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Morin ameliorates the testicular apoptosis, oxidative
stress, and impact on blood–testis barrier induced
by photo-extracellularly synthesized silver nanoparticles
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Abstract
Silver nanoparticles (AgNPs) have been widely produced for different industrial purposes. Recently, biogenic synthesis of
AgNPs has emerged although the extent of effects from exposure, oral exposure in particular, to nanomaterials synthesized in
such a manner remains elusive. The main objective of this study was to evaluate the effects of oral administration of a dose of 50
mg/Kg body weight AgNPs biosynthesized in baker’s yeast (Saccharomyces cerevisiae) over a period of eight weeks on the
reproductive performance and the possibility of a protective effect through co-administration of morin. Forty-eight male Sprague-
Dawley rats were used in four experimental groups (control, morin-treated group, AgNP-treated, and AgNP + morin co-treat-
ment). AgNPs produced no significant alteration in daily food intake or body weight. Both the absolute and relative testicular
weights were significantly reduced but not the epididymal weight. Also, serum levels of urea, creatinine, uric acid, and liver
enzymes were significantly elevated. Furthermore, AgNPs significantly downregulated the hypothalamic–pituitary–gonadal
axis. This corresponds to lower motility and viability percent, reduced sperm concentration, and a higher abnormality ratio as
well as a prominent alteration in the blood–testis barrier (BTB) and testicular histology and induction of testicular apoptosis and
oxidative stress. The supplementation of morin evidently restored most of the reproductive characters to its physiological range.
We can conclude that exposure to the biologically synthesized AgNPs for an extended period of time has proven to be a health
risk that can be ameliorated via oral administration of some bioactive agents including morin.
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Introduction

Nanomaterials have many innovative applications in the dif-
ferent areas of daily life, and medicine in particular (Rai et al.
2016). However, the widespread nature of their uses and the
extremely small size of these NPs can have a potential impor-
tant impact on health. Products containing silver and most
recently silver nanoparticles (AgNPs) are commonly used in
commercialized products including cosmetics, deodorants,
and contraceptives due to the antibacterial properties
(Ahamed et al. 2010; Chen and Schluesener 2008; Franci
et al. 2015), thus increasing the risk of exposure. Recently,
the development of innovative synthesis protocols and char-
acterization techniques for nanoparticles including AgNPs
have emerged (Sharma et al. 2009). While chemical and phys-
ical synthesis methods often result in nanoparticles with poor
morphology and more toxic potential to the environment
(Birla et al. 2009; Rai et al. 2008), the biological synthesis
of nanoparticles provide a less toxic environmentally friendly
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synthetic procedures. NPs can gain access to our body systems
via several routes such as oral, inhalation, and cutaneous
routes (Wijnhoven et al. 2009). Oral exposure can occur via
contamination of food, water, or both. Once inside the body,
NPs, AgNPs in particular, can be diffused through systemic
circulation to the different vital organs producing several
health effects that can adversely affect several bodily func-
tions (Ahamed et al. 2010; Hadrup and Lam 2014). AgNPs
by different routes have significant biochemical and patholog-
ical effects in treated animals (Al Gurabi et al. 2015;
Dziendzikowska et al. 2012). In vitro studies have reported a
relation between AgNP toxicity and oxidative stress induction
(Hussain et al. 2005; Schrand et al. 2008), and induction of
lipid peroxidation (Arora et al. 2008). Furthermore, AgNPs
have been reported to negatively affect the major organs of
the reproductive system including the testes and eventually
some reproductive parameters (Greco et al. 2015; Hutz et al.
2014; Thakur et al. 2014). Those studies have proposed sev-
eral mechanisms through which AgNPs can produce a poten-
tial cytotoxic effect, oxidative damage, and, eventually, apo-
ptosis or cell death (de Lima et al. 2012; Zhang et al. 2014b).
However, to date, only few available studies have addressed
the impact of AgNPs, especially the biologically synthesized,
on the different reproductive and fertility parameters and sex
hormones. AgNP treatment has cytotoxic effects on both
Leydig and Sertoli cells in a way hindering spermatogenesis
(Braydich-Stolle et al. 2010; Zhang et al. 2014b; Zhang et al.
2015). The effects of AgNPs on the various parameters of rat
sperm are size and dose dependent (Gromadzka-Ostrowska
et al. 2012; Miresmaeili et al. 2013). The blood-testis barrier
(BTB) is a tight blood-tissue barrier formed mainly of junc-
tional and cytoskeletal structures (Cheng and Mruk 2012;
Franca et al. 2012). The primary functions of the BTB are
mainly to allow a proper microenvironment for germ cell de-
velopment and maturation and to shield haploid germ cells
from harmful cytotoxic molecules (Mital et al. 2011). The
tight junction, an important structural component of the
Sertoli cell junctional complex, comprise a transmembrane
region of molecules that mechanically confer adhesiveness
to cells such as occludin, the claudin multigene family, and
tight junction protein 1 (Tjp1) (González-Mariscal et al. 2000;
Krause et al. 2008; Moroi et al. 1998). Signaling molecules
and several transcription factors have also been identified in
association with tight junctions (Mruk Dolores and Cheng
2010). TGF beta (TGF-β)and testosterone can both modulate
the junction dynamics and subsequently BTB function
(Cheng et al. 2010). The use of different natural antioxidants
to alleviate the impact of oxidative stress and peroxidative
damage in male infertility has been widely reported. These
natural antioxidants can serve as alternatives to synthetic
drugs thus preventing their various drawbacks, treatment fail-
ure, and drug resistance. Bioflavonoids such as morin
(3,5,7,2′,4′-pentahydroxyflavone) are found in a wide array

of herbs and fruits. Previous studies have shown that morin
possesses a potential anti-inflammatory antioxidant, both
in vivo and in vitro (Kapoor and Kakkar 2012; Ma et al.
2016; Ola et al. 2014; Zhang et al. 2011). To the best of our
knowledge, the possibility of protective effects for morin on
reproductive dysfunction and injury via exposure to AgNPs
has not yet been fully explored. Therefore, the aim of the
present study was to assess the potential effects of the
biologically synthesized AgNPs at a dose of 50 mg/kg
body weight for an 8-week period on the reproductive
performance, blood–testis barrier function, modulation of
the testicular expression of the different apoptotic genes,
and the extent of morin-induced protective effect of the
reproductive function of male rats.

Methods

Synthesis and characterization of AgNPs

Silver nitrate (AgNO3) and morin hydrate were purchased
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
AgNPs were p repa red us ing the bake r ’s yeas t
(Saccharomyces cerevisiae) extract under visible light follow-
ing the protocol employed in our previous reports (Attia et al.
2016a, b). Briefly, active baker’s yeast (1 g) was dissolved in
100 mL of distilled water, heated to 90 °C for 2 h, and then
filtered with 50-μm-pore filter paper. The resulting aqueous
extract was maintained at 5 °C. Equal volumes of the yeast
extract and AgNO3 solution (1 mM) were mixed in a
quartz vessel. The vessel reaction was irradiated with a
halogen lamp (HALOPAR 20 75 W 230 V 301 GU10,
Italy) for 30 min. Continuous visual inspection of the test
tubes for a change in the color of the culture medium was
carried out. Formation of a brownish-yellow color indicat-
ed the successful formation of AgNPs.

AgNPs solution (50 mg/mL) was prepared at the National
Institute of Laser Enhanced Sciences, Cairo University.
AgNPs were characterized as previously described (Attia
et al. 2016b). Ultraviolet–visible (UV–Vis) spectra were re-
corded with a PerkinElmer lambda 40 UV–visible spectro-
photometer using 1-cm path length Hellma quartz cuvettes.
X-ray diffraction (XRD) measurement was performed using
a Philips PW1710 X-ray diffractometer using Cu Ka radiation
(k = 1.54186 A°). The XRD patterns were measured from 10
to 80° 2θ with a step size of 0.020° 2θ and collecting 10 s per
step. Transmission electron microscopy (TEM) images were
obtained with a Joel JEM-1230 electron microscope operated
at 120 kVequipped with a Gatan UltraScan 4000SP 4K 9 4K
CCD camera. Few drops from a diluted sample dispersion
were deposited onto an amorphous carbon film on 400 mesh
copper grids and left to evaporate at room temperature.
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Animal use and dosages

All animal handling and experiments were conducted accord-
ing to the procedures reviewed and approved by the Zagazig
University Research Center Institutional Animal Care and Use
Committee (IACUC) under number ZU-IACUC/3/F/89/2019.
AgNPs was daily prepared and orally administered via a gas-
tric tube at a dose of 50 mg/kg/day for 8 weeks. This dose and
this route have been chosen based on pilot testing with differ-
ent doses (1, 10, 50, and 100 mg/kg B.wt for 1 month) follow-
ed by evaluation of the different reproductive parameters.
Furthermore, results from previous studies demonstrated a
reduction in reproductive parameters (Baki et al. 2014;
Miresmaeili et al. 2013) as well as elevation in the oxidative
stress markers (Blanco et al. 2018). Morin hydrate was
suspended in saline and was orally administered via gastric
tube at a dose of 30 mg/kg/day as previously reported (Ola
et al. 2014).

Experimental design

Forty-eight adult male Sprague-Dawley rats at 4–5 months of
age and weighing 200 ± 10 g were obtained from the Animal
Research Unit, Faculty of Veterinary Medicine, Zagazig
University, Egypt. The animals were housed in a 12-h light/
dark cycle, at appropriate humidity (50–60%) and temperature
(21–24 °C) in polycarbonate cages. Access to standard diet
and water throughout the experimental period was allowed ad
libitum. The animals were allowed 2 weeks for acclimation to
the laboratory conditions before starting the experiment. The
animals were divided into four groups (12 rats per group).
Group I (control group) orally received physiological saline
(1 ml/kg b.wt) daily for eight weeks. Group II (morin-treated
group) was gavaged with morin dissolved in normal saline at a
dose of 30 mg/kg b.wt daily for 8 weeks (Ola et al. 2014).
Group III (AgNP-treated group) was orally administered
AgNPs at a dose of 50 mg kg b.wt daily for 8 weeks. Group
IV (AgNP + morin-treated group) was simultaneously treated
with AgNPs (50 mg kg b.wt) and morin (30 mg kg b.wt) via
oral route and for the same duration.

Sample collection

At the end of the experiment, rats from the different ex-
perimental groups were sacrificed by decapitation follow-
ed by exsanguination after routine rat weighting record-
ings. Blood samples were collected from the control and
treated groups in a BD Vacutainer PST II Tube (Chance
et al. 2009), left for coagulation, followed by centrifuga-
tion at 3,000 rpm for 15 min. The serum samples were
preserved at − 20 °C until used for the different biochem-
ical analysis. The pair of testes and epididymis from all
rats of the different experimental groups were rapidly

excised, dissected free of adhering tissue, rinsed in ice-
cold saline, and weighed. The hypothalamus was dissect-
ed from each brain tissue following the Glowinski and
Iversen technique (Glowinski and Iversen 1966).The hy-
pothalamus and 30 mg of testicular tissue were snap fro-
zen in liquid nitrogen and stored in − 80 °C for subse-
quent RT-PCR procedures. Part of one testis from each
experimental animal was homogenized by a WiseTis
HG-15D homogenizer (Daihan Scientific Co., Seoul,
Korea) for the measurement of antioxidant. The other part
was digested in nitric acid and used for quantification of
silver concentration. The other testis specimens from all
groups were preserved in 10% neutral buffered formalin
for histopathological examination.

Food intake and body weight measurement
and absolute and relative organ weight
quantification

Food intake and body weight were monitored weekly
throughout the experimental period. The testes and epididy-
mis were immediately harvested and weighted following de-
capitation (absolute weight). The relative weight of the testes
or epididymis (gonadosomatic or epididymal somatic indices)
were calculated as the percentage of testicular or epididymal
weight in relation to the total body weight.

Biochemical assays

The serum levels of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT), alkaline phosphatase (ALP),
blood urea nitrogen (BUN), uric acid, and creatinine levels
were performed using commercially available kits obtained
from Spectrum kits (Egyptian Company for Biotechnology,
Cairo, Egypt). The oxidative status and antioxidant enzymes
have been measured as reported in our previous studies
(Hussein et al. 2015; Hussein et al. 2016). Briefly, a suitable
aliquot of homogenate was ultra-centrifuged at 10,000×g at 4
°C for 30 min. The resulting supernatant was used for estima-
tion of the malondialdehyde (MDA) the lipid peroxidation
marker, catalase (CAT) (EC 1.11.1.6), superoxide dismutase
(SOD) (EC1.15.1.1), and glutathione peroxidase (GPx) (EC
1.11.1.9). Spectrophotometrical determination of the levels of
MDA (Nair and Turner 1984), CATactivity at a wavelength of
570 nm (Sinha 1972), SOD activity at a wavelength of 480 nm
(Misra and Fridovich 1972), and GPx activity (Paglia and
Valentine 1967) were measured using a Shimadzu-type spec-
trophotometer (UV 120-02). All respective kits for antioxidant
status were performed using Biodiagnostic kits (Biodiagnostic
Company, Dokki, Giza, Egypt) and all the guidelines of the
manufacturer’s instructions were followed.
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Hormonal analysis

The serum levels of follicle-stimulating hormone (FSH), lu-
teinizing hormone (LH), and total and free testosterone
were measured by method using commercially available
rat enzyme-linked immunosorbent assay (ELISA) kits
purchased from MyBioSource (San Diego, CA, USA)
using a plate reader (DNM–9602; Beijing Perlong
Medical Instrument Ltd., China) as we previously re-
ported (Arisha and Moustafa 2019).

Measurement of the testicular level of Ag

The collected testicular tissue from AgNP-treated and untreat-
ed groups respectively were weighed and treated with 5 mL of
analytical grade nitric acid (69%) for 4 h at 50 °C, and at
100 °C for the same period. The digested samples were then
diluted with 2% nitric acid and analyzed using ICP-OES
(5100, Agilent Technologies, Santa Clara, CA, USA) with
synchronous vertical dual view (SVDV) to detect the testicu-
lar content of Ag.

Semen evaluation and sperm parameters

The caudal part of the epididymis from one testis was accu-
rately excised and transferred to a sterilized Petri dish where it
was macerated in 2 mL normal saline; the suspension of epi-
didymal contents was handled exactly as the semen (Hafez
1970). All the solutions and equipment used in the various
steps of handling this suspension were pre-warmed at 37 °C.
For sperm motility assessment, a drop of this suspension was
placed on a clean glass slide, covered by a glass cover slide,
and examined under high power (× 40) of a light microscope
to evaluate the individual motility of the spermatozoa. Several
microscopical fields were examined to evaluate the total per-
centage of motile spermatozoa. One drop of the suspension
was mixed with eosin–nigrosine stain on a glass slide to eval-
uate the ratio of live/dead sperms (viability ratio). For the
sperm cell concentration per milliliter of the semen, semen
was diluted with normal saline at a ratio of 1:4 and few drops
of formalin (40%) were added. An improved Neubauer hemo-
cytometer counting chamber was used to count the spermato-
zoa in the preformed mixture (Robb et al. 1978). The sperm
cell count equals the total number of spermatozoa in four
squares × 2500 × dilution factor. Eosin–nigrosine-stained
smears were examined under oil immersion lens for evaluat-
ing the percentage of sperm abnormalities after randomly ex-
amining at least 100 spermatozoa (Filler 1993).

Relative quantitative RT-PCR analysis

Total RNA was extracted using Trizol (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer’s

standard instructions. The resulting RNA pellet was then re-
suspended in 50 μl of RNase/DNase free water. Both quality
and concentration of the extracted RNA were determined
using the NanoDrop® ND-1000 Spectrophotometer
(NanoDrop Technologies, Wilmington, Delaware USA) by
estimating the ratios of absorbance at 230 nm, 260 nm, and
280 nm. The assessed RNA purity ranged between 1.8 and 2.
The following reverse transcription of complementary DNA
(cDNA) synthesis was performed with 1 μg total RNA using
the HiSenScript™ RH (-) cDNA Synthesis Kit (iNtRON
Biotechnology Co., South Korea) in a Veriti 96-well thermal
cycler (Applied Biosystems, Foster City, CA) for 60 min at 45
°C followed by 10 min at 85 °C. For analysis of gene expres-
sion (Table 1), the real-time RT-PCR was performed in a
Mx3005P Real-Time PCR System (Agilent Stratagene,
USA) using 5x HOT FIRE Pol EvaGreen qPCR Mix Plus
(Solis BioDyne, Tartu, Estonia) following the manufacturer’s
instructions. The PCR cycling conditions included an initial
denaturation at 95 °C for 12 min followed by 40 cycles of
denaturation at 95 °C for 15 s, annealing at 60 °C for 30 s,
and extension at 72 °C for 30 s. The oligonucleotide-specific
primers were synthesized by Sangon Biotech (Beijing, China)
as shown (Table 1). A melting curve analysis was performed
following PCR amplification. All RT-PCR processes and
reporting comply with MIQE guidelines (Bustin et al. 2009).
The expression level of the target genes was normalized to that
of Gapdh, and the relative fold changes in gene expression
were calculated based on the 2−ΔΔCT comparative method
(Livak and Schmittgen 2001; Schmittgen and Livak 2008).

Histopathological examination

The fixed testes specimens were properly processed and em-
bedded in paraffin via standard histological procedure.
Briefly, tissues were washed in 70% alcohol, dehydrated in
an ascending ethanol percentage washes until reaching 100%
ethanol. This was cleared in xylene, infiltrated with soft par-
affin, and subsequently embedded into molten paraffin wax.
The resulting blocks were sectioned at 5-μm thickness. These
sections were dewaxed in xylene and then rehydrated through
a series of descending ethanol percentage washes. The sec-
tions were then stained with hematoxylin and eosin (H&E)
dyes (Bancroft and Gamble 2007) and examined using a light
microscope.

Statistical analysis

All the data were expressed as mean ± standard error of the
mean (SEM). Statistical analysis was performed by using t test
when comparing two experimental groups or one-way analy-
sis of variance (ANOVA) followed by the Bonferroni test for
post hoc comparisons between different experimental groups
by GraphPad prism 7 (GraphPad Software Inc., San Diego,
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189 CA, USA). A probability level of less than 0.05 was
considered to be statistically significant.

Results

Characterization of the biologically synthesized
AgNPs

Allowing the AgNO3 solution added to an aqueous solu-
tion of baker’s yeast extract to react under visible light–
induced extracellular reduction of the Ag ions to Ag
nanoparticles (Fig. 1). The biosynthesized AgNPs were
characterized by optical absorption analysis. The absorp-
tion spectrum of the synthesized AgNPs showed maxi-
mum absorption at 407 nm (Fig. 1a) indicating the forma-
tion of AgNPs. The XRD pattern, characterizing the crystal-
line natures of AgNPs, showed four intense peaks in the spec-
trum ranging from 20 to 80 (Fig. 1b). XRD patterns corre-
sponding to the (111), (200), (220), and (311) planes of the
formed AgNPs were observed at 2θ angles of 38.27°, 44.39°,
64.59°, and 77.67°, respectively (El-shazly et al. 2017;
Mohamed et al. 2018). The morphology of the produced
AgNPs was analyzed using TEM (Fig. 1c). The as-prepared
AgNPs showed spherical shape with an average size of 20.0 ±
1.3 nm (the total count of NPs = 100 particles).

Effect of oral administration of AgNPs and/or morin
on food consumption, body and organ weights,
and testicular concentration of silver

There were no statistically significant changes in weight gain
between the control and any of the treatment groups (P < 0.05)
(Fig. 2a). Also, no significant difference in daily food con-
sumption between the different experimental groups during
the entire experimental period was noted as shown in
(Fig. 2b). Absolute and relative weights of the reproductive
organ (testes and epididymis) of the male rats in the four
groups are summarized in (Table 2). A statistically significant
reduction in both absolute and relative right, left, or net testic-
ular weights of the AgNP-treated groups was noted (P < 0.05)
that was reversed by oral morin coadministration in group 4.
No significant alterations in the weights of the right, left, or
total epididymis were observed. Furthermore, the testicular
level of Ag showed a significantly higher amount of silver
deposited in the AgNP-treated groups in comparison with
the untreated control (P < 0.05) (Fig. 2c). Interestingly, morin
cotreatment significantly decreased the amount of detected
silver in the testicular tissue. These data suggest that ingested
AgNPs are capable of reaching and accumulating in testicular
tissues following oral exposure. Furthermore, the implications
of the blood–testis barrier (BTB) permeability and the expres-
sion of tight junction proteins (occludin, claudin-11, and tightTa
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junction protein 1 (Tjp1)) in reducing the testicular levels of
silver with the coadministration of morin was suggested. A
reduced mRNA expression of occludin, claudin 11, and Tjp1
was detected in the testis of rats orally exposed to the AgNPs
(Fig. 2e–g). Significant upregulation of both occludin and
claudin-11 was noticed. Also, the expression of the
transforming growth factor (TGF)-β, secreted by testicular
cells and can alter the tightness of the tight junctions, was
reduced in AgNP-treated animals and elevated in the admin-
istered rats (Fig. 2d). Animals from group 3 displayed a

significant elevation in serum levels of ALT, AST, ALP,
BUN, uric acid, and creatinine levels compared to those in
control animals. These parameters were significantly reduced
in animals from the cotreated group (Fig. 3)

Effect of oral administration of AgNPs and/or morin
on semen parameters

Oral exposure of rats to AgNPs showed a significant re-
duction in sperm motility, epididymal sperm count,

Fig. 2 a–g Effect of oral administration of AgNPs and/or morin on body
weight, daily feed intake, testicular concentration, and blood–testis barrier
in adult male rats. aBodyweight change. bAverage daily food intake (g).
c Testicular concentration of silver. d Testicular mRNA expression of
TGFβ1. e Testicular mRNA expression of Tjp-1. f Testicular mRNA

expression of claudin-11. g Testicular mRNA expression of occludin.
Values are mean ± SEM of 8–10 animals per experimental group.
Means bearing different superscripts were significantly different at P <
0.05

Fig. 1 a–c Characterization of AgNPs synthesized in baker’s yeast. a
Absorption spectrum of the supernatant solution after completion of the
reaction that indicates the formation of AgNPs. b X-ray diffraction

(XRD) pattern of the formed AgNPs. c Morphology of the formed
AgNPs is pictured by transmission electron microscopy (TEM)
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live/dead ratio, and elevation in sperm abnormalities when
compared with that of the control group (P < 0.05)
(Table 3). The cotreatment of morin and AgNPs resulted
in a significant elevation in the sperm motility, epididymal
sperm count, live/dead ratio, and reduction in the percent-
age of morphologically abnormal spermatozoa compared
to the AgNP-treated group. This improvement in testicular
function, although significant, did not reverse the changes
in either sperm count or live sperm ratio to the control
values (P < 0.05). The different observed shapes of sperm
morphology are shown in (Fig. 4) which included de-
tached head, broken head, short tail, bent tail, curved tail,
detached tail, looped tail, and protoplasmic droplet.

Effect of orally administered AgNPs and/or morin
on the hypothalamic–pituitary–gonadal axis

AgNP treatment significantly reduced the mRNA ex-
pression of hypothalamic GnRH1, testicular AR, and
serum levels of FSH, LH and testosterone (total and
free) concentrations (Fig. 5) and increased the mRNA
expression of hypothalamic AR suggesting downregula-
tion of the hypothalamic–pituitary–gonadal axis. Morin
cotreatment significantly alleviated the decrease in
mRNA expression of hypothalamic GnRH1, testicular
AR, serum LH, and free testosterone but not serum
FSH or total testosterone although an upward tendency
was noted (Fig. 5). There were no significant alterations
in the hypothalamic expression of GnIH between the
different groups.

Expression of apoptosis-related genes in testicular
tissue

The possibility of AgNP-induced spermatogenic cell death was
explored by measuring the expression levels of PCNA—a
marker for proliferation, caspase-3, Bcl-2, Bax, Fas, and
FasL. There was a significant reduction in the mRNA expres-
sion of both proliferating cell nuclear antigen (PCNA) and Bcl-
2 levels in the AgNP-treated rats. Also, a significant downreg-
ulation in the mRNA expression of Fas, FasL, caspase-3, and
Bax was evident. these actions were significantly reversed in
the AgNPs morin cotreated rats (Fig. 6).

Effect of oral administration of AgNPs on lipid
peroxidation, oxidative stress marker and antioxidant
status in testes

The level of MDA was significantly elevated following
AgNPs oral administration (Table 4). Also, a significant de-
cline was observed in rats administered with morin and AgNPs
simultaneously when compared to group 3 (Table 4). On the
other hand, the activity of GPx, SOD, and CAT was signifi-
cantly lower in AgNP-treated group when compared with the
control group (Table 4). These impairments were significantly
ameliorated by morin co-administration in group 4.

Effect of oral administration of AgNPs on testicular
histopathology

Histopathological examination was performed in all of the
experimental groups and the results are shown in (Fig. 7).

Table 2 Effect of oral administration of AgNPs and/or morin on the
absolute and relative weights of the testes and epididymis in adult male
rat. Values are mean ± SEM of 8–10 animals per experimental group.

abMeans within the same row carrying different superscripts were
significantly different at (P < 0.05)

Control Morin treated AgNPs AgNP + morin

Absolute weight (g)

Testes Right 1.49 ± 0.1a 1.48 ± 0.12a 1.12 ± 0.04b 1.42 ± 0.09ab

Left 1.34 ± 0.04a 1.38 ± 0.07a 1.09 ± 0.05b 1.44 ± 0.08a

Net weight 2.83 ± 0.13a 2.86 ± 0.19a 2.19 ± 0.08b 2.86 ± 0.16a

Epididymis Right 0.20 ± 0.01 0.22 ± 0.02 0.19 ± 0.02 0.21 ± 0.02

Left 0.19 ± 0.01 0.22 ± 0.01 0.18 ± 0.02 0.21 ± 0.01

Net weight 0.39 ± 0.02 0.43 ± 0.03 0.36 ± 0.03 0.41 ± 0.02

Relative weight (% of body weight)

Gonadosomatic index (GSI) Right 0.71 ± 0.04a 0.72 ± 0.05a 0.49 ± 0.01b 0.63 ± 0.03ab

Left 0.64 ± 0.01a 0.67 ± 0.03a 0.46 ± 0.01b 0.64 ± 0.02a

Net weight 1.35 ± 0.05a 1.39 ± 0.07a 0.95 ± 0.02b 1.27 ± 0.05a

Epididymal somatic index (ESI) Right 0.10 ± 0.01 0.11 ± 0.01 0.08 ± 0.01 0.10 ± 0.01

Left 0.10 ± 0.004 0.10 ± 0.004 0.08 ± 0.01 0.09 ± 0.004

Net weight 0.19 ± 0.01 0.21 ± 0.01 0.16 ± 0.01 0.19 ± 0.01
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Sections from control rats and rats from the morin-treated
groups revealed a normal histological structure of the seminif-
erous tubules in testis tissue by light photomicrography. A
prominent atrophy of seminiferous tubules, thinning of the
tubule wall, and disorganization and vacuolization of germinal
epithelium, and loss of spermatogenic cells in testis tissue of
the rats received AgNPs. Relative normalization of the testic-
ular tissue with preservation of the normal histological struc-
ture of most of the seminiferous tubules, mild edema in
intertubular space and moderately number of spermatozoa
were seen within the tubular lumen in rats that received both
morin and AgNPs.

Discussion

Exposure to nanoparticle causes various health effects that
have been the main focus of several nanotoxicology studies
(Aillon et al. 2009; Fischer and Chan 2007). Recently, green
chemistry is developed to produce less toxic environmentally
friendly nanomaterials. Nanomaterials including silver and
gold were shown to impair key reproductive and sperm

functions (Taylor et al. 2014; Tiedemann et al. 2014). Morin
is one of the naturally occurring bioflavonoids that has been
recognized for its dietary health benefits and pharmacological
properties such as antioxidant (Merwid-Lad et al. 2012;
Prahalathan et al. 2012), anti-inflammatory (Fang et al.
2003), chemoprotective (Kawabata et al. 1999), and antican-
cer (Kuo et al. 2007) activities. This study focuses on the
potential impact of orally administered AgNPs on several
pathways and mechanisms regulating the reproductive perfor-
mance including the HPG axis, spermatogenesis, and blood–
testis barrier as well as testicular apoptosis and antioxidant
defense mechanisms. Furthermore, the results of the current
study demonstrate the potential ameliorating effect of morin
against AgNP-induced reproductive toxicity in male rats.

Results of the current study showed that repeated oral ad-
ministrations of AgNPs for 8 weeks did not affect bodyweight
and food consumption (Espinosa-Cristobal et al. 2013), al-
though absolute and relative reductions in testicular weight
in male rats (Yang et al. 2017) could be attributed to testoster-
one withdrawal. Indeed, the effects of AgNP administration
on body weight and food consumption was expected.
Previous studies demonstrated that body weight and weight

Fig. 3 a–f Effect of oral
administration of AgNPs and/or
morin on serum urea, creatinine,
uric acid and liver function tests in
adult male rats. a BUN (mg/dl). b
Creatinine (mg/dl). c Uric acid
(mg/dl). d ALT (U/L). e AST
(U/L). f ALP (U/L). Values are
mean ± SEM of 8–10 animals per
experimental group. Means
bearing different superscripts
were significantly different at P <
0.05

Table 3 Effect of oral administration of AgNPs and/or morin on the different sperm parameters in male rats. Values are mean ± SEM of 8–10 animals
per experimental group. abcMeans within the same row carrying different superscripts were significantly different at (P < 0.05)

Control Morin treated AgNPs AgNP + morin

Sperm motility (%) 88.3 ± 4.41a 89.7 ± 2.9a 56.7 ± 6.01b 80.3 ± 3.18a

Sperm count (sperm cell concentration/ml × 125 × 104) 92.3 ± 5.55a 93.7 ± 7.62a 47.7 ± 6.33c 70.9 ± 3.35b

Sperm abnormalities (%) 12.3 ± 1.76b 11.3 ± 1.2b 28.3 ± 3.18a 14.7 ± 1.2b

Live sperm ratio (%) 93.3 ± 1.67a 89.7 ± 1.76a 37.7 ± 4.26c 70.3 ± 5.17b
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gain of rats in 28-day studies were not affected by oral doses
of AgNPs up to 1 g/kg (Kim et al. 2008). Other studies with
various doses also observed no significant alterations in the
sense of food intake or weight gain in rats (Adeyemi and
Adewumi 2014) or mice (Yang et al. 2017). Meanwhile, a
reduction in weight gain has been reported by (Zhang et al.

2013) with different doses of AgNPs. The oral route of expo-
sure should cause less toxicity as compared to other routes of
administration due to reduced bioavailability. Nevertheless,
some oral exposure studies reported high distribution to the
testes following 28 days of exposure (Kim et al. 2008; Park
et al. 2010; Tiwari et al. 2011). Interestingly, morin

Fig. 5 a–g Effect of orally administered AgNPs and/or morin on the
hypothalamic–pituitary–gonadal axis in adult male rats. a Hypothalamic
mRNA expression of GnRH1. b Hypothalamic mRNA expression of
GnIH. c Hypothalamic and testicular mRNA expression of Androgen

receptor. d Serum FSH (ng/mL). e Serum LH (mIU/mL). f Serum Total
Testosterone (ng/mL). g Serum-free testosterone (ng/mL). Values are
mean ± SEM of 8–10 animals per experimental group. Means bearing
different superscripts were significantly different at P < 0.05

Fig. 4 a–j Effect of oral
administration of AgNPs and/or
morin on sperm morphology. a
normal spermatozoon. b Short
tail. c Detached head with
protoplasmic droplet. d Looped
tail. e detached tail. f
Protoplasmic droplet. g Bent tail.
h Broken head. i Curved tail. j
Detached head. Images of the
eosin–nigrosine-stained smears
were captured at × 100
magnification
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cotreatment reduced the level of testicular nanosilver deposi-
tion that might be a result of the upregulation in some tight
junction molecules of the BTB or increased hepatic or renal
excretion. Semen analysis studies are valuable for the assess-
ment of the male reproductive performance following admin-
istration of any therapeutic agents (Coetzee et al. 1999; Graves
et al. 2005) or to assess the effect of treatment of any under-
lying condition or even the protective effects of certain med-
ication. AgNP treatment decreases the live sperm ratio
(Gromadzka-Ostrowska et al. 2012) and the number of prima-
ry spermatocyte and spermatid cells (Miresmaeili et al.
2013)as well as spermatogonial stem cell proliferation
(Braydich-Stolle et al. 2010).The hypothalamic–pituitary–go-
nadal (HPG) axis represents an important hormone system
that contributes to the reproductive efficiency both in male
and female. The hypothalamus secrets GnRH to the pituitary
gland that induces the synthesis and secretion of gonadotro-
pins (LH and FSH). FSH and LH are transported in the sys-
temic circulation to the gonads (testes in male). In males, LH
stimulates Leydig cells to secrete testosterone. Both FSH and
testosterone regulate the function of Sertoli cells that is

responsible for supporting and nourishing the sperm cells dur-
ing their maturation (Egwurugwu et al. 2013, Faccio et al.
2013). Any interference with the normal functioning of
the HPG axis can lead to reduced fertility, and if this
interference persists, infertility could be developed.
Here, we described the effects of AgNPs on the different
levels of the HPG axis including aspects of serum sex
hormone levels in male rats. Our results suggest that the
decreased level of testosterone, mainly due to testicular
damage, has affected testicular spermatogenesis.
Testicular damage was exacerbated by reduced FSH and
TGF-β leading to downregulation in the BTB function.
Other in vivo studies have demonstrated how NPs can
penetrate the BTB (Lan and Yang 2012) and the accumu-
lation of nanosized metals including AgNPs in the testis
(van der Zande et al. 2012; Yoshida et al. 2009) eventu-
ally could impair the endocrine and reproductive func-
tions. The beneficial effect of morin on spermatogenesis
is also evident by the significantly improving some of the
HPG axis parameters as well as its novel protective action
on BTB molecules when co-administered with AgNPs.

Fig. 6 a–f Effect of oral
administration of AgNPs and/or
morin on testicular apoptosis in
adult male rats. a Testicular
mRNA expression of Fas. b
Testicular mRNA expression of
FasL. c Testicular mRNA
expression of Caspase 3. d
Testicular mRNA expression of
PCNA. e Testicular mRNA
expression of Bax. f Testicular
mRNA expression of Bcl2.
Values are mean ± SEM of 8–10
animals per experimental group.
Means bearing different
superscripts are significantly
different at P < 0.05

Table 4 Testicular levels of SOD, CAT, GPx, andMDA in adult male rats. Values are mean ± SEM of 8–10 animals per experimental group. abcMeans
within the same row carrying different superscripts were significantly different at (P < 0.05)

Control Morin treated AgNPs AgNP + morin

SOD (U/g tissue) 37.5 ± 2.8a 38.3 ± 2.2a 16.9 ± 2.2b 32.7 ± 0.6a

CAT (μmol H2O2 decomposed/g tissue) 38.8 ± 2.7a 37.1 ± 1.6a 20.2 ± 1.2b 32 ± 1.2a

GPx (μmol NADPH/g tissue) 15.7 ± 1a 16.3 ± 0.3a 9.7 ± 1.8b 14.1 ± 0.9ab

MDA (nmol/g tissue) 21.1 ± 1.3c 20.3 ± 1.5c 37.7 ± 1.2a 26.9 ± 1.7b
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PCNA expression, a useful cellular proliferation marker
(Angelopoulou et al. 2008; Zhao et al. 2018), is decreased in
the AgNP-treated rats and was increased in the AgNP and
morin co-administered ones. The proapoptotic Bax and
antiapoptotic Bcl-2 are two critical molecules involved in cell
death, and the ratio of Bax/Bcl-2 is the denominator that de-
cides whether cells will undergo apoptosis. Rats from the NP-
treated group had increased Bax and decreased Bcl-2 expres-
sion in their testicular tissues (therefore, increased ratio of
Bax/Bcl-2). The other apoptotic pathway elements including
caspase 3 as well as the mitochondria-dependent intrinsic ap-
optotic pathway were also decreased. Cotreatment with morin
significantly changed the equilibrium of the proapoptotic (rep-
resented by Bax) and antiapoptotic (represented by Bcl-2)
molecules and effectively inhibited apoptosis of the testicular
cells. Under normal conditions reactive oxygen species (ROS)
and free radicals are effectively eliminated by several systems
including antioxidant enzymes (Hu et al. 2005). These en-
zymes including GPx, SOD, and CAT represent a biochemical
defense system (Yao et al. 2007) against ROS. When the bal-
ance between the generation and elimination of ROS is bro-
ken, several cellular components can be damaged (Adi et al.
2016). Spermatozoa are extremely sensitive to the various
reactive oxygen metabolites (Begum et al. 2018). The level
of ROS has the ability to attack sperms and induce MDA
production which in turn initiates the lipid peroxidation cas-
cade and results in loss of unsaturated fatty acids from the

plasma membrane and subsequent reduction in the fertilizing
capacity of these sperm cells (Ryu et al. 2017). The results of
this study demonstrated that AgNP oral administration has
reduced the activity of antioxidant enzymes while promoting
MDA level resulting in oxidative stress that could explain the
decline in fertility of spermatozoa. On the other hand, morin is
known to possess a potent antioxidant power via inhibiting the
generation of ROS (Kapoor and Kakkar 2012). Morin signif-
icantly attenuated oxidative stress and improved the SOD,
CAT, and GPx activities while lowering that of MDA concen-
tration when administered alongside the AgNPs. Our afore-
mentioned results were corroborated with the histopathologi-
cal studies of the testes. In a histopathological examination of
the testes, AgNP-treated rats showed testicular damage and
absence of spermatogenesis. Our results were concordant with
other reports (Thakur et al. 2014). These testicular lesions
were restored towards the normal histological architecture
by co-administration of morin.

Conclusions and future prospective

In conclusion, morin has exhibited a certain protective effect
on the different reproductive parameters of male rats orally
exposed to AgNPs. A potential involvement of mechanisms
including the induction of testicular apoptosis, oxidative
stress, and higher levels of lipid peroxidation in AgNP-

Fig. 7 a–d Photomicrograph of testicular cross section stained with
hematoxylin and eosin of adult male rat. a normal histological
appearance of seminiferous tubules of rat testis tissue of the control
group with spermatozoa (indicated by an asterisk) seen within the
tubular lumen. b normal histological appearance of seminiferous
tubules of rat testes tissue of the morin-treated group with spermatozoa
(indicated by an asterisk) seen within the tubular lumen. c Testes of the

orally administered AgNP group showing atrophy in the seminiferous
tubule, disorganization and vacuolization (indicated by arrows) of
germinal epithelium, and loss of spermatogenic cells. d Testes of AgNP
+ morin-treated group showing mild edema in intertubular space and
moderately number of spermatozoa (indicated by an asterisk) seen
within the tubular lumen and mild vacuolization (indicated by arrows)
of germinal epithelium
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induced toxicity and ameliorative effect of morin was ob-
served in the present study. Overall, based on our results, it
is postulated that AgNPs, although biogenically synthesized,
negatively modulate the testicular function of male rats.
Further investigations are needed to discern the toxicologic
potential of the biologically produced AgNPs from other
forms of physical and chemical synthesis. Also, a detailed
investigation to describe the underlying molecular mechanism
by which morin improves the reproductive function that was
deteriorated by exposure to biologically synthesized AgNPs
in male rats is needed.
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