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Abstract

The novel mixed-ligand complexes derived from the parent antidepressant phenothiazine drug triflupromazine (TFP) were
synthesized along with the secondary ligands glycine and histidine. [Cu(TFP)(Gly)CIl]-2H,O (1) and [Cu(TFP)(His)
Cl]-2H,0 (2) were examined for their in vitro biological properties. Cyclic voltammetry was used to study the binding of
both complexes to CT-DNA. The two complexes were examined for antiviral, antiparasite, and anti-inflammatory
applications. An in vitro cytotoxicity study on two different cancer cell lines, MCF-7, HepG2, and a normal cell line, HSF,
shows promising selective cytotoxicity for cancer cells. An investigation of the cell cycle and apoptosis rates was evaluated
by flow cytometry with Annexin V-FITC/Propidium Iodide (PI) staining of the treated cells. Gene expression and western
blotting were carried out to determine the expression levels of the pro-apoptotic markers and the anti-apoptotic marker Bcl2.
The tested complexes decreased cell viability and triggered apoptosis in human tumor cell lines. Molecular docking was also
used to simulate Bcl2 inhibition. Finally, complex (2) has potent antitumor effects on human tumor cells, especially against
HepG2 cells, as seen in the cellular drug uptake assay. Consequently, complex (2) may prove useful against cancer,
especially liver cancer. For further understanding, it needs to be explored in vivo.
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Introduction

Cancer, the most lethal disease, poses a significant challenge in
the medical field. Researchers have yet to find appropriate
drugs to combat its rapid spread. Consequently, there is an
urgent requirement for the development of effective medica-
tion to treat cancer [1]. Pharmaceutical research related to
anticancer drugs is currently rapidly developing [2]. Even
though most of the compounds used in medicine are organic
or derived from natural products, the discovery of the anti-
tumor properties of Cisplatin led to several studies investi-
gating the potential anticancer effects of other metal
compounds [3]. Rosenberg’s discovery of Cisplatin in 1965 as
a potent anticancer agent and subsequent approval for clinical
use have sparked interest in developing successive generations
of platinum-based medicines, including carboplatin and oxa-
liplatin [4, 5]. Although Cisplatin has clinical applications, its
significant side effects, low solubility, lack of selectivity, high
in vitro toxicity to normal cells, and increased drug resistance
limit its use [1, 6].

Since coordination metal complexes are highly useful in
cancer chemotherapy, finding new compounds with antitumor
activity has become increasingly critical. Anticancer drugs
induce intentional cell death, also known as cell apoptosis, by
activating intracellular death programs. Additionally, these
treatments can also cause accidental cell death, known as cell
necrosis, as a result of stress or nutrient deprivation. Cell
necrosis initiates with cellular edema, resulting in plasma and
organelle membrane rupture and inflammation [7, 8]. One
strategy is to study coordination compounds containing
essential transition metals as central atoms to find compounds
with fewer side effects and a broader spectrum of action than
cisplatin [6]. Transition metal complexes have recently been
extensively studied for their potential health benefits and
biological applications [9].

Cu (I) is essential in biological systems, including normal
human metabolism, and is a pharmacological agent found in
various enzymes [10, 11]. In addition, synthetic Cu (II)
complexes have been reported to have anticancer properties.
Numerous Cu (II) complexes have been active both in vitro
and in vivo [12, 13]. Depending on the choice of ligand, Cu
() complexes may exhibit different properties and be used in
different ways [14]. In particular, Cu (II) complexes derived
from amino acids are highly valuable not only from an inor-
ganic perspective but also from a biological perspective [15].
According to Grosser, amino acids have antioxidant properties
[16]. In proteins and enzymes, amino acid residues are bound
to metal centers within active sites.

Several studies have demonstrated that phenothiazines
exhibit specific cytotoxicity and antiproliferative properties and
promote apoptosis in cancer cells at clinically relevant doses
without having adverse effects on normal cells [17]. According
to several studies, phenothiazines are cytostatic rather than
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cytotoxic [18]. They also exhibit antibacterial, antifungal,
antiviral, anti-inflammatory, and antiparasite activity [19].
Recent studies have demonstrated that the activity of phe-
nothiazines can be enhanced by complexing them with metal
ions [19]. Triflupromazine (TFP) is a member of the phe-
nothiazine family that acts on the central nervous system. It is
primarily used to treat schizophrenia and psychosis. TFP’s
antipsychotic effects are due to dopamine receptor blocking
[20]. The cancer risk for patients with schizophrenia is lower
(1.93%) than that for patients without schizophrenia (2.97%)
[21]. Furthermore, people with certain CNS disorders have
been reported to have inverse cancer comorbidities, and phar-
macological treatments may be responsible for this phenom-
enon [22]. Triflupromazine, like other phenothiazine
derivatives, exerts anti-calmodulin activity, inhibits kinase C,
and inhibits P-glycoprotein transport function, supporting its
use as a cancer chemopreventive agent [23].

With the above in mind, in our current study, mixed
ligand Cu (II) complexes containing triflupromazine (TFP)
as a primary ligand as well as glycine (Gly) and histidine
(His) as secondary ligands with the formulas [Cu(TFP)(Gly)
Cl]*2H,0 (1) as well as [Cu(TFP)(His)Cl]*2H,0 (2) were
prepared, characterized, and tested to identify several bio-
logical activities. Combining Cu (II) with these biologically
active ligands can enhance complex activities in cancer
treatment, viral treatment, and other biological applications.

Based on our previous finding [24], the observed pharma-
cological properties of these complexes support continuing the
study of their biological applications, such as antiviral activity
against three different types of viruses: low-pathogenic Cor-
onavirus 229E, Herpes Simplex type-2 virus (HSV-2), Vesi-
cular Stomatitis Virus (VSV), antiparasite drugs against
Trichinella spiralis adult worm, anti-inflammatory activities
and antitumor properties towards breast cancer cells (MCF-7),
liver cancer cells (HepG2), and human skin fibroblast normal
cells (HSF). The impacts of complexes on wound healing, the
cell cycle, and cell apoptosis are examined.

Gene expression was also studied using RT-PCR tech-
nology on pro- and anti-apoptotic genes, in addition to
evaluating the level of their corresponding proteins using
western blot techniques. A molecular modeling technique
was performed to demonstrate the tested complexes’ capa-
city to interact with and inhibit the Bcl2 protein. Cyclic
voltammetry experiments were also applied to examine
their binding ability to CT-DNA.

Materials and Methods
Cyclic Voltammetry

Electrochemical analyses were performed at room temperature
using a 10.00 mL electrolytic cell containing a supporting
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electrolyte solution buffer consisting of 5.00 mM Tris-HCI and
50.00 mM NaCl at a pH of 7.10. Before each experiment, the
platinum electrode’s surface was cleaned in water and freshly
polished with 0.05 mm o-Al,O; paste. After each electro-
chemical test, the working electrode was cleaned. Without CT-
DNA, the voltammogram of 10.00 mL of the complex solu-
tion [complex] =20.00mM was measured. Similarly, the
procedure was performed again for systems with constant
concentrations of complexes ([complex]=20.00mM) and
various concentrations of CT-DNA ([CT-DNA]=60.00,
80.00, 100.00, and 120.00 uM).

Antiviral Activity

Low-pathogenic Coronavirus 229E, Herpes Simplex type-2
virus (HSV-2), Vesicular Stomatitis Virus (VSV), and Vero
E6 cells were provided by Nawah-Scientific, Egypt. An
antibiotic solution of 1% was added to the DMEM medium
containing 10% fetal bovine serum (FBS); Vero E6 cells
were seeded. Gibco-BRL (Grand Island, New York, United
states) supplied DMEM, trypsin-EDTA, BSA, and anti-
biotic solutions. Antiviral and cytotoxic properties were
evaluated using the crystal violet method. This was used to
demonstrate the inhibitory effects of cytopathic (CPE)
complexes [25, 26]. Vero E6 cells were plated with
2.00 x 10* cells per 96-well plate prior to infection. PBS
was used to remove the growth media from the cells the
next day. For testing the infectivity of 229E, HSV-2, and
VSV, the crystal violet technique was applied, which
measures cell viability percentages and measures CPE. In
mammalian cells, 0.10 mL of diluted viral suspensions of
229E, HSV-2, and VSV with CCID50 (1.00 x 10%) of virus
stock were used. The recommended dosage was selected
after 2 days of infection to induce the required CPEs. Cells
were incubated in 0.01 mL of medium that contained the
appropriate complex concentration. Antiviral activity was
tested on each sample at 10-fold diluted concentrations
(0.10-1000.00 uM). Cell controls are un-infected, non-
drug-treated cells, and viral controls are virus-infected, non-
drug-treated cells. Growth plates were incubated at 37 °C in
5% CO, for 3 days. The light microscope was applied to
investigate cytopathic effects. For fixing and dyeing the thin
cell layers, 2% ethanol and 10% formalin were added to a
solution of 0.03% crystal violet. They were washed in PBS.
Following rinsing and drying, the optical density (OD) was
measured at 570/630 nm. Based on Pauwels et al., the for-
mula below is used to determine the percentage of antiviral
efficacy in test samples:

(mean OD of cell controls — mean OD of virus controls)

x 100%
(OD of test samples — mean OD of virus controls) ?

(1)

Antiviral efficacy =

The 50% inhibitory dosage (ICsy) of CPE was deter-
mined using the GraphPad PRISM software. ICsq is the
inhibitory concentration required to prevent 50% of viral
infections [27]. CCs(/ICsy was calculated to obtain the
selectivity index (SI) [28]. This index, often known as a
therapeutic index, was used to decide if a drug was worthy
of further investigation. Active compounds have a SI>2,
while extremely active compounds have a SI> 10 [29].

Before this essay, we assessed cytotoxicity to see how
the complexes affect the viability of Vero 6E cells. At a
density of 2.00 x 10%, cells were plated in 96-well plates. An
additional day later, the cells were exposed to serial dilu-
tions of complexes (0.10-1000.00 uM) for 48 h before
being eliminated. PBS was utilized as a washing solution
for the cells. The antiviral efficacy assay was performed
similarly to that described above.

In Vitro Antitrichinellosis Activity

Adult Trichinella spiralis worms were collected from the
Theodor Bilharz Research Institute (TBRI). T. spiralis (the
number of parasites per well ranging from 20.00 to 25.00)
was grown on a 24-well plate using RPMI-1640 medium
containing 200.00 pg/mL streptomycin and 200.00 pg/mL
penicillin with 20% FBS. In this study, four groups were
formed: group I: parasites grown only in a medium; group
II: parasites grown in a medium containing three con-
centrations (30.00, 50.00, and 100.00 pg/mL) of complex
(1) that was dissolved in dimethyl sulfoxide (DMSO);
group III: parasites grown in a medium with three con-
centrations (30.00, 50.00, and 100.00 ug/mL) of complex
(2) solubilized in DMSO [30]; and group IV: parasites
grown in a medium containing 50.00 ug/mL albendazole
dissolved in DMSO [31]. For each group, three wells were
used, and the plate was incubated for 48 h at 37 °C with 5%
CO;; then, the whole adult worm groups were gathered for
examination under the microscope.

Scanning electron microscopy (SEM)

Abou Rayia et al. described the procedure for processing
adult worms after 48 h [32]. The worms were incubated
overnight at 4 °C in a fixation solution containing 2.5%
glutaraldehyde buffered with 0.10 M sodium cacodylate at
pH 7.20. After 5 min of washing in 0.10 M sodium caco-
dylate buffer at pH 7.20, specimens were post-fixed in 2%
osmium tetroxide for 1h. Ethyl alcohol was used in
increasing concentrations to dry the samples before placing
them on carbon-coated adhesive material. The samples were
then subsequently examined by a JEOL JSM-6510LV
scanning electron microscope (SEM), Japan [33].
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Red Blood Cell Membrane Stabilization Activity
(Anti-inflammatory Studies)

A UV-vis spectrophotometer (BMG LABTECH, Offen-
burg, Germany) was used in measuring the anti-
inflammatory effects of complexes (1) and (2) three times
for each complex.

Preparation of erythrocyte suspension

According to Anosike et al., an erythrocyte suspension was
prepared [34]. Healthy fresh blood samples (3.00 mL) were
drawn in tubes with heparin and centrifuged at 3000 rpm for
10 min (the blood sample used in the current study was
acquired from a volunteer). A saline solution was added to
the red blood pellets in an amount equivalent to the
supernatant. Dissolved red blood pellets were determined
and prepared in an isotonic buffer (10.00 mM sodium
phosphate buffer, pH 7.30). In 11 of distilled water, the
buffer solution contained 0.20g of NaH,PO,4, 1.15g of
Na,HPOy, and 9.00 g of NaCl. The sample was composed
of blood cells (resuspended supernatant).

Hypotonicity induced hemolysis

This test used pure distilled water (hypotonic solution) to
dissolve the samples. Several concentrations of samples
(100.00, 200.00, 400.00, 600.00, 800.00, and 1000.00 pg/
mL) were added to a hypotonic solution (5.00 mL) and
placed in duplicate pairs of centrifuge tubes. In addition,
duplicate pairs of centrifuge tubes (per dosage) were filled
with an isotonic solution (5.00 mL) containing different
concentrations of samples (100.00—1000.00 pg/mL). Each
control tube contained 5.00 mL of 200.00 ug/mL of diclo-
fenac and 5.00 mL of vehicle (distilled water). In each tube,
0.10 mL of erythrocyte suspension was added, which was
thoroughly mixed. The samples were centrifuged at 1300 g
for 3 min after incubation for 1h at 37 °C. At 540 nm, the
absorbance (OD) of the resultant supernatant’s hemoglobin
concentration was determined. The hemolysis percentage
was calculated by assuming hemolysis occurred at 100% in
distilled water. The following Equation determines the
mixture’s percent hemolysis inhibition [34] (2):

OD2 — OD1

%Hemolysisinhibition = 1 — <m

> x 100 (2)

Assuming that OD1 is the tested complex’s absorbance
in an isotonic solution

OD?2 is the tested complex’s absorbance in a hypotonic
solution.

OD3 is the absorbance of the reference drug in a hypo-
tonic solution.
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The blood control drug used was diclofenac, which
represents 100% lysis.

Cell Cultures

Nawah Scientific Inc., (Mokatam, Cairo, Egypt), provided
the cell lines (MCF-7) breast cancer cell, (HepG2) liver
cancer cell, and (HSF) human skin fibroblast. At 37 °C,
cells were cultured in DMEM in an atmosphere of 5% (v/v)
CO,, supplied with 100.00 units/mL penicillin, 100.00 mg/
mL  streptomycin, and 10% heat-inactivated fetal
bovine serum.

Anticancer activity (cytotoxicity assay)

The sulphorhodamine-B (SRB) method was applied to
study the cytotoxicity potential of the synthesized com-
plexes. In a 96-well plate, HSF, MCF-7, and HepG2 cells
were grown for 24 h prior to exposure to the tested samples
to promote cell attachment. Various concentrations of the
complexes under test (100.00, 10.00, 1.00, 0.10, and
0.01 pg/mL) were applied to the cell monolayer. Triplicate
wells were used for each dose. In a 5% CO, atmosphere,
cells were incubated at 37 °C with the tested samples for
72 h. Following 72 h, the cells were fixed, rinsed, and dyed
with sulphorhodamine-B (SRB). Acetic acid was utilized to
remove the excess stain, and Tris-EDTA buffer was used to
recover the attached stain. Finally, a microplate reader
(BMGLABTECH®FLUOstar Omega, Germany) was uti-
lized to measure absorbance at 540 nm. To determine the
IC5q values, a graph plotting the percentage of cell inhibi-
tion against the concentration was used [35].

Cellular drug uptake

MCEF-7 and HepG?2 cells were seeded in 6-well plates. Upon
reaching 80% confluence, the ICs( values of complex (2) on
MCEF-7 and HepG2 were 40.25 and 35.36 pg/mL, respec-
tively. Ice-cold PBS was applied to thoroughly rinse the
cells more than two times after 72h of incubation with
complex (2). A centrifuge was used for 10 min at 1000 g to
resuspend the cells in 1.00mL of PBS. 100.00 uL was
measured to determine cell density. The rest of the cells
were dissolved in 0.50 mL of lysis buffer. They were vor-
texed for 5 min to dissolve. In the HPLC system, 50.00 uL
of the sample was injected [36].

Wound healing assay
For the scratch wound experiment, cancer cells (MCF-7)

and (HepG2) were plated onto a coated 12-well plate at a
density of 2.00 x 10° in 5% CO, and 5% FBS-DMEM for
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24 h at 37 °C. On the following day, the confluent mono-
layer was scratched horizontally. After thoroughly rinsing
the plate in PBS, the control wells were refilled with freshly
formulated medium. The tested Cu (II) complexes were
treated with fresh medium. An inverted microscope was
used to capture images at specific intervals. At each time
point, the plate was incubated with 5% CO, at 37 °C. The
captured images were examined using MII ImageView
software version 3.7 [37].

Cell cycle analysis

The synthesized Cu (II) complexes are treated for the spe-
cified period, and then cells (105 cells) are isolated by
trypsinization and rinsed two times using ice-cold PBS (pH
7.30). Fixation is achieved by resuspending the cells for 1 h
at 4 °C in 2.00 mL of 60% ethanol. Upon rinsing two times
in PBS (pH 7.30), the cells are suspended in 1.00 mL of
PBS supplemented with RNAase A (50.00 ug/mL) in
addition to propidium iodide (PI) (10.00 ug/mL). An ACEA
Novocyte™ flow cytometer (ACEA Biosciences Inc., San
Diego, California, United States) ACEA Biosciences, Inc.,
San Diego, California, United States) is used to determine
DNA content after incubating the cells in the dark for
20 min at 37 °C. There are 12,000 events recorded for each
complex. This test utilizes ACEA NovoExpress™ software
(ACEA Biosciences Inc., San Diego, California, United
States) to determine cell cycle progression [38].

Cell apoptosis analysis

Annexin V-FITC apoptosis detection kits (Abcam Inc.,
Cambridge Science Park, Cambridge, UK) and two fluor-
escent flow cytometry channels were used to examine apop-
totic cell populations. After exposure to Cu (II) complexes (1)
and (2) for 72h, cells (10° cells) are trypsinized and rinsed
twice using PBS (pH 7.40). Afterward, cells are exposed to
0.50 mL of Annexin V-FITC/PI reagent at room temperature
for 30 min without light. ACEA Novocyte™ flow cytometers
(ACEA Biosciences Inc., San Diego, California, United
States) were used to assess stained cells for FITC and PI
fluorescence (Aex/em 488/530 nm and 535/617 nm, respec-
tively). The total number of events examined for each com-
plex is 12,000; PI and/or FITC-positive cells are determined
using the software ACEA NovoExpress™ (ACEA Bios-
ciences Inc., San Diego, California, United States) [39].

Gene expression

MCF-7, HepG2, and HSF cells were exposed to Cu (II)
complexes (1) and (2), in which the SRB assay identified
the cytotoxicity potentials. Cells were exposed to complex
(1) and complex (2) and incubated for different time

intervals: 24, 48, and 72 h. RNA was then isolated by the
Purelink” RNA Mini Kit (Ambion’, Inc., US). RNA sam-
ples were tested for concentration and purity with a Nano-
Drop spectrophotometer. The RevertAid First Strand cDNA
Synthesis Kit from Thermo Fisher Scientific, United States,
was applied to convert 1.00 mg of total RNA into cDNA.
p53, BAX, Caspase 3, and Bcl2 expression levels were
assessed. fB-actin was used as a housekeeping gene. (p53
primer: F-5’AGCGAGCACTGCCCAACA3’, R-5’CACGC
CCACGGATCTGAA3'; BAX primer: F-5ATGCGTC-
CACCAAGAAGC3, R-5ACGGCGGCAATCATCCTC
3/, Caspase 3 primer: F-5’TTCATTATTCAGGCCTGCC-
GAGG3’, R-5TTCTGACAGGCCATGTCATCCTCA3/;
Bcl2 primer: F-5"GTGTGGAGAGCGTCAACC3/, R-5'CT
TCAGAGACAGCCAGGAG3’ and p-actin primer: F-5'
TCTGGCACCACACCTTCTACAATG3Y, R-5’AGCA-
CAGCCTGGATAGCAACG?3). Real-time PCR was con-
ducted on cDNA utilizing GeneSure™SYBR Green/ROX
gPCR Master Mix (2x) (Genetix Biotech Asia Pvt. Ltd.).
The comparative threshold (Ct) approach was utilized to
assess the quantitative RT-PCR data and compare the fold
inductions of the treated and untreated samples [40].

Western blot analysis

Western blotting is a technique used to find specific
proteins in a sample. This technique is known as protein
immunoblotting since it uses antibodies to detect anti-
gens. Based on the location and intensity of the bands
that appear, it is possible to identify the exact expression
pattern of the target proteins within the cells [41]. A
density of 5.00 x 10° cells was plated in each well. The
respective ICsy concentrations of both Cu (II) complexes
were applied for 72h to MCF-7 and HepG2 cells. After
trypsinization, the cells were gathered and rinsed two
times using PBS. A 1% cocktail (Sigma-Aldrich, United
States) of RIPA buffer (Beyotime Biotech., Nantong,
China) lysed the cells. The protein content of the super-
natant was measured using the Flash Multimode Var-
ioskan instrument (Thermo Fischer Scientific Inc.) and
Bradford reagent (Bio-Rad, USA) after centrifugation at
12,000 rpm for 10min at 4 °C. Separation of protein
(40 pg per lane) was performed on 12% SDS-PAGE and
moved to a Hybond™ nylon membrane (GE Healthcare)
using the TE62 Standard Transfer Tank with Cooling
Chamber (Hoefer Inc., Germany). A tris-buffered saline
solution containing 0.10% Tween 20 (TBST) with 5%
blocking powder (Santa Cruz) was used to block the
membrane for 2h at room temperature. Following a
TBST rinse for 5Smin, the primary antibody (Abcam,
Cambridge, UK) was applied and overnight incubated.
The membrane was then exposed for 1h at room tem-
perature to the corresponding horseradish peroxidase

@ Springer
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Fig. 1 a, b Cyclic voltammograms of Cu (II) complexes (1) and (2), respectively, without and with CT-DNA in Tris-HCl buffer.
[Complex] =20.00 mM (i); from ii to v, [CT-DNA] = 60.00, 80.00, 100.00, and 120.00 uM, respectively

(HRP)-labeled secondary antibody (Abcam, Cambridge,
UK). A gel documentation system (Geldoc-it, UVP,
England) was used and TotalLab analysis software
(Version 1.0.1), www.totallab.com, was applied for data
analysis.

Molecular Docking Study

AutoDock software tool (ADT) version 4.2.6 was utilized to
perform molecular docking analyses [42]. Using the Protein
Data Bank (PDB), B-cell lymphoma 2 (Bcl2) was downloaded
(PDB ID: 4IEH). Using ADT, water was removed, and polar
hydrogen atoms were introduced. Every atom was charged
with a Kollman charge and merged with a non-polar hydrogen
atom. The structure was saved as PDBQT. Using ChemSketch,
the synthesized complexes were drawn and saved. Minimized
complexes were anchored to receptor-active sites. The grid box
displayed only active receptor sites based on specific amino
acid residues. AutoDock 4.2.6 software settings are default-
selected. CHIMERA was used to evaluate docking results [43].
It can visualize receptor-ligand docking and estimate hydrogen
bonding feasibility between receptors and ligands. Low energy
indicates proper binding between ligand and receptor.

Statistical Analysis

The data was evaluated for normal distribution and then ana-
lyzed using one-way and two-way analysis of variance
(ANOVA) in GraphPad PRISM software (GraphPad Soft-
ware, San Diego, USA), version 8. A significance threshold of
*P <0.05 was deemed acceptable for statistical significance.
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Result and Discussion
Cyclic Voltammetry

A cyclic voltammogram of the tested complexes is pre-
sented in Fig. la, b, without and with various DNA con-
centration levels. In the cyclic voltammogram of complex
(1) (Fig. 2a), the cathodic peak potential (E,) is —0.0755 V,
and the anodic peak potential (Ey,) is 0.1996 V. The
separation of cathodic and anodic peak potentials (AE,;) is
—0.275 V. I /1, is the ratio between cathodic and anodic
peak currents, which is —0.883, suggesting a quasi-
reversible redox reaction. Without CT-DNA, the formal
potential (E;), the average of E,. and E,,, is 0.062 V. As
CT-DNA is incrementally added to the complex (1), it leads
to a shift in E;/, of 0.027 V and a reduction in AE, of about
—0.332 V. The I/, ratio is —1.90 for cathodic to anodic
peak currents. The cyclic voltammograms of complex (2),
Eip, AE,, and I/l values are 0.0523 V, —0.2611V, and
—1.253, respectively, without CT-DNA. Complex (2)
shows a change in E; (-0.1313 V), AE, (-1.055V), and
the cathodic to anodic current peak I,./I,, ratio is —2.37
when CT-DNA is added under the same conditions
(Fig. 2b). A variation in formal potential indicates that the
drug interacts with DNA. Previous studies have indicated
that positive shifts (anodic shifts) in formal potential occur
when cationic drugs are intercalated into DNA’s double
helical structure [44]. In contrast, negative shifts are
observed when cationic drugs interact electrostatically with
DNA'’s anionic phosphate backbone [45, 46]. Conse-
quently, the cathodic shift in peak potential observed in the
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Fig. 2 a, b Cyclic voltammograms of Cu (II) complexes (1) and (2), respectively, at a scan rate of 200 mV s~ in a Tris-HCI buffer (i) without CT-

DNA and (ii) with CT-DNA

Table 1 Antiviral activity of the

tested complexes (1) and (2) in Cu (D)

Viruses

terms of CCsp, ICsq, and SI Complexes

against 229E, HSV-2, and VSV

229E

HSV-2 VSV

CCsy (uM) ICso (uM) SI

CCso (uM) ICs uM) SI  CCs (uM) ICs (uM) SI

235
1.51

Complex (1) 46.71
Complex (2) 81.86

167.67
9.39

0.11
4.30

19.90 34.25
54.40 39.47

4.58
424

7.47
9.30

18.40
40.50

tested complexes in the existence of polyanionic DNA
supports our prior observation that they react electro-
statically [24].

Antiviral activity

The antiviral effects of prepared complexes on low-
pathogenic Coronavirus 229E, Herpes Simplex type-2 virus
(HSV-2), and Vesicular Stomatitis Virus (VSV) were eval-
uated by cytopathic effect (CPE) using a crystal violet assay.
The cytotoxicity of the tested complexes on Vero E6 cells of
the viruses mentioned above was evaluated before antiviral
activity testing. An antivirus agent should kill the virus
without harming Vero 6E cells. Regression analysis repre-
sented cytotoxicity as the CCsg, the concentration of drugs
required to impede cell proliferation up to 50%. When the
cells were exposed to Cu (II) complexes (1) and (2) at various
concentrations of 0.10-1000.00 uM for 48 h, complex (2)
showed low cytotoxicity in contrast to complex (1), which
indicates that complex (2) did not greatly affect the growth of
Vero 6E cells other than complex (1) (Table 1 and Fig. 3a).

We performed a CPE inhibition test after identifying the
cytotoxicity of Cu (II) complexes to evaluate the antiviral
properties of the prepared complexes and to calculate the ICs,
against 229E, HSV-2, and VSV for complexes (1) and (2). A

crystal violet assay determined the virus’s 229E, HSV-2, and
VSV titers. Diluted virus concentrations, equivalent to 50%
of the cell culture inhibitory dose, were used for seeding
viruses throughout the experiments.
Table 1 and Fig. 3b show the prepared complexes’ inhibitory
effects on CPE. The prepared Cu (II) complexes exhibited
strong antiviral efficacy against 229E. Both complexes (1)
and (2) inhibited viral CPE by 50% at 2.35 and 1.51 uM,
respectively. Complex (2) exhibited more potent anti-low
pathogenic human Coronavirus (229E) activity than complex
(1), so the selective index (SI) of the tested complexes (1) and
(2) is 19.90 and 54.40, respectively. For Herpes Simplex
type-2 virus (HSV-2), both complexes (1) and (2) showed
modest antiviral activity, with ICsos of 4.58 uM and 4.24 uM,
respectively. Based on the ICsy values, complex (2) has
higher SI values than complex (1) (9.30 and 7.47, respec-
tively). This demonstrates that complex (2) has effective anti-
herpetic efficacy against complex (1). For Vesicular Stoma-
titis Virus (VSV), complex (1) displayed no antiviral activity
with an ICsq value of 167.67 uM. In contrast, complex (2)
indicated low antiviral activity with an ICs value of 9.39 uM.
As a result, both Cu (II) complexes (1) and (2) had SI values
of 0.11 and 4.30 against VSV, respectively.

Virus infections are still a major public health concemn
around the world. Unfortunately, several pathogenic viruses
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Fig. 3 Antiviral activities of Cu (II) complexes (1) and (2) against
229E, HSV-2, and VSV (a) cytotoxicity of the tested complexes to
Vero E6 cells (b) displayed CPE inhibition using the crystal violet

still lack effective medications. However, proteins from var-
ious species or virus genotypes do not necessarily share
structural similarities. In addition, viruses can mutate during
replication, so antiviral drugs that target a specific viral pro-
tein are not always effective against another virus [47]. First
and foremost, we need more countermeasures for viral inva-
sion to provide an immediate treatment response against the
virus. As a result, repurposing licensed drugs provides various
advantages, including proven safety/tolerance profiles, avail-
ability, lower cost, and clinician familiarity with working with
these drugs [48]. From the presented findings, complex (2)
has a stronger antiviral effect than complex (1). This may be
due to the imidazole ring in histidine, which increases cellular
absorption. In addition, the intracellular distribution of the
complex into a cell virus leads to cell destruction [49].

In Vitro Antitrichinellosis Activity

Trichinella spiralis adult worms were incubated with three
concentrations of the tested complexes for 48 h. Throughout
the experiment, the control worms were alive and actively
moving under the microscope. At all concentrations tested,
the synthesized Cu (II) complexes affected the morphology
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assay of the tested complexes on the viruses mentioned above. Each
data point represents the average of three independent experiments

of worms and decreased their motor activity. After 2 days,
100% of T. spiralis adult worms were killed with complex
(2) at 100.00 pg/mL. Complex (2) was generally more
active than complex (1). Two days after treatment with
complex (1), 34% of adult worms were destroyed, whereas,
after treatment with complex (2), 44% of adult worms were
killed at 30.00 pg/mL. Both complexes (1) and (2)
destroyed 45% and 65% of worms after 48h at a con-
centration of 50.00 ug/mL, respectively. At a concentration
of 100.00 ug/mL, complex (2) eradicated 100% of the
worms, whereas complex (1) destroyed 78% after 48 h.
Albendazole was more active on 7. spiralis worms than the
tested complexes. Albendazole, at 50.00 ug/mL, eradicated
100% of adult worms after 36 and 48 h. It is noteworthy that
complex (2) had a lower LDs, than complex (1); after two
days, the LDs for complex (2) was 37.04 pg/mL, and for
complex (1), it was 40.74 ug/mL (Table 2).

Scanning electron microscopy
Figure 4a, b Scanning electron microscope images of the

control group of Trichinella spiralis adult worms. (A) the
adult worm has the normal whole worm shape,
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Table 2 LDsj of the tested complexes after 24, 36, and 48 h

Cu (II) complexes Time (h) LDsy (ug/mL)
Complex (1) 24h 111.55

36h 72.04

48 h 40.74
Complex (2) 24h 98.38

36h 51.04

48 h 37.04

demonstrating its typical appearance when removed from its
nurse cell, anus (a), and mouth (m). (B) illustrates a cuticle
with normal structure and creases (arrow). Figure 4c, d: T.
spiralis adult worms treated with albendazole (C) adult
worms have severe destruction and abnormal shapes: anus
(a) and mouth (m). (D) shows numerous fissures in the
cuticle with missing annulations and irregular creases
(arrow). Figure 4e, f, g: A T. spiralis adult worm treated
with complex (1) displayed marked signs of starting
destruction. (E) illustrates an adult worm losing its normal
worm shape and full contraction (red arrow) after the mouth
region. (F) shows a shrined cuticle (white arrow) and loss of
creases (*). (G) depicts swelling (arrowhead) after the anus
region. Figure 4h, i, j: Scanning electron microscope image
of a T. spiralis adult worm treated with the synthesized
complex (2). The worm was fully destroyed (H), losing its
entire form and rupturing in the middle. (I) shows a ruptured
cuticle (white arrow) and complete loss of the cuticle’s
creases, ridges, and annulations. (J) shows swelling
(arrowhead) and multiple blebs (#).

Trichinellosis medical treatment is controversial. How-
ever, albendazole can cause severe systemic effects,
including epilepsy, encephalitis, and even death [50, 51].
Based on these findings, it is imperative to develop an
innovative, safe, and potent therapy that successfully
eliminates Trichinella spp. infections. In this experiment,
the antiparasitic efficacy of the tested complexes against
Trichinella spp. was evaluated in vitro. The cuticle, hypo-
dermis, and somatic musculature comprise the Trichinella
body wall. Cuticle integrity affects parasite formation,
feeding, and defense. Osmoregulation also depends on the
cuticle [52]. Adult worms suffered significant damage in
our investigation, including cuticle swelling, regions with
vesicles, blebs, and missing annulations. These were among
the groups exposed to synthesized complexes and alben-
dazole. Therefore, all of these findings indicate effective
antiparasitic action [53]. This could make it easier to
understand how Cu (II) complexes (1) and (2) work.
Complex (2) is more active than complex (1); this may be
related to histidine, which contains an imidazole ring that
can disrupt cell division and energy pathways and interfere
with similar vital processes, resulting in parasite death [54].

Red Blood Cell Membrane Stabilization Assay (Anti-
Inflammatory Activity)

Leukocytes release lysosomal enzymes during inflammation
to prevent tissue damage and further inflammation [55].
Through lipid peroxidation, free radicals damage cell
membranes. It is essential to use anti-inflammatory agents to
prevent inflammation and protect the cell membrane from
harmful substances. As shown in Fig. S1, the tested Cu (II)
complexes (1) and (2) helped maintain erythrocytes’
membrane integrity. The results revealed that the studied Cu
(II) complexes had powerful actions. This shows that they
strongly affect human erythrocytes, protecting them from
hypotonic lysis. The concentration ranges demonstrated that
the tested Cu (II) complexes had dose-dependent membrane
stabilization. Complex (1) exhibited a minimum membrane
stability of 64.20% at 100.00 ug/mL and a maximum
activity of 95.50% at 1000.00 ug/mL, whereas complex (2)
displayed a minimum membrane stability of 69.10% at
100.00 ug/mL and a maximum efficacy of 99.20% at
1000.00 pg/mL.

Figure S1 illustrates that complex (2) provides more
effective protection against induced lysis than complex (1).
Therefore, the imidazole ring and coordination of histidine
increased membrane stability.

The results of this experiment indicated that the prepared
Cu (II) complexes effectively prevented erythrocyte mem-
brane lysis. The observed activity may be caused by the
coordination of substituents in the complexes and their
ability to bind to ions and molecules on the erythrocyte
membrane [56].

Figure S1. Effect of the tested Cu (II) complexes on
HRBCs hemolysis inhibition. Results are presented as
mean + SD. Statistical significance levels between the trea-
ted groups and control groups consisted of ns = non-sig-
nificant, *P<0.05, **P<0.01, ***P<0.001, and
*#E¥P <0.0001.

In Vitro Cytotoxicity Assay

There are multiple complications associated with cancer
at the molecular and cellular levels, making it a complex
disease. The use of synthesized metal complexes as
anticancer agents has proven successful due to their high
selectivity for malignant cells. In addition, they inhibit
tumor metastasis [57]. The tested complexes were
examined for cytotoxicity to three cell lines: HSF, MCF-
7, and HepG2. The activities of the tested complexes
were determined using the SRB assay, which measures
cell viability. The results are presented regarding ICsgs,
as presented in Table 3 and Fig. 5. The SRB assay
demonstrated that complexes (1) and (2) were effective
on both cancer cells. However, they showed less activity
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Fig. 4 SEM results of 7. spiralis adults: a, b normal adult worm;
(c and d) albendazole-treated group, exhibiting significant destruction
of numerous fissures in the cuticle with missing annulations and
irregular creases (arrow); e, f, and g complex (1) treated group, dis-
playing losing the whole normal worm shape, full contraction (red

against the normal cell (HSF), especially complex (2).
This confirms the synthesized Cu (II) complexes’ cyto-
toxic effects on cancer cells. Based on the complexes
examined here, complex (2) is more cytotoxic than
complex (1) on both cancer cell lines.

Furthermore, this study indicates that the tested Cu (II)
complexes, particularly complex (2), are more toxic to liver
cancer cells than to breast cancer cells. The higher cyto-
toxicity of complex (2) is consistent with its increased
ability to bind DNA, which was confirmed in our previous
work [24], and this confirms the concept that binding
complexes to DNA results in cell death [2].
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arrow), shrined cuticle (white arrow), losing of creases (¥), and
swellings (arrowhead) after anus region; h, i, and j complex (2) treated
group, presenting complete losing of the normal worm shape, rup-
turing cuticle (white arrow), total failure of creases, ridges, annulations
of the cuticle, swellings (arrowhead), and multiple blebs (#)

Table 3 The cytotoxic properties of the tested complexes

Cu (II) complexes IC5p pug/mL

HSF MCF-7 HepG2
Complex (1) 112.02 51.21 44.92
Complex (2) 182.84 40.25 35.36

Cellular Drug Uptake

Since complex (2) exhibited higher anticancer activity in
MCF-7 and HepG2 than complex (1), it was chosen to
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Fig. 5 ICs, values derived from anticancer studies of the tested Cu (II)
complexes are compared with HSF, MCF-7, and HepG2

examine the relationship between cell uptake, in vitro
cytotoxicity, and the selectivity of complex (2) towards
cancer cells. To understand the intake of complex (2) in
both cancer cell lines, a cellular intake experiment was
performed. Figure S2 shows that the treatment of HepG2
cells with complex (2) (35.36 ug/mL) for 72 h showed an
increase in the cellular complex (2) concentration
(66.00 ug/mL) compared with the treatment of MCF-7
with complex (2) (40.25 ug/mL) for 72 h that showed a
low concentration of cellular intake (55.69 ug/mL), sug-
gesting that HepG2 has a higher sensitivity and selec-
tivity to complex (2) than MCF-7. The results of this
assay agree with those of the in vitro cytotoxicity assay
described above.

Figure S2. Complex (2) was used in the treatment of
MCEF-7 and HepG2 cells (40.25 pg/mL) and (35.36 ug/mL)
for 72 h, respectively. There was a highly significant dif-
ference between the complex (2) uptake by HepG2 and
MCF-7 at ****P <(0.0001.

Wound Healing Assay

Cell migration plays a crucial role in tissue growth and pre-
servation [58]. The migration of cells plays a vital part in
embryonic growth, immune response development, wound
healing, and many other biological processes [59]. Several
diseases, particularly cancer, are affected by this process,
which contributes to invasion and metastasis [60]. The effects
of the synthesized complexes on the migration of cancer cells
in MCF-7 and HepG2 have been tested using wound healing
assays. Figure 6a, c show that the untreated control MCF-7 and
HepG?2 cells migrate rapidly in a time-dependent manner as a
result of their metastatic ability. In contrast, the cells treated
with the synthesized complexes do not migrate so quickly. Cu
(1) complexes (1) as well as (2) did not change the wound area
in cells incubated with them (Fig. 6b, d, respectively), thus
demonstrating their anti-proliferative properties.

Changes in DNA structure and function cause cancer.
DNA is one of the most significant targets for cancer ther-
apeutic agents [61]. Therefore, the identification and

characterization of small molecule interactions with DNA has
become a focal point of scientific research. The results pre-
sented suggest that complex (2) exhibits significantly stronger
anti-proliferative and anti-invasive characteristics than com-
plex (1). This is attributed to the presence of an imidazole
ring in histidine, which has distinctly proton-accepting and
donating properties [62]. Consequently, imidazole is capable
of easily targeting and interacting with DNA both covalently
and non-covalently (electrostatically, intercalationally, or via
groove binding); this inhibits cell division and cancer cells’
migration and invasion capabilities [63].

Cell Cycle Analysis

Anticancer drugs inhibit cancer cell proliferation by
arresting the cell cycle, causing apoptosis, or combining
these two mechanisms [64]. Flow cytometry was used to
determine whether the antiproliferative activities of the
tested complexes were triggered by cell cycle arrest. Pro-
pidium iodide (PI) staining assessed the cell cycle phase
ratio. Figure 7. shows that treatment with complexes (1) and
(2) increased the percentage of cells in the G1 phase and
reduced the percentage in the S and G2 phases. This is
compared to control cells. In both cancer cells, complex (2)
showed a greater effect than complex (1). Both complexes
affected HepG2 (Fig. 7b) better than MCF-7 (Fig. 7a).
During the G1 phase, the tested complexes inhibited the
proliferation of MCF-7 and HepG2 cells.

Cell Apoptosis Analysis

To further study if the effective antiproliferative effect of
the tested complexes was related to the activation of cancer
cell apoptosis, we conducted flow cytometry analysis on
MCEF-7 and HepG2 cells and assessed the percentage of
apoptotic cells. Both cancer cells were incubated with 1Cs
concentrations of the tested complexes for 72 h, and then
the cells’ apoptosis rate was determined using FCM.
Compared to control cells, cancer cell lines exhibit
remarkably high levels of apoptosis in response to both Cu
(II) complexes, as shown in Fig. 8. In breast cancer (MCF-
7) as well as liver cancer (HepG2) cells, complex (1)
induced 5.56 and 6.22% apoptosis, while complex (2)
caused 7.33% and 8.77% apoptosis, respectively. These
results indicate that both complexes could induce apoptosis
in cancer cells. However, complex (2) exhibits higher
apoptotic ability than complex (1).

Evaluation of Selected Apoptotic and Anti-apoptotic
Gene Expression in MCF-7, HepG2, and HSF Cells

Apoptosis (programmed death of cells) inhibition is cri-
tical in tumor formation because it permits abnormal cell
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Fig. 6 In vitro wound healing study in cancer cell lines. a, ¢ Untreated
control cells of MCF-7 and HepG2 migrate rapidly toward the wound
area with time, respectively. In contrast, cells treated with the tested
complexes, particularly complex (2), cannot migrate rapidly compared
to untreated controls. Scale bar: 1 mm. b, d The measurement of
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wound area in MCF-7 and HepG2, respectively, shows that it remains
almost unaffected in cells treated with the tested complexes. This
indicates their ability to inhibit cancer cell migration, especially
complex (2). The values presented here are the mean =+ standard
deviation (SD) of three independent studies. Scale bar: 1 mm
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proliferation, leading to cancer. Induction of apoptosis is
one of the major mechanisms by which antitumor agents
induce tumor cell death [65]. RT-PCR analysis of genes
associated with apoptosis indicated that Cu (II) com-
plexes (1) and (2) activate apoptosis by triggering BAX,
p53, and Caspase 3 while inhibiting the anti-apoptotic
gene Bcl2. In different cell lines, the mRNA levels for
these selected genes were measured after 24, 48, and 72 h
of treatment at ICsy concentrations of both tested com-
plexes. As shown in Fig. 9, complex (2) exhibits a higher
apoptotic activity on both cancer cell lines and a lower
activity on the HSF cell line than complex (1). Therefore,
complex (2) could initiate a natural cell death mechanism,
preventing cancer cells from proliferating and not
affecting normal cells. Apoptosis increased 5-fold and
6-fold in the p53 and BAX genes after 24 h of treatment
with complex (2). After 48 h of complex (2) treatment,
p53 and BAX genes increased 10-fold and 15-fold,
respectively, and 15-fold and 20-fold after 72 h of com-
plex (2) treatment, respectively, in comparison with the
control (Fig. 9b). This elevation was significantly higher
than in complex (1). These were 3-fold and 5-fold
expression folds in p53 and BAX genes at 24 h, while at
48 h, the expression folds for p53 and BAX were 7-fold
and 11-fold, and at 72 h, the folds were 12-fold and 14-
fold for p53 as well as BAX genes in breast cancer cells
(MCF-7) (Fig. 9a). Complex (2) causes liver cancer cells
to undergo more apoptosis than breast cancer cells (Fig.
9d). In 24 h, the folds were 9-fold, 15-fold, and 4-fold in
p53, BAX, and Caspase 3, respectively, while in 48 h,
they were 19-fold, 23-fold, and 13-fold. At 72 h, the p53,
BAX, and Caspase 3 folds were 27, 31, and 18, respec-
tively. Complex (1) had a lower effect on HepG2 than
complex (2) at 24 h; the folds were 4, 5, and 3 for p53,
BAX, and Caspase 3, respectively; 13, 17, and 11 at 48 h;
and 15, 20, and 13 for p53, BAX, and Caspase 3,
respectively, at 72 h (Fig. 9¢). Synthesized Cu (II) com-
plexes indicate that cellular DNA content has been
fragmented and bound to DNA. Additionally, the anti-
apoptotic percentage (Bcl2) decreased in HepG2 and
MCF-7 cells exposed to complex (2) to nearly 55%
compared to cancer cells untreated. Compared to the
control, the anti-apoptotic percentage (Bcl2) decreased
by 45% with complex (1). In normal cells (HSF), com-
plex (2) (Fig. 9¢) had lower effects on the expression of
tested genes than complex (1) (Fig. 9f), consistent with
results obtained from anticancer assays.

Cytotoxic drugs inhibit cancer cell proliferation by
cell cycle arrest, apoptosis, or a combination of both
[66]. Apoptosis is a form of programmed cell death that
activates an internal mechanism, triggering several sig-
nal transmission routes to destroy the cell ultimately.
This process can occur in both pathological and
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nonpathological circumstances [67, 68]. There are two
primary apoptotic pathways: the extrinsic apoptotic
system, which is handled by cell death receptors, and the
intrinsic apoptotic pathway, which is mediated by
mitochondria. The Bcl2 family comprises the primary
proteins responsible for controlling apoptosis. They are
predominantly situated within the mitochondria and
linked to cytochrome c’s liberation [69].

In this investigation, we found that the mRNA levels of
the tumor-suppressor gene p53 and the apoptotic genes
BAX and Caspase 3 were increased. In contrast, the
expression of the anti-apoptotic gene Bcl2 was decreased in
MCF-7 and HepG2 cells treated with synthesized Cu (II)
complexes. An increase in the level of p53 expression
causes the activation of pro-apoptotic Bcl2 family members,
such as BAX, which results in the permeation of the outer
mitochondrial membrane. This leads to the release of
soluble proteins from the intermembrane gap into the
cytosol, where they facilitate the activation of Caspase [70].

Fan et al. [71] examined the impact of Metam/Cu (II)
on HepG2 cells. The findings demonstrated that Metam/
Cu (II) elevated the protein expression ratio of BAX/
Bcl2. Multiple studies have shown that certain Cu (II)
complexes can enhance the expression of the BAX/Bcl2
ratio in different cancer cell lines, including MCF-7 and
BEL-7404 cells. These findings suggest that the Bcl2
family of proteins may trigger apoptosis through Cu (II)
complexes. Consistent with our findings, Zhu et al. [13]
showed that a Cu (II) combination of a coumarin deri-
vative increased the expression of P53 and BAX while
decreasing the expression of Bcl2. P53 activation has a
pro-apoptotic function as it stimulates and reduces the
expression of specific essential cell death effectors,
resulting in apoptotic cell death.

Prior studies have indicated that P53 enhances the
expression of the BAX gene, which belongs to the
pro-apoptotic members of the Bcl2 family while sup-
pressing the expression of the Bcl2 gene, an
anti-apoptotic gene within the same family.

Thus, in the current investigation, BAX gene expression
was notably increased in MCF-7 and HepG2 cells under
treatment time conditions (Fig. 9). The Bcl2 gene expres-
sion levels in MCF-7 and HepG2 cells were markedly
reduced after 24, 48, and 72h of treatment. Conversely,
Caspase 3 was dramatically upregulated under the circum-
stances of treatment duration (Fig. 9).

The BAX gene is a member of the Bcl2 family that
promotes programmed cell death (apoptosis). It is produced
in the cytosol when cells are exposed to apoptotic stressors,
such as cytotoxic medicines. The BAX protein mediates
programmed cell death and moves from the cytosol to the
mitochondria. This movement leads to apoptosis after
cytochrome c release from the mitochondria.
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Fig. 8 The effect of the tested Cu (II) complexes on MCF-7 and
HepG2 cell apoptosis rates after incubation with the target complexes
for 72 h. a Apoptosis was monitored by flow cytometry by treating
MCEF-7 cells with both complexes (1) and (2) and staining them with
Annexin V-FITC/PI. b After HepG2 cells were exposed to both

complexes (1) and (2) and stained with Annexin V-FITC/PI, flow
cytometry was utilized to measure apoptosis. For three repeated
experiments, the findings were presented as the mean + SD. The sig-
nificance levels are **P <0.01, ***P <(0.001, and ****P <(0.0001
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Fig. 9 Influence of the prepared Cu (II) complexes on gene expression
using RT-PCR analysis to evaluate the expression levels of p53, BAX,
Caspase 3, and Bcl2 in breast cancer where (a) is complex (1) and (b)
is complex (2), liver cancer where (c¢) is complex (1) and (d) is
complex (2), and human skin fibroblast cells where (e) is complex (1)
and (f) is complex (2) at the ICsys after 24, 48, and 72 h of treatment
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with the tested complexes. f-actin worked as an internal control. Data
are displayed as the mean + SD. The data points represent the average
of separate studies conducted in triplicate. *P <0.05, **P<0.01,
*##%P <0.001, and ****P <0.0001 represent a significant difference
relative to control cells
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Fig. 10 In breast cancer and liver cancer cell lines, the effect of Cu (II)
complexes was investigated on the protein expression of p53, BAX,
Caspase 3, and Bcl2. For 72 h, cancer cells were treated with the
prepared Cu (II) complexes at their respective ICs, values. Protein
expression levels were assessed by densitometric analysis of the two

In this investigation, we showed that the BAX/Bcl2 ratio
was elevated in MCF-7 and HepG2 cells when exposed to
Cu (IT) complexes (1) and (2) for 24, 48, and 72 h (Fig. S3).
BAX and Bcl2 play a role in the intrinsic apoptosis path-
way, which is not dependent on Caspase activation or the
extrinsic pathway of programmed cell death. The suppres-
sion of Bcl2 leads to the relocation of BAX to the mito-
chondria and initiates the intrinsic apoptotic pathway after
treating MCF-7 and HepG2 cells with the complex at the
1Cs¢ concentration.

The findings of the current experiment demonstrated that
the examined Cu (II) complexes (1) and (2) induced
apoptosis in MCF-7 and HepG?2 cells through both extrinsic
and intrinsic apoptotic mechanisms. However, further
investigation is required to validate this, which will be
conducted in our next in vivo study.

Figure S3. The effect of Cu (II) complexes (1) and (2) on
the BAX/Bcl2 mRNA ratio. RT-PCR analysis detected
BAX/Bcl2 mRNA expression in MCF-7 and HepG2 cells at
1Cs, concentrations after 24, 48, and 72 h treatment with the
tested complexes. Data are represented as mean + SD. Each
data point is an average of results obtained from three
independent experiments performed in triplicate. *P < (.05,
**P<0.01, ***P<0.001, and ****P <0.0001 indicate a
significant difference with the control cells.
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autoradiographies. Data are presented as mean + SD. Each data point is
the average of three repeated studies. *P<0.05, **P<0.01,
##%P <(0.001, and ****P<0.0001 met the statistical significance
criteria

Western Blot Assay

As shown in Fig. 10, protein expression supports our gene
expression findings. Pro-apoptotic gene expression is
upregulated, and anti-apoptotic gene expression is down-
regulated in treated cancer cell lines compared to control
cells. Tumor suppressor genes pS3, BAX, and Caspase 3 are
significantly upregulated. Moreover, Bcl2 oncogene
expression is strongly inhibited, suggesting that synthesized
Cu (II) complexes, especially complex (2), may also target
oncogenes. The reduction in Bcl2 expression could indicate
that tumor cell lines may enter the apoptotic pathway. The
expression pattern of the tested proteins matches gene
expression and anticancer activity in vitro. A molecular
docking analysis was conducted to learn more about how
the tested Cu (II) complexes interact with the Bcl2 inhibitor.

Molecular Docking

In this study, the synthesized Cu (II) complexes, especially
complex (2), displayed antiproliferative effects against
MCF-7 and HepG2 cells via apoptosis. The molecular
modeling approach was applied to assess how the com-
plexes bind with the anti-apoptotic protein Bcl2 (PDB ID:
4IEH), which confirmed the experimental results. The
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Chimera score indicated that complex (2) had a maximum
binding affinity for Bcl2 (AG = —7.20), while complex (1)
had a minimum binding affinity (AG = —6.60). This means
that complex (2) affects Bcl2 more strongly than complex
(1). The docking analysis indicates the formation of two
hydrogen bonds within the complex (1) as well as Bcl2 via
C=0...0 of ASP 61 A with a distance of 3.41 A and
C=0...0 of SER 64 A with a distance of 2.98 A (Fig. S4a).
Complex (2) and Bcl2 formed two hydrogen bonds via N-
H...O of ASP 31 A with a distance of 2.14 A; the other
hydrogen bond was formed via C=0...N-H of ARG 12 A
with a distance of 3.34 A (Fig. S4b). The docking results for
the tested complexes correlate with anticancer, flow cyto-
metry, gene expression, and protein expression. This shows
the strong effect of complex (2) on cancer cells.

Fig. S4. Molecular docking simulation of the tested Cu
complexes with Bcl2 (PDB ID: 4IEH), where (a) is complex
(1) and (b) is complex (2).

Conclusion

The present work presents an extensive study of the cyto-
toxic efficacy of Cu (I) complexes by exploiting the
selective permeability of the cancer cell membrane to
accumulate Cu (II), which significantly destroys cancer cells
[72]. Triflupromazine also plays a crucial role in enhancing
anticancer activity by inhibiting cancer cell growth pri-
marily through disrupting the cell membrane, damaging
DNA, and triggering pro-apoptotic genes to arrest cell
cycles that lead to cell death [73].

In this study, the biological applications and cytotoxic
potential of ternary Cu (II) complexes involving tri-
flupromazine coupled to glycine and histidine were exten-
sively studied. Cyclic voltammetry was applied to evaluate
DNA-Cu (II) complexes’ interactions, which revealed
strong binding to CT-DNA. The tested complexes bind to
DNA electrostatically. Compared to complex (1), complex
(2) showed superior biological activity in viral and parasite
treatments. It also prevented inflammation of human red
blood cells, in addition to promising cytotoxic activity in
MCF-7 and HepG2 cancer cell lines with low ICsgs of 40.25
and 35.36 ug/mL, respectively. Complex (2) also exhibited
promising accumulation in HepG2 cells, as described in the
cellular drug uptake assay. It was found to be safe on a
normal HSF cell line with a high ICs, value of 182.84 pg/
mL. The results of cell cycle arrest studies indicate that
complex (2) prevents proliferation in cancer cells during the
G1 phase. Complex (2) showed potent apoptotic activity in
treated cancer cells labeled with Annexin V-FITC/PI stain.

Furthermore, the molecular docking study confirmed the
potential binding activity of both complexes, with special
emphasis on complex (2) of the Bcl2 inhibitor. This is in

@ Springer

agreement with the gene expression and western blot
results, which demonstrate the upregulation of the pro-
apoptotic genes and the downregulation of the anti-
apoptotic genes. The higher anticancer efficacy of com-
plex (2) could be attributed to the imidazole ring in histi-
dine. This ring causes significant deformation of the DNA
double helix in cancer cells and inhibits replication, tran-
scription, cell growth, and cell division [74]. It enhances the
apoptosis pathway by activating pro-apoptotic genes, as
observed in the above gene expression and western blot
assays (Figs. 9 and 10).

The biological outcomes obtained from complex (2)
show promise for future in vivo studies using an animal
model to develop novel anticancer agents.
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