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Manganese is an essential nutrient, and a healthy human with good liver and kidney function can easily
excrete excess dietary manganese. Inhaled manganese is a greater concern, because it bypasses the
body’s normal homeostatic mechanisms and can accumulate in the brain. Prolonged exposure to high
manganese concentrations (>1 mg/m?) in air leads to a Parkinsonian syndrome known as “manganism.”
Of greatest concern are recent studies which indicate that neurological and neurobehavioral deficits can
occur when workers are exposed to much lower levels (<0.2 mg/m?) of inhaled manganese in welding
fumes. Consequently, researchers at NIOSH are conducting a risk assessment for inhaled manganese.
Epidemiology Niovel compoqents of this risk assessment include an attempt Fo quantify the.range of inter-in(.iividl.lal
Genetic susceptibility differences using data generated by the Human Genome Project and experimental work to identify
DNA genetically based biomarkers of exposure, disease and susceptibility. The difficulties involved in moving
Policy from epidemiological and in vivo data to health-based quantitative risk assessment and ultimately
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enforceable government standards are discussed.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Manganese (Mn) is an essential nutrient that can be neurotoxic
when inhaled (Aschner et al., 2007; Dobson et al., 2004; Erikson
and Aschner, 2003), when manganese homeostasis is disrupted by
liver damage (Krieger et al., 1995) or when delivered via parenteral
nutrition (Fell et al., 1996). Infants consuming high levels of Mn in
drinking water or infant formulas are also at risk (Ljung and Vahter,
2007) due to differential pharmacokinetics. Airborne manganese
exposure is common in the workplace with an estimated 376,000
workers employed in welding and thousands of others exposed in
the mining and refining industries (BLS, 2006). Environmental
exposures occur in neighborhoods near manganese industries or
more generally through the use of manganese-based anti-knock
agents in gasoline (Cooper, 1984; Davis et al., 1998; Kaiser, 2003;
Loranger and Zayed, 1997). Inhaled manganese can reach the brain
after entering the circulation in the lungs, or to a lesser degree, via
olfactory neurons (Leavens et al., 2007).

Occupational exposure to high concentrations of manganese
(>1mg/m>®) through mining, metal processing or pesticide
exposure has long been associated with an increased risk of
neurological disorders and the development of a form of
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Parkinsonism known as manganism (Feldman, 1999; Kirkey
et al., 2001; Montgomery, 1995; Olanow, 2004). More recently,
it was demonstrated that chronic exposure to lower levels
(<0.5 mg/m>®) of manganese leads to more subtle effects on
learning, memory and behavior (Aschner et al., 2007; Bowler et al.,
2007a,b; Fitsanakis et al., 2006; Klos et al., 2006). Effects include
tremors, weakness, reduced hand-eye coordination and psycho-
logical impairments. In a preliminary risk assessment, Park et al.
(2006) reported that exposure to Mn below 100 p.g/m? for 2 years
results in a statistically significant doubling in the prevalence of
neurological impairment. Clewell et al. (2003) recommended an
occupational exposure limit between 0.1 and 0.3 mg/m> based on
benchmark dose modeling. In contrast, Santamaria et al. (2007)
and Jankovic (2005) concluded that there is insufficient human
data to link chronic, low-level Mn exposure with neurological
effects.

The National Institute for Occupational Safety and Health
(NIOSH) is currently reviewing its previous recommendations for
worker exposure in light of these new data and its own studies
highlighting occupational exposures associated with neurodegen-
erative disease (Park et al, 2005; Park et al, 2006). Novel
components of this updated risk assessment include an attempt
to identify genetically based biomarkers of exposure, disease and
susceptibility. This is consistent with NIOSH efforts to incorporate
genetics and genomics into the field of occupational health
(Schulte, 2007) and the goals of the Manganese Health Research
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Table 1

Occupational exposure limits for inhaled manganese.
Agency Exposure Exposure Enforcement

limit period status

OSHA 5mg/m> Ceiling Regulatory
California OSHA 200 pg/m? 8h TWA Regulatory
NIOSH 1 mg/m? 8h TWA Recommended
ACGIH 200 pg/m? 8h TWA Recommended

Program (Aschner et al., 2006). This report explains the risk
assessment process and discusses the steps required to move from
epidemiological data to enforceable standards and the many
challenges along the way.

2. Regulation vs. recommendation

The mission of the NIOSH is distinct from that of the U.S.
Occupational Safety and Health Administration (OSHA), even though
both agencies were created by the same 1970 federal legislation.
OSHA is part of the U.S. Department of Labor and is responsible for
developing and enforcing workplace safety and health regulations.
NIOSH is in the U.S. Department of Health and Human Services and
focuses on research, information, education, and training
www.cdc.gov/NIOSH/about.html. The current recommended and
regulatory limits for occupational exposure to inhaled Mn vary
greatly across agencies (Table 1). The federal OSHA limit is a ceiling
for exposures lasting 15 min or less. All other agencies use an 8-h
time-weighted average (8 h TWA) calculating exposures over a
standard work day. OSHA and California OSHA occupational
exposure limits have the power of law whereas NIOSH and American
Conference of Governmental Industrial Hygienists (ACGIH) values
are recommendations only. Therefore, the NIOSH risk assessment
described here could only result in a change for the Recommended
Exposure Limit (REL) and not a new enforceable standard.

3. Determining Mn exposure in the workplace

Exposure assessments for inhaled Mn include both environ-
mental air sampling and biological sampling. Blood manganese
levels (MnB) appear to represent a body burden resulting from
exposures in the preceding months while urinary levels (MnU)
were highly correlated with more recent exposures with a half-life
measured at 30 h (Roels et al., 1987). The association between MnB
and cumulative exposure was stronger for the respirable fraction
than for total airborne Mn (Lucchini et al., 1997). In a ferroalloy
industry study, the relationship between MnB and cumulative
exposure became stronger 2 weeks after a temporary exposure
cessation occurred due to plant shut-down, at which time the MnU
levels more closely reflected MnB and cumulative exposure
(Lucchini et al., 1995). Smith et al. (2007) reported difficulties in
using MnB and MnU to estimate chronic, low-level exposures in
welders. A key confounder is the different pharmacokinetics in
blood and other target tissues (Smith et al., 2007; Aschner and
Dorman, 2006). Alternatively, a cumulative exposure index can be
developed using detailed information about work histories and
environmental samples (Park et al., 2006).

4. The risk assessment paradigm in occupational health

Risk assessment is the foundation for recommended occupa-
tional exposure limits (OEL) designed to protect the safety and
health of workers. Current models rely heavily on uncertainty
factors and other extrapolations (e.g. benchmark dose and
benchmark response) to provide a reasonable margin of safety
when using animal data or when detailed human dose response
data is not available. However, these extrapolations present two
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Fig. 1. Risk Assessment Paradigm. The standard Risk Assessment Paradigm
(National Research Council, 1983) includes four phases moving from Hazard
Identification through Risk Characterization. The paradigm was modified to show
how genetics and genomics can be incorporated to improve policy development
and decision-making.

potential problems. If the risks are underestimated, the OELs may
not provide sufficient protection for the most susceptible workers.
If the risks are overestimated, the resulting OELS may affect the
economic viability of the workers’ employer without providing a
commensurate benefit in return.

The risk assessment process is well-defined and incorporates
four components in a specific chronological order: (1) hazard
identification, (2) dose-response assessment, (3) exposure assess-
ment, and (4) risk characterization (Fig. 1). The classic paradigm
has been modified to identify the places where improved
information on genetic susceptibility could lead to improved
decision-making on appropriate regulatory exposure limits.

5. Incorporating genetic susceptibility into a Mn risk
assessment

Both human studies and animal studies demonstrate inter-
individual differences in susceptibility to Mn overexposure. Roels
et al. (1992) found no significant correlations between an
individual's current Mn exposure and blood or urine Mn levels
in dust-exposed battery production workers. Iregren (1990)
observed performance deficits on a battery of neuropsychological
tests in Mn-exposed foundry workers, but the deficits exhibited no
correlation with current Mn exposure levels. Wide inter-individual
differences were also reported in studies of Mn-exposed non-
human primates (Schneider et al., 2006; Newland and Weiss, 1992;
Olanow et al., 1996). This suggests that genetic differences may
play a role in Mn-induced neurotoxicity. For example, genetic
differences in uptake, distribution and excretion of Mn could help
explain the wide variation seen in human MnB levels compared
with environmental samples.

The development of neurological symptoms following occupa-
tional or environmental Mn exposure can occur over many years
following an initial exposure; therefore, identifying workers at
highest risk working backward to develop early biomarkers of
exposure and disease are important NIOSH research goals. Funding
was provided for a pilot study to examine the feasibility of
incorporating genetics and genomics into a Mn risk assessment.
The three major challenges encountered were (1) finding an
appropriate Mn-exposed cohort, (2) narrowing the list of candidate
genes and (3) determining which genetics and genomics tools
would provide the most useful data.

6. Finding a cohort

Occupational epidemiology studies offer opportunities for
genetics investigations. As part of its mission, the NIOSH Hazard
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Evaluations and Technical Assistance Branch (HETAB) conducts
evaluations in response to requests from workers or employers
with concerns about occupational exposures to known and
suspected toxicants www.cdc.gov/NIOSH/hhe/default.html. A
typical evaluation includes an exposure assessment and medical
evaluations of workers as well as a review of information collected
on-site by the employer. Although Health Hazard Evaluations
(HHE) can uncover new and important threats to human health,
they have limited value for risk assessment. First, the HETAB
mission is not primarily a research activity, so collection of DNA
samples is not part of the routine protocols. Secondly, there is often
a time lag between the first reports of workplace illnesses and the
on-site investigation while the appropriate expertise is organized
into a field team. This could potentially affect the relevance of the
exposure assessment if changes in work practices have been made
(e.g. improved ventilation). There can also be a significant time lag
between the onset of exposure and neurological effects, with the
lag time increasing as dose decreases (Newland, 1999). Finally,
there is no guarantee of worker participation. For example, only
66% of employees participated in an HHE looking at Mn exposure in
a Marietta, OH battery plant (HETA 90-0214-2523). Other existing
potential cohorts included welders on the Bay Bridge reconstruc-
tion project (Bowler et al., 2007a,b; Park et al., 2006) and welders in
the ship-building industry. Unfortunately, these cohorts were not
large enough to provide meaningful data and blood samples taken
were not optimized for DNA extraction. Recommendations for
enhancing data collection from Mn-exposed cohorts are provided
later in this report.

Ultimately, the decision was made to focus on a community
cohort in Marietta, Ohio living within 10 miles of a ferromanganese
alloy production facility. The plant has been in operation for more
than 50 years, and the environmental exposures have been well
characterized. Ambient exposures closest to the plant ranged from
0.10 to 2.0 pg/m> (ATSDR, 2007). Those levels are well below
occupational exposure limits, providing important information on
chronic, low-level Mn exposure and increasing the opportunity to
identify the most susceptible individuals. In addition, data and
DNA samples are available from a preliminary study comparing
blood and hair Mn levels in residents living near the plant with the
results of postural sway tests (Standridge et al., 2008). Cohort
variables are summarized in Table 2. Unlike the welding cohorts,
the Marietta cohort has fewer potential confounders. For example,
welders are exposed to mixtures of metals in welding fumes and
other neurotoxicants such as carbon monoxide, making it difficult
to analyze the impact of Mn alone while Mn appears to be the most

significant exposure of the Marietta cohort. In addition, the
Marietta cohort allows stratification by age and sex. Welding
cohorts are almost exclusively male.

7. Extreme Discordant Phenotyping

The application of Extreme Discordant Phentoype (EDP)
methodology (Nebert, 2000) provides an effective strategy for
identifying key gene-gene and gene-environment interactions in
complex traits. By focusing on the most highly resistant and most
susceptible subsets of the population, the sample size can be
reduced significantly without sacrificing sensitivity. EDP metho-
dology has already proved successful in several pharmacology
applications (Reist et al., 2007), so it is reasonable to expect similar
success applying EDP methods to a toxicogenetics problem.
Defining “most resistant” and “most susceptible” will require
considerable debate, however. One possible strategy would
identify those with similar outcomes in neurological measures,
but extreme differences in hair and blood Mn levels. Alternatively,
samples could be chosen from individuals with very similar hair
and blood Mn levels, but widely varying results on neurological
tests.

8. Identifying genes of interest

In contrast to the limited number of blood or DNA samples
available from Mn-exposed workers, there is no shortage of
potential candidate genes. The challenge is to select a manageable
number and prioritize based on their potential to modify
susceptibility to inhaled Mn or their potential to serve as early
biomarkers of Mn-induced neurotoxicity (Table 3). It is quite likely
that numerous genes affect susceptibility to Mn-induced neuro-
toxicity with the best candidates involved in metal homeostasis,
divalent cation transport, the oxidative stress response and
inflammation. It is interesting to note that many of these genes
have been linked to an increased risk of Parkinson’s Disease (PD),
including the familial hemochromatosis gene (HFE) (Akbas et al.,
2006; Guerreiro et al.,, 2006) CYP2D6 (Bon et al., 1999), and
glutathione-S-transferases (Wahner et al., 2007).

9. Oxidative stress response genes
Numerous studies have linked Mn toxicity with oxidative

stress; therefore genes associated with the oxidative stress
response are logical candidate genes (Table 3; Column 1).

Table 2
Overview of data from Marietta cohort.
Subject data Age Sex
Medical information Height Weight Prescription medication
Biological measures Blood Mn Blood Pb Hair Mn
Neurological measures Postural sway Tremor

Environmental measures Drinking water source

Years of residence Proximity of home to refinery

Table 3

Candidate genes identified from the literature and a review of genetics and genomics databases.

Oxidative stress response Biomarker of susceptibility

Biomarker of disease

GCLM (glutamate-cysteine ligase modifier subunit)
GCLC (glutamate-cysteine ligase catalytic subunit)
GSTM1 (glutathione-S-transferase mu)

GSTT1 (glutathione-S-transferase theta)

HO1 (heme oxygenase)

NQO1 (NAD(P)H dehydrogenase quinone)

MT (metallothionein)

CYP2D6 (Cytochrome P450)

TF (transferrin)

SLC39A8 (ZIP8)
SLC39A14 (ZIP14)

SLC11A2/DMT1 (Solute carrier family 11/Divalent metal transporter)

TFR1, TFR2 (transferrin receptor)
HFE (familial hemochromatosis)
SLC39A4 (ZIP4) Solute carrier family 39

GABRA2 (GABA-A receptor)

GAD1 (Glutamate decarboxylase 1)
HOXA1 (Homeobox transcription factor)
NEUROD1 (Neurogenic differentiation)
NEUROD2 (Neurogenic differentiation)
PGR (progesterone receptor)

STK11 (serine/threonine kinase)
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Glutathione is the most abundant intracellular antioxidant, found
in millimolar concentrations in many cells and tissues. Several
genes associated with glutathione synthesis and transport are
known to be polymorphic in the human population, and specific
polymorphisms have been linked to an increased risk of human
disease. These include GCLC, GCLM, GSTM1 and GSTT1 (Dalton
et al.,, 2004; Romieu et al., 2006; Park et al., 2008; Wang et al.,
2008). Since many toxicant exposures and deleterious effects are
closely associated with depleted glutathione levels, polymorph-
isms that reduce levels or impair glutathione transport are likely to
increase susceptibility to manganese-induced neurotoxicity.
Mitochondria are also a well-known target of Mn toxicity (Malecki,
2001; Morello et al., 2008), and they would become more
susceptible in the absence of a robust response to oxidative stress.
However, there is ongoing debate concerning the relative
importance of oxidative stress in Mn-induced neurotoxicity
(Taylor et al., 2006); therefore, we wanted to expand our list of
candidate genes to include other potential modes of action.

10. Potential biomarkers of susceptibility

Multiple genes are known to affect absorption, transport and
deposition of metals in the brain (Table 3; Column 2). Both iron (Fe)
and Mn can be found in the body in multiple oxidation states—
most frequently Fe?* — Fe®* and Mn?* — Mn>"*, and numerous iron
transporters can ferry Mn as well as Fe in the body (Aschner, 2000).
The interplay between Fe and Mn is most apparent when
nutritional status is considered. Iron status determines net
absorption as increased uptake of Mn is associated with anemia
(Rossander-Hulten et al., 1991). Iron deficiency in animals and
humans has also been shown to increase Mn uptake in the brain
while Fe overload decreases it (Aschner and Aschner, 1990; Mena,
1974; Anderson et al., 2007; Thompson et al., 2007; Fitsanakis
et al., 2008; Heilig et al., 2006). Therefore, workers with iron
deficiency may be at greater risk of manganism compared to
workers with normal-to-high iron levels. This highlights the
importance of measuring Fe status when trying to estimate an
individual’s actual Mn exposure and the potential importance of
polymorphisms in iron transporters in Mn-induced neurotoxicity.

The mechanisms by which Mn is transported across the blood-
brain barrier are not well understood. However, a number of
processes may be involved including facilitated diffusion, active
transport, and two distinct carrier-mediated transport systems—
transferrin-dependent and transferrin-independent pathways. Both
carrier-mediated transport systems utilize a divalent metal trans-
porter (DMT1) as the transport protein (Aschner, 1999; Aschner,
2000; Roth and Garrick, 2003). Both transferrin receptors and DMT1
have been identified within endothelial cells lining the capillary beds
ofthe brain,and Mnincreases DMT1 expression in the choroid plexus
(Wang et al., 2006). Other genes which may play a role in genetic
susceptibility or resistance include the Solute Carrier (SLC) family
members SLC39A4, SLC39A8 and SLC39A14 which encode the ZIP4,
ZIP8 and ZIP14 proteins, respectively. ZIP4 is a zinc transporter with
polymorphisms linked to human disease (Mao et al., 2007). ZIP8 and
ZIP14 are divalent metal transporters with a high affinity for
manganese (Girijashanker et al.,2008; He et al., 2006). Changes in ZIP
8 regulation are associated with increased heavy metal toxicity
(Dalton et al., 2005). Therefore, abnormal up-regulation or down-
regulation of these candidate genes could affect the amount of
manganese absorbed, excreted or deposited in the brain.

11. Potential biomarkers of disease
DNA methylation increases during normal aging in many

human tissues, including the brain (Chu et al., 2007). Budovsky
et al. (2006) proposed that epigenetic changes in gene regulation

are a central mechanism underlying aging and age-related
pathologies. All genes listed as potential biomarkers of disease
(Table 3, Column 3) are expressed in the cerebral cortex and are
associated with neurological functioning. Siegmund et al. (2007)
reported that all of these genes are regulated by DNA methylation
with progressively increased DNA methylation across the human
lifespan. Therefore, abnormal methylation of these genes at
younger ages could indicate accelerated aging and the early onset
of neurological disease.

Studies in Mn-exposed rhesus monkeys identified changes in
protein levels of two glutamate transporters (GLAST-1 and GLT-1)
and tyrosine hydroxylase (TH), a key marker of dopaminergic
neurons (Erikson et al., 2007, 2008). The most significant decreases
were in the globus pallidus, which is uniquely susceptible to Mn
neurotoxicity. Although gene expression may be altered in humans
as well, imaging techniques would appear to provide more useful
data than a genetics-based approach.

More than a dozen genes have been linked to inherited forms of
Parkinson’s Disease (PD), including PARK1 (a-synuclein), PARK2
(parkin), PARK6/PINK1, and PRK8/LRKK2 (reviewed in Gasser,
2007; Deng et al., 2008). Inheritance patterns include autosomal
dominant, autosomal recessive, and X-linked inheritance (Chase,
1997; Riess et al., 2002; Warner and Schapira, 2003; Gasser, 2007).
Genes associated with the development of Parkinson’s were not
included in the candidate gene list, because PD pathology is
different from manganese-induced toxicity although functional
deficits may overlap. Magnetic resonance imaging clearly reveals
Mn deposition and damage is greater in the globus pallidus
compared with the substantia nigra which is most affected in PD
(Shinotoh et al., 1995; Kim, 2004; Fitsanakis et al., 2008). Patients
suffering from Mn-induced neurotoxicity also do not respond to
levodopa, the most common treatment for idiopathic PD (Lu et al.,
1994; Chu, 2004; Koller et al., 2004). Therefore, these genes were
considered much weaker candidates for detailed genetic studies.

Only one research group has reported a direct link between
genetic polymorphisms and the risk of parkinsonism in manga-
nese-exposed workers. (Zheng et al., 2002) reported that Chinese
workers with a common polymorphism in CYP2D6 were at higher
risk, although the authors concede the polymorphism they
identified may only be a genetic marker with no direct
physiological relevance to Mn neurotoxicity. Indeed, Dick et al.
(2007a,b) reported no association between CYP2D6 genotype and
the development of parkinsonism in manganese-exposed workers
studied in the European-based Geoparkinson study. The avail-
ability of a simple RFLP protocol to determine CYP2D6 genotype
(Zheng et al., 2002) provides a way to quickly screen large numbers
of samples from the Marietta cohort, so we included this
traditional technique in the pilot study. We also included CYP2D6
as a candidate gene because the putative susceptibility allele has a
high prevalence in the human population.

12. Choosing the best molecular approach: omics overload

The rush to sequence the human genome produced huge (and
even HUGO) databases filled with sequence data, but deciphering
the significance of the nucleotide sequences proved more difficult
than originally expected. As a result, researchers looking at genetic
susceptibility to environmental toxicants must consider a vast
array of omics technologies and platforms before deciding on the
most informative experimental approach. The founding field of
genomics has spawned transcriptomics, proteomics, metabo-
nomics and metabolomics among others. All of these offer the
advantage of being able to examine the impact of hundreds of
genes in the same experiment and the opportunity to identify non-
intuitive candidate genes. Epigenomics, for example, is making
important progress in identifying DNA methylation changes that
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affect an individual’s risk of developing cancer (Ho et al., 2006;
Russo et al., 2005), asthma (Miller and Ho, 2008; Perera et al.,
2009), and even obesity (Waterland, 2009). The disadvantages of
these techniques include their higher costs which can often limit
sample size and the necessity of using a confirmatory technique
such as real-time Q-PCR for gene expression microarrays.

In contrast, a more focused approach examining the impact of a
few candidate genes can greatly reduce expenses thereby
expanding the possible number of individual samples to be
included in the study. Standard techniques range from RFLP
analysis to the increasingly popular SNP-typing using customized
molecular probes and primers. A disadvantage to these techniques
is the growing number of reported SNPs with little to no
information available concerning the functional significance of
the sequence variation. This dilemma helps to explain the large
number of studies reporting gene-environmental interactions
which are never replicated in other cohorts (Wilson et al., 2000;
Tamer et al., 2004; Masson et al., 2005).

In our attempt to understand genetic aspects of Mn toxicity, we
propose to use promoter arrays to compare DNA methylation
patterns in the most highly affected and least affected individuals
in the Marietta community cohort. This will allow us to look at all
three categories of susceptibility genes (Table 3). DNA methylation
patterns change with age, and these changes are associated with
neurological deficits (Liu et al., 2007; Siegmund et al., 2007). In
addition, these epigenetic changes affect proteins directly involved
in neurological processes (Ravindran and Ticku, 2005). The
proposed DNA methylation tests should reveal whether the most
affected individuals show a pattern of accelerated aging. Con-
versely, the array data may reveal epigenetic changes that affect
manganese transport and metabolism. This differential gene
regulation could potentially explain inter-individual variation in
susceptibility given similar Mn exposures.

13. Potential biomarkers of exposure

There is increasing evidence that exposure to environmental
toxicants changes global DNA methylation patterns (Salnikow and
Costa, 2000; Russo et al., 2005; Ho et al., 2006; Salnikow and
Zhitkovich, 2008). Specifically, oxidative stress — a known outcome
of manganese toxicity (Chen and Liao, 2002; Barhoumi et al., 2004;
Chen et al, 2006) - increases the frequency of mutations at
methylated CpG islands (Lee et al., 2002). In addition, Hamet and
Tremblay (2003) concluded that abnormal DNA methylation is a
biomarker of genetic damage. DNA methylation arrays provide a
global view of epigenetic changes across the genome; therefore,
large-scale methylation patterns can be compared between highly
affected and highly resistant individuals. In this case, no candidate
genes have been identified a priori because this mechanism is
unlikely to have gene-specific effects.

14. Recommendations for advancing genetics and genomics in
risk assessment

No single workplace cohort study can provide sufficient data to
reach clear conclusions concerning genetic susceptibility to Mn-
induced neurotoxicity; however, pooling data across studies would
increase power for the necessary genetic analyses. Incorporating
data from community-based studies with good exposure data
further increases the sample size and allows for stratification by
age and sex. To improve data collection and analysis, we
recommend the following steps be considered by the appropriate
funding agencies and governmental entities:

1. Expedite exposure assessments in workplaces where neurolo-
gical impairments are reported.

2. Include both environmental and biologically based measure-
ments of Mn exposure.

3. Provide incentives to include DNA sampling in all studies of Mn-
exposed populations.

4. Adopt standardized protocols for assessing Mn-exposed popu-
lations (e.g. Fe and folate status, MRI, neuropsychological,
cognitive and motor function).

5. Develop a centralized and standardized system for collecting,
storing and analyzing DNA samples and sharing data with
collaborating researchers.

6. Develop informational and educational materials to encourage
participation in genetics studies of susceptibility to Mn-induced
neurotoxicity.

Beyond the scope of these studies is the issue of nutritional
status during early development. While the nutritional status of
exposed adults can be measured, and differences have been
reported in Fe status among Mn alloy workers (Ellingsen et al.,
2003), children appear at higher risk. Sahni et al. (2007) reports a
case of pediatric manganism and iron deficiency in a 6-year-old
exposed to high Mn in drinking water while an older sibling and
relatives showed no impairments. Rodent studies have also
confirmed that nutritional status during development can affect
Mn transport into the developing brain (Garcia et al., 2006; Garcia
et al., 2007; Fitsinakis et al., 2008). Further animal studies will
prove quite valuable in understanding the specific mechanisms
that increase susceptibility in adulthood.

15. Summary

We have initiated a pilot study to help address well-known
inconsistencies between Mn exposures (environmental and biolo-
gical) and neurological outcomes in adults. Specifically, controversy
continues concerning the role of inhaled Mn in the causation of the
neurological effects associated with occupational exposures. There
are diverse opinions on whether neurobehavioral and neurological
signs and symptoms in Mn-exposed welders constitute adverse
health effects, whether the effects are reversible or progress after the
cessation of exposure, and whether these conditions are early
manifestations of manganism. Santamaria et al. (2007), in areview of
the available literature, concluded that although manganism was
observed in highly exposed workers, the scant exposure-response
dataavailable for welders did not supporta conclusion that welding is
associated with clinical neurotoxicity. Olanow (2004), in distinguish-
ing the diagnosis of frank manganism from PD, dismisses as insig-
nificant the evidence of “preclinical” effects in Mn-exposed welders.
Jankovic (2005) pointed to the methodological problems of many of
the cross-sectional studies and considers some published reports
with positive findings to be negative, such as those of Myers et al.
(2003) and Bowler et al. (2003). Jankovic (2005) rejects neuropsy-
chological testing for assessing adverse exposure effects. These views
are not universally held (Bellinger, 2003; Anger, 2003; Mergler and
Baldwin, 1997). Martin (2006) concluded that the current neurop-
sychological and clinical evidence is sufficient to justify preventive
action to reduce the adverse effects of Mn exposure.

Given the strong likelihood that genetic background alters Mn
pharmacokinetics and pharmacodynamics and an individual’s
response to Mn exposure, incorporating genetic susceptibility into
the risk assessment for inhaled Mn may help resolve these
opposing viewpoints. Although pharmacogenetics and pharmaco-
genomics have not yet fulfilled their promise of “personalized
medicine,” (Nebert and Vesell, 2006; Nebert et al., 2008), the goal
of identifying those at highest risk of inhaled Mn exposure remains
valid. The pilot study underway, using data and DNA from an
exposed community population in Marietta, OH, begins to address
this important research need. In addition, the inclusion of genes
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known to be differentially methylated in the brain and during
normal aging could help identify important biomarkers of disease
in exposed individuals.

We readily acknowledge that the limited number of DNA
samples available and limited neurological endpoints measured
will constrain the interpretation of the pilot study data. Therefore,
we have recommended changes to improve and expedite the
collection of critical data from ongoing studies of Mn-exposed
workers and communities. If implemented successfully, these
recommendations could become a model for similar studies of
gene-environment interactions both in the workplace and in
affected communities nationwide.
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