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Introduction

Exploring the effect of copper on the bioactivity of
8-quinolines: an in vitro and in vivo study
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Current anticancer therapy is challenged by the adaptability and resistance of tumor cells as well as
limited drug selectivity that causes severe side effects. The scientific community maintains high interest in
metal-based chemotherapeutic agents due to their unique interactions with cancer cells, potentially over-
coming resistance mechanisms and exploiting the physiopathology of the tumour tissues. Copper, in par-
ticular, plays a dual role in cancer, both facilitating tumor progression and triggering cuproptosis, a
copper-induced cell death mechanism. A better understanding of these processes has revived interest in
copper-based therapies as a promising strategy against cancer. This work contributes to this field by
investigating 8-aminoquinoline (8AQ) in combination with copper as an anticancer agent. Given its struc-
tural similarity to 8-hydroxyquinoline (8HQ), a known copper ionophore, we investigated whether the
presence of Cu could influence its antitumor activity. For comparison purposes, we also studied 8-nitro-
quinoline (8NQ), which binds copper with lower affinity but may undergo selective reduction in those
tumor tissues overexpressing the nitroreductase enzyme. 8AQ alone exhibits poor anticancer activity (in
the human cancer cell lines explored here: A549, HepG2, and HCT116), but in the presence of copper
ions, its effectiveness nearly doubles. In vivo experiments on zebrafish (Danio rerio) embryos confirmed
the in vitro results, highlighting no toxicity in vivo and no cytotoxicity in vitro for 8NQ in parallel with
stronger effects recorded with 8AQ both alone and in combination with copper. Our chemical and bio-
logical findings provide valuable insights into the pharmacological profile of the 8AQ—-copper system,
paving the way to further investigations and offering new experimental models to advance copper-based
therapeutic strategies.

attract significant interest due to their potential to be more
effective against certain tumour types.””® Some of these agents

After cardiovascular diseases, cancer ranks as the second
leading cause of death worldwide.”” A variety of treatment
approaches have been developed so far, including surgery,
chemotherapy, radiation therapy, gene therapy, and
immunotherapy.’>* However, the inherent complexity and
adaptability of cancer cells, which can develop resistance,>®
create a pressing need for ongoing innovation, particularly in
developing new agents to counteract this resistance. Among
the various types of chemotherapy, metal-based agents still
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may also exhibit selectivity towards some pathophysiological
features of tumour cells, offering a more targeted approach to
cancer treatment.’ Metals, with their distinct chemical pro-
perties, can interact with cells in ways that organic molecules
typically cannot replicate. In the context of oncology, this
ability may allow metallodrugs to bypass resistance mecha-
nisms that conventional treatments often face.

Copper is deeply involved in tumour growth and metastasis,
a feature particularly noteworthy in most solid tumours.
Cancer tissues often exhibit elevated copper levels, a phenom-
enon known as cuproplasia.'®"** Copper plays a crucial role in
promoting cancer progression through (i) the activation of
signalling pathways like MAPK (Mitogen-Activated Protein
Kinase), which is involved in cell growth, differentiation, and
survival'* and (ii) the modulation of the extracellular matrix
(ECM) environment as one key copper-dependent enzyme,
lysyl oxidase (LOX), involved in ECM remodelling, can facilitate
the migration of tumour cells. LOX catalyses the crosslinking

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/dalton
http://orcid.org/0000-0001-7581-9553
http://orcid.org/0009-0002-7335-7564
http://orcid.org/0009-0001-4444-6798
http://orcid.org/0000-0002-7061-6471
http://orcid.org/0000-0002-9657-1486
http://orcid.org/0000-0001-7603-4790
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt01396h&domain=pdf&date_stamp=2025-09-25
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01396h
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054038

Open Access Article. Published on 25 August 2025. Downloaded on 1/24/2026 5:46:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

of collagen and elastin fibres, which alters tissue stiffness and
promotes a more favourable environment for cancer cell inva-
sion and metastasis.">'®

Regarding the dual role of copper in cancer biology, on the
one hand, as mentioned earlier, it can drive various processes
that promote cancer development and metastasis, on the other
hand, excess copper ions can activate a cell death mechanism
known as cuproptosis,'”*® effectively halting tumour pro-
gression. The accumulation of copper ions triggers the aggre-
gation of lipoylated dihydrolipoamide S-acetyltransferase
(DLAT), a pivotal component of the pyruvate dehydrogenase
complex, which links glycolysis to the tricarboxylic acid cycle.
The aggregation of DLAT induces proteotoxic stress, ultimately
leading to cell death. Furthermore, cuproptosis is character-
ized by the degradation of proteins containing iron-sulfur (Fe-
S) clusters, which further disrupts cellular functioning."®>°

Historical observations indicated that excessive copper
levels could trigger cancer cell death, with ionophores sus-
pected to facilitate this process.”’** However, the lack of
clarity surrounding the mechanism of action, which was later
named cuproptosis, initially dampened enthusiasm. Today,
with advancing knowledge, copper-based therapies are emer-
ging as a promising avenue for effectively combating tumours.

Among the recognized copper ionophores that cause cell
death, elesclomol (ES), dithiocarbamates (DTCs), and 8-hydro-
xyquinolines (8HQs) stand out.””** These compounds have
also been studied by us both in their native form and functio-
nalized form; functionalization enhances may enhance their
selectivity for tumour cells.>*”” In this context, given the struc-
tural similarity between the 8HQ and 8-aminoquinoline (8AQ)
scaffolds, we perceived the value in studying the combination
of copper with 8AQ (Fig. 1 inset) as a new anticancer strategy.
As a comparison, in this work, we also studied the 8-nitroqui-
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Fig. 1 UV-Vis titration of Cu?* (0—2 mol equiv.) into a solution of 8AQ
at pH 7.4 (0.01 M MOPS/EtOH 70:30). The UV-vis spectrum of 8AQ
alone is highlighted in red. Cgag = 5.0 x 107> M. The inset shows the
chemical structures of 8-aminoquinoline (8AQ) and 8-nitroquinoline
(8NQ).
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noline derivative (8NQ, Fig. 1 inset), which cannot bind with
Cu** with the same affinity as 8AQ. However, the nitro counter-
part could undergo selective conversion into the amino deriva-
tive in tumour tissues that exhibit overexpression of tumour-
specific nitroreductase enzymes; thus, it could act as a pro-
drug.”® Besides studying the complex species of these com-
pounds, we investigated their interaction with glutathione
(GSH) and their effects on three human cancer cell lines
(A549, HepG2 and HCT116). The evaluation of the capability
to pass across membranes (log P determination) was followed
by the in vivo toxicological studies carried out on zebrafish
embryos (Danio rerio), as very few copper-based systems have
been studied in this animal model so far, mainly for purposes
other than oncological ones.?**

Results and discussion
8AQ, 8NQ and their corresponding copper complexes

Before evaluating copper complexation by the two quinolines,
their lipophilic properties were evaluated. The n-octanol/water
partition coefficient (logP), a useful parameter in pharma-
ceutical development, was experimentally determined by the
shaking-flask method.*** 8NQ proved to be more hydro-
phobic than 8AQ, with log P values of 1.72 + 0.02 and 1.30 *
0.05, respectively. The latter agrees with in silico defined data
(logP = 1.38, obtained wusing the Molinspiration
Cheminformatics 2024 online software tool).*

The formation of coordination compounds between copper
and the two organic molecules, 8AQ and 8NQ, was studied in
solution under conditions as close as possible to physiological
ones. A small amount of organic solvent was nevertheless
required to prevent precipitation of the complexes. The posi-
tive-ion mode ESI-MS spectra of water solutions of 8AQ and
Cu** ions at pH 7.0 are shown in Fig. S1 and S2 (SI). When
Cu** was allowed to react with 8AQ at a 1:2 metal-to-ligand
molar ratio, ESI-MS spectra of the reaction mixtures indicated
the formation of complexes with metal-to-ligand stoichio-
metric ratios of 1:2 and 1: 1. In addition to the pseudo-mole-
cular [M + H]' ion of 8AQ at m/z 145.1, intense cluster signals
indicating the presence of copper are observed at m/z 206.1,
223.9, 251.9 and 350.1 (Fig. S3-S8). In particular, the peaks at
m/z 206.1, 223.9, and 251.9 can be assigned to the CuL species
(Table 1), formed by one 8AQ molecule and one copper center
with different coordinating molecules, such as water and
ethanol (the stock solution of 8AQ was prepared in ethanol).
The peak at m/z 350.1 is attributed to a complex formed by two
8AQ molecules and one copper ion (calculated m/z ratio for
the molecular composition CuC;gH;5Ny, Table 1).

The mass spectra of 8NQ, both alone and in the presence of
copper, showed no significant difference (also in the presence
of an excess of copper ions). Only the peaks corresponding to
the proton and sodium adducts of 8NQ were detected, with
m/z values of 175.1 and 196.9, respectively (Fig. S9 and S10).
The mass spectra showed no evidence of complex formation
between 8NQ and Cu®', clearly indicating, as expected, an
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Table 1 ESI-MS characterization of 8AQ, 8NQ, GSH solution and their mixtures with copper ions at pH 7.0

Sample Species Assignment Caled Found Rel. Abd.
8AQ CoH;N, (L) [L+H] CoHyN, 145.1 145.1 100%
8AQ-Cu** [L+H]" CoHoN,, 145.1 145.1 68%
[Cu"L-H]" CuCoH,N, 206.0 206.1 52%
[Cu"L + H,O-H]" CuCyHyN,O 224.0 223.9 100%
[Cu"L + C,HsO-H] CuCy;H3N,0 252.0 251.9 54%
[Cu"L,-H]" CuCygH;5N, 350.1 350.1 26%
8NQ CoHgN,0, (L) [L+H] CoH,N,0, 175.1 175.1 100%
[L +Na]" CoHgN,O,Na 197.0 196.9 9%
8NQ-Cu** [L+H] CoH,N,0, 175.1 175.1 100%
[L + Na]" CoHgN,O,Na 197.0 196.9 10%
GSH [2GSH + H] C,0H35N6015S, 615.2 615.1 100%
8AQ-Cu**-GSH 1:1:2 [L+H] CoHoN, 145.1 145.1 100%
[Cu"L + H,O-H]" CuCoHoN,O 224.0 223.9 17%
[Cu"L,-H]" CuCygH;5N, 350.1 350.2 12%
[GSSG + H]" C10H33N601,S, 613.2 613.1 11%
[GSSG + Na]' C,0H3,Ns01,S,Na 635.1 635.1 16%
[CuGSSG-H]" CuC,oH;3;N¢O01,S, 674.1 674.0 17%
[CuGSSG + Na-2H]" CuC,oH;(oN0;,S,Na 696.1 696.1 45%
[CuGSSG + K-2H]" CuC,H;30N01,5,K 712.0 712.1 25%
[CuGSSG + C,HgO-H]" CuC,,H;5N¢015S, 718.1 718.0 20%
[CuGSSG + Na + K-3H]" CuC,H,oN0;,S,KNa 734.0 734.0 18%

extremely low affinity of 8NQ for copper. To further demon-
strate the lower affinity of 8NQ for Cu®" compared to that of
8AQ, competition experiments were carried out. Mass spectra
of mixtures containing 8AQ, 8NQ, and Cu®" were acquired
(Fig. S11). The spectra consistently showed peaks corres-
ponding to Cu-8AQ complexes, even in the presence of an
excess of 8NQ. No peaks attributable to copper-8NQ species
were observed in any of the spectra, indicating that 8NQ does
not effectively compete with 8AQ for Cu®* coordination under
the tested conditions.

The formation of copper complex species of 8AQ and 8NQ
was also monitored by UV-Vis spectrophotometry. The spectrum
of 8AQ recorded in MOPS (3-(N-morpholino)propanesulfonic
acid)/EtOH shows two intense bands at 247 nm and 333 nm,
corresponding to n-n* and n-n* transitions, respectively.*®

The protonation state of the compounds under physiologi-
cal conditions determines their solubility and ability to cross
cell membranes. The pK, of the 8AQ moiety was determined
by monitoring changes in the UV/Vis spectrum. Absorbance
measurements at 246 nm (4,.x under basic conditions) and
260 nm (Amax under acidic conditions) were plotted against pH
to calculate the pK,. For 8AQ, the analysis revealed a single pK,
value of 4.09, consistent with the value reported by Martell
and Smith.** The electronic spectra of the deprotonated form
of 8AQ are characterized by a main absorption band centered
at 247 nm, and a weak and broad absorption band at 333 nm.
The protonation of 8AQ causes a red shift and a decrease in
absorbance of the higher-energy electronic transitions. The
relatively low pK, of 8AQ compared to that of quinoline can be
attributed to the intramolecular hydrogen bonding between
the amino group (-NH,) and the nitrogen atom in the quino-
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line ring. The distribution diagram of the protonated species
suggests that under our experimental conditions (MOPS/EtOH
70:30), 8AQ predominantly exists in its neutral form. Upon
the addition of copper ions, the UV spectrum of 8AQ under-
went significant changes, pointing out the formation of the
complex species (Fig. 1). Following the titration of 8AQ with a
Cu”" solution, the intensity of the peaks at 247 and 333 nm
noticeably decreased, while the band maxima at 231 and
293 nm exhibited a clear increase in absorbance with rising
copper concentration. The solid-state structure of the copper-
8-aminoquinoline (8AQ) complex with a 1:2 metal-to-ligand
ratio (ML,) was determined by single-crystal X-ray diffraction
and reveals a distorted octahedral geometry.”” In this struc-
ture, each 8AQ molecule acts as a bidentate ligand, coordinat-
ing the copper(u) center through the pyridine nitrogen and the
amino nitrogen atoms. The distortion of the octahedral geo-
metry is attributed to a pronounced Jahn-Teller effect, which
leads to elongation along the axial axis. The two 8AQ ligands
occupy the equatorial plane, while the axial positions are typi-
cally filled by weakly bound water molecules or anions such as
chloride or nitrate.

Based on our experimental data in solution, it is reasonable
to propose a similar coordination environment for the ML,
species, with two 8AQ molecules acting as bidentate ligands
through the same donor atoms observed in the solid-state
structure. In contrast, in the ML species, only one 8AQ mole-
cule is coordinated to the metal center in a bidentate manner,
and the remaining coordination sites are most likely occupied
by water molecules.

In the absorption spectrum of 8NQ, two intense bands are
observed at 216 nm and 300 nm (Fig. S12). These bands are

This journal is © The Royal Society of Chemistry 2025
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characteristic of aromatic compounds like 8NQ and can be
attributed to = — 7* and n — n* electronic transitions, respect-
ively, typical of aromatic systems containing functional groups
such as the nitro group.** Furthermore, the addition of one
equivalent of copper did not lead to significant changes in the
UV-Vis spectrum (Fig. S12), suggesting a much lower affinity of
8NQ for copper ions compared to that of 8AQ. This behavior is
consistent with the data obtained from ESI-MS analysis.
Similar to the mass spectrometry experiments, UV-vis compe-
tition studies were also carried out. The spectrum of the 8AQ-
Cu** complex remains unchanged upon the addition of either
one or two equivalents of 8NQ, after subtraction of the absor-
bance contribution from free 8NQ. These findings confirm
that 8AQ exhibits a significantly stronger affinity for Cu>* than
8NQ under the conditions tested.

Interaction with GSH

Glutathione (y-glutamyl-cysteinyl-glycine, GSH) is the main
low-molecular-weight thiol in mammalian cells, with concen-
trations in the millimolar range.** The reduced/oxidized gluta-
thione (GSH/GSSG) couple is a central regulator of redox
homeostasis in animal cells. Under normal conditions, GSH
predominates in its reduced form*® and is involved in several
cellular functions: it controls protein thiol oxidation, defends
against oxidative stress, and supports metal detoxification.*®*”

Due to its essential role in cell survival, GSH metabolism is
a significant target for therapeutic interventions, particularly
in oncology. A reduction in GSH levels has been linked to the
onset of diseases such as cancer, cardiovascular conditions,
and neurodegenerative disorders, while an increase in GSH
has been associated with cancer growth and resistance to
chemotherapy.*®*® GSH also counteracts and inhibits copper-
induced cuproptosis.’® These effects make GSH depletion a
promising strategy, especially in combination treatments. GSH
acts as an intracellular reducing agent for Cu®" ions and even
trace amounts of Cu®" can efficiently lead to GSH oxidation,
forming GSSG.”" In light of these considerations, an inter-
action between the copper complex of 8AQ and GSH is highly
probable. Consequently, we aimed to investigate the nature of
the interaction between these systems.

The reaction of the Cu®>*~8AQ species with GSH in the pres-
ence of atmospheric oxygen was initially monitored by elec-
tronic spectrophotometry. The addition of 1 equivalent of GSH
to the sample containing Cu®>*-8AQ at pH 7.4, under aerobic
conditions, resulted in an immediate decrease of the band at
231 nm, accompanied by an increase of absorbance at 247 nm.
This effect clearly suggests that the Cu®>*~8AQ complex species
decreased in concentration while the concentration of the free
ligand increased (Fig. 2). The addition of two equivalents of
GSH resulted in the complete release of copper. Notably, the
UV-Vis spectrum of the 8AQ-Cu**-GSH 1:1: 2 solution closely
matches that of free 8AQ at the same concentration, demon-
strating a near-perfect overlap (Fig. 2). To better understand
the interaction, the mass spectra of the Cu®>*~8AQ complex in
the presence of 2 equivalents of GSH were also acquired
(Table 1).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 UV-Vis spectra of 8AQ alone and the mixtures 8AQ-Cu?* 1:1,
8AQ-Cu?*-GSH 1:1:1, and 8AQ-Cu?*-GSH 1:1:2 at pH 7.4 (0.01 M
MOPS/EtOH 70 : 30). Cgag = 5.0 x 107> M.

The reaction mixture was analyzed by ESI-MS (with a posi-
tive detection mode, Fig. S13) soon after the GSH addition to
the solution of the complex Cu®**~-8AQ. Compared to the Cu**-
8AQ solution, an increase in the intensity of the protonated
derivative of the ligand (m/z = 145.1) was observed in the solu-
tion which supports the demetallation of Cu**-8AQ after the
reduction of copper by GSH. Additionally, a significant
decrease in the relative intensity of the peaks at m/z 223.9
(from 100% to 17%) and 350.2 (from 26% to 12%) was identi-
fied, corresponding to the CuL and CuL, species, respectively
(L = 8AQ). Furthermore, the peaks at 206.1 and 251.9, pre-
viously ascribed to the CuL species coordinated with either a
water or ethanol molecule, were no longer detectable.

The mass spectrum revealed peaks at m/z 613.1 and 635.1,
corresponding to the oxidized form of glutathione (GSSG)
(Fig. S14 and S15). Oxidized glutathione formed complexes
with Cu®*, with the predominant species appearing at m/z
674.0 and 696.2 (Table 1 and Fig. S16-S18). By analyzing the
shape of the peaks of the copper-glutathione complexes and
comparing them with the theoretical distribution, it is poss-
ible to determine the proportion of Cu* and Cu** ions bound
to glutathione.

The peak at m/z 674.0 was clearly attributed to the [**Cu**-
GSSG-H]" ion, while the [**Cu®"~GSSG-H]" ion was detected at
m/z 676.0. However, the presence of a small percentage of the
[**Cu*-GSSG]" species could be hypothesized at m/z 675.0 com-
paring the relative peak height proportions with the theoretical
one. To sum up, once oxidized, glutathione tends to react pri-
marily with Cu®" ions and to a lesser extent with Cu® ions.
Copper ions are more likely to be coordinated to amino and
carboxyl groups rather than thiol/disulfide groups.®> Notably,
no peaks corresponding to the reduced form of glutathione
(GSH) were detected. Under identical conditions, the mass
spectrum of GSH alone exhibited a single peak at m/z 615.1
due to the dimer [2GSH + H]".

Dalton Trans., 2025, 54,14396-14406 | 14399
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Taken together, these findings indicate that GSH under-
went oxidation, leading to the reduction of copper. The 8AQ
ligand released the metal center, which was then sequestered
by the oxidized glutathione (GSSG).

In vitro antiproliferative activity

The antiproliferative activity of 8AQ and 8NQ alone or in the
presence of Cu®>" was evaluated against three human cancer
cell lines—A549 (non-small cell lung cancer), HepG2 (hepato-
cellular carcinoma), and HCT116 (colorectal carcinoma). The
selection of these cell lines is based on literature data, indicat-
ing that they exhibit higher copper levels compared to the
corresponding normal cells.">"***> Moreover, Arnal et al.
observed that A549 cells are more sensitive to copper ion over-
load compared to HepG2 cells.’® The cell lines were also
chosen in light of studies indicating elevated expression levels
of the nitroreductase enzyme in these tumor types.*”>°

Notably, the obtained ECs, values highlight that 8NQ is less
cytotoxic compared to its reduced counterpart 8AQ. No sub-
stantial differences are observed among the three cancer cell
lines, suggesting that 8NQ is not effectively converted into 8AQ
through nitroreductase activity in any of the models tested.
Given that high NTR expression has been reported in these
cell lines, and that HCT116 cells are generally considered
more sensitive to the activation of nitroaromatic compounds
than A549 cells,” it is possible that other intracellular factors
may be limiting the activation of the system.

8AQ and 8NQ were further investigated in the presence of
copper ions, in order to assess the impact of metal coordi-
nation on their biological activity.

At first, different concentrations of copper alone (5, 10, 20,
and 50 puM) were tested, showing no significant effect on cell
viability. Therefore, subsequent tests were performed using a
fixed copper concentration of 20 pM while evaluating a concen-
tration gradient of the ligands (1, 2, 3, 4, and 8 equivalents
relative to the copper concentration). Table 2 shows that the
ECso values for 8AQ alone were higher compared to those
observed when 8AQ was combined with 20 pM copper ions.
Thus, the in situ-formed Cu®>’-8AQ species exhibited a better
anticancer activity compared to the ligand alone. The ECs,
values reported in Table 2 are consistent, in terms of copper
sensitivity, with the evidence discussed above indicating that
the A549 cell line is more sensitive to copper ions than

Table 2 ECso (uM + SD) values for each cell line, being the mean value
from at least three independent 72 h experiments

Cell line
System A549 HepG2 HCT116
8NQ >200 >200 >200
Cu*'-8NQ“ — >200 173 +3.5
8AQ 143 + 36 >200 170 £ 6.6
Cu”"-8AQ"° 68.1+1.7 123.8 + 6.5 111 £9.2
cu®* >50 >50 >50

“The ECs, data here reported refer to the organic ligand.

14400 | Dalton Trans., 2025, 54, 14396-14406
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HepG2.>° In contrast, the presence of copper did not markedly
affect the activity of 8NQ. A slight effect of copper is observed
only in the HCT116 cell line, which, according to literature
data, is expected to be the most sensitive to the reduction of
nitroaromatic compounds.’® From these observations, the fol-
lowing conclusions can be drawn: (1) the increased activity
observed in the presence of 8AQ and Cu*" is attributable to the
binding between copper and the compound and (2) 8NQ is
either not converted or significantly activated into 8AQ, or, if it
is, it fails to bind to and reach the copper, and therefore is
unable to elicit a greater biological activity.

It is worth noting that the DMEM cell culture medium, as
formulated, can compete with 8AQ for copper binding, as evi-
denced by UV-Vis spectra of the Cu®>*-8AQ system recorded in
the presence of increasing concentrations of culture medium
(Fig. S19). The spectra clearly reveal a progressive decrease in
the absorbance of the Cu®>~-8AQ complex bands at 231 and
293 nm, along with the reappearance of the characteristic
absorption bands of the free ligand 8AQ at 243 and 247 nm.
This suggests that a portion of the copper added to the culture
medium binds to medium components, reducing the amount
available for complexation with 8AQ. Despite this competition,
the co-administration of copper and 8AQ results in a signifi-
cantly enhanced biological effect, as demonstrated by a
twofold decrease in the ECs, value compared to that with the
ligand alone.

Upon entering tumor cells, the Cu®*~-8AQ complex likely
reacts with intracellular glutathione (GSH), leading to its dis-
sociation, as demonstrated by the interaction data presented
in the previous section. Since co-administration of 8AQ with
copper results in significantly enhanced antiproliferative
activity compared to that with 8AQ alone, these findings
strongly support an ionophoric role of 8AQ. 8AQ could facili-
tate the transport of copper into cells, where the metal could
be released upon interaction with GSH. The resulting accumu-
lation of copper ultimately leads to intracellular copper over-
load. This mechanism relies on similarities with known iono-
phores featuring 8HQ-based scaffolds.”” In light of the pre-
vious considerations, and in analogy with data reported for
8-hydroxyquinolines,”* the active species responsible for the
ionophoric behavior toward copper is likely the Cu**-8AQ
complex, with a 1:1 or 1:2 metal-to-ligand stoichiometry. In
the former case, components of the medium are likely involved
in the coordination sphere, resulting in a heteroleptic
complex. Taken together, the obtained ECs, data are quite
high, making values difficult to achieve locally in the tumor
environment (for example, due to pharmacokinetic reasons).
However, the results collected in vivo, discussed below, are
promising, being associated with a higher bioactivity.

In vivo studies

The acute toxicity of the compounds investigated in this study
was preliminarily assessed using the fish embryo acute toxicity
(FET) test on zebrafish (Danio rerio) embryos, monitored up to
96 hours post-fertilization (hpf).

This journal is © The Royal Society of Chemistry 2025
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Zebrafish (ZF) is a teleost fish that exhibits highly conserved
physiological pathways among vertebrates, with approximately
70% of homology to human genes.®® The FET test has been
considered so far for a large class of compounds associated
with various different mechanisms of action, volatility, solubi-
lity and hydrophobicity.®*

The choice of the ZF model in toxicological research is due
to a number of advantages, such as cost-effectiveness (also
associated with its small size), easy maintenance, huge egg
production during the year (a single female can yield 50-200
eggs per day) and rapid development. Embryos undergo com-
plete development within 96 hours at 26 + 1 °C and achieve
maturity within three months, making them an ideal choice
for both laboratory research and eco-toxicological testing.

In the FET assay, twenty newly fertilized eggs per concen-
tration are exposed to the test substance for a period of 96 hpf
so as to determine the LCs, value, the concentration at which
50% of the embryos do not survive, or show sub-lethal effects,
under the considered conditions.

In this work, the two quinolines 8AQ and 8NQ were studied
individually to first evaluate their toxicity, followed by the FET
test of 8AQ in the presence of copper. Copper(u) chloride alone
was tested, showing high toxicity towards the embryos with an
LCso = 0.97 pM (95% limits: 0.85-1.05 puM). No sub-lethal
effects were found but only lethal effects (death of embryos)
and developmental delays.

8NQ was tested in vivo at the concentrations 28, 50, 100,
200 and 500 pM. Embryos were observed over 4 days, recording
lethal endpoints and sublethal toxicity. At the highest tested
concentrations, all embryos were coagulated. At subsequent
dilutions, the observed effects were malformation of the tail
and other coagulation phenomena.

At the concentrations of 50 and 100 uM, a delay in develop-
ment (up to 144 h) was observed in most individuals, while at
50, 100 and 200 puM, depigmentation phenomena were clearly
visible (Fig. 3). In alignment with in vitro results, 8NQ demon-
strated lower toxicity [LCsq 171.1 pM  (95% limits:
143.1-180.5 pM)] compared to its amino counterpart, 8AQ
[LC50 = 19.49 pM (95% limits: 16.43-23.99 pM)].
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The ligand 8AQ in the absence of copper ions was tested
in vivo at the concentrations of 5, 10, 25, 40 and 50 pM.
Embryos were observed over 4 days, recording lethal endpoints
and sub-lethal toxicity. At the highest tested concentrations,
the observed effects were coagulation phenomena after the
first 24 hours in 8 embryos and death in all the remaining
formed embryos at the end of the test (Fig. 4). At the two
lowest concentrations, only coagulation phenomena were
observed.

With regard to the system formed in situ by complexation of
copper by 8AQ, the LCs, parameter decreases to 12.6 pM in
terms of 8AQ concentration (in the presence of copper). This
confirms the increase in the toxicity of 8AQ upon coordination
to the transition metal center [LCs, achieved at a copper con-
centration of 3.7 uM (95% limits: 3.39-4.16 uM)]. Fig. 5 shows
indeed the effects observed at comparable 8AQ concentrations,
in the absence of copper (10 uM; Fig. 5A) and in the presence
of copper (13.6 pM 8AQ [4 pM of CuCl,] Fig. 5B), recording a
development delay, similar to subsequent dilutions (detected
only in a few cases). At higher 8AQ concentrations (34 pM,
combined with CuCl, at 10 uM), most embryos were dead
while the remaining embryos, although hatched, showed a bra-
dycardic heartbeat and no movement.

Fig. 4 Images of zebrafish embryos treated with 8AQ. The negative
control showed normal pigmentation at 96 hpf (A). Dead zebrafish
embryo treated with the highest concentration (50 uM) of 8AQ (B).

Fig. 3

Images of zebrafish embryos treated with 8NQ. The negative control showed normal pigmentation at 96 hpf (A). The embryos treated with

8NQ at concentrations of 50 pM (B), 100 pM (C), and 200 uM (D) showed depigmentation at 96 hpf.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Images of zebrafish embryos treated with 8AQ and the system
formed in situ by complexation of 8AQ with Cu*. Zebrafish treated with
8AQ at 10 uM (A); and zebrafish exhibiting delayed development after
treatment with 8AQ (13.6 pM) and CuCl; (4 uM) (B).

To sum up, 8NQ is the less toxic compound, followed by
8AQ. Once combined with copper, 8AQ proved to be more
toxic, consistent with the higher cytotoxicity recorded in vitro.

Experimental
Chemicals and materials

Commercially available reagents/solvents, including 3-(N-mor-
pholino)propanesulfonic acid (MOPS), sterile dimethyl sulfox-
ide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), glutathione (GSH), fetal bovine serum
(FBS), CuCl, dihydrate, n-octanol, SNQ and 8AQ were pur-
chased from Merck. DMEM (Dulbecco’s modified Eagle’s
medium) w/GlutaMAX™-[ (pyruvate 1 mM) cell growth
medium, an antibiotic mixture of penicillin and streptomycin
(10000 U mL™"), MEM non-essential amino acid solution
(100x), and phosphate-buffered saline (PBS) were purchased
from Thermo Fisher Life Technologies. MEM (minimum
essential medium) was purchased from Euroclone. All chemi-
cals were high-grade and used as purchased without further
purification. Stock solutions of Cu®* were prepared by dissol-
ving the corresponding perchlorate salt in water. The resulting
solutions were then titrated with standardized EDTA.

Log P

The n-octanol/water partition coefficient (logP) was defined
using the corresponding bi-phasic solvent system, widely con-
sidered by the scientific community since it well mimics the
water/phospholipid membrane interface. The compounds
were dissolved in n-octanol (achieving mM concentrations),
followed by dilution at an appropriate concentration (25 pM
for 8AQ and 250 uM for 8NQ) in the same alcohol. A defined
volume was added to water (same volume), and the resulting
mixture was stirred at 25 °C overnight. After partitioning, all
mixtures were left to equilibrate for 4 hours. The concen-
trations of the compounds in the two phases after equili-
bration were identified using a Jasco V-730 UV-Vis spectro-
photometer (double beam) in the wavelength range of
250-500 nm (Agaq = 252 NM; Agng = 313 nm).
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The final log P values, reported as mean + SD of at least
three independent measurements, were calculated according
to the equation log P = 1og[A1/(A0 — A1)], where A0 is the absor-
bance (proportional to the initial concentration) of the com-
pound in n-octanol before partitioning into water, and A1 is
the absorbance (proportional to the final concentration) of the
compound under examination in n-octanol after partitioning
at the considered wavelength.

Mass spectrometry

Electrospray ionization mass spectrometry (ESI-MS) was con-
ducted on copper complexes, prepared by adding a solution of
Cu** to an aqueous solution of the ligand. The pH value was
adjusted using a stock solution of NaOH, to avoid the presence
of high amounts of salts that could interfere with the ioniza-
tion process. Stock solutions of 8AQ and 8NQ were freshly pre-
pared at 0.02 M by dissolving a weighed amount of each com-
pound in ethanol. Different metal/ligand ratios were investi-
gated. An excess of Cu>" was also used in the case of 8NQ. The
MS parameters were optimized for improved signal responses.

Mass spectral analysis and assignment were carried out
using the Xcalibur software, with each species labelled with
the m/z value of the first peak in its isotopic cluster.

UV-Vis spectrophotometry

UV-Vis spectra were obtained using a JASCO V-670 spectro-
photometer. Spectrophotometric titrations were conducted in
a MOPS buffer (0.01 M)/ethanol 70: 30 v/v solution at pH 7.4.
The metal complexes of 8AQ were less soluble than the ligand
and the addition of an organic solvent (ethanol) was necessary
to prevent the formation of precipitates.

Cell culture

A549 and HCT116 human cancer cell lines were obtained from
American Type Culture Collection (Manassas, VA) and HepG2
cells were obtained from DIMED, University of Padova
(Padova, Italy). A549 and HCT116 were grown in DMEM sup-
plemented with 10% FBS while HepG2 cells were grown in
MEM supplemented with 15% FBS and 1% MEM non-essential
amino acids. Cells were grown in a humidified incubator at
37 °C with 5% CO,,.

Cell viability assays

The compounds under investigation along with the combi-
nation of Cu**-8AQ and Cu®>'-8NQ were evaluated in terms of
cytotoxic activity in vitro using the MTT test.®® Cells were
seeded in 96-well plates (1 x 10 cells per well for HepG2 and
HCT116; 7 x 10? cells per well for A549), followed by treatment
with 8NQ, 8AQ or their combination with Cu®*. After 72 h of
incubation at 37 °C, the cells were washed with PBS and then
incubated with 0.5 mg mL™" MTT for 3 h at 37 °C. Afterward,
100 pL of stop solution (90% isopropanol/10% DMSO) was
added, and 15 min later, the absorbance (Abs) at 595 and
690 nm was estimated. The Infinite M Plex (TECAN) UV-Vis
spectrophotometer was used for the spectrophotometric
reading of 96-well plates.

This journal is © The Royal Society of Chemistry 2025
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The biological activity of the compounds was quantified as
the percentage of surviving cells compared to untreated cells.
For each sample, the concentration required to induce 50%
death of the tumour cell population compared to the control
(ECso) was evaluated. At least four MTT tests for each com-
pound were carried out in order to evaluate the corresponding
ECs, values.

In vivo studies

The fish embryo acute toxicity (FET) tests were carried out
according to the Organization for Economic Co-operation and
Development (OECD) guidelines for chemical testing (test
n0.236).%* All experiments were performed in compliance with
the relevant laws and institutional guidelines: at the embryo-
nic stages used in the FET test, zebrafish embryos are not con-
sidered as experimental animals under European legislation
(Directive 2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of animals
used for scientific purposes Text with EEA relevance). These
testing guidelines are related to the acute toxicity of substances
using ZF embryos up to 96 hours post-fertilization.

The model organisms [supplied by the ZF Facility of the
University of Padova (Italy)], kept in saline water (the compo-
sition of which is described below) at a constant temperature
of 26 £ 1 °C during the whole test, were observed every
24 hours, considering the following four indicators of lethality:
(I) coagulation of fertilised eggs. Even with no magnification,
coagulated eggs can be clearly identified: they are milky white.
Under the microscope, they look dark. The number of coagu-
lated embryos is determined after 24, 48, 72 and 96 h. (II) Lack
of somite formation. At 26 + 1 °C, around 20 somites form
after 24 h in a normally developing ZF embryo. A healthy
embryo shows spontaneous movements (side-to-side contrac-
tions), which are related to somite formation. The absence of
somites is recorded after 24, 48, 72 and 96 h. (III) Lack of
heartbeat. In a normally developing ZF embryo at 26 + 1 °C,
the heartbeat is visible after 48 h. The absence of heartbeat is
recorded after 48, 72 and 96 h. (IV) Absence of tail detachment
(recordable after 24, 48, 72 and 96 h) from the yolk sac. In a
normal ZF embryo, detachment of the tail-bud from the yolk is
observed after posterior elongation of the embryonic body.
Other reportable sublethal effects are depigmentation and
delay of development.

At the end of the exposure period, acute toxicity was deter-
mined based on a positive outcome in any of the four end-
point observations. The test time period was 96 hours, fol-
lowed by the LCs, calculation. The lethal concentration value
(LCs0) was estimated with its 95% confidence limits using a
statistical program that uses the Probit method for calculation
(PROBIFS).®’

Appropriate ZF water (294.0 mg L™" CaCl,-2H,0; 123.3 mg
L' MgS0,-7H,0; 64.7 mg L™" NaHCOs; 5.7 mg L~" KCI) was
prepared according to the OECD guidelines®** and was used
both as a negative control and for dilutions. An additional
negative control was considered, containing the solubilizing
agent DMSO (0.5% v/v), used in stock solution preparation.

This journal is © The Royal Society of Chemistry 2025
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When an organic solvent is used, it should produce no adverse
effect on the embryos as checked by the solvent control; mor-
tality in solvent control should be <20%. The overall survival of
embryos in the negative control and the solvent control should
be >80% until hatch.®*

As a positive control, three concentrations (2.5 mg L™
5 mg L™'; and 10 mg L") of 3,4-dichloroaniline were prepared
in dilution water.®¢%”

After weighing, stock solutions of both quinolines were pre-
pared by dissolution in DMSO to yield millimolar concen-
trations while copper(u) chloride dihydrate was solubilized in
ZF water. Each final concentration of all samples was obtained,
starting from stock solutions, by dissolving the test com-
pounds in a total volume of 200 mL of dilution water.

The ionophore precursor 8NQ was tested at the concen-
trations 28, 50, 100, 200 and 500 pM. 8AQ alone and in combi-
nation with copper chloride was evaluated at 10, 25, 40 and
50 pM and at 34, 13.6, 6.8, 3.4 and 0.034 pM, respectively.
Regarding the latter, the in situ metal-ligand complexation
was tested by solubilizing the ionophore 8AQ together with
Cu®" in the form of cupric chloride dihydrate (10, 4, 2, 1 and
0.01 pM). CuCl,-2H,0 alone was tested at the concentrations
10, 7, 3.5, 1 and 0.1 uM.

Compound exposure was such that + 20% of the nominal
chemical concentration was maintained throughout the test. A
semi-static renewal interval was applied (renewal every 24 h).**

Conclusions

This study provides new insights into the potential of 8-amino-
quinoline (8AQ) as an anticancer agent in the presence of
copper ions. While 8AQ alone exhibits limited cytotoxicity
against the tested human cancer cell lines (A549, HepG2 and
HCT116), its combination with copper significantly enhances
its efficacy, highlighting a promising synergistic effect.

Our findings reinforce the emerging relevance of copper-
based chemotherapeutic strategies. 8AQ may act as an iono-
phore, transporting copper into tumor cells where it is
released upon interaction with intracellular glutathione,
leading to copper overload. This mechanism, consistent with
known 8HQ-based ionophores, is associated with cell death
induction by causing copper dyshomeostasis in cancer cells.

This study introduced the zebrafish model for the evalu-
ation of copper-based systems for oncological applications.
This model validated the in vitro results and the Cu?*'-8AQ
system emerges as a viable candidate for further preclinical
evaluation, offering a promising avenue for the rational design
of next-generation metal-based anticancer agents with
improved selectivity and therapeutic index.
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