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Abstract:
Due to the increasing use of nanoparticles in medical and industrial fields, concerns are growing about the
toxicity of them to the body organs especially the reproductive system. In this review, the effect of metal/metal
oxide nanoparticles on the mammalian reproductive system was discussed. Nanoparticles are typically toxic to
both males and females, depending on their types, administration method, exposure duration, and surface
modification. Regarding the embryo, it was also found that the effect of nanoparticles depends on the embryonic
stage exposure during development. However, some nanoparticles, depending on the dose and time of
administration, not only did not have toxic effects, but also strengthened the reproductive system and increased
its efficiency. As the mode of interaction, penetration, and mechanism of nanoparticles action in the reproductive
system is unclear, this review highlights the importance of additional tests in these cases.
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Introduction
Today, metal nanoparticles have attracted special attention in biomedicine and industry due to their unique
thermal, magnetic, optical, and biological properties. So far, there are about 2,000 products containing
nanoparticles in the market, including antibiotics, food, textile, sports, and electronics industries, and the number
of these products is increasing daily [1]. Despite the widespread use of nanoparticles in various fields, increasing
human exposure to them has raised concerns about their toxicity to the environment and biological systems.
Nanoparticles can enter the body through different ways such as inhalation, ingestion, and skin contact; then, via
crossing biological barriers, they affect different organs including reproductive system (Fig. 1). Due to the large
surface-to-volume ratio of nanoparticles, they are chemically highly reactive, and can easily enter the cells and
damage different tissues, mainly by producing reactive oxygen species (ROS) and causing oxidative stress [2].
Mammalian gametes (spermatozoa and oocyte) and growing embryos are highly vulnerable; therefore, they are
protected by some barriers including blood-testis barrier (BTB), theca cells, granulosa cell layers, zona pellucida
(ZP), and placental barrier [3]. However, various nanoparticles have been shown to cross biological barriers,
such as the blood-brain barrier (BBB); hence, their crossing through the BTB seems probable. It has been shown
that metal nanoparticles can cross the BTB due to their small size as well as the production of an inflammatory
response that compromises the integrity of this barrier and induces testicular toxicity [4, 5]. These nanoparticles
reduce the expression of tight-junction proteins (Connexin-43, ZO-1, Occludin, Claudin) between Sertoli cells
forming BTB by increasing ROS production, thus leading to DNA damage and cell cycle arrest in the sperm
cells [6]. Nanoparticles can possibly affect hormone secretion in two ways: 1) crossing the blood-brain barrier,

reaching the hypothalamus and pituitary gland secretory cells and altering the secretion of gonadotropinreleasing hormone (GnRH), luteinizing hormone (LH), and follicle-stimulating hormone (FSH); therefore, they
affect normal ovarian estrogen and progesterone (P4) secretion; 2) entering the ovary through the circulation and
accumulating in theca and granulosa cells, thereby affecting steroidogenesis. These events can lead to abnormal
oocyte and ovarian disease (Fig. 2) [3]. About the placental barrier, an excellent review published in 2016
summarized the latest developments in this field. They tried to find out the properties of nanoparticles that cause
them to cross the placenta. Smaller particles show more ability to cross the barrier. However, they observed this
effect for all the studied models regardless of the species or experimental design; the cut-off size was
significantly different (i.e. the range of nanoparticles size for crossing the placental barrier was different). The
researchers concluded that materials of nanoparticles might be responsible for this finding, but for the other two
properties, nanoparticle’s charge and surface-coating, no clear trend was found, which is probably due to the
poor design of the study. In addition to nanoparticle properties, embryonic/placental maturation can also play a
role in nanoparticle transfer. In mice, for example, a vital window exists for transfer of gold nanoparticles from
the placenta between 9.5 and 11.5 days of gestation. Surprisingly, it has not yet been carefully studied whether
nanoparticles can systematically reach and penetrate the ovaries or follicles, but given the above data, this seems
like a plausible scenario [7, 8].

Fig. 1 The main sources and ways of mammalian reproductive systems exposure to metal nanoparticles.

Fig. 2 The effects of nanoparticles (NPs) on hormone secretion (Reprinted under the authority of Hou et al.
Copyright (2017) Oncotarget) [3].
As the reproduction, including fertilization and embryo development, is essential for species survival, the general
concerns about nanoparticle toxicity in the reproductive system studies will be a huge problem. In this review,
the in vivo and in vitro effects of metal/metal oxide nanoparticles on the male and female mammalian
reproductive systems were discussed. The mechanisms of nanoparticles action and interaction with the
reproductive system were also emphasized at the cellular and molecular levels.

Silver Nanoparticles
Numerous shapes of silver nanoparticles can be constructed depending on their application. Commonly used
silver nanoparticles are spherical, but diamond, octagonal, and thin sheets are also popular. AgNPs are widely
used as an antibiotic agent in textiles, wound dressings, medical devices, and appliances such as refrigerators
and washing machines. The properties of silver nanoparticles applicable to human treatments are under
investigation in laboratory and animal studies, assessing their potential efficacy, toxicity, and costs. We have
reviewed the effects of silver nanoparticles on the reproductive system. [9].
Cytotoxic and genotoxic effects of different concentrations (10/50/100 µg/ml) of silver nano (20 nm) and
submicron (200 nm) particles, and titanium dioxide nanoparticles (TiO2NPs; 21 nm) in the testicular cells were
examined. The researchers exposed Ntera2 (NT2, human testicular embryonic carcinoma cell line) and primary
testicular cells from C57BL6 mice of wild type (WT) and 8-oxoguanine DNA glycosylase knock-out (KO,
mOgg1-/-) genotype to the particles. The metabolic activity of the cells, cell death, DNA damage, and cytokines
levels (IL-8/MIP-2, IL-6, and TNF-α) was evaluated. The results showed higher levels of toxicity and cytostatic
in AgNPs (especially 200 nm) than TiO2NP in the studied cells (primary testicular cells and NT2 cell line),
leading to apoptosis, necrosis, and decreased proliferation in a concentration and time-dependent manner. Also,
primary testicular cells in mice were found to be more sensitive to nanoparticles than NT2 cells. In general, both
types of nanoparticles are likely to have effects on reproduction and human health. Besides, this study showed
that not only the NP size, but also the cell type could be a limiting factor in their toxicity [10].
The effect of AgNPs (20 nm, spherical) on the somatic (TM4) and germ cells derived from male and female
mice was investigated. The experiment was performed both in vitro (0, 3.0625, 6.125, 12.5, 25 and 50 µg/mL)
on the Sertoli and granulosa cells and in vivo (0.5 and 1.0 mg/kg) in male and female mice, and silver-treated
cells were used as the positive control. The results showed that AgNPs induced toxicity in TM4 and granulosa
cells after 24 h. Also, it was found that this nanoparticle can lead to the formation of autophagosomes (large
numbers of vesicles) and autolysosomes in the Sertoli cells due to cellular uptake of AgNPs. AgNPs also
increased ROS production and induced apoptosis by regulating the mitochondrial pathway via enhancing the
release of Bax from the cytosol to the mitochondria through increased release of cytochrome c. Moreover,
AgNPs affected the signaling of the molecules involved in apoptosis (Egfr/Akt/Erk/P53), leading to a decrease

in p-Akt levels and an increase in the levels of p-Erk and p-p53. In vivo studies also showed a significant increase
in the expression of pro-inflammatory cytokines such as TNF-α, interferon γ, 6, 1β, and monocyte
chemoattractant protein-1. Histopathological studies to detect the potency of AgNPs to penetrate the bloodtesticular barrier and enter the reproductive tissue, as well as its effect on the ovaries and follicles, revealed a
significant lack of male and female germ cells. Overall, this study showed the negative effects of AgNPs with a
mean size of 20 nm on reproduction [11].
Treatment of male mice with 0.4 ml suspension of silver nanoparticles (50 nm, spherical), at a dose of 10
mg/kg/bw for 35 days, leads to testicular weight loss, increased number of dead and abnormal sperms, decreased
serum testosterone as well as irregularity, deformity, atrophy, degeneration, and necrosis in the epithelial cells
of the seminiferous tubule. According to this study, AgNPs induce these changes in the testis and sperm by
penetrating the BTB [12].
In another study, the effect of different concentrations of AgNPs (30, 125, and 300 mg/kg) on sperm parameters,
sperm chromatin integrity, and testicular tissue of rats was evaluated by intraperitoneal injection (for 21 days).
The results showed the dose-dependent effects of AgNPs. A high dose, AgNPs (300 mg/kg) reduced sperm
count, sperm viability, testicular tubes, and altered sperm morphology. Also, 300 and 125 mg/kg doses decreased
the number of spermatogonia, Sertoli, and Leydig cells, but sperm chromatin did not show a significant
difference among different groups [13].
The effect of intratesticular injection of AgNPs (220 μl of AgNPs solution (0.46 mg Ag/ml) per testis) on rat
reproductive parameters was investigated (7, 14, 28, and 56 days after injection). The results showed a significant
decrease in the sperm motility on day 7 (8.8%) compared to the control groups (73.3%), day 14 (86.0%), day 28
(68.2%) and day 56 (90.0%). Besides, on day seven, the number of sperms with head and midpiece abnormality
increased. On the other hand, no sperm was observed in the epididymis on day 7, while on days 14 and 28, some
sperms were observed. Therefore, intratesticular injection of AgNPs resulted in severe but reversible effects on
the sperm cells [14].
To investigate the effect of AgNPs on the production of free radicals, antioxidant system, and sperm parameters,
30 rats in 6 groups were exposed to different doses of these nanoparticles (0, 10, and 50 mg/kg/bw) for 7 or 28
days. The results showed a dose-dependent decrease in the sperm motility, sperm velocity, kinetic parameters,
and a decrease in LH, FSH, and testosterone (T) hormone concentrations. Also, the concentrations of
Malondialdehyde (MDA) and peroxide increased, but superoxide dismutase (SOD), catalase (CAT), and reduced
glutathione concentrations decreased in the epididymis and testis. Taken together, these findings suggest that
silver nanoparticles have detrimental effects on the sperm parameters in rats by disrupting hormonal balance and
inducing oxidative stress in the testes and epididymis [15].

Gold Nanoparticles
Among metal nanoparticles, gold nanoparticles (AuNPs) have attracted attention due to their unique optical and
physicochemical properties as well as biocompatibility in the biomedical field. These particles are easily
functionalized and can be used for various medical purposes. Although gold is generally considered as a
chemically inert material, many studies have shown that when it is used at the nanoscale, it has toxic effects on
biosystems due to its tiny size and very large surface-to-volume ratio. These effects can depend on the size,
shape, surface factors, administration method, and duration of exposure to nanoparticles [16, 17].
For the first time, Wiwanitikit et al. in 2009 investigated the effect of AuNPs (9 nm) on human spermatozoon.
The results showed that AuNPs decrease the sperm motility and penetrate the heads and tails of the sperm cells
and lead to their fragment [18].
Other studies have shown the effect of AuNPs on the sperm in animal models.
It has been shown that both acute and chronic intravenous injection of AuNPs (40 and 200 µg/kg/day,1-100 nm)
leads to an increase in the sperms with abnormal tail and head, and a decrease in the sperm motility, depending
on the dose and time compared to the control group. Cytochemical staining, such as AB (Aniline blue), TB
(Toluidine blue), and CMA3 (Chromomycin A3), also showed an increase in histone residues and DNA
fragmentation, and a decrease in mouse spermatozoa in groups treated with AuNPs [19].
However, in 2013, an interesting study by Tylor et al. showed that AuNPs (10 µg/ml) exert their inhibitory
effects on the bovine sperm by adsorption on the sperm membrane rather than penetration. The results showed
that oligonucleotide conjugated AuNPs reduce the sperm motility by binding to the spermatozoa membrane and
free thiol residues reduction on the cell membrane. They also showed that ligand-free AuNPs decrease the ability

of sperm to fertilize, possibly by agglomerate attachment to the sperm membrane, thereby interfering with the
sperm-oocyte attachment and fertilization [20].
In another study, TM3 Leydig cell lines (derived from immature mouse Leydig cells) were cultured and then
treated with different concentrations of AuNPs (8.33 µM, 25.00 µM, and 62.50 µM). Cellular uptake,
cytotoxicity, DNA damage, intracellular ROS production, apoptosis, cell cycle, and testosterone production were
assessed. It was shown that AuNPs (5nm) could penetrate to the endosomes/ lysosomes of TM3 cells and induce
auto-phagosomes, increase ROS, and stop the cell cycle in the S phase. In addition, after re-injection of AuNPs
(0.17 and 0.50 mg/kg/day) in the BALB/c mouse model, the nanoparticles gradually accumulated in the testis as
dose dependence and significantly reduced testosterone production in TM3 cells by inhibiting the expression of
the 17 alpha-hydroxylase genes in the testis. The administration of these nanoparticles also increased the rate of
epididymal sperm malformation and decreased the weight of epididymis, but they did not affect the sperm
motility and concentration. Although these events did not directly affect fertility in the treated mice including
copulation index, fertility index and gestation index, the mean number of offspring reduced at 0.5 mg/kg
concentration, possibly due to fewer eggs or embryo death. In addition, these nanoparticles were administered
for only 14 days, but longer or higher doses may reduce the sperm quality and ultimately affect fertility [21].
Moreover, studies have shown that the administration of a single dose of AuNPs (2 μg Au/gram of body weight
(BW), size 2, 15, and 50 nm) to mice during pregnancy prevents embryonic development, which depends on the
particle size and concentration. It was found that among the different sizes of AuNPs, only 15 nm nanoparticles
downregulate the expression of germ layer markers such as SOX1, SOX3, and Nestin both at the mRNA and
protein levels. Thus, these nanoparticles can probably prevent the differentiation of all three germ layers of the
embryo, and leading to fetal resorption [22].

Copper Nanoparticles
Copper (Cu) plays a role in maintaining the function of living organisms. Widespread use of this metal in the
electrical industry, construction materials, water pipes, intrauterine contraceptive devices, etc. can lead to
harmful effects. Although adequate amounts of copper are needed for embryo development, it has been shown
that copper nanoparticles (CuNPs) can cross the biological barriers due to their small size and lead to
reproductive toxicity [23]. Cu probably affects both the male and female reproductive systems. Targets of Cu
effects include the neuroendocrine system such as hypothalamic-pituitary gonadal (HPG) axis, sperm, embryo
development, and testicular and ovarian functions. It has been shown that short-term in vitro administration of
Cu leads to adverse effects on the ovarian cell organelles. Moreover, Cu can stimulate Insulin-like growth factor
1 (IGF-I) and progesterone release, and also induce the expression of peptides associated with proliferation and
apoptosis [24]. Most studies have investigated the effect of CuNPs on male reproduction.
The effect of CuNPs (20–30 nm, 20 and 40 mg/kg for 3, 6, and 9 days) on the weight of some reproductive
system organs and spermatozoa properties in albino male rats was evaluated. The results showed a significant
decrease in the body weight due to disruption of different metabolic activities and an increase in sexual organs
(testis, epididymis, seminal vesicle, and prostate gland) probably due to histopathological changes in these
organs or in serum testosterone levels which play an important role in maintaining their structural integrity.
Moreover, the percentage of sperm viability decreased, and the percentage of sperm abnormalities (such as
deformed head, detached head, loss of head spine, coiled head, coiled tail, curved tail) and sperm concentration
increased in a concentration and time-dependent manner. Thus, in general, this research showed the negative
effects of CuNPs on the male reproductive system activity [25].
The effect of polyvinylpyrrolidone (PVP)-coated CuNPs (40 and 60 nm, 1 and 2 mg/kg/day) on the reproduction
of male rats was investigated. Treated groups showed a decrease in sperm density and motility and sex hormone
(FSH, LH, Testosterone) levels. Also, biochemical parameters, cholesterol levels, and testicular proteins were
improved, whereas glycogen and sialic acid content decreased. Therefore, CuNPs altered the hormone and
biochemical structure and also decreased fertility in male rats [26].
Possible effects of unsupported CuNPs [spherical (2.88 nm), triangular (1.27 nm), hexagonal (1.81 nm)], and
supported spherical CuNPs by titanium, zeolite Y, and activated charcoal were examined in the porcine ovarian
granulosa cells. For this purpose, the researchers evaluated the cell viability, cell proliferation (Proliferating cell
nuclear antigen (PCNA) accumulation), apoptosis (Bax protein accumulation), and release of steroid hormones
(progesterone, testosterone, and 17-beta estradiol). The results were as follows: Hexagonal CuNPs reduced the
cell viability, and other CuNPs increased it. Unsupported spherical and hexagonal CuNPs and spherical

CuNPs/titanium decreased the PCNA accumulation. Apoptosis increased under CuNPs/zeolite Y, while other
CuNPs (except hexagonal CuNPs) decreased it. Besides, CuNPs/titanium dioxide inhibited the release of all
steroid hormones, but CuNPs/charcoal stimulated it. Therefore, the results showed a direct effect of CuNPs on
the ovarian cell function depending on their shape and support [27].

Iron Nanoparticles
Today, iron nanoparticles (FeNPs) have attracted special attention in various industries due to their
physicochemical properties, high catalytic activity, high magnetism, and low toxicity. Applications such as
magnetic resonance imaging (MRI), drug delivery, gene therapy, cancer therapy, and cell sorting have been
proposed for these nanoparticles in the biomedical field. Although FeNPs are generally considered as lowtoxicity nanoparticles, studies show that they are more likely to produce ROS, due to their high catalytic activity
and Fenton-like reaction which results in oxidative damage to biomolecules. This raises many concerns about
the reproductive systems [28, 29].
Early studies were conducted on the effect of Fe2O3NPs with different surface charges in pregnant CD-1 mice
in 2014. It was shown that polyethyleneimine (PEI)-coated iron nanoparticles with positive surface charges were
more toxic to the fetus and mother than nanoparticles with polyacrylic acid (PAA) coating, while the core of
both nanoparticles was Fe2O3 with a diameter of 12 nm. In general, multiple exposures to positively charged
PEI-coated nanoparticles significantly increases the post-implantation loss, reduces the maternal weight, cross
the placenta, and accumulates in the fetal liver [30].
In this regard, another study was done on the short-term and long-term administration effects of positively and
negatively charged FeNPs at low (10 mg/kg) and high (100 mg/kg) doses during the main organogenesis period
(gestation day (GD) 8,9,10) of mice. This study also showed the effect of nanoparticle surface charge on toxicity.
Interestingly, low-dose nanoparticles had not only no toxic effects on the mother and fetus, but also positive
effects such as reducing fetal death and increasing litter size, which could indicate iron supplementation effects.
The administration of high doses of nanoparticles increased fetal death in the later gestation (GD10) stage for
PEI-coated nanoparticles and in the earlier stage (GD8) for PAA-coated nanoparticles. All treated groups with
100 mg/kg PEI-coated nanoparticles showed uterus or testis histological changes such as endometrial thickening
and germ cell loss, regardless of the administration time [31].
Various studies show that uncoated FeNPs can induce oxidative stress and apoptosis in the reproductive system
and cause toxicity, while coating these particles with polymers and biological macromolecules can have different
effects.
It was found that intraperitoneal injection of 25 and 50 mg/kg/week Fe2O3NPs (< 50 nm) for 4 weeks could
increase the ROS, lipid peroxidation, protein carbonyl content, glutathione peroxidase activity, and nitric oxide
levels and also induce apoptosis in the mice testis cells. Besides, pathophysiological lesions such as
vacuolization, detachment, and shedding of germ cells were observed [32].
Another study was performed to investigate the effects of different concentrations of bovine serum albumin
(BSA)-coated superparamagnetic iron oxide nanoparticles (SPIONs) (10, 25, or 50 μg/ml) on human steroid
hormone receptor expression and granulosa cell viability. The results showed that the expression of these
receptors, as well as the survival of granulosa cells, was not affected; therefore, this form of iron nanoparticles
is both less toxic and more biocompatible [33].
It has shown that coating iron nanoparticles (5.3 nm) with DMSA (dimercaptosuccinic acid) make these
nanoparticles safe for the sperm and prevents the particles from penetrating the sperm. Bull sperms were
incubated with different doses of these nanoparticles (0.03, 0.06, 0.015 mg/ml). Sperm motility, acrosome
integrity, cell membrane, sperm structure, and uptake of nanoparticles were assessed after 4 hours of exposure.
No negative effects on motility, viability, and sperm structure were observed and nanoparticles were not able to
penetrate the sperm [34].
The effect of iron nanoparticles on the cultured sheep ovarian tissue was investigated. After incubating the
ovarian specimen with uncoated, silica-coated, and PEGylated silica-coated iron nanoparticles (with an 11 nm
core and 10 mg/ml concentration), morphological structure, follicular viability, oxidative stress, and particle
permeability were assessed. Due to PEG (polyethylene glycol) hydrophilicity, PEGylated nanoparticles reduced
the penetration of particles into cells the and nanoparticles toxicity. Uncoated nanoparticles exert the most
amount of oxidative stress due to their smaller size, more penetration into the cell, and more reactive surface,
resulting in more tissue damage along with a further reduction of follicular cells [35].

Zinc Nanoparticles
Zinc (Zn) is a necessary biological element for many biochemical processes such as growth and reproduction. It
is an important component of various proteins such as copper/zinc superoxide dismutase and maintains the
integrity of the DNA structure and nucleic acid metabolism. Other roles of zinc include interference with DNA
repair, transcription and translation processes; maintenance of germ cells; promotion of spermatogenesis; and
regulation of sperm motility [36]. It has been found that zinc deficiency in male reproduction can lead to gonadal
dysfunction, testicular weight loss, seminiferous tubules shrinkage, Leydig cells damage, and deficiency of sex
hormone production [37, 38]. Zinc oxide (ZnO) is also an environmental substance that has different biological
functions such as bio imaging and cancer detection. Zinc oxide nanoparticles (ZnO-NPs) are used in the
manufacture of solar panels, electronics devices, medicine, cosmetics such as sunscreens, drug-delivery, etc.
[39]. Moreover, ZnO-NPs are potent antibacterial and antioxidant agents that demonstrate their biomedical and
industrial applications [40, 41] possibly in which they can protect reproductive tissue.
Several in vitro studies aimed at investigating the effect of ZnO-NPs (in different concentrations and sizes) on
the mouse Leydig cells, Sertoli cells and spermatocytes, showing dose and time-dependent effects of these
nanoparticles. In general, these nanoparticles increased the levels of oxidant enzymes (such as MDA) and
decreased the levels of antioxidant enzymes (such as glutathione (GSH)), thus increasing the production of ROS.
These events led to an increase in apoptotic proteins and induced apoptosis in the sperm cells [6, 42, 43]. Other
studies have been performed in vivo, which are described below.
In a study, the possible protective role of ZnO-NPs (<100 nm) was investigated in nicotine-treated adult rats.
Animals received 10 mg/Kg/day of ZnO-NPs with 1 mg/Kg/day of nicotine. Parameters measured in this study
included testicular and epididymal histological changes, viability and morphological changes of the epididymal
spermatozoa, serum levels of FSH and LH hormones, oxidative stress parameters, and expression of
steroidogenic enzymes. The results showed mild to severe changes in the testicular and epididymal structures
and sperm morphological abnormalities in nicotine-treated rats. Besides, biochemical results showed a decrease
in all measured parameters but an increase in MDA levels in these rats, indicating the deleterious effects of
nicotine on the reproductive performance. On the other hand, treatment of these rats with ZnO-NPs showed a
significant improvement in the mentioned parameters by reducing oxidative stress and increasing steroidogenic
enzyme expression [36].
One study examined the adverse effects of ZnO-NPs (30 nm) on the male reproductive system, as well as their
possible mechanism. For this purpose, male mice were treated with different doses of these nanoparticles (50,
150, 450 mg/kg) orally for 14 days. The results showed a decrease in epididymal sperm count and serum
testosterone levels along with increasing ZnO-NPs dose. Also, histopathological damages such as germ cell
atrophy and vacuolization were observed. According to this study, increasing the dose of ZnO-NPs leads to
enhanced expression of genes associated with endoplasmic reticulum stress (IRE1α, XBP1s, BIP, and CHOP);
thus, they have destructive effects on the male reproductive system. These nanoparticles also lead to reproductive
toxicity by increasing caspase-3 expression and possibly activating apoptosis [44].
In previous literature, the dose and time-dependent cytotoxic effects of ZnO-NPs on the testis and male germ
cells were investigated.
For the first time in a study, the cytotoxic effects of these nanoparticles (88 nm, spherical) on the spermatogonia
cells were evaluated to survey the cytoskeleton and nucleoskeleton changes in the GC-1 cells (mouse testicularderived cells as a model of spermatogenesis). For this purpose, cells were cultured for 6 and 12 hours at different
doses (0, 1, 5, 8, 10, 20 µg/ml). The results showed that higher concentrations of ZnO-NPs led to toxicity of the
mouse spermatogonia by increasing intracellular ROS production, DNA damage, cytoskeleton and
nucleoskeleton modification, and cell death. This event, in turn, jeopardizes the progression of spermatogenesis
and, consequently, male fertility in a dose and time-dependent manner [45].
Studies on the effect of zinc oxide nanoparticles on the female reproductive system were limited as follows:
In a study, the effects of intraperitoneal injection of 0.1 ml of high and low doses of ZnO-NPs (20 and 150 μg/kg,
35 nm) and iron oxide (Fe2O3NPs) (5 and 40 mg/kg, 30 nm) on LH, FSH, estrogen, and progesterone levels were
investigated in 40 white female mice. Morphometric studies were also performed on the ovaries and ovarian
follicles affected by these nanoparticles. Significant differences were observed in the levels of LH, estrogen, and
progesterone in the experimental groups compared to the control group. The highest levels of LH (7.2 mIU) and
estrogen (69.5 ng/ml) were observed in the low dose ZnO-treated groups and the highest levels of progesterone

(1.9 ng/ml) in the high dose ZnO-treated groups. These results demonstrate the beneficial effects of low doses
of ZnO on fertility improvement through increasing levels of reproductive hormones, while high doses of these
nanoparticles decrease fertility. Morphometric studies did not show a significant difference between the mean
diameter of different follicular phases in the low dose ZnO-NPs treated group compared to the control group.
However, the high dose of ZnO-NPs significantly increased the diameter of the primordial follicles. Moreover,
low and high doses of Fe2O3NPs significantly reduced the follicular phase diameter compared to the control
group [46].
The effects of ZnO (5,15, 25 µg/ml) and TiO2 nanoparticles (5, 25, 50 µg/ml) on the growth, ultrastructure, and
viability of ovarian antral follicles in female C57BL/6J mice were evaluated in vitro. For this experiment, antral
follicles were cultured with these two nanoparticles for 96 hours. Toxicity of the ovarian follicles was induced
by TiO2NPs through entry and accumulation in cells and increase in the follicular diameter, and by ZnO-NPs
via decreasing follicular diameter. Also, both nanoparticles led to degradation of cytoskeletal arrangement and
ultrastructural changes such as incomplete transzonal projection and mitochondrial swelling [47].

Nickel Nanoparticles
Nickel has many applications in the industry due to its unique physical and chemical properties. Nickel
nanoparticles (NiNPs) are used in various fields, including biomedical drugs, magnetic materials, etc. Despite
human and environment can be exposed to these particles, their effects have not been fully studied [48]. Effects
on male and female fertility, miscarriage, malformations and birth defects are some of the impacts identified for
nickel micro-particles (NiMPs) on reproduction, and nickel nanoparticles (NiNPs) may also lead to reproductive
toxicity.
To investigate the relationship between NiNPs and reproductive toxicity, male and female rats were treated with
different doses of NiNPs (5, 15, 45 mg/kg/day, size 90 nm) and NiMPs (45 mg/kg/day) orally before mating,
and treatment of female mice continued during pregnancy and lactation. In this study, the parameters such as
sex hormone levels, sperm motility, histopathology, and reproductive outcome, etc. were evaluated. The results
showed an increase in FSH and LH levels; a decrease in estradiol at doses 15 and 45; ovarian lymphocytosis;
vasodilation and contraction; infiltration of inflammatory cells; and an increase in the apoptotic cells in the
ovarian tissue in female rats. In male rats, gradual weight loss, epididymal weight gain relative to body weight,
changes in sperm motility, and a decrease in FSH and testosterone levels occurred. Also, shedding of the
seminiferous tubules’ epithelial cells, tubal cell disorder, apoptosis, and cell death were observed in the
experimental groups. Moreover, changes in reproductive index and breeds development were also identified
[49].
In another study, after treating female rats with NiNPs (90 nm), parameters such as ovarian ultrastructural
changes, ROS levels, oxidant and antioxidant enzymes (SOD, CAT, MDA, nitric oxide (NO)), and factors
associated with cellular apoptosis (mRNA expression of caspase-3, caspase-8, caspase-9 and protein expression
of Fas, Cyt c, Bax, Bid, and Bcl-2) were evaluated in the ovaries. The results showed swelling of the
mitochondria, loss of mitochondrial cristae, enlargement of the endoplasmic reticulum, decreased SOD and CAT
activity, increased ROS, MDA and NO levels, decreased expression of caspases 3, 8, and 9 mRNA, increased
expression of Fas, Cyt c, Bax and Bid proteins, and decreased Bcl-2 protein expression. Therefore, NiNPs may
induce reproductive toxicity in rats by altering the ovarian ultrastructure and also by changing the oxidative
stress/antioxidant balance, thus inducing the mitochondrial pathway of apoptosis and death receptors [50].

Titanium Oxide Nanoparticles
Due to their unusual optical properties, titanium dioxide nanoparticles (TiO2NPs) have many applications in
various fields such as sunscreens, food production, food supplements, toothpaste, cosmetics, medicine, etc., but
their safety and non-toxicity are still unclear [51, 52]. Titanium nanoparticles have been shown to have
detrimental effects on the gametes and somatic cells in humans and animals.
In an in vitro study, it was found that TiO2NP caused a decrease in the mouse testis Leydig cells proliferative
capacity and vitality, as well as an increase in the expression of sensitive oxidative stress marker, hemoxigenase1, and regulatory factor of cholesterol transport into the mitochondria, steroid acute regulatory protein (StAR),
thus affecting androgen production by the Leydig cells [53].

In vivo evaluation of the TiO2NPs effects on organs, especially the reproductive system in male mice, showed
that high doses of TiO2NPs (500 mg/kg) reduced the sperm density and motility, increased abnormal sperms and
apoptosis in germ cells, and changed the level of gonadal hormones (T, estradiol (E2)), while low doses (200
mg/kg) did not show these effects [54].
Structural and functional analysis of the spermatogenic epithelium in rats after exposure to TiO2NPs (40-60 nm,
rutile form) showed corrosive changes such as thinning, irregularity of layers, and non-attachment of the sperm
cells to the basement membrane of spermatogenic epithelium (SE). Also, the study showed decreased cell
proliferation and differentiation by altering some markers such as Ki-67 (a cell proliferation marker) and c-kit
(a well-known stem cell marker). Thus, TiO2NPs can lead to impaired spermatogenesis by changing the male
reproductive system structure and functional properties [55].
An interesting study looked at whether the airway exposure of the male mice (C57BL/6J) to TiO2NPs by air (not
orally or by injection) could affect the sperm count and serum testosterone levels. The procedure was performed,
in which adult mice were induced with 63 µg of TiO2NPs intratracheally (once a week for seven weeks). This
method was found to lead to pneumonia but had no effect on the testicular/ epididymal weight, sperm count, and
serum testosterone levels [56].
In vitro examination of the TiO2NPs (1 and 10 μg/L, 20-60 nm, irregular & hemispherical) genotoxic effects in
human sperm showed a significant loss of sperm DNA integrity and increase of DNA fragmentation after 30
minutes of exposure to TiO2NPs. These nanoparticles also showed their genotoxicity potential in the human
sperm by increasing intracellular ROS levels [57].
Previous studies have shown the toxic effects of these nanoparticles on the male reproductive system. The
following are some studies on the effects of TiO2NPs on the female reproductive system.
One study found that titanium oxide nanoparticles accumulated in the ovaries after treating the mice with 10
mg/kg TiO2NPs (ranged from 208 to 330 nm (mainly 294 nm)) for 90 days. This event leads to some damages
such as changes in the expression of functional genes (up-regulation of 223 genes and down-regulation of 65
ovarian genes), imbalance in the release of mineral elements and increased expression of the genes involved in
the synthesis of estradiol such as Cytochrome P450 17A1 (CYP17A1). In addition, these nanoparticles reduced
the levels of progesterone, fertility and pregnancy rate, and increased the oxidative stress [58].
Exposure of female mice to different concentrations of TiO2NPs (2.5, 5 and 10 mg/kg) for 90 days by gavage
resulted in a significant reduction in body weight, and a relative reduction in the ovarian weight. In addition,
these nanoparticles caused inflammation and follicular atresia by altering the expression of cytokines (increasing
TNF-α, IL-1β, IL-6, Fas, FasL and decreasing IGF-1, GDF-9), creating sex hormone imbalance (increasing
estradiol, decreasing progesterone, LH, FSH, and Testosterone), and altering hematological and biochemical
parameters. Together, these events led to ovarian damage and reduced fertility [59].
In another study, by examining the effect of different concentrations of TiO2NPs (12.5 µg/ml, 25 µg/ml and 50
µg/ml, 25 nm) on follicular development and oocyte maturation in rats in vitro, it was found that TiO2 at 25
µg/ml or above reduced the number of viable follicles, the formation of antral follicles and the number of
cumulus-oocyte cell complexes (COCs) [60].
Also, continuous exposure of female mice to 2.5, 5, and 10 mg/kg of TiO2NPs (5-6 nm) for 30 days led to
premature ovarian failure (POF) by altering the serum hormone levels (decreasing estradiol, progesterone,
inhibin B, and increasing LH, FSH, FSH/LH ratio, anti-Müllerian hormone (AMH) and thyroid-stimulating
hormone (TSH)), and autoimmune markers (free triiodothyronine (fT3), free tetraiodothyronine (fT4), antinuclear antibody (ANA) and anti-thyroid peroxidase antibody (TPO-Ab) [61].
In one study, intravenous injection of TiO2NPs (35 nm) at a dose of 0.8 mg/mouse into pregnant mice resulted
in uterine weight loss and increased fetal reabsorption levels, due to its ability to penetrate the placental barrier
[62].
To investigate the effects of TiO2NPs on fetal development, pregnant mice were exposed to different
concentrations of these nanoparticles (25, 50, and 100 mg/kg BW, 6.5 nm) from gestational day 0 to 17. Increased
levels of titanium in the maternal serum, placenta and fetus led to a decrease in calcium and zinc content in the
maternal serum, placenta and fetus, which may be responsible for maternal weight loss, placental and fetal weight
loss, reduced number of live fetuses, decreased crown-rump length (CRL) as well as decrease in caudal length
and an increase in the number of dead fetuses or resorption. Besides, exposure to TiO2NPs inhibited fetal skeletal
development, including the absence of cartilage, decreased ossification, and increased the number of fetuses
with dysplasia (Fig. 3) [63].

Also, it was found that exposing the pregnant mice to TiO2NPs (1 and 10 mg/kg/day, <25 nm) affected the
placental development by disrupting the complex network of embryonic vessels, inhibiting proliferation, and
inducing placental apoptosis through nuclear pyknosis, active caspase 3, increased Bax, and decreased Bcl-2
proteins expression [64].
These studies provided new insights into the effect of TiO2NPs on fetal mortality and malformation. Therefore,
scientists recommend that TiO2NPs-containing supplements should be avoided during pregnancy until the safety
of it is proven.

Fig. 3 Mice fetal skeletal dysplasia after maternal exposure to different concentrations of TiO2NPs. Blue color:
cartilage; Purplish red: ossification; Red: incomplete ossification; BW: body weight (Reprinted under the
authority of Hong et al. Copyright (2017) Dovepress) [63].

Cerium Nanoparticles
Cerium (Ce) is a soft and silvery-white metal with ductility properties that is known as the second element in the
lanthanide series. Cerium was first separated in the oxide form, which was called ceria, a term that is still used
[65]. Cerium compounds are widely used as pharmaceuticals components [66]. Cerium oxide nanoparticles
(CeO2NPs) are present in two oxidation states (Ce3+and Ce4+) [67]. These nanoparticles have various industrial
applications, such as polishing agents [68], solar cells, and fuel catalysts [69]. Also, CeO2NP are used in
biomedical fields because of some interesting features including the redox activity, free radical scavenging
properties, anti-inflammatory activity, etc., which can help maintain pro/antioxidant balance in the aging
organism [70]. However, different studies have been performed about the effects of CeO2NPs on biological
systems, such as the reproductive system, both in vivo and in vitro, their safety has not been fully investigated.
For the first time in 2015, a study was conducted to investigate the toxicity of CeO2NPs (0.01 and 100 mg/L,
ellipsoidal, ~7 nm) in reproduction. It was found that in vitro fertilization (IVF) in the culture medium containing
very low doses of these nanoparticles (0.01 mg/L) in mice resulted in : a) damage to the sperm and oocyte DNA;
b) decreased fertilization due to possible reasons such as genotoxic effects of nanoparticles on gametes,
disruption of the interaction between gametes, and induction of oxidative stress by CeO2NPs; c) no entry and
accumulation of CeO2NPs in the cytoplasm of the sperm, oocyte, and embryo, and only accumulated around the
plasma membrane of sperm and ZP of the oocyte [71].
In this regard, another in vitro study was performed on human sperm; it was found that these nanoparticles were
not able to enter the sperm but induced inversely dose-dependent (0.01 to 10 mg/L) damage to the sperm DNA.
Therefore, very low doses of these nanoparticles led to genotoxicity [72].
The next study investigated the effect of different doses of CeO2NPs (0, 44, 88, or 220 µg/ml) during in vitro
maturation (IVM) of the prepubertal bovine oocytes on embryonic development. After the oocytes matured in
the culture medium containing CeO2NPs, IVF was performed, and the zygotes were cultured for seven days. The
results showed that these nanoparticles were not able to enter the cytoplasm of immature oocytes (germinal
vesicle stage) and had no effect on the maturation of the nucleus or intracellular levels of ROS in the oocytes.

These nanoparticles in low doses probably reduce the expression of apoptotic genes and stress responses in the
oocyte cumulus cells. According to the findings of this study, the presence of low doses of CeO2NPs (44 µg/ml)
in the culture medium contributed to the maturation of the oocytes with poor developmental capacity. This
concentration of CeO2NPs was also able to improve the quality of embryos by increasing the number of the inner
cell mass (ICM) and trophectoderm cells and the development of embryos up to the blastocyst stage [73].
In another study, researchers investigated the effect of CeO2NPs on the oocyte meiotic maturation and follicular
granulosa cell viability in young and old Balb/C and CBA mice in vivo. Balb/C mice received 45 mg/kg of
CeO2NPs for three days, which had positive effects on the reproductive system, including an increase in the
number of metaphases I and II oocytes within the follicles. Also, the results were accompanied by an increase
in the number of living granulosa cells and a decrease in necrotic or apoptotic granulosa cells. Data from CBA
mice also showed positive effects of CeO2NPs on the reproductive system in a dose-dependent manner. It was
found that in old mice, these nanoparticles, as an anti-aging agent, were able to protect the granulosa cells against
oxidative stress. Also, in these older mice, CeO2NPs increased the number of offspring born per delivery or litter
size. According to these results, possibly CeO2NPs can be considered as an antioxidant agent by reducing the
ROS content and oxidative stress level [74].
In an in vitro study, the mechanisms of interaction between CeO2NPs and germ cells were investigated for the
first time. For this purpose, mature mouse oocytes were incubated with different concentrations of CeO2NPs (2,
5, 10 and 100 mg/L) and then the following parameters were evaluated: 1) physicochemical transformation of
CeO2NPs in the culture medium; 2) ultrastructural interactions with follicular cells and oocytes; 3) genotoxic
effects of CeO2NPs on the follicles and oocytes. The results showed that these nanoparticles were able to enter
and accumulate in the follicular cells, while in the oocytes they accumulated only around the ZP. Moreover, the
results showed DNA damage in follicular cells and dose-dependent damage to the oocyte DNA. According to
the results of this study, it was hypothesized that at low concentrations of nanoparticles, the oocytes are indirectly
immune to oxidative stress due to their dual defense system (follicular cells and zona pellucida). However, at
high concentrations, these defense systems may not be able to adequately prevent DNA damage from induced
oxidative stress [75].
In another study, to evaluate the toxicity of different doses of CeO2NPs (0, 100, 200, and 300 μg/kg) on the male
reproductive system, Balb/C mice received the nanoparticles by intraperitoneal injection three times a week for
five weeks. The results showed a decrease in hemoglobin levels, packed cell volume (PCV), red blood cell
(RBC) count, and LH, FSH, and prolactin levels. At a dose of 100 μg/kg, these nanoparticles reduced the
testosterone level by 23%, and at a dose of 200 μg/kg, decreased FSH and LH and prolactin levels by 25%, 26%,
and 13%, respectively. Also, all three doses increased the levels of the MDA enzyme and, on the other hand,
decreased the activity of antioxidant enzymes and the levels of GSH and NO. Other results of this study included
decreased motility and count of sperm, increased abnormal sperm, and degeneration of seminiferous tubules.
Overall, CeO2NPs impair the testicular function by disrupting antioxidant/oxidant balance as well as endocrine
suppression, according to the study [76].
To investigate the antioxidant properties of CeNPs at different doses (15 and 30 mg/kg/day), the researchers first
induced toxicity effects in male Wistar rats through a pesticide called malathion. Malathion significantly reduces
the count, viability, and motility of sperm by decreasing antioxidant capacity and thiol groups and increasing
testicular MDA. Both doses of CeNPs improved the level of MDA and exert protective effects on the sperm by
improving oxidative stress and increasing the sperm count, motility, and viability in the testes at 30 mg/kg/day
dose [77].
The effects of chronic administration of CeO2NPs (20 and 40 mg/kg, ~27nm) orally was examined in male mice.
Sperm parameters, sperm DNA integrity, daily sperm production (DSP), blood testosterone level, testicular
cerium (Ce) element content, steroidogenic enzymes, as well as steroidogenic factor-1 (SF-1) gene/protein level
were evaluated. The results showed that these nanoparticles increase the content of Ce element in the testis and
damage the sperm DNA, and reduce testicular weight, DSP and sperm motility. Besides, CeO2NPs disrupted the
testosterone synthesis by decreasing the expression of steroidogenic enzymes and SF-1. Therefore, according to
the study findings, long-term administration of CeO2NPs at doses above 20 mg/kg can impair the male
reproductive function [78].
In another study, to evaluate the potential protective and antioxidant effects of CeNPs (< 25 nm) in Fipronil
(FIP)-treated male rats, a potent endocrine disruptor, these animals received 35 mg/kg body weight of these
nanoparticles for 28 days. The results showed that CeNPs reduced the harmful effects of FIP on the testicular

tissue by reducing lipid peroxidation, apoptosis, and inflammation, as well as increasing antioxidant activity
[79].
A summary of all the studies covered in this review is shown in Table 1.
Table 1 A summary of all the studies covered in this review. Abbreviations: NP, nanoparticle; bw, body weight;
DNA, deoxyribonucleic acid; BTB, blood–testis barrier; GPx, glutathione peroxidase; GSH, reduced
glutathione; MDA, malondialdehyde; NO, nitric oxide; CAT, catalase; SOD, superoxide dismutase; ROS,
reactive oxygen species; Bcl-2, B cell lymphoma-2; Bax, Bcl-2-associated X protein; Cyt c, cytochrome c;
StAR, steroidogenic acute regulatory protein; CYP17A1, Cytochrome P450 17A1; T, testosterone; LH, luteinize
hormone; FSH, follicular stimulation hormone; E2, Estradiol; SOX, sex-determining region Y-box; PCNA,
Proliferating cell nuclear antigen; PEI, polyethyleneimine; PAA, poly (acrylic acid); BSA, bovine serum
albumin; IVF, in vitro fertilization; IVM, in vitro maturation; ZP, zona pellucida; ICM, inner cell mass; COC,
cumulus-oocyte cell complex; DMSA, dimercapto succinic acid; PEG, polyethylene glycol; SPION,
Superparamagnetic Iron Oxide Nanoparticles; IRE1α, inositol-requiring enzyme 1 α; XBP1, X-box binding
protein 1; BIP, binding protein; CHOP, homologous protein; PCV, packed cell volume; RBC, red blood cell;
DSP, daily sperm production; SF-1, steroidogenic factor-1; POF, premature ovarian failure; AMH, antiMüllerian hormone; TSH, thyroid-stimulating hormone; fT3, free triiodothyronine; fT4, free tetraiodothyronine;
ANA, anti-nuclear antibody; TPO-Ab, anti-thyroid peroxidase antibody.

Metal
nanoparticles

Nanoparticles
characteristics

Size: 20 and 200 nm
Shape: -

Size:20 nm
Shape: spherical

Size:50 nm
Shape: spherical

Objectives

Animal
Model/Tissue
or
Organ

Nanoparticles
concentration

Evaluation of
cytotoxicity and
genotoxicity of
AgNPs in testicular
cells

Testicular cells
(human)

10 and 50 g/ml
respectively

-Metabolic activity
-Cell death
-DNA damage

Evaluation toxicity
effect of AgNPs in
somatic and germ
cell

Somatic cell
Sertoli cells
Granulosa cells
(mouse)

0.5 and 1.0
mg/kg

-ROS production
-Apoptosis
-Histopathological
studies

Investigation of
toxic effects of
silver nanoparticles
on reproductive
tract of male mice

Sperm cells
seminiferous
tubules
epithelial cells
(mouse)

10 mg/kg/bw

Evaluated
Parameters

-Testicular weight
-Sperm count and
morphology
-Seminiferous
tubules epithelial
cells histology

Silver
Nanoparticles
(AgNPs)
Size: ~250 nm
Shape: -

Size: <100 nm
Shape: -

Size: 100 nm
Shape: spherical

Size: 9 nm
Shape: -

Gold
nanoparticles
(AuNPs)

Size: 1-100 nm
Shape: -

-

Evaluation of
different
concentrations of
silver nanoparticles
effects on sperm

Sperm cells
(rat)

30, 125 and 300
mg/kg

-Sperm parameters
-Sperm chromatin
integrity
-Testicular
histomorphometry

Investigation of
intratesticular
injection of AgNPs
on rat sperm
parameters

Sperm cells
(rat)

220 μl of AgNPs
solution (0.46 mg
Ag/ml) per testis

-Sperm motility
-Sperm morphology
-Sperm count

Evaluation of
AgNPs effects on
the free radicals’
production,
oxidant/antioxidant
enzymes and sperm
parameters

Sperm cells
(rat)

0, 10 and 50
mg/kg/bw

-Sperm parameters
-LH, FSH and T
hormones levels
-Oxidant/antioxidant
enzymes
concentrations
(MDA, SOD, CAT)

Results

- Increased apoptosis, necrosis
and decreased proliferation in
a concentration and timedependent manner

Reference

[10]

- Formation of
autophagosomes and
autolysosomes in Sertoli cells
- Increased ROS production
- Induced apoptosis
- Increase in pro-inflammatory
cytokines

[11]

- Testicular weight loss
- Increased number of dead
and abnormal sperm
-Decreased serum T as well as
irregularity, deformity,
atrophy, degeneration, and
necrosis in seminiferous
tubules epithelial cells.

[12]

- Reduced sperm count, sperm
viability
- Altered sperm morphology at
300 mg/kg dose
- Decreased the number of
spermatogonia, Sertoli and
Leydig cells at 300 and 125
mg/kg doses

[13]

- Decreased sperm count and
motility
- Increased abnormal sperm

[14]

- Dose-dependent decrease in
sperm motility, sperm
velocity, kinetic parameters
- Decrease in LH, FSH and T
hormones
- Increase in MDA and
peroxide
- Decrease in SOD, CAT, and
GSH

[15]

Investigation of
AuNPs effects on
human
spermatozoon

Sperm cells
(human)

-

-Sperm parameters

- Decreased sperm motility
- Induced sperm fragmentation

[18]

Evaluation the
effect of acute and
chronic intravenous
injection of AuNPs
on sperm

Sperm cells
(mouse)

40 and 200
µg/kg/day

-Sperm parameters
-DNA integrity

- Decrease in sperm count and
motility depending on the dose
and time
- Increase in histone residues
and DNA fragmentation

[19]

Examination of
AuNPs
reprotoxicity

Sperm cells
(bovine)

10 µg/ml

-Sperm parameters
-Sperm function

- Reduced sperm motility
- Decreased the ability of
sperm to fertilize

[20]

Size: 5 nm
Shape: -

Size: 2, 15, 50 nm
Shape: -

Size: 20–30 nm
Shape: -

Size: 40, 60 nm
Shape: -

Copper
Nanoparticles
(CuNPs)

Investigation of the
effects of AuNPs
on Leydig cells
and male
reproductive
function

Evaluation of the
possible inhibitory
effect of AuNPs on
embryonic
development

TM3 Leydig
cells
(mouse)

Embryo
(mouse)

- Uptake
- Cytotoxicity
- T hormone
production
- Male reproductive
function

- Induced autophagosomes
- Increased ROS
- Stopped the cell cycle in the
S phase
- Reduced testosterone
- Increased the rate of
epididymal sperm
malformation without
affecting fertility

[21]

2 μg Au/gram/bw

-Embryonic
development

- Decreased expression of
germ layer markers such as
SOX1, SOX3, Nestin Disturbed embryonic
development in a size- and
concentration-dependent
manner

[22]

- Decreased body weight
- Increased sexual organs
weight
- Decreased sperm viability
and normal sperm morphology
in a concentration and timedependent manner

[25]

8.33, 25.00, and
62.50 µM
(in vitro)
0.17 and 0.50
mg/kg/day
(in vivo)

Evaluation of
CuNPs effects on
the weight of some
reproductive
system organs and
spermatozoa
properties

Testis
Epididymis
Seminal vesicle
Prostate gland
Sperm cell
(rat)

20 and 40 mg/kg

-Reproductive
system organs weight
-Spermatozoa
properties

Investigation of the
reproductive
toxicity following
oral administration
of CuNPs

Sperm cells
(rat)

1 and 2
mg/kg/day of 40
nm CuNPs, 1 and
2 mg/kg/day of
60 nm CuNPs

-Sperm density and
motility
-Sex hormone levels

- Decreased sperm density and
motility
- Decreased sex hormone
(FSH, LH, T) levels

[26]

ovarian
granulosa cells
(porcine)

0, 1, 10, or 100
ng/mL

-Cell viability
-Cell proliferation
(PCNA
accumulation)
-Apoptosis (Bax
protein
accumulation)
-Release of steroid
hormones
(Progesterone, T, and
17β-estradiol)

- Reduced cell viability by
hexagonal CuNPs, and
increased by other CuNPs
- Decreased PCNA
accumulation by unsupported
spherical and hexagonal
CuNPs and spherical
CuNPs/titanium
- Increased Apoptosis under
CuNPs/zeolite Y, and
decreased under other CuNPs
- Inhibited the release of all
steroid hormones by
CuNPs/titanium dioxide, but
stimulated by CuNPs/charcoal

[27]

Evaluation of the
FeNPs with
different surface
charges effects on
pregnant mice

(mouse)

10 mg NPs/kg
body mass

-Fetal death
- Ability of NPs to
cross the placenta
-Fetal liver toxicity

- Positively charged PEIcoated nanoparticles increased
post-implantation loss,
reduced maternal weight, cross
the placenta, and accumulated
in the fetal liver

[30]

Investigation of
short and long-term
effects of positively
and negatively
charged Fe2O3NPs
at low and high
doses during the
main
organogenesis
period

Uterine
Testis
Fetus
(mouse)

-Organogenesis
-Tissue histology

- Favorable effects of low
doses such as reducing fetal
death and increasing litter size
- Thickening of the
endometrium and loss of germ
cells by 100 mg/kg PEI-coated
nanoparticles

[31]

- Increased ROS, lipid
peroxidation, protein carbonyl
content, glutathione
peroxidase activity, and nitric
oxide levels
- Decreased SOD, catalase,
glutathione, and vitamin C
- Increased Bax and caspase-3
expression
- Increased Serum T levels
- Vacuolization, detachment,
and sloughing of germ cells

[32]

- No effect was observed

[33]

Size and shape:
unsupported CuNPs:
spherical (2.88 nm)
triangular (1.27 nm)
hexagonal (1.81 nm)
supported spherical
CuNPs by titanium,
zeolite Y, and
activated charcoal

PEI and PAA -coated
iron nanoparticles
(core size: 12 nm)

Size: 28 nm
Shape: -

Examination of the
effect of
morphology and
support of CuNPs
on basic ovarian
granulosa cell
functions

10 and 100 mg /
kg

Iron
Nanoparticles
(FeNPs)

Size: <50 nm
Shape: -

-

Evaluation of
testicular toxicity
effect of Fe2O3NPs

Testis
(mouse)

25 and 50
mg/kg/week

Examination of
BSA-coated
superparamagnetic
Iron Oxide
nanoparticles effect
on granulosa cells

Granulosa cells
(human)

10, 25, or 50
μg/ml

-ROS
-Oxidant/antioxidant
enzymes activity
-Serum T level
-Histopathological
study

-Steroid hormone
receptor expression
-Granulosa cell
viability

Size: 5.3 nm
Shape: -

Size: 11 nm
Shape: -

Size: <100 nm
Shape: -

Size and shape:
70 nm, spherical
Size and shape:
177 nm, spheroid or
ellipsoid
Size:
30 nm

Size: 30 nm
Shape: -

Zinc/ Zinc
Oxide
Nanoparticles
(Zn/ZnO-NPs)

Size: 88 nm
Shape: spherical

Size: 35 nm
Shape: -

-

Evaluation of bull
sperm response
under magnetic
fluid containing
DMSA-coated
maghemite
nanoparticles
(MNP-DMSA)
Investigation of
uncoated, silicacoated, and
PEGylated silicacoated iron
nanoparticles
effects on cultured
ovarian tissue
In vivo evaluation
of the possible
protective role of
ZnO-NPs on
testicular and
epididymal
structure and sperm
parameters in
nicotine-treated
adult rats

In vitro
investigating the
effect of ZnO-NPs
(in different
concentrations and
sizes) on male
reproduction

In vivo examined
the adverse effects
of zinc oxide
nanoparticles (ZnO
-NPs) on the male
reproductive
system as well as
their possible
mechanism

Investigation of the
cytotoxic effects of
ZnO-NPs on
spermatogonia
cells with the aim
of investigating
cytoskeleton and
nucleoskeleton
changes

Evaluation of high
and low doses of
ZnO-NPs effects
on female
reproduction

In vitro
investigation of the
ZnO-NPs (5,15, 25
µg/ml) effects on
the growth,
ultrastructure and
viability of ovarian
antral follicles

Sperm
(bull)

Ovary
Follicles
(sheep)

Epididymis
Sperm
(rat)

0.03, 0.06, 0.015
mg/ml

-Sperm motility
-Acrosome integrity
-Cell membrane
-Sperm structure
-Uptake of
nanoparticles

- No negative effects on
motility, viability and sperm
structure
- Inability of nanoparticles to
penetrate to the sperm

[34]

10 mg/ml

-Tissue
morphological
structure
-Follicular viability
-Oxidative stress
-Particle permeability

- Reduced penetration of
particles into cells by
PEGylated nanoparticles Induced oxidative stress by
uncoated nanoparticles
resulting in more tissue
damage and follicular cells
reduction

[35]

10 mg/Kg/day

- Testicular and
epididymal histology
-Sperm viability and
morphology
- Serum levels of
FSH and LH
hormones
- Oxidative stress
parameters
- Steroidogenic
enzymes expression

- Reduced oxidative stress
- Increased steroidogenic
enzymes expression
- Improvement in the studied
parameters

[36]

- ROS, GSH, and
MDA level
- Viability
- Apoptosis
-etc.

- Increased the levels of
oxidant enzymes (such as
MDA)
- Decreased the levels of
antioxidant enzymes (such as
GSH)
- Increased the production of
ROS
- Increased apoptotic proteins
- Induction of apoptosis in
sperm cells

[6, 42, 43]

0, 5, 10, 15, 20
µg/mL
Leydig cells
Sertoli cells
Spermatocytes
(mouse)

0, 0.04, 0.08, 0.4,
0.8, 4, 8, 16
µg/ml

0, 2, 3, 4, and 8
µg/ml

Spermatozoa
(mouse)

GC-1 cells
(mouse)

Ovary
Ovarian
follicles
(mouse)

Ovary
Follicle
(mouse)

50, 150, 450
mg/kg

0, 1, 5, 8, 10, 20
µg/ml

20 and 150 μg/kg

5,15, 25 µg/ml

- Sperm count
- Serum testosterone
levels
- Apoptosis
-Histopathological
assay
- Expression of genes
associated with
endoplasmic
reticulum stress
(IRE1α, XBP1s, BIP
and CHOP)

- Cytoskeleton and
nucleoskeleton
changes
- ROS production
-DNA damage

- LH, FSH, estrogen
and progesterone
levels
- Morphometric
studies on ovaries
and follicles

- Growth,
ultrastructure and
viability of ovarian
antral follicles

- Histopathological damages
such as germ cells atrophy and
vacuolization
- Decreased sperm count and
serum testosterone levels
along with increasing ZnONPs dose
- Increased expression of
IRE1α, XBP1s, BIP and
CHOP and caspase-3

- Toxicity of mouse
spermatogonia under higher
concentrations of ZnO-NPs
- Increase intracellular ROS,
DNA damage
- Cytoskeleton and
nucleoskeleton modification

[44]

[45]

- The highest levels of LH and
estrogen in the low dose ZnONPs and the highest levels of
progesterone in the high dose
ZnO-NPs.
- Increased the diameter of the
primordial follicles at high
dose of ZnO-NPs
- Beneficial effects of low
doses of ZnO on fertility
improvement
- Decrease fertility at high
doses of ZnO-NPs

[46]

- Decreased follicular
diameter
- Degradation of cytoskeletal
arrangement
- Ultrastructural changes such
as incomplete transzonal
projection and mitochondrial
swelling

[47]

Size: 90nm
Shape: -

Investigation of the
relationship
between NiNPs and
reproductive
toxicity

Ovary
Epithelial cells
of seminiferous
tubules
Epididymis
Sperm
(rat)

5, 15, 45
mg/kg/day

-Sex hormone levels
-Sperm motility
- Histopathology
- Reproductive
outcome
- apoptosis
- etc.

- Increased FSH and LH levels
in female
- Decreased estradiol at doses
15 and 45 mg/kg/day
- Ovarian lymphocytosis,
vasodilation and contraction
- Increased apoptotic cells in
ovarian tissue
-Changes in sperm motility
- Decreased FSH and T levels
in male
- Epithelial cells shedding of
seminiferous tubules

[49]

- Ovarian
ultrastructural
changes
- ROS levels
- Oxidant/antioxidant
enzymes (SOD,
CAT, MDA, NO)
- Expression of
apoptosis genes
(caspase-3, caspase8, caspase-9) and
proteins (Fas, Cyt c,
Bax, Bid, and Bcl-2)

- Swelling of mitochondria,
loss of mitochondrial cristae,
enlargement of endoplasmic
reticulum
- Decreased SOD and CAT
activity
- Increased ROS, MDA and
NO levels
- Decreased expression of
caspases 3, 8, 9 mRNA
- Increased expression of Fas,
Cyt c, Bax, Bid proteins
- Decreased Bcl-2 protein
expression.

[50]

Nickel
Nanoparticles
(NiNPs)

Size: 90 nm
Shape: -

-

-

Size: 40-60 nm
Shape: rutile form

Size: 17 nm
Shape: rutile form

Titanium
dioxide
nanoparticles
(TiO2NPs)

Size: 20-60 nm
Shape: irregular &
hemispherical

Size: ranged from
208 to 330 nm
(mainly 294 nm)
Shape: -

Size: ranged from
208 to 330 nm
(mainly 294 nm)
Shape: -

Size: 25 nm
Shape: -

Evaluation of
mechanisms
involved in female
reproductive
toxicity
caused by NiNPs

Ovary
(rat)

5, 15, 45
mg/kg/day

In vitro study of
nanoparticles effect
on mouse testis
Leydig cells

Leydig cells
(mouse)

0, 10, 100, 1000
µg/ml

- Leydig cells
proliferation and
vitality
- Oxidative stress
-Steroidogenesis

- Decrease in testis Leydig
cells proliferative capacity and
vitality
- Increase in hemoxigenase-1
- Increase in StAR

[53]

100 and 500
mg/kg

- Sperm density,
motility, and
morphology
- Apoptosis
- Level of gonadal
hormones (T, E2)

High doses (500 mg/kg) of
TiO2NPs caused to:
- Reduced sperm density and
motility
- Increased abnormal sperm
- Increased apoptosis in germ
cells
- Changed the level of gonadal
hormones (T, E2)

[54]

Immunohistochemica
l and morphometric
characteristics of the
spermatogenic
epithelium

- Thinning, irregularity of
layers, and non-attachment of
sperm cells to the basement
membrane
- Decreased cell proliferation
and differentiation

[55]

- Pneumonia was observed
- No effect on testicular/
epididymal weight, sperm
count, and serum testosterone
levels

[56]

- Loss of sperm DNA integrity
- Increased intracellular ROS
levels

[57]

- Fertility or
pregnancy rate
- Sex hormones
- Gene-expressed
profile
- Oxidative stress

- Up-regulation of 223 genes
and down-regulation of 65
ovarian genes
- Increased expression of
genes involved in the synthesis
of estradiol such as CYP17A1
- Reduced the levels of
progesterone, fertility and
pregnancy rate
- Increased oxidative stress

[58]

- Fertility
- Sex hormones
levels
-Body and ovarian
weight

- Reduction in body weight
and ovarian weight
- Decreased the levels of sex
hormones and the number of
atretic follicles
- Damaged the ovaries by
increasing the expression of
inflammation and follicular
atresia cytokines
- Decrease in fertility

[59]

- Follicular
development
- Oocyte maturation

- Reduced the number of
viable follicles, the formation
of antral follicles and the
number of COCs

[60]

In vivo evaluation
of the TiO2NPs
effects on male
reproductive
system

Sperm
Germ cells
(mouse)

Structural and
functional analysis
of spermatogenic
epithelium after
exposure to
TiO2NPs

Sperm
Spermatogenic
epithelium
(rat)

-

Investigation of the
airway exposure to
TiO2NPs effects on
sperm parameters
and testosterone
levels

Sperm
(mouse)

63 μg TiO2NPs/
week

- Sperm count
- Testosterone level
- Pneumonia

In vitro
examination of the
TiO2NPs genotoxic
effects in sperm

Sperm
(human)

1 and 10 μg/L

- Genotoxicity
- Genomic integrity
- ROS
- Oxidative stress

Evaluation of
ovarian function
and gene-expressed
characteristics after
long-term exposure
to TiO2NPs

Investigation of
female
reproductive
system function
under TiO2NPs

Examination of the
effect of different
concentrations of
TiO2NPs on
follicular
development and
oocyte maturation

Ovary
(mouse)

Ovary
Follicle
(mouse)

Follicle
Oocyte
(mouse)

10 mg/kg/day

2.5, 5 and 10
mg/kg/day

12.5, 25 and 50
µg/ml

Size: 5-6 nm
Shape: -

Size: 35 nm
Shape: -

Size: 6.5 nm
Shape: -

Size: < 25 nm
Shape: -

Size: ~7 nm
Shape: ellipsoidal

Size: ~7 nm
Shape: ellipsoidal
crystallites

Cerium/
Cerium oxide
Nanoparticles
(Ce/CeO2NPs)

Crystalline size: ~ 9
nm

Size: 2-5 nm
Shape: -

Investigation of
POF after
continuously
exposing female
mice to TiO2NPs

Evaluation of
pregnancy
complications
under TiO2NPs

Investigation of the
effects of TiO2NPs
on fetal
development

Investigation of
TiO2NPs effects on
placentation during
Gestational
exposure

Investigation of
very low and high
doses of CeO2NPs
effects on mice
IVF

Investigation of
CeO2NPs
genotoxicity in
male reproduction

In vitro
investigation of
CeO2NPs effects
during IVM of
oocytes on
embryonic
development

In vivo study of
CeO2NPs effects
on oocyte meiotic
maturation and
follicular granulosa
cell viability in
young and old mice

mouse

2.5, 5, and 10
mg/kg

-Serum hormone
levels (estradiol,
progesterone, inhibin
B, LH, FSH,
FSH/LH ratio, AMH,
TSH)
-Autoimmune
markers (fT3, fT4,
TPO-Ab)

POF created due to:
- decreased estradiol,
progesterone, inhibin B
- increased LH, FSH, FSH/LH
ratio, AMH, TSH
- Altered fT3, fT4, TPO-Ab

[61]

Uterus
Fetus
(mouse)

0.8 mg/mouse

- Uterine weight
- Fetal reabsorption

- Uterine weight loss
- Increased fetal reabsorption

[62]

25, 50, and 100
mg/kg bw

- Maternal weight
- Placental and fetal
weight
- Live fetuses
numbers
- Fetal crown-rump
and caudal length
- Ossification

- Maternal, placental and fetal
weight loss
- Reduced number of live
fetuses
- Decreased crown-rump
length and caudal length
- Increased the number of dead
fetuses or resorption
- Inhibited fetal skeletal
development

[63]

- Placental
development
- Placental apoptosis

- Disrupting the complex
network of embryonic vessels
- Inhibited proliferation
- Nuclear pyknosis
- Active caspase
- Increased Bax proteins
expression
- Decreased Bcl-2 proteins
expression

[64]

Very low doses of CeO2NPs
caused to:
- sperm and oocyte DNA
damage
- decreased fertilization
- disruption of the interaction
between gametes
- induction of oxidative stress
- no entry and accumulation of
CeO2NPs in the cytoplasm of
sperm, egg, and embryo, and
only their accumulation
around the sperm plasma
membrane and oocyte ZP

[71]

- Genotoxicity

- CeO2NPs inability to enter
sperm
- Induced inversely dosedependent damage to sperm
DNA (very low doses of
CeO2NPs led to genotoxicity)

[72]

- Embryonic
development
- ROS
- Apoptosis

Low doses of CeO2NPs (44
µg/ml) in the culture medium
contributed to:
- oocytes maturation with poor
developmental capacity
- improve the quality of
embryos by increasing the
number of ICM and
trophectoderm cells
- increase development of
embryos up to the blastocyst
stage
- reduce the expression of
apoptotic genes and stress
responses

[73]

- Increase in the number of
metaphases I and II oocytes
within the follicles
- Increase in the number of
living granulosa cells
- Decrease in necrotic or
apoptotic granulosa cells
- Protection of granulosa cells
against oxidative stress in old
mice by reducing the ROS
content
- Increase, the litter size in
older mice

[74]

Placenta
Fetus
(mouse)

Placenta
(mouse)

Sperm
Oocyte
(mouse)

Sperm
(human)

Oocyte
Embryo
(bovine)

Oocyte
Granulosa cells
(mouse)

1 and mg/kg/day

0.01 and 100
mg/L

0.01 to 10 mg/L

0, 44, 88, or 220
µg/ml

45 mg/kg

- Fertilization
- Genotoxicity

- Oocyte maturation
- Granulosa cells
viability
- ROS
- Litter size

Size: ~ 3 nm
Shape: -

Size: < 10 nm
Shape: -

-

Size: ~27 nm
Shape: -

Size: < 25 nm
Shape: -

In vitro study of
interaction
mechanisms
between CeO2NPs
and germ cells

Evaluation of
CeO2NPs toxicity
in the male
reproductive
system at different
doses

Investigation of the
antioxidant
properties of
CeNPs at different
doses

Oocyte
Follicles
(mouse)

Sperm
Testis
(mouse)

Sperm
(rat)

Evaluation of the
effects of chronic
administration of
CeO2NPs in male
reproductive
system

Sperm
(mouse)

Evaluation of the
potential protective
and antioxidant
effects of CeNPs in
Fipronil (FIP)treated male rats

Testis
(rat)

2, 5, 10 and 100
mg/L

0, 100, 200, and
300 μg/kg

- Physicochemical
transformation of
CeO2NPs in culture
medium
- Ultrastructural
interactions with
follicular cells and
oocytes
- Genotoxic effects
of CeO2NPs on
follicles and oocytes

- Sperm parameters
- LH, FSH, T, and
prolactin levels
-Oxidant/antioxidant
level

- CeO2NPs were able to enter
and accumulate in follicular
cells, while in oocytes they
accumulated only around the
ZP
- DNA damage in follicular
cells and dose-dependent
damage to oocyte DNA

[75]

- Decrease in hemoglobin
levels, PCV, and RBC count
- Reduced testosterone level at
100 μg/kg doses and FSH, LH
and prolactin levels at 200
μg/kg doses
- Increased MDA enzyme
levels
- Decreased antioxidant
enzymes activity
- Decreased sperm count and
motility
- Increased abnormal sperm
- Degeneration of
seminiferous tubules

[76]

[77]

15 and 30
mg/kg/day

- Sperm parameters
- Oxidative stress

- Improved the level of MDA
- Protective effects on sperm
by improving oxidative stress
- Increased sperm count,
motility, and viability at 30
mg/kg/day dose

20 and 40 mg/kg

- Sperm parameters
- Sperm DNA
integrity
- DSP
- Blood T level
- Testicular Ce
element content
- Steroidogenic
enzymes levels
- SF-1 gene/protein
level

- Increased testicular Ce
element content
- Damaged sperm DNA
- Reduced testicular weight,
DSP, and sperm motility
- Disrupted T synthesis by
reducing the expression of
steroidogenic enzymes and
SF-1

[78]

35 mg/kg bw

-Lipid peroxidation
- Apoptosis
-Oxidant/antioxidant
activity

- Reduced the harmful effects
of FIP on testicular tissue
- Reduced lipid peroxidation,
apoptosis, and inflammation
- Increased antioxidant activity

[79]

Conclusions
In summary, although most studies suggest that metal nanoparticles exhibit toxic effects when exposed to the
reproductive system, some of them in low doses such as iron and cerium may lead to an improvement in the
reproductive system as a supplement. Studies show that the shape, size, modification, surface charge, and
administration method of nanoparticles affect their positive or negative performance, but there are deficiencies
in this field, and the effect of them separately has not been well investigated. Although the mechanism of the
effects of metal nanoparticles on the reproductive system has not been investigated completely, a few studies
show that some of them can increase the efficiency of the system as micronutrients, which requires detailed and
multifactorial studies.
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