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ABSTRACT
Background: Titanium dioxide nanoparticles (TiO2-NPs) are widely used in several fields and safety concerns about their 
potential reproductive hazards have been raised. Resveratrol (RES) was reported to protect against TiO2-NPs-induced toxicity 
through its antioxidant and anti-inflammatory properties. However, owing to its low bioavailability, resveratrol-loaded 
nanoparticles (RES-loaded niosomes) have been developed and were found to have higher antioxidant and anti-inflammatory 
properties.
Aim: To investigate the possible protective effect of RES versus RES-loaded niosomes against TiO2- NPs-induced toxicity 
on adult rat seminiferous tubules rats.
Materials and Methods: 60 adult male albino rats were divided into 6 equal groups that daily received distilled water, 
RES, RES-loaded niosomes, TiO2-NPs, TiO2-NPs in addition to RES, and TiO2-NPs in addition to RES-loaded niosomes, 
respectively for 90 days. At the end of the experiment, rats were sacrificed; blood to measure testosterone, MDA and LDH 
and semen samples to evaluate sperm count were collected. Both testes were processed for light and electron microscopic 
examination.
Results: Administration of TiO2-NPs led to significantly lower testosterone level, sperm count and Johnsen score, significantly 
elevated MDA and LDH levels and degenerative changes in the seminiferous epithelium. Administration of RES with TiO2-
NPs led to significant decrease in MDA and LDH levels than the group receiving only TiO2-NPs, but the levels were still 
significantly higher than the first three groups. Administration of RES-loaded niosomes with TiO2-NPs led to significant 
increase in serum testosterone, sperm count and Johnsen score and significant reduction in MDA and LDH levels together 
with apparent structural improvement of the seminiferous tubules on light and electron microscopic examination compared 
to the groups receiving TiO2-NPs and RES with TiO2-NPs.
Conclusion: RES-loaded niosomes possibly exerts a protective effect against TiO2-NPs-induced testicular damage and hence 
might play a role against nanoparticle-induced reproductive toxicity.
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INTRODUCTION                                                                     

Nanomaterials, unlike bulk material of the same 
composition, are unique in their physicochemical properties; 
they are of an ultra small size, have a large surface area to 
mass ratio and are highly reactive. These unique properties 
make them suitable candidates for use in several fields[1]. 
Owing to their photocatalytic, optical and dielectric 
properties[2], titanium dioxide nanoparticles  (TiO2-NPs) are 
nowadays the most widely used in a wide array of medical 
and non-medical applications[3-5].

TiO2 occurs in three forms: anatase, rutile and brookite. 
Rutile is the most stable in the bulk form, whereas in the 
nanoparticle form the anatase is the most stable of the three 
forms[2]. Due to the TiO2-NPs small size, they can enter the 
body through several routes and hence may have a negative 
impact on various organs and accordingly on human health[6].

Concerns about genotoxic and cytotoxic potential of 
TiO2-NPs exist. They have been found to cause DNA strand 
breaks and chromosomal damage. The DNA damaging 
effect of NPs could be attributed to excessive production of 
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reactive oxygen species, defective antioxidant mechanisms 
and impaired synthesis of DNA repair proteins[7].

Both male and female reproductive systems can be 
affected by TiO2-NPs. Histopathological changes in both 
testes and ovaries induced by exposure to TiO2-NPs were 
previously reported[8,9]. Compared to other organs, the 
testis was found to be highly sensitive to the toxic effects 
of TiO2-NPs[10,11]. Furthermore, TiO2-NPs can be transferred 
during pregnancy to the male offspring and aggregate in 
the spermatids, Sertoli cells and Leydig cells, leading to 
dose-dependent changes in testicular histology ultimately 
producing detrimental effects on spermatogenesis[12].

Resveratrol (3,5,4′-trihydroxystilbene) is a natural 
phytoalexin found in different dietary sources such as 
peanuts, grapes, plums and berries. Its trans form is well 
known to have anti-inflammatory, antioxidant, anti-tumor, 
anti-aging as well as bone protective effects[13,14]. In fact, it 
was found to be a more potent antioxidant than vitamins C 
and E[15]. The beneficial effect of resveratrol (RES) includes 
several body organs and systems[16]. It was reported to reduce 
oxidative stress and inflammation following exposure to 
TiO2-NPs[17,18]. Hence, RES might exhibit a protective effect 
against TiO2-NPs- induced toxicity. 

Despite the wide range of therapeutic effects of RES, 
its biopharmaceutical properties limit its bioavailability 
and accordingly its use[14,19]. To surpass these obstacles, 
nanotechnology based drug delivery systems are being 
developed to enhance bioavailability to improve its health 
benefits[20]. RES-loaded nanocarriers were shown to have 
higher concentrations with higher safety, higher antioxidant 
and anti-inflammatory properties compared to free RES[21,22]. 
Niosomes are non ionic surfactant vesicles that have been 
extensively studied as nanoscale drug delivery systems, 
which have the ability of loading lipophylic and hydrophilic 
drugs. They have the advantage of being capable of 
overcoming problems related to drug stability, solubility and 
bioavailability[23,24].

The present work aimed to investigate the possible 
protective effect of RES versus RES-loaded niosomes 
against TiO2-NPs-induced toxicity on the seminiferous 
tubules of the adult albino rats.

MATERIALS AND METHODS                                                    

Chemicals
Anatase TiO2-NPs (purity>99.5%), Trans-resvertrol 

(purity>98%), sorbitan monooleate (Span 60) and cholesterol 
95% were purchased from Sigma Aldrich (St. Louis, MO, 
USA).
Preparation of TiO2-NPs

TiO2-NPs (50μg/mL) were dispersed in distilled water. 
The suspending solution was ultrasonicated (VWR®, 
Malaysia) at 4.2x105kJ/m3 for 15-20 minutes and 
mechanically vibrated for five minutes[25]. TiO2-NPs were 
given by intra-gastric administration in a daily dose of 10 
mg/kg, which is equivalent to an exposure dose of 0.15-0.7 g 
TiO2-NPs in a 60-70 kg body weight human[9].

Preparation of  RES
The RES suspension for oral dosing was prepared 

by suspending 10mg/kg RES in one mL distilled water. 
The suspension was shaken vigorously before oral 
administration[26]. 

Preparation of RES-loaded niosomes
RES-loaded niosomes were prepared by adding Span 60 

and cholesterol in the molar ratios of 7:6 to 50 mg of RES; 
they were then dissolved in a 10 mL mixture of chloroform 
and ethanol in a round bottom flask of a rotator evaporator. 
Extraction of the organic phase was done by evaporation at 
55oC under pressure of 200 mmHg until a thin film on the 
inner wall of the flask was obtained. This was followed by 
hydration of the dry lipid film with phosphate buffer saline 
(PBS) (pH 7.4) and shaking at 55oC at low speed. The 
mixture was hand shaken for 15 minutes at room temperature 
to obtain a lipid suspension. A bath-type sonicator operating 
at 55 KHz for 5-10 minutes was utilized to down size the 
particles[27].

Determination of unloaded RES in the supernatant was 
done using UV-Vis spectrophotometer at λmax 305 nm 
(PG Instruments Ltd., United Kingdom). The encapsulation 
efficiency of RES-loaded niosomes was calculated according 
to the following equation: EE= [(Dt-Du)/Dt] x 100 (Dt is the 
total amount of drug and Du is the amount of free drug)[28]. 

Solubility studies
To measure the saturated solubility, 10 mg of RES were 

added to 10 mL of distilled water, the mixture was shaken 
for 48 hours at 37oC and the solution was then centrifuged 
at high speed for 10 minutes. The Supernatant was collected 
and analyzed using a UV-Vis spectrophotometer at 305 nm. 
The same procedure was used to measure the solubility of 
RES in RES-loaded niosomes[29].

Characterization of TiO2-NPs and RES-loaded 
niosomes

1- Transmission electron microscopy (TEM)
TEM (Jeol 1400 plus, Tokyo, Japan) was used for 

determining the size of NPs. A small drop of each of TiO2-
NPs and RES-loaded niosomes was placed onto TEM grids, 
coated with carbon film and allowed to evaporate. Digital 
pictures of several locations on the grid were taken[25,30].

2-Zeta potential measurement
Samples of TiO2-NPs and RES-loaded niosomes were 

diluted in distilled water. The zeta potential was measured 
using a Nano Zetasizer particle analyzer (nanoseries, Malvern, 
UK) using the soft ware provided by the manufacturer[21].

Animal treatment
The study was carried on 60 adult male albino rats 

weighing 200g-210g. The animals were housed under 
standard conditions, with free access to water and standard 
food pellets and in a controlled 12/12hr light/dark cycle. 
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Room temperature was kept at 22±2º C. All procedures were 
approved by the local medical ethics committee and conform 
with the criteria of animal care in the “Guide for the Care 
and Use of Laboratory Animals”. The rats were allowed to 
acclimatize for one week prior to the experiment. Rats were 
divided into 6 equal age- and weight-matched groups each 
containing ten rats as follows:

Group I (control group): received 1mg/kg distilled 
water.

Group II: received RES in a dose of 10mg/kg. The oral 
dose of RES was determined based on the minimal effective 
dose in similar studies in animals and on the recommended 
dose for RES supplementation in humans[31].

Group III: received RES-loaded niosomes in a dose of 
10mg/kg.

Group IV: received 10mg/kg TiO2-NPs.

Group V: received TiO2-NPs in a dose similar to that of 
group IV and RES in a dose similar to group II.

Group VI: received TiO2-NPs in a dose similar to that 
of group IV and RES-loaded niosomes similar to group III.

All treatments were given orally daily for 90 days[32].

Twenty-four hours after the last treatment, rats were 
sacrificed under deep anesthesia with ether, blood samples 
were collected from the retro-orbital venous plexus of all 
rats for hormonal and biochemical studies. Blood samples 
were allowed to clot, they were then centrifuged at 1000g for 
15 minutes, serum was separated and stored at -20oC. The 
epididymides were removed and processed for evaluating 
sperm count and the right and left testes were excised and 
processed for light and electron microscopic examination 
respectively.

Hormonal Assay
On the time of the assay, sera and reagents were brought 

down to room temperature, and serum testosterone was 
measured using enzyme-linked immunosorbent assay 
(ELISA) kit (Abbott, Vienna, Austria.) following the 
specified manufacturer’s instructions. Measured testosterone 
was expressed in ng/mL.

Biochemical study

Serum malondialdehyde (MDA)
As a marker of oxidative stress, serum MDA was 

measured using the MDA colorimetric assay by a Humalyzer 
junior photometer (Human diagnostics, Wiesbaden, 
Germany). MDA in the samples reacts with thiobarbituric 
acid (TBA) to generate MDA-TBA adduct that can easily be 
quantified colorimetrically; the absorbance was determined 
at 532 nm[33].

Serum lactate dehydrogenase (LDH)
LDH is an oxidoreductase, and its activity increases 

in association with oxidative stress[34]. Total LDH activity 
was measured using LDH (EC 1.1.1.27) colorimetric 

assay (abcam, MA, USA) according to the manufacturer’s 
instructions. Absorbance was measured at 450 nm.
Light microscopic study

The right testes were fixed in Bouin’s solution for 24 
hours followed by fixation in 10% formol saline. After 
processing, 5-μm thick paraffin sections were prepared and 
stained with hematoxylin and eosin stains. The seminiferous 
tubules were evaluated using the Johnsen score for rats, in 
which all tubules in one section were examined and given 
a score from one to 10 according to the degree of germ cell 
maturity. The mean score was then calculated by dividing 
the sum of scores by the number of the tubules examined[35]. 

Electron microscopic study
The left testis of each rat was cut into small pieces (about 

1x1 mm3), fixed in 3% phosphate-buffered gluteraldehyde 
at pH 7.4. They were then postfixed in 1% osmium tetra 
oxide in phosphate buffer. Ultra thin sections were prepared 
and stained with uranyl acetate and lead citrate[36]. Sections 
were examined with TEM (Jeol 1400 plus, Tokyo, Japan).

Epididymal sperm count
The left cauda epididymis of each rat was minced 

thoroughly in 1 mL phosphate buffered saline (PBS, pH 7.2). 
The resultant suspension was filtered through a mesh and 
then 0.05 mL from the filtrate was diluted with PBS 1:40 and 
introduced to the Neubauer counting chamber. To determine 
the total sperm count per epididymis, the number of sperms 
in eight squares (1mm2 each) was counted and multiplied 
by 5x104[37].

Statistical analysis
Data (including serum testosterone, serum MDH and 

LDH, sperm count, percentage of motile sperms, testicular 
weight and Johnsen score) were expressed as the mean±SD, 
and analyzed using statistical package for the social sciences 
(SPSS, version 20; IBM SPSS, Armonk, NY, USA). 
Statistical analysis was carried out using one-way analysis 
of variance (ANOVA) and the post-hoc test (Tukey) for 
pair wise comparison. The level of significance was set at                          
P value ≤ 0.05. 

RESULTS                                                                                   

The study was conducted on age- and weight-matched 
adult male albino rats divided in six equal groups. On 
comparing testicular weight of the rats in the studied groups, 
no significant difference was detected (p=0.939) (Table 1).

NPs characteristics
TiO2-NPs and RES-loaded niosomes by TEM had 

a size range of 36- 41 nm and 74- 96 nm respectively                                  
(Figures 1a, b). The zeta potential of TiO2-NPs was -37.3 
mV and-33.9 mV for RES-loaded niosomes, thus they were 
considered stable. The saturation solubility of RES-loaded 
niosomes was eight folds that of RES (Figure 1c). 

No significant difference was detected between the 
control group and the group receiving RES regarding all 
studied parameters (Table 1).
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Hormonal assay
Significantly lower serum testosterone levels were 

detected in the group receiving TiO2 (group IV) compared 
to all other groups, and in the group receiving TiO2 and RES 
(group V) compared to groups I, II, III and VI. Significantly 
higher serum testosterone levels were detected in group III 
compared to groups IV and V. In group VI, serum testosterone 
was significantly higher than in groups IV and V (p<0.001) 
(Table 1).

Biochemical study

MDA
Significantly higher serum MDA levels were detected 

in group IV compared to other studied groups. In group 
VI, MDA levels were significantly lower than in groups IV 
and V. Levels in group V were significantly higher than in 
groups I, II, III and VI and significantly lower than in group 
IV(p<0.001) (Table 1).

LDH 
Serum LDH levels were significantly higher in group 

IV compared to all studied groups and in group V compared 
to groups I, II, III and VI. Group VI, showed significantly 
lower LDH levels compared to groups IV and V (p<0.001) 
(Table 1).

Epididymal sperm count
Epididymal sperm count was significantly higher in 

group VI compared to groups I, II, IV and V. It was also 
significantly higher in group III compared to groups I, II, IV 
and V. The count in groups IV and V were significantly lower 
than count in the remaining groups (p<0.001) (Table1).

Johnsen score
Johnsen scoring was significantly lower in the groups 

receiving TiO2 NPs and TiO2 NPs and RES (groups IV and V 
respectively) compared to groups I, II, III and VI (p<0.001). 
No significant difference was detected among groups I,II, III 
and VI regarding Johnsen scores. (Table1).

Histopathologic Changes

Group I (control group)
The control rat testis showed multiple closely packed 

seminiferous tubules with narrow interstitial spaces in 
between. These tubules were lined by Sertoli cells and 
spermatogenic cells. Sertoli cells exhibited large & pale nuclei. 
Spermatogonia were characterized by their basal location 
and depicted oval to rounded nuclei. Primary spermatocytes 
were identified by their large and rounded nuclei that showed 
various patterns of chromatin condensation. At the adluminal 
compartment of the tubules, early and late spermatids lied. 
The early spermatids revealed pale nuclei. A flat peritubular 
myoid cells were seen, surrounding the basal lamina.                     
(Figure 2a).

Group II (RES) and Group III (RES-loaded niosomes)
The rat testis of these two groups showed closely 

packed seminiferous tubules lined by normal Sertoli cells 
and spermatogenic cells that simulated the control group 
(Figures 2b,c) respectively.

Group IV (TiO2-NPs)
The rat seminiferous tubules that received TiO2 NPs 

revealed numerous changes in the form of vacuolation of 
the seminiferous epithelium, irregularity of its basal lamina, 
focal loss of spermatogenic cells, degenerating germ cells 
with small dark nuclei and hypereosinophilic cytoplasm as 
well as multinucleated giant cells inside the tubular lumen 
containing nuclei of spermatids.(Figures 3a-d). 

Group V (TiO2-NPs and RES)
The seminiferous tubules of this group showed some 

degenerative changes manifested by vacuolation and 
degenerating germ cells (Figures 4a,b).

Group VI (TiO2-NPs and RES-loaded niosomes)
The seminiferous tubules of this group showed 

apparently normal Sertoli cell as well as spermatogenic cells                      
(Figure 4C).

Ultrastructural changes

Group I (control group)
Ultrastructural examination of control rat seminiferous 

tubules revealed Sertoli cells with  large, euchromatic nuclei 
and prominent nucleolus. Type A  spermatogonium with its 
oval nucleus and type B spermatogonium with its rounded 
nucleus were both encountered.  Primary spermatocytes 
depicted large rounded nuclei. An intact blood testis barrier 
was also noticed (Figures 5a-d). Early spermatids were 
identified by their pale nuclei with acrosomal vesicle and 
multiple peripherally situated mitochondria. Multiple 
spermatozoa were frequently encountered in the lumen of 
the tubules with their characteristic tails (Figures 5e-f). 
Group II (RES) and Group III (RES-loaded niosomes)

Electron microscopic examination of these groups 
respectively revealed normally appearing seminiferous 
tubules, Sertoli cells and spermatogenic cells (Figures 6,7).
Group IV (TiO2-NPs)

Electron microscopic examination of the seminiferous 
tubules showed areas of rarified cytoplasm, and swollen 
mitochondria with disrupted cristae in the cytoplasm 
of Sertoli cells. The spermatogenic cells revealed small 
and electron dense nuclei, dilated perinuclear cisternae 
and defective nuclei with focal loss and disintegration of 
chromatin. Spermatozoa exhibited defective tails; middle 
pieces showed mitochondria with disrupted cristae and 
principal pieces appeared with focal interruption of the 
circumferential ribs. Focal dilatation of the blood testis 
barrier was noticed (Figures 8a-h).
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Group V: (TiO2-NPs and RES)
The rats of this group still exhibited marked changes 

in the seminiferous tubules that showed pronounced 
vacuolation in the cytoplasm of Sertoli cells, defective 
nuclei and dilatation of perinuclear cistarnae of the primary 
spermatocytes. Late spermatids showed malformed head 
and swollen mitochondria with disrupted cristae. Middle 

pieces of the sperm tails showed swollen and disorganized 
mitochondria (Figures 9a-c).

Group VI (TiO2-NPs and RES-loaded niosomes)
The seminiferous tubules depicted apparent structural 

improvement except for mild vacuolation in the cytoplasm 
of the Sertoli cell (Figures 10a-c).

Fig. 1a-c: 1a&b;TEM micrographs demonstrating: (a)- TiO2-NPs  
(diameter ranging from 36.48 to 41.84 nm) and (b)-RES loaded niosomes 
(diameter ranging from 74.35 to95.24 nm), (c)-  a bar chart showing the 
saturation solubility of RES-loaded niosomes versus free RES.
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Fig. 2a-c:Photomicrographs of  rat testis; (a)- group I (control group), (b)- group II  that received RES and (c)- group III  received RES-loaded niosomes 
showing closely packed seminiferous tubules lined by: Sertoli cell (S) Spermatogonia (Sg), primary spermatocytes (P), early spermatids (d) and numerous  
spermatozoa(↑).  (^); myoid cells. bc; blood capillary in B.    H&E stain, Mic. Mag. x 400
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Fig. 3a-d: Photomicrographs of rat testis (group IV) that received TiO2-NPs showing: (a)-  Vacuolation of the seminiferous epithelium (^) (b)- Irregular and 
scalloped basal lamina (*)with focal loss of spermatogenic cells (↑)  (c)- Degenerating germ cells (↑) with small dark nucleus and eosinophilic cytoplasm  (d)- 
Multinucleated giant cell within the tubular lumen containing nuclei of spermatids (↑). H&E stain, Mic. Mag. x 400.
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Fig. 4a-c:Photomicrographs of rat seminiferous tubules: a,b ; Group V that received TiO2-NPs and RES showing: (a)- Vacuolation within the tubular 
epithelium(^). (b)- Degenerating spermatogenic cells (↑). (c)- Group VI that received TiO2-NPs and RES-loaded niosomes showing apparently normal Sertoli 
cell(S), spermatogonium (Sg), primary spermatocyte (P), early spermatid (d),  muliple spermatozoa in the lumen (↑). H&E stain, Mic. Mag. x 400.
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Fig. 5a-f:Electron micrographs of rat seminiferous tubules of group I (control group) showing: (a)-Sertoli cell (S) with large, pale nucleus (N) and prominent 
nucleolus(n)   rests on the basal lamina (bl), the cytoplasm contains mitochondria (m) lysosomes (Ly), Sg; Part of a spermatogonium, P; primary spermatocyte, 
an intact blood testis barrier(↑). (b)- Type A spermatogonium (SgA) with an oval nucleus (N) and dark cytoplasm, m; multiple mitochondria.  (c)- Two adjacent 
type B spermatogonia (SgB) with rounded  nuclei  (N), mitochondria (m), an intact blood testis barrier (↑). (d)- A primary spermatocyte (P) depicts a large 
rounded nucleus (N) and multiple mitochondria (m). (e)- An early spermatid (d) with pale  nucleus (N)  and multiple peripherally located mitochondria (m), an 
acrosomal vesicle(↑), G; Golgi apparatus.  (f)-Multiple principle pieces (PP)  and an end piece (EP) of sperm tails, the inset shows a middle piece (MP). Uranyl 
acetate/lead citrate, Mic. Mag. a: x2000, b: x4000, c, d, e: x2500, f: x20000, inset: x25000.
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Fig. 6a,b: Electron micrographs of rat seminiferous tubules: group II that received RES showing (a)- A normally appearing  Sertoli cell (S), a part of 
spermatognium (Sg) and primary spermatocyte (P). (b)- An early spermatid (d) with acrosomal vesicle and granule (↑) and mitochondria (m). Uranyl acetate/
lead citrate, Mic. Mag. a: x2000, b: x2500ز

Fig. 7a-d: Electron micrographs of rat seminiferous tubules: group III that received RES-loaded niosomes showing: (a)-normally apparent  Sertoli cell (S), type 
A spermatogonium (SgA). (b)-Two type B spermatogonia(SgB). (c)-Primary spermatocytes(P). (d)- An early permatid (d).  Uranyl acetate/lead citrate, Mic. 
Mag. a: x2000, b: x 2500, c: x2000, d: x2500.
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Fig. 8a-h: Electron micrographs of rat testis (group IV) that received TiO2-NPs: (a) Sertoli cell (S) with area of rarified cytoplasm (*) , many lysosomes 
(Ly) and vacuoles(V), primary spermatocyte  (P) shows dilated perinuclear cisterna (^), the blood testis barrier exhibits focal dilatation (↑). (b) Disruption of 
the normal architecture of the seminiferous tubules with large spaces (*) inbetween the lining cells, a spermatogonium (Sg) with an electron dense nucleus 
(N) and an area of rarified cytoplasm (^), P; primary spermatocyte with many vacuoles(V),d ; spermatid with dilated perinuclear cistarnae (↑). (c) Primary 
spermatocyte (P) with dilated perinuclear cisterna (^), an adjacent rarified cytoplasm of Sertoli cell (S) exhibits swollen mitochondria with disrupted cristae 
(m). (d) Two adjacent early spermatids (d1&d2), d1 showing cytoplasmic vacuoles (V) of variable sizes and shapes, d2 shows defective nucleus (N) with 
focal loss of chromatin (↑). (e) One of the spermatogenic cells with vacuoles(V) and  small nucleus(N) depicting an abnormal chromatin distribution, an 
adjacent degenerating Sertoli cell exhibits multiple vacuoles (V1) and swollen mitochondria (m). (f) Middle pieces of sperm tails with swollen disorganized 
mitochondria and disrupted cristae (^). (g) Principal pieces with focal interruption of the circumferential ribs(^). (h) End pieces with residual cytoplasm (^). 
Uranyl acetate/lead citrate, Mic. Mag. a: x 2000, b: x 1000, c: x 3000, d: x 2000. e: x 3000, f: x 5000, g & h: x 15000.
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Fig. 9a-c: Electron micrographs of rat testis: Group V that received TiO2-NPs and RES reveal:(a) Sertoli cell (S) with multiple vacuolation (V), a primary 
spermatocyte (P)with defective nucleus (N) and dilated perinuclear cistarna (^). (b) A defective malformed head of a late spermatid (^), mitochondria with 
disrupted cristae (m), (c) Middle pieces of sperm tails with swollen and disorganized mitochondria (^).Uranyl acetate/lead citrate, Mic. Mag. a: x 2000, b: x 
6000, c: x 5000.
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Fig. 10a-c: Electron micrographs of rat testis: group VI that received TiO2-NPs and RES loaded niosomes show apparently normal Sertoli cell as well as 
spermatogenic cells: (a) Sertoli cell (S) with mild vacuolation (V).  (b) Type A spermatogonium (SgA) , primary spermatocyte (P). (c) an early permatid (d). 
Uranyl acetate/lead citrate, Mic. Mag. a: x 2000, b & c: x 2500.
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DISCUSSION                                                                        

In recent years, nanoparticles (NPs) have been widely 
used in different fields including medicine[1]. Owing to 
their small size, NPs can easily gain access to the blood and 
lymphatic circulation to reach vital target organs[38], where 
they can exert deleterious effects on organ functions and 
overall human health. One of the principal mechanisms by 
which NPs can produce toxicity is through the formation 
of reactive oxygen species (ROS).  The toxicity potential 
of NPs is influenced by several variables such as the size, 
solubility and phase composition of the NP, in addition to its 
dose, route and the duration of exposure[6,39]. However, for 
any given duration, the toxic effect increases by increasing 
the dose[8,32,40,41]. TiO2-NPs are among the most commonly 
used NPs in various applications. 

In the reproductive system, owing to their ability to cross 
the blood-testis barrier, TiO2-NPs can alter spermatogenesis, 
which may lead to the reduction of sperm count and motility, 
increased number of abnormal sperms and increased apoptosis 
during spermiogenesis[25,32,42]. The reproductive hazards of 
TiO2 NPs extend to involve down-regulation of the expression 
of testis-specific genes involved in spermatogenesis or 
hormone metabolism[43]. They are also capable of altering the 
activities of several testicular enzymes, ultimately resulting 
in suppression of spermatogenesis[8]. The negative effect of 
TiO2 NPs on spermatogenesis can also be ascribed to their 
ability to induce apoptosis of Sertoli cells[44]. In the present 
study, pronounced degenerative and vacuolar changes were 
detected in spermatogenic cells as well as in Sertoli cell. In 
addition, multinucleated giant cell was encountered inside 
the tubular lumen containing nuclei of spermatids, the 
presence of which could be attributed to failure of Sertoli cell 
to maintain the cytoskeletal bridges closure among cohorts 
of spermatogenic cells[45]. These finding reflect the potential 
toxic effect of TiO2 NPs on seminiferous epithelium and 

accordingly on reproduction. This was in accordance with 
the findings of Sharafutdinova et al.,[46] who described 
degenerative changes in the spermatogenic epithelium 
including disorganization and detachment of cells following 
administration of TiO2 NPs.

Accumulation of TiO2 NPs in testicular cells led to 
decreased antioxidant enzymes, increased production of 
ROS, lipid peroxidation[25], the release of inflammatory 
mediators, and protein oxidation. These biochemical changes 
are suggested to be responsible for DNA damage[6,47], and 
for the initiation of TiO2 NPs-mediated apoptosis[44,48]. 
Taken together, this might be partly responsible for the 
detected sperm count and hormonal changes as well as for 
the degenerative changes in the seminiferous epithelium and 
sperms following exposure to TiO2 NPs.

Hong et al.[8] found that oral administration of different 
doses of TiO2 NPs for 60 days led to histological changes 
in the testes as well as in the epididymides along with 
reduction in sperm concentration and motility. In addition, 
they confirmed that these changes were associated with 
several biochemical changes including elevated MDA and 
decreased LDH activities. Morgan et al.[49] also reported that 
oral administration of TiO2 NPs to male rats for 8 weeks led 
to significant deterioration in the seminogram, reduction 
in serum testosterone, increased MDA and decreased 
glutathione levels. In addition, they detected evident 
histological alterations in the testicular tissue. Similarly, in 
accordance with their findings, the administration of TiO2 
NPs in the present study led to a significant reduction of 
the epididymal sperm count and the Johnsen score, which 
could be attributed to their cytotoxic effect on spermatogenic 
cells as evidenced by the detected histologic changes in 
seminiferous tubular epithelium and mature spermatozoa 
as well. In addition, the light and the electron microscopic 
changes in the current study were associated with significant 

Table 1: Comparison between the different groups regarding the sperm count, motility, Johnsen score, testosterone, MDA and LDH levels, 
and testicular weight.

Group I Group II Group III Group IV Group V Group VI P

Testosterone (ng/mL) 3.54±0.51 3.46±0.52 4.07±0.54 1.73±0.45abc 2.79±0.49abcd 3.75±0.35de <0.001*

MDA (nmol/mL) 5.48±0.49 5.50±0.52 5.49±0.58 8.43±0.49abc 6.31±0.46abcd 5.53±0.46de <0.001*

LDH (U/L) 569.50±28.92 571.10±33.08 568.30±41.41 1014.50±15.09abc 626.0±16.54abcd 570.50±34.94de <0.001*

Sperm count (x106) 80.39±3.55 80.54±3.36 84.65±3.81ab 68.70±2.46abc 70.71±2.06abc 84.76±3.03abde <0.001*

Motile sperm percent 59.0±5.81 55.60±5.39 57.10±8.55 43.90±5.48abc 48.20±5.47abc 56.40±4.97de <0.001*

Johnsen score 8.80±0.66 8.40±0.81 8.60±0.79 6.30 ±1.13abc 6.70±0.73abc 8.30±0.93de <0.001*

Testicular weight (gm) 1.29±0.19 1.28±0.17 1.30±0.20 1.24±0.21 1.25±0.18 1.32±0.19 0.939

Data are represented as mean± SD.
p: p values for ANOVA test, significance between groups was done using Post Hoc Test (Tukey)
Group I: control group; Group II received RES Group III received RES-loaded niosomes; Group IV received TiO2-NPs; Group V received TiO2-NPs and 
RES; Group VI received TiO2-NPs and RES-loaded niosomes.
HPF: high power field
*: Statistically significant at p ≤ 0.05  
a: significant with group I
b: significant with group II
c: significant with group III
d: significant with group IV
e: significant with group V



1157

                                                     Solaiman et. al

elevation of LDH and MDA levels, reflecting increased 
oxidative stress following the administration of TiO2 NPs. 

The potential of TiO2 NPs to induce cytotoxicity 
of Leydig cells[50] contributes to the alteration in serum 
testosterone level[32]. This was in accordance with the 
findings in the present study, where a significant decrease in 
serum testosterone was detected in the group receiving TiO2 
NPs. Furthermore, administration of RES-loaded niosomes, 
but not RES, with TiO2 NPs led to significantly higher serum 
testosterone level. This decreased testosterone production 
following the exposure to TiO2 NPs, could be attributed to 
decreased steroidogenic acute regulatory protein (StAR) 
gene expression[50], decreased gene expression of CYP17α 
and 17β-hydroxysteroid dehydrogenase and increased 
expression of cytochrome P450-19[32,51]. Testosterone is 
crucial not only for spermatogenesis, but also for the function 
of Sertoli cells, hence any decrease in its level will have a 
negative impact on spermatogenesis[52].

In the testis, RES was reported to protect against toxicity 
induced by exposure to several chemicals owing to its anti 
oxidant and antiapoptotic properties[53-56]. Furthermore, its 
protective role against TiO2 NPs-induced toxicity is believed 
to be through inhibition of nuclear factor-κβ (NF-κB)[17], 
tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) and 
through phosphorylation of P38 mitogen activated protein 
kinase (MAPK) and jun N-terminal kinase (JNK)[18].

In cases with chemical-induced testicular toxicity, 
administering RES was previously reported to reduce MDA 
levels and to increase gluthathione, catalase and superoxide 
dismutase. This was associated with an increase in serum 
testosterone level, sperm count and motility, restoration 
of altered testicular histology[54-57] and improvement in the 
Johnsen score, which was dose-dependent[53,56]. Furthermore, 
RES is considered a therapeutic agent for the resultant 
gonadal dysfunction and infertility[53]. Findings of the 
present study, however, did not reveal a significant increase 
in sperm count in healthy rats receiving RES compared 
to controls, which could be attributed to the lower RES 
dose administered to rats in our study. On the other hand, 
a significant decrease in LDH and MDA, and a significant 
increase in testosterone were detected in the present study 
following administration of RES with TiO2 NPs compared 
to when TiO2 NPs were administered alone. The increased 
testosterone level following RES administration could be 
attributed to the ability of RES to increase the activity of 
StAR[58].

RES-loaded nanocarriers were developed to overcome 
obstacles such as low aqueous solubility, short half-life, high 
degradability, rapid metabolism, and poor oral bioavailability 
of RES[20]. Higher tissue concentrations of RES were 
previously detected following administration of RES-loaded 
nanocarriers compared to the administration of free RES[21]. 
In addition, the antioxidant and anti-inflammatory properties 
of RES were enhanced by using a RES nanoparticle 
system[22].

In the current study and in accordance with those 
findings, administration of RES-loaded niosomes, but not 
RES, to rats led to significantly higher sperm count, which 
was even higher than in the control group. Compared 
to administration of TiO2 NPs alone, administration of                                                                                                           
RES-loaded niosomes with TiO2 NPs led to significantly 
higher serum testosterone and sperm count, and to 
significantly lower MDA and LDH levels. Furthermore, 
administration of RES with TiO2 NPs was neither associated 
with significant improvement in the Johnsen score nor 
with improvement of histologic changes, which could be 
explained by the low aqueous solubility of the compound.  
Nevertheless, a significant increase in the Johnsen score was 
observed on administration of RES-loaded niosomes with 
TiO2 NPs compared to the group receiving TiO2 NPs alone or 
the group receiving RES with TiO2 NPs; this was associated 
with apparent structural improvement that was detected on 
light and electron microscopic examination. 

CONCLUSION                                                                                     

TiO2 NPs exerts a negative impact on testicular structure 
and function and accordingly on reproduction. RES 
incorporated in a nanocarrier, but not free RES, was able to 
exert a protective effect against TiO2 NPs- induced testicular 
damage; this was evident by the significant increase of 
sperm count, serum testosterone and Johnsen score, and 
the significant reduction of the markers of oxidative stress 
and the structural improvement seen on light and electron 
microscopic examination, which could be attributed to the 
improved physicochemical properties of RES in RES-loaded 
niosomes. To the best of our knowledge, this is the first study 
to evaluate the effect of RES-loaded niosomes on TiO2 NPs-
induced testicular toxicity.
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الملخص العربى

دراسة نسيجية لمقارنة التأثير الوقائى المحتمل للريسفيراترول مقابل الريسفيراترول 
المحمل على االجسام المتناهية الصغر ضد السمية الناجمة عن جزئيات ثاني أكسيد 

التيتانيوم المتناهية الصغر على األنابيب الناقلة للمنى فى الجرذان البالغة
أمانى عبد المنعم سليمان1، إيمان نبيل1، هبة سعيد رمضان2، أميرة أبو الفتوح عيد3

1قسم علم األنسجة وبيولوجيا الخلية، كلية الطب، جامعة اإلسكندرية، مصر

2قسم الفيزياء الحيوية الطبية، معهد البحوث الطبية، جامعة اإلسكندرية، مصر

3قسم األمراض الجلدية والتناسلية والذكورة، كلية الطب، جامعة اإلسكندرية، مصر

المقدمة: تستخدم جزئيات النانو المصنعة من ثاني أكسيد التيتانيوم على نطاق واسع فى العديد من المجاالت، ولكن ازداد 
االهتمام بمخاطره على الجهاز التناسلى. وقد تم إقرار الريسيفراترول كمادة وقائية ضد السمية الناجمة عن ثاني أكسيد 

التيتانيوم وذلك من خالل خصائصه كعامل ضد األكسدة وااللتهابات.
ومع ذلك فإن انخفاض التوافر البيولوجي للريسفيراترول أدى إلى تصنيع الريسيفراترول المحمل على جزئيات ثانى 

أكسيد التيتانيوم وقد وجد أن لها تأثير أفضل من الريسفراترول كعامل ضد األكسدة وااللتهابات.
الهدف من البحث: هو دراسة التأثير الوقائى المحتمل للريسفيراترول مقابل الريسيفراترول المحمل على جزئيات النانو 
ضد السمية الناجمة عن جزئيات ثاني أكسيد التيتانيوم المتناهية الصغر على األنابيب الناقلة للمنى فى الجرذان البالغة.

مواد وطرق البحث: أجريت هذه الدراسة على 60 من ذكور الفئران البيضاء البالغة وتم تقسيمهم إلى 6 مجموعات 
متساوية:

الثالثة: تم  الثانية: تم إعطائها الريسفيراترول، المجموعة  المجموعة األولى: تم إعطائها ماء مقطر يومياً، المجموعة 
إعطائها الريسفيراترول المحمل على جزئيات النانو، المجموعة الرابعة: تم إعطائها جزئيات ثانى أكسيد التيتانيوم المتناهية 
الصغر، المجموعة الخامسة: تم إعطائها جزئيات ثانى أكسيد التيتانيوم المتناهية الصغر باإلضافة إلى الريسفيراترول، 
المجموعة السادسة: تم إعطائها جزئيات ثانى أكسيد التيتانيوم المتناهية الصغر باإلضافة إلى الريسفيراترول المحمل 
على جزئيات النانو. وقد تناولت الفئران الجرعة وهى 10 مجم/كجم من وزن الجسم يومياً ولمدة 90 يوم عن طريق 

أنبوبة المعدة.
وفى نهاية التجربة تم ذبح الفئران، وسحب عينة من الدم لقياس مستوى هرمون التيستوستيرون وقياس عوامل األكسدة، 
بالمجهر  لفحصهم  الخصيتين  تم تحضير  المنوية، كما  الحيوانات  لتقييم عدد  المنوى  السائل  تجميع عينات من  وأيضاً 

الضوئى واإللكترونى.
النتائج: أظهرت الدراسة أن إعطاء جزئيات ثاني أكسيد التيتانيوم المتناهية الصغر أدى إلى انخفاض ملحوظ فى مستوى 
هرمون التيستوستيرون، عدد الحيوانات المنوية، وعدد الخاليا المولدة للحيوانات المنوية بقياس جونسون. كما ارتفعت 
نسبة عوامل األكسدة فى الدم مع ظهور تغييرات تحللية فى نسيج األنابيب الناقلة للمنى. وعلى الجانب األخر فإن إعطاء 
الريسفيراترول مع جزئيات ثانى أكسيد التيتانيوم المتناهية الصغر أدى إلى انخفاض ملحوظ فى مستوى عوامل األكسدة 
عن المجموعة الرابعة ولكن هذا المستوى كان أعلى من الثالث مجموعات األولى. أما إعطاء الريسفيراترول المحمل 
ارتفاع ملحوظ فى مستوى هرمون  إلى  أدى  المتناهية الصغر  التيتانيوم  أكسيد  ثانى  النانو مع جزئيات  على جزئيات 
التيستوستيرون، فى عدد الحيوانات المنوية وأيضاً فى عدد الخاليا المولدة للحيوانات المنوية، كما أدى إلى انخفاض 
ملحوظ فى مستوى عوامل األكسدة فى الدم. وقد أظهر الفحص بالمجهر الضوئى واإللكترونى أن هناك تحسن فى تركيب 

األنابيب الناقلة للمنى مقارنة بالمجموعتين الرابعة والخامسة.
االستنتاج: أظهرت هذه الدراسة أن الريسفيراترول المحمل على جزئيات النانو له تأثير وقائى ضد تدمير األنابيب الناقلة 
للمنى جراء إعطاء جزئيات ثانى أكسيد التيتانيوم المتناهية الصغر لذلك فربما تلعب دور ضد سمية الجهاز التناسلى 

الناجمة من جزئيات النانو.


