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Abstract 
The intricate “orchestered molecular conversation” between the host and gut 
microbiome is one of the most dynamic research areas in recent years. The 
rhythmic chemical cross talk in the form of bioactive metabolites and signal-
ling molecules synthesized by gut microbiome plays a significant role for the 
modulation of human health in diversified ways. They are recognized as low 
molecular weight (LMW) molecules having versatile chemical attributes. They 
possess magnificent capability of interacting with surrounding environment 
and controlling the genes for various genetic, biochemical and physiological 
functions for maintaining the homeostasis that is now-a-days termed as 
“small molecules microbes originated (SMOM) homeostasis” in the host. 
These metabolic signatures have close structural and functional resemblance 
with small molecules synthesized by host eukaryotic cells and dietary compo-
nents. Therefore, they may be considered as universalized metabolites contri-
buting to the remarkable phenomenon of epigenetic regulation, cell to cell 
communication and stability of genome manifesting the overall growth and 
development of the host and known as “metabiotics”. The wide panorama of 
utilization of probiotics is continuously expanding and conferring the major 
health benefits through metabiotic components are gaining tremendous mo-
mentum therefore recognized as “hidden soldiers” of the body. Therefore 
firstly, we outline the need and types of metabiotic molecules and depicting 
their role in human health. Then, we summarize their preventive and thera-
peutic avenues in various diseases and finally, we propose the current tech-
nological interventions, bottlenecks and future perspectives in this field that 
are implied for accelerating their comprehensive understanding and utiliza-
tion at industrial scale. 
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1. Introduction 

The past decade revolutionizes the concept of humans as “superorganism” due 
to the presence of a myriad of microbial communities in the gut that leads to 
impart the significant beneficial implications on the well-being of human health 
[1]. This microbial consortium constitutes of various representatives of bacteria, 
archaea, viruses and fungi representing themselves as a highly complex ecosys-
tem. The hierarchical evolutionary relationship leads to the mutualistic rela-
tionship between the host and microbiome which gradually attains dynamism 
for controlling and coordinating the immune response, entire genetic and me-
tabolic signaling and overall health status of the host [2]. Figure 1 representing 
the various microbiomes present in the human body [3] [4] [5] [6] [7]. Among, 
the astounding array of microbial world, probiotics emerges as one of the widely 
acknowledged GRAS organisms utilized for the manipulation of gut microbiota 
for health benefits. The impressive potentially probiotics has been assessed in 
terms of health benefits, but the dilemmatic situation has been existed due to the 
risk associated with the consumption of probiotics due to their multiple me-
chanism of action which are dependent on specificity of strain and species uti-
lized [8]. Therefore, substantial efforts are required for thorough understanding 
of their positive interplay with the host as well as other gut microbial systems at 
the molecular level [9]. Research studies confirmed that there is fine choreo-
graphed molecular networking between the host and probiotics in the form of 
small “molecular cues”. They can significantly affect the entire microbiome as 
well as host physiology, metabolism and signaling pathways and their dynamic 
 

 
Figure 1. Overview of percentage of various microbiome in the human body. 
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control has been visualized on genetic framework from epigenetics to biochemi-
cal level [10] [11]. In the entire army of immune system of host they are acting 
as the “hidden soldiers” for the body. These “hidden soldiers” have been desig-
nated as “metabotics”, “biological drugs” [12], “biogenics”, “CFS” (Cell free su-
pernatants) “postbiotics” [13], “heat-killed probiotic” [14] or “pharmacobiotics” 
[15]. Though, the studies on various structural and functional aspects of meta-
biotics are in infancy but the continuum towards comprehensive studies paved 
the way for personalized molecular bio-therapeutic avenue for designing of nov-
el metabiotics with enhanced health benefits. Therefore, the present review ad-
dresses the emerging information of the molecular cross-talk of different probi-
otic’s metabolic signatures for their beneficial health implications. Though ap-
plications of metabiotics have opened a novel avenue for the development of de-
signer probiotics but contain numerous technological challenges. Therefore, 
considerable focus has been given for the areas of current progress and chal-
lenges as well as future perspectives for the effective implementation of metabio-
tics. 

2. Characteristics of Metabiotics 

The various research investigations of last twenty years speculated that gut mi-
croorganisms have remarkable ability to synthesize, detect and respond to dif-
ferent LMW bio-active molecules by metabolizing various endogenous and ex-
ogenous (dietary components) substrates [10] [16]. They are structurally diverse 
molecules either diffusible into the body fluids or permeable to the intestinal 
membrane and sometimes it requires specific receptors at the cell surface for 
their inception into the body. They act locally and systemic level to impart their 
beneficial effects by modulating the physiological and metabolic parameters in 
the host cell. They may be exclusive signaling molecules, metabolites or mole-
cules comprising metabolic or signalling activity simultaneously [11]. Figure 2 
summarizes the characteristics of metabiotics. Recent investigations revealed 
that these molecules composed of different chemical structures and different 
origins but have possibility of same targets for their action. They act synergisti-
cally by expressing structural and regulatory genes for both microbial as well as 
host cells coordinating the positive interplay between host/microbe and micro-
be/microbe cross talk. They also regulate the metagenome stability, 
post-translation modification of gene products and epigenetic regulation to 
maintain the general health of an individual. Therefore, the enormous potential-
ity of these hidden molecules can be manifested for the improvement in func-
tionality and bioavailability of probiotics and other beneficial gut microbes [10] 
[11]. 

3. Mechanism of Action of Metabiotics 

The potential therapeutic role conferred by metabioitcs leads to the paradigmatic 
shift in the studies emerging in this direction. Though the studies are at their 
early stage of infancy it will take more time to completely unravel their potential  
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Figure 2. Characteristics of metabiotics. 

 
mechanism of action. The overwhelming studies hypothesized that the diversi-
fied biological function of metabiotics may be a result of epigenetic modifica-
tions that subsequently affect various biochemical and signaling pathways leads 
to the positive modulation in various physiological process of the host. The var-
ious epigenetic processes like DNA methylation, phosphorylation, biotinylation, 
histone acetylation and RNA interference has been involved for carrying out the 
epigenetic control of the host cell responses [17] [18]. These modifications con-
fers significant effect on various biochemical process like immunomodulation, 
competitive exclusion, regulating epithelial cell barrier function, interfering qu-
orum sensing molecules. Further these biochemical modifications can lead to 
exert their beneficial role in the prevention of various deadly diseases like, can-
cers, IBD, auto-immune disorders, life style disorders etc. [19]. The overview of 
their mechanism of action has been represented in Figure 3. 

4. Types of Metabiotics 

The potential health benefits of probiotics have been documented in a plethora 
of research publications till date. The current knowledge accumulated for un-
derstanding the mode of action of probiotics has been possible by studying their 
molecular languages as metabiotic components. Various low molecular weight 
(LMW) molecules of different chemical manifestations have been visualized for 
their devastating health implications [20]. They are composed of wide arena of 
molecules including bacteriocines, SCFAs, surface and exogenous proteins, po-
lysaccharides, lectins, miRNA, amino acids, lactones, quorum sensing signals, 
anti-oxidants, vitamins, serpins, NO and receptors for adhesion, GABA etc. [10] 
[11] [21]. The detailed overview of these metabiotic is shown in Figure 4 com-
ponents is mentioned below: 

4.1. Shot Chain Fatty Acids (SCFAs) 

They are classified as metabolic end products released by utilizing the complex 
non-digestible carbohydrates as substrates though gut microbial fermentation  
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Figure 3. Mechanism of action of metabiotics. 

 

 
Figure 4. Types of metabiotics. 

https://doi.org/10.4236/abb.2018.94012


A. Singh et al. 
 

 

DOI: 10.4236/abb.2018.94012 152 Advances in Bioscience and Biotechnology 
 

process [22]. These molecules are known as short-chain fatty acids (SCFAs), in-
cluding lactic acid, propionic acid, acetic acid, succinic acid and butyric acid 
[23]. The structures of various SCFAs are depicted in Figure 5. The concentra-
tion of SCFA in the gut lumen varies between 20 - 140 mM due to microbial 
composition, fiber rich dietary molecules and intestinal retention time of the 
microbial populations. They are acting as excellent energy sources for the gut 
microbiome as well as intestinal epithelial cells and perform various regulatory 
functions in maintaining the physiology and immunity of the host cells [24]. 
Therefore, nowadays they are recognized as important category of therapeutic 
molecules and represented themselves as “epigenetic drugs” as anti-cancer and 
anti-inflammatory agents [25] [26]. They also perform the function of signaling 
molecules by acting the ligands for ligands for G protein-coupled receptors 
(GPCRs) and inhibitors of histone deacetylases (HDACs) [22] [23]. They are 
acting as positive modulator for the treatment of antibiotic-associated diarrhea, 
crohn’s disease, ulcerative colitis, obesity and cholesterol reduction. These mo-
lecules have been successfully applied for the therapeutic intervention of treat-
ment of various inflammatory disorders and also help in alleviation of insulin 
resistance and obesity [27]. Though the exact mechanism of their action is yet to 
be fully elucidated but their capability of modifying the epigenome will drive the 
more comprehensive understanding of their health promoting attributes. 

4.1.1. Polyamines 
These are polycationic and highly reactive molecules ubiquitously present in all 
living cells [28]. They are the manifestations of the dietary interventions as well 
as synthesized by host and gut microbial cells. They are deployed for variety of 
biological functions affecting the phenomenon of transcription to translation as 
well as cellular differentiation to cellular death. These include molecules such as 
putrescine, spermidine and spermine molecules and their metabolism plays a 
central role in the immunomodulation [29]. The structures of putrescine, sper-
midine and spermine are depicted in Figure 6. Therefore, their synthesis must 
be stringently controlled by the host through different regulatory mechanisms. 
They mediate the function of maintaining the integrity of the IEC barrier by 
stimulating the production of intercellular junction proteins like zonula occlu-
dens 1 (ZO1; also known as TJP1), occludin and E-cadherin (also known as 
cadherin 1) [30]. Research studies also elucidated their considerable role in co-
lorectal, skin, prostrate, and breast cancer and various inflammatory disorders 
[31]. They plays considerable role in maintaining the adaptive and mucosal im-
munity. The aberrations in polyamine metabolism lead to the devastating effect 
on the neurological behavior of the host. Various research studies have demon-
strated that there is synergism between the polyamines derived from host as well 
as bacteria that promote the well-being of the host cell however, perturbations in 
their metabolism influences the health of the host is still the matter of intensive 
investigations. 
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Figure 5. Structures of various Short Chain Fatty Acids. 

 

 
Figure 6. Structures of various Polyamines. 

4.1.2. Bacteriocins 
Bacteriocins are heterogeneous group of anti-microbial peptides produced by all 
lineages of archaea and bacteria. The common examples of bacteriocin produc-
ing bacteria are E. coli, C. freundii, L.acidophilus, L. casei, L. plantarum, Halo-
bacteria.Their physical and chemical varsities leads to the different types of bac-
teriocins in terms of molecular size, target cell receptors, mode of action, heat 
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and temperature stability and immunity mechanisms [32]. The production of 
bacteriocins has been considered as an essential trait for the selection of probi-
otic strains for the inhibition of pathogens and considered as potential food pre-
servative but nowadays intriguing evidence indicated that these molecules may 
function in diversified ways in the gastrointestinal tract. In the recent experi-
mental studies, it was shown that the bacteriocin produced from Lactobacillus 
salivarius UCC118 was able to modulate the microbiota of gastro-intestinal tract 
in diet-induced obese mice, while no such changes were observed in its bacteri-
ocin-free derivative thereby confirming their potential role in health promoting 
activity and positive modulation of gut microbiome [33]. Owing to their an-
ti-microbial nature, the current intervention of nanotechnology and genetic en-
gineering leads to the new possibilities for consideration of bacteriocins as “next 
generation antibiotics” [34]. These molecules opened the exciting field for novel 
drug delivery systems for the treatment of cancer as well as play a significant role 
in the regulation of quorum sensing phenomenon in gut microbial ecosystem. 
Some bacteriocins like subtilosin A from Bacillus subtilis have been reported to 
possess the anti-viral and spermicidal activities [35]. A variety of other an-
ti-microbial actions have been documented for the various probiotics species to 
combat infections like urogenital tract infections [36] [37], Clostridium [38], 
L.monocytogenes [39] [40], candidiasis and mastitis infection [41], gastrointes-
tinal and pneumococcal infections [42] [43]. Tough the food preservation has 
been considered the major application of the bacteriocins but growing know-
ledge regarding their structural and functional diversity leads to various at-
tempts for elucidating either the more comprehensive functions or improves the 
functionality of these molecules nowadays [44]. 

4.1.3. Cell Surface Molecules 
The cell surface architecture of probiotic constitutes various surface-active mo-
lecules like polysaccharides, surface layer proteins, pilli, fimbriae and flagella. 
The surface properties of these micro-organisms depend on various environ-
mental conditions that are likely to affect the compositional, organizational and 
conformational changes at the bacterial cell surface and are consequently affect-
ing various health modulating properties [45]. Now-a-days numerous attempts 
have been undertaken for in-depth understanding of their metabiotic implica-
tions as health promoting activities that at some extent solve the quest for dy-
namicity of the action of gut microbiome. The various metabiotic properties of 
cell surface molecules are mentioned here under: 

4.1.4. Polysaccharides 
The most varied macromolecule which is present at the bacterial cell surface is 
polysaccharides and their major functions have been ascribed for maintaining 
microbial integrity and survival. These include structural polysaccharides con-
stituting cell wall components, viz. lipopolysaccharides (LPSs), peptidoglycans, 
lipotechoic acids and capsular polysaccharides (CPSs) that are covalently bonded 
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with cell surface or secreted into the extracellular environment in the form of 
exopolysaccharides (EPSs). Currently, the research studies confirmed that EPS 
plays an important role in bacterial adhesion properties and acts as an-
ti-bacterial, anti-tumor and anti-inflammatory molecules by the modulation of 
immune cells. Recently, EPS produced by the Lactobacillus species have been 
visualized to alleviate the experimental colitis in a dose-dependent manner [46]. 
Similarly, amelioration of the collagen induced arthritis has also been reported 
by the EPS from L. rhamnosus KL37 [47]. Moreover, EPS from Lactobacillus 
strains (L. reuteri 115, L. johnsonii 142, L. animalis 148) and Bifidobacterium 
longum 35,624 have been reported to induce the cytokine production from the 
macrophages confirming their role as anti-inflammatory molecules. Similarly, 
capsular polysaccharides (CPS) produced by Bacteroides fragilis has been re-
ported to confer modulatory effects on innate and adaptive immunity. The most 
distinct polysaccharide is PSA and has been found to regulate the imbalance 
between (TH1) cells and TH2 cells in gnotobiotic mouse model [48]. It also 
suppresses inflammation by inducing the production of IL-10 by activated CD4+ 
T cells in the preclinical models of colitis. Moreover, lipoteichoic acids (LTA), 
structurally diversified polysaccharide possesses various immuno-regulatory 
properties. It confers strong anti-inflammatory effect by activating macrophages 
and dendritic cells (DCs) through Toll like receptors (TLR2) [49]. In addition to 
that, “wonder wall” of bacteria known as peptidoglycan (PG) also possess health 
promoting attributes. The anti-colon cancer activity was demonstrated by the 
peptidoglycan of L.paracasei subsp. paracasei X12 (X12-PG) [50]. Similarly, the 
alleviation of chronic intestinal inflammation has been observed by the polysac-
charide-peptidoglycan complex (PSPG) of L.casei subsp. shirota [51]. Moreover, 
the integrity and survival of intestinal epithelial cells were maintained by pepti-
doglycans of probiotic L. rhamnosus GG viz., Msp1 (p 75) and Msp2 (p 40), in 
pro-inflammatory conditions [52]. Therefore, probiotic originated polysaccha-
rides have diversified metabiotic effects but still need more detailed investiga-
tions. 

4.1.5. Surface Layer Proteins 
Surface layer proteins is one of the important constituent of the outermost cell 
envelope structures found on the surface of Lactobacillus and other probiotic 
bacterial species. They are manifested to regulate various signaling pathways and 
cellular process that leads to the devastating effects on the genetic expression 
and beneficial modulation on the physiology of the cells [53]. Research studies 
speculated that variety of effector molecules in the form of cytokines or antibac-
terial peptides (defensins), chemokines, pseudopods, mucins etc. has been in-
duced by the surface layer proteins. Their significant role in the adhesion to ga-
strointestinal mucosa and subsequent modulation of immune systems has been 
well established. Among the wide arena of these proteins, only a few of them 
have been experimentally characterized till date. Further exhaustive studies are 
needed to identify these proteins and their positive implications at molecular 
level. 
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4.1.6. Pilli, Fimbriae and Flagella 
These are defined as long proteinaceous extracellular appendages extending 
from the bacterial surface and play significant role in adhesion, biofilm forma-
tion and host colonization. Recently the key adhesion protein of the L. rhamno-
sus GG pilus, SpaC has been demonstrated to show strong binding with two 
extracellular proteins i.e .mucin and collagen as well as promote bacterial aggre-
gation phenomenon [54]. Similarly, the strong adhesion ability has been shown 
by the pili of L. lactis to intestinal epithelial cells (Caco-2) [55]. Therefore, in a 
nut shell, as surface protruding molecules they play vital role in the adhesion of 
probiotic species to their respective host cells and promotes immuno-modulatory 
functions. 

4.1.7. Neurotransmitters 
The gut microbiome has been symbiotically associated with the host early in the 
life and underwent rigorous process of development throughout the life span. 
The role of neuroactive compounds produced by the gut microbiome for mod-
ulating the neuronal signaling within the enteric nervous system that conse-
quently affects the signaling in brain correlating the gut-brain axis has been cur-
rently unraveled. A wide spectrum of neuro-stimulating compounds is produced 
by microbial fraternity that mediates the neurodevelopment and leads to the 
positive mental health outcomes throughout the life span. For example, 
γ-aminobutyric acid (GABA) acts as the major inhibitory neurotransmitter and 
secreted by Lactobacillus spp. and Bifidobacterium spp. improves the protein 
synthesis, concentration of growth hormones in the brain and regulate the lipid 
levels in serum [56]. Another neuroactive molecule produced by Escherichia 
spp. and Bacillus spp. is nor-epinephrine that regulates the cognitive, motor and 
endocrine control in the host cell [57]. Furthermore, serotonin, a major neuro-
transmitter that controls the “emotional overhaul” that is produced by Strepto-
coccus, Enterococcus, Lactococcus, Escherichia, and Lactobacillus species [58]. 
In addition to that, acetycholine that is secreted by Lactobacillus and Bacillus 
species is responsible for major functions related to memory and learning. 
Moreover, histamine produced by Streptococcus, Lactobacillus, Lactococcus, 
and Enterococcus species imparts significant role in sleep related disorders while 
dopamine produced by Escherichia, Bacillus, Lactobacillus, Streptoococcus spe-
cies affects the neuronal signaling in depression, anxiety, parkinson’s disease and 
alzheimer disease [59]. Though the expanding knowledge regarding the protec-
tive neuro-modulatory role has been envisaged nowadays but still lots of efforts 
are required for exploring the capacity of microbial inhabitants as factories for 
the production of neuro-active metabolites. 

4.1.8. Long Chain Fatty Acids (LCFA) 
The major structural component of the lipid bilayer of the plasma membrane of 
neuron is long-chain fatty acids (LC-PUFAs) that includes arachidonic acid 
(AA, C20:4n-6) and docosahexaenoic acid (DHA, C22:6n-3) plays vital role in 
neurotransmission. These are important fatty acids for neurological develop-
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ment and affects regulation of ion channels and neuro-receptors. Research stu-
dies reported that administration of probiotics like Bifidobacterium breve strain, 
B. breve NCIMB702258 imparted significant effect on the composition of fatty 
acid in brain [60]. In addition to that, several research investigations supported 
that conjugated linoleic acid (CLA) has been attributed for its anti-obesity, an-
ti-carcinogenic, anti-atherosclerotic, immune-modulatory and anti-angiogenic ac-
tivities. Research studies gave strong evidence that the cis-9, trans-11 (c9, t11) 
isomer of CLA has been produced from free linoleic acid by the probiotic B. 
breve and L. plantarum strains [61]. Furthermore, the suppression of colitis has 
been visualized by the administration of probiotic mixture VSL#3 in mice [62]. 
It was reported that this improvement has been manifested by the elevated con-
centration of c9, t11 CLA by activating peroxisome proliferator-activated recep-
tor gamma (PPAR γ) in macrophages. Therefore, LC-PUFA may possibly have 
therapeutic potential for preventing/treating the neurophysiological conditions. 

4.2. Quorum Sensing Molecules 

The phenomenon of orchestrated communication and expression of genetic 
language by different signaling molecules within the bacterial community is de-
fined as quorum sensing. The diversity of these signaling molecules among gram 
positive and gram negative bacteria confers different functionality in the respec-
tive systems [63]. Within the realm of their positive health implications, several 
bioactive peptides have been identified that have been deployed for beneficial 
impact on the host health. Recent research investigations reported that an au-
to-inducer (furanosyl borate diester, AI-2) molecule of E. coli Nissle 1917 was 
found to induce the anti-inflammatory cytokines in acute colitis in a mouse 
model [64]. The significant contribution of AI-2 signaling molecule of probiotic 
Lactobacillus species has been well established by reduction in the adherence 
potential of this microbial population to IECs when luxS gene has been dis-
rupted [65]. Similarly, the anti-cancer potential of a QS system related peptide 
(CHWPR) of B. animalis subsp. lactis BB-12 has been reported. This peptide 
enhances the expression of c-myc, and IL-6 genes in somatic cells that plays im-
portant role in regulation of cancer and serves as an anti- and pro-inflammatory 
cytokine, respectively [66]. In addition to that, cyclic thiolactone autoinducing 
peptide (CVGIW) encoded by the lamBDCA operon of L. plantarum WCFS1 
has been reported to regulate the adhesion capability of this strain with intestinal 
epithelial cells. Furthermore, the capability of competitive pathogen exclusion by 
L. acidophilus NCFM has been demonstrated by enhanced transcription of the 
luxS gene after co-cultivation with Listeria monocytogenes cells [67]. Based on 
the above information, it can be concluded that the quorum sensing molecules 
significantly affect the functioning of probiotics and may act as potential meta-
biotic components however the detailed knowledge has been clearly required. 

4.2.1. AHR Ligands 
Aryl hydrocarbon receptor (AHR) is known as transcription factor induced by 
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the ligand and is expressed by epithelial cells, immune cells and some tumor 
cells and plays significant role in the regulation of mucosal immune responses. 
Research studies gave surmounting evidence that an absence of AHR ligands 
leads to the perturbations in gut microbial system resulting in the enhanced 
immunopathology and colonic inflammation [30]. The postnatal proliferation of 
intestinal lymphoid follicles (ILF) and specific innate lymphoid cell (ILC) popu-
lations has also been mediated by the AHR activation which was required for al-
leviation of the infection caused by Citrobacter rodentium [68]. Currently, it has 
been realized that there is strong interplay between host-microbial mutualism 
for adequate signalling of AHR molecules. The diet and gut microbial composi-
tion plays regulatory role in the activation of AHR. Till date, it was reported that 
Lactobacilli spp., can metabolize dietary tryptophan and produce AHR ligands 
that can stimulate ILCs [69]. The activation of ILC leads to the production of 
IL-22 that in turns enhances the expression of AMPs required for the inhibition 
of opportunistic fungus Candida albicans [70]. Furthermore, it also protects 
from inflammation at mucosal interfaces but future research must be warranted 
for exploring their potential for the treatment of infectious and inflammatory 
disorders. 

4.2.2. Bioactive Peptides 
The great interest has been spurred on bioactive peptides present naturally in the 
food matrices that can be encrypted through the microbial proteolytic systems 
from their proteinaceous counterpart. A wide spectrum of remarkable functions 
has been credited to their account that includes antithrombotic, an-
ti-hypertensive, immune-modulating, osteoprotective, anti-lipemic properties, 
antioxidants, opioid and opioid antagonists, angiotensin-converting enzyme in-
hibitors [71]. Recent research envisaged that these peptides also play significant 
role in protein folding, regulation of cell cycle and apoptosis. The enzymatic 
pool of human digestive system including chymotrypsin, pepsin, pancreatin, 
thermolysin and alcalase has been used to release the bioactive peptides from 
various proteins that can be absorbed by the gut and then reach peripheral or-
gans [72]. Besides that, the proteolytic system of Lactic acid bacteria (LAB) sig-
nificantly contributes the release of bioactive peptides either into the food matrix 
or in the gut. Bioactive peptides with various functionalities have been identified 
in several dairy-products such as cheese, fermented milk, milk protein hydroly-
sates and various meat products [73]. Their origin and various functionalities are 
summarized in Table 1 [74]-[79]. 

4.2.3. Vitamins 
Vitamins are indispensible micronutrients required for healthy metabolism. The 
dieatray interventions are required for the vitamins as humans are not capable of 
synthesizing most vitamins. Probiotic bacteria (e.g., Lactococcus lactis, Lactoba-
cillus gasseri, and Lactobacillus reuteri) and Bifidobacterium (e.g., B. adolescen-
tis) Propionibacteria freudenreichii, and members of the gut microbiota [80] are 
able to synthesize vitamin K and water-soluble B vitamins such as folates,  
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Table 1. The functionality of various bioactive peptides derived from probiotics. 

PRODUCT FUNCTIONALITY PEPTIDE SEQUENCE REFERENCES 

Meat (Proteolysis,  
oxidation) 

ACE-I activity 

APPPPAEVFEVHEEVH, 
PPPAEVTEVHEEVH, 

IPTTAAKASRNIA, LPLGC,  
FAGGRGG, APPPPAEPP 

[74] [75] [76] 

Meat (Enzymatic  
hydrolysis) 

ACE-I antioxidant, 
antithrombotic,  
antimicrobial &  
anticancerous 

KRQKYD, EKERERQ, KAPVA,  
PTPVT, RPR, GLSDGEWQ, GFHI,  

DFHING, FHG 
[77] [78] 

Meat (Cooking) ACE-I activity 
SPLPPPE, EGPQGPPGPVG, 

PGLIGARGBPGP 
[75] 

Sour milk 
Reduction of blood 

pressure 
VPP, IPP [44] 

Fermented milk  
(Calcium 
enriched) 

Reduction of blood 
pressure 

VPP, IPP [44] 

Hydrolysed whey 
protein isolate 

Reduction of blood 
pressure 

Whey peptides [44] 

Whey protein 
Anticancerous,  
antimicrobial 

AMKPWIQPKTKVIPYVRYLKPWIQPKT
KVIPYVRYL, LKKISQRYQKFALPQY, 

FKCRRWQWRM, IKHQGLPQE, 
VLNENLLR, SDIPNPIGSEN, SEK 

[44] 

Fermented 
low-fat hard 

cheese 

Reduction of blood 
pressure 

MRLLILTCLVAVALARPKLPLRYPERLQ
NPSESSEPIPLESREEYMNGMNRQRNIL

REKQTDEIKDTRNESTQNCVVAE-
PEKMESSISSSSEEMSLSKCAEQFCRaL-
NEYNQLQLQAAHAQEQIRRMNENSH
VQVPFQQLNQLAAYPYAVWYYPQIM
QYVPFPPFSDISNPTAHENYEKNNVML

QW, RPKHPI 

[44] 

 
biotin, nicotinic acid, cobalamine, riboflavin, thiamine, pyridoxine and panto-
thenic acid in humans [81] [82]. Therefore, the magnificent property of probio-
tics for the production of vitamins has been envisaged as sustainable alternative 
for the bio-fortification as compared with chemically synthesized pseudovita-
mins. 

4.2.4. Miscellaneous 
The continuous cross talk between gut ecosystem and host cells has been strin-
gently controlled by the mutual exchange of small molecular weight molecules 
that have beneficial health implications. Among the plethora of these molecules 
various other metabolites secreted by probiotic community are utilized for the 
well-being of the host cells. For example, lectins present in the surface of probi-
otic organisms are active regulators of metabolism, facilitate the adhesion 
process and induces various signaling pathways. Moreover, plasmogens, a gly-
cerophospholipid present in cytoplasmic membrane of B. animalis subsp. lactis 
[83] has served the function of potential antioxidant and confers protective role 
in various neurodegenerative disorders like down syndrome [84] Alzheimer dis-
ease [85], experimental autoimmune encephalomyelitis [86] and Parkinson’s 
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disease [87]. Furthermore, research studies envisaged the beneficial functions of 
nucleotides of probiotic organisms that includes as some anti-aging molecules, 
memory improvement, enhancement of disease resistance, improvement of the 
growth rate. In addition to that, studies have also reported that small interfering 
RNAs has been utilized for inhibition of HIV, influenza infection and hepatitis 
[88]. In continuation with this, certain amino acid derivatives including seleno-
cysteines and selenomethionines, have been reported to be synthesized in yeasts 
and Lactobacilli [89]. They have been found to play protective role against can-
cer, counteract oxidative stress and activate anabolic pathways of thyroid hor-
mone biosynthesis and modulate immune system. Based on the above discus-
sion, metabiotics possess remarkable credentials in terms of beneficial health as-
pects and act through varied mechanisms in the human body but more and 
more in-depth studies must be warranted for their validation and commercial 
scale utilization. 

5. Beneficial Implications of Metabiotics 
5.1. Role of Metabiotics in Neuromodulation 

The myriad of microbial population residing in gut constitutes a complex neural 
network known as enteric nervous system. Their main function can be relayed to 
modulate the communication between the gut and the central nervous system in 
both gut-to-brain and a brain-to-gut direction that is nowadays recognized as 
“gut-brain axis”. The marvellous coordination between the brain, gut and im-
mune and endocrine system express complete neuro-homeostasis of an individ-
ual. This communication is mediated by the production of neuroactive and 
neuroendocrine molecules such as GABA, acetylcholine, serotonin, dopamine, 
histamine, noradrenaline and adrenaline by gut microbial communities. The 
various metabolites and their producing organism having diversified neuromo-
dulatory effects are summarized in Table 2 [89]-[102]. The disruptions in the 
gut-brain axis have been associated with neurological disorders like depression, 
alterations in the cognitive ability, Alzheimer’s, Parkinson’s, Autism spectral 
disorders. Therefore, investigations on the various neuromodulatory molecules 
as metabiotic components released by the gut microbial species have been of 
immense interest nowadays. The effects of these molecules on the various neu-
rological disorders are summarized below: 

5.1.1. Autism Spectrum Disorder 
Autism spectrum disorders (ASDs) are neurodevelopmental disorders characte-
rized by dysfunctioning in communication skills and social interaction [103] 
[104]. Though various genetic and environmental factors play significant role in 
the development of ASD but perturbations in gastrointestinal (GI) integrity due 
to alteration in gut microbiota has been strongly linked to the development of 
ASD [105]. Research studies demonstrated the fact that reduction in the popula-
tion of probiotics like Akkermansia muciniphila and Bifidobacterium spp. has 
been observed in the gut of ASD patients. Furthermore, similar social 
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Table 2. Neuromodulatory activity of various metabiotics. 

METABOLITES SOURCE FUNCTION 

GABA Lactobacillus, Bifidobacterium 
Inhibitory neurotransmitters,  

prevents anxiety & depression [82] 

Serotonin 
Streptococcus, Escherichia, 
enterococci, Enterococcus, 
Lactococcus, Lactobacillus 

Neurotransmitter, control  
emotion [83] [84] 

Norepinephrine Bacillus 
Neurotransmitters, central nervous 
and endocrine regulation [83] [85] 

Acetylcholine Lactobacillus, Bacillus 
Act on neurotransmitters, involved in 

learning & memory [86] [87] 

Histamine 
Lactobacillus, Lactococcus, 

Streptococcus, Enterococcus 

Regulating neurotransmitter,  
associated to sleep & cognitive  

function [88] [89] 

IPA Clostridium, C. sporogenes 
Antioxidant, safeguard neurons  

[90] [91] 

SCFA  
(Short chain fatty acid) 

Bacteroides, Bifidobacterium, 
Propionibacterium, Eubacterium, 

Lactobacillus, Clostridium, 
Roseburia, Prevotella 

Provide energy, regulate endothelial 
cell function, aids in synthesis & 
secretion of neurotransmitters & 

hormones, reduce inflammation [92] 

BMAA Cyanobacteria 
Related to neurotoxicity, neuronal 
damage & misfolded proteins [93] 

Endotoxin Gram-negative bacteria 
Induce inflammation, release  
abundant cytokines [94] [95] 

Dopamine 
Escherichia, Bacillus, Lactococcus, 

Lactobacillus, Streptococcus 
System-wide target, associated with 
PD, AD, depression [83] [84] [85] 

 
deficit behaviours like ASD has also been observed in germ-free mice suggesting 
that the microbiota plays vital role in the development of social behaviour and 
the etiology of ASDs [106]. In addition to that, amelioration of some behavioural 
dysfunction has been observed by the administration of Bacteroides fragilis in 
early adolescence period in a mouse model of autism. Moreover, the increase in 
the synthesis of dopamine and its related catecholamines through induction of 
tyrosine hydroxylase by SCFA released by various probiotic species also mod-
ulate the symptoms of ASD. The more detailed investigations are required for 
understating the potential link between microbiota and autism. 

5.1.2. Anxiety and Depression 
The traumatic life events accompanied with chronic stress leads to the depres-
sion and anxiety like neurological disorders. Recent research studies highlighted 
the importance of probiotics for the alleviation of depression. It has been re-
ported that the dysfunctioning of Gamma-aminobutyric acid (GABA) in the 
brain has been linked to anxiety and depression. Recently, it has been demon-
strated that some strains of Lactobacilli and Bifidobacteria produce GABA from 
monosodium glutamate (MSG) and imparts considerable effect on the brain-gut 
axis [98]. Similarly, administration of L. rhamnosus JB-1 to mice resulted in di-
minished anxiety and depression-related behaviour due to the altered patterns of 
GABA receptors in the brain and reduction in stress-induced corticosterone 
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[107]. In addition to that, similar antidepressant effect of GABA has been seen as 
compared with fluoxetine by the administration of black soybean milk enriched 
with GABA which is produced by L. brevis FPA3709 into the rats without the 
side effects of appetite loss and decreased weight [108]. Moreover, serotonin lev-
el also regulates the depression and mood. Some research studies indicated that 
probiotic bacteria can synthesize serotonin or induce its production by the host. 
Therefore, these metabiotic components described above could be suitable al-
ternatives as non-conventional anti-depressants but still the careful futuristic 
studies are needed for their efficacy and dose in the humans. 

5.1.3. Cognition 
Cognition, one of the important physiological phenomenon that depicts the 
thought process for executing decisive ability and problem-solving function that 
is affected in serious neurological disorders like schizophrenia, depression, Alz-
heimer’s disease, Parkinson’s disease. Despite great advances has been seen for 
the enhanced understanding towards the cognitive process but still multitude 
symptoms of the cognitive deficit has been challenging due to less efficient 
treatment modalities. Currently, the role of microbiota in alleviating the cogni-
tion deficits has been greatly acknowledged [109]. It was hypothesized that the 
neuroactive metabolites produced by the probiotics and other gut microbial spe-
cies enhance the cognitive process. It has been envisaged that there has been en-
hancement of memory after the treatment with probiotics in naive rodents and 
where memory deficits has been observed after the stress exposure and infection 
with Citrobacter rodentium in the same organism. Furthermore, histamine se-
creted by various probiotic species like Streptococcus, Enterococcus, Lactococ-
cus, Lactobacillus, Pediococcus plays important roles in cognitive function. The 
alterations in histamine level in temporal cortex, hippocampus and hypothala-
mus in Alzheimer’s disease leads to the degeneration of histaminergic neurons 
affecting the cognitive functions further confirms its potential role. Moreover, 
acetylcholine a well-known neurotransmitter synthesized in CNS but also pro-
duced by the strain of L. plantarum. It plays a critical role in cognitive function, 
particularly in memory and learning. Therefore, these molecules may be utilized 
as potential metabiotic components for enhancing the cognitive performance 
but detailed studies have been warranted in clinical and preclinical models. 

5.1.4. Alzheimer’s Diseases 
Alzheimer’s disease (AD) is currently recognized as the chronic neurodegenera-
tive disorder not limited to the ageing population but also affects younger gen-
eration. There is interplay between the several genetic and environmental rea-
sons that can be correlated with the pathogenesis of AD but the deposition of 
extracellular β amyloid (Aβ) senile plaques (SP) and intracellular neurofibrallary 
tangles (NFT) has been recognized as the major factors for contributing the dis-
ease development [110] [111]. Recent research investigations emphasized the 
role of gut microbiome as the major environmental factor for affecting this dis-
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ease [110]. The research studies revealed that by the administration of 
L.johnsonii in host ileum leads to the delayed progression of this disease due to 
the secretion of anti-inflammatory cytokines. Moreover the SCFAs like butyrate 
and propionate secreted by L. rhamnosus, L. reuteri and Bacterioides fragilis 
modulate the cholinergic neuronal signalling and anti-inflammatory pathway of 
the vagus nerves of the brain suppressing the effect of AD. Furthermore, the role 
of suppression of the oxidative stress markers released by L. acidophilus and 
L.casei species also confirms their significant role in the reduction of AD [110]. 
Moreover, the prominent role of indole-3-propionic acid (IPA) as a treatment 
modality for AD has been recently come into limelight. It acts as a powerful an-
tioxidant by protecting neurons and neuroblastoma cells against oxidative dam-
age and produced by gut microbiome [112]. In addition to that ferulic acid re-
leased by some Lactobacillus species has been demonstrated their beneficial 
health effects by reduction in deposition of β amyloid plaques, reversal of mem-
ory deficits, improves cognition and affecting the acetylcholine esterase activity. 
FA also plays important role in the restoration of antioxidant genes and expres-
sion of HSP 70 [113]. These all factors play important role in the etiology of AD 
and based on these research speculations the bioactive metabolites produced by 
gut microbial species plays a supporting role for the suppression of AD. 

5.1.5. Parkinson’s Disease 
Parkinson’s disease (PD) is a complex neurodegenerative disease manifested by 
motor impairments [114]. Though the disease is known to be idiopathic, per-
turbations in gastrointestinal function due to the accumulation of al-
pha-synuclein and subsequent mucosal inflammation have been implicated as 
major reason for the onset of this disease. The research studies thoroughly sup-
ported the fact that there is active involvement of enteric nervous system in pa-
thological progression of this disease towards the central nervous system [115]. 
Currently, the research investigations related to use of probiotics and other gut 
microbiome in direct correlation with preventive or therapeutic modalities has 
been found to be very limited. Some studies have shown that butyrate an impor-
tant SCFA as neuroactive molecules has been found to improve the reduction in 
the degeneration of dopaminergic neurons and pre-motor cognitive deficits that 
leads to prevention from early mortality. Furthermore, the anti-inflammatory 
and antioxidant property of ferulic acid leads to the inhibition of lipid and pro-
tein oxidation and down regulates the synthesis of pro-inflammatory cytokines. 
Some research studies also demonstrated that the administration of Lactobacil-
lus casei shirota alleviates the symptoms of constipation severity from the pa-
tients suffering from PD [116]. Therefore, based on the above speculations it can 
be concluded that metabolites from probiotics may serve as a powerful tool to 
improve the GI dysfunction, bacterial translocation, protects from neu-
ro-degeneration and alleviate neuro-inflammation that may leads to the sup-
pression of Parkinson’s disease. 
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5.2. Role of Metabiotics in Protecting Auto-Immunity 

Autoimmunity is defined as the phenomenon of recognizing the own body cells 
as an antigen through the production of auto-antibodies in certain tissues. The 
growing complications associated with auto-immune disorders are on the rise 
worldwide. These disorders include rheumatoid arthritis (RA), diabetes, system-
ic lupus erthrymatosus (SLE), autoimmune encephalomyelitis (EAE), Grave’s 
disease and inflammatory bowel disease (IBD) [117] [118]. The various genetic 
and environmental reasons are associated with the serious health outcomes 
[119]. Recent research envisaged the considerable role of gut microbiome in the 
progression as well as prophylactic measures for abrogating these complex dis-
orders. In fact, the altered gut microbiome represented themselves as diagnostic 
markers for these diseases. For example, studies reported that in the RA patients, 
the levels of opportunistic pathogens such as Enterobacterium and Staphylo-
coccus were increased while reduced levels were observed for the strains such as 
Lactobacillus, Bifidobacterium, Bacteroides [120]. Similarly, reduced Firmi-
cutes/Bacteriodetes ratio has been reported in the intestinal microenvironment 
of patients with SLE [121]. 

Furthermore, studies were performed and it was found that probiotics inter-
ventions affect the various anti-inflammatory and immune-modulatory path-
ways by which various proteins like mucin, HSP-70, anti-inflammatory media-
tors have been released that help in the alleviation of the auto-immune disorders 
[122]. Research investigations demonstrated that treatment L. paracasei DSM 
13,434 and L. plantarum DSM 15312 [123] suppress the inflammation in the 
murine experimental autoimmune encephalomyelitis (EAE) model by accumu-
lation of Treg cells in the lymphoid organs. Similarly, reduced clinical symptoms 
of Grave’s disease have been observed by down-regulation of inflammatory me-
diators through the generation of regulatory dendritic cells (rDCs) by the ad-
ministration of IRT5 (combination of Streptococcus thermophilus, Lactobacillus 
reuteri, Bifidobacterium bifidum, Lactobacillus acidophilus and Lactobacillus 
casei probiotics). The regulatory dendritic cells upregulate the production of 
IL-10, arginase 1, TGF-β, and aldh1a2 that decreased the acetylcholine receptor 
(AChR)-reactive lymphocyte proliferation. Similar studies were reported for al-
leviation of IBD by the enhanced production of Treg cells after the administration 
of Faecalibacterium prausnitzii and Bifidobacterium in the preclinical mice 
model [124]. Moreover, collagen-induced arthritis (CIA) has been suppressed by 
the oral administration of L. casei. This has been accomplished by the reduction 
in the pro-inflammatory molecules (I TNF-alpha, IFN-gamma, IL-2, IL-6, IL-12, 
IL-17 and Cox-2) by T cells [125]. A similar effect was observed in a study using 
Lactobacillus GG strain in antigen-induced arthritis model of Lewis rats [126]. 
Based on the above discussion, various positive implications have been reported 
with different components of probiotic bacteria either as prophylactic or preven-
tive measures in the preclinical auto-immune animal models. Therefore, futuris-
tic studies can be correlated with human clinical trials for assessing their wider 
impact.  
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5.3. Role of Metabiotics in Metabolic Syndrome 

The global prevalence of metabolic syndrome (MS) due to the alterations in 
energy metabolism leads to the various life style diseases like diabetes, obesity, 
cardiovascular risk and stress. Theses metabolic alterations occur due to some-
what unexplained perturbations on carbohydrate, fat and protein metabolism 
that significantly affect cellular growth, differentiation and affect various neuro-
logical activities. The correlation between metabolic syndrome with nervous 
system that leads to the neurodegenerative diseases are depicted in Figure 7. The 
current scientific observation leads to the persuasive impact of gut microbiome 
on the various premises of energy metabolism. The alterations in gut microbi-
ome lead to oxidative stress, hypercholesterolemia, metabolic endotoxemia, dys-
lipidemia. The current scientific interventions can be correlated with their bene-
ficial significance for the amelioration of these metabolic disorders through re-
duction of oxidative stress, enhanced absorption of antioxidants, immunomo-
dulation, modification of the intestinal microbiota, reduces inflammation and 
post prandial lipid concentrations. There are an increasing number of studies 
exploring the effects of various metabolites as metabiotic components from the 
probiotic strains in the prevention or treatment of metabolic and cardiovascular 
risk factors. 

5.3.1. Role in Diabetes and Obesity 
The past decade has experienced the global prevalence of an epidemic in the 
form of Type 2 diabetes mellitus and obesity due to over-nutrition and sedentary 
lifestyle [127]. The recent research highlighted the prominent role of SCFAs 
produced by Lactobacillus species in energy homeostasis and they serve as mag-
nificent ligands for two orphan GPCRs receptors, GPR41 (known as FFAR3) and 
GPR43 (known as FFAR2) [128]. Acetate and propionate binds to the FFAR2 
whereas FFAR3 has been more often activated by propionate and butyrate [129]. 
The activation of these ligands leads to the enhancement in the level of GLP-1 
and peptide YY (PYY) that improves the insulin secretion and resistance [130]. 
These peptides also help in the reduction of plasma glucose concentration, en-
doteximia and preserving pancreatic β-cell function. Moreover, the SCFAs pro-
duced with L. paracasei subsp. paracasei NTU 101 changes the intestinal pH that 
inturn enhanced the level of Bifidobacterium spp. leads to the reduction in type 
2 diabetes mellitus by up-regulating the gene expression profile of the intestinal 
tight junction markers and gut integrity. Furthermore, the administration of 
probiotic B. animalis subsp. lactis 420 metabolites reduces the inflammation and 
insulin resistance by ameliorating the dysbiosis and preserving the adherence of 
intestinal mucosa [131]. In addition to that, by the activation of GPR43, acetate 
inhibits fat accumulation in adipocytes and reduces appetite through a central 
hypothalamic mechanism. 

More recently, it was shown that the administration of Bifidobacterium ani-
malis ssp. lactis GCL2505 (BlaG), reduced visceral fat accumulation and im-
proved glucose tolerance levels by theory secreted metabolites like acetate and  
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Figure 7. Role of dysbiosis in metabolic syndrome and its correlation with neurodegene-
ration. 

 
glucagon-like peptide-1 that confirms their anti-MS effect on the mice model 
[132]. Additional research has indicated that SCFAs are actively involved in the 
liver metabolism that significantly impact on the obesity. Research studies gave 
strong evidence that there is significant deviation in the metabolism of liver in 
gnotobioic mice and colonized mice due to the increased influx of SCFAs and 
the increased production of the triglyceride transporters into the liver of colo-
nized mice [133]. This enhancement is associated with the reduced expression of 
fasting-induced adipose factors or angiopoietin-like 4 (ANGPTL4). ANGPTL4 is 
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also a downstream target gene of peroxisome proliferator activated receptors 
(PPARs), the agonists of which are widely utilized for the treatment of T2DM 
and CVD and constitutes the master regulator of adipogenesis [134]. Apart from 
that, SCFAs also control the proteins like endocannabinoid system and the tight 
junction protein zona occludin-1 which are involved in the control of inflamma-
tion, nutrient oxidation, and storage [135]. Furthermore, an immuno-modulatory 
activity has been done by butyrate by inhibiting the secretion of 
pro-inflammatory cytokines IL-12 and TNF-α and enhancement in the release of 
the anti-inflammatory cytokine IL-10 by monocytes [136] and thereby provided 
immunity to the development of T1DM in diabetes prone rats. The research stu-
dies also highlighted that butyrate and propionate can also play protective role 
against diet-induced obesity. In continuation with this, metabolites of probiotic 
also alleviate the severity of T2DM and NAFLD by reducing the levels of IL-6, 
IL-8, IL-1, IF-γ and TNF-α by enhanced expression of antioxidant enzymes like 
glutathione peroxidase and erythrocyte superoxide dismutase. 

5.3.2. Role in Cardiovascular Disease 
The metabolic syndrome also constitutes the various risk factors for the cardi-
ovascular disease that primarily stems from deposition of high levels of 
LDL-cholesterol and dyslipidaemia. Recently, the positive implications of gut 
derived metabolites have been come into existence with adequate evidences. The 
complete elucidation of mechanism of their action has yet to unravel but the 
enzymatic deconjugation of bile acids by bile-salt hydrolase (BSH) has been 
proposed as an important molecular mechanism in the reduction of cholesterol 
[137]. Researchers found that BSH activity was found in many of probiotic 
strains that reduce the serum cholesterol either by increasing the demand for 
cholesterol for de novo synthesis of bile acids to replace those lost in faeces or by 
absorption of cholesterol through the intestinal lumen through the reduction in 
cholesterol solubility. The various research studies confirm the hypercholestero-
laemic effect of BSH produced by L. plantarum PH04, B. Bb-12 or B. longum 
Bb-46, L. acidophilus L1 and L. reuteri [138]. Apart from the BSH activity, re-
cent research suggest that exo-polysaccharides released from some Lactobacillus 
species has also shown cholesterol removing ability in mice model though their 
clinical validation has been under progress. 

Furthermore, a novel protein, p 75 has been isolated and purified from L. 
rhamnosus GG that leads to reduced ischemic injury, improved cardiac function 
and heart tissue infarction [139]. This was mediated through the enhanced ex-
pression of HSPs with p 75 pretreatment. Similar reduced myocardial infarction 
has been observed with the oral consumption of L. plantarum 299 v. The atte-
nuated ischemic injury was mediated by reduction in the concentration of leptin 
hormone in serum [140]. As hypertension is considered as the major risk factors 
for the development of CVD therefore positive implications of bioactive peptides 
of gut microbiome has been assessed for reduction in hypertension. Research 
studies reported that certain strains of Lactobacillus and Bifidobacterium strains 
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alleviate the symptoms of hypertension by producing bioactive peptides with 
angiotensin converting enzyme ACE-inhibitory activity through the proteolysis 
and fermentation of milk proteins [141]. Similar studies have been reported in 
which the systolic and diastolic blood pressure in pre-hypertensive and hyper-
tensive patients has been reduced by the consumption of probiotic fermented 
milk. Moreover, the ACE inhibitory activity was increased by the enhanced 
growth of Lactobacillus and Bifidobacterium strains has been reported by the in-
clusion of prebiotic components (inulin, pectin, fructo-oligosaccharides and 
mannitol) that positively correlated their anti-hypertensive activity. 

5.4. Role of Metabiotics in Oral Health 

The growing utilization of probiotics in maintaining the oral health is of current 
thrust area of research [142]. These microbial populations are well adapted for 
the oral environmental conditions that lead to their effective colonization and 
growth in mouth that inhibits the oral pathogens. Besides that, the immersive 
applications have been envisaged in dentistry as oral replacement therapy where 
the capacity of probiotics for the biofilm formation has been utilized for the 
competitive exclusion of cariogenic and periodontal pathogens that leads to the 
prevention of caries and gingivitis. The studies have been continuously emerging 
for identifying their role for the improvement of oral health. Some research stu-
dies reported that the bacteriocins produced by the Streptococcus salivarius has 
been utilized for the reduction of anaerobic bacteria Porphyromonas gingivitis, 
Treponema denticola and Treponema forsythia associated with halitosis (malo-
dor) [143]. Moreover, the anti-mycotics substances produced by Lactococcus 
cremoris, Lactococcus lactis spp. have been reported to alleviate the infection in 
voice prosthetic biofilms. More recently, the low pH milieu due to the SCFAs 
produced by L. rhammnosus GG has been reported to reduce the prevalence of 
oral candidosis. In addition to that, anti-bacterial substances produced by L. 
gasseri and L. fermentum, in the oral cavity have been reported to inhibit 
chronic periodontitis [144]. A similar study was reported by using L. salivarius 
WB21 tablets to reduce the plaque index and periodontal pocket depth in indi-
viduals at high risk of PD [145]. Furthermore, research studies strongly sup-
ported the fact that the perturbations in the oral microbiome leads to higher risk 
of CVD therefore. Their cardio-protective role has also been realized by the 
conversion of dietary-derived inorganic nitrate ( 3NO− ) to nitrite ( 2NO− ) by the 
oral bacteria. This is mediated by some Lactobacillus species and Actinomyces 
odontolyticus. It was shown that production of nitric oxide (NO) through the 
“nitrate-nitrite-nitric oxide” pathway has been shown to increase vasodilatation, 
improve vascular endothelial function and decrease blood pressure that affect 
the occurrence of CVD in the individuals. Therefore, based on this discussion 
the oral microbiome has become an emerging subject in the field of oral health 
and further more clinical evaluations are required for the complete elucidation 
of their beneficial impact. 
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5.5. Role of Metabiotics in Competitive Pathogen Exclusion 

In the past decade, the dramatic rise in the incidence and severity of pathogenic 
infections raised serious concerns at global level due to the emergence of hy-
per-virulent strains. The various therapeutic modalities have been developed to 
eradicate or prevent infections by inclusion of antibiotics or by enhancing intes-
tinal barrier function and modulating the host immune system. The intestinal 
microbial consortium plays pivotal role in prevention of colonization of patho-
genic bacteria so called “barrier or competitive-exclusion effect” through the 
production of anti-microbial compounds, peptides, and proteins by inhibiting 
the toxins produced by the pathogens [146]. The plethora of literature revealed 
that Lactobacilli and Bifidobacteria have been profusely utilized for the inhibi-
tion of a broad range of pathogens, including Salmonella, Helicobacter pylori, 
Campylobacter jejuni, E. coli, Rota virus, Listeria monocytogenes etc. [147]. Re-
search studies reported that an efficient treatment of C. difficile associated di-
arrhoea and colitis was done by administration of probiotic yeast Saccharomyces 
boulardii which encodes a protease that digest toxin A and B molecules and its 
membrane receptor of this pathogen and also inhibit in vitro cell adherence 
[148]. Furthermore, the alleviation of S. aureus and C. difficile has been reported 
by the action of bacteriocin (clausin) produced by the probiotic B. clausii strain 
O/C. Similar studies was reported for the antimicrobial activity in mouse model 
against C. difficile infection by the production of thuricin CD from B. thurin-
giensis [149]. In addition to that C. difficile infection was ameliorated by the ac-
tin of Lacticin 3147, a broad-spectrum bacteriocin produced by Lactococcus lac-
tis. Moreover, cell free supernatant of L. acidophilus GP1B demonstrated an-
ti-microbial activity by inhibiting the autoinducer-2 (AI-2) quorum sensing mo-
lecule of pathogens like E. coli O157:H7, C. difficile and C. perfringens and 
down regulate the virulence coding toxin genes. Furthermore, the surface pro-
teins (MUC3) identified from co-culture of L. plantarum 299v and L. rhamnosus 
GG inhibited the adhesion of enteropathogenic E. coli strain E2348/69 in 
HT20-MTX cells [150]. Similarly, Mub mucus-binding protein of L. reuteri 1063 
has also found to possess putative adhesive function on intestinal epithelial cells 
and inhibit the binding of pathogens [151]. Furthermore, research studies also 
reported that adhesive protein of L. rhamnosus, was found to inhibit the inter-
nalization of EHEC (enterohemorrhagic E. coli) in a human intestinal cell line 
[152]. In addition to that, exo-polysaccharides and lipoteichoic acid also facili-
tates the adhesion of probiotic microorganisms to intestinal mucus/epithelial 
surfaces for the competitive exclusion of pathogens. More recently, the im-
provement of the symptoms of H. pylori infections has been demonstrated by 
the administration of cell free supernatant of Lactobacillus GG and S. boulardii 
in the infected patients [153]. Therefore, based on the above-mentioned reports, 
the metabiotic components have significant capability of inhibiting the pa-
thogenic bacteria by various mechanisms and render the well-being of host 
cells. 
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5.6. Role of Metabiotics in Cancer 

In recent decades, cancers are recognized as most intractable and prevalent dis-
eases worldwide. The biological complexity associated with cancers limits the 
development of various diagnostic and treatment modalities. The overwhelming 
studies related to the role of gut microbiome have been proven to mod-
ulate-ameliorate the prevention and treatment of various cancers [154]. Cur-
rently, the scientific studies have been enriched with positive implications of 
different metabolic signatures produced by beneficial microbial population that 
plays vital role for the prevention of cancer by affecting various processes like 
apoptosis, anti-inflammation, immunomodulation and polyamine metabolism, 
production of anti-tumorigenic compounds and degradation of carcinogens. 

Among the various metabolites SCFAs plays pivotal role for the prevention of 
cancers [155] [156]. They are able to silence the tumor suppressor genes by the 
inhibition of HDAC that is responsible for relaxing the structure of chromatin 
and creating opportunity for the binding of various transcription factors which 
in-turn activate the various target anti-cancerous genes as well as modulates the 
immune response by generating T regulatory cells [157] [158]. Recently, the an-
ti-cancerous effects of SCFAs have also been highlighted in gastric cancer that is 
caused by infection with H. pylori that harbour oncogenic protein called as cy-
totoxin associated gene pathogenicity island (Cag PAI) [159]. This protein is 
transported across the host cell membrane and induces dephosphorylation of 
histone H3S10, H3 threonine 3, and de-acetylation of H3K23 in gastric epithelial 
cells and leads to malignant conversion of the normal gastric cells [160]. The 
epigenetic regulation of SCFAs by suppressing excessive responses of HDAC- or 
HAT plays a significant role in altering these histone modifications. More re-
cently, bacteriocins derived from Enteroccus faecium, B. subtilis and Bifidobac-
terium has been found to alleviate gastric cancer by inhibiting H. pylori growth. 
Moreover, butyrate, the thoroughly investigated SCFA, has ability to convert 
procaspase 3 to active caspase 3 leads to induction of apoptosis in colon cancer 
cells [161]. In addition to that, research studies also reported that butyrate also 
induce cell cycle arrest as well as terminal differentiation by down regulation of 
cell cycle regulator CB1 mRNA expression and induction of cell cycle inhibitor 
p21 and the anti-apoptotic protein Bcl-2 [162] [163] in HT-29 cells. Further-
more, butyrate also has protective role by modulating canonical Wnt signaling 
pathway constitutively activated in colorectal cancers [164]. In addition to that, 
SCFAs produced by probiotic P. freudenreichii creates an acidic extracellular pH 
that is responsible for shifting of cancer cell state from apoptosis to necrosis 
[165]. Moreover, CFS of B. adolescentis SPM0212 has been found to demon-
strate anti-colon cancer effect than whole cells or heat killed cells. 

Similarly other SCFAs, propionate and acetate have also been reported to me-
diate anti-cancerous effects in colon by the condensation of nuclear chromatin. 
The generation of ROS and processing of caspase-3 by altering the 
trans-membrane potential of mitochondrial membrane leads to the apoptotic 
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pathways in colon cancer [166] [167] [168]. Furthermore, the protective role of 
SCFAs has been found in liver cancer by ameliorating the inflammation by 
binding with G protein-coupled receptor 43 (GPCR43). The experimental stu-
dies conducted on GPR43-deficient (Gpr43−/−) mice confirmed that there has 
been increased inflammatory responses observed by the exacerbated recruitment 
of immune cells by the production of inflammatory mediators by Gpr43−/− cells 
[169]. Similarly, SCFAs produced by P. freudenreichii has also shown their an-
ti-cancer effect on human colon and gastric cancer cell lines. In addition to that 
different cell free supernatants of L. casei 01 (heat treated cells, crude cell wall, 
intra cellular extracts and exo-polysaccharides) have been used for assessment of 
their anti-proliferative activity on 4-nitroquinoline N-oxide (4-NQO) induced 
genotoxicity and colon cancer cell line (HT-29). The research findings stated 
that, among different modalities EPS induced higher anti-proliferative activity 
against HT-29 cancer cell lines [170]. Similarly, the cell free supernatant of L. 
acidophilus 36 YL exhibited the potent cytotoxic effect against human cervical 
cancer cell lines (HeLa) and colorectal cancer cell lines (HT-29). 

As cancer and oxidative stress are complementary to each other therefore the 
anti-oxidant effects of metabolites secreted by gut microbiome is well corelated 
with their anti-neoplastic activity. Recently, research studies demonstrated that 
exopolysaccharides (EPS) from L. plantarum C88 had an antioxidant effect 
which may involve scavenging of reactive oxygen species, enhanced regulation of 
enzymatic and non-enzymatic antioxidant activities and reduced lipid peroxida-
tion. The cell free supernatant of L. salivarious REN inhibited the oxidative DNA 
damage in 4-nitroquinoline 1-oxide (4-NOO) induced oral cancer in mouse 
model. Similarly, exopolysaccharides from L. acidophilus (LA1) demonstrated 
their anti-tumour activity in vivo against Ehrlich ascites carcinoma (EAC) cells 
by suppression of malondialdehyde and nitric oxide in serum levels. Further-
more, EPSs of L. gasseri strains also showed their capability to inhibit cervical 
cancer cell (HeLa) growth and modulate immune response.  

In continuation of this, the innate immune response was enhanced by the ad-
ministration of various probiotc metabolic signatures. The studies revealed that 
both peptidoglycan (PGN) and lipoteichoic acid have been demonstrated to ac-
tivate macrophages in a CD14-dependent manner. Lipoteichoic acid from Bifi-
dobacteria and Streptococci also recognizes TLR-2, TLR-6 and triggers the sig-
nalling cascade for the production of cytokines that further leads to the an-
ti-tumor activity. Similarly, (LTA) of L. acidophillus stimulates DCs to fabricate 
anti-inflammatory and regulatory cytokines in the form of IL-10 and IL-12, re-
spectively. Furthermore, the anti-carcinogenic effects have been demonstrated 
by the inactivation of heterocyclic amines through the production of SCFAs. The 
production of SCFAs like formic, acetic, propionic, butyric and lactic acids 
creates the “luminal steady state” that is suggested to ameliorate the mutagenic 
potential of phenolic compounds, amines, ammonia, N-nitroso compounds and 
indoles derived from protein metabolism. 
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Recent research studies revealed that besides SCFAs, medium chain fatty acids 
such as capric, caprylic, and caproic acids have also been reported to be cytotox-
ic against colon cancer cell lines [171]. The thoroughly investigated long chain 
fatty acid, conjugated linolein acid found in commercial preparation VSL#3 have 
been found to possess anti-cancerous effects by inducing apoptosis, COX-2 in-
hibitor and activator of peroxisome proliferator-activated receptor gamma 
(PPAR g) in colon cancer and have also been able to mitigate intestinal tumori-
genesis in Apc/C mice [172] [173] [174]. The CFS of E. lactis IW5 AND B. poly-
fermenticus (BPCM) have also demonstrated its anti-cancerous effect by induc-
ing apoptosis in Caco-2 and HT-29 cancer cell lines. In addition to that the stu-
dies performed on porcine intestinal epithelial IPEC-1 cells infected with ente-
rotoxigenic E. coli (ETEC)-concluded that the metabolites of S. cerevisiae 
CNCM I-3856 has the ability of preventing the cancer by alteration in the pro-
duction of pro-inflammatory transcripts IL-6, IL-8, CCL20, CXCL2, and 
CXCL10 by down regulating ERK1/2 and p38 MAPK phosphorylation genes and 
up-regulating in the expression of peroxisome proliferator-activated receptor-c 
(PPAR-c) genes as an anti-inflammatory receptor [175]. In continuum of this, 
the progression of endometrial cancer stem-like cells has also been inhibited by 
sodium butyrate for the prevention of ovarian cancer [176]. 

Therefore, metabiotics may be utilized as promising approach for combating 
various cancers due to their remarkable ability to perform major functions such 
as regulation in cell differentiation, induction of apoptosis, cell cycle arrest as 
well as epigenetic regulation. 

6. Current Challenges 

The stupendous stride has been visualized in the prolific utilization of probiotics 
in maintaining the homeostasis of the host cell. In spite of the leveraged research 
imbibed by the scientific community for the beneficial implications of these mi-
crobial fraternity still lots of challenges has been envisaged to overcome for their 
commercial utilization. Till date, the beneficial credentials have been primarily 
assessed for the probiotic bacteria, the contribution of various virus, arachea 
bacteria, fungi have been lagging behind. The understanding of the synergistic or 
antagonistic effects of the host metabolites with metabiotics are priority area of 
the studies. It’s very challenging to assess the functioning of these metabiotics in 
their preferred environmental niche in vivo rather than invitro conditions in 
terms of their intrinsic properties and pharmacokinetics. Moreover, the research 
studies should be strengthened by evaluating the clinical impact of metabioitcs 
on healthy as well as diseased individuals by the intervention of nutrigenomics 
approaches. Therefore, double-blind placebo-controlled human clinical trials for 
elucidating their beneficial effects must be needed for commercial utilization. 
Thus, the futuristic research approach related to metabiotics certainly underpins 
the progressive drives towards the understanding of molecular communication 
in the human gut. 
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7. Recent Progress and Future Directions 

The past decade has been seen tremendous breath-taking advances in under-
standing the role of microbial communities and their interactions with a host in 
relation to diet and lifestyle changes in the healthy as well as diseased state of an 
individual. The limitation of probiotics that has been overcome by the develop-
ment of metabiotics has been seen prolific growth for the commercial produc-
tion. The massive development has been seen in Russia but involvement of var-
ious industries across the globe developed different commercial metabiotics that 
are summarized in Table 3 [177] [178] [179] [180]. The technological advances 
led by “omic” technologies like transcriptomics, metabolomics and proteomics 
as well as culture-independent techniques has provided important insights for 
unravelling the more potential residing strain for the production of metabiotics. 
The genome analysis and its subsequent functional characterization of probiotics 
nowadays designated as pro-biogenomics have provided exciting novel oppor-
tunities for the identification of metabiotic components that is responsible for 
influencing the physiology and immune function of their respective host. The 
advent of bioinformatics tools and system biology approaches are being conti-
nuously utilized for understanding the detailed mechanism of bioactive com-
pounds and their correlation with gut microbiota. The more recent technological 
endeavours of high-throughput sequencing from metagenomic and me-
ta-transcriptomic sequencing (from cDNA libraries) reveals the functional rela-
tionship of probiotics and gut microbiome with respect to the host. The detailed 
understanding of initiation of molecular dialogue of surface associated prote-
omes has been intensively investigated with recently developed non-invasive 
tools like metaproteomics techniques. 

Furthermore, the utilization of fluorescence in situ hybridization (FISH) was 
combined with single-cell imaging and metabolic oligosaccharide engineering 
(MOE) and bio-orthogonal click chemistry (BCC) with whole-body imaging has 
been in current use for tracking the microbial populations in invivo conditions. 
Therefore, these approaches certainly promise for expanding the knowledge to-
wards metabiotics on host physiology, providing opportunities for developing 
the therapeutic approaches. There should be proper guidelines by separate regu-
latory Acts of National and International Agencies for the utilization of these 
molecules as drugs. Thus, by thorough understanding and production of meta-
biotics, a vision of personalized healthcare revolution is certainly on horizon. 

8. Conclusion 

The paradigmatic discovery of metabiotics leads to the progressive drive towards 
research and progression in this field. They have been found to possess magnifi-
cent capability of immunomodulation, pathogen exclusion and maintenance of 
gastro-intestinal integrity that attributed to their epigenetic effects at molecular lev-
el and served as potential molecules for abrogating various diseases. Though, the 
comprehensive understanding has been continuously thrived with recent  
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Table 3. Commercialized metabiotics and their functions. 

PRODUCT COMPOSITION FUNCTIONALITY 

Hylak Forte 

E. coli DSM 4087, S. faecalis DSM 4086, L. 
acidophilus DSM 4149, L. helveticus DSM 

4183; SCFA, lactic acid & some  
unidentified metabolites 

Eubiosis, acid-alkaline balance,  
water-salt metabolism, Vitamin B & K 
balance, provide energy to intestinal 

epithelia & local immune cells 

Zakofalk Inulin & butyric acid 
Treatment of active inflammatory  

intestinal diseases 

Bactistatin B. subtilis, Vitamin E 
Immune defense, selective adsorption 

and removal of toxins & allergens, 
ameliorates GI performance 

Aktoflor C Lactic acid, lysine, succinic acid 
Reduction of intestinal disease  

symptoms, avert antibiotics side effect 

Acilact 
Lactobacillus, fructo-oligosaccharide, 

lactoferrin 
Reduce cholesterol level, therapy of 

bacterial vaginosis 

Nagipol 
Yeast autolysate beer containing proteins, 

amino acids & vitamin B (B1-B6) 

Alleviates physical activity, lessen  
resistant towards cold, anaemia &  

infectious disease of GI tract & hepatitis 

Lacteol Forte Heat killed L. fermentum & L. delbruekii Treatment of HIV & immunodeficiency 
in infants & patients 

 
technological interventions but still we are very far from proving their clinically 
efficacy towards various disorders. Therefore, it is conceivable to envision that 
within the next decade the detailed understanding of these molecules will be un-
ravelled that can facilitate the therapeutic and preventive avenues. 
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4-NQO—4-nitroquinoline 1-oxide 
AA—Amino acid 
ACE—Angiotensin converting enzyme 
AChR—Acetylcholine receptor 
AD—Alzheimer’s disease 
AHR—Aryl hydrocarbon receptor 
AI-2—Autoinducer-2 
ANGPTL4—Angiopoietin-like 4 
ASD—Autism spectrum disorders 
Aβ—β amyloid 
BSH— Bile-salt hydrolase 
Caco-2—Caucasian colon adenocarcinoma 2 
CFS—Cell free supernatant 
CIA—Collagen-induced arthritis 
CLA—Conjugated Linoleic Acid 
CVD—Cardiovascular disease  
DCs—Dendritic cells 
DHA—Docosahexaenoic acid 
EAE—Experimental autoimmune encephalomyelitis 
ECM—Extracellular matrix 
EHEC—Enterohemorrhagic E. coli 
EPS—Exopolysaccharides 
FA—Fatty acid 
FFAR—Free fatty acid receptor 
GABA—γ-aminobutyric acid 
GI—Gastrointestine 
GLP—Glucagon-like peptide 
GPCR—G-protein-coupled receptors 
GPR43—G-protein coupled receptor 43 
HDAC—Histone deacetylases 
HIV—Human immunodeficiency virus 
HSPs—Heat shock proteins 
IBD—Inflammatory bowel disease 
IEC—Intestinal epithelial cells 
IL— Interleukin 
ILC —Innate lymphoid cell 
ILF—Intestinal lymphoid follicles 
IPA—Indole-3-propionic acid 
LAB—Lactic acid bacteria 
LC-PUFA—Long chain polyunsaturated fatty acids 
LMW—Low molecular weight 
LPS—Lipopolysaccharides 
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LTA—Lipoteichoic acids 
MSG—Monosodium glutamate 
MUC3—Mucin 3 
NAFLD—Non-alcoholic fatty liver disease 
NFT—Neurofibrallary tangles 
NO—Nitric oxide 
PD—Parkinson’s disease 
PG—Peptidoglycan 
PPAR—Proliferator activated receptor 
PSA—Polysaccharide A 
PSPG—Polysaccharide-peptidoglycan complex 
QS—Quorum sensing 
RA—Rheumatoid arthritis 
rDCs—Regulatory dendritic cells 
SCFAs—Short-chain fatty acids 
SLE—Systemic lupus erthrymatosus 
SLP—Surface layer Proteins 
SMOM—Small molecules microbes originated homeostasis 
SP—Senile plaques 
T1DM—Diabetes mellitus type 1 
T2DM—Diabetes mellitus type 2 
TH—T-helper cells 
TJP1—Tight Junction Protein 1 
TLR—Toll-like receptors 
ZO—Zonula occludens 
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