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Abstract: Although it is well known that metals pollution can cause neurotoxic effects, scientists are 
currently divided about the neurodegeneration hypothesis. That is, some scientists accept, while 
others fail to accept, the hypothesis that metals/metalloids, at exposure levels below those capable of 
causing neurotoxicity, can cause neurodegeneration—progressive or worsening neurological disease. 
Partly because of controversy over the neurodegeneration hypothesis, the US and other governments 
do not require cleanup of smelter-site metals, to the level (that many scientists say is) necessary to 
prevent site-caused neurodegenerative disease. The purpose of this review article is to help clarify 
and resolve conflict over the neurodegeneration hypothesis. This analysis (1) surveys the global 
problem of smelter-related metals pollution; (2) quickly gives an overview of metals pollution at one 
of the worst US Superfund or hazardous-waste sites, a former smelter in DePue, Illinois; (3) outlines 
the debate over the neurodegeneration hypothesis; and (4) assesses the current science on both sides 
of the neurodegeneration hypothesis by means of three classic methods of causal assessment: the 
mechanism, unification-coherence, and experimental-counterfactual methods. Using these classic 
methods, the authors (5) show that available scientific evidence argues for accepting the 
neurodegeneration hypothesis. This finding is significant because it suggests that much current 
science about smelters and metals’ risks may be incomplete or flawed. It also shows that, as a result, 
there may be sound scientific reasons for strengthening environmental-metals standards. 
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1. Introduction 

1.1. Research background and framing the question for review 

Globally, most soil-metals levels near current and former metals smelters exceed regulatory 
levels; all of the planet’s highest-average-soil-metals concentrations are near current or former 
smelter sites [1,2]. In part as a result of smelter contamination, there has been a global “epidemic” of 
chronic metals neurotoxicity [3], especially in developing nations, but even in developed countries 
such as Austria, Canada, Japan, and the US [4]. In the US, roughly 5 million people, one-third 
children, live within a mile of nearly 1000 former smelters, 90 percent of which are not cleaned up 
and have soil-metals levels well above regulatory limits [5,6,7]. 

One reason for this neurotoxicity “epidemic” appears to be the causal controversy over the 
neurodegeneration hypothesis, the hypothesis that metals/metalloids, at exposure levels below those 
capable of causing neurotoxicity, can cause neurodegeneration, that is, progressive or worsening 
central-nervous-system disease. Of course, the US Environmental Protection Agency (US-EPA) and 
virtually all scientists recognize metal-caused neurotoxicity, that is, central-nervous-system damage 
from metals. However, some scientists and US-EPA officials fail to accept the neurodegeneration 
hypothesis C, metals-caused neurodegeneration [8]. 

Partly as a result of not accepting the neurodegeneration hypothesis, government has not 
imposed strict, timely metals-cleanup standards. For instance, at the DePue, Illinois and other former 
smelters, US-EPA standards for nearby residential soils require clean-up only to 400,000 ppb of lead [9]. 
Yet many scientists and the California EPA say serious neurobiological harm begins at soil-lead 
levels of 15 ppb [10]. The metals cleanup also is not timely at most former smelter site. For instance, 
in 1980, US-EPA closed the DePue facility. It warned that DePue is among the most hazardous 0.1 
percent of US toxic sites because of nearly-century-long smelter releases of arsenic, barium, 
cadmium, cobalt, copper, iron, lead, manganese, mercury, nickel, silver, sodium, vanadium, and zinc 
that have contaminated the site, hundreds of offsite residences, and local public wildlands and 
waterways [9]. Yet for 34 years the community has waited for metals decontamination. Polluters 
have remediated only one onsite ditch. No offsite and residential-soil/water contamination has been 
remediated, and metals-contaminated water still flows into the large public recreational and fishing 
area of Lake DePue. Fighting over the neurodegeneration hypothesis is part of what is delaying site 
cleanup and allowing weak clean-up standards. 

On one hand, local residents and many scientists accept this hypothesis and attribute increased 
DePue neurodegenerative diseases to soil/airborne metals from the former smelter. They cite a 
19-year study that documented “significant exposure” to heavy metals and increased health harms 
among 2000 DePue residents, including 10 times the expected cases of multiple sclerosis or MS, a 
neurodegenerative disease [11]. They also cite numerous studies linking metals and 
neurodegenerative diseases such as MS, Alzheimer’s (AD), Parkinson’s (PD), and ALS or 
amylateral sclerosis [12-40]. 

On the other hand, site polluters, New Jersey Zinc and Exxon-Mobil (ZEM), the US-EPA, and 
some scientists do not accept the causal link between metals exposures and neurodegenerative 
disease. Instead they claim most neurodegenerative disease is “idiopathic” [41-44], of unknown 
cause. Or, as the US-EPA officially says, “there is not yet consensus regarding the causative agents” 
of excess neurodegenerative diseases that have appeared in DePue and at other smelter-metals sites [8]. 
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1.1.1. Defining neurodegeneration 

Although scientists may disagree about the neurodegeneration hypothesis, they agree on what 
neurodegenerative disease is. They say all neurodegenerative diseases have three common and 
necessary features NOP, as follows: chronic neuroinflammation, (increased rates of brain-cell death 
typically caused by) overproduction of reactive-oxygen species or oxidative stress, and increased 
levels of atypical/misfolded/damaged and therefore toxic brain-protein assemblies [45-49]. NOP 
occurs as direct, brain-protective responses to invading pathogens/toxins/metals. When NO induce P, 
P in turn produces even more NO, and they further increase P. As later paragraphs show, NOP thus 
causes a cycle of worsening neurotoxic effects, that is, neurodegeneration. In fact, P already has 
attained the status of “core biomarker” for diagnosing neurodegenerative disease. Even before 
clinical symptoms appear, tau and amyloid-beta proteins are overproduced in AD, for instance, while 
alpha-synuclein proteins are overproduced in PD. Core biomarker changes P, in 
cognitively-normal-but-at-risk individuals, are correlated both with their later being diagnosed with 
neurodegenerative diseases and with their levels of cognitive impairment [46,50]. 

Given the definition of neurodegenerative disease in terms of NOP, and the fact that P is “core 
biomarker” for neurodegenerative disease, clarifying the controversy over the neurodegeneration 
hypothesis includes assessing whether or not metals can cause NOP. This assessment, however, is 
complicated by several factors. 

1.1.2. Factors muddying the neurodegeneration controversy 

Although all metals can be deadly, their dose-response curves differ in ways that muddy the 
neurodegeneration hypothesis. For the dose-response curves of most metals/metalloids—those that 
have no biological role, such as arsenic, barium, cadmium, lead, mercury, nickel, silver, and 
vanadium [16,19,27,28,29,32,36,51,52]—scientists have never discovered a safe or threshold dose 
for harm. This “never-discovered-safe-dose” claim seems reliable because most of the no-threshold 
metals are among the 10-most-studied toxic chemicals, in terms of the numbers of experiment-based 
scientific publications, 600–1400 per metal, per year [3]. However, while 
neurodegeneration-hypothesis proponents claim consensus about no safe dose of no-biological-use 
metals, those who fail to accept this hypothesis often argue that a damage-threshold is likely, given 
bodily detoxification and antioxidant processes [53-59]. 

Another factor complicating debate over the neurodegeneration hypothesis is that the body 
requires tiny, trace amounts of at least 6 metals, cobalt, copper, iron, manganese, sodium, and zinc, 
to meet essential needs [60-63], although any further accumulation can be toxic [61,63-66]. Hence 
those who do not accept the neurodegeneration hypothesis use these trace doses, from foods grown 
in noncontaminated soils, to argue that small additional doses of metals need not cause 
neurodegenerative harm. However neurodegeneration-hypothesis proponents say that, even if 
biologically-needed metals have a tiny threshold dose, near-smelter residents typically have received 
exposures up to thousands of times greater [11]. Besides, the adult-maximum-daily-metal-intake 
levels (that pose no risk of adverse affects) are tiny, for instance, 10 µg cobalt [67] 10,000 µg copper; 
45 µg iron; 11 µg manganese; and 40 µg zinc [62,63,68]. 
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1.2. Research aim 

The aim of this article is to assess the causal-scientific controversy over the neurodegeneration 
hypothesis. This aim is scientifically important because some scientists already claim to have shown 
that metals exposures (many from fossil fuels such as the particulate matter from vehicle exhausts) 
have induced IQ declines and premature neurodegenerative diseases, such as early AD and PD, in 
many upper- and middle-class urban children [50,69]. Yet residents living near smelters likely 
receive even higher metals exposures. If this article is correct, it has achieved its aim, to review the 
evidence and assess whether the neurodegeneration hypothesis is likely correct. If so, increased 
metals exposures may help explain massive recent increases in neurodegenerative diseases. 

2. Materials and methods 

2.1. Study design 

To assess the neurodegeneration hypothesis, this article used a number of procedures to carry 
out this research. Although there are no widely agreed-upon procedures or study designs for  
reviews [70,71], this study proceeded on the basis of 5 key steps that many researchers say should be 
included in a review. These are (1) framing the question for review, (2) identifying relevant work, (3) 
assessing the quality of studies, (4) summarizing the evidence, and (5) interpreting the findings [72]. 
Procedure (1) has already been spelled out in section 1, especially 1.1. 

Procedure (2) involved electronically scanning the Web of Science for all available, 
English-language resources on the topics of neurodegeneration and health effects of metals, then 
including those that were “most important.” Authors judged articles as “most important” if they were 
among those that appear to provide the best or strongest empirical evidence for/against the 
neurodegeneration hypothesis. According to study-selection criteria, research could be either 
experimental, observational, or qualitative studies, although no important quantitative studies were 
omitted. Study-selection criteria also allowed not including studies whose specific results were 
incorporated into later research and thus improved upon by later studies. 

Procedure (3), assessing the quality of studies relevant to the neurodegeneration hypothesis, 
involved logical and methodological analysis of each of the studies, relative to how well they 
satisfied classic norms for scientific assessment, such adequate sample size and study length, and 
how well they satisfied three main qualitative methods of causal assessment. These causal norms 
include (3.1) the mechanistic method, (3.2) the unification-coherence method, and (3.3) the 
experimental-counterfactual method. The main criteria for assessing whether article evidence met 
each of these three key causal norms, are whether the authors follow all relevant classic norms for 
scientific assessment, whether they make any false assumptions in collecting/assessing/evaluating 
data, and whether they draw any conclusions that lead to scientifically questionable empirical 
consequences. 

The three causal-assessment methods used in procedure (3) in this review article—respectively, 
(1) mechanistic, (2) unification-coherence, and (3) experimental-counterfactual methods—are 
important and relevant because they correspond to the respective guidelines that the US 
Environmental Protection Agency (US-EPA) calls “most salient” for causal assessment [73,74]. 
These “most salient” assessment tools are biological plausibility (a large part of which is what we 
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call the mechanistic method), consistency and coherence (what we call the unification-coherence 
method), and experiment and strength of association (what we call the experimental-counterfactual 
method) that correspond, respectively, to this study’s assessment methods (1), (2), and (3). In 
addition, this study’s causal-assessment methods (1), (2), (3) are important, both because they 
include the assessment method (3) that Bradford Hill called the “strongest support” for a causal 
claim [75], and because they include the same methods (2) and (3) that dominate causal assessment 
by the UN’s International Agency for Research on Cancer, IARC [76,77,78], namely, 
consistency—and experimental manipulation-strength.  

This article’s procedure (4), summarizing the evidence, followed four systematic steps. These 
are (4.1) outlining the causal methods, e.g., mechanistic to be used to assess each article; (4.2) 
assessing what each method and each article reveal about the neurodegeneration hypothesis, (4.3) 
assessing the quality of the experimental, observational, and qualitative evidence in each article, and 
(4.4) assessing all known scientific responses to the evidence for and against the neurodegeneration 
hypothesis. Procedure (5), interpreting the findings, followed three main steps. These are (5.1) 
determining whether the overall summary could be trusted, (5.2) assessing all known or likely 
objections to the summary, and (5.3) assessing possible grounds for bias in any of the studies [72]. 

In addition to classic scientific ways of evaluating all research relevant to the neurodegeneration 
hypothesis, the three main causal methods are central, namely the mechanistic, unification-coherence, 
and experimental-counterfactual methods. Before using these three methods to assess the hypothesis, 
consider each and what they require. 

2.2. Three main methods of causal assessment 

2.2.1. The mechanistic method 

The method of looking for and assessing mechanisms, that support the neurodevelopment 
hypothesis or not, is a plausible way to access the neurodegeneration hypothesis because in many 
fields of science, including neurobiology, satisfactory explanations often require providing 
descriptions of mechanisms and modes of action. This is partly because pollution effects often are 
assessed biologically and medically, yet many areas of biology have few, if any, laws. As a result, 
mechanisms often take the place of laws. For instance, two of the mechanisms of biological 
evolution are natural selection and genetic drift. Regarding pollution, one of the mechanisms through 
which DDT or PCBs can cause preterm birth is through chemical stimulation of uterine-contraction 
frequency [79]. 

The mechanistic method of causal assessment presupposes that an entity acts as a cause when it 
behaves according to a mechanism, a series of activities of entities that include regular, organized 
processes that produce regular effects. Mechanisms thus show how set-up conditions and 
intermediate stages of processes produce termination conditions that produce some effect, such as 
neurodegeneration [80-90]. Thus, mechanisms, such as processes associated with neural-protein 
build-up P might explain why people experience neurodegenerative diseases such as AD. Apart from 
its practical utility in science, the mechanistic account of causality seems plausible in part because it 
can provide sufficient conditions to explain how and which regularities actually explain [91]. Of 
course, not all causes are understood well enough to have mechanistic explanations, rather than 
merely statistical ones. Nevertheless, when one can find mechanisms, then use them to reproduce the 
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cause and effect, one has good evidence for a causal relationship. 

2.2.2. The unification-coherence method 

Unificationist methods of assessing causality likewise are a plausible way to evaluate the 
neurodegeneration hypothesis because, as already mentioned, they rely on the Bradford-Hill, 
US-EPA, and IARC norms of consistency and coherence—or unification—with other data to assess 
causal hypotheses. Unificationist methods also make sense because they presuppose that one aim of 
science explanation is unification, comprehending a maximum of facts, regularities, or 
phenomena—such as scores of different neurodegenerative diseases and their symptoms—in terms 
of a minimum of theoretical concepts/assumptions [87,92]. One of the classic unifications in science 
is that of electricity and magnetism, now understood to be two aspects of the same causal phenomena, 
referred to as electromagnetism. According to unificationists, a set of sentences (allegedly explaining 
phenomena) is superior to other such sets, insofar as it unites many observations/phenomena under 
one cause by providing as few, stringent, and complete as possible, argument-patterns that can be 
used to derive the greatest number of different accepted claims [88,93-96]. 

In response to the objection that unificationist methods may incorrectly give primacy to 
unification, not explanation of scientific phenomena [97,98], it is important to note that unificationist 
methods require explanation of phenomena, not merely the simplicity and predictive power that 
unification brings. Thus their goal is not merely unifying arguments, phenomena, and regularities, 
but also unifying different explanations of different phenomena—as with the earlier electricity and 
magnetism example. This unification therefore requires finding the best explanation, one that uses no 
accidental generalizations. 

2.2.3. Experimental-counterfactual methods 

Experimental-counterfactual methods of assessing potential causal relationships likewise are 
plausible because they can provide answers to what-if-things-had-been-different questions that are at 
the heart of experimental science. That is, they can identify conditions, factors, and interventions that 
might be used to manipulate outcomes or effects. For these methods, successful causal explanations 
are expressed as counterfactuals that exhibit stable and invariant patterns of dependency between the 
cause/explanans/factor and the effect/explanandum/outcome. These patterns reveal how 
interventions produce changes in the cause that are systematically associated with changes in the 
effect. According to this method, better causal explanations have dependency patterns that are more 
detailed, accurate, and complete—regarding identifying all changes in all the factors and only the 
factors that, if changed by experiment, are associated with changes in the explanandum/outcome 
[99-103]. 

Many Bradford Hill, US-EPA, and IARC uses of “biological gradient” provide examples of 
using experimental-counterfactual methods to assess causality. For instance when one manipulates 
doses or exposures to some pollutant, then observes that higher doses are associated with greater 
effects, but lower doses with lesser effects, and the absence of exposures with no effects, one 
observes a biological gradient. This is a dose-response relationship that is experimentally 
manipulated and that takes account of counterfactual situations, such as the absence of exposure. 
This apparent dependency relationship between pollutant dose and biological harm is a key sign of a 
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causal relationship, the very relationship that the experimental-counterfactual method attempts to 
discover. 

2.3. The role of scientific consensus regarding the three causal-assessment methods 

Another key reason that it makes sense to assess the neurodegeneration hypothesis by means of 
the three causal norms—that we call the mechanistic, unificationist-coherence, and 
experimental-counterfactual methods—is that these appear to be the norms on which the US-EPA 
relied, when it failed even to assess a possible causal relationship between metals exposures and 
neurodegenerative diseases. Thus, it is good to attempt to use the same methods, as those who fail to 
accept the neurodegeneration hypothesis, in order to evaluate all the evidence relevant to the 
hypothesis.  

How do we know that these three causal methods (mechanistic, unificationist-coherence, and 
experimental-counterfactual), used in evaluating US smelter threats, were the basis for US-EPA’s 
“failure to address the increased risks of neurodegenerative diseases caused by exposure to heavy 
metals, including increased risks of multiple sclerosis (known to have occurred at atypically high 
levels in [the former smelter at] DePue) and Alzheimer's disease, among others” [104]? We know 
this because US-EPA defends its failure by saying “there is not yet consensus regarding the causative 
agents” of excess neurodegenerative diseases at US smelter sites [8]. As a result, US-EPA has 
deliberately and officially declined to consider assessing the neurodegeneration hypothesis, even 
when asked to do so [8]. 

Moreover, when US-EPA says there is “no consensus” that metals exposure can cause 
neurodegenerative disease, it says it means there is “no weight-of-evidence” for the 
neurodegeneration hypothesis; it says it uses the phrases “no consensus” and “no weight of 
evidence” interchangeably [8]. But US-EPA’s weight-of-evidence norms for causal assessment are 
precisely the causal-assessment methods (mechanistic, unificationist-coherence, and 
experimental-counterfactual) that we use here. As emphasized earlier in section 2.1, US-EPA says 
the 3 causal norms we use are the “most salient” in causal assessment, and both Hill and IARC 
causal analyses support this US-EPA position. In fact, US-EPA has specific requirements to assess 
causal claims about human harms—especially from pollutants—in terms of “weight of evidence” 
[73,74,105], or “preponderance of the information” [105]. 

Our use of the three causal-assessment methods (mechanistic, unificationist-coherence, and 
experimental-counterfactual), the “most salient” part of causal assessment, also is important because 
US-EPA explicitly rejects any other (than weight-of-evidence as just defined) criteria (such as 
consensus) for causal assessment. It says there are no other necessary or sufficient norms for causal 
assessment [73,74]. 

3. Results 

3.1. What the three causal methods reveal about the neurodegeneration hypothesis 

Thus, preceding sections reveal that our three key norms for causal assessment—the mechanist, 
unificationist-coherence, and experimental-counterfactual methods—are at least plausible. They also 
are mandated by US-EPA as the “most salient” causal norms, and they dominate both IARC and Hill 



63	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

strategies for causal assessment. As a result, it makes sense now to use these three methodological 
norms to assess the neurodegeneration hypothesis. Subsequent paragraphs evaluate this hypothesis 
via each of these three methods. These evaluations show that (1) the mechanist method supports the 
neurodegeneration hypothesis for two main reasons. (1.1) Accepting this hypothesis is superior to 
not accepting it, (1.1) because accepting the hypothesis provides mechanisms to explain excess 
neurodegenerative diseases, whereas not accepting it does not, and (1.2) because accepting the 
hypothesis provides (whereas not accepting it does not) 3 mechanisms NOP whose operation is 
necessary for mild cognitive impairment and neurodegenerative diseases, including MS, AD, PD, 
and ALS. 

Subsequent paragraphs likewise show that (2) the unificationist-coherence method supports the 
neurodegeneration hypothesis for two main reasons. Accepting this hypothesis is superior to not 
accepting it, (2.1) because accepting the hypothesis (but not not-accepting it) provides a unifying 
cause of excess neurodegenerative diseases, and (2.2) because not accepting the hypothesis (but not 
accepting it) ignores the fact that the hypothesis unifies similar neurodegenerative harms, from many 
different metals and metalloids, on many different populations, through many different exposure 
routes and scientific methods. 

Finally, subsequent paragraphs likewise show that (3) the experimental-counterfactual method 
supports the neurodegeneration hypothesis for two main reasons. Accepting this hypothesis is 
superior to not accepting it, (3.1) because accepting the hypothesis (but not not-accepting it) provides 
reasons that support counterfactual inferences, to explain excess DePue and other smelter-site 
neurodegenerative diseases. Also, (3.2) those who fail to accept the hypothesis ignore the fact (while 
those who accept the hypothesis do not) that interventionist accounts support the hypothesis because 
animal-experimental studies clearly show that counterfactually manipulating animal exposures to 
metals, by varying doses, reveals a pattern showing that changing metals’ doses (causes) changes 
neurological phenomena (effects). That is, metals-exposure levels are positively correlated with 
central-nervous-system levels of NOP, all 3 of which are necessary for developing mild cognitive 
impairment and neurodegenerative diseases. Moreover, as already noted, P is a “core biomarker” for 
neurodegeneration. Once metal nanoparticles enter the brain and cause NO, then P, increased brain 
levels of harmful oxidized proteins interfere with nerve transmission, even before they clump into 
plaque or tangles [106-109]. 

3.2. What the mechanistic method reveals about the neurodegeneration hypothesis 

Consider first how one might evaluate the neurodegeneration hypothesis in terms of the 
mechanistic method. What insights does this method provide about the neurodegeneration hypothesis? 
Subsequent paragraphs argue that not accepting the hypothesis is questionable because it proposes no 
alternative mechanisms to explain increased neurodegenerative-disease rates in areas of high 
metals/metalloids exposure. Accepting the neurodegeneration hypothesis, however, satisfies the 
mechanistic method of causality insofar as NOP mechanisms, including core biomarker P, are 
necessary conditions for neurodegenerative diseases, including AD, ALS, MS, and PD to  
develop [20,27,35]. Thus, on the basis of the mechanistic method of assessing causality, accepting 
the neurodegeneration hypothesis appears superior to not accepting it. 

3.2.1. Three mechanisms of metals-induced neurodegenerative harms 
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As discussed earlier, the NOP mechanisms, in terms of which neurodegenerative disease is 
defined, operate in terms of several related brain processes, including amyloid-beta processes and tau 
processes. Each of these processes is tied to P, overproduction of different damaged/toxic brain 
proteins, such as amyloid-beta and tau in AD, and alpha-synuclein in PD. In the amyloid-beta 
process, for instance, P takes the form of overproducing damaged amyloid-beta. In the tau process, P 
takes the form of overproducing and overphosphorylating tau proteins. (Phosphorylation, the 
addition of a phosphate group to a protein, causes its enzymes to become activated/deactivated, such 
that protein dysfunction and misfolding occurs, and nerve transmission is damaged.) 

The neurodegenerative mechanisms NOP, and the processes through which they operate, begin 
when a person inhales/ingests metals more quickly than can be excreted. Even metals with a 
biological role—such as cobalt, copper, iron, manganese, and zinc—may cause neurotoxicity by 
free-radical-mediated oxidative stress O and subsequent chronic neuroinflammation N, impairment 
of mitochondrial function, and P alteration of protein structure and overproduction of damaged 
proteins, the core biomarker of neurodegeneration [33,46]. When people inhale particulate metals 
that are fine/ultrafine (less than 2.4 micrometers in diameter), the metal particulates move up the 
nose, into the olfactory bulb, directly into the brain. When metals are ingested, the blood transports 
them to every part of the body, including the brain. Neurodegeneration occurs because the brain 
treats all metal particulates as “invaders” and induces NO, including swelling and massing of white 
blood cells to protect the brain and immobilize the metal particles. Once NO cause P, the biomarker 
of neurodegeneration, however, P produces even more NO, killing and damaging neurons and 
blocking brain-cell signaling, in a worsening, repeated, chronic cycle of NOP, NOP, NOP. 

In the amyloid-beta process, metal ions, including copper, iron, and zinc, bind to amyloid-beta, 
increasing brain levels of this toxic protein [110,111]. The metals-mediated, toxic-amyloid-beta 
process, involving mechanisms NOP, involves a self-reinforcing cycle of neuroinflammation (N), 
neurodegeneration through OP, and further, chronic N neuroinflammation, in a cycle of NOP, NOP, 
NOP [52]: 

Metal/metalloid particles enter brain → neuroinflammation/swelling/white blood cell massing 
occur (N) → metals bind to some amyloid-beta proteins, making them toxic, and elevating their 
levels (P) → free radicals are produced, oxidative stress in the brain (O) → neuroinflammation 
increases (N) and becomes chronic (N), in a recurrent and chronic neurodegenerative NPO  
cycle [45,50,106,112-118]. 

The hyperphosphorylation-mediated, toxic-tau process, also involving mechanisms NOP, 
likewise involves a self-reinforcing and cycle of neuroinflammation (N), neurodegeneration through 
O and P , and further NOP, NOP, NOP: 

Metal/metalloid particles enter brain → neuroinflammation/swelling/white blood cell massing occurs 
(N) → hyperphosphorylation damages tau-proteins in the brain and elevates their levels (P) → causing 
reactive oxygen species, oxidative stress (O), brain-cell damage/death and reduced nerve transmission → 
neuroinflammation (N) increases and become chronic → hyperphosphorylation increases, and so on, in a 
repeated, neurodegenerative cycle of NOP, NOP, NOP. [18,50,106,112,113,115,116,117,119]. 

Although scientists know that accumulation of neurofibrillary tangles or plaques do not 
themselves cause neurodegenerative disease but instead are effects, the tangles or plaques also 
promote N and the neurodegenerative NOP cycle [52]. Thus metals/metalloid exposure induces the 
repeated NOP cycle of mechanisms, including the core neurodegeneration biomarker  
P [18,45,46,50,52,106,112-117,119]. 
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3.2.2. Animal-experiment evidence for NOP mechanisms 

Given the preceding examples of NOP mechanisms, consider six of the hundreds of animal 
studies showing that metals-exposure induces NOP mechanisms, including the core 
neurodegeneration-biomarker P, and the processes in which NOP occur. One study on rats showed 
that arsenic exposure induces protein tau hyperphosphorylation and over-transcription of the gene 
encoding the amyloid-precursor protein, thus producing the hallmark neuropathologic feature P of 
AD [19]. A study on mice showed that copper induces P, the phosphorylation and aggregation of tau 
proteins [27]. Another study showed mercury exposure increases P, toxic beta-amyloid production 
and hyperphosphorylation of tau protein in rats [52]. A fourth study on rats confirmed that cobalt 
increases P, toxic beta-amyloid production by upregulating expression of beta-amyloid precursor 
proteins [27]. A fifth study on rats showed mercury and silver at blood concentrations of 0.33 mM 
cause brain-cell death, then N and all its outcomes [32]. A fifth experimental study on monkeys 
showed that manganese exposure caused the rats to develop P, beta-amyloid increases and resulting 
plaque when they were only about 6-8 years old; these results show metals such as manganese cause 
early AD [22], just as they do in human children [50,120,121]. 

Because studies on human AD victims show no association between age and brain-metals levels, 
between controls and AD patients [121], age alone likely does not cause AD. Another factor, such as 
metals exposure, probably plays a significant role in AD. The sporadic or nongenetic/nonfamilial 
nature of 90–95 percent of AD cases also strongly suggests that environmental factors like metals 
play significant roles in its pathogenesis [122]. 

3.2.3. Responses to these mechanistic arguments for the neurodegeneration hypothesis 

In response to preceding animal-experimental/human-observational evidence for NOP and C, 
and thus for mechanistic evidence for the neurodegeneration hypothesis, those who fail to accept this 
hypothesis might question whether N is a genuine mechanism of neurodegeneration. After all, N 
does not always cause disease. Yet if a mechanism always works in the same way under the same 
conditions, objectors say the N mechanism should always cause disease [123]. They note that N does 
not always work in the same way because it is often beneficial, eliminating pathogens, clearing brain 
debris, and aiding repair [124]. Besides, in the case of MS, they claim neurodegeneration may occur 
independently of N, because very little N is seen in cortical MS plaques, as evidenced by the fact that 
anti-inflammatory drugs often have little/no effect on the disease [123]. Thus if N is (a) often 
beneficial, not neurodegenerative, and (b) not present in all neurodegenerative diseases, those who 
fail to accept the neurodegeneration hypothesis may have grounds to doubt mechanistic support for 
the hypothesis. 

However, those who fail to accept the neurodegeneration hypothesis err regarding (a). Although 
N does not always cause neurodegenerative disease, there are two types of neuroinflammation, acute 
and chronic. Acute inflammation is the sequence of tissue-responses that occurs within the first few 
hours after injury and is resolved when invaders are killed/removed [125]. Chronic N is what occurs 
after the first few hours of exposure, and invaders are not killed/removed [125]. In chronic N, 
microglia (the brain’s immune cells) and inflammatory cells are activated and release 
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pro-inflammatory cytokines [124]. Although chronic N always causes neurodegenerative diseases, 
including MS, AD, PD, and ALS [18,25,45,50,52,106,112-117,119], acute/several-hours-long N can 
be beneficial. When microglia detect pathogens/toxins/damage, they initially cause acute N to help 
clear the threat. However, if the problem is not quickly resolved, signal cascades result in the 
expression of new/toxic brain proteins P, and microglia become chronically activated, releasing 
pro-inflammatory cytokines and O. Continued N and presence of the pathogen/toxin/damage, and 
chronic release of cytokines and O, causes chronic N [124], chronic NOP that kills more and more 
neurons, one of the defining characteristics of neurodegenerative disease [124,126]. Because the 
objection confuses chronic and acute N and yet provides no alternative mechanisms to prevent NOP, 
it seems reasonable to support the neurodegeneration hypothesis over not accepting it. 

Likewise, those who fail to accept the neurodegeneration hypothesis also err regarding (b), as 
they claim that N does not always characterize neurodegenerative disease, as anti-inflammatory 
drugs often fail to address such disease. However, (b) errs because in progressive neurodegenerative 
disease, such as MS, N often becomes trapped behind a closed/repaired blood-brain barrier, where 
anti-inflammatory treatments cannot not reach this N and address it [123]. Thus, the purported drug 
evidence does not show absence of N in neurodegenerative disease. Besides, earlier evidence showed 
that another mechanism/biomarker of neurodegeneration, P, causes/results from N; hence it is 
reasonable to reject this objection and to prefer the neurodegeneration hypothesis over not accepting 
it. Again, those who fail to accept the hypothesis provide no alternative mechanisms either that 
induce neurodegenerative diseases, in the face of metals exposures, or that would block the action of 
metals-caused mechanisms NOP. Hence, the mechanistic method suggests weight-of-evidence lies 
with the neurodegeneration hypothesis, not with those who fail to accept it. What about the two other 
main methods of causally assessing hypotheses? 

3.3. What the unificationist method reveals about the neurodegeneration hypothesis 

Specifically, what about the unificationist account? Would it support the neurodegeneration 
hypothesis or not? This section shows that the hypothesis unifies diverse neurological phenomena in 
at least 5 ways, whereas not accepting it achieves no theoretical/empirical unification. That is, 
accepting the neurodegeneration hypothesis unifies (1) the harmful neurological and 
neurodegenerative effects (2) of many different metals/metalloids, (3) on many different populations, 
(4) revealed through several different scientific methods, and (5) documented via many different 
exposure routes. Consider (1). 

3.3.1. The neurodegeneration hypothesis unifies harms from many metals 

Unificationist methods of assessing causality support the neurodegeneration hypothesis because it 
unifies the same three neurodegenerative effects, NOP, all of which are associated with metals/metalloid 
exposure, including arsenic, cadmium, cobalt, copper, iron, lead, manganese, mercury, silver, sodium, 
vanadium, and zinc—whereas failure to accept this hypothesis achieves no unification. Scientists agree 
that NOP are necessary for mild cognitive impairment and neurodegenerative disease and that P is a core 
biomarker of neurodegeneration [15-22,25-33,35,37,38,46,106-109]. N and O may occur 
briefly/non-chronically and in tiny areas of the brain, in the absence of neurodegenerative diseases, 
but neurodegenerative diseases never occur without chronic NOP, and P is the key biomarker of such 
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disease. For instance, 
• N appears after any exposure (via food/water/air/soil/skin) whatsoever to arsenic [19] or 

mercury [52], neither of which has a safe dose [51]. Daily drinking-water exposures, with levels as 
low as 8 µM copper [17,127]; 60 ppm iron [25,26,35]; or 14.5 µg/L zinc all trigger N [17,121]. 

• P appears after any exposure (via food/water/air/soil/skin) whatsoever to arsenic [19],  
lead [20,21,28], or mercury [52], none of which has a safe dose [51]. Daily exposures as low as 0.13 
µg cobalt/L water [27,128,129]; 0.01498 mmol copper/L blood serum [27,31]; 3.3–10 ppm 
manganese/blood [22,37]; 7.7 mmol/L sodium in cerebrospinal fluid [38,130]; or 14.5 µg/L zinc in 
cerebrospinal fluid, all trigger P [15,17,121].  

• O appears after any exposure (via food/water/air/soil/skin) whatsoever to arsenic [19,30], 
cadmium [16,27], mercury [18,32,52], silver [32], or vanadium [29], none of which has a safe dose [51]. 
Daily exposures to drinking water, with levels as low as 0.13 µg/L cobalt [27,129]; 8 µM copper [27,127]; 
60 ppm iron [18,25,35]; or 12.82 ppm airborne manganese all trigger O and resulting neuron 
death/damage [18,39]. 

Those who fail to accept the neurodegeneration hypothesis, however, deny that the hypothesis 
unifies neurodegenerative effects NOP across many metals. They take this position because 
human-study results often are inconsistent [131-135]. For instance, although classic-literature-review 
articles on metals and neurodegenerative disease, especially AD, indicate that all animal-/in-vitro 
experiments consistently show metals induce greater cognitive impairment and “all pathological 
changes” found in neurodegenerative diseases such as AD, those who doubt the neurodegeneration 
hypothesis say human-observational results are inconsistent. They say that (a) subjects’ metals levels 
in blood/cerebrospinal fluid/hair/nails/urine are not always consistent with their neurodegenerative 
status, e.g., AD severity. They also claim that (b) without multiple-decades-long, cohort studies that 
provide dose-response numbers for metals-neurodegeneration, there is no good causal evidence that 
mild cognitive impairments, from low-level-metals exposure, has some probability of becoming 
neurodegenerative disease [52,136]. 

However, the preceding objections to the neurodegeneration hypothesis are suspect on several 
grounds. At least 4 reasons suggest (a) is questionable. First, interpersonal variations in 
genetics/immunity/metals excretion/so on, can account for different neurodegenerative-disease levels, 
given similar metals levels. Second, as already argued, neurodegenerative status is proportional to P, 
not metals levels. Third, it is wrong to claim that results of different observational studies, using 
different populations/methods/data, are inconsistent, because the different populations/methods/data 
in observational studies could explain the differences. Besides, the different studies do not 
affirm/deny the same thing in the same respect, so they cannot be inconsistent. Fourth, because all 
the carefully controlled animal-/in-vitro-experimental data consistently support the 
neurodegeneration hypothesis, there is little reason to doubt it, just because observational studies 
supposedly are inconsistent. There is no reason that flawed and superior studies should have 
consistent results. For instance, the objectors themselves note that some human studies (correctly) 
used glass, while others (incorrectly) used plastic, test tubes for blood samples. Yet the latter allows 
more volatilization/vaporization of metals such as cadmium, mercury, zinc, thus lower recorded 
“doses” [52]. Therefore, rather than challenging the neurodegeneration hypothesis, the supposed 
inconsistences in human-observational studies likely result not from the hypothesis’s being wrong, 
but from poor methods. These poor methods include not controlling for confounders, or ignoring 
different metals-absorption or detoxification capacities of different people/populations. 
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Part (b) of this objection to the neurodegeneration hypothesis likewise is questionable because 
although the objection demands it, it is usually impossible to derive a quantitative dose-response 
curve from purely human-observational data. This is because one has no randomized/experimental 
data for humans and cannot fully control for confounders. Yet human-dosing experiments with 
metals are ethically/legally prohibited. This is why US-EPA says “there is frequently a lack of 
dose-response data available for human subjects” [137]. Moreover because weight-of-evidence 
assessments always presuppose a particular assessment time, assessment judgments ought not be 
deferred merely because multiple-decades-long cohort studies have not been done. Therefore, the 
best-available data, at present, argue for the neurodegeneration hypothesis over not accepting it, 
because it unifies the same NOP effects from diverse metals. 

3.3.2. The neurodegeneration hypothesis unifies many diseases 

Unificationist methods of causal assessment also support the neurodegeneration hypothesis 
because not accepting it unifies no neurodegenerative phenomena across many metals-exposed 
populations. However, the hypothesis unifies increased neurodegenerative diseases (such as MS, AD, 
PD, and ALS, including their 3 necessary conditions NOP and their core biomarker P, with increased 
metals exposures), across at least 4 diverse populations, including animal, residential, worker, and 
pre-natal groups [11,34,36]. 

When animals and humans populations face metals exposures, both experience NOP [106-109]. 
For instance, mice and rats, exposed to copper or iron, exhibit increased N [17,35]. Rats or other 
rodents, exposed to arsenic [30], cadmium [16], mercury [32], silver [32], or vanadium [29], exhibit 
O. And when primates [22,37], rodents [30], mice [17,20,21], and rats [52], respectively, are exposed 
to manganese, arsenic, lead or zinc, or mercury, they exhibit P, all of which suggest there are regular 
patterns of neurodegenerative effects, caused by the same mechanisms NOP, identified by the same 
core biomarker P [46], across different animal populations. 

In response to this defense of the neurodegeneration hypothesis by unifying animal populations 
though NOP mechanisms, opponents often reject animal studies as a basis for extrapolating about 
human harm [138,139,140]. For example, when some scientists analyzed lead-exposure effects, they 
concluded that ignorance about different species’ physiological, toxicokinetics, and metals-dynamics 
differences makes extrapolation to other species difficult [138]. 

However, rejecting animal studies and therefore failing to accept the neurodegeneration 
hypothesis, is questionable because animal-experiment studies can be, and almost always are, used to 
draw conclusions about humans; this is typically because the animal studies are experimental, and 
the human studies are not [141,142,143]. Although extrapolations from animals to humans may have 
some imprecision, as long as scientists use appropriate animal models, they make reasonable 
predictions about effects on humans. Those who object to animal extrapolation also overestimate 
difficulties with getting accurate animal-exposure data, yet underestimate difficulties with getting 
accurate human-exposure data. After all, animal experiments rely on (1) intended, controlled 
exposures; (2) direct, large-sample observation of exposures to thousands of subjects; (3) long-term 
observation of exposures that capture lifetime or multiple-generation effects; (4) consistent or 
constant exposures over time, and (5) empirically-confirmed exposures obtained through frequent 
measurements of differences between target-exposures and actual delivered doses. 

In contrast, human-observational studies typically rely on (1’) unintended exposures; (2’) 
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indirect, uncontrolled, small-sample observations of ten to hundreds of subjects; (3’) short-term 
observations, susceptible to confounding, bias, missing/underestimating effects, ignoring 
inter-individual variability, and ignoring latent harms; (4’) variable exposures, and (5’) estimated, 
after-the-fact exposures, given ethical/legal problems with human experiments involving harmful 
exposures. For both sets of all 5 reasons, human-observational studies usually have greater 
exposure-related uncertainties and less ability to control quality and thus produce good science, than 
do animal-experimental studies [144]. Besides, if those who fail to accept the neurodegeneration 
hypothesis, do so because they reject animal-to-human extrapolation regarding metals, they also 
would have to reject any animal studies showing no metals-related neurological harm (if such studies 
existed), as well as most cancer studies. Rejecting animal-to-human extrapolation also fails provide 
grounds for not accepting the neurodegeneration hypothesis because, as subsequent paragraphs 
reveal, support for this hypothesis is not limited to animal-experiment studies but includes 
human-observational studies that confirm similar results, namely human-animal neurodegeneration 
from metals. Hence this animal objection fails. 

Regarding human data that support the neurodegeneration hypothesis, many adult-residential 
populations reveal metals’ neurodegenerative effects. Consider 4 of thousands of different 
human-epidemiological studies [11,34,36,145] that support the neurodegeneration hypothesis, 
especially regarding MS. First, a 1971–1990 study showed that “a significant excess” of MS cases, 
10 times above normal, occurred in DePue, Illinois, where residents had “significant exposure” to 
many metals, including zinc [11]. Second, a Taiwan study showed that ingesting food grown in 
lead-contaminated (5.3 mg/kg) soil is “positively correlated with” MS incidence [34]. Third, 
multiple-location European studies have shown a “significant positive correlation” between higher 
soil-barium levels and higher MS incidence [36]. Because these MS increases have been so steep and 
rapid, scientists say genetics alone cannot explain them, and heavy metals are the likely culprit [36]. 
Fourth, another US study, comparing 29 million Medicare beneficiaries, showed that counties with 
higher manganese releases from smelters and industrial facilities had “significantly elevated” PD 
risks [145]. 

Regarding adult-worker populations, hundreds of other studies also support the 
neurodegeneration hypothesis because they tie higher metals’ exposures to higher rates of 
neurodegenerative disease. For instance, smelter workers and welders who are exposed to workplace 
manganese have higher rates of PD [23,39,146]. Battery-factory workers, exposed to occupational 
nickel and cadmium, suffer higher rates of brain atrophy and ALS syndromes [13,147,148]. 

In response, those who fail to accept the neurodegeneration hypothesis object to the 
adult-residential and adult-worker arguments by pointing to shortcomings in the preceding 
human-epidemiological studies supporting the hypothesis. For instance, one study found a “poor 
correlation” between blood-manganese levels and smelter-employment duration, although PD 
incidence was positively correlated with blood-manganese levels [39]. This objection, however, errs 
for at least two reasons. The most obvious reason is that there are no grounds to assume that 
blood-metals levels are correlated with length of employment, given different exposures at different 
jobs within the smelter, and given inter-individual differences in genetics, absorption, and 
detoxification. This objection to the neurodegeneration hypothesis also fails for some of the same 
reasons that the earlier “inconsistency” objection errs. It points to flaws in the observational data 
supporting the neurodegeneration hypothesis, flaws often unavoidable in non-experimental studies. 
Yet it ignores the preceding animal-experiment data that support the neurodegeneration hypothesis, 
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including studies showing that virtually all metals induce three necessary conditions (NOP) for MS, 
AD, PD, ALS, and so on [15-22,25-32,34,35,37,38]. Thus weight-of-evidence considerations support 
the neurodegeneration hypothesis, rather than this objection. 

Evidence from pre-natal populations likewise supports the neurodegeneration hypothesis, 
according to unificationist methods, because children with prenatal-metals exposures have increased 
incidence of harmful neurodevelopmental effects, ranging from ADHD and lowered IQ, to cognitive 
deficits in attention, memory, language, and visuospatial skills [12,40]. Moreover, these 
neurodevelopmental harms exist forever and may worsen, as neurodegenerative disease does. For 
example, children with blood-lead levels greater than 2 µg/dL—only 20 percent of US-EPA’s 
allowed blood-lead levels—are at a 4.1-fold increased risk of ADHD [14,149]. The estimated IQ 
decrement associated with an increase in blood-lead levels from 2.4 to 10 µg/dL is approximately 4 
points (95% CI, 2.4–5.3) [24]. Overall, exposure to lead alone causes a loss of 22,947,40 IQ 
points/year, just for US children ages 0-5, a neurodevelopmental loss causing future-income losses of 
roughly $319 billion/year in the US [150]. This occurs mainly because developing brains are 
uniquely susceptible to neurotoxins, such as metals, that alter the neurotransmitter levels needed both 
for prenatal brain development and for avoiding adult neurodegeneration, such as AD [28,151]. 
Because prenatal metals exposures cause permanent cognitive declines in children similar to the 
permanent declines found in adult neurodegenerative disease, and because both occur through 
similar metals damage to protein neurotransmitters, the neurodegeneration hypothesis provides a way 
to unify these prenatal and adult harms from metals. 

In response, those who fail to accept the neurodegeneration hypothesis point to shortcomings in 
prenatal-observational studies. In general, they can always cite some proposed confounders that 
could negate the neurodegeneration hypothesis and provide non-metals explanations of 
neurodegeneration, such as failure to control for a nonrandom assortment of genetic risk factors [11]. 
For instance, those who fail to accept the neurodegeneration hypothesis often point to questions 
about specific studies, claiming that neurodegenerative harms, allegedly caused by prenatal metals, 
could have been caused by confounders such as maternal exposure to 
cigarettes/alcohol/polychlorinated biphenyls or PCBs, given that observational studies cannot control 
for all confounders [40]. 

The preceding “confounder” objection against the neurodegeneration hypothesis errs, however, 
because the issue is not the obvious methodological weakness of all human-observational studies, 
namely, that they can neither control for all confounders nor randomize subjects/treatments. This is 
not the issue because, as the response to the earlier consistency objection noted, ethics/law requires 
using only observational/non-experimental metals studies on humans. This fact that explains why 
epidemiological studies are the foundation of virtually all public-health science [152]. Thus the issue 
is whether the strongest/largest/best-controlled human-epidemiological studies support accepting or 
not accepting the neurodegeneration hypothesis [153]. The issue whether the weight-of-evidence 
supports accepting or not accepting the neurodegeneration hypothesis. 

Moreover, although the confounder objection attributes prenatal neurodegenerative effects to 
PCBs/alcohol/tobacco exposure, not to metals [40], the study itself rules out these alleged 
confounders. Although PCBs were “weakly associated” with neuropsychological deficits and 
memory problems in this study, because PCBs were not associated with metals exposures, they could 
not have caused confounding. Similarly, although maternal smoking and alcohol drinking during 
pregnancy are positively associated with some of the same adverse neuropsychological outcomes 
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linked to metals exposure [40], they also are unlikely confounders because the study showed that 
adverse lead effects remained the same, regardless of whether or not maternal tobacco/alcohol use 
occurred during pregnancy [40]. Thus the confounder objection to the unificationist case for 
accepting the neurodegeneration hypothesis fails, and those who fail to accept the hypothesis have 
provided no alternative way to unify neurodegenerative harms across 4 different populations. 
Therefore, on grounds of experimental and observational studies on 4 different types of populations, 
accepting the neurodegeneration hypothesis appears more plausible than not accepting it, partly 
because the hypothesis-supporting studies appear to use no accidental generalizations that would 
weaken the unification [154]. 

3.3.3. The neurodegeneration hypothesis unifies many ways of showing neurodegeneration  

Unificationist methods of assessing causality also support accepting the neurodegeneration 
hypothesis over not accepting it because the latter unifies no diverse scientific methods, all of which 
provide evidence against metals-induced neurodegenerative disease. However, accepting the 
neurodegeneration hypothesis does achieve unification. More specifically, it unifies at least two 
different scientific methods, animal-experimental and human-observational studies, both of which 
show that not accepting the hypothesis is questionable, and that three necessary conditions NOP for 
neurodegenerative disease, including the core biomarker of neurodegeneration, P, are associated with 
metals exposure. Thus both animal-experimental methods [16,17,20,21,22,29,30,32,35,37,52], and 
human-observational methods [11,12,23,28,34,36,39,40,147] support accepting the 
neurodegeneration hypothesis. 

Interestingly, the neurodegeneration hypothesis also unites, while failure to accept it does not, 
the experimental and observational methods of theoretical science with the more practical strategies 
of medical treatment. Many physicians and pharmacologists have discovered that they can ameliorate 
neurodegenerative problems by reducing brain levels of metals through chelation [155,156,157]. 
Theoretical scientists likewise say that because disrupted metal homeostasis is a consistent feature of 
all neurodegenerative disease, therapy should target these metals [158-161]. The success of 
metals-removing chelation in ameliorating neurodegeneration suggests that, on a practical level, 
increasing brain levels of metals could exacerbate if not cause neurodegeneration, just as proponents 
of the neurodegeneration hypothesis claim. Thus this hypothesis appears to unify both diverse 
scientific methods—and the methods of science and medical treatment. In contrast, not accepting the 
hypothesis unifies no metals, populations, or methods. Thus, it seems reasonable to accept the 
neurodegeneration hypothesis. 

3.3.4. The neurodegeneration hypothesis unifies many exposure routes 

Accepting the neurodegeneration hypothesis likewise unifies evidence of neurodegenerative 
harm from multiple metals-exposure routes. Numerous studies show that classic NOP conditions, 
necessary for neurodegenerative diseases such as AD and PD, result from metal/metalloid exposure 
via food/water/air/soil/skin. These exposures occur through inhaling nano metal/metalloid particles 
from auto exhaust and windblown soil [11,12], ingesting food grown in metals-contaminated 
water/soil [34], or skin absorption of metals-contaminated water/soil [36]. However, because those, 
who fail to accept this hypothesis, list no exposure routes through which people remain invulnerable 
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to metals’ harm, they cannot unify these routes. However, the neurodegeneration hypothesis unifies a 
variety of exposure routes and explains increased population rates of neurodegenerative diseases 
such as MS [11,12,34,36]. 

Previous arguments show that because accepting the neurodegeneration hypothesis (but not 
failure to accept it) can unify effects of diverse metals, on diverse populations, via diverse scientific 
methods and exposure routes, it is more likely than not that metal/metalloid exposures—unified in all 
these ways—can produce neurodegenerative diseases. This unification argues for accepting the 
neurodegeneration hypothesis over not accepting. The main reason is that, as the unificationist 
account of causality requires, different evidence/populations/methods establish the same pattern 
(increased incidence of harmful symptoms resulting in neurodegenerative diseases) in many different 
cases (diverse metals/populations/scientific methods/exposure routes). On the other hand, not 
accepting the hypothesis offers no such unification. Instead, failure to accept this hypothesis merely 
arises because critics note some imperfection/uncertainty in the neurodegeneration hypothesis, 
although they have neither evidence that the uncertainty affects the hypothesis, nor some alternative 
hypothesis that better unifies the many manifestations of the metals-neurodegeneration link. 
Therefore, unificationist methods of assessing causality suggest that it is more reasonable to accept 
the neurodegeneration hypothesis than not to accept it. But what does the last of the three 
causal-assessment methods, the experimental-counterfactual method, say about the 
neurodegeneration hypothesis? 

3.4. What the experimental-counterfactual method reveals about neurodegeneration 

The experimental-counterfactual method also offers many insights about the neurodegeneration 
hypothesis because it requires no scientific laws, and biology has few genuine laws. Yet, although 
many biological generalizations are less stable than physical/chemical laws, as experimentalists note, 
it is important to know the conditions under which biological generalizations are not stable. Such 
stability patterns can reveal valuable biological information about the contingency, insensitivity, and 
invariance of causal relationships [99,100,162,163], even when there may be no laws. 

Despite the dearth of neurobiological laws, using the experimental-counterfactual method can 
support the neurodegeneration hypothesis because it can help explain that the hypothesis is 
invariant/stable/robust under experimental interventions and a wide range of conditions—because 
only then does the hypothesis support counterfactuals. Thus if one can manipulate metals (causes) so 
as to produce patterns of regular and varied neurodegenerative effects, then one has explained the 
causal relationship in the neurodegeneration hypothesis because one can control it. And as 
Woodward [99,164] confirms, it does not matter whether the manipulation can be carried out, only 
that the explanatory relationship describes what would happen if it were carried out. This is an 
important detail because many neurobiological patterns must rely partly on observational, not 
experimental, studies.  

Do those who accept or those who fail to accept the neurodegeneration hypothesis do a better 
job of showing that they can experimentally control relevant causal relationships? This section of the 
article shows that not accepting the neurodegeneration hypothesis is questionable on grounds of the 
experimental-counterfactual account. Both human-observational and animal-experimental 
studies—that assess behavior under counterfactual conditions—support the neurodegeneration 
hypothesis. Consider first the experimental evidence. 
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3.4.1. Experimental-counterfactual support for metals-caused neurodegeneration 

Animal experiments, that manipulate environments, show that experimental-counterfactual 
accounts support the neurodegeneration hypothesis. Experimentally exposing animals to 
metals/metalloids causes both chronic NOP, necessary conditions for neurodegenerative diseases 
such as MS, AD, PD, and ALS to develop, and the core biomarker P of neurodegenerative  
disease [20,27,35,46]. For instance, rats exposed to drinking water contaminated with arsenic (57.3 ppm) 
exhibit NO [30]. Rats injected with 27 ppm lead exhibit P, amyloid-beta increases 103–108 percent 
higher than unexposed controls [21]. Rats dosed with iron exhibit chronic N, and as N increases, 
brain-cell iron levels double or triple, worsening N and inducing O, in a vicious cycle [35]. Moreover 
experiments show that when brain cells of rats and mice exhibit P, amyloid-beta increases, this P 
increases brain-sodium levels two- to three-fold which, in turn increases N and O [38]. In short, 
hundreds of animal experiments show that increasing metals exposures raises NOP as compared to 
controls, and that as N increases, so do brain levels of metals such as iron, sodium, and zinc; this 
indicates that at least some metals bind to proteins such as amyloid-beta [15], further reinforcing the 
NOP cycle, and worsening neurodegeneration. In contrast, those who fail to accept the 
neurodegeneration hypothesis can point to no animal experiments showing that as metals exposure 
increases, NOP does not. Experimental-counterfactual support, in terms of animal experiments, thus 
argues for neurodegeneration hypothesis. 

Human-observational studies also show that the experimental-counterfactual method supports 
the neurodegeneration hypothesis, through various “natural experiments.” Based on manipulation or 
counterfactual circumstances regarding metal/metalloid exposure, these “natural experiments” show 
that controlling metals exposures can control neurological effects. For instance, before repair of one 
workplace, metals-smelter-ventilation system, airborne-manganese averaged > 12.82 ppm, 
worker-blood-manganese levels were up to 405 µg/L, and PD-incidence rates were 75 percent of 
smelter workers. After repair, airborne-manganese averaged < 1.96 ppm, worker-blood-manganese 
levels averaged 14.9 µg/L, and PD incidence was 0 [39]. Even without an experiment, the 
smelter-worker data show that increases/decreases in metals exposure increases/decreases 
blood-metals levels which, in turn, cause PD increases/decreases. Certainly, therefore, accepting the 
neurodegeneration hypothesis seems more plausible than not accepting it, as the latter would predict 
neither increased PD when metals levels rose nor reduced PD when metals levels fell. 

3.4.2. An objection to experimental-counterfactual support for neurodegeneration 

In response to experimental-counterfactual support for the neurodegeneration hypothesis, those 
who fail to accept this hypothesis might reject such natural experiments on the grounds that several 
large observational studies have failed to find any metals-neurodegenerative-disease correlation, 
such as between being a welder and incurring higher risks of PD [165,166,167]. However, the 
apparent failure of some studies to reveal a welding-and-PD association can be explained by the fact 
that all of these no-association studies err in 3–5 ways [165,166,167]. They fail to measure metals 
doses or blood-metals levels, to distinguish different levels of welding ventilation, to distinguish 
different jobs/exposures among welders, to control for the healthy-worker effect, or to control for 
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confounders [168]. Virtually universally, these no-association welder studies ignore confounders, 
although the best observational studies do not. To take account of PD confounders, studies would 
need to control for pesticide, solvent, and vehicle/highway-exhaust exposures, as all these factors are 
well known causes of PD. Instead, the flawed, no-association studies, cited by those who do not 
accept the neurodegeneration hypothesis, merely correlated public data on PD incidence among 
those whose occupations were listed as welders. However, when studies take account of dose, 
confounders, ventilation, and so on, all other things being equal, they reveal a dose-response curve 
for metals-PD, and they show welders have 10–16 times the incidence of PD as nonwelders 
[169,170,171]—both causal desiderata for experimental-counterfactual methods. As a result, 
accepting the neurodegeneration hypothesis seems more plausible than not accepting it, at least on 
experimental-counterfactual ground. 

4. Discussion 

4.1. What the results suggest 

In sum, preceding paragraphs show that three key causal-assessment methods (mechanistic, 
unificationist-coherence, and experimental-counterfactual) provide human-observational and 
animal-experiment evidence that metals can induce the necessary NOP mechanisms of 
neurodegeneration, including the core biomarker P [16,17,20,21,22,29,30,32,35,37,52]—also unify 
all relevant populations, exposures and methods related to neurodegeneration, and finally 
experimentally and counterfactually show that accepting the neurodegeneration hypothesis seems 
more reasonable than not accepting it. Are these results reliable? 

Several reasons suggest that the results, supporting the neurodegeneration hypothesis, are 
reliable because most of the relevant pro-hypothesis studies experimentally vary metal/metalloid 
exposures and reveal proportionate NOP effects. Yet those, who fail to accept the neurodegeneration 
hypothesis, have never controlled for confounders, measured dose, and so on, and yet revealed (i) the 
presence of a non-metals mechanism to explain neurodegenerative harms attributed to metals, (ii) 
unified reasons for the supposed absence of a metals-neurodegeneration relationship, and (iii) an 
account of alternative experiments/manipulations that explain increased neurodegeneration, amid 
increased metals exposures. For all these reasons, weight-of-evidence considerations (mechanistic, 
unificationist-coherence, and experimental-counterfactual methods) argue for accepting the 
neurodegeneration hypothesis, rather than for not accepting it and these arguments appear reliable. 

The preceding results, in favor of accepting the neurodegeneration hypothesis, also appear 
reliable or trustworthy because this analysis has taken account of all important known objections to 
accepting the neurodegeneration hypothesis—and has answered them. In particular, the analysis and 
review has answered the objections in terms of specific details of each of the studies, such as 
supposed inconsistent results; studies that fail to measure dose/exposure; studies that fail to take 
account of experimental conditions, such metals-smelter ventilation; and studies that fail to control 
for confounders. 

4.2. Possible additional objections to study results 

However, in response to the preceding assessment showing that the mechanist, 
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unificationist-coherence, and experimental-counterfactual accounts suggest that accepting the 
neurodegeneration hypothesis is more defensible than not accepting it, someone might have 
additional objections, on at least four grounds, respectively, (1) hormesis, (2) human data, (3) 
specificity, and (4) competitors. These four objections might be formulated as questions, each of 
which we shall answer. (1) Although high-dose toxins/carcinogens have damaging effects, aren’t 
low-dose toxins/carcinogens often either beneficial or not harmful? (2) Although 
hypothesis-comparison supports the neurodegeneration hypothesis, doesn’t it remain questionable, to 
some degree, insofar as no human-dosing experiments support it? (3) Doesn’t the neurodegeneration 
hypothesis have what Bradford Hill might call a specificity problem, insofar as neurodegenerative 
disease has more than one cause, and metals obviously cause many harms, apart from 
neurodegenerative ones? (4) Why should one accept the neurodegeneration hypothesis, if there are 
no competitor hypotheses against which to compare it? Won’t any hypothesis with some explanatory 
power, such as the neurodegeneration hypothesis, always win over hypotheses that fail to accept 
some hypothesis? If so, why is the preceding analysis important? Consider each of these objections 
in order. 

Objection (1), the hormesis objection, is that some scientists, mostly funded by industry, do not 
accept the neurodegeneration hypothesis because of supposed hormetic or beneficial effects of 
low-dose toxins on at least one biological endpoint [54-57]. Biological endpoints include hundreds of 
things, from cancer, to fingernail growth, to skin-coloration changes. However, virtually all scientists 
and the US National Academies of Sciences [172], say that net or all-endpoint effects of toxins are 
never beneficial, even at low doses. If so, hormesis proponents err in assuming they can use only one 
or several endpoints to assess hormesis, partly because while single/several endpoints may show 
beneficial effects, such effects are always trivial, in comparison to net or overall effects that are 
always negative for toxins/carcinogens. Another problem is that any alleged hormetic responses to 
toxins have high metabolic costs because they force the body to mount defenses to 
invaders/harms/toxins. If so, hormesis proponents err in assuming they can ignore the metabolic 
costs involved in the body’s defending itself against toxins/harms because even allegedly beneficial, 
single-endpoint hormesis may have metabolic costs that may outweigh supposed benefits. Hence 
because net-endpoint effects of low-dose toxins are always extremely harmful, net-endpoint 
hormesis does not exist. Because single-endpoint hormesis is at best beneficial only in some trivial 
way, it is irrelevant to scientific/regulatory decisions about net-endpoint or overall harm. Hence no 
hormesis concept is both scientifically true and relevant. Single-endpoint hormesis is true but 
irrelevant because one needs to know net-endpoint effects. Net-endpoint hormesis is relevant but 
false, given that net effects of toxins are never beneficial. Thus, hormesis may appear plausible, but 
only because proponents equivocate about single, versus net, endpoint hormesis [173,174,175]. 

In addition, even hormesis proponents admit that supposed hormetic effects occur only from 
non-genotoxic hazards; hence they err in assuming they can generalize about hormesis when even 
they admit that supposed hormetic effects do not occur with genotoxic hazards. In fact, their only 
supposed metals-example of hormetic effects is unsubstantiated “reports” of selenium benefits [56]. 
Yet because virtually all metals can be genotoxic, alter patterns of gene expression, interfere with 
genes that suppress tumor growth, stimulate cell proliferation, and inhibit repair of damaged DNA, 
supposed hormetic effects are even less plausible for metals [53,176,177]. 

Objection (2) to accepting the neurodegeneration hypothesis is correct insofar as the absence of 
human-experimental evidence renders the hypothesis somewhat questionable. However, the demand 
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for human-experimental/dosing evidence of human harm is misplaced for two reasons, already noted. 
First, obtaining such evidence typically is unethical/illegal, so its absence need not count against the 
neurodegeneration hypothesis. Second, hypothesis-acceptance in neurobiological-epidemiological 
controversies ought to be less epistemically demanding than in purer science, insofar as the 
consequences of being wrong in epidemiology could risk great human-health harms, such as 
neurodevelopmental disease in children. In epidemiology, arguably one often ought to minimize 
false negatives, false assertions of no harm, and not false positives [75,178]. 

Objection (3) is correct insofar as specificity, as defined by Bradford Hill [75], requires a 
one-cause-one-effect relationship to support causal claims. However, epidemiologists admit that this 
definition of specificity is often not applicable because several different agents typically cause the 
same harmful effect, and vice-versa. Hence a better definition of causal specificity is that of 
Woodward: Some biological structures exercise fine-grained control over others, but not in the 
one-cause-one-effect sense. This notion of specificity is especially tied to the 
experimental-counterfactual requirement of showing that changes in purported causes are associated 
with changes in purported effects. For interventionists, causal associations are noncontingent largely 
because of their stability/invariance/specificity, qualities that are related to generalizations and 
lawlikeness [99]. 

Objection (4) likewise is correct in that typically in science, it is desirable to assess all 
competitor hypotheses, in order to assess some effect, such as neurodegeneration. However, 
accepting the neurodegeneration hypothesis is not superior to not accepting it, merely by virtue of 
having no competitor that provides an alternative causal explanation. It is superior because metals 
are well-known and well-accepted neurotoxins, many with no safe dose; because of the absence of 
strong evidence against the neurodegeneration hypothesis; and because of the presence of positive 
evidence for the hypothesis, evidence from three different causal-assessment methods (the 
mechanist, unificationist-coherence, and experimental-counterfactual). Using these three methods of 
causal assessment is reasonable, as already noted, because these methods are presumably what the 
US-EPA claimed to use to fail to accept the neurodegeneration hypothesis. Thus, if other scientists, 
including those of the US-EPA, rejected the neurodegeneration hypothesis, without proposing a 
competitor hypothesis, there is no great need to find such a competitor here. 

4.3. Interpretation of the findings, their implications, and future directions for research 

How is one to interpret preceding findings, supporting the neurodegeneration hypothesis? It 
appears that the generally low quality of studies—that scientists used as grounds for not accepting 
the neurodegeneration hypothesis—helps explain why the findings argue for accepting the 
hypothesis. These lower-quality studies fail in various ways, including ignoring dose and exposure 
data, failing to take account of confounders, not controlling study conditions, making false scientific 
assumptions about acute and chronic inflammation, demanding human-experimental studies of 
metals that are unethical-illegal, rejecting animal studies although they are dominant in toxicology, 
claiming different studies are “inconsistent” when they do not even make logical contact because 
they use different populations/methods/data/assumptions, and so on. All these errors suggest that 
studies that challenge the neurodevelopmental hypothesis must be interpreted with caution. Thus, the 
evidence used in this review is likely to be as good as it will get in the foreseeable future, mainly 
because so many different studies support the neurodegeneration hypothesis and reveal a unity across 
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phenomena, subjects, and methods. Also, intuitively, it would be surprising if known neurotoxins 
could be conclusively shown to have no neurodegenerative effects, given the greater sensitivity of 
children 

The preceding results are significant for both practical and theoretical reasons. On the practical 
side, they suggest that many victims of metals pollution—especially at smelters—are not being 
adequately protected by current metals standards. On the theoretical side, they suggest that much 
current science about smelters and metals’ risks may be incomplete or flawed. As a result, both 
reasons suggest there may be sound scientific reasons for accepting the neurodegeneration 
hypothesis and, therefore, for strengthening environmental-metals standards. 

Although these results are significant and important, much research remains to be done, 
especially to specify the sub-mechanisms—beneath the levels of the NOP mechanisms of 
neuroinflammation, oxidative stress, and protein build-up—that control neurodegenerative disease. 
In addition, given that some scientists believe there is an apparent lack of consensus about the 
neurodegeneration hypothesis, future research might also address any non-scientific reasons—such 
as financial conflicts of interest among metals’ polluters—for some of this dissensus and the ways 
that experimental methods might to improved so as to achieve greater consensus. 

5. Conclusion 

Ultimately, the mechanistic, unificationist-coherence, and experimental-counterfactual methods 
of assessing causal claims accounts of causality suggest that—contrary to the US-EPA, smelter 
polluters, and some scientists—accepting the neurodegeneration hypothesis is more plausible than 
not accepting it. That is, this causal assessment suggests there is a causal link between 
heavy-metal/metalloid exposure and neurodegenerative diseases. 

Conflict of Interest 

All authors declare no conflicts of interest in this paper. 

References 

1. US Congress, House of Representatives: Poison Harvest. Government Printing Office, 
Washington, D.C, 2012. Available from:  
http: //www.gpo.gov/fdsys/pkg/CHRG-112hhrg75164/html/CHRG-112hhrg75164.htm. 

2. Kabir E, Sharmila R, Kim K, et al. (2012) Current Status of Trace Metal Pollution in Soils 
Affected by Industrial Activities. Sci World J 2012: 1-18. 

3. Grandjean P, Landrigan PJ (2014) Neurobehavioural Effects of Developmental Toxicity. Lancet 
Neurol 13: 330-338. 

4. Centeno JA, Tseng CH, Van der Voet GB, et al. (2007) Global impacts of geogenic arsenic. 
Ambio 36: 78-81. 

5. Hu H, Shine J, Wright RO (2007) The challenge posed to children’s health by mixtures of toxic 
waste. Pediatr Clin N Am 54: 155-174. 

6. Eckel WP, Rabinowitz MB, Foster GD (2011) Discovering unrecognized lead-smelting sites by 
historical methods. Am J Public Health 91: 625-627. 



78	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

7. Zota AR, Schaider LA, Ettinger AS, et al. (2011) Metal sources and exposures in the homes of young 
children living near a mining-impacted Superfund site. J Expo Sci Environ Epidemiol 21: 495-505. 

8. Falco C (2013) Response to Village re: December 20, 2012 Comments. Illinois EPA, Springfield 
9. Environ International Corporation (2012). Off-Site Soils Design Study. OU4: Off-Site Soils, 

DePue Site, De Pue, Illinois: Environ International Corporation, On behalf of The DePue Group. 
Project No. 21-2046C. March 2012. 

10. California Office of Environmental Health Hazards Assessment (COEHHA). (2009) Review 
Draft Revised California Human Health Screening Level for Lead. Sacramento, California: 
COEHHA; Available from: http: //oehha.ca.gov/risk/chhsl051809.html. 

11. Schiffer RB, McDermott MP, Copley C (2001) A multiple-sclerosis cluster associated with a 
small, north central Illinois community. Arch Environ Health 56: 389-395. 

12. Acosta-Saavedra LC, Ma EM, Rodriguez-Kessler T, et al. (2011) Environmental exposure to 
lead and mercury in Mexican children. Toxicol Mech Methods 21: 656-666. 

13. Bar-Sela S, Reingold S, Richter ED (2001) Amyotrophic lateral sclerosis in a battery factory 
worker exposed to cadmium. Int J Occup Med Environ Health 7: 109-112. 

14. Braun JM, Kahn RS, Froehlich T, et al. (2006) Exposures to environmental toxicants and 
attention deficit hyperactivity disorder in US children. Environ Health Persp 114: 1904-1909. 

15. Chasapis C, Loutsidou AC, Spiliopoulou CA, et al. (2012) Zinc and human health: an update. 
Arch Toxicol 86: 521-534. 

16. Chen L, Xu B, Liu L, et al. (2011) Cadmium induction of reactive oxygen species activates the 
mTOR pathway, leading to neuronal cell death. Free Radical Bio Med 50: 624-632. 

17. Choi BY, Jang BG, Kim JH, et al. (2013) Copper/zinc chelation by clioquinol reduces spinal 
cord white matter damage and behavioral deficits in a murine MOG-induced multiple sclerosis 
model. Neurobiol Dis 54: 382-391. 

18. Farina M, Avila DS, da Rocha JBT, et al. (2013) Metals, oxidative stress and neurodegeneration. 
Neurochem Int 62: 575-594. 

19. Gong G, O’Bryant SE (2010) The arsenic exposure hypothesis for Alzheimer disease. Alzheimer 
Dis Assoc Disord, 24: 311-316. 

20. Gu H, Wei X, Monnot AD, et al. (2011) Lead exposure increases levels of beta-amyloid in the 
brain and CSF and inhibits LRP1 expression in APP transgenic mice. Neurosci Lett 490: 16-20. 

21. Gu H, Robinson G, Hong L, et al. (2012) Increased β amyloid deposition in Tg-SWDI 
transgenic mouse brain following in vivo lead exposure. Toxicol Lett 213: 211-219. 

22. Guilarte T (2010) APLP1, Alzheimer’s-like pathology and neurodegeneration in the frontal 
cortex of manganese exposed non-human primates. Neurotoxicology 31: 572-574. 

23. Kim EA, Kang SK (2010) Occupational neurological disorders in Korea. J Korean Med Soc 25: 
S26-S35.  

24. Lanphear BP, Hornung R, Khoury J, et al. (2005) Low-level environmental lead exposure and 
children’s intellectual function. Environ Health Persp 113: 894-899. 

25. Lassmann H, van Horssen J, Mahad D (2012) Progressive multiple sclerosis. Nat Rev Neurol 8: 
647-656. 

26. LeVine SM, Bilgin M, Lynch SG (2013) Iron accumulation in multiple sclerosis. Expert Rev 
Neurother 13: 247-250. 

27. Mates JM, Segura JA, Alonso FJ, et al. (2010) Roles of dioxins and heavy metals in cancer and 
neurological diseases using ROS-mediated mechanisms. Free Radical Bio Med 49: 1328-1341. 



79	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

28. Mazumdar M, Xia W, Hofmann O, et al. (2012) Prenatal lead levels, plasma amyloid beta levels, 
and gene expression in young adulthood. Environ Health Persp 120: 702-707. 

29. Olopade JO, Ponnuru P, Connor JR (2010). Erythropoietin, desferroxamine and iron are 
protective against vanadium-induced demyelination and oxidative stress in the rat brain 
Neurotoxicology 31: 582-588. 

30. Sharma B, Sharma PM (2013) Arsenic toxicity induced endothelial dysfunction and dementia. 
Toxicol Appl Pharm 273: 180-188. 

31. Squitti R, Polimanti R, Siotto M, et al. (2013) ATP7B variants as modulators of copper 
dyshomeostasis in Alzheimer’s Disease. NeuroMol Med 15: 515-522. 

32. Suzuki Y, Inoue T, Ra C (2011) Autoimmunity-inducing metals (hg, au, and ag) modulate mast 
cell signaling, function, and survival. Curr Pharm Design 17: 3805-3814. 

33. Taba P (2013) Metals and movement disorders. Curr Opin Neurol 26: 435-441. 
34. Tsai CP, Lee CTC (2013) Multiple sclerosis incidence associated with the soil lead and arsenic 

concentrations in Taiwan. PLoS One 8: 1-6. 
35. Urrutia P, Aguirre P, Esparza A, et al. (2013) Inflammation alters the expression of DMT1, 

FPN1 and hepcidin, and it causes iron accumulation in central nervous system cells. J 
Neurochem 126: 541-549. 

36. Valera P, Zavattari P, Albanese S, et al. (2013) A correlation study between multiple sclerosis 
and type 1 diabetes incidences and geochemical data in Europe. Environ Geochem Hlth 10: 
79-98. 

37. Verina T, Schneider JS, Guilarte TR (2013) Manganese exposure induces alpha-synuclein 
aggregation in the frontal cortex of non-human primates. Toxicol Lett 217: 177-183. 

38. Vitvitsky VM, Sanjay K, Garg K, et al. (2012) Na+ and K+ ion imbalances in Alzheimer’s 
disease. Biochim Biophys Acta 1822: 1671-1681. 

39. Wang JD, Huang CC, Hwang YH, et al. (1989) Manganese induced Parkinsonism. Brit J Ind 
Med 46: 856-859. 

40. Yorifuji T, Debes F, Weihe P, et al. (2011) Prenatal exposure to lead and cognitive deficit in 7- 
and 14-year old children in the presence of concomitant exposure to similar molar concentration 
of methylmercury. Neurotoxicol Teratol 33: 205-211. 

41. Pan-Montojo P, Reichmann H (2014) Considerations on the role of environmental toxins in 
idiopathic Parkinson’s disease pathophysiology. Transl Neurodegener 3: 10. 

42. El-Fawal HAN (2014) Neuroantibody biomarkers. Autoimmune Dis 2014: 1-12. 
43. Lahiri DK, Maloney B Zawia NH (2009) The LEARn model. Mol Psychiatr 14: 992-1003. 
44. World Health Organization (WHO) (2006) Neurological Disorders. World Health Organization, 

Geneva. 
45. Choo XY, Alukaidey L, White AR, et al. (2013) Neuroinflammation and copper in Alzheimer’s 

disease. Int J Alzheimers Dis 13: 1-12. 
46. Rosen C, Hansson O, Blennow K, et al. (2013) Fluid biomarkers in Alzheimer’s disease: current 

concepts. Mol Neurodegener 8: 20. 
47. Thompson LM (2008) Neurodegeneration: a question of balance. Nature 452: 707-708. 
48. Rubinsztein DC (2006) The roles of intracellular protein-degradation pathways in 

neurodegeneration. Nature 443: 780-6. 
49. Bredesen DE, Rao RV, Mehlen P (2006) Cell death in the nervous system. Nature 443: 796-802. 



80	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

50. Calderon-Garcideuenas L, Serrano-Sierra A, Torres-Jardon R, et al. (2013) The impact of 
environmental metals in young urbanites’ brains. Exp Toxicol Pathol 65: 503-511. 

51. Csavina J, Field J, Taylor MP, et al. (2012) A review on the importance of metals and metalloids 
in atmospheric dust and aerosol from mining operations. Sci Total Environ 433: 58-73. 

52. Mutter J, Curth A, Naumann J, et al. (2010) Does inorganic mercury play a role in Alzheimer’s 
disease? A systematic review and an integrated molecular mechanism. J Alzheimers Dis 22: 
357-374. 

53. Beyersmann D (2002) Effects of carcinogenic metals on gene expression. Toxicol Lett 127(1): 
63-68. 

54. Calabrese EJ, Baldwin LA (2003) Toxicology rethinks its central belief. Nature 421: 691-692. 
55. Cook R, Calabrese EJ (2006) The importance of hormesis to public health. Environ Health 

Persp 114: 1631-1635. 
56. Fukushima S, Kinoshita A, Puatanachokchai R, et al. (2005) Hormesis and 

dose–response-mediated mechanisms in carcinogenesis. Carcinogenesis 26: 1835-1845. 
57. Jiang G, Duan W, Xu L, et al. (2009) Biphasic effect of cadmium on cell proliferation in human 

embryo lung fibroblast cells and its molecular mechanism. Toxicol in Vitro 23: 973-978. 
58. Lefcort H, Freedman Z, House S, et al. (2008) Hormetic effects of heavy metals in aquatic snails. 

EcoHealth 5: 10-17. 
59. Schmidt CM (2004) Hormesis effect of trace metals on cultured normal and immortal human 

mammary cells. Toxicol Ind Health 201: 57-68. 
60. Sandstead HH (1986) A brief history of the influence of trace elements on brain function. Am J 

Clin Nutr 43: 293-298. 
61. Fraga CG (2005) Relevance, essentiality and toxicity of trace elements in human health. Mol 

Aspects Med 26: 235-244. 
62. Leblanc JC, Guérin T, Noël L, et al. (2005) Dietary exposure estimates of 18 elements from the 

1st French total diet study. Food Addit Contam 22: 624-641. 
63. Duruibe JO, Ogwuegbu MOC, Egwurugwu JN (2007) Heavy metal pollution and human 

biotoxic effects. Int J Phys Sci 2: 112-118. 
64. Rainbow PS (2002) Trace metal concentrations in aquatic invertebrates. Environ Pollut 120: 

497-507. 
65. Silvera SAN, Rohan TE (2007) Trace elements and cancer risk. Cancer Cause Control 18: 7-27. 
66. Jomova K, Valko M (2011) Advances in metal-induced oxidative stress and human disease. 

Toxicology 283: 65-87. 
67. Agency for Toxic Substances and Disease Registry: Toxicological Profile for Cobalt. US 

Department of Health and Human Services, 2004. Available from:  
http://www.atsdr.cdc.gov.proxy.library.nd.edu/toxprofiles/tp33.pdf. 

68. Trumbo P, Yates AA, Schliker S, et al. (2001) Dietary reference intakes. J Am Diet Assoc 101: 
294-301. 

69. Moulton PV, Yang W (2012) Air Pollution, Oxidative Stress, and Alzheimer’s Disease. J 
Environ Public Health 2012: 1-9.  

70. Rockers PC, Feigla AB, Røttingen J, et al. (2012) Study-design selection criteria in systematic 
reviews of effectiveness of health systems interventions and reforms: A meta-review. Health 
Policy 104: 206-214. 



81	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

71. Moher D, Liberati AL, Tetzlaff J, et al. (2009) The PRISMA statement for reporting systematic 
reviews and meta-analyses of studies that evaluate health care interventions: explanation and 
elaboration.	  J Clin Epidemiol 62: 1006-1012. 

72. Khan KS, Kunz R, Kleijnen J, et al. (2003) Five steps to conducting a systematic review. J R Soc 
Med 96: 118-121. 

73. Environmental Protection Agency (EPA): Guidelines for carcinogen risk assessment. 
Washington, DC Risk Assessment Forum, 2005. Available from:  
http://www.regulations.gov/#!documentDetail;D=EPA-HQ-OPPT-2010-0877-0021, 2-11. 

74. Environmental Protection Agency (EPA): Endocrine disruptor screening program, 
weight-of-evidence. Washington, DC, 2011. Available from:  
http://www.regulations.gov/#!documentDetail;D=EPA-HQ-OPPT-2010-0877-0021, 28. 

75. Hill AB (1965) The environment and disease. P Roy Soc Med 58: 295-300. 
76. Swaen G, van Amelsvoort L (2009) A weight-of-evidence approach to causal inference. J Clin 

Epidemiol 62: 270-277. 
77. International Agency for Research on Cancer (IARC): IARC monographs on the evaluation of 

carcinogenic risks to humans. World Health Organization, 2014. Available from: 
http://monographs.iarc.fr/ENG/Classification/. 

78. Phillips CV, Goodman KJ (2004) The missed lessons of Sir Austin Bradford Hill. Epidemiol 
Perspect Innov 1: 3. 

79. Institute of Medicine (IOM) Committee on Understanding Premature Birth and Assuring 
Healthy Outcomes; Behrman RE, Butler AS, editors (2007) Preterm birth: causes, 
consequences, and prevention. Washington DC: National Academies Press. 

80. Machamer P, Darden L, Craver CF (2000) Thinking about mechanisms. Philos Sci 67: 1-25. 
81. Glennan S (2002) Rethinking mechanistic explanation. Philos Sci 69: S342-S353. 
82. Craver CF (2006) When mechanistic models explain. Synthese 153: 355-376. 
83. Campaner R (2011) Mechanistic causality and counterfactual-manipulative causality. J 

Epidemiol Commun H 65: 1070-1074. 
84. Brigandt I (2013) Systems biology and the integration of mechanistic explanation and 

mathematical explanation. Stud Hist Philos Sci C 44: 477-492.  
85. Garson J (2013) The functional sense of mechanism. Philos Sci 80: 317-333.  
86. Howick J (2011) Exposing the vanities—and a qualified defense—of mechanistic reasoning in 

health care decision making. Philos Sci 78: 926-940.  
87. Leuridan B (2014) The structure of scientific theories, explanation, and unification. A 

causal–structural account. Br J Philos Sci 65: 717-771. 
88. Thagard P (2003) Pathways to biomedical discovery. Philos Sci 70: 235-254. 
89. Baetu TM (2012) Genomic Programs as Mechanism Schemas: A Non-Reductionist 

Interpretation. Brit J Philos Sci 63: 649-671. 
90. Darden L (2008) Thinking again about biological mechanisms. Philos Sci 75: 958-969. 
91. Salmon WC (1989) Four Decades of Scientific Explanation. Minneapolis: University of 

Minnesota Press. 
92. Feigl H (1970) The ‘Orthodox’ View of Theories. In M. Radner and S. Winokur (eds), 

Minnesota Studies in the Philosophy of Science, Volume IV. Minneapolis: University of 
Minnesota Press. 



82	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

93. Freiman JA, Chalmers TC, Smith H, et al. (1978) The importance of beta, the type II error and 
sample size in the design and interpretation of the randomized control trial. N Engl J Med 299: 
690-694. 

94. Plutynski A (2005) Explanatory unification and the early synthesis. Brit J Philos Sci 56: 
595-609. 

95. Cat J (1998) The physicists’ debates on unification in physics at the end of the 20th century. Hist 
Stud Phys Biol 28: 253-299. 

96. Nathan MJ (2012) The Varieties of Molecular Explanation. Philos Sci 79: 233-254.  
97. Van Fraassen B (1980) The Scientific Image. New York: Oxford University Press. 
98. Cartwright N (1983) How the Laws of Physics Lie. New York: Oxford University Press. 
99. Woodward J (2003) Making Things Happen: A Theory of Causal Explanation. New York: 

Oxford University Press, 11. 
100. Waters CK (2007) Causes that Make a Difference. J Philos 104: 551-579. 
101. Eberhardt F, Scheines R (2007) Interventions and causal inference. Philos Sci 74: 981-995. 
102. Bokulich A (2012) Distinguishing explanatory from nonexplanatory fictions. Philos Sci 79: 

725-737.  
103. Goodwin W (2013) Quantum Chemistry and Organic Theory. Philos Sci 80: 1159-1169. 
104. Loeb N (2012) Letter of December 17, 2012 to EPA DePue Superfund Site Project Director. 

Bluhm Legal Clinic, Northwestern Law School. 
105. US EPA (2010) Framework for Incorporating Human Epidemiologic and Incident Data in 

Health Risk Assessment. Risk Assessment Forum, Office of Pesticides Programs, U.S. 
Environmental Protection Agency. 

106. Ou-Yan MH, Van Nostrand WE (2013) The absence of myelin basic protein promotes 
neuroinflammation and reduces amyloid B-protein accumulation in Tg-5xFAD mice. J 
Neuroinflammation 10: 134. 

107. Butterfield DA, Reed T, Newman SF, et al. (2007) Roles of amyloid β-peptide-associated 
oxidative stress and brain protein modifications in the pathogenesis of Alzheimer's disease and 
mild cognitive impairment. Free Radical Bio Med 43: 658-677. 

108. Forster MJ, Dubey A, Dawson KM, et al. (1996) Age-related losses of cognitive function and 
motor skills in mice are associated with oxidative protein damage in the brain. P Natl Acad Sci 
USA 93: 4765-4769.  

109. Carney JM, Starke-Reed PE, Oliver CN, et al. (1991) Reversal of age-related increase in brain 
protein oxidation, decrease in enzyme activity, and loss in temporal and spatial memory by 
chronic administration of the spin-trapping compound N-tert-butyl-alpha-phenylnitrone. P Natl 
Acad Sci USA 88: 3633-3636.  

110. Ayton S, Lei P, Bush AI (2013) Metallostasis in Alzheimer’s disease. Free Radical Bio Med 62: 
76-89.  

111. Faller P, Hureau C, Berthoumieu O (2013) Role of metal ions in the self-assembly of the 
Alzheimer’s amyloid-β peptide. Inorg Chem 52: 12193-12206.  

112. Greenough MA, Camakaris J, Bush AI (2013) Metal dyshomeostasis and oxidative stress in 
Alzheimer’s disease. Neurochem Int 62: 540-555. 

113. Jellinger KA (2013) The relevance of metals in the pathophysiology of neurodegeneration, 
pathological considerations. In International Review of Neurobiology, ed Bhatia KP and 
Schneider SA, Elsevier, Oxford, 1-48. 



83	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

114. Myhre O, Utkilen H, Duale N, et al. (2013) Metal dyshomeostasis and inflammation in 
Alzheimer’s and Parkinson’s diseases. Oxid Med Cell Longev 2013: 1-19. 

115. Obulesu M, Jhansilakshmi M (2014) Neuroinflammation in Alzheimer’s disease. Int J Neurosci 
124: 227-235. 

116. Urrutia P, Mena NP, Nunez MT (2014) The interplay between iron accumulation, mitochondrial 
dysfunction, and inflammation during the execution step of neurodegenerative disorders. Front 
Pharmacol 38: 1-12. 

117. Xu PX, Wang SW, Yu XL, et al. (2014) Rutin improves spatial memory in Alzheimer’s disease 
transgenic mice by reducing AB oligomer level and attenuating oxidative stress and 
neuroinflammation. Behav Brain Res 264: 173-180. 

118. Zhang W, Yan ZF, Gao JH, et al. (2013) Role and mechanism of microglial activation in 
iron-induced selective and progressive dopaminergic neurodegeneration. Mol Neurobiol 10: 1-13. 

119. Nolan YM, Sullivan AM, Toulouse A (2013) Parkinson’s disease in the nuclear age of 
neuroinflammation. Trends Mol Med 19: 187-196. 

120. Attar AM, Kharkhaneh A, Etemadifar M, et al. (2012) Serum mercury level and multiple 
sclerosis. Biol Trace Elem Res 146: 150-153. 

121. Hozumi I, Hasegawa T, Honda A, et al. (2011) Patterns of levels of biological metals in CSF 
differ among neurodegenerative diseases. J Neurol Sci 303: 95-99. 

122. Gu H, Wei X, Monnot AD, et al. (2011) Lead exposure increases levels of beta-amyloid in the 
brain and CSF and inhibits LRP1 expression in APP transgenic mice. Neurosci Lett 490: 16-20. 

123. Losy J (2013) Is MS an inflammatory or primary degenerative disease? J Neural Transm 120: 
1459-1462. 

124. Brown GC and Neher JJ (2010) Inflammatory neurodegeneration and mechanisms of microglial 
killing of neurons. Mol Neurobiol 41: 242-247. 

125. Serhan CN, Ward PA, Gilroy DW (2010) Acute and chronic inflammation. Fund Inflamm 2010: 
1-16. 

126. Walsh S, Finn DP, Dowd E (2011) Time-course of nigrostriatal neurodegeneration and 
neuroinflammation in the 6-hydroxydopamine-induced axonal and terminal lesion models of 
Parkinson’s disease in the rat. Neuroscience 175: 251-261. 

127. Becaria A, Lahiri DK, Bondy SC, et al. (2006) Aluminum and copper in drinking water enhance 
inflammatory or oxidative events specifically in the brain. J Neuroimmunol 176: 16-23. 

128. Reinardy HC, Syrett JR, Jeffree RA, et al. (2013) Cobalt-induced genotoxicity in male zebrafish. 
Aquat Toxicol 126: 224-230. 

129. Roos P M, Vesterberg O, Syversen T, et al. (2013) Metal concentrations in cerebrospinal fluid 
and blood plasma from patients with amyotrophic lateral sclerosis. Biol Trace Elem Res 151: 
159-170. 

130. Paling D, Solanky BS, Riemer F, et al. (2013) Sodium accumulation is associated with disability 
and a progressive course in multiple sclerosis. Brain 136: 2305-2317 

131. Klien K and Godnić-Cvar J (2012) Genotoxicity of metal nanoparticles. Arh Hig Rada Toksikol 
63: 133-145. 

132. Ferreira PC, Kde P, Takayanagui AM, et al. (2008) Aluminum as a risk factor for Alzheimer's 
disease. Rev Lat Am Enfermagem 16: 151-157. 

133. Gillette-Guyonnet S, Andrieu S, Nourhashemi F, et al. (2005) Cognitive impairment and 
composition of drinking water in women. Am J Clin Nutr 81: 897-902. 



84	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

134. McLachlan DR, Bergeron C, Smith JE, et al. (1996) Risk for neuropathologically confirmed 
Alzheimer's disease and residual aluminum in municipal drinking water. Neurology 46: 
401-405. 

135. Forster DP, Newens AJ, Kay DW, et al. (1995) Risk factors in clinically diagnosed presenile 
dementia of the Alzheimer type. J Epidemiol Community Health 49: 253-258 

136. Burns CJ, McIntosh LJ, Mink PJ, et al. (2013) Pesticide Exposure and Neurodevelopmental 
Outcomes: Review of the Epidemiologic and Animal Studies. J Toxicol Env Heal B 16: 
127-283.  

137. US Environmental Protection Agency (US-EPA): National Priorities List. US-EPA, 2012. 
Available from: http: //www.epa.gov/superfund/sites/query/queryhtm/nplfin2.htm. 

138. Gwiazda R, Lucchini R, Smith D (2007) Adequacy and consistency of animal studies to 
evaluate the neurotoxicity of chronic low-level manganese exposure in humans. J Toxicol 
Environ Health 70: 594-605. 

139. Hackam DG, Redelmeier DA (2006) Translation of research evidence from animals to humans. 
JAMA 296: 1727-1732. 

140. Apostoli P, Kiss P, Porru S, et al. (1998) Male reproductive toxicity of lead in animals and 
humans. Occup Environ Med 55: 364-374. 

141. Alarie, Y (1981) Dose-response analysis in animal studies. Environ Health Persp 42: 9-13. 
142. Olson H, Betton G, Robinson D, et al. (2000) Concordance of the toxicity of pharmaceuticals in 

humans and in animals. Regul Toxicol Pharm 32: 56-67. 
143. Reagan-Shaw S, Nihal M, Ahmad N (2008) Dose translation from animal to human studies 

revisited. FASEB J 22: 659-661. 
144. Shrader-Frechette KS (2008) Evidentiary standards and animal data. Environ Justice 1: 

139-144. 
145. Willis AW, Evanoff BA, Lian M, et al. (2010) Metal emissions and urban incident Parkinson 

Disease. Am J Epidemiol 172: 1357-1363. 
146. Racette BA, McGee-Minnich L, Moerlei SM, et al. (2001) Welding-related parkinsonism. 

Neurology 56: 8-13. 
147. Bar-Sela S, Levy M, Westin JB, et al. (1992) Medical findings in nickel-cadmium battery 

workers. Israel J Med Sci 28: 578-583. 
148. Miura N (2009) Individual susceptibility to cadmium toxicity and metallothionein gene 

polymorphisms: with references to current status of occupational cadmium exposure. Ind Health 
47: 487-494. 

149. Bellinger DC (2012) A strategy for comparing the contributions of environmental chemicals and 
other risk factors to neurodevelopment of children. Environ Health Persp 120: 501-507. 

150. Sanders AP, Miller SK, Nguyen V, et al. (2014) Toxic metal levels in children residing in a 
smelting-craft village in Vietnam. BMC Pub Health 14: 114. 

151. Stein J, Schettler T, Wallinga D, et al. (2002) In harm’s way. J Dev Behav Pediatr 23: S13-S22. 
152. Mann JM (1997) Medicine and public health, ethics and human rights. The Hastings Center 

Report 27: 6-13. 
153. Rosenbaum PR (2010) Design of Observational Studies. Springer, New York 
154. Kitcher P (1989) Explanatory unification and the causal structure of the world. Sci Explan 13: 

410-505. 



85	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

155. Sears ME (2013) Chelation: Harnessing and Enhancing Heavy Metal Detoxification—A Review. 
ScientificWorldJournal 2013: 1-13. 

156. Ward RJ, Dexter DT, Crichton RR (2012) Chelating agents for neurodegenerative diseases. 
Curr Med Chem 19: 2760-2772.  

157. Bolognin S, Drago D, Messori L, et al. (2009) Chelation therapy for neurodegenerative diseases. 
Med Res Rev 29: 547-570.  

158. Dang TNT, Lim NKH, Grubman A, et al. (2014) Increased metal content in the TDP-43A315T 
transgenic mouse model of frontotemporal lobar degeneration and amyotrophic lateral sclerosis. 
Front Aging Neurosci 6: 15-34. 

159. Grubman A, White AR, Liddell JR (2014) Mitochondrial metals as a potential therapeutic target 
in neurodegeneration. Brit J Pharmacol 171: 2159-2173. 

160. Stephenson E, Nathoo N, Mahjoub Y, et al. (2014) Iron in multiple sclerosis: roles in 
neurodegeneration and repair. Nat Rev Neurol 10: 459-468. 

161. Kanninen KM, Grubman A, Meyerowitz J, et al. (2013) Increased Zinc and Manganese in 
Parallel with Neurodegeneration, Synaptic Protein Changes and Activation of Akt/GSK3 
Signaling in Ovine CLN6 Neuronal Ceroid Lipofuscinosis. PLOS One 8. 

162. Mitchell SD (2000) Dimensions of Scientific Law. Philos Sci 67: 242-265. 
163. Weber M (2006) The central dogma as a thesis of causal specificity. Hist Phil Life Sci 28: 

595-609. 
164. Hitchcock C (2007) Prevention, preemption, and the principle of sufficient reason. Phil Review 

116: 495-532. 
165. Feldman AL, Johansson AL, Nise G, et al. (2011) Occupational exposure in Parkinsonian 

disorders: a 43-year prospective cohort study in men. Parkinsonism Relat D 17: 677-682. 
166. Kiesswetter E, Schäper M, Buchta M, et al. (2009) Longitudinal study on potential neurotoxic 

effects of aluminium: II. Assessment of exposure and neurobehavioral performance of Al 
welders in the automobile industry over 4 years. Int Arch Occ Env Hea 82: 1191-1210. 

167. Fored CM, Fryzek JP, Brandt L, et al. (2006) Parkinson’s disease and other basal ganglia or 
movement disorders in a large nationwide cohort of Swedish welders. Occup Environ Med 63: 
135-140. 

168. Santamaria AB, Cushing CA, Antonini JM, et al. (2007) State-of-the-science review: does 
manganese exposure during welding pose a neurological risk? J Toxicol Env Heal B 10: 
417-465.  

169. Racette BA, Criswell SR, Lundin JI, et al. (2012) Increased risk of parkinsonism associated with 
welding exposure. Neurotoxicology 33: 1356-1361. 

170. Bowler RM, Roels HA, Nakagawa S, et al. (2007) Dose-effect relationships between manganese 
exposure and neurological, neuropsychological and pulmonary function in confined space 
bridge welders. Occup Environ Med 64: 167-177. 

171. Racette BA, Tabbal SD, Jennings D, et al. (2005) Prevalence of parkinsonism and relationship 
to exposure in a large sample of Alabama welders. Neurology 64: 230-235. 

172. National Research Council (2006) Health Risks from Exposure to Low Levels of Ionizing 
Radiation: BEIR VII Phase 2. Washington, DC: National Academies Press. 

173. Shrader-Frechette KS (2008) Ideological toxicology: invalid logic, science, ethics about 
low-dose pollution. Hum Exp Toxicol 27: 647-657. 



86	  
	  

AIMS Environmental Science  Volume 2, Issue 1, 56-86. 

174. Shrader-Frechette KS (2010) Conceptual analysis and special-interest science. Synthese 177: 
449-469. 

175. Thayer KA, Melnick R, Burns K, et al. (2005) Fundamental Flaws of Hormesis for Public 
Health Decisions. Environ Health Persp 113: 1272–1275. 

176. Urani C., Melchioretto P, Fabbri M., et al. (2014). Cadmium impairs p53 activity in hepG2 cells. 
ISRN Toxicol. Article ID 0976428http: //dx.doi.org/10.1155/2014/976428 

177. Bal W, Protas AM, Kasprzak KS (2011) Genotoxicity of metal ions. Met Ions Life Sci 8: 319-373. 
178. Shrader-Frechette K (2011). What Will Work: Fighting Climate Change with Renewable Energy, 

Not Nuclear Power. New York: Oxford University Press. 

@2015, Kristin S. Shrader-Frechette, et al., licensee AIMS Press. This is an open access article 
distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0) 


