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Abstract: The aim of this study was to evaluate the antioxidant and anti-inflammatory effects of the
new [Ru(Q)(Cl)2(H2O)2] complex (RuIII/Q). A new vital complex containing quercetin flavonoid
compound (Q) with ruthenium (III) ions was synthesized. The molar conductivity of the RuIII/Q
complex was measured in dimethylsulfoxide (DMSO) with value 12 (Ω−1 mol−1 cm−1, indicating
their non-electrolytic nature. Infrared (FTIR) spectroscopic investigation of the RuIII/Q complex
indicated that Q is coordinated as a bidentate with Ru metal ions through the oxygen of carbonyl
C(4)=O group and oxygen of phenolic C(3)−O group based on the wavenumber shifts at 1654 and
1335 cm−1 respectively. The electronic (UV−Vis) spectra and the magnetic susceptibility value
(1.85 B.M.) revealed that the Ru(III) complex has an octahedral geometry. The average diameter
of the RuIII/Q nanoparticles was approximately 7–15 nm according to the transmission electron
microscopy. The thermogravimetric study (TG/DTG) indicates that the RuIII/Q compound is quite
stable until 300 ◦C. To assess biological activity, 60 male rats were allocated to six groups, namely
control, DG (D-galactose), Q, RuIII/Q, DG plus Q, and DG plus RuIII/Q. Antioxidant enzymes (SOD,
CAT, GPx, and GRx), markers of lipid peroxidation (such as MDA), expression of genes (namely Nrf2,
Cu-ZnSOD, CAT, GPx, cyto c, P53, Bax, BCl2, caspase-3, and caspase-9 in testicular tissue), glutamate,
4-hydroxynonenal (HNE), GSH, HCY, amyloid beta, and GABA levels were evaluated in brain tissues.
Cytokines, such as IL-6 and TNF-α, histological and ultrastructural studies were estimated in both
the brain and testicular tissues, while the comet assay was performed in the brain tissue. RuIII/Q
administration either alone or combined with DG reduced oxidative injury to normal levels and
decreased apoptotic activities. Thus, RuIII/Q inhibited injury in both the testis and brain and reduced
oxidative stress in male rats. The (RuIII/Q) complex has a potent ameliorative effect against aging
neurotoxicity, reproductive toxicity, and antihepatic cancer activity induced by D-galactose (DG).

Keywords: quercetin; ruthenium; spectroscopic; complexation; aging; antiapoptotic agents; genotox-
icity; anti-inflammatory

1. Intoduction

Studies have shown that D-galactose (DG) treatment causes oxidative injury and
mitochondrial dysfunction in male mice and rats [1]. Inflammation is caused due to
oxidative stress [2]. DG treatment caused oxidative damage in the brain and eventually
resulted in neurodegeneration and cognitive dysfunction [3]. Moreover, DG-induced
changes accelerated the series of aging in rodents [4].
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Aging has a major role in neurological impairments, decreased antioxidant activities,
and elevated neuro-inflammation. DG is an artificial aging model, which induces oxidative
stress and inflammatory response resulting in memory and synaptic dysfunction [5].

Aging is a major factor involved in the impairment of different physiological func-
tions [6]. Oxidative stress has been considered as the major key in induction of the neu-
rodegenerative diseases and in aging [7].

Tissue-accumulated DG can react with amino groups of proteins to form advance
glycation end-products (AGEs). Receptor-bound AGEs are a common thread in aging and
neurodegeneration, such as Alzheimer’s disease [8]

Biological inorganic chemistry has growing importance in the field of therapeutics as
well as diagnostic medicine. It offers the potential for design and preparation of novel drug
complex that can treat diseases that are resistant to the regular therapeutic methods [9].
Metal chelation is an excellent key to elevate the lipophilic characters of the organic moiety.
It was reported that the compounds with structures containing at least 2 functional groups
(–OH, –COOH, –C=O and –O–) in a favorable structure-function can show metal chelating
activity as present in case of Q. The chelating capacities of complexed Q differed slightly
from free Q. In the presence of low amounts of metals, the chelating property of Q was
lower than that of free Q whereas in case of the presence of higher concentration of the
metal with Q, the situation is reversed, this is according to the statistic point of view [10].

The processing conditions strongly affect the flavonoids’ biological activity as Q [11].
Additionally, the therapeutic effectiveness of Q is limited by its unsuitable physicochemical
properties, particularly their poor water solubility [12]. So, the inclusion of complexes
of some flavonols and quercetin were obtained [13] which represent an extremely active
area of research especially in drug photostability [14]. In fact, the ability of metals to form
chelating complexes with different drugs is commonly used to improve and enhance their
solubility and stability [15].

The antioxidant activities of Q play a vital role in the treatment of a lot of diseases [16].
Due to Q bioavailability, Q may also exhibit strong antioxidant activities after forming a
complex or combining to form some novel preparations used for human health care [9].
At the same time, according to the recent research analysis depend on the Web of Science
database, the antioxidant property of Q has become a research hotspot [17] and thus
confirming its activity against cancer cells.

Regarding coordination, ligands might enhance their bioactivity profiles, while some
inactive ligands may acquire more advanced and developed pharmacological properties,
they have become an important and vital class of composition and selective binding agents
for the nucleic acids [9].

Compounds that selectively can recognize a non-duplex composition and they are
involved in the process of controlling of gene expression. They are considered as chemother-
apeutic agents for various types of diseases. The mechanism by which metal complex
interact with non-duplex composition is like those seen in the duplex DNA and RNA,
i.e., intercalation binding [18]. Among these DNA–targeted guest molecules, Ru-based
compounds have attracted more attention because of their low toxicity and their effective
anticancer activities [19]. Ru chemical properties, like rate of ligand exchange, range of
oxidation states and ability to mimic “Fe” binding to certain biological molecules make
them very suitable for the medicinal applications and this is the important target today.
Particularly, Ru(III) organometallics represents one of the latest trends in the metallodrug
research [20]. Oxidative stress is an important state of disturbance of the balance between
the generation of the reactive oxygen species and the antioxidant defense mechanisms
of the biological systems which act by the direct detoxifying of the reactive intermediate
molecules or by repairing the damage that was caused [21]. Reactive oxygen species, also
referred as production of the free radicals, that causes imbalance in the cellular oxidant state
by damaging the cellular DNA and other cellular components beside disrupting the cellular
signaling. Oxidative stress is believed to have an important role in the incidence of a lot of
chronic diseases such as chronic inflammation, cardiovascular diseases, diabetes mellitus,
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neurodegenerative diseases as well as aging [22]. Reactive species affects the efficacy of
neurotransmitters and excitatory amino acids which are all present in the brain tissues.
Additionally, the brain represents a vital source of oxidative stress, as the metabolism in
the brain acts as a “factory” of reactive oxygen species which attacks the neurons, which
may lead to oxidative injury and cellular apoptosis [23].

Antioxidants are the compounds that can scavenge the free radicals through the
implication of the defense antioxidant enzymes Cu/Zu SOD and GPx, by direct non-
enzymatic actions. Quercetin (Q) is a bioflavonoid which is present in many foods and
vegetables. In foods, quercetin is present in a form of glycoside (with sugar groups
attached) and is being deglycosylase to quercetinaglycone prior to absorption into the
small intestine [24]. The Q is an effective compound in preventing the oxidative injury that
may be caused by the cellular apoptosis and it is more potent agent as compared to other
antioxidant compounds, such as GSH and vitamins like vit “C” and “E” [25]. Additionally,
Q protects against the hepatic damage and this might be by reducing the overexpression of
the NO synthase induced by different types of stimuli [26]. Q belongs to the flavonoids
family, which is present in most of the plants including fruits and vegetables and having
antioxidant activities. Quercetin has anti-inflammatory and anticancer activities along with
its capturing activities of “OH−”, “H2O2”, and “O2−” [27].

Q has the great ability to combat the oxidative stress side effects. The neuroprotective
effects of Q are mainly due to potential regulation of the cytokines via nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) [28]. Apoptosis represents a potent mechanism which
is involved in the induction of DNA damages in sperm. Apoptosis is characterized by
alterations in the cellular membranes and causes DNA disintegration. Caspases, which
play an important role in the cascade of the cellular apoptosis, were found to be activated
in relation with some other apoptotic markers as DNA splitting [29]. Caspases are a family
of proteases. They are activated as initiators. Caspase 3 is the most important and potential
between caspases since it confirms the cleaving of many cellular proteins and is responsible
for DNA disintegration. Many investigations have focused on the effects of antioxidants
on human gametes and thus the current study is worthy of investigation [30]. Antioxidants
might act to decline the oxidative damage to the cellular components either in vivo or
in vitro and many studies exist in these regards to alleviate the oxidative stress effect on
DNA damage [31].

Cancer chemoprevention, targeting normal and high-risk populations, includes using
drugs or other chemical factors to inhibit, retard or reverse the development of cancer. Q is
one of the main flavonoids that we consider that it may inhibit cancer development. This
group of antioxidants exhibits a wide range of the biological activities such as antioxidant,
antibacterial, antiviral, and anti-carcinogenic actions. Q is known to have potent antioxidant
activity and can act by scavenging the free radicals [32]. Q might have a beneficial role in
prohibiting the adverse effects induced by H2O2 and lipid peroxides by reducing MDA
levels and elevating the antioxidant enzyme capacities in male rats. Q also proved its potent
activity in the prevention of DNA degradation that resulted from the oxidative injury.
Recently, Q combined with resveratrol have antioxidant action on the spermgenotoxicity
by declining the mitochondrial membrane potential [31].

Additionally, the aim of this study is to determine the mechanism of action of a new
potent antioxidant complex (RuIII/Q) to delay or alleviate the progression of side effects
of oxidative stress, cancer progression and their complications, as well as for its anti-
aging potent effects and, further, to explore whether RuIII/Q protected rat brain and testis
from DG-induced damage or injury by attenuating the oxidative injury or suppressing
inflammation to provide novel insights into the actions of the novel complex RuIII/Q in the
protection of the brain and testis. To our knowledge, this is the 1st report presenting anti-
aging, antioxidant, anti-inflammatory, anti-genotoxic and anticancer effects of Q chelated
with Ru. Therefore, the aim of this study was to assess the effects of the novel RuIII/Q
complex against aging and redox imbalance; evaluate its anticancer activities in the liver at
the level of inflammation and oxidative injury.
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2. Materials and Methods
2.1. Chemicals and Analyses

All chemicals (quercetin and ruthenium(III) chloride hydrate) were purchased
from “Sigma-Aldrich” (St. Louis, MO, USA) and then used without purification. The
ruthenium(III) complex with Q was synthesized by the following method. Analyses
and corresponding models are summarized as follows:

Type of Analysis Models

Elemental analyses Perkin Elmer CHN 2400
Conductance Jenway 4010 conductivity meter
FTIR spectra Bruker FTIR Spectrophotometer

Electronic spectra UV2 Unicam UV/Vis Spectrophotometer
Thermo gravimetric TG/DTG–50H, Shimadzu thermo-gravimetric analyzer

TEM JEOL 100 s microscopy

In Vitro Release Profile of Q and Ru from Ruthenium(III) Complex with Q

The release profile of Q and Ru from the prepared (Ru/Q) complex was studied by
using two compartments diffusion cells separated by a cellulose membrane of molecular
weight cut-off = 12.000. A total of 4 mg of the ruthenium(III) complex with Q was suspended
in the donor compartment in 1 mL slightly basic PBS, whereas the receiver compartment
contained PBS, and was left shaking at 37 ◦C for about 8 h. The amount of both Q and
Ru released from the dialysis bag was determined at different intervals by measuring the
absorbance values at 390 nm. All the measurements were done in triplicates.

2.2. Synthesisof New RuIII/Q III Complex

A mixture of hot methanolic solution of free Q ligand (1 mmol) and hot methanolic
solution (1 mmol) of ruthenium(III) chloride hydrate solution was refluxed for 5 h. The pH
was maintained at ~8 with ammonia solution buffer. A precipitate was observed, and the
solution was allowed to stand at room temperature. Upon slow evaporation a greenish
black solid powder of the Ru(III) complex was obtained, which was filtered, washed with
methanol and ether, and dried under vacuum over anhydrous CaCl2. The purity of the
complex was checked by TLC.

2.3. Animal Model

Experiments were performed on 60 adult male rats (12 rats in each group) by following
guidelines of the ethics committee of Zagazig University for Animal Use “ZU-IACUC”
approval number: (ZU-IACUC/1/F/41I2018). Rats weighing 170–180 g were kept under
healthy conditions with food and drink ad libitum.

2.4. Experimental Design

We obtained 3-month-old animals weighing 190–200 g from the Faculty of Veterinary
Medicine, Zagazig University and divided them into six groups. Group I or control was
injected with normal physiological saline (0.9%) as vehicle. Group II was given DG (Sigma–
Aldrich, USA) (500 mg/kg) i.p. for about 60 d [33] as studies have reported that chronic
administration of DG afforded significant alterations and may mimic aging [33]. Groups III
and IV were given Q (20 mg/kg) [34] and RuIII/Q (20 mg/kg), respectively. Group V was
given DG (500 mg/kg) and Q (20 mg/kg). Group VI was administrated DG plus (RuIII/Q)
as recommended doses. All treatments were i.p. administered.

2.5. Blood Samples

After the end of the experiment, blood samples were taken from rat eye plexus and
divided into two parts. The first was added to tubes with EDTA and the second to EDTA
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free tubes. The tubes were centrifugated at 3075 RCF for approximately 15 min. Plasma and
serum were obtained from the first and second tubes, respectively, for biochemical analysis.

2.6. Preparation of Tissue Homogenates for Determination of the Redox State

For determining oxidative injury, 0.25 g brain and testicular tissues were immersed
in 50 mM phosphate buffer (pH 7.4). A protease inhibitor was added to protect enzymes
from oxidation. To obtain the supernatant, brain and testicular tissue homogenates
were centrifuged.

2.7. Determination of Oxidative Stress Biomarker Activities in Either Brain and Testicular
Tissues Homogenates

The MDA level was determined according with Ohkawa et al., 1979 [35]. SOD activity
was determined according with Marklund and Marklund., 1974 [36]. CAT activity was
estimated according with Aebi., 1984 [37]. GRx was determined according with Couri and
Abdel-Rahman., 1980 [38].GR activity was expressed as U/g tissue. Glutathione peroxidase
(GPx) was assayed according with Hafeman et al., 1974 [39] following guidance steps of
the kit that was brought from Biovision (Biovision, Milpitas, CA, USA).

2.8. TNF-A and IL-6 Activities in the Testis Homogenates

Cytokines levels (TNF-α and IL-6) were determined in the testicular tissue homogenates
by using specific monoclonal antibody for both TNF-α and IL-6 according to the guidance
steps in the kits that were brought from R&D system (R&D system, Minneapolis, MN,
USA). Cat Number of TNF-α ELISA kit is:E-EL-R0019, Cat Number of IL-6 ELISA kit
is:E-EL-R0015. Their values were expressed as Pg/mL.

2.9. Mitochondrial ROS Assay

The mitochondrial ROS generation was evaluated using the dichlorodihydrofluores-
ceindiacetate (DCFH-DA) probe. An increase in fluorescence intensity indicates an increase
in ROS generation due to exposure to inflammation of hepatotoxicity [40].

2.10. Mitochondria Membrane Potential (MMP, ∆ψm) Assay

The mitochondria of the hepatic tissues were isolated from all groups. Briefly, the
mitochondrial ROS generation was evaluated using rhodamine 123 (Rh123) probe at a final
concentration of 10 µM for 30 min at 30 ◦C. An increase in fluorescence intensity indicates
an increase in the collapse of MMP [40].

2.11. Fluorescent Detection of Mitochondrial Membrane Potential

After the animals were sacrificed, hepatic tissues were washed thoroughly and rinsed
with ice. They were gently blotted between the folds of a filter paper and weighed in an
analytical balance. 10% of homogenate was prepared in 0.05 M phosphate buffer (pH 7)
using a polytron homogenizer at 40 ◦C according to manual instructions. Fluorescent kit
was measured and quantified by fluorometer microplate reader (Thermo Fisher Scientific
Oy FI-01621, Vantaa, Finland). Mitochondrial membrane potential was expressed as JC-1
fluorescence ratio (J-aggregates: J-monomers).

2.12. Cytochrome C Oxidase Release Assay

Evaluation of cytochrome c release that referred to mitochondrial volume was mea-
sured (Rat/Mouse cytochrome c Immunoassay kit, Minneapolis, MN, USA).

2.13. Determination Of Plasma Homocysteine (Hcy) in Brain Homogenates

Tissue homogenates of the brain were pipetted into the wells of microplate over pre-
coated antibody specific for Hcy according to the guidance steps of the kit that was brought
from Cusabio (cusabio, Wuhan, China). The intensity of the color measured is referred to
concentration of Hcy value and expressed by nmol/mL and Pg/g respectively.
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2.14. Determination Of Amyloid Beta (Aβ1-42) in Brain Homogenates

Brain tissue homogenates were pipetted into the microplate which precoated with
monoclonal antibody specific to Aβ1-42. The kit for test was brought from (Cloud-clone
crop, Houston, TX, USA). Its intensity was expressed by Pg/mL and Pg/g respectively.

2.15. Determination of Gamma-Aminobutyric Acid (GABA) in Serum

The immunoassay kit was brought from EIAab (EIAab, Wuhan, China) according to
the guidance steps. The optical density of the samples was compared with the standard
curve and expressed as ng/mL.

2.16. Determination of Glutamate in the Brain (GSH)

Brain glutamate level was determined by ELISA kit that was obtained from Abnova
(Abnova, Taipei, Taiwan). Quantification of samples was achieved by comparing their
absorbance with a standard curve prepared with known standards. The value expressed
as µg/mL.

2.17. Determination of 4-Hydroxynonenal (HNE) in the Brain

The quantitative determination of rat 4-hydroxynonenal (HNE) concentrations by kit
that was brought from cusabio (cusabio, Wuhan, China).The value intensity was expressed
by Pg/mL.

2.18. Histological Changes and Transmission Electron Microscopy (TEM) Estimation

Small brain tissues and testis portions were fixed in 10% buffered formalin for further
histological process [41]. The ultracomposition processing, a very small portion of the
brain and testicular tissues were fixed in 2.5% glutaraldehyde and further processing [42].
Semi-thin sections of the brain and testis tissues were stained with toluidine blue stain and
photographed to analysis the images.

2.19. Single Cell Gel Electrophoresis (SCGE) (The Comet Assay)

Small brain portions were placed in an ice-cold (Ca2+, Mg2+, DMSO and EDTA). The
viability of the cells was studied by examining the comet images [43], the comet assay
methods were by Collins and Dunsinka, 2002.

2.20. Detection of Apoptosis Using Annexin V/PI Staining

Apoptosis in the brain cells was evaluated by using the fluorescein isothiocyanate
conjugated with annexin V/PI, Apo Alert kit from ClontechCo (Palo Alto, CA, USA).

2.21. Determination of Cytochrome-c

Monoclonal antibody specific fir cytochrome-c pre-coated on microplate for the quanti-
tative sandwich enzyme immunoassay technique used for determination of rat cytochrome-
c according to the guidance step of the kit that was brought also from (R&D systems,
Minneapolis, MN, USA). The intensity of the color was measured in proportion to the
amount of cytochrome c bound in the initial step. The sample values are then read off the
standard curve and was expressed by Pg/g.

2.22. Determination of P53

Rat P53 ELISA kit for the measurement of Rat P53. According to the guidance steps of
kit that was brought from RayBiotech (RayBio, Peachtree Corners, GA, USA). The intensity
of the color is measured and the value is expressed by Pg/g.

2.23. Determination of Bax and BCl2

Specific anti-Bax and specific BCl2 used for quantitative measurement of Bax and
BCl2 in the brain tissues according to the guidance steps of the kit that was brought from
cloud-clone crop (Cloud-clone crop, Houston, TX, USA). The value is expressed by Pg/g.
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2.24. Determination of Caspase 3 and 9

Employ the immunoassay technique to determine rat caspase 3 and 9 according to the
guidance steps of the kits that were brought from cusabio (cusabio, Wuhan, China). The
intensity of the color is measured and expressed by Pg/g.

2.25. RNA Isolation and Quantitative Reverse Transcription Polymerase Chain Reaction

Gene expressions of the brain SOD, CAT, and GPx were examined by using “PCR”
technique. Total RNA was isolated from the neural tissues using TRIzol reagent, followed
by the addition of RNAse-free DNAse. Amplification data were analyzed by using the 2-Ct
method, and the observed results were compared to β-actin.

2.26. Real Time-PCR

Total RNA was extracted from brain and testis tissues, and reverse transcribed. Real-
time PCR was carried out in a Roche Light Cycler 2.0 with software version 4.0, using
the following program: denaturation step (95 ◦C for 10 min), and 45 cycles of three step
amplification (denaturation, 95 ◦C for 10 s; annealing, 58 ◦C for 5 s; and extension, 72 ◦C for
10 s). Subsequently, melting curve (60–90 ◦C) with a heating rate of 0.1 ◦C/s) was performed
to check the specificity of amplification and the presence of byproducts. All samples were
amplified in duplicate, and the glyceraldehyde-3-phosphatase dehydrogenase (GAPDH)
gene was used as a reference to normalize data. The primer sequences reported (Table 1).

Table 1. Primers used for qRT-PCR. Sequences given in the 5′-3′ direction.

Gene Forward Reverse

P53 5′-GTATTTGGATGACAGAAACACT-3′ 5′-GTTACACATGTAGTTGTAGTGG-3′

Bax 5′-GAACTGGACAGTAACATGGAG-3′ 5′-TTTGCTGGCAAAGTAGAAAAG-3′

Bcl-2 5′-ATTGTGGCCTTCTTTGAGTT-3′ 5′-GTTCAGGTACTCAGTCATCC-3′

mTOR 5′-TGAATTCAGCCAAGTTTAAGAG-3′ 5′-TTCAATGCTGCATTTGTGTC-3′

RALA 5′-ATGAATTGGAACTGCAATGAAA-3′ 5′-TCAGGACCATGATAAATGTAGG-3′

PI3K 5′-TCAGAGTTACTGTTTCAGAACA-3′ 5′-GTAACATTCGAAGATCAAGACC-3′

c-MET 5′-CTGGTGTTGTCTCAATATCAAC-3′ 5′-ATATCAGAGTCCCCACTAGTTA-3′

Nrf2 5′-CAC ATT CCC AAA CAA GAT GC-3′ 5′-TCT TTT TCC AGCGAG GAG AT-3′

2.27. Cells Line

Human Hepatic cancer cells (HepG2) were obtained from Cell Culture Department
“VACSERA-EGYPT”. Cells were imported from the “American type Culture Collection in
the form of a frozen vial.

Origin spices for both: Homo sapiens (human), confirmed as human by immunofluo-
rescence and cytotoxic-antibody test (dye exclusion).

2.28. Cell Culture

Human HepG2 cells were cultured in DMEM culture supplemented with 10% (v/v)
FBS, glutamine (2 mmol/L), and penicillin-streptomycin (100 U/mL) under an atmosphere
of CO2 (5%), and at 37 ◦C. All used media and reagents were purchased from (Lonza-
Bioproducts, Brussels, Belgium) [44].

2.29. Cell Culture Medium

a. Growth medium
The cells were cultured in RPMI-1640 medium with 2-mMl-glutamine adjusted to

contain 1.5 g/L sodium bicarbonate (Gibco/ Invitrogen, Carlsbad, CA, USA) and supple-
mented with 10% fetal bovine serum (GIBCO-UK, Glasgow, UK).

b. Foetal bovine serum (FBS)
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FBS was purchased from GIBO COBRAL® Limited (Glasgow, UK), Scotland as a
sterile serum in 500 mL bottle (stored at −20 ◦C till used). Phosphate buffer saline (PBS)
was obtained from Sigma Aldrich-USA containing Na2HPO4 (1.15 g), KHPO4 (0.20 g), KCl
(9 g), NaCl (8 g) and double dist. H2O (1000 mL). The pH was adjusted by using HCL
or NaOH and sterilized by filtration using Millipore disposable Stericup filter (Millipore,
Burlington, MA, USA).

2.30. Treatment of Cancer Cell Lines

Target cell lines were trypsinized as previous cells concentration was determined as
2 × 105/mL, where suspended cell count was performed using haemocytometer. Cell
count was optimized according to the equation N X V = NX V.

2.31. Cytotoxic Activity (MTT Assay and IC50 Determination)

MTT assay was performed to detect the effects of DG, Q and RuIII/Q on the prolifera-
tion of HepG2 cells and to determine the effective dose of test drug relative to concentration.
MTT is a pale-yellow substrate that yields a product of dark blue formazan product through
cleaving by living cells. Active mitochondria are required for this process, so freshly dead
cells cannot break down significant amounts of MTT. Tetrazolium ring is cleaved by mi-
tochondrial dehydrogenases of viable cells, producing purple formazan crystals that are
insoluble in aqueous solutions. Formazan crystals are dissolved in acidified isopropanol.
The formed purple solution can be measured using a spectrophotometer. Increase or
decrease in cell number causes a change in the amount of formazan produced, that detects
the degree in cytotoxicity effect of the tested material. MTT is reduced to insoluble purple
MTT formazan crystals, by mitochondrial lactate dehydrogenase enzyme (LDH), and the
pyridine nucleotide cofactors, NADH and NADPH as substrates [45].

Briefly, HepG2cells were well seeded in micro-titer plates (5 × 103 cells/well). Cells
were incubated using Q and RuIII/Q 2-fold serially dilution was performed, and treatment
was for 24 h. Cytotoxic effect was detected using inverted microscope (Hund–Germany).
Untreated cells served as negative control. After the incubation, the detached cells were
washed out using phosphate buffered saline (PBS). The cells were then washed with 5 mL
of PBS. Then complete media (15 mL) was added to the flask. After 3–4 days the second
exchange for media was done. Residual live cells were stained using MTT stain as 0.05
mL/well (0.5 mg/mL) in PBS to all wells. Plates were incubated at 37 ◦C for 4 h, and
DMSO (50 µL) was added to dissolve. The inhibitory concentration or (IC50) values of
cell viability was determined using Master plex 2010 software. The percent of viable cells
were plotted as a function of concentration to obtain the IC50values. Three independent
experiments were performed for all assays. The mean value of the triplicate was calculated
for each experiment, then the results were reported as mean (±standard deviation) and
were expressed as control percentage, which was 100%.

Inhibition percentage (%) was measured using the following equation:

Inhibition percentage (%) = ODof control − ODof sample × 100%/ODof control, (where OD = optical densities)

The IC50 value is the tested compounds concentration which results in inhibition
of 50% of cells or the death of cells which obtained by plotting the inhibition percentage
versus the test compounds concentration [46].

2.32. Counting of Cells

Appropriate media (1 mL) used to suspense HepG2 cells. For counting, 10 µL of cell
suspension was taken for counting. The number of cells was estimated using hemocytome-
ter (Neubauer, Germany) after dilution of the sample between 2 and 10. The number of
cells were counted using an ordinary microscope (Olympus CX31, DeWitt, IA, USA). The
following equation used to calculate the number of sells per mL:

NO of cells/mL = average of count cells × dilution factor × 104.
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2.33. Flow Cytometric Analysis

Knowledge improvement on the cell cycle has widely contributed to flow cytometry
technique [47], which can rapidly and quantitatively measure a wide variety of cellular
constituents usually just by considering DNA content into account and was adjusted for
investigation of different components of cell (proteins, nucleic acids, lipids), cell organelles
(mitochondria, lysosomes) or functions (enzymatic activities, viability) [48]. Electrical
impulses are generated by detectors then converted into digital signals. Finally, the digital
signals are accumulated in a histogram, or a frequency distribution [49]. FACS Calibur
flow cytometer (Becton Dickinson, Sunnyvale, CA, USA) in Mansoura Children Hospital
was used. A compact air cooked low power 15 mwatt Argon ion laser beam (488 nm) is
equipped with FACS Calibur flow cytometer. The average number of assessed nuclei per
specimen 20,000 and the number of nuclei examined were 120 every second.

2.34. Staining Procedure (Direct Staining Method)

Appropriately cells were prepared. Concentration cell suspension was adjusted to
1 × 106 cells/mL and prepared with PBS/BSA buffer (1% bovine serum albumin and
phosphate buffered saline). Required test tubes with aliquot 100 µL of cell suspension
and a recommended dilution of antibody (10 µL for each sample) were mixed well and
then incubated at room temperature for 30 min. PBA/BSA (2 mL) was used to wash cells,
centrifugation at 1500 rpm for 5 min and discarded resulting supernatant. Finally, PBS/BSA
(0.2 mL) was used to resuspend cells or with 0.2 mL of 0.5% Paraformaldehyde in PBS/BSA
if wanted and data resulted was analyzed by flow cytometer [50].

2.35. Annexin V-FITC/PI Staining Assay

Apoptosis, programmed cell death, is an ordinary genetically programmed process
that happens during embryonic development, and additionally in support of tissue home-
ostasis, in aging, and under pathological conditions [51]. The term apoptosis is utilized
to explain a phenomenon that a cell actively engages in its own damaging processes and
come from the Greek word for “falling off” of leaves from a tree [52]. Distinguishing of
early and late apoptotic cells can be detected by staining with Annexin V and propidium
iodide (PI) which is a vital dye that ordinarily conjugated with Annexin V. The membranes
of damaged and dead cells are permeable to PI, but the viable cells with intact membranes
exclude PI. Along these lines, both Annexin V and PI negative are viewed in the viable cells,
while Annexin V positive and PI negative are detected in early apoptotic cells, and both
Annexin V and PI positive are detected in late apoptotic cells or already dead [53]. Flow
cytometry used to detect the quantification of cell death by utilizing the Annexin V-FITC/PI
apoptosis detection kit (CAT NO. Ab 14085), (Abcam, Cambridge, UK) according to the
instructions of the manufacturer. After the incubation time, the cells were suspended in
200 µL 1 × binding buffer. The HepG2 cells were ready for acquiring on FACS Calibur
using Cell Quest Pro analysis software (Becton Dickinson, San Jose, CA, USA). This test
does not recognize cells that have died versus those that have undergone apoptotic death
because of a necrotic pathway as they will also stain with both Annexin V and PI. However,
when apoptosis is estimated over time, cells can often be viewed from Annexin V and
PI positive (end-stage apoptosis and death), to Annexin V and PI negative (viable, or no
measurable apoptosis), and finally to Annexin V positive and PI negative (early apoptosis
with intact membranes). Apoptosis proposes through the presence of cells with these three
phenotypes within a mixed cell population [53].

2.36. Analysis of Flow Cytometry of p53 and Bax Expression

The role of these parameters is more essential and effective in the arrest of cell cycle
and apoptosis. Antibodies against P53, caspase-3, Bcl-2 and Bax protein and other reagents
were purchased from Santa Cruz Biotechnology, INC, Dallas, Texas 75220 U.S.A. Each vial
contained 200 µg IgG in 1.0 mL of PBS with <0.1% sodium azide and 0.1 gelatin. Available
as fluorescein (FITC) conjugated for flow cytometry. Cells were prepared appropriately.
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The cell suspension was adjusted to a concentration of (1 × 106 cells/mL) with PBS/BSA
buffer (phosphate buffered saline and 1% BSA). Aliquot 100 µL of cell suspension was
pipetted into test tubes. Appropriately labeled antibody [Fluorescein (FITC) conjugated
antibody] was added at the recommended dilution, mixed well and incubated at room
temperature for 30 min. Cells were washed with 2 mL of PBS/BSA, centrifuged at 400× g
for 5 min and the resulting supernatant was discarded. Cells were resuspended in 0.2 mL
of PBS/BSA or with 0.2 mL of 0.5% Paraformaldehyde in PBS/BSA. Data were acquired
by flow cytometry (Becton Dickinson, CA, USA). A total of 20,000 cells were acquired for
analysis using Cell Quest software and histogram plot of conjugate fluorescence (x-axis)
versus counts (y-axis) had been shown in logarithmic fluorescence intensity.

2.37. Statistical Analysis

Data were expressed as mean values ± SE. Statistical analysis was done using SPSS
software version 27 [54] and Open Epi version 2.3.1 [55] Statistical performance was by
using two-way analysis of variance (ANOVA). Graphical and tabular presentation was
done. Data were summarized as mean and standard deviation. Shapiro-Wilk test was
used to determine the distribution characteristics of variables and variance homogeneity.
One way ANOVA and post hoc power were used to analyze data. A p-value of <0.05 was
accepted as statistically significant [56].

2.38. Sample Size Calculation:

We assumed that CAT in testicular tissue homogenates in RuIII/Q group versus Q
group are 5.5 ± 0.85 versus 4.8 ± 0.9 (U/g). At power 80% and confidence level 95%,
sample size is 60 (12 in every group). This sample was calculated by OPEN EPI software
package [55].

3. Results
3.1. Chemical Composition Interpretations

The ruthenium(III) quercetin complex is soluble in (DMSO and DMF) and insoluble in
methanol, ethanol, and water. Elemental analysis data are consistent with calculated results
from the empirical formula of the synthesized complex (Figure 1). Elemental and chemical
analysis data are as follows: MF = C15H13Cl2O9Ru; mol. wt. = 509.23 g/mol; calculated (%)
C = 35.38, H = 2.57, Cl = 13.92, Ru = 19.85; experimental (%) C = 35.09, H = 2.45, Cl = 13.82,
Ru = 19.55. Observed molar conductance (12 (Ω−1 mol−1 cm−1) of the RuIII complex in
DMSO for 10−3 M solution at 25 ◦C is consistent with the non-electrolytic nature of the
complex [57].

3.2. Infrared Spectra

By comparing the infrared spectra of free Q ligand and synthesized RuIII/Q complex
(Figure 2), the ν(C(4)=O) stretching vibration motion of the free Q exhibited at 1661 cm−1,
this band is shifted to 1654 cm−1 after chelation [58,59]. This shift confirm the coordination
of oxygen carbonyl group (ring II) with ruthenium(III) ion. The characteristic vibration
bands at 1608 and 1253 cm−1 attributed to ν(C=C) and ν(C-O-C) frequencies are shifted
after complexation. The ν(C-O-H) deformation mode presence at 1386 cm−1 in the free
Q ligand is shifted to 1335 cm−1 in the RuIII/Q complex, this is assigned to an increasing
the bond order, when the chelation involves with the ortho-phenolic ν(O-H) group on
the Q ligand at ring II. The medium to weak intensities bands existed at 643, 582, and
539 cm−1 are assigned to ν(Ru-O) stretching vibration according to the complex formation,
while these bands do not display in the spectra of Q free ligand. This data suggesting that
coordination proceeds through the ortho phenolic groups (oxygen of C(4)=O carbonyl and
oxygen of O(3)-H phenolic) located on ring II of Q ligand [60]. A strong broad band at
3275 cm−1 is assigned to ν(OH) for coordinated water molecules.
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3.3. Electronic Spectra

The electronic UV-Vis. spectra of Q free ligand and ruthenium(III) complex solutions
were scanned, the spectrum of Q has two absorption bands at 254 and 363 nm, due to n-π*
and π-π* electronic transitions of cinnamoyl system (ring III) and benzoyl system (ring I),
after complexation the two bands show the bathochromic shift (264 and 389 nm) due to
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coordination of oxygen’s of C(3)–OH and C(4)=O in Q chelate with ruthenium(III) ion [61].
The effective magnetic moment of Ru(III) complex is existed 1.85 B.M., that confirmed
the exhibit of single unpaired electron in a low spin 4d5 configuration for Ru3+ ion in an
octahedral environment [62]. This value is lower than the predicted value of 2.10 B.M. This
lowering may occur due to the presence of lower symmetry ligand fields, or extensive
electron delocalization in species. So, the magnetic moment data prove that Ru(III) complex
has been existed at (+3) oxidation state.

3.4. Thermal Analysis

To establish the correct composition for the RuIII/Q complexity under investi-
gation, thermogravimetric (TG) and (DTG) analysis were performed for the solid
complex [Ru(Q)(Cl)2(H2O)2] under nitrogen flow, the DTG and TGA data are shown
in Figure 3. The thermal degradation of the [Ru(Q)(Cl)2(H2O)2] complex carried out
in four steps. These stages of decomposition occur at 315, 421, 509 and 707 ◦C maxi-
mum temperatures, respectively. These stages of degradation are attributed to 80.62%
weight loss corresponding to the loss of two coordinated H2O molecules, chlorine
gas Cl2, and quercetin moiety. Theoretically, remove of these molecules corresponds
to a weight loss of 80.15%. The loss of coordinated H2O molecule at higher temper-
ature range, confirmed that the water molecules exist in the complex with different
lattice compositions resulted from their involvement in inter and intra H-bonding with
different strengths. The weight found for the residue after decomposition is 19.38%
(theoretical, 19.85%) giving an actual total weight loss of 80.62% in agreement with our
calculated total weight loss value of 80.15%. The final thermal decomposition product
is ruthenium metal.
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3.5. Transmission Electron Microscopy (TEM) Investigation

The morphology and particle size of RuIII/Q nanoparticles were investigated by
transmission electron microscopy (TEM) (Figure 4). The TEM image was scanned in
an aqueous medium. The symmetry and similarity of particle shape of the synthesized
complex indicate that morphological phases have a homogeneous matrix. The particle size
found in the nano-composite form was 7–15 nm.
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3.6. In Vitro Drug Release

To exploit the use of RuIII/Q for an effective drug delivery system, we carried out
this experiment (invitro drug release of Q and Ru from RuIII/Q complex) at different time
intervals (1, 2, 3, 4, 5, 6, 7 and 8 h) and the resulting data are shown in Figure 5. The in vitro
releasing medium of both Q and Ru were chosen as slightly basic phosphate buffer. The
1st release was fast within the first 2 h, followed by a gradual release till 8 h.

3.7. Biological Interpretations
3.7.1. Determination of Cell Viability Percentage (%) (MTT Assay)

MTT assay was used to investigate the survival of HepG2 cells after treatment with
RuIII/Q, Q, and DG. The treatment of HepG2 cells with RuIII/Q, Q, and DG caused a
dose-dependent loss of cell viability at 48 h. MTT assay data had been run the assay
effect of RuIII/Q on HepG2 cells. RuIII/Q reduced HepG2 cell viability. There was a
significant reduction in cell viability when the RuIII/Q concentration reached 40 µg/mL.
At this concentration, cell viability was reduced to ~28.86%, indicating that about 71.14%
of HepG2 cells were killed at this low concentration of RuIII/Q. When the concentration of
RuIII/Q was increased to 640 µg/mL, cell viability reduced to ~15.86%. Q alone induced
a slight effect on HepG2 cell viability as compared to RuIII/Q (Table S1 and Figure S4).
DG increased viable cell numbers with the increasing concentration as viable cells became
~100% at a concentration of 1280 µg/mL.
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Figure 6 shows cell viability with serial dilution of RuIII/Q, Q, and DG. There was a
reduction in cell viability with Q concentration also but with weak activity as compared to
RuIII/Q. At 640 µg/mL, cell viability was reduced to ~51.29 %. When the concentration
of Q was increased to 1280 µg/mL, cell viability reduced to ~50.36%. The graph of cell
viability versus DG is displayed in Figure 7. DG did not affect cell viability and when
the concentration of DG was increased to 640 and 1280 µg/mL, cell viability increased
compared to Q treatment and no treatment (Table 2 and Figure 7).

3.7.2. Determination of IC50 Doses

The mean concentration which inhibited 50% of cell growth (IC50) was detected by
averaging the individual results from the three repeated experiments (Figure 6). The
IC50 doses of RuIII/Q, Q, and DG in HepG2 cells were 24.82, 68.25, and 474.5 µg/mL,
respectively. HepG2 cells were significantly less sensitive to the effects of Q than
RuIII/Q (IC50~68.25µg/mL). The effective dose of Q that inhibited the growth of cells
was (IC50~24.82µg/mL).

3.7.3. Determination of Apoptosis Using Annexin V/PI in HepG2 Cells

FITC-Annexin V/Pi analysis was performed on HepG2 cells after treatment with
RuIII/Q, Q, and DG. Table 2 and Figure 7 showed the percentages of viable, apoptotic, and
necrotic cells after treatment of HepG2 cells with IC50 doses at 48 h post-treatment. The
results show that RuIII/Q treatment effectively induced apoptosis compared with both Q
treatment and control group in HepG2 cells. The percentages of early and late apoptosis
induced by DG treatment were increased compared to Q treatment and the control group
(untreated cells) (Table 2 and Figure S5).

3.7.4. Cell Cycle Analysis

The effect of RuIII/Q-treated HepG2 cells on cell cycle phase distribution was used to
illustrate the inhibition of cell cycle progression. As presented in Figure 7, DG combined
with RuIII/Q treatment increased DNA accumulation in the S phase, indicating arrest of
tumor cells at this phase. Cell cycle arrest was accompanied with a significant decrease
in mean percentage values of treatment with RuIII/Q in G2/M phase compared to the
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control group, and the apoptotic profile was significantly increased as compared to the
control group.

3.7.5. Gene Expression for mTOR, RALA, PI3K and c-Met Expression in HepG2 Cells

Gene expression and statistical analysis were performed to assess the relative expres-
sion of these target genes (mTOR, PI3K, RALA, and c-MET signaling pathways genes)
after different treatments. The results showed that RuIII/Q treatment alone significantly
(p < 0.05) inhibited the expression of the mTOR, PI3K, RALA, and c-MET signaling pathway
genes when compared with native Q treatment, DG treatment, and control group in HepG2
cells (Table 3 and Figure 8).
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3.7.6. Gene Expression for Apoptotic GenesP53 Expression in HepG2 Cells

P53 is also known as TP53 or tumor protein. It plays an important role in cell cycle
control and apoptosis. P53 protein expression after different treatments was detected by
flow cytometry. As seen in Figures 9 and 10, P53 is significantly increased after DG +
Q treatment when compared with DG + RuIII/Q treatment and control in HepG2 cells.
Flow cytometric analysis revealed that P53 is significantly increased after treatment with
DG when compared with DG + RuIII/Q in HepG2 cells. Results from qRT-PCR analysis
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revealed that P53 gene expression is significantly increased after treatment with Q when
compared with RuIII/Q, DG, and control treatment in HepG2 cells (Figure 8).

3.7.7. Bax Expression in HepG2 Cells

Bax protein expression after different treatments was detected by flow cytometry.
(Figure S6) shows that Bax was significantly increased after DG + RuIII/Q treatment when
compared with either DG + Q and control treatment in HepG2 cells. Flow cytometric anal-
ysis revealed that Bax is significantly increased after treatment with DG when compared
with RuIII/Q treatment in HepG2 cells.

Gene expression for Nrf2, Cu-ZnSOD, CAT and GPx expression in testicular tissues
Gene expression and statistical analysis were performed to assess the relative ex-

pression of these genes (Nrf2, Cu-ZnSOD, CAT, and GPx signaling pathway genes) in
testicular tissue after different treatments. There was a significant upregulation of Nrf2,
Cu-ZnSOD, CAT, and GPx expression in testicular tissue homogenates of combined treated
groups with DG and Q and/or RuIII/Q-treated group compared to the DG-treated group.
Moreover, a higher significant upregulation was recorded in DG + RuIII/Q compared to the
DG + Q-treated group. However, lowest expression levels of these enzymes were expressed
in testicular tissue homogenates of the DG-treated group. qRT-PCR results are summarized
in (Figure 11).

3.7.8. Gene Expression for cyto-c, Caspase-3, P53, Bax, BCl2, and Caspase-9 Expression in
Testicular Tissues

Gene expression and statistical analysis were performed to assess the relative expres-
sion of these genes (Cyto-c, BCl2, P53, caspase-3, Bax and caspase-9 signaling pathways
genes) in the brain tissue homogenates after different treatments. There was a significant
up-regulation of cyto-c, P53, Bax, BCl2, caspase-3 and caspase-9 expression in brain tissue
homogenates of DG treated group as compared to combined treated groups with DG and
Q and/or RuIII/Q treated groups. qRT-PCR results were summarized in Figure 9.

Table 2. Statistical analysis of genes expression of (mTOR, RALA, PI3K and c-MET) in control and
treatment with Q, RuIII/Q, and DG of HepG2 cells using qRT-PCR.

mTOR RALA PI3K c-MET

Group 2 0.82 ± 0.06 0.88 ± 0.04 0.80 ± 0.04 2.31 ± 0.10

Group 3 0.54 ± 0.08 0.53 ± 0.02 0.55 ± 0.04 0.80 ± 0.04

Group 4 0.22 ± 0.04 0.15 ± 0.04 0.20 ± 0.05 0.30 ± 0.10

Group 5 0.52 ± 0.04 0.62 ± 0.12 0.60 ± 0.02 1.20 ± 0.02

Group 6 0.38 ± 0.06 0.40 ± 0.16 0.55 ± 0.02 0.79 ± 0.16

Post Hoc Power Analysis

Groups 2 vs. 3 100% 100% 100% 100%

Groups 2 vs. 4 100% 100% 100% 100%

Groups 2 vs. 5 100% 100% 100% 100%

Groups 2 vs. 6 100% 100% 100% 100%

Groups 3 vs. 4 100% 100% 100% 100%

Groups 3 vs. 5 13.7% 81.7% 99.1% 100%

Groups 3 vs. 6 100% 87.8% 1.1% 3.6%

Groups 4 vs. 5 100% 100% 100% 100%

Groups 4 vs. 6 100% 100% 100% 100%

Groups 5 vs. 6 100% 98.9% 100% 100%
Data are presented as mean ± SD. Groups: Group 1: control group, Group 2: D-galactose, Group 3: Q, Group 4:
RUIII/Q, Group 5: DG + Q, Group 6: DG + RuIII/Q.
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Table 3. Oxidative stress biomarkers in testicular tissue homogenates.

CAT (U/g) SOD (U/g) GRx (U/g) MDA (U/g) GPx (U/g)

Group 1 5.0 ± 1.20 10.4 ± 1.69 7.7 ±1.01 4.4 ±0.52 14.5 ±1.69

Group 2 1.2 ± 0.02 4.0 ± 0.57 2.0 ± 0.68 34.0 ± 4.36 3.6 ± 0.87

Group 3 4.7 ± 0.85 10.0 ± 1.65 7.3 ± 1.02 4.0 ± 0.78 14.0 ± 3.02

Group 4 5.3 ± 0.63 11.4 ± 2.01 8.3 ± 1.06 3.7 ± 0.65 15.4 ± 2.54

Group 5 3.3 ± 0.45 7.3 ± 0.98 5.4 ± 0.69 18.4 ± 2.36 9.3 ± 1.02

Group 6 4.8 ± 0.87 9.3 ± 1.54 7.0 ± 1.57 11.0 ± 1.98 12.4 ± 1.98

Post Hoc Power Analysis

Groups 1 vs. 2 100% 100% 100% 100% 100%

Groups 1 vs. 3 12.1% 9.5% 18.9% 37.9% 7.9%

Groups 1 vs. 4 13.5% 31.5% 35.5% 90.3% 20.7%

Groups 1 vs. 5 99.9% 100% 100% 100% 100%

Groups 1 vs. 6 7.3% 46.2 30.6% 100% 87.8%

Groups 2 vs. 3 100% 100% 100% 100% 100%

Groups 2 vs. 4 100% 100% 100% 100% 100%

Groups 2 vs. 5 100% 100% 100% 100% 100%

Groups 2 vs. 6 100% 100% 100% 100% 100%

Groups 3 vs. 4 59.4% 55.0% 75.0% 20.7% 27.9%

Groups 3 vs. 5 99.9% 99.9% 100% 100% 100%

Groups 3 vs. 6 4.6% 22.4% 8.9% 100% 40.4%

Groups 4 vs. 5 100% 100% 100% 100% 100%

Groups 4 vs. 6 43.8% 89.5% 75.7% 100% 95.0%

Groups 5 vs. 6 100% 98.9% 95.1% 100% 100%
Data are presented as mean ± SD. Groups: Group 1: control group, Group 2: D-galactose, Group 3: Q, Group 4:
RUIII/Q, Group 5: DG + Q, Group 6: DG + RuIII/Q.

3.7.9. Effect on Glutamate, 4-hydroxynonenal (HNE), GSH, HCY, Amyloid Beta and
GABA Levels

Levels of glutamate, 4-hydroxynonenal (HNE), HV + HCY, and amyloid beta were
significantly increased in the blood of the DG-treated group and all parameters were
significantly reduced in groups treated with a combination of DG and Q or RuIII/Q;
significant reduction was recorded in DG combined with RuIII/Q (Figure S7). GSH and
GABA levels were significantly decreased in the DG-treated group and increased in groups
treated with a combination of DG with RuIII/Q (Figure 12).

3.7.10. Effect on IL-6 and TNF-α

The levels of cytokines TNF-α and IL-6 in testicular tissues were detected at the end
of the experiment (Figure 11). They significantly increased in the DG group compared with
healthy animals. RuIII/Q and Q suppressed TNF-α and IL-6 levels, respectively. However,
a combination of both with DG lowered TNF-α and IL-6 levels. However, more reduction
was recorded in the DG combined with RuIII/Q-treated group.

3.7.11. Oxidative Stress Enzyme Markers

As shown in Table 4 and Figure 11, DG significantly decreased the levels of CAT, SOD,
GPx, and GRx enzymes in both brain and testicular tissues, while affording a significant
increase in MDA level in both tissues. Treatment with either Q or RuIII/Q complex either
alone or in combination with DG induced significant elevation in CAT, SOD, GRx, and GPx
levels as compared to the normal control group, whereas afforded a significant decrease
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in MDA levels compared to the control group. The best results were recorded in the last
group of treatment with RuIII/Q.
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Figure 8. Statistical analysis of genes expression of (mTOR, RALA, PI3K and c-MET) in control and treatment with Q,
RuIII/Q, and DG of HepG2 cells using qRT-PCR.
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caspase-3 and caspase-9 in the brain tissue homogenates.
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Table 4. Oxidative stress biomarkers in the brain tissue homogenates. 
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Group 2 1.2 ± 0.02 4.4 ± 1.35 1.4 ± 0.53 50.3 ± 3.52 4.5 ± 0.69 

Figure 12. Semi-thin sections of the testicular tissues stained with toluidine blue stain. (A) Control
normal appearance of testis tissues with normal spermatogenic stages and cells (Black arrow) with
appearance of normal sperms (Green head arrow) (×400). (B) DG-treated rats showed highly degree
of damage appeared by disintegration of testicular tissues (Orange arrow) with appearance of fewer
sperm number (Green head arrow) (×400). (C) Q treated group showed normal appearance of
testicular section with complete stages of spermatogenesis (Black arrow) with moderate number of
sperms (Green head arrow) (×400). (D) RuIII/Q treated group showing normal healthy appearance
of testicular tissues with normal spermatogenic tissues (Black arrow), with high number of mature
sperms (×400). (E) DG + Q treated group showing partial restoration of testicular tissues with less
spermatogenic arrest with moderate sized spermatogenic cells (Black arrow) and some appeared
disintegrated parts with presence of myoid cells (green head arrow) (×400). (F) DG + RuIII/Q treated
group showing high restoration of testicular tissues with complete spermatogenic cells (Black arrow)
and restoration of sperm numbers (Green head arrow).

Table 4. Oxidative stress biomarkers in the brain tissue homogenates.

CAT (U/g) SOD (U/g) GRx (U/g) MDA (U/g) GPx (U/g)

Group 1 4.7 ± 0.47 12.6 ± 1.58 6.4 ± 1.69 7.3 ± 1.25 17.0 ± 2.58

Group 2 1.2 ± 0.02 4.4 ± 1.35 1.4 ± 0.53 50.3 ± 3.52 4.5 ± 0.69

Group 3 4.5 ± 0.85 12.6 ± 2.36 6.0 ± 1.66 7.0 ± 1.52 16.1 ± 2.01

Group 4 5.1 ± 0.63 13.3 ± 2.98 6.4 ± 1.36 7.0 ± 1.02 17.0 ± 2.65

Group 5 3.5 ± 0.45 7.7 ± 1.25 4.4 ± 0.69 24.4 ± 2.65 9.3 ± 1.24

Group 6 4.01 ± 0.87 10.7 ± 2.69 6.0 ± 0.69 14.0 ± 2.25 13.6 ± 2.58
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Table 4. Cont.

CAT (U/g) SOD (U/g) GRx (U/g) MDA (U/g) GPx (U/g)

Post hoc power analysis

Groups 1 vs. 2 100% 100% 100% 100% 100%

Groups 1 vs. 3 12.2% 1.1% 9.5% 8.4% 18.6%

Groups 1 vs. 4 50.4% 12.3% 1.1% 10.7% 1.1%

Groups 1 vs. 5 100% 100% 98.9% 100% 100%

Groups 1 vs. 6 77.1% 65.5% 13.3% 100% 95.0%

Groups 2 vs. 3 100% 100% 100% 100% 100%

Groups 2 vs. 4 100% 100% 100% 100% 100%

Groups 2 vs. 5 100% 100% 100% 100% 100%

Groups 2 vs. 6 100% 100% 100% 100% 100%

Groups 3 vs. 4 59.4% 10.6% 10.7% 1.1% 18.1%

Groups 3 vs. 5 98.1% 100% 93.2% 100% 100%

Groups 3 vs. 6 35.7% 53.8% 1.1% 100% 84.2%

Groups 4 vs. 5 100% 100% 99.9% 100% 100%

Groups 4 vs. 6 97.8% 71.2% 17.3% 100% 94.5%

Groups 5 vs. 6 50.7% 97.5% 100% 100% 100%
Data are presented in mean ± SD. Groups: Group 1: control group, Group 2: D-galactose, Group 3: Q, Group 4:
RUIII/Q, Group 5: DG + Q, Group 6: DG + RuIII/Q.

3.7.12. Histological Examination Testicular and Brain Tissues (Cerebral Cortex)

The histopathological examination of the testicular tissues is shown in Figure 13 and
Table S2 clarifies the histological activity index (HAI) based on the level of the testicular
microscopic lesions as the effect of DG and Q and/or RuIII/Q separately or in combination
and it is appearing that RuIII/Q improved greatly the testicular tissues and restoration of
most of testicular tissues after combination.

The histopathological sections of the brain tissues stained with H&E are shown in
Figure 14 and Table S3. It clarifies the index (HAI) of the histological sections based on
the brain tissues microscopic lesions degree as the effect of DG and Q and/or RuIII/Q
separately or in combination and it is appearing that RuIII/Q improved greatly the neural
tissues and restoration of most of testicular tissues after combination.

3.7.13. Semi Thin Sections of Testicular and Brain Tissues (Cerebral Cortex)

Semi thin sections of the testicular tissues (Figure 15) stained with toluidine blue stain.
Figure 15A control, normal appearance of testis tissues with normal spermatogenic stages
and cells with appearance of normal sperms. Figure 15B DG-treated rats highly showed
degree of damage appeared by disintegration of testicular tissues with appearance of fewer
sperm number. (C) Q treated group showed normal appearance of testicular section with
complete stages of spermatogenesis with moderate number of sperms. (D) RuIII/Q treated
group showing normal healthy appearance of testicular tissues with normal spermatogenic
tissues, with high number of mature sperms. (E) DG + Q treated group showing partial
restoration of testicular tissues with less spermatogenic arrest with moderate sized sper-
matogenic cells, and some appeared disintegrated parts with presence of myoid cells. (F)
DG + RuIII/Q treated group showing high restoration of testicular tissues with complete
spermatogenic cells and restoration of sperm numbers.
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Figure 13. Histopathological examination of the testicular tissues in (A) control groups of rat showing
normal seminiferous tubules with mature complete spermatogenic cells (Black arrow) with plenty of
sperms (***) (×400); (B1,B2,B3) cross section of rat testis treated with DG showing thinning of the
basement membrane with severe edema (Green arrow) with few sperms (Orange arrow) and in B3,
there was disintegration of spermatogenic cells with disappearance of sperms (Orange arrow) (×400);
(C) Q treated group showing normal seminiferous tubules with organized germinal epithelium
(Black arrow) with aggregations of sperms (***) (×400); (D) RuIII/Q treated group showing normal
appearance of germinal cells (Black arrow) as well as seminiferous tubules lined by several layers
of spermatogenic layers (Black arrow) up to sperm formation (***) surrounded by thin basement
membrane (×400); (E) DG and Q treated animals showing restoration of normal composition of
seminiferous tubules with mild sperm numbers (×400). (F1,F2,F3) DG and RuIII/Q treated animals
showing great restoration of testicular normal appearance with moderate to high sperm numbers (***)
with normal spermatogenic cells (Red arrow) and normal spermatogenic cells (Black star) (×400).
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treated group showing reduction in the area of congestion (**) with restoration of the normal neu-

rons with mild swelling (Black arrow) (×400). (F) DG + RuIII/Q treated group showing restoration of 

normal neurons and fibers (Black arrow) with still some swelling in the glial cells (**) but without 

congestion or necrotic areas in cells the neural (×400). 

3.7.13. Semi Thin Sections of Testicular and Brain Tissues (Cerebral Cortex) 

Semi thin sections of the testicular tissues (Figure 15) stained with toluidine blue 

stain. Figure 15A control, normal appearance of testis tissues with normal spermatogenic 

stages and cells with appearance of normal sperms. Figure 15B DG-treated rats highly 

showed degree of damage appeared by disintegration of testicular tissues with appear-

ance of fewer sperm number. (C) Q treated group showed normal appearance of testic-

ular section with complete stages of spermatogenesis with moderate number of sperms. 

(D) RuIII/Q treated group showing normal healthy appearance of testicular tissues with 

normal spermatogenic tissues, with high number of mature sperms. (E) DG + Q treated 

group showing partial restoration of testicular tissues with less spermatogenic arrest 

with moderate sized spermatogenic cells, and some appeared disintegrated parts with 

Figure 14. Histopathologicalsections of the brain stained with hematoxylin and eosin (A) control
groups showing normal neurons and glial cells (Black arrow) (×400); (B1,B2) DG treated group
showing large area of hemorrhage with high congested area (Green arrow) and appearance of
disorganized pyramidal cells (Red arrow) with small dark nuclei with granular cells showing
apoptotic nuclei. (**) (×400); (C,D) Q and RuIII/Q treated groups showing normal appearance of
brain tissues normal white matter, normal neurons and glial cells (Black arrow) (×400). (E) DG + Q
treated group showing reduction in the area of congestion (**) with restoration of the normal neurons
with mild swelling (Black arrow) (×400). (F) DG + RuIII/Q treated group showing restoration of
normal neurons and fibers (Black arrow) with still some swelling in the glial cells (**) but without
congestion or necrotic areas in cells the neural (×400).
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and glial fibers (E). DG + Q group showed that the brain tissues had reduced necrotic zone (**) 
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3.7.14. TEM Examination (Testicular and Brain Tissues) 

TEM sections of testicular tissues in (Figures 16 and 17A), Control group showing 

the normal appearance of spermatogonia (1ry and 2ry) with normal rounded nuclei (Nu) 
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Figure 15. Semi thin sections of the brain tissues stained with toluidine blue stain. (A) Control,
normal appearance of brain tissues with normal white matter (W) and neurons (N). (B) DG- treated
rats showed highly necrotic zone (NZ) and enlarged swollen glial fibers (EG) with vacuoles (V)
and some detached areas (Black star). (C) Q treated group showed normal appearance of brain
tissues with normal white matters (W) and small glial fibers (*). (D) RuIII/Q treated animals showed
normal appearance of brain tissues with normal white matters (W) and glial fibers (E). DG + Q group
showed that the brain tissues had reduced necrotic zone (**) and normal moderate sized glial fibers
(g). (F) DG + RuIII/Q group showed the brain tissues with nearly normal appearance and mostly
normal glial fibers and some swelled glial fibers with almost normal neural fibers.

Semi thin sections of the brain tissues stained with toluidine blue stain. (Figure 15A)
Control normal appearance of brain tissues with normal white matter (W) and neurons
(N). (Figure 15B) DG- treated rats showed highly necrotic zone (NZ) and enlarged
swollen glial fibers (EG) with vacuoles (V) and some detached areas. (Figure 15C) Q
treated group showed normal appearance of brain tissues with normal white matters
(W) and small glial fibers. (Figure 15D) RuIII/Q treated animals showed normal
appearance of brain tissues with normal white matters (W) and glial fibers (E). DG + Q
group showed that the brain tissues had reduced necrotic zone and normal moderate
sized glial fibers (g). (Figure 15E) DG + RuIII/Q group showed the brain tissues
with nearly normal appearance and mostly normal glial fibers (Figure 15F) and some
swelled glial fibers with almost normal neural fibers.

3.7.14. TEM Examination (Testicular and Brain Tissues)

TEM sections of testicular tissues in (Figures 16 and 17A), Control group showing
the normal appearance of spermatogonia (1ry and 2ry) with normal rounded nuclei
(Nu) with normal Leydig cells (L) and normal myoid cells and normal endoplasmic
reticulum (ER) are also noticed (5 µm). (Figures 16 and 17(B1,B2)) TEM section of
group treated with DG showing primary spermatocyte with irregular boundaries
nucleus (Nu) with pyknotic nuclei with small sized mitochondria (M) and in (B2)
there is distortion of the middle piece of the sperm with abnormal appearance (Green
arrow) (5 µm). (Figures 16 and 17C). TEM section of Q treated group showing normal
appearance of the completed stages of spermatogenesis with the appearance of the nor-
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mal euchromatin nucleus (Nu) with normal interstitial cells (IC) with Leydig cells (L)
(5 µm). (Figures 16 and 17(D1,D2)) RuIII/Q treated group showing normal appearance
of seminiferous tubules with normal appearance of nucleus (Nu) and normal sized
mitochondria (M) with normal sized lipid droplets (LD) and normal myoid cell (Black
star), (D2) showed normal sperm sheath (Orange arrow) with intact acrosomal cap
(Red arrow) (5 µm). (Figures 16 and 17E). TEM sections of DG + Q treated group show-
ing restoration of nuclear boundaries (Nu) with incomplete spermatogenic layers with
restoration of sperms (5 µm). (Figure 16(F2) and Figure 17(F1)). TEM section of DG
treated with novel complex of RuIII/Q showing restoration of normal composition of
seminiferous tubules with the appearance of the normal rounded nucleus (Nu) (Black
star) with normal appearance of myoid cells with complete stages of spermatogenic
cells (5 µm), (F2) showing normal sized sperm middle piece with complete tubules
(Orange arrow) (2 µm).

3.7.15. Comet Assay

The microscopic images of representative comets for the effect of DG, Q and RuIII/Q
on the percentage of DNA using the comet assay. Comet images of cells derived from
brain of rat of group (A) control group which showed intact nuclei and normal round
cell. (B) DG showed more damaged DNA with appearance of comet hallow (White head
arrow) (C) Q group showed intact DNA strands (D) RuIII/Q which showed more intact
appearance DNA strands (E) DG + Q which showed amelioration of the cells as recorded
less parameters in the tail length and % of damaged DNA and tail (White head arrow) (F)
DG + RuIII/Q showed more percent of intact cells with undamaged DNA and less numbers
of comet cell as shown in (Figures S8 and S9).

3.7.16. Mitochondrial Membrane Potential

The fluorescent detection of mitochondrial membrane potential revealed increased
improvement on brain tissue (Figures 18 and 19A,D,F). Treatment with either control,
RuIII/Q, and DG combined with RuIII/Q showed non-accumulation of ROS in the mito-
chondria as they recorded the following data (0.78, 0.8, and 1.35) (50.0 µm). The DG-treated
group showing high accumulation of reactive oxygen species in the mitochondria as ROS
accumulation is a hallmark of oxidative cell death (50.0 µm). (Figures 18 and 19E,F) treated
groups with DG in combination with either Q and/or RuIII/Q showing high amelioration
in mitochondrial potential with very low reactive oxygen species accumulation as they
recorded the following data (3.5 and 2.5) (50.0 µm).
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Figure 16. Transmission electron microscope of testis section showing in (A) Control group: normal 
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Figure 16. Transmission electron microscope of testis section showing in (A) Control group: normal appearance of
spermatogonia (1ry and 2ry) with normal rounded nuclei (Nu) with normalLeydig cells (L) and normal myoid cells and
normal endoplasmic reticulum (ER) are also noticed. (5 µm). (B1,B2) TEM section of group treated with DG showing
primary spermatocyte with irregular boundaries nucleus (Nu) with pyknotic nuclei with small sized mitochondria (M)
and in (B2) there is distortion of the middle piece of the sperm with abnormal appearance (Green arrow) (5 µm). (C) TEM
section of Q treated group showing normal appearance of completed stages of spermatogenesis with appearance of
normal euchromatin nucleus (Nu) with normal interstitial cells (IC) with Leydig cells (L) (5 µm). (D1,D2) RuIII/Q treated
group showing normal appearance of seminiferous tubules with normal appearance of nucleus (Nu) and normal sized
mitochondria (M) with normal sized lipid droplets (LD) and normal myoid cell (Black star), (D2) showed normal sperm
sheath (Orange arrow) with intact acrosomal cap (Red arrow) (5 µm). (E) TEM sections of DG + Q treated group showing
restoration of nuclear boundaries (Nu) with incomplete spermatogenic layers with restoration of sperms (5 µm). (F1,F2)
TEM section of DG treated with novel complex of RuIII/Q showing restoration of normal composition of seminiferous
tubules with appearance of normal rounded nucleus (Nu) (Black star) with normal appearance of myoid cells with complete
stages of spermatogenic cells (5 µm), (F2) showing normal sized sperm middle piece with complete tubules (Orange arrow)
(2 µm).
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Figure 17. Electron micrographs of a section in the cerebral cortex of: (A) control group: normal
appearance of white matter of the brain (W) and normal nucleus (Nu) with homogenous distribution
of the chromatin, normal size for mitochondria (M), well defined neurons (N) and appearance of
well-defined composition of Purkinje cells with well cytological compositions (PC)(Scale bar = 5 µm).
(B) (DG) group: showing cytoplasm of nerve cell with irregular nuclei (N) with irregular condensed
chromatin with irregular and discontinuous myelin sheath (curved arrow), condensed mitochondria
with partial loss of their cristae (Green arrow) with enlarged spaced endoplasmic reticulum (rER)
with markedly enlarged processes of astrocytes (Red ***) with karyolysed nuclei and apoptotic
appearance with irregular boundaries and convolution of the nuclear envelop with disintegration of
unclear chromatin (Yellow ***) with some unmylaniated neurons (Black arrow) (Scale bar = 5 µm).
(C) (Q) group showing normal appearance of brain tissues with mylinated neurons (Orange arrows),
with normal regular boundaries nucleus (Nu) with normal endoplasmic reticulum (ER) and moderate
sized mitochondria (M) (Scale bar = 5 µm). (D) (RuIII/Q) group showing normal appearance of brain
tissues with mylinated neurons (Orange arrows), with normal regular boundaries nucleus (Nu) with
normal endoplasmic reticulum (ER) and moderate sized mitochondria (M) (Scale bar = 5µm). (E) (DG
+ Q) treated group showing restoration regular boundaries of the nucleus (Nu) with restoration of
most of the mylinated neurons (Orange arrow) with still some swelling areas (Scale bar = 5 µm).
(F) (DG + RuIII/Q) treated group showing high restoration of the normal appearance of neural cells
that Q alone, with complete round regular nuclear boundaries (Nu), with normal sized mitochondria
(M) and normal sized neurons (Scale bar = 5 µm).
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Figure 18. The fluorescent detection of mitochondrial membrane potential showed high improve-

ment on the brain tissues treated groups (A,C,D,F) treated groups either control, RuIII/Q and DG 
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Figure 18. The fluorescent detection of mitochondrial membrane potential showed high improvement on the brain tissues
treated groups (A,C,D,F) treated groups either control, RuIII/Q and DG combined with RuIII/Q showing non-accumulation
of ROS in mitochondrial (50.0 µm). (B) DG treated group showing high accumulation of reactive oxygen species in the
mitochondria as known that ROS accumulation is a hallmark of oxidative cell death (50.0 µm). (E,F) treated groups with
DG in combination with either Q and/or RuIII/Q showing high amelioration in mitochondrial potential with very low
reactive oxygen species accumulation (50.0 µm).
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4. Discussion

Neurodegenerative diseases are the leading cause of disabilities in the elderly. Recent
evidence suggests that oxidative stress plays a vital role in inducing aging and polyphenols
act as antioxidant agents and reduce the risk of neurodegenerative diseases. Quercetin is
the most important flavonoid and consumed as part of a regular diet. It has many biological
properties related to its antioxidant activities.

Aging is a major factor in a number of chronic diseases, including Alzheimer’s disease
(AD). For decades, it was known that central nervous system disorders involve extensive
and progressive neuronal death leading to the induction of brain dysfunction [63].

Mitochondria are the major and vital intracellular sources of reactive oxygen species,
which play essential roles in neurological disorders related to age. Biomolecules triggered
as a result of excess ROS and increased oxidative stress disturb neuronal homeostasis, and
eventually lead to neuro-cellular death [64].

Chronic administration of DG in rats is used to induce artificial senescence to model
brain aging in animals and thereby evaluate the antiaging potential of pharmacological
agents. Studies indicate that chronic administration of DG hastens cognitive impairment in
animals. DG induces accumulative oxidative stress in the presence of galactose oxidase [63].

Every year approximately 9 million individuals are diagnosed with neurological dis-
eases like dementia, which is an indicator of brain aging. Aging in the brain is markedly
linked with the incidence of mitochondrial dysfunction, concurrent with decreased res-
piratory enzyme activity and ATP production; increased production of free radicals and
DNA mutations; and impaired mitochondrial composition [65]. To understand the series
of aging and reduce its deleterious effects on organs, an experimental model was used
to mimic brain senescence using chronic administration of DG for studying anti-aging.
therapeutic agents.

DG-induced brain aging not caused mitochondrial dysfunction, but also increased
oxidative stress injuries, apoptosis, and inflammation and decreased neurotrophic fac-
tors [65].

These defects lead to a decline in cognitive and neural abilities. Various therapeutic
approaches that act on mitochondria were assessed to measure their effectiveness in
reversing brain aging. All findings were consistent with our results that DG induced severe
oxidative injury by inducing structural alterations in brain and testicular tissues, as seen
in histological and ultrastructural sections; decreasing antioxidant enzymes (SOD, CAT,
GPx, and GRx); elevating MDA level, upregulating apoptotic factors; and increasing ROS
accumulation in the mitochondria. Chronic administration of DG induced mimic case of
aging, which is attributable to it being a reducing sugar [66]. When DG-rich food reaches
the intestinal lumen, it is transported by Na-glucose transporter type 1 (SGLT-1) into the
cellular lumen and then to the blood stream by glucose transporter type 2 (GLUT-2) [67].
Galactokinase and uridyl transferase metabolize DG into glucose, which either enters
glycolysis or is stored as glycogen in hepatic and muscular tissues [68]. The uptake of DG
through the blood brain barrier occurs through GLUT-1 [69]. The normal DG level in the
blood is >10 mg/dL [70]. For a healthy person, the maximum recommended daily dose of
DG is 50 g [71].

Treating rats with 100–500 mg/kg DG for approximately 2 months produces age-
related disease. Increased lipid peroxide levels and AGE formation, histopathological
alterations, and deterioration in neurocapacity were detected in DG-treated rats [6].

In this study, brain MDA levels increased in rats given DG. However, GPx and GRx
levels and SOD activity decreased following DG treatment as reported [72]. Additionally,
progressive accumulation of H2O2 led to decreased SOD activity. These findings indicate
that DG induces significant oxidative stress in both testicular and brain tissues as indicated
by elevated MDA levels and diminished activities of antioxidant enzymes.

Oversupply of DG can induce overproduction of reactive oxygen species, leading to
severe mitochondrial dysfunction, inflammation, and oxidative injury in neuronal cells [73];
these findings are consistent with our results. Thus, chronic injection of DG is an established
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experimental method for studying aging, which caused an increase in aging markers, like
“advanced glycation end products “and amyloid beta proteins. The previous finding
revealed an increase in amyloid beta levels in the blood of DG-treated animals with the
elevation of HCY, which are the main indicators of brain injury and Alzheimer’s disease.
In this study, the RuIII/Q showed a potent beneficial biological effect against cancer cell
activity, oxidative stress, inflammatory markers, and apoptotic series. The ruthenium
complex displays low toxicity, is easily absorbed, and is rapidly excreted by the body and
is one of the most promising antitumor drugs [74].

Thus, modulation of neurotransmitters may be a major factor in the impairment of
cognitive functions of DG-treated rats [75]. In this study, treatment with our novel complex
RuIII/Q increased low GABA levels and glutamate and 4-HNE activities in the brain of
DG + RuIII/Q-treated rats. To date, no study investigating the effect of the RuIII/Q complex
on GABA activity has been reported.

The mitochondrial apoptotic pathway plays a vital role in inducing brain aging in DG-
treated rats [76]. In this study, elevated proapoptotic “Bax” and decreased antiapoptotic
“Bcl-2” protein expression concurrent with elevated caspase-3 and -9 expression were
detected in DG-treated rats. Both Q and/or RuIII/Q treatments decreased both caspase-3
and -9 and Bax expression and elevated Bcl-2 expression in DG- induced rats treated with
either Q and/or RuIII/Q. These results indicated that both Q and/or RuIII/Q treatments
exert an antiapoptotic effect on the brain of DG-treated rats. Q and/or RuIII/Q also
ameliorated DG-induced histopathological changes in the brain and more amelioration
was recorded in DG rats treated with RuIII/Q complex. Our results indicated that RuIII/Q
may be effective in preventing the progressive development of oxidative stress, apoptosis,
and histopathological deterioration in the brain of DG-treated group.

The successive release of cytochrome-c (cyt c) stimulates the apoptotic protease cas-
cade and activates caspase-3 and thereby causing neuronal cell death [77], which is another
hallmark of neuronal apoptosis, and thus, induces neuroapoptosis and neurodegener-
ation [78]. Our findings are consistent in that we observed elevation of cyto c in the
DG-treated group and its decrease in the DG group treated with the RuIII/Q complex.

Accordingly, our results indicated that RuIII/Q novel complex treatment significantly
downregulated elevated protein expression of caspase-3 and -9 and Bax, whereas it signifi-
cantly upregulated the protein expression level of Bcl-2.

Moreover, we evaluated the mechanism by demonstrating that RuIII/Q prevented DG
induced hepatotoxicity in vitro in HepG2 cell, DG-induced activation of the cellular apop-
totic pathway was significantly reversed. Therefore, our findings indicate an additional
neuroprotective mechanism of RuIII/Q against DG-induced apoptosis via suppression of
the apoptotic pathway.

DG is recognized as an inducer of aging that can accelerate senescence in mice. Aging
induced by DG causes cognitive deficits and histopathological lesions [79].

Studies have shown that flavonoids can prevent oxidative injury in cells incubated
with H2O2. Perruchot et al. reported that flavonoids had positive effects on bovine
mammary cells in vitro by regulating cell viability and antioxidant response and
attenuated H2O2-induced ROS production [80].

Ma et al. [81] demonstrated that flavonoid alleviated oxidative stress caused by DG
induced ROS production and lipid peroxidation and enhanced the activity of endogenous
antioxidant enzymes in animals. In line with previous findings, our study revealed that
RuIII/Q protected HepG2 cells against H2O2 induced oxidative stress and exerted potent
anti-aging effects in the DG aging rat model. Thus, the protective effects of RuIII/Q against
oxidative stress induced by H2O2 and DG may be related to the antioxidant potency of Q
in addition to the novel anti-tumor activities of ruthenium metal.

During the past decades, remarkable efforts have been made to synthesize ruthenium-
based anticancer drugs [82]. Q is a bioflavonoid, which is present in most fruits and
vegetables, red wine, and green tea and has antioxidant activities. Q is considered a food
supplement and has potent physiological health effects. Q has antioxidant, anticancer,
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and immunoprotective activities along with its great effects on lowering high cholesterol,
diabetes, viral infections, cardiovascular diseases, and asthma [27].

Q possesses high and potent scavenging activity. Reactive oxygen species damage
cellular components and DNA processing, which may lead to epigenetic modulations [27].
Our findings provide evidence of the higher potential of the RuIII/Q complex than Q alone
in combating oxidative stress and elevating antioxidant capacities in testicular and brain
tissues and increasing apoptotic activities in HepG2 cells and seen by the results of the
MTT assay.

Q has the ability to fight against these harmful effects. Reactive oxygen species play
a vital role in the development of Alzheimer’s disease. Q would be the best choice in
regulating normal physiological functions [27]. The neuroprotective actions of Q are
mainly due to the potential up and downregulation of cytokines through the nuclear factor
(erythroid-derived like 2) (Nrf2) and protein kinase C signaling cascades and the PI3K
pathway [27]. In experimental models, brain damage was induced by blocking GABA
receptors and inhibiting chloride ion influx leading to the activation of neurons that may
reflect negatively on brain tissues. In this study, DG decreased GABA concentration in the
brain and RuIII/Q significantly ameliorated this effect, suggesting its antiaging effects.

Neuroinflammation plays a major role in neurodegenerative disorders, and thus, is an
important target for therapeutic intervention [83]. Compounds that may antagonize the
activation of microglia and decrease the release of cytokines would be more relevant. Our
novel complex of RuIII/Q can decrease the subsequent release of cytokines and may have
beneficial anti-inflammatory properties.

Quercetin has been shown to reduce lipopolysaccharide (LPS)-induced nitric oxide
release from a mouse neuroglia cell line; a similar effect on HEPG2-induced cytokines
was reported in the studied cell line. Additionally, Q also inhibits cytokine production by
astrocytes [84]. Cellular or molecular mechanisms for the anti-inflammatory effects of Q
are unknown, but a possible pathway may be related to the induction of PON2, which has
anti-inflammatory activity in addition to its antioxidant activity.

The equilibrium of oxidative stress between the triggering and degradation of ROS
in CNS is highly regulated [85]. Once the equilibrium is disturbed, oxidative stress is
generated and accompanied with neuronal damage. H2O2 has been extensively used as an
indicator of oxidative stress in in vitro models. Free radicals generated from H2O2 could
react with intracellular enzymes and essential membrane lipids causing apoptosis and
cellular death [86].

Cell viability is an indicator of the degree of cell injury. The results of the two indexes
used in this study [86] revealed that Q could protect cell viability. Additionally, different
concentrations presented different degrees of protection and the more Q was added, the
higher the cell became viable, which proved that Q protects PC12 cells against oxidative
injury. These finding are consistent with ours, which proved that the novel complex has
more potent antioxidant activities than Q alone and lowers oxidative stress and cytotoxicity.

MDA, the production of lipid peroxide caused by free radicals, could reflect the degree
of cellular injury. By contrast, SOD and GPx, which serve as the 1st and 2nd defense against
apoptosis and cellular death [21], are released in cells to alleviate oxidative damage. As
shown in the results, Q could elevate the sharply decreased levels of SOD and GPx by
H2O2, and decrease ROS levels, which indicated that Q and our novel complex RuIII/Q
can inhibit apoptosis and oxidative injury and that the protective effect was related to Q
and its metal complexity.

Oxidative stress is associated with neuronal apoptosis [87]. This study reported a
significant activation in mitochondrial apoptotic pathway, which confirmed the previous
investigation. The combination of oxidative injury and mitochondrial membrane dysfunc-
tion allows the release of cyto c and activation of the cascade of proteins responsible for
apoptosis. This is controlled by the upregulation of cyto c, caspase-3 and -9, and Bax and the
downregulation of anti-apoptotic protein BCL2 in the brain of DG-treated rats. An increase
in P53 levels in brain tissues of DG-treated rats, which could participate in the activation of
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both caspase-3 and -9, has also been reported. The increase in P53 is an indication of DNA
damage and mediates caspase activation probably through the apoptosis induced factor
(AIF). AIF is found in the mitochondrial interspace and released from the mitochondria in
response to apoptotic signals, such as excess ROS generation [88]. Once AIF is released, it
activates caspase-9 to translocate to the nucleus and induce DNA degradation [89]. Thus,
RuIII/Q could act as an inhibitor of the caspase series and protect against release of AIF
due to its antioxidant capacities.

Oxidative stress leads to either early or late phases of apoptosis, which are all charac-
terized by the shedding of phosphatidylserine to the outer membrane of neural cells [89]. In
this study, application of RuIII/Q ameliorated oxidative stress and significantly decreased
early or late apoptosis in the brain of DG rats. This suggests that RuIII/Q could protect
membranes of neural cells by preventing phospholipid peroxidation induced by O- radicals.
Our data demonstrated that Q/Ru prevented increase of IL-6 and TNF-α more efficiently
than Q alone, which might lead to a decrease in aging series in DG-treated rats. These
observations agree with previous findings on the effect of Q, which effectively decreased
inflammatory cytokines in rats with brain injury [27]. Cytotoxicity of the complex of
Ru against HepG-2, A549, and HeLa cells were evaluated in vitro. The Ru(II) complex
exhibited moderate activity on cell proliferation [74], contrary to our results the novel
synthesized RuIII/Q complex induced high activity on cellular proliferation. Oxidative
injury is an imbalance between the production of reactive oxygen species and antioxidant
defense mechanisms of the biological system and all trials are undertaken to find potent
antioxidant to repair this damage [90].

Reactive oxygen species, referred to as the generation of the free radicals, causes
a redox imbalance by considerably damaging all cellular components, including DNA.
Oxidative injury is involved in the incidence of most of human diseases, such as neurode-
generation and diabetes, and aging [91].

Reactive oxygen species mainly affect neurotransmitters present in the brain. Addi-
tionally, the brain represents an essential oxidative stress source, as metabolism in the brain
acts as a “factory” of reactive oxygen species, which attack the neurons, and thus, to the
incidence of neuronal damage and severe oxidative damage [92]. This finding confirmed
the damaging series induced by DG in male rats and proved the ameliorative role of the
novel complex (RuIII/Q) in alleviating the damaging effects of aging. Antioxidants are vital
potent compounds that can capture free radicals either by inclusion of cellular antioxidant
enzymes, such as Cu-ZnSOD and GPx, or non-enzymatically. Q is a potent flavonoid
present in many foods and vegetables, including berries, peanuts, onion, apples, and
broccoli. In food, quercetin is deglycosylated to quercetin aglycone before it is absorbed
by the intestine [93]. Q is acts as an antioxidant in preventing oxidative injury and is a
more active antioxidant compared with other antioxidants, because Q is an outcome of two
antioxidant pharmacophores and the Q configuration is optimal for scavenging free radi-
cals [25]. Additionally, Q protects against hepatic damage by inhibiting the overexpression
of the NO synthase [94] in HepG2 cells.

Nrf2 plays important roles in the control of cellular oxidant balance and mitochon-
drial potential function, probably because Nrf2 is the master regulator of the antioxidant
response [95]. Saw et al. [96] studied the effect of Q, which is abundant in berries, in
cancer prevention. Results from the DPPH assay confirmed that Q has high free radi-
cal scavenging potential. Treatment with Q inhibited cellular growth and elevated Nrf2
expression. Additionally, analysis of Nrf2 levels on RT-PCR demonstrated that Nrf2 is
transcriptionally active, thereby proving the effectiveness of the novel RuIII/Q complex as
a potent anti-inflammatory agent, more than Q alone.

Ramyaa et al. [97] reported the cytoprotective effects of Q against ochratoxin-A,
which induces oxidative damage. OTA-induced generation of reactive oxygen species and
activation of NF-κB greatly affect HepG2 cells pretreated with Q with high calcium release.
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Q-induced translocation of “Nrf-2” into the nucleus upon oxidative injury and its
following expression and these finding are consistent with our results. Alzheimer’s disease
is a chronic neurodegenerative disease that progresses with age.

Pathological studies on Alzheimer’s disease have revealed extracellular aggregation
of senile plaques (SPs) and lesions in cholinergic neuron [98]. In the cholinergic system,
numerous neurotransmitters function in learning and memory.

Additionally, “amyloid-β peptide” aggregation is considered the main cause of neu-
rodegeneration and neurodiseases [99]. Other pathological mechanisms are demonstrated
in relation to Alzheimer’s diseases, such as the impairment of neural circulation and
angiopathy of cerebral amyloid. Thus, these pathological anomalies are considered to
cause Alzheimer’s disease as vital and essential targeting drug towards neurological alter-
ations [100]. Mounting evidence suggests that dietary and nutrient control can minimize
the rising of neurological disease, especially Alzheimer’s disease, and these finding proved
our results that indicated aggregation of Aβ in the DG-treated group with histopathological
and ultrastructural alterations in the brain tissues and elevation of brain damage markers
in DG-treated group and its reduction in DG combined treatment with RuIII/Q. There is
a growing evidence which confirms that DG induces oxidative injury, especially in the
mitochondria, of brain tissues [101]. When there is an increase in the concentration of DG,
it is oxidized by galactose oxidase to form “H2O2,” leading to a decrease in (SOD) [102].
Increased “H2O2” reacts with a reduced form of “Fe” to form “OH−”. H2O2 and OH− are
types of reactive O− that cause lipid peroxidation in cell membranes and impair redox
homeostasis, which eventually leads to the incidence of oxidative damage [102]. Thus,
oxidative stress is induced by DG on testicular tissues, reduces sperm numbers and RuIII/Q
alleviates this oxidative stress.

Additionally, DG reacts with some amines and forms an unstable compound known
as “Schiff’s base products”, which undergoes several reactions to form a more stable com-
pound known as “Amadori product”, which in turn converts irreversibly into advanced
glycation end product (AGE) [102]. In this study, AGE was shown to cause severe damage
induced by DG on several tissues. The results of our study indicated that RuIII/Q has a
protective effect against DG neurotoxicity, testicular toxicity, and hepatotoxicity in male
rats by alleviating lipid peroxidation, increasing the activity of antioxidant enzymes, and
alleviating inflammatory responses.

5. Conclusions

In conclusion, results from this study provided clear evidence that support the potent
ameliorative effects of RuIII/Q against neuroinflammation, testicular oxidative injury, and
HepG2 cytotoxicity. The results demonstrate that DG induced severe neuroinflamma-
tion with appearance of irregular and discontinuous myelinated sheath and large area
of hemorrhage, testicular damage with appearance of pyknotic nuclei and reduction in
speramtogenc layers, more Geneotoxicity with large tail length in the commet assay and
more viable HepG2.The novel RuIII/Q complex alleviated oxidative injury and cytotoxicity
induced by DG. The modifications induced by DG-mediated neuroinflammation represent
the imbalance that contributes to energy metabolism and immune response in neurode-
generative diseases. Mitochondrial membrane potential is an early marker of cellular
apoptosis. The RuIII/Q complex exhibited multiple therapeutic benefits, such as reducing
oxidative stress; reducing HepG2 cell viability; significantly inhibiting the expression of
mTOR, PI3K, RALA, and c-MET signaling pathway genes; upregulating Nrf2, Cu-ZnSOD,
CAT, and GPx expression in testicular tissue and brain homogenates; alleviating testicular
and brain toxicity, as seen by the more intact appearance of DNA strands and suppressing
neuroinflammation in the DG group. Treatment of the DG group with Q elicited restora-
tion of damaged mylinated neurons in the brain tissues but with some swelling, induced
less DNA damage with less tail length and restoration of large percent of spermatogenic
layers with moderate expression of cellular apoptosis markers, whereas the treatment of
DG group with RuIII/Q elicited more improvement in both brain and testicular tissues,
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more improvement and restoration of mylinated neurons, complete spermatogenic layers,
undamaged DNA and more inhibition of markers of cellular apoptosis. These findings sug-
gested potent therapeutic activities of RuIII/Q for treating oxidative injury-related diseases
through the mitochondrial pathway and showed remarkable effectiveness in improving
redox states of the brain and testis, inhibiting apoptosis, and down regulating cytokines
in addition to its hepatic anticancer activities, without eliciting any side effects associated
with standard therapies. Our data were proven by histological and electron microscopy
examination of both brain and testicular tissues.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11040367/s1, Table S1: HepG2 cell viability after treatment with serial concentrations of
RuIII/Q, Q, and D-galactose; Table S2: Histological activity index (HAI) was assessed based on the
degree of microscopic lesions in testis tissues as the effect of DG and Q and/or RuIII/Q separately
or in combination; Table S3: Histological activity index (HAI) was assessed based on the degree
of microscopic lesions in brain tissues as the effect of DG and Q and/or RuIII/Q separately or in
combination. Figure S4: HepG2 cell viability after treatment with serial concentrations of RuIII/Q, Q,
and DG; Figure S5: Apoptotic effect (FITC-Annexin V) in control and treatment with RuIII/Q, Q and
DG of HepG2 cells. Upper left quadrant shows necrosis (cell debris), upper right quadrant shows
late apoptotic cells. Viable cells are detected in the lower left quadrant and early apoptosis is detected
in the lower right quadrant. Mean ± S.D. for three independent tests. Figure S6: Representative flow
cytometric histogram on percentage of P53 and Bax expression in HepG2 cells; Figure S7. Effect of
DG, Q and RuIII/Q alone or either combined on HCY, Amyloid Beta and GABA levels; Figure S8: The
microscopic images of representative comets for the effect of DG, Q and RuIII/Q on the percentage of
DNA using the comet assay. Comet images of cells derived from the brain of rat of group (A) control
group which showed intact nuclei and normal round cell. (B) DG showed more damaged DNA
with appearance of comet hallow (White head arrow) (C) Q group showed intact DNA strands (D)
RuIII/Q which showed more intact appearance DNA strands (E) DG + Q which showed amelioration
of the cells as recorded less parameters in the tail length and % of damaged DNA and tail (White
head arrow) (F) DG+RuIII/Q showed more percent of intact cells with undamaged DNA and less
numbers of comet cell; and Figure S9: The effect of DG, Q and RuIII/Q on the percentage of DNA
Damage by using the comet assay.
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