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Abstract  47 

The human microbiota comprises trillions of symbiotic microorganisms and is involved in 48 

regulating gastrointestinal (GI), immune, nervous system and metabolic homeostasis. Recent 49 

observations suggest a bidirectional communication between the gut microbiota and the brain 50 

via immune, circulatory and neural pathways, termed the Gut-Brain Axis (GBA). Alterations 51 

in gut microbiota composition, such as seen with an increased number of pathobionts and a 52 

decreased number of symbionts, termed gut dysbiosis or microbial intestinal dysbiosis, plays a 53 

prominent role in the pathogenesis of central nervous system (CNS)-related disorders. Clinical 54 

reports confirm that GI symptoms often precede neurological symptoms several years before 55 

the development of neurodegenerative diseases (NDDs). Pathologically, gut dysbiosis disrupts 56 

the integrity of the intestinal barrier leading to ingress of pathobionts and toxic metabolites into 57 

the systemic circulation causing GBA dysregulation. Subsequently, chronic 58 

neuroinflammation via dysregulated immune activation triggers the accumulation of 59 

neurotoxic misfolded proteins in and around CNS cells resulting in neuronal death. Emerging 60 

evidence links gut dysbiosis to the aggravation and/or spread of proteinopathies from the 61 

peripheral nervous system to the CNS and defective autophagy-mediated proteinopathies. This 62 

review summarizes the current understanding of the role of gut microbiota in NDDs, and 63 

highlights a vicious cycle of gut dysbiosis, immune-mediated chronic neuroinflammation, 64 

impaired autophagy and proteinopathies, which contributes to the development of 65 

neurodegeneration in Alzheimer's disease, Parkinson's disease, Huntington’s disease, multiple 66 

sclerosis, amyotrophic lateral sclerosis and frontotemporal lobar degeneration. We also discuss 67 

novel therapeutic strategies targeting the modulation of gut dysbiosis through prebiotics, 68 

probiotics, synbiotics or dietary interventions, and faecal microbial transplantation (FMT) in 69 

the management of NDDs. 70 



Key words:  Gut microbiota, dysbiosis, proteinopathies, autophagy, neuroinflammation, 71 
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Abbreviations 74 

5-HT: 5-hydroxytryptamine; 6-OHDA: 6-hydroxy dopamine; AD: Alzheimer’s disease; 75 

ADLPAPT: Transgenic AD mice with Aβ plagues, neurofibrillary tangles, reactive gliosis in the 76 

brain and gut dysbiosis; ALS: Amyotrophic lateral sclerosis; APP: amyloid precursor protein; 77 

ASD: Autism spectrum disorder; Atg5: autophagy-related 5; Aβ: β-amyloid; BBB: brain-blood 78 

barrier; BDNF: brain derived neurotrophic factor; BMAA: β-N-methylamino-L-alanine; CCK: 79 

cholecystokinin; CD32: Cluster of differentiation 32; CD68: Cluster of differentiation 68; 80 

CLDN2: claudin 2; CNS: central nervous system; CRP: C-reactive protein; EECs: 81 

enteroendocrine cells; ENS: enteric nervous system; ER: endoplasmic reticulum; FMT: Faecal 82 

microbial transplantation; GABA: gamma aminobutyric acid; GBA: Gut-Brain Axis; GF: 83 

Germ-free; GI: gastrointestinal; GM: Gut microbiota; GOS: galacto-oligosaccharides; HPA: 84 

hypothalamic-pituitary adrenal;  IBS: irritable bowel syndrome; IECs: intestinal epithelial 85 

cells; IFN-γ: Interferon-γ; IL-1β: Interleukin-1β; IL-6: Interleukin-6; LPS: 86 

Lipopolysaccharide; MAMPs: microbe-associated molecular patterns; MS: multiple sclerosis; 87 

NDDs: neurodegenerative diseases; NF-kB: Natural factor-kappa B; OS: Oxidative stress; 88 

PAMPs: Pathogen-associated molecular patterns; PAP mice: APP/PS1 transgenic mice 89 

mimicking AD with severe gut dysbiosis; PD: Parkinson’s disease; PRRs: pattern recognition 90 

receptors; PS1: presenilin 1; RNS: reactive nitrogen species; ROS: Reactive oxygen species; 91 

SCFAs: Short chain fatty acids; SOCS3: Suppressor of cytokine signaling 3; SPF: Specific 92 

pathogen free; TLR4: toll-like receptor-4; TNF-α: Tumour necrosis factor-α; WT: wild-type; 93 

αSyn: α-Synuclein.  94 
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1. Introduction 132 

The human microbiota is a complex, dynamic and symbiotic ecosystem comprising  trillions 133 

of host-specific microorganisms such as bacteria, viruses, fungi, and protozoa living in 134 

symbiosis (Borre et al., 2014; Sender et al., 2016). The gut microbiota refers to the diverse 135 

variety of microorganisms co-evolved in the human gut (Donaldson et al., 2016; Zhu et al., 136 

2013). These taxonomically diverse intestinal microbes are known to maintain host 137 

homeostasis by regulating digestive, immune, metabolic, and various neurological functions 138 

(Quigley, 2017; Sampson et al., 2016). The intestinal microbes are mainly involved in 139 

promoting the digestion and absorption of complex carbohydrates, producing vital energy 140 

sources such as short‐chain fatty acids (SCFAs) (Bauer et al., 2016), regulating metabolism of 141 

essential substances (bile acids, sterols and drugs), synthesizing important vitamins such as 142 

vitamin B and K, maintaining the integrity of intestinal epithelial barrier (Dalile et al., 2019), 143 

competing with pathogens and preventing their colonization, and promoting the development 144 

and maturation of the immune system (Dinan and Cryan, 2017; Fung et al., 2017; Singh et al., 145 

2016; Tilg et al., 2020). 146 

Mounting evidence suggests that the gut and brains has a strong bidirectional communication, 147 

commonly termed the gut-brain axis (GBA) (Luan et al., 2019; Rosario et al., 2020)  through 148 

neural, endocrine and immune mechanisms (Carabotti et al., 2015; Mills et al., 2019; Rogers 149 

et al., 2016; Vogt et al., 2017). Two decades of GBA research suggests that the gut microbiota 150 

can be considered as a new vital organ (Guinane and Cotter, 2013), with a specific influence 151 

on neural development, cognition and behaviour (Moloney et al., 2014). 152 

The imbalance in the number of microbes producing anti-inflammatory cytokines (anti-153 

inflammatory taxa) and microbes producing pro-inflammatory cytokines (pro-inflammatory 154 

taxa) in the gut is termed gut dysbiosis, and may be a primary factor underlying various GI 155 

disorders such as irritable bowel syndrome (IBS), ulcerative colitis, and Crohn's disease 156 



(Ballway and Song, 2021; Dinan et al., 2014; Kowalski and Mulak, 2019), through 157 

augmentation of lipopolysaccharides (LPS), pro-inflammatory cytokines, T helper cells and 158 

monocytes leading to increased intestinal (resulting in leaky gut syndrome) and brain-blood 159 

barrier (BBB) permeability via the GBA (Cho et al., 2019; Luan et al., 2019) [Text Box-1].  160 

Text Box-1 161 

KEY DEFINITIONS 

 Gut microbiota (GM) collectively refers to the 1013–1014 of microorganisms 

comprising bacteria, viruses, fungi, and protozoans that colonize the GI tract [mouth, 

pharynx, larynx, oesophagus, stomach and intestines] of the human (Sender R et al., 

2016). 

 Gut microbiome defines both the composition and functional characteristics of GM 

(Wang HX and Wang YP, 2016). 

 Gut-Brain axis (GBA) or Microbiota-Gut-Brain (MGB) axis is the term used for the 

complex bidirectional communication between the central nervous system (CNS) and 

GM of the enteric nervous system (ENS) (Sherwin E et al., 2016). 

 GBA pathways refers to the neural, immune, endocrine, and metabolic signalling 

pathways involved in the dynamic crosstalk between the brain and GM (Quigley EMM, 

2019). 

 Gut or microbial dysbiosis refers to the alteration in the GM composition, specifically 

trending towards an increase in pro-inflammatory species (pathogenic bacteria or 

pathobionts) and decreased levels of anti-inflammatory species (beneficial bacteria or 

symbionts), along with altered levels of microbial metabolites and neuroactive molecules 

leading to dysregulated signalling via the GBA (Dinan and Cryan, 2017). 



 Prodromal phase - Long interphase between the disease onset and appearance of 

clinical symptoms. In NDDs, the pathological proteins are detected in biopsy samples of 

patients. 

 Symptomatic phase - Advanced stage of the disease with manifestations of the clinical 

symptoms. 

 162 

Recent evidence demonstrates the pathogenic role of gut dysbiosis in a plethora of CNS-related 163 

diseases (Liang et al., 2018; Tremlett et al., 2016) ranging from neuropsychiatric disorders ( 164 

Foster et al., 2017; Friedland and Chapman, 2017) such as depression, anxiety, and autism to 165 

NDDs such as Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease 166 

(HD), frontotemporal lobar degeneration, and neuro (auto) immune disorders including 167 

amyotrophic lateral sclerosis (ALS) and multiple sclerosis (MS) (Chitnis and Weiner, 2017; 168 

Scheperjans et al., 2015). Extensive preclinical and clinical studies confirm that gut dysbiosis 169 

has a clear link to the etiopathology and pathophysiology of NDDs including AD, PD, Lewy 170 

body (LB) disease, ALS, frontotemporal lobar degeneration and prion disease (Bayer, 2015; 171 

Friedland, 2015; Luan et al., 2019) . Clinical data have shown that patients with NDDs and 172 

neuropsychiatric diseases commonly report GI dysfunction in the prodromal phase, several 173 

years before the symptomatic phase (Fung et al., 2017; Soto and Pritzkow, 2018). Generally, 174 

the central pathology of PD, AD, HD, MS, and AML is characterized by the deposition of 175 

aggregates of misfolded disease-specific neurotoxic proteins, which are commonly termed 176 

“Proteinopathies” (Bayer, 2015; Friedland, 2015). These misfolded protein conformations 177 

accumulate as small oligomers or large fibrillary aggregates, and are confined to specific 178 

anatomic brain regions, thus leading to specific clinical manifestations ( Tremlett et al., 2017; 179 

Tyler Patterson and Grandhi, 2020). Further, detrimental activation of the innate and adaptive 180 

immune systems results in chronic neuroinflammation (Berer et al., 2011; Cryan and Dinan, 181 



2012; Kikis et al., 2010) and impaired protein clearance or autophagy that alters brain 182 

morphology and physiology adding to clinical pathology (Caputi and Giron, 2018; Golde and 183 

Miller, 2009).  184 

Gut dysbiosis mediated dysregulated autophagy affects gut barrier integrity and increases 185 

intestinal permeability, allowing the translocation of gut microbes, microbial-derived 186 

metabolites and microbe-associated molecular patterns (MAMPs) into the mesenteric 187 

lymphoid tissues, which causes neuroinflammatory reactions, and in turn, the progression and 188 

development of neurological disorders ( Yan Wang et al., 2019). Further, dysregulated 189 

autophagy leads to disrupted clearance of polyubiquitinated protein aggregates in neurons and 190 

impairs endoplasmic reticulum (ER) homeostasis during stress, aging, and NDDs. These 191 

findings suggest that failure of the autophagic system to clear the misfolded proteins (Fitzgerald 192 

et al., 2019; König et al., 2016) is one of the main triggering factors for neuroinflammation, 193 

leading to neurodegeneration (Caputi and Giron, 2018). Moreover, gut dysbiosis triggers 194 

and/or amplifies aberrant immune-mediated chronic inflammation (Singh et al., 2016) that 195 

spreads from the systemic circulation to the brain, which further triggers protein misfolding as 196 

well as its aggregation, axonal damage and neuronal demyelination ( Schwartz and Baruch, 197 

2014; Wells et al., 2017). 198 

Pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns 199 

(DAMPs) primarily expressed in gut microorganisms (de Vos and de Vos, 2012), activate the 200 

innate immune system by binding to pattern recognition receptors (PRRs) (Lozupone et al., 201 

2012). These PRRs are expressed by a variety of host immune cells including intestinal 202 

epithelial cells (IECs), enteroendocrine cells (EECs), and immune cells in peripheral blood as 203 

well as neurons and glial cells of the CNS and PNS (de Vos and de Vos, 2012; Mosca et al., 204 

2016). Furthermore, gut dysbiosis-induced mitochondrial dysfunction in the CNS cells 205 

amplifies oxidative stress (OS) leading to neuronal inflammation. In contrast, misfolded 206 



proteins and amyloid deposits, act as PAMPs and change the functions of the gut microbiota. 207 

The close interaction of gut-microbiota-OS-mitochondrial dysfunction and NDDs highlights 208 

the importance of GBA connections (Yan Wang et al., 2019). Neuropathological studies in AD 209 

and PD provide evidence that the gut microbiota is capable of influencing amyloid-β peptide 210 

(Aβ) development in AD (Kowalski and Mulak, 2019) and α-synuclein (αSyn) pathology in 211 

PD, respectively (Fitzgerald et al., 2019; Sampson et al., 2016). Specifically, gut dysbiosis has 212 

been reported to trigger gut barrier dysfunction, by inducing changes in tight junctions, mucous 213 

layers, intraepithelial lymphocytes, and secretion of immunoglobulin A (König et al., 2016; 214 

Wells et al., 2017). These changes lead to the aberrant activation of the innate and adaptive 215 

immune systems (Amor and Woodroofe, 2014; López-Valdés and Martínez-Coria, 2016), 216 

which induce chronic neuroinflammation, which leads to the aggregation and accumulation of 217 

misfolded proteins in the CNS cells (Chitnis and Weiner, 2017; Schwartz and Baruch, 2014). 218 

However, the complex connections between immune activation and impaired autophagy that 219 

leads to proteinopathies and the precise influence of the gut microbiota on the brain, still 220 

remains to be fully understood. This review discusses the pathophysiological correlation of gut 221 

dysbiosis with proteinopathies, impaired autophagy and immune dysregulation in NDDs 222 

including AD, PD, HD, ALS, MS and FLTD. Further, we discuss potential therapeutic 223 

interventions that may prevent the initiation, progression and relapse of NDDs by restoring gut 224 

eubiosis. 225 

 226 

 227 

 228 

1.1. Bidirectional communication between the gut microbiota and brain  229 

The human microbiota comprises more than 5000 strains of microbes with 1000 or more kinds 230 

of microflora (de Vos and de Vos, 2012; Lozupone et al., 2012). The gut microbiota includes 231 



500–1,000 species of bacteria, reaching the maximum in the colon (Mosca et al., 2016; Rajilić-232 

Stojanović and de Vos, 2014). More than 150 bacterial species that encode 150 times more 233 

genes than human genome reside in the gut microbiota. Each individual has at least 160 234 

bacterial species and greater than 3 million microbial genes, with 3 distinct enterotypes 235 

comprising Bacteroides, Prevotella, and Ruminococcus genera (Arumugam et al., 2011). The 236 

gut microbiota in humans is comprised of four major phyla 237 

(Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria) and two minor phyla 238 

(Verrucomicrobia and Fusobacteria) (Bäckhed, 2011; Qin et al., 2010). After birth, the sterile 239 

gut of the new born becomes colonized by microbes and is influenced by gestational age, mode 240 

of delivery and feeding (Dominguez-Bello et al., 2010; Karlsson et al., 2011), level of 241 

sanitation and exposure to antibiotics (Fouhy et al., 2012; Marques et al., 2010). By one to 242 

three years of age, gut microbiota colonization reaches that of the adult complex microbiome 243 

(Biasucci et al., 2010; Vaishampayan et al., 2010; Vallès et al., 2012). Extrinsic factors, 244 

including long-term dietary habit, lifestyle, infection, physical activity, and exposure to 245 

antibiotics, stress and early microbiota (David et al., 2014; Levy et al., 2017), and intrinsic 246 

factors such as genetic background, metabolism, immunity, and hormones, determine the 247 

composition of gut microbiota (Coman and Vodnar, 2020) [Text Box-2]. 248 

  249 



Text Box-2 250 

KEY DEFINITIONS 

 Commensals are non-pathogenic bacteria that predominantly colonize the GI tract such 

as Lactobacillus species (L. rhamnosus, L. acidophilus, L. plantarum etc), 

Bifidobacterium (B. bifidum), Enterococci, Propionobacteria and Peptostreptococci. 

Commensals when beneficial to the host health are termed symbionts. 

 Pathobionts define microbes with pathogenic potential like Bacteriodes, Bacilli, 

Clostridia, Enterobacteria, Actenobacteria, Peptococci, Staphylococci, Streptococci and 

yeasts etc. (Joshi et al., 2018). 

 Conversion - Most microbes can shift from commensal to symbionts or pathobionts 

form depending on exposure to pathogen, antibiotics and infection or presence of chronic 

metabolic or neurological disorders (Belkaid Y and Hand T, 2014). 

 Autophagy refers to a process by which the cytoplasmic materials are degraded inside 

the lysosomes (Nguyen HTT et al., 2013). 

 Germ-free (GF) model – An animal model raised in GF conditions that is devoid of 

complex microbiota. 

 Specific pathogen free (SPF) model - control animal with a normal composition of GM 

and no specific pathogens.  

 Conventional or wild-type (WT) mice – mice raised in a normal conventional 

environment 

 Humanized gnotobiotic mouse model - GF mice that receive faecal microbiota 

transplantation (FMT) of human faeces (John Chulhoon Park and Sin-Hyeog Im, 2020). 

The bidirectional communication of the GBA occurs via complex and multiple pathways 251 

(Dalile et al., 2019). Although the precise pathways involved in GBA remains to be fully 252 

determined, there are direct [enteric nervous system (ENS) and vagus nerve) and indirect [such 253 



as neurotransmitters, short chain fatty acids (SCFAs), and cytokines] routes through which gut 254 

microbes communicate to central nervous system (CNS) and vice versa (Sender et al., 2016). 255 

Gut microbes directly influence CNS processes via the neuroendocrine system (cortisol 256 

secretion via hypothalamic-pituitary adrenal (HPA) axis) (Mudd et al., 2017); the sympathetic 257 

and parasympathetic nervous system (Collins et al., 2012; Collins and Bercik, 2009) and vagus 258 

nerve (Forsythe et al., 2014), by producing bacterial metabolites (Dinan and Cryan, 2015; O’ 259 

Mahony et al., 2015; Sherwin et al., 2016) (Fig. 1). 260 

 261 

Fig. 1: Bidirectional communication between the gut microbiota and brain comprises direct [via the 262 

enteric nervous system (ENS) and vagus nerve) and indirect (by secreting neurotransmitters, short chain 263 

fatty acids (SCFAs), and cytokines] pathways of the gut-brain axis (GBA) which are modulated by the 264 

gut microbiota. These routes include the neural pathway (such as vagus nerve, ENS, neurotransmitters 265 

and metabolites such as SCFAs), immune pathways (including cytokine production), and 266 

neuroendocrine pathways [secretion of gut hormones by intestinal epithelial cells (IECs) and cortisol 267 

via the HPA axis]. Increased number of pathobionts with higher levels of toxic metabolites and cytokine 268 

production in the systemic circulation along with absence of beneficial metabolites dysregulates the 269 

GBA signalling, resulting in gut dysbiosis that affects the blood-brain-barrier (BBB) and immune 270 

system. Both the intestinal and nerve cells show defective autophagy with increased production of 271 

reactive oxygen species (ROS) and reactive nitrogen species (RNS), dysfunctional mitochondria, and 272 

increased endoplasmic reticulum (ER) stress aggravates oxidative stress (OS), inflammation, and 273 

proteinopathies, which are relevant to neurodegenerative disorders (NDDs). 274 



Gut microbes indirectly communicate with the CNS/ENS by producing several neuroactive 275 

metabolites such as SCFAs or branched-chain amino acids, lipopolysaccharide (LPS), bile 276 

acids, and catecholamines (Dalile et al., 2019; Fung et al., 2017)), synthesizing 277 

neurotransmitters with neuromodulatory properties including tryptophan precursors and 278 

metabolites, 5-hydroxytryptamine (5-HT or serotonin), gamma aminobutyric acid (GABA), 279 

glutamine, histamine, dopamine, and noradrenaline (Calvani et al., 2018; Fung et al., 2017; 280 

Sherwin et al., 2018), and gut hormones such as peptide YY, neuropeptide Y, ghrelin, leptin, 281 

cholecystokinin (CCK),and glucagon-like peptide-1 (Lyte, 2011; Sarkar et al., 2016). These 282 

important dietary and microbes-derived metabolites modulate the GBA to affect intestinal 283 

mucosal barrier function, hormone secretion from enteroendocrine cells (EECs), 284 

neurotransmitter release by gut epithelium and gut microbiota, as well as enteric glial 285 

signalling, neurogenesis, glial cell function, myelination, synaptic pruning, and BBB function 286 

(Heiss and Olofsson, 2019; Mukhtar et al., 2019), which are biologically relevant in the context 287 

of NDDs. Short chain fatty acids are one of the most important class of metabolites, performing 288 

a range of host processes such as energy utilization, host-microbe signalling, and regulation of 289 

colonic pH, with consequent effects on gut microbiota composition, gut motility, and epithelial 290 

cell proliferation (Musso et al., 2011). These SCFAs are also known to play a crucial role in 291 

the regulation of morphology and maturation of microglia (Erny et al., 2015). 292 

The CNS also communicates via the autonomic nervous system [(ANS); both afferent and 293 

efferent autonomic pathways) and the ENS (Nair et al., 2018; Tysnes and Storstein, 2017) to 294 

the gut. Thus, the brain regulates gut motility and secretion of mucus and anti-microbial 295 

peptides as well as mucosal immunity and permeability (Browning and Travagli, 2014; Foster 296 

et al., 2017;). 297 

 298 

1.1.1. Gut microbiota and HPA axis  299 



The hypothalamic–pituitary–adrenal (HPA) axis comprises the major part of the 300 

neuroendocrine system (mainly via the vagus nerve) in the GBA regulating body functions in 301 

response to stress stimuli (Smith SM and Vale WW, 2006). The HPA axis responds to stress 302 

signals by transferring hormones across the BBB through the circulatory system (Sudo, 303 

2014). Studies have shown that gut microbiome programs the early activation of the HPA axis 304 

in response to psychological and physical stressors (Sudo N et al., 2004; Mudd AT et al., 2017).  305 

During gut dysbiosis, cytokines ((IL-1β, IL-6 and TNF-α) and small bioactive molecules 306 

released excessively enter the brain via the BBB and activate the HPA axis (Banks, 2005). The 307 

HPA axis can be also activated by the release of lipopolysaccharide (LPS) (Vakharia and 308 

Hinson, 2005) and peptidoglycan (component of the most bacterial cell wall) (Arentsen et al., 309 

2017). Moreover, early-life stress-mediated hyperactivation of the HPA axis results in altered 310 

microbial composition and increase GI permeability (Kelly JR et al., 2015). Increased exposure 311 

to corticosteroids causes changes in glucocorticoid receptor expression in the developing brain 312 

(van Bodegom M et al., 2017) and increased activity of the innate immune system (Danese A 313 

and Baldwin JR, 2017). Germ-free (GF) mice were found to present with significantly higher 314 

HPA response to stress when compared to the wild type mice (Clarke et al., 2014). Further, 315 

recolonization with complex microbiota at an early stage (up to 9 weeks old), partially reverses 316 

the elevated HPA response to stress (Sudo N et al., 2004). Likewise, GF mice displayed an 317 

elevated response to restraint stress (Sudo N et al., 2004) or emotional stress (maternal 318 

separation) (Murakami, T et al., 2017) vs. wild type mice. Notably, the increased brain stress-319 

response in GF mice correlated with higher levels of brain corticotropin-releasing 320 

hormone, serum corticosterone, lower expression of glucocorticoid receptors, and reduced 321 

levels of brain-derived neurotrophic factor (BDNF), compared to SPF mice (Crumeyrolle-322 

Arias et al., 2014; Luo et al., 2018). Indeed, it has been reported that the ratio of 323 

mineralocorticoid receptor to glucocorticoid receptor was reduced in the hypothalamus of 324 

https://www.sciencedirect.com/science/article/pii/S0197018618301980?casa_token=_cBUiylroP4AAAAA:cA78Pv9OfYWbFR51fgjEinNK5VNy2QZuI3eJxPRhYy7JkgCsEzbbwNSJJCfrLbUwrESj-q7q4pU#bib191
https://www.sciencedirect.com/science/article/pii/S0197018618301980?casa_token=_cBUiylroP4AAAAA:cA78Pv9OfYWbFR51fgjEinNK5VNy2QZuI3eJxPRhYy7JkgCsEzbbwNSJJCfrLbUwrESj-q7q4pU#bib191
https://www.sciencedirect.com/science/article/pii/S0278584620302670#bb0060
https://www.sciencedirect.com/science/article/pii/S0278584620302670#bb0630
https://www.sciencedirect.com/science/article/pii/S0278584620302670#bb0630
https://www.sciencedirect.com/science/article/pii/S0278584620302670#bb0045
https://www.sciencedirect.com/science/article/pii/S0278584620302670#bb0045
https://www.sciencedirect.com/science/article/pii/S0278584620302670#bb0115
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/corticotropin-releasing-hormone
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/corticotropin-releasing-hormone
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/corticosterone
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/glucocorticoid-receptor
https://www.sciencedirect.com/science/article/pii/S0197018618301980?casa_token=_cBUiylroP4AAAAA:cA78Pv9OfYWbFR51fgjEinNK5VNy2QZuI3eJxPRhYy7JkgCsEzbbwNSJJCfrLbUwrESj-q7q4pU#bib45
https://www.sciencedirect.com/science/article/pii/S0197018618301980?casa_token=_cBUiylroP4AAAAA:cA78Pv9OfYWbFR51fgjEinNK5VNy2QZuI3eJxPRhYy7JkgCsEzbbwNSJJCfrLbUwrESj-q7q4pU#bib45


stressed GF mice, compared to GF control mice (Huo R et al., 2017). Studies in GF mice 325 

(Murakami, T et al., 2017), dogs (Rubio CA et al., 1992) and rats (Murakami, T et al., 2017) 326 

have shown that stress stimuli also altered mucus secretion, gut integrity, intestinal motility 327 

and microbial composition. In another study (Jang HM et al., 2018), mice subjected to 328 

immobilization stress showed anxiety-like behavior, elevated corticosterone levels in the 329 

blood, increased NF-κB activation via the HPA axis and microglia/monocyte populations in 330 

the hippocampus, and reduced BDNF expression in the hippocampus. These data indicates that 331 

gut microbiome alters HPA axis function which may lead to neurological complications.   332 

 333 

1.2. Gut microbiota-derived neuroactive metabolites 334 

Gut microbes produce a variety of neurotransmitters, neuromodulators and neurohormones, 335 

which are used as “words” of a common language, enabling a synergic bidirectional 336 

communication between the enteric and central nervous systems either directly via the vagus 337 

nerve or indirectly via the immune-mediated inflammatory pathways like microbial-driven 338 

systemic inflammation or stressors (Arpaia N et al., 2013; Smith PM et al., 2013).  339 

Gut microorganisms induce the secretion of neuromodulatory metabolites, such as short chain 340 

fatty acids (SCFAs), as well as induce the production of host-derived vitamins (B12), 341 

neurotransmitters (eg, serotonin, catecholamines, glutamate, γ-aminobutyric acid (GABA)) 342 

(Foster JA et al., 2013; Mazzoli R et al., 2016), and hormones (peptide YY, neuropeptide Y, 343 

cholecystokinin, glucagon-like peptide-1 and 2, and substance P) that may impact host health 344 

(Zhao L et al., 2018; Jenkins TA et al., 2016; Erny D et al., 2015). 345 

1.2.1. Short chain fatty acids (SCFAs) 346 

The SCFAs are important metabolites produced in the colon by anaerobic fermentation of 347 

indigestible polysaccharides such as dietary fibres and resistant starch (Louis P and Flint HJ, 348 



2009). These SCFAs are mostly comprised of acetate (40–60%), propionate (20–25%) and 349 

butyrate (15–20%) (Tan J et al., 2014). Specifically, Bacteroidetes phylum produces acetate 350 

and propionate, while Firmicutes phylum produce large amounts of butyrate (Macfarlane S and 351 

Macfarlane GT, 2003). Microbial-derived SCFAs are absorbed by colonocytes, mainly via H+-352 

dependent or Na2+dependent monocarboxylate transporters (Viajy and Morris, 2014). These 353 

SCFAs bind to G protein-coupled receptors (GPCRs) in the GI mucosa as well as the immune 354 

and nervous systems; the effects of activation of GPCRs differ greatly depending on the cell 355 

on which they are expressed (Bolognini D et al., 2016). SCFAs can trigger the sympathetic 356 

nervous system, induce the release of serotonin, and modulate brain memory and learning 357 

processes (Erny D et al., 2015). 358 

In the colon, SCFAs maintain the integrity of intestinal barrier, mucosal immunity, and protect 359 

the gut against inflammation (Lewis K et al., 2010; O’Keefe SJD, 2016). Furthermore, SCFAs 360 

have a direct influence on the permeability of the blood-gut barrier (Manfredsson et al., 2018). 361 

The SCFAs are translocated from colonic mucosa to systemic circulation (Schönfeld and 362 

Wojtczak, 2016). In the systemic circulation, SCFAs cause activation of brown adipose tissue 363 

(Li Z et al., 2018), regulation of liver mitochondrial function (Mollica MP et al., 2017), and 364 

whole-body energy homeostasis (De Vadder F et al., 2014). They also exert several effects on 365 

host metabolism and the immune system (Silva et al., 2020). In the colon, SCFAs (mainly 366 

butyrate) regulates the systemic inflammation by inducing the differentiation of T-regulatory 367 

cells (Treg) and the secretion of interleukins (Haghikia et al., 2015; Smith PM et al., 2013).  368 

In the CNS, SCFAs regulate early neural system development, as they promote the growth of 369 

human neural progenitor cells and induce more cells to undergo mitosis (Yang LL et al., 2019). 370 

SCFAs play a central role in brain development and the preservation of CNS homeostasis 371 

(Braniste V et al., 2015; Hoyles L et al., 2018). SCFAs upregulate the expression of tight 372 

junction proteins such as claudin and occludin in the BBB, and they can pass through the BBB 373 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6491838/#B40


via monocarboxylate transporters on the endothelial cells. SCFAs have been shown to 374 

extensively influence CNS function by modulating the levels of neurotrophic factors such as 375 

nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF), brain-derived 376 

neurotrophic factor (BDNF) and neurotransmitters, and neuroinflammation by affecting glial 377 

cell morphology and function, mitochondrial function, immune activation, lipid metabolism, 378 

and gene expression (Varela RB et al., 2015; Wilton DK et al., 2019). Moreover, SCFAs can 379 

induce intracellular acidification which can modify calcium signalling, the release of 380 

neurotransmitters, and inhibition of gap junctions, potentially modifying neuronal 381 

communication and behaviour (Mirzaei et al., 2021). Further, SCFAs show several effects on 382 

neural functions, such as enhancing sleep (Szentirmai É et al., 2019) and contributing to 383 

circadian rhythm and appetite control (Torres-Fuentes C et al., 2019). Recent studies have also 384 

shown that SCFAs regulate the maintenance, maturation and function of microglia in a healthy 385 

functional state (Erny et al., 2015). The roles of SCFAs in various CNS- related  diseases have 386 

recently been extensively reviewed by Silva et al., 2020 and Mirzaei et al., 2021. 387 

Another important mechanism by which SCFAs regulate systemic functions is through 388 

inhibition of histone deacetylase (HDAC) activity, thus promoting the acetylation of lysine 389 

residues present in nucleosomal histones throughout various cell populations in the gut and 390 

associated immune tissue, as well as PNS and CNS (Silva et al., 2020). By virtue of their 391 

HDAC inhibitory activity, the SCFAs can promote the accumulation of transcriptionally 392 

permissive acetyl modifications at gene enhancers and promoters, which results in 393 

epigenetically regulated gene expression (Reddy DS et al., 2018; Watt et al., 2020). Thus, 394 

SCFA can manipulate the acetylation and methylation state and can regulate the gene 395 

expression and metabolic processes (Kasubuchi M et al., 2015). 396 

Both in vivo and in vitro studies have shown that butyrate treatment alters the morphological 397 

and functional profile of microglia towards a homeostatic state and reduces LPS-induced pro-398 



inflammatory modifications and depression-like behaviour in mouse model (Wang P et al., 399 

2018; Yamawaki et al., 2017). Similarly, in an in vitro model, exposure of microglia and 400 

astrocyte primary cultures with acetate has been shown to reduce inflammatory cytokines (IL-401 

1β, IL-6, and TNF-α expression) by modulating p38 MAPK, JNK, and NF-κB signalling 402 

pathways (Soliman ML et al., 2012 and 2013). Likewise, propionate treatment on 403 

cerebrovascular endothelial cells has been shown to reduce the permeabilizing effects of BBB 404 

when exposed to LPS (Hoyles L et al., 2018). In summary, SCFAs interact with GBA and may 405 

directly or indirectly influence emotions, cognition, memory and behaviour as well as brain 406 

disorder pathophysiology. 407 

 408 

1.2.2. Neurotransmitters 409 

Contrary to conventional neurochemical construct, the proportion of total body levels of 410 

various neurotransmitters is significantly higher in the gut than the brain. SCFAs modulate the 411 

levels of excitatory and inhibitory neurotransmitters such as acetylcholine, dopamine, 412 

norepinephrine, epinephrine, GABA, serotonin, glutamate, and histamine, which are essential 413 

for proper brain functioning (Wang S et al., 2018), mainly by regulating amino acid catabolism. 414 

Several bacterial strains can modify the levels of neurotransmitter precursors available in the 415 

gut and even independently synthesize (or modulate the synthesis of) a number of 416 

neurotransmitters like GABA, serotonin, dopamine and noradrenaline.  417 

It is noteworthy that enterochromaffin cells (special enteroendocrine cells in the gut) synthesize 418 

more than 90% of serotonin in the body (Bellono NW et al., 2017). From the gut, these 419 

microbial-derived neurotransmitters enter the circulatory system and influence neurological 420 

function either directly by entering the brain via the BBB (Sherwin E et al., 2018, Calvani R et 421 

al., 2018; Fung TC et al., 2017) or indirectly affect central neurocircuits by interfering with 422 

vagal nerve activity (Alam R et al., 2017). Growing evidence suggests that specific strains 423 



secrete selective neurotransmitters. For example, Bacillus species mostly secrete acetylcholine, 424 

dopamine and noradrenaline, while dopamine, serotonin and noradrenaline are mainly secreted 425 

by Escherichia species (Johnson and Foster, 2018). The SCFA acetate has previously been 426 

shown to alter the levels of the neurotransmitters such as glutamate, glutamine and GABA in 427 

the hypothalamus and increase anorexigenic neuropeptide expression (Frost G et al., 2014). 428 

GABA is a major inhibitory neurotransmitter in the CNS whose dysfunction is associated with 429 

depression, anxiety, autism, and schizophrenia (Barrett E et al., 2012). Among all human‐430 

derived strains cultured, Lactobacillus brevis and Bifidobacterium dentium are the most 431 

efficient GABA-producing species (Barrett et al., 2012). These microbes metabolize glutamate 432 

by regulating the expression of glutamate decarboxylase in human colon (Hyland NP 433 

and Cryan JF 2010; Bravo JA et al., 2011). Interestingly, gut-derived GABA can cross the BBB 434 

and enter the CNS, thus highlighting the correlation between gut dysbiosis and mental disorders 435 

(Takanaga et al. 2001). Studies show that gut microbes regulate GABA signalling to CNS 436 

mainly through the vagus nerve, as chronic administration of Lactobacillus 437 

rhamnosus increased the central expression of GABA receptors in the hippocampus and 438 

reduced anxiety- and depression-related behaviours only in mice with intact vagus nerve; 439 

however, these anxiolytic effects are lost after vagotomy (Bravo JA et al., 2011; Janik R et al., 440 

2016). Growing evidence suggests that some bacterial strains of the human gut microbiota can 441 

monitor and probably respond to intestinal GABA or glutamate (Mazzoli R and Pessione E, 442 

2016). GF mice show lower levels of GABA in the serum together with altered levels of 443 

specific precursors and metabolites in the intestine (Matsumoto et al., 2012; Velagapudi et al., 444 

2010). 445 

It is important to note that GABA is produced in both eukaryotes and prokaryotes via glutamate 446 

decarboxylation. Hence, GABA-producing microbes in the gut may significantly affect luminal 447 

glutamate/GABA ratio and, therefore, gut signalling. Perturbations in glutamate, glutamine and 448 



GABA circuits in the CNS are often found in generalized anxiety disorders, major depressive 449 

disorder (MDD), manic depressive disorder (or bipolar disorder) and schizophrenia (Femenía 450 

et al., 2012; Soeiro-de-Souza et al., 2015).  451 

It is worth noting that gut microbial dysbiosis in patients with hepatic encephalopathy (HE) is 452 

characterized by reduced gut microbial diversity. Pathogenesis of HE includes ammonia 453 

intoxication, impaired bile acid circulation, elevated GABA levels, and neuroinflammation, 454 

which leads to cognitive and motor disorders in patients. BBB damage in HE patients has been 455 

linked with the swelling of astrocytes, endothelial cell damage, and the opening of tight 456 

junctions. Likewise, Enterobacteriaceae and Autochthonous taxa were found to be positively 457 

and negatively correlated with astrocyte swelling, respectively (Ahluwalia V et al., 2016). 458 

SCFAs levels are found to be significantly reduced in cirrhosis patients with HE (Jin M et al., 459 

2019). In brain of HE patients, excessive glutamate binds to ammonia and produces glutamine 460 

accumulation leading to brain oedema, and learning and memory impairment (Cabrera-Pastor 461 

A et al., 2019). Similarly, colonic mucosal autochthonous genera (Lachnospiraceae Roseburia, 462 

Lachnospiraceae Dorea, and Ruminococcaceae Fecalibacterium) were associated with good 463 

cognitive performance, while others (Burkholderiaceae, Veillonellaceae Megaspheara, 464 

Rikenellaceae, Alistipes, Streptococcaceae, Alcaligenceae, Sutterella, Porphyromonadaceae, 465 

and Parabacteroides) were linked with cognitive impairment in HE patients (Teltschik Z et al., 466 

2012). 467 

Glutamate - Glutamate is the major excitatory neurotransmitter that regulates CNS and PNS 468 

via NMDA and AMPA receptors (Martinez-Lozada and Ortega, 2015). Several bacterial 469 

strains are able to produce glutamate. In industries, Coryneform bacteria, such 470 

as Corynebacterium glutamicum, Brevibacterium lactofermentum and Brevibacterium flavum, 471 

are widely used for fermentative production of glutamate (Sano, 2009). Further, strains of lactic 472 

acid bacteria such as Lactobacillus plantarum, Lactobacillus paracasei, and Lactococcus 473 
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lactis are capable of synthesizing glutamate (Tanous et al., 2005). Approximately 15% of lactic 474 

acid-producing bacterial strains which are found in Asian fermented foods can produce 475 

glutamate (Zareian et al., 2012). 476 

Serotonin and Catecholamines – Microbial-derived SCFAs stimulate the secretion of 477 

serotonin (5-HT) by enterochromaffin cells (Reigstad CS et al., 2014; Yano et al., 2015) in the 478 

gut by regulating the expression levels of tryptophan 5-hydroxylase 1 (the enzyme involved in 479 

synthesis of serotonin), and tyrosine hydroxylase (a rate-limiting enzyme) involved in the 480 

biosynthesis of dopamine, noradrenaline and adrenaline (Mittal R et al., 2017). In addition to 481 

the inability to cross the blood-brain barrier (BBB), the microbiome controls the 5-HT turnover 482 

in the brain by altering the 5-HT precursor levels (O'Mahony et al., 2015; Sharon et al., 2014). 483 

Similarly, GF mice also display reduced levels of brain-derived neurotropic factor, 5-HT, and 484 

specific 5-HT receptors (5HT1A) in the amygdala and hippocampus (Clarke et al., 2013; 485 

Neufeld et al., 2011). The GM directly uses tryptophan (an essential amino acid that acts as a 486 

precursor for serotonin and kynurenine production), thus reducing its availability to the 487 

host (O'Mahony SM et al., 2015). Certain bacterial species metabolize tryptophan into indole, 488 

while other gut bacteria can synthesize tryptophan or even produce 5‐HT from tryptophan 489 

(O'Mahony SM et al., 2015). Both the local stimulation in the brain and production of 5-HT in 490 

the gut have important effects on host physiology as it regulates GI motility (Berger et al., 491 

2009). Therefore, SCFAs-mediated changes in neurotransmitters can produce an effect on brain 492 

neurochemistry (Clarke G et al., 2014; Yano JM et al., 2015). 493 

 494 

1.2.3. Trimethylamine N-oxide (TMAO) 495 

Gut microbes metabolize trimethylamine N-oxide (TMAO) to trimethylamine (TMA) obtained 496 

from dietary nutrients (like choline, phosphatidylcholine, lecithin and L-carnitine) by ingesting 497 

foods like marine fish, eggs, liver, legumes (such as soybeans and peas). TMA is absorbed by 498 
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passive diffusion across the cell membranes (Zeisel SH et al., 1989) and enters the liver by 499 

enterohepatic circulation, where TMA (malodorous metabolite) is oxygenated back to the 500 

odourless TMAO (non-odorous hepatic metabolite) by flavin-containing monooxygenase 3 501 

(FMO3) (Ziegler DM, 1988)  (Cruciani G et al., 2014; Zhu et al., 2017). The FMO3 gene 502 

belongs to the family of FMO genes, and encodes for a transmembrane protein localized to the 503 

endoplasmic reticulum of several tissues, particularly in the liver (Esposito T et al., 2014).  504 

Differential production of SCFAs (resulted from mixed acid fermentation), together with 505 

lactate and α-ketoglutarate play a major role in the synthesis of neurotransmitters such as 506 

glutamate, GABA, serotonin and catecholamine, whose concentration could possibly interfere 507 

with betaine transport, leading to increased levels of TMA accumulation (Silva Y et al., 2020; 508 

Jenkins TA et al., 2016; Murphy MM et al., 2020). High levels of TMA lead to 509 

trimethylaminuria, a rare metabolic disorder caused by dysfunctional metabolism of dietary-510 

derived TMA by FMO3. Trimethylaminuria is also known as fish odor syndrome due to the 511 

fishy smell in the urine, sweat and breath of FMO3-deficient patients (Jeffrey Messenger et al., 512 

2013). The primary form of trimethylaminuria phenotype is mainly characterized by the genetic 513 

mutations in FMO3 gene (Phillips IR et al., 2020), while secondary trimethylaminuria is 514 

determined by other non-genetics factors such as gut microbiome dysbiosis (Schmidt AC and 515 

Leroux JC, 2020). Reports indicate that the Clostridiales, Lachnospiraceae, and Ruminococcus 516 

are directly correlat with the TMAO levels in the plasma. Cases of trimethylaminuria were 517 

reported after treatment with choline (8–20 g/day) in patients with Huntington’s disease and 518 

Alzheimer’s disease (Growdon JH et al., 1977; Etienne P et al., 1978). Neuropathological 519 

conditions associated with trimethylaminuria include oxidative stress and inflammation 520 

leading endothelial dysfunction and increased BBB permeability. Under chronic conditions, 521 

these changes lead to excessive excitotoxicity, responsible for neuronal degeneration (GU M 522 

et al., 2020).  523 



 524 

2. Molecular pathological commonalities in neurodegenerative diseases  525 

Neurodegenerative diseases manifest with distinct clinical features and affect specific regions 526 

of the brain. They share close molecular pathologies with “Proteinopathies”; diseases where 527 

proteins are abnormally self-associating and aggregating, due to conformational changes, 528 

which induce neurotoxic effects (Borre et al., 2014; Sender et al., 2016). In addition to the 529 

protein aggregates, NDDs also exhibit an accumulation of dysfunctional mitochondria, 530 

increased OS (Greco et al., 2019), and defective autophagy (Hara et al., 2006), which further 531 

aggravates chronic neuroinflammation caused by a dysregulated immune response due to gut 532 

dysbiosis and impaired GBA signalling ( Donaldson et al., 2016; Quigley, 2017). 533 

 534 

2.1. Proteinopathies  535 

Proteinopathies are characterized by the deposition of misfolded disease-specific proteins 536 

inside and/or outside various CNS cells, either as small oligomeric (extracellularly) or large 537 

fibrillary aggregates (intracellularly) (Bayer, 2015; Golde and Miller, 2009) (Fig. 2). In 538 

addition, the molecular mechanisms involved in conformational changes of misfolded proteins 539 

are found to be similar across all types of proteinopathies, which mostly include post-540 

translational modifications of both size and 3D-shape, the loss of protein clearance (impaired 541 

autophagy) or the enhancement of protein production, leading to elongation, aggregation, and 542 

precipitation in specific brain regions, thereby imparting neurotoxicity ( Sami et al., 2017; Soto 543 

and Pritzkow, 2018). The general pathophysiology of seeding and propagation of misfolded 544 

proteins in several NDDs are discussed below.  545 



 546 

Fig. 2. Protein aggregations in neuron. In neurons, impaired autophagy and increased oxidative stress 547 
(OS), exposure to proinflammatory cytokines and toxic metabolites propagates the misfolding of 548 
unstructured proteins into oligomers, which converge into fibrils and form toxic aggregates. These 549 
aggregates facilitate seeding or nucleation and trigger the misfolding of other naïve proteins, resulting 550 
in proteinopathies. This pathogenic process causes neurotoxicity and cell death. Proteinopathies spread 551 
in a prion-like manner from cell to cell or cause death of neurons which causes the release of toxic 552 
aggregates. These aggregates are internalized by the neighbouring cells. Misfolded proteins induce 553 
cross-seeding by triggering conformational changes to other toxic structural forms. 554 

 555 

2.2. Seed or nucleation  556 

In most NDDs, genetic factors and natural aging are the primary triggers for the unstructured 557 

proteins to undergo structural modifications and form misfolded proteins, which self-transform 558 

their shape and propagate the fragments by autocatalytic amplification forming small 559 

oligomeric or large fibrillary aggregates in and around the CNS cells. CNS-associated 560 

proteinopathies spread in a prion-like fashion within the GBA (Jucker and Walker, 2011; 561 

Polymenidou and Cleveland, 2012) and are commonly referred as ‘Prionoids’. In prions 562 

disease, the highly infective misfolded prions transmit from cell-to-cell within the CNS ( 563 

Ugalde et al., 2020). Similarly, the structural modification of the native α-helical protein to a 564 

toxic β-sheet amyloid structure triggers the misfolding of other native proteins to form β-sheet 565 

rich aggregates (Taylor-Walker et al., 2016; Ugalde et al., 2016) in a self-perpetuating process 566 

in AD and PD (Visanji et al., 2013). Similarly, mutant Huntingtin (mHTT) is detected in the 567 



early stages of the HD and regulate the template for the misfolded proteins aggregation which 568 

seeds and propagates across the cells and in turn even serve as biomarker for the determination 569 

of disease progression (XX; XXX). Thus, the abnormal protein acts as a seed or template for 570 

protein misfolding, and this process is called “Seeding or Nucleation”. Once seeded, growth 571 

of misfolded proteins (e.g., prions, αSyn, Aβ or Htt) is significantly exponential leading to 572 

rapid formation of macromolecular structures that appear as intracellular inclusions or 573 

extracellular deposits. Neurodegenerative disease (NDD)-related proteinopathies are classified 574 

as “pure” when the protein aggregates are of single type, or as “mixed” when the deposits are 575 

composed of different misfolded protein classes (Scheperjans et al., 2015; Walker and Jucker, 576 

2015). 577 

 578 

2.3. Propagation 579 

Proteins implicated in proteinopathies are largely localized to the nucleus, cytoplasm, or part 580 

of the scaffolding network of the cell, but evidence shows that these pathological proteins are 581 

secreted and are present at low levels in interstitial and cerebrospinal fluid (Polymenidou and 582 

Cleveland, 2012; Yamada et al., 2011). Furthermore, microbially-produced amyloids are 583 

released into the extracellular space, where they are internalized by adjacent enteric neurons 584 

and thus, new seeds of the αSyn form via permissive templating (Soto and Pritzkow, 2018). 585 

The spreading of the neurotoxic aggregates may occur from molecule-to-molecule inside a cell, 586 

cell-to-cell in a specific region and region-to-region in the CNS. Both in vitro and in vivo 587 

studies of NDDs show that tau, Aβ, SOD1, Htt, transactive response DNA binding protein with 588 

a molecular weight of 43 kDa (TDP-43) and αSyn, are secreted by neurons through non-589 

classical exocytosis in the form of exosomes, microvesicles and tunnelling nanotubes into the 590 

extracellular milieu (Chia et al., 2017; Luk et al., 2012). These extracellular aggregates act as 591 

damage-associated molecular patterns (DAMPs) and “seeds”, and are internalized by 592 



neighbouring neurons or glial cells though endocytosis, leading to the misfolding of native 593 

proteins in the recipient cell into aggregates and/or fibrils to form new aggregates (Jucker and 594 

Walker, 2018; Prymaczok et al., 2016). Finally, extracellular aggregates secreted by the 595 

recipient cells set off a vicious cycle of further aggregate secretion, inflammation, and 596 

reseeding that propagates the pathology; (Fig. 2). 597 

 598 

2.4. Cross-seeding 599 

Prions propagate via self-seeding in which a protein in a prion conformation causes another 600 

molecule of the same protein to adopt an amyloid conformation (Prusiner, 2013). However, 601 

here are several examples of infectious amyloids capable of cross-seeding each other 602 

(Furukawa et al., 2009; Lasagna-Reeves et al., 2010) and triggering various types of secondary 603 

proteinopathies to a varying extent via prionoid-like mechanisms (R et al., 2010). Bacterial 604 

amyloid and amyloids derived from other sources cross-seed the formation of additional neural 605 

protein aggregates or may be endocytosed by enteric nerves (S. G. Chen et al., 2016; Friedland, 606 

2015). For instance, Curli proteins from different bacterial species are capable of cross-seeding 607 

amyloid formation both in vitro and in vivo (Zhou et al., 2012). Additionally, NDDs-associated 608 

amyloid proteins, such as αSyn or Aß, may have strain specificity in a manner analogous to the 609 

strains of prion disease (Hatami et al., 2014). Furthermore, several bacterial amyloids may 610 

trigger cross-seeding in a strain-specific manner, consequently resulting in multiple 611 

proteinopathies. Indeed, AD is not only characterized by Aβ and tau pathology, but also by 612 

αSyn and TDP-43 pathology in a subset of cases (Gidalevitz et al., 2006). However, additional 613 

investigations into pathological mechanisms are necessary to confirm these findings. 614 

3. The role of gut dysbiosis on the pathophysiology of neurodegenerative diseases 615 

The close interaction between intrinsic (age, genetic) and extrinsic (environmental) factors is 616 

suggested to initiate the pathological processes of NDDs (Jellinger, 2010), but recent evidence 617 



also shows that gut dysbiosis disrupts brain and gut homeostasis that worsens pathogenesis 618 

and/or the progression of NDDs (Dinan and Cryan, 2017; Tyler Patterson and Grandhi, 2020). 619 

Specifically, an increase in pathogenic bacteria (pathobionts) along with a decrease in 620 

beneficial bacteria (symbionts) defines gut dysbiosis in NDDs (Dinan and Cryan, 2017; 621 

O’Toole and Jeffery, 2015). In this sense, gut dysbiosis is directly linked to the development 622 

of diseases/disorders associated with functional metabolic perturbations. For instance, a gut 623 

microbial-mediated metabolite named TMAO is involved in the increased risk of AD (Xu and 624 

Wang, 2016).  625 

 626 
Similarly, brain samples of AD, PD and ALS patients showed increased abundance of 627 

cyanobacteria in the gut, which secretes higher levels of β-N-methylamino-L-alanine (BMAA), 628 

an excitotoxin that binds to metabotropic glutamate receptor 5 and depletes major antioxidant 629 

glutathione. This results in excessive production of reactive oxygen species (ROS) and reactive 630 

nitrogen species (RNS) in the brain, suggesting the direct link between gut dysbiosis and OS 631 

in NDDs. The non-proteinogenic amino acid β-N-methylamino-L-alanine is also found to 632 

promote misfolding and aggregation, distinctly found in NDDs (Brenner, 2013). 633 

The main pathological processes in the initiation of NDDs include defective gut epithelial 634 

barrier due to changes in tight junctions; altered secretion of mucus and neuroactive-microbial 635 

molecules such as SCFAs ( Luan et al., 2019); and increased secretion of immunoglobulin A 636 

(König et al., 2016; Wells et al., 2017), which causes immune-mediated inflammation (Amor 637 

and Woodroofe, 2014) in the colon and brain. Chronic neuroinflammation promotes the 638 

aggregation and accumulation of misfolded proteins in the CNS cells. Moreover, increased 639 

permeability of the BBB and the blood-gut barrier (Manfredsson et al., 2018) along with low 640 

levels of 5-HT due to compromised microbial metabolism of tryptophan (Agus et al., 2018; 641 

Yano et al., 2015), alters brain homeostasis. Stress in the CNS activates cortisol secretion 642 

(Cryan and Dinan, 2012), which in turn promotes immune cell recruitment, cytokine secretion, 643 



and increased epithelial barrier permeability, leading to translocation of overgrowth of 644 

pathobionts and release of neurotoxic microbial fragments, such as LPS. The continuous 645 

infiltration of blood-borne immune cells, other inflammatory cells, and gut metabolites into the 646 

CNS through the compromised BBB (Borre et al., 2014; Perez-Pardo et al., 2019) characterizes 647 

the progression of NDDs (Sevenich, 2018). Chronic neuroinflammation (Sevenich, 2018; 648 

Solleiro-Villavicencio and Rivas-Arancibia, 2018) due to increased levels of proinflammatory 649 

molecules enhances the neuronal cell permeability, leading to alteration and/or destruction of 650 

synapses and other cellular processes. These changes result in neuronal death and the release 651 

of misfolded neurotoxic aggregates, which reinforce the pathological positive feedback loop 652 

(Dalile et al., 2019). Gut dysbiosis-mediated neuroinflammatory activity associates with a state 653 

of chronic OS (Filomeni et al., 2015), and represents an important hallmark of NDDs (Mittal 654 

et al., 2014). Altogether, emerging evidence clearly shows that gut dysbiosis-mediated 655 

dysfunction in GBA signalling is linked to the development of neurodegeneration (Borre et al., 656 

2014; Luan et al., 2019), which ultimately results in abnormal behaviour, cognitive impairment, 657 

stress and visceral pain ( Cryan and Dinan, 2012). 658 

 659 

3.1. Gut dysbiosis and defective autophagy 660 

Autophagy is a regulated degradation process which eliminates unwanted proteins and 661 

permeabilized mitochondria, thus supporting cellular and tissue homeostasis (Green et al., 662 

2011). Several studies have shown that autophagy has a great significance in maintaining the 663 

intestinal epithelial barrier integrity and homeostasis, anti-microbial defence (Mizushima, 664 

2018) and regulating intestinal innate and adaptive immunity (Kabat et al., 2016). Emerging 665 

evidence shows that gut microbiota-derived metabolites regulate intestinal inflammation via 666 

the autophagy pathway. In addition, autophagy in turn degrades invading pathogens (e.g., 667 

Salmonella enterica and Escherichia coli), modulates the pathogen triggered release of pro-668 



inflammatory cytokines, and involved in antigen presentation and lymphocyte development 669 

(Boya et al., 2013; Elshaer and Begun, 2017). 670 

A growing body of literature suggests that the gut microbiota and autophagy also exhibit a 671 

bidirectional relationship. Defective autophagy induces gut dysbiosis and gut dysbiosis can 672 

also cause defective autophagy in IECs including paneth and goblet cells, EECs, macrophages, 673 

dendritic cells (DCs), T and B cells, natural killer cells, nerve cells of ENS, ANS and CNS, 674 

and glial cells, mainly by disturbing mitochondrial dynamics (Saint-Georges-Chaumet and 675 

Edeas, 2016; Yudong Wang et al., 2019). Mounting evidence states that the dysregulated 676 

autophagy leads to disrupted intestinal epithelial barrier function by altering the expression 677 

of tight junction protein CLDN2 (claudin 2) levels in intestinal mucosa (Nighot et al., 2015; C. 678 

Zhang et al., 2017), and increased bacterial translocation and dissemination, particularly IgA-679 

coated bacterial levels (Tsuboi et al., 2015; Yang et al., 2018), which results in gut dysbiosis; 680 

a reduction in the secretion of anti-microbial peptides (such as lysozyme, α-defensin and 681 

phospholipase A2) from paneth cells and mucins from goblet cells; impaired epithelium 682 

regeneration in intestinal stem cells; defective intracellular bacterial clearance (Chauhan et al., 683 

2015; Lopes et al., 2018) , and exuberated immune responses to pathogenic bacteria (Kabat et 684 

al., 2016; Xu et al., 2014).  685 

The influence of autophagy deficiency on gut microbiota composition has been studied using 686 

gut-specific autophagy-deficient mouse models (intestinal epithelium-specific autophagy-687 

related 5 (Atg5) knockout C57BL/6J or Atg5-deficient mice). Atg5-deficient mice demonstrate 688 

a dramatic alteration and decreased diversity in their gut microbiota compared with that of 689 

wild-type (WT) mice (Yang et al., 2018). Analysis at the genus level showed that 23, 25, 33, 690 

35, and 23 genera were notably altered in the duodenum, jejunum-ileum, cecum, colon, and 691 

faeces of Atg5-deficient mice, compared with the respective anatomical sites in control mice, 692 

whilst analysis at the species level showed that 7, 10, 12, 14, and 13 species were significantly 693 



different in Atg5-deficient mice from the controls, respectively. Interestingly, pro-694 

inflammatory bacteria (e.g., Candidatus Arthromitus) and pathobionts (members of the 695 

Pasteurellaceae family) were enriched, whereas anti-inflammatory bacteria (e.g., Akkermansia 696 

muciniphila and members of the Lachnospiraceae family) were reduced in Atg5-deficient 697 

mice, confirming the presence of gut dysbiosis.  698 

Similar to previous reports (Lévy et al., 2015), paneth cells of Atg5-deficient mice showed 699 

morphological and functional abnormalities. Remarkably, decreased expression of defensins 700 

and reduced levels of cytoplasmic lysozymes in these dysfunctional paneth cells were 701 

associated with an altered gut microbiota composition (Salzman et al., 2010). These pathogenic 702 

abnormalities increased the vulnerability of the host intestinal cells to pathogenic infections by 703 

enhancing activation of the inflammatory pathways in the small intestinal segments (duodenum 704 

and jejunum-ileum) of Atg5-deficient mice (Yang et al., 2018). Increased expression of MUC2 705 

in goblet cells of Atg5-deficient mice was associated with the induction of high levels of ROS 706 

(Yang et al., 2018). Among 349 differentially expressed genes detected by transcriptome 707 

sequencing, 222 genes were upregulated and 127 genes were downregulated in Atg5-deficient 708 

mice, while 40 immune-associated genes were found be highly expressed, including two key 709 

IBD-related transcription factors, RORC and TBX21. Specifically, autophagy deficiency in the 710 

IECs may induce an imbalance in the ratio of TH17/regulatory T (Treg) cells, which leads to 711 

the development of autoimmune and inflammatory diseases (Noack and Miossec, 2014). 712 

Gut dysbiosis-induced defective autophagy leads to excessive production of ROS, which 713 

dysregulates mitochondria functions, stimulates ER stress and apoptosis in goblet cells, and 714 

damages the cellular macromolecules such as DNA, lipids and proteins ( Yudong Wang et al., 715 

2019). Subsequently, gut dysbiosis amplifies the OS scenario (Stilling and Cryan, 2016) 716 

resulting in compromised intestinal mucus barrier function (Tawiah et al., 2018) and 717 

exacerbates immune responses and neuroinflammation. In addition to the absence of 718 



antioxidant signalling pathway (Filomeni et al., 2015), dysfunctional autophagy contributes to 719 

the pathogenesis of various NDDs such as AD and PD (Bonfili et al., 2017; Keshavarzian et 720 

al., 2015; Scheperjans et al., 2015). 721 

Furthermore, dysregulated autophagy alters ER homeostasis triggering the accumulation of 722 

misfolded proteins intracellularly, leading to activation of unfolded protein response, 723 

autophagic response or apoptosis (Senft and Ronai, 2015) and extracellularly, leading to 724 

abnormal interaction of neurons with astrocytes and microglia, autoimmunity, impaired 725 

phagocytic clearance, and transport through the defective BBB (Chiti and Dobson, 2017; Sami 726 

et al., 2017, 2017). Genetic ablation of core autophagy genes (e.g., ATG genes) or genetic 727 

mutations of autophagy genes, causes significant deterioration of neuronal health in Drosophila 728 

flies and mice (Juhász et al., 2007; Komatsu et al., 2006). Specifically, autophagy-deficient 729 

neurons show excessive accumulation of ubiquitin/p62-positive protein inclusions and 730 

damaged mitochondria with altered ER stress response, leading to neuronal death and cognitive 731 

impairment (Kim et al., n.d.; Liang et al., 2010). These results indicate that autophagy plays an 732 

important role in neuronal homeostasis and neurodegenerative pathologies (Komatsu et al., 733 

2006; Nixon, 2013). Indeed, both AD and PD are prominent NDDs with phenotypes indicative 734 

of defective autophagy. In vitro and in vivo AD models as well as the degenerating brain tissue 735 

samples of AD patients reveal defective autophagic flux with prominent accumulation of non-736 

degraded autophagic vesicles (Nixon et al., 2005). Mutations in presenilin 1 (PS1) and the 737 

amyloid precursor protein (APP), found in familial AD, are known to trigger autophagic-738 

lysosomal pathologies in both mouse (Wilson et al., 2004, p.; Yang et al., 2011) and cell culture 739 

models. Additionally, the expressions of Aβ, the cleavage product of APP, also induce the 740 

accumulation of large autophagic vesicles in the Drosophila brain (Ling et al., 2009). Analysis 741 

of familial PD reveal several causative autophagy-related genes called PARK genes (Lesage 742 

and Brice, 2009), including PARK1 and PARK4 (SNCA), PARK2 (Parkin), PARK5 (UCHL1), 743 



PARK6 (PINK1), PARK7 (DJ-1), PARK8 (LRRK2) and PARK9 (ATP13A2), involved in the 744 

autophagic elimination of ubiquitinated proteins or damaged mitochondria. The presence of 745 

these altered genes is further confirmed by the presence of protein aggregates and damaged 746 

mitochondria in the diseased tissues from PD, suggesting deregulated autophagy related with 747 

the progression of PD pathologies (Dehay et al., 2013; Lynch-Day et al., 2012). 748 

Altogether, these results indicate that gut dysbiosis induced by autophagy deficiency may 749 

program a persistent immune response and enhance basal intestinal inflammation by exposing 750 

the host intestinal cells to excessive immune activation. Furthermore, the imbalance in the 751 

immune cells may provide the toxic inflammatory milieu, which promotes neuroinflammation 752 

and spread of misfolded proteins or toxic amyloids from the gut to the brain, which may be 753 

through the neural routes via exosomes, vesicles or nanotubes. Genetic changes in autophagy-754 

related genes in the IECs, EECs, nerve and glial cells may further alter gut motility, 755 

permeability and mucus secretion, worsening intestinal inflammation via the signals from the 756 

brain to the gut. Hence, we speculate that the modulation of the gut microbiota using potential 757 

therapeutics may break the loop of excess immune activation and inflammation, restore the 758 

autophagy process, balance the ratio of the immune cells, and reduce the OS, inflammation, 759 

and spread of toxic misfolded protein aggregates, thus, halting the progression of NDDs. 760 

 761 

3.2. Gut dysbiosis, impaired immune response, and neurodegeneration 762 

Dysregulated immune activation due to gut dysbiosis ( López-Valdés and Martínez-Coria, 763 

2016) leads to gut barrier dysfunction and chronic inflammation which triggers the 764 

neurodegenerative machinery at various levels (Schwartz and Baruch, 2014; Schwartz and 765 

Deczkowska, 2016). The key inflammatory immune changes observed in gut dysbiosis include 766 

functional modulation of the DCs and glial cells in the CNS as well as host immune cells 767 

including effector T and B cells in the intestine, peripheral blood and PNS (Caputi and Giron, 768 



2018). Further, the gut microbiota and their metabolites interact with different cellular 769 

components of the CNS via the activation of immune signalling pathways including the 770 

inflammasome, type 1 interferon, MyD88-dependent and NF-𝜅B (Gagliani et al., 2014; Lu et 771 

al., 2018; Truax et al., 2018). Thus, chronic neuroinflammation due to excessive accumulation 772 

of lymphocytes, cytokines and chemokines (König et al., 2016; Wells et al., 2017) results in 773 

aggregation and accumulation of misfolded proteins in and around the neurons (Chitnis and 774 

Weiner, 2017; Schwartz and Baruch, 2014). 775 

In terms of innate immunity, misfolded protein aggregates and amyloid deposits resemble 776 

PAMPs and thymus-independent type 2 (TI-2) antigens (Golde and Miller, 2009). PAMPs are 777 

the highly conserved microbial structures consisting of proteins, nucleotides, LPS, lipoteichoic 778 

acid (LTA), CpG, or dsRNAs, and are recognized as the pathogenic targets by PRRs from the 779 

host innate immune system (Medzhitov and Janeway, 2000). Gut microbes and their 780 

metabolites constantly interact with PRRs expressed in host immune IECs, EECs, and immune 781 

cells in peripheral blood as well as neurons and glial cells (microglia and astrocytes) of the 782 

CNS and PNS (Caputi and Giron, 2018; McKernan et al., 2011). TI-2 antigens are similar 783 

polymeric molecules that directly stimulate IgM secretion by B-cells. A plethora of 784 

experimental data has shown that amyloid-like deposits or protein aggregates can act like 785 

PAMPs leading to chronic innate immune activation by binding to a whole range of PRRs, 786 

including toll-like receptors (TLRs), formyl peptide receptors, the receptor for advanced 787 

glycation end products, scavenger receptors, complement and pentraxins (Golde and Miller, 788 

2009; Rungratanawanich et al., 2021). In a chronic state of OS, increased levels of reactive 789 

oxygen and nitrogen species stimulates the secretion of proinflammatory molecules (cytokines 790 

and chemokines), neoepitopes and DAMPs, which in turn stimulates the microglia and 791 

astrocytes ( Rothhammer et al., 2018; Sevenich, 2018; Solleiro-Villavicencio and Rivas-792 

Arancibia, 2018). Moreover, due to the altered innate immune response, microglia with 793 



immature phenotype and altered genetic profile (Erny et al., 2015) fail to remove the misfolded 794 

protein deposits (due to impaired autophagy), leading to a vicious cycle characterized by pro-795 

inflammatory cytokine production linked to a toxic cascade and neuronal death (Schwartz and 796 

Baruch, 2014). 797 

Adaptive immunity also plays a crucial role in anti-microbial defence and the maintenance of 798 

gut microbiota-host-metabolic homeostasis to prevent an exuberated immune response to 799 

harmless antigens. Gut dysbiosis impacts NDDs through direct production of the metabolites 800 

with neuroactive properties such as SCFA and neurotransmitters (Jayaraj et al., 2017; Solleiro-801 

Villavicencio and Rivas-Arancibia, 2018) and/or stimulation of proinflammatory molecules 802 

including cytokines, chemokines, and gut peptides by the secretory epithelial cells (Wekerle, 803 

2018). Under pathological conditions, these metabolites can cross the defective BBB and 804 

trigger and/or amplify inflammatory brain processes by recruiting peripheral myeloid cells 805 

(Quigley, 2017; Zhang and Davies, 2016), which in turn intensifies the activation of microglia 806 

and astrocytes, therefore generating a vicious cycle (González et al., 2014; González and 807 

Pacheco, 2014). Gut dysbiosis is also linked to reports of high frequencies of reactive T 808 

lymphocytes in the bloodstream and CNS (Borre et al., 2014; Donaldson et al., 2016; Quigley, 809 

2017; Sender et al., 2016), which impairs the transition and proliferation of T-cells in the 810 

specific brain regions (Schwartz and Deczkowska, 2016). These events lead to decreased 811 

numbers of CD4+ and CD8+ T subsets (Amor et al., 2010), impaired memory CD8+ T cell 812 

development, decreased Treg cell survival and increased Th2 and Th17 responses both in the 813 

periphery and in the CNS. These changes trigger further recruitment of DCs, group 3 innate 814 

lymphoid cells and granulocytes into the CNS (Honda and Littman, 2016). Dysbiotic signals 815 

induce IL-23 overexpression in Th17 cells, and decrease the protective immunosuppression 816 

signals delivered through GATA3, Foxp3, and IL-33 expression in Treg cells (Atarashi et al., 817 

2011; Pm et al., 2013), leading to chronic neuroinflammation associated with autoimmune 818 



diseases and NDDs (Berer et al., 2011; Coccia et al., 2012; Horai et al., 2015). In addition, gut 819 

dysbiosis activates the secondary antibody response by B cells, which influences class 820 

switching of IgA in B cells (Zhao and Elson, 2018). Thus, the microbiome and its metabolites 821 

shape the host-immune system and vice-versa, while gut dysbiosis affects the host immune 822 

system mainly by stimulating inflammasome signalling. 823 

It is thought that the adaptive immune system (such as T- and B-lymphocytes) plays an early 824 

causative role in autoimmune disorders of the CNS, such as ALS and MS. However, in AD 825 

and PD, activation of innate immune reactions which are normally protective, perpetuates 826 

proinflammatory triggers (Jayaraj et al., 2017; Solleiro-Villavicencio and Rivas-Arancibia, 827 

2018). Together, with aberrant activity of microglia and astrocytes, these changes crucially 828 

contribute to neuronal loss and dysfunction that culminates in neurodegeneration (Jayaraj et 829 

al., 2017; Solleiro-Villavicencio and Rivas-Arancibia, 2018). Treg cells have also been 830 

proposed as crucial players in NDDs such as AD, PD, and ALS (Baruch et al., 2015; 831 

Ciccocioppo et al., 2019; Dansokho et al., 2016; Pieragostino et al., 2019). However, recent 832 

studies in CNS-related diseases propose that gut dysbiosis can be the main triggering factor for 833 

immune-mediated chronic inflammation in which misfolded proteins of NDD spread from the 834 

PNS to the CNS via the GBA network. These cascade events lead to altered immune activation 835 

(Andreasson et al., 2016; Nataf, 2017) and disrupted protein clearance (Deleidi and Maetzler, 836 

2012), providing a neurotoxic inflammatory milieu that aggravates the spread of aggregates in 837 

different brain regions, and results in a vicious cycle of the immune driven-inflammation and 838 

neuronal death. 839 

Several studies shed light that combines neurodegeneration with gut dysbiosis-mediated GBA 840 

dysregulation (Golde and Miller, 2009; Schwartz and Baruch, 2014). In most NDDs, gut 841 

dysbiosis induce defective autophagy in IECs, EECs, macrophages, DCs, T cells, B cells, nerve 842 

cells and glial cells leads to increased OS, defective protein clearance and protein misfolding, 843 



forming small oligomeric or large fibrillary aggregates. These misfolded aggregates trigger 844 

PRRs inducing inflammation in the gut and CNS. Additionally, the specific increase in gut 845 

pathobionts such as Escherichia coli, Klebsiella pneumoniae, and Mycobacterium tuberculosis 846 

produce more amyloid proteins, which act as potential seeds in the formation of Aβ misfolding 847 

in AD models (Friedland and Chapman, 2017). Gut dysbiosis-mediated altered SCFA profiles, 848 

decreased mucin production, and increased bacterial/antigen translocation lead to systemic 849 

inflammation as well as activation of microglia or enteric glia are found to contribute to Syn 850 

misfolding in PD models (Minato et al., 2017; Mulak and Bonaz, 2015). 851 

Overall, an imbalance of T-helper, Treg cells and DCs in the intestine as well as dysfunctional 852 

microglia and Treg cells in the brain parenchyma, initiates the toxic inflammatory cascade and 853 

neuronal death (Baruch et al., 2015; Ciccocioppo et al., 2019; Schwartz and Deczkowska, 854 

2016). These findings together describe the relationship among gut dysbiosis-mediated 855 

amyloid-like deposition, defective autophagy, altered immune status, and NDD pathologies. 856 

 857 

4. Gut dysbiosis in neurodegenerative diseases  858 

Recent studies have shown that alteration of microbiota-gut-brain homeostasis is linked to 859 

pathogenesis and progression of NDDs (C et al., 2020; Patrick et al., 2019). Indeed, the 860 

increased intestinal and BBB permeability due to gut dysbiosis causes the translocation of gut 861 

microbes and their neuroactive metabolites, which induces toxic inflammatory milieu affecting 862 

the host immune homeostasis and altering brain morphology (Greco et al., 2019). The influence 863 

of gut dysbiosis on the pathophysiology of proteinopathies and their prion-like spread in NDDs 864 

including AD, PD, HD, AML, MS and FTLD are discussed below. 865 

 866 

4.1. Alzheimer’s Disease  867 



Alzheimer’s disease is a chronic age-related NDD characterized by a decline in cognitive 868 

function, memory, verbal and motor activities, termed dementia in older adults (Bishir et al., 869 

2020; Wilson et al., 2010). Accumulation of Aβ as senile plaques (extracellularly) and hyper-870 

phosphorylated tau protein as neurofibrillary tangles (intracellularly) are the main 871 

neuropathological toxins in AD (Ferreira et al., 2015; Medina and Avila, 2014). Several 872 

preclinical and clinical studies report the direct association of gut dysbiosis with the aetiology 873 

of AD (Bonfili et al., 2017; Hill and Lukiw, 2015; Hoffman et al., 2019). Recent studies suggest 874 

that Aβ proteins produced by the gut microbiota including Streptococcus, Staphylococcus, 875 

Salmonella, Mycobacteria, Klebsiella, Citrobacter, and Bacillus genera, can trigger protein 876 

misfolding into Aβ structures in the brain and enhance neuroinflammation (Sharon et al., 2016; 877 

Uesaka et al., 2016). Transgenic (TG) AD mice overexpressing amyloid precursor protein 878 

(APP) showed distinct alterations in gut microbiota composition and biodiversity (Harach et 879 

al., 2017). APP TG mice raised in germ-free (GF) conditions showed a drastic decrease in the 880 

level of cerebral Aβ pathology compared to WT control mice raised conventionally. APP TG-881 

GF mice colonized with gut microbiota from conventional APP TG mice show an increase in 882 

cerebral Aβ pathology, while APP TG-GF mice that received gut microbiota from WT mice 883 

did exhibit enhanced levels of cerebral Aβ (Bauer et al., 2019). Similarly, mice overexpressing 884 

APP and PS1 (APP/PS1) showed an altered microbial composition, with a notable increase in 885 

the inflammatory related Erysipelotrichaceae family when compared to WT control mice 886 

(Radde et al., 2006). In addition, APP/PS1 mice demonstrated reduced levels of cerebral Aβ 887 

compared with conventional mice (Brandscheid et al., 2017), suggesting that gut dysbiosis may 888 

better enable the murine brain to handle the Aβ pathology. In contrast, GF APP/PS1 mice 889 

displayed higher levels of A-, insulin- and neprilysin-degrading enzymes compared with 890 

conventional APP/PS1 mice (Harach et al., 2017). Moreover, 5xFAD mice (a transgenic model 891 

which recapitulates major features of AD amyloid pathology) showed elevated levels of human 892 



Aβ protein in the brain and GI tract along with an altered microbiota (elevated Firmicutes phyla 893 

and decreased Bacteroidetes phyla) compared to WT controls (Harach et al., 2017). 894 

Additionally, altered gut microbiota composition was also found in another well-characterized 895 

mouse model of symptomatic AD, Tg2576 mice (Brandscheid et al., 2017).  896 

In another in vivo study (Kim et al., 2020), ADLPAPT (a recently developed transgenic AD 897 

mouse model) mice showed Aβ plagues, neurofibrillary tangles, reactive gliosis in the brain 898 

with memory defects, a loss of intestinal barrier integrity, intestinal inflammation, and altered 899 

gut microbiota. These changes were ameliorated by faecal microbiota transplant (FMT) of the 900 

gut microbiota from healthy WT mice. Similarly, after treatment with broad-spectrum 901 

antibiotics, brain samples of APP/PS1 transgenic mice mimicking AD with gut dysbiosis 902 

(APPswe/PS∆E9)) (PAP) showed significantly reduced composition and diversity of the gut 903 

microbiota as well as SCFAs levels along with notable decreases in the levels of Aβ peptide, 904 

Tau protein, COX-2, CD11b, glial reactivity, and circulating cytokines and chemokines when 905 

compared with WT controls (Minter et al., 2016). In contrast, recolonization of GF mice with 906 

faeces of conventionally raised AD mice induces an increase in Aβ pathology (Harach et al., 907 

2017). Similarly, APP/PS1 mice showed reduced microglial activation leading to elevated Aβ 908 

deposition, synaptic dysfunction, and neuroinflammation resulting in cognitive deficits vs. WT 909 

mice. However, TG mice that received FMT from WT mice show decreases in Aβ and tau 910 

protein levels, and improvement in the synaptic plasticity and alteration in gut microbiota 911 

composition as compared to WT mice (Sun et al., 2019). Furthermore, AD transgenic animals 912 

display impaired adaptive immunity, confirming that Treg cell activation modulates 913 

neuroinflammation in AD (Dansokho et al., 2016; Schwartz and Deczkowska, 2016). This 914 

evidence suggest that gut dysbiosis-mediated alterations can induce abnormalities in more than 915 

30 different metabolic pathways, which is associated with Aβ deposition and ultrastructural 916 

abnormalities in the brain of AD patients (C. Zhang et al., 2017). Recolonization of the broad-917 



spectrum antibiotic-treated GF PAP mice with gut microbiota from conventional mice resulted 918 

in aggravated AD pathology (Harach et al., 2017). FMT from AD patients to GF mice worsened 919 

the cognitive functions and reduced the production of γ-aminobutyrate, taurine, and valine 920 

(Fujii et al., 2019). 921 

Clinical studies have shown that brain samples of AD patients contain more pathogenic bacteria 922 

and LPS compared to controls (Fox et al., 2019; Hill et al., 2014). Both gut microbial richness 923 

and diversity are reduced in the elderly and in AD patients (Bostanciklioğlu, 2018). A recent 924 

study that analysed the gut microbiota composition of 25 AD patients reported a decreased 925 

microbial diversity that is taxonomically distinct from the asymptomatic age- and sex-matched 926 

controls, and the distinct microbial differences (Fig. 3). Analysis at the phylum level showed a 927 

decreased abundance of Firmicutes and Actinobacteria, and increased abundance of 928 

Bacteroidetes compared to control participants (Vogt et al., 2017). Moreover, the most 929 

dominant phyla were Firmicutes (78%) and Bacteroidetes (15%), as well as the most dominant 930 

families were Lachnospiraceae (39.1%), Ruminococcaceae (29.6%) and Bacteroidaceae 931 

(9.8%). These changes strongly correlate with Aβ pathology and β-tau protein in the subgroup 932 

of patients (Fig.4). Another clinical study (Cattaneo et al., 2017) reported the decrease in 933 

abundance of anti-inflammatory Eubacterium rectale and Bacteroides fragilis and increase in 934 

the abundance of the inflammatory taxon Escherichia/Shigella with higher levels of IL-1β, 935 

CXCL2, NLRP3, and Aβ peptide in elderly patients with amyloidosis when compared to 936 

healthy controls (HCs) and subjects with cognitive impairment but had no Aβ pathology. A 937 

subsequent study in AD patients reported that a reduction in Bifidobacterium breve strain A1 938 

abundance and an increase in Escherichia/Shigella abundance correlate positively with higher 939 

levels of proinflammatory cytokines (IL-1 and CXCL2), which can promote inflammation in 940 

the plasma and CNS (Kobayashi et al., 2018). 941 



Another recent clinical study (Haran et al., 2019) confirmed these findings that elderly AD 942 

patients have a lower abundance of butyrate-producing bacteria (Butyrivibrio, Eubacterium, 943 

Clostridium sp. strain SY8519, Roseburia hominis, and F. prausnitzii) and a higher proportion 944 

of taxa that correlate positively with a proinflammatory state (Bacteroides vulgatus, B. fragilis, 945 

and Eggerthella lenta) and neurological disorders (Odoribacter splanchnicus). Moreover, stool 946 

samples of AD patients demonstrate lower levels of anti-inflammatory β-glycoprotein 947 

compared with samples from older adults without AD (Haran et al., 2019). Leblhuber et al., 948 

(2015) found signs of enteric inflammation in 22 AD patients along with higher level of 949 

calprotectin in their faecal samples. A significant increase in Aβ precursor protein, Aβ load, 950 

CD68, and β-Tau immunoreactivity in the intestine of AD patients and APP/PS1 mice suggest 951 

that the intestine may mimic the brain, and induce inflammation and dysregulated immune 952 

activation relating to Aβ precursor protein and Aβ pathology (Puig et al., 2015). Both the brain 953 

parenchyma and blood vessels of AD patients show higher levels of LPS and the Escherichia 954 

coli K99 pili protein, and colocalization of LPS with Aβ1-40 in amyloid plaques, which 955 

confirms the translocation of bacterial metabolites from gut to the brain via the systemic 956 

circulation (Zhan et al., 2016). 957 



 958 

Fig. 3: Overview of the altered gut microbiota compositions observed in Alzheimer’s disease (AD)- 959 
associated bacterial taxa. The top 9 bacterial families showing significant differences between the AD 960 
and control groups, include enriched abundance of families including Rikenellaceae, Bacteriodaceae, 961 
and Gemellaceae and depleted abundance of families including Ruminococcaceae, Bifidobacteriaceae, 962 
Clostridiaceae, Mogibactericeae, Turicibacteriaceae, and Peptostreptococcaceae. Analysis at the 963 
genus level revealed that genera of Bifidobacterium, SMD53, Dialister, Clostridium, Turicibacter, 964 
Adlercreutzia and cc115 are reduced, while genera including Blautia, Bacteriodes, Alistipes, 965 
Phascolarcbacterium, Bilophila and Gemella are increased. The figure is reused as per journal 966 
copyright permission (Vogh et al., 2016). 967 



 968 

Fig.4 Diagrammatic demonstration on the correlation between bacterial taxa and CSF biomarkers of 969 
AD-related proteins Aβ and p-tau. The figure is reused as per journal copyright permission (Vogt et al., 970 
2017).  971 

 972 

Furthermore, gut dysbiosis increases gut permeability by reducing the expression of tight 973 

junction proteins in colonic epithelial cells (“Increased intestinal permeability and gut dysbiosis 974 

in the R6/2 mouse model of Huntington’s disease | Scientific Reports,” n.d.) leading to 975 

excessive circulating levels of microbes (such as spirochaete, Herpes simplex virus type 1 and 976 

Chlamydia pneumoniae) and microbial metabolites (BMAA, LPS and microbial amyloids) 977 

(Itzhaki et al., 2016; Ransohoff, 2016), which trigger systemic inflammation by increasing 978 



levels of pro-inflammatory cytokines via iNOS (Tükel et al., 2009) and NF-κB (Tükel et al., 979 

2010) signalling. Gut microbiota-derived amyloid may enhance inflammation in response to  980 

cerebral Aβ42 through the innate immune system (Friedland, 2015). Subsequently, aggravated 981 

systemic inflammation (Zhao et al., 2017) affects the BBB permeability leading to infiltration 982 

of pathobionts, microbial products and inflammatory mediators into the brain, and triggers 983 

inflammation by modifying microglial maturation (Erny et al., 2015; Thevaranjan et al., 2017) 984 

and astrocyte activation (Rothhammer et al., 2016), leading to neurodegeneration and neuronal 985 

death in AD patients (Dinan and Cryan, 2017; Morris et al., 2019). In support of this, BBB 986 

damage and accumulation of blood-derived products are evident in AD brains (Kowalski and 987 

Mulak, 2019). Furthermore, gut dysbiosis induced by an increase in proinflammatory gut 988 

bacteria, especially Salmonella, Bacillus, Mycobacterium, E. coli, and Staphylococcus, can 989 

induce neuroinflammation and aggravate cerebral Aβ deposition in AD patients (Pistollato et 990 

al., 2016). These results bolster the concept that gut dysbiosis has a strong link with AD 991 

pathogenesis. Reduced gut microbial diversity in patients modulates gut and brain homeostasis, 992 

triggering NDD pathologies including inflammation, Aβ aggregation and tau pathology via the 993 

dysregulated immune pathways (Zhuang et al., 2018). However, further studies are required to 994 

better understand the role of the gut microbiota on the GBA in AD. 995 

 996 

4.2. Parkinson’s disease  997 

PD is the second most common NDD, and is characterized by both motor (slowness of 998 

movement, rigidity and resting tremor) and non-motor (cognitive decline, depression, 999 

alternations in mood, as well as sensory and sleep disturbances) (Nair et al., 2018; Kumar and 1000 

Jangra, 2012; Sathiya et al., 2013). PD patients commonly report prodromal nonmotor-related 1001 

symptoms 20 years before the onset of the motor symptoms including constipation, 1002 

hypersalivation, dysphagia, delayed gastric emptying, nausea, constipation and altered bowel 1003 



habit (Aarsland et al., 2017; C et al., 2020). Accumulation of Lewy body (LB) deposits (mainly 1004 

alpha-synuclein and ubiquitin) in the midbrain dopaminergic neurons, characterizes PD 1005 

pathogenesis (Schneider and Alcalay, 2017). Both pathologic and epidemiologic studies have 1006 

hypothesized that PD may start in the ENS and spread from gut via the vagus nerve and spinal 1007 

cord to the brainstem ( Brundin et al., 2010; Dugger et al., 2017). Indeed, animal models of PD 1008 

show that the abnormal αSyn deposition begins in the olfactory bulbs and/or in the ENS (due 1009 

to the exposure to environmental pathogens or gut dysbiosis). It then proceeds through the 1010 

trans-synaptic transmission to the dorsal motor nucleus of the vagus nerve, and then from the 1011 

vagus to the substantia nigra pars compacta of lower brainstem through retrograde axonal 1012 

transport and onto further sites in the CNS ( Peelaerts et al., 2015).  1013 

Several animal studies confirm that alterations in the gut microbiota and inflammatory state 1014 

are important co-factors involved in PD pathology. Accordingly, elimination of the gut 1015 

microbiota with antibiotics ameliorated PD pathology in a human αSyn over-expressing mouse 1016 

model (Thy-αSyn). In contrast, GF mice that received FMT from PD patient donors showed 1017 

disease progression with increased motor dysfunction and neuroinflammatory state, suggesting 1018 

the presence of specific disease promoting microbes  (Sampson et al., 2016). A recent study in 1019 

a methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced mouse model of PD indicates that 1020 

changes in gut microbiota composition are reversed by FMT from healthy donors (Gorecki et 1021 

al., 2019). Additionally, these PD mice show increased levels of SCFAs, striatal dopamine and 1022 

5-HT and reduced physical impairment. FMT also protects PD mice by reducing the activation 1023 

of microglia and astrocytes, as well as TLR4/TNF-α signalling in gut and brain (Gorecki et al., 1024 

2019). Moreover, LPS-induced PD mouse models (T. Zhang et al., 2014) also showed 1025 

increased levels of microglial activation, proinflammatory cytokine production, and haeme- 1026 

oxygenase-1, and a decrease in the level of ferroprotein. 1027 



In support of these findings, other studies have shown that FMT from healthy donors (Sun et 1028 

al., 2019, p. 1) and butyrate administration in animal models of PD improves motor impairment 1029 

and dopamine deficiency (Liu et al., 2017; Paiva et al., 2017). Similarly, PD patients display 1030 

LB deposits first in the olfactory epithelium (Saito et al., 2016) and in both submucosal and 1031 

mucosal plexuses of the gut (from the oesophagus to the rectal end) in post-mortem cases of 1032 

early PD. This observation reflects the preclinical stage of PD (Del Tredici et al., 2010), as LB 1033 

pathology appears 20 years prior to PD diagnosis (H. Braak and Del Tredici, 2008; Heiko Braak 1034 

and Del Tredici, 2008). Recent studies confirm the presence of abnormal αSyn in intestinal 1035 

EECs (Chandra et al., 2017) and vagal afferents (Bohórquez et al., 2015). A higher prevalence 1036 

of peptic ulcer and Helicobacter pylori infection were also reported in PD patients (Bjarnason 1037 

et al., 2005) and the drug-induced eradication of H. pylori infection can ameliorate PD 1038 

symptoms (Nielsen et al., 2012). 1039 

Parkinsonian patients also suffer gut microbiota alterations that correlate with disease 1040 

progression, as there is a continuous decrease in fibre-degrading bacterial strains and an 1041 

increase in pathobionts, which probably leads to a decrease in SCFA production and an increase 1042 

in endotoxin and neurotoxin production (Li et al., 2017). Clinical analysis of faecal samples 1043 

reveals significant alterations in gut microbiota composition with reduced abundance of 1044 

Bacteroidetes and Prevotellaceae, in contrast to higher abundance of Enterobacteriaceae and 1045 

Lactobacillaceae in PD patients (Hopfner et al., 2017; Scheperjans et al., 2015) when 1046 

compared to age matched controls, which correlate positively with increased postural 1047 

instability and distinctive gait (Unger et al., 2016). A subsequent study reveals that both 1048 

sigmoid mucosal and faecal microbial composition show a higher abundance of 1049 

proinflammatory-associated bacteria of the genera Ralstonia and Faecalibacterium, and lower 1050 

abundance of anti-inflammatory-associated bacteria from the genera Blautia, Coprococcus, 1051 

and Roseburia, as well as butyrate-producing bacteria, corresponding to the inflammation-1052 



related misfolding of αSyn and pathology of PD in CNS (Keshavarzian et al., 2015). A 1053 

reduction of Lachnospiraceae leads to a more severe impairment of motor and non-motor 1054 

symptoms in PD patients (Barichella et al., 2019). In addition, increased abundance of mucin-1055 

degrading Verrucomicrobiae and LPS-producing Gammaproteobacteria was noted in both PD 1056 

patients and a Thy1-αSyn mouse model as compared to healthy and WT controls (Gorecki et 1057 

al., 2019). A recent study confirms that PD patients showed increased α-diversity indexes 1058 

(measures the microbial diversity within each sample) compared to healthy spouse and healthy 1059 

participant (HP) groups. Beta diversity analysis (which measures differences between samples) 1060 

exhibited a distinct separation between the PD patient and two healthy groups. The relative 1061 

abundance of Firmicutes, Actinobacteria and Verrucomicrobia phyla were significantly higher 1062 

in PD samples than in the healthy groups; the relative abundance of Bacteroidetes and 1063 

Fusobacteria were significantly lower in the PD group compared with healthy groups. At the 1064 

genus level, Oscillospira and Akkermansia were significantly higher in PD patients than the 1065 

healthy groups, but Fusobacterium was significantly lower in PD samples than the healthy 1066 

groups. The relative abundance of Prevotella was lower in PD samples compared with HP 1067 

samples, but similar to the abundance noted in healthy spouse samples. LEfSe analysis 1068 

identified 33 gut bacterial markers which could discriminate PD patients from healthy groups, 1069 

which included 25 and 8 enriched bacterial taxa in the PD and healthy samples, respectively 1070 

(Zhang et al., 2020) (Fig. 5). 1071 

Furthermore, PD patients display increased colonic expression of TLR4, CD3+T cells, and 1072 

cytokines and decreased abundance of SCFAs producing bacteria. Similarly, rotenone 1073 

treatment reduced and/or reversed similar gut and neurological disorders in TLR4-knockout 1074 

mice (Perez-Pardo et al., 2019). Colonic biopsies of PD patients show increased mRNA 1075 

expression of pro-inflammatory cytokines as compared to controls (Devos et al., 2013). 1076 

Altogether, these results suggest that consistent interaction between the gut microbiota and its 1077 



metabolites with TLRs, neuroinflammation and αSyn pathology, synergistically contribute to 1078 

the neurodegeneration in PD (Rietdijk et al., 2016). Thus, halting TLR engagement via gut 1079 

microbiota modulation may be an important therapeutic target in the treatment of PD (Drouin-1080 

Ouellet and Cicchetti, 2012). 1081 

  1082 

Fig. 5: Altered gut microbiota composition in patients with Parkinson’s disease (PD): (C) The 1083 

most important (10 abundant) phyla and (15 abundant) genera in PD, healthy spouse (HS) and 1084 
healthy participant (HP) samples are graphed from higher to lower abundance. (D) LEfSe 1085 

analysis of 33 significantly differential bacterial taxa in the PD (red) compared to HC (green) 1086 
groups. The figure is reused as per journal copyright permission (Zhang F et al., 2020). 1087 

 1088 

4.3. Multiple sclerosis  1089 

MS is a chronic autoimmune NDD caused by progressive immune-mediated demyelination, 1090 

axonal damage and neurodegeneration. Clinically, MS is characterized by sensory, visual, 1091 

autonomic, and cognitive impairment along with ataxia, muscle spasms, paralysis, bladder and 1092 

bowel dysfunction, and fatigue (Dendrou et al., 2015; Ramagopalan et al., 2010). Recent 1093 

evidence indicates that gut dysbiosis is one of the prime factors responsible for MS 1094 

neuropathogenesis (Bhargava and Mowry, 2014; Mowry and Glenn, 2018). Specifically, the 1095 

relapsing/remitting form of MS (RRMS) is characterized by decreased abundance of anti-1096 



inflammatory bacteria as well as increased abundance of pro-inflammatory bacteria, through 1097 

regulation of immune cells including Treg cells, IL-10-secreting CD4+ T cells, regulatory B 1098 

cells, tolerogenic DCs and suppressive macrophages (Shahi et al., 2017). Several clinical 1099 

studies report that the gut microbial profile of MS patients was different from healthy 1100 

individuals (J. Chen et al., 2016; Jangi et al., 2016). Patients with RRMS show decreased 1101 

abundance of Parabacteriodes distasonis (Cekanaviciute et al., 2016), Faecalibacterium 1102 

(Mowry and Glenn, 2018) and Prevotella copri (Miyake et al., 2015) when compared with 1103 

HCs. RRMS patients show an increased abundance of Pseudomonas, Mycoplana, 1104 

Haemophilus, Blautia, and Dorea genera, while age- and gender-matched HCs show increased 1105 

abundance of Parabacteroides, Adlercreutzia and Prevotella genera (J. Chen et al., 2016). 1106 

Genera including Faecalibacterium, Prevotella, and Anaerostiples are significantly reduced in 1107 

MS patients (Miyake et al., 2015). Patients with MS have a significantly increased relative 1108 

abundance of the phyla Euryarchaeota and Verrucomicrobia compared to HCs (Jangi et al., 1109 

2016) (Fig. 6). The relative abundance of genera including Methanobrevibacter, Acinetobacter 1110 

calcoaceticus (Cekanaviciute et al., 2016) and Akkermansia muciniphila are increased, while 1111 

Collinsella, Sutterella and Slackia are decreased in MS patients compared to HCs (Jangi et al., 1112 

2016). Additional studies in paediatric MS patients show greater colonization of Firmicutes 1113 

when compared to healthy children, while depletion of specific gut flora and their metabolites 1114 

are associated with an increased risk of relapse (Tremlett et al., 2016; Tremlett and Waubant, 1115 

2018). Higher levels of circulatory Th1 and Th17 cells increase BBB permeability and induce 1116 

inflammation in the CNS (Dendrou et al., 2015). 1117 

 1118 
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 1124 

Fig. 6: Altered gut microbiota composition in multiple sclerosis (MS) subjects at the phyla and 1125 
genus levels analysed by Roche 454 and Illumina sequencing. Data revealed that MS patients 1126 
show increased abundance of the phyla Euryarchaeota and Verrucomicrobia compared to 1127 
healthy controls (6a, b). The relative abundances of Methanobrevibacter (a genus in the 1128 

phylum Euryarchaeota) and Akkermansia (a genus in the phylum Verrucomicrobia) were 1129 
increased in MS patients compared with controls (6c). The figure is reused as per journal 1130 

copyright permission (Jangi S et al., 2016). 1131 

 1132 



Preclinical studies using GF mice and experimental autoimmune encephalomyelitis (EAE), a 1133 

murine model for MS, have provided greater insights into the contribution of gut microbiota 1134 

changes in leading to the observed pathology in MS. GF mice show higher expression of 1135 

myelin-related genes (such as Mag, Mbp, Mog, and Mobp) in the prefrontal cortex relative to 1136 

conventional mice, which returned to control levels after recolonization with gut microbiota 1137 

(Hoban et al., 2016). Antibiotic treatment also increased the expression of myelin-related genes 1138 

in the prefrontal cortex of non-obese diabetic mice (Gacias et al., 2016). Transgenic SJL/J mice 1139 

(a relapsing–remitting mouse model of spontaneous EAE) raised in GF conditions are protected 1140 

against developing EAE (Berer et al., 2011) and show significantly attenuated EAE scores 1141 

relative to conventional controls, due to a reduced ability of DCs to activate proinflammatory 1142 

T cells (Lee et al., 2011). In the absence of a complex microbiota, activation of IFN-γ and IL-1143 

17-producing Th1 and Th17 cells is blunted together with enhanced recruitment and 1144 

proliferation of Foxp3+ Treg cells (Ivanov et al., 2009). In contrast, introduction of commensal 1145 

microbiota into the gut reverses susceptibility to EAE in transgenic SJL/J mice (Berer et al., 1146 

2011). Specifically, recolonization of GF mice with segmented filamentous bacteria alone 1147 

restored the levels of Th17 cells in CNS and generation of IL-17 in the gut resulted in the 1148 

development of EAE, thus confirming the role of gut microbiota in modulating the 1149 

proinflammatory status of the brain in EAE (Ivanov et al., 2009). Mono-colonization of the gut 1150 

of C57BL/6 mice with segmented filamentous bacteria promotes Th17 accumulation in the 1151 

spinal cords and induced the development of EAE (Lee et al., 2011) . Conversely, treatment of 1152 

C57BL/6 mice with a polysaccharide from the organism Bacteroides fragilis expands intestinal 1153 

Foxp3+ CD4 Treg cells and protects against the development of CNS autoimmunity (Ochoa-1154 

Repáraz et al., 2009; Round and Mazmanian, 2010) . Gnotobiotic mice transplanted with faecal 1155 

microbiota from MS patients develop spontaneous EAE and show a more severe form of 1156 

disease than gnotobiotic mice transplanted with faecal microbiota from healthy mice (Berer et 1157 



al., 2017). Similarly, GF-C57 mice that received FMT from MS patients suffer a significantly 1158 

more severe form of EAE, while those that received FMT from healthy individuals develop 1159 

mild EAE, when compared with controls (Cekanaviciute et al., 2017). Recently, antibiotic-1160 

induced microbiota depletion in a mouse EAE model was shown to prevent motor dysfunction 1161 

and axon damage, while recolonization with the microbes restored the susceptibility to EAE 1162 

through the involvement of T cells (CD4+ and CD39+) and B cells (CD1d+ and CD5+) (Mestre 1163 

et al., 2019). Similarly, antibiotic treatment delays the onset of clinical symptoms by decreasing 1164 

the level of IFN-γ and IL-17A and increasing the level of IL-10 in serum of EAE mice. 1165 

Furthermore, antibiotic treatment decreases brain-derived neurotrophic factor (BDNF) and 1166 

increases TNF-α and IL-1β in the hippocampus of EAE mice. In addition, antibiotics also 1167 

decrease depression-related symptoms, whilst increasing anxiety-like behaviour as well as 1168 

improving learning and memory (Zeraati et al., 2019). Rats which exhibit a higher diversity of 1169 

Lactobacillus species are found to be more resistant to develop EAE than those rats with lower 1170 

diversity of the lactic acid bacteria, suggesting that enriching the gut microbiota using 1171 

beneficial Lactobacillus strains may be used as a preventative measure for MS (Stanisavljević 1172 

et al., 2016). Treatment of Lewis rats with Bifidobacterium animalis (Ezendam et al., 2008) 1173 

and mice with a mixture of Lactobacillus spp.(Lavasani et al., 2010) regulate the level of CNS 1174 

inflammation and clinical scores in EAE. Treatment with probiotic VSL3 enriches beneficial 1175 

microbes in the large intestine and inhibits peripheral inflammation mediated by monocytes, 1176 

but these anti-inflammatory effects disappear after discontinuation of VSL3 (Tankou et al., 1177 

2018a). Collectively, these studies confirm the association of the gut microbiota on NDD at 1178 

clinical and preclinical levels in MS. Thus, targeting the modulation of specific microbiota 1179 

either by subtle dietary changes or probiotics may potentially contribute to the treatment and 1180 

prevention of relapse in MS patients. 1181 

 1182 



4.4. Amyotrophic lateral sclerosis  1183 

Amyotrophic lateral sclerosis (ALS) is characterized by the progressive loss of upper and lower 1184 

motor neurons in the motor cortex, brainstem, and spinal cord, leading to progressive paralysis, 1185 

muscle weakness and body weight loss (Brown and Al-Chalabi, 2017). Mutations in Cu/Zn-1186 

superoxide dismutase 1 (SOD1) (Münch et al., 2011), TDP-43 and fused in sarcoma/translated 1187 

in lip sarcoma (FUS/TLS) are the common causes for the familial type of ALS (Pasinelli and 1188 

Brown, 2006). The principal component of misfolded protein is ubiquitinated cytoplasmic 1189 

inclusions found in neurons and glia in ALS (Jeon et al., 2019). Pathogenesis implicates 1190 

glutamate excitotoxicity, severe mitochondrial dysfunction, redox imbalance, changes in the 1191 

RNA metabolism, microglial and astrocyte activation, and autophagy dysregulation (Greco et 1192 

al., 2019; McCombe et al., 2020). Recent studies show a strong pathophysiological interlink 1193 

between gut dysbiosis and ALS (McCombe et al., 2019; Wright et al., 2018). Specifically, ALS 1194 

pathogenesis is linked to the alterations in gut microbiota composition, impaired metabolism, 1195 

altered innate immune response, and production of gut-derived neurotoxins (tetanus and 1196 

botulinum toxins) by Clostridia species that induce brain damage (McCombe et al., 2019). 1197 

Preclinical studies of gut dysbiosis in ALS pathology show a clear dysfunction in the GI tract 1198 

in a transgenic mouse model for ALS (SOD1G93A) compared to WT mice. Intestinal cells 1199 

show a defective tight junction structure along with a reduced expression of the related protein 1200 

(ZO-1), which correlates with increased permeability, enabling the passage of toxins from 1201 

intestinal lumen into systemic circulation (Wu et al., 2015). Similarly, transgenic SOD1G93A 1202 

mice show gut dysbiosis and altered metabolite configuration, even before the onset of motor 1203 

symptoms (Blacher et al., 2019). Antibiotic treatment worsens disease severity under GF 1204 

conditions. Alteration in abundance of strains such as Parabaceroides distasonis, Lactobacillus 1205 

gasseri, Prevotella melaninogenica, Ruminococcus torques, and Akkermansia muciniphila 1206 

promote increased disease severity. Specifically, the abundance of A. muciniphila is found to 1207 



decrease in a time-dependent manner with disease progression. Moreover, supplementation 1208 

with A. muciniphila ameliorates ALS symptoms, while R. torques and P. distasonis exacerbates 1209 

ALS symptoms in transgenic mice. Supplementation with 2% butyrate in drinking water in an 1210 

ALS mouse model improves the gut integrity and survival (Y.-G. Zhang et al., 2017). These 1211 

studies suggest that gut dysbiosis may have a direct role in ALS pathology.  1212 

A metagenomics study (Fang et al., 2016) reports that ALS patients have reduced 1213 

Firmicutes/Bacteroides (F/B) ratio (an indicator of gut dysbiosis) together with a significantly 1214 

increased abundance of Dorea and a decreased abundance of genera Oscillibacter, 1215 

Anaerostripes and Lachnospiraceae vs. HCs. Similarly, another study (Rowin et al., 2017) 1216 

reported a low abundance of Ruminococcus, and low F/B ratio in ALS patients compared to 1217 

HCs, with most patients showing increased inflammatory markers such as faecal secretory IgA, 1218 

eosinophilic protein X, and calprotectin, suggesting that gut-mediated inflammation is most 1219 

likely to be involved in ALS onset or progression. Conversely, quantitative PCR analysis 1220 

reveals a higher abundance of Escherichia coli and Enterobacteria, and a lower abundance of 1221 

Clostridium and yeast in ALS patients (Mazzini et al., 2018), confirming that an imbalance in 1222 

gut microbiota constitution has a strong association with ALS pathogenesis. A recent 1223 

prospective longitudinal study reports an imbalance between the protective antimicrobial 1224 

groups (Bacteroidetes) and proinflammatory groups (Cyanobacteria) in ALS patients, along 1225 

with a higher abundance in Enterobacteriaceae, Akkermansia, Eubacterium, Prevotellaceae 1226 

and Ruminococcaceae families. In contrast, controls show a higher abundance of genera of the 1227 

Veillonellaceae and Lachnospiraceae families (the genus Parasutterella, Ruminococcus and 1228 

Subdogranulum). Other faecal microbiota studies have detected higher abundance of 1229 

Bacteroidetes at phylum level and Kineothrix, Parabcateroides, Odoribacter, Sporobacter, 1230 

Eisenbergiella, Mannheimia, Anaerotruncus, and unclassified Porphyromonadaceae in ALS 1231 

patients compared to controls (Zeng et al., 2020). In contrary, ALS patients display a significant 1232 



reduction in Firmicutes at phylum level and at Megamonas at the genus level vs. control group. 1233 

A comparative study (Zhai et al., 2019) also reported that ALS patients show a relatively higher 1234 

F/B ratio at the phylum level, in contrast to lower levels of beneficial bacteria such as 1235 

Faecalibacterium and Bacteroides, as compared to healthy individuals. However, more clinical 1236 

evidence is warranted to clarify how the gut microbiota improves or aggravates ALS. 1237 

 1238 

4.5. Huntington’s disease 1239 

Huntington’s disease (HD) is a progressive NDD caused by an unstable expansion of 1240 

trinucleotide (cytosine-adenine-guanine) repeat in the huntingtin gene (Htt) that is expressed 1241 

ubiquitously in the brain and peripheral tissues (MacDonald et al., 1993). Characteristic clinical 1242 

features include a triad of cognitive, psychiatric and motor impairments, as well as unintended 1243 

weight loss (Wasser et al., 2020), skeletal muscle atrophy, and GI dysfunction (Andrich et al., 1244 

2009; van der Burg et al., 2011). Early pathological features of the HD in both patients and 1245 

animal models reveal neuronal degeneration in the basal ganglia, white matter atrophy, and 1246 

myelination deficits (Shaffer et al., 2017; Teo et al., 2019). Further, the presence of the mutant 1247 

protein in the ENS and IECs, leads to the loss of gut-derived neuropeptides, which correlates 1248 

with gut dysfunction (van der Burg et al., 2011). Circulating gut metabolites were altered in 1249 

HD patients and transgenic animals, suggesting that the gut microbiota could be altered even 1250 

before the disease onset (Verwaest et al., 2011). Furthermore, unintended weight loss has been 1251 

induced by GI dysfunction in a HD mouse model (van der Burg et al., 2011). A recent study in 1252 

R6/1 transgenic mouse model of HD reported an altered gut microbial composition at 12 weeks 1253 

of age, especially, an increase in level of Bacteroidetes and a decrease in the level of 1254 

Firmicutes. Gut dysbiosis was found to be correlated with impairment in body weight gain 1255 

despite higher food intake and motor deficits (Kong et al., 2020) .  1256 

 1257 
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Another R6/2 mouse model of HD study (Stan TL et al., 2020) showed that increased intestinal 1258 

permeability and gut dysbiosis was accompanied by a significant reduction in colon length 1259 

compared to wild type littermates. Moreover, gut microbiota of R6/2 mice showed increased 1260 

relative abundance of Bacteroidetes and decreased relative abundance of Firmicutes. At 1261 

18 weeks of age, the colon mucosa of R6/2 mice showed lower expression of occludin and 1262 

disrupted epithelial organization, whereas there was a strong expression of mucosal occludin 1263 

and intact epithelium in wild type mice. Patients with HD were found to have significant 1264 

differences in the gut microbial communities (beta diversity) and showed a significant decrease 1265 

in species richness and evenness (alpha-diversity) between combined HD gene expansion 1266 

carrier group and healthy controls (Wasser et al., 2020). For example, Euryarchaeota, 1267 

Firmicutes, and Verrucomicrobia phyla were notably different between male groups. At the 1268 

family level, Acidaminococcaceae, Akkermansiaceae, Bacteroidaceae, Bifidobacteraceae, 1269 

Clostridiaceae, Christensenellaceae, Coriobacteriaceae, Eggerthellaceae, 1270 

Enterobacteriaceae, Erysipelotrichaceae, Flavobacteriaceae, Lachnospiraceae, 1271 

Methanobacteriaceae, Peptococcaceae, Peptostreptococcaceae, and Rikenellaceae were also 1272 

significantly different between male groups.  1273 

 1274 

5. The role of short-chain fatty acids in neurodegenerative diseases  1275 

SCFAs serve as an energy source and also possess neuroactive and immunomodulatory 1276 

properties (Stilling RM et al., 2016, Dalile B et al., 2019). Moreover, SCFAs influence host 1277 

cells through a variety of mechanisms, including altering histone acetylation and cell 1278 

proliferation, and activation of G-protein coupled receptors. Reduction of SCFA-producing 1279 

bacteria are reported in several cardiovascular, neuropsychiatric and metabolic disease models, 1280 

including stroke, hypertension, obesity, and diabetes mellitus (Durgan DJ et al., 2016; Yang T 1281 

et al., 2015; Spychala MS et al., 2018). Several studies have shown that restoration of optimal 1282 



levels of SCFAs and healthy gut microbiome effectively reduced neurodegenerative pathology. 1283 

Alterations of the epigenome have been documented in a variety of brain disorders, including 1284 

neurodevelopmental, psychiatric, and neurodegenerative diseases (Liu and Jaenisch., 2019; 1285 

Basavarajappa and Subbanna., 2021; Ghosh and Saadat., 2021). The role of SCFAs in NDDs 1286 

like AD, PD, AML and MS are discussed in detail below.  1287 

In AD, SCFAs disrupt the assembly of amyloid-beta (Aβ) oligomers into neurotoxic 1288 

aggregates, by interfering their protein-protein interactions Aβ peptides (Ho L et al., 2018). 1289 

Likewise, reestablishment of a healthy gut microbial community in APP/PS1 mice by fecal 1290 

microbiota transplantation (FMT) from healthy wild-type mice, significantly reduced cognitive 1291 

deficits, Aβ accumulation, synaptic dysfunction, and neuroinflammation, mainly by SCFAs-1292 

mediated microglia homeostasis (Sun J et al., 2019). Similarly, treatment of the young 3xTg 1293 

mouse model of AD with probiotics revealed a reduction in inflammatory cytokines and 1294 

cognitive impairment associated with reduced brain damage and Aβ aggregate accumulation 1295 

(Bonfili L et al., 2017). Further, butyrate administration (via histone inhibition) reduced 1296 

memory deficit and increased expression of genes implicated in associative learning in the 1297 

APP/PS1 mouse model of AD (Govindarajan N et al., 2011). Treatment with prebiotic fibres 1298 

such as inulin and fructo-oligosaccharides (FOS) promote the growth of butyrate-producing 1299 

bacteria such as Clostridium, Eubacterium, Fusobacterium, Roseburia, and Faecalibacterium 1300 

genera (Fu et al., 2019). Thus, these microbes secrete high levels of butyrate, which exhibits 1301 

neuroprotective, cognitive and anti-depressive effects (Dalile et al., 2019). 1302 

In patients with Parkinson’s disease (PD), Li and colleagues confirmed that gut dysbiosis 1303 

correlate positively with disease progression, along with a constant reduction in fiber-1304 

degrading bacterial microbes and an increase in pathobionts, which is reflected by the reduction 1305 

of SCFA production and an increase in production of endotoxin (Li W et al., 2017). Studies 1306 

show that FMT from healthy donors (Sun MF et al., 2018) in clinical models as well as butyrate 1307 



administration in animal models of PD reduced the motor deficit and dopamine deficiency (Liu 1308 

et al., 2017). 1309 

In multiple sclerosis, oral supplementation of SCFAs reduced disease severity in  experimental 1310 

autoimmune encephalomyelitis (EAE) in an animal model of MS (Mizuno M et al., 2017). 1311 

Specifically, acetate administration increased acetyl-CoA metabolism, which directly increases 1312 

histone acetylation, leading to the maintenance of lipid content in the spinal cord and ultimately 1313 

preventing the onset of clinical symptoms of EAE (Chevalier AC and Rosenberger TA, 2017). 1314 

Moreover, butyrate treatment reduces demyelination and increases remyelination by promoting 1315 

the maturation and differentiation of oligodendrocytes (Chen T et al., 2019).  1316 

Clinical and animal studies of amyotrophic lateral sclerosis (ALS) subjects showed increased 1317 

relative abundance of pathobionts (Clostridia species producing tetanus and botulinum toxins) 1318 

than beneficial microbes (butyrate-producing bacteria) than healthy subjects, suggesting that 1319 

anti-inflammatory SCFAs produced by GM are retard ALS progression (Mazzini L et al., 2017; 1320 

Zhai CD et al., 2019). Oral butyrate supplementation (2% in drinking water) improved gut 1321 

integrity and survival of an ALS mouse model (Zhang YG et al., 2017). 1322 

 1323 

6. Potential therapeutic strategies in neurodegenerative diseases 1324 

Recent preclinical and clinical studies have provided scientific evidence of the role of gut 1325 

microbiota perturbation in NDD pathology, suggesting that targeting gut dysbiosis through 1326 

prebiotics, probiotics, synbiotics or dietary interventions may be an effective strategy for 1327 

treating symptoms in mood-related , neurodevelopmental and neurodegenerative disorders 1328 

(Stilling and Cryan, 2016). A complementary diet-based preventive and therapeutic 1329 

intervention in NDDs, focused on the modulation of gut microbiota composition and gut 1330 

microbiota-derived metabolites, may serve as promising approaches to halt or slow down the 1331 



neuroinflammatory and degenerative processes in NDDs through establishing eubiosis (Borre 1332 

et al., 2014; Cryan and Dinan, 2012; Harding et al., 2017). Current therapeutic approaches 1333 

under consideration include modifying the existing microbial composition in the gut by dietary 1334 

plans and/or administration of pre-, pro-, and post-biotics, (S. G. Chen et al., 2016; Kobayashi 1335 

et al., 2019; Wang et al., 2015) or through FMT (Baquero and Nombela, 2012). Such 1336 

interventions can provide positive effects by reversing gut dysbiosis towards a healthy state by 1337 

reducing gut permeability, OS and intestinal inflammation. Table 1 summarises specific non-1338 

pharmacological nutritional interventions and the use of prebiotics, synbiotics and 1339 

probiotics (Wang et al., 2015) and faecal microbiota transplantation from healthy controls 1340 

  1341 



Table.1 Neuroprotective effects of specific nutritional intervention approaches in NDDs and neuropsychiatric disorders 

CNS-related disorders Types of study Therapeutic interventions Therapeutic outcomes References 

 AD and PD 

Specific nutritional 

intervention study  

Caloric restriction 

Exert neuroprotective effects by 

reducing the OS, NF-kB-

dependent neuroinflammation and 

activity of pro-apoptotic factors as 

well as inducing autophagy. 

(Maalouf et al., 

2009; Shirooie et 

al., 2018) 

LPS-induced Parkinsonian 

models and non-obese 

diabetic mouse models 

Specific nutritional 

intervention study  

Intermittent fasting 

Rapidly enhance the growth of 

beneficial and anti-inflammatory 

microbes and also stimulates a 

beneficial change in levels of 

SCFAs. 

(Tanca et al., 

2018; Z. Zhang et 

al., 2014) 

AD and PD  

Ketogenic diet 

study 

Ketogenic diet (diet with rich 

fat, moderate proteins and very 

little carbohydrate content) 

such as medium-chain 

Parkinsonian symptoms improved 

by 43% in PD patients. Improved 

cognitive functions in AD 

patients. 

(Reger et al., 2004; 

Vanitallie et al., 

2005; Włodarek, 

2019) 



triglyceride (beta-

hydroxybutyrate) 

Mainly, ketogenic diet diminishes 

the production of ROS in isolated 

mitochondria increased 

glutathione peroxidase activity. 

Mouse models of PD, AD, 

synucleinopathy and aging. 

Specific nutritional 

intervention study 

Ketogenic diet mediated higher 

intake by polyunsaturated fatty 

acids  

Exerts neuroprotective effects by 

reducing mitochondrial 

dysfunction, motor defects, αSyn 

accumulation and inflammation. 

(Afshordel et al., 

2015; Coulombe et 

al., 2018; Perez-

Pardo et al., 2019) 

AD model In vitro study 

Grape seed polyphenolic 

bioactive like 3-

hydroxybenzoic acid and 3-(3-

hydroxyphenyl) propionic acid 

Prevents the formation of 

neurotoxic aggregates, suggesting 

that a polyphenol-rich diet may 

attenuate amyloid accumulation in 

the brain. 

(Wang et al., 

2015) 

PD model 

In vitro murine 

study  

Panax notoginseng extract 

Suppress the microglial activation 

and decrease the release of 

(Beamer and 

Shepherd, 2012) 



inflammatory cytokines (IL-6 and 

TNF-α) 

Hemi-parkinsonian rat 

model 

In vivo study  

The flavonoid Silymarin 

(extracted from the seeds and 

fruit of Silybum marianum)  

Suppresses TLR4 activation, 

increasing anti-oxidant defenses, 

preventing apoptosis and 

alleviating nigral injury in the 6-

OHDA-induced hemi-

parkinsonian rats. 

 

(Haddadi et al., 

2018) 

Depressive disorder Clinical study 

Polyunsaturated fatty acids, 

such as eicosapentaenoic acid 

and folate-based N-

acetylcysteine 

Effective and strongest adjuvant 

treatment in depressive patients. 

(Firth et al., 2019) 

 

  



6.1. Specific nutritional interventions  

It includes caloric restriction (CR), either through reducing daily caloric intake or following 

intermittent fasting (Fontana, 2018). The neuroprotective effects of CR include anti-oxidant, 

anti-inflammatory and anti-apoptotic mechanisms ( Shirooie et al., 2018). Fasting mainly 

exhibits protective effects by achieving eubiosis and restoring the levels of microbial-derived 

metabolites (Tanca et al., 2018; Z. Zhang et al., 2014).  

Studies have been conducted to elucidate the role of ketone bodies such as acetoacetate and -

hydroxybutyrate (HB) due to their structural similarity with SCFAs, during energy restricted 

metabolic states, such as caloric restriction and intermittent fasting. Recent findings suggest 

that ketone bodies coordinate cellular functions via novel epigenetic modification -- 

hydroxybutyrlation that integrates the classic DNA methylation and histone covalent 

posttranslational modifications (PTM), including histone lysine acetylation, methylation and 

histone phosphorylation and ubiquitination (Dabek et al., 2020). Likewise, these studies have 

shown that fasting influences the gene and protein expression of several H+-dependent 

monocarboxylate transporters, which alters the SCFAs absorption in the GI tract and their 

transmission to the brain (Schutkowski A et al., 2014). These transporters regulate the direction 

of energy supplies to important tissues during fasting. For example, butyrate promotes the 

secretion of growth hormone in pituitary cells via GPR41/43 activation and intracellular 

accumulation of Ca2+ (Miletta et al., 2014), suggesting that butyrate can act as a secondary 

mediator of metabolic adaptations of growth hormone during fasting, mainly by increasing 

lipolysis and protein retention.  

 

Ketogenic diet [diet with rich fat, moderate proteins and very little carbohydrate content] has 

the potential to reduce neurodegeneration (Włodarek, 2019). Ketogenic diets are clinically 

beneficial in common NDDS, with promising early data from limited human trials (discussed 



in section 5). Although it is not clear whether the benefits of a ketogenic diet are derived from 

the ketones themselves or other aspects of the diet, there is a high probability that at least some 

of the benefits are derived from HB. HB acts as an alternative circulating source of energy 

in the fasting state and has a direct epigenetic effect via  HB (Dowis and Banga., 2021). For 

example, HB suppresses HDAC-induced oxidative stress and induces microglia to adopt the 

anti-inflammatory M2 morphology, and additionally can inhibit the proinflammatory NLRP3 

inflammasome by altering potassium flux (Youm et al., 2015; Norwitz et al., 2020). 

Ketogenesis also activates metabolically protective  T cells in visceral adipose tissue that can 

restrain adipose tissue inflammation (Golberg EL et al., 2020) and leads to a reduction in Th17 

cells in human and mice exposed to ketogenic diet (Ni et al., 2016; Kim et al., 2012).  

Although, specific nutritional interventions provide neuroprotective effects, further studies are 

warranted to identify the specific pathways by which these strategies influence GBA signalling 

[Text Box-3] 

Text Box-3 

KEY DEFINITIONS 

 Gut eubiosis refers to the restoration of healthy gut microbiome by treatment. 

 Psychobiotics are targeted microbiota interventions in the form of prebiotics, probiotics 

or synbiotics that restore the healthy GM and support good mental health (Cryan and 

Dinan, 2012). 

 Probiotics - A living microorganism that when ingested by humans or animals confers 

a health benefit (Sarkar et al., 2016). 

 Prebiotics - A non-digestible short-chain carbohydrates which on ingestion selectively, 

stimulates the growth of particular classes or species of beneficial microorganisms 

(Sarkar et al., 2016).  



 Synbiotics - A synergistic combination of both prebiotics and probiotics. 

 Faecal Microbiota Transplantation (FMT) refers to the transplantation of entire 

microbial communities or portions of microbial communities from the donors of healthy 

humans, aimed at reversing dysbiosis in the host. 

 

6.2. Probiotics, Prebiotics and Synbiotics 

Species of the genera Lactobacillus, Bifidobacterium, Lactococcus, Streptococcus, and 

Enterococcus are common examples of probiotics (Kuneš et al., 2016). Supplementation with 

probiotic mixtures (commonly, Bifidobacteria, Streptococci and Lactobacilli) is one of the 

most promising treatment approaches for ameliorating neuro-behavioural symptoms and bowel 

dysfunction (Fattorusso et al., 2019). Probiotics improve intestinal and immune homeostasis 

by restoring the gut microbiota (Azad et al., 2018; Reid et al., 2011), and exhibit 

neuroprotective effects in CNS disorders, by enhancing the production of neurotransmitters, 

such as glutamate and GABA, as well as brain-derived neurotrophic factor (BDNF) levels (Lu 

et al., 2008), including normalization of anxiety and depression-like behaviours (Abildgaard et 

al., 2017; Bravo et al., 2012) and by a reduction of autism spectrum disorder (ASD) (Rao et 

al., 2009). A meta-analysis of randomized controlled trials showed that probiotics improved 

cognitive functions in AD by reducing the levels of inflammatory and oxidative markers (Den 

et al., 2020). 

Major prebiotics include lactulose, fructo-oligosaccharides (FOS), galacto-oligosaccharides 

(GOS), oligofructose and inulin (Iannitti and Palmieri, 2010). Prebiotics normalize the 

composition of beneficial bacteria including Lactobacillus, Bacteroides, and Bifidobacterium 

(Akbari et al., 2016; Vulevic et al., 2015), thus benefiting the GBA (Depeint et al., 2008), can 

improve brain functions and may also prevent neurological disorders such as AD (Kinney et 



al., 2018), dementia (Li et al., 2017), IBS (Ng et al., 2018), PD (Rocha et al., 2015) and ASD 

(Siniscalco et al., 2018) (Table 2).  

  



Table.2 Neuroprotective effects of probiotics, prebiotics, synbiotics and FMT in neurodegenerative and neuropsychiatric disorders 

CNS-related 

disorders 

Types of study Therapeutic interventions Therapeutic outcomes References 

ASD  

A randomized, double-

blind, placebo-controlled 

study 

Oral administration of probiotic L. 

plantarum PS128 for four weeks 

Significantly improvement in ASD-

related symptoms compared to the 

placebo treatment 

(Bravo et al., 

2012) 

PD  

Preclinical study using in 

vitro and in vivo PD 

models 

Novel probiotic formulation 

SLAB51 (combination of nine live 

bacterial strains Streptococcus 

thermophilus, Bifidobacteria 

(Bifidobacterium longum, B. breve, 

B. infantis), and Lactobacilli 

(Lactobacillus acidophilus, L. 

plantarum, L. paracasei, L. 

Significantly improved the 

behavioural symptoms and prevented 

the loss of dopaminergic neurons of 

substantia nigra and striatum 

(Liu et al., 

2019) 



delbrueckii subsp. bulgaricus, L. 

brevis) adminstration 

PD In vitro study  

Probiotics L. salivarius (LS01) and L. 

acidophilus (LA02) 

significantly decreased the levels of 

proinflammatory cytokines and ROS, 

and increased the anti-inflammatory 

cytokines in peripheral blood 

mononuclear cells of PD patients 

(Magistrelli et 

al., 2019) 

PD  

A randomized, double-

blind, placebo-controlled 

study 

Consumption of fermented milk 

with multiple probiotic strains and 

prebiotic fibres 

Significantly alleviated constipation 

in PD patients 

(Barichella et 

al., 2016) 

PD  A clinical study 

Consumption of fermented milk 

containing L. casei Shirota 

Notably improved the stool 

consistency as well as decreased 

bloating and abdominal pain 

(Cassani et al., 

2011) 

PD 

A randomized, double-

blind, controlled trial 

Administration of probiotics 

containing Bifidobacteria and 

Lactobacilli (B/L) species (L. 

Significantly improved the motor 

scores and some metabolic profiles in 

PD patients 

(Tamtaji et al., 

2019b) 



acidophilus, L. reuteri, L. 

fermentum, and B. bifidum)  

AD  

Animal models with AD 

induced by 

intracerebroventricular 

injection of Aβ (1-42) in 

rats or by intraperitoneal 

injection of D-Galactose 

(120 mg/kg body) into 

albino rats. 

Oral delivery of probiotic B/L 

mixtures 

Significantly enhanced the learning 

and memory, decreased the level of 

OS and pathological cellular changes 

in the brain and proteolytic functions 

(Athari Nik 

Azm et al., 

2018; Bonfili et 

al., 2017; 

Nimgampalle 

and Kuna, 2017; 

Rezaei Asl et 

al., 2019) 

AD 

An in vivo study in rats 

with A-induced AD 

Probiotics (L. acidophilus, B. 

bifidum, and B. longum) treatment 

for 4 weeks 

Significantly improved spatial 

learning and memory, long-term 

potentiation, paired-pulse facilitation 

ratios, and lipid profiles 

 

(Kobayashi et 

al., 2018; 

Rezaei Asl et 

al., 2019) 

 



AD 

A transgenic study using 

APP/PS1 mice 

Treatment with Akkermansia 

muciniphila 

Reduced the levels of fasting blood 

glucose, lipids and serum diamine 

oxidase and cerebral Aβ 40–42 

 

(Ou et al., 2020) 

 

AD 

A transgenic study using a 

3xTg AD mouse model 

Oral administration of SLAB51 for 4 

months 

Significant reduction in impairment, 

Aβ aggregation, and alternation of 

neuronal proteolysis along with a 

promising reduction of pro-

inflammatory cytokines and increase 

in anti-inflammatory cytokines, via 

the activation of SIRT1 pathway  

 

(Bonfili et al., 

2017) 

AD 

A study in a rat model of 

AD 

Oral administration of probiotics (L. 

reuteri, L. rhamnosus, and B. 

infantis) 

Significantly improved spatial 

memory and decreased Aβ plaques, 

oxidative (malondialdehyde), and 

(Mehrabadi and 

Sadr, 2020) 

 



inflammatory (IL-1β and TNF-α) 

markers 

 

AD 

A transgenic study using a 

humanized Drosophila 

model of AD 

Treatment with a novel synbiotic 

(Triphala and L. plantarum, L. 

fermentum, and B. longum subsp. 

infantis) 

Increased the motility and 

survivability, and decreased Aβ 

accumulation and acetylcholinesterase 

activity 

 

(Westfall et al., 

2019) 

 

AD  

A transgenic study in 

APP/PS1 mouse model of 

AD 

Butyrate treatment 

Improved memory function and 

increases expression of genes 

implicated in associative learning 

 

(Govindarajan 

et al., 2011) 

Aging  

Animal study using aged 

rats 

Administration of probiotic mixture 

VSL#3 (combination of 

Streptococcus thermophilus, 

Bifidobacterium breve, B. longum, 

Provided positive effects on the 

inflammatory and neuronal processes 

in the brain cortex of aged rats, 

(Distrutti et al., 

2014) 



B. infantis, Lactobacillus 

acidophilus, L. plantarum, L. 

paracasei, and L. delbrueckii 

subspecies Bulgaricus) 

suggesting an improvement in 

memory 

AD Small-scale human studies  Probiotic B/L mixtures 

Improved the cognitive and metabolic 

functions as well as decrease the 

inflammatory markers in AD patients 

 

(Kobayashi et 

al., 2019; 

Leblhuber et al., 

2018) 

AD 

A randomized, double-

blinded, placebo-

controlled clinical trial 

Oral consumption of probiotic B/L 

mixture for 12 weeks 

Significant improvement in cognitive 

functions along with reduction in high 

sensitivity CRP, insulin, serum 

triglycerides, very low-density 

lipoproteins, and low-density 

lipoproteins levels and significant 

increase in total antioxidant capacity 

were noted in AD patients compared 

(Tamtaji et al., 

2019a) 



with those treated with only selenium 

and placebo  

AD 

A recent double-blind, 

randomized, placebo-

controlled trial 

Synbiotic supplementation 

containing L. acidophilus, L. casei, 

B. bifidum and L. fermentum for 12 

weeks 

Better improvement in learning and 

memory as well as -cell function 

along with reduction in CRP, 

malondialdehyde, insulin resistance 

and serum triglycerides were seen in 

30 AD patients vs. no treatment in 

disease-matched control subjects. 

 

(Ton et al., 

2020) 

 

MS A clinical study 

Daily intake of probiotic (L. 

paracasei, L. plantarum, L. 

acidophilus, L. delbrueckii, B. 

longum, B. infantis, B. breve, and 

Streptococcus thermophilus) for 2 

months 

Significantly improved MS symptoms 

by modulation of gut microbiota and 

anti-inflammatory peripheral immune 

response in MS patients 

(Tankou et al., 

2018b) 



MS 

An in vivo study using 

female SJL/J mice 

subcutaneously injected 

with MBP83-99 mannan 

peptide conjugate (50 

μg/mouse) 

Probiotic treatment with S. 

thermophilus ST285 

Significantly reduced 

proinflammatory (IL-1β and IFN-γ) 

and anti-inflammatory (IL-4, IL-5, 

and IL-10) cytokines in mice 

immunized with MS peptide 

(Dargahi et al., 

2020) 

 

MS 

A clinical study 

 

 

Prebiotic treatment with glatiramer 

acetate 

 

 

Increased the relative abundance of 

Clostridiales, Bacteroidaceae, 

Faecalibacterium, Ruminococcus, 

Lactobacillaceae, Clostridium, and 

other members of the class 

Clostridiales when compared with 

untreated MS patients. 

(Adamczyk-

Sowa et al., 

2017) 

ALS 

A prospective longitudinal 

study 

Probiotics supplementation for 6 

months 

Restores the healthy gut bacterial 

composition, especially Rikenellaceae 

(Di Gioia et al., 

2020) 



family in ALS patients compared to 

control group 

Autism 

A study using mouse 

model of ASD 

B. fragilis  

Significantly improved stereotyped 

and anxiety-related behaviours as well 

as the intestinal permeability in the 

maternal immune mouse model of 

autism  

(Hsiao et al., 

2013) 

Chronic 

psychosocial 

stress 

Healthy rats 
Prebiotic mixture of fructo-

oligosaccharides and GOS 

Significantly improved depression 

and anxiety-related behaviour in mice 

subjected to chronic psychosocial 

stress as well as increased the levels 

of hippocampal BDNF in healthy rats 

(Burokas et al., 

2017; Savignac 

et al., 2013) 

PD A clinical study  

Supplementation with prebiotic 

fibres 

Improved the compromised gut 

motility and immune function in PD 

patients 

(Cantu-Jungles 

et al., 2019) 

 



Mouse model 

with Atg5-

deficient 

intestinal 

epithelia 

(mimicking 

defective 

autophagy) 

An experimental study 

using intestinal 

epithelium-

specific Atg5 knockout 

mouse model  

 

Prebiotic Bimuno-GOS treatment 

Alleviated cognitive functions and 

significantly reduced microglia 

activation as well as the expression of 

iNOS, CD68, CD32, SOCS3, and IL-

6 in Atg5 -deficient mice 

(Yang et al., 

2018) 

ASD Open-label clinical studies 

FMT from healthy donors to ASD 

children 

Significantly improved the GI and 

ASD symptoms in autistic children 

(Kang et al., 

2019; Zhao et 

al., 2019) 

AD with 

severe gut 

dysbiosis 

A transgenic study using 

PAP mice 

FMT from healthy WT to PAP mice  

Significantly improved synaptic and 

cognitive functions as well as reduced 

Aβ accumulation and microglia-

mediated neuroinflammation, mainly 

(Barichella et 

al., 2016; 

Fasano et al., 

2013) 



mediated by attaining eubiosis and 

restoring SCFAs production 

AD 

A study of FMT in AD 

animal model 

Both frequent and long-term FMT 

from healthy WT mice into 

ADLPAPT mice 

Alleviated Aβ deposition, tau 

pathology, glial reactivity and 

cognitive impairment. Specifically, 

long-term transfer of healthy faecal 

microbiota to ADLPAPT mice reversed 

abnormalities in the colonic 

expression of genes related to 

intestinal macrophage activity and the 

circulating blood inflammatory 

monocytes, similar to those seen in 

WT mice. 

(Kim et al., 

2020) 

 

MS  

Clinical studies and 

randomized controlled 

trials 

FMT from healthy donors to MS 

patients 

Improved the motor symptoms and 

halted the disease progression in MS 

patients 

(Borody and 

Khoruts, 2011; 



Makkawi et al., 

2018) 

PD A case study 

FMT from healthy young donors to 

a 71-year-old PD patient 

improvement in tremors and GI 

symptoms were reported 

(Huang et al., 

2019) 

 

  



6.3. Antibiotics 

A clinical study showed that antibiotic treatment improves GI symptoms and motor defects in 

PD patients (Fasano et al., 2013). Phase II trials have confirmed the neuroprotective effects of 

minocycline on nigrostriatal dopaminergic neurons by targeting TLR4 receptors in PD patients, 

by reducing F/B ratio (restoring the eubiosis) (Parashar and Udayabanu, 2017) (Table 2). 

 

6.4. Faecal microbiota transplantation (FMT)  

FMT is the delivery of faecal material containing gut microbiota from a healthy donor to a 

recipient with a dysbiosis-related condition, via enema, nasogastric, nasoenteric or endoscopic 

routes, to restore normal diversity of the microbial community (Staley et al., 2017). FMT has 

emerged as a promising strategy to restore gut dysbiosis involved in NDDs (Bakken, 2009; 

Borody and Khoruts, 2011). A previous study showed that FMT modulates brain function and 

behaviour of the host mice (Bercik et al., 2011), while a recent study in GF mice that received 

FMT from patients with major depressive disorder confirmed the development of depression-

like behaviour (C. Zhang et al., 2017). Furthermore, microbiota-depleted rats that received 

FMT from depressed patients develop depressive-like symptoms (Kelly et al., 2016), and a 

dysregulation in tryptophan metabolism, similar to clinical cases reported in autism, 

schizophrenia and NDDs (McFarlane et al., 2008) (Table 2). 

 

7. Conclusion  

The gut microbiota plays a crucial role in the neuropathogenesis of CNS-related disorders by 

altering GBA function either directly or indirectly. Gut dysbiosis due to an increased burden 

of pathogenic microbes and metabolites compromises the integrity of the gut barrier and BBB, 

promoting the migration and infiltration of immunoregulatory cells to the brain, which induces 

neuroinflammation by affecting the functions of microglia and Treg cells. A vicious cycle 



characterized by gut dysbiosis-induced immune dysfunction, deposition and spreading of 

misfolded proteins, and chronic inflammation triggers the seeding and propagation of 

misfolded proteins to adjacent healthy neurons. Although there is a growing body of evidence 

which demonstrates a link between gut dysbiosis and proteinopathies, further studies are 

required to understand how spreading of misfolded proteins from the periphery to the CNS and 

neuronal autophagy is implicated in NDDs. Therapeutic interventions aimed at eubiosis by 

correcting dysfunctional immune responses and autophagy can prevent or slow down the 

progression of proteinopathies in the NDDs. Modulation of dysbiotic state by nutritional 

interventions or probiotics, prebiotics, synbiotics and antibiotics may become novel therapeutic 

strategies to restrain the pathogenesis of CNS-related diseases and cognitive impairment seen 

with age. Further mechanistic studies in well-defined animal models of NDD will help 

elucidate how best to modulate GBA function using microbiome-based therapies. Future 

directions using well-controlled human clinical trials are urgently needed to substantiate the 

clinical use of probiotics, prebiotics, synbiotics and FMT in NDDs. 
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