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Abstract
Introduction: Nanotechnology is a promising field for diagnosis and treatment of a variety of diseases. Nevertheless, these mole-

cules may accumulate in the body and produce undesired side effects. Titanium dioxide Nanoparticles (TiO2NPs) are widely used on a

global scale. TiO2NPs causes reduction in sperm number and motility and an increase in sperm abnormality. Garlic oil has antioxidant
and immune modulation actions and may protect against the harmful effects of TiO2NPs.
Objective: In the present work, we examined the histological alterations in the seminiferous tubules (STs) of adult male albino rats
exposed to TiO2NPs and the possible protective effect produced by the concomitant administration of garlic oil.

Materials and Methods: 40 healthy adult male albino rats were divided into 4groups: control group I (10 rats). Group II: 10 rats
treated with 300 mg/kg body weight TiO2NPs daily for 14 days. Group III: 10 rats received garlic oil (100 mg/kg) for 14 days. Group

IV: 10 rats received TiO2NPs (300 mg/kg) + garlic oil (100 mg/kg) daily for 14 days. All rats were sacrificed 24 hours after the last

administration.
Results: Group I and group III showed normal STs. Group II rats revealed evident histological changes demonstrating cytotoxic effects of TiO2NPs on spermatogenic cells as well as Sertoli cells. Group IV rats showed minimal histological alterations. Most of the STs

appeared with regular outlines and intact basement membranes. Few spermatogenic cells revealed cytoplasmic vacuoles and some
of them had dark nuclei.
Conclusion: TiO2NPs induced evident damage in rat STs. Garlic oil significantly ameliorated the damage.
Keywords: TIO2NPs; Garlic oil; STs; Nanotoxicity

Introduction
Nanoparticles (NPs) have been widely used because of their small particle size, novel physicochemical properties and easy surface

modification [1]. It offers a great possibility for many biological and biomedical applications, not only to deliver pharmaceutics, but also
to be used as novel diagnostic and therapeutic approaches [2].
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TiO2NPs are in the top five used NPs in consumer products and have a wide range of applications. Nano-sized TiO2 has different physi-

cochemical properties compared to its fine particle (FP) analog, which might alter its bioactivity. The ability of NPs to induce toxicity has
been attributed to their increased surface reactivity. The smaller the particles are, the more surface they have per unit mass and the more
reactive they are in the cellular environment [3].

TiO2NPs can enter the human body by different routes such as inhalation, ingestion and injection. They may translocate through the

blood to several organs which are considered the secondary major sites of interaction [4].

The testicles are known to be very sensitive and more vulnerable than any other tissue to the stress produced by many environmental

or occupational hazards including heavy metals and NPs, leading to infertility and congenital defects [5].

This sensitivity and vulnerability is due to the highly sensitive cellular composition of the spermatogenic epithelium and the high rate

of mitotic activity [6].

Despite of the importance of such issue, few studies have focused on the effect of NPs on germ cells in-vivo, and most of research efforts

relied on biochemical studies and seminal analysis. Only few studies were supported by histopathological and ultra-structural evidences
of male germ cells toxicity after exposure to NPs [7,8].

Few studies [9-11] focused on male germ cells toxicity after exposure to TiO2NPs. They found many alterations in sperm morphology

and function. The organosulfur compounds of garlic oil (allium sativum) exert their antioxidant actions by scavenging reactive oxygen
species (ROS), enhancing cellular antioxidant enzymes and increasing glutathione in the cells and can thus protect against TiO2NPs toxic-

ity [12,13].

Aim of the Work
The aim of present work was to study the histological and biochemical effects of TiO2NPs on STs of adult male albino rats and the

possible protective effect of concomitant administration of garlic oil.

Material
Animals

This study was carried out on forty adult male albino rats, with an average weight of 150 - 200 gm and 6 - 8 weeks of age. The animals

were acclimated for 2 weeks before the experiment. The animals were maintained under standard laboratory conditions of temperature
and humidity and 12 hours light/dark cycle. Guidelines for care and use of animals, approved by the Animal House Center, Faculty of
Medicine, University of Alexandria, were followed. The rats were divided randomly into four groups, ten rats per each group as follow:
1.

2.
3.
4.

Group I (Control group): It included ten rats that received 1 ml distilled water intravenously (IV) by tail vein injection once daily (the
vehicle in which TiO2NPs was suspended in) for 14 days.

Group II (TiO2NPs group): It included ten rats that received IV injection of TiO2NPs at a dose of 300mg ̸ kg of body weight

once daily for 14 days [9].

Group III (Garlic oil group): It included ten rats that received garlic oil by orogastric tube at a dose of 100mg ̸ kg of body weight once
daily for 14 days [14].

Group IV (TiO2NPs+Garlic oil group): It included ten rats that received IV injection of TiO2NPs at a dose of 300mg ̸ kg of
body weight [9] and garlic oil by orogastric tube at a dose of 100mg ̸ kg of body weight [14] once daily for 14 days.
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TiO2NPs (anatase powder form < 50 nm) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and was suspended in phosphate

buffered saline [15]. This suspension was freshly prepared on a daily bases where 60 mg of TiO2NPs were dispersed onto 1ml of distilled

water then the suspending solution was treated by ultrasonic waves for 10 - 15 minutes and mechanically vibrated for 2 - 3 minutes to
improve the particles’ dispersion and hence reduce clumping. The garlic oil was purchased from the Medical Research Institute, University
of Alexandria.
Equipment

Transmission electron microscopy (TEM): (Jeol 100 CX, Tokyo, Japan), Electron Microscopy Unit, Faculty of Science, University of Alexandria, was used for characterizing the size and morphology of TiO2NPs [16].

Methods

Characterization of the TiO2NPs
A small drop of the TiO2NPs suspension was placed onto TEM grids coated with a thin carbon film and allowed to evaporate. Digital

pictures of several locations on the grid were taken. The TiO2NPs used in the present study were spherical in shape and had an average

diameter of 25 nm [16].
Histological study

In each group, rats were sacrificed under anaesthesia 24 hours after the last dose. Both testes of each rat were excised. Each testis was

divided into 2 specimens and processed for light and electron microscopic examination:
a-

b-

Light microscopic study: The specimen was fixed in Bouin’s fixative for 2 days then fixed in 10% formol saline for 3 days and
processed to get 5 - 6 µm thick paraffin sections for histological examination with hematoxylin and eosin stain [17].

Electron microscopic study: The specimen was cut immediately into small pieces (1 x 1 mm3) and fixed in 3% phosphate buffered glutaraldehyde solution and processed for electron microscopic examination [18].

Biochemical study

Blood samples were collected 24 hours after the administration of the last dose, and before the rats were sacrificed. Samples were

obtained from the retro-orbital venous plexus of all rats for analysis of serum testosterone level. The blood samples were collected in

plain tubes and allowed to clot. Sera were separated by centrifugation at 300×g for 10 minutes and frozen at -80°C until analysis of serum
testosterone level by ELISA technique [19].
Statistical analysis of data

Serum testosterone measurements for each group were analyzed. Statistical analysis was done using Statistical Package for Social Sci-

ences (SPSS/version 20) software. For comparison between groups, ANOVA-test was used, followed by post hoc test and Waller-Duncan

method. The level of significance was 0.05. The same small letters indicate that there was no significant difference, while different letters
indicate that there was a significant difference [20].
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Results
Histological results
Light microscopic results

Group I: Histological examination of testicular sections of group I revealed multiple STs with regular outlines and narrow interstitial

spaces occupied by clusters of interstitial cells of Leydig. The STs were lined by multiple layers of the stratified germinal epithelium, at
different stages of spermatogenesis (Figure 1).

Figure 1: A photomicrograph of a cross-section from a control rat testis showing normal STs with regular outlines and narrow
interstitial spaces (Is) in-between. STs were lined by several layers of stratified spermatogenic cells. Leydig cells (Lc) can be seen in Is.
H&E stain Mic Mag 200x.

The STs appeared surrounded by well-defined basement membranes and myoid cells with their flat nuclei. The lining epithelium

consisted of Sertoli (S) cells and spermatogenic cells. S cells appeared resting on the basement membrane. They were identified by their
large pale nuclei that were scattered at intervals between the spermatogenic cells. Spermatogonia were seen forming the basal cell layer,

and the next layer was occupied by the 1ry spermatocytes. The rapidly dividing 2ry spermatocytes were infrequently seen. Several layers
of early spermatids with rounded nuclei were observed. Finally, spermatozoa were seen occupying the lumina of the tubules (Figure 2).

Group II: Histological examination of the testicular sections of group II revealed evident changes in the STs. They were distorted with ir-

regular outlines, disruption of their basement membranes and wide interstitial spaces in-between. The lumen of many STs was filled with
detached spermatogenic cells (Figure 3).
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Figure 2: A photomicrograph of a high power of the previous field showing spermatogonia (a), primary spermatocytes (P), and spermatids
(d). The forming sperms (sz) are also seen. The lumen (L) contains whorls of the tails of the newly formed sperms. S cells appeared resting
on the basement membrane. They were identified by their large pale nuclei. Note myoid cells (M). H&E stain Mic Mag 400x.

Figure 3: A photomicrograph of a cross-section from a testis of group II rat, showing some irregular and distorted STs (arrow). Other
tubules appear with disruption of their basement membranes (arrow head). Wide interstitial spaces (Is) between STs are evident.
Spermatogenic cells are detached from the basement membrane (+) and filling the lumen (L). H&E stain Mic Mag 200x.
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Some STs showed widening of the intercellular spaces between the spermatogenic cells. Some spermatogenic cells showed cytoplas-

mic vacuolations and darkly stained pyknotic nuclei. Moreover, dilated and congested blood vessels were seen (Figure 4). Other STs appeared with atrophied germinal epithelium with absence of newly formed sperms (Figure 5).

Figure 4: A photomicrograph of a cross-section from a testis of group II rat, showing widening of the intercellular spaces between the
spermatogenic cells (*). Many cells appear with cytoplasmic vacuolations and dark pyknotic nuclei (arrows). There is dilated congested
blood vessel (V) between STs. H&E stain Mic Mag 200x.

Figure 5: A photomicrograph of a cross-section from a testis of group II rat, showing atrophy of germinal epithelium. The lumen (L) of the
ST is filled with detached spermatogenic cells with absence of newly formed sperms. Some cells show cytoplasmic vacuolations (arrows) and
some cells show darkly stained nuclei (arrow heads). Note dilated congested blood vessel (V). H&E stain Mic Mag 200x.
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There were many spermatids with margination of their nuclear chromatin denoting the start of apoptosis (Figure 6). Some STs ap-

peared darkly stained due to eosinophilic cellular debris filling the lumen (Figure 7).

Figure 6: A photomicrograph of a cross-section from a testis of group II rat, showing many spermatids (d) with margination
of their nuclear chromatin denoting start of apoptosis. H&E stainMic Mag 400x.

Figure 7: A photomicrograph of a cross-section from a testis of group II rat, showing STs that appear darkly stained due to eosinophilic
cellular debris filling the lumen (L). Widened interstitial spaces (Is) between the STs could be noted. H&E stainMic Mag 200x.
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Group III: Histological examination of the testicular sections of group III revealed the same histological results as the control group (Figure 1 and 2).

Figure 8: A photomicrograph of a cross-section from a testis from group IV rat, showing evidently preserved histological structure of
most of the STs, which appear with regular outlines and intact basement membranes. The STs show the closely packed arrangement of
the spermatogenic cells, with minimal intercellular spaces. Many spermatogenic cells appear as the control pattern, while few exhibit
few cytoplasmic vacuoles (arrows). H&E stain Mic Mag 200x.

Group IV: Histological examination of the testicular sections of group IV showed evidently preserved histological architecture of most of
the STs, which appeared with regular outlines and intact basement membranes. The STs showed the closely packed arrangement of the

spermatogenic cells, with minimal intercellular spaces. Most spermatogenic cells had normal appearance as in the control pattern, while
few exhibited limited cytoplasmic vacuoles. Some spermatogenic cells exhibited dark nuclei. Few STs showed wide intercellular spaces
between spermatogenic cells (Figure 9 and 10).
Electron microscopic results

Group I: Electron microscopic examination of the STs of group I revealed that the lining germinal epithelium was formed of S cells and

spermatogenic cells. S cells were observed to rest on a regular basement membrane. Their nuclei were oval, basally located and had
prominent nucleoli. They had characteristic infoldings of their nuclear envelope and there were many mitochondria and lysosomes in the

cytoplasm. Spermatogonia were broadly applied to the regular basement membrane of STs. They appeared as spherical cells with spheri-

cal nuclei. The nucleus contained chromatin granules dispersed peripherally along the nuclear envelope. Myoid cells with flat nuclei surrounded the basement membrane (Figure 11).
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Figure 9: A photomicrograph of a cross-section from a testis from group IV rat, showing vacuolated spermatogenic cells
(arrows). Some spermatogenic cells exhibit dark nuclei (arrow heads). H&E stain Mic Mag 200x.

Figure 10: A photomicrograph of a cross-section from a testis from group IV rat, showing wide intercellular spaces between
spermatogenic cells (*). The lumen (L) contains whorls of the tails of the newly formed sperms. H&E stainMic Mag 400x.
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Figure 11: An electron photomicrograph of a control rat testis showing S cell with the characteristic infoldings of the nuclear envelope
(arrows). The nucleus (N) is large, oval and has a prominent nucleolus (n). The cytoplasm contained many mitochondria (m), lysosomes (ly)
and smooth endoplasmic reticulum (e). An adjacent type B spermatogonium (g) appears as a spherical cell with a spherical nucleus (N1)
containing chromatin granules dispersed peripherally along the nuclear envelope. Myoid cells (M) is seen externally resting on a regular
basement membrane (BM).

Primary spermatocytes were the largest spermatogenic cells. They were recognized by their large rounded nuclei with dispersed

granular chromatin. Their cytoplasm contained many ribosomes and mitochondria that were characterized by their widened cristae
(Figure 12).

Early spermatids appeared with spherical nuclei and fine granular chromatin. Their cytoplasm contained abundant mitochondria and

well developed Golgi complexes. They were at the Golgi phase where the acrosomal vesicles contained acrosomal granules and extended
along the anterior pole of the nuclei to form acrosomal cap (Figure 13). Late spermatids were observed with pyriform-shaped nuclei and
condensed chromatin. The acrosomal cap appeared covering the anterior pole of the nucleus (Figure 14).

A large number of spermatozoa were seen in the lumen of the STs with their characteristic head and tail. The tail was formed of three

pieces; middle, principal and end pieces. In cross sections, they showed the normal characteristics of spermatozoal tail (Figure 15).
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Figure 12: An electron photomicrograph of a control rat testis, showing a primary spermatocyte (P) with a large rounded nucleus
(N) with dispersed granular chromatin. Their cytoplasm contains many ribosomes (R) and mitochondria (m) with widened cristae.

Figure 13: An electron photomicrograph of a control rat testis showing early spermatid with spherical nucleus (N) and fine granular
chromatin. The acrosomal granule (ag) is seen inside the acrosomal vesicle (av) attached to the anterior pole of the nucleus. The cytoplasm
contains prominent Golgi complex (G) and multiple peripherally arranged mitochondria (m) with clear matrix.
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Figure 14: An electron photomicrograph of a control rat testis showing late spermatid’s head (h). It has a pyriform-shaped nucleus
(N) and condensed chromatin. The acrosomal cap (a) appears covering the anterior pole of the nucleus.

Figure 15: An electron photomicrograph of control rat testis showing a spermatozoal head (h) and cut sections in spermatozoal tails.
The middle pieces (Mp) appear surrounded by nine outer dense fibers (f) and a sheath of circumferentially oriented mitochondria (m).
The end pieces (Ep) are seen formed of an axoneme (x) covered only by a flagellar membrane. Inset: shows the principal pieces (Pp) with
the characteristic fibrous sheath made up of dorsal and ventral longitudinal columns (co) connected by ribs (r) around the dense fibers
(Inset Mic. Mag. ×4000).
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Group II: Electron microscopic examination of the STs of group II revealed degenerative changes involving most of the germ cells. Sper-

matogenic cells were loosely packed with wide intercellular spaces between them. The basement membranes were disrupted. Primary

spermatocytes showed many cytoplasmic vacuoles, widening of the perinuclear cisternae. Their nuclei were dark, electron-dense, irregu-

lar and eccentric with abnormal chromatin patterns. S cells had dilated profiles of smooth endoplasmic reticulum, vacuolated mitochondria and interrupted inter sertoli junctions (Figure 16 and 17).

Figure 16: An electron photomicrograph of a testis of group II rat, showing a part of S cell with adjacent two primary spermatocytes (P)
with their nuclei (N). The cytoplasm of S cell shows dilated profiles of smooth endoplasmic reticulum (e) and some cytoplasmic vacuoles
(V1) and vacuolated mitochondria (m). Intact inter sertoli junctions (j) are seen. Primary spermatocytes (P) show dilated perinuclear cisterna (arrowheads) and some cytoplasmic vacuoles (V2). Note cytoplasmic bridges (arrow), basement membrane (bm), lipid droplet (Ld).

Some early spermatids showed irregular, electron-lucent karyolytic nuclei. They had deformed acrosomal caps (Figure 18). Sperma-

tozoa had abnormal deformed heads or were double headed in some cases (Figure 19). Their middle pieces had excessive amount of
cytoplasm under the flagellar membrane and the mitochondria of the mitochondrial sheath had disintegrated cristae (Figure 20).

Group III: Electron microscopic examination of the seminiferous tubules of group III revealed the same findings as the control group
(Figure 11-15).
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Figure 17: An electron photomicrograph of testis of group II rat, showing loosely packed spermatogenic cells with wide intercellular
paces (*). Primary spermatocytes (P) appear with dilated perinuclear cisternae (arrow heads) and irregular electron dense mitochondria
(m). Many cytoplasmic vacuoles could be seen (V). The nuclei (N) are electron-dense, irregular, eccentric with abnormal chromatin
patterns. The basement membrane (bm), myoid cells (M) and interrupted inter sertoli junctions (j) are noted.

Figure 18: An electron photomicrograph of testis of group II rat, showing a group of early spermatids (d).
They have irregular, electron-lucent karyolytic nuclei (N) and deformed acrosomal caps (a).
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Figure 19: An electron photomicrograph of testis of group II rat, showing bizarre shaped head of spermatozoa (h) and a double headed
abnormal spermatozoa (h1). Large phago-lysosomal vesicles (ph) and irregular middle piece of spermatozoal tail (Mp) are noted.

Figure 20: An electron photomicrograph of testis of group II rat, showing group of transverse sections of the middle pieces of spermatozoa
exhibiting excessive amount of cytoplasm (asterisk) under the flagellar membrane (arrow). The mitochondria (m) of the mitochondrial
sheath exhibit disintegrated cristae. Bizarre shaped head of (h) of spermatozoa is seen.
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Group IV: Electron microscopic examination of STs of group IV revealed evident preservation of the histological structure of S cells and
spermatogenic cells. As regards their nuclei, they were normal in shape with normal chromatin patterns and mitochondria. The junctional
complexes and basement membranes were intact (Figure 21).

Figure 21: An electron photomicrograph of testis of group IV rat, showing Sertoli cell (S) with a triangular nucleus (N) and apparent
nucleolus (n). Infolded nuclear envelope (arrow) is seen. Abundant mitochondria (m) and lysosomes (ly) are seen. Primary spermatocyte (P)
appears with spherical nucleus (N1) with dispersed chromatin and dense aggregates of coiled chromosomes (c). Intact regular basement
membrane (bm), inter sertoli junctional complex (j) and myoid cells (M) are noted.

Some primary spermatocytes showed few cytoplasmic and mitochondrial vacuoles or slight widening of the perinuclear cisternae.

Only few primary spermatocytes exhibited electron dense chromatin pattern. Spermatids exhibited almost normal histological structure
with well-formed acrosomal caps. However, few Spermatids exhibited electron-lucent nuclei with focal chromatin loss (Figure 22).

Spermatozoal heads and tails were almost normal except for mildly excess cytoplasm and disrupted mitochondrial cristae of some

middle pieces of the spermatozoal tails (Figure 23).

Biochemical results and statistical analysis of serum testosterone level
The mean serum testosterone level of group II was significantly low in comparison with the other groups. The mean serum testoster-

one level in group IV was significantly higher than that of group II but lower than that of the control group and group III (Table 1).
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Figure 22: An electron photomicrograph of testis of group IV rat, showing a primary spermatocyte (P) with electron dense nucleus (N),
slightly widened perinuclear cisternae (arrow head) and minimal cytoplasmic vacuolations (V). An early spermatid (d) appears with
electron-lucent nucleus (N1) with focal chromatin loss and peripherally located mitochondria (m) with clear matrix.

Figure 23: An electron photomicrograph of testis of group IV rat, showing transverse sections of the spermatozoal tails illustrating their
three parts; middle piece (Mp), principle piece (Pp) and end piece (Ep). Few of the middle pieces appear with excess cytoplasm (arrow).
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Min. - Max.
Mean ± SD
Median

Control (n = 9)

Group II (n = 9)

Group III (n = 9)

Group IV (n = 9)

3.45 - 4.22

1.12 - 1.80

3.58 - 4.34

2.11 - 3.24

3.71 ± 0.36a
3.83

1.44 ± 0.31c
1.30

3.82 ± 0.29a
3.94

2.63 ± 0.55b
2.72

P
< 0.001*

Table 1: Comparison between the four studied groups according to serum testosterone level.

Discussion
NPs may have some negative effect on human health and environment and their probable impacts on the male reproductive functions

are yet to be clarified [8]. Ema., et al. [21] reported that NPs, that can penetrate into reproductive tissue, may damage germ cells and reduce sperm numbers, viability and function.

Owing to their wide use in daily life, it is essential to investigate the possible histological and ultrastructural changes caused by TiO2NPs

on STs in experimental animals as adult male albino rats.

Albino rats were chosen in the present work because their fertility is susceptible to environmental hazards as in man. Fertility in hu-

man is even much more vulnerable, because sperm output in man is approximately four times less than other mammals. Accordingly, any

factor identified in laboratory studies as a reproductive hazard is expected to exert greater harmful effects on the human reproductive
performance [22].

In the present work, the experimental group II showed detachment of spermatogenic cells from the basal laminae. Widened interstitial

spaces between STs and widening of the intercellular spaces between the spermatogenic cells were evident. Cytoplasmic vacuolations,
darkly stained nuclei and eosinophilic exudates in STs were also shown. Atrophied germinal epithelium of STs was noted. Dilated and

congested blood vessels were observed. The STs were filled with detached spermatogenic cells. Absence of newly formed sperms was also
shown. These features are in agreement with the results of Orazizadeh., et al [10].

Electron microscopic examination of the STs of group II showed loosely packed spermatogenic cells with wide intercellular paces.

Primary spermatocytes appeared with dilated perinuclear cisternae. Some spermatids showed electron-lucent karyolytic nuclei and de-

formed acrosomal caps and others showed bizarre-shaped irregular nuclei. These ultrastructural changes were also observed in studies
of testes of rats intoxicated by TiO2NPs [10,11] and other NPs such as zinc oxide and silver [23,24].

These results clearly denote that STs were damaged and this was confirmed biochemically by the significant decline of the serum tes-

tosterone level after exposure to TIO2NPs. Testosterone is an essential hormone for spermatogenesis secreted by Leydig cells under LH
stimulation. TiO2NPs reduced testosterone levels which directly affects the proper function and structure of STs.

TiO2NPs could affect STs through different mechanisms. One important mechanism of TiO2NPs toxicity is the oxidative stress of the

nano-class materials through generation of reactive oxygen species (ROS). NPs-induced oxidative injury has become an established general mechanism for NPs’ toxicity [11].

TiO2NPs (especially anatase form which is less than 50 nm in size) might damage DNA directly or indirectly via oxidative stress and/

or inflammatory responses. Recent studies showed a direct chemical interaction between TiO2NPs and DNA [25]. Li., et al. [26] reported
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the presence of anatase TiO2NPs in DNA extracted from the liver of mice injected intraperitoneally with these NPs (150 mg/kg/day for 14

days). The authors showed that TiO2NPs inserted between DNA base pairs or bound to DNA nucleotides, in such a way that it altered the
conformation of the DNA and, at higher doses, caused DNA cleavage. Badr El Dine., et al. [27] stated that oral administration of TiO2 NPs

caused global DNA hypo-methylation in liver tissue samples. They added that Nigella sativa oil has a role in protection against genomic
instability through maintenance of DNA methylation patterns.

On the other hand, other studies claimed that TiO2NPs could cause DNA damage indirectly through inflammation and generation of

ROS which promote oxidation of amino acid residue side chains, formation of protein–protein cross linkages and oxidation of the protein
backbone resulting in protein fragmentation. Free oxygen radicals also interact with thymine in nuclear and mitochondrial DNA producing single stranded breaks in the DNA [28].

Moreover, Pujalté., et al. [4] suggested that ROS production impairs synthesis of antioxidant enzymes, such as superoxide dismutase,

catalases, peroxidases, reductases and transferases. Cells attempt to activate nuclear transcription factor kappa B (NF-kB), which plays a

role in mRNA transcription of these antioxidant enzymes, but with the presence of NPs, cells fail to restore the normal balance, leading to
cytotoxicity and ultimately cell death by apoptosis.

Such explanation comes in agreement with the histological changes encountered in the present study that reveal apoptotic changes

such as, nuclear changes in the form of darkening and shrinking (pyknosis) or abnormal chromatin distribution (margination). Ghadially
[29] explained that the pyknotic changes are attributed to apoptosis affecting the spermatogenic cells.

Exfoliation and shedding of the spermatogenic cells into the lumen of STs was observed in this study. It is a sign of cellular degenera-

tion, indicating a progressive germ cell loss. When sloughing is sever, it causes increased amounts of the luminal cellular debris, leading to
occlusion of the efferent ductules, causing spermatogenic hypoplasia and atrophy of germinal epithelium [27].

Congestion of blood vessels and widened interstitial spaces between STs was observed in group II in the present work. It is due to

vascular wall fragility caused by TiO2NPs as a part of the inflammatory response that usually accompanies necrosis [28]. Inflammation is
the result of increased expression of interleukins, which are involved in the molecular events of inflammation [29].

Following prolonged exposure to TiO2NPs, mitochondrial injury would lead to diminished ATP stores resulting in defective ion trans-

port and progressive cell swelling. The role of mitochondria in signal mediated apoptosis was interpreted by Arvizo., et al. [30] to be due
to inhibition of mitochondrial uptake of calcium ions as a result of impaired mitochondrial calcium uniporter, which plays a crucial role
in pumping calcium ions into the mitochondria. This in turn causes the calcium ion concentration to rise inside the cells and triggers
apoptosis.

Spermatozoa are particularly susceptible to oxidative damage. This is most probably due to the high content of polyunsaturated fatty

acids in their cell membrane and lower content of scavenging enzymes in their cytoplasm. Moreover, ROS produce waves of events that

results in an intensive decrease in the axonemal protein phosphorylation and inhibition of the activity of several enzymes such as glucose6-phosphate dehydrogenase enzyme [31].

The present work revealed morphological alterations of sperm heads in STs of group II. Russell., et al. [32] attributed abnormal sperm

head shapes to failure of the S cells ectoplasmic specializations to be formed over the spermatids, so they did not become aligned appropriately to the body of S cells, leading to nuclear asymmetry.
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Sperms with residual cytoplasm were also encountered in the present study mostly in group II and to a lesser extent in group IV, this

could be explained by inability of S cells to activate cytoplasmic extrusion mechanisms and the released spermatozoa carried this residual
cytoplasm [33].

Perinuclear cisternae and vacuolar appearance of spermatogenic cells and S cells were observed in the electron microscopic examina-

tion of group II. These findings were also detected within the cytoplasm of germ cells exposed to different NPs [23]. These vacuoles reflect
cellular swelling, that may be attributed to failure of the energy-dependent Na k pumps in the plasma membranes, due to lipid peroxidation, leading to an intracellular accumulation of Na with the consequent water ingress into the cells [22,29].

Creasy [34] reported that S cells’ cytoplasmic vacuoles are the major morphological signs of testicular injury and are considered to be

the main S cell response to many xenobiotics. Unfortunately, any injury affecting S cell will have a rapid secondary effect on its paracrine
regulation upon the whole spermatogenesis process.

The organosulfur compounds of garlic exert their antioxidant actions by scavenging ROS, enhancing cellular antioxidant enzymes

synthesis and increasing glutathione in the cells [12,13]. That is why the use of garlic oil as an antioxidant protective agent has been considered in the present study.

Group IV rats showed fairly good results as regards the testosterone level and also light and electron microscopic examinations. Most

of the STs appeared with regular outlines and intact basement membranes. There was evident preservation of the histological structure

of S cells. Slightly increased interstitial spaces between the spermatogenic cells were encountered. Some primary spermatocytes and
spermatogonia showed few cytoplasmic and mitochondrial vacuoles or minimal widening of the perinuclear cisternae.

Shariatzadeh and Khajavi [35] documented that silver nanoparticles significantly decreased the number of follicles in the ovaries. They

used Nigella sativa oil as a protective agent and it significantly increased the size of the ovaries and number of follicles.

Abouzaripour., et al. [36] studied the toxic effects of TiO2 NPs on testes and documented reduction in sperm count and increased num-

ber of abnormal sperms. They stated that Nigella sativa had a potent protective effect against the toxic effect of TiO2 NPs on testes.

Conclusion

In conclusion, the microscopic and biochemical findings of TiO2NPs toxicity in the present study appear to be preventable through the

possible protective role of garlic oil (allium sativum).
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