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Abstract
Methylmercury (MeHg) is a ubiquitous environmental contaminant with known
neurodevelopmental effects. In humans, prenatal exposures primarily occur through maternal
consumption of contaminated fish. In this study, we evaluated the association between prenatal
exposure to MeHg and titers of total immunoglobulins (Ig) and specific autoantibodies in both
mothers and fetuses by analyzing maternal and cord blood serum samples. We examined multiple
immunoglobulin isotypes to determine if these biomarkers could inform as to fetal or maternal
responses since IgG but not IgM can cross the placenta. Finally, we evaluated serum cytokine
levels to further characterize the immune response to mercury exposure.

The study was conducted using a subset of serum samples (N=61 pairs) collected from individuals
enrolled in a population surveillance of MeHg exposures in the Brazilian Amazon during
2000/2001. Serum titers of antinuclear and antinucleolar autoantibodies were measured by indirect
immunofluorescence. Serum immunoglobulins were measured by enzyme-linked immunosorbent
assay (ELISA) and BioPlex multiplex assay. Serum cytokines were measured by BioPlex
multiplex assay.

In this population, the geometric mean mercury level was within the 95th percentile for US
populations of women of childbearing age but the upper level of the range was significantly
higher. Fetal blood mercury levels were higher (1.35 times) than those in their mothers, but highly
correlated (correlation coefficient [r]=0.71; 95% CI: 0.54, 0.89). Total IgG (r=0.40; 95% CI: 0.19,
0.62) and antinuclear autoantibody (odds ratio [OR]=1.05; 95% CI: 1.02, 1.08) levels in paired
maternal and fetal samples were also associated; in contrast, other immunoglobulin (IgM, IgE, and
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IgA) levels were not associated between pairs. Total IgG levels were significantly correlated with
both maternal (r=0.60; 95% CI: 0.25, 0.96) and cord blood mercury levels (r=0.61; 95% CI: 0.25,
0.97), but individual isotypes were not. Serum cytokines, interleukin-1β (r=0.37; 95% CI: 0.01,
0.73), interleukin-6 (r=0.34; 95% CI: 0.03, 0.65), and tumor necrosis factor-α (r=0.24; 95% CI:
0.015, 0.47), were positively correlated between maternal and fetal samples. Antinuclear and
antinucleolar autoantibody titer and serum cytokine levels, in either maternal or cord blood, were
not significantly associated with either maternal or cord blood mercury levels.

These data provide further evidence that there are likely IgG biomarkers of mercury-induced
immunotoxicity in this population since IgG levels were elevated with increased, and associated
with, mercury exposure. However, unlike previous data from adult males and non-pregnant
females, we found no evidence that antinuclear and antinucleolar autoantibody titer is a reliable
biomarker of mercury immunotoxicity in this population.
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1. Introduction
Mercury is a ubiquitous pollutant with well-characterized neurodevelopmental toxicity
(NRC 2000). Globally, human exposures to mercury are primarily to methylmercury
(MeHg) through consumption of contaminated fish (Mahaffey and Mergler 1998; NRC
2000). Exposures during prenatal and perinatal development have been of concern because
mercury can cross the placenta (Kajiwara et al. 1996; Yoshida 2002) and is measurable in
the breast milk of exposed women (Boischio and Henshel 2000; Grandjean et al. 2003). Low
level prenatal exposures have developmental neurological effects in animal models
(Newland and Reile 1999; Newland et al. 2008) and in humans (NRC 2000).

A large experimental literature on several mercury compounds indicates that these
compounds are also immunotoxic; they can inhibit immune response to infections (Ilback et
al. 1996; Silbergeld et al. 2000; Silbergeld et al. 2005) and also induce or exacerbate
autoimmunity (Hultman and Hansson-Georgiadis 1999; Pollard et al. 2001; Via et al. 2003).
In animal models, prenatal and perinatal exposures to mercury are associated with persistent
alterations in the immune response of offspring (Thuvander et al. 1996; Silva et al. 2005a;
Silva et al. 2005b).

In humans, there has been less research and thus less evidence associating mercury
compounds with immunotoxicity. In adults there are reports of increased circulating levels
of autoantibodies (Silva et al. 2004; Alves et al. 2006; Gardner et al. 2010b) and increased
risks of autoimmune disease (Cooper et al. 2004). We have also reported on mercury-
induced changes in the cytokine profile produced in vitro by stimulated human peripheral
blood mononuclear cells (Gardner et al. 2009; Gardner et al. 2010a). Specifically, inorganic
and MeHg induced adult peripheral blood mononuclear cells to produce a pro-inflammatory
cytokine response without inducing a protective anti-inflammatory response. However, at
present very little is known of the immunotoxic effects in fetuses or infants associated with
prenatal exposures to low level MeHg. This research has been limited in part by the need to
use sensitive and specific biomarkers of immunotoxic effects of mercury that can distinguish
between maternal and fetal responses.

Antinuclear and antinucleolar autoantibodies are biomarkers utilized in the diagnosis of
certain autoimmune diseases, including systemic lupus erythematosus (Tan et al. 1982). We
and others have previously shown that exposure to mercury increases the prevalence and
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titers of detectable antinuclear/antinucleolar autoantibodies in communities in the Brazilian
Amazon (Silva et al. 2004; Alves et al. 2006; Gardner et al. 2010b). In addition, we have
recently reported on changes in serum cytokines among persons exposed to mercury
compounds in Brazil (Gardner et al. 2010b), specifically pointing to an induction of a pro-
inflammatory response. The populations studied previously included adults who eat fish and
are, therefore, exposed to MeHg but did not include pregnant females or children. In this
study, we examined paired blood samples from a population of mothers and infants recruited
from the same region in the Brazilian Amazon as in our previous studies. The mothers were
exposed to MeHg through fish consumption in which both rates of fish consumption and
levels of MeHg have been measured (Santos et al. 2000) (Santos EC, personal
communication). Based on our previous studies, we hypothesize that antinuclear/
antinucleolar autoantibody titer may be a biomarker of mercury-induced immune
dysfunction and that changes in pro-inflammatory cytokine levels may also be associated
with mercury exposures. In this study we measured two main biomarkers of
immunotoxicity: immunoglobulin and cytokine level. Within the immunoglobulin
component, we measured total immunoglobulin (including individual immunoglobulin
isotypes: IgG1, IgG2, IgG3, IgG4, IgM, IgA, and IgE) and antigen-specific immunoglobulin
(antinuclear/antinucleolar autoantibodies). We measured total antinuclear/antinucleolar
autoantibodies (IgG+IgA+IgM) and antinuclear/antinucleolar IgG to determine whether the
immunotoxic effects occur independently in both the mother and the fetus or whether
mercury immunotoxicity is induced in the mother and then passed from the mother to the
fetus.

2. Materials and methods
2.1. Study population

The study utilized serum samples collected as part of a regional population surveillance
program of maternal mercury exposures in the Brazilian Amazon undertaken by the
Brazilian National Health Service (Santos et al. 2000) in 2000/2001. The surveillance
program included a total of 1510 maternal and fetal pairs, representing about 50% of all
births in the three local hospitals of the municipality of Itaituba during the enrollment
period. Women entering the maternity clinics at these hospitals in Itaituba, a regional health
care center in the mid-Para region of Amazonia, were invited to participate in a study of
mercury exposures and maternal-fetal responses to mercury. For this study, a random
sample of serum aliquots was analyzed from 61 singleton births and their mothers; these
were the only samples made available for shipment to our labs in the US from the parent
study. The samples were randomly selected and, based on published data from the full
cohort (Santos et al. 2007), are representative of the parent cohort.

Full details of the original study were published by Santos et al (2007). The subjects were
enrolled upon entering the maternity hospital and informed consent was obtained in writing
(in Portuguese) through a protocol approved by the Fundaçao Nacional de Saúde of Brazil.
Subjects were excluded for severe illness of the mother or significant complications at the
time of labor (such as emergency surgery), stillbirth, and severe illness of the infant at birth.

2.2. Interview of study participants
Participant interviews were conducted by an epidemiologist in the maternity ward within
four days after delivery. The questionnaire, in Portuguese, collected information on
sociodemographic variables (age, residence, occupation, education, family size, social
strata), medical and reproductive history, recent infections, smoking, alcohol and drug use,
and diet. Further information on maternal medical history, maternal health during
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pregnancy, medications administered during labor and delivery, sex of the infant, birth
weight, and infant status at delivery were obtained from the hospital medical records.

2.3. Blood sample collection
Cord and maternal blood samples were collected in the delivery room using procedures
developed for field studies (Grandjean et al. 1999; Santos et al. 2000). Blood samples were
collected from the peripheral forearm vein from mothers and from umbilical cord using
disposable syringes. Serum was isolated from whole blood and stored at −80C until
shipment on dry ice to our laboratory for further analyses, as previously described (Silva et
al. 2004; Gardner et al. 2010b). All sample identifications for this study were coded and
datasets were de-identified; therefore, analyses in our laboratory were masked and
performed blinded as to mercury level until statistical analyses were conducted.

2.4. Mercury analyses
Total blood mercury was measured by standard cold vapor atomic absorption
spectrophotometry and is reported in ppb (μg/L). Mercury measurements were conducted by
a laboratory of the Evandro Chagas Institute that participates in an international quality
assurance/quality control program with the Université de Québec à Montréal.

2.5. Immunoglobulin analyses
Antibody analyses were conducted in our laboratory at Johns Hopkins and University of
South Carolina. IgG1, IgG2, IgG3, IgG4, IgM, IgE, and IgA were measured by BioPlex
multiplex bead-based assay (Bio-Rad) according to manufacturer’s protocols. Total IgG was
measured by ELISA (Zeptometrix) according to manufacturer’s instructions. The
concentration of serum total immunoglobulins is expressed as mg/ml based on the standard
curve.

2.6. Antinuclear and antinucleolar autoantibody analyses
Antinuclear and antinucleolar autoantibody titers were measured by indirect
immunofluorescence microscopy using commercially available slides prepared from human
epithelial cells (HEp-2) as substrate (INOVA Diagnostics) following the methods of Burek
and Rose (Burek and Rose 1995). The slides were stored in the dark at 4C until they were
analyzed by a blinded reader. All sera were tested in serial, two-fold dilutions, starting at
1:10. The inverse of the highest dilution at which fluorescence could still be detected was
defined as the titer. A negative result at the lowest dilution (1:10) was defined as a titer of
zero. Antinuclear and antinucleolar autoantibody data are expressed as the inverse of the
highest titer, or the dilution factor, at which fluorescence could still be detected.

2.7. Serum cytokine analyses
Serum cytokines were measured by BioPlex multiplex bead-based assay (Bio-Rad)
according to manufacturer’s protocols for the following eight cytokines: interleukin (IL)-1β,
interleukin-1 receptor agonist (IL-1ra), interleukin-4, interleukin-6, interleukin-10,
interleukin-17, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α. Limits of detection
were as follows (in pg/ml): IL-1β= 1.9, IL-1ra= 3.07, IL-4= 0.19, IL-6= 1.52, IL-10= 1.49,
IL-17= 1.49, IFN-γ= 1.44, TNF-α= 1.47.

2.7. Statistical analyses
Means for continuous variables (median for variables with skewed distributions) and
percents for categorical variables were computed for the descriptive analysis in our data.
Mercury, total immunoglobulin, and cytokine levels were log-transformed for statistical
analyses as the distributions of these three, as expected, were not normal. Multivariate linear
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regression modeling was used to evaluate the serum total immunoglobulin and cytokine
levels, while controlling for age, education level, and residence. Multivariate logistic
regression modeling was used to evaluate the prevalence of antinuclear/antinucleolar
autoantibodies (for 1:10 and 1:40 cutoffs), while controlling for age, education level, and
residence. These titer cutoffs were chosen on the basis of the clinical literature (Tan et al.
1997). Detection at a dilution or titer of ≥1:40 is considered clinically meaningful in the
context of evaluating autoimmunity; however, detection of titers between 1:10 and 1:40
represents an elevation above levels reported in healthy individuals, and may also have
health implications. The covariates were included in analyses and are relevant to exposure:
age is associated with duration of exposure, education level has been associated with rates of
fish consumption in this population, and residence is also associated with exposure to fish as
well as to other potential sources of mercury such as gold burning (in towns) or fossil fuel
combustion.

3. Results
3.1. Subjects

Sixty-one females with singleton births delivered at three hospitals in Itaituba, Brazil and
were selected for this study. The demographic characteristics of these subjects are shown in
Table 1. Eighty-four percent of the mothers stated that they lived in Itaituba. The mean age
of the mothers was 21 years (range: 13 to 37 years). Mean infant weight at birth was 3.2 kg
(range: 2.1 to 4.1). The geometric mean maternal blood mercury level was 6.90 μg/L (range:
0.08 to 55.48) while that of cord blood mercury was 9.63 μg/L (range: 0.08 to 77.80).
Maternal and cord blood mercury levels were highly correlated (r=0.71; 95% CI: 0.54,
0.89), but not equivalent, as cord blood levels were significantly higher (1.35 times) than
maternal levels (data not shown). Table 1 shows the geometric mean of fetal mercury,
immunoglobulin, and autoantibody titers by maternal demographic characteristics.

The level of cord blood mercury significantly increased with maternal blood mercury level.
Maternal (r=0.54; 95% CI: 0.10, 0.97) but not fetal (r=0.36; 95% CI: −0.07, 0.80) blood
mercury levels were positively correlated to the number of fish consumed per day (Table 2).
Occupation and area of residence were not associated with elevated maternal blood mercury
level and none of the participants listed a current or past involvement in the artisanal gold
mining industry (a primary source of direct mercury exposure (either inhalation of vapor or
absorption through the skin) in this region of Brazil).

3.2. Immunoglobulin levels
We found a positive correlation between maternal and cord blood total IgG (r= 0.40; 95%
CI: 0.19, 0.62) (Supplemental figure and Table 2). Total IgG level in cord blood was
significantly associated with cord blood (r=0.61; 95% CI: 0.25, 0.97) (Table 2) and maternal
mercury level (r=0.60; 95% CI: 0.25, 0.96). Colinearity of the fetal and maternal mercury
levels did not allow for including both of these levels in the statistical modeling.

When individual immunoglobulin isotypes (Supplemental figure) were examined, positive
correlations were found between maternal and cord blood IgG2 (r=0.50; 95% CI: 0.09,
0.90), IgG3 (r=0.76; 95% CI: 0.60, 0.93), and IgG4 (r=0.69; 95% CI: 0.45, 0.93) but not
IgG1. No significant correlation was found between maternal and cord blood IgA, IgE, or
IgM.

Table 2 shows the unadjusted correlation coefficient (r) of the indicated cord blood
biomarkers by maternal and fetal characteristics (e.g. total fetal IgG by maternal IgG or fetal
mercury) in the top panel and correlations adjusted for covariates (age, education, and area
of residence) in the bottom panel.
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3.3. Autoantibody levels
Antinuclear and antinucleolar autoantibody (total [IgG+IgA+IgM], IgG, and IgM) titers
were determined by indirect immunofluorescence. There were no detectable antinuclear IgM
levels in cord blood samples. There was only one sample cord blood sample with detectable
antinucleolar autoantibody titers (either total [IgG+IgA+IgM] or IgG); therefore further
analyses of relationships between antinucleolar autoantibody titers and other factors was not
included. We found positive associations between maternal and cord blood total antinuclear
autoantibody (OR=1.05; 95% CI: 1.02, 1.08). However, neither total antinuclear
autoantibody nor antinuclear IgG titer in either maternal or cord blood was significantly
associated with maternal or cord blood mercury levels. Table 2 shows the odds ratio (OR) of
cord blood total antinuclear autoantibody and cord blood antinuclear IgG by maternal
characteristics and cord blood mercury (both adjusted and unadjusted for covariates) in the
shaded sections of the table.

3.4. Cytokine levels
Serum cytokine levels were determined by bead-based multiplex assay. We found a positive
correlation between the serum cytokine levels of maternal and cord blood samples (Figure 1)
for interleukin-1β (r=0.37; 95% CI: 0.01, 0.73), interleukin-6 (r=0.34; 95% CI: 0.03, 0.65),
and tumor necrosis factor-α (r=0.24; 95% CI: 0.02, 0.47). Interleukin-10 and interleukin-17
levels were not detected in the majority of the samples and so statistical analyses were not
possible. Interleukin-1ra and interferon-γ were not correlated between maternal and cord
blood samples. Neither maternal nor cord blood cytokine levels of any of the cytokines
analyzed were significantly associated with either maternal or cord blood mercury levels
following multivariate linear regression modeling (data not shown).

4. Discussion
In this study we report on a cross-sectional sample of a prospective mother-infant cohort
study conducted in the Brazilian Amazon. This study design allowed for comparison of both
exposure and immune biomarkers in both the maternal and fetal compartments. We found a
significant correlation between maternal and fetal blood mercury levels, as expected, with
fetal mercury levels 1.35 times those of maternal samples. This value is slightly below the
mean of 1.86 times reported in a meta-analysis on the topic (Stern and Smith 2003). It is
known that mercury can cross the placenta (NRC 2000) and others have reported that blood
mercury level is higher in the fetal compartment (Stern and Smith 2003; Sakamoto et al.
2007).

In this study, maternal and cord blood total IgG levels were significantly correlated between
paired samples as were isotypes IgG2, IgG3, and IgG4, which is consistent with previous
studies that have shown that small immunoglobulins, such as IgG, can pass the placenta
(Simister 2003). The finding of associations between elevated blood mercury and increased
IgG titers suggests that (1) the maternal immune system is responding to MeHg and that the
biomarker of this response, IgG, crosses the placenta to the fetal circulation or (2) that the
maternal and fetal immune systems were responding independently and similarly to
mercury. We also found, like others, that in the absence of maternal infection (Ben-Hur et al.
2005), larger immunoglobulins, such as IgM, cannot pass the placenta since there was no
correlation between total IgM levels in maternal and cord blood. IgM levels were not
associated with mercury levels in either maternal or cord blood.

A significant proportion of this population was exposed to increased levels of mercury,
indicated by elevated blood mercury levels, primarily through consumption of fish based on
questionnaire data (Santos et al 2007). Commonly consumed fish in this region are known to
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be contaminated by MeHg from gold mining and deforestation activities upstream from
Itaituba (Santos et al. 2000; Crompton et al. 2002). These exposures were, for many persons,
above the US EPA recommended limit; 36 percent of maternal and 52 percent of cord blood
samples were above the US EPA estimated safe level of 5.8 μg/L (NRC 2000). Other studies
in this region have reported on neurocognitive effects in children and adults exposed to
mercury (Yokoo et al. 2003; Chevrier et al. 2008). This is the first evidence for an effect of
these mercury exposures on the immune system of the fetus, as reflected in levels of
antibodies in maternal and cord blood. Specifically, total IgG (and some IgG isotypes) levels
in cord blood were significantly associated with fetal mercury and maternal mercury level.

We and others have previously reported that antinuclear and antinucleolar autoantibodies
may be informative biomarkers of mercury induced immunotoxicity in human populations
in Amazonia, including those exposed to MeHg from contaminated fish (Silva et al. 2004;
Alves et al. 2006;Gardner et al. 2010b). However, in this study, we did not find an
association between antinuclear and antinucleolar autoantibody titers and mercury exposure,
as has been reported in studies of adults. This may be due to the differences in exposure or
to the responses of pregnant women and fetuses in this study. Alternatively, the lack of
association with mercury level may simply be the result of the small sample size. We are
planning to undertake further analysis of samples from the larger cohort. However, in our
previous studies with similar sample numbers, we observed significant associations between
biomarkers of mercury exposures and antinuclear and antinucleolar autoantibody titers. Thus
the failure to discern a similar association in this study may reflect differences in the
immune responses to mercury among pregnant women and fetuses, but this requires further
study. Gestational age is of particular importance for determining the development of the
fetal immune system and its capability to respond to antigenic stimuli (Dietert and Zelikoff
2008); unfortunately gestational age of the infants in this study was not included in the
database to which we had access. We recognize that this is a major limitation of this study
and are attempting to add this parameter to future study designs.

We have also reported that in vitro mercury exposure induces human immune cells, in the
presence of stimulation, to produce a pro-inflammatory cytokine response (Gardner et al.
2009; Gardner et al. 2010a). When serum samples from a population involved in small-scale
mining in the Brazilian Amazon were analyzed for these same cytokines, similar patterns of
pro-inflammatory cytokine levels were observed (Gardner et al. 2010b). We did not observe
these same patterns of cytokine levels in the serum from these pregnant women and fetuses
in this study. This may be due to differences in the dominant type of mercury involved,
inorganic and elemental mercury in the case of miners and MeHg in the case of women in
this study. Again, this may also be due to differential immune responses in pregnant women
to mercury or to the small sample size of this study.

4.1. Conclusions
The data presented here provide evidence for immunotoxicity of mercury in pregnant
women and their fetuses, but suggest that antinuclear and antinucleolar autoantibody titer
may not be a specific biomarker for effects in these populations. In order to address this
issue, we have begun studies utilizing proteomic technologies to identify biomarkers of
mercury exposure for MeHg-exposed populations including this unique cohort of matched
maternal and cord blood samples.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association between cord blood and maternal cytokine levels
Model estimates [median (95% CI)] for correlation curves derived from log-transformed
data for paired maternal and cord blood results for interleukin-1β, interleukin-1ra,
interleukin-6, interleukin-10, and tumor necrosis factor-α. (A) β0 is the estimate for the
intercept of the predicted line; (B) β1 is the estimate for the slope (log change in pg/ml of
cytokine for cord blood per increase in maternal cytokine level). The horizontal axis line
indicates zero
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