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Abstract

Introduction: Manganese and lead have been cross-sectionally associated with adverse
respiratory outcomes in childhood but there is limited data on their combined effects starting

in utero. We examined associations between /7 utero exposure to metals and childhood respiratory
symptoms.

Methods: We assessed 633 mother-child dyads enrolled in the Programming Research in
Obesity, Growth, Environment, and Social Stressors (PROGRESS) birth cohort in Mexico City.
Blood manganese (BMn) and lead (BPb) were measured in mothers at 2"d and 3'd trimester. Ever
wheeze, current wheeze and asthma diagnosis were ascertained at 4-5 and 67 year visits through
the International Study of Asthma and Allergies in Childhood survey. Logistic mixed model
regression was used to assess the association between prenatal metals and respiratory outcomes
in children across the 4-5 and 67 year visits. Covariates included mother’s age, education and
asthma, environmental tobacco smoke, child’s sex and assessment time.
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Results: In adjusted models, higher 219 trimester BPb had a significant association with elevated
odds of ever wheeze (Odds Ratio (OR): 1.97, 95% CI: 1.05, 3.67). BMn at 2" trimester was
associated with decreased (OR: 0.06, 95% CI: 0.01, 0.35) odds of current wheeze. We did not find
any statistically significant associations with 3 trimester blood metals.

Conclusion: Prenatal exposure to Pb was associated with higher odds of ever wheeze while
Mn was negatively associated with odds of current wheeze. These findings underscore the need
to consider prenatal metal exposure, including low exposure levels, in the study of adverse
respiratory outcomes.

Introduction

Wheezing in childhood is associated with substantial morbidity and health care utilization
in Latin America (Asher et al., 2007; Bloom et al., 2013; Gold et al., 2013), and is a

risk factor for asthma development (Gern et al., 1999). The fetal environment has been
shown to be a previously unrecognized contributor to disease risk (Hanson and Gluckman,
2011; Hanson et al., 2019) including lung disease (Heyob et al., 2019; Lai et al., 2019;
Melen and Guerra, 2017; Rosa et al., 2018). Lung development begins prenatally through a
carefully coordinated sequence of events that are vulnerable to disruption by even relatively
low-dose environmental exposures, which can alter the maturation of organ systems and
impact developmental trajectories which affect the respiratory system later in life (Pinkerton
and Joad, 2006). During the first half of gestation, the development of bronchi occurs along
with the branching of the airways. Throughout the second half of gestation, the alveoli
develop and the lungs continue to mature in number, size, and the complexity of the alveoli
years after birth (De Luca et al., 2010). Alteration of fetal programming and dysfunctional
remodeling of lung cells may occur when the fetus is exposed to noxious stimuli. /n7

utero environmental exposures may thus alter fetal lung development, predisposing the
fetus to future respiratory disease. Identifying early life risk factors that may be amenable
to intervention, can provide mechanistic information to better elucidate the link between
environmental exposures and childhood respiratory disease and inform the timing these
interventions.

An understudied but ubiquitous perinatal risk factor are metals. Globally, millions of people
are exposed to manganese (Mn) and lead (Pb) from naturally occurring and anthropogenic
sources like pesticides, sewage discharge, fertilizers, industrial waste contaminating air,
drinking water, diet and soil and other occupational sources (EPA, 2003; Lin et al., 2021;
Mazari-Hiriart et al., 2019; Nriagu, 1988; Pantic et al., 2018). While Mn is an essential
nutrient, it has been shown to be toxic at elevated levels and interact with other co-ocurring
metal exposures like Pb (Sanders et al., 2015). Additionally in Mexico, the site of our study,
traditional lead-glazed ceramics used in food preparation and storage have been identified as
important sources of Pb exposure (Avila et al., 1991; Pantic et al., 2018; Tellez-Rojo et al.,
2019). Metals are drivers of oxidative stress (OS), either by catalyzing redox reactions (i.e.
Fenton reaction), replacing cofactors in enzymatic reactions, or binding to sulfhydryl groups
inactivating anti-oxidant enzymes (Jomova and Valko, 2011). Inflammation secondary to
these metals during the prenatal and early postnatal periods may disturb progenitor cell
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differentiation and alter lung structure resulting in both reduced function after birth and
increased susceptibility to lung disease in adulthood (Cao et al., 2016).

There is also epidemiological evidence linking Mn and Pb exposure to respiratory outcomes
in children and adults, mostly in cross-sectional studies (Kim et al., 2019; Pesce et al.,
2021; Shaheen et al., 2004). Prenatal but not concurrent blood Pb was associated with
increased risk for atopic sensitization to common aeroallergens in children at 5 years of age
in Poland; this study suggested even low levels of /n utero Pb exposure may be implicated
in the process of allergic sensitization (Jedrychowski et al., 2011). Personal air Mn levels
were associated with greater odds of report of asthma and asthma medication use in a cross-
sectional study of adolescents living in Brescia, Italy (Rosa et al., 2016). Cross-sectional
exposure to Pb has also been associated with lung function deficits in children (Little et

al., 2017; Madrigal et al., 2018; Zheng et al., 2013). Furthermore, susceptibility to /n utero
metal exposure has also been shown to vary by fetal sex (Kasten-Jolly and Lawrence, 2017;
Signes-Pastor et al., 2019; Singh et al., 2018; Winterbottom et al., 2019). Data from both
animal and human studies also demonstrates lung development differs by sex (Ishak et al.,
2014; Torday and Nielsen, 1987), but the environmental exposures that may contribute to
these differences are not well understood.

Therefore, we leveraged longitudinal data from the Programming Research in Obesity,
Growth, Environment and Social Stressors (PROGRESS) birth cohort study in Mexico City
to address these research gaps. We assessed the associations between 2" and 37 trimester
blood Mn (BMn) and Pb (BPb) levels and wheeze/asthma outcomes at ages 4-7 years. We
hypothesized that higher prenatal metals exposure would be associated with increased risk of
childhood wheeze/asthma. We also examined potential sex differences.

Study Participants

Between July 2007 and February 2011, the PROGRESS study recruited pregnant women
receiving prenatal care at Mexican Social Security System (IMSS) clinics. The inclusion
criteria included the following: < 20 weeks pregnant, =18 years, no history of kidney or
heart disease, telephone access, and intention to reside in Mexico City for a minimum of
three years. Additional inclusion criteria details have been described elsewhere (Burris et
al., 2013). The Icahn School of Medicine at Mount Sinai, Harvard T.H. Chan School of
Public Health and the Mexico National Institute of Public Health institutional review boards
approved the study protocols. Women provided written informed consent.

Respiratory outcomes

The International Study of Asthma and Allergies in Childhood (ISAAC) questionnaire,
which has been validated in Spanish (Asher et al., 2007) was administered during the

4-5 and 6-7 year study visits. Caregiver’s yes/no responses to “Has your child ever had
wheezing or whistling in the chest at any time in the past?”, “Has your child had wheezing
or whistling in the chest in the last 12 months?”, and “Has your child ever had asthma
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in their life?” were used to define ever wheeze, current wheeze, and asthma diagnosis,
respectively.

Prenatal metals

Covariates

Venous whole blood samples were collected at enrollment in royal blue top vacutainer tubes
with potassium ethylenediaminetetraacetate (K2EDTA) (Becton-Dickinson and Company,
Franklin Lakes, New Jersey). Prenatal metal (ug/dL) levels of Pb and Mn were analyzed
using a dynamic reaction cell-inductively coupled plasma mass spectrometer (ICP-DRC-
MS) (Elan 6100; PerkinElmer, Norwalk, CT). Further quality control details have been
previously described (Mullin et al., 2019; Tamayo et al., 2016). Blood metals were converted
from micrograms per deciliter (ug/dL) to micrograms per liter (ug/L) for our study analyses.
Additionally, blood metals were natural log transformed due to being right skewed.

Mother’s age, maternal education, and environmental tobacco smoke information was
collected via questionnaire at enrollment. Child’s sex (male/female) was collected at
delivery. Maternal education was collapsed into three categories: < high school, high school,
and > high school. Exposure to environmental tobacco smoke was determined based on
whether the mothers reported having household members who smoke inside the home
during the 2" or 3'd trimester of pregnancy. Maternal asthma was based on the mother’s
report of being medically diagnosed with asthma.

Statistical Analysis

Results

We performed descriptive statistics for dependent and explanatory variables, and Spearman
correlations for prenatal metals. We utilized a logistic mixed model regression to assess

the association between prenatal metals and each adverse respiratory outcome while
accommodating for intra-subject correlated observations. All of the logistic mixed models
were performed using the GLIMMIX procedure with a random statement. Three separate
adjusted models were generated for each outcome: ever wheeze, current wheeze and

asthma diagnosis. In all the mixed models, we co-adjusted for both metals and, and

included mother’s age, education and report of ever asthma at enrollment, child’s sex, and
environmental tobacco smoke which were selected a priori based on previous literature.

We also included a term to account for time of outcome assessment. In order to examine
potential metal x sex interactions, we also ran models with the inclusion of product terms for
each metal x sex. SAS 9.4 (SAS, Inc., Cary, NC) was used to perform all statistical analyses.

Study Population

Participants attended 1209 visits across the 4-5 and 6—7 year visit. Among the 948 women
who enrolled in the study and delivered a live birth, 575 participants attended both the 4-5
and 6-7 year visit, 33 participants attended only the 4-5 year visit, and 26 participants
only attended the 6-7 year visit. Table 1 presents information regarding demographic
characteristics, prenatal blood metals, and respiratory outcomes. There were 634 women
who provided responses about wheeze and asthma diagnosis in their children at either the
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4-5 or 6-7 year visit. One participant was excluded from the analysis due to a data error
which left 633 participants in the analytical sample. There was 28.1%, 13.7%, and 5.1%
of women who reported ‘yes’ to their child experiencing ever wheeze, current wheeze, and
asthma diagnosis at either study visit, respectively.

The median and interquartile range (IQR) for BMn and BPb at 2" trimester were 13.7

ug/L (11.1, 17.0) and 28.8 pg/L (19.3, 44.2) respectively. The median IQR for BMn and
BPb at 3™ trimester were 18.3 pg/L (14.8, 22.4) and 30.6 pg/L (20.1, 47.4) respectively.

2" trimester blood metals were weakly correlated with each other (Table 2). The same was
true for correlations across all combinations of the 3™ trimester blood metals. However,
there were strong correlations between the 2" and 3" trimester blood metals, which is why
they were not included in the same models. Among the mothers in the study, 40.1% had

less than a high school education, 30.8% reported exposure to environmental tobacco during
pregnancy, and the median (IQR) age at enrollment was 27.2 (23.3, 31.2) years. The male to
female ratio was evenly distributed among the children.

Multivariable Analysis

Associations between 2" trimester blood metals and each outcome longitudinally across
both 4-5 and 67 year visit are shown in Figures 1-3. As shown in Figure 1, higher 2"
trimester BPb levels had a significant association with elevated odds of ever wheeze (Odds
Ratio (OR): 1.97, 95% ClI: 1.05, 3.67). Higher BMn at 2" trimester was associated with
decreased (OR: 0.06, 95% CI: 0.01, 0.35) odds of current wheeze(Figure 2). We did not
find any statistically significant associations between prenatal metals and asthma diagnosis
(Figure 3) or between 3™ trimester BMn and BPb and any of the respiratory outcomes
(Figure 4-5). The adjusted mixed model for blood metals at 3™ trimester and asthma
diagnosis did not converge. Numerical results are shown in table form in the supplement. We
also did not find evidence of interaction between blood metals and child sex (all interaction
p-values >0.20).

Discussion

We found that higher 2" trimester maternal BPb was associated with higher odds of ever
wheeze in children at age 47 years. In contrast, BMn was associated with lower odds of
current wheeze. We did not find any association between blood metals at 2" trimester and
asthma diagnosis or between 3" trimester metals and any outcome. We also did not find any
evidence of effect modification by sex. While previous studies demonstrated associations
between postnatal and cross-sectional exposure to metals and respiratory outcomes (Kim et
al., 2019; Little et al., 2017; Madrigal et al., 2018; Pesce et al., 2021; Shaheen et al., 2004;
Zheng et al., 2013), there is limited evidence regarding prenatal exposure. In a study among
children in France, prenatal BMn but not BPb was associated with greater risk of asthma

or atopic diseases (Pesce et al., 2021). The duration of atopic dermatitis was positively
correlated with cord blood Pb levels (p=0.002) among children in Seoul (Kim et al., 2019).
However, umbilical cord Pb and Mn was not associated with wheeze among children in the
United Kingdom (Shaheen et al., 2004).
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Pb and Mn can cross the placental barrier which indicates that fetal lung development could
be impaired by maternal exposure during pregnancy (Claus Henn et al., 2017). /n utero
exposure to Pb is associated with lower birth weight for gestational age (Rodosthenous
etal., 2017) and preterm birth (Ashrap et al., 2020), which are risk factors for later lung
dysfunction and alterations in lung development (Briana and Malamitsi-Puchner, 2013;
Smith et al., 2010). BPb has been associated with increased bronchial hyperresponsiveness
(Min et al., 2008). It has also been shown to affect T-dependent immune response and alter
immunoglobulin levels (Min et al., 2008; Wang et al., 2017; Wells et al., 2014). Factors
that impact airway growth in early development seem to cause physiological effects on the
lungs that can be persistent, like wheeze-like illnesses and the /n utero environment is an
important determinant of bronchial responsiveness (Stick, 2000). We also found associations
only with exposure to metals during the second trimester of pregnancy which coincides with
the pseudoglandular and canalicular stages of lung development when conducting airways,
terminal bronchioles, pre-acinar blood vessels, primitive alveoli, type 1 and 2 cells and
surfactant synthesis are being developed (Kajekar, 2007). The developing fetus may be
particularly vulnerable to oxidative stress during this time period because fetal antioxidant
capabilities do not increase until the third trimester (Hsu et al., 2015). Mid-gestation has
also been identified as a potential window of susceptibility to other oxidative exposures
like air pollution. In a Boston birth cohort, air pollution exposure during mid-gestation

was associated with higher risk of asthma at age 6 years (Hsu et al., 2015). Similarly, a
nationwide birth cohort from Taiwan found a significant association between air pollution
exposure during gestational weeks 6-22 and incident asthma (Jung et al., 2019).

We found that prenatal BMn was associated with lower odds of childhood wheeze. Unlike
Pb which has no known nutritional value, Mn is an essential metal in trace amounts, and
there is no established cut-off for Mn toxicity (Chung et al., 2015). The Mn levels in our
study were low compared to Mn levels in other child studies (Chung et al., 2015; Claus
Henn et al., 2017) which may have facilitated Mn being beneficial rather than toxic to

our study population. A study which followed pregnant CD rats and fetuses exposed to
MnSO4 aerosol demonstrated that insaled Mn did not affect tissue Mn levels in the fetus
compared to the control group (Dorman et al., 2005). Mn is eliminated primarily in the
bile after it enters circulation. Ambient Mn may be trapped in the lungs where there is not
an efficient pulmonary removal process for excess Mn (Andersen et al., 1999; Park et al.,
2014). The primary metal exposure route was likely gastrointestinal rather than respiratory
but further research is needed on the source of Mn in this population. Further, we cannot
assess the correlation between BMn levels and respiratory tract Mn levels, which may differ
if there are significant ambient sources of Mn. Our results are consistent with Mn exposure
levels being within the homeostatic range (i.e. low enough to maintain it as a nutrient)
given that higher Mn levels reduced wheezing risk. While excess Mn in the lungs has the
potential to contribute to respiratory issues, Mn at homeostatic levels is well known to in
facilitate the functionality of the antioxidant enzyme, Mn superoxide dismutase (MnSOD)
(Sachdeva et al., 2019). Due to inflammation and oxidative stress being associated with
asthma development, MnSOD’s role in protecting against oxidative stress and inflammation
suggests it can support the prevention of respiratory outcomes (Holley et al., 2011).
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There is a limited number of studies that examined sex differences in the association
between metals and respiratory outcomes. Among them, the metal exposure analyzed was
either mercury or cadmium. Cord blood mercury exposure was associated with persistent
cough in males but not females at the 4-year follow-up visit in Spain (Carrasco et al.,
2021). In this same study, the association between cord blood mercury exposure, wheeze
and severe wheezing at 4-years old was slightly stronger in males though none of the results
were statistically significant (Carrasco et al., 2021). Among Korean children, exposure

to mercury in males at 7-8 years demonstrated an increased risk of incident asthma in
contrast to females (Kim et al., 2015). However, the p-value for the interaction was not
significant. Among children and adolescents in the United States, the association between
urinary cadmium and mid-exhalation forced expiratory flow rate, suggested that cadmium
may affect the respiratory system to a greater degree in males more than females (Madrigal
et al., 2018). As gender-associated risk disparities exist in lung disease (Pinkerton et al.,
2015), sex-specific models will be important at later life stages and in examining objective
phenotype measures like lung function.

This study has several strengths. Our analyses included a large sample size of participants
with longitudinal data collected rigorously over several years. We were able to assess
associations between exposure to several metals and our outcomes. We used a well-validated
instrument to assess respiratory outcomes (Mallol et al., 2010) (Mallol et al., 2000). We used
mixed model logistic regression which enabled us to assess the association between prenatal
metals and wheeze and asthma diagnosis across two study visits in the same multivariate
model. This study also has some limitations. Respiratory symptoms were reported by
caregivers which might subject to recall bias; however, epidemiological studies frequently
use caregiver-reported wheeze (Akinbami et al., 2009; Mallol et al., 2010). Furthermore,

the ISAAC is a standardized questionnaire that has been validated internationally and
specifically in Spanish-speaking populations (Mallol et al., 2010) Future work should
examine more definitive respiratory outcomes like lung function as these children continue
to be followed. We only examined Pb and Mn exposure at two time points in pregnancy

and we cannot rule out the impact of these exposures at other time points in the postnatal
period. As with any observational study, we cannot rule out residual confounding due to
unmeasured factors that may influence wheezing in childhood. PROGRESS is composed of
urban, low-income families and our results may translate to other disadvantaged populations
who face similar exposures to metals.

Conclusion

Prenatal exposure to Pb was associated with higher odds of ever wheeze while Mn was
associated with decreased odds of current wheeze in childhood. Our results highlight

the need to consider prenatal metal exposure and the role metal toxicity may play in
programming respiratory disease starting prenatally. Additionally, future studies should
investigate Mn as a nutrient that may assist in respiratory disease prevention. Enhanced
knowledge of ubiquitous chemical risk factors can inform intervention strategies that may
impact lung function or prevent the development and persistence of symptoms in childhood.
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Figure 1.

Associations between 2™ trimester BPb and BMn, and odds of ever wheeze across the 4-5
and 6-7 year visits*

*Adjusted for maternal age, education and asthma at enrollment, prenatal environmental
tobacco smoke exposure, child’s sex and assessment time.

*Diamond represents p-value <0.05.
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Figure 2.
Associations between 2™ trimester BPb and BMn and odds of current wheeze across the

4-5 and 6-7 year visits*

*Adjusted for maternal age, education and asthma at enrollment, prenatal environmental
tobacco smoke exposure, child’s sex and assessment time.

*Diamond represents p-value <0.05.
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Figure 3.

Associations between 29 trimester BPb and BMn and odds of asthma diagnosis across the

4-5 and 6-7 year visits*

*Adjusted for maternal age, education and asthma at enrollment, prenatal environmental

tobacco smoke exposure, child’s sex and assessment time.
*Diamond represents p-value <0.05.
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Figure 4.

Associations between 3 trimester BPb and BMn and odds of ever wheeze across the 4-5
and 6-7 year visits*

*Adjusted for maternal age, education and asthma at enrollment, prenatal environmental
tobacco smoke exposure, child’s sex and assessment time.

*Diamond represents p-value <0.05.
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Figure 5.

Associations between 3" trimester BPb and BMn and odds of current wheeze across the 4-5
and 6-7 year visits*

*Adjusted for maternal age, education and asthma at enrollment, prenatal environmental
tobacco smoke exposure, child’s sex and assessment time.

*Diamond represents p-value <0.05.
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Table 1.

PROGRESS participant characteristics (N = 633).

n (%) or median (IQR)

Mother’s Age (Years)
Environmental Tobacco Smoke
No
Yes
Maternal Education
Less Than High School
High School
More Than High School
Child’s Sex
Male
Female
Maternal Asthma Diagnosis
No Asthma
Asthma
BMn at 2" Trimester (ug/L)
BPb at 2" Trimester (ug/L)
BMn at 3 Trimester (ug/L)
BPb at 3 Trimester (ug/L)
Ever Wheeze
No Wheeze
Wheeze
Current Wheeze
No Wheeze
Wheeze
Child Asthma Diagnosis
No Asthma
Asthma

27.2(23.3,31.2)

435 (69.2)
194 (30.8)

254 (40.1)
230 (36.3)
149 (23.5)

325 (51.3)
308 (48.7)

626 (98.89)

7 (1.11)

13.7 (11.1, 17.0)
28.8 (19.3, 44.2)
18.3 (14.8, 22.4))
30.6 (20.1, 47.4)

455 (71.9)
178 (28.1)

546 (86.3)
87 (13.7)

601 (94.9)
32 (5.1)
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