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Abstract

The increasing application of titanium dioxide nanoparticles (NTiO,) in life and the toxicity potential of these nanoparticles
have raised concerns about their detrimental effects on human health. This study was conducted to investigate the hepatopro-
tective effects of vitamin E and vitamin A against hepatotoxicity induced by NTiO, in rats. Thirty-six male Wistar rats were
randomly divided into six groups of six rats each. Intoxicated group received 300 mg/kg NTiO, for two weeks by gavage.
Groups treated with vitamin E (100 [U/kg), vitamin A (100 IU/kg) and mixture of these vitamins were orally administered
for 3 weeks (started 7 days before NTiO, administration). In order to investigate the redox changes, total antioxidant capac-
ity, total oxidant status, and lipid peroxidation were determined in liver tissue as well as activity of antioxidant enzymes
including superoxide dismutase, glutathione peroxidase, and catalase. In addition, inflammatory responses were assessed
by measuring the expression of NF-kB (mRNA) and TNF-a (mRNA and protein). Histopathological analysis and measure-
ment of liver enzymes (ALP, ALT, AST, and LDH in serum) were also done to determine hepatic injury. In liver, NTiO,
caused hepatic injury, redox perturbation, and reduction of antioxidant enzymes and elevation of inflammatory mediators,
significantly. However, treatment with vitamins was able to significantly ameliorate these alterations. This study highlights
the antioxidant and anti-inflammatory properties of vitamins A and E against toxicity of NTiO, and poses the use of these
vitamins to mitigate the toxic effects of this nanoparticles in NTiO,-contained products.
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Introduction

With progression in the field of nano-engineered materi-
als, there is a growing demand on the use of these particles
in different industries. Some physicochemical properties of
nanomaterials such as small size, large surface area, redox
potential, photocatalytic, and quantum properties make them

< Roghayeh Abbasalipourkabir
rpourkabir @hotmail.com; abbasalipourkabir@umsha.ac.ir

Arash Moradi

arash.443 @gmail.com
Nasrin Ziamajidi
n_ziamajidi @yahoo.com

Abolfazl Ghafourikhosroshahi
abighafory @ gmail.com

School of Medicine, Hamadan University of Medical
Sciences, Hamadan 65178, Iran

School of Pharmacy, Hamadan University of Medical
Sciences, Hamadan 65178, Iran

a useful tool in the relevant industries [1-4]. Titanium diox-
ide nanoparticles is one of the most broadly applied com-
pounds in the medical (photosensitizer for photodynamic
therapy [2, 5] drug delivery [5, 6], biomedical ceramics
[7], and implant biomaterials [8]), food [9, 10], cosmetics
(sunscreen, toothpaste and personal care products [9, 11,
12]), sterilization [13, 14] and paint industry. Its prominent
physical and chemical properties include the bright white
color (which causes whitening of toothpaste, cosmetics and
food), high resistance, photocatalytic property (which pro-
duces free radicals when exposed to UV light and is used in
sterilization devices), redox potential etc. [9, 15].

Regarding the extensive application of NTiO, in everyday
life, the question arises as to whether this nanoparticles has
detrimental effects on human health.

Human exposure to NTiO, may occur through the skin,
inhalation, and ingestion. Studies have revealed that pulmo-
nary and digestive exposures are the predominant routes of
toxicity [16]. Since NTiO, penetrate into the body, they may
find their way into the circulatory system and reach other
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organs, which, according to the concentrations determined,
include the liver, spleen, lung, brain, and testis, respectively
[17, 18]. It has been considered that liver is the target organ
for the toxic effects of xenobiotics such as nanoparticles
[19-21]. The results of previous studies indicate that oral
administration of NTiO, increases the content of liver dam-
age biomarkers such as alanine aminotransferase (ALT),
aspartate aminotransferase (AST), alkaline phosphatase
(ALP), and lactate dehydrogenase (LDH), in the serum
and also MDA as a marker of lipid peroxidation of liver in
rodents [22, 23].

Previous studies showed that exposure to NTiO, can lead
to induction of toxicity which includes damage to membrane
integrity [24], protein instability and oxidation [25, 26],
nucleic acid damage [27, 28], cell toxicity through reactive
oxygen species (ROS) generation [29, 30], and disturbance
in the supply of energy and the electron transport chain [29].

According to the investigations of Cui et al. [80],
the signaling cascade proposed for hepatic tox-
icity induced by NTiO, is: TLRs — NIK — IkB
kinase — NF-KB — TNF-a — inflammation — apopto-
sis — liver injury [31]. Similarly, Chen et al. [32] reported
that NF-xB, which is a key transcription factor involved in
transduction of signals that promote inflammation and cell
death, is activated by TLRs and finally induces the expres-
sion of inflammatory cytokines like TNF-a, IL10, IL12A,
and IL2 [32].

Although NTiO, can also cause cellular damage with-
out producing ROS, generation of ROS is the main activity
of NTiO, induced cellular damage. It has been recognized
that NTiO, is deposited on the cell surface or within the
subcellular organelles and induces oxidative stress signal-
ing cascades that eventually leads to cell oxidative damage
[33]. The main factors of NPs involved in ROS generation
include: (a) pro-oxidant groups on the reactive surface of
NPs; (b) active redox cycling on the surface of NP due to
transition metal-based NP; and (c) interactions of NP with
cells [28, 34]. On the reactive surface of NPs, the electron
donor or acceptor interact with O, to form O*~ which in
turn generates additional ROS via Fenton-type reactions
[35]. These events also occur within an aqueous environ-
ment like body fluids. Study conducted by electron spin
resonance methods showed that excited NTiO, can produce
radical species such as hydroxyl radical (OH’) by oxidation
of H,O and superoxide radical (O, ) by reduction of O,
[30]. It is well established that excessive accumulation of
ROS by affecting the biological macromolecules causes
mutation, cancer, aging, apoptosis, and necrosis. In addition,
it triggers the activation of cytokines and pro-inflammatory
mediators through the MAPK and NF-«B signaling path-
way which controls the transcription of inflammatory genes
such as IL-1f, IL-8, and TNF-a. Through this, it is associ-
ated with many disorders such as cancer, cardiovascular,
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and neurodegenerative diseases [36—39]. One strategy of
the human body to overcome the surplus ROS response is
to employ enzymatic or non-enzymatic antioxidant defense
system. Major antioxidant enzymes include superoxide
dismutase (SOD), glutathione peroxidase (GPx), and cata-
lase which alleviates toxicological effects of ROS in living
systems.

Alpha-tocopherol (AT) is an active form of vitamin
E which has antioxidant and anti-inflammatory proper-
ties. Vitamin E acts as a strong scavenger of free radicals,
especially radical peroxyl, which prevents peroxidation of
unsaturated fatty acids in the cell membrane [40-43]. These
functions of vitamin E were examined in many studies and
the results indicate the effect of vitamin E on suppression of
inflammatory and oxidative stress response by reduction in
IL-1, TNF-a, IL-6, low density lipoprotein oxidation suscep-
tibility, ROS production in monocyte, TGF-f1, expression
of VEGF (Vascular endothelial growth factor), and HSP70
[44-49].

Vitamin A plays important roles in different cellular
processes including growth, differentiation, vision, and
reproduction [50, 51]. All-trans retinoic acid (AtRA) which
is the most active form of vitamin A exhibits anti-cancer,
anti-inflammatory, and anti-oxidant effects [52, 53]. It is
able to reduce inflammatory cytokines (e.g. IL-6, TNF-a,
TGF-B1), prevent collagen formation and induction of anti-
oxidant enzyme like SOD through modulating the activation
of transcription factors such as NF-xB, P38 MAPK, and Akt
[54-56].

With regard to the toxicity of NTiO, and its proposed
mechanism in the liver, it is necessary to introduce effective
antioxidant and anti-inflammatory compounds which can
reduce the toxic effects induced by NTiO,. In this study, a
toxic dose of NTiO, (300 mg/kg body weight) was used to
evaluate whether vitamin A, vitamin E, and the combination
of these vitamins could restrain the toxicity of NTiO, in the
liver of rats.

Materials and methods
Treatment agents

AtRA (<98%), a-tocopherol (<96%), and olive oil were
purchased from Sigma-Aldrich Co (St. Louis, MO, USA).
According to previous studies, Vitamin A and vitamin E
were dissolved in olive oil to obtain the desired concentra-
tions of 1000 IU/kg and 100 IU/kg body weights, respec-
tively [49, 56].
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TiO, nano particles

Titanium dioxide nanoparticles (20 nm) was purchased from
Iranian Nanomaterials Pioneers Company, NANOSANY
(Mashhad, Iran) which contains 80 vol% anatase + 20 vol%
rutile. Table 1 presents the characteristics of Titanium diox-
ide nanoparticles and the transmission electron micrograph
(TEM) and crystal characteristics of TiO, nanoparticles are
shown in Figs. 1 and 2, respectively.

Preparation of TiO, nanoparticles suspension

There is a lack of information about the exact duration and
dose of human exposure to titanium dioxide nanoparticles.
But what’s clear is that the amount of human exposure with
this nanoparticle is very variable [57]. Take the example of
paint industry staff, who expose to a high level of NTiO,

Table 1 Characteristics of titanium dioxide nano particles

by the rout of respiratory system [58].On the other hand,
according to a study by Rompelberg et al. [59], children
(2—-6 years) of Dutch population has been reported to intake
0.67 mg/kg bw/day [59]. Since human exposure to NTiO,
has inevitable consequences, we have to study the mecha-
nism of toxicity as well as finding a way to tackle these
detrimental effects.

According to previous studies the concentration of NTiO,
to induce acute toxicity in rodent has been reported from
50 [16, 60] to 500 mg/kg body weight [61]. Although some
studies have shown that toxicity occurs at lower concentra-
tions, but in such quantities, toxicity for a wide range of
parameters cannot be generalized. Khorsandi et al. claimed
that NTiO, at the concentration of 300 mg/kg could alter
biochemical and histological parameters in Wistar rats [23].
So that we decided to use 300 mg/kg of NTiO, to ensure the
induction of definite acute toxicity in rats.

Certificate of analysis ~ Content TiO,% Al Mg Si Ca Nb
>99% <17ppm <65 ppm <120ppm <75 ppm <80 ppm

Particles size nm Specific surface aream?g  Color Crystal form pH 5.5-6.0  Bulk density

20 nm 1045 White 80 vol% anatase +20 vol% rutile 0.46 g/ml

Al aluminum, Mg magnesium, Si silisium, CA calcium, Nb niobium
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Fig. 1 Crystal characteristics of titanium dioxide nanoparticles (NTiO,)
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Fig.2 Transmission electron micrograph (TEM) of titanium diox-
ide nanoparticles from Iranian nanomaterials pioneers company,
NANOSANY

A stock suspension at 2 g/ml concentration was pre-
pared by suspending TiO, nanoparticles in bi-distilled
water. Before each administration, the stock solution was
diluted in bi-distilled water to obtain the desired concen-
tration (300 mg/kg body weight), and then placed in a
sonication device for 10—15 min in order to disperse nano-
particles and prevent agglutination.

Experimental design and procedure

Thirty-six adult male Wistar rats aged 6—8 weeks, weigh-
ing 180-200 g were purchased from Pasteur Institute of
Iran, IRAN. The animals were housed two rats per plastic
cage and allowed to acclimatize under standard conditions
(12 h light/dark cycles, relative humidity of 50+ 5% and
22 +3 °C) for 1 week before the experiment. These con-
ditions were maintained until the end of the experiment.
The rats were given free access to distilled water and com-
mercialized food throughout the experiment. The animals
were divided into six groups of six animals each.

Group A Control group 1, received 1 ml/day bi-distilled
water by gavage for 14 days.

NTiO, group, received 300 mg/kg body weight
by gavage for 14 days.

NTiO, + vitamin E, received 300 mg/kg NTiO,
and 100 IU/kg a-tocopherol by gavage.

NTiO, + vitamin A, received 300 mg/kg NTiO,
and 1000 IU/kg AtRA by gavage.

Group B
Group C

Group D
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Group E  NTiO,+ vitamins A and E, received the afore-
mentioned concentration of NTiO,, vitamin A,
and vitamin E.

Control group 2, received 1 ml/day olive oil by

gavage for 14 days.

Group F

By using two solvents in this experiment, one used to
prepare a titanium solution and the other used to dissolve fat-
soluble vitamins, in this study two control groups of distilled
water and olive oil were considered.

One the day after the last administration, after blood
sampling, the rats were sacrificed by cervical dislocation
under ether anesthesia, and the livers from each animal
were quickly removed. Small pieces of liver (left lateral
lobe) were stored separately in a deep freezer (— 80 °C)
for the total antioxidant capacity (TAC), total oxidant sta-
tus (TOS), lipid peroxidation (MDA), catalase, SOD, GPx,
enzyme linked immunosorbent assay (ELISA), and reverse
transcription polymerase chain reaction (RT-PCR) assay.
Other pieces (from left lateral lobe) were fixed in 10% buff-
ered formalin for histopathologic assay. Blood samples were
collected by cardiac puncture, using 23 or 26 G needles. The
whole blood was allowed to clot at room temperature and
centrifuged at 1000 g for 10 min, and serum were separated
and analyzed for ALT, AST, ALP, TAC, and LDH.

Measurement of liver enzymes in serum

Animal serum was analyzed for ALT, AST, ALP, and LDH
using standard diagnostic Kit (Pars Azmun, Iran).

Measurement of TAC, TOS, and MDA

TAC was estimated according to the manufacturer’s instruc-
tions using (Kiazist, Iran). In this method (CUPRAC assay),
the cupric (Cu™?) is reduced into cuprous (Cu™) in the pres-
ence of antioxidants and produces color in the presence of
chromogen. This color is absorbed at 450 nm. The advantage
of this method is the measurement of antioxidants such as
thiol, which cannot be identified in methods such as FRAP
(which works with iron).

The oxidation of ferrous ion to ferric ion correlated with
the number of oxidant species in acidic pH was used to eval-
uate the TOS in liver homogenate. The ferric ion content was
determined by xylenol orange [62].

Malondialdehyde (MDA) as a lipid peroxidation indica-
tor in liver homogenate was assessed fluorometrically using
thiobarbituric acid method [63].

Measurement of catalase activity

Catalase enzyme catalyzes the neutralization of hydrogen
peroxide to H,O. Catalase activity in liver homogenate was
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determined based on the manufacturer’s instruction using
(Kiazist, Iran). In this experiment, the catalase progresses
the reaction in presence of its substrate, and then stops by
means of its inhibitor with a characteristic yellow color in an
inverse manner that is absorbed at 405 nm. Specific activity
of catalase is expressed as nmol/min/mg tissue or mU/mg
protein.

Measurement of superoxide dismutase (SOD)
activity

SOD catalyzes the dismutation of superoxide anion (O,") to
H,0, and O,. The activity of SOD in liver homogenate was
assessed using ZellBio GmbH kit (SOD assay kit, ZellBio
GmbH, Germany). In this method, assay kit uses the super-
oxide anion for conversion to hydrogen peroxide and oxygen
under enzymatic reaction conditions. Finally, the product
forms a Chromogen to a color which is measured colori-
metrically at 420 nm. Specific activity of SOD is expressed
as U/mg protein.

Measurement of glutathione peroxidase (GPx)
activity

GPx is a hydroperoxidase-reducing enzyme that contributes
in reducing H,0O, and lipid hydroperoxides to H,O and lipid
alcohols, respectively and also catalyzes GSH to GSSG
simultaneously.

The activity of GPx in liver homogenate was estimated
using ZellBio GmbH kit (GPx assay kit, ZellBio GmbH,
Germany). Briefly, the enzyme regenerates the reduced form
of the selenocysteine existing in active site of the enzyme
by using glutathione as the ultimate electron donor. By add-
ing excess GSH, GPX converts it to GSSG and the remain-
ing GSH generates a yellow color by reducing DTNB (at
412 nm). The GPX activity is indirectly related to color
formation. Specific activity of GPx is expressed as U/mg
protein.

ELISA assay

TNF-a concentration in liver homogenate was deter-
mined using Rat TNF-a ELISA MAX™ Deluxe set kit

(BioLegend, San Diego, USA), according to the manufac-
turer’s instructions.

Expression of TNF-a and NF-kB gene

Total RNA from liver tissue was extracted using Kiazol rea-
gent (Kiazist, Iran) following the manufacturer’s protocol
[64]. Nanodrop (One Thermo Scientific, USA) and 1% aga-
rose gel electrophoresis were used to ensure the integrity of
the RNA and the accuracy of the RNA extraction process.
An aliquot (500 ng) of extracted total RNA was reverse tran-
scribed into cDNA using the PrimeScript™ RT reagent kit
(Takara, Japan) according to the manufacturer’s procedure.

Synthesized cDNA was used for RT-PCR assay. Primers
were designed using primer3 software and listed in Table 2.
RT-PCR reactions contained 2 pl cDNA, 1.0 pl forward and
reverse primers, and 10 ul SYBR Green PCR Master Mix
(Roche, USA). RT-PCR was performed on Light Cycler®96
System (Roche, USA). Amplification with 40-45 cycles was
performed according to the following steps: 95 °C 20 s for
denaturation, 56 °C 30 s for renaturation, then 72 °C 30 s
for elongation. The fluorescence signal was detected in the
end of each cycle. f-actin was used as an internal control.
The specificity of the primers was confirmed using melting
curve. The expression level was calculated from the PCR
cycle number (CT) where the increased fluorescence curve
passes across a threshold value. The relative expression of
target genes was achieved using comparative CT (AACT)
method. The ACT was determined by subtracting f-actin CT
from that of the target gene, whereas AACT was calculated
by subtracting the ACT of the calibrator sample (control 1)
from that of the test sample. The amplified expression was
calculated from the 2722¢T formula [65].

Histopathological analysis

The formalin-fixed liver tissues were embedded in paraffin
blocks, sectioned with a 5 um thickness, placed on glass
slide and then stained with hematoxylin and eosin (H&E).
Slides were analyzed by light microscope (ProWay, China)
for histopathological changes in all groups.

Table 2 The sequences of the

. > ” Gene Forward primer Reverse primer Product
primers used in the RT-PCR in size
this study (bp)

TNF-a TGTTCATCCGTTCTCTACCCA CACTACTTCAGCGTCTCGT 196
NF-xB TCTTCAACATGGCAGACGAC CTCTCTGTTTCGGTTGCTCT 165
B-Actin CCCGCGAGTACAACCTTCTTG GTCATCCATGGCGAACTGGTG 71
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Statistical analysis

Statistical analyses were carried out using SPSS 24
software (IBM, USA). The data were expressed as
mean =+ standard deviation. Comparison of the differ-
ences of means among multi-group data was made using
One-way analysis of variance (ANOVA). For statistical
analysis of all data, p <0.05 was assigned as the threshold
for significance.

Results
Biochemical tests

Elevation of liver enzymes such as ALT, AST, ALP, and
LDH in serum indicated liver injury. In this study, plasma
levels of these indicators were significantly increased in
NTiO, group compared to control groups (p <0.001). In
vitamin E and combination of vitamin A&E groups, a sig-
nificant reduction in leakage of liver enzymes in plasma
was observed in comparison to NTiO,-intoxicated group
(p £0.01). Although the vitamin A-treated group could
reduce these enzymes in serum, this reduction was not
significant for ALT and LDH (p=0.06, p=0.193, respec-
tively). Data are presented in Table 3.

Oxidant and antioxidant parameters in rat liver

According to the data shown in Table 4, in NTiO, group a
significant increase was observed in lipid peroxidation, TOS,
as well as significant reduction in TAC, in comparison to the
control groups (p <0.001). Unlike vitamin E-treated groups,
groups orally administrated with vitamin A could not signifi-
cantly alter TAC and TOS values compared to nano titanium
dioxide intoxicated group. Treatment with vitamin A and
vitamin E caused significant reduction in lipid peroxidation
(MDA) level (p <0.01), while no noticeable difference was
observed between Vitamin A&E-treated group and control
groups in terms of lipid peroxidation (p > 0.05).

Antioxidative enzymes activity in rat liver

The most prominent enzymes involved in oxidative stress
protection are SOD, GPX, and Catalase. Activities of
these enzymes were measured after 2 weeks adminis-
tration of nano-sized titanium dioxide (300 mg/kg body
weight) and treatment with vitamin A, vitamin E and
combination of these vitamins. The results are presented
in Figs. 3, 4 and 5. There was noticeable decrease in SOD
activity in the group administered NTiO compared to con-
trol groups (p < 0.05), while this activity was significantly
increased in vitamin-treated groups compared to nano-
titanium dioxide intoxicated group (p <0.05). GPx activ-
ity in NTiO, group was significantly lower than in the

Table 3 Effect of Vit E, Vit A and Vits E & A on biochemical parameters after intoxication with titanium dioxide nanoparticles (NTiO,) in

serum of rats

Groups/enzyme Control 1 NTiO, NTiO, +vitE NTiO, +vit A NTiO, + vit E&A Control 2

ALT (U/L) 20.6+£2.07° 32.25+3.86" 24.4+2.3° 27.4+2.3% 23.4+2.3° 19.66 +1.63°
AST (U/L) 107.8 +12.63° 155.25+11.87% 119.6+2.7° 133.6+5.54% 118.6+3.36° 106.33 +9.26°
ALP (U/L) 457.2+6.61° 696.75+26.27* 560.8 +18.36*° 620.4+8.14% 551.4+20.45%® 446.83 +17.66°
LDH (U/L) 814.4+26.85° 923.25+25.83° 829.2413.29° 884.6 +35.63 826.6+20.83° 812.83+16.26°

All values are expressed as mean + standard deviation

ALT alanine aminotransferase, AST aspartate aminotransferase, ALP alkaline phosphatase, LDH lactate dehydrogenase

*Represent significantly different compare to control group (1&2) (P <0.05)

PRepresent significantly different compare to NTiO, group (P <0.05)

Table 4 Effect of Vit E, Vit A and Vits E&A on redox parameters after intoxication with titanium dioxide nanoparticles (NTiO,) in liver of rats

Groups/parameter Control 1 NTiO, NTiO,+ Vit E NTiO,+vit A NTiO, + vit E&A Control 2

TAC (uM/mg protein) 1.96+0.33° 1.27+0.10* 1.85+0.19° 1.33+0.14° 1.60+0.11 1.97+0.13°
TOS (uUM/g protein) 0.90+0.05° 1.39+0.06* 0.093+0.08° 1.27+0.07% 0.94+0.06" 0.892+0.07°
MDA (nmol/mg protein) 12.6+0.47° 23.30+1.76" 15.2+0.34% 18.9+0.45% 13.50+0.48° 12.65+0.49°

All values are expressed as mean =+ standard deviation

*Represent significantly different compare to control group (1&2) (P <0.05)

Represent significantly different compare to NTiO, group (P <0.05)
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Fig.3 SOD activity in liver
of rats in vitamin-treated
(NTiO, + Vit E, NTiO, +vit A, 404
and NTiO, + vitE&A), NTiO,
intoxicated (NTiO,), control 1
(water), and Control 2 (olive
oil) groups. Values expressed
as mean + standard devia-
tion for six rats. *Represent

w
b

Liver SOD activity

E1 Control 1
B nTiO,
B nTiO,+VitE

significant different to control

O n TiOx+Vit A

groups (P <0.001). #Represent

significant different to NTiO,

n TiO,+Vit E&A

(U/mg protein)
N
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intoxicated group (P <0.001)

10+

control 2
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Fig.4 GPx activity in liver - P
of rats in vitamin-treated, Liver GPx aCtIVIty
NTiO, intoxicated, control 1 200-
(water), and control 2 (olive E1 Control 1
oil) groups. Values expressed
as mean + standard devia- B nTiO,
tion for six rats. *Represent c 150
significant different to control D B nTiOx+VIitE
groups (P <0.05). #Represent °
significant different to NTiO, s 100- O n TiO,+Vit A
intoxicated group (P <0.001) o

§ n TiO,+Vit E&A

50+

control 2

control groups (p <0.01), whereas treatment with vita-
mins could overcome this reduction (p <0.01), so that no
significant differences were observed between the con-
trol groups and vitamin E&A-treated group (p > 0.05). In
NTiO, group, a remarkable reduction in catalase activ-
ity was observed in comparison to the control groups
(p<0.01). Treatment with vitamins could significantly
prevent this reduction (p < 0.05).

groups

ELISA result

Considering the ability of nano-titanium dioxide to induce
inflammatory responses, we quantitatively examined TNF-o
as an inflammatory cytokine in the liver of rat. Increase of
TNF-a in the liver of NTiO, group was conspicuous in com-
parison to the control groups (p <0.01). In contrast, oral
administration of vitamins significantly ameliorated this
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Fig.5 Catalase activity in
liver of rats in vitamin-treated
(NTiO, + Vit E, NTiO, +vit A,
and NTiO, + vitE&A), NTiO,
intoxicated (NTiO,), control

1 (water), and control 2 (olive
oil) groups Values expressed
as mean + standard deviation
for 6 rat. Groups having the

Liver Catalase activity

E Control 1
| n TiO,

B n TiOx+Vit E

same symbols (* or #) are not

O n TiO,+Vit A

significantly different from each

other (P> 0.05). *Represent
significant different to control

n TiO,+Vit E&A

mU/mg protein

groups (P <0.001). ®Represent

significant different to NTiO, B control 2
intoxicated group (P <0.001)

groups
Table 5 Concentration of TNF-a by ELISA assay in liver of rats
Groups/parameter Control 1 NTiO, NTiO,+vit E NTiO, +vit A NTiO, + vit E&A Control 2
TNF-a (pg/mg protein) 246.42 +4.34° 293.81+5.99 279.9 +3.77%® 280.52+£5.39% 253.72+2.18° 248.61+3.1°

Values are expressed as mean =+ standard deviation

“Represent significantly different compare to control group (1 & 2) (P<0.001)

PRepresent significantly different compare to NTiO, group (P <0.001)

change (p <0.05). It should be noted that this reduction was
more effective in the vitamin E&A group. Data are presented
in Table 5.

RT-PCR results

Studies have shown that up-regulation of NF-kB promoted
the release of inflammatory cytokines such as TNF-a and
caused further damage to organs. To further confirm the role
of vitamin A and vitamin E in cellular protection against
molecular mechanism-dependent toxicity of nano-titanium
dioxide, the changes of the inflammation related genes were
assessed using real time RT-PCR. The results showed that
relative expression of NF-kB and TNF-a was almost 3- and
twofold in NTiO, group compared to the control groups,
respectively (p<0.01). Nevertheless, a significant down reg-
ulation in both genes was observed following treatment with
vitamin A and vitamin E (p <0.01). In this study, vitamin
A exhibited greater efficacy in controlling the up-regulation
of NF-kB and TNF-a gene expression induced by nano tita-
nium dioxide than vitamin E. The results are presented in
Fig. 6.
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Histopathological findings

The histological photomicrograph of liver sections is pre-
sented in Fig. 7. Histological examinations revealed that
control groups showed normal architecture of liver tissue
as well as normal monolayer of hepatocytes arranged radi-
ally around central vein and normal portal triad. Intragastric
administration of NTiO, caused extensive histopathological
changes including dilatation of congested portal vein with
red blood cell, hypertrophy of Kupffer cells, hydropic and
vacuolar degeneration of hepatocytes along with edema and
necrosis around dilated central vein, and inflammatory cell
infiltration, while treatment with vitamin A and vitamin E
could effectively mitigate these changes.

Discussion

Due to some of the unique physicochemical properties of
nanoparticles, the use of these materials in various indus-
tries is expanding. Despite all the benefits of nanomateri-
als, there is a growing number of studies that claim severe
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Fig.6 Effect of vitamin E (vit
E), vitamin A (vit A), and their
combination (vit E & A) on
mRNA expression of NF-«xB, 4 -
TNF-a, and p-actin (as refer-
ence gene) after intoxication
with titanium dioxide nano-
particles (NTiO,) in liver of
rats. Except NF-kB mRNA in
control 1 (water) and control 2
(olive oil) groups, other values
have significant difference
between each other (P <0.05).
*Represent significant different
to control groups (P <0.001).
#Represent significant different
to NTiO, intoxicated group
(P<0.001)

4%

mRNA expression/actin
i

mRNA expression fold change(Control 1)

Bl NF-KB
TNF-a

consequences of nanoparticle exposure [66]. Titanium
dioxide nanoparticles is one of the most broadly applied
compounds in the medical, food, cosmetics, sterilization and
paint industry. It has been recognized that NTiO, exposure
may induce toxicity via different mechanism, most of which
is related to the generation of ROS and subsequent induc-
tion of oxidative stress in living systems [29, 33]. It has
been proven that among different forms of titanium dioxide
nanoparticles, the anatase form exhibits more phototoxicity
and cytotoxicity than other forms like rutile [67, 68]. The
liver is the main target for metabolizing xenobiotics such as
nanoparticles, and according to previous studies, the highest
level of titanium dioxide nanoparticles have been proven to
accumulate in the liver tissue [69]. This was the rationale
for using liver tissue in the current study. This study aimed
to introduce antioxidant and anti-inflammatory vitamins
(vitamin A and vitamin E) to attenuate toxicity induced by
NTiO,. AtRA is an active form of vitamin A which has been
proven to act as an antioxidant and anti-inflammatory agent
[52, 70, 71]. a-Tocopherol (AT) which is a functional form
of vitamin E is reported to act as a striking anti-inflamma-
tory and antioxidant of major importance for defense against
diseases and degenerative processes induced by oxidative
stress [40, 46]. Vitamin E does not act as a separate anti-
oxidant, but forms part of an antioxidant network which
includes enzymatic and non-enzymatic components that are
water-soluble and fat-soluble [72]. In the transformation of
the form of tocopheroxyl (caused by free radical contact)
to a-tocopherol (reduced native state), vitamin C plays an

groups

important role, either directly or indirectly via thiol antioxi-
dants such as lipoic acid and glutathione [73]. It has been
claimed that a-tocopherol can affect cell signaling through
alteration of protein kinase C (PKC) activity [74]. In this
way, by inhibiting PKC, NF-kB also remains inactive and
ultimately prevents inflammation.

In this study, redox status, antioxidant enzymes, and
inflammatory responses were assessed after intoxication by
NTiO, (300 mg/kg body weight) for 2 weeks, and the protec-
tive effects of vitamin A, vitamin E, and the combination of
these vitamins was evaluated in adult male Wistar rat at the
same time. NTiO, have been considered to accumulate in
the liver and induce ROS generation and lipid peroxidation
[69, 75, 76]. The potential of vitamin A and vitamin E to
attenuate oxidative stress induced by NTiO, was assessed
by measuring the redox status (TAC, TOS, and lipid per-
oxidation) and the activity of antioxidant enzymes (SOD,
GPx, and catalase). A significantly increased level of TOS
and MDA, as well as reduction of TAC levels was observed
in the liver homogenate of NTiO, group, whereas vitamin
treatment could prevent these alterations. These findings are
comparable to the results of Meena et al. [75], who reported
that administration of NTiO, increased lipid peroxidation
levels in the liver of Wistar rats [75]. Similarly, Shukla et al.
[77] claimed that exposure to NTiO, (50,100 mg/kg bw)
could increase ROS generation and MDA level in addition
to depletion of reduced GSH in mice [77]. In the study con-
ducted by Abdelazim et al. [49], it was found that NTiO,
causes increase in hepatic TAC and NOx (Nitrite/Nitrate)
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Fig.7 The histological photomicrograph of H & E stained liver
sections. a control 1 (water), demonstrating normal port space
and hepatocytes (100X); b control 2 (oil), demonstrating normal
port triad and normal monolayer of hepatocytes arranged radi-
ally around central vein (100X); ¢ NTiO,-intoxicated, demonstrat-
ing portal vein (star) and hyperplasia in the kupffer cells, (10x); d
NTiO,-intoxicated, demonstrating degeneration of hepatocytes along
with edema and congestion around dilated central vein (arrows)(4 X);
e NTiO,-intoxicated, demonstrating hepatocyte changes, inflamma-

levels in Wistar mice after 2 weeks of oral exposure, and
vitamin E noticeably had an effective role in reducing these
two oxidative factors. One of the most important strate-
gies of the cells to overcome the surplus of free radicals
and ROS is to engage the endogenous antioxidant enzyme
defense system, in which the SOD, GPx, and catalase
enzymes play a significant role in neutralization of ROS
and prevent the propagation of oxidative stress-mediated
damage [78]. In this study, the reduced activity of SOD,
GPx, and Catalase followed by intragastric administration
of NTiO,, was observed. Interestingly, treatment with vita-
min E and A exhibited significant increase in the activity of
these enzymes which points out the antioxidant properties of
vitamin E and vitamin A. Earlier studies reported that expo-
sure to NTiO, could decrease the activity and protein level
of antioxidant enzymes (SOD, GPx, and Catalase) in liver
and kidney of rodents [75, 79]. Cui et al. [80] demonstrated
that intragastric administration of NTiO, (10 and 50 mg/
kg bw) consecutively for 60 days significantly reduced the
mRNA expression of SOD, GPX, and catalase [80]. Another
cause of increased activity of the SOD enzyme by vitamin
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tory and central vein congestion (10x); f NTiO,+ Vitamin E, demon-
strating attenuated hepatocyte changes compare to NTiO, intoxicated
group (10x); g NTiO,+ Vitamin E, demonstrating lower cellular
damage severity in the vicinity of central vein (arrow) compared to
NTiO, group (4 X); h NTiO, + Vitamin A, demonstrating increase the
number of kupffer cells with attenuated hepatocyte degradation com-
pared to NTiO, group (10x); i NTiO,+ Vits E & A, demonstrating
normal hepatocytes and intact central vein (arrow) (10 X)

A includes its ability to induce the expression of the mRNA
and protein of the enzyme through cellular signaling path-
ways. Rao et al. [55] demonstrated that AtRA increases the
protein concentration and mRNA level of SOD by activa-
tion of P38 MAPK, and subsequently triggers the Akt which
ultimately leads to the induction of SOD [55].

Increasing the level of free radicals in the cell, followed
by peroxidation of the membrane lipids, leads to instability,
and ultimately, collapse of the cell. Exposure to nanomate-
rials such as NTiO, could lead to distinctive types of cell
death including apoptosis, necrosis, and pyroptosis (cell
death related to inflammation) through different mechanism
of signaling pathways. It has been shown that the administra-
tion of NTiO, can activate apoptotic pathways, which has
been proven by increasing the expression of pro-apoptotic
mRNA and proteins (Bax, P53, caspase-3, and caspase-9),
reducing the expression of anti-apoptotic mRNA and pro-
teins (Bcl-2), and increase in apoptotic index, which implies
the activation of the intrinsic pathway [77, 81]. Another
mechanism of cell death-induced by NTiO, is through acti-
vation of cell death receptors which result in apoptosis. It
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has been proven that NTiO, can activate FAS receptor [60].
According to the transmission electron microscope (TEM)
images, accumulation of NTiO, aggregates with sharp edges
within cells clarify the physical damage to the lysosome and
subsequently the release of lysosomal enzymes which leads
to exacerbating induction of apoptosis [82]. On the other
hand, several studies have confirmed that release of lyso-
somal enzyme or excessive production of ROS caused by
NTiO, would induce mitochondria-mediated apoptosis [60,
83, 84]. With regard to the described pathways of cell death
and NTiO,-induced cellular collapse, liver cells are suscepti-
ble to decomposition and destruction as a result of exposure
to NTiO,, which can be tracked by release of liver enzymes
(ALT, AST, ALP, and LDH) into the plasma and measuring
their concentrations, which directly reflects the liver injury.
The current study showed the significant elevation of con-
centration of liver enzymes in the plasma of the rats after
2 weeks of oral administration of NTiO,. The reversal of
increased plasma enzyme activity in NTiO,-induced hepatic
injury by vitamin A and vitamin E could describe the pro-
tection against leakage of the liver enzymes by its mem-
brane stabilizing and antioxidant activity. Since fat-soluble
vitamins can penetrate the cell membrane, they could play
their protective roles there, effectively inhibit the lipid per-
oxidation and sustain the membrane integrity [49, 85]. We
concluded that vitamin E and the combination of vitamin
E & A had a greater effect on prevention of liver enzymes
leakage than vitamin A which could demonstrate the better
efficiency of vitamin E to scavenge free radicals. These find-
ings are comparable with our histopathological examination
of liver tissue, which showed hepatocyte degeneration and
dilatation of the congested central vein in NTiO, intoxicated
group as a consequence of perturbed permeability of hepato-
cyte membrane and endothelial cells of veins induced by
NTiO,. There was also evidence of inflammatory cell infil-
tration indicating the necrotic potential of NTiO,, which is
believed to be due to the induction of oxidative stress and
activation of inflammatory pathways. Since apoptosis and
necrosis are dependent processes [86], induction of apopto-
sis might be a guesstimate for this group. A vast majority of
NTiO, are taken up by kupffer cells in the liver [87]. It has
been reported that NTiO, caused phagocytosis impairment
in murine liver macrophages [88] as manifested by kupffer
cell hypertrophy in our result. On the other hand, ultras-
tructure of hepatocytes in vitamin-treated groups showed
ameliorated damage compared to NTiO, intoxicated group.
So that, the portal structure and hepatocytes in vitamin E &
A group were similar to the control groups. These results are
due to the fact that the combination of these two vitamins
not only inhibits oxidative stress but also prevents inflamma-
tory responses. Alarifi et al. [§9] demonstrated that different
routes of exposure to NTiO, leads to varied and extensive
changes in the structure of liver cells which briefly includes

lymphocytic infiltration, dilatation of central vein, necrosis
and scattered hemorrhages, hepatocyte degeneration and
vacuolization [89].

One of the ways to induce cell death by NTiO, is to
trigger inflammatory responses that include MAPK and
NF-KB signaling pathways or receptor activation, which
releases inflammatory cytokines [60, 90]. Studies have
shown that exposure to NTiO, induces IL-1p and MMP
1 secretion, which may be based on the performance of
caspase-1 and cathepsin B to maturate pro IL-1p [91]. As
already mentioned, NTiO, causes damage to lysosomes
and other Intracellular organelles, followed by the release
of cathepsin B and caspase-1. According to the investiga-
tions by Cui et al. [80], the signaling cascade proposed for
hepatic toxicity induced by NTiO, is: TLRs —NIK — IkB
kinase — NF-KB — TNF-a — inflammation — apopto-
sis — liver injury [31]. In this paper, the cytotoxicity and
inflammation induced by NTiO, and protective effects of
vitamin A and vitamin E was addressed by analyzing the
mRNA expression of NF-kB which is a critical intracellular
mediator of the inflammatory response and TNF-a as a result
of inflammatory cascade activation, as well as quantification
of TNF-a protein in liver homogenate of Wistar rats. It is
important to note that in many studies, the effect of NTiO,
on the enhancement of NF-kB and TNF-a gene expression
has been confirmed [22, 92, 93]. The findings of the current
study showed that NTiO, caused the significant increase in
the expression of NF-kB mRNA, TNF-a mRNA, and protein
while vitamin treatment could hinder this elevation. This is
in line with the results of Abdelazim et al. [49] who claimed
that administration of NTiO, significantly increased the
mRNA expression of NF-kB as well increased the concen-
tration of TNF-a protein in liver of mice; but vitamin E treat-
ment had an effective role in reducing these changes [94].
Our results showed that although both vitamins significantly
reduced the expression of NF-kB and TNF-a mRNA, the
effect of vitamin A, in this case, was greater than that of vita-
min E. This particular property of vitamin A to reduce the
expression of inflammatory mediators and cytokines such as
NF-KB and TNF-a has been shown in previous studies, as
claimed in this paper [54, 56, 95]. Our results also showed
that, in addition to a significant reduction in TNF-o mRNA
expression by vitamin A and vitamin E, the concentration
of TNF-a protein was also significantly decreased in the
liver cells by treatment with these two vitamins, of which
no significant difference was observed between the vitamin
E & A group and control groups. During this experiment,
no significant difference was detected between the control
groups 1 and 2.

The protective effects of vitamin E and vitamin A were
sufficient to remarkably reduce the NTiO,-induced toxicity
in liver, but in some parameters these effects did not reach
the normal levels (control group) because of the fact that in
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the design of this experiment, we chose toxic concentration
of NTiO, (300 mg/kg) to cause certain hepatotoxicity, while
estimates of exposure to these nanoparticles are much lower
than these values. In the study by Rompelberg et al. [59], it
was shown that the maximum mean long term oral intake
of NTiO, was 0.67 mg/kg bw/day in the children of a Dutch
population (2-6 years old) [59].

Conclusion

The results represent the antioxidant and anti-inflammatory
effects of vitamins A and E against toxicity of NTiO, and
poses the use of these vitamins to reduce the toxic effects of
NTiO,-contained products. Following the use of vitamins,
A and C as antioxidant supplements, improvement of the
oxidative stress status and the liver function parameters were
observed. Therefore, it appears that the antioxidant vitamins
act as scavenger of free radicals produced by nanoparticles-
induced oxidative stress.
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