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Current research focuses on the effects of nanomaterials on the human reproductive system.
Nanostructures can cross the epithelial and blood-testicular barriers and pose risks to the reproductive
organs. Oxidative stress has been proposed as a possible mechanism of reproductive toxicity caused by
nanomaterials. Dietary curcumin could be a therapeutic drug for nanomaterial-induced reproductive tox-
icity. Studies on effect of commonly used nickel (II) oxide nanoparticle (NiO NPs) on male reproductive
organs and their attenuation by natural antioxidant curcumin is scarce. This work intended to study
the attenuating potential of curcumin against NiO NPs-induced toxicity in mouse spermatogonia GC-1
spg cells. Plausible mechanisms of alleviating effect curcumin against NiO induced reproductive toxicity
was explored through oxidative stress pathway. NiO NPs was synthesized via chemical co-precipitation
route and characterized by SEM, TEM, and XRD. NiO NPs was found to induce dose-dependent cytotox-
icity in GC-1 spg cells (10–320 lg/ml for 24 h) whereas curcumin did not exert any effect in concentra-
tion range of 1–80 lg/ml. Interestingly, cytotoxic response of NiO NPs in GC-1 spg cells was significantly
attenuated by curcumin. The higher expression of caspase-3 gene and loss of mitochondrial membrane
potential after treatment with NiO NPs were effectively alleviated by curcumin. The increase in intracel-
lular pro-oxidant levels (hydrogen peroxide, malondialdehyde, and reactive oxygen species) after expo-
sure to NiO NPs was also mitigated by curcumin. Moreover, glutathione depletion and lower activity of
several antioxidant enzymes (GPx, SOD, and CAT) after NiO NPs were further almost reverted by cur-
cumin. We believe, this is the first preliminary study showing that NiO NPs induced cytotoxicity in mouse
spermatogonia cells was mitigated by curcumin via oxidative stress. The therapeutic effect of dietary
antioxidant curcumin against nanomaterial-induced reproductive toxicity is warranted further research.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nickel oxide nanoparticles (NiO NPs) belong to transition metal
oxide groupwith cubic lattice structure that has exceptional electri-
cal, thermal, and optical properties (Bonomo et al., 2018). Due to
these unique properties NiONPs are being utilized in sensor, battery
electrode, fuel cell, ion storage material, electrochromic film, ther-
moelectric material, and dye-sensitized photocathode (Adinaveen
et al., 2019; Diallo et al., 2018). NiO NPs are also applied in medical
and household products because of its antimicrobial property
(Behera et al., 2019). The high production and diverse application
of NiO NPs in industry, biomedical, and personal care products
may increase the chance of human exposure and potential health
risks. Current research focuses on effect of commonly used NPs on
human reproductive organs. Studies have shown that NPs can easily
cross the blood-testis barrier (BTB) and affect the spermatogenesis
(Lan and Yang, 2012). A recent work showed that TiO2 NPs can
expand the BTB gaps and allow the NPs to easily pass BTB and affect
spermatogenesis (Ni et al., 2021). Pinho et al. also found that ZnO
NPs induce cytotoxicity in mouse spermatogonia cells, which inter-
fere the spermatogenesis process (Pinho et al., 2020). Knowledge on
the effect of NiO NPs on male reproductive system and approaches
that mitigate the reproductive toxicity of NPs is limited. Develop-
ment of a novel approach to protect the reproductive organs from
NP-induced toxicity is urgently required.
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Several reports suggested that NiO NPs induce toxicity through
redox imbalance and oxidative damage of cell macromolecules
(Sutunkova et al., 2019; Yu et al., 2018). To certain level, the
antioxidant defense system of the cells, eliminate the ROS level
and compensate the oxidative stress. However, when the antioxi-
dant defense system of cells is unable to eradicate the higher level
intracellular ROS, several health issues may happen (Jadeja et al.,
2017). Indeed, oxidative stress has been associated with several
reproductive disorders (Sabeti et al., 2016). Studies suggest that
oxidative stress mediated injury to spermatozoa is a chief contrib-
utor to the pathology of > 50% of male infertility (Bisht et al., 2017).
Spermatozoa are most susceptible to the harmful effects of oxida-
tive stress because these cells have limited antioxidant defence
systems (Alahmar, 2019). Oxidative stress is an emerging risk fac-
tor for male infertility because it can affect the spermatogenesis
process by inducing the oxidative damage of DNA protein, and lipid
peroxidation (Agarwal et al., 2014). Consequently, natural antioxi-
dants supplementation could be an important treatment for male
reproductive toxicity caused by NiO NPs exposure.

Dietary antioxidant curcumin, a polyphenolic compound pre-
sent in turmeric (Curcuma longa L.) rhizome, has antioxidant and
anti-inflammatory properties. Hence, curcumin can be one of the
natural antioxidants to treat various health issues including repro-
ductive disorders. Di(2-ethylhexyl) phthalate (DEHP) induced tes-
ticular damage in mice was reversed by curcumin treatment
(Głombik et al., 2014). Another study reported that turmeric rhi-
zome prevent hypertension mediated male reproductive disorder
in rats (Akinyemi et al., 2015). There is limited information of
reproductive toxicity of NiO NPs and its attenuation by dietary cur-
cumin. This work intended to study the attenuating effect of cur-
cumin against NiO NPs induced toxicity in mouse spermatogonia
GC-1 spg cells. Plausible mechanisms of alleviating effect curcumin
against NiO induced reproductive toxicity was also explored
through the oxidative stress pathway. This cell line (GC-1 spg)
originated from mouse testes and serves as an excellent in vitro
model to study the male reproductive toxicity (Ahamed et al.,
2021a; Yang et al., 2020).
2. Materials and methods

2.1. Synthesis and characterization of NiO NPs

NiO NPs was synthesized by a chemical co-precipitation
method using Ni(NO3)2�6H2O (Sigma-Aldrich) and NaOH as precur-
sors (Atul et al., 2021). X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), and scanning electron microscopy (SEM)
were applied to characterize the synthesized sample.

2.2. Cell culture and exposure protocol

Mouse spermatogonia (GC-1 spg) cell line (ATCC, Manassas, VA,
USA) was cultured in DMEM (Invitrogen, Carlsbad, CA, USA) with
fetal bovine serum (10%), 100 unit/ml penicillin, and 100 lg/ml
streptomycin. Cells were grown at 37 �C with 5% CO2 gas. Cells
were exposed to different concentrations of NiO NPs (1–320 lg/
ml) and curcumin (1–320 lg/ml) for 24 h. In co-exposure study,
cells were treated with 10 lg/ml of curcumin before 1 h exposure
to a moderate concentration of NiO NPs (40 lg/ml). These concen-
trations were selected based on the preliminary cytotoxicity
results.

2.3. Bioassays

Cytotoxicity was examined by the MTT assay (Mosmann, 1983)
with some changes (Ahamed et al., 2022). Caspase-3 gene (mRNA)
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expression was analysed by a RT-PCR (Applied Biosystems, Wal-
tham, MA, USA) using SYBR green as previously reported (Ahamed
et al., 2022). Caspase-3 enzyme assay was done using the BioVision
colorimetric kit (Milpitas, CA, USA). Mitochondrial membrane
potential (MMP) was estimated by a microplate reader (Synergy-
HT, BioTek, Winooski, VT, USA) applying tetramethylrhodamine
methyl ester (TMRM) probe as describe before (Ahamed et al.,
2021b). ROS generation was assessed with a microplate reader
(Synergy-HT, BioTek) utilizing 2 -7 -dichlorodihydrofluorescein
diacetate (H2DCFDA) (Ahamedet al., 2021a). Glutathione (GSH) con-
tent was assayed through Elman’s protocol (Ellman, 1959). Malon-
aldehyde (MDA) content was determined as reported by Ohkawa
et al. (Ohkawa et al., 1979). Intracellular hydrogen peroxide (H2O2)
level was estimated by commercial kit (Sigma-Aldrich). Superoxide
dismutase (SOD) activity was examined using a kit from Cayman
chemical (Michigan, USA). Glutathione peroxidase (GPx) and cata-
lase (CAT) enzymes activities were tested as previously reported
(Rotruck et al., 1973; Sinha, 1972). Protein assay was done by Brad-
fords method (Bradford, 1976).

2.4. Statistics

Data were analysed by applying ANOVA followed by Dennett’s
multiple tests. The p < 0.05 was assigned as statistically significant.
Data were presented as mean ± SD of three individual assays
(n = 3).
3. Results and discussion

3.1. Characterization

XRD spectra of NiO NPs showed the sharp diffraction peaks at
2h values 38.39, 44.37, 63.16, 76.13, and 80.05, indexed as (111),
(200), (220), (311), and (222) that correspond to face centred
cubic NiO, which according to standard data (JCPDS Card No. 65–
2901) (Khodair et al., 2022) (Fig. 1A). Crystallite size of NiO NPs
was estimated using Scherrer formula (Patterson, 1939). It was
found around 53 nm. Low resolution TEM image indicated the
almost spherical morphology with average particle size of around
51 nm (Fig. 1B). High resolution TEM micrograph suggests the
crystalline nature of prepared sample supporting the XRD data
(Fig. 1C). SEM micrograph suggests the smooth morphology of pre-
pared NiO NPs (Fig. 2).

3.2. Cytotoxicity

GC-spg cells were treated with different concentrations of NiO
NPs (1–320 lg/ml) and curcumin (1–320 lg/ml) for 24 and cyto-
toxicity was assessed by MTT assay. Fig. 3A demonstrated that
NiO NPs induce dose-dependent cytotoxicity in the concentration
range of 10–320 lg/ml. NiO NPs decreased the cell viability to
99%, 95%, 92%, 88%, 74%, 53%, 35%, 19%, and 10% for the concentra-
tions of 1, 2, 5, 10, 20, 40, 80, 160, and 320 lg/ml, respectively
(p < 0.05). Present data on cytotoxic response of NiO NPs in GC-
spg cells was according to other studies where investigators also
observed dose-dependent cytotoxicity of NiO NPs in various mam-
malian cell lines (Ahamed et al., 2013; Ezhilarasi et al., 2016).
Fig. 3B demonstrated that curcumin did not reduce the significant
viability of GC-1 spg cells up to the concentration of 80 lg/ml.
However, at high dosages (160 and 320 lg/ml) curcumin induces
moderate toxicity to GC-1 spg cells. Cytocompatibility of curcumin
in these concentrations was also observed by other investigators
(Ahamed et al., 2022; Ghosh et al., 2020; Siddiqui et al., 2012).

For the selection of appropriate concentration of curcumin,
which efficiently attenuate the cytotoxicity of NiO NPs, we have



Fig. 1. (A) XRD spectra, (B) low resolution TEM image, and (C) high resolution TEM image of NiO NPs.

Fig. 2. SEM image of NiO NPs.
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taken a moderate cytotoxicity concentration of NiO NPs (40 lg/ml)
and co-treated with various cytocompatible concentrations of cur-
cumin (1–80 lg/ml) for 24 h. Fig. 3C exhibited that at a concentra-
tion of 10 lg/ml, curcumin received highest attenuating effect on
NiO NPs induced toxicity at a concentration of 40 lg/ml. Hence,
we have chosen 10 lg/ml concentration of curcumin and 40 lg/
ml concentration of NiO NPs to further investigate possible mech-
anisms of attenuating effect of curcumin against NiO NPs toxicity
in mouse spermatogonia cells.
3.3. Apoptosis

Apoptosis (programmed cell death) regulation is a critical factor
in determining the germ cells development and function (Aitken
and Baker, 2013). A number of factors such as unhealthy lifestyle,
radiation, and environmental pollutants might induce apoptosis
in germ cells (Bisht et al., 2017). Infertile men have greater level
of seminal oxidative stress and increased apoptosis in comparison
to fertile men (Manku and Culty, 2015). Earlier, we found that
Bi2O3 NPs were able to induce apoptosis in GC-1 spg cells
(Ahamed et al., 2021a). Curcumin has also shown potential to over-



Fig. 3. (A) Cytotoxicity of NiO NPs in GC-1 spg cells. (B) Cytocompatibility of curcumin in GC-1 spg cells. (C) Protective effect of curcumin against NiO NPs induced
cytotoxicity in GC-1 spg cells. *Significant difference from the control (p < 0.05). #Significant protective effect of curcumin against NiO NPs cytotoxicity (p < 0.05).
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come the reproductive disorders caused by environmental
pollutants (Głombik et al., 2014). In this study, we further assessed
apoptotic response of NiO NPs and its mitigation by curcumin in
GC-1 spg cells. Fig. 4A showed that NiO NPs-induced up-
regulation of mRNA level of caspase-3 gene was significantly alle-
viated by curcumin. In agreement with RT-PCR mRNA results, NiO
NPs induced higher activity of caspase-3 enzyme was successfully
reverted by curcumin (Fig. 4B). Male infertility is also associated
with mitochondrial membrane potential (MMP) loss in spermato-
zoa (Agnihotri et al., 2016). Fig. 4C of this study showed that
MMP loss in GC-1 spg cells following NiO NPs exposure was signif-
icantly abrogated by curcumin.

3.4. Oxidative stress

Germ cells are highly susceptible to oxidative stress owing to
limited antioxidant defence capacity and inadequate DNA repair
mechanism (Sabeti et al., 2016). Antioxidant supplementation
could be a probable therapeutic approach to overcome the
oxidative stress-induced male infertility (Gharagozloo et al.,
2016). In this work, we further examined the role of oxidative
4

stress in protective effect of curcumin against NiO NPs induced
toxicity in GC-1 spg cells by measuring the several parameters
of pro-oxidants and antioxidants. Cells were treated for 24 h
with NiO NPs (40 lg/ml) and/ or curcumin (10 lg/ml). Fig. 5A
and B depicted that NiO NPs induced intracellular ROS and
H2O2 levels were effectually reverted by curcumin. Spermatozoa
are particularly susceptible to lipid peroxidation they are abun-
dant in polyunsaturated fatty acids that are highly vulnerable
to ROS attack (Aitken and Baker, 2013). It has been observed
that lipid peroxidation in sperm plasma membrane could be
reversed by natural antioxidant (e.g. a-tocopheral), which inter-
rupts the cascade of lipid peroxidation (Gharagozloo et al., 2016).
The MDA or 4HNE have been used as biomarkers of lipid perox-
idation in germ cells (Aitken et al., 2014). We also found that
higher level of MDA in GC-1 spg cells after NiO NPs treatment
was reversed by curcumin co-treatment (Fig. 5C).

Curcumin can also protect the spermatozoa from oxidative
stress through restoring its antioxidant defense capacity (Kotha
and Luthria, 2019). Protective effect of curcumin against NiO NPs
induced antioxidants depletion was further assessed in GC-1 spg
cells. Results revealed that reduction in antioxidant GSH content



Fig. 4. Apoptotic response of GC-1 spg cells treated with NiO NPs (40 lg/ml) and/or curcumin (10 lg/ml) for 24 h. (A) Expression (mRNA) of caspase-3 gene. (B) Caspase-3
enzyme activity. (C) MMP level. *Significant difference from the controls (p < 0.05). #Significant protective effect of curcumin against NiO NPs (p < 0.05).

Fig. 5. Pro-oxidants generation in GC-1 spg cells treated with NiO NPs (40 lg/ml) and/or curcumin (10 lg/ml) for 24 h. (A) ROS level. (B) H2O2 level. (D) MDA level.
*Significant difference from the controls (p < 0.05). # Significant protective effect of curcumin against NiO NPs (p < 0.05).
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Fig. 6. Antioxidants depletion in GC-1 spg cells treated with NiO NPs (40 lg/ml) and/or curcumin (10 lg/ml) for 24 h. (A) GSH level. (B) GPx enzyme activity. (C) SOD enzyme
activity. (D) CAT enzyme activity. *Significant difference from the controls (p < 0.05). #Significant protective effect of curcumin against NiO NPs (p < 0.05).
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and activity of several antioxidant enzymes (e.g. GPx, SOD, and
CAT) after NiO NPs treatment was reverted by curcumin co-
treatment (Fig. 6A-D).
4. Conclusion

NiO NPs induced cytotoxicity, caspase-3 activation, and mito-
chondrial membrane potential loss in mouse spermatogonia (GC-
1 spg) cells were effectively abrogated by dietary curcumin. The
elevation of intracellular pro-oxidants (e.g�H2O2, MDA, and ROS)
and depletion of antioxidants (e.g. GSH, GPx, SOD, and CAT) was
efficiently attenuated by curcumin. Overall, the protective effect
of curcumin against NiO NPs induced toxicity in mouse spermato-
gonia cells was mediated via oxidative stress. This study warranted
future investigations on mitigating potential natural antioxidants
such as curcumin against nanomaterial-induced reproductive tox-
icity in appropriate in vivo models.
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