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Abstract. A new paradigm of cell therapy-based approaches as a solution to several diseases caused by damage or loss
of cells/tissues leading to organ failure heralded the birth of a new branch in medicine called regenerative medicine (RM),
which was further fueled by in vitro cell expansion and tissue engineering (TE) technologies, including the ability to grow
embryonic stem cells, induce pluripotent stem cells, and so on. RM addresses organ failure by repair, regeneration, or
restoration, rejuvenation using cells, stem cells, or progenitor cells as tools having added cell-derived products also as a tool,
and extracellular matrix component-based support, either direct or indirect (e.g., matrix induced autologous chondrocyte
implantation) using scaffolds. Now, the main objective of RM is to solve the functional loss of cells that have evolved from
cells as tools to cell-derived factors and scaffolds per se as tools. In this context, an important yet indispensable group of
cells that constitute the major portion of the human body in terms of the number of cells having several essential roles to
play, both directly and indirectly, starting from digestion and the immune system to the growing evidence of influencing
neuronal function, aging, and carcinogenesis has been ignored. We would like to focus on these in this review as they should
essentially be considered as a tool of RM, especially for neurological disorders for their vital role. What we are indicating is
the second genome or the gut microbiome.
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Regenerative medicine (RM) is the branch of
medicine that deals with restoration, replacement,
rejuvenation, or regeneration of the lost/dysfunc-
tional/damaged cells, tissues and organs, and their
function. History has noted that RM practices can
be seen in myths such as Prometheus, whose liver
regenerated every night after being eaten by an eagle
during the day. Ancient Greek, Egyptian, Chinese,
and Indian physicians all attempted processes like
skin grafting [1]. In modern times, some examples of
regenerative medicine applications include attempts
by the Swiss doctor Paul Niehans to slow the pro-
cess of aging in humans by infusing the cells of
young animals and Dr. E. Donnall Thomas’s bone
marrow transplants in 1956 for treating leukemia.
The term “regenerative medicine” is believed to have
been coined by William Haseltine during a 1999
conference in an attempt to describe an emerging
field, which would involve tissue engineering (TE),
cell transplantation, stem cell biology, biomechan-
ics prosthetics, nanotechnology, and biochemistry to
advance therapies. For the first time in the literature,
Leland Kaiser found a record for the term in a 1992
paper, stating “°A new branch of medicine will develop
that attempts to change the course of chronic disease
and in many instances will regenerate tired and failing
organ systems” [1, 2].

However, the public’s recognition of the RM field
is closely associated with the discovery of stem cells
in the 1960s [3]. Thereafter, cell- and stem cell-based
therapies became the major tools of RM.

CELLS AS TOOLS OF RM

Cell-based therapies use various kinds of cells
and stem cells from different sources with varying
differentiation potential, including but not limited
to adult cells, progenitor cells, adult stem cells
(e.g., hematopoietic stem cells), mesenchymal stem
cells, and pluripotent stem cells (e.g., embryonic
stem cells, induced pluripotent stem cells). Since
1997, over 300,000 patients have been treated with
regulatory-approved cell therapy products [4]. Mes-
enchymal stem cells are the most widely used ones for
both autologous and allogeneic applications. Immune
cells, such as natural killer cells, tumor infiltrating
lymphocytes, dendritic cells, v T cells, regulatory T
cells (Treg), and macrophages, are also being devel-
oped as cell therapies. Ex vivo gene modifications of
the cells have been utilized for T cells, hematopoi-
etic stem cells, and mesenchymal stem cells (MSCs)

for treating the genetic diseases adenosine deami-
nase severe combined immunodeficiency disease and
advanced adenocarcinoma. In vivo gene therapy for
modifying the endogenous cells by direct introduc-
tion of genetic material into the human body has
been indicated for cancer gene therapy, neurolog-
ical disorders, (mono)genetic disorders, infectious
diseases, and cardiovascular abnormalities. Targeted
genome editing using meganucleases, zinc finger
nucleases (ZFNs) and transcription activator-like
effector nucleases, and the latest using CRISPR-Cas9
systems have been used for cell-based therapy appli-
cations in a wide range of gene-based disorders [4]. In
this, autologous HIV treatment by gene editing T cells
(CCRS gene dysfunction) using ZFN technology has
reached clinical application [5].

SCAFFOLDS AS TOOLS OF RM

Three-dimensional (3D) scaffolds using biomate-
rials were initially employed to provide a substrate
akin to the extra-cellular matrix for better cell
growth and support in vitro, which gave rise to
the branch of TE. In a conventional cell culture
in a culture dish (2D), the proliferation stops once
the cells reach confluence. 3D biomaterials provide
a larger surface for cell attachment and prolifer-
ation. Also, because they are able to mimic the
in vivo environment to a certain extent, the cells
aggregate to form tissue-like structures with bet-
ter functional characteristics than 2D cultures [6-8].
The diffusion of nutrients, oxygen, and bioactive
factors helps the cells growing in them survive for
extended periods of time. A wide range of natural
and synthetic biomaterials have been employed as
3D scaffolds. Some examples of naturally derived
biomaterials are collagen, alginate, silk, and chi-
tosan. Although they offer excellent biocompatibility,
natural scaffolds have issues in mechanical proper-
ties. Synthetic scaffolds were developed to overcome
this issue. Examples of widely used synthetic bio-
materials include poly(caprolactone), poly(glycolic
acid), poly(lactic acid), and their copolymers. Bio-
compatibility is an issue with synthetic scaffolds,
but techniques such as surface modification tech-
niques that provide accessible functional groups for
the immobilization of drugs, enzymes, antibodies, or
other biologically active species have been used to
improve the biocompatibility of such scaffolds [6-8].
Decellularized ECMs from allogenic or xenogenic
tissues have been used for engineering tissues and
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organs in order to replace an analogous structure
that has been damaged. Examples of decellularized
ECMs include small intestinal submucosa for vascu-
lar graft, tendon, dura mater, skin and other tissues,
and amniotic membrane. Whole organ TE utilizes
decellularized scaffolds, and this technique helps to
simulate the architectural growth pattern of cells that
are seeded into it with better vasculature. Tracheas
have been tissue engineered and transplanted. Organs
such as the liver, kidney, and heart are widely being
studied for the benefits of this kind of replacement
technology [9, 10]. 3D-printing technology uses cells
and scaffolds to precisely fabricate tissues layer by
layer. This has led to applications for RM in different
types of organs such as bone, cartilage, heart valve,
liver, and skin [11].

CELL-DERIVED FACTORS AS TOOLS
OF RM

Cells’ mechanism and their role in the regenera-
tion process have been attributed to differentiation,
cell fusion, and the secretion of cytokines or
paracrine effects [12]. More importantly, the con-
tribution of paracrine mechanisms to regeneration
has been recently recognized, which has given rise
to cell-derived/secreted factors as tools of RM. The
application of these cell-derived or secreted factors
is termed cell-free regeneration. This mostly involves
extracellular vesicles (EVs), which are vesicular enti-
ties with lipid bilayer membranes. Among EVs, the
smaller vesicles are known as exosomes, released
from cells through the multivesicular endosomal
pathway. Larger vesicles are termed as microvesi-
cles and are formed by cell membrane budding, and
apoptotic bodies are produced by the blebbing of
aging or dying cells [13]. MSC-derived exosomes,
which include a wide variety of functional proteins,
mRNAs, miRNAs, and signaling lipids, are the major
types of EVs used. They have been applied in pre-
clinical models for the diseases of the liver, heart,
kidney, and bone, as well as brain diseases and cancer.
Stem cell-conditioned media contains the presence
of cytokines and growth factors, such as vascular
endothelial growth factor, FGF-2, IL-6, PIGF, and
MCP-1, which are also used in cell-free regeneration
approaches [14, 15].

ENDOGENOUS CELL REGENERATION

Although the abovementioned tools (e.g., cells,
scaffolds, cell-derived factors) represent exogenous

approaches, facilitating endogenous repair by using
molecular stimuli, such as gene transfer to harness the
intrinsic regenerative potential of endogenous tissues,
is another recent approach. Endogenous regenerative
medicine (ERM) is a cost-effective approach that uses
tools, such as biological agents or chemoattractant
gradients and biomaterials, to correct, augment, or
engineer the local in vivo microenvironment. These
factors help in mobilizing resident reparative cell
populations within the host and in driving them
home to the targeted area for regeneration. Injec-
tion of a vector can stimulate cell regeneration and
the division or transplantation of a scaffold, which
can help in the homing of stem cells and other cells
to facilitate repair in the damaged area, are some
of the approaches in endogenous regeneration [16].
ERM has been especially employed in cartilage heal-
ing, retinal repair musculoskeletal TE, and myocyte
regeneration. ERM, also known as in situ regenera-
tion, also uses the patient’s own biologically active
proteins, growth factors, and biomaterial scaffolds
(e.g., fibrin) to aid in the repair and regeneration of
injured tissues by means of a controlled and local
protein and growth factor delivery [17].

GUT MICROBIOME AS TOOLS OF RM

Bacteria, archaea, viruses, and eukaryotic micro-
bes that reside in and on our bodies constitute
the human microbiome. Technological advancements
(e.g., 16S rRNA-encoding gene sequencing), meta-
genomic analysis, and analysis of the microbial tran-
scriptome, proteome, and metabolome have been
helpful in greatly furthering the knowledge on the
human microbiome, especially the gut microbiome.
Among the large-scale endeavors to characterize the
human microbiome, European Metagenomics of the
Human Intestinal Tract (MetaHIT) and the NIH-
funded Human Microbiome Project (HMP) made a
large contribution through its presentation of data
from 1,267 gut metagenomes from 1,070 individuals
showing that each sample contained about 750,000
genes or about 30 times the number of genes in
the human genome and that less than 300,000 genes
were shared by greater than 50% of individuals [18].
The magnitude and functional capabilities of the
gut microbiome termed them as the second genome
of the body. The gut microbiome differs in terms
of health and disease [18]. In healthy adults, more
than 1,000 species of bacteria are present, with
Bacteroidetes and Firmicutes being the dominant
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phyla. A diverse gut microbiome represents a healthy
microbiome. The gut microbiota generates nutrients
from substrates that are otherwise indigestible by
humans and hence are integral to digestion and nutri-
tion. Gut microbes liberate short chain fatty acids
(SCFAs) from indigestible dietary fibers [18]. SCFAs
play a major role as the energy source for intesti-
nal mucosa and are critical for immune modulation
and the regulation of tumorigenesis in the gut. The
gut microbiome also generates microbial products,
such as uremic toxins, bile acids, trimethylamine-
N-oxide, SCFAs, lipopolysaccharides (LPSs), nitric
oxide, vitamin K, vitamin B complex, gut hormones,
and neurotransmitters, all of which play critical roles
in host metabolism and body function [19]. Gut
dysbiosis or the altered gut microbiome has a two-
way connection to disease. Certain disease states
cause the dysbiosis due to changes in eating habits
and bowel function or due to medications such as
antibiotics, whereas the dysbiosis itself caused by
inflammatory stimuli may lead to certain diseases
[19]. Gut dysbiosis has been associated with several
diseases, including but not limited to gastrointestinal
disorders, obesity, diabetes, non-alcoholic fatty liver
disease, cancer, neurological disorders (e.g., autism,
Parkinson’s disease, Alzheimer’s disease), and car-
diovascular diseases. Modulating the gut microbiome
to treat the disease and aid in repair can be achieved
through several strategies such as lifestyle modifi-
cations, nutritional interventions, fecal microbiota
transfer, antibiotics, prebiotics and probiotics, and
pharmabiotics [19].

GUT MICROBIOME AND CELL-BASED
THERAPIES

Gut bacteria regulate the damage repair, regenera-
tion, and differentiation of stem cells, either by direct
contact or release of products and/or metabolites.
Because the gut microbiota intensely participates
in the modulation of several host metabolic path-
ways, immune-inflammatory axes, and signaling
pathways, the synergistic effects of modulating the
gut microbiome and MSC-based regeneration need
mentioning, especially in diseases such as inflamma-
tory bowel disease [20]. Cytokine gene transcription
and surface protein expressions in MSCs have been
found to be regulated by immune-regulatory medi-
ator secretions of the gastrointestinal bacteria [21].
Microbiota has been found to alter the differentia-
tion potentials and improve the immunomodulation

ability of bone marrow MSCs. Nagashima et al. [22]
reported that a sub-epithelial population of MSCs
are capable of inducing gut microbiota diversity and
regulating the production of IgA that in turn a sym-
biotic equilibrium in the gut. An initial alteration in
the Bacteroidetes/Firmicutes ratio, which sustained
intestinal mucosal function and homeostasis leading
to hepatocyte repair, has been reported after MSC
infusion. The gut microbiota is associated with gut
epithelial cell regeneration through NOD2 sensors
[22]. The gut microbiome has been found to play
a critical role in various cancer treatment modal-
ities. Several gut dysbiosis conditions have been
reported in cancer patients receiving hematopoietic
stem cell transplantation (HSCT) and in conditioning
regimens including chemotherapy, radiotherapy, and
immunosuppressive therapy [23]. Modulation of the
microbiota by probiotics, prebiotics, and fecal micro-
biota transplantation (FMT) in hematologic cancer
patients has been reported with increased positive
outcome [24]. Lactobacillus administered before and
after HSCT resulted in reduced graft versus host dis-
ease and improved survival in animal studies. Patients
with refractory C. difficile—associated disease after
HSCT after FMT had minimal adverse effects [24].

CARDIAC REPAIR

Gut microbiota by actions on cholesterol
metabolism and by metabolite production, such as
bile acids, coprostanol, SCFAs, and trimethylamine-
N-oxide production, influences the development of
coronary artery disease. Microorganisms such as
Helicobacter pylori, cytomegalovirus, hepatitis C
virus, Chlamydia pneumoniae, and Porphyromonas
gingivalis have been linked to atherosclerosis. The
composition of gut microbiota has been found to be
different between symptomatic and asymptomatic
atherosclerotic plaques, with asymptomatic plaques
having an increased abundance of Porphyromon-
adaceae, Bacteroidaceae, Micrococcacaea, and
Streptococcacaea, and symptomatic atherosclerotic
plaques showed increased abundance of Helicobac-
teraceae, Neisseriaceae, and Thiotrichacaea. Heart
failure has also been associated with increased
Escherichia coli, Klebsiella penumoniae, and
Streptococcus viridans. With Firmicutes (e.g., Lac-
tobacillus reuteri) being associated with higher HDL
and Eggerthella being associated with decreased
HDL cholesterol, the gut microbiome by regulat-
ing lipids can influence coronary artery disease
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development [25]. The gut microbiota has been
shown to be associated with the pathophysiology of
and repair after myocardial infarction (MI). One mice
study demonstrated that a reduction in Lactobacillus
was associated with MI [26]. Antibiotic-treated
mice showed dose-dependent mortality after MI.
Depletion of the gut microbiota led to reductions
in the proportion of myeloid cells and SCFAs,
which in turn also led to decreased infiltration
of CX3CR1+monocytes to the peri-infarct zone,
and impairment of repair after MI and dietary
SCFA supplementation improved the physiological
status and survival of mice. Supplementing with a
Lactobacillus probiotic before MI restored myeloid
cell proportions and yielded cardioprotective effects
[26]. Larger infarct size and poorer post-stroke
outcome in mice were observed after transplantation
of a dysbiotic microbiome from brain-injured donor
mice. Post-stroke recovery was accelerated by
the presence of a healthy gut microbiome with a
higher abundance of SCFA-producing bacteria (e.g.,
Bifidobacterium longum, Clostridium symbiosum,
and Lactobacillus fermentum) [26].

LIVER REGENERATION

The liver is constantly exposed to bacterial com-
ponents and gut microbial metabolites through the
portal vein. A mild release of LPS from the gut has
been shown to stimulate liver regeneration and tissue
repair. The gut-derived LPS by binding to Toll-like
receptor 4 (TLR-4) activates Kupffer cells for the
activation of NF-«B and stimulates the production
of tumor necrosis factor-a (TNF-a), which causes
the Kupffer cells to secrete interleukin-6 (IL-6). IL-6
trans-signaling induces hepatic stellate cells to pro-
duce a hepatocyte growth factor that, in coordination
with other extrahepatic factors, such as T3, insulin,
and epidermal growth factor, allows the remnant
hepatocytes to overcome the cell-cycle checkpoint
control and to proliferate towards liver regenera-
tion after partial hepatectomy [27]. Administration
of the Lactiplantibacillus plantarum AR113 probi-
otic has been shown to accelerate liver regeneration
by increased hepatocyte proliferation and TNF-c,
hepatocyte growth factor, and transforming growth
factor-f3 expression [28]. In a mice study, the admin-
istration of five broad-spectrum antibiotics for 14
days at the maximum dose to eliminate the gut
microbes showed there was induction of inflam-
mation through the expression of proinflammatory

factors (interleukin-1beta (IL-13), IL-6, TNF-«, and
TWEAK), which impaired liver function and acti-
vated hepatic progenitor cells [29]. In a STAM™
murine model of non-alcoholic steatohepatitis, the
supplementation of a beta glucan prebiotic has been
shown to decrease fibrosis and inflammation [30].

BONE REGENERATION

The gut microbiota regulates bone homeosta-
sis in health and disease. In a study that treated
mice with broad-spectrum antibiotics for 1 month
to deplete over 99% of resident bacteria in the gut,
the results showed there was increased trabecular
bone mass compared to the control mice. The treated
mice demonstrated decreased pro-osteoclastogenic
cytokine production and increased bone formation
reflected by the serum marker PINP [31]. Lactobacil-
lus reuteri probiotic treatment significantly protected
mice from bone loss after surgical ovariectomy
in association with reduced levels of a bone-
resorption marker and decreased osteoclastogenesis.
In another study, Bifidobacterium longum supple-
mentation increased bone mineral density and an
increase in bone formation [31]. Lactobacillus plan-
tarum administration has been reported to reverse
the blunted skeletal development of germ-free mice
[32]. Spontaneous development of osteomyelitis in
Pstpip2cmo mice predisposed to autoinflammatory
osteomyelitis was able to be prevented by dietary
modification of the gut microbiota, which regulated
the production of IL-1( [9].

SKIN REGENERATION

The immuno-modulating potential of the micro-
biome on the skin via the gut—skin axis has been
increasingly recognized. The Western diet and the
resulting intestinal dysbiosis have been associated
with the development of numerous immune-mediated
inflammatory diseases, such as rheumatoid arthri-
tis, psoriasis, and atopic dermatitis. Acne patients
have been shown to have decreased diversity of the
gut microbiota with lower abundance of Firmicutes
and increased levels of Bacteroides [33, 34]. Clinical
studies are currently researching the oral supplemen-
tation of probiotics in acne vulgari. Evidence from
a meta-analysis supports the use of probiotics for
the treatment of atopic dermatitis in infants mainly
through prophylaxis, such as the balance of Th1/Th2
immunity and enhanced Treg activity. In psoriasis,
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fewer relapses in the group treated with a probi-
otic mixture have been reported. The promotion of
wound healing by the probiotic strain Lactobacil-
lus reuteri through stimulating oxytocin, which in
turn induced the CD4 + Foxp3 +CD25 + Treg lym-
phocytes, has also been reported [35].

LUNG REGENERATION

The existence of a gut-lung axis has been
established by studying the influence of the gut micro-
biome on the lung. The mesenteric lymphatic system
is the connecting pathway between the lungs and
the intestine, through which intact bacteria, their
fragments, or metabolites (e.g., SCFAs) translocate
across the intestinal barrier, reach the systemic cir-
culation, and modulate the lung immune response.
Upon stimulation of IL-25, innate lymphoid cells
involved in tissue repair have been shown to be
recruited from the gut to the lungs. Intestinal TLR
activation has been shown to be associated with an
increased influenza-related lung response in mice
involving the NF-kB—dependent pathways of innate
immunity and inflammation [36]. Probiotics have
been proposed as potential agents to prevent and treat
several allergic diseases. Administration of Lacto-
bacillus reuteri, LGG, and Bifidobacterium breve in
a murine model of asthma led to decreased airway
hyperresponsiveness, the number of inflammatory
cells in bronchoalveolar lavage fluid, and inflam-
mation of lung tissue. Intranasal administration of
probiotics has been reported to protect mice from
HINT influenza virus infection by regulating respira-
tory immune responses. In addition, probiotic use has
been associated with a lower incidence of ventilator-
associated pneumonia, reduced respiratory infections
in healthy and hospitalized children, and reduced
duration of infection with the common cold [37].

KIDNEY REGENERATION

Gut dysbiosis affecting the integrity of the intesti-
nal barrier may lead to bacterial translocation,
production, and accumulation of dysbiotic gut-
derived metabolites, such as urea, indoxyl sulfate,
and p-cresyl sulfate, which cause abnormal activa-
tion of immune cells, overproduction of antibodies,
immune complexes, and inflammatory factors that
may directly or indirectly cause damage to the
renal parenchyma [38]. Administration of the pro-
biotic L. casei has been shown to reduce kidney

inflammation by restoring the SCFA-producing gut
microbiome and nicotinamide metabolism [39]. Reg-
ulating the gut microbiome has been shown to
lower blood pressure, ameliorate kidney disease,
and prevent complications in patients with chronic
kidney disease. Studies have shown the correla-
tion between intestinal flora and diabetes. Restoring
the gut microbiota is considered to be an effective
strategy in preventing and treating diabetes and dia-
betic nephropathy [39]. Administration of antibiotics
has been shown to protect against renal ischemia-
reperfusion injury by reducing the maturation status
of the bone marrow monocytes and F4/80 + renal res-
ident macrophages [39].

NEURONAL REGENERATION

The gut microbiota influences the nervous system
in more profound ways than the other systems—that
is, by means of the gut-brain axis through bacterial
components, dietary metabolites that are system-
atically available, intermediates (e.g., circulating
immune cells), and direct neuronal connections (i.e.,
the vagus nerve) [40]. The increase in multiple scle-
rosis (MS) incidence can be seen in subjects who
move from low-risk countries to those with higher
MS prevalence, usually those far north of the equa-
tor. This was initially believed to be due to climatic
conditions but has later been proved to be asso-
ciated with diet and gut microbiome composition.
Administration of long chain fatty acids in an experi-
mental model of MS worsened the disease course via
polarization towards T-helper (Th) 1 and Th17 cells,
whereas the SCFAs (i.e., propionic acids) diminished
clinical symptoms due to an increase of intestine-
derived Treg. Administration of high-dose propionic
acid has been shown to stimulate autism-like behav-
ior in animal models. In a clinical trial, a 2-week
antibiotic treatment followed by bowel cleanse and
a subsequent FMT resulted in the reduction of gas-
trointestinal symptoms, accompanied by a significant
improvement in behavioral autism spectrum disor-
der (ASD) symptoms [41]. In another clinical study,
the administration of Aureobasidium pullulans (i.e.,
black yeast AFO-202-produced beta glucan supple-
ment) has been shown to improve sleep, behavior
melatonin, and a-synuclein (aSyn) levels in ASD
subjects; apart from this, the effective control of
curli-producing enterobacteria in turn controls the
formation of amyloids such as aSyn, a presynap-
tic neurotransmitter, whose propagation to the brain
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and aggregation has been associated with the ini-
tiation and pathogenesis of neurological disorders
such as ASD, inflammatory (MS), and degenera-
tive (Alzheimer’s disease and Parkinson’s disease)
disorders [42]. The antidepressant and neurogenic
effects of fluoxetine, a standard selective serotonin
reuptake inhibitor, was impaired by fecal transfer
from chronic mild stress mice to healthy mice. It
is important to note that fluoxetine not only pro-
motes the proliferation, differentiation, and survival
of progenitor cells in the hippocampus but also influ-
ences the plasticity of new neurons generated [43].
Tryptophan-metabolizing gut microbes mediated by
the metabolic- and immune-linked aryl hydrocarbon
receptor have been reported to elevate transcription
factors and signaling proteins that promote adult
neurogenesis, as well as key markers of synaptic mat-
uration [44].

CONCLUDING REMARKS

RM aims to repair, regenerate, or restore lost/
damaged/dysfunctional tissues by utilizing tools such
as cells, scaffolds, and cell-derived factors. Modern
regenerative medicine started with cells as tools, was
propelled by the discovery of embryonic stem cells
[45], and then moved towards induced pluripotent
stem cells [45] apart from progenitor subsequently
adult stem cells. Thereafter, cell-secreted factors
joined this bandwagon of tools because several of
the positive outcomes of cell therapy were mainly
attributed to their paracrine effects [12]. Engraft-
ment of the transplanted cells by retaining the
cell-produced factors in vivo was better supported by
biomimicking the extracellular matrix by the scaf-
folds, thereby adding scaffold-assisted cell therapy
as another tool of RM [6-8].

All of these tools address a damaged or dysfunc-
tional cell or tissue. However, they do not address
any hurdle, which may prevent the repair that needs
to occur with tools such as cells, scaffolds, or
cell-derived factors. One such phenomena pertains
to degenerative diseases, especially in neurology,
because the age-related decline of both the brain
and the entire body has to be addressed along with
the repair, which is an uphill task. An important
hurdle in neurological regeneration is the abnor-
mal protein deposits. The aberrant self-assembly of
such abnormal proteins into amyloid fibers occurs
as a unifying molecular event in several neurolog-
ical disorders such as ASD, depression, anxiety,

Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease, amyotrophic lateral sclerosis, and so on
[46]. These amyloids may be diverse, including aSyn,
amyloid-f3, cellular prion protein, and tau, which can
further accelerate the amyloidogenesis of heterolo-
gous mammalian amyloid proteins [47]. Therefore,
a wholesome or 360-degree tool of RM would be
one which, along with the repair or regeneration pro-
cess, is capable of scavenging these deposits that
occur by cells of the immune system (e.g., microglia,
macrophages), preventing the formation of amyloids,
or working at the root level of the pathogenesis. Con-
stipation and other GI dysfunctions years prior to the
onset of movement dysfunction have been reported in
individuals diagnosed with various synucleinopathies
[46]. These amyloids are capable of a prion-like
spread from the gut to the brain via the vagus nerve
and/or spinal cord. In humans, truncal vagotomy and
appendectomy have been reported with a decreased
risk of Parkinson’s disease [46]. Therefore, it is evi-
dent that the gut microbiome plays a major role in
the production and propagation of these amyloids.
Hence, when the gut microbiome is used as a tool
for RM and modulated by strategies, such as dietary
interventions, they will become the foremost tool of
RM and can be an adjunct to improve the outcome of
all the other tools of RM (Fig. 1).

The other tools of RM are mostly exogenous
and need sophisticated technologies to harness their
potential and for administration. Endogenous stim-
ulation of repair and regeneration is achieved by
using growth factors, the delivery of genes, and the
transplantation of scaffolds that promote cell hom-
ing, which have limitations besides laborious tasks.
The other tools of RM, especially the cells, promote
regeneration through differentiation, cell fusion, and
so on, but more so through paracrine effects. The gut
microbiome in itself is a group of cells and a source
of several factors. It not only plays a role in cell dif-
ferentiation, proliferation, and paracrine effects but
also influences tissue repair and regeneration, even
at a distant site, via its inter-organ axes such as the
gut-brain, gut-lung, and gut—skin axis, to mention a
few. Harnessing the regenerative potential of the gut
microbiome can be achieved by simple methods such
as dietary interventions, lifestyle modifications, and
safe food supplements such as probiotics and prebi-
otics. Further, the influence of the gut microbiome is
continuous, from the initial start of the repair, inflam-
mation, and tissue regeneration, and it continues to be
present even after tissue maturation for homeostasis,
which is not so well orchestrated or possible through
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Synergy of gut-microbiome in Regenerative Medicine with emphasis on neurological conditions
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Fig. 1. A schematic illustration describing the contribution of gut microbiome in the prevention and management of neurological conditions,
through gut brain axis and microglia respectively, beside supporting all three modes of action of regenerative medicine.

the other tools of RM, such as cell, scaffolds, and so
on, thus making their role indispensable as an inte-

gral part of RM or a new terminology or subdomain
of RM.
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