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Background: Pomegranate (Punica granatum L) has been used since ancient times in the

traditional medicine of several cultures, particularly in the Middle East. It is an essential

commercial crop full of bioactive compounds with several medical applications. Pomegranate

is very popular for its biological effects exerted by phenolic compounds via free radical

scavenging abilities. It has revealed high antioxidant and anti-inflammatory activities and is

beneficial for the amelioration of liver and kidney diseases.

Purpose: To elucidate the potential efficacy of pomegranate juice (PJ) against copper oxide

nanoparticles (CuO-NPs)-induced apoptosis, inflammation, and oxidative stress damage.

Study design: 37 nm sized CuO-NPs were prepared by precipitation method and character-

ized by using X-ray diffractometer (XRD), Zetasizer nano-and high-resolution transmission

electron microscope (HR-TEM). 30 Wistar rats were partitioned into 6 equal groups as

follows: Group 1 (negative control), groups 2 & 3 (PJ control groups), group 4 (CuO-NPs

group), groups 5 & 6 (CuO-NPs + PJ groups). Methods: Hepato-renal protective effect of PJ

was evaluated by measuring levels of serum marker enzymes (ALT, AST,blood urea nitrogen

and creatinine). Cu NPs bioaccumulation in liver and kidneys was determined by using

atomic absorption spectrophotometer. The oxidative stress markers, Rt-PCR analysis, histo-

pathological and immunohistochemical studies were carried out in the liver and kidneys to

support the above parameters.

Results: Rats injected with CuO-NPs showed higher levels of the above serum marker

enzymes, alteration of oxidant–antioxidant balance together with severe pathological altera-

tions in liver and kidney tissues and overexpression of both caspase-3 and nuclear factor

kappa B protein (NF-ĸB) associated with upregulation of Bax gene and downregulation of

Bcl2 gene in these organs. PJ ameliorated all of the above toxicological parameters.

Conclusion: PJ was proved to be a potential hepato-renal protective agent against liver and

kidney damage induced by CuO-NPs via its antioxidant, anti-inflammatory, and anti-apopto-

tic effects.
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Introduction
Nanotechnology has shown a remarkable and rapid development related to its

widespread applications in many fields, such as food industry, cosmetics, electro-

nics, and medicine.1,2 Lately, with the extensive use of nanoparticles (NPs), health

hazards and ecological effects associated with NPs exposure have become of major
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attention.3,4 Furthermore, NPs applications have been

restricted due to the shortage of biosafety verification.5

Thus, more assessment about their possible toxicity in

vivo is required prior to any prospective applications.6

Copper (Cu) is a fundamental component essential for

some normal physiological cellular functions, such as car-

bohydrate, protein, and xenobiotic metabolism, besides its

role in the antioxidant defense system. Over the last few

decades, the toxicity impacts of Cu and its compounds

have been studied. Adverse effects and injurious impacts

for liver, kidney, immune system and gastrointestinal tract

were reported upon exposure to Cu intake that exceeds the

range of biological tolerance.7Although the toxic effects of

Cu and its compounds have been discussed, several studies

reported gaps concerning the risk caused by Cu NPs.8

Metal oxide nanoparticles have attracted much attention

because they can be used in numerous applications such as

nanodevices, nanosensors, and catalysis.9 However, these

nanoparticles (NPs) are potential toxicants and few trials

have been conducted to evaluate their toxicity in biological

systems.10 NPs of some metal oxides can pass through phy-

siological barriers causing increased inflammatory

responses, and can cause severe damage in DNA and protein

structures, hence causing apoptosis and mutations.11

Copper and copper oxide nanoparticles (Cu NPs andCuO

NPs, respectively), are extensively utilized as feed additives

in poultry farms, plastic industry and lubricants for metallic

coating.12 Furthermore, Cu NPs exhibit potent antimicrobial

effects against a variety of virulent microorganisms.13

CuO-NPs, similar to any of other NPs, enter the environ-

ment and human body via different ways through ingestion,

inhalation, skin pores, reproductive and urinary tracts and

accumulate in vital organs such as brain, liver, or kidneys.14

NPs possess some health threats due to their small size, high

surface-to-volume ratio, electronic properties, reactivity,

functional groups and aggregation behavior.9 NPs can pass

through cell membranes and interact with the cellular and

biological systems.15 Consequently, NPs can cause harmful

impacts on cellular functions.16 The cytotoxic effects asso-

ciated with Cu-based NPs are related to the increase in the

reactive oxygen species (ROS) production.17

Herbs are well established as health beneficial foods

and as a source for drug development. Herbal medicines

derived from plant extracts are being progressively used

for the treatment of many diseases such as liver and kidney

diseases,18 atherosclerosis, hypertension, diabetes mellitus

and cancer.19 It would be of great interest to explore

natural products endowed with antioxidative potential

that could prevent or reduce the induced toxicological

alterations.

Pomegranate (Punica granatum L.) has been used

since ancient times in the traditional medicine of several

cultures, particularly in the Middle East. Pomegranate

fruit, juice, and peel extracts are rich sources of polyphe-

nols such as tannins, anthocyanins, and flavonoids and

hence possess potent antioxidant properties.20–22 Because

of its potent antioxidant activity, pomegranate is consid-

ered as one of the commonly used natural antioxidants.

The effectiveness and safety of its isolated antioxidants

have been tested.23 Murthy et al added that the methanolic

extract of the peel has shown a higher antioxidant potential

than that of the seeds and could prevent CCl4-induced

hepatotoxicity.24 It is broadly stated that pomegranate dis-

plays antioxidant, anticancer, antivirus, antidiarrheal, anti-

diabetic, and antiproliferative activities.25

Despite, the widespread applications and the growing

presence of Cu-containing nano products, there is only

limited information on the potential risks of exposure to

Cu-based NPs compared to other NPs. In spite of the

presence of a few studies indicating that CuO-NPs can

damage several organs we still lack data about the in-

vivo toxicological effects of CuO-NPs in kidneys. In the

current study, the nephrotoxic potential in addition to the

hepatotoxic effect of CuO-NPs was investigated in rats.

Besides, the possible antioxidant, anti-inflammatory and

anti-apoptotic effect of PJ against CuO-NPs toxicity in

rats. In this work, we report for the first time, to the best

of our knowledge according to previous literature, the in

vivo toxicity and bio-accumulation of CuO-NPs in liver

and kidney tissues by conducting a short term, repeated

dose toxicity study.

Materials And Methods
Chemicals
Copper (II) chloride dehydrate (CuCl2.2H2O, 99.999%

Pure), ethanol (C2H5OH ≥ 99.8% Pure), and sodium

hydroxide pellets (NaOH, 99.99% Pure) were obtained

from Sigma-Aldrich, the USA chemical company.

Preparation And Characterization Of

Copper Oxide Nanoparticles
CuO-NPs were prepared by a chemical precipitation

method utilizing copper (II) chloride dehydrates precursor

salt.26 Briefly, a solution of copper (II) chloride dihydrate

(0.5M) in ethanol was prepared. Then, 100 mL of a
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solution of sodium hydroxide solution (1M) in ethanol was

added dropwise to the copper (II) chloride dihydrate solu-

tion under continuous stirring at room temperature. The

color of the reaction mixture turned black. The copper

oxide nanoparticles were separated and washed with etha-

nol and deionized water by centrifugation. The resulting

precipitate was dried under vacuum at 50°C and annealed

at 400°C for 4 hrs. The crystalline and phase structure of

the prepared CuO-NPs were examined using X-ray dif-

fractometer (XRD, X’Pert Pro, PanAlytical, Netherlands).

Zeta potential and size of the prepared nanoparticles were

determined by using Zeta sizer 3000HS (Malvern

Instruments, UK). High-resolution transmission electron

microscopy (HR-TEM, Tecnai G20, FEI, and the

Netherlands) was used to determine the morphology and

size of nanoparticles.

Plant Material
Pomegranate fruits were acquired from a local market in

Cairo, Egypt. The authenticity of plant material was con-

firmed in the Botany Department, Faculty of Science,

Cairo University, Giza, Egypt, through direct comparison

with the herbarium samples and taxonomic properties.

Pomegranate Juice Preparation
Ten kilograms of Manfalouty pomegranate fruits were

immediately washed, manually peeled and the skins cover-

ing arils were eliminated. Then, the juice was acquired

from arils by mechanical press, without crushing the seeds

(kernels) and stored at −18°C for no longer than two

months until used for our experimental study.27

Sample Preparation For UPLC-ESI–QTOF-

MS Analysis
The lyophilized pomegranate juice was mixed with 5 mL

methanol (MeOH) containing umbelliferone (10 μg/mL)

as internal standard, using a Turrax mixer (11,000 rpm) for

five 20 s periods, separating each period with 1 min inter-

vals to prevent heating, then the extracts were vortexed

vigorously and centrifuged at 3000 rpm for 30 mins to

remove debris and filtered using 22 μm pore size filter. An

aliquot of 500 μL was placed on a (500 mg) C18 cartridge

preconditioned with MeOH and H2O. Samples were then

eluted using 5 mL MeOH, the eluent was evaporated under

a nitrogen stream, and the collected dry residue was resus-

pended in 500 μL MeOH. Three microliters of the super-

natant were used for UPLC-MS analysis.

High-Resolution Ultra-Performance Liquid

Chromatography-Mass Spectrometry

Analysis (UPLC-ESI–QTOF-MS)
Chromatographic separation was completed on the

ACQUITY UPLC system (Waters, Milford, MA) equipped

with an HSS T3 column (100 × 1.0 mm, particle size 1.8

µm; Waters). The analysis was achieved using a dual

gradient elution system at a flow rate of 150 µL/min: 0

to 1 min, isocratic 95% A (0.1 formic acid in water v/v),

5% B (0.1 formic acid in acetonitrile v/v); 1 to 16 min,

linear from 5% to 95% B; 16 to 18 mins, isocratic 95% B;

and finally, isocratic 5% B. Full loop injection volume (3.1

µL) was used. The system was coupled to a 6540 Agilent

Ultra-High-Definition (UHD) Accurate-Mass Q-TOFLC/

MS (Palo Alto, CA, USA) equipped with an ESI interface.

Operating method: drying nitrogen gas temperature 325°C

with a flow of 10 L/min; nebulizer pressure 20 psig; sheath

gas temperature 400°C with a flow 12 L/min; capillary

voltage 4000 V; nozzle voltage 500 V; fragment voltage

130 V; skimmer voltage 45 V; octa pole radio frequency

voltage 750 V. Data acquisition (2.5 Hz) in profile mode

was governed via Mass Hunter Workstation software

(Agilent technologies). The spectra were acquired in the

negative and positive ionization modes, over a mass-to-

charge (m/z), range from 70 to 1100. The detection win-

dow was set to 100 ppm. Characterization of compounds

was performed by the generation of the candidate formula

with a mass accuracy limit of 10 ppm, and also consider-

ing RT (retention time), MS2 data and reference literature.

Animals And Experimental Design
Thirty male albino Wistar rats (200 ± 20 g) were obtained

from the department of veterinary hygiene and manage-

ment’s animal house, faculty of veterinary medicine, Cairo

University, Egypt. Animals were housed in plastic cages

and fed with standard commercial pelleted feed as well as

supplying water adlibitum. They were inspected for health

status and adapted to the laboratory environment for 14

days before use. The experimental procedures were per-

formed according to the guidelines enclosed in the guide

for the care and use of laboratory animals 8th edition

201228 and approved by the institutional animal care and

use committee (IACUC) of Cairo University (protocol

number: CU-II-F-40-18).

Rats were indiscriminately distributed into six equal

groups, 5 rats each, and were intraperitoneally injected

with CuO-NPs daily for 7 days and/or pomegranate juice
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via oral gavage at 3 days before CuO-NPs injection and

extended for 14 days as follows:

Group (1): Control (injected sterile normal saline by ip

route, daily for 7 days).

Groups (2, 3) were given PJ (1 and 3 mL/kg/day)

respectively according to previous recent studies.29,30

Group (4) was given CuO-NPs (50 mg/kg/day) (i.e., 1/10

of the LD50).
31

Groups (5, 6) were given both CuO-NPs and PJ by the

same formerly mentioned doses.

Sampling
At the end of the experiments, rats were euthanized then

liver and kidneys of each rat were collected. Some of the

tissue specimens were stored in plastic bags at −80°C for

evaluation of oxidative stress markers, Rt-PCR analysis,

and determination of Cu content. The others were fixed in

10% neutral-buffered formalin solution for histopathology

and immunohistochemistry.

Biochemical Tests
Alanine aminotransferase (ALT), aspartate aminotransfer-

ase (AST), blood urea nitrogen (BUN) and Creatinine

(CRE) levels were measured in serum samples according

to the instructions of the manufacturer kits (Biodiagnostic,

Cairo, Egypt).

Histopathological Studies
Liver and kidney tissue specimens were fixed in 10%

neutral-buffered formalin, handled by conventional

method and sliced at 4.5 μm to acquire paraffin sections

stained by H&E for histopathological assessments.32

For microscopic grading and scoring of hepato-renal

injury, at least five microscopic areas were assessed.33,34

The criteria used for liver damage were hepatocellular

vacuolar degeneration, fatty changes, necrosis, and apopto-

sis. Renal scoring was investigated according to renal tub-

ular epithelial cells vacuolization, necrosis, hyaline

droplets, and casts. The pathological lesions were evaluated

and scored as mild, moderate, and severe, on a scale of 0–4,

as follows (0 = normal histology, 1 = <25%, 2 = 25%: 50%,

3 = 50%: 75%, 4= >75%).

Immunohistochemical Studies
Caspase-3 and nuclear factor Kappa B protein (NF-κB)
expression were examined for the determination of both

apoptosis and inflammation within the hepatic and renal

tissue sections. Briefly, formalin-fixed paraffin-embedded

tissue sections were deparaffinized, microwaved and then

incubated with caspase-3 antibody or NF-κB antibody

(Abcam, Ltd., USA) at 1/200 dilutions overnight at 4°C,

then washed and incubated with Peroxidase Block (Sakura

BIO) and reagent required for the detection of the antigen-

antibody complex (Power-Stain 1.0 Poly HRP DAP Kit,

Sakura, REF. 52–0017). The sections were treated with

DAB chromogen substrate for 10 mins and then the slides

were counterstained by Hematoxylin, examined under a

light microscope and analyzed using Image J software to

evaluate mean % area of caspase-3 protein expressions in

different groups. In the case of NF-κB immunostaining,

positive immunostaining nuclei were blindly counted in 5

random microscopic fields per 3 random sections per

group at × 400 magnification.

Oxidative Stress Evaluation
Malondialdehyde (MDA),35 and reduced glutathione

(GSH) levels were measured in liver and kidney tissues

homogenate36 following the manufacturer kit instructions

(Biodiagnostic, Cairo, Egypt).

Quantitative Real-Time PCR For

Caspase-3 And Bcl-2 Protein Levels
Total RNAwas isolated using the RNeasy Mini Kit (Qiagen)

according to the guidelines of the kit manufacturer. Both the

concentration and purity of the isolated mRNAwere evalu-

ated by Nanodrop1000 to select the samples which showed

the ratio of OD260/OD280 among 1.8 and 2.0.37 The reverse

transcription reaction to synthesize the cDNAwas performed

using M-MuLV Reverse Transcriptase (Thermo Scientific).

The primer sets for all the examined genes were designed

using primer 3 software. Caspase 3, forward primer: 5ʹ-GG

AGCTTGGAACGCGAAGAA-3ʹ, reverse primer:5ʹ-ACAC

AAGCCCATTTCAGGGT-3ʹ; Bcl-2 forward primer:5ʹ-

GGATCCAGGATAACGGAGGC-3ʹ, reverse primer: 5ʹ-AT

GCACCCAGAGTGATGCAG-3ʹ ACTB: Forward primer:

5ʹ-CCGCGAGTACAACCTTCTTG-3ʹ, reverse primer: 5ʹ-

CAGTTGGTGACAATGCCGTG-3ʹ. The quantitative real-

time PCR reactions were done using the SYBR Green PCR

Master Mix (Applied Biosystems). A negative control con-

taining no template was used. All PCR reactions were done

in duplicate using a Bio-Rad iCycler iQ system. The PCR

program was: Denaturation at 95°C for 5 mins; followed by

50 cycles of 95°C, 20 s; 58°C, 20 sand 72°C, 30 s. The

m-RNA level in each sample was normalized to the ACTB
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gene which is used as the internal reference. The relative

quantitation was calculated using MxPro software.38

Copper Oxide Nanoparticles

Bioaccumulation In Liver And Kidney

Tissues
Flame atomic absorption spectrophotometer (AAS 5 FL,

Carl Zeiss Jena GmbH, Germany) was used to measure the

contents of copper in the liver and kidney tissue

homogenates.39 Briefly, 0.5 g tissue samples were placed in

microwave digestion vessels containing concentrated nitric

acid and 30% H2O2 overnight, then they were heated in a

microwave digestion system (ETHOS One; Milestone,

Sorisole, Italy) till becoming completely digested and color-

less. Afterwards, the samples were allowed to cool and the

remaining solutions were diluted with 2% nitric acid.

Statistical Analysis
Statistical analysis was performed utilizing SPSS version

16.0 software (SPSS Inc., Chicago, IL, USA). Values were

expressed as means ±SD. Comparison of means between

several groups was performed by one-way analysis of

variance (ANOVA) and independent-test was used to com-

pare between two groups. Values were considered statisti-

cally significant at p≤ 0.05.

Results
Characterization Of Copper Oxide

Nanoparticles
X-Ray Diffraction (XRD) Pattern Of CuO NPs

The XRD pattern of the synthesized CuONPs was shown

in Figure 1A. Peaks at 2θ = 32.48°, 35.54°, 38.64°, 48.85°,

61.52°, 65.66, 66.34and 68.02° were assigned to (110),

(−111), (111), (−202), (−113), (022), (−311) and (220) of

CuO nanoparticles, indicating that the crystalline structure

of synthesized Cu nanoparticles presented a hexagonal

wurtzite structure (Zincite, JCPDS 04-005-4712).

Dynamic Light Scattering (DLS) Analysis

Hydrodynamic diameter and surface charge were assessed

in the nanometer range by using DLS and zeta potential.

The size and zeta of CuO NPs were 37.3 nm and 28.2 mV,

respectively (Figure 1B and C).

High-Resolution Transmission Electron Microscopic

(HR-TEM) Analysis

HR-TEM was used to determine the accurate particle size

of synthesized CuO-NP. Transmission electron microscope

images illustrated in Figure 1D, showed CuO nanoparti-

cles with particle size in the range of 28.9–45.6 nm and

nearly spherical-shaped particles.

UPLC-ESI–QTOF-MS Analysis Of

Pomegranate Juice
The phytochemical characterization of pomegranate juice

was accomplished using UPLC-ESI–qTOF-MS analysis.

UPLC-ESI–qTOF-MS is a powerful technique in the char-

acterization of complex herbal mixtures and is extensively

used in research. It is useful in identifying compounds pre-

sent in plants, by comparing mass spectrum acquired with

those in the literature (tentative identification).

Pomegranate juice was subjected to UPLC-ESI–qTOF-

MS analysis, which allowed the identification of a total of

105 compounds together with 35 unidentified ones. Organic

acids mainly citric acid were the major class of compounds

identified. Hydrolyzable tannins were also abundant pheno-

lics identified in pomegranate juice. Non-colored flavonoids

and anthocyanins were also available. Other compounds,

such as triterpenes, lignans, and iridoid glycosides, were

also observed (Figure 1E–H). The 105 identified compounds

were recognized by the interpretation of their fragmentation

patterns obtained from their mass spectra. Information in the

literature was utilized for the complete evaluation of the

juice.

As shown in Supplementary File (Table S1), three com-

pounds were detected having m/z191−of citric acid /isoci-

tric acid isomers. Ten citric acid derivatives were also

identified in pomegranate juice.m/z 169− ions from the

mass analysis are an indication for the presence of gallic

acid and ellagitannins were detected by losses of galloyl-

moieties (m/z 152) yielding gallate 169−. Gallotannins,

formed of monomeric and dimeric galloyl moieties linked

to a hexose sugar, were also detected. Two compounds

showing the molecular ion m/z 331− and one displaying

the molecular ion m/z 483− were observed and considered

as gallotannins. m/z 301− ions evidenced for the presence of

ellagic acid and ellagic acid derivatives in the pomegranate

juice assessed. Different flavonoids were also detected as

phlorizin, naringenin hexoside, dihydrokaempferol-hexo-

side, and naringin. Two phenolic acid derivatives were

identified in the investigated pomegranate juice, vanillic

acid-hexoside, and Syringic acid-O-hexoside.

Anthocyanin derivatives as cyanidin, delphinidin, pelargo-

nidin and their derivatives were tentatively identified using

positive mode ionization as compared to the literature.
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Figure 1 Characterization of the prepared nanoparticles and chemical analysis of PJ. (A) X-ray powder diffraction patterns of CuO-NPs. (B and C) Dynamic light scattering

analysis of CuO-NPs showed: (B) Particle size with 37 nm and (C) Zeta potential 28.2 mV. (D) High-resolution transmission electron microscope image of CuO-NPs

showed spherical NPs with particle size in the range of 28.8–45.6 nm. (E and F) UPLC-MS trace base peak (BPC) and production chromatograms of metabolite peaks

detected in pomegranate juice negative mode. (G and H) Positive mode.
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Biochemical Parameters
There was a significant elevation in ALT (Figure 2A), AST

(Figure 2B), BUN (Figure 2C), and CRE (Figure 2D) levels

in the group injected by CuO-NPs compared with the control

group. On the other hand, there were remarkable improve-

ments in such enzyme levels in the group treated with PJ

either at low or high doses compared with CuO-NPs intoxi-

cated group. Levels of the previous parameters in other

groups were quite similar to each other.

Oxidative Stress Evaluations
The results in Figure 2E and F confirmed that rats intoxi-

cated with CuO-NPs showed a significant elevation in

MDA level together with a reduction in GSH level in

liver and kidney tissue homogenates compared with the

control group. Rats pretreated with either low or high

doses of PJ showed better improvements manifested by a

significant reduction in MDA levels with an elevation of

GSH content compared with CuO-NPs intoxicated group.

Histopathological Examinations
Liver of rats in the control group showed normal

hepatic parenchyma with normally arranged hepatocytes

(Figure 3A). Meanwhile, the liver of CuO-NPs intoxicated

rats revealed several degenerative changes as diffuse vacuoli-

zation of hepatocellular cytoplasm (Figure 3B) and fatty

changes. There were sporadic hepatocellular necrosis and

abundant apoptosis as well as the presence of intracytoplasmic

eosinophilic globular inclusions (Figure 3C). Focal area of

hepatocellular coagulative necrosis associated with mononuc-

lear inflammatory cells infiltration was observed in some sec-

tions (Figure 3D). Treatment of rats with PJ revealed

significant amelioration of the histopathological alterations in

a dose-dependent manner. Mild cytoplasmic vacuolization

with few apoptotic bodies was demonstrated in CuO-NPs/PJ

1mL/kg bwt group (Figure 3E). On the other side, the hepa-

tocytes appeared greatly similar to those of normal group with

sparse apoptotic figures observed in the group pretreated with

3 mL/kg bwt PJ (Figure 3F).

Kidneys of rats in the control group showed normal renal

glomeruli and tubules (Figure 4A). In contrast, to the control

group, remarkable renal pathological alterations were

demonstrated in CuO-NPs intoxicated rats, varying from

vacuolar degeneration of renal tubular epithelium to exten-

sive renal tubular necrosis (Figure 4B). Necrotic tubular

epithelium appeared with intensely eosinophilic cytoplasm

and pyknotic or completely lysed nuclei associated with

intraluminal aggregation of renal cellular and hyaline cast

(Figure 4C and D). There were congestions of interstitial

blood vessels and glomerular capillaries as well as peritubu-

lar hemorrhage in most sections. In addition, foci of regen-

erative renal tubules were also observed. Marked reduction

of necrotic renal tubules with granular degeneration of renal

tubular epithelium was demonstrated in the group receiving

CuO-NPs and pretreated with 1 mL/kg bwt PJ (Figure 4E).

Remarkable improvement was recorded in the group pre-

treated with 3 mL/kg bwt PJ, in which the renal tubules

appeared normal in most sections with the presence of regen-

erative renal tubules which are lined with large basophilic

vesicular nuclei (Figure 4F).

The results of the microscopic scoring of the hepato-renal

injury (Figure 5) revealed severe histopathological alterations

in both liver and kidney tissues in the group intoxicated with

CuO-NPs. Moderate improvements in the observed patholo-

gical alterations were noticed in the group pretreated with 1

mL/kg bwt PJ. On the other hand, distinguished improvements

were observed in the group pretreated with 3 mL/kg bwt PJ.

Immunohistochemical Examinations
Figures 6 and 7 notice the immunostaining expressions of

caspase-3 and NF-ĸB proteins in the liver and kidney

tissues obtained from rats in different experimental groups.

The results revealed marked positive caspase-3 expression

and extensive nuclear translocation of NF-ĸB protein

within hepatocytes and renal tubular epithelium of rats in

CuO-NPs group compared with the control group.

The mean percentage area of positive caspase-3 immu-

nostaining reaction, as well as the percentage of-ĸB positive

nuclei, were significantly reduced in groups pretreated

either with low or high doses of PJ compared to CuO-NPs

group as illustrated in Figure 8. Additionally, rats pretreated

with 3 mL/kgbwt PJ showed better improvements in the

previous immunostaining markers compared with those

pretreated with 1 mL/ kg bwt PJ.

Quantitative Real-Time PCR For

Caspase-3 And Bcl-2 Protein Levels
Up-regulation of caspase-3 mRNA levels together with

down-regulation of Bcl-2 mRNA levels in liver and kidney

tissue was noticed in the group intoxicated with CuO-NPs

with significant difference compared with the control group.

Groups pretreated with PJ either at low or high doses showed

remarkable improvement manifested by a significant decline

in caspase-3 mRNA levels and elevation in Bcl-2 mRNA
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levels in liver and kidneys compared with CuO-NPs intoxi-

cated group. Other experimental groups showed the same

mRNA levels of the measured genes compared with the

control group as noticed in Figure 9.

CuO-NPs Bioaccumulation In Liver And

Kidney Tissues
The results in the Supplementary File Table (S2) showed a

significant elevation in copper content in both liver and

Figure 2 Blood biochemical tests and hepato-renal oxidative stress markers. (A) Serum levels of ALT, (B) AST, (C) BUN, (D) creatinine, (E) hepato-renal levels of MDA and

(F) GSH levels in different groups. Data are represented as Mean ± SD. *Indicates significant difference from corresponding control group (G1) at P ≤ 0.05. **Indicates

significant difference from corresponding CuO-NPs group (G4) at P ≤ 0.05.

Abbreviations: G1, control group; G2, group received 1 mL/kg bwt PJ; G3, group received 3 mL/kg bwt PJ; G4, group received CuO-NPs; G5, group received CuO-NPs +

1 mL/kg bwt PJ; G6, group received CuO-NPs + 3 mL/kg bwt PJ.
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kidney tissues in CuO-NPs intoxicated group compared to

the negative control group. Rats pretreated with PJ either

with high or low doses showed a significant reduction in

the copper content in liver tissues by 30% and 56% in rats

pretreated with 1 and 3 mL/kg PJ, respectively, compared

with CuO-NPs intoxicated group. Likewise, significant

reduction in copper content was observed in kidneys of rats

pretreated with 1 and 3 mL/kg PJ by 35 and 51%,

respectively, compared with CuO-NPs intoxicated group.

No significant differences were detected between other

groups.

Discussion
Several reports confirmed that copper oxide nanoparticles

(CuO-NPs) were extremely harmful in comparison with

other nanoparticles.40 Although the main target organs for

Figure 3 Photomicrograph of liver tissue sections stained with (H&E) of (A) normal rat showing normal hepatocytes. (B–D): CuO-NPs intoxicated rats showing. (B)
Diffuse vacuolization of hepatocellular cytoplasm. (C) Cytoplasmic vacuolization (arrow) in some hepatocellular cells and sporadic necrosis (arrowhead) and abundant

apoptosis in others as well as the presence of intracytoplasmic eosinophilic globular inclusions. (D) Focal area of coagulative necrosis infiltrated with mononuclear

inflammatory cells (arrow). (E) CuO-NPs + 1 mL/kg bwt PJ group showing mild cytoplasmic vacuolization with few apoptotic bodies. (F) CuO-NPs + 3 mL/kg bwt PJ group

showing normal hepatocytes with sparse apoptotic figures.
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CuO-NPs toxicity are kidneys, liver, and spleen, few stu-

dies have been recorded about its in vivo toxic effects on

the kidney tissue. Therefore, our study was designed to

investigate the hepato-renal toxicity of CuO-NPs in rats,

as well as, trail reduction of its toxicity using two different

doses of pomegranate juice (PJ). This is the first

study designed to evaluate the protecting impact of low

(1 mL/kg) and high (3 mL/kg) doses of PJ against hepato-

renal toxicity induced by CuO-NPs in rats.

Our findings confirmed a significant elevation in serum

ALT and AST enzyme levels in the group of rats intoxicated

with CuO-NPs indicating hepatocellular leakage and loss of

the cell membranes integrity in the liver. There were also

significant elevations in BUN and CRE in rats intoxicated

Figure 4 Photomicrograph of kidney tissue sections stained with H&E of (A) normal rat showing normal renal glomeruli and tubules. (B–D) CuO-NPs intoxicated rats

showing (B) Cytoplasmic vacuolization (arrow) in some renal tubular epithelial cells and necrosis in other (arrowhead) associated with intraluminal hyaline cast (star). (C)

Extensive renal tubular necrosis (arrow) with intensely eosinophilic cytoplasm and pyknotic nuclei with intraluminal aggregation of renal protein and cellular cast

(arrowhead). (D) Necrotic tubular epithelium appearing with intensely eosinophilic cytoplasm and completely lysed nuclei (arrow) that are exfoliated in the tubular

lumen. (E) CuO-NPs + 1 mL/kg bwt PJ group showing granular degeneration of renal tubular epithelium. (F) CuO-NPs + 3 mL/kg bwt PJ group showing regenerative renal

tubules which are lined with large basophilic vesicular nuclei.
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with CuO-NPs indicating renal damage. The results of

hepato-renal profile enzymes clearly depict that CuO-NPs

are extremely cytotoxic for both liver and kidney tissues.

Similar previously reported findings confirmed that kidney

and liver were counted among the first target organs of CuO-

NPs toxicity.9 Cu NPs with high reactivity interacted with

and damaged the liver and kidney microscopic pictures and

altered the hepato-renal serum enzyme profile.41

Histopathological examination and copper bioaccumula-

tion results displayed severe hepato-renal degeneration and

necrosis which altered the organ functions. Moreover,

marked elevation in Cu content in liver and kidney tissues

was noticed in CuO-NPs intoxicated group. The extent of

degeneration within the liver and kidneys of CuO-NPs

intoxicated rats was severe and might possibly alter the

hepatic and renal functions. Nanoparticles get accumulated

in the liver and alter the normal homeostasis of minerals

leading to hepatocellular swelling and vacuolar degeneration.

The hypercellularity of the glomeruli was incapable to filter

the toxic substances leading to the buildup of the harmful

products within the locality.42 The same finding was reported

in adult mice.43 There were vacuolar degenerations and

necrosis in the renal tubular epithelium of CuO-NPs intoxi-

cated rats. These changes were a direct result of imbalance

and disturbances in the homeostasis of kidney cells.44

Our results regarding the bioaccumulation of CuO-NPs

showed excessive Cu contents in liver and kidney tissues of

rats intoxicated with CuO-NPs compared to control group,

while the accumulation of Cu in kidneys was higher than

those in the liver tissue. The large bioaccumulation of CuO-

NPs within the liver might be associated with the fenestrated,

discontinuous endothelium of the hepatic sinusoids and blood

vessels which permits the entry of the circulating NPs less than

100 nm into the hepatic parenchyma via opsonization.45 The

accumulation of nanoparticles may vary according to their

solubility. Thus, we have a tendency to suggest that kidneys

accumulate copper in the ionic form after the nanoparticles in

vivo dissolution. So that, both mechanisms (phagocytosis and

dissolution of Cu-ions) justify copper accumulation in the liver

and kidneys of rats exposed to CuO-NPs.

The hepatotoxicity and nephrotoxicity induced by CuO-

NPs were related to oxidative stress damage on the liver and

kidney tissues46 by triggering reactive oxygen species (ROS)

production.47 In the current study, rats intoxicated with CuO-

NPs showed decreased levels of GSH antioxidant besides

increasing levels of MDA; a product of lipid peroxidation,

thereby implying that CuO-NPs not only generate ROS but

also block cellular antioxidant defenses.48 Oxidative stress

was stated to be a vital mechanism of toxicity associated with

NPs.49 Significant elevation in MDA levels and decline in

SOD antioxidant activity in liver of rats receiving CuO-NPs,

as well as, oxidative stress damage and apoptosis in kidney

tissue of nano-Cu receiving rats were stated.50,51

Oxidative stress is considered as the main predisposing

factor related to programmed cell death.52 Therefore, the

mechanism of CuO-NPs-induced apoptosis may be

Figure 5 Microscopic scoring of both hepatic injury (A) and renal damage (B) in different groups. Data are represented as Mean ± SD. *Indicates significant difference from the

corresponding control group (G1) at P ≤ 0.05 while **Indicates significant difference from the corresponding CuO-NPs group (G4) at P ≤ 0.05. Note: 0 = none, 1 = slight, 2 = mild,

3 = moderate, 4= severe tissue damage.

Abbreviations: G1, control group; G2, group received 1 mL/kg bwt PJ; G3, group received 3 mL/kg bwt PJ; G4, group received CuO-NPs; G5, group received CuO-NPs +

1 mL/kg bwt PJ; G6, group received CuO-NPs + 3 mL/kg bwt PJ; HCV, hepatocellular vacuolization; FC, fatty change, HCN, hepatocellular necrosis; RTV, renal tubular

vacuolization; RTN, renal tubular necrosis; RC, intraluminal hyaline droplets and cast.
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Figure 6 Immunohistochemical expression of caspase-3 and NF-ĸB protein in the liver sections in different groups showing (A and B) mild to negative Caspase-3 and NF-

ĸB protein expression in control negative group. (C and D) Strong positive caspase-3 and extensive nuclear translocation of NF-ĸB protein within hepatocytes in the group

intoxicated with CuO-NPs. (E and F) Moderate positive caspase-3 and NF-ĸB protein expression in the group pretreated with 1 mL/kg bwt PJ. (G and H) Mild to negative

caspase-3 and NF-ĸB protein expression in the group treated with 3 mL/kg bwt PJ.
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Figure 7 Immunohistochemical expression of caspase-3 and NF-ĸB protein in the kidney tissue sections in different groups showing (A and B) mild to negative caspase-3

and NF-ĸB protein expression in control negative group. (C and D) Moderate positive caspase-3 and extensive nuclear translocation of NF-ĸB protein within the renal

tubular epithelial cells in the group intoxicated with CuO-NPs. (E and F) Mild to moderate positive caspase-3 and NF-ĸB protein expression in group pretreated with 1 mL/

kg bwt PJ. (G and H) Mild to negative caspase-3 and NF-ĸB protein expression in group treated with 3 mL/kg bwt PJ.
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Figure 8 Bar chart representing (A) the mean % area of caspase-3 immunopositivity in the liver and kidney tissue sections. (B) Percentage of NF-ĸB immunopositive nuclei

within hepatocytes and renal tubular epithelium of rats in different groups. Values represented as Mean ± SD. *Indicates significant difference from the corresponding control

group (G1) at P ≤ 0.05. **Indicates significant difference from the corresponding CuO-NPs group (G4) at P ≤ 0.05.

Abbreviations: G1, control group; G2, group received 1 mL/kg bwt PJ; G3, group received 3 mL/kg bwt PJ; G4, group received CuO-NPs; G5, group received CuO-NPs +

1 mL/kg bwt PJ; G6, group received CuO-NPs + 3 mL/kg bwt PJ.

Figure 9 Bar chart representing (A) caspase-3 m RNA level in liver, (B) caspase-3 m RNA level in kidneys, (C) Bcl-2 m RNA level in liver, (D) Bcl-2 m RNA level in kidneys.

Values represented as Mean ± SD. *Indicates significant difference from the corresponding control group (G1) at P ≤ 0.05. **Indicates significant difference from the

corresponding CuO-NPs group (G4) at P ≤ 0.05.

Abbreviations: G1, control group; G2, group received 1 mL/kg bwt PJ; G3, group received 3 mL/kg bwt PJ; G4, group received CuO-NPs; G5, group received CuO-NPs +

1 mL/kg bwt PJ; G6, group received CuO-NPs + 3 mL/kg bwt PJ.
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mediated by the mitochondrial-initiated pathway.53 Two

main signaling pathways controlled the mechanism of

apoptosis, either mitochondrial or death receptor-mediated

pathways which trigger a cascade reaction.54 Pro-apoptotic

proteins (Bax and caspase-3) and antiapoptotic protein

(Bcl-2) are often demonstrated as necessary components

of mitochondrial-mediated apoptosis.55 Once the mRNA

level of Bcl-2 protein declines and Bax protein rises,

mitochondrial membrane disintegration happens leading

to release of cytochrome C to the cytosol. Then, cascade

reactions occur, which incorporates cytochrome binding

with Apaf-1 leading to activation of caspase-9 and cas-

pase-3. Several studies suggest that CuO-NPs trigger both

apoptotic pathways initiated by oxidative stress in

kidneys.51 Similarly, our findings indicated down-regula-

tion in Bcl-2 and up-regulation in caspase-3 mRNA levels

in liver and kidneys of rats intoxicated with CuO-NPs. The

immunohistochemical staining results showed overexpres-

sion of caspase-3 protein in liver and kidneys of rats

intoxicated with CuO-NPs. In vitro studies confirmed

that CuO-NPs enhanced apoptosis by increasing caspase-

3 cleavage in some cells as human MCF7 breast cancer

cells and HepG2 cells.56 In rats, CuO-NPs mediated apop-

tosis via up-regulation of caspase-3 mRNA levels57 and

the upsurge in the gene expression ratio of Bax/Bcl2.58

Semisch et al59 confirmed that mitochondrial membrane

damage may be caused by either direct interactions with

the CuO-NPs or ROS-release leading to discharge of

apoptotic enzymes.

NF-ĸB is a transcription factor and is considered as the

main regulator of ĸB light chain expression in mature B

lymphocytes and plasma cells.60 The activation of NF-ĸB
signaling pathway has an important role in the immune

and inflammatory responses, and apoptosis.61 Some metal

oxide nanoparticles enhance the activation of NF-κB
pathways.62 Excessive ROS generation enhances pro-

inflammatory cytokines via activation of NF-κB signaling

pathway that controls transcription of inflammatory

genes,63 and release of IĸBs leading to nuclear transloca-

tion of NF-κB.64 Within the nucleus, NF-κB triggers tran-

scription of proinflammatory mediators leading to

inflammation, oxidative stress and apoptosis.65,66

Lately, naturally occurring anti-inflammatory, anti-

apoptotic and antioxidant compounds influencing humans

and animals health have gained considerable attention.67

Our study was designed to evaluate the possible protective

effect of PJ against hepato-renal toxicity induced by

CuO-NPs.

The protective effect of pomegranate may be related to

its phenolic compounds-comprising phenolic acids, tan-

nins, flavonoids (anthocyanins),68,69 these compounds are

found in considerable amounts in the peels and juice of

pomegranate fruits.70 In the present study, pretreatment of

rats with PJ showed better improvements in all of the

above-mentioned toxicopathological parameters. Our

results with the PJ were in accordance with previous

reports confirming that pomegranate juice has strong anti-

oxidant activity correlated to flavonoids especially antho-

cyanins subgroup in pomegranate.Their electron-deficient

chemical structure makes them extremely reactive toward

free radicals, making them potent natural antioxidants.71

Moreover, anthocyanidins, which vary from other flavo-

noids, apart from flavan-3-ol, by lacking a carboxyl group

in the C-ring, inhibit lipid peroxidation of liposome or cell

membranes.72 Pomegranate is rich in the three non-methy-

lated anthocyanidins (cyanidin, delphinidin, and pelargo-

nidin) and their 3-glucosides and 3,5-glucosides.73 The

antioxidant power of pomegranate juice is 3 times more

than green tea and possess more total phenolics concentra-

tion, related to other fruit juices (apple, orange, cranberry,

grape, grapefruit, and pineapple).74

Several studies confirmed the scavenger and antioxi-

dant effect of PJ in the liver of rats after exposure to

CCl4.
75 Pomegranate juice was able to prevent the oxida-

tive stress damage induced by CuO-NPs in liver and

kidneys. Furthermore, its preventive effect was also

observed at the histological levels that showed significant

improvements in all of the histopathological parameters

observed in both liver and kidney tissue sections. The

presence of polyphenols in PJ might be involved in ame-

liorating the tissue damage induced by CuO NPs.76

Moreover, PJ could reverse the progression of the patho-

logical lesions by its strong antioxidant capacity, enhanced

biological actions of nitric oxide, decreased inflammation

and decreased angiotensin-converting enzyme activity.77

Another area of potential therapeutic interest of PJ is

related to its anti-inflammatory and anti-apoptotic activity.

Our results proved that pretreatment of rats by PJ exhib-

ited mild to negative immunohistochemical staining of

caspase-3 and NF-ĸb protein expression, as well as, better

regulation in caspase-3 and Bcl2 protein levels in both

liver and kidney tissues. Pomegranate is rich in several

antioxidants including citric acid, tannins, anthocyanins,

phenols and flavonoids which can directly or indirectly

reduce oxidative damage by preventing the excessive gen-

eration of free radicals.78 Pomegranate juice may be of
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therapeutic potential for the treatment of several inflam-

matory diseases via decreasing the activation NF-ĸB in

activated human mast cells and basophils.79 Treatment of

rats with PJ increased Bcl-2 expression and decreased

caspase-3 expression then reduced oxidative stress damage

and inflammatory reactions. These anti-apoptotic, antiox-

idant and anti-inflammatory effects of PJ may be the basis

for its protection against pathological alterations in liver

and kidney tissues.

Conclusion
Our study clearly suggested that pomegranate juice exerts

dose-dependent therapeutic effects via its anti-apoptotic, anti-

oxidant and anti-inflammatory effects. It ameliorated the oxi-

dative stress damage induced by CuO-NPs in the liver and

kidney tissues and regulated caspase-3, Bcl-2 levels, and NF-

ĸB immunostaining expression. Additionally, PJ alleviated

most of the histopathological lesions induced by CuO-NPs in

liver and kidney tissue sections. From our findings, we have a

tendency to recommend using pomegranate juice in human

and animal nutrition for all of these functions and benefits.
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