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Abstract: With the implementation of modern scientific protocols, the average human lifespan has
significantly improved, but age-related problems remain a challenge. With the advent of ageing,
there are alterations in gut microbiota and gut barrier functions, weak immune responses, increased
oxidative stress, and other age-related disorders. This review has highlighted and discussed the
current understanding on the significance of gut microbiota dysbiosis and ageing and its inherent
effects against age-related oxidative stress as well as on the gut health and gut-brain axis. Further, we
have discussed the key mechanism of action of Lactobacillus strains in the longevity of life, alleviating
gut dysbiosis, and improving oxidative stress and inflammation to provide an outline of the role of
Lactobacillus strains in restoration of gut microbiota dysbiosis and alleviating certain conditions during
ageing. Microbiota-targeted interventions of some characterized strains of probiotic Lactobacillus for
the restoration of gut microbial community are considered as a potential approach to improve several
neurological conditions. However, very limited human studies are available on this alarmed issue
and recommend further studies to identify the unique Lactobacillus strains with potential anti-ageing
properties and to discover its novel core microbiome-association, which will help to increase the
therapeutic potential of probiotic Lactobacillus strains to ageing.
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1. Introduction

Ageing is a complex process characterized by decline in physiological function caused
by continuous deteriorations and changes at cellular and tissue level. It is a predestined
physiological phenomenon attributed to the low functional capability of an organ’s func-
tioning. Researchers have focused on its possible mechanism. Still, these studies are
complex because the process and pace of ageing is greatly varied among individuals [1].
Inside cells, ageing can be evident as the loss of function or unrestrained propagation. Both
microscopic and macroscopic changes occur in tissues with indefinite composition and
elevated cross linking in the extracellular matrix, which causes stiffness and the loss of
mechanical toughness [2]. Constant cell damage is considered as the ultimate reason for
tissue failure; hence, ageing is an important risk factor for several diseases. To understand
the actual reasons for our mortality, studies have been focused on ageing to sustain the
quality of life in the ageing population globally. However, ageing studies are complex
because ageing is influenced by genetic and environmental factors throughout life, which
also shows great discrepancy among the subjects [3].
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The age-related changes in gut microbiota favor the growth of pathogens and gut-
associated diseases. Ageing also affects the composition of beneficial microbes in gut,
where their abundance and diversity gets lower [4]. There exists a link between dysbiosis
and age-associated metabolic disorders during ageing. The elderly has a low diversity of
gut microbiota, specifically linked to metabolic disorders (as evident from animal model
studies), which further leads to higher inflammation and compromised immune system.
Therefore, the maintenance of a stable gut microbiota is crucial for healthier ageing. One
of the key reasons for ageing is the decline in metabolism due to continuous exposure to
oxidative stress, which further causes mitochondrial dysfunction [5]. So far, most of the
previous studies have focused on feeding live probiotic strains to the animals in ageing
experiments. However, the use of heat-killed probiotics has several benefits, including
safety and long-lasting effects. Heat-killed probiotics confer different biological effects,
such as stimulating the intestinal immune responses and anti-inflammatory effects. A
recent study showed that the intra-gastric feeding of heat-killed Lactobacillus paracasei
PS23 to aging mice can improve age-related muscle atrophy. Ghrelin is an essential gut
hormone with pleiotropic effects that controls hunger, meal initiation, and nutrient sensing.
It can also indirectly improve muscle mass by stimulating the IGF1 pathway in mice with
cachexia. The heat-killed P523 can help maintain the levels of ghrelin in ageing mice; hence,
it can improve the muscle function during ageing [6].

Probiotics are defined as live microorganisms that confer a health benefit on the host
when administered adequately. The most common probiotic strains are associated with the
genera Lactobacillus and Bifidobacterium. Recent advancements have witnessed significant
achievements in using Lactobacillus during animal studies in ageing models [7]. Their key
benefits on the host health include improving the barrier function, immunomodulation,
and the production of neurotransmitters. Additionally, they can positively influence the
host gut microbiota and cellular components of gut-brain axis.

This review has highlighted the advances in using Lactobacillus as therapeutic inter-
ventions to improve ageing via microbiota-targeted approach. The initial focus is the
effectiveness of different Lactobacillus strains against age-related oxidative stress, including
anti-immunosenescence effects of Lactobacillus. Other sections include microbiota targeted
effects of Lactobacillus on skin and brain ageing.

2. Ageing-Related Gut Microbiota Dysbiosis and the Role of Lactobacillus

Infants get their microbiome either at the time of or before birth, and they may be
exposed to bacteria via the birth canal or in case of contact with their maternal skin
(Caesarian born babies) [8]. In a newborn baby, the gut colonization begins with facultative
anaerobic bacteria, like enterobacteria and streptococci, which further continues with
anaerobes, like Bifidobacterium, Clostridium, and Bacteroides [9]. Microbial composition in
the gut of a newborn baby undergoes significant changes due to different environmental
and genetic factors and eventually develops a commensal intestinal microbiome. The
gut of every adult human carries about 10' bacteria, approximately 10-fold the number
of cells that make up the human body [10]. This ecosystem is home to a minimum of
400-500 bacterial species divided into various strains that highlight its huge intricacy [11].

The most prominent bacterial species inside the gut of a healthy human mostly consist
of Bacteroidetes and Firmicutes [12]. Proteobacteria, Actinobacteria, Fusobacteria, Cyanobacteria,
and Verrucomicrobia are less abundant phyla [13]. Furthermore, different sites are inhabited
by various bacterial groups. Bacilli (a class of Firmicutes and Actinobacteria) are more abun-
dant in the small intestine, while the families of Firmicutes (Bacteroidetes and Lachnospiraceae)
are more abundant in the colon region [14]. Additionally, there are significant differences
in the intestinal lumen and mucosal layer’s microbiota composition and the microbiota
present near the epithelium [15].

The age-related changes in the composition of gut microbiota include a decline in
diversity, decreased population of saccharolytic bacteria and increased proteolytic bac-
teria [16], a decline in the abundance of core (dominant) species and higher abundance
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of subdominant species [17], an increase in the number of certain proteobacteria, and a
reduction of Bifidobacteria and Firmicutes to Bacteroides ratio [18,19]. For instance, in the
vaginally delivered breast-fed infants, the numbers of Bifidobacteria decreases throughout
the course of life from 90% of the total colon microbiota following birth to less than 5%
in the colon of adults, and these numbers were even less in the elderly [20]. The major
changes in gut microbiota take place through the shift from adulthood to old age. Elderly
people (older than 65) are characterized by a decline in the microbial diversity, and a
greater inter-individual differences in microbiota diversity have been observed compared
to adults [21], with less numbers of Bifidobacteria, Firmicutes, Faecalibacterium prausnitzii,
Clostridium cluster XIV, Blautia coccoides, Eubacteriumm rectal, and greater incidence of Bac-
teroides and Enterobacteriaceae [19]. However, it is worth noting that the data on age-related
alterations in microbiota composition are different form population to population

Lactobacillus colonizes the gut and inhibits gut pathogens through competitive exclu-
sion, which includes occupying the adhesion sites, consuming nutrients, and producing
antimicrobials [15]. As the role of probiotic bacteria in the composition of gut microbiota
and gut diseases has been studied, few studies have focused on the effects of probiotic
bacteria concerning the diversity of gut microbiota. Probiotics are regularly residing the
gastrointestinal tract, which can regulate the microbiota composition of the intestinal tract
and restrict the growth of pathogenic strains. Lactobacillus strains can potentially reshape
the gut microbial composition by restoring the diversity and inhibiting the growth of
pathogens. Supplementation of Lactobacillus acidophilus and Lactobacillus casei increased
the abundance of lactic acid bacteria with a corresponding decrease in fecal coliforms and
anaerobes [22]. In a study, the gut microbiota composition was restored by the supplementa-
tion of Lactobacillus helveticus KLDS1.8701 up to the level of the control group, and butyrate
production was increased with a corresponding decrease in endotoxins production [23].
The administration of the strain L. paracasei J1us66 could attenuate the structure of intesti-
nal microflora by enhancing the population of gram-positive bacteria, like Firmicutes, and
inhibiting gram-negative microbes, like Bacteroidetes, Proteobacteria, and Fusobacteria [24].
Li et al. reported that a mixture of probiotic bacteria, including Lactobacillus, enhanced
the abundance of beneficial bacteria, such as Prevotella and Oscillibactor, which are known
for the production of anti-inflammatory metabolites [25]. Lactobacillus johnsonnii BS15
altered the Firmicutes/Bacteroidetes in the gut [26]. The supplementation of two Lactobacillus
strains (L. curvatus HY7601 and L. plantarum KY1032) enhanced gut microbiota in HFD-fed
mice [27]. Along with enhancement of intestinal endotoxemia, a mixture of probiotics
(Bifidobacterium infantis, Lactobacillus acidopilus, and Bacillus cereus) resulted in the increased
abundance of these anaerobic microbes and decreased the levels of Escherichia coli and
Enterococcus species in the fecal samples of high-fat and high-sugar fed rats [28].

Strains of Lactobacillus can effectively improve digestion, sustain intestinal health in
situations such as atopic dermatitis and gastroenterological disorders, and reverse the
dysbiosis of gut microbiota to reestablish the gut mucosal homeostasis [29]. In-vitro ex-
periments to define the molecular mechanism of probiotics have countable effects for
strain-specific and molecule specific advantages to the host, such as improving the anti-
inflammatory cytokine profiles and stabilizing tight epithelial junctions. Well-distinguished
stimulator molecules produced by probiotic bacteria contain cell surface proteins, lipotei-
choic acid, muropeptides, peptidoglycan-derived, pilus-type morphology, and exopolysac-
charides [30]. Alternatively, performing such in-vivo experiments to explain probiotics’
mechanism is complicated and challenging due to several factors, such as relation of the
host organism with the microbiota nearby gastrointestinal tract. Lactobacillus rhamnosus GG
ATCC 53103 (LGG) has health benefits during clinical trials in various cohort studies. It is
considered to act through (a) competitive colonization by using the mucus-binding pili, (b)
predicted activity of bacteriocins confirmed through bacteriocin-like genomic architecture,
and (c) soluble effectors-activating proteins that generate anti-inflammatory cytokines and
trigger mitogen-activated protein kinases (MAPKs) [31,32]. Although LGG can form strong
biofilm during in-vitro experimental setup, during in-vivo experiments, their role is limited
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to only small biological slots and the GIT of humans with limited biofilm formation [33].
The use of a phylogenetic microarray (HIT Chip) to evaluate structure and diversity of fecal
microbiota of a healthy adult Finish cohort detected no remarkable changes associated
with LGG consumption [34]. The main challenge to analyze the effects of Lactobacilli on
the surviving gut microbiota is the potential to determine both the structural and func-
tional mechanisms on a communitywide level. Nowadays, techniques and sequencing
technologies are becoming available for the sampling of active gut microbiota.

Using new technologies to probe the metatranscriptomic data, Emiley et al. analyzed
the structural and functional behaviors (gene expression) of the gut microbial community
during the utilization of a probiotic bacteria L. rhamnosus GG ATCC 53103 (LGG) from the
analysis of 12 healthy elders. The gut microbiota of elders furnishes characteristic pattern
to explain the exact situation of the provisional healthy ageing microbiota and elaborate
the dynamics and stability of the community. They noticed no change in composition
of the community as a result of probiotics consumption, but there were clear changes in
the community-wide transcriptomic data [35]. Thus, the above evidence shows that the
supplementation of various Lactobacillus strains can greatly influence and restore the ageing
gut microbiota. They can act through different ways, such as occupying the adhesion sites
of the intestinal wall, competing for the nutrients, and producing lactic acids to maintain
low intestinal pH, which can inhibit the growth of certain pathogenic microbes and produce
certain antimicrobial metabolites like bacteriocins. Different animal model studies suggest
that the consumption of different strains can restore the gut microbiota diversity to some
extent (Table 1).

Age-related degenerative changes are usually considered to be associated with mi-
crobial imbalance in the gut. Before the administration of L. plantarum CCFMI10, the
composition of microbiota in D-gal induced ageing mice was characterized by higher
Firmicutes / Bacteroidetes ratio. At genus level, the relative abundance of Lactobacillus was
decreased while the proportion of a genus of clastridiales was increased. After the adminis-
tration of L. plantarum CCFM10, the microbiota composition was in line with the control
group both at genus and phylum levels, reflecting the potential of this probiotic strain to
restore the microbiota. This study shows that the protective effects of this strain on the resi-
dent microbiota could be it resistance to oxidative stress [36]. In a study, the administration
of heat-killed L. paracasei KW3110 for six months significantly reversed the age-related alter-
ations in gut microbiota composition in aged mice. The population of Bifidobacterium was
significantly enhanced though this bacteria is not usually detected in the elderly. The ratio
of Firmicutes to Bacteroidetes was increased in the control group as compared to the mice
fed with the strain L. paracasei KW3110. Higher Firmicutes/Bacteroidetes ratio is associated
with intestinal inflammation. The intake of this strain might resist intestinal inflammation
by balancing the Firmicutes / Bacteroidetes ratio [37]. A lower Bacteroidetes/Firmicutes ratio is
considered to be associated with abnormal conditions, such as hypertension and obesity.
The long-term intake of LB81 yogurt supplemented with L. delbrueckii sub sp. Bulgaricus
2038 has been associated with higher Bacteroidetes/Firmicutes ratio, which is an indication
that this strain can prevent the diseases associated with dysbiosis. The abundance of
proteobacteria was also increased [38]. The administration of L. acidophilus DDS-1 increased
the relative proportion of Firmicutes, while Bacteroidetes were decreased. The abundance of
beneficial bacteria, such as Verrucomicrobia and Akkermansia muciniphila, was significantly
enhanced, while the levels of opportunistic bacteria, such as Proteobacteria, were decreased
in the ageing group after the probiotic treatment. Treatment with the strain L. plantarum
TWK10 significantly reversed the age-related dysbiosis in the ageing mice. The results indi-
cated that Firmicutes / Bacteroidetes ratio was decreased in the aged mice after treatment with
the probiotic strain. The phylum Proteobacteria is comprised of a range of gram-negative
bacteria (pathogenic), such as Enterobacteriaceae, Pseudomonadaceae, Vibrionaceae, and Versini-
aceae. Among these, Enterobacteriaceae is a core microbial group representing over 30 genera
and 130 species. These Enterobacteria also include potentially pathogenic microbes having
specific effects on the host mucosal immune system and are the major cause of infection
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when the host immune system fails to resist the infection with age. Treatment with L.
plantarum TWKI10 significantly reduced the abundance of Enterobacteriaceae in the aged
mice [39].

Table 1. List of different studies indicating the impact of Lactobacillus strains on the restoration of resident gut microbiota in

different animal models during ageing.

Microbiota Diversity of Experimental Animals during Age-Related
Conditions at Different Levels before Probiotic Supplementation

Strains of the Genus Lactobacillus
Supplemented in the Studies

Microbiota Diversity
after the Probiotic

Ref:

Supplementation
Phyla Increase Decrease Increase Decrease
v v L. plantarum CCFMIO0, L. delbrueckii subsp.
Bulgmicus 2038, L. acidophilus DDS-1, L. Vv [36,38,40-42]
Firmicutes helveticus OFS 1515 qnd L. fermentumDRY, L.
[36,37,39] [38,40-42] casei LC122
L. paracasei KW3110, L. plantarum TWK10 Vv [37,39]
L. delbrueckii subsp. Bulgaricus 2038, L. casei y
Bacteroidetes v v LC122, L. plantarum TWK10 v [38,39,42]
L. plantarum CCEMI10, L. acidophilus DDS-1, L.
[38,41] [36,37,39,40,42] paracasei KW3110, L. helveticusOFS 1515 and L. v [36,37,40,41]
fermentumDR9
v v L. plantarum CCFM10, L. acidophilus DDS-1 Vv [36,40]
F/B ratio . ..
) A £ L. paracasei KW3110, L. delbrueckiisubsp.
[36,37,39,42] [38,40,41] Bulgaricus 2038, L. helveticus OFS 1515 and L. N [37-39,41,42]
fermentum DRY, Lactobacillus casei LC122, L. SO
plantarum TWK10
v v i )
L. delbrueckii subsp. Bulgaricus 2038, V4 [38]
™7
[36] [38]
L. plantarum CCFM10 Vv [36]
Vv v L. plantarum CCFM10, L. delbrueckii subsp.
Bulgaricus 2038, L. paracasei KW3110, L. casei v [36-38,42]
Proteobacteria LC122
[36,39,40] [37,42]
L. acidophilus DDS-1, L. plantarum TWK10 Vv [39,40]
vi .
L. paracasei KW3110 Vv [37]
Deferrebacteres
[40] [37]
L. acidophilus DDS-1 Vv [40]
L. helveticus OFS 1515 and L. fermentum DR, L. O
v 4 casei LC122 4 [40-42]
Actinobacteria - K
L. delbrueckii subsp. Bulgaricus 2038, L.
[39] [37,40-42] acidophilus DDS-1, Lactobacillus paracasei Vv [37-39]
KW3110. L. plantarum TWK10
Genera:
L. plantarum CCEMIO0, L. paracasei, L. paracasei
4 4 KW3110 4 (36,371
Bacteroides species diversity
, L. helveticusOFS 1515 and L. fermentum DR9, L. )
(39,41] 36,371 plantarum TWK10 4 [39,41]
L. paracasei KW3110, plantarum CCFM10, L. )
Clostridi v v paracasei, L. casei LC122 v [36,42]
ostridium
[36,37] [42] L. paracasei Vv [37]
v Vv L. plantarum CCFM10, L. acidophilus DDS-1, L.
helveticusOFS 1515 and L. fermentum DR9, L. 4 Vv [36,41,42]
Lactobacillus casei LC122
[36,37,39] [41,42]
L. paracasei KW3110, L. plantarum TWK10 [37,39]
Facultative anaerobes:
v v .
L. plantarum CCFMI10, L. casei LC122 4 [26,42]
Streptococci, Staphylococci,
Enterococci, Enterobacteria [37,39] [36,42]
L. paracasei KW3110, L. plantarum TWK10 Vv [37,39]
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3. Ageing-Related Decline in Immune System and the Role of Lactobacillus

The new medical research suggests that over 90% of human disorders are associated
with the immune system. The age-related deteriorations in the immune system (immunose-
nescence) are increasing very rapidly. Inmunosenescence refers to the ageing of immune
system. This immune ageing normally leads to higher infection rate, chronic inflammatory
diseases, and poor response to vaccination [43-46]. Mostly, a fundamental change in the
immune functioning of Th1/Th2 is associated with growing age that prone the elderly
either to self-immune or allergic reactions, which in turn affect other sites of the immune
system in later stages [47]. Sharma et al. described age-related changes in immune sys-
tem of male Swiss albino mice. They observed an imbalance in the Th1/Th2 immune
responses and changes in cellular and humoral immunological responses [48]. As such, the
mechanism for the reestablishment of age-associated imbalance of Th1/Th2 can be more
inspiring to minimize the effects of immunosenescence in aged people. There are some
other age-related factors inside the cells, such as interference of redox homeostasis. The free
radical theory of ageing properly defines the phenomenon, resulting in oxidative damage
to cells and tissues. Therefore, immunosenescence (increased tendency towards diseases)
is considered as a big risk for healthy life in older people. Therefore, unsurprisingly the
global efforts are expected to minimize the effect of ageing on the immune system and
preferably to enhance the redox status in older people. To compete with immunosenes-
cence and age-associated disorders, many studies have been performed, including dietary
supplements, vaccination, and anti-inflammatory strategies.

The current methods applied for the treatment of immune disorders still need im-
provements. The available drugs used for the treatment of different disorders have various
side effects, such as stimulation of some components and interruption of immune sys-
tem. Microbiologically, the gastrointestinal tract is considered as one of the most active
environments that contain many bacterial species essential for the maturation of immune
cells. Bacteria coming from microbiota and food intake to the intestine flourish together
with immune cells associated with lamina propria of the villi. These microbes do not
interact with epithelial cells directly but rather help stimulate the maturation and func-
tionality of immune cells via their metabolites [49]. Metagenomic studies have suggested
that microbial metabolites have a vital role in host-microbe interactions, including the
immune system. Therefore, it is critical to understand the actual mechanism involved
in metabolite-mediated host-microbes interaction to develop therapeutic approaches for
targeted modulation of the immune system [50]. The consumption of fermented milks and
yogurts increased the number of IgA producing cells, macrophages, and specific IgA anti-
body responses to antigen challenges in contrast with the animals that were not fed with
Lactobacillus [51]. Another study also showed that taking adequate amounts of lactic acid
bacteria as dietary supplements can help the immune system to cope with diseases effec-
tively [52]. In addition, the effects of Lactobacilli have also been found to be changing with
immune-physiological situations of the study subjects [53]. Therefore, probiotics have been
widely investigated for their beneficial effects, particularly their immune-strengthening
ability.

Generally, gut permeability increases with ageing. As a result, microbes and microbial
contents are released into the blood stream, leading to the activation of the immune system
and releasing the pro-inflammatory cytokines. A previous study showed that adminis-
tration of Lactobacillus reuteri 3D8 significantly reduced the levels of primary cytokines,
including IL-8, TNF-«, IFN-y, IL-4, and IGF1 in chickens, which indicates that this strain
has the potential to reduce inflammatory responses [54]. Based on the existed literatures,
the consumption of probiotics can improve the immune responses of the intestine by (i)
boosting the efficiency of dendritic cells, (ii) the stimulation of the activity of natural killer
cells, or (iii) stimulation of the secretion of some pro-inflammatory cytokines [55,56]. A
typical study showed that administration of a mixture of L. helveticus Bar13 and B. longum
Bar33 enhanced the immune responses in older adults by alleviating naive, activating
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memory, regulating T cells and B cells, as well as a natural activity while suppressing the T
cells compared to placebo [4].

Th1 cytokines are a vital group consisting of blood and tissues that prevent different
bacterial and viral infections, directing the innate and adaptive immunity to generate
cells and antibodies, which play a role against bacteria and viruses. Th2 cytokines can
help the body to synthesize IgE and IgA against parasites and mucosal infections. The
intragastric administration of the strains Lactobacillus salivarius and L. plantarum prevented
the differentiation of Th2 by releasing IL-10 and TNF-{ following Th1 differentiation. After
transformation, Thl cells released cytokines IFN-«1, IFN-3, TNF-«, and IL-12, which
inhibited NF-kB signaling pathways and down-regulated the pro-inflammatory cytokines
IL-1x and IL-8 [52]. In an in-vivo study, the supplementation of a mixture of L. plantarum
and Phytochemical epigallocatechin gallate (EGCG) significantly improved the production
of Th1/Th2 cytokines and Nrf-2 expression in splenic supernatants and liver, respectively,
in aged Swiss albino mice [53]. In addition, studies also indicated that lactic acid bacteria
can stimulate the production of cytokines IL-2 and TNF-«, promote Th1l immune responses,
and inhibit Th2 immune responses [54,57]. In an experimental model of respiratory allergy,
the probiotics maintained a clear balance of Th1, which favored the IgG production rather
than IgE immunoglobulin and alleviating the levels of IL-10 and IFN-y cytokines. During
a co-localization study, the authors suggested that Th1 cells are responsible for the release
of IEN-y [58]. Study also showed that Lactobacillus bulgaricus N45.10 can modulate the
immune responses in mice by preventing Th2 polarization and Th17 cells and increasing
Th1 responses through the modulation of STAT6 and T-bet transcription factors [59]. In a
chronic asthma mouse model, the administration of L. rhamnosus GG reduced the levels
of Th2 cytokines and up-regulated Th1 cytokines [58]. L. plantarum 06CC2 effectively
induced the production of Thl cytokines activating Thl immune responses linked to
intestinal immunity in normal mice [59]. Some probiotic strains have shown the ex-vivo
up-regulation of immune responses of blood mononuclear cells by oral supplementation,
suggesting the pro-Th1 immune stimulation. The consumption of three strains of probiotic
bacteria for 21 days indicated an increased ex-vivo antitumor activity of natural killer
cells in human blood [60]. These evidences suggest that probiotic bacteria can up-regulate
certain aspects of systemic level cell mediated immune responses in healthy subjects.

In a DSS-induced colitis model, the oral administration of the strains Lactobacillus
fermentum KBL374 and KBL375 enhanced innate immune responses by ameliorating the
gut barrier function and suppressing the leukocyte infiltration. After the administration of
strains, the DSS mice were observed with decreased levels of Th1-, Th2-, and Th17-related
cytokines and elevated levels of IL-10 in the colon compared with control. The levels of
CD4+CD25+Foxp3+Treg cells were also increased in the mesenteric lymph nodes [61].
Such properties are not attributed to all the genera of Lactobacilli, as these characteristics
are limited to some strains and depend on the dose administered [62,63]. These probiotic
bacteria can increase the number of IgA+ cells in the intestinal mucosal sites and stimulate
the macrophages and dendritic cells, which are important for the stimulation of the overall
immune system [64]. Some strains can lower the intensity of intestinal infections, which
is a clear evidence of highly activated macrophages and phagocytic activity in Peyer’s
patches (PPs) [65].

Advancements in the use of probiotics have uncovered the enhanced protection of
gut and investigating their effects in distal mucosal sites. It is now evident that probiotics
can influence the immune system of the respiratory tract and enhance protection against
bacterial and viral infections [66,67]. The microbiota represents a very dense ecosystem that
is very complex and is being recognized as an important part of host immune regulation.
There is a close connection between the host immune system and intestinal bacteria while
their dysregulation can cause inflammatory disorders. Dysbiosis can alter the intestine’s
epithelial mucosa, which can initiate inflammation by the up-regulating of cytokine ac-
tivity [61]. L. rhamnosus 1505 can enhance the immune responses against pneumococcal
infection [68]. Different strains of Lactobacillus have shown promising effects in various
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disease conditions. They can potentially inhibit the initiation or the progression of diseases
through multiple ways. Under pathological conditions, Lactobacillus may inhibit diseases
by up-regulating the systemic and mucosal immune responses or reducing inflammatory
responses to host-microbiota (Figure 1).

/ Dendritic cells

/

= 3...

1IL-12

Immune stimulation

Inflammation

|
[ e o |
.$.. <« 3..: iTregs \ K /
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Figure 1. Immune responses induced by lactic acid bacteria. LAB can stimulate immune responses via two major pathways:

inflammation and anticancer immune responses. The inflammation pathways include lipoteichoic acid (LTA) which

stimulates T cells to release interleukin (IL)-10 and IL-12 and increase effectors Foxp3 + RORyt -Tregs. In the anticancer
immune responses pathway, LAB stimulate the immune cells, such as T cells, dendritic cells (DC), natural killer (NK), and
MHC class II cells to induce IL-10, and tumor necrosis factor (TNF)-«, interferon (IFN)-y, and IL-1f to inhibit tumor growth.

Adopted from [69].

On one side, we have the concept that the consumption of functional foods can help
in maintaining healthy life by improving health during ageing even though there is a
lack of knowledge about the role of Lactobacilli as the supplements or the mechanism
through which these probiotics improve the intestinal mucosal immunity. However, on
other side, there are only few reports showing that probiotic bacteria have a very limited
or no specific role in stimulating some aspects of the intestine’s immune response. The
actual or predicted significance of probiotic Lactobacilli as immunomodulating agents needs
further investigation to ensure their actual role, real potential, and mechanism of action.

4. Ageing-Related Oxidative Stress and the Role of Lactobacillus

Inside the body of an organism, many harmful by-products are produced as a result
of aerobic metabolism. For organisms to stay healthy, they need to maintain a low level
of these by-products. Reactive oxygen species (ROS) are predominantly formed inside
mitochondria [70], which causes damage to lipids, proteins, and even DNA when they are
over accumulated inside the cells [71]. Oxidative stress has a great influence on the process
of ageing, which is known as the oxidative stress theory of ageing [70]. This oxidative
stress also plays a vital role in developing age-associated chronic disorders, like cancer,
heart failure, and diabetes. The intra-cellular ROS production is toxic if it is continuously
accumulated. The ageing cells have very limited capacity to eliminate these by-products,
and if they are exposed to a high toxicity of ROS, the cell functions will be ultimately
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undermined. In such situations, the body needs an external supply of antioxidants. Among
these external antioxidants, several bioactive compounds are available, such as probiotic
Lactobacillus, which has experimentally proved beneficial for its antioxidant ability.

The strain L. plantarum KSFY02 isolated from naturally fermented yogurt can po-
tentially prevent the decline in the indices of different organs caused by oxidative stress
in ageing mice. The strain alleviated the activities of different antioxidant enzymes and
suppressed the production of nitric oxide and malondialdehyde. Pathological observations
showed that the strain can alleviate the liver and spleen damage caused by oxidative
ageing [72]. During a study, the supplementation of an exopolysaccharide produced by L.
helveticus KLDS1.8701 significantly improved the antioxidant status of liver by enhancing
the gut microbiota composition in mice [73]. However, the fundamental contribution of
ROS in ageing is still contentious. Some studies have revealed that ROS is not the direct
source of ageing [74]. Furthermore, ROS has shielding effects in some model organisms,
like Caenorhabditis elegans, Drosophila melanogaster, and Saccharomyces cerevisae [75]. Even so,
there is evidence that dietary supplementation by using food products containing bioactive
chemicals have strong effects against oxidative stress. After administration of the strain
Lactobacillus delbrueckii subsp. bulgaricus F17, the activities of GPx in serum and liver and
that of superoxide dismutase in serum and brain were significantly increased. At the same
time, the levels of malondialdehyde were significantly lowered in liver and serum of ageing
mice [76].

In experiments where the system mimics the colon fermentation environment, some
strains, like L. rhamnosus GG, L. paracasei Fn032, and Lactobacillus spp 001, have shown
promising effects in preventing the production of hydroxyl radicals [77]. Furthermore,
the oral supplementation of live recombinant strains of L. plantarum has the potential to
improve the TNBS-induced colitis through the production of bacterial SOD in rats [78] and
mice [79]. Another study showed that L. helveticus KLDS1.8701 can potentially improve the
liver antioxidative status by modulating the Nrf-2 signaling path way and by attenuating
liver oxidative stress through the gut-liver axis [23]. In another study, the cell-free extract
of the strain L. helveticus CD6 was observed with a higher ability of Fe?* ion chelating [80].
The intracellular content of the strain L. casei CRL 431 considerably lowered the aflatoxin-
induced lipid peroxidation by alleviating the antioxidant enzyme activity of blood and
liver in rats. This study suggested that the intracellular content contains metabolites
that can alter the antioxidation system of the host and improve the damage attributed to
aflatoxin-induced oxidative stress [81].

The dietary supplementation of L. fermentum in pigs caused an increased SOD and
GPx in serum, elevated hepatic CAT, and muscle SOD and Cu and Zn-SOD compared to the
control group [82]. Additionally, Ahire and his fellows observed that intracellular cell-free
extract of L. helveticus CD6 producing folate showed antioxidant potential in the same way
as the intact cells did [80]. Selenium nanoparticles synthesized by the strain L. casei ATCC
393 can prevent the damage caused by oxidative stress in the epithelial barrier function
of the intestine by alleviating the ROS-mediated mitochondrial dysfunction through Nrf2
signaling pathway [83]. Interestingly, a previous study found that L. fermentum has a whole
internal GSH system for the first time [84]. The strains L.plantarum AR113 and AR501
enhanced the antioxidant potential of D-galactose-induced ageing mice by alleviating
the liver damage caused by oxidative stress and normalizing the activities of different
antioxidant enzymes [85]. In case of abnormal gut microbiota, pathogenic bacteria flourish
well that induce endotoxins into the blood, which in turn causes considerable oxidative
stress. The epithelial ROS generation induced by microbial contact is a much-conserved
phenomenon across the phyla. This is a general mechanism through which bacterial
communities can influence the redox homeostasis of the host [86].

Therefore, as shown in Figure 2, it is evident that certain strains of Lactobacillus can
produce metabolites that can prompt the host antioxidant system to cope with oxidative
stress. They can also produce certain antioxidant enzymes inside the host body to enhance
the host antioxidant system. The administration of cell-free extract and intra-cellular
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contents of Lactobacillus has significantly improved antioxidant enzyme activities of blood
and liver, showing that they can influence host antioxidant system through different

metabolites [86,87].
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Figure 2. Modulation of antioxidation by probiotics: (1) Chelate metal ions. (2) Possessing their own antioxidation system.
(3) Production of antioxidant metabolites. (4) Up-regulation of antioxidant activities of the host. (5) Alleviating the levels
of antioxidant metabolites of the host. (6) Regulating signaling pathways. (7) Down-regulation of activities of enzymes

producing ROS. (8) Regulation of intestinal microbiota. Adopted from [87].

5. Age-Related Gene Suppression and the Role of Lactobacillus

With the onset of ageing, different antioxidant enzymes’ activities are altered, which
ultimately leads to the accumulation of reactive oxygen species, causing mitochondrial
DNA dysfunction in cells. Ageing suppresses different antioxidant genes, while the
expression of pro-oxidant genes is increased. Experimental data suggest that several
strains of the genus Lactobacillus can potentially produce antioxidant enzymes, such as
catalase and superoxide dismutase, protecting against the host ROS. Some Lactobacillus
strains have been reported to regulate gene expression during ageing and oxidative stress
(Table 2). Studies have revealed the mechanism of action of Lactobacillus for longevity
of life by using the worm Caenorhabditis elegans. C. elegans is probably the appropriate
and perfect entity for investigating the process of ageing. It is because this worm has an
evolutionary safe metabolism and mechanism for host protection, including insulin-like
growth factor (IGFs) [88], p38 MAP kinase [89], and transforming growth factor 3 (TGF-
) signaling pathways [90]. Furthermore, nutritional sources, like bacteria, can play a
vital role to prolong the lifetime of C. elegans [91]. The ageing process in C. elegans is a
complex series of changes accompanied by various chemical singling mechanisms. Several
genes being controlled in young and elderly in different ways during ageing are thought
to be controlled by DAF-16 (fork head box O (FOXO) transcription factor) and SKN-1
(Ortholog of mammalian NF-E2-related factor 2). DAF-16 and SKN-1 have extremely
preserved functions to regulate stress tolerance and genes for longevity. Due to the efficient
antioxidant effect of L. rhamnosus CNCM I 3690, the nematode’s lifetime was expanded due
to insulin-like pathway DAF-2/DAF-16 [92]. Feeding with the strain Lactobacillus gasseri
SBT2055 (LG2055), DAF-2(e1368), and DAF-16 (mgDf50) in mutant C. elegans can prolong
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the lifespan of the worm similarly as it was observed in the case of wild type. On the
contrary, the lifespan was not extended by feeding SKN-1 mutant worm with LG2055 [93].
The physiologically controlled performance of SKN-1 may be processed in several ways,
including detoxification, immune responses, metabolism, and protection against oxidative
stress.

For normal cell functions, it is crucial to maintain low ROS levels. The strain LG2055
can stimulate the host immune system and ROS production. ROS generated byCe-
Duox1/BLI-3Ce-Duox1/BLI-3 can activate SKN-1 functions through p38 signaling [94];
however, the NSY-1 and SEK-1 jointly can regulate the p38 MAPK homologue PMK-1,
PMK-1 phosphorylates SKN-1, which is transferred to the nuclei of the intestinal cells and
activate the expression of phase 2 detoxification genes and respond to oxidative stress [95].
In response to stress and immune regulation, the p38 MAPK is considered to be critical.
Papp et al. confirmed that SKN-1 and PMK-1 fundamentally work in immunosenes-
cence [96]. Immunosenescence or immune system malfunction with increasing age is a
decisive situation that obstructs healthy ageing [97]. Hence, it is assumed that LG2055 can
reduce the age-associated oxidative stress by stimulating the immune system, including
P38 MAPK signaling and other pathways. LG2055 slightly extended the lifespan of tir-1
mutant C. elegans but did not affect the average lifespan of nsy-1, sek-1, or pmk-1 mutant C.
elegans. In a heat-stressed mice model, the supplementation of Zinc-enriched probiotics
significantly enhanced the expression levels of genes SOD1 and SOD?2 in various parts
of the body. Metallothioneins are proteins that are encoded by a group of zinc-activated
transcription genes, which protect cells against the accumulation of ROS. MT-1 and MT-2
are the major proteins involved in ROS scavenging. During the same study, the supplemen-
tation of zinc-enriched probiotics significantly increased MT-1 and MT-2 mRNA expression
levels [98].

Table 2. Impact of administration of different Lactobacillus strains on gene expression in different organs by using mice

model.
Strain Organ Gene Up-Regulated Down-Regulated Ref:
L. mucosae LMU1001 Intestinal tract MT1 Yes [99]
MT2 Yes
GPX1 Yes
GPX2 Yes
SOD Yes
L. plantarum CCFM10 Liver Peroxiredoxin Yes [36]
Glutathione peroxidase Yes
Glutathione reductase Yes
Thioredoxin reductase Yes
L. acidophilus LaVK2 Liver PPAR-a Yes [100]
Klotho Yes
SMP-30
Kidney PPAR-a Yes
Klotho Yes
SMP-30 Yes
L.plantarum K68 Liver TLR4 Yes [101]
Foxp3 Yes

SOCS3 Yes
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Table 2. Cont.

Strain Organ Gene Up-Regulated Down-Regulated Ref:
L.plantarum AR501 Liver GST Yes [85]
GCLc Yes
GCLm Yes
NQO1 Yes
nNOS, eNOS, Cu/Zn-SOD,
L.plantarum CQPC11 Liver Mn-SOD, CAT, HO-1, Nrf2, Yes [102]
7-GCS, NQO1
iNOS Yes
nNOS, eNOS, Cu/Zn-SOD,
Spleen Mn-SOD, CAT, HO-1, Nrf2, Yes
7-GCS, NQO1
iNOS Yes

The expression levels of different antioxidant genes were effectively enhanced after
the administration of L. plantarum KSFY02 in different organs of oxidative stress-induced
ageing mice. In contrast, the expression of inducible nitric oxide synthase was down-
regulated. During the western blot analysis, the protein expression levels of SOD1, SOD2,
CAT, GSH1, and GSH2 were also higher [72].

6. Brain Ageing and the Role of Lactobacillus

Globally, the average lifespan of humans is increasing due to scientific advancements.
However, brain disorders, such as neural disorders and neuropsychiatric diseases, still
remain a challenge. Anxiety and memory loss are the two most common brain disorders
in ageing [103]. Hence, it is necessary to find alternatives that are capable of curing
anxiety and memory loss in the aged population. Both inflammation and free radical levels
are responsible for increased ageing. Considering their multiple effects, the provision
of some probiotic strains may be a suitable choice for the treatment of some important
age-associated declines, such as inflammatory disorders [101], oxidative stress [104], and
metabolic disorders [105]. Some studies have reported that effects can be shifted from gut to
brain region to increase the levels of certain neural monoamines, like dopamine, serotonin,
and brain-derived neurotropic factor [BDNF], which are important for normal performance
of the brain, like neuronal plasticity and survival [106]. By maintaining the balanced levels
of these monoamines, it is believed that the chances of anxiety and memory loss can be
minimized up to certain levels [107]. As the levels of these monoamines decrease during
ageing, by maintaining their constant levels, the age-associated mental declines can be
treated [108].

Recently studies have demonstrated that probiotics can affect the functioning of
the central nervous system and its performance through gut-brain axis. L. helveticus, B.
longum, and Bifidobacterium breve have positive effects during anxiety-like behaviors and
can strengthen the memory in murine models [109,110]. These improved behaviors were
observed with the reestablishment of neural monoamine levels in major brain regions,
like the hippocampus and striatum [111]. In fact, only young and middle-aged animals
were studied under such experiments. Therefore, the actual effects of probiotics on the
age-associated declines in aged population are still contentious. The ageing-associated
experiments are expensive and take longer because the animals to be studied need relatively
longer time to reproduce. Therefore, in most cases, prematurely aged animals are being
studied for age-related research. Senescence-accelerated mouse prone 8 (SAMPS) is a line
developed from senescence-resistant mice (SAMR1). It is distinguished by the early onset
of ageing, like hair loss, dull hairs, and short lifespan [112]. The SAMPS8 mice are similar to
the normal mice (SAMR1) for the first four months, but after six months of age, the SAMPS8
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mice display prominent emotional and memory weakness. Therefore, these disorders
are found to happen earlier in SAMPS8 mice than the normal mice (SAMR1) [113]. It was
confirmed by Rhea and Banks in 2017 that the SAMP8 mice can be used for age-related
studies regarding emotion and memory loss. They also stated that the onset of ageing
occurs more rapidly in SAMP8 mice after four months of age [114].

Along with other factors, ageing also affects the brain both at cellular and functional
level, which undermines sensory, cognitive, and motor functions of the brain. In an ageing
model, the administration of the strain L. plantarum DR7 had several positive effects on the
brain of ageing rats, such as enhanced memory, higher cognitive function, and lower anxiety.
Analysis of hippocampus showed lower levels of pro-inflammatory cytokines, while the
apoptosis biomarker gene was also down-regulated. The expression of neurotransmitter
biomarker genes in the hippocampus region showed that the effects of DR7 might be due
to the mechanism along the serotonin pathways. All these effects were transferred from
gut to brain through gut-brain axis [115].

Different Lactobacillus strains have shown beneficial effects on the gut-brain axis.
During a human trial, the consumption of the strain L. plantarum DR7 by stressed adults for
12 weeks decreased the stress symptoms, anxiety, and total psychological scores when they
were compared with the placebo group. Subjects treated with the strain were observed
with lowered cortisol levels, pro-inflammatory cytokines (interferon-y and transforming
growth factor-«), and higher anti-inflammatory cytokines in plasma. The strain also
enhanced cognitive and memory functions, including basic attention, associate learning,
and emotional cognition in adults [116]. An important Lactobacillus strain (L. paracasei
LPPS23) can either alone or in combination with other probiotic bacteria offer considerable
effects on the brain and overall nervous system [117,118]. L. paracasei NTU 101 can enhance
the antioxidative and anti-inflammatory responses [119]. Huang et al. (2018) investigated
the effects of LPPS23 on age-related cognitive decline in SAMP8 mice. During the study,
they reported that the LPPS23 group exhibited less symptoms of ageing (senescence). In
addition, the memory weakening and anxiety-like patterns were lower than the control
group. The neural monoamines levels were also lesser in the striatum, hippocampus, and
serum of the control group. Furthermore, L. plantarum PS23 also accelerated the production
of anti-oxidative enzymes like superoxide dismutase (SOD) and glutathione peroxidase
(GPx) [120]. Based on the above studies, it can be clearly seen that the great therapeutic
potential of using probiotics to treat ageing brain-associated problems. However, more
clinical studies are still needed.

7. Skin Ageing and the Role of Lactobacillus

Both internal and external factors contribute to skin ageing. Internal factors include
genetic alterations monitored by a set of different physiological changes attributed to
ageing, including degeneration of epidermal and dermal skin tissue layers and increased
dryness [121,122]. External ageing is mostly caused by environmental factors, like UV
radiations and toxins like cigarette smoke. The symptoms of external skin ageing are
rough wrinkles, decrease in elasticity, epidermal thickness, increased dryness, laxity, coarse
appearance, and different pigmentation problems [121]. Most of the age-associated prob-
lems appear on the face, neck, forearm, and dorsal regions of hands. As a function of
these factors, the ageing process is more evident in these regions. Although both intrinsic
and extrinsic skin ageing factors are different, both involve the same molecular mecha-
nism [122,123]. The skin pH is determined by free amino acids, epidermal lactate, and free
fatty acids. Usually, skin health is determined by skin pH, but with ageing, the skin pH
rises, leading to abnormal conditions. In a double-blind placebo-controlled trial, the inges-
tion of L. plantarum CJLP55 significantly decreased the skin pH. Although the levels of free
fatty acids were affected, the total free fatty acids, such as palmitic acids and stearic acids,
were lower in the probiotic-treated group [124]. Studies also suggest that Lactobacillus
can enhance the protective mechanism in the skin [125]. The dietary supplementation of L.
Johnsonii displayed inhibition either alone [126] or in combination with carotenoids [127]
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against early UV-induced skin by regulating the immune cells as well as inflammatory
cytokines.

Further investigations recommend that probiotic supplementations can reduce atopic
dermatitis and skin dryness [128,129]. Several experiments by using hairless mice have
suggested that along with the control of immune responses in the skin, oral administra-
tion of probiotic strains may have anti-ageing effects by suppressing wrinkle formation
and increased skin elasticity [130]. As it was reported that L. plantarum HY7714 has
anti-photoageing properties by reducing the formation of wrinkles and suppressing the
epidermal thickness, and after administration of this strain to mice, the skin hydration
was increased with the increased level of ceramide by maintaining the serine palmitoyl
transferase and the appearance of ceramidase in the skin of mice [131]. In a randomized
controlled clinical trial in humans, Lactobacillus strain HY7714 increased skin hydration,
inhibited the wrinkle formation, and increased the elasticity of skin gloss [132]. Isoflavones
are polyphenolic compounds commonly known as phytoestrogens having antioxidant,
anti-tumor, and anti-inflammatory effects. Equol is a major isoflavone. A recent study
was conducted to investigate the effect of feeding a fermented product that was fermented
with equol producing strain L. paracasei JS1 on responses of mice. After analysis of gene
expression, it was observed that the messenger RNA of seven skin-related proteins was
differentially expressed. The skin moisturizing effects of the strain were also confirmed
during the study [133].

8. Conclusions

The above-mentioned studies indicate that several age-related physical and physi-
ological aspects of health in laboratory animals and even humans have been improved
significantly after the supplementation of Lactobacillus strains either alone or in combi-
nations. These aspects include enhancing the ageing-gut microbiota, improvements in
host antioxidation system (production of antioxidant enzymes and regulation of gene
expression), enhancements of immune system, minimizing the abnormalities related to
brain ageing through the gut-brain axis (anxiety and memory loss), and inhibition of both
internal and external factors that contribute to skin ageing. Emerging studies at the cellular
and molecular level reveal that Lactobacillus can increase the resistance of cells, tissues, and
organs to ageing and age-related disorders. Although previous studies have shown promis-
ing effects regarding the role of Lactobacillus, large-scale randomized, placebo-controlled,
double-blind clinical trials are still needed to elucidate their substantial role in ageing
and age-related problems in humans. The selection of appropriate strain, their optimal
dose, method of administration, and duration of treatment period are yet to be confirmed.
Progressive research suggests that in the future, probiotic Lactobacillus may be used as an
alternative treatment to conventional therapy by modulating the gut microbiota and host
immune system.

Funding: This study was supported by the National Natural Science Foundation of China (Project
number: 31901390).

Acknowledgments: The authors appreciate the financial supports by the National Natural Science
Foundation of China.

Conflicts of Interest: The authors declare that there are no conflicts of interest.

1.  Gilbert, H.TJ.; Swift, ]. The consequences of ageing, progeroid syndromes and cellular senescence on mechanotransduction and
the nucleus. Exp. Cell Res. 2019, 378, 98-103. [CrossRef] [PubMed]
2. Phillip, J.M.,; Aifuwa, I.; Walston, ]J.; Wirtz, D. The Mechanobiology of Aging. Annu. Rev. Biomed. Eng. 2015, 17, 113-141.

[CrossRef] [PubMed]

3. Mallikarjun, V.; Swift, J. Therapeutic Manipulation of Ageing: Repurposing Old Dogs and Discovering New Tricks. EBioMedicine
2016, 14, 24-31. [CrossRef] [PubMed]


http://doi.org/10.1016/j.yexcr.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30836065
http://doi.org/10.1146/annurev-bioeng-071114-040829
http://www.ncbi.nlm.nih.gov/pubmed/26643020
http://doi.org/10.1016/j.ebiom.2016.11.020
http://www.ncbi.nlm.nih.gov/pubmed/27889480

Antioxidants 2021, 10, 1930 15 of 20

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Finamore, A.; Roselli, M.; Donini, L.M.; Brasili, E.; Rami, R.; Carnevali, P.; Mistura, L.; Pinto, A.; Giusti, A.; Mengheri, E.
Supplementation with Bifidobacterium longum Bar33 and Lactobacillus helveticus Bar1l3 mixture improves immunity in elderly
humans (over 75 years) and aged mice. Nutrition 2019, 63-64, 184-192. [CrossRef]

Hor, Y.Y.; Ooi, C.-H.; Khoo, B.-Y.; Choi, S.-B.; Seeni, A.; Shamsuddin, S.; Oon, C.E.; Ong, K.-L.; Jeong, W.-S.; Liong, M.-T.
Lactobacillus strains alleviated aging symptoms and aging-induced metabolic disorders in aged rats. ]. Med. Food 2019, 22, 1-13.
[CrossRef]

Cheng, L.-H.; Cheng, S.-H.; Wu, C.-C.; Huang, C.-L.; Wen, P--J.; Chang, M.-Y.; Tsai, Y.-C. Lactobacillus paracasei PS23 dietary
supplementation alleviates muscle aging via ghrelin stimulation in d-galactose-induced aging mice. J. Funct. Foods 2021, 85,
104651. [CrossRef]

Setbo, E.; Campbell, K.; O’Cuiv, P.; Hubbard, R. Utility of Probiotics for Maintenance or Improvement of Health Status in Older
People—A Scoping Review. J. Nutr. Health Aging 2019, 23, 364-372. [CrossRef]

Costello, E.K.; Stagaman, K.; Dethlefsen, L.; Bohannan, B.].M.; Relman, D.A. The application of ecological theory toward an
understanding of the human microbiome. Science 2012, 336, 1255-1262. [CrossRef]

Fanaro, S.; Chierici, R.; Guerrini, P,; Vigi, V. Intestinal microflora in early infancy: Composition and development. Acta Paediatr.
2003, 91, 48-55. [CrossRef]

Berg, R.D. The indigenous gastrointestinal microflora. Trends Microbiol. 1996, 4, 430-435. [CrossRef]

Penders, J.; Stobberingh, E.E.; van den Brandt, P.A.; Thijs, C. The role of the intestinal microbiota in the development of atopic
disorders. Allergy 2007, 62, 1223-1236. [CrossRef]

Rajili¢-Stojanovié, M.; Smidt, H.; De Vos, WM. Diversity of the human gastrointestinal tract microbiota revisited. Environ.
Microbiol. 2007, 9, 2125-2136. [CrossRef]

Hsiao, W.W.L.; Metz, C.; Singh, D.P;; Roth, ]. The Microbes of the Intestine: An Introduction to Their Metabolic and Signaling
Capabilities. Endocrinol. Metab. Clin. N. Am. 2008, 37, 857-871. [CrossRef]

Frank, D.N.; Amand, A.L.S.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-phylogenetic characterization of
microbial community imbalances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. USA 2007, 104, 13780-13785.
[CrossRef]

Yamashiro, Y. Gut Microbiota in Health and Disease. Ann. Nutr. Metab. 2018, 71, 242-246. [CrossRef]

Bischoff, S.C. Microbiota and aging. Curr. Opin. Clin. Nutr. Metab. Care 2016, 19, 26-30. [CrossRef]

Biagi, E.; Franceschi, C.; Rampelli, S.; Severgnini, M.; Ostan, R.; Turroni, S.; Consolandi, C.; Quercia, S.; Scurti, M.; Monti, D.; et al.
Gut Microbiota and Extreme Longevity. Curr. Biol. 2016, 26, 1480-1485. [CrossRef]

Pérez Martinez, G.; Bauerl, C.; Collado, M.C. Understanding gut microbiota in elderly’s health will enable intervention through
probiotics. Benef. Microbes 2014, 5, 235-246. [CrossRef]

Rondanelli, M.; Giacosa, A.; Faliva, M.A.; Perna, S.; Allieri, F.; Castellazzi, A.M. Review on microbiota and effectiveness of
probiotics use in older. World ]. Clin. Cases 2015, 3, 156-162. [CrossRef]

Riviere, A.; Selak, M.; Lantin, D.; Leroy, E; De Vuyst, L. Bifidobacteria and Butyrate-Producing Colon Bacteria: Importance and
Strategies for Their Stimulation in the Human Gut. Front. Microbiol. 2016, 7, 979. [CrossRef]

Claesson, M.].; Jeffery, I.B.; Conde, S.; Power, S.E.; O’connor, E.M.; Cusack, S.; Harris, HM.B.; Coakley, M.; Lakshminarayanan,
B.; O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488, 178-184.
[CrossRef]

Maldonado Galdeano, C.; Cazorla, S.I.; Lemme Dumit, ].M.; Vélez, E.; Perdigén, G. Beneficial effects of probiotic consumption on
the immune system. Ann. Nutr. Metab. 2019, 74, 115-124. [CrossRef]

Li, B.; Evivie, S.E.; Lu, J.; Jiao, Y.; Wang, C.; Li, Z.; Liu, F.; Huo, G. Lactobacillus helveticus KLDS1.8701 alleviates d-galactose-induced
aging by regulating Nrf-2 and gut microbiota in mice. Food Funct. 2018, 9, 6586—6598. [CrossRef]

Wang, W.; Li, Q.; Chai, W,; Sun, C.; Zhang, T.; Zhao, C.; Yuan, Y.; Wang, X.; Liu, H.; Ye, H. Lactobacillus paracasei Jlus66 extenuate
oxidative stress and inflammation via regulation of intestinal flora in rats with non alcoholic fatty liver disease. Food Sci. Nutr.
2019, 7, 2636-2646. [CrossRef]

Li, J.; Sung, C.Y.J.; Lee, N.; Ni, Y.; Pihlajamaki, J.; Panagiotou, G.; El-Nezami, H. Probiotics modulated gut microbiota suppresses
hepatocellular carcinoma growth in mice. Proc. Natl. Acad. Sci. USA 2016, 113, E1306-E1315. [CrossRef]

Xin, J.; Zeng, D.; Wang, H.; Ni, X,; Yi, D.; Pan, K,; Jing, B. Preventing non-alcoholic fatty liver disease through Lactobacillus johnsonii
BS15 by attenuating inflammation and mitochondrial injury and improving gut environment in obese mice. Appl. Microbiol.
Biotechnol. 2014, 98, 6817-6829. [CrossRef]

Park, D.-Y,; Ahn, Y.-T,; Park, S.-H.; Huh, C.-S; Yoo, S.-R.; Yu, R.; Sung, M.-K_; McGregor, R.A.; Choi, M.-S. Supplementation of
Lactobacillus curvatus HY7601 and Lactobacillus plantarum KY1032 in Diet-Induced Obese Mice Is Associated with Gut Microbial
Changes and Reduction in Obesity. PLoS ONE 2013, 8, €59470. [CrossRef]

Xue, L.; He, J.; Gao, N.; Lu, X.; Li, M,; Wu, X,; Liu, Z; Jin, Y,; Liu, J.; Xu, J.; et al. Probiotics may delay the progression of
nonalcoholic fatty liver disease by restoring the gut microbiota structure and improving intestinal endotoxemia. Sci. Rep. 2017, 7,
45176. [CrossRef] [PubMed]

Sanders, M.E.; Guarner, F; Guerrant, R.; Holt, PR.; Quigley, EM.M.; Sartor, R.B.; Sherman, PM.; Mayer, E.A. An update on the
use and investigation of probiotics in health and disease. Gut 2013, 62, 787-796. [CrossRef]


http://doi.org/10.1016/j.nut.2019.02.005
http://doi.org/10.1089/jmf.2018.4229
http://doi.org/10.1016/j.jff.2021.104651
http://doi.org/10.1007/s12603-019-1187-9
http://doi.org/10.1126/science.1224203
http://doi.org/10.1111/j.1651-2227.2003.tb00646.x
http://doi.org/10.1016/0966-842X(96)10057-3
http://doi.org/10.1111/j.1398-9995.2007.01462.x
http://doi.org/10.1111/j.1462-2920.2007.01369.x
http://doi.org/10.1016/j.ecl.2008.08.006
http://doi.org/10.1073/pnas.0706625104
http://doi.org/10.1159/000481627
http://doi.org/10.1097/MCO.0000000000000242
http://doi.org/10.1016/j.cub.2016.04.016
http://doi.org/10.3920/BM2013.0079
http://doi.org/10.12998/wjcc.v3.i2.156
http://doi.org/10.3389/fmicb.2016.00979
http://doi.org/10.1038/nature11319
http://doi.org/10.1159/000496426
http://doi.org/10.1039/C8FO01768A
http://doi.org/10.1002/fsn3.1118
http://doi.org/10.1073/pnas.1518189113
http://doi.org/10.1007/s00253-014-5752-1
http://doi.org/10.1371/journal.pone.0059470
http://doi.org/10.1038/srep45176
http://www.ncbi.nlm.nih.gov/pubmed/28349964
http://doi.org/10.1136/gutjnl-2012-302504

Antioxidants 2021, 10, 1930 16 of 20

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Bron, P.A.; Van Baarlen, P,; Kleerebezem, M. Emerging molecular insights into the interaction between probiotics and the host
intestinal mucosa. Nat. Rev. Microbiol. 2012, 10, 66-78. [CrossRef] [PubMed]

Gerritsen, J.; Smidt, H.; Rijkers, G.T.; De Vos, W.M. Intestinal microbiota in human health and disease: The impact of probiotics.
Genes Nutr. 2011, 6, 209-240. [CrossRef]

Kankainen, M.; Paulin, L.; Tynkkynen, S.; Von Ossowski, I.; Reunanen, J.; Partanen, P,; Satokari, R.; Vesterlund, S.; Hendrickx,
A.P.A.; Lebeer, S.; et al. Comparative genomic analysis of Lactobacillus rhamnosus GG reveals pili containing a human-mucus
binding protein. Proc. Natl. Acad. Sci. USA 2009, 106, 17193-17198. [CrossRef]

Lebeer, S.; Verhoeven, T.L.A.; Claes, 1.].].; De Hertogh, G.; Vermeire, S.; Buyse, J.; Van Immerseel, F.; Vanderleyden, J.; De
Keersmaecker, S.C.J. FISH analysis of Lactobacillus biofilms in the gastrointestinal tract of different hosts. Lett. Appl. Microbiol. 2011,
52,220-226. [CrossRef]

Lahti, L.; Salonen, A.; Kekkonen, R.A.; Salojarvi, J.; Jalanka-Tuovinen, J.; Palva, A.; Ore$i¢, M.; de Vos, W.M. Associations between
the human intestinal microbiota, Lactobacillus rhamnosus GG and serum lipids indicated by integrated analysis of high-throughput
profiling data. Peer] 2013, 1, e32. [CrossRef]

Eloe-Fadrosh, E.A.; Brady, A.; Crabtree, J.; Drabek, E.F.; Ma, B.; Mahurkar, A.; Ravel, J.; Haverkamp, M.; Fiorino, A.-M.; Botelho,
C.; et al. Functional dynamics of the gut microbiome in elderly people during probiotic consumption. mBio 2015, 6, e00231-15.
[CrossRef]

Zhao, J.; Tian, F; Yan, S.; Zhai, Q.; Zhang, H.; Chen, W. Lactobacillus plantarum CCFM10 alleviating oxidative stress and restoring
the gut microbiota in d-galactose-induced aging mice. Food Funct. 2018, 9, 917-924. [CrossRef]

Morita, Y.; Jounai, K.; Sakamoto, A.; Tomita, Y.; Sugihara, Y.; Suzuki, H.; Ohshio, K.; Otake, M.; Fujiwara, D.; Kanauchi, O.;
et al. Long-term intake of Lactobacillus paracasei KW3110 prevents age-related chronic inflammation and retinal cell loss in
physiologically aged mice. Aging 2018, 10, 2723-2740. [CrossRef]

Usui, Y,; Kimura, Y.; Satoh, T.; Takemura, N.; Ouchi, Y.; Ohmiya, H.; Kobayashi, K.; Suzuki, H.; Koyama, S.; Hagiwara, S.; et al.
Effects of long-term intake of a yogurt fermented with Lactobacillus delbrueckii subsp. bulgaricus 2038 and Streptococcus thermophilus
1131 on mice. Int. Immunol. 2018, 30, 319-331. [CrossRef]

Lee, C.-C; Liao, Y.-C.; Lee, M.-C.; Lin, K.-J.; Hsu, H.-Y.; Chiou, S.-Y.; Young, S.-L.; Lin, ].-S.; Huang, C.-C.; Watanabe, K. Lactobacillus
plantarum TWK10 Attenuates Aging-Associated Muscle Weakness, Bone Loss, and Cognitive Impairment by Modulating the Gut
Microbiome in Mice. Front. Nutr. 2021, 8, 753. [CrossRef]

Vemuri, R.; Shinde, T.; Gundamaraju, R.; Gondalia, S.V.; Karpe, A.V.; Beale, D.]J.; Martoni, C.J.; Eri, R. Lactobacillus acidophilus
DDS-1 modulates the gut microbiota and improves metabolic profiles in aging mice. Nutrients 2018, 10, 1255. [CrossRef]

Hor, Y.-Y,; Lew, L.-C,; Jaafar, M.H.; Lau, A.S.-Y,; Ong, ].-S.; Kato, T.; Nakanishi, Y.; Azzam, G.; Azlan, A.; Ohno, H.; et al.
Lactobacillus sp. improved microbiota and metabolite profiles of aging rats. Pharmacol. Res. 2019, 146, 104312. [CrossRef]

Ni, Y,; Yang, X.; Zheng, L.; Wang, Z.; Wu, L,; Jiang, J.; Yang, T.; Ma, L.; Fu, Z. Lactobacillus and Bifidobacterium Improves
Physiological Function and Cognitive Ability in Aged Mice by the Regulation of Gut Microbiota. Mol. Nutr. Food Res. 2019, 63,
€1900603. [CrossRef]

Wang, Y.; Guo, Y.; Chen, H.; Wei, H.; Wan, C. Potential of Lactobacillus plantarum ZDY2013 and Bifidobacterium bifidum WBINO3 in
relieving colitis by gut microbiota, immune, and anti-oxidative stress. Can. J. Microbiol. 2018, 64, 327-337. [CrossRef]

Chen, D,; Yang, Z.; Chen, X.; Huang, Y.; Yin, B.; Guo, F.; Zhao, H.; Zhao, T.; Qu, H.; Huang, ].; et al. The effect of Lactobacillus
rhamnosus hsryfm 1301 on the intestinal microbiota of a hyperlipidemic rat model. BMC Complement. Altern. Med. 2014, 14, 386.
[CrossRef]

Effros, R.B. Roy Walford and the immunologic theory of aging. Immun. Ageing 2005, 2, 7. [CrossRef]

McElhaney, J.E. Overcoming the challenges of immunosenescence in the prevention of acute respiratory illness in older people.
Conn. Med. 2003, 67, 469-474.

Uciechowski, P.; Kahmann, L.; Plimékers, B.; Malavolta, M.; Mocchegiani, E.; Dedoussis, G.; Herbein, G.; Jajte, J.; Fulop, T.;
Rink, L. TH1 and TH2 cell polarization increases with aging and is modulated by zinc supplementation. Exp. Gerontol. 2008, 43,
493-498. [CrossRef]

Sharma, R.; Kapila, R.; Dass, G.; Kapila, S. Improvement in Th1/Th2 immune homeostasis, antioxidative status and resistance
to pathogenic E. coli on consumption of probiotic Lactobacillus rhamnosus fermented milk in aging mice. Age 2014, 36, 9686.
[CrossRef]

Hooper, L.V,; Littman, D.R.; Macpherson, A.]. Interactions between the microbiota and the immune system. Science 2012, 336,
1268-1273. [CrossRef]

Ozgam, M.; Tocmo, R.; Oh, J.-H.; Afrazi, A.; Mezrich, ].D.; Roos, S.; Claesen, J.; van Pijkeren, ].-P. Gut symbionts Lactobacillus
reuteri R2lc and 2010 encode a polyketide synthase cluster that activates the mammalian aryl hydrocarbon receptor. Appl. Environ.
Microbiol. 2019, 85, €01661-18. [CrossRef]

Tejada-Simon, M.V; Lee, J.H.; Ustunol, Z.; Pestka, ].J. Ingestion of yogurt containing Lactobacillus acidophilus and Bifidobacterium to
potentiate immunoglobulin A responses to cholera toxin in mice. J. Dairy Sci. 1999, 82, 649-660. [CrossRef]

Jeong, J.-].; Lee, H.-].; Jang, S.-E.; Han, M.].; Kim, D.-H. Lactobacillus plantarum C29 alleviates NF-«B activation and Th17/Treg
imbalance in mice with TNBS-induced colitis. Food Agric. Immunol. 2018, 29, 577-589. [CrossRef]


http://doi.org/10.1038/nrmicro2690
http://www.ncbi.nlm.nih.gov/pubmed/22101918
http://doi.org/10.1007/s12263-011-0229-7
http://doi.org/10.1073/pnas.0908876106
http://doi.org/10.1111/j.1472-765X.2010.02994.x
http://doi.org/10.7717/peerj.32
http://doi.org/10.1128/mBio.00231-15
http://doi.org/10.1039/C7FO01574G
http://doi.org/10.18632/aging.101583
http://doi.org/10.1093/intimm/dxy035
http://doi.org/10.3389/fnut.2021.708096
http://doi.org/10.3390/nu10091255
http://doi.org/10.1016/j.phrs.2019.104312
http://doi.org/10.1002/mnfr.201900603
http://doi.org/10.1139/cjm-2017-0716
http://doi.org/10.1186/1472-6882-14-386
http://doi.org/10.1186/1742-4933-2-7
http://doi.org/10.1016/j.exger.2007.11.006
http://doi.org/10.1007/s11357-014-9686-4
http://doi.org/10.1126/science.1223490
http://doi.org/10.1128/AEM.01661-18
http://doi.org/10.3168/jds.S0022-0302(99)75281-1
http://doi.org/10.1080/09540105.2017.1418841

Antioxidants 2021, 10, 1930 17 of 20

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

Roessler, A.; Friedrich, U.; Vogelsang, H.; Bauer, A.; Kaatz, M.; Hipler, U.C.; Schmidt, I.; Jahreis, G. The immune system in healthy
adults and patients with atopic dermatitis seems to be affected differently by a probiotic intervention. Clin. Exp. Allergy 2008, 38,
93-102. [CrossRef] [PubMed]

Sureshkumar, S.; Jung, S.K.; Kim, D.; Oh, K.B.; Yang, H.; Lee, H.C,; Jin, ].Y;; Sun, L.H.; Lee, S.; Byun, S.J. Oral administration
of Lactobacillus reuteri expressing a 3D8 single-chain variable fragment (scFv) enhances chicken growth and conserves immune
homeostasis. 3Biotech 2019, 9, 282. [CrossRef]

Cross, M.L.; Ganner, A.; Teilab, D.; Fray, L.M. Patterns of cytokine induction by gram-positive and gram-negative probiotic
bacteria. FEMS Immunol. Med Microbiol. 2004, 42, 173-180. [CrossRef]

Hart, A.L.; Lammers, K.; Brigidi, P; Vitali, B.; Rizzello, F.; Gionchetti, P.; Campieri, M.; Kamm, M.A; Knight, S.C.; Stagg, A.].
Modulation of human dendritic cell phenotype and function by probiotic bacteria. Gut 2004, 53, 1602-1609. [CrossRef]

Zhu, Z.; Ye, ].; Ma, Y,; Hua, P; Huang, Y.; Fu, X;; Li, D.; Yuan, M.; Xia, Z. Function of T regulatory type 1 cells is down-regulated
and is associated with the clinical presentation of coronary artery disease. Hum. Immunol. 2018, 79, 564-570. [CrossRef]

Velez, EM.M.; Galdeano, C.M.; Carmuega, E.; Weill, R.; Bonet, M.E.B.; Perdigdn, G. Probiotic fermented milk consumption
modulates the allergic process induced by ovoalbumin in mice. Br. J. Nutr. 2015, 114, 566-576. [CrossRef]

Anatriello, E.; Cunha, M.; Nogueira, J.; Carvalho, J.L.; Sa, A K,; Miranda, M.; Castro-Faria-Neto, H.; Keller, A.C.; Aimbire, F.
Oral feeding of Lactobacillus bulgaricus N45.10 inhibits the lung inflammation and airway remodeling in murine allergic asthma:
Relevance to the Th1/Th2 cytokines and STAT6/T-bet. Cell. Immunol. 2019, 341, 103928. [CrossRef]

Sheih, Y.-H.; Chiang, B.-L.; Wang, L.-H.; Liao, C.-K; Gill, H.S. Systemic immunity-enhancing effects in healthy subjects following
dietary consumption of the lactic acid bacterium Lactobacillus rhamnosus HNOO1. . Am. Coll. Nutr. 2001, 20, 149-156. [CrossRef]
Jang, Y.J.; Kim, W.-K.; Han, D.H.; Lee, K.; Ko, G. Lactobacillus fermentum species ameliorate dextran sulfate sodium-induced colitis
by regulating the immune response and altering gut microbiota. Gut Microbes 2019, 10, 696-711. [CrossRef]

Perdigon, G.; Fuller, R.; Raya, R. Lactic acid bacteria and their effect on the immune system. Curr. Issues Intest. Microbiol. 2001, 2,
27-42.

Villena, J.; Oliveira, M.L.S.; Ferreira, PC.D.; Salva, S.; Alvarez, S. Lactic acid bacteria in the prevention of pneumococcal respiratory
infection: Future opportunities and challenges. Int. Immunopharmacol. 2011, 11, 1633-1645. [CrossRef]

Galdeano, C.M.; Nufiez, I.N.; de Moreno de LeBlanc, A.; Carmuega, E.; Weill, R.; Perdigén, G. Impact of a probiotic fermented
milk in the gut ecosystem and in the systemic immunity using a non-severe protein-energy-malnutrition model in mice. BMC
Gastroenterol. 2011, 11, 64. [CrossRef]

De Moreno de LeBlanc, A.; Castillo, N.A.; Perdigon, G. Anti-infective mechanisms induced by a probiotic Lactobacillus strain
against Salmonella enterica serovar Typhimurium infection. Int. J. Food Microbiol. 2010, 138, 223-231. [CrossRef]

Villena, J.; Medina, M.; Raya, R.; Alvarez, S. Oral immunization with recombinant Lactococcus lactis confers protection against
respiratory pneumococcal infection. Can. J. Microbiol. 2008, 54, 845-853. [CrossRef]

Yasui, H.; Kiyoshima, J.; Hori, T. Reduction of influenza virus titer and protection against influenza virus infection in infant mice
fed Lactobacillus casei Shirota. Clin. Vaccine Immunol. 2004, 11, 675-679. [CrossRef]

Salva, S.; Villena, J.; Alvarez, S. Inmunomodulatory activity of Lactobacillus rhamnosus strains isolated from goat milk: Impact on
intestinal and respiratory infections. Int. J. Food Microbiol. 2010, 141, 82-89. [CrossRef]

Zhong, L.; Zhang, X.; Covasa, M. Emerging roles of lactic acid bacteria in protection against colorectal cancer. World ]. Gastroenterol.
2014, 20, 7878-7886. [CrossRef]

Sanz, A.; Stefanatos, R.K.A. The Mitochondrial Free Radical Theory of Aging: A Critical View. Curr. Aging Sci. 2010, 1, 10-21.
[CrossRef]

Valko, M,; Leibfritz, D.; Moncol, J.; Cronin, M.T.D.; Mazur, M.; Telser, ]. Free radicals and antioxidants in normal physiological
functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44-84. [CrossRef] [PubMed]

Zhao, X.; Yi, R.; Zhou, X.; Mu, ].; Long, X.; Pan, Y.; Song, J.-L.; Park, K.-Y. Preventive effect of Lactobacillus plantarum KSFY02
isolated from naturally fermented yogurt from Xinjiang, China, on D-galactose—induced oxidative aging in mice. . Dairy Sci.
2019, 102, 5899-5912. [CrossRef] [PubMed]

Li, B.; Du, P; Smith, E.E.; Wang, S.; Jiao, Y.; Guo, L.; Huo, G.; Liu, F. In vitro and in vivo evaluation of an exopolysaccharide
produced by Lactobacillus helveticus KLDS1.8701 for the alleviative effect on oxidative stress. Food Funct. 2019, 10, 1707-1717.
[CrossRef] [PubMed]

Hekimi, S.; Lapointe, J.; Wen, Y. Taking a “good” look at free radicals in the aging process. Trends Cell Biol. 2011, 21, 569-576.
[CrossRef]

Ristow, M.; Schmeisser, S. Extending life span by increasing oxidative stress. Free Radic. Biol. Med. 2011, 51, 327-336. [CrossRef]
Ding, W.; Wang, L.; Zhang, J.; Ke, W.; Zhou, J.; Zhu, J.; Guo, X.; Long, R. Characterization of antioxidant properties of lactic acid
bacteria isolated from spontaneously fermented yak milk in the Tibetan Plateau. J. Funct. Foods 2017, 35, 481-488. [CrossRef]
Sun, J.; Hu, X.-L.; Le, G.-W.; Shi, Y.-H. Lactobacilli prevent hydroxy radical production and inhibit Escherichia coli and Enterococcus
growth in system mimicking colon fermentation. Lett. Appl. Microbiol. 2010, 50, 264-269. [CrossRef]

LeBlanc, J.G.; del Carmen, S.; Miyoshi, A.; Azevedo, V.; Sesma, F.; Langella, P.; Bermudez-Humaran, L.G.; Watterlot, L.; Perdigon,
G.; de Moreno de LeBlanc, A. Use of superoxide dismutase and catalase producing lactic acid bacteria in TNBS induced Crohn’s
disease in mice. J. Biotechnol. 2011, 151, 287-293. [CrossRef]


http://doi.org/10.1111/j.1365-2222.2007.02876.x
http://www.ncbi.nlm.nih.gov/pubmed/18028460
http://doi.org/10.1007/s13205-019-1811-8
http://doi.org/10.1016/j.femsim.2004.04.001
http://doi.org/10.1136/gut.2003.037325
http://doi.org/10.1016/j.humimm.2018.05.001
http://doi.org/10.1017/S0007114515001981
http://doi.org/10.1016/j.cellimm.2019.103928
http://doi.org/10.1080/07315724.2001.10719027
http://doi.org/10.1080/19490976.2019.1589281
http://doi.org/10.1016/j.intimp.2011.06.004
http://doi.org/10.1186/1471-230X-11-64
http://doi.org/10.1016/j.ijfoodmicro.2010.01.020
http://doi.org/10.1139/W08-077
http://doi.org/10.1128/CDLI.11.4.675-679.2004
http://doi.org/10.1016/j.ijfoodmicro.2010.03.013
http://doi.org/10.3748/wjg.v20.i24.7878
http://doi.org/10.2174/1874609810801010010
http://doi.org/10.1016/j.biocel.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16978905
http://doi.org/10.3168/jds.2018-16033
http://www.ncbi.nlm.nih.gov/pubmed/31103296
http://doi.org/10.1039/C8FO01920G
http://www.ncbi.nlm.nih.gov/pubmed/30839970
http://doi.org/10.1016/j.tcb.2011.06.008
http://doi.org/10.1016/j.freeradbiomed.2011.05.010
http://doi.org/10.1016/j.jff.2017.06.008
http://doi.org/10.1111/j.1472-765X.2009.02786.x
http://doi.org/10.1016/j.jbiotec.2010.11.008

Antioxidants 2021, 10, 1930 18 of 20

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Daniel, C.; Poiret, S.; Goudercourt, D.; Dennin, V.; Leyer, G.; Pot, B. Selecting lactic acid bacteria for their safety and functionality
by use of a mouse colitis model. Appl. Environ. Microbiol. 2006, 72, 5799-5805. [CrossRef]

Abhire, ].].; Mokashe, N.U; Patil, H.].; Chaudhari, B.L. Antioxidative potential of folate producing probiotic Lactobacillus helveticus
CD6. |. Food Sci. Technol. 2013, 50, 26-34. [CrossRef]

Aguilar-Toala, J.E.; Astiazaran-Garcia, H.; Estrada-Montoya, M.C.; Garcia, H.S.; Vallejo-Cordoba, B.; Gonzalez-Cérdova, A.F,;
Hernandez-Mendoza, A. Modulatory Effect of the Intracellular Content of Lactobacillus casei CRL 431 Against the Aflatoxin
B1-Induced Oxidative Stress in Rats. Probiotics Antimicrob. Proteins 2019, 11, 470-477. [CrossRef]

Wang, A.N,; Yi, XW.; Yu, H.F; Dong, B.; Qiao, S.Y. Free radical scavenging activity of Lactobacillus fermentum in vitro and its
antioxidative effect on growing-finishing pigs. J. Appl. Microbiol. 2009, 107, 1140-1148. [CrossRef]

Xu, C.; Qiao, L.; Ma, L.; Guo, Y.; Dou, X.; Yan, S.; Zhang, B.; Roman, A. Biogenic selenium nanoparticles synthesized by
Lactobacillus casei ATCC 393 alleviate intestinal epithelial barrier dysfunction caused by oxidative stress via nrf2 signaling-
mediated mitochondrial pathway. Int. . Nanomed. 2019, 14, 4491-4502. [CrossRef]

Songisepp, E.; Kullisaar, T.; Hiitt, P; Elias, P; Brilene, T.; Zilmer, M.; Mikelsaar, M. A new probiotic cheese with antioxidative and
antimicrobial activity. J. Dairy Sci. 2004, 87, 2017-2023. [CrossRef]

Lin, X;; Xia, Y.; Wang, G.; Xiong, Z.; Zhang, H.; Lai, F,; Ai, L. Lactobacillus plantarum AR501 Alleviates the Oxidative Stress of
D-Galactose-Induced Aging Mice Liver by Upregulation of Nrf2-Mediated Antioxidant Enzyme Expression. . Food Sci. 2018, 83,
1990-1998. [CrossRef]

Wang, Y.; Wu, Y.; Wang, Y.; Xu, H.; Mei, X,; Yu, D.; Wang, Y.; Li, W. Antioxidant properties of probiotic bacteria. Nutrients 2017, 9,
521. [CrossRef]

Jones, R M.; Neish, A.S. Redox signaling mediated by the gut microbiota. Free Radic. Biol. Med. 2017, 105, 41-47. [CrossRef]
Murphy, C.T.; McCarroll, S.A.; Bargmann, C.I; Fraser, A.; Kamath, R.S.; Ahringer, J.; Li, H.; Kenyon, C. Genes that act downstream
of DAF-16 to influence the lifespan of Caenorhabditis elegans. Nature 2003, 424, 277-284. [CrossRef]

Kim, D.H.; Feinbaum, R.; Alloing, G.; Emerson, FE.; Garsin, D.A.; Inoue, H.; Tanaka-Hino, M.; Hisamoto, N.; Matsumoto, K.;
Tan, M.-W,; et al. A conserved p38 MAP kinase pathway in Caenorhabditis elegans innate immunity. Science 2002, 297, 623-626.
[CrossRef]

Zugasti, O.; Ewbank, J.J. Neuroimmune regulation of antimicrobial peptide expression by a noncanonical TGF-§3 signaling
pathway in Caenorhabditis elegans epidermis. Nat. Immunol. 2009, 10, 249-256. [CrossRef]

So, S.; Tokumaru, T.; Miyahara, K.; Ohshima, Y. Control of lifespan by food bacteria, nutrient limitation and pathogenicity of food
in C. elegans. Mech. Ageing Dev. 2011, 132, 210-212. [CrossRef]

Grompone, G.; Martorell, P,; Llopis, S.; Gonzalez, N.; Genovés, S.; Mulet, A.P,; Fernandez-Calero, T.; Tiscornia, L.; Bollati-Fogolin,
M.; Chambaud, L; et al. Anti-Inflammatory Lactobacillus rhamnosus CNCM I-3690 Strain Protects against Oxidative Stress and
Increases Lifespan in Caenorhabditis elegans. PLoS ONE 2012, 7, €52493. [CrossRef]

Nakagawa, H.; Shiozaki, T.; Kobatake, E.; Hosoya, T.; Moriya, T.; Sakai, F,; Taru, H.; Miyazaki, T. Effects and mechanisms of
prolongevity induced by Lactobacillus gasseri SBT2055 in Caenorhabditis elegans. Aging Cell 2016, 15, 227-236. [CrossRef]

Van der Hoeven, R.; McCallum, K.C.; Cruz, M.R,; Garsin, D.A. Ce-Duox1/BLI-3 generated reactive oxygen species trigger
protective SKN-1 activity via p38 MAPK signaling during infection in C. elegans. PLoS Pathog. 2011, 7, €1002453. [CrossRef]
Inoue, H.; Hisamoto, N.; An, ].H.; Oliveira, R.P,; Nishida, E.; Blackwell, T.K.; Matsumoto, K. The C. elegans p38 MAPK pathway
regulates nuclear localization of the transcription factor SKN-1 in oxidative stress response. Genes Dev. 2005, 19, 2278-2283.
[CrossRef]

Papp, D.; Csermely, P.; S6ti, C. A role for SKN-1/Nrf in pathogen resistance and immunosenescence in Caenorhabditis elegans.
PLoS Pathog. 2012, 8, €1002673. [CrossRef]

Aw, D; Silva, A.B.; Palmer, D.B. Inmunosenescence: Emerging challenges for an ageing population. Immunology 2007, 120,
435-446. [CrossRef]

Malyar, RM.; Li, H.; Enayatullah, H.; Hou, L.; Farid, R.A.; Liu, D.; Bhat, J.A.; Miao, J.; Gan, F; Huang, K; et al. Zinc-
enriched probiotics enhanced growth performance, antioxidant status, immune function, gene expression, and morphological
characteristics of Wistar rats raised under high ambient temperature. 3Biotech 2019, 9, 291. [CrossRef]

Yu, X,; Li, S.; Yang, D.; Qiu, L.; Wu, Y,; Wang, D.; Shah, N.P.;; Xu, E; Wei, H. A novel strain of Lactobacillus mucosae isolated from a
Gaotian villager improves in vitro and in vivo antioxidant as well as biological properties in d-galactose-induced aging mice. J.
Dairy Sci. 2016, 99, 903-914. [CrossRef]

Kaushal, D.; Kansal, V.K. Probiotic Dahi containing Lactobacillus acidophilus and Bifidobacterium bifidum alleviates age-inflicted
oxidative stress and improves expression of biomarkers of ageing in mice. Mol. Biol. Rep. 2012, 39, 1791-1799. [CrossRef]

Liu, Y.-W,; Su, Y.-W.; Ong, W.-K,; Cheng, T.-H.; Tsai, Y.-C. Oral administration of Lactobacillus plantarum K68 ameliorates DSS-
induced ulcerative colitis in BALB/c mice via the anti-inflammatory and immunomodulatory activities. Int. Immunopharmacol.
2011, 11, 2159-2166. [CrossRef] [PubMed]

Qian, Y.; Zhang, J.; Zhou, X; Yi, R.; Mu, ]J.; Long, X.; Pan, Y.; Zhao, X.; Liu, W. Lactobacillus plantarum CQPC11 isolated from
Sichuan pickled cabbages antagonizes D-galactose-induced oxidation and aging in mice. Molecules 2018, 23, 3026. [CrossRef]
[PubMed]

Wolitzky-Taylor, K.B.; Castriotta, N.; Lenze, E.J.; Stanley, M.A.; Craske, M.G. Anxiety disorders in older adults: A comprehensive
review. Depress. Anxiety 2010, 27, 190-211. [CrossRef] [PubMed]


http://doi.org/10.1128/AEM.00109-06
http://doi.org/10.1007/s13197-011-0244-0
http://doi.org/10.1007/s12602-018-9433-8
http://doi.org/10.1111/j.1365-2672.2009.04294.x
http://doi.org/10.2147/IJN.S199193
http://doi.org/10.3168/jds.S0022-0302(04)70019-3
http://doi.org/10.1111/1750-3841.14200
http://doi.org/10.3390/nu9050521
http://doi.org/10.1016/j.freeradbiomed.2016.10.495
http://doi.org/10.1038/nature01789
http://doi.org/10.1126/science.1073759
http://doi.org/10.1038/ni.1700
http://doi.org/10.1016/j.mad.2011.02.005
http://doi.org/10.1371/journal.pone.0052493
http://doi.org/10.1111/acel.12431
http://doi.org/10.1371/journal.ppat.1002453
http://doi.org/10.1101/gad.1324805
http://doi.org/10.1371/journal.ppat.1002673
http://doi.org/10.1111/j.1365-2567.2007.02555.x
http://doi.org/10.1007/s13205-019-1819-0
http://doi.org/10.3168/jds.2015-10265
http://doi.org/10.1007/s11033-011-0920-1
http://doi.org/10.1016/j.intimp.2011.09.013
http://www.ncbi.nlm.nih.gov/pubmed/21996541
http://doi.org/10.3390/molecules23113026
http://www.ncbi.nlm.nih.gov/pubmed/30463304
http://doi.org/10.1002/da.20653
http://www.ncbi.nlm.nih.gov/pubmed/20099273

Antioxidants 2021, 10, 1930 19 of 20

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Das, D.; Goyal, A. Antioxidant activity and y-aminobutyric acid (GABA) producing ability of probiotic Lactobacillus plantarum
DMS5 isolated from Marcha of Sikkim. LWT Food Sci. Technol. 2015, 61, 263-268. [CrossRef]

Chen, L.-H.; Chen, Y.-H.; Cheng, K.-C.; Chien, T.-Y.; Chan, C.-H.; Tsao, S.-P.; Huang, H.-Y. Antiobesity effect of Lactobacillus reuteri
263 associated with energy metabolism remodeling of white adipose tissue in high-energy-diet-fed rats. . Nutr. Biochem. 2018, 54,
87-94. [CrossRef]

Liu, Y.-W,; Liu, W.-H.; Wu, C.-C.; Juan, Y.-C.; Wu, Y.-C.; Tsai, H.-P.; Wang, S.; Tsai, Y.-C. Psychotropic effects of Lactobacillus
plantarum PS128 in early life-stressed and naive adult mice. Brain Res. 2016, 1631, 1-12. [CrossRef]

Vilela, T.C.; Muller, A.P.; Damiani, A.P.; Macan, T.P; da Silva, S.; Canteiro, P.B.; de Sena Casagrande, A.; dos Santos Pedroso, G.;
Nesi, R.T.; de Andrade, V.M.; et al. Strength and Aerobic Exercises Improve Spatial Memory in Aging Rats Through Stimulating
Distinct Neuroplasticity Mechanisms. Mol. Neurobiol. 2017, 54, 7928-7937. [CrossRef]

Béackman, L.; Nyberg, L.; Lindenberger, U.; Li, S.-C.; Farde, L. The correlative triad among aging, dopamine, and cognition:
Current status and future prospects. Neurosci. Biobehav. Rev. 2006, 30, 791-807. [CrossRef]

Luo, J.; Wang, T.; Liang, S.; Hu, X.; Li, W,; Jin, F. Ingestion of Lactobacillus strain reduces anxiety and improves cognitive function
in the hyperammonemia rat. Sci. China Life Sci. 2014, 57, 327-335. [CrossRef]

Savignac, H.M.; Tramullas, M.; Kiely, B.; Dinan, T.G.; Cryan, J.F. Bifidobacteria modulate cognitive processes in an anxious mouse
strain. Behav. Brain Res. 2015, 287, 59-72. [CrossRef]

Bercik, P; Park, A.J.; Sinclair, D.; Khoshdel, A.; Lu, J.; Huang, X.; Deng, Y.; Blennerhassett, P.A.; Fahnestock, M.; Moine, D.; et al.
The anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways for gut-brain communication. Neurogastroenterol.
Motil. 2011, 23, 1132-1139. [CrossRef]

Takeda, T.; Hosokawa, M.; Takeshita, S.; Irino, M.; Higuchi, K.; Matsushita, T.; Tomita, Y.; Yasuhira, K.; Hamamoto, H.; Shimizu,
K.; et al. A new murine model of accelerated senescence. Mech. Ageing Dev. 1981, 17, 183-194. [CrossRef]

Pérez-Caceres, D.; Ciudad-Roberts, A.; Rodrigo, M.T.; Pubill, D.; Camins, A.; Camarasa, J.; Escubedo, E.; Pallas, M. Depression-like
behavior is dependent on age in male SAMP8 mice. Biogerontology 2013, 14, 165-176. [CrossRef]

Rhea, E.M.; Banks, W.A. The SAMP8 mouse for investigating memory and the role of insulin in the brain. Exp. Gerontol. 2017, 94,
64—-68. [CrossRef]

Zaydi, A.L; Lew, L.-C.; Hor, Y.-Y,; Jaafar, M.H.; Chuah, L.-O.; Yap, K.-P; Azlan, A.; Azzam, G.; Liong, M.-T. Lactobacillus plantarum
DRY7 improved brain health in aging rats via the serotonin, inflammatory and apoptosis pathways. Benef. Microbes 2020, 11,
753-766. [CrossRef]

Chong, H.X,; Yusoff, N.A.A.; Hor, Y.Y.; Lew, L.C.; Jaafar, M.H.; Choi, S.B.; Yusoff, M.S.B.; Wahid, N.; Abdullah, M.EIL.L.; Zakaria,
N.; et al. Lactobacillus plantarum DR7 alleviates stress and anxiety in adults: A randomised, double-blind, placebo-controlled
study. Benef. Microbes 2019, 10, 355-373. [CrossRef]

De Palma, G.; Collins, S.M.; Bercik, P. The microbiota-gut-brain axis in functional gastrointestinal disorders. Gut Microbes 2014, 5,
419-429. [CrossRef]

Distrutti, E.; O'Reilly, J.-A.; McDonald, C.; Cipriani, S.; Renga, B.; Lynch, M.A_; Fiorucci, S. Modulation of intestinal microbiota
by the probiotic VSL#3 resets brain gene expression and ameliorates the age-related deficit in LTP. PLoS ONE 2014, 9, e106503.
[CrossRef]

Chiang, S.-S.; Liu, C.-F; Tseng, K.-C.; Mau, J.-L.; Pan, T.-M. Inmunomodulatory effects of dead Lactobacillus on murine splenocytes
and macrophages. Food Agric. Immunol. 2012, 23, 183-202. [CrossRef]

Huang, S.-Y.; Chen, L.-H.; Wang, M.-F,; Hsu, C.-C.; Chan, C.-H.; Li, J.-X.; Huang, H.-Y. Lactobacillus paracasei PS23 delays
progression of age-related cognitive decline in senescence accelerated mouse prone 8 (SAMPS8) mice. Nutrients 2018, 10, 894.
[CrossRef]

Cho, S. The Role of Functional Foods in Cutaneous Anti-aging. J. Lifestyle Med. 2014, 4, 8-16. [CrossRef]

Vierkotter, A.; Krutmann, J. Environmental influences on skin aging and ethnic-specific manifestations. Dermato-Endocrinology
2012, 4, 227-231. [CrossRef]

Quan, T,; Fisher, G.]J. Role of age-associated alterations of the dermal extracellular matrix microenvironment in human skin aging:
A mini-review. Gerontology 2015, 61, 427-434. [CrossRef]

Han, S; Shin, J.; Lim, S.; Ahn, H.Y.; Kim, B.; Cho, Y. Dietary effect of Lactobacillus plantarum CJLP55 isolated from kimchi on skin
pH and its related biomarker levels in adult subjects. . Nutr. Health 2019, 52, 149-156. [CrossRef]

Guéniche, A.; Philippe, D.; Bastien, P.; Blum, S.; Buyukpamukcu, E.; Castiel-Higounenc, I. Probiotics for photoprotection. Derm.
Endocrinol. 2009, 1, 275-279. [CrossRef]

Peguet-Navarro, J.; Dezutter-Dambuyant, C.; Buetler, T; Leclaire, J.; Smola, H.; Blum, S.; Bastien, P.; Breton, L.; Gueniche, A.
Supplementation with oral probiotic bacteria protects human cutaneous immune homeostasis after UV exposure-double blind,
randomized, placebo controlled clinical trial. Eur. J. Dermatol. 2008, 18, 504-511. [CrossRef]

Bouilly-Gauthier, D.; Jeannes, C.; Maubert, Y.; Duteil, L.; Queille-Roussel, C.; Piccardi, N.; Montastier, C.; Manissier, P; Piérard, G.;
Ortonne, J.-P. Clinical evidence of benefits of a dietary supplement containing probiotic and carotenoids on ultraviolet-induced
skin damage. Br. J. Dermatol. 2010, 163, 536-543. [CrossRef]

Foolad, N.; Brezinski, E.A.; Chase, E.P.; Armstrong, A.W. Effect of nutrient supplementation on atopic dermatitis in children: A
systematic review of probiotics, prebiotics, formula, and fatty acids. JAMA Dermatol. 2013, 149, 350-355. [CrossRef]


http://doi.org/10.1016/j.lwt.2014.11.013
http://doi.org/10.1016/j.jnutbio.2017.11.004
http://doi.org/10.1016/j.brainres.2015.11.018
http://doi.org/10.1007/s12035-016-0272-x
http://doi.org/10.1016/j.neubiorev.2006.06.005
http://doi.org/10.1007/s11427-014-4615-4
http://doi.org/10.1016/j.bbr.2015.02.044
http://doi.org/10.1111/j.1365-2982.2011.01796.x
http://doi.org/10.1016/0047-6374(81)90084-1
http://doi.org/10.1007/s10522-013-9420-0
http://doi.org/10.1016/j.exger.2016.12.009
http://doi.org/10.3920/BM2019.0200
http://doi.org/10.3920/BM2018.0135
http://doi.org/10.4161/gmic.29417
http://doi.org/10.1371/journal.pone.0106503
http://doi.org/10.1080/09540105.2011.609246
http://doi.org/10.3390/nu10070894
http://doi.org/10.15280/jlm.2014.4.1.8
http://doi.org/10.4161/derm.19858
http://doi.org/10.1159/000371708
http://doi.org/10.4163/jnh.2019.52.2.149
http://doi.org/10.4161/derm.1.5.9849
http://doi.org/10.1684/ejd.2008.0496
http://doi.org/10.1111/j.1365-2133.2010.09888.x
http://doi.org/10.1001/jamadermatol.2013.1495

Antioxidants 2021, 10, 1930 20 of 20

129.

130.

131.

132.

133.

Ta, V.; Laubach, S. Probiotic Administration in Early Life, Atopy, and Asthma: A Meta-Analysis of Clinical Trials. Pediatrics 2014,
134,5141. [CrossRef]

Satoh, T.; Murata, M.; Iwabuchi, N.; Odamaki, T.; Wakabayashi, H.; Yamauchi, K.; Abe, F,; Xiao, ].Z. Effect of Bifidobacterium breve
B-3 on skin photoaging induced by chronic UV irradiation in mice. Benef. Microbes 2015, 6, 497-504. [CrossRef]

Ra, J.; Lee, D.E,; Kim, S.H.; Jeong, ].-W.; Ku, HK,; Kim, T.-Y,; Choi, L-D.; Jeung, W.; Sim, J.-H.; Ahn, Y.-T. Effect of oral
administration of Lactobacillus plantarum HY7714 on epidermal hydration in ultraviolet B-irradiated hairless mice. J. Microbiol.
Biotechnol. 2014, 24, 1736-1743. [CrossRef] [PubMed]

Lee, D.E.; Huh, C.-S,; Ra, J.; Choi, I.-D.; Jeong, ].-W.; Kim, S.-H.; Ryu, ].H.; Seo, Y.K,; Koh, ].S.; Lee, ].-H.; et al. Clinical evidence
of effects of Lactobacillus plantarum HY7714 on skin aging: A randomized, double blind, placebo-controlled study. J. Microbiol.
Biotechnol. 2015, 25, 2160-2168. [CrossRef] [PubMed]

Kwon, J.E;; Lim, J.; Bang, I; Kim, I.; Kim, D.; Kang, S.C. Fermentation product with new equol-producing Lactobacillus paracasei as
a probiotic-like product candidate for prevention of skin and intestinal disorder. J. Sci. Food Agric. 2019, 99, 4200-4210. [CrossRef]
[PubMed]


http://doi.org/10.1542/peds.2014-1817O
http://doi.org/10.3920/BM2014.0134
http://doi.org/10.4014/jmb.1408.08023
http://www.ncbi.nlm.nih.gov/pubmed/25179898
http://doi.org/10.4014/jmb.1509.09021
http://www.ncbi.nlm.nih.gov/pubmed/26428734
http://doi.org/10.1002/jsfa.9648
http://www.ncbi.nlm.nih.gov/pubmed/30767231

	Introduction 
	Ageing-Related Gut Microbiota Dysbiosis and the Role of Lactobacillus 
	Ageing-Related Decline in Immune System and the Role of Lactobacillus 
	Ageing-Related Oxidative Stress and the Role of Lactobacillus 
	Age-Related Gene Suppression and the Role of Lactobacillus 
	Brain Ageing and the Role of Lactobacillus 
	Skin Ageing and the Role of Lactobacillus 
	Conclusions 
	References

