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Objectives. The application of nanoparticles is experiencing a rapid growth, but it faces a prob-
lem of their toxicity, especially adverse effects on female reproduction. Food and medicinal plants 
and their isoflavones can be protectors against environmental stressors, but their ability to abate 
the adverse effects of nanoparticles has not been studied yet. In the present study, we examined 
the effect of silver (AgNPs) and titanium dioxide (titania, TiO2NPs) nanoparticles alone or in 
combination with plant phytoestrogens/antioxidants (resveratrol, diosgenin, and quercetin) on ac-
cumulation of nanoparticles, and progesterone release by cultured porcine ovarian granulosa cells.

Methods. Porcine granulosa cells were incubated in the presence of AgNPs or TiO2NPs (0.1, 1, 
10 or 100 µg/ml) alone or in combination with resveratrol, diosgenin or quercetin (10 µg/ml) for 
48 h. The accumulation of tested nanoparticles by granulosa cells was assessed under light micro-
scope. Progesterone concentration in culture media was measured by ELISA kit.

Results. Cells accumulated both AgNPs and TiO2NPs in a dose-dependent manner. AgNPs, 
but not TiO2NPs, at highest dose (100 µg/ml) resulted in a destruction of cell monolayer. Both Ag-
NPs and TiO2NPs reduced progesterone release. Resveratrol, diosgenin, and quercetin promoted 
accumulation of both AgNPs and TiO2NPs in ovarian cells and inhibited the progesterone output. 
Furthermore, resveratrol and diosgenin, but not quercetin, prevented the suppressive action of 
both AgNPs, and TiO2NPs on progesterone release.

Conclusions. These observations (1) demonstrate accumulation of AgNPs and TiO2NPs in 
ovarian cells, (2) confirm the toxic impact of AgNPs, and TiO2NPs on these cells, (3) confirm the 
inhibitory effects of plant polyphenols/phytoestrogens on ovarian steroidogenesis, (4) show the 
ability of these isoflavones to increase the accumulation of AgNPs and TiO2NPs, and (5) show their 
ability to reduce the suppressive effect of AgNPs and TiO2NPs on ovarian progesterone release. 
The suppressive effect of AgNPs and TiO2NPs on ovarian functions should be taken into account 
by their exposition. However, these adverse effects could be mitigated by some plant isoflavones.
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The application of metal nanoparticles for produc-
tion of a number of goods from catalysts, surfactants 
and medical devices to fertilizers, food additives, 
pharmaceuticals, and cosmetics is rapidly growing 
(Mikhailov and Mikhailova 2019; Baranowska-
Wojcik et al. 2020). Silver nanoparticles (AgNPs) 

and titanium dioxide nanoparticles (TiO2NPs), due 
to their antibacterial, antiviral, anti-inflammatory, 
and anti-cancer properties, as well as the ability to be 
drug carriers, are widely used in the modern medi-
cine (Grande and Tucci 2016; De Matteis et al. 2018; 
Mikhailov and Mikhailova 2019; Baranowska-Wojcik 
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et al. 2020). In animal production, these nanoparticles 
are useful for nutrient delivery, promotion of animal 
growth, increase of meat, milk and egg quality, puri-
fication, cryopreservation, and increase of the sperm 
quality, transgenesis as well as an alternative to anti-
biotics against antibiotic-resistant bacteria (Hill and 
Li 2017).

However, there is increased evidence of toxic 
effects of AgNPs and TiO2NPs on non-reproductive 
(Grande and Tucci 2016; Flores-Lopez et al. 2019) 
and reproductive (Brohi et al. 2017) systems, whilst 
female reproductive organs are particularly vulner-
able to nanoparticle toxicity (Brohi et al. 2017). 
AgNPs promoted expression of apoptosis-related 
genes (Kim et al. 2004; Gao et al. 2012) and induced 
loss of germ cells and apoptosis in mouse ovarian 
follicular cells (Han et al. 2016). TiO2NPs expressed 
cytotoxic effect on cultured hamster ovarian cells (Di 
Virgilio et al. 2010). TiO2NPs exposure resulted in 
TiO2NPs accumulation in the ovary (Gao et al. 2012; 
Zhao et al. 2013), decrease in ovarian weight (Zhao 
et al. 2013), reduction in ovarian follicular survival, 
follicles damage, inhibition in oocyte maturation 
(Hou et al. 2009), premature ovarian failure (Hong 
and Wang 2018), induction of ovarian follicular 
atresia, and decrease in fertility and pregnancy rate 
(Gao et al. 2012; Zhao et al. 2013). These changes were 
associated with alterations in expression of genes 
regulating ovarian steroidogenesis, cell prolifera-
tion, apoptosis, and oxidative stress (Gao et al. 2012; 
Zhao et al. 2013), reduction in production of ovarian 
progesterone, estradiol, insulin-like growth factor 1, 
and other hormones and growth factors promoting 
ovarian functions as well as in luteinizing hormone 
(LH) receptors (Zhao et al. 2013; Hong and Wang 
2018). These reports have suggested toxic effects of 
both AgNPs and TiO2NPs on female ovarian func-
tions that can be induced by suppression of output of 
ovarian hormones – promoters of ovarian cell prolif-
eration and suppressors of their apoptosis (Sirotkin 
2014). On the other hand, it remains to be established, 
whether AgNPs and TiO2NPs can be accumulated in 
ovarian cells, how they can affect the ovarian cells in 
non-rodent species, and how their toxic effects could 
be prevented.

There is an urgent need to develop strategies to 
prevent or mitigate the reproductive toxicity of metal 
nanoparticles. Treatment with plant flavonoids, 
which are natural adaptogens, antioxidants, and 
phytoestrogens (Sirotkin and Harrath 2014; Rietjens 
et al. 2017), can be a simple, natural, and cost-effec-
tive protective strategy against toxic influence of 
nanoparticles.

Resveratrol (3,5,4’-trihydroxy-trans-stilbene), 
being not toxic itself (Nawaz et al. 2017), can be 
accumulated in serum and ovarian follicular fluid 
(Bodis et al. 2019), and ameliorate the adverse effect 
of chromium (Banu et al. 2016), toxic plastic plasti-
cizer vinylcyclohexene diepoxide (Ozatik et al. 2020), 
fungicide mancozeb (Liu et al. 2017), ionizing irra-
diation (Said et al. 2016), and chemotherapy (Said et 
al. 2019; Wu et al. 2019) on ovarian functions.

Other plant molecule, steroidal saponin diosgenin 
(diosgenyl 2,4-di-O-α-L-rhamnopyranosyl-β-D-
glucopyranoside) has cytotoxic properties (Podolak 
et al. 2010), but it can stimulate ovarian cell functions 
(Sirotkin et al. 2019) and prevent the adverse effect of 
aging on ovarian functions (Zhang et al. 2019).

The plant flavonoid quercetin (3,3’,4’,5,7-pentahy-
droxy-flavone) can suppress ovarian functions both 
in vivo (Beazley and Nurminskaya 2016) and in vitro 
(Tarko et al. 2018, 2019), but it can mitigate the toxic 
effects of chemotherapeutical agents (Li et al. 2014; 
Jahan et al. 2018), xylene (Tarko et al. 2018), but not of 
benzene (Tarko et al. 2019) on ovarian cells.

Therefore, the plant isoflavones resveratrol, dios-
genin, and quercetin can affect basic ovarian func-
tions and protect them from the adverse effects of 
some toxic molecules. Nevertheless, their ability to 
abate the toxic effects of metal nanoparticles has not 
been examined yet. In the present study, we exam-
ined (1) whether AgNPs and TiO2NPs can accumu-
late in the ovarian cells and affect their functions 
(creation of monolayer and release of progesterone, 
the key marker and regulator of ovarian functions 
(Sirotkin 2014), (2) whether plant flavonoids resve-
ratrol, diosgenin, and quercetin can affect these 
functions, (3) whether these plant flavonoids can 
prevent the toxic AgNPs and TiO2NPs effects, and 
(4) whether this prevention could be due to changes 
in AgNPs and TiO2NPs uptake by ovarian cells. For 
this purpose, we examined the effects of AgNPs and 
TiO2NPs alone or in combination with plant poly-
phenols/phytoestrogens resveratrol, diosgenin, and 
quercetin on accumulation of AgNPs and TiO2NPs 
and progesterone release by cultured porcine ovarian 
granulosa cells.

Materials and methods

Preparation and characterization of nanoparti-
cles. Fifty milligrams of silver nanopowder (<150 nm 
particle size, 99% trace metal basis, CAS No. 7440-
22-4, Sigma-Aldrich, St. Louis, USA) or titanium (IV) 
dioxide nanopowder [mixture of rutile and anatase, 
<100 nm (BET), 99.5% trace metal basis, CAS No. 
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13463-67-7, Sigma-Aldrich, St. Louis, USA] was 
suspended in 10 ml of complete cell culture medium 
in a sterile glass conic flask and sonicated with a probe 
sonicator (MSE Ultrasonic Disintegrator, London, 
UK) for 15 min at 150 W (Volkovova et al. 2015) to 
prepare a stock solution. During sonication, the flask 
was cooled with ice in order to prevent the dispersion 
from overheating. To reach the final experimental 
concentration, the stock suspension of nanopar-
ticles was diluted with the cell culture medium and 
vortexed again immediately before cell treatment.

Physico-chemical characteristics, average particle 
size, hydrodynamic size distribution, degree of aggre-
gation, and zeta potential of tested nanoparticles at 
concentration 1 mg.ml–1 were measured at 25 °C by 
dynamic light scattering (DLS) (Malvern Instru-
ment Zetasizer Nano, Malvern, United Kingdom). 
DLS analysis revealed that both AgNPs and TiO2NPs 
solutions were polydisperse suspensions with three 
populations of particles, for AgNPs: 608 nm (78.45%), 
172 nm (11.4%) and 5282 nm (10.15%), with average 
diameter of 722 nm; and for TiO2NPs: 339 nm 
(96.65%), 4943 nm (5.45%) and 72 nm (0.9%), with 
an average diameter of 310 nm. The AgNPs and 
TiO2NPs were negatively charged with a zeta poten-
tial of –13.73 and –15.5 mV, respectively. Polydisper-
sity index (PDI) of AgNPs and TiO2NPs was 0.676 
and 0.357, respectively.

Preparation, culture, and processing of ovarian 
cells. Granulosa cells were isolated from the ovaries 
of non-cycling, 180-day-old prepubertal gilts, 
collected at a local abattoir, and cultured as previ-
ously described (Tarko et al. 2018, 2019). Isolated 
granulosa cells (106 cells/ml medium) were cultured 
in 24-well plate wells (1 ml/well) or 12-well chamber-
slide (0.2 ml/well) (both from Nunc International, 
Naperville, IL, USA) in Dulbecco’s modified Eagle’s 
medium (DMEM)/F12 1:1 medium (BioWhittak-
erTM, Verviers, Belgium), supplemented with 10% 
fetal calf serum (BioWhittakerTM), and a 1% anti-
biotic-antimycotic solution (Sigma-Aldrich) for 3 
days up to the establishment of a 60–70% confluent 
cell monolayer. Thereafter, the culture medium was 
replaced with fresh medium, with and without soni-
cated AgNPs and TiO2NPs described above at doses 
v (0.1, 1, 10 or 100 µg/ml) in presence or absence of 
resveratrol (Changsha Sunfull Bio-tech. Co, Hunan, 
China), diosgenin (AppliChem GmbH, Darmstadt, 
Germany) and quercetin (AppliChem GmbH) (all at 
10 µg/ml). These plant molecules were first dissolved 
in 50 µl of dimethyl sulfoxide (DMSO) (AppliChem 
GmbH) to reach stock solutions of 1 mg/ml for each 
plant extract. Thereafter, these stock solutions were 

dissolved in culture medium immediately before 
their addition to the granulosa cells, such that the 
final concentration of DMSO did not exceed 0.001%. 
Previous studies did not reveal substantial effects of 
0.001% DMSO on ovarian cell function and viability 
(data not shown). The chosen dose of plant molecules 
corresponds to their level and metabolism in the 
ovary (Gao et al. 2012; van Duursen 2017; Bodis et 
al. 2019) and the effective doses used in previous in 
vivo experiments (Santini et al. 2009; Atlante et al. 
2010; Ortega et al. 2012; Almeida et al. 2015; Tarko 
et al. 2018, 2019; Wu et al. 2019; Jozkowiak et al. 
2020). After 2 days of culture, the number of cells was 
determined using hemocytometer, and the number 
of nanoparticle aggregates/clusters within the cells 
was counted under light microscope at magnification 
×400. The medium was subjected to progesterone 
analysis by ELISA.

ELISA. Concentrations of progesterone were 
determined in 25 µl aliquots of the incubation 
medium using ELISA kit according to the manu-
facturer’s instructions (LDN Immunoassays and 
Services, Nodhorn, Germany). The cross-reactivity 
of antiserum against progesterone was ≤1.1% with 
11-desoxycorticosterone, ≤0.35% with pregnenolone, 
≤0.30% with 17α-hydroxyprogesterone, ≤0.20% with 
corticosterone, <0.10% with estriol, 17β-estradiol, 
testosterone, cortisone, and 11-desoxycortisol, and 
<0.02% with DHEA-S and cortisol. The sensitivity 
of the assay was 0.045 ng/ml. Intra- and inter-assay 
coefficients of variation did not exceed 5.40% and 
5.59%, respectively. This ELISA was validated for the 
culture medium samples by dilution tests.

Statistical analysis. Each experiment was repeated 
three times using ovaries from different animals 
(10–15 gilts per experiment). Each experimental group 
was represented by four plate wells. Using ELISA, 
blank control values were subtracted from the value 
determined in the cell-conditioned serum-supple-
mented medium to exclude any non-specific back-
ground (less than 10% of the total values). Secretion 
rates were calculated per 106 cells/day. For evaluation 
of nanoparticle accumulation, at least 500 cells per 
group were inspected. If the number of nanoparticles 
per cell was more than 100, the individual nanopar-
ticles were not recognizable, and their number was 
indicated as “>100”. Differences between groups were 
evaluated using the Shapiro-Wilk’s normality and 
Student’s t-tests, and ANOVA followed by Tukey’s 
test with Sigma Plot 11.0 (Systat Software, GmbH, 
Erkhart, Germany). Values were presented as the 
mean ± SEM. Differences were compared for statis-
tical significance at p levels less than 0.05 (p<0.05).
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Results

During the experiment, cells created a monolayer 
(Figure 1) and produced a substantial amount of 
progesterone (Figure 2). The addition of AgNPs and 
TiO2NPs to ovarian granulosa cell culture resulted 
in accumulation of both nanoparticles within the 
cells (Figure 1). Addition of both nanoparticles at 
doses 1 and 10 µg/ml induced their accumulation 
in a dose-dependent manner (Table 1). Addition of 
AgNPs at the highest (100 µg/ml) dose resulted in 
lysis and disappearance of cell monolayer, whilst cells 
after culture with TiO2NPs at dose 100 µg/ml and 
with TiO2NPs at 10 µg/ml + resveratrol contained so 
much nanoparticles and their aggregates (>100) that 
the clusters of nanoparticles were impossible to count 
(Table 1). Nanoparticles were accumulated in cells 
cultured with nanoparticles both with and without 
plant molecules. Nevertheless, cells cultured with 
either resveratrol, diosgenin or quercetin accumu-
lated significantly more AgNPs and TiO2NPs than 
the corresponding groups of cells cultured without 
these plant molecules (Table 1).

Progesterone release was diminished after addi-
tion of both AgNPs (at all doses added) and TiO2NPs 
(at doses 0.1 and 1 µg/ml) (Figure 2). All tested plant 
molecules substantially inhibited progesterone output 
(Figure 2, see AgNPs and TiO2NPs at 0 µg/ml), too. 
Moreover, in the presence of resveratrol (Figure 2A) 
and diosgenin (Figure 2B), AgNPs and TiO2NPs did 
not suppress progesterone secretion. On the contrary, 
quercetin did not modify substantially the inhibitory 
action of either AgNPs or TiO2NPs on progesterone 
release (Figure 2C).

Discussion

In the present experiments, both studied nanopar-
ticles reduced progesterone release by ovarian cells. 
Moreover, addition of AgNPs at high dose destroyed 
the cell monolayer, what indicates AgNPs-induced 
reduction in cell attachment and viability. These 
observations confirm the previous evidence of toxicity 
of AgNPs (Kim et al. 2004; Han et al. 2016; Brohi et al. 
2017) and TiO2NPs (Hou et al. 2009; Di Virgilio et al. 
2010; Gao et al. 2012; Zhao et al. 2013; Hong and Wang 
2018) on female reproductive system. Furthermore, 
the present observations are the first demonstration 
of ability of AgNPs and TiO2NPs to enter the ovarian 
cells from the surrounding medium. This supports 
the previous evidence of direct effect of AgNPs (Han 
et al. 2016; De Matteis et al. 2018) and TiO2NPs (Hou 
et al. 2009; Di Virgilio et al. 2010) on ovarian cells.

Figure 1. Cultured porcine ovarian granulosa cells (A) not con-
taining nanoparticles (control cells cultured without nanopar-
ticles), (B) containing silver nanoparticles and their aggregates 
(cells cultured with silver nanoparticles at dose 1 µg/ml) and 
(C) containing titania nanoparticles (cells cultured with tita-
nium dioxide nanoparticles at dose 10 µg/ml). The scale bars 
indicate 10 μm.
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Figure 2. Progesterone release by porcine ovarian granulosa cells cultured with and without silver nanoparticles (AgNPs, left) and 
titanium dioxide nanoparticles (TiO2NPs, rights) alone or in the presence of plant flavonoids resveratrol (A), diosgenin (B) and 
quercetin (C). Values are presented as a mean ± SEM. a – effect of nanoparticles: a significant difference (p<0.05) between cells cul-
tured without and with nanoparticles; b – effect of plant flavonoids: a significant difference (p<0.05) between corresponding groups 
of cells cultured with and without plant flavonoid.

The performed experiments confirm the previous 
reports concerning the ability of plant isoflavones 
resveratrol (Ortega et al. 2012; Banu et al. 2016; 
Jozkowiak et al. 2020), diosgenin (van Duursen 

2017; Sirotkin et al. 2019), and quercetin (Santini et 
al. 2009; Tarko et al. 2018, 2019) to reduce ovarian 
cell progesterone secretion directly. Furthermore, 
the obtained results are the first evidence for ability 
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of plant isoflavones to affect nanoparticles uptake. It 
can be hypothesized that effect of isoflavones on the 
progesterone release observed in the present experi-
ments was due to their ability to promote the accu-
mulation of the toxic nanoparticles – inhibitors of 
progesterone secretion.

In the present studies, resveratrol and diosgenin, 
but not quercetin, were able to fully eliminate the 
inhibitory action of both AgNPs and TiO2NPs 
on ovarian cell progesterone release. On the other 
hand, none of the tested flavonoids prevented AgNP-
induced lysis of cell monolayer. The present results 
show that some (but not all) suppressive action of 
AgNPs and TiO2NPs on ovarian cells can be miti-
gated by resveratrol and diosgenin or a functional 
food containing these polyphenols.

Understanding the mechanisms of this protec-
tive action of resveratrol and diosgenin against 
adverse effects of nanoparticles on ovarian proges-
terone release requires further studies. It can not 
be excluded that these phytoestrogens can inter-
fere with steroid hormone receptors (Sirotkin and 
Harrath 2014; Rietjens et al. 2017) and make them 
insensitive to nanoparticle action. Furthermore, the 
toxic effect of many nanoparticles (Brohi et al. 2017), 
including AgNPs (Flores-Lopez et al. 2019) and 
TiO2NPs (Gao et al. 2012; Grande and Tucci 2016), 
can be due to their ability to induce oxidative stress, 
whilst the protective action of plant isoflavones could 

be a consequence of their anti-oxidant properties 
(Atlante et al. 2010; Jungbauer and Medjakovic 2014). 
Finally, the ability of all tested plant isoflavones to 
affect uptake of both AgNPs and TiO2NPs suggests 
their effect on the cell membrane permeability. The 
ability of a number of plant phytoestrogens to alter 
characteristics and permeability of membranes in 
non-ovarian cells have been reported (Feranchak et 
al. 2003; Atlante et al. 2010; Brohi et al. 2017), but 
the present observations are the first indications of 
such flavonoids action on ovarian cells. This ability 
cannot, however, explain the reduction in AgNPs and 
TiO2NPs effects on progesterone release in the pres-
ence of resveratrol and diosgenin because these flavo-
noids did not reduce, but rather promoted AgNPs 
and TiO2NPs uptake by ovarian cells.

The present observations enable to outline some 
suggestions concerning the practical application of 
nanoparticles and plant molecules. The nanopar-
ticle-induced reduction in ovarian hormone 
output confirm that exposition to both AgNPs and 
TiO2NPs may pose a threat to female reproductive 
processes. The destruction of the cell monolayer 
after addition of AgNPs, but not of TiO2NPs, indi-
cates that AgNPs are more toxic than TiO2NPs. The 
ability of plant molecules to suppress the proges-
terone release shows that the consumption of food 
or medical plants containing resveratrol, diosgenin, 
and quercetin can also suppress the release of this 

Table 1
Accumulation of nanoparticles (NPs) in porcine ovarian granulosa cells cultured with and without silver nanoparticles (AgNPs) 
and titanium dioxide nanoparticles (TiO2NPs) alone and in presence of plant flavonoids resveratrol, diosgenin and quercetin.

NPs concentration
(µg/ml) AgNPs alone

AgNPs and plant flavonoid
Resveratrol
(10 µg/ml)

Diosgenin
(1 µg/ml)

Quercetin
(10 µg/ml)

0 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00
1 8.65±0.56a 15.36±1.76ab 15.83±2.00ab 5.94±0.62ab
10 19.42±0.70a 18.58±1.49a 25.03±7.57ab 26.58±1.81ab
100 No cells No cells No cells No cells

NPs concentration
(µg/ml) TiO2NPs alone

TiO2NPs and plant flavonoid
Resveratrol
(10 µg/ml)

Diosgenin
(1 µg/ml)

Quercetin
(10 µg/ml)

0 0.00±0.00 0.00±0.00 0.00±0.00 0.00±0.00
1 9.62±0.57a 19.24±0.89ab 8.54±0.88a 17.40±0.98ab
10 45.79±2.21a >100 65.17±5.77ab 39.83±1.90ab

100 >100 >100 >100 >100
The values represent number of NPs and aggregates of NPs per cell (means ± SEM). a – effect of nanoparticle: significant difference 
(p<0.05) between cells cultured without and with nanoparticles; b – effect of plant flavonoid: significant difference (p<0.05) between 
corresponding groups of cells cultured with or without plant flavonoid.
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hormone and hormone-dependent functions of 
ovarian cells (Sirotkin 2014). Moreover, resveratrol 
and diosgenin (but not quercetin) could be prom-
ising natural protectors against suppressive action of 
both AgNPs and TiO2NPs on progesterone release 
and probably on progesterone-dependent ovarian 
processes (Sirotkin 2014). On the other hand, none 
of the tested plant molecules was able to prevent 
the destructive effect of AgNPs on the ovarian cell 
monolayer.

The details of nanoparticle and phytoflavonoid 
actions, their functional interrelationships, and 
possibilities of their application are worth future 
studies. Nevertheless, the present observations (1) 
demonstrate accumulation of AgNPs, and TiO2NPs 
in ovarian cells, (2) confirm the toxic influence of 
AgNPs, and TiO2NPs on these cells, (3) confirm 
the influence of plant polyphenols/phytoestrogens 

resveratrol, diosgenin, and quercetin on the ovarian 
steroidogenesis, (4) show the ability of these flavo-
noids to increase the accumulation of AgNPs, and 
TiO2NPs, the ability of resveratrol and diosgenin to 
reduce the suppressive effect of AgNPs, and TiO2NPs 
on ovarian progesterone release. The adverse effect of 
AgNPs and TiO2NPs on ovarian functions should be 
taken into account before their application, but these 
adverse effects could be mitigated by plant polyphe-
nols resveratrol and diosgenin.
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