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Abstract

The composition and balance of the gut microbiota are important for human health, as
they are involved in metabolic processes, immune regulation, intestinal barrier function,
and gut-brain communication. This narrative review summarizes current evidence on di-
etary and supplementation-based strategies for modulating the gut microbiota, with par-
ticular attention to dietary fiber, fermented foods, prebiotics, probiotics, synbiotics, and
postbiotics. The review discusses their potential mechanisms of action, including effects
on microbial composition, short-chain fatty acid production, intestinal barrier integrity,
immune responses, and metabolic homeostasis. Particular emphasis is placed on the con-
text-dependent nature of microbiota modulation, as the effects of dietary and supplemen-
tation strategies may vary according to baseline microbiota composition, health status,
habitual diet, probiotic strain, dose, and intervention duration. Overall, current evidence
suggests that microbiota-targeted nutritional strategies may support gut homeostasis and
selected health-related outcomes; however, their effects are not universal and require
more personalized and better-controlled approaches in future research.
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1. Introduction

Currently, the term “microbiota” means “the collection of all microorganisms living

Academic Editors: Alberto Cepeda in a specific environment (human body-host), namely bacteria, fungi, viruses and archae-
Séez, Songtao Fan and Kexue Zhu ons, while the term “microbiome” means the collection of their genomes” [1].
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and gaining energy from digested food is their main task [1-3]. Food that has not been
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digested is broken down by fermentation carried out by bacteria in the large intestine. The
main bacteria inhabiting the digestive tract are Firmicutes and Bacteroidetes. Aerobic bacte-
ria, such as Enterococcus and Enterobacteriaceae, are in a distinct minority [2].

The composition of the intestinal microbiota is different for each person. The micro-
biota of the human body forms during the first hours after birth and then undergoes con-
stant changes during life, affecting immunity and overall health [4].

It has also been suggested that it may have a role in the development of metabolic
diseases [4]. Indeed, it has been noted that some disease entities are associated with ab-
normal composition of the gut microbiota and also imbalances in the brain—-gut axis. Such
diseases include inflammatory bowel diseases, neurodegenerative diseases such as Par-
kinson’s and Alzheimer’s, cardiovascular diseases, allergies, obesity and diabetes [5]. In
the case of neurodegenerative diseases, including Parkinson’s disease and Alzheimer’s
disease, disease-specific alterations in gut microbiota composition have been reported, alt-
hough the direction and biological meaning of these changes may differ depending on the
disease, population, and taxa analyzed [6].

Chronic heart failure is characterized by an increase in Escherichia coli, Klebsiella pneu-
monia, and Streptococcus viridans. Patients with established atherosclerosis have been re-
ported to show an increased abundance of Lactobacillus and a decreased abundance of
Roseburia. In hypertension, an increased Firmicutes-to-Bacteroidetes ratio has been ob-
served, while type 2 diabetes and obesity have also been associated with an increased
abundance of Firmicutes and a decreased abundance of Bacteroidetes [7].

Over the past few years, it has been shown that communication between the gut mi-
crobiota and the central nervous system (CNS) is via the brain—gut axis. Information is
transmitted to the CNS by gut microbial metabolites such as short-chain fatty acids
(SCFAs), secondary bile acids and tryptophan metabolites. The CNS, in turn, can interact
with the gut microbiota through catecholamines and also endocrine mediators (e.g., cyto-
kines). The vagus nerve and spinal cord are also important communicators. This axis has
a huge impact on the production of microglia in the brain, support of neuronal signaling,
efficient functioning of the blood-brain barrier, changes in gut physiology and also the
composition and activity of gut bacteria. An imbalance in the brain—gut axis is often asso-
ciated with the occurrence of a wide variety of homeostatic disorders in the human body
[8].

The intestinal microbiota coordinates the state of homeostasis in the gut by influenc-
ing epithelial regulation, the mucosal immune system, and the neuromuscular activity of
the gut. In addition, its adequate colonization by probiotic bacteria reduces the concentra-
tion of pro-inflammatory cytokines in the body, thereby reducing the permeability of the
intestinal barrier and the inflammation occurring in the host [9-11].

When there is a quantitative and qualitative imbalance in the composition of the mi-
crobiota, dysbiosis occurs. This is a condition in which both the quantity and quality of
organisms residing in the intestine are adversely modified. In addition to differences in
the composition of the microbiota, changes in the function of certain strains of bacteria are
also observed. Although intestinal dysbiosis can occur at any stage of life, recent studies
indicate a link between its early onset and the later development of diseases. This under-
scores the need for a more in-depth understanding of the mechanisms leading to its for-
mation. A key element of prevention efforts against the growing number of NCDs is a
better understanding of the interplay between host genetics, gastrointestinal maturation
and environmental factors. The gut microbiome shows the greatest plasticity during the
first years of life, making it a period of particular vulnerability to microbial imbalances.
Risk factors include the type of diet and antibiotic therapies used, but also environmental
and genetic factors that increase the host’s predisposition to intestinal microbiota disor-
ders. It is assumed that dysbiosis can occur through a number of risk factors occurring
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over an extended period of time [12]. The state of dysbiosis is so unfavorable to the body
that it can contribute to or accompany many diseases, such as diabetes, obesity, asthma,
some allergies, and inflammatory bowel diseases (IBD) [3,5-8]. Additionally, the role of
gut dysbiosis as a potential factor in the onset of neurodegenerative diseases is increas-
ingly being recognized. Current studies indicate that patients with Parkinson’s disease
exhibit an altered relative abundance of bacterial species in the gut, either increased or
decreased [13]. In individuals with Parkinson’s disease, the gut microbiota shows an in-
tensified degradation of proteins, leading to an increased production of harmful metabo-
lites such as phenylacetylglutamine and p-cresol. Elevated levels of these compounds,
along with alterations in gut bacterial composition, are strongly associated with constipa-
tion, a common symptom in affected patients [14]. Meta-analyses have identified common
features defining dysbiosis in Parkinson’s disease, including an increased relative abun-
dance of genera Akkermansia, Lactobacillus, Catabacter, and Bifidobacterium, as well as fami-
lies Bifidobacteriaceae, Akkermansiaceae, Ruminococcaceae, Verrucomicrobiaceae, and Chris-
tensenellaceae. Conversely, a decreased abundance of genera Faecalibacterium and Roseburia,
along with families Prevotellaceae and Lachnospiraceae, has been observed [15-17]. Alt-
hough Lactobacillus and Bifidobacterium are commonly regarded as beneficial or probiotic-
associated taxa, their increased relative abundance in Parkinson’s disease should be inter-
preted in a disease-specific ecological context. In this setting, their enrichment has been
reported together with the depletion of major SCFA-producing bacteria, such as Faecali-
bacterium and Roseburia, suggesting that these alterations may reflect broader dysbiosis,
altered gut transit, constipation-related changes, intestinal inflammation, or compensa-
tory microbial changes rather than a uniformly protective profile [14-17]. A meta-analysis
aimed at identifying differences in gut microbiota composition between Alzheimer’s dis-
ease patients and healthy individuals revealed a noticeable decline in bacterial species
diversity. Notably, the genus Bacteroides was often found in increased abundance, partic-
ularly in the American cohort. In contrast, individuals with mild cognitive impairment
exhibited a significant increase in bacteria from the genus Phascolarctobacterium [18].

Despite extensive research on dietary strategies, prebiotics, probiotics, synbiotics,
and postbiotics, the available evidence remains heterogeneous and depends on the popu-
lation studied, baseline microbiota composition, health status, intervention duration,
dose, and the specific microbial strains or substrates used. Therefore, this narrative review
aims to summarize and organize current evidence on dietary and supplementation-based
approaches to gut microbiota modulation, with particular attention to their mechanisms
of action, clinical relevance, and limitations. Rather than presenting these strategies as
universally effective, the review emphasizes their context-dependent effects and the need
for more personalized approaches in future nutritional research and practice.

The aim of this narrative review was to summarize current evidence on the interac-
tions between dietary factors, prebiotics, probiotics, synbiotics, postbiotics, and the gut
microbiota, and to discuss their potential relevance in selected health conditions.

2. Probiotics

According to the World Health Organization (WHO) and Food and Agriculture Or-
ganization of the United Nations (FAO) definitions, a probiotic is defined as “a live mi-
croorganism administered in adequate amounts that provides health benefits to the host.”
In recent years, however, researchers have noted that not only live bacteria, but also their
metabolites and dead/inactivated bacterial cells can significantly affect the nutritional sta-
tus of the intestinal microbiota and also processes in the human body [19]. Therefore, in
2019, the International Scientific Association for Probiotics and Prebiotics (ISAPP) intro-
duced the definition of postbiotic as a “preparation of inanimate microorganisms and/or
their components that confers a health benefit on the host”. Therefore, according to this
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definition, effective postbiotics must contain inactivated microbial cells or cell compo-
nents, with or without metabolites [20].

Depending on the strain or group of strains, probiotics show different effects on the
body, but their common feature is colonization of the large intestine, leading to the
maintenance of homeostasis inside the body. Probiotic bacteria are designed to change the
reaction of the colon environment to an acidic one. Such a reaction of the environment is
beneficial through the reduced possibility of pathogenic bacteria multiplying in it, while
probiotic bacteria populate the intestine [2,3]. Probiotic bacteria can restructure the human
bacterial microbiota. The mechanisms by which this process can occur are shown in Figure
1.

Competition for receptor site or nutrients with
pathogenic bacteria

Preventing adhesion to the

intestinal wall by
putrefactive bacteria

Ability to enhance mucin secretion

Production of certain it 2 S \ Synthesis of short-chain fatty
vitamins e : ) seeeesees acids

Production of enzymes responsible Appropriate modulation of the immune system,
for the correct hydrolysis of bile acid leading to a reduction in inflammation,
salts and lactose stimulation of phagocytosis and normalization

of the antibody response

Created in BioRender.com bio

Figure 1. Activity of commensal bacteria in the human gut [2,21]. Created in https://BioRender.com.

A mechanism that requires special explanation is the synthesis of short-chain fatty ac-
ids (SCFAs). This is because they are important for intestinal function and condition [22].
Short-chain fatty acids, which are the final metabolites of fiber metabolism by bacteria re-
siding in the intestine, include acetic acid, butyric acid, propionic acid, valeric acid, and ca-
proic acid. Their concentration in the intestine depends on several factors, such as current
health status, physical activity, or diet [22,23]. The most significant variable affecting the
concentration of SCFAs produced in the intestinal lumen is the amount of dietary fiber con-
sumed. Nevertheless, regardless of the level of supply of substrates necessary for SCFA pro-
duction, the amount of SCFAs is lower in the intestinal lumen of individuals struggling with
certain disease entities compared with a healthy person [24].

The production of individual SCFAs is associated with different groups of intestinal
bacteria. Acetate is produced by a broad range of gut microorganisms, including Bifidobac-
terium, Bacteroides, and Akkermansia. Propionate production is commonly associated with
Bacteroides and selected members of the Lachnospiraceae family, depending on the metabolic
pathway involved. In contrast, butyrate is mainly produced by bacteria from the Firmicutes
phylum, especially Faecalibacterium, Roseburia, Eubacterium, Coprococcus, and other members
of the Lachnospiraceae and Ruminococcaceae families. However, SCFA production depends
not only on the presence of specific taxa, but also on substrate availability, dietary fiber in-
take, and cross-feeding interactions within the gut ecosystem [25-27].

Short-chain fatty acids positively affect the integrity of the intestinal barrier. However,
the main role is played by butyric acid, which is a source of energy for colonocytes —epithe-
lial cells of the intestine. It also inhibits kappa factor B (factor kappa B, NF-kappaB) and
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histone deacetylase, which translates into its anticancer and epigenetic effects. SCFAs pro-
vide up to 60% of the energy required by intestinal lining cells. The extraintestinal actions
of SCFAs relate to the modulation of the gut-brain axis through the ability of short-chain
fatty acids to cross the blood-brain barrier and playing an important role in the maturation
of immune cells in the bone marrow. Short-chain fatty acids can also exert tissue-specific
effects by increasing the feeling of satiety, affecting the regulation of systemic immunity,
and increasing insulin sensitivity [23-25].

Different SCFAs have a variety of functions, which is why it is important to maintain
adequate levels of each in the body. Acetic acid, which is a crucial substrate for cholesterol
synthesis, along with propionate, plays a significant role in the regulation of lipid metabo-
lism [26]. Propionic acid, on the other hand, is an essential component of gluconeogenesis
occurring in the liver [27]. Butyric acid exhibits anti-inflammatory effects, provides a source
of energy for enterocytes and promotes intestinal regeneration [28]. Valeric acid, as a histone
deacetylase inhibitor, may exhibit anti-tumor, anti-inflammatory, anti-diabetic and im-
munomodulatory properties [29]. Caproic acid, in contrast, promotes the methylation pro-
cess and improves the absorption of selected components in the intestine [30].

The effects of SCFAs on the body have been widely reported in the literature. They
have been shown to interact with G-protein-coupled receptors and are involved in inhibit-
ing histone deacetylation, which translates into the regulation of many biological processes.
Thus, they contribute to enhancing regulatory T lymphocyte responses and increasing the
body’s immune tolerance, while showing anti-inflammatory and antimicrobial effects. In
addition, they stimulate mucus secretion, help maintain the integrity of the intestinal bar-
rier, and promote the synthesis of dendritic cell precursors in the bone marrow [31,32]. All
of these processes play a key role in the formation of the intestinal barrier in children. The
results of a study by Homann et al. in 2023 [33] indicate that higher concentrations of SCFAs
in the intestine, especially butyrate, may reduce the risk of Salmonella infection in test ani-
mals [33].

An interesting phenomenon is the so-called butyrate paradox, which is that when the
body is healthy, colonocytes feed mainly on butyric acid, but in the case of cancer, their
energy source becomes glucose. As a result, butyric acid is not consumed by them but is
instead stored to more effectively inhibit histone deacetylase in the diseased tissues [34].

The dosage of probiotic preparations has not yet been precisely determined. However,
some probiotic strains have a recommended dose and duration of therapy. Therefore, no
single generally recommended probiotic dose can be proposed for all strains, products, pop-
ulations, and clinical indications. Probiotic efficacy is strain-specific and depends on several
factors, including formulation, viability at the end of shelf life, route of administration, tar-
get population, health condition, and duration of intervention. In clinical studies, probiotic
doses are commonly used within the approximate range of 108-10"* CFU/day; however, this
range should be interpreted as a commonly studied range rather than a universal recom-
mendation. Thus, probiotic dosage should always be considered in relation to the specific
strain, product, and expected clinical outcome [35-45].

Information on the results of studies on the effectiveness of doses and duration of pro-
biotic intervention in various diseases is presented in Table 1. The use of an appropriate type
of preparation (single or multi-strain probiotics) in patients with acute gastroenteritis or
type 2 diabetes mellitus or type 2 diabetes mellitus with diabetic nephropathy after only 1
week of intervention (maximum intervention time 12 weeks) resulted in a significant change
in clinical parameters such as reduction in leukocyte concentration, reduction in inflamma-
tion, improvement of frequency of bowel movement, enhanced renal function and en-
hanced glycaemic control [35-45].
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Table 1. Effectiveness of probiotic intake depending on doses and duration of supplementation used in various disease entities.

Intak T f I t
Used Strain/Strains ma . € Dose ype 0, Cohort Impact on Parameters mpac. on Type of Study Reference
duration Preparation Organism
Reduction in leu-
142 hospitalized pa kocyte, inflamma-
Lactobacillus casei Shirota 130 mL (65 mL. Commercial strain mi- . p P } hs-CRP *, WBC*, 1 tion, frequency of A hospital-based Akoglu et al., 2015
1 week . . . . tients with acute gas- ..
108/mL twice daily) crobial cell preparation .\ eGFR * bowel movement, clinical study [35]
troenteritis . .
improvement in
renal parameter
Probiotic soy milk containing . . .
. . . 48 T2DM-DN patients | Serum NGAL, Cys-c Enhanced renal Miraghajani et al.,
1
Lactobacillus plantarum A7 (2 x 8 weeks 200 mL/day Single strain (case 24 and control 24) *, 1 STNFRI (ng/mL) function Parallel RCT 2018 [36,37]
107 CFU/mL)
Probiotic soy milk containing 44 T2DM-DN patients .
Enhanced gl - A tal., 2017
Lactobacillus plantarum A7 (2 x 8 weeks 200 mL/day Single strain from Iran (case 22 and (mg/ dL)l ’fCTre GEFR A nuT;Cfeun%t?:r:er Double-blind RCT bbasi [Z 82]3 20
10’ CFU/mL) control 22) 8/t
Probiotic Kefir Streptococcus Randomized dou-
thermophiles, Lactobacillus casei, 600 mL Multi-strain microbial 60 T2DM (case 30 and Enhanced glycae- ble-blind placebo- Ostadrahimi et al.,
. . . 8 weeks . . | HbAlc? TG, TC . .
Lactobacillus acidophilus, and twice/day cell preparation control 30) mic control  controlled clinical 2015 [39]
Bifidobacterium lactis trial
Microbial cell Enhanced inflam-
preparation, . . . . mation and oxida-
. . Single and multi-strain 1 sCr# Cys-c+, urinary . . . .
<4 x10°CF 1- 12 -
<10 C U/da}.] rr.uxed c 6,8, and p.r obiotic ,so},] microbial cell prepara- 10 RCTs (552 patients) Alb/Cr , serum Na, tive stre.zss, mm . Systematic reV1eW Dai et al., 2022 [40]
ture probiotics weeks milk, probiotic tion BUN 7 proved kidney, li- and meta-analysis
capsule, and pid, and glucose

tablet

biomarkers

Lactobacillus plantarum A7, Ba-
cillus coagulansT11 > 5 billion
CFU

Probiotic soy
8 and 12 weeks milk, capsule,
sachet, honey

Single- and multi-
strain microbial cell
preparation

7 RCTs (220 patients)

| MDA, hs-CRP #, 1
GSH ¢, TAC

Enhanced renal
function and glu-
cose control

A systematic re-
view and meta- Bohlouli et al., 2021
analysis of clinical [41]

trials

Supplemental form in capsule
Lactobacillus acidophilus strain
ZT-L1, Bifidobacterium bifidum
strain ZT-B1, Lactobacillus reu-
teristrain ZT-Lre, and Lactoba-
cillus fermentum strain ZT-L3

One cap-

12 weeks sule/day

Multi-strain microbial 60 T2DM-DN (case 30 CRP #, MDA 4, 1 insu- control, reduced Placebo-controlled

cell preparation

and control 30)

| FBG, HOMA-IR ¥, hs-

lin sensitivity, HDL-c
A GSH»

Enhanced glucose

cardiac risk, in-
flammation

RCT Mafi et al., 2018 [42]
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(each strain dose: 2 x 10°) to-
tal: 8 x 10° CFU/day

Probiotic honey Bacillus coag-

| serum insulin ¥, Randomized, dou-

No significant en-

Viable and heat-re- 60 patients with DN HOMA-IR *, hs-CRP, . ble-blind, con- Mazruei Arani et al.,
- 8
ulansT11 (IBRC-M10791) (10 12 weeks 25 g/day sistant probiotic  (case 30 and control 30) MDA *, 1 total-/HDL- hancemfent mn Fhe trolled clinical 2019 [43]
CFU/g) metabolic profiles .
cholesterol trial
Lactobacillus acidophilus, Lacto-
bacillus casei, Lactobacillus lac-
tl.s ! BlﬁdOba,C terium bifidunm, Two sa- Free.zze-d.rled .multl- 136 T2DM (case 68 and Enhanced renal Double-blind, par- Firouzi et al., 2015
Bifidobacterium longum, and 12 weeks strain microbial cell | BUN* .
e L . chets/day . control 68) function allel RCT [44]
Bifidobacterium infantis (6.0 x preparation
10'° CFU/day total) mixed in
water
Bifidobacterium bifidum, 1.2 x
10° CFU, Lactobacillus acidophi- . L . | urinary Alb/Cr Enhanced renal Double-blind, pla-
lus 4.2 x10” CFU, Streptococcus 12 weeks Sriz /Zaf ] Mu:;ll-lstrraemargtcig(flal 76 TZEZIY[(IC;S 223)4 and- (mg/g)*, 1 HbAIC*, function and glu- cebo-controlled Jiang et al., 2021 [45]
thermophilus 4.3 x 10° wercay prep FBG * cose control RCT
CFU/day
Enhanced cogni-
tive function, re-
duction in bi-
omarkers of in-
flammation and
2 AD (27 2 TACH H 7
L. acidophilus, B. bifidum, and (200 mg/day) + selenium + multi-strain %0 ( cases, 26 1 TAC” and GS oxidative stress, Double-blind, .
Bifidobacterium longum 12 weeks 2x10° robiotic preparation <255 with only sele- level, | serum hs-CRP metabolic status RCT Tamtaji et al., [46]
8 CFU/day each) p prep nium, and 26 control) A

and
gene expression
related to inflam-
mation, insulin,
and lipid

i decrease; 1: increase; RCT: randomized clinical trial; T2DM: type 2 diabetes mellitus; CFU: colony forming units; BUN: blood urea nitrogen; hs-CRP: high-
sensitivity C-reactive protein; WBC: white blood cell; eGFR: estimated glomerular filtration rate; HbAlc: glycated hemoglobin; TG: triglyceride; TC: total choles-
terol; T2DM-DN: type 2 diabetes mellitus with diabetic nephropathy; sCr: serum creatinine; NGAL: neutrophil gelatinase-associated lipocalin; sTNFR1: soluble
tumor necrosis factor receptor 1; FBG: fasting blood glucose; HOMA-IR: homeostatic model assessment for insulin resistance; MDA: malondialdehyde; GSH:
glutathione; HDL-c: high density lipoprotein; urinary Alb/Cr: urinary albumin creatinine ratio; TAC: total antioxidant capacity; Na: sodium; * statistical significant
p <0.05; ~ statistical significant p < 0.001; # statistical significant p < 0.004; + statistical significant p < 0.00001.
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Additionally, meta-analyses examining the efficacy of probiotic supplementation in-
dicate that, depending on the strain administered, they may carry a different therapeutic
effect and be effective in different disease entities (Table 2). The use of both multi-strain
probiotics and single-strain probiotics resulted in a reduction in body mass index, fasting
blood glucose concentration, fasting insulin concentration, triglycerides concentration,
Low-Density Lipoprotein concentration, and systolic blood pressure in patients with Type
2 Diabetes [47]. A recent systematic review and meta-analysis demonstrated modest but
significant reductions in office systolic and diastolic blood pressure following long-term
probiotic supplementation [48].

Selecting the correct probiotic therapy requires a detailed interview with the patient,
as many different factors determine what form the product should take (multi-strain pro-
biotics or single-strain probiotics). Criteria taken into account when selecting a probiotic
include the patient’s existing or past illnesses, the type of treatment used, as well as the
availability and efficacy of particular strains of probiotic bacteria demonstrated in studies
[49].
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Table 2. Effects of probiotic therapy on selected parameters in sick and healthy subjects [47].

Probiotic Control Effect Size
Maltodextrin/Placebo/Maize starch and maltodex-
trins/Fructo-oligosaccharide, and

Magnesium stearate/Isomalt, sorbitol and ste-
via/Control food/Artificially acidified milk/Lac-
tose and magnesium stearate

L. acidophilus, L. casei, L. lactis, Bifdobacterium, Actinobacteria, B.
bifdum, B.longum, B. infantis, L. rhamnosus HNOO1, L. bulgaricus, L.sali-
varius W24, L. sporogenes, Bifidobacterium breve, Streptococcus ther-
mophilus, L. helveticus Cardi04

SMD @d) =-0.42, 95% CI
(-0.76;-0.08); I> = 89.6%, p = 0.000

L. acidophilus, L. casei, L. lactis, Bifdobacterium, Actinobacteria, B.
bifdum, B.longum, and B. infantis, B. bifdum W23, B. lactis W52, L. aci- . . SMD &4 =—-0.62, 95% CI
lacebo/M tarch and maltodext
Body Mass Index dophilus W37, L. brevis W63, L. casei W56, L. salivarius W24, L. lactis P racebo/Maize starch and maltodextrins (-1.13;-0.11); I = 90,6%, p = 0.000
[47] W19, and L. lactis W58

Maltodextrin/Isomalt, sorbitol and stevia/Control

food/Artificially acidified milk/Lactose and mag-
L. casei/L. sporogenes/L. helveticus CardiO4/Bifidobacterium/L. reuteri ~ nesium stearate/placebo/Cellulose microcrystal-
DSM 17938/Brewer’s yeast/L. rhamnosus HNOO1/Lactiplantibacillus line compounds, magnesium stearate, caramel,
plantarum OLL2712 malt, and

stearic acid/Microcrystalline cellulose and

dextrose anhydrate

SMD (d) =-0.21, 95% CI (-0.70;
0.27); I2=89,6%, p = 0.000

SMD @d) =-0.73, 95% CI (-0.97;

as below as below ~0.48); I = 89.5%, p = 0.000

L. acidophilus, L. casei, L. lactis, Bifdobacterium, Actinobacteria, B.
bifdum, B.longum, and B. infantis, B. bifidum W23, B. lactis W52, L. aci-
dophilus W37, L. brevis W63, L. casei W56, L.salivarius W24, L. lactis
W19, L. lactis W58, L. rhamnosus, L. bulgaricus, B. breve, B. longum,
Fasting Blood Glu- Streptococcus thermophilus, L. bifidum, L. family, B. family, B. lactis
cose Concentration Bb12, L. acidophilus La5, Fermented milk (kefir containing L. casei, L.
[47] acidophilus, and Bifidobacteri), Lactococcus, B. Propionibacterium, Aceto-
bacter, L. salivarius UBLS22, L. casei UBLC42, L. plantarum UBLP40, L.
acidophilus UBLA34, B. breve UBBr01, and B. coagulans Unique IS2, L.
paracasei, Lacticaseibacillus paracasei YIT 9029 (strain Shirota:LcS) or-
ganisms, B. breve YIT 12272, L. plantarum Lp-115, L. bulgaricus Lb-64,
L. gasseri Lg-36, B. breve Bb-03, B. animalis sbsp. lactis Bi-07, B. bifidum
Bb-06, Streptococcus thermophilus St-21, Saccharomyces boulardii

placebo/Maize starch and maltodextrins/Fructo-ol-

igosaccharide, and

Magnesium stearate/Magnesium stearate/row

starch/Conventional fermented milk/ConventionalSMD ®4) =-0.91, 95% CI (-1.24;
yogurts/Maize starch and maltodextrins/Fer- -0.57); I2=90.2%, p = 0.000
mented milk (dough)/starch/Maltodextrin/corn

starch/microcrystalline cellulose, silica, and mag-

nesium stearate
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DBVPG 6763, Streptococcus thermophilus (DSM24731), Bifidobacteria
breve (DSM24732), Bifidobacteria longum (DSM2473), Bifidobacteria in-
fantis (DSM24737), L. acidophilus (DSM24735), L. plantarum
(DSM24730), L. paracasei (DSM24733), L. delbreuckii subspecies bul-
garicus (DSM24734)

L. casei/L. sporogenes/L. reuteri DSM 17938/Soy milk containing L.
planetarum/L. casei strain Shirota-fermented milk/L. helveticus
Cardi04/Brewer’s yeast/L. paracasei/L. plantarum HACO1/Bifidobacte-
rium/OLL2712

Maltodextrin/Isomalt, sorbitol and stevia/Pla-
cebo/Conventional soy milk/control bread/Cellu-
lose microcrystalline compounds, magnesium
stearate, caramel, malt, and

stearic acid/Corn starch/Microcrystalline cellu-
lose/Lactose and magnesium

SMD («d) = —-0.44, 95% CI (-0.81;
-0.06); I2=88.7%, p = 0.000

stearate

Fasting Insulin Con-
centration [47]

as below

SMD @d) =-0.67, 95% CI (-0.99;

as below -0.36); I2 = 89.4%, p = 0.000

L. acidophilus, L. casei, L. lactis, Bifdobacterium, Actinobacteria, B.
bifdum, B.longum, and B. infantis, B. bifdum W23, B. lactis W52, L. aci-
dophilus W37, L. brevis W63, L. casei W56, L.salivarius W24, L. lactis
W19, and L. lactis W58, L. rhamnosus, L. bulgaricus, B. breve, B. longum
Streptococcus thermophilus, L.bifidum, L. acidophilus La-5, B. lactis BB-
12, B. lactis Bb12 and L. acidophilus La5, Lactobacillus, Lactococcus,
Bifidobacterium Propionibacterium, Acetobacter, L. salivarius UBLS22, L.
casei UBLCA42, L. plantarum UBLPA40, L. acidophilus UBLA34, B. breve
UBBr01, and B. coagulans Unique IS2,

Placebo/Maize starch and maltodextrins/Fructo-ol-

"igosaccharide, and Magnesium stearate/Magne- SMD ®4) =-0.73, 95% CI (-1.09,
sium stearate/Conventional fermented milk/Con- -0.37); I2=87.1%, p = 0.000
ventional yogurts/Maltodextrin/Starch

Lacidophilus casei/Lactobacillus sporogenes/L. reuteri DSM 17938/L. hel-
veticus CardiO4/L. plantarum HACO1,

Maltodextrin/Isomalt, sorbitol and stevia/Control
food/Placebo/Artificially acidified milk/Control
bread/Microcrystalline cellulose

SMD (d) =-0.55, 95% CI (-1.19,
0.08); 12=92.7%, p = 0.000

Triglyceride Con-
centration [47]

as below

SMD (4 =-0.30, 95% CI (-0.43,

as below —0.17); I=47%, p = 0.005

L. acidophilus, L. casei, L. lactis, Bifdobacterium, Actinobacteria, B.
bifdum, B.longum, and B. infantis, B. bifdum W23, B. lactis W52, L.aci-
dophilus W37, L. brevis W63, L. casei W56, L.salivarius W24, L. lactis
W19, and L. lactis W58, Lactobacillus rhamnosus, Lactobacillus bulgari-
cus, Bifidobacterium breve, Bifidobacterium longum, Streptococcus ther-
mophilus, L.bifidum, Lactobacillus family, Bifidobacterium family, B.

Placebo/Maize starch and maltodextrins/Fructo-ol-

igosaccharide, and Magnesium stearate/Magne- SMD ®d =-0.33, 95% CI (-0.49,
sium stearate/Row starch/Fermented milk -0.16); I =50.8%, p = 0.009
(dough)/Starch/Maltodextrin/Corn starch/
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bifdum W23, B. lactis W52, L. acidophilus W37, L. brevis W63, L. casei
W56, L. salivarius W24, L. lactis W19, and L. lactis W58, Fermented
milk (kefir containing L. casei, L. acidophilus, and Bifidobacteri), L. sali-
varius UBLS22, L. casei UBLC42, L. plantarum UBLP40, L. acidophilus
UBLA34, B. breve UBBr01, and B. coagulans Unique IS2, Lactobacillus
paracasei, Lacticaseibacillus paracasei YIT 9029 (strain Shirota:LcS) or-
ganisms, Bifidobacterium breve YIT 12272

Isomalt, sorbitol and stevia/Placebo/Conventional

soy milk/Artificially acidified milk/Corn SMD 4 =-0.24, 95% CI (-0.47,
starch/Microcrystalline cellulose and dextrose an- —0.02); 2= 38.4%, p = 0.123
hydrate/Lactose and magnesium stearate

Lactobacillus sporogenes/L. reuteri DSM 17938/Soy milk containing L.
planetarum/Lactobacillus casei strain Shirota-fermented milk/L. helveticus
Cardi04/L. paracasei/L. rhamnosus HNOO1/Bifidobacterium

Low-Density Lipo-
protein Concentra-
tion [47]

SMD @d) =-0.20, 95% CI (-0.37,

as below as below 0.04); 2= 63.9%, p = 0.000

L. acidophilus, L. casei, L. lactis, Bifdobacterium, Actinobacteria, B. bifi-

dum, B. infantis, B. bifdum W23, B. lactis W52, L. acidophilus W37, L.

brevis W63, L. casei W56, L.salivarius W24, L. lactis W19, and L. lactis

W58, Lactobacillus rhamnosus, Lactobacillus bulgaricus, Bifidobacterium Fructo-oligosaccharide, and Magnesium stea-

breve, Bifidobacterium longum, Streptococcus thermophilus, L. bulgaricus, rate/Placebo/Maize starch and maltodextrins/Mag-

L. bifidum, Lactobacillus family, Bifidobacterium family, L. rhamnosus, L. nesium stearate/Row starch/Conventional fer- SMD ¢4 =-0.18, 95% CI (-0.32,
bulgaricus, L. acidophilus La-5 B. lactis BB-12, Fermented milk (kefir ~mented milk/Maize starch and maltodextrins/Fer- —0.05); I? = 28.6%, p = 0.125
containing L. casei, L. acidophilus, and Bifidobacteri, L. acidophilus, L.  mented milk (dough)/Starch/Maltodextrin/Corn

casei, L. lactis, Bifdobacterium, Actinobacteria, B. bifdum, B.longum, and starch/

B. infantis, L. salivarius UBLS22, L. casei UBLC42, L. plantarum

UBLPA40, L. acidophilus UBLA34, B. breve UBBr01, and B. coagulans

Unique IS2, Lactobacillus paracasei,

Isomalt, sorbitol and stevia/Placebo/Artificially

idified milk/Control bread tarch/Micro-
Lactobacillus sporogenes|L. reuteri DSM 17938/L. heloeticus Cardioa/r, 2Cied milk/Control bread/Corn starch/Micro- gy i1 o~ 17 959, c1 (-0.63,

. e . crystalline cellulose and
L. L. HNO001/B .29); 2=83.2%, p=0.
sporogenes/L. paracasei/L. rhamnosus HNOO1/Bifidobacterium dextrose anhydrate/Lactose and magnesium stea- 0.29) 83.2%, p =0.000

rate

@ random effect model; studies with different probiotic formula, dose, time of intervention, etc.; ® multi-strain probiotics; © single-strain probiotics; @ in patients
with Type 2 Diabetes.
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3. Prebiotics

According to the International Scientific Association for Probiotics and Prebiotics (IS-
APP) definition, “A dietary prebiotic is a selectively fermented ingredient that causes spe-
cific changes in the composition and/or activity of the gastrointestinal microbiota, thereby
providing health benefits to the host.” The group of prebiotics includes fiber, inulin, re-
sistant starch and also fructooligosaccharides (FOS) and galactooligosaccharides (GOS)
[10]. Prebiotics can also be defined as the undigested parts of food beneficially affecting
the host body by selectively stimulating the growth of certain bacteria residing in the co-
lon. This results in the correct proliferation of the intestinal microbiota. Prebiotics also
increase the metabolic activity of intestinal bacteria, thus leading to increased production
of SCFAs [8].

Thecriteria that a compound must meet to be defined as a prebiotic [50]:

. Resistant to the acidic environment of the stomach;

e  Not hydrolyzed by the host’s digestive enzymes;

e  Not absorbed in the gastrointestinal tract;

e  Fermented by intestinal bacteria;

e  Can selectively stimulate the growth and activity of host intestinal bacteria [50].

3.1. Prebiotics of Natural Origin

Prebiotics of natural origin are those that are supplied with food. The first prebiotic
provided to the body after birth is the oligosaccharides in breast milk. Thanks to them, the
initial growth and proliferation of the newborn’s microbiota take place [51]. The group of
compounds classified as prebiotics of natural origin is extensive. They include mixtures
of low-molecular-weight oligosaccharides that do not undergo digestion in the gastroin-
testinal tract. Their ability not to be hydrolyzed by digestive enzymes in the upper diges-
tive tract is due to the presence of glycosidic bonds. As a result, they reach the large intes-
tine unchanged and can become a substrate for fermentation carried out by intestinal bac-
teria. Table 3 shows the characteristics of the various prebiotic compounds along with
examples of their sources [50-62].

Table 3. A table characterizing the various prebiotic compounds, along with examples of sources of

these compounds from food.

Prebiotic

Example Sources

Characteristics

Fructooligosaccharides
(FOS) = fructans

Onions, garlic, bana-
nas, wheat

Compounds consisting of fructose linked to sucrose; act as
reserve material in plants [50,51].

Inulin

Onions, garlic, dan-
delion

A group of polysaccharides belonging to the fructans, which
consists of fructans linked by (3-glycosidic bonds [51,62].

Resistant starch

Bread, raw potatoes,
breakfast cereals

Insoluble fraction of starch that enters the large intestine un-
changed, where it is fermented by intestinal bacteria [51].

Galacto-oligosaccharides

Yogurts, modified

Compounds consisting of galactose particles attached to lac-

(GOS) milk, breast milk tose [51,52].
Is formed by isomerization of lactose. Among other things,
Lactulose milk this process occurs when milk is heated. It is used in the

treatment of constipation [60,61].

Xyloligosaccharides (XOS)

wheat bran, barley,
bamboo shoots

Polymers of compounds classified as xylans, found in cereal
grains [53].

-glucans

oats, barley, mush-
rooms

Polysaccharides that are extracted from the cell walls of some
bacteria, cereals and yeast [51,59].

Soybean oligosaccharides
(SBOS)

soybean

SBOS are extracted by extracting soybeans without enzy-
matic treatment [54].
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Prebiotics are also available on the market as dietary supplements, in which the ac-
tive ingredient may be:

. Lactulose;

. Inulin;

e  Fructooligosaccharides;

. Inulin and fructooligosaccharides;

e Dietary fiber;

e  Resveratrol;

¢  Galacto-oligosaccharides and xylo-oligosaccharides;
e  Arabinogalactans.

FOS supplementation of adult mice in a study conducted by Watanabe et al. [55] re-
sulted in an increased abundance of Bifidobacterium bacteria which, in turn, was associated
with a reduction in the severity of skin allergies. Similar conclusions were reached by Kivit
et al. [56], who found that following the administration of a synbiotic consisting of short-
chain GOS/long-chain FOS and Bifidobacterium breve M-16V was associated with in-
creased galectin-9 levels in mice and also humans. Galectin-9 reduces mast cell degranu-
lation and promotes Th1 and Treg responses. Therefore, consumption of the synbiotic was
associated with a significant reduction in the occurrence of acute cutaneous allergic reac-
tions [55].

Interestingly, it has been suggested that in addition to selectively stimulating micro-
biota to grow, prebiotics may also have direct anti-inflammatory effects on the body. In a
study led by Zenhom et al. [57], it was shown that prebiotic intake was associated with
reduced secretion of interleukin 12 (IL-12) in Caco-2 cells and also reduced expression of
p35 protein, interleukin 8 (IL-8) and tumor necrosis factor a (TNF-at) [57].

Prebiotics may also play an important role in reducing the risk of Alzheimer’s dis-
ease. In the Hispanic population studied (Hispanics), fructans played a role. Increasing
dietary fructan intake by as little as one gram was associated with a 24% reduction in AD
risk (HR =0.76, 95% CI 0.60-0.97; p = 0.03) [58].

3.2. Prebiotics and Synbiotics in Pharmaceutical Preparations

When prebiotics taken with food are insufficient, it may be necessary to take phar-
maceutical preparations with prebiotic properties. The most common oral preparation is
lactulose and inulin, which comes in the form of capsules, powder or herbs (i.e., traveler’s
chicory, oman root or dandelion root) for brewing [59].

The results of a single-arm study with 26 healthy Japanese women involving a pre-
intervention period and three two-week periods of lactulose supplementation (at 1, 2 and
3 g/day) with a two-week break between each show that even 1 g of lactulose per day
exerts a prebiotic effect. It was also observed that the beneficial effect of lactulose on the
gut microbiota was dose/day dependent. A two-week intervention of 1 g/day of lactulose
caused an increase in fecal Bifidobacteria from 9.93 (+0.57) log CFU/g feces to 10.10 (+0.40)
log CFU/g feces, a dose of 2 g/day of lactulose induced a change from 9.95 (x0.63) log
CFU/g feces to 10.23 (+0.53) log CFU/g feces, while at 3 g/dz of lactulose from 10.09 (+0.51)
log CFU/g feces to 10.38 (+0.28) log CFU/g feces [60]. The same team of Japanese research-
ers conducted a randomized, double-blind, placebo-controlled crossover study involving
52 healthy Japanese women to evaluate the prebiotic effects of lactulose supplemented at
2 g/day. The two-week intervention resulted in an increased number of Bifidobacterium
(log CFU/g stool) in the stools of the women studied (9.53 + 0.06) compared with placebo
(9.16 £ 0.06) (A0.37 [95% CI 0.23-0.49], p < 0.0001) and significantly increased the percent-
age of Bifidobacterium (25.3 + 1.4) compared with placebo (18.2 + 1.4) (A7.1 [95% CI 2.9-
11.4], p = 0.0014). Defecation frequency, number of days of defecation (days/week), stool

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561

14 of 32

consistency measured by the Bristol scale, stool volume and effort during defecation were
also significantly improved, while no increase in flatulence was observed [61]. The cited
studies suggest that supplementation with low doses of lactulose may have a positive
effect on the composition of the intestinal microbiota, thus contributing to the regulation
of defecation.

In contrast, the efficacy of inulin in modulating the composition of the intestinal mi-
crobiota was confirmed in a systematic review by Le Bastard et al. 2020 [62]. An analysis
of the results of nine randomized or controlled human studies available to date found that
supplementation with inulin isolated from chicory root, agave, or extracted from arti-
choke, at a dose of 5 to 20 g per day for a period of 7 days to 3 weeks, results in an increase
in the abundance of Bifidobacterium, Faecalibacterium, Anaerostipes and Lactobacillus, and a
decrease in the relative abundance of Bacteroides.

Synbiotic preparations, on the other hand, consist of probiotics and prebiotics, which
should act synergistically with each other. Therefore, the composition of a synbiotic
should be carefully considered so that the prebiotic that is selective for most bacteria acts
favorably to the probiotic used in the formulation. The idea behind the synbiotic was to
increase the effectiveness of applied probiotics entering the human gastrointestinal tract
by increasing their chances of survival in the upper gastrointestinal tract and facilitating
colonization within the colon, resulting in measurable health effects for the host [63].

The results of a 2024 meta-analysis of 16 studies show that synbiotics modulate the
intestinal microbiota by increasing the number of Lactobacilli (SMD = 0.74; 95% CI: 0.15,
1.33, p=0.01; 2 = 69.4, p = 0.02), relative concentration (%) of Bifidobacterium (WMD = 0.97;
95% CI: 0.42, 2.52; p = 0.10; 2= 93.0, p = < 0.001), Bifidobacterium count (SMD = 0.82, 95% CI:
0.13, 1.88, p = 0.06; I2=93.1, p < 0.001) and propionate concentration (SMD = 0.22; 95% CI:
0.02, 0.43, p =0.03; 2= 0.0, p = 0.79) compared with the control group [64].

4. Dietary Therapy to Promote Adequate Growth and Composition of
the Intestinal Microbiota

Dietary features that adversely affect the state of the intestinal microbiota are a diet
plentiful with red meat, simple carbohydrates, high amounts of saturated fatty acids, and
low fiber intake. The above-mentioned products are also the main components of a West-
ern-type diet, which studies have shown to have a strong pro-inflammatory effect on the
body, while adversely affecting the state of the human microbiota [65-69]. During its use,
the composition of microorganisms and their metabolic activity changes. It is supposed
that these changes may be linked to the increasing incidence of chronic diseases, a signif-
icant increase of which has been observed in highly developed countries, where a West-
ern-type diet is followed by a significant part of the population [66,70]. The changes oc-
curring in the gut microbiota under the influence of diet are shown in Figure 2.
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Figure 2. Influence of diet and lifestyle on gut microbiota [65,66,70]. 1: increase; |: decrease; Created
in https://BioRender.com.

In order to see how, and over what period of time, changes in the composition and
activity of microorganisms residing in the human large intestine can occur, a study was
conducted in which respondents were divided into two groups [70]. One group consumed
a plant-based diet rich in legumes, cereals, vegetables and fruits. The other group was
introduced to a dietary model in which animal products such as meat, eggs and cheese
predominated. There were no other restrictions on consumption beyond the main group
of products. The study volunteers, aged 21 to 33, were told to consume the designated
diet for five days. Participants were surveyed for four days before, during and six days
after the study to closely analyze changes in their intestinal microbiota. It is worth noting
that the daily diet of each subject differed significantly from the one introduced for the
duration of the experiment. The amount of fiber consumed in the group on an animal diet
was almost zero, while in the group on a plant-based diet it reached 25 g per 1000 kcal.
After quantitative analysis of the microorganisms present in the intestine of each patient
from all days of the study, it was shown that the greatest differences from the baseline
microbiota occurred in the group on the animal diet. Interestingly, these could be ob-
served just one day after the researchers noted that the food content from the time of the
study was in the large intestine. This was possible thanks to special dyes that make it
easier to track the components of meals in the body. The return to the pre-test microbiota
occurred two days after switching back to the original diet. By analyzing the fecal SCFA
and bacterial content, the researchers observed that the type of diet consumed affects the
metabolic activity of the microorganisms. In the group of people on a plant-based diet,
carbohydrate fermentation predominated, while the group consuming animal products
was dominated by protein fermentation products. In those on the animal diet, bacteria
with the ability to grow in higher concentrations of bile definitely predominated due to
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the increased amount of fat consumed. The concentration of the secondary bile acid deox-
ycholic acid (DCA), which is the final metabolite of the microorganisms residing in this
group of subjects, also increased. The concentration of DCA is positively correlated with
the incidence of liver cancer and with inhibition of the growth of Bacteroides and Firmicu-
tes. An increase in the concentration of bile salt acids in the feces of people on an animal
diet correlated with a significant increase in the abundance of Bilophila wadsworthia, a bac-
terium that reduces sulfate to hydrogen sulfide, thus causing increased inflammation in
the intestine. This suggests that Bilophila wadsworthia may contribute to inflammatory
bowel disease and other diseases involving chronic inflammation and impaired immune
barriers in the gut. The entire study was designed to demonstrate how the activity and
composition of the intestinal microbiota change depending on diet [70].

Previous evidence and reviews suggest that a Western-type diet, rich in animal pro-
tein and fat and low in dietary fiber, may disrupt the intestinal microbiota by reducing
beneficial commensal bacteria, including Bifidobacterium and Eubacterium [67,68]. Western
dietary patterns and processed animal-derived foods may also be associated with in-
creased exposure to N-nitrosamines, which have been evaluated by EFSA as food-related
risk factors [71].

The results of a 2023 randomized clinical trial conducted by Corbin et al. [69] show
significant differences between the composition of the gut microbiome of people follow-
ing a Western diet (WD) and those consuming minimally processed foods, high in dietary
fiber and resistant starch. Individuals on the Microbiome Enhancer Diet (MBD) had higher
relative abundance of dietary fiber-degrading bacteria, i.e., Prevotella copri, uncharacter-
ized Prevotella and Lachnospira pectinoschiza (Q =1.46 x 10-¢, 0.0005 and 0.001, respectively)
or butyrate-producing bacteria, i.e., Lachnospira pectinoschiza, Eubacterium eligans and un-
characterized Oscillibacter (CAG_241 and 57_20) (Q =1.46 x 10-¢, 0.001, 7.44 x 107, 0.01 and
2.27 x 107). On the other hand, in subjects eating according to the Western dietary model,
higher relative abundance of bacteria obtaining energy from the fermentation of host gly-
cans, simple sugars or fermentation products (mainly CO: and Hz) produced by other gut
microbes, i.e., Blautia hydrogenotrophica, was observed. Blautia hydrogenotrophica, Bifidobac-
terium pseudocatenulatum, uncharacterized Blautia CAG:257 and uncharacterized Actino-
myces ICM7 (Q = 0.006, 5.6 x 105, 0.001, 0.02). In addition, the feces of MBD subjects had
higher levels of total SCFA (p = 0.001), acetate (p = 0.002), propionate (p = 0.007) and bu-
tyrate (p = 0.0005) than those of WD subjects [69].

For comparison, the Mediterranean diet, based mainly on cereals, fruits and vegeta-
bles, vegetable oils, especially olive oil, legumes, nuts, and limited amounts of fish and
poultry, has also been examined in relation to gut microbiota composition. This dietary
pattern is characterized by low consumption of red meat and meat products, dairy prod-
ucts, and sweets. Some studies reported that higher adherence to the Mediterranean diet
was associated with higher fecal SCFA levels and changes in selected bacterial taxa, in-
cluding Prevotella and Firmicutes [72].

However, Kimble et al. [72], in a systematic review of 17 RCTs and 17 observational
studies, explored the effects of the Mediterranean diet on gut microbiota composition and
microbial metabolism. They found that although some studies indicated a positive effect
of the Mediterranean diet on selected gut microbial taxa, the overall results did not con-
sistently show changes in gut microbiota composition or microbial metabolism. As the
authors emphasized, this may be related to heterogeneity between the studied popula-
tions, analytical methods, intervention duration, and characteristics of the Mediterranean
diet [72].
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4.1. Protein

As a basic building block, protein is essential for the development and daily func-
tioning of the human body. A distinction can be made between proteins of plant and ani-
mal origin. Plant protein sources include pulses, cereals, and nuts. Protein of animal
origin, which by far predominates in Western-type diets in many populations, is found in
the form of meat, dairy, eggs, and products derived from them [73].

In a study on the effect of proteins of various origins on the quality of microorganisms
residing in the colon, whey protein and pea protein were found to have a beneficial effect
on the diversity of microorganisms in the intestine. An increase in the commensal bacteria
Bifidobacterium and Lactobacillus was demonstrated. In addition, the group consuming
whey protein showed reduced concentrations of pathogenic Clostridium perfringens and
Bacteroides fragilis. In contrast, pea protein increased the concentration of beneficial SCFAs
in the intestinal lumen [74,75]. In contrast, a study of animal protein consumption showed
an increased number of bacteria resistant to high bile concentrations. These included Bac-
teroides, Alistipes, and Bilophila [70]. Analysis of fecal levels of short-chain fatty acids
(SCFAs) and selected inflammatory markers in serum provides a better understanding of
the effects of diet on the gut microbiota and inflammation in the body. A study comparing
a low-carbohydrate diet (LCD) with a classical diet (CLD) in obese women following a
calorie-restricted diet showed significant differences in SCFA and inflammatory marker
levels. The CLD group showed a significant increase in interleukin-6 (IL-6) levels (p <
0.001), which may indicate increased inflammation. After adjusting for baseline values,
fecal butyric acid, propionic acid and acetic acid levels were significantly different be-
tween the LCD and CLD groups (p < 0.001, p = 0.02 and p < 0.001, respectively). Im-
portantly, an increase in serum insulin levels correlated with a decrease in fecal propionic
acid levels by as much as 5.3-fold (95% CI = -2.7, -0.15, p = 0.04). In addition, increased
levels of high-sensitivity C-reactive protein (hs-CRP) were associated with a 25% reduc-
tion in the proportion of butyric acid in feces (p = 0.04), which may suggest a link between
inflammation and SCFA metabolism. Fasting glucose (FBS) and insulin concentrations
significantly affected acetic acid levels (p = 0.009 and p = 0.01, respectively). Higher FBS
and insulin values were associated with a 2.8- and 8.9-fold increase in fecal acetic acid
levels (95% CI=0.34) [76].

In addition, high intake of red meat may increase the availability of L-carnitine,
which can be metabolized by gut microbiota to trimethylamine and subsequently oxi-
dized to trimethylamine N-oxide (TMAO), a metabolite associated with atherosclerosis
and cardiovascular risk [7,77].

The amount of protein consumed is also a factor that significantly affects the compo-
sition of the gut microbiota. A 2021 randomized clinical trial [78] involving 50 participants
showed that after just 1 week of consuming ~1.6 g protein/kg m. c¢/day in stool samples,
there was a significant decrease in Veillonellaceae Veillonella (log2 FC = 21.90, p <0.001), Veil-
lonellaceae Megasphaera (logz FC =22, 11, p <0.001), Akkermansiaceae Akkermansia (logz FC =
3.09, p=0.04), Eggerthellaceae (log2 FC =24.84, p <0.001) and Ruminococcaceae (logz FC =5.84,
p = 0.01) [78]. In addition, a 2021 meta-analysis by Hsu et al. [79] including five studies,
including four clinical trials with a control group and one prospective observational
study, showed that the use of a low-protein diet (<0.8 g/kg m. c¢/dz) in patients with
chronic kidney disease leads to significant changes in their intestinal microbiota including
an increase in Lactobacillaceae (p = 0.010), Bacteroidaceae (p = 0.048), Streptococcus anginosus
(p <0.001) and a decrease in Bacteroides eggerthii (p = 0.017) and Roseburia faecis (p = 0.019)
compared with patients on a normoprotein diet. At the same time, the study authors
found no significant changes in the diversity of a and f gut microbiota of patients on a
low-protein diet [79].
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In contrast, a 2022 systematic review by Wu et al. [80] covering 29 studies, including
6 studies in mice, 7 studies in pigs, 15 studies in rats, and 1 in vitro study showed that it
is not only the amount and type of protein consumed that have a significant impact on the
composition and activity of the intestinal microbiota but also the processing techniques
play an important role. Food processing technologies, depending on the chosen method,
can cause several structural or microstructural modifications in proteins, thereby leading
to changes in their digestibility and functional properties, which translate into the availa-
bility of the nutrient to the intestinal microbiota and how it is utilized. Two chemical re-
actions occurring during food processing and preparation processes—glycation and oxi-
dation—appear to play a particular role in the variability of the effect of proteins on the
diversity of the intestinal microbiota. However, with new technological methods emerg-
ing, further research in this area is needed [80]. At this point, the detailed link between
proteins and the gut microbiome has not yet been thoroughly studied, which also results
in a small amount of research on this topic.

4.2. Fat

Fat in the human diet, depending on its composition and quantity, can act preven-
tively or increase the risk of many diseases, such as cardiovascular disease. Monounsatu-
rated and polyunsaturated fatty acids have a preventive effect against most diseases of
civilization. Saturated and trans fatty acids increase total cholesterol and LDL fractions
and have pro-inflammatory effects, so that when consumed in inappropriate amounts,
they can contribute to diseases such as obesity, metabolic syndrome, type 2 diabetes, and
also neurological and cognitive disorders [81].

A study was conducted with 217 healthy adults on the amount of fat consumed and
its effect on gut bacteria composition [82]. They were divided into 3 groups with isocaloric
diets of varying fat content. There was a group with a low-fat content (20% of dietary
energy), a moderate fat content (30% of energy), and a high fat content (40% of energy). It
was shown that the low-fat diet was associated with an increase in microbiota diversity,
including an increase in butyrate-producing bacteria such as Blautia and Faecalibacterium.
In contrast, the high-fat diet group showed reduced SCFAs, as well as increased excretion
of arachidonic acid with feces [82].

It was also investigated how the consumption of farmed salmon, a rich source of
monounsaturated and polyunsaturated acids, would affect the composition and activity
of the microbiota of 123 pregnant women who were participants in the study [83]. This
study, however, showed no significant differences in the microbiota composition of both
the mother and the baby from whom fecal samples were collected after delivery. Never-
theless, this study showed that adequate maternal weight gain during pregnancy was as-
sociated with increased abundance of gut bacteria, including Bifidobacterium and F.
prausnitzii [83].

In a study that compared the effects of fatty acids from fish oil and lard, it was found
that the group of mice consuming lard had a higher percentage of Bacteroides and Bilophila,
while the group consuming fish oil had a higher percentage of lactic acid bacteria (Lacto-
bacillus and Streptococcus), Verrucomicrobia (Akkermansia muciniphila) and Actinobacterium
(Bifidobacterium and Adlercreutzia). Also highly significant were an increase in Toll-like re-
ceptors (TLR) activity, a decrease in insulin sensitivity and the occurrence of inflammation
in white adipose tissue (WAT) in lard-treated mice. The authors of the study concluded
that a diet with a predominance of saturated fatty acids can induce inflammation and
metabolic dysfunction in the body. This is due to excessive TLR activation, which is at
least partially correlated with the occurrence of changes in the gut microbiota as a result
of a diet rich in saturated fatty acids [84].
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A randomized controlled crossover study published in 2023 [85] showed that replac-
ing the intake of SFA (saturated fatty acids) containing products with products high in
PUFA (polyunsaturated fatty acids) leads to an increase in the abundance of Lachnospi-
raceae (p = 0.013) and Bifidobacterium spp. (p = 0.029). In addition, consumption of polyun-
saturated fatty acids (PUFAs) for three consecutive days led to an increase in the abun-
dance of Alistipes (p = 0.006), Parabacteroides johnsonii (p = 0.014) and Lachnospiraceae (p =
0.009), and increased the relative level of butyrate in the blood (p = 0.015). Interestingly,
the increase in Lachnospiraceae caused by changing the quality of dietary fats correlated
with a decrease in total cholesterol, a promising finding for the prevention and treatment
of hypercholesterolemia [85].

A 2019 meta-analysis by Bisanz et al. [86] involving 25 studies in mouse models found
a significant and reproducible effect of a high-fat diet (27.1-65% kCal) on gut microbiota
structure. The high-fat diet caused a significant decrease in gut bacterial richness by Chaol
index (log2 FC = -0.215, 95% CI -0.270 to -0.159, p = 8.73 x 10-14), Shannon diversity (log2
FC =-0.048, 95% CI -0.084 to -0.013, p = 7.83 x 10%) and Faith phylogenetic diversity (log:
FC=-0.122, 95% CI -0.157 to -0.088, p = 7.26 x 1072). In addition, it caused an increase in
the ratio of Firmicutes to Bacteroidetes (logz FC = 1.84, 95% CI 1.65 to 2.03, p = 3.4 x 10%)
[86].

4.3. Carbohydrates

Carbohydrates, which are the primary source of energy for most of the body’s cells,
are also the best-studied food component in terms of their effects on the microbiota. The
basic division of carbohydrates distinguishes between assimilable and non-assimilable
carbohydrates. Assimilable carbohydrates are digested in the small intestine with the help
of enzymes. These include sugars such as lactose, sucrose, glucose and fructose, as well as
starch. Once these components are broken down and absorbed into the bloodstream, the
released glucose activates the pancreas for an insulin response [87]. In contrast, non-ab-
sorbable carbohydrates, which include resistant starch and fiber, are not digested by en-
zymes in the upper gastrointestinal tract. They mostly pass into the large intestine, where
they are fermented by bacteria residing in the distal part of the intestine [87].

High intake of simple sugars may disturb gut microbiota balance and promote a
more pro-inflammatory microbial profile. Previous evidence suggests that high sugar in-
take may increase the relative abundance of Proteobacteria and decrease Bacteroidetes, alt-
hough the direction of changes may depend on the type of sugar, dose, and study model
[88]. A study conducted in 2023 by a team of Japanese researchers used a multiomics strat-
egy, combining fecal metabolomics, metagenomics, host metabolomics and transcriptom-
ics to determine the impact of the microbiome on insulin resistance. The results indicate
that people with insulin resistance have an increased number of monosaccharides availa-
ble to the body, which is associated with bacterial carbohydrate metabolism and inflam-
mation. The identified gut bacteria vary in carbohydrate metabolism, and those associated
with insulin sensitivity may alleviate insulin resistance, suggesting potential therapeutic
targets [89].

Wang et al. [90] conducted an experiment to evaluate changes in the structure and
function of intestinal microbiota induced by a fructose-rich diet. They found that high
fructose intake (10.5 g/kg/day) for 20 weeks led to an increase in the abundance of Lach-
nospira, Parasutterella, Marvinbryantia and Blantia in the large intestine of rats [90]. Sepa-
rately, the effect of adding lactose to the previously mentioned sugars was also studied.
Separately, the effect of lactose was also studied. Lactose, which may be poorly tolerated
by lactase non-persistent individuals, has been shown to modify fecal microbiota compo-
sition, including changes in selected Clostridia groups and SCFA concentrations [91]. An
in vitro study conducted by Firrman et al. [92] showed that lactose, by reducing the rela-
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tive abundance of Bacteroidaceae and increasing the abundance of Lactobacillaceae, Entero-
coccaceae, Streptococcaceae, and Bifidobacterium, modifies the structure of the gut microbiota.
These changes were accompanied by an increase in the total amount of SCFAs, particu-
larly acetate and lactate [92].

In terms of non-absorbable carbohydrates, the results of all studies were unequivocal,
suggesting that increased fiber intake promotes microbiota diversity. Dietary fiber is the
part of the cell wall of plants, algae, or fungi that is resistant to hydrolysis occurring under
the influence of digestive enzymes. It is distinguished from other prebiotics by the fact
that it can be utilized by most of the microorganisms that populate the colon and not just
by selected strains of bacteria. Fiber is divided into two fractions —water-soluble and wa-
ter-insoluble. Each of them, despite their different functions, has beneficial effects on the
body. What is important, however, is their amount in the diet and their origin. However,
excess fiber can cause digestive problems and disrupt the rhythm and number of bowel
movements [93].

A meta-analysis conducted by Stachowska et al. [94] showed that dietary fiber intake
significantly affected parameters such as ALT levels (SMD = —0.667; 95% CI -1.046 to
-0.288, p =0.001), AST (SMD =-0.466; 95% CI -0.840 to -0.091, p = 0.015), HOMA-IR (SMD
=-0.619; 95% CI -1.026 to -0.211, p = 0.003), insulin (SMD =-0.705; 95% CI -1.115 to —0.295,
p =0.001 and BMI (SMD = —0.494; 95%CI -0.864 to —0.125, p = 0.009 subjects. A decrease in
the above parameters is associated with a reduced risk of NAFLD, insulin resistance, and
obesity, which also validates the conclusions about the validity of introducing more prebi-
otic products into the diet both in prevention and in individuals at risk of the above dis-
ease entities [94].

A 2018 meta-analysis by So et al. [95] involving a total of 58 randomized clinical trials
found that the use of dietary fiber (1.2 g/day to 50 g/day) in healthy adults for 5 days to 3
months compared with placebo or a low-fiber comparison group increased the abundance
of Bifidobacterium spp. (standardized mean difference (SMD = 0.64; 95% CI: 0.42-0.86; p <
0.00001; I? = 85% p < 0.00001) and Lactobacillus spp. (SMD = 0.22;95% CI: 0.03-0.41; p = 0.02;
I2 = 49%, p < 0.005) in the intestinal microbiota and an increase in fecal butyrate (SMD =
0.24; 95% CI: 0.00-0.47; p = 0.05; I = 70%, p < 0.00001). In addition, subgroup analysis
showed that supplementation with fructans and galactooligosaccharides resulted in sig-
nificantly higher levels of Bifidobacterium spp. (SMD = 0.68; 95% CI: 0.38-0.98; p < 0.00001,
I2=81%, p <0.00001) compared with a low-fiber placebo [95].

Results of a 2021 meta-analysis [96] aimed at evaluating, among other things, the ef-
fect of dietary fiber on intestinal microbiota in patients with type 2 diabetes also show a
significant increase in the relative abundance of Bifidobacterium (MD = 0.73, 95% CI: 0.57-
0.89; p < 0.05; I? = 77%, p < 0.01) in the group receiving dietary fiber compared with the
control group [96].

4.4. Low-Calorie Sweeteners

The effect on the microbiota of artificial sweeteners is also an important issue. Alt-
hough these substances were initially portrayed as health-promoting, it has been shown
that they can reduce glucose and sucrose tolerance by affecting bacteria residing in the
colon. Saccharin administration in mice was associated with gut dysbiosis, including an
increased abundance of Bacteroides and a reduced abundance of Lactobacillus reuteri [87,97].
A 2024 meta-analysis by Chen et al. [98] involving a total of nine studies, including seven
in animal models and two involving humans, showed a significant effect of sucralose con-
sumption on gut microbiota composition in both mice/rats and humans. In rodents, su-
cralose consumption compared with the control group induced a statistically significant
decrease in the relative abundance of Bacteroidetes by 11.02 (95% CI, -19.68 to -2.37, p =
0.01; 12 =99%, p <0.01), Firmicutes by 2.88 (95% CI, =11.80 to 6.05, p = 0.53; I> = 98%, p <0.01),
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Proteobacteria by 1.52 (95% CI, —4.27 to 1.22, p = 0.28; 1> =99%, p < 0.01) and Verrucomicrobia
by 1.43 (95% CI, -2.80 to -0.07, p = 0.04; I> = 95%, p < 0.01) and an increase in the relative
abundance of Actinobacteria by 0.0006 (95% CI, —0.28 to 0.28, p =0.99; I2=75%, p < 0.01). As
a consequence, the present changes in the test animals were observed in the development
of obesity-related diseases. However, in humans, the relative abundance of Bacteroidetes
significantly increased by 0.24 (95% CI, 0.10 to 0.39, p < 0.001, compared with the control
group) as a result of sucralose consumption; I? = 1%, p = 0.32), Firmicutes by 0.02 (95% CI,
-0.08 to 0.11, p = 0.73; I> = 0%, p = 0.34), and Actinobacteria by 0.30 (95% CI, 0.17 to 0.42, p <
0.01; I = 42%, p = 0.19), resulting in reduced obesity. The gut microbiota alpha diversity
according to the Shannon index in rodents decreased by 0.12 (95% CI, -0.48 to 0.24, p =
0.52; 2= 0%, p = 0.54), while in humans it increased by 0.09 (95% CI, -0.10 to 0.28, p = 0.36;
I2=0%, p = 0.54), but both changes were statistically insignificant [98].

4.5. Polyphenols

Polyphenols are a group of compounds that include anthocyanins, proanthocya-
nidins, catechins, flavones, flavonols, and phenolic acids. Their main sources are vegeta-
bles and fruits (especially berries), as well as cocoa, tea and wine. These are substances
that exhibit antioxidant activity. Consuming a lot of products rich in polyphenols leads to
an increase in the number of Bacteroides, Bifidobacterium, and Lactobacillus (mainly after
drinking red wine) [99]. A study evaluating the effect of polyphenols found in fruits
showed that the pathogenic bacteria Staphylococcus aureus and Salmonella typhimurium are
highly sensitive to the antimicrobial properties of polyphenols. Consumption of large
amounts of polyphenols also reduces the pathogenic activity of Clostridium bacteria [100].
The results of a 2020 meta-analysis [101] including 27 studies show that supplementation
with polyphenols from various sources viz. apples, tea, wine, coffee or soy significantly
increased Lactobacillus abundance (in vivo, SMD = 0.23, 95% CI 0.04-0.42, I = 42%, p = 0.08;
in vitro, SMD 5.02, 95% CI 2.49 7.55; I2 = 98%, p< 0.01) and Bifidobacterium (in vivo, SMD
0.56, 95% CI 0.23 0.89, p < 0.01; I2 = 83% p< 0.01; in vitro, SMD 4.29, 95% CI 1.83 6.74, p <
0.01; I? = 99%, p< 0.01) in the gut microbiota. It was also noted that the peak increase in the
abundance of these bacteria followed the consumption of polyphenols at doses of 396
mg/d, 540 mg/d, and 593 mg/d [101].

4.6. Probiotic Foods

Foods containing probiotics are classified as functional foods. This is a group of food
products of natural origin that have been so modified or subjected to such technological
treatments as to carry additional positive health effects for humans. Such effects may in-
clude reducing the growth of putrefactive bacteria, improving intestinal peristalsis, and
increasing the production of digestive juices. Probiotic products can also lead to a reduced
incidence of diarrhea and attenuation of symptoms of lactose intolerance [102].

Probiotic foods mainly include fermented dairy products and pickles, which are fer-
mented plant products. During the fermentation of such products, the proliferation of
probiotic bacteria and fungi takes place. However, this proliferation should be controlled
so that human pathogenic strains do not develop [102,103].

Until a decade or so ago, the most popular dairy probiotic product was fermented
(curdled) milk; currently, however, we have a much larger selection of dairy products to
support the human microbiota, such as kefir and yogurt. In addition, nowadays much
more attention is paid to the selection of strains used in the production of functional foods
so that they also meet the criteria for probiotic strains [102,104]. These criteria include
sufficient characterization of the strain in question; safety during proper use, supported
by at least one clinical study conducted on humans under accepted standards, the result
of which was positive; and stability of the strain, giving confidence that its dose in the
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medicinal product will be the same throughout its shelf life [104]. For a strain to qualify

as a probiotic strain, it must meet the following requirements:

1. The strain should be thoroughly characterized.

2. Itis safe when used as directed.

3. It should be supported by at least one human clinical study with positive results.

4. Shall be present in a dose that demonstrates efficacy in specific products throughout

their shelf life.

If any of the above guidelines are not met, the strain cannot be called a probiotic

strain and its deliberate addition to food should not be used [104].

In addition to the dairy products known by all, it is possible to distinguish a much

broader group of products that, through the fermentation that takes place, provide vari-

ous strains of probiotics—not only LAB. At the same time, it should be noted that foods

in which the composition of bacteria has not been precisely determined cannot be called

probiotic products [105]. Products of plant origin with probiotic properties that can be

found on store shelves are shown in Table 4.

Table 4. Characteristics of the various probiotic products available for sale.

Product

Description

Sauerkraut

Can be formed naturally from chopped white cabbage with salt or with the addition of fermen-
tation starters (L. casei strain). Due to the fermentation process, sauerkraut has a reduced pH,
which has a preservative function. In the ready-to-eat product, the main probiotic bacteria are
Lactobacillus and Lactococcus. Sauerkraut is a fermented cabbage product that may serve as a
source of lactic acid bacteria with potential probiotic properties [106].

Kimchi

A type of pickled cabbage originating from traditional Korean cuisine. It consists of Chinese
cabbage, onions, radishes, and spices such as ginger, garlic, salt, and large amounts of ground
bell pepper. Bacteria such as Lactobacillus plantarum and Lactobacillus mesenteroides predominate
in the composition. However, the health benefits of kimchi do not end with its probiotic effects
in the colon. Thanks to its high content of dietary fiber, B vitamins, A, C, E, and numerous bio-
logically active compounds, such as capsaicin, chlorophyll, and gingerol, this Korean pickle can
have beneficial effects on the entire body. It has anticancer, antioxidant, and antimutagenic ef-
fects. Lowers the concentration of lipids and glucose in the blood. Influences immunity and
weight maintenance [107].

Kombucha

A tea-based drink, usually black tea, that has undergone a fermentation process. Kombucha is
made by adding sugar and a mixture of yeast and probiotic bacteria called SCOBY to the tea in-
fusion. SCOBY consists of yeast from the genus Saccharomyces and Zygosaccharomyces and bacte-
ria from the genus Acetobacter, Gluconobacter, Lactobacillus, and Lactococcus. Beverage preserva-
tives formed during fermentation include acetic acid, lactic acid, and ethanol [108].

Tempeh

Originating from Indonesia soybean seeds previously soaked and cooked. Their fermentation
occurs under the influence of the fungus Rhizopus oligoporus. Because of its fungal aftertaste ob-
tained during fermentation, it is used as a vegan substitute for meat and also dairy [109].

Natto

Fermented seeds of cooked soybeans. However, its fermentation uses a special strain of Bacillus
subtilis var. Natto, which produces nattokinase in the finished food product. Natto is a tradi-
tional fermented soybean product. In a randomized crossover study, gamma-polyglutamic
acid-rich natto was shown to suppress the early postprandial blood glucose response [110].

Miso

Japanese soybeans paste that undergoes fermentation by positive starter bacteria Aspergillus
oryzae. Miso paste is used to prepare a traditional Japanese soup. Long-term intake of miso soup
has been associated with reduced nighttime blood pressure; however, evidence regarding its
direct effects on gut microbiota remains limited [111].

Pickled olives

Fermented fruit of the olive tree, a delicacy of Mediterranean cuisine. A sizable group of bacte-
ria from the Lactobacillus family and also fungi from the genera Pichia, Candida, and Saccharomy-
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ces have been isolated from them. Work is currently underway to increase the microbiological
stability of this product by adding probiotic bacteria [112].

The selection of plant products containing probiotic bacteria is sizable, but there have
not yet been a sufficient number of clinical studies proving their unequivocal effect on the
state of the intestinal microbiota.

Milk and fermented dairy products, in addition to their probiotic value, are also rich
in fat-soluble vitamins, calcium, protein, and phosphorus. The most common fermented
dairy products are described in Table 5.

Table 5. Characteristics of common fermented dairy products that are used to improve the condition

of gut microbiota.

Product

Description

Kefir

Originating from the Caucasus sour drink made from fermented milk. The fermentation process
is induced by kefir grains consisting of lactic and acetic acid bacteria and lactose-fermenting
yeast Kluyveromyces marxianus and non-fermenting yeast such as Saccharomyces cerevisiae. Kefir is
characterized by a complex microbiota composed mainly of lactic acid bacteria, acetic acid bacte-
ria, and yeasts, which contribute to its nutritional and potential health-promoting properties

[113]

Yogurt

A product formed from the fermentation of raw or pasteurized milk to which the starter bacteria
Streptococcus thermophilus and Lactobacillus delbrueckii have been added. The acetaldehyde and lac-
tic acid formed during fermentation condition the slightly sour taste of yogurt. Yogurts may also
be enriched with selected probiotic strains, and probiotic yogurt consumption has been investi-
gated in relation to selected health outcomes [114].

Cheese

Some cheeses contain particular strains of bacteria that show beneficial effects on the body. These

include some semi-hard and hard cheeses. However, due to their high content of saturated fatty
acids and energy density, they should be eaten in limited quantities [115].

Unfortunately, food products containing probiotics do not have the same microbio-
logical stability as pharmaceutical preparations. This is due, among other things, to the
environment and time of their storage, as well as the heat treatment they may undergo
[116]. The content of probiotic bacteria in the product is also affected by the oxidative
stress that occurs, the pH that is too low, inappropriate starter cultures, storage tempera-
ture, and the type of technological processes to which the products are subjected. There-
fore, it is important to remember that while fermented foods are a good addition to the
daily diet, they will not always work well in the case of disturbed intestinal microbiota
[116]. Each fermented product may have a different content of probiotic bacteria, which
can reach and populate the large intestine to varying degrees. Thus, in the case of antibi-
otic therapy or other intestinal microbiota disorders, probiotic pharmacological therapy
should be considered, which can be supported by functional foods [116].

In recent years, studies have been conducted on the effectiveness of dairy products
for the prevention of infections occurring outside the gastrointestinal tract. They indicated
that regular consumption of fermented dairy may have a much broader application than
just modulating the intestinal microbiota. Higher intake of dairy (especially reduced-fat
dairy) may be associated with a reduced risk of type 2 diabetes, hypertension, overweight
and obesity [113,114,117,118].

A randomized controlled trial conducted with 60 healthy overweight individuals
evaluated the effect of probiotic supplementation with VSL#3, a multi-strain probiotic
preparation containing one strain of Streptococcus, four strains of Lactobacillus, and three
strains of Bifidobacteria [119]. The results show that the total amount of aerobic bacteria in
the intestine changed under the influence of the supplementation. The content of anaero-
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bic bacteria Lactobacillus, Bifidobacteria, and Streptococcus also increased in the group that
did not take placebo products. The group consuming probiotic dairy also had significantly
reduced levels of E. coli bacteria. Triglycerides, total cholesterol, and LDL fraction, as well
as C-reactive protein levels also decreased. In a separate study, probiotics-containing yo-
gurt ingestion combined with H. pylori eradication was associated with restoration of fecal
Faecalibacterium prausnitzii dysbiosis in H. pylori-infected children [120].

5. Drugs and Dietary Supplements to Support the Gut Microbiota

Currently, a great number of pro-, pre-, and symbiotic preparations are available on
the market. Three groups can be distinguished [121]:

¢  Medicinal products—Substances or mixtures of substances that exhibit a curative or
preventive effect against an existing disease;

e Dietary supplements—Foodstuffs supplementing the daily diet, being rich in vita-
mins, minerals, or other substances having a nutritional effect on the body. Their
form must allow free dosage;

e  Foods for special medical purposes—Foods modified in such a way that their com-
position meets the nutritional needs of patients. Used as the sole source of energy
supply or as an adjunctive therapy in patients who cannot supply themselves with
all the necessary nutrients.

6. Discussion

The proper state of the gut microbiota is extremely important to maintain the body’s
homeostasis and reduce the risk of many chronic diseases such as type 2 diabetes, obesity,
allergies, cardiovascular, gastrointestinal, and neurodegenerative diseases. The diversity
and number of microorganisms in the intestinal lumen depend on a variety of factors.
These include the type of delivery, past infections and the amount of antibiotics used,
lifestyle, and type of diet [122].

A diet rich in prebiotic compounds prevents dysbiosis in the large intestine. How-
ever, if there is an imbalance between probiotic and putrefactive bacteria, a properly man-
aged diet, which, if necessary, is enriched with supplementation of probiotic or prebiotic
products, can improve the gut microbiota after just a few weeks. Saccharides that stimu-
late the growth of gut bacteria may contribute to reducing the risk of lifestyle diseases
[123-125].

Prebiotics selectively stimulate the growth and activity of beneficial gut bacteria, par-
ticularly Bifidobacterium and Lactobacillus, leading to improved microbiota balance and
host health [10]. Due to their fermentation by gut microbiota, short-chain fatty acids
(SCFAs) such as butyrate, acetate, and propionate are formed, which serve as an energy
source for enterocytes and regulate inflammation [10,11]. In turn, probiotics compete with
pathogens for attachment sites in the intestine and for nutrients, which reduces the risk of
colonization by harmful bacteria. They produce antimicrobial compounds, such as carbon
dioxide, hydrogen peroxide, acetaldehyde, acetoin, diacetyl, bacteriocins and bacteriocin-
like inhibitory substances, which inhibit pathogen growth [11]. Probiotics, modulating the
intestinal microbiota, trigger the expression of genes responsible for the modification and
maturation of the intestine after birth, absorption of nutrients, strengthening the mucosal
barrier, metabolism of xenobiotics and angiogenesis [10,11]. By strengthening the intesti-
nal barrier, gut permeability is reduced, which prevents translocation of pathogenic bac-
teria and pro-inflammatory molecules [11].

After thorough analyses, which were performed on the participants of the study con-
ducted by David et al. [68] during each day of the experiment, as well as after its comple-
tion, the researchers came to the unequivocal conclusion that the microbiota can undergo

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561

25 of 32

dynamic changes under the influence of introduced changes in the human diet. At the
same time, it was proven that while a plant-based diet did not affect the deterioration of
the microbiota, a diet full of animal products significantly disrupted microbial function in
the large intestine [68]. However, it has been suggested that a diet high in undigestible
carbohydrates has the strongest effect on increasing the percentage of lactic acid bacteria
and bifidobacteria in the intestinal lumen. It is worth noting, however, that the group of
compounds with prebiotic effects is wide, and each of them has an effect directed toward
a specific strain and type of bacteria. Therefore, it is important to diversify the daily diet
with all products rich in prebiotic compounds [122,123].

7. Conclusions

The available evidence indicates that diet, prebiotics, probiotics, synbiotics, and post-
biotics may contribute to the modulation of gut microbiota composition and activity.
These strategies may influence intestinal barrier integrity, short-chain fatty acid produc-
tion, immune regulation, and selected metabolic processes. However, their effects are not
uniform and depend on multiple factors, including baseline microbiota composition,
health status, dietary pattern, probiotic strain, dose, and duration of intervention. There-
fore, microbiota-targeted dietary and supplementation strategies should be interpreted as
context-dependent approaches rather than universally effective interventions. Future
well-designed clinical studies are needed to better define strain-specific, substrate-spe-
cific, and population-specific responses and to support the development of more person-
alized nutritional strategies.

8. Perspectives

While significant progress has been made in understanding the relationship between
diet, prebiotics, probiotics, and gut microbiota, several areas require further research. Fu-
ture studies should explore the most effective combinations of prebiotics and probiotics
for targeting specific health conditions. More research is needed to understand how indi-
vidual differences in microbiota composition influence responses to dietary interventions.
Clinical trials should investigate the prolonged impact of prebiotic and probiotic supple-
mentation on metabolic health, immune function, and disease prevention. Additionally,
further examination of non-carbohydrate prebiotics, such as polyphenols and certain fatty
acids, is necessary to determine their potential role in modulating gut microbiota. The
development of personalized dietary strategies based on microbiota profiles could en-
hance precision medicine applications in gut health. Addressing these research gaps will
allow for a more comprehensive understanding of the gut microbiota’s role in human
health and aid in developing more effective dietary and therapeutic interventions.

Author Contributions: Conceptualization, N.E.-B., D.J.-M. and ].P.; investigation, N.E.-B.; writing—
original draft preparation, N.E.-B. and K.M.; writing—review and editing, D.].-M. and J.P.; visuali-
zation, D.J.-M.; supervision, J.P.; funding acquisition, D.J.-M. All authors have read and agreed to

the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is

not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561 26 of 32

References

1.  Hou K,; Wu, Z.X,; Chen, X.Y.; Wang, ].Q.; Zhang, D.; Xiao, C.; Zhu, D.; Koya, ].B.; Wei, L.; Li, ].; et al. Microbiota in health and
diseases. Signal Transduct. Target. Ther. 2022, 7, 135. https://doi.org/10.1038/541392-022-00974-4.

2. Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body. PLoS Biol. 2016, 14,
€1002533. https://doi.org/10.1371/journal.pbio.1002533.

3. Kim, S.K.; Guevarra, R.B.; Kim, Y.T.; Kwon, J.; Kim, H.; Cho, J.H.; Kim, H.B.; Lee, ].H. Role of Probiotics in Human Gut Micro-
biome-Associated Diseases. . Microbiol. Biotechnol. 2019, 29, 1335-1340. https://doi.org/10.4014/jmb.1906.06064.

4. Donald, K; Finlay, B.B. Early-Life Interactions between the Microbiota and Immune System: Impact on Immune System Devel-
opment and Atopic Disease. Nat. Rev. Immunol. 2023, 23, 735-748. https://doi.org/10.1038/s41577-023-00874-w.

5. Chen, Y.; Zhou, J.; Wang, L. Role and Mechanism of Gut Microbiota in Human Disease. Front. Cell. Infect. Microbiol. 2021, 11,
625913. https://doi.org/10.3389/fcimb.2021.625913.

6.  Heravi, F.S.; Naseri, K.; Hu, H. Gut Microbiota Composition in Patients with Neurodegenerative Disorders (Parkinson’s and
Alzheimer’s) and Healthy Controls: A Systematic Review. Nutrients 2023, 15, 4365. https://doi.org/10.3390/nu15204365.

7. Tang, W.H.W,; Kitai, T.; Hazen, S.L. Gut Microbiota in Cardiovascular Health and Disease. Circ. Res. 2017, 120, 1183-1196.
https://doi.org/10.1161/CIRCRESAHA.117.309715.

8. Osadchiy, V,; Martin, C.R.; Mayer, E.A. The Gut-Brain Axis and the Microbiome: Mechanisms and Clinical Implications. Clin.
Gastroenterol. Hepatol. 2019, 17, 322-332. https://doi.org/10.1016/j.cgh.2018.10.002.

9.  Khalaf, R.; Sciberras, M.; Ellul, P. The role of the fecal microbiota in inflammatory bowel disease. Eur. |. Gastroenterol. Hepatol.
2024, 36, 1249-1258. https://doi.org/10.1097/MEG.0000000000002818.

10. Sanders, M.E.; Merenstein, D.].; Reid, G.; Gibson, G.R.; Rastall, R.A. Probiotics and Prebiotics in Intestinal Health and Disease:
From Biology to the Clinic. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 605-616. https://doi.org/10.1038/s41575-019-0173-3.

11.  Yadav, M.K,; Kumari, L; Singh, B.; Sharma, K.K.; Tiwari, S.K. Probiotics, Prebiotics and Synbiotics: Safe Options for Next-Gen-
eration Therapeutics. Appl. Microbiol. Biotechnol. 2022, 106, 505-521. https://doi.org/10.1007/s00253-021-11646-8.

12.  Parkin, K.; Christophersen, C.T.; Verhasselt, V.; Cooper, M.N.; Martino, D. Risk Factors for Gut Dysbiosis in Early Life. Micro-
organisms 2021, 9, 2066. https://doi.org/10.3390/microorganisms9102066.

13. Scheperjans, F.; Aho, V.; Pereira, P.A.; Koskinen, K.; Paulin, L.; Pekkonen, E.; Haapaniemi, E.; Kaakkola, S.; Eerola-Rautio, J.;
Pohja, M.; et al. Gut microbiota are related to Parkinson’s disease and clinical phenotype. Mov. Disord. 2015, 30, 350-358.
https://doi.org/10.1002/mds.26069.

14. Cirstea, M.S.; Yu, A.C.; Golz, E.; Sundvick, K; Kliger, D.; Radisavljevic, N.; Foulger, L.H.; Mackenzie, M.; Huan, T.; Finlay, B.B.;
et al. Microbiota composition and metabolism are associated with gut function in Parkinson’s disease. Mov. Disord. 2020, 35,
1208-1217. https://doi.org/10.1002/mds.28052.

15. Nishiwaki, H.; Ito, M,; Ishida, T.; Hamaguchi, T.; Maeda, T.; Kashihara, K.; Tsuboi, Y.; Ueyama, J.; Shimamura, T.; Mori, H.; et
al. Meta-analysis of gut dysbiosis in Parkinson’s disease. Mov. Disord. 2020, 35, 1626-1635. https://doi.org/10.1002/mds.28119.

16. Romano, S.; Savva, G.M.; Bedarf, J.R.; Charles, 1.G.; Hildebrand, F.; Narbad, A. Meta-analysis of the Parkinson’s disease gut
microbiome suggests alterations linked to intestinal inflammation. NPJ Park. Dis. 2021, 7, 27. https://doi.org/10.1038/s41531-021-
00156-z.

17. Shen, T.;Yue, Y.;He, T.; Huang, C.; Qu, B.; Lv, W.; Lai, H.Y. The association between the gut microbiota and Parkinson’s disease,
a meta-analysis. Front. Aging Neurosci. 2021, 13, 636545. https://doi.org/10.3389/fnagi.2021.636545.

18. Jemimah, S.; Chabib, C.M.M.; Hadjileontiadis, L. Gut microbiome dysbiosis in Alzheimer’s disease and mild cognitive impair-
ment: A systematic review and meta-analysis. PLoS ONE 2023, 18, e0285346. https://doi.org/10.1371/journal.pone.0285346.

19. Ma, L., Tu, H., Chen, T. Postbiotics in Human Health: A Narrative Review. Nutrients 2023, 15, 291.
https://doi.org/10.3390/nu15020291.

20. Salminen, S.; Collado, M.C.; Endo, A.; Hill, C,; Lebeer, S.; Quigley, EM.M.; Sanders, M.E.; Shamir, R.; Swann, J.R.; Szajewska,
H.; et al. The International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement on the definition and
scope of postbiotics. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 649-667. https://doi.org/10.1038/s41575-021-00440-6.

21. Gao, J; Li, X;; Zhang, G.; Sadiq, F.A.; Simal-Gandara, J.; Xiao, J.; Sang, Y. Probiotics in the Dairy Industry-Advances and Op-
portunities. Compr. Rev. Food Sci. Food Saf. 2021, 20, 3937-3982. https://doi.org/10.1111/1541-4337.12755.

22. Chidambaram, S.B.; Essa, M.M.; Rathipriya, A.G.; Bishir, M.; Ray, B.; Mahalakshmi, A.M.; Tousif, A.H.; Sakharkar, M.K;

Kashyap, R.S.; Friedland, R.P.; et al. Gut Dysbiosis, Defective Autophagy and Altered Immune Responses in Neurodegenerative
Diseases: Tales of a Vicious Cycle. Pharmacol. Ther. 2022, 231, 107988. https://doi.org/10.1016/j.pharmthera.2021.107988.

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561 27 of 32

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Li, H,; Liu, S.; Chen, H.; Zhou, L.; Chen, B.; Wang, M.; Zhang, D.; Han, T.L.; Zhang, H. Gut Dysbiosis Contributes to SCFAs
Reduction-Associated Adipose Tissue Macrophage Polarization in Gestational Diabetes Mellitus. Life Sci. 2024, 350, 122744.
https://doi.org/10.1016/j.1fs.2024.122744.

Joyce, S.A.; Clarke, D.J]. Microbial Metabolites as Modulators of Host Physiology. Adv. Microb. Physiol. 2024, 84, 83-133.
https://doi.org/10.1016/bs.ampbs.2023.12.001.

Fusco, W.; Lorenzo, M.B.; Cintoni, M.; Porcari, S.; Rinninella, E.; Kaitsas, F.; Lener, E.; Mele, M.C.; Gasbarrini, A.; Collado, M.C;
et al. Short-Chain Fatty-Acid-Producing Bacteria: Key Components of the Human Gut Microbiota. Nutrients 2023, 15, 2211.
https://doi.org/10.3390/nu15092211.

Al-Lahham, S.H.; Peppelenbosch, M.P.; Roelofsen, H.; Vonk, R.J.; Venema, K. Biological effects of propionic acid in humans;
metabolism, potential applications and underlying mechanisms. Biochim. Biophys. Acta 2010, 1801, 1175-1183.
https://doi.org/10.1016/j.bbalip.2010.07.007.

Morrison, D.J.; Preston, T. Formation of short chain fatty acids by the gut microbiota and their impact on human metabolism.
Gut Microbes 2016, 7, 189-200. https://doi.org/10.1080/19490976.2015.1134082.

El-Salhy, M.; Valeur, J.; Hausken, T.; Hatlebakk, J.G. Changes in fecal short-chain fatty acids following fecal microbiota trans-
plantation in  patients with irritable bowel syndrome. Neurogastroenterol. — Motil. 2021, 33, e13983.
https://doi.org/10.1111/nmo.13983.

Kumari, B.; Kumari, U.; Singh, D.K.; Husain, G.M,; Patel, D.K,; Shakya, A.; Singh, R.B.; Modi, G.P.; Singh, G.K. Molecular Tar-
gets of Valeric Acid: A Bioactive Natural Product for Endocrine, Metabolic, and Immunological Disorders. Endocr. Metab. Im-
mune Disord. Drug Targets 2024, 24, 1506-1517. https://doi.org/10.2174/0118715303262653231120043819.

Liu, H.; Lu, H.; Wang, Y.; Yu, C.; He, Z.; Dong, H. Unlocking the power of short-chain fatty acids in ameliorating intestinal
mucosal immunity: A new porcine nutritional approach. Front. Cell. Infect. Microbiol. 2024, 14, 1449030.
https://doi.org/10.3389/fcimb.2024.1449030.

Stinson, L.F.; Gay, M.C.L.; Koleva, P.T.; Eggesba, M.; Johnson, C.C.; Wegienka, G.; du Toit, E.; Shimojo, N.; Munblit, D.;
Campbell, D.E.; et al. Human Milk From Atopic Mothers Has Lower Levels of Short Chain Fatty Acids. Front. Immunol. 2020,
11, 1427. https://doi.org/10.3389/fimmu.2020.01427.

Xi, M.; Yan, Y.; Duan, S.; Li, T.; Szeto, I.M.; Zhao, A. Short-chain fatty acids in breast milk and their relationship with the infant
gut microbiota. Front. Microbiol. 2024, 15, 1356462. https://doi.org/10.3389/fmicb.2024.1356462.

Homann, C.; Eckey, I.; Chuppava, B.; Teich, K.; Buch, J.; Zimmermann, A.; Kaltschmitt, M.; Grone, R.; Wilke, V.; Visscher, C.
Rye and Rye Bran as Components of Diets in Piglet Production —Effects on Salmonella Prevalence. Animals 2023, 13, 2262.
https://doi.org/10.3390/ani13142262.

Salvi, P.S.; Cowles, R.A. Butyrate and the Intestinal Epithelium: Modulation of Proliferation and Inflammation in Homeostasis
and Disease. Cells 2021, 10, 1775. https://doi.org/10.3390/cells10071775.

Akoglu, B.; Loytved, A.; Nuiding, H.; Zeuzem, S.; Faust, D. Probiotic Lactobacillus Casei Shirota Improves Kidney Function,
Inflammation and Bowel Movements in Hospitalized Patients with Acute Gastroenteritis— A Prospective Study. ]. Funct. Foods
2015, 17, 305-313. https://doi.org/10.1016/j.jff.2015.05.021.

Miraghajani, M.; Zaghian, N.; Dehkohneh, A.; Mirlohi, M.; Ghiasvand, R. Probiotic Soy Milk Consumption and Renal Function
Among Type 2 Diabetic Patients with Nephropathy: A Randomized Controlled Clinical Trial. Probiotics Antimicrob. Proteins
2019, 11, 124-132. https://doi.org/10.1007/s12602-017-9325-3.

Miraghajani, M.; Zaghian, N.; Mirlohi, M.; Feizi, A.; Ghiasvand, R. The Impact of Probiotic Soy Milk Consumption on Oxidative
Stress Among Type 2 Diabetic Kidney Disease Patients: A Randomized Controlled Clinical Trial. . Ren. Nutr. 2017, 27, 317-324.
https://doi.org/10.1053/j.jrn.2017.04.004.

Abbasi, B.; Ghiasvand, R.; Mirlohi, M. Kidney Function Improvement by Soy Milk Containing Lactobacillus plantarum A7 in
Type 2 Diabetic Patients With Nephropathy: A Double-Blinded Randomized Controlled Trial. Iran. ]. Kidney Dis. 2017, 11, 36—
43.

Ostadrahimi, A.; Taghizadeh, A.; Mobasseri, M.; Farrin, N.; Payahoo, L.; Beyramalipoor Gheshlaghi, Z.; Vahedjabbari, M. Effect
of Probiotic Fermented Milk (Kefir) on Glycemic Control and Lipid Profile In Type 2 Diabetic Patients: A Randomized Double-
Blind Placebo-Controlled Clinical Trial. Iran. . Public Health 2015, 44, 228-237.

Dai, Y.; Quan, J.; Xiong, L.; Luo, Y.; Yi, B. Probiotics Improve Renal Function, Glucose, Lipids, Inflammation and Oxidative
Stress in Diabetic Kidney Disease: A Systematic Review and Meta-Analysis. Ren. Fail. 2022, 44, 862-880.
https://doi.org/10.1080/0886022X.2022.2079522.

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561 28 of 32

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Bohlouli, J.; Namjoo, I.; Borzoo-Isfahani, M.; Hojjati Kermani, M.A.; Balouch Zehi, Z.; Moravejolahkami, A.R. Effect of Probiotics
on Oxidative Stress and Inflammatory Status in Diabetic Nephropathy: A Systematic Review and Meta-Analysis of Clinical
Trials. Heliyon 2021, 7, €05925. https://doi.org/10.1016/j.heliyon.2021.e05925.

Mafi, A.; Namazi, G.; Soleimani, A.; Bahmani, F.; Aghadavod, E.; Asemi, Z. Metabolic and Genetic Response to Probiotics Sup-
plementation in Patients with Diabetic Nephropathy: A Randomized, Double-Blind, Placebo-Controlled Trial. Food Funct. 2018,
9, 4763-4770. https://doi.org/10.1039/C8FO00888D.

Mazruei Arani, N.; Emam-Djomeh, Z.; Tavakolipour, H.; Sharafati-Chaleshtori, R.; Soleimani, A.; Asemi, Z. The Effects of Pro-
biotic Honey Consumption on Metabolic Status in Patients with Diabetic Nephropathy: A Randomized, Double-Blind, Con-
trolled Trial. Probiotics Antimicrob. Proteins 2019, 11, 1195-1201. https://doi.org/10.1007/s12602-018-9468-x.

Firouzi, S.; Mohd-Yusof, B.N.; Majid, H.A ; Ismail, A.; Kamaruddin, N.A. Effect of Microbial Cell Preparation on Renal Profile
and Liver Function among Type 2 Diabetics: A Randomized Controlled Trial. BMC Complement. Altern. Med. 2015, 15, 433.
https://doi.org/10.1186/s12906-015-0952-5.

Jiang, H.; Zhang, Y.; Xu, D.; Wang, Q. Probiotics Ameliorates Glycemic Control of Patients with Diabetic Nephropathy: A Ran-
domized Clinical Study. J. Clin. Lab. Anal. 2021, 35, 23650. https://doi.org/10.1002/jcla.23650.

Tamtaji, O.R.; Heidari-Soureshjani, R.; Mirhosseini, N.; Kouchaki, E.; Bahmani, F.; Aghadavod, E.; Tajabadi-Ebrahimi, M.;
Asemi, Z. Probiotic and Selenium Co-Supplementation, and the Effects on Clinical, Metabolic and Genetic Status in Alzheimer’s
Disease: A Randomized, Double-Blind, Controlled Trial. Clin. Nutr. 2019, 38, 2569-2575.
https://doi.org/10.1016/j.clnu.2018.11.034.

Xiao, R.; Wang, L.; Tian, P.; Zhao, J.; Zhang, H.; Wang, G.; Zhu, M. The Effect of Probiotic Supplementation on Glucolipid
Metabolism in Patients with Type 2 Diabetes: A Systematic Review and Meta-Analysis. Nutrients 2023, 15, 3240.
https://doi.org/10.3390/nu15143240.

Zhao, T.-X.; Zhang, L.; Zhou, N.; Sun, D.-S,; Xie, ].-H.; Xu, S.-K. Long-Term Use of Probiotics for the Management of Office and
Ambulatory Blood Pressure: A Systematic Review and Meta-Analysis of Randomized, Controlled Trials. Food Sci. Nutr. 2023,
11, 101-113. https://doi.org/10.1002/fsn3.3069.

Sniffen, ].C.; McFarland, L.V.; Evans, C.T.; Goldstein, E.].C. Choosing an Appropriate Probiotic Product for Your Patient: An
Evidence-Based Practical Guide. PLoS ONE 2018, 13, €0209205. https://doi.org/10.1371/journal.pone.0209205.

Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D.; et al. Expert Consensus Document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) Consen-
sus Statement on the Definition and Scope of Prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491-502.
https://doi.org/10.1038/nrgastro.2017.75.

Basavaiah, R.; Gurudutt, P.S. Prebiotic Carbohydrates for Therapeutics. Endocr. Metab. Immune Disord. Drug Targets 2021, 21,
230-245. https://doi.org/10.2174/1871530320666200929140522.

de Paiva, LH.R; da Silva, R.S.; Mendonga, LP.; Duarte-Silva, E.; Botelho de Souza, J.R.; Peixoto, C.A. Fructooligosaccharide
(FOS) and Galactooligosaccharide (GOS) Improve Neuroinflammation and Cognition By Up-Regulating IRS/PI3K/AKT Signal-
ing Pathway in Diet-Induced Obese Mice. ]. Neuroimmune Pharmacol. 2023, 18, 427-447. https://doi.org/10.1007/s11481-023-
10069-8.

Yan, F,; Tian, S.; Du, K,; Xue, X.; Gao, P.; Chen, Z. Preparation and Nutritional Properties of Xylooligosaccharide from Agricul-
tural and Forestry Byproducts: A Comprehensive Review. Front. Nutr. 2022, 9, 977548. https://doi.org/10.3389/fnut.2022.977548.
Du, L; Qiu, X;; Zhu, S;; Liu, J.; Wang, J.; Wang, Q.; Liu, Z.; Yang, F.; Yun, T.; Qi, R. Soybean Oligosaccharides Combined with
Probiotics Reduce Faecal Odour Compound Content by Improving Intestinal Microbiota in Pigs. ]. Anim. Physiol. Anim. Nutr.
2023, 107, 839-849. https://doi.org/10.1111/jpn.13782.

Watanabe, J.; Sasajima, N.; Aramaki, A.; Sonoyama, K. Consumption of Fructo-Oligosaccharide Reduces 2,4-Dinitrofluoroben-
zene-Induced Contact Hypersensitivity in Mice. Br. J. Nutr. 2008, 100, 339-346. https://doi.org/10.1017/50007114507901221.

de Kivit, S.; Kostadinova, A.L; Kerperien, J.; Morgan, M.E.; Muruzabal, V.A.; Hofman, G.A.; Knippels, L.M.].; Kraneveld, A.D.;
Garssen, J.; Willemsen, L.E.M. Dietary, nondigestible oligosaccharides and Bifidobacterium breve M-16V suppress allergic inflam-
mation in intestine via targeting dendritic cell maturation. J. Leukoc. Biol. 2017, 102, 105-115. https://doi.org/10.1189/j1b.3A0516-
236R.

Zenhom, M.; Hyder, A.; de Vrese, M.; Heller, K.J.; Roeder, T.; Schrezenmeir, ]J. Prebiotic Oligosaccharides Reduce Proinflam-
matory Cytokines in Intestinal Caco-2 Cells via Activation of PPARy and Peptidoglycan Recognition Protein 3. ]. Nutr. 2011,
141, 971-977. https://doi.org/10.3945/jn.110.136176.

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561 29 of 32

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Nishikawa, M.; Brickman, A.M.; Manly, J.J.; Schupf, N.; Mayeux, R.P.; Gu, Y. Dietary Prebiotic Consumption Is Associated with
Reduced Risk of Alzheimer's Disease in a Multiethnic Population. Curr. Alzheimer Res. 2021, 18, 984-992.
https://doi.org/10.2174/1567205019666211222115142.

Kaur, A.P.; Bhardwaj, S.; Dhanjal, D.S.; Nepovimova, E.; Cruz-Martins, N.; Kuca, K.; Chopra, C.; Singh, R.; Kumar, H.; Sen, F.;
et al. Plant Prebiotics and Their Role in the Amelioration of Diseases. Biomolecules 2021, 11, 440.
https://doi.org/10.3390/biom11030440.

Sakai, Y.; Seki, N.; Hamano, H.; Ochi, H.; Abe, F.; Shimizu, F.; Masuda, K.; lino, H. A Study of the Prebiotic Effect of Lactulose
at Low Dosages in Healthy Japanese Women. Biosci. Microbiota Food Health 2019, 38, 69-72. https://doi.org/10.12938/bmfh.18-
013.

Sakai, Y.; Seki, N.; Hamano, H.; Ochi, H.; Abe, F.; Shimizu, F.; Masuda, K.; Iino, H. Prebiotic Effect of Two Grams of Lactulose
in Healthy Japanese Women: A Randomised, Double-Blind, Placebo-Controlled Crossover Trial. Benef. Microbes 2019, 10, 629—
639. https://doi.org/10.3920/BM2018.0174.

Le Bastard, Q.; Chapelet, G.; Javaudin, F.; Lepelletier, D.; Batard, E.; Montassier, E. The Effects of Inulin on Gut Microbial Com-
position: A Systematic Review of Evidence from Human Studies. Eur. ]. Clin. Microbiol. Infect. Dis. 2020, 39, 403-413.
https://doi.org/10.1007/s10096-019-03721-w.

Akutko, K.; Stawarski, A. Probiotics, Prebiotics and Synbiotics in Inflammatory Bowel Diseases. J. Clin. Med. 2021, 10, 2466.
https://doi.org/10.3390/jcm10112466.

Cosier, D.J.; Lambert, K.; Neale, E.P.; Probst, Y.; Charlton, K. The Effect of Oral Synbiotics on the Gut Microbiota and Inflam-
matory Biomarkers in Healthy Adults: A Systematic Review and Meta-Analysis. Nutr. Rev. 2025, 83, ed—e24.
https://doi.org/10.1093/nutrit/nuae002.

Garcia-Montero, C.; Fraile-Martinez, O.; Gémez-Lahoz, A.M.; Pekarek, L.; Castellanos, A.]J.; Noguerales-Fraguas, F.; Coca, S.;
Guijarro, L.G.; Garcia-Honduvilla, N.; Astinsolo, A.; et al. Nutritional Components in Western Diet Versus Mediterranean Diet
at the Gut Microbiota-Immune System Interplay. Nutrients 2021, 13, 699. https://doi.org/10.3390/nu13020699.

Malesza, 1.].; Malesza, M.; Walkowiak, J.; Mussin, N.; Walkowiak, D.; Aringazina, R.; Bartkowiak-Wieczorek, J.; Madry, E. High-
Fat, Western-Style Diet, Systemic Inflammation, and Gut Microbiota: A Narrative Review. Cells 2021, 10, 3164.
https://doi.org/10.3390/cells10113164.

Levine, A.; Sigall Boneh, R.; Wine, E. Evolving Role of Diet in the Pathogenesis and Treatment of Inflammatory Bowel Diseases.
Gut 2018, 67, 1726-1738. https://doi.org/10.1136/gutjnl-2017-315866.

Ross, F.C.; Patangia, D.; Grimaud, G.; Lavelle, A.; Dempsey, E.M.; Ross, R.P.; Stanton, C. The interplay between diet and the
gut microbiome: Implications for health and disease. Nat. Rev. Microbiol. 2024, 22, 671-686. https://doi.org/10.1038/541579-024-
01068-4.

Corbin, K.D.; Carnero, E.A,; Dirks, B.; Igudesman, D.; Yi, F.; Marcus, A.; Davis, T.L.; Pratley, R.E.; Rittmann, B.E.; Krajmalnik-
Brown, R;; et al. Host-Diet-Gut Microbiome Interactions Influence Human Energy Balance: A Randomized Clinical Trial. Nat.
Commun. 2023, 14, 3161. https://doi.org/10.1038/s41467-023-38778-x.

David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, ].E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.; Fisch-
bach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559-563.
https://doi.org/10.1038/nature12820.

Schrenk, D.; Bignami, M.; Bodin, L.; Chipman, J.K.; del Mazo, J.; Hogstrand, C.; Hoogenboom, L.; Leblanc, J.-C.; Nebbia, C.S.;
Nielsen, E.; et al. Risk assessment of N-nitrosamines in food. EFSA J. 2023, 21, e07884. https://doi.org/10.2903/j.efsa.2023.7884.
Kimble, R.; Gouinguenet, P.; Ashor, A.; Stewart, C.; Deighton, K.; Matu, J.; Griffiths, A.; Malcomson, F.C; Joel, A.; Houghton,
D.; et al. Effects of a mediterranean diet on the gut microbiota and microbial metabolites: A systematic review of randomized
controlled trials and observational studies. Crit. Rev. Food Sci. Nutr. 2023, 63, 8698-8719.
https://doi.org/10.1080/10408398.2022.2057416.

Ferrari, L.; Panaite, S.A.; Bertazzo, A.; Visioli, F. Animal- and Plant-Based Protein Sources: A Scoping Review of Human Health
Outcomes and Environmental Impact. Nutrients 2022, 14, 5115. https://doi.org/10.3390/nu14235115.

Ge, ].; Sun, C.X,; Corke, H.; Gul, K.; Gan, R.-Y.; Fang, Y. The health benefits, functional properties, modifications, and applica-
tions of pea (Pisum sativum L.) protein: Current status, challenges, and perspectives. Compr. Rev. Food Sci. Food Saf. 2020, 19,
1835-1876. https://doi.org/10.1111/1541-4337.12573.

Romond, M.B.; Ais, A.; Guillemot, F.; Bounouader, R.; Cortot, A.; Romond, C. Cell-free whey from milk fermented with
Bifidobacterium breve C50 used to modify the colonic microflora of healthy subjects. |. Dairy Sci. 1998, 81, 1229-1235.
https://doi.org/10.3168/jds.S0022-0302(98)75683-8.

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561 30 of 32

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Rad, Z.A.; Mousavi, S.N.; Chiti, H. A low-carb diet increases fecal short-chain fatty acids in feces of obese women following a
weight-loss program: Randomized feeding trial. Sci. Rep. 2023, 13, 18146. https://doi.org/10.1038/s41598-023-45054-x.

Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, ].A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.; Wu, Y.; Li, L.; et al. Intestinal microbiota
metabolism of L-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat. Med. 2013, 19, 576-585.
https://doi.org/10.1038/nm.3145.

McKenna, C.F,; Salvador, A.F.; Hughes, R.L.; Scaroni, S.E.; Alamilla, R.A.; Askow, A.T.; Paluska, S.A.; Dilger, A.C.; Holscher,
H.D.; De Lisio, M.; et al. Higher Protein Intake during Resistance Training Does Not Potentiate Strength, but Modulates Gut
Microbiota, in Middle-Aged Adults: A Randomized Control Trial. Am. ]. Physiol. Endocrinol. Metab. 2021, 320, E900-E913.
https://doi.org/10.1152/ajpend0.00574.2020.

Hsu, CK,; Su, S.C; Chang, L.C.; Shao, S.C.; Yang, K.J.; Chen, C.Y.; Chen, Y.T.; Wu, LW. Effects of Low Protein Diet on Modu-
lating Gut Microbiota in Patients with Chronic Kidney Disease: A Systematic Review and Meta-Analysis of International Stud-
ies. Int. J. Med. Sci. 2021, 18, 3839-3850. https://doi.org/10.7150/ijms.66451.

Wu, S.; Bhat, Z.F.; Gounder, R.S.; Mohamed Ahmed, I.A.; Al-Juhaimi, F.Y.; Ding, Y.; Bekhit, A.E.-D.A. Effect of Dietary Protein
and Processing on Gut Microbiota— A Systematic Review. Nutrients 2022, 14, 453. https://doi.org/10.3390/nu14030453.

Wang, X.; Song, R.; Clinchamps, M.; Dutheil, F. New Insights into High-Fat Diet with Chronic Diseases. Nutrients 2023, 15, 4031.
https://doi.org/10.3390/nu15184031.

Wan, Y.; Wang, F.; Yuan, J.; Li, J.; Jiang, D.; Zhang, J.; Li, H.; Wang, R.; Tang, J.; Huang, T.; et al. Effects of Dietary Fat on Gut
Microbiota and Faecal Metabolites, and Their Relationship with Cardiometabolic Risk Factors: A 6-Month Randomised Con-
trolled-Feeding Trial. Gut 2019, 68, 1417-1429. https://doi.org/10.1136/gutjnl-2018-317609.

Urwin, HJ.; Miles, E.A.; Noakes, P.S.; Kremmyda, L.S.; Vlachava, M.; Diaper, N.D.; Perez-Cano, F.J.; Godfrey, K.M.; Calder,
P.C,; Yaqoob, P.; et al. Effect of Salmon Consumption during Pregnancy on Maternal and Infant Faecal Microbiota, Secretory
IgA and Calprotectin. Br. |. Nutr. 2014, 111, 773-784. https://doi.org/10.1017/50007114513003097.

Caesar, R.; Tremaroli, V.; Kovatcheva-Datchary, P.; Cani, P.D.; Backhed, F. Crosstalk between Gut Microbiota and Dietary Li-
pids  Aggravates ~WAT  Inflammation through TLR  Signaling.  Cell ~ Metab. 2015, 22,  658-668.
https://doi.org/10.1016/j.cmet.2015.07.026.

Telle-Hansen, V.H.; Gaundal, L.; Bastani, N.; Rud, L; Byfuglien, M.G.; Gjovaag, T.; Retterstel, K.; Holven, K.B.; Ulven, S.M.;
Myhrstad, M.C.W. Replacing Saturated Fatty Acids with Polyunsaturated Fatty Acids Increases the Abundance of Lachnospi-
raceae and Is Associated with Reduced Total Cholesterol Levels — A Randomized Controlled Trial in Healthy Individuals. Lipids
Health Dis. 2022, 21, 92. https://doi.org/10.1186/s12944-022-01702-1.

Bisanz, J.E.; Upadhyay, V.; Turnbaugh, J.A.; Ly, K.; Turnbaugh, P.J. Meta-Analysis Reveals Reproducible Gut Microbiome Al-
terations in Response to a High-Fat Diet. Cell Host Microbe 2019, 26, 265-272.e4. https://doi.org/10.1016/j.chom.2019.06.013.
Singh, R K.; Chang, HW; Yan, D.; Lee, KM.; Ucmak, D.; Wong, K.; Abrouk, M.; Farahnik, B.; Nakamura, M.; Zhu, T.H.; et al.
Influence of Diet on the Gut Microbiome and Implications for Human Health. ]. Transl. Med. 2017, 15, 73.
https://doi.org/10.1186/512967-017-1175-y.

Satokari, R. High Intake of Sugar and the Balance between Pro- and Anti-Inflammatory Gut Bacteria. Nutrients 2020, 12, 1348.
https://doi.org/10.3390/nu12051348.

Takeuchi, T.; Kubota, T.; Nakanishi, Y.; Tsugawa, H.; Suda, W.; Kwon, A.T.-J.; Yazaki, ].; Ikeda, K.; Nemoto, S.; Mochizuki, Y.;
et al. Gut microbial carbohydrate metabolism contributes to insulin resistance. Nature 2023, 621, 389-395.
https://doi.org/10.1038/s41586-023-06466-x.

Wang, Y.; Qi, W; Song, G.; Pang, S.; Peng, Z.; Li, Y.; Wang, P. High-Fructose Diet Increases Inflammatory Cytokines and Alters
Gut Microbiota Composition in Rats. Mediat. Inflamm. 2020, 2020, 6672636. https://doi.org/10.1155/2020/6672636.

Ito, M.; Kimura, M. Influence of lactose on faecal microflora in lactose maldigestors. Microb. Ecol. Health Dis. 1993, 6, 73-76.
https://doi.org/10.3109/08910609309141564.

Firrman, J.; Liu, L.; Mahalak, K.; Hu, W; Bittinger, K.; Moustafa, A.; Jones, S.M.; Narrowe, A.; Tomasula, P. An in Vitro Analysis
of How Lactose Modifies the Gut Microbiota Structure and Function of Adults in a Donor-Independent Manner. Front. Nutr.
2023, 9, 1040744. https://doi.org/10.3389/fnut.2022.1040744.

Holscher, H.D. Dietary Fiber and Prebiotics and the Gastrointestinal Microbiota. Gut Microbes 2017, 8, 172-184.
https://doi.org/10.1080/19490976.2017.1290756.

Stachowska, E.; Portincasa, P.; Jamiot-Milc, D.; Maciejewska-Markiewicz, D.; Skonieczna—ZydeCka, K. The Relationship between
Prebiotic Supplementation and Anthropometric and Biochemical Parameters in Patients with NAFLD-A Systematic Review
and Meta-Analysis of Randomized Controlled Trials. Nutrients 2020, 12, 3460. https://doi.org/10.3390/nu12113460.

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561 31 of 32

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

So, D.; Whelan, K.; Rossi, M.; Morrison, M.; Holtmann, G.; Kelly, ].T.; Shanahan, E.R.; Staudacher, H.M.; Campbell, K.L. Dietary
Fiber Intervention on Gut Microbiota Composition in Healthy Adults: A Systematic Review and Meta-Analysis. Am. J. Clin.
Nutr. 2018, 107, 965-983. https://doi.org/10.1093/ajen/nqy041.

Ojo, O.; Ojo, 0.0.; Zand, N.; Wang, X. The Effect of Dietary Fibre on Gut Microbiota, Lipid Profile, and Inflammatory Markers
in Patients with Type 2 Diabetes: A Systematic Review and Meta-Analysis of Randomised Controlled Trials. Nutrients 2021, 13,
1805. https://doi.org/10.3390/nu13061805.

Suez, ].; Korem, T.; Zeevi, D.; Zilberman-Schapira, G.; Thaiss, C.A.; Maza, O.; Israeli, D.; Zmora, N.; Gilad, S.; Weinberger, A,;
et al. Artificial sweeteners induce glucose intolerance by altering the gut microbiota. Nature 2014, 514, 181-186.
https://doi.org/10.1038/nature13793.

Chen, C.Y.; Tien, C.H.; Chen, Y.H.; Garrido, D.; Farzi, A.; Herzog, H.; Fan, H.Y.; Chen, Y.C. Effect of Sucralose Intake on Human
and Mouse/Rat Gut Microbiota Composition: A Systematic Review and Meta-Analysis. Food Rev. Int. 2024, 40, 1265-1275.
https://doi.org/10.1080/87559129.2023.2212045.

Barroso, E.; Van de Wiele, T.; Jiménez-Girdn, A.; Mufioz-Gonzalez, 1.; Martin-Alvarez, P.J.; Moreno-Arribas, M.V.; Bartolomé,
B.; Pelaez, C.; Martinez-Cuesta, M.C.; Requena, T. Lactobacillus Plantarum IFPL935 Impacts Colonic Metabolism in a Simulator
of the Human Gut Microbiota during Feeding with Red Wine Polyphenols. Appl. Microbiol. Biotechnol. 2014, 98, 6805-6815.
https://doi.org/10.1007/s00253-014-5744-1.

Wu, Z.; Huang, S.; Li, T,; Li, N,; Han, D.; Zhang, B.; Xu, Z.; Tang, S.; Xiao, H.; Zhang, H.; et al. Gut microbiota from green tea
polyphenol-dosed mice improves intestinal epithelial homeostasis and ameliorates experimental colitis. Microbiome 2021, 9, 184.
https://doi.org/10.1186/s40168-021-01115-9.

Ma, G.; Chen, Y. Polyphenol Supplementation Benefits Human Health via Gut Microbiota: A Systematic Review via Meta-
Analysis. |. Funct. Foods 2020, 66, 103829. https://doi.org/10.1016/.jff.2020.103829.

Rashidinejad, A.; Bahrami, A.; Rehman, A.; Rezaei, A.; Babazadeh, A.; Singh, H.; Jafari, S.M. Co-Encapsulation of Probiotics
with Prebiotics and Their Application in Functional/Synbiotic Dairy Products. Crit. Rev. Food Sci. Nutr. 2022, 62, 2470-2494.
https://doi.org/10.1080/10408398.2020.1854169.

Soltan Dallal, M.M.; Zamaniahari, S.; Davoodabadi, A.; Hosseini, M.; Rajabi, Z. Identification and Characterization of Probiotic
Lactic Acid Bacteria Isolated from Traditional Persian Pickled Vegetables. GMS Hyg. Infect. Control 2017, 12, Docl5.
https://doi.org/10.3205/dgkh000300.

Binda, S.; Hill, C.; Johansen, E.; Obis, D.; Pot, B.; Sanders, M.E.; Tremblay, A.; Ouwehand, A.C. Criteria to Qualify Microorgan-
isms as “Probiotic” in Foods and Dietary Supplements. Front. Microbiol. 2020, 11, 1662. https://doi.org/10.3389/fmicb.2020.01662.
Min, M.; Bunt, C.R.; Mason, S.L.; Hussain, M.A. Non-Dairy Probiotic Food Products: An Emerging Group of Functional Foods.
Crit. Rev. Food Sci. Nutr. 2019, 59, 2626-2641. https://doi.org/10.1080/10408398.2018.1462760.

Touret, T.; Oliveira, M.; Semedo-Lemsaddek, T. Putative Probiotic Lactic Acid Bacteria Isolated from Sauerkraut Fermentations.
PLoS ONE 2018, 13, e0203501. https://doi.org/10.1371/journal.pone.0203501.

Cha, J.; Kim, Y.B,; Park, S.E.; Lee, S.H.; Roh, S.W.; Son, H.-S.; Whon, T.W. Does kimchi deserve the status of a probiotic food?
Crit. Rev. Food Sci. Nutr. 2024, 64, 6512-6525. https://doi.org/10.1080/10408398.2023.2170319.

Villarreal-Soto, S.A.; Beaufort, S.; Bouajila, J.; Souchard, J.-P.; Taillandier, P. Understanding Kombucha Tea Fermentation: A
Review. J. Food Sci. 2018, 83, 580-588. https://doi.org/10.1111/1750-3841.14068.

Ahnan-Winarno, A.D.; Cordeiro, L.; Winarno, F.G.; Gibbons, J.; Xiao, H. Tempeh: A Semicentennial Review on Its Health Ben-
efits, Fermentation, Safety, Processing, Sustainability, and Affordability. Compr. Rev. Food Sci. Food Saf. 2021, 20, 1717-1767.
https://doi.org/10.1111/1541-4337.12710.

Araki, R.; Yamada, T.; Maruo, K.; Araki, A.; Miyakawa, R.; Suzuki, H.; Hashimoto, K. Gamma-Polyglutamic Acid-Rich Natto
Suppresses Postprandial Blood Glucose Response in the Early Phase after Meals: A Randomized Crossover Study. Nutrients
2020, 12, 2374. https://doi.org/10.3390/nu12082374.

Kondo, H.; Tomari, H.; Yamakawa, S.; Kitagawa, M.; Yamada, M.; Itou, S.; Yamamoto, T.; Uehara, Y. Long-Term Intake of Miso
Soup Decreases Nighttime Blood Pressure in Subjects with High-Normal Blood Pressure or Stage I Hypertension. Hypertens.
Res. 2019, 42, 1753-1761. https://doi.org/10.1038/s41440-019-0304-9.

Perpetuini, G.; Prete, R.; Garcia-Gonzalez, N.; Khairul Alam, M.; Corsetti, A. Table Olives More than a Fermented Food. Foods
2020, 9, 178. https://doi.org/10.3390/foods9020178.

Rosa, D.D.; Dias, M.M.S.; Grzeskowiak, £.M.; Reis, S.A.; Conceicao, L.L.; Peluzio, M.C.G. Milk Kefir: Nutritional, Microbiolog-
ical and Health Benefits. Nutr. Res. Rev. 2017, 30, 82-96. https://doi.org/10.1017/S0954422416000275.

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

Foods 2026, 15, 2561 32 of 32

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

He, A.; Chin, J.; Lomiguen, C.M. Benefits of Probiotic Yogurt Consumption on Maternal Health and Pregnancy Outcomes: A
Systematic Review. Cureus 2020, 12, €9408. https://doi.org/10.7759/cureus.9408.

Homayouni, A.; Ansari, F.; Azizi, A.; Pourjafar, H.; Madadi, M. Cheese as a Potential Food Carrier to Deliver Probiotic Micro-
organisms into the Human Gut: A Review. Curr. Nutr. Food Sci. 2020, 16, 15-28.
https://doi.org/10.2174/1573401314666180817101526.

Jannah, S.R.; Rahayu, E.S.; Suroto, D.A.; Wikandari, R. Study of Viability, Storage Stability, and Shelf Life of Probiotic Instant
Coffee Lactiplantibacillus plantarum subsp. plantarum Dad-13 in Vacuum and Nonvacuum Packaging at Different Storage Tem-
peratures. Int. ]. Food Sci. 2022, 2022, 1663772. https://doi.org/10.1155/2022/1663772.

Feng, Y.; Zhao, Y.; Liu, J.; Huang, Z,; Yang, X; Qin, P.; Chen, C; Luo, X,; Li, Y.; Wu, Y; et al. Consumption of Dairy Products
and the Risk of Overweight or Obesity, Hypertension, and Type 2 Diabetes Mellitus: A Dose-Response Meta-Analysis and
Systematic Review of Cohort Studies. Adv. Nutr. 2022, 13, 2165-2179. https://doi.org/10.1093/advances/nmac096.

Zhao, Y.; Dong, B.R.; Hao, Q. Probiotics for preventing acute upper respiratory tract infections. Cochrane Database Syst. Rev.
2022, 8, CD006895. https://doi.org/10.1002/14651858.CD006895.pub4.

Rajkumar, H.; Mahmood, N.; Kumar, M.; Varikuti, S.R.; Challa, H.R.; Myakala, S.P. Effect of Probiotic (VSL#3) and Omega-3 on
Lipid Profile, Insulin Sensitivity, Inflammatory Markers, and Gut Colonization in Overweight Adults: A Randomized, Con-
trolled Trial. Mediat. Inflamm. 2014, 2014, 348959. https://doi.org/10.1155/2014/348959.

Yang, Y.J.; Chen, P.C,; Lai, F.P; Tsai, P.].; Sheu, B.S. Probiotics-Containing Yogurt Ingestion and H. pylori Eradication Can Re-
store Fecal Faecalibacterium prausnizii Dysbiosis in H. pylori-Infected Children. Biomedicines 2020, 8, 146.
https://doi.org/10.3390/biomedicines8060146.

Ruszkowski, J.; Szewczyk, A.; Witkowski, J. Przeglad Doustnych Prebiotykéw, Probiotykow, Synbiotykéw i Postbiotykow
Dostepnych Na Polskim Rynku Aptecznym. Farm. Pol. 2018, 74, 147-154.

Lee, J.Y.; Tsolis, RM. Baumler, A]J. The Microbiome and Gut Homeostasis. Science 2022, 377, eabp9960.
https://doi.org/10.1126/science.abp9960.

Beam, A.; Clinger, E.; Hao, L. Effect of Diet and Dietary Components on the Composition of the Gut Microbiota. Nutrients 2021,
13, 2795. https://doi.org/10.3390/nu13082795.

Bagheri, S.; Zolghadri, S.; Stanek, A. Beneficial Effects of Anti-Inflammatory Diet in Modulating Gut Microbiota and Controlling
Obesity. Nutrients 2022, 14, 3985. https://doi.org/10.3390/nu14193985.

Chen, L.; Liu, B;; Ren, L.; Du, H; Fei, C.; Qian, C; Li, B.; Zhang, R.; Liu, H,; Li, Z.; et al. High-Fiber Diet Ameliorates Gut
Microbiota, Serum Metabolism and Emotional Mood in Type 2 Diabetes Patients. Front. Cell. Infect. Microbiol. 2023, 13, 1069954.
https://doi.org/10.3389/fcimb.2023.1069954.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods15142561


https://doi.org/10.3390/foods15142561

