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A B S T R A C T

Fish oil exhibited several beneficial effects on human health; however, its applications face several challenges
such as its effects on the organoleptic properties of food and its susceptibility to oxidation. Titanium dioxide NPs
(TiO2-NPs) are utilized widely in pharmaceutical and food applications although there are some reports about
their oxidative damage to living organisms. The current work was undertaken to identify fatty acids content in
mullet fish oil, encapsulation, and characterization of the oil, and to assess the protective efficiency of the
encapsulated mullet fish oil (EMFO) against the oxidative damage and genotoxicity of TiO2-NPs in rats. Sixty
female Sprague-Dawley rats were distributed to 6 groups and treated for 21 days included the control group; TiO2-
NPs-treated group (50 mg/kg b.w); the groups treated with EMFO (50 or 100 mg/kg b.w) and the groups received
TiO2-NPs plus EMFO at the low or high dose. Samples of blood, liver, and kidney were taken for different assays
and histological studies. The GC-FID analysis showed that a total of 14 different fatty acids were found in Mullet
fish oil included 41.4% polyunsaturated fatty acids (PUFAs), 31.1% monounsaturated fatty acids (MUFAs), and
25.1% saturated fatty acids (SFAs). The structure of EMFO was spherical with an average diameter of 234.5 nm
and a zeta potential of -6.24 mV and was stable up to 10 days at 25 �C with EE of 81.08%. The PV of EMFO was
decreased at 5 days then increased at 15 days; however, TBARS was increased throughout the storage time over
15 days. The biological evaluation showed that TiO2-NPs disturb the hepato-nephro functions, lipid profile, in-
flammatory cytokines, oxidative stress markers, antioxidant enzymes activity, and their corresponding gene
expression along with severe pathological alterations in both hepatic and renal tissue. Co-administration of EMFO
induced a strong antioxidant role, and the high level could normalize the majority of the parameters tested and
the histological picture of the hepatic and renal tissues. These results pointed out that the encapsulation tech-
nology enhances the protective role of EMFO against oxidative stress and genotoxicity of TiO2-NPs through the
prevention of ω-3 PUFAs oxidation and controlling their release.
1. Introduction

Omega-3 polyunsaturated fatty acids (ω-3 PUFAs) are long-chain fatty
acids (FAs) derived from plants and fish (Hu et al., 2002). ω-3 PUFAs such
as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) found
in the fish oil exhibited several beneficial effects on the human health
including cardioprotective in clinical studies of Eskimos (Endo and Arita
2016; Kromhout et al., 1985), antioxidant (Bouzidi et al., 2010;
m (M.A. Abdel-Wahhab).
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Carrepeiro et al., 2011), anti-inflammatory (Yang et al., 2013; Ellulu
et al., 2015), immunoregulatory (Calviello et al., 2006), anti-tumour
(Eltweri et al., 2017), improvement in brain function and neurological
development (Kerdiles et al., 2017) and protection against other meta-
bolic and chronic diseases (Saini and Keum 2018; Curioni et al., 2019).
However, ω-3 PUFAs are susceptible to the oxidation because they are the
first targets of the free radical strike when the oxidation process is
initiated (Est�evez 2015; Scislowski et al., 2005). The products of lipids
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oxidation degrade the food quality mainly, texture, flavor, color, and
nutritional value affecting certain organs and tissues (Priscilla and Prince
2009). Currently, encapsulation of ω-3 PUFAs has been paid attention to
protect ω-3 PUFAs against spontaneous oxidation and deterioration
during storage or the processing of food (Chang and Nickerson 2018;
Mohammed et al., 2020), improve its water solubility, physicochemical
stability, and bioavailability (McClements and Rao 2011; Ningning et al.,
2020) and improve their delivery and controlled release (Abdel-Wahhab
et al., 2018). Whey protein isolate (WPI) is commonly used as a food
emulsifier to promote its ability to form and stabilize oil droplets in
emulsions (Singh 2011).

Nanotechnology has witnessed a tremendous expansion of research
and potential applications, recent reports have shown its beneficial
pharmaceutical and therapeutic uses (Dawood et al., 2018; Zahin et al.,
2020). However, it considers as a double-edged sword, where some
studies have suggested toxic effects on living organisms (Abdel-Wahhab
et al., 2020, 2021; Santonastaso et al., 2019). Titanium dioxide NPs
(TiO2-NPs) are widely utilized in several commercial products such as
drugs, cosmetics, food colorants, sunscreens, skincare products, water
treatment, varnishes, and paints (Rajh et al., 2014; Winkler et al., 2018)
due to their extreme stability, biocompatibility, strong oxidizing prop-
erties and photocatalytic properties (Yin et al., 2013). TiO2-NPs enters
the body via different ways such as inhalation, ingestion, medical in-
jections, and skin uptake (Migdal et al., 2010) and probably distribute to
the body organs through the circulatory system however its toxicity of
varied with particle sizes and exposure conditions. There are three
postulated mechanisms for TiO2-NPs toxicity; apoptosis and oxidative
damage induced by their production of ROS, lipid peroxidation, and
inducing oxidative DNA damage (Kandeil et al., 2019; Moradi et al.,
2019). This study was undertaken to protect ω-3 PUFAs from oxidation
through the encapsulation process using WPI and to evaluate their effi-
ciency to counteract the oxidative damage and disturbances in genes
expression in rats exposed orally to TiO2-NPs.

2. Materials and methods

2.1. Materials, chemicals and kits

TiO2-NPs with a specific surface area of 50 m2/g, an average diameter
of 100 nm, and purity ¼ 99.9%, were purchased from Degussa Corpo-
ration (Hanau, Germany). According to the produced company reports,
the specific surface area of TiO2-NPs was determined by BET surface area
analyzer (OMNISORP-100CX, Coulter, USA), and particle size was
scanned by transmission electron microscopy (JEM200-CX, JEOL,
Tokyo). WPI was supplied by Aromse Co. (Turkey). Non-traditional Ni-
gella sativa (black seed) oil (BSO) was supplied by the oil extraction unit,
National Research Centre (NRC), Egypt. Ammonium thiocyanate, ferrous
sulfate, and barium chloride were supplied by Sigma Co. (St. Louis, MO,
USA), hydrochloride acid, methanol, and hexane were supplied by SHAM
Co. (Germany). Isooctane, 2-propanol, and 1-butanol were obtained from
BDH Co. (England). Kits for transaminase (AST & ALT) were provided by
Randox, Antrim Co. (UK). Kits for cholesterol (Cho), triglycerides (TG),
high-density lipoprotein (HDL), low-density lipoprotein (LDL), creati-
nine, uric acid, urea, albumin (Alb), total protein (TP), total bilirubin
(T.BIL), direct bilirubin (D.BIL) were provided by FAR Diagnostics Co.
(Via Fermi, Italy). Kits for nitric oxide (NO), malondialdehyde (MDA),
Catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase
(GPx) were supplied by Eagle diagnostics (Dallas, TX, USA). ELISA kit for
alpha-fetoprotein (AFP) was supplied by Biochem Immuno Systems Co.
(Montreal, Canada). Tumor necrosis factor-alpha (TNF-α) kits were
supplied by Orgenium (Helsinki, Finland). Carcinoembryonic antigen
(CEA) Kit was supplied by Biodiagnostic Co. (Giza, Egypt). PreMix cDNA
and RNase-free DNase kits were supplied by iNtRON Biotechnology Co.
(Seoul, Korea). Trizol and DNase kit were supplied by Promega Corpo-
ration Co. (WI, USA) and the DNA ladder was supplied by Invitrogen Co.
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(Massachusetts, USA). Other chemicals utilized in this work were of the
highest available analytical grade.

2.2. Extraction of mullet fish (Mugil cephalus) oil (MFO)

Mullet's heads were collected from the waste of local restaurants in
Fayoum city, Egypt, and were kept in refrigerator at -20 �C until extracted
by enzymatic hydrolysis by using Bacillus Licheniformis protease. The fish
heads (as the waste parts) were utilized in this study and were identified
by Fish Processing and Technology Laboratory, National Institute of
Oceanography and Fisheries, Ministry of Scientific Research, Egypt. The
enzymatic hydrolysis was conducted at 70 �C in a stirred thermostated
reactor (2 L) where raw material (15 kg) was suspended in distilled
water. The pH was amended to 7 with 4 M NaOH under mixing for 15
min. The enzymatic solution was added and the reaction was continued
for 2 h under nitrogen. The pH was remained steady by automatically
adding 4 M NaOH during hydrolysis according to the pH-stat method.
The medium was filtered coarsely to retain bones, while the liquid phase
was undergone a subsequent centrifugation in order to separate oil and
emulsified fractions from the underlying aqueous phase. The enzymewas
inactivated in hydrolysate by heat treatment with live steam injection (95
�C, 10 min).

2.3. Determination of fatty acids in mullet fish oil (MFO) by gas
chromatography-flame ionization detector (GC-FID)

The determination of fatty acid methyl esters (FAMEs) was conducted
as described previously (Ackman 1998) by the transmethylation of the
lipid aliquots (100 mg). Each sample was dissolved in hexane (1.5 mL)
and 1.5 mL borontrifluoride in methanol (8%, w/vol), and heated for 1 h
at 100 �C. After cooling, FAMEs samples were extracted in hexane under
nitrogen then were determined by Shimadzu gas chromatography
equipped with the flame ionization detector (FID) and a fused-silica
capillary column (25 m * 0.25 mm * 0.5 mm; BPX70 SGE Australia Pty
Ltd.). The temperature was set as follows: 2 min initial period at 70 �C,
then increasing at 40 � C/min to reach a second step at 180 �C during 8
min and flowing out at 3� C/min to the final period (220 �C, 45 min).
Injection and detector ports were maintained at 230 �C and 260 �C,
respectively. The identification of fatty acids (FAs) was done by the
comparison of the relative retention times with appropriate standard
mixtures (PUFA 1 from a marine source and PUFA 2 from an animal
source; Supelco, Bellefonte, PA, USA) and an internal standard (C 23:0).
The results were displayed as a percentage of the total identified FAs.

2.4. Preparation of MFO nano-emulsion

The wall material was prepared by WPI (10%) in distilled water and
stirring for 1 h. A mixture of MFO and NSO (1:1) was added to the wall
martial solution at a ratio of 1:4 (wall: core material) then subjected to
homogenization using an Ultra-Turrax homogenizer (T18 basic IKA,
Wilmington, USA), operating at a speed of 18,000 rpm for 5 min. The
coarse emulsion was homogenized by ultrasonication at 160 W powers,
20 kHz frequency, and with 50 % pulse for 20 min. An ultrasound tita-
nium probe with 3.8 nm diameter was used. The samples were placed in
cold water bath (4 �C) to prevent the overheating of emulsion.

2.5. Spray drying for capsulation

The resulted emulsion was divided into two portions: the first portion
was utilized for determination of encapsulation efficiency and stability;
however, the second portion was spray-dried using a laboratory spray
dryer (Mini spray dryer B-290, BÜCHI Labortechnik, Switzerland) with a
1.5 mm nozzle diameter and main spray chamber of 500 � 215 mm. A
peristaltic pump was used for pumping the emulsion to the dryer at a 5
cm3/min flow rate and the flow rate of drying air was adjusted at 2.5 m3/
min and pressure of 0.06 MPa. The inlet and outlet air temperatures were
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180–195 and 71–75 �C, respectively. The powdered microcapsules were
collected and kept in an air-tight desiccator for further characterization.
2.6. Characterization of encapsulated mullet fish oil (EMFO)

2.6.1. Particle size and zeta potential (ζ-potential)
The average diameter, the size distribution, and ζ-potential were

determined by using a particle size analyzer (Nano-ZS, Malvern In-
struments Ltd., UK). For measuring the ζ-potential, the sample was son-
icated for 30–60 min just before assessment, and each sample was
assayed in triplicate.

2.6.2. Surface morphology of microcapsules powder
A Scanning Electron Microscopy (Quanta FEG 250 SEM, Tokyo,

Japan) was utilized for the determination of the dried microcapsules
morphology. The sample was coated with a light gold spray (Sputter
coater, Agar Aids, England) for 45 s andwere imaged under SEM operates
with a low beam current at 7 kV. However, transmission electron mi-
croscopy (TEM, JEM-2100 electron microscope) was utilized to observe
the graphene on the nanoemulsion surface.

2.6.3. Emulsion stability (ES)
Separation of the serum from the emulsion was taken as an index of

ES (Carneiro et al., 2013Carneiro et al., 2013). The emulsion was
transferred to a cylinder (20 mL); capped and kept for 24, 48, 72, 96, and
120 h, at 25 �C. The height of the separated serum from the emulsion was
monitored as % separation and was calculated using the following Eq.
(1):

% Separation ¼ H1/H0 x 100 (1)

where: H1 is the upper phase height and H0 is the initial height of
emulsion.

2.6.4. Encapsulation efficiency (EE)
The method reported by Bae and Lee (2008) was applied for the

determination of EE. Hexane (50 mL) was added to microcapsule powder
(1.5 g) in a glass jar and shook for 2min to extract the free oil. The extract
was filtered using a filter paper (Whatman No.1) and the powder
collected on the filter was rinsed 3 times with hexane (20 mL), then the
combined extracts were evaporated to dryness at 60 �C until their weight
become constant which represents the non-encapsulated oil.

EE was calculated using the following Eq. (2):

EE ¼ (TO – SO)/TO x 100 (2)

where: SO and TO are the surface and total oil content, respectively.

2.6.5. Oxidative stability of mullet fish oil emulsion (MFOE)
MFOE samples were incubated in dark at 55 �C for 14 days using an

NÜVE incubator (Turkey), and lipid hydroperoxides and TBARS were
measured every 2 days (Walker et al., 2015). In brief, MFOE was
extracted by the addition of 1.5 ml of mixture of 2-propanol/isooctane
(1:3 v/v) to 1 g of sample. The mixture was vortexed for the 30 s, and
centrifugation at 1000 xg for 2 min. An aliquot of the top layer was taken
andmixed with a volume of 2.8 ml of pre-mixedmethanol/1-butanol (2:1
v/v), then 30 μL of ferrous iron solution (3.94 M): ammonium thiocya-
nate (1:1 v/v) was added. The absorbance was read after 2 min using
UV-visible spectrophotometer (BioTek, Synergy HT, USA). To construct
the Fe3þ calibration curve, a stock of Ferric chloride (10 mg/mL) was
diluted with chloroform/methanol (7:3 ratios) to obtain 5–30 mg/L
standard Fe3þ sample. All samples were read in triplicate.

2.6.6. Thiobarbituric acid-reactive substances (TBARS)
TBARS samples were held in 50 mL disposable centrifuge poly-

propylene tubes (Fisher Scientific, Pittsburg, PA, USA) in the dark at 55
�C and were read each other day for 14 days (El-Messery et al., 2020).
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Emulsion (1.0 mL) and 2.0 mL of TBA reagent (15% w/v trichloroacetic
acid, 0.375% w/v thiobarbituric acid, and 0.25 M HCl with 2% BHT in
ethanol solution) were vortexed in glass test tubes with screw caps. The
tubes were incubated for 15 min in a water bath (90 �C) then moved to a
room temperature water bath to cool for 10 min. The tubes were
centrifuged for 15 min (1000 g) and then sat for 10 more minutes. The
supernatant absorption was read at 532 nm. TBARS concentrations were
calculated as nM using a standard curve of TEP at concentrations be-
tween 0 and 20 nM and all samples were read in triplicate.
2.7. In vivo evaluation

2.7.1. Animals and experimental setup
Sixty sexually mature female Sprague-Dawley rats (3 month-old and

150–160 g body weight) were supplied by the Animal House Colony,
NRC, Dokki, Cairo, Egypt. All animals were fed on a standard pellet diet
and maintained in filter top polycarbonate cages in a ventilated animal
room (12 h dark/light cycle, 25 � 1 �C and 25–30% humidity) at the
Animal House Lab, NRC. Egypt. All animals were received humane care
in compliance with the guidelines of the Animal Care and Use Committee
of the NRC, Dokki, Cairo, Egypt, and the National Institute of Health (NIH
publication 86-23 revised 1985). After an adaptation period of a week,
animals were distributed into six groups (10 rats/group) and orally
treated by a stomach tube for 21 days as follows: group1; normal control,
group 2; rats received an aqueous solution of TiO2-NPs (50 mg/kg b.w),
groups 3 and 4; rats treceived low dose (LD) or high dose (HD) of
encapsulated mullet fish oil (EMFO) (50 and 100 mg/kg b.w, respec-
tively), and groups 5 and 6; rats received EMFO (LD) or (HD) plus TiO2-
NPs. The animals were observed daily for any signs of toxicity during the
experimental period.

2.7.2. Sampling and tissue preparation

2.7.2.1. Blood samples. On day 21, samples of blood were collected from
all animals after being fasted for 12 h via the retro-orbital venous plexus
under isoflurane anesthesia. Sera were separated using cooling centri-
fugation and kept at -20 �C until analysis. The sera were used to deter-
mine liver and kidney markers, lipid profile, CEA, AFP, and TNF-α
according to the instructions of the kit.

2.7.2.2. Tissue samples
2.7.2.2.1. Assessment of oxidative stress markers. After the collection

of blood samples, animals were euthanized and samples of the liver and
kidney were collected. A sample from each organ of each experimental
animal was weighed, and homogenized in phosphate buffer (pH 7.4) to
yield 20% w/v of homogenate according to Lin et al. (1998). The ho-
mogenate was centrifuged (1700 rpm, 4 �C and 10min) then was used for
the assay of MDA, NO, GPx, CAT, and SOD.

2.7.2.2.2. Cytogenetic analysis. Freshly collected liver tissues were
frozen in the liquid nitrogen and kept in a -80 �C freezer before RNA
isolation. Total RNA was isolated from tissue samples using Trizol re-
agent. The concentration and quality of RNA were determined by
NanoDrop™ 1000 Spectrophotometer (Thermo Fisher Scientific, USA),
and only the samples of high quality with A260/A280 ratios between 1.8
and 2.2 were used. Reverse transcription-cDNA was stored at 20�С for
later use or directly used as a semi-quantitative PCR template. The
expression of the selected genes was quantified by using quantitative
real-time PCR performed in a One-Step SYBR Select Master Mix Kit as
previously described (Kim et al., 2009). The gene-specific primer se-
quences for GAPDH, GPx, SOD, CAT, Bax, Bcl-2, and TNF-α are shown in
Table 1. Real-time quantitative PCR (RT-qPCR) was carried out on
Stratagene Mx3005P Real-Time PCR System (Agilent Technologies) in a
20-μL reaction volume using, 1 μL cDNA, 10 μM of forward and reverse
primers, 10 μL TOPreal™ qPCR 2� PreMIX (SYBR Green with low ROX)
(Enzynomics) and DNAse-free water. Each sample was amplified in a



Table 1. Details giving primer sequences for the genes amplified.

cDNA Accession number Forward primer Reverse primer RT-PCR product size

GAPDH NM_017008.4 CAAGGTCATCCATGACAACTTTG GTCCACCACCCTGTTGCTGTAG 496

Cu–Zn SOD FQ210282.1 GCAGAAGGCAAGCGGTGAAC TAGCAGGACAGCAGATGAGT 477

GPx NM_030826.4 CTCTCCGCGGTGGCACAGT CCACCACCGGGTCGGACATAC 290

CAT NM_012520.2 GCGAATGGAGAGGCAGTGTAC GAGTGACGTTGTCTTCATTAGCACTG 652

Bax NM_017059.2 AGGATGATTGCTGATGTGGATAC CACAAAGATGGTCACTGTCTGC 300

Bcl-2 NM_016993.2 GCTACGAGTGGGATACTGGAGA AGTCATCCACAGAGCGATGTT 446

TNF-α NM_012675.3 CCACCACGCTCTTCTGTCTAC ACCACCAGTTGGTTGTCTTTG 256

Table 2. Fatty acid composition of Mullet oil.

No Fatty acid Name of Fatty acid Content (area %)

1 C14:0 Myristic acid 7.3 � 0.65

2 C16:0 Palmitic acid 14.6 � 0.43

3 C16:1 Palmitoleic acid 8.5 � 0.35

4 C18:0 Stearic acid 3.2 � 0.02

5 C18:1 n-9 Oleic acid 15.8 � 0.59

6 C18:2–6 Linoleic acid 5.1 � 0.34

7 C18:3 n-3 Linolenic acid 2.3 � 0.94

8 C18:4 n-3 Stearidonic acid 1.4 � 0.68

8 C20:1 n-9 Eicosenoic acid 6.9 � 0.16

10 C20:4 n-6 Arachidonic acid 9.6 � 0.31

11 C20:4 n-3 Dihomo-γ-linolenic acid 1.5 � 0.78

12 C20:5 n-3 Eicosapentaenoic acid 3.8 � 0.06

13 C22:5 n-3 Docosapentaenoic acid 6.3 � 0.43

14 C22:6 n-3 Docosahexaenoic acid 11.5 � 0.31
P

SFA 25.1 25.1
P

MUFA 31.1 31.1
P

PUFA 41.4 41.4

All values are mean of three replicates �standard deviation.
SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, poly-
unsaturated fatty acid.
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minimum of triplicates. Amplification was performed with a 15-min
denaturation at 95 �C, then 40 cycles of 95 �C for 12 s, 56–63 �C for
15 s, and 72 �C for 30 s. The expression levels were calculated from the
PCR cycle number (CT) where the increased fluorescence curve passes
across a threshold value. The relative expression of target genes was
obtained using the comparative CT (ΔΔCT) method. The ΔCT was
calculated by subtracting β-actin CT from that of the target gene whereas
ΔΔCT was obtained by subtracting the ΔCT of the calibrator from that of
the test sample. The 2�ΔΔCT formula was used for the calculation of
relative expression (Pfaffl 2001; Abdel-Wahhab et al., 2021a).

2.7.3. Histological studies
The samples of liver and kidney from each animal were fixed in 10%

neutral formalin and paraffin-embedded. Sections (5 μm thickness) were
stained with hematoxylin and eosin (H & E) for the histological exami-
nation (Bancroft et al., 1996).

2.8. Statistical analysis

Data were expressed as mean� SE and were statistical analyses using
one-way ANOVA. Duncan-test was used as post-hoc using SPSS for
Windows (version 2; SPSS Inc., Chicago, IL, USA). The significance of
differences among means was determined at p � 0.05.

3. Results

3.1. Fatty acids analysis in MFO

The GC-FID chromatogram (Figure 1) and the analysis of the fatty
acids (Table 2) of MFO indicated the identification of 14 fatty acids with
Figure 1. GC chromatograms f
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the percentage of 41.1, 31.1, and 25.1% of polyunsaturated fatty acids
(PUFA), monounsaturated fatty acids (MUFAs) and saturated fatty acid
(SFA), respectively.
or mullet fish oil analysis.



Table 3. PV and TBARS of EMFO during storage period.

Storage (Days) PV TBARS

0 20.97 � 2.71 1.06 � 0.08

5 19.02 � 8.17 1.18 � 0.02

10 52.65 � 2.21 1.37 � 0.03

15 51.23 � 4.21 1.71 � 0.08

Data are expressed as the mean value �SE (n ¼ 3).
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3.2. Characterization of emulsion

The present results showed that the emulsion was stable up to 10 days
at 25 �C since the separation % after 10 days/25 �C was 08.00 � 0.98.
The mean diameter (D32) was 234.50 � 1.03 nm and ζ-potential were
-06.24 � 0.56 mV. The SEM image showed that the microcapsules were
mostly spherical structures (Figure 2) with some indentations and small
wrinkles on their surfaces. The results also showed the preparation of
EMFO using spray drying resulted in EE of 81.08 � 0.47%.

3.3. PV and TBARs

PV and TBARS (Table 3) of EMFO showed a decrease in PV after a
storage period of 5 days then it was increased dramatically at 15 days as
lipid oxidation proceeded. Moreover, TBARS was also increased by the
storage period throughout 15 days.

3.4. In vivo results

The biological evaluation revealed that TiO2-NPs induced toxicity
and disturbed the biochemical indicators in animals that received TiO2-
NPs alone. This toxicity was primarily manifested by the remarkable
decrease in body weight (Figure 3). Animals received EMFO at the low or
the high doses were comparable to the untreated control. Moreover, the
body weight of the groups that received TiO2-NPs plus EMFO (LD) or
EMFO (HD) was improved significantly and was comparable to the un-
treated control animals by the termination of the experiment period.

The effect of EMFO on the serum indicators in rats that received TiO2-
NPs is depicted in Table 4. TiO2-NPs administration caused a significant
increase in ALT, AST, T.BIL, D.BIL, creatinine, urea, and uric acid
accompanied by a significant decrease in TP and Alb. The low dose of
EMFO did not amend any of these parameters except creatinine which
was lower than the control. However, administration of EMFO (HD)
decreased D.BIL and creatinine and increased urea but did not change the
other parameters when compared with the untreated control rats. Ani-
mals that received EMFO (LD) or (HD) plus TiO2-NPs showed a signifi-
cant improvement in all the biochemical indicators and EMFO (HD)
could normalize ALT, AST, and T.BIL.

Administration of TiO2-NPs disturbs the lipid profile as manifested by
the remarkable increase in Cho, TG, and LDL-Cho and the decrease in
HDL-Cho compared with those in the control group (Table 5). No sig-
nificant difference was noticed in lipid profile between animals who
received EMFO (LD) and the control; however, TG, LDL-Cho were
decreased and HDL-Cho was increased in the group that received EMFO
(HD) but an insignificant change was observed in Cho level in this group.
Additionally, the levels of Cho and LDL-Cho in the groups that received
TiO2-NPs plus EMFO at both doses were within the normal range of the
untreated control animals and the levels of TG and HDL-Cho were
Figure 2. SEM (A) and TEM (B) image of spra
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significantly improved in these groups (Table 5). The data shown in
Table 6 showed a remarkable increase in CEA, AFP, and TNF-α in the
group that received TiO2-NPs compared to those in the untreated control
group. Administration of EMFO alone at both dose levels did not cause
any significant changes in these parameters. Moreover, the co-
administration of EMFO (LD) or (HD) plus TiO2-NPs improved these
cytokines and the high dose of EMFO could normalize TNF-α.

Administration of TiO2-NPs disturbed the activity of antioxidant en-
zymes in the liver and kidney (Table 7). Treatment with TiO2-NPs alone
decreased the hepatic and renal CAT, SOD and GPx; however, EMFO (LD)
alone increased renal CAT and GPx but no remarkable effect was
observed in renal SOD or hepatic CAT, SOD, and GPx. Moreover, EMFO
(HD) increased GPx in the liver, CAT, and GPx in the kidney but no
remarkable change was observed in renal SOD or hepatic CAT and SOD.
Co-administration of TiO2-NPs and EMFO (LD) or (HD) improved the
hepatic and renal antioxidant enzymes activity and this improvement
was more pronounced in the group received TiO2-NPs plus EMFO (HD)
which normalized renal CAT and GPx.

The results presented in Table 8 illustrated that administration of
TIO2-NPs increased renal and hepatic MDA and NO. EMFO (LD) or (HD)
decreased the hepatic MDA and NO in a dose-dependent without any
significant changes in these indicators in the kidney tissue. Furthermore,
treatment with TiO2-NPs plus EMFO (LD) or (HD) improved significantly
the hepatic and renal MDA, and NO and EMFO (HD) could normalize
MDA in both organs.
3.5. Apoptotic genes expression

The changes in hepatic mRNA gene expression of pro-apoptotic Bax
(Figure 4A), TNF-α (Figure 4B), and antiapoptotic Bcl-2 (Figure 3C) in the
treated groups as compared with the controls and the housekeeping
glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) showed that
TiO2-NPs alone enhanced Bax and TNF-αmRNA expression and suppresses
Bcl-2mRNAexpression.HoweverBax,Bcl-2andTNF-αmRNAexpression in
the animals that received EMFO (LD or HD) did not show any significant
difference from the control animals. Co-treatment of TiO2-NPs plus EMFO
remarkably improves the levels of transcription of these genes.
y-dried nanoemulsions of EMFO (8000x).



Figure 3. Effect of EMFO on body weight in rats treated with TiO2-NPs. Columns superscripts with different letters are significantly different (P < 0.05).

Table 4. Effects of EMFO on serum biochemical parameters in rats treated with
TiO2-NPs.

Groups
Parameter

Control TiO2-
NPs

EMFO
(LD)

EMFO
(HD)

TiO2-NPs
þ EMFO
(LD)

TiO2-NPs
þ EMFO
(HD)

ALT (U/L) 44.67 �
5.17a

82.33 �
5.93b

45.00 �
2.65a

45.33 �
1.45a

51.67 �
2.85c

46.67 �
6.32a

AST (U/L) 152.67
� 3.48a

205.00
� 6.24b

148.33
� 3.18a

152.67
� 3.48a

183.00 �
3.21c

153.00 �
3.61a

Alb (mg/dl) 2.74 �
0.11a

1.77 �
0.05b

2.38 �
0.21ac

2.61 �
0.11a

2.53 �
0.28c

2.50 �
0.03c

TP (g/dl) 6.48 �
0.21a

4.80 �
0.53b

6.45 �
0.14a

6.47 �
0.18a

5.94 �
0.45d

5.98 �
0.07d

T. BIL (mg/
dl)

0.09 �
0.01a

0.87 �
0.06b

0.09 �
0.01a

0.09 �
0.01a

0.14 �
0.01c

0.09 �
0.01a

D. BIL (mg/
dl)

0.03 �
0.01a

0.06 �
0.01b

0.03 �
0.01a

0.02 �
0.01c

0.04 �
0.02d

0.02 �
0.01c

Creatinine
(mg/dl)

0.81 �
0.06a

1.30 �
0.04b

0.70 �
0.04c

0.66 �
0.04d

0.94 �
0.02e

0.88 �
0.01f

Urea (mg/
dl)

49.67 �
4.48a

70.33 �
0.88b

49.33 �
5.24a

57.00 �
1.15c

65.33 �
1.67c

52.00 �
2.00d

Uric acid
(mg/dl)

1.26 �
0.17a

2.53 �
0.30b

1.28 �
0.05a

1.12 �
0.08a

1.44 �
0.07c

1.46 �
0.22c

Within each row, means superscripts with different letters are significantly
different (P < 0.05).

Table 5. Effects of EMFO on lipid profile parameters in rats treated with TiO2-
NPs.

Groups
parameter

Control TiO2-
NPs

EMFO
(LD)

EMFO
(HD)

TiO2-NPs
þ EMFO
(LD)

TiO2-NPs
þ EMFO
(HD)

Cho (mg/
dl)

64.33 �
2.96a

84.67
� 1.20B

66.67 �
6.17a

62.00 �
1.00a

65.67 �
2.91a

54.67 �
3.71a

TG (mg/dl) 79.21 �
1.37a

96.44
� 2.34b

76.67 �
3.28a

73.33 �
2.96c

84.67 �
1.45d

81.00 �
2.31d

LDL-Cho
(mg/dl)

27.38 �
2.52a

38.15
� 2.88b

26.67 �
1.86a

24.33 �
0.88c

26.67 �
1.20a

26.87 �
2.83a

HDL-Cho
(mg/dl)

34.27 �
1.34a

22.67
� 1.26b

36.33 �
1.67a

41.28 �
2.77d

28.84 �
2.64e

31.38 �
1.62f

Within each row, means superscripts with different letters are significantly
different (P < 0.05).

Table 6. Effects of EMFO on serum cytokines in rats treated with TiO2-NPs.

Parameter
Groups

Control TiO2-
NPs

EMFO
(LD)

EMFO
(HD)

TiO2-NPs
þ EMFO
(LD)

TiO2-NPs
þ EMFO
(HD)

AFP (ng/
mL)

0.03 �
0.002a

0.51 �
0.02b

0.03 �
0.001a

0.03 �
0.01a

0.31 �
0.02c

0.08 �
0.003d

TNF-α (ng/
mL)

0.36 �
0.03a

0.57 �
0.02b

0.35 �
0.01a

0.36 �
0.01a

0.41 �
0.02c

0.37 �
0.02a

CEA (ng/
mL)

2.88 �
0.45a

5.32 �
1.14b

2.86 �
0.22a

2.82 �
0.22a

2.65 �
0.34c

2.55 �
0.51c

Within each row, means superscripts with different letters are significantly
different (P < 0.05).

Table 7. Effects of EMFO on hepatic and renal antioxidant enzymes in rats
treated with TiO2-NPs.

Parameter
Groups

Liver Kidney

CAT
(mU/g)

SOD
(U/mg)

GPx (U/
mg)

CAT
(mU/g)

SOD
(U/mg)

GPx
(U/mg)

Control 7.38 �
1.33a

3.87 �
0.56a

35.8 �
0.50a

6.74 �
1.32a

2.80 �
0.03a

23.05 �
0.58a

TiO2-NPs 3.28 �
0.84b

1.87 �
0.66b

24.3 �
0.17b

3.67 �
0.57b

1.31 �
0.17b

19.21 �
0.58b

EMFO (LD) 7.70 �
0.24a

3.87 �
0.1a

32.4 �
2.31a

7.35 �
0.12c

2.84 �
0.01a

26.07 �
0.28c

EMFO (HD) 7.84 �
0.14a

4.08 �
0.02a

39.0 �
0.03c

7.58 �
0.22c

2.88 �
0.07a

29.93 �
0.24d

TiO2-NPs þ
EMFO (LD)

5.37 �
0.05c

2.78 �
0.09c

28.0 �
0.07d

5.54 �
0.14d

1.77 �
0.04c

21.28 �
0.70e

TiO2-NPs þ
EMFO (HD)

5.42 �
0.05c

3.47 �
0.26d

29.3 �
0.03d

6.44 �
0.60a

1.84 �
0.01d

23.21 �
0.68a

Within each column, means superscripts with different letters are significantly
different (P < 0.05).
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3.6. Antioxidant gene expression

The genetic analysis revealed significant changes in mRNA gene
expression of hepatic antioxidant enzymes. Administration of TiO2-NPs
markedly suppressed mRNA expression of GPx (Figure 5A), SOD
(Figure 5B) and CAT (Figure 5C) compared to the control animals.



Table 8. Effect of EMFO on MDA and NO in liver and kidney of rats treated with
TiO2-NPs.

Parameter
Groups

Liver Kidney

MDA
(nmol/g)

NO
(μmol/g)

MDA
(μmol/g)

NO
(nmol/g)

Control 144.61 �
9.66a

541.38 �
9.47a

231.85 �
6.55a

768.85 �
9.82a

TiO2-NPs 198.89 �
10.33b

895.87 �
11.38b

299.37 �
5.58b

958.87 �
10.83b

EMFO (LD) 126.74 �
4.17c

533.14 �
6.67c

225.52 �
5.75a

758.57 �
8.22a

EMFO (HD) 117.48 �
5.35d

528.36 �
4.95c

225.52 �
5.75a

749.11 �
7.64a

TiO2-NPs þ EMFO
(LD)

162.57 �
6.37e

735.84 �
5.17d

261.54 �
2.31c

844.58 �
5.87c

TiO2-NPs þ EMFO
(HD)

153.81 �
7.31a

636.82 �
6.14e

246.79 �
9.24a

821.64 �
7.34d
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Treatment with EMFO (LD or HD) alone increased the expression of
mRNA of these antioxidant enzymes. Co-administration of the EMFO plus
TiO2-NPs improved the mRNA expression of these antioxidant genes in a
dose-dependent however; these values were still differing significantly
than the control animals (Figure 5).

3.7. Histological examination

The examination of control liver sections showed normal hepatocytes
structure (Figure 6A). The liver of rats who received EMFO (LD or HD)
alone showed normal hepatic lobules with hepatocytes radiating from a
central vein and prominent portal area (Figure 6B). The liver of animals
that received TiO2-NPs showed pathological alterations in the portal
areas, where, the portal vein showed dilatation with thick wall,
congestion, and periportal necrosis. The bile ducts were proliferated and
surrounded by aggregation of mononuclear cellular infiltration and
fibrous tissues (Figure 6C). However, the liver of animals received TiO2-
NPs plus EMFO (LD) or EMFO (HD) showed normal hepatic lobules with
hepatocytes radiating from the central vein and prominent portal area
(Figure 6D). The examination of control kidney sections showed normal
renal tubules and glomeruli (Figure 7A). The kidney sections of EMFO
(LD or HD)-treated rats showed normal tubules and segmented glomeruli
(Figure 7B). The kidney sections of rats received TiO2-NPs showed
damaged tubules with pyknotic nuclei and cloudy swelling in the
Figure 4. Effect of EMFO on (A) Bax, (B) TNF-α and (C) Bcl-2 gene expression level in
level of GAPDH level and the data are the mean of intensity for each gene divided
different (P < 0.05).
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epithelial cells with segmentation and shrinkage of the glomeruli
(Figure 7C). The kidney sections of TiO2-NPs plus EMFO (LD) or EMFO
(HD) groups showed more or less normal structure in most renal tubules,
but focal necrosis and cloudy swelling are present and the glomeruli are
expanded (Figure 7D).

4. Discussion

The GC-FID analysis of MFO indicated the presence of 14 fatty acids
included 41.4% polyunsaturated and 41.1%monounsaturated fatty acids
besides 25.1% saturated fatty acids. A previous report showed that fish
oil is rich in ω-3 PUFAs mainly docosahexaenoic fatty acid (Bratu et al.,
2013). These results also indicated that MFO is rich in ω 3 (26.8%), ω 6
(14.7%), and ω 9 (22.7%) fatty acids. Similar results were reported in
samples of seven fish oils (catfish, mackerel, salmon, code liver, two
species of phytophagous fish, and bream) which indicated that these oils
are rich in ω 3, ω 6 and ω 9 fatty acids (Pandiangan et al., 2018).

The external morphology of EMFO showed a spherical shape, various
sizes, and apparent cracks or fissures. It is important since no crack
appeared that these capsules have low gas permeability with increased
protection and retention of active ingredients. Moreover, the variety in
size is a typical characteristic of particles produced by spray-drying
(El-Messery et al., 2020). The results of emulsion stability showed that
EMFO was stable up to 10 days at 25 �C which are in agreement with
those reported by Abdel-Razek et al. (2018). The stability of the emulsion
is affected by several factors including ζ-potential, the isoelectric point of
WPI, and pH (Hu et al., 2003). The negative charge of the EMFO reported
herein may increase the dispersion of the emulsion droplet and explain
the stability of the emulsion (Cansell et al., 2003; McClements, 2005).
Moreover, the D32 mean diameter of the emulsion droplets in the current
study (234.5 nm) using the ratio of 1:4 core: wall. In this concern,
McClements (2005) and Goula and Adamopoulos (2012) reported that
the mean droplet size is increased as the ratio of core/wall material
increased. However, a previous study showed that the majority of
emulsions were kinetically stable for 120 h after their homogenization
(Carneiro et al., 2013).

Generally, small emulsion droplets will enclose and embed oils more
efficiently within the wall of the microcapsules and intern more stable
microcapsules during the spray drying encapsulation process (Goula and
Adamopoulos, 2012). Moreover, the poor EE cannot be attributed only to
low surface gelling density, but it is also caused partly by the unstable
emulsion and the large size of the oil droplet (Badr et al., 2019). Addi-
tionally, the changes in PV and TBARS during the storage period
liver of rats treated with TiO2-NPs. The results illustrated are normalized to the
by that for GAPDH. Columns superscripts with different letters are significantly



Figure 5. Effect of EMFO on (A) GPx, (B), SOD and (C) CAT mRNA gene expression in the liver of rats treated with TiO2-NPs. The results illustrated are normalized to
the level of GAPDH level and the data are the mean of intensity for each gene divided by that for GAPDH. Columns superscripts with different letters are significantly
different (P < 0.05).

Figure 6. Photomicrographs of liver sections
of (A) control rats showing normal hepato-
cytes structure, (B) rats treated with EMFO
(LD) or EMFO (HD) showing normal hepatic
lobules with hepatocytes radiating from
central vein and prominent portal area.
Binucleated hepatocytes are seen, (C) rats
treated with TiO2-NPs showing histological
changes in the portal areas, where, the portal
vein show dilatation with thick wall,
congestion and periportal necrosis. Prolifer-
ation in the bile ducts surrounded by aggre-
gation of mononuclear cellular infiltration
and fibrous tissues and (D) rats treated with
TiO2-NPs plus FMFO (LD) or FMFO (HD)
showing normal hepatic lobules with hepa-
tocytes radiating from central vein and
prominent portal area.
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suggested that WPI used for the emulsion preparation maybe enhance the
ability to bind transition metal ions either in the water phase or at the
interface (Elias et al., 2008; Horn et al., 2012).

The application of TiO2-NPs in the medicine and food sector has been
increased dramatically in the manufacture of cheeses, sauces, ice cream,
food colorants, confectionery application, and nutritional supplements
(Baranowska-W�ojcik et al., 2020; Peters et al., 2014). The estimated daily
intake of TiO2-NPs is high especially in children compared with adults
due to their dietary habits (Weir et al., 2012). Although there are many
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published reports describing the toxic hazards of TiO2-NPs, some find-
ings are still inconsistent (Skocaj et al., 2011; Shakeel et al., 2016a).
TiO2-NPs absorption through the GIT resulted in the toxicity to different
organs such as serum, kidney, liver, seminal vesicle, and testes (Bu et al.,
2010). In the biological evaluation, the dose of TiO2-NPs was selected
based on the previous work of Shakeel et al. (2016); however, the dose of
EMFO was based on the work of El-Gendy et al. (2021).

In this study, animals that received TiO2-NPs exhibited a notable
reduction in body weight. Previous reports pointed out that



Figure 7. Photomicrographs of kidney sections of (A) control rat showing the renal tubules and glomeruli, (B) rats treated with EMFO (LD) or EFMO (HD) showing the
normal tubules and segmented glomeruli, (C) rats treated with TiO2-NPs showing damaged tubules with pyknotic nuclei and cloudy swelling in the epithelial cells
(arrow) and the glomeruli showing segmentation and shrinkage, (D) rat treated with TiO2-NPs plus EMFO (LD) or EMFO (HD) showing more or less normal structure
in most of renal tubules, but focal necrosis and cloudy swelling are present and glomeruli are expanded.
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administration of NPs resulted in the shortage of macro and microele-
ments in the body through their effect on the digestion and/or absorption
of the food components and led to the reduction of body weight of ani-
mals (McClements et al., 2016). Moreover, administration of TiO2-NPs
was reported to induce loss of the appetite leading to the decrease in body
weight in mice (Chen et al., 2009) and also decrease the number of in-
testine villi, reduce the surface which is responsible for nutrients ab-
sorption leading to body weight loss and malnutrition (Duan et al.,
2010). Additionally, TiO2-NPs may penetrate the intestinal mucosa
resulting in the damage or the chronic failure of intestinal epithelium
tissue (Abdel-Wahhab et al., 2021; Ammendolia et al., 2017; Brun et al.,
2014).

The results also clearly indicated that administration of TiO2-NPs
disturb the liver and kidney function as they increased the biochemical
indices of these organs. It is well known that transaminases are located in
the hepatocytes and they release into the serum when these hepatocytes
are damaged or injured (Dambach et al., 2005; Thapa and Walia 2007;
Mohammed and Safwat 2020). Moreover, animals that received
TiO2-NPs exhibited a marked elevation in urea, creatinine and uric acid
suggested kidney injury or dysfunction (Abdelhalim and Jarrar 2011;
Fartkhooni et al., 2016). The elevation in LDL, Cho, and TG along with
the decrease in HDL in the group treated with TiO2-NPs suggested that
these nanoparticles affected the metabolism of lipid probably via their
effect on the lipoprotein lipase enzyme and/or their ability to remove or
transfer lipid fractions (Ani et al., 2008; Duan et al., 2010). The elevation
of Cho and TG is linked with cardiovascular disease and/or other meta-
bolic syndromes and the disturbances in these indicators has a close
relationship with arteriosclerosis; thus, TiO2-NPs may be considered a
causative agent for cardiovascular disorders as suggested in previous
reports (Antoni et al., 2018; Chen et al., 2015, 2020; Hong et al., 2017;
Reiner 2017).

Animals treated with TiO2-NPs also showed a significant increase in
serum cytokines suggested that these nanoparticles induced
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inflammatory response via the generation of ROS that reduces the
viability of cells and enhances the cytotoxicity through the apoptosis
process (Müller et al., 2010; Salman et al., 2021). These results also
suggested that the chemistry of TiO2-NPs surface is responsible for their
toxicity and increases TNF-α release and neutrophil-attracting chemo-
kines in a time and size-dependent (Iavicoli et al., 2011; Wu and Tang
2018).

As reported in the literature, oxidative stress is the prime mechanism
of TiO2-NPs toxicity and these particles were reported to encourage ROS
formation (Foroozandeh and Aziz 2015). This ROS causes injury to the
macromolecules especially lipids, nucleic acids (mainly DNA), carbohy-
drates, and proteins (Abdel-Wahhab et al. 2020, 2021a; Shukla et al.,
2014). The peroxidation of lipids disturbs the cell membrane structure
and hence, it causes disturbances in the pivotal cell functions (Rikans and
Hornbrook 1997). Reeves et al. (2008) reported that generation of �OH
(hydroxyl radical) is the causative factor in TiO2-NPs-induced oxidative
damage as a result of lipids disturbances and MDA accumulation along
with the decrease in hepatic antioxidant enzymes (Rajapakse et al., 2012)
mainly glutathione (Federici et al., 2007). The decrease in GPx, CAT, and
SOD and the elevation of MDA and NO in the liver and kidney reported
herein indicated that TiO2-NPs disturb redox balance leading to oxidative
damage (Chen et al., 2020). The high ROS generation reflexes DAN
damage and up-regulates 8-OHdG (8-hydroxyl deoxyguanosine) in the
liver and kidney (Trouiller et al., 2009). Moreover, reducing the activity
of antioxidant enzymes and elevation of MDAmay be responsible for cell
apoptosis (Abdel-Wahhab et al., 2021; Salman et al., 2021). Additionally,
the high level of ROS increases Nrf2, the master regulator for various
antioxidant genes expression and Nrf2 deficiency encourages further
DNA damage and enhances cancer risk (Shi et al., 2015). Furthermore,
the decrease of SOD leads to H2O2 (hydrogen peroxide) accumulation in
hepatic and renal tissue and in turn inhibit CAT activity (Latch-
oumycandane and Mathur 2002) which converts the harmful byproduct
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of H2O2 to O2 and H2O to protect the tissues and cells from damage
(Sharma et al., 2014).

To explore the probable mechanisms of liver injury in TiO2-NPs-
treated animals, the gene expression assay was conducted as a rapid and
quick biomarker (Li et al., 2017). Animals that received TiO2-NPs showed
considerable down-regulation of hepatic SOD, GPx, CAT, and Bcl-2
mRNA expression accompanied by a remarkable up-regulation of
TNF-α and Bcl-2 mRNA. These results were harmonized with our
biochemical results and confirmed the assumption that these nano-
particles stimulate oxidative damage through the exhaustion of these
antioxidant enzymes by suppressing their corresponding gene expression
(Abdel-Wahhab et al., 2021; Salman et al., 2021). It is well documented
that Bcl-2 is an anti-apoptosis protein responsible for the control of
mitochondrial integrity surface, whereas Bax is a pro-apoptotic protein
and the balance of these proteins is critical for the control of the sensi-
tivity of the cell to apoptotic stimulations (Ilani et al., 2018). Further-
more, the presence of Bcl-2 on the mitochondrial surface prevents
cytochrome c release in the plasma; while Bax protein enhances cyto-
chrome c leakage via the punching of mitochondrial membrane holes
(Kroemer et al., 2007). Also, the imbalance in Bax: Bcl-2 ratio activates
the caspase-dependent apoptotic pathway as suggested by Peng et al.
(2016). These results pointed out that ROS generation in TiO2-N-
Ps-exposed animals affects the mitochondrial membrane potential as a
consequence of apoptosis as suggested in previous studies (Abdel-Wah-
hab et al., 2020; Zhao et al., 2009). The up-regulated of hepatic TNF-α
mRNA in TiO2-NPs-treated animals revealed the inflammatory response
and harmonized with the literature (Chen et al., 2015; Trouiller et al.,
2009).

The pathological examination of the hepatic and renal sections re-
ported herein indicated that administration of TiO2-NPs resulted in se-
vere histological changes in these organs and accommodated with the
literature (Abdel-Wahhab et al., 2021; Morgan et al., 2018). Similar
observations were reported by Valentini et al. (2019) who found path-
ological alterations in liver sections which were primarily related to
oxidative damage and themost changes were localized nearby the central
vein. Additionally, the kidney sections showed damage in the tubules
with pyknotic nuclei and cloudy swelling in the epithelial cells and the
glomeruli showed segmentation and shrinkage. These findings were
similar to those reported in the literature of TiO2-NPs toxicity (Abdel--
Wahhab et al., 2021; Epstein 1997; Salman et al., 2021).

It is now accepted that the toxicity of TiO2-NPs is mainly due to ROS
generation and the induction of oxidative stress. Several reports sug-
gested that fish oil supplementation possess various health beneficial
activities such as the suppression of the oxidative stress, inflammatory
response, and the modulation of the cell proliferation due to the rich
content of ω-3 PUFAs (Adeyemi and Olayaki, 2018; Baker et al., 2019;
Shaaban et al., 2014; Wang et al., 2017). However, ω-3 PUFAs are facing
low water-solubility, spontaneous oxidation, and deterioration during
storage or the processing of food (Chang et al., 2018; Mohammed et al.,
2020). These challenges may be resolved using several encapsulation
technologies such as incorporating ω-3 PUFAs into the well-designed
colloidal nanoparticles fabricated from the food ingredients, such as
emulsion droplets, liposomes, microgels, or nanostructured lipid carriers
to protect these them, control their release, and enhances their beneficial
activities (Venugopalan et al., 2021). In the current study, animals that
received EMFO in whey protein at the low or the high doses were
compared with the control animals. The animals that received TiO2-NPs
plus EMFO showed a pronounced improvement in all the biochemical
parameters, serum cytokines, the activity of antioxidant enzymes, genes
expression, and the histological picture of the liver and kidney. This
improvement in ALT and AST activity, TP, Alb, D BIL, and T. BIL reported
herein in animals intoxicated with TiO2-NPs plus EMFO agreed with the
previous reports which indicated that ω-3 PUFAs reduce the activity of
liver enzymes in various hepatic injury models (Yu et al., 2017). Addi-
tionally, the co-administration of EMFO and TiO2-NPs resulted in a
marked improvement in creatinine, uric acid, and urea. These results
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were in accordance with other reports which indicated that ω-3 PUFAs
protect the kidney against different toxicants (Hassan and Gronert 2009;
Moghadamnia et al., 2016). Moreover, EMFO also prevented the dis-
turbances in lipid profile in animals that received TiO2-NPs. These results
also indicated that EMFO protected the liver and reduced its secretion of
LDL (Wergedahl et al., 2009), modulate the cytochrome CYP7A1
expression, and activate the Cho catabolism to bile acid (Kim et al.,
2012).

The present results also showed that EMFO prevented the reduction
in these antioxidant enzymes (GPx, CAT, and SOD) in TiO2-NPs-treated
animals. In a previous study, Abdou and Hassan (2014) suggested that
ω-3 PUFAs SH group in GSH from ROS besides it maintains the normal
activity of CAT and SOD (Attia and Nasr, 2009) and up-regulate their
corresponding gene expression (Khadke et al., 2020). Several reports
suggesting that the mechanisms by which omega-3-rich fish oils include
their ability to boost the production of GSH and the free radicals scav-
enging activity; therefore, they inhibit the peroxidation of lipids (Shaa-
ban et al., 2014; Sohail et al., 2019). Moreover, it was reported that diet
supplemented with ω-3 PUFAs increased cytochrome P450 2El (CYP2E1)
content in the liver (Maksymchuk, 2014) with no significant changes in
the lipid peroxidation or the balance between the hepatic proox-
idant/antioxidant (Maksymchuk et al., 2015) Our results showed that
EMFO diminished the increase of cytokines (AFP, TNF-α and CEA) levels
in animals received TiO2-NPs. In this concern, previous reports indicated
that ω-3 PUFAs suppress the arachidonic acid transformation into the
pro-inflammatory eicosanoids via different pathways including
cyclooxygenase-2 and 5-lipoxygenase through inhibiting
eicosanoid-generating enzymes activity or competing with the substrate
in addition to the effect of their metabolites such as protectins and
resolvins in hindering the steatosis and inflammation (El-Gendy et al.,
2021; Wu et al., 2019). Moreover, ω-3 PUFAs were found to decrease the
inflammation via the reduction of NF-kB concentration which in turn
decreases the production of the inflammatory cytokines such as IL-1b and
TNF-a beside the reduction of arachidonic acid-derived eicosanoids,
consequently protect against the oxidative stress (Scorletti and Byrne,
2013). In addition, ω-3 PUFAs reduce the synthesis of inflammatory
proteins which is probably mediated by altered activation of key tran-
scription factors in the regulation of inflammatory gene expression
including peroxisome proliferator-activated receptors and NF-kB (Calder,
2010).

The pathological alterations in the liver reported herein in the ani-
mals that received TiO2-NPs included changes in the portal areas, dila-
tation with a thick wall of the portal vein, congestion, and periportal
necrosis with proliferated bile ducts surrounded by aggregation of
mononuclear cellular infiltration and fibrous tissues in the hepatic tissue.
The kidney in this group also showed damaged tubules with pyknotic
nuclei and cloudy swelling in the epithelial cells with segmentation and
shrinkage of the glomeruli. These results were similar to those reported
in our previous work (El-Nekeety et al., 2021). Co-administration of
EMFO could reduce these histological changes in both organs. Similar
observations were previously (Abdou and Hassan 2014; Abdel-Moneim
et al., 2011).

5. Conclusion

This study revealed that 14 fatty acids were identified in Mullet fish
oil included 41.4% PUFAs, 31,1% MUFAs, and 25.1% SFAs. The encap-
sulated mullet fish oil (EMFO) prepared using WPI showed a spherical
structure with a mean diameter of 234.5 nm and ζ-potential of -6.24 mV
was stable up to 10 days at 25 �Cwith EE of 81.08%. The PV of EMFOwas
decreased at 5 days then increased at 15 days; however, TBARS was
increased by the storage time throughout 15 days. The biological eval-
uation of EMFO against the toxicity of TiO2-NPs showed that exposure to
TiO2-NPs disturbs the biochemical parameters, lipid profile, inflamma-
tory cytokines, oxidative stress markers, antioxidant enzymes, and their
corresponding gene expression along with severe pathological changes in
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the liver and kidney. Co-administration of EMFO induced a potent anti-
oxidant property and diminished these disturbances and the high dose
could normalize the majority of the parameters tested and the histology
of the liver and kidney. Therefore, encapsulation of fish oil is a promising
candidate for the protection of ω-3 PUFAs from oxidation and controls
their release; hence, it can be applied in the food, medical applications
and pharmaceutical industry.

6. Ethics approval

The investigation complies with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health
(NIH Publication no. 85–23, revised 1996) and was approved by the
Ethical Committee for Animal Experimentation at National Research
Center. This article does not contain any studies with human participants.
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