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Abstract

In this study we aimed to investigate the levels of selected heavy metals and trace elements
(Hg, Pb, Cd, As, Mn, Se, and Cu) in three different biomatrices —maternal urine (Mu),
neonatal urine (Nu), and cord blood—of preterm newborns born at less than 35 weeks’
gestation who were staying in the NICU and their mothers, and the relationships of these
elements with maternal and neonatal characteristics. Cord Pb, As, and Hg were significantly
lower than in Mu, whereas Se and Cu were higher (p < 0.001). All elements were excreted
more in Mu than in Nu (p < 0.001). Nu levels of Cd, Mn, Se, and Cu were lower, while As
and Hg were higher than in cord blood. Nu metal excretion increased significantly over
time (p < 0.001). Positive correlations were found between MuCu and NuCu (rs = 0.35) and
between maternal Se and maternal age (rs = 0.41). NuHg, MuMn, and cord Mn showed
negative correlations with penile length, and NuHg was also negatively correlated with
anogenital distance. The first and second NuPb levels were positively correlated with birth
weight percentile. The findings suggest transplacental transmission and ongoing exposure
to heavy metals and trace elements in preterm infants, highlighting the importance of
prenatal environmental exposure awareness for healthcare providers.

Keywords: heavy metals; newborns; NICU; toxic; trace elements

1. Introduction
Humans are widely exposed to environmental inorganic pollutants. Of these, heavy

metals such as lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As) are among the
most toxic substances, as ranked by the Agency for Toxic Substances and Disease Reg-
istry (ATSDR) of the Centers for Disease Control (CDC) [1]. The most common ways of
human exposure are through drinking water and food, inhalation of cigarette smoke or
industrial products, or contact with paint or soil [2–4]. Heavy metals are highly toxic
through nerve and liver toxicity, bone deposition, and inhibiting vital enzymes in organ-
isms [5]. Furthermore, because of their many biological differences from adults, fetuses
are highly susceptible to teratogens such as heavy metals, even at low exposure levels that
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are generally harmless to their mothers [6]. Exposure to these metals has been identified
as a potential risk factor for adverse effects on pregnant women and the developing fetus,
including reproductive disorders, low birth weight, reduced birth length, lowered head
and chest circumferences, and poor mental development [4]. During prenatal and early life
developmental stages, fetuses and infants are unable to adequately detoxify and excrete
heavy metals due to their immature immune systems, leading to their accumulation in the
body [7]. Exposure during pregnancy, especially during organogenesis, the most vulnerable
stage of human development due to the high degree of fetal cellular division and differenti-
ation, may cause more detrimental effects, such as permanent structural and anatomical
changes in the fetus [8]. Exposure to heavy metals during organogenesis can result in
permanent structural and anatomical alterations. Alternatively, exposure that occurs after
organogenesis can cause functional problems [9]. The placenta is generally recognized as a
barrier that prevents the passage of harmful substances and protects the embryo and fetus
from toxic exposure. Heavy metals such as Pb, Hg, and As can easily cross the placenta and
accumulate in fetal tissues, while Cd can partially cross the placenta [10]. They potentially
cause damage to developing fetal organs and systems [4,11].

The effects of metals on pregnancy and birth outcomes have been investigated [12–14]
and reviewed in some studies [11,15–17]. Previous studies have linked single metal expo-
sure with adverse birth outcomes. However, subsequent studies have examined multiple
toxic metals and elements, providing a more accurate representation of real-world exposure.
In the literature, studies have been conducted to determine the levels of various metals and
elements in one or, rarely, two or more biological materials, such as maternal blood, urine,
and cord blood [4,18,19]. Studies have reported associations of multiple metal and element
exposures with pregnancy and birth outcomes such as birth weight, neonatal size, preterm
birth, SGA, miscarriage, and placental characteristics [4,8,20].

The CDC has established recommended safe serum levels of Pb (5.0 µg/dL) and
Hg (3.5 µg/L) for pregnant women, but these levels are not available for As and Cd [2].
Cadmium (Cd), a non-essential toxic element for humans, is released into the environment
through various pathways, including smoking, combustion of fossil fuels, mining activities,
sewage sludge, fertilizer application, and industrial waste discharge [21]. Cd exposure
occurs through ingestion, inhalation, and dermal absorption; dietary intake and smoking
are the primary routes for individuals without occupational exposure [7,22]. Cd tends to
accumulate in various human organs, including kidneys, liver, lungs, and bones, with a long
biological half-life of 10–30 years [23]. Cd has been classified as a Group I human carcinogen
due to its carcinogenic properties [7]. Cd can cross the placental barrier and affect the fetus.
In this way, intrauterine Cd exposure has been associated with adverse birth outcomes
such as IUGR, preterm birth, and reduced head circumference [24,25]. Animal studies have
shown that young animals exposed to Cd before birth have shown effects on behavior and
learning [1]. In addition, Cd exposure during childhood is associated with higher body mass
index (BMI), altered sexual characteristics in both males and females, cognitive dysfunction,
and behavioral problems [7,26]. Furthermore, Cd exposure early in life is associated with
an increased risk of chronic diseases later in life, including cardiovascular, renal, and
neurological conditions, and some types of cancer [7,26]. As Cd accumulates in tobacco
leaves, smoking is an important way of exposure that pregnant women should especially
avoid. The CDC’s National Health and Nutrition Examination Survey found that the
detection rate for urine, blood, and serum As, Pb, Hg, and Cd ranged from 83–99% among
both pregnant and non-pregnant women in the US from 1999–2016, with higher mean
urinary total As, urinary Hg, and urinary Pb levels in pregnant compared to non-pregnant
women [27]. Kippler et al. showed an inverse relationship between Cd concentration in
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the placenta and zinc in cord blood, indicating that Cd may impair zinc transfer to the
fetus [28].

Arsenic (As) exists in highly toxic inorganic and non-toxic organic forms. Inorganic As
is found in soil and groundwater, so human exposure occurs primarily through drinking
water, usually from untreated wells. Exposure to organic As occurs through seafood
consumption and is not considered harmful to humans [29]. It can easily cross the placental
barrier and affect the fetus. Studies have shown that pregnant women with high As
exposure detected in urine and blood samples have a significantly higher likelihood of
spontaneous abortion, preterm birth, fetal stillbirth, and congenital abnormalities [30,31].
A study in Wuhan reported that increased maternal urinary total As concentrations were
significantly associated with decreased fetal birth length and birth weight [32]. There are
several epidemiological studies that suggest that oral exposure to inorganic arsenic might
increase the risk of congenital defects or abortion in exposed women. Fry et al. [33] found
that in utero As exposure was associated with a fetal systemic inflammatory response due
to increased proinflammatory cytokines and stress response proteins, leading to biological
changes in signal transduction, cell adhesion, proliferation, and apoptosis. Inorganic As is
considered a group 1 human carcinogen, and there are some data suggesting that it may
increase the risk of transplacental cancer in humans [34].

Mercury (Hg) exposure is hazardous for pregnant women and their babies because
mercury compounds can cross the placenta and the blood–brain barrier, potentially affect-
ing the developing fetus as a developmental neurotoxin [35]. The neurological and renal
systems are the most sensitive targets of mercury toxicity [1]. Animal studies have also
identified cardiovascular, hematological, immunological, and reproductive toxic effects
of mercury [1]. Hg exposure is thought to contribute to adverse birth outcomes due to
mercury’s effect of inducing apoptosis, disrupting the endocrine system, and thus affecting
reproductive hormones, and causing oxidative stress [36]. Hg exposure occurs predom-
inantly through the consumption of contaminated fish. Still, it can also occur through
inhalation of vapors from dental amalgams or industrial processes such as coal burning,
mining, or waste incineration [37]. Hg is widely used in the health sector. Sphygmo-
manometers, thermometers, and certain gastrointestinal devices in a hospital may contain
mercury [38]. If these thermometers and sphygmomanometers are broken, Hg can be
released into the environment and inhaled, causing neurotoxicity [38]. For these reasons,
the use of Hg thermometers and sphygmomanometers has been abandoned in many, but
not all, health institutions, including our hospital. Hg can still be found in many areas of
healthcare facilities, including fluorescent lamp ballasts, thermostat switches, and batter-
ies [35,38,39]. While the confounding effect of fish consumption during pregnancy, which
can provide omega-3 fatty acids and other nutrients essential for the developing fetus,
increases the risk, there is also a potential adverse effect of Hg exposure during pregnancy
on the fetus. In some studies, Hg levels in hair, maternal blood, or cord blood of women
who gave birth preterm were significantly higher than those who gave birth at term and
may be associated with preterm birth [37,40].

Lead (Pb) is an environmental contaminant whose widespread use has caused exten-
sive environmental contamination and health impacts worldwide, and which can pass
freely through the placenta [41]. Consequently, there is considerable concern about the
potential adverse effects of prenatal Pb exposure on the developing fetus. Exposure to
Pb during the fetal period and early life, even at low levels, is associated with preterm
birth and small-for-gestational-age births [42,43]. Pb has been linked to several adverse
health effects, including childhood growth retardation [21], impairment of cognitive and
behavioral functions [44–46], hematopoietic, immunologic, renal, cardiovascular and re-
productive system toxicity even in low levels [46,47]. Since Pb was phased out of gasoline
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in the 1970s, Pb levels in the general population have been reduced [48]. However, hu-
man exposure continues through contaminated dust and soil, drinking water, lead-based
paint, cigarette smoke, byproducts of industrial processes, and ceramic glazes, among other
sources. Numerous studies, typically by determining levels in cord blood or maternal blood,
have demonstrated adverse effects of Pb exposure during pregnancy on prematurity, head
circumference, birth weight, and ponderal index, more frequently in male fetuses [49–51].

Studies have shown that exposure to Pb and As may be negatively associated with
birth weight, and they also negatively affect birth length and head circumference [52].

A recent study in North Carolina assessed exposure to Cd, Hg, Pb, and As and found
detectable levels of each metal in more than 55% of pregnant women; some women had
blood levels exceeding the 95th percentile for the US population [2].

While prenatal exposure to heavy metals has been well studied over the past few
decades, information on threats to the fetus at low exposure levels is either limited
or inconsistent.

Many trace elements are essential for humans, but toxicity can occur when the upper
tolerable level is exceeded [53]. Manganese (Mn), copper (Cu), and selenium (Se) are
trace elements that belong to the same period of the Periodic Table, suggesting they have
similar effects on biomolecules across various biological systems [54]. These elements play
an essential role in fetal cell growth [55]. On the other hand, an overload of these trace
elements can cause toxicity to the fetus; for example, Mn [56] and Se [57] can have adverse
effects when present at high levels.

Manganese (Mn)is an essential mineral nutrient that plays a vital role in fetal develop-
ment and other important aspects of metabolism. The general population is exposed to
manganese through consumption of food and water, inhalation of air, and dermal contact
with air, water, soil, and consumer products that contain manganese [1]. High manganese
can cause potential neurotoxic effects, especially in infants [58]. Dai et al. demonstrated
that prenatal Mn exposure was positively associated with the ponderal index (PI) and
negatively associated with physical growth in childhood, with the greatest impact during
early life [59]. Excessive maternal and fetal Mn exposure may have adverse effects on
neuromotor function in children up to 3 years of age [60].

Selenium (Se) is a trace element that plays a crucial role in various human biochemical
functions, particularly in antioxidant systems [61]. The recommended daily Se intake is
50–200 µg. Although Se is an essential nutrient, exposure to high levels through inhalation
or ingestion can cause adverse health effects. The primary routes of exposure are, in
decreasing relative proportions, breast milk, food (abundant in sea fish), water, and air [62].
Se is transferred to fetuses through the placenta [63,64]. In the Czech Republic, Se was
detected in infant cord blood (4.0–82.6 µg/L) [65], in fetal tissues (2.8 µg/g) [66], and in the
blood of children (5.0–98.2 µg/L) [65].

Copper (Cu), an essential micronutrient, has a beneficial effect on neurodevelop-
ment in children; however, overexposure can have a toxic impact on neurodevelopmental
outcomes [67]. In a Spanish birth cohort, maternal serum Cu concentrations in the first
trimester of pregnancy were associated with lower motor scores in children [68]. In a recent
Norwegian birth cohort study, second-trimester blood Cu levels were positively associated
with the risk of cerebral palsy in children [69]. Evidence from animal experiments indicates
that excessive levels of Cu can reduce motor function and trigger oxidative stress [70,71].
Low-dose Cu exposure can impair motor function, alter protein levels involved in mitochon-
drial function and neurodevelopment, and increase reactive oxygen species production [72].
A multi-country meta-analysis found significant positive associations between maternal
Cu and preterm birth risk and negative associations with gestational duration [73]. In a
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case–control study of neural tube defect cases, serum Cu and whole blood Pb levels were
significantly higher than in controls [74].

Trace element levels in newborns are influenced by many factors, including maternal
health, birth history, lifestyle, diet, and maternal accumulation of trace elements [75]. In the
literature, there is little data on the exposure of preterm infants to heavy metals and trace
elements in the NICU.

In the NICU, neonates, especially preterms, are vulnerable to toxic chemical expo-
sure because of their extreme anatomical and physiological immaturity. In particular,
preterm infants have increased vulnerability to neurotoxic agents such as heavy met-
als due to the immature blood–brain barrier and ongoing neurological developmental
processes [76,77]. It is, therefore, critical to ensure that potential toxic chemical exposures
are assessed [78,79]. In the literature, there are studies investigating the association of
prenatal heavy metal and trace element exposure with adverse birth outcomes such as
preterm birth and SGA [13,15,80–82]. There are few studies on the exposure to heavy metals
and trace elements (Hg, Pb, Cd, As, Mn) regarding the treatments (TPN and/or blood
transfusions) received by preterm infants in the NICU [83,84].

Preterm infants are particularly susceptible to environmental exposure to heavy met-
als and trace elements during the perinatal period. This study aimed to determine the
concentrations of selected elements (Hg, Pb, Cd, As, Mn, Se, and Cu) in three biologi-
cal matrices—maternal urine, neonatal urine, and cord blood—collected from preterm
newborns and their mothers in the Neonatal Intensive Care Unit (NICU). In addition
to assessing the interrelationships among element levels across these bio-matrices, we
also examined their associations with maternal and neonatal characteristics, including
maternal age, parity, gestational age, body mass index (BMI), pregnancy weight gain, birth
weight percentile, head circumference percentile, anogenital distance (AGD), and stretched
penile length (SPL). Few studies have simultaneously measured concentrations of these
heavy metals and trace elements in such diverse samples—cord blood, maternal urine, and
repetitive neonatal urine—of mother–preterm infant pairs.

This study will enable us to contribute to the literature on intrauterine and postnatal
exposure levels of heavy metals and trace elements in preterm infants in the NICU. Fur-
thermore, investigating the associated factors of exposure will enable further suggestions
on measures that can be taken.

2. Materials and Methods
Preterm newborns born before 35 weeks of gestational age by normal vaginal deliv-

ery or cesarean section in Hacettepe University Faculty of Medicine Children’s Hospital
between 1 August 2021, and 1 January 2022, and hospitalized in the NICU after birth,
and their mothers older than 18 years of age were included in the study. Neonates with
anencephaly and critical congenital anomalies, such as critical congenital heart defects that
significantly reduce life expectancy, were excluded.

Informed consent was obtained from the mothers included in the study before delivery.
A researcher (MC) conducted a face-to-face interview with the mother to complete the
study file and collect information on demographic characteristics. The mother’s medical
history was obtained from hospital records.

2.1. Working Protocol

At birth, the investigators collected 3 mL of cord blood samples from the umbilical
cords of babies born in the delivery room. These samples were collected directly into glass
test tubes containing depletion and heparin. The samples were centrifuged at 800× g for
15 min to obtain plasma.
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A 3 mL urine sample was collected from the mother and her infant, hospitalized in the
NICU, within the first 24 h after birth. The urine sample from the newborn was collected
by squeezing sterile cotton gauze swabs placed in the diaper into glass tubes when the
swabs were wet with urine. The mother’s urine sample was collected in a replaceable glass
beaker. On the day the neonates were transferred from the NICU to the general care unit, a
second 3 mL urine sample was collected from each neonate.

All samples were placed in glass tubes and bottles. All serum and urine samples were
aliquoted and stored at −80 ◦C until analysis.

The newborn’s medical history was obtained from hospital records. Within 24 h
after birth, all newborns underwent general physical examinations performed by the
same pediatrician (MC) to minimize measurement errors. In addition, anthropometric
measurements (birth weight, head circumference), anogenital distance (AGD), and penile
measurements [stretched penile length (SPL)] were performed for all newborns. AGD was
measured following the methodology described by Salazar-Martinez et al. [85]. SPL was
measured with a rigid plastic ruler from the tip of the glans to the pubopenile skin junction.
At the same time, tension was applied to ensure maximum stretching of the penis [86].

During labor and the monitoring period in the NICU, all medical devices, procedures,
supplies, treatments [e.g., umbilical catheters, central catheters, total parenteral nutrition
(TPN), intravenous fluids, nasogastric (NG)/orogastric (OG) catheters, urinary catheters,
intubation tubes, tracheostomy cannulas, nasal Continuous Positive Airway Pressure
(nCPAP), bonnet, blood product transfusions] and infant feeding methods [breastfeeding,
formula, NG/OG catheters] that could be potential sources of heavy metal and trace
element exposure were recorded in the study file.

2.2. Measurement of Heavy Metals and Trace Elements

Deionized water (18.2 MΩ·cm) was obtained using a Thermo Scientific Barnstead
Micropure Water Purification System (Waltham, MA, USA).

Nitric acid, hydrogen peroxide, hydrochloric acid, and single-element standard so-
lutions (1000 µg/L each for all elements studied) were obtained. The levels of Pb, As,
Cd, Hg, Mn, Se, Cu, and Zn were measured by Inductively Coupled Plasma—Mass Spec-
trometry (ICP-MS, iCAP RQ ICP-MS, Thermo Fischer Scientific, Waltham, MA, USA). A
CEM MARS™ 6 one-touch microwave digestion system (CEM Corporation, Matthews,
NC, USA) was used for microwave digestion. The autosampler was from Teledyne CETAC
Technologies (Omaha, NE, USA).

Deionized water (2 mL), nitric acid (2 mL), hydrogen peroxide (1 mL), and hydrochloric
acid (0.2 mL) were added to the sample and left for 10 min for pre-digestion in a fume hood.
The microwave digestion process was initiated with a specific temperature program (Ramp
time: 40 min, Hold time: 30 min; 190 ◦C, 1500 W). Samples (100 µL) were transferred to a
pre-cleaned, dry microwave digestion dish. Gold (200 µg/L) was added to all calibration
and rinse solutions to enhance mercury washout and minimize memory effects. After
digestion, the rotor was maintained at 25 ◦C for 15 min, and the microwave digestion
vessels were cooled and placed in a fume cupboard. The digested sample solution was
quantitatively transferred to a pre-cleaned volumetric flask, rinsed with deionized water,
and then rinsed again. Calibration standards were prepared by serial dilution of mixed
working standards to cover the appropriate concentration ranges for linearity assessment.

Internal standards (ISs): IV-ICPMS-71E (Sc, Ga, In, Tl, Bi) plus IV-ICP-Ge-10 (1000 µg/mL
Ge single element) were used together to prepare the internal standard mix. The ISs
[bismuth (Bi), germanium (Ge), rhodium (Rh)] were added from a stock solution containing
10 mg/L of each element (final concentration is 20 µg/L), and the total volume was adjusted
to a certain volume with deionized water. The prepared sample solutions were vortexed
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at 2500 rpm by using a test tube vortex mixer for 30 s. A procedural blank was prepared
without a sample matrix. The monitored isotopes were lead (208Pb, IS 209Bi), mercury
(202Hg, IS 205Tl), arsenic (75As, IS 72Ge), cadmium (111Cd, IS 115In) manganese (55, 45Sc
IS), selenium (76Se, IS 72Ge), copper (65Cu, 45Sc IS) (mass).

Instrument Parameters: Plasma power (RF) was 1600 W; plasma gas was argon (Ar,
15.0 L/min); nebulizer gas was used at 0.9 L/min; auxiliary (aux) gas was used at 0.6 L/min.
Standard quartz torch with appropriate injector (1.0–2.0 mm i.d.) was used. Helium (He)
gas flow (cell) was started at 5 mL/min. Autosampler rinse was 90 sec as Hg was measured.
Dwell time per isotope is between 50 and 200 msec.

Linearity: The linearity is demonstrated using a six-point calibration curve. Cal-
culations (in µg/L) were made against intensity [cps]103. The mean R2 value for ten
independent experiments for the elements was: 0.998 for Pb, 0.999 for As, 0.999 for Cd,
0.993 for Hg, 0.998 for Mn, 0.997 for Se, and 0.998 for Cu.

Limit of Detection (LOD) and Limit of Quantification (LOQ): The LOD values for the
measured elements were: 0.0009 µg/L % for Pb, 0.0009 µg/L for As, 0.0008 µg/L for Cd,
0.001 µg/L for Hg, 0.0009 µg/L for Mn, 0.0008 µg/L for Se, and 0.0007 µg/L for Cu. The
LOQ values for the measured elements were: 0.0021 µg/L % for Pb, 0.0028 µg/L for As,
0.0024 µg/L for Cd, 0.0032 µg/L for Hg, 0.0025 µg/L for Mn, 0.0026 µg/L for Se, and
0.0022 µg/L for Cu.

Accuracy, Reliability, and Traceability: Recovery from Certified Reference Material (CRM)
was 98.9% for Pb, 92.8% for As, 101.8% for Cd, 89.7% for Hg, 99.7% for Mn, 99.4% for Se,
and 97.6% for Cu.

Precision: Relative Standard Deviations (RSDs) for the measured elements for ten
replicates were as follows: 5.2% for Pb, 6.1% for As, 2.3% for Cd, 6.7% for Hg, 2.4% for Mn,
2.8% for Se, and 3.4% for Cu.

Sensitivity: The background equivalent concentrations (BECs) for the measured el-
ements were as follows: 0.0029 µg/L/for Pb, 0.031 µg/L for As, 0.0012 µg/L for Cd,
0.029 µg/L for Hg, 0.009 µg/L for Mn, 0.004 µg/L for Se, and 0.006 µg/L for Cu.

2.3. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics version 23.0 (IBM
Corp., Armonk, NY, USA). The distribution of continuous variables was assessed using the
Shapiro–Wilk test and visual inspection of histograms and Q–Q plots. Continuous variables
were expressed as mean ± standard deviation (SD) or median [25th–75th percentile],
depending on the normality of distribution, whereas categorical variables were presented
as frequencies and percentages. Elemental concentrations below the limit of detection
(LOD) were replaced with LOD/2 for statistical calculations. A two-tailed p-value < 0.05
was considered statistically significant.

Differences between the first and second neonatal urine samples (Nu1 vs. Nu2) were
analyzed using the paired samples t-test for normally distributed data or the Wilcoxon
signed-rank test for non-normally distributed data.

Pairwise correlations of element concentrations between biological matrices (Mu &
Cord, Mu & Nu1, Cord & Nu1, and Nu1 & Nu2) were examined according to data distribu-
tion using either Pearson’s correlation for normally distributed variables or Spearman’s
rank correlation for non-normally distributed variables.

Correlations between maternal and neonatal characteristics (e.g., maternal age, parity,
gestational week, birth weight percentile, anogenital distance, and stretched penile length)
and element concentrations in different matrices were also evaluated using Pearson’s or
Spearman’s correlation coefficients, as appropriate.
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3. Results
3.1. Samples Obtained from Participants

Among 48 participant mothers and 58 neonates recruited, 40 mother–newborn pairs
having all four appropriate samples of cord blood, Mu, and first and second Nu sam-
ples were included in the analysis. Among 48 mothers, 25 were multiparous, and 15
were primiparous.

Among the newborns in our study, 9 were twins (n = 18), 1 was a triplet (n = 3), and
37 were singletons. 27 neonates out of 37 singletons and 13 out of 21 multiple births with
complete and appropriate samples were included. Only one newborn born from each
multiple pregnancy was included in the study.

3.2. General Characteristics of Newborns and Exposures in NICU

Forty preterm neonates born before 35 weeks and their mothers were included in
the study. The mean (± SD) (min–max) gestational duration was 31.9 ± 2.0 (27.6–34.5)
weeks, and 62.5% were male. Birth weight percentile was mean (± SD) 40.2 (±28.5), and
head circumference was 52.5 (±28.8)cm. Twenty-five (62.5%) of the newborns were male.
The mean (± SD) anogenital distance measured immediately after birth was 1.78 (±0.41)
cm, and the stretched penile length was 2.36 (±0.33) cm. Fifteen (37.5%) babies were
first-born, and 25 (62.5%) were later-born. Of all newborns, 22 (55.0%) were formula-fed,
and 27 (67.5%) received TPN (Table 1).

Table 1. General Characteristics of Mothers and Newborns.

Mother (N = 40) Mean ± SD (Min–Max)

Mother’s age, years 29.9 ± 5.2 (19–39)
Mother’s height 162.7 ± 5.8
Mother’s BMI (preconceptional) 25.4 ± 5.0
Pregnancy and Birth
Parity 2.3 ± 1.1 (1–5)
Birth order, 1st 15 (32.5)
Twin pregnancy 13 (32.5)
Newborn (N = 40)
Gestational duration, weeks 31.9 ± 2.0 (27.6–34.5)
Sex, male 25 (62.5)
Birth weight, percentile 40.2 ± 28.5
Head circumference, percentile 52.5 ± 28.8
Anogenital distance, cm 1.78 ± 0.41
Stretched penile length (n = 25), cm 2.36 ± 0.33
TPN use 27 (67.5)
Formula intake 22 (55.0)

Mean ± SD (min–max); median [25–75 p]; n (%); SD: Standard deviation; BMI: Body Mass Index, TPN: Total
Parenteral Nutrition.

The median [25–75 percentile] duration of NICU hospitalization was 7.0 [4.0–9.8] days.
The duration of breast milk intake was a median of 7.0 (5.0–10.8) days, and formula intake
was 1.0 [0.0–6.8] days. The duration of TPN administration was 3.5 [0.0–6.8] days. Only
6.9% (n = 4) of the patients received blood product transfusions.

3.3. Heavy Metal and Trace Element Levels in Different Biomatrices

The partition of essential minerals and environmental metals, as well as their associa-
tions between maternal and fetal umbilical cord blood, was metal-specific. Cord Pb, As,
and Hg levels were found to be lower than in Mu (p < 0.001), while Se and Cu levels were
higher (p < 0.001, Table 2, Figure 1). All elements’ excretion levels were higher in Mu than
in Nu1 and Nu2 (p < 0.001, Table 2, Figure 1).
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Table 2. Heavy Metal and Trace Element Levels in Different Biomatrices (µg/L).

GM Mean SD Min 25 p 50 p 75 p 90 p Max

Pb

MuPb 2.80 2.91 0.81 1.41 2.36 2.81 3.41 4.08 4.78
Cord Pb 0.85 1.00 0.54 0.21 0.60 0.98 1.30 1.55 2.65
NuPb1 0.80 0.83 0.23 0.33 0.72 0.78 0.96 1.12 1.41
NuPb2 0.86 0.90 0.26 0.41 0.75 0.88 1.04 1.26 1.56
As
MuAs 21.85 22.33 4.48 14.27 18.77 22.76 26.15 27.44 31.04
CordAs 0.24 0.26 0.13 0.11 0.17 0.23 0.32 0.45 0.63
NuAs1 9.97 10.23 2.37 6.11 8.29 10.24 11.24 14.50 16.20
NuAs2 10.54 10.76 2.22 7.52 8.94 10.26 12.34 14.13 16.23
Cd
MuCd 0.12 0.13 0.03 0.08 0.11 0.12 0.14 0.17 0.25
Cord Cd 0.17 0.18 0.07 0.10 0.13 0.17 0.23 0.31 0.41
NuCd1 0.08 0.09 0.02 0.05 0.07 0.08 0.10 0.12 0.16
NuCd2 0.09 0.09 0.03 0.02 0.08 0.09 0.12 0.13 0.14
Hg
MuHg 6.01 6.26 1.77 3.28 4.65 6.38 7.36 8.51 10.62
Cord Hg 2.74 3.13 1.68 1.08 1.96 2.67 4.27 5.40 8.77
NuHg1 4.27 4.35 0.86 3.01 3.67 4.20 4.76 5.98 6.37
NuHg2 4.86 4.98 1.13 3.24 4.18 4.95 5.67 6.79 7.99
Mn
MuMn 11.38 12.37 4.76 4.24 7.62 14.61 15.81 17.50 21.18
Cord Mn 6.63 6.76 1.31 4.21 5.78 6.86 7.97 8.27 9.21
NuMn1 5.02 5.26 1.59 2.33 4.02 5.10 6.30 7.45 8.45
NuMn2 5.65 5.86 1.54 2.36 4.89 5.86 7.02 8.08 9.06
Se
MuSe 24.43 24.55 2.42 19.87 22.43 24.61 26.43 27.45 28.17
Cord Se 121.43 123.25 20.61 78.56 108.98 126.67 140.21 149.88 156.71
NuSe1 17.63 17.82 2.67 13.21 15.65 17.58 20.04 21.72 24.12
NuSe2 18.57 18.86 3.45 13.27 16.29 18.18 21.28 23.60 28.75
Cu
MuCu 9.47 9.81 2.74 5.66 7.83 9.35 10.87 14.49 17.45
Cord Cu 86.97 87.49 9.76 70.54 79.66 86.11 94.45 100.15 110.21
NuCu1 5.75 5.93 1.35 2.23 4.94 6.15 6.98 7.45 8.54
NuCu2 6.14 6.31 1.40 2.65 5.34 6.25 7.47 7.83 9.02

N = 40; Mu: Maternal urine; Nu: Neonatal urine; GM: Geometric Mean; SD: Standard Deviation; 50 p: Median;
Min: Minimum; Max: Maximum.

When comparing the elemental levels in cord blood and first neonatal urine, NuCd,
Mn, Se, and Cu levels were lower, whereas As and Hg levels were significantly higher than
those in cord blood. No difference was observed for Pb (Table 2, Figure 1).

Se had the highest cord transfer with a median cord Se level of 126.67 µg/L, followed
by Cu with a median cord level of 86.11 µg/L among the elements studied. Se and As were
the most excreted elements in maternal and infant urine (Table 2, Figure 1).

A positive correlation was found between maternal and the first neonatal urine Cu
levels (r = 0.35). No other linear relationship was found when the correlation between
heavy metals and trace elements in all three biomatrices (maternal urine, cord blood, and
infant urine) was examined (Table 3).
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Figure 1. Median Element Levels According to Biomatrices (µg/L). Mu: Maternal urine; Nu: Neona-
tal urine; Pb: Lead; As: Arsenic; Cd: Cadmium; Hg: Mercury; Mn: Manganese; Se: Selenium;
Cu: Copper.

A positive linear correlation was observed between the first and second infant urine
levels of all elements studied. The lowest correlation was observed between the first and
second infant urine levels of Cu and Cd (Table 3).

A significant increase in the excretion of all metals and elements in infant urine was
observed over time (Table 4, Figure 1). The same significance was observed in the univariate
analysis of variance adjusted for TPN and/or infant formula intake (p < 0.001).
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Table 3. Correlation of Heavy Metals and Trace Elements Between Biological Matrices.

Mu & Cord Mu & Nu1 Cord & Nu1 Nu1 & Nu2

Pb * rs 0.08 0.11 −0.01 0.94
p 0.627 0.485 0.969 <0.001

As ** rs −0.02 0.09 0.22 0.68
p 0.928 0.583 0.171 <0.001

Cd ** rs −0.29 −0.11 −0.09 0.52
p 0.074 0.509 0.573 0.001

Hg ** rs −0.19 −0.17 −0.20 0.85
p 0.254 0.298 0.210 <0.001

Mn * rs 0.13 0.07 −0.05 0.81
p 0.421 0.666 0.782 <0.001

Se * rs −0.04 −0.20 0.21 0.73
p 0.831 0.224 0.201 <0.001

Cu * rs −0.07 0.35 0.04 0.65
p 0.669 0.026 0.789 <0.001

* Pearson correlation; ** spearman correlation; p: significance (<0.05); rs: Spearman correlation coefficient.
Mu: Maternal urine; Nu: Neonatal urine; Pb: Lead; As: Arsenic; Cd: Cadmium; Hg: Mercury; Mn: Manganese;
Se: Selenium; Cu: Copper.

Table 4. Changes in Heavy Metal and Trace Element Levels in Neonatal Urine Over Time, µg/L *.

Nu1 Nu2 Sign &

Pb 0.82 ± 0.23 0.90 ± 0.26 <0.001
As 10.24 [8.28–11.24] 10.26 [8.93–12.33] 0.003
Cd 0.08 [0.07–0.10] 0.09 [0.08–0.12] 0.024
Hg 4.19 [3.67–4.75] 4.95 [4.18–5.67] <0.001
Mn 5.26 ± 1.59 5.85 ± 1.54 <0.001
Se 17.81 ± 2.67 18.86 ± 3.45 0.008
Cu 5.93 ± 1.35 6.31 ± 1.40 0.043

* Values are given as mean ± SD or median [25–75 p], & Paired sample t test or Wilcoxon test; Sign: significance;
N = 40; Nu1: First neonatal urine; Nu2: Second neonatal urine; Pb: Lead; As: Arsenic; Cd: Cadmium;
Hg: Mercury; Mn: Manganese; Se: Selenium; Cu: Copper.

3.4. Correlations Between Mother–Child Pair Characteristics and Element Levels

Maternal urinary Se levels increased with increasing maternal age (rs = 0.41), but not
with cord Se levels. Parity was positively correlated with maternal Cd and negatively
correlated with Hg at low levels (Supplementary Table S1).

NuHg1 was negatively correlated with both penile length and anogenital distance.
(rs = −0.48, p = 0.016; rs = −0.33, p = 0.040). NuHg1, and NuHg2 were negatively cor-
related with penile length (rs = −0.48, p = 0.016; rs = −0.58, p = 0.003) (Supplementary
Tables S3 and S4).

In addition, both MuMn and cord Mn levels were moderately negatively correlated
with penile length (rs = −0.46, p = 0.020; rs = −0.40, p = 0.048, respectively). (Supplementary
Tables S1 and S2).

NuSe1, and cord Se were positively correlated with gestational week (rs = 0.35,
p = 0.027; rs = 0.42, p = 0.008 (Supplementary Tables S2 and S3).

NuPb1 and NuPb2 were positively correlated with birth weight percentile (rs = 0.36,
p = 0.022; rs = 0.38, p = 0.016) (Supplementary Tables S3 and S4). NuPb2 and MuSe corre-
lated positively with maternal age (rs = 0.33, p = 0.037; rs = 0.41, p = 0.009) (Supplementary
Tables S1 and S4).

MuHg was negatively (rs = −0.36, p = 0.022), and MuCd was positively correlated
with parity (rs = 0.32, p = 0.044) (Supplementary Table S1).
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4. Discussion
Our study, which examines exposure of mother–infant dyads to heavy metals and trace

elements, fills a crucial gap in the existing literature. While some studies have explored
this area, there is a dearth of evidence on the exposure of preterm neonates in the NICU
to inorganic contaminants. In our research, we meticulously analyzed the concentrations
of heavy metals and trace elements in urine samples from mothers and babies, and in
cord blood from preterm infants hospitalized in the NICU. We then investigated their
correlations with the characteristics of mother–baby pairs, shedding new light on this
important area of study.

Currently, urine is considered the primary excretory medium for many mineral ele-
ments, reflecting recent exposure to these elements more accurately than other biomarkers
such as hair and blood [87]. For example, urinary Se responds to exposure/intake over
24 h. Mn has a half-life of 10–42 days in the blood but less than 30 h in the urine [88].
Moreover, urine mineral levels reflect those in the body [88]. Therefore, we analyzed
exposure to heavy metals and trace elements in this study using maternal and infant urine
and cord blood.

4.1. Comparison of Cord Blood Levels

In our study, the median cord levels of Pb, As, Mn, and Cu were lower than the median
levels reported in most literature studies [18,19,40,89–98]. Conversely, Cd and Se levels
were approximately within established reference ranges [7,19].

In comparison to data from Bocca et al. [99], our median cord blood levels for As, Cd,
Hg, Pb, and Mn were higher, except for Se, underscoring the substantial geographic and
population heterogeneity in exposure profiles.

4.2. Comparison of Maternal Urine Levels

Our median maternal urine levels of As, Hg, Pb, Mn, and Se were higher than those
reported by Bocca et al. [99] in Spain, except for Cu and Cd. Bocca et al. also reported
that maternal urinary concentrations of As, Cu, Hg, and Se decreased during pregnancy,
potentially leading to variations in fetal exposure [18]. In our study, we could not make
such an observation because we only collected maternal urine at delivery.

In our study, median MuCu, MuMn, and MuSe concentrations were also higher than
those reported by Guo et al. in China [100].

These differences may be related to differences in environmental exposures and dietary
characteristics among mothers across geographies.

4.3. Placental Modulation of Heavy Metals

Our findings provide key insights into the transplacental transfer of heavy metals.
We observed that cord levels of As, Hg, Pb, and Cd were significantly lower (p < 0.001)
than those of other elements; and cord levels of As, Hg, and Pb were significantly lower
than corresponding Mu levels (p ≤ 0.001). This suggests that the amount transferred from
mother to baby is lower, and the placenta actively modulates the transfer rate of these
elements. This supports the existing literature, which indicates that elements such as
Hg and Pb exhibit free transplacental passage from the mother to the fetus [40], but that
elements like Cd exhibit restricted transplacental passage [101–103].

4.4. Enhanced Transfer of Essential Trace Elements

In contrast to the heavy metals (Pb, As, and Hg), cord levels of Se and Cu were higher
than Mu levels (p < 0.001 for Cu). In Sun H. et al.’s study [19], while the cord blood
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median Cd was lower, cord Se levels were higher than Mu levels. This may indicate a more
prevalent maternal-to-infant transmission or selective fetal incorporation.

Specifically, Se and Cu exhibited the highest concentrations among all elements ana-
lyzed in cord blood. While Se transfer is considered limited [104,105], its high concentration
likely reflects its storage in the fetal liver between 20 and 40 weeks of gestation [105] and
the potential for increased maternal intake.

Except for Se, the findings of our study were different from the findings of some other
studies that suggested [40,101–103] a high degree of maternal–fetal transfer of Hg, Pb,
and Se for Hg and Pb, but not for As and Cd. The different findings of our study on this
issue may be due to the fact that we studied a preterm population, in which physiologic
characteristics may differ.

4.5. Correlations of Elemental Levels in Different Biomatrices

There was no linear correlation of heavy metals and trace elements in all three different
biomatrices (Mu, cord blood, and infant urine) except for maternal and Nu Cu levels. Based
on this result, we suspected that the exposure may have come from different sources that
we were unable to demonstrate. While Mu mainly indicates maternal exposure, cord blood
and the baby’s first urine reveal maternal exposure, and the second infant’s urine reveals
NICU exposure. Due to the barrier function of the placenta, it can be thought that heavy
metals and elements exposed to the mother do not pass to the baby through the cord blood
at a level that affects the baby. The higher median excretion levels of all heavy metals
and trace elements in Mu than in infant urine samples in our study may also support
this result. Higher concentrations excreted through the Mu and the placental barrier may
reduce neonatal exposure and urinary excretion.

4.6. Endocrine-Disrupting Effects on Genital Development

Disorders of penile development that include hypospadias and micropenis are among
the most frequent male congenital disabilities worldwide [106]. The prevalence of micrope-
nis, defined as penile length below the 2–2.5 SD range, varies significantly, ranging from
0.015 to 0.66% [107,108]. Despite the numerous unresolved questions, the impact of fetal
exposure to endocrine-disrupting chemicals on the development of male penile disorders
is now widely accepted. Hg and As are among the potent environmental estrogens defined
as metalloestrogens (others: Cd, Co, Ni, Pb, etc.) [109]. They mimic the effects of estradiol
by activating the Erα receptor [109].

In our study, we found a novel association between element exposure and male
genital development. Both the first and second neonatal urine Hg levels (NuHg1 and
NuHg2), along with maternal urine Mn levels (MuMn) and cord Mn levels, were negatively
correlated with penile length. Furthermore, the first NuHg level, primarily reflecting
prenatal exposure, showed a negative correlation with anogenital distance.

These results lend support to the theory of metallohormone effects, particularly for Hg,
which acts as a metalloestrogen [101]. Prenatal Hg exposure has been suggested to be asso-
ciated with adverse pregnancy outcomes due to Hg’s ability to induce apoptosis, disrupt
the endocrine system, affect reproductive hormones, and induce oxidative stress [36,37,40].

The negative correlation involving both prenatal (NuHg1) and postnatal (NuHg2)
markers suggests that the endocrine-disrupting effects of mercury may be exerted through-
out this critical developmental window. Confirmation of these relationships requires
larger-scale, prospective studies. To our knowledge, there are no studies in the litera-
ture on the effects of prenatal Hg exposure on penile length or anogenital distance in
premature infants.
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Mercury, which is known as a developmental neurotoxin, has been mostly shown in
animal studies to have many toxic effects on nearly every organ system in the fetus, includ-
ing the reproductive system, as we have observed in our study [1,35]. Pregnant women
should be cautioned not to consume large deep-sea fish at high risk of contamination,
which is the most important source of mercury exposure. In addition, they should also be
warned about other possible sources of Hg, such as dental amalgams and inhalant exposure
to industrial processes (coal burning, mining, or waste incineration) during pregnancy.

It has been suggested that Mn plays a fundamental role in the development of re-
productive system [110]. Mn has been shown to increase LHRH at high levels, possibly
associated with precocious puberty in both boys and girls [110,111]. A recent animal study
reported that intrauterine Mn exposure of male rats caused oxidative damage and histolog-
ical alterations in male reproductive organs, and disrupted sex hormone levels, ultimately
impairing spermatogenesis and sperm quality in rats [112]. The negative association be-
tween maternal and cord Mn levels and penile length observed in our study may reflect
the possible effect of intrauterine Mn exposure on the male reproductive system. However,
to our knowledge, no studies in the literature have examined the effects of prenatal Mn
exposure on penile length in humans.

Because of possible adverse effects on neurological development, growth, and the
reproductive system at high prenatal exposure, pregnant women living, for example, near
mining areas should be warned about water and food sources that may be contaminated
with Mn, soil, and consumer products that may contain Mn.

4.7. Lead Levels and Birth Weight

We found that the first and second infant urine Pb levels (NuPb1, NuPb2) were
positively correlated with birth weight percentile. Several studies have examined the effects
of heavy metal exposure on newborn anthropometrics [19,36,113,114]. Since heavy metals
cause physiological immaturity during pregnancy and early life, they can pose a serious
threat to fetal and infant health [26]. Among these, Cd was previously found to have the
most significant impact on several anthropometric birth outcomes [36], but we did not
observe any correlations in our study.

Our results were similar to those of Zinia et al., who demonstrated that cord blood Pb
level was positively associated with birth weight [114], but they contradict the more preva-
lent literature demonstrating an inverse or null association [113,115–117]. This unexpected
finding may be due to the influence of other factors, such as maternal nutrition, which can
impact birth weight. As such, nutritional intake was not considered in this study, although
it may have impacted birth weight [80]. Therefore, we could not completely exclude the
influence of dietary intake on metal exposure measurements [118].

The health effects of intrauterine Pb exposure are diverse and associated with toxicity
to every organ system, including anthropometric measures at birth. Neurological effects
of Pb are of most significant concern because they are observed in infants and children;
furthermore, these effects may result in lifelong decrements in neurological function. There-
fore, pregnant women should be warned to avoid sources of lead exposure such as soil,
water, lead-based paints, ceramic glazes, and especially cigarette smoke.

4.8. Selenium Levels and Gestational Duration

The average cord blood Se level is reported to be 35–107 µg/L in the literature, which
is influenced by soil Se content in different geographic regions, gestational age, and serum
Se concentration after 36 weeks [104,119]. In Nazemi et al.’s [104] study, cord blood
Se levels of low birth weight babies with a gestational age of 28.82 ± 13.66 years were
77.32 ± 26.12 (µg/mL), which is considerably lower than our study (126.67 µg/L).
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The positive correlation we found between Se levels (NuSe and cord Se) and gestational
age in premature infants is consistent with a prospective study [120] and an international
meta-analysis [121]. Bebars et al. [120] demonstrated significant positive correlations
between gestational age and umbilical cord Se levels and found a significantly higher Se
level in umbilical cord blood in newborns at term than preterm (72.25 ± 10.5 µg/L vs.
64.85 ± 7.67 µg/L) [120]. These values are nearly 50% lower than the median cord blood
Se levels in our study (126.67 µg/L).

Monangi et al.’s [121] multi-national meta-analysis showed that maternal Se levels
varied substantially across different sites. They showed that maternal serum Se concentra-
tion was positively associated with gestational duration [121]. We did not collect maternal
blood. However, cord Se levels associated with maternal transmission are higher than those
reported in the literature and are also associated with gestational duration, supporting the
findings of this study.

The notably high median cord Se level in our preterm cohort (126.67 µg/L) suggests a
potential protective role of high Se status against the oxidative stress inherent to prema-
turity [122]. This is likely influenced by site-specific factors, including maternal diet or
supplementation, socioeconomic status, or local factors that might interact with Se levels
and influence prematurity risk.

Blood Se level is associated with glutathione peroxidase (GPx) activity, which enhances
antioxidative protection of the placenta and indirectly influences fetal growth, leading
to intrauterine growth restriction (IUGR) at low levels [122]. Although hypothetical, the
notably high cord Se levels in our preterm study group may have served as a protective
mechanism against the oxidative stress to which preterm infants are highly exposed.

Se levels may depend on various factors, such as diet, supplementation, age, gender,
geographic location, or genes [121,122]. Therefore, our study results may be related to
maternal high Se intake through their diet or nutritional supplements, such as vitamins.
However, we did not examine the mothers’ dietary or supplement intake in our study.

4.9. Selenium and Maternal Age

In our study, maternal urinary Se increased with increasing maternal age but not with
cord Se levels. Similarly, Guo et al. [100] found that urinary Se levels in pregnant urine
increased with age [100]. A study of pregnant women from Spain also found a positive
relation between urinary Se and women’s age [87]. Positive correlations between age and
serum Se [105,123,124] levels have also been reported.

4.10. Correlation of Maternal Urine Selenium and Copper Levels

We found a significant correlation between MuCu and MuSe in our study. Several
previous studies have also reported correlations among these elements in pregnant women.
Guo et al. reported significantly positive correlations among maternal urinary levels of
Ca (Calcium), Fe (Iron), Cu, and Se, except Mn [100]. Lozano et al. reported a moderate
positive correlation between maternal urinary Se and Cu (r = 0.27) [87]. Our findings
corroborate this relationship, showing a similar correlation between maternal urinary Cu
and Se.

The consistency of the Cu and Se correlation suggests that these two elements may
share common sources of exposure or predictive factors in this population. These sources
may be the diet or supplements used by the pregnant woman, which were not recorded in
our study.

4.11. Postnatal Exposure in the NICU

A critical observation was the significant increase in the urinary excretion of all ele-
ments in infants’ urine at discharge (Nu2) compared with admission (Nu1). This effect
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persisted even after statistically adjusting for TPN and/or formula intake during NICU
stay. This pattern suggests that the elevated excretion near discharge may be directly
attributable to increased postnatal exposure to trace elements and metals in the NICU
environment, rather than solely to residual in utero exposure. We propose that the in-
creased urinary output towards discharge could be a compensatory clearance mechanism
aimed at reducing the overall body burden. This contrasts with the findings of Al-Saleh
et al. [90], who reported a decrease in blood Hg, Pb, and Mn levels at discharge in a similar
cohort of preterm neonates. They also suggested that preterm newborns may be exposed
to high levels of metals in utero [90]. We did not analyze the blood levels of the newborns
at discharge in our study. The difference highlights the necessity for further research to
distinguish between increased NICU exposure and altered postnatal clearance mechanisms.
Close monitoring of materials that may be contaminated with toxic elements, such as water,
TPN, formula, or blood products used in NICUs where vulnerable populations, especially
preterm neonates, are hospitalized, and additional exposure studies could provide more
information and reduce the risk of exposure.

4.12. Strengths and Limitations

Heavy metal and trace element levels in three different biomatrices—cord blood, Mu,
and Nu—were measured prenatally and in the early postnatal period in preterm infants
under 35 weeks of age who were hospitalized in the NICU. Furthermore, to our knowledge,
no other study in the literature has simultaneously measured heavy metals and trace
elements in these three biomatrices, performed biphasic measurements, and followed up
on infant urine, as in our study.

In this study, valuable information on maternal exposure of preterm infants to heavy
metals and trace elements through cord blood and in the NICU environment was obtained
and contributed to the literature.

We did not collect blood samples from mothers and newborns at discharge from the
NICU in this study, which would have facilitated comparisons with cord blood metal levels
in our research and those reported in the literature. We preferred to take cord blood and
urine from mothers and infants as a non-invasive method.

Due to the single-centre nature of our study and the relatively small sample size of
40 mother–infant pairs, advanced analysis could not be performed, thereby reducing the
statistical power and generalisability of the results.

In this study, multi-element analysis was not performed. Further studies with a large
sample size are necessary for the evaluation of multi-element interaction and confound-
ing factors.

We did not investigate term infants as a control group for comparison of exposure.
Our study population consists only of preterm newborns; therefore, we cannot compare
their results with those of term infants.

Some potential confounders, such as maternal diet, nutritional supplementation, and
environmental exposure history, which may influence heavy metal and trace element levels,
were not recorded.

The instruments used in the NICU, as well as the formula and breast milk the infant
receives, were not analyzed for heavy metals and trace elements. In this case, the effect of
the procedures and nutrition on the baby’s urinary metal levels was not demonstrated.

5. Conclusions
Compared to maternal urine, cord blood had lower levels of Pb, As, and Hg, but

higher levels of Se and Cu. This suggests that the placental barrier provides protection
against some heavy metals.



Toxics 2025, 13, 898 17 of 23

The excretion of all elements increased in infant urine over time, possibly due to
exposure to TPN or formula in the NICU rather than in utero exposure.

Se and Cu showed the highest cord transition, suggesting a protective mechanism
against oxidative stress in preterm infants.

The negative correlations found in our study between maternal urine Mn, cord Mn
levels, and NuHg1 levels with penile length or anogenital distance reveal endocrine-
disrupting effects of these elements that have not been previously reported in the literature
to our knowledge.

Our study contributes to the literature by suggesting transplacental transmission, pres-
ence, and exposure to some heavy metals and trace elements across different biomatrices in
preterm infants. However, there is a need for more large-scale studies on the mechanisms
of these exposures.

We believe that our study will increase awareness among healthcare personnel who
care for pregnant women and preterm infants about the endocrine-disrupting effects of cer-
tain heavy metals and trace elements, and can help them make prevention recommendations.
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Se Selenium
Cu Copper
ICP-MS Inductively Coupled Plasma—Mass Spectrometer
Mu Maternal urine
Nu Neonatal urine
SPL Stretched Penile Length
AGD Anogenital Distance
TPN Total Parenteral Nutrition
NG Nasogastric
OG Orogastric
nCPAP nasal Continuous Positive Airway Pressure
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