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A B S T R A C T

Although the nanoparticles had a beneficial activity, it had also adverse effects as a result of generation of
oxidative stress. The current study aimed to assess the ameliorative effect of thymoquinone (TQ) on titanium
dioxide nanoparticles (TiO2 NPs) induced acute toxicity in male rats. Forty-eight male rats were distributed into
four equal groups (12 rats each). Group (1) received single oral dose of TiO2 NPs (300mg/kg), Group (2)
received TiO2 NPs and TQ (20mg/kg), Group (3) received TQ and group (4) received only the vehicle and served
as control group. TiO2 NPs intoxicated group showed increased the level of lipid peroxidation product (LPO),
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) and decreased the level of antioxidants
and testosterone. Vascular and degenerative changes in the liver and testes were observed by light microscopy as
well as presence of TiO2 NPs in the lysosomes by electron microscopy. Treatment with TQ revealed improvement
of the biochemical parameters, histology and ultrastructure of the liver and testes. It was concluded that acute
intoxication of rats with TiO2 NPs induced adverse effect in the liver and testes. Administration of TQ has an
ameliorative effect against oxidative stress induced by TiO2 NPs intoxication.

1. Introduction

Titanium dioxide nanoparticles (TiO2 NPs) are commonly used in
many applications as household necessities, industrial, medicinal pro-
ducts as well as food colorant and white pigment [1,2]. Titanium di-
oxide nanoparticles induced genotoxicity, mutagenicity and cytotoxi-
city and potentially carcinogenicity [3]. TiO2 NPs are used in industrial
field as cosmetics in two crystalline forms anatase and rutile [4].

Nanoparticles induced cytotoxicity, apoptosis and oxidative stress to
the liver cells [5,6]. TiO2 NPs were observed in the hepatocytes and
Kupffer cells in mice [5]. Jain et al. [3] reported that TiO2 NPs induced
mitochondrial swelling and disruption of the nuclear membrane in
mammalian lung fibroblast cells. TiO2 NPs might distribute from the
lung tissue to other body tissue and induced systemic effects [7].

Black cumin seed (Nigella sativa) is used in traditional medicine in
many countries as Greece, Turkey, Egypt and many other countries in
Asia and Africa [8]. Thymoquinone (TQ) is the main component of the

Nigella sativa [9]. TQ has a powerful anti-inflammatory and antioxidant
effects [10,11]. Moreover, TQ has anticancer activities through tar-
geting the carcinogenic signaling molecules and immununomodulatory
activities [12].

In the present study we aimed to estimate the oxidative stress,
histopathology and ultrastructure of the liver and testis following oral
administration of TiO2 NPs to male rats and to assess the ameliorative
effect of thymoquinone.

2. Materials and methods

2.1. Experimental design

Forty-eight male Sprague-Dawley (SD) rats of 200–230 g weight
obtained from the animal house of Faculty of Medicine, Assiut
University. The experiment was ethically approved by the committee of
research ethics, Jazan University. Rats were acclimatized for 2 wks then
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divided into 4 even groups (12 rats each). Group (1) received single oral
dose of TiO2 NPs (300mg/kg b.w.) in 1% Tween 80 by stomach tube,
Group (2) received Tio2 NPs and TQ daily oral dose (20mg/kg b.w. in
corn oil by stomach tube), Group (3) received TQ daily oral dose and
group (4) received single dose of the vehicle (1% Tween 80) by stomach
tube. All chemical in this study were purchased from Sigma-Aldrich,
Germany.

2.2. Biochemical analysis

Serum samples were collected for estimation of lipid peroxidation
(LPO), total antioxidants, alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and testosterone levels by using commercial
kits.

2.3. Histopathological analysis

Tissue samples from the liver and testis of male rats were collected
after 14 days. The samples were fixed in 10% buffered formalin then
routine processing, stained by hematoxylin and eosin (HE) and ex-
amined by light microscope [13].

2.4. Electron microscopy analysis

Samples from the liver and testis were obtained and immersed in

gluteraldehyde solution for transmission electron microscopy (TEM).
Specimens were then processed and ultrathin sections stained with
uranyl acetate and lead citrate were examined by TEM (JEOL100 CXII,
Japan) in the EM Unit, King Khalid University, KSA [13].

2.5. Statistical analysis

All values were presented as mean ± SE for the studied parameters
and analyzed using GraphPad Prism software program.

3. Results

3.1. Biochemical results

The levels of lipid peroxidation (LPO) and liver enzyme markers
(AST & ALT) were significantly increased (P≤ 0.001) in TiO2 NPs in-
toxicated group compared to other groups. Conversely, testosterone and
total antioxidants levels were decreased significantly. Administration of
TQ recovered the serum levels of LPO, total antioxidants, AST, ALT and
testosterone (Table 1).

3.2. Histopathology

The lesion score of the histopathology of the studied groups were
summarized in Table 2. Histopathological examination of the liver
tissue of the rat intoxicated with TiO2 NPs revealed pathological al-
terations. Congestion of the central veins and dilatation of the hepatic
sinusoids were observed (Fig. 1a). Focal hemorrhagic areas were ob-
served in the hepatic parenchyma as well as coagulative necrotic
changes in the hepatocytes. Proliferation of Kupffer cells were also seen
(Fig. 1b). Peri-central aggregations of mononuclear cells especially
lymphocytes were consistent phenomena in the examined liver in group
1 (Fig. 1c). Vacuolar degeneration of some hepatocytes was observed
(Fig. 1d). Some examined sections revealed TiO2 NPs in Kupffer cells
which appeared as eosinophilic particles (Fig. 1e). Examined liver
section from TQ treated group showed normal architecture with dila-
tation of the central veins (Fig. 1f). The liver of control group showed
normal histological appearance (Fig. 1g).

Examination of testis in rats intoxicated with TiO2 NPs revealed
congestion of the blood vessels (Fig. 2a). Interstitial edema was ob-
served and the seminiferous tubules appeared atrophied. The semi-
niferous tubules showed degenerative changes in which Sertoli cells
appeared necrosed with few germinal cells (Figs. 2b, c). TQ reduced the
histopathological alteration induced by TiO2 NPs (Fig. 2d). No histo-
pathological changes could be seen in control group (Fig. 2e).

3.3. Transmission electron microscopy

The lesion score of EM examination in the studied groups were
summarized in Table 2. With ultrathin sections, the cytoplasm of he-
patocytes intoxicated with TiO2 NPs revealed mitochondrial swelling
(Fig. 3a). Numerous intracytoplasmic fatty globules of variable sizes
were observed associated with pyknotic mitochondria with intense
metrical condensation (Fig. 3b). Kupffer cells revealed several lyso-
somes loaded with TiO2 NPs which appeared electron dense granules
either minute or compact particles. These particles were also seen in the
cytoplasm of hepatocytes (Fig. 3c). Examined hepatocytes from TQ
treated group showed normal nucleus and cyptoplasmic organelles as
well as few intracytoplasmic fatty globules (Fig. 3d). The hepatocytes
from control group showed normal nucleus and cytoplasmic organelles
(Fig. 3e). Examination of the ultrathin section of seminiferous tubules
in TiO2 NPs group showed abundant lysosomes loaded with TiO2 NPs

Table 1
Biochemical analysis of oxidative stress, liver enzymes and testosterone in the serum of
rat of all groups.

Parameters Group 1 Group 2 Group 3 Group 4

LPO 9.76 ± 0.14a 6.23 ± 0.17b 4.73 ± 0.37b 4.90 ± 0.05b

TBARS 0.38 ± 0.08b 0.66 ± 0.03a 0.91 ± 0.05a 0.90 ± 0.01a

AST 40.10 ± 0.4a 27.10 ± 0.9b 20.56 ± 0.41b 20.36 ± 0.2b

ALT 82.60 ± 2.3a 40.8 ± 1.7b 34.10 ± 1.06b 32.46 ± 0.4b

Testosterone 1.35 ± 0.06b 2.60 ± 0.2a 3.77 ± 0.1a 3.60 ± 0.2a

The values are presented as mean ± SE, different superscripts in the same raw were
significantly different at (P≤ 0.001).

Table 2
The histopathological lesions observed by light microscopy and electron microscopy in
the studied groups.

Lesions Group 1 Group 2 Group 3 Group 4

Liver lesions observed by Light microscope
Hemorrhage ++ – – –
Congestion ++++ + – –
Vacuolar degeneration ++++ + – –
Mononuclear infiltration +++ – – –
Kupffer cell proliferation +++ – – –

Liver lesions observed by EM
Mitochondrial swelling ## # – –
Fatty globules ### # – –
Nanoparticles in Kupffer cells and

hepatocytes
## – – –

Testicular lesions observed by Light microscope
Interstitial edema ++++ + – –
Congestion ++++ – – –
Degenerative changes ++++ – – –
Testicular lesions observed by EM
Presence of nanoparticles ### – – –

Presence of lesions by light microscopy expressed by; – (0 rats), + (1–3 rats), ++ (4–6
rats), +++ (7–9 rats), ++++ (10–12 rats). Presence of lesions by EM expressed by; –
(0 rats), #(1 rats), ## (2 rats), ### (3 rats).
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which appeared as electron dense material of variable sizes (Fig. 3f).

4. Discussion

The nanoparticles might be valuable in drug delivery due to it's
highly penetration to the cells. Conversely, detrimental effects of na-
noparticles induced oxidative stress and impaired antioxidant activity.

Several studies revealed that TiO2 NPs can be accumulated in the
parenchymatous organs generating inflammatory reactions [14,15].

In the current study, the group of rats intoxicated with TiO2 NPs
showed significant increased of LPO, AST and ALT and decreased the
total antioxidant compared to the treated and control group. Many
authors reported that TiO2 NPs increased the oxidative stress indices
and liver enzyme markers [4,6,16].

Fig. 1. Histopathological micrographs of liver lesions intoxicated with TiO2 NPs. a) Congestion of the central vein (arrow). b) Focal area of hemorrhage (asterisk). c) Peri-central
lymphocytic infiltration (arrow). d) Hepatocytes with vacuolar degeneration (arrows). e) Kupffer cells loaded with TiO2 NPs (arrows). f) Liver of treated group with TiO2 NPs and TQ
revealed normal architecture. g) Liver of control group showing normal histological appearance. H&E.
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Histopathological examination of the liver showed congestion, he-
morrhage and degenerative changes in the hepatocytes as well as
mononuclear cell infiltration. Similar results obtained by Hassanein and
El-Amir [11] and Xu et al. [17]. The hepatocelluar changes were con-
firmed by EM which revealed mitochondrial swelling, mitochondrial
pyknosis, fatty globules and presence of TiO2 NPs in the lysosomes of
Kupffer cells and hepatocytes. Similarly, Jeon et al. [5] found that TiO2

NPs in the Kupffer cells as electron dense granular mass. The presence
of the nanoparticles within the lysosomes may be due to nonspecific
defense mechanism against foreign substance [18]. Also, Jain et al. [3]
found nuclear membrane disruption and mitochondrial swelling fol-
lowing administration of TiO2 NPs to the lung fibroblast cells. Cheng
[19] reported that acute toxicity with zinc oxide nanoparticles (ZnO

NPs) induces mitochondrial pyknosis and damage as a result of cell
death. Moreover, mitochondrial pyknosis was observed in copper-in-
duced toxicity in sheep. This occurs due to mitochondrial oxidative
injury [20].

In this study, TiO2 NPs intoxicated group showed low serum level of
testosterone compared to control group. Light microscopic examination
of the testes revealed congestion of the blood vessels and testicular
degeneration and presence of nanoparticles by EM. In parallel, Hong
et al. [21] found that TiO2 NPs decreased the process of spermato-
genesis and testosterone levels. Shi et al. [22] suggested that the pre-
sence of TiO2 NPs in the testis resulted from its penetration of the
blood-testis barrier.

The group of rats treated with TQ revealed significantly decrease in

Fig. 2. Histopathological micrographs of testicular lesions intoxicated with TiO2 NPs. a) Congested bl.vs (arrow). b) Interstitial edema (asterisks), testicular degeneration. c) Higher
magnification showing few germ cells and degenerated Sertoli cells. d) Testis of treated group with TiO2 NPs and TQ revealed normal seminiferous tubules. e) Testis of control group
showing normal seminiferous tubules. H&E.
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the level of LPO, AST and ALT as well as significantly increase the level
of testosterone and total antioxidants. Minimal histopathological and
ultrastructural changes were observed in the liver and testicular tissues.
Similarly, Hassanein and El-Amir [11] demonstrated that TQ improved
the levels of liver enzymes, oxidative stress as well as improvement of
the histology of the liver and testis in rats chronically intoxicated with
TiO2 NPs. TQ is a free radical scavenger because of its strong anti-
oxidant activity [23].

5. Conclusions

The rats intoxicated with TiO2 NPs for 14 days revealed oxidative
stress associated with hepatocelluar and testicular damage.
Thymoquinone restored the adverse effects resulted from TiO2 NPs in-
duced toxicity. Hence, the ameliorative effect of TQ may be related to
powerful antioxidant capability.

Fig. 3. Electron micrographs of liver lesions intoxicated with TiO2 NPs. a) Mitochondrial swelling (arrows). b) Numerous fatty globules (asterisks), mitochondrial pyknosis (white arrow).
c) Kupffer cell phagocytozed RBCs (black arrow), TiO2NPs (white arrow) and the particles in the hepatocytes (yellow arrow). d) A hepatocyte of treated group with TiO2 NPs and TQ
revealed normal nucleus and cytoplasmic organelles and presence of fatty globules (asterisks). e) A hepatocyte of control group showing normal nucleus and cytoplasmic organelles. f)
Testicular lesions intoxicated with TiO2 NPs showing numerous nanopaticles in the seminiferous tubule (arrows).
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