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ABSTRACT

A rising corpus of research has shown the beneficial effects of probiotic Lactobacilli on human
health, contributing to the growing popularity of these microorganisms in recent decades. The
gastrointestinal and urinary tracts are home to these bacteria, which play a vital role in the
microbial flora of both humans and animals. The Lactobacillus probiotic, i.e, Lactobacillus plan-
tarum, Lactobacillus paracasei, Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus rhamno-
sus, Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus reuteri, and Lactobacillus bulgaricus,
are highly recognized for their remarkable probiotic qualities. The current study aims to highlight
the beneficial effects of probiotics in different health conditions, point out the research gap, and
highlight the future directives for the safe use of these probiotics in several health issues. Most
importantly, we have added the most recent literature related to the characteristics and usage of
these probiotics in clinical and pre-clinical settings. Based on the above statement, we believe that
this is the first report on the application of probiotics in human diseases. By providing a deeper
knowledge of the complex functions these probiotics play in both human and animal health, our
analysis will direct future studies and developments in this rapidly developing field.
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1. Introduction . . ) )
defense against pathogenic microorganisms,

Gram-positive, non-spore-forming rods called
Lactobacilli make up a large portion of the normal
human bacterial flora. Lactobacillus is commonly
employed in food manufacturing due to its ability
to produce lactic acid and its well-recognized
safety. Presently, they are involved in the dietary
supplementation of several species, including
humans."” Their typical anatomical sites are the
mouth cavity and the gastrointestinal (GI) tract.
The roles of Lactobacilli typically encompass the
processes of food digestion, nutritional absorption,

inflammatory modulation, gut flora management,
and bacterial infection prevention.>* Closely asso-
ciated with luminal microbiota (microbes living in
digested food and/or transit stool), these bacteria
are known for their intra-site dynamic relationship
parietal bacteria (microbes living in mucus layer
and/or in intestinal wall). Fascinatingly dynamic
and person specific, microbiota composition can
be affected by food, probiotic intake, intestinal
environment, and other host-dependent events
generating some novel bacterial stains. The most
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common genus in the lactic acid bacteria (LAB)
category is Lactobacilli, which are involved in the
metabolic processes that turns carbohydrates into
lactic acid. Based on their metabolic traits,
Lactobacillus species are often divided into three
groups. The primary by-product of the obligatory
homofermentative group’s fermentation of carbo-
hydrates is lactic acid (e.g., Lactobacillus acidophi-
lus and Lactobacillus salivarius). The facultatively
heterofermentative group (e.g., Lactobacillus casei
and Lactobacillus plantarum) ferments carbohy-
drates to produce lactic acid, ethanol/acetic acid,
and carbon dioxide as by-products under specific
conditions or with specified substrates. Finally, the
obligately heterofermentative group continuously
ferments carbohydrates to produce carbon dioxide,
lactic acid, and ethanol/acetic acid as byproducts
(e.g. Lactobacillus reuteri and Lactobacillus.
fermentum).>

Over the last twenty years, there has been
a notable surge in the interest in probiotic micro-
organisms, which have successfully demonstrated
their beneficial effects on human health and well-
being.” It has been shown that these probiotics can
improve food quality, shelf life, microbiological
safety, and biopreservation. Probiotic foods are
dietary supplements that are widely consumed
worldwide because of their nutritional worth and
potential for the treatment of a variety of human
illnesses. For instance, Zhang et al. showed that
constipation which is a common gastrointestinal
symptom and is related to many other disorders
in the human body has a negative impact on life.
Different bacteria like Bifidobacterium and
Lactobacillus have been demonstrated to have
favorable results in comparison to the modern
pharmaceuticals which has adverse effects and
related with costly prices.® Some of the bacteria
from LAB have a vital function in the generation,
intake, and detection of several neurotransmitters.
Additionally, it impacts the host’s synthesis, which
in turn affects the movement of the digestive sys-
tem. It regulates the equilibrium of excitatory and
inhibitory neurotransmitters involved in gastroin-
testinal motility, leading to an elevation in motor
neuron activity and a reduction in inhibitory neu-
ron activity, ultimately enhancing colonic motility
(Specifically,  Pediococcus  acidilactici  and
Limosilactobacillus pentosus increase the levels of

serum MTL, Gas, and SP while decreasing the
levels of ET, SS, and VIP).® Probiotic effects, how-
ever, are still up for contention and need more
investigation through long-term human trials.
Probiotics have been shown to improve human
health through nutrition, although there are still
reservations about their use despite the available
data. Probiotics can help maintaining the balance
of T-cell subsets by promoting the transformation
of Th2 to Thl in particular allergies and Th2-
mediated inflammatory diseases (Figure 1). This,
in turn, diminishes allergy symptoms. Analogous
results have been shown in mouse models of aller-
gies, demonstrating the capacity to improve allergic
asthma and atopic dermatitis by promoting the
development of Thl cells while suppressing the
responses of Th-2 and Th-17 cells.” An illustration
from source to target host of probiotic along with
health and disease conditions, also mechanism of
action of Lactobacillus in intestine, is shown in
Figure 2. In the current review we have mainly
focused on the most updated studies on
Lactobacillus in terms of its probiotic properties
and its health benefits, and future perspectives/
challenges.

2. Methodology

The relevant information regarding the
Lactobacillus, including its probiotic characteris-
tics and health advantages, was collected from
published articles. Research publications on pro-
biotic bacteria were located through scientific
resources, such as PubMed, Web of Science,
Google Scholars, and SciFinder. The selection
and evaluation of papers for relevancy were
based on titles, abstracts, and keywords. The key-
words used was Lactobacillus probiotic,
Lactobacillus plantarum, Lactobacillus paracasei,
Lactobacillus acidophilus, Lactobacillus casei,
Lactobacillus rhamnosus, Lactobacillus crispatus,
Lactobacillus  gasseri, Lactobacillus  reuteri,
Lactobacillus bulgaricus as a probiotic, also irre-
spective of timeframe but relevant articles were
chosen. The revised nomenclature for each spe-
cies has been incorporated into each title for
clarity. The figures were created using
Biorender.com.
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Figure 1. Beneficial role of lactobacillus in intestines, generating beneficial compounds responsible for anti-pathogenic activities and

regulation of immune cells, acting as a regulator of tight junction.

3. Different species of Lactobacillus as
a probiotic

In last decades probiotics have gained a tremendous
interest in the prevention and management of dif-
ferent health issues, and a mounting data has sig-
nificantly highlighted the mechanisms and effects in
these diseased conditions.” Kerry et al. reported the
current Lactobacillus probiotic are Lactobacillus
plantarum, Lactobacillus paracasei, Lactobacillus
acidophilus, Lactobacillus casei, Lactobacillus rham-
nosus, Lactobacillus crispatus, Lactobacillus gasseri,
Lactobacillus reuteri, Lactobacillus bulgaricus. *° The
probiotic guidelines published by the FAO and
WHO may provide a common benchmark for eval-
uating probiotic content in food, so enabling the
verification of health claims (Figure 3). These
recommendations require the following actions:
identification of the strain(s), functional character-
ization of the strain(s) for safety and probiotic qua-
lities, human study validation of health benefits, and
truthful, non-misleading labeling of efficacy claims
and content for the duration of the shelf life."" The
health benefits of Lactobacillus probiotic are illu-
strated in Figure 4.

3.1. Lactobacillus plantarum (Lactiplantibacillus
plantarum)

The U.S. Food and Drug Administration classifies
species of the Lactobacillus genus as “generally
regarded as safe (GRAS)” due to their long history
of safe use in fermented foods and their presence in
the typical human intestine and urogenital
microbiota.'? Lactobacillus plantarum
(L. plantarum), a heterofermentative bacterium,
metabolizes both pentose and hexose sugars to
produce lactic acid, carbon dioxide, and either
acetate or ethanol. L. plantarum is a highly promis-
ing strain of probiotics primarily present in a wide
range of fermented food products. The items men-
tioned are Pickles, Sauerkraut, Korean Kimchi,
Brined Olives, Sourdough bread, Nigerian Ogi,
and various other fermented fruits and vegetables.
It is also present in specific varieties of cheese,
fermented sausages, and stockfish. L. plantarum
has a long history of being used in the fermentation
of dairy, meat, and vegetables. It is one of the most
often found Lactobacillus species and has been
recognized as a food for a long time'*™'*
L. plantarum is used in the fermentation of dairy
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disease person, relating to many other disorders, here we showed the main one (c) Special example of Lactobacillus, mechanism of

action in intestine.

products including cheese and Kefir, pickled vege-
tables, fermented meat products, and a variety of
drinks.'>'® Because of L. plantarum health claims,
various probiotic formulations have been created,
and its antibacterial qualities are intriguing for
food safety applications like biopreservation
technology.'” When soshiho-tang, a well-known
traditional herbal medication, was fermented with
L. plantarum KFRI-144, the proliferation of vascu-
lar smooth muscle cells decreased. Utilising this
strain to make fermented soshiho-tang boosted
the suppression of platelet-derived growth factor-
BB-induced proliferation of vascular smooth mus-
cle cells. These inhibitory effects were achieved by
reducing Akt phosphorylation rates.'®

The most current research offers fresh
insights into the epigenetic mechanism of bac-
teria-mediated anti-tumor immunity and

justifies the use of indole-3-lactic acid produced
from L. plantarum in therapeutic approaches to
treat colorectal cancer in the future.'”” A study
conducted on college students identified
L. plantarum JYLP-326 as a potentially benefi-
cial approach for alleviating feelings of exam
anxiety. The trial had 60 students with anxiety
who were randomly allocated to either a placebo
or probiotic group, and 30 students without
anxiety who did not receive any interventions.
Results indicated that administering JYLP-326
reduced symptoms of anxiety, sadness, and
insomnia in test-anxious students. The placebo
group had a higher level of genetic diversity in
their gut microbiota, but the probiotic group
demonstrated a higher level of gut microbial
diversity. Furthermore, the study revealed
a correlation between anxiety and modified
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Figure 3. Ideal properties for any bacteria to become probiotic.

tecal metabolomics, which were then reversed
after the administration of JYLP-326 supplemen-
tation. Evidence indicates that L. plantarum
JYLP-326 has the potential to be used as a ther-
apeutic intervention for test anxiety.20
L. plantarum DP189 has the ability to slow
down the neurodegeneration induced by the
buildup of a-synuclein in the substantia nigra
of mice with Parkinson’s disease through the
inhibition of oxidative stress, suppression of
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the diet may influence the composition of the
human gut microbiota, potentially resulting in
a decrease in obesity. These findings contribute
to the increasing body of research suggesting
that probiotics may modulate the gut microbiota
and consequently show therapeutic potential in
combating or controlling obesity.>*
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3.2. Lactobacillus paracasei (Lacticaseibacillus
paracasei)

Lactobacillus paracasei (L. paracasei), a common
lactic acid bacterium species used in the fermenta-
tion of dairy products. It is typically found in the oral
cavity and gastrointestinal tract of humans, as well as
in various fermented foods such as yogurt, vegeta-
bles, and milk. It offers both health advantages and
enhances the taste and texture.”>** L. paracasei cells
showed potential probiotic properties in the GIT,
acting as an anti-enteropathogenic agent and safe
for use. The probiotic freeze-drying technique pre-
served high cell survivability. The banana powder
enriched with this bacterium, stored for 60 days,
maintained probiotic survival (107 CFU/g) while
excluding non-probiotic growth. No further micro-
organisms were detached during long-term storage
due to the moisture content (2.7-3.8%) and water
activity (aw) (0.235-0.363). L. paracasei was
regarded as a very suitable probiotics-banana rehy-
drated beverage.”> Further more in the context of
probiotic properties of this species, It has been
shown that consuming fermented milk enhanced
with L. paracasei 33 for 30 days improves the quality
of life for people suffering from Allergic Rhinitis.
The findings indicate that consuming LP-33-
fortified fermented milk for a duration of 30 days
can significantly and safely enhance the quality of
life for individuals suffering from Allergic Rhinitis,
suggesting an alternative therapeutic approach for
Allergic Rhinitis.’® On the other hand, it is impor-
tant to point out that the FDA has not yet given its
approval to any probiotics that are used in this
context, which indicates that additional research is
required in the future. For eight weeks, taking
L. paracasei orally (stored at 4°C before intake) at
a daily dosage greater than 10 billion bacteria
(1x10"° CFU) has been shown to reduce important
clinical aspects including nose itching in cases of
Allergic Rrhinitis. Furthermore, this treatment
resulted in a reduction of the pro-inflammatory
mediator IL-5 production.”’” The probiotic
L. paracasei K5, derived from dairy products, was
used to make cheese that resembles Feta. An immo-
bilized biocatalyst consisting of L. paracasei K5 cells
and wheat bran prebiotic improved the Feta-type
cheese’s acceptability, quality, and aroma. It also
increased its shelf life.*®

In most recent studies, the synergistic effects of
the various components of the L. paracasei CNCM
[-5220-derived postbiotic (LP-PBF) help to pre-
serve gut homeostasis. The findings imply that LP-
PBF may find use in the treatment of several dis-
eases that exhibit compromised intestinal barrier
performance.” In another recent finding, Kumaree
et al. looked at the potential advantages of new
probiotic strains in supporting healthy aging as
well as their capacity to guard against the toxicity
of amyloid B, which is linked to Alzheimer’s dis-
ease. It was also looked at how four distinct pro-
biotics (Lactobacillus salivarius, L. rhamnosus,
L. reuteri, and L. paracasei HII0I) affected the
Caenorhabditis elegans model ability to live longer.
The results showed that L. paracasei HII01 had the
greatest beneficial impact on longevity and showed
signs of anti-aging in C. elegans. An investigation
into the putative DAF-16-mediated mechanism for
modifying the lifespan extension mediated by
L. paracasei HII01 was found through the analysis
of qPCR data and research employing mutant var-
iants. Furthermore, the probiotic strains provided
protection against the toxicity produced by trans-
genic C. elegans strains that express p-Amyloid
(AB). Among these strains, L. paracasei HII01 dis-
played the highest degree of protection.*

3.3. Lactobacillus acidophilus (Lacticaseibacillus
acidophilus)

Lactobacillus acidophilus (L. acidophilus) is a rod-
shaped, homofermentative, anaerobic, Gram-
positive bacteria that was first isolated from baby
feces in 1900.>"* It is primarily found in humans,
predominantly in the oral cavity, vagina, and gas-
trointestinal tract. L. acidophilus has stronger tol-
erance to both acid and bile salt than many other
probiotics. These features let L. acidophilus survive
and proliferate in the demanding conditions of the
gastrointestinal tract.”” Additionally, it can be
found in a wide range of fermented foods, includ-
ing yogurt and fermented milk, amongst others.
L. acidophilus is a strain that is frequently used in
commercial dairy production due to the powerful
probiotic effects it offers. It prefers low pH values
(below 5.0) and operates best at 37°C, which is
recommended for growth. The genome of
L. acidophilus has previously been established



owing to the sequencing of DNA.’**
L. acidophilus in baby formula resulted in
a decrease in infant blood cholesterol levels from
147 mg/100 ml on the 5th day to 119 mg/100 ml on
the 8th day of the study. The reduction in serum
cholesterol levels was followed by a noteworthy
increase in the quantity of LAB.*® To sustain the
balance of intestinal flora, L. acidophilus can pro-
duce metabolites and reduce the gut’s pH. Some
pathogenic bacteria generate enzymes that catalyze
the conversion of carcinogenic precursors into car-
cinogens. The enzymes comprise nitro reductase,
azo reductase, and B-glucosidase. L. acidophilus can
inhibit the proliferation of pathogenic microorgan-
isms, reduce enzyme production, and obstruct
enzyme activity.”>*” L. acidophilus has been
shown in studies to provide a variety of probiotic
benefits on humans, including as decreasing cho-
lesterol, promoting immunological response,
assisting in lactose digestion, and serving as
a barrier against infections. The presence of
L. acidophilus at concentrations between 10° and
10° CFU per milliliter is required to see these
effects.’® Most recently, Jeon et al. isolated and
characterized a  feruloyl esterase from
L. acidophilus, a powerful antioxidant used in
numerous industries. The outcomes showed that
teruloyl esterase reacts with ethyl ferulate and can
be utilized to efficiently extract ferulic acid from
maize stalks, rice bran and wheat bran.*’
Treatment with L. acidophilus suppressed the
increases in TLR2 and TLR4 expression generated
by SesE in HT29 cells. Cells that were pretreated
exhibited markedly elevated expression of TLR2
and TLR4 compared to cells infected with SesE but
not subjected to pretreatment. These findings indi-
cate that L. acidophilus has the ability to reduce
inflammation and regulate the body natural immu-
nological response to SesE via affecting the expres-
sion of TLR2 and TLR4.* Another study showed
that L. acidophilus LA5 eftectively regulated the loss
of alveolar bone caused by infection from period-
ontopathogens. As a result, there were alterations in
the composition of the microorganisms in the
mouth and digestive tract, suggesting an imbalance
in the microbiomes. L. acidophilus LA5 reduced the
elevated levels of Enterococaccea, Streptoccocaceae,
Staphylococcaceae, Moraxellaceae, and
Pseudomonadaceae in the oral microbiome of the
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periodontitis group. On the other hand,
L. acidophilus LA5 caused a rise in the superphylum
Patescibacteria and the family Saccharamonadaceae
in the intestines of mice that were not infected.
These data suggest that L. acidophilus LAS5 is
a potential probiotic for managing periodontitis.*'

3.4. Lactobacillus casei (Lacticaseibacillus casei)

Gram-positive, rod-shaped, non-sporulating (non-
spore-forming), non-motile, anaerobic bacteria are
the defining characteristics of the species
Lactobacillus casei (L. casei). These strains, which
are frequently used in the fermentation of foods
like cheese and yogurts, have been grown and
studied.' L. casei is found in cheddar cheese, with
L. casei and L. rhamnosus recognized as the pre-
dominant species in cheddar manufactured in
Australia and New Zealand. Furthermore, Sicilian
green Olives that are naturally fermented also
include a major species, L. casei. *** L. casei
works to prevent infections caused by Clostridium
difficile and antibiotic-associated diarrhea (AAD)
(CDI).** Oral L. casei Zhang can also fix bilateral
renal ischemia-reperfusion-induced gut microbial
dysbiosis, reduce kidney damage, and slow down
its development to chronic kidney disease
(CKD). 4546

In the most recent exploration, it was found that
L. casei and L. reuteri were able to inhibit TLR4,
which in turn stopped pancreatic cancer cells from
multiplying, migrating, invading, and inducing
macrophages to become M2 polarized. In addition,
L. casei and L. reuteri were able to reduce the
growth of pancreatic cancer and improve the polar-
ization of M1 macrophages. According to the find-
ings, L. casei and L. reuteri reduce the risk of
pancreatic cancer by inhibiting TLR4, which in
turn promotes the M1 polarization of macrophages
and helps to maintain the homeostasis of the gut
microbiota.*” Hosseinzadeh et al. investigated the
possible method by which L. casei condition med-
ium mediates its apoptotic impact in colorectal
cancer cells through downregulation of miR-21.*
Also, the antagonist effect of L. casei and
L. rhamnosus was investigated against the biofilm
of Staphylococcus aureus, which displayed a potent
antibiofilm effect.*’
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An industrial, commercial, and applied health
potential makes L. casei, L. paracasei, and
L. rhamnosus, has received the most attention
from researchers.”® The strain L. casei-01 has
been persistently employed as a probiotic culture
in dairy products historically. Conversely, it has
also emerged as an approach for obtaining dairy-
free probiotic. L. casei-01 has recently been used
into whey-protein or polysaccharide-based edible
coatings applied to meat, baked items, and fruits.”'

3.5. Lactobacillus rhamnosus (Lacticaseibacillus
rhamnosus)

Originally identified as a subspecies of
Lactobacillus rhamnosus, Lacticaseibacillus rham-
nosus was commonly known as Lactobacillus rham-
nosus (L. rhamnosus). Subsequent genomic
research, however, indicated that it was a unique
species within the L. casei lineage, belonging with
L. paracasei and L. zeae. >*>> When it comes to
protecting kids from diarrhea caused by rotavirus,
Lacticaseibacillus rhamnosus GG works well. It has
proven effective in treating and preventing various
types of diarrhea in people of all ages, from toddlers
to adults. The European recommendations have
recently endorsed L. rhamnosus GG, indicating
that it has demonstrated potential in preventing
hospital-acquired diarrhea and diarrhea linked to
antibiotic use.’*® Mathipa-Mdakane et al.
reviewed up to 2022 that L. rhamnosus presents
a promising candidate for probiotic engineering
to develop novel strains with enhanced pathogen-
specific inhibition and health benefits.>

Recently, it was found that administering
L. rhamnosus GG to ovariectomized rats resulted
in enhanced bone microarchitecture, biomecha-
nics, and expression levels of CTX-I, PINP, Ca,
and RANKL. Additionally, it facilitated the for-
mation of new bone tissue, perhaps providing
relief from osteoporosis. The administration of
L. rhamnosus GG altered the equilibrium between
Th17 and Treg cells and mitigated inflammation
and damage to the intestinal barrier caused by
estrogen deprivation. In summary, L. rhamnosus
GG improved the condition of osteoporosis
caused by estrogen shortage by controlling the
gut microbiome and intestinal barrier, as well as
promoting a balance between Th17 and Treg cells

in both the gut and bone.”® L. rhamnosus sup-
pressed the activation of the NF-kxB/c-Fos/
NFATcl pathway, which in turn prevented osteo-
clast development. Moreover, it prevented the
breakdown of the alveolar bone, offering a fresh
approach to the application of probiotics in the
management of periodontitis.”’ Furthermore, by
concurrently decreasing Thl cells, L. rhamnosus
can effectively block CD8'T cell-mediated
inflammation, hence improving the efficacy of
rheumatoid arthritis treatment. Ninety-nine indi-
viduals with rheumatoid arthritis took part in this
investigation.62

3.6. Lactobacillus crispatus

One common rod-shaped member of the
Lactobacillus genus that is useful for producing
hydrogen peroxide (H,O,) is Lactobacillus crispa-
tus (L. crispatus). It can be detected in the gastro-
intestinal system of vertebrates as well as in the
vaginal environment through vaginal discharge.®’
L. crispatus L1 has been shown to have potential as
a vaginal probiotic by Donnarumma et al. that
emphasized the significance of fermentation pro-
cesses in order to obtain higher quantities of viable
cells.** Czaja et al. conducted a Phase I Trial invol-
ving a L. crispatus vaginal suppository aimed at
preventing recurrent urinary tract infections in
women. Their findings suggest that L. crispatus
CTV-05 can be administered as a vaginal supposi-
tory with minimal side effects in healthy women
with a history of recurrent UTL®* Furthermore, the
probiotic strain CTV-05 is employed for both pre-
menopausal and postmenopausal women dealing
with recurrent urinary tract infections. It is under-
going assessment, particularly for its effectiveness
in preventing and treating bacterial vaginosis,
a condition marked by the deficiency of essential
Lactobacillus flora crucial for host protection
against infections.*®"®®

In recent studies, L. crispatus plays a key role in
bacterial vaginosis, a prevalent disorder affecting
one-third of women globally. Electrospun fibers
loaded with L. crispatus demonstrate the ability to
generate viable and metabolically active bacteria,
effectively eliminating Gardnerella. The study
explores the potential of L. crispatus loaded fibers
as a biocompatible platform for treating bacterial



vaginosis. These fibers, composed of FDA
approved polymers such as PLGA and PEO, offer
sustained release of probiotics, lactic acid, and
hydrogen peroxide. It’s important to note that
this proof of concept study has limitations, as it
focuses on evaluating one probiotic strain against
a single anaerobic bacterial strain.®” L. crispatus has
been shown in randomized clinical trials to prevent
and treat intrauterine adhesion, suppress endome-
trial fibrosis, and restore the vaginal microbiota
following intrauterine surgery. In addition, it is
a novel investigation into the use of vaginal pro-
biotics in the treatment of gynecological
disorders.”

3.7. Lactobacillus gasseri (Ligilactobacillus gasseri)

The US Food and Drug Administration has desig-
nated Lactobacillus gasseri (L. gasseri) as Generally
Recognised as Safe (GRAS). It is facultative anae-
robic lactic acid bacteria.”’ This microbe is com-
mon in the female reproductive system,
gastrointestinal system, and oral cavity of humans.
Among the many probiotic qualities that L. gasseri
demonstrates are the control of intestinal flora,
anti-inflammatory and antibacterial actions, pre-
servation of the equilibrium of female vaginal
flora, and uric acid reduction. It is positioned as
a prospective probiotic candidate by these
qualities.”>”” L. gasseri HHuMIN D serves as
a secure and bioactive lactobacterial component,
suitable as a food ingredient, starter culture, or
probiotic microorganism for promoting human
oral health.”* L. gasseri generates Gassericin A,
which is a bacteriocin, a proteinaceous or peptidic
toxin produced by bacteria to impede the growth of
similar or closely related bacterial strains.”>”®
Recently, it is reported that L. gasseri LA39
enhances the biotransformation of intestinal sec-
ondary bile acids and promotes the hepatic genera-
tion of primary bile acids. The results imply that by
controlling bile acid metabolism, L. gasseri LA39
provides a crucial role in the gut-liver axis.”” It has
been shown by Gao et al. that L. gasseri LGV03,
which was isolated from the cervico-vagina of
women who had cleared human papillomavirus,
can control innate immune responses in the epithe-
lium. Furthermore, it was discovered that this
strain prevented human cervical cancer cells that
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tested positive for human papillomavirus from
growing.”® Also, Insulin resistance and liver
damage brought on by type 2 diabetes were
reduced by the L. gasseri CKCC1913-mediated reg-
ulation of the gut-liver axis, highlighting L. gasseri
CKCC1913 and its potential impact on metabolic
health highlight the favorable potential of probio-
tics as a therapeutic treatment for diabetes.”

3.8. Lactobacillus reuteri (Limosilactobacillus
reuteri)

Lactobacillus reuteri (L. reuteri) is an extensively
researched probiotic bacterium colonizing a large
number of mammals. In humans, L. reuteri is pre-
sent in diverse bodily locations such as the gastro-
intestinal tract, urinary tract, skin, and breast milk.
The prevalence of L. reuteri varies among
individuals.® L. reuteri serves as a preventive mea-
sure for this ailment, children who receive it when
in good health are less prone to developing diar-
rhea. In terms of safeguarding against intestinal
infections, comparative studies indicate that
L. reuteri exhibits greater efficacy than other
probiotics.®’ Severe enterocolitis is caused by high
dosages of the chemotherapy medication metho-
trexate. L. reuteri dramatically reduces the signs
and symptoms of methotrexate-induced enteroco-
litis in rats, including bacterial translocation.®”
L. reuteri has demonstrated the potential to
enhance dental health by effectively eliminating
Streptococcus mutans, a bacterium associated with
tooth decay. L. reuteri was the only probiotic bac-
teria that showed the ability to inhibit Streptococcus
mutans out of all those that were examined.
A different investigation established that L. reuteri
does not negatively impact teeth prior to human
testing. Clinical experiments later showed that
those whose diet supplemented with L. reuteri
had a significantly lower amount of Streptococcus
mutans in their oral microbiome.*

A study reveals a significant interaction between
CD8 T cells and indole-3-aldehyde, an aryl hydro-
carbon receptor agonist produced by probiotics, in
the tumor microenvironment. This interaction
enhances anticancer immunity and increases the
effectiveness of immune checkpoint inhibitors.
L. reuteri, a probiotic, can colonize and translocate
to melanoma, enhancing its anti-tumor action.
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However, this tumor translocation capability is not
exclusive to L. reuteri and may also be seen in other
commensal bacteria. Dietary tryptophan can also
elicit similar anti-tumor action by metabolizing
tryptophan into indole-3-aldehyde, stimulating
CD8 T lymphocytes to produce interferon-y. This
process enhances the effectiveness of immune
checkpoint inhibitors and prolongs life in
advanced melanoma patients.** L. reuteri restored
the intestinal barrier, reduced pulmonary edoema,
slowed the inflammatory response, and altered the
gut microbiota in acute lung injury mice. This
offers new insights into the clinical management
of acute lung injury.®

3.9. Lactobacillus bulgaricus (Lactobacillus
delbrueckii subsp. bulgaricus)

Gram-positiveLactobacillus bulgaricus
(Lactobacillus  delbrueckii  ssp.  bulgaricus),
(L. bulgaricus) is a rod that frequently appears
lengthy and filamentous. It doesn’t move and
doesn’t make spores. It is nonpathogenic as well.
This bacterium is classified as acidophilic or acidu-
ric and prefers low pH environments, usually
between 5.4 and 4.6. Moreover, it is
anaerobic.*®®” Using the azoxymethane/dextran
sodium sulfate paradigm, Silveira et al. showed
that L. bulgaricus reduces colitis-associatedcancer
by adversely regulating intestinal inflammation.®®
Furthermore, encapsulating L. bulgaricus in algi-
nate — milk microspheres serve as an effective pro-
tective measure against harsh simulated
gastrointestinalconditions.®

In recent finding, derivatives of proteins and
exopolysaccharides from L. bulgaricus were
extracted, characterized, and for the first time
used in the production of novel self-crosslinking
3D printed alginate/hyaluronic acid hydrogels, as
high-value functional biomaterials with therapeu-
tic potentials in regenerative medicine
applications.”® The two primary species utilized
in the manufacture of yogurt are Streptococcus
thermophilus and L. bulgaricus. According to
Xue et al. the glutathione produced by
S. thermophilus during cocultivation successfully
increased L. bulgaricus activity and markedly
raised the fermented milk quality.”’ Guo et al.

first employed low acyl gellan gum to immobilize
L. bulgaricus T15. It was employed in the synth-
esis of D-lactic acid from non-detoxified maize
stover hydrolyzate, demonstrating exceptional
efficacy as a cell immobilization medium with
significant potential for application in the straw
biorefinery sector.”’Table 1 show the probiotic
properties of these nine Lactobacillus species.

4. The historical evolution of traditional
fermented beverages

Fermented foods, a traditional food preservation
method, are gaining popularity due to the health
benefits of a balanced gut microbiota.
Fermentation, which uses microbes like
Lactobacillus, transforms raw ingredients into sav-
ory, nutrient-dense meals, attracting consumers
due to their perceived health benefits.”>"*
Especially Lactobacillus strains, which are well-
known for enhancing gut flora, probiotics abound
in fermented foods including kimchi, sauerkraut,
koumiss, yogurt, kurut, cheese, Kefir and kombu-
cha. Here are some traditional food sources of
Lactobacillus:

* Yoghurt: One of the most well-known sources
of Lactobacillus. Yoghurt with living, active
cultures is what you want because it contains
good bacteria, including various Lactobacillus
strains.”

e Koumiss: A dairy product made from fermen-
ted mare’s milk, it is renowned throughout
Asia, Russia, and many other countries. It is
consumed in both solid and liquid form, ser-
ving as both a source of nourishment and an
alcoholic drink.”

e Kurut: The product is derived from raw cow
milk that has not been pasteurized, and it
undergoes spontaneous fermentation by
microorganisms present in the air.”’

e Fermented Cheese: Lactobacillus can be pre-
sent in some cheese varieties, particularly
those that go through a fermentation process.
Cheddar, Swiss, and Gouda are a few
examples.”®

e Kefir: A fermented milk beverage prepared
using Kefir grains. Numerous probiotic



microorganisms are present in it, including
Lactobacillus species.”

e Sauerkraut: Fermented cabbage, rich in several
strains of Lactobacillus. In many cultures, it’s
a common side dish and condiment.'®

e Kimchi: A traditional Korean meal made with
fermented vegetables, typically radishes and
cabbage, and spiced with ginger, garlic, and
chili peppers. Kimchi is a source of
Lactobacillus bacteria.'*"'%?

e Miso: A traditional Japanese condiment made
by combining koji (a type of fungus) and salt
to ferment soybeans. One of the helpful bac-
teria that aids in fermentation is Lactobacillus.
103

e Pickles: Lactobacillus is abundant in fermented
cucumbers. Instead of using vinegar, make
sure they are naturally fermented in brine.'**

¢ Buttermilk: The liquid that remains after
churning butter, known as traditional butter-
milk, is frequently fermented and contains
Lactobacillus bacteria.'"’

e Tempeh: A traditional Indonesian soy product
made by fermenting soybeans. The fermenta-
tion is mainly process by Lactobacillus
bacteria.'%

e Sourdough Bread: Traditional sourdough
bread is leavened through a natural fermenta-
tion process that involves Lactobacillus,
among other microorganisms.107

With a rich and centuries-long history, Kefir is
a fermented milk beverage with a distinct efferves-
cence and a somewhat acidic taste. Kefir is
a fascinating cultural and gastronomic phenom-
enon, with its origins entwined with traditions
and stories. The Caucasus mountains, which lay
between Georgia and Russia, are thought to be
the birthplace of Kefir. It is said that the Kefir
grains were accidentally exposed to the milk that
the nomadic tribes in this region carried in leather
pouches during their milk-carrying practises. The
secret to fermenting milk and making Kefir is Kefir
grains. The precise source and discovery of Kefir
grains are still mostly unknown. The drink was
significant to culture and was seen as a source of
endurance and power. Due to the efforts of Russian
physicians and scientists, Kefir was introduced to
Russia in the late 1800s. The Russian medical
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community started researching Kefir’s qualities
after realizing that it might have health benefits.
Russian scientists and health officials became inter-
ested in Kefir in the early 20th century after learn-
ing about its possible health benefits.'*®~'"?
Lactobacillus, Streptococcus, and yeast species
such as Saccharomyces were found to contribute
to the fermentation process.'’> Kefir has had
a global comeback in popularity in recent decades
due to growing interest in probiotics and fermen-
ted foods for their possible health benefits. These
days, it’s easily found at health food stores and
supermarkets in a variety of forms, including as
conventional milk Kefir, water Kefir, and even
nondairy substitutes.''* Lactobacillus acidophilus,
Bifidobacterium bifidum, Streptococcus thermophi-
lus, Lactobacillus delbrueckii subsp. bulgaricus,
Lactobacillus helveticus, Lactobacillus
Kefiranofaciens,  Lactococcus  lactis,  and
Leuconostoc species are just a few of the probiotic
bacteria found in Kefir products.''>''® The Kefir
polysaccharide is synthesized in large part by these
bacteria. Kefir is now praised for both its distinct
flavor and possible health benefits linked to the
variety of microorganisms that make up its com-
position. The Kefir story is an intriguing one in the
realm of fermented foods because it shows how
cultural customs, myths, and scientific knowledge
interact.""> There are many other fermented pro-
ducts that are discussed before contain
Lactobacillus probiotic for fermentation.

5. Possible side effects of Lactobacillus

Lactobacillus, however, is associated with some ill-
nesses, particularly in individuals with weakened
immune systems. There have been numerous
recorded cases of persons experiencing illnesses
caused by Lactobacillus species. The patients
encompass individuals with AIDS, neutropenia,
and individuals who have undergone organ trans-
plants. The most prevalent diseases caused by
Lactobacilli are localized infections such as
abscesses, bacteremia, and endocarditis.''”'"®
Additionally, the risk factors commonly reported
in the literature for Lactobacilli infections include
Diabetes mellitus, preexisting structural heart dis-
ease (in cases of infective endocarditis), cancer
(particularly leukemia), the utilization of total
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parenteral nutrition, the administration of broad-
spectrum antibiotics, chronic kidney disease,
inflammatory bowel disease, pancreatitis, che-
motherapy, neutropenia, organ transplantation
(especially liver transplantation), and the use of
steroids."'”"'** Following the implementation of
the Dietary Supplement Health and Education
Act (DSHEA) in 1994, enforced by the US Food
and Drug Administration (USFDA), probiotics
have attained considerable popularity as dietary
supplements in the United States. The more lenient
rules under DSHEA have enabled their promotion
and over-the-counter distribution in the United
States. It is essential to acknowledge that the
DSHEA is applicable just inside the United States,
and its impact does not reach the international use
of probiotics, including Lactobacillus species. The
function of Lactobacillus in global disease manage-
ment warrants further investigation, since the
application of probiotics in certain medical situa-
tions may be contraindicated. Moreover, regula-
tory frameworks beyond the U.S. may enforce
more stringent regulations on probiotics, poten-
tially influencing the utilization and perception of
both Lactobacillus and non-Lactobacillus species
worldwide."**" "¢

6. Research gap, future challenges, and
conclusive remarks

The human gut is colonized by a wide variety of
probiotic bacteria that actively interact and co-
evolve with the host organism. These microorgan-
isms are vital for the digestion and absorption of
food, the metabolization of toxic waste products,
and the synthesis of important molecules like
short-chain fatty acids and amino acids, which are
necessary for regular physiological processes. Their
presence produces observable health benefits, par-
ticularly through improving the host’s microecolo-
gical balance and positively influencing the
gastrointestinal system.'”” Global sales of health
goods bearing the label “probiotic” have increased
dramatically since the early 1990s. Simultaneously,
“probiotics” have become a hot topic in global
research. Numerous disorders have been thor-
oughly investigated by these microbes, revealing
a wide range of potential health impacts, that has
been described in each section of different

lactobacillus strain previously.'*® It’s hardly unex-
pected that the global probiotics market achieved
a value of almost USD 58 billion in 2022 and is
projected to surpass USD 85 billion by 2027. The
global lactobacillus probiotics market had
a valuation of USD 1162.6 million in 2020.
According to projections, the value is expected to
reach USD 2529.5 million by 2032, with
a compound annual growth rate (CAGR) of
6.6%."%>°% The discovery of powerful probiotic
strains, as described by Kerry et al. that has been
highlighted in our review, is expected to support
the continuous enhancement of human health,
opening the door for a significant rise in the market
value soon.” Currently up to the end of 2023
around 306 studies has been completed or recruit-
ing (some with unknown status or terminated)
with term “lactobacillus probiotic” according to
the ClinicalTrials.gov. Dronkers et al. also give
a brief review up to August 1, 2019 about the
clinical studies of probiotic, in which
L. rhamnosus GG (LGG) and Bifidobacterium ani-
malis ssp. lactis BB12 are the probiotic strains stu-
died most."!

However, overcoming substantial obstacles will
be necessary to get positive outcomes in this sce-
nario. Probiotic bacteria have been found to die
due to many factors such as low pH during fer-
mentation in food products, oxygen exposure dur-
ing refrigeration, distribution, and storage, and
acidic conditions in the human stomach.'**'*’
Regarding probiotic meals, there are extra pro-
blems related to sensory acceptability. Several stu-
dies indicate that when compared to traditional
competitors, probiotic-enhanced products may be
able to achieve comparable, if not higher, perfor-
mance. Examples are L. reuteri RC-14 and
L. rhamnosus GR-1 fortified functional yogurt,
L. paracasei and inulin-enriched chocolate mousse,
curdled milk enhanced with L. acidophilus and
inulin, and inulin-supplemented milk fermentation
with B. animalis and L. acidophilus La-5.">*""3°
Notably, in some cases major medical regulatory
authorities like the European Food Safety
Authority and the US Food and Drug
Administration have yet to endorse any probiotic
formulation as a therapeutic intervention.
Consequently, the marketing of probiotics as diet-
ary supplements tends to emphasize characteristics



such as safety, viability in the gastrointestinal tract,
and minimal impact on food taste, rather than
unequivocal health-promoting effects.”” As diet-
ary therapies that aim to modify the gut microbiota
may hold therapeutic potential in treating disor-
ders, given the significant role the gut microbiota
plays in maintaining host health. A community-
specific consensus is necessary to develop custo-
mized nutritional recommendations, effectively
implement the microbiome-based modulation
strategy, and accurately evaluate its effectiveness.”

Probiotics are important for maintaining gas-
trointestinal health, boosting immune system
function, and promoting metabolic balance.
When taken correctly, they can offer advantages
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gastrointestinal illnesses, boosting immunity,
and promoting metabolic health.
Understanding the intricacies of the microbiota
and the impact of probiotic microbes on health
is a difficult task. Thoroughly planned, compre-
hensive research efforts that incorporate blind-
ing and randomization, and are preferably free
from the influence of commercial interests, are
crucial for generating facts that will substantiate
policy decisions. Objective examination of the
data and stratification of the results are crucial
in order to account for interindividual variables
that may mislead or complicate the desired out-
comes. Greater emphasis should be placed on
the discovery, dissemination, and publication of

such as

decreasing  the

likelihood of data pertaining to adverse

Table 1. Lactobacillus and their probiotic properties, special focus on the nine species that were discussed in the review.

responses.

Bacteria Probiotic Properties and Clinical Manifestation Ref
Lactobacillus Survive at pH 2, highest hydrophobicity (79.13%), represented the deconjugation of bile salts, highest cholesterol '#>7'%
plantarum reduction (59%).
Twenty-five strains derived from fermented foods, safe for consumers, can tolerate the simulated gastrointestinal fluids.
Acid-bile tolerance, antibiotic sensitivity, auto-aggregation, co-aggregation, bacterial adhesion to hydrocarbons were
confirmed from two strains
Randomized trails: meta-analysis showed, it can enhance host immunity by regulating both pro-inflammatory and anti-
inflammatory cytokines.
Lactobacillus L. rhamnosus IMC 501 and L. paracasei IMC 502 can be used as probiotics in functional foods due to its high adhesion '4¢-'48
paracasei ability.
Strain L1 supplementation promote growth and upgrade the intestinal microflora in chicken
Use of I. casei and I. paracasei in clinical trials for the enhancement of human health has been done in many studied and
considered as safe.
Lactobacillus AD125 strain had higher gastrointestinal tolerance, auto aggregation percentage (26.51+ 0.71%), and coaggregation '*%1>°
acidophilus percentage (23.97 £ 0.44%) with E. coli 0157:H7, high surface hydrophobicity of toluene and xylene (83.59 + 2.54% and
93.45 £ 1.24%)
Clinical trials: L. acidophilus NCFM and B. lactis Bi-07 improve symptoms of bloating in patients with functional bowel
disorders.
Lactobacillus casei L. casei MYSRD 108 and L. plantarum MYSRD 71 strains exhibited strong survival and antagonistic activities for probiotic '>'1>
application in the gastrointestinal tract against Salmonella paratyphi biofilm.
Yogurt with L. casei Zhang remained viable (1.0 x 10° cfu/mL) after 28 days, suggesting its potential for functional foods
and health products.
Lactobacillus L. rhamnosus 4B15) showed high tolerance to acid and bile salts, and ability to adhere to the intestine. 153154
rhamnosus Have an impact on immune health by modulating pro-inflammatory cytokines.
Randamozed clinical trials: Supplementing with the probiotic L. rhamnosus GG enhanced cognitive performance in
middle-aged and older individuals who had cognitive impairment.
Lactobacillus L.crispatus 2029, producing H,0,, exhibits broad antagonistic activity, enhancing colonization resistance against agents '>>~'>’
crispatus associated with urinary tract infections, bacterial vaginosis, and vulvovaginal candidiasis.
L. crispatus exhibited resistance to methicillin, metronidazole, oxacillin, and sulfamethoxazole + trimethoprim, but the
bacteria displayed sensitivity to examine the other antibiotics.
Clinical trial: The strain L. crispatus FSCDJY67L3 has potential clinical applications as a supplement for treating H. pylori
infections.
Lactobacillus L. gasseri LGZ1029 displays favourable gastrointestinal tolerance, bacteriostatic capability, and antioxidant activity, '*~'¢°
gasseri showcasing excellent probiotic traits, suggesting highly promising probiotic candidate.
Display great capability of exopolysaccharide production, and tolerance to acid and bile salt.
Clinical trial: L. gasseri BNR17 has the potential to improve diarrhea-IBS as a probiotic.
Lactobacillus Withstanding low pH and enzyme-rich conditions, adhering to epithelium for host-probiotic interaction, and competing 8> ¢!
reuteri with pathogenic microorganisms.
Randomized control trial: Consuming probiotic L. reuteri-lozenges is an effective method to enhance and sustain
periodontal health when personal oral hygiene becomes less effective.
Lactobacillus Strains LB1, LB2 and LD, showed 85.59% survival rates at pH 3.0 of the acid and 96.73-64.51% at 0.1%-0.3% bile salt 627154
bulgaricus concentration, 61.88% cell surface hydrophobicity.

L. bulgaricus KLDS 1.0207 as a capable probiotic candidate having antimicrobial, anti-inflammatory, acid, and bile
tolerant and lipid-regulating properties.

Randomized control trial: Consuming yoghurt that has been fermented with L. delbrueckii ssp. bulgaricus OLL1073R-1
improves the subjective psychological quality of life for women healthcare professionals.
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Furthermore, providing a comprehensive eluci-
dation of the mechanisms underlying the bene-
ficial effects of probiotics in particular
demographic subgroups has the capacity to
enhance predictive precision, refine clinical
trial methodologies, and advance the creation
of strategies for probiotic health. The high-
lighted strains in this context exhibit enhanced
probiotic characteristics, indicating potential
future health benefits. In order to completely
understand these lactobacilli and ultimately
understand their possible health implications, it
is imperative to meticulously evaluate the exist-
ing challenges.

List of Abbreviations

L. plantarum  Lactobacillus plantarum
L. paracasei  Lactobacillus paracasei
L. acidophilus  Lactobacillus acidophilus
L. casei Lactobacillus casei

L. rhamnosus  Lactobacillus rhamnosus
L crispatus Lactobacillus crispatus

L. gasseri Lactobacillus gasseri

L. reuteri Lactobacillus reuteri

L. bulgaricus  Lactobacillus bulgaricus

LAB Lactic acid bacteria

AIDS Acquired Immune Deficiency
Syndrome

GRAS Generally regarded as safe

FAO Food and Agriculture
Organization

WHO World Health Organization

FDA Food and Drug Administration

GIT Gastrointestinal tract

LP-PBF L. paracasei CNCM 1-5220-derived
postbiotic

qPCR Quantitative polymerase chain
reaction

DAF Decay accelerating factor

CFU Colony forming units

TLR4 Toll-like receptor 4

BSSL Bile salt — stimulated lipase

PTL Pancreatic triglyceride lipas

PLRP2 Pancreatic lipase-related protein 2

L. zeae Lactobacillus zeae

Th17 T helper type 17

Treg Regulatory T

NF- kB Nuclear factor-kappa B

NFATcl Nuclear factor of activated T-Cells 1
UTI urinary tract infection

PLGA Poly (lactic-co-glycolic acid)

PEO Polyethylene oxide
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