Biological Trace Element Research (2023) 201:1301-1316
https://doi.org/10.1007/512011-022-03228-0

=

Check for
updates

Assessment of the Oxidative Damage and Genotoxicity of Titanium
Dioxide Nanoparticles and Exploring the Protective Role of Holy Basil
Oil Nanoemulsions in Rats

Mohamed F. Sallam' - Helmy M. S. Ahmed? - Aziza A. El-Nekeety? - Kawthar A. Diab* - Sekena H. Abdel-Aziem® -
Hafiza A. Sharaf® - Mosaad A. Abdel-Wahhab?*

Received: 10 March 2022 / Accepted: 30 March 2022 / Published online: 13 April 2022
© The Author(s) 2022

Abstract

This study was designed to evaluate the oxidative damage, genotoxicity, and DNA damage in the liver of rats treated with
titanium nanoparticles (TiO,-NPs) with an average size of 28.0 nm and &-potential of —33.97 mV, and to estimate the protec-
tive role of holy basil essential oil nanoemulsion (HBEON). Six groups of Male Sprague—Dawley rats were treated orally for
3 weeks as follows: the control group, HBEO or HBEON-treated groups (5 mg/kg b.w), TiO,-NPs-treated group (50 mg/kg
b.w), and the groups treated with TiO,-NPs plus HBEO or HBEON. Samples of blood and tissues were collected for different
analyses. The results revealed that 55 compounds were identified in HBEO, and linalool and methyl chavicol were the major
compounds (53.9%, 12.63%, respectively). HBEON were semi-round with the average size and {-potential of 120 +4.5 nm
and —28+ 1.3 mV, respectively. TiO,-NP administration increased the serum biochemical indices, oxidative stress markers,
serum cytokines, DNA fragmentation, and DNA breakages; decreased the antioxidant enzymes; and induced histological
alterations in the liver. Co-administration of TiO,-NPs plus HBEO or HBEON improved all the tested parameters and the
liver histology, and HBEON was more effective than HBEO. Therefore, HEBON is a promising candidate able to protect
against oxidative damage, disturbances in biochemical markers, gene expression, DNA damage, and histological changes
resulting from exposure to TiO,-NPs and may be applicable in the food and pharmaceutical sectors.
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Nanotechnology is the most important technology in the
twenty-first century which has made tremendous break-
throughs in nanomaterials development for the advancement
of biotechnology and medical research fields [1]. Titanium
dioxide NPs (TiO,-NPs) are widely utilized in different
applications owing to their high stability, anticorrosion, and
photocatalytic characteristics [2, 3] such as nutraceuticals,
pharmaceuticals, toothpaste, cosmetics, paper industries,
paints production, and food products.

Several reports postulated that TiO,-NPs induce oxida-
tive stress, cell apoptosis, DNA damage, and inflammatory
reactions [4, 5]. The toxicity of TiO,-NPs is depending on
the exposure conditions, the particle sizes, and the zeta
potential [6]. Exposure to TiO,-NPs occurs by inhalation,
ingestion, injections, or skin contact then accumulates
in several organs and tissues by circulating blood [7, 8].
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The International Agency for Research on Cancer (IARC)
classified TiO,-NPs as group 2B (probably carcinogenic
to humans) [5]. Recent studies indicated that TiO,-NPs
induce severe toxicities to different organs such as the
liver and the kidney after the absorption by the GIT [3,
9]. Several in vivo and in vitro researches indicated that
TiO,-NPs have genotoxic properties, including inflamma-
tory cytokines, chromosomal aberrations, gene mutations,
gene mutations damage, and deletions in DNA in vitro [10,
11] and in vivo [12]. The toxicity of TiO,-NPs was mainly
correlated with oxidative stress; therefore, adding nutrients
that have antioxidants may be effective for the protection.

Essential oils (EOs) are secondary metabolites found in
various aromatic and medicinal plants to protect the host
plant from microorganisms [13, 14]. Holy basil (Ocimum
basilicum L.) is an aromatic herb widely utilized in tradi-
tional medicine, and food flavoring. The main constitutes
of the holy basil essential oil are terpenoid and phenolic
compounds that are ascribed to the therapeutic proper-
ties [15, 16]. The basil oil inhibits cholesterol synthesis,
enhances digestion, and acts as a chemo-preventive agent
besides its pharmacological activities such as the anti-
oxidant, anti-inflammatory, and antimicrobial properties
[16-23].

Due to their instability during exposure to light, tempera-
ture, oxygen, and pH [20, 24, 25], it was necessary to use
encapsulation technology as a modern approach to solve the
problems facing the use of EOs in various applications and
protect them against chemical and thermal decomposition,
increase their bioavailability and water solubility, construc-
tion of delivery, and controlling their release [6, 26, 27].
Therefore, this work was designed to determine the bioactive
constituents in holy basil essential oil (HBEO), synthesize
HBEO nanoemulsion (HBEON), and compare the pharma-
ceutical effect of HBEO and HBEON against the oxidative
stress, genotoxicity, and DNA damage of TiO,-NPs in rats.

Materials and Methods
Materials

Whey protein isolate (WPI) and titanium tetra isopropox-
ide were obtained from Sigma-Aldrich (St. Louis, MO,
USA). TiO,-NPs (average size of 28.0 nm and &£-potential
of —33.97 mV) were biosynthesized as described in our
previous work [12] using Titanium tetra isopropoxide and
orange peel extract (OPE). The resulting TiO,-NPs were
dried overnight at 80 °C then were calcined at 600 °C for
4 h [28]. HBEO was provided by the Oil Extraction Unit,
National Research Centre (NRC), Dokki, Cairo, Egypt, and
was extracted using Clevenger-type apparatus.
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Chemicals and Kits

Kits for Transaminases (ALT and AST), creatinine, urea,
cholesterol (Chol), triglycerides (TriG), low- and high-den-
sity lipoprotein (LDL, HDL), total protein (TP), and albumin
(Alb) were supplied by Randox Co, (Antrim, UK). Kits for
nitric oxide (NO), malondialdehyde (MDA), glutathione per-
oxidase (GPx), catalase (CAT), and superoxide dismutase
(SOD) were purchased from Eagle diagnostics (Dallas, TX,
USA). Kits for carcinoembryonic antigen (CEA), alpha-
fetoprotein (AFP), and tumor necrosis factor-alpha (TNF-o)
were provided by BiochemImmuno Systems Co. (Montreal,
Canada). Kit for first-strand cDNA synthesis was obtained
from iNtRON Biotechnology (Seoul, Korea). SYBR®
Premix Ex TaqTM kit was supplied by TaKaRa Biotech.
Co. Ltd. (Shiga, Japan). TRIzol® reagent and RNAse-free
DNAs e kit were purchased from Invitrogen (Germany).

GC-MS Analysis of HBEO

The analysis of HEBO was conducted using a GC-MS
(Hewlett-Packard model 5890) with a flame ionization
detector (FID) and DB-5 fused silica capillary column
(60 mx0.32 mm) according to El-Nekeety et al. [29]. The
retention indices (Kovats index) of the volatile compounds
were calculated as described by Adams [30] using the hydro-
carbons as reference (C7-C20, Aldrich Co.).

Synthesis of HBEON

WPI was used as the wall for the preparation of HBEON
according to our previous report [6]. In brief, the WPI solu-
tion (10%) was prepared using distilled water, stirred for 1 h,
and kept for 12 h at room temperature before emulsification.
Tween 80 (80 mg) was used as an emulsifier, and the HBEO
was added gradually at a ratio of 2:1 (w/w) with homogeni-
zation for 10 min at 20,000 rpm [31]; then, the emulsion was
encapsulated by spray drying.

Characterization of HBEON

Scanning and transmission electron micrographs (TEM and
SEM) were done using JEOL JAX-840A and JEOL JEM-
1230 electron micro-analyzers for HBEON. The acquisi-
tion of the image was done by Orius 1000 CCD camera
(GATAN, Warrendale, PA, USA). HBEON sample was soni-
cated (30-60 min) immediately to prevent the coalescence
of the nanoparticles before the assessment of zeta poten-
tial. The average diameter of the synthesized nanoparticles
was calculated by zpw 388 version 2.14 nicomp software.
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However, the zeta potential and size distribution were done
by a particle size analyzer (Nano-ZS, Malvern Instruments
Ltd., UK).

Animals and Experimental Setup

Male Sprague—Dawley rats (3 months old, 155 + 15 g) were
provided by the Experimental Animal Facility, Faculty
of Veterinary Medicine, Cairo University, Cairo, Egypt.
The animals were housed individually in ventilated filter
top polycarbonate cages in an artificially illuminated and
thermally controlled room (12 h dark/light cycle, 25+ 1 °C
and 25-30% humidity) at the Animal House Lab, Faculty
of Pharmacy, Cairo University, and were given ad libitum
access to water and rodent chow diet. All animals were left
for 1 week as an acclimatization period before starting the
experiment, and all the procedures used in this experiment
have complied with the guidelines of the National Institute of
Health (NIH publication 8623 revised 1985), and the proto-
col was approved by the Research Ethics Committee of Fac-
ulty of Pharmacy, Cairo University (REC-FOFCU), Egypt.
Animals were distributed into 6 groups (10 rats/group) and
treated daily by the oral gavage for 21 days as follows: (1)
the untreated control group, (2) the HBEO-treated group
(5 mg/kg bw), (3) HBEON-treated group (5 mg/kg b.w),
(4) the animals that received TiO,-NPs (50 mg/kg b.w), and
(5, 6) the animals that received TiO,-NPs plus HBEO or
HBEON. After the last dose, animals have fasted for 12 h;
then, samples of blood were withdrawn under isoflurane
anesthesia through the retro-orbital venous plexus. The sera
were harvested by cooling centrifuging (4 °C) at 3000 rpm
for 10 min then kept at — 20 °C until the analysis. These sera
were used for the assay of liver and kidney indices, lipid pro-
file, and cytokines (TNF-a, CEA, and AFP) according to the
kit’s instructions. Thereafter, all rats were euthanized; liver
and kidney samples were weighed homogenized in a phos-
phate buffer (pH 7.4), and centrifuged (1700 rpm and 4 °C
for 10 min). The supernatant was used for NO, MDA, SOD,
CAT, and GPx assays [32]. Other liver samples were kept in
liquid nitrogen — 80 °C for genetic analysis. However, other
liver samples from each animal were fixed in formal saline
(10%), dehydrated by a graded series of alcohol, cleaned
in xylene, embedded in paraffin wax, and sliced at 5 pm
thickness. The sections were stained with hematoxylin and
eosin stains for histopathological investigation using a light
microscope [33].

Gene Expression Analysis
Total RNA lisolation

The total genomic RNA in liver samples was isolated
using TRIzol® reagent, and the RNA pellets were stored

in DEPC-treated water. These pellets were treated with an
RNAse-free DNAse kit to digest the potential DNA residues,
and the RNA aliquots were stored at —20 °C until use for the
reverse transcription [34].

Reverse Transcription Reaction

A copy of cDNA from the liver tissues was synthesized
using First Strand cDNA Synthesis Kit via the reverse tran-
scription reaction (RT). The program of RT reaction was
25 °C for 10 min, 1 h at 42 °C then 5 min at 95 °C, and was
applied to obtain the cDNA copy of the hepatic genome.
The tubes of a reaction containing the cDNA copy were then
collected on ice for cDNA amplification [34].

Quantitative RT-PCR

SYBR® Premix Ex TaqTM kit was utilized to assay the
qRT-PCR analyses for the synthesized cDNA copies of
hepatic tissue, and the melting curve profile was performed
for each reaction. The specific primers were selected accord-
ing to the published sequences of Gen Bank. Sequences of
caspase-3, Bax, Bcl-2, TNF-a, P53, glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) primers, and the annealing
temperature used for RT-PCR are shown in Table 1. The
housekeeping gene expression was utilized to normalize
the quantitative values of the target genes. The 2 - AACT
method was applied for the determination of the quantita-
tive values of the specific genes to GAPDH, and the relative
quantification of the target gene to the reference was calcu-
lated using the following equations:

ACT(lesl) = CT(largel, test) — T(reference, test)
ACT (Cahbrator) = CT(larget, calibrator) — CT(reference, calibrator)

AACT = ACT(TesL) - ACT(calibralor).

DNA Fragmentation Assay

DNA fragmentation was determined to evaluate apoptosis
following the procedure of Perandones et al. [35]. In brief,
10-20 mg of hepatic tissue were ground in 400-pl hypotonic
lysis buffer (1 mM EDTA, 10 mM Tris base, and 0.2% Triton
X-100), then centrifuged at 10,000 rpm and 4 °C for 15 min.
The supernatant of each sample was divided into two halves,
the first was used for gel electrophoresis, and the second
was used together with the pellets for the quantification of
fragmented DNA by the diphenylamine. The blue color was
developed and quantified at 578 nm, and the DNA fragmen-
tation percentage in the sample was calculated using the
formula (1):

@ Springer



1304

M. F. Sallam et al.

Table 1 Primer sequences used for real-time PCR

Gene Nucleotide sequence 5'-3' Accession no Product size (bp) Annealing (°C)  References

Bax AGGATGATTGCTGATGTGGATAC NM_017059.2 300 60 [110]
CACAAAGATGGTCACTGTCTGC

Caspase-3 AAATTCAAGGGACGGGTCAT NM_012922.2 652 55 [111]
ATTGACACAATACACGGGATCTGT

Bcl-2 GCTACGAGTGGGATACTGGAGA NM_016993.2 446 60 [112]
AGTCATCCACAGAGCGATGTT

P53 GCACAAACACGCACCTCAAAGC NM_030989.3 489 bp 58 [113]
CTTGCATTCTGGGACAGCCAAG

GAPDH CAAGGTCATCCATGACAACTTTG NM_017008.4 496 bp 58 [50]

GTCCACCACCCTGTTGCTGTAG

% DNA fragmentation = (O.D Supernatant/ O. D Supernatant + O.D Peller) x 100

ey

Single-Cell Gel Electrophoresis (comet) Assay

The comet assay was done as described in detail by Fahmy
et al. [36]. A total of 50 cells were analyzed per animal using
automatic comet score™ software (TriTek Corp, version
2.0.0.0, Sumerduck, VA 22,742, USA). Tail DNA percent-
age (% Tail DNA) and Olive tail moment (OTM) were used
as indicators for DNA damage and were expressed in arbi-
trary units (A.U).

Statistical Analysis

All data were statistically analyzed using computerized soft-
ware SPSS (Statistical Package of Social Science, version
20, Armonk, New York: IBM Corp). The one-way analysis
of variance (ANOVA) followed by Duncan’s multiple com-
parisons test was applied to measure the degree of signifi-
cance at p <0.05.

Results

The GC-MS analysis showed the identification of 55
compounds in HBEO represented 98.8% of the oil and
the majority belongs to terpene, phenylpropanoids, ses-
quiterpenoids, and terpene alcohol (Table 2). Five major
compounds represented 76.9% including linalool, methyl
chavicol, y-muurolene, p-elemene, and aciphyllene, and
were found in concentrations of 53.9, 12.63, 3.7, 3.47, and
3.2%, respectively. However, the other fifty compounds
were found in concentrations of less than 2%. The SEM and
TEM image of HBEON showed a semi-rounded shape par-
ticles (Fig. 1A and B) with an average size of 120 +4.5 nm
(Fig. 1C) and —28 + 1.3 mV zeta potential (Fig. 1D).
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The biochemical assays indicated that TiO,-NPs disturb
the hepatic and renal functions (Table 3) as evidenced by the
remarkable elevation (p <0.05) of the transaminase (AST,
ALT), D.BIL, T.BIL, urea, uric acid, and creatinine, and the
remarkable decrease (p <0.05) in Alb and TP. Animals that
received HBEO were comparable to the untreated control in
all the biochemical markers of the liver and kidney except
uric acid which was below the control value. However, rats
treated with HBEON showed a notable decrease (p <0.05)
in transaminases (ALT, AST) and creatinine and a remark-
able increase (p < 0.05) in Alb and TP with no effects on the
other parameters. The combined treatment with TiO,-NPs
and HBEO or HBEON induced a worthy improvement in the
liver and kidney indices, and HBEON was more effective
than HBEO to restore most of these markers to the control
levels.

TiO,-NPs also disturbed the lipid profile (Table 4) as
a manifestation of the remarkable increase (P <0.05) in
TriG, Chol, and LDL and the decrease in HDL. Adminis-
tration of HBEO alone decreased Chol, TriG, and LDL but
did not affect HDL. However, administration of HBEON
decreased Chol and TriG but did not affect LDL or HDL.
Co-administration of TiO,-NPs plus HBEO normalized Chol
and improved significantly (P <0.05) TriG, LDL, and HDL
compared to TiO,-NPs. More improvement in these indices
towards the control values was observed in the group that
received HBEON plus TiO,-NPs (Table 4).

The effect of TiO,-NPs alone or plus HBEO or HBEON
on serum cytokines (Fig. 2) indicated that TiO,-NPs induced
a marked elevation (p <0.05) in AFP, CEA, and TNF-a.
Administration of HBEO or HBEON induced a marked
reduction (p <0.05) in TNF-a but did not affect AFP or
CEA. Both HBEO and HBEON induced a considerable
improvement (p <(0.05) in the tested cytokines in the ani-
mal that received the combined treatment with TiO,-NPs
towards the normal control level although their values were
still higher compared with the untreated control rats.
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Table 2 GC/MS analysis of the composition of basil essential oil*

Table 2 (continued)

No Compound name RT Composition, % No Compound name” RT Composition, %
1 Santolina triene 10.44 1.4 51 Spathulenol 31.58 0.1

2 a-pinene 10.56 0.2 52 1,10-di-epi-Cubenol 32.58 0.4

3 Camphene 10.62 0.2 53 epi-a-Cadinol 33.51 1.9

4 Sabinene 10.85 0.1 54 p-Eudesmol 33.71 0.1

5 p-Pinene 11.32 0.2 55 Total identified (%) 98.8

6 Myrcene 11.86 04 4Compound identified by GC/MS and/or by comparison of MS and
7 o-Cymene 12.86 0.1 LRI of standard compounds (ST) under the same conditions

8 Limonene 13.29 0.2 "The compounds are listed according to their concentration order.
9 1,8-Cineole 13.52 0.8 Linear retention index relative to n-alkanes (C7-C20) on DB-5 col-
10 (Z)-p-Ocimene 13.77 0.1 umn

11 (E)-p-Ocimene 14.04 1.7

12 cis-Sabinene hydrate 14.67 0.2 The current results also indicated that TiO,-NPs
13 cis-Linalool oxide 15.02 0.1 increased hepatic and renal NO levels compared with those
14 Terpinolene 15.23 0.1 in the untreated control group (Fig. 3A). HBEO and HBEON
15 Linalool 16.03 53.9 decreased the renal NO but did not induce a marked effect
16 Camphor 16.84 0.4 on its hepatic level. Co-administration of TiO,-NPs plus
17 Menthone 17.63 0.4 HBEO or HBEON significantly improved (P <0.05) NO in
18 iso-Menthone 18.32 0.2 both organs, and HBEON was more effective compared to
19 Menthol 18.67 L3 HBEO. Additionally, TiO,-NPs also increased the hepatic
20 Terpinen-4-ol 18.88 0.1 and renal MDA compared with those in the negative control
21 o-Terpineol 19.29 0.1 group (Fig. 3B). HBEO and HBEON decreased significantly
22 Methyl chavicol 19.74 12.63 (p <0.05) the hepatic MDA but did not cause any marked
23 Geraniol 20.21 L1 changes in renal MDA level. The combined treatment with
24 Geranial 21.84 0.1 TiO,-NPs plus HBEO or HBEON improved significantly
25 Bornyl acetate 22.39 0.2 (p <0.05) MDA in both liver and kidney, although it was still
26 Menthyl acetate 22.69 0.1 higher than the level of control in both organs.

27 8-Elemene 2395 0.2 The data listed in Table 5 showed that TiO,-NPs sig-
28 o-Cubebene 24.52 0.1 nificantly (p <0.05) reduced the hepatic and renal antioxi-
29 Eugenol 25.34 0.1 dant enzymes activity. HBEO alone increased the activity
30 o-Copaene 25.56 0.4 of hepatic and renal GPx and renal CAT but no significant
31 Geranyl acetate 25.84 0.1 (P <0.05) effect was noticed in hepatic CAT or SOD in these
32 p-Elemene 26.14 347 organs. Co-treatment with TiO,-NPs plus HBEO or HBEON
33 a-Cedrene 26.56 0.1 improved these antioxidant enzymes in both organs, and
34 (E)-Caryophyllene 26.97 0.7 HBEON was more effective than HBEO.

35 p-Gurjunene 27.09 0.1 The mechanisms of prevention of HBEO and HBEON
36 o-trans-Bergamotene 27.22 0.7 against hepatic apoptosis induced by TiO,-NPs were
37 a-Guaiene 27.39 1.8 further evaluated in this study. Pro-apoptotic gene Bax
38 cis-Muurola-3,5-diene 27.74 0.1 and anti-apoptotic gene Bcl-2 were examined using
39 o-Humulene 27.96 0.6 gRT-PCR. Administration of HBEO or HBEON alone
40 cis-Cadina-1(6),4-diene 28.12 0.5 decreased the mRNA expression of Bax (Fig. 4A), cas-
41 p-Acoradiene 28.33 0.1 pase-3 (Fig. 4B), and P53 (Fig. 4C); however, these treat-
42 y-Muurolene 28.81 3.7 ments increased the expression of Bcl-2 mRNA (Fig. 4D).
43 p-Selinene 2894 04 TiO,-NPs upregulated the mRNA expression Bax (2.5-fold
44 Aciphyllene 29.31 1.2 increase), caspase-3 (1.65-fold increase), and p53 (1.5-
45 Aciphyllene 2961 32 fold increase) and downregulated the expression of Bcl-2
46 y-Cadinene 29.83 L7 mRNA (0.7-fold decrease) compared with the untreated
47 6-Cadinene 2991 04 control group. Co-treatment with TiO,-NPs plus HBEO
48 trans-Cadina-1,4-diene 30.19 0.1 or HBEON improved mRNA expression of these genes,
49 a-Cadinene 3048 0.1 and this improvement was more noticeable in the group
50 (E)-Nerolidol 30.96 0.1

that received HBEON. The relative values were a 1.4- and
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Fig.1 A TEM image of
HBEON, B SEM image of
HBEON, C DLS analysis
showing the size distribution

of HBEON, and D ZetaSizer
chromatogram showing the zeta
potential of HBEON

8
I
|

Luwl
M

80

60

REL.

40

Zeta Pot'l (mV)

wlpdpuliofl b

20

P YTYY PR Y YO YT Yo T

U LA WA Wt L

) : g 80 Eviai ! 15 I I 1 1 e
30 60 90 120 150 180 210 27 50 80 110 137
Diam (nm) Time (sec)

Table 3 Effect of HBEO and HBEON on serum biochemical parameters in rats treated with TiO,-NPs

Groups parameter ~ Control HBEO HBEON TiO,-NPs TiO,-NPs+HBEO  TiO,-NPs+HBEON
ALT (U/L) 44.23 +1.06% 44.58 +0.56 42.93+1.03° 86.41+2.27° 62.19+1.81¢ 52.37+0.43¢
AST (U/L) 145114138 145384071  139.17+2.86"  204.51+2.38°  159.96+1.51¢ 159.71 £ 1.06¢
Alb (g/dl) 2.84+0.03 2.55+0.10° 2.88+0.04 1.14+0.03¢ 2.21+0.07¢ 2.03+0.05°
TP (g/dl) 6.26+0.18 6.26+0.10" 6.82+0.05° 5.2240.24° 5.46+0.09¢ 6.09 +0.08*
T.BIL (g/dl) 0.89+0.02% 0.83+0.02° 0.80+0.02° 1.54+0.21% 1.13+0.02° 0.95+0.04
D.BIL (g/dl) 0.1940.02% 0.21+0.01 0.22+0.01° 0.38+0.02° 0.30+0.01¢ 0.28+0.02¢
Creatinine (g/dl) 1.14+0.03* 0.85+0.04% 0.86+0.03° 2.52+0.11¢ 1.94+0.02¢ 1.81+0.04°
Uric acid (mg/dl) 2.26+0.21° 1.46+0.07° 1.46+0.06" 4.17+0.24° 2.59+0.09¢ 2.47+0.10°
Urea (mg/dl) 56.21+1.38? 53.44+0.41° 52.31+0.43% 81.32+1.51° 70.32+0.78° 59.85+0.57¢

Within each column, means superscript with different letters are significantly different (p <005)

Table 4 Effect of HBEO and

HEBEON on serum lipid profile Parameter Groups Chol (mg/dl) TriG (mg/dl) LDL (mg/dl) HDL (mg/dl)
in rats treated with TiO,-NPs Control 68.44 +1.24° 87.41 £2.66° 35.24+1.38° 33.46+2.51°
HBEO 64.61+0.93° 81.32+1.12° 32.69+0.70° 34.63+0.41°
HEBEON 63.22+1.02° 79.58 +0.45¢ 34.25+0.61° 35.49+0.52°
TiO,-NPs 87.68 +£2.52¢ 124.42 +2.58¢ 66.57 +2.47¢ 22.52+1.27°
TiO,-NPs +HBEO 69.94+0.52° 102.10+1.02° 52.15+0.75¢ 26.17+£0.86°
TiO,-NPs + HEBEON 60.82 +0.86° 101.81+1.01° 49.30+0.75¢ 26.67+£0.48°

Within each column, means superscript with different letters are significantly different (p <0.05)

1.6-fold decrease for Bax, a 1.4- and 1.43-fold decrease  increase in the groups received TiO2-NPs plus HBEO or
for caspase-3, and a 1.1- and 1.2-fold decrease for p53;  HBEON, respectively.
however, the relative value for Bcl-2 was 1.2- and 1.4-fold
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Table 5 Effect of HBEO and HBEON on hepatic and renal antioxidant enzymes in rats treated with TiO,-NPs

Parameter groups GPx (U/g) CAT (mU/g) SOD (U/g)
Liver Kidney Liver Kidney Liver Kidney
Control 36.45+1.07* 31.30+0.98* 6.56+0.08* 7.88+0.15* 28.14+0.65a" 28.19+0.50*
HBEO 39.49+2.24° 33.49+1.13 7.02+0.10° 8.05+0.08" 29.89+0.77° 29.93£0.42°
HEBEON 41.25+2.51° 35.63+0.45¢ 7.16+£0.05% 9.22+0.26° 29.87+£0.49* 28.43+1.04%
TiO,-NPs 21.43+0.55¢ 12.02+0.57¢ 2.87+0.15 3.46+0.15¢ 14.24+0.15° 15.02+0.25°
TiO,-NPs+ HBEO 27.41+0.78¢ 17.38+0.24° 4.33+£0.09° 5.31+0.05° 17.73+0.34¢ 18.86+0.34¢
TiO,-NPs+HBEON 30.82+£0.46" 23.68+0.54 5.01+0.07¢ 5.54+0.08° 21.45+0.54¢ 20.73+0.27¢
Within each column, means superscript with different letters are significantly different (p<0.05)
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Fig.4 Effect of HBEO and HBEON on relative expression of Bax
(A), caspase-3 (B), and p53 (C) and Bcl-2 gene in liver of rats treated
with TiO,-NPs. Analyses were performed in triplicate. Data are the

The current results showed that the percentage of DNA
fragmentation in the hepatic tissue of TiO,-NP-treated rats
was significantly increased (p< 0.05) in comparison with the
negative control group. Administration of HBEO or HBEON
decreased significantly DNA fragmentation percent, and this
decrease was apparent in the group that received HBEON.
On the other hand, co-administration with TiO,-NPs plus
HBEO or HBEON showed a remarkable decrease in DNA
fragmentation percent and HBEON was more effective than
HBEO (Fig. 5A, B).

The data in Table 6 and Fig. 6 showed the effect of dif-
ferent treatments on the level of DNA breakages in the liver
using the comet assay. Treatment with HBEO or HBEON
alone did not increase the percentage of tail DNA in rat liver
(9.83% and 9.75% for HBEO and HBEON, respectively,

@ Springer

mean=+SE of three different liver samples in same group. Super-
scripts with different letters in each column are significantly different
at p<0.05

versus 9.77% for control). Further, the OTM values did not
change significantly (p > 0.05) in the groups treated with
HBEO or HBEON (1.13 and 1.12 A. U, respectively) com-
pared to the normal control value (1.12 A.U). Treatment
with TiO,-NPs increased tail DNA percentage (18.74%) and
OTM (3.57 A. U) compared with the normal control values
(1.12 A. U). Additionally, co-administration of HEBO or
HBEON plus TiO,-NPs induce a significant decrease in tail
DNA percentage and OTM compared to TiO,-NPs alone-
treated group and this reduction was more noticeable in
the group treated with TiO,-NPs plus HBEON than that in
TiO,NPs plus HEBO-treated group.

The histological examination of the control liver sections
showed the normal structure of the hepatic lobule, central
vein, and blood sinusoid (Fig. 7A). The sections of the liver
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Fig.5 Effect of HBEO or HBEON alone or in combination with
TiO,-NPs on hepatic A DNA fragmentation percentage and B DNA
fragmentation analysis: 1.5% of agarose gel electrophoresis of DNA
samples extracted from liver tissues of different groups. Lane M:

Table 6 Inhibitory activity of HBEO and HBEON on DNA damage
induced by TiO,-NPs in rat liver using comet assay (mean =+ S.E)

Treatment groups % Tail DNA OTM (A.U)
Control 9.77+1.24* 1.12+0.02?
HBEO 9.83+0.08* 1.13+0.02?
HEBEON 9.75+0.53* 1.12+0.06
TiO,-NPs 18.74+1.77° 3.57+0.14°
TiO,-NPs+ HBEO 12.40+0.27¢ 1.55+0.03¢
TiO,-NPs+ HBEON 11.23+0.37¢ 1.12+0.11°

The values superscript with different letters in each column are
significantly different from one another as calculated by ANOVA
(P<0.05)

-

100 bp size marker, Lane 1: control group, Lane 2: HBEO, Lane 3:
HBEON, Lane 4: TiO,-NPs, Lane 5: TiO,-NPs plus HBEO, and Lane
6: TiO,-NPs plus HBEON

from animals that received HBEO revealed normal hepatic
structure, although some nuclei appear small in size and
some of them showed signs of degeneration such as necrosis,
karyolysis, and pyknosis (Fig. 7B). The liver sections of the
rats that were treated with HBEON showed normal struc-
ture, while nodules of aggregation of inflammatory cells
and signs of nuclear degeneration in the form of necrosis,
pyknosis, and karyolysis were noted (Fig. 7C). The liver sec-
tions of rats that were treated with TiO,-NPs showed marked
dilatation of the portal tract, the proliferation of bile ducts,
necrosis in their epithelial cells, and fibrosis (formation
of fibrous septa) could be also observed (Fig. 7D). Liver

-
Fig.6 Alkaline comet assay for DNA damage in liver of A control rats, B HBEO-treated rats, C HBEON-treated rats, D TiO,-NP-treated rats, E
TiO,-NPs + HBEO-treated rats, and F TiO,-NPs + HBEON-treated rats (original magnification 400 X)
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Fig.7 Photomicrograph of the liver sections of A control rats show-
ing normal structure of hepatic lobule, central vain (cv), and blood
sinusoid (s); B rats treated with HBEO showing normal hepatic
structure; C rats treated with HBEON showing the normal struc-
ture of hepatic tissue while, nodule of aggregation of inflammatory
cells (arrow) were noted, sings of nuclear degeneration in the form
of necrosis, pyknosis (arrow head), and karyolysis were noted; D rats
treated with TiO,-NPs showing marked dilatation of the portal tract,

sections of rats that received TiO,-NPs plus HBEO showed
some improvement represented in reduction of fibrous tis-
sue, mild cellular infiltration around the dilated portal area,
and mildly dilated bile duct; however, signs of degeneration
in the form of pyknosis, karyolysis, and necrosis, as well as
vacuolar degeneration, were still present (Fig. 7E). On the
other hand, animals that were treated with TiO,-NPs plus
HBEON showed improvement in the pathological altera-
tions in the form of diminution in fibrosis, weak dilation in
the portal tract, minute cytoplasmic vacuoles, mild cellular
infiltration, and hypertrophied of Kupffer cells (Fig. 7F).

Discussion

In this study, the GC-MS identified 55 compounds in HBEO
that constituted 98.8% of the oil and belong to terpene, phe-
nylpropanoids, sesquiterpenoids, and terpene alcohol. The
major identified compounds were linalool and methyl chavi-
col followed by y-muurolene, B-elemene, and aciphyllene.
Previous studies reported that linalool was the major com-
pound identified in HBEO [37, 38]; however, other stud-
ies reported that methyl eugenol was the major compound
followed by methyl chavicol [39], and others showed that
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proliferation of the bile ducts and necrosis in their epithelial cells, and
fibrosis (formation of fibrous septa) could be observed; E rats treated
with TiO,-NPs plus HBEO showing some improvement represented
in minimal fibrous tissue and little diffusion of inflammatory cell
infiltration; and F rats treated with TiO,-NPs plus HBEON showing
improvement in pathological changes in the form of diminution in
fibrosis, and weak dilation in portal tract, mild cellular infiltration and
hypertrophied of kupffer cell

methyl chavicol followed by linalool [40]. In this concern,
Ahmed et al. [41] and Diniz do Nascimento et al. [42] sug-
gested that the chemical compounds of the oils differ accord-
ing to several factors including the plant variety, agriculture
practices, and geographical origin. The HOBEN was syn-
thesized successfully by incorporating WPI, and the resulted
emulsion showed a smooth and semi-round shape with an
average size and a {-potential of 120 nm and — 28 mV,
respectively. These results suggested that WPI increased the
coalescence of the droplets [43], and also, the smooth shape
and the uniform size distribution confirmed that WPI acted
as a wall material for the oil droplets [44, 45]. Roger et al.
[46] indicated that the particles’ size and the properties of
their surface have a vital role in the uptake of the nanopar-
ticles by the cells and the favorable size is 50-300 nm com-
pared with the other sizes, although the size < than 100 nm
showed unique and novel functional properties. Moreover,
these authors reported that size has a vital role in the distri-
bution, pharmacokinetics, and clearance of nanoparticles.
Additionally, {-potential also has a critical effect on the dis-
tribution and stability of the droplets [47]. In our study, the
negative -potential of HBEON is ascribed to the negative
charge of the carboxylate group as it is the functional charge
of the WPI globule [44].
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The in vivo study was performed to estimate the pro-
tective role of HBEON compared to HBEO against
TiO,-NP-induced oxidative damage and genotoxicity in
rats. The doses of TiO,-NPs and the oils were selected
based on our previous reports [6,29, respectively]. Admin-
istration of TiO,-NPs displayed severe disturbances in the
biochemical indices, the oxidant/antioxidant parameters,
serum cytokines, gene expression, DNA damage, and the
histological construction of the hepatic tissues. The increase
of AST and ALT in the TiO,-NPs-treated group indicated
that these nanoparticles induced injury and damage to the
hepatocytes resulting in the release of these enzymes into the
circulation [48, 49], and the decrease in Alb and TP in this
group also confirmed the hepatic damage and/or the kidney
dysfunction [50]. Additionally, the increase in creatinine,
uric acid, and urea indicated nephrotoxicity and glomerular
injury [51, 52]. The increase in Chol, TriG, and LDL and the
decrease in HDL after TiO,-NP administration indicated that
these nanoparticles disturbed the lipid metabolism possibly
through the alteration of lipoprotein lipase or the capability
of removing or transferring the fractions of lipids [6, 53].
It is known that the elevation in TriG and Chol levels are
correlated with some metabolic syndromes and cardiovas-
cular diseases; hence, these results suggest that TiO, could
aggravate cardiovascular diseases [54-56].

It was documented that TiO,-NPs induce oxidative dam-
age and disturb the balance between oxidant/antioxidant
(redox balance) in the body [12, 55, 57]. This fact confirms
the present results as the animals in the TiO,-NPs group
exhibited a significant elevation in MDA, NO, and the
inflammatory cytokines (TNF-a, AFP, and CEA) besides
a decrease in the activity of the antioxidant enzymes (GPx,
SOD, and CAT). Therefore, TiO,-NPs enhance ROS gen-
eration [57] which injures the macromolecules mainly
DNA, carbohydrates, proteins, and lipids [6, 50]. In addi-
tion, ROS increases the peroxidation of lipids and disturbs
the cell membrane structure and the pivotal function of the
cells [58]. The generation of hydroxyl radicals (eOH) is the
main factor in the oxidative damage induced by TiO,-NPs
[59], and the accumulation of MDA besides the decrease in
antioxidant enzymes may lead to the apoptosis of cells [6,
12]. Furthermore, Nrf2 as the principal regulator for dif-
ferent antioxidant gene expressions is increased during the
overproduction of ROS which resulted in further damage to
DNA and enhances the risk of cancer [60]. Moreover, when
SOD decrease, hydrogen peroxide (H,0,) accumulates in
the liver and kidney leading to the inhibition of CAT [61],
the enzyme responsible for the converting of H,0, to H,O
and O,, and hence, it prevents oxidative damage to these
organs [62].

TiO,-NP administration disturbs the gene expression of
Bax, caspase-3, p53, and Bcl-2. Animals in this group exhib-
ited a significant upregulation of Bax, caspase-3, and p53

mRNA expression and a significant downregulation of Bcl-
2. These results along with the disturbances in cytokines and
immune function indicated that the generation of ROS after
TiO,-NP exposure activates several receptors resulting in the
activation of signaling pathways to decrease the antioxidant
via ROS formation [3]. The exposure to excess ROS reduced
the mitochondrial membrane potential leading to apop-
totic cell death and immunotoxicity through the imbalance
of immune redox [3, 5, 63]. Moreover, Bcl-2 is a protein
located on the mitochondrial surface to prevent cytochrome
c release, but Bax induces punching of the mitochondrial
membrane holes to prevent the leaking out of cytochrome c
[64, 65], hence, the imbalance between Bcl-2 and Bax acti-
vate caspase-dependent apoptotic pathway [66]. Addition-
ally, the increase in Bax mRNA expression may counteract
the action of p53 on apoptosis [67]. Animals that received
TiO,-NPs also showed an increase in the DNA fragmen-
tation percentage in the hepatic tissue which confirms the
generation of hydroxyl radical, the major destructive species
that enhance DNA damage [59].

The comet assay showed that TiO,-NPs increased comet
tail formation in the hepatic cells and suggesting that these
particles induced single- or double-strand breaks, dysregu-
lation of the cell cycle checkpoints, and DNA-adduct for-
mation [68, 69]. Two main mechanisms were suggested for
these consequences as the primary and secondary genotox-
icities in the absence and presence of inflammation [70].
According to Jin et al. [71], genotoxicity takes place when
TiO,-NPs react directly with the DNA molecules or indi-
rectly react with the nuclear proteins. The primary genotox-
icity occurred owing to ROS generation and the releasing of
the toxic metal ions from the soluble TiO,-NPs. On the other
hand, secondary genotoxicity occurs through the immune
cells which can generate excess ROS and stimulate the
release of pro-inflammatory cytokines, thus attacking DNA
molecules [72, 73]. Additionally, TiO,-NPs stimulate sister
chromatid exchange, micronuclei formation, and comet tail
in the lymphocytes of peripheral blood in humans [10, 74].
In this concern, Sycheva et al. [75] reported that TiO,-NP
administration induced the comet tail formation in the liver
and bone marrow of mice; meanwhile, the intra-peritoneal
injection produces DNA break and DNA adducts [76] as
well as increases the cell micronuclei in bone marrow [77].

The histological study revealed that TiO,-NP adminis-
tration induced a marked dilatation of the portal tract, a
proliferation of bile ducts and necrosis in their epithelial
cells, and fibrosis. These pathological changes were simi-
lar to those reported in previous research [6, 78, 79] which
showed that treatment with TiO,-NPs affects the histo-
logical structure of the liver via oxidative damage which
was more localized around the central vein. Pialoux et al.
[80] suggested a strong linkage between tissue anoxia and
oxidative damage in several organs. Additionally, Kupffer
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cells in the liver are the most impacted cells by oxidative
damage due to their location nearby the portal area in the
liver tissue [81].

It is clear now that the toxicity of TiO,-NPs is particularly
due to the excess ROS generation leading to oxidative dam-
age. Hence, antioxidant supplementation probably is valu-
able in the protection against this oxidative damage. HBEO
is known as an affluent source of many bioactive compounds
which possess a potent antioxidant. The high level of linalool
and methyl chavicol gives this essential oil the advantage to
protect against oxidative DNA damage [82, 83]. Moreover,
the emulsifying technology manages the controlled release
of the bioactive constituents and enhances their bioavailabil-
ity and stability [50]. In the current study, we evaluated the
potential protective role of HBEON compared with HBEO
in animals treated with TiO,-NPs. Administration of HBEO
or HBEON induced positive effects on most of the tested
parameters and did not induce any toxic effects. Moreover,
both agents induced remarkable improvement in the liver
and kidney indices, lipid profile, serum cytokines, and
oxidant/antioxidant indices in rats that received TiO,-NPs
which is due to the potent antioxidant activity of linalool
[41, 84], and the pro-oxidant activity which prevents DNA
damage and suppression of ROS generation [85]. The pre-
vious studies reported that linalool diminishes TNF-o and
IL-6 and prevents IkBa protein phosphorylation, p38, c-Jun
terminal kinase, and the extracellular signal-regulated kinase
[86]. In addition, linalool showed beneficial effects in the
attenuation of the expression of NF-kB and TGF-bl in the
kidney of diabetic subjects [87] and prevents the releasing
of pro-inflammatory factors, and inhibits the caspase-3,
and caspase-8 expression, and the inflammatory response
through the suppression of NF-kB [88, 89].

The second protective property of HBEO is due to the
methyl chavicol as the second main compound in the oil
belonging to the phenylpropanoids class [90] and can block
the voltage-activated sodium channels [91]. This com-
pound also has anti-inflammatory activity by inhibiting
leukocyte migration and the stimulation of macrophages’
phagocytosis [92]. Moreover, y-y-Muurolene as the third
principle compound in HBEO is known to possess anti-
oxidant and anti-inflammatory effects [93, 94]. B-elemente
is also considered the fourth major compound in HBEO
and can regulate oxidative stress and different inflamma-
tory cytokines such as IFN, TNF-a, IL-6/10, and TGF-f
in the in vivo and in vitro studies [95]. This compound
also induces the apoptosis of tumor cells, and inhibits the
P21-activated kinasel (PAK1) signaling pathway [96, 97]
and is used for the treatment of cancer in different organs
including the liver [98], stomach [97], lung [99], brain
[100], ovary [101], and breast [102].

Additionally, the minor phenolic compounds in the oil
have high antioxidant properties and reduce the level of
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LDL, TriG, and Chol in plasma besides their free radical
scavenger activity [103]. Additionally, both HBEO and
HBEON increased SOD and CAT, the major hepato-protec-
tive endogenous enzymes [104]. Taken together, the mecha-
nisms of antioxidant properties of HBEO and HBEON could
be due to the ROS scavenging activity, the iron chelation
which initiates the radical reactions, and the inhibition of
different enzymes accountable for ROS generation [105], the
interference of antioxidants with xenobiotic-metabolizing
enzymes which block the activated mutagens/carcinogens,
and modulates DNA repair along with the regulation of the
mRNA gene expressions [106]. Therefore, these mecha-
nisms are very important for the antioxidant, anticarcino-
genic, and antimutagenic properties of the oils [107]. These
results also showed that HBEON was more effective than
HBEO which may be due to the antioxidant effect of WPI
used in the preparation of emulsion. WPI is rich in certain
amino acids which are known as potent antioxidants such
as cysteine, bovine serum albumin, p-lactoglobulin, and
a-lactoglobulin [108], and showed potent hepatoprotective
against CCl,-induced liver damage [26, 109].

Conclusion

A total of 55 compounds were identified in HBEO repre-
senting 98.8% of the oil. The major compound was linalool
followed by Methyl chavicol, y-Muurolene, p-elemene,
and Aciphyllene. TiO,-NP administration to rats induced
severe oxidative damage in the liver and kidney, increased
serum cytokines and DNA fragmentation, disturbed apop-
totic gene expression, and histological alteration in the liver.
Both HBEO and HBEON with average particles size and
{-potential were 120 +4.5 nm and —28 +1.3 mV were safe
and succeeded to induce potent protection against TiO,-NPs;
however, HBEON was more effective than HBEO. This
effect suggested that the encapsulation of HBEO using WPI
enhances the protective role of the bioactive compounds,
controls their release, and increased the antioxidant activity.
Therefore, HBEON is a good tool for the protection against
oxidative damage; disturbances in biochemical parameters,
gene expression, DNA damage, and the histological changes
result from the exposure to TiO,-NPs and may be suitable
for the application in medical, food, and pharmaceutical
sectors.
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