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Abstract

:

In this randomized clinical trial, we evaluated the effects of prenatal iron supplementation adapted to pregnant women’s initial hemoglobin (Hb) levels on fetal growth parameters until birth in women from the Mediterranean coast of northern Spain. All (n = 791) women were iron-supplemented during pregnancy according to Hb levels at the 12th gestational week: stratum 1 (Hb: 110–130 g/L) received 40 or 80 mg iron daily; stratum 2 (Hb > 130 g/L) received 40 or 20 mg iron daily. Fetal biometric and anthropometric measurements were evaluated in the three trimesters and at birth, respectively. In stratum 1, using 80 mg/d instead of 40 mg/d increased the risk of fetal head circumference > 90th percentile (OR = 2.49, p = 0.015) at the second trimester and fetal weight (OR = 2.36, p = 0.011) and femur length (OR = 2.50, p = 0.018) < 10th percentile at the third trimester. For stratum 2, using 40 mg/d instead of 20 mg/d increased the risk of fetal head circumference > 90th percentile (OR = 3.19, p = 0.039) at the third trimester. A higher risk of delivering an LGA baby (OR = 2.35, p = 0.015) for birthweight was also observed in stratum 1 women receiving 80 mg/d. It is crucial to adjust the prenatal iron supplementation to each pregnant woman’s needs, i.e., adapted to their initial Hb levels, to achieve optimal fetal development, since excessive iron doses appear to adversely influence fetal growth.
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1. Introduction


Iron deficiency (ID), defined as serum ferritin (SF) < 15 µg/L according to the WHO, is the most common nutritional deficiency worldwide and disproportionately affects pregnant women, being the main cause of anemia (generally defined as a hemoglobin (Hb) value < 110 g/L) in pregnancy [1]. Although the percentage of pregnant women with iron deficiency without anemia is unknown, we do know that the global prevalence of anemia in pregnant women is approximately 36%, with an average of 17.2% in developed countries and 42.6% in developing countries [2,3]. Therefore, this condition can be considered a significant public health concern.



During pregnancy, iron requirements increase considerably to meet the demands of the fetoplacental unit, the increase in maternal blood volume, and to compensate for iron loss at delivery [4]. Therefore, pregnant women with low iron reserves are not properly prepared to face the increased requirements. Moreover, this cannot always be resolved through the conventional dietary intake of iron-containing foods [5], which are often below nutritional needs, heightening the risk of iron deficiency anemia. Conversely, in women who are already iron-replete and/or have the genetic alteration in the HFE gene of hereditary hemochromatosis, supplementing their diet with iron can lead to iron overload [6], increasing the risk of certain pregnancy complications.



Iron is an essential micronutrient. It has a pivotal influence on the in-uterus environment, and therefore on fetal growth and development, as it influences physiological processes such as oxygen transport and storage, cellular energy metabolism, DNA biosynthesis, the synthesis of collagen and neurotransmitters, the immune function, and brain development [4]. An unbalanced iron status during pregnancy, whether due to deficiency or overload, increases the risk of preterm birth and of having a low birthweight (LBW)/intrauterine growth-restricted baby [7]. It also increases the risk of having a high birth weight or large-for-gestational-age (LGA) baby due to inflammatory mechanisms and oxidative stress related to iron overload [8]. These factors could lead to alterations in maternal–fetal glycemic control [8], particularly when women who are already replete with iron supplement their dietary iron intakes. However, current evidence in this field is somewhat contradictory and merits further convincing evidence from randomized controlled trials. Given that iron appears to show a U-shaped risk curve [7], ensuring optimal prenatal iron status should be a major public health priority to avoid negative consequences for both the mother and the baby.



Iron supplementation during pregnancy is a widely used strategy for preventing ID anemia (determined according to Hb < 110 g/L and SF < 15 µg/L). However, the optimal dose and the ideal time for supplementation, particularly for non-anemic pregnant women, remain controversial topics [7]. Currently, the WHO recommends daily supplementation with 30–60 mg of elemental Fe/d throughout pregnancy. In settings where the prevalence of anemia in pregnant women is 40% or more, a daily dose of 60 mg recommended [9]. These recommendations are based on a Cochrane review published in 2012 and updated in 2015, which points out that pregnant women supplemented daily with iron are less likely to have a baby with LBW [10,11].



A 2023 meta-analysis [12] investigating the impact of prenatal iron supplementation on pregnancy outcomes suggests that daily oral iron supplements, in comparison to a placebo, may reduce the occurrence of iron deficiency anemia at term and the incidence of LBW newborns. Additionally, it is likely to decrease the incidence of small-for-gestational-age (SGA) newborns. In this meta-analysis, eight randomized controlled trials (RCTs) involving 2822 participants were conducted across various locations, including Italy [13], Sweden [14], Finland [15], Iran [16,17,18,19], the United States [20], and China [21]. In all of the included trials, interventions were initiated at no later than 20 weeks of gestation with the total daily dose of elemental iron ranging from 30 to 200 mg.



However, a review conducted in in 2017 [22], considering various RCTs and observational studies, found that iron intake of supplements among pregnant women with a low risk of ID may have adverse effects on birth outcomes. This includes an increased likelihood of giving birth to an SGA baby and having hypertension disorder [23], as well as a shorter duration of gestation and a higher risk of LBW [24]. In addition, other evidence has also suggested that maternal iron supplementation could lead to an increased size of the baby and adiposity at birth in terms of weight, head circumference, body mass index, and various skinfold thicknesses [25]. However, previous studies have mainly focused on birth outcomes, and relatively little is known about the implications of prenatal iron supplementation on fetal growth based on fetal ultrasound measurements, which provide reliable insights into intrauterine growth. In this regard, a prospective observational study conducted in Republic of Korea in 2013 [26] with 1563 pregnant women found that babies of mothers with a higher iron intake from their diet and supplements (>17.04 mg/d), had, at the middle of pregnancy, a smaller biparietal diameter, abdominal circumference, and femur length by 0.41 cm, 0.41 cm, and 0.07 cm, respectively. Although the fetal biometry was only assessed with ultrasonography at a single timepoint (mid-pregnancy), this suggests that excessive exposure to maternal iron in utero could have harmful effects on fetal growth. Therefore, routine iron supplementation in non-anemic women is not advisable as it could be potentially harmful [23].



In this context, our research group [27], as well as other researchers [28,29], has emphasized the importance of individualizing iron supplementation during pregnancy. Although it proves beneficial for maternal biochemical iron markers and the child’s birth weight in women with low iron stores before pregnancy, these effects are less evident in women starting pregnancy with sufficient iron levels, i.e., SF ≥ 20 μg/L [27].



Optimal fetal growth is a powerful indicator of both intrauterine and postnatal health status [30]. Neonates classified as SGA, LBW, LGA, or macrosomia have an elevated risk of perinatal complications, including obstetric trauma, fetal death, respiratory distress syndrome, hypoglycemia, and hypothermia. In addition, they are more predisposed to cardiometabolic disorders, including obesity, type 2 diabetes, and hypertension [31], as well as experiencing difficulties in cognitive, motor, and emotional development throughout life [32]. Therefore, it is crucial to diagnose alterations in fetal growth early to implement the necessary interventions, such as changing maternal risk factors, and, in extreme cases, planning birth before term (induction or cesarean section) to prevent complications [33]. However, to our knowledge, there are no RCTs that consider fetal biometrics throughout pregnancy and focus on the effect of iron supplementation on fetal growth. Therefore, further research is needed. The present trial aimed to determine the effects of prenatal iron supplementation adapted to Hb levels in early pregnancy on fetal growth until birth in non-anemic pregnant women from the Mediterranean coast of northern Spain. We hypothesized that prenatal iron supplementation adapted to initial Hb levels in non-anemic women (i.e., in women with normal Hb values of between 110 and 130 g/L, a daily dose of 40 mg of iron as opposed to 80 mg, and in women with normal–high Hb values of >130 g/L, a daily dose of 20 mg of iron compared to 40 mg) could be the best option for improving fetal and newborn growth.




2. Materials and Methods


2.1. Study Design and Participants


The present investigation is part of the ECLIPSES (Ensayo CLInico Para Suplementar con hierro a EmbarazadaS) study [34], a community-randomized controlled trial involving 791 pregnant women recruited by midwives at their primary care centers in the province of Tarragona (Catalonia, Spain) between 2013 and 2017. A recruitment visit was performed before the 12th week of gestation. During this visit, Hb levels were checked to ensure that pregnant women met the study inclusion criteria of non-anemia, and to establish their initial Hb levels without an upper limit on concentration. Subsequently, there were three interviews with the women during the pregnancy (in the 12th, 24th, and 36th weeks) and one interview after delivery. Furthermore, women attended routine pregnancy visits with their midwives and obstetricians. Eligible participants were healthy adult women over 18 years old, with a gestation time ≤ 12 weeks, without laboratory values compatible with anemia (Hb ≥ 110 g/L at week 12), understanding at least one of the two official languages of the State (Spanish or Catalan), and the ability to understand the characteristics of the study. The exclusion criteria were as follows: multiple pregnancy, taking > 10 mg of daily iron supplements during the three months prior to the 12th week of gestation, hypersensitivity to egg protein, and previous severe or chronic disease that could affect their nutritional status (immunosuppression, cancer, diabetes, malabsorption, or liver disease). This trial was registered at ClinicalTrials.gov (identifier: NCT03196882) and the EU Clinical Trials Register (identifier: EUCTR-2012-005480-28). Ethical approval was given by Committee of the Pere Virgili Institute for Health Research (IISPV) and all participants provided written informed consent. The trial complies with the tenets of the Declaration of Helsinki.



Participants were allocated to two different active interventions (called strata) depending to their baseline Hb levels, as follows: (1) stratum 1: pregnant women with Hb values of 110–130 g/L, which we call normal Hb, were randomly assigned to receive a daily dose of 40 or 80 mg of iron; and (2) stratum 2: women with Hb levels of >130 g/L, called medium-high, were randomly assigned to receive 40 or 20 mg of daily iron supplements. The doses of 20 mg, 40 mg, and 80 mg per day of elemental iron correspond to 150 mg, 300 mg, and 600 mg of ferrimanitol ovoalbumin. Midwives distributed the iron supplements to each woman according to the stratum. From week 12 onwards and continuing up to partum, women were advised to take one tablet per day until their next visit, at which time they should return any remaining tablets to assess compliance to the intervention. An independent researcher compared the number of pills left over. Compliance was considered “good” when women remembered to take the supplement five or more days per week. The intervention was triple-blinded, so that participants, healthcare providers, and researchers did not know which iron prescription each woman received until the end of the study. The ECLIPSES protocol is detailed elsewhere [34].




2.2. Outcomes Measurements


Fetal growth was measured repeatedly by ultrasound scan based on the recommendations of the International Society of Ultrasound in Obstetrics and Gynecology. All women who participated in the trial had an ultrasound scan during prenatal care visits, at the 1st (mean (SD): 13.0 (1.0) weeks of gestation; 81.2% were collected at or prior to 13th week), 2nd (23.3 (2.3) weeks of gestation), and 3rd (37.8 (1.8) weeks of gestation) trimesters to obtain fetal biometry from medical records. Fetal biometric measurements (in mm) were recorded longitudinally including crown–rump length (CRL) and biparietal diameter (BD) in the 1st trimester, and BD, head circumference (HC), abdominal circumference (AC), and femur length (FL) in the 2nd and 3rd trimesters. Estimated fetal weight (EFW) was calculated using Hadlock’s formula [35], based on HC, AC, and FL. All fetal growth parameter values were corrected for gestational age (weeks) at the time of ultrasound measurement using the residual method [36]. Gestational age was determined by the reported last menstrual period at recruitment, or by ultrasound estimation if it disagreed within 7 days. The sex of the children was also recorded.



Each fetal biometry measurement (BD, HC, CA, FL, and EFW) was analyzed as a continuous variable. To classify the group at higher risk, fetuses with lower and higher growth than expected at the second and third trimesters were also defined as a gestational age-adjusted EFW, FL, HC, BD, or AC below the 10th percentile and above the 90th percentile [37] in the study cohort, respectively. Fetuses with growth between the 10th and 90th percentile were considered to be appropriate for gestational age and were used as the reference group.



Birth weight (g), length (cm), and HC (cm) were measured just after birth by qualified and trained obstetricians or midwifery nurses in newborn anthropometry using standard procedures. Small-for-gestational age (SGA) and large-for-gestational age (LGA) were defined as a gestational age- and sex-specified birthweight, length, or HC below the 10th percentile and above the 90th percentile according to the INTERGROWTH-21st standards as reference, respectively [30].




2.3. Assessment of Covariates


At enrolment and once in each trimester of pregnancy, women were interviewed by the midwives and the study researchers during their visits to the ASSIR centers. Information on maternal age, socioeconomic level, educational level, and lifestyle habits, as well as their medical and obstetric history (including parity (primiparous vs. multiparous), planned pregnancy (yes vs. no)) were collected in individual interviews, as has also been reported previously [34]. Family socioeconomic status (SES) was calculated by combining information on occupational status (classified according to the Catalan classification of occupations, CCO-2011 [38]) and educational level, then categorized as low, middle, or high. Women’s educational levels were categorized as low (primary school or less), medium (secondary studies), or high (university studies or more). The Fagerström questionnaire [39] was used to assess smoking, and women were classified as current, former, and never smokers. The International Physical Activity Questionnaire (IPAQ) [40] was used to record the physical activity (PA) of the participants. PA was assessed by calculating the total metabolic equivalents (METs) based on frequency and duration of walking and moderate- and vigorous-intensity activities and classified as sedentary/low (<600 METs min/week), moderate (≥600–1200 METs min/week), or high (≥1200 METs min/week). Eating habits during pregnancy were evaluated using a self-administered food frequency questionnaire covering 45 food groups validated in our population. Based on this, we used the official French food composition table (REGAL—Répertoire Général des Aliments) [41] to extract daily energy intake (kcal), macronutrients and micronutrients (including iron (mg), vitamin C (mg), and fiber intake (g)), which was complemented by the Spanish food composition table [42]. Alcohol consumption was assessed as yes or no. Maternal weight (in kg to the nearest 0.1 kg) and height (in cm to the nearest 0.1 cm) were also measured (calibrated SECA® brand scale with stadiometer) in early pregnancy and during follow-up, and BMI (in kg/m2) was calculated. Based on the criteria proposed by the WHO, women were classified as normal weight (BMI 18.5–24.9 kg/m2), overweight (BMI 25.0–29.9 kg/m2), or obese (BMI ≥ 30kg/m2) [43]. Gestational weight gain (GWG) was calculated as the difference between the weights measured at the 1st and 3er trimester visits.



In each trimester of pregnancy, blood samples were collected for biochemical determinations (Hb and serum ferritin and cortisol) and for DNA extraction (HFE gene). Hb values were immediately measured using a Coulter Gen-S analyzer (Coulter, Hialeah, FL, USA). Plasma was processed and stored at −80 °C at the Biobank of the IISPV (Tarragona) until analysis. This allowed for analyzing all samples together using the same kit, minimizing potential bias. SF was determined via turbidimetric immunoassay, as described previously [44]. Cortisol was assessed by a competitive immunoassay that uses direct chemiluminescence, using the systems ADVIA Centaur®, ADVIA Centaur XP, and ADVIA Centaur XPT. Iron deficiency anemia was defined as serum ferritin (SF) < 15 μg/L. Genetic determinations of HFE gene mutations (C282Y, H63D, and S65C) were performed using DNA extracted from leukocytes with the polymerase chain reaction technique.




2.4. Statistical Analysis


Statistical analyses were performed according to the intention to treat (ITT) principal of treatment allocation, considering all information on fetal biometry in each trimester and neonatal birth anthropometries available from medical records. Descriptive statistics were used to characterize the population of pregnant women by iron supplementation groups in stratum 1 and stratum 2. Quantitative variables are presented as mean ± SD, while categorical variables as a number (%). Between-group comparisons within each stratum were conducted using either Student’s T-test or the chi-square test, as deemed appropriate.



To assess the effect of different doses of prenatal iron supplementation (stratum 1: 40 mg/d (reference) vs. 80 mg/d; stratum 2: 20 mg/d (reference) vs. 40 mg/d) on fetal growth characteristics (EFW, FL, HC, BD, and AC) in the second and third trimester of pregnancy, and at birth (birth weight, length, and HC) were used multivariable linear regression models. Confounding variables in our analyses were primarily determined a priori and based on our knowledge and earlier literature. Maternal covariates included age (years), early-pregnancy BMI categories (normal weight (reference), overweight, obese), social class (low (reference), medium, high), smoking during pregnancy (no (reference), yes), fiber intake in the first trimester, log-transformed serum ferritin (µg/L) in the first trimester, cortisol (µg/dl) in the first trimester, and sex of baby. All third trimester and birth analyses were also adjusted for gestational weight gain (kg). The results were expressed as β-coefficients with their 95% confidence interval (CI).



We also assessed each fetal growth parameter as a binary outcome. Separate multivariate-adjusted logistic regression analyses, with a similar approach for selecting confounders, were applied to estimate the odds ratio (OR and 95% CI) of low (<10th percentile vs. 10th to 90th percentile (reference)) and high (>90th percentile vs. 10th to 90th percentile (reference) in the study cohort) fetal growth for gestational age-adjusted EFW, FL, HC, BD, and AC in the second and third trimesters according to different iron supplementation doses. Similarly, multivariable logistic regression models were also performed to assess the risks of SGA and LGA for each neonatal anthropometric measurement examined at birth (i.e., birth weight, length, and HC) separately. P-value below 0.05 was considered statistically significant. Statistical analyses were performed using STATA version 15.0 (Stata Corp LP, College Station, TX, USA).





3. Results


3.1. Characteristics of the Study Participants


Figure 1 presents the flowchart of the sample study. The baseline characteristics of the women according to iron supplementation are reported in Table 1. There were no statistically significant differences within each stratum in the sociodemographic, lifestyle, or iron status characteristics. We observed a high compliance to the intervention throughout pregnancy, around 94%.




3.2. Effect of Iron Supplementation, Adjusted to the Pregnant Women’s Initial Individual Iron Status, on Mean Growth Values of the Fetus and at Birth


Supplemental Table S1 shows the comparison of fetal biometric measurements, including EFW, FL, HC, BD, and AC in the second and third trimesters of pregnancy, and the newborns’ anthropometric measurements, such as birth weight, length, and HC between iron supplementation groups of each stratum. There are no differences between them. After adjusting for possible confounders (Table 2), no statistically significant differences were found in the mean growth values between the groups within each stratum.




3.3. Effect of Iron Supplementation, Adjusted to the Pregnant Women’s Initial Individual Iron Status, on Optimal Fetal Growth (between the 10th and 90th Percentile)


Figure 2 presents the adjusted multivariable odds ratios (ORs) and their 95% confidence intervals (CIs) for low fetal growth (<10th percentile) and high fetal growth (>90th percentile) in the second and third trimesters of pregnancy between iron supplementation groups. Adjusting for possible confounding factors, we found that a daily iron supplementation of 80 mg, as opposed to 40 mg, during pregnancy (stratum 1) increased the risk of having fetuses with a HC above the 90th percentile (OR = 2.49; 95% CI 1.19–5.24; p = 0.015) in the second trimester, and having fetuses with an EFW (OR = 2.36; 95% CI 1.21–4.59; p = 0.011) and FL (OR = 2.50; 95% CI 1.17–5.33; p = 0.018) below the 10th percentile in the third trimester. It showed a non-significant trend towards a higher risk of having fetuses of high EFW (>90th percentile) in this last trimester (OR = 1.88; 95% CI 0.91–3.88; p = 0.087). In stratum 2, taking 40 g/d of iron prenatally instead of 20 mg/d increased the risk of having fetuses with a HC above the 90th percentile (OR = 3.19; 95% CI 1.06–9.60; p = 0.039) in the third trimester.



As a sensitivity analysis to assess the robustness of our findings, we replicated the main analysis defining low and high fetal growth in the second and third trimester as <25th percentile and >85th percentile, respectively. The results indicated consistent trends (Supplemental Figure S1).




3.4. Effect of Iron Supplementation, Adjusted to the Pregnant Women’s Initial Individual Iron Status, on the Risk of SGA or LGA at Birth


The prevalence of SGA for birth weight, length, and HC was 11.1%, 11.9%, and 5.9%, respectively, and the prevalence of LGA for birth weight, length, and HC was 9.8%, 9.7%, and 21.5%, respectively. As shown in Figure 3, the multivariable analysis revealed a significantly increased risk of delivering an LGA baby (OR = 2.35; 95% CI 1.18–4.67; p = 0.015) and a non-significant risk of delivering an SGA baby (OR = 1.60; 95% CI 0.82–3.15; p = 0.169) in women from stratum 1 with a daily prenatal iron dose of 80 mg, compared to those who received 40 mg/d.



No further significant differences were observed in the other parameters.





4. Discussion


To our knowledge, this is the first trial to examine the effectiveness of various doses of prenatal iron supplementation based on initial Hb levels in non-anemic women on the fetal growth parameters throughout the entire pregnancy up to delivery. We found that tailoring iron supplementation to the pregnant woman’s status achieves good results in fetal development. However, high prenatal doses of iron in each stratum increased the risk of having fetal and birth development below and above the “optimal” growth. In stratum 1, a daily prenatal dosage of 80 mg iron increased the risk of having both an SGA (<10th percentile) and LGA (>90th percentile) baby in terms of weight, not only at the end of gestation but also at birth. Regarding stratum 2, 40 mg per day of iron taken prenatally increased the risk of babies having an HC above the 90th percentile in the third trimester.



Recent meta-analyses [22,45] have found a “U”-shaped risk for maternal iron status during pregnancy, suggesting that both iron deficiency and excess may negatively affect fetal growth and development. This would justify prescription of suitable prenatal iron supplementation tailored to the mother’s initial iron stores, aiming to avoid both adverse conditions. The current study reinforces this. Our results emphasize the importance of early universal screening for maternal iron status, along with personalizing the dose of iron supplementation appropriate to each woman’s needs, i.e., adapted to their initial Hb levels and monitoring iron parameters during pregnancy. This is crucial to avoid iron overload, especially in at-risk, iron-replete pregnant women, which would potentially lead to improved fetal growth. The findings are particularly important for clinical practice, as current global guidelines advocate prophylactic prenatal iron supplementation regardless of a woman’s iron status [9,10,11], and healthcare providers often pay more attention to anemia.



Supporting our results, extensive research from both RCTs and observational studies demonstrates that high-dose iron supplementation in non-anemic, iron-replete women can negatively impact fetal growth, based on birth anthropometric measurements. For instance, an RCT [23] assessing 727 Iranian non-anemic pregnant women found that iron supplementation with a dose of 50 mg/d of iron in women with Hb ≥ 13.2 g/dl in early pregnancy increases the risk of the baby being SGA at birth in comparison with those in the placebo group. Similarly, an observational cohort study of 1196 non-anemic pregnant women in South India revealed that those in the highest tertile (>39.2 mg/d) of supplemental iron intake exhibited an elevated risk of delivering LBW infants compared to those in the lowest tertile (≤36.6 mg/d) [24]. This raises concerns about the decision regarding the prescribed doses of prenatal iron supplements for already iron-replete pregnant women, as excess prenatal iron could increase the risks of fetal growth restriction.



In addition, a retrospective study by Zhiguo Wang et al. [46] reported that a high level of maternal plasma ferritin (>70 ng/mL) was associated with macrosomic newborns (birthweight > 4000 g). Similarly, a large cohort study carried out by Xiao-Guo Hua et al. [47] with a population of pregnant women in China reported that prenatal iron and folic acid (FA) supplementation (FA, 0.4 mg; iron, 30 mg or more per day) regardless of initial iron levels was positively linked to a higher risk of LGA or macrosomia, compared with the non-supplemented group.



An RCT also tested the effects of two different doses of antenatal daily iron supplements (containing 60 mg in the iron–folic acid group and 30 mg in the multiple micronutrient group) versus supplements of folic acid alone (400 µg) in a non-anemic rural pregnant population (initial Hb ≥ 11 g/dl) in China [48]. The authors reported a modest increase in birthweight and a non-significant 21% reduction in the risk of LBW (<2500 g) in the women who received a multiple micronutrient supplement containing a low iron dose, while supplements with high doses of iron–folic acid had no effect on birth outcomes in terms of weight. Likewise, in a US trial, low iron supplementation (30 mg/d) versus a placebo from 11 to 28 weeks of gestation in pregnant women who were not anemic at the beginning of pregnancy led to a notable increase in mean birth weight, of approximately 206 g, and significantly decreased the risk of LBW [20]. Taken together, these results and our data suggest that a prenatal iron administration of 30–40 mg/d (the iron dose commonly prescribed in Spain) for pregnant women with adequate iron stores may benefit fetal growth more than a high dose of iron.



At this point, it is noteworthy that, to date, there are no published randomized controlled trials in the latest research regarding prenatal iron supplements and focusing on fetal intrauterine growth parameters, hindering direct comparisons with the current results. To the authors’ knowledge, only one prospective observational cohort study has researched the association between total iron intake from the diet and supplements and fetal biometry, comprising 337 pregnant women at mid-pregnancy (around 28th weeks) in Republic of Korea. Using the data from the Mothers’ and Children’s Environmental Health (MOCEH) study, Hwang et al. [26] reported that 65% of the supplement users had a daily iron intake above the upper level (UL, 45 mg). In their study, despite an inadequate iron intake from food, the iron intake of supplement users was 76.9 ± 48.5 mg. The BD, AC, and FL of the babies of mothers in the third tertile of total iron intake (>17.04 mg), were significantly lower than the BD, AC, and FL of the babies of mothers with lower iron intake (11.49–17.04 mg/d).



Supporting our results, various pathways have been postulated that demonstrate the possible pathophysiological mechanisms by which prenatal iron supplementation at high daily doses in non-anemic pregnant women with adequate iron reserves can negatively impact optimal fetal growth, particularly towards the end of gestation. It is understood that as pregnancy advances, the body’s ability to absorb iron progressively increases, with a notably significant rise during the third trimester, because iron is crucial for proper fetal growth [49]. However, an excess of plasma iron may result in non-transferrin-bound iron, a redox-active form of free iron that facilitates the creation of reactive oxygen species (ROS), which can be potentially toxic [50]. In fact, in a previous study by our group, higher circulating levels of iron, as measured by SF and/or transferrin saturation, were associated with increased lipid peroxidation (measured with the oxLDL/LDL ratio) in the general population [51]. In a recent study, prenatal iron supplementation of 60 mg/day in non-anemic pregnant women significantly increased oxidative stress, measured by the malondialdehyde/total antioxidant status ratio and levels of C-reactive protein, a marker for low-grade inflammation, throughout pregnancy [52]. Thus, the oxidative stress that stems from the accumulation of free iron may have both direct and indirect adverse effects on fetal growth. This can lead to ROS-associated lipid peroxidation and damage to the DNA of fetal cells, potentially resulting in conditions such as premature birth, intrauterine growth restriction, LBW and SGA offspring, among other complications [53]. Similarly, an abundance of circulating free iron can induce a potentially harmful inflammatory state, generating proinflammatory cytokines and activating immune cells, which may negatively influence fetal growth by disrupting placental functions, such as nutrient and oxygen transfer to the fetus, and causing tissue damage in the fetus, thus impacting normal fetal development [54,55,56]. It has also been hypothesized that maternal iron accumulation could raise blood viscosity, thereby compromising uteroplacental flow and, consequently, leading to suboptimal fetal growth [23]. As a result, pregnant women who already have sufficient iron and receive excessive daily iron supplementation might be at increased risk of iron overload and toxicity, thereby exposing the developing fetus to damage associated with the oxidative potential of circulating free iron, which is notably prevalent in the placenta [57].



Iron overload during pregnancy is especially linked with a heightened risk of certain pregnancy complications, such as hypertensive disorders [58] and gestational diabetes [8], which can impinge on intrauterine growth and birth outcomes. Indeed, it has been posited that an excessive intake of iron through the diet in pregnant women with ample iron reserves can heighten oxidative stress, which leads to insulin resistance and an insufficient compensatory maternal insulin response, resulting in fetal hyperglycemia and hyperinsulinemia [59]. This, in turn, can foster rapid fetal growth and excessive fat deposition, which are closely associated with fetal macrosomia [60]. Finally, it is crucial to consider that excess iron can interfere with the absorption of other essential micronutrients, such as zinc and copper, by competing for absorption transporters within the gastrointestinal tract. This competition can lead to micronutrient deficiencies, detrimentally affecting fetal growth and development by impeding critical cellular and enzymatic functions [61].



Similarly, maternal iron deficiency during pregnancy can adversely affect fetal growth and development due to diminished oxygen transport, as iron is a vital component of Hb [62]. Furthermore, iron is an essential cofactor for DNA synthesis and cell division, and therefore a deficiency could lead to delayed fetal growth [63]. Finally, iron deficiency can weaken the immune function, increasing susceptibility to infections and negatively impacting fetal growth trajectories [64].



Considering the negative influences of both iron deficiency and excess during pregnancy, it is imperative to maintain proper iron homeostasis during this period to achieve better outcomes for the mother and to ensure optimal fetal growth and development. Milman [65] suggested that it is preferable to use individual iron prophylaxis based on serum ferritin levels, which are indicative of the risk of iron deficiency, than general prophylaxis. Indeed, in an earlier analysis in the same cohort of the ECLIPSES study, it was found that adjusting prenatal iron supplementation in nonanemic women to their initial iron status proved to be an effective strategy in preventing both ID and iron excess in at-risk participants [6]. The results of our current study further support these recommendations.



The main strength of this study lies in it being the first to research the effect on fetal growth of iron supplementation doses adjusted to initial Hb levels, using a relatively large sample of non-anemic women and assessing fetal growth through fetal biometrics obtained with ultrasounds. It should be noted that excluding anemic women was important in this study, as our research strategy focuses on the primary prevention of anemia, not its treatment. In addition, this study has advantages over previous research as it was a triple-blind randomized clinical trial, which enhances its methodological rigor. We were able to assess the progression of the iron status and fetal growth by monitoring blood parameters and ultrasounds in all three trimesters of pregnancy. Moreover, it was found that the initial characteristics of the population studied did not differ significantly between the different iron supplement groups within each stratum. This indicates that the randomization process successfully balanced the treatment groups, which increases the reliability of the results. It is also important to recognize the inherent limitations of this trial. Firstly, the study was limited to a specific population from the northern Mediterranean coast of Spain, which might affect the extrapolation of the results to other geographical and cultural contexts. Secondly, it would be interesting to continue the research to elucidate the effects of iron supplementation on other parameters of fetal development, such as brain development, which is not addressed in this work. And finally, the low prevalence of iron deficiency in early pregnancy among our non-anemic participants limited the assessment of its impact on fetal growth.




5. Conclusions


Iron supplementation adjusted to initial Hb levels in in non-anemic pregnant woman seems to obtain good results in fetal development at any dose within each stratum. However, excessive doses of iron appear to negatively influence optimal fetal growth. Specifically, high prenatal doses of iron in each stratum increased the risk of fetal and birth development falling below or exceeding the “optimal” growth parameters. These findings highlight the necessity to implement individualized iron supplementation protocols that consider the Hb levels of non-anemic pregnant women, with the goal of optimizing outcomes related to fetal growth. Therefore, we recommend carrying out future trials that allow for more in-depth research into these issues, as well as determining the optimal dose of iron supplementation that maximizes the benefits for both the mother and the neonate, while minimizing the associated risks.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu16030437/s1, Table S1: Comparison of fetal growth parameters during pregnancy and birth parameters according to iron supplementation groups; Figure S1: Multivariable-adjusted ORs (95%(CIs) of low (<25th percentile) and high (>85th percentile) fetal growth in the second and third trimester pregnancy associated with maternal iron supplementation throughout pregnancy on stratum 1 (80 or 40 mg/d) and stratum 2 (40 or 20 mg/d).





Author Contributions


V.A. designed, supervised, conducted research, acquired finance, and is the guarantor of this study. V.A. and S.D.-T. performed data curation. A.D.-L. carried out statistical analysis. S.D.-T. wrote this article. All authors researched and carried out the writing—review and editing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The ECLIPSES trial was supported by the Spanish government’s official funding agency for biomedical research, ISCIII, through the Fondo de Investigacion para la para la Salud (FIS) and co-funded by the European Union (ERDF/ESF, “A way to make Europe”/“Investing in your future”) (two FIS projects: PI12/02777, PI17/01754). The funding bodies played no part in the design of this study, the collection and interpretation of data, or decision to publish. A.D. is a Serra Hunter Fellow, Spain.




Institutional Review Board Statement


This study was approved by the Ethical Committee of the IISPV (approval ID: 118/2017. Date: 23 October 2017) in accordance with the ethical standards of the Helsinki Declaration.




Informed Consent Statement


Written informed consent was obtained from the patient(s) to publish this paper.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to subject confidentiality.




Acknowledgments


The authors would especially like to thank all the volunteers for their enthusiastic collaboration, the ECLIPSES personnel for their outstanding support, and staff of all associated primary care centers for their exceptional work. Intitut d’Atenció Primària IDIAP Jordi Gol, Institut Català de la Salut. Barcelona (Josep Basora, Meritxell Pallejà., Rosa Morros). Meiji Pharma Spain S.A.—formerly Tedec-Meiji Farma S.A—(Pilar Coronel and Mercedes Gimeno) for logistic assistance and for providing free iron supplements. We also thank the ECLIPSES study group: Research Group in Nutrition and Mental Health (NUTRISAM), Universitat Rovira i Virgili, Reus, Spain (Victoria Arija, Josepa Canals, Carmen Hernández, Nuria Voltas, Andrés Díaz) and Sexual and reproductive health care services (ASSIR) of Tarragona, Spain (Francesc Fargas, Francisca Ruiz, Gemma March, Susana Abajo, and study recruiting team of midwives Susana Abajo, Irene Aguilar, Sònia Aguiles, Rosa Alzuria, Judit Bertran, Carmen Burgos, Elisabet Bru, Montserrat Carreras, Beatriz Fernández, Carme Fonollosa, Maria Leiva, Gemma March, Demetria Patricio, Teresa Pinto, Maria Ramírez, Eusebia Romano, Inés Sombreo).




Conflicts of Interest


The authors declare no conflicts of interest. The funders played no part in the study design, data collection, analysis, interpretation, manuscript writing, or the decision to publish the results.




References


	



Garzon, S.; Cacciato, P.M.; Certelli, C.; Salvaggio, C.; Magliarditi, M.; Rizzo, G. Iron Deficiency Anemia in Pregnancy: Novel Approaches for an Old Problem. Oman Med. J. 2020, 35, e166. [Google Scholar] [CrossRef]

	



WHO. Anaemia in Women and Children Geneva: World Health Organization; 2021 Edition; WHO Global Anaemia Estimates: Geneva, Switzerland, 2022; Available online: https://www.who.int/data/gho/data/themes/topics/anaemia_in_women_and_children#:~:text=In%202019%2C%20global%20anaemia%20prevalence,39.1%25)%20in%20pregnant%20women (accessed on 21 October 2023).

	



Stevens, G.A.; Paciorek, C.J.; Flores-Urrutia, M.C.; Borghi, E.; Namaste, S.; Wirth, J.P.; Suchdev, P.S.; Ezzati, M.; Rohner, F.; Flaxman, S.R.; et al. National, regional, and global estimates of anaemia by severity in women and children for 2000-19: A pooled analysis of population-representative data. Lancet Glob. Health 2022, 10, e627–e639. [Google Scholar] [CrossRef]

	



Sangkhae, V.; Fisher, A.L.; Ganz, T.; Nemeth, E. Iron Homeostasis During Pregnancy: Maternal, Placental, and Fetal Regulatory Mechanisms. Annu. Rev. Nutr. 2023, 43, 279–300. [Google Scholar] [CrossRef]

	



Bothwell, T.H. Iron requirements in pregnancy and strategies to meet them. Am. J. Clin. Nutr. 2000, 72 (Suppl. S1), 257S–264S. [Google Scholar] [CrossRef]

	



Iglesias Vázquez, L.; Arija, V.; Aranda, N.; Aparicio, E.; Serrat, N.; Fargas, F.; Ruiz, F.; Pallejà, M.; Coronel, P.; Gimeno, M.; et al. The Effectiveness of Different Doses of Iron Supplementation and the Prenatal Determinants of Maternal Iron Status in Pregnant Spanish Women: ECLIPSES Study. Nutrients 2019, 11, 2418. [Google Scholar]

	



Georgieff, M.K.; Krebs, N.F.; Cusick, S.E. The Benefits and Risks of Iron Supplementation in Pregnancy and Childhood. Annu. Rev. Nutr. 2019, 39, 121–146. [Google Scholar] [CrossRef] [PubMed]

	



Petry, C.J. Iron Supplementation in Pregnancy and Risk of Gestational Diabetes: A Narrative Review. Nutrients 2022, 14, 4791. [Google Scholar] [CrossRef] [PubMed]

	



WHO Recommendations on Antenatal Care for a Positive Pregnancy Experience; World Health Organization: Geneva, Switzerland, 2016. Available online: https://www.ncbi.nlm.nih.gov/books/NBK409108/ (accessed on 11 October 2023).

	



Peña-Rosas, J.P.; De-Regil, L.M.; Dowswell, T.; Viteri, F.E. Daily oral iron supplementation during pregnancy. Cochrane Database Syst. Rev. 2012, 12, CD004736. [Google Scholar] [PubMed]

	



Peña-Rosas, J.P.; De-Regil, L.M.; Garcia-Casal, M.N.; Dowswell, T. Daily oral iron supplementation during pregnancy. Cochrane Database Syst. Rev. 2015, 2015, CD004736. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, R.; Sejer, E.P.F.; Holm, C.; Schroll, J.B. Iron supplements in pregnant women with normal iron status: A systematic review and meta-analysis. Acta Obstet. Gynecol. Scand. 2023, 102, 1147–1158. [Google Scholar] [CrossRef] [PubMed]

	



Tura, S.; Carenza, L.; Baccarani, M.; Bagnara, M.; Bocci, A.; Bottone, P.; Bresadola, M.; Bruzzese, G.; Cassano, F.; Coccia, M.E. Therapy and iron supplements with ferritin iron during pregnancy. Randomized prospective study of 458 cases. Recenti Prog. Med. 1989, 80, 607–614. [Google Scholar]

	



Tholin, K.; Sandström, B.; Palm, R.; Hallmans, G. Changes in blood manganese levels during pregnancy in iron supplemented and non supplemented women. J. Trace Elem. Med. Biol. 1995, 9, 13–17. [Google Scholar] [CrossRef]

	



Puolakka, J.; Jänne, O.; Pakarinen, A.; Järvinen, P.A.; Vihko, R. Serum ferritin as a measure of iron stores during and after normal pregnancy with and without iron supplements. Acta Obstet. Gynecol. Scand. Suppl. 1980, 95, 43–51. [Google Scholar] [CrossRef]

	



Falahi, E.; Akbari, S.; Ebrahimzade, F.; Gargari, B.P. Impact of prophylactic iron supplementation in healthy pregnant women on maternal iron status and birth outcome. Food Nutr. Bull. 2011, 32, 213–217. [Google Scholar] [CrossRef]

	



Alizadeh, L.; Salehi, L. Is Routine Iron Supplementation Necessary in Pregnant Women with High Hemoglobin? Iran. Red Crescent Med. J. 2016, 18, 22761. [Google Scholar] [CrossRef] [PubMed]

	



Ziaei, S.; Janghorban, R.; Shariatdoust, S.; Faghihzadeh, S. The effects of iron supplementation on serum copper and zinc levels in pregnant women with high-normal hemoglobin. Int. J. Gynaecol. Obstet. 2008, 100, 133–135. [Google Scholar] [CrossRef] [PubMed]

	



Ziaei, S.; Mehrnia, M.; Faghihzadeh, S. Iron status markers in nonanemic pregnant women with and without iron supplementation. Int. J. Gynaecol. Obstet. 2008, 100, 130–132. [Google Scholar] [CrossRef] [PubMed]

	



Cogswell, M.E.; Parvanta, I.; Ickes, L.; Yip, R.; Brittenham, G.M. Iron supplementation during pregnancy, anemia, and birth weight: A randomized controlled trial. Am. J. Clin. Nutr. 2003, 78, 773–781. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.; Xu, G.; Zhou, M.; Jiang, Y.; Richards, B.; Clark, K.M.; Kaciroti, N.; Georgieff, M.K.; Zhang, Z.; Tardif, T.; et al. Prenatal Iron Supplementation Reduces Maternal Anemia, Iron Deficiency, and Iron Deficiency Anemia in a Randomized Clinical Trial in Rural China, but Iron Deficiency Remains Widespread in Mothers and Neonates. J. Nutr. 2015, 145, 1916–1923. [Google Scholar] [CrossRef] [PubMed]

	



Dewey, K.G.; Oaks, B.M. U-shaped curve for risk associated with maternal hemoglobin, iron status, or iron supplementation. Am. J. Clin. Nutr. 2017, 106 (Suppl. S6), 1694S. [Google Scholar] [CrossRef] [PubMed]

	



Ziaei, S.; Norrozi, M.; Faghihzadeh, S.; Jafarbegloo, E. A randomised placebo-controlled trial to determine the effect of iron supplementation on pregnancy outcome in pregnant women with haemoglobin ≥13.2 g/dl. BJOG 2007, 114, 684–688. [Google Scholar] [CrossRef]

	



Shastri, L.; Mishra, P.E.; Dwarkanath, P.; Thomas, T.; Duggan, C.; Bosch, R.; McDonald, C.M.; Thomas, A.; Kurpad, A.V. Association of oral iron supplementation with birth outcomes in non-anaemic South Indian pregnant women. Eur. J. Clin. Nutr. 2015, 69, 609–613. [Google Scholar] [CrossRef] [PubMed]

	



Petry, C.J.; Ong, K.K.; Hughes, I.A.; Dunger, D.B. Associations between maternal iron supplementation in pregnancy and changes in offspring size at birth reflect those of multiple micronutrient supplementation. Nutrients 2021, 13, 2480. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, J.Y.; Lee, J.Y.; Kim, K.N.; Kim, H.; Ha, E.H.; Park, H.; Ha, M.; Kim, Y.; Hong, Y.C.; Chang, N. Maternal iron intake at mid-pregnancy is associated with reduced fetal growth: Results from Mothers and Children’s Environmental Health (MOCEH) study. Nutr. J. 2013, 12, 38. [Google Scholar] [CrossRef]

	



Aranda, N.; Ribot, B.; Garcia, E.; Viteri, F.E.; Arija, V. Pre-pregnancy iron reserves, iron supplementation during pregnancy, and birth weight. Early Hum. Dev. 2011, 87, 791–797. [Google Scholar] [CrossRef]

	



Milman, N.; Bergholt, T.; Byg, K.E.; Eriksen, L.; Graudal, N. Iron status and iron balance during pregnancy. A critical reappraisal of iron supplementation. Acta Obstet. Gynecol. Scand. 1999, 78, 749–757. [Google Scholar] [CrossRef]

	



Casanueva, E.; Pfeffer, F.; Drijanski, A.; Fernández-Gaxiola, A.C.; Gutiérrez-Valenzuela, V.; Rothenberg, S.J. Iron and folate status before pregnancy and anemia during pregnancy. Ann. Nutr. Metab. 2003, 47, 60–63. [Google Scholar] [CrossRef] [PubMed]

	



Villar, J.; Cheikh Ismail, L.; Victora, C.G.; Ohuma, E.O.; Bertino, E.; Altman, D.G.; Lambert, A.; Papageorghiou, A.T.; Carvalho, M.; Jaffer, Y.A.; et al. International Fetal and Newborn Growth Consortium for the 21st Century (INTERGROWTH-21st). International standards for newborn weight, length, and head circumference by gestational age and sex: The Newborn Cross-Sectional Study of the INTERGROWTH-21st Project. Lancet 2014, 384, 857–868. [Google Scholar]

	



Black, M.H.; Sacks, D.A.; Xiang, A.H.; Lawrence, J.M. The relative contribution of prepregnancy overweight and obesity, gestational weight gain, and IADPSG-defined gestational diabetes mellitus to fetal overgrowth. Diabetes Care 2013, 36, 56–62. [Google Scholar] [CrossRef]

	



Aarnoudse-Moens, C.S.H.; Weisglas-Kuperus, N.; Van Goudoever, J.B.; Oosterlaan, J. Meta-analysis of neurobehavioral outcomes in very preterm and/or very low birth weight children. Pediatrics 2009, 124, 717–728. [Google Scholar] [CrossRef]

	



McCarthy, E.A.; Walker, S.P. International fetal growth standards: One size fits all. Lancet 2014, 384, 835–836. [Google Scholar] [CrossRef]

	



Arija, V.; Fargas, F.; March, G.; Abajo, S.; Basora, J.; Canals, J.; Ribot, B.; Aparicio, E.; Serrat, N.; Hernández-Martínez, C.; et al. Adapting iron dose supplementation in pregnancy for greater effectiveness on mother and child health: Protocol of the ECLIPSES randomized clinical trial. BMC Pregnancy Childbirth 2014, 14, 33. [Google Scholar] [CrossRef]

	



Hadlock, F.P.; Harrist, R.B.; Sharman, R.S.; Deter, R.L.; Park, S.K. Estimation of fetal weight with the use of head, body, and femur measurements-A prospective study. Am. J. Obstet. Gynecol. 1985, 151, 333–337. [Google Scholar] [CrossRef]

	



Willet, W. Nutritional Epidemiology. Monographs in Epidemiology and Biostatstics; Oxford University Press: Oxford, UK, 2012; pp. 50–67. Available online: https://books.google.com/books/about/Nutritional_Epidemiology.html?id=UKs3VaEtNukC (accessed on 13 April 2023).

	



Zhang, J.; Merialdi, M.; Platt, L.D.; Kramer, M.S. Defining normal and abnormal fetal growth: Promises and challenges. Am. J. Obstet. Gynecol. 2010, 202, 522–528. [Google Scholar] [CrossRef]

	



Institut d’Estadística de Catalunya. Catalan Classification of Occupations; Institut d’Estadística de Catalunya: Catalonia, Spain, 2011; Available online: https://www.idescat.cat/serveis/biblioteca/docs/cat/cco2011.pdf (accessed on 2 April 2023).

	



Heatherton, T.F.; Kozlowski, L.T.; Frecker, R.C.; Fagerström, K.O. The Fagerström Test for Nicotine Dependence: A revision of the Fagerström Tolerance Questionnaire. Br. J. Addict. 1991, 86, 1119–1127. [Google Scholar] [CrossRef]

	



Craig, C.L.; Marshall, A.L.; Sjöström, M.; Bauman, A.E.; Booth, M.L.; Ainsworth, B.E.; Pratt, M.; Ekelund, U.; Yngve, A.; Sallis, J.F.; et al. International physical activity questionnaire: 12-country reliability and validity. Med. Sci. Sport. Exerc. 2003, 35, 1381–1395. [Google Scholar] [CrossRef]

	



Favier, J.C.; Ireland-Ripert, J.; Toque, C.; Feinberg, M. Répertoire Général Des Aliments: Tables De Composition; Technique & Documentation; INRA: Paris, France, 1995; XXVII; 897p. [Google Scholar]

	



Mataix, J.; García-Diz, L.; Mañas, M.; Martínez, E.; Llopis, J. Food Composition Tables, 5th ed.; Publisher University of Granada: Granada, Spain, 2009. [Google Scholar]

	



World Health Organization (WHO). Global Dabatase on Body Mass Index; World Health Organization: Geneva, Switzerland, 2006. [Google Scholar]

	



Gómez, F.; Simó, J.M.; Camps, J.; Clivillé, X.; Bertran, N.; Ferré, N.; Bofill, C.; Joven, J. Evaluation of a particle-enhanced turbidimetric immunoassay for the measurement of ferritin: Application to patients participating in an autologous blood transfusion program. Clin. Biochem. 2000, 33, 191–196. [Google Scholar] [CrossRef]

	



Haider, B.A.; Olofin, I.; Wang, M.; Spiegelman, D.; Ezzati, M.; Fawzi, W.W. Anaemia, prenatal iron use, and risk of adverse pregnancy outcomes: Systematic review and meta-analysis. BMJ 2013, 346, f3443. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Fan, H.B.; Yang, W.W.; Mao, X.D.; Xu, S.H.; Ma, X.P.; Wan, G.P.; Yao, X.M.; Chen, K. Correlation between plasma ferritin level and gestational diabetes mellitus and its impact on fetal macrosomia. J. Diabetes Investig. 2018, 9, 1354–1359. [Google Scholar] [CrossRef] [PubMed]

	



Hua, X.G.; Jiang, W.; Hu, R.; Hu, C.Y.; Huang, K.; Li, F.L.; Zhang, X.J. Large for gestational age and macrosomia in pregnancies without gestational diabetes mellitus. J. Matern. Fetal Neonatal Med. 2020, 33, 3549–3558. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, L.; Dibley, M.J.; Cheng, Y.; Dang, S.; Chang, S.; Kong, L.; Yan, H. Impact of micronutrient supplementation during pregnancy on birth weight, duration of gestation, and perinatal mortality in rural western China: Double blind cluster randomised controlled trial. BMJ 2008, 337, 1211–1215. [Google Scholar] [CrossRef] [PubMed]

	



Milman, N. Iron and pregnancy--a delicate balance. Ann. Hematol. 2006, 85, 559–565. [Google Scholar] [CrossRef] [PubMed]

	



Kell, D.B. Iron behaving badly: Inappropriate iron chelation as a major contributor to the aetiology of vascular and other progressive inflammatory and degenerative diseases. BMC Med. Genom. 2009, 2, 2. [Google Scholar]

	



Aranda, N.; Fernandez-Cao, J.C.; Tous, M.; Arija, V. Increased iron levels and lipid peroxidation in a Mediterranean population of Spain. Eur. J. Clin. Investig. 2016, 46, 520–526. [Google Scholar] [CrossRef] [PubMed]

	



Rajendran, S.; Bobby, Z.; Habeebullah, S.; Elizabeth Jacob, S. Differences in the response to iron supplementation on oxidative stress, inflammation, and hematological parameters in nonanemic and anemic pregnant women. J. Matern. Fetal Neonatal Med. 2022, 35, 465–471. [Google Scholar] [CrossRef]

	



Sultana, Z.; Qiao, Y.; Maiti, K.; Smith, R. Involvement of oxidative stress in placental dysfunction, the pathophysiology of fetal death and pregnancy disorders. Reproduction 2023, 166, R25–R38. [Google Scholar] [CrossRef]

	



Burton, G.J.; Jauniaux, E. Oxidative stress. Best Pract. Res. Clin. Obstet. Gynaecol. 2011, 25, 287–299. [Google Scholar] [CrossRef]

	



Menon, R. Oxidative Stress Damage as a Detrimental Factor in Preterm Birth Pathology. Front. Immunol. 2014, 5, 567. [Google Scholar] [CrossRef]

	



Ganz, T. Systemic iron homeostasis. Physiol. Rev. 2013, 93, 1721–1741. [Google Scholar] [CrossRef]

	



Erlandsson, L.; Masoumi, Z.; Hansson, L.R.; Hansson, S.R. The roles of free iron, heme, haemoglobin, and the scavenger proteins haemopexin and alpha-1-microglobulin in preeclampsia and fetal growth restriction. J. Intern. Med. 2021, 290, 952–968. [Google Scholar] [CrossRef]

	



Shaji, G.N.; Bobby, Z.; Dorairajan, G.; Jacob, S.E. Increased hepcidin levels in preeclampsia: A protective mechanism against iron overload mediated oxidative stress? J. Matern. Fetal Neonatal Med. 2022, 35, 636–641. [Google Scholar] [CrossRef] [PubMed]

	



Zein, S.; Sitti, F.; Osman, M.; Arnaud, J.; Batandier, C.; Gauchez, A.S.; Rachidi, S.; Couturier, K.; Hininger-Favier, I. Middle Iron-Enriched Fructose Diet on Gestational Diabetes Risk and on Oxidative Stress in Offspring Rats. Biol. Trace Elem. Res. 2017, 175, 405–413. [Google Scholar] [CrossRef] [PubMed]

	



Olmos, P.R.; Borzone, G.R.; Olmos, R.I.; Valencia, C.N.; Bravo, F.A.; Hodgson, M.I.; Belmar, C.G.; Poblete, J.A.; Escalona, M.O.; Gómez, B. Gestational diabetes and pre-pregnancy overweight: Possible factors involved in newborn macrosomia. J. Obstet. Gynaecol. Res. 2012, 38, 208–214. [Google Scholar] [CrossRef] [PubMed]

	



King, J.C. Zinc: An essential but elusive nutrient. Am. J. Clin. Nutr. 2011, 94, 679S–684S. [Google Scholar] [CrossRef] [PubMed]

	



Hentze, M.W.; Muckenthaler, M.U.; Galy, B.; Camaschella, C. Two to Tango: Regulation of Mammalian Iron Metabolism. Cell 2010, 142, 24–38. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Wessling-Resnick, M. Iron and mechanisms of emotional behavior. J. Nutr. Biochem. 2014, 25, 1101–1107. [Google Scholar] [CrossRef]

	



Drakesmith, H.; Prentice, A.M. Hepcidin and the iron-infection axis. Science 2012, 338, 768–772. [Google Scholar] [CrossRef]

	



Milman, N.; Paszkowski, T.; Cetin, I.; Castelo-Branco, C. Supplementation during pregnancy: Beliefs and science. Gynecol. Endocrinol. 2016, 32, 509–516. [Google Scholar] [CrossRef]








[image: Nutrients 16 00437 g001] 





Figure 1. Flowchart of this study. 
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Figure 2. Multivariable-adjusted ORs (95%(CIs)) of low (<10th percentile) and high (>90th percentile) fetal growth in the second and third trimester pregnancy associated with maternal iron supplementation throughout pregnancy on stratum 1 (80 or 40 mg/d) and stratum 2 (40 or 20 mg/d). The reference group was 40 mg/d dose group for stratum 1 and 20 mg/d dose group for stratum 2. Abbreviations: EFW—estimated fetal weight; FL—femur length; HC—head circumference; BD—biparietal diameter; AC—abdominal circumference. All fetal growth parameter values were corrected for gestational age (weeks) at the time of ultrasound measurement using residual method. * Models were adjusted for sex of baby, maternal age (years), maternal early-pregnancy BMI categories (normal weight (ref.), overweight, obese), family SES (low (ref.), medium, high), smoking during pregnancy (no (ref.), yes), fiber intake at the first trimester, log-serum ferritin (µg/L) at the first trimester, cortisol (µg/dl) at the first trimester, carrier of HFE gene mutation (no (ref.), yes for stratum 2), and gestational weight gain (kg, only for third trimester analysis). The significance of numbers in bold is p-value < 0.05. Low (<10th percentile) or high (>90th percentile) fetal growth versus normal fetal growth (10th to 90th percentile) for gestational age-adjusted EFW, FL, HC, BD, or AC based on distribution percentile from the study population as reference. The diamonds represent OR and the whisker plots represent 95% CIs. n—number of cases infants (%); N—number of total infants. 
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Figure 3. Multivariate-adjusted ORs (95%(CIs)) of SGA or LGA infant for neonatal anthropometric measurements at birth associated with maternal iron supplementation throughout pregnancy on stratum 1 (40 or 80 mg/d) and stratum 2 (40 or 20 mg/d). The reference group was 40 mg/d dose group for stratum 1 and 20 mg/d dose group for stratum 2. Abbreviations: SGA—small for gestational age; LGA—large for gestational age. * Models were adjusted for sex of baby, maternal age (years), maternal early-pregnancy BMI categories (normal weight (ref.), overweight, obese), family SES (low (ref.), medium, high), smoking during pregnancy (no (ref.), yes), fiber intake at the first trimester, log-serum ferritin (µg/L) at the first trimester, cortisol (µg/dl) at the first trimester, carrier of HFE gene mutation (no (ref.), yes for stratum 2), and gestational weight gain (kg). The significance of numbers in bold is p-value < 0.05. SGA (<10th percentile) or LGA (>90th percentile) versus appropriate-for-gestational-age (10 to 90th percentile) for gestational age- and sex-specified birthweight, length, or head circumference based on the INTERGROWTH-21st standards as reference. The diamonds represent OR and the whisker plots represent 95% CIs. n—number of cases infants (%); N—number of total infants. 
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Table 1. Baseline characteristics of the study population according to iron supplementation groups by stratum.
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Iron Supplementation Group

	




	

	
Stratum 1

	

	
Stratum 2

	




	

	
40 mg/d

	
80 mg/d

	
p Value

	
20 mg/d

	
40 mg/d

	
p Value




	
Characteristics

	
N = 261

	
N = 268

	
N = 130

	
N = 132






	
Age (years), mean ± SD

	
30.7 ± 4.3

	
30.1 ± 5.3

	
0.217

	
30.2 ± 4.9

	
30.1 ± 5.6

	
0.812




	
BMI (kg/m2), mean ± SD

	
24.6 ± 4.1

	
24.7 ± 4.1

	
0.757

	
25.7 ± 5.3

	
25.8 ± 4.8

	
0.856




	
BMI categories, n (%)

	

	

	

	

	

	




	
18.5–24.9 (normal weight)

	
198 (64)

	
162 (60)

	

	
74 (57)

	
67 (51)

	




	
25.0–29.9 (overweight)

	
61 (24)

	
74 (28)

	
0.530

	
31 (24)

	
42 (32)

	
0.355




	
≥30 (obese)

	
32 (12)

	
32 (12)

	

	
25 (19)

	
23 (17)

	




	
GWG (kg), mean ± SD

	
10.5 ± 3.5

	
10.3 ± 3.7

	
0.448

	
10.0 ± 3.9

	
10.5 ± 3.9

	
0.322




	
Educational level, n (%)

	

	

	

	

	

	




	
Low (primary or less)

	
88 (34)

	
87 (32)

	

	
46 (35)

	
40 (30)

	




	
medium (secondary)

	
103 (39)

	
104 (39)

	
0.882

	
47 (36)

	
49 (37)

	
0.639




	
High (university or more)

	
70 (27)

	
77 (29)

	

	
37 (29)

	
43 (33)

	




	
Family SES, n (%)

	

	

	

	

	

	




	
Low

	
39 (15)

	
47 (18)

	

	
24 (18)

	
18 (14)

	




	
Medium

	
174 (67)

	
180 (67)

	
0.521

	
87 (67)

	
89 (67)

	
0.431




	
High

	
48 (18)

	
41 (15)

	

	
19 (15)

	
25 (19)

	




	
Cigarette smoking, n (%)

	

	

	

	

	

	




	
No

	
222 (85)

	
219 (82)

	
0.302

	
104 (80)

	
105 (80)

	
0.927




	
Yes

	
39 (15)

	
49 (18)

	

	
26 (20)

	
27 (20)

	




	
Alcohol consumption, n (%)

	

	

	

	

	

	




	
No

	
213 (87)

	
211 (87)

	
0.934

	
106 (86)

	
107 (89)

	
0.479




	
Yes

	
32 (13)

	
31 (13)

	

	
17 (14)

	
13 (11)

	




	
Physical activity (METs—min/week), n (%)

	

	

	

	

	

	




	
Sedentary/low (<600)

	
49 (19)

	
54 (20)

	

	
28 (22)

	
39 (30)

	




	
Moderate (≥600–1200)

	
41 (16)

	
39 (15)

	
0.884

	
20 (15)

	
14 (11)

	
0.234




	
High (≥1200)

	
171 (66)

	
175 (65)

	

	
82 (63)

	
79 (60)

	




	
Energy intake (kcal), mean ± SD

	
2095 ± 460

	
2123 ± 477

	
0.510

	
2121 ± 544

	
2165 ± 528

	
0.522




	
Dietary iron intake (mg), mean ± SD

	
7.8 ± 2.7

	
7.7 ± 2.4

	
0.628

	
7.7 ± 2.8

	
7.6 ± 2.2

	
0.752




	
Dietary vitamin C intake (mg), mean ± SD

	
76.5 ± 33.8

	
78.3 ± 35.6

	
0.582

	
77.5 ± 38.5

	
75.4 ± 37.2

	
0.658




	
Fiber intake (g), mean ± SD

	
12.5 ± 4.6

	
12.7 ± 4.3

	
0.623

	
12.5 ± 5.1

	
12.2 ± 4.1

	
0.648




	
Parity, n (%)

	

	

	

	

	

	




	
Primiparous

	
94 (36)

	
105 (39)

	
0.473

	
57 (44)

	
59 (45)

	
0.890




	
Multiparous

	
166 (64)

	
163 (61)

	

	
73 (56)

	
73 (55)

	




	
Iron status characteristics

	

	

	

	

	

	




	
Hb (g/L), mean ± SD

	
123.4 ± 4.7

	
123.3 ± 5.3

	
0.690

	
136.6 ± 4.4

	
135.7 ± 4.6

	
0.101




	
SF (µg/L), mean ± SD *

	
32.1 ± 2.0

	
32.8 ± 2.1

	
0.740

	
34.8 ± 1.9

	
34.8 ± 1.9

	
0.965




	
Iron deficiency, n (%) **

	
37 (14)

	
38 (14)

	
0.999

	
16 (12)

	
19 (14)

	
0.620




	
Carrier of HFE gene mutation, n (%)

	
62 (30)

	
74 (36)

	
0.164

	
32 (30)

	
40 (38)

	
0.192




	
H63D mutation, n (%)

	
51 (24)

	
63 (31)

	
0.150

	
29 (27)

	
34 (32)

	
0.377




	
S65C/C282Y mutation, n (%)

	
13 (6)

	
14 (7)

	
0.802

	
3 (3)

	
8 (8)

	
0.110




	
Cortisol (µg/dl), mean ± SD

	
17.6 ± 4.7

	
18.4 ± 4.6

	
0.064

	
18.6 ± 5.5

	
18.3 ± 5.2

	
0.693








Values are mean ± SD or number (%). Abbreviations: BMI—body mass index; GWG—gestational weight gain; SES—socioeconomic status; METs—metabolic equivalent of task; Hb—hemoglobin; SF—serum ferritin; HFE—hemochromatosis. p-value for the differences across supplementation dose as derived from independent samples Student’s T-test or chi-square test. The reference group was 40 mg/d dose group for stratum 1 and 20 mg/d dose group for stratum 2. * Geometric means of log-transformed. ** Defined as a serum ferritin concentration SF < 15 µg/L according to WHO definition.













 





Table 2. Effect of the intervention with iron supplementation throughout pregnancy on stratum 1 (40 or 80 mg/d) and stratum 2 (40 or 20 mg/d) regarding fetal growth characteristics (outcomes) *.
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Fetal Growth Parameters

	




	
Period of Fetal Growth Measurement and Iron

Supplementation

	
Estimated Fetal Weight (g)

	

	
Femur Length

(mm)

	

	
Head Circumference (mm)

	

	
Biparietal Diameter (mm)

	

	
Abdominal Circumference (mm)

	




	
β (95% CI)

	
p Value

	
β (95% CI)

	
p Value

	
β (95% CI)

	
p Value

	
β (95% CI)

	
p Value

	
β (95% CI)

	
p Value






	
Second trimester

	

	

	

	

	

	

	

	

	

	




	
Stratum 1

	

	

	

	

	

	

	

	

	

	




	
Iron supplementation **:

(40 mg/d (ref.) vs. 80 mg/d)

	
1.43 (−4.40, 7.26)

	
0.630

	
−0.05 (−0.40, 0.30)

	
0.780

	
0.26 (−1.14, 1.67)

	
0.711

	
−0.12 (−0.57, 0.33)

	
0.588

	
1.26 (−0.03, 2.54)

	
0.056




	
Stratum 2

	

	

	

	

	

	

	

	

	

	




	
Iron supplementation **:

(20 mg/d (ref.) vs. 40 mg/d)

	
1.54 (−7.44, 10.53)

	
0.735

	
0.28 (−0.22, 0.79)

	
0.267

	
0.03 (−1.52, 1.59)

	
0.965

	
0.07 (−0.51, 0.65)

	
0.813

	
−0.58 (−2.55, 1.38)

	
0.559




	
Third trimester

	

	

	

	

	

	

	

	

	

	




	
Stratum 1

	

	

	

	

	

	

	

	

	

	




	
Iron supplementation †:

(40 mg/d (ref.) vs. 80 mg/d)

	
−9.77 (−41.11, 21.57)

	
0.540

	
−0.30 (−0.75, 0.14)

	
0.183

	
−0.15 (−1.76, 1.46)

	
0.855

	
−0.32 (−0.78, 0.51)

	
0.184

	
−0.30 (−2.32, 1.72)

	
0.767




	
Stratum 2

	

	

	

	

	

	

	

	

	

	




	
Iron supplementation †:

(20 mg/d (ref.) vs. 40 mg/d)

	
13.51 (−27.41, 54.47)

	
0.515

	
0.03 (−0.57, 0.62)

	
0.929

	
−0.05 (−2.42, 2.31)

	
0.963

	
0.13 (−0.66, 0.92)

	
0.744

	
2.36 (−0.47, 5.19)

	
0.103




	

	
Birth parameters




	

	
Birthweight (g)

	

	
Length (cm)

	

	
Head circumference (mm)

	




	
At birth

	
β (95% CI)

	
p value

	
β (95% CI)

	
p value

	
β (95% CI)

	
p value




	
Stratum 1

	

	

	

	

	

	




	
Iron supplementation †:

(40 mg/d (ref.) vs. 80 mg/d)

	
−14.74 (−90.37, 60.89)

	
0.702

	
−0.02 (−0.41, 0.38)

	
0.939

	
−0.21 (−0.53, 0.10)

	
0.180




	
Stratum 2

	

	

	

	

	

	




	
Iron supplementation †:

(20 mg/d (ref.) vs. 40 mg/d)

	
18.53 (−98.35, 135.52)

	
0.755

	
−0.24 (−0.82, 0.34)

	
0.414

	
−0.06 (−0.56, 0.45)

	
0.823








Results are from multivariable linear regression analyses, which were run separately for each fetal growth parameter and for each period (second trimester, third trimester, at birth). Values are regression β coefficient (β) and 95% confidence intervals (CIs) and reflect the difference in growth for each fetal parameter compared to iron supplementation group of 40 mg/d for stratum 1 and 20 mg/d for stratum 2. * All fetal growth parameter values were corrected for gestational age (weeks) at the time of ultrasound measurement or for gestational age (weeks) at birth using residual method. ** Model 1: adjusted for sex of baby, maternal age (years), maternal early-pregnancy BMI categories (normal weight (ref.), overweight, obese), family SES (low (ref.), medium, high), smoking during pregnancy (no (ref.), yes), fiber intake at the first trimester, log-serum ferritin (µg/L) at the first trimester, cortisol (µg/dl) at the first trimester, and carrier of HFE gene mutation (no (ref.), yes for stratum 2). † Model 2: model 1 and additionally adjusted for gestational weight gain (kg). Ref—reference.
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