasei IMPC2.1
mitigate lipopolysaccharide (LPS)-induced epithelial barrier dysfunction in Caco-2 cells
by regulating T] protein expression and autophagy-related pathways [63]. A multi-strain
formulation containing L. rhamnosus LR32, Bifidobacterium animalis subsp. lactis BL04, and
Bifidobacterium longum BB536 also improved epithelial barrier function by modulating tight
and adherens junction proteins [64]. In addition, Wang et al. demonstrated that even closely
related strains of the same species, such as L. plantarum P1 (CCFM200) and P2 (CCFM8610),
differed in their ability to restore TJ integrity in dextran sulfate sodium (DSS)-induced
colitis. Similar variability was observed for Lacticaseibacillus casei C1 (CCFM9) and Limosi-
lactobacillus fermentum F1 (CCFM437), highlighting that barrier-protective effects cannot be
inferred solely from species identity [65].

3.5. Quorum Sensing Interference (Quorum Quenching)

Several probiotic strains have been shown to disrupt QS, a critical communication
system that controls bacterial virulence, toxin synthesis, and biofilm development. By
breaking down or capturing autoinducers (Al), such as acylated homoserine lactones
(AHLs) and AI-2, probiotics can diminish pathogen virulence without applying the selec-
tive pressure typically linked to antibiotic use [67]. Mechanistically, quorum-quenching
may involve enzymatic degradation of AHLs by lactonases or acylases, interference with
AI-2 signaling, adsorption or sequestration of signaling molecules, and suppression of QS-
regulated virulence gene expression [67,68]. For example, L. reuteri LR21-derived reuterin
suppressed Clostridium perfringens QS- and toxin-related genes (agrB, [uxS, cpa, and pfo),
whereas L. reuteri RC-14-derived cyclo-dipeptides inhibited Staphylococcus aureus virulence
regulation by targeting the agr, tst, and SaeRS systems. In Gram-negative models, Lev-
ilactobacillus brevis 3M004 and Bacillus paralicheniformis ZP1 interfered with Pseudomonas
aeruginosa QS through AHL degradation or lactonase-mediated AHL hydrolysis, leading
to reduced biofilm formation and repression of QS-controlled genes, including lasA, lasB,
and phzAB [69].

These observations indicate that quorum-quenching is not restricted to a single mech-
anism but may involve the enzymatic degradation of signaling molecules and indirect
modulation of virulence-associated pathways. Importantly, interference with QS does
not necessarily inhibit bacterial growth directly but rather attenuates pathogen fitness
and pathogenicity, potentially reducing the selective pressure for resistance development.
Such antivirulence effects have been reported against clinically relevant pathogens, in-
cluding P. aeruginosa, S. aureus, and C. perfringens, highlighting quorum-quenching as a
complementary mechanism of probiotic-mediated pathogen control [67-69].
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3.6. Inhibition and Disruption of Biofilms

Biofilms confer antibiotic tolerance and persistence to bacteria [70]. Probiotics counter-
act biofilm formation through multiple mechanisms, including the secretion of biosurfac-
tants, competitive adherence, production of SCFAs that weaken extracellular polymeric
substances (EPS), and enzymatic degradation of biofilm matrices [71-73]. For example,
Zhang et al. showed that cell-free supernatants from Amylolactobacillus animalis LMEMBS,
L. plantarum LMEM?, Lactobacillus acidophilus LMEMS, L. rhamnosus LMEM9, and L. fermen-
tum MTCC 9748 inhibited biofilm formation by MDR Klebsiella pneumoniae in a chemostat
system, partly by reducing intracellular c-di-GMP levels and modulating biofilm-associated
genes, including yfiN and mrk] [72]. Bacillus spp. produce potent biosurfactants, such as sur-
factin, which decrease surface tension, interfere with biofilm stability, and promote biofilm
dispersion. Surfactin has been reported to affect biofilms formed by pathogens, including
P. aeruginosa and S. aureus [74]. Recent studies further support the anti-biofilm potential of
probiotics. For example, L. reuteri DSM 17938 and ATCC PTA 5289 reduced the biomass
of dual-species biofilms formed by clinical isolates of Streptococcus sobrinus and Candida
albicans by approximately 35%. This effect was accompanied by decreased microbial counts
and downregulation of virulence-associated genes, such as gtfl and HWP1, indicating
that probiotic-mediated biofilm inhibition may involve both structural disruption and
attenuation of virulence-associated pathways [75].

3.7. Coaggregation and Pathogen Entrapment

Coaggregation refers to the ability of probiotic cells to physically bind to pathogens.
This mechanism entraps pathogens, limiting their motility, aggregation, and adherence
to host tissues. Coaggregation facilitates pathogen removal via peristalsis or mucosal
turnover [76-78]. For example, L. rhamnosus 1B06 and L. paracasei 8A12 coaggregated with
oral pathogens such as Fusobacterium nucleatum, Porphyromonas gingivalis, and Prevotella,
aiding in pathogen displacement [79]. Coaggregation is highly strain-dependent and may
involve surface-associated proteins, lipoteichoic acids, S-layer proteins, and exopolysac-
charides that facilitate cell-to-cell interactions. In addition to limiting pathogen adhesion,
coaggregates may create physical barriers that restrict nutrient access and enhance pathogen
clearance from mucosal surfaces [76-79]. Further evidence highlights the strain-specific
nature of coaggregation. For example, L. acidophilus Lb2 and L. fermentum Lb8 exhibited
strong coaggregation with enteric pathogens, including E. coli, Shigella sonnei, and Providen-
cia alcalifaciens, reaching coaggregation rates of up to 100% after 24 h of incubation. These
interactions facilitate pathogen entrapment and contribute to colonization resistance [80].
A multi-strain probiotic formulation containing L. plantarum PBS067, L. rhamnosus LRH020,
and B. animalis subsp. lactis BL050 showed rapid coaggregation with Gardnerella vaginalis,
E. coli, and C. albicans, with visible aggregates forming within 15 min. Scanning elec-
tron microscopy further demonstrated close physical interactions between probiotics and
pathogens, including the partial surrounding of C. albicans cells by L. rhamnosus LRH020
and the embedding of fungal cells within the probiotic biofilm, supporting the role of
coaggregation in pathogen sequestration and colonization resistance [81].

3.8. Metabolic Crosstalk and Production of Antimicrobial Metabolites

In addition to classical AMPs and acids, probiotics produce a spectrum of metabolites
such as acetaldehyde, diacetyl, hydrogen peroxide, and reuterin that inhibit a wide array
of pathogens [82-84]. Acetaldehyde and diacetyl, volatile antimicrobial metabolites, con-
tribute to the preservation of fermented foods [85]. In some cases, acetaldehyde can be
further metabolized into ethanol by certain strains such as L. reuteri DSM 20016 [86]. Hydro-
gen peroxide-producing lactobacilli contribute to pathogen control by generating reactive
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oxygen species (ROS), which disrupt bacterial cell envelopes and interfere with cellular
metabolism [87,88]. For example, L. reuteri DSM 17938 produces reuterin through glycerol
metabolism, and this compound exhibits broad-spectrum activity against Gram-positive
and Gram-negative bacteria, fungi, and protozoa. Reuterin acts primarily by inducing
oxidative stress and disrupting thiol-dependent metabolic pathways, thereby inhibiting
microbial growth [84].

Recent studies have further illustrated the metabolic diversity underlying probiotic
antimicrobial activity. For example, the pdu-cbi-cob-hem gene cluster responsible for reuterin
biosynthesis was identified in L. reuteri E81, and the production of reuterin and related
3-hydroxypropionaldehyde (3-HPA)-derived metabolites was confirmed by NMR analyses.
Additionally, reuterin-producing L. reuteri E81 reduced E. coli counts from 6.4 log CFU/g
to undetectable levels after 30 days, supporting reuterin-mediated bioprotection through
membrane disruption and oxidative stress [89]. The antimicrobial potency of reuterin
varies depending on the producing strain and target microorganism. Reuterin produced
by L. reuteri 12002 exhibited MIC values of 4 AU/mL against E. coli and 8 AU/mL against
L. monocytogenes [90], whereas inhibition of E. coli DH5« and S. aureus has been reported
at approximately 0.9 mM and 1.5 mM, respectively [91]. These observations indicate a
concentration-dependent activity against both Gram-negative and Gram-positive bacte-
ria. These findings highlight that probiotic-mediated pathogen inhibition extends beyond
organic acid production and involves structurally diverse antimicrobial metabolites [89].
Although reuterin exhibits concentration- and cell type-dependent cytotoxicity, studies on
mammalian cell models indicate that it does not exert significant toxicity at concentrations
associated with antimicrobial activity, supporting its potential for food and therapeu-
tic applications [92,93].

4. Antibacterial and Immunomodulatory Activity of Plant Extracts

Plant-derived extracts inhibit bacterial pathogens through several molecular mech-
anisms. These mechanisms are largely influenced by bioactive compounds, including
alkaloids, essential oils, flavonoids, polyphenols, and tannins, which target bacterial struc-
tures and functions such as membranes, enzymes, energy metabolism, and communication
systems [94]. Many plant-derived compounds described as antioxidants in host tissues
may exert context-dependent pro-oxidant or redox-disruptive effects in bacterial cells.
Therefore, their antioxidant activity in mammalian systems does not conflict with the
generation of antibacterial ROS; instead, the ultimate effect is determined by factors such as
the type of target cell, concentration of the compound, availability of metals, and microbial
redox state [94,95].

In addition to their antibacterial properties, plant-derived extracts exhibit antiviral,
antioxidant, and immunomodulatory properties [96-99]. Their extensive biochemical
versatility allows them to simultaneously target multiple cellular pathways, presenting
promising strategies for combating multidrug-resistant (MDR) pathogens [100,101], includ-
ing E. coli, K. pneumoniae, and S. aureus [102,103]. In contrast to conventional antibiotics,
many phytochemicals operate through multisite mechanisms, reducing the risk of resistance
development and complementing the actions of probiotics [104-108].

4.1. Direct Antibacterial Mechanisms of Plant Phytochemicals

Plant-derived bioactive compounds can affect bacterial survival, virulence, and adap-
tation through multiple complementary mechanisms. Rather than acting on a single
cellular target, many phytochemicals simultaneously influence several bacterial processes,
including disruption of membrane integrity, interference with metabolic activity, inhi-
bition of QS, and prevention of biofilm formation [94,109]. The examples discussed be-
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low include cinnamon-derived cinnamaldehyde [110-112], green tea epigallocatechin gal-
late (EGCG) [113,114], oregano-derived carvacrol and thymol [115,116], turmeric-derived
curcumin [117,118], grape seed proanthocyanidins [119,120], and pomegranate ellagitan-
nins [121,122], which have been investigated for their antibacterial, anti-biofilm, and an-
tivirulence properties [94]. The following sections summarize the principal mechanisms
through which phytochemicals may contribute to pathogen control and potentially comple-
ment probiotic-derived antimicrobial activity.

4.1.1. Disruption of Cell Membrane Integrity

Many polyphenols, including catechins and gallic acid derivatives, as well as essential
oil components, such as thymol and carvacrol, interact with bacterial lipid bilayers and
membrane proteins, increasing membrane permeability, altering fluidity, and impairing
nutrient transport [94,123,124]. These effects may lead to intracellular ion leakage, de-
polarization, metabolic collapse, and bacterial cell lysis. For example, terpene mixtures
containing -myrcene and a-humulene have been shown to increase bilayer fluidity and
disrupt membrane structure [125]. Moreover, selected polyphenols may exert context-
dependent pro-oxidant effects in bacterial cells by promoting ROS accumulation, ATP
leakage, and membrane rupture, despite their antioxidant properties in host tissues [95].

The antibacterial effect of membrane disruption is not limited to structural dam-
age. Increased membrane permeability may result in the loss of the proton motive force,
disruption of ATP synthesis, impaired nutrient uptake, and altered activity of membrane-
associated enzymes and transport systems [94,126]. These effects compromise bacterial
energy homeostasis and reduce the ability of pathogens to maintain their cellular integrity
under environmental stress [127]. Importantly, susceptibility to membrane-active phyto-
chemicals is often species dependent. Gram-positive bacteria are generally more vulnerable
because their cytoplasmic membrane is protected only by a thick peptidoglycan layer,
whereas Gram-negative bacteria possess an additional outer membrane that can partially
restrict the penetration of hydrophobic compounds [94]. Consequently, the antibacterial
activity of membrane-disrupting phytochemicals depends not only on the compound
structure and concentration but also on the bacterial cell envelope architecture and physio-
logical state [126,127].

Membrane perturbation may also enhance the activity of probiotic-derived antimi-
crobial metabolites, including organic acids, bacteriocins, and biosurfactants [126,128].
Increased permeability facilitates the diffusion of these compounds into bacterial cells
and may lower the concentration required to achieve growth inhibition [127,128]. This
mechanism provides a plausible explanation for the many reported additive or synergistic
interactions between phytochemicals and probiotic-derived antimicrobials, particularly in
studies involving biofilm-forming and MDR pathogens [117,129,130].

4.1.2. Inhibition of Bacterial Enzymes and Metabolic Pathways

Plant-derived polyphenols and other bioactive compounds can inhibit essential bac-
terial metabolic pathways, including protein biosynthesis, ATP production, and DNA
replication and cell division [94,109]. Phenolic acids, flavonoids, alkaloids, and terpenoids
may act as enzyme inhibitors by interacting with catalytic sites, altering protein conforma-
tion, and interfering with cofactor-dependent reactions [126]. Several phytochemicals have
been reported to interfere with DNA gyrase, topoisomerases, and ATP-binding enzymes,
thereby impairing bacterial replication, transcription, and metabolism [109,126].

A well-described example is curcumin, which inhibits FtsZ, a bacterial cytoskeletal
protein essential for Z-ring formation and cytokinesis [131,132]. Interference with FtsZ poly-
merization disrupts septum formation, leading to defective cell division, filamentation, and
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growth arrest in susceptible bacteria [131]. However, curcumin activity is strongly strain-
and model-dependent, and its limited solubility and bioavailability remain important
constraints for its translational applications [118,133].

Phytochemicals may also disrupt bacterial energy metabolism by reducing ATP
generation, inhibiting membrane-associated respiratory enzymes, and altering proton-
dependent transport systems [94,126]. Essential oil constituents, such as thymol and
carvacrol, can affect ATP synthesis and membrane-associated metabolic processes, con-
tributing to growth inhibition and reduced stress tolerance in pathogens [134,135]. In
addition, phenolic compounds may inhibit bacterial efflux pumps, increasing the intracel-
lular accumulation of antimicrobial agents and reducing one of the major mechanisms of
multidrug resistance [109,126].

These enzyme- and metabolism-targeting effects are particularly relevant for probiotic—
phytochemical combinations because metabolic weakening of pathogens may increase
their susceptibility to organic acids, bacteriocins, hydrogen peroxide, and biosurfactants
produced by probiotics [128]. Probiotic-derived metabolites are increasingly recognized
as important contributors to pathogen inhibition and may complement phytochemical-
induced metabolic disruption [136]. Inhibition of bacterial enzymes and metabolic path-
ways represents not only a direct antibacterial action of plant-derived bioactives but also
a potential mechanism for enhancing the effectiveness of probiotic-derived antimicrobial
metabolites. This hypothesis can be evaluated using appropriate combination assays to
determine whether additive or synergistic interactions occur between the two.

4.1.3. Suppression of Virulence Factors and Quorum Sensing

Many plant-derived bioactive compounds suppress bacterial virulence gene expres-
sion by interfering with QS, a cell density-dependent communication system that coordi-
nates toxin production, motility, adhesion, and biofilm maturation [112,126]. QS networks
are mediated by signaling molecules such as AHLs, AlI-2, and species-specific peptide
signals, which regulate collective pathogenic behavior rather than bacterial growth [68].
Therefore, plant-derived QS inhibitors may attenuate virulence without necessarily exerting
direct bactericidal effects [110,137].

Several phytochemicals have been shown to interfere with QS-regulatory processes.
For example, naringenin can inhibit virulence-associated signaling and biofilm-related be-
haviors in bacterial models, including Pectobacterium brasiliense and P. aeruginosa [138,139].
Phenolic volatiles and other plant-derived compounds may reduce bacterial virulence
by interfering with LuxI/LuxR-type regulatory systems and related QS proteins [140].
Flavonoids such as quercetin may also interact with QS-related proteins, supporting their
potential role in disrupting bacterial signaling pathways [141]. In addition, cinnamalde-
hyde, eugenol, quercetin, and related phenolics have been reported to reduce QS-dependent
phenotypes, including swarming motility, toxin production, adhesion, and biofilm for-
mation [110-112]. Cannabigerol (CBG) and cannabigerolic acid (CBGA) have also been
investigated mainly as plant-derived anti-biofilm and antivirulence compounds; however,
their direct QS-related effects require further confirmation across bacterial species [112,126].

This virulence-attenuation mechanism is particularly relevant because QS inhibition
does not necessarily eliminate bacteria directly but weakens the coordinated pathogenic
behaviors that facilitate infection persistence and biofilm tolerance [110,137]. By reducing
toxin secretion, motility, adhesion, and biofilm maturation, phytochemicals may render
pathogens more susceptible to host defenses and probiotic-derived antimicrobials, includ-
ing organic acids, bacteriocins, hydrogen peroxide, and biosurfactants [110,128]. In this
context, QS suppression may provide a mechanistic bridge between plant bioactives and

https:/ /doi.org/10.3390/nul18132112


https://doi.org/10.3390/nu18132112

Nutrients 2026, 18,2112

12 of 69

probiotic antimicrobial activity, as probiotics may also interfere with microbial communica-
tion through Al degradation, metabolic competition, and biofilm displacement [67,68].

4.1.4. Inhibition of Biofilm Formation and Degradation of Exopolysaccharides

Plant secondary metabolites, particularly tannins, stilbenes, and flavonoids, can in-
terfere with multiple stages of biofilm development, including initial bacterial adhesion,
microcolony formation, maturation, and EPS matrix maintenance [117,129]. Biofilms repre-
sent one of the most important bacterial survival strategies because they provide protection
against environmental stressors, host immune defense, and antimicrobial agents [130].
Consequently, biofilm-associated bacteria frequently exhibit substantially greater antibiotic
tolerance than their planktonic counterparts [129,130].

Several plant-derived compounds have been shown to disrupt biofilm architecture
through complementary mechanisms. Tannins may interact with extracellular proteins and
polysaccharides, thereby reducing matrix stability and bacterial adhesion [117,126]. Hy-
drolyzable tannins can denature surface-associated proteins involved in biofilm formation
and maintenance, thereby weakening the structural integrity of mature biofilms [118,126].
Stilbenes and flavonoids may further impair biofilm development by altering bacterial
signaling pathways and reducing the expression of adhesion-related genes [112,129]. In
addition, several essential oil constituents, including thymol, carvacrol, and eugenol, have
been shown to penetrate biofilm matrices, increase membrane permeability, and promote
partial biofilm disruption in selected bacterial species [126].

The anti-biofilm activity of phytochemicals is closely linked to their ability to interfere
with bacterial communication. Many plant-derived compounds inhibit the QS pathways
that regulate EPS production, motility, surface attachment, and biofilm maturation [110,112].
By suppressing these regulatory networks, phytochemicals may prevent the establishment
of mature biofilms and reduce the persistence of chronic infection [110,137]. Importantly,
the inhibition of biofilm formation and disruption of established biofilms are distinct
biological phenomena and should not be interpreted as interchangeable. Compounds that
are effective against early-stage biofilm development may show limited activity against
mature biofilm structures [129,130].

From the perspective of probiotic-phytochemical interactions, disrupting biofilms
may enhance the activity of probiotic-derived antimicrobial metabolites, including organic
acids, bacteriocins, hydrogen peroxide, and biosurfactants [128]. Reduced EPS density
and increased matrix permeability may improve the diffusion of these compounds into
deeper biofilm layers and enhance their antimicrobial effectiveness [117,130]. Furthermore,
selected probiotic strains may compete with pathogens for adhesion sites and contribute to
biofilm displacement, providing an additional mechanism through which phytochemicals
and probiotics may act in a complementary manner [67,128].

However, the anti-biofilm activity of plant extracts remains highly dependent on the
extract composition, concentration, bacterial species, and experimental conditions [126,129].
Therefore, claims regarding probiotic-phytochemical synergy in biofilm control should
ideally be supported by quantitative biofilm assays, microscopic analyses, EPS measure-
ments, and combination studies that demonstrate enhanced activity relative to the individ-
ual components [117,130].

4.2. Prebiotic and Microbiota-Modulating Properties of Plant Extracts

In addition to their antibacterial effects, many plant extracts act as selective prebiotic
substrates that stimulate the growth and metabolic activity of probiotic bacteria. Complex
carbohydrates, polyphenols, and glycosides escape upper gastrointestinal (GI) digestion
and are metabolized by probiotic species into smaller bioactive molecules, including SCFAs
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(acetate, propionate, and butyrate), phenolic metabolites with higher bioactivity than
native compounds, and anti-inflammatory catabolites that improve the host immune
function [142-145]. For example, fermentation of guava leaf extract by Lactobacillus s.I.
strains increased antioxidant and antiglycation activities owing to the synergistic effects
between microbial metabolites and plant-derived compounds [146].

This metabolic interplay enhances probiotic colonization, promotes microbial eubio-
sis, and strengthens the host barrier function [147-149]. In synbiotic formulations, plant
extracts and probiotic bacteria display reciprocal enhancement: probiotics biotransform
phytochemicals into more active metabolites, whereas phytochemicals stimulate probiotic
growth and metabolite production [150-153]. Interestingly, plant-derived prebiotic sub-
strates can be metabolized by intestinal bacteria into SCFAs, including butyrate, thereby
linking plant bioactives to gut barrier reinforcement, anti-inflammatory effects, and im-
proved gut health [154,155]. Examples include inulin, fructooligosaccharides (FOS), galacto-
oligosaccharides (GOS), resistant starch, pectins, arabinoxylans, and 3-glucans, which can
be metabolized by intestinal bacteria, including members of the genera Bifidobacterium,
Faecalibacterium, Lactobacillus, and Roseburia, into SCFAs such as acetate, propionate, and
butyrate [156,157]. This transformation may also enhance probiotic adhesion by reinforcing
the gut barrier and mitigating inflammation [154,155]. For example, B-type lotus seedpod
oligomeric procyanidins enhanced the adhesion of Lacticaseibacillus rhamnosus GG to IPEC-
J2 intestinal epithelial cells while simultaneously reducing the adhesion of enterotoxigenic
E. coli (ETEC), supporting competitive exclusion and intestinal colonization resistance [155].

4.3. Immunomodulatory Effects of Plant Compounds

Plant extracts influence both innate and adaptive immunity through several path-
ways, including the modulation of inflammatory signaling in immune cells, as shown
for ginger-derived bioactive compounds [158]. The potential of plant extracts as natural
immunomodulators has been demonstrated, with applications in managing inflammation,
enhancing resistance to infections, and supporting overall immune health [159-162].

4.3.1. Antioxidant and Anti-Inflammatory Modulation

Polyphenols scavenge ROS, inhibit NF-«B activation, and downregulate pro-inflammatory
cytokines, including IL-1§3, IL-8, and TNF-«, thereby mitigating pathogen-induced inflam-
mation and supporting mucosal recovery [158,163-166]. Enhanced antioxidant activity
may also contribute to the stabilization of epithelial T] and maintenance of intestinal bar-
rier integrity [119,167-169]. In addition to direct radical scavenging, several polyphenols
regulate intracellular inflammatory signaling pathways. For example, catechins, quercetin,
and resveratrol have been reported to modulate NF-kB- and the mitogen-activated protein
kinase (MAPK)-related signaling and reduce the expression of pro-inflammatory medi-
ators, including TNF-«, IL-1f3, IL-6, and IL-8, depending on the compound, cell type,
and type of inflammatory stimulus [158,170]. These effects may contribute to reduced
inflammation-associated epithelial damage and improved mucosal recovery.

In addition to their direct antioxidant activity, polyphenols may influence cellular
redox homeostasis by activating endogenous defense mechanisms. Several flavonoids and
phenolic acids have been shown to stimulate the nuclear factor erythroid 2-related factor 2
(Nrf2) pathway, leading to increased expression of antioxidant enzymes, such as superoxide
dismutase, catalase, glutathione peroxidase, and heme oxygenase-1 [126,158]. Activation
of these cytoprotective pathways may reduce oxidative stress—induced epithelial injury
and improve resistance to inflammation-associated barrier dysfunction [119]. Importantly,
the biological effects of polyphenols are often dose- and context-dependent, and their

https:/ /doi.org/10.3390/nul18132112


https://doi.org/10.3390/nu18132112

Nutrients 2026, 18,2112

14 of 69

antioxidant activity in host tissues does not necessarily translate into identical effects
within microbial cells [126].

Maintenance of epithelial barrier integrity is another important consequence of antiox-
idant and anti-inflammatory modulation. Oxidative stress and chronic inflammation may
disrupt TJ proteins, including occludin, claudins, and zonula occludens-1 (ZO-1), resulting
in increased intestinal permeability and translocation of microbial products [38,119]. By
attenuating inflammatory signaling and oxidative damage, plant-derived polyphenols may
help preserve the TJ architecture and support epithelial regeneration [158]. These effects
are particularly relevant in GI disorders characterized by impaired barrier function and
low-grade chronic inflammation. However, the magnitude of these interactions remains
strain-, compound-, dose-, and host-dependent, and requires validation in well-controlled
mechanistic and clinical studies [171,172].

4.3.2. Enhancement of Epithelial Barrier Integrity

Flavonoids, such as quercetin and kaempferol, upregulate proteins involved in T]J
assembly, including occludin, claudins, and ZO-1, thereby strengthening epithelial barrier
integrity and reducing intestinal permeability [38,119]. An improved barrier function
may reduce pathogen translocation, limit the passage of microbial toxins and LPS, and
support overall mucosal homeostasis [119,173-176]. These effects are particularly relevant
because the disruption of epithelial TJ is associated with chronic inflammation, increased
intestinal permeability, and dysregulated host-microbiota interactions in several GI disor-
ders [119,158]. In addition to directly regulating TJ, selected plant-derived flavonoids may
enhance epithelial barrier function by reducing oxidative injury and modulating epithelial
signaling pathways associated with barrier repair and regeneration [126]. For example,
puerarin prevents ethanol-induced TJ dysfunction in a Caco-2 cell model by preserving
junctional protein expression and attenuating oxidative stress responses [66,177]. Similarly,
apigenin alleviates intestinal ischemia/reperfusion injury by activating Nrf2-dependent
cytoprotective pathways and promoting TJ integrity [178]. Other flavonoids, including
quercetin and luteolin, have been reported to regulate myosin light-chain kinase (MLCK),
NF-kB, and MAPK-associated pathways, which are closely linked to epithelial permeability
and inflammation-induced barrier dysfunction [126,158].

The maintenance of epithelial integrity is also closely associated with immune regula-
tion. By preserving the mucosal barrier, plant-derived bioactives may reduce the exposure
of underlying immune cells to luminal antigens and microbial products, thereby limiting
excessive inflammatory activation [119]. This effect may contribute to improved epithelial
recovery following infection, inflammatory injury, or microbiota imbalance [38]. These
mechanisms may complement probiotic-mediated reinforcement of the intestinal barrier
and contribute to improved gut homeostasis in inflammatory conditions.

4.3.3. Activation of Antimicrobial Immune Pathways

Certain phytochemicals may modulate antimicrobial immune pathways by influenc-
ing macrophage and DC activity, enhancing phagocytosis, and promoting AMP production,
including defensins and cathelicidins [126,158]. For example, 3-defensins play an impor-
tant role in controlling microbial colonization at mucosal surfaces [158]. Increased AMP
production may enhance protection against opportunistic pathogens while contributing to
immune homeostasis and balanced inflammatory responses [126]. These innate immune
mechanisms constitute an important component of the first line of defense against enteric
pathogens and contribute to maintaining mucosal homeostasis [67]. By strengthening
antimicrobial surveillance while simultaneously limiting excessive inflammatory responses,
plant-derived bioactives may help improve host resistance to infection without directly
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targeting bacterial viability [126]. Such effects are particularly relevant in the GI tract,
where the maintenance of an effective but controlled antimicrobial response is essential for
preserving microbiota balance and epithelial integrity.

Several phytochemicals have been reported to influence macrophage polarization,
cytokine production and phagocytic activity. For instance, a hydroalcoholic extract de-
rived from oregano triggered a combined anti-mycobacterial and anti-inflammatory re-
sponse in innate immune cells, suggesting that selected plant extracts may simultane-
ously enhance pathogen control while reducing inflammatory tissue damage [165,179].
Similar immunomodulatory effects have been described for various polyphenols and ter-
penoids, which regulate macrophage activation and contribute to a more balanced innate
immune response [126,158].

Selected plant-derived compounds may also regulate TLR2- and TLR4-associated
signaling cascades or LPS-related signaling, thereby influencing the downstream activa-
tion of NF-kB, MAPK, and cytokine-mediated inflammatory responses [126,158,180-184].
For example, dehydrocostus lactone attenuates excessive inflammatory responses associ-
ated with TLR signaling [181], whereas 1’-acetoxychavicol acetate inhibited LPS-induced
inflammatory activation [184]. By modulating these pathways, phytochemicals may sup-
port immune surveillance while preventing excessive inflammation that could otherwise
compromise epithelial barrier integrity and tissue repair.

4.3.4. Modulation of Gut Immune-Microbiota Crosstalk

Phytochemicals and their microbiota-derived metabolites may influence immune cell
differentiation and gut immune homeostasis, including the expansion of regulatory T cells
(Tregs) and attenuation of Th17-associated inflammatory responses [185,186]. These effects
are particularly important at the intestinal mucosal interface, where continuous commu-
nication between microbial communities, epithelial cells, and immune cells is required to
maintain immune tolerance while preserving effective antimicrobial defense [67]. Through
interactions with microbiota-produced metabolites, especially SCFAs, plant-derived bioac-
tives may contribute to establishing a balanced immunological environment and improving
mucosal resilience [185-189].

A substantial proportion of dietary polyphenols reach the colon largely unmetabo-
lized and undergo extensive biotransformation by gut microorganisms [186,190]. This
microbial metabolism generates various smaller bioactive compounds, including pheno-
lic acids, valerolactones, and urolithins, which often exhibit biological activities distinct
from those of their parent compounds [185,190]. Several metabolites are associated with
anti-inflammatory effects, improved epithelial barrier integrity, and modulation of immune
cell signaling pathways involved in intestinal homeostasis [185,186]. Consequently, the
biological effects of many phytochemicals depend not only on their original chemical
structure but also on the metabolic capacity of the host’s microbiota.

Plant-derived compounds may also indirectly shape immune responses by altering the
composition and metabolic activity of the microbial community. Polyphenol-rich diets have
been associated with an increased abundance of beneficial microorganisms and enhanced
production of anti-inflammatory metabolites, while simultaneously reducing dysbiosis-
associated inflammatory signaling [119,186,188,189,191]. These microbiota-mediated effects
may contribute to reduced intestinal inflammation, improved epithelial barrier function,
and restoration of microbial homeostasis in conditions characterized by chronic, low-grade
inflammation [119,185]. These mechanisms are particularly relevant because chronic inflam-
matory and metabolic disorders are frequently associated with impaired barrier integrity, al-
tered microbial metabolism, and persistent immune activation [186,187,189]. In this context,
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plant-derived bioactives may complement probiotics by supporting metabolite-mediated
communication between microbiota, epithelial cells, and mucosal immune cells [188,189].

From the perspective of probiotic-phytochemical interactions, microbiota-derived
metabolites may serve as important mediators linking dietary bioactive compounds with
host immune responses. Probiotic microorganisms may enhance the biotransformation of
selected phytochemicals, increase the production of SCFAs and other bioactive metabo-
lites, and influence the signaling pathways involved in immune regulation and epithelial
homeostasis [67,192]. Consequently, probiotic—-phytochemical combinations may influence
gut immune-microbiota communication through multiple interconnected mechanisms
involving microbial metabolism, epithelial signaling, and immune cell regulation.

However, these effects remain highly dependent on host microbiota composition, phy-
tochemical bioavailability, dietary background, and individual metabotypes [185,186,190].
Considerable inter-individual variability exists in the capacity to generate microbiota-
derived metabolites, such as urolithins, which may partly explain the heterogeneous
responses observed in human intervention studies [185,190]. Progress in this field de-
pends on integrating microbiome, metabolomic, and immunological analyses to clarify
how probiotic-phytochemical combinations modulate host-microbiota interactions across
diverse physiological and pathological contexts.

4.4. Potential Synergy of Plant Extracts with Probiotics

The antibacterial and immunomodulatory activities of plant extracts provide a mecha-
nistic basis for potential complementary or synergistic interactions with probiotic strains
(Table 1). Many phytochemicals weaken pathogen membranes or interfere with QS,
making pathogens more susceptible to probiotic-derived bacteriocins, organic acids,
and biosurfactants [140,193-196]. Phytochemicals also enhance probiotic growth and
metabolic performance.

Table 1. Examples of plant-derived compounds with antimicrobial properties and their mechanisms
relevant to interaction with probiotics.

MIC/Effective
Plant Source/Key Concentration/Probiotic Mechanism(s) Type of References
Phytochemical(s) Pathogens Compatibility/Safety Note of Action Interaction
(If Reported)
Fresh garlic extract (2.5-20 mM)
exhibited concentration-dependent
antibacterial activity, with MIC
values of approximately 6.25% for
E. coli and 12.5% for P. aeruginosa,
and activity against -
MDR/MRSA strains. May sensitize
Oxidative/disulfide stress-related Inhibits thiol- pathogens |
Broad- . PSP - probiotic-derived
. . toxicity. Growth inhibition was containing . .
Allium sativum spectrum ) T antimicrobials,
. . . observed in yeast and Arabidopsis enzymes; . [197-201]
(garlic)/allicin bacteria . . although direct
and fungi models at low micromolar disrupts garlicbacteriocin
concentrations (~2.5-12.5 uM), with metabolism

markedly increased sensitivity in
glutathione-deficient mutants.
Dose-dependent cytotoxicity at
higher concentrations (>50-100 uM),
associated with thiol oxidation,
glutathione depletion, and
cytoskeletal disruption

synergy remains to
be confirmed
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Table 1. Cont.

Plant Source/Key
Phytochemical(s)

Target
Pathogens

MIC/Effective
Concentration/Probiotic
Compatibility/Safety Note
(If Reported)

Camellia sinensis
(green tea)/
epigallocatechin
gallate (EGCG)

Staphylococcus
aureus,
Escherichia coli,
Candida albicans

EGCG showed bactericidal activity
against MDR bacteria, with
reported MBC values of
1250 pg/mL for MDR E. coli and
625 ug/mL for MDR S. aureus;
green tea extract showed MIC
values of approximately
125 pug/mL. Cytotoxic and
pro-oxidant effects in CHO-K1 cells
at 0.5-1 uM EGCG (decreased
viability, increased ROS, altered
mitochondrial membrane potential).
Dose-dependent hepatotoxicity,
manifested by increased serum
transaminases (ALT/AST),
observed at >800 mg EGCG/day;
rare idiosyncratic severe liver injury
reported at 375 mg EGCG/day.

Gram-positive
bacteria:
MRSA, MSSA,
Streptococcus
pneumoniae,
E. faecalis,

C. difficile,
C. acnes;
selected
Gram-negative
bacteria:
Neisseria
gonorrhoeae,
Neisseria
meningitidis,
Moraxella
catarrhalis,
Legionella
pneumophila

Cannabis
sativa/cannabidiol
(CBD)

MIC mostly 14 pg/mL against
Gram-positive bacteria; MRSA
MIC90 4 pg/mL in Australian

isolates and MIC50/MIC90
1/1 pg/mL in USA isolates;
N. gonorrhoeae MIC50/MIC90
2/2 pg/mL in broth and
2/4 ug/mL in agar assay. Active
against MSSA /MRSA biofilms;
MBEC 1-2 ug/mL for MSSA and
2—4 pg/mL for MRSA; confocal
microscopy showed biofilm
penetration and killing. Topical
activity was formulation-dependent;
5-20% CBD topical formulations
reduced MRSA load in ex vivo pig
skin and 5% CBD showed activity
in a mouse topical skin infection
model. Low propensity to induce
resistance in MRSA after serial
passage; no hemolysis up to
256 pg/mL; modest HEK-293
cytotoxicity, CC50 around
200 pg/mL. Animal studies have
consistently identified the liver as a
sensitive target organ. A 90-day
OECD TG 408 study in rats
established a NOAEL of 50 mg/kg
bw/day, whereas benchmark dose
modelling yielded a BMDL10 of
11 mg/kg bw/day. Additional
concerns include reproductive and
neurodevelopmental toxicity, and
endocrine effects. The EFSA derived
a provisional safe intake of
0.0275 mg/kg bw/day (~2 mg/day
for a 70-kg adult)

17 of 69
Mechanism(s) Type of
of Action Interaction References
May sensitize
pathogens to
Membrane per- probiotic-derived
meabilizatiI())n' antimicrobials
’ through membrane
efflux pump . A [113,114,202-207]
inhibition: ROS disruption and redox
enera t;on imbalance; however,
& direct synergy with
bacteriocins remains
to be confirmed
Rapid
bactericidal
activity;
primary
ms;j?taer;ilzn: Antibacterial synergy
membrane through outer
disruption; ermr::l:{:ilﬁzzgin b
membrane p . Y [208,209]
depolarization polymyxin B enables
and increased CBD activity against
permeability; Gram-negative
inhibition of pathogens
macromolecu-

lar synthesis
secondary to
rapid killing
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Table 1. Cont.
MIC/Effective
Plant Source/Key Target Concentration/Probiotic Mechanism(s) Type of References
Phytochemical(s) Pathogens Compatibility/Safety Note of Action Interaction
(If Reported)
CBD MIC 20 uM and CBG MIC
10 uM against S. mutans; CBD/CBG
MIC/lethal concentrations against
P. aeruginosa and E. coli reported in Potential anti-
the range 400-3180 uM. In vitro biofilm /antivirulence
Streptococcus fibroblast viability remained >95% Membrane L
» ; . o phytochemicals; CBG
Cannabis mutans, 01Tal for CBD and >88% for CBG. inan dls.ruPn.on, prevents QS and
. - multispecies oral-cell model. No mortality or anti-biofilm e S
sativa /cannabidiol biofi L . . o biofilm formation in
iofilms, Vibrio histopathological changes were activity; iy [210-212]
(CBD), I . b di ts aft 1CBG CBG-mediated V. harveyi. Direct
cannabigerol (CBG) aroevy, observed m rats ater ora meciate probiotic
S. aureus, E. coli, administration (35-140 mg/kg QS/biofilm compatibilit
P. aeruginosa bw/day for 14 days). Minor inhibition remaﬁns to b}e,
increases in ALP and chloride levels luated
at 140 mg/kg bw/day were not evatnate
considered toxicologically relevant.
Data on genotoxicity and
reproductive toxicity are lacking.
Cinnamon bark essential oil and
cinnamaldehyde exhibited MIC
values of 6.25 ug/mL and 2.5 uM,
respectively, against Porphyromonas
gingivalis, and both inhibited
biofilm formation at sub-MIC levels.
Essential oil inhibited E. coli isolates
in a well-diffusion assay, producing May complement
inhibition zones of 4.5-5.2 cm. probiotic
E. coli, Cinnamaldehyde derivatives quorum-quenching
Enterococcus exhibited modest antibacterial by inhibiting
Cinnamomum verum faecalis, activity against E. coli and S. aureus QS inhibition; pathogen virulence
(cinnamon)/ Porphyromonas at mM concentrations. membrane and [166,213-220]
cinnamaldehyde gingivalis, Dose-dependent cytotoxicity has destabilization biofilm-associated
S. aureus, been reported for cinnamon signaling; however,
Candida spp. essential oil in rat bone marrow

mesenchymal stem cells, with an
LC50 of 0.004% and marked
reductions in cell viability at
0.0312-0.5% concentrations.
Cinnamaldehyde also exhibited
weak in vitro mutagenicity in the
Ames test, although no in vivo
mutagenicity was detected in mice
up to 1000 mg/kg bw/day

direct probiotic
synergy remains to
be confirmed

Curcuma longa
(turmeric)/
curcumin

S. aureus, E. coli,
Pseudomonas
aeruginosa

The MIC values for pure curcumin
vary widely, typically ranging from
7.8 to 5000 pg/mL. Curcumin
exhibits strain-dependent
antibacterial activity, which is
generally stronger against
Gram-positive bacteria, such as
S. aureus, and the MIC values vary
substantially between strains and
experimental systems. Generally
recognized as safe (GRAS) status.
Oral doses of up to 8-12 g/day have
been reported to be well tolerated in
clinical studies; however, mild
gastrointestinal adverse effects
(nausea, diarrhea, abdominal
discomfort, and dyspepsia) may
occur at higher doses (>4 g/day).
In vitro, cytotoxic effects, including
cell cycle arrest and apoptosis, have
been observed at high
micromolar concentrations

May complement
probiotic

Disrupts antimicrobial activity
membrane through mgmbrane
integrity; sensmza.tlo_n and

inhibits FtsZ; QS/biofilm
suppresses ’ suppression; dlre.ct
quorum probiotic—turmeric
sensing; anti- synergy has b.een
in ﬂamm’atory reported against
.. Cutibacterium acnes,
activity

but further validation
is needed in
gut-relevant models

[117,118,133,221-223]
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Table 1. Cont.
MIC/Effective
Plant Source/Key Target Concentration/Probiotic Mechanism(s) Type of References
Phytochemical(s) Pathogens Compatibility/Safety Note of Action Interaction
(If Reported)
In a combined anti-H. pylori model,
3 ug/mL G. glabra extract together
with Lacticaseibacillus paracasei HP7
and Perilla frutescens extract reduced
H. pylori growth, adhesion to AGS
gastric epithelial cells, virulence M? ct(.)r{lp le(?etn t:l
gene expression, and colonization in Efgcégallc I;Liez?ign
mice. The antimicrobial activity of articularlp in anti—ﬁ
G. glabra extract has also been Enzvme P lorzlan d ’
Glycyrrhiza glabra Helicobact reported in vitro, although the MIC . hibi t'y . anti i Py fl 4
(licorice)/ ereovacter values vary depending on the ubtion; anti- antrmprammatory [224-232]
lycyrrhizin pylori, S. auretis extract type, test organism, and mﬂammatory contexts, however,
Yy ybes ganistm, activity direct
assay conditions. The major adverse licorice—probiotic
effects of licorice and glycyrrhizin svner };emains
are hypertension, hypokalemia, and yinsugf%’icientl
secondary electrolyte-related validated y
disorders. Acute toxicity studies
have reported LD50 values ranging
from 412 to 12,700 mg/kg for
glycyrrhizin salts. Caution should
be exercised during pregnancy
Crude aqueous and ethanolic L.
barteri extracts, along with Senna The
alata and Ricinus communis extracts, antibacterial
exhibited antibacterial activity activity is
against wound- and skin-associated ~ likely related
pathogens, including S. aureus, P. to tannins, May complement
aeruginosa, Klebsiella pneumoniae, and ~ saponins, and probiotic-derived
E. coli. The MIC values for the phenolic antimicrobial
Lannea Clinical tested plant extracts ranged from constituents; metabolites through
barteri/ flavonoids isolates of 3.13 to 12.50 mg/mL, whereas the however, direct independent [233-235]
saponins tannins, bacteria MBC values ranged from 200 to mechanistic antibacterial T
’ and fungi 400 mg/mL. The extract validation of mechanisms; direct

combinations were further
evaluated using FICI-based
interaction analysis. Low acute oral
toxicity; oral LD50 > 2500 mg/kg
bw in mice. Transient weakness,
inactivity and shivering were
observed at 1500-2500 mg/kg
without mortality

membrane per-
meabilization
or protein
denaturation
by L. barteri
remains
limited

Lannea—probiotic
synergy remains to
be demonstrated

Origanum vulgare
(oregano)/
carvacrol, thymol

P. aeruginosa,
Listeria

monocytogenes,
Salmonella spp.

Carvacrol exhibited antibacterial
activity, with reported MIC values
ranging from 0.005 to 0.04 mg/mL

against selected
foodborne/pathogenic bacteria,
primarily attributed to carvacrol and
thymol. Thymol exhibited
antimicrobial activity, with MIC
values ranging from 30-250 pg/mL
against selected Gram-positive
bacteria, 60-4000 pg/mL against
Gram-negative bacteria. No mortality
at 2000 mg/kg bw and a NOAEL of
200 mg/kg bw/day were reported for
oregano essential oil. As a constituent
of oregano essential oil, thymol
contributes to the toxicological profile
of the mixture. Carvacrol showed an
oral LD50 of ~810 mg/kg and was
well tolerated in humans at
1-2 mg/kg/day. Genotoxic effects
have been reported in vitro at
460 uM. Oregano oil may irritate
the skin, eyes, and
respiratory mucosa.

Disrupts lipid
membranes;
interferes with
ATP synthesis

May complement
probiotic
antimicrobial
metabolites through
membrane
disruption and
metabolic stress;
however, direct
oregano—probiotic
synergy remains to
be confirmed

[115,116,236-243]
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Table 1. Cont.
MIC/Effective
Plant Source/Key Target Concentration/Probiotic Mechanism(s) Type of References
Phytochemical(s) Pathogens Compatibility/Safety Note of Action Interaction
(If Reported)
Pomegranate peel extracts exhibited
a concentration-dependent
antimicrobial activity against E. coli
(2.0-12.5 mg/mL), S. mutans
(0.032-2.0 mg/mL), S. enterica, S.
aureus (0.19-2.0 mg/mL), and C.
albicans (0.125-1.0 mg/mL). MIC Gut microbiota can
and MBC values have been reported biotransform
S. aureus, for aqueous, ethanolic, and pomegranate
Salmonella methanolic extracts, with the Protein ellagitannins into
Punica granatum enterica, methanolic extract generally precipitation; bioactive urolithins,
(pomegranate)/ Clostridioides showing the lowest MIC/MBC enzyme and probiotic-based "
: : P . Lo . [121,122,190,244-249]
ellagitannins, difficile, E. coli, ~ values. Pomegranate extracts were inhibition; strategies may
punicalagin Streptococcus also tested against antioxidant support this
mutans, f3-lactamase-producing E. coli, activity metabolic pathway
Candida albicans confirming their activity against depending on the
resistant Gram-negative isolates. strain and host
Low toxicity; acute oral metabotype
LD50 > 5000 mg/kg bw and
NOAEL = 600 mg/kg bw/day for
standardized pomegranate extract.
No adverse effects were reported in
humans receiving 1420 mg/day for
28 days
R. communis leaf extracts exhibited
concentration- and
solvent-dependent antimicrobial
activity. MIC values ranging from
3.13 to 25.00 mg/mL and
MBC/MEC values ranging from
12.50 to 200.00 mg/mL against
selected bacterial and fungal
pathogens. MIC and MBC values of
25-200 pg/mL and 25-400 ug/mL, May complement
respectively, for solvent fractions of probiotic-derived
Gram-positive R. communis leaf extract against Biofilm anti-biofilm
Ricinus communis / and Bacillus pathogens isolated from inhibition; mechanisms, but [250-256]
ricinoleic acid Gram-negative bovine mastitis. Ricin D is the membrane direct probiotic-R.
pathogens principal toxic constituent of R. destabilization communis synergy

communis. The aqueous seed extract
showed an estimated oral LD50 of
50-300 mg/kg bw, with mortality
observed at 300 mg/kg bw, whereas
the ethanolic seed extract exhibited
an LD50 of 1100 mg/kg, with
mortality beginning at 2000 mg/kg.
Repeated administration
(50-150 mg/kg bw/day) induced
histopathological alterations in the
liver and kidneys

remains to be
demonstrated
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Table 1. Cont.

Plant Source/Key
Phytochemical(s)

Target
Pathogens

MIC/Effective
Concentration/Probiotic
Compatibility/Safety Note
(If Reported)

Mechanism(s)
of Action

Type of
Interaction

References

Rosmarinus
officinalis
(rosemary)/
rosmarinic acid,
carnosic acid

Bacillus spp.,
Staphylococcus
spp., E. coli,
Enterococcus
faecalis, Candida

Rosemary extracts showed
antibacterial and anti-biofilm
activity against clinically relevant
pathogens, including
UTl-associated isolates. The general
MIC profile for rosmarinic acid
ranges from 0.002 mg/mL to over
1.0 mg/mL for bacteria and from
0.1 mg/mL to 1.28 mg/mL for
fungi of the genus Candida. Carnosic
acid exhibited antimicrobial activity,
with MIC values ranging from
2-5 ug/mL against selected
Gram-positive bacteria, and
effectively inhibited the QS activity
of S. aureus at concentrations as low
as 5 pM. Methanol extracts of R.
officinalis (rich in carnosic acid ~30%
and carnosol): The MIC ranges from
2 to 15 mg/mL for Gram-positive
bacteria and from 2 to 60 mg/mL
for Gram-negative bacteria.
Rosemary extracts showed no
genotoxicity in Ames and in vitro
micronucleus assays. In a 90-day rat
study, the NOAEL was
563 mg/kg bw/day, corresponding
to 65 mg carnosic acid/kg bw/day
and 7.65 mg carnosol/kg bw/day.
JECFA established a temporary ADI
of 0-0.3 mg/kg bw for rosemary
extract, expressed as carnosic acid
and carnosol. Rosemary tinctures
were considered safe in feed at
500 mg/kg complete feed, although
they may irritate the skin and eyes
and act as dermal/
respiratory sensitizers

May support
functional
fermented /probiotic
matrices while
contributing
antimicrobial and
anti-biofilm activity
against selected
pathogens; however,
direct
probiotic-rosemary
synergy requires
further validation

Dual
antioxidant +
antimicrobial
activity; metal
chelation; QS

activity

[257-266]

S. aureus,
Streptococcus
pyogenes, E. coli,
Pseudomonas
spp. and fungi

Senna
alata/anthraquinones

An ethanol/methanol extract of S.
alata was effective at concentrations
ranging from 0.313 to 6.25 mg/mL
against S. aureus, at 0.483 mg/mL
against S. pyogenes, and at
concentrations ranging from 0.625
to 12.5 mg/mL against E. coli. The
ethanol extract was effective in the
range of 1.25-5.60 mg/mL against
Candida albicans, 3.50 mg/mL
against Aspergillus niger, and
9.80 mg/mL against Trichophyton
mentagrophytes.
S. alata leaf extracts have been
reported to have low toxicity. The
oral LD50 was >2000 mg/kg bw.
Repeated administration at
500-3000 mg/kg bw/day for
15-28 days caused no significant
changes in hematological,
biochemical, or histopathological
parameters. Mild hepatic steatosis
and slight hepatocyte edema were
observed at 2000 mg/kg bw/day
after 28-day exposure

May complement
probiotic-derived
organic acids and
other metabolites
through independent
redox- and
metabolism-
disrupting effects;
direct
probiotic-Senna
synergy remains to
be demonstrated

DNA
intercalation;
oxidative stress

[267-275]
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Table 1. Cont.
MIC/Effective
Plant Source/Key Target Concentration/Probiotic Mechanism(s) Type of References
Phytochemical(s) Pathogens Compatibility/Safety Note of Action Interaction
(If Reported)
Procyanidin-rich grape seed extract
exhibits antibacterial and
antivirulence activities against
Gram-negative pathogens. An
MIC50 of 44.17 ug/mL was
reported against Salmonella
Typhimurium and demonstrated
L o ) May complement
the inhibition of biofilm formation S .
. . . probiotic-derived
by E. coli and S. Typhimurium. S
. anti-biofilm
Other studies support the .
. ! s mechanisms, as
barrier-protective and Inhibition of ape seed
microbiota-modulating effects of adhesion, EPS grape seec
s . procyanidins inhibit
grape seed proanthocyanidins but formation, athogen
e do not provide classical MIC values barrier- pathogen |
Vitis vinifera (grape . R ; . . . adhesion/biofilm
Enteric for antimicrobial activity. V. vinifera  protective and .
seed)/ L . . formation, whereas [119,120,276-278]
Lo pathogens extracts have low toxicity. An microbiota- .
proanthocyanidins . probiotic EPS can
aqueous leaf extract showed an oral modulating independentl
LD50 of 2828.43 mg/kg bw, and effects of grape indep Y
g . disrupt pathogen
repeated administration seed proantho- .
1 biofilms. However,
(250-1000 mg/kg bw/day for cyanidins direct erape
28 days) caused no marked hepatic grape
g : seed-probiotic
or renal toxicity, although mild Synerev requires
histopathological alterations were furillrller igr?llves?i ation
observed at higher doses. In vitro, a &
proanthocyanidin-rich grape seed
extract showed no significant
cytotoxicity toward Caco-2 cells
after 24 h of exposure at
concentrations ranging from 3.13 to
50 pg/mL
Ginger extracts exhibit extract- and
strain-dependent antibacterial
activities. Ginger extract inhibited
selected E. coli strains with reported
MIC/MBC values of 625 ug/mL,
whereas no inhibition was observed
for an AcrAB-TolC-positive E. coli May support
strain, even at 10 mg/mL, probiotic growth and
indicating strain-dependent . . microbiota
. . Anti-adhesion -
. .. o resistance. The red ginger ethanol modulation, but
Zingiber officinale E. coli, Shigella, effects; . .
. extract also showed MIC values of s direct evidence of
(ginger)/ Streptococcus . . inhibition of . . [279-285]
. 125 and 500 pug/mL against E. coli . ginger-mediated
gingerols, shogaols spp. . virulence
and S. aureus, respectively. No factors enhancement of
treatment-related adverse effects probiotic
were observed in a 90-day oral coaggregation

toxicity study in rats administered
ginger essential oil, and a NOAEL
of 500 mg/kg bw/d was
established. The EFSA also retained
a NOAEL of 11 mg/kg bw/day for
gingerols and shogaols based on a
35-day rat study

remains limited

Abbreviations: ADI, acceptable daily intake; bw, body weight; CBD, cannabidiol; CBG, cannabigerol; EPS, extracel-
lular polymeric substances; GRAS, Generally Recognized As Safe; JECFA, Joint Food and Agriculture Organization
of the United Nations/ World Health Organization Expert Committee on Food Additives; LD50, Median Lethal
Dose; MBC, minimum bactericidal concentration; MDR, multidrug-resistant; MIC, minimum inhibitory concen-
tration; MSSA, methicillin-sensitive Staphylococcus aureus; MRSA, methicillin-resistant S. aureus; NOAEL, No-
observed-adverse-effect level; ROS, reactive oxygen species; UTI, urinary tract infection; QS, quorum sensing.
Note: Interaction types were categorized as quantitative synergy, additive effect, complementary interaction, or
proposed mechanism according to the original study design and reported outcomes.

These multi-target interactions suggest that plant extracts may act as complementary

co-adjuvants, capable of supporting the antimicrobial potential of probiotic strains against
antibiotic-resistant pathogens.
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5. Interactions Between Probiotics and Phytochemicals: From
Complementarity to Synergy

Interactions between probiotic microorganisms and plant-derived bioactive com-
pounds range from complementary or additive effects to quantitatively confirmed synergy,
representing a promising area for developing microbiota-targeted antimicrobial strategies
(Table 2). These biological systems, rather than functioning independently, can enhance
each other’s roles in antimicrobial activity, immune regulation, and ecological functions.
This interaction results in complex effects that surpass the capabilities of each individual
component [286-288]. Such interactions may be particularly relevant in the context of
antibiotic resistance, as multi-target antimicrobial strategies can reduce selective pressure
on single bacterial targets and support antibiotic-sparing approaches when confirmed by
appropriate combination assays [136].

Table 2. Comparison of probiotic versus phytochemical mechanisms relevant to antimicrobial activity

and synergy.
Probiotics (Live Phytochem.icals Evidence-Be.lsed
Feature Microorganisms) (Plant-Derived Interpretation References
Compounds) of Interaction
Hypothesized
Small molecules or complementary interaction:
Living cells with complex mixtures, Selected living probiotics can
Primary nature dynamic metabolism chemically continuously produce [289-291]
and replication characterizable metabolites that interact with
after extraction relatively stable
phytochemical compounds
Production of organic Membra.ne f:li.sr.uption; Addit.ive/ complementary
acids. bacteriocins enzyme inhibition anq .eV1.denc'e: Different
bio’s urfactants, ’ 1nh1t?1t10n of DNA ?eph— antlmlCI‘Oblél t.argets may
Main antimicrobial hydrogen peroxide; catlon/transcrlptlon; suI.:)po.rt. rpultl—sne Pathogen
mechanisms competitive exclusion; . quorum-sgnS}ng. inhibition; quantlltatlve [292,293]
biofilm disruption; mterf.erence; inhibition sy.nergy. requires
coaggregation ! of v1rul§nc§ factors; confirmation by FICI,
with pathogens oxidative checkerboard, or
stress induction time-kill assays
Modulation of immune .. Complem.entary evidence:
responses (innate and Antll-mfjlammatory, The combm'ed effects may
adaptive); . antioxidant, and gupport eplthehal.barrler
Host-related effects enhancement of 1mmunomodu¥atory remforcement and immune [294,295]
epithelial barrier effgcts; protection of regulation, although the
integrity; restoration of ep1.the11.al celils and outcomes are strain-,
micro‘t;io ta balance tight junctions compound-, and
model-dependent
Utilize dietary Documented complementary
substrates and plant Serve as substrates or evidence: Plant bioactives
.. . compounds; modulators of probiotic may stimulate probiotic
Pmbilr?:;:énﬁf)?:mhc biotransform metabolism; can metabolism, while selected [296,297]
phytochemicals into increase SCFA and probiotics can biotransform
new metabolites (e.g.,  bacteriocin production phytochemicals into more
phenolic acids) bioactive metabolites
Hypothesized /rational
Often strain-specific; gg?;?;eur;i:iaer;i design criterion: strain
Specifici . effects vary widely . P ! identity, phytochemical
pecificity of activity mixture effects can be [192,298]

between strains of the
same species

broad but less
strain-specific

composition, and dose must
be matched to maximize the
probability of synergy
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Table 2. Cont.
. . . Phytochemicals Evidence-Based
Probiotics (Live . .
Feature . . (Plant-Derived Interpretation References
Microorganisms) .
Compounds) of Interaction
Formulation-dependent
Sensitive to Generally, more stable Co_e;zl;ersa:f;?irgi ma
Stability and temperature, pH, than live cells but some ) st Y
. . . improve delivery and [299-301]
formulation oxygen, processing, are light/heat/ 1 R
.\ o 1 stability, but compatibility
and storage conditions oxidation-sensitive
must be
experimentally validated
Lower risk than HyPothesmed'beneflt:
. . . Multi-target actions may
conventional Multi-target actions .
. . o . reduce the selective pressure
Risk of resistance antibiotics; act via reduce but do not . .
. .. . on single bacterial targets; [302,303]
development ecological and eliminate the risk . .
.. . however, this requires
competitive of resistance C e
. validation in long-term
mechanisms ..
in vivo models
Often classified as Transl.atlonal c0n51derat1(?n:
. Combined products require
foods, supplements, or  Regulated as botanical
live biotherapeutic extracts, supplements separate assessments of
Regulatory status . ’ . ! probiotic strain safety, [304,305]
products; strain-level or drugs depending on .
. : phytochemical
safety their use and purity o
. characterization, and
assessment required . e
formulation stability
Potentlal.ly Rapid, direct Co.mplementary. ratlonzlilg:
self-renewing, o . Rapid phytochemical activity
antimicrobial effect; . .
adaptable, . may be combined with the
Advantages . . . chemically . [306]
microbiota-restoring; . longer-term ecological and
. . standardizable; easy .
transient persistence or immunomodulatory effects
. . to dose .
colonization possible of probiotics
Critical interpretation:
Variable colonization Variability in plant Synergy cannot be assumed;
success; survival composition; antagonism, reduced
Limitations through the Gl tract not  bioavailability issues; probiotic viability, poor [172,307,308]

guaranteed; strain
selection critical

potential toxicity at
high doses

bioavailability, or
dose-dependent toxicity
may occur

Abbreviations: FICI, fractional inhibitory concentration index; GI, gastrointestinal tract; SCFA, short-chain
fatty acid. Explanation: Interaction categories are interpreted as documented quantitative synergy, addi-
tive/complementary evidence, hypothesized mechanisms, or formulation-dependent interactions according
to the type of evidence available in the cited literature. Quantitative synergy should be reserved for studies using
formal synergy assessments, such as FICI, checkerboard, or time-kill assays.

5.1. Complementary Mechanisms Enhancing Antibacterial Activity

Probiotics and phytochemicals frequently target different cellular pathways in
pathogens. When applied together, their effects converge to produce additive or syn-
ergistic outcomes, depending on the experimental model, antimicrobial endpoint, and
quantitative confirmation method [309] (Figure 2). For example, essential oils from Murraya
koenigii and Allium sativum showed enhanced antibacterial activity against S. aureus when
combined with selected probiotics, such as L. casei ATCC 12116, L. plantarum NRRL/ATCC
8014, and Bifidobacterium bifidum NRRL/ATCC 29521 [310].
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Figure 2. A conceptual interaction network illustrating how probiotic-derived metabolites and
phytochemicals may act through complementary mechanisms to support pathogen inhibition, biofilm
disruption, epithelial barrier reinforcement, immune modulation, and microbiota-related effects.

5.1.1. Membrane Destabilization and Increased Pathogen Susceptibility

Membrane perturbation and virulence attenuation induced by phytochemicals may
increase pathogen susceptibility to probiotic-derived bacteriocins, thereby promoting com-
plementary or potentially synergistic interaction [127,128,311-316]. However, such interac-
tions should be interpreted as true synergy only when supported by quantitative assays
such as checkerboard, FICI, or time-kill analyses. For example, plantaricin JLA-9 produced
by L. plantarum JLA-9 disrupts membrane integrity and inhibits oxidative metabolism
in germinating Bacillus cereus spores, illustrating how probiotic-derived bacteriocins can
enhance pathogen inactivation [317].

5.1.2. Amplification of Probiotic Metabolite Production, Adhesion, and Functional Traits

Certain phytochemicals may enhance probiotic growth and metabolic activity, thereby
increasing the production of antimicrobial metabolites and strengthening pathogen inhi-
bition [318,319]. For example, tea polyphenols have been shown to promote the growth
and metabolic activity of L. plantarum CICC 6253 while simultaneously inhibiting S. aureus
and E. coli, illustrating how selected phytochemicals may enhance probiotic fitness and
antimicrobial performance [320]. Similarly, plant-derived prebiotics may enhance adhesion-
related colonization resistance by modifying probiotic surface properties or stimulating bac-
terial growth and metabolism [321]. For example, short-chain FOS enhanced the adhesion-
related properties of L. rhamnosus NCDC 298 and, in combination with this strain, reduced
the virulence of ETEC in HT-29 intestinal epithelial cells. FOS alone also reduced ETEC
adhesion, indicating that plant-derived prebiotic substrates may support colonization
resistance by promoting probiotic functional traits and limiting pathogen attachment [322].

5.2. Biofilm Inhibition Through Multi-Target Synergy

Both probiotics and plant extracts can independently inhibit biofilm formation, but
their combination has been shown to exert enhanced anti-biofilm effects. For example, the
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synergistic mixture of L. acidophilus and pomegranate peel extract demonstrated stronger
anti-biofilm effects against P. aeruginosa than did the individual components [323]. More-
over, the combination of L. plantarum and compound plant extracts promoted biofilm
formation, which was beneficial for probiotic activity while inhibiting pathogenic biofilms,
highlighting a dual regulatory effect [324].

Phytochemicals such as carvacrol, cinnamaldehyde, eugenol, tannins, thymol, and
selected flavonoids have been shown to disrupt EPS architecture, reduce bacterial ad-
hesion, and inhibit biofilm formation by affecting cell-surface interactions and QS path-
ways [325,326]. When combined with probiotics or conventional antimicrobials, these
mechanisms may contribute to enhanced biofilm control. Plant extracts may also en-
hance the efficacy of antibiotics against biofilm-forming pathogens. Documented examples
include pomegranate and rosemary extracts combined with ciprofloxacin, levofloxacin,
gentamicin, or ceftazidime against P. aeruginosa biofilms, where complementary anti-biofilm
effects were associated with the disruption of biofilm architecture and enhanced antibi-
otic susceptibility [327]. Additional examples include tea polyphenols combined with L.
plantarum CICC 6253 and eugenol combined with L. plantarum Zs2058, both of which were
associated with enhanced antimicrobial and anti-biofilm activities [320,328]. Nevertheless,
the efficacy of such combinations is influenced by multiple factors, including phytochemical
composition, formulation, and pathogen characteristics [327,329].

5.2.1. Probiotic Biosurfactants + Plant Polyphenols

Bacillus biosurfactants (surfactin and fengycin) disrupt biofilm architecture. Polyphe-
nols inhibit QS, thereby reducing EPS production. Upon their combined use, pathogens
experience both EPS destabilization and weakened intercellular signaling, which may
contribute to biofilm destabilization [330-332]. Recent evidence suggests that combinations
of probiotic microorganisms with polyphenols, such as proanthocyanidin-rich plant com-
pounds, may enhance anti-biofilm or antifungal activity, although the effects appear to be
matrix- and compound-specific and require further validation across different phytochemi-
cal sources [169].

5.2.2. Enhanced Coaggregation and Entrapment

Plant polysaccharides can enhance the coaggregation of probiotics and pathogens
by strengthening cell-cell and cell-matrix interactions, thereby promoting the formation
of mixed microbial aggregates and facilitating pathogen removal via mucosal turnover.
This creates a cooperative “entrap and eliminate” mechanism that may reduce pathogen
access to epithelial surfaces and limit their colonization. In addition, selected plant-derived
polysaccharides and dietary fibers (e.g., inulin, pectins, arabinoxylans, 3-glucans, and resis-
tant starch) can stimulate probiotic growth, metabolic activity, and EPS production, further
supporting aggregate stability and competitive exclusion [154,333]. Specific probiotic cell
wall proteins (e.g., postbiotics from L. acidophilus LA-5 and L. rhamnosus GG) and exopolysac-
charides mediate this interaction and may be enhanced by plant-derived polysaccharides.
Polyphenols, such as quercetin and p-coumaric acid, can enhance coaggregation and other
probiotic properties, suggesting their potential for synbiotic applications [334,335].

5.3. Quorum-Sensing Disruption Reinforced by Mixed Biological Signals

Both probiotics and phytochemicals possess quorum-quenching properties; however,
they operate via different mechanisms. While probiotics mainly contribute through en-
zymatic degradation of signaling molecules and microbial homeostasis, phytochemicals
may interfere with QS by acting as signal mimics and inhibitors [336,337]. For example,
quercetin combined with L. acidophilus LA5 enhanced probiotic autoaggregation and co-
aggregation with E. coli, reduced pathogen adhesion to differentiated Caco-2 cells, and
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improved epithelial barrier function by increasing TEER values and claudin-1 expression,
while reducing pro-inflammatory COX-2 expression [334]. Similarly, the combination of
L. fermentum ASBT-2 and oxyresveratrol suppressed the motility and virulence-associated
traits of Salmonella enterica more effectively than either component alone, suggesting com-
plementary anti-virulence activity [338].

These observations support the concept that probiotic—-phytochemical combinations
may reinforce pathogen colonization control and virulence attenuation, although direct QS
interactions require further investigation [111,339-343].

5.4. Co-Modulation of the Host Immune System

The interaction between probiotics and phytochemicals extends beyond direct antibac-
terial action and may influence the host immune responses. In selected models, combined
probiotic-phytochemical formulations, including those evaluated in atopic dermatitis, have
shown stronger anti-inflammatory or microbiota-modulating effects than individual compo-
nents by promoting beneficial bacteria (e.g., Bifidobacterium and Akkermansia), suppressing
pathogens, and reducing inflammatory cytokines [292,344]. Together, these mechanisms
may support a more resilient mucosal environment that limits pathogen invasion [345,346].

5.5. Biotransformation of Plant Compounds by Probiotic Strains

Probiotic microorganisms can biotransform complex phytochemicals into more
bioavailable and biologically active metabolites. Probiotic bacteria, including strains such
as L. brevis DSM 6235, L. plantarum DSM 20205, L. paracasei DSM 20312, and L. rhamnosus
NCTC 10302, possess glycosyl hydrolases, such as 3-glucosidases, that cleave sugar moi-
eties from phytochemical glycosides, thereby releasing more bioavailable and biologically
active aglycones. For example, citrus flavonoids, such as hesperidin and naringin, can
be converted into hesperetin and naringenin, respectively, which often display enhanced
antioxidant and anti-inflammatory activities compared with their parent compounds [347].
Microbial fermentation of Syzygium cumini kernels using curd and yogurt starter cultures
also generates metabolites with antibacterial, antioxidant, and anti-inflammatory proper-
ties [348]. Such biotransformation processes may enhance the bioavailability, bioactivity,
and pharmacological potential of plant-derived compounds, thereby increasing the func-
tional value of phytochemicals in probiotic-phytochemical formulations.

Metabolic crosstalk with phytochemicals can potentiate these effects on the gut micro-
biota. Certain polyphenols such as catechins, anthocyanins, and proanthocyanidins upreg-
ulate probiotic metabolic pathways, boosting SCFA and bacteriocin production [349-353].
Selected probiotic strains of LAB, including L. plantarum, L. fermentum, and other Lacto-
bacillus s.l. representatives, can biotransform plant polyphenols into bioactive derivatives,
including aglycones and phenolic acids. For example, Wang et al. [354] investigated the pro-
biotic transformation of fruit polyphenols, whereas LAB were shown to participate in the
bidirectional metabolism of finger millet polyphenols [355]. In addition, bioconversion by
probiotic bacteria such as L. reuteri DSM 20016, Enterococcus faecalis M74 and Bifidobacterium
breve ATCC 15701 increased the antiradical activity of lotus seed epicarp polyphenols [356].
However, the conversion of ellagitannins into urolithins is mainly associated with special-
ized gut microbiota members (e.g., Gordonibacter urolithinfaciens, Gordonibacter pamelaeae,
and Ellagibacter isourolithinifaciens) rather than classical probiotic strains; therefore, urolithin
production should be discussed as a microbiota-dependent transformation rather than a
general Lactobacillus/Bifidobacterium function [357].

5.6. Reduced Antibiotic Requirement Through Potent Synergy

By simultaneously disrupting pathogen membranes, inhibiting quorum signaling, sup-
pressing virulence, and supporting host defenses, probiotic-phytochemical combinations
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may reduce the minimum effective concentration of selected antibiotics [104,358]. This

supports the development of antibiotic-sparing therapeutics, which is a critical approach

for mitigating AMR.

5.7. Conceptual Model of Probiotic—Phytochemical Synergy

The emerging model suggests that synergy arises through the following:

IR o

Immune co-modulation;

Barrier reinforcement;
Biofilm eradication.

Ecological stabilization of the microbiota;

Direct microbial antagonism (multi-target inhibition of pathogens);

Metabolic cooperation (biotransformation + enhanced probiotic metabolite production);

This multifaceted cross-domain interaction underscores the translational potential of

combined probiotic-phytochemical interventions (Table 3).

Table 3. Selected studies reporting synergistic or complementary interactions between probiotics and

plant-derived bioactives against pathogens.

Combination of

Probiotic Strain(s)/ Plant-Derived Synergy Reported Interaction
. . . . Assessment Target Pathogen(s) References
Microbial Bioactive/Extract Method Outcome
Component
Combined treatment
In vitro reduced Salmonella
Eugenol, the main  antibacterial assay, gf]?xtlz;llczvas;c;n’
. Lo bioactive HT-29 epithelial Salmonella e 8
Lactiplantibacillus . . expression, and
compound of clove cell model, and Typhimurium . . [328]
plantarum Zs2058 . . inflammatory cytokine
(Syzygium Salmonella-infected SL1344 OSPONSEs MOTe
aromaticum) C57BL/ P
6 mouse model effectively than
individual
interventions
Combination with
Human intestinal 12.5% garlic extract
Lactobacillus spp., In vitro synbiotic Salmonella Typhi ;n};blﬁ(rinir}z,ih;i?li
including L. Garlic extract antibacterial assay; and S. ’ y};naintainin [359,360]
plantarum NG6 and SEM validation Typhimurium . ne .
L. paracasei DB3 Lactobacillus viability;
P SEM confirmed
pathogen cell damage.
Combined use of this
phytoprobiotic
enhanced pathogen
Red raspberry EHEC, S. suppr.ession compared
S (Rubus idaeus) Typhimurium, with ra.spberry
Lacticaseibacillus preparations alone,
pomace and seed Co-culture assay Salmonella ; . [361]
rhamnosus . e e including the
preparations Enteritidis, Listeria reduction or
with ellagitannins monocytogenes

elimination of selected

Salmonella strains and
reduced L.

monocytogenes counts.
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Table 3. Cont.

Combination of
Probiotic Strain(s)/
Microbial
Component

. Synergy .
Plant-Derived Reported Interaction
Bioactive/Extract Assessment Target Pathogen(s) Outcome

Method

References

L. plantarum

The combination
exhibited synergistic
antimicrobial activity

In vitro against S. aureus and
Lawsonia inermis antimicrobial and Staphylococcus reduced IL-6 and
L. [362]

extract anti-inflammatory aureus TNEF-« levels to levels

evaluation similar to those

observed in the

uninfected
control group

L. plantarum CICC
6253

Tea polyphenols
exhibited
concentration-
dependent
dual-directional
regulation: promoting
Mono-culture and L. plantarum growth
co-culture growth S aureus and E. coli while suppressing
assays; fermented pathogens at
sausage model appropriate
concentrations (e.g.,
2 mg/mL) by acting as
a prebiotic, enhancing
its proliferation and
dominance in
co-culture systems

Tea polyphenols [320]

L. plantarum 299v, L.

rhamnosus GG
(ATCC 53103), L.
rhamnosus ATCC
7469 and
Saccharomyces
cerevisiae var.
boulardii HANSEN
CBS 5926

Plant extracts
selectively modulated
probiotic and
pathogenic
microorganisms,
supporting
complementary
gut-targeted
interactions rather
than formally
quantified synergy.
Plant extracts
stimulated probiotic
yeast growth along
with the suppression
of Candida spp.

Polyphenol-rich
extracts from
Gentiana asclepiadea,
Hypericum
perforatum, Satureja
montana, and
Achillea millefolium

Opportunistic
intestinal bacteria
and yeast

In vitro growth

modulation assay [144]

Abbreviations: EHEC, enterohemorrhagic Escherichia coli; SEM, scanning electron microscopy.

6. Methodological Approaches to Evaluate Probiotic-
Phytochemical Interactions

A major methodological limitation in this field is the inconsistent application of the
term “synergy.” In this review, quantitative synergy refers only to interactions confirmed
by formal assays, such as checkerboard analysis with FICI calculation or time-kill ex-
periments showing enhanced pathogen reduction compared with the most active single
treatment [363]. In the absence of formal synergy testing, the combined effects are de-
scribed as additive, complementary, or mechanistically plausible interactions. Because
probiotic—phytochemical interactions may involve direct antimicrobial activity, biofilm
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modulation, metabolic crosstalk, epithelial barrier protection, and immune regulation,
multiple endpoints are often necessary (Figure 3) [364,365]. However, methodological
interpretation should remain conservative: growth inhibition, improved probiotic viability,
altered cytokine production, or biofilm reduction alone should not be considered proof
of synergy unless appropriate single-agent controls and quantitative interaction metrics
are included. In biofilm-based models, complementary structural or molecular readouts
may be useful because biofilm tolerance reflects multiple interacting processes, including

diffusion, metabolism, gene expression, and physiological heterogeneity [130,366].

The principal methodological approaches and recommended endpoints are presented

in Table 4.
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Figure 3. Translational framework for the development of probiotic—-phytochemical combinations
from in vitro screening and mechanistic validation to formulation, safety evaluation, clinical applica-
tion, and real-world implementation.
Table 4. Methodological approaches used to evaluate probiotic—phytochemical interactions.
Methodological . Key Endpoints/ Interpretation/
8 Method/Model Main Purpose y P crpres References
Category Outputs Limitations
. e Adaptable to
Fractional inhibitory b
.. probiotic cell-free
Quantitative concentration index supernatants
. (FICI): FICI < 0.5, pernatants,
. evaluation of probiotic cell
In vitro Checkerboard combined synergy; suspensions. plant
antimicrobial microdilution . . 05<FICI<1, P ' P [293]
. antimicrobial .. extracts alone, or
synergy testing assay .. additive effect;
activity of 1 < FICI < 4 plant extracts
two agents o o combined with
indifference; FICI > 4, ..
antagonism probiotic
& metabolites
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Table 4. Cont.
Methodological Method/Model Main Purpose Key Endpoints/ IntFr}?ret? tion/ References
Category Outputs Limitations
Change in viable Captll.res dynamic
counts over 24-48 h; killing effects;
Assessment of the svnerev tvpicall ’ identifies delayed
kinetics of ynergy typieatly or time-dependent
. . e . defined as
Time-kill curves antimicrobial synergy; [367,368]
. . >2 logig CFU/mL L
interactions : distinguishes
. reduction compared . .
over time . . bacteriostatic from
with the most active ..
. bactericidal
single treatment ..
In vitro activity
antimicrobial Includes well
synergy testing diffusion,
. spot-on-lawn, and
Ylsual a‘nd . Inhibition zone double-layer
A diffusi d semi-quantitative ah t . ol f
gar diffusion an enhancement or assays; useful for
assessment of . ! ..
co-culture R interference; pathogen visualizing [369,370]
s inhibition between . o0 . .
inhibition assays .. growth suppression in interactions,
probiotics and 1 allv wh
hvtochemicals co-culture especially when
phy probiotics and
pathogens
physically interact
Useful for showing
whether
combinations
Evaluation of Biofilm biomass inhibit biofilm
Microtiter biofilm anti-biofilm (Crystal Violet), formation or
formation and activity of single metabolic activity eradicate [371-376]
disruption tests agents and (XTT, resazurin), total established
combinations DNA or EPS content biofilms more
Biofilm-related eff.ect1.v e.ly than
individual
Synergy assays treatments
Biofilm architecture, Reveals structural
membrane integrity synergy not
Cosf‘cf;’;flliiaser Vlsigl‘fg‘t‘ﬁ o (LIVE/DEAD detectable in bulk
- & o staining), EPS assays; especially [377-379]
fieroscopy biofilm-related disruption, cell valuable for
(CLSM) synergistic effects pon, -
clustering, mechanistic
coaggregation interpretation
Determination of Optical density Indicates preb‘lotlc
Growth growth curves, or metabolic
. . whether plant . .
stimulation and . colony-forming unit synergy when
.. .. extracts stimulate [380-383]
prebiotic activity robiotic (CFU) counts, plant compounds
tests pre . fermentation endpoint ~ promote probiotic
proliferation ..
analyses growth or activity

Probiotic
functional and
metabolic assays
Metabolomics and
profiling of
bioactive
metabolites

Characterization of
metabolites
involved in
synergistic
interactions

LC-MS/MS, GC-MS,
or NMR-based
quantification of
SCFAs, bacteriocins,
biosurfactants,
reuterin, and phenolic
metabolites

Demonstrates
whether plant
extracts stimulate
probiotic
metabolite
production or
whether probiotics
biotransform
phytochemicals
into more active
compounds

[384-388]
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Table 4. Cont.
Methodological Method/Model Main Purpose Key Endpoints/ IntFr}?ret? tion/ References
Category Outputs Limitations
Useful for
evaluating
Assessment of Tight junction proteins whether
Epithelial cell line barrier-protective (ZO-1, claudins, combinations
models (e.g., and occludin), cytokines strengthen [389]
Caco-2, HT-29, anti-inflammatory (IL-6, IL-1P, TNF-«), epithelial barrier
IEC-6) effects of ROS production, function and
Immunological combinations pathogen translocation reduce
synergy assays inflammatory
damage
Ev.aluatlon of Phagocytosis, nitric Reveals synergistic
immune- . . .
. . oxide production, TLR effects on innate
Macrophage/dendritianodulating effects . . . .
o signaling modulation, ~immune responses [390-392]
cell models of probiotic— o . : .
. antimicrobial peptide  and immunomodu-
phytochemical . .
expression lation
treatments
Downregulation of
virulence genes, .
Identification of upregulation of Pr(.)VI.d?S .
gene expression stress-response genes, me.chamstlc insight
RNA-seq and changes induced modulation of into molecular [393,394]
qPCR b ) . pathways
) y combined quorum-sensing underlvin
Genomlc anq treatment pathways, induction of s nery &
transcriptomic probiotic metabolic ynergy
approaches pathways
Monitoring of Helps distinguish
Whole-genome genomic Resistance-associated mechanisms of
sequencing (WGS)  adaptations under mutations, adaptive synergistic versus [395,396]
of pathogens combined stress responses antagonistic
treatment pressure interactions
. Pathogen burden in Provides
Evaluation of . . . .
robiotic— tissues, gut microbiota translational
hp tochemical composition, systemic relevance and
Animal models Py immune responses, validates [307,397]
synergy under intestinal permeability,  synergistic effects
physiologically LT L L
- protection in infection beyond in vitro
relevant conditions
models systems
In vivo and ex vivo Mechanistic testing
. . . . Enables
synergy models in systems Changes in microbiota . .
: . o physiologically
approximating the composition, SCFA relevant evaluation
Ex vivo human gut production, microbial of
human-derived env1ronment,: Fecal mefcabo}lc actlv.lty, microbiome-level [398-400]
fermentation epithelial barrier .
models . . . and host-microbe
systems (e.g., integrity, cytokine

SHIME, TIM-2),
human intestinal
organoids

responses, and
metabolomic profiles

interactions under
controlled
conditions
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Table 4. Cont.
Methodological Method/Model Main Purpose Key Endpoints/ IntFr}?ret? tion/ References
Category Outputs Limitations
Prediction of Supports
. I.‘I’IEChaI'l.l stic Binding interactions, hypo’fhe51s
Network modeling interactions athwav interference generation and
and molecular between P uort}llm—sensin 7 mechanistic [401,402]
docking phytochemicals, d & interpretation of
- related targets L
Computational probiotics, and synergistic
and systems pathogen targets interactions
biology Emerging
approaches e approach for
. . Identification of . . . . .
Machine learning . L . Al-driven integration rational design of
L combinations with . . ..
and predictive . - of multi-omics and synbiotic and [401,403,404]
. high probability of . o
synergy modeling experimental datasets probiotic—
synergy .
phytochemical
formulations
At least two Reduces
independent synergy  overinterpretation;
Improvement of assays recommended, increases
Multi-assay P [ ideally checkerboard robustness of
- reproducibility . . L
Standardization framework for . . plus time-kill, conclusions; helps
. . and confidence in . . S . . [130,363,366]
and interpretation synergy svner combined with biofilm distinguish true
interpretation ynergy assays and synergy from
classification . o
metabolomic or additive or
transcriptomic independent
validation effects

Abbreviations: Al, artificial intelligence; CFU, colony-forming unit; CLSM, confocal laser scanning mi-
croscopy; EPS, extracellular polymeric substances; FICI, fractional inhibitory concentration index; GC-MS, gas
chromatography-mass spectrometry; LC-MS/MS, liquid chromatography-tandem mass spectrometry; NMR, nu-
clear magnetic resonance; qPCR, quantitative polymerase chain reaction; RNA-seq, RNA sequencing; ROS, re-
active oxygen species; SCFAs, short-chain fatty acids; SHIME, Simulator of the Human Intestinal Microbial
Ecosystem; TIM-2, TNO in vitro model of the colon; TLR, Toll-like receptor; WGS, whole-genome sequencing;
XTT, 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; ZO-1, zonula occludens-1.

7. Potential Clinical, Biotechnological, and Nutraceutical Applications

Emerging evidence suggests that the interactions between probiotics and plant-derived
phytochemicals may be relevant to clinical medicine, biotechnology, and the rapidly grow-
ing nutraceutical sector [324,405,406]. These combined bio-interventions may provide
multi-target antimicrobial action, immune modulation, and microbiota support, which
aligns with current efforts to develop sustainable and biologically based strategies for
gut health and antimicrobial protection [294,407]. However, most interactions between
probiotics and plant-derived bioactives have been investigated in vitro or in animal models.
Only a limited number of human studies have evaluated combined interventions involving
probiotic strains and plant-derived bioactives (Table 5). These studies provide preliminary
translational evidence; however, their interpretation remains limited by short intervention
periods, heterogeneous formulations, small or disease-specific cohorts, and the frequent
absence of formal synergy metrics.
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Table 5. Selected human and translational evidence for combined probiotic—plant bioactive interven-
tions. Only studies published within the predefined search period (January 2016-April 2026) were

included in this table.

I(’::;jll::?omn Probiotic Pl]a;i:;?g:;::d Study Design Main Outcome Limitations References
Randomized, Synbiotic and Pediatric and
double-blind, probiotic condition-specific

controlled, and treatments cohort; short-term
prospective improved initial symptom-based
clinical trial; IBS complaints outcomes;
Synbiotic/probiotic n =71 children compared with synbiotic
Pediatric irritable intervention: Prebiotic inulin between the ages prebiotic formulation was
bowel syndrome Bifidobacterium 900 m ! of 4 and 16 years treatment; the not based on a [408]
(IBS) lactis B94, & divided for synbiotic group defined plant
5 x 10° CFU 3 groups: showed a higher  extract or isolated
synbiotic, full recovery rate phytochemical;
probiotic and than the prebiotic no formal
prebiotic; 2 daily group (39.1% vs. synergy metrics
for 4-week 12.5%, such as FICI or
intervention respectively) time-kill assays.
Phytochemical-rich
whole food capsule:
Citrus sinensis fruit,
400 mg from 200 mg
of 2:1 extract,
standardized to
contain 70 mg of
bioflavonoids;
Lactobacillus- Chamomile/Matricaria Randomized, Addition of
based recutita (flower), double-blind, .
- phytochemical- Protocol was
probi- 1000 mg from 22 mg placebo- rich capsules to amended so most
otic/prebiotic of 10:1 extract and controlled trial; S niiotic articipants
. (synbiotic) 65 mg of 12:1 extract; n = 147 adults; Y . particip .
Symptomatic . supplementation received probi-
capsule Curcuma longa rhizome UK Phyto-V ; . . .
COVID-19/post- . ; . improved fatigue, otic/prebiotic
. . containing L. in curcumin complex, Study; .
infectious - . cough, and supplementation;
plantarum, L. 1600 mg of curcumin participants . . [409]
symptom burden hamnosis. L from received one overall well-being  not a full factorial
(post-COVID-19 L R scores; GI design; outcomes
bulgaricus, 25 mg of 64:1 extract, phytochemical-
syndrome) . . . symptoms were
Lactococcus lactis, standardized to rich capsule or improved in symptom-based:
L. paracasei, contain 23.8 mg of placebo 2 daily, in man P articipants ys gntaneous !
10 x 10° CFU; curcuminoid; Punica addition to a re o¥t§1 ba 53 line reC(l)gver ossible
with prebiotic granatum (rinds and synbiotic capsule, PC);I o ng1 laints yp
inulin, 200 mg seeds), 1000 mg from for 30 days. P
25 mg of 40:1 extract,
standardized
to contain 10 mg of
ellagic acid;
Polygonum cuspidatum
root containing
100 mg
of resveratrol
Sachet blend,
containing
probiotic Significant
compounds: reduction in
Bifidobacterium Botanical extract as inflammatory Exact dose of
breve BRO3 sachet blend Monocentric, lesions, erythema,  botanical extracts
DSM 16604, containing lu éol randomized, desquamation, not reported;
>0.5 x 10° CFU; from. So%anulin double-blind, sebum secretion, single-center
Mild to moderate Lacticaseibacillus melongena and four-arm, placebo-  and Cutibacterium study; relatively [410]

facial acne

casei 1L.CO3 Echinacea extract
N 0D'581>\</[ 12 (;5?(’:71;[} (exact botanical dose
_Ligilactobucillus not re]:}cl) rf‘e;:l by
salivarius LS03 authors
DSM 22776,

>1.0 x 10° CFU;
combined dose of
>2 x 10° CFU

controlled study;
n =114 adults;
1 sachet daily for
8 weeks

acnes abundance;
strongest effect
observed with
combined
probiotic—
botanical
intervention.

short intervention
period; no formal
quantitative

synergy
assessment
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Table 5. Cont.
Condltlf)nl Probiotic Plar‘lt-De‘rlved Study Design Main Outcome Limitations References
Population Bioactives
Phytochemical-
rich
supplementation
was associated
with slower
prostate-specific
antigen (PSA)
Phytochemical-rich p r(;%gifif:loind
Five-blend 10° suppl gmerg (PRSI). Lactobacillus
CFU Lactobacillus cogtam}ng ’ roccott probiotic further Disease-specific
probi- 1(507’?;51;? g;:::;ja improved PSA cohort of older
otic/prebiotic longa (1 Sgo ’m and 50:1 dynamics, men under active
(synbiotic) exti act), s tar% dar dizea Phase I urinary surveillance for
capsule: L. to curc{lminoi ds 95% randomized, symptoms, prostate cancer;
Low-risk prostate rhamnosus 500 me: Domesranate placebo- erectile function, no placebo-only
cancer under 300 CFU, 5.6 mg; ( Pu;%zfcg mn% fum controlled trial; and inflammatory arm; baseline
active surveil- L. plantarum 150 m 3; nd 501 n = 208 evaluable markers. PRS + imbalances
lance/older men 500 CFU, 5.6 mg; extract) sgtan dar d.ize q  men; all received probiotic between groups;
with untreated L. paracasei ¢ o S phytochemical- improved grip reliance on )
. 0 90% ellagic acid : [411-413]
early prostate 300 CFU, 835 ug; (500 mg); green tea rich supplement strength more surrogate
cancer; related L. bulgaricus ( Camelll% ;li ens is 3:1 (2 capsules daily than PRS + biomarkers
analyses from the 50 CFU, 100 mg; extract), standar dizé d for 4 months) and  placebo, reduced (including PSA);
same randomized Lactococcus lactis ,to 45% were randomized NLR, and was limited duration
trial/cohort 200 CFU, 835 ug; epigallocatechin-3- to probiotic or associated with of follow-up; and
combined dose of P gll te (EGCG: placebo for higher the need for
10° CFU; 1g5a0 Iane)(. in e1/* 4 months testosterone independent
prebiotic inulin (Zin ibgr’ojgﬁ‘ici%mle levels at 4 months. replication in a
90%, 100 mg; and Rosc%e 5 mg); and In the prostate broader
vitamin D, 2.2 mg &) cancer analysis population

(500 TU);

cranberry (Vaccinium
subg. oxycoccus, 25:1
extract, 100 mg)

from the same
trial, PRS +
probiotic capsules
were also
associated with
more favorable
PSA dynamics,
urinary
symptoms, and
erectile function

Abbreviation: CFU, colony-forming unit; EGCG, epigallocatechin gallate; FICI, fractional inhibitory concentration
index; GI, gastrointestinal; IBS, irritable bowel syndrome; IU, international units; PRS, phytochemical-rich
supplement; PSA, prostate-specific antigen.

Table 5 includes human studies evaluating combined interventions involving probiotic

strains and plant-derived bioactive compounds; however, not all studies were specifically

designed to quantify the synergy between both components.

7.1. Potential Clinical Applications

7.1.1. Potential Support in Gastrointestinal Infection Management

Probiotic-phytochemical combinations represent promising alternatives or adjuncts to

antibiotic therapy for GI infections caused by C. difficile, Salmonella, E. coli, S. aureus, and

other pathogens [108,414]. Their benefits arise from the restoration of healthy microbiota

balance, suppression of pathogen growth via multi-target inhibition, reinforcement of ep-

ithelial barrier integrity, and reduction of inflammation and toxin-mediated damage. Such

formulations may potentially reduce relapse risk and lessen the need for broad-spectrum

antibiotics, thereby mitigating dysbiosis and slowing the emergence of resistance [407,415].
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7.1.2. Management of Inflammatory Bowel Disease (IBD) and Irritable Bowel
Syndrome (IBS)

Phytochemicals with anti-inflammatory and antioxidant activities (e.g., curcumin,
resveratrol, and quercetin) combined with probiotic strains (Lactobacillus s.I., Bifidobacterium,
and Bacillus) can modulate cytokine profiles, improve mucosal healing, and restore gut
barrier function. Combined interventions may reduce oxidative stress and mucosal dam-
age, increase SCFA production, and promote the normalization of dysregulated immune
response. Such combinations have shown encouraging results in preclinical models, paving
the way for future clinical trials [416-419].

7.1.3. Potential Support in Oral and Dermal Infection Prevention

Topical and oral formulations combining probiotics and plant extracts have shown
promising activity in preliminary studies against opportunistic pathogens in the oral cavity
(Candida spp. and Streptococcus mutans) and skin (S. aureus and P. aeruginosa). Benefits
include inhibition of biofilm formation, suppression of virulence factors, reduced pathogen
adhesion, and enhancement of local immune defenses. The generally favorable safety
profiles support further evaluation of preventive care formulations [420—423].

7.1.4. Antibiotic-Sparing Therapeutics

A potential clinical advantage of probiotic-phytochemical combinations is their ca-
pacity to reduce the required antibiotic dosage while maintaining beneficial antimicrobial
effects. This approach decreases selective pressure for resistant strains, preserves com-
mensal microbiota, and lowers the risk of adverse drug effects. These combinations align
with global antimicrobial stewardship efforts. Moreover, combining plant extracts with
antibiotics or probiotics has been reported to reduce the minimum inhibitory concentration
(MIC) of antibiotics in selected experimental models, lowering the required dosage and
minimizing side effects [424,425].

7.2. Biotechnological Applications
7.2.1. Development of Synbiotic Formulations

Documented or proposed probiotic-phytochemical interactions may support the de-
velopment of microbiota-targeted synbiotic formulations, in which plant-derived bioactives
function not only as prebiotic substrates but also as antimicrobial and immunomodulatory
co-effectors in the gut. This new class integrates probiotics with proven antagonistic activity,
phytochemicals that enhance metabolite production, and formulations optimized using
metabolomic and transcriptomic profiling [4,426-429].

7.2.2. Fermentation Technology and Metabolite Bioengineering

Probiotic fermentation of phytochemicals generates more bioactive metabolites such as
hydroxycinnamic acid derivatives and activated flavonoids. Industrial applications include
the biotechnological production of health-promoting compounds, natural antimicrobial
preservatives, and valorization of plant waste streams [430-433].

7.2.3. Biocontrol in Agriculture and Food Safety

Probiotic—phytochemical combinations can be integrated into biocontrol strategies
to reduce bacterial contamination in agriculture [434,435], aquaculture [436,437], and
food processing [438]. The potential advantages of this approach include an environ-
mentally friendly profile, multi-target pathogen suppression, and compatibility with or-
ganic farming practices. This reduces reliance on chemical antibiotics in livestock and
crop protection [439,440].
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7.3. Nutraceutical and Functional Food Applications
7.3.1. Functional Foods with Enhanced Antimicrobial and Immunomodulatory Activity

There is an increasing demand for foods enriched with probiotics and phytochemicals
to support gut health, immunity, and microbiota balance. The food matrices used include
yogurt and fermented dairy, kombucha and fermented beverages, plant-based fermented
foods, and encapsulated-supplement formats. Combined probiotic—-phytochemical for-
mulations may offer additional health benefits compared to traditional single-component
products, although further clinical validation is required [294,441-443].

7.3.2. Encapsulation and Controlled-Release Technologies

Advanced encapsulation techniques (e.g., alginate beads, microcapsules, and biopoly-
mer composites) can co-deliver probiotics and phytochemicals to the gut. Their bene-
fits include targeted release in the intestine, enhanced viability of probiotics, protection
of sensitive phytochemicals from degradation, and controlled modulation of the micro-
biota composition [444-447].

7.3.3. Personalized Nutrition and Microbiome-Targeted Products

The integration of metagenomics and personalized nutrition trends has led to the
development of microbiota-tailored nutraceuticals. Probiotic-phytochemical combinations
fit this paradigm by offering formulations that are tuned to individual microbial profiles,
optimized for immune or metabolic outcomes, and adaptable to specific populations
(elderly, athletes, IBS patients, etc.) [448—451].

8. Regulatory and Safety Considerations

Although probiotics and plant-derived bioactives are generally considered safe when
used individually, their combined use in concentrated formulations necessitates thor-
ough safety and regulatory evaluations. First, plant-derived bioactives may exert dose-
dependent effects; compounds that are beneficial at nutritional levels may become cytotoxic,
pro-oxidant, hepatotoxic, or irritant at high concentrations or after prolonged exposure.
Therefore, concentrated extracts should be chemically standardized and evaluated for
toxicity, acceptable daily intake, contaminants, solvent residues, and potential interactions
with drugs or host metabolism [452-454].

Second, phytochemicals may negatively affect the viability of probiotics. Some pheno-
lics, essential oils, alkaloids, and tannins can inhibit bacterial growth, disrupt membranes,
or reduce metabolic activity, which may compromise the survival of probiotic strains dur-
ing manufacturing, storage, GI transit, and co-delivery. Therefore, compatibility testing
between each probiotic strain and plant-derived bioactives should be performed before
formulation, including viability assays, stress tolerance tests, and stability studies under
relevant pH, oxygen, temperature, and storage conditions [455,456].

Third, strain safety is essential. Probiotic candidates should be identified at the strain
level, preferably using whole-genome sequencing, and screened for virulence factors, trans-
ferable antibiotic resistance genes, toxin production, hemolytic activity, and undesirable
metabolic traits. This is particularly important for non-LAB probiotics and spore-forming
bacteria, for which safety cannot be inferred from the species name alone [453,455].

Fourth, microbiome-related risks should be considered in future studies. Probiotic—
phytochemical combinations may have off-target effects on commensal microorganisms,
alter microbial diversity, or shift metabolic outputs in a host-dependent manner [171,457].
These effects may be beneficial in some contexts but undesirable in others, especially in
vulnerable populations, including immunocompromised individuals, infants, older adults,
and patients with severe dysbiosis [171,458]. Interindividual variability in phytochemical
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metabolism and gut microbial metabotypes may further influence biological responses
to these interventions [185,186]. Therefore, it is important to monitor the microbiome
and include metabolomic endpoints to determine the intended and unintended ecological
effects in future studies [459].

Finally, formulation-related risks must be considered. Co-formulation may modify
the stability, bioavailability, release kinetics, and biological activity of probiotics and phyto-
chemicals [460,461]. Encapsulation, microencapsulation, and controlled-release systems
can improve probiotic survival and targeted delivery. Nonetheless, these methods may
modify dose exposure, elevate production expenses, and necessitate further validation
for safety and stability [461-463]. Regulatory classification remains challenging because
probiotic-phytochemical products may fall between functional foods, dietary supplements,
nutraceuticals, and therapeutic products [463-465]. Consequently, transparent reporting of
strain identity, phytochemical composition, dosage, formulation matrix, viability, stabil-
ity, and intended use is essential for the reproducibility, consumer safety, and regulatory
evaluation of probiotic and plant-derived bioactive formulations [464,466].

Briefly, phytoprobiotic formulations require the following [452-456]:

toxicity testing of concentrated phytochemicals;
stability and viability assessment of the final formulation;
clear documentation of genomically verified probiotic strain identity;

compliance with the European Food Safety Authority (EFSA) and Food and Drug
Administration (FDA) guidelines for probiotics and botanical supplements.

The regulatory landscape is evolving to accommodate potential synergistic bioactive
combinations in functional foods and dietary supplements.

9. Limitations, Challenges, and Future Perspectives

Despite the growing interest in the synergistic interactions between probiotics and
plant-derived phytochemicals, several conceptual, methodological, and translational chal-
lenges remain. Addressing these limitations is essential for advancing the field toward
clinically validated, standardized, and commercially viable therapeutic strategies [467].

9.1. Limitations and Current Challenges
9.1.1. Variability in the Composition of Plant Extracts

Plant extracts are inherently heterogeneous, and their chemical composition is influ-
enced by factors such as cultivation conditions, plant age, extraction methods, and storage.
This variability creates challenges in terms of reproducibility across studies, standardiza-
tion of doses, regulatory approval, and consistency of clinical outcomes. Phytochemical
fingerprinting (untargeted LC-MS/MS, NMR) is often required but not always performed
in probiotic—phytochemical studies [468,469].

9.1.2. Strain-Specific Response of Probiotics

e  Probiotic responses to plant-derived bioactives are strongly strain-specific and cannot
be reliably inferred from species-level taxonomy alone [466,470]. Strains belonging
to the same species may differ in membrane composition, stress response systems,
carbohydrate utilization pathways, bile and acid tolerance, adhesion capacity, bac-
teriocin production, and enzymatic machinery involved in phytochemical biotrans-
formation [192,466,471]. These differences determine whether a given plant extract
stimulates, has no measurable effect on, or inhibits probiotic growth [95,144]. For
example, polyphenol-rich extracts may support selected Lactobacillus or Bifidobacterium
strains by acting as fermentable substrates or metabolic modulators, whereas the
same extracts may suppress other strains because of the presence of membrane-active
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phenolics, tannins, or essential o0il constituents [95,144,192]. Therefore, probiotic—
phytochemical combinations should be designed and tested at the strain level, with
viability, metabolic activity, adhesion properties, and phytochemical biotransformation
capacity assessed under formulation-relevant and GI conditions [172,466,472]. This
strain-level variability is one of the main reasons why results obtained for one probiotic
strain cannot be generalized to other strains, even within the same species [171,466].

9.1.3. Lack of Standardized Synergy Definitions and Protocols

Although checkerboard and time-kill assays are common, there is no universal stan-
dard for defining synergy between biological agents. The differences across laboratories
include the following [468,473,474]:

Inoculum sizes;

Extraction solvents;

Culture media;

Endpoints used to define inhibition;

Interpretation thresholds.

This lack of harmonization hinders cross-study comparisons and meta-analyses.

9.1.4. Limited in Vivo and Clinical Evidence

Most synergy research remains at the in vitro level. Challenges include differences in
the in vivo bioavailability of phytochemicals, survival and colonization of probiotics in the
gut, rapid metabolism of plant compounds, and host-specific microbiota response. Only a
few studies have validated the synergistic effects in animal models, and even fewer have
extended this validation to humans [107,468,473,475].

9.1.5. Challenges in Co-Formulation and Stability

The combination of probiotics and plant extracts introduces significant formulation
issues, including the sensitivity of probiotics to pH, oxygen, heat, and solvents; instability
of polyphenols during processing; antagonism between certain strains and compounds;
and difficulty in synchronizing their release profiles. Advanced encapsulation technologies
can mitigate these problems; however, they also increase production costs [476,477].

9.1.6. Regulatory Ambiguity

Current regulatory frameworks for probiotics and botanical supplements are not fully
adapted to combined biological therapies. Regulators often lack clear categories for synbi-
otic formulations with therapeutic claims, probiotic-phytochemical medicinal products,
and biotransformed phytochemicals produced during fermentation. This regulatory gap
complicates commercialization and clinical trial designs [469,475].

The major limitations and corresponding technological priorities for advancing
probiotic—phytochemical strategies are summarized in Table 6.

Table 6. Research gaps and technological needs in probiotic-phytochemical antimicrobial development.

Impact on Synergy Technological and
Area Key Research Gaps Assessment Methodological Needs Selected References
Hﬁtetf)(::%f:ﬁigf Leads to inconsistent Standardized extraction;
Plant extract phytoc! antimicrobial and LC-MS/MS and NMR
composition due to . e [107,468,469]
variability source. processing, and synergy outcomes fingerprinting; validated
P & across studies chemical markers

extraction methods

https:/ /doi.org/10.3390/nul18132112


https://doi.org/10.3390/nu18132112

Nutrients 2026, 18,2112

40 of 69

Table 6. Cont.

Area

Key Research Gaps

Impact on Synergy
Assessment

Technological and

Methodological Needs Selected References

Strain-specific

Strong dependence on
strain identity, genome,

Limits reproducibility
and generalization of

Strain-level
characterization; WGS;

probiotic responses metabolism, and prOblOth.— phenotype—genotype [478479]
phytochemical mapping;
stress tolerance . . . .
interactions high-throughput screening
Variability in inoculum .
. . . . Harmonized protocols;
size, media, extraction Hampers comparison .
. . combined use of
Lack of solvents, endpoints between studies and . .
. . . . checkerboard and time-kill
standardized (MIC vs. biofilm vs. increases the risk of . . . [470]
. . assays; inclusion of biofilm
synergy protocols CFU), and overinterpretation of . .
. . . and multi-endpoint
interpretation synergy claims analvses
thresholds Y
Predominance of
in vitro data; limited Reduces translational Animal models; ex vivo
Limited in vivo and animal and human relevance and clinical gut systems; randomized
.. S . . . . . [289,480]
clinical validation studies; unclear confidence in clinical trials;
bioavailability and synergistic efficacy PK/PD studies
microbiota interactions
Probiotic sensitivity
(pH, oxygen,
temperature); May reduce efficacy or Co-encapsulation;
Co-formulation and phytochemical negate synergistic microgels;
o . A . . [481-483]
stability challenges  instability; antagonistic effects in real controlled-release systems;
interactions; formulations stability optimization
mismatched
release profiles
Limited understanding Overlooks ecological Metagen(?mlcs,
. . . . metabolomics, and
Microbiota-level of community-wide consequences and .
. network analysis; [484-486]
effects and resistome-level long-term effects of N
: . . longitudinal
responses combined interventions . ‘ .
microbiome studies
s Lack of standardized Unde.restlr.nates Multispecies biofilm
Biofilm and . X physiologically . .
. multi-species and systems; CLSM imaging;
quorum-sensing ) ) relevant pathogen ] [487,488]
physiologically . QS reporter assays;
models behavior and synergy . -
relevant models microfluidic models
effects
Unclear classification of . .. Strain-level safety
. o Complicates clinical o
Regulatory and combined probiotic—- . assessment; toxicity
. translation and . [489,490]
safety framework phytochemical e evaluation; regulatory
commercialization .o
products harmonization
. . Fragmented datasets Limits rational design Multl—on.ucs 1ntegrat1on;
Data integration . machine learning;
- and lack of of effective . [491-493]
and prediction . L predictive
predictive models combinations .
synergy modeling

Abbreviations: CLSM, confocal laser scanning microscopy; CFU, colony-forming unit; LC-MS/MS, lig-
uid chromatography-tandem mass spectrometry; NMR, nuclear magnetic resonance; QS, quorum sensing;
WGS, whole-genome sequencing; PK/PD, pharmacokinetics /pharmacodynamics.

Together, these challenges highlight the need for integrated, standardized, and multilevel

approaches to fully realize the therapeutic potential of probiotic—-phytochemical synergy.
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9.2. Future Perspectives
9.2.1. Precision Synbiotics and Personalized Microbiome Interventions

One of the most promising future directions is the development of precision synbi-
otics, defined as rationally selected combinations of probiotic strains and plant-derived
bioactives tailored to the microbiome composition, metabolic capacity, and clinical or nu-
tritional context [305,494]. This approach is particularly relevant because probiotic effects
are strain-specific, whereas phytochemical metabolism strongly depends on the functional
capacity of the resident gut microbiota [190,466]. For example, interindividual differences
in microbial metabotypes may determine whether dietary ellagitannins are efficiently
converted into urolithins, thereby influencing the biological response to pomegranate
and berry-derived polyphenols [185,190]. Therefore, the successful implementation of
probiotic—phytochemical interventions will depend not only on the botanical source or
probiotic species but also on strain-level functionality and phytochemical biotransforma-
tion capacity [192,466].

Future advances in this area are likely to incorporate metagenomic diagnostics,
metabolomic profiling, machine-learning prediction of promising probiotic—phytochemical
pairs, and microbiome-based participant stratification [491,495,496]. However, precision
synbiotic design will require standardized reporting of probiotic strain identity, phytochem-
ical composition, dose, formulation, viability, and stability to ensure reproducibility and fa-
cilitate validation across studies [172,466]. Currently, personalized probiotic-phytochemical
approaches remain an emerging area of research rather than an established clinical tool, and
their translation into practice will require robust human validation studies, reproducible
biomarkers of response, and clinically meaningful outcomes [171,172].

9.2.2. Translational Challenges

Several additional factors complicate the translational development of probiotic—
phytochemical combinations. Pharmacokinetic and pharmacodynamic challenges arise
because many phytochemicals exhibit limited oral bioavailability, rapid metabolism, chem-
ical instability, and significant interindividual variability in absorption and microbial
biotransformation [497]. In parallel, probiotic viability, colonization efficiency, and metabo-
lite production are strongly influenced by the formulation, gastrointestinal conditions, and
host microbiota composition [498]. Clinical trial design is further complicated by differ-
ences in probiotic strains, phytochemical preparations, dosages, treatment duration, dietary
backgrounds, and outcome measures [499]. Variability in the host microbiota and respon-
der phenotypes may also contribute to heterogeneous clinical responses. Consequently,
standardized formulations, validated biomarkers, and adequately powered randomized
controlled trials are required to facilitate the successful translation of these findings into
clinical practice [499,500].

9.2.3. Multi-Omics Integration

A robust understanding of probiotic—phytochemical interactions requires the integration
of multiple omics technologies, as no single analytical approach can fully capture the com-
plexity of microbial metabolism, host responses, and microbiota-mediated effects [459,493].
Metabolomics can identify changes in SCFA production, phytochemical biotransformation
products, and other microbiota-derived metabolites, whereas genomics, transcriptomics, and
proteomics provide complementary information on strain functionality, gene expression,
metabolic pathways, and host-microbe interactions [171,172,459,466,493].

Integrated multi-omics approaches may help distinguish direct antimicrobial effects
from indirect microbiota- or host-mediated responses and facilitate the identification of
biomarkers associated with treatment responsiveness and microbial resilience [67,185,186].
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However, the meaningful integration of multi-omics datasets remains challenging because
of differences in analytical platforms, bioinformatic pipelines, and reporting standards [459].
The generation of consistent and biologically meaningful mechanistic insights will require
standardized experimental frameworks combined with comprehensive microbiome and
multi-omics analyses [171,172].

9.2.4. High-Throughput Screening Platforms

The identification of effective probiotic-phytochemical combinations is challenging be-
cause of the large number of possible interactions among probiotic strains, phytochemicals,
doses, formulations, and target microorganisms. Therefore, automated and miniatur-
ized screening platforms may become increasingly important for prioritizing promising
combinations for mechanistic validation [501,502]. Microfluidic and other miniaturized
assay systems enable efficient testing of microbial growth, viability, antimicrobial activity,
and dose-response relationships while reducing reagent consumption and experimental
time [503-505]. Such platforms can be adapted to evaluate probiotic strain collections,
plant-derived compounds, and complex microbial community models of the gut. However,
preliminary screening results do not constitute evidence of synergy unless confirmed by
quantitative methods, such as checkerboard, FICI, or time-kill assays.

Artificial intelligence and machine-learning approaches may further support this
process by prioritizing combinations with a higher probability of functional compatibility
or antimicrobial synergy [506-508]. Nevertheless, these tools are primarily hypothesis-
generating rather than confirmatory, as predicted interactions still require experimental
validation in microbiological, biofilm-, microbiome-based, and ultimately, clinical models.

9.2.5. Next-Generation Delivery Systems

The development of advanced delivery technologies will be crucial, including mi-
croencapsulation (alginate, chitosan, lipid-based systems), layered microgels with dual-
release kinetics, targeting ligands for colon-specific release, and encapsulated probiotics
co-formulated with stabilized phytochemicals. These systems can improve viability, ab-
sorption, and target activity [509-511].

The successful implementation of probiotic-phytochemical formulations will depend
on delivery systems capable of improving probiotic survival and targeted delivery while
maintaining compatibility between probiotics and phytochemicals throughout storage
and gastrointestinal transit [172,325]. Factors such as release kinetics, matrix composition,
moisture sensitivity, oxygen exposure, and phytochemical-microbe interactions may sub-
stantially influence the performance of the formulation [325,472]. Advanced encapsulation
and controlled-release technologies may protect probiotic cells from acid, bile, oxygen,
and processing stress, while also stabilizing sensitive phytochemicals against oxidation or
degradation [38,325]. Ensuring consistent biological activity and reproducible results will
require viability testing, stability evaluation, dose-exposure analysis, characterization of
release profiles, and safety validation [171,172].

9.2.6. Eco-Friendly Biocontrol and Agricultural Applications

As concerns regarding antibiotic use in agriculture grow, probiotic—phytochemical
combinations may represent eco-friendly candidates for future prevention-oriented strate-
gies in crop pathogen management, livestock health support, and aquaculture microbiome
modulation, although further validation under field conditions is required to confirm their
efficacy. These applications may be particularly relevant for sustainable agriculture and
food safety [512-514].

The translation of probiotic—phytochemical strategies to agriculture, aquaculture, and
livestock production will require validation under realistic production conditions [11,515].
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The successful implementation of probiotic—-phytochemical strategies in agricultural set-
tings will require long-term field studies evaluating not only pathogen suppression but
also formulation persistence, probiotic survival, phytochemical stability, and consistency
of performance across different environmental settings [172,325]. In aquaculture and ani-
mal production models, probiotic and plant-derived interventions may influence immune
gene expression, intestinal microbiota composition, and disease resistance; however, these
effects remain strongly dependent on host species, diet, formulation, and environmental
conditions [10,515]. Assessment of potential unintended impacts on native microbial popu-
lations, ecosystem functions, and non-target organisms, including beneficial insects, soil
microbes, and aquatic microorganisms, is also necessary [171,186]. Such data are essential
for establishing the ecological safety, sustainability, and practical applicability of probiotic—
phytochemical formulations as environmentally friendly alternatives or complements to
conventional antimicrobial interventions [10,172].

9.2.7. Clinical Translation and Therapeutic Validation

Although numerous in vitro and preclinical studies suggest beneficial interactions
between probiotics and phytochemicals, their clinical translation remains limited [171,172].
Clinical translation will require well-designed RCTs capable of distinguishing the individ-
ual and combined contributions of probiotic and phytochemical components. Factorial
trial designs incorporating probiotic-only, phytochemical-only, combination, and placebo
groups would provide a more rigorous assessment of the additive, complementary, or
potentially synergistic effects under clinical conditions [171]. There is also a need for
pharmacokinetic and pharmacodynamic studies of phytochemical-probiotic interactions,
exploration of synergy in chronic inflammatory conditions, and evaluation of post-antibiotic
microbiome restoration [516,517].

Clinical translation will require the integration of conventional clinical outcomes with
microbiome-related, metabolomic, and inflammatory endpoints to improve mechanistic
understanding and facilitate biomarker identification [185,186,459]. Greater consideration
of dose optimization, treatment duration, formulation characteristics, and interindivid-
ual variability will also be necessary, as these factors may substantially influence treat-
ment outcomes [185,190].

Long-term safety monitoring remains an essential component of clinical evaluation.
A comprehensive assessment of both efficacy and safety is necessary to identify potential
adverse effects, including microbiome disturbances, unintended metabolic consequences,
and risks associated with prolonged exposure to concentrated phytochemicals or com-
plex formulations, particularly in vulnerable populations [171,172]. Ultimately, success-
ful clinical translation will require robust human validation studies, harmonized trial
designs, and comprehensive integration of clinical, microbiological, metabolomic, and
safety data [171,172,466].

9.2.8. Phage-Based Strategies as Complementary Approaches to Probiotic—
Phytochemical Interventions

Phage-based strategies may represent a complementary future direction rather than
being a central component of probiotic-phytochemical formulations. Bacteriophages specif-
ically target bacterial hosts and are increasingly considered adjunctive tools against MDR
and biofilm-associated infections [518-520]. However, phage—phytochemical combinations
cannot be assumed to be intrinsically synergistic because plant-derived compounds may
either reduce or enhance phage stability, infectivity, and antibacterial efficacy depending
on the extract composition, phage type, formulation matrix, and environmental condi-
tions [521-524]. Therefore, the successful implementation of phage-based multi-component
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antimicrobial strategies will depend on compatibility testing, formulation optimization,
microbiome safety assessment, and clinical validation.

10. Conclusions

The combination of probiotics and plant-derived bioactives may represent a promis-
ing multi-target strategy for addressing the escalating challenges of AMR, dysbiosis, and
chronic inflammatory conditions. While both probiotics and phytochemicals individually
possess well-established antimicrobial, immunomodulatory, and barrier-protective proper-
ties, their combination may offer enhanced efficacy through complementary mechanisms of
action. These include disruption of pathogen membranes, interference with QS, inhibition
of virulence factors, reinforcement of epithelial integrity, modulation of host immunity, and
metabolic biotransformation of phytochemicals into more active derivatives.

Despite their substantial potential, significant challenges remain, including variabil-
ity in plant extract composition, strain-specific probiotic responses, lack of standardized
synergy protocols, and limited translational evidence, all of which hinder their clinical
integration. In addition, the clinical translation of probiotic—phytochemical interventions is
complicated by the limited bioavailability and extensive metabolism of many phytochemi-
cals, variability in probiotic survival and colonization, interindividual differences in host
microbiota composition, and the complexity of designing and conducting standardized
clinical trials. Addressing these pharmacokinetic, pharmacodynamic, and methodological
challenges will be essential for developing evidence-based microbiota-targeted interven-
tions. Nevertheless, advances in multi-omics, computational modeling, precision micro-
biome profiling, and advanced delivery systems are facilitating the rational design and
evaluation of probiotic-phytochemical combinations.

As research continues to uncover the mechanistic basis and translational relevance of
these synergistic interactions, probiotic-phytochemical combinations could become useful
resources in clinical and applied microbiome studies, biotechnology, and personalized
nutrition. Their capacity to combine antimicrobial-supportive activity with microbiota and
host-health support highlights their potential as microbiota-targeted antimicrobial and
immunomodulatory interventions in the post-antibiotic era.
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3-HPA 3-hydroxypropionaldehyde
ADI Acceptable daily intake
Al Autoinducer
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AMPs
AMR
bw
CBD
CBG
CBGA
CFU
CLSM
DC
DSS
EFSA
EGCG
EHEC
ETEC
EPS
FDA
FICI
FOS
FtsZ
GC-MS
GI
GOS
GRAS
HDAC
IL-6
U

JECFA

LAB
LC-MS/MS
LD50
LPS
LUB
MAMPs
MAPK
MBC
MDR
MIC
MLCK
MSSA
MRSA
NE-kB
NMR
NOAEL
Nrf2
PK/PD
PRS
PSA
qPCR
QS

RCT
ROS
SCFAs
SEM

Antimicrobial peptides

Antimicrobial resistance

Body weight

Cannabidiol

Cannabigerol

Cannabigerolic acid

Colony-forming unit

Confocal laser scanning microscopy
Dendritic cell

Dextran sulfate sodium

European Food Safety Authority
Epigallocatechin gallate
Enterohemorrhagic Escherichia coli
Enterotoxigenic Escherichia coli
Extracellular polymeric substances

Food and Drug Administration
Fractional inhibitory concentration index
Fructooligosaccharides

Filamenting temperature-sensitive mutant Z
Gas chromatography—mass spectrometry
Gastrointestinal tract
Galacto-oligosaccharides

Generally recognized as safe

Histone deacetylase

Interleukin 6

International units

Joint Food and Agriculture Organization/
World Health Organization Expert Committee on Food Additives
Lactic acid bacteria

Liquid chromatography—-tandem mass spectrometry
Median Lethal Dose

Lipopolysaccharide

Lactate-utilizing bacterium
Microbial-associated molecular patterns
Mitogen-activated protein kinase
Minimum bactericidal concentration
Multidrug-resistant

Minimum inhibitory concentration
Myosin light-chain kinase
Methicillin-sensitive Staphylococcus aureus
Methicillin-resistant Staphylococcus aureus
Nuclear factor kappa-light-chain-enhancer of activated B cells
Nuclear magnetic resonance
No-observed-adverse-effect level

Nuclear factor erythroid 2-related factor 2 (Nrf2)
Pharmacokinetics /pharmacodynamics
Phytochemical-rich supplement
Prostate-specific antigen

Quantitative polymerase chain reaction
Quorum sensing

Randomized controlled trial

Reactive oxygen species

Short-chain fatty acids

Scanning electron microscopy
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SHIME Simulator of the Human Intestinal Microbial Ecosystem

s.l. Sensu lato

TJ Tight junction

TLR Toll-like receptor

TNF-a Tumor necrosis factor-alpha

UTI Urinary tract infection

WGS Whole-genome sequencing

XTT 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
Z0O-1 Zonula occludens-1
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