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A B S T R A C T

Mercury is a toxic metal, ubiquitous in nature; it is excreted in breast milk from exposed mothers and may affect
infant neuro-development. In this study, 224 breast milk samples provided by eight human milk banks in the
Federal District of Brazil were analyzed for total mercury (THg), of which 183 were also analyzed for methyl
mercury (MeHg), the most relevant form of this metal for the breastfed infants. Samples were acid digested in a
microwave oven and THg determined by atomic fluorescence spectrometry (LOQ of 0.76 μg/L). Samples were
lyophilized, ethylated and MeHg determined in a MERX automated system (LOQ of 0.10 μg/L). Inorganic
mercury (IHg) levels were estimated from the THg and MeHg determined in the samples. Most of the samples
were collected 1–2 months postpartum, with 38% during the first month. Over 80% of the samples had THg
values above the LOQ, reaching a maximum of 8.40 μg/L, with a mean of 2.56 μg/L. On average, MeHg ac-
counted for 11.8% of THg, with a maximum of 97.4%. Weekly intakes were estimated individually, considering
the baby’s age and body weight at the time of milk collection. Mean weekly intake for MeHg was
0.16 ± 0.22 μg/kg bw, which represented 10% of the PTWI; in only one case, the intake exceeded 100% of the
PTWI (1.90 μg/kg bw, 119% of PTWI). Mean intake for IHg was 2.1 ± 1.5 μg/kg bw, corresponding to 53%
PTWI. These results indicate no health concern for the breastfed babies, a conclusion that can be extended to the
consumers of breast milk donated to the milk banks, primarily immature and low weight babies.

1. Introduction

Breast milk provides all the necessary nutrients for the baby during
the first six months of life, protecting against a variety of diseases [1,2].
However, milk may contain toxic compounds to which the mother have
been exposed to, including mercury. Human exposure to mercury has
been an important health concern worldwide since the event of Mina-
mata disease in the middle of the 20th century in Japan, which killed
over one thousand people [3]. In a recent review, Ha et al. [4] retrieved
514 relevant papers published since 2012 covering the various aspects
of mercury research, from which 75 are on its effects on child devel-
opment.

Elemental mercury is derived from natural degassing of the earth’s
surface, and it is eventually oxidized to its inorganic form (IHg), re-
turning to the surface and water systems through rain. Furthermore,
anthropogenic sources, including mining, industrial activities and de-
forestation, can significantly increase the human burden of this metal

[5,6]. Methyl mercury (MeHg) is found in the aquatic environment and
sediment, formed through the methylation of inorganic mercury,
mainly by reducing bacteria [7]; the main source of human exposure to
MeHg is through fish consumption [8]. The main source of IHg for the
general population is food, in addition to amalgam fillings [9,10]. Rice
has been shown to contain both the organic and inorganic forms
[11–13]. However, while less than 15% of IHg is absorbed by the
gastrointestinal tract, over 95% of ingested MeHg is absorbed, and
diffuses in various body tissues, including the brain [14].

MeHg crosses the blood-brain and placental barriers and may
compromise neurological development of fetuses, causing irreversible
damage [15]. At its 61st Meeting, the Joint FAO/WHO Expert Com-
mittee on Food Additives (JECFA) concluded that neurodevelopmental
toxicity is the sensitive health outcome to the exposure to MeHg, and
the fetus is the most critical population group [16]. The Meeting es-
tablished a Provisional Tolerable Weekly Intake (PTWI) of 1.6 μg/kg bw
for fetuses and children. Al-Saleh et al. [17] reported significant
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associations between MeHg levels of the mother and infant hair and
infant neurodevelopment delay assessed by the Denver Developmental
Screening Test II, possibly involving an oxidative stress mechanism
[18].

The levels of total mercury (THg) in breast milk vary substantially
worldwide, with the highest levels found in Brazil [19]. In a study
conducted by our research group in the Federal District of Brazil, THg
intake by the infants during lactation exceeded the PTWI of 5 μg/kg bw
in most cases, which raised a health concern for this population, al-
though the benefits of breast milk were highlighted by the authors [20].
This PTWI was withdraw by the 72nd JECFA Meeting and replaced by a
PTWI for IHg of 4 μg/kg bw [8]

As the Federal District is a region of low fish consumption [21], the
hypothesis of the present study was that most of the mercury present in
milk from the Federal District mothers is in inorganic form, which is of
less health concern to the fetus and less absorbed by the lactating baby
than the organic form. To test this hypothesis, breast milk samples
collected from milk banks were analyzed for the content of THg and
MeHg. Furthermore, the risk of the lactating babies associated with the
exposure to mercury was assessed.

2. Materials and methods

2.1. Breast milk samples

The samples analyzed in this study were provided by eight human
milk banks or directly from the milk bank donors in the Federal District
from May 2011 to February 2012, as described by Andrade et al. [22].
To be included in the milk bank, a volunteer should be breast-feeding or
expressing milk for her own child, be healthy, not smoking more than
10 cigarettes per day, not use alcohol or illegal drugs, and provide
medical and laboratory exams. Information on the mother’s age and the
infant’s date of birth was also provided by the milk banks. Months of
lactation/infant age was estimated from the infant date of birth and the
day the sample was taken from the milk bank or provided directly by
the donor, rounding up to the month. The project was approved by the
Ethics Committee of the University of Brasilia (CEP n° 27/11). The
collected samples were kept at −18 °C until analyzed. All the glassware
used in the analyses were previously acid washed.

2.2. Total mercury analysis

THg was determined using a previously validated method described
by Cunha et al. [20]. In summary, 1 mL aliquot of the homogenized
milk sample was digested with 2 mL of Suprapur nitric acid (65%;
Merck, USA) in a microwave (DGT-100 Provecto Systems, Brazil), the
digest diluted to 25-mL with nanopure water and THg quantified by
atomic fluorescence spectrometry (PSA 10.023 Merlin system; PS
Analytical, Kemsig, Sevenoaks, UK) using a 2% stannous chloride so-
lution as a reduction agent. The performance of the method was con-
firmed with certified skim milk powder reference material containing
9.4 ± 1.7 ng/g THg (BCR®-150; Institute for Reference Material and
Measurements, Belgium) with recoveries between 95% and 105%. The
limits of detection (LOD) and quantification (LOQ), estimated based on
the instrument response of a blank solution, were 0.26 and 0.76 μg/L,
respectively.

2.3. Methyl mercury analysis

An aliquot of the breast milk samples (5 mL) was lyophilized (Liotop
− K105), and samples were analyzed following the validated method
described by Vieira et al. [23]. In summary, 5 mL of 25% KOH me-
thanolic solution was added to a known amount of lyophilized milk
sample (0.2 g) in a teflon tube and left at 70 °C for 6 h, with gentle
stirring every hour. The samples were kept for 48 h in the dark, cen-
trifuged, and 50 μL taken for ethylation with 50 μL of tetra ethyl sodium

borate (1%, from Brooks Rand Labs; Seattle, USA) and 200 μL of acetate
buffer (pH 4.5; 2 mol/L). The mixture was diluted up to 40 mL with
ultra-pure water (milli-Q, Millipore, Cambridge, MA, USA). MeHg was
analyzed on a MERX automated MeHg system (Brooks Rand Labs)
equipped with an auto-sampler, a purge and trap unit, a packed column
GC/pyrolysis unit, and a Model III atomic fluorescence spectro-
photometer. A certified material was analyzed with each batch for
quality control (IAEA Biological Reference Materials of Terrestrial
Origin for Determination of Trace and Minor Elements; Human hair,
IAEA 085), with recoveries between 85% and 105%. The LOQ was es-
tablished based on the lowest level of the calibration curve and corre-
sponded to 0.1 μg/L MeHg.

2.4. Mercury intake by infants and risk characterization

Consumption of human milk by the infants at the age the milk was
collected was obtained from Costa et al. [24], and body weight from the
WHO Child Growth Standards [25]. As no information about the sex of
the babies was provided by the mothers, a mean milk consumption and
body weight between boys and girls was assumed. MeHg and IHg in-
takes, in μg/kg bw/week, were calculated for each breast milk sample
and child according to Eq. (1).

=Weekly intake
Weekly milk consumption L x concentration g L

body weight kg
( ) (μ / )

( )
(1)

The risks from exposure to MeHg and IHg were assessed according
to Eq. (2), and expressed as % PTWI (1.6 μg/kg bw for MeHg [16] and
4 μg/kg bw for IHg [8]). Risk may exist when the % is higher than 100:

=
×PTWI Weekly intake

PTWI
% 100

(2)

2.5. Statistical analysis

The data obtained were analyzed using SPSS version 22, IBM soft-
ware. Kolmogorov-Smirnov and Shapiro-Wilk were used to test for
normality of the distributions, and Spearman’s rank correlation coeffi-
cient determined for not normal distributions, with significance at
p ≤ 0.05.

3. Results

3.1. Studied population

The 224 breast milk samples analyzed in this study were provided
by 213 donors of the Federal District milk banks. Eleven donors pro-
vided samples in two different occasions (up to 6 months apart). On
average, the donors were 28.6 ± 6.6 years (15–47 years), and the
mean body weight of the newborn babies was 3.2 ± 0.56 kg
(1.2–5.3 kg). Most of the samples were collected 1–2 months post-
partum, with 38.3% of them during the first month. All samples were
analyzed for THg, but due to limitations of sample volume, only 183
samples were analyzed for MeHg.

3.2. Mercury levels in breast milk

Table 1 summarizes the results of mercury levels in the breast milk
samples. Over 80% of the samples had THg values above the LOQ
(0.76 μg/L), reaching a maximum of 8.40 μg/L, with average of
2.56 μg/L. Levels of MeHg were much lower, with most of the 183
samples analyzed containing levels below the LOQ (0.10 μg/L), with a
maximum of 2.82 μg/L. On average, MeHg accounted for 11.8% of
THg. Estimated mean levels for IHg (=[THg− MeHg]) were 2.37 μg/
L, with a maximum of 8.18 μg/L.

A weak but significant Spearman correlation was found between
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concentrations of THg and MeHg (rs = 0.157; p = 0.034), as well as
between MeHg and months of breastfeeding/age of the child
(rs = 0.234; p = 0.001) and mother’s age (rs = 0.168; p = 0.024).

3.3. Intake of mercury by infants and risk characterization

Table 2 shows the mean intakes of MeHg and IHg by each infant/
mother pair and the % of the respective PTWIs, according to the months
of lactation by the time the sample collected by the donor. For MeHg,
the risk was higher during the 4th month (16% PTWI), while for IHg it
decreased up to the 5th month, down to 22.8% PTWI. Mean weekly
MeHg intake of all samples was 0.16 μg/kg bw, reaching a maximum of
1.90 μg/kg bw, corresponding to 119% of the PTWI (Table 2). IHg in-
takes were much higher, reaching 7.3 μg/kg bw and 183% of the PTWI.

Fig. 1 shows the dispersion plot of % PTWI and months of lactation.
While the intake of only one sample exceeded the MeHg PTWI (by a 7-
month old child), 25 samples exceeded the IHg PTWI, all from the first
4 months of lactation, with the number of samples decreasing from 16
in the first month to only 1 in the 4th month. No significant correlation

was found between the%PTWI of MeHg and months of lactation, but a
significant correlation was found for IHg (rs = −0.232, p = 0.045).

4. Discussion

The THg values in breast milk found in this study were lower than
those obtained in two previous studies conducted in the Federal
District. Costa et al. [26] analyzed milk samples collected from 23
donors (7–30 days postpartum), finding a mean THg level of 5.73 μg/L
(max. of 23.1 μg/L). Cunha et al. [20] found similar THg levels in 142
breast milk samples provided in 2002–2005 by 18 mothers from 15 to
90 days postpartum (6.47 μg/L; max. of 22.7 μg/L). Furthermore, Costa
et al. [26] found a significant correlation (r = 0.6087, p = 0.0057)
between breast milk THg and the mother’s number of amalgam fillings,
which are an important source of mercury, especially IHg [10,27].

No significant dietary or environmental changes have occurred in
the Federal District since those two studies were conducted. Hence, it is
possible to hypothesize that the lower levels of THg found in the present
study (samples collected in 2011/2012) were mainly due to the partial
replacement of amalgam fillings with other dental materials by the
dentists in recent years. This replacement has been occurring mainly for
esthetic purposes [28], but also following the United Nations En-
vironment Programme recommendation to decrease dental amalgam
use worldwide [29].

Studies conducted in the Brazilian Amazon found levels of THg in
breast milk similar [23] or higher [30,31] than those reported in the
present study. Overall, the total mercury levels in breast milk from
Brazilian mothers are higher than those found in most other regions of
the world (see review by Rebelo & Caldas [19] and Table 3), probably
due to the high levels of this metal naturally present in Brazilian soil
and water [32–34].

Cunha et al. [20] found a significant correlation between THg levels
in breast milk and consumption frequency of fat, grains and vegetable
servings (p < 0.02). Rice is a staple food in Brazil, with a mean con-
sumption of 186 g/day in the Federal District [21], and can be an im-
portant source of mercury exposure, primarily in the inorganic form
[11,12].

Costa et al. [26] and Cunha et al. [20] reported a very low frequency
of fish consumption among the study participants. Indeed, in the last
Brazilian consumption survey [21], only 6.3% of the Federal District
women aged 15–47 years old reported the consumption of fish (2 non-
consecutive days reporting), with an estimated mean consumption of
8.73 g/day (consumers and non-consumers). Cunha et al. [20] did not
find a significant correlation between fish consumption and THg in
breast milk during the 90-day period, but providing a fish meal for the
mothers on the 75th day had a significant positive impact on the THg
level.

Due to the relevance of MeHg for the neurological effects of mercury
on the fetus and on infants [8], and the much higher gastrointestinal
absorption rate of MeHg compared to IHg [14], it is imperative that
speciation of the mercury present in breast milk be performed to
evaluate the actual risks that breastfed infants are exposed to. Very few
studies have analyzed MeHg in breast milk worldwide, and a summary
of these studies is shown in Table 3. The studies are discussed further.

In the study conducted by Vieira et al. [23] in the Amazonian re-
gion, a significantly higher level of THg, MeHg and %MeHg
(p < 0.001) was found in breast milk collected among the riverine
population (54% consume at least 3 fish meals/week) compared to the
urban population, which has a much lower fish consumption (44%
consume less than one fish meal/week). The median contribution of
MeHg to the total mercury was 36% in the riverine population, while in
the urban population this was 12%, higher to what was found in the
present study for the low fish-consuming Federal District population
(median of 4.73%).

Gundacker et al. [10] reported that the mercury present in all 21
breast milk samples collected from Austrian women was in the

Table 1
Mercury levels in breast milk samples provided by the bank milk samples of the Federal
District, Brazil.

N (% ≥ LOQ) Mean ± sd Median Min. Max

THg (μg/L) 224 (84.1) 2.56 ± 1.7a 2.32 < 0.76 8.40
MeHg (μg/L) 183 (45.6) 0.19 ± 0.28b 0.05 < 0.10 2.82
% as MeHg 183 11.8 ± 16.8 4.73 0.85 97.4
IHg (μg/L)c 183 2.37 ± 1.66 2.07 0.01 8.18

a Samples< LOQ (0.76 μg/L) were considered at 1/2 LOQ; samples< LOD (0.26 μg/
L) were considered at 1/2 LOD.

b Samples< LOQ were considered at 1/2 LOQ (0.10 μg/L).
c [THg − MeHg]; sd: standard deviation.

Table 2
Intake and risk characterization for MeHg and IHg in breast milk samples.

Months of lactation
(# of samples)a

Intake, μg/kg bw/week %PTWIb

MeHg IHg MeHg IHg

1 (75) 0.13 2.38 7.84 59.4
2 (37) 0.13 2.31 7.89 57.8
3 (28) 0.21 2.20 13.0 54.9
4 (14) 0.26 1.65 16.4 41.3
5 (7) 0.16 0.91 10.3 22.8
6 (9) 0.17 1.48 10.6 37.0
> 6 (12) 0.11 1.58 6.72 39.4
Mean ± sd 0.16 ± 0.22 2.1 ± 1.5 10.0 ± 13.7 52.9 ± 38.0
Median 0.05 1.8 2.96 46.2
Maximum 1.9 7.3 119 183

a Months of lactation information not available for one sample, but the sample was
included to estimate the total means; sd: standard deviation.

b 1.6 and 4 μg/kg bw/week, for MeHg and IHg, respectively.

Fig. 1. Dispersion plot of % PTWI for MeHg and IHg, according to months of lactation.
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inorganic form. The authors also found that the number of maternal
amalgam fillings was associated with THg in meconium and with IHg in
placenta. In a multinational study conducted in Europe [27], the
median %MeHg in Greece (276 g fish/week) was 7%, the lowest ratio
among the countries (Table 3). Although Slovenian women consume
the lowest fish amount among the populations (178 g/week), MeHg
accounted for 47% of THg (median), in the same range as Croatia and
Italy, who were higher fish consumers (280–300 g/week) [27,34]. This
apparently contradictory result may be related to the type and origin of
the fish consumed by each population, as mercury concentration in fish
depends on the trophic level, with piscivorous fish containing the
highest THg concentrations and% MeHg [35,36].

In Japan, which has a high fish-consuming population, 54% of
mercury found in breast milk was in the organic form (Table 3), and a
significant correlation was found between the lipid-adjusted MeHg in
breast milk and eicosapentaenoic acid plus docosahexaenoic acid in
maternal plasma, markers for fish consumption [37].

Cunha et al. [20] found that the intake of THg by Federal District
babies during breastfeeding exceeded the PTWI (5 μg/kg bw/week) in
most cases (up to 800%), which could indicate a health concern. This
THg PTWI was withdrawn by the JECFA, as it was agreed that MeHg is
the relevant toxicological form of mercury for neural adverse effects for
the fetus and babies [8]. The present study showed mean/median
weekly intakes of MeHg contributing to 10/3% of its PTWI, with only
one exceedance among the 183 infant/mother cases evaluated; most of
the intakes accounted for less than 10% of the PTWI. These results in-
dicate that the risks of neuro effects due to the MeHg intake through
breastfeeding for this population can be excluded. Considering the
median level of MeHg reported by Vieira et al. ([23]; Table 2) and a
milk consumption of 750 mL for a 5.5 kg 2–3 month baby [24], the
estimated median intake of MeHg for the Amazonian urban population
was 0.83 μg/kg bw/week, accounting for 7% of the PTWI. For the high
fish-consuming riverine, the median intake corresponded to 51% of the
MeHg PTWI (max. of 200%). Iwai-Shimada et al. [37] estimated that
the median MeHg weekly intake by one–month-old Japanese infants
(4 kg bw and 800 mL milk) represented 39% of the PTWI, with only one
case exceeding the PTWI. These results altogether indicate that babies
breastfeeding from mothers with high fish consumption does have
higher MeHg intake. However, the benefits of fish consumption and of
breast feeding for the mother and babies outweigh any potential risks
that may exist when the intake exceeds the toxicological safety level
[38,39].

Although MeHg is the mercury form relevant for breastfeeding in-
fants [16], we also estimated the IHg levels in the samples, and the
exposure and risk for the infants. The exposure exceeded the IHg PTWI
in about 14% of the cases, mostly during the first two months of lac-
tation (up to 183% PTWI), with a week, but significant negative cor-
relation with months of lactation. However, IHg is poorly diffused
through the brain [14], and the exposure is unlikely to have significant
neurotoxic effects for the infants.

Brazil has probably the largest network of milk banks in the world,

with over 200 banks in hospitals across the country, and it is an in-
ternational reference for similar programs worldwide [40]. Milk banks
provide breast milk to immature newborn babies and low weight babies
that, for some reason, cannot be breastfed. Hence, the data provided by
the samples analyzed (Table 1) can be extended to this population as
well. Considering a daily milk consumption of 200 mL by 2 kg bw for
immature newborn or low weight babies, the mean and median intakes
represented 8.3 and 2.2% of the MeHg PTWI, with only one exceedance
at 123% of the PTWI.

One key strength of this study was the number of mothers involved
and of samples analyzed (provided by milk banks), higher than pre-
vious studies conducted in the Federal District or other Brazilian re-
gions (provided by the mothers). However, the study had some lim-
itations that should be addressed. One limitation was the lack of body
weight of the infants and milk consumption at the time the sample was
collected, which were estimated based on published data for each es-
timated infant age/months of lactation. Another limitation was the lack
of food consumption information, especially on fish, rice and vege-
tables, and the number of amalgams of the breast milk donors. This
information would allow correlation analysis that could explain the
large variation among the mercury levels found in the samples. This
information is not available in the milk banks and could not be obtained
from the mothers.

5. Conclusions

To the best of our knowledge, this is first study conducted in the
Federal District region that analyzed MeHg in breast milk, and the
second conducted in Brazil. The levels of MeHg found in the samples
confirmed our hypothesis that most of the mercury present in milk from
the low fish-consuming Federal District mothers was in the inorganic
form, probably due to the IHg mercury present in rice and vegetables,
and the use of amalgam fillings by the mothers. The weekly intake of
MeHg represented, on average, 10% of the PTWI, with only one ex-
ceedance, indicating no health concern for the breastfed babies.
Consumers of breast milk donated to the milk banks are also not ex-
posed to MeHg levels that could represent a health risk. This conclusion
is very important in the context of breast milk banks, in which the
quality of the milk is a constant concern. Nevertheless, it is always
important to emphasize the importance of monitoring the levels of
environmental contaminants in breast milk, an essential food for the
baby, mainly in the first 6 months of life.
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