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Abstract

Keywords

Objective: The usage of Titanium Dioxide NanoParticles (TiO2NPs) on a large scale of applications
was a reason of a variety of many health problems. The aim of the current study was to evaluate the
immune toxic effects of short term administration of TiO2NPs on spleen. Material and Methods:
Forty Adult male Rats were equally divided into four groups as follows: Group I: negative control,
Group II: positive control, Group 11 received TiO2NPs (1200 mg/kg) orally daily for 12 weeks.

Group IV: follow up group received TiO2NPs by the same dose, route and for the same duration as
TiO2NPs group and then they were left untreated for another 8 weeks. Total leukocytes, differential
leukocytic counts, Interleukins IL-2 and IL-10 levels were measured, the spleen sections were
examined immunohistochemically for the detection of CD4+ and iNOS expressing cells.
Histopathological alterations in the spleen were also evaluated. Moreover, DNA damage was evaluated
by comet assay. The results: TiO2NPs exposure for 12 weeks resulted in significant decreased in the
total and deferential leukocytic counts, serum interleukins IL-2 as well as 1L-10. It caused marked
decrease in CD4+T-lymphocytes and increase in iNOS expressing cells indicating oxidative stress in
spleen tissues. It also caused histopathological disruption of spleen architecture and produced DNA
damage in splenocytes. Discontinuation of TiO2NPs administration for 8 weeks resulted in significant
improvement of leukocytes, interleukins, increase in CD4+ T-lymphocytes and decrease in iNOS
expressing cells in spleen tissues. Moreover, there was moderate improvement in histopathological
alterations and DNA damage.

Conclusion: TiO2NPs consumption have immunotoxic effects which may resulted from genetic
damage and oxidative stress in the spleen of adult male albino rats which could be improved by its
discontinuation for a period of time and it was recommended to increase the period of discontinuation
as complete improvement may occur

TiO2NPs, spleen, immune toxic, interleukin, iINOS, CD4+, DNA, Rats.

Introduction

anomaterials are new engineered structures
with one dimension of 100 nanometers or less

(Nel

et al., 2005) and antibacterial drugs (Montazer et al.,
2011).

et al, 2006). Titanium dioxide TiO2NPs are small sized particles with large

NanoParticles (TIO2NPs) that have specific properties
such as higher stability, anti-corrosive and photo-
catalytic effects make them have large scale of
applications in several areas (Riu et al., 2006).
TiO2NPs are used in a variety of consumer products,
as surface coatings, paints, toothpastes, sunscreens,
cosmetics, food products (Gurr et al., 2005) and in the
environmental decontamination of air, soil, and water
(Choi et al., 2006). In medical treatment TiO2NPs also
have been used in photodynamic therapy (Szacilowski

surface area and have surface reactive chemical agents
which facilitates their endocytosis into different cells
(Robertson et al.,2010) providing opportunity for
accumulation in several organs such as the liver,
kidneys, spleen, lungs, and heart of animals (Liu et
al.,2009). Previous researches have proved the toxic
effects of TiO2NPs on various organs by different
mechanisms as DNA damage, apoptosis with formation
of apoptotic bodies and mitochondrial abnormalities
(Wang et al.,2007a), oxidative stress (Park et al.,2008),
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enzymatic activity changes followed by cell apoptosis
or necrosis (Zhao et al.,2009) and penetration of the
blood-brain barriers and blood placenta barriers (Sang
et al.,2012).

Recently, the studies have been reported that
exposure to TiO2NPs produced immune system
affection (Li et al.,2010) by changing cytokine
production and decrease immune function (Liu et
al.,2011). Also, the systemic immune response
associated with inhalable TiO2NP provided new
strategy for risk assessment of TiO2NP exposure
(Yanyun et al.,2014).

Recent in vitro studies have demonstrated the
genotoxic potential of  higher concentration of
TiO2NPs as shown in root meristem cells of Allium
cepa (Demir et al.,2014).Also, another study have been
reported that there is significant DNA damage in
TiO2NPs exposed cultured WISH cells (Saquib et
al.,2012).

The spleen is the largest lymphoid organ in
animals, involved in host immune response against
blood borne antigens, producing lymphocytes and
reflecting the histopathology of the immune system
(Mebius and Kraal,2005). Xenobiotics that produced
immunotoxicity affect lymphocytes population that is
represented in the spleen (Elmore, 2006). T
lymphocyte, is a type of leukocytes that play a central
role in cell-mediated immunity. It has several subsets
each have a distinct function, from these subsets T
helper cells (Th cells) that is also known as CD4* T
cells because they express the CD4 glycoprotein on
their surfaces. Ty cells divide rapidly and secrete small
proteins called cytokines that regulate or assist in the
active immune response. If CD4 cells become depleted
following immune suppression, the body is left
vulnerable to a wide range of infections (McClory et
al.,2012).

Interleukin-2 (IL-2) is a type of cytokine that
secreted in the activation program of CD4+T cells
while Interleukin-10 (IL-10) is primarily produced by
monocytes and to a lesser extent, Ty lymphocytes and
mast cells (Sojka et al.,2004).

The immune system may be affected by
oxidative stress that contributes to several organs
damage and cell death as disturbed balance between
oxidants and antioxidants leading to depression of
immune organ function (Parkash and Nagarkatti,
2014). Inducible nitric oxide synthase (iNOS)
described as the immunological NOS and expressed
by macrophages and characterized by increase
production of nitric oxide (NO) in pathological
conditions. NO generated enzymatically by synthase
[nitric oxide synthase (NOS)] which oxidize L-arginine
to L-citrulline (Gnarro,2002), having the chance to
react with superoxide and formation of peroxynitrite
inducing cell toxicity (Mungrue et al.,2002). NO from
iNOS-expressing cells suppresses mouse T cell
proliferation. Also, in case of deficient iNOS, NO did
not produced and this may attributed to increase the
infiltration and expansion of CD4 cells (Aheng et
al.,2011).The spleen was approved to be important
organ for iNOS/NO responses and highly expressed

iNOS in the splenocytes may regulate Tn response
negatively (Qing Shen et al.,2015).

The comet assay or single cell gel
electrophoresis (SCGE)  provides a simple and
effective method for evaluating DNA damage and
breakage in individual cells (Demir et al.,2011) so, it
can be used to test if TIO2NPs produce DNA damage.

On that basis, The aim of the current work
was to study immunetoxic effects of short term chronic
exposure to TiO2NPs and to investigate the possible
underlying molecular mechanisms of such toxicity and
role of follow up in adult albino rats.

Materials and Methods

1. Chemicals and preparation

Titanium dioxide nanoparticles (TiO2NPs) was white

odorless fine powder (21 nm particle size, surface area

of 35-65 m?/g, purity >99.5% trace metals basis and Its

CAS No is 13463-67-7), manufactured by Sigma -

Aldrich Chemical Company, Germany and purchased

from Sigma —Egypt. It was dissolved in 5% gum acacia

solution which prepared by dissolving 10 gm of
powder in 100 ml boiled distilled water. It was
obtained from EI- Nasr Pharmaceutical Chemicals

Company, Egypt.

2. Experimental Animals and Design

Forty adult albino rats were purchased from the animal

breeding house of Faculty of Medicine Zagazig

university weighing 200-210 gm. The animals were
housed in stainless steel cages and provided with
commercial laboratory animal food and water ad
libitum. All ethically approved conditions used for
animal housing &handling were considered. Standards
for animal care and administration met those acquired
by applicable international laws and regulations (ILAR
,1996). The animals were equally divided into 4 groups :

e Group | (negative control group): 10 rats
received only regular diet and water to determine
the basic values of performed tests for 12 weeks.

e Group Il (positive control group) (gum acacia):
10 rats each received 1 ml of 5% gum acacia
solution (the solvent of titanium dioxide) by oral
gavage once daily for 12 weeks.

e Group Il (titanium dioxide treated group) : 10
rats gavaged orally with 1200 mg/kg body weight
titanium dioxide nanoparticles (1/10 LD sg) in 1ml
of 5% gum acacia solution as a solvent once daily
for 12 weeks. The LDsy of TiO, for rats is more
than 12,000 mg/kg body weight after oral
administration (Wang et al., 2007b).

e Group IV (follow up group): 10 rats received
Titanium dioxide nanoparticles by the same route,
at the same dose and for the same duration as group
11 then they were left without treatment for
another 8 weeks.

Twenty-four hour after the final dosing/non-
dosing day, the rats (had been fasted over-night) were
weighed and venous blood samples were collected
from retro-orbital plexus of each rat while the animal
was anesthetized with ether. The animals were then
euthanized by cervical dislocation and the spleens were
excised and weighed accurately.
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3. Body weight and Coefficient of spleen
after weighing the body and spleens, the coefficient of
spleen to body weight was calculated as the ratio of
spleen (wet weight, mg) to body weight (g).

4. Leucocytes Counts

2.5 ml of whole blood samples from each group
were collected in tubes containing EDTA as anti-
coagulant. Total (WBCs) and deferential leukocytes
counts (lymphocytes, monocytes and granulocytes)
were measured using a hematology cell counter.

5. Cytokines Assay
2.5 ml of serum from each group were harvested by
centrifuging blood at 2500 rpm for 10 min at 4 °C and
immediately frozen at —80 °C for further detection of
levels of interleukin IL-2 and IL-10.Serum IL-2 and
IL-10 levels were assayed for 4.5hours using Rat
Quantikine® ELISA kits (R&D Systems Inc.,
Minneapolis, MN). Sensitivity of the kits was natural
and recombinant rat IL-2 and IL-10.Manufacturer’s
instruction was followed. The absorbance was
measured on a microplate reader at 450 nm then IL-2
IL-10 concentration of samples were calculated from a
standard curve.

6. Immunohistochemical Staining of spleen
Immunohistochemistry was performed using primary
antibodies against CD4+ (ready to use; Dako
Carpinteria, California, USA)and anti-iNOS (isoform
Nitros Oxide) (dilution 1 : 50; Santa Cruz
Biotechnology) using streptavidin-biotin
immunoperoxidase  technique  (DakoCytomation,
California, USA). Formalin-fixed, paraffin-embedded
tissues (FFPE) tissues were cut into (3- 4-um) thick
sections and transferred to 3-
aminopropyltriethoxysilane (APTS) coated glass slides.
Then, sections were subjected to dewaxing,
rehydration, blocking with hydrogen peroxide, and
antigen retrieval that was performed by heating
specimens at 100°C for 20 min in citrate buffer (pH
6.0) within microwave. One to two drops of the
primary ready-to-use monoclonal antibody, anti-CD4
and anti-iNOS were then placed on the sections on
separate slides. Slides were incubated at room
temperature for 60 min. Incubation with secondary
antibody and product visualization (Dako) was
performed  with  DAB  chromogen (3, 3-
diaminobenzidine tetrahydrochloride).Sections were
counter-stained with hematoxylin, dehydrated with
ethanol and xylene and mounted permanently with Di-
n-butylPhthalate in Xylene (DPX).

Assessment  of Immunohistochemical Staining
Results

Microscopic evaluation of CD4+
Assessment of membranous immunostaining were
scored by counting the number of CD4 marker
expression over each lymphocyte in five randomly
selected high power fields at 40X magnification and
the sections were graded as follow: + (1-25 cells), ++
(26-50 cells), +++ (=51 cells) (Guo et al.,2008).

Microscopic evaluation of inducible nitric
oxide synthase (iNOS)
Assessment of Cytoplasmic immunostaining for iNOS
was semiquantitatively scored as follows: 0 (negative),

1(weak i.e. <10% expression of cells), 2 (moderate i.e.
10-20% expression of cells) and 3 strong i.e.
expression in >50%). A score of 2 or higher was
considered positive (Ross et al.,2005).
7. Histopathological Examination of spleen
All tissue samples were fixed with 10%formalin.
Consecutive 5-um thick sections from formalin-fixed,
paraffin-embedded tissue blocks were prepared and
stained with hematoxylin and eosin (H&E) for
histopathological classification (Frank et al., 2005).
8. Comet Assay of spleen
The principle of the method (Singh et al.,1988) under
highly alkaline conditions there is denaturation,
unwinding of the duplex DNA and expression of alkali
labile sites as single strand breaks. The parameters
measured to analyze the electrophoretic patterns were:
Tail length were measured from the middle of the
nucleus to the end of the tail and relative DNA content
in the tail. with 40x objective fluorescence microscope
(With excitation filter 420-490nm [issue 510nm]). a
Komet 5 image analysis software developed by Kinetic
Imaging, Ltd. (Liverpool, UK) linked to a charge-
coupled device (CCD) camera to assess the quantitative
and qualitative extent of DNA damage in the cells by
measuring the length of DNA migration and the
percentage of migrated DNA. Finally, the program
calculates tail moment. Generally, 50 to 100 randomly
selected cells are analyzed per sample.
9. Statisticalanalysis
Results were expressed as mean + standard deviation
(SD). Multigroup comparisons of the means were
carried out by one way analysis of variance (ANOVA)
test. Least significant difference (LSD) test was used
to compare the difference between the experimental
groups and the control group. Descriptive data were
compared by (chi-square test). The statistical
significance difference for all tests was set at P< 0.05.
Correlation coefficient (r) was used for testing the
association between two continuous variables using
SPSS software (v.16; SPSS).
Results
1. Body weight and Coefficient of spleen
Results of this study revealed that TiO2NPs treatment
for 12 weeks induced highly significant increase in the
coefficients of the spleen (P<0.0001) when compared
to control group. Stopping of administration of
TiO2NPs for 8 weeks in the Follow up group
significantly reduced these values compared to
TiO2NPs group (P<0.0001) (Table 1).
2. Leucocytes Counts
Rats of TiO2NPs treated group showed highly
significant decrease of total White blood cells (WBC)
and differential counts(P<0.0001). Stopping of
administration of TiO2NPs significantly increased total
WBC and differential counts (P<0.0001) when
compared to TiO2NPs treated group (Table 2).
3.Cytokines Assay
Titanium dioxide NanoParticles (TiO2NPs) treated
group showed significant decrease in both I1L-2 and IL-
10 as compared to control (P<0.0001)while cessation
of treatment showed significant increase of both
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Interleukins as compared with TiO2NPs group
(P<0.0001) (Table 3 Bar charts 1 and 2).
4.Immunohistochemical Staining of spleen

CD4 and iNOS expression was examined in
spleen tissues of studied groups and results were
showed in (Table 4) and (Table 5).

In terms of CD4 marker expressions, there
was an highly significant reduction in TiO2NPs treated
group as compared to control groups and were graded
(+) P<0.0001 (Table 4). InTiO2NPs treated group all
splenic sections showed low level expression of CD4+
T-lymphocytes (Platesl Cand F) as compared to
control tissues that showed numerous brown positive
membranous immunoreactions around white pulp
(Plates 1 A, B and E).

While the splenic sections of rats of Follow up
group showed highly significant increase in CD4
marker expressions as compared to TiO2NPs treated
group and were graded (++) P<0.0001 (Table 4)
and(Plates 1D).

According to inducible nitric oxide synthase
(iNOS) expressions, there was highly significant
difference between TiO2NPs treated group and control
groups where all splenic sections were positive and
60% of them had scored (3) or strong expressions
P<0.0001 (Table 5), also TiO2NPs treated group
showed brown cytoplasmic immune reactions staining
the red pulp of spleen (Plates 2 C and E) compared to
control sections (negative iINOS immunostained)
(Plates 2 A, B).

While when rats of Follow up group were left
without treatment for 8 weeks, their splenic sections
showed highly significant difference as compared to
that of TiIO2NPs group where most of splenic sections
were negative and 60% of them had scored (0)
P<0.0001 (Table 5) and showed weaker
immunoractivity within red pulp and in sinus lining
cells (Plates2 D and F).

From the Immunohistochemical staining
results, a significant negative correlation between CD4
and iNOS expression was found in both TiO2NPs

treated group (r=-0.97) and follow up group (r= -0.56)
(Table 6) (Figure L Aand B).

5.Histopathology Examination of spleen
Examination of H&E stained spleen sections of control
—ve and control +ve showed normal spleen consisted
of white and red pulps. The white pulp was composed
of  well-circumscribed lymphoid follicles, a peri-
arterial lymphoid sheath and marginal zone which is
clearly differentiated between the non-lymphoid red
pulpand  the lymphoid white-pulp. The  lymphoid
follicles consisted of a large number of lymphocytes,
most of them appeared to have condensed darkly
stained nuclei. The red pulp was composed of
branching and anastomosing splenic cords and blood
sinusoids in between (Plates 3 A and B). Treatment
with TiO2NPs forl2 weeks caused disruption of
splenic architecture, apparent white pulp atrophy in the
form of reduction of both size and cellular component
of lymphatic follicles, differentiation between red and
white pulp is indistinct and congested sinusoids (the
sinusoids were packed with RBCs) (Plates 3 C and E
).While in follow up group that left without treatment
for 8 weeks splenic tissues showed an improvement of
the white pulp architectures as increase in the size and
cellular components of the lymphatic follicles and
marginal zone is differentiated from the red pulp which
still showed congested sinusoids (Plates 3D and F).
6.Comet Assay of spleen

Splenocytes exposed to TiO2NPs treatment for 12
weeks have exhibited DNA damage in the form of
increased tail moment percentage and tail length as
compared to control group that showed un-damaged
nuclei. Tail moment reveal (the product of tail length
and the fraction of total DNA in the tail) where the tail
length represent the smallest detectable size of
migrating DNA and the fraction of total DNA or the
intensity of DNA represent the number of
relaxed/broken pieces in the tail. On the contrary, on
stopping administration of TiO2NPs, moderate
improvement was noticed in the form of reduction of
the damaged cells in Follow up group as compared to
TiO2NPs group (Table7) and (Figure 2) .

Table 1: ANOVA (F-test) statistical analysis for comparison of Body weight and spleen Coefficient of rats from

different studied groups.

Index Group | Group Il Group 111 | Group IV | F test P
(-ve Control) (+veControl) (TiO2NPs) (Follow up) values
mean + SD mean + SD mean + SD mean + SD
Body weight (g) 205.50 204.4 *178 **202.5 27.96 0.000
+3.43 +3.40 +14.94 +2.63
Spleen 2.905 2.87 *4.82 **3.016 333.19 | 0.000
coefficient (g) +0.09 +0.11 +0.28 +0.031

Results are expressed as mean + SD (Number = 10 rats/group), P value of > 0.05 = Non-Significant
Least significant difference (LSD) (P=0.05) = 11.56, 191.17 respectively,Least significant difference(LSD) (P=0.01) =
14.33, 236.91 respectively, * Highly significantly different compared to control (P < 0.0001), **Highly significantly

different compared to TiO2NPs (P<0.0001).
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Table 2: ANOVA (F-test) statistical analysis for comparison of Total WBC and Differential WBCs counts in
different studied groups.

Group Group | Group Il | Grouplll Group IV | Ftest P
(-veControl) | (+veControl) | (TiO2NPs) (Follow up) value
parameter mean + SD mean + SD mean + SD mean + SD
WBCs(10%/cc) 6.03 6.02 *5.05 **5.90 807.468 | 0.000
+0.048 +0.049 +0.052 +0. 059
Lymphocyte (%) 86.88 86.89 *83.13 **85.30 1.7623 | 0.000
+0.103 +0.087 +0.115 +0.209
Monocyte (%0) 6.89 6.87 *5.93 **6.11 113.522 | 0.000
+0.137 +0.141 +0.105 +0.082
Granulocyte (%) 8.75 8.77 *7.84 **8.59 189.662 | 0.000
+0.108 +0.094 + 0.060 +0.875

Results are expressed as mean + SD (Number = 10 rats/group), P value of > 0.05 = Non-Significant

Least significant difference (LSD) (P=0.05) = 5.73, 21.41, 5.70, 4.82 respectively, Least significant difference (LSD)
(P=0.01) = 7,11, 26.53, 7.06, 5.97 respectively.

* Highly significantly different compared to control (p < 0.0001), ** Highly significantly different compared to
TiO2NPs (p < 0.0001).

Table 3: ANOVA (F-test) statistical analysis for comparison of serum levels of IL-2 and IL-10 in different
studied groups.

Group Group | Group Il | Grouplll Group IV | Ftest P
(-veControl) | (+veControl) | (TiO2NPs) (Follow up) value
parameter mean + SD mean + SD mean + SD mean + SD
IL-2 (Pg/ml) 134.2 134.07 *129.2 **133.4
+0.29 +0.19 +0.49 +0.39 421.964 1 0.000
IL-10 (Pg/ml) 62.64 62.68 60.76 61.92
+0.43 +0.44 +0.17 +0.26 66.802 | 0.000

Results are expressed as mean + SD (Number = 10 rats/group), P value of > 0.05 = Non-Significant

Least significant difference (LSD) (P=0.05) = 28.57, 11.69 respectively, Least significant difference (LSD) (P=0.01) =
35.41, 14.50 respectively.

* Highly significantly different compared to control (p < 0.0001), ** Highly significantly different compared to
TiO2NPs (p < 0.0001).

Table 4: Chi-square test statistical analysis of CD4 expressions in different studied groups.

CD4 Groups Total P value
expressions Control -ve Control +ve | TiO2NPs Follow up

No % No | % No % No % No | %
+(1-25 cell) 0 000 |O 00.0 10 100 0 00.0 10 25 0.000
++(26-50 cell) 2 20 1 10 0 000 |9 90 12 30 0.000
+++(>51 cells) | 8 80 9 90 0 00.0 1 10 18 45 0.000
Total 10 100 10 100 10 100 10 100 40 100 | 0.000

P value = 0.0001 Highly Significant, X2 =61.111, (Number = 10 rats/group).

Table 5: Chi-square test statistical analysis of INOS expressions in different studied groups.

iNOS Groups Total P value
expressions Control -ve Control +ve TiO2NPs Follow up
No % No % No | % No | % No | %

Negative(0) 8 80 9 90 0 000 |6 60 23 | 575 | 0.000
Weak(1) 2 20 1 10 0 000 |4 40 7 17.5 | 0.000
Moderate(2) | 0 000 |0 000 |4 40 0 00.0 4 10 0.000
Strong(3) 0 000 |0 000 |6 60 0 00.0 6 15 0.000
Total 10 100 10 100 10 | 100 10 | 100 40 | 100 0.000

P value=0.0001 Highly Significant. X?=43.4783, (Number = 10 rats/group).
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Table 6: Pearson Correlation statistical analysis showing negative correlation between iNOS expressing cells and

the CD4* T cell count in (A) TiO2NPs treated group and (B)Follow up group.

A CD4 iNOS | B CD4 iNOS
CD4 | Pearson 1 -97 | CD4 Pearson 1 -.556

Correlation Correlation

Sig. (2-tailed) .000 Sig. (2-tailed) .00

N 10 10 N 10 10
iNO | Pearson -97 1| iNOS Pearson -.556 1
S Correlation Correlation

Sig. (2-tailed) .000 Sig. (2-tailed) | .00

N 10 10 10 10

r=-0.97. P=0.0001. Highly Significant, r=- 0.56. P=0.001. Highly significant .(Number = 10 rats/group).

Table 7: Comet Assay showing distribution of changes in DNA parameters in different studied groups.

UNIT % % pum % %
DNA parameter | Tailed Head Tail length Tail DNA Tail moment
Control -ve 3 97 1.80 1.60 0.028
Control +ve 3.2 96.8 1.82 1.70 0.030
TiO2NPs 14.7 85.3 4,95 5.04 0.249
Follow up 5 95 2.80 2.42 0.067
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Bar chart 1: Serum Interleukin (IL-2). Values obtained from rats treated for 12

weeks and others untreated for 8 weeks.

Data expressed as Mean + SD (Number = 10 rats/group).
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Bar chart 2: Serum Interleukin (IL-10). Values obtained from rats treated for
12 weeks and others untreated for 8 weeks.
Data expressed as Mean + SD (Number = 10 rats/group).

iNOS iNOS

Figure 1: Pearson Correlation statistical analysis showing negative correlation between iNOS
expressing cells and the CD4* T cell count in (A) TiO2NPs treated group and (B) Follow up group.
r=-0.99. P=0.0001.

l

Figure 2: Epi-fluorescence images of DNA damage in Comet Assay.

(1) Control-ve and (2)Control + ve showing nuclei of un damaged cells (3)TiO2NPs group
showing induced various degree of damage in DNA of splenocytes (4) Follow up group after
stopping of TiIO2NPs showing decreased the damaged cells.
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Plate 1: Immunohistochemical staining micrographs of Spleen for CD4. (A) - ve Control group
showing numerous brown positive immunoreactions for T-lymphocytes (arrow) grade ++
arranged around white pulp (W). (B)+ ve Control group showing numerous brown positive
immunoreactions for T-lymphocytes (arrow) grade +++.(C)TiO2NPs treated group showing
decreased level of CD4 grade + and three small size follicles were seen in the upper right area
(arrows).(D)Follow up group showing brown positive immunoreactions of CD4 grade ++ around
normal sized follicles (arrow).(E)Control group showing positive membranous staining for CD4
(arrow).(F) TiO2NPs treated group showing few number of cells with positive membranous stain

(arrow). (Images magnification, A,B,C,D, 100 X& E, F, 400X).
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Plate 2: Immunohistochemical staining micrographs of Spleen tissues for iNOS. (A,B) Control
group showing red pulp (R) with negative staining for iNOs. (C) TiO2NPs treated group
showing positive brown staining for iNOS (arrow) in the red pulp (R). (D) Follow up group
showing weak immunohistochemical staining for iNOS. (E) TiO2NPs treated group showing
positive strong cytoplasmic staining for iNOS (arrow). (F) Follow up group showing negative
staining for iNOS. (Images magnification, A,B,C,D, 100 X & E, F, 400X).
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Plate 3: H&E stining micrographs of spleen tissues. A,B) Control grotjp showing normal spleen
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architecture with intact white pulp (W),clear red pulp (R) and distinct marginal zone (arrow).
(C) TiO2NPs treated group showing spleen architecture disruption, decreased in both size and
cellular component of the spleen follicle (arrows) and congested sinusoids (S).(D) Follow up group
showing reconstruction of the spleen architecture, increased lymphocytes, follicle size
improvement in white pulp (W) and the marginal zone become distinct between white and red
pulp (R)(arrow).(E) TiO2NPs treated group showing sinusoids were packed with RBCs. (F)
Follow up group showing areas of congestion (arrow). (Images magnification, A,B,C,D, 100 X& E,

F, 400X).

Discussion

Toxicologists and regulatory scientists become
interested  with nanotoxicology and nano-risk
particularly regarding to the fine-sized nanoparticles
that may render them potentially toxic (Li and Nel,
2011).

TiO2NPs is a versatile compound that has
broadly been used in modern cosmetics. The spleen
play an important role in immune response (Mebius
and Kraal,2005), thus, any alteration of T lymphocytes
population or its cytokines and any affection of DNA
after consumption of TiO2NPs may reflect its

immunotoxicity.

In the current study, oral gavages of TiO2NPs for 12
weeks resulted in reduction of the body weight of
TiO2NPs treated rats and increase the coefficients of
the spleens. These are in consistent with Li et al.,2010
who observed significant increase in the coefficients of
the spleens after intra-peritoneal injection of TiO2NPs
at doses of 50 and 150 mg/kg BW for 45days and
attributed the cause to TiO2NPs significant
accumulation in the mouse spleen.
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Moreover, Xu et al.,2013 found increase in the
organ coefficients of the spleens after intravenous
injection of 140, 300, 645, and 1387 mg/kg BW of
TiO2NPs and both suggested increase spleen
coefficient to TiIO2NPs accumulation in the organs. On
the other hand, after stopping of oral treatment of
TiO2NPs for 8 weeks, there was reduction in the
splenic coefficient compared to that of TiO2NPs
treated group, although not reaching to the spleen
coefficients of control. This may be attributed to
weight regain after its reduction during TiO2NPs
administration and attributed also to decreased the
congestion of splenic tissues.

The immunological function of each of the
WBC types has been reviewed extensively elsewhere
(Thrall,2004) where neutrophils /heterophils and
lymphocytes make up the majority of WBCs in
mammals (Jain, 1993). T-lymphocytes have an
important role in maintaining of immune response
(Ayuob,2013) and CD4 + T cells can produce IL-2 and
to lesser extent IL-10 which primarily produced by
monocytes (Sojka et al.,2004). Therefore, examination
of WBCs and differential leukocytes related to CD4+T
cells and also examination of CD4+T cells in
splenocytes could determine the immunological state.

The results of the present study showed
deficiency of total and differential leukocytes counts
(lymphocytes, monocytes and granulocytes) in rats that
treated with oral TiO2NPs for 12 weeks. These results
are supported by that of Duan et al., 2010 who reported
significant decrease in WBC, RBC, HGB, MCHC, and
PCT blood levels after intragastric administration of
TiO2NPs at doses of 125, 250 mg/kg BW for 30
consecutive days and attributed the deficient
metabolism and immune response of mice to marked
decrease in O2 content in the blood by the effect of the
higher dose of TiO2NPs.

Hamrahi-michak et al., 2012 explained the
decreased level of leucocytes after its pervious increase
because of the high concentrations of nanoparticles can
enter into the lymphatic system, producing
inflammation and enlargement in lymph nodes leading
to increase the number of WBCs. But, after a period of
time, the activity of these glands decreased and lymph
node atrophy has been noted.

leukocytes and differential leukocytic counts
compared toTiO2NPs treated group. No previous
studies on the improvement potentials after stopping of
TiO2NPs administration were found.

Cytokines are cells expressing proteins that
are considered important mediators to regulate immune
response (Szelényi,2001), also any changes in these
proteins levels could be considered an indirect index to
assess immune function status (Liu et al.,2014).
Therefore, cytokines levels were examined to evaluate
the immune response to TiO2NPs administration.

In the present study, TiO2NPs treatment for
12 weeks showed significant decrease in both IL-2 and
IL-10 as compared to those of control group while
cessation of treatment for 8 weeks showed significant
increase of both interleukins as compared to TiO2NPs
group. These results are consistent with those of Duan

et al.,2010 who reported significant decrease in IL-2
activity of the mouse serum after intragastric
administration of TiO2NPs at doses of 125, 250 mg/kg
BW for 30days and explained this to the decreased
proliferation of CD4+ T cells. Also, Sojka et al., 2004
observed a decrease in IL-10 activity in TiO2NPs
treated rats,which may be caused by decreased
lymphocytes population. The potential improvement
after cessation of TiO2NPs consumption for a period of
time could be attributed to moderate restoration of the
activity of lymphocytes after a period of complete
discontinuity.

The immunohistochemical staining of splenic
tissue sections of TiO2NPs group treated for 12 weeks
showed decreased expression of CD4+ marker
indicating reduced T lymphocyte cells in white pulp as
compared to that of control. While, stopping of
TiO2NPs administration for 8 weeks allowed moderate
restoration of T lymphocyte cells guided by significant
increase of CD4+ marker expression when compared to
TiO2NPs treated group.

Also, the results of the present study are
consistent with those of Duan et al., 2010 who reported
decreased proliferation of T lymphocytes (including
CD3, CD4, and CD8), B lymphocyte and natural Killer
lymphocyte and the ratio of CD4 to CD8 of mice after
intragastric administration of TiO2NPs at doses of 125,
250 mg/kg BW for 30days and attributed this to
inhibition of IL-2 activity that lead to reduction of the
proliferation of T lymphocytes and inhibition of other
immunologically competent cell activation. No
previous studies discussed the potentialities of
regaining T lymphocytes activities after a period of
cessation of TiIO2NPs consumption.

The structural modifications in T-lymphocytes
may be affected by oxidative stress that lead to being
hypo-responsive (Cemerski et al.,2003). Nitric oxide
production from iNOS-expressing cells suppresses
mouse T cell proliferation leading to oxidative cell
toxicity(Aheng et al.,2011). Therefore, examination of
iINOS expressing cell in splenocytes could determine
its role in immunological state.

The immunohistochemical staining of splenic
tissue sections of TiO2NPs group treated for 12 weeks
showed strong iINOS immunreactivity in the red pulp
pointed to increase production of NO inducing
oxidative stress and suppressing CD4+T cells.These
results are consistent with those of Duan et al., 2010
who reported higher levels of NO in blood serum after
intragastric administration of TiO2NPs at doses of 125,
250 mg/kg BW for 30days and also with Ma et al.,2010
who reported excessive release of nitric oxide in brain
tissues of mice after injection into abdominal cavity of
50,100, and 150 mg/kg BW of TiO2NPs for 14 days.
Where Filep et al., 1996 stated that NO is closely
related to cellular immune function by mediating
natural killer cells to kill YAC-1 lymphocyte tumor.
While, stopping of TiO2NPs administration for 8
weeks showed weak iINOS immunreactivity in the red
pulp of splenic tissues giving a thought that the period
of discontinuity allowed CD4+T cells to regain its
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activity leading to decreasing in the level of NO that
indicated by decreasing iNOS expressing cells.

Also, The histopathological examination of
splenic sections of rats treated with TiO2NPs forl2
weeks caused disruption of spleen architecture, sever
congestion of tissues, decreased in both size and
cellular component of the lymphatic follicles and
absence of demarcation between red pulp and white
pulp as compared to spleen architecture of
control.These findings are supported by those of Li et
al.,2010 who reported congestion of the spleen tissue
and proliferation of lymphatic follicles after intra-
peritoneal injection of 50mg/kg BW TiO2NPs for
45days suggested that TiO2NPs induced oxidative
reaction causing splenic lesion. Chen et al.,2009
found a mass of neutrophilic cells in spleen tissues as a
result of accumulated large number of TiO2 particles
that induced severe splenic lesion after intra-peritoneal
injection of higher doses of TiO2NPs(324-2592
mg/kg) for 7 days.

On the other hand, stopping of TiO2NPs
administration for 8 weeks, splenic tissues showed
increase in the size and cellular components of the
lymphatic follicles and marginal zone is differentiated
from the red pulp which still showed congested
sinusoids.

The results of the present Comet Assay after
treatment with TiO2NPs forl2 weeks showed
genotoxic effects of TIO2NPs on spleen tissues. These
results are in agreement with the review of Landsiedel
et al.,2009 where they reported genotoxic effects about
nanomaterials including TiO2NPs and describing
micronuclei development, as an indicative of
chromosomal damage and DNA damage caused
byTiO2NPs.These results also are in consistent with
those of Trouiller et al., 2009 who reported significant
increase in tail moment after oral treatment with 500
mg/kg BW of TiO2 NPs for five consecutive days
where they measured DNA stand breaks by the
alkaline comet assay in mice peripheral blood and
attributed DNA damage to oxidative stress.

Mohamed and Hussien, 2016 also reported the
genotoxic effects of TiO2NPs on brain tissue after
treatment of mice with TiO2NPsat 500 mg/kg BW for
five consecutive days TiO2NPs by using comet assay
and referred these effects to oxidative burst that caused
by TiO2NPs leading to release superoxide anions
(O2—) which convert to multiple reactive oxygen
species(ROS).Several  previous  in-vivo  studies
demonstrated the gentoxic effects of TiO2NPs as
Reeves et al., 2008 reported TiO2NPs oxidative-stress—
related effects including inflammation, cytotoxicity
and genomic instability, either alone or in the presence
of UVA irradiation. Gurr et al., 2005 showed that
TiO2NPs induced mainly hydrogen peroxide and nitric
oxide generation leading to lipid peroxidation and
oxidative DNA damage in lung epithelial cells.

On the other hand, the present Comet Assay
after cessation of TiO2NPs for 8 weeks showed
decreased DNA damaged cells as compared to that of
TiO2NPs group. Conclusion:

TiO2NPs consumption have immunotoxic
effects which may resulted from genetic damage and
oxidative stress in the spleen cells of adult male albino
rats which could be moderately improved by its
discontinuation for a period of time and it is
recommended to increase the period of discontinuation
as complete improvement may occur.
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