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Title

Pre-conception serum ferritin concentrations are associated with metal concentrations in
blood during pregnancy: A cohort study in Benin

Abstract

Background: Iron deficiency is a common nutritional deficiency that impacts maternal health and
fetal development and is also associated with increased uptake of toxic metals. Women in sub-
Saharan Africa are highly exposed to both iron deficiency and metals in the environment. As research
on the developmental origins of health and disease increasingly shows impacts of pre-conception
maternal health on pregnancy and fetal health, these environmental exposures are of concern.

Objectives: This study investigated the association between iron status pre-pregnancy and blood
metal concentrations in the first trimester of pregnancy with potential implications for iron
supplementation.

Methods: Pre-conception and first trimester blood samples taken from 262 Beninese women were
tested for serum ferritin, inflammation markers, manganese (Mn), cadmium (Cd), lead (Pb), copper,
zinc, selenium, mercury and arsenic. Associations between serum ferritin adjusted for inflammation
and metal concentrations were analyzed using multivariate linear regression.

Results: Women with iron deficiency before conception (13%) were more likely to remain iron
deficient in the first trimester (4%) (adjusted OR=41.2, 95%Cl 6.2; 275.0) even within the context of
routine iron supplementation during pregnancy.

Lower pre-pregnancy serum ferritin concentrations were significantly related to higher
concentrations of Mn, Cd and Pb in the first trimester. Every 1% increase in serum ferritin
concentration was associated with a 0.13% decrease in Mn (adjusted B=-0.13, 95%Cl -0.18; -0.07), a
0.22% decrease in Cd (adjusted B=-0.22, 95%CI -0.28; -0.15) and a 0.06% decrease in Pb
concentration (adjusted $=-0.06, 95%Cl -0.12; -0.006).

Discussion: These results suggest that increasing iron stores prior to pregnancy may prevent
excessive uptake of toxic concentrations of the metals Mn, Cd and Pb and argue in favour of testing

the effects of iron supplementation prior to pregnancy on metal concentrations.

Keywords: Iron deficiency, metals, environmental exposure, pregnancy, pre-conception
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1. Introduction

Iron deficiency is the most common nutritional deficiency worldwide and with or without anemia has
important consequences for human health and child development. Globally, about 33% of all women
of reproductive age are estimated to be anemic (WHO, 2016a), with 16-25% estimated to be due to
iron deficiency (Petry et al., 2016). Women's iron requirements increase significantly during
pregnancy, rising during the second trimester and continuing to increase throughout the remainder
of pregnancy (Bothwell, 2000).

Iron is essential for brain development, particularly in late fetal and early postnatal life, where
deficits during these critical periods can permanently affect brain function (Georgieff et al., 2018).
Maternal iron deficiency also reduces iron stores in the fetus which further exposes neonates to
neurodevelopmental risks as infants cannot regulate iron absorption until 6-9 months of age
(Radlowski & Johnson, 2013). The WHO recommends oral iron and folic acid supplementation for
pregnant women to prevent maternal anaemia, puerperal sepsis, low birth weight, and preterm birth
(WHO, 2016b).

Higher iron levels, however may be detrimental in malaria endemic areas such as Benin, as some
studies in children have found malaria risk increases in relation to serum ferritin concentrations and
iron deficiency seems to act as a protective factor (Moya-Alvarez et al., 2017; Muriuki et al., 2019). A
recent systematic review of malaria risk and iron status in pregnancy found that iron deficiency was
only associated with increased risk of malaria when measured by serum ferritin and not when other
biomarkers of iron deficiency were included. In the light of limited evidence however, iron
supplementation is still recommended to be provided in combination with malaria prevention during
pregnancy (Sangaré et al., 2014).

Iron deficiency is also associated with the increased uptake of divalent metals which can adversely
affect neurodevelopment (Kim, 2018). Dietary non-heme iron is transported into intestinal cells by
the divalent metal-ion transporter 1 (DMT1) and then exported into circulation via ferroportin 1
(FPN1) or stored as ferritin. Iron homeostasis is regulated by the hormone hepcidin, which is in low
concentrations when tissue iron stores are low, up-regulating DMT1 and FPN1 (Anderson & Frazer,
2017). DMT1 has been demonstrated to transport divalent metal ions other than iron, notably
manganese, cadmium and lead as well as to a lesser extent copper and zinc (Bressler et al.,2004;
Garrick et al., 2006). There is also evidence that FPN1 can transport manganese and zinc (Loréal et
al., 2014; Madejczyk & Ballatori, 2012).

Research conducted within the framework of the Developmental origins of Health and Disease
(DoHAD) continues to provide evidence of the long-term consequences on health of environmental
exposures from conception and including the role of maternal nutrition prior to conception (Mandy
& Nyirenda, 2018; Stephenson et al., 2018). Many studies have examined the effects of iron
deficiency and its relationship to a range of environmental metal exposures during pregnancy and in
relation to fetal and childhood development. This study examines data from a unique cohort where
women were recruited prior to conception, allowing iron status before pregnancy to be examined in
relation to whole blood concentrations in early pregnancy of 8 potentially toxic metals: Manganese,
Copper, Zinc, Selenium, Lead, Cadmium, Mercury and Arsenic.
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Manganese is an essential nutrient but also a neurotoxicant at high exposure levels. Lead and
cadmium are long-lived, toxic heavy metals that have no known beneficial function in the human
body. The presence of these metals in the environment and the likelihood of increased uptake before
and during pregnancy for women with low iron stores can result in a range of deleterious effects.

Cd accumulation over time can damage renal function and affect bone metabolism (ATSDR, 2012a)
as well as some evidence it is toxic to endocrine systems resulting in decreased birth weights
(Rahman et al., 2016). There is some evidence that prenatal Cd exposure may impact cognitive
development in children (Kippler et al., 2012). Although Cd accumulates in the placenta acting as a
partial barrier to foetal exposure with cord blood concentrations significantly lower than maternal
blood (Esteban-Vasallo Maria D. et al., 2012; Truska et al., 1989), Cd also affects placental transport
of calcium and zinc which are essential for foetal development (Gundacker & Hengstschlager, 2012).

The health effects of Pb are diverse, not only is Pb a known developmental neurotoxicant but
exposure to Pb is associated with toxicity to every organ system (ATSDR, 2020). Lead readily crosses
the placenta (Bellinger, 2005; Rossipal et al., 2000) and there is good evidence that maternal lead
exposure during pregnancy can adversely affect both maternal and child health. There is no apparent
threshold below which adverse effects of lead do not occur (Budtz-Jgrgensen et al., 2013; CDC,
2010). Bone lead stores persist for decades and are mobilized during periods of increased bone
turnover such as pregnancy and lactation. Iron status, along with intake of dietary calcium and zinc
can affect absorption of Pb, potentially leading to alterations in blood lead concentrations (ATSDR,
2020). In addition, there is some evidence that combined Pb and Mn exposures in-utero and in
childhood could aggravate negative impacts on neurodevelopment (Kim et al., 2009; Lin et al., 2013;
Menezes-Filho et al., 2018).

Se is an essential trace element which can also be toxic and has a complex interplay of metabolic
interactions with numerous other nutrients and toxic substances (Arnaud & van Dael, 2018; Sun et
al., 2014). Se intake varies widely dependent on concentrations in soils transferred to crops.

The objective of this study was to investigate the association between iron status pre-pregnancy and
during the first trimester with the blood concentrations of eight metals in the first trimester of
pregnancy: manganese, cadmium, lead, copper, zinc, selenium, mercury and arsenic.

2. Methods

2.1 Study Population

This study includes 262 women from the REtard de Croissance Intra-uterin et PALudisme (RECIPAL)
cohort in southern Benin primarily designed to assess the consequences of malaria in early
pregnancy for the fetus as detailed in Accrombessi et al., 2018 and summarized in Figure 1. Women
in the RECIPAL cohort were recruited prior to conception between June 2014 and December 2016
and followed monthly until pregnancy and through to delivery. At inclusion demographic, household
and socioeconomic characteristics were collected. In addition, blood samples were taken at
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enrolment before conception and at the second antenatal care (ANC2) visit which occurred for most

women during the 1st trimester of pregnancy.

2.2 Ethics Statement

The RECIPAL study was approved by the Ethics Committee of the Institut des Sciences Biomédicales
Appliquées (ISBA) in Benin. Women enrolled in the cohort received regular free medical follow-up
treatment as necessary during the life of the study. Blood samples were stored and assessed for
metals at a later date, these results at the population level were presented to health authorities at

local and national levels.

Figure 1: Flowchart diagram of the study

Non-inclusion (n=88)
Initial positive pregnancy test (n=56)
Infertility issue (n=13)
Unwilling to become pregnant (n=6)
Included in other research study (n=7)
Residence outside study area (n=2)
Refusal to participate (n=2)
Age > 45 years (n=2)

Eligible women of reproductive age
(n=1302)

Women of reproductive age recruited

Incomplete follow-up (n=138)
Informed consent withdrawal (n=46)
Migration (n=17)

Spontaneous abortion (n=72)
Therapeutic abortion (n=2)
Ectopic pregnancy (n=1)

(n=1214)
Study completion without pregnancy
(n=359)
Pregnancy
(n=411)

Incomplete follow up (n=444)
Informed consent withdrawal (n=272)
Migration (n=138)

Excluded infertility issue (n=16)
Lost to follow up (n=13)
Other reasons (n=5)

2.3 Gestational Follow-up

Delivery (n=273)
Data for Mn, Cu, Zn, Pb, Cd (n=262)
Data for Se, Hg, As (n=202)

According to Beninese national recommendations, a kit including iron and folic acid tablets for 1

month was given to each woman at the first ANC visit and maternity staff were encouraged to

administer iron and folic acid supplementation throughout the pregnancy (200 mg oral ferrous

sulfate and 10 mg folic acid daily). As part of the study, the cost of drugs were supported by the

project; however, the iron and folic acid supplementation were not observed by the study staff.
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2.4 Blood Measurements

Blood samples were initially tested for parameters related to iron deficiency, inflammation markers
and malaria. Blood serum samples were tested for ferritin, C-reactive protein (CRP) and a;-acid
glycoprotein (AGP). Ferritin may be measured in either serum or plasma, with both positively
correlated with the size of total body iron stores (WHO, 2020). As nutrition was one of the core
issues in the RECIPAL cohort, serum ferritin was used as part of the assessment of nutritional status
and the micronutrient intake of women. Hb level was measured with a HemoCue. Before conception
and during pregnancy, malarial screening was performed using both microscopy (thick blood smear)
and PCR. Subsequently two sets of ANC2 whole blood samples of women who completed the study
follow-up were tested for metals. A first group of 60 tested for Manganese (Mn), Copper (Cu), Zinc
(zn), lead (Pb) and Cadmium (Cd) with results reported previously (Guy et al., 2018). Samples from a
further 202 were later tested for these five metals with the addition of tests for Selenium (Se),
Mercury (Hg) and Arsenic (As).

The 262 whole blood samples stored at -18°C, were analyzed by a plasma torch coupled with tandem
mass spectrometer (ICP-MSMS 8800, Agilent Technologie) after mineralization. Mineralization is
performed by adding nitric acid and heating at 83°C for 4 hours using a graphite block (Hotblock Pro,
model SC-189, Environmental Express). The mineralization diluted at 1:20 was then analyzed, the use
of the tandem mass spectrometer and the oxygen mode made it possible to manage the
interferences in particular for the determination of selenium and arsenic. An online addition of
internal standards (Sc, Ge, 77Se, Rh, Re and Ir) was performed to correct matrix effects and to verify
the absence of drift (signal variation less than 25%). The quantification of Se was performed by
isotope dilution with 77Se to resolve persistent effects. At each analysis sequence, consumable
blanks and certified blood controls were systematically analyzed (Utak level 1, Utak level 2). The
results of the blood tests were validated if the concentrations of the blood controls were within the
limits of the control cards. The method of analysis was validated by 2 good inter-laboratory tests over
1 year. This method is accredited by the French accreditation committee (Cofrac). The limits of
guantification (LOQ) of Pb, Mn, Cu, Zn, Cd, As, Se and Hg are respectively 2, 5, 200, 200, 0.25, 1, 20
and 0.4 pg/L.

2.5 Definitions

Iron deficiency was defined as serum ferritin less than 15 pg/l after adjustment for inflammation.
Serum ferritin is a reliable indicator of total body iron stores when inflammation is not present. In
regions such as the study area in Benin where there is widespread infection or inflammation, defining
iron deficiency using serum ferritin becomes complicated as ferritin is a positive acute phase
response protein. WHO recommends in these areas to assess serum ferritin with concurrent
measurement of CRP and AGP and apply one of four possible methods: raising the cut-off value that
defines iron deficiency to 70 pg/l; excluding individuals with elevated CRP or AGP concentrations; use
an arithmetic correction; or use a regression correction (WHQO, 2020). A comparison of methods on a
cohort of Kenyan pregnant women concluded that using a regression correction approach led to
better estimates of iron deficiency (Mwangi et al., 2019). This regression correction approach
according to the following equation was also used in this study as it allowed a correction to
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continuous data and the inclusion of a correction for inflammation present due to malaria infection.
(Namaste et al., 2017; WHO, 2020).

Ferritinadjusted = Ferritinunadjusted - BI(CRPObS - CRPref) - BZ(AGPObS - AGPref) - B?,malaria

where By are the regression coefficients, obs is the observed value and ref is the external reference
value generated to define low inflammation.

Inflammation was defined as either CRP > 5 mg/l and/or AGP > 1 g/l (Namaste et al., 2017; WHO,
2020)

Anemia was defined prior to pregnancy as hemoglobin <120 g/| and during pregnancy as <110 g/I
with moderate anemia between 70 to 110 g/l and severe anemia < 70 g/l (WHO, 2015)

Iron deficiency anemia was defined as those meeting the criteria both for iron deficiency and anemia.

Insufficient iron stores for pregnancy was defined as serum ferritin <32 pg/l approximately equivalent
to 300 mg of total body iron stores, the estimated minimum with which a woman must enter
pregnancy to meet her requirements fully assuming an optimal diet.

First trimester was defined as less than 14 weeks gestation based on both ultrasound scan and LMP

2.6 Statistical Analysis

The association between serum ferritin pre-pregnancy and at ANC2 and blood metal concentrations
for Mn, Cu, Zn, Pb and Cd, Se, Hg and As were modelled separately using multivariate linear
regression. Log transformations of the metal concentrations were made due to non-normal
distributions except for Se which did not have a distribution significantly different from normal when
using a Shapiro-Wilk test. Log transformations of serum ferritin concentrations were also used in the
models for all metals except Se as this improved the linear relationships checked by visual inspection.
Confounders were selected based on literature review, the consideration of directed acyclic graphs
and after testing for collinearity between candidate variables. Gestational age at ANC2, gravidity and
indicators for education level and wealth were included in the models for all metals. As there was
little variability in education level, literacy was used as the variable to represent whether any formal
education had been received. At inclusion in the cohort, detailed questions were asked on the
ownership of assets, the number owned was used as an indicator of wealth. Other potential
confounders were tested such as age, body mass index (BMI), the time between pre-pregnancy and
ANC2 testing, being positive for malaria by microscopy at ANC2 and living lakeside or inland as a
potential indicator of different environmental and dietary exposures. Univariate analysis was first
conducted retaining variables with a p value less than 0.25. These variables were then removed
stepwise from multivariate models if p values were greater than 0.05. Analysis was carried out using
Stata version 15 for Windows.
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3. Results

3.1 Population characteristics

Table 1 presents the general characteristics of the 262 women included in the study population.
Women were on average 27 years old, primarily of Toffin ethinicity (74.4%) and living within 4 sub-
districts of S6-Ava district: Vekky and Houedo-Aguekon on the edge of the polluted Lake Nokoue; S6-
Ava along the River So; and Akassato where women lived within 3 to 10 km from Lake Nokoue. The
majority of women were multigravidae (92.4%), were non-smokers (99.2%) and were within a
healthy BMI range at the start of pregnancy (67%). Table 2 presents the blood test results related to
iron deficiency at pre-pregnancy and ANC2 visits and Table 3 gestational age information at the first
two ANC visits. Before pregnancy, 12.7% of women were iron deficient, 57.9% anemic and 7% tested
positive for malaria. Most women became pregnant within 6 months of inclusion (51.2%) with a
further 37.3% conceiving within a year. Pregnancy was confirmed at the first ANC visit which
occurred at an average gestational age of 6.9 weeks at which time iron supplementation was
prescribed. Gestational age at ANC2, at which blood was sampled for iron parameters and metals
analysis, averaged 11.7 weeks with 84.4% considered in the first trimester. By ANC2 only 3.5% of
women were still considered as iron deficient, 38.9% anemic and 5.4% tested positive for malaria.

Table 1: Study Population Descriptive Statistics

Maternal Characteristics No. Mean = SD, %
Age 262 26.7 (+4.9)
Subdistrict

Vekky 92 35.1%

S6-Ava 91 34.7%

Akassato 65 24.8%

Houedo-Aguekon 14 5.3%
Marital Status

Married (Monogamy) 173 66.0%

Married (Polygamy) 71 27.1%

Cohabitation 18 6.9%
Ethnicity

Toffin 195 74.4%

Aizo 32 12.2%

Fon 20 7.6%

Other 13 5.8%
Household density? 262 6.1 (£3.9)
Education

llliterate 183 69.8%
Gravidity

Primigravidae 20 7.6%

Multigravidae 242 92.4%
Tobacco during pregnancy

During 1st trimester 1 0.4%

Throughout pregnancy 1 0.4%

None 254 99.2%
BMl in early pregnancy

Underweight (<18.5) 24 9.2%

Normal (18.5-25) 175 66.8%




Overweight/Obese (>25) =~ 63 24.0%

266 aNumber of people per household
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Table 2: Maternal blood test results for iron deficiency parameters

No. Pre-pregnancy visit No. 2nd Ante Natal Care
(ANC2) visit

Hemoglobin (g/I)

Mean (+SD) 261 117.6 (+13.0) 260 114.1 (+11.8)

Range (min - max) 84 -151 84 - 146
Ferritin (ug/1)

Mean (+SD) 260 58.1 (+34.6) 261 84.0 (+40.7)

Range 4.3-208 10.3-187
Adjusted Ferritin (ug/l)°

Mean (+SD) 260 42.0 (+23.6) 261 74.1 (+35.8)

Range 4.3-105 9.9-171
Anemia® 261 151 (57.9%) 260 101 (38.9%)
Iron Deficiency® 260 33 (12.7%) 261 9 (3.5%)
Iron Deficiency Anemia? 260 25 (9.6%) 261 5 (1.9%)
Inflammation present® 260 48 (18.5%) 261 63 (24.1%)
Malaria positive by microscopy 259 18 (7.0%) 261 14 (5.4%)
Insufficient iron stores for pregnancy’ 260 98 (37.7%)

aFerritin results adjusted for inflammation based on C-Reactive Protein (CRP) and as-acid-glycoprotein (AGP) biomarkers

according to the BRINDA approach

bAnemia defined pre-pregnancy as hemoglobin <120g/l and during pregnancy as <110g/I
cIron deficiency defined as adjusted serum ferritin <15 pg/L

9Iron deficiency anemia defined as meeting both anemia and iron deficiency criteria

eInflammation defined as either CRP>5 pg/l or AGP>1 pg/I

finsufficient iron stores for pregnancy defined as adjusted serum ferritin <32 pg/L

Table 3: Gestational age information and maternal blood test timing

No.

1st Ante Natal Care

No.

2nd Ante Natal Care

confirmation of pregnancy (weeks)

(ANC1) visit? (ANC2) visit
Gestational age (weeks)
Mean (£SD) 262 6.9 (£2.3) 261 11.7 (£2.8)
Range 3.7-19.3 7.0-24.0
1t Trimester (<14 weeks gestation) 262 221 (84.4%)
2" Trimester (>14 weeks gestation) 262 41 (15.6%)
Time from pre-pregnancy blood test to 260

Geometric Mean (95%Cl)

17.4 (15.6; 19.4)

Range

2.1-106

n (%) > 26 weeks

97 (37.3%)

n (%) > 52 weeks

30 (11.5%)

9Pregnancy confirmed at the first ante-natal visit and iron supplements provided to the mother from this point onwards

3.2 Metal Associations

The range of concentrations in maternal blood at the ANC2 visit for the eight metals tested is shown
in Figure 2. The median and interquartile range concentrations were for Mn 11.2 ug/l (IQR 8.76-
13.2), Cu 1333 g/l (IQR 1165-1490), Zn 5074 pg/l (IQR 4541-5830), Se 149.1 g/l (IQR 132.1-167.3),
Pb 31.3 pg/l (IQR 25.7-38.9), Cd 0.253 pg/l (IQR 0.177-0.331), and Hg 1.20 pg/I (IQR 0.907-1.56).
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Figure 2: Maternal blood concentrations of elements (ug/l) at ANC2 for n=262 for Mn, Cu, Zn, Pb, Cd
and n=202 for Se, Hg, As’
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The relationship between pre-pregnancy iron deficiency and iron deficiency at ANC2 is presented in

Table 4. Women found to be iron deficient before conception were significantly more likely to remain
iron deficient when re-tested in the first trimester (adjusted OR=41.2, 95%Cl 6.18; 275). However,
the numbers of iron deficient women, were small with 13% of the sample found to be iron deficient

before conception and 4% in the first trimester.

Table 4: Effect of pre-pregnancy iron deficiency on iron deficiency at ANC2

n Crude OR (95% Cl) Adjusted OR (95% CI) 2
Iron deficientt at ANC2
Iron deficientt pre-pregnancy 259 16.5 (3.24;106) 41.2 (6.18;275)
Iron stores insufficientc at ANC2
Iron stores insufficient for pregnancyc at 259 10.3 (4.23; 27.2) 12.5 (5.11;30.6)

pre-pregnancy blood test
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aAdjusted for G2 gestational age, gravidity, education and wealth (based on no. possessions)

blron deficiency defined as serum ferritin adjusted for inflammation <15 pg/L

cInsufficient iron stores for pregnancy based on an estimated requirement of at least 300mg which corresponds to a serum
ferritin level of 232 pg/L. As iron requirements are low in the first trimester, the same cut-off was used for pre-pregnancy
and ANC2 blood test results

The results for blood metal concentrations at ANC2 showed that higher pre-pregnancy serum ferritin
concentrations and higher ANC2 serum ferritin concentrations were significantly related to lower
concentrations of Mn, Cd and Pb in the first trimester after adjustment for potential confounders
(Table 5). Every 1% increase in pre-pregnancy serum ferritin concentration was associated with a
0.13% decrease in Mn (adjusted B=-0.13, 95%Cl -0.18; -0.07), a 0.22% decrease in Cd (adjusted B=-
0.22, 95%CI -0.28; -0.15) and a 0.06% decrease in Pb concentration (adjusted f=-0.06, 95%CI -0.12; -
0.006). Similarly, every 1% increase in ANC2 serum ferritin concentration was associated with a
0.19% decrease in Mn (adjusted B=-0.19, 95%Cl -0.25; -0.13), a 0.21% decrease in Cd (adjusted B=-
0.21, 95%CI -0.29; -0.13) and a 0.11% decrease in Pb concentration (adjusted f=-0.11, 95%CI -0.17; -
0.04).

The only other metal to show a significant positive association was Se where every 1 microgram unit
increase in pre-pregnancy serum ferritin concentration was associated with a 0.19 microgram
increase in Se concentration (adjusted B=0.19, 95%Cl 0.043; 0.34) and every 1 unit microgram
increase in ANC2 serum ferritin concentration was associated with a 0.11 microgram increase in Se
concentration (adjusted $=0.11, 95%Cl 0.013; 0.22).

After adjusting the models no significant associations were found between serum ferritin
concentrations and Zn, Cu, As or Hg blood concentrations in the first trimester.

Table 5: Associations between serum ferritin concentrations pre-pregnancy and ANC2 blood metal
concentrations

No. Crude B (95% ClI) Adjusted B (95% Cl)

Log Mn (ug/l)
Log Serum ferritin pre-pregnancy (ug/l) i 259 -0.13 (-0.18, -0.07) -0.13 (-0.18, -0.07)*
Log Serum ferritin at ANC2 (ug/l) 259 -0.19 (-0.25, -0.13) -0.19 (-0.25, -0.13)

Log Cd (ug/1)
Log Serum ferritin pre-pregnancy (ug/l) : 259 -0.21 (-0.28, -0.15) -0.22 (-0.28, -0.15)°

Log Serum ferritin at ANC2 (ug/l) 260 -0.20 (-0.28, -0.13) -0.21 (-0.29, -0.13)*
Log Zn (pg/I)

Log Serum ferritin pre-pregnancy (ug/!) 259 -0.03 (-0.07, 0.01) -0.03 (-0.07, 0.01)°

Log Serum ferritin at ANC2 (ug/l) 260 -0.03 (-0.08, 0.01) -0.04 (-0.09, 0.003)*

Log Cu (ug/l)
Log Serum ferritin pre-pregnancy (ug/!) 258 -0.02 (-0.06, 0.01) -0.03 (-0.06; 0.004)°

Log Serum ferritin at ANC2 (ug/l) 258 -0.03 (-0.07, 0.01) -0.02 (-0.05; 0.02)¢
Log Pb (ug/1)

Log Serum ferritin pre-pregnancy (ug/!) 259 -0.04 (-0.10, 0.02) -0.06 (-0.12, -0.006)"

Log Serum ferritin at ANC2 (ug/l) 260 -0.07 (-0.14, 0.001) -0.11 (-0.17, -0.04)?
Log As (ug/I)

Log Serum ferritin pre-pregnancy (ug/!) 201 -0.03 (-0.10, 0.04) -0.02 (-0.09, 0.05)°

Log Serum ferritin at ANC2 (ug/l) 201 -0.07 (-0.15, 0.004) -0.06 (-0.13, 0.02)°

Se (ug/l)
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Serum ferritin pre-pregnancy (ug/!) 201 0.16 (0.004, 0.31) 0.19 (0.043, 0.34)°

Serum ferritin at ANC2 (pg/l) 201 . 0.11(0.010, 0.22) 0.11 (0.013, 0.22)¢
Log Hg (ug/l)

Log Serum ferritin pre-pregnancy (ug/l) 201 0.003 (0.000, 0.01) -0.07 (-0.01, 0.16)

Log Serum ferritin at ANC2 (ug/l) 201 | 0.002 (-0.000, 0.003) 0.03 (-0.06, 0.13)

aAdjusted for G2 gestational age, gravidity, education, wealth and time from pre-pregnancy blood test to conception
bAdjusted for G2 gestational age, gravidity, education and wealth

cAdjusted for G2 gestational age, gravidity, education, wealth, time from pre-pregnancy blood test to conception, BMI and
living lake-side

dAdjusted for G2 gestational age, gravidity, education, wealth and living lake-side

eAdjusted for G2 gestational age, gravidity, education, wealth and BMI

fAdjusted for G2 gestational age, gravidity, education, wealth, BMI and living lake-side

4. Discussion

These results show that serum ferritin concentrations prior to conception have an influence on blood
concentrations of iron, Mn, Cd, Pb and Se during pregnancy. Pre-pregnancy serum ferritin
concentrations were inversely associated with higher whole blood concentrations of Mn, Cd and Pb
and positively associated with higher Se concentrations in the first trimester. With iron deficiency
pre-pregnancy strongly related to iron deficiency in the first trimester, similar associations are seen
between ANC2 serum ferritin concentrations and Mn, Cd, Pb and Se, as would be expected.

4.1 lIron

The number of women found to be anemic prior to pregnancy was high (57.9%) with that due to iron
deficiency at 17%. Although iron deficiency is commonly assumed to cause half of all cases of
anemias (WHO, 2015), this figure is in line with a recent meta-analysis of national survey data which
found where anemia prevalence was greater than 40% in rural areas the percentage associated with
iron deficiency was 16% (Petry et al., 2016).

All women received iron supplements from their first ANC visit and overall serum ferritin
concentrations increased, and the numbers of anemic and/or iron deficient women decreased
between the pre-pregnancy and ANC2 visit blood tests implying that supplementation was effective.
It was not however possible to know from the data collected the compliance of individual women in
regularly taking iron supplements. Women were asked at each ANC visit if they had taken iron
supplements the previous day but no relationship was found between the number of positive
responses and iron status. Iron status prior to pregnancy had an important effect on iron status in
early pregnancy. The odds of being iron deficient at the ANC2 visit were 41.2 (95%Cl 6.2;275.0) times
more likely if iron deficient pre-pregnancy. The wide confidence interval of this result reflects the
small number of women in the sample who remained iron deficient at ANC2. For this reason, a
different cutoff was also tested based on an estimate of iron stores that are needed to be present at
the start of pregnancy to fully meet requirements and was consistent with the previous result with
the odds of a woman remaining without sufficient iron stores for pregnancy at ANC2 being 12.5
(95%Cl 5.11;30.6) times higher if low in iron stores prior to pregnancy. This finding suggests that for
women who are not classified as iron deficient but have lower iron stores, the iron supplementation
that they receive is not sufficient to carry them through all the iron requirements of pregnancy.
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The current recommendations for iron supplementation in pregnancy in Benin is daily oral iron and
folic acid supplementation usually provided through ANC visits and coverage is relatively high with
85% of women who had a live birth in the previous 5 years reporting having taken oral iron
supplement in the most recent national demographic and health survey (INSAE & ICF, 2019). A
comparison of rates of adherence to iron supplementation during pregnancy between 22 sub-
Saharan found Benin had the 4™ highest reported rate of these countries and varies as may be
expected with the number of antenatal visits, and levels of education and family wealth (Ba et al.,
2019). It appears that iron supplementation is well accepted in Benin but may start later than ideal as
seen in some of the quite late first ANC visits in this cohort, despite regular follow-up. It is also
possible that the same socio-economic factors that contribute to lower adherence to iron
supplementation may also contribute to higher environmental exposures to metals.

4.2 Manganese, Cadmium and Lead

Blood Mn concentrations in the range 4-15 pg/L are considered normal (ATSDR, 2012b). Although
the majority of blood samples taken at ANC2 in this study fell within this range, 15% of women
recorded concentrations above 15 pg/L. As blood manganese concentrations are known to increase
during pregnancy and be significantly higher in cord than in maternal blood samples at delivery
(Gunier et al., 2014; Takser et al., 2004; Tholin et al., 1995; Yamamoto et al., 2019), it is likely that an
even greater percentage of women would have been exposed to higher concentrations of Mn by the
end of pregnancy than that measured at ANC2. Several studies link adverse effects on birth size
parameters with both low and high concentrations of Manganese in maternal and/or cord blood
(Guan et al., 2014; Yamamoto et al., 2019; Zota et al., 2009) and between higher concentrations of
manganese and impaired child neurodevelopment (Chung et al., 2015; Claus Henn et al., 2017; Lin et
al., 2013; Takser et al., 2003). Evidence from other studies also supports a close interaction between
manganese and iron, particularly in an iron deficient state, in terms of their transport and absorption
mechanisms into the body (Bjgrklund et al., 2017; Margrete Meltzer et al., 2010). Blood Mn
concentrations have been found to be higher among pregnant women (Tholin et al., 1995). Low iron
status may also increase manganese concentration in certain brain areas as demonstrated in animal
studies (Erikson et al., 2004, 2005).

The results for Mn, Cd and Pb appear to be consistent with reported transport affinities of DMT1
whereby Mn and Cd are transported in preference to iron and Pb (Garrick et al., 2006). The slightly
lower increase in Pb concentrations compared to Mn and Cd for the same change in serum ferritin
concentrations for both pre-pregnancy and ANC2 results may indicate the competition between
these metals for absorption through this transport mechanism. A similar pattern was found in a
Norwegian cohort monitored for metals mid-pregnancy where blood concentrations of Mn and Cd
were found to be significantly higher in women who were iron deficient, with a greater difference in
Mn concentrations compared to Cd concentrations. Pb concentrations in this cohort however were
not found to be significantly different between iron deficient and non-iron deficient women
(Caspersen et al., 2019).
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4.3 Selenium

For optimal activity of Se dependent proteins, concentrations in whole blood would be expected to
be in the range 125-163 pg/L (Muecke et al., 2018). This is similar to the concentrations measured in
the first trimester for women in this study where the median value was 149.1 and the inter-quartile
range 132.1-167.3 pg/L. Although a significant positive association was found between serum ferritin
concentrations and Se concentrations, the effect was quite small. For example all other parameters
being equal, the difference between Se concentration if increasing from the minimum pre-pregnancy
serum ferritin concentration of 4.3 to the average of 42 pg/l would be an increase of 7 pug/l which is a
relatively small difference on the scale of the Se results measured. Similar results were found in a
mid-pregnancy cohort where a small but significant increase in blood Se concentrations was found in
non iron deficient women compared to iron deficient women (Caspersen et al., 2019). The adjusted R
squared values for the Se models in this study were the lowest of those that found a significant
association explaining only 7% to 8% of the variation in the dataset indicating that other important
factors are certainly influencing Se values. Although there is some evidence that low selenium
concentrations can be associated with anaemia and iron deficiency anaemia, increasing iron stores is
not thought to have a direct effect on selenium uptake (Glirgoze et al., 2004; Semba et al., 2009;
Viita et al., 1989; Yetgin et al., 1992).

4.4 Limitations and Strengths

There are several factors that add to measurement uncertainty in the dataset. The time between the
blood draw before pregnancy and pregnancy confirmation varied widely from just over 2 weeks to
almost 2 years and iron status may have changed over time. There were also differences in the
timing of ANC visits meaning that iron supplementation would have started at different points during
the pregnancy and that what was intended as the first trimester blood draw did not take place until
early in the second trimester for 16% of women in the sample and both of these could have affected
the concentrations of metals measured. In particular Mn has a relatively low half-life in blood of
around 30 days (Finley et al., 2003) so changes in iron status between the pre-pregnancy and ANC2
blood draw may not fully reflect Mn exposure over that time period. Nevertheless, there was a
strong correlation between serum ferritin concentrations at the pre-pregnancy and ANC2 blood
draws (rs=0.65) which implies that the differing time periods did not change relationships too much.
If some women experienced longer periods of iron supplementation than others, this may have
resulted in some low pre-pregnancy serum ferritin concentrations not corresponding to higher
concentrations of Mn at ANC2. This would have reduced the strength of the associations found in the
regression analysis as well as reducing the value of the coefficients. Conversely, for the women who
were not tested for metals until the second trimester of pregnancy, metal concentrations may look
higher than they actually were for a normal serum ferritin concentration, given that the uptake of
some metals increase during pregnancy. This would have had the opposite effect on the regression
coefficients, potentially increasing above their true value while also reducing the strength of the
association.

The major strength of this study is that detailed information was collected prior to conception which
is not often available in comparable pregnancy cohorts. The number of metals assessed and the
ability to correct for inflammation in this context adds to understanding of environmental exposures
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in Benin for which there are few existing studies. It highlights that women with lower iron stores
prior to pregnancy, even if not classified as iron deficient, are at risk of absorbing higher amounts of
metals from their environments that are detrimental to the health of both mother and child. It is
suggested that testing the effects of iron and folic acid supplementation beginning prior to
conception on concentrations of Mn, Cd and Pb during pregnancy would be worthwhile to determine
if fetal exposures can be reduced without any other negative effects.

5. Conclusion

This study shows that serum ferritin concentrations are negatively associated with increased uptake
of the toxic metals Mn, Cd and Pb in pregnancy. Importantly, lower serum ferritin concentrations
prior to conception were found to be associated with higher concentrations of Mn, Cd and Pb
suggesting that increasing iron both before and during pregnancy may limit uptake of these metals.
These results argue in favour of testing the effects of iron supplementation prior to pregnancy to
better safeguard foetal development.



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

6. References

Accrombessi, M., Yovo, E., Cottrell, G., Agbota, G., Gartner, A., Martin-Prevel, Y., Fanou-Fogny, N.,
Djossinou, D., Zeitlin, J., Tuikue-Ndam, N., Bodeau-Livinec, F., Houzé, S., Jackson, N.,
Ayemonna, P., Massougbodiji, A., Cot, M., Fievet, N., & Briand, V. (2018). Cohort profile :
Effect of malaria in early pregnancy on fetal growth in Benin (RECIPAL preconceptional
cohort). BMJ Open, 8(1), e019014. https://doi.org/10.1136/bmjopen-2017-019014

Anderson, G. J., & Frazer, D. M. (2017). Current understanding of iron homeostasis. The American
Journal of Clinical Nutrition, 106(suppl_6), 15595-1566S.
https://doi.org/10.3945/ajcn.117.155804

Arnaud, J., & van Dael, P. (2018). Selenium Interactions with Other Trace Elements, with Nutrients
(and Drugs) in Humans. In B. Michalke (Ed.), Selenium (p. 413-447). Springer International
Publishing. https://doi.org/10.1007/978-3-319-95390-8 22

ATSDR. (2012a). Toxicological Profile for Cadmium. 487.

ATSDR. (2012b). Toxicological Profile for Manganese. U.S. Department of Health and Human Services,
Public Health Service  Agency for Toxic Substances and Disease Registry, 556.

ATSDR - Toxicological Profile : Lead. (s. d.). Consulté 20 ao(t 2020, a I'adresse
https://www.atsdr.cdc.gov/toxprofiles/tp.asp?id=96&tid=22

Ba, D. M., Ssentongo, P., Kjerulff, K. H., Na, M., Liu, G., Gao, X., & Du, P. (2019). Adherence to Iron
Supplementation in 22 Sub-Saharan African Countries and Associated Factors among
Pregnant Women : A Large Population-Based Study. Current Developments in Nutrition,
3(12). https://doi.org/10.1093/cdn/nzz120

Bellinger, D. C. (2005). Teratogen update : Lead and pregnancy. Birth Defects Research. Part A,
Clinical and Molecular Teratology, 73(6), 409-420. https://doi.org/10.1002/bdra.20127

Bjerklund, G., Aaseth, J., Skalny, A. V., Suliburska, J., Skalnaya, M. G., Nikonorov, A. A., & Tinkov, A. A.
(2017). Interactions of iron with manganese, zinc, chromium, and selenium as related to

prophylaxis and treatment of iron deficiency. Journal of Trace Elements in Medicine and



474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

Biology: Organ of the Society for Minerals and Trace Elements (GMS), 41, 41-53.
https://doi.org/10.1016/j.jtemb.2017.02.005

Bothwell, T. H. (2000). Iron requirements in pregnancy and strategies to meet them. The American
Journal of Clinical Nutrition, 72(1), 2575-264S. https://doi.org/10.1093/ajcn/72.1.257S

Bressler. (s. d.). Divalent Metal Transporter 1 in Lead and Cadmium Transport—BRESSLER - 2004—
Annals of the New York Academy of Sciences— Wiley Online Library. Consulté 14 aolt 2019, a
I'adresse
https://nyaspubs.onlinelibrary.wiley.com/doi/abs/10.1196/annals.1306.011?sid=nIm%3Apu
bmed

Budtz-Jgrgensen, E., Bellinger, D., Lanphear, B., Grandjean, P., & International Pooled Lead Study
Investigators. (2013). An international pooled analysis for obtaining a benchmark dose for
environmental lead exposure in children. Risk Analysis: An Official Publication of the Society
for Risk Analysis, 33(3), 450-461. https://doi.org/10.1111/j.1539-6924.2012.01882.x

Caspersen, I. H., Thomsen, C., Haug, L. S., Knutsen, H. K., Brantseeter, A. L., Papadopoulou, E., Erlund,
I., Lundh, T., Alexander, J., & Meltzer, H. M. (2019). Patterns and dietary determinants of
essential and toxic elements in blood measured in mid-pregnancy : The Norwegian
Environmental Biobank. Science of The Total Environment, 671, 299-308.
https://doi.org/10.1016/j.scitotenv.2019.03.291

CDC. (2010). Leadandpregnancy2010.pdf.
https://www.cdc.gov/nceh/lead/publications/leadandpregnancy2010.pdf

Chung, S. E., Cheong, H.-K., Ha, E.-H., Kim, B.-N., Ha, M., Kim, Y., Hong, Y.-C., Park, H., & Oh, S.-Y.
(2015). Maternal Blood Manganese and Early Neurodevelopment : The Mothers and
Children’s Environmental Health (MOCEH) Study. Environmental Health Perspectives, 123(7),
717-722. https://doi.org/10.1289/ehp.1307865

Claus Henn, B., Bellinger, D. C., Hopkins, M. R., Coull, B. A., Ettinger, A. S., Jim, R., Hatley, E.,

Christiani, D. C., & Wright, R. O. (2017). Maternal and Cord Blood Manganese Concentrations



500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

and Early Childhood Neurodevelopment among Residents near a Mining-Impacted Superfund
Site. Environmental Health Perspectives, 125(6). https://doi.org/10.1289/EHP925

Erikson, K. M., Syversen, T., Aschner, J. L., & Aschner, M. (2005). Interactions between excessive
manganese exposures and dietary iron-deficiency in neurodegeneration. Environmental
Toxicology and Pharmacology, 19(3), 415-421. https://doi.org/10.1016/j.etap.2004.12.053

Erikson, K. M., Syversen, T., Steinnes, E., & Aschner, M. (2004). Globus pallidus : A target brain region
for divalent metal accumulation associated with dietary iron deficiency. The Journal of
Nutritional Biochemistry, 15(6), 335-341. https://doi.org/10.1016/j.jnutbio.2003.12.006

Esteban-Vasallo Maria D., Aragonés Nuria, Pollan Marina, Lopez-Abente Gonzalo, & Perez-Gomez
Beatriz. (2012). Mercury, Cadmium, and Lead Levels in Human Placenta : A Systematic
Review. Environmental Health Perspectives, 120(10), 1369-1377.
https://doi.org/10.1289/ehp.1204952

Finley, J. W., Penland, J. G., Pettit, R. E., & Davis, C. D. (2003). Dietary Manganese Intake and Type of
Lipid Do Not Affect Clinical or Neuropsychological Measures in Healthy Young Women. The
Journal of Nutrition, 133(9), 2849-2856. https://doi.org/10.1093/jn/133.9.2849

Garrick, M. D., Singleton, S. T., Vargas, F., Kuo, H.-C., Zhao, L., Knopfel, M., Davidson, T., Costa, M.,
Paradkar, P., Roth, J. A., & Garrick, L. M. (2006). DMT1 : Which metals does it transport?
Biological Research, 39(1), 79-85. https://doi.org/10.4067/50716-97602006000100009

Georgieff, M. K., Ramel, S. E., & Cusick, S. E. (2018). Nutritional influences on brain development.
Acta Paediatrica, 107(8), 1310-1321. https://doi.org/10.1111/apa.14287

Guan, H., Wang, M., Li, X., Piao, F., Li, Q., Xu, L., Kitamura, F., & Yokoyama, K. (2014). Manganese
concentrations in maternal and umbilical cord blood : Related to birth size and
environmental factors. European Journal of Public Health, 24(1), 150-157.

https://doi.org/10.1093/eurpub/ckt033



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

Gundacker, C., & Hengstschlager, M. (2012). The role of the placenta in fetal exposure to heavy
metals. Wiener Medizinische Wochenschrift, 162(9), 201-206.
https://doi.org/10.1007/s10354-012-0074-3

Gunier, R. B., Mora, A. M., Smith, D., Arora, M., Austin, C., Eskenazi, B., & Bradman, A. (2014).
Biomarkers of Manganese Exposure in Pregnant Women and Children Living in an
Agricultural Community in California. Environmental Science & Technology, 48(24),
14695-14702. https://doi.org/10.1021/es503866a

Giirgdéze, M. K., Denizmen Aygiin, A., Olgiici, A., Dogan, Y., & Yilmaz, E. (2004). Plasma selenium
status in children with iron deficiency anemia. Journal of Trace Elements in Medicine and
Biology, 18(2), 193-196. https://doi.org/10.1016/].jtemb.2004.07.004

Guy, M., Accrombessi, M., Fievet, N., Yovo, E., Massougbodji, A., Le Bot, B., Glorennec, P., Bodeau-
Livinec, F., & Briand, V. (2018). Toxics (Pb, Cd) and trace elements (Zn, Cu, Mn) in women
during pregnancy and at delivery, South Benin, 2014-2015. Environmental Research, 167,
198-206. https://doi.org/10.1016/j.envres.2018.06.054

INSAE, & ICF. (2019). Enquéte Démographique et de Santé au Bénin, 2017-2018. Institut National de
la Statistique et de I’Analyse Economique (INSAE) et ICF.
https://dhsprogram.com/pubs/pdf/FR350/FR350.pdf

Kim, Y. (2018). Effect of Iron Deficiency on the Increased Blood Divalent Metal Concentrations. Iron
Deficiency Anemia. https://doi.org/10.5772/intechopen.78958

Kim, Y., Kim, B.-N., Hong, Y.-C., Shin, M.-S., Yoo, H.-J., Kim, J.-W., Bhang, S.-Y., & Cho, S.-C. (2009). Co-
exposure to environmental lead and manganese affects the intelligence of school-aged
children. Neurotoxicology, 30(4), 564-571. https://doi.org/10.1016/j.neuro.2009.03.012

Kippler, M., Tofail, F., Hamadani, J. D., Gardner, R. M., Grantham-McGregor, S. M., Bottai, M., &
Vahter, M. (2012). Early-Life Cadmium Exposure and Child Development in 5-Year-Old Girls
and Boys : A Cohort Study in Rural Bangladesh. Environmental Health Perspectives, 120(10),

1462-1468. https://doi.org/10.1289/ehp.1104431



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

Lin, C.-C., Chen, Y.-C,, Su, F.-C., Lin, C.-M., Liao, H.-F., Hwang, Y.-H., Hsieh, W.-S., Jeng, S.-F., Su, Y.-N.,
& Chen, P.-C. (2013). In utero exposure to environmental lead and manganese and
neurodevelopment at 2 years of age. Environmental Research, 123, 52-57.
https://doi.org/10.1016/j.envres.2013.03.003

Loréal, O., Cavey, T., Bardou-Jacquet, E., Guggenbubhl, P., Ropert, M., & Brissot, P. (2014). Iron,
hepcidin, and the metal connection. Frontiers in Pharmacology, 5.
https://doi.org/10.3389/fphar.2014.00128

Madejczyk, M. S., & Ballatori, N. (2012). The iron transporter ferroportin can also function as a
manganese exporter. Biochimica Et Biophysica Acta, 1818(3), 651-657.
https://doi.org/10.1016/j.bbamem.2011.12.002

Mandy, M., & Nyirenda, M. (2018). Developmental Origins of Health and Disease : The relevance to
developing nations. International Health, 10(2), 66-70.
https://doi.org/10.1093/inthealth/ihy006

Margrete Meltzer, H., Lise Brantsaeter, A., Borch-lohnsen, B., Ellingsen, D. G., Alexander, J.,
Thomassen, Y., Stigum, H., & Ydersbond, T. A. (2010). Low iron stores are related to higher
blood concentrations of manganese, cobalt and cadmium in non-smoking, Norwegian
women in the HUNT 2 study. Environmental Research, 110(5), 497-504.
https://doi.org/10.1016/j.envres.2010.03.006

Menezes-Filho, J. A., Carvalho, C. F., Rodrigues, J. L. G., Araljo, C. F. S., dos Santos, N. R, Lima, C. S.,
Bandeira, M. J., Marques, B. L. de S., Anjos, A. L. S., Bah, H. A. F., Abreu, N., Philibert, A., &
Mergler, D. (2018). Environmental Co-Exposure to Lead and Manganese and Intellectual
Deficit in School-Aged Children. International Journal of Environmental Research and Public
Health, 15(11). https://doi.org/10.3390/ijerph15112418

Moya-Alvarez, V., Cottrell, G., Ouédraogo, S., Accrombessi, M., Massougbodgi, A., & Cot, M. (2017).

High Iron Levels Are Associated with Increased Malaria Risk in Infants during the First Year of



575 Life in Benin. The American Journal of Tropical Medicine and Hygiene, 97(2), 497-503.
576 https://doi.org/10.4269/ajtmh.16-0001

577 Muecke, R., Waldschock, K., Schomburg, L., Micke, O., Buentzel, J., Kisters, K., Adamietz, I. A., &

578 Huebner, J. (2018). Whole Blood Selenium Levels and Selenium Supplementation in Patients
579 Treated in a Family Doctor Practice in GolRen (State of Brandenburg, Germany) : A

580 Laboratory Study. Integrative Cancer Therapies, 17(4), 1132-1136.

581 https://doi.org/10.1177/1534735418807971

582 Muriuki, J. M., Mentzer, A. J., Kimita, W., Ndungu, F. M., Macharia, A. W., Webb, E. L., Lule, S. A.,

583 Morovat, A,, Hill, A. V. S., Bejon, P., Elliott, A. M., Williams, T. N., & Atkinson, S. H. (2019).
584 Iron Status and Associated Malaria Risk Among African Children. Clinical Infectious Diseases:
585 An Official Publication of the Infectious Diseases Society of America, 68(11), 1807-1814.

586 https://doi.org/10.1093/cid/ciy791

587 Mwangi, M. N., Echoka, E., Knijff, M., Kaduka, L., Werema, B. G., Kinya, F. M., Mutisya, R., Muniu, E.

588 M., Demir, A. Y., Verhoef, H., & Bourdet-Sicard, R. (2019). Iron Status of Kenyan Pregnant
589 Women after Adjusting for Inflammation Using BRINDA Regression Analysis and Other
590 Correction Methods. Nutrients, 11(2). https://doi.org/10.3390/nu11020420

591 Namaste, S. M., Rohner, F., Huang, J., Bhushan, N. L., Flores-Ayala, R., Kupka, R., Mei, Z., Rawat, R.,

592 Williams, A. M., Raiten, D. J., Northrop-Clewes, C. A., & Suchdev, P. S. (2017). Adjusting

593 ferritin concentrations for inflammation : Biomarkers Reflecting Inflammation and Nutritional
594 Determinants of Anemia (BRINDA) project. The American Journal of Clinical Nutrition,

595 106(Suppl 1), 3595-3718S. https://doi.org/10.3945/ajcn.116.141762

596 Petry, N., Olofin, I., Hurrell, R. F., Boy, E., Wirth, J. P., Moursi, M., Donahue Angel, M., & Rohner, F.
597 (2016). The Proportion of Anemia Associated with Iron Deficiency in Low, Medium, and High
598 Human Development Index Countries : A Systematic Analysis of National Surveys. Nutrients,

599 8(11). https://doi.org/10.3390/nu8110693



600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

Radlowski, E. C., & Johnson, R. W. (2013). Perinatal iron deficiency and neurocognitive development.
Frontiers in Human Neuroscience, 7. https://doi.org/10.3389/fnhum.2013.00585

Rahman, A., Kumarathasan, P., & Gomes, J. (2016). Infant and mother related outcomes from
exposure to metals with endocrine disrupting properties during pregnancy. The Science of
the Total Environment, 569-570, 1022-1031. https://doi.org/10.1016/j.scitotenv.2016.06.134

Rossipal, E., Krachler, M., Li, F., & Micetic-Turk, D. (2000). Investigation of the transport of trace
elements across barriers in humans : Studies of placental and mammary transfer. Acta
Paediatrica (Oslo, Norway: 1992), 89(10), 1190-1195.

Sangaré, L., van Eijk, A. M., ter Kuile, F. O., Walson, J., & Stergachis, A. (2014). The Association
between Malaria and Iron Status or Supplementation in Pregnancy : A Systematic Review and
Meta-Analysis. PLoS ONE, 9(2). https://doi.org/10.1371/journal.pone.0087743

Semba, R., Ricks, M., Ferrucci, L., Xue, Q.-L., Guralnik, J., & Fried, L. (2009). Low serum selenium is
associated with anemia among older adults in the United States. European journal of clinical
nutrition, 63(1), 93-99. https://doi.org/10.1038/sj.ejcn.1602889

Stephenson, J., Heslehurst, N., Hall, J., Schoenaker, D. A. J. M., Hutchinson, J., Cade, J., Poston, L.,
Barrett, G., Crozier, S., Kumaran, K., Yanjik, C., Barker, M., Baird, J., & Mishra, G. (2018).
Before the beginning : Nutrition and lifestyle in the preconception period and its importance
for future health. Lancet (London, England), 391(10132), 1830-1841.
https://doi.org/10.1016/50140-6736(18)30311-8

Sun, H.-J., Rathinasabapathi, B., Wu, B., Luo, J., Pu, L.-P., & Ma, L. Q. (2014). Arsenic and selenium
toxicity and their interactive effects in humans. Environment International, 69, 148-158.
https://doi.org/10.1016/j.envint.2014.04.019

Takser, L., Lafond, J., Bouchard, M., St-Amour, G., & Mergler, D. (2004). Manganese levels during
pregnancy and at birth : Relation to environmental factors and smoking in a Southwest
Quebec population. Environmental Research, 95(2), 119-125.

https://doi.org/10.1016/j.envres.2003.11.002



626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

Takser, L., Mergler, D., Hellier, G., Sahuquillo, J., & Huel, G. (2003). Manganese, Monoamine
Metabolite Levels at Birth, and Child Psychomotor Development. NeuroToxicology, 24(4),
667-674. https://doi.org/10.1016/50161-813X(03)00058-5

Tholin, K., Sandstrém, B., Palm, R., & Hallmans, G. (1995). Changes in Blood Manganese Levels During
Pregnancy in Iron Supplemented and non Supplemented Women. Journal of Trace Elements
in Medicine and Biology, 9(1), 13-17. https://doi.org/10.1016/50946-672X(11)80003-9

Truska, P., Rosival, L., Balazova, G., Hinst, J., Rippel, A., Palusova, O., & Grunt, J. (1989). Blood and
placental concentrations of cadmium, lead, and mercury in mothers and their newborns.
Journal of Hygiene, Epidemiology, Microbiology, and Immunology, 33(2), 141-147.

Viita, L. M., Mutanen, M. L., & Mykk&nen, H. M. (1989). Selenium-iron interaction in young women
with low selenium status. Journal of Human Nutrition and Dietetics, 2(1), 39-42.
https://doi.org/10.1111/j.1365-277X.1989.tb00006.x

WHO. (2015). The Global Prevalence of Anemia in 2011.
https://apps.who.int/iris/bitstream/handle/10665/177094/9789241564960_eng.pdf?sequen
ce=1

WHO. (2016). Prevalence of anaemia in women of reproductive age—Estimates by WHO region.
WHO; World Health Organization.
https://apps.who.int/gho/data/view.main. ANAEMIAWOMENPREVANEMIAREG?lang=en

WHO. (2020). WHO Guideline on use of ferritin concentrations to assess iron status in individuals and
populations. World Health Organization, Geneva.
https://www.who.int/publications/i/item/9789240000124

WHO recommendations on antenatal care for a positive pregnancy experience. (2016). World Health
Organization.

Yamamoto, M., Sakurai, K., Eguchi, A., Yamazaki, S., Nakayama, S. F., Isobe, T., Takeuchi, A., Sato, T.,
Hata, A., Mori, C., Nitta, H., Ohya, Y., Kishi, R., Yaegashi, N., Hashimoto, K., Mori, C., Ito, S.,

Yamagata, Z., Inadera, H., ... Katoh, T. (2019). Association between blood manganese level



652

653

654

655

656

657

658

659

during pregnancy and birth size : The Japan environment and children’s study (JECS).
Environmental Research, 172, 117-126. https://doi.org/10.1016/j.envres.2019.02.007
Yetgin, S., Hincal, F., Bagaran, N., & Ciliv, G. (1992). Serum Selenium Status in Children with Iron
Deficiency Anemia. Acta Haematologica, 88(4), 185-188. https://doi.org/10.1159/000204683
Zota, A. R., Ettinger, A. S., Bouchard, M., Amarasiriwardena, C. J., Schwartz, J., Hu, H., & Wright, R. O.
(2009). Maternal Blood Manganese Levels and Infant Birth Weight. Epidemiology

(Cambridge, Mass.), 20(3), 367-373. https://doi.org/10.1097/EDE.Ob013e31819b93c0



660

661

662
663

664

665
666

Supplementary Materials

Table S1: Maternal blood metal concentrations at ANC2 visit (ug/l)

Metal n LoQ %<L0Q Geometric Mean Median Min Max IQR
(ne/L) (95%Cl)

Mn 262 5 0 11.0 (10.6, 11.4) 11.2 5.12 41.7 8.76-13.2
Cu 262 200 0 1318 (1289, 1348) 1333 743.4 2378 1165-1490
Zn 262 200 0 5157 (5019, 5298) 5074 2596 13167 4541-5830
Se 202 20 0 148.1 (144.4, 151.9) 149.1 89.6 235.7 132.1-167.3
Pb 262 2 0 31.6 (30.3, 32.9) 31.3 14.7 366.5 25.7-38.9
Cd° 262 0.25 43 0.254 (0.242, 0.266) 0.253 0.177 1.01 0.177-0.331
Hg® 202 0.4 1.5 1.20 (1.13, 1.27) 1.20 0.283 3.98 0.907-1.56
As 202 1.0 0 5.96 (5.67, 6.26) 5.84 2.04 16.6 4.65-7.22

*Results below the limit of quantification (LOQ) were replaced by the LOQ divided by the square root of 2. For Cd the

number of results below LOQ was 113 and for Hg 3.

Table S2: Correlations between metals at ANC2 — Spearman rank correlation test

Metal Mn Cu Zn Se Pb Cd° Hg’ As
Mn 1

Cu 0.03 1

Zn 0.29 -0.03 1

Se -0.01 0.01 0.10 1

Pb 0.31 0.03 0.14 0.08 1

Cd? 0.37 0.03 0.21 0.008 0.29 1

Hg® 0.11 0.08 0.14 0.65 0.14 0.07 1

As -0.003 0.17 -0.04 0.12 0.10 0.04 | 0.20 1

aResults below the limit of quantification (LOQ) were replaced by the LOQ divided by the square root of 2. For Cd the
number of results below LOQ was 113 and for Hg 3




