
Citation: Ciccone, V.; Filippelli, A.;

Bacchella, C.; Monzani, E.;

Morbidelli, L. The Nitric Oxide

Donor [Zn(PipNONO)Cl] Exhibits

Antitumor Activity through

Inhibition of Epithelial and

Endothelial Mesenchymal

Transitions. Cancers 2022, 14, 4240.

https://doi.org/10.3390/

cancers14174240

Academic Editor: Alain P. Gobert

Received: 2 August 2022

Accepted: 28 August 2022

Published: 31 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

The Nitric Oxide Donor [Zn(PipNONO)Cl] Exhibits Antitumor
Activity through Inhibition of Epithelial and Endothelial
Mesenchymal Transitions
Valerio Ciccone 1,2 , Arianna Filippelli 1, Chiara Bacchella 3, Enrico Monzani 3,4 and Lucia Morbidelli 1,4,*

1 Department of Life Sciences, University of Siena, Via A. Moro 2, 53100 Siena, Italy
2 Department of Experimental Medicine, University of Campania “Luigi Vanvitelli”, Via Santa Maria di

Costantinopoli 16, 80138 Naples, Italy
3 Department of Chemistry, University of Pavia, Via Taramelli 12, 27100 Pavia, Italy
4 Noxamet Limited Company, Via Besana 2, 20122 Milan, Italy
* Correspondence: lucia.morbidelli@unisi.it; Tel.: +39-0577-235381

Simple Summary: Nitric oxide (NO) plays a critical pathophysiological role in cancer by modulating
several processes, such as angiogenesis, tumor growth, and metastatic potential. The aim of this
study was to characterize the antitumor effects of a novel NO donor, [Zn(PipNONO)Cl], on the
processes of epithelial– and endothelial–mesenchymal transitions (EMT and EndMT), known to
actively participate in cancer progression. Two tumor cells lines were used in this study: human
lung cancer cells (A549) and melanoma cells (A375), alone and co-cultured with human endothelial
cells. Our results demonstrate that both tumor and endothelial cells were targets of NO action, which
impaired EMT and EndMT functional and molecular features. Further studies are needed to finalize
the therapeutic use of the novel NO donor.

Abstract: Exogenous nitric oxide appears a promising therapeutic approach to control cancer pro-
gression. Previously, a nickel-based nonoate, [Ni(SalPipNONO)], inhibited lung cancer cells, along
with impairment of angiogenesis. The Zn(II) containing derivatives [Zn(PipNONO)Cl] exhibited
a protective effect on vascular endothelium. Here, we have evaluated the antitumor properties of
[Zn(PipNONO)Cl] in human lung cancer (A549) and melanoma (A375) cells. Metastasis initiates with
the epithelial–mesenchymal transition (EMT) process, consisting of the acquisition of invasive and
migratory properties by tumor cells. At not cytotoxic levels, the nonoate significantly impaired A549
and A375 EMT induced by transforming growth factor-β1 (TGF-β1). Reduction of the mesenchymal
marker vimentin, upregulated by TGF-β1, and restoration of the epithelial marker E-cadherin, re-
duced by TGF-β1, were detected in both tumor cell lines in the presence of Zn-nonoate. Further, the
endothelial–mesenchymal transition achieved in a tumor-endothelial cell co-culture was assessed.
Endothelial cells co-cultured with A549 or A375 acquired a mesenchymal phenotype with increased
vimentin, alpha smooth muscle actin and Smad2/3, and reduced VE-cadherin. The presence of
[Zn(PipNONO)Cl] maintained a typical endothelial phenotype. In conclusion, [Zn(PipNONO)Cl]
appears a promising therapeutic tool to control tumor growth and metastasis, by acting on both
tumor and endothelial cells, reprogramming the cells toward their physiologic phenotypes.

Keywords: nitric oxide; metal nonoate; tumor cell; endothelial cell; epithelial–mesenchymal transition;
endothelial–mesenchymal transition; transforming growth factor beta

1. Introduction

The gaseous transmitter nitric oxide (NO) is widely recognized to play key roles in
various physiological and pathological processes. The effect of NO on tumor growth clearly
demonstrates NO’s innate bimodal activity, depending on its concentration. Low NO levels
promote tumor cell proliferation and migration and angiogenesis; and high concentrations
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(≥0.5 mM) are recognized to exert anti-tumor effects by promoting DNA damage and gene
mutations, protein dysfunction and cell death through apoptosis [1–3]. Exogenously given
NO or NO promoting approaches have been demonstrated to inhibit tumor growth, impair
tumor angiogenesis and control metastatic potential [4,5].

Various pharmaceutical approaches have been developed and tested for antitumor
activities [6,7], and NO alone or complexed with reactive oxygen species induces killing
or sensitizes a range of different types of cancer [8,9] to chemo-, radio- and immunothera-
pies [10–13].

There is increasing interest in developing NO-releasing compounds that are able
to generate NO in particular tissues, avoiding systemic toxic effects. Among the many
NO donors, the nonoates (also known as diazeniumdiolates) consist of a diolate moiety
attached to a primary or secondary amine or polyamine. They are stable in solid form,
but hydrolyze spontaneously in solution at physiological temperature and pH to generate
two equivalents of NO per molecule [14]. The efficacy and safety of a series of metal
nonoates have already been assessed in different experimental models of cardiovascular
diseases [15,16]. In particular, the Zn(II) containing derivative [Zn(PipNONO)Cl] exhibited
interesting kinetics of NO release (t1/2 385 s). This compound elicited a protective effect
on normal endothelium and smooth muscle cells, promoting vasorelaxation and increased
bioavailability of H2S, which concurs with the protective effects [17]. Among the metal
nonoates, the nickel-based compound [Ni(SalPipNONO)] exhibited antitumor activity
in lung cancer cells, through the impairment of tumor angiogenesis [18]. Based on the
limitations due to the presence of nickel, in this paper we focus our attention on a zinc-
containing nonoate.

Among the multiple cellular and biochemical mechanisms at the basis of cancer
progression and metastasis, the phenomena of epithelial–mesenchymal transition (EMT)
and endothelial–mesenchymal transition (EndMT) are focuses for the development of novel
anticancer therapeutics [19,20].

EMT characterizes metastasis, where normal cell–cell adhesion between epithelial
cells is lost in tandem with the gain of mesenchymal markers, thereby promoting cell
migration and invasion [21–23]. An inflammatory tumor microenvironment facilitates
EMT, i.e., through the upregulation of transforming growth factor-beta 1 (TGF-β1) and
its receptor signaling [24,25]. EMT is accompanied by epigenetic reprogramming, which
leads to the loss of typical epithelial markers such as E-cadherin, and the acquisition of
mesenchymal markers such as vimentin and alpha smooth muscle actin (αSMA) [22,23].

While low/moderate NO levels promote EMT and metastasis [5], high levels of NO,
delivered through NO donors such as diethylenetriamine nonoate (DETA/NO), were
demonstrated to inhibit the EMT process in metastatic cancer cell lines by downregulating
the NF-κB signaling [26,27]. Consistently, other reports showed that NO facilitated the
induction of mesenchymal epithelial transition and cell aggregation in malignant cells [28].

Sustained inflammation acts also in the endothelial component [29]. Endothelial
mesenchymal transition (EndMT) is defined as the loss of endothelial-specific markers
and the gain of mesenchymal features that accompany the morphogenesis of specific
tissues, especially those of the heart [30,31]. Long-term exposure to inflammatory cytokines
can induce EndMT by changing the morphology of endothelial cells from cuboidal to a
spindle and acquiring EndMT-linked markers [32]. Besides the shifting in the expression of
endothelial toward mesenchymal markers, inflammatory cytokines can ignite the TGF-β
signaling and other pathways [29]. At the molecular level, EndMT is accompanied by
decreased expression of markers typical of endothelial cells, such as CD31 (or platelet
endothelial cell adhesion molecule-1), CD34, vascular endothelial cadherin (VE-cadherin)
and von Willebrand factor; the expression of mesenchymal cell markers (i.e., α-SMA and
vimentin) rises with increased cell migration [33,34].

EndMT occurs in various pathologic conditions, including cancer progression [35].
The conversion of endothelial cells into mesenchymal-lineage cell types, especially myofi-
broblasts, occurs in an aberrant manner, contributing to disease progression [20,31,35–37].
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Indeed, tumor endothelial cells appear constitutively prone to mesenchymal transition.
The EndMT phenomenon is gradual and multistep, and till a certain point, reversible [38].

Among the tumors which afflict humans, effective therapeutic interventions for lung
carcinoma and melanoma remain unresolved medical needs. In particular, non-small
cell lung carcinoma (NSCL) and malignant melanoma share poor prognosis, and the
therapeutic options are few and characterized by scarce effectiveness and resistance [39,40].
These malignancies show a predisposition to EMT and EndMT [41–44]. Few are the
reports on the development of NO donors in these tumor types [18,45–48]; thus, the field
merits investigation.

Beyond its antiproliferative capacity, we hypothesize that [Zn(PipNONO)Cl] regulates
some crucial steps of the metastasis process, as TGF-β1 induced EMT in tumor cells and
EndMT in endothelial cells co-cultured with cancer cells.

2. Materials and Methods
2.1. Cell Cultures

The human cell line A549, representative of non-small cell lung cancer, and A375,
representative of metastatic human melanoma cells, were purchased from American Type
Culture Collection. Tumor cells were cultured in DMEM 4500 high glucose (Euroclone
SpA, Milan, Italy) supplemented with 10% fetal bovine serum (FBS; HyClone; Cytiva,
Marlborough, MA, USA) and 2 mM glutamine, 100 units/mL penicillin and 0.1 mg/mL
streptomycin (Merck KGaA, Darmstadt, Germany). Tumor cells were cultured in 10 cm
diameter Petri dishes up to a confluent state, in a humidified atmosphere with 5% CO2.
Cells were expanded through splitting 1:4 or 1:5 twice a week and used until passage 30.

Human umbilical vein endothelial cells (HUVECs) were purchased from Promo-
cell (Heidelberg, Germany). Endothelial growth medium (EGM-2) contained the follow-
ing factors: vascular endothelial growth factor (VEGF), human fibroblast growth factor
(hFGF), recombinant human long R3 insulin-like growth factor 1 (R3-IGF-1), human epi-
dermal growth factor (hEGF), ascorbic acid, hydrocortisone, heparin GA-1000 (Lonza,
Basel, Switzerland), 2 mM glutamine, 100 units/mL penicillin and 0.1 mg/mL streptomycin
(Merck KGaA, Darmstadt, Germany). HUVECs were cultivated on 1% bovine gelatin
coated dishes with complete EGM-2 supplemented with 10% FBS and propagated once a
week by 1:3 dilution.

2.2. Survival Assay

Cell survival was quantified by MTT assay [18]. First, 2 × 103 tumor cells were
seeded in 96-multiwell plates in medium with 10% FBS and after adherence were exposed
to increasing concentrations of [Zn(PipNONO)Cl] (provided by Noxamet Ltd., Milan,
Italy). [Zn(PipNONO)Cl] was dissolved in DMSO at 100 mM and further diluted in
medium before the addition to the cells. A concentration of DMSO equal to the highest
concentration used in each experiment was used as the control. After 24, 48, 72 and
96 h, medium was removed and cells were incubated for 4 h with fresh medium in the
presence of 1.2 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Sigma-Aldrich, St. Louis, MO, USA). After solubilization of formazan crystals in DMSO,
absorbance was measured with a microplate absorbance reader (Infinite 200 Pro, Tecan Life
Sciences, Männedorf, Switzerland) at 540 nm. Data are reported as fold changes of 540 nm
relative absorbance/well, with respect to the basal control.

2.3. HUVEC Proliferation Assay

HUVECs (1.5 × 103 cells/well in 96 multiplates), after adherence, were treated with
[Zn(PipNONO)Cl] (10 µM and 50 µM) for 48 h. Cells were then fixed, stained and randomly
counted at 20× original magnification in 5 fields, as previously reported [49].
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2.4. Co-Culturing of HUVECs with Cancer Cells and EndMT Protein Detection
2.4.1. Co-Culture Setup

Intercellular communication between neoplastic and endothelial cells was recon-
structed in vitro using transwell technology (Corning, Lowell, MA, USA). Transwells allow
co-culturing between two cell types without direct contact. HUVECs (1.5 × 105 cells)
were seeded on the bottoms of 6-well multi-plates pre-coated with gelatin. Tumor cells
(8 × 104 cells) were plated on the polyester membrane of the Transwell [50]. After 24 h
alone, tumor cells were transferred into the same 6-well multiplates containing HUVECs
on the bottom. Co-culture continued for 4 days in the presence of EBM medium (without
growth factors) with 2% FBS. Where indicated, co-cultures were treated with 50 µM of
[Zn(PipNONO)Cl], readded every 48 h.

2.4.2. Western Blot

Proteins from HUVEC monolayers were isolated, and Western blotting was performed
as previously described [50]. Separated proteins were then blotted onto nitrocellulose
membranes and incubated overnight with primary antibodies. Anti-vimentin (rabbit,
1:1000, catalog number 5741S) and anti VE-cadherin (rabbit, 1:1000, catalog number 2500S)
were from Cell Signaling Technology, Inc. (Danvers, MA, USA). Anti-αSMA (mouse,
1:1000, catalog number A5228) was from Merck KGaA (Darmstadt, Germany). All signals
were then detected by an enhanced chemiluminescence system (Biorad, Hercules, CA,
USA). Results were normalized to those obtained by using an antibody against β-actin
(mouse, 1:10,000, catalog number MABT825 from Merck KGaA, Darmstadt, Germany) and
quantified through Fiji ImageJ software (64-bit Java 1.8.0_172, U.S. National Institutes of
Health, Bethesda, MD, USA). Data were analyzed as ratio of the arbitrary densitometry
unit (A.D.U.) of the target protein to that of the reference protein, and in most of the graphs,
are compared to the basal control condition.

2.4.3. Immunofluorescence Analysis

The TGF-β1 signaling molecule Smad2/3 was visualized in HUVECs by immunofluo-
rescence analysis. A total of 3 × 104 HUVECs were seeded on 1 cm circular glass coverslips
added in the bottom of a 24 well multiplate. Tumor cells were seeded at a density of
2 × 104 on the top of 0.4 µm pore polycarbonate membranes of the transwells. After
24 h of incubation, transwells were put in the same 24 multiplates and co-cultured (in
medium with 2% FBS) for 4 days. Where indicated, co-cultures were treated with 50 µM
[Zn(PipNONO)Cl], readded every 48 h. Immunofluorescence analysis was performed
as previously reported [51] using anti Smad2/3 antibody (rabbit, 1:500, catalog number
8685S) from Cell Signaling Technology, Inc. (Danvers, MA, USA), and DAPI as nuclear
counterstaining dye. Images were taken using a confocal microscope (Zeiss LSM700; Zeiss
GmbH, Oberkochen, Germany).

2.5. Tumor Cell Migration

A scratch healing assay was performed to determine cell migration, as previously
described [50]. Tumor cells were seeded in a 24-well plate at a density of 1.4× 105 cells/well,
and after 24 h of growth, they reached confluence as a monolayer. Then, a scratch was made
in the center of the well with a micropipette tip. After gentle rinsing, cells were treated with
[Zn(PipNONO)Cl] at increasing concentrations (10, 50 and 100 µM) in medium with 2%
FBS for 18 h to allow migration. Images of the scratches were captured with a microscope
(Nikon Eclipse E400, Tallahassee, FL, USA).

2.6. Tumor Cell Invasion Assay

The Neuro Probe 48-well micro-chemotaxis chamber (Nuclepore Corp., Pleasanton,
CA, USA) was used to evaluate the effect of [Zn(PipNONO)Cl] on tumor cell invasiveness.
The Boyden chamber setup allows one to measure the passage of tumor cells across porous
filters from an upper compartment to a lower compartment, according to a concentration
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gradient of a stimulus [52]. Polyvinylpyrrolidone-free polycarbonate filters, 8 µm pore
size (Neuro-Probe, Inc, Gaithersburg, MD, USA), were coated with 1% gelatin (gelatin
type 1 from bovine skin, Sigma Aldrich, St. Louis, MO, USA) to mimic the extracellular
matrix. Two chemotactic solutions, i.e., medium with 1% and 5% FBS, were placed in the
lower wells. Then, 50 µL of cell suspension (2.5 × 104 cells/mL) was added to each upper
compartment. Before invasion challenging, tumor cell suspensions were incubated with
100 µM [Zn(PipNONO)Cl] or vehicle at 37 ◦C for 30 min. Once assembled, the apparatus
was incubated at 37 ◦C. After 18 h, the filter was removed and fixed overnight in methanol.
Cells were stained with Diff-Quik (BiomapSnc, Agrate B.za, MI, Italy), and non-migrated
cells sedimented on the upper surface of the filter were removed with a cotton swab. The
filter was then cut and mounted between glass coverslips. Migrated cells across and under
the filter were counted through the use of a light microscope (Nikon Eclipse E400) at 20×
magnification: 5 random fields/well. Each experimental condition was performed in
triplicate, and invasiveness is reported as the mean value of migrated cells (±SD).

2.7. EMT Protein Expression in Tumor Cells

Protein expression was evaluated by Western blot [50]. Tumor cells were seeded at the
density of 8 × 104 cells/6 cm on a Petri dish and allowed to adhere for 24 h. Cells were
stimulated with TGF-β1 (10 ng/mL) (Merck KGaA, Darmstadt, Germany) in medium with
0.5% for 96 h, while adding the stimulus again every 24 h. Where added, [Zn(PipNONO)Cl]
was refreshed at 48 h. At the end of the stimulation, cells were rinsed twice with ice-
cold PBS, and lysed with 60 µL of CelLytic (Sigma-Aldrich, St. Louis, MO, USA), along
with sodium orthovanadate (Na3VO4·2H2O) (1 mM) and a cocktail of protease inhibitors
(Sigma Aldrich, St. Louis, MO, USA). Following extraction and quantification of proteins,
electrophoresis was carried out. Fifty micrograms of protein/sample was run in 4–12% Bis-
Tris Gels (Life Technologies, Carlsbad, CA, USA). Separated proteins were then blotted onto
nitrocellulose membranes, which were incubated overnight with the following primary
antibodies: anti-E-Cadherin (rabbit, 1:1000, catalog number 3195S), anti-vimentin (rabbit,
1:1000, catalog number 5741S), anti-TGF-β1 (rabbit, 1:1000, catalog number 3711S) and
anti Smad2/3 (rabbit, 1:500, catalog number 8685S), all from Cell Signaling Technology,
Inc. (Danvers, MA, USA). The signals were then detected by enhanced chemiluminescence
system (Biorad, Hercules, CA, USA). Results were normalized to those obtained by using
an antibody against β-actin (mouse, 1:10,000, catalog number MABT825 from Merck KGaA,
Darmstadt, Germany) and quantified through Fiji ImageJ software. Data were analyzed
as ratio of the arbitrary densitometry unit (A.D.U.) of the target protein with respect to
the reference protein, and in most of the graphs, are reported in comparison to the basal
control condition.

2.8. RNA Isolation and Reverse Transcription-Quantitative Polymerase Chain Reaction
(RT-q PCR)

After cell stimulation, total RNA was extracted using an RNeasy Plus kit (catalog
number 74134, Qiagen GmbH, Germantown, MD, USA), following the manufacturer’s
instructions. The quality and quantity of the purified RNA were determined by measuring
the absorbance at 260/280 nm (A260/A280) using Infinite F200 Pro (Tecan Life Sciences,
Männedorf, Switzerland). A total of 1 µg of RNA was reverse-transcribed using QuantiTect
Reverse Transcription kit (catalog number 205313, Qiagen GmbH, Germantown, MD, USA)
at 42 ◦C for 30 min. The reaction was stopped by incubating the tubes at 95 ◦C for 3 min.
RT-qPCR was carried out by using QuantiNova SYBR Green PCR kit (catalog number
208056, Qiagen GmbH) in a RotorGene qPCR instrument (Qiagen GmbH, Germantown,
MD, USA). The following conditions were used: 95 ◦C for 5 min; followed by 45 cycles of
95 ◦C for 20 s and 60 ◦C for 20 s; and then 72 ◦C for 20 s. The change in gene expression
was quantified by the comparative Ct (cycle threshold) method (∆Ct) normalized to the
expression of 60S ribosomal protein L19 (RPL19). RT-qPCR data were reported as fold
increases in Ct values with respect to untreated cells. The primer sequences were: RPL19
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forward 5′-GAT GCC GGA AAA ACA CCT TG-3′. RPL19 reverse: 5′-TGG CTG TAC
CCT TCC GCT T-3′. TGF-β1 forward: 5′-AGCAGCACGTGGAGCTGT-3′. TGF-β1 reverse:
5′-CAGCCGGTTGCTGAGGTA-3′. All primers were from Merck KGaA.

2.9. Data Analysis and Statistical Procedures

Results are either representative or the averages of at least 3 independent experiments
performed in triplicate. Statistical analysis was performed using ANOVA, followed by the
Bonferroni test and the Student’s t test when appropriate (GraphPad, San Diego, CA, USA).
A p value < 0.05 was considered statistically significant.

3. Results
3.1. Effect of [Zn(PipNONO)Cl] on Tumor Cell Viability

The antitumor activity of [Zn(PipNONO)Cl] was studied by using the MTT viability
assay on A549 and A375 tumor cells. In this experiment, the MTT assay was performed at
four times: 24, 48, 72 and 96 h. In order to evaluate the maximal tolerated concentration
and identify the dose necessary for a response by the tumor cells, increasing concentrations
(1–500 µM) of [Zn(PipNONO)Cl] were tested. Stimulation of tumor cells took place in
medium with 10% FBS. As a negative control for cell viability, cells were exposed to
medium with 0.1% FBS. DMSO, the solubilization vehicle of [Zn(PipNONO)Cl], was tested
at the highest dose corresponding to that of 500 µM of the nonoate. The survival assay
documented an inhibitory effect by [Zn(PipNONO)Cl] on tumor growth in a concentration-
dependent manner. In particular, doses higher than 100 µM were cytotoxic, and lower
concentrations were compatible with cell viability (Figure 1A–D for A549 and Figure 1E–H
for A375). Based on these results, concentrations equal or >500 µM were not used in the
further functional and molecular experiments.
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Figure 1. Effect of [Zn(PipNONO)Cl] on tumor cell survival. Dose–response curves of A549 cells
treated with [Zn(PipNONO)Cl] after 24 h (A), 48 h (B), 72 h (C) and 96 h (D); and those of A375 in the
same experimental conditions (E–H). The graphs show the cell survival response following treatment
with [Zn(PipNONO)Cl], used at increasing concentrations (from 1 to 500 µM), in the presence of
medium with 10% FBS. The values of the means for each experimental point were normalized on
the basal condition of medium with 10% FBS (set arbitrarily equal to 1). Medium with 0.1% FBS was
used as a negative control, and DMSO used at a concentration of 0.5% was tested as a vehicle control.
* p < 0.05, ** p < 0.01 and *** p < 0.001 vs. control and DMSO.

3.2. [Zn(PipNONO)Cl] Inhibited the Migration and Invasion of Tumor Cells

To assess the role of [Zn(PipNONO)Cl] in tumor cell migration and invasive motility,
a scratch assay was performed. [Zn(PipNONO)Cl] reduced A549 (Figure 2A) and A375
(Figure 2B) motility compared to untreated cells. The scratch-healing rate of the nonoate
treatment group decreased gradually in a dose-dependent manner (Figure 2A,B). Next,
we focused on the invasive ability of tumor cells by using the Boyden chamber assay.
This invasiveness test allows one to evaluate the ability of tumor cells in suspension to
migrate through a porous filter coated with gelatin, thereby mimicking the process of
tumor metastasis. This experimental approach was performed considering two different
serum concentrations (1 and 5% FBS) used as chemo-attracting stimuli placed in the lower
compartments. As expected, the values obtained from our results show how the migration
of A549 (Figure 2C) and A375 (Figure 2D) with 1% FBS is lower compared to the values
found with 5% FBS placed in the lower compartment (Figure 2C,D). Tumor cells were
exposed to [Zn(PipNONO)Cl] at a concentration of 100 µM before being tested for their
migratory capacities. In the presence of 1% FBS, the number of migrating tumor cells
after exposure to the metal nonoate was significantly reduced (to one fifth of the basal
control and of the DMSO control). When cell migration was challenged towards 5% FBS,
the incubation of cells with [Zn(PipNONO)Cl] halved the migratory capacity compared to
the baseline control and DMSO alone (Figure 2A,B). Overall, the data indicate an inhibitory
effect on tumor migration by the zinc-based nonoate.
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Figure 2. Effect of [Zn(PipNONO)Cl] on the migration and invasiveness of tumor cells. Scratch
assay of A549 (A) and A375 (B) treated with various concentrations (10, 50 and 100 µM) of
[Zn(PipNONO)Cl] for 18 h. Representative images taken with 4× magnification. (C,D) In the
invasion assay, A549 (C) and A375 (D) were exposed to 100 µM [Zn(PipNONO)Cl] or DMSO (0.1%)
and then allowed to migrate toward different serum concentrations (1% and 5%, white and black
columns, respectively) put in the lower compartments of the Boyden chamber, the porous filter being
coated with gelatin. Number in the graphs are counted cells/well. * p < 0.05 vs. control and DMSO;
** p < 0.01 vs. control and DMSO.

3.3. Effect of [Zn(PipNONO)Cl] on EMT Markers

TGF-β1 was used as an inductive stimulus of EMT, as reported in the literature [25,53].
Tumor cells exposed to 10 ng/mL TGF-β1 for 96 h underwent the phenomenon of EMT,
characterized by elongated fibroblast-like cell phenotype [50]. From a molecular point
of view, this led to mesenchymal markers typical of cancer cells being activated, such
as vimentin, leading toward an invasive phenotype, while epithelial markers, such as
E-cadherin, disappeared (Figure 3A,B for A549 and Figure 3C,D for A375).

In the presence of 50 µM [Zn(PipNONO)Cl], TGF-β1 failed to promote a mesenchymal
phenotype. Indeed, tumor cells manifested higher expression of the cell–cell contact protein
E-cadherin and reduced vimentin expression (Figure 3A,B for A549 and Figure 3C,D
for A375).

As described, autocrine TGF-β1 can feed a positive loop to facilitate EMT in A549
cells [54]. On that basis, we investigated whether [Zn(PipNONO)Cl] could interfere with
autocrine TGF-β signaling in A549 cells maintained in medium with 2% FBS. As reported in
Figure 3E, the basal transcription of TGF-β1 was drastically reduced after 18 h of treatment
with the Zn-based nonoate (50 µM). Consistently, we found a decrease in TGF-β1 protein
expression in a concentration-dependent manner (Figure 3F). Concomitantly, a reduction
of Smad2/3, the downstream transcription factor of TGF-β1, was detected in A549 cell
treated with the NO donor (Figure 3F).

In conclusion, treatment with [Zn(PipNONO)Cl] significantly reverted the EMT in-
duced by TGF-β1 stimulation of tumor cells, and reduced the endogenous autocrine EMT
signaling loop in A549 cells.
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Figure 3. Effect of [Zn(PipNONO)Cl] on EMT induced in tumor cells by exposure to TGF-β1 and
on the autocrine TGF-β signaling loop. EMT protein markers were monitored in A549 (A,B) and
A375 (C,D) cells exposed for 96 h with 10 ng/mL TGF-β1 in the absence and in the presence of 50 µM
[Zn(PipNONO)Cl] in medium with 0.5% FBS. * p < 0.05 and ** p < 0.01 TGF-β1 vs. control (Ctr);
# p < 0.05 [Zn(PipNONO)Cl] + TGF-β1 vs. TGF-β1 alone. A representative blot of 3 independent
experiments is reported. β-actin was used as a loading control. (E). TGF-β1 gene expression in
A549 treated with [Zn(PipNONO)Cl] for 18 h in medium with 2% serum. Data are reported as fold
changes relative to A549 untreated (Ctr), assigned to 1. *** p < 0.001 vs. A549 Ctr. (F). TGF-β1 and
Smad2/3 protein expression in A549 treated with [Zn(PipNONO)Cl] for 18 h in medium with 2%
FBS. Representative blots of 3 independent experiments are reported. β-actin was used as a loading
control. Whole uncropped blots and densitometry intensity ratio related to panel F are reported in
Supplemental material (Figure S1 and Table S1).
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3.4. Effect of [Zn(PipNONO)Cl] on EndMT in Endothelial Cells Co-Cultured with Tumor Cells

Using a co-culture system set up with the aid of Transwell supports, the EndMT
phenomenon was examined, allowing the interaction of tumor cells with HUVECs. In
this way, it was possible to evaluate, in endothelial cells, the contributions of tumor cells
to the acquisition of a mesenchymal phenotype, and the effect of the treatment with
[Zn(PipNONO)Cl].

Initially, in order to evaluate the possible cytoxicity in endothelial cells by [Zn(PipNO-
NO)Cl], a cell survival experiment was performed on HUVECs exposed to increasing
concentrations of the zinc-based nonoate. As shown in Figure 4A, the concentrations used
in the co-culture system (10 and 50 µM) did not change the number of endothelial cells,
which is known to be highly sensitive to circulating xenobiotics.

The EndMT phenomenon, characterized by loss of endothelial properties and the
acquisition of a mesenchymal phenotype, was studied by Western blot in endothelial cell
monolayers exposed to cancer cells in the co-culture system. Our aim was to evaluate
whether [Zn(PipNONO)Cl] could mitigate the effect of tumor-derived products on the
induction of EndMT. The expression of vimentin and αSMA (mesenchymal markers) and
VE-cadherin (typical endothelial marker) was studied on HUVEC lysates. Four days of
co-culturing with tumor cells induced an increase in the expression of both vimentin and
αSMA in HUVECs. Following the co-culture with [Zn(PipNONO)Cl], these markers were
reduced (Figure 4B for A549 and Figure 4C for A375 co-culture). Contrary to this, the
expression of VE-cadherin (endothelial marker) reduced in endothelial cells co-cultured
with tumor cells, and the treatment of the co-culture with [Zn(PipNONO)Cl] caused an
increase in the expression of endothelial marker, restoring the endothelial phenotype to a
normal condition (Figure 4B,C).

We therefore examined the effect of the Zn-based nonoate on TGF-β1 signaling, a
central player in driving EndMT progression [55]. We evaluated the effect of tumor cells,
alone or in combination with [Zn(PipNONO)Cl], on the downstream transcription factors of
TGF-β1 and Smad2/3. In particular, to define the cellular localization of Smad2/3, HUVECs
were analyzed through immunofluorescence staining. Tumor cells induced positive staining
of Smad2/3 in HUVECs, especially localized in the cell nuclei (Figures 4D and 4E for
HUVECs co-cultured with A549 and A375, respectively), confirming the above observation
on the expression of the upstream tumor-derived TGF-β1 (Figure 3F). In the co-cultures,
[Zn(PipNONO)Cl] treatment induced a significant reduction in Smad2/3 expression in
endothelial cells, including its nuclear translocation, which was particularly impaired in
the A549-containing transwell (Figures 4D and 4E for HUVECs co-cultured with A549 and
A375, respectively).

In summary, our results document the protective effects of the zinc-based nonoate
on the maintenance of a normal endothelial phenotype, through impairment of TGF-β1
signaling in both tumor and endothelial cells.
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Figure 4. Effects of [Zn(PipNONO)Cl] on EndMT and TGF-β signaling induced by tumor cells co-
culture. (A) Assessment of the endothelial cell survival following treatment with [Zn(PipNONO)Cl].
This preliminary experiment excluded any toxic effect by 10 and 50 µM concentrations of
[Zn(PipNONO)Cl] on HUVECs. (B,C) Expression of typical markers of endothelial and mesenchymal
phenotype in endothelial cells in co-culture with A549 (B) and A375 (C). The order of loading of
the samples was: HUVECs alone (Control, Ctr); HUVECs + tumor cells (cell co-culture); HUVECs
+ tumor cells + [Zn(PipNONO)Cl] (cell co-culture treated with 10 µM of the metal nonoate). A
representative image out of 3 with overlapping results is reported. Whole blots and densitometry
readings of the bands are reported in Supplemental material Figure S2 and Table S2. (D,E) Images of
immunostaining for Smad2/3 (green) and DAPI (blue) in HUVECs treated with 2% FBS, co-cultured
with A549 (D) or A375 (E) for 4 days in the absence and in the presence of 10 µM [Zn(PipNONO)Cl].
Images were obtained by using fluorescence microscope (Nikon Eclipse E400 at 40×magnification).
Scale bar, 50 µm.
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4. Discussion

Our study reported the inhibitory effect of NO released by the Zn-based metal nonoate
[Zn(PipNONO)Cl] on two human tumor models representing NSLC and melanoma. In
tumors, the effect of NO varies depending on its specific timing, location and concentra-
tion within the tissue [3–6]. Additionally, the tumor microenvironment and the genetic
background of the specific cancer are also important in determining the role of NO as
suppressor or promoter [5,56]. The cytotoxic role of NO has been implicated in several
studies in which high levels of inducible nitric oxide synthase (iNOS) are associated with
tumor cytotoxicity, whereas low levels may promote tumor growth and neovascularization
and metastasis [56,57].

Here, we demonstrate the antitumor properties of novel metal nonoate, in particular
[Zn(PipNONO)Cl], through the inhibition of EMT and EndMT in melanoma and lung
cancer cells used as models. We documented the cytotoxic activity of [Zn(PipNONO)Cl]
at doses higher than 100 µM: in the range 10–100 µM, NO inhibited tumor migration and
invasiveness, hallmarks of the EMT process.

TGF-β1 is a strong inducer of EMT through loss of epithelial markers and gain of
mesenchymal markers [24,25,53]. Tumor cells exposed for 96 h to exogenous TGF-β1 ac-
quired elongated shape. The co-treatment with [Zn(PipNONO)Cl] inhibited the expression
of TGF-β1-stimulated EMT markers, maintained the expression of epithelial markers (E-
cadherin) and downregulated the mesenchymal one (vimentin). Further, the zinc-based
nonoate reduced the autocrine loop of this cytokine, which is critical in cancer malignancy,
starting from a transcriptional level.

Our findings suggest that NO can serve as a regulator of EMT by interfering negatively
with the expression and activity of TGF-β1. The anti-invasiveness and anti-metastatic
properties of NO through the inhibition of angiogenic factors such as FGF-2 and TGFβ-1
have been previously reported [58]. Accordingly, we observed that exposure of tumor
cells to [Zn(PipNONO)Cl] counteracted the expression of TGF-β1 and its downstream
transcription factor Smad2/3, restoring the epithelial phenotype of tumor cells.

Tumor progression depends also by favorable tumor microenvironment, including
endothelial and stromal cells. Here we demonstrated that [Zn(PipNONO)Cl] inhibits
the mesenchymal transformation of endothelial cells (EndMT) induced by tumor cells,
restoring markers of endothelial integrity (VE-cadherin) and impairing the mesenchymal
markers αSMA and vimentin. To the best of our knowledge, the contribution of NO in
modulating EndMT is poorly demonstrated in the literature. We previously demonstrated
the reacquisition of VE-cadherin and permeability barrier function by [Ni(PipNONO)Cl]
in HUVECs exposed to IL-1β [16,59]. Smeda and coworkers demonstrated that NO defi-
ciency in pulmonary endothelium facilitated breast cancer metastasis [60]. In tumor and
endothelial cell co-cultures, we have found that HUVECs underwent EndMT, acquiring
characteristics of diverse cells, such as fibroblast and smooth muscle cells. The EndMT
process is reported to evolve through different subsequent steps [55]. Importantly, we
demonstrate that after 96 h of treatment, [Zn(PipNONO)Cl] not only reverted the effect
of tumor cells on the declined expression of endothelial markers and on the upregulation
of mesenchymal ones, but also neutralized TGF-β1 signaling. Although the molecular
mechanisms of NO donors are not well documented, it is plausible that the interference
with stemness phenotype could mediate the transition toward mesenchymal ones [61].

We are aware that part of the literature reports on the protumorigenic effect of NO
(see [3–6] for review on contrasting findings on NO in tumor biology). However, how
can we conciliate all these findings? Apart the cytotoxic activity of high levels of NO
(>200–500 m µM), as seen in this paper—probably due to peroxynitrate production upon in-
teraction with reactive oxygens species—the effect of NO depends on many factors affecting
both the NO availability at tissue and cell levels (kinetics of NO release by NO-based drugs;
drug availability within the tumor microenvironment; presence of reactive oxygen species
and SH moieties or other scavengers during drug distribution) and the target responsive-
ness (presence of reactive oxygen species and SH moieties or other scavengers within the
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tumor mass; efficiency of damage repair systems; availability of target protein/enzyme).
Other factors that probably influence tumor responsiveness are the presence and quality of
the inflammatory environment and the intrinsic ability to produce NO, represented mainly
by iNOS whose levels can vary in time and within the tumor mass. We can hypothesize
that when the levels of iNOS are high (as in squamous tumors, and colon and prostate
cancer) [62,63], the best approach is to use NOS inhibitors, whereas NO-based derivatives
can be proposed for tumors with low/moderate levels of iNOS, thereby promoting a reduc-
tion in NO levels and inflammation. Indeed, the cellular models used in the present study
showed modest expression of iNOS. Based on these concepts, we feel it is appropriate to
propose the use of NO donors to control neoplastic progression/aggressiveness for tumors
with low–moderate levels of iNOS expression.

Similar considerations can be made for the role of NO in inflammation. While we
demonstrated an anti-inflammatory effect (see the inhibition of TGF-β1 signaling and the
physiological protective effect of NO in the cardiovascular system), NO has been demon-
strated to play a crucial role in the development of chronic inflammation. As example, the
presence of NO in cancer may regulate tumor-associated macrophage metabolism and func-
tion, favoring the persistence of inflammation in tumorigenesis and cancer stemness [63–67].
These findings appear tissue-specific, since in most of the reports the association high NO
levels with inflammation, oxidative status, DNA damage and tumorigenesis has been de-
scribed for cancer of the gastrointestinal apparatus, upper airways, the reproductive organs
and the breast. Again, the time and concentration dependency of NO’s effects (affected
on its turn by the expressed NOS isoform) on tumor cells and target tissue propensity to
respond to NO and its reactive species can be speculated as responsible for the opposite
results [5,66].

Overall, the evaluation of the expression level of NOS isoforms in cancer cells and
in specific inflammatory/immune cell subtypes present in the tumor microenvironment
in relation to tumor aggressiveness and EMT/EndMT needs to be further assessed both
for diagnostic use and personalized treatment choice and to adequately design the im-
munotherapy/target therapy/chemotherapy combination.

For cancer therapy, the utility of authentic aqueous solutions of NO and most cur-
rently available NO donors (represented by low-molecular-weight molecules) is highly
limited due to their short half-lives, instability under physiological conditions, fast sys-
temic clearance, unspecific NO release and NO-independent toxicities. The metal nonoates
under development in our laboratory have demonstrated safety in mice and rats. In the
range 0.5–10 mg/kg/day given i.p., [Ni(PipNONO)Cl] did not affect the blood pressure
in normal mice and rats, though reducing hypertension and inflammatory features in
SHR after 1 month of repeated administration [16]. Interestingly, even if the kinetics of
NO release is in the order of minutes, the long-term protective effect of metal nonoates
was presumably due to activation of the eNOS at the vascular level, thereby igniting the
endogenous eNOS/NO upregulation and prolonging its kinetics [16,17]. Based on these
data, in vivo antitumor efficacy experiments with metal nonoates seem to be feasible.

Since NO acts within the tumor differently over a range of concentrations, and there-
fore, it must be delivered at certain concentration to tumor cells, the development of stable
and tuned NO releasing compounds is mandatory [68]. With the development of nanotech-
nology, the application of smart biomaterials for the controlled delivery of NO is emerging
as one of the promising strategies for tumor targeting [69]. Another approach is represented
by the combination of an NO donor with other drugs. There has been an extensive effort to
develop hybrid NO donor drugs by attaching NO donor moieties to currently available
anticancer drugs. The aim is to maintain the pharmacological activity of the parent drug
while gaining benefits from the biological actions of NO [70,71]. Recently, conjugates of
NO donors with other targeting drugs, such as antibodies, have been developed to en-
sure specific targeting to tumor cells and to prevent systemic toxicities. An investigation
has been reported that took into consideration the cluster of differentiation 24 (CD24)
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which is overexpressed in many solid tumors, such as hepatocellular carcinoma, and rarely
expressed in normal cells [72].

A further opportunity is the sensitization effect of NO donors on cancer resistant
cells to both chemotherapy and immunotherapy. NO can sensitize tumor cells to other
therapies by inducing apoptosis, along with the inhibition of cell proliferation, invasion
and metastasis, through removal of the immune resistance of cancer cells. NO donors
have been shown to have synergistic effects in combination with cancer therapies, such as
photodynamic therapy, chemotherapy, radiotherapy and immunotherapy [11]. On top of
this, the inhibition of the EMT/EndMT phenotype switch, or its reversion, can provide
added value against this multifaced enemy.

5. Conclusions

In conclusion, from the in vitro data obtained on cellular models of NSCL and melanoma,
the NO donor [Zn(PipNONO)Cl] acts on both tumor and endothelial components, con-
trolling epithelial– and endothelial–mesenchymal transitions and the crosstalk of tumor-
endothelial cells within the tumor microenvironment. Exogenously-given NO thus appears
a promising therapeutic tool to control tumor growth and metastasis, by acting both on
tumor and endothelial cells, reprogramming the cells to return toward typical epithelial
and endothelial phenotypes. The recovery and maintenance of endothelial integrity and
barrier function are crucial features of normally functioning vessels. Indeed, the endothelial
vessel normalization is now seen as an interesting objective in the combination regimens
now used for cancer therapy, such as immunotherapies and antiangiogenic strategies, and
other combinations [73]. In the near future, NO donors and NO hybrids/conjugates should
be continued to be assessed in preclinical and clinical studies based on their promising
multitarget potential.
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