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Abstract: Triple-negative breast cancer (TNBC) is one of the most aggressive forms of breast cancer
and constitutes 10-20% of all breast cancer cases. Even though platinum-based drugs such as
cisplatin and carboplatin are effective in TNBC patients, their toxicity and development of cancer
drug resistance often hamper their clinical use. Hence, novel drug entities with improved tolerability
and selectivity profiles, as well as the ability to surpass resistance, are needed. The current study
focuses on Pd(II) and Pt(II) trinuclear chelates with spermidine (Pd3Spd; and Pt3Spdy) for evaluating
their antineoplastic activity having been assessed towards (i) cisplatin-resistant TNBC cells (MDA-
MB-231/R), (ii) cisplatin-sensitive TNBC cells (MDA-MB-231) and (iii) non-cancerous human breast
cells (MCEF-12A, to assess the cancer selectivity /selectivity index). Additionally, the complexes’ ability
to overcome acquired resistance (resistance index) was determined. This study revealed that Pds;Spd,
activity greatly exceeds that displayed by its Pt analog. In addition, Pd3Spd, evidenced a similar
antiproliferative activity in both sensitive and resistant TNBC cells (ICs5q values 4.65-8.99 uM and
9.24-13.34 uM, respectively), with a resistance index lower than 2.3. Moreover, this Pd compound
showed a promising selectivity index ratio: >6.28 for MDA-MB-231 cells and >4.59 for MDA-MB-
231/R cells. Altogether, the data presently gathered reveal Pd3Spd, as a new, promising metal-based
anticancer agent, which should be further explored for the treatment of TNBC and its cisplatin-
resistant forms.

Keywords: palladium; platinum; cisplatin; therapy; antiproliferative; cell viability; antineoplastic
activity; cancer resistance

1. Introduction

Cancer resistance to drugs is driven by the reduction or even the lack of an effective
response to drug-induced cancer growth inhibition. Resistance can occur in drug-naive
patients, also known as intrinsic cancer resistance, but also in patients that underwent
several treatment courses and acquired cancer resistance (appearing after positive initial
outcomes) [1]. Triple-negative breast cancers (TNBC), a breast cancer subtype with more
aggressive biology, high rates of metastasis and potential relapse and mortality, stands out
as having limited therapeutic options [2] and affects nearly 10-20% of all diagnosed breast
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Pd,Spd, / Pt,;Spd,

cancers [3], mainly in younger (under forty years of age, [4]), African Americans [5], His-
panic women [6] and/or individuals with a BRCA1 gene mutation [4]. Platinum-(Pt)-based
drugs are often used in neoadjuvant and salvage chemotherapy schemes to treat TNBC
patients [7]. Nonetheless, severe adverse effects and toxicity, as well as cancer-acquired
resistance, often occur during the time course of TNBC patients’ treatment [2,8,9], ham-
pering their clinical success. To overcome drug resistance and therapy failure, substantial
focus has been given to combinations of existing therapies, as well as to the development
of novel drug entities with improved properties, selectivity and novel mechanisms of
actions [10,11]. In this regard, metal complexes are at the forefront of research [12,13] owing
to their particular properties regarding coordination environments/geometries and/or
activation/inhibition of ligands under suitable conditions [13,14]. Such features might
have an increased added pharmaceutical value, as demonstrated by conventional Pt(II)
compounds (cisplatin, Figure 1; carboplatin or oxaliplatin) that have successfully been used
as anticancer agents [15,16].

&
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Figure 1. Structure of Pt(Il)- and Pd(II)-based agents: Pd(II) or Pt(Il) trinuclear chelates with sper-
midine, Pd3Spd; or Pt3Spd,; conventional mononuclear Pt(Il) drug—cisplatin and Pd(II) dinuclear
chelates with spermine PdySpm.

The therapeutic effectivity of these type of Pt(Il) agents results, at least in part, from the
formation of Pt-DNA adducts (through covalent binding to the bases), which induces DNA
damage and triggers apoptosis [17]. As potential Pt(II) analogs, palladium(II) complexes
have received particular attention owing to the similarities between these cations regarding
both electronic configuration and coordination. Biogenic polyamines, namely spermidine
(HoN(CH3)4NH(CH;)3NH,, Spd) and spermine (H,N(CHjy)sINH(CH;)sNH(CH;3)3NHo,
Spm), have been identified as suitable polydentate ligands for both Pt** and Pd?* ions,
allowing the formation of stable chelates with appropriate kinetic properties [18], such as
the trinuclear Pt(II) or Pd(Il) chelates with spermidine (Pt3Spd; and Pd3Spd,, Figure 1).
In addition, Pd-based chelates are expected to display a higher tolerability and safety
profiles as compared to cisplatin, carboplatin or oxaliplatin [12,19,20], a major advantage
for proceeding with preclinical and clinical evaluations. Similar to conventional Pt(II)-based
drugs (e.g., cisplatin), DNA interactions are the main mode of action of Pd(II) compounds.
However, as for the analogous polynuclear Pt(II) chelates, these agents, containing more
than one metal center, can bind to the DNA’s helix at more than one site and through
long-range interstrand adducts, which prompts more severe and unrepairable damage
compared to conventional, mononuclear Pt(Il) drugs. Additionally, the impact of Pd(II)
compounds has been reported to also occur on other targets apart from DNA, such as
proteins [21], oxidative species [22,23] or even intracellular water [24].

Pt(II) and Pd(II) chelates spermine (Pt;Spm or Pd,;Spm) have been reported to yield
differentiated anticancer activity towards several human cancer cell lines, namely osteosar-
coma [25], breast [26] and ovarian cancer [27]. Furthermore, in vivo studies allowed to
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determine the biodistribution and pharmacokinetic profile of Pd,Spm [20], as well as its
selectivity /efficacy regarding TNBC cell growth inhibition in mice [19]. These results evi-
dence the promising therapeutic potential of Pd(II) chelates with biogenic polyamines and
foster further research on other similar complexes. The current study focuses on the Pd(II)
and Pt(Il) trinuclear chelates with spermidine (Pd3Spd; and Pt3Spdy) and aims to evaluate
its putative anticancer activity towards cisplatin-resistant TNBC cells (MDA-MB-231/R), as
compared to cisplatin-sensitive TNBC (MDA-MB-231), by assessing the (i) antiproliferative
activity, (ii) selectivity and (iii) ability to overcome cancer resistance. Furthermore, Pd3Spd,
activity will be compared with the effects elicited by (i) its Pt(II) analog, Pt3Spdy, (ii) cis-
platin (platinum reference drug used in the clinical practice) and (iii) Pd,Spm (formerly
investigated, with very promising results towards TNBC).

2. Materials and Methods
2.1. Reagents and Chemicals

Acetic acid glacial (99.7%), cisplatin (cis-dichlorodiammine platinum(II), 99.9%), (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Dulbecco’s Modified
Eagle’s Medium—high-glucose cell growth medium (DMEM-HG), 1:1 mixture of Dul-
becco’s Modified Eagle’s Medium and Ham'’s F12 cell growth medium (DMEM/F12
1:1), human epidermal growth factor (hEGF; recombinant, expressed in E. coli), cholera
toxin from Vibrio cholerae, bovine insulin (10 mg/mL insulin in 25 mM HEPES, pH 8.2),
hydrocortisone, dimethyl-sulphoxide (DMSQO), phosphate-buffered saline (PBS), potas-
sium tetrachloropalladate (II) (K,PdCly, 98%), potassium tetrachloroplatinate (II) (Ko PtCly,
98%), sodium bicarbonate (NaHCO3, >99.0%), spermidine (N!-(3-Aminopropyl)butane-
1,4-diamine, 99%), Sulforhodamine B (SRB), trypan blue (0.4% w/v) and trypsin-EDTA
(1x), as well as solvents, inorganic salts and acids, were purchased from Sigma-Aldrich
Chemical S.A. (Sintra, Portugal). Fetal bovine serum (FBS) and horse serum were acquired
from Gibco-Life Technologies (Porto, Portugal). The DMSO concentration in the culture
medium did not exceed 0.1% (v/v) and was considered as the control.

2.2. Synthesis and Formulation of the Pd3Spd,, Pt3Spd, and Pd,Spm

The Pd3Spd; and Pt3Spd, complexes were synthesized according to published pro-
cedures [28,29] optimized by the authors: 3 mmol of K,PdCly or K;PtCly was dissolved
in a minimal amount of water, and 1.98 mmol of spermidine trihydrochloride aqueous
solution was added dropwise under continuous stirring. After 15 min, the resulting orange
precipitate was isolated by filtration and washed with water, ethanol and acetone and
air-dried. The Pd,Spm complex was synthesized according to published procedures [30]
optimized by the authors [31]. The composition and purity of the synthesized compounds
were obtained by elemental analysis and vibrational spectroscopy (FTIR, Raman and inelas-
tic neutron scattering), which were compared with the previously calculated vibrational
profiles (by DFT methods) [31]. All stock solutions were freshly prepared by dissolving an
appropriate quantity of drug in PBS containing 10% of DMSO and then sterile filtered.

2.3. Cell Cultures Development and Maintenance

The human TNBC MDA-MB-231 cell line (ATCC HTB-26) and the non-cancerous
breast cell line MCF-12A (ATCC CRL-10782) were purchased from ATCC (Manassas, VA,
USA). DMEM-HG cell growth medium supplemented with 10% (v/v) FBS was used to
culture breast cancer cells. To establish a cisplatin-resistant cell strain, MDA-MB-231 cells
were continuously treated with increasing concentrations of cisplatin (up to 2 pM) during
a period of 6 months. When a consistent cell growth rate in the presence of cisplatin was
achieved, these cells were named MDA-MB-231/R and stocked to assure the consistency of
the phenotype for future use and experiments. All posterior experiments were performed
within 10 passages to maintain the resistance while routinely growing the MDA-MB-231/R
cell line in a cell culture medium without the addition of cisplatin. MCE-12A cells were
cultured in DMEM/F12 medium supplemented with 100 ng/mL cholera toxin, 0.01 mg/mL
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bovine insulin, 20 ng/mL hEGF, 500 ng/mL hydrocortisone and 5% (v/v) horse serum.
Cells were grown in monolayers in a sterile environment at 37 °C with a 5% CO, humidified
atmosphere. Under these conditions, the population doubling time was 25.5 + 0.9 h and
30.6 £ 1.1 h for MDA-MB-231 and MDA-MB-231/R cells, respectively, and 20.6 & 3.1 h for
MCE-12A cells. The cell cultures were routinely screened for mycoplasma contamination,
yielding negative results.

2.4. Cell Proliferation Evaluation

Cells were seeded in 96-well microplates at the cell density 1.5 x 10* cells/cm? (final
volume 200 pL/well) and left 24 h to attach. Afterwards, the growth medium was replaced
with the growth medium containing cisplatin (0.1-200 uM), Pd3Spd, (0.3-200 uM), Pt3Spd,
(0.3-100 pM) and Pd,Spm (0.3-200 pM).

Cell proliferation was monitored with the direct image acquisition of cells on mi-
croplates at 0, 24, 48 and 72 h post-addition of the tested compounds using a LionheartFX
automated microscope (BioTek, Winooski, VI, USA). Label-free kinetic 4x images were
acquired and processed using Gen 5 Image Analysis software (BioTek, Winooski, VT, USA).
Individual cells per image were identified and counted, and normalized cell growth (%)
was calculated using the following formula:

Clt) = (Number of Treated Cells(t) — Number of Treated Cells(0)) < 100
| (Number of Untreated Cells(t) — Number of Untreated Cells(0))

where C(t) is the percent of net cell growth over time, Number of Treated Cells(t) is the
count of cells treated with drug at each time point, Number of Treated Cells(0) is the count
cells treated with drug at time 0 h, Number of Untreated Cells(t) is the count of untreated
(control) cells at each time point and Number of Untreated Cells(0) is the count of untreated
(control) cells at time 0 h.

The Sulforhodamine B (SRB) [32] method was performed after each incubation period
(24, 48 and 72 h). Briefly, the cells were washed with PBS and Mili-Q water and fixed with
1% (v/v) acetic acid in methanol overnight at —20 °C, followed by the addition of 100 uL
SRB solution and incubation for 1h at 37 °C. The cells where then thoroughly washed with
1% acetic acid (v/v) and left to dry at room temperature. Then, a solubilization of the SRB
dye with TRIS (10 mM, pH = 10), followed by the optical density measured at 540 nm, was
carried out.

2.5. MTT Assay

The cells were harvested upon the addition of trypsin/EDTA solution, seeded in
96-well plates (1.5 x 10* cells/cm?) and incubated at 37 °C. After allowing the cells to
adhere for 24 h, the growth medium was replaced with the growth medium containing
Pd3Spd; (1-200 uM) or Pt3Spd, (1-200 uM).

After each incubation period (24, 48 and 72 h), the cell viability was evaluated by the
MTT [33] method. Briefly, a MTT solution (0.5 mg/mL in PBS) was added to each well after
carefully removing the medium and allowed to incubate for 3 h at 37 °C; after which, the
MTT was aspirated and, in order to dissolve the formazan crystals, 100 pL of DMSO were
added. The optical density was measured at 570 nm.

2.6. Statistical Data Analysis

Data are expressed as the mean =+ standard error of the mean (SEM). GraphPad Prism
7 Software (San Diego, CA, USA) was used, and the statistical analysis was performed
using the two-tailed Student’s t-test. The half-maximal inhibitory concentration values
(ICs50) were calculated by interpolation from the nonlinear regression curves obtained from
cell proliferation/cytotoxicity data using “log(inhibitor) versus the normalized response—
variable slope equation”. A p-value lower than 0.05 was considered statistically significant.
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3. Results

Both PdsSpd; and Pt3Spd, are linear polyamine complexes comprising three metal
centers coordinated to two polydentate spermidine ligands (each of them containing three
N coordinating atoms), yielding highly stable chelates. This stabilization reduces the
characteristic kinetic lability of the Pd(II) compounds. Pd;Spd; and Pt3Spd; can bind with
high affinity to the nitrogen atoms of the DNA bases, mainly to the purines (the adduct with
guanine being favored by intramolecular H-bonds). Their chemical features are responsible
for an amphiphilic character and a high flexibility that enable an effective interaction
with the DNA’s double helix at distinct sites, both intra- and interstrand. Additionally,
the hydrophobic moiety of the complexes (carbon aliphatic chains) allows quite a strong
interplay with the DNA’s backbone (pre-association), which favors the Pd-N- or Pt-N-
binding process.

3.1. Impact of Platinum (Pt(I)) and Palladium (Pd(1I)) Trinuclear Chelates with Spermidine on the
Proliferation of Triple-Negative Breast Cancer

Firstly, the suppression of MDA-MB-231 cell proliferation induced by the palladium
and platinum spermidine complexes was evaluated at 24, 48 and 72 h of incubation within
a concentration range between 0.2 and 200 uM (Figure 2).
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Figure 2. Impact of increasing concentrations of Pd3Spd, or Pt3Spd; on TNBC proliferation. Dose—
response curves of Pd3;Spd, (upper panel) and Pt;Spd, (lower panel) in breast cancer MDA-MB-231
and MDA-MB-231/R cells at 24, 48 and 72 h of incubation. Values are expressed as the mean £+ SEM
from 4 independent experiments (in triplicate) analyzed with nonlinear regression and the Student’s
t-test. Data points with no visible error bars have errors smaller than the size of the symbol.

Only the Pd(II) trinuclear chelates with spermidine Pd3;Spd; suppressed cell prolifera-
tion with concentrations above 1 uM, and the antiproliferative effect was concentration-
dependent. Pt(Il) trinuclear chelates with spermidine Pt3Spd, induced a slight reduction
of cell proliferation (up to 25%) but only with concentrations above 100 pM. In fact, for
Pd;Spdy, the ICsy values ranged between 7.92 and 8.34 uM in MDA-MB-231 cells, depend-
ing on the incubation period, while the Pt3Spd;’s ICs, values were higher than 100 M
for all incubation periods (Table 1). Moreover, when comparing the effects of 100 uM of
Pt3Spd; with the same concentration of Pd3Spd; in MDA-MB-231 cells, significantly lower
cell growth was obtained in the presence of Pd3Spd, for all incubations.
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Table 1. Half-maximal inhibitory concentration (ICsg) of Pd3Spd; or Pt3Spd, in MDA-MB-231 and
MDA-MB-231/R cells at 24, 48 and 72 h of incubation regarding the suppression of cell proliferation.

Dru Incubation MDA-MB-231 MDA-MB-231/R Resistance
8 Time ICs¢ (uM) ICs¢ (uM) Index
24h 8.35 13.34 1.6
Pd;Spd, 48 h 8.44 10.63 1.3
72h 7.92 10.82 1.4
24h >100 >100 N/A
Pt3Spd, 48 h >100 >100 N/A
72h >100 >100 N/A

ICsp values (cell proliferation assay) are expressed in uM, n = 4. Resistance index was calculated as a ratio: ICsp of
the drug-resistant cell line (MDA-MB-231/R) divided by the ICsy value obtained in the drug-sensitive cell line
(MDA-MB-231) at respective time points.

To determine a potential effect against cell resistance to cisplatin, the palladium
and platinum spermidine complexes were also studied on MDA-MB-231 cells that had
previously developed resistance to cisplatin (denoted as MDA-MB-231/R cells) compared
to drug-naive MDA-MB-231 cells (Figure 2); the complexes revealed that only Pd;Spd; is
able to suppress MDA-MB-231/R cell proliferation. When comparing the effects of 100 uM
of Pd3Spd; with the same concentration of Pt3Spd; in MDA-MB-231/R cells, significantly
lower cell growth was obtained in the presence of Pd3Spd; for all incubations. When
comparing ICsy of Pd3Spd; obtained for MDA-MB-231/R at 24, 48 and 72 h with the ICsg
values of Pd3Spd; obtained for MDA-MB-231 cells, the resistance index was 1.4, 1.3 and
1.4 for 24, 48 and 72 h of incubation, respectively. These data were confirmed using other
methodology to assess the cell proliferation (using the SRB method; see Supplemental
Materials Figure S1).

The microscopic observation of MDA-MB-231 and of MDA-MB-231/R cells treated
with increasing concentrations of Pd3Spd, or Pt3Spd; for 48 h revealed various morpholog-
ical changes but only for the cell lines treated with Pd3Spd,. In the contrast phase images,
normal spindle-shaped phenotypes of MDA-MB-231 or MDA-MB2-231/R control cells
contrasted with cells treated with Pd3Spd, that exhibited cytoplasmic shrinkage and the
rounding of cells (arrows), a low cell density and more floating cells in a dose-dependent
manner (Figure 3).

The metabolic impact (in both MDA-MB-231 and MDA-MB-231/R) in the pres-
ence of PdsSpd, and Pt3Spd; was evaluated measuring their ability to convert 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide into formazan, thus determining
the mitochondrial activity (Figure 4) and cell viability.

A clear separation between the dose-response curves for MDA-MB-231 and MDA-
MB-231/R was observed for both Pd3Spd; and Pt3Spd; at the 24, 48 and 72 h incubation
times. For Pd3Spdy, a slight overlap between both cell lines was observed at 24 h. Table 2
comprises the ICsg values obtained for Pd;Spd; and Pt3Spd; for the 24, 48 and 72 h
incubation periods. The values obtained for Pd;Spd, were lower at all time points when
compared to Pt3Spd,, demonstrating that both the Pd- and Pt-trinuclear chelates impact the
mitochondrial activity but with different potencies. The resistant cells (MDA-MB-231/R)
were found to be less sensitive to both Pt(II) /Pd(II) compounds when compared to the
corresponding sensitive cells (MDA-MB-231).
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Pd,Spd,

MDA-MB-231

MDA-MB-231/R

MDA-MB-231

MDA-MB-231/R

Figure 3. Representative photomicrographs with morphological features induced by increasing
concentrations of Pd3Spd; (A) or Pt3Spd; (B) incubated for 48 h in MDA-MB-231 cells or MDA-MB-
231/R cells. White arrows show cytoplasmic shrinkage and the rounding of cells. Representative
images from 4 independent experiments obtained under an objective lens of a phase contrast of the
LionheartFX microscope. Scale bar = 100 um.

Table 2. Half-maximal inhibitory concentration (ICsg) of Pd3Spd; or Pt3Spd; against MDA-MB-231
and MDA-MB-231/R cells at 24, 48 and 72 h of incubation regarding cell viability measurements.

Dru Incubation Time MDA-MB-231 MDA-MB-231/R
8 ICso (uM) ICs5 (vM)
24h 8.99 9.24
Pd3Spd, 48h 4.65 10.57
72h 6.12 11.37
24 h >100 >100
Pt;Spda 48h 5100 67.86
72h >100 >100

ICsp values (MTT assay) are expressed in uM, n = 4. Resistance index was calculated as a ratio: ICs of the drug-
resistant cell line (MDA-MB-231/R) divided by the ICsy value obtained in drug-sensitive cell line (MDA-MB-231)
at the respective time points.
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Figure 4. Impact of increasing concentrations of Pd;Spd; or Pt3Spd, on TNBC. Dose-response
curves of Pd3Spd; (upper panel) and Pt3Spd, (lower panel) in breast cancer MDA-MB-231 and
MDA-MB-231/R cells at 24, 48 and 72 h of incubation obtained through the MTT assay. Values are
expressed as the mean = SEM from 4 independent experiments (in triplicate) analyzed with nonlinear
regression. Data points with no visible error bars have errors smaller than the size of the symbol.

3.2. Pd(1l) Trinuclear Chelates with Spermidine Anticancer Potential

The ability of Pd(Il) trinuclear chelates with spermidine Pd;Spd; to suppress cell
proliferation in MDA-MB-231 cells or MDA-MB-231/R cells was compared to the effects
elicited by cisplatin ([34], a platinum reference drug used in clinical practice), as well as of
Pd,Spm ([12], used as a referenced Pd compound with already described anticancer effects
in several cell lines: oral squamous carcinoma [35] and osteosarcoma [25] and TNBC [19],
as shown in Figure 5).

Dose-response curves at 48h, MDA-MB-231 cell line Dose-response curves at 48h, MDA-MB-231/R cell line

Normalized cell growth (%)

100

100+
] -~ Pd,Spd,

¥ Pd,Spm
43- Cisplatin

Normalized cell growth (%)

10 100 1000 0.1 1 10 100 1000

[Drug] in pM [Drug] in uM

Figure 5. Impact of increasing concentrations of Pd3Spdy, cisplatin or Pd,Spm on TNBC sensitive and
resistant to cisplatin incubated for 48 h. Dose-response curves in breast cancer MDA-MB-231 cells
(sensitive to cisplatin, (left panel) line) and MDA-MB-231/R cells (resistant to cisplatin, (right panel))
at 48 h of incubation. Values are expressed as the mean + SEM from 4 independent experiments (in
triplicate) analyzed with nonlinear regression and the Student’s t-test. Data points with no visible
error bars have errors smaller than the size of the symbol.

In sensitive cells (MDA-MB-231 cells; Figure 5, left panel), the two palladium com-
plexes share a similar profile (p > 0.05) in inducing the suppression of cell proliferation, i.e.,
shown to have an equipotent effect: Pd3Spd,—ICsg (48 h) is 8.44 uM, and Pd,Spm—ICs
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(48 h) is 7.90 uM. Maximum suppression is achieved with a concentration of 30 pM for both
Pd;Spm and Pd3;Spdy; p < 0.05. Cisplatin has a lower ICs5g (48 h), 1 pM, when compared to
the values obtained for the palladium complexes (p < 0.01), and the maximum suppression
of cell proliferation is occurring with a concentration of only 30 uM.

In cells resistant to cisplatin (MDA-MB-231/R cells; Figure 5, right panel), the maxi-
mum suppression of cell proliferation with cisplatin is only achieved with a much higher
concentration, 200 uM (p < 0.001, compared to palladium complexes), and its ICsy (48 h)
is 32.4 uM. The palladium complexes’ profiles regarding the cell proliferation of MDA-
MB-231/R (resistant cells) are slightly shifted (p > 0.05) to the right compared to the ones
obtained for MDA-MB-231 (sensitive cells), which is demonstrated by the Pd;Spd; ICs
(48 h): 8.44 pM versus 10.63 uM (MDA-MB-231 versus MDA-MB-231/R) and Pd,Spm
ICs5¢ (48 h): 7.90 uM versus 11.6 uM (MDA-MB-231 versus MDA-MB-231/R). Despite this,
the maximum suppression of cell proliferation in MDA-MB-231/R cells still occurs with a
concentration of 30 uM (p < 0.05) for both Pd,Spm and Pd3Spd,.

Pd;Spd; demonstrated a promising antineoplastic activity, which is lower than the
cisplatin-mediated effects in sensitive cells but able to surpass its resistance. It further
indicates that Pd3Spd, promotes an impact on cancer cells similar to Pd,Spm in both
sensitive and resistant cells.

3.3. Pd(1l) Trinuclear Chelates with Spermidine Selectivity

The Pd(Il) trinuclear chelate with spermidine Pd3Spd; was also tested in healthy
breast cells (MCF-12A), and the results obtained were compared to the effects elicited by
either Pd,Spm or cisplatin incubated for 24 ([19]), 48 (Figure 6A) and 72 h ([19]). Cisplatin,
incubated for 48 h, was revealed to suppress MCF-12A cell proliferation in a concentration-
dependent manner with a profile very similar to that obtained for MDA-MB-231-sensitive
cells (ICsq is 1 uM for both cells lines with a selectivity index of 1). Pd3Spd, was also able
to suppress MCF-12A cell proliferation but required higher concentrations (above 200 uM).
In contrast, Pd,Spm failed to promote such an effect in the range of concentrations tested:
Pd,;Spm can modify healthy cell proliferation but only with concentrations above 40 M,
inducing suppression up to 60% (for 100 uM). In fact, regarding Pd3Spd,, the ICsq (48 h)
for MCF-12A was 53 pM, thus attaining a selectivity index of 6.28 or 4.99 for MDA-MB-231
or MDA-MB-231/R, respectively, at 48 h. For other incubation periods (24 h or 72 h), the
dose-response curve profile of Pd3;Spd; is similar, and the selectivity indexes are depicted
in Table 3.

Table 3. Half-maximal inhibitory concentration (ICsg) of Pd3Spd, against MCF-12A cells at 24, 48
and 72 h of incubation regarding the suppression of cell proliferation.

Incubation ICs (M) Selectivity Index for Selectivity Index for
Time 502 MDA-MB-231 MDA-MB-231/R
24h 66.30 7.94 4.95
48h 53.00 6.28 4.99
72h 49.70 6.28 4.59

ICs values (cell proliferation assay) are expressed in uM, n = 4. Selectivity index was calculated as a ratio:
ICsp of the healthy cells (MCF-12A) divided by the ICsy value obtained either for the drug-sensitive cell line
(MDA-MB-231) or for the drug-resistant cell line (MDA-MB-231/R) at the respective time points.

The morphological features of MCF-12A were maintained after 48 h of incubation of
both palladium complexes, but changes were evident in the presence of cisplatin (Figure 6B).

For the higher concentration tested, various morphological changes were observed for
cells treated with Pd3Spd, and cisplatin with cell cytoplasmic shrinkage and the rounding
of cells (arrows), low cell density and more floating cells (Figure 6B).
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Dose-response curves at 48h, MCF-12A cell line

93
3 ~* Pd,Spm
o 43- Cisplatin
8
©
E
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[Drug] in uM
MCF-12A
O uM 10 uM 100 uM

Cisplatin

Figure 6. Impact of increasing concentrations of Pd3Spdy, Pd,Spm or cisplatin on breast healthy cells
(MCF-12A) incubated with the drug for 48 h. (A) Dose-response curves for cell proliferation. Values
are expressed as the mean + SEM from 4 independent experiments (in triplicate) analyzed with
nonlinear regression and the Student’s {-test. Data points with no visible error bars have errors smaller
than the size of the symbol. (B) Representative photomicrographs showing morphological changes.
White arrows show cytoplasmic shrinkage and the rounding of cells. Representative images from
4 independent experiments obtained under an objective lens of a phase contrast of the LionheartFX
microscope. Scale bar = 100 pm.

4. Discussion

This study reveals, for the first time, a promising anticancer potential of a trinuclear
Pd(II) chelate with spermidine (Pd3Spdy) towards human TNBC. The current results clearly
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evidenced that Pd3Spd; seems to be the most effective agent regarding the suppression
of TNBC cell proliferation (Figure 2) when compared to the analogous Pt(II) compound
(Pt3Spdy), which had evidenced only a moderate impact on this cancer type. Accordingly,
data previously reported for Pt;Spm and Pd,Spm showed a significantly lower antineo-
plastic effect for the Pt(II) complex towards several human cancer cells, namely ovarian
cancer [27], osteosarcoma [25] and TNBC [36].

Pd3Spd; elicited a deleterious effect in mitochondrial function (measured through the
MTT assay), which is absent in Pt,Spm-treated cells. As previously reported, the initial rate
of formazan formation may serve as an indicator of complex I activity and the pyruvate
transport rate [37], indicating a disruption of mitochondrial functional activity, conditioning
cell metabolism and, therefore, cell viability. Previous metabolomic studies of osteosarcoma
in mice in the presence of Pd;Spm have highlighted its impact on osteoblastic amino acid
metabolism [38], as well as numerous changes in specific amino acids, nucleotides and
derivatives; membrane precursors (choline and phosphoethanolamine); dimethylamine;
fumarate and guanidine acetate [23]. These data prompt the need for similar metabolomic
studies in order to clarify the impact of the currently investigated Pd;Spd, on TNBC, which
may help to understand why different palladium-based chelates (namely, dinuclear with
Spm and trinuclear with Spd) exhibit comparable antineoplastic activities towards TNBC,
as reported in the present study. Indeed, the equipotent effect evidenced by these Pd(II)
di- or trinuclear polyamine chelates (Pd3Spd; and Pd,Spm) highlight that their anticancer
capacity cannot be directly related to the biogenic polyamine used as a ligand (either
spermine or spermidine), nor to the distinct DNA adducts formed upon drug interactions,
but, rather, to a shared target (DNA) and mechanism of action that trigger the observed
metabolic changes.

Similar to Pd,Spm, palladium’s anticancer activity is mainly due to an unconventional
interaction with the DNA at more than one site in the double helix, yielding long-range
interstrand adducts, which triggers a cellular damage usually more severe and unrepairable
than that ascribed to cisplatin [18], as previously described for osteosarcoma [25]. By con-
trast, there have also been studies reporting a higher anticancer effect for cisplatin relative
to Pd,Spm towards prostatic cancer [39], in line with the currently obtained lower anti-
neoplastic effects of palladium chelates compared to cisplatin against MDA-MB-231 cells.
Another example is the activity described for the palladium compound Pd(bpy)(ONO5;),,
reported to act as an effective antitumor agent against sarcoma [40] while it is inactive
towards leukemic P388 cells [41]. These results suggest that the compounds’ efficacy (either
Pt- or Pd-based) also depends on the cancer type. Nevertheless, further studies are required
to identify the mechanism(s) of action and type of cell death triggered by these compounds,
considering that some novel metallodrugs seem to promote their antineoplastic effects
through apoptosis [42], necroptosis [43], pyroptosis [44], ferroptosis [45] or autophagic cell
death [46].

Particularly relevant is the ability of Pd3Spd; to overcome cancer resistance to cis-
platin. This constitutes a highly promising feature currently described for the first time for
trinuclear Pd(II) chelates and previously observed for the dinuclear Pd;Spm complex [19].
Such activity is of major relevance, since cancer resistance to drugs constitutes, at present,
the main limiting factor to achieving a cure for cancer patients [10,11]. The dose-response
profiles for Pd;Spd; and Pd,Spm overlap in MDA-MB-231/R cells, revealing a similar
efficacy and potency towards these resistant TNBC cells: ICs values equal to 10.63 uM
versus 11.6 uM for Pd3Spd, and Pd,Spm, respectively. Hence, both Pd-derived compounds
appear to be suitable alternatives as chemotherapeutic agents against drug-resistant can-
cers, responding to the challenge posed by Vasan and coworkers (2019) to develop novel
drug entities able to overcome drug resistance and therapy failure [10].

Cancer therapy failure may also be associated with factors other than drug resistance.
In this respect, scientific evidence has highlighted that the severity of adverse effects, due
to a low selectivity of drugs, has a great deleterious impact on patients” quality of life and
deeply influences the dosing regimen, leading to a poor chemotherapy response [47,48].



Pharmaceutics 2023, 15, 1205

12 0f 15

The cisplatin treatment for 48 h currently showed a selectivity index of 1, i.e., both TNBC
and healthy mammary cells presented an equivalent response to cisplatin (cisplatin is
as deleterious to breast cancer as to healthy cells). Ideally, a drug should kill the cancer
cells but should not affect the healthy cells [49]; thus, the selectivity index should be the
highest possible [50]. For the currently investigated complex Pd3;Spd,, the suppression of
proliferation in healthy cells requires a much higher dosage than that needed to promote
an equivalent effect on MDA-MB-231 cells, for example, ICsj at 48 h for healthy cells is
53.00 uM, whereas, for MDA-MB-231 cells, it is 8.44 uM. The selectivity index exhibited by
Pd3Spd; varies (depending on the time of incubation) between 6.28 and 7.94 for sensitive
TNBC and 4.59 and 4.99 for resistant TNBC. In turn, Pd,Spm presently showed a clear
selectivity towards TNBC cells (ICs5p equal to 7.9 uM for TNBC versus ca. 90 uM for
MCE-12A cells, at 48 h), confirming the data previously reported [19].

5. Conclusions

The trinuclear chelates Pd;Spd; and Pt3Spd; were investigated in the current study,
and the results obtained unveiled (i) an improved antiproliferative activity (surpassing
resistance to cisplatin), (ii) anticancer selectivity and (iii) equipotency towards TNBC (both
in cisplatin-sensitive and cisplatin-resistant cells). This study also revealed that Pd;Spd,
activity greatly exceeds that displayed by their respective Pt analog (Pt3Spd;), similarly to
the results gathered for the Pd;Spm /Pt,Spm chelates.

In addition, Pd,Spm evidenced that the antiproliferative activity of trinuclear Pd(II)
was comparable to the dinuclear analog (Pd,Spm). Further studies are needed to track the
antineoplastic activities and to explore the targets and mechanismy(s) of action triggered by
these types of Pd(II)-based compounds. Overall, however, we can consider, based on the
features gathered so far, that Pd3Spd; can be included in the role of new compounds that
fulfill the demands required by promising anticancer agents.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 / pharmaceutics15041205/s1: Figure S1: Impact of increasing
concentrations of Pd3Spd, or Pt3Spd; on TNBC. Dose-response curves of Pd3Spd; (upper panel)
and Pt35pd; (lower panel) in breast cancer MDA-MB-231 and MDA-MB-231/R cells at 24, 48 and
72 h of incubation obtained through the SRB assay. Values are expressed as the mean + SEM from
4 independent experiments (in triplicate). Data points with no visible error bars have errors smaller
than the size of the symbol.

Author Contributions: Conceptualization, M.V., M.PM.M. and C.D.; methodology, A.LM.B.d.C.,
M.V, C.BM.,, M.PM.M. and C.D.; validation, M.V. and C.B.M.; formal analysis, M.V,, R.R,, S.G.D.,
A.LM.B.d.C. and C.B.M,; investigation, M.V,, R.R., S.G.D., A.LM.B.d.C. and C.B.M.; data curation,
M.V, RR,, S.G.D.,, A LM.B.d.C. and C.B.M.; writing—original draft preparation, M.V.,, M.PM.M.
and C.D.; writing—review and editing, all authors; visualization, M.V,, RR., S.G.D. and C.B.M,;
supervision, A.LM.B.d.C., M.PM.M., LM.PL.V.O.E. and C.D; project administration, M.PM.M. and
C.D.; funding acquisition, M.PM.M., LM.P.L.V.O.E. and C.D. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was developed within the LAQV-REQUIMTE (UIDB/QUI/50006/2020)
and Molecular Physical-Chemistry R & D Unit (UIDB/00070/2020, UIDP/00070/2020 and
SFRH/BD/08869/2021) financed by the Portuguese Foundation for Science and Technology (FCT).
Martin Vojtek thanks the Portuguese Foundation for Science and Technology (FCT) and the PhD Pro-
gram in Medicines and Pharmaceutical Innovation (i3DU) for the PhD grants PD/BD/135460/2017
and COVID/BD/152492 /2022, funded by the European Social Fund of the European Union and
national funds FCT/MCTES.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request.


https://www.mdpi.com/article/10.3390/pharmaceutics15041205/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15041205/s1

Pharmaceutics 2023, 15, 1205 13 of 15

Acknowledgments: The authors thank Maria do Céu Pereira (Faculty of Pharmacy, University of
Porto) for the technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ward, R.A.; Fawell, S.; Floc’h, N.; Flemington, V.; McKerrecher, D.; Smith, P.D. Challenges and Opportunities in Cancer Drug
Resistance. Chem. Rev. 2021, 121, 3297-3351. [CrossRef] [PubMed]

2. Bai, X;; Ni, J.; Beretov, ].; Graham, P; Li, Y. Triple-negative breast cancer therapeutic resistance: Where is the Achilles” heel? Cancer
Lett. 2021, 497, 100-111. [CrossRef] [PubMed]

3. Diana, A,; Franzese, E.; Centonze, S.; Carlino, F; Della Corte, C.M.; Ventriglia, ].; Petrillo, A.; De Vita, F.; Alfano, R.; Ciardiello, F;
et al. Triple-Negative Breast Cancers: Systematic Review of the Literature on Molecular and Clinical Features with a Focus on
Treatment with Innovative Drugs. Curr. Oncol. Rep. 2018, 20, 76. [CrossRef] [PubMed]

4. Yin, L,; Duan, J.J.; Bian, X.W.; Yu, S.C. Triple-negative breast cancer molecular subtyping and treatment progress. Breast Cancer
Res. 2020, 22, 61. [CrossRef]

5. Dietze, E.C,; Sistrunk, C.; Miranda-Carboni, G.; O'Regan, R.; Seewaldt, V.L. Triple-negative breast cancer in African-American
women: Disparities versus biology. Nat. Rev. Cancer 2015, 15, 248-254. [CrossRef]

6. Zevallos, A.; Bravo, L.; Bretel, D.; Paez, K.; Infante, U.; Cardenas, N.; Alvarado, H.; Posada, A.M.; Pinto, J.A. The hispanic
landscape of triple negative breast cancer. Crit. Rev. Oncol. Hematol. 2020, 155, 103094. [CrossRef]

7. Bian, L.; Yu, P; Wen, J.; Li, N.; Huang, W.; Xie, X; Ye, E Survival benefit of platinum-based regimen in early stage triple negative
breast cancer: A meta-analysis of randomized controlled trials. NPJ Breast Cancer 2021, 7, 157. [CrossRef]

8.  Lynce, F; Nunes, R. Role of Platinums in Triple-Negative Breast Cancer. Curr. Oncol. Rep. 2021, 23, 50. [CrossRef]

9.  Eckstein, N. Platinum resistance in breast and ovarian cancer cell lines. . Exp. Clin. Cancer Res. 2011, 30, 91. [CrossRef]

10. Vasan, N.; Baselga, J.; Hyman, D.M. A view on drug resistance in cancer. Nature 2019, 575, 299-309. [CrossRef]

11. Haider, T.; Pandey, V.; Banjare, N.; Gupta, PN.; Soni, V. Drug resistance in cancer: Mechanisms and tackling strategies. Pharmacol.
Rep. 2020, 72, 1125-1151. [CrossRef]

12.  Vojtek, M.; Marques, M.P.M.; Ferreira, I.; Mota-Filipe, H.; Diniz, C. Anticancer activity of palladium-based complexes against
triple-negative breast cancer. Drug Discov. Today 2019, 24, 1044-1058. [CrossRef]

13. Fan, Z.; Huang, J.; Huang, H.; Banerjee, S. Metal-Based Catalytic Drug Development for Next-Generation Cancer Therapy.
ChemMedChem 2021, 16, 2480-2486. [CrossRef]

14. Braccini, S.; Rizzi, G.; Biancalana, L.; Pratesi, A.; Zacchini, S.; Pampaloni, G.; Chiellini, F; Marchetti, F. Anticancer Diiron
Vinyliminium Complexes: A Structure-Activity Relationship Study. Pharmaceutics 2021, 13, 1158. [CrossRef]

15. Pandy, ].G.P; Balolong-Garcia, J.C.; Cruz-Ordinario, M.V.B.; Que, EV.E. Triple negative breast cancer and platinum-based systemic
treatment: A meta-analysis and systematic review. BMC Cancer 2019, 19, 1065. [CrossRef]

16. Kumthekar, P; Dixit, K.; Grimm, S.A.; Lukas, R.V,; Schwartz, M.A.; Rademaker, A.; Sharp, L.; Nelson, V.; Raizer, ].J. A phase
II trial of bevacizumab in patients with recurrent solid tumor brain metastases who have failed whole brain radiation therapy
(WBRT). J. Clin. Oncol. 2019, 37, 2070. [CrossRef]

17.  Yuan, X.; Zhang, W.; He, Y,; Yuan, J.; Song, D.; Chen, H.; Qin, W.; Qian, X.; Yu, H.; Guo, Z. Proteomic analysis of cisplatin- and
oxaliplatin-induced phosphorylation in proteins bound to Pt-DNA adducts. Metallomics 2020, 12, 1834-1840. [CrossRef]

18. Marques, M.PM. Platinum and Palladium Polyamine Complexes as Anticancer Agents: The Structural Factor. ISRN Spectrosc.
2013, 2013, 287353. [CrossRef]

19. Vojtek, M.; Goncalves-Monteiro, S.; Seminska, P.; Valova, K.; Bellon, L.; Dias-Pereira, P.; Marques, F.; Marques, M.P.M.; Batista
de Carvalho, A.L.M.; Mota-Filipe, H.; et al. Pd;Spermine Complex Shows Cancer Selectivity and Efficacy to Inhibit Growth of
Triple-Negative Breast Tumors in Mice. Biomedicines 2022, 10, 210. [CrossRef]

20. Vojtek, M.; Goncalves-Monteiro, S.; Pinto, E.; Kalivodova, S.; Almeida, A.; Marques, M.P.M.; Batista de Carvalho, A.L.M.;
Martins, C.B.; Mota-Filipe, H.; Ferreira, I.; et al. Preclinical Pharmacokinetics and Biodistribution of Anticancer Dinuclear
Palladium(II)-Spermine Complex (Pd;Spm) in Mice. Pharmaceuticals 2021, 14, 173. [CrossRef]

21. Batista de Carvalho, L.A.E.; Mamede, A.P; Batista de Carvalho, A.L.M.; Marques, J.; Cinque, G.; Rudic, S.; Marques, M.P.M.
Metallodrug-protein interaction probed by synchrotron terahertz and neutron scattering spectroscopy. Biophys. J. 2021, 120,
3070-3078. [CrossRef] [PubMed]

22. Carneiro, T.].; Araujo, R.; Vojtek, M.; Goncalves-Monteiro, S.; Diniz, C.; Batista de Carvalho, A.L.M.; Marques, M.P.M.; Gil, A.M.
Novel Insights into Mice Multi-Organ Metabolism upon Exposure to a Potential Anticancer Pd(II)-Agent. Metabolites 2021, 11,
114. [CrossRef] [PubMed]

23. Carneiro, T.J.; Araujo, R.; Vojtek, M.; Goncalves-Monteiro, S.; Batista de Carvalho, A.L.M.; Marques, M.PM.; Diniz, C.; Gil, A.M.
Impact of the Pd;Spm (Spermine) Complex on the Metabolism of Triple-Negative Breast Cancer Tumors of a Xenograft Mouse
Model. Int. |. Mol. Sci. 2021, 22, 10775. [CrossRef] [PubMed]

24. Marques, M.P.M,; Batista de Carvalho, A.L.M.; Mamede, A.P.; Rudic, S.; Dopplapudi, A.; Sakai, V.G.; Batista de Carvalho, L.A.E.

Intracellular water as a mediator of anticancer drug action. Int. Rev. Phys. Chem. 2020, 39, 67-81. [CrossRef]


https://doi.org/10.1021/acs.chemrev.0c00383
https://www.ncbi.nlm.nih.gov/pubmed/32692162
https://doi.org/10.1016/j.canlet.2020.10.016
https://www.ncbi.nlm.nih.gov/pubmed/33069769
https://doi.org/10.1007/s11912-018-0726-6
https://www.ncbi.nlm.nih.gov/pubmed/30128845
https://doi.org/10.1186/s13058-020-01296-5
https://doi.org/10.1038/nrc3896
https://doi.org/10.1016/j.critrevonc.2020.103094
https://doi.org/10.1038/s41523-021-00367-w
https://doi.org/10.1007/s11912-021-01041-x
https://doi.org/10.1186/1756-9966-30-91
https://doi.org/10.1038/s41586-019-1730-1
https://doi.org/10.1007/s43440-020-00138-7
https://doi.org/10.1016/j.drudis.2019.02.012
https://doi.org/10.1002/cmdc.202100297
https://doi.org/10.3390/pharmaceutics13081158
https://doi.org/10.1186/s12885-019-6253-5
https://doi.org/10.1200/JCO.2019.37.15_suppl.2070
https://doi.org/10.1039/d0mt00194e
https://doi.org/10.1155/2013/287353
https://doi.org/10.3390/biomedicines10020210
https://doi.org/10.3390/ph14020173
https://doi.org/10.1016/j.bpj.2021.06.012
https://www.ncbi.nlm.nih.gov/pubmed/34214537
https://doi.org/10.3390/metabo11020114
https://www.ncbi.nlm.nih.gov/pubmed/33671194
https://doi.org/10.3390/ijms221910775
https://www.ncbi.nlm.nih.gov/pubmed/34639114
https://doi.org/10.1080/0144235X.2020.1700083

Pharmaceutics 2023, 15, 1205 14 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

Martins, A.S.; Batista de Carvalho, A.L.M.; Lamego, L.; Marques, M.PM.; Gil, A.M. Cytotoxicity of Platinum and Palladium
Chelates against Osteosarcoma. ChemistrySelect 2020, 5, 5993-6000. [CrossRef]

Batista de Carvalho, A.L.M.; Medeiros, P.S.; Costa, EM.; Ribeiro, V.P; Sousa, ].B.; Diniz, C.; Marques, M.PM. Anti-Invasive and
Anti-Proliferative Synergism between Docetaxel and a Polynuclear Pd-Spermine Agent. PLoS ONE 2016, 11, e0167218. [CrossRef]
Tummala, R.; Diegelman, P.; Fiuza, S.M.; Batista de Carvalho, L.A.E.; Marques, M.P.M.; Kramer, D.L.; Clark, K.; Vujcic, S.;
Porter, C.W.; Pendyala, L. Characterization of Pt-, Pd-Spermine Complexes for their Effect on Polyamine Pathway and Cisplatin
Resistance in A2780 Ovarian Carcinoma Cells. Oncol. Rep. 2010, 24, 15-24.

Navarro-Ranninger, C.; Ochoa, P.A.; Perez, ].M.; Gonzalez, V.M.; Masaguer, ].R.; Alonso, C. Platinum (II) and (IV) spermidine
complexes. Synthesis, characterization, and biological studies. ]. Inorg. Biochem. 1994, 53, 177-190. [CrossRef]
Navarro-Ranninger, C.; Zamora, F.; Lépez-Solera, I.; Masaguer, ].R.; Pérez, ] M.; Alonso, C.; Martinez-Carrera, S. Palladium(II)
salt and complexes of spermidine with a six-member chelate ring. Synthesis, characterization, and initial DNA-binding and
antitumor studies. |. Inorg. Biochem. 1992, 46, 267-279. [CrossRef]

Codina, G.; Caubet, A.; Lopez, C.; Moreno, V.; Molins, E. Palladium(II) and Platinum(II) Polyamine Complexes: X-Ray
Crystal Structures of (SP-4-2)-Chloro{N-[(3-amino-kN)propyl]propane-1,3-diamine-xN,xN'}palladium(1+) Tetrachloropalla-
date (2-) (2:1) and (R,S)-Tetrachloro[p-(spermine)]dipalladium(Il) (={p-{N,N’-Bis[(3-amino-«xN)propyl]butane-1,4-diamine-
xN:xN'}}tetrachlorodipalladium). Helv. Chim. Acta 1999, 82, 1025-1037.

Fiuza, S.M.; Amado, A.M.; Parker, S.F.; Marques, M.P.M.; Batista de Carvalho, L.A.E. Conformational Insights and Vibrational
Study of a Promising Anticancer Agent: The Role of the Ligand in Pd(II)-amine Complexes. New ]. Chem. 2015, 39, 6274-6283.
[CrossRef]

Papazisis, K.T.; Geromichalos, G.D.; Dimitriadis, K.A.; Kortsaris, A.H. Optimization of the Sulforhodamine B Colorimetric Assay.
J. Immunol. Methods 1997, 208, 151-158. [CrossRef]

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55-63. [CrossRef]

Yadav, B.S.; Sharma, S.C.; Chanana, P; Jhamb, S. Systemic treatment strategies for triple-negative breast cancer. World J. Clin.
Oncol. 2014, 5, 125-133. [CrossRef]

Teixeira, L.]J.; Seabra, M.; Reis, E.; da Cruz, M.T.G.; de Lima, M.C.P,; Pereira, E.; Miranda, M.A.; Marques, M.P.M. Cytotoxic
Activity of Metal Complexes of Biogenic Polyamines: Polynuclear Platinum(II) Chelates. J. Med. Chem. 2004, 47, 2917-2925.
[CrossRef]

Soares, A.S.; Fiuza, S.M.; Goncalves, M.].; Batista de Carvalho, L.A.E.; Marques, M.P.M.; Urbano, A.M. Effect of the metal center
on the antitumor activity of the analogous dinuclear spermine chelates (PdCl,),(spermine) and(PtCl,),(spermine). Lett. Drug.
Des. Discov. 2007, 4, 460-463. [CrossRef]

Surin, A.M.; Sharipov, R.R.; Krasil'nikova, I.A.; Boyarkin, D.P; Lisina, O.Y.; Gorbacheva, L.R.; Avetisyan, A.V.; Pinelis, V.G.
Disruption of Functional Activity of Mitochondria during MTT Assay of Viability of Cultured Neurons. Biochemistry 2017, 82,
737-749. [CrossRef]

Martins, A.S.; Batista de Carvalho, A.L.M.; Marques, M.P.M.; Gil, A.M. Response of Osteosarcoma Cell Metabolism to Platinum
and Palladium Chelates as Potential New Drugs. Molecules 2021, 26, 4805. [CrossRef]

Laginha, R.C.; Martins, C.B.; Brandao, A.L.C.; Marques, J.; Marques, M.P.M.; Batista de Carvalho, L.A.E.; Santos, I.P; Batista de
Carvalho, A.L.M. Evaluation of the Cytotoxic Effect of Pd,Spm against Prostate Cancer through Vibrational Microspectroscopies.
Int. J. Mol. Sci. 2023, 24, 1888. [CrossRef]

Gill, D.S. Structure Activity Relationship of Antitumor Palladium Complexes. In Platinum Coordination Complexes in Cancer
Chemotherapy: Proceedings of the Fourth International Symposium on Platinum Coordination Complexes in Cancer Chemotherapy convened
in Burlington, Vermont by the Vermont Regional Cancer Center and the Norris Cotton Cancer Center, 22-24 June 1983; Hacker, M.P,,
Douple, E.B., Krakoff, I.H., Eds.; Springer: Boston, MA, USA, 1984; pp. 267-278.

Alam, M.N.; Huq, F. Comprehensive Review on Tumour Active Palladium Compounds and Structure-Activity Relationships.
Coord. Chem. Rev. 2016, 316, 36—67. [CrossRef]

Espino, J.; Fernandez-Delgado, E.; Estirado, S.; de la Cruz-Martinez, F.; Villa-Carballar, S.; Vinuelas-Zahinos, E.; Luna-Giles, F,;
Pariente, J.A. Synthesis and structure of a new thiazoline-based palladium(II) complex that promotes cytotoxicity and apoptosis
of human promyelocytic leukemia HL-60 cells. Sci. Rep. 2020, 10, 16745. [CrossRef] [PubMed]

Xiong, K.; Qian, C.; Yuan, Y.; Wei, L.; Liao, X.; He, L.; Rees, TW.; Chen, Y.; Wan, J.; Ji, L.; et al. Necroptosis Induced by
Ruthenium(II) Complexes as Dual Catalytic Inhibitors of Topoisomerase I1/1I. Angew. Chem. Int. Ed. Engl. 2020, 59, 16631-16637.
[CrossRef] [PubMed]

Su, X.; Liu, B.; Wang, W.J.; Peng, K; Liang, B.B.; Zheng, Y.; Cao, Q.; Mao, Z.W. Disruption of Zinc Homeostasis by a Novel
Platinum(IV)-Terthiophene Complex for Antitumor Immunity. Angew. Chem. Int. Ed. Engl. 2023, 62, €202216917. [CrossRef]
[PubMed]

Li, S.; Yuan, H.; Chen, Y.; Guo, Z. Metal complexes induced ferroptosis for anticancer therapy. Fundam. Res. 2022. [CrossRef]
Rahman, FEU.; Ali, A.; Duong, H.Q.; Khan, I.U.; Bhatti, M.Z.; Li, Z.T.; Wang, H.; Zhang, D.W. ONS-donor ligand based Pt(II)
complexes display extremely high anticancer potency through autophagic cell death pathway. Eur. J. Med. Chem. 2019, 164,
546-561. [CrossRef]


https://doi.org/10.1002/slct.202001361
https://doi.org/10.1371/journal.pone.0167218
https://doi.org/10.1016/0162-0134(94)80003-0
https://doi.org/10.1016/0162-0134(92)80037-V
https://doi.org/10.1039/C5NJ01088H
https://doi.org/10.1016/S0022-1759(97)00137-3
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.5306/wjco.v5.i2.125
https://doi.org/10.1021/jm0311238
https://doi.org/10.2174/157018007781788516
https://doi.org/10.1134/S0006297917060104
https://doi.org/10.3390/molecules26164805
https://doi.org/10.3390/ijms24031888
https://doi.org/10.1016/j.ccr.2016.02.001
https://doi.org/10.1038/s41598-020-73488-0
https://www.ncbi.nlm.nih.gov/pubmed/33028870
https://doi.org/10.1002/anie.202006089
https://www.ncbi.nlm.nih.gov/pubmed/32533618
https://doi.org/10.1002/anie.202216917
https://www.ncbi.nlm.nih.gov/pubmed/36546893
https://doi.org/10.1016/j.fmre.2022.10.001
https://doi.org/10.1016/j.ejmech.2018.12.052

Pharmaceutics 2023, 15, 1205 15 of 15

47.

48.

49.

50.

Tyner, ].W.; Haderk, E; Kumaraswamy, A.; Baughn, L.B.; Van Ness, B.; Liu, S.; Marathe, H.; Alumkal, ].J.; Bivona, T.G.; Chan, K.S,;
et al. Understanding Drug Sensitivity and Tackling Resistance in Cancer. Cancer Res. 2022, 82, 1448-1460. [CrossRef]

de Vries Schultink, A.H.; Suleiman, A.A.; Schellens, ]. H.; Beijnen, ].H.; Huitema, A.D. Pharmacodynamic modeling of adverse
effects of anti-cancer drug treatment. Eur. J. Clin. Pharmacol. 2016, 72, 645-653. [CrossRef]

Indrayanto, G.; Putra, G.S.; Suhud, F. Validation of in-vitro bioassay methods: Application in herbal drug research. Profiles Drug
Subst. Excipients Relat. Methodol. 2021, 46, 273-307.

Badisa, R.B.; Darling-Reed, S.E; Joseph, P.; Cooperwood, ].S.; Latinwo, L.M.; Goodman, C.B. Selective cytotoxic activities of two
novel synthetic drugs on human breast carcinoma MCEFE-7 cells. Anticancer Res. 2009, 29, 2993-2996.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1158/0008-5472.CAN-21-3695
https://doi.org/10.1007/s00228-016-2030-4

	Introduction 
	Materials and Methods 
	Reagents and Chemicals 
	Synthesis and Formulation of the Pd3Spd2, Pt3Spd2 and Pd2Spm 
	Cell Cultures Development and Maintenance 
	Cell Proliferation Evaluation 
	MTT Assay 
	Statistical Data Analysis 

	Results 
	Impact of Platinum (Pt(II)) and Palladium (Pd(II)) Trinuclear Chelates with Spermidine on the Proliferation of Triple-Negative Breast Cancer 
	Pd(II) Trinuclear Chelates with Spermidine Anticancer Potential 
	Pd(II) Trinuclear Chelates with Spermidine Selectivity 

	Discussion 
	Conclusions 
	References

