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Abstract The development of new anticancer com-
pounds is one of the challenges of bioinorganic and
medicinal chemistry. Naringenin and its metal com-
plexes have been recognized as promising inhibi-
tors of cell proliferation, having enormous potential
to act as an antioxidant and antitumorigenic agent.
Lung cancer is the second most commonly diag-
nosed type of cancer. Therefore, this study is devoted
to investigate the effects of Cu(Il), naringenin (Nar),
binary Cu(Il)-naringenin complex (CuNar), and the
Cu(Il)-naringenin containing bathophenanthroline
as an auxiliary ligand (CuNarBatho) on adenocar-
cinoma human alveolar basal epithelial cells (A549
cells) that are used as models for the study of drug
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therapies against lung cancer. The ternary complex
shows selectivity being high cytotoxic against malig-
nant cells. The cell death generated by CuNarBatho
involves ROS production, loss of mitochondrial mem-
brane potential, and depletion of GSH level and GSH/
GSSG ratio. The structure-relationship activity was
assessed by comparison with the reported Cu(Il)-nar-
ingenin-phenanthroline complex. The CuNarBatho
complex was synthesized and characterized by ele-
mental analysis, molar conductivity, mass spectrom-
etry, thermogravimetric measurements and UV-VIS,
FT-IR, EPR, Raman and '"H-NMR spectroscopies. In
addition, the binding to bovine serum albumin (BSA)
was studied at the physiological conditions (pH=7.4)
by fluorescence spectroscopy.
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Therapeutic effects of naringenin derivative Cu(ll) complex
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Introduction

According to estimates from the World Health Organ-
ization (WHO) in 2019, cancer is the first or second
leading cause of death before the age of 70 years in
112 of 183 countries. Lung cancer is the second most
diagnosed cancer and the leading cause of cancer
death in 2020, representing approximately 11.4% of
diagnosed cancers and 18.0% of deaths. (Sung et al.
2021) The development of new anticancer com-
pounds is one of the challenges of bioinorganic and
medicinal chemistry. Although cisplatin is an effec-
tive chemotherapeutic drug, the drug resistance and
numerous undesirable side effects limit its use in
cancer treatment (Dasari and Tchounwou, 2014). In
this sense, a new class of nonplatinum metal com-
plexes such as copper and ruthenium-based com-
plexes shows encouraging perspectives. Casiopei-
nas® are efficient anticancer agents with the general
formula [CuLleHZO]NO3 where L' is an aromatic
diimine-type ligand (N-N) and L? is a bidentate
a-aminoacidate (N-O) or oxygen-only donor (O-O)
ligand. Among them, Casiopeina IIl-ia, has com-
pleted preclinical trials and clinical phase I studies
to treat leukemia have been started (Ruiz-Azuara
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et al. 2014). Likewise, there are reports of Ru-based
compounds which are in the clinical phase for the
potential cancer treatment. Among the Ru-based
complexes, only Ru(Ill)-based drug NKP-1339 has
started phase-Ib clinical trials for colorectal can-
cer treatment (Mahmud et al. 2021). Naringenin
(4',5,7-Trihydroxyflavanone) (chemical structure in
Scheme 1), is a flavanone that can be extracted from
citrus fruits such as lemon, grapefruit, and orange.
Like other flavonoids, naringenin has low water solu-
bility and stability being able to exert different bio-
logical effects. (Patel et al. 2018) Flavonoids can be
modified by complexation with metals including
copper(Il) in order to improve their drug pharma-
ceutical activity or reduce their toxic effects. In par-
ticular, Cu(Il)-naringenin complex (CuNar) showed
a moderate inhibitory rate (ca. 30%) against HepG2
cell line (Tan et al. 2009). The introduction of diimine
ligands in the coordination sphere of the complexes
allows the increase of lipophilicity which could
improve the cellular uptake. The cytotoxic activ-
ity of two ternary Cu(Il)-naringenin complexes with
1,10-phenanthroline and 2,2'-bipyridine as coligands
against A549 cell line was reported. Both compounds
enhanced the anticancer activity of the free ligands
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Scheme 1 Feasible CuNar-
Batho synthesis pathway

being their ICy, values <50 uM. (Tamayo et al. 2016;
Filho et al. 2014) On the other hand, 4,7-diphenyl-
1,10-phenanthroline (Bathophenanthroline, Batho) is
another of the most common N-N chelating ligands
used in coordination chemistry. Due to the presence
of aromatic rings in its structure, it can be inserted
between paired DNA bases through =n-m stacking
improving the biological properties of the compounds
(Shahabadi et al. 2013). The cytotoxic activity of
Cu(Il)-pomiferin-Batho complex, on several cancer
cell lines, was published by Vanco et al. (Vanco et al.
2021) The complex behaved as an effective antipro-
liferative agent, with ICs, values of 2.6-22.9 uM, and
its probable cell death mechanism involved the initia-
tion or progression of oxidative stress. (Vanco et al.
2021) In the present work, we have synthesized and
characterized a mixed ligand complex of Cu(II) con-
taining naringenin as main ligand and bathophenanth-
roline as auxiliary ligand. In addition, the anticancer
activity of the ternary complex against A549 cell line
was evaluated and its probable mechanism of action
was studied by means of cellular reactive oxygen spe-
cies (ROS) generation, GSH levels depletion, and
mitochondrial membrane potential determination. For
comparative purposes, the A549 cell viability for the
binary CuNar complex was also included. In addition,
antioxidant activity (SOD mimic) and the interaction

=

o o]
N S
MeOH Cu Cu(ll)-naringenin
> Y + CuClL.2H,0 u( 9
24120 —@oH, 1R J o (CuNar)
3 ) .
Naringenin |
(Nar) Z
_ o _
o (]
N / D/
Ho, N\I\DU/CI\C"/
0/| ~ci \N oH
"

Bathophenanthroline
(Batho)

Cu(ll)-naringenin-bathophenanthroline
(CuNarBatho)

of the ternary complex with bovine serum albumin
(BSA) were investigated.

Materials and Methods

Naringenin (Sigma), bathophenanthroline (Sigma)
and copper(Il) chloride dihydrate (Anedra), were used
as supplied. Corning or Falcon provided tissue cul-
ture materials. Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Gibco (Gaithersburg,
MD, USA), Tryple™ from Invitrogen (Argentina
SRL) and fetal bovine serum (FBS) from Internego-
cios, Argentina. All other chemicals used were of
analytical grade. Elemental analysis for carbon, nitro-
gen and hydrogen was performed using a Carlo Erba
EA1108 analyzer. Thermogravimetric analysis was
performed with Shimadzu systems (model TG-50),
working in synthetic air flow of 50 ml.min~' and at
a heating rate of 10 °C.min~!. Sample quantities
ranged between 10 and 20 mg. UV-Vis spectra were
recorded on a Hewlett-Packard 8453 diode-array and
a Shimadzu 2600/2700 spectrophotometer. Infrared
spectra were measured with a Bruker IFS 66 FTIR
spectrophotometer from 4000 to 400 cm™! using the
KBr pellet technique. Raman spectra were collected
on a Raman Horiba Jobin Yvon T64000 (confocal
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microscopy Olympus BX41) spectrophotometer with
a laser power of 100—-10 mW and a spectral resolu-
tion of 4 cm™!. Each spectrum was obtained as an
average of 10 scans collected in the 1700-135 cm™!
range. Fluorescence spectra were obtained with a
Shimadzu RF-6000 spectrophotometer equipped
with a pulsed xenon lamp. The molar conductance of
the complex was measured on a Conductivity TDS
Probe—850084, Sper Scientific Direct, using 10°M
DMSO and DMSO:H,O0 solutions. Mass spectra were
obtained using a Bruker micrOTOF-Q II mass spec-
trometer, equipped with an ESI source operating in
positive mode. The experimental procedure involved
the addition of 0.05% of formic acid. X and Q band
CW-EPR spectra of both powder samples and frozen
solutions were recorded at 120 K on a Bruker EMX-
Plus spectrometers equipped with a rectangular cav-
ity, with 100 kHz modulation frequency, 10 G modu-
lation amplitude, and 2 mW microwave power. The
spectra were baseline corrected using WinEPR Pro-
cessing software (Bruker, Inc) and simulations were
performed using the EasySpin 5.2.3 toolbox based
on MATLAB. (Stoll and Schweiger 2006). X-ray
powder diagram was recorded with a PANalytical
X’Pert Pro automatic diffractometer with a scintilla-
tion detector and a graphite output monochromator
using CuKa radiation (A= 1.5406 IOA). The PXRD data
were collected in the 10° <26 <50° range, with 0.02°
step width and 5 s counting time per step. A Bruker
Ultrashield 600, 14.1 Tesla spectrometer was used for
"H-NMR measurements, working with 100% DMSO-
d6 solution (0.01 M concentrations) at 25 °C. Tetra-
methylsilane was used as internal standard for cali-
brating chemical shift .

Chemistry: Synthesis of
Cu(II)-Naringenin-Bathophenanthroline complex
(CuNarBatho)

In the beginning, 0.25 mmol (0.0681 g) of narin-
genin (Nar) was dissolved in 10 ml of methanol.
To this solution, 250 pl of a 1 M sodium hydroxide
solution was added raising the pH of the solution
to~11 ($pH =9, $pH — 11) (Gibson et al. 2006) The
mixture was kept in constant agitation, and an equi-
molar solution of CuCl, in methanol (0.25 mmol,
0.0426 g, 5 ml) was added dropping to acidic pH
value ($pH = 3, pH — 5). Immediately after, a green
precipitate was observed (during the preparation,
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it has been verified by FTIR spectroscopy that this
solid corresponded to the CuNar binary complex).
The reaction was continued for an hour under agita-
tion at room temperature. After that, a methanol solu-
tion containing bathophenanthroline (0.25 mmol,
0.0831 g, 5 ml) was slowly added and the agitation
continued for 5 h. Over time, the color of the reaction
changed, and a green apple precipitate was formed.
The solid was filtered under vacuum, washed several
times with methanol and water, and allowed to dry on
the stove oven at 60 °C.

Anal. Calc. for C;gHgcN,O,(Cl,Cu, (1513.38 g/
mol) %: Calc. C, 61.90; H, 4.40; N, 3.70, Cl,
4.69. Found. C, 61.88; H, 4.30; N, 3.68, CI, 4.71.
ESI-MS: experimental: m/z 666.13 theoretical
m/z 666.12 (C;H,;N,0sCu*, Fig S1). Thermo-
gravimetric study (synthetic air, flow: 50 ml/min,
heating rate: 10 °C/min) confirmed the presence
of six labile water molecules (Exp. loss: 7.04%.
Calc. loss: 7.14%), corresponding to the CuNar-
Batho ([CuNarBathoCl],.6H,0) complex (Fig.
S2). Diagnostic powder diffraction peaks at unique
20-values (in degrees) of 14.10, 16.69, 19.39, 24.67,
25.48, 26.81 (Fig. S3). UV-Vis spectra: solu-
tion (DMSO): 645 nm (¢=190 M~! cm™), 290 nm
(e=76.000 M~! Cm_l); solid spectrum: 642, 350 nm
(sh), 297 nm y 224 nm. Molar conductivity: 1 mM,
DMSO at 25 °C: 12 Q" .cm®mol ™.

Albumin interaction

Interaction of the complex with BSA was meas-
ured by fluorescent technique. BSA solution (6 uM)
in Tris—HCI buffer (0.1 M, pH=7) was maintained
constant and different concentrations of the complex
ranging from 2 to 50 pM (incubation time=1 h) were
added. The effects of the complex on the quench-
ing of the emission intensity of BSA at 340 nm was
examined at A, =280 nm at three different tem-
peratures 298, 303 and 310 K. Inner-filter effect was
taken into account and fluorescence intensities were
corrected using the following equation F_.=F  x
etz Aex + ¥ Aem) yhere F_ .. and F,, are the fluores-
cence intensities corrected by inner-filter effect and
recorded, respectively, A., and A, are the electronic
absorbances of the solutions at excitation and emis-
sion wavelengths, respectively. (Lakowicz 2013)
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Three independent replicates were performed for each
sample and concentration.

Superoxide dismutase activity

In this method, the generation of the superoxide
radical anion was realized by the system phenazine
methosulfate (PMS)/nicotinamide adenine dinucleo-
tide, reduced (NADH). The system included: 1.5 mM
NADH (0.125 ml), 300 pM of nitrobluetetrazolium
(NBT, 0.125 ml) in a phosphate buffer (pH 7.4,
0.1 M) solution and sample (0.125 ml). The mixture
was incubated for 15 min at 25 °C, and the reaction
started with the addition of PMS (0.125 ml, 120 pM).
The solutions of the compounds were prepared in
DMSO (except bathophenanthroline which was dis-
solved in ethanol) before adding the phosphate buffer
to achieve the required final concentrations. Then, the
reaction mixture was incubated for 5 min at 25 °C.
The reaction was followed by UV-Vis spectroscopy
monitoring the absorbance at 560 nm. The amount
of compound that produced a 50% inhibition of NBT
reduction is obtained by plotting the percentage of
inhibition versus sample concentration. The con-
stant value (k), which is independent of both detec-
tor concentration and nature, is calculated according
t0:  kyrecr = KgetectorX[detector[/ICs (sample), where
kngr (PH 7.8)=5.94x10* mol~'xLxs™" and [detec-
tor] =detector concentration.

Cell culture

Human lung carcinoma cell line A549 was cultured
in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS),
penicillin (100 U/ml) and streptomycin (100 pg/ml)
in a humidified 37 °C incubator with atmosphere of
5% CO,. When 70-80% confluence was reached,
cells were washed with phosphate buffered saline
(PBS) (11 mM KH,PO,, 26 mM Na,HPO,, 115 mM
NaCl, pH 7.4) and were subcultured using TrypLE™.
For the experiments, cells were grown in multi-well
plates. When cells reached 70% confluence, the mon-
olayers were washed twice with DMEM and then
incubated with different compounds.

Analysis of cell viability

To evaluate the cytotoxicity of compounds, MTT
(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazo-
lium bromide) assay was performed and cell viabil-
ity was determined. Briefly, A549 cells were seeded
at a density of 2x 10° per well in a 96-well for 24 h.
Then, cells were treated with naringenin, bathophen-
antroline, CuNar or CuNarBatho at different concen-
trations for additional 24 h. Each concentration was
repeated three times. After the exposure period, the
medium was removed and the cells were washed with
PBS and incubated with MTT solution (0.5 mg/ml)
(Sigma, St. Louis, MO, USA) for 2 h. Afterwards,
the medium was removed and the viable cell num-
ber per dish (directly proportional to the production
of formazan which was solubilized in DMSO) was
measured spectrophotometrically at 560 nm. The per-
centage of viable cells was estimated by comparing
with the untreated control cells.

Intracellular reactive oxygen species (ROS)
generation

Intracellular reactive oxygen species (ROS) gen-
eration in A549 cell line was measured by oxida-
tion of 2'7'-dichlorodihydrofluorescein diacetate
(H,DCFDA) to 2',7'-dichlorofluorescein (DCF).
Briefly, 24-well plates were seeded with 5x 10* cells
per well and allowed to adhere overnight. Then, dif-
ferent concentrations of compounds were added
for 3 (only CuNarBatho) and 24 h. Then, media
was removed, and cells were loaded with 10 uM
H,DCFDA diluted in clear media for 30 min at 37 °C.
Media was then separated and the cell monolayers
rinsed with PBS and lysated into 1 ml 0.1% Triton-
X100. The cell extracts were then analyzed for the
oxidized product DCF by fluorescence spectroscopy
(excitation wavelength, 485 nm; emission wave-
length, 535 nm). (Ling et al. 2011).

Cell morphology
To evaluate morphological changes cells were grown
in six well per plates and incubated 24 h with fresh

serum-free DMEM without (control) or with differ-
ent concentrations of the complex. The monolayers
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were subsequently washed twice with PBS, fixed with
methanol and stained with violet crystal for 10 min.
Then, they were washed with water and the morpho-
logical changes were examined by light microscopy.

Determination of mitochondrial membrane potential

For the determination of mitochondrial membrane
potential (MMP), cells were treated with the com-
pounds, washed with PBS and stained with 0.4 nM of
3,3'-dihexyloxacarbocyanine iodide, DiOC, (40 nM
stock concentration in DMSO). Changes in MMP
(A¥Ym) were measured using a fluorometer Shimadzu
RF 6000 (excitation/emission=488 nm/525 nm).
(Akkog et al. 2015).

GSH assay

For GSH determinations, 100 pl aliquots of cells after
24 h incubation with the compounds were mixed
with 1.8 ul of ice-cold phosphate buffer (Na,HPO,
0.1 M-EDTA 0.005 M, pH 8) and 100 ul ophthaldial-
dehyde (OPT) (0.1% in methanol) as it was described
by Hissin and Hilf (1976). For GSSG determinations,
100 ml aliquots were mixed with 1.7 ul NaOH 0.1 M
and OPT but previously, and to avoid GSH oxidation,
the cellular extracts for GSSG determination were
incubated with 0.04 M of N-ethyl-maleimide (NEM).
The fluorescence A, 420 nm was determined (A,
350 nm). The protein content in each cellular extract
was quantified using the Bradford assay. (Bradford
1976).

Statistical analysis

Statistical analyses were evaluated using the analysis
of variance method (ANOVA) followed by the test of
least significant difference (Fisher). Statistical signifi-
cance was defined as p <0.05.

Results and discussion

Chemistry and physicochemical characterization

To improve the anticancer activity of copper(Il) nar-
ingenin complex, a ternary complex using batho-

phenanthroline as co-ligand was obtained. To a mix-
ture containing naringenin at ng — 11 (Scheme), a
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methanolic solution of CuCl, was added lowering the
ng — 5 forming the binary CuNar complex. Over
time and after the addition of bathophenanthroline,
the ternary complex was formed and precipitated as
a solid of apple green color. Unfortunately, all the
experiments carried to obtain crystals did not suc-
ceed. Nonetheless, the complex was fully character-
ized by several physicochemical techniques.

The elemental analyses and molar conductivity
suggested that the formula of the complex agrees
with a 1:1:1 Nar:Batho:Cu(Il) stoichiometry and that
the complex in DMSO solution is a non-electrolyte
(Table S1). Thermogravimetric determinations sug-
gested the presence of six water molecules (Fig.
S2). The compound is soluble in DMSO (2 mg/ml at
20 °C and 10 mg/ml at 37 °C), and in the DMSO/H,0
mixtures (biological assays) and moderately soluble
in DMF and DMA having low solubility in polar sol-
vents (water, methanol, ethanol, acetonitrile).

The ESI-MS of the complex was also investigated
in DMSO:H,O (1:10) solution containing 0.05% of
formic acid, and the most relevant peaks are shown
in Fig. S1. The characteristic peak observed at m/z
666.13 (100.0%), together with their appropriate iso-
topic pattern (line-to-line separation of 1), could be
assigned to the mononuclear complex with batho-
phenanthroline and naringenin ligands (Cu(II)(Nar-H)
Batho*, C;9H,;N,0sCu*). Mono-charged species
containing Cu(Il) or Cu(I) were found. Reduction
processes have been observed in Cu(Il) solutions as
well as species derived from recombination or frag-
mentation occurring in the experiment (Pivetta et al.
2015; Genckal 2020; Northcote-Smith et al. 2021).
Thus, other fragmentation major species were identi-
fied as Cu(I)(Batho)(formate)* (11.4%, m/z 440.07),
Cu(ID)(Batho),CI* (22.0%, m/z 762.17) and Cu(l)
(Batho),* (9.1%, m/z 727.20). All of those with a
line-to-line separation of unity. Other relevant signals
were assigned to isotopically related species.

Additionally, the coordination of copper(Il) with
the ligands was assessed via '"H-NMR Spectra, EPR,
FTIR, Raman and UV—Vis spectra.

The 'H-NMR spectrum obtained from the complex
is shown in Fig. S4. To perform the comparison, it
was superimposed with the calculated spectra of nar-
ingenin and bathophenanthroline (MestReNova@).
As it is known, naringenin has a keto group at C-4
and lacks the 2,3-olefinic bond. Thus, it can act as a
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Fig. 1 FTIR spectra of A CuNarBatho, B naringenin, C batho-
phenanthroline. (2000-400 cm™! region)

bidentate ligand for metals through the 5-alkoxide ion
and the 4-keto group. In addition, it possesses two
differentiable OH groups at positions 7 and 4’ (Fig.
S4). These OH groups display 'H-NMR signals at
12.15 ppm (5-OH), 10.79 ppm (7-OH), and 9.59 ppm
(4'-OH), respectively (Celiz et al. 2019). On the other
hand, bathophenanthroline shows a group of sig-
nals compressed in the 7.4-8.8 ppm range (Fig. S4).
Is it usual, that the 'H-NMR of the metal complex
appeared with broad signals explained by the pres-
ence of the paramagnetic copper atom, the loss of the
flavonoid planarity, and the decrease of the electrons
mobility (Fig. S4)(Pereira et al. 2007). Nevertheless,

it is noted the absence of the proton located around
12.15 ppm (5-OH) while the corresponding signals
to 7-OH (10.73 ppm) and 4’-OH (9.51 ppm) were
observed. This result suggested the presence of an
alkoxide group in the complex and that the other
hydroxyl groups are not involved in the coordination
with the metal center. In addition, a broad band with
a maximum of 7.58 ppm generated from the coor-
dination with the copper(Il) center, was assigned to
bathophenanthroline. In this region the proton signals
of the N,N-ligand are expected and no bands of nar-
igenin were observed (Fig. S4).

The FTIR spectrum of the complex showed bands
suggesting coordination to the metal (Fig. 1). The
characteristic vC4 = O stretching band of naringenin
at 1633 cm™' was shifted to 1605 cm™' with the
formation of the complex. The Av is 28 cm™' sug-
gesting a coordination bond with the metal. (Wang
et al. 2006) In addition, the band around 3200 cm™!
(sh) due to phenolic hydroxyl in the free ligand
showed a significant change in the copper complex,
observed at 3240 cm™!, being probably related to
the formation of chelates through the deprotonated
5-hydroxyl group. This change correlated with
the modification observed of the 1600 cm™' band
(d 5-OH and 7-OH) of the naringenin. Support-
ing the interaction through the deprotonated 5-OH
group, the band located at 1314 cm™' (8C-50H)
disappeared in the complex. (Celiz et al. 2019) The
broad band around 3400 cm™' could be associated
with the presence of water molecules confirmed by

g-value
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T
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-
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‘(A) :
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Fig. 2 A X-band EPR spectra obtained at 120 K, 10 G modu-
lation amplitude, 2 mW microwave power. For a powdered
sample (black line) and DMSO solution (gray line) of CuNar-
Batho dimer. Inset shows the half-field AMs= +2 transition.
B Q-band EPR spectra obtained at 298 K, 10 G modulation

10000 10500 11000 11500 12000 12500 13000
Magnetic Field (Gauss)

T T T T : T T :
2250 2500 2750 3000 3250 3500 3750 4000
Magnetic Field (Gauss)

amplitude, 1 mW microwave power for a powdered sample. C
EPR spectrum of H,O:DMSO (9:1) (Black) solution superim-
posed with that of the dimer in DMSO solution (gray) and the
simulation of H,O:DMSO (9:1) solution spectra (dot line)
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TGA thermal studies (Tamayo et al. 2016) Moreo-
ver, the vC=C aromatic stretching band moved to
1570 cm™! in the complex.

The bathophenanthroline characteristic bands were
observed at 766, 734, 700 y 635 cm™!. Those bands
did not appear in the binary CuNar complex. Bands
located at 545 cm™! and 456 cm™! could be addition-
ally indicative of the interaction of the ligand with
the metal, being tentatively assigned at vCu-O and
vCu-N stretching vibrational modes. (Ramos et al.,
2014). In addition, the Raman spectrum of CuNar-
Batho was analyzed and compared with the spectra
of the Batho, Nar and CuNar to evaluate the coordi-
nation mode of the chloride ligand through the deter-
mination of the presence of V(Cu-Clpmina) Stretch-
ing or the presence of the bridge mode v(M-CI-M),
because both types of vibrational modes appear out of
the FTIR measurement range (Fig. S5). The absence
of the band at 320-350 cm™ region (U(Cu-Clie;ina)
and the observation of the band at 150 cm™" associ-
ated with chloro-bridge symmetric vibration only for
CuNarBatho complex suggested the presence Cu-
CI-Cu bonds (Litos et al. 2007; Joseph et al. 2006).
These results are consistent with the coordination
of copper(Il) ion through the 5-alkoxy and 4-keto
groups of the naringenin and the nitrogen atoms of
bathophenanthroline ancillary ligand.

To gain a deeper insight into the structure of the
complex, EPR studies were undertaken. The EPR
spectra of both powder and frozen DMSO solution
of CuNarBatho are shown in Fig. 2A. Both pow-
der (Fig. 2A, black) and DMSO solution (Fig. 2A,
gray) spectra are typical of a magnetic copper dimer,
where the two interacting paramagnetic Cu(Il) ions
(S;=S,=1/2) can be described by a phenomeno—
logical spin Hamiltonian (H = Hz+th+ HJ+HZFS)
that contains all the interactions between electron
spins S; and S, with the external magnetic field B,
(Zeeman interaction, ﬁz), the nuclear spins I; and
I, of both copper ions (hyperfine interaction, ﬁhf),
and the exchange interaction (isotropic and dipolar,
ﬁJ+ﬁZFS) (Rizzi et al. 2016). The spectral features
of both powder and frozen DMSO solution indicate
that ﬁz > ﬁZFS at X-band, as the allowed (AMs= +1)
and one forbidden weak transition at half-field
(AMs=+2, ca. 1630 Gauss) are clearly observable.
Additionally, both the solid complex and DMSO fro-
zen solution showed a central line at ca. 3200 Gauss.
The intensity versus temperature plots (Fig. S6) of
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the EPR lines of both the dimer and the central line
indicated that, the feature observed at~3200 Gauss is
originated neither from double-quantum transitions
nor collapse (U-peak) (Calvo et al. 2017), but instead,
it might correspond to magnetically isolated Cu(II)
ions generated as a synthesis by-product or by degra-
dation of the dimer.

The Q-band powder spectrum (Fig. 2B) obtained
at room temperature (298 K) showed increased reso-
lution of some spectral components and, in agree-
ment with the relation developed by Eaton et al., a
half-field transition almost undetectable (Eaton et al.
1983). The observed hyperfine interaction of~95
Gauss of both electron spins (S; and S,) with both
copper nuclear spins (n=2, [=3/2) is detectable at
both X- and Q-band (Fig. 2A and 2B), as some spec-
tral features are split into [2nl+ 1]=7 lines. A simu-
lation of the X-band powder spectrum yielded the
values g,=2.200; A;=95 Gauss; D=0.050 cm™
Using the simulated spectrum and relationship devel-
oped by Eaton et al., between the ratio of the intensi-
ties of each transition (Iyyge—p / Iapme=1> €ach one deter-
mined as the double-integral) and %, the intradimer
inter-spin distance can be estimated (Eaton et al.
1983). This analysis indicates that the Cu-Cu distance
is~3.7 A.

Since the population of the singlet and triplet
states is governed by the Boltzmann distribution and
the Curie law according to [Intensity] = (3/T) X (exp(-
J/kgT)), the isotropic exchange interaction constant
(J) was estimated to be~30 K (21 cm™) by studying
the variation of EPR signal intensity versus absolute
temperature (Aboukais et al. 1992). The calculated
distance and the estimated J value agreed with the
presence of halogen bridges between the copper cent-
ers (Teipel et al. 1994).

On the other hand, the EPR spectrum of the
DMSO:H,0 solution measured at 120 K shows
mainly the typical spectrum for a magnetically-
isolated axial Cu(Il) ion (Fig. 2C, black). Spectral
analysis indicates that some of the dimer is still pre-
sent (Fig. 2C, gray). This result indicates that water
break up the copper dimer. The simulation per-
formed with a spin Hamiltonian for an isolated Cu(II)
ion (A=H,+H,) yields g,=2.298, g,=2.069,

=2.042, A,=170 G (0.0182 cm™Y). This essentially
ax1al spectrum with g,>g, >g.=2.0023 is expected
for tetragonal and related square-planar geometries.
The highly axial hyperfine interaction with the I=3/2
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Fig.3 A Solid and solution DMSO (3.5 mM) spectra of
CuNarBatho complex (500-900 nm region), B Solution spec-
tra in the 260—400 nm range of CuNarBatho complex (DMSO,

of ®¥%Cu nucleus is manifested as the splitting into
four lines of the g, resonance only. In addition, these
parameters fit well in the corresponding g vs. A dia-
gram for a the expected 2N20 coordination sphere.
(Peisach and Blumberg 1974).

UV-Vis studies were measured both in the
solid-state and in solution (Fig. 3A). Solid spec-
tra showed at 642 nm the characteristic d-d transi-
tion band of the Cu(Il) ion. In the DMSO solution,
the d-d band shifted to higher wavelengths, 645 nm
(e=190 M~! cm™!, 3.5 mM). This displacement is
probably due to the solvent effect because in DMSO
solution the complex remains as a dimer, as it could
be determined by the EPR spectrum.

In the 400-260 nm region charge transfer bands
can be observed. In the DMSO solution (Fig. 3B),
naringenin showed two main absorption bands. The
most intense band is located around 288 nm. Accord-
ing to Celiz et al. (Celiz et al., 2019), this band is
related to the electronic transition over the A and C
rings. The other band located at 316 nm was assigned
to electronic 1— t* transition on the B ring. Batho-
phenanthroline also presented two bands in this
region (Fig. 3B), one located at 275 nm and the other
at 300 nm. At the same concentration values, the
bands of the complex appeared at 290 nm and 318 nm
with increased intensity compared with the bands of
naringenin and bathophenanthroline. In H,O:DMSO
(99:1) solutions, at the same pH value and concentra-
tions (pH=7, 10 uM) (Fig. S7A) some differences
can be observed. In addition to the marked difference

0.8

(B8)

0.6

0.4

Absorbance

CuNarBatho
Nar
— —— Batho

0.2

0.0

T T T T T T
260 280 300 320 340 360 380 400

wavelength (nm)

10 uM), bathophenanthroline (10 uM, %DMSO=99.8%) and
naringenin (DMSO, 10 uM)

in the intensity of the bands, in this media, the bands
of the complex appeared at 286 and 315 nm show-
ing a slight shift compared with both ligands taking
an intermediate position between naringenin and
bathophenanthroline ligands (289, 320 and 279 nm
and 305 nm, respectively). For the flavonoid-copper
complexes, these changes have been associated with
the interaction of the Cu(Il) ion with the 5-OH and
C(4)=0 positions of the condensed ring (Celiz et al
2019; Tan et al. 2009). Nevertheless, in the complex,
both ligands are contributing with t1— nt* transition
bands in this region.

The chemical stability of the complex in
DMSO:H,0 mixture (used for the biological assays)
was investigated by UV-Vis spectroscopy during
24 h and the molar conductivity was measured at dif-
ferent time intervals (e.g. 5 min, Table S1) to estimate
possible changes in the structure of the ternary com-
plex. In the evaluation of the UV-Vis spectrum vs.
time (Fig. S7B), it can be observed that the absorb-
ance values were not appreciably modified, indicating
its stability during 24 h.

In summary, in the solid complex, elemental
analysis and conductivity data support the proposed
stoichiometry. TGA measurements confirm the
presence of six labile water molecules. Evidence of
the binding mode of the ligands and their proposed
structure were gathered from FTIR, Raman, diffuse
reflectance, and EPR spectra. The FTIR spectrum
supports the naringenin coordination through the
5-alkoxy and 4-keto groups and the nitrogen atoms
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from bathophenanthroline around the copper(Il)
ion. This result is consistent with the 642 nm band
of the diffuse reflectance spectrum. The ESI-MS
spectrum shows a peak at m/z 666.13 (100.0%) cor-
responding to Cu(II)(Nar-H)Batho+ specie. The
NMR spectrum confirms the absence of the signal
belonging to the 5-OH hydroxyl group suggest-
ing the presence of the alkoxide group in the com-
plex. EPR spectrum shows the presence of a dimer
compound with the Cu-Cu distance of about 3.7 A.
The calculated distance and the J value agree with
the existence of halogen bridges between the metal
centers. The formation of other types of structures
(e.g. paddle wheel) was discarded because of the
expectation of shorter Cu..Cu distance (Mosae Sel-
vakumar et al 2013) and a large type of exchange
interaction. The presence of Cu-O-Cu type of
bridges was additionally ruled out because they also
require strong exchange interactions. The possibility
of the presence of a chlorine bridge was considered.
The Raman spectra of CuNarBatho were compared
with the ligands and the binary CuNar. Only in the
CuNarBatho complex a band related to vCu-CI-Cu
bridging motion was observed. This result allows
us to suggest the dinuclear proposed structure in the
solid complex (Scheme 1).

Additionally, for purposes of evaluation of the anti-
cancer activity on lung cancer cells, the binary Cu(Il)-
naringenin complex (CuNar=[CuNar,(H,0),]) was
prepared according to the method reported by Celiz

3e+5

3e+5 -

2e+5 -

2e+5 -

1e+5 -

Fluorescense Intensity

5e+4

300 320 340 360 380 400 420

wavelength (nm)

Fig. 4 A The fluorescence spectra of BSA in the presence of
CuNarBatho complex at 298 K, A, =280 nm. The concentra-
tion of BSA was 6 uM, and the concentrations of the complex
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et al. (Celiz et al., 2019) and data corresponding to
the ternary CuNarPhen ([Cu(H,0),(Nar)(phen)]
(C104) complex was taken from reference (Tamayo
et al. 2016).

Albumin binding studies

Albumin binding experiments were carried out by
fluorescence spectroscopy considering the intrin-
sic fluorescence of BSA. Its interaction may pro-
duce changes in the microenvironment of the protein
resulting in a quenching of the characteristic BSA
band located at 340 nm. This band is mainly gener-
ated by two tryptophan residues, Trp-134 in the first
domain on the surface of the molecule and Trp-212 in
the second domain, within a hydrophobic pocket and
tyrosine. Tyrosine residue is also present with a lower
contribution.

The modifications in this band depend on the envi-
ronment of the Trp residues and their exposition in
the side chain under the quencher interaction. The
compound did not interfere with BSA fluorescence.
The spectral changes of increasing CuNarBatho con-
centrations (0-50 uM) at 298 K are shown in Fig. 4A.

As the complex concentration increased, a remark-
able decrease in the fluorescence intensity of BSA
(>90%) was observed together with a notorious
bathochromic shift of the maximum emission wave-
length from 340 to 363 nm. Those significant changes
suggested strong complex-BSA interaction and a

EF b

—o— 208K
+O- 303K
-¥- 310K

T
40 50

were 0, 2, 3, 5, 8, 10, 15, 20, 30, 40 and 50 uM, respectively;
B Stern—Volmer plot for the binding of the complex to BSA
(inset: 0-20 uM range)
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Table 1 Stern—Volmer constant (Kj,), bimolecular quenching
constant (Kq), binding constant (K,) and number of binding
sites (n) for the interaction of CuNarBatho with BSA (6 pM)

in Tris—HCl buffer (0.1 M, pH 7.4). Naringenin data was added
for comparative purposes. 12 is the correlation coefficient

T (K) K,, (x10% K, (x10') r? K, (x 10%) n 2
™M) M™s7h ™M
CuNarBatho 298 14.51+0.66 14.51+0.66 0.98 59.18+0.16 1.35 0.99
303 13.33+0.72 13.33+0.72 0.97 20.64+0.06 1.26 0.99
310 12.01+0.66 12.01 +£0.66 0.97 4.40+0.17 1.12 0.98
Nar (Bi et al. 2012) 291 3.74+0.05 0.41+0.01 0.96
301 3.34+0.09 0.40+0.01 1.00
311 3.22+0.03 0.39+0.01 0.95
Nar (Islas et al. 2015) 298 1.66+0.08 1.02+0.30 1.18

Table 2 Thermodynamic parameters for CuNarBatho com-
plex and naringenin

AH (KT mol™") AS( AG (KJ mol™)
mol'K™)
Nar* —1.44 83.33 —25.69
CuNarBatho —170.09 —440.67 —-49.79

*Taken from reference (Bi et al. 2012)

conformational modification probably due to loss of
the compact structure of hydrophobic sub-domain
where tryptophan was located.

The fluorescence data was ana-
lyzed by the Stern—Volmer equation:
FyF=1+K7[Ql=1+K[Q] where F, and F
are the steady-state fluorescence intensities in the
absence and presence of quencher, respectively. Ky,
is the Stern—Volmer quenching constant and [Q] is
the concentration of quencher. It was assumed: (i)
the bimolecular quenching constant K, equal to K,/
Ty, (ii) the lifetime of the fluorophore in the absence
of the quencher as T,=1x 10" s (estimated value
for a biopolymer) while Q is the quencher con-
centration (Nan et al. 2019). The plot Fy/F vs [Q]
(Fig. 4B) showed positive deviation at the three
temperatures. As it is known, the quenching mecha-
nisms are classed as either dynamic quenching or
static quenching. Both of them can be distinguished
by their temperature dependency. For the static
one, the quenching rate constants diminish with
the increment of temperature, and a reverse effect
is expected for dynamic quenching. This tendency
can be distinguished by analyzing the Stern—Vol-
mer graphs in the linear range (2 to 20 uM, Fig. 4B,
inset) and obtaining the Ky, quenching constants

values at different temperatures (Table 1). The val-
ues of Ky, indicated the presence of static quench-
ing mechanism. The K values higher than the value
of 1x10'° M~'s7! (diffusion-controlled quench-
ing) reinforce this assumption. Thus, the bind-
ing constants and the number of binding sites can
be obtained from the equation log [(F,-F)/F]=log
K,+n log [Q] (Table 1, Fig. S8) (Nan et al. 2019;
Bi et al. 2012).

The K, constant values at the three tempera-
tures resulted in the order of 10> M~!. The bind-
ing constant of the interaction of a compound with
albumin must be high enough to ensure the trans-
port and distribution throughout the organism but
at the same time low enough so that the compound
may be released to reach its target. The majority of
the reversible-bound ligands have typical K, val-
ues ranging from 10* to 10° M~!. Additionally, the
binding sites for the complex on BSA were approxi-
mately equal to unity, suggesting that there was one
independent class of binding sites for this com-
pound. Data reported for naringenin (Table 1) gave
K, and K, constants in the same order of magnitude
but evidence that the complex interacts stronger
than the free ligand.

The type of binding involved (H-bonding, Van der
Waals, electrostatic, and hydrophobic interactions)
can be elucidated from the thermodynamic param-
eters. The thermodynamic parameters (Table 2) were
assessed using the Van’t Hoff equation (In K;,=-AH/
RT + AS/R) by plotting In K}, vs 1/T (not shown) and
the free energy changes (AG) were estimated from
AG=AH-TAS. The magnitudes and signs of these
parameters may explain the main forces involved in
the binding. The chosen temperatures were those
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(298 K, 303 K and 310 K) in which the albumin does
not suffer any structural degradation.

Table 2 shows the values obtained for the thermo-
dynamic parameters. The interaction of naringenin, as
well as the complex, resulted spontaneous in nature.

The difference in the interaction of Nar and CuNar-
Batho with BSA can be determined from the calcu-
lated AH and AS values. The negative AH and AS
values for the complex suggest an enthalpic-driven
process with Van der Walls and H-bond formation
while naringenin seemed to be entropically driven
mainly by hydrophobic associations.

Based on those results there is a great possibility
that the complex could be transported for the albumin
and turns out to be suitable for biological studies.

Biological studies
Antioxidant activity against superoxide radical (O,")

Flavonoids are recognized for their antioxidant activi-
ties. There is a structure—activity relationship that
recognizes that the absence of the hydroxyl group
at position C3 in flavanones and the absence of the
catechol structure in the B-ring leads to a decrease in
their antioxidant capacity. In addition, and because
flavonoids can capture free electrons through their
hydroxyl groups, the presence of a C2=C3 double
bond also gives greater stability once the radical is
formed. This prevents the spread of free radical chain
reactions. This is the reason why naringenin, which
does not contain the 3-OH group or the C2=C3
double bond in its structure, is expected to have low
antioxidant activity (Scheme). Previous work showed
the lack of ability of naringenin to efficiently dismu-
tate superoxide radical (Islas et al. 2015; Uivarosi
and Munteanu 2017) and it has been demonstrated
that flavonoids form metal complexes that usually
are more potent antioxidants than the free ligands.
Indeed, for naringenin Wang et al. (Wang et al. 2006)

120

B cuNarBatho
Batho
100 4 [Tr| [ Naringenin T‘t . .
I o -y T_I_-l— IT TIT TfT i
l

80 - . 4

60 "

% control

40 A

4 |

20 +

A1 A

0 02 05 1 15 2 5 10 25 50 75 100
Concentration pM

Fig. 5 Effects of naringenin, bathophenanthroline, CuNar-
Batho, CuNar, and copper(I) cation on A549 cell viability.
Cells were plated in a 96-well plate and incubated with dif-
ferent concentrations (0.25 to 100 pM) of compounds for
24 h. Viable cells were estimated by MTT assay. Results are
expressed as percent viability relative to control (untreated)
cells. Data represents mean +SD of three independent assays.
Results were compared using ANOVA, followed by LSD anal-
ysis. *represent p <0.05

showed that the binary CuNar complex can be a much
better SOD mimic agent than the ligand, remark-
ably lowering the ICs, value (Table 3) The lack of
SOD activity of naringenin ligand motivate the test
for the bathophenanthroline and the ternary com-
plex. Bathophenanthroline did not show any activity
in the 0.1-100 uM range. Nevertheless, precedent
data shows that its presence in the flavonoids-metal
complexes correlates with antioxidant enhancement
capacity in a Cu(Il)-chrysin-N-derivative ligands.
(Gengkal 2020) On the contrary, the CuNarBatho
acted as an efficient scavenger of superoxide radi-
cals. This is a significant result considering that nei-
ther naringenin nor bathophenanthroline behaves as a
SOD mimic per se. Data for CuNar were added for
comparison purposes. However, the method used for
its determination is different from that of this work.

Table 3 Free radical

scavenging power (SOD Compounds 1Cs0 M)

mimic activity) SOD native 0.210
Naringenin* >100
Naringenin** 0.262
CuNarBatho* 2.060

*PMS/NADH/NBT system, CuNar** 0.003

**MET/VitB,/NBT system

Kpgecr (Mol ™! x Lx s71)

8.50% 108 (Islas et al. 2015)

>1.50x10° (Islas et al. 2015)
(Wang et al. 2006)

8.63x10° This work

(Wang et al. 2006)
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Fig. 6 Morphological
changes of A549 cells after
treatment with 0.5 and

1.5 uM CuNarBatho for

24 h. Control cells remained
untreated and received an
equal volume of the solvent
(40 x)
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Table 4 Effects of naringenin, bathophenanthroline, CuNar-
Batho, CuNar, and copper(Il) cation on A549 cell viability:
ICs values of studied compounds and for CuNarPhen for com-
parative purposes

Compounds 1C5y (UM)
CuNarBatho 0.30+0.02
CuNarPhen* 16.42
CuNar > 100
Naringenin™* > 100
Batho 12.10+£2.40
Copper(II) > 100

#[Cu(H,0),(L,)(phen)](ClO,), L,:naringenin (Tamayo et al.
2016), *From Islas et al. 2015

Higher SOD activity in copper(Il) complexes has
been attributed to a greater interaction between the
superoxide ion and the Cu(Il) center in mixed-ligand-
complexes due to the formation of strong axial bond.
(Siddiqi et al. 2009). In the presence of Cu(Il), the
enhancement of this capacity has been associated
with a cycle redox reaction that generates additional
stabilization of the intermediates or products (Arif
et al. 2018).

Anticancer activity

Cell viability To evaluate the cytotoxic activity of
naringenin, bathophenanthroline, CuNar, and CuNar-
Batho, against the lung tumor cell line A549, an
in vitro assay was carried out. As shown in Fig. 5, nar-
ingenin has minimal effects on the A549 cell viability
at tested concentrations and 24 h of incubation. For
naringenin, the results are following the previously

published by Chang et al. and Jin et al. As previously
reported, CuCl, did not show toxicity against lung
cancer cells. (Martinez Medina et al. 2019).

A significant reduction in cell viability is particu-
larly noticeable at very low concentrations of CuNar-
Batho being its ICs, value 0.3 uM. The decrease in the
number of cells was confirmed by optical microscopy.
After 24 h treatment with 0.5 and 1.5 pM of CuNar-
Batho, images of stained cells were registered (Fig. 6)
and it can be observed that the complex induced cel-
lular morphology changes typical of apoptosis: cellu-
lar shrinkage and presence of pycnotic nuclei.

For the binary complex, CuNar (Celiz et al.
2019), there was no previous data on the A549 cells.
Then, for comparison purposes, the study of its anti-
cancer activity was included. The ICs, value was
calculated under the same conditions being greater
than 100 uM (Fig. 5, Table 4). The ICs, value for
the CuNarPhen complex (Tamayo et al. 2016) was
also included to analyze a series of Cu-naringenin
derivative complexes. From those results, it is evi-
dent that the increment of the complexity of the
structure of the copper(Il) complex (insertion of
a phenanthroline based ligand) correlates with the
augment of the effect on A549 cells in the following
order: naringenin ~ CuNar < CuNarPhen < CuNar-
Batho. The addition of the phen in the coordination
sphere lowers 83% of the ICs, value, and the inclu-
sion of Batho instead of phen led to sub-micromolar
anticancer potency.

The results confirm the data obtained by other
authors who demonstrated the significance of the
substitution arrangement of the phenanthroline
rings is directly related to the increase of antitumor
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Fig. 7 Effect of naringenin, Batho, CuNarBatho and
copper(Il) cation on ROS production. A549 cells were incu-
bated at 37 °C (24 h and/or 3 h) in the presence of 10 uM
DCFDA which oxidizes to DCF. The values are expressed
as a percentage of the control level and represent the
mean+S.E.M. *indicates significant values in comparison
with the control level (P <0.05)

activity of the compounds. (Celiz et al. 2019;
Oliveira et al. 2017; Masuri et al. 2022).

Mechanism of action To identify the mechanisms
related to the cytotoxic activity of the ternary com-
plex, the intracellular production of reactive oxygen
species (ROS), mitochondrial membrane potential
disruption and GSH levels were evaluated.

EE CuNarBatho
Wzzzz CuNarBatho (NAC)

% control

Concentration [uM]

Fig. 8 Effect of N-acetyl-L-cysteine (NAC, 5 mM) on
A549 cell viability induced by CuNarBatho. The values are
expressed as a percentage of the control level and represent the
mean+SD. *indicates significant values in comparison with
the control level (p <0.05)
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It is well known that flavonoids can behave as
antioxidant or prooxidant substances (Prochazkova
et al. 2011). Naringenin and some Cu(Il)-complexes
have been reported to be able to increase the intra-
cellular ROS levels in different cell lines. (Ahamad
et al., 2014; Ng et al. 2014; Khan et al. 2019; Lim
et al. 2017) In order to evaluate intracellular ROS lev-
els in A549 cells, the 2',7'-dichlorofluorescein diac-
etate (DCFDA) assay was performed. As can be seen
in Fig. 7, naringenin induced a slight increment (ca.
120%) of ROS levels above 50 uM. The ternary com-
plex produced an increment (150% compared to con-
trol) of ROS amount up to 0.30 uM at 24 h incubation
but at higher concentrations the fluorescence intensity
decreased, due to an excessive cell death. At 3 h incu-
bation, it can be observed that CuNarBatho produced
an overgeneration of ROS levels (ca. 200% compared
to the control) in a concentration-dependent man-
ner up to 1.5 pM. Bathophenanthroline is capable of
inducing ROS generation in the A549 cancer cells
at low concentrations (up to 5 uM). Then, the fluo-
rescence intensity decrease due to the high percent-
age of cell death. Copper (II) salt did not show sig-
nificant differences over the untreated cells. (Martinez
Medina et al. 2019).

To prove that the inhibition of A549 cancer cells
produced by the ternary complex is due to ROS
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Fig. 9 Effects of naringenin, bathophenanthroline, CuNar,
CuNarBatho and copper(Il) cation on mitochondrial membrane
potential (A¥m) in lung cancer cells. A549 cells were treated
with DMSO (control) or compounds for 24 h. Mitochon-
drial membrane potential was measured by DIOC, staining
and analyzed by fluorescence spectroscopy. The data shown
are mean+S.E.M of triplicate samples for each treatment.
*p <0.05 compared with control
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Fig. 10 Effects of naringenin, bathophenanthroline, CuNar-
Batho and copper(Il) cation on GSH cellular levels (A) and
GSH/GSSG ratio (B) in A549 cells. Results are expressed as
mean+SEM of three independent experiments, *significant
differences in comparison with the control level (p <0.05)

generation, the cells were treated with the antioxidant
NAC (N-acetylcysteine). Although preincubation
with 5 mM NAC did not fully restore cell viability,
the CuNarBatho-induced less growth inhibition in
A549 cells indicating that ROS are involved in the
cell death pathway (see Fig. §).

The mitochondrial dysfunction is associated with
malignant cell transformation. In healthy cells, a high
mitochondrial membrane potential (A¥m) is criti-
cal for maintaining the physiological function of the
respiratory chain to generate ATP. However, in can-
cer cells, a significant loss of A¥m is related to the
loss of cellular energy leading to subsequent cell
death by apoptosis (Ly et al. 2003). To test the effect
of compounds on AWm, cationic lipophilic fluores-
cent dye DIOC,, which accumulates specifically in

the mitochondria of living cells, was employed. As
Fig. 9 illustrated, naringenin induced a slight reduc-
tion of mitochondrial membrane potential (ca.15%
at 100 uM). A significant reduction in fluorescence
intensity compared to the control cells was observed
when A549 cells were incubated with CuNarBatho
and Bathophenanthroline (ca. 60% at 1 uM and 40%
at 25 puM, respectively). Overall the results suggested
that treatment of A549 cells with ligands and com-
plex can induce apoptosis mediated by the disruption
of the mitochondrial membrane potential.

The tripeptide, y-l-glutamyl-l-cysteinyl-glycine
known as glutathione (GSH, reduced glutathione) is
the most important low molecular weight antioxidant
in all mammalian cell types. GSH plays a critical role
in various biological processes, among them, it pro-
tects cells from oxidative injury and maintains redox
homeostasis. GSH ratio with oxidized glutathione
(GSSG) may be used as a marker of oxidative stress
(Jay Forman et al. 2009) The results of depletion in
the GSH levels in cultured A549 cells exposed to
compounds for 24 h are shown in Fig. 10. GSH level
and GSH/GSSG ratio were reduced after treatment
with increasing concentration of CuNarBatho (ca. 30
and 60% respectively). Bathophenanthroline induced
depletion of GSH level and GSH/GSSG ratio above
10 uM concentration and naringenin above 75 puM.
Naringenin reduced both parameters to a lesser extent
(ca. 15%). Copper(Il) did not show a significant dif-
ference with the untreated cells (Naso et al. 2020).

Naringenin slightly inhibited cell viability at high
concentrations. Lu et al. (Lu et al. 2020) found that
the free ligand induces apoptosis by activating mito-
chondrial pathway above 200 uM. In our previous
work, (Islas et al. 2015) no cytotoxic effect of nar-
ingenin on the A549 cell viability was found up to a
concentration of 100 pM. In this work we showed that
the flavonoid exert a weak effect on the tested param-
eters, ROS generation, GSH levels, and mitochondrial
membrane potential disruption.

Tamayo et al. found that CuNarPhen showed a
reductive stress action with reduction of ROS produc-
tion and acted by a mitochondria-independent apop-
totic mechanism.

The results of this work indicate that cell death
induced by CuNarBatho is related to an oxidative
stress with ROS production at short exposure time,
loss of mitochondrial membrane potential, and deple-
tion of GSH level and GSH/GSSG ratio. A similar
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mechanism of action was found to METVAN (A549)
(D’Cruz et al. 2002) and casiopeinas (Casiopeina II-
gly (Cas Ilgly), glioma C6 cells) (Trejo-Solis et al.
2005). Surprisingly, the ICy, value of CuNarBatho is
70 times lower than ICs of cisplatin (Al Hageh et al.
2018) suggesting that the complex is a promising can-
didate for further biological studies.

This study demonstrated that structural differences
led to a very different anticancer ability and different
mechanisms of action. It is known that a cytotoxic
action can be exerted by different mechanisms. The
prevalence of one or more of them depends on mul-
tiple factors. (Masuri et al. 2022) Additional studies
in future work would be convenient to evaluate other
involving factors.

Conclusions

The complex CuNarBatho was synthesized and fully
characterized by several physicochemical techniques as
elemental analysis, molar conductivity, mass spectrom-
etry, thermogravimetric measurements and UV-VIS,
FT-IR, Raman, EPR and 'H-NMR spectroscopies.
These results indicate that the solid copper(II) complex
is dimeric. The coordination around the copper(Il) ion
occurs via naringenin binding (through the deproto-
nated C5 hydroxyl group and the C4 =0 group), batho-
phenanthroline binding (by the N-atoms) and chloride
ions. The complex enhances the effect of naringenin on
the dismutation of superoxide radicals. Its kMcCF-con-
stant value is almost 10* times more effective than the
ligand. Albumin binding experiments show the possi-
bility of a reversible type of binding with a K, constant
greater than naringenin. Thermodynamic parameters
suggest an enthalpic-driven process including Van der
Walls and H-bond formation. Thus, the complex could
be reversible transported by albumin.

Anticancer activity of naringenin, CuNar, and CuNar-
Batho complexes showed that only the ternary complex
exhibited an antiproliferative effect on A549 cells. Supe-
rior anticancer action was found for the CuNarBatho
complex with a different mechanism of action than
CuNarPhen associated with the production of ROS, the
loss of the mitochondrial membrane potential, and the
depletion of GSH level and GSH/GSSG ratio.

This study supports the potential of copper(Il)-
phenanthroline complexes as anticancer drugs based
on the chemical advantages of Cu(Il) cation (different

@ Springer

coordination numbers and geometries, diverse types
of ligands), and the involvement of the structural
complexity of the substituted phenanthroline that
increases the anticancer potency in comparison with
other N,N-ligands derivatives.
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