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Abstract
The late onset neuropathologies, including Alzheimer’s disease and Parkinson’s disease, have become increasingly preva-
lent. Their causation has been linked to genetics, gut microbiota dysbiosis (gut dysbiosis), autoimmune diseases, pathogens 
and exposures to neurotoxins. An alternative explanatory hypothesis is provided for their pathogenesis. Virtually everyone 
has pervasive daily exposures to neurotoxins, through inhalation, skin contact, direct blood transmission and through the 
gastrointestinal tract by ingestion. As a result, every individual has substantial and fluctuating neurotoxin blood levels. Two 
major barriers to neurotoxin entry into the central nervous system are the blood–brain barrier and the intestinal wall, in the 
absence of gut dysbiosis. Inflammation from gut dysbiosis, induced by antibiotic usage, can increase the intestinal wall per-
meability for neurotoxins to reach the bloodstream, and also increase the blood–brain barrier permeability to neurotoxins. 
Gut dysbiosis, including gut dysbiosis caused by antibiotic treatments, is an especially high risk for neurotoxin entry into 
the brain to cause late onset neuropathologies. Gut dysbiosis has far-reaching immune system and central nervous system 
effects, and even a transient gut dysbiosis can act in combination with neurotoxins, such as aluminum, mercury, lead, arsenic, 
cadmium, selenium, manganese, organophosphate pesticides and organochlorines, to reach neurotoxin blood levels that can 
initiate a late onset neuropathology, depending on an individual’s age and genetic vulnerability.

Keywords  Gut dysbiosis · Neuropathology · Neurodegenerative disease · Neurotoxin · Alzheimer’s disease · Parkinson’s 
disease

Abbreviations
SNCA	� Synuclein, Alpha
GI	� Gastrointestinal
CNS	� Central nervous system
HPA	� Hypothalamic–pituitary–adrenal
GABA	� γ-Aminobutyric acid
IgG	� Immunoglobulin G
CD4	� Cluster of differentiation 4
TH1	� Helper 1 T cells
TH17	� Helper 17 T cells
IL-1	� Interleukin-1
IL-6	� Interleukin-6
IL-17	� Interleukin-17

TNF-α	� Tumor necrosis factor-α
eNOS	� Endothelial nitric oxide synthase
BBB	� Blood–brain barrier
ROS	� Reactive oxygen species
GSH	� Glutathione
NO	� Nitric oxide
NOS	� Nitric oxygen synthase
iNOS	� Inducible nitric oxygen synthase
DDT	� Dichlorodiphenyltrichloroethane
DDE	� Dichlorodiphenyldichloroethylene

Introduction

There are several late onset neuropathologies with sus-
pected links to certain biological triggers, such as patho-
gen infections, immune disorders, autoimmune diseases, 
abnormalities in gut microbiota (gut dysbiosis), and expo-
sures to neurotoxins, including mercury, aluminum, lead, 
arsenic, cadmium, selenium, manganese, organophosphate 
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pesticides, and organochlorines. However, while several 
strong correlations to metal toxins and mechanisms for neu-
ropathologies have been analyzed by separate studies and 
far larger scale meta-analysis studies, these neuropatholo-
gies still need an explanation for their pathogenesis [1, 2]. 
A pathogenesis hypothesis is proposed, that with some vari-
ations, could also apply to several late onset neuropatholo-
gies. Alzheimer’s disease and Parkinson's disease will be the 
focus of discussion as the two most important neurodegener-
ative disease examples of late onset neuropathologies [1, 2].

Antibiotics and Gut Dysbiosis Initiation

Furthermore, gut microbiota dysbiosis (gut dysbiosis) has 
been linked to several neuropathologies, including Parkin-
son's disease and Alzheimer’s disease [3]. It has long been 
suspected that gut dysbiosis is involved in the pathogenesis 
of several late onset neuropathlogies, because the gut micro-
biota have major influences on a host’s immune system and 
central nervous system (CNS) [3, 4].

For example, one associated symptom of gut dysbiosis is 
constipation, and it has been long observed that constipation 
is one of the most common non-motor symptoms of Parkin-
son’s disease, which may predict future Parkinson’s disease 
by more than a decade [5, 6]. This gut dysbiosis symptom 
was incorporated into one widely known hypothesis that 
Parkinson’s disease starts in the enteric nervous system and 
spreads to the CNS through the vagus nerve by an unknown 
prion-like pathogen [5, 6]. Supporting evidence includes 
the detection of pathological aggregates of the presynap-
tic neuronal protein α-synuclein in gastrointestinal tissues 
removed from patients several years before their diagnosis 
of Parkinson’s disease [5].

Epidemiological studies have provided additional evi-
dence, including the observation that truncal vagotomy 
(i.e., removing part of the vagus nerve at the gastroesopha-
geal junction to denervate multiple organs, including the 
stomach, liver, gall bladder, pancreas, small intestine, and 
proximal colon) decreases the hazard ratio of Parkinson’s 
disease to 0.59, at least for the first 5–20 years post-surgery 
[5, 6]. In addition, experimental seeding of α-synuclein pre-
formed fibrils into human α-synuclein SNCA gene model 
transgenic murine duodenum intestinal walls induced 
α-synuclein aggregates and gut-to-brain trans-synaptic 
transportation of preformed fibrils [7]. This was interpreted 
to be the result of recruitment of endogenous α-synuclein 
into the sympathetic and parasympathetic propagation of 
pathological α-synuclein aggregates in a manner similar to 
human patients [7]. Furthermore, it has also been noted that 
murine Parkinson’s disease progression is triggered from 
enteric neuron release of more α-synuclein after murine 

stomachs were exposed to the neutrotoxic pesticide rotenone 
that induces parkinsonism [7].

However, another associated symptom of gut dysbiosis is 
gut inflammation, and it has been hypothesized that, depend-
ing on an individual’s age and genetic vulnerability, chronic 
low-level inflammatory bowel disease is a fundamental 
cause of Parkinson's disease [8]. Extensive observational 
evidence indicates that brain inflammation is implicated in 
disease initiation and disease progression, and the inflam-
mation associated with Parkinson’s disease affects both the 
brain and the gastrointestinal tract [8]. Increased levels of 
inflammatory cytokines and other inflammatory markers 
have been observed in the gastrointestinal tracts of Parkin-
son’s disease patients and there is extensive epidemiologi-
cal evidence and genetic evidence that Parkinson’s disease 
is associated with inflammatory bowel diseases, depending 
on an individual’s age and genetic vulnerability [8]. Recent 
observations concerning inflammatory bowel diseases and 
Parkinson’s disease provide evidence indicating a bidirec-
tional link exists between degenerative brain neuropatholo-
gies and gastrointestinal inflammation, and also imply gas-
trointestinal inflammation involvement as a facilitator in the 
initiation and progression of late onset neuropathologies, 
including Parkinson’s disease [8].

There is also considerable evidence that antibiotic expo-
sures can initiate major gut microbiota disruptions, such as 
inflammatory bowel diseases, including Crohn’s disease, 
which can affect either the small or large intestines [9]. For 
example, in the extensively documented case of pediatric 
patients, a link has been seen between antibiotic treatment 
exposures (documented through recorded purchases) to 
childhood gastrointestinal disorders [9]. The odds of Crohn’s 
disease increased as the number of antibiotic treatment expo-
sures (usages inferred from recorded purchases) increased, 
especially for seven or more courses of antibiotics, espe-
cially for boys [9]. The cephalosporin antibiotics were the 
most strongly linked antibiotics to the initiation of Crohn’s 
disease [9].

Gut dysbiosis has been reported to degrade the intestinal 
epithelial cells and mucus layers and allow substances to ulti-
mately enter the brain and CNS [10]. Gut dysbiosis allows 
solutes, from ions to macromolecule proteins and bacterial 
toxins, to pass through the tight junctions of the intestinal 
epithelial barrier and the gut vascular barrier by paracellular 
and transcellular pathways [10]. Thus, specific antibiotics 
can induce gut dysbiosis that assists the passage of neurotox-
ins through the walls of the gastrointestinal tract. In contrast, 
in the absence of gut dybiosis, the ingested neurotoxins in 
food and water, such as aluminum, would normally enter and 
exit the gastrointestinal tract without complete absorption 
through the intestinal wall, which will be discussed in more 
detail later. Thus, during gut inflammation, gut dysbiosis 
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increases toxin transmission through the intestinal wall into 
the circulatory system, and such toxin penetration to the 
circulatory system has been reported [11, 12]. Eventually, 
the increased neurotoxin level(s) can reach threshold levels 
that surmount a vulnerable individual’s defenses against the 
neurotoxin(s) at the blood–brain barrier (BBB) and allow the 
neurotoxin(s) to initiate Alzheimer’s disease or Parkinson's 
disease or another late onset neuropathology.

For clarity, Fig. 1 summarizes the main steps of the 
hypothesized pathogenesis of a late onset neuropathology 
resulting from a confluence of antibiotics, gut microbiota 
dysbiosis and neurotoxin exposure.

Fig. 1   Provides one proposed 
path of a neuropathology 
induced by a gut microbiota 
dysbiosis that increases levels 
of circulating neurotoxins and 
facilitates their passage through 
the blood brain barrier
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The Blood–Brain Barrier

Human BBB formation includes the full integration of 
astrocytes and the communication between the pericyte 
cells in the basement membrane of the brain capillaries, the 
endothelial cells of the brain capillaries and the glycocalyx 
luminal coating secreted by the endothelial cells to increase 
the BBB integrity [13–16]. BBB formation minimizes tran-
scellular transport and maximizes expression of endothelial 
tight junction proteins, but this is not completed until a con-
siderable time after birth [13–16]. Pericytes are essential in 
BBB development and function, and in inhibiting nonspe-
cific transcytosis and leukocyte adhesion molecule expres-
sion [15]. Astrocytes do not appear necessary for BBB for-
mation, but they provide dynamic BBB regulation and repair 
in neurological disease [15]. An age-related decline in the 
BBB, including age-related pericyte dysfunction, has been 
extensively reported [15]. If there is any gut dysbiosis, any 
neurotoxins in the gastrointestinal tract can more easily pass 
through the intestinal wall into the circulatory system. And 
if the BBB is incomplete or dysfunctional at the same time, 
this will facilitate neurotoxin entry into the brain and CNS. 
However, at any age, with or without BBB completion, a gut 
dysbiosis for any reason (e.g., initiated by antibiotic usage) 
is a significant factor that facilitates neurotoxins in reaching 
the brain and CNS to cause late onset neuropathologies [17].

Gut Dysbiosis and Neuropathologies

One question is how far-reaching are the consequences for 
the CNS from a gut dysbiosis? An individual’s neurologi-
cal function and behavior, including depression, anxiety, 
and social behavior, is affected by certain microbes in the 
individual’s gut microbiota, due to signals to the CNS by 
means of several neural, endocrine, and immune pathways 
[3, 4]. The communication between the gut microbiota and 
the CNS is known as the “microbiota-gut-brain axis” or 
the “microbiome-gut-brain axis” [3, 4]. For example, most 
inflammatory cytokines produced by immune cells in the 
gut can penetrate the BBB [4]. Upon reaching the CNS and 
brain, these cytokines can activate neuron and glial cell 
receptors and activate microglia, the macrophages in the 
brain [4].

Gut microbiota also assist the regulation the “hypotha-
lamic–pituitary–adrenal axis” (HPA axis) [3]. In addition, 
gut microbiota also assist the synthesis of neuromodulatory 
metabolites for normal brain functionality, such as dopa-
mine, serotonin, kynurenine, glutamate, N-acetyl aspartate, 
epinephrine (adrenaline), and norepinephine, histamine, 
branched chain amino acids, tryptophan precursors and 
metabolites, short-chain fatty acids (acetate, propionate, 
butyrate), and γ-aminobutyric acid [3]. In addition, there is 
neural communication with the CNS through the autonomic 

nervous system, including the sympathetic and parasympa-
thetic nervous system, such as communications between 
the gut microbiota and the vast number of enteric neurons 
embedded in the lining of the gastrointestinal tract [3, 18]. 
The bidirectional communications between the brain, the 
gut microbiota, the enteric nervous system, the spinal and 
vagus nerve pathways, the sympathetic and parasympathetic 
nervous system has been called a microbiota-gut-brain “con-
nectome” [18].

Furthermore, there are additional consequences from 
gut dysbiosis population reductions in helpful bacteria, 
and population increases in the pathogenic fungal patho-
gens, including Candida albicans and pathogenic bacte-
ria of the bacterial families such as Enterobacteriaceae, 
that can also induce intestinal inflammation by activation 
of CD4 TH1 cells and TH17 cells [19]. And there is consid-
erable neuron and T cell crosstalk, even in the gastrointes-
tinal tract [19]. For example, an anti-inflammatory reflex 
through vagus efferent nerves can ultimately reach certain 
T cells, choline acetyltransferase T cells, that can produce 
acetylcholine, recognized by the acetylcholine receptor 
on splenic macrophages, and can thereby reduce gastro-
intestinal inflammation by reducing splenic macrophage 
production of tumor necrosis factor-α (TNF-α) [19]. Intes-
tinal inflammation can affect peripheral immune cell reac-
tions by elevating pro-inflammatory cytokines levels in the 
blood, such as TNF-α, interleukin-1 (IL-1), interleukin-6 
(IL-6), and interferon-γ, which are suspected of causing 
neuroinflammatory, neurodegenerative diseases, including 
Parkinson’s disease [20].

Gut microbiota can influence CNS neuroinflamma-
tion by three pathways: (1) by moderating CNS resi-
dent immune cells, such as microglia and astrocytes, by 
production of short-chain fatty acids (SCFA), including 
SCFA butyrate, and indole derivatives; (2) by increas-
ing peripheral immune responses through production of 
several inflammatory cytokines, including IL-17 released 
by gastrointestinal tract TH17 cells; and (3) by increasing 
immune cell entry into the CNS by TH17 cell production of 
endothelial nitric oxide synthase (eNOS), which induces 
CNS endothelial cells to increase BBB permeability [20, 
21].

Table 1 summarizes some major pathways for gut dys-
biosis to impact the brain and CNS to induce late onset 
neuropathologies.

An increased BBB permeability will decrease the abil-
ity of the BBB to block blood-borne neurotoxins, such as 
aluminum, mercury, organophosphates, organochlorines, 
etc., from entering the brain. Depending on the neurotoxin 
blood levels, an increased BBB permeability, from even 
a transient gut dysbiosis, can permit a destructive dose 
of neurotoxins to enter a brain and accumulate to cause 
brain cell damage and initiate a neurodegenerative disease 
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[21]. In addition, there is increasing evidence that a gut 
dysbiosis increases the intestinal permeability to allow 
more toxins to penetrate the intestinal wall and enter the 
circulatory system to elevate systemic inflammation [22].

Major Neurotoxins and Their Consequences

There are several metals and chemicals that are neurotoxic, 
including aluminum, mercury, the organophosphate pesti-
cides, the organochlorines, etc. [1, 17, 23–25]. This section 
will first focus on aluminum, because of aluminum's exten-
sive toxicity, the pervasive human exposures to aluminum 
and its presence in blood, and because aluminum ions have 
been detected by certain highly sensitive analytical tech-
niques in the brains of individuals that suffered from various 
neuropathologies, including Alzheimer's disease, as well as 
other neurodegenerative diseases [1, 2, 17, 23].

Aluminum Exposures

Aluminum exposures for humans are amazingly pervasive. 
Aluminum sources include several types of air pollution 
from coal burning, motor vehicles and smoking, water pol-
lution, and foods that contain considerable aluminum [2, 
23]. Aluminum exposures for individuals also include cos-
metics, antiperspirants, sunscreens and sunblocks, pharma-
ceuticals (e.g., antacids, buffered analgesics, anti-diarrheal 
drugs, anti-ulcer drugs, etc.), pesticides, various types of 
foods, including food prepared in aluminum pans, aluminum 
foil, parchment paper, baked goods made with baking pow-
der containing aluminum and food additives including 
aluminum-based food colorings, and pottery [2, 23]. Alu-
minum blood levels are also highly elevated by hemodialy-
sis, and aluminum is ingested daily from drinking water that 
is treated for deflocculation using aluminum sulfates and 
aluminum chlorides [23].

Gastrointestinal absorption after ingestion is a major 
contributor to aluminum accumulation in individuals, and 
aluminum absorption from water is usually greater than alu-
minum absorption from food [23]. Food absorption of alu-
minum is affected by an individual’s age, stomach contents 
and acidity, and the type of aluminum compound, as well as 
the presence of aluminum absorption inhibitors, including 
polyphenols, phytates, iron, phosphates and silicon; and the 
presence of aluminum absorption enhancers, including cit-
rate, maltol, lactate and fluorides [23]. Aluminum in ingested 
food and water passing through the gastrointestinal tract is 
normally little absorbed; some estimates of non-absorption 
rates range from 90 to 99% [23, 24]. However, aluminum 
is completely absorbed from hemodialysis and hypodermic 
injections, such as from injections of aluminum salt adju-
vants in vaccines designed to stimulate the immune system’s 
T cells and B cells [2, 23].

It has been reported that 90% of the aluminum circulat-
ing in the blood is transported by transferrin (an iron-trans-
porter protein) and the remaining aluminum circulating in 
the blood is transported by albumin and citrate, with healthy 
blood levels in blood serum ranging between one to three 
micrograms per liter, and with ten times higher levels in 
hemodialysis patients [23]. Aluminum is known to reach 
the brain and cerebrospinal fluid, and it can penetrate the 
placenta and reach a fetus, and reach children through milk 
from lactating mothers [23]. Elevated intestinal absorption 
of aluminum contributes to aluminum accumulation in vari-
ous organs, whereas the kidneys excrete about 95% of the 
blood aluminum by elimination in the urine as aluminum 
citrate, and the remainder is eliminated in feces, sweat, hair, 
nails, etc. [23].

The effects of aluminum’s toxicity are extensive, such as 
oxidative stress; inflammation in the lungs, intestines, heart 
and testis; immunosuppression by inducing lymphocyte dys-
function; denaturation and alterations of proteins; enzyme 

Table 1   Pathways for Gut 
Dysbiosis to Induce Late Onset 
Neuropathologies

Gut dysbiosis effect Pathway to brain and CNS Brain/CNS result

Enhance toxin absorption Intestine/blood/brain&CNS Cellular damage
Degraded BBB Penetration of BBB Neuronal damage

Astrocyte damage
Upregulated cytokines Diffusion and transporters Neuroinflammation
Degraded neuro-metabolites Blood/brain and CNS Dysfunctional levels
Communication to CNS Enteric neurons/sympathetic Neuroinflammation
Communication to CNS Enteric neurons/parasympath Neuroinflammation
Less beneficial bacteria Diffusion/transporters Cellular damage
More detrimental microbes Diffusion/transporters Longer gut dysbiosis
Intestinal wall inflammation Immune cells Neuroinflammation
Degraded immune cells Short-chain fatty acids etc Activated microglia
Up-regulated IL-17 Proinflammatory cytokines Immune dysfunction
Up-regulated TH17 cells Increased eNOS production Degraded BBB
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stimulation or inhibition; metabolic impairments; and geno-
toxicity with reduced cell proliferation and differentiation [1, 
2, 23, 24]. Furthermore, aluminum causes amyloid forma-
tion; causes estrogenic effects on breast cancer cells; causes 
fetal defects by teratogenesis; inhibits mineral intake by 
altering intestinal and cellular mineral uptake; induces apop-
tosis and tissue necrosis; and damages cell membrane per-
meability and receptor functions [1, 2, 23, 24]. Aluminum 
also induces endocrine disruptions; interferes with cartilage 
and bone formation and mineralization; causes hypertension, 
ischemic strokes, and thrombosis; causes contact allergies; 
and interferes with vitamin D biological functions in the 
intestines [1, 2, 23, 24].

Aluminum salts can activate the NLRP3 inflammasome 
by several pathways, such as phagosome destabilization, 
lysosome acidification and by elevated reactive oxygen 
species (ROS) levels [1, 23]. Damage by oxidative stress 
through increased lipid peroxidation and depleted anti-oxi-
dant defenses has been reported in the prefrontal cortex, cer-
ebellum, hippocampus and brainstem of brains [1]. Chronic 
aluminum exposure impairs cellular anti-oxidant defenses 
by reducing cellular levels of glutathione transferase, peroxi-
dase, catalase, superoxide dismutase and glutathione (GSH) 
[1]. Aluminum oral ingestion damages intestinal epithelial 
cells and elevates intestinal inflammation and thereby ele-
vates intestinal barrier permeability [1]. Aluminum’s neuro-
toxicity is mainly due to its ability to induce oxidative stress 
and mitochondrial dysfunction in brain and CNS cells, both 
directly and indirectly, by interference with calcium homeo-
stasis in mitochondrial functions in brain and CNS cells [1].

Aluminum exposure can cause iron homeostasis disrup-
tion leading to elevated iron levels [23]. Oxidative stress and 
injury, mediated by iron, is therefore enhanced by aluminum 
[23]. Elevated concentrations of cellular iron can increase 
cellular oxidative damage and are linked to the pathogenesis 
of neurodegenerative disorders including Alzheimer’s dis-
ease, discussed below [23].

Aluminium can induce microglia to release neuroinflam-
matory, pro-inflammatory cytokines TNF-α and IL-6, and 
release cytokine-inducible nitric oxide synthase (iNOS or 
NOS-2), nitric oxide (NO) and reactive oxygen species 
(ROS) [25, 26]. This is interesting, since there is widely 
reported that microglia, using cytokines like TNF-α, play 
an important role in brain development by controlling pro-
cesses, including synaptic pruning, synaptic plasticity, syn-
aptogenesis, neuronal development and other neurogenesis 
processes [27]. Microglial dysfunction and/or priming initi-
ated by aging, immune challenges, inflammatory events or 
other brain changes, which interfere with processes includ-
ing synaptic pruning and neuronal proliferation, have been 
linked to the initiation of neuropathologies [27–30].

Aluminum’s neurotoxic effects also affect astrocytes, 
since astrocytes (protoplasmic astrocytes, fibrous astrocytes, 

and two types of radial astroglia) have major roles in brain 
development as crucial components of the glia limitans, 
together with pericytes and endothelial cells, for regulating 
the BBB between the bloodstream and brain parenchyma 
[31]. In addition, astrocytes regulate processes in synap-
tic transmission, neuronal migration, synaptogenesis, and 
very likely assist oligodendrocytes in neuronal myelination 
[31, 32]. Glial cell numbers equal or surpass the number of 
neurons, and glial cells are critical to brain neuronal circuit 
development and maintenance [33]. The glutamate removal 
function of astrocytes that is critical for neurons is impaired 
by neurotoxins, because the metal transporter functions of 
astrocytes, designed for the transport of zinc and iron, also 
result in astrocytes becoming major targets for several neu-
rotoxic metals, including manganese, lead, aluminum and 
mercury [32]. In addition, there are reports that inhibited 
astrocyte functions have an essential role in the pathogenesis 
of neuropathologies, such as Alzheimer’s disease [31–33].

Table 2 summarizes some significant toxic effects from 
aluminum exposures.

The Late Onset Neuropathologies

Significant gut dysbiosis has been linked to several late onset 
neuropathologies, including Parkinson’s disease and Alz-
heimer’s disease [3]. Gut microbiota have profound effects 
on the metabolism and the maintenance of a host's immune 
system and central nervous system (CNS), and it has been 
proven that gut microbiota can induce several effects on 
murine behavior [3]. In fact, the administration of antibiotic 
cocktails to laboratory animals has been extensively utilized 
to disturb the gut microbiota of laboratory animals, with 
demonstrated effects on the anxiety and sociability of the 
laboratory animals [3].

Alzheimer’s Disease from Aluminum Exposures

Alzheimer's disease has symptoms of a marked and progres-
sive deterioration of several regions of the brain involved 
with cognitive function and memory [29]. Excessive micro-
glial activation and microglial induced neuroinflammation 
have a major role in neurodegeneration and Alzheimer’s 
disease [29]. In Alzheimer’s disease, aluminum can play a 
neurotoxic role by activating microglia to release neuroin-
flammatory cytokines TNF-α and IL-6, iNOS, NOS-2, NO 
and ROS [24–26]. Atrophied astrocytes and their reduction 
of synaptic transmission, connectivity and neuronal survival; 
and reactive astrocytes and their release of proinflammatory 
cytokines and iNOS; also have a major role in Alzheimer's 
disease [32].

Several papers have established a strong correlation 
between the levels of aluminum in drinking water and the 
incidence of Alzheimer’s disease throughout the world, 
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including the United Kingdom, Canada, Norway and France 
[1]. Aluminum has been detected by some sensitive tech-
niques in brain plaques and neurofibrillary tangles [1]. 
Aluminum has also been detected in its binding to critical 
parts of Alzheimer's disease affected brains, such as the hip-
pocampus [1].

Age Increases the Risk of Alzheimer’s Disease 
from Aluminum Exposures

Age matters, and with age neurotoxins can build up in the 
brain and CNS faster than they can be removed. As dis-
cussed earlier, the kidneys excrete about 95% of the blood 
aluminum by elimination in the urine as aluminum citrate, 
and the remainder is eliminated in feces, sweat, hair, nails, 
etc. [23]. Unfortunately, aluminum levels in the brain gen-
erally increase with age [25], so this more plausibly indi-
cates that aluminum removal mechanisms from the body 
degrade with age, or less plausibly indicates that aluminum 

absorption by the body increases with age. In either case, as 
the aluminum levels in the brain increase, the likelihood of 
aluminum damage to neurons and astrocytes will increase 
as previously discussed [23–26]. An age-related increase in 
brain damage from increasing levels of other neurotoxins 
(e.g., mercury, etc.) should also be possible, if the rate of 
elimination from the body decreases with age and the rate of 
elimination cannot keep up with the rate of absorption into 
the body. The extensive and persistently severe neurotoxic 
effects of mercury are the next topic of discussion.

Alzheimer’s Disease from Mercury Exposures

Mercury exposures have also been linked to Alzheimer’s 
disease, and to plaques, beta amyloid protein, neurofibril-
lary tangles, and phosphorylated tau proteins observed in 
the brains of Alzheimer’s disease victims [34]. Mercury 
is reportedly ten times more toxic to neurons than lead, 
and more neurotoxic than cadmium, manganese, aluminum 

Table 2   The major toxic effects from aluminum exposures

iNOS or NOS-2 cytokine-inducible nitric oxide synthase, NO nitric oxide, ROS reactive oxygen species, GSH Glutathione, BBB Blood–brain 
barrier
(1) Blood–brain barrier can become more permeable by a neurotoxin’s direct effects on epithelial cells or on astrocytes in the brain, or become 
more permeable by pro-inflammatory cytokines released by immune cells, such as the TH17 cells
(2) Gastrointestinal lumen epithelial cells can become more permeable due to the direct effect of neurotoxins on the epithelial cells, or by inflam-
mation effects on lumen epithelial cells, where inflammation results from systemic inflammation, including autoimmune diseases, or results 
directly from gut dysbiosis

Mechanisms [1, 24–26] More details Consequences

Oxidative stress ROS/peroxidation Cellular brain damage
Less anti-oxidants Cellular brain damage
Calcium dysfunction Mitochondrial dysfunction
Iron dysfunction Oxidative injury to brain cells

Intestinal inflammation Intestinal permeability Neuroinflammation
Neuroinflamation Activated microglia More cytokines TNF-α, IL-6

iNOS/NO/ROS Synaptic pruning, synaptic plasticity, synaptogenesis, neuronal development, and 
neural proliferation

Immunosuppression Lymphocyte dysfunctions
Denaturation Protein/enzyme alterations
Metabolic impairment Cellular brain dysfunctions
Genotoxicity Reduced cell proliferation
Amyloid synthesis Amyloid brain deposits
Teratogenesis Fetal defects
Apoptosis Tissue necrosis
Disruption of membrane/receptors Cellular dysfunctions
Endocrine disruption Hormone dysfunctions
Inhibits cartilage & bone formation Skeletal damage
Hypertension Strokes and blood clots
Induces contact allergies Immune system dysfunctions
Inhibits vitamin D functions Degrades immune system
Astrocyte toxicity Degrades BBB, synaptic transmission, neuronal migration, synaptogenesis, neu-

ronal myelination by oligodendrocytes
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and iron [34]. Mercury exposures can include elemental 
mercury that is easily absorbed by inhalation, inorganic 
mercury ions that have low gastrointestinal absorption, 
and organic mercury, such as methyl mercury or ethyl mer-
cury, that have quick absorption by skin, lungs, kidney, 
heart, and gastrointestinal absorption [35]. Oral bacteria 
have been reported to convert inorganic mercury from 
dental amalgams into methyl mercury [35]. Mercury has 
a significant binding affinity to sulfhydryl (thiol) groups 
in amino acids, proteins, erythrocytes, crucial enzymes 
and antioxidants (e.g., N-acetylcysteine, α-lipoic acid, glu-
tathione, metallothioneine, etc.), and these effects add to 
the toxic and neurotoxic consequences from mercury [34, 

35]. Glutathione is a critical intracellular and mitochon-
drial antioxidant in reducing oxidative stress, inflammation 
and cardiovascular diseases [35].

Table 3 summarizes significant toxic effects from mer-
cury exposures.

Mercury bio-accumulates in the brain, liver, kidneys and 
muscles, resulting in damage to the brain, lungs, kidneys, 
nervous system, immune system, heart and cardiovascu-
lar system [35]. Dietary exposures of mercury are literally 
increasing every year, since mercury levels in fish muscle 
tissues have been increasing every year, such as an observed 
annual mercury increase averaging 3.8% each year since 
1998 in North Pacific Ocean yellowfin tuna near Hawaii 

Table 3   The major toxic effects 
from mercury exposures

BACE 1 beta amyloid cleaving enzyme, MAO monaamine oxidase, NOS nitric oxide Synthetase, SAMe 
S-adenosylmethione, GSH glutathione, cAMP cyclic AMP cyclic adenosine monophosphate, GFAP glial 
fibrillary acid protein

Mechanisms [34, 35] Mechanism details Consequences

Oxidative stress Less N-acetylcysteine Brain cell damage
Less antioxidants Brain cell damage
Less GSH/α-lipoic acid Brain cell damage
Higher NO synthetase Increased nitric oxide
More monamine oxidase More hydrogen peroxide
Lipid peroxidation Brain cell damage

Denaturation Binds to thiol groups Protein/enzyme alterations
Increased BACE 1 More beta amyloid deposit
Protein kinases Cellular signal dysfunction
Cytochrome-c-oxidase Mitochondrial dysfunction
Amyloid precursor protein More beta amyloid

Inhibited gamma secretase More amyloid synthesis Beta amyloid deposits
Increased phosphorylated tau Phosphorylated tau proteins

Neurofibrillary tangles
Neurotransmitter disruptions Less serotonin Impaired receptor binding

Less dopamine receptors,
Increased glutamate More neurodegeneration,

Less norepinephrine,
Acetylcholine Transferase Less acetylcholine,

Less S-Adenosylmethione,
Elevated homocysteine
Degraded memory

Higher phosphodiesterase 4 Reduced cAMP Degraded memory
Depression Less SAMe Depression/Alze-

heimer’s disease
Inflammation Cyclooxygenase-2 More neuroinflammation

Beta amyloid Microglia inflammation
Complement Complement activation
IL-1 Higher releases of IL-1
TGF-β1 Higher beta amyloid
GFAP production Glial Fibrillary Acid Protein

Antibodies (such as autoan-
tibodies)

Hypertension Higher risk of Alzhei-
mer's disease
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[36]. This is primarily the result of the burning of mercury-
bearing fossil fuels that have increased mercury levels in 
ocean water shallower than 1000 meters by an average 
of ~ 3% per year since at least 1995 [36].

Dental amalgams are also a major mercury exposure 
risk for most individuals, especially since the relatively low 
mercury vapor emitting low copper content dental amal-
gams were superseded in the 1970s by much higher mercury 
vapor emitting high copper dental amalgams [37]. Mercury 
vapor emissions from the high copper dental amalgams has 
been greatly increased, from 3 to 62 times higher (at least 
10 times higher) than the mercury vapor emissions from the 
highest emitters of the low copper dental amalgams [37]. 
Dental amalgam mercury vapor emissions are enhanced by 
even minor abrasions from chewing, polishing, or from a 
minor increase in dental amalgam temperature after consum-
ing hot beverages or hot food [37]. Dental amalgams con-
stantly emit un-ionized mercury vapor that can be inhaled, 
enter the bloodstream through the lung alveoli and easily 
pass through the BBB to the brain [34]. Because of this, 
since 1991 dental amalgams have been considered the larg-
est source of mercury for most individuals [34].

Autopsies have determined that there is a definite correla-
tion between the levels of inorganic mercury in the brain and 
blood and the number of dental surfaces filled with dental 
amalgams [38]. Furthermore, the half-life of inorganic mer-
cury in the brain has also been estimated to be ~ 20 years 
[38]. Direct links between dental amalgams and neuro-
pathologies have also been reported [38]. A recent study 
compared elderly individuals with and without dental amal-
gams and determined a higher odds ratio for Alzheimer's 
disease (1.105, more specifically 1.07 for men and 1.132 for 
women, involving over 200,000 individuals over 65 years 
old in Taiwan) [38]. Another recent study also compared 
elderly individuals with and without dental amalgams and 
determined a higher hazard ratio of 1.583 for Parkinson’s 
disease (involving over 20,000 individuals in Taiwan) [38].

Figure 2 provides one proposed chain reaction path of 
causation for Alzheimer’s disease, from the beginning of 
gut microbiota dysbiosis to the final stage of Alzheimer’s 
disease.

In summary, since the 1970s there has been a consid-
erable elevation in oral mercury vapor exposure from the 
utilization of high copper dental amalgams in individuals 
who have received dental fillings. If combined with the 
yearly increase in mercury exposure from fish consumption 
observed since at least the 1990s, these two sources by them-
selves alone could explain much of the age adjusted increase 
documented by Medicare data in U.S. adults over 65 for 
Alzheimer’s disease (5.79% in 1998 to 9.03% in 2013) and 
kidney disease (5.9% in 1998 to 18.3% in 2013) [39]. But it 

should be noted that there can be major contributions to late 
onset neuropathologies from other neurotoxic metals besides 
mercury; including lead, arsenic, cadmium, selenium and 
manganese [15, 40–42].

Lead

Lead poisoning has been widespread and long reported, 
but it has become somewhat less common since inorganic 
lead exposure from the environment has decreased in coun-
tries that have banned lead additives to gasoline and paints 
and lead emissions [40]. Lead exposure is primarily from 
inhalation of lead particles, ingestion of lead compounds, 
or from water carried by lead pipes [40]. Divalent lead ions 
can cross the BBB and cell membranes by mimicking diva-
lent calcium ions, divalent iron ions or divalent zinc ions 
[40]. Lead causes oxidative stress, mitochondrial dysfunc-
tions, disrupts beneficial selenium dependent processes, and 
reduces nitric oxide synthase activity in brain cells [40]. 
Lead bio-accumulates in the brain hippocampus, amygdala, 
and choroid plexus [40]. Postnatal lead exposure has been 
linked to neurological disorders, mental retardation, nerve 
damage, Alzheimer’s disease and Parkinson’s disease [40].

Arsenic

Arsenic exposure is most commonly caused by drinking 
groundwater containing inorganic arsenic [40]. High level 
arsenic exposure can cause encephalopathy, and long-term 
low level arsenic exposure can cause peripheral neuropathol-
ogies outside the CNS [40]. Arsenic concentrations from 
5 to 50 parts per billion in water have caused children to 
have degraded cognitive function, verbal abilities, long-term 
memory and motor skills [40]. Inorganic arsenic creates oxi-
dative stress, especially in mitochondria, from the generation 
of ROS and lipid peroxidation; and arsenic can also replace 
phosphate in several metabolic pathways [40].

Cadmium

Cadmium is a neurotoxin with exposure pathways similar to 
lead, because it can be inhaled from air or tobacco smoke, 
ingested from foods that have accumulated high levels of 
cadmium, and its ions can mimic divalent calcium, copper 
and zinc ions to cross cell membranes [40]. Cadmium is 
also similar in its neurotoxic effects to mercury in that it 
has a strong binding affinity to sulfhydryl (thiol) groups on 
crucial enzymes and antioxidants (e.g., glutathione, etc.), 
and causes oxidative damage (e.g., by disruptions to detoxi-
fication of peroxides), especially for neurons and oligoden-
drocytes [40].
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Selenium

Selenium has a narrow beneficial range, but at signifi-
cantly higher levels it can act as a neurotoxin [41]. Selenium 
is important to the body as a chelating antioxidant, and in 
combination with proteins can remove harmful aluminum, 
arsenic, lead, manganese and mercury from the body and the 
brain [41]. The ratio of selenium to mercury in various fish 
species can also determine the overall harm from consump-
tion of specific fish species [41]. Selenium is mainly ingested 
and selenium compounds in relatively high concentrations 

can react with glutathione and other thiol proteins or 
enzymes to form superoxide anions leading to widespread 
oxidative stress and apoptosis, necrosis, or necroptosis, con-
tributing to selenium’s cellular toxicity [42]. The different 
selenium chemical species have various neurotoxic effects, 
especially for motor neurons [43]. Inorganic tetravalent sele-
nium ions in selenite and inorganic hexavalent selenium ions 
in selenate may have more than 40 times higher neurotoxic-
ity than organic selenium [43]. Chronic low-level exposure 
to inorganic selenium has been linked to amyotrophic lateral 
sclerosis (ALS) and Parkinson’s disease [43].

Fig. 2   Provides one proposed 
chain reaction path of causation 
for Alzheimer’s disease
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Manganese

Manganese exposure is usually through food ingestion or 
from inhalation from mining dust, smelting, welding or 
exposures to pesticides containing manganese [40]. Manga-
nese is a widely reported neurotoxin [40]. Manganese accu-
mulates in cell mitochondria, and increases iron accumula-
tion, which induces ROS formation and oxidative damage 
to brain cells, and particularly in astrocytes that results in 
neuron excitotoxicity [40]. Manganese also assists creation 
of hydrogen peroxide (H2O2), inhibits oxidative phospho-
rylation and interferes with adenosine triphosphate (ATP) 
production [36]. Manganese can also initiate manganism, 
which includes symptoms of dystonia (muscle spasms) and 
symptoms similar to Parkinson’s disease, which is the next 
topic [40].

Parkinson’s Disease

Parkinson’s disease is the second-leading late onset neuro-
pathology after Alzheimer’s disease [44]. Parkinson’s dis-
ease is characterized by a reduction in brain’s dopaminergic 
neurons in the substantia nigra, with a dopamine depletion 
that results in primary motor symptoms of resting tremor, 
bradykinesia (i.e., slowness of movement), muscle rigidity 
and postural instability [44]. Parkinson’s disease’s depletion 
of dopamine in the human brain’s substantia nigra is also 
associated with increased activity by the monoamine oxidase 
B (MAO-B) enzyme which degrades dopamine, and because 
of this MAO-B inhibitors are used in treating Parkinson’s 
disease [45].

The most strongly linked causes of Parkinson’s disease 
include inhalation or ingestion of pesticides or other neuro-
toxins, brain trauma and injury, aging, drugs, and genetic 
influences [44]. Many studies have established that Parkin-
son’s disease is associated with farming occupations, rural 
living, and the drinking of well-water [46–48]. There is 
strong evidence linking Parkinson’s disease with exposures 
to paraquat, rotenone and other organochlorines [47, 48]. 
Parkinson’s disease has been linked to exposure to some 
agricultural organohalogen and organochlorine chemicals in 
the Agricultural Health Study (AHS) of licensed pesticide 
applicators and their spouses in Iowa and North Carolina 
[48].

Parkinson's disease results from multiple types of cellu-
lar dysfunctions, including mitochondrial dysfunction [49], 
lysosomal dysfunction contributing to α-synuclein accumu-
lation [50], proteasomal dysfunction [51], calcium homeo-
stasis disorders [52], innate and adaptive immune system 
induced neuroinflammation [53], α-synuclein transmission 
and aggregation [54], and oxidative stress [55]. For exam-
ple, paraquat causes neuronal damage by generating toxic 
superoxide free radicals, inducing α-synuclein upregulation, 

α-synuclein aggregate formation and microglial activation 
[47]. And neuroinflammation, oxidative stress (including 
stress from reactive oxygen species created by increased 
brain levels of the monoamine oxidase B enzyme) and 
mitochrondrial dysfunction can be caused by ingestion of 
extremely neurotoxic chemicals which are strongly linked 
to Parkinson's disease [44–46].

Even very low level exposures of extremely neurotoxic 
chemicals can cause damage. For example, chronic low-
level exposure levels (1 mg/kg) and medium exposure levels 
(10 mg/kg) of paraquat in mice will cause age-dependent 
damage to neurons in the prefrontal cortex, hippocampus 
and to dopaminergic neurons in the mesencephalon (mid-
brain), including the substantia nigra pars compacta [56]. 
The effects of chronic low-level exposures to humans appear 
to parallel this damage, because cumulative lifetime expo-
sure to paraquat increases the incidence of Parkinson’s dis-
ease in farm workers [56, 57].

Figure 3 provides one proposed chain reaction path of 
causation for Parkinson’s disease, from the beginning of 
gut microbiota dysbiosis to the final stage of Parkinson’s 
disease.

Neuropathologies from Organophosphate 
and Organochlorine Exposures

Many of the organophosphate pesticides (including chlor-
phyrifos, diazinon, malathion, parathion, etc.) and organo-
chlorines {including the polychlorinated biphenyls, and the 
pesticides dieldrin, endosulfan, heptachlor, dichlorodiphe-
nyltrichloroethane (DDT), dichlorodiphenyldichloroethyl-
ene (DDE), chlordane, etc.} have been banned for several 
decades [17]. However, they are still being used in several 
countries and applications, including food exports, and even 
in developed countries that long banned their use, individu-
als are still bio-accumulating these neurotoxins each year 
and increasing their blood serum levels, at least in reports 
as recent as 2015 [17]. Organophosphate and organochlorine 
exposures, such as pesticides and herbicides, have also been 
linked to late onset neuropathologies such as Parkinson's 
disease [17].

Future Directions

The blood–brain barrier and the intestinal wall, in the 
absence of gut dysbiosis, are two major barriers to neuro-
toxin entry into the central nervous system. Extensive anti-
biotic usage can induce inflammation from gut dysbiosis, 
and this can increase the intestinal wall permeability for 
neurotoxins to pass through and enter the bloodstream, and 
increase the blood–brain barrier permeability to neurotoxins. 
Even a transient gut dysbiosis can act in combination with 
neurotoxins, including aluminum, mercury, lead, arsenic, 
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cadmium, selenium, manganese, organophosphates, organo-
chlorines, and other neurotoxins, to initiate a neuropathol-
ogy. In summary, several neuropathologies can be initiated 
in individuals as a result of gut dysbiosis, either long-term 
or frequently transiently induced by certain antibiotic treat-
ments, acting together with pervasive daily exposures to 
neurotoxins, depending on an individual’s age and genetic 
vulnerability. The increasing occurrence of the major neuro-
pathologies can be significantly reduced by a minimization 
of gut dybiosis by elimination of the usage of certain spe-
cific antibiotics, a comprehensive minimization of aluminum 

exposures, the minimization of mercury exposures by a total 
prohibition on the use of silver-mercury dental amalgams 
in dental applications, and a reduction of organophosphate 
and organochlorine exposures by a more widely enforced 
world-wide restriction on several neurotoxic herbicides and 
pesticides.
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