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Abstract
Background: Iron oxide nanoparticles, especially nano-magnetite, are promising candidates for use in a variety
of applications. The present study aimed to investigate the effect of nano-magnetite on the reproductive health of
female Wistar rats. Twenty-one adult female rats were divided into three groups: Group 1 served as the control group,
Group 2 received a low dose of 5 mg/kg of nano-magnetite, and Group 3 received a high dose of 10 mg/kg of nanomagnetite. For 30 days, rats were intraperitoneally injected three times per week.
The main findings: Revealed that nano-magnetite did not induce a change in body weight or absolute as well as
relative reproductive organs weight. Nano-magnetite nanoparticles influenced the reproductive serum hormone
levels as well as imbalanced the ovarian and uterine malondialdehyde and total antioxidant activity. After nano-mag‑
netite nanoparticle injection, the histopathological examination revealed apoptosis of granulosa cells of various types
of follicles, degenerated corpora lutea, congested blood vessels, and uterine epithelial cells of uterine tissue showed
a high level of apoptosis and inflammation. Immunohistochemistry studies demonstrated a significant increase in
activated caspase-3 following nano-magnetite injection, indicating an increase in cell apoptosis.
Conclusion: This study demonstrated the negative effect of magnetite nanoparticle on reproductive health and
increased the likelihood of infertility.
Keywords: Magnetite nanoparticles, Female Wistar rat, Reproductive health, Histopathology, Hormones
1 Background
Nanomaterials (NMs) contain 50% or more nanoparticles (NPs) with more than one external dimension in
the 1–100 nm size range [1]. Due to their small size, NPs
have been widely utilized in many fields [2]. The wide
applications of NMs have highlighted their significance
as well as biological effects [3].
Magnetite (Fe3O4), also known as black iron oxide,
magnetic iron ore, and loadstone, is one of the iron
oxides known as the oldest magnetic material. Magnetite
mineral crystallized with Fe3O4 chemical formula in spinel structures has the strongest magnetism among other
iron oxide phases [4]. The magnetite nanoparticles have
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a greater chance of being efficiently integrated into environmental contaminant elimination and cell separation,
magnetically guided drug delivery, magnetocytolysis,
sealing agents (liquid O-rings), dampening and cooling
mechanisms in loudspeakers, and contrast agents for
magnetic resonance imaging (MRI) [5].
Previous research has revealed that certain types of
NPs can pass through specific biological barriers and
have a negative impact on vital organs, like the brain,
liver, and kidneys. Furthermore, a study suggested that
the accumulation of silver NPs within the main organs
(most significantly in the liver, lungs, and spleen) occurs
after intravenous injections and then gradually decreases
[6]. Additionally, it has been shown that a single intravenous injection of gold NPs may cause a long‐term
accumulation in the liver and spleen [7]. The gradual
accumulation of NPs in kidneys, blood, and testis and
their gradual reduction from urine, feces, and lungs
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indicate the inefficient clearance of NPs from the urine
and feces and undergoing redistribution. Regardless of
the exposure route, animal model, or physicochemical
properties of the NPs used, the liver and kidneys are the
most common accumulation organs [8].
NPs can also penetrate some biological membranes
and accumulate in reproductive organs. Kim et al. [9]
demonstrated that 50 nm magnetic NPs could penetrate
the mouse BTB (blood–testis barrier) and be deposited in the testes and other reproductive organs, causing further damage to these organs. Titanium dioxide
(TiO2) NPs can accumulate in the cytoplasm and nuclei
of ovarian cells and induce apoptosis. A previous report
revealed that after exposure to TiO2 NPs, the ultrastructure of the mitochondria and nuclei of ovarian cells was
impaired. Mitochondrial swelling and rupture, nuclear
chromatin condensation, and nuclear membrane irregularity were observed [10]. Another study indicated that
exposure to nickel NPs resulted in ovarian lymphocytosis, luteal cell increase, and cavitation increased eosinophils and inflammatory cell infiltration in rat ovarian
tissues [11]. Intact NPs were detected in hen ovarian tissues after treatment with ZnO NPs, and treatment significantly decreased the egg yolk lipid content [12]. All three
kinds of NPs have the potential to deposit in ovarian
cells and further damage these cells at the molecular and
genetic levels; these injuries may have a direct effect on
fertility. The reproductive toxicity of nanomaterials has
recently been brought to light. They can pass across the
blood–testis, placental, and epithelial barriers that protect reproductive tissues and accumulate in reproductive
organs. As a result, NPs can enter the female reproductive system and cause damage to the female reproductive
organs and cells, resulting in reduced fertility and embryonic development [3].
Reproductive health is a condition of complete physical, psychological, and social well-being, not just the
absence of disease or illness, in all elements of the reproductive system and its roles and processes. If the reproductive health is malfunctioning, this will affect the
capability of women to reproduce, which eventually leads
in late cases to infertility. Infertility is defined as a couple’s inability to achieve pregnancy in an average of 1 year
or 6 months despite adequate, regular (3–4 times per
week) unprotected sexual intercourse [13]. Infertility can
be caused by a fundamental medical disorder that may
damage the fallopian tubes, intervene with ovulation, or
cause hormonal problems [14].
A study investigated the ION effects on reproduction
and offspring in mice treated with DMSA (dimercaptosuccinic acid)-coated magnetite nanoparticles, which
demonstrated that even though there were no negative impacts on pregnancy or fetal growth, there was a

Page 2 of 16

considerable reduction in offspring growth and maturation after delivery, as well as nearly 70% death before
puberty. Furthermore, male progeny had lower numbers of spermatogonia, spermatocytes, spermatids,
and mature sperms, implying that ION exposure may
impair placental and fetal mouse development [15]. The
increased production and use of ION will undoubtedly
increase the risk of exposure for both people and the
environment. As a result, it is critical to assess the potential health and environmental effects of ION on humans,
non-human biota, and ecosystems. Until recently, most
studies on the potential effect or toxicity of ION focused
on mammals (such as mice and rats) and/or various cell
lines [16]. However, only a few studies have looked into
the reproductive toxicity of ION to date, mainly in the
female reproductive system. To our knowledge, no previous research has investigated the effect of magnetite
nanoparticles on the reproductive health of adult female
Wistar rats. Therefore, this study aims to investigate the
effect of magnetite nanoparticles on the female rat reproductive system after a 4-week intraperitoneal injection.

2 Methods
2.1 Chemicals

Magnetite nanoparticle (n F
 e3O4) with a published particle size of > 50 nm was purchased from the Nano Gate
company (Egypt). The nanoparticles were supplied as a
black powder with a specific surface area of 38.57 m2/g
and a purity of 95%
2.1.1 Characterization of nanoparticles

The synthesized Magnetite nanoparticles have been
characterized using X-ray diffraction (XRD) (Bruker D8
Discover) in The Center of Nanotechnology, Cairo University, El-Sheikh Zayed branch to prove the existence of
a crystalline phase and confirm the degree of crystallinity. Information about the synthesized magnetite nanoparticles was determined using transmission electron
microscopy (TEM).
The first part of Fe3O4 was used to analyze the microstructure and determine the particle size using transmission electron microscopy (Jeol_Jem_1230 electron
microscope).
The morphology of the magnetite particles formed
was examined by direct observation via high-resolution
transmission electron microscopy for all the collected
particles.
The second part was analyzed using X-ray diffraction
(Philips X’Pert, CuKa, 40 kV, 30 mA, and k = 1.54056 Å)
to determine the dried powder’s sample phases and
average particle size. The magnetization measurements
were carried out at room temperature up to a maximum
magnetic field (H) of 900 Tesla using VSM homemade.
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Cubic single-phase nano-sized Fe3O4 powder has been
obtained. According to the Debye–Scherrer formula, the
crystallite size Dhkl for the sample is given by [17].
2.2 Animals

All the experimental protocols and procedures used
in this study were approved by the Institutional Animal Care and Use Committee (IACUC), Faculty of Science (Egypt), Cairo University (CUFS/Comp&Emb/
CU/I/F/74/19).
Twenty-one adult female Wistar rats weighing 180–
200 g (8 weeks) were purchased from the Faculty of Veterinary Medicine, Cairo University. Animals were housed
in hygienic cages with sawdust-covered floors and kept
under controlled conditions of heat (22 ± 1 °C), 30–70
percent relative humidity, and a 12-h light/dark cycle.
Animals were allowed to acclimatize for a week before
the commencement of treatment. Animals were fed commercial rat chows and had free access to tap water.
2.3 Animal grouping

The animals were randomly assigned into three experimental groups (seven rats per group). The following are
animal distribution details:
1. Group 1 (control group): received distilled water.
2. Group 2 (Treated 1): received a low dose of 5 mg/kg.
3. Group 3 (Treated 2): received a high dose of 10 mg/
kg
Dosage: Fe3O4 NPs powder (500 mg) was dissolved in
50 ml distilled water and dispersed with sonication for
25 min. The doses of 5 and 10 mg/kg bw were chosen
based on the findings of a previous study by Ma et al.2012
[18].
2.4 Experimental design

For 30 days, rats were intraperitoneally injected three
times per week. After 24 h from the last treatment, the
rats were killed under anesthesia intraperitoneally by
sodium pentobarbital (100 mg/kg body weight), and
then some investigations were performed. Blood was collected by cardiac puncture, then centrifuged at 4000 rpm
for 15 min. Serum was stored at − 20 °C and then used
in biochemical and hormonal analyses. Ovary and uterus
were dissected and washed with 0.9% saline, dried on filter paper, and weighed.
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Biotech Co., Ltd. This ELISA kit uses the SandwichELISA technique.
2.6 Oxidative stress investigation

For oxidative stress analysis, autopsy samples were
obtained from the ovary and uterine of rats in all groups
(n = 4, from each group) and stored at − 20 °C. A piece of
each tissue was weighed and homogenized in 10 mmol/L
phosphate buffer saline (PBS) as 10% (W/V) at pH 7.4.
The homogenates were centrifuged, and the supernatants
were used to assay malondialdehyde (MDA) according to
Ohkawa et al. (1979) and total antioxidant based on the
method of Koracevic et al. (2001) [19, 20].
2.7 Hematoxylin and eosin stain

The ovary and uterus of separate groups (n = 3, from
each group) were fixed in a 10% formalin buffer solution
for 24 hours for histological analysis by light microscopy.
After washing with tap water, dehydration was done
using serial dilutions of alcohol (methyl, ethyl, and absolute ethyl). Specimens were cleared in xylene and embedded in paraffin for 24 h at 56° in a hot air oven. Paraffin
beeswax tissue blocks were sectioned at a thickness of 4
microns using a sliding microtome. For routine evaluation, the acquired tissue sections were collected on glass
slides, deparaffinized, and stained with hematoxylin and
eosin stain, then examined using an electric light microscope [21].
2.8 Immunohistochemistry studies for activated caspase‑3

For immunohistochemistry, examinations were used caspase-3 (apoptotic marker) positive cells were determined
with the streptavidin–biotin peroxidase staining method
[22]. The quantitative analysis of caspase-3 was performed using ImageJ software (Version 1.53i). The DAB
signal was quantified using ImageJ software to estimate
the differences in immunoreactivity. Fifteen fields were
selected from each group (5 fields x three rats/ group).
The optical density was calculated according to the following equation: OD = log (Max. gray intensity/mean
gray intensity) to determine the degree of immunoreactivity (darkness) of the stained cells by the DAB signal
[23].

OD = log

Max
.
Mean

2.5 Serum hormone analysis

2.9 Statistical analysis

The sera obtained from all groups (n = 4, from each
group) were analyzed for estrogen (E2), progesterone
(P4), follicle-stimulating hormone (FSH), and luteinizing
hormone (LH) level by ELISA using kits from SunLong

Data were expressed as a mean with standard error
(mean ± SEM) for each group. Statistical differences
between the groups were determined using the one-way
ANOVA test, followed by Tukey’s multiple comparison
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post hoc analysis for multiple comparisons between
groups using SPSS Software. The level of statistical significance was set at p < 0.05.

3 Results
3.1 Characterization
3.1.1 XRD

XRD pattern appears in the fingerprint peaks position
of magnetite nanoparticles according to Bruker database
where magnetite nanoparticles code was COD 1011032.
XRD curve is absent of any impurities or undesired
chemicals with a peak equal to (2600) (Fig. 1).
The Fe3O4NPs pattern, as shown in Fig. 1, demonstrates
the presence of five characteristic peaks for magnetite
nanoparticles at 2θ = 30°, 36°, 43°, 57.5°and 63°.
3.1.2 TEM

TEM image confirms the nano-size of magnetite with a
size of about 35 nm and a spherical shape with less aggregate, as demonstrated in Fig. 2.

Page 4 of 16

3.2 Effect of magnetite nanoparticles on weight change
3.2.1 Change in body weight

There was no difference in body weight gain of animals
after administration of nano-magnetite compared with
the control group (Table 1).
3.2.2 Change in the absolute and relative weight
of reproductive organs

There was no difference in absolute and relative weight
of both reproductive organs (ovaries and uterus) after
IP injection of nano-magnetite compared to controls
(Table 1).
3.3 Serum hormones results
3.3.1 Estrogen and progesterone

Compared to the control group, the estrogen level was
significantly decreased, while there was no change in the
progesterone level after injection with nano-magnetite.
However, the level of both hormones decreased significantly in a dose-dependent manner (Table 2).
3.3.2 Follicle‑stimulating hormone (FSH) and luteinizing
hormone (LH)

The FSH and LH concentration was significantly
reduced after IP injection of nano-magnetite with a low

Fig.1 XRD pattern
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Fig. 2 TEM image conforming the nano-size of Fe3O4 NPs with size about 35 nm and spherical shape with aggregate less

Table 1 Effect of F e3O4 NPs on body weight change and organ weight
Parameters

BWC (g)

ARO (g)

RRO (%)

ALO (g)

RLO (%)

AU (g)

RU (%)

Groups
Control
Treated 1
Treated 2

17.57 ± 1.84

16.57 ± 3.42

13.00 ± 3.00

0.05 ± 0.00

0.16 ± 0.064

0.11 ± 0.031

0.02 ± 0.00

0.05 ± 0.00

0.07 ± 0.03

0.15 ± 0.053

0.05 ± 0.01

0.08 ± 0.013

0.02 ± 0.00

0.07 ± 0.02

0.04 ± 0.00

0.44 ± 0.07

0.50 ± 0.12

0.44 ± 0.09

0.21 ± 0.03

0.24 ± 0.06

0.23 ± 0.04

F value

0.71

1.8

1.9

2.6

2.7

0.12

0.09

P value

0.5

0.18

0.16

0.09

0.09

0.88

0.9

The data expressed as mean ± standard error of the mean. N = 7

BWC, body weight change; ARO, absolute right ovary; RRO, relative right ovary; ALO, absolute left ovary; RLO, relative left ovary; AU, absolute uterus; RU, relative uterus

Table 2 Effect of F e3O4 NPs on female reproductive hormones
Parameters

Estrogen (pg/ml)

Progesterone (pg/ml)

Groups
Control
Treated 1
Treated 2
F value
P value

37.02 ± 2.89

3.625 ± 0.169

FSH
IU/L
6.47 ± 0.36

LH
IU/L
6.65 ± 0.259

14.0 ± 3.34a,b

9.76 ± 3.41

1.47 ± 0.085a,b

1.22 ± 0.047a,b

40.3

3.06

238.1

282.5

5.50 ± 0.50a,b
0.00

5.10 ± 1.18
0.097

17.57 ± 0.84a,b
0.00

8.25 ± 0.272a,b
0.00

The data expressed as mean ± standard error of the mean
a

P < 0.05 as compared with control

b

P < 0.05 between treated groups

dose (5 mg/kg) compared with control, while a high
dose (10 mg/kg) of nano-magnetite caused a significant
elevation in FSH and LH levels compared to the control
group (Table 2).

3.4 Effect of iron nanoparticles on oxidative stress markers
3.4.1 MDA and total antioxidant levels in ovary

IP injection of nano-magnetite at a high dose level
induced a significant increase in ovarian MDA
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Table 3 Effect of F e3O4 NPs on ovarian oxidative status
Parameters

MDA (nmol/ml)

TAC (mM/L)

75.43 ± 14.27

0.467 ± 0.124

952.86 ± 249.9a

0.037 ± 0.009a

Groups
Control
Treated 1
Treated 2

398.02 ± 81.02

0.259 ± 0.031

F value

8.5

8.3

P value

0.005

0.005

The data are expressed in terms of the mean and standard error of the mean
a

P = 0.05 as compared with control

Table 4 Effect of F e3O4 NPs on uterine oxidative status
Parameters

MDA (nmol/ml)

TAC (mM/L)

Groups
Control
Treated 1
Treated 2
F value
P value

28.09 ± 4.25

0.179 ± 0.024

150.11 ± 12.75a

0.213 ± 0.071

12.6

0.75

0.001

0.49

160.30 ± 33.24a

0.279 ± 0.068

The data are presented as a mean and standard error of the mean
a

P = 0.05 as compared with control

concentration and a decrease in total antioxidant activity compared with the control group. In contrast, a low
nano-magnetite dose did not cause any change in MDA
and TAC levels (Table 3).
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3.5.1.2 Low dosage group The ovarian section revealed
degenerative follicles with the presence of many atretic
follicles. Their cells appeared apoptotic, with deep acidophilic cytoplasm and pyknotic nuclei. Some sections
revealed secondary and tertiary follicles with almost lost
cells of corona radiata and cumulus oophorus. Moreover,
there was vacuolation in the granulosa cells of different
follicles, in addition to vacuolation of the interstitial cells
of stromal cells (Theca externa) with apoptotic cells having deep acidophilic cytoplasm and pyknotic nuclei. There
was also a cyst, normal corpus luteum, dilated vessels in
the ovarian medulla, congested blood vessels occupying
the ovarian stroma, hemorrhage, and dilated vein was
seen (Fig. 3B–D).
3.5.1.3 High dosage group Regarding ovarian sections
of female rats treated with 0.2 ml/kg of F
 e3O4 NPs, there
were degenerative follicles with the presence of many
atretic follicles. Their cells appeared apoptotic with deep
acidophilic cytoplasm and pyknotic nuclei. Some sections
revealed secondary follicles where the cells of zona granulosa are degenerated and disorganized. Other sections
showed tertiary follicles containing antrum and completely degenerated follicles. Furthermore, degenerated
and normal corpora lutea were visible. Dilated congested
blood vessels, dilated veins with RBCs, and follicular cysts
were also observed. Additionally, there was vacuolation
and degeneration in the interstitial cells of stromal cells
(Fig. 3E–I).
3.5.2 Uterine tissue

3.4.2 MDA and total antioxidant levels in the uterus

Administration of nano-magnetite [low and high doses]
caused a significant elevation in uterine MDA and TAC
levels in comparison with the control group (Table 4).
3.5 Histopathological studies
3.5.1 Ovarian tissue

3.5.1.1 Control A thin layer of dense fibrous connective
tissue called tunica albuginea covered the ovaries section
from the control, surrounded by a single layer of cuboidal or flat cells (germinal epithelium); secondary follicles
were also secondary observed. These follicles were formed
of an oocyte surrounded by zona pellucida, corona radiate (granulosa cells immediately surrounding the oocyte),
and cumulus oophorus (granulosa cells that protrude into
the antrum). The third part of granulosa cells lining the
follicular cavity was also present. Then the follicle was
surrounded by theca folliculi. Graafian follicle, atretic follicle, and stroma were also seen (Fig. 3A).

3.5.2.1 Control group Tissue sections from the uterus of
female rats control group revealed normal uterine histology with normal uteri with slit-like lumina and their walls
formed of inner endometrium, middle myometrium, and
outer perimetrium. The endometrial lining was simple
columnar epithelial cells. The underlying lamina propria contained tall endometrial glands lined with simple
columnar epithelial cells with vesicular nuclei. Few apoptotic cells with pyknotic nuclei and vacuolated cytoplasm
were detected in the surface epithelium, the endometrial
glands, and the endometrial lamina propria. There were
some mitotic figures in the epithelium. The smooth muscles of the myometrium were divided into inner circular
and outer longitudinal layers with a layer of blood vessels
in between. The myocytes possessed acidophilic cytoplasm and pale nuclei (Fig. 4A–C).
3.5.2.2 Low dosage group A cross section of the uterus
from female rats treated with 0.1 ml/kg of F
 e3O4 NPs
showed increased folding of the lumen cavity, with
many luminal columnar epithelial cells undergoing
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Fig. 3 Photomicrographs of an ovarian section (H&E stain, n = 3 from each group). Control (A): normal atretic follicle (AF), Graafian follicle (GF),
stroma (S), corpus luteum (CL), and secondary follicles (SF). Low dose (B–D): degenerative follicles, the primary follicle (white arrow), the tertiary
follicle (red arrow), degenerated secondary follicle (black arrow), vacuolation (blue arrow), cyst (curved blue arrow), corpus luteum (thin arrow),
dilated vessels in the ovarian medulla and hemorrhage (yellow arrow), and atretic follicle (orange arrow), apoptotic cells having deep acidophilic
cytoplasm with pyknotic nuclei (green arrow), and abnormal spaces within the stroma (vacuolation) (blue arrow). D Degenerated granulosa
cells (blue arrows), pyknosis (green arrow), and a slight degeneration in ovarian stromal cells or theca (blue arrow). High dose (E–I): degenerated
corpus luteum (thin black arrow), the primary follicle (white arrow), the atretic follicle (orange arrow), follicular cysts (bent blue arrow), congested
blood vessels (yellow arrow), and vacuolation in stromal cells (blue arrow), degenerated granulosa cells (black arrow), apoptotic cells having deep
acidophilic cytoplasm with pyknotic nuclei (green arrow)

hyperplasia, disaggregation, and vacuolar degeneration.
The lumen cavity’s epithelial cells lost their columnar
shape and became flattened. The sections also demonstrated congested blood vessels in the myometrium
and inflammation in the endometrium layer. Moreover,
apoptosis with darkly stained pyknotic nuclei was seen
in the endometrium cells and luminal epithelium. Furthermore, endometrial glands increase with many linings epithelial cells undergoing vacuolar degeneration
and apoptosis (Fig. 4D–F).

3.5.2.3 High dosage group A cross section of the uterus
from female rats treated with 0.2 ml/kg of F
 e3O4 NPs
revealed increased disorganization and luminal epithelium cavity folding. Moreover, apoptosis in the luminal
epithelial cavity, the cells of the endometrium itself,
and myometrium with many epithelial cells undergoing vacuolar degeneration. Furthermore, a high level of
degeneration in cells of perimetrium and stroma was
seen. It also demonstrated a high level of apoptotic cells
with darkly stained pyknotic nuclei within the luminal
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Fig. 4 Photomicrographs of a uterine section (H&E stain, n = 3 from each group). Control (A–C): normal longitudinal muscle myometrium (MI),
circular muscle myometrium (MII), endometrial gland (G), and inner endometrium (E). Low dose (D–F): degeneration of glandular epithelial cells
and in the epithelial cells of endometrium itself (blue arrows), congested blood vessels in longitudinal muscle layer (red arrow), apoptotic cells
with deeply stained pyknotic nuclei (green arrow), hyperplasia and disaggregation of epithelial cells of the luminal epithelium of endometrium
layer (black arrow) and degeneration of endometrial glands with vacuolar degeneration (yellow arrow). High dose (G–I): high percentage
of inflammation and dilated congested blood vessels (red arrow), high level of apoptotic cells with pyknotic nuclei (green arrow), vacuolar
degeneration change (blue arrow). H Degeneration in epithelial cells of endometrium (blue arrow)

epithelium cavity and the stroma. The sections revealed
endometrial glands with many lining epithelial cells
undergoing vacuolar degeneration and apoptosis.
Moreover, hyperplasia of epithelial cells of the luminal epithelium of the endometrium layer was visible.
The section also revealed a high percentage of inflammation and congested dilated blood vessels (Fig. 4G–I).

terms of average corpus luteum, preantral, antral, griffin, and atretic follicle counts (Table 6).
There was a significant decrease in the luminal diameter, endometrium thickness, and endometrial glands
diameter between the treated and control groups. In
addition, there was a significant decrease in the height of
epithelial cells of the lumen (Table 7).

3.6 Morphometric outcome

3.7 Effect of magnetite nanoparticles
on immunohistochemistry for activated caspase‑3

NPS treatment caused an increase in various histopathological markers such as vascular congestion and
cellular damage (apoptosis and/or necrosis), as shown
in Table 5. There was no difference between groups in

When compared to the control group, nano-magnetite injection at low and high doses caused a significant
increase in immunohistochemical caspase-3 expression
in both ovarian and uterine tissues (Figs. 5, 6; Table 8).
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Table 5 Follicle cell degeneration, vascular congestion, hemorrhage, inflammation, and total damage scores between study groups
Parameter

Control

Low

High

Luminal diameter (µm)

15.7 ± 1.5

29.3 ± 1.6a

32.0 ± 1.4a

59.8 ± 2.0

51.2 ± 2.1a

Myometrium thickness (µm)

39.2 ± 2.1

Endometrium thickness (µm)
Diameter of endometrial glands (µm)

37.8 ± 2.2

17.6 ± 0.76

Height of epithelial cells of lumen (µm)

33.9 ± 3.8

31.5 ± 1.4ab

14.3 ± 0.90a

16.0 ± 0.88

a

8.2 ± 0.21

10.6 ± 0.41a

10.3 ± 0.50

The data are expressed as mean ± standard error of the mean
a

P < 0.05 as compared with control

b

P < 0.05 between treated groups

Table 6 Number of ovarian follicles in rats exposed to Fe3O4 NPs
Parameter

Control

No. of preantral follicles

1.8 ± 0.16 0.50 ± 0.22a 0.30 ± 0.21a 16.5

No. of antral follicles
No. of Graafian follicles
No. of atretic follicles
No. of corpus lutea

Low

High

F value

1.8 ± 0.16 0.83 ± 0.16a 0.83 ± 0.16a 12
2 ± 0.00 1.1 ± 0.16a

0.5 ± 0.22 1.6 ± 0.33a
1.1 ± 0.16 1.1 ± 0.30

0.5 ± 0.22ab

21.78

1.0 ± 0.44

0.086

1.8 ± 0.16a

4.3

The data are expressed as mean ± standard error of the mean
a

P < 0.05 as compared with control

b

P < 0.05 between treated groups

4 Discussion
This study provides a deep insight into the impact of
administered magnetite nanoparticles on the female rat
reproductive system by evaluating the change in reproductive hormones, lipid peroxidation, total antioxidant
capacity, and the ovarian and uterine tissues’ histopathological alternation, and caspase-3 expression level. The
rats were observed after 24 h from each administration.
The animals did not show any sign of discomfort (lethargy, nausea, vomiting, or diarrhea) during the whole
duration of the experiment.
There was no change in body weight in treated groups
compared with control groups. A study has suggested
that the injection of ION (Fe3O4 coated with dimercaptosuccinic acid) at different doses had no adverse effects
on weight changes of adult mice even after three months

[24]. In contrast, a study by [25] found that high-dose
Fe3O4 NMs therapy substantially reduced the rats’ body
weight from week 2 to week 4. According to our findings,
there are no changes in food intake between the treated
groups and the control; consequently, magnetite nanoparticles may not affect the weight taken at 5 and 10 mg/
kg concentration intraperitoneally for 30 days.
In our study, we have measured both relative and absolute weight of the right, left ovary, and uterus, and the
results indicate that there was no change in both relative and absolute weights of both reproductive organs
(ovaries & uterus) among female rats treated with a low
dosage and high dosage when compared with the control
group.
A study by [26] showed no significant difference
between the weight of ovaries in animals receiving iron
nanoparticles in different doses and animals receiving conventional iron oxide. In contrast to our findings,
another study [27] found that after 30 days of therapy,
animal groups subjected to greater dosages of Ag-NPs
had a significant increase in body weight and ovary
weight. Another study by [28] found that rats given
MoO3 NPs significantly reduced right ovary and uterine
weight compared to the control group, and [29] revealed
a substantial decrease in the relative uterine weight coefficient after treatment with high Cu-NP dosage.
NPs can also imbalance sex female hormones, where
sex hormones sustain the reproductive cycle, which is
vital for the female reproductive system. The inequity of

Table 7 Uterine tissue morphometric changes between study groups
Parameter
Follicle cell degeneration

Vascular congestion

Degree

Control

%

Low

%

High

%

None

13

65

0

0

0

0

Mild

7

25

10

50

7

25

High

0

0

10

50

13

75

None

15

75

0

0

0

0

Mild

5

25

13

65

12

60

High

0

0

7

25

8

40
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Fig. 5 Immunohistochemistry comparing caspase-3 staining in ovarian tissue (n = 3 from each group). Control (A): negative expression of immune
stain caspase-3 was observed. Magnetite-treated groups (B–D): positive expressions of immune stain caspase-3 were observed (black arrows). Many
follicles (F) in various stages of development, corpus luteal (CL), and stroma (S)

sex hormones generated by NPs could impact fertility [3].
The neurohormones such as GnRH, follicle-stimulating
hormone (FSH), and luteinizing hormone (LH) secreted
by the hypothalamus and pituitary play vital roles in positive and negative feedback regulation through oogenesis.
Progesterone activity of both female rats treated with
low and high doses decreased nonsignificantly compared
to the control group. A study by [10] demonstrated that
TiO2 NP exposure caused significant reductions in P4.
Another previous study by [28] revealed that exposure
to MoO3 NPs led to an insignificant increase in progesterone levels compared with the control groups. Furthermore, [27] found that different doses of Ag-NPs injected
intraperitoneally for varied periods resulted in a nonsignificant increase in serum progesterone.

The present study results showed that the Estrogen
activity of both female rats treated with both low and
high doses decreased significantly compared to the control group. In contrast, FSH and LH activity of female
rats treated with low dosage decreased with significant
differences compared to the control group. Moreover, the
FSH and LH levels of the high dosage group were substantially increased significantly compared to the control
and low dose groups.
A study by [30] found that iron oxide nanoparticle
treatment led to elevated serum LH levels in female mice.
Another study by [31] reported that iron oxide nanoparticle treated groups in female and male rats showed
a significant increase in the production of reproductive hormones (FSH, LH, and testosterone) compared to
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Fig. 6 Immunohistochemistry comparing caspase-3 staining in uterine tissue (n = 3 from each group). Control (A–C): negative expression of
immune stain caspase-3 was observed. Magnetite-treated groups (D–I): positive expressions of immune stain caspase-3 were observed (black
arrows). Inner endometrium (E), longitudinal muscle (LM), gland (G), and blood vessels (BV)

Table 8 Effect of F e3O4 NPs on immunohistochemistry
Parameters

Ovarian follicles

Ovarian stroma

Corpora luteal

Uterus

Groups
Control
Treated 1
Treated 2
F value
P value

0.166 ± 0.01

0.167 ± 0.004

0.186 ± 0.005

0.125 ± 0.004

0.249 ± 0.016a

0.265 ± 0.012a

0.293 ± 0.02a

0.256 ± 0.007a

48.1

22.2

14.4

107.5

0.00

0.00

0.378 ± 0.015a

The data are expressed as mean ± standard error of the mean
a

P < 0.05 as compared with control

b

P < 0.05 between treated groups

0.318 ± 0.016a

0.236 ± 0.013a
0.00

0.337 ± 0.012a
0.00
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controls. Another study by [28] found that exposure to
MoO3 NPs resulted in a substantial decline in estrogen
levels while significantly increasing FSH and LH levels.
The same results were observed by [32], suggesting that
animals treated with different doses of AuNPs significantly increased LH and FSH levels.
The variation in estrogen levels found in our study
could be attributed to the direct effect of nanoparticles on the ovaries, which slowed follicular growth and
decreased estrogen; or interference with follicle function. Therefore, the number of estrogen-secreting follicles dropped, and estrogen secretion decreased [33, 34].
This imbalance in normal sex hormone levels could be
caused by NPs’ potential effect on mitochondria of functioning cells, resulting in a reduction in secretory activity.
Furthermore, NPs have proven to cause oxidative stress
and increase the release of reactive oxygen species (ROS),
which promotes the oxidation of cellular macromolecules
like proteins [35].
Massive generation of ROS is thought to be a potential mechanism for the onset and progression of toxicity
injuries [36]. ROS are produced by macrophages, neutrophils, and granulosa cells in Graafian follicles, and
antioxidants contribute to alleviating these effects. An
imbalance between pro-oxidants and antioxidants has
been proposed to cause female infertility based on its
putative effects on ovulation, fertilization, embryo development, and implantation [37]. Excessive levels of ROS
can quickly oxidize polyunsaturated fatty acids in ovarian
follicles, resulting in lipid peroxidation. Malondialdehyde
(MDA), a hazardous byproduct of lipid peroxidation that
harms biological macromolecules in oocytes and granulosa cells, can induce irregular oocyte development by
damaging biological macromolecules in oocytes and
granulosa cells [38].
The ovarian and uterine MDA levels of female rats
treated with a high dosage were increased significantly
compared to the control group. Moreover, the uterine MDA level of female rats treated with a low dosage
increased significantly compared to the control group.
Additionally, ovarian TAC level from high dosage was
significantly decreased compared to controls. In contrast,
the uterine TAC level of female rats treated with low and
high dosages was increased significantly compared to the
control group.
Total antioxidants affect the solubility of endogenous
and exogenous harmful chemicals; therefore, the substantial reduction in total antioxidants in the ovary in
the current study might be related to their consumption in protecting cells from the free radicals produced.
The ovary’s protective system appears to have failed, as
evidenced by a substantial increase in MDA levels in
the ovary. However, increased total antioxidant activity
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(TAC) in the uterus is insufficient to detoxify the excess
lipid peroxidation caused by elevated MDA levels.
Fe3O4 NMs dramatically increased ROS formation,
resulting in cell damage and death in macrophage and
lung epithelial cells, according to [39, 40]. In addition,
animals receiving F
 e3O4 NMs intraperitoneally for one
week had severe oxidative stress in the liver and kidney [18]. Furthermore, after subacute IONP treatment,
rats developed oxidative stress in major organs, according to [41]. On the contrary, [42] found that uncoated
Fe3O4 NMs did not cause oxidative DNA damage or
genotoxicity in human lymphoblastoid cells. Also, a
study by [43] showed that acute inhalation exposure of
Fe3O4 NPs induced a significant increase in MDA concentrations in the lungs of exposed animals compared
with controls, indicating the induction of lipid peroxidation by these particles.
In the previous work by [29], rats exposed to large
dosages of Cu-NPs showed signs of uterine injury,
including increased MDA expression and decreased
SOD expression. These findings revealed that NPs cause
oxidative stress and lipid peroxidation in the uterus
of rats. Also, MDA levels were considerably raised in
MgO NP-treated rats’ serum and tissue homogenates
after 24 h and 72 h sampling intervals at 1000 mg/kg
bw in research by [44], suggesting that NPs may have
promoted free radical production. These free radicals
rapidly target polyunsaturated fatty acids, destroying
membrane lipids and releasing MDA, which is especially harmful to the viability of cells and tissues [45].
Sections of the ovary of female rats treated with
Fe3O4Nps showed degenerative follicles with the presence of many atretic follicles. Their cells appeared
apoptotic with deep acidophilic cytoplasm and pyknotic nuclei. Moreover, there was vacuolation in the
granulosa cells of different follicles.
As a result, these findings matched those of a recent
study that found light microscopic alterations in the
ovarian tissue in female rats injected IP with ZnO
NPs. In moderate and high doses, the ovarian section
treated with ZnO NPs showed hyperemia, increased
the corpus luteum, inflammatory cells infiltration, and
fibrosis, follicular cysts [46]. Arsenic-induced lesions in
the ovary and uterus and reduced folliculogenesis have
been observed in research by Mehta and colleagues
[47]. Furthermore, a study by [48] found that rats given
high-dose Cu-NPs demonstrated significant ovarian
histopathological changes, including ovarian atrophy,
disruption of follicular growth, follicular atresia, and a
reduction in mature follicles compared to the control
group. In addition, light microscopy examinations of
the ovary of all experimental groups of silver nanoparticles revealed clogged blood vessels in the stroma with
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inflammatory mononuclear cell infiltration, according
to research by [49].
A cross section of the uterus from female rats treated
with Fe3O4Nps showed increased endometrium folding,
with several luminal columnar epithelial cells undergoing
hyperplasia, vacuolar degeneration, congested blood vessels, inflammatory cells invasion, and darkly stained pyknotic nuclei were seen.
A previous study by [50] reported that Adult female
offspring of mice exposed to 100 mg/kg iron oxide NPs in
utero demonstrated a substantial increase in endometrial
thickness (endometrial hyperplasia), with an increased
preference toward pseudostratified columnar epithelium
(as opposed to typical simple columnar) when compared
to the control.
A study by [51] reported that Adult female rats fed the
basal diet with three doses of magnetite NPs caused histopathological changes in the kidney, spleen, liver, and
lung. According to a study by [52], Fe3O4 nanoparticles at
an LD50 level of 163.60 mg/kg also caused denaturation
and necrosis in the cardiac muscles of mice. Moreover, a
study by [53] showed that the histological examinations
of female Wistar rats, when orally administered 10 mg/
kg of α-Fe2O3 NPs, revealed variable organ damage at
the cellular and extracellular levels. These findings also
align with those of a recent study, [29] which found that
intraperitoneal treatment of 12.5 mg/kg/day Cu-NPs for
14 days caused inflammatory cell infiltration, disrupted
epithelial cell organization, mitochondrial enlargement,
vacuolization, shortening, and reduction in microvilli
on endometrial epithelial cells in the uterine tissue. In
another study, female rats injected with ZnO NPs in the
uterus showed minor microscopic changes [46].
Compared to the control group, the number of follicles in magnetite NPs treated groups was significantly
reduced. The lower total number of follicles may indicate ovarian dysfunction and raise the chance of later
life reproductive capability reduction [54]. The significant apoptosis and increased incidence of atretic follicles
observed in ovarian tissue could be due to diminished
gonadotropins combined with lower E2 [55]. Estrogen
is mandatory for follicular growth and differentiation as
well as apoptosis inhibition in preantral and early antral
follicles [56].
According to our findings, the height of the uterine
luminal epithelial cells is increased by magnetite NPs
injection. Previous research has discovered a decline in
estrogen levels in rats, reducing ovarian follicle ability to
reach the developmental stage required for reproductive
success and altering estrogen production, which has a
variety of biological impacts throughout the body. However, the elevation in luminal epithelium height happened
physiologically due to estrogen’s action on uterine tissue,
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which caused an increase in cell proliferation and size
and stimulated uterine growth [57].
Magnetite NPs caused tissue deterioration in the
uterus. Since uterine growth is predominantly dependent on estradiol, the degenerative alterations could be
ascribed to negative consequences caused by reduced
blood estradiol levels. Due to the insufficient estrogen,
the ordinary uterine structure was disrupted, resulting in
the degradation of luminal epithelial cells and endometrial glands [58].
As mentioned before, the F
e3O4NPs administration
increased the level of lipid peroxidation and oxidative
stress by increasing the ROS level, decreasing the level
of total antioxidants, and increasing the MDA level.
Consequently, ROS accumulation enhanced apoptosis by collapsing the mitochondrial potential, initiating the mitochondrial oxidation channel, and releasing
cytochrome C from mitochondria to the cytosol [59].
Apoptosis is the form of cell death frequent during
follicular atresia and luteal regression and is typically
associated with the activation of caspases [60]. Extrinsic
(i.e., mitochondria-independent) apoptosis and mitochondria-induced intrinsic apoptosis are the two most
common ways to trigger apoptosis [61]. The binding of
pro-apoptotic ligands facilitates extrinsic apoptosis to cell
surface receptors, which activates the downstream effector caspase-8. Caspase-8 and caspase-3 can be cleaved by
activated caspase-8, resulting in cell death. In contrast,
Cytochrome c is involved in the intrinsic or mitochondrial apoptotic process, which is triggered by the release
of cytochrome c from the outer mitochondrial membrane into the cytoplasm. Cytochrome c interacts with
apoptosis activating factor 1 (Apaf-1) and activates caspase-9, subsequently activating executor caspase-3 [29].
Caspase-3 is a cysteine aspartic acid protease (caspase)
that belongs to the caspase family. Caspase activation in a
sequential manner is essential for cell apoptosis [49].
Caspase-3 expression in ovarian follicles, ovarian
stroma, corpora lutea, and uterine tissue of female rats
treated with low and high doses was increased significantly compared to the control group.
These findings agree with a study by [49] that indicated that exposure to Ag-NPs given orally causes a positive reaction for caspase-3, which is an indicator of the
presence of apoptosis. These favorable ovarian tissue
responses increased in dosage and duration-dependent
manner. Another study by [29] found that different doses
of Cu-NPs significantly increased the expression levels of
caspase-8, caspase-3, and caspase-9 proteins in the ovaries compared to the control.
Our findings matched research by [29], which found
that Cu-NPs might trigger apoptosis in uterine tissues by stimulating the release of cytochrome c into
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the cytoplasm, thereby activating the expression of caspase-3, caspase-8, and caspase-9 in comparison with the
control group. In addition, a 90-day oral toxicity study in
female mice at a dose of 10 mg/kg bw revealed that TiO2
nanoparticles concentrate in the ovaries, causing ovarian
damage, oxidative stress, mineral element distribution,
and sex hormone imbalance, as well as a reduction in fertility and conception rate [10, 62].

5 Conclusion
Based on the study findings, the P administration of
Fe3O4NPs can negatively affect sexual hormones (FSH,
LH, E2, and P4), causing a deleterious impact on the
uterus and ovary histology. Consequently, reactive oxygen species accumulation had the potential to enhance
apoptosis by increasing caspase-3 expression, resulting in
a negative impact on reproductive health. Future studies
of Fe3O4NPs exposure to women’s health will be based on
these findings.
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5.1 Limitations

Our study has some limitations as measuring total antioxidant capacity and MDA only as an indicator of oxidative stress investigation. It would have been more
accurate if we had measured some antioxidant enzymes
such as catalase, glutathione reductase, glutathione peroxidase, and superoxide dismutase.
5.2 Future directions

Further studies are needed to investigate the mechanism
of action of magnetite nanoparticles on the female reproductive system and target and investigate signal pathways
of some specific genes associated with ovarian failure,
follicular atresia, and abnormal follicular development.
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