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Environmental toxins are increasingly recognised for their detrimental
effects on human fertility. Substances such as bisphenol A, pesticides,
tobacco smoke, heavy metals, microplastics and electromagnetic fields
(EMF) have been linked to concerns regarding both male and female infer-
tility. This review examines the roles of these chemicals in infertility, focus-
ing on recent research findings. It encompasses numerous studies that
investigate the impact of environmental agents and occupational expo-
sures on fertility. Key areas of discussion include the effects of bisphenol
A, pesticides and tobacco smoke, as well as the mechanisms by which
nanoparticles (NPs) and heavy metals, such as lead (Pb) and cadmium
(Cd), influence fertility systems. Moreover, the review analyses the im-
pacts of microplastics and contemporary lifestyle habits on fertility rates,
alongside the effects of EMF exposure from devices such as cell phones.
Recent studies underscore the pervasive influence of environmental con-
taminants on reproductive health. Occupational exposures and modern
pollutants, including microplastics and EMFs, heighten the risk of infertil-
ity. The uncertain long-term consequences of these toxins, particularly in
conjunction with genetic predispositions, pose significant concerns. En-
vironmental toxins represent a considerable threat to fertility, necessitat-
ing stronger regulatory measures and further investigation into mitigation
strategies. Future research should prioritise understanding the cumulative
impact of these toxins on human reproduction.
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Introduction

Fertility is a global concern, marked by the sig-
nificant issue of infertility. Millions of individu-
als worldwide experience infertility, which many
societies perceive as an “unexpected life transi-
tion,” with “childlessness” regarded as an unde-
sirable social role. However, direct comparisons
across various studies are challenging due to
differing definitions and time frames used to es-
timate infertility rates.! The meanings and etio-

logical factors associated with infertility vary by
region and are influenced by physical and social
contexts, resulting in a lack of a universally ac-
cepted definition of “inability to conceive.”

The World Health Organization (WHO) defines
infertility as a disorder of the reproductive sys-
tem in which women are unable to conceive fol-
lowing regular, unprotected sexual intercourse
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for a duration of one year or longer (ICMART,
WHO).? Conversely, demographers define infer-
tility as the inability of women of reproductive
age (15-49 years) to conceive after five or more
years of exposure to potential pregnancy.® Sperm
abnormalities and unspecified factors contribute
to the remaining causes of infertility, where male
factors account for slightly more than half of all
cases.

Research indicates that infertility can arise from
one or both partners; however, women are often
disproportionately blamed, particularly in de-
veloping countries where the issue is frequently
perceived as solely affecting women. Infertili-
ty presently affects 8-12 % of couples globally,
making it a significant clinical issue.* Primary
infertility rates—defined as cases without a his-
tory of pregnancy—range from 3 % to over 30 %.
Atleast 80 million couples worldwide suffer from
involuntary infertility, with secondary infertility
rates—those relating to couples with a previous
pregnancy—being twice the rates of primary in-
fertility.®

Environmental and genetic factors, including
lifestyle choices, stress, delayed parenthood and
obesity, are considered fundamental predictors
of infertility. In 18 African nations, infertility ac-
counts for approximately 60 % of the variability
in total fertility rates. One study suggests that fer-
tility declines by one birth for every 10 percent-
age points increase in the proportion of women
aged 45 to 49 years without young children.

Environmental agents
influencing infertility

Endocrine-disrupting chemicals (EDCs) are envi-
ronmental compounds that modulate the function
of the endocrine system, resulting in detrimental
health effects in living organisms and their off-
spring.® Environmental pollutants have diverse
impacts on male fertility. EDCs can disrupt en-
docrine functions at various hormone receptors,
with both anti-androgenic and oestrogenic activ-
ities capable of altering normal male physiology.

Xenoestrogens include polychlorinated biphenyls
(PCBs), bisphenol A (BPA), parabens, polybro-
minated diphenyl ethers (PBDEs), alkylphenols,
phthalates, UV filters and certain pesticides, such
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as dichlorodiphenyltrichloroethane (DDT) and
its metabolites.” Chemicals exhibiting anti-andro-
genic effects include phthalates, PBDEs, p,p-di-
chloro-diphenyl-dichloroethylene (p,p’-DDE) and
poly- and perfluoroalkyl substances (PFASs).

Additionally, dioxins and polycyclic aromatic hy-
drocarbons can activate the aryl hydrocarbon
receptor (AhR), which is significant in the male
reproductive system. Certain EDCs can also in-
terfere with androgen biosynthesis and the func-
tioning of the hypothalamic-pituitary-testicular
axis, leading to reduced testosterone levels and
compromised spermatogenesis. For example,
some pyrethroids can diminish testosterone
production, while PCBs can inhibit aromatase
enzymes and oestrogen sulfotransferase activ-
ity. Moreover, PFASs have been associated with
increased oestrogen levels and decreased serum
testosterone levels.?

Bisphenol A

Bisphenol A (BPA), scientifically known as
4,4-isopropylidene-diphenol (or 2,2-bis(4-hy-
droxylphenyl)), is a crystalline chemical sub-
stance widely utilised as a monomer in the man-
ufacturing of plastic products, including phenolic
and epoxy resins, polycarbonate, polyesters and
polyacrylate. Over the past 60 years, BPA has
frequently been employed as an adjuvant and/or
antioxidant in the production and processing of
polyvinyl chloride (PVC), cosmetics and as a plas-
tic softener.’

BPA is found in various everyday products, such
as plastic dinnerware, cooking utensils, den-
tal sealants and fillings, electronics (including
refrigeration systems, hair dryers and smart-
phones) and thermal paper, among others. Ap-
proximately 12 % of BPA is metabolised in the liv-
er through glucuronidation, in which BPA rapidly
binds to glucuronic acid via the enzyme uridine
diphosphate glucuronosyltransferase (UGT) to
form BPA glucuronide (BPA-G).! This metabolic
process enhances the water solubility of BPA, re-
sulting in faster excretion in urine, with an elimi-
nation half-life of 5.4 to 6.4 h.

However, the potential for BPA bioaccumulation
intheliver associated with oral exposure remains
a topic of debate. In contrast to food exposure,
nearly all BPA absorbed through transdermal
contact bypasses hepatic processing, leading to
an increased concentration of the unconjugated
form (free BPA) in the bloodstream. This raises
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significant concerns regarding the physiological
effects of transdermal BPA exposure on human
health.*

Pesticides

Pesticides are primarily utilised in agricultural
practices to enhance crop yield, although alter-
native uses include personal gardens, treatment
of domestic animals with dewormers and even in
the management of infectious diseases. Human
exposure to pesticides can occur through various
channels, including occupational handling during
production, transportation, delivery and applica-
tion, as well as through residential proximity to
treated areas.!!

Given that exposure to pesticides may contrib-
ute to various health issues, it is important to
investigate the causes of pesticide-induced foetal
harm and their effects on male fertility.? In ad-
dition to directly harming spermatozoa, chemi-
cal fertilisers can disrupt the function of Sertoli
and Leydig cells and interfere with the endocrine
system at multiple stages of hormone regulation,
including hormone production, release, storage,
transport, clearance, receptor recognition, bind-
ing, thyroid function and central nervous system
activity. These processes are elucidated in rela-
tion to both in vivo and in vitro findings regarding
pesticide exposure.’®

Oxidative stress, which alters the efficacy of an
individual’'s antioxidant defence system, can
have detrimental effects on female reproductive
physiology. This protective response can be com-
promised by various toxicants, particularly pes-
ticides, leading to a range of lifestyle-related re-
spiratory illnesses. Reproductive disorders, such
as impaired follicle formation, follicular atresia,
implantation defects, spontaneous abortions, en-
dometriosis and various foetal and birth defects,
have been linked to imbalances in the antioxi-
dant system due to oxidative stress induced by
pesticide toxicity. Consequently, this imbalance
directly impacts reproductive processes and con-
ception rates. As such, the exploration of oxida-
tive stress caused by chemical agents warrants
further investigation into its potential effects on
female fertility.™

Tobacco smoke

Smoking is a well-established modifiable risk
factor for several major pregnancy complica-
tions and constitutes a public health issue that
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jeopardises maternal and foetal health.'> Notable
complications associated with smoking during
pregnancy include preterm premature rupture
of membranes, intrauterine growth restriction,
placental abruption, placenta previa, preterm
birth and perinatal mortality, among others.
In addition to these recognised hazards during
pregnancy, smoking also has significant adverse
effects on fertility and reproductive health.'®

Infertility due to occupational
exposures

The relationship between infertility and occupa-
tional exposure remains largely unexplored, with
a notable lack of methodological analyses even in
industrialised nations. While many professions
have established occupational health procedures
that include screening for reproductive status,
infertility clinics have emerged as a significant
source of insights into this issue, as they active-
ly investigate the causes of infertility to enhance
the effectiveness of assisted reproductive tech-
nologies (ART). Furthermore, lifestyle factors
such as smoking and alcohol consumption may
significantly obscure or interact with the effects
of various compounds prevalent in occupational
environments. Over the past few decades, numer-
ous classes of compounds have been identified as
potentially associated with male infertility. Table
1 illustrates the effects of environmental toxin
exposure on the human reproductive system.

Path of nanoparticles (NPs) into the

reproductive system

The development of oocytes is particularly sensi-
tive to environmental insults, especially hazard-
ous substances.?’ Chemical effects derived from
the maturation of adult germ cells may influence
reproduction by reducing sperm viability, poten-
tially leading to adverse outcomes for foetal de-
velopment.®® Direct interactions with NPs or their
circulation can result in the accumulation of NPs
in the testes, prostate gland and epididymis, lead-
ing to cytotoxicity. The primary targets of NPs in
the male reproductive system include the epi-
didymis, testes and seminiferous tubules, where
they may disrupt sperm motility and count, con-
sequently affecting overall fertility. Hormonal
imbalances, such as those associated with poly-
cystic ovary syndrome (PCOS), represent anoth-
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Table 1: Effects of environmental toxin exposure on the human reproductive system

Environmental
N TS Exposure Sex Causes Effects Ref
1 Phthalates Nail polish, deodorants, Men; gg;?;ggghdgzgfgg’:ﬁ e Reduces sperm quality and count 17
shampoos, soaps Women and testosterone e |rregular ovarian function, menstruation
. . e | ow sperm quality, sperm count and
2 Bisphenol A Water bottle, food containers Men; lr-le(:jrtrjllzn(?elzsdtlrsor ugr?(z)irr]{d motility 18
(BPA) ’ Women testosterone g e [rregular menstruation cycle, polycystic
ovary syndrome (PCOS)
3 Pesticides Vegetables and fruits Men; Endocrine disruption * Sperm production 19
Women e Affect menstrual cycles and ovulation
. Men; Interference with e Alter sperm quality, count and morphology
4 Endosulfan Vegetables and fruits Women hormone « Impact menstrual cycle 20
5 Dichloroethylene Occupational, refrigerants, Men; tl-:)i?(l:tgf(f:ggtsseg#ences, e Changes sperm quality and count 21
(DDE) solvent Women reproductive organ e Menstrual irregularities
Hormonal -
L. ) Men; e e Impacts sperm motility and morphology
6 Insecticide Agriculture and households abnormalities influence . 22
Women the endocrine system ¢ Problems with the menstrual cycle
. Interfere with the normal . .
7 Fungicide Use to Kill the growth of fungi \'\Iﬂvgrr:% en activity of oestrogen ¢ é%%?cg?;pggyefgourgz n(;varlan function, 23
and testosterone y p
. . . Men; Influences reproductive e Lower sperm quality
8 Chlorothalonil Used in agriculture Women  hormones e Ovarian function 24
Perfluorinated . Men; L e Effects on motility
9 (PFC) Water and grease-resistant Women Endocrine disruptors | Ovulation 20
. Men; . e Reduced irregularities in sperm
10 Chromium Water and food Women Hormonal imbalance Embryonic growth 25
Men; Toxic collecting in e Genetic polymorphisms occurring in
1 Lead Water and food Women reproductive organ somatic disease 26
. Men; Toxic collecting in e Varicocele
12 Gadmium Water and food Women reproductive organ e Genetic variations as in somatic disease 26
Men: It influences female e Sperm count, motility, morphology,
13 Alcohol Alcohol consumption W om, en hormonal levels and libido and erectile function 27
oestrogen e [rregular periods
. . Men; Changes oestrogen e Erectile dysfunction
14 Smoking Smoking Women and progesterone e Damage fallopian tube 28
Silver . Men: Reacti oD I
15 nanoparticles Cosmehps, watgr en; eac_tlve oxygen amage sperm cells 20
(AgNPs) purification, textiles Women  species (ROS) e Damage ovarian cells and eggs
16 ::ﬁg'ua':tigllg):de Skincare products, paints Men; ROS can damage cells e Reducing sperm motility, sperm cells 30
(Ti0 )p and coatings Women and tissues e Disruption of ovarian
2
17 ﬁ?ncoo:ir(i?cles Sunscreens, skin care Men; Oxidative stress e Damage sperm cells. 31
p products Women e Impact egg quality foetus health

(Zn0)
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Amorphous silica Men;

e Decreased sperm motility, viability,

18 nanoparticles Cosmetics and food products Women Oxidative stress « Decreases eqg quality 32
19 X-ravs Diagnostic radiography, Men; DNA damage, oxidative e Sperm DNA damage; genetic defects in 33
y CT scan Women stress offspring
20 Radiofrequency  Cell phones, Wi-Fi, Men; DNA damage, oxidative e Sperm quality, testicular temperature, 34
(RF) radiation broadcasting Women  stress e [nfluence on ovarian function

er factor influencing reproductive health; PCOS
affects approximately 5-20 % of women of re-
productive age.3¢ Studies often measure sex hor-
mone levels, including luteinizing hormone (LH),
follicle-stimulating hormone (FSH), testosterone
and oestrogen.

Adverse impact on the reproductive
system

NPs are absorbed through the lymphatic and
circulatory systems and transported to various
organs, including the reproductive system, upon
entering the body. Studies in both occupational
and epidemiological health, involving humans
and animals, have demonstrated the potentially
harmful nature of NPs. Despite the increasing use
of NPs, the volume of pertinent research remains
inadequate.?” The primary route of exposure to
NPs is through the respiratory system, as inha-

Reproductive toxicities related
to heavy metals

The most commonly identified causes of repro-
ductive toxicity in humans are exposure to heavy
metals and metalloids. Certain metals and met-
alloids can exert significant negative effects on
the human reproductive system. Reproductive
toxicity has been documented for metals such
as lead, cadmium, uranium and mercury.** Lead
exposure, even at moderate to low levels, can in-
fluence various reproductive factors, including
semen quality. The reproductive system suffers
severe consequences from both environmental
and industrial exposures to multiple heavy met-
als and metalloids. Figure 1 illustrates how heavy
metals affect reproductive organs, contributing
to infertility in both males and females.

Lead

Lead exposure predominantly affects female re-
production by suppressing menstruation, which
diminishes fertility, delays conception and alters

lation can facilitate their translocation to other
organ systems. In the field of nanomedicine, NPs
may also enter the body intravenously or through
cutaneous contact.

Most notably, cytotoxic effects are often associ-
ated with metal nanoparticles and metal oxide
NPs. The cytotoxicity of metal nanoparticles is
primarily linked to reduced cell viability and in-
creased production of reactive oxygen species
(ROS). Nanoparticles are capable of crossing the
blood-brain barrier and the blood-tumular bar-
rier with relative ease.?® The generation of ROS
is a key mechanism underlying the antibacteri-
al properties of nanoparticles and elevated ROS
levels are strongly tied to oxidative stress (0S),
which has been associated with DNA damage,
cellular membrane damage, increased inflamma-
tory activity and various pathological processes.

hormone synthesis, ultimately impacting preg-
nancy outcomes. It is associated with premature
birth, preeclampsia, premature membrane rup-
ture, infertility and prenatal hypertension.! Ad-
verse effects on the reproductive system from
low-level lead exposure are well-documented,
with most effects observed in women who ex-
perience high frequencies of irregular menstru-
ation, spontaneous abortions and threatened
abortions. Lead accumulation disrupts many
endocrine glands and is linked to hormonal im-
balances that impair reproductive function.?” It
affects the hypothalamic-pituitary axis, thereby
influencing the body’s response to the stimula-
tion of follicle-stimulating hormone (FSH), lutei-
nising hormone, testosterone-releasing hormone
and thyrotropin-releasing hormone. Figure 2
shows that lead has an impact on hormones and
enzymes in both the male and female reproduc-
tive systems. Pb-induced male reproductive ste-
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Male Reproductive Infertility

Male reproductive Damaged testis [Low sperm count]
system

Spontaneous abortion in female partner, sperm DNA
damage
Environmental Female Reproductive
Toxins in Infertility Infertility
Female reproductive] | Ova | | Blood Heavy metal
System ol 1

Spontaneous abortion, Pre-mature birth, decreased
fecundability

|\ J

Figure 1: Heavy metals influence on reproductive organs and male and female fertility
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Androstenedione / Steroidogenesis
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‘Decrease ' I —— Methyltransferase activity

\ J

Figure 2: Impact of lead (Pb) on hormones and enzymes in both the male and female reproduc-
live systems

LH: luteinising hormone; FSH: follicle-stimulating hormone; GnRH: gonadotropin-releasing hormone; ROS:
reacive oxygen species;
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rility and disruption of the blood-testis barrier
(BTB). Protein carbonyl content and malondial-
dehyde (MDA) levels are elevated by induced oxi-
dative stress, which leads to oligospermia.

Cadmium

Cadmium is an environmental hazard resulting
from agricultural practices and industrial opera-
tions. For non-smokers in the general population,
dietary sources are the primary route of cadmi-
um exposure. Prolonged dietary absorption of
cadmium in humans is relatively modest, typical-
ly ranging from 3 % to 5 %. Exposure to cadmium
occurs primarily through diet, inhalation and, to
a lesser extent, through skin contact.? Cadmium
chloride (CdCl,) is a highly soluble, water-sol-
uble form of cadmium that is readily absorbed
in the gastrointestinal tract. The most common
airborne form of cadmium encountered is cadmi-
um oxide (CdO). Certain occupational groups are
subject to significant cadmium exposure, includ-
ing workers in battery manufacturing, mining
and paint production. Inhalation leads to a rapid
absorption of cadmium into the lungs and a daily
smoker of 20 cigarettes can absorb approximately
1 pg of cadmium into their body.*

Microplastics and modern-day
habits in fertility rate

Microplastics (MPs) are created when larger
plastic products are broken down. Microplas-
tics are ubiquitous in our environment; they may
be found in sewage, rivers, groundwater, soil,
sediments and even the air we breathe. Current
polymers are very resistant to biodegradation.
However, by photochemical and mechanical pro-
cesses.”! Nanoparticles are plastic particles with
sizes between 1 nm and 1 pm.

Plastic pollution

Synthetic polymers, which emerged during the
19th-century industrial revolution are extensive-
ly utilised in food packaging due to their numer-
ous advantages over alternative materials. These
advantages include being lightweight, infinitely
mouldable, cost-effective to produce, chemical-
ly resistant and easy to manufacture and trans-
port.*? The rise of plastics has also transformed
medicine through the development of sterile, sin-
gle-use instruments, personal protective equip-
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ment and life-saving devices. However, excessive
plastic use has fostered a throwaway culture that
exacerbates environmental pollution and resists
degradation.

The accumulation of plastic products in the envi-
ronment disrupts habitats for both humans and
animals.*® The rapidly increasing production of
disposable plastic items has become one of the
most pressing environmental challenges, sur-
passing our ability to manage their disposal. Ac-
cording to estimates by Hirt and colleagues, be-
tween 4.8 and 12.7 million metric tons of plastic
waste enter the ocean each year, accounting for
80 % of the plastic pollution found in the world’s
oceans and seas. In 2018, the volume of plastic
waste exceeded 359 million metric tons. Major
rivers also transport plastic waste to the sea,
contributing to the spread of litter as they flow
downstream.?® Once in the ocean, plastic waste
can be disseminated globally. Despite having
useful lifespans ranging from minutes to a few
hours, many single-use plastic products can per-
sistin the environment for hundreds of years.

Routes of exposure and adverse human
fertility health

Male fertility, foetal health and the future well-be-
ing of children are defined by programmed epi-
genetic events that can be adversely affected by
various testicular toxicants occurring through-
out spermatogenesis.** Epigenetic modifications
play a crucial role in regulating gene transcrip-
tion and developmental processes, such as sperm
production and germ cell differentiation. While
there is currently limited research on the effects
of micro/nanoplastics (MNPs) on the sperm epig-
enome in mammals, substantial evidence indi-
cates that common additives found in MNPs, such
as BPA and phthalates, can disrupt these critical
developmental processes.

In rodent germline models, exposure to phthal-
ates and BPA can alter gene methylation pat-
terns, histone modifications and the expression
of non-coding RNA.** These alterations may in-
terfere with normal epigenetic programming
during critical windows of spermatogenesis, af-
fecting sperm development, quality and viability.
In human populations, associations have been
observed between reduced sperm quality and
adverse reproductive outcomes with urine con-
centrations of phthalate and/or BPA metabolites,
demonstrating differential methylation patterns
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in sperm, often in promoter regions of genes
linked to cellular growth and development. Fur-
thermore, studies investigating the effects of BPA
and phthalates on germ cell epigenetic markers
across generations raise concerns about poten-
tial long-term implications for subsequent gener-
ations.*®

Similar to the majority of studies examining the
reproductive implications of MNPs in males,
polystyrene micro/nanoplastics (PS-MNPs) are
among the most frequently studied plastic par-
ticles in relation to their toxicity to female off-
spring. These particles have been identified in
various ovarian compartments, including with-
in developing oocytes and uterine tissue. In ex-
posed ovaries, altered follicular dynamics have
been indicated by increased numbers of atretic
and cystic follicles and decreased quantities of
developing and mature follicles, along with di-
minished ovarian weight and reduced expression
of cytoskeletal proteins. Concurrently, distinct
changes in reproductive hormone signalling have
been observed, including lower circulating levels
of anti-Miillerian hormone (AMH) and oestradi-
ol (E2), alongside elevated levels of testosterone
and FSH.

Effects of radiofrequency (RF)
fertility and electromagnetic
fields (EMF) exposure effect
on testicular organ

The World Health Organization (WHO) is active-
ly engaged in ongoing efforts to evaluate the po-
tential health consequences of radiofrequency
electromagnetic fields (RF-EMF) on both general
and working populations.?* The WHO conducted
a large-scale global survey among RF experts to
prioritise the assessment of possible negative
health effects associated with exposure to these
fields. The survey identified six major areas
of concern: reproductive effects, cognitive de-
cline, associated symptoms, oxidative stress and
heat-related consequences. To compile, evaluate
and consolidate the existing body of knowledge
on these issues, the WHO subsequently commis-
sioned ten systematic reviews of observational
and experimental studies.
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As technology has advanced, exposure to RF-EMF
from various devices has sharply increased. The
testes are among the organs most susceptible to
RF electromagnetic radiation (RF-EMR) due to
their rapid cell division rate and high mitochon-
drial oxygen consumption, making testicular
tissues more vulnerable to oxidative stress.3*
Significant cell proliferation can lead to replica-
tion errors that fragment DNA in sperm, while
increased oxygen consumption raises the level
of oxidative phosphorylation byproducts (free
radicals) in the mitochondria. Furthermore, the
testes are particularly sensitive to thermal ef-
fects from RF-EMR exposure, as they are less able
to dissipate excess heat. Consequently, concerns
have arisen regarding the impact of RF-EMR on
male reproductive capabilities. Research has in-
dicated that RF-EMR generated by Wi-Fi and mo-
bile phones may lead to reduced testosterone lev-
els. Various factors can influence these outcomes,
affecting both the biological effects of RF-EMR
and energy absorption. In numerous animal and
human studies, the impact of RF-EMR appears to
be correlated with the duration of smartphone
usage; therefore, limiting the time spent using
wireless devices is recommended.

Cell phone usage and male infertility

The widespread use of smartphones has con-
tributed to environmental contamination by RF-
EMF. The continuous increase in mobile phone
usage has raised concerns regarding the impact
of electromagnetic waves on male reproductive
health.'> Epidemiological studies indicate that
approximately 14 % of couples worldwide expe-
rience difficulties with conception, with a signif-
icant number of these cases attributed to male
infertility factors. Male infertility is known to be
influenced in part by lifestyle and environmental
factors and the testes may be adversely affect-
ed by radiation, temperature, or radioactivity,
among other biological tissues.

Given the prevalent use of mobile phones, it is
crucial to further elucidate the potential negative
consequences of the resulting ambient radiation
on reproductive health, particularly regarding
sperm quality. Understanding how elevated tes-
ticular temperature and oxidative stress influ-
ence male fertility rates and how these variables
may interact with physiological processes in the
testes is essential.’’” Furthermore, the develop-
ment of a financially viable, affordable and envi-
ronmentally friendly strategy to address these
issues is greatly needed. Current research has
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not sufficiently explored the potential of certain Ethics
natural reducing agents for the remediation of
environmentally harmful compounds. There re-
mains a lack of clarity in defining toxicity and
its mechanistic aspects. The toxicity of envi-
ronmental toxicants can vary based on specific
characteristics such as concentration and expo-

This study was a secondary analysis based on the
currently existing data and did not directly involve
with human participants or experimental animals.
Therefore, the ethics approval was not required in

sure duration.*® this paper.
Conclusion Acknowledgement
( ) Authors are thankful to their parent institutions

Two facts are evident: human fertility is de-
clining and we are continually exposed to envi-
ronmental pollutants in our daily lives. While
some studies suggest a connection between
these .exposures anq ovulati.on.in humans, COﬂﬂiCtS Of interest
establishing clear evidence linking common
toxins to the observed decline in ovulation
remains Cha]lenging_ The Complexjties and ex- The authors declare that there is no conflict of
tended timelines necessary to prove a causal interest.

relationship, along with the ethical concerns
surrounding prospective studies involving
human exposure, present significant obsta- .
cles—not because there is a lack of evidence Fundlng
that these substances can harm reproductive

for the facilities.

health. This research received no specific grant from any
_ funding agency in the public, commercial, or not-
Furthermore, although these toxins may af- for-profit sectors.

fect semen quality, it remains unclear whether
these changes lead to reduced pregnancy and
childbirth rates. Until further research is con-
ducted, exposure to these substances should Data access
be minimised and, if possible, avoided, as they
can negatively impact fertility. The repro-
ductive health of future generations is likely
to be influenced by multiple factors, includ-
ing the ability of governmental organisations
to impose restrictions on the use of certain
chemicals, establish concentration limits and

gradually phase out substances that may be Author ORCID numbers

detrimental to reproductive health.

The data that support the findings of this study
are available from the corresponding author
upon reasonable individual request.

This approach contrasts with the current Vickram Agaram Sundaram (VAS):

regulatory strategy, which often waits for 0000-0003-4319-1575

clear evidence of harm before taking action. Bharath Saravanan (BS):

Instead, a proactive, preventative strategy is 0000-0001-7517-1582

warranted. Emerging technologies will enable Jenila Rani Durairaj (JRD):

consumers to assess their exposures, increas- 0000-0002-7863-544X

ing public awareness of potential risks and Bhavani Sowndharya Balamurugan (BSB):
fostering advocacy for more comprehensive 0000-0001-9079-7778

regulatory changes. Mathan Muthu Chinnakannu Marimuthu (MMCM):

N J0000-0002-8427-3449




392

Hitesh Chopra (HC):
0000-0001-8867-7603

Author contributions

Conceptualisation: VAS, BS

Data curation: JRD, BSB

Writing - original draft: VAS, BS, JRD, BSB
Writing - review and editing: MMCM, HC
Project administration: MMCM, HC

References

1. Cox CM, Thoma ME, Tchangalova N, Mburu G, Born-
stein M], Johnson CL, et al. Infertility prevalence and
the methods of estimation from 1990 to 2021: a sys-
tematic review and meta-analysis. Hum Reprod
Open. 2022 Jan 1;2022(4):hoac051. doi: 10.1093/hro-
pen/hoac051.

2. Domar A, Vassena R, Dixon M, Costa M, Vegni E, Col-
lura B, et al. Barriers and factors associated with sig-
nificant delays to initial consultation and treatment
for infertile patients and partners of infertile pa-
tients.Reprod Biomed Online.2021 Dec 1;43(6):1126-
36.doi: 10.1016/j.rbmo.2021.09.002.

3. Hoenderboom BM, van Bergen JE, Dukers-Muijrers
NH, Gotz HM, Hoebe CJ, de Vries HJ, et al. Pregnancies
and time to pregnancy in women with and without a
previous Chlamydia trachomatis infection. Sex
Transm Dis. 2020 Nov 1;47(11):739-47. doi: 10.1097/
0OLQ.0000000000001247.

4., Babakhanzadeh E, Nazari M, Ghasemifar S, Khodada-
dian A. Some of the factors involved in male infertili-
ty: a prospective review. Int ] Gen Med. 2020 Feb
5:29-41. doi: 10.2147/1JGM.S241099.

5. Agarwal A, Baskaran S, Parekh N, Cho CL, Henkel R, Vij S, et
al. Male infertility. The Lancet. 2021 Jan 23;397(10271):319-
33.doi: 10.1016/S0140-6736(20)32667-2.

6. Kamaraj M, Babu PS, Shyamalagowri S, Pavithra MK,
Aravind ], Kim W, et al. 3-cyclodextrin polymer com-
posites for the removal of pharmaceutical substanc-
es, endocrine disruptor chemicals, and dyes from
aqueous solution-A review of recent trends. ] Envi-
ron Manage 2024 Feb 1;351:119830. doi: 10.1016/j.
jenvman.2023.119830.

7. Pironti C, Ricciardi M, Proto A, Bianco PM, Montano
L, Motta O. Endocrine-disrupting compounds: An
overview on their occurrence in the aquatic environ-
ment and human exposure. Water J. 2021 May
12;13(10):1347. doi: 10.3390/w13101347.

8. CuiQ,PanY,Wang], LiuH, Yao B, Dai ]. Exposure to per-
and polyfluoroalkyl substances (PFASs) in serum ver-
sus semen and their association with male reproduc-
tive hormones. Environ Pollut. 2020 Nov;266:115330.
doi: 10.1016/j.envpol.2020.115330.

9. Anusha JR, Citarasu T, Uma G, Vimal S, Kamaraj C, Ku-
mar V, et al. Recent advances in nanotechnology-based

Sundaram et al. Scr Med. 2025 Mar-Apr:56(2):383-93. M

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

modifications of micro/nano PET plastics for green en-
ergy applications. Chemosphere. 2024 Feb 8:141417.
doi: 10.1016/j.chemosphere.2024.141417.

Vom Saal FS, Vandenberg LN. Update on the health
effects of bisphenol A: overwhelming evidence of
harm. Endocr ]. 2021 Mar 1;162(3):bgqaal71. doi:
10.1210/endocr/bqaal71.

Unuane D, Tournaye H, Velkeniers B, Poppe K. Endo-
crine disorders & female infertility. Best Practice &
Research ] Clin Endocrinol Metab. 2011 Dec
1;25(6):861-73. doi: 10.1016/j.beem.2011.08.001.
Sudhakaran G, Kesavan D, Kandaswamy K, Guru A,
Arockiaraj J. Unravelling the epigenetic impact: Oxi-
dative stress and its role in male infertility-associat-
ed sperm dysfunction. Reprod Toxicol. 2024 Jan
2:108531. doi: 10.1016/j.reprotox.2023.108531.
Amenyogbe E, Huang ]S, Chen G, Wang Z. An over-
view of the pesticides' impacts on fishes and humans.
Int ] Aquat Biol. 2021 Mar 23;9(1):55-65. doi:
10.22034/ijab.v9i1.972.

Ayilara MS, Adeleke BS, Akinola SA, Fayose CA, Ad-
eyemi UT, Gbadegesin LA, et al. Biopesticides as a
promising alternative to synthetic pesticides: A case
for microbial pesticides, phytopesticides, and nanobio-
pesticides. Front Microbiol. 2023 Feb 16;14:1040901.
doi: 10.3389/fmicb.2023.1040901.

Babaei K, Aziminezhad M, Mirzajani E, Mozdarani H,
Sharami SH, Norollahi SE, et al. A critical review of
the recent concept of regulatory performance of DNA
methylations, and DNA methyltransferase enzymes
alongside the induction of immune microenviron-
ment elements in recurrent pregnancy loss. Toxicol
Rep. 2024 May 9. doi: 10.1016/j.toxrep.2024.05.001.
Laldinsangi C. Toxic effects of smokeless tobacco on fe-
male reproductive health: A review. Toxicol Rep. 2022
Jan 1;3:100066. doi: 10.1016/j.crtox.2022.100066.
Virant-Klun I, Bedenk ], Jancar N. maturation of im-
mature oocytes for fertility preservation in cancer
patients compared to control patients with fertility
problems in an fertilization program. Radiat Oncol J.
2021 Dec 22;56(1):119-28. doi: 10.2478/raon-2021-
0053.

Presunto M, Mariana M, Lorigo M, Cairrao E. The ef-
fects of bisphenol A on human male infertility: A review
of current epidemiological studies. Int ] Mol Sci. 2023
Aug 4;24(15):12417. doi: 10.3390/ijms241512417.
Giulioni C, MauriziV, Castellani D, Scarcella S, Skrami
E, Balercia G, et al. The environmental and occupa-
tional influence of pesticides on male fertility: A sys-
tematic review of human studies. ] Androl. 2022
Oct;10(7):1250-71. doi: 10.1111/andr.13228.

Milesi MM, Durando M, Lorenz V, Gastiazoro MP,
Varayoud J. Postnatal exposure to endosulfan affects
uterine development and fertility. Mol Cell Endocri-
nol. 2020 Jul 1;511:110855. doi: 10.1016/j.
mce.2020.110855.

Selvaraju V, Baskaran S, Agarwal A, Henkel R. Environ-
mental contaminants and male infertility: Effects and
mechanisms. ] Androl. 2021 Feb;53(1):e13646. doi:
10.1111/and.13646.

Ganie SY, Javaid D, Hajam YA, Reshi MS. Mechanisms
and treatment strategies of organophosphate pesti-
cide-induced neurotoxicity in humans: A critical ap-



Sundaram et al. Scr Med. 2025 Mar-Apr;56(2):383-93.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

praisal. Int ] Toxicol. 2022 Apr 30;472:153181. doi:
10.1016/j.t0x.2022.153181.

Greenlee AR, Arbuckle TE, Chyou PH. Risk factors for
female infertility in an agricultural region. ] Epide-
miol. 2003 Jul 1;14(4):429-36. doi: 10.1097/01.
EDE.0000071407.15670.aa.

Lopes FC, Junior AS, Corcini CD, Sanchez JA, Pires
DM, Pereira JR, et al. Impacts of the biocide chloroth-
alonil on biomarkers of oxidative stress, genotoxici-
ty, and sperm quality in guppy Poecilia vivipara. Ec-
otoxicol Environ. Saf2020 Jan 30;188:109847. doi:
10.1016/j.ecoenv.2019.109847.

Pereira SC, Oliveira PF, Oliveira SR, Pereira MD, Alves
MG. Impact of environmental and lifestyle use of
chromium on male fertility: focus on antioxidant ac-
tivity and oxidative stress. J. Antioxid. Act. 2021 Aug
27;10(9):1365.doi: 10.3390/antiox10091365.

Lee S, Min JY, Min KB. Female infertility associated
with blood lead and cadmium levels. Int ] Environ
Res Public Health. 2020 Mar;17(5):1794. doi:
10.3390/ijerph17051794.

Finelli R, Mottola F, Agarwal A. Impact of alcohol con-
sumption on male fertility potential: a narrative re-
view. Int ] Environ Res Public Health. 2021 Dec
29;19(1):328. doi: 10.3390/ijerph19010328.

Amor H, Alkhaled Y, Bibi R, Hammadeh ME, Jankows-
ki PM. The impact of heavy smoking on male infertil-
ity and its correlation with the expression levels of
the PTPRN2 and PGAMS5 genes. Genes. 2023 Aug
12;14(8):1617. doi: 10.3390/genes14081617.

Alwan SH, Al-Saeed MH. Biosynthesized silver
nanoparticles (using Cinnamomum zeylanicum bark
extract) improve the fertility status of rats with
polycystic ovarian syndrome. Biocatal Agric Bio-
technol. 2021 Nov 1;38:102217. doi: 10.1016/j.
bcab.2021.102217.

Dianova L, Tirpak F, Halo M, Slanina T, Massanyi M,
Stawarz R, et al. Effects of selected metal nanoparti-
cles (Ag, ZnO, TiO2) on the structure and function of
reproductive organs. Toxics. 2022 Aug 8;10(8):459.
doi: 10.3390/toxics10080459.

Pinho AR, Rebelo S, Pereira MD. The impact of zinc
oxide nanoparticles on male (in) fertility. ]. Mater.
2020 Feb 13;13(4):849. doi: 10.3390/ma13040849.
Guo Z, Wang X, Zhang P, Sun F, Chen Z, Ma W, et al.
Silica nanoparticles cause spermatogenesis dysfunc-
tion in mice viainducing cell cycle arrest and apopto-
sis. Ecotoxicol Environ. Saf. 2022 Feb 1;231:113210.
doi: 10.1016/j.ecoenv.2022.113210.

Fukunaga H, Kaminaga K, Sato T, Watanabe R, Oga-
wa T, Yokoya A, et al. The tissue-sparing effect of spa-
tially fractionated X-rays for maintaining spermato-
genesis: a radiobiological approach for the
preservation of male fertility after radiotherapy. ]
Clin Med. 2020 Apr 11;9(4):1089. doi: 10.3390/
jcm9041089.

Yadav H, Rai U, Singh R. Radiofrequency radiation: A
possible threat to male fertility. Reprod Toxicol.
2021 Mar 1;100:90-100. doi: 10.1016/j.repro-
t0x.2021.01.007.

Aitken R]. Impact of oxidative stress on male and fe-
male germ cells: implications for fertility. Rev Re-
prod. 2020 Apr 1;159(4):R189-201. doi: 10.1530/
REP-19-0452.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

1393

Joham AE, Norman R], Stener-Victorin E, Legro RS,
Franks S, Moran L], et al. Polycystic ovary syndrome.
Lancet Diabetes Endocrinol. 2022 Sep 1;10(9):668-
80. doi: 10.1016/S2213-8587(22)00163-2.
Balachandar R, Bagepally BS, Kalahasthi R, Haridoss
M. Blood lead levels and male reproductive hor-
mones: a systematic review and meta-analysis. ]
Toxicol. 2020 Oct 1;443:152574. doi: 10.1016/j.
tox.2020.152574.

Sankareswari M, Amutha C, Vasantha VS, Oh TH,
Arunpandian M, Selvakumar K. Biosynthesis of bi-
metallic Au-Ag nanoparticles using Abrus precatori-
us seed Extract: Analysis of photocatalytic, cytotox-
ic and antibacterial activities. Inorg Chem Commun.
2024 Sep 8:113134. doi: 10.1016/j.in-
oche.2024.113134.

Verma N, Rachamalla M, Kumar PS, Dua K. Assess-
ment and impact of metal toxicity on wildlife and
human health. ]. Met 2023 Jan 1:93-110. doi: 10.1016/
B978-0-323-95919-3.00002-1.

LiF, LuY, Zhang ], Wang Y, Chen X, Yan J, et al. Inves-
tigation and regional fuzzy health risk management
oflead and cadmium in best-selling cigarettes across
China. J Clean Prod. 2020 Jul 10;261:121005. doi:
10.1016/j.jclepro.2020.121005.

Ledo AL, Cesarino I, de Souza MC, Dias OA, Jawaid M.
Nano-biodegradation of plastic materials. ]J. Nano-
technol 2022 Jan 1:175-95. doi: 10.1016/B978-0-
323-85835-9.00008-8.

Heller MC, Mazor MH, Keoleian GA. Plastics in the US:
toward a material flow characterization of produc-
tion, markets and end of life. Environ Res ] Letters.
2020 Aug 25;15(9):094034. doi: 10.1088/1748-
9326/ab9ele.

Ajayi AF, Akhigbe RE. The physiology of male repro-
duction: Impact of drugs and their abuse on male fer-
tility. ] Androl. 2020 Oct;52(9):e13672. doi: 10.1111/
and.13672.

Krzastek SC, Farhi ], Gray M, Smith RP. Impact of en-
vironmental toxin exposure on male fertility poten-
tial. Transl Androl Urol. 2020 Dec;9(6):2797. doi:
10.21037/tau-20-685.

Cariati F, Carbone L, Conforti A, Bagnulo F, Peluso
SR, Carotenuto Cet al. Bisphenol A-induced epigene-
tic changes and its effects on the male reproductive
system. Front Endocrinol. 2020 Jul 30;11:453. doi:
10.3389/fendo.2020.00453.

Van Cauwenbergh O, Di Serafino A, Tytgat ], Soubry
A. Transgenerational epigenetic effects from male
exposure to endocrine-disrupting compounds: a
systematic review on research in mammals. Clin
Epigenetics. 2020 Dec;12:1-23. doi: 10.1186/s13148-
020-00845-1.

Shahat AM, Rizzoto G, Kastelic JP. Amelioration of
heat stress-induced damage to testes and sperm
quality. Theriogenology. 2020 Dec 1;158:84-96. doi:
10.1016/j.theriogenology.2020.08.034.

Schreiber K, Graversgaard C, Hunt B], Wason JMS,
Costedoat-Chalumeau N, Aguilera S, et al. Challenges
of designing and conducting cohort studies and clin-
ical trials in populations of pregnant people. Lancet
Rheumatol. 2024 Aug;6(8):e560-e72. doi: 10.1016/
S2665-9913(24)00118-8.



