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Background: Preeclampsia (PE) is a specific hypertensive disorder in pregnancy. Lead (Pb) is a heavy metal that affects women's reproductive health. However, it is unclear whether lead exposure during can predispose maternal risk of developing preeclampsia. This systematic review and meta-analysis study aimed to explore the association.

Methods: We searched studies from three databases (PubMed, Web of Science, Embase). Only case-control, cross-sectional, and cohort studies reporting maternal blood lead levels (BLL) and PE were included from database inception to 31st July 2022. Pregnant women with blood lead levels measured were eligible. Those healthy pregnant women who did not develop preeclampsia were assessed as comparators. Letters, comments, case reports, and reviews were excluded. Newcastle-Ottawa Scale (NOS) and its adaptive form were applied for assessment. The random-effects method (REM) was applied to calculate the standardized mean difference (SMD) with a 95% confidence interval (CI). Stata 16.0 and RevMan 5.3 were the software used for data extraction and analysis.

Results: 25 studies out of 1,808 articles made the finalist for systematic reviews, of which 21 underwent further quantity analysis. A total of 1,533 preeclamptic women and 10,998 healthy pregnant controls were included in the meta-analysis. The overall result revealed that maternal lead exposure was significantly higher in women with preeclampsia (SMD: 1.06, 95% CI 0.69, 1.43); (I2 = 96.40%; P = 0.000).

Conclusion: This study demonstrates that maternal lead exposure is associated with preeclampsia during pregnancy. The association is present even in low blood lead levels. The conclusion should be taken seriously and women should avoid unexpected exposure to a lead-containing environment as much as possible.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=347220, identifier: CRD42022347220.
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1. Introduction

Preeclampsia (PE) is a pregnancy-specific disorder that can affect multi-systems. It features the late-onset hypertension, proteinuria, deranged liver enzymes, blurred vision, headache, etc. Globally, the incidence of this hypertensive disorder complicating pregnancy is around 5% (1–3). It remains one of the leading causes of maternal death in most countries, particularly in developing countries. Despite progress made in early screening and prevention in PE, the management is mainly unchanged. The most effective approach to stop the disease progression is still the termination of pregnancy. This may lead to iatrogenic preterm deliveries, causing heavy economic burden for the family and the society. Moreover, as the etiology of PE remains poorly understood, some researchers proposed that heavy metals may play a role (4–9).

Lead (Pb) is one of the most toxic heavy metals in the environment (10, 11). Environmental lead exposure can be inadvertent as it is contained in batteries, cosmetics, paints, metallic pipes, and some cooking pots (10). It can affect the biological function of major organs and systems, such as the central nervous and cardiovascular systems (12). Several studies have reported an association between occupational and environmental lead exposure and hypertension (12). Exposure to lead could affect the central nervous system, causing biological functioning of enzymes, behavioral disorders and brain damage (13). The association between lead exposure and reproductive health has also been studied across countries in recent decades (14–17). Male workers exposed to lead manifest higher blood lead levels (BLL), lower sperm count, and poor sperm motility compared to those without occupational lead exposure (18). By contrast, lead-exposed women are at higher risk of developing PCOS (19).

Many studies have reported an association between heavy metals and preeclampsia during pregnancy, but the results are inconsistent (16, 20–22). Several reasons, such as different ethnic backgrounds, geographical locations, and measurement methods, may explain the disparity. Therefore, we conducted this systematic review and meta-analysis to include all eligible studies to discuss: (1) whether there is an association between maternal lead exposure and preeclampsia; (2) how maternal lead exposure may affect the risk of PE in pregnancy.



2. Methods


2.1. Protocol and registration

This study followed the Preferred Reporting Item for Systematic Reviews and Meta-analysis (PRISMA) Statement. We registered at the National Institution for Health Research with the registration identifier: CRD42022347220. https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=347220.



2.2. Search strategy

We searched three electronic databases, PubMed, Web of Science, and Embase, from the inception to 31st Jul 2022. Two independent researchers (Z. X. Z. and Q. M. Y.) used a combination of Medical Subject Headings (MeSH) terms and free text words, e.g., “preeclampsia or pre-eclampsia or (hypertensive disorder complicating pregnancy) or (hypertensive disorder during pregnancy) or (Pregnancy-Induced Hypertension) or (gestational hypertension)” and “lead or Pb.” We have manually checked all included studies and references to complement our study. Studies were limited to humans, but there were no restrictions on language or places of study. The detailed search strategies can be accessed in Supplementary material.



2.3. Eligibility criteria and the study selection process

Two researchers (Z. X. Z. and Q. M. Y.) independently included studies that were: Observational studies that measure maternal blood lead levels in preeclamptic women and healthy pregnant controls.

Studies were excluded if they were conference papers, editorials, letters, reviews or systematic reviews. Z. X. Z. and Q. M. Y. screened the studies, and a third reviewer, F. F. Z., was to resolve any disagreement between the two.



2.4. Data extraction and quality assessment

Two independent investigators (Z. X. Z. and Q. M. Y.) extracted data via Microsoft Excel 2018. The title of studies, name of the authors, year of publication, study types, country of study, number of participants, blood lead levels (BLL), and average maternal age with standard deviation (SD) in each group were extracted from each study. F. F. Z. was to resolve any disagreement during data extraction between the two.

The Newcastle-Ottawa Scale (NOS) was adopted to evaluate case-control, cohort, and cross-sectional studies. A nine-star rating system was applied for quality assessment in case-control and cohort studies. A score between seven and nine indicates good quality, while four to six was considered moderate quality. Poor quality was defined if the score was three or less. For cross-sectional studies, a modified form of NOS was used. The scores rated from zero to ten. Scores of seven or more represent good quality, while three or fewer represent poor quality. Fair quality was defined as scores in between (23).



2.5. Sub-group analysis and meta-regression

Sub-group analysis and meta-regression were conducted to assess whether geographical locations, study or sample types, or measurement methods affected maternal exposure to lead, and how this correlated with the likelihood of preeclampsia. We divided all studies into five groups according to the original locations of the study population: Asian studies were from China and India. African studies consisted of reports from DR Congo, Egypt, and Nigeria. Middle-East studies cover reports from Iran, Saudi Arabia, and Turkey. European studies contain reports from Bulgaria, Finland, France, Malta, Poland, Portugal, and the UK. Other studies from the USA and Australia were allocated to Group 5 (Others).

We also applied meta-regression to determine whether the geographical locations, the study types, the methods of measurement, or the blood samples (the whole blood, plasma, serum) were the contributing factors to the overall results and heterogeneity.



2.6. Statistical analysis

We calculated results and performed data analysis via Review Manager 5.4.1 (The Nordic Cochrane Center, Copenhagen, Denmark) and Stata version 16.0 (StataCorp., College Station, TX, USA). The maternal blood lead exposure levels were pooled by standardized mean difference (SMD) with 95% confidence intervals (CI). The I2 was used to test the heterogeneity (I2 ≥ 50% indicates significant heterogeneity). The forest plot was used to visualize the overall results, with the random-effect model (REM) being adopted for calculation as the heterogeneity was considered significant. A sensitivity analysis was performed with the removal of each study once to assess whether any single study could affect the overall outcome. Publication bias was visualized via funnel plot with Begg's test and tested with Egger's linear regression.




3. Results


3.1. Study selection

We searched three databases (PubMed, Web of Science, and Embase) and collected 1,801 articles. Seven additional studies were identified after checking all the references from full-text articles. Of the 1,808 studies, 28 were removed for duplication. One thousand seven hundred and eighty records were further screened, and 1,744 were removed after reading their title and abstract. There were 36 studies investigated for full-text assessment. Eleven of them were excluded for reasons: Letonoff et al. study was included in a recent meta-analysis, but we excluded it from our finalist as we had checked the measurement in this study and failed to identify the type of measurement used in the article and references (24). Moreover, the diagnostic criteria were significantly changed over the eight decades (24, 25). Three studies were excluded for not reporting blood samples of lead (6, 26, 27). Three articles were excluded as they overlapped the study population with the finalist articles (28–30). The other four articles failed to make it into the finalist as they studied the association between lead exposure and obstetric outcomes during pregnancy but did not involve preeclampsia (31–34). Of the rest 25 articles, 21 were included in systematic review and meta-analysis, while four studies were only assessed in the qualitative synthesis (14–17, 20–22, 35–48). Details of the study selection process can be seen in Figure 1.


[image: Figure 1]
FIGURE 1
 PRISMA flow diagram for study selection process.




3.2. Basic characteristics of included studies

There are 25 studies originated from 17 countries over four decades. There are contrasting differences between the size of the study population with the number of preeclamptic participants in any single study ranging from six to 427 (14, 47). Significant differences were also found in blood samples (whole blood, plasma, serum or red blood cells), and methods of measurement, such as atomic absorption spectrophotometer (AAS), inductively coupled plasma mass spectrometry (ICP-MS) or inductively coupled plasma optical emission spectrometry (ICP-OES), etc. (37, 38, 40). Most studies adopted ACOG's diagnostic criteria of preeclampsia for patient inclusion. More information can be seen in Table 1.


TABLE 1 Characteristics of included studies.
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3.3. Results of systematic review

There were 13 cohort studies, eight case-control studies, and four cross-sectional studies. All 25 studies were further assessed via the Newcastle-Ottawa Scale (NOS) quality assessment, of which four cross-sectional studies were evaluated with modified NOS. Overall, 19 reports were rated high quality, and six were rated moderate. Detailed scores can be accessed in Supplementary Tables 1.1–1.3.



3.4. Results of meta-analysis

The total number of participants involved in the meta-analysis was 12,531 from 21 reports. The number of healthy pregnant controls was much more compared to the case group. Preeclamptic women accounted for 1,533, while non-preeclamptic pregnant women were more than 7-fold more (1,533 vs. 10,998). The single largest study with 3,976 participants was extracted from a prospective birth cohort in the US in 2015 (16). The overall result showed that maternal lead exposure in preeclamptic women was significantly higher than that of healthy pregnant control (SMD: 1.06, 95% CI 0.69, 1.43); (I2 = 96.4%; P = 0.000), see Figure 2. The funnel plot indicated significant publication bias which can be seen in Figure 3. Begg's test and Egger's test were applied to quantitatively assess the publication bias (z = 3.47, p = 0.001; t = 3.87, p = 0.001; see Supplementary Figure 1, Supplementary Table 2). The leave-one-out sensitivity analysis (Supplementary Figure 2) showed that Wang et al. and Ikechukwu et al. reports reversely contributed to the pooled result (37, 47).


[image: Figure 2]
FIGURE 2
 The forest plot of correlation between maternal lead exposure levels in preeclamptic and healthy pregnant women.
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FIGURE 3
 The funnel plot to assess publication bias.




3.5. Results of meta-regression

Meta-regression was performed as a result of significant heterogeneity between studies. Different geographical locations, measurement methods, types of study design, and blood samples of lead were further tested for potential causes of heterogeneity. However, the results showed that none of them was the major contributor (P-value of location: 0.07; P-value of different measurements: 0.37; P-value of study types: 0.65; P-value of sample types: 0.73). Detailed information can be seen in Supplementary Figure 3.



3.6. Results of sub-group analysis from a geographic perspective

Despite having evaluated the effect of geographical backgrounds on the general result, we further made a sub-group analysis to see how different the results were in different regions and continents. European studies made up the largest part of the whole study, with 5,325 participants (318 preeclamptic women vs. 5,007 healthy pregnant control). By contrast, African studies only contributed a minor part (428 participants evenly divided), but the effect size was disproportionally large (SMD 2.32; 95% CI 0.60, 4.05); (I2 = 97.00%; P = 0.000). The Asian studies were the most recent and had the lowest heterogeneity with I2 = 60%; P = 0.06; (SMD 0.30; 95% CI 0.12, 0.49). The fifth group consisted of studies from USA and Australia, and there was a significant between-study heterogeneity (SMD 1.74; 95% CI 0.25, 3.24; I2 = 98.00%; P = 0.000). More information is available in Supplementary Figure 4.

We further applied the cut-off value of maternal blood lead level at 5 μg/dL as the Center for Disease Control and Prevention (CDC) of the USA has recommended as the safe range (49). Eleven studies with both the case and control groups whose mean values lower than 5 μg/dL were included for further analysis (14, 16, 17, 20–22, 36, 40, 44, 47, 48). The pooled result showed that the SMD: 0.25, 95% CI 0.09, 0.40; I2 = 75.00%, P = 0.002. More detailed information can be seen in Supplementary Figure 5.




4. Discussion

This systematic review and meta-analysis primarily focused on whether there is an association between maternal lead exposure and preeclampsia. The combined results have demonstrated that higher blood lead levels (BLL) are associated with preeclampsia (PE). This is generally consistent with some existing research (25, 50). Lead exposure is associated to adverse maternal and fetal outcomes. The Center for Disease Control and Prevention (CDC) of the USA recommended the safe range of BLL in pregnant women to be 5 μg/dL or less. Globally, the WHO recommends a safety limit of 10 μg/dL BLL (51). In the view of geographical sub-group analysis, the associative trend is more prominent in Africa. This may be associated to rapid industrialization, environmental pollution, diet differences, lifestyle (kohl, the black eye cosmetic containing lead sulfide), and poor community awareness in the last decade. Asian studies had relatively lower heterogeneity as three out of the four studies originated in the same country. Apart from geographical differences, sample type, methods of measurements, study designs may also affect the overall effect and give rise to the heterogeneity. We therefore applied meta-regression, but no variables were identified to cause the between-study heterogeneity.

Mothers with advanced age were more likely to develop a steeper increase in BLL than younger mothers, particularly in the latter half of their pregnancy. This coincides with the onset of preeclampsia (52). In this view, it is plausible that higher lead accumulated in advanced maternal age women, disposing them to developing preeclampsia. Furthermore, as the lead was known to cross the placenta freely during pregnancy, there are studies focusing on identifying the association between increased maternal BLL and fetal outcomes. A higher risk of spontaneous miscarriage in the early trimester, and stillbirth in the mid-/late-trimester were also observed in several studies (53, 54). Lead has been shown to induce hyperglycemia and glucose intolerance in pregnant women, which has also been observed in animal studies (33, 55). An association between maternal lead exposure and very preterm birth was identified in a large cohort. Moreover, early-life environmental exposure to lead is related to neurodevelopmental disorders, asthma, and obesity. Interestingly, gender differences were found in 949 mother-child pairs research. Male neonates were at higher risk of preterm delivery even if maternal lead exposure was low (56, 57). In an Iranian study, a negative correlation between intrauterine lead exposure and neonatal birth weight was reported recently (58). Furthermore, a study from Mexico demonstrated that girls born from mothers with lead exposure during pregnancy may have delayed puberty, poor pubic hair, and breast growth (59). These show the sustained effect of lead on mothers and offspring, particularly female offspring. A prenatal animal study also supported this opinion as they have found that maternal lead exposure may create a non-genetic adaptive mechanism to protect against reproductive impairment. This process involves imprinting or cell programming and can persist for a long time (52). As lead was believed to interfere with iron absorption, maternal lead exposure was investigated for anemia developed during pregnancy. However, there has been insufficient evidence to consolidate the correlation by far (32).

Despite several studies demonstrating an association between heavy metals and risks of developing preeclampsia for decades, recent reviews have not included lead or other heavy metals as potential risk factors for preeclampsia (1–3, 17, 20, 44). One reason is that in most western countries, women are at very low risk of suffering from environmental or occupational lead exposure or other heavy metal exposure. In this sense, we divided studies into several groups based on geographical location, assuming there may be differences between each group due to ethnic, economic, lifestyle differences. These differences may also partly explain the significant between-study heterogeneity in this systematic review and meta-analysis. Another reason is that the raised awareness leads to less use of lead-contained food, water, or cosmetics. Fewer women nowadays are exposed to environmental and/or occupational lead without protection. This makes research more difficult to discover significant changes on human beings, and many recent studies turn to focusing on animal study (55).

ACOG stated there is no association between lead exposure and the development of pregnancy-induced hypertension (PIH) (49, 60). However, based on the result we collected, even a low blood lead level (<5 μg/dL) can lead to adverse pregnancy outcomes, including preeclampsia (22, 36, 40). This was further fortified by our sub-group analysis (Supplementary Figure 5). There are different theories to explain the potentially underlying mechanisms. Firstly, the physiological changes in pregnancy facilitate the mobilization of maternal bone lead, contributing to a higher maternal BLL. This triggers a further release of endothelin, a vasoconstrictor involved in the inflammation process, which plays a key role in the pathogenesis of preeclampsia (12, 61). Secondly, an animal study has suggested that long-term lead-contained drinking water can significantly enhance the plasma levels of adrenaline and noradrenaline. This could induce blood hypertension, which is partly responsible for the pathogenesis of preeclampsia (54). Thirdly, high maternal BLL may lead to local changes in miRNA profiles based on research focusing on the cervix (31). As lead can freely cross the placenta, maternal lead exposure during pregnancy could lead to higher in-utero lead levels (56). The high levels of umbilical cord blood lead can further trigger changes in fetal miRNA profiles, making it more susceptible to developing maternal preeclampsia and fetal preterm birth or stillbirths. DNA methylation changes were also observed following maternal lead exposure (34, 62). Interestingly, some adverse fetal outcomes are differently associated with fetal sex. DNA methylation is more prominent in female fetuses, while males are at higher risk of pre-term births (34, 57).

Two systematic reviews and meta-analyses focused on the correlation between maternal lead exposure and preeclampsia (25, 50). Kennedy et al. published in 2012, which included only nine original studies. They claimed to search the database from inception to March 2011, but we have found three more articles that met their acclaimed inclusion criteria (14, 24, 45). Poropat et al. study was very well-written, particularly their discussion part. It has been reported that an increment of 1 μg/dL of blood lead was associated with a 1.6% increase in the likelihood of preeclampsia. However, they share a similar problem of not including all the available studies. They have missed at least five studies collected by Kennedy et al. without explanation, indicating that there might be insufficient search in the research (15, 48, 63–65). Another significant mistake was data accuracy. We have found that the review published in 2018 mishandled the results extracted from Ikechukwu et al. study (25). The SD was 12.8 instead of being mistakenly noted as 24.0, and the number of participants in this study was actually 209 instead of 181 which was written in the systematic review (25, 37). The selection bias and inaccurate data extraction may compromise the reliability of the overall result synthesized in this meta-analysis (25).

Compared to the previous research, we have included the most recent and the largest number of studies reporting maternal lead exposure and preeclampsia. This facilitates detailed analysis from different perspectives. We divided the studies into five sub-groups to see how geographic locations impact the overall result and the heterogeneity between studies. We have included all nine reports since 2018, accounting for the latest trends worldwide (17, 20–22, 36, 40, 43, 44, 47).

However, there are several limits to our study. Firstly, despite the unlimited language requirement during the search, we only extracted one non-English written article (written in Persian) (41). This is a shared problem in the previous meta-analysis (50). Secondly, the size of included reports precludes further analysis. We have tried to investigate the correlation between lead and preeclampsia via different perspectives, such as dividing the studies into different geographical groups and applying meta-regression to see whether study design, measurement methods, and blood samples have exerted an effect on the overall result. All methods we tried failed to identify any causal effects, nor to significantly minimize the between-study heterogeneity. Lastly, exposure to heavy metals often occurs in mixtures instead of in single forms (20, 66). However, only nine articles in our studies reported other heavy metals (15, 20, 21, 40, 43–47). With more studies reporting the panel of heavy metals, we would be a step closer to exploring the real-world facts.



5. Conclusion

In summary, we have found that maternal lead exposure is associated with PE during pregnancy, even at very low levels. More well-designed large cohort studies in the future are needed further to clarify the role of lead on preeclampsia and pregnancy.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Author contributions

Conceptualization and modification and writing back to reviewers: ZZ and FZ. Methodology, resources, and data curation: QY and CL. Software and investigation: ZZ and QY. Validation, project administration, and supervision: FZ and XC. Formal analysis: ZZ and XC. Writing—original draft preparation and funding acquisition: ZZ. Writing—review and editing: XC. Visualization: CL. All authors have read and agreed to the published version of the manuscript.



Funding

This work was supported by the Zhejiang Provincial Project for Medical and Health Science [2022503241].



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2022.1072052/full#supplementary-material



References

 1. Magee LA, Nicolaides KH, von Dadelszen P. Preeclampsia. N Engl J Med. (2022) 386:1817–32. doi: 10.1056/NEJMra2109523

 2. Chappell LC, Cluver CA, Kingdom J, Tong S. Pre-eclampsia. Lancet. (2021) 398:341–54. doi: 10.1016/S0140-6736(20)32335-7

 3. Burton GJ, Redman CW, Roberts JM, Moffett A. Pre-eclampsia: pathophysiology and clinical implications. BMJ. (2019) 366:l2381. doi: 10.1136/bmj.l2381

 4. Varshavsky J, Smith A, Wang A, Hom E, Izano M, Huang H, et al. Heightened susceptibility: a review of how pregnancy and chemical exposures influence maternal health. Reprod Toxicol. (2020) 92:14–56. doi: 10.1016/j.reprotox.2019.04.004

 5. Kim SS, Xu X, Zhang Y, Zheng X, Liu R, Dietrich KN, et al. Birth outcomes associated with maternal exposure to metals from informal electronic waste recycling in Guiyu, China. Environ Int. (2020) 137:105580. doi: 10.1016/j.envint.2020.105580

 6. Johnson KM, Specht AJ, Hart JM, Salahuddin S, Erlinger AL, Hacker MR, et al. Lead exposure and association with angiogenic factors and hypertensive disorders of pregnancy. Pregn Hypertens. (2020) 22:93–8. doi: 10.1016/j.preghy.2020.07.014

 7. Hamdan HZ, Hamdan SZ, Adam I. Association of selenium levels with preeclampsia: a systematic review and meta-analysis. Biol Trace Elem Res. (2022). doi: 10.1007/s12011-022-03316-1. [Epub ahead of print].

 8. He L, Lang L, Li Y, Liu Q, Yao Y. Comparison of serum zinc, calcium, and magnesium concentrations in women with pregnancy-induced hypertension and healthy pregnant women: a meta-analysis. Hypertens Pregn. (2016) 35:202–9. doi: 10.3109/10641955.2015.1137584

 9. Jin S, Hu C, Zheng Y. Maternal serum zinc level is associated with risk of preeclampsia: a systematic review and meta-analysis. Front Public Health. (2022) 10:968045. doi: 10.3389/fpubh.2022.968045

 10. ACOG. Reducing prenatal exposure to toxic environmental agents: ACOG committee opinion summary, number 832. Obstet Gynecol. (2021) 138:170–1. doi: 10.1097/AOG.0000000000004450

 11. Force USPST, Curry SJ, Krist AH, Owens DK, Barry MJ, Cabana M, et al. Screening for elevated blood lead levels in children and pregnant women: US preventive services task force recommendation statement. JAMA. (2019) 321:1502–9. doi: 10.1001/jama.2019.3326

 12. Versmissen J, Mirabito Colafella KM, Koolen SLW, Danser AHJ. Vascular cardio-oncology: vascular endothelial growth factor inhibitors and hypertension. Cardiovasc Res. (2019) 115:904–14. doi: 10.1093/cvr/cvz022

 13. Martinez-Lazcano JC, Lopez-Quiroz A, Alcantar-Almaraz R, Montes S, Sanchez-Mendoza A, Alcaraz-Zubeldia M, et al. A hypothesis of the interaction of the nitrergic and serotonergic systems in aggressive behavior induced by exposure to lead. Front Behav Neurosci. (2018) 12:202. doi: 10.3389/fnbeh.2018.00202

 14. Hyvonen-Dabek M, Nikkinen-Vilkki P, Dabek JT. Selenium and other elements in human maternal and umbilical serum, as determined simultaneously by proton-induced X-ray emission. Clin Chem. (1984) 30:529–33. doi: 10.1093/clinchem/30.4.529

 15. Magri J, Sammut M, Savona-Ventura C. Lead and other metals in gestational hypertension. Int J Gynaecol Obstet. (2003) 83:29–36. doi: 10.1016/S0020-7292(03)00212-1

 16. Taylor CM, Golding J, Emond AM. Adverse effects of maternal lead levels on birth outcomes in the ALSPAC study: a prospective birth cohort study. BJOG. (2015) 122:322–8. doi: 10.1111/1471-0528.12756

 17. Wu SZ, Xu HY, Chen Y, Chen Y, Zhu QL, Tan MH, et al. Association of blood lead levels with preeclampsia: a cohort study in China. Environ Res. (2021) 195:110822. doi: 10.1016/j.envres.2021.110822

 18. Balachandar R, Bagepally BS, Kalahasthi R, Haridoss M. Blood lead levels and male reproductive hormones: a systematic review and meta-analysis. Toxicology. (2020) 443:152574. doi: 10.1016/j.tox.2020.152574

 19. Liang C, Zhang Z, Cao Y, Wang J, Shen L, Jiang T, et al. Exposure to multiple toxic metals and polycystic ovary syndrome risk: endocrine disrupting effect from As, Pb and Ba. Sci Total Environ. (2022) 849:157780. doi: 10.1016/j.scitotenv.2022.157780

 20. Ma J, Zhang H, Zheng T, Zhang W, Yang C, Yu L, et al. Exposure to metal mixtures and hypertensive disorders of pregnancy: a nested case-control study in China. Environ Pollut. (2022) 306:119439. doi: 10.1016/j.envpol.2022.119439

 21. McKeating DR, Fisher JJ, MacDonald T, Walker S, Tong S, Bennett WW, et al. Circulating trace elements for the prediction of preeclampsia and small for gestational age babies. Metabolomics. (2021) 17:90. doi: 10.1007/s11306-021-01840-0

 22. Gajewska K, Laskowska M, Almeida A, Pinto E, Skorzynska-Dziduszko K, et al. Lead levels in non-occupationally exposed women with preeclampsia. Molecules. (2021) 26:3051. doi: 10.3390/molecules26103051

 23. Modesti PA, Reboldi G, Cappuccio FP, Agyemang C, Remuzzi G, Rapi S, et al. Panethnic differences in blood pressure in europe: a systematic review and meta-analysis. PLoS ONE. (2016) 11:e0147601. doi: 10.1371/journal.pone.0147601

 24. Letonoff TV, Reinhold JG, Riggs HE, Cohn C. Lead mobilization accompanying toxemia of pregnancy. Am J Obstetr Gynecol. (1940) 40:1017–21. doi: 10.1016/S0002-9378(15)31454-X

 25. Poropat AE, Laidlaw MAS, Lanphear B, Ball A, Mielke HW. Blood lead and preeclampsia: a meta-analysis and review of implications. Environ Res. (2018) 160:12–9. doi: 10.1016/j.envres.2017.09.014

 26. Elongi Moyene JP, Scheers H, Tandu-Umba B, Haufroid V, Buassa-Bu-Tsumbu B, Verdonck F, et al. Preeclampsia and toxic metals: a case-control study in Kinshasa, DR Congo. Environ Health. (2016) 15:48. doi: 10.1186/s12940-016-0132-1

 27. Zahran S, Magzamen S, Breunig IM, Mielke HW. Maternal exposure to neighborhood soil Pb and eclampsia risk in New Orleans, Louisiana (USA): evidence from a natural experiment in flooding. Environ Res. (2014) 133:274–81. doi: 10.1016/j.envres.2014.06.007

 28. Vigeh M, Yokoyama K, Mazaheri M, Beheshti S, Ghazizadeh S, Sakai T, et al. Relationship between increased blood lead and pregnancy hypertension in women without occupational lead exposure in Tehran, Iran. Arch Environ Health. (2004) 59:70–5. doi: 10.3200/AEOH.59.2.70-75

 29. Lin IC, Shih YC, Wang PH. Lead and pregnancy. Taiwan J Obstet Gynecol. (2019) 58:302–3. doi: 10.1016/j.tjog.2019.02.003

 30. Liu T, Zhang M, Guallar E, Wang G, Hong X, Wang X, et al. Abstract P264: metal exposures and preeclampsia in the boston birth cohort. Circulation. (2019) 139:AP264-AP. doi: 10.1161/circ.139.suppl_1.P264

 31. Sanders AP, Burris HH, Just AC, Motta V, Amarasiriwardena C, Svensson K, et al. Altered miRNA expression in the cervix during pregnancy associated with lead and mercury exposure. Epigenomics. (2015) 7:885–96. doi: 10.2217/epi.15.54

 32. Hamadneh J, Hamadneh S, Massadeh A, Kassab M, Al-Bayyari N, Khader Y, et al. Blood lead level and correlation with pregnancy-associated anaemia. Austral Med J. (2018) 11:219–22. doi: 10.21767/AMJ.2018.3375

 33. Onat T, Demir Caltekin M, Turksoy VA, Baser E, Aydogan Kirmizi D, Kara M, et al. The relationship between heavy metal exposure, trace element level, and monocyte to HDL cholesterol ratio with gestational diabetes mellitus. Biol Trace Elem Res. (2021) 199:1306–15. doi: 10.1007/s12011-020-02499-9

 34. Wu S, Hivert MF, Cardenas A, Zhong J, Rifas-Shiman SL, Agha G, et al. Exposure to low levels of lead in utero and umbilical cord blood dna methylation in project viva: an epigenome-wide association study. Environ Health Perspect. (2017) 125:087019. doi: 10.1289/EHP1246

 35. Dawson EB, Evans DR, Kelly R, Van Hook JW. Blood cell lead, calcium, and magnesium levels associated with pregnancy-induced hypertension and preeclampsia. Biol Trace Elem Res. (2000) 74:107–16. doi: 10.1385/BTER:74:2:107

 36. Disha, Sharma S, Goyal M, Kumar PK, Ghosh R, Sharma P. Association of raised blood lead levels in pregnant women with preeclampsia: a study at tertiary centre. Taiwan J Obstet Gynecol. (2019) 58:60–3. doi: 10.1016/j.tjog.2018.11.011

 37. Ikechukwu IC, Ojareva OI, Ibhagbemien AJ, Okhoaretor OF, Oluwatomi OB, Akhalufo OS, et al. Blood lead, calcium, and phosphorus in women with preeclampsia in Edo State, Nigeria. Arch Environ Occup Health. (2012) 67:163–9. doi: 10.1080/19338244.2011.619212

 38. Jameil NA. Maternal serum lead levels and risk of preeclampsia in pregnant women: a cohort study in a maternity hospital, Riyadh, Saudi Arabia. Int J Clin Exp Pathol. (2014) 7:3182–9.

 39. Kaul PP, Srivastava R, Srivastava SP, Kamboj M, Chand S. Relationships of maternal blood lead and disorders of pregnancy to neonatal birthweight. Vet Hum Toxicol. (2002) 44:321–3.

 40. Liu T, Zhang M, Guallar E, Wang G, Hong X Wang X, et al. Trace minerals, heavy metals, and preeclampsia: findings from the boston birth cohort. J Am Heart Assoc. (2019) 8:e012436. doi: 10.1161/JAHA.119.012436

 41. Mokhlesi S, Moghaddam-Banaem L, Lamyian M, Alyianmoghadam N, Safari K. Prediction of preeclampsia based on blood lead levels in early pregnancy J J Shahrekord Uuniv Med Sci. (2014) 15:44–53.

 42. Motawei SM, Attalla SM, Gouda HE, El-Harouny MA, El-Mansoury AM. Lead level in pregnant women suffering from pre-eclampsia in Dakahlia, Egypt. Int J Occup Environ Med. (2013) 4:36–44.

 43. Musa Obadia P, Kayembe-Kitenge T, Haufroid V, Banza Lubaba Nkulu C, Nemery B. Preeclampsia and blood lead (and other metals) in Lubumbashi, DR Congo. Environ Res. (2018) 167:468–71. doi: 10.1016/j.envres.2018.07.032

 44. Ovayolu A, Turksoy VA, Gun I, Karaman E, Dogan I, Turgut A. Analyses of maternal plasma cadmium, lead, and vanadium levels in the diagnosis and severity of late-onset preeclampsia: a prospective and comparative study. J Matern Fetal Neonatal Med. (2022) 35:4803–9. doi: 10.1080/14767058.2020.1864318

 45. Tabacova S, Balabaeva L. Environmental pollutants in relation to complications of pregnancy. Environ Health Perspect. (1993) 101(Suppl. 2):27–31. doi: 10.1289/ehp.93101s227

 46. Vigeh M, Yokoyama K, Ramezanzadeh F, Dahaghin M, Sakai T, Morita Y, et al. Lead and other trace metals in preeclampsia: a case-control study in Tehran, Iran. Environ Res. (2006) 100:268–75. doi: 10.1016/j.envres.2005.05.005

 47. Wang Y, Wang K, Han T, Zhang P, Chen X, Wu W, et al. Exposure to multiple metals and prevalence for preeclampsia in Taiyuan, China. Environ Int. (2020) 145:106098. doi: 10.1016/j.envint.2020.106098

 48. Yazbeck C, Thiebaugeorges O, Moreau T, Goua V, Debotte G, Sahuquillo J, et al. Maternal blood lead levels and the risk of pregnancy-induced hypertension: the EDEN cohort study. Environ Health Perspect. (2009) 117:1526–30. doi: 10.1289/ehp.0800488

 49. Ettinger AS, Wengrovitz AM. Guidelines for the Identification and Management of Lead Exposure in Pregnant and Lactating Women. Atlanta: U.S. Department of Health and Human Services, Centers for Disease Control and Prevention, National Center for Environmental Health/Agency for Toxic Substances and Disease Registry (2010).

 50. Kennedy DA, Woodland C, Koren G. Lead exposure, gestational hypertension and pre-eclampsia: a systematic review of cause and effect. J Obstet Gynaecol. (2012) 32:512–7. doi: 10.3109/01443615.2012.693987

 51. Bayat F, Akbari SA, Dabirioskoei A, Nasiri M, Mellati A. The relationship between blood lead level and preeclampsia. Electron Phys. (2016) 8:3450–5. doi: 10.19082/3450

 52. Hertz-Picciotto I, Schramm M, Watt-Morse M, Chantala K, Anderson J, Osterloh J. Patterns and determinants of blood lead during pregnancy. Am J Epidemiol. (2000) 152:829–37. doi: 10.1093/aje/152.9.829

 53. Osmel La Llave L, José MSP. Effects of lead on reproductive health. In: Pipat C, editor. Lead Chemistry. Rijeka: IntechOpen (2020). Ch. 1. doi: 10.5772/intechopen.91992

 54. Edwards M. Fetal death and reduced birth rates associated with exposure to lead-contaminated drinking water. Environ Sci Technol. (2014) 48:739–46. doi: 10.1021/es4034952

 55. Tyrrell JB, Hafida S, Stemmer P, Adhami A, Leff T. Lead (Pb) exposure promotes diabetes in obese rodents. J Trace Elem Med Biol. (2017) 39:221–6. doi: 10.1016/j.jtemb.2016.10.007

 56. O'Shea TM, McGrath M, Aschner JL, Lester B, Santos HP Jr, Marsit C, et al. Environmental influences on child health outcomes: cohorts of individuals born very preterm. Pediatr Res. (2022). doi: 10.1038/s41390-022-02230-5. [Epub ahead of print].

 57. Perkins M, Wright RO, Amarasiriwardena CJ, Jayawardene I, Rifas-Shiman SL, Oken E. Very low maternal lead level in pregnancy and birth outcomes in an eastern Massachusetts population. Ann Epidemiol. (2014) 24:915–9. doi: 10.1016/j.annepidem.2014.09.007

 58. Daniali SS, Yazdi M, Heidari-Beni M, Taheri E, Zarean E, Goli P, et al. Birth size outcomes in relation to maternal blood levels of some essential and toxic elements. Biol Trace Elem Res. (2022). doi: 10.1007/s12011-022-03121-w. [Epub ahead of print].

 59. Liu Y, Tellez-Rojo MM, Sanchez BN, Zhang Z, Afeiche MC, Mercado-Garcia A, et al. Early lead exposure and pubertal development in a Mexico City population. Environ Int. (2019) 125:445–51. doi: 10.1016/j.envint.2019.02.021

 60. Committee on Obstetric P. Committee opinion No. 533: lead screening during pregnancy and lactation. Obstet Gynecol. (2012) 120(2 Pt 1):416–20. doi: 10.1097/AOG.0b013e31826804e8

 61. Gonick HC, Behari JR. Is lead exposure the principal cause of essential hypertension? Med Hypotheses. (2002) 59:239–46. doi: 10.1016/S0306-9877(02)00207-4

 62. Sanchez-Guerra M, Peng C, Trevisi L, Cardenas A, Wilson A, Osorio-Yanez C, et al. Altered cord blood mitochondrial DNA content and pregnancy lead exposure in the PROGRESS cohort. Environ Int. (2019) 125:437–44. doi: 10.1016/j.envint.2019.01.077

 63. Rothenberg SJ, Kondrashov V, Manalo M, Jiang J, Cuellar R, Garcia M, et al. Increases in hypertension and blood pressure during pregnancy with increased bone lead levels. Am J Epidemiol. (2002) 156:1079–87. doi: 10.1093/aje/kwf163

 64. Sowers M, Jannausch M, Scholl T, Li W, Kemp FW, Bogden JD. Blood lead concentrations and pregnancy outcomes. Arch Environ Health. (2002) 57:489–95. doi: 10.1080/00039890209601442

 65. Ugwuja EI, Ejikeme B, Obuna JA. Impacts of elevated prenatal blood lead on trace element status and pregnancy outcomes in occupationally non-exposed women. Int J Occup Environ Med. (2011) 2:143–56.

 66. Okereafor U, Makhatha M, Mekuto L, Uche-Okereafor N, Sebola T, Mavumengwana V. Toxic metal implications on agricultural soils, plants, animals, aquatic life and human health. Int J Environ Res Public Health. (2020) 17:2204. doi: 10.3390/ijerph17072204

 67. Mounier-Vehier C, Equine O, Valat-Rigot AS, Devos P, Carre A. [Hypertensive syndromes in pregnancy. Physiopathology, definition and fetomaternal complications]. Presse Med. (1999) 28:880–5.

 68. Kaitu'u-Lino TJ, MacDonald TM, Cannon P, Nguyen TV, Hiscock RJ, Haan N, et al. Circulating SPINT1 is a biomarker of pregnancies with poor placental function and fetal growth restriction. Nat Commun. (2020) 11:2411. doi: 10.1038/s41467-020-16346-x

 69. Wang Y, Zhao N, Qiu J, He X, Zhou M, Cui H, et al. Folic acid supplementation and dietary folate intake, and risk of preeclampsia. Eur J Clin Nutr. (2015) 69:1145–50. doi: 10.1038/ejcn.2014.295



OPS/images/fpubh-10-1072052-t001.jpg
Reference Age of Age of BLL in BLL in Measurement Diagnostic

preeclampsia healthy control preeclampsia  healthy criteria
control
(Mean + ((CETIES N (Mean £SD)  (Mean £
SD) SD) SD)

Bayat et al. (51) Iran cc 29.67 +6.37 NS 27.37£6.1 NS 8.04 % 3.40 624+ 174 ug/dL Potentiometric ACOG

Dawson et al. (35) USA Cohort 22.00 £ 4.00 19 25.00 £ 6.00 20 1.7340.32 135£027 umol/L AAS NS

Disha et al. (36) India cs 27.34 £ 6.40 44 24.54 £ 3.60 23 342£218 2384243 ug/dL AAS ACOG

Gajewskaetal. (22) | Poland- cc 26.80 £ 3.29 66 3270+ 6.18 40 336+ 123 2044130 ug/dL ICP-MS ACOG

Portugal

Hyvonen-Dabek Finland Cohort NS 6 NS 21 0.014 % 0.004 0.014£0.0058 | ppm PIXE NS

etal. (14)

Tkechukwu et al. Nigeria Cohort 27.30£3.20 59 26.70 + 3.60 150 602+ 128 2630£800 | ug/dL AAS ACOG

(37)

Jameil et al. (38) KSA cc 31554+6.14 40 31204 5.84 40 27.18+2.13 18234£234 | ug/dL ICP-OES ACOG

Kaul et al. (39) India cs NS 16 NS 84 18.40 % 1.40 620 % 2.00 ug/dL AAS ACOG

Liuetal. (40) USA PC 29.12£6.17 115 27.99 4631 1,159 253£120 261+ 148 ug/dL ICP-MS ACOG

Ma et al. (20) China NCC NS 146 NS 292 8324373 7254381 ug/L ICP-MS NICE

Magri et al. (15) Malta cs 30.00 % 6.00 30 27.00 £ 6.00 93 9.60 % 6.00 5.80 & 3.00 ug/dL AAS Mounier-
Vehier et al.
(67)

McKeating et al. Australia NC 31.55 4 3.80 38 32244391 193 0294044 044 4 1.86 ug/L ICP-MS Kaitu'u-Lino

Qe etal. (68)

Mokhlesi etal. (41) | Iran Cohort NS 20 Ns 1,013 7.87 £ 461 463 £ 4.80 ug/dL Ns ACOG

Motawei etal. (42) | Egypt cs NS 115 NS 25 37.68£9.17 145£3.18 ug/dL AAS ACOG

Obadia et al. (43) DR Congo cc 30.60 % 6.40 40 31.40 + 4.70 39 658 4+2.14 5234156 ug/dL ICP-MS ACOG

Ovayolu et al. (44) Turkey cc 30.61 +7.74 16 28.00 £ 6.59 16 39.27 + 33.67 2848+ 13.06 | ug/L ICP-MS ACOG

Rothenberg et al. USA PC NS NS NS NS NS NS ug/dL AAS NS

(63)

Sowers et al. (64) USA PC NS NS NS NS NS NS ug/dL AAS NS

Tabacovaetal. (45) | Bulgaria Cohort 24.60 £6.10 19 2270 £5.16 2 650 +2.18 5204094 ug/dL AAS NS

Taylor etal. (16) UK PC NS 91 NS 3976 363+ 122 3.67 £ 147 ug/dL ICP-MS ACOG

Ugwuja etal. (65) Nigeria PC NS NS NS NS NS NS ug/dL AAS ACOG

Vigeh etal. (46) Iran cc 26.00 £ 4.00 31 2690 £5.70 365 5.09 £ 2.01 4824222 ug/dL ICP-MS ACOG

Wangetal. (47) China cc NS 127 NS 427 310+ 1.26 2944 1.09 ug/dL ICP-MS (69)

Wuetal. (17) China RC NS 59 NS 2,115 433+ 1.94 374% 111 ug/dL AAS ACOG

Yazbeck et al. (48) France PC NS 106 NS 865 2.20 &+ 1.40 1.90 % 1.20 ug/dL AAS (48)

AAS, atomic absorption spectrophotometer; CC, case-control; CS, cross-sectional; ICP-MS, inductively coupled plasma mass spectrometry; ICP-OES, inductively coupled plasma optical emission spectrometry; KSA, Saudi Arabia; NC, nested cohort;
NCC, nested case-control; NICE, National Institution of Care Excellence; NS, not stated; PC, prospective cohort; PIXE, proton-induced X-ray emission; RBC, red blood cell; RC, retrospective cohort.





OPS/images/fpubh-10-1072052-g003.gif
) P ) AN OO MR

SMD





OPS/images/fpubh-10-1072052-i001.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A global perspective of correlation between maternal blood lead levels and risks of preeclampsia: An updated systematic review and meta-analysis



		1. Introduction



		2. Methods



		2.1. Protocol and registration



		2.2. Search strategy



		2.3. Eligibility criteria and the study selection process



		2.4. Data extraction and quality assessment



		2.5. Sub-group analysis and meta-regression



		2.6. Statistical analysis







		3. Results



		3.1. Study selection



		3.2. Basic characteristics of included studies



		3.3. Results of systematic review



		3.4. Results of meta-analysis



		3.5. Results of meta-regression



		3.6. Results of sub-group analysis from a geographic perspective







		4. Discussion



		5. Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

A global perspective of
correlation between maternal
blood lead levels and risks of

preeclampsia: An updated
systematic review and
meta-analysis





OPS/images/fpubh-10-1072052-g001.gif
1801 of records. 7 of adational
genutieathroug | [records idenutiea
aatabase through otner
searcning sources.

Publied ne1491
mvase n=s5

web of scence
=224

28 of records ater duplicates
removes

1780 of records 1724 of records,
screened excued

1

36 of tubtext 1 of e
aricies assessed artcles exciudea,
for elgniny. [witn reasons

25 of studles
inciuded in

quaitatve
symness

21 of studies
inciudea in
quanttatve
synnesis
(meta-anaysis)






OPS/images/fpubh-10-1072052-g002.gif
°t

oo,
a2
Horan 0ok 1588
@02
oy

Kot o e 300

PR
s,

-+

suwsmen

12905 199
o46c005,00m
108083 1)
000(000,069
35306309
ao0azam

—— e

prreey
020600
os1os.140
20402
w0z 1
2o
72021
0000
om0
Py
o020
om0
520207
o008
o808 109

et

e
Py
am
w
P

s
s
wr
w
P
P
sn
.
P

ey









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Public Health





