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Gliomas are the most common type of primary brain tumors, presenting high mortality and recurrence rates
that highlight the need for the development of more efficient therapies. In that context, we investigated
iron(in) (Fel) and copper(i) (CulL) complexes containing the tetradentate ligand 2-{[(3-chloro-2-hydroxy-
propyl)-pyridin-2-ylmethyl-amino]-methyl}-phenol (L) as potential antimetastatic compounds in glioma
cells. These complexes were designed to act as mimetics of antioxidant metalloenzymes (catalases and
superoxide dismutase) and thus interfere with the production of reactive oxygen species (ROS),
important signaling molecules that have been linked to the induction of Epithelial-Mesenchymal
Transition (EMT) in cancer cells, a process associated with cancer invasion and aggressiveness. The
results obtained have revealed that, in vitro, both compounds act as superoxide dismutase or catalase
mimetics, and this translated in glioma cells into a decrease in ROS levels in Fel-treated cells. In
addition, both complexes were found to inhibit the migration of monolayer-grown H4 cells and lead to
decreased expression of EMT markers. More importantly, this behavior was recapitulated in 3D spheroids
models, where Cul in particular was found to completely inhibit the invasion ability of glioma cells, with
or without cellular irradiation with X-rays, which is suggestive of these compounds’ potential to be used
in combination with radiotherapy. Overall, the results herein obtained describe the novel use of these
complexes as agents that are able to interfere with regulation of EMT and the invasive behavior of glioma
cells, an application that deserves to be further explored.

Introduction

The most common primary malignant brain tumors in adults
are gliomas, which correspond to about 80% of all the malig-
nant brain tumors diagnosed.' The treatment of gliomas varies
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according to the degree of the disease and the patient's condi-
tion, but the current standard of treatment includes surgery for
maximum resection of the tumor, followed by radiotherapy and
chemotherapy." However, achieving complete resection of the
tumor is often impossible due to its highly infiltrating nature
and inaccessible location, leading to recurrence of the disease
in the great majority of cases.' In addition, while metastases
outside of the central nervous system are uncommon, when
present, they often exhibit increased resistance to treatment,
similarly to what is observed for relapsed tumors, leading to
a very poor prognosis for these patients.' As such, it is neces-
sary to develop more efficient therapeutic tools that can
improve the patients' outcome.

Research exploring metal based compounds as chemother-
apeutic drugs for the treatment of cancer has increased since
the discovery of cisplatin-based chemotherapy.*® Metal
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complexes present many versatile characteristics, such as their
redox activity, diverse reactivity with organic substrates, and
different coordination modes that make them attractive tools to
be explored in the design of new chemotherapeutic drugs.*® In
addition to the development of cytotoxic chemotherapeutic
drugs, the interest on metal complexes that can be used as
metastasis inhibitors has also increased in recent years.*” For
this purpose, most of the studies done so far have largely been
focused on promising ruthenium-based compounds,***° even
though complexes containing other metals have also been
described.'** Currently, however, only two ruthenium
compounds have advanced into clinical trials, although they've
failed to show the desired therapeutic efficacy that would make
them viable alternative to the therapies currently in use.*

Antimetastatic complexes can target different cellular path-
ways or processes, but have mainly been designed to modulate
or interfere with key features necessary for cancer migration or
invasion. One such feature is the modulation of the Epithelial-
Mesenchymal Transition (EMT) phenomenon,® a physiological
process involved in the cellular developmental program and
tissue repair, but which has been also strongly linked to the
metastatic process in cancer."* Namely, during EMT, cancer
cells undergo a series of changes (biochemical, morphologic
and genetic) that allow them to have a more mesenchymal-like
phenotype that is thought to be necessary to promote cancer cell
migration and invasion, and their escape from the primary
tumor.'* Despite the fact that the search for compounds able to
interfere with the EMT process has been increasing in the past
years, it is still mainly based in the use of natural compounds
isolated from plants,*® while the use of metal-based compounds
in this branch of medicinal chemistry remains poorly
researched. In addition to targeting EMT, several of these metal-
based compounds also aim to affect Reactive Oxygen Species
(ROS) equilibrium®***>*® since ROS can act as signaling mole-
cules in many cellular pathways, including those involved in
tumor progression."” Interestingly, the EMT process seems to be
connected to cellular ROS levels and different metals have been
shown to induce EMT in different cancers through a ROS-
dependent mechanism.**?" As such, modulation of ROS levels
in cancer cells has been put forth as another promising strategy
to tackle the problem of local invasiveness and metastization of
cancer.”

One possible strategy to modulate the levels of cellular ROS,
and, consequently, the cancer cells metastatic ability, is the use
of metal-based compounds that mimic the superoxide dis-
mutase (SOD) and catalase (CAT) enzymes, important cellular
antioxidant proteins that are responsible for maintaining the
cellular redox balance.* For that purpose, in this work, we used
two coordination compounds harboring the ligand 2-{[(3-
chloro-2-hydroxy-propyl)-pyridin-2-ylmethyl-amino]-methyl}-
phenol (L) complexed with iron (FeL)**** and copper (CuL).>® We
thus describe for the first time the application of these
compounds in the frontier of chemistry and human oncology,
by assessing their antioxidant and antimetastatic potential in
glioma (H4) cells. The results obtained have revealed an
impressive ability of the compounds under study to inhibit the
migration of H4 glioma cells in both 2D and 3D cellular models.
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In addition, this effect was maintained after irradiation with X-
rays, suggesting that these compounds might be suitable to be
used as co-adjuvants for radiotherapeutic treatments.

Results and discussion
Cytotoxicity of FeL and CuL compounds in H4 glioma cells

The synthesis of the ligand 2-{[(3-chloro-2-hydroxy-propyl)-
pyridin-2-ylmethyl-amino]-methyl}-phenol (L) and of the iron
and copper complexes studied here were described previously
by us.?*?° The ligand contains four coordinating groups (N,O,)
and its coordination behavior depends on the metal center. For
example, it forms dinuclear phenoxo bridge complexes with
Ni(u),” while with Fe(ur), mononuclear and dinuclear (alkoxo
bridge) were already described.”** The iron compound
described here shows a dinuclear structure (Fig. 1), in which the
iron(m) ions are connected by two alkoxo bridges from two
ligand molecules. The coordination environment is completed
by two nitrogen atoms (the tertiary N atom and one from the
pyridyl group), one oxygen from the phenolate unit and a water
molecule. It has been shown that this compound is able to
promote DNA cleavage.”® Concerning the copper complex, its
molecular structure solved by monocrystal X-ray analysis
showed the presence of two distinct species in the crystal,
a mononuclear and a dinuclear one,” shown in Fig. 1. The
dinuclear species may be considered the dimer of the mono-
nuclear one and studies showed that the dinuclear species is
transformed in the mononuclear one in solution, and, there-
fore, only the mononuclear species remains. It has been previ-
ously demonstrated that the copper complex shows cytotoxicity
on pathogenic bacteria.”

In order to determine if the FeL and CuL complexes (Fig. 1A)
exhibited significant antitumoral properties, their cytotoxic
activity after 24 hours (h) of treatment was determined in H4
glioma cells using the AlamarBlue assay. Both compounds were
found to have ICs, values in the high micromolar range (85 £+ 1
and 82 + 1 puM for FeL and Cul, respectively; ESI Fig. 17),
indicating that they display only moderate cytotoxicity in glioma
cells. In fact, these compounds exhibited about 40% less cyto-
toxicity than the one previously reported for the reference
chemotherapeutic drug cisplatin (50 uM) in this same cancer
cell line after 24 h of incubation.?® Since we were not interested
in evaluating the intrinsic cytotoxic activity of the compounds,
but how their antioxidant activity may influence other proper-
ties of cancer cell development, the lack of cytotoxic effect is of
relevance for the present study. As such, we selected a concen-
tration of the compounds that did not induce significant loss of
viability (25 pM; Fig. 1B) to further proceed with the evaluation
of these compounds as antimetastatic agents, while minimizing
potential interference from cytotoxic effects exerted by the
drugs. Due to the lack of a proper non-malignant control brain
cell line, this study did not consider the effects of the tested
compounds on healthy brain cells. Although we acknowledge
that this aspect can be of particular interest, it is currently
beyond the scope of this study and, therefore, it will be further
investigated in the future.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Fel and CuL complexes exhibit relatively low cytotoxicity in H4 glioma cells. (A) Chemical structure of the Fel and CuL compounds. (B)
Cellular viability of H4 cells after 24 h of incubation with 25 pM of Fel and CuL (and the respective solvent) as compared to the control (Ctr) and
determined by propidium iodide flow cytometric assay. The results were calculated from three independent experiments and are given as the
mean + S.E.M. (C) FelL and CulL stability in PBS after 24 h, 48 h, or 72 h of incubation with 25 uM of the compound, determined by UV-VIS

spectrometry.

Stability studies by UV-Vis spectrometry indicated that both
compounds were stable at the selected concentration in a PBS
solution at physiological pH for up to 72 h of incubation
(Fig. 1C), the latest time point used for our assays. For the iron
compound, it was also possible, using a higher concentration of
FeL (50 pM), to visualize through confocal fluorescence
microscopy the presence of a fluorescent species in the lyso-
somes, suggesting that it was indeed entering the cells under
these conditions (ESI Fig. 2). On the other hand, no signal was
observed for the copper compound.

In vitro and cellular antioxidant properties of FeL and CuL

Based on the important role that transition metal ions play in
cellular redox mechanisms, several studies having metal-
loenzymes, such as SOD and CAT, as targets for new mimetic
compounds have been performed.**** Within this approach, in
recent years, our group has developed different ligands and
their respective coordination compounds with different transi-
tion metals, that exhibit antioxidant properties.>****> For
example, we have shown that copper, iron and manganese
complexes with the ligand 1-[bis(pyridin-2-ylmethyl)amino]-3-
chloropropan-2-ol (L1), similar to the one reported here, but

This journal is © The Royal Society of Chemistry 2020

with two pyridine groups instead of a pyridine and a phenol
group, present protective antioxidant effects on Saccharomyces
cerevisiae cells subjected to oxidative stress.*® These results thus
prompted us to investigate the antioxidant activity of this set of
compounds (FeL and CuL) and evaluate if their antioxidant
activity could exert any influence on biological processes,
particularly on the migratory ability of cancer cells.

To address if the compounds FeL and CulL displayed anti-
oxidant activities, we first assessed their ability to mimic the
SOD enzyme in vitro. Both compounds reacted with the super-
oxide anion (ESI Fig. 3, 4 and Table 1) as evidenced by the ICs,
values obtained, which represent the concentration of the
compound required to inhibit half of the reduction of nitro-
bluetetrazolium (NBT) by the superoxide anion generated in situ
at a constant rate by the enzymatic system xanthine/xanthine
oxidase, in comparison to control conditions.

In order to show SOD-like activity, the compounds have to be
able to promote the oxidation (O, — O, + e~ ) and the reduc-
tion (0,~ 4+ e~ —0,27) of the superoxide anion. This behavior
is shown by systems that catalytically induce the superoxide
decomposition. If the system promotes only the reduction or
only the oxidation of the superoxide anion, they will work as

RSC Adv, 2020, 10, 12699-12710 | 12701
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superoxide reductase or superoxide oxidase, respectively. In
light of this, the compounds described here would react only
stoichiometrically with the superoxide anion. Thus, considering
the difference (71 nmol) between the number of moles of for-
mazan formed in the presence and in the absence of CuL and
the number of moles of the copper complex (2.0 nmol)
employed in the assay that showed the lower formation of for-
mazan (Fig. 1 ESIt), each molecule of the copper complex was
able to react with 35 molecules of superoxide anion after
40 min, clearly suggesting catalytic activity. On the other hand,
since the iron complex was less active, the reaction ratio
superoxide : FeL was only 1.5 after 40 min. Since this ratio is
only a little bit higher than the stoichiometric reaction, at the
moment it is not possible to conclude if FeL showed SOD or
SOO activity. Therefore, CuL was found to possess a higher
reactivity on the superoxide anion (almost 50 times higher) than
the FeL compound and due to its catalytic activity it might be
considered as presenting SOD-like activity. However, the Ka.
obtained for CuL is ca. 1.8 x 10” lower than the one observed for
the natural SOD. Comparing the data with the complexes
synthesized with the ligand L1 (Table 1), the activities obtained
here were of the same order of magnitude.

Next, the ability of the complexes to mimic the enzyme CAT
was evaluated through a direct reaction with hydrogen peroxide
(H,0,), which was monitored by measuring H,0, absorption
using electronic spectroscopy at 240 nm. The FeL complex
showed CAT mimetic activity in phosphate buffer solution (pH
7.8), while the CuL complex exhibited CAT-like activity only
when one co-catalyst (piperazine) was added to the reaction
(Table 1). Once again, the kinetic parameters calculated for both
compounds, in particular the K., revealed that CuL possesses
higher CAT-like activity than FeL, albeit limited by the need of
the addition of the mentioned co-catalyst.

Following the results obtained with the in vitro enzymatic
assays, we then proceeded to determine the ROS levels in H4
glioma cells incubated with the 2 complexes. For that, we used
CM-H,DCFDA-based flow cytometry which is useful to detect
several ROS species, but mainly H,0,, the hydroxyl radical
(OH") or peroxynitrite.*® Cellular treatment with FeL for 24 h
induced a statistically significant reduction in ROS levels
(Fig. 2A). In contrast, CuL led to an evident, but not statistically
significant, decrease in ROS levels (Fig. 2A). These results

View Article Online
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indicate that the in vitro antioxidant activity is not translated in
the cellular environment. This behavior has been described
previously when the in vitro SOD/CAT activity of Fe, Cu and Mn
of similar mimetic complexes was not replicated in live cells.*

To assess if the complexes antioxidant effects might also be
due to indirect instead of direct effects, we assessed the level of
expression of several ROS-related genes by qPCR. The vehicle
control sample, treated with DMSO, exhibited a clear effect on
the expression of some of the genes analysed (Fig. 2B), which is
in agreement with the fact that DMSO has been previously
described to be a ROS scavenger, able to interfere with several
related cellular processes,* even if under our experimental
conditions we saw no significant changes in ROS levels in
DMSO-control cells in the cytometric study (Fig. 2A). From the
results obtained, however, it became evident that both treat-
ment with FeL and CuL led to a considerable upregulation of
the expression of thiorredoxin (Fig. 2B), Trx1, an important
cytosolic detoxifying protein,* which suggests that these
compounds might have an impact on the homeostasis of cyto-
solic redox status. Additionally, the FeL compound also led to
significant changes in SOD1 and CAT expression levels when
compared with DMSO-treated cells (Fig. 2B), which is in
accordance to the fact that it induced a significant decrease in
ROS levels (Fig. 2A) and might contribute to its apparently
higher antioxidant effect when compared with CuL. In addition
to having an effect on intracellular ROS levels, we cannot rule
out the possibility that the complexes used are also altering
extracellular ROS levels. These species have been hypothesized
to be extremely relevant players in the tumor microenvironment
and different aspects of cancer progression, including the
development of metastasis,** and, as such, this possibility is
worthy of further investigation in the future.

FeL and CuL complexes reduce migration through inhibition
of epithelial-mesenchymal transition (EMT) in glioma cells

Since an increase in ROS had been previously implicated in
EMT induction in different cells,"*>* we hypothesized that the
reduction in ROS levels induced by the compounds could be
leading to changes in the metastatic ability of H4 cells. The
effect of FeL and CuL on the migration of H4 cells was thus
investigated by the transwell migration assay. The number of

Table 1 Kinetic parameters of iron and copper complexes and natural SOD and CAT enzymes

SOD activity

CAT activity

Compound ICso (LM) Keat M71s™h Keat (571 Ky (mM) Kead Ky M1 s7h) Ref.

FeL” 8.946 + 0.345 1.43 x 10° 0.080 =+ 0.003 232+ 1.2 3.45 + 0.04 This work
CuL 0.181 + 0.016 7.07 x 10° 0.360 + 0.125 419 + 15.7 8.25 + 0.06 This work
FeL1? 26.8 £ 2.5 1.2 x 10° ND ND ND Ribeiro et al.*
CuL1? 0.43 £ 0.2 7.7 x 10° NA NA NA Riberio et al.*
Cu, Zn-SOD 0.03 1.3 x 10° — — — Weser et al.>®
CAT (human erythrocytes) — — 5.87 x 10° 80 7.34 x 10° Switala et al.*”

“ The kinetic data do not allow to confirm if the compound shows superoxide dismutase or superoxide oxidase activity. * L = N-(2-hydroxybenzyl)-N-
(2-pyridylmethyl)[(3-chloro)(2-hydroxy)|propylamine; L1 = 1-[bis(pyridin-2-ylmethyl) amino]-3-chloropropan-2-ol; ND = not determined; NA = not

active.
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Fig.2 Fel and CuL complexes exhibit antioxidant properties in H4 glioma cells. (A) ROS levels in H4 cells after incubation with 25 uM of FelL and
CuL (or 0.125% DMSO) for 24 h in relation to a control containing just growth medium. (B) Gene expression of ROS-related genes in H4 cells after
incubation with 25 uM of Fel and Cul for 24 h. Results are shown as fold change normalized to the untreated control (Ctr) and represent the
mean + S.E.M of three independent replicas. Statistical significance was calculated using one-way ANOVA, followed by Dunnet's test (*p = 0.05,

**p < 0.01) in comparison to the DMSO control.

cells migrated to the bottom of the membrane revealed that
both complexes can clearly inhibit the migratory ability of H4
cells (Fig. 3A).

To investigate to what extent this observation was related to
cell proliferation or cell cycle arrest induction, since ROS has
also been shown to be related with regulation of cellular
proliferation/cell cycle,” the effects of the compounds on the
cell cycle of H4 cells were investigated by flow cytometry. While
FeL showed no effect on the cell cycle of H4 cells, CuL induced
a significant decrease in the G0/G1 phase of the cycle (*p =
0.05), with a concomitant increase in the % of cells in the S and
G2/M phases (of about 7.7 and 6.2%, respectively) that was,
however, statistically not significant (Fig. 3B). This suggests that
CulL-treated cells might experience a shift in the cell cycle from
the GO/G1 phase to the S and G2/M phases, which could either
reflect a slight increase in proliferation, or that cells are arrested
during DNA duplication or prior to cell division.** However, this
difference does not seem likely to justify the significant change
observed in the migration of glioma cells upon exposure to the
complex.

As such, looking for another possible explanation, we next
analyzed the expression of several EMT markers in the FeL/CuL
treated cells by qPCR. The results evidenced that treatment with
the compounds is accompanied by an obvious and statistically
significant increase in expression of E-cadherin mRNA, and
a slight, but not significant, reduction of Vimentin in the case of
CuL (Fig. 3C). The expression of the EMT-related transcription
factor Snail was found to also be statistically significantly
decreased upon treatment with CuL (Fig. 3C). This gene
expression profile is consistent with the hypothesis that cells
treated with FeL and CuL had a more epithelial-like phenotype,
possibly experiencing an inhibition of the EMT transition
process, which should originate cells with a less motile
phenotype,** and is in accordance with the decreased migratory
ability observed in complex-treated cells (Fig. 3A),

This journal is © The Royal Society of Chemistry 2020

demonstrating that the compounds do seem to possess anti-
metastatic properties.

FeL and CuL complexes inhibit 3D spheroids invasion

There is mounting evidence that the results obtained in 2D
cellular models, where many of the characteristics of the orig-
inal tumor microenvironment are missing, present several
limitations when being transposed into the clinical setting.** In
that context, several 3D cellular models have been developed
that present a level of complexity which is much closer and
more representative of several aspects of tumor tissues than the
ones shown by monolayer cell cultures.* In particular, matrix-
embedded 3D cultures have been increasingly applied to
investigate tumor migration and invasion.*

As such, and in order to try to better estimate the clinical
translational potential of the compounds under evaluation, we
extended our studies to H4 multicellular spheroids, which are
expected to better recapitulate in vivo tumor properties. For that
purpose, spheroids generated in agarose-coated plates were first
treated with FeL or CuL for 24 h or 72 h. Then, cell viability was
assessed using the CellTiter-Glo® 3D assay, while spheroid size
and growth were accompanied using bright field microscopy.
Surprisingly, incubation with FeL increased cellular viability
(Fig. 4A), both after 24 h and 72 h of incubation. This increase in
viability was accompanied by an increase in spheroid size after
72 h of incubation (Fig. 4B). In contrast, CuL induced a decrease
in viability as early as 24 h of incubation, along with
a concomitant decrease in spheroid size (Fig. 4A and B).

Next, we observed that both complexes were able to interfere
with the invasive behavior exhibited by H4 cells embedded in
matrigel (Fig. 4C). CuL, in particular, exhibited very encour-
aging results, completely eliminating H4 cell ability to invade
the matrigel matrix, an effect that cannot be attributed solely to
the decrease in viability and growth found to occur following
incubation with this compound (around 31% and 19% in terms

RSC Adv, 2020, 10, 12699-12710 | 12703
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Fig.3 Fel and CuL complexes reduce migration and inhibit Epithelial-Mesenchymal Transition (EMT) in H4 glioma cells. (A) Migration of H4 cells
after 24 h of incubation with 25 uM of Fel and CuL assessed with the transwell migration assay. (B) Cell cycle analysis and (C) expression of EMT
marker genes in H4 cells under those same conditions. The results were calculated from three independent experiments and are given as the
mean + S.E.M. Statistical significance was calculated using one-way ANOVA, followed by Dunnet's test (*p = 0.05, **p = 0.01) in comparison to

the DMSO control.

of cellular viability and growth, respectively). FeL also displayed
the ability to inhibit the invasive behavior of H4 cells, an effect
that was, however, not as striking as the one found for CuL.
However, this can be due to the fact that this compound was
found to present a stimulatory effect in cellular viability, as
described above (Fig. 4A and B), counteracting the desirable
effect it seemed to also have as an anti-metastatic compound.

Notably, the effect of the compounds on H4 spheroids'
invasive ability was maintained even when cells were irradiated
with X-rays (6 Gy). This is highly relevant in the clinical context,
since it has been demonstrated that the use of low linear energy
transfer (LET) irradiation, which includes X-rays radiation,
might, in patient-specific contexts, increase migration and
invasion of glioma cells.*® In addition, most glioma relapses
occur in an area within 2 cm of the area where the primary
tumor initially developed, which impairs tumor removal and
local radiotherapy.” The results obtained in the 3D invasion
assays thus clearly demonstrate that both complexes possess an

12704 | RSC Adv, 2020, 10, 12699-12710

anti-metastatic effect not only in monolayer cells, but also in the
more representative spheroids model that has potential to be
highly relevant in the clinical context.

FeL and CuL complexes alter glutathione metabolism or
oxidative stress in H4 spheroids

Since we had previously observed an apparent decrease in ROS
levels in complex-treated cells that could be related to the
decreased migration observed in monolayer-cultured cells, we
investigated whether the remarkable effect of the compounds
on the inhibition of H4 spheroids’ invasion in matrigel could be
also related with changes in cellular oxidative stress in this 3D
cellular model. For that, the antioxidant ability of the complexes
was assessed by determining the relative levels of cellular
glutathione and the ratio of reduced glutathione (GSH), an
important cellular antioxidant and detoxifying agent, and
oxidized glutathione (GSSG) using the GSH/GSSG-Glo™ Assay.

This journal is © The Royal Society of Chemistry 2020
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Fig.4 Fel and CuL complexes inhibit H4 spheroids invasion. Viability (A) and growth (B) of H4 spheroids after 24 h and 72 h of incubation with 25
puM of Fel and CulL. Representative images and quantification of the invasion of H4 spheroids after 24 h and 72 h of incubation with 25 uM of Fel
and CulL without (Ctr) or with irradiation with 6 Gy X-rays (D). Scale bars, 500 pm. Statistical significance was calculated using one-way ANOVA
(for (A and B)) or two-way ANOVA (for (C and D)), followed by Dunnet's test (*p = 0.05, **p = 0.01, **p = 0.001, ****p < 0.0001) in comparison
to the DMSO control. Experiments were performed in at least duplicates (A and B) or triplicates (C and D), using multiple spheroids per condition
in each replicate done.
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The results obtained revealed that treatment with FeL induced
an increase in GSH levels, while the GSH/GSSG ratio remained
unchanged (Fig. 5A and B, respectively). This suggests that this
compound did not change the oxidative stress levels in H4
spheroids, but it seemed to affect cellular glutathione metabo-
lism. Contrastingly, cells treated with the CuL complex showed
an evident decrease of the GSH/GSSG ratio, compared with the
vehicle control sample, which indicates that CuL was inducing
oxidative stress under these conditions (Fig. 5B). In addition,
the level of total GSH in these cells was also found to be reduced
(Fig. 5A).

These observations raise the question of what might be the
impact of such metabolic changes on the behavior observed for
FeL- and CuL-treated H4 spheroids. One possibility is that the
elevated oxidative stress found in CuL-treated cells could
underlie the decrease in viability observed under these same
conditions (Fig. 4A and B), since several metal-based
compounds have been previously described to reduce cancer
cell viability through the induction of ROS production.®*>**
Moreover, increased GSH levels have also been previously
correlated with enhanced cancer metastatic ability.*” This
could, at least partially, explain the difference in performance
observed for the FeL and CulL compounds, since the later
significantly decreases GSH levels and is much more efficient at
reducing the invasive potential of H4 spheroids, while the
former actually increased the GSH levels, exhibiting a less
pronounced inhibitory effect. Overall, these results are highly
encouraging, since modulation of GSH levels have been
proposed as a potential way to sensitize tumor cells to treatment
modalities such as chemotherapy,*” and, in particular the CuL
complex, seems to be a good candidate to test this goal, while
also having been proved herein to have a significant impact on
the cell invasive ability.

Conclusion

The highly infiltrative nature of gliomas poses significant
therapeutic challenges that result in a high rate of disease

A
- 20 MCtr (DMSO) WFel W Cul
c =
s k%
38
1.5
(74
1
§8
2E 10
5
gB -
=)
50 05 *
o8
Fe
0.0
O o
‘1?‘ AV

View Article Online

Paper

recurrence and poor patient prognosis. In this work, we
explored the application of two coordination compounds, FeL
and CuL in an anticancer therapeutic context. Both complexes
showed antioxidant activity (catalase and superoxide
dismutase/superoxide oxidase) in vitro and, in the case of FeL,
also in H4 glioma cells. Although the complexes did not present
significant cytotoxic activity at 25 uM, they exhibited anti-
migratory properties in 2D cultures and anti-invasive abilities
in 3D multicellular spheroids. While the mechanisms under-
lying these effects have not been fully elucidated, they seem to
be related with cellular oxidative stress and/or glutathione
metabolism, particularly in 3D cellular models where the best
performing complex, CuL, caused a reduction in GSH level