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Abstract

There is a sizeable literature suggesting that mercury (Hg) exposure affects cytokine levels in
humans. In addition to their signaling role in the immune system, some cytokines are also
integrally associated with sleep behavior. In this cross-sectional study of 9-11 year old children (N
= 100), we measured total blood Hg in whole blood, serum levels of tumor necrosis factor a
(TNF-a) and interleukin 6 (IL-6), and objectively measured sleep and activity using actigraphy.
Increasing blood Hg was associated with significantly shorter sleep duration and lower levels of
TNF-a. IL-6 was not associated with sleep or blood Hg. This study is the first to document an
association between total blood Hg and sleep (albeit a small effect), and the first to consider the
associations of total blood Hg with cytokines TNF-a and IL-6 in a pediatric sample. Further
research using alternative designs (e.g., time-series) is necessary to determine if there is a causal
pathway linking low-level Hg exposure to sleep restriction and reduced cytokines.
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1. Introduction

Low-level mercury (Hg) exposure in children appears to increase systemic inflammatory
markers (Gump et al. 2012). One explanation for this association could be underlying effects
of Hg on inflammatory signaling cytokines. For example, in vitro studies of inorganic Hg
(iHg) exposure show an increase in immune cell release of the proinflammatory cytokines
interleukin-1p (IL-1p), tumor necrosis factor-a (TNF-a), and I1L-6, and a decrease in the
release of anti-inflammatory cytokines interleukin 1-receptor antagonist (IL-1Ra) and IL-10
(Gardner et al. 2009; Kempuraj et al. 2010). Similarly, a cross-sectional study demonstrated
elevated pro-inflammatory cytokines (namely, IL-18, TNF-a, and IFN-y) in miners exposed
to elemental and iHg relative to levels in miners without occupational Hg exposure (Gardner
et al. 2010b). However, a different cross-sectional study of adults with Hg exposure via fish
consumption along the Tapajos river system of Brazil found increases in some pro-
inflammatory cytokines (IL-6, IFN- v) but also an increase in an anti-inflammatory cytokine
(IL-4; Nyland et al., 2011). Although this study presumed that the majority of total Hg in
whole blood was methylmercury (MeHg) via fish consumption, Hg speciation in blood was
not carried out so it is not possible to determine if associations with cytokines are a result of
iHg levels, MeHg levels, or both. We are not aware of any studies that have considered
potential associations between Hg exposure (either as total Hg, MeHg, or iHg) and cytokine
levels in children.

We were particularly interested in potential associations of Hg exposure to sleep patterns in
the present study because, although cytokines have pro-inflammatory functions, they also
serve an important role in sleep regulation (Gamaldo et al. 2012). A number of studies have
shown that alterations in cytokine activity affect sleep pattern (Raison et al. 2010; Ritter et
al. 2013; Hayes et al. 2011) and other research suggests that sleep restriction produces
decreases in TNF-a and IL-6 (Chennaoui et al. 2011; VVgontzas et al. 2004; Abedelmalek et
al. 2013), suggesting bi-directional effects. Despite these documented links for Hg-cytokines
and cytokines-sleep, we only know of one study investigating the potential effects of Hg on
sleep (Moen et al. 2008). This cross-sectional study of dental assistants exposed to Hg via
dental amalgams found significant increases in self-reported sleep disturbances. We are not
aware of any other studies considering potential Hg associations with sleep and none using
objective measures of sleep such as actigraphy.

In the present study, we focused on children partially because they are presumed to be more
sensitive than adults to the effects of environmental toxicants (Faustman et al. 2000) and
therefore effects might be evident in children in the absence of any observable effects in
adults. With respect to the focus on low-level exposure, chronic low-level Hg exposure is
widespread and yet understudied relative to research of higher exposures (e.g, occupational
exposures, high fish consumption). Nonessential metals may have adverse effects at levels
below the current thresholds for identifying “elevated” levels (Bellinger et al. 1992; Gump
et al. 2011; Freire et al. 2010). If these effects exist, it will be important for us to understand
the pathophysiological changes that may occur during chronic low-level environmental
metal exposure.
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The aim of the present study was to evaluate associations between blood Hg, objectively
measured sleep and activity patterns, and blood cytokine levels (specifically, TNF-a and
IL-6). Our data was drawn from a slightly larger study (N = 140) designed to study
cardiovascular responses to acute stress in children (ages 9-11) as a function of blood lead
(Pb) levels. This subsample contains 100 children, as they were the ones for which both two
days of wrist actigraphy data and serum cytokine measurements were obtained. Wrist
actigraphy has been validated and shown to be a reliable method for the objective
measurement of sleep quantity and quality (Marino et al. 2013). Finally, we used
mediational analyses in an effort to understand the potential pathway for associations
between these variables.

2. Patients and Methods

2.1. Study Population

Participants (N = 100) were recruited as part of an ongoing study designed to address the
effects of nonessential metals on cardiovascular responses to acute stress. Using a direct
mailing list, we mailed invitations to homes in Oswego County, NY, containing a child
within our target age group of 9-11 year olds. This recruitment method elicits participation
from a sample that closely resembles an eligible population and is cost effective (Hinshaw et
al. 2007). Further inclusion criteria included: 1) reporting no use on the day of testing of
medication that might affect cardiovascular functioning (e.g., Ritalin), and 2) having no
significant developmental disorders that might affect task performance (a component of our
broader study). A blood draw for measuring nonessential toxic metal levels was followed
within 2 weeks by a laboratory visit. Children were paid $100 for their participation.

2.4, Child’s Blood Hg and Lead (Pb) Levels

Whole blood specimens (2 mL) were collected into Royal Blue Top Vacutainer® (BD
Franklin Lakes, NJ, USA) tubes that had been pre-certified by the analyzing laboratory for
low-level measurements of total Hg and Pb (a potential confound, see below). Blood
specimens were refrigerated pending shipment to the Trace Elements section of the
Laboratory of Inorganic and Nuclear Chemistry at the New York State Department of
Health’s Wadsworth Center, Albany, NY. The analysis for Pb and Hg in whole blood was
carried out using a Perkin Elmer Sciex Model ELAN DRC Plus inductively coupled plasma-
mass spectrometer (Shelton, CT, USA) equipped with a dynamic reaction cell (DRC-ICP-
MS) (Palmer et al. 2006). For this study, the instrument was operated in the “standard”
rather than “DRC” mode. The method detection limits (MDL) were 0.24 pg/L (Hg) and 0.34
ug/dL (Pb). Given the lower levels of blood Hg that were expected, the superior detection
limits of ICP-MS were appropriate for this study and have been used in several
biomonitoring studies (McKelvey et al. 2007). Four levels of internal quality control
materials were analyzed before, during and after each run. The method has been validated
against NIST SRM 966 (Toxic Metals in Bovine Blood), as well as a new standard reference
material SRM 955c¢ (Toxic Metals in Caprine Blood) that has been certified for Pb and Hg
(Murphy et al. 2009). Laboratory values below the MDL were used in data analyses with the
assumption that such values constitute the best available estimate of the true value and are
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preferable to assigning a zero or an arbitrary constant such as % the MDL (Fitzgerald et al.
2004; Stewart et al. 2008).

2.2 Objective Sleep

Objective sleep was measured with the Actigraph Model GT1M (Actigraph Inc, Pensacola,
Florida). The device was attached to the child’s wrist following the blood draw on Friday
mornings and children wore the device until the following Monday morning. The GT1M has
the following characteristics: dimensions of L 38 x W 37 x H 18 (mm), weight of 27 g, a
micro-electro-mechanical systems (MEMS) solid state sensor, dynamic range of 0.05-2.5 g,
and frequency range of 0.25-2.5 Hz (Actigraph 2008). Data (movement counts) were
collected in 1-min epochs and were downloaded onto a desktop computer. All data were
hand-edited with additional information from a sleep log completed by the participant where
they recorded time to bed and time up in the morning. These times were used as a guide to
determine the general window within which to determine sleep onset and waking time. The
actual times adopted were those times within these windows when there were 10
consecutive minutes with no activity (sleep time) or 10 consecutive minutes of some activity
(wake time). A primary coder (blind to values on all other variables) recorded these values
for each child and these values allowed us to then calculate the additional variables of sleep
duration (wake time — sleep time), sleep quality (mean activity counts during sleep time),
and daily activity (mean activity counts during day). A second independent coder (also blind
to other variables) recorded sleep time and wake time for a subset of 12 children (3 days/
nights of data for each, so, 36 data points) and these values were highly correlated with our
primary coder (r = 0.96, p < .001). We selected only Friday and Saturday for inclusion in
our current analyses, as data from these nights would afford the least constraint on sleep
(i.e., they were not school nights) and were temporally closest to the Friday morning blood
draw.

2.5. Cytokine Analysis of Serum

Fasting blood samples were collected in the morning using Vacutainers (BD Vacutainer,
REF 367820) and serum was produced by centrifuging twice to remove any cellular debris.
Samples were aliquoted to reduce freeze-thaws and stored in Protein LoBind
microcentrifuge tubes (Brinkmann Instruments) at —80°C until analyzed. Ninety-six well
microplates were washed using a Bio-Tek ELx50 plate washer (Winooski, VT), absorbances
were read using a Bio-Tek Power Wave XS plate reader, and concentrations were
determined from standard curves using KC Junior software (Bio-Tek). All standards and
blanks were run in duplicate, and samples (N=99) and controls (pooled human serum) were
run in triplicate. The absorbance average of the blank wells was subtracted from each
sample, standard, and control. TNF-a and IL-6 concentrations of the samples and control
were determined from the standards using a 4-parameter sigmoid curve. All steps were
completed at room temperature.

Serum TNF-a was measured by an enzyme linked immunoassay (ELISA) kit (ALPCO) per
the manufacturer’s instructions. Briefly, standards, samples, controls, and blanks were added
to a 96-well microplate coated with monoclonal antibodies specific for human TNF-a. After
incubating for two hours and washing four times, biotinylated anti-TNF-a antibodies were
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added, the plate was incubated for another hour, and then it was washed four times.
Horseradish peroxidase-labeled streptavidin and tetramethylbenzidine were added, the plate
was incubated in the dark for 30 minutes, the reaction was halted by a stop solution, and the
absorbance was measured at 450 nm.

Serum IL-6 was measured using the Quantikine HS ELISA (R&D Systems) per the
manufacturer’s instructions. Briefly, standards, samples, controls, and blank were added to a
96-well microplate coated with mouse monoclonal antibodies against human I1L-6 and the
plate was incubated for two hours while shaking. The plate was washed six times,
polyclonal antibodies against IL-6 conjugated to alkaline phosphatase were added, and the
plate was incubated for two hours while shaking. The plate was washed six times, substrate
solution was added, and the plate was incubated for 1 hour before adding amplifier solution
and incubating again for 30 minutes. A stop solution was added and the absorbances were
measured at 490 nm using a correction wavelength of 690 nm.

2.6. Potential Confounds

Potential confounders were chosen based on the National Institutes of Health guidelines for
the inclusion of covariates in multivariate models, which recommends a prior selection of a
limited set of variables shown in prior literature to relate to the outcome (Ewout and Harrell
2009). This approach avoids over-fitting a model that occurs when “cherry picking”
covariates from a larger set of potential confounds (Babyak 2004). The following covariates
were included: gender, age, race, BMI percentile standing (age and gender adjusted using a
SAS program developed by the Centers for Disease Control and Prevention (Centers for
Disease Control and Prevention 2008), family history of cardiovascular disease (yes vs. no
for parents or grandparents), and socioeconomic status (SES). SES was a single measure
derived from normalizing (using z-scores) and averaging the parents’ education (using an 8
level item), occupation (using a 9 level occupational classification developed by
Hollingshead (Hollingshead 1975), and income (using a 9-level item). We did not anticipate
effects of Pb exposure on sleep (or cytokines), nevertheless, all analyses of Hg associations
reported below were unchanged when this variable was also added. Attention deficit
disorder (ADD) might affect actigraphy data; however, only two parents reported that their
child had ADD and therefore we did not control for this variable. Finally, we previously
reported (Gump et al., 2012, Environ Res, 112, 204-11) an association between fish
consumption (coded as yes vs. no) and Hg. Although fish consumption is associated with
blood Hg levels in the current cohort (see Gump 2012), fish consumption was not
significantly related to sleep duration or cytokine levels.

2.7. Data Analyses

All statistical analyses were performed using SAS software (SAS, Cary, NC). Hg was log
transformed because the distribution of blood Hg levels was not normally distributed and
showed a significant positive skew (skewness = 6.77, standard error of skewness =0.24, z =
28.04, p < 0.05). Log Hg was analyzed in regression models (using SAS PROC REG). In
addition to this approach, we analyzed nontransformed Hg by creating quartiles that
contained a roughly equal number of participants and corresponded to the following blood
Hg levels: < 0.24 pg/L (15t quartile; N = 25), 0.25 — 0.45 pg/L (2" quartile; N = 25), 0.46 —
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0.79 pg/L (39 quartile; N = 24), and 0.80 — 11.82 pg/L (4™ quartile; N = 26). For the
analysis of quartiles, SAS PROC GLM was used with a linear contrast to test the effects of
increasing blood Hg levels. In all analytic models, the six covariates outlined above were
entered first. Because sleep duration may be artificially constrained by when a child goes to
bed and may be affected by their daily activity level, all models also included covariate
control for these two variables (except when analyzing these variables as outcomes). TNF-a
was normally distributed (skewness = —0.03, standard error of skewness = 0.24, z = -0.11, p
> .10); however, IL-6 was not normally distributed (skewness = 3.95, standard error of
skewness = 0.24, z = 16.29, p < .05) and this variable was therefore log transformed prior to
analyses. Sample size varied slightly across analyses due to missing data (as outlined for
each measure above).

Because cytokines are integrally related to sleep patterns (Gamaldo et al. 2012) and this
relationship may be bi-directional, we tested sleep as a potential mediator of the associations
between Hg and cytokines as well as cytokines as a potential mediator for an association
between Hg and sleep. Since we measured two cytokines, this resulted in testing four
different mediational models. Mediational modeling was performed using the online
calculator for conducting a Sobel test (Preacher and Leonardelli 2001).

3. Results and Discussion

3.1. Characteristics of Participants

Table 1 presents characteristics of children in our sample. Our sample included 9, 10, and 11
year-olds (Ns = 47, 50, and 3, respectively), a roughly equal number of males and females
(57 and 43, respectively), and was predominantly white (87%). The parents of these children
had, on average, “some college” (scale score = 5.4), a family income between $45,000 and
$65,000, and an occupational status between “Clerical and Sales” (Hollingshead score = 5)
and “Technician or Semiprofessional” (Hollingshead score = 6). The mean BMI percentile
for our sample was 75.1% and the mean BMI for our sample was 20.37 kg/m? (SD = 4.07).
This is higher than 2009-2010 NHANES data for 6-11 year old children (Ogden et al.
2012); males: M = 18.3 kg/m? and females: M = 18.5 kg/m?2). These differences are
consistent with 2008-2010 school data showing that Oswego County, NY, had the 2"
highest percentage of overweight or obese middle and high school students (46.1%) when
compared to all other counties in New York State (New York State Department of Health
2011). In our sample, 79.0% of the children had a family history of high cardiovascular
disease (at least 1 parent and grandparent with known high cholesterol). Mean blood Hg was
0.77 ug/L and the median was 0.46 pg/L. With the exception of one participant at 11.82
pg/L, all participants had Hg levels below 3.27 pg/L. By log transforming this variable, the
one outlier was reduced from 8.63 SDs above the mean to 2.88 SDs above the mean. In
addition, all analyses were repeated with this participant excluded and results were
attenuated only slightly and remained significant. The 90™ percentile for Hg was 1.55 pg/L.
The average for our study population is well below the Environmental Protection Agency’s
established level of 5.8 pug/L for potential health risks (US Environmental Protection Agency
2011).
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3.2. Increasing blood Hg is associated with reduced levels of TNF-a and IL-6

In apparent contrast to our prior research in this same cohort demonstrating positive
associations between Hg and proteomic-derived measures of systemic inflammatory markers
(Gump et al. 2012), we found a significant negative association between Hg and TNF-a (B =
-0.20 p < 0.05; full model RZ = 0.15), but not I1L-6 (8 = =0.13 p > 0.10; full model RZ =
0.11), as shown in Table 2. Parallel analyses evaluating linear trends across Hg quartiles
revealed significant negative associations for both TNF-a and IL-6 (F (1, 86) =4.11,p<
0.05, and F (1, 86) = 4.82, p < 0.05, respectively). It is unclear why prior studies of Hg
exposure and proinflammatory cytokine levels have generally observed a positive
association (e.g., Gardner et al. 2009; Gardner et al. 2010b) while we observed a negative
one in this pediatric population (N=100).

3.3. Elevated Hg associated with reduced sleep duration

In regression models predicting objectively measured sleep and activity (also shown in
Table 2), we found a significant negative association between Hg and sleep duration (§ =
-0.24, p < 0.05; full model R2 = 0.16), but no significant association with sleep quality ( =
-0.13, p > 0.10; full model R2 = 0.11), time going to sleep (B = —0.13, p > 0.10; full model
R2 = 0.11), or activity while awake (p = -0.13 p > 0.10; full model R? = 0.11). Based on the
regression model for sleep duration (and as illustrated in Figure 1), for each 1 pug/L increase
in Hg, children were getting 9 minutes less sleep. Parallel analyses evaluating linear trends
across Hg quartiles also revealed a significant negative association for sleep duration (F (1,
86) = 4.02, p < 0.05) but not sleep quality (F (1, 86) = 1.19, p > 0.10), time going to sleep
(F1, 88) = 0.07, p > 0.10), or activity while awake (F (1, 90) = 0.48, p > 0.10).

3.4. Associations between sleep duration, Hg, and TNF-a

After controlling for covariates, sleep duration was significantly associated with TNF-a (B =
0.38, p < 0.001, see Figure 2). Based on all the significant associations outlined above, we
conducted a Sobel test for mediation to test whether the association between Hg and TNF-a
can be explained by differences in sleep duration or if, alternatively, the association between
Hg and sleep duration can be explained by differences in TNF-a. The results of these
analyses did not enable us to establish the appropriate ordering of variables in this pathway.
The Hg-sleep association was changed slightly by the addition of TNF-a to the model (8 =
-0.24, p< 0.01 = in original model, p = -0.18, p = 0.05, when adding TNF-alpha) and the
Sobel test for that mediational model was marginally significant (z = 1.71, p = .08).
Similarly, the Hg-TNF-a association was reduced slightly by the addition of sleep duration
to the model (8 = 0.36, p < 0.0001, in original model, § = 0.32, p < 0.001, when adding
TNF-alpha) and the Sobel test for that mediational model was significant (z = 1.99, p < .05).
Therefore, it appears that two models are possible: Hg — Sleep — TNF-a or Hg — TNF-a
— Sleep. It should be noted, mediational models do not allow us to establish the
directionality of pathways (MacKinnon et al. 2000). Since there is no empirical evidence or
logical rationale to suggest that either cytokines or sleep duration affect blood Hg levels, the
bi-directional nature of cytokine-sleep associations suggests at least two additional models
that are possible and therefore need to be explored in the future: Hg — Sleep <— TNF-a or
Hg — TNF-a <+ Sleep.
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3.5. Possible limitations

First, it always remains possible that significant associations occur by chance (i.e., a Type |
error is made). We have tried to limit the number of analyses conducted to avoid this error;
however, a replication of our findings would help alleviate this concern. Second, the cross-
sectional design has known weaknesses with respect to establishing causality. For example,
although improbable, it remains possible that sleep duration and/or cytokine levels affect the
toxicokinetics of this nonessential environmental metal and thereby alter blood Hg levels. In
general, the associations we observed provide the basis for generating hypotheses to be
tested in subsequent research. Third, we measured total Hg in our samples and therefore
cannot address the relationship between the various forms of Hg (elemental, inorganic,
organometallic) and sleep duration and cytokine levels. While most of the Hg present in
human originates from fish in the food supply in the form of methylmercury (MeHg;
(Ravichandran 200), we cannot exclude the possible contributions of other Hg species such
as elemental Hg exposure through dental amalgams (Hansen et al. 2004). Moreover, there is
some evidence that the pattern of associations with cytokines varies as a function of the type
of Hg exposure considered (Gardner et al. 2010a). Fourth, the association between Hg and
sleep duration in the present study is relatively small (9 minutes sleep lost for every 1 ug/L
of Hg increase). However, literature suggests that even relatively small changes in sleep
duration in children (< 1 hour) can impair neurocognitive functioning (Molfese et al. 2013),
increase risk of overweight/obesity (Chaput et al. 2006), and increase emotional lability and
impulsivity (Gruber et al. 2012), to name just a few of the potential consequences. Fifth, our
sample size is small in a population that has a relatively high SES and is almost exclusively
Anglo American. As such, replication of our findings with a larger more diverse sample is
necessary. Finally, it is not logical for Hg-induced sleep reduction to continue indefinitely —
at some point it will plateau. In our current study of low-level Hg exposure, we were unable
to determine the level at which the association plateaus. Of importance to future research,
research with high Hg exposure cohorts may be unable to detect an association between Hg
and sleep duration as the effect would have already plateaued at some floor for sleep
duration.

Further research using alternative designs (e.g., time-series) is necessary to determine if
there is a causal pathway linking low-level Hg exposure to sleep restriction and reduced
TNF-a. If low-level Hg exposure affects sleep and cytokines, this could have important
consequences to children’s health and behaviors. Importantly, the associations demonstrated
here were significant at Hg levels below the potential health risk level of 5.8 pg/L that has
been established by the Environmental Protection Agency (2011). However, in order to
determine if low-level Hg exposure presents any risk with respect to sleep or TNF-a, further
study is necessary to adequately rule out Type I error or confounding.

4. Conclusions

This is the first study to suggest that increasing blood Hg is associated with less sleep
duration and reduced TNF-a (but not IL-6) in children. Although we controlled for a
number of potential confounds, it remains possible that an unknown (uncontrolled) variable
has created spurious associations between blood Hg, sleep duration, and TNF-a.
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Figure 1.

Sleep duration (adjusted for covariates) in relation to log blood Hg, with an ordinary least
squares line added.
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Figure 2.
TNF-a (adjusted for covariates) in relation to sleep duration, with an ordinary least squares

line added.
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Sample Characteristics (N = 100)

Variable
Age
Gender (% female)

Race (% white)

Childs’ BMI (percentilel)
Family History of CVD (% yes)
Family Income2

Parent’s Occupation (score)
Parent’s Education (score)
Blood Hg (ug/L)

Blood Pb (ug/dL)

Average Sleep Duration (hrs)
TNF-a (pg/mL)

IL-6 (pg/mL)

M(SD)
10.01 (0.62)

75.13 (23.19)

7.83 (1.82)

5.92 (1.71)
5.40(1.11)
0.77 (1.28)
1.00 (0.47)
9.27 (0.95)
17.88 (3.53)
0.99 (0.97)

%

43.0
87.0

1Percenti|es are derived from national age and gender adjusted BMI tables provided by the CDC.

Table 1

Page 15

2On this income scale, a score of 8 corresponds to “45,000-65,000”. As outlined in the methods section, this income was subsequently adjusted for
the number of people living in the household.
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