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Abstract: The human gut hosts a wide and diverse ecosystem of microorganisms termed the
microbiota, which line the walls of the digestive tract and colon where they co-metabolize digestible
and indigestible food to contribute a plethora of biochemical compounds with diverse biological
functions. The influence gut microbes have on neurological processes is largely yet unexplored.
However, recent data regarding the so-called leaky gut, leaky brain syndrome suggests a potential link
between the gut microbiota, inflammation and host co-metabolism that may affect neuropathology
both locally and distally from sites where microorganisms are found. The focus of this manuscript is to
draw connection between the microbiota–gut–brain (MGB) axis, antibiotics and the use of “BUGS AS
DRUGS” for neurodegenerative diseases, their treatment, diagnoses and management and to compare
the effect of current and past pharmaceuticals and antibiotics for alternative mechanisms of action
for brain and neuronal disorders, such as Alzheimer disease (AD), Amyotrophic Lateral Sclerosis
(ALS), mood disorders, schizophrenia, autism spectrum disorders and others. It is a paradigm shift
to suggest these diseases can be largely affected by unknown aspects of the microbiota. Therefore,
a future exists for applying microbial, chemobiotic and chemotherapeutic approaches to enhance
translational and personalized medical outcomes. Microbial modifying applications, such as CRISPR
technology and recombinant DNA technology, among others, echo a theme in shifting paradigms,
which involve the gut microbiota (GM) and mycobiota and will lead to potential gut-driven treatments
for refractory neurologic diseases.

Keywords: amyotrophic lateral sclerosis; ALS; chemobiotics; probiotics; symbiotics;
neurodegeneration; Alzheimer disease; AD; holobiota; holobiome; microbiota; microbiome;
microbiota–gut–brain axis; ceftriaxone

1. Introduction

The human “microbiota” or the more novel name “holobiota”, is considered to comprise the entire
and diverse collection of microbes, mycobiota, parasites, pathogens, commensals, viruses, viroids,
protozoan parasites, their individual and collective genomes, coding and noncoding nucleic acids,
and the co-metabolism between any of these exogenous microorganism that live within the human gut
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or elsewhere. The microbiota, contain both disease causing and disease preventing organisms and
while in the public domain, i.e., in all of our collective bowels, microbes are considered drugs by the
government regulators and not propitious probiotics, which they actually could become. Whether they
are “bugs as drugs” or harmless symbionts of our digestive system, they hold the key to understanding
and manipulating our health and disease propensity by linking the most elusive diseases known to
standard medicine and modern practice to gut bacterial profiles. This is a transformative concept for
the protractive disease, particularly the neurodegenerative ones.

In regard to the holobiome, important environmental factor is growing reports it exerts an
influence on symptoms and the fraction making up the smallest percentage, namely 1%, have a
disproportionately large effect on disease [1]. Emerging studies now show some neurodegenerative
diseases, particularly, Alzheimer disease, Multiple Sclerosis, Parkinson disease and amyotrophic lateral
sclerosis, have specific microbiome profiles or a disparity among select microbes that seemingly match
the corresponding diagnosed pathology in human subjects [2]. Many proposed therapeutic treatments
revolve around the idea of restoring normal gut flora, either through fecal transplant, antibiotics or
through psychobiotics administration. The role that antibiotics play in these correlations has been
of recent interest in neurological research. It has been hypothesized that impaired gut integrity and
reduced gut homeostasis has an active role in ALS and other neurologic diseases, which are most
difficult for standard medicine. We speculate that this may be in part due to the neglect the human
physiology has for our second genome and the microbial contribution to our biochemistry.

Neurodegenerative diseases are diverse disorders that are characterized by progressive loss of
neurons, neuronal structure and cellular function, which occurs in distinct sections of the central
nervous system and brain. Alzheimer disease, which is the most common neurodegenerative disease,
is particularly devastating. As with most neurodegenerative diseases, it is progressive, has human
essence-robbing characteristics, leads to declines in cognitive capacity, involves multiple facets of
dementia and leads to eventual death. Although the mechanisms of AD pathogenesis are still being
explored and understood, the newer emerging trends point to the viruses and GM as a chief players
in disease pathogenesis. Contrary to the overuse of broad-spectrum antibiotics that are used to kill
off a range of specific microorganisms, probiotics, and those microorganisms yet to be developed or
approved for human use, can be considered medicine -aptly deemed “bugs as drugs”. Probiotics,
which contain specific strains of microbes are designed to have therapeutic efficacy and have a safety
factor for their human use even if they reside in the gut of most humans.

The major function of commensals in a healthy gastrointestinal tract is to resist colonization and
proliferation of any potentially pathogenic microbes contained within, which we call colonization
resistance [3]. Safe use of probiotics is heavily supported by a variety of studies showing how
our endogenous microbes play a major role in the health of an individual, especially in relation to
neurological diseases. New studies show specific strains of microorganisms can exhibit positive results,
when acting as a probiotic or symbiotic. In recent animal studies, Lactobacillus or Bifidobacterium,
have been employed to investigate the capacity of probiotics and have shown some efficacy in
treating neurologic and other diseases [4]. These strains of bacteria have been shown to modulate the
production of brain metabolites γ-aminobutyric acid (GABA) and glutamate, which are associated
with brain signaling in memory forming regions of the brain [5]. Microbes and the GABA inhibitory
neurotransmitter play roles in neuropsychiatric illness and can lead to anxiety and depression [5].
The use of probiotics for the treatment and prevention of Parkinson disease (PD) and AD is still
largely unexplored. However, it is highly plausible that probiotics would have beneficial effects on AD
and PD through protective small molecule production and through the modulation of inflammatory
responses [6], which ultimately lead to oxidative stressors that precipitate a cascade of downstream
effects and induce pathogenesis in AD.

Assaults on vulnerable neurons occur frequently and any subsequent inflammation is a part of the
wound-healing response. However, cytokine stress contributes to damage. These pro-inflammatory
immune responses are associated with natural killer cell circulation and modifications in immune
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response mechanisms, which lead to specific cytokine production and probiotics improves immune cell
balance for macrophages, granulocytes and T cells [4]. Pathogenic bacteria produce pro-inflammatory
components and fluctuations in the GM that produce lipopolysaccharide (LPS), for example,
which contributes to systemic inflammation and increased LPS load. It is known that LPS crosses
immune barriers and results in inflammation [7], which also feeds forward increased permeability of
our immune privileged barriers. While extensive dysbiosis is a hallmark of neurodegenerative diseases,
such as AD and PD, overgrown populations, nonetheless, may contribute significantly to pathogenicity
across the MGB axis in ALS, which also causes intestinal inflammation and lead to increased gut
permeability [8]. Gram-negative bacteria in particular have cell membranes, in part comprised of
endotoxic LPS, which interact with intestinal cells to cause the release of inflammatory cytokines.
This cascade also creates oxidative conditions in the brain and propagates neurodegeneration [9].
Discussed in detail later, the brain’s immune cells, microglia, are also activated by LPS, which are
involved then in astrocyte transformation and contribute to cytokine stress by releasing inflammatory
molecules [10,11].

These protective systems can be circumvented and evaded by many pathogens, which exhibit
immune privilege like Ebola virus, which was found to travel along neuronal structures within the retina
and escape immune surveillance. Likewise, bacteria, spirochetes and other pathogens can exploit this
same vulnerability in the brain, spinal cord and eye because it is believed that a full immune response to
infection would be deleterious to sensitive brain and ocular tissues. Another example is the spirochete,
Borrelia burgdorferi, that causes Lyme neuroborreliosis. It attacks the nervous system as well as eyes and
can mimic Parkinson-like symptoms, i.e., confusion and cognitive impairment. Yet another offender,
a complex structure adhering to surfaces, known as Biofilm, which consists of mucopolysaccharides,
calcium (Ca2+) and extracellular DNA, has been suspected of helping bacteria to evade the immune
system [12]. It is then of great interest to be able to specifically modulate bacterial populations,
minimize overgrown and decrease endotoxic and excitotoxic bacterial strains or protect and propagate
probiotics. Probiotics provide colonization resistance against those pathogenic bacteria that would
contribute to neurodegeneration and metabolite synthesis that would benefit neuroprotection.

Many examples exist for bacterial component translocation and bacteria breech of our immune
barriers. Although not specifically addressed in this review, an oral bacteria, Porphyromonas gingivalis,
found in brains of neurodegenerative disease patients can access brain compartments and are
propagated via several pathways including direct infection, infection of monocytes and endothelial
cells, after damaging blood brain barriers (BBB) or through infection that spreads via olfactory or
trigeminal cranial nerves [13–15]. Regardless of the pathogenesis of neurodegeneration, examples
such as these lead us to conclude that although neurologic diseases are multifactorial they have
a relationship to our microbiota [14] and the integrity of the gut-blood, BBB and perhaps other
immune privileged barriers [13] as well. In that regard, recent evidence suggests that the microbiota
may be influencing the pathogenesis of AD, PD and ALS through molecular mimicry pathways.
For example, the peptidoglycan recognition protein gene PGLYRP, when disrupted or mutated, is
linked to PD. This gene in PD has been correlated with low Prevotellaceae levels and higher levels of
Gram-negative bacteria Enterobacteriales, which could indicate dysbiosis over typical enterococci sp.
levels [16]. The authors of this study successfully used these bacterial species as animal probiotic
models and to recapitulate gut dysfunction and stimulate disease progression. As an example, several
intracellular protozoan parasites are implicated in AD, specifically Toxoplasma gondii, which crosses the
BBB and causes neurological dysfunction and encephalitis by promoting chronic inflammation of the
brain, meninges and central nervous system (CNS) [14].

In order to make legitimate claims regarding the usefulness of probiotic therapeutic applications
for neurodegenerative diseases, larger scale human studies are necessary as much information is
still missing or underdeveloped in this area. Nevertheless, to date, there is no cure or effective
disease-modifying agents available for most, if not all, neurodegenerative disorders and therapy
is largely palliative or focused on symptomatic management [17]. What we do know about the
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pathogenesis of neurodegeneration is that neurodegenerative diseases, including but not limited to AD,
share features and are strongly correlated with oxidative stress, neuroinflammation and accumulation
of amyloid-beta (Aβ) plaques or neurofibrillary tangles [18]. While these hallmark end-stage lesions
are associated with neurodegenerative diseases, targeting them, i.e., efforts to remove them from
human brains, has not resulted in cures or even helped delay disease progression. In those early
days, the author and colleagues had cautioned against effort to create antibodies against endogenous
proteins, especially in the brain as brain inflammation is extremely deleterious to the very sensitive
and vulnerable neurons [19]. At the same time, most of those founding companies created to remove
Aβ have failed. When we consider the billions of dollars expended following the amyloid or tau
hypotheses, one may argue they were lost targeting lesions and not prodromal mechanisms. While we
cannot fault science, we can argue that those who fail to see the alternative or entertain any hypothesis
differing from their own, do not really engage in science but are largely chasing money. We, therefore,
have turned to novel findings and other promising approaches. These appear on the surface to be
distally related, but in fact, they share micro-organismal components to their pathogenesis, including
the mitochondrial, the vascular and others [20,21]. One more promising approach is to explore
neurodegenerative diseases and their underpinnings that intersect with the microbiota–gut–brain
axis. This will most likely aid in our understanding of disease mechanisms and suggest symbiotic
combinatorial approaches that could become new standards of care or treatment for these devastating
diseases [22,23].

Significantly, many of the worst neurodegenerative diseases, like Alzheimer disease, Parkinson
disease and amyotrophic lateral sclerosis, hold a closer association with the GM than previously
thought [22]. We have an imperative to explore these relationships with our microbiota and
the propagation of healthy protective commensal forms through nutrition or other interventions
including selective, appropriate, stewarded and responsible use of antibiotics or inhibitory chemicals if
necessary. Moreover, our immune tissue barriers, which, by design, maintain proper homeostasis in
vulnerable organs and tissues, prevent foreign substances from entering the systemic circulatory system.
These barriers may be more compromised than we once understood or was believed by conventional
dogma [13]. We should also consider the small molecules produced by the gut microbiota as a recent
mouse study investigating the role of butyrate levels on gut barrier integrity has found. Increasing
butyrate is associated with increased barrier homeostasis and longer life expectancy. The ALS drug
Triheptanoin was found to protect motor neurons and delay the onset of motor symptoms in a mouse
model of ALS also increased levels of plasma β-hydroxybutyrate 1.7 fold [24]. Another example,
the introduction of butyrate is believed to stimulate the growth of bacterial strains, such as Butyrivibrio,
Bacteroides and Odoribacter [25] and studies using 693A mice, found 2% butyrate in water improved life
span. The microbial fermentation by-products are short chain fatty acids (SCFAs), particularly acetate,
propionate, and butyrate [26]. As part of a symbiosis, prebiotics act synergistically to modify colonic
and intestinal microbiota, to benefit human health [27]. Moreover, an author of the present review
found protective aspects of butyrate from potato starch prebiotics with Faecalibacterium prausnitzii on
Clostridium difficile infection and attenuation of subsequent damage [28,29].

2. ALS and Intractable Neurologic Diseases

The intractable diseases, particularly the neurodegenerative ones, pose particular obstacles to
success and we have not done well with them as the overall mortality rate for neurological diseases
between 1990 and 2015 has actually increased by 37% [30]. One particularly intractable neurologic
disease is amyotrophic lateral sclerosis. ALS is more commonly referred to as Lou Gehrig’s disease,
who had the disease and why its apostrophized, which is an extremely fatal neurodegenerative
disease, a motor neuron disease that causes cell death leading to loss of voluntary and involuntary
muscle action.

ALS is rapid, it progressively affects upper and lower motor neurons, results in neuronal loss,
degeneration and damage, which leads to breakdown of nerve cells in the brain, spinal cord and
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in motor neurons. This progressive disorder belongs to a sub-group of neurological pathologies
called motor neuron diseases that eventually renders patients progressively debilitated or worse.
The associated cell death leads to loss of voluntary and involuntary muscle action. The shared
symptoms include muscle weakness, cramping, problems with coordination, stiff muscles, muscle
spasms and muscle twitching. The gradual deterioration of neurons in the central nervous system leads
to the loss of muscle function and paralysis of both voluntary and involuntary muscles [31]. Gradually,
patients have difficulty speaking, swallowing and eventually breathing [32]. ALS belongs to a wider
group of disorders known as motor neuron diseases, which are caused by gradual deterioration,
degeneration and death of motor neurons only as opposed to all nerve cells in the brain and spinal
cord as mentioned by the authors [31,32]. Motor neurons are nerve cells that extend from the brain to
the spinal cord and to muscles throughout the body. These motor neurons initiate and provide vital
communication links between the brain and the voluntary muscles.

Most cases are diagnosed based on symptoms, physical signs, progression, electromyography and
tests to exclude the overlapping conditions [33]. Prominent symptoms of ALS revolve around muscle
cramping and weakness. Current medical protocol utilizes the ALS Functional Rating Scale-Revised
(ALSFRS-R) to assess twelve tasks, such as speech, salivation, swallowing and writing to elucidate
the severity of the ALS symptoms. ALS tends to affect individuals aged forty to seventy and has
two known forms, one is Sporadic ALS (SALS), the most common form and the other is Familial
ALS (FALS), which has a genetic component. FALS only represents 5–10% of ALS cases. The median
survival is around two to five years and variation does occur but 5–10% of patients do survive
beyond 10 years [34–36]. Approximately twenty percent of individuals with ALS will also develop
Frontal Temporal Dementia. Since most patients are of the sporadic form, ALS patients do not have a
clear genetic predisposition to develop the disease and thus genetics likely play a limited role [34].
Therefore, exploring the microbiota–gut–brain neuroendocrine axis is important for understanding the
pathogenesis of the disease. ALS patients, who carry mutations or gene variants can exhibit subtly
distinct clinical features. At the time of publishing, over twenty-five genes, putative or causative, have
been identified in hereditary or familial ALS [37], sporadic ALS or both [38].

To date we can summarize genetic findings generally where Familial ALS cases show high
heritability and the identification of several genetic associations have been made, in particular they are
most frequently mutations or polymorphisms in Super Oxide Dismutase-1 (SOD-1), RNA-binding
protein Sarcoma/Translocated in Liposarcoma or FUS/TLS, Trans-activation response (TAR) DNA
Binding Protein and chromosome nine open reading frame (C9ORF72) [39,40]. However, these
findings translate to only a small fraction of Sporadic ALS, where the etiology of most cases remain
unexplained. Here, we review past and current methods used for the identification of FALS and SALS
associated genes and propose a risk-based classification for these [41]. These authors outline the major
ALS-related genes and genotype–phenotype correlations of ALS. It is important to dissect the genetic
factors associated with amyotrophic lateral sclerosis.

Approximately 10% of ALS cases are related to genetics. The first suspected gene associated
with ALS was reported to be SOD-1, and since then approximately twenty-five additional genes
have been explored in connection to ALS pathogenesis. These genes fall into three groups: (1) those
genes altering proteostasis, (2) those genes affecting RNA stability and (3) those that disrupt normal
cytoskeleton function. Among proteostasis genes are SOD-1, SQSTM1, VAPB, VCP, UNC13A, DAO,
OPTN, UBQLN2, CHCHD10, MATR3, TBK1, SCFD1, NEK1 and C21ORF2. The genes that affect RNA
properties include, ANG, TARDBP, FUS, ATXN2, C9ORF72, TAF15, and HNRNPA1. Finally, the genes
that affect cytoskeleton properties include, DCTN1, PFN1, TUBA4A, and MOBP [28]. Among those
reported, SOD-1 and C9ORF72 have demonstrated to be most consistently present in genetic ALS cases.
SOD-1 mutations are evident in approximately 22% of ALS cases, with 20% being genetically linked.
Likewise, C9ORF72 appears in roughly 35% of cases, with 25% showing genetic links association with
intronic expansions. Trinucleotide expansions of the CAG sequence in the ATXN2 gene sequence has
shown significant susceptibility to ALS pathogenesis. Mutations in ATXN2 tend to show early motor
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atrophy. Some additional genes of interest include TARDBP, FUS, HNRNPA1, SQSTM1, VCP, OPTN,
PFN1, however associations with ALS are not as well defined. The majority of other genetic links are
evident in between 1% and 5% of cases [42].

3. Antibiotics, Symbiotics and Chemotherapeutics for ALS and Neurodegeneration

Current medications prescribed for ALS include Riluzole and Edaravone [43,44]. While there is
no cure for ALS and neurodegenerative diseases, there are some treatments and many studies suggest
a strong connection exists between microbiota dysbiosis and neurodegeneration [45]. It is at this
node where we turn our attention and focus on the microbiota, not as hype but as transformative,
with capabilities to infer that antibiotics and probiotics may have efficacy in treating neurodegenerative
diseases, especially where the microbiota–gut–brain axis is involved [23]. However, emerging antibiotic
resistance and the overuse of antibiotics in clinical practice and with raising livestock, pose particular
problems to our health and the health of our microbiota. Antibiotic stewardship aims to curb some
antibiotic misuse, but what is not known is how co-metabolism with the host and the optimal good
microbial milieu, or “eubiota”, could be enhanced by antibiotics or natural compounds from food.

While not an ode to antibiotics, we highlight their novel use in the recent past for treating
neurodegenerative conditions. In particular, the beta-lactam, cephalosporin antibiotics, such as
Ceftriaxone (CFT) and others, have shown efficacy in treating and alleviating neurologic-based
disease symptoms and the experimentally-induced neurological disorders Parkinson disease,
Alzheimer disease, ALS, traumatic brain injury (TBI), epilepsy, brain ischemia and neuropathy [2,46,47].
CFT has been reported to have neuroprotective and anti-inflammatory effects.

Few drugs have shown effectivity in treating ALS or its symptoms and progression (for a current
list see [42]). Chemobiotic therapy or antibiotics and probiotics are increasingly gaining interest in
the scientific community. This interest is due to multiple mechanisms of action for antibiotics aimed
at relieving symptoms and modifying the natural history and course of various neurodegenerative
diseases. Over the past decade, evidence to support use of antibiotics or probiotics and symbiotics to
treat neurodegenerative diseases has grown to include clinical trials and limited use in complementary
alternative practice or clinical use of probiotics and fecal transplantation material (FTM) to deal with
neurodegenerative and other related diseases.

Fecal transplantation has been documented to help restore gut integrity for many conditions
including natural immune response, gut-immune normalization and reconditioning. For example,
the Fecal Microbiota Transplantation Effect on Amyotrophic Lateral Sclerosis Patients (FETR-ALS)
study protocol is a randomized clinical trial using fecal FTM in ALS [48]. This group has shown recently
an association between ALS and the immune system, particularly the glia, microglia and regulatory T
(T-reg) lymphocytes, which are of particular interest in ALS and other neurodegenerative disorders [11].
The microbiota-gut directly influence T-regs by affecting cell numbers and downstream immune
responses involving these immune cells. Previous studies by this group and others demonstrate a
correlation between gut dysbiosis and early pre-onset ALS. However, the extent to which these immune
cells are active in the progression of ALS is still not well-characterized. Nevertheless, this correlation
indicates a potential link between gut microbiota and ALS pathogenesis. This study is first to propose
the use of fecal microbial transplantation as a means of therapeutic relief and for the restoration of
the gut microbiota in ALS. It is plausible that through the use of FTM, an increase in T-reg cell counts
could be observed, as well as improved response in ALS patients. Likewise, some suggest that broad
spectrum antibiotics may cause or contribute to neurodegenerative diseases by disrupting normal
microbial homeostasis.

Recent studies suggest that, through gut dysbiosis, antibiotics may be influencing multiple sclerosis
and ALS pathogenesis. In that regard, a Swedish study on antibiotic use explored the subsequent
risk of developing ALS after broad spectrum antibiotics were prescribed [49]. Bacterial analysis
and drug register rankings were applied to antibiotics administered years prior to diagnosis of ALS
and resulting ALS conditions. This study suggests a connection between microbiota dysbiosis and
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neurodegenerative diseases and with ALS and antibiotic use. Antibiotics have been known to affect up
to 30% of regular microbiota abundance. In the Swedish case studies, ALS patients (n = 2484) were
examined in order to investigate the correlation between antibiotic use in years prior to diagnosis,
and resulting ALS conditions. Using the Swedish Prescribed Drug Register, and bacterial analysis,
rankings were able to be applied to the antibiotics administered to each individual in the case study in
relation to how they affect the microbiota. Results showed that ALS patients were more likely to receive
antibiotics prior to their index dates as compared to control Swedish populations [49]. When excluding
antibiotics prescribed within a one-year margin of ALS diagnosis, it was observed that any antibiotic
use was associated with increased risk of ALS. Among all associations, it was noted that beta-lactamase
sensitive penicillin held a very significant association as compared to other drugs [49].

4. History of Antibiotic Use for ALS

What brought us to use antibiotics in the first place may hold the key to future treatments.
Clinically, CFT, tetracycline and other beta-lactam drugs have been used to treat ALS. While we are not
postulating an old story, the first identified use for CFT for the treatment of ALS was in 1988, when a
study was undertaken to explore a relationship between ALS and Lyme disease. Lyme, also known
as Borrelia burgdorferi infection, was correlated with ALS when anti-Borrelia antibodies were found in
ALS patients [49]. Thus, a course of Ceftriaxone was tried because the drug had recently been found
to be active against Borrelia [50]. In that study, serum samples from ALS patients were positive for
anti-Borrelia antibodies by anti-Borrelia immunofluorescent antibody titers [50]. Halperin and associates
confirmed that anti-Borrelia antibodies were not infrequently found in ALS cases that they examined
and began to treat with CFT a subset of nine patients at various stages of ALS disease progression who
had anti-Borrelia antibodies [50]. They found that three patients appeared to improve, three had disease
progression and three were apparently unaffected. This initial finding can suggest many possibilities,
and some suggest that the time course of the disease has a strong bearing on pathogenesis and on
intervention outcomes.

CFT has been reported to have neuroprotective and anti-inflammatory effects. Pre-treatment of
CFT attenuates proinflammatory cytokines, such as Nuclear Factor-κB, interferon-γ, and/or tumor
necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) in various neurological models of PD [36]
neuropathy [37], TBI [38] and cerebral ischemia [51]. Beta lactams are an older class of antibiotics and
this is not to suggest that repurposing old drugs for neurodegenerative disease is an efficient and
useful approach for reducing the costs of drug development, rather, it demonstrates that we need to
encourage investment in basic science and basic discovery and apply those efforts to the most difficult
problems facing modern medicine today.

It is important to note that spirochetes, like syphilis, are known as “the great pretenders” as
their symptomatology can mimic other diseases. We mentioned cognitive impairment and confusion
with Lyme neuroborreliosis, however, spirochetes are not the only microorganisms that hold this title
and Lyme consists of other offenders including Babesia, Bartonella, Richettsia, Mycoplasma, Treponema,
Leptospira, Coxiella, Ehrlichia chaffeensis, Francisella tularensis, nematodes, parasites and a host of upwards
of 23 pathogens and human viruses, such as human herpes virus 6, which are among the many
pathogens that can comprise so-called “Lyme disease” [52]. Lyme disease can affect human nervous
tissue as illustrated by the effect on the cardiac neurologic network in patients who develop heart block
from Lyme disease [53]. While the association of ALS with Lyme disease is not established, it cannot
be ruled out as a causative or contributing factor either [54,55]. However, neurodegenerative diseases
are typically multifactorial in their pathobiology. Not all bacterial are either harmful or innocuous
and there could be a subset of anaerobes, which we have yet to identify, that specifically contribute to
neurologic disease or mimic symptoms of other diseases. Moreover, ALS patients show reduced levels
of Oscillibacter, Anaerostipes, Lachnospiraceae and overgrowth of Dorea. While extensive dysbiosis is a
hallmark of other neurodegenerative diseases like AD, and PD, overgrown populations nonetheless



Microorganisms 2020, 8, 784 8 of 28

may contribute significantly to pathogenicity across the gut–brain axis in ALS, causing intestinal
inflammation and producing increased gut permeability [56,57].

5. Mechanisms of Action for Antibiotics

There are multiple mechanisms for CFT’s neuro-protective action of various neurodegenerative
diseases and the common suggestions, including upregulation of Glutamate transporter 1 (GLT-1)
expression, attenuation of oxidative stress or neuro-inflammatory process and others already elucidated.
CFT obviously has diverse mechanisms of action and has relieved symptoms and the natural course of
numerous neurodegenerative diseases. Other than the upregulation of GLT-1 expression, the attenuation
of neuroinflammation and of oxidative stress, as well as providing neuroprotection for various
neurodegenerative diseases we find it useful in animal models of AD, PD and ALS [56–58]. It was
found to stabilize synaptic proteins and downregulated the microtubule associated protein tau,
prevented cognitive decline and ameliorated pathology and offered neuroprotection in various models
of ALS and in clinical trials [59].

So, beta-lactam antibiotics and probiotics could represent not only the effect of antibiotics,
but also the helpful nature of commensal anaerobes, which are not necessarily mutually exclusive.
Thus, it is imperative that we investigate how specific strains of microbes affect the metabolome
composition and homeostasis in neurology disease and identify which species are contributing to ALS
and neurodegeneration. Consequently, we can conclude that antibiotic use can create problems for the
gut microbiota and correlations with neurological disease and research has demonstrated impaired gut
integrity or reduced gut homeostasis plays an active role in ALS and other neurodegenerative diseases.

Rodent models showed that CFT significantly attenuated the inflammatory production of TNF-α
and IL-1 β, which mitigated the increased levels of Bcl-2-associated X protein or BAX and forms of
caspases, namely, 3 and 9, while amplifying the expression of B-cell leukemia/lymphoma 2 protein,
called Bcl2, at the level of apoptosis. Moreover, there could also be a subset of anaerobes, responsive
to CFT antibiotics that could contribute to these same symptoms. Generally, it appears that the
shared mechanism of actions of CFT in the range of various neurologic disorders is through the
upregulation of GLT-1 expression and the reduction of proinflammatory mediators and oxidative
stress. However, this requires further investigation in order to verify the suggested and possible other
newer neuroprotective mechanisms of CFT for each neurological ailment.

6. Mechanisms in ALS Pathogenesis

Many common mechanisms are suspected to underlie the etiology of ALS pathogenesis and most
neurodegenerative diseases as well. Vulnerable neurons particular to each neurodegeneration process
and disease are the key targets. In ALS it is the motor neurons that are vulnerable but in AD it is the
pyramidal neurons of the hippocampus and in PD it is the neurons of the substantia nigra. Regardless
of the neuronal type or sub-type, each cell and region of the brain or ganglia possess vulnerable
neurons, which are the affected cells in each particular disease. Nevertheless, several common assaults
are considered to underlie disease pathogenesis. In particular, oxidative stress, neuroinflammation,
proteinopathies, excitatory over stimulation, impaired metabolism or bioenergetics, mitochondrial
dysfunction, excitotoxic or pathogen exposure and aggregations or inclusions are the most common
mechanisms discussed in the literature see Figure 1 [58,60].
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Figure 1. Mechanisms of pathogenesis in amyotrophic lateral sclerosis and neurodegeneration 
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involving key cells, bacteria and systems including genetic, mitochondrial, environmental and epistatic
interactions with the gut microbiota and direct bacterial infection mechanisms.

These mechanisms are extremely interrelated and are complex with vicious spheres of influence
and propagation, which finally lead to cell dysfunction and death. Efforts to curb these stressors and
propagators of disease are the subject of many trials and approaches to alleviate symptoms or outright
cure these diseases. Unfortunately, time is not on the patient’s side or the time-course of the disease,
where the extent of any irreversible damage or virulence factors and paucity of any defense mechanisms
are important considerations when discussing any neurodegenerative disease. By focusing on ALS,
we also consider commonalities within related brain diseases and this tells us much about disease
mechanisms, but this falls short of capturing or elucidating an effective cure. However, when we
consider the status of the microbiota-gut in these diseases, we add a layer of biochemistry or protection
to help prevent these devastating diseases. For that reason, we suggest we may eventually see progress
with a potential cure in sight.

7. Oxidative Stress, Excitotoxicity and Inflammation in ALS

One of the older mechanisms underlying the etiology of all neurodegenerative diseases is oxidative
stress. Oxidative stress-induced motor neuron death is such a component in ALS pathogenesis. In cases
of SOD-1 related familial ALS, antioxidant protein metabolism is already compromised and further
oxidative stress can lead to neuronal death through this mechanism. In this regard, it is largely a paucity
of endogenous redox defenses either from mutations or with advancing age or because of various
disease sequalae, that promotes oxidative stress or prevents its adequate quenching, which underlies
this particular stressor. Whether these assaults arise from endogenous or exogenous sources, several
antioxidants and free-radical scavengers are proposed to deal with or eliminate the stress. Mechanisms
that promote the stress, such as metal-catalyzed oxidation or ionizing radiation, for example, suggest
that antioxidants or scavenging approaches will prevent or cure the disease. Although familial ALS
does show some trends, most forms of ALS do not have clear mechanisms for disease pathogenesis.
However, around 20% of patients do have mutations in the endogenous copper/zinc SOD-1 antioxidant
enzyme and patients with FALS tend to develop motor neuron disease that focuses on the lumbar and
cervical region of the central nervous system [39]. It is then of great interest to be able to specifically
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modulate bacterial populations to minimize overgrown and endotoxic and excitotoxic strains or to
protect and propagate probiotics that are protective and synthesize key metabolites that would provide
colonization resistance to those that contribute to neurodegeneration.

Mutant SOD-1 protein does generate oxygen and nitrogen-free radicals as byproducts of aerobic
metabolism and altering peroxidase activity, among other mechanisms [31]. An early study that
explored oxidative stress in animal models used transgenic mice for SOD-1 and mouse models lacking
SOD-1 did show significant ALS symptoms, but also caused cellular death. Later studies using
transgenic mice with mutant G93A-superoxide dismutase-1, which are one of the most commonly used
animal ALS models, as is mutant G37R-superoxide dismutase-1 transgenic mice, which show ALS
symptoms in significantly greater degrees. We use these models to show the effectiveness of potential
therapies. For example, selective metabotropic glutamate 3, or mGlu3, receptor agonist LY379268
enhanced Glial Cell line-derived Neurotrophic Factor (GDNF) and glutamate transporter GLT-1 had a
beneficial effect on neurological disability in G93A SOD-I transgenic mice (SOD-1-Tg) mice but had no
significant effect on lifespan [61]. Generation of oxygen radicals by altering peroxidase activity and
generating lipid peroxidation was shown in a transgenic mouse model study with a mutant form of
SOD-1. This group examined the extent to which peroxidase activity damaged spinal cord tissues
of transgenic mice compared to controls and showed that spinal cord lipid peroxidation correlates
with familial ALS transgenic mice models [31,61]. In cases of SOD-1 related familial ALS, antioxidant
protein metabolism is already compromised and further oxidative stress can lead to neuron death.
However, studies using transgenic mice for SOD-1 and mouse models lacking SOD-1 reportedly
showed significant ALS symptoms, but they caused cellular death [62]. It is known since 1996 that
SOD-1 knockout mice develop normally and show few if any sign of neurodegeneration. However,
genetic markers suggest we should look at SOD-1 and the other genes correlated with ALS to develop
alternative models and explore concomitant microbial involvement in these model, especially during
the early pathogenesis of the disease.

It is well-known that abnormally increased levels of glutamate can induce neuronal damage
and excitotoxicity that contributes to the pathogenesis of several neurological disorders including
Parkinson disease, AD and ALS. As part of a toxicity model of motor neuron disease, impairments with
glutamate-transport play a key role and may also operate in ALS pathophysiology. The pre-synaptic
glutamate transporter, GLT-1, clears most of the glutamate released in the cortex and hippocampus [63]
and enhancing its expression improve neurological outcomes [64]. Moreover, blocking certain Glu
receptors or overexpressing specific glutamate transporters involved in terminating glutamatergic
transmission are shown to improve various experimental models of neurological disease and may
have an antidepressant effect.

The microbiota-gut and antibiotics can have antioxidant effects either from metabolism or through
drug interaction. For example, tetracycline derivatives and ceftriaxone protect neurons from oxidative
stress and ionizing radiation or act as free radical scavengers [65]. Both beta-lactam antibiotics and
Bromocriptine, a dopamine agonist used to treat Parkinson disease, can inhibit oxidative stress-induced
cell death and can sustain motor neuron function and modestly prolongs neuronal survival in ALS
SOD-1-Tg mice even after disease onset. Although CFT, has different putative mechanisms of action or
when co-administered with bromocriptine for ALS treatment. Interestingly, both drugs have similar
lactam ring structure, which might serve as a functional, inhibitory or active site for ALS therapy [66].

The correlation between ALS and environmental influences have shown that SOD-1-Tg mice
tend to show vivarium-dependent dysbiosis at prodromal stages and abnormal metabolite patterns,
when subject to broad spectrum antibiotic treatment [67]. Results from this study show a direct
correlation between vivarium with mouse severity, exposed to antibiotic-treated SOD-1-Tg mice
and certain bacterial species, particularly Akkermansia muciniphila, which alleviates ALS symptoms;
Ruminococcus torques and Parabacteroides distasonis, which escalates ALS symptoms [67]. The mice that
were subject to Akkermansia muciniphila species additionally showed accumulation of nicotinamide
in the CNS. Nicotinamide has been under recent investigation for a correlation to improved ALS
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symptoms and thus better motor function. In the study, SOD-1-Tg mice were shown to have better
ALS motor symptoms. This data was used to identify particular microbiomes and metabolites present
during these experimental conditions, in order to create a proposal for future human investigation.

8. Mitochondrial Involvement in Oxidative Stress-Induced Neurodegeneration

Mitochondria are key propagators of oxidative stress in many diseases including AD and
ALS [20,68,69]. Faulty mitochondria mark other neurodegenerative disorders as well, including
amyotrophic lateral sclerosis [69,70]. If we remember the endosymbiont theory, first purported by Lynn
Margulis in 1967 [71], the mitochondria are bacterial in origin and their proteins, lipids, and circular
DNA are protected by two membranes within the cell from the innate immune system. Further, when
damaged they may release bacterial-like macromolecules from this immune privileged space to be
immunoreactive and promote inflammation.

Mitochondrial fragments and damaged mitochondria [70], jettisoned by stressed cells and neurons
and inflamed astrocytes, in turn, expelled their own mitochondrial fragments [72]. These authors
demonstrated that this process is deleterious, and that inhibiting mitochondrial fission prevented
gliosis and protected neurons in the Five Alzheimer disease-linked mutations (5xFAD) and an
amyloid precursor protein and presenilin-1 transgenic mouse model when P110 treatment was added.
This lowered reactive oxygen species, reduced mitochondrial fission and improved ATP production. At
the same time P110 treatment reduced proinflammatory cytokine production by one half. This included
a reduction in TNF-α and IL-1β. More importantly, microglia that expressed superoxide dismutase
with a FALS mutation was improved as was cells treated with the oligomeric Aβ42 form of amyloid [72].
Further, primary astrocyte culture media from rodent cells, demonstrated that astrocytes exported
TNF-α and IL-1β and microglia carrying glutamine repeat Q73 or SOD-1 mutations, which can suppress
cellular respiration and shorten primary neuron life in culture. If the conditioned media from the
astrocyte culture was added to unaffected mitochondria, they became dysfunctional and fragmented.
This deterioration was reversed with P110 addition or addition of intact mitochondria, which suggests
that mitochondria fission plays a role in this deleterious process and fragmentation of mitochondria
causes microglia and astrocytes to release factors that can somehow damage mitochondria in other
cells, likely through cytokine stress.

Regardless, there is strong suggestion that leaky gut and LPS or other bacterial component
translocation are involved in these inflammatory processes and that increased permeability of the
immune privileged barriers plays a role in brain disease and in neurodegeneration [13]. This is evidenced
by models of microglia carrying ALS mutations and when models treated with lipopolysaccharide
are used to demonstrate shedding of jettisoned damaged cellular components into the media,
which suggests that damaged extracellular components were a key source for toxicity [72] and
bacterial components may trigger the same inflammatory processes. This is an interesting finding,
which further suggests that when damaged mitochondrial debris, LPS or bacterial components are
removed from wherever they are found, they could help treat ALS and other neurodegenerative
diseases, such as Alzheimer disease by suppressing neuroinflammation among other mechanisms.
Further, postmortem brains of ALS white matter lesions suggest it may be attributable to celiac
disease [73].

Tanaka and colleagues showed that in late stages of ALS using the late-stage ALS mice, (WN1316)
2-[mesityl (methyl) amino]-N-[4-(pyridin-2-yl)-1H-imidazol-2-yl] acetamide trihydrochloride was
observed in conjunction with water solubility and high blood-brain-barrier permeability in selectively
suppressing neuronal inflammation and oxidative stress-induced cell death via inflammation [74].
Interestingly, WN1316 increased neuronal apoptosis inhibitory protein and NF-E2-related factor 2,
which affected anti-oxidation pathways related to glutathione and protected motor neurons against
oxidative stress-induced injury. This data suggests that intravenous glutathione could also help ALS
patients and may be dependent on disease status and progression since CFT, when added as an ALS
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regimen, passes into the CNS of patients with noninflamed meningeal tissue [72]. This suggests that
early interventions in ALS may be dependent on the cytokine stress load of ALS patients.

More arguments for oxidative stress and mitochondrial protectants [75,76] in ALS comes from
the exploration of mitochondrial superoxide dismutase (mSOD)-induced defective mitochondria,
which is associated with the pathogenesis of ALS and other neurodegenerative diseases as evidenced
by mitochondrial swelling, giant mitochondria, vacuolization and fragmentation, which are prodromal
stages in ALS [75,76] and other neurodegenerative diseases [21].

9. Pesticides and Toxic Excitatory and CNS Damaging Compounds

Excitotoxins include glutamate and glutamate analogs, which mimic the action of glutamate at
glutamate receptors as well as α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and
N-methyl-D-aspartate (NMDA) receptors. Excitotoxicity can occur from endogenous excitotoxins of
which glutamate is a prime example or come from exogenous neurotoxins. As the major excitatory
neurotransmitter in the brain and CNS, glutamate concentration can rise sharply in the synaptic cleft to
levels approaching 1 millimolar [77,78], which then should sharply fall. If levels cannot be decreased
or increases further the neuron can undergo death by apoptotic means [78,79]. This can also occur
after brain and spinal cord injury. Eventually, cellular Ca2+ influx activates enzymes, phospholipases,
endonucleases and calpain, which damage cellular structures.

Neonicotinoids and fipronil for example are widely used insecticides in over one third of
the world that act systemically on plants to target organisms with nervous systems. Importantly,
fipronil may negatively affect soil microorganism degradation of this pesticide as well and very
little is known about the effect these pesticides have on non-target organisms or the ecosystem [80].
Neonicotinoids mimic the action of neurotransmitters, in doing so, they continuously stimulate neurons
leading ultimately to death of target invertebrates, while fipronil inhibits neuronal receptors [79,81].
Most insecticides, have lethal and substantial impact on non-target organisms, including those that
predate insects and vertebrates. This raises the specter of potential risk to human health and neurologic
diseases. Neonicotinoids show agonist activity that generates continuous membrane depolarization,
causing major nervous system malfunction. Neonicotinoids have been shown to induce nicotinic
acetylcholine receptors (nAChRs), thus synaptic acetylcholine activity is disrupted [79]. Thiamethoxam
is a second-generation neonicotinoid, and imidacloprid, which exhibits reduced nAChR activity
as an agonist. As compared to fipronil, which causes GABA accumulation via antagonist activity,
neonicotinoids exhibit agonist activity. Neonicotinoids also show decreased affinity towards vertebrate
receptors, allowing higher selectivity between insects and humans [66]. These studies strongly suggest
that imidacloprid, the archetypal Neonicotinoid, is an antagonist at muscle cell neuronal acetylcholine
receptors [80,82].

Even though it is a very common neurotransmitter, neuronal hyperexcitation can occur from
over-accumulation of the neurotransmitter GABA at the synaptic junction. The sensitivity and
selectivity depend on the subunit composition of the human GABAA receptors and contrary to
acetylcholine, acetylcholinesterase does not act on nicotine nor imidacloprid, and possibly on the other
neonicotinoids, leading to their prolonged action on the nAChRs in insect studies [81,83]. In regards
to GABA neurotransmitter production, it is known that these can come from bacterial metabolism
and select fruits, functional foods and anthocyanins in particular [83]. These authors show that black
carrots fermented with Lactobacillus plantarum or Aspergillus oryzae prevented cognitive dysfunction by
improving hippocampal insulin signaling and we can add that similar approaches were helpful in ALS
as well [67]. Li and colleagues identified a high GABA producing species of Lactobacillus brevis [84],
which can convert sodium glutamate to γ-aminobutyric acid, this could help reduce the glutamate
load from dietary sources in the gut. Neuronal hyperexcitation can occur from over-accumulation
of the neurotransmitter GABA at the synaptic junction [85]. Here a reference must be provided
supporting this affirmation as it seems to contradict fundamental neuroscience principles. Generally,
mature GABAergic synapses are inhibitory, as they act to hyperpolarize the postsynaptic neuron,
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while glutamatergic synapses are excitatory and depolarize, i.e., a nerve firing, at the postsynaptic
neuron, while glutamatergic synapses are excitatory and depolarize [85].

In the postsynaptic neuron. glutamate and GABA are the major neurotransmitters in the
mammalian brain. Inhibitory GABA and excitatory glutamate together control many processes,
including the overall level of brain excitation. Glutamate can function as either an excitatory or
inhibitory neurotransmitter. Glutamate is synthesized in the Endoplasmic Reticulum and transported
via the Golgi to then emerge in the synaptic cleft surrounded by a vesicular membrane. Once freed
from said membrane via exocytosis, glutamate interacts with postsynaptic glutamate receptors to
initiate the response cascade. Of subsequent secondary actions, ionotropic receptors may have some
correlation to ALS pathogenesis due to the inherent link between these receptors and Calcium ion
concentrations. Excess Ca2+ has been associated with neuronal death [85].

10. Alternative Drugs, Compounds and Antibiotics May Help ALS

Excitotoxins that affect NMDA and AMPA receptors and kainic acid, as well as pathologically
high levels of glutamate, can cause excitotoxicity by allowing high levels of divalent calcium cations to
enter the cell [84,85]. Minocycline hydrochloride (MH), a semi-synthetic tetracycline derivative and
anti-inflammatory drug, exhibits potent neuroprotective activity and inhibits glutamate excitotoxicity
in neurons through several proposed mechanisms of action, including direct and indirect inhibitory
effects [74]. Minocycline targets multiple secondary injury mechanisms and can potentially target
include inflammation, free radicals and oxidative stress, glutamate excitotoxicity, calcium influx,
mitochondrial dysfunction, ischemia, hemorrhage, and edema [84]. Shultz and colleagues described
the actions of MH, which are anti-inflammatory and neuroprotective through conserved mechanisms
that include modulation of phosphoinositide 3-kinase signaling pathways, p38 mitogen-activated
protein kinase and by matrix metalloproteinase inhibition. Further, MH can directly inhibit the calcium
influx that occurs through NMDA receptors, inhibit mitochondrial calcium uptake, as well as poly
(ADP-ribose) polymerase-1 enzymatic activity and toxicity from redox active iron [74]. It can also
directly scavenge free radicals, which could be metal catalyzed. Since there are several fronts for MN
to affect secondary injury during neurodegenerative mechanisms, MH treatment holds special promise
for more than inflammation.

Drugs such as minocycline and ceftriaxone have been tested for therapeutic effects, but the results
have been inconclusive, at least under the trial conditions explored. The only approved drugs for
the treatment of ALS are currently Riluzole and Edaravone, which only enhance life expectancy by
months [43,44,77]. However, alternative mechanisms for drugs, such as Riluzole, Talampanel and
Edaravone their effective for the modification of the microbiota [2]. For example, Riluzole protects
motor neurons against excitotoxicity-induced degeneration by disrupting glutamatergic transmission
and decreasing its concentration and at the same time provides a modest survival benefit in patients [40].
Riluzole and its prodrugs introduced to be more stable in vivo, may improve its use and outcomes.
Talampanel, a non-competitive antagonist of α-amino-3-hydroxy- 5-methylisoxazole-4 propionic
acid receptors to glutamate-induced excitotoxicity in neurodegenerative diseases and withaferin A,
an inhibitor of nuclear factor-kappa B activity, may have beneficial effects on SOD-1 mouse models
when administrated at the early stage of the disease [43,86,87]. For example, in a phase two study, ALS
functional rating scale, motor deficits were decreased in Talampanel-treated ALS patients [87] and
early treatment with withaferin A reduced levels of misfolded superoxide dismutase 1 and extended
lifespan in a mouse model of ALS [86].

Bacterial-derived molecules is another interesting approach to neurodegenerative diseases.
In that regard, molecular hydrogen specie are of increasing interest since oxidative stress and
neuroinflammation cause many neurological disorders. It thus follows that antioxidants and forms of
molecular hydrogen (H2) could be used for neurological disorders, including cerebrovascular diseases
and neurodegenerative diseases [88]. Hydrogen sulfide (H2S) and molecular hydrogen may be helpful
in alleviating neurologic conditions and could offer an explanation for why bacterial-derived hydrogen
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could be helpful as a treatment for oxidative stress [88]. Forms of hydrogen are also markers of bacterial
metabolism in some cases. Hydrogen in many forms may offer relief or prevention as it functions as
both antioxidant and anti-inflammatory agent [88] and has demonstrated efficacy in neurologic diseases,
suggesting the clinical potential of H2 administration [88]. In animal models and human clinical
studies routes for hydrogen administration include drinking H2 dissolved in water, injection of H2

dissolved in normal saline or inhalation of H2 gas. These treatment modalities have offered prevention
and mitigation of neurologic diseases [88]. What is not known is the exact mechanism of action for
H2, but it may be acting through a signaling mechanism. Therefore, further investigation is required
to determine the exact molecular targets for H2 and its precise mechanisms of action. Nevertheless,
hydrogen-rich saline, for example, significantly suppressed reactive oxygen and nitrogen species
(ROS, RNS) production, microglial and glial activation and inhibited the release of mitochondrial
apoptogenic factors [89]. Subsequently, hydrogen was shown to suppress 3-nitrotyrosine and activation
of caspase-3, as well as decrease protein carbonyl levels and the formation of damaging peroxynitrite
and malondialdehyde [90].

Finally, vitamin D use in rodent cortical neurons protected against glutamate excitotoxicity
and kainic acid [89,91] and high-dosing improved motor performance and grip endurance in G93A
mice [89,92]. Clinically, vitamin D3 reduced the decline in ALSFRS-R score [92]. Can we recommend
high dose vitamin D? Not necessarily, but we should examine the role and prevalence of ALS in
countries above the 43rd parallel in the northern hemisphere and opposing sites in the southern
hemisphere for a link to sunlight exposure or lack thereof.

11. Excitotoxic Agents, Timing and Alternative Mechanisms for Antibiotics

Alternatives to beta lactam mechanisms of action exist for ALS. Many neurological pathologies are
being tightly linked to metabolic pathways that lead to excitotoxicity. Excitotoxicity to nerve and brain
cells can be damaged or killed by excessive overstimulation. Excitotoxicity can be defined as the state
in which neurons exhibit extreme activation of amino acid receptors such as aspartate or glutamate,
neurotransmitters, which are produced in the endoplasmic reticulum transported via the Golgi to
synaptic vesicles and then to gap junctions [85,93]. This excitotoxicity can come from neurotransmitters,
such as glutamate, aspartate and similar substances. Accumulation of glutamate and aspartate in the
extracellular fluid follows ischemic brain events, causing cell death. Select antagonists can halt the
neurotoxicity to receptors during the so-called glutamatergic storm.

Glutamate excitotoxicity is implicated as one factor contributing to a plethora of different disorders
such as trauma, seizures, and neurodegenerative diseases. When examining postsynaptic glutamate
receptors, it can be observed that the majority consist of ionotropic and metabotropic receptors,
which tend to be G-protein linked. When receptors for AMPA and NMDA are overactivated, neuronal
cellular damage can occur at relatively low levels of glutamate, reportedly in the 10 micromolar (µM)
range [29,76,91]. Perhaps this may occur even at sub-micromolar levels. Once activated, this leads
to the ultimate mechanism used to release Calcium for the sarcoplasmic reticulum which facilitates
membrane depolarization. Overstimulation via Calcium ions can cause associated neuronal death.
In healthy neurons, homeostatic calcium levels are kept at very low concentrations. If we compound
the damage from previous mechanisms with that from over-introduction of glutamate, aspartate or
excitotoxic pesticides, and their respective agonists, we now describe an extremely potent mechanism
for neurodegeneration.

Moreover, excitotoxicity through this process also leads to uncontrolled Ca2+ ion influx and the
pathophysiology described, which is another component to excitotoxicity not often discussed. Calcium
levels are maintained by antiporter transport of calcium ions to extracellular spaces and cell membranes.
However, in the excitotoxic cell, calcium concentrations in excess over activate enzymes, such as
endonucleases, proteases, kinases and phosphatases, which differ in their roles in cell homeostasis.
Once activated, these enzymes contribute to cell death or apoptosis in the affected cell due to mass
enzyme over activation. ALS does share features with other neurodegenerative diseases and all of
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them may have a bacterial component to their pathogenesis. Therefore, we cannot exclude a role for
the microbiota in this neurodegenerative disease as well.

ALS and other neurodegeneration also compromises the proteostasis, in the brain and elsewhere, in
a manner that parallels impaired metabolism and signal molecule synthesis in the gut through dysbiosis.
Because the majority of bodily genes are contained in the gut bacterial genomes, it is then important
to be able to modulate and engineer microbial metabolism in compromised and disease-state guts to
restore microbiome proteostasis either by enhancing expression of probiotic genes, or suppression of
endotoxic metabolites such as β-methylamino-L-alanine (BMAA) [82,94] or triglyceride metabolism
and lipoprotein lipase. Alzheimer animal model studies using the vervet Chlorocebus sabaeus with an
apoE4 homozygous background, developed hallmark AD pathology including neurofibrillary tangle
and Aβ plaque accumulation after orally administered β-methylamino-L-alanine [82,95]. Further,
in ALS and PD patients, β-methylamino-L-alanine has been detected in post-mortem brain tissue.

Beyond excitotoxicity is the suggestion that a subset of microbes, perhaps a cyanobacteria
species [96,97], may influence ALS pathogenesis. There are reports on Leishmania major,
which up-regulate pro-inflammatory mediators and in macrophages, already infected with ALS,
suggest innate immunity against Leishmania infection is involved in ALS. In that regard, one suspect
amino acid derivative, BMAA, was first associated with Parkinsonism dementia and amyotrophic
lateral sclerosis as a complex syndrome and identified as a neurotoxic compound in the Chamorro
people of Guam [95,97–99]. The compound was identified as bacterial-derived and is attributed to
oxidative stress from nitrogen species [96]. We know from work with cerebrovascular diseases that
oxidative stress in the cardiovascular system, brain and CNS, including brain microvasculature and
parenchyma, results in an accumulation of damaging ROS and RNS [99,100]. These compounds
promote leukocyte and other immune cell adhesion and increase endothelial and other cellular
compartment permeability resulting in chronic injury stimulus and a cascade of downstream events.
One in particular is mitochondrial damage, which feeds forward oxidative stress. Other cascades
include imbalance in activity of vasoactive substances, such as different isoforms of nitric oxide
synthase, endothelin-1, various oxidative stress markers and mitochondrial DNA damage and changes
in mitochondrial enzymes in the vascular wall and in brain parenchymal cells [99,100].

Excitotoxicity was one process suspected in ALS pathogenesis, whereby nerve cells are disrupted
and poisoned by excessive stimulation from select neurotransmitters like glutamate and Aspartate.
Glutamate hyperexcitability and excitotoxicity may contribute to the pathophysiology of ALS and it is
believed that glutamate excitotoxicity-induced motor neuron death is involved in the pathogenesis of
ALS, which if reduced, glutamate level targeting is one therapeutic approach for ALS [45]. In support
of this notion are ALS animal model studies that show decreased excitatory amino acid transporter
2 (EAAT2) overexpression delays onset and prolongs survival, and that CFT increases EAAT2
activity in rodent brains. Conversely, if compromised, EAAT2 does not take up free glutamate from
the extracellular space and triggers cellular excitotoxicity, characterized by of glutamate receptor
overactivation in postsynaptic neurons.

Ceftriaxone, protects neurons against increase glutamate transporter gene expression, inhibits
apoptosis, glutamate neurotoxicity and extend survival time [95]. CFT phase one to three clinical
studies occurred in three stages for ALS and were undertaken with good results but time dependent
efficacy was noted [51]. Ceftriaxone affects the glia, which is one key component in ALS pathogenesis,
which increases the expression of EAAT2 proteins in glial cells. Further, EAAT2/GLT-1 overexpression
delayed onset and prolonged survival in ALS mice. Thus, targets that upregulate EAAT2 may be
neuroprotective in ALS [100–102]. Further, mouse models of Multiple Sclerosis show that reduced
activity of EAATs, when coupled with immune cell response to rapid glutamate level increases,
leads to degeneration of the CNS and to motor impairment that is signaled by activated T cells.
Activated T-lymphocytes do cross the cerebral vascular endothelium to impair blood-brain barrier
permeability, promote downstream inflammatory cell migration and affect brain and spinal cord
tissue [103]. In that regard, animal models of experimental autoimmune encephalomyelitis show
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striking clinical improvements in animal subjects, without influencing EAAT2 expression levels or
glutamate uptake. This study shows that glutamate transporters are not the chief receptor in the drug
mechanism of CFT, as previously suggested but they play a role in the proinflammatory response
which is crucial to MS pathogenesis through modulation of myelin-antigen receptors crucial to the
permeability of immune cells and retards the migration of T-Cells and other cells across membrane
barriers into the CNS.

Ceftriaxone clinical trials for ALS failed to show efficacy in alleviating neurological symptoms
in ALS patients. Which is why timing and staging of the disease is important with CFT dosing
and perhaps why the trials failed. During stages one and two, by the revised ALS functional rating
scale (ALSFRS-R) decline was slower in participants taking 4 grams of ceftriaxone versus a placebo.
Despite promising stage-2 efficacy data, the stage-3 CFT in ALS study failed to show clinical efficacy or
stage three survival. In phase two, the pharmacokinetics of CFT in plasma and cerebrospinal fluid were
planned and for clinical trials in ALS. Ceftriaxone does not significantly increase the survival time or
significantly decrease the rate of decline in function for subjects with ALS. Taken together, this suggests
that CFT is likely to only be beneficial at early stages of the disease progression and anecdotal evidence
from our private practice suggests the same is true [61]. We should be discouraged by trial outcomes,
but approach the problem from different angles and some should focus on the microbiota–gut–brain
axis and bacteria and host co-metabolism.

12. Microglial and Astrocyte Activation in ALS and other Neurodegenerative Diseases

Multiple factors contribute to the neuroinflammation consistent with infection, including
microglial, inflammasome, complement activation, cytokine alteration and cytokine stress [15,104].
These processes result in progressive motor neuron degeneration and eventually to neuronal death
in ALS. Alzheimer disease is no exception and patients exhibit inflammation and infectious agents
are found in the brain and somehow contribute to AD pathogenesis. Moreover, amyloid-beta has
been characterized as an antimicrobial peptide, which suggests possible infectious causes for AD and
other neurodegeneration [105–108]. However, causal evidence has not been clearly established. CSF
is considered a “window” into brain infection, and clinical AD patient CSF provides insight into the
neuropathogenesis of infectious agents [108].

Other immune cell and glia-based mechanisms include aberrant astrocyte function, which are
normally neuronal protective in stroke, spinal cord injury and other diseases, but may lead to PD
and other neurodegenerative diseases [10,109]. Astrocytes, in the presence of certain inflammatory
molecules produced by microglia, appear to become degenerate and aberrant immune cells, which are
called neurotoxic reactive astrocytes. Activated microglia, induce the change and increase in
abundance. Tissue samples from patients from brain injuries and major neurological disorders,
including, Alzheimer disease, Parkinson disease, multiple sclerosis and likely ALS are suspected to
have these changes. In fact, researchers have found that bacteria-derived LPS induced this conversion
of normal astrocytes into the inflammation promoting A1 type astrocytes. There is microglia activation
by LPS, which could induce A1 type astrocyte transformation through glial inflammatory molecules.
In rodent studies, molecules produced by microglia were identified and changed astrocyte function
and behavior when exposed to LPS, complement factor C1q, TNF-α and Interleukin-1 α (IL-1 α).
While each of these substances could partially induce A1 astrocytes, when combined, they promote the
complete A1 astrocyte transformation.

Astrocytes normally feed and protect neurons but formed A1 astrocytes actually kill them.
Vulnerable neurons and dopaminergic neurons involved in PD die as A1 astrocytes produce increasing
amounts toxic cytokines. In the presence of normal astrocytes, retina cells grow and thrive. However,
retina cells, whose survival in culture depends on astrocyte contact and support, die in the presence of
A1 astrocytes. In mice where the optic nerves were damaged, increased A1 astrocytes were found,
which could be inhibited using antibodies to TNF- α, IL-1- α, and C1q. Brain samples from AD, PD,
Huntington disease, ALS and multiple sclerosis patients also found high numbers of A1 astrocytes
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accumulated in the affected regions in each of the respective diseases. Currently, efforts are ongoing to
identify and characterize which molecules from A1 astrocytes cause the observed effect in neurons.

Examining associations between ALS and various cell types of the CNS with proteinopathies
and the 43kDa transcriptional repressor DNA-binding protein-43 (TDP-43), demonstrates how
microglia lead to the progression of ALS. This study examined microglial activity throughout the
neurodegeneration of human TDP-43 and it was noted that regardless of severe neurodegeneration
occurring in particularly the spinal cord, microglia remained unaffected in inflammatory response
and indicated a neuroprotective role for microglia in the CNS and ALS [109]. In microglia activation,
TAR-DNA binding protein-43, which is vital in mRNA development, was found to increase the
release of neuroinflammatory mediators—Nitric Oxide2, TNF-α, and IL-1β. When in conjunction with
cytokines and ROS, elevated TDP-43 produces increased microglial toxicity [110]. Following into a
commonly used parallel ALS disease model, SOD-1 mice with both the active and inactive mutants
show a progressive neurodegenerative phenotype [110]. Specifically, mSOD-1 generates an altered
tertiary structure, which then differentiates the resulting microglial response [111].

In recent years, neuroinflammation and various inflammatory markers have become extremely
prevalent in regard to the mechanisms and pathologies of AD and ALS. Neuroinflammation is
primarily mediated by two types of cells—microglia and astrocytes. Under appropriate activation
conditions surrounding CNS injury or damage, microgliosis and astrogliosis responses are elicited,
resulting in increased levels of both microglia and astrocytes at CNS insult sites [112]. Two of the
identification markers for activated microglia and astrocytes are glial fibrillary acidic protein, or GFAP,
and calcium-binding protein, respectively [113,114]. According to Zhang and colleagues microgliosis
and astrogliosis responses likely follow a cascade pattern in which products, such as cytokines, released
from microglia induce astrogliosis development [113].

The role of microglia and astrocytes is unique in that they engage in dual opposing roles—
neuroprotective and neurotoxic—during the progression of ALS [110]. The microglia neuroprotective
properties are evident in the early stages of ALS, while the neurotoxic effects begin to present
themselves as CNS damage increases and ALS progresses into the late stages. The neuroprotective
phenotype encapsulates tissue repair and anti-inflammation, among additional neuron support
characteristics [32,110]. In late-stage ALS, the neurotoxic role of microglia produces significant
inflammation, cytokine stress and reactive oxygen species production [32,110]. Cytokines and free
radicals are evidenced to be linked to mSOD-1, as discussed earlier. Additionally, mSOD-1 has been
identified to negatively impact neurotrophic factor expression, which are vital for proliferation and
growth of cells and neurons [111]. As neurotrophic factors are reduced within the CNS, cytokines can
garner a stronger inflammatory response, which can result in degeneration of motor neurons [111].

13. Neurotrophic and Other Factors Involved in ALS

ALS is multifactorial and we should offer explanations for neuronal loss involving trophic support
from neurotrophic factors, such as brain-derived neurotrophic factor (BDNF) and glial cell line-derived
neurotrophic factor since this is one characteristic of ALS pathology. Several neurotrophic factors have
been suggested as candidate agents for ALS therapy and are demonstrated to promote neuroprotective
and neuro-regenerative effects in mouse models of ALS [66]. The expression of GDNF maintained
neuronal axonal projections, extended animal lifespan, prevented motor neuron atrophy and retarded
the progression of disease in ALS transgenic mice [114]. How the microbiota help maintain or disrupt
this mechanism is not known.

Polyphenols and flavonoids show promise in treating neureases [115]. For example, the flavonoid
7,8-dihydroxyflavone, a selective and potent small molecule tyrosine kinase receptor B agonist, was
shown to mimic the effects of BDNF, significantly improving motor deficits, preserving spinal motor
neurons count and dendritic spines in SOD-1(G93A) mice [116]. The role of the microbiota and the
protective nature of polyphenols cannot be overestimated and may be helpful in curbing the role
of pathogens in ALS and neurodegenerative diseases. Case in point, polyphenol-rich extracts from
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Clostridium nucifera [117] when used against the protozoan parasite Leishmania show pharmacological
and anti-leishmanial activity against Leishmania amazonensis, suggesting that polyphenolic-rich extract
constitutes important advantages for the development of new anti-leishmanial therapies [118]. A limited
number of studies have demonstrated the protective activity of polyphenols and phenolic acids like
chlorogenic acid, which is present in coffee and was shown to protect cortical primary neurons against
glutamate neurotoxicity and thus potentially for ischemic stroke injury [7,91,115].

Some progress has been made in understanding neurodegenerative diseases by exploring
extracellular RNAs and DNA/RNA, mRNA, micro RNA, circular RNA and binding proteins, such as
TDP-43, which are dysregulated and thus serve as biomarkers of SALS and other neurodegenerative
diseases. Exploring extracellular proteins and RNAs in disease suggest they play a role in cellular
processes surrounding neurodegenerative diseases and may present a future treatment target for
ALS [119].

Nootropics, stimulants like caffeine are suspected to have an excitatory role in or even contribute
to excitotoxicity and have an association with neurological pathologies. However, for ALS and AD,
there does not seem to be much data to illustrate how stimulants, such as from caffeine consumption
relates to the progression of the disease and in fact stimulants even may be protective [120]. Moreover,
coffee tea and caffeinated products were explored in a large study in which results were compiled from
eight different studies totaling 351,565 participants. Using a Cox regression analysis and confidence
intervals, the relationship between caffeine consumption to ALS mortality was tracked. After sufficient
time had passed, the results were then gathered and analyzed, and the authors found that 545
participants had passed away from ALS. The results of this study did not suggest there was any
significant association between caffeine and ALS pathology to be protective or adverse [121].

14. Engineering Approaches to Combat Neurodegeneration and ALS

Clustered regularly interspaced short palindrome repeats (CRISPR) has applications for
microbiome, neuroimmune system engineering and therapeutics. CRISPR-CAS is most recognized
for its use in permanent heritable genetic changes, but the engineering of therapeutic probiotics is
novel and there is interest for it as a transient and nonheritable approach to microbial manipulation.
More permanent upregulation of protein expression can be achieved by CRISPR modification of
promoter regions to act as inducers, enhancers, i.e., increase affinity for RNA polymerase or for the
removal of repressor effects [9]. The use of CRISPR to optimize promotor affinity is sequence specific
and targets individual genes of interest while minimizing off target sequence changes.

Future probiotics may be modified to express antimicrobial peptides, therapeutic signal molecules,
repair defective enzymes, block bacterial exopolysaccharides [122] or for creating a host of other
metabolites and nutritional compounds that may be missing from modern diets [91]. CRISPR is a
bacterial immune system for defense against viral and bacteriophage infection, wherein sequences of
phage DNA are archived after infection. These sequences are used to detect and cleave viral DNA
in subsequent infections using CRISPR associated protein enzymes (CAS) [123]. This recognition
and restriction system has been adapted as a robust genetic engineering tool with the ability to
identify, cleave, and modify target DNA sequences with greater ease than previous techniques, namely
Zinc-finger nucleases and transcription activator-like effector nucleases [124]. As a tool for further
modification through the inactivation of the CAS nuclease activity, the so-called dead CAS (dCAS),
is a means for affecting genetic transcription through local binding in concert with transcriptional
activators or repressors to up or down regulate genetic expression [17]. The dead CAS motif can be
used to effect noninheritable transcriptional changes in organisms.

Neurodegenerative diseases have been shown to be difficult to treat with traditional
pharmaceuticals and traditional medicine. The difficulty attributed to neurodegeneration is
characterized by complex genetic, environmental, epistatic and epigenetic factors, especially in
ALS, which make it challenging to target individual risk factors for treatment. Engineering and
modification of the microbiome targeting the bidirectional gut–brain axis may be a viable and more
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broad approach to affecting neurological changes and ameliorating the intestinal effects of microbiome
dysbiosis concomitant with neurodegeneration [62]. CRISPR engineering can be used to modulate
microbial populations through selective antimicrobial targeting, bacterial metabolism engineering
through up and downregulation of genes and insertion of new or beneficial genes.

Traditional antibiotic treatments are often nonspecific and some target intestinal bacteria broadly,
which potentially causes indiscriminate or bystander damage and potentially fosters dysbiosis.
This happens when populations of desirable commensal bacteria are reduced allowing overgrowth of
potentially damaging strains, which we call loss of colonization resistance. Furthermore, the complex
communities of diverse bacteria in the gut present challenges to identification and quantification.
However, high throughput sequencing techniques across the 16s rRNA region allow large communities
of microbes to be sequenced simultaneously for subsequent identification and cataloging. The 16S
ribosomal RNA marker is the preferred approach to genetically fingerprinting bacteria; the 16S region
is highly conserved and hypervariable between strains [41]. CRISPR-CAS9 has instead been shown to
discriminate on a sequence-specific level and delivered via phage to target antibiotic resistance [41,60].
Using phage delivered CRISPR antimicrobials, the specific 16s sequences of Gram-negative bacteria
can be targeted. Additionally, the use of high throughput sequencing makes analysis possible of
individual patient microbiomes so that these CRISPR antimicrobials can be tailored to treat patient
specific dysbiosis.

An interest in disease CRISPR technology can be applied to create permanent heritable genetic
changes through CAS9 editing, or more temporary modulations in expression through the use of
CRISPR activation (CRISPRa) or inactivation (CRISPRi) using dCAS to bind close to promoter regions
in genes of interest. Bound dCAS, conjugated with transcriptional activators, has been used to target
transcription factors such as p65, HSF1 and MyoD and increase expression and could be one approach
to immunomodulation of the neuroimmune system [60]. CRISPR-Cas9 antimicrobials and the CRISPRa
motif can be used to target microbial genes encoding for compromised proteins and metabolites and
boost antioxidant activity through the overexpression of gut metabolites, such indole-3-propanol, short
chain fatty acids and perhaps GABA [17,91] or glutamate modifying enzymes, for example. In contrast,
CRISPR-interference can be used to nonlethally suppress or silence expression of bacterial endotoxins
and inflammatory signaling molecules. This approach can more gingerly approach microbiome
dysbiosis in a way that does not drastically change bacterial populations, while at the same time still
achieves therapeutic effects.

15. Conclusions

Many mechanistic studies mentioned above demonstrated effective means to modulate disease
progression and survival in ALS mouse models. Several of them are currently considered as potential
agents in ALS treatment [66]. However, seldom do promising treatments in animal models translate to
effective measures, particularly in ALS patients. However, we know that the timing of these treatments
is important during the course of the disease. Moreover, newer concepts, including the role of the
microbiota–gut–brain axis in neurodegenerative diseases, limiting overuse of select antibiotics and
repurposing older drugs should be considered. Translational failures might be explained in part by
the difficulty in getting drugs past the BBB and administration timing, such as before or during early
onset of disease, seems to obtain more positive results in animal models at least. Why this cannot be
recapitulated in humans is a research and early diagnostic question.

Obstacles to ALS progress are it is rarity and its disease pathogenesis and progression is largely
unknown, as are the sites of mechanistic action, which remain unclear or underexplored today.
For example, some questions arise such as (1) do treatments directly or partly affect neurons themselves
or (2) do they affect the microbes of the gut? (3) Are there subsets of particularly pathogenic organisms
that play major roles and if so (4) are their populations transient and (5) have they even yet been
classified or cultured? Particularly difficult with trials involving deadly diseases, like ALS are stratifying
and grouping issues, where assignments into control or placebo groups becomes unacceptable to
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patients who want the treatment and not a placebo making comparative results difficult to get for
this rare condition. Further, if studies are utilized, they may be best presented as “head to head
comparisons” with similar treatment standards and approaches. Importantly, mechanistic studies
should focus on understanding precise mechanisms of action for the putative theories suggested to
underly human ALS pathobiology. Moreover, identifying and highlighting biochemical biomarkers for
this disease are needed as is optimizing characterizing antibiotics or drugs as they impact the eubiota,
which may be involved during the course of the disease.

Understanding the extent to which immune and CNS cell types are involved and active in
the progression of ALS is not well characterized. The association between ALS and immune cells,
such as microglia and regulatory T-lymphocytes, have been of particular interest. Previous studies
have illustrated that there appears to be a correlation between gut dysbiosis, inflammation and early
pre-onset ALS. Furthermore, we know that the gut microbiota directly influences T-regulatory immune
cells by influencing cell numbers and immune responses. Thus, increasing basic science funding in
the area of neuroimmunology and inflammation pathway elucidation and remediation could prove
rewarding for patients. This correlation indicated a potential link between gut microbiota and ALS
pathogenesis [48] and because beta lactam antibiotics have been helpful, it is more imperative we
work on this front to provide effective treatments, if only for some. fecal transplantation has been
documented to help restore gut integrity and natural immune response conditions and studies propose
the use of fecal transplantation as a means of therapeutic relief for the gut microbiota in ALS, PD and
AD. It is plausible that through the use of fecal transplant, we will see an increase in T-reg cell counts
as well as improved responses to ALS [48] in early case intervention.

Glutamate excitotoxicity, if a major ALS contributor, is not mutually exclusive with a hypothesis
involving a subspecies of ALS causing bacteria because there are species of microbes that are
known to overproduce glutamate. Glutamate production can occur by many organisms, including
Brevibacterium lactofermentum and glutamine from Corynebacterium glutamicum [125] and the key enzymes
that are involved in synthesis are largely those of ammonium assimilation, which include nicotinamide
adenine dinucleotide phosphate-glutamate dehydrogenase, glutamine synthetase, glutamate synthase
Amino Transferase (GOGAT) and alanine dehydrogenase. The two enzymes in enteric organisms,
which mainly account for ammonia incorporation are glutamine synthetase and GOGAT. They
constitute the system where glutamine synthetase converts glutamate and ammonia to glutamine and
GOGAT converts glutamine and alpha-ketoglutarate to two moles of glutamate [7,93]. Thus, these
bacteria could contribute to the glutamate storm and other bacteria that metabolized or fermented
glutamate to acetate, butyrate, carbon dioxide, and ammonia, could help diminish overproduction of
glutamate, namely, through enzyme pathways methyl-aspartate and the hydroxy-glutarate, which are
used by Clostridium tetanomorphum and Peptococcus aerogenes, respectively [7,25]. Moreover, glutamate
utilization is important for establishment of Clostridium difficile in the animal gut [92]. Amino acid
metabolism by Clostridium sticklandii, particularly glutamate, can occur with the following enzymes:
Glutamate dehydrogenase, Glutaconate CoA-transferase, Glutaconyl-CoA decarboxylase, Short-chain
acyl-CoA dehydrogenase, Acetate CoA-transferase and help utilize excess glutamate [91].

While the glutamate excitotoxicity theory of ALS is not clearly established, what we do know
is that microbes somehow contribute to ALS or possibly to excitotoxicity and select antibiotics have
shown beneficial effect while others appear to be deleterious. For example, Ciprofloxacin, which is an
inhibitor of transcription and bacterial topoisomerase and DNA gyrase was shown to inhibit growth of
Clostridium glutamicum with concomitant production and excretion of glutamate119. Enzyme assays
showed Ciprofloxacin addition decreased 2-oxoglutarate dehydrogenase activity even though other
elicitors of glutamate production were absent from the medium [7]. Taken together, it is likely that
microbes contribute to glutamate toxicity, where antibiotics could play a role in ALS pathogenesis
and commensal probiotics or select antibiotics could benefit the disease in early stages. Conversely,
there may be a subset of deleterious microbes that contribute to or cause the glutamate storm and the
same subset may be involved in neurodegeneration in multiple neurologic diseases, including ALS.
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While the microbiota–gut–brain axis holds promise for disease treatment and prevention, we still have
far to go to elucidate what is most important about them where neurologic diseases are concerned.
Time is not on the side of the patient, so to get there we need more than ideas and reviews, we need
funding and only then can we explore the possibilities, if we are to treat, cure or eradicate refractory
and terribly devastating neurodegenerative diseases.
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Abbreviations

MGB microbiota–gut–brain axis
AD Alzheimer disease
ALS Amyotrophic Lateral Sclerosis
GM gut microbiota
GABA γ-aminobutyric acid
PD Parkinson disease
LPS lipopolysaccharide
Ca2+ calcium
BBB blood brain barriers
Aβ amyloid-beta
SCFA short chain fatty acids
ALSFRS-R ALS Functional Rating Scale-Revised
SALS Sporadic ALS
FALS Familial ALS
SOD-1 Super Oxide Dismutase-1
TAR Trans-activation response
CFT/CEF Ceftriaxone
TBI traumatic brain injury
TNF-α tumor necrosis factor-α
IL-1 α Interleukin-1 α

IL-1 β Interleukin-1β
5xFAD Five Alzheimer disease-linked mutations
GLT-1 Glutamate transporter 1
CNS central nervous system
GDNF Glial Cell line-derived Neurotrophic Factor
SOD-1-Tg SOD-I transgenic
mSOD mitochondrial superoxide dismutase
AMPA α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
NMDA N-methyl-D-aspartate
nAChRs induce nicotinic acetylcholine receptors
MH. Minocycline hydrochloride
H2 molecular hydrogen
H2S Hydrogen sulfide
ROS/RNS reactive oxygen and nitrogen species
µM micromolar
BMAA β-methylamino-L-alanine
EAAT2 excitatory amino acid transporter 2
TDP-43 transcriptional repressor DNA-binding protein-43
BDNF brain-derived neurotrophic factor
CRISPR Clustered regularly interspaced short palindrome repeats



Microorganisms 2020, 8, 784 22 of 28

CAS CRISPR associated protein enzymes
dCAS dead CAS
CRISPRa CRISPR activation
CRISPRi CRISPR inactivation
GOGAT glutamine synthetase, glutamate synthase Amino Transferase
C9ORF72 chromosome 9 open reading frame
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