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Abstract

Objective: The majority of cases of the fatal neurodegenerative disease amyotrophic lateral
sclerosis (ALS) are of unknown etiology. A proportion of these cases are likely to be attributable
to contaminant exposures, although the specific environmental etiology of ALS remains largely a
mystery. Certain forms of the neurotoxic metal mercury readily cross into the central nervous
system. Fish is a dietary source of methymercury, but also of beneficial components, such as
omega-3 polyunsaturated fatty acids. Prior work using clinic-based studies of toenails and hair as
keratinous biomarkers of exposure suggest elevated mercury levels in ALS patients compared with
controls. We sought to validate this relationship in a U.S. case-control comparison of mercury
levels in nail clippings.

Methods: We performed trace element analysis using inductively coupled plasma mass
spectrometry (ICP-MS) on the nail clippings of n=70 female, geographically representative ALS
patients from the National ALS Biorepository and compared them to n=210 age-matched controls
from a set of n=1216 nationally distributed controls from the Sister and Two Sister Studies.

Results: Compared to the lowest quartile of nail mercury, moderate levels were associated with
decreased risk of ALS (P=4.18e-6). However, the odds of having nail mercury levels above the
90 percentile were 2.3 fold higher among ALS patients compared with controls (odds ratio
(OR)=2.3, 95% confidence interval 1.10 — 4.58, adjusted for age and smoking status).

Conclusions: This finding suggests that excessive mercury exposure may be associated with the
neurodegenerative health of aging populations.
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Introduction

In amyotrophic lateral sclerosis (ALS), the selective death of motor neurons in the brain and
spinal cord produces debilitating symptoms of progressive weakness, muscle wasting, and
spasticity. The onset is most commonly between 55 and 75 years of age; the average life
expectancy of a person with ALS is two to five years from the time of diagnosis (1). A
simple genetic explanation for sporadic ALS seems unlikely, because a whole-genome
sequencing study of ALS phenotypically discordant monozygotic twins found no coding,
regulatory nucleotide, or genome-wide structural differences (2). With only 10% of cases
attributable to known inherited mutations, researchers have hypothesized that environmental
exposures, including toxic chemicals, may play an important role. However, few such
environmental risk factors have been identified (3).

Several case-reports of mercury poisoning have demonstrated convincing ALS-like clinical
symptoms, leading authors to postulate a causal relationship (4—6). Rats exposed to
methylmercury (2 mg/kg/day) had ALS-like symptoms, with nerve conduction velocity
abnormalities, tail-flick responses, and inhibited motor equilibrium performance (7). /n vitro
proteomics studies show that methylmercury treatment causes electron transport chain
dysfunction, oxidative stress, and impairs ubiquitin proteasome system protein degradation
(8), molecular mechanisms that are thought to be involved in the pathogenesis of ALS.

Methylmercury exposure via fish consumption has been suggested as an ALS risk factor,
however evidence from questionnaire-based studies is mixed (9—11). The relationship
between ALS and fish consumpution is complex due to beneficial components, such as
omega-3 polyunsaturated fatty acids (12). Methylmercury binds to the thiol group of
cysteine, mimicking the neutral amino acid methionine, which allows it to easily cross the
blood-brain barrier into neurons (13). Inhalation of mercury vapor is another route of
exposure, although rare in the U.S. other than in dental occupations. Elemental mercury and
methyl mercury are both lipid soluble and easily diffuse into the central nervous system (14).
After entering the brain, mercury is converted to the inorganic form, where it is thought to
have a half-life of several years to decades (15).

Keratinous nail tissue is a reliable biomarker because the thiol (-SH) groups of the amino
acid cysteine bind methylmercury and other trace elements with high affinity (16). Non-
invasive nail clippings are thought to represent 4—6 months of exposure occurring
approximately 6—12 months before collection and correlate with the level of methylmercury
exposure from fish (17, 18). Only 10% of nail mercury represents mercury derived from
inorganic sources, such as dental amalgam in non-occupationally exposed populations (19).
In our prior clinic-based work in northern New England, we observed higher toenail Hg
levels in 46 ALS patients, compared with n=66 controls who did not have neurodegenerative
illness (p=0.024) (20). In the present analysis, we sought to validate this mercury finding in
an independent U.S. cohort using a case-control comparison. We assessed additional trace

Amyotroph Lateral Scler Frontotemporal Degener. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andrew et al.

Methods

Page 3

elements in the nails to verify that the disease had not broadly affected the element
disposition.

Eligible ALS patients were identified from the National ALS Biorepository of the
population-based National ALS Registry project, which is conducted by the U.S. federal
Agency for Toxic Substances and Disease Registry (ATSDR), part of the Centers for Disease
Control and Prevention (CDC) (21, 22). ALS patients in the National ALS Registry are
identified using a two-pronged approach. The first approach identifies cases from three large
national administrative databases (Medicare, Veterans Health Administration, and Veterans
Benefits Administration) by using an algorithm with elements such as the International
Classification of Diseases (ICD) code for ALS, frequency of visits to a neurologist, and
prescription drug use. The second approach is a secure web portal that enables persons with
ALS to answer a series of validation questions developed by the Veterans Administration in
order to enroll in the Registry, thereby identifying cases not Included in the national
administrative databases (23, 24). The distribution of patients recruited for the Biorepository
included representation from each state in the U.S. in proportion to the state population. A
total of 330 patients contributed to the Biorepository between 2013 and 2015 out of 458
patients who were sent biospecimen information packets (74%). Biospecimens, including
fingernail clippings (left and right hand pooled), were collected during in-home visits to the
patients. Toenails and fingernails are both strong keratinous biomarkers of methylmercury
exposure that are highly correlated within individuals (r=0.92, p<0.01) (16). For this study,
we assessed metal levels in the Dartmouth Trace Element Analysis Core on the nails from
84 of the randomly selected female participants, who ranged in age from 30 to 72 at
diagnosis. Our analysis was restricted to n=70 women under age 67 in order to match the
age-range and sex of the Sister and Two Sister Study participants, who served as a unique
source of controls with trace elements measured in nails from the same laboratory as the
ALS cases.

For a comparison group, we used participants from the Sister Study (25) and Two Sister
Study (26) who previously had nail metal levels assessed in the same laboratory as the ALS
cases (Dartmouth Trace Element Analysis Core) (27). The eligible controls were U.S.
women aged 35-66 years who provided data and large toenail clippings (right and left foot
pooled) at a baseline visit (2003—-2009) and had a sister diagnosed with young-onset breast
cancer (age at diagnosis <50), but had never been diagnosed with breast cancer themselves
at enrollment (n=1216) (27). We utilized the R-package “Matchlt” to perform nearest
neighbor matching of controls to the cases in a 3:1 ratio based on age at diagnosis (28). With
this propensity score matching, we selected a subset of n=210 as a comparison group in our
case-control analysis.

All study participants provided informed consent. Study procedures were conducted under
the oversight of the Dartmouth Committee for Protection of Human Subjects and Sister
Study controls were overseen by the Institutional Review Board of the National Institute of
Environmental Health Sciences (NIEHS). Biorepository Pilot Study procedures were
conducted under the oversight of Western Institutional Review Board.
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Any visible dirt was removed from the nails and they were transferred to a polyethylene vial
with 2 ml of acetone for a 20 min ultrasonic bath. Nails were then similarly washed with a
1% solution of Triton X-100, followed by 5 washes with deionized water. This washing
procedure removes external contamination (nail polish, dirt etc.) without extracting metals
from inside the nails. The washed nail clippings were then acid-digested with HNO3 using a
MARS6 microwave digestion unit, accounting for the weight of the nail sample (CEM,
Mathews, NC). The Dartmouth Trace Element Analysis Core Facility measured 16 trace-
elements in the nail samples (arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr),
copper (Cu), iron (Fe), mercury (Hg), manganese (Mn), molybdenum (Mo), nickel (Ni), lead
(Pb), antimony (Sb), selenium (Se), tin (Sn), vanadium (V), zinc (Zn)). This analysis was
performed by inductively-coupled plasma mass spectrometry (ICP-MS) on an Agilent 8800
ICP-QQQ (Santa Clara, CA), following EPA 6020 protocol. Multi-point calibration curves
(n = 5) were constructed for each analyte with correlation coefficient criteria >0.995. The
calibration was followed by an Initial Calibration Blank, an Initial Calibration Verification
(ICV), and Continuing Calibration Verifications (CCVs) after every 10 samples.

To correct for any batch effects or differences in measured levels due to shifts in exposure to
metals based on the year of nail collection (29), we applied the ‘ComBat’ procedure to
normalize the logyq levels of all 16 elements by the year of nail collection, grouped to
include both cases and controls in each batch-group (30). This procedure was implemented
in the ‘sva’ package (version 3.28.0) in R software using a parametric empirical Bayes
framework to adjust the data for any time-related batch effects (31).

Statistical analysis

Results

We first performed univariate analyses to assess participant characteristics and covariates
using chi-square tests for categorical factors and t-tests for continuous variables. We also
estimated p-values for the association between log;g continuous levels, as well as =90t
percentile versus <90t percentile of each of the 10 elements modeled individually (Hg, As,
Cd, Co, Cr, Cu, Fe, Mn, Pb and Se) and ALS. These analyses were adjusted for age
(cateogorized <50, 50-55, 55-60, 60+) and smoking (ever/never) status. Spline plots were
constructed in R-software using the “rms” package, with adjustment for age and smoking
status (32). These spline plots revealed a non-linear relationship between nail mercury and
ALS, so we used a multivariable unconditional logistic regression model to estimate the
odds ratio (OR) and 95% confidence intervals for categories of nail mercury selected based
on the inflection points.

Data availability: Data sharing is restricted by human subjects data management restrictions,
governed by the institutional committee for protection of human subjects.

The mean age of the ALS patients was 55, similar to that of the matched controls (Table 1).
The smoking status, smoking duration, level of education, and racial / ethnic makeup did not
significantly differ between ALS patients and the matched controls.
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The mean (log10 pg/g) nail mercury levels did not differ significantly between ALS patients
and controls (Supplemental Table 1). The spline plots in Figure 1 showed a u-shaped
relationship between nail mercury and ALS risk, adjusted for age and smoking. The logistic
regression results calculated from this spline model (Table 2) showed decreased risk of ALS
at the 25! vs. the 5t percentile for nail mercury, but increased risk at the highest levels of
nail mercury (901 vs. 75t percentiles). We also used the inflection points from the spline
plot to assess risk in categories. Compared to the lowest quartile of nail mercury, moderate
levels of nail mercury (25 — 90t percentile) were associated with a statistically significant
decreased risk of ALS (OR 0.21 95%CI 0.11-0.41, p=4.18e-6). In contrast, very elevated
levels of Hg exposure were associated with increased risk of ALS. As shown in Table 3, we
observed a 2.6-fold increased risk of ALS associated with having nail Hg = 90th percentile
(OR 2.64 95%Cl 1.12-6.18, p=0.024 adjusted for age, smoking status). This association
remains elevated with adjustment for age and level of education (OR 2.54 95%CI 1.05—
6.07).

We also evaluated the levels of the 10 trace elements measured in nails as a biomarker (Hg,
As, Cd, Co, Cr, Cu, Fe, Mn, Pb, Se), again with adjustment for age and smoking status, to
check for broad, disease-related differences in the distribution. The levels of the assessed
elements did not differ among cases and controls (Supplemental Table 1) (20). Comparison
of the proportion of cases vs. controls above vs. below the 90t percentile for each trace
element showed a significant difference for mercury (chi-square P=0.011), but not for the
other elements (Supplemental Table 2).

In order to identify participant characteristics associated with having nail Hg levels higher
than the 90t percentile, we also performed an analysis within the full control group
(n=1216) (Table 4). Elevated Hg was not related to age (p=0.96) or race / ethnicity (p=0.91).
Current smoking was not significantly associated with elevated Hg, compared to never
smoking. However, 36.9% of controls with Hg = 90th percentile were past smokers,
compared with 24.7% of those with lower Hg levels (multivariable OR 1.97 95%CI 1.29-
3.00 for former versus never smokers, adjusted for age and income bracket). The controls
with Hg = 90th percentile also had higher levels of education than those with lower exposure
(p=0.048). Among controls with Hg = 90th percentile 68.8% had a Bachelors, Masters, or
Doctoral degree, compared to 56.1% of those with lower toenail Hg levels. Elevated toenail
Hg levels were also strongly related to increasing income. 22% of controls with Hg = 90th
percentile had a household income of $200,000 or more, compared to 8% of those with
lower Hg levels (multivariable OR 4.05 95%CI 2.32 — 6.96, adjusted for age and smoking
status).

Discussion

We observed a u-shaped relationship between nail mercury and ALS risk. Moderate levels of
nail mercury were associated with decreased risk, while ALS patients had a 2.3-fold
increased risk of having nail Hg levels above the 90th percentile, compared to controls. The
excess risk, which was estimated using a U.S.-wide case-control study, are consistent with
our prior clinic-based findings from a small New England-based sample (20). The prior
studies that used keratinous biomarkers of exposure provide further evidence supporting this
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link. For example, hair levels of mercury were higher among 15 ALS patients in the Nara
and Mie regions of Japan, compared with 26 normal controls (p<0.05) (33). The levels of
mercury in hair were also higher in ALS patients from Sardinia, Italy (n=34, median 0.68
Hg/g, 95M percentile 3.74 pg/g), compared with controls (n=30 median 0.45 pg/g, 95t
percentile 1.49 pg/g), although the difference was not statistically significant (34). Similarly,
hair Hg was modestly higher in Japanese ALS patients who were not bed-ridden (ALS n=7
2.9£0.82 pg/g vs. controls n=20 2.5+1.29 pg/g, and vs. patients with other neurological
diseases n=19 2.40+1.25 ug/g) (35).

The major source of mercury exposure for the U.S. population is the consumption of fish.
High-trophic level fish (high in the food chain) bioaccumulate methylmercury, such as
swordfish (36, 37). Some fish are also an excellent source of omega-3 polyunsaturated fatty
acids, which were protective against ALS in a large prospective study of diet (12). The
inverse relationship we observed between moderate nail mercury levels and ALS risk in the
present study is not causal for mercury, per se, but rather, the moderate nail mercury denotes
the regular fish consumers. In our prior work, we estimated annual methylmercury exposure
among finfish and shellfish consumers by cross-referencing self-reported consumption with
the corresponding fish fillet mean methylmercury concentrations. We observed that toenail
Hg levels in participants from northern New England were positively correlated with
estimated fish-derived methylmercury consumption (p=0.018) (20). Participants in that study
who reported that they “eat fish at least monthly” had moderately higher levels of mercury in
their toenails (mean 0.21 pg/g) than those who do not (mean 0.11 ug/g), p=0.021 (20). Thus,
toenail mercury levels are a biomarker for fish consumption. We speculate that the u-shape
reflects a benefical effect of consumption of fish that do not have very high levels of
mercury, but this finding motivates future work to identify the individual protective dietary
components underlying this effect.

In the Sister Study control sample, we observed an association between elevated Hg
exposure (= 901 percentile) and higher income. This matches the 19992010 NHANES data
showing that blood Hg concentration of U.S. women was significantly higher when the
household income was = $75,000, compared to those with incomes <$20,000. Consumption
of fish was also linked to higher household income (p<0.01), and swordfish/shark
consumption (p=0.05), which was in turn associated with elevated blood Hg levels (OR
6.05, 95%Cl: 1.77 — 20.29) (38). Thus, income seems to be in the causal pathway for high-
trophic level fish consumption.

The molecular mechanism for mercury-induced neurodegeneration is not yet established.
Methylmercury activates the mitochondrial permeability transition pore and elevates
presynaptic Ca2+, leading to enhanced glutamate release and an excitotoxic response in rat
neurons (39). Mercury uptake at motor nerve terminals in the muscle and retrograde axonal
transport to the cell bodies is thought to deposit mercury in the spinal motor neurons when
mice are dosed with HgCl, (40). Mercury was also found in the central nervous system cells
of an exposed human (41). Compared to controls, the locus coeruleus and motor neurons in
patients with motor neuron disease had higher levels of silver nitrate autometallographic
staining, potentially reflecting the presence of mercury (42).
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A gene-environment interaction mechanism is supported by the report that mice with the
ALS-associated SOD1 G93A mutation who were exposed to methylmercury in their
drinking water (1-3 ppm/day) showed early onset hind limb weakness and shorter time to
rotarod failure, compared to unexposed or SOD1 wild-type mice (43).

One limitation of our study is that the nails of the ALS patients were collected more recently
than those of the controls. Although NHANES data show a decrease in blood Hg levels in
U.S. women since the late 1990s, that trend has plateaued in recent years and Hg levels did
not decrease between 2005 — 2010 (38). Correcting our analysis for sample collection year
to account for any batch or temporal effects did not change the results (29). The levels we
observed in the control group were similar to those of the men in the Normative Aging
Study (median Hg 0.34 ug/g, SD 0.44) (44). Another limitation is that the ALS patient nails
were collected after diagnosis. Nail tissue is a biomarker that integrates exposure over
several months, mitigating the effects of recent behavioral changes. The time from diagnosis
to nail collection was also not correlated with the Hg level (p=0.51). The case-control
similarity in the mean levels of the 10 trace elements assessed reassured us that there was no
disease-related fundamental change in the nails or broad-based effect on distribution of
elements in the body. While we did not collect body mass index at the time of nail
collection, a prior study showed that the median toenail mercury level was the same for
participants with low body mass index (BMI) (median Hg 0.22 pg/g for both BMI <25 and
for BMI 25-29) (44). Although the medium assessed was toenails in the cases and
fingernails in the controls, Hg levels in matched fingernails and toenails from the same
individuals are highly correlated (r=0.923, p<0.01) (16).

In a nationally distributed case-control comparison, we observed that women with ALS were
more likely than controls to have very high nail levels of Hg. U.S. public health campaigns
to reduce mercury exposure have focused on women of child-bearing age, but our results
suggest a need for attention to older individuals, who also may be susceptible to mercury-
related neurological health effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Spline plot showing the non-linear relationship between nail mercury levels and ALS risk.
A) Log odds of ALS plotted by nail mercury (log10 (ug/g) adjusted for age and smoking. B)
Odds ratios for ALS risk associated by nail mercury (log10 (pg/g).
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Population characteristics.

Table 1.

Controls n=210

ALS patients n=70

univariate p-value

Age (mean (range)) 54.0 (35-66)
Smoking n (%)
never 129 (61.4)
current 13(6.2)
past 68 (32.4)
Smoked <5 years 147 (70.0)
5+ years 63 (30.0)
Education
High school or less 32(15.2)
Technical or some college 72 (34.3)
College degree 51 (24.3)
Graduate school 55 (26.2)
Race / ethnicity
White, non-hispanic 203 (96.7)
Other 7.3

55.5 (30-66)
n (%)

34 (48.6)
4(5.7)
32 (45.7)
42 (60.0)
28 (40.0)

12 (17.1)
13 (18.6)
24 (34.3)
21(30.0)

68 (97.1)
2(2.9)

0.08

0.13

0.085
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Table 2.

Logistic regression odds ratios for ALS risk by nail Hg level calculated from spline model

Percentile Hg (ng/g) Multivariable™ Odds Ratio (95% CI)
25th vs. 5th  0.041 vs. 0.016 0.53 (0.37-0.76)
75th vs. 25th  0.21 vs. 0.041 0.8 (0.55-1.15)
90thvs. 75th  0.38vs. 0.2 154 (1.07-2.22)

*
Adjusted for age, smoking status.
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