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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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of the foreign authors in the transcription of the original language, enclose in parenthesis corresponding
number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
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9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Background: Environmental exposures are increasingly
linked to reproductive dysfunctions such as endometriosis,
ovarian insufficiency, and polycystic ovary syndrome (PCOS).
Through endocrine disruption, oxidative stress, and epigenetic
pathways, heavy metals (such as cadmium [Cd], lead [Pb],
mercury [Hg], and arsenic [As]) and trace elements (such as
zinc [Zn], copper [Cu], and selenium [Se]) may affect female
fertility. Nevertheless, there are still few integrated assessments
that address their combined consequences.

The goal is to perform a critical evaluation and systematic
analysis of epidemiological data about the link between
reproductive health issues in women of reproductive age and
exposure to heavy metals and trace elements.

Methods: A comprehensive literature search was carried out
in PubMed, Scopus, Google Scholar, and Web of Science to
locate articles published between 2010 and 2024. Included were
observational human studies that looked at correlations between
metal exposure and the reproductive results of females. The
study's quality was assessed using the Newcastle—Ottawa Scale
(NOS), and the review process adhered to PRISMA guidelines.

Findings: A total of twenty-three studies were included in
the review: eleven case—control studies, eight cross-sectional
studies, three cohort studies, and one analytical study. Cd, Pb,
As, Hg, Cu, and Zn were the most frequently evaluated elements;
these were usually detected in biological samples such blood,
serum, or follicular fluid. While low Zn and Se levels were
linked to endometrial diseases and a reduced ovarian reserve,
elevated levels of Cd, Pb, and As were linked to an increased
risk of PCOS and endometriosis. Inflammation and endocrine
dysregulation were inversely correlated with protective trace
elements, especially zinc and selenium. 17 studies had a high-
quality rating (NOS score > 7).

Conclusions: One important and controllable risk factor for the
reproductive health of women is exposure to hazardous metals.
It seems that preserving reproductive function depends on
striking a balance between harmful and necessary components.
To elucidate dose-response connections, synergistic effects,
and possible therapeutic options, further prospective and
mechanistic research is required.

Key words. Heavy metal, toxicity, women's reproductive
health.

Introduction.

In addition to being a vital aspect of personal happiness,
women's reproductive health plays a significant role in
societal advancement and population sustainability. In recent
decades, there has been a troubling increase in reproductive
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disorders, including infertility, ovarian insufficiency,
gestational complications, and premature reproductive aging
[1-6]. An increasing amount of data suggests that exposure to
environmental chemicals, especially heavy metals and trace
elements, may contribute to various disorders in addition
to endogenous or hereditary causes. Because of their high
toxicity, bioaccumulative characteristics, and resistance to
biodegradation, several substances—such as lead (Pb), cadmium
(Cd), mercury (Hg), arsenic (As), and nickel (Ni)—have raised
special concerns [7-9].

These substances can enter a woman's body through tainted
food, drink, or air, as well as through interaction with polluted
environments at work or at home [7]. Remarkably, even
subtoxic levels have the potential to harm reproductive organ
tissues, cause epigenetic changes, and interfere with endocrine
function [8-20].

On the other hand, trace minerals like magnesium (Mg),
copper (Cu), zinc (Zn), and selenium (Se) are crucial for
immunological response, DNA repair, antioxidant defense,
and hormone regulation [10-12]. Maintaining ovarian reserve,
corpus luteum function, and implantation processes all depend
on the proper balance between essential and harmful substances
[5,14,19].

PCOS, endometriosis, premature ovarian insufficiency, and
decreased fertility have all been linked to this balance being
upset. Additionally, the same transport proteins, receptors, and
enzyme systems may be contested by hazardous metals and
micronutrients, which could affect the hormonal and tissue-
level regulation of reproductive function [6,17,22].

An integrated, multidisciplinary synthesis of toxicological,
endocrinological, and nutritional evidence is still lacking,
despite the fact that many studies have addressed different
facets of this problem. The entire reproductive life cycle,
from menarche to perimenopause, is not adequately covered
by existing evaluations, which frequently concentrate on
pregnant women or particular aspects [3,6,18]. By combining
epidemiological, clinical, and laboratory data about the impact
of heavy metals and trace elements on female reproductive
health, this systematic review aims to close this knowledge gap.
It encompasses a broad range of biological matrices (blood,
serum, follicular fluid), exposures, analytical techniques, and
diagnostic categories, such as PCOS, endometriosis, infertility,
and decreased ovarian reserve [1,2,4,13,16].

This study attempts to outline goals for future research in
reproductive toxicology, explain risk thresholds, identify
possible biomarkers, and advise preventative and therapeutic
measures by combining current findings.
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Methods.

Four significant international bibliographic databases—
PubMed, Scopus, Google Scholar, and Web of Science—were
thoroughly searched. All publications up to December 31, 2024,
were included in the searches, which were conducted in both
English.

The following search phrases and Boolean operators were
used in the strategy. "heavy metals"[MeSH Terms] OR "trace
elements"[MeSH Terms] OR cadmium OR lead OR arsenic
OR mercury OR copper OR zinc OR nickel OR chromium)
AND ("reproductive health"[MeSH Terms] OR "reproductive
system"[MeSH Terms] OR ovarian OR fertility OR "polycystic
ovary" OR endometriosis) AND (women OR female) was an
example query for PubMed.

Humans, Filters, English, 2010-2024. The approach was
modified to fit each database's syntax and indexing. Additionally,
Google Scholar was used to screen grey literature, and a manual
search was conducted utilizing the reference lists of important
papers.

Original research using experimental or observational
(cohort, case-control, or cross-sectional) designs is required
for inclusion. examinations of correlations between the effects
of trace elements or heavy metals on the female reproductive
system; research papers released in English from 2010 to 2024;
Human-centered studies that concentrate on women.

A systematic search following PRISMA guidelines across
Web of Science, PubMed, Scopus, and Google Scholar yielded
1327 records. Following the removal of duplicates (n =423) and
the screening of titles, abstracts, and full texts (n = 835), a total
of 69 full-text articles were evaluated for eligibility. A total of
23 studies satisfied the inclusion criteria and supplied adequate
data for quality assessment (Tables 1 and 2).

Newcastle—Ottawa Scale methodological quality assessments
were used for non-randomized studies. The NOS structure
(Selection, Comparability, and Outcome/Exposure) was
maintained, but cross-sectional studies were interpreted
differently. Traditional NOS domains were used in cohort and
case—control studies. Selection criteria include study population
representativeness, metal concentration exposure assessment
accuracy, case/control definition reliability, and explicit
inclusion/exclusion. Comparison (up to 2 points): stratification,
matching, or multivariable regression for major confounders
(age, BMI, smoking, comorbidities, lifestyle factors). Statistical
analysis (up to 3 points), reproductive outcome validity and
objectivity (PCOS, endometriosis, DOR, etc.), and cohort study
follow-up duration. A modified NOS with domain interpretation
was used in cross-sectional research. Option (4 points max).
Representative samples were reproductive-age women from
hospitals, clinics, or ART programs with inclusion and
exclusion criteria. A priori power estimates or logical sample
adequacy determined sample size and justification. If the study
documented refusals or exclusions and revealed no systematic
differences between enrolled and excluded people, non-response
and attrition were graded. Exposure assessment: [CP-MS, AAS,
standardised pre-analytical sample processing, and known
biospecimen collection methods scored points. Maximum 2
comparability points. This domain assessed how well the study
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handled key confounding variables. Multivariable models
with age, BMI, smoking, metabolic, and endocrine disorders
received one point. Multivariable regression, WQS, BKMR, or
similar methods can establish a secondary point for lifestyle,
occupational, dietary, and co-exposure to other environmental
pollutants. Maximum 3 points for cross-sectional results.
In cross-sectional designs, "outcome" covers reproductive
status, including PCOS, endometriosis, infertility, endometrial
abnormalities, and validated surrogate markers including
hormone profiles and ovarian reserve. Clinical or international
standards including Rotterdam criteria for PCOS, histological
endometrial disease, and standardized ART regimens were
scored. Objective lab tests including hormone panels, validated
biomarkers, and blinded sample evaluations scored higher. A
third point was provided for selecting statistical tests and models,
verifying model assumptions, reporting confidence intervals
and significance levels, and doing sensitivity analyses. High-
quality research publications scored 7-9 on the NOS, moderate-
quality 5-6, and low-quality below 5. Supplementary Table S1
lists operationalized criteria, including modified NOS for cross-
sectional designs and point allocation situations. Methodological
validation and in vitro or in vivo models without human clinical
components were not examined by the NOS. Biological material
source and representativeness, experimental settings, exposure
design (dose, duration, and mode of administration), laboratory
procedures, and repeatability were descriptively assessed for
bias risk in these research.

The research conducted by Miglietta et al. [20] integrates
clinical observation of women receiving ART with TEM
ultrastructural examination of human COCs. The clinical
element satisfies NOS guidelines because it has clear criteria
for choosing participants, groups with similar levels of
exposure, and a reliable way to measure outcomes. The TEM
analysis does not conform to the NOS framework and was
thus assessed descriptively; standardized oocyte collection,
fixation techniques, and uniform morphological criteria
were validated. The ultrastructural changes seen—ER stress,
mitochondrial malfunction, changes in the zona pellucida, and
cumulus-cell apoptosis—are in line with clinical results that
show a relationship between high levels of Cd/Pb and worse
ART outcomes. Chen et al. [21] conducted a study employing
a mixed design that integrated a clinical cohort of women with
diminished ovarian reserve (DOR), in vitro granulosa cell
tests, and a chronic arsenic-exposed rat model. The clinical
aspect satisfied human-centered observational standards and
was assessed utilizing the NOS: DOR was precisely delineated
by hormonal and ultrasound criteria, groups were equilibrated
using 1:1 propensity score matching, and follicular-fluid metals
were measured using standardized ICP-MS. The in vitro and in
vivo components are not subject to evaluation via NOS; rather,
they function as mechanistic extensions of the clinical results.
The study conducted by Lopez-Botella et al. [19] is analytical
rather than observational, rendering it ineligible for evaluation
utilizing the NOS. Analytical-validity metrics (linearity,
LOD/LOQ, internal standards, matrix-effect control, ICP-
MS/MS) and appropriate biological sampling (laparoscopic
collection, inclusion criteria, double-blinded processing, ethical



Table 1. Data such as author(s), year of publication, country, study population and diagnosis, biological samples (e.g., blood, follicular fluid),
metal concentrations, analytical techniques, statistical methodologies, and major findings were retrieved from the eligible studies.

Ne | Authors (Year) DOI Type of research Assessment tool Quality assessment (NOS)
1 McClam et al., 2023 10.1186/s13690-023-01172-6 Cross-sectional | NOS 6/9 (moderate quality)
2 Geller et al., 2022 10.1038/s41370-022-00477-y Cross-sectional NOS 8/9 (high quality)

3 |Jansenetal., 2018 10.1017/S2040174418000223 Cohort NOS 8/9 (high quality)

4  Leietal., 2015 10.1186/s12889-015-2564-x Cross-sectional NOS 7/9 (high quality)

5 Génard-Walton et al., 2023 10.1016/j.rbmo.2023.05.013 Case control NOS 9/9 (high quality)

6  Yueetal, 2024 10.1016/j.ecoenv.2024.117144 Case control NOS 9/9 (high quality)

7 Liang et al., 2022 10.1016/j.scitotenv.2022.157780 Case control NOS 8/9 (high quality)

8  Liangetal., 2022 (OM) 10.1016/j.scitotenv.2022.158882 Case control NOS 9/9 (high quality)

9 Su et al., 2024 10.1016/j.ecoenv.2024.115932 Case control NOS 9/9 (high quality)

10 Liuetal, 2023 10.3389/fnut.2023.1205748 Cohort NOS 9/9 (high quality)

11 |Michalczyk et al., 2023 10.3390/nu15163605 Cross-sectional | NOS 6/9 (moderate quality)
12 Kluza et al., 2024 10.3390/nu16010144 Case control NOS 8/9 (high quality)

13 Kalkan Yilmaz et al.,, 2019 10.1080/01443615.2019.1634022 Case control NOS 6/9 (moderate quality)
14 Lietal, 2023 10.1007/s12011-022-03328-x Case control NOS 8/9 (high quality)

15 Rabajdova et al., 2023 10.1002/2211-5463.13738 Cross-sectional  NOS 6/9 (moderate quality)
16 Das et al., 2024 10.7759/cureus.57393 Cross-sectional  NOS 7/9 (high quality)

17 |Sharifetal., 2017 10.1007/s12011-017-1000-8 Case control NOS 6/9 (moderate quality)
18 Kimetal., 2021 10.3390/ijerph18179077 Cohort NOS 9/9 (high quality)

19 |Lopez-Botella et al., 2023 10.3390/toxics11050399 Analytical no N/A

20 Miglietta et al., 2023 10.3390/cells 12212577 Cross-sectional | NOS 8/9 (high quality)

21 Chenetal., 2022 10.1016/j.ecoenv.2022.113816 Case—control NOS 8/9 (high quality)

22 |Mohsin et al., 2024 10.1016/j.envres.2024.118801 Cross-sectional | NOS 7/9 (high quality)

23  |Atakul et al., 2019 10.1007/s12011-019-01844-x Case control NOS 7/9 (high quality)

Table 2. The findings were methodically arranged in summary tables that included information on the target population, study methodology, place
of origin, biological sample types, and the particular metals examined.

Ne  Authors (Year) Country purpose of the study /diagnosis |Biomaterial sample Valuable metals

1 McClam et al., 2023 USA Fertility disorders Blood As, Cd, Pb, Hg, Cu u np.
2 Geller et al., 2022 USA Reproductive status Blood Cd, Pb, Hg, Zn u ap.

3 Jansen et al., 2018 USA The age of menarche Blood Pb

4 Leietal., 2015 China Infertility/pregnancy Blood Pb, Cd, Hg, Se

5 Génard-Walton et al., 2023 France DOR Blood Cd, Pb, Hg, Zn, Cu, Se, Mn
6 Yue et al., 2024 China Endometriosis Blood + follicular fluid | As, Cd, Pb, Hg

7 Liang et al., 2022 China PCOS Blood Pb, As, Ba, Cd, Hg

8 Liang et al., 2022 (M) China Endometriosis Blood + follicular fluid  |As, Cd, Pb, Hg

9 Su et al., 2024 China Endometriosis follicular fluid Zn, Se, Mo, Co, W

10 Liuetal., 2023 China RPL, PTB Blood Cu, Zn

11 Michalczyk et al., 2023 Poland Reproductive health Blood Zn, Cu, Fe, Mn

12 Kluzaetal., 2024 Poland Hyperplasia/EM cancer Blood Zn, Cu, Mo, Se

13 Kalkan Yilmaz et al., 2019 | Tiirkiye Endometrial polyp Blood Cu, Zn, Pb, Ni, Al

14 Lietal., 2023 China Diseases of the endometrium Blood Zn, Cu, Se, Mo

15 |Rabajdova et al., 2023 Slovakia Endometriosis, PD Blood Cu, Zn + antiox. enzymes
16 Dasetal., 2024 India PCOS Blood Zn, Cu

17  Sharifetal., 2017 Sudan PCOS Blood Zn, Cu

18 | Kim et al., 2021 South Korea Endometriosis Exposition Pb, Cd

19 | Lopez-Botella et al., 2023 Spain Gynecological pathologies Peritoneal fluid Zn, Cu, Pb, Cd, Mn u np.
20  Miglietta et al., 2023 Italy Cd/Pb exposure follicular fluid Cd, Pb

21 Chenetal., 2022 China Low ovarian reserve Blood As

22 Mohsin et al., 2024 USA IVF/oocyte reaction follicular fluid Cu, Co, Pb, Hg, Sr, As u gp.
23 |Atakul et al., 2019 Tiirkiye Endometrial cancer Blood Zn, Cu
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permission) were used to judge its quality. The limitations
encompassed a limited sample size and the lack of a healthy
control group. The analytical results served as a supplementary
biomarker to human observational research.

Criteria for exclusion: editorials, reviews, meta-analyses,
and commentary; research on animals that does not include
clinical human participants; Studies that do not publish gender-
specific results or include women.

Data such as author(s), year of publication, country, study
population and diagnosis, biological samples (e.g., blood,
follicular fluid), metal concentrations, analytical techniques,
statistical methodologies, and major findings were retrieved
from the eligible studies. Quality assessment according to NOS
Table 1.

Data Analysis.

The findings were methodically arranged in summary tables
that included information on the target population, study
methodology, place of origin, biological sample types, and the
particular metals examined. The most commonly studied toxic
elements—cadmium, lead, mercury, and arsenic—as well as
the main reproductive outcomes evaluated, such as polycystic
ovarian syndrome (PCOS), endometriosis, and ovarian
response, were identified by a quick quantitative and qualitative
synthesis Table 2.

Seventeen of the reviewed studies scored 7 or higher on
the NOS, with six scoring 9/9 and seven scoring 8/9. This
shows good selection, confounder control, and reliable metal
quantification (ICP-MS, AAS). Good quality was awarded
to four studies (7/9) and moderate quality to five (6/9). They
mainly didn't account for enough confounding variables or have
a representative sample. One analytical study was deemed “not
applicable” because its laboratory-based mechanistic approach
violated the NOS framework.

Results.

This comprehensive systematic review examined original
papers on heavy metals and trace elements' impacts on women's

Number of Studies

6/9 7/9

8/9 9/9

reproductive health. The Newcastle-Ottawa Scale (NOS) was
used to evaluate non-randomized research, while PRISMA
2020-compliant NOS variants were used for cross-sectional
designs. Methodological validation studies and in vitro/in vivo
experimental models without a human clinical component were
not evaluated using the NOS. All included studies were assessed
for quality in Table 1 and Figure S1. The Newcastle-Ottawa
Scale removed one research due to in vitro experiments, scored
five studies as moderate, and rated seventeen studies as good
(Table 1). Several case—control and cohort studies scored 9/9
because they had clear participation criteria, reliable metal level
measurement methods (ICP-MS, AAS), validated reproductive
outcome diagnostic criteria (PCOS, endometriosis, DOR),
and strong multivariable statistical adjustment. The majority
of studies were conducted in China (n = 12) and the United
States (n = 4), while the remaining research was sourced from
European countries (Poland, France, Slovakia, Spain, Italy,
Turkey) and Asia (India, South Korea, Sudan), as detailed in
Table 2. The predominant study design identified was case—
control (n = 11), succeeded by cross-sectional studies (n = 8),
cohort studies (n = 3), and a single analytical study (n = 1)
(Table 1). Table 2 indicates that the elements most frequently
analyzed include arsenic (As, n = 9 studies), copper (Cu, n =
13), zinc (Zn, n = 14), mercury (Hg, n = 12), cadmium (Cd,
n = 15), and lead (Pb, n = 17). Multiple studies also assessed
manganese (Mn), molybdenum (Mo), cobalt (Co), strontium
(Sr), barium (Ba), and various other trace elements. Metals were
primarily quantified in blood/serum and follicular fluid, with
fewer studies examining peritoneal fluid and tissue samples
(Table 2). Table 2 systematically presents diagnostic categories
along with their corresponding exposure profiles. The primary
reproductive outcomes identified were: polycystic ovary
syndrome (PCOS, n = 6); endometriosis (n = 7); diminished
ovarian reserve and ovarian response in ART (DOR/ovarian
response, n = 3—4); endometrial hyperplasia, polyps, and
endometrial cancer (n = 4); and general reproductive disorders,
encompassing infertility, recurrent pregnancy loss (RPL),

Distribution of Studies by Quality Assessment (NOS)
7

Not available

Score (out of 9)

Figure 1. Distribution of studies according to Newcastle—Ottawa Scale (NOS) quality assessment.
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preterm birth (PTB), and hormonal imbalance (n = 6). Before
meta-analytic pooling, descriptive synthesis links metals and
diseases. Table 2 reveals that PCOS is associated with raised
blood levels of Pb, As, Cd, Hg, and Ba (Liang et al., 2022 —
case—control design, ICP-MS) and changed Cu and Zn status,
including an increased Cu/Zn ratio. Research links PCOS to
harmful metal accumulation and trace element imbalance.
In Table 2, As, Cd, Pb, and Hg are repeatedly implicated in
blood and follicular fluid as endometriosis risk indicators.
These findings recommend researchers weigh endometriosis'
hazards and advantages (Table 2). Table 2 reveals ART-related
reduced ovarian reserve and response (Génard-Walton, 2023;
Chen, 2022; Mohsin, 2024): Chen et al. measured arsenic
(As) in the blood of patients with inadequate ovarian reserve,
while Mohsin et al. measured Cu, Co, Pb, Hg, Sr, As, and other
elements in follicular fluid about IVF ovarian response. These
results show that As, Cd, Pb, Hg, Cu/Zn, and Sr impact ovarian
reserve and recovered oocytes. Table 2 shows that Kluza et
al. measured Zn, Cu, Mo, and Se in blood from women with
endometrial hyperplasia and cancer; Kalkan Yilmaz examined
Cu, Zn, Pb, Ni, and Al from endometrial polyps; Li measured
Zn, Cu, Se, and Mo from various endometrial disorders; and
Atakul examined Zn and Cu from endometrial cancer. The most
constant finding across research is the changing Cu/Zn ratio,
which may suggest endometrial growth and cancer. Table 2
demonstrates how women with infertility or altered reproductive
status had their blood tested for As, Cd, Pb, Hg, Cu, Zn, and
other elements. The effects of Cu and Zn on RPL and PTB were
also examined. Tables 1 and 2 reveal that toxic metals (Cd, Pb,
Hg, As) cause endometriosis, PCOS, ovarian reserve loss, and
negative response. Essential elements (Zn, Cu, Se, and partially
Mo and Mn) can be protective or pathogenic depending on their
absolute levels and relative balance, especially the Cu/Zn ratio.

Table 2's organized overview shows how biological matrix
type (blood, serum, follicular fluid, or peritoneal fluid) affects
data analysis. More thorough research using multivariable
regression models and complex statistical approaches including
Bayesian kernel machine regression (BKMR), weighted quantile
sum (WQS) analysis, and propensity score matching has higher
NOS values in Table 1. These studies used serum, follicular
fluid, and peritoneal fluid and confirmed metal measurement
by AAS or ICP-MS/MS. To understand how toxic and required
factors affect women's reproductive health, including PCOS,
endometriosis, endometrial pathology, and ovarian response to
assisted reproductive technologies, see Tables 1 and 2.

Discussion.

The results of this systematic review show that the effects
of trace elements and heavy metals on female reproductive
function are gaining attention from scientists. 23 studies in all,
mostly from high- and middle-income nations, were examined;
they included case-control, cross-sectional, and cohort designs
and were published within the last ten years. All of the evidence
suggests that mercury (Hg), copper (Cu), zinc (Zn), lead (Pb),
arsenic (As), cadmium (Cd), and lead (Pb) play a major role in
the pathophysiology of hormone-related reproductive disorders,
such as endometriosis, ovarian dysfunction, polycystic ovary
syndrome (PCOS), hormonal imbalance, and infertility.
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Numerous excellent research have confirmed the link between
PCOS and exposure to heavy metals. In a case-control research
using Bayesian kernel machine regression (BKMR) and
logistic regression, Liang et al. [7] discovered a strong positive
correlation between the risk of PCOS and blood levels of Pb,
As, and Ba. Based on investigations of both blood and follicular
fluid, Yue et al. [6] also revealed substantial effects of Cd, Hg,
Pb, and As on the likelihood of PCOS and endometriosis. The
importance of zinc deficiency in the pathogenesis of PCOS was
emphasized by Das et al. [16] and Sharif et al. [17], especially
in low-resource environments like Sudan and India.

The development of endometriosis has been consistently linked
to the buildup of arsenic, mercury, and cadmium, according to
three separate investigations [8,9,14]. Strong evidence for the
synergistic effects of metal combinations, especially As and
Hg, in both blood and follicular fluid was presented by Liang
et al. [8]. Using weighted quantile sum (WQS) regression,
Su et al. [9] verified that a combination of Zn, Se, Co, Mo,
and W in follicular fluid could be a biomarker for the risk of
endometriosis. Studies by Rabajdova et al. [15] and Kim et al.
[18] also highlight the roles of Pb and Cd in proliferative and
inflammatory disorders of the female reproductive system.

Follicle fluid is an important biological matrix that indicates
localized metal buildup, according to several studies. According
to Mohsin et al. [22], Pb levels were inversely connected
with greater estradiol levels and mature oocyte counts, while
elevated Cu and Hg in follicular fluid were linked to both. In the
meantime, reduced ovarian reserve (DOR) was associated with
co-exposure to Cd, Pb, Hg, and Zn by Génard-Walton et al. [5].
A crucial window of sensitivity was highlighted by Jansen et al.
[3], who were among the first to show that prolonged exposure
to lead throughout puberty may postpone menarche.

Migliettaetal. [20] used human material for TEM ultrastructural
COC studies, which fits our review's human-centered paradigm.
Reproductive-age women taking infertility treatment had their
blood and follicular fluid checked for Pb and Cd and their oocytes
and cumulus cells investigated for ultrastructural alterations.
Thus, the study is not a "auxiliary" experimental model but a key
relationship between biomonitoring heavy metals in infertile
women, clinical ART findings (pregnancy, early pregnancy
loss, implantation failure), and direct morphological gamete
damage. High blood and follicular fluid Cd and Pb levels,
endoplasmic reticulum stress, mitochondrial dysfunction, zona
pellucida modifications, and cumulus cell apoptosis in human
cumulus oocyte complexes (COCs) suggest that exposure levels
at or slightly above reference ranges disrupt oocyte and somatic
cell microstructure.

Chen et al. [21] used a clinical human cohort with strong in
vitro and in vivo experimental components, which suits our
human-centered evaluation. The case—control study examined
women with decreased ovarian reserve (DOR) and a matched
age and reproductive history control group. Clinicians agree
that As, Mo, and Sr are DOR risk factors and Cu and Mg may
protect. Human granulosa cells and rats communicate clinical
data, not distinct models. Follicular-fluid As, altered AMH/
FSH levels, and lower ovarian reserve are linked to disrupted
steroidogenesis and folliculogenesis in women. The human—



cell-animal translational method complements clinical findings
in women (follicular metal levels, DOR, hormonal profiles,
NRO) with consistent mechanistic data from cellular and animal
models.

According to studies by Kluza et al. [12], Kalkan Yilmaz et al.
[13], Lietal. [14], and Atakul et al. [23], changed copper-to-zinc
ratios (Cu/Zn) could be indicators of endometrial proliferative
dysfunction and oxidative stress. The incidence of endometrial
polyps, hyperplasia, and cancer was positively correlated with
a high Cu/Zn ratio, which is frequently caused by decreased Zn
levels.

Due to their functions in cell cycle regulation and antioxidant
defense, zinc and selenium have been repeatedly demonstrated
to have protective effects. According to research by Michalczyk
et al. [11], Liu et al. [10], Chen et al. [21], and Lopez-Botella
et al. [19], ovulatory dysfunction and increased inflammatory
markers were linked to deficiencies in these components.
Furthermore, disturbed ovarian response and hormonal
homeostasis were associated with Se insufficiency and Cu/Fe
overload [14, 20].

This systematic review focuses on clinical studies on women,
however Lopez-Botella et al. [19]'s analytical research is
suitably included. Quantifying important trace elements and
potentially hazardous metallic elements in peritoneal fluid
from gynecological patients improves blood- and follicular-
fluid-based data and helps assess local metal accumulation
near reproductive organs. This study found that peritoneal
fluid contains both necessary elements (Zn, Fe, Cu, etc.) and
potentially toxic metals (Cd, Pb, Ni, Ba, etc.) at concentrations
and detection frequencies different from blood and follicular
fluid. It also highlights the pelvic microenvironment's
importance. Lopez-Botella et al. [19] link epidemiological
findings to pathophysiological processes, not to present
autonomous “element concentration—risk” relationships.

Although the studies were generally of excellent quality causal
inference is limited by the prevalence of observational designs.
Just one study included longitudinal assessments of metal
concentrations, and only three research used cohort designs
[3,10,18]. Variability in results was brought about by variations
in biological matrices (blood, serum, follicular fluid), analytical
techniques (ICP-MS, AAS), and demographic heterogeneity.
Interpretation was made more difficult by the fact that many
research lacked controls for environmental contaminants,
occupational exposure, and food intake.

Many of the studies mentioned suggest that Pb, Cd, Hg, and
As are still changeable factors that affect reproductive health,
thus they must be prevented. Practical methods generally reduce
environmental and workplace dangers. The most important steps
in industrially polluted areas are to regularly check drinking
water for arsenic, lead, and cadmium; screen high-risk foods
like rice, fish, seafood, and vegetables grown in contaminated
soils; and strictly follow safety rules in the metallurgy, mining,
battery production, tanning, and pesticide industries. Women
of reproductive age can significantly reduce their exposure
by choosing verified safe water sources, not eating mercury-
contaminated fish, limiting rice and imported grains from
polluted areas, and using certified PPE when working with
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hazardous materials. Growing biomonitoring data shows that
environmental controls reduce blood and follicular-fluid metal
contents. So, being around toxic metals is a risk factor that can
be modified, but reproductive toxicity-prone persons still need
specific environmental health precautions [6,7,9,14,22].

Along with reducing dangerous exposures, maintaining
critical elements is another dynamic area relevant to therapeutic
therapy. This review of multiple studies reveals that low Zn and
Se and high Cu and Fe induce oxidative stress, steroidogenesis,
and folliculogenesis issues. Personalized micronutrient
optimization should be used in clinical practice. This may
include nutritional counseling to ensure adequate consumption
of Zn- and Se-rich foods (whole grains, legumes, nuts, marine
products), reduced Cu and Fe intake in biochemical overload,
and organized supplementation for women with PCOS,
endometriosis, DOR, or RPL/PTB. Laboratory examinations
of Zn, Se, Cu, Fe, and dangerous metals may show women
with an unfavorable "elemental profile" who may benefit from
rectification. Infertility and ART assessment using elemental
status helps clinicians discover poor nutritional balance and
evaluate therapy response. Metal-related reproductive dangers
can be reduced mechanistically with this clinical-nutritional
method [10,11,15,16,21].

Conclusion.

A woman's reproductive function depends on hazardous-
essential element equilibrium, not metal concentrations, says
this review. High cadmium, lead, mercury, and arsenic levels
are connected to oxidative stress, mitochondrial dysfunction,
epigenetic alterations, and steroidogenesis issues in PCOS,
endometriosis, low ovarian reserve, and poor ovarian response
in many studies. Zinc and selenium deficits, Cu/Zn and Cu/Fe
ratio abnormalities affect DNA repair, antioxidant defenses, and
endometrial and folliculogenesis hormone control. Complex
multivariate models like weighted quantile sum (WQS) analysis
and Bayesian kernel machine regression exhibit scientifically
meaningful metal combination synergy findings. Localized
exposure evaluation using follicular fluid, a highly specialized
biological matrix, improves reproductive toxicology risk
assessment. The included research are scientifically sound,
however study design, sampling, and analytical method variance
require standardized protocols and longitudinal monitoring. In
the presence of environmental stresses, heavy metal exposure
is a modifiable risk factor for women's reproductive health.
Prevention, clinical biomonitoring, and elemental balancing
nutritional therapy should be studied in the future.
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AHHOTALMSA.

BBenenne: Bcé Oomnblne naHHBIX YKa3blBaeT Ha CBS3b
BO3/IeHiCTBUS (DaKTOPOB OKPYXKAIOIIEH Cpebl ¢ HapyIICHUSIMA
PEIPONYKTHBHOM (YHKIMK, TaKUMH Kak 3HJOMETPHO3,
oBapuaJibHas HEIOCTATOYHOCTh M CHHIPOM TMOJHUKHUCTO3HBIX
ssmaankoB (CIIKS). ITocpencTBOM SHIOKPHHHBIX HapyIIEHUH,
OKHCIUTEIBHOTO CTpecca U JIHUICHETHUYECKUX MEXAHU3MOB
TsokEneie MeTautel (Hampumep, kammuit [Cd], ceunenr [Pb],
pryts [Hg] u wMbimbsk [As]) ¥ MHKpO3JEMEHTHI (Takue
Kak UMHK [Zn], menp [Cu] u ceneH [Se]) MOryT BIUSITH Ha
XKEHCKYI0 (epTiibHOCT. TeM He MeHee, MHTerpUPOBaHHBIX
OLIEHOK UX COBOKYITHOTO BO3/I€HCTBHS MO-MIPEXKHEMY HEMHOTO.
Ienbro TaHHOTO HCCIEIOBAHUS SABISIETCS KPUTUYECKas OLIEHKA
U CHCTEMAaTHYeCKHH aHalIM3 OSIUAEMHOJIOTHYECKHX JIaHHBIX
O CBA3M MEXJIy HapyIIEHUSMH PENpPOTyKTHBHOIO 310POBBS
y OKEHIIUH pPENpogyKTUBHOIO BO3pacTa U BO3JAEHCTBHEM
TSDKEIBIX METAJUIOB U MUKPOIJIEMEHTOB.

MeToapl. bl poBei€H KOMIUIEKCHBIH TTOWUCK JIMTEPaTyphl
B 0Oasax manubix PubMed, Scopus, Google Scholar u Web of
Science st BBEIABICHUS CTaTed, omyOnnkoBaHHBIX B 2010—
2024 romax. Bxmrouanuch HaOIromaTeabHBIE HCCIEIOBAHUS
Ha JIOJSX, B KOTOPBIX PAaCCMAaTPUBAIHMCh KOPPEIAUU MEKITY
BO3/ICHICTBMEM METAJUIOB M PENpPOIYKTUBHBIMU HCXOJaMHU
y okeHmuH. KauecTBo wuccnenoBaHuMii OLIEHHBAIOCH C
ucrions3oBanneM mkanel  Herokaci—OtraBa  (Newcastle—
Ottawa Scale, NOS), a mpomecc 0030pa COOTBETCTBOBAJ
pyxoBozactBy PRISMA.

PesyabraTrel. B 0030p ObUTM BKIIIOUEHBI [JBaJlaTh TPH
WCCIIEIOBAaHMS: OJMHAALATh WCCIECJOBAHMH THIA «CIydal—
KOHTPOJIbY», BOCEMb IIONEPEYHBIX M TPH KOTOPTHBIX M OJHH
aHamuteunckuii. Hanbonee gacro m3yuanuce Cd, Pb, As, Hg,
Cu u Zn, KOoTOpble OOBIYHO ONpPENEISUTNCH B OMOJIOTHYECKHX
00pasiax — KpOBH, CBIBOPOTKE MITH (POIITUKYJISI PHON KU JKOCTH.
Hwuskue ypoBHU Zn n Se ObUIN CBSI3aHBI C SHAOMETPUATBHBIMA
3a00JIEBaHMSIMH U CHIDKEHHBIM OBapHalIbHBIM PE3EPBOM, TOTAA
Kak MoBbIIeHHbIe KoHIeHTpanuu Cd, Pb n As accorunpoBanichk
¢ noBbimeHHbIM puckoM CIIKA u sHpomerpuosa. 3amuTHbIe
MHKpPO3JIEMEHTHI, 0COOEHHO IIMHK M CEJIeH, IEMOHCTPUPOBAIIN
OOpaTHYI0 KOPPENSIIMIO C BOCMAJIEHHEM W HSHIOKPHHHOMN
mucynkiueld. CeMHaaaTh MCCIEAOBAaHUN HMMENH BBICOKOE
kadecTBo (oueHka mo NOS > 7).

BruiBogpl. BoszgelicTBHe TOKCHMYHBIX METAJUIOB  SIBISIETCS
BOXHBIM W TIOTCHIMATBHO KOHTPOIHUPYEMBIM (HaKTOPOM
pHUCKa A PENPOAYKTUBHOTO 310pOBbs >keHIIUH. CoXpaHeHHe
pPEeNpOAYKTHBHONH  (YHKIUH, MO-BHIMMOMY, 3aBHCUT OT
ToJiiepKaHus OajlaHca MEXIy BPEAHBIMH W HEOOXOIMMBIMU
aneMeHTaMu. JIas yYTOUHEHMs [JO303aBUCHUMBIX  CBSA3EH,
CHHEpreTHuecKuX 3()(PEeKTOB M BO3ZMOXHBIX TEPAaNEeBTUYECKUX
cTpareruii TpeOyloTCs JanbHEeWIIHe IPOCIEKTUBHBIE U
MEXaHUCTHYECKHE UCCIIETOBaHMUS.
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