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Abstract: Metabolic diseases are serious threats to public health and related to gut microbiota. Probi-
otics, prebiotics, synbiotics, and postbiotics (PPSP) are powerful regulators of gut microbiota, thus
possessing prospects for preventing metabolic diseases. Therefore, the effects and mechanisms of
PPSP on metabolic diseases targeting gut microbiota are worth discussing and clarifying. Generally,
PPSP benefit metabolic diseases management, especially obesity and type 2 diabetes mellitus. The
underlying gut microbial-related mechanisms are mainly the modulation of gut microbiota com-
position, regulation of gut microbial metabolites, and improvement of intestinal barrier function.
Moreover, clinical trials showed the benefits of PPSP on patients with metabolic diseases, while the
clinical strategies for gestational diabetes mellitus, optimal formula of synbiotics and health benefits
of postbiotics need further study. This review fully summarizes the relationship between probiotics,
prebiotics, synbiotics, postbiotics, and metabolic diseases, presents promising results and the one
in dispute, and especially attention is paid to illustrates potential mechanisms and clinical effects,
which could contribute to the next research and development of PPSP.

Keywords: probiotics; prebiotics; synbiotics; postbiotics; gut microbiota; obesity; type 2 diabetes
mellitus; gestational diabetes mellitus; metabolic diseases

1. Introduction

Metabolic syndrome is a cluster of metabolic disorders, manifested as dyslipidemia,
hyperglycemia, insulin resistance, oxidative stress, inflammation, hypertension, and neu-
rodegeneration, which is associated with metabolic diseases, such as obesity, diabetes
mellitus, non-alcoholic fatty liver disease (NAFLD), and osteoarthritis [1,2]. Moreover,
different metabolic diseases are often associated with each other, for example, obesity is
a risk factor of type 2 diabetes mellitus and excess body weight also contributes to the
development of NAFLD [3]. Recent studies have found out that the imbalance of gut
microbiota is crucial to metabolic diseases [4,5]. Therefore, the regulation of gut microbiota
could be a promising way out of this situation [6]. On the one hand, it is generally recog-
nized that gut microbial homeostasis itself is a vital part of the whole metabolic system
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so that the regulation of beneficial and conditioned pathogenic bacteria is one of the most
direct mechanisms to improve metabolic function [7]. On the other hand, gut microbiota
continuously excretes bioactive molecules in the bowel lumen and some of them may
translocate into the circulation and further make an influence on the metabolic process
as specific ligands [8]. During the process, intestinal integrity plays an important role by
blocking the harmful bacterial metabolites transferred into the circulation [9].

Probiotics are a series of beneficial microorganisms, and prebiotics are traditionally
non-digestible food ingredients that selectively stimulate the growth and activity of a
limited number of bacteria in the digestive tract [10]. Recently, there is an emerging trend
to explore whether synbiotics (a combination of prebiotics and probiotics) and postbiotics
(inanimate microorganisms and/or their components that confers a health benefit on the
host) possess good biological activities for the prevention of metabolic diseases [11-13].
According to the results from experimental studies and clinical trials, probiotics, prebiotics,
synbiotics, and postbiotics (PPSP) have shown alleviated effects on obesity, type 2 diabetes
mellitus, and other metabolic diseases in most cases, but the situation could be uncertain
when the patients are during pregnancy [14]. In this review, we summarize the results from
recent studies (Web of Science within recent five years) to comprehensively exhibit the
bioactive effects, potential mechanisms, and clinical action of PPSP on metabolic diseases.

2. Bioactive Effects of Probiotics, Prebiotics, Synbiotics, and Postbiotics on
Metabolic Diseases

2.1. Obesity

Obesity is intimately related to gut microbiota, and probiotic strains possess beneficial
effects on attenuating obesity, such as Lactobacillus pentosus GSSK2 and Lactobacillus plantarum
GS26A [15]. Several studies showed that the anti-obesity effects of probiotics were different
between the lyophilized bacteria and alive bacteria, as well as the single-strain and multi-
strain [16,17]. Several studies highlighted that the lyophilized Lactobacillus casei IMVB-7280
possessed stronger anti-obesity property than lyophilized Bifidobacterium animalis VKB and
VKL strains [16]. Moreover, the alive multi-strains involving Acetobacter, Bifidobacterium,
Lactobacillus, and Propionibacterium could more effectively improve obesity, insulin resis-
tance, pro-inflammatory cytokines production, and adiponectin level when compared
with the lyophilized single-strain or multi-strains [18]. Besides, diverse evidence showed
that prebiotics (like polyphenols) could impact the progression of obesity via the regu-
lation of gut microbiota [19,20]. Owing to the promising application value of prebiotics
in the management of metabolic diseases, researchers keep modifying the strategies of
food processing to enhance the therapeutic effects [21,22]. For example, the anti-obesity
effect of resistant starch could be elevated after modifying with the amylosucrase from
Deinococcus geothermalis [23]. Moreover, synbiotics containing Bifidobacterium lactis, Lacto-
bacillus rhammnosus, and oligofructose-enriched inulin could more effectively regulate the
intestinal microenvironment than single components [10,24]. What’s more, an in vivo study
based on resveratrol-fed mice implied that postbiotics could be the reason why resveratrol
was beneficial to anti-obesity, but further clinical research was needed to provide more
reliable evidence [25].

2.2. Type 2 and Gestational Diabetes Mellitus

Fermented foods like yogurt were beneficial to type 2 diabetic patients, especially those
who were refractory to conventional therapy [26,27]. A prospective study on 8574 adults
suggested that yogurt consumption was inversely associated with the risk of type 2 diabetes
mellitus (hazard ratio (HR): 0.73; 95% confidence interval (CI): 0.61, 0.88) [28]. However,
the side effects of sugar-sweetened yogurt have caused concern [29]. Because of the
promising beneficial effects of probiotics on type 2 diabetes mellitus, researchers keep
optimizing the applicational strategy, for example, the utilization of the monk fruit extract
as a novel sweetener in yogurt could more effectively improve serum lipid level than
yogurt alone, and simultaneously avoid the health risk caused by sugar [30]. Moreover,
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several prebiotic foods like Lactobacillus plantarum-fermented Momordica charantia juice
possessed a better anti-diabetic effect than the native one [31]. Furthermore, because
the treatment of type 2 diabetes mellitus is often accompanied by the regulation of gut
bacterial metabolites, postbiotics could be an alternative therapeutic agent for probiotics,
prebiotics, and fecal microbiota transplant [32]. However, other studies implied that the
consumption of synbiotic foods only revealed limited mitigation in diabetes mellitus,
especially gestational diabetes mellitus [33,34]. For example, adding extra fish oil into
probiotic supplements containing Bifidobacterium lactis and Lactobacillus rhamnosus HN001
failed to reduce the risk of gestational diabetes mellitus whether combined as synbiotics or
used as single agents [35].

2.3. Other Metabolic Diseases

The utilization of probiotics has been recognized as a potential treatment for other
metabolic diseases like NAFLD [36]. Moreover, a cross-sectional study with 26,016 subjects
reported that the intake of prebiotics, such as dietary fiber, phytochemicals, and complex
carbohydrates, was inversely associated with the risk of metabolic disorders [37]. Further-
more, gut microbiota played a role in metabolic-related diseases especially when accom-
panied by low-grade chronic inflammation [38—40]. Prebiotics like polysaccharides from
Cyclocarya paliurus could improve metabolic function and chronic inflammation by increas-
ing Bacteroidetes abundance and downregulating Toll-like receptor 4-mitogen-activated pro-
tein kinase (TLR4-MAPK) signaling pathway [41]. However, the abundances of Bacteroides
and Parabacteroides were decreased in obese mice with low-grade inflammation after receiv-
ing unsaturated alginate oligosaccharides [42]. Besides, the oral administration of glucose
solution with probiotics could improve intestinal barrier function and inflammation in
patients after colorectal cancer surgery [43]. Several studies highlighted that the synergistic
effects of probiotics and prebiotics on dyslipidemia and hypercholesterolemia remained
a mystery [44]. The co-administration of probiotics and natural prebiotic food like Agari-
cus bisporus mushroom revealed the same curative effect on dyslipidemia as each agent
alone [44]. Likely, the combination of probiotics (Lactobacillus acidophilus La-5) and prebi-
otics (inulin oligofructose) did not show a better therapeutic effect on metabolic-related
diseases compared with the prebiotics or probiotics alone [45].

In short, PPSP could alleviate metabolic diseases, and the co-intervention of multiple
alive bacteria strains could be a promising way of probiotics application. Moreover, the
enzyme-modification and probiotic-fermentation could effectively enhance the benefits of
prebiotics. Furthermore, the effects of Bacteroidetes in metabolic diseases accompanied with
low-grade inflammation need further investigation.

3. Mechanisms of Probiotics, Prebiotics, Synbiotics, and Postbiotics on Metabolic
Diseases by Targeting Gut Microbiota

The intervention of probiotics (like Bifidobacterium and Lactobacillus), prebiotics (like
inulin oligofructose and other polysaccharides), synbiotics (consist of probiotic strains
and prebiotic foods), and postbiotics (like short-chain fatty acids (SCFAs) and muramyl
dipeptide) could make an important influence on metabolic function. The recent studies
showed that the modulation of gut microbiota composition, regulation of gut microbial
metabolites, as well as improvement of the intestinal barrier function were three major
mechanisms of PPSP on regulating metabolic diseases, which would be discussed below.

3.1. The Modulation of Gut Microbiota Composition

Probiotics have been proposed as a suitable strategy for preventing metabolic dis-
eases [46]. The mixture of probiotics containing Bifidobacterium lactis LMG P-28149 and
Lactobacillus rhamnosus LMG S-28148 could modulation the composition of obesity-related
gut microbiota and restore Akkermansia muciniphila and Rikenellaceae abundances while
reducing Lactobacillaceae abundance [47]. Besides, other metabolic-related diseases like
inflammatory bowel disease were associated with digestive system dysfunction and gut
microbiota dysbiosis, manifested as the less abundances of Bifidobacteria and Lactobacillus, as
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well as a higher abundance of Escherichia coli [48]. Moreover, gut microbiota is considered
as a trigger for the metabolic inflammation in obesity and type 2 diabetes mellitus, and
the administration of Lactobacillus reuteri could improve metabolic function by inhibiting
the growth of harmful bacteria (like Yersinia enterocolitica) and improving tetrathionate
metabolism in TLR1-deficient mice with intestinal inflammation [49,50]. Furthermore, the
intake of Lactobacillus casei could prevent metabolic-related hypertension in perinatal rats by
decreasing the Firmicutes to Bacteroidetes ratio and the expression of angiotensin-converting
enzyme (ACE), while increasing Akkermansia and Lactobacillus abundances [51]. In addi-
tion, an in vivo study with male Swiss albino mice reported that the probiotic-fermented
milk containing Lactobacillus reuteri LR6 could improve protein-energy malnutrition and
immunological function in mice with increasing Bifidobacteria, Firmicutes, and Lactobacilli
abundances [52].

The healthy influence of gut microbiota was started on the early stage of life, and the
experimental studies showed that prebiotic dextrin from maize starch and lentil-based
diet could promote the growth of Actinobacteria and Bacteroidetes, while decrease Firmicutes
abundance, thus might be beneficial to overweight and obese children [53-55]. Moreover,
resistant dextrin from wheat and corn starch could improve lipid and glucose metabolism
in insulin resistance mice by increasing Akkermansia and Prevotella abundances, followed
by upregulating the insulin receptor substrate 1 (IRS1)-protein kinase B (Akt)-glucose
transporter 2 (GLUT2) signaling pathway as well as upregulating the sirtuin 1 (SIRT1)-
adenosine monophosphate kinase (AMPK)-peroxisome proliferators activated receptor &
(PPARx)-carnitine palmitoyltransferase 1o (CPR1«) signaling pathway [56]. Furthermore,
the supplementation of whole garlic improved serum lipid profile, liver function, and
insulin resistance in dyslipidemia mice, with increasing Lachnospiraceae while reducing
Prevotella abundances [57]. Inulin was a common prebiotic, and the in vivo studies showed
that the intake of inulin oligofructose improved obesity, glycemic dysregulations, and the
blood-brain-barrier integrity, with decreasing the Firmicutes to Bacteroidetes ratio while
increasing Bifidobacterium abundance [58,59]. Additionally, the pregnant rats which re-
ceived oligofructose had a lower obesity risk in their offspring, with higher abundances
of Bifidobacterium and Collinsella [60]. Besides, fucoidan polysaccharides could improve
gut microbial diversity with increasing the abundance of Bacteroidetes and Proteobacteria,
enhancing the bile salt hydrolase activity of Lactobacillus casei DM8121, as well as upreg-
ulating the expression of hepatic cholesterol 7-a hydroxylase, while the abundances of
Actinobacteria and Firmicutes were decreased [61,62].

Synbiotics were considered as a new frontier in obesity prevention, and the omega-3
fatty acids with a mixture of alive probiotics containing Bifidobacterium, Lactobacillus, Lacto-
coccus, and Propionibacterium showed a more pronounced reduction in hepatic steatosis and
lipid accumulation compared to probiotics alone [63,64]. Moreover, the oral supplements
of combined Bacillus licheniformis and xylo-oligosaccharides could more effectively improve
body weight gain and lipid metabolism in obese rats with decreasing the abundances of
Desulfovibrionaceae and Ruminococcaceae [65]. In addition, a mixture of Lactobacillus plan-
tarum PMO 08 with chia seeds revealed a synergistic anti-obesity effect on obese mice, and
led to a more favorable intestinal microenvironment for Lactobacillus plantarum growth [66].

Butyrate was a typical postbiotics produced from gut microbiota, and it could alleviate
intestinal inflammation induce by Citrobacter rodentium, and result in increasing Lach-
nospiraceae and Proteobacteria as well as decreasing Clostridiaceae abundances in mice [67].
Moreover, butyrate administration could ameliorate NAFLD and increase the abundances
of butyric-produced bacteria such as Blautia, Christensenellaceae, and Lactobacillus in re-
turn [68]. So, there could be a bi-directional regulation and positive feedback action
between the supplement of postbiotics like butyrate and the growth of related bacteria [69].

In general, PPSP could regulate metabolic diseases by regulating the abundances of
Akkermansia, Bacteroidetes, Blautia, Bifidobacteria, Bifidobacterium, Collinsella, Christensenel-
laceae, Desulfovibrionaceae, Lachnospiraceae, Lactobacillus, Proteobacteria, Rikenellaceae, and
Ruminococcaceae, while decreasing the abundances of Clostridiaceae, Firmicutes, Lactobacil-
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laceae, and Yersinia (Figure 1). Meanwhile, the modulation of gut bacteria composition
was accompanied by upregulating IRS1-Akt-GLUT2 and SIRT1-AMPK-PPARo-CPR1 o
signaling pathways while downregulating the mRNA expression of ACE, as well as improv-
ing tetrathionate metabolism, bile salt hydrolase activity, and hepatic cholesterol 7-alpha
hydroxylase expression (Table 1).
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Figure 1. Mechanisms of PPSP on metabolic diseases targeting gut microbiota. PPSP directly alleviate metabolic diseases
by regulating the abundances of beneficial and harmful bacteria. Besides, PPSP indirectly ameliorate metabolic diseases

by promoting the production of acetate, propionate, butyrate, isovalerate, lactic acid, and palmitoylethanolamide, while

suppressing the production of LPS, TMAO and reducing the bile acid pools. Moreover, the improvement of intestinal barrier

function played an important role in attenuating metabolic diseases, with upregulating claudin 1, GLP1, IL-10, occludin 1,
and ZO-1 expressions. These mechanisms collectively improve the whole metabolic system by targeting several pivotal
molecular, such as upregulating IRS1-Akt-GLUT2, SIRT1-AMPK-PPARx-CPR1«, TLR2-PPARY-AMPK, and NOD-IRF4
signaling pathways. Abbreviation: ACC, acetyl-CoA carboxylase; Akt, protein kinase B; AMPK, adenosine monophosphate
kinase; CPR1«, carnitine palmitoyltransferase 1o; GLUT2, glucose transporter 2; IRF4, interferon regulatory factor 4; IRS1,
insulin receptor substrate 1; LPS, lipopolysaccharide; NOD2, oligomerization domain-containing protein 2; PPAR«/Y,
peroxisome proliferators activated receptor ot/ v; SIRT1, sirtuin 1; TLR2, Toll-like receptor 2; TMAO, trimethylamine-n-oxide;

Z0O-1, zonula occludens-1.
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Table 1. The effects and mechanisms of probiotics, prebiotics, synbiotics, and postbiotics on metabolic diseases from

experimental studies.

Supplements Models Doses Target Disease Main Effects and Mechanisms Ref.
Probiotics
Restoring Akkermansia muciniphila
Bifidobacterium lactis %ncif lﬁi:filrllacﬁng)ARy and
LMG P-28149, and o o Obesity and ~preguiating ) )
Lactobacillus rhamnosus In vitro, In vivo 10° CFU insulin resistance lipoprotein lipase expression. (471
LMG S-28148 Enhancing insulin sensitivity and
TG clearance
Decreasing Lactobacillaceae.
Bifidobacterium longum :
P10 and Ligilactobacillus in vitro, in vivo 5 % 10° CFU Obesity [[pregulating GLP1 and [70]
salivarius P12 -0 expression.
Lactobacillus plantarum Improving intestinal barrier.
NK3 and Bifidobacterium in vivo 1 x 10° CFU Obesity and Suppressing ].“PS product}on. [71]
longum NK49 osteoporosis Downregulating NF-«B-linked
TNF-« expression.
Lactobacillus fermentum o ) ) Improving intestinal barrier.
MCC2760 in vivo 10° CFU Type 2 diabetes mellitus ~ Upregulating GLUT4, GLP1, and [72]
Zg—l expression.
Increasing Akkermansia and
Lactobacillus.
Lactobacillus casei in vivo 2 x 10® CFU Hypertension Decreasing Firmicutes to [51]
Bacteroidetes ratio and
ACE expression.
Bifidobacterium breve Increasing butyrate-related bacteria.
CECT7263 and P 9 . Elevating the plasma level
Lactobacillus fermentum nvIvo 10" CFU Hypertension of butyrate. 731
CECT5716 Reducing LPS production.
Lactobacillus iohnsonii Inflammatory bowel Improving tetrathionate
and Lactobacgllus reuteri in vivo 10" CFU disease and metabolism. [49]
Osteoporosis Decreasing Yersinia enterocolitica.
; ; - Colitis with metabolic Producing palmitoylethanolamide
9 )
Lactobacillus paracasei nvIvo 0.8-12 x 10" CFU disorder to maintain intestinal function. (741
. . S Protein-energy Increasing Bifidobacteria, Firmicutes, =
o
Lactobacillus reuteri LR6 in vivo 1 x 10° CFU malnutrition and Lactobacilli. [52]
Prebiotics
Maize starch dextrin in vitro 70.8% red lentil di Obesi Increasing Actinobacteria and 5354
and Lentil in vivo .8% red lentil diet esity Bucterou{etes. o [53,54]
Decreasing Firmicutes.
Increasing Bifidobacterium.
Inulin oligofructose in vivo 5% in diet, 0.6 g/day Obesity Decreasing Firmicutes to [58,59]
Bacteroidetes ratio.
. . A o) i 1 . Increasing Bifidobacterium
Chicory oligofructose in vivo 10% in diet Obesity and Collinsella. [60]
Amylosucrase-modified A ; Upregulating
chestnut starch mvive 1500 mg/kg Obesity SCFAs-GPR43-mediated pathway. (31
Fuji FF in vivo 10% in diet Obesity g‘cre?smg. acetic, propionic, and [75]
utyric acids production.
Unsaturated alginate in vivo 400 mg/kg Obesity Upregulating ZO-1 and [42]
oligosaccharides occludin expression.
. Reducing gut hyperpermeability
Acorn and Sago in vitro, in vivo 1% v/v, 5% in diet Ol?esny and ty.pe 2 and mucosal inflammatory [62]
polysaccharides diabetes mellitus .
biomarkers.
Galacto- A o Obesity and Insulin Increasing GLP1 expression.
oligosaccharides nVIvo 7% w/w resistance Decreasing fecal bile acid excretion. 7el
Increasing Akkermansia and
: : Prevotella abundances.
\I/{viséztta;rtéi Sé;lr;tf;)g}r\\ invivo 5g/kg Type 2 diabetes mellitus Uﬁ{regulating IRS1-Akt-GLUT2 and [56]
SIRT1-AMPK-PPAR -CPR1
pathways.
Increasing acetic and butyric
o) i 3 1. acids production.
Isomaltodextrin in vivo 1,25 5‘//3&11?e<rirmkmg Insulin resistance Improving intestinal barrier. [38]
Reducing circulation
endotoxin level.
. . L L . Increasing Lachnospiraceae. =
0
Whole garlic in vivo 5% in diet Dyslipidemia Decreasing Prevotella. [57]
Increasing Bacteroidetes,
Proteobacteria, and the bile salt
Fucoidan and Galacto- s L . hydrolase activity of Lactobacillus
oligosaccharides in vitro, in vivo 100, 800 mg/kg Dyslipidemia casei DM8121. [61]
Decreasing Actinobacteria
and Firmicutes.
Oat and rve bran: Regulating bile acids and
diae t;ry fig:r ans in vivo 10% in diet Metabolic disorder tryptophan-serotonin [77]

metabolic pathways.
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Table 1. Cont.

Supplements Models Doses Target Disease Main Effects and Mechanisms Ref.
Agave salmiana fructan in vivo 10% in diet Metabolic disorder Increasing lactic acid production. [78]
. . Increasing Akkermansia, Allobaculum,
SllyC.Oh}}:ld; from in vivo 30mg/kg metggcl)lltilcs g\i,;g;der Bifidobacterium, Coprococcus, [79]
1lapia heads Oscillospira, and Prevotellaceae.
Decreasing the fecal levels of
Long-chain inulin in vivo 5% in diet Hypertension acetate and propionate, and the [51]
plasma level of TMAO.
Synbiotics
Bifidobacterium, Revealing positively synergistic
Lactobacillus, Lactococcus, - . effect on reducing hepatic steatosis )
Propionibacterium plus mvive 25mL/kg Obesity and lipid accumulation compared [63,64]
omega-3 fatty acids to probiotics alone.
Revealing positively synergistic
Bacillus licheniformis 3 effect on improving body weight
plus in vivo 7.5 :n(1:102 C}:élJ{mL Obesity gain and lipid metabolism. [65]
xylo-oligosaccharides 8 Decreasing Desulfovibrionaceae and
Ruminococcaceae
. Revealing positively synergistic
9
%ﬁgbggll}ﬁﬁ f zﬁt;ggnds in vivo 1 ;1c1104°/§il;Ud/igtlL Obesity effect on improving obesity. [66]
N ) i Increasing Lactobacillus plantarum
Bifidobacterium lactis, Increasing fecal acetate, propionate,
Lactobacillus paracasei L s . level
DSM 4633, plus oat in vivo 10° CFU and 1 g/kg Obesity and butyrate levels. [80]
b-glucan Decreasing the bile acid pools.
Lactobacillus paracasei Inhibiting metabolic endotoxemia.
HII01 plus in vivo 1 x 108 .Clij%sand 10% Obesity Decreai;ng Flrmlcuteds to [81]
xylo-oligosaccharides in Bacteroidetes ratio an
Enterobacteriaceae
Decreasing LPS production.
Lactobacillus paracasei 2.2 x 10° B%‘_’\Lrgiiulrz‘t;g%gLRél and
N1115 plus in vivo CFU/mL and NAFLD P : [82]
fructo-oligosaccharides 4g/kg/da Upregulating p38 MAPK pathway
& g/kg/day and the expression of occludin 1
and claudin 1.
Bifidobacterium bifidum V, . . ;
Lactobacillus plantarum X - 1-2 x 108 CFU and 50 .Allev.latmg hepah.c steatosis and
lus Salvia milti : in vivo NAFLD insulin resistance improvement. [83]
plus Salvia miltiorrhiza mg/kg D iner LS level
polysaccharide ecreasing evel.
Increasing the growth of
. . s o, s : acetate-produced bacteria and the
Clostridium butyricum in vivo 1 x 10° CFU/g and 5% Intestinal impairment ducti £ acetat [84]
plus corn bran in diet with metabolic disorder ~ Preduction ot acetate
and isovalerate.
Decreasing pathogen abundances.
Postbiotics
Exopolysaccharide from .
; s . Upregulating
%ﬁifbaallus plantarum in vitro, in vivo 100 uM and 500 mg/kg Obesity TLR2-AMPK pathway. [85]
Muramyl dipeptide in vivo 100 ng Obesity Upregulating NOD2-IRF4 pathway [86,87]
A . . Upregulating
Butyrate in vivo 200 mg/kg Type 2 diabetes mellitus GPR43-NLCR3-TRAF6 pathway. [88]
Butyrate in vivo 5% in diet Type 2 diabetes mellitus 'Prom.o'tmg insulin secretion without [89]
impairing pancreatic beta cells.
Increasing Lachnospiraceae
Butyrate in vivo 140 mM Metabolic disorder and Proteobacteria. [67]
Decreasing Clostridiaceae.
- Increasing Blautia,
Butyrate mVIvo 200 mg/kg NAFLD Christensenellaceae, and Lactobacillus. [68]
L Increasing ZO-1 expression.
Butyrate mnvive 0-68/kg NAFLD Decreasing the levels of endotoxin. (501
Long-chain Colitis with
polyphosphate from in vivo 0.05 pug/uL metabolic disorder Upregulating ERK pathway. [91]

Lactobacillus brevis

Abbreviation: ACE, angiotensin-converting enzyme; Akt, protein kinase B; AMPK, adenosine monophosphate kinase; CPR1¢, carnitine
palmitoyl transferase 1«; ERK, extracellular regulated protein kinases; GLP1, glucagon-like peptide 1; GLUT2/4, glucose transporter 2;
GPR43, G-protein coupled receptor; IL-10, interleukin-10; IRF4, interferon regulatory factor 4; IRS1, insulin receptor substrate 1; LPS,
lipopolysaccharide; NF-«B, nuclear factor kappa B; NLCR3, nucleotide-binding oligomerization domain-like receptors 3; NOD2, nucleotide-
binding oligomerization domain-containing protein 2; p38 MAPK, p38 mitogen-activated protein kinase; PPAR« /7y, peroxisome prolifer-
ators activated receptor «/y; SCFAs, short-chain fatty acids; SIRT1, sirtuin 1; TLR2/4, TG, triglycerides; Toll-like receptor 2/4; TMAO,

trimethylamine-n-oxide; TNF-o, tumor necrosis factor o; TRAF6, TNF receptor-associated factor 6; ZO-1, zonula occludens-1.

3.2. The Regulation of Gut Microbial Metabolites

Several gut microbial metabolites could indirectly influence host metabolism by inter-
acting with several key proteins involved in metabolic-related signaling pathways, such as
G-protein coupled receptor (GPR), AMPK, and PPARy [92,93]. The in vitro study showed
that the mixture of Bifidobacterium lactis and Lactobacillus salivarius could promote the pro-
duction of butyrate and propionate in the fermentation system [47]. Moreover, after com-
paring 23 bacteria strains, an experimental study revealed that Bifidobacterium longum PI10
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and Ligilactobacillus salivarius P12 could restrict lipid accumulation in adipocytes [70]. Fur-
thermore, the Lactobacillus plantarum NK3 and Bifidobacterium longum NK49 could mitigate
obesity and osteoporosis in mice by suppressing the production of lipopolysaccharide (LPS)
from gut microbiota and downregulating nuclear factor kappa B (NF-«kB)-linked tumor
necrosis factor o« (TNF-«) expression [71]. Additionally, probiotics containing Bifidobac-
terium breve CECT7263 and Lactobacillus fermentum CECT5716 ameliorated metabolic-related
hypertension in rats by increasing the abundance of butyrate-related bacteria, and elevating
the level of butyrate in plasma while reducing the production of LPS [73]. What’s more, the
engineered Lactobacillus paracasei could produce metabolites like palmitoylethanolamide to
maintain normal intestinal function in mice [74].

The intake of prebiotics could regulate the production of gut microbial metabolites like
SCFAs and bile acids thus influencing the metabolic process [94]. It has been reported that
the administration of isomaltodextrin was positively related to the concentrations of acetic
and butyric acids in mice with glucometabolic disorder [38]. Moreover, an in vivo study
revealed that the intervention of dietary fiber from oat and rye brans improved body weight,
glucose metabolism, hepatic inflammation, and SCFAs production in mice, accompanied
with regulating bile acids and tryptophan-serotonin metabolism [77]. Furthermore, the
amylosucrase-modified chestnut starch could ameliorate obesity in mice by upregulating
the SCFAs-GPR43-mediated signaling pathway [23]. Besides, inulin and fructan from
Agave salmiana could be beneficial to prevent metabolic syndrome and related hypertension
by regulating gut microbial metabolites, manifested as increasing the levels of acetic,
propionic, butyric, and lactic acids while decreasing the level of trimethylamine-n-oxide
(TMAO) [51,75,78]. In addition, galacto-oligosaccharides could inhibit the progression of
obesity and insulin resistance in mice with increasing intestinal glucagon-like peptide 1
(GLP1) expression while decreasing fecal bile acid excretion [76].

The synbiotic intervention also revealed regulatory function in gut microbial metabo-
lites production, and the combination of Bifidobacterium lactis, Lactobacillus paracasei DSM
4633, and oat 3-glucan could inhibit body weight gain and metabolic complications in
obese mice with restoring the fecal levels of acetate, propionate, and butyrate, as well as
reducing the bile acid pools [80]. Besides, synbiotics containing Clostridium butyricum and
corn bran could decrease the abundances of pathogens while promoting the growth of
acetate-produced bacteria, which further lead to an increase of acetate and isovalerate [84].
Moreover, synbiotics containing Lactobacillus paracasei N1115 and fructo-oligosaccharides
alleviate NAFLD in mice, resulting in improving lipid metabolism with inhibiting the
production of LPS, as well as downregulating related molecular targets like TLR4 and
NF-«B [82]. Furthermore, the synbiotics containing Bifidobacterium bifidum V, Lactobacillus
plantarum X, and polysaccharide from Salvia miltiorrhiza revealed a better beneficial effect
on improving NAFLD and inhibiting LPS production than the single agent [83].

The postbiotics like exopolysaccharide from Lactobacillus plantarum 1-14 could inhibit
the differentiation of immature cells into mature adipocytes, as well as control body weight
gain and lipid profiles in mice by upregulating the TLR2-AMPK signaling pathway [85].
Besides, the long-chain polyphosphate from Lactobacillus brevis could improve intestinal in-
flammation and intestinal barrier function by activating the extracellular regulated protein
kinases (ERK) signaling pathway [91]. Additionally, the muramyl dipeptide from bacterial
cell wall was a beneficial postbiotic which could mitigate obesity-induced insulin resistance
by targeting nucleotide-binding oligomerization domain-containing protein 2 (NOD2) and
interferon regulatory factor 4 (IRF4) [86]. Further study showed that the interaction be-
tween postbiotics (like muropeptide) and NOD2 could improve insulin sensitization and
inflammation, but the connection with NOD1 could worsen metabolic disorders [86,87].

In short, PPSP could regulate metabolic diseases by promoting the production of
beneficial bacterial metabolites, such as acetate, propionate, butyrate, isovalerate, lactic
acid, and palmitoylethanolamide. PPSP also restricted the production of LPS and TMAO,
as well as reduced bile acid pools (Figure 1). Moreover, PPSP lead to upregulating AMPK,
ERK, GPR43, IRF4, NOD2, and TLR2-mediated signaling pathways, as well as improving
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tryptophan-serotonin metabolic pathways while downregulating TLR4, NF-«B, NOD1,
and TNF-«-related signaling pathways (Table 1).

3.3. The Improvement of Intestinal Barrier Function

Intestinal barrier function, also called intestinal integrity, was strongly influenced by
gut microbiota [95]. The oral administration of probiotics like Bifidobacterium longum NK49
and Lactobacillus plantarum NK3 could improve obesity and osteoporosis in mice by complet-
ing intestinal barrier integrity and further modulating immune cells with reducing TNF-«
expression [71]. Besides, the single administration of Lactobacillus fermentum MCC2759
and MCC2760 was both beneficial to diabetic rats, but the MCC2760 strain showed a
slightly better improvement in the intestinal barrier and the expression of GLUT4, GLP1,
and zonula occludens-1 (ZO-1) than the MCC2759 strain [72]. Moreover, Bifidobacterium
longum PI10 was a highly potent inducer for GLP1 and interleukin-10 (IL-10), which could
strengthen the intestinal barrier [70].

Prebiotics like isomaltodextrin possessed beneficial properties on chronic inflammatory-
related insulin resistance by recovering intestinal barrier with reducing endotoxin level
in circulation [38]. Likely, the polysaccharides from acorn and sago could reduce gut
hyperpermeability and mucosal inflammatory biomarkers in obese and type 2 diabetic
mice [62]. Moreover, unsaturated alginate oligosaccharides intervention improved the
intestinal barrier in obese mice due to the increase of ZO-1 and occludin expressions [42].
Furthermore, the glycolipids from tilapia heads selectively increased the enrichment of
intestinal barrier-related gut microbiota, such as Akkermansia, Allobaculum, Bifidobacterium,
Coprococcus, Oscillospira, and Prevotellaceae in metabolic-related colitis mice, and conse-
quently benefited the whole metabolic system [79].

An unhealthy diet could promote the growth of LPS-produced bacteria like Enterobacte-
riaceae, lead to the translocation of LPS via the impaired intestinal barrier, and further induce
dyslipidemia, insulin resistance, systemic inflammation, and immune response [96,97].
An in vivo study revealed that the administration of synbiotics containing Lactobacillus
paracasei HII01 and xylo-oligosaccharides could improve metabolic disorder and intestinal
barrier in obese rats with avoiding metabolic endotoxemia and decreasing Firmicutes to
Bacteroidetes ratio and Enterobacteriaceae abundance [81]. Moreover, synbiotics containing
Lactobacillus paracasei N1115 and fructo-oligosaccharides could alleviate hepatic steatosis,
cirrhosis progression, and intestinal barrier in mice with NAFLD, result in improving lipid
profiles, fasting blood glucose, insulin, and TNF-« by upregulating p38 MAPK pathway
and the expression of tight junction proteins (like occludin 1 and claudin 1) [82].

Postbiotics also have the potential to regulate gut barrier status and could improve
metabolic diseases [98]. The intestinal barrier dysfunction was related to gut microbiota
dysbiosis and chronic inflammation in type 2 diabetes mellitus, and the nucleotide-binding
oligomerization domain-like receptors (NLRs) played a role in the inflammatory impair-
ment [88]. The in vitro study of colonic epithelial cells showed that the over-expression
of NLRC3 potentially benefited colonic epithelial barrier integrity due to the increase of
TNF receptor-associated factor 6 (TRAF6)-mediated ZO-1 and occludin expression, and
butyrate could improve the intestinal barrier in type 2 diabetic mice by upregulating GPR43
expression and stimulating NLCR3 in a TRAF6-dependent manner [88]. Besides, butyrate
could restore intestinal barrier function in NAFLD mice with increasing ZO-1 expression in
the small intestine and decreasing the levels of gut endotoxin in serum and liver [68,90]. An-
other in vivo study revealed that diet supplementation with butyrate mitigated metabolic
disorder and intestinal epithelial impairment in type 2 diabetic mice by promoting the
secretion of insulin without compensatory hyperplasia in pancreatic 3 cells [89]. It should
be pointed out that gut microbiota and their metabolites could drive the development of
insulin resistance in obesity and T2D, possibly by initiating an inflammatory response,
which has been well reviewed by a recently published paper [50].

In summary, PPSP could alleviate metabolic diseases by improving intestinal bar-
rier function with upregulating GLUT4, GPR43, NLCR3, p38 MAPK, TRAF6-mediated
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signaling pathways and the expressions of claudin 1, GLP1, IL-10, occludin 1, and ZO-1
(Figure 1). PPSP could also regulate Allobaculum, Akkermansia, Bifidobacterium, Coprococcus,
Enterobacteria, Lactobacilli, Oscillospira, and Prevotellaceae abundances, as well as reduce
TNEF-« expression and circulation endotoxin (Table 1).

4. Clinical Effects of Probiotics, Prebiotics, Synbiotics, and Postbiotics on
Metabolic Diseases

Several clinical trials have focused on verifying the effects of PPSP on metabolic
diseases, which would be discussed below.

4.1. Obesity

A 45-day clinical trial on 51 obese patients showed that the daily intake of fermented
milk containing 2.72 x 10'° CFU of Bifidobacterium lactis could improve blood lipids and
inflammatory biomarkers like TNF-« and IL-6 [99]. Moreover, a 3-week intake of probi-
otics containing 9 probiotic strains included Bifidobacterium animalis SGB06, Bifidobacterium
bifidum SGBO02, Lactobacillus acidophilus SGL11, Lactobacillus delbrueckii DSM 20081, Lactococ-
cus lactis SGLcO01, Lactobacillus plantarum SGLO7, Lactobacillus reuteri SGLO1, Streptococcus
thermophiles, and Streptococcus thermophilus (1.5 x 100 colony-forming units (CFU) for
each) could modulate body composition, gut bacterial composition, and psychopathologi-
cal status among 60 obese and pre-obese women [100]. In addition, the identification of
gut microbial enterotypes could be a crucial factor for obesity management because the
prevalence of obesity is lower in people with Bacteroides or Prevotella enterotypes [101].
Furthermore, the consumption of probiotics containing Bifidobacterium breve CBT BR3 and
Lactobacillus plantarum CBT LP3 could more effectively improve clinical biomarkers among
obese patients with the Prevotella-rich enterotype than the Bacteroides-rich enterotype [102].
Additionally, a systematic review of 20 meta-analyses involving 16,676 adults showed a
moderate effect of probiotics on body weight in overweight/obesity, and the authors also
point out that because these products could not be without side effects for all persons,
the risk-benefit assessment should be done before their prescription [103]. In fact, some
side effects of probiotics have been reported, for example, Bifidobacterium and Lactobacillus
could cause infections in extremely rare cases for pregnant women and neonate because
the subjects are immunocompromised, and one obese patient had mild dyspepsia and
diarrhea during a 12-week probiotic intervention [102]. It should be pointed out that diet is
the most important factor shaping gut microbiota, and the effect of probiotics intervention
is also affected by many other factors, such as unique host and microbiome features [104].
In the further, we will enter an era of precision medicine, and will require the development
of new personalized probiotic approaches.

The intake of prebiotic foods has been recognized as a potential treatment for obe-
sity [105]. The clinical trials showed that the daily intake of yacon (a natural source of
phenolic compounds and fructo-oligosaccharides) at a dose of 25 g for 6 weeks could
increase the plasma antioxidant capacity, while decrease oxidative stress and fecal SCFAs
levels in obese patients with no severe side effects [106,107]. Moreover, a clinical trial on
42 overweight and obese children showed that the consumption of oligofructose-enriched
inulin at doses of 8 g/day for 16 weeks reduced energy intake by regulating appetite [108].
Furthermore, the daily intake of 21 g oligofructose for 12 weeks could ameliorate metabolic
endotoxemia and decrease the level of plasminogen activator inhibitor 1 (PAI1) among
37 obesity patients [109]. Additionally, a 12-week clinical trial with 125 overweight or
obese adults showed that both inulin-type fructan and whey protein could benefit appetite
management but just fructan increased Bifidobacterium abundance [110].

The growing up milk is fortified milk with extra synbiotics specifically designed for
children aged from 1 to 2 years old, and it could decrease the percentage of body fat with
160 children after 12 months of consumption [111]. Besides, the intake of synbiotics con-
taining 7 freeze-dried strains (Bifidobacterium breve, Bifidobacterium longum, Lactobacillus aci-
dophilus, Lactobacillus bulgaricus, Lactobacillus casei, Lactobacillus rhamnosus, and Streptococcus
thermophiles, 10° CFU/g for each) and 35 mg fructo-oligosaccharides could improve serum
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insulin level and insulin resistance with 76 obese breast cancer survivors [112,113]. Addi-
tionally, the anti-obesity effects of synbiotics were inconsistent in some trials [114,115]. A
clinical trial with 59 obesity patients reported that the daily intake of 500 mg synbiotics con-
taining Bifidobacterium bifidum, Lactobacillus acidophilus, Lactobacillus casei (2 x 10° CFU/g
for each) and 0.8 g inulin for 8 weeks improved lipid profiles and psychological status,
without benefiting body mass index (BMI), blood pressure, glucose homeostasis, and waist
circumference [114]. Moreover, the Bifidobacterium adolescentis IVS-1, the Bifidobacterium
lactis BB-12, and the galacto-oligosaccharides showed no synergistic effects in obese pa-
tients [115]. Furthermore, a meta-analysis showed that the supplementation of synbiotics
revealed no significant effects on body weight and body fat [116].

The improvement of obese patients is often accompanied by the regulation of gut
microbial metabolites [117]. The intake of Bifidobacterium lactis UBBLa-70 and fructo-
oligosaccharide for 8 weeks could increase bacterial-related metabolites like pyruvate
and alanine in circulation in 32 obese women, while decrease the levels of citrate and
branched-chain amino acids [118]. Further evidence implied that butyric acid possessed
the potential capability to be a supportive agent in the prevention of obesity due to the
properties of regulating circulation and nervous systems, as well as improving intestinal
barrier, carbohydrate metabolism, immunomodulation, and appetite control [119].

In short, the Lactobacillus and Bifidobacterium strains are the most concerning probiotics
and the combination of multiple probiotics possess better applied prospect. Moreover,
the Prevotella-rich enterotype people are more sensitive to probiotics treatment than the
Bacteroides-rich enterotype. However, the synergistic effects of probiotics and prebiotics,
as well as the exact biological effects of postbiotics remain uncertain. So, the optimized
formulas of synbiotics and more clinical trials for postbiotics are still needed (Table 2).

Table 2. The clinical effects of probiotics, prebiotics, synbiotics, and postbiotics on metabolic diseases.

Supplements Doses Duration Sample Size Target Disease Main Effects Ref.
Probiotics
Bifidobacterium animalis
SGBO6, Bifidobacterium
bifidum SGB02, Lactobacillus
acidophilus SGL11, .
Lactobacillus delbrueckii Improving bogy !
DSM 20081, Lactococcus 10 . composition, bacteria
lactis SGLc01, Lactobacillus 1.5 x 107 CFU 3 weeks 60 Obesity composition, and (100]
plantarum SGLO7, psychopathological status.
Lactobacillus reuteri SGLO1,
Streptococcus thermophiles,
and Streptococcus
thermophilus
Improving obesity, blood
e . . . lipids, and inflammator
10 pias, y
Bifidobacterium lactis 2.72 x 10" CFU 45 days 45 Obesity markers such as TNF-oc [99]
and IL-6.
More effectively improve
Bifidobacterium breve CBT obese biomarkers in
BR3 and Lactobacillus 15 x 10'° CFU 12 weeks 50 Obesity patients with Prevotella-rich [102]
plantarum CBT LP3 enterotype than
Bacteroides-rich enterotype.
Bifidobacterium lactis : ; ;
BB-12 and 10° CFU 6 weeks 50 Type 2 diabetes  Improving fructosamine, [120]
Lactobacillus acidophilus La-5 mellitus cand IL-10 levels.
bacill 4 1LCH Type 2 diab D ing HbAlc and
Lactobacillus reuteri strain for ADR-1 ype 2 diabetes ecreasing can
ADR-1 and ADR-3 2 x 10'° CFU 12 weeks 68 mellitus cholesterol levels. (21
for ADR-3
Increase Clostridium
Fermented milk processed Tvpe 2 diabetes coccoides, Clostridium
by Lactobacillus casei 80 mL 16 weeks 70 ypmellitus leptum, and Lactobacillus. [122]

strain Shirota

Decreasing of translocated
gut bacteria.
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Table 2. Cont.

Supplements Doses Duration Sample Size Target Disease Main Effects Ref.
. . . Decreasing the relapse
Lactobacillus rhamnosus 9 14-16 weeks’ Gestational diabetes
HNO001 6 x 10° CFU gestation 423 mellitus pl'“evalence of. [123]
diabetes mellitus.
Bifidobacterium lactis and 9 16-28 weeks’ Gestational diabetes ~ Not preventing gestational )
Lactobacillus rhamnosus 1x 10" CFU gestation 411 mellitus diabetes mellitus. [124]
. . . . Improving glucose
Bifidobacterium and 9 24-28 weeks’ Gestational diabetes : :
Lactobacillus 1x10° CFU gestation 2 mellitus me.t abohsrp. Not affecting [125]
weight gain.
Bifidobacterium lactis BB12 , . . Not improving depression,
Erél Lactobacillus rhamnosus 6.5 x 10° CFU 17{(;33 ;:i%fs 230 Gestat;gglel\iltg;abetes ar:ﬁi};ﬁgitgﬂfssical [126]
Bifidobacterium bifidum, er’s di i ™
Lactobacillus acidophilus Alzheimer’s disease  Improving cognitive
Lactobacillus casei pand 4 2 x 10° CFU/g 12 weeks 60 with_metabolic function_ and [127]
Lactobacillus fermentum disorder metabolic status.
- . .. . . I ing insuli
Bzﬁdobuc‘termmlblﬁdum, , Ma}or depresswe rglsrt(;‘;\lcrf érﬁ(lzlalcrtlive
Lactobacillus acidophilus, 2 x 10° CFU/g 8 weeks 40 with metabolic protein, and total [128]
and Lactobacillus casei disorder glutathione level.
Prebiotics
Increasing the plasma
. antioxidant capacity.
Yacon 25g 6 weeks 26-40 Obesity Decreasing oxidative stress [106,107]
and fecal SCFAs levels.
L . Decreasing energy intake
Inulin oligofructose 8 g/day 16 weeks 42 Obesity by modifying appetite. [108]
Improving metabolic
Oligofructose 21g 12 weeks 37 Obesity endotoxemia. [109]
Decreasing PAI1 level.
Inulin-type fructan and > . Regulating appetite. ;
whey protein 8 12 weeks 125 Obesity Increase Bifidobacterium. (1101
. Improving glycemic status,
Inulin oligofructose 10 g/day 2 months 46 Type 2 d.labetes lipid profiles, and [129]
mellitus .
immune markers
. Enhancing beneficial
Inulin 10 g/day 8 weeks 45 Obesity-related effects of calorie-restricted [130]
major depressive diet on fat mass and
TC level.
Improving the grade of
Inulin 10 g/day 3 months 75 NAFLD fatty liver and the serum [131]
levels of
aminotransferase enzymes.
Synbiotics
Growing up milk 300 mL 12 months 160 Obesity Improving body fat gain. [111]
Bifidobacterium breve,
Bifidobacterium longum,
Lactobacillus acidophilus,
Lactobacillus bulgaricus, . . .
Lactobacillus casei, 10° CFU/g and 35 8 weeks 76 Obesity Improving serum insulin [112,113]
Lactobacillus thantnosus, mg level and insulin resistance
Streptococcus thermophiles,
plus
fructo-oligosaccharides
Improving lipid profiles
Bifidobacterium bifidum, and psychological status.
Lactobacillus acidophilus, 2 x 10° CFU/g and . Not benefiting BMI, blood )
Lactqbucillus casei, plus 08¢g & 8 weeks 5 Obesity pressure, glufose (4]
inulin metabolism, and waist
circumference.
Bifidobacterium adolescentis Improving intestinal
Vs f;’{i’lds“b“m”“m lactis 1 109 CFUand 5 g 3 weeks 114 Obesity ';frgigrafg‘gr‘ﬁtslf’“ as [115]
galacto-oligosaccharides No synergistic effects.
Lactobacillus acidophilus
PBS066, Lactobacillus
plantamm PB5067,'and 1 x 10° CFU and L Decreasing metabolic
Lactobacillus reuteri PBS072, 12.97% in liquid 2 months 60 Metabolic disorder syndrome prevalence (1321
plus inulin and
fructo-oligosaccharides ) . .
Problotlg yogurt plus Coix 100 mL and 25 g 12 weeks 60 Type 2 d}abetes Red_ucmg body weight and [133]
lacryma-jobi mellitus fasting blood glucose
Bzﬁdobacterium bifidum W23,
Bzﬁdobucterium lactis W51,
Bifidobacterium lactis W52,
Lactobacillus acidophilus
W37, Lactobacillus casei Improving hip
W56, Lactobacillus brevis . circumference, zonulin and
W63, Lactobacillus salivarius 15 x 101 CFU 6 months 26 Type 2 diabetes lipoprotein. [134]
W24, Lactococcus lactis W58, and8g mellitus Not affecting

and Lactococcus lactis W19,
plus
galacto-oligosaccharides
P11 and
fructo-oligosaccharides P6

glucose metabolism.
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Supplements Doses Duration Sample Size Target Disease Main Effects Ref.
. . Improving HbAlc, BMI,
Bifidobacterium, d mi Ibuminuri
Lactobacillus, and Type 2 diabetes and microalbuminuria.
Streptococus thermophilus 500 mg/day 9 weeks 70 mellitus I\{Ot affeclt_m% fastlfr.llg blood (153]
plus fructo-oligosaccharide gnlélccc)f;tilrpl)}nepm Tes,
me.
Bzﬁdobacterium bifidum,
Bifidobacterium lactis, 9 .
Bz)/?idobucterium longum, and 15 x 1106 CFU 6 months 120 Prediabetes mellitus I\}()t rest(')rln%'the balance [136]
Lactobacillus acidophilus andog of gut microbiota.
plus inulin
Improving intestinal
Bifidobacterium lactis plus 5 x 10° CFU/bag . . . function.
fructo-oligosaccharides and 4.95 g/bag 30 days 27 Digestive disorder Decreasing IL-6, IL-8, [137]
IL-17x, and IEN-y levels.
Bifidobacterium lactis, Improving fatty liver
Lactobacillus acidophilus, 7 x 10° CFU p g fatty
and Lactobacillus casei plus and 100 mg 4 months 3 NAFLD grzde, ;ndglf}gmn}atory [138]
chicory inulin and antioxidative status.
Bifidobacterium bifidum e ; i
ifi i ’ 9 Alzheimer’s disease ~ Improving the cognitive
Elﬁdobac.terzum‘long um, and 2 x 10° CFU 12 weeks 79 with metabolic function and [139]
actobacillus acidophilus and 200 mg disorder tabolic functi
plus selenium metabolic function.
Postbiotics - .
Hydroxyl-methyl butyrate 3g 1 week 34 Dlzgfctzf;eilia; ed g;\hsligf;acﬁisggc ffect [140]
Improving alimentary
canal function.
Bacillary dysentery ~ Alleviating pathological
Butyrate 80 mM 3 days 80 with metabolic impairment of colonic [141]
disorder mucosa barrier

Enhancing antimicrobial
peptides release.

Abbreviation: BMI, body mass index; HbAlc, hemoglobin Alc; IL-6/8/10/17«, interleukin-6/8/10/17c; IFN-y, interferon-y; PAI1,
plasminogen activator inhibitor 1; SCFAs, short-chain fatty acids; TC, total cholesterol; TNF-«, tumor necrosis factor «.

4.2. Type 2 and Gestational Diabetes Mellitus

A clinical trial with 50 patients with type 2 diabetes mellitus showed that the daily
intake of 120 g fermented milk containing Bifidobacterium lactis BB-12 and Lactobacillus
acidophilus La-5 (10° CFU for each) for 6 weeks improved serum levels of fructosamine,
hemoglobin Alc (HbAlc), and IL-10 [120]. Moreover, both Lactobacillus reuteri ADR-1 and
ADR-3 strain could decrease the levels of serum HbAlc and cholesterol with regulating
Bacteroidetes and Bifidobacterium abundances in 68 patients with type 2 diabetes mellitus,
and the ADR-3 strain revealed a better effect on decreasing blood pressure and Firmicutes
abundance than the ADR-1 strain [121]. Moreover, the intake of fermented milk processed
by Lactobacillus casei Shirota for 16 weeks restricted the translocation of gut bacteria into
blood circulation in 70 patients with type 2 diabetes mellitus, leading to the increased
abundances of Clostridium coccoides, Clostridium leptum, and Lactobacillus in fecal [122]. Fur-
thermore, several meta-analyses showed the benefits of probiotics treatment on improving
HbA1lc and fasting insulin [142,143].

The effects of probiotics on gestational diabetes mellitus remained controversial [144].
The clinical trials on pregnant women with normal body weight reported that the daily
supplementation of Lactobacillus rhamnosus HN0O1 (6 x 10° CFU) could lower the risk and
relapse prevalence of diabetes mellitus, whereas the probiotics containing Bifidobacterium
lactis and Lactobacillus rhamnosus did not prevent gestational diabetes mellitus in pregnant
women with overweight or obesity [123,124]. Further evidence from 230 pregnant women
with obesity revealed that the daily intake of probiotics containing Bifidobacterium lactis
BB12 and Lactobacillus rhamnosus GG (6.5 x 10° CFU for each) for 36 weeks did not im-
prove depression, anxiety, and physical well-being status during pregnancy [126]. So, the
bodyweight condition might be the critical factor for the effects of probiotics on gestational
diabetes mellitus [125].

Prebiotics also exerted a potential in the prevention of type 2 diabetes mellitus by
modulating gut microbiota dysbiosis [145,146]. A randomized placebo-controlled trial on
46 patients with type 2 diabetes mellitus showed that the intake of 10 g/day oligofructose-
enriched inulin for 2 months improved glycemic status, lipid profiles, and immune biomark-
ers [129]. Besides, the effects of synbiotic supplementation on patients with type 2 diabetes
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mellitus attracted more and more attention, and the Coix lacryma-jobi could enhance the
effect of probiotic yogurt in reducing body weight and fasting blood glucose [133]. Besides,
another clinical trial indicated that synbiotics intervention just revealed a limited benefit
in diabetic-related biomarkers without improving glucose metabolism [134]. Moreover,
a 9-week intake of 500 mg/day synbiotics containing Bifidobacterium, Lactobacillus, Strep-
tococcus thermophilus, and fructo-oligosaccharide only improved the HbAlc, BMI, and
microalbuminuria in 70 patients with type 2 diabetes mellitus, without changing fasting
blood glucose, lipid profiles, and creatinine [135]. Furthermore, a clinical trial compared
the effects between probiotics (Bifidobacterium bifidum, Bifidobacterium lactis, Bifidobacterium
longum, and Lactobacillus acidophilus, 1.5 x 10° CFU for each) and synbiotics (the probiotics
plus inulin) on 120 prediabetic adults, turned out that a 6-month intake of synbiotics failed
to regulate gut microbial composition [136].

In general, probiotics alleviated type 2 diabetes mellitus, but the clinical application of
probiotics in gestational diabetes mellitus with obesity needs further investigation. Besides,
the application of bacterial-processed prebiotics is an emerging trend in clinical exploration,
and the optimal formula of synbiotics as well as the specific efficacy of postbiotics on
diabetes mellitus still needs more tests.

4.3. Other Metabolic Diseases

Metabolic impairment is a common complication of nervous system dysfunction
like Alzheimer’s disease and depression [147,148]. A clinical trial on 60 patients with
Alzheimer’s disease showed that a 12-week intake of probiotic milk containing Bifidobac-
terium bifidum, Lactobacillus acidophilus, Lactobacillus casei, and Lactobacillus fermentum at a
dose of 200 mL/day (2 x 10° CFU/g for each) improved cognitive function and metabolic
status [127]. Likely, an 8-week consumption of probiotics (Bifidobacterium bifidum, Lactobacil-
lus acidophilus, and Lactobacillus casei, 2 x 10 CFU/g for each) improved metabolic status
with 40 patients with major depressive disorders [128].

Prebiotics could also benefit obesity-related major depressive disorder, and the patient
who received an additional 10 g/day of inulin showed a better improvement in fat mass
and TC level compared to the patient who received a calorie-restricted diet alone [130].
Besides, a double-blind, placebo-control clinical trial with 75 NAFLD patients showed that
the consumption of prebiotic inulin at doses of 10 g/day for 3 months could improve the
grade of fatty liver and the serum levels of aminotransferase enzymes [131].

Synbiotics supplement is a promising way for controlling the prevalence of NAFLD
and nervous system impairment. For example, the Bifidobacterium strains were widely
used in different formulas of synbiotics, and the daily intake of synbiotics containing
Bifidobacterium lactis, Lactobacillus acidophilus, and Lactobacillus casei (7 x 10° CFU for each)
and chicory inulin (100 mg) for 4 months could improve fatty liver grade, inflammatory
and antioxidative status in 28 children with obesity-related NAFLD [138]. Moreover, a
clinical trial on 79 patients with Alzheimer’s disease revealed that the daily consumption
of selenium (200 mg) accompanied with Bifidobacterium bifidum, Bifidobacterium longum,
and Lactobacillus acidophilus (2 x 10° CFU for each) for 12 weeks could more effectively
improve the cognitive function and metabolic function than the single selenium treat-
ment [139]. Furthermore, the combination of Bifidobacterium lactis (5 x 10° CFU/bag)
and fructo-oligosaccharides (4.95 g/bag) could improve gastrointestinal discomfort, with
decreasing the plasma levels of IL-6, IL-8, IL-17«, and interferon-y (IFN-y) [137]. Besides,
a meta-analysis showed that the co-treatment of probiotic strains (like Bifidobacterium
and Lactobacillus) and prebiotic food (like cheese) revealed the potential to be an effective
intervention for metabolic syndrome [149].

Patients with inflammatory bowel disease were often accompanied with metabolic
disorders and the depletion of butyrate-producing bacteria, and the oral intake of butyrate
could enhance the efficacy of regular therapy with decreasing the Bacteroides fragilis to
Faecalibacterium prausnitzii ratio [150]. Moreover, hypertension was a common complication
of type 2 diabetes mellitus, and the patients who received antihypertensive medications
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over 3 months showed an increase in butyrate level and a decrease in acetate level, with
reducing the levels of circulating fibroblast growth factor 21 (FGF 21), tumor necrosis
factor superfamily member 14 (TNFSF 14) and TNF-« [151]. Furthermore, sarcopenia is
a complication of the elderly diabetic population, and the utilization of butyrate-related
derivatives like hydroxyl-methyl butyrate revealed a promising potential in mitigating
sarcopenia [140]. In addition, bacillary dysentery is caused by the infection of Shigella
germ, which leads to the destruction of the colonic mucosa barrier and metabolic disorders,
and the adjunct therapy with butyrate could correct colonic impairment and promote
antimicrobial peptides release [141].

In summary, PPSP reveal beneficial effects on metabolic-related diseases like nervous
system dysfunction, hypertension, and NAFLD, meanwhile, most of the synbiotics formu-
las are based on Bifidobacterium and Lactobacillus. Besides, butyrate and related derivates
are the most focused postbiotics but still need more clinical assessment.

5. Conclusions

Metabolic diseases are closely associated with gut microbiota dysbiosis. PPSP possess
beneficial effects on controlling metabolic diseases such as obesity and type 2 diabetes
mellitus by targeting gut microbiota. Since the beneficial effects of PPSP on alleviating
metabolic diseases, researchers keep exploiting different compatible solutions for the best
therapeutic effect and turns out that the co-intervention of multiple alive bacteria strains
could be a promising way. Also, novel food processing strategies like enzyme-modified
prebiotics and probiotic-fermented natural foods have been developed to enhance the ben-
eficial effects. Moreover, the in vitro and in vivo studies reveal that the modulation of gut
microbiota composition is one of the most direct mechanisms of PPSP to alleviate metabolic
disease, manifesting as regulating the abundances of Akkermansia, Bacteroidetes, Blautia, Bifi-
dobacteria, Bifidobacterium, Collinsella, Clostridiaceae, Christensenellaceae, Desulfovibrionaceae,
Firmicutes, Lachnospiraceae, Lactobacillus, Proteobacteria, Rikenellaceae, Ruminococcaceae, and
Yersinia. Furthermore, PPSP also indirectly ameliorate metabolic diseases by regulating
gut microbial metabolites, such as acetate, propionate, butyrate, isovalerate, lactic acid,
and palmitoylethanolamide, while suppressing the production of LPS and TMAO, as well
as reducing the bile acid pools. Additionally, the improvement of the intestinal barrier
function plays an important role in attenuating metabolic diseases, with upregulating
claudin 1, GLP1, IL-10, occludin 1, and ZO-1 expressions. These mechanisms collectively
improve the whole metabolic system by targeting several pivotal signaling pathways, such
as upregulating Akt, AMPK, CPR1«, ERK, GPR43, NLCR3, NOD2, GLUT2/4, IRF4, p38
MAPK, PPARe, SIRT1, TLR2, and TRAF6-mediated pathways, while downregulating ACE,
NF-«kB, NOD1, TLR4, and TNF-«-related pathways. Furthermore, several clinical trials
have showed the effects of PPSP on metabolic diseases, and more researches are needed on
the situation when patients are during pregnancy. In addition, the optimized formula of
synbiotics and the specific efficacy of postbiotics on humans are worthy of further explo-
ration. Besides, the recent researches are mostly focusing on the effects and mechanisms of
PPSP on obesity and type 2 diabetes mellitus. In the future, more attention should be paid
to other metabolic diseases, such as cardiovascular diseases and hyperuricemia.

Author Contributions: Conceptualization, H.-Y.L. and H.-B.L.; methodology, H.-Y.L.; software,
H.-Y.L.; validation, R.-Y.G. and H.-B.L.; formal analysis, D.-D.Z.; investigation, H.-Y.L., D.-D.Z.,
S.-Y.H., C.-N.Z., AS. and X.-Y.X; resources, H.-Y.L.; data curation, H.-Y.L.; writing—original draft
preparation, H.-Y.L.; writing—review and editing, H.-Y.L., R.-Y.G. and H.-B.L.; visualization, H.-Y.L.;
supervision, H.-B.L.; project administration, H.-B.L.; funding acquisition, R.-Y.G. and H.-B.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (No. 2018 YFC1604405),
the Key R&D Supporting Program, Chengdu, China (2020YF0900080SN), Local Financial Funds of
National Agricultural Science and Technology Center, Chengdu (No. NASC2021KR01), and the Key
Project of Guangdong Provincial Science and Technology Program (No. 2014B020205002).



Nutrients 2021, 13, 3211 16 of 22

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Acknowledgments: We thank Mu-Ke Han for her assistance.

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

References

1.  Gowd, V,; Karim, N.; Shishir, M.R.I.; Xie, L.H.; Chen, W. Dietary polyphenols to combat the metabolic diseases via altering gut
microbiota. Trends Food Sci. Technol. 2019, 93, 81-93. [CrossRef]

2. Li, HY; Gan, RY,; Shang, A.; Mao, Q.Q.; Sun, Q.C.; Wu, D.T,; Geng, F,; He, X.Q.; Li, H.B. Plant-Based Foods and Their Bioactive
Compounds on Fatty Liver Disease: Effects, Mechanisms, and Clinical Application. Oxidative Med. Cell Longev. 2021, 2021,
6621644. [CrossRef]

3. Wu, T.R;; Lin, C.S.; Chang, CJ.; Lin, T.L.; Martel, J.; Ko, Y.E; Ojcius, D.M.; Lu, C.C.; Young, ].D.; Lai, H.C. Gut commensal
Parabacteroides goldsteinii plays a predominant role in the anti-obesity effects of polysaccharides isolated from Hirsutella
sinensis. Gut 2019, 68, 248-262. [CrossRef]

4. Zhang, YJ;Li, S,; Gan, R.Y,; Zhou, T;; Xu, D.P; Li, H.B. Impacts of Gut Bacteria on Human Health and Diseases. Int. ]. Mol. Sci.
2015, 16, 7493-7519. [CrossRef]

5. Stewart, C.J.; Embleton, N.D.; Marrs, E.C.; Smith, D.P; Nelson, A.; Abdulkadir, B.; Skeath, T.; Petrosino, J.E; Perry, ].D.;
Berrington, ].E.; et al. Temporal bacterial and metabolic development of the preterm gut reveals specific signatures in health and
disease. Microbiome 2016, 4, 67. [CrossRef] [PubMed]

6.  Zou,].; Chassaing, B.; Singh, V.; Pellizzon, M.; Ricci, M.; Fythe, M.D.; Kumar, M.V.; Gewirtz, A.T. Fiber-mediated nourishment
of gut microbiota protects against diet-induced obesity by restoring IL-22-mediated colonic health. Cell Host Microbe 2018, 23,
41-53. [CrossRef]

7. Regnier, M.; Van Hul, M.; Knauf, C.; Cani, P.D. Gut microbiome, endocrine control of gut barrier function and metabolic diseases.
J. Endocrinol. 2021, 248, 67-82. [CrossRef] [PubMed]

8.  Holmes, Z.C,; Silverman, ].D.; Dressman, HK.; Wei, Z.; Dallow, E.P.; Armstrong, S.C.; Seed, P.C.; Rawls, J.E; David, L.A.
Short-chain fatty acid production by gut microbiota from children with obesity differs according to prebiotic choice and bacterial
community composition. MBio 2020, 11, €00914-20. [CrossRef]

9. Jansma, J.; Brinkman, F.; van Hemert, S.; El Aidy, S. Targeting the endocannabinoid system with microbial interventions to
improve gut integrity. Prog. Neuro-Psychopharmacol. Biol. 2021, 106, 110169. [CrossRef] [PubMed]

10. da Silva, T.E; Casarotti, S.N.; de Oliveira, G.L.V.; Penna, A.L.B. The impact of probiotics, prebiotics, and synbiotics on the
biochemical, clinical, and immunological markers, as well as on the gut microbiota of obese hosts. Crit. Rev. Food Sci. Nutr. 2021,
61, 337-355. [CrossRef]

11.  Vallianou, N.; Stratigou, T.; Christodoulatos, G.S.; Tsigalou, C.; Dalamaga, M. Probiotics, prebiotics, synbiotics, postbiotics, and
obesity: Current evidence, controversies, and perspectives. Curr. Obes. Rep. 2020, 9, 179-192. [CrossRef]

12.  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, in press. [CrossRef]

13. Wu,].Y,; Wang, K.; Wang, X.M.; Pang, Y.L.; Jiang, C.T. The role of the gut microbiome and its metabolites in metabolic diseases.
Protein Cell 2021, 12, 360-373. [CrossRef] [PubMed]

14. Huang, L.; Thonusin, C.; Chattipakorn, N.; Chattipakorn, S.C. Impacts of gut microbiota on gestational diabetes mellitus: A
comprehensive review. Eur. . Nutr. 2021, in press. [CrossRef] [PubMed]

15. Khanna, S.; Walia, S.; Kondepudi, K.K.; Shukla, G. Administration of indigenous probiotics modulate high-fat diet-induced
metabolic syndrome in Sprague Dawley rats. Antonie Van Leeuwenhoek 2020, 113, 1345-1359. [CrossRef]

16. Kobyliak, N.; Falalyeyeva, T.; Beregova, T.; Spivak, M. Probiotics for experimental obesity prevention: Focus on strain dependence
and viability of composition. Endokrynol. Pol. 2017, 68, 659-667. [CrossRef]

17.  Celik, M.N.; Unlu Sogut, M. Probiotics improve chemerin levels and metabolic syndrome parameters in obese rats. Balk Med. |.
2019, 36, 270-275. [CrossRef]

18. Kobyliak, N.; Falalyeyeva, T.; Tsyryuk, O.; Eslami, M.; Kyriienko, D.; Beregova, T.; Ostapchenko, L. New insights on strain-specific
impacts of probiotics on insulin resistance: Evidence from animal study. J. Diabetes Metab. Disord. 2020, 19, 289-296. [CrossRef]

19. Luo, Q.; Zhang, J.R.; Li, H.B.; Wu, D.T.; Geng, F.; Corke, H.; Wei, X.L.; Gan, R.Y. Green Extraction of Antioxidant Polyphenols
from Green Tea (Camellia sinensis). Antioxidants 2020, 9, 785. [CrossRef]

20. Cao,S.Y,; Li, B.Y;; Gan, R.Y,; Mao, Q.Q.; Wang, Y.F,; Shang, A.; Meng, ] M.; Xu, X.Y.; Wei, X.L.; Li, H.B. The in vivo antioxidant and
hepatoprotective actions of selected Chinese teas. Foods 2020, 9, 262. [CrossRef]

21. Vo, T.D.; Lynch, B.S.; Roberts, A. Dietary exposures to common emulsifiers and their impact on the gut microbiota: Is there a
cause for concern? Compr. Rev. Food Sci. Food Saf. 2019, 18, 31-47. [CrossRef] [PubMed]

22. Shang, A.; Luo, M,; Gan, RY,; Xu, X.Y;; Xia, Y.; Guo, H.; Liu, Y.; Li, H.B. Effects of Microwave-Assisted Extraction Conditions on

Antioxidant Capacity of Sweet Tea (Lithocarpus polystachyus Rehd.). Antioxidants 2020, 9, 678. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tifs.2019.09.005
http://doi.org/10.1155/2021/6621644
http://doi.org/10.1136/gutjnl-2017-315458
http://doi.org/10.3390/ijms16047493
http://doi.org/10.1186/s40168-016-0216-8
http://www.ncbi.nlm.nih.gov/pubmed/28034304
http://doi.org/10.1016/j.chom.2017.11.003
http://doi.org/10.1530/JOE-20-0473
http://www.ncbi.nlm.nih.gov/pubmed/33295880
http://doi.org/10.1128/mBio.00914-20
http://doi.org/10.1016/j.pnpbp.2020.110169
http://www.ncbi.nlm.nih.gov/pubmed/33186639
http://doi.org/10.1080/10408398.2020.1733483
http://doi.org/10.1007/s13679-020-00379-w
http://doi.org/10.1038/s41575-021-00440-6
http://doi.org/10.1007/s13238-020-00814-7
http://www.ncbi.nlm.nih.gov/pubmed/33346905
http://doi.org/10.1007/s00394-021-02483-6
http://www.ncbi.nlm.nih.gov/pubmed/33512587
http://doi.org/10.1007/s10482-020-01445-y
http://doi.org/10.5603/EP.a2017.0055
http://doi.org/10.4274/balkanmedj.galenos.2019.2019.2.61
http://doi.org/10.1007/s40200-020-00506-3
http://doi.org/10.3390/antiox9090785
http://doi.org/10.3390/foods9030262
http://doi.org/10.1111/1541-4337.12410
http://www.ncbi.nlm.nih.gov/pubmed/33337023
http://doi.org/10.3390/antiox9080678
http://www.ncbi.nlm.nih.gov/pubmed/32751188

Nutrients 2021, 13, 3211 17 of 22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Lee, E.S.; Lee, B.H.; Shin, D.U,; Lim, M.Y,; Chung, W.H.; Park, C.S.; Baik, M.Y.; Nam, Y.D.; Seo, D.H. Amelioration of obesity in
high-fat diet-fed mice by chestnut starch modified by amylosucrase from Deinococcus geothermalis. Food Hydrocoll. 2018, 75,
22-32. [CrossRef]

Amabebe, E.; Robert, F.O.; Agbalalah, T.; Orubu, E.S.F. Microbial dysbiosis-induced obesity: Role of gut microbiota in homoeosta-
sis of energy metabolism. Br. |. Nutr. 2020, 123, 1127-1137. [CrossRef] [PubMed]

Kim, T.T.; Parajuli, N.; Sung, M.M.; Bairwa, S.C.; Levasseur, J.; Soltys, C.-L.M.; Wishart, D.S.; Madsen, K.; Schertzer, ].D.;
Dyck, J.R.B. Fecal transplant from resveratrol-fed donors improves glycaemia and cardiovascular features of the metabolic
syndrome in mice. Am. . Physiol.-Endocrinol. Metab. 2018, 315, 511-519. [CrossRef] [PubMed]

Cardinali, N.; Bauman, C.; Rodriguez Ayala, F.; Grau, R. Two cases of type 2 diabetes mellitus successfully treated with probiotics.
Clin. Case Rep. 2020, 8, 3120-3125. [CrossRef]

Li, B.Y;; Xu, X.Y,;; Gan, R.Y,; Sun, Q.C.; Meng, ].M.; Shang, A.; Mao, Q.Q.; Li, H.B. Targeting Gut Microbiota for the Prevention and
Management of Diabetes Mellitus by Dietary Natural Products. Foods 2019, 8, 440. [CrossRef] [PubMed]

Jeon, J.; Jang, J.; Park, K. Effects of consuming calcium-rich foods on the incidence of type 2 diabetes mellitus. Nutrients 2018, 11,
31. [CrossRef]

Gijsbers, L.; Ding, E.L.; Malik, VS.; de Goede, J.; Geleijnse, ].M.; Soedamah-Muthu, S.S. Consumption of dairy foods and diabetes
incidence: A dose-response meta-analysis of observational studies. Am. J. Clin. Nutr. 2016, 103, 1111-1124. [CrossRef]

Ban, Q.; Cheng, J.; Sun, X,; Jiang, Y.; Guo, M. Effect of feeding type 2 diabetes mellitus rats with synbiotic yogurt sweetened with
monk fruit extract on serum lipid levels and hepatic AMPK (5" adenosine monophosphate-activated protein kinase) signaling
pathway. Food Funct. 2020, 11, 7696-7706. [CrossRef]

Gao, H.; Wen, ].].; Hu, J.L.; Nie, Q.X.; Chen, H.H.; Xiong, T.; Nie, S.P,; Xie, M.Y. Fermented Momordica charantia L. juice modulates
hyperglycemia, lipid profile, and gut microbiota in type 2 diabetic rats. Food Res. Int. 2019, 121, 367-378. [CrossRef]

Tang, R.; Li, L. Modulation of short-chain fatty acids as potential therapy method for type 2 diabetes mellitus. Can. ]. Infect. Dis.
Med. Microbiol. 2021, 2021, 6632266. [CrossRef]

Bahmani, F.; Tajadadi-Ebrahimi, M.; Kolahdooz, F.; Mazouchi, M.; Hadaegh, H.; Jamal, A.S.; Mazroii, N.; Asemi, S.; Asemi, Z.
The consumption of synbiotic bread containing Lactobacillus sporogenes and inulin affects nitric oxide and malondialdehyde
in patients with type 2 diabetes mellitus: Randomized, double-blind, placebo-controlled trial. J. Am. Coll. Nutr. 2016, 35,
506-513. [CrossRef]

Farrokhian, A.; Raygan, F; Soltani, A.; Tajabadi-Ebrahimi, M.; Sharifi Esfahani, M.; Karami, A.A.; Asemi, Z. The effects of
synbiotic supplementation on carotid intima-media thickness, biomarkers of inflammation, and oxidative stress in people with
overweight, diabetes, and coronary heart disease: A randomized, double-blind, placebo-controlled trial. Probiotics Antimicrob
Proteins 2019, 11, 133-142. [CrossRef] [PubMed]

Pellonpera, O.; Mokkala, K.; Houttu, N.; Vahlberg, T.; Koivuniemi, E.; Tertti, K.; Ronnemaa, T.; Laitinen, K. Efficacy of fish oil
and/or probiotic intervention on the incidence of gestational diabetes mellitus in an at-risk group of overweight and obese
women: A randomized, placebo-controlled, double-blind clinical trial. Diabetes Care 2019, 42, 1009-1017. [CrossRef]

Mao, Q.Q.; Li, B.Y.; Meng, ] M,; Gan, R.Y.; Xu, X.Y.; Gu, Y.Y.; Wang, X.H; Li, H.B. Effects of several tea extracts on nonalcoholic
fatty liver disease in mice fed with a high-fat diet. Food Sci. Nutr. 2021, 9, 2954-2967. [CrossRef]

Syauqy, A.; Hsu, C.Y.; Rau, H.H.; Chao, J.C.J. Association of dietary patterns with components of metabolic syndrome and inflam-
mation among middle-aged and older adults with metabolic syndrome in Taiwan. Nutrients 2018, 10, 143. [CrossRef] [PubMed]
Hann, M.; Zeng, Y.; Zong, L.; Sakurai, T.; Taniguchi, Y.; Takagaki, R.; Watanabe, H.; Mitsuzumi, H.; Mine, Y. Anti-inflammatory
activity of isomaltodextrin in a C57bl/6NCrl mouse model with lipopolysaccharide-induced low-grade chronic inflammation.
Nutrients 2019, 11, 2791. [CrossRef]

Wang, K.; Wan, Z.; Ou, A,; Liang, X.; Guo, X.; Zhang, Z.; Wu, L.; Xue, X. Monofloral honey from a medical plant, Prunella
Vulgaris, protected against dextran sulfate sodium-induced ulcerative colitis via modulating gut microbial populations in rats.
Food Funct. 2019, 10, 3828-3838. [CrossRef] [PubMed]

Wang, K; Jin, X,; Li, Q.; Sawaya, A.C.H.E; Le Leu, RK.; Conlon, M.A.; Wu, L.; Hu, F. Propolis from Different Geographic Origins
Decreases Intestinal Inflammation and Bacteroides spp. Populations in a Model of DSS-Induced Colitis. Mol. Nutr. Food Res. 2018,
62, €1800080. [CrossRef]

Wu, T.; Shen, M.; Guo, X.; Huang, L.; Yang, J.; Yu, Q.; Chen, Y.; Xie, ]J. Cyclocarya paliurus polysaccharide alleviates liver
inflammation in mice via beneficial regulation of gut microbiota and TLR4/MAPK signaling pathways. Int. ]. Biol. Macromol.
2020, 160, 164-174. [CrossRef]

Li, S.; Wang, L.; Liu, B.; He, N. Unsaturated alginate oligosaccharides attenuated obesity-related metabolic abnormalities by
modulating gut microbiota in high-fat-diet mice. Food Funct. 2020, 11, 4773-4784. [CrossRef]

Xu, Q.; Xu, P; Cen, Y,; Li, W. Effects of preoperative oral administration of glucose solution combined with postoperative
probiotics on inflammation and intestinal barrier function in patients after colorectal cancer surgery. Oncol. Lett. 2019, 18,
694-698. [CrossRef]

Asad, F; Anwar, H.; Yassine, H.M.; Ullah, M.I,; Rahman, A.; Kamran, Z.; Sohail, M.U. White button mushroom, Agaricus bisporus
(Agaricomycetes), and a probiotics mixture supplementation correct dyslipidemia without influencing the colon microbiome
profile in hypercholesterolemic rats. Int. J. Med. Mushrooms 2020, 22, 235-244. [CrossRef]


http://doi.org/10.1016/j.foodhyd.2017.09.019
http://doi.org/10.1017/S0007114520000380
http://www.ncbi.nlm.nih.gov/pubmed/32008579
http://doi.org/10.1152/ajpendo.00471.2017
http://www.ncbi.nlm.nih.gov/pubmed/29870676
http://doi.org/10.1002/ccr3.3354
http://doi.org/10.3390/foods8100440
http://www.ncbi.nlm.nih.gov/pubmed/31557941
http://doi.org/10.3390/nu11010031
http://doi.org/10.3945/ajcn.115.123216
http://doi.org/10.1039/D0FO01860K
http://doi.org/10.1016/j.foodres.2019.03.055
http://doi.org/10.1155/2021/6632266
http://doi.org/10.1080/07315724.2015.1032443
http://doi.org/10.1007/s12602-017-9343-1
http://www.ncbi.nlm.nih.gov/pubmed/29079990
http://doi.org/10.2337/dc18-2591
http://doi.org/10.1002/fsn3.2255
http://doi.org/10.3390/nu10020143
http://www.ncbi.nlm.nih.gov/pubmed/29382113
http://doi.org/10.3390/nu11112791
http://doi.org/10.1039/C9FO00460B
http://www.ncbi.nlm.nih.gov/pubmed/31187840
http://doi.org/10.1002/mnfr.201800080
http://doi.org/10.1016/j.ijbiomac.2020.05.187
http://doi.org/10.1039/C9FO02857A
http://doi.org/10.3892/ol.2019.10336
http://doi.org/10.1615/IntJMedMushrooms.2020033807

Nutrients 2021, 13, 3211 18 of 22

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Xavier-Santos, D.; Lima, E.D.; Simao, A.N.C.; Bedani, R.; Saad, S.M.I. Effect of the consumption of a synbiotic diet mousse
containing Lactobacillus acidophilus La-5 by individuals with metabolic syndrome: A randomized controlled trial. J. Funct. Foods
2018, 41, 55-61. [CrossRef]

Cornejo-Pareja, I.; Munoz-Garach, A.; Clemente-Postigo, M.; Tinahones, EJ. Importance of gut microbiota in obesity. Eur. . Clin.
Nutr. 2019, 72, 26-37. [CrossRef] [PubMed]

Alard, J.; Lehrter, V,; Rhimi, M.; Mangin, I.; Peucelle, V.; Abraham, A.L.; Mariadassou, M.; Maguin, E.; Waligora-Dupriet, A.J.;
Pot, B.; et al. Beneficial metabolic effects of selected probiotics on diet-induced obesity and insulin resistance in mice are associated
with improvement of dysbiotic gut microbiota. Environ. Microbiol. 2016, 18, 1484-1497. [CrossRef] [PubMed]

Zhong, Y.; Zheng, C.; Zheng, ].H.; Xu, S.C. The relationship between intestinal flora changes and osteoporosis in rats with
inflammatory bowel disease and the improvement effect of probiotics. Eur. Rev. Med. Pharmaco. 2020, 24, 5697-5702. [CrossRef]
Kamdar, K.; Khakpour, S.; Chen, J.; Leone, V., Brulc, J.; Mangatu, T.; Antonopoulos, D.A.; Chang, E.B.; Kahn, S.A,;
Kirschner, B.S,; et al. Genetic and metabolic signals during acute enteric bacterial infection alter the microbiota and drive
progression to chronic inflammatory disease. Cell Host Microbe 2016, 19, 21-31. [CrossRef] [PubMed]

Scheithauer, TP.M.; Rampanelli, E.; Nieuwdorp, M.; Vallance, B.A.; Verchere, C.B.; van Raalte, D.H.; Herrema, H. Gut Microbiota
as a Trigger for Metabolic Inflammation in Obesity and Type 2 Diabetes. Front. Immunol. 2020, 11, 571731. [CrossRef]

Hsu, C.N.; Hou, C.Y,; Chan, ].Y.H.; Lee, C.T.; Tain, Y.L. Hypertension programmed by perinatal high-fat diet: Effect of maternal
gut microbiota-targeted therapy. Nutrients 2019, 11, 2908. [CrossRef] [PubMed]

Garg, S.; Singh, T.P.; Malik, R K. In vivo implications of potential probiotic Lactobacillus reuteri Ir6 on the gut and immunological
parameters as an adjuvant against protein energy malnutrition. Probiotics Antimicrob. Proteins 2020, 12, 517-534. [CrossRef]
Barczynska, R.; Kapusniak, J.; Litwin, M.; Slizewska, K.; Szalecki, M. Dextrins from maize starch as substances activating the
growth of Bacteroidetes and Actinobacteria simultaneously inhibiting the growth of firmicutes, responsible for the occurrence of
obesity. Plant. Food Hum. Nutr. 2016, 71, 190-196. [CrossRef] [PubMed]

Siva, N.; Johnson, C.R.; Richard, V.; Jesch, E.D.; Whiteside, W.; Abood, A.A.; Thavarajah, P.; Duckett, S.; Thavarajah, D.
Lentil (Lens culinaris Medikus) diet affects the gut microbiome and obesity markers in rat. J. Agric. Food Chem. 2018, 66,
8805-8813. [CrossRef]

Panichsillaphakit, E.; Chongpison, Y.; Saengpanit, P.; Kwanbunbumpen, T.; Uaariyapanichkul, J.; Chomtho, S.; Pancharoen, C.;
Visuthranukul, C. Children’s eating behavior questionnaire correlated with body compositions of thai children and adolescents
with obesity: A pilot study. J. Nutr. Biochem. 2021, 2021, 6496134. [CrossRef]

Hu, F; Niu, Y,; Xu, X.; Hu, Q.; Su, Q.; Zhang, H. Resistant dextrin improves high-fat-high-fructose diet induced insulin resistance.
Nutr. Metab. 2020, 17, 36. [CrossRef]

Chen, K.; Xie, K;; Liu, Z.; Nakasone, Y.; Sakao, K.; Hossain, A.; Hou, D.X. Preventive effects and mechanisms of garlic on
dyslipidemia and gut microbiome dysbiosis. Nutrients 2019, 11, 1225. [CrossRef] [PubMed]

Kumar, S.A.; Ward, L.C.; Brown, L. Inulin oligofructose attenuates metabolic syndrome in high-carbohydrate, high-fat diet-fed
rats. Br. J. Nutr. 2016, 116, 1502-1511. [CrossRef]

de Cossio, L.E; Fourrier, C.; Sauvant, J.; Everard, A.; Capuron, L.; Cani, P.D.; Laye, S.; Castanon, N. Impact of prebiotics on
metabolic and behavioral alterations in a mouse model of metabolic syndrome. Brain Behav. Immun. 2017, 64, 33-49. [CrossRef]
Klancic, T.; Laforest-Lapointe, I.; Choo, A.; Nettleton, J.E.; Chleilat, F.; Noye Tuplin, E.W.; Alukic, E.; Cho, N.A.; Nicolucci, A.C.;
Arrieta, M.C,; et al. Prebiotic oligofructose prevents antibiotic-induced obesity risk and improves metabolic and gut microbiota
profiles in rat dams and offspring. Mol. Nutr. Food Res. 2020, 64, e2000288. [CrossRef] [PubMed]

Chen, Q.; Liu, M.; Zhang, P; Fan, S.; Huang, J.; Yu, S.; Zhang, C.; Li, H. Fucoidan and galactooligosaccharides ameliorate
high-fat diet-induced dyslipidemia in rats by modulating the gut microbiota and bile acid metabolism. Nutrition 2019, 65, 50-59.
[CrossRef] [PubMed]

Ahmadi, S.; Nagpal, R.; Wang, S.; Gagliano, J.; Kitzman, D.W.; Soleimanian-Zad, S.; Sheikh-Zeinoddin, M.; Read, R.; Yadav, H.
Prebiotics from acorn and sago prevent high-fat-diet-induced insulin resistance via microbiome-gut-brain axis modulation. J.
Nutr. Biochem. 2019, 67, 1-13. [CrossRef] [PubMed]

Kobyliak, N.; Falalyeyeva, T.; Bodnar, P; Beregova, T. Probiotics supplemented with omega-3 fatty acids are more effective for
hepatic steatosis reduction in an animal model of obesity. Probiotics Antimicrob. Proteins 2017, 9, 123-130. [CrossRef] [PubMed]
Kobyliak, N.; Falalyeyeva, T.; Boyko, N.; Tsyryuk, O.; Beregova, T.; Ostapchenko, L. Probiotics and nutraceuticals as a new
frontier in obesity prevention and management. Diabetes Res. Clin. Pract. 2018, 141, 190-199. [CrossRef] [PubMed]

Li, Y; Liu, M; Liu, H.; Wei, X; Su, X.; Li, M.; Yuan, J. Oral supplements of combined Bacillus licheniformis Zhengchangsheng(R)
and Xylooligosaccharides improve high-fat diet-induced obesity and modulate the gut microbiota in rats. Biomed. Res. Int. 2020,
2020, 9067821. [CrossRef]

Oh, YJ.; Kim, HJ.; Kim, T.S.; Yeo, L.H.; Ji, G.E. Effects of Lactobacillus plantarum PMO 08 alone and combined with chia
seeds on metabolic syndrome and parameters related to gut health in high-fat diet-induced obese mice. J. Med. Food 2019, 22,
1199-1207. [CrossRef]

Jiminez, J.A.; Uwiera, T.C.; Abbott, D.W.; Uwiera, R.R.E.; Inglis, G.D. Butyrate supplementation at high concentrations alters
enteric bacterial communities and reduces intestinal inflammation in mice infected with citrobacter rodentium. mSphere 2017, 2,
€00243-00217. [CrossRef]


http://doi.org/10.1016/j.jff.2017.12.041
http://doi.org/10.1038/s41430-018-0306-8
http://www.ncbi.nlm.nih.gov/pubmed/30487562
http://doi.org/10.1111/1462-2920.13181
http://www.ncbi.nlm.nih.gov/pubmed/26689997
http://doi.org/10.26355/eurrev_202005_21361
http://doi.org/10.1016/j.chom.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26764594
http://doi.org/10.3389/fimmu.2020.571731
http://doi.org/10.3390/nu11122908
http://www.ncbi.nlm.nih.gov/pubmed/31810197
http://doi.org/10.1007/s12602-019-09563-4
http://doi.org/10.1007/s11130-016-0542-9
http://www.ncbi.nlm.nih.gov/pubmed/27155867
http://doi.org/10.1021/acs.jafc.8b03254
http://doi.org/10.1155/2021/6496134
http://doi.org/10.1186/s12986-020-00450-2
http://doi.org/10.3390/nu11061225
http://www.ncbi.nlm.nih.gov/pubmed/31146458
http://doi.org/10.1017/S0007114516003627
http://doi.org/10.1016/j.bbi.2016.12.022
http://doi.org/10.1002/mnfr.202000288
http://www.ncbi.nlm.nih.gov/pubmed/32610365
http://doi.org/10.1016/j.nut.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31029922
http://doi.org/10.1016/j.jnutbio.2019.01.011
http://www.ncbi.nlm.nih.gov/pubmed/30831458
http://doi.org/10.1007/s12602-016-9230-1
http://www.ncbi.nlm.nih.gov/pubmed/27660157
http://doi.org/10.1016/j.diabres.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/29772287
http://doi.org/10.1155/2020/9067821
http://doi.org/10.1089/jmf.2018.4349
http://doi.org/10.1128/mSphere.00243-17

Nutrients 2021, 13, 3211 19 of 22

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Zhou, D.; Pan, Q.; Xin, EZ.; Zhang, R.N.; He, C.X.; Chen, G.Y,; Liu, C.; Chen, Y.W.; Fan, ].G. Sodium butyrate attenuates high-fat
diet-induced steatohepatitis in mice by improving gut microbiota and gastrointestinal barrier. World ]. Gastroenterol. 2017, 23,
60-75. [CrossRef]

Rizzetto, L.; Fava, F; Tuohy, K.M.; Selmi, C. Connecting the immune system, systemic chronic inflammation and the gut
microbiome: The role of sex. J. Autoimmun. 2018, 92, 12-34. [CrossRef] [PubMed]

Alard, J.; Cudennec, B.; Boutillier, D.; Peucelle, V.; Descat, A.; Decoin, R.; Kuylle, S.; Jablaoui, A.; Rhimi, M.; Wolowczuk, I; et al.
Multiple selection criteria for probiotic strains with high potential for obesity management. Nutrients 2021, 13, 713. [CrossRef]
Kim, D.E.; Kim, ] K.; Han, S.K; Jang, S.E.; Han, M.].; Kim, D.H. Lactobacillus plantarum NK3 and Bifidobacterium longum NK49
Alleviate Bacterial Vaginosis and Osteoporosis in Mice by Suppressing NF-kappaB-Linked TNF-alpha Expression. J. Med. Food
2019, 22, 1022-1031. [CrossRef]

Archer, A.C.; Muthukumar, S.P.; Halami, PM. Lactobacillus fermentum MCC2759 and MCC2760 alleviate inflammation
and intestinal function in high-fat diet-fed and streptozotocin-induced diabetic rats. Probiotics Antimicrob. Proteins 2021,
in press. [CrossRef]

Robles-Vera, I.; Toral, M.; de la Visitacion, N.; Sanchez, M.; Gomez-Guzman, M.; Romero, M.; Yang, T.; Izquierdo-Garcia, J.L.;
Jimenez, R.; Ruiz-Cabello, ].; et al. Probiotics prevent dysbiosis and the rise in blood pressure in genetic hypertension: Role of
short-chain fatty acids. Mol. Nutr. Food Res. 2020, 64, €1900616. [CrossRef] [PubMed]

Esposito, G.; Pesce, M.; Seguella, L.; Lu, J.; Corpetti, C.; Del Re, A.; De Palma, ED.E.; Esposito, G.; Sanseverino, W.; Sarnelli, G.
Engineered Lactobacillus paracasei producing palmitoylethanolamide (PEA) prevents colitis in mice. Int. J. Mol. Sci. 2021, 22,
2945. [CrossRef] [PubMed]

Igarashi, M.; Morimoto, M.; Suto, A.; Nakatani, A.; Hayakawa, T.; Hara, K.; Kimura, I. Synthetic dietary inulin, Fuji FF, delays
development of diet-induced obesity by improving gut microbiota profiles and increasing short-chain fatty acid production. Peer]
2020, 8, €8893. [CrossRef]

Mistry, R H.; Liu, E; Borewicz, K.; Lohuis, M.A.M.; Smidt, H.; Verkade, H.J.; Tietge, U.].F. Long-term beta-galacto-oligosaccharides
supplementation decreases the development of obesity and insulin resistance in mice fed a western-type diet. Mol. Nutr. Food Res.
2020, 64, €1900922. [CrossRef]

Kundi, Z.M,; Lee, ].C.; Pihlajamaki, J.; Chan, C.B.; Leung, K.S.; So, S.5.Y.; Nordlund, E.; Kolehmainen, M.; El-Nezami, H. Dietary
fiber from oat and rye brans ameliorate western diet-induced body weight gain and hepatic inflammation by the modulation of
short-chain fatty acids, bile acids, and tryptophan metabolism. Mol. Nutr. Food Res. 2021, 65, €1900580. [CrossRef]
Regalado-Renteria, E.; Aguirre-Rivera, ].R.; Godinez-Hernandez, C.I.; Garcia-Lopez, ].C.; Oros-Ovalle, A.C.; Martinez-Gutierrez, F;
Martinez-Martinez, M.; Ratering, S.; Schnell, S.; Ruiz-Cabrera, M.A.; et al. Effects of agave fructans, inulin, and starch on
metabolic syndrome aspects in healthy wistar rats. ACS Omega 2020, 5, 10740-10749. [CrossRef]

Gu, Z.; Zhu, Y,; Jiang, S.; Xia, G.; Li, C.; Zhang, X.; Zhang, J.; Shen, X. Tilapia head glycolipids reduce inflammation by regulating
the gut microbiota in dextran sulphate sodium-induced colitis mice. Food Funct. 2020, 11, 3245-3255. [CrossRef]

Ke, X.; Walker, A.; Haange, S.B.; Lagkouvardos, L; Liu, Y.; Schmitt-Kopplin, P.; von Bergen, M.; Jehmlich, N.; He, X.; Clavel, T.;
et al. Synbiotic-driven improvement of metabolic disturbances is associated with changes in the gut microbiome in diet-induced
obese mice. Mol. Metab. 2019, 22, 96-109. [CrossRef] [PubMed]

Thiennimitr, P; Yasom, S.; Tunapong, W.; Chunchai, T.; Wanchai, K.; Pongchaidecha, A.; Lungkaphin, A; Sirilun, S.; Chaiyasut, C.;
Chattipakorn, N.; et al. Lactobacillus paracasei HII01, xylooligosaccharides, and synbiotics reduce gut disturbance in obese rats.
Nutrition 2018, 54, 40-47. [CrossRef] [PubMed]

Yao, F; Jia, R.; Huang, H.; Yu, Y;; Mei, L.; Bai, L.; Ding, Y.; Zheng, P. Effect of Lactobacillus paracasei N1115 and fructooligosaccha-
rides in nonalcoholic fatty liver disease. Arch. Med. Sci. 2019, 15, 1336-1344. [CrossRef]

Wang, W.; Xu, A.L.; Li, Z.C,; Li, Y;; Xu, S.E; Sang, H.C.; Zhi, F. Combination of probiotics and Salvia miltiorrhiza polysaccharide
alleviates hepatic steatosis via gut microbiota modulation and insulin resistance improvement in high fat-induced NAFLD mice.
Diabetes Metab. |. 2020, 44, 336-348. [CrossRef] [PubMed]

Zhang, ].; Sun, J.; Chen, X.; Nie, C.; Zhao, ].; Guan, W.; Lei, L.; He, T.; Chen, Y.; Johnston, L.J.; et al. Combination of Clostridium
butyricum and corn bran optimized intestinal microbial fermentation using a weaned pig model. Front. Microbiol. 2018, 9,
3091. [CrossRef]

Lee, J.; Park, S.; Oh, N.; Park, J.; Kwon, M.; Seo, J.; Roh, S. Oral intake of Lactobacillus plantarum L-14 extract alleviates
TLR2- and AMPK-mediated obesity-associated disorders in high-fat-diet-induced obese C57BL/6] mice. Cell Prolif. 2021, 54,
€13039. [CrossRef]

Cavallari, J.F,; Fullerton, M.D.; Duggan, B.M.; Foley, K.P.; Denou, E.; Smith, B.K.; Desjardins, E.M.; Henriksbo, B.D.; Kim, K.J.;
Tuinema, B.R.; et al. Muramyl dipeptide-based postbiotics mitigate obesity-induced insulin resistance via IRF4. Cell Metab. 2017,
25,1063-1074. [CrossRef] [PubMed]

Cavallari, J.F; Barra, N.G,; Foley, K.P; Lee, A.; Duggan, B.M.; Henriksbo, B.D.; Anhe, FF; Ashkar, A.A.; Schertzer, ].D. Postbiotics
for NOD2 require nonhematopoietic RIPK2 to improve blood glucose and metabolic inflammation in mice. Am. J. Physiol.-
Endocrinol. Metab. 2020, 318, 579-585. [CrossRef]

Cheng, D.; Xu, ].H,; Li, ].Y.; Wang, S.Y.; Wu, T.F,; Chen, Q.K.; Yu, T. Butyrate ameliorated-NLRC3 protects the intestinal barrier in
a GPR43-dependent manner. Exp. Cell Res. 2018, 368, 101-110. [CrossRef]


http://doi.org/10.3748/wjg.v23.i1.60
http://doi.org/10.1016/j.jaut.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29861127
http://doi.org/10.3390/nu13030713
http://doi.org/10.1089/jmf.2019.4419
http://doi.org/10.1007/s12602-021-09744-0
http://doi.org/10.1002/mnfr.201900616
http://www.ncbi.nlm.nih.gov/pubmed/31953983
http://doi.org/10.3390/ijms22062945
http://www.ncbi.nlm.nih.gov/pubmed/33799405
http://doi.org/10.7717/peerj.8893
http://doi.org/10.1002/mnfr.201900922
http://doi.org/10.1002/mnfr.201900580
http://doi.org/10.1021/acsomega.0c00272
http://doi.org/10.1039/D0FO00116C
http://doi.org/10.1016/j.molmet.2019.01.012
http://www.ncbi.nlm.nih.gov/pubmed/30792016
http://doi.org/10.1016/j.nut.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29705500
http://doi.org/10.5114/aoms.2019.86611
http://doi.org/10.4093/dmj.2019.0042
http://www.ncbi.nlm.nih.gov/pubmed/31950772
http://doi.org/10.3389/fmicb.2018.03091
http://doi.org/10.1111/cpr.13039
http://doi.org/10.1016/j.cmet.2017.03.021
http://www.ncbi.nlm.nih.gov/pubmed/28434881
http://doi.org/10.1152/ajpendo.00033.2020
http://doi.org/10.1016/j.yexcr.2018.04.018

Nutrients 2021, 13, 3211 20 of 22

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Matheus, V.A.; Monteiro, L.; Oliveira, R.B.; Maschio, D.A.; Collares-Buzato, C.B. Butyrate reduces high-fat diet-induced metabolic
alterations, hepatic steatosis and pancreatic beta cell and intestinal barrier dysfunctions in prediabetic mice. Exp. Biol. Med. 2017,
242,1214-1226. [CrossRef]

Ye, J.; Lv, L,; Wu, W,; Li, Y,; Shi, D.; Fang, D.; Guo, F; Jiang, H.; Yan, R.; Ye, W,; et al. Butyrate protects mice against methionine-
choline-deficient diet-induced non-alcoholic steatohepatitis by improving gut barrier function, attenuating inflammation and
reducing endotoxin levels. Front. Microbiol. 2018, 9, 1967. [CrossRef]

Isozaki, S.; Konishi, H.; Fujiya, M.; Tanaka, H.; Murakami, Y.; Kashima, S.; Ando, K.; Ueno, N.; Moriichi, K.; Okumura, T.
Probiotic-derived polyphosphate accelerates intestinal epithelia wound healing through inducing platelet-derived mediators.
Mediat. Inflamm. 2021, 2021, 5582943. [CrossRef]

Wicinski, M.; Gebalski, J.; Golebiewski, J.; Malinowski, B. Probiotics for the treatment of overweight and obesity in humans-a
review of clinical trials. Microorganisms 2020, 8, 1148. [CrossRef]

Overby, H.B.; Ferguson, J.F. Gut microbiota-derived short-chain fatty acids facilitate microbiota: Host cross talk and modulate
obesity and hypertension. Curr. Hypertens. Rep. 2021, 23, 8. [CrossRef] [PubMed]

Liu, Z,;Li, L.; Ma, S.; Ye, J.; Zhang, H.; Li, Y,; Sair, A.T;; Pan, J.; Liu, X; Li, X,; et al. High-dietary fiber intake alleviates antenatal
obesity-induced postpartum depression: Roles of gut microbiota and microbial metabolite short-chain fatty acid involved. J.
Agric. Food Chem. 2020, 68, 13697-13710. [CrossRef]

Wilkins, A.T.; Reimer, R.A. Obesity, early life gut microbiota, and antibiotics. Microorganisms 2021, 9, 413. [CrossRef]

Ferrarese, R.; Ceresola, E.R.; Preti, A.; Canducci, F. Probiotics, prebiotics and synbiotics for weight loss and metabolic syndrome
in the microbiome era. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 7588-7605. [CrossRef] [PubMed]

Saez-Lara, M.].; Robles-Sanchez, C.; Ruiz-Ojeda, EJ.; Plaza-Diaz, J.; Gil, A. Effects of probiotics and synbiotics on obesity, insulin
resistance syndrome, type 2 diabetes and non-alcoholic fatty liver disease: A review of human clinical trials. Int. ]. Mol. Sci. 2016,
17,928. [CrossRef]

Liu, W,; Luo, X,; Tang, J.; Mo, Q.; Zhong, H.; Zhang, H.; Feng, F. A bridge for short-chain fatty acids to affect inflammatory
bowel disease, type 1 diabetes, and non-alcoholic fatty liver disease positively: By changing gut barrier. Eur. J. Nutr. 2021,
in press. [CrossRef]

Bernini, L.J.; Simao, A.N.; Alfieri, D.F; Lozovoy, M.A.; Mari, N.L.; de Souza, C.H.; Dichi, I.; Costa, G.N. Beneficial effects
of Bifidobacterium lactis on lipid profile and cytokines in patients with metabolic syndrome: A randomized trial. Effects of
probiotics on metabolic syndrome. Nutrition 2016, 32, 716-719. [CrossRef]

De Lorenzo, A.; Costacurta, M.; Merra, G.; Gualtieri, P.; Cioccoloni, G.; Marchetti, M.; Varvaras, D.; Docimo, R.; Di Renzo, L. Can
psychobiotics intake modulate psychological profile and body composition of women affected by normal weight obese syndrome
and obesity? A double blind randomized clinical trial. J. Transl. Med. 2017, 15, 135. [CrossRef] [PubMed]

Christensen, L.; Roager, HM.; Astrup, A.; Hjorth, M.F. Microbial enterotypes in personalized nutrition and obesity management.
Am. . Clin. Nutr. 2018, 108, 645-651. [CrossRef] [PubMed]

Song, E.J.; Han, K,; Lim, T.J.; Lim, S.; Chung, M.J.; Nam, M.H.; Kim, H.; Nam, Y.D. Effect of probiotics on obesity-related markers
per enterotype: A double-blind, placebo-controlled, randomized clinical trial. EPMA J. 2020, 11, 31-51. [CrossRef]
Shirvani-Rad, S.; Tabatabaei-Malazy, O.; Mohseni, S.; Hasani-Ranjbar, S.; Soroush, A.R.; Hoseini-Tavassol, Z.; Ejtahed, H.S.;
Larijani, B. Probiotics as a complementary therapy for management of obesity: A systematic review. Evid.-Based Complement.
Altern. Med. 2021, 2021, 6688450. [CrossRef]

Zmora, N.; Zilberman-Schapira, G.; Suez, J.; Mor, U.; Dori-Bachash, M.; Bashiardes, S.; Kotler, E.; Zur, M.; Regev-Lehavi, D.;
Brik, R.B.; et al. Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics Is Associated with Unique Host and
Microbiome Features. Cell 2018, 174, 1388-1405. [CrossRef]

Shang, A.; Gan, R.Y.; Xu, X.Y.; Mao, Q.Q.; Zhang, P.Z.; Li, H.B. Effects and mechanisms of edible and medicinal plants on obesity:
An updated review. Crit. Rev. Food Sci. Nutr. 2021, in press. [CrossRef] [PubMed]

Machado, A.M.; Silva, N.; Freitas, RM.P,; Freitas, M.B.D.; Chaves, ].B.P,; Oliveira, L.L.; Martino, H.S.D.; Alfenas, R.C.G. Effects of
yacon flour associated with an energy restricted diet on intestinal permeability, fecal short chain fatty acids, oxidative stress and
inflammation markers levels in adults with obesity or overweight: A randomized, double blind, placebo controlled clinical trial.
Arch. Endocrinol. Metab. 2020, 64, 597-607. [CrossRef]

Adriano, L.S.; Dionisio, A.P,; Pinto de Abreu, F.A.; Wurlitzer, N.].; Cordeiro de Melo, B.R.; Ferreira Carioca, A.A.; de Carvalho
Sampaio, H.A. Acute postprandial effect of yacon syrup ingestion on appetite: A double blind randomized crossover clinical trial.
Food Res. Int. 2020, 137, 109648. [CrossRef]

Hume, M.P; Nicolucci, A.C.; Reimer, R.A. Prebiotic supplementation improves appetite control in children with overweight and
obesity: A randomized controlled trial. Am. . Clin. Nutr. 2017, 105, 790-799. [CrossRef]

Parnell, J.A.; Klancic, T.; Reimer, R.A. Oligofructose decreases serum lipopolysaccharide and plasminogen activator inhibitor-1 in
adults with overweight/obesity. Obesity 2017, 25, 510-513. [CrossRef] [PubMed]

Reimer, R.A.; Willis, H.J.; Tunnicliffe, ] M.; Park, H.; Madsen, K.L.; Soto-Vaca, A. Inulin-type fructans and whey protein both
modulate appetite but only fructans alter gut microbiota in adults with overweight/obesity: A randomized controlled trial. Mol.
Nutr. Food Res. 2017, 61, €1700484. [CrossRef]


http://doi.org/10.1177/1535370217708188
http://doi.org/10.3389/fmicb.2018.01967
http://doi.org/10.1155/2021/5582943
http://doi.org/10.3390/microorganisms8081148
http://doi.org/10.1007/s11906-020-01125-2
http://www.ncbi.nlm.nih.gov/pubmed/33537923
http://doi.org/10.1021/acs.jafc.0c04290
http://doi.org/10.3390/microorganisms9020413
http://doi.org/10.26355/eurrev_201811_16301
http://www.ncbi.nlm.nih.gov/pubmed/30468509
http://doi.org/10.3390/ijms17060928
http://doi.org/10.1007/s00394-020-02431-w
http://doi.org/10.1016/j.nut.2015.11.001
http://doi.org/10.1186/s12967-017-1236-2
http://www.ncbi.nlm.nih.gov/pubmed/28601084
http://doi.org/10.1093/ajcn/nqy175
http://www.ncbi.nlm.nih.gov/pubmed/30239555
http://doi.org/10.1007/s13167-020-00198-y
http://doi.org/10.1155/2021/6688450
http://doi.org/10.1016/j.cell.2018.08.041
http://doi.org/10.1080/10408398.2020.1769548
http://www.ncbi.nlm.nih.gov/pubmed/32462901
http://doi.org/10.20945/2359-3997000000225
http://doi.org/10.1016/j.foodres.2020.109648
http://doi.org/10.3945/ajcn.116.140947
http://doi.org/10.1002/oby.21763
http://www.ncbi.nlm.nih.gov/pubmed/28229548
http://doi.org/10.1002/mnfr.201700484

Nutrients 2021, 13, 3211 21 of 22

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Wall, C.R;; Hill, R]J.; Lovell, A.L.; Matsuyama, M.; Milne, T.; Grant, C.C.; Jiang, Y.; Chen, R.X.; Wouldes, T.A.; Davies, PS.W. A
multicenter, double-blind, randomized, placebo-controlled trial to evaluate the effect of consuming Growing Up Milk “Lite” on
body composition in children aged 12-23 mo. Am. |. Clin. Nutr. 2019, 109, 576-585. [CrossRef]

Raji Lahiji, M.; Zarrati, M.; Najafi, S.; Yazdani, B.; Cheshmazar, E.; Razmpoosh, E.; Janani, L.; Raji Lahiji, M.; Shidfar, F. Effects of
synbiotic supplementation on serum adiponectin and inflammation status of overweight and obese breast cancer survivors: A
randomized, triple-blind, placebo-controlled trial. Supportive Care Cancer 2021, 29, 4147-4157. [CrossRef]

Raji Lahiji, M.; Najafi, S.; Janani, L.; Yazdani, B.; Razmpoosh, E.; Zarrati, M. The effect of synbiotic on glycemic profile and sex
hormones in overweight and obese breast cancer survivors following a weight-loss diet: A randomized, triple-blind, controlled
trial. Clin. Nutr. 2021, 40, 394—403. [CrossRef] [PubMed]

Hadi, A.; Sepandi, M.; Marx, W.; Moradi, S.; Parastouei, K. Clinical and psychological responses to synbiotic supplementation in
obese or overweight adults: A randomized clinical trial. Complement. Ther. Med. 2019, 47, 102216. [CrossRef] [PubMed]
Krumbeck, J.A.; Rasmussen, H.E.; Hutkins, R.W.; Clarke, J.; Shawron, K.; Keshavarzian, A.; Walter, ]J. Probiotic Bifidobacterium
strains and galactooligosaccharides improve intestinal barrier function in obese adults but show no synergism when used
together as synbiotics. Microbiome 2018, 6, 121. [CrossRef] [PubMed]

Hadi, A.; Alizadeh, K.; Hajianfar, H.; Mohammadi, H.; Miraghajani, M. Efficacy of synbiotic supplementation in obesity treatment:
A systematic review and meta-analysis of clinical trials. Crit. Rev. Food Sci. Nutr. 2020, 60, 584-596. [CrossRef] [PubMed]
Primec, M.; Klemenak, M.; Di Gioia, D.; Aloisio, I.; Bozzi Cionci, N.; Quagliariello, A.; Gorenjak, M.; Micetic-Turk, D.;
Langerholc, T. Clinical intervention using Bifidobacterium strains in celiac disease children reveals novel microbial modu-
lators of TNF-alpha and short-chain fatty acids. Clin. Nutr. 2019, 38, 1373-1381. [CrossRef] [PubMed]

Crovesy, L.; El-Bacha, T.; Rosado, E.L. Modulation of the gut microbiota by probiotics and symbiotics is associated with changes
in serum metabolite profile related to a decrease in inflammation and overall benefits to metabolic health: A double-blind
randomized controlled clinical trial in women with obesity. Food Funct. 2021, 12, 2161-2170. [CrossRef]

Banasiewicz, T.; Domagalska, D.; Borycka-Kiciak, K.; Rydzewska, G. Determination of butyric acid dosage based on clinical and
experimental studies—A literature review. Gastroenterol. Rev. 2020, 15, 119-125. [CrossRef]

Tonucci, L.B.; Olbrich Dos Santos, K.M.; Licursi de Oliveira, L.; Rocha Ribeiro, S.M.; Duarte Martino, H.S. Clinical applica-
tion of probiotics in type 2 diabetes mellitus: A randomized, double-blind, placebo-controlled study. Clin. Nutr. 2017, 36,
85-92. [CrossRef]

Hsieh, M.C,; Tsai, W.H.; Jheng, Y.P,; Su, S.L.; Wang, S.Y.; Lin, C.C.; Chen, Y.H.; Chang, W.W. The beneficial effects of Lactobacillus
reuteri ADR-1 or ADR-3 consumption on type 2 diabetes mellitus: A randomized, double-blinded, placebo-controlled trial. Sci.
Rep. 2018, 8, 16791. [CrossRef]

Sato, J.; Kanazawa, A.; Azuma, K;; Ikeda, F; Goto, H.; Komiya, K.; Kanno, R.; Tamura, Y.; Asahara, T.; Takahashi, T.; et al.
Probiotic reduces bacterial translocation in type 2 diabetes mellitus: A randomised controlled study. Sci. Rep. 2017, 7, 12115.
[CrossRef] [PubMed]

Wickens, K.L.; Barthow, C.A.; Murphy, R.; Abels, PR.; Maude, RM.; Stone, P.R.; Mitchell, E.A.; Stanley, T.V.; Purdie, G.L.;
Kang, ].M.; et al. Early pregnancy probiotic supplementation with Lactobacillus rhamnosus HN001 may reduce the prevalence of
gestational diabetes mellitus: A randomised controlled trial. Br. J. Nutr. 2017, 117, 804-813. [CrossRef]

Callaway, L.K.; McIntyre, H.D.; Barrett, H.L.; Foxcroft, K.; Tremellen, A.; Lingwood, B.E.; Tobin, ].M.; Wilkinson, S.; Kothari, A.;
Morrison, M.; et al. Probiotics for the prevention of gestational diabetes mellitus in overweight and obese women: Findings from
the SPRING double-blind randomized controlled trial. Diabetes Care 2019, 42, 364-371. [CrossRef] [PubMed]

Kijmanawat, A.; Panburana, P.; Reutrakul, S.; Tangshewinsirikul, C. Effects of probiotic supplements on insulin resistance in
gestational diabetes mellitus: A double-blind randomized controlled trial. J. Diabetes Investig. 2019, 10, 163-170. [CrossRef]
Dawe, J.P.; McCowan, L.M.E.; Wilson, J.; Okesene-Gafa, K.A.M.; Serlachius, A.S. Probiotics and maternal mental health: A
randomised controlled trial among pregnant women with obesity. Sci. Rep. 2020, 10, 1291. [CrossRef]

Akbari, E.; Asemi, Z.; Daneshvar Kakhaki, R.; Bahmani, F; Kouchaki, E.; Tamtaji, O.R.; Hamidi, G.A.; Salami, M. Effect of
probiotic supplementation on cognitive function and metabolic status in alzheimer’s disease: A randomized, double-blind and
controlled trial. Front. Aging Neurosci. 2016, 8, 256. [CrossRef]

Akkasheh, G.; Kashani-Poor, Z.; Tajabadi-Ebrahimi, M.; Jafari, P.; Akbari, H.; Taghizadeh, M.; Memarzadeh, M.R.; Asemi, Z;
Esmaillzadeh, A. Clinical and metabolic response to probiotic administration in patients with major depressive disorder: A
randomized, double-blind, placebo-controlled trial. Nutrition 2016, 32, 315-320. [CrossRef]

Dehghan, P,; Farhangi, M.A.; Tavakoli, F.; Aliasgarzadeh, A.; Akbari, A.M. Impact of prebiotic supplementation on T-cell subsets
and their related cytokines, anthropometric features and blood pressure in patients with type 2 diabetes mellitus: A randomized
placebo-controlled Trial. Complement. Ther. Med. 2016, 24, 96-102. [CrossRef] [PubMed]

Vaghef-Mehrabany, E.; Ranjbar, F.; Asghari-Jafarabadi, M.; Hosseinpour-Arjmand, S.; Ebrahimi-Mameghani, M. Calorie restriction
in combination with prebiotic supplementation in obese women with depression: Effects on metabolic and clinical response.
Nutr. Neurosci. 2021, 24, 339-353. [CrossRef]

Javadi, L.; Ghavami, M.; Khoshbaten, M.; Safaiyan, A.; Barzegari, A.; Pourghassem Gargari, B. The effect of probiotic and/or
prebiotic on liver function tests in patients with nonalcoholic fatty liver disease: A double blind randomized clinical trial. Iran.
Red Crescent Med. ]. 2017, 19, e46017. [CrossRef]


http://doi.org/10.1093/ajcn/nqy302
http://doi.org/10.1007/s00520-020-05926-8
http://doi.org/10.1016/j.clnu.2020.05.043
http://www.ncbi.nlm.nih.gov/pubmed/32698957
http://doi.org/10.1016/j.ctim.2019.102216
http://www.ncbi.nlm.nih.gov/pubmed/31780038
http://doi.org/10.1186/s40168-018-0494-4
http://www.ncbi.nlm.nih.gov/pubmed/29954454
http://doi.org/10.1080/10408398.2018.1545218
http://www.ncbi.nlm.nih.gov/pubmed/30595036
http://doi.org/10.1016/j.clnu.2018.06.931
http://www.ncbi.nlm.nih.gov/pubmed/29960810
http://doi.org/10.1039/d0fo02748k
http://doi.org/10.5114/pg.2020.95556
http://doi.org/10.1016/j.clnu.2015.11.011
http://doi.org/10.1038/s41598-018-35014-1
http://doi.org/10.1038/s41598-017-12535-9
http://www.ncbi.nlm.nih.gov/pubmed/28935921
http://doi.org/10.1017/S0007114517000289
http://doi.org/10.2337/dc18-2248
http://www.ncbi.nlm.nih.gov/pubmed/30659070
http://doi.org/10.1111/jdi.12863
http://doi.org/10.1038/s41598-020-58129-w
http://doi.org/10.3389/fnagi.2016.00256
http://doi.org/10.1016/j.nut.2015.09.003
http://doi.org/10.1016/j.ctim.2015.12.010
http://www.ncbi.nlm.nih.gov/pubmed/26860809
http://doi.org/10.1080/1028415X.2019.1630985
http://doi.org/10.5812/ircmj.46017

Nutrients 2021, 13, 3211 22 of 22

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Cicero, A.EG.; Fogacci, F.; Bove, M.; Giovannini, M.; Borghi, C. Impact of a short-term synbiotic supplementation on metabolic
syndrome and systemic inflammation in elderly patients: A randomized placebo-controlled clinical trial. Eur. J. Nutr. 2021, 60,
655-663. [CrossRef] [PubMed]

Djaja, N.; Permadi, I.; Witjaksono, F.; Soewondo, P.; Abdullah, M.; Agustina, R.; Ali, S. The effect of Job’s tears-enriched yoghurt
on GLP-1, calprotectin, blood glucose levels and weight of patients with type 2 diabetes mellitus. Mediterr. |. Nutr. Metab. 2019,
12,163-171. [CrossRef]

Horvath, A.; Leber, B.; Feldbacher, N.; Tripolt, N.; Rainer, F; Blesl, A.; Trieb, M.; Marsche, G.; Sourij, H.; Stadlbauer, V. Effects of a
multispecies synbiotic on glucose metabolism, lipid marker, gut microbiome composition, gut permeability, and quality of life in
diabesity: A randomized, double-blind, placebo-controlled pilot study. Eur. . Nutr. 2020, 59, 2969-2983. [CrossRef] [PubMed]
Ebrahimi, Z.S.; Nasli-Esfahani, E.; Nadjarzade, A.; Mozaffari-Khosravi, H. Effect of symbiotic supplementation on glycemic
control, lipid profiles and microalbuminuria in patients with non-obese type 2 diabetes: A randomized, double-blind, clinical
trial. J. Diabetes Metab. Disord. 2017, 16, 23. [CrossRef]

Kassaian, N.; Feizi, A.; Rostami, S.; Aminorroaya, A.; Yaran, M.; Amini, M. The effects of six months supplementation with
probiotics and synbiotic on gut microbiota in the adults with prediabetes: A double blind randomized clinical trial. Nutrition
2020, 79-80, 110854. [CrossRef] [PubMed]

Neyrinck, A.M.; Rodriguez, J.; Taminiau, B.; Amadieu, C.; Herpin, E; Allaert, FA.; Cani, P.D.; Daube, G.; Bindels, L.B,;
Delzenne, N.M. Improvement of gastrointestinal discomfort and inflammatory status by a synbiotic in middle-aged adults: A
double-blind randomized placebo-controlled trial. Sci. Rep. 2021, 11, 2627. [CrossRef] [PubMed]

Cakir, M.; Aksel Isbilen, A.; Eyupoglu, I.; Sag, E.; Orem, A.; Mazlum Sen, T.; Kaklikkaya, N.; Kaya, G. Effects of long-term
synbiotic supplementation in addition to lifestyle changes in children with obesity-related non-alcoholic fatty liver disease. Turk.
J. Gastroenterol. 2017, 28, 377-383. [CrossRef]

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. [CrossRef]

Maykish, A.; Sikalidis, A.K. Utilization of hydroxyl-methyl butyrate, leucine, glutamine and arginine supplementation in
nutritional management of sarcopenia-implications and clinical considerations for type 2 diabetes mellitus risk modulation. J.
Pers. Med. 2020, 10, 19. [CrossRef]

Raqib, R.; Sarker, P; Mily, A.; Alam, N.H.; Arifuzzaman, A.S.; Rekha, R.S.; Andersson, J.; Gudmundsson, G.H.; Cravioto, A.;
Agerberth, B. Efficacy of sodium butyrate adjunct therapy in shigellosis: A randomized, double-blind, placebo-controlled clinical
trial. BMC Infect. Dis. 2012, 12, 111. [CrossRef]

Yao, K.; Zeng, L.; He, Q.; Wang, W.; Lei, J.; Zou, X. Effect of probiotics on glucose and lipid metabolism in type 2 diabetes mellitus:
A meta-analysis of 12 randomized controlled trials. Med. Sci. Monitor. 2017, 23, 3044-3053. [CrossRef]

Kocsis, T.; Molnar, B.; Nemeth, D.; Hegyi, P.; Szakacs, Z.; Balint, A.; Garami, A.; Soos, A.; Marta, K.; Solymar, M. Probiotics have
beneficial metabolic effects in patients with type 2 diabetes mellitus: A meta-analysis of randomized clinical trials. Sci. Rep. 2020,
10, 11787. [CrossRef] [PubMed]

Chen, Y.; Yue, R.; Zhang, B.; Li, Z.; Shui, J.; Huang, X. Effects of probiotics on blood glucose, biomarkers of inflammation and
oxidative stress in pregnant women with gestational diabetes mellitus: A meta-analysis of randomized controlled trials. Med.
Clin. 2020, 154, 199-206. [CrossRef] [PubMed]

Liang, Y.; Lin, C.; Huang, S.; Xu, Y. Traditional Chinese medicine and intestinal microbiota: A complementary and integrative
health approach to ameliorate obesity-related diseases. Holist. Nurs. Pract. 2019, 33, 259-265. [CrossRef] [PubMed]

Jin, T.; Song, Z.; Weng, ].; Fantus, I.G. Curcumin and other dietary polyphenols: Potential mechanisms of metabolic actions and
therapy for diabetes and obesity. Am. J. Physiol.-Endocrinol. Metab. 2018, 314, 201-205. [CrossRef]

Daniel, S.; Phillippi, D.; Schneider, L.J.; Nguyen, K.N.; Mirpuri, J.; Lund, A K. Exposure to diesel exhaust particles results in
altered lung microbial profiles, associated with increased reactive oxygen species/reactive nitrogen species and inflammation, in
C57Bl/6 wildtype mice on a high-fat diet. Part. Fibre Toxicol. 2021, 18, 3. [CrossRef]

Tan, Q.; Orsso, C.E.; Deehan, E.C.; Kung, ].Y.; Tun, H.M.; Wine, E.; Madsen, K.L.; Zwaigenbaum, L.; Haqq, A.M. Probiotics,
prebiotics, synbiotics, and fecal microbiota transplantation in the treatment of behavioral symptoms of autism spectrum disorder:
A systematic review. Autism Res. 2021, 1-17, in press. [CrossRef]

Dong, Y.; Xu, M.; Chen, L.; Bhochhibhoya, A. Probiotic foods and supplements interventions for metabolic syndromes: A
systematic review and meta-analysis of recent clinical trials. Ann. Nutr. Metab. 2019, 74, 224-241. [CrossRef]

Sitkin, S.; Pokrotnieks, J. Clinical potential of anti-inflammatory effects of Faecalibacterium prausnitzii and butyrate in inflamma-
tory bowel disease. Inflamm. Bowel. Dis. 2019, 25, 40-41. [CrossRef]

Magno, A.L.; Herat, L.Y.; Kiuchi, M.G.; Schlaich, M.P,; Ward, N.C.; Matthews, V.B. The influence of hypertensive therapies on circu-
lating factors: Clinical implications for SCFAs, FGF21, TNFSF14 and TNF-alpha. J. Clin. Med. 2020, 9, 2764. [CrossRef] [PubMed]


http://doi.org/10.1007/s00394-020-02271-8
http://www.ncbi.nlm.nih.gov/pubmed/32417946
http://doi.org/10.3233/MNM-180258
http://doi.org/10.1007/s00394-019-02135-w
http://www.ncbi.nlm.nih.gov/pubmed/31729622
http://doi.org/10.1186/s40200-017-0304-8
http://doi.org/10.1016/j.nut.2020.110854
http://www.ncbi.nlm.nih.gov/pubmed/32615392
http://doi.org/10.1038/s41598-020-80947-1
http://www.ncbi.nlm.nih.gov/pubmed/33514774
http://doi.org/10.5152/tjg.2017.17084
http://doi.org/10.1016/j.clnu.2018.11.034
http://doi.org/10.3390/jpm10010019
http://doi.org/10.1186/1471-2334-12-111
http://doi.org/10.12659/MSM.902600
http://doi.org/10.1038/s41598-020-68440-1
http://www.ncbi.nlm.nih.gov/pubmed/32678128
http://doi.org/10.1016/j.medcli.2019.05.041
http://www.ncbi.nlm.nih.gov/pubmed/31630848
http://doi.org/10.1097/HNP.0000000000000311
http://www.ncbi.nlm.nih.gov/pubmed/30648978
http://doi.org/10.1152/ajpendo.00285.2017
http://doi.org/10.1186/s12989-020-00393-9
http://doi.org/10.1002/aur.2560
http://doi.org/10.1159/000499028
http://doi.org/10.1093/ibd/izy258
http://doi.org/10.3390/jcm9092764
http://www.ncbi.nlm.nih.gov/pubmed/32858953

	Introduction 
	Bioactive Effects of Probiotics, Prebiotics, Synbiotics, and Postbiotics on Metabolic Diseases 
	Obesity 
	Type 2 and Gestational Diabetes Mellitus 
	Other Metabolic Diseases 

	Mechanisms of Probiotics, Prebiotics, Synbiotics, and Postbiotics on Metabolic Diseases by Targeting Gut Microbiota 
	The Modulation of Gut Microbiota Composition 
	The Regulation of Gut Microbial Metabolites 
	The Improvement of Intestinal Barrier Function 

	Clinical Effects of Probiotics, Prebiotics, Synbiotics, and Postbiotics on Metabolic Diseases 
	Obesity 
	Type 2 and Gestational Diabetes Mellitus 
	Other Metabolic Diseases 

	Conclusions 
	References

