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Abstract

Probiotics have been considered as an economical and safe alternative for the treatment of a large number of chronic diseases and
improvement of human health. They are known to modulate the host immunity and protect from several infectious and non-
infectious diseases. The colonization, killing of pathogens and induction of host cells are few of the important probiotic attributes
which affect several functions of the host. In addition, prebiotics and non-digestible food substances selectively promote the
growth of probiotics and human health through nutrient enrichment, and modulation of gut microbiota and immune system. This
review highlights the role of probiotics and prebiotics alone and in combination (synbiotics) in the modulation of immune system,

treatment of infections, management of inflammatory bowel disease and cancer therapy.

Key points

* Probiotics and their derivatives against several human diseases.
* Prebiotics feed probiotics and induce several functions in the host.
* Discovery of novel and biosafe products needs attention for human health.

Keywords Probiotics - Prebiotics - Synbiotics - Human health - Chronic diseases

Introduction

Nature-derived products have been preferred over chemically
synthesized compounds in food, medicine and human health
(Bernardini et al. 2018). There have been adverse conse-
quences on human health and environment due to the biased
use of synthetic drugs, chemical-based preservatives and fer-
tilizers. Looking at the present scenario, there is an urgent
need for the discovery of novel, non-toxic and biosafe com-
pounds for human health (Arnold 2013; Prestinaci et al. 2015;
Trasande et al. 2018). Use of probiotics, their metabolites and
prebiotics was previously considered as suitable alternative
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for the treatment of several infectious and non-infectious dis-
eases (Markowiak and Slizewska 2017; Silva et al. 2020). The
recent reviews also focus on the role of probiotics against
COVID-19 by boosting the host immunity and reducing path-
ogen interaction in the host. Further studies have also sug-
gested promising benefits of probiotics in viral and other in-
fections (Olaimat et al. 2020; Tiwari et al. 2020).

Probiotics are known to promote heath by stimulating na-
tive gut microbiota, host immunity, cholesterol reduction and
several other functions, whereas their metabolites such as bac-
teriocins, lactic acid and hydrogen peroxide, also known as
postbiotics, secreted by these microorganisms can be of im-
mense importance as antimicrobials against a broad range of
pathogenic bacteria (Silva et al. 2020). A relatively new form
of product has been discovered to replace the live probiotics
by inactivated or heat-killed probiotic cells known as
paraprobiotics. It has shown potent applications for the treat-
ment of several diseases including viral infections (Kanauchi
et al. 2018). Prebiotics are generally food ingredients which
not only promote the growth of probiotic microorganisms
present in the human gut, but also stimulate the immune sys-
tem. Moreover, use of fermented foods, the natural habitat of
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probiotic bacteria, is of immense importance which eventually
helps in the better treatment of several diseases, including gut-
related disorders (Ahlawat et al. 2021). Thus, scientific use of
probiotics, postbiotics, prebiotics, paraprobiotics and
synbiotics can be safe and alternative strategy against micro-
bial infections, particularly in the ongoing and post-pandemic
situation. Therefore, there is need for the update of knowledge
in this field to explore future possibilities for application of
probiotics in human and animal diseases. Hence, this review
may be considered as guidance to understand the nature-
derived probiotic products and their possible applications for
the treatment/management of several human diseases includ-
ing complications that arise during and/or after COVID-19
infection.

Probiotics

The history of probiotics began with early civilization when
human started consuming fermented foods (Gogineni et al.
2013). Elie Metchnikoff suggested that health could be en-
hanced by manipulating the gut microbiome with good bacte-
ria found in the yogurt. This became the concept of probiotics
in medicine (Mackowiak 2013). Such microorganisms are
able to modulate the gut microflora positively and reduce
pathogenic bacteria releasing toxic compounds in human
gut. In the past, several microorganisms have been used for
the treatment of diseases which led to the origin of the term
“probiotics” (Lee et al. 1999). Ferdinand Vergin in 1954 first
time introduced the term “probiotics” in medical terminology
in a paper “Anti-und Probiotika” (Sarowska et al. 2013). He
also emphasized the adverse consequence of antibiotics on
intestinal microflora as compared to good bacteria illustrating
a positive effect on human health and referred as “probiotika”
(Sarowska et al. 2013).

For the first time, a probiotic product was developed as
drug for the treatment of infection caused by E. coli in pigs
(Orrhage et al. 1994). Similarly, Mann and Spoerig (1974)
revealed those people consuming yogurts fermented with
Lactobacillus spp. were found to have low cholesterol level
in blood. Thereafter, Harrison et al. (1974) observed the re-
duction of serum cholesterol in infants consuming
Lactobacillus acidophilus. Tt has been convinced by World
Health Organization (WHO) that probiotics are the next-
most significant immune defence system when commonly
recommended antibiotics are ineffective against few microor-
ganisms (Levy 2000; Parvez et al. 2006). Several intestinal
bacteria such as Lactobacillus, Bifidobacterium and
Enterococcus are beneficial and help in improving stability
of gut microbiota. Probiotics are helpful for human health in
several aspects such as antimicrobials, lactose intolerance, di-
arrheal diseases, ulcer treatment, immunity stimulation, food
preservation, colon cancer and others (Masood et al. 2011).
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There are several mechanisms known to explain the mode
of action of probiotics against intestinal diseases. The coloni-
zation is one of the most efficient ways to initiate the probiotic
efficacy of these bacteria. Furthermore, probiotics inhibit oth-
er pathogens by producing several inhibitory substances such
as organic acids, short-chain fatty acids, carbon dioxide, hy-
drogen peroxide, acetaldehyde, acetoin, diacetyl, bacteriocins
and bacteriocin-like inhibitory substances (Ammor et al.
2006; Tharmaraj and Shah 2009). Bacteriocins are
ribosomally synthesized antimicrobial peptides or proteins
produced by several bacteria exhibiting narrow to wide range
of antimicrobial spectrum against pathogenic bacteria such as
different species of Listeria, Clostridium, Staphylococcus,
Bacillus and others (Dai et al. 2021; Fathizadeh et al. 2021).
The bacteriocins of probiotic bacteria have gained importance
due to their safe applications in foods, pharmaceuticals, veter-
inary and human medicines (Barcenilla et al. 2021; Liu et al.
2011; Sharma et al. 2021; Somashekaraiah et al. 2021). These
are inhibitory to narrow and broad range of bacteria by reduc-
ing cell viability and affecting the metabolism of bacterial
cells or toxin production (Chen et al. 2021; Sheoran and
Tiwari 2019, 2020). Other mechanisms of probiotics action
are competitive inhibition on intestinal epithelial surface by
blocking the adhering sites of the intestinal epithelial surface
and reduction in the pathogens interaction. Furthermore, the
competition for nutrients is also considered as a mechanism
for probiotic action. Interestingly, probiotics are known to
inhibit the pathogens that consume the nutrients and deprive
the host (Shim et al. 2016). The European Food Safety
Authority (EFSA) has declared that several probiotic lactic
acid bacteria (LAB) strains can be regarded to have
“Qualified Presumption of Safety” QPS status (Korhonen
2010). Therefore, they are generally applied as starter culture
for fermentations in the industries related with vegetables,
cereals, dairy and meat-based products (Acuna et al. 2011).

Prebiotics

The term prebiotics is relatively new which is defined as “non-
digestible food ingredients that beneficially affect the host by
selectively stimulating the growth and/or activity of one or a
limited number of bacteria in the colon for improving the host
health” (Gibson and Roberfroid 1995). Recently, the defini-
tion of prebiotic has been reviewed by panel of experts from
International Scientific Association for Probiotics and
Prebiotics (ISAPP). The panel updated the definition in wider
perspective as “a substrate that is selectively utilized by host
microorganisms conferring a health benefit”. This definition
expands the concept of prebiotics to possibly include non-
carbohydrate substances, applications to body sites other than
the gastrointestinal tract and diverse categories other than food
(Gibson et al. 2017). These are generally short-chain carbohy-
drates which escape digestion but used as substrates for the
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growth of probiotics in upper gastrointestinal tract (Roberfroid
2000; Cummings et al. 2001). Other compounds that are not
classified as carbohydrates but are recommended to be prebi-
otics are cocoa-derived flavanols. In vivo and in vitro exper-
iments demonstrate that flavanols can stimulate the growth of
lactic acid bacteria (Tzounis et al. 2011). Prebiotics broadly
occur in several plants such as onion, asparagus, garlic, chic-
ory, Jerusalem artichoke, oat and wheat which induce the
existing metabolic activities in the colon by stimulating bac-
terial growth in the gut (Cummings et al. 2001). It has been
reported that there was a significant increase in faecal
bifidobacterial population after consumption of fructooligo-
saccharides (Desai 2008; Louis et al. 2016). Prebiotics are
generally not hydrolysed in the intestine, and they consist of
low degrees of polymerization (2—20 units) in which mono-
mers are generally glucose, galactose, fructose and/or xylose.
Furthermore, they have caloric value due to non-digestion in
the colon and have an energy contribution due to their in-
volvement in fermentation (Roberfroid et al. 1993). The most
commonly studied prebiotics include fructooligosaccharides
(FOS), isomalto-oligosaccharides(IMO) and
xylooligosaccharides (XOS).

FOS (inulin and neosugar) are beneficial dietary fibres
which help to increase stool volume, relief in constipation
and increase faecal acidity (Coussement 1996). Inulin is wide-
ly distributed in several plants and available in the market
generally isolated from chicory roots, which is known to stim-
ulate the growth of Bifidobacterium(Gibson et al. 1995).
Neosugar, also known as meioligo, is enzymatically synthe-
sized from sucrose by the transfructosylation activity of f3-
fructosidase of Aspergillus niger. Both are easily digested by
bifidobacteria and other microbes, such as Enterococcus
faecalis, E. faecium, Bacteroides vulgatus,
B. thetaiotaomicron, B. ovatus, B. fragilis and Lactobacillus
acidophilus(Desai 2008; Guarino et al. 2020).

IMO are found in fermented foods such as miso, soy sauce
and honey and utilized by bifidobacteria and the Bacteroides
groups (Kohmoto et al. 1988). IMO promotes the growth of
Bifidobacterium and Lactobacillus spp. resulting in local and
systemic Th-1-like immune response and regulation of im-
mune function. Similar findings have been observed in the
clinical trials (Yen et al. 2011). XOS are emerging prebiotics
naturally found in fruits, bamboo shoots, vegetables, milk,
honey, etc. (Aachary and Prapulla 2011; Vazquez et al.
2000). It has been reported that Bifidobacterium adolescentis
can utilize XOS, whereas Lactococcus lactis, Lactobacillus
rhamnosus and L. plantarum efficiently utilize oat [3-
glucooligosaccharides(Okazaki et al. 1990). Van Laere et al.
(2000) have reported that the fermentation of arabino-XOS
from wheat meal by bifidobacteria is due to the presence of
xylanolytic enzyme systems, like xylosidase and a few
arabinosidases. A [3-D-xylosidase from Bifidobacterium
breveK-110 and arabinosidases from B. adolescentis

DSM20083 (Van Laere et al. 2000) and B. breve(Shin et al.
2000) have been reported. Zeng et al. (2007) have studied
B. infantis, B. adolescentis and B. bifidum and reported that
all these species produced only xylosidase and arabinosidase,
but no xylanase, x-glucuronidase and acetyl xylan esterase
activity was detected. Gullon et al. (2008) studied the fermen-
tation of XOS from rice husks by several probiotic bacteria
and found that growth of B. adolescentis CECT 5781 was
higher in comparison to B. longum CECT 4503, B. breve
CECT 4839 and B. infantis CECT 4551 in the presence of
XOS.

The industrial development of prebiotics is on priority for
improving the food quality and human health. Several func-
tional foods containing prebiotics have been used to develop
biscuits, candies, table-top sweetener, frozen yoghurt, etc.
(Davani-Davari et al. 2019). Foods for specified health use
(FOSHU) in Japan has used several prebiotics in specified
food items, like lactulose, XOS, IMO, FOS, lactosucrose
and oligosaccharides. Few other examples of prebiotic foods
are yoghurts, cereals, fibre rich biscuits, cakes, sauces, pow-
dered drinks, pasta, cereal bars, infant formula foods, breads
and several fruit juices (Desai 2008).

Synbiotics

Synbiotics refer to mixture of prebiotics and probiotics for
improvement of human or animal health (Markowiak and
Slizewska 2017). In synbiotic food products, probiotic bacte-
ria selectively utilize the prebiotics as substrate for their
growth (Perrin et al. 2001; Sharma and Shukla 2016).
Recently, International Scientific Association for Probiotics
and Prebiotics has updated the concept of synbiotics by panel
of experts. According to them, synbiotics are two types, com-
plementary and synergistic. A complementary synbiotic con-
sists of a probiotic and a prebiotic that together confers one or
more health benefits but do not require co-dependent func-
tions. A synergistic synbiotic contains a substrate that is se-
lectively utilized by co-administered microorganism(s)
(Swanson et al. 2020). These guidelines will be helpful in
future for understanding the relationship between pre- and
probiotics and development of synbiotic products for health
and therapeutic applications.

There are several reports available suggesting the synbiotic
foods positively stimulate the host health and nutrition. It was
observed that synbiotics not only increased the number of
probiotic bacteria, Bifidobacterium and Lactobacillus in the
faecal sample with concomitant reduction in coliform (Yang
et al. 2005), but also increased the level of digestive enzymes
such as lactase, lipase, sucrase and isomaltase in the test
group. Recently, it has been reported that use of synbiotics
has significantly decreased several cardiovascular risk factors,
metabolic syndrome prevalence and markers of insulin resis-
tance in elderly patients (Cicero et al. 2021). The ability of
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bifidobacteria to metabolize these prebiotics is a species-de-
pendent, which is an important attribute for modulation of gut
microbiota using specific prebiotics (Bielecka et al. 2002;
Biedrzycka and Bielecka 2004). For example, (3-
fructofuranosidase from Bifidobacterium adolescentis G1 re-
acts with fructooligomers rather than inulin (Van der Meulen
et al. 2004) and the same applies for B. bifidum also
(Hartemink and Rombouts 1997). On the other hand,
B. longum and B. animalis are able to hydrolyze wide range
of FOS and XOS including inulin (Bruno et al. 2002). It has
been reported that highest number of viable bifidobacteria are
found in the food products (Bruno et al. 2002). Similarly, the
viability of B. longum containing FOS is higher in curd.
Probiotic B. lactis possesses 3-glucosidase and f3-
fructofuranosidase to utilize oligosaccharides in fermented
milk stimulating its growth and metabolism (Martinez-
Villaluenga and Gomez 2007; Semjonovs et al. 2004).
Therapeutic potentials and health benefits of different
probiotics, prebiotics and synbiotics have been depicted in
Table 1.

Health benefits and therapeutic potentials

The importance of probiotics for human health has been es-
tablished since long past. But study on the role of prebiotics,
synbiotics and other derivatives is still at nascent stage. In this
review, we have identified few complications/diseases where
these products play significant role in the management/
treatment of such diseases. Looking at the current scenario
of pandemics, the emphasis has been given on antimicrobial
potential of probiotics against pathogenic microorganisms and
host immunity. Interestingly, gut microbiota (GM) has been
proposed as a “forgotten organ” which is tirelessly involved
with other organs in establishing a bi- or multidirectional com-
munications (Ahlawat et al. 2020b) is also discussed in addi-
tion to cancer. Therefore, the roles of probiotics in modulation
of host immune system and gut microbiota, treatment of in-
fection, inflammatory bowel diseases (IBD) and cancer have
been elaborated. A schematic diagram showing the role of
probiotics, prebiotics and synbiotics in different diseases is
shown in Fig. 1.

Probiotics and immunity

Host immune system composes of different lymphoid and
non-lymphoid cells along with humoral response. Intestinal
lumen of mammals possesses secretory IgA (SIgA), which
protects the intestinal epithelium from enteric pathogens and
their toxins. SIgA removes antigens and pathogens from lu-
men of intestine by blocking their interaction with epithelial
receptors and entangling them in mucus to remove via peri-
staltic movement and mucociliary activity. Secretory IgA
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production against specific mucosal antigens (pathogens) de-
pends on the sampling by Peyer’s patch M cells, processed by
dendritic cells (antigen-presenting cells), T cell activation and
finally in gut-associated lymphoid tissues (GALTSs) and mes-
enteric lymph nodes (Brandtzaeg 2010). The intestinal stimu-
lation for SIgA production depends upon multiple cytokines,
including transforming growth factor-{3, interleukin IL-4, IL-
5, IL-6 and IL-10 (Fig. 2). The sub-groups of cytokines, like
transforming growth factor-f3 and IL-10, are also needed to
maintain mucosally induced tolerance. This substantiates the
link between SIgA production, intestinal homeostasis and im-
munity (Mantis et al. 2011).

Furthermore, recent reports of COVID-19 patients showed
significant increase of proinflammatory or anti-inflammatory
cytokines, which includes T helper cytokines (type-1 and
type-2), chemokines, galectins and tumour necrosis factor
(TNF)—producing lymphocytes, interferon-y, IL-2 and IL-
17(Ahlawat et al. 2020b; De Biasi et al. 2020). Therefore,
blocking or regulating T cells and cytokines may be an effec-
tive therapeutic strategy, which can also reduce COVID-19
related deaths. It was found that selected probiotic LAB iso-
lates showed reduction in the level of pro-inflammatory cyto-
kines, TNF-c, IL-13 and IL-6 and inhibited the phosphoryla-
tion of Mitogen Activated Protein Kinases (MAPKSs) in LPS-
stimulated RAW 264.7 cells (Khanna et al. 2020).

Probiotics modulate gut microbiota which ultimately in-
duce the expression of several other genes involved in impor-
tant intestinal functions, like immune modulation, postnatal
intestinal maturation, nutrient absorption, mucosal barrier for-
tification, xenobiotic metabolism and angiogenesis (Mantis
etal. 2011). The literature review and recent evidence suggest
an axis between gut health and vital organs (Ahlawat et al.
2020a, b). Any alteration in gut microbiota and diversity af-
fects immune modulation and may trigger gut disorders that
eventually influences organ functioning. Furthermore, the in-
teraction between intestinal SIgA protein and commensal gut
bacteria involves Fab- and Fc-independent structural motifs,
possessing bound secretory component (SC) as a complimen-
tary partner (Mantis et al. 2011). Coating of commensal mi-
croorganisms with SIgA favours gut colonization and accli-
matization of the mucosal immune system of newborn child
towards antigens. Association of a Bifidobacterium or a
Lactobacillus with non-specific SIgA enhances more than
threefold higher probiotic adhesion to Caco-2 cells (human
intestinal epithelial cells) as suggested by Mantis et al.
(2011). Eventually, it leads to SIgA-affected epithelial perme-
ability, signalling cascade for nuclear factor-kB translocation,
plgR production and induction of immune mediators.

Probiotics act as a primary factor in the progression of the
postnatal immune system as well as oral tolerance and immu-
nity. Several studies have proven the role of probiotics in
stimulating and regulating the natural as well as acquired im-
munity (Isolauri et al. 2001). Probiotic-derived metabolite
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Table 1 Therapeutic potential and health benefits of probiotics, prebiotics and synbiotics
Biotic Sources Diseases Health effects Mechanism of action References
types

Probiotics  Lactobacillus acidophilus

Prebiotics

and Bifidobacterium
infantis

L. casei, L. acidophilus and
B. bifidum

L. acidophilus,
S. thermophilus,
B. longum, L. rhamnosus
GG and B. bifidum

B. longum, L. casei Shirota,
L. acidophilus,
Bifidobaterium spp. and
L. rhamnosus GG

L. acidophilus

L. acidophilus,
B. angulatum, B. breve,
B. Bifidum and B. longum
L. acidophilus and
Bifidobacterium spp.

L. rhamnosus GG

Inulin from chicory roots

Neosugar

Isomalto-oligosaccharides
(IMO) from miso, soy
sauce and honey

Xylooligosaccharides (XOS)
from fruits, bamboo
shoots, vegetables, honey,
ete

Intestinal infections

Immune enhancement

Diarrhoeal infections

Cancer

Hypercholesterolaemia

Lactose intolerance

Reduction of peptic
ulcer,
gastro-oesophageal
reflux, nonulcer
dyspepsia and gas-

tric cancer
Food allergy

Data not available

Data not available

Data not available

Data not available

Inhibition of
Staphylococcus aureus,
Salmonella
typhimurium, Yersinia
enterocolitica,
Clostridium perfringens
and Aeromonas
hydrophila

Data not available

Inhibitions of Escherichia
coli, Salmonella,
Shigella, Clostridium
difficile and rotavirus

Inhibition of tumour
formation and
proliferation

Reduction of cholesterol
levels
Utilization of lactose

Inhibition of Helicobacter
pylori

Help to relieve intestinal
inflammation and
hypersensitivity
reactions in infants with
food allergies

Data not available

Data not available

Local and systemic
Th-1-like immune re-
sponse and regulation of
immune function,
balancing the dysbiosis
of gut microbiota

Data not available

Production of organic acids,
bacteriocins and other
primary metabolites, such as
hydrogen peroxide, carbon
dioxide and diacetyl

Enhancement in non-specific
(e.g. phagocyte function, NK
cell activity) and specific
(e.g. antibody and cytokine
production) host immune re-
sponses

Production of organic acids,
bacteriocins, hydrogen
peroxide, carbon dioxide and
diacetyl

Inhibition of carcinogens
and/or procarcinogens, inhi-
bition of bacteria that con-
vert procarcinogens to
carcinogens, activation of
the host’s immune system,
reduce the levels of faecal
enzymes responsible for
catalysing the conversion of
carcinogenic amines

Assimilation of cholesterol and
deconjugation of bile salts

Production of
{3-D-galactosidase which
hydrolyze lactose

Production of lactic and acetic
acids, bacteriocins etc

Hydrolyse the complex casein
to smaller peptides and
amino acids and hence
decrease the proliferation of
mitogen-induced human
lymphocytes

Stimulate the growth of
Bifidobacterium

Metabolized by the resident
microbes in colon including
bifidobacteria, Enterococcus
faecalis, E. faecium,
Bacteroides vulgates, etc

Bifidobacterium and the
Bacteroides groups are able
to utilize IMO

B. adolescentis utilizes
xylobiose and xylotriose,
whereas L. lactis,

L. rhamnosus and

(Laroia and Martin 1990;
Mishra and Lambert
1996; Shahani and
Chandan 1979; Van der
Meer and
Bovee-Oudenhoven1998)

(Gill 1998; Kaila et al. 1992;
Schiffrin et al. 1995)

(Barefoot and Klaenhammer
1983; Hilton et al. 1997;
Merson et al. 1976;
Oksanen et al. 1990;
Siitonen et al. 1990; Tojo
et al. 1987)

(Goldin et al. 1996; Lidbeck
et al. 1991; McIntosh
1996; Morotomi 1996;
Reddy and Rivenson
1993)

(Buck and Gilliland 1994;
Gilliland and Speck 1977)

(Hughes and Hoover 1995;
Kilara and Shahani 1976)

(Berada et al. 1991;

Lankaputhra et al. 1996;
Lambert and Hull 1996)

(Majamaa and Isolauri 1997;
Sutas et al. 1996)

(Gibson et al. 1995)

(Desai 2008; Guarino et al.
2020)

(Kohmotoet al. 1988; Wang

et al. 2017)

(Okazaki et al. 1990)
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Table 1 (continued)

Biotic Sources Diseases

types

Health effects

Mechanism of action References

Synbiotics Food products containing B.  Data not available
animalis and amylose comn
starch

Curd containing B. longum
and fructooligosaccharide

(FOS)

Data not available

Data not available

Decrease cardiovascular
risk factors, metabolic
syndrome prevalence

L. plantarum utilize oat

[-glucooligosaccharides
Promote the growth of

bifidobacteria

(Bruno et al. 2002)

Promote the growth of
B. longum

(Cicero et al. 2021; Hughes
and Hoover 1995; Linares
et al. 2017)

and markers of insulin
resistance in elderly

patients
Sepsis in early infancy = Significant reduction in
sepsis and lower
respiratory tract
infections
Data not available

Oral synbiotic preparation
containing L. plantarum
and FOS

Synbiotic containing five Data not available
probiotics (L. plantarum,

L. delbrueckii spp.
bulgaricus,

L. acidophilus,

L. rhamnosus,
Bifidobacterium bifidum)
and inulin

Synbiotic product containing Hepatic conditions
L. rhamnosus,

Bifidobacterium lactis,
inulin and oligofructose

L. rhamnosus Obesity Weight loss
CGMCC1.3724 and inulin
L. acidophilus, Obesity

L. rhamnosus, B. bifidum,
B. longum, E. faecium and
FOS

L. sporogenes and inulin Type 2 diabetes

Insulin resistance
syndrome

L. casei, L. rhamnosus,
S. thermophilus, B. breve,
L. acidophilus, B. longum,
L. bulgaricus and FOS

L. plantarum La-5,
B. animalis subsp.
lactisBB-12 and dietary

Irritable bowel
syndrome

L. rhamnosus GG, B. lactis  Cancer

Bb12 and inulin

Data not available

Changes in anthropometric Decrease in TC, LDL-C and
measurements

Data not available

The levels of fasting blood Data not available
sugar and insulin
resistance improved
significantly

Improvement in the IBS
score and satisfaction in
bowel movement

fibres reported

Increase in probiotics in
stools and decrease in

Promotes growth of
L. plantarum ATCC202195

(Panigrahi et al. 2017)

Adult subjects with NASH
(non-alcoholic
steatohepatitis) demonstrat-
ed a significant reduction of
IHTG (intrahepatic triacyl-
glycerol)

(Wong et al. 2013)

Increased level of intestinal
IgA, reduced blood
cholesterol levels and lower
blood pressure

Reduction in leptin increase in
Lachnospiraceae

(Pathmakanthan et al. 2002;
Perez-Conesa et al. 2006)

(Sanchez et al. 2014)

(Ipar et al. 2015)

total oxidative stress serum
levels

Significant reduction in serum  (Tajadadi-Ebrahimi et al.
insulin levels and 2014)

homeostatic model
assessment cell function
(Eslamparast et al. 2014)

Data not available (Smid et al. 2016)

Increased production of (Safavi et al. 2013)

interferon-Y

Clostridium perfiingens
led to increase in the IL.2
in polypectomised

patients

(ascorbate) suggests its specific inhibitory effect on activated
human CD4" effector T cells (Chang et al. 2019). Therefore,
new trends in the marketing of food products have been in-
clined towards asserting health benefits from the consumption
of microbe-derived metabolite, e.g. ascorbate (Chang et al.
2019).

The immunobalance of T-helperl/T-helper2 (Th1/Th2)
plays a critical role in controlling autoimmune disorders
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(Sicherer et al. 2004; Taylor and Hefle 2005). One theory of
immunoregulation is based on homeostasis between Thl and
Th2 activities (Kidd 2003). Probiotics interact with DCs that
resulted in the production of IL-12, which enhances Thl cell
proliferation, IFN-y production and polarization of naive Th
cells (Tho) into Thl type. IFN-y synthesis by Thl cells in-
hibits Th2 cell proliferation and production of interleukin 4
(IL-4) that are responsible for allergic reactions. Cytokines
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play significant role in allergic responses as they are associat-
ed with patients having seasonal allergic responses (Ciprandi
et al. 2004). IL-4 promotes the production of IgE by B lym-
phocytes. IFN-y promotes the differentiation of naive Th lym-
phocytes (Tho) into Th1 and also inhibits proliferation of Th2
lymphocytes (Kadowaki 2007).

Mechanism of interaction of probiotics and immune cells
has not been known fully so far. Cell wall components of
bacteria are recognized by toll-like receptors (TLR) on the
surface of DCs for maturation of DCs (Belkaid and Hand
2014). Lactobacilli may deliver signals to promote the activa-
tion of DCs (Mohamadzadeh et al. 2005). DCs are crucial for
the induction of immune responses caused by bacterial colo-
nization of the gut, and probiotics elicit these responses
(Christensen et al. 2002). Changed gut microflora composi-
tion due to altered life styles and diets in developed and in-
dustrialized countries may be the cause for the higher preva-
lence of allergy (Bottcher et al. 2000). A model showing mod-
ulation of the immune system by probiotics is shown in Fig. 2
which explains enhanced expression of cell surface molecules
on dendritic cells by probiotics. Additionally, the selected
LAB enhanced the production of IL-12 which further en-
hances Thl cell proliferation and IFN production. Thus,
probiotics play significant role in modulation of immune sys-
tem and protection against pathogens.

Probiotics and COVID-19

The ongoing pandemic has engulfed millions of lives on this
planet due to complications developed by coronavirus disease
2019 (COVID-19). Unfortunately, even after implementing
stringent public health measures globally, including social
distancing, personnel care, mask wearing, lockdowns, etc.,
the disease has been spreading that leads to increase in number
of infections and deaths all over the world. The main causative
agent of this infection is severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which is different from previ-
ously known coronaviruses. Therefore, available antivirals are
not much effective (Singh and Rao 2021). Under these cir-
cumstances, nature-derived products such as probiotics and
their derivatives may play significant roles in the prevention,
treatment and management of ongoing pandemic (COVID-
19), post pandemic and other deadly infections.

To date, there is no evidence that probiotics directly inhibit
coronaviruses. However, probiotic strains are known to inhibit
several viruses as reviewed by our group and others recently
(Kanauchi et al. 2018; Olaimat et al. 2020; Singh and Rao
2021; Tiwari et al. 2020). For example, in an animal study,
it was found that L. plantarum UY inhibited the proliferation
of influenza A (IFV) virus in the lung in a dose-dependent
manner (Kawashima et al. 2011) and also stimulated T-
helper cells type 1 (Th1) immune response resulting in higher
synthesis of secretary IgA led to the removal of IFV from the

lung. Thus, probiotic consumption not only decreases the viral
loads but also increases immune response, which is critical
requirement during these days of pandemics. As per available
data, few strains of probiotics such as L. gasseri SBT2055,
L. rhamnosus CRL1505, B. bifidum and B. subtilis need at-
tention to explore their roles in the management of COVID-
19. In addition, probiotic bacteria also exhibit antioxidant ac-
tivity, which is a unique opportunity for the management of
COVID-19 because redox homeostasis is a pivotal in
inhibiting disease progression (Starosila et al. 2017; Singh
and Rao 2021).

Like other coronaviruses, SARS-CoV-2 binds with angio-
tensin converting enzyme 2 (ACE2) for internalization in tar-
get cells and utilize transmembrane protease serine 2 precursor
(TMPRSS2) to prime and replicate in the infected organisms
(Ahlawat et al. 2020a; Hoffmann et al. 2020). Therefore, re-
searchers suggest that ACE inhibitors might play an important
role in the management of COVID-19(Meng et al. 2020). It
has been reported that several probiotics, particularly lactic
acid bacteria are known to produce bioactive peptides as
ACE inhibitor (Bhattacharya et al. 2021; Petrova et al.
2021). Furthermore, lung-gut axis and associated microbiota
in relation with probiotics may be studied for the management
of COVID-19 as described previously by Ahlawat et al.
(2020a). Therefore, probiotics and their derivatives, alone
and in combinations, showing potent activity need to be ex-
plored in the future.

Probiotics and HIV infection

Recent findings have supported the idea that probiotics can
provide specific benefits to HIV infected patients during treat-
ment by improving the microbiota and reducing inflammation
(Anukam et al. 2008; d’Ettorre et al. 2015; Hummelen et al.
2011). However, few studies have shown the use of prebiotics
and probiotics in HIV therapy, wherein prebiotics have mod-
ulated gut microbiota reconstruction with reduction in lipo-
polysaccharides (LPS) and CD14 levels and activation of
CD4", T cells and NK cells (Gori et al. 2011; Monachese
et al. 2011). Prebiotics are beneficial in modulating resident
gut homeostasis and selectively promoting the growth of ben-
eficial microorganisms with concomitant reduction in patho-
genic gut bacteria responsible for opportunistic infections dur-
ing HIV infection. Furthermore, they have also improved
CD4", T cells counts and clinical GI symptoms (Hummelen
et al. 2011; Irvine et al. 2011). Probiotics also regulate the
intestinal epithelial barrier and reduce the HIV infection (Dai
etal. 2012).

Children suffering from HIV infections have higher inci-
dence of diarrhea and repeatedly experience malabsorption
due to bacterial overgrowth. Positive effect on immune re-
sponse occurs when L. plantarum 299v can be given to
immune-compromised hosts. When one or more probiotics
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are consumed together, the immune response may be im-
proved and work synergistically, as appears in the case when
Lactobacillus is given in combination with bifidobacteria.
These consequences are delivered through activation of mac-
rophages, increase in cytokines and activity of natural killer
cells (Ouwehand et al. 2002; Perdigon et al. 1990). Both cell-
based and antibody-based responses which are extremely
complex immune system are involved in the potential trans-
mittable agents. Certain diseases such as cancer, AIDS and
leukaemia or ordinary conditions such as old age, pregnancy
or stress may be outcome of immunodeficiency. Due to
misdirected immune system activity, autoimmune diseases
such as allergies and rheumatoid arthritis may occur.
Children suffering with cystic fibrosis showed decreased se-
verity of pneumonia when reacted with Lactobacillus
rhamnosus GG (Parvez et al. 2006).

d’Ettorre et al. (2015) observed higher levels of immune
response than healthy donors in combined antiretroviral ther-
apy (cART)—treated patients. All patients showed a weak in-
crease of CD4™ and T cells in the blood after 24 weeks of
probiotic supplementation. The value of lipopolysaccharide
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binding protein (LBP) was normalized by probiotics while
the levels of IL-6 and C-reactive protein (CRP) were similar.
A significant reduction in hsCRP was observed after supple-
mentation of probiotics. Thus, careful use of probiotics may
improve the condition of patients suffering from HIV and
other viral infections.

Inflammatory bowel disease

Ulcerative colitis (UC) and Crohn’s disease (CD) are predom-
inant and well defined forms of inflammatory bowel disease
(IBD)(Ahlawat et al. 2021; Uhlig and Powrie 2018). UC is
characterized by the inflammation located in the colon, which
begins in the rectum and spreads proximally in a uniform
pattern including periappendiceal region (Khor et al. 2011).
Contrary to this, in CD, any part of the GI tract is affected,
most commonly non-continuous terminal ileal region. Unlike
UC, it is commonly associated with anatomical complications
such as strictures, fistulas and abscesses (Khor et al. 2011).
Appraisal of the human genome by the collaborative re-
search groups has successfully identified genetic loci and
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genes responsible for IBD susceptibility (Anderson et al.
2011; Franke et al. 2010). Using genome-wide association
studies (GWAS) and meta-analysis of loci, 230 disease loci
linked to polygenic IBD have been identified and reported (de
Lange et al. 2017; Jostins et al. 2012; Liu et al. 2015).
Furthermore, the disease mechanism has been studied by the
identification of candidate gene networks and genetic variants
which affect host-microbe interactions, like microbe sensing
within the NOD2 pathway. GWAS has resulted in the identi-
fication of the role of autophagy in the pathogenicity of IBD. It
has also emphasized the key role of inflammatory signalling
pathways (e.g. IL-23-driven T helper cell responses) (Uhlig
and Muise 2017). Earlier, Anderson and co-workers reported
29 loci containing genes that suggested the role of epithelial
barrier function, cytokine-dependent signalling and intracellu-
lar defense in UC. They also reviled genetic overlap with CD
(Anderson et al. 2011). About 30% of IBD-related genetic loci
allocated between UC and CD, indicated that these diseases
share common pathways (Khor et al. 2011). Furthermore,
50% of IBD susceptibility loci showed association with other
inflammatory diseases and autoimmune disorders. The

genome data suggested that understanding the function of
these shared genes and pathways is important in disease biol-
ogy (Uhlig and Muise 2017).

Earlier, reduction in the complication of IBD has been
reported in association with consumption of different strains
of lactobacilli (Schultz and Sartor 2000; Ouwehand et al.
2002; Parvez et al. 2006; Murakami et al. 2012). Probiotics
may improve intestinal mobility and relieve constipation
possibly by reducing the pH. It has also been reported that
patients may get benefited with probiotic combination ther-
apies in IBD. In CD patients, Saccharomyces boulardii was
found to expand reduction time and reduce decline rates
(Parvez et al. 2006). Yoon et al. (2014) have investigated
the efficacy of treatment with probiotic consortia (e.g.
Bifidobacterium longum, Streptococcus thermophilus, B.
lactis, B. bifidum, Lactobacillus acidophilus and L.
rhamnosus) on the symptoms of IBS and also gut microbi-
ota alterations (Yoon et al. 2014). Interestingly, multispe-
cies probiotics were found to be effective in IBS cases, and
it also affects the composition of intestinal microbiota
(Yoon et al. 2014).
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Different species of Lactobacillus have been reported to
stimulate mucosal cytokine profiles in the gut immune system
(Perdigon et al. 1990). Mice fed with L. acidophilus,
L. delbrueckii subsp. bulgaricus and L. casei showed signifi-
cant induction in Thl cytokines, IL-2 and IL-12. Furthermore,
the probiotic cocktail stimulated secretion of IL-10 by dendrit-
ic cell and inhibited production of IFN-g(Hart et al. 2004).
Earlier, probiotic effect on epithelial lining has been reported
both in vitro and in vivo in suckling rats. Stabilization of the
gut barrier in IBD case by probiotic intake is proposed to be a
key factor for its therapeutic efficacy (Sheil et al. 2007).

Ulcerative colitis being chronic and inflammatory, in some
cases, it results into necrosis, ulceration and perforation of the
intestine (Fedorak and Madsen 2004). Young people between
20 and 40 years of age are mostly affected. The developed
countries of North America and Europe are more familiar with
this disease. A VSL#3 preparation which consists of eight
probiotics namely L. delrueckii subsp. bulgaricus,
L. acidophilus, L. casei, L. plantarum, B. longum, B. breve,
Streptococcus salivarius subsp. thermophilus and B. infantis
significantly reduced the reoccurrence of symptoms in pa-
tients (Floch 2010).

Crohn’s disease results in intestinal imbalance of microbi-
ota and a reduction in microbial biodiversity
(dysbiosis)(Manichanh et al. 2006; Marlicz et al. 2018; Ott
et al. 2004). Till date, the exact causes of CD are unrevealed,
though immunological response to disrupted gut microbiota is
likely to be involved in genetically susceptible individuals
(Ahlawat et al. 2021; Khor et al. 2011). The clinical manage-
ment of Crohn’s disease is very complex due to its heteroge-
nous symptoms, occurrence and severity. Therefore, an early
intervention of immunomodulators and/or probiotics to the
critical patients will show more benefits (Cleynen et al.
2013). Currently, the disease is managed by a combination
of immune-suppressant, diet management and surgery, if
needed. Probiotics such as B. infantis, B. bifidum,
L. acidophilus, L. plantarum, L. salivarius and Pediococcus
pentosaceus have been shown to positively regulate immune
functions or responses, which involve humoral, cellular or
non-specific immunity. However, several probiotics have
been tested in animal models with diverse and non-
conclusive results. Contrary to this, increase in
Bifidobacterium and Lactobacillus population (Wang et al.
2014) and decrease in Clostridium leptum and
Faecalibacterium prausnitzii(Prosberg et al. 2016) have been
reported in active CD patients (Ahlawat et al. 2021).
Importantly, F. prausnitzii has been observed to be associated
with an increased risk of recurrence of ileal CD after surgery
(Sokol et al. 2008) and the decreased butyrate producers (e.g.
Methanobrevibacter, Christensenellaceae and Oscillospira) in
active CD (Pascal et al. 2017). Similar observations in CD
patients were made for all butyrate producers, for example,
Roseburia inulinivorans, Blautia faecis, Ruminococcus
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torques, Bacteroides uniformis and Clostridium
lavalense(Marlicz et al. 2018; Takahashi et al. 2016).

Anti-carcinogenic effects

The carcinogens can be consumed or produced by metabolic
activity of microbes that are present in GI system. Probiotics
may decrease the exposure to carcinogens by detoxifying
them, by producing metabolic products leading to apoptosis,
by stimulating immune response and by changing the envi-
ronmental conditions of the intestine to inhibit tumour cells
(Donaldson 2004). Probiotics also inhibit the growth of bac-
teria converting pro-carcinogens into carcinogens.
Lactobacillus rhamnosus GG reduces the tumour occurrence
in experimental animals with colon cancer (Goldin et al.
1996). Using probiotics, consumers are benefited with the
variety of important therapeutic and nutritional benefits in-
cluding anti-mutagenic and anti-carcinogenic activity
(Parvez et al. 2006).

The modern life style (adulterated food and several stress-
es) is associated with cancer related death all over the world
which reduces lymphokine-activated killer (LAK) cells and
natural killer (NK) cells. Earlier, lymphoid tumour cell has
been reported to be suppressed by the NK cells in vitro with-
out any immunization or sensitization (Strobel and Strid
2002). A low NK cell activity enhances the menace of devel-
oping cancer cells; moreover, NK cells are induced by cyto-
kines (e.g. IFN-y and IL-12). Human with relatively low NK
cell activity, supplemented with fermented milk containing
L. casei strain Shirota and L. rhamnosus HNOO1, has been
reported to increase NK cell activity useful in cancer preven-
tion (Nagao et al. 2000; Sheih et al. 2001).

In elderly people, several health issues are linked to age-
related immune suppression (immunosenescence), which re-
duces the disease combat ability. They also have a predispo-
sition towards Th2 phenotype expression due to reduced NK
cell activity (Ongradi and Kdvesdi 2010). Gill et al. (2001)
observed increase in peripheral blood cells labelled singly for
CD56 (marker for NK cells) following consumption of
L. rhamnosus HNO19. Consumption of LAB-supplemented
milk (e.g. L. rhamnosus HNOOL and L. rhamnosus HNO19)
significantly increased peripheral blood mononuclear cells
tumoricidal activity (Gill et al. 2001). Furthermore, reduction
of NK activity is also associated with smoking, suggesting
that risk of cancer can be reduced by the reduction in smoking
(Morimoto et al. 2005). In a study, fermented milk with
L. casei strain Shirota has shown improvement in the bladder
cancer (Ohashi et al. 2002) and NK cell activity in male
smokers. It has been suggested that immunomodulation by
probiotic bacteria may enhance the host immune system to
produce IL-12 (via stimulation of macrophages), which even-
tually stimulate helper T cells. The stimulated helper T cells



Appl Microbiol Biotechnol (2022) 106:505-521

515

produced IFN-y providing immunity against tumour cells
(Taverniti and Guglielmetti 2011).

Colorectal cancer is the most common forms of cancer in
developed countries (Kolida and Gibson 2011). The change in
microflora composition and increase in their enzymes like
azoreductase, 3-glucuronidase, nitroreductase, glycocholic
acid reductase and urease have been linked with colon cancer.
Probiotics have been reported to inhibit cancer development
in the colon by lowering these microbial enzymes and by
degrading nitroso-compounds(Mombelli and Gismondo
2000). These enzymes transform cancer-causing molecules
into carcinogens and thus increase the risk of colorectal cancer
(Fuller 1989).

There are appreciable literature on the mucosal coloniza-
tion and metabolic activity of the intestinal microflora in rela-
tion to the age related aetiology of colon cancer (Biragyn and
Ferrucci 2018). Ageing is associated with reduced microbiota
useful in maintaining healthy gut. Development of gut
dysbiosis and passage of microbial products through mucus
membrane contributes to the chronic inflammation, which
negatively control the immune system and impairs the remov-
al of damaged and older cells, thus enabling tumour outgrowth
(Biragyn and Ferrucci 2018). Supplementation of the diet with
bile-resistantL. acidophilus of human origin showed a signif-
icant decline in the key microbial enzymes responsible for the
induction of colon cancer (Sharma and Shukla 2016). Kim
et al. (2006) found Lactobacillus rhamnosus ATCC9595 use-
ful in preventing colon cancer in human cancer cell lines due
to the induction of apoptosis by exopolysaccharides. Different
strains of Bifidobacterium, L. acidophilus, L. helveticus or a
mixture of L. bulgaricus and Streptococcus thermophilus
have been reported to show inhibition in the proliferation of
the cancerous cells (Baricault et al. 1995). In brief, probiotics
reduce tumour cell viability (Papadimitriou et al. 2015) and
suppress colorectal carcinomas (McIntyre et al. 2015; Reddy
and Rivenson 1993).

Conclusions and future perspectives

Probiotic bacteria positively affect the human health by stim-
ulating immune system and inhibition of pathogens. Due to
their multifarious health benefits, there has been a significant
interest in probiotics and prebiotics in healthcare and consum-
er products. However, an extensive study data is limited to a
few probiotics and prebiotics. Various clinical studies have
supported the role of probiotics and prebiotics alone and in
combination (synbiotics) with each other in the treatment and
prevention a large number of life-threatening diseases includ-
ing cancer, HIV infection, gut diseases and many more. There
are sufficient evidences that probiotics and their derivatives
may also pay significant role in the management of COVID-
19. Therefore, an utmost need of an hour is to clinically

validate some more probiotics and prebiotics along with
synbiotics for human health and therapeutic applications.
Modern techniques based on molecular biology, genetic engi-
neering, system biology, multiomics, nanotechnology and im-
munology must be utilized for thorough understanding of
structure and function of microbiome with respect to
probiotics and prebiotics. These studies will help in under-
standing the interaction among human body functions and
microbiome. Therefore, scientists from different fields (aca-
demic institutions, clinicians and industries) should come to-
gether and join hands in this direction through a collaborative
translational research attempting to directly relate insights
from the lab to the manufacturers, the consumers and the
clinicians.
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