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ARTICLE HISTORY 4 yNTRODUCTION

Received: November 09, 2021 Intestinal microflora involving the inhabiting microorganisms in the human gastrointestinal tract
Revised: February 06, 2022 plays a vital role in health and diseases. It affects the local environment and the immunological,
Accepted: February 12, 2022 metabolic and neurological systems regulating a variety of disease pathways in the body. The latest
por: research has suggested the association of gut microbiome dysbiosis with leading neurodegenerative
10.2174/1570159X20666220214113816  djseases (NDDs), including Parkinson's disease (PD), Alzheimer's disease (AD), Huntington’s dis-
ease (HD), Amyotrophic lateral sclerosis (ALS), and Autism spectrum disorder (ASD). These pa-

@ CrossMark thologies appear to manifest through bidirectional communication across the gut-brain axis, involv-

ing neuroendocrine, neuroimmune, and direct neuronal routes such as the vagus nerve. Even Eran
Blacher, the winner of NOSTER & Science Microbiome Prize in 2021, has suggested that the microbiome and its metabolite
can greatly impact human health and physiology. Various environmental factors such as nutrition, hygiene, daily rhythms,
physical activity, and exposure to pollutants or drugs can severely impact the composition and function of the gut-microflora.
Interestingly, preclinical as well as clinical studies have demonstrated attractive prospects of prebiotics, probiotics, and synbiot-
ics in the therapeutic regulation of NDDs.

2. TARGETING THE GUT-BRAIN AXIS

The microbiota-gut-brain (MGB) axis has been better understood and characterized over the past decade. It has answered
pertinent questions about the etiology, pathophysiology, and developing clinical therapies for NDDs. Moreover, it has revealed
the association of gut-microbiome with several neurodevelopment processes, such as neurogenesis, myelination, microglial
maturation, and blood-brain barrier formation [1], where any microbial alterations are associated with NDD's progression. For
instance, a reduction in Bifidobacterium, Firmicutes, and an increase in Bacteroidetes are reported in AD [2]. In another study,
two bacterial strains- Enterococcus faecium and Lactobacillus rhamnosus are found to reduce oxidative stress via decreasing
TNF-a production in the brain [3]. In fact, several studies have suggested the therapeutic potential of Lactobacilli and
Bifidobacteria in curbing neuroinflammation-based memory deficits in AD [4]. On the other hand, a reduction in Abeta amy-
loid pathology is also observed in the absence of certain gut microbiota [5].

Likewise, gut-microbiome alterations also lead to motor deficits and neuroinflammation in PD [6]. There is an increase in
Lactobacillaceae and Verrucomicrobiaceae, while a reduction in Prevotellaceae have been observed in PD. Instead, enteric in-
fections by Helicobacter pylori and small intestinal bacterial overgrowth may be linked with motor fluctuations in PD [7]. A
lower abundance of Akkermansiaceae, Firmicutes, and Lachnospiraceae are reported in HD gene expansion carriers, signifying
their association in gut-barrier maintenance and inflammatory regulation. Moreover, symptomatic HD patients who exhibit a
lower abundance of Eubacterium hallii tend to show more severe motor symptoms associated with the metabolism of certain
amino acids such as methionine linking with oxidative stress and neuroinflammation in the brain [8]. Similarly, gut-microbiome
such as Ruminococcus torques and Parabacteroides distasonis have been identified to exacerbate, and Akkermansia muciniphi-
la has been shown to alleviate symptoms in ALS [9]. Particularly, the reduction in short-chain fatty acid (SCFA)-producing
bacteria have been observed in most of the diseases causing inflammation [10].

Interestingly, SCFAs, one of the major products of the microbiome, exerts neuroprotective effects by increasing nerve
growth factors and reducing inflammation in the brain. Still, some SCFA such as butyric acid, has also shown a controversial
role in human health. For instance, butyric acid regulates synaptic activity and inflammation through GPCR signaling, and the
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epigenetic mechanism underlying HDAC inhibition. On the other hand, it alters glycolipid metabolism, thereby promoting obe-
sity, diabetes, and other metabolic syndromes [11]. Similarly, kynurenine metabolites such as kynurenic acid and quinolinic
acid act differently in the central nervous system, impacting neurons' function and survival. For instance, kynurenic acid has
long been reported as a neuroprotective NMDA and a7 nicotinic antagonist. In contrast, quinolinic acid is an excitotoxic
NMDA agonist involved in regulating synaptic transmission in the brain [12, 13].

Therefore, dietary interventions and selective prebiotic or probiotic administrations could be a supplemental therapeutic ap-
proach for ameliorating neurodegenerative processes while considering the complexity of the pathogenesis of NDDs (Fig. 1).
There is increasing evidence that supports this notion. For instance, long-term probiotic interventions are reported to mitigate
memory dysfunctions in lead-exposed rats through epigenetic inflammation—hippocampal pathway (IL-6-EZH2-H3K27me3)
[14]. In another instance, the administration of prebiotics (oligofructose-enriched inulin) modulated peripheral immune re-
sponses and ameliorated age-related neuroinflammatory pathologies and brain functions [15]. Likewise, kynurenic acid impart-
ed protection against quinolinic acid-induced oxidative imbalance and mitochondrial dysfunction by restoring Nrf2 levels in the
rat striatum [16]. Importantly, the potentials of prebiotics, probiotics, and synbiotics are emerging in the clinical trials for NDDs
like AD and PD (Table 1). In summary, immunomodulation through gut metabolites explained ameliorating neurodegenerative
symptoms, but the direct interplay of gut metabolites on neuronal and glial cells needs to be addressed.
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Fig. (1). Gut-microbiome intervention technology- Gut dysbiosis is responsible for an abundance of pro-inflammatory cytokines, LPS and
BMAA, destroying intestinal permeability and increasing the systemic circulation of microorganisms, microbial products (SCFA, GABA),
and inflammatory factors (LPS, BMAA), which in turn disrupts the blood-brain barrier (BBB) and cause neuroinflammation and neurodegen-
eration. Therefore, administration of anti-inflammatory taxa (anti-inflammatory cytokines producing microorganisms) and restricting pro-
inflammatory taxa (pro-inflammatory cytokine producing microorganisms), Prebiotics, Probiotics, and Synbiotics is an emerging strategy to
target NDDs, including AD, PD, HD, and ALS. (4 higher resolution/colour version of this figure is available in the electronic copy of the
article).

3. DEVELOPMENT OF MICROBIOME-BASED MEDICINES

Though there are nearly 200 private and public firms working on microbiome-based treatments, only a few are dedicated to
therapeutic intervention in NDDs. Seres Therapeutics' microbiota capsule SER-109 has passed clinical phase III. It may become
the first FDA-approved microbiome therapy to treat recurrent Clostridium difficile infections, presenting the promises of mi-
crobiome-based drugs [17]. However, in NDD, most of the investigational products are in the early phases of clinical develop-
ment, while few are in phase II. The gut-microbiome intervention technologies are now revolutionizing the development of
therapeutic candidates targeting the gut-brain axis. For instance, 4D pharma has pioneered live biotherapeutic products, an
emerging class of medicines based on single commensal bacterial strains. It's MicroRx platform enables us to understand how
the individual bacteria affects the human body at the molecular level, allowing us to rationally pick live-biotherapeutic candi-
dates with profiles appropriate to specific disease manifestations. It discovered two bacterial strains, MRx0005 and MRx0029,
that have shown disease-modifying potential and targets numerous pathways involved in PD [18]. They decrease a-synuclein-
induced neuroinflammation, protecting against oxidative stress, and boosting tight-junction protein expression, thereby improv-
ing gut barrier integrity.
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Table 1.  Clinical trials highlighting therapeutic prospects of gut-microbiome in NDDs.

Enrolled

Therapeutic Candidate Intervention Phase Patients Clinical outcome NDDs References
Improved cognition and beta cell
L. acidophilus, L: casei, B. bifidum, Probiofics I 60 function, and decreaseq mal.ondial— AD [21]
and L. fermentum dehyde levels, CRP, insulin re-
sistance, and triglycerides
Improved cognition, total antioxi-
L. acidophilus, B. bifidum, and B. L dant capacity and glutathione, and
aciaopnius, ificum, an Probiotics 11 79 pacity gy o AD [22]
longum decreased CRP, cholesterol, insulin,
and triglycerides
A. aceti, L. delbrueckii, L. fermentum, . . .
L. fructivorans, E. faccium, Letco- Improved cognition, inflammation,
- y ) Synbiotics _ 13 and oxidative stress, and blood cell AD [23]

nostoc sp., L. kefiranofaciens, C. damage
Sfamata, C. krusei, and Kefir &

S. salivarius thermophilus, E. faeci-

um, L. rhamnosus GG, L. acidophi- .
Increased bowel movements in

lus, L. plantarum, L. paracasei, L. Synbiotics 120 . . L PD [24]
. ) patients with constipation
delbrueckii bulgaricus, and B. breve,

and B. animalis lactis

Downregulation of inflammation
Probiotics 50 (IL-1 and IL-8), insulin, and upreg- PD [25]
ulated TGF-B and PPAR-y

L. acidophilus, B. bifidum, L. reuteri,
and L. fermentum

Improved movement, glutathione
L. acidophilus, B..biﬁdum, L. reuteri, Probiotics I 60 lev'els and dec'rease'd CRP,' PD [26]
and L. fermentum malondialdehyde, insulin, and insu-

lin resistance

A.- Acetobacter; B.- Bifidobacterium; C.- Candida; E.- Enterococcus; 1L- Interleukin; L.- Lactobacillus; PPAR-y- Peroxisome proliferator-activated receptor
gamma; S.- Streptococcus.

Moreover, MRx0029 can generate a dopaminergic phenotype in undifferentiated neuronal cells, indicating its 'neuroregen-
erative' properties. Similarly, Enterin, a clinical-stage biopharmaceutical company, is also investigating the clinical efficacy of
ENT-01 for treating non-motor symptoms, including constipation, dementia, and psychosis in PD (NCT04483479). Stellate
therapeutics has synthesized clinical products STL-101 and STL-201 for therapeutic intervention in AD and PD, imparting neu-
roprotection [19]. In addition, Finch Therapeutics is also developing microbiome therapeutics such as FIN-211 for targeting
gastrointestinal complications in ASD, employing its Human-First Discovery® platform. Instead, NuBiyota's microbial ecosys-
tem therapeutic technology-based product MET-2 is under testing for anxiety and depression [20]. Furthermore, advanced bio-
computation involving machine learning tools should be deployed by pharmaceutical companies to analyze complex microbi-
ome data to develop promising microbiome-based drugs for therapeutic intervention in NDDs.

CONCLUSION AND FUTURE PROSPECTS

Although the MGB axis has gained more understanding in the past, important questions about the etiology, pathophysiolo-
gy, and treatment are incomplete in neurodegenerative health and disease. Examining these as-yet-unknown factors will help
develop effective pre-and probiotic treatments, but many unanswered questions remain. For instance, what role do post-biotics
(such as SCFAs) play in the activity of prebiotics and probiotics and their interdependency? What are the quantitative and qual-
itative differences in the effects of these therapies on the structure and function of the gut microbiota? Importantly, how can
dietary supplementation with probiotics and prebiotics affect signaling in the enteric nervous system and gut-brain axis? How
do host variables like diet, genetic predisposition, prescribed medication, and age influence the therapeutic efficacy of dietary
supplements that target the gut-brain axis? Moreover, their optimal doses and long-term safety concerns in the target popula-
tions are important.

Besides, many rodent discoveries have been successfully translated into human findings. Extrapolation from such findings
and early clinical data requires extreme care. Additional human research employing prebiotic, probiotic, and synbiotic treat-
ments is needed to target therapeutic regulation of the MGB axis. Furthermore, well-controlled large-scale longitudinal clinical



Therapeutic Integrity of Microbiome-based Medicines Current Neuropharmacology, 2022, Vol. 20, No. 11 2017

trials are urgently needed to strengthen the present state of multi-omics-based targeted therapies for the MGB axis. Ultimately,
using these best practices in relevant model systems with enough data on root-cause analyses and robustness might be a practi-
cal method to improve our pharmacological understanding. It will aid us in finding viable microbiome treatments and transform
the future of our healthcare sector.
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