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Paradox Role of Oxidative Stress in Cancer: State of the Art

Cinzia Domenicotti * and Barbara Marengo
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barbara.marengo@unige.it
* Correspondence: cinzia.domenicotti@unige.it

The modulation of oxidative stress is essential for the maintenance of redox home-
ostasis in healthy and cancer cells. In fact, although cancer cells are characterized by the
overproduction of reactive oxygen species (ROS) with respect to healthy cells, they are
able to survive and proliferate under pro-oxidant conditions by activating redox-sensitive
signaling pathways, and by inducing the expression of many antioxidant genes.

Furthermore, oxidative stress can play a fundamental role during all phases of car-
cinogenesis as well as under therapy-induced stress conditions. In fact, on one hand,
ROS over-production contributes to the carcinogenic process by impairing cellular macro-
molecules and on the other, chemo- and radio-therapeutic agents kill cancer cells via
pro-oxidant action. Unfortunately, long-term anticancer therapy has been demonstrated to
stimulate antioxidant adaptive responses, contributing to therapy refractoriness.

In addition, antioxidants derived from natural products can exert a chemopreventive
action by counteracting cancer development or a chemosensitive effect by potentiating the
cytoxicity of anti-cancer therapies. Therefore, focusing the attention on the paradox role of
oxidative stress, this Special Issue has collected five research articles, four review articles,
and one perspective article that investigates the double-edge role of oxidative stress, which
can determine beneficial or detrimental outcomes in cancer development and treatment.

In this context, Nitti et al. have focused their attention on the clinical significance of
Heme-oxygenase 1 (HO-1) in cancer progression, and reported contrasting evidence on
its role in tumor biology [1]. The authors supported the notion that the pro- or anti-tumor
activity of HO-1 is related to its subcellular localization and catalytic activity, and showed
a direct correlation between HO-1 over-expression and cancer therapy resistance. Based
on the collected findings, they suggest that HO-1 can be a promising biomarker of cancer
progression, and in some cases, an interesting target to inhibit in order to increase the
cytotoxic effect of standard anti-cancer drugs.

The resistance to anti-cancer therapy is often observed in the clinic, and considering
that both iron metabolism and accumulation have been found dysregulated in cancer, the
selective induction of ferroptosis could be an alternative anti-cancer strategy. Ferroptosis is
an iron-dependent, non-apoptotic regulated cell death characterized by lipid membrane
peroxidation and triggered by the depletion of glutathione (GSH), the most important
intracellular antioxidant, and by glutathione peroxidase 4 (GPX4) inhibition. In their
perspective article, Fujihara and co-authors highlighted that although several studies have
described the molecular mechanisms underlying ferroptosis; the clinical use of ferroptosis
inducers is limited [2]. However, in this perspective, the authors discussed the possibility
to utilize ferroptosis in the clinic (i) by inducing directly ferroptosis in tumor cells and
(ii) by lowering the threshold for ferroptosis induction in cancer cells, in order to enhance
the efficacy of conventional therapies including chemo, radio, and immunotherapy.

A suggestion in this direction has been given by Monteleone et al., who demonstrated
that the combination of etoposide, a known chemotherapeutic drug, with a protein kinase
C (PKC)-α inhibitor is able to induce the ferroptosis of cancer stem cells (CSCs) resistant
to etoposide [3]. CSCs are characterized by low levels of ROS, high amounts of GSH and
over-expression of xCT, a transporter of cystine which is crucial for GSH biosynthesis.
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Since xCT was found to be stabilized on cell membrane through interaction with CD44, a
stemness marker whose expression is modulated by PKC-α, the authors utilized a combined
approach of etoposide with sulfasalazine, a direct xCT inhibitor, or with an inhibitor of
PKC-α (C2-4). The results obtained demonstrated that the co-treatment with the PKC-α
inhibitor was able to induce the ferroptosis of resistant CSCs by inducing aerobic glycolysis,
decreasing intracellular GSH levels, down-regulating GPX-4 activity, and stimulating
lipid peroxidation.

According to the evidence that the modulation of ROS production might be a valid
strategy to counteract tumor development, Menegazzi et al. reported that natural com-
pounds such as Hypericum perforatum L. (St. John’s wort, SJW) and its active compound
hyperforin (HPF) could exert both a prophylactic and a therapeutic effect [4]. These com-
pounds, by decreasing mitochondrial ROS production and restoring pH imbalance, were
able to inhibit cancer cell proliferation, induce apoptosis, down-regulate inflammatory
mediators, and inhibit angiogenic factors, limiting tumor growth and spread. The large
bioavailability, together with the absence of adverse effects, confer to SJW and HPF a
biological relevance for both tumor prevention and treatment, suggesting their potential
use in association with current chemotherapeutic drugs.

However, considering other anti-cancer natural compounds, Peng et al. demonstrated
that Withaferin (WFA), a triterpenoid isolated from Whithania somnifera, combined with a
low dose of non-ionizing radiation such as ultraviolet–C (UVC), can act as a therapeutic
sensitizer [5]. In fact, low-dose UVC/WFA co-treatment was able to induce ROS over-
production, oxidative DNA damage, the inhibition of cell proliferation, and the apoptosis
of oral cancer cells without effects on healthy oral cells. Interestingly, this selective therapy
deserves in vivo investigations in order to validate the promising in vitro effects of WFA as
a UVC chemosensitizer.

Several studies support the notion that the increase in ROS generation is exploited
as a valuable anti-cancer strategy. In this regard, Van Loenhout and co-authors focused
their attention on therapies based on oxidative stress induced by exogenous pro-oxidant
compounds (chemotherapeutic drugs), as well as by targeting endogenous antioxidant
molecules [6]. In particular, in this review, the authors provided evidence that ROS-inducing
anti-cancer treatments could have a direct effect on tumor microenvironment, exerting both
immunostimulatory as well as immunosuppressive effects that must be taken into account
during anticancer treatment.

Among ROS-centered anticancer therapies, ionizing radiation (IR) plays a critical role
in the management of hematological cancers, even if it is well known that IR is able to
impair bone marrow and diverse other organs leading to post-irradiation mortality and
morbidity. In this context, Allegra and co-authors reported that an increasing number
of compounds able to act as radioprotectors or radiosensitizers has been identified [7].
Among natural and synthetic radioprotective agents, the phytochemical compounds and
in particular phenolics (simple phenols, benzoic acid derivatives, flavonoids, stilbenes
and tannins) revealed a promising protective effect on healthy cells due to their ability
to scavenge ROS production while preserving the sensitivity of cancer cells to IR. On the
other side, other phytochemicals such as curcumin, quercetin and genistein have been
identified as enhancers of IR treatment or radiosensitizers via oxidative stress induction
on cancer cells. In the future perspective to increase the radiosensitivity of cancer cells or
to enhance the radioprotection of healthy cells, the authors conclude that patients with
lymphomas treated with ultra-high dose rate radiation positively responded to therapy
with reduced toxic effects probably due to acute oxygen decrease within the irradiated
tissue. Interestingly, it has been demonstrated that miR-139-5p controls the IR therapy
response in cancer, and a miR-139-5p mimetic can synergize with IR by increasing ROS
production, impairing DNA repair mechanisms and triggering the apoptosis of cancer cells.

Therefore, based on the efficacy of chemotherapy and radiotherapy relying on ROS
release, the design of novel ROS modulators could offer new promises for the development
of selective and efficient anti-cancer therapies. In this context, Sardella et al. demonstrated
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that the use of plasma-treated water solutions (PTWS) could be a valid tool able to generate
balanced amounts of ROS and reactive nitrogen species (RNS) in liquids [8]. In this study,
the authors showed that the synergic action of H2O2 and NO2

− can induce the death of
osteosarcoma cells, but does not affect endothelial cells of the tumor microenvironment.

Furthermore, Yang et al. described the innovative use of sonodynamic therapy as a
sensitizer of ultrasound treatment [9]. They demonstrated that carbon-doped titanium
dioxide nanoparticles, made of biocompatible material, are able to inhibit the proliferation
of low-intensity ultrasound-treated breast cancer cells through ROS over-production, which
sensitizes them to the anti-cancer effect of sonodynamic therapy.

Another approach based on ROS release and used as a chemosensitizer of anticancer
therapy is described by Cordani et al. [10]. The authors synthesized triazole-based co-
ordination trimers made with Fe(II) in aqueous media and tested them as adjuvants for
the treatment of pancreatic cancer. These coordination complexes were able to stimulate
ROS generation in pancreatic cancer cells and enhanced the cytotoxic effect of gemcitabine,
an approved drug for pancreatic cancer treatment, through the apoptosis induction and
down-regulation of the mTOR pathway.

Altogether, these studies, although in vitro, report different ROS-centered approaches
in order to chemosensitize cancer cells to conventional anti-cancer therapies without affect-
ing the viability of healthy cells.

Although many above-described therapeutic strategies need to be tested in animal
models, we hope that the articles collected in this Special Issue can clarify the role of
ROS modulation in cancer prevention and treatment. Moreover, we believe that the
multidisciplinary approach used to address this issue could help to dissect the molecular
mechanisms underlying the paradoxical role of oxidative stress in order to counteract
carcinogenesis or enhance the sensitivity to anticancer therapy.

We thank all the authors who have contributed to the Special Issue and shared their
recent findings, having a potential favorable impact on human health. Finally, we would
like to thank the reviewers for their review processing and the Editorial staff for their
kind support.
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Abstract: Heme oxygenase 1 (HO-1) plays a key role in cell adaptation to stressors through the
antioxidant, antiapoptotic, and anti-inflammatory properties of its metabolic products. For these
reasons, in cancer cells, HO-1 can favor aggressiveness and resistance to therapies, leading to poor
prognosis/outcome. Genetic polymorphisms of HO-1 promoter have been associated with an
increased risk of cancer progression and a high degree of therapy failure. Moreover, evidence from
cancer biopsies highlights the possible correlation between HO-1 expression, pathological features,
and clinical outcome. Indeed, high levels of HO-1 in tumor specimens often correlate with reduced
survival rates. Furthermore, HO-1 modulation has been proposed in order to improve the efficacy of
antitumor therapies. However, contrasting evidence on the role of HO-1 in tumor biology has been
reported. This review focuses on the role of HO-1 as a promising biomarker of cancer progression;
understanding the correlation between HO-1 and clinical data might guide the therapeutic choice
and improve the outcome of patients in terms of prognosis and life quality.

Keywords: HO-1; Nrf2; cancer progression; patients; therapy; prognosis; biomarker

1. Introduction

Heme oxygenase (HO) is an evolutionarily conserved enzyme that, in the presence
of molecular oxygen (O2) and reduced nicotinamide adenine dinucleotide phosphate
(NADPH), catalyzes the degradation of heme into equimolar amounts of biliverdin, carbon
monoxide (CO), and free iron (Fe2+), releasing NADP+ and H2O [1].

Two different isoforms of HO have been described in mammalian cells (HO-1 and
HO-2) and, heme oxygenase 1 (HO-1) represents the inducible form [2]. The HMOX-1
gene maps on the human chromosome 22q12.3 [3], on a region of approximately 13,148 bp,
containing five exons and four introns [4], and codifies for a 32 kDa stress protein present
at low levels in physiological conditions in most mammalian tissues [2]. HO-1 induction
generally occurs in response to different endogenous and exogenous stimuli, mainly related
to oxidative stress and inflammation, as well as to iron metabolism imbalance [5–8]. In
tissues responsible for heme metabolism, such as spleen, liver, and bone marrow, HO-1 is
highly expressed [9].

The induction of HO-1 exerts pleiotropic effects. It is well known that HO-1 is involved
in the adaptive response to cellular stress and in attenuating inflammation, and, in healthy
cells, HO-1 maintains redox homeostasis and prevents carcinogenesis. Importantly, in
cancer cells, its expression correlates with tumor growth, aggressiveness, metastatic and
angiogenetic potential. Recently, a crucial role of HO-1 in tumor immune escape has also
been highlighted [10–13].

All the above-mentioned functions are ascribed mainly to the activity of HO-1 metabolic
products [14–16]. Bilirubin (BR), derived by biliverdin reduction catalyzed by biliverdin
reductase (BVRA), is a powerful antioxidant [17–20], able to scavenge reactive oxygen
species (ROS) [21], therefore preventing protein and lipid peroxidation [17,22–24]. BR plays

Antioxidants 2021, 10, 789. https://doi.org/10.3390/antiox10050789 https://www.mdpi.com/journal/antioxidants5
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a key role in the regulation of inflammation and adaptive immunity, exerting immuno-
suppressive effects and promoting immune tolerance [25–27]. It is important to remark
that BR is an important modulator of endothelial cell activity also in the microvasculature.
Indeed, BR is able to reduce leukocyte transmigration and to prevent leucocyte rolling
by decreasing the expression of P- and E-selectin, VCAM, and ICAM [28–31]. CO is well
known as an antiapoptotic, anti-inflammatory, antiproliferative, and anticoagulant fac-
tor [32–35] and modulates the mitogen-activated protein kinase pathway (MAPK), soluble
guanylyl cyclase (sGC) and the level of intracellular cGMP [36–38]. HO-1-derived CO is
involved in blood vessel development [39] and VEGF synthesis [37], and enhances the pro-
liferation of endothelial cells [38]. In addition, CO is able to attenuate inflammation [40,41],
acting on both T cells [42] and antigen-presenting cells [11,12,33,43]. Finally, HO-1-derived
free iron induces the synthesis of the heavy chain of the iron-chelating protein ferritin
and activates the membrane transporter Fe-ATPase, which is crucial for decreasing the
intracellular concentration of free Fe2+ and for preventing ROS production through the
Fenton reaction [44,45]. Notably, HO-1 overactivation, if not balanced by the induction of
ferritin and iron transporters or quenching systems, can trigger ferroptosis. Indeed, in this
condition, iron accumulation leads to cell death through excessive ROS production and
consequent lipid peroxidation [46,47].

Among HO-1 metabolic products, only CO has been recognized to be directly in-
volved in tumor progression, promoting cancer cell proliferation, migration, angiogenesis,
and immune escape [11]. The role of HO-1-derived bilirubin in cancer biology has been
hypothesized considering its pro-surviving, pro-angiogenetic, and anti-inflammatory activ-
ity [31,48]. Instead, the generation of free iron due to HO-1 activation has been proved to
favor non-canonical ferroptosis and is considered a therapeutic approach.

This review touches on the relevance of HO-1 expression in cancer progression, with
a particular interest in the correlation with clinical features of tumors, taking into account
data from histopathological analysis of tumor specimens.

2. HO-1 Gene Transcription and Protein Localization

2.1. HO-1 Transcriptional and Post-Transcriptional Regulation

The regulation of HO-1 expression occurs mainly at the transcriptional level (Figure 1).
The promoter region of HO-1 contains several binding sites for different transcription
factors activated in oxidative stress conditions, such as AP-1, HIF-1, NF-kB, and Nrf2 [49,50].
Thus, HO-1 is under the control of different signaling pathways. Moreover, two kinds of
polymorphisms are present in its promoter region: the length of (GT)n repeats and the
single nucleotide polymorphism (SNP) at the codon −413. Further, HO-1 protein levels can
be regulated post-transcriptionally. Here, the main aspects of HO-1 synthesis regulation
will be in brief as they are already reviewed elsewhere [51,52]; in particular, we will focus
on the roles of HO-1 in cancer biology.

Among the HO-1 promoter polymorphisms, the (GT)n microsatellite repeats are
crucial in modulating HO-1 expression. In particular, (GT)n polymorphisms are usually
classified as short and long according to the number of the GT repeats: individuals with
long (GT)n repeats show lower HO-1 inducibility due to a decreased promoter activity
compared to individuals with short (GT)n repeats who have higher transcriptional activity,
higher HO-1 inducibility and thus higher HO-1 levels [53]. The presence of this polymor-
phism correlates with the development of various pathologies, such as cardiovascular
diseases, pulmonary disease [53–55], and cancer. However, contrasting results have been
reported in different types of cancers [56].

Moreover, the SNP rs2071746 (−413A > T) polymorphism can also modulate HO-1
inducibility, being the higher HO-1 expression associated with the 413-A variant [57].
This polymorphism correlates with a reduced incidence of ischemic heart disease [58]
and with graft survival after liver transplantation when present in the donor [59]. To our
knowledge, only recently, the role of SNPs −413A > T in cancer risk has been analyzed by
Bukowska [60]. The role of HO-1 polymorphisms in cancer will be discussed later.
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Figure 1. Schematic representation of heme oxygenase 1 (HO-1) activity and regulation. HO-1 induction can be regulated at
the transcriptional level by several stress-related transcription factors (Nrf2, AP-1, NF-kB, and HIF-1). Two polymorphisms
that modify HO-1 inducibility have been indicated. Post-transcriptional regulation can involve miRNA. HO-1 regulates
intracellular heme level catalyzing its degradation into biliverdin, carbon monoxide (CO), and ferrous iron (Fe2+). Biliverdin
is converted into bilirubin by biliverdin reductase A (BVRA). Free iron activates iron transporters and induces the expression
of ferritin. HO-1 metabolic products exert pro-survival activities, as indicated. A truncated form of HO-1, formed by signal
peptide peptidase (SSP) cleavage, with nuclear localization and no enzymatic activity, has been described.

The transcription factor nuclear erythroid 2-related factor-2 (Nrf2) is recognized to
be the master regulator of HO-1 activation. Under nonstressed conditions, Nrf2 is bound
to Kelch-like ECH-associated protein 1 (Keap1), which continuously targets Nrf2 for
proteasome degradation. When cells are exposed to electrophiles and/or oxidants, Keap1
is inactivated and the newly synthetized Nrf2 is free to move into the nucleus, where it
dimerizes with small Maf proteins and binds to the antioxidant/electrophile responsive
elements (ARE/EpRE), leading to HO-1 gene transcription [5,61].

Of note, in cancer cells, genetic and epigenetic modifications of Nrf2/Keap1 have
been described [5,62,63]. Indeed, gain-of-function mutations in Nrf2 or loss-of-function
mutations in Keap1 lead to constitutive activation of Nrf2 and of its downstream target
genes [5,62]. In particular, Nrf2 gain-of-function mutations have been identified in lung,
head and neck, and bladder cancer, while Keap1 loss-of-function mutations have been
identified in esophageal, head and neck, liver, gastric, and colorectal cancer [64]. In addition,
epigenetic, especially TET-dependent demethylation of the Nrf2 promoter or Keap1 and
CUL3 hypermethylation, favors Nrf2 activation, as demonstrated in lung, colorectal, and
ovarian cancer [65–68].

Furthermore, HO-1 transcriptional regulation specifically involves the BTB domain
and CNC homolog 1 (Bach1), a heme-binding protein that represents a major transcriptional
repressor of HO-1. Indeed, Bach1 competes with Nrf2 for the binding to ARE sequences
and impairs Nrf2-DNA binding activity. In response to oxidative stress, and in particular, to
high levels of intracellular heme, Bach1 detaches from ARE sequences and is degraded by
proteasome; in this condition, HO-1 transcription is allowed [10,69,70]. Of note, it has been
demonstrated that in lung cancer metastasis, Bach1 can be stabilized in terms of protein
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expression and correlates with poor overall survival [71,72]. In the same works, high levels
of HO-1 have been observed, meaning that the activity of HO-1 can halt Bach1 proteasomal
degradation by reducing heme content. Thus, Bach1 stabilization can be observed both
in the absence of Nrf2 activity or in the presence of Nrf2 activity, being dependent on the
content of intracellular free heme.

Different kinase pathways (i.e., MAPKs and PI3K/AKT) are involved in HO-1 induc-
tion in cancer cells, not only by acting on Nrf2 but also by favoring Nrf2 independent
HO-1 activation. p38 MAPK is responsible for Nrf2-dependent HO-1 activation in human
MCF-7 breast cancer cells exposed to cadmium chloride [73] and cooperates with ERK
for Nrf2-independent HO-1 activation in MKN-45 and in MKN-28 human gastric cancer
cells [74]. Moreover, PI3K/AKT has been proved to be involved in HO-1 induction in SH-
SY5Y neuroblastoma cancer cells in response to guanosine [75] and in cholangiocarcinoma
cells treated with piperlongumine [76].

The regulation of HO-1 expression also occurs at the post-transcriptional level and
microRNAs (miRNAs) play a key role. miRNAs can directly regulate HO-1 or indirectly
modulate Nrf2, as already reviewed by Cheng and coworkers [77]. More recently, the
involvement of miRNAs in regulating HO-1 in cancer cells has been proved. In particu-
lar, miR-155 favors lung cancer resistance to arsenic trioxide through Nrf2/HO-1 activa-
tion [78]. miR200a, in breast cancer, regulates HO-1 via Nrf2 activation by targeting Keap1
mRNA [79]. miR-1254 or miR-193a-5p, in non-small cell lung cancer (NSCLC) and prostate
cancer, respectively, act on HO-1, reducing its expression and contributing to decreasing
cancer cell growth [80,81]. We also demonstrated the involvement of miR494 in favoring
neuroblastoma cell adaptation to oxidative stress through HO-1 up-regulation [82].

2.2. HO-1 Sub-Cellular and Extra-Cellular Localization

As far as HO-1 localization is concerned, HO-1 is mainly present at the endoplasmic
reticulum (ER), where co-localizes with cytochrome P-450 reductase [83,84]. In addition,
HO-1 can co-localize with caveolin 1/2 on plasma membrane caveolae [85] and a mito-
chondrial localization has been also demonstrated [86]. Of note, HO-1 can move into
the nucleus, and nuclear translocation is favored by the signal peptide peptidase (SSP)-
mediated intra-membrane cleavage, which leads to a C-terminal truncated form of HO-1
without catalytic activity but with transcriptional function [87–89]. Indeed, the truncated
form of HO-1 interacts with Nrf2, increasing its stabilization [90]. Moreover, it has been
demonstrated that the acetylation of the truncated form of HO-1 significantly enhances
JunD-mediated AP-1 transcriptional activity leading to cancer cell proliferation, invasion,
and resistance to therapy [91], indicating that post-translational modification of nuclear
HO-1 plays an important role in cell proliferation, migration, and metastasis [92]. HO-1
nuclear compartmentalization is associated with cancer progression and chemoresistance,
as demonstrated in chronic myeloid leukemia (CML) [93,94]; however, some opposite
observations are reported in the literature [95–98]. A deeper review of the significance of
HO-1 nuclear-truncated form has been recently published [92].

Furthermore, an extracellular localization of HO-1 in body fluids, including plasma,
serum, milk, and cerebrospinal fluid, has been described [99–101]. In this context, a poten-
tial role of HO-1 as a disease biomarker has been suggested [94]. To date, the mechanisms
of HO-1 release in biological fluids have not been understood. It has been hypothesized
that plasma levels of HO-1 are the result of an active secretion and not the consequence of
cell necrosis since it has been demonstrated, in patients with acute myocardial infarction,
that HO-1 plasma levels are independent of necrosis biomarkers [102]. Interestingly, in
acute kidney injury (AKI), HO-1 plasma and urinary levels parallel the level of HO-1
expression in renal tissue in response to damage [103]. Moreover, in both serum and urine,
a truncated form of HO-1 was detected, suggesting that proteolytic cleavage occurs, even
though the causes and consequences of this cleavage remain unknown [103]. More recently,
the involvement of extracellular vesicles (EVs), such as exosomes and micro-vesicles, as
potential sources of extracellular biomarkers has been considered [104,105]. In this context,
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HO-1 mRNA and protein have been detected in exosomes isolated from peripheral blood
mononuclear cells (PMBC) of psoriasis patients [106]. Schipper and coworkers detected
HO-1 protein in EVs from various human bio fluids [107]. With regard to cancer, HO-1
protein is found in EVs from the culture medium of several types of cancer cells, such as
breast, lung, melanoma, and kidney [108]. However, this aspect needs further investigation.

3. Role of HO-1 in Cancer Progression

HO-1 overexpression has been described in several types of cancers and is associated
with cancer cell proliferation, angiogenesis, invasiveness, immune escape, and resistance
to therapy. However, opposite evidence has been reported as well, correlating HO-1
expression with inhibition of cancer cell proliferation, induction of apoptosis, and reduction
of invasiveness; this suggests that the role of HO-1 in tumors could be tissue- and cell-
specific [10].

3.1. HO-1 in Cancer Cell Growth, Metastasis, and Angiogenesis

The overexpression of HO-1 correlates with an increase in proliferation of cell vi-
ability in many types of cancer, such as human renal adenocarcinoma and in murine
melanoma [109,110]. It favors the proliferation of malignant prostate tissues [111], pan-
creatic cancer, hepatoma, and lymphosarcoma [112], as well as brain and hematological
cancers, as widely reviewed [11,113,114].

The acquisition of a metastatic phenotype, characterized by more aggressive features,
is a key step in cancer growth and progression. In this context, HO-1 overexpression has
been shown to favor metastasis development in melanoma [110], pancreatic cancer [115],
oral squamous cell carcinoma [116], and prostate cancer [117]. In non-small cell lung cancer
(NSCLC), the invasive and migratory abilities of cancer cells significantly increase after
HO-1 overexpression, decrease after HO-1 silencing and correlate with the expression
of metastasis-associated protein EGFR, CD147, and MMP9 [118]. In gastric cancer, the
Nrf2-dependent HO-1 activation is involved in metastatic potential both in vitro and
in vivo models [119]. Furthermore, HO-1 is involved in the epithelial-to-mesenchymal
transition, a critical step in the metastasis process. Indeed, in ovarian cancer cells, HO-1
inhibition by zinc II protoporphyrin IX (ZnPPIX) down-regulates the expression of the
mesenchymal markers vimentin, N-cadherin, and Zeb1, while up-regulates the expression
of epithelial markers [120]. Consistently, it has been demonstrated that the down regulation
of GRP78 increases the migration and invasiveness of colon cancer cells by the activation of
Nrf2/HO-1, the induction of vimentin, and the reduction of E-cadherin expression [121].

Moreover, tumor invasiveness and metastasis development are strictly related to
the stimulation of angiogenesis. In this regard, the role played by HO-1 in pathological
angiogenesis of cancer is well documented both in vitro and in vivo. The up-regulation
of VEGF expression in response to prostaglandin in human microvascular endothelial
cells (HMEC-1) is mediated by the activation of HO-1 [122], and CO seems to be the
main mediator in stimulating blood vessel formation [39]. It has been shown that HO-1
overexpression promotes angiogenesis in urothelial carcinoma cells [123] as well as in
human pancreatic cancer [115]; in bladder cancer, HO-1 overexpression correlates with
HIF-1α and VEGF expression [124]. Moreover, HO-1 inhibition by ZnPPIX suppresses
VEGF production in GC9811-P gastric cancer cells, a cellular line characterized by high
peritoneal metastatic potential [125], and in HCT-15-induced xenografts model of colorectal
cancer reduces VEGF release and tumor angiogenesis [126]. In addition, inhibition of the
Nrf2/HO-1 pathway by oxysophocarpine treatment suppresses the migration, the invasion
potential, and the angiogenesis of oral squamous cells carcinoma [127].

3.2. HO-1 in Cancer Immune Escape

Recently, an important role of HO-1 in cancer immune escape has been highlighted.
Indeed, HO-1 expression in infiltrating immune cells, including macrophages, dendritic
cells (DC), neutrophils, natural killer cells (NK), and T and B lymphocytes, leads to their po-
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larization toward a tumor-promoting and immunosuppressive phenotype. Moreover, HO-1
expression in cancer cells can be associated with the recruitment of specific subsets of infil-
trating leucocytes and to the generation of specific cytokines that favor tumor progression.

Indeed, HO-1 expression is involved in macrophages polarization towards a pro-
tolerogenic, pro-angiogenic, IL-10 producing, M2 phenotype [128], and HO-1-derived
CO keeps DCs immature and modulates their cytokines secretion towards a tolerogenic
phenotype [129].

In particular, it has been demonstrated that HO-1 is highly expressed in monocytes
within the tumor microenvironment once they differentiate to TAMs, which indicates that
HO-1 promotes their immunosuppressive function [130]. Furthermore, HO-1 detection in
TAMs of prostate and breast cancers correlates with accelerated tumor growth [131,132].

Interestingly, in aggressive and metastatic prostate cancer, both in vivo and in ex vivo
models, HO-1 positive macrophages were mainly detected outside the tumor tissue at
the invasive zone of prostate tumors. These data suggest that extra tumor HO-1 positive
macrophages could be involved in cancer aggressiveness, probably by playing a prominent
role in stimulating tumor growth and metastasis [117].

Furthermore, in HO-1 overexpressing solid tumors, as well as in hematological ma-
lignancies, a high number of T regulatory cells (Treg) are present and act to suppress the
immune response against the tumor mass [133–135]. For instance, in 4T1 breast cancer
and in breast and melanoma bearing mice, it has been demonstrated that Treg recruitment
is increased in an HO-1 dependent manner [136], and HO-1 expressing Treg accumulates
during glioma progression [137].

Regarding the role played by HO-1 in regulating NK lymphocytes, crucially involved
in the early immune response to tumor cells [138], little data are available in the literature.
In a co-culture of an HO-1 positive cervical cancer cell (CCC) line and NK cells, pretreat-
ment with various HO-1 inhibitors, tin II protoporphyrin IX (SnPPIX) and ZnPPIX, restores
the expression of NKG2D, NKp30, and NKp46, markers of NK activation, and increases the
production of IFN-γ and TNF-α, enhancing NK killing activity towards cancer cells [139].
Furthermore, we have recently demonstrated in BRAFv600 melanoma cells that HO-1 inhi-
bition with tin mesoporphyrin IX (SnMPIX) and HO-1 siRNAdown-regulation favors cell
death induced by vemurafenib, and increases NK cancer cell recognition by up-regulating
B7H6 and ULBP3 ligands of NK cells [140]. To the best of our knowledge, no studies have
been reported so far on the expression of HO-1 in NK cells.

3.3. HO-1 in the Resistance to Therapy

An important aspect of HO-1 expression in cancer cells is the gain of a resistant phe-
notype. It is well known that conventional anticancer treatments such as chemo- and radio-
therapies can act to induce oxidative stress by increasing intracellular ROS levels [141] in
order to favor apoptosis, as recently reviewed by Aggarwal and co-workers [142]. However,
cancer cells, by up-regulating their antioxidant defenses, including HO-1, can counteract
oxidative stress. Thus, the increase in HO-1 expression attenuates the efficacy of anticancer
therapy as shown in different types of tumor where high levels of HO-1 are associated with
a lower sensitivity to anticancer treatment. For instance, HO-1 overexpression is involved
in resistance to chemo- and radio-therapy in central nervous system malignancies [113]
and in resistance to cisplatin in hepatoma cells and ovarian cancer cells [143,144]. This
aspect will be discussed later in Section 5, in the context of the possible modulation of HO-1
to favor antitumor therapies [145–154].

4. HO-1 Promoter Polymorphisms and Cancer Risk

As reported above, two major polymorphisms in the HO-1 promoter have been
identified and linked to the modulation of HO-1 transcription: the (−413A > T) SNP
and the presence of long/short (GT)n repeats. So far, no association between SNP-413
and cancers has been demonstrated, as indicated by Wang et al., who analyzed studies
conducted on digestive neoplasms [155]. Moreover, recently, no prognostic significance
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has been shown for (−413A > T) SNP in children with acute lymphoblastic leukemia
(ALL) [60].

Considering the length of GT repeats, an association has been found considering only
East-Asian carriers of long (GT)n repeats, who show a high incidence of cancers in the
digestive tract compared to carriers of short repeats. In fact, in Caucasian, American, and
West-Asian populations, this association has not been demonstrated. Notwithstanding
the small number of samples and the lack of uniformity of the studies analyzed, it seems
evident that for the East-Asian populations, the presence of long (GT)n repeats is a risk
factor for digestive tract cancers, probably in association with environmental factors.
Indeed, in some studies, an association with alcohol consumption has been shown for
the development of laryngeal squamous cell carcinoma (LSCC) for L-allele carriers in
male Chinese [156]. Exposure to carcinogenic chemical compounds is a determinant to
be considered; for instance, the role of smoking in male Japanese carriers of long repeats
(GT)n who developed lung adenocarcinoma has been proven [157]; moreover, in asbestos-
exposed Japanese subjects, the frequency of L-genotype correlates with an increased risk of
developing mesothelioma [158].

An interesting study from Wu and collaborators, conducted in a cohort of patients
in the area of Taiwan in which arsenic poisoning is endemic, demonstrated that (GT)n
polymorphisms modify the risk of cancer due to arsenic exposure. Indeed, the risk of
developing the different subtypes of arsenic-dependent tumors (skin cancer and urothelial
carcinomas) is differently affected by (GT)n length. In particular, the S/S genotype carriers
show a high risk of skin cancer, while no association is found for the risk of developing
urothelial carcinoma among the three genotypes (S/S, L/S, and L/L) [159].

Based on this evidence, the analysis of (GT)n polymorphisms may represent a tool
for evaluating an individual risk profile for a specific type of cancer, also considering the
specific patient ethnicity.

5. HO-1 Expression, Tumor Aggressiveness, and Disease Outcome. Evidence
from Immunohistochemistry

To date, the most consistent data regarding the correlation among HO-1 expression,
cancer progression, patient prognosis, and outcome derive from immunohistochemistry
studies on specimens from surgical patients. The data available in the literature are
synthesized in Table 1 at the end of this paragraph. It is important to underline that,
since Nrf2 is crucially involved in the regulation of HO-1 transcription, its expression has
been considered as well. Both solid and hematopoietic malignancies have been taken into
consideration, and the possible existence of negative association has also been analyzed.

5.1. HO-1 Expression and Disease Outcome

HO-1 expression in tumor mass is associated with poor prognosis/outcome and with
high grade/stage in several types of tumors. In serous ovarian cancer, the association of HO-
1 expression with FIGO stage III-IV and with poor overall survival has been proven [160].
In non-muscle-invasive bladder cancer (NMIBC), HO-1 expression is associated with grade
3, and poor prognosis or low recurrence/progression-free survival [161,162]. Similarly, in
astrocytoma, high levels of HO-1 have been associated with tumor grade II and III and
poor overall survival [163], and NSCLC at stage III-IV, high levels of HO-1 have been
associated with high mortality risk and short overall survival [118]. In gallbladder cancer,
the positivity for Nrf2, together with high expression of HO-1, has been shown to correlate
with high grade/stage and poor prognosis [164], highlighting the role played by Nrf2 in the
induction of HO-1 during tumor progression. Similar observations have been provided for
clear cell renal cell carcinoma (ccRCC) [165], even though without correlation with tumor
grade or stage. Indeed, patients with ccRCC showing high levels of HO-1 and Nrf2 have
lower median survival time and shorter post-operative overall survival, with no proven
correlation with tumor grade/stage.

In some studies, the expression level of HO-1 in tumors has been associated with
clinical outcomes but without reference to the histopathological analysis. Thus, cholan-

11



Antioxidants 2021, 10, 789

giocarcinoma [166], acute myeloid leukemia (AML) [167], and neuroblastoma [168] show
a correlation between high HO-1 expression and poor disease outcomes. Furthermore,
HO-1 positivity in chronic myeloid leukemia [169], acute myeloid leukemia [170], and
myelodysplastic syndrome [171] correlate with disease progression, resistance to therapy,
and relapse.

5.2. HO-1 Expression and Tumor Grade/Stage

Vice versa, in other reports, HO-1 expression has been correlated with grade and stage
and with invasion potential, but the clinical outcomes have not been analyzed. For instance,
HO-1 overexpression in papillary thyroid cancer positively correlates with the TNM stage
and cancer progression [172].

The intensity of HO-1 positivity has also been analyzed in order to find a possible
correlation with the progression of a disease or with clinical outcomes. Interestingly, in
NSCLC, the levels of HO-1 correlates with advanced stage (III-IV), T3, and T4 status
and with lymph node metastasis; however, no association with overall survival has been
demonstrated when patients were divided into two different subgroups related to HO-1
intensity of expression. Thus, no differences in patient survival were observed with regard
to HO-1 intensity, highlighting that HO-1 positivity also at a low degree correlates with
disease severity [98].

5.3. Correlation between HO-1 Expression and Tumor Markers

In many studies, HO-1 positivity has been correlated with other tumor markers. In
localized prostatic cancer, HO-1 positivity associates with relapse frequency and PTEN
deletion [173]. In NMIBC bladder cancers, HO-1 expression in tumor mass correlates
with HIF-1α expression and microvessel density [123], and in particular, Nrf2 and HO-1
positivity correlates with HIF-1α, HIF-2α, and VEGF expression in the tumor, and with
VEGF and interleukin levels in the plasma [124]. Similarly, in gastric cancer [174] and
hepatocellular carcinoma [175], HO-1 positivity is associated with VEGF expression, poor
differentiation, and microvascular density.

It is worth noting, in melanoma [176], thyroid cancer [172], and acute myeloid
leukemia [167], HO-1 positivity correlates with the gain of function mutations of spe-
cific oncogenes B-Raf and RET. Moreover, in high-risk and very high-risk myelodysplastic
syndrome, HO-1 expression correlates with overexpression of the enhancer of the zeste
homologue 2 (EZH2) gene [171].

It is remarkable to note that HO-1 expression can be detected not only in tumor
cells but also in cancer-associated cells, where it can contribute to the generation of a
tumor-permissive environment. The number of HO-1 positive cancer-associated cells
correlates with the tumor grade, metastatic competence, and neoangiogenesis. Indeed,
in NMIBC bladder cancer HO-1 positivity has been detected not only in tumor cells but
also in infiltrating fibroblasts and endothelial cells, in association with an increased risk
of metastasis but without association to recurrence [177]. Further, high levels of HO-1 in
infiltrating macrophages show a positive correlation with vascular density and high tumor
grade in glioblastoma [178], with stage II, lymph node metastasis, and poor prognosis
in colorectal cancer [179], and with a high Gleason score and bone metastasis in prostate
cancer [117]. High HO-1 expression in lymphocyte Treg shows a correlation with a high
tumor grade in glioma [137].

5.4. Contrasting Evidence

Although a great deal of literature highlights the correlation between HO-1 over-
expression and cancer progression and often with the poor clinical outcomes, it seems
important to consider that opposite evidence has also been provided. Indeed, it has been
demonstrated that high HO-1 expression level correlates with a better prognosis and better
overall survival in colorectal cancer [180,181], in gastric cancer [182], in small intestinal
adenocarcinoma [183], and in oral squamous carcinoma [184].
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An important observation concerning HO-1 subcellular localization comes from three
different studies on head and neck cancer [185], breast cancer [186], and colorectal can-
cer [187] that analyzed the correlation of histological features with HO-1 positivity in
cytosol or nuclei. In these studies, high expression of HO-1 in cytosol correlated with
low grade and differentiation without correlation with invasiveness. However, nuclear
localization of HO-1 was associated with a high grade and poor differentiation. Moreover,
in breast cancer, Gandini showed that cytosolic HO-1 is enzymatically active, while the
nuclear form is truncated and with no catalytic activity [186]. These observations appear
to be interesting and helpful in understanding the contrasting observation of the role of
HO-1 in tumor progression and lead to speculation that HO-1 pro- or antitumor activity
may depend on its subcellular localization and catalytic activity.
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6. HO-1 and Tumor Therapies

It has been widely reported that the induction of HO-1 in response to anticancer
treatments can attenuate the efficacy of therapy, increasing cancer cell survival. Indeed,
HO-1 expression is increased in response to different chemotherapeutic agents that act
through the imbalance of intracellular oxidative state. For instance, in neuroblastoma cells,
HO-1 expression is induced by exposure to etoposide through the activation of Nrf2 [145],
and by the exposure to proteasome inhibitors bortezomib or carfilzomib [148–150], and
mediates cell survival. To note, doxorubicin or pharmorubicin promote HO-1 expression
increasing cell survival in breast cancers through the activation of Src/STAT3 or PI3K/AKT,
respectively [146,147].

Remarkably, HO-1 induction mediates cancer cell resistance not only to chemothera-
peutic agents but also to radio-, photodynamic-, and non-thermal-plasma (NTP) therapies,
as demonstrated in non-small cell lung carcinoma [152–154].

As far as hematological malignancies are concerned, HO-1 expression significantly
increases in myeloid neoplasms both in chronic and acute myeloid leukemia. Its over-
expression occurs mainly after therapeutic intervention and induces chemoresistance.
Recently, it has been demonstrated that PI3K/AKT-dependent HO-1 induction drives drug
resistance to imatinib in CML [190] as well as to panobinostat in AML [191] by modulating
the expression of HDACs. HO-1 overexpression enhances the viability and decreases the
apoptotic rate in AML cell lines treated with cytarabine. Accordingly, the derived xenograft
mouse model shows a significantly shorter survival and a great extent of organ invasion,
while HO-1 down regulation significantly increases the survival rate [192]. Moreover, HO-1
up-regulation in myelodysplastic syndromes is closely related to resistance to decitabine-
induced apoptosis [193], and in multiple myeloma, HO-1 up-regulation is involved in
bortezomib chemoresistance [194].

In this context, pharmacological and genetic tools to reduce HO-1 activity have been
proposed, and their use has been hypothesized in therapy, as described later and summa-
rized in Table 2.

6.1. Inhibition of HO-1 by Pharmacological Compounds

Among the pharmacological tools, metalloporphyrins and imidazole-based com-
pounds are the most well-known and have been recently reviewed [195].

Briefly, metalloporphyrins represent the first generation of HO-1 inhibitors and include
deuteroporphyrin, mesoporphyrin, and protoporphyrin [196]. Structurally similar to heme,
metalloporphyrins strongly inhibit HO-1 by a competitive mechanism [197]. The most used
metalloporphyrins are ZnPPIX, SnPPIX, and SnMPIX, and their efficacy in favoring con-
ventional tumor therapies has been widely demonstrated in vitro and in vivo. For instance,
ZnPPIX favors the sensitivity of nasopharyngeal carcinoma cells to radiotherapy [198]
and of neuroblastoma to glutathione depletion and etoposide [145]. Moreover, ZnPPIX
sensitizes C-26 colon and MDAH2774 ovarian carcinoma cells to photodynamic therapy-
mediated cytotoxicity [199] and increases the effects of cisplatin in liver cancers [143]. It
has also been demonstrated that treatment with ZnPPIX reduces cell growth in hepatoma,
sarcoma, lung cancer, and B cell lymphoma [52,125]. Furthermore, in melanoma cells,
SnPPIX enhances the efficacy of photodynamic therapy [200] and in BRAFV600-mutated
melanoma cells SnMPIX increases cell death induced by vemurafenib/PLX4032 [140].

Unfortunately, metalloporphyrins are able to act on other heme-dependent enzymes,
such as nitric oxide synthase (NOS), sGC, and cytochrome P450 [201,202]. Moreover, even
though they efficiently inhibit HO-1 activity, they can often favor HO-1 protein synthesis,
as demonstrated in liver cells and fibroblasts, and more recently, in prostate cancer PC-3
cells by a compensatory mechanism [203–205]. Of note, another important disadvantage of
using metalloporphyrins is related to their photo reactivity, which is responsible for side
effects and even tissue and organ damage [196]. Another strong drawback for the potential
clinical use of some metalloporphyrins (e.g., ZnPPIX) is represented by their poor solubility
in aqueous solutions, which limits translational applicability. However, this inconvenience

19



Antioxidants 2021, 10, 789

has been overcome by conjugation with specific molecules, e.g., polyethylene-glycol or
amphiphilic styrene-maleic acid copolymer, generating water-soluble molecules [206–210].

Imidazole-based compounds represent the second generation of HO-1 inhibitors. These
molecules are non porphyrin-based and non competitive water-soluble inhibitors of HO-1 and
exhibit low or even no inhibitory action on NOS, sGC, and CYP [211,212]. The first reported
was Azalanstat [213], but other molecules and novel azole-based compounds derived from
the structural modification of Azalanstat have been recently discovered [214,215]. Imidazole-
based compounds have shown potent antitumor activity in prostate and breast cancer cell
lines [216]; in a preclinical model of hormone-refractory prostate cancer, the small molecule
imidazole-derived OB-24 acts in synergism with the conventional chemotherapy drug Taxol,
preventing tumor growth and formation of lymph node and lung metastasis [188]. However,
imidazole-based compounds have not been tested in clinical studies so far.

6.2. Inhibition of HO-1 by RNA Interference and CRIPR/Cas9 Technology

With regard to genetic tools to modulate HO-1 activity, the most consistent data derive
from studies on RNA interference, including small interfering RNA and short hairpin
RNA, able to inhibit HO-1 activity by targeting HO-1 transcription and consequently
protein synthesis. Thus, HO-1 silencing increases the effect of chemotherapeutic drugs in
pancreatic cancer [217], neuroblastoma [148,149], and melanoma cancer cells [140], as well
as in myeloid leukemia [170]. Moreover, HO-1 silencing sensitizes cancer cells to apoptosis,
as demonstrated in lung, colon, and leukemic cancer cells [195]. Similar results have been
obtained in an in vivo experimental mouse model of hepatocellular carcinoma, where
injection of siRNA-HO-1 results in the diminished growth of the tumor [218]. Furthermore,
HO-1 is considered a survival factor in ALL, regardless of Philadelphia chromosome
positivity; indeed, the down-regulation of HO-1 expression by siRNA increases apoptosis
and arrests cell growth [219]. Consistently, in chronic lymphocytic leukemia (CLL), it has
been demonstrated that HO-1 silencing directly leads to apoptosis of MEC-1 cells and
enhances the effects of the combined therapy fludarabine plus entinostat [220].

A new approach in the inhibition of HO-1 activity is represented by genetic ablation
of HO-1 with the CRISPR/Cas9 editing system. It has been recently demonstrated that
homozygous HO-1 knock-out in BRAF-WT melanoma cells is able to decrease clone forma-
tion and to lower tumor cell growth [176]; further, in pancreatic ductal adenocarcinoma
cells, HO-1 CRISPR/Cas9 is able to suppress cell proliferation and improve the efficacy of
gemcitabine treatment [151]. Importantly, in in vivo experiments on C57/BL6 mice, HO-1
CRISPR/Cas9 editing blocks lymphocyte B development [221].
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6.3. Induction of HO-1 as a Therapeutic Strategy

Thus, a great deal of literature shows a direct correlation between the overexpres-
sion of HO-1 and the gain of resistance of cancer cells and tumor progression. However,
it must be taken into account that in some tumors, the over expression of HO-1 exerts
opposite effects by inhibiting tumor growth and cancer progression. In particular, it has
been shown in some types of prostate cancer that HO-1 expression and carbon monoxide
generation are associated with significant inhibition of cell proliferation and invasive-
ness [96]. Moreover, in non-small-cell lung carcinoma NCI-H292 cells, the stable HO-1
overexpression is able to up-regulate tumor-suppressive miRNAs and to down-regulate
the expression of oncomirs and angiomirs, leading to the inhibition of cell proliferation,
invasiveness, and angiogenesis [222]. It has been highlighted that this tumor-suppressive
phenotype is characterized by the attenuation of the metastatic potential mainly by down
regulating MMP-9 and MMP-13 [223]. Similarly, stable overexpression of HO-1 retards
hepatocellular carcinoma progression [224]. The antitumorigenic effects of HO-1 have also
been demonstrated in human and rat breast cancer, where its overexpression correlates
with inhibition of cell proliferation [225] and in pancreatic and prostate cancer, where it is
associated with a decrease in cell proliferation and invasiveness by a down regulation of
the proangiogenic mediators VEGF and MMP-9 [97,195,226]. In this context, the induction
of HO-1 has been proposed to increase conventional cancer therapies, and some “natural”
compounds derived from plants have shown interesting properties. In colorectal cancer,
it has been demonstrated that treatment with extracts from Sageretia thea, a medicinal
plant used for treating hepatitis and fevers in Korea and China, decreases cell viability by
inducing GSK3β-dependent cyclin D1 degradation and increasing HO-1 expression via
activation of Nrf2 [227]. In addition, Ginnalin A, a polyphenolic compound isolated from
red maple (Acer rubrum), inhibits cell viability and colony formation in colorectal cancer,
inducing cell cycle arrest by activating the Nrf2/HO-1 pathway through the up-regulation
of p62 and the inhibition of Keap1 [228]. Similarly, treatment with fisetin, a bioactive
flavonol molecule abundantly found in strawberries, decreases the level of MMPs and
cell migration in metastatic breast cancer with a mechanism depending on Nrf2 nuclear
translocation and HO-1 up-regulation [229].

Since ferroptosis may be a way to kill cancer cells, and it can be enhanced by HO-
1 overactivation, the pharmacological induction of HO-1 has been proposed. Indeed,
HO-1-dependent intracellular Fe2+ overload induces lipid peroxidation and triggers a
noncanonical ferroptosis [230]. Phytochemicals are often used for this purpose [231]. Neu-
roblastoma cell treatment with withaferin A, a steroidal lactone derived from Withania
somnifera (Indian ginseng), directly targets Keap1, leading to Nrf2 release and HO-1 up-
regulation and consequently increasing intracellular Fe2+ and inducing ferroptosis [232].
Similarly, in human colon cancer cells, a high concentration of extract of Betula etnensis
extract induces HO-1 leading to ferroptotic cell death through an increase of ROS pro-
duction and in lipid peroxidation mediated by iron accumulation [233]. Moreover, HO-1
up-regulation has been proved to be the primary factor for curcumin-induced ferropto-
sis in human breast adenocarcinoma-derived MCF7 cells and in human triple-negative
MDA-MB-231 cell line [234]. In addition, β-elemene, a sesquiterpene found in a variety of
plants, is able to induce ferroptosis by enhancing HO-1 activity in KRAS mutant colorectal
HCT116 cancer cells [235]. In addition, in this work, the presence of possible side effects
of β-elemene were tested in the derived orthotopic murine colon cancer model, and no
toxicity was found relatively the different organs analyzed (lung, heart, liver, kidney, and
spleen) by H&E staining.

Thus, the evaluation of HO-1 expression in cancer samples from patients may help
to define a therapeutic strategy where inhibition or induction of HO-1 could improve the
efficacy of the standard antineoplastic therapy used.
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7. Future Perspectives and Conclusions

The chance to analyze HO-1 expression in cancer patients seems to be a useful tool to
improve tumor diagnosis and to better define prognosis and therapy. On the one hand, the
analysis of (GT)n length polymorphisms seems a very promising approach to assess the
risk of treatment failure as recently proved in ALL patients carrier of short (GT) repeats [60].
On the other hand, the characterization of HO-1 expression in tumors may be a useful tool
to improve tumor diagnosis and prognosis because it can correlate with tumor grade/stage,
invasiveness, and clinical outcomes. However, contrasting data are reported, and larger
analyses need to be performed. Importantly, it has been recently highlighted the role
played by the truncated form of HO-1 in favoring cell growth, opening to a new scenario
in which HO-1 can be involved in tumor biology [92].

As a future perspective, in order to better assess tumor progression, the correlation
between tissue expression of HO-1 and its levels in a blood sample could be taken into
consideration, even though no evidence has been reported so far. However, the analysis of
HO-1 level may be proposed in other biological fluids such as urine, peritoneal or pleural
fluids, if directly related to the tissue bearing neoplastic cells. It is important to remember
that in other diseases, HO-1 levels in bio fluids correlate with HO-1 expression levels in
tissues [103].

Moreover, a great amount of data support the efficacy of HO-1 modulation in order to
improve cancer response to therapies (Figure 2). Different approaches have been proposed,
using either pharmacological agents or genetic tools. Unfortunately, concerning HO-1
pharmacological inhibitors, the translational applicability is not completely elucidated,
even though both SnPPIX and SnMPIX have been already tested in humans [236] and
approved for the treatment of hyperbilirubinemia [237]. Instead, genetic tools have been
tested only in experimental animal models. Therefore, HO-1 modulation may represent an
important strategy also to prevent cancer immune escape. However, we must consider that,
so far, little data in the literature are available on the role played by HO-1 in the function of
tumor-related immune cells. This is still an open field of research.

Figure 2. Schematic representation of the effects of HO-1 activation and generation of its metabolic products in healthy
and cancer cells. HO-1 activation is involved in antioxidant defenses and in healthy cells promotes the hormetic response
and cancer prevention through the generation of bilirubin and CO. In cancer cells, HO-1 favors cancer progression, and
its inhibition represents a therapeutic opportunity. However, also HO-1 over-activation can be proposed as a therapeutic
option, as it can favor unconventional ferroptosis through the accumulation of pro-oxidant-free iron.
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Conversely, molecules able to induce HO-1 may be used in order to favor cancer
cell death due to iron imbalance. About this issue, as mentioned before, many natural
compounds have been tested and showed their efficacy in this sense, but even in this case,
translational applicability in humans seems to be still far away.

In conclusion, a deeper investigation of the specific multifaceted role played by HO-1
in different types of cancers, in the tumor microenvironment and bio fluids is needed in
order to customize therapy and improve the outcome of cancer patients. Thus, HO-1 could
become in the future an important clinical tool for cancer management.
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ALL acute lymphoblastic leukemia
AML acute myeloid leukemia
BR bilirubin
BVRA biliverdin reductase A
ccRCC clear cell Renal cell carcinoma
CML chronic myeloid leukemia
DC dendritic cells
EV extracellular vescicles
HO-1 heme oxygenase 1
MAPK mitogen-activated protein kinase pathway
NK natural killer cells
NMIBC non-muscle-invasive bladder cancer
NOS nitric oxide synthase
PMBC peripheral blood mononuclear cells
ROS reactive oxygen species
sGC soluble guanylyl cyclase
SnMPPIX tin mesoporphyrin IX
SnPPIX tin protoporphyrin IX
SSP signal peptide peptidase
VSMC vascular smooth muscle cells
ZnPPIX zinc(II) protoporphyrin IX
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Abstract: A critical hallmark of cancer cells is their ability to evade programmed apoptotic cell
death. Consequently, resistance to anti-cancer therapeutics is a hurdle often observed in the clinic.
Ferroptosis, a non-apoptotic form of cell death distinguished by toxic lipid peroxidation and iron
accumulation, has garnered substantial attention as an alternative therapeutic strategy to selectively
destroy tumours. Although there is a plethora of research outlining the molecular mechanisms
of ferroptosis, these findings are yet to be translated into clinical compounds inducing ferroptosis.
In this perspective, we elaborate on how ferroptosis can be leveraged in the clinic. We discuss a
therapeutic window for compounds inducing ferroptosis, the subset of tumour types that are most
sensitive to ferroptosis, conventional therapeutics that induce ferroptosis, and potential strategies for
lowering the threshold for ferroptosis.

Keywords: ferroptosis; Eprenetapopt; Erastin; GPX4; glutathione (GSH); SLC7A11; iron; oxidative
stress; NRF2

1. Introduction

A hallmark of cancer is the development of resistance to apoptosis, often through ge-
netic loss of the molecular machinery involved in programmed cell death [1]. Furthermore,
resistance to chemotherapeutics and molecular targeted therapies are major challenges in
oncology [2]. As a result, harnessing our understanding of non-apoptotic cell death path-
ways, such as ferroptosis, has substantial therapeutic potential for patients, especially in
the metastatic setting where effective therapeutic strategies remain limited [3]. Ferroptosis
is an iron-dependent, non-apoptotic form of regulated cell death characterised by aberrant
lipid membrane peroxidation [4]. As such, the induction of ferroptosis is experimentally
verified by the restoration of cell viability by iron chelators and lipophilic antioxidants, and
by lack of cell death rescue by pan-caspase inhibitors (Figure 1). Given that dysregulated
iron metabolism and iron accumulation have been frequently observed across both solid
tumours and haematological malignancies [5], selectively inducing ferroptosis is an at-
tractive potential anti-cancer strategy with broad clinical implications. In this perspective,
we discuss the potential for weaponising ferroptosis in the clinic through two therapeutic
avenues: (1) triggering ferroptosis in cancer cells directly with targeted agents and (2) low-
ering the threshold at which cancer cells undergo ferroptosis to enhance the efficacy of
conventional therapies, including chemotherapy, radiotherapy, and immunotherapy.
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Figure 1. Mechanisms of Ferroptosis Inducers and Inhibitors. Ferroptosis is triggered following the accumulation of
iron-catalysed damage to phospholipid-bound polyunsaturated fatty acids (PUFA-PLs). Glutathione peroxidase 4 (GPX4)
detoxifies lipid peroxides at the expense of glutathione oxidation (GSH to GSSG). GSH is a tripeptide containing cysteine,
glutamate, and glycine and is synthesised through a stepwise pathway catalysed by a glutamate–cysteine ligase catalytic
subunit (GCLC), glutamate–cysteine ligase modifier subunit (GCLM), and glutathione synthetase (GSS). Cystine imported
in exchange for glutamate by system xc

− (encoded by SLC7A11) provides the main source of cysteine for GSH synthesis.
Glycine for GSH synthesis can be sourced from serine catabolism by serine hydroxymethyltransferase (SHMT). Acyl-CoA
synthetase long-chain family member 4 (ACSL4) acylates PUFAs, which are incorporated into plasma membranes and are
vulnerable to peroxidation. Ferroptosis can be triggered by the GSH depletion (e.g., Cyst(e)inase, Erastin, Eprenetapopt) or
direct inhibition of GPX4 (e.g., RSL3). Downstream products of the mevalonate pathway suppress ferroptosis, including
isopentenyl pyrophosphate (IPP), which is utilised for selenoprotein synthesis (e.g., GPX4), coenzyme-Q10 (CoQ10)
synthesis, which is a co-factor of ferroptosis suppressor protein 1 (FSP1, encoded by AIFM2), and squalene synthesis, which
is a lipophilic antioxidant. Inhibiting hydroxymethylglutaryl-coenzyme A reductase (HMGCR) with statins amplifies the
activity of ferroptosis inducers. Supplementation of exogenous antioxidants (e.g., NAC, N-acetyl-cysteine) to simulate
GSH synthesis, lipophilic antioxidants (e.g., Ferrostatin-1, Fer-1) to detoxify lipid peroxides, and iron chelation (e.g.,
DFO, deferoxamine) blocks the induction of ferroptosis. Pan-caspase inhibitors fail to rescue the cell death (e.g., zVAD-
FMK) induced by ferroptosis inducers. Ferroptosis induction by traditional therapies (chemotherapy, radiotherapy, and
immunotherapy) contributes to their anti-cancer activity. Figure generated using BioRender.com (21 June 2021).
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2. The Development of Ferroptosis Inducers

Ferroptosis is triggered through two mechanisms, either through the depletion of
the cellular antioxidant glutathione (GSH), or through direct inhibition of the enzyme
responsible for reversing lipid oxidation, glutathione peroxidase 4 (GPX4). While more
detailed reviews of ferroptosis can be found elsewhere [3,6,7], here, we highlight the key
compounds used in the elucidation of the mechanisms of ferroptosis. The first chemical
agent found to trigger ferroptosis, Erastin, was originally identified in a high-throughput
chemical library screen to identify compounds that were selectively lethal in oncogenic
mutant HRASV12 cells [8]. Later, the protein target of Erastin was elucidated as system
xc

− (encoded by SLC7A11 and SLC3A2), a cell surface cystine–glutamate antiporter [4,9].
Erastin was found to inhibit the activity of system xc

−, limiting the cellular supply of
cystine, which critically leads to the depletion of intracellular GSH. Likewise, cystine depri-
vation in vitro also induces ferroptosis and phenocopies many of the cell death features
induced by Erastin [10]. Furthermore, restricting cystine/cysteine availability to cancer
cells through enzymatic degradation with cyst(e)inase triggers ferroptosis and inhibits
tumour growth in vivo [11,12]. Moreover, recent work by us and others showed that
Eprenetapopt (APR-246, PRIMA-1MET), previously identified as a mutant-p53 reactivator,
can also induce ferroptosis and has demonstrated capacity to conjugate to free cysteine and
deplete GSH [13–15].

Following on from the discovery of Erastin, 1S,3R-RSL3 (Ras synthetic lethal-3, RSL3)
was identified in an analogous fashion [16]. Here, RSL3, as well as Erastin, were shown
to induce cell death through a non-apoptotic, iron-dependent mechanism, and cells trans-
formed with oncogenic RAS had increased levels of iron accumulation due to upregulation
of transferrin receptor 1 [16]. Unlike Erastin, however, RSL3 was found to act independently
of system xc

− inhibition [4], and to instead covalently inhibit GPX4 [10], a unique cellular
selenoenzyme that reduces phospholipid hydroperoxides to lipid alcohols using GSH as a
cofactor [17,18]. As a result, inhibiting GPX4 activity, either directly or indirectly through
GSH depletion, triggers unrestricted lipid peroxide accumulation in the presence of iron
and subsequently results in the rupture of the plasma membrane [19]. These observations
are consistent with our analyses of the Cancer Dependency Map (DepMap) and Cancer
Therapeutics Response Portal v2 (CTRPv2) datasets [20–22], which highlight that GPX4
gene dependency correlates with cancer cell line sensitivity to GPX4 inhibitors (includ-
ing RSL3), Erastin, and APR-017 (analogue of Eprenetapopt) (Figure 2A,B). The DepMap
dataset contains gene dependency data generated from pooled genome-wide CRISPR
knockout screening of over 1000 cancer cell lines, whilst the CTRPv2 dataset contains
compound activity data from 481 compounds across ~700 cancer cell lines. Correlating
these datasets can reveal insights into compound mechanisms of action, as demonstrated.
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Figure 2. DepMap and TCGA data (A) Box-and-whisker plot (1st–99th percentile) of Fischer’s transformed z-scored
Pearson correlation strength of GPX4 dependency and the 481 Cancer Therapeutic Response Portal v2 (CTRPv2) compound
activity data across ~700 cancer cell lines. Red dots indicate examples of ferroptosis inducers. (B) Chemical structures and
molecular weights (Mr) of ferroptosis inducers. (C) Heatmap of gene expression of NFE2L2 and SLC7A11 in patients with
cancer were analysed from the TCGA, cancer type ordered by NFE2L2 expression. ACC, adrenocortical carcinoma; BLCA,
bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical
adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large
B- cell lymphoma; ESCA, oesophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous
cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell
carcinoma; LAML, acute myeloid leukaemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD,
lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma;
PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma;
READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma;
TGCT, testicular germ cell tumours; THCA, thyroid carcinoma; THYM, thymoma; TPM, transcripts per million; UCEC,
uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma. (D) Heatmap of sensitivity
to ferroptosis inducers, RSL3, Erastin, Eprenetapopt analogue (APR-017), and GPX4 dependency across ~700 cancer cell
lines. Cancer lineages ordered by sensitivity. AUC, area under the curve (compound activity); CERES, copy-number
adjusted gene dependency score. (E) Box-and-whisker plot (1st-99th percentile) of Fischer’s transformed z-scored Pearson
correlation strength of RSL3, Erastin and Eprenetapopt analogue (APR-017) activity and genome-wide expression data
across ~700 cancer cell lines. Red dot indicates SLC7A11 and blue dot indicates SLC3A2, which encode system xc

−. Data
accessed from www.depmap.org (accessed on 30 March 2021) and www.cbioportal.org (accessed on 30 March 2021).
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3. Therapeutic Index for Ferroptosis

All anti-cancer therapeutics principally rely on the selective targeting and destruc-
tion of tumour cells over normal cells, known as the therapeutic index. Understanding
the differences in the threshold at which cancer cells undergo ferroptosis compared to
normal cells is vital for the clinical deployment of ferroptosis inducers, to both mitigate
unwanted toxicities and maximise therapeutic benefit [23]. Ferroptosis inducers could
be used to leverage the increased levels of oxidative stress and iron in cancer cells to
drive their therapeutic index (Figure 3A). Ultimately, the efficacy and safety profiles of
ferroptosis inducers can only be established through clinical trials of compounds that
have appropriate pharmacodynamics and pharmacokinetics. Whilst Erastin and RSL3
are not readily bioavailable, Erastin analogues (e.g., PRLX 93936), other system xc

− in-
hibitors (e.g., Sorafenib, Sulfasalazine), and GPX4 inhibitors (e.g., Altretamine, Withaferin
A) are under clinical investigation across various tumour streams [3]. Eprenetapopt is also
being tested in a phase III clinical trial in TP53-mutated myeloid dysplastic syndromes
(NCT03745716). Nevertheless, lessons can be gleaned from the development and usage of
cytotoxic chemotherapeutics and targeted therapies in order to achieve the greatest clinical
benefit for patients. These include considerations of cancer type and setting, predictive
biomarkers, and the use of rescue compounds to mitigate on-target toxicities.

 
Figure 3. Therapeutic Index for Ferroptosis Inducers. (A) Schematic depiction of the proposed therapeutic index for
ferroptosis inducers as anti-cancer agents. (B) The potential use of rescue drugs following ferroptosis inducer treatment.
Rescue drugs could be administered once the maximal efficacy of ferroptosis inducers has been reached to reduce dose
limiting toxicities without diminishing the effects on tumours.

4. Oxidative Stress and Iron

Cancer cells experience elevated levels of oxidative stress due to increased reactive
oxygen species (ROS) production arising from the augmented metabolic demands to sup-
port biomass accumulation and proliferation compared to non-transformed cells [24]. In
response, some cancer cells restrict ROS by elevating antioxidant pathways in order to
avoid the deleterious effects of oxidative stress [25]. For example, lung cancers frequently
harbour mutations in NFE2L2 (nuclear factor, erythroid 2-like 2, encodes for NRF2) or
KEAP1 (encodes for KEAP1, a negative regulator of NRF2), which results in the activation
of antioxidant pathways, including SLC7A11 and NQO1 upregulation [26,27]. Furthermore,
there is direct evidence supporting the role of NRF2 as a negative regulator of ferrop-
tosis by promoting antioxidant pathways [28,29]. Conversely, NRF2 acts as a guardrail
to unchecked cell cycle and proliferation in haematopoietic stem cells [30], and as a re-
sult NRF2 and its target genes are found at low levels in haematological malignancies
compared to solid tumours (Figure 2C). Iron accumulation is found frequently in several
cancer types, especially haematological malignancies [5]. Iron is an important heavy metal
required for a multitude of biological processes, including iron–sulphur cluster biogenesis
to support mitochondrial metabolism and DNA synthesis, and heme synthesis to support
cellular oxygen trafficking. Furthermore, iron participates in ROS generating reactions
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and lipid peroxidation formation via Fenton chemistry [31]. As a result, the levels of iron
accumulation in cancer cells compared to healthy tissues provides a therapeutic index for
ferroptosis inducers.

5. Cancer Type

As a result of these factors, it is clear that cancer-type specific factors play a role in
the sensitivity of tumour cells to ferroptosis, and identifying which tumour types are most
likely to benefit will be a key factor in the successful development of ferroptosis inducers
as therapeutics. As such, cancer cells of mesenchymal origin were found to be selectively
sensitive to ferroptosis inducers compared to epithelial-derived cancer cells [32]. For exam-
ple, cancers that arise from soft tissue, bone, haematological, and lymphoid tissues (i.e.,
mesenchymal origin) display high dependency on GPX4 for survival and high sensitivity
to ferroptosis activators compared to epithelial-derived cancer cell lines (e.g., oesophageal,
upper aerodigestive, and skin; Figure 2D). Further, cancer cells of epithelial origin that
have undergone epithelial-to-mesenchymal transition (EMT) are more susceptible to fer-
roptosis [32]. Increased polyunsaturated fatty acid (PUFA) synthesis in mesenchymal-like
state cells likely drives the increased dependency on GPX4 to dissipate reactive lipid
peroxides [32,33]. Moreover, breast cancer cells that enter a mesenchymal-like state fol-
lowing Lapatinib treatment become highly sensitive to GPX4 inhibition [29]. Importantly,
EMT drives the metastatic potential of cancer cells [34], which suggests that metastatic
cells may be more vulnerable to ferroptosis. Cell-to-cell interactions also play a major
role in ferroptosis sensitivity; cells plated at a lower density display increased sensitivity
to ferroptosis compared to identical but confluent cells in culture [35]. Mechanistically,
cell-to-cell contacts rely on E-cadherin, which suppresses ferroptosis through activation of
the NF2 and Hippo signalling pathways [35]. This matches the findings relating to EMT
and ferroptosis as mesenchymal-like cells lose E-cadherin expression in order to diminish
cell-to-cell interactions. Collectively, these findings suggest that cancers of mesenchymal
origin, especially haematological cancers, and those prone to EMT and metastasis are likely
to be strong candidates for therapeutically leveraging ferroptosis inducers.

6. Therapeutic Biomarker

Predictive therapeutic biomarkers could also be utilised to screen and select for pa-
tients with a higher probability of response to ferroptosis inducers. A likely beneficial
approach would be to screen patient tumours for low SLC7A11 expression, as high expres-
sion of SLC7A11 correlates with resistance to ferroptosis inducers (Figure 2E). This further
highlights the strong likelihood that patients with haematological malignancies would
benefit from treatment with ferroptosis inducers as SLC7A11 expression in haematological
cancers is low, correlating with their low NRF2 expression (Figure 2C).

7. Use of Rescue Agents to Mitigate Toxicity

Rescue interventions could be used to mitigate the on-target side effects of ferroptosis.
For example, chemotherapeutic dosing with methotrexate is often followed by folinic acid
supplementation in order to limit haematological and hepatic toxicities [36]. To date, while
it is possible to rescue the cell death induced by ferroptosis inducers, no attempts have been
made to establish whether the selectivity of ferroptosis inducers for tumour cells could be
improved by selectively blocking ferroptosis in normal cells. One could hypothesise that
high-dose N-acetyl-cysteine, which is routinely used to treat paracetamol poisoning [37],
could be used to rescue normal cells and limit side-effects following treatments with
ferroptosis inducers (Figure 3B). Furthermore, iron chelators (e.g., deferoxamine) are
commonly used to treat patients with iron overload and could also be utilised to limit
deleterious side-effects of ferroptosis inducers.
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8. Conventional Therapeutics That Induce Ferroptosis

Several recent studies have identified that cancer cells undergo ferroptosis in response
to conventional therapeutics, including chemotherapy, radiotherapy, and immunotherapy.
Cytotoxic chemotherapies typically target rapidly proliferating cells by interfering with
cellular processes involved in cell division and DNA replication. Whilst the evidence
indicating that ferroptosis induction directly by conventional chemotherapeutics, such as
cisplatin and gemcitabine, is limited [38,39], there is pre-clinical evidence that ferroptosis
inducers can synergise with traditional chemotherapeutics [40]. In the case of Eprene-
tapopt, significant pre-clinical evidence demonstrates the chemosensitisation capacity of
ferroptosis activation, including in oesophageal, ovarian, and haematological malignan-
cies [41–44]. Meanwhile, sorafenib, a multi-tyrosine kinase inhibitor used in the treatment
of advanced liver cancer, and sulfasalazine, an anti-inflammatory drug often used to treat
rheumatoid arthritis, have both been shown to induce ferroptosis through inhibition of
system xc

− [9,45,46].
Radiotherapy uses high-dose ionising radiation delivered locally to tumour-affected

tissues to kill cancer cells, predominantly by causing DNA damage. Radiotherapy is also
known to induce oxidative stress in cancer cells by generating reactive oxygen species [47].
Radiotherapy was recently shown to trigger ferroptosis through ATM-mediated suppres-
sion of SLC7A11 [48]. Furthermore, upregulation of acyl-CoA synthetase long-chain family
member 4 (ACSL4) also contributes to the promotion of ferroptosis by radiotherapy [49].
ACLS4 preferentially acylates long-chain PUFAs [50], which are incorporated into plasma
membranes, increasing the membrane-resident pool of oxidation-sensitive lipids [51]. Inter-
estingly, whilst ferroptosis inhibitors partially block the cell death induced by radiotherapy,
they do not block the DNA damage triggered by ionising radiation [49]. Importantly,
strong synergy was reported between radiotherapy and ferroptosis activators, including
cyst(e)inase and sulfasalazine [48,49].

Immunotherapy with immune checkpoint inhibitors (ICI) has revolutionised clinical
care of cancer patients, providing an additional pillar to the suite of cancer treatment modal-
ities. ICI predominantly elicit their anti-cancer effects by inhibiting tumour cell capacity
to dampen cytotoxic T cell-mediated killing. ICI have also been shown to induce CD8+

T cell-mediated ferroptosis through suppression of SLC7A11 and SLC3A2 by interferon
gamma (IFNγ) released by the T-cells [52]. Further, PD-L1 blockage therapy synergised
with ferroptosis inducers, Erastin, RSL-3, and cyst(e)ine, both in vitro and in vivo [52], as
well as with radiotherapy [48]. More recently, high expression of the receptor tyrosine
kinase, TYRO3, was shown to correlate with resistance to anti-PD-1 therapy and suppress
the induction of ferroptosis in tumour cells by activating NRF2 [53]. Conversely, ferrop-
tosis inducers have also been shown to induce ferroptosis in CD8+ T cells, limiting the
anti-cancer efficacy of ICI [54]. Preliminary results also reported that Eprenetapopt and
anti-PD-1 therapy synergise in murine solid tumour models [55]. This has prompted the
initiation of a phase I clinical trial to test the safety of Eprenetapopt and anti-PD-1 therapy,
Pembrolizumab, in solid tumour malignancies (NCT04383938). Given the tension between
how ferroptosis inducers affect ICI and T cell killing, trials like this will provide pivotal
insights into the role of ferroptosis inducers as adjuvants to ICI.

It is likely that a portion of the cell death induced by most conventional therapeutic
regimens is ferroptotic. However, to date, there has been no systematic attempt to quantify
the contribution of cell death driven by ferroptosis in an in vivo or clinical setting with
any therapeutic regimen. Such a study could potentially provide rationale for when and
how ferroptosis inhibitors or sensitisers should be applied in combination with conven-
tional chemotherapies to maximise therapeutic gain, particularly in the setting of tumour
resistance to apoptosis.

9. Lowering the Threshold for Ferroptosis

Given that ferroptotic cell death is in part responsible for the tumour killing achieved
by chemotherapy, radiotherapy, and immunotherapy, reducing cancer cell capacity to
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evade ferroptotic cell death would be a powerful therapeutic strategy. Following on from
the study investigating ferroptosis sensitivity and mesenchymal-like cell state, statins,
common anti-cholesterol drugs, were also identified as modulators of ferroptosis sensitiv-
ity in mesenchymal cells [32]. Statins inhibit the rate-limiting enzyme in the mevalonate
synthesis pathway, HMG-CoA reductase (HMGCR), which decreases cholesterol abun-
dance (Figure 1). Previous reports detailed that statins inhibit isopentenylation of the
selenocysteine-charged transfer RNA, which is required for synthesis of selenoproteins
like GPX4 [56]. In keeping with this, statins synergise with GPX4 inhibitors through de-
creasing the abundance of the GPX4 protein and inducing lipid peroxidation [32]. The
mevalonate synthesis pathway also directs several other downstream pathways involved
in ferroptosis, including CoQ10 and squalene synthesis—GSH-independent mechanisms
of protection against ferroptosis (Figure 1) [57–59]. As a result, targeting the mevalonate
synthesis pathway with statins could be utilised to lower the threshold at which cancer
cells undergo ferroptosis.

Limiting endogenous supply of other key nutrients may provide an alternative strat-
egy to sensitise tumours to undergoing ferroptosis. Chronic activation of the antioxidant
response induced by NRF2 activation increases the demand for the supply of glutamine and
other non-essential amino acids, due to the increased efflux of glutamate from SLC7A11
to supply cyst(e)ine for GSH synthesis [60,61]. In addition, we recently demonstrated
that limiting the availability of serine and glycine (SG) through dietary restriction sig-
nificantly enhanced the efficacy of Eprenetapopt in vivo by limiting the availability of
glycine required for de novo GSH synthesis [13]. However, this differs from the effects
of ferroptosis induction by Erastin under SG restricted conditions seen in other studies,
where Erastin treatment was found to reverse the sensitivity of KEAP1 mutant tumour
limits to SG restriction [60]. This is likely explained by how Eprenetapopt and Erastin differ
in their mechanisms of GSH depletion and effects on cyst(e)ine and glutamate availability
(Table 1). Recently, arginine deprivation also demonstrated protection against Erastin and
cystine depletion but not against GPX4 inhibition with RSL3 [62]. Given that cyst(e)ine are
considered non-essential amino acids, dietary restriction of cystine could provide improved
therapeutic benefit for Erastin or other SLC7A11 inhibitors in vivo.

Table 1. Effect of ferroptosis inducers of GSH, cyst(e)ine uptake, glutamate release, and serine/glycine (SG) restriction.

Inhibitor GSH Depletion Cyst(e)ine Uptake Glutamate Release SG Restriction

Eprenetapopt Yes Increases Increases Increases activity

Erastin Yes Decreases Decreases Decreases activity

1S,3R-RSL3 No Unknown Unknown Unknown

10. Conclusions

The identification of ferroptosis as a non-redundant, regulated cell death pathway
opens up opportunities for circumventing tumour cell resistance to other forms of reg-
ulated cell death, such as apoptosis. Exploiting ferroptosis in cancer therapy requires
continued building of our understanding of the mechanisms underlying this cell death
pathway; in particular, identification of molecular regulators of sensitivity and resistance
to ferroptosis will be crucial for future clinical application. Complementary to this will be
the identification of certain tumour types or cell states (such as a mesenchymal phenotype)
that are particularly amenable to induction of ferroptosis. Whilst there is active interest in
the development of specific ferroptosis inducers as novel therapeutics, the recognition that
ferroptosis can be engaged by many current treatment modalities opens up the potential
for strategies to leverage this activity indirectly by lowering the threshold for activation
of ferroptotic cell death. Given the dependence on specific metabolic pathways to protect
tumour cells from ferroptosis, the application of specific diets concurrent with anti-cancer
treatments holds much interest and future potential.
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Abstract: Cancer stem cells (CSCs) are a limited cell population inside a tumor bulk characterized
by high levels of glutathione (GSH), the most important antioxidant thiol of which cysteine is the
limiting amino acid for GSH biosynthesis. In fact, CSCs over-express xCT, a cystine transporter
stabilized on cell membrane through interaction with CD44, a stemness marker whose expression is
modulated by protein kinase Cα (PKCα). Since many chemotherapeutic drugs, such as Etoposide,
exert their cytotoxic action by increasing reactive oxygen species (ROS) production, the presence of
high antioxidant defenses confers to CSCs a crucial role in chemoresistance. In this study, Etoposide-
sensitive and -resistant neuroblastoma CSCs were chronically treated with Etoposide, given alone or
in combination with Sulfasalazine (SSZ) or with an inhibitor of PKCα (C2-4), which target xCT directly
or indirectly, respectively. Both combined approaches are able to sensitize CSCs to Etoposide by
decreasing intracellular GSH levels, inducing a metabolic switch from OXPHOS to aerobic glycolysis,
down-regulating glutathione-peroxidase-4 activity and stimulating lipid peroxidation, thus leading
to ferroptosis. Our results suggest, for the first time, that PKCα inhibition inducing ferroptosis might
be a useful strategy with which to fight CSC chemoresistance.

Keywords: cancer stem cells; chemoresistance; glutathione; lipid peroxidation; ZEB-1; GPX4; ferroptosis

1. Introduction

Neuroblastoma (NB), a pediatric cancer originating from the neural crest cells, ac-
counts for about 6% of all cancers in children [1]. The development of the neural crest is
correlated with the epithelial–mesenchymal transition (EMT) [2,3], a phenomenon that is
strictly related to MYCN amplification [4], a negative prognostic factor that characterizes
advanced tumor stages and aggressive progression of NB [5,6].
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Several studies have reported that the genes involved in the EMT process are also
implicated in regulating cancer stem cell (CSC) generation and propagation [7]. CSCs are a
limited cell population found in different tumors, including NB [8], and are involved in
various stages of the tumorigenic process and in cancer response to therapy [9–11]. In this
regard, it has been demonstrated that CSCs, having physiologically low levels of reactive
oxygen species (ROS) and high antioxidant defenses in comparison to cancer cells, are
strongly involved in chemoresistance [12]. The maintenance of these low ROS levels is due
to the ability of CSCs to synthesize high amounts of glutathione (GSH) by over-expressing
xCT, a membrane transporter able to modulate the intracellular levels of cysteine, the
limiting amino acid involved in GSH synthesis [13]. Moreover, it has also been found that
CSCs express high levels of CD44, a well-known stemness marker [14] that is able to induce
xCT membrane stabilization [15] and whose expression is modulated by protein kinase C
α (PKCα) [16,17].

Based on these considerations, anti-tumor research should be focused on discovering
innovative approaches able to limit GSH availability in cancer cells and, in particular, in
CSCs. In fact, it has been shown that L-Buthionine-sulfoximine (BSO), a GSH-depleting
agent, sensitizes NB cells to chemotherapeutic drugs [18–21] and CSCs to radiotherapy [13],
by inducing ROS over-production. However, the clinical use of BSO is not actually feasible
due to the secondary toxic effects of this compound, in addition to those resulting from the
use of traditional radiation and drug therapies [22].

Therefore, in order to investigate new nontoxic therapeutic approaches, both Etoposide-
sensitive and Etoposide-resistant NB-derived CSCs were long-term treated with Etopo-
side, alone or in combination with sulfasalazine (SSZ), or with an inhibitor of the PKCα-
dependent pathway (C2-4, a peptide inhibitor), which can target xCT directly or indirectly, respectively.
The herein results demonstrate that both combinations of Etoposide with SSZ or C2-4
efficiently counteract the propagation of Etoposide-resistant CSCs by preventing EMT
transition and by triggering ferroptosis via down-regulation of GPX4 activity.

2. Materials and Methods

2.1. Chemicals

Etoposide was purchased from Calbiochem (Merk KGaA, Darmstadt, Germany)
and xCT inhibitor sulfasalazine (SSZ) and PKCα peptide inhibitor (C2-4) from Cayman
Chemical (Ann Arbor, MI, USA). The stock solutions of these compounds were prepared
using dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) as a solvent.

2.2. Cancer Stem Cell (Csc) Generation

To select neurospheres (3D cultures), floating parental cells derived from 2D cul-
tures of HTLA-230 and HTLA-ER [23] cells were harvested, centrifuged (117 rcf × 8 min),
seeded (16 × 104) and grown in DMEM-F12 Knock-out (Life Technologies, Carlsbad, CA,
USA) containing 1% penicillin/streptomycin (Euroclone S.p.A., Pavia, Italy), 2% B27 (Life
Technologies), 40 ng/mL basal growth factor for fibroblasts (bFGF) (R&D Systems, Inc.,
Minneapolis, MN, USA) and 20 ng/mL epidermal growth factor (EGF) (Life Technolo-
gies) [24]. It is important to outline that the expression of stem cell markers was evaluated
(see Section 2.4) in order to verify the staminality and, only after this characterization,
were the neurospheres renamed as CSCs. The HTLA-CSCs and ER-CSCs were split once
a week to favor their propagation and, at each passage, the culture medium consisted of
50% fresh medium and 50% of the medium in which the cells were grown [24]. In order to
analyze CSC propagation, at any split, the CSCs were collected, centrifuged, mechanically
dissociated in PBS and then counted using a Burker chamber (Marienfeld, Germany).

Parental HTLA-230 and HTLA-ER cells were maintained in RPMI 1640 medium (Eu-
roclone) containing 10% fetal bovine serum (FBS; Euroclone), 2 mM glutamine (Euroclone),
1% penicillin/streptomycin (Euroclone), 1% sodium pyruvate and 2% amino acid solu-
tion (Sigma-Aldrich, St. Louis, MO, USA). All cell lines were periodically tested with
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semi-quantitative PCR for the evaluation of any mycoplasma contamination (Mycoplasma
Reagent Set; Euroclone).

2.3. Treatments

Both CSC populations were treated once a week with 1 mM BSO or three times a week
with 0.1 μM C2-4, with 5 μM SSZ or with 1.25 μM Etoposide, administered once a week
alone or in combination with C2-4 or SSZ. The treatments were protracted for 6 weeks and
stock solutions (1 mM C2-4, 50 mM SSZ and 50 mM Etoposide) were prepared by dissolving
each drug in DMSO. In order to demonstrate that the doses of DMSO used to dissolve
the compounds did not affect the subsequent analyses, pilot studies were performed in
parallel with the experiments.

2.4. Immunofluorescence and Cytofluorimetric Analysis

In order to investigate the expression of CD44, Oct3/4, CD44v9, xCT, and vimentin
(used as a control of cell permeabilization), cells were analyzed by flow cytometry. In detail,
both untreated CSC populations were collected, centrifuged (117 rcf × 8 min), and then
re-suspended in the TrypLE ™ Express Enzyme 1X solution (Invitrogen, Carlsbad, CA,
USA). After monitoring CSC disaggregation by microscope analysis, cells were diluted
in PBS (137 mM NaCl, 2.6 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). For
intracellular staining, prior to incubation with primary mAbs, cells were permeabilized
and fixed for 30 min at 4 ◦C with the BD Cytofix/Cytoperm ™ kit (BD Biosciences, Franklin
Lakes, NJ, USA). After this step, CSCs were re-suspended in 1% PBS/Saponin solution
(Sigma-Aldrich, Milano, Italy) and then centrifuged (365 rcf × 10 min). Subsequently, CSCs
were incubated for 30 min at 4 ◦C with primary antibodies: rabbit polyclonal anti-CD44
(Cosmo Bio, Tokio, Japan), rat monoclonal anti-Oct3/4 (EM92, PE-linked; eBioscience,
San Diego, CA, USA), rat monoclonal anti-CD44v9 (RV3, Cosmo Bio), rabbit polyclonal
anti-xCT (H-121, Santa Cruz Biotechnology, Dallas, TX, USA), and mouse monoclonal
anti-vimentin (V9, Santa Cruz Biotechnology).

Labelled cells were then washed with 2% FBS solution in PBS and incubated for 30
min at 4 ◦C with the appropriate isotype-matched secondary antibodies: goat anti-rabbit-
IgG-PE (Southern Biotech, Birmingham, AL, USA), goat anti-rat-IgG-FITC (Sigma-Aldrich),
goat anti-mouse-IgG-PE (Southern Biotech). Finally, all samples were fixed with PBS/1%
formaldehyde and analyzed with the FACScalibur flow cytometer (BD Biosciences). Data
were analyzed by the CellQuest software (BD Biosciences).

2.5. HPLC Analysis of Intracellular Glutathione Levels

Intracellular levels of reduced glutathione (GSH) and oxidized glutathione (GSSG)
were assessed by high performance liquid chromatography (HPLC) using the methods
reported by Reed for total GSH [25] and Asensi for GSSG quantification [26].

Untreated and treated CSCs (1 × 106 cells) were collected and centrifuged (117 rcf
× 8 min). Then, the pellets were washed in PBS, precipitated with 10% perchloric acid
(PCA) and the thiol groups were blocked with iodacetic acid (alkaline pH 8–9, 10 min, room
temperature, in the dark). Subsequently, the analytes were converted to 2,4-dinitrophenyl
derivatives by incubating the samples with 1% 1-Fluoro-2,4-dinitrobenzene (FDNB) at
4 ◦C in the dark overnight. The quantitative determination of the derivatized analytes
was carried out by HPLC equipped with an NH2 Spherisorb column and a UV detector
set at 365 nm with a flow rate of 1.25 mL/min. The mobile phase was maintained at 80%
solution A (80% methanol in water) and 20% solution B (0.5 M sodium acetate in 64%
methanol in water) for 5 min, followed by a 10-min-linear gradient to 1% A and 99% B. The
chromatography was performed with gradient elution.

In order to evaluate GSSG, the samples were incubated with 20 mM N-ethyl-maleimide
(NEM) in PCA and, after precipitation and alkalization of the sample (alkaline pH 8–9, 10
min, room temperature, in the dark), derivatization was carried out by adding 1% FDNB.
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In order to allow the elution of GSSG, the mobile phase was kept at 99% solution B for a
further 15 min.

The data obtained was normalized by the intracellular amount of protein and ex-
pressed as μEq/mg of protein.

2.6. ATP Synthesis

The ATP content was measured using the luciferin/luciferase ATP bioluminescence
assay kit CLSII (Roche, Basel, Switzerland) on a Luminometer (Triathler, Bioscan, Washing-
ton, DC, USA) [23]. ATP standard solutions (Roche, Basel, Switzerland) in the concentration
range of 10−10–10−7 M were used for calibration. Assay was carried out at 37 ◦C over
2 min by measuring formed ATP from added ADP. Untreated and treated CSCs were
incubated for 10 min with the assay buffer (10 mM Tris-HCl pH 7.4, 50 mM KCl, 1 mM
EGTA, 2 mM EDTA, 5 mM KH2PO4, 2 mM MgCl2, 0.6 mM Ouabain, 0.040 mg/mL Ampi-
cillin, 0.2 mM di(adenosine-5′) penta-phosphate, 0.2 mM and 5 mM pyruvate plus 2.5 mM
malate). Afterwards, ATP synthesis was induced by the addition of 0.3 mM ADP.

2.7. Oxygen Consumption Rate (OCR)

In order to measure the respiratory activity, 2 × 105 cells were analyzed by using
an amperometric electrode for O2 placed in an isolated chamber and stirring maintained
at 37 ◦C, as previously reported [23]. Untreated and treated CSCs were collected and
centrifuged (117 rcf × 8 min). Then, the pellets were suspended in the assay buffer
(137 mM NaCl, 5 mM KH2PO4, 5 mM KCl, 0.5 mM EDTA, 3 mM MgCl2 and 25 mM Tris–
HCl, pH 7.4), and permeabilized with 0.3% digitonin for 10 min. Then, the sample was
transferred to the chamber; so as to measure the maximum respiration rate, 5 mM pyruvate
plus 2.5 mM malate were added.

2.8. Glucose Consumption

Glucose consumption was assessed by measuring its concentration using a double
beam spectrophotometer (UNICAM UV2, Analytical S.n.c., Langhirano, PR, Italy), by
the hexokinase (HK) and glucose 6 phosphate dehydrogenase (G6PD) coupling system,
following the reduction of NADP at 340 nm. [23]. The buffer assay contained 100 mM Tris
HCl, pH 7.4, 2 mM ATP, 10 mM NADP, 2 mM MgCl2, 2 IU of HK and 2 IU of G6PD. The
reaction was started after the addition of 5 μL of CSC medium.

2.9. Lactate Release

The concentration of lactic acid released by CSCs in the culture medium was analyzed
by spectrophotometric analysis as previously reported [23]. The assay buffer contained
100 mM Tris/HCl (pH 8), 5 mM NAD+ and 1 IU/mL of lactate dehydrogenase. Samples
were analyzed before and after the addition of 4 μg of purified lactate dehydrogenase.

2.10. MDA Production

Malondialdehyde (MDA) levels were analyzed by thiobarbituric acid assay (TBARS) as
previously reported [23,27]. Briefly, 50 μg of total proteins, derived from each sample, were
dissolved in 300 μL of Milli-Q water and added to 600 μL of TBARS solution containing
15% trichloroacetic acid (TCA) and 26 mM thiobarbituric acid (TBA) in 0.25 N HCl. This
mixture was incubated for 40 min at 100 ◦C and then centrifuged (20,800 rcf × 2 min).
Subsequently, the supernatant was collected and analyzed on the spectrophotometer using
a wavelength of 532 nm. In order to calculate MDA concentration, the absorbance of each
sample was compared with that obtained from a standard curve evaluated with known
concentrations of MDA (0.75, 1, and 2 μM).

2.11. ROS Production

Detection of ROS levels was evaluated by incubating CSCs with 5μM 2′-7′ dichlorofluorescein-
diacetate (DCFH-DA; Sigma-Aldrich) as previously reported [23].
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2.12. Western Blot Analyses

Immunoblots were carried out according to standard methods [28] using rabbit an-
tibody anti-N-Cadherin (D4R1H), anti-ZEB-1 (D80D3), anti-Vimentin (D21H3), anti-β-
Catenin (D10A8), anti-Claudin-1 (D5H1D) (Cell Signaling Technology Inc., Danvers, MA,
USA Upstate, Lake Placid, NY, USA) and anti-GPX4 (Abcam, Cambridge, UK). Anti-rabbit
secondary antibodies coupled with horseradish peroxidase (Cell signaling Technologies)
were utilized.

2.13. GPX4 Activity

GPX4 activity was evaluated by standard methods [29]. In detail, cell pellets were
re-suspended in 0.75 mL lysis buffer (0.1 M Tris-HCl, 0.25 M sucrose, protease inhibitors,
pH 7.5) and then sonicated and used in the test (0.1–0.2 mL of sample per test). Samples
were mixed with the assay buffer (0.1 M Tris-HCl pH 7.8, 5 mM EDTA, 5 mM GSH, 0.1%
(v/v) Triton X-100, 0.16 mM NADPH and 0.6 IU/mL Glutathione Reductase (GR)) and
incubated for 5 min at 25 ◦C. Then the baseline was recorded at 340 nm for about 1 min and
finally the enzymatic activity was started by adding phosphatidylcholine hydroperoxide
(0.020 mM). The quantification of the activity was done on the basis of the net speed with
which the absorbance decreases after the addition of the substrate (net speed = speed after
the addition of the substrate − baseline speed).

2.14. Principal Component Analyses (PCA)

PCA is a data display method for multivariate data. Given a data set in which each
sample is described by n variables, PCA aims to find new directions, linear combinations
of the original ones [30].

The first component (PC1) corresponds to the direction explaining the maximum
variance, while PC2 is the direction, orthogonal to PC1, explaining the maximum variance
not explained by PC1, and so on. The result of such a transformation is that a limited
number of components is sufficient to explain the relevant part of the information.

The loadings are the coefficients of the linear combinations corresponding to the PCs.
By plotting them in a loading plot it is possible to understand the relationships among the
variables in the multivariate space.

On the other side, the score plot (the scores being the coordinates of the samples in
the new space defined by the PCs) allows visualization of the location of the samples in
the space described by the PCs, hence making possible to check similarities and differ-
ences among the samples. The elaborations and the plots were carried out by using CAT
software [31].

2.15. Statistical Analysis

Results were expressed as mean ± SEM from at least four independent experiments.
The statistical significance of parametric differences among the sets of experimental data
was evaluated by one-way ANOVA and Dunnett’s test for multiple comparisons.

3. Results and Discussion

3.1. Neurospheres, Isolated from Parental HTLA-230 and HTLA-ER Cells, Are Cancer Stem Cells
(CSCs) and GSH Plays a Crucial Role in Their Generation and Propagation

In order to verify if the floating neurospheres, isolated from HTLA-230 and HTLA-ER
cells [23], were formed by stem cells, the expression of CD44 and Oct-3/4, known mark-
ers of stemness, was analyzed. As shown in Figure 1a, isolated neurospheres expressed
both CD44 and Oct-3/4, demonstrating that both cell populations have staminality char-
acteristics and, consequently, have been referred to as HTLA- and ER-cancer stem cells
(HTLA-CSCs and ER-CSCs).
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Figure 1. Flow cytometric analysis of CD44, Oct3/4 (a) and of CD44v9 and xCT (c) expression in
untreated HTLA-CSCs and ER-CSCs. Cells were permeabilized, stained with mAbs to the indicated
molecules, and analyzed by flow cytometry. Grey profiles indicate cells stained with the different
mAbs, while white profiles correspond to isotype control. One representative experiment of five is
shown. (b) Evaluation of cell number in HTLA-CSCs and ER-CSCs chronically treated with 1mM
BSO. Both CSC populations were treated (once a week for six weeks) with 1 mM BSO and, at any split,
disaggregated CSCs were counted using a Burker chamber as described in Materials and Methods.
** p < 0.01 vs. time 0; ◦◦ p < 0.01 vs. untreated HTLA-CSCs; §§ p < 0.01 vs. untreated ER-CSCs.

Since the presence of CSCs [12] and glutathione (GSH) play a crucial role in chemore-
sistance [23], both CSC populations were chronically treated (once a week for 6 weeks)
with 1 mM BSO in order to investigate whether a relationship between GSH levels and
stemness exists.

As shown in Figure 1b, BSO markedly counteracted the formation of HTLA-CSCs after
two weeks of treatment, while a similar effect was observed in ER-CSCs after five weeks.
These results demonstrate that GSH plays a crucial role in the formation and maintenance
of CSCs and suggest that its depletion could be employed to increase sensitivity of CSCs to
therapeutic approaches.

However, although BSO has been found to counteract CSC formation, both in vitro
and in vivo [32–34], and has been included in NB clinical trials [35], its therapeutic use is
limited by its short half-life and by its non-selective depleting effect on neoplastic cells [22].
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In order to overcome this limitation, an effective strategy could be the indirect modulation
of GSH levels by acting on GSH-related targets. In this context, it has been reported
that CD44, a known stemness membrane marker [17,36], and, in particular, its variant
9 (CD44v9) contributes to the stabilization of xCT, an anti-port protein involved in the
uptake of cystine, an amino acid that is essential for GSH biosynthesis. Considering that
the expression of CD44 is modulated by protein kinase C (PKC)α [17,36], an opportunity
would be to reduce the CD44 expression by inhibiting this kinase. As shown in Figure 1c,
both CSC populations expressed CD44v9 and xCT, thus justifying the use of C2-4, a PKCα

inhibitor, or of sulphasalazine (SSZ), a xCT inhibitor, in the reported studies.

3.2. Etoposide Prevents the Formation of HTLA-CSCs after 3 Weeks of Treatment While It
Completely Counteracts the Formation of ER-CSCs when It Is Combined with SSZ or C2-4 for
6 Weeks

By analyzing HTLA-CSCs, it was observed that Etoposide reduced the propagation
of the formed CSCs by 35% after only one week of exposure and totally prevented CSC
formation after three weeks (Figure 2a). Moreover, similar effects were obtained in CSCs
co-treated with either Etoposide and SSZ (Figure 2a, left panel) or Etoposide and C2-4
(Figure 2a, right panel). However, treatments with SSZ (Figure 2a, left panel) or C2-4
alone (Figure 2a, right panel) did not significantly alter this parameter during the analyzed
time points.

Figure 2. Evaluation of cell number in HTLA-CSCs (a) and ER-CSCs (b) treated three times a week with 0.1 μM C2-4, with
5 μM SSZ or with 1.25 μM Etoposide, administered once a week alone or in combination with C2-4 or SSZ. The treatments
were protracted for six weeks. In order to evaluate CSC propagation, at any split, disaggregated CSCs were counted using a
Burker chamber as described in Materials and Methods. ◦◦ p < 0.01 vs. untreated HTLA-CSCs (Ctr); * p < 0.05 vs. untreated
ER-CSCs (Ctr); ## p < 0.01 vs. Etoposide-treated ER-CSCs.
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In contrast, the same treatments did not induce any significant alteration in the forma-
tion/propagation of ER-CSCs until two weeks of exposure (Figure 2b). In fact, Etoposide
treatment reduced CSC propagation by 38% at four weeks, and this effect remained un-
changed until six weeks of treatment (Figure 2b). By analyzing the results obtained in
co-treated CSCs, it was observed that Etoposide combined with SSZ or Etoposide combined
with C 2-4 reduced the ER-CSC propagation by 30% and 55%, respectively, after three
weeks and totally prevent the formation of CSCs after six weeks (Figure 2b). Moreover, as
shown in Figure 2b left panel, the results obtained in ER-CSCs, treated with SSZ alone for
six weeks, were comparable to those found in CSCs exposed to only Etoposide, whereas the
treatment with C2-4 did not affect CSC formation and propagation (Figure 2b, right panel).

Since the formation of HTLA-CSCs was totally inhibited after three weeks of treat-
ments and that of ER-CSCs after six weeks, the following analyses were performed after
two and five weeks respectively.

Together these results demonstrate that ER-CSCs maintain their resistance to Etoposide
and show that ER-CSC generation is totally inhibited by co-treatments with SSZ or C2-4.
Moreover, the data obtained confirm that the inhibition of xCT is a useful strategy for
enhancing the effect of chemotherapy [37–42] and, although the use of SSZ is limited due
to its low bioavailability, its employment has been recently considered to treat high risk
NB [43]. In addition, the results obtained in C2-4-co-treated cells suggest that the inhibition
of PKCα could be a novel way to sensitize CSCs to therapy by sustaining GSH depletion. In
this regard, several clinical trials (NCT00042679; NCT00003236; NCT00017407) have been
carried out using Aprinocarsen, an anti-sense oligonucleotide that targets PKCα mRNA,
even if, unfortunately, the results obtained are not encouraging [44]. However, a large
number of studies have reported the efficacy of PKCα inhibitors in sensitizing cancer cells
to chemotherapeutic drugs [45–48].

3.3. Etoposide Induces a Marked Depletion of GSH in HTLA-CSCs after Two Weeks While the
Same Effect Is Not Observed in ER-CSCs until Five Weeks of Treatment

Untreated HTLA-CSCs and ER-CSCs displayed comparable GSH levels (about 17.07 μEq/g
and 17.37 μEq/g proteins, respectively). After two weeks of Etoposide exposure, an 80%
reduction in GSH was observed in HTLA-CSCs with respect to untreated CSCs (Figure 3a).
At the same time, both co-treatment conditions (C2-4 + Etoposide or SSZ + Etoposide),
exerted similar effects to those detected in Etoposide-treated CSCs (Figure 3a), while C2-4
or SSZ alone did not significantly alter the GSH amount (Figure 3a). Notably, the same
two-week treatments in ER-CSCs did not induce any significant changes in GSH levels
(Figure 3b).

After five weeks, untreated HTLA-CSCs and ER-CSCs displayed a different GSH con-
tent of 4.7 μEq/g and 8.99 μE/g protein, respectively. Since the five-week-treatment with
Etoposide, alone or in combination, totally counteracted HTLA-CSC formation (Figure 2a),
it was not possible to analyze GSH. As shown in Figure 3c, Etoposide decreased GSH of
ER-CSCs by 60% in comparison to untreated CSCs, and co-treatments, with C2-4 or SSZ,
which did not modify the GSH-depleting effect of Etoposide.

The amount of GSSG, the oxidized form of GSH, was below the detection limits in
both CSC populations after two weeks while it was depleted by 60–65% in ER-CSCs after
the five-week-treatment with Etoposide, alone or in combination with C2-4 or SSZ (data
not shown).

These results demonstrate that five-week treatment with Etoposide markedly reduces
GSH levels in ER-CSCs and that this effect is only due to the action of Etoposide, given
that a similar loss of GSH levels is observed in co-treated CSCs and neither C2-4 nor SSZ,
alone or combined with Etoposide, modulate GSH levels.

This data demonstrates that the survival of Etoposide-resistant CSCs is not totally
dependent on GSH since, even though Etoposide exerts a severe GSH-depleting action, it
does not totally counteract CSC generation, suggesting that other factors might contribute
to the maintenance of cancer stem cell survival. In this regard, it has been widely demon-
strated that cancer cells usually depend on glycolysis for energy production [49,50] while
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chemoresistant cancer cells [23,51,52] and CSCs undergo a metabolic rewiring, stimulating
OXPHOS with a major ATP production [53–56]. Therefore, based on these findings, the
metabolic profile of untreated and treated CSCs was analyzed.

Figure 3. Glutathione (GSH) levels in both CSC populations treated for two (a,b) or five weeks (c). HTLA-CSCs and
ER-CSCs were treated three times a week with 0.1 μM C2-4, with 5 μM SSZ or with 1.25 μM Etoposide, administered once a
week alone or in combination with C2-4 or SSZ. GSH concentrations were determined by HPLC analysis and expressed as
percentages of the control value. * p < 0.05 vs. untreated CSCs (Ctr); ** p < 0.01 vs. untreated CSCs (Ctr).

3.4. ER-CSCs Maintain an Efficient OXPHOS Metabolism Which Is Impaired Only by
Co-Treatments

As shown in Figure 4a, ATP synthesis, detected in untreated HTLA-CSCs, after two
weeks, was doubled in respect of that of ER-CSCs. In HTLA-CSCs, two weeks of Etoposide,
alone or in combination with C2-4 or SSZ, reduced ATP production by 70% in respect of
untreated CSCs (Figure 4a). Notably, in ER-CSCs, two weeks of Etoposide was ineffective
and only co-treatment of Etoposide with SSZ reduced ATP synthesis by 25% compared to
both untreated and Etoposide treated CSCs (Figure 4b).

55



Antioxidants 2021, 10, 691

Figure 4. ATP synthesis in both CSC populations treated for two (a,b) or five weeks (c). HTLA-CSCs and ER-CSCs were
treated three times a week with 0.1 μM C2-4, with 5 μM SSZ or with 1.25 μM Etoposide, administered once a week alone or
in combination with C2-4 or SSZ. Results were reported as nmol ATP/min/106 cells. Bar graph summarizes quantitative
data of means ± S.E.M. of three independent experiments. * p < 0.05 vs. untreated CSCs (Ctr); ** p < 0.01 vs. untreated CSCs
(Ctr); ## p < 0.01 vs. Etoposide-treated CSCs.

After five weeks, untreated CSC populations had comparable levels of ATP (about
10 nmol/min/1 × 106 cells). Since five weeks of treatment with Etoposide, alone or in
combination, totally counteracted HTLA-CSC formation (Figure 2a), the evaluation of ATP
synthesis was not possible while in ER-CSCs, ATP decreased by 10% after Etoposide and
by 35% by the co-treatments (Figure 4c).

Moreover, in HTLA-CSCs, two weeks of Etoposide treatment reduced the oxygen
consumption rate (OCR) by 75% in respect of untreated CSCs (Figure 5a) and similar results
were obtained in co-treated ones (Figure 5a). At the same time point, in ER-CSCs, the
OCR was not modified either by Etoposide or co-treatments and it was increased by 15%
and 35% only by C2-4 or SSZ respectively (Figure 5b). Since the five-week-treatment with
Etoposide, alone or in combination, totally counteracted HTLA-CSC formation (Figure 2a),
OCR analysis was not possible. Notably, in ER-CSCs, none of the treatments significantly
altered the OCR (Figure 5c).

To verify the efficiency of OXPHOS, the P/O value was calculated. In detail, in both
CSC populations, the P/O ratio was 2.3 ± 0.2, which is comparable to the physiological
level of 2.5 as reported by Hinkle [57] and interestingly, only SSZ, administered alone or in
combination with Etoposide for two or five weeks, led to a P/O value of 1.8 ± 0.15.

In order to complete the analysis of cell metabolism, glucose consumption and lactate
release were evaluated. As shown in Figure 6a, untreated HTLA-CSCs consumed about
40% more glucose than untreated ER-CSCs. In HTLA-CSCs, two-week-Etoposide exposure
increased glucose consumption by 60% in respect of untreated CSCs and the co-treatments
did not modify the Etoposide-induced effect (Figure 6a). In ER-CSCs, treatments with
either Etoposide, C2-4 or SSZ increased glucose consumption by 30% as compared to
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untreated CSCs, and the co-treatments with C2-4 or SSZ contributed to stimulating this
parameter by a further 60% and 25%, respectively (Figure 6b).

 

Figure 5. Oxygen consumption rate (OCR) in both CSC populations treated for two (a,b) or five
weeks (c). HTLA-CSCs and ER-CSCs were treated three times a week with 0.1 μM C2-4, with 5 μM
SSZ or with 1.25 μM Etoposide, administered once a week alone or in combination with C2-4 or
SSZ. Results were reported as nmol O/min/106 cells. Bar graph summarizes quantitative data of
means ± S.E.M. of three independent experiments. ** p < 0.01 vs. untreated CSCs (Ctr); ## p < 0.01 vs.
Etoposide-treated CSCs.

Figure 6. Glucose consumption in both CSC populations treated for two (a,b) or five weeks (c).
HTLA-CSCs and ER-CSCs were treated three times a week with 0.1 μM C2-4, with 5 μM SSZ or with
1.25 μM Etoposide, administered once a week alone or in combination with C2-4 or SSZ. Results
were reported as mM glucose/106 cells. Bar graph summarizes quantitative data of means ± S.E.M.
of three independent experiments. * p < 0.05 vs. untreated CSCs (Ctr); ** p < 0.01 vs. untreated CSCs
(Ctr); # p < 0.05 vs. Etoposide-treated CSCs; ## p < 0.01 vs. Etoposide-treated CSCs.
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Since five-week-treatment with Etoposide, alone or in combination, totally counter-
acted HTLA-CSC formation (Figure 2a), glucose consumption analysis was not possible.
Noteworthy, in ER-CSCs, the trend observed after five weeks was similar to that observed
after two weeks and, also in this case, the co-treatments stimulated the Etoposide-induced
effect on glucose consumption (Figure 6c).

As expected, in line with the highest level of glucose consumption observed in un-
treated HTLA-CSCs, an increase of 50% in the lactate release was detected in compari-
son with untreated ER-CSCs (Figure 7a,b). After two weeks, the Etoposide exposure of
HTLA-CSCs stimulated the lactate release by 80% in respect of untreated CSCs, and the
co-treatments did not modify the Etoposide-induced effect (Figure 7a). In ER-CSCs, a simi-
lar result was obtained only in the presence of C2-4 or SSZ, given alone or in combination
with Etoposide, while Etoposide per se did not induce any effect (Figure 7b). Interestingly,
in ER-CSCs, after five weeks, the co-treatments with C2-4 or SSZ stimulated lactate release
by 30% in respect of both untreated and Etoposide-treated ER-CSCs (Figure 7c).

 

Figure 7. Lactate release in both CSC populations treated for two (a,b) or five weeks (c). HTLA-CSCs and ER-CSCs were
treated three times a week with 0.1 μM C2-4, with 5 μM SSZ or with 1.25 μM Etoposide, administered once a week alone or
in combination with C2-4 or SSZ. Results were reported as mM lactate/106 cells. Bar graph summarizes quantitative data of
means ± S.E.M. of three independent experiments. ** p < 0.01 vs. untreated CSCs (Ctr); # p < 0.05 vs. Etoposide-treated
CSCs; ## p < 0.01 vs. Etoposide-treated CSCs.

Taken together, the metabolic findings indicate that, although both untreated CSC
populations have an efficient OXPHOS metabolism, HTLA-CSCs, following Etoposide ex-
posure, activate glycolysis while ER-CSCs maintain their metabolic adaptation and are able
to choose glycolytic metabolism after five-week-co-treatments with C2-4 or SSZ. This data,
besides confirming the propensity of CSCs to obtain energy by stimulating OXPHOS [58],
also demonstrates that this metabolic rewiring is reversible [59] and that, in having a
crucial role in CSC survival, it could be targeted in order to eradicate chemoresistant CSC
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populations. In agreement with these findings, OXPHOS inhibitors (e.g., metformin) have
been found to increase therapy sensitivity of cancer stem cells [60,61].

3.5. Co-Treatments Are Able to Induce Lipid Peroxidation in ER-CSCs

In order to better characterize cell damage, the production of malondialdehyde (MDA),
a marker of membrane lipid peroxidation, was evaluated in both CSC populations. As
observed in Figure 8a, two-week-treatments of HTLA-CSCs with Etoposide or SSZ alone
increased MDA levels by 100% and the co-treatment with SSZ increased this parameter by
a further 30% (Figure 8a). Notably, in ER-CSCs, only two-week-exposure to SSZ, alone or
in combination with Etoposide, induced an 85% increase in MDA production (Figure 8b).
After five weeks, in ER-CSCs, all treatments maintained MDA at similar levels to those
observed after two weeks. In addition, a 35% increase in MDA levels was found in C2-4-co-
treated ER-CSCs (Figure 8c).

Figure 8. MDA production in both CSC populations treated for two (a,b) or five weeks (c). HTLA-CSCs and ER-CSCs were
treated three times a week with 0.1 μM C2-4, with 5 μM SSZ or with 1.25 μM Etoposide, administered once a week alone or
in combination with C2-4 or SSZ. Results were reported as μM/mg protein. Bar graph summarizes quantitative data of
means ± S.E.M. of three independent experiments. ** p < 0.01 vs. untreated CSCs (Ctr); # p < 0.05 vs. Etoposide-treated
CSCs; ## p < 0.01 vs. Etoposide-treated CSCs.

Considering that mitochondrial oxidative phosphorylation can generate ROS, this
parameter was evaluated in both CSC populations.

As shown in Figure 9a, after two-week-exposure to Etoposide, alone or in combination
with C2-4 or SSZ, no changes in ROS production were observed in HTLA-CSCs in respect
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of untreated CSCs. Instead, two-week treatment of ER-CSCs with Etoposide, alone or
combined with C2-4 or SSZ, induced a 60% reduction of ROS levels in respect of untreated
CSCs (Figure 9b). After five weeks of all treatments, no changes in ROS production were
detected in ER-CSCs (Figure 9c).

Figure 9. ROS production in both CSC populations treated for two (a,b) or five weeks (c). HTLA-CSCs and ER-CSCs were
treated three times a week with 0.1 μM C2-4, with 5 μM SSZ or with 1.25 μM Etoposide, administered once a week alone
or in combination with C2-4 or SSZ. Results were expressed as percentages of the control value. Bar graph summarizes
quantitative data of means ± S.E.M. of three independent experiments. ** p < 0.01 vs. untreated CSCs (Ctr).

Altogether these results demonstrate that although Etoposide alone significantly de-
creased the level of GSH, GSSG amount was not enhanced and, in parallel, ROS and
MDA production did not increase. In this context, we cannot exclude that other antiox-
idant systems might contribute to the maintenance of CSC oxidative status [23,62] and
in support of these findings, it has been recently found that the ability of breast CSCs to
maintain low ROS production confers cancer stemness and drug resistance [63]. Interest-
ingly, the co-treatments which are able to activate glycolysis, reduce GSH levels without
altering cell redox state and induce lipid peroxidation are also effective in counteracting
ER-CSC propagation.

3.6. Co-Treatments Are Able to Induce Down-Regulation of GPX4 Activity and of
ZEB-1 Expression

Considering that xCT inhibition by SSZ or erastin has been demonstrated to induce
lipid peroxide production and ferroptosis, a form of non-apoptotic cell death consequent
to a loss of GSH and of Glutathione peroxidase 4 (GPX4) activity [64,65], the role of this
enzyme was investigated.

60



Antioxidants 2021, 10, 691

As shown in Figure 10, after five weeks, in untreated ER-CSCs, the activity of GPX4
was reduced by 20% in respect of that observed after two weeks. Two-week-exposure
to Etoposide, alone or in combination with SSZ, reduced the activity of GPX4 by 30%
compared to that analyzed in untreated CSCs. Instead, two-week co-treatments with
C2-4 further decreased GPX4 activity by 38% in respect of Etoposide alone and by 55% in
comparison to the control. Moreover, after five weeks, Etoposide alone or in combination
with C2-4 decreased GPX4 activity by 40% in respect of untreated CSCs, while SSZ co-
treatments further inhibited the activity by 60% in comparison to Etoposide-treated CSCs
and by 75% in respect of the control (Figure 10).

Figure 10. GPX4 activity in ER-CSC populations treated for two or five weeks. ER-CSCs were treated
three times a week with 0.1 μM C2-4, with 5 μM SSZ or with 1.25 μM Etoposide, administered once a
week alone or in combination with C2-4 or SSZ. Results were reported as nmol/min/mg protein. Bar
graph summarizes quantitative data of means ± S.E.M. of three independent experiments. ** p < 0.01
vs. untreated ER-CSCs (Ctr); ◦◦ p < 0.01 vs. Etoposide-treated ER-CSCs.

Since GPX4 plays a crucial role in the suppression of lipid peroxidation by stimulating
a GSH-dependent reduction of phospholipid hydroperoxides [64,66], GPX4 inhibitors
could be employed as anticancer drugs capable of inducing ferroptosis [67]. Interestingly,
it has been reported that chemoresistant cancer cells, that are preserved from ferroptosis
through GPX4 activation, expressed high levels of ZEB-1 [68]. ZEB-1 is a protein involved
in the epithelial to mesenchymal transition (EMT) process, which plays a fundamental role
in supporting CSC generation [69]. In fact, ZEB-1 has been found to have a pleiotropic role
in controlling lipid metabolism, growth, proliferation and death of CSCs [68,70].

Based on these considerations and since Etoposide, alone or in combination with
C2-4 or SSZ, was able to totally prevent ER-CSC formation, the subsequent analyses were
focused on the role played by EMT in drug resistance.

As shown in Figure 11, both untreated HTLA- and ER-CSCs expressed N-Cadherin
and ZEB-1, two proteins favoring the EMT process. Two-week-treatments of HTLA-CSCs
fully counteracted the expression of these two proteins while, interestingly, two-week-
Etoposide treatment of ER-CSCs reduced the expression of N-Cadherin and ZEB-1 by 40%
and 70%, respectively, in comparison to untreated CSCs (Figure 11a,b). After five weeks,
the combination of Etoposide with C2-4 reduced the expression of both proteins by 50%
and co-treatment with SSZ decreased ZEB-1 levels by 90% in respect of untreated CSCs
(Figure 11a,b).
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Figure 11. Protein levels of N-Cadherin (a), ZEB-1 (b), Vimentin (c), β-Catenin (c) and Claudin (d) in both CSC populations
treated for two or five weeks. HTLA-CSCs and ER-CSCs were treated three times a week with 0.1 μM C2-4, with 5 μM
SSZ or with 1.25 μM Etoposide, administered once a week alone or in combination with C2-4 or SSZ. Immunoblots shown
are representative of three independent experiments. To ensure normalized protein content all filters were stained with
Red Ponceau. Bar graph summarizes quantitative data of means ± S.E.M. of three independent experiments. ** p < 0.01
vs. untreated CSCs (Ctr); *** p < 0.001 vs. untreated CSCs (Ctr); ◦◦ p < 0.01 vs. Etoposide-treated CSCs; ◦◦◦ p < 0.001 vs.
Etoposide-treated CSCs.
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Changes in the expression of N-Cadherin and ZEB-1 were not accompanied by sig-
nificant alterations in the expression of Vimentin and β-catenin, another two EMT-related
proteins (Figure 11c). In addition, as shown in Figure 11d, only treated HTLA-CSCs
expressed Claudin, a protein inhibiting the EMT process.

Therefore, it is conceivable that co-treatments of Etoposide with SSZ/C2-4 are able
to counteract the ability of ER-CSCs to generate spheres and to maintain the EMT phe-
notype. This data, although in vitro, supports the results obtained in early clinical trials
demonstrating that the disruption of cancer stemness and/or the EMT process is a useful
approach in fighting tumor recurrence [71,72].

Furthermore, in ER-CSCs, which become sensitive to the drug, GPX4 activity is
reduced and is accompanied by ZEB-1 down-regulation leading to ferroptotic death [73,74].

The results obtained in co-treated CSCs confirm the ferroptotic-inducer action of
SSZ [75] and suggest that C2-4, the PKCα inhibitor, is able to trigger ferroptosis of ER-CSCs.
The relationship between PKCα and ferroptosis has been previously suggested in dopamin-
ergic cells [76] but, to our knowledge, this is the first time it has been demonstrated that the
anti-PKCα peptide can sensitize CSCs to chemotherapy by inhibiting GPX4 and inducing
ferroptosis. PKCα activation has been implicated in promoting cancer progression [18,77]
and in the formation and survival of cancer stem cells [78] Moreover, it has been demon-
strated that the pharmacologic inhibition of PKCα can target breast CSCs [78] and override
ZEB1-induced chemoresistance in hepatocarcinoma [79].

3.7. Chemoresistance of ER-CSCs Is Characterized by An Efficient OXPHOS Metabolism, High
GSH Levels, ZEB-1 Up-Regulation and GPX4 Activation

In order to identify which variables are more determinant in maintaining cancer
cell survival and, consequently, responsible for chemoresistance, Principal Component
Analysis (PCA) was carried out by collecting all the analyzed metabolic, biochemical and
morphological variables. The first two components explain 45.2% and 19.5% of the variance
(64.6% in total).

The loading plot (Figure 12a) shows the correlation between the following variables:
P/O ratio, ATP production, GSH and ZEB-1 expression and GPX4 activity. They are
all characterized by negative loadings on PC1 (grouped in the green rectangle) and are
all related since they allow the propagation of ER-CSCs. On the other side of the plot
(positive loadings on PC1) another group of correlated variables can be detected (red
rectangle): lactate release, glucose consumption and MDA production. They reduce ER-
CSC propagation, and are responsible for their susceptibility to the co-treatments. The two
groups of correlated variables are negatively correlated, since they are opposite compared to
the origin (red cross in the plot). A third group of correlated variables can be detected, made
by N-cad, OCR and Vim. These variables, having high loadings on PC2, are uncorrelated
with the other ones. As expected, the score plot (Figure 12b) shows that the two-week and
five-week controls are close to each other, having negative PC1 scores. Therefore, they are
characterized by the high values of the variables grouped into the green rectangle and the
low values of the variables grouped into the red rectangle in the loading plot.

The effect of the three different treatments and of the different times, together with
the metabolic modifications involved, can be estimated by taking into account the distance
and the direction of the different points in the score plot, compared to the controls.

First of all, it can be seen that for all of them the effect after five weeks is larger than
the effect after two weeks.

It can also be seen that the treatment with Etoposide by itself is much less efficient
than the other two treatments in which Etoposide is combined with another drug. This
treatment has almost no effect after two weeks, while after five weeks it leads to a more
positive score on PC1, this meaning a reduction of the “green” variables and an increase of
the “red” ones.
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Figure 12. Loading (a) and score (b) plots. (a) The variables which sustain chemoresistance (green rectangle: ATP, GSH,
P/O, ZEB-1, GPX4) have negative loadings on PC1 values, while the variables that are able to induce chemosensitivity (red
rectangle: MDA production, lactate release and glucose consumption) have positive loadings on PC1; variables N-CAD,
OCR and Vim have instead high loadings on PC2 (b) In the score plot, the black-colored samples were treated for two
weeks, while the red-colored ones were treated for five weeks.
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The co-treatment with SSZ has a much greater effect, already relevant after two weeks
(corresponding to the effect after five weeks of Etoposide by itself). Since the direction is
the same as the one already observed with Etoposide, it can be concluded that SSZ just
amplifies the effect of Etoposide.

Instead, when looking at the co-treatment with C2-4 it can be seen that a strong effect
is also present already at two weeks, but the trajectory followed is quite different. In this
case an increase along PC1 together with a decrease along PC2 is observed, corresponding
to a decrease of variables N-Cad, OCR and Vim. It can therefore be concluded that C2-4
not only amplifies the effect of Etoposide, but also produces different metabolic variations.

Collectively, these results further underline that CSC chemoresistance can be the result
of a complex cellular adaptation that involves several metabolic and biochemical pathways
and, therefore, it is necessary “to attack the enemy” simultaneously from several fronts in
order to bypass this adaptation.

4. Conclusions

Even if the mechanism underlying CSC chemoresistance has not yet been fully clari-
fied, the results herein reported suggest that drug refractoriness is maintained as long as
CSCs are able to keep a fine balance between correlated molecular actors. In fact, the main-
tenance of an oxidative metabolism, high levels of GSH and the expression of ZEB-1 concur
to allow the survival of resistant CSCs. Therefore, an approach able to down-regulate these
molecular targets and to induce ferroptosis may be the winning strategy to counteract drug
resistance. In this context, the results herein reported suggest that PKCα might be a new
pharmacological target able to fight chemoresistance of cancer stem cells by preventing
drug-induced metabolic adaptation and triggering ferroptotic death.

Author Contributions: Conceptualization, C.D. and B.M.; methodology, B.M., N.T., L.M., A.S.,
A.R. and F.U.; formal analysis, C.D., B.M., R.L., E.F.; software, R.L. and E.F.; validation, C.D.,
B.M.; investigation, B.M., L.M., A.S., N.T., C.C., S.R., O.G., G.E.V. and A.R.; data curation, C.D.
and B.M.; writing-original draft, B.M.; writing-review and editing, C.D., B.M., N.T., M.A.P. and
U.M.M.; supervision, C.D. and B.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by University of Genoa.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Giuseppe Catalano (DIMES-University of Genoa) for
his technical assistance and Suzanne Patten for her language editing.

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

References

1. L’Abbate, A.; Macchia, G.; D’Addabbo, P.; Lonoce, A.; Tolomeo, D.; Trombetta, D.; Kok, K.; Bartenhagen, C.; Whelan, C.W.;
Palumbo, O.; et al. Genomic organization and evolution of double minutes/homogeneously staining regions with MYC
amplification in human cancer. Nucleic Acids Res. 2014, 42, 9131–9145. [CrossRef]

2. Strobl-Mazzulla, P.H.; Bronner, M.E. Epithelial to mesenchymal transition: New and old insights from the classical neural crest
model. Semin. Cancer Biol. 2012, 22, 411–416. [CrossRef]

3. Denecker, G.; Vandamme, N.; Akay, O.; Koludrovic, D.; Taminau, J.; Lemeire, K.; Gheldof, A.; De Craene, B.; Van Gele, M.;
Brochez, L.; et al. Identification of a ZEB2-MITF-ZEB1 transcriptional network that controls melanogenesis and melanoma
progression. Cell Death Differ. 2014, 21, 1250–1261. [CrossRef] [PubMed]

4. Maris, J.M.; Hogarty, M.D.; Bagatell, R.; Cohn, S.L. Neuroblastoma. Lancet 2007, 369, 2106–2120. [CrossRef]
5. Brodeur, G.M.; Seeger, R.C.; Schwab, M.; Varmus, H.E.; Bishop, J.M. Amplification of N-myc in untreated human neuroblastomas

correlates with advanced disease stage. Science 1984, 224, 1121–1124. [CrossRef] [PubMed]
6. Seeger, R.C.; Brodeur, G.M.; Sather, H.; Dalton, A.; Siegel, S.E.; Wong, K.Y.; Hammond, D. Association of multiple copies of the

N-myc oncogene with rapid progression of neuroblastomas. N. Engl. J. Med. 1985, 313, 1111–1116. [CrossRef]

65



Antioxidants 2021, 10, 691

7. Gupta, P.B.; Fillmore, C.M.; Jiang, G.; Shapira, S.D.; Tao, K.; Kuperwasser, C.; Lander, E.S. Stochastic state transitions give rise to
phenotypic equilibrium in populations of cancer cells. Cell 2011, 146, 633–644. [CrossRef] [PubMed]

8. Walton, J.D.; Kattan, D.R.; Thomas, S.K.; Spengler, B.A.; Guo, H.F.; Biedler, J.L.; Cheung, N.K.; Ross, R.A. Characteristics of stem
cells from human neuroblastoma cell lines and in tumors. Neoplasia 2004, 6, 838–845. [CrossRef]

9. Visvader, J.E.; Lindeman, G.J. Cancer stem cells in solid tumours: Accumulating evidence and unresolved questions. Nat. Rev.
Cancer 2008, 8, 755–768. [CrossRef]

10. Clevers, H. The cancer stem cell: Premises, promises and challenges. Nat. Med. 2011, 17, 313–319. [CrossRef] [PubMed]
11. Kreso, A.; Dick, J.E. Evolution of the cancer stem cell model. Cell Stem Cell 2014, 14, 275–291. [CrossRef]
12. Nagano, O.; Okazaki, S.; Saya, H. Redox regulation in stem-like cancer cells by CD44 variant isoforms. Oncogene 2013, 32,

5191–5198. [CrossRef] [PubMed]
13. Diehn, M.; Cho, R.W.; Lobo, N.A.; Kalisky, T.; Dorie, M.J.; Kulp, A.N.; Qian, D.; Lam, J.S.; Ailles, L.E.; Wong, M.; et al. Association

of reactive oxygen species levels and radioresistance in cancer stem cells. Nature 2009, 458, 780–783. [CrossRef]
14. Yan, Y.; Zuo, X.; Wei, D. Concise Review: Emerging Role of CD44 in Cancer Stem Cells: A Promising Biomarker and Therapeutic

Target. Stem Cells Transl. Med. 2015, 4, 1033–1043. [CrossRef]
15. Ishimoto, T.; Nagano, O.; Yae, T.; Tamada, M.; Motohara, T.; Oshima, H.; Oshima, M.; Ikeda, T.; Asaba, R.; Yagi, H.; et al. CD44

variant regulates redox status in cancer cells by stabilizing the xCT subunit of system xc(-) and thereby promotes tumor growth.
Cancer Cell 2011, 19, 387–400. [CrossRef] [PubMed]

16. Nagano, O.; Murakami, D.; Hartmann, D.; De Strooper, B.; Saftig, P.; Iwatsubo, T.; Nakajima, M.; Shinohara, M.; Saya, H.
Cell-matrix interaction via CD44 is independently regulated by different metalloproteinases activated in response to extracellular
Ca(2+) influx and PKC activation. J. Cell Biol. 2004, 165, 893–902. [CrossRef] [PubMed]

17. Nagano, O.; Saya, H. Mechanism and biological significance of CD44 cleavage. Cancer Sci. 2004, 95, 930–935. [CrossRef]
18. Domenicotti, C.; Marengo, B.; Verzola, D.; Garibotto, G.; Traverso, N.; Patriarca, S.; Maloberti, G.; Cottalasso, D.; Poli, G.;

Passalacqua, M.; et al. Role of PKC-delta activity in glutathione-depleted neuroblastoma cells. Free Radic Biol. Med. 2003, 35,
504–516. [CrossRef]

19. Marengo, B.; Raffaghello, L.; Pistoia, V.; Cottalasso, D.; Pronzato, M.A.; Marinari, U.M.; Domenicotti, C. Reactive oxygen species:
Biological stimuli of neuroblastoma cell response. Cancer Lett. 2005, 228, 111–116. [CrossRef]

20. Marengo, B.; De Ciucis, C.; Verzola, D.; Pistoia, V.; Raffaghello, L.; Patriarca, S.; Balbis, E.; Traverso, N.; Cottalasso, D.; Pronzato,
M.A.; et al. Mechanisms of BSO (L-buthionine-S,R-sulfoximine)-induced cytotoxic effects in neuroblastoma. Free Radic Biol. Med.
2008, 44, 474–482. [CrossRef]

21. Marengo, B.; De Ciucis, C.; Ricciarelli, R.; Passalacqua, M.; Nitti, M.; Zingg, J.M.; Marinari, U.M.; Pronzato, M.A.; Domenicotti, C.
PKCδ sensitizes neuroblastoma cells to L-buthionine-sulfoximine and etoposide inducing reactive oxygen species overproduction
and DNA damage. PLoS ONE 2011, 6, e14661. [CrossRef]

22. Hamilton, D.; Wu, J.H.; Batist, G. Structure-based identification of novel human gamma-glutamylcysteine synthetase inhibitors.
Mol. Pharmacol. 2007, 71, 1140–1147. [CrossRef]

23. Colla, R.; Izzotti, A.; De Ciucis, C.; Fenoglio, D.; Ravera, S.; Speciale, A.; Ricciarelli, R.; Furfaro, A.L.; Pulliero, A.; Passalacqua,
M.; et al. Glutathione-mediated antioxidant response and aerobic metabolism: Two crucial factors involved in determining the
multi-drug resistance of high-risk neuroblastoma. Oncotarget 2016, 7, 70715–70737. [CrossRef]

24. Toma, J.G.; McKenzie, I.A.; Bagli, D.; Miller, F.D. Isolation and characterization of multipotent skin-derived precursors from
human skin. Stem Cells 2005, 23, 727–737. [CrossRef] [PubMed]

25. Fariss, M.W.; Reed, D.J. High-performance liquid chromatography of thiols and disulfides: Dinitrophenol derivatives. Methods
Enzymol. 1987, 143, 101–109. [CrossRef]

26. Asensi, M.; Sastre, J.; Pallardo, F.V.; Lloret, A.; Lehner, M.; Garcia-de-la Asuncion, J.; Viña, J. Ratio of reduced to oxidized
glutathione as indicator of oxidative stress status and DNA damage. Methods Enzymol. 1999, 299, 267–276. [CrossRef]

27. Ravera, S.; Bartolucci, M.; Cuccarolo, P.; Litamè, E.; Illarcio, M.; Calzia, D.; Degan, P.; Morelli, A.; Panfoli, I. Oxidative stress in
myelin sheath: The other face of the extramitochondrial oxidative phosphorylation ability. Free Radic Res. 2015, 49, 1156–1164.
[CrossRef]

28. Marengo, B.; De Ciucis, C.G.; Ricciarelli, R.; Furfaro, A.L.; Colla, R.; Canepa, E.; Traverso, N.; Marinari, U.M.; Pronzato, M.A.;
Domenicotti, C. p38MAPK inhibition: A new combined approach to reduce neuroblastoma resistance under etoposide treatment.
Cell Death Dis. 2013, 4, e589. [CrossRef] [PubMed]

29. Roveri, A.; Maiorino, M.; Ursini, F. Enzymatic and immunological measurements of soluble and membrane-bound phospholipid-
hydroperoxide glutathione peroxidase. Methods Enzymol. 1994, 233, 202–212. [CrossRef] [PubMed]

30. Leardi, R. Chemometric methods in food authentication. In Modern Techniques for Food Authentication, 2nd ed.; Sun, D.W., Ed.;
Academic Press: Cambridge, MA, USA; Elsevier: Amsterdam, The Netherlands, 2018; Chapter 17; pp. 687–729.

31. Leardi, R.; Melzi, C.; Polotti, G. CAT (Chemometric Agile Software). Available online: http://gruppochemiometria.it/index.php/
software (accessed on 27 April 2021).

32. Miran, T.; Vogg, A.T.J.; Drude, N.; Mottaghy, F.M.; Morgenroth, A. Modulation of glutathione promotes apoptosis in triple-
negative breast cancer cells. FASEB J. 2018, 32, 2803–2813. [CrossRef] [PubMed]

66



Antioxidants 2021, 10, 691

33. Boivin, A.; Hanot, M.; Malesys, C.; Maalouf, M.; Rousson, R.; Rodriguez-Lafrasse, C.; Ardail, D. Transient alteration of cellular
redox buffering before irradiation triggers apoptosis in head and neck carcinoma stem and non-stem cells. PLoS ONE 2011,
6, e14558. [CrossRef] [PubMed]

34. Siemann, D.W.; Beyers, K.L. In vivo therapeutic potential of combination thiol depletion and alkylating chemotherapy. Br. J.
Cancer 1993, 68, 1071–1079. [CrossRef] [PubMed]

35. Villablanca, J.G.; Volchenboum, S.L.; Cho, H.; Kang, M.; Cohn, S.L.; Anderson, C.P.; Marachelian, A.; Groshen, S.; Tsao-Wei, D.;
Matthay, K.K.; et al. A Phase I New Approaches to Neuroblastoma Therapy Study of Buthionine Sulfoximine and Melphalan With
Autologous Stem Cells for Recurrent/Refractory High-Risk Neuroblastoma. Pediatr. Blood Cancer 2016, 63, 1349–1356. [CrossRef]

36. Okamoto, I.; Kawano, Y.; Matsumoto, M.; Suga, M.; Kaibuchi, K.; Ando, M.; Saya, H. Regulated CD44 cleavage under the control
of protein kinase C, calcium influx, and the Rho family of small G proteins. J. Biol. Chem. 1999, 274, 25525–25534. [CrossRef]

37. Zheng, Z.; Luo, G.; Shi, X.; Long, Y.; Shen, W.; Li, Z.; Zhang, X. The Xc- inhibitor sulfasalazine improves the anti-cancer effect
of pharmacological vitamin C in prostate cancer cells via a glutathione-dependent mechanism. Cell Oncol. 2020, 43, 95–106.
[CrossRef] [PubMed]

38. Wei, C.W.; Yu, Y.L.; Lu, J.Y.; Hung, Y.T.; Liu, H.C.; Yiang, G.T. Anti-Cancer Effects of Sulfasalazine and Vitamin E Succinate in
MDA-MB 231 Triple-Negative Breast Cancer Cells. Int. J. Med. Sci. 2019, 16, 494–500. [CrossRef] [PubMed]

39. Ogihara, K.; Kikuchi, E.; Okazaki, S.; Hagiwara, M.; Takeda, T.; Matsumoto, K.; Kosaka, T.; Mikami, S.; Saya, H.; Oya, M.
Sulfasalazine could modulate the CD44v9-xCT system and enhance cisplatin-induced cytotoxic effects in metastatic bladder
cancer. Cancer Sci. 2019, 110, 1431–1441. [CrossRef]

40. Miyoshi, S.; Tsugawa, H.; Matsuzaki, J.; Hirata, K.; Mori, H.; Saya, H.; Kanai, T.; Suzuki, H. Inhibiting xCT Improves 5-Fluorouracil
Resistance of Gastric Cancer Induced by CD44 Variant 9 Expression. Anticancer Res. 2018, 38, 6163–6170. [CrossRef]

41. Wada, F.; Koga, H.; Akiba, J.; Niizeki, T.; Iwamoto, H.; Ikezono, Y.; Nakamura, T.; Abe, M.; Masuda, A.; Sakaue, T.; et al. High
expression of CD44v9 and xCT in chemoresistant hepatocellular carcinoma: Potential targets by sulfasalazine. Cancer Sci. 2018,
109, 2801–2810. [CrossRef] [PubMed]

42. Balza, E.; Castellani, P.; Moreno, P.S.; Piccioli, P.; Medraño-Fernandez, I.; Semino, C.; Rubartelli, A. Restoring microenvironmental
redox and pH homeostasis inhibits neoplastic cell growth and migration: Therapeutic efficacy of esomeprazole plus sulfasalazine
on 3-MCA-induced sarcoma. Oncotarget 2017, 8, 67482–67496. [CrossRef]

43. Mooney, M.R.; Geerts, D.; Kort, E.J.; Bachmann, A.S. Anti-tumor effect of sulfasalazine in neuroblastoma. Biochem. Pharmacol.
2019, 162, 237–249. [CrossRef] [PubMed]

44. Mochly-Rosen, D.; Das, K.; Grimes, K.V. Protein kinase C, an elusive therapeutic target? Nat. Rev. Drug Discov. 2012, 11, 937–957.
[CrossRef] [PubMed]

45. Lei, J.; Li, Q.; Gao, Y.; Zhao, L.; Liu, Y. Increased PKCα activity by Rack1 overexpression is responsible for chemotherapy
resistance in T-cell acute lymphoblastic leukemia-derived cell line. Sci. Rep. 2016, 6, 33717. [CrossRef] [PubMed]

46. Kim, C.W.; Asai, D.; Kang, J.; Kishimura, A.; Mori, T.; Katayama, Y. Reversal of efflux of an anticancer drug in human drug-
resistant breast cancer cells by inhibition of protein kinase Cα (PKCα) activity. Tumour. Biol. 2016, 37, 1901–1908. [CrossRef]
[PubMed]

47. Abera, M.B.; Kazanietz, M.G. Protein kinase Cα mediates erlotinib resistance in lung cancer cells. Mol. Pharmacol. 2015, 87,
832–841. [CrossRef] [PubMed]

48. Ruvolo, P.P.; Zhou, L.; Watt, J.C.; Ruvolo, V.R.; Burks, J.K.; Jiffar, T.; Kornblau, S.; Konopleva, M.; Andreeff, M. Targeting
PKC-mediated signal transduction pathways using enzastaurin to promote apoptosis in acute myeloid leukemia-derived cell
lines and blast cells. J. Cell Biochem. 2011, 112, 1696–1707. [CrossRef]

49. Warburg, O.; Wind, F.; Negelein, E. The metabolism of tumors in the body. J. Gen. Physiol. 1927, 8, 519–530. [CrossRef]
50. Koppenol, W.H.; Bounds, P.L.; Dang, C.V. Otto Warburg’s contributions to current concepts of cancer metabolism. Nat. Rev.

Cancer 2011, 11, 325–337. [CrossRef]
51. Vazquez, F.; Lim, J.H.; Chim, H.; Bhalla, K.; Girnun, G.; Pierce, K.; Clish, C.B.; Granter, S.R.; Widlund, H.R.; Spiegelman, B.M.;

et al. PGC1α expression defines a subset of human melanoma tumors with increased mitochondrial capacity and resistance to
oxidative stress. Cancer Cell 2013, 23, 287–301. [CrossRef]

52. Viale, A.; Pettazzoni, P.; Lyssiotis, C.A.; Ying, H.; Sánchez, N.; Marchesini, M.; Carugo, A.; Green, T.; Seth, S.; Giuliani, V.; et al.
Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial function. Nature 2014, 514, 28–32. [CrossRef]

53. Shin, M.K.; Cheong, J.H. Mitochondria-centric bioenergetic characteristics in cancer stem-like cells. Arch. Pharm. Res. 2019, 42,
113–127. [CrossRef]

54. Lagadinou, E.D.; Sach, A.; Callahan, K.; Rossi, R.M.; Neering, S.; Minhajuddin, M.; Ashton, J.M.; Pei, S.; Grose, V.; O’Dwyer, K.M.;
et al. BCL-2 inhibition targets oxidative phosphorylation and selectively eradicates quiescent human leukemia stem cells. Cell
Stem Cell 2013, 12, 329–341. [CrossRef]

55. Molina, J.R.; Sun, Y.; Protopopova, M.; Gera, S.; Bandi, M.; Bristow, C.; McAfoos, T.; Morlacchi, P.; Ackroyd, J.; Agip, A.A.; et al.
An inhibitor of oxidative phosphorylation exploits cancer vulnerability. Nat. Med. 2018, 24, 1036–1046. [CrossRef] [PubMed]

56. Pollyea, D.A.; Stevens, B.M.; Jones, C.L.; Winters, A.; Pei, S.; Minhajuddin, M.; D’Alessandro, A.; Culp-Hill, R.; Riemondy, K.A.;
Gillen, A.E.; et al. Venetoclax with azacitidine disrupts energy metabolism and targets leukemia stem cells in patients with acute
myeloid leukemia. Nat. Med. 2018, 24, 1859–1866. [CrossRef] [PubMed]

57. Hinkle, P.C. P/O ratios of mitochondrial oxidative phosphorylation. Biochim. Biophys. Acta 2005, 1706, 1–11. [CrossRef]

67



Antioxidants 2021, 10, 691

58. Sato, M.; Kawana, K.; Adachi, K.; Fujimoto, A.; Yoshida, M.; Nakamura, H.; Nishida, H.; Inoue, T.; Taguchi, A.; Takahashi, J.; et al.
Spheroid cancer stem cells display reprogrammed metabolism and obtain energy by actively running the tricarboxylic acid (TCA)
cycle. Oncotarget 2016, 7, 33297–33305. [CrossRef] [PubMed]

59. Denise, C.; Paoli, P.; Calvani, M.; Taddei, M.L.; Giannoni, E.; Kopetz, S.; Kazmi, S.M.; Pia, M.M.; Pettazzoni, P.; Sacco, E.; et al.
5-fluorouracil resistant colon cancer cells are addicted to OXPHOS to survive and enhance stem-like traits. Oncotarget 2015, 6,
41706–41721. [CrossRef] [PubMed]

60. Saini, N.; Yang, X. Metformin as an anti-cancer agent: Actions and mechanisms targeting cancer stem cells. Acta Biochim. Biophys.
Sin. 2018, 50, 133–143. [CrossRef]

61. Samuel, S.M.; Varghese, E.; Koklesová, L.; Líšková, A.; Kubatka, P.; Büsselberg, D. Counteracting Chemoresistance with Metformin
in Breast Cancers: Targeting Cancer Stem Cells. Cancers 2020, 12, 2482. [CrossRef]

62. Trachootham, D.; Alexandre, J.; Huang, P. Targeting cancer cells by ROS-mediated mechanisms: A radical therapeutic approach?
Nat. Rev. Drug Discov. 2009, 8, 579–591. [CrossRef]
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Abstract: In this paper we review the mechanisms of the antitumor effects of Hypericum perforatum L.
(St. John’s wort, SJW) and its main active component hyperforin (HPF). SJW extract is commonly
employed as antidepressant due to its ability to inhibit monoamine neurotransmitters re-uptake.
Moreover, further biological properties make this vegetal extract very suitable for both prevention
and treatment of several diseases, including cancer. Regular use of SJW reduces colorectal cancer
risk in humans and prevents genotoxic effects of carcinogens in animal models. In established
cancer, SJW and HPF can still exert therapeutic effects by their ability to downregulate inflammatory
mediators and inhibit pro-survival kinases, angiogenic factors and extracellular matrix proteases,
thereby counteracting tumor growth and spread. Remarkably, the mechanisms of action of SJW
and HPF include their ability to decrease ROS production and restore pH imbalance in tumor cells.
The SJW component HPF, due to its high lipophilicity and mild acidity, accumulates in membranes
and acts as a protonophore that hinders inner mitochondrial membrane hyperpolarization, inhibiting
mitochondrial ROS generation and consequently tumor cell proliferation. At the plasma membrane
level, HPF prevents cytosol alkalization and extracellular acidification by allowing protons to re-enter
the cells. These effects can revert or at least attenuate cancer cell phenotype, contributing to hamper
proliferation, neo-angiogenesis and metastatic dissemination. Furthermore, several studies report
that in tumor cells SJW and HPF, mainly at high concentrations, induce the mitochondrial apoptosis
pathway, likely by collapsing the mitochondrial membrane potential. Based on these mechanisms,
we highlight the SJW/HPF remarkable potentiality in cancer prevention and treatment.

Keywords: Hypericum perforatum; hyperforin; reactive oxygen species; pH regulation; tumor preven-
tion; tumor therapy; apoptosis; cancerogenesis; inflammatory signaling; natural compounds

1. Introduction

Despite the enormous and enduring effort undertaken by biomedical scientists in
the investigation of tumor pathogenesis and therapy, cancer remains the second leading
cause of death worldwide (World Health Organization, 2019 https://www.who.int/health-
topics/cancer#tab=tab_1). Among the numerous antitumor drugs approved in the last
fifty years, a large percentage originates from natural products or their derivatives [1,2].
Actually, natural antitumor agents show a broad spectrum of mechanisms to inhibit cancer
development, through reduction of proliferation rate of malignant cells, induction of
apoptosis, blockade of invasiveness and neo-angiogenesis [2]. Furthermore, they generally
display lower side effects than other antitumor drugs [3].

In this review, among various natural compounds endowed with antitumor properties,
we want to aim attention at Hypericum perforatum L., also known as St. John’s wort, and its
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principal constituent hyperforin, by reviewing research advancements about their key
molecular mechanisms and highlighting their remarkable potential in cancer prevention
and treatment.

2. Signaling Pathways in Cancer and Molecular Targets Susceptible to Therapeutic
Intervention by Phytochemicals

2.1. Oncogenesis

Oncogenesis involves dysregulation of proto-oncogenes or tumor suppressor genes,
which upon mutation can modify key cellular processes linked to cell proliferation and
its control [4]. Despite significant advances in cancer diagnostics, the detection of a tumor
growth in an early stage remains difficult due to the not infrequent lack or paucity of
symptoms for long time. Thus, prevention of the early events in carcinogenesis appears
crucial for protection against tumor development. A primary preventive role can actually
be played by the use of dietary phytochemical supplements which would help to shield
genotoxic insults, reverse the promotion stage of multistep carcinogenesis, and also halt
or retard the progression of transformed cells [5]. Phytochemicals can veritably prevent
these processes by activating antioxidant and detoxification pathways and exerting an
anti-inflammatory action [6,7].

There is nowadays a wide consensus that inflammation plays a relevant role in carcino-
genetic events. Many experimental results document a pro-tumor activity of inflammatory
mediators and epidemiological studies reveal that chronic inflammation predisposes to
various types of cancer [8]. In the attempt to replace lost cells or repair damaged tissues,
cytokines, chemokines, angiogenic factors and extracellular matrix-degrading enzymes
might in some cases increase the risk of cell transformation and most often sustain high
proliferation rate of transformed cells [8,9]. Among the factors involved in carcinogenesis-
related inflammation, cytokines like tumor necrosis factor (TNF)-α, interleukin (IL)-1β,
interferon (IFN)-γ, and IL-6, appear to play a pivotal role. Cytokine signaling results in the
activation of transcription factors, in particular nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) and signal transducer and activator of transcription (STAT)-1/3,
which are points of convergence for several pathways promoting malignancy, as evidenced
in many studies [10–13]. In particular, NF-κB is a coordinator of innate immunity and in-
flammation and has emerged as an important endogenous tumor promoter [14,15]. NF-κB
also enhances expression of IL-6, that further elicits cell proliferation and inhibits apoptosis
via STAT-3 signaling pathway [16,17].

Interestingly, a number of phytochemicals impair both inflammation and oncogenesis
by inhibiting activation of transcription factors [6]. For instance, ginger extract protects
against ethionine-induced rat hepato-carcinogenesis restraining TNF-α production and
NF-κB activation [18]; astaxanthin exerts anti-inflammatory effects by hindering NF-κB
signaling pathway and prevents hamster buccal pouch carcinogenesis [19]; ursolic acid
and resveratrol inhibit skin tumor development by hampering pro-inflammatory cytokine
expression and NF-κB/STAT-3 activation [20].

2.2. Tumor Growth, Angiogenesis, Invasiveness, and Metastasis

In the complex network regulating tumor development, the role of mitogen activated
protein kinases (MAPK) activity appears crucial for tumor cell survival. Growth factors,
such as epidermal growth factor (EGF), platelet derived growth factor (PDGF), and insulin
growth factor, act through extracellular-regulated kinase (ERK)1/2 and protein kinase B
(Akt) signaling pathways to foster cell proliferation [21]. Phosphatidylinositol-3 kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway represents another critical
signaling axis which supports tumor growth [22], also through stimulation of protein
synthesis and angiogenesis [23,24]. These kinases have connections to each other and
to downstream transcription factors [25]. For instance, kinase-induced NF-κB activation
favors cell survival in most tumor types, also by enhancing the expression of anti-apoptotic
genes [15,25,26]. Promotion of apoptosis in cancer cells is indeed considered a powerful
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and reliable therapeutic tool. Notably, in both cancer cell lines and experimental tumor
models, several phytochemicals have been characterized as pro-apoptotic agents effectively
curtailing tumor growth [27–30].

Furthermore, natural products counteract tumor progression by hindering malignant
cells ability to invade and seed in other body sites [27,28,31]. Invasiveness and metastatic
spread are complex phenomena involving interactions between malignant and inflamma-
tory micro-environmental cells [32–34]. Actually, tumor-associated macrophages potently
induce angiogenesis by producing plentiful vasoactive factors, such as IL-8, vascular en-
dothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and PDGF [33,35].
Surrounding fibroblasts and macrophages share with tumor cells the ability to release
proteolytic enzymes, like metalloproteinases (MMPs), elastase and trypsin, which degrade
extracellular matrix and cause abnormal blood vessel permeability [36–38]. Moreover, pro-
liferation and migration of lymphatic endothelial cells, leading to neogenesis or remodeling
of lymphatic vessels, can favor cancer metastasis [39].

Scientific evidence suggests that the daily consumption of adequate amounts of bioac-
tive phytochemicals improves cancer prognosis, as recently reviewed [40]. For instance,
herbal extracts from Astragalus membranaceus, Angelica gigas, and Trichosanthes kirilowii maxi-
mowicz were reported to suppress lung metastasis in vivo through inhibition of IL-6/STAT-3
signaling pathway [40,41]. The ethanol extract of Rhizoma amorphophalli significantly de-
creased proliferation and migration of breast cancer cells in the lung [42]. Daucosterol
linoleate downregulated the expression of VEGF, MMP-2 and MMP-9 in breast and lung
cancers [43], as Manuka honey did in human colon cancer cell lines [44]. Thus, the treat-
ment with various natural product extracts represents a promising approach to limit both
progression and spread of tumors.

3. Reactive Oxygen Species as a Double-Edged Sword in the Fight against Cancer

Free radical oxygen species (ROS) are highly reactive byproducts of cell metabolism.
ROS level in normal cells is tightly regulated by redox homeostasis based on several
antioxidant detoxifying agents [45]. However, if ROS amount exceeds a certain threshold,
serious damages occur in cells, like DNA deletions, insertions, single- and double-strand
breaks that, if not repaired, might lead to either tumor transformation or cell death [46].

Mitochondria are considered the major production site of ROS, generated through
the electron transport chain (ETC). The free energy made available by the electron transfer
drives a proton-motive force (pmf) across the inner mitochondrial membrane. As protons
are positively charged, pmf determines a charge gradient which constitutes the inner
mitochondrial membrane potential (Δψm). When the Δψm is high, like in cancer cells,
the electron transfer is slowed down, as protons have to be pumped against an enhanced
electrochemical force, so that an electron leakage and, consequently, high ROS production are
favored [47] (Figure 1). By lowering the Δψm toward that of normal cells, the electron flow
would accelerate with the result that (i) electrons spend less time in ETC, thus decreasing their
chance of reducing oxygen to superoxide radical; (ii) the increase in oxygen consumption due
to the faster electron transfer limits free oxygen availability for superoxide generation [47].
In this regard, tumor cells have a more negative mitochondrial membrane potential inside
the matrix (Δψm ~ −210 mV), than normal cells (Δψm ~ −140 mV) [28,48] (Figure 1).

Quickly after superoxide generation, other reactive species can be produced, including
hydroxyl and thiol radicals, hydrogen peroxide (H2O2) and peroxy-nitrites, the latter
derived from the interaction between superoxide and nitric oxide produced by inducible
nitric oxide synthase (iNOS) [48,49]. Overexpression of iNOS is common in different
tumor types [49,50] and in surrounding microenvironmental cells, due to cytokine-elicited
activation of NF-κB and STAT-1 signaling [51,52].

Besides their direct production in mitochondria, superoxide radicals are enzymatically
generated by NADPH oxidases (NOXs) located in plasmatic and organelle membranes [53],
and can also arise as byproducts from COX-2 and 5-lipoxygenase (5-LO) activities. Anyway,
superoxide radical can be easily converted into H2O2, that exhibits higher stability and
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target selectivity than all other reactive species [53,54]. Thus, H2O2 can operate as a bona
fide second messenger for the intracellular transduction signaling of hormones, growth
factors, cytokines and other inflammatory mediators, by oxidizing the thiol groups of
cysteine residues of target proteins, including tyrosine phosphatases (PTPs) [49,54–56].
A generalized inhibition of PTPs can actually shift the dynamic equilibrium between PTPs
and protein kinases, favoring kinase activation cascade [56].

Figure 1. Electron flux in electron transport chain (ETC) and mitochondrial (mt)ROS production.
Normal cells: the physiological electron flux in ETC determines robust proton pumping from the
matrix to the intermembrane space and maintains stable negative mitochondrial membrane potential
(Δψm = −140 mV). In this situation, electron transfer to O2 is fast and the electron leakage for ROS
generation is small (basal ROS production). Cancer cells: the electron transfer to O2 is slow because
the associated proton pump is impaired by the fact that protons must be pumped against a stronger
electrochemical force (Δψm = −210 mV). Thus, a larger number of electrons leaks out ETC, increasing
ROS production.

A tight crosstalk between ROS, NF-κB and inflammatory mediators is documented.
Pro-inflammatory cytokines, through binding to their receptors and the subsequent
ROS/H2O2 signal transduction, drive the phosphorylation and activation of IκB kinases
(IKKs) and downstream NF-κB [57–59]. NF-κB signaling is able to prevent ROS-elicited
apoptosis by activating gene transduction for antioxidant enzymes, thereby further sustain-
ing a pro-survival response [57,60]. Thus, despite enhanced ROS, malignant cells escape
death by maintaining ROS levels below the lethal threshold through the production of
large amounts of ROS scavengers. At the same time, cancer cells can utilize ROS sig-
naling to enhance growth by promoting the activity of pro-survival kinases (i.e., PI3K,
Akt, ERK1/2, mTOR) [48,61]. Additionally, high ROS levels can trigger angiogenesis
through stabilization of hypoxia inducing factor (HIF)-1, that drives the expression of
hypoxia-responsive genes leading to upregulation of MMP-1/2/9 and favoring tumor cell
infiltration in other tissues [62].

There is increasing consensus that natural products, even at low concentrations,
are able to decrease carcinogen-elicited DNA damage, thereby exerting tumor preventive
effects through the regulation of ROS-related processes [45], although the mechanisms
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involved are still unclear. Low concentrations of natural agents are probably ineffective
in vivo as ROS scavengers, because both normal and even more cancer cells possess an
ample reserve of antioxidants, such as vitamin C and glutathione (GSH) [28]. It is more
likely that natural products act at low concentration by interfering with specific steps of sig-
naling pathways [28,63]. Other mechanisms may involve modulation of expression and/or
activity of oxidative stress-related enzymes [64,65], as well as limitation of ROS generation
through a partial dissipation of the inner mitochondrial membrane potential [28,45,66].
Conversely, it has also been suggested that, in the context of established cancer, several
natural bioactive compounds, especially at high concentrations, can exert pro-oxidant
rather than anti-oxidant activity, further enhancing oxidative stress and driving tumor cells
to death [67,68]. This hypothesis originates from in vitro evidences that catechins and other
natural products could actually induce ROS-dependent apoptosis in various types of tumor
cells [69–72]. Anyhow, to explain the large variability of the experimental data reported
in literature, a number of limitations of the in vitro studies on the anti-tumor effects of
natural products should be mentioned: (i) the high concentrations of natural compounds
often used in such studies raise the question whether they are really relevant to the in vivo
situation [28]; (ii) the majority of the in vitro experiments has been performed with cell
lines cultured in a medium often deficient in antioxidants, that can lead to overstate the
beneficial effects of added antioxidant products [73]; (iii) some polyphenols are instable in
standard culture media, in which they can generate oxidation products capable of depleting
cellular glutathione and eventually resulting in pro-oxidant effects [73]. For these reasons,
in vivo experiments are expected to make us better understand at the molecular level the
real effects of natural products on the reactive oxygen radicals. Indeed, although it has
been well documented that polyphenols and other natural compounds are able to inhibit
tumorigenesis and tumor growth in several animal models, a putative ROS-dependent
pro-oxidant mechanism in such in vivo inhibition has not been elucidated yet [67].

4. Dysregulation of Proton and Ion Content in Cancer Cells as a Possible Target for
Phytochemical Therapy

Another hallmark of neoplastic cells is the aberrant regulation of ion flow affect-
ing the intra- and extra-cellular pH homeostasis. Many channels able to modify proton
concentration are present in the plasma membrane. The most important is the Na+/H+

exchanger (NHE) that uses the natural inward Na+ gradient to move Na+ into the cytosol
and H+ in the extracellular space [74,75]. Remarkably, the expression of the ubiquitous
NHE1 antiporter increases by two-three-fold in many different tumor types [76]. The key
role of NHE1 in carcinogenesis has been well elucidated by Reshkin et al., who provided
evidence that the earlier event in tumor development was the cytoplasmic alkalization
consequent to the transformation-dependent activation of the NHE1 channel, driven by
an increased affinity of NHE1 allosteric proton regulatory site [77]. In addition to protons,
NHE1 activity can be amplified by osmotic or ischemic stress, as well as by growth factor
and MAPK signaling [74,78,79].

Besides NHE1, pH can be regulated by the Na+/HCO3
− cotransporter, that is over-

expressed in hypoxic tumors [74,80]. In addition, other plasma membrane channels are
effectors of pH dynamics, such as the voltage-gated proton channel, the vacuolar type
H+-ATPase (V-ATPase), the H+/K+-ATPase and the H+/monocarboxylate transporters,
the latter extruding from the cell lactate or other monocarboxylate metabolites together
with a proton [81,82]. Importantly, both pharmacological and phytochemical inhibitors
of these channels were found to revert or at least attenuate the malignant phenotype of
cancer cells, suggesting that a crucial role is played by pH and ion concentration changes
in tumor development, as reviewed in [74,78,81,83,84].

Aside the pH effectors above described, a number of pH sensors (i.e., proteins whose
activities or ligand binding affinities are regulated by pH) have been recognized [83].
Actually, changes in proton concentration (i.e., pH dynamics) are reflected by the amount
of the protonated form of histidine residues which are able to buffer pH variations [84].
In this way, pH dysregulation can simultaneously modify charge and function of many
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protein targets, facilitating gain- or loss-of-function of mutated proteins as it occurs in the
R337H substitution of the tumor suppressor p53 in cancer [84].

It should be reminded that in normal cells proton concentration is slightly higher in
cytosol (pHi ~7.2) than in extracellular space (pHe ~7.4) [83]. Conversely, in tumor cells
pHi increases to ~7.6 and pHe decreases to ~6.8, thereby reversing the pH gradient (ΔpH)
direction. Such pH dysregulation, that occurs early in cancer development, is further
exacerbated during tumor progression [83].

The alterations in proton concentration imply serious consequences in the cellular func-
tions. The acidification of extracellular tumor microenvironment contributes to enhance
invasiveness and metastatic spread, suppress immune responses and induce chemotherapy
resistance, whereas the cytosolic alkalization favors cell proliferation, protects from apopto-
sis, and supports tumor neo-vascularization by promoting VEGF expression [74,81,83–85].
It has been observed that, if the dysregulation of proton concentration is reversed by
inhibiting NHE1 transporter activity, the resulting intracellular acidification contributes
to cell death via apoptosis [85–87]. Reciprocally, the observation that upon exposure to
apoptotic stimuli, an intracellular acidification occurs in mammalian cells undergoing apop-
tosis [87] confirms the strong relationship between acidic pHi and apoptosis pathway [88].
As counteracting pHi increase and Na+ overload reverts cancer cell phenotype, it is worth
to highlight that the use of proton and ion transporters inhibitors such as ameloride,
cariporide and other synthetic inhibitors, can be a new promising therapeutic approach
against tumor development [78,83]. In this regard, also some natural products can affect
pH-regulating ions channels. For instance, ginsenoside induces apoptosis in hepatocellular
carcinoma by decreasing NHE1 expression and activity, via EGF/ERK/HIF-1 signaling
pathway [89]. Ellagic acid markedly down-regulates ROS formation and NHE1 expression
leading to decreased NHE1 activity, pHi, glucose uptake and lactate release in endometrial
cancer cells [90]. Corncob extract decreases proliferation and viability in glioma cells
by reducing ROS amount, Bcl-2, and lactate monocarboxylate transporter 1 expression
levels [91]. Moreover, the increase in plasmatic and mitochondrial membrane proton
conductance could represent an alternative mechanism by which natural compounds can
restore pH homeostasis without affecting a specific ion channel, but still allowing protons
re-entry into the cytosol or the mitochondrial matrix. For instance, in the mitochondria,
any compound acting to decrease differences in pH across the membrane, lowers Δψm and
can also cause uncoupling of the electron flow with the oxidative phosphorylation [92].
In general, lipophilic, weakly acidic compounds can work as protonophores [92]. Due to
their lipophilicity, they enter and remain in the membrane in which they can shuttle from
one membrane-water interface to the other. For their weakly acidic nature, they can assume
either the neutral state or the anionic form. In the latter form, stabilization occurs by delo-
calization of negative charge by resonance, so that their lipophilicity is not compromised.
A protonophore in anionic form (e.g., a phenolate) is attracted by the positive side of the
membrane-water interface close to the intermembrane space (where the pH is 6.8). There,
it can bound a proton and move to the other membrane-water interface close to the matrix,
where it releases the proton, due to the negative charge on this side of the membrane and
the high pH (7.6) of the matrix. Then, it comes back for another cycle [28,92] (Figure 2).

It is known that a slight increase of mitochondrial membrane proton conductance,
without affecting ATP production (mild uncoupling), can inhibit ROS formation by re-
ducing Δψm [93] (through the mechanism described in Figure 1). Such protonophore
activity has been established for the acylphloroglucinol family of natural products, such as
clusianone, isolated from the roots of Clusia congestiflora, which is a mitochondrial un-
coupler and a well-known cytotoxic anti-cancer agent in hepatocarcinoma [94], the bis-
geranylacylphloroglucinol moronone, contained in the Moronobea coccinea extract, that dis-
plays cytotoxic activity in breast cancer cells by dissipating the mitochondrial proton
gradient [95], and hyperforin, from Hypericum perforatum, which is able to increase proton
conductance of both plasma and organelle membranes [96], as it will be detailed below.
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Figure 2. Mechanism of protonophore activity in the inner mitochondrial membrane. For its high
lipophilicity, a protonophore like the phenolate anion depicted in the Figure (or hyperforin, as pointed
out in the text) is going to be located inside the membrane and can move from one membrane-water
interface to the other. As regards the inner mitochondrial membrane, a protonophore molecule
captures a proton at the interface with the positive charged intermembrane space, where the proton
concentration is high (pH 6.8). In the protonated form, it moves to the interface with the matrix,
where the low proton concentration (pH 7.6) and the presence of negative charges favor proton
extrusion, and it assumes an anionic form. This form does not interfere with its lipophilicity because
it is stabilized by resonance, thus allowing its presence in the membrane and recycling. In this way,
the protonophore can dissipate the transmembrane potential (Δψm).

5. Hypericum perforatum or St. John’s Wort (SJW) and Hyperforin (HPF)

SJW is an herbaceous plant containing many bioactive molecules [97]. For long
time SJW has been used in the traditional medicine for its anti-inflammatory and lenitive
properties and recently it has been mostly employed for the treatment of anxiety and
depression to replace conventional antidepressant drugs [97,98], with which it shares the
inhibition of the uptake of monoamine neurotransmitters as a mechanism of action [99].
Several randomized controlled clinical trials have been performed and their results indicate
that SJW treatment of mild/moderate depression is effective and well-tolerated with
low occurrence of adverse effects [98,100,101]. Besides such anti-depressant properties,
other biological activities of SJW make this vegetal extract very suitable for both prevention
and treatment of a number of diseases in which the inflammatory events play a relevant role.
The pharmacological properties of Hypericum perforatum are due to a number of bioactive
molecules, among which the most important and characteristic of this species are hyperforin
(HPF) and hypericin, usually present in the total hydro-alcoholic SJW extract within a
range of concentrations of 1–5% and 0.1–0.3%, respectively. Additional active compounds,
such as hyperoside, rutin, quercetin, several catechins and other polyphenols are often
contained in the total extract of SJW, although with a large variability of concentrations,
mainly depending on seasonal fluctuations and the geographic origin of plant [102–104].

Among the major SJW components, we will not consider here the antitumor effect
of hypericin, whose mechanism of action is based on its phototoxic properties, currently
exploited in the so-called photodynamic therapy applied in several tumor types, especially
of cutaneous origin [105,106]. We will actually focus on HPF, that is the primary active
principle responsible for both the antidepressant and the anti-inflammatory properties of
SJW [52,99,107–109].
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HPF is a bio-active acylphloroglucinol abundantly present in the apical flowers of Hy-
pericum perforatum plant. Notably, pharmacokinetic data, obtained in healthy volunteers, in-
dicate that oral administration of anti-depressive therapeutic doses of SJW hydro-alcoholic
extract (3 × 300 mg daily, containing 15 mg HPF) results in a maximal HPF circulating
concentration of 0.28 μM, at 3.5 h after a single dose, and a steady-state concentration
of 0.18 μM [110]. Similar results were obtained in a successive study [111], confirming
the bioavailability of HPF and the achievement of suitable blood levels after ingestion
of SJW extract. Altogether, the available data show that HPF contained in SJW extract
is effectively absorbed and can protect cells against pro-inflammatory cytokine-induced
damage. Moreover, it should be stressed that HPF is able to induce long-lasting changes
in the cell signaling and transcriptional pathways even after being withdrawn from the
cell culture medium following a pre-incubation period [112,113]. While HPF is stabilized
by the presence of antioxidant compounds in the whole SJW extract, purified HPF is rela-
tively unstable in presence of light and oxygen [114]. Therefore, various hyperforin salt
preparations [110] and stabilized hyperforin analogs, such as DCHA-hyperforin [115,116]
or aristoforin [117] were tested and proved to retain HPF biological activity.

5.1. Protective Effects of SJW and HPF against Noxious Stimuli

SJW extract and HPF exert powerful anti-inflammatory effects by blocking the activa-
tion of several signaling pathways triggered by injuring stimuli and by slowing down the
production of inflammatory mediators. SJW and HPF have been shown to suppress the ac-
tivities of COX-1 and 5-LO in vitro and in vivo [107,108]. Strong inhibition of prostaglandin
E2 (PGE2) has been confirmed using either SJW extract in a lipopolysaccharides (LPS)-
stimulated RAW 264.7 mouse macrophage model [118], or HPF in an in vitro assay of
LPS-stimulated human whole blood [119]. In our laboratory, we observed that, in pancre-
atic β cells as well as in rat and human pancreatic islets, SJW and HPF are able to markedly
inhibit both IFN-γ-elicited STAT-1 and TNF-α/IL-1β-triggered NF-κB activities, leading
to prevention of iNOS gene expression and protection against β-cell damage [52,120,121].
Furthermore, in the same cells supplemented with SJW or HPF, we showed a significant
concentration-dependent reduction of the phosphorylation level of several cytokines-
elicited kinases, such as IKK, Akt, p38, c-Jun N-terminal kinase (JNK), ERK1/2 [109].
HPF also influences pro-inflammatory and immunological responses of microglia that are
involved in the progression of neuropathological disorders. Actually, Kraus et al. reported
that HPF significantly suppresses NF-κB activity and strongly inhibits iNOS expression
in N11 and BV2 mouse microglia and RAW 264.7 macrophages treated with LPS [112].
Additionally, 1 μM HPF triggers differentiation in primary cultures of human keratinocytes
and in derived HaCaT cell lines and inhibits their proliferation [122]. Pretreatment with
SJW extract preserved PC12 cell line from H2O2-induced ROS generation and damage in a
concentration-dependent manner (1–100 μg/mL) [123]. Feisst and Werz [124] found that
HPF at very low concentration (IC50~0.3 μM) interferes with the induction of oxidative
burst in polymorphonuclear leucocytes (PMN) by rather suppressing N-formyl-methionyl-
leucil-phenylalanine (fMLP)-induced ROS production, than acting as a ROS scavenger.
The authors reported that, after fMLP-elicited PMN stimulation, HPF is able to hinder ROS
generation, by targeting an unknown component within the signaling cascade leading to
Ca2+ mobilization [124].

Moreover, SJW and HPF exert potent anti-inflammatory effects in several animal
model of acute and chronic inflammation by downregulating the expression or activity
of inflammatory mediators and lowering ROS production. HPF attenuated microglial
activation, p65 NFκB phosphorylation, and suppressed TNF-α expression in rat piriform
cortex following status epilepticus [125]. HPF protected neuronal cells against aluminum
maltolate-induced neurotoxicity by inhibiting ROS formation and enhancing superoxide
dismutase and glutathione peroxidase activities [126]. In our laboratory, we have shown in
various animal models, that SJW (30 mg/kg) prevents or attenuates tissue damage [127–131].
Acute lung inflammation induced by carrageenan is mediated by ROS production and
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activation of the redox-sensitive transcription factors NF-κB and STAT-3. SJW protect
mice from induced pleurisy by reduction of PMNs infiltration in lung tissues and subse-
quent lipid peroxidation, by decrease of TNF-α and IL-1β production and nitro-tyrosine
formation, as well as by inhibition of NF-κB and STAT-3 activity [127]. This finding is
consistent with data reported in various other studies dealing with rodent models of
carrageenan-induced paw edema, which was markedly reduced upon oral administration
of SJW extract [132–134]. Zymosan administration in mice also resulted in excessive ROS
formation by activated PMNs and lipid peroxidation in plasma, intestine, and lung [128].
In zymosan-injected mice pre-treated with SJW, we observed an increase in the intracellular
amounts of both GSH and anti-oxidant enzymes associated with the reduction of iNOS ex-
pression as well as of ROS and nitro-tyrosine levels as compared to untreated controls [128].
Furthermore, SJW extract was able to mitigate cerulean-induced pancreatitis in mice by
inhibiting edema, neutrophil infiltration and levels of intercellular adhesion molecule
(ICAM)-1 and nitrosylated proteins in the injured pancreas, finally reducing the mortality
of cerulean-treated animals [129]. In addition, SJW displayed a pronounced protective role
against gastro-enteric inflammatory injury, as observed in rat gastric mucosa damaged by
indomethacin administration [135] or in colonic mucosa after induction of experimental
inflammatory bowel disease [136]. SJW was also able to protect rat intestinal epithelial
architecture caused by irinotecan-elicited inflammation, likely dependent on the fact that
SJW pretreatment limited the cytokine increase induced by irinotecan administration in
the intestine and liver [137].

In summary, HPF-containing SJW extract or HPF can attenuate inflammatory response
and subsequent tissue injury in several cell types and animal models by modulating a number
of potentially harmful processes triggered by inflammatory signaling and ROS generation.

5.2. Molecular Mechanisms of HPF Related to Its Protonophore Activity

It has been suggested [96] that the molecular mechanism(s) underlying HPF effects
toward various intracellular targets could be due to the fact that this phloroglucinol
behaves as a protonophore, that is, as explained above, capable of increasing proton
conductance of biological membranes. Interestingly, studies on the structure-activity
relationship indicate that the protonophore activity of a compound, in most cases, is a
linear function of the partition coefficient in the octanol and water (ow) system (Log Kow)
and also depends on its acidic dissociation constant (pKa), an index of acidity strength [92].
For instance, the partition coefficient of several polyphenols ranges from 1 to 3 and their
pKa ranges from 4 to 9 [28]. Definitely, HPF is much more lipophilic than the majority
of polyphenols as it displays a Log Kow > 10, meanwhile its pKa value of 6.3 allows
effective buffering of pH changes in a neutral environment [138]. Both values represent
ideal chemical features for a compound to act as a protonophore. Indeed, the ability of
HPF to increase proton conductance of plasmatic and organelle membranes was firstly
disclosed by Roz and Rehavi [139] to explain its inhibitory action on neurotransmitter
reuptake by a non-competitive mechanism. Taking into account that the proton gradient,
induced by V-ATPase, is the major driving force for vesicular monoamine uptake and
storage, these authors showed that HPF (at 0.4–1 μM), alike the synthetic protonophore
carbonyl cyanide 4-(trifluoromethoxy)phenyl-hydrazone (FCCP), is able to dissipate the
pH gradient across the synaptic vesicle membrane [139]. Moreover, Froestl et al. [140] have
linked the HPF protonophore activity to its aptitude to enhance amyloid precursor protein
extrusion from the cells, process that is highly depending on intracellular pH. In this
model, HPF, by affecting proton content, can indeed protect neurons against development
of Alzheimer’s disease [140,141]. Sell et al. [96] confirmed that HPF, due to its physico-
chemical properties, is easily incorporated into the membrane lipid bilayer, where it can
function as a protonophore, triggering proton crossing regardless the involvement of any
channel protein. Finally, in experiments carried out in isolated brain mitochondria, Tu et al.
observed that HPF, likewise the protonophore and uncoupler FCCP, cause a concentration-
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dependent drop in the mitochondrial membrane potential [142]. Thus, HPF is also able to
affect mitochondrial function, as well as mitochondrial (mt)ROS production [142].

6. Antitumor Activity of SJW Extract and Its Component HPF

6.1. Protective Effects of SJW and HPF against Carcinogenesis

The above described capability of SJW extract and HPF to defend normal cells and
tissues from injurious stimuli could be the rationale for their preventive anti-tumor activity.
As already mentioned, HPF suppresses 5-LO and COX-1 activity and PGE2 production
both in human whole blood at low concentrations range (0.03–2 μM) and in a number of
in vivo models [107,108,118,119]. Actually, inhibition of eicosanoid synthesis provides a
molecular basis for not only the anti-inflammatory but also the anti-carcinogenic properties
of HPF [119]. Indeed, excessive PGE2 formation has been found associated with tumorige-
nesis of colon, breast, prostate, and lung carcinoma [119]. Furthermore, overexpression of
5-LO protein was observed in cancer cell lines and tumor specimens [143].

Mainly due to their inhibitory action on inflammation-generated byproducts, SJW and
HPF can also help preventing genotoxic effects. Actually, the anti-genotoxic ability of
HPF has been verified by measuring the amount of bacterial gene mutations (Ames’
test), the occurrence of DNA strand breaks in human lymphocytes (comet assay) and the
induction of chromosome aberrations in a mammalian cell line [144]. The results showed
that HPF (at a concentration of about 1 μM) displays indeed anti-mutagenic activity as
well as DNA protective effect against zeocin-induced single- and double-strand breaks
and reduction of chromosome aberrations in human liver cells exposed to benzo[a]pyrene
(B[a]P) or cisplatin. This suggests that HPF could de facto contribute to reduce human
environmental risk [144]. The SJW- and HPF-dependent prevention of ROS generation,
observed in different in vitro and in vivo inflammatory models [123,124,126–128,145,146],
may account for their protective effect against genotoxic insults. In particular, the HPF
ability to decrease ROS production could be crucial to prevent the genotoxic action of zeocin,
that was reported to cause DNA damage in two breast cancer cell lines mainly by increasing
intracellular ROS level [147,148]. Furthermore, the aforementioned protonophore action of
HPF, by allowing protons to re-enter the cytosol and thus hinder intracellular alkalization,
might explain the HPF protective effect on B[a]P-induced carcinogenesis, reported by
Imreova et al. [144]. In fact, intracellular alkalization was detected in rat hepatic epithelial
F258 cells quickly upon exposure to B[a]P, resulting in alteration of pH dynamics in different
cell compartments including mitochondria and affecting mitochondrial function [149].

A protective action against oncogenesis has also been shown by using SJW total extract.
In a mouse experimental model of colorectal carcinogenesis induced by azoxymethane,
Manna et al. [150] reported the preventive potential of a dietary supplementation with SJW
extract. Azoxymethane induces alkylation of DNA leading to mutations and tumorigene-
sis [150]. Diet enrichment with 5% SJW decreases the incidence of colorectal polyps and
large tumors in azoxymethane-treated mice, finally improving overall animals’ survival.
In this model, at molecular level, it has been observed that NF-κB and ERK1/2 pathways
are hampered by SJW, with a reduction in the mRNA expression level of NF-κB-elicited
genes, such as TNF-α, IL-1β, MMP-7 and -9 and iNOS [150]. These results clearly indicate
that preventive administration of SJW can decrease both the occurrence of colorectal tumors
and the associated induction of inflammatory signaling [150]. Interestingly, the same mouse
model of colorectal carcinogenesis has recently been showed to depend on NOX/ROS
activity, since a low dose of diphenyleneiodonium (DPI), a NOX inhibitor, prevents the
formation of azoxymethane-induced adenomatous polyps and inhibits the intestinal in-
flammatory response [151]. Mechanistically, DPI decreases ROS production in the colon,
resulting in inhibition of TNF-α, IL-6 and monocyte chemoattractant protein-1 (MCP-1)
production, as well as ERK1/2, STAT-3 and NF-κB signaling, finally exerting a strong
anti-inflammatory effect [151]. Thus, it is likely that DPI and SJW exert protective effects
against azoxymethane-elicited colorectal carcinogenesis with a similar mechanism, i.e.,
by interfering with ROS-mediated inflammatory signaling.

78



Antioxidants 2021, 10, 18

It is meaningful to remark that the presence of HPF in SJW extract can affect the phar-
macokinetics of many co-administered drugs by inducing a number of liver cytochrome
P450 (CYP) isozymes, such as CYP3A4, CYP2C19, CYP2D2 [152]. It has been shown indeed
that HPF is a potent ligand for the pregnane X receptor (PXR), which is the principal tran-
scriptional regulator of CYP3A enzyme expression [152]. Notably, several CYP isozymes
are implicated in the detoxification of xenobiotics, or otherwise in the biotransformation
of pro-carcinogens requiring metabolic activation to exert their genotoxic effects [153,154].
Nevertheless, at variance of most in vitro studies showing carcinogen activation by CYPs,
in vivo experiments performed after gene deletion of P450 isozymes have often revealed
that these metabolizing enzymes have a major role in detoxification rather than activation
of carcinogens [154]. For instance, a recent study of Beyerle et al. [155] reported downregu-
lation of xenobiotic-metabolizing enzymes, including CYP3A4, in human colorectal cancer
tissues with respect to normal mucosa samples. Thus, the activation of CYP isozymes
involved in carcinogen detoxification might be another mechanism by which HPF can
function as a tumor preventive phytochemical agent.

It has to be highlighted that the protective effects of SJW against colon carcinogenesis
can occur also in humans. Remarkably, a very large epidemiologic study in USA (including
77,000 participants monitored for 5 years) explored whether the regular employment of
various herbal supplements would lessen the risk for lung or colorectal cancers. The results
showed that continuative use of SJW was associated with a 65% decrease in risk for col-
orectal cancer, although no protective effect was observed with regard to lung cancer [156].

It is worth mentioning that SJW could prevent tumor onset also by virtue of its
antimicrobial and antiviral activities. For instance, quite low concentrations of an alcoholic
SJW extract have been shown to exert powerful protection against Helicobacter pylori,
a pathogen that is known to increase the risk of some forms of stomach cancer [157].
In a more recent study, the antimicrobial activity of SJW against H. pylori was confirmed
by the observation that low concentrations of SJW extract were able to rapidly kill a
high percentage of most strains of this bacterium [158]. SJW is also able to inhibit the
growth of viruses implicated in the development of some cancers, such as hepatitis B virus
(HBV) whose long-term infection could indeed result in development of cirrhosis and
hepatocellular carcinoma. SJW ethanol extract has been reported to have strong inhibitory
effects on HBV in vitro by decreasing the expression of HBV DNA and the secretion of
HBV antigens [159].

6.2. Effects of SJW and HPF on Cell Proliferation and Apoptosis

When tumor has already grown, SJW and HPF can still exert therapeutic effects by
down-modulating survival signaling and/or inducing apoptosis. Remarkably, in rats injected
subcutaneously with MT-450 breast cancer cells and administered HPF daily at the site of the
cell transfer, in vivo tumor growth was inhibited in the absence of any side effect [160].

Ten human and six rat cancer cell lines, derived from melanoma, breast and ovary
carcinoma, prostate and pancreas tumors, glioblastoma, sarcoma and T cell leukemia,
were found to be very sensitive to the antitumor effects of hyperforin-DCHA (in the range
5–20 μM) [160]. HPF-DCHA slowed down tumor cell proliferation and, at the highest
concentration used in this study (20 μM), induced apoptosis as well as caspase-9 and -3 ac-
tivities [160]. Apoptosis was triggered by a loss of mitochondrial transmembrane potential
(Δψm) very early after HPF exposure, accompanied by a rapid release of cytochrome (Cyt)
c, as assessed in a mitochondria-enriched cell fraction [160]. Recently, Hsu et al. [161]
reported that in two glioblastoma cell lines, HPF prompts apoptosis, increase of cytosolic
[Ca2+], loss of Δψm, suppression of EGFR/ERK/NF-κB signaling, and decrease of anti-
apoptotic proteins expression. Wiechmann et al. [162] also showed that HPF can directly
impair viability of mitochondria isolated from HL-60 cells by affecting mitochondrial
proton-motive force. Again, in hepatocellular carcinoma cell line, HPF significantly inhibits
cell viability and cyclin D1 expression and induces loss of Δψm and downregulation of the
anti-apoptotic proteins fetal liver LKB1 interacting protein c (c-FLIP), X linked inhibitor of
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apoptosis protein (XIAP) and myeloid leukemia cell differentiation protein (Mcl-1), finally
triggering apoptosis [163].

By acting as a protonophore in the plasma membrane, HPF can counteract cytosolic al-
kalization, thus allowing apoptosis. Nevertheless, for the achievement of the apoptotic goal,
the major target of HPF appears to be the inner mitochondrial membrane, whose hyperpo-
larization in cancer cells protects them from apoptosis [28]. In fact, HPF-induced severe
dissipation of Δψm provokes pore formation and Cyt c release, sensitizing cancer cells to
death [28]. Moreover, the fall in mitochondrial membrane potential and the consequent
lowering of mtROS hinders both mitogen signals triggered by growth factors and activation
of survival kinases, including ERK1/2 and Akt [48]. As reported above, mitochondrial
membranes incorporate lipophilic HPF [96,164], so that, while in normal condition the
inner membrane is impervious to protons, in the presence of HPF, protons can shuttle into
the matrix following their concentration and electric gradients (as described in Figure 2),
with consequent breakdown of Δψm. Other natural active compounds, such as curcumin,
epigallocatechin gallate, honokiol, myricetin, urolithin A, moronone, nemorosone, may also
exert, at least partially, antitumor action by dissipation of Δψm [28,95,165], as do the syn-
thetic uncoupling molecules [166]. In this regard, the protonophore carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) directly interferes with mitochondrial function and
induces apoptosis [167,168]. It has also been reported that uncoupling agents such as
2,4-dinitro-phenol and others, acting as protonophores, can prevent inflammatory response
even at low concentrations, by inhibiting TNF-α-dependent activation of NF-κB signal-
ing [93,169]. Hence, NF-κB is confirmed to be a crucial target of SJW and HPF antitumor
action also through mechanisms involving an uncoupling/protonophore activity that
HPF shares with classical uncouplers. Actually, it has been documented that SJW extract
promotes apoptosis and decreases NF-κB protein level in MCF-7 cells [170] and that SJW
oil inhibits NF-κB activation in human chronic myelogenous leukemia K562 cells [171].
HPF decreases the expression level of anti-apoptotic proteins and induces apoptotic cell
death through blockade of NF-κB activity in non-small cell lung cancer [147], bladder
cancer [172] and U-87 and GBM-8401 glioblastoma [161] cell lines. In order to clarify the
molecular mechanism leading to NF-κB inhibition by HPF, it should be reminded that this
transcription factor can be activated by inflammatory mediators through ROS as second
messengers [57,59]. Thus, HPF, by blocking NOX/ROS-dependent signal transduction
elicited by cytokines and growth factors, and/or mtROS production by decreasing Δψm,
could affect NF-κB activation and its downstream signaling pathway.

Many pro-apoptotic proteins are encoded by NF-κB-responsive genes. Notably, several
investigations document a pro-apoptotic effect of SJW and HPF depending on a complex
modulation of pro- and anti-apoptotic members of the B cell lymphoma 2 (Bcl2) family of
proteins. For instance, in MCF-7 human breast cancer cells, SJW extract induces apoptosis
by increasing the pro-apoptotic proteins Bcl 2 associated X (Bax) and Bcl 2 antagonist of cell
death (Bad) and decreasing the anti-apoptotic proteins Bcl-2, B cell lymphoma extra-large
(Bcl-xL), and phosphorylated form of Bad (pBad), finally leading to caspase 7 activation
and cell death [173]. In human myeloid tumor cells, Merhi et al. [174] show that HPF
inhibits Akt kinase activity, determining dephosphorylation of Bad, an Akt substrate,
and activation of its pro-apoptotic function. The authors conclude that HPF, as a negative
regulator of Akt, could represent an interesting novel approach for treatment of AML
and other malignancies. In human K562 T cell leukemia and U937 lymphoma cell lines,
Hostanska et al. confirm the anti-carcinogenic property of HPF that triggers a caspase-
dependent apoptotic cell death [175]. The HPF antitumor activity has been also tested
in primary cells of hematological malignancies, i.e., in leukemic cells from B-cell chronic
lymphocytic leukemia (B-CLL) patients [176]. HPF induces apoptosis in the B-CLL cells
by eliciting a drop in mitochondrial transmembrane potential and activation of caspase 3.
In this study, the anti-apoptotic factors Bcl-2 and Mcl-1 as well as the protein expressions
of iNOS and p27kip1b are downregulated [176]. In the B-CCL cells, Zaher et al. [177] show
a strong correlation between the upregulation of Noxa protein expression and HPF-elicited
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cell apoptosis, that is in fact partially inhibited by RNA-interfering Noxa silencing. Notably,
the pro-apoptotic activator Noxa, by binding to Mcl-1 and neutralizing its anti-apoptotic
action, is involved in B-CCL cells death [178]. HPF is also able to elicit growth arrest and
caspase-dependent apoptosis in acute myeloid leukemia (AML) cell lines and in primary
AML cells, in which the apoptotic mechanisms are again traced back to mitochondrial
membrane potential loss, Noxa overexpression and Mcl-1 downregulation [174].

As the ability of HPF to regulate the balance between pro- and anti-apoptotic proteins
has been so frequently associated with mitochondrial membrane potential loss, due to
its protonophore activity, it is actually surprising that in many experimental models this
mechanism has not yet been extensively investigated. However, all studies which measured
both apoptosis activity and mitochondrial membrane potential found a negative correlation
between these two phenomena [160,162,163,174,176], suggesting a close link between
HPF mitochondrial protonophore action and programmed cell death susceptibility in
cancer cells.

It is worth to highlight that the HPF pro-apoptotic action is selectively observed in
cancer cells, whereas healthy cells are much less sensitive to HPF cytotoxicity. It is known
indeed that the same concentration of HPF that induces clear-cut damage in B-CLL cells is
totally unable to compromise viability of human B lymphocytes from healthy donors [176].
The reason why normal cells are more resistant to HPF cytotoxic action could be related
to their intrinsic differences in metabolism, pH and ionic concentrations in the cytosol
and organelle compartments with respect to malignant cells. For instance, in normal cells
the negative cytosolic side of the plasma membrane facilitates proton influx, although
this influx is attenuated by the mild pH gradient in the opposite direction, resulting
in only a faint proton entry in the presence of a protonophore such as HPF (Figure 3).
Instead, in malignancy, the negative plasma membrane charges together with a reversed
pH gradient, due to the highest activity of proton channels that extrude proton from the
cells, determine a substantial driving force for robust proton influx. Thereby, when the
proton conductance is empowered by the presence of a protonophore agent, a significant
and persistent cytosolic proton influx occurs in cancer cells. Alike other protonophore,
HPF elicits proton influx in tumor cells restoring cytosolic acidity and allowing apoptosis.
At the same time, extracellular tumor microenvironment would be impoverished in proton
concentration (i.e., pHe tends to neutrality), thus impeding extracellular matrix digestion,
tumor cells migration and invasiveness (Figure 3).

This hypothesis must be experimentally verified in the case of malignant cells, but is
consistent with the findings of Sell et al. [96] in both plasmatic membrane of normal cells
(primary microglia and chromaffin cells) and synthetic lipid bilayer (devoid of any channel
protein), in which HPF was shown to mediate a proton conductance due to its intrinsic
protonophore activity and resulting in proton entry into the cell and cytosol acidification.
Notably, the extent of proton influx, in the presence of HPF, is directly depending on
the proton gradient between the two sides of the membrane [96]. These authors also
demonstrated, by measurement of capacitance changes in the presence of various HPF
concentrations, that this lipophilic compound accumulates in the membrane, which might
explain the effects of even low doses of HPF [96] and the persistence of the protonophore
activity also when SJW or HPF is no more available in the cell culture medium [113].

At the present state of our knowledge, the hypothesis that HPF can change the proton
flux in function of the proton gradient could explain why HPF is not cytotoxic for normal
cells, whereas it can induce apoptosis in cancer cells. In cancer cells, both at the plasma
membrane level, in which ΔpH favors high proton influx, and at the hyperpolarized inner
mitochondria membrane, the presence of HPF could counteract malignant phenotype, or at
higher concentration, promote cell death by collapsing inner mitochondrial membrane.

In general, other effects of natural products could be related to their uncoupling activ-
ity. As an example, curcumin, that can act as an uncoupler, is able to increase AMP/ATP
ratio, thereby activating AMP-activated protein kinase (AMPK) [179]. In this way, cur-
cumin can inhibit mTOR that decreases Ser727 phosphorylation of STAT-3, blocking cell
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proliferation [180]. On the other hand, activated AMPK stabilizes the tumor suppressor
p53 favoring cellular sensitization to mitochondrial apoptosis [181]. Similarly, in HL60
leukemic cells, HPF and myrtucommulone, another phloroglucinol derivative, directly
interact with the mitochondrial membrane, decreasing Δψm, lowering the ATP level and ac-
tivating AMPK [162]. Moreover, SJW treatment, in the concentration range of 10–50 μg/mL,
enhances pAMPK and decreases pAkt, suppressing growth of breast cancer MCF7 cells.
SJW is also able to repress protein synthesis by decreasing the phosphorylation levels of
both mTOR and its downstream substrate 4E-BP1 [173].

Figure 3. Proton dynamics in normal and cancer cells. Left: normal cells display mild difference in
proton concentration between extracellular space and cytosol (ΔpH~0.2). Right: Differently from
normal cells, cancer cells show high activity of a number of channels that regulate pH (NHE; Hv;
V-H+/ATPase; Na+/HCO3

− cotransporter; H+/K+-ATPase and H+/lactate cotransporter, two of
them being represented as examples), which results in increase of proton concentration in the
extracellular space combined with cytosol alkalization (ΔpH~0.8). In the presence of HPF, due to the
protonophore activity of this compound, proton conductance increases. In both cell types exposed to
HPF, the negative charges of the cytosolic side of plasma membrane foster a proton influx, which is
small in normal cells and large in cancer cells displaying higher ΔpH. Thus, cancer cells exposed
to HPF can import a larger amount of protons which counteracts intracellular alkalization and
extracellular acidification, both hallmarks of malignancy. Green arrows and outlines refer to the
putative effects of HPF.

6.3. SJW and HPF Affect Neo-Angiogenesis, Tumor Cell Invasion and Metastasis.

The capability of SJW and in particularly HPF to inhibit angiogenesis, cell invasion
and metastasis has been largely investigated.

Martinez-Poveda et al. [182,183] showed that HPF can inhibit angiogenesis both in
bovine aortic endothelial (BAE) cells in vitro and in chorioallantoid membrane in vivo.
HPF also inhibits MMP-2 and urokinase secretion from BAE cells and restrains their inva-
sive capability in a Matrigel layer. The authors claim that HPF could be considered a promis-
ing anti-angiogenic natural product interfering with key events in angiogenesis at concen-
trations (10 μM) that do not cause endothelial cell death [183]. The anti-angiogenic activity
of HPF has been confirmed by many other studies. Lorusso et al. [184], using hyperforin-
DCHA in human umbilical vascular endothelial cells (HUVEC), showed that HPF induces
cytostatic but not cytotoxic effects, significantly reducing HUVEC cell migration triggered
by chemoattractant stimuli. Again, the authors showed that in the presence of 1–3 μM
HPF, the chemokine-elicited migration of neutrophils and monocytes as well as the TNF-α-
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stimulated nuclear translocation of NF-κB were markedly inhibited in HUVEC cells [184].
In an in vivo mouse model of conspicuous angiogenesis induced by subcutaneous injection
of Matrigel implants, HPF potently prevents neo-vascularization as well as expression of
pro-angiogenic IL-8 and MCP-1 chemokines [184]. In addition, the growth of Kaposi’s sar-
coma (a highly angiogenic tumor) in HPF-treated mice is markedly diminished both in size
and vascularization with respect to untreated controls. The authors conclude that HPF can
block many crucial events in tumor angiogenesis, most likely by inhibition of inflammatory
signaling, thus opening new perspectives in the treatment of solid cancers [184].

Likewise, Rothley et al. [185] reported that HPF and its more stable analog aristoforin
can block cell cycle and proliferation of either arterial or lymphatic endothelial cells at 5 μM
concentration, whereas they induce apoptosis at higher concentrations (>10 μM). The au-
thors analyzed the effect of these compounds in a rat model of tumor-induced lympho-
angiogenesis, obtained by subcutaneous injection of MT-450 malignant cells. When HPF
or aristoforin is administered daily in the peri-tumor area for two weeks, the lymphatic
capillary outgrowth is significantly reduced, suggesting that these bio-active compounds
can limit tumor-induced lympho-angiogenesis also in vivo [185].

Angiogenesis involves a tight regulation of multiple signaling pathways, among which
VEGF is the most prominent effector, although PDGF and bFGF also play a role [186]. It is
well-known that ROS signaling is linked to angiogenesis and involves induction of several
kinase pathways as MAPKs, PI3K, Akt, and activation of transcription factors, including
HIF-1, NF-κB, STAT3 [187]. For instance, ROS determine HIF1 stabilization, which in turn
increases the transcription of many angiogenic genes, including VEGF [187]. Additionally,
the promoters of the pro-angiogenic chemokines, such as IL-8 and MCP-1, contain binding
sites for NF-κB which is regulated in a redox dependent manner [188]. Notably, NOX-
derived ROS are required for the angiogenic response induced by various growth factors,
with also the contribution of mtROS. It must be recalled that extracellular acidification
supports angiogenesis, since it regulates VEGF expression in a both transcriptional and
post-transcriptional manner, thus suggesting that an acidic tumor microenvironment can
contributes to cancer progression [189]. Moreover, the G protein-coupled receptor (GPR)-4
expressed on endothelial membrane acts as a sensor of extracellular protons and stimulates
intracellular signaling. Indeed, GPR4-deficient mice show strongly reduced responses
to VEGF-driven angiogenesis, with a reduction of tumor growth that is correlated with
impaired vessel structure and lower VEGF receptor 2 level [190]. Therefore, it can be
argued that a change in proton concentration driven by the protonophore activity of HPF
could affect angiogenic signals.

Interestingly, the contribution of enzymes such as metalloproteinase to tumor inva-
siveness and metastasis can be potentiated by their proton concentration dependency.
Actually, the expression and secretion of MMP-9 increases at lower pH and higher pHi [84].
Additionally, acid-activated proteases, such as cathepsin B, cleave latent MMPs into active
enzymes. These examples of pH-dependent proteins reveal potential therapeutic targets
and strategies based on using changes in pH to control tumor metastatic process [84],
as recently confirmed by Robey et al. [191], who were able to inhibit experimental and
spontaneous metastases by increasing systemic buffering capacity and tumor pHe through
oral bicarbonate administration to mice.

Anyway, HPF, besides showing anti-angiogenic activity, inhibits the MMP-9 produc-
tion in B-CLL [192] and prevents the formation of microtubules in bone marrow endothelial
cells, so that its therapeutic use in B-CLL patients has been suggested [192]. Furthermore,
non-cytotoxic HPF concentrations can hinder cell invasiveness by downregulating the
activities of MMP-2 and -9, elastase and cathepsin G, highly expressed in inflammatory
and tumor cells [116]. Such downregulation is most likely dependent on HPF-induced
inhibition of the constitutively activated ERK1/2 in malignant cells, responsible for the
enhancement of MMPs expression [193]. In this way, HPF can counteract the capability of
tumor cells to digest components of extracellular matrix, thereby impairing their spreading.
Indeed, HPF has been shown to significantly reduce the number of lung metastatic foci in
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mice receiving colon carcinoma or melanoma cells, suggesting that this natural compound
can effectively prevent cancer growth and metastatic spread in vivo [116].

Finally, it should be mentioned that an observational study suggests that SJW can
exert anti-tumor effects also in humans. A clinical report described the beneficial effect of
SJW in two cases of colon cancer and one of duodenal adenocarcinoma. None of the cases
received neo-adjuvant chemo-radiotherapy or additional treatment, but only SJW oil (one
teaspoon in the morning) before surgery. In each patient, an intense lympho-plasmocytic
reaction occurred, resulting in a fibrosis surrounding the tumor, that created a defensive
shield against the penetration of the tumor cells into underlying tissue [194]

7. Conclusions

HPF, the main active component of SJW, that has been shown to be the major responsi-
ble for the antidepressant effect of this plant extract, is provided of additional advantageous
properties, including anti-inflammatory, antiangiogenic and antitumor activities.

The beneficial effects of HPF-containing SJW extract against cancer are summarized
as follows (Figure 4).

Figure 4. Antitumor effects of SJW and HPF. SJW and HPF display many antitumor effects with regard
to both prevention and therapy of neoplastic diseases by acting on many different intracellular targets.

1. Tumor prevention. Regular use of SJW reduces cancer risk, by preventing the geno-
toxic effect of carcinogens [144]. This protective action is essentially based on the
ability of HPF to slowdown inflammatory mediators and regulate ROS production
and/or pH imbalance, resulting in counteraction of malignant phenotype. It should
be emphasized that preventive dietary supplementation of SJW has been found to
reduce the risk of colorectal cancer also in humans [156].

2. Effects on tumor growth and spread. The anti-inflammatory and anti-angiogenic
effects of SJW/HPF, presumably due to inhibition of cytokine and chemokine produc-
tion and hindrance of their downstream signaling, can protect from tumor expansion.
Additionally, the protonophore property of HPF can avoid the acidification of the
tumor extracellular milieu, impairing neo-angiogenesis and metalloproteinases ac-
tivity and thereby tumor invasiveness and metastatic spread [116]. The HPF ability
to drop off mitochondrial membrane hyperpolarization and consequently mtROS
generation inhibits cell proliferation and favors apoptosis induction. Indeed, the pro-
apoptotic effect of SJW/HPF is well documented in many malignant cell lines or in
animal tumor models and appears determined by the imbalance between pro- and
anti-apoptotic protein expression, even though the concentrations of HPF capable
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of inducing apoptosis by such mechanism are quite high (at least 5–10 μM) and
difficult to be achieved in clinical treatment. Nevertheless, it is well known that
proliferating cancer cells display higher Δψm than normal cells, and that positive
correlation exists between the malignancy grade of cell clones and their mitochondrial
potential [195]. Consequently, malignant cells are more sensitive than normal cells to
even small changes of the mitochondrial electro-chemical gradient. Thus, low doses
of SJW/HPF, likely insufficient to induce cancer cell death, can nevertheless block
ROS-elicited tumor growth and spread by hindering activity of pro-survival protein
kinases and angiogenesis.

3. Bioavailability and broad spectrum of action. Furthermore, SJW/HPF, for their
large bioavailability, persistence of protective benefits and substantial absence of
adverse effects, are natural products of biological relevance for tumor prevention and
treatment. As cancer therapy requires a multifactorial strategy, SJW/HPF treatment
can actually meet this requirement, due to their pleiotropic effects against many
different molecular targets along signaling pathways crucial for tumor growth and
progression. Additionally, SJW/HPF, acting against different types of tumor cells,
can be a broad-spectrum anti-tumor compound and should be tested in association
with current chemotherapy drugs to achieve additive effects.

4. Limitations. The therapeutic use of HPF-containing SJW extract as anti-depressant
has confirmed its very good tolerability and the paucity of adverse effects. However,
a major concern of SJW/HPF treatment regards the possible occurrence of drug-drug
interaction, due to HPF high affinity binding to PXR, resulting in increased expres-
sion levels of cytochrome P450 isoenzymes [141]. Actually, by activating CYP3A4,
HPF can enhance drug metabolism and excretion, thereby reducing the effective-
ness of a number of chemotherapeutic agents. Thus, the association of SJW/HPF
to a chemotherapeutic drug should be thoughtfully decided and monitored to en-
sure that the drug efficacy is maintained. Very interestingly, several phloroglucinol
derivatives devoid of PXR binding activity, have recently been characterized [196].
These HPF derivatives have already been proven to maintain antidepressant activity,
although antitumor properties have not yet been tested and should be investigated in
a near future.

On the basis of the studies presented in this review, SJW extract and its component
hyperforin, already safely employed in antidepressant therapy, hold considerable promise
to exert relevant beneficial effects as anti-tumor phytochemicals. These natural compounds
have a remarkable potential for both prophylactic and therapeutic use against tumor
development by mechanisms that involve modulation of ROS production and action along
different steps of carcinogenesis as well as regulation of proton dynamics in cancer cells.
Although further studies are undoubtedly required for a full clarification of mechanisms
and effects, ample experimental evidence in vitro and in vivo already point out that SJW
and HPF can play a remarkable role as nutraceutical supplement or in association with
chemotherapy in the challenging fight against cancer.
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146. Ševčovičová, A.; Šemeláková, M.; Plšíková, J.; Loderer, D.; Imreová, P.; Gálová, E.; Kožurková, M.; Miadoková, E.; Fedoročko, P.
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Abstract: Withaferin A (WFA), a Withania somnifera-derived triterpenoid, is an anticancer natural
product. The anticancer effect of nonionizing radiation such as ultraviolet-C (UVC) as well as the
combined treatment of UVC and WFA is rarely investigated. Low dose UVC and/or WFA treatments
(12 J/m2 and/or 1 μM) were chosen to evaluate antioral cancer cell line effects by examining cytotoxicity,
cell cycle disruption, apoptosis induction, and DNA damage. For two cancer cell lines (Ca9-22 and
HSC-3), single treatment (UVC or WFA) showed about 80% viability, while a combined treatment of
UVC/WFA showed about 40% viability. In contrast, there was noncytotoxicity to normal oral cell lines
(HGF-1). Compared to single treatment and control, low dose UVC/WFA shows high inductions of
apoptosis in terms of flow cytometric detections for subG1, annexin V, pancaspase changes as well as
Western blotting for detecting cleaved poly (ADP-ribose) polymerase (c-PARP) and caspase 3 (c-Cas 3)
and luciferase assay for detecting Cas 3/7 activity. Low dose UVC/WFA also showed high inductions
of oxidative stress and DNA damage in terms of flow cytometric detections of reactive oxygen
species (ROS), mitochondrial superoxide (MitoSOX) generation, and membrane potential (MitoMP)
destruction, γH2AX and 8-oxo-2’deoxyguanosine (8-oxodG) types of DNA damages. For comparison,
low dose UVC/WFA show rare inductions of annexin V, Cas 3/7 activity, ROS, MitoSOX, and MitoMP
changes to normal oral HGF-1 cells. Therefore, low dose UVC/WFA provides a novel selectively killing
mechanism to oral cancer cells, suggesting that WFA is a UVC sensitizer to inhibit the proliferation of
oral cancer cells.

Keywords: ultraviolet-C (UVC); withanolide; combined treatment; oral cancer; DNA damage
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1. Introduction

Radiotherapy and chemotherapy are commonly used for curing oral cancer [1]. However, they
also raise the problems of radio- and chemo-resistance [2]. Recently, a novel strategy was developed to
reduce chemoresistance by using low dose treatment. For example, in the clinical drug doxorubicin,
its low dose treatment improved survival by suppressing the patient-derived chemoresistant leukemia
stem cells in an animal model study [3]. Accordingly, low dose drug treatments have a potential for
reducing chemoresistance in oral cancer therapy.

Similarly, high dose radiation is commonly associated with radioresistance to cancer such as
prostate cancer cells [4]. Low dose radiation treatments have a potential for reducing radioresistance
in cancer therapy. In addition to dose adjustments of radiation, a combined treatment provides an
alternative strategy to overcome radioresistance in cancer therapy. For example, DNA-dependent
protein kinase (DNA-PK) inhibitors KU57788 and IC87361 [5] and multikinase inhibitors sorafenib and
sunitinib [6] displayed radiosensitization to head and neck cancer cells.

In addition to X-ray radiotherapy for oral cancer, several types of nonionizing radiation were
developed for dental curing, including light-emitting diodes (LED), quartz-tungsten-halogen (QTH),
argon lasers, and plasma arc curing (PAC) [7]. Except for dental curing, another nonionizing radiation
such as ultraviolet-C (UVC) is commonly used for its germicidal properties on dental instruments [8].
Based on Google scholar and PubMed searching (retrieval on 7 September 2020), the hits for “X-ray
resistance” studies were higher than “UVC resistance”. Therefore, the combined treatment of UVC
and drugs may have potential to improve the anticancer therapy. Moreover, UVC is also reported to
have an anticancer effect against pancreatic [9] and colon [10] cancer cells. However, high cytotoxic
doses were chosen in the above studies and may have some side effects. Accordingly, low doses of
UVC may reduce the side effects to normal tissues.

Withaferin A (WFA), a triterpenoid isolated from Withania somnifera, shows antioxidant
properties [11,12]. In addition to antioxidant effect, WFA also exhibits anticancer effects by showing
cytotoxicity and inducing apoptosis to oral [13,14] and other types of cancer cells [15–18]. However,
the observed cytotoxic effects of WFA in anticancer studies were based on high doses. Recently,
combined treatments of WFA with other drugs have been reported. For example, the combined
treatment of WFA and oxaliplatin showed synergistic antitumor activity in pancreatic cancer cells [16].
WFA was also combined with caffeic acid phenethyl ester (CAPE) for selective toxicity for ovarian
and cervical cancer cells [19]. However, the combined treatment of WFA with UVC irradiation is
rarely investigated.

We hypothesized that low dose WFA had an UVC radiosensitizing effect to oral cancer cells.
To address this hypothesis, a low dose combined treatment (UVC/WFA) and individual treatments of
oral cancer cells were compared for their changes of cytotoxicity, cell cycle, apoptosis, oxidative stress,
and DNA damage.

2. Materials and Methods

2.1. Cell Cultures and Chemical

Two human oral cancer cell lines (Ca9-22 and HSC-3) and normal oral cell lines (HGF-1) were
commercially obtained from the Japanese Collection of Research Bioresources (JCRB) Cell Bank
(National Institute of Biomedical Innovation, Osaka, Japan) and the American Type Culture Collection
(ATCC; Manassas, VA, USA). Ca9-22 cells were derived from gingival squamous carcinoma. HSC-3
cells were derived from tongue squamous carcinoma with high metastatic potential. HGF-1 cells were
derived from gingival fibroblasts. The relative proliferation rate for Ca9-22, HSC-3, and HGF-1 cells
was 1.9:1.6:1.0, respectively [20]. Their routinely cultured methods were described as indicated in [21].
WFA was obtained from Sigma-Aldrich (St. Louis, MO, USA). Cisplatin (Selleckchem; Houston, TX,
USA) and H2O2 (Sigma-Aldrich; St. Louis, MO, USA) were used as a positive control treatment.
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2.2. Cytotoxicity, ATP Content Determination, and Cell Morphology

Cytotoxicity was evaluated by tetrazolium-based 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) kit (Promega Corporation,
Madison, WI, USA) as described previously [22]. The cell viability in terms of cellular ATP content
was evaluated by an ATP-lite assay kit (PerkinElmer Life Sciences, Boston, MA, USA) [23]. The drug
interaction for the UVC/WFA combined treatment was analyzed as previously described [24]. In brief,
the formula for determining the synergy (α), i.e., additive, synergistic, or antagonistic for α = 1, >1,
and <1, respectively, was listed as follows: α = survival fraction (SF) for UVC alone treatment × SF
for WFA alone treatment/SF for UVC/WFA combined treatment. Cells were photographed at 100×
magnification for morphology analysis.

2.3. UVC and/or WFA Treatments

After removing medium, cells were treated with a germicidal UVC lamp (254 nm) in a laminar
flow chamber at a rate of 2 J/m2/sec [25] for 6 sec to archive the designed dose 12 J/m2. Subsequently,
medium containing WFA was added for post-treatment. The control contained DMSO only without
UVC and WFA treatments. All experiments including DMSO only, UVC and/or WFA treatments had
the same concentration of 0.01% DMSO.

2.4. Cell Cycle

DNA was stained with 7-Aminoactinmycin D (7AAD) (Biotium, Inc., Hayward, CA, USA)
(1 μg/mL, 37 ◦C, 30 min) for a cell cycle assay [26]. Flow cytometer (Guava easyCyte; Luminex, TX,
USA) and FlowJo software (Becton-Dickinson; Franklin Lakes, NJ, USA) were applied. Both subG1
and >4 N populations were individually counted. G1, S, and G2/M populations were totally adjusted
to 100%.

2.5. Apoptosis

A flow cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson) was used to
measure apoptosis in terms of annexin V (Strong Biotect Corporation, Taipei, Taiwan)/7AAD [27] and
a pancaspase activity assay kit (Abcam, Cambridge, UK) [23] assays. Apoptosis was also detected by
Western blotting applying primary antibodies for the cleaved forms of poly (ADP-ribose) polymerase
(c-PARP) and caspase 3 (c-Cas 3) (Cell Signalling Technology Inc., Danvers, MA, USA) (diluted 1:1000)
and internal control mAb-β actin (Sigma-Aldrich, St. Louis, MO, USA) as described previously [14].
Cas 3/7 activity was determined by a Caspase-Glo® 3/7 Assay (Promega; Madison, WI, USA) based on
luminescent detection as described previously [28].

2.6. Reactive Oxygen Species (ROS)

Reactive species-detecting probe 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) (10 μM,
37 ◦C, 30 min) was interacting with ROS to generate fluorescence, which was determined by a flow
cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson) [29].

2.7. Mitochondrial Superoxide (MitoSOX)

Reactive species-detecting probe MitoSOX Red (Molecular Probes, Invitrogen, Eugene, OR, USA)
(50 nM, 37 ◦C, 30 min) was interacting with MitoSOX to generate fluorescence, which was determined
by a flow cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson) [30].

2.8. Mitochondrial Membrane Potential (MitoMP)

MitoMP-sensitive probe DiOC2(3) (Invitrogen, Eugene, OR, USA) (5 nM, 37 ◦C, 30 min) was
used to determine MitoMP by a flow cytometer (Guava easyCyte) applying FlowJo software
(Becton-Dickinson) [31].
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2.9. γH2AX

After cell harvesting and fixation,γH2AX primary antibody (Santa Cruz Biotechnology; Santa Cruz,
CA, USA) (1:500 dilution), secondary antibody conjugated Alexa Fluor®488 (Cell Signaling Technology)
(1:10000 dilution), and 7AAD (5 μg/mL) were chosen for flow cytometry reaction [32] and analyzed by
a flow cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson). By Western blotting,
γH2AX was also probed using primary antibodies for γH2AX (Santa Cruz Biotechnology; Santa Cruz,
CA, USA) (diluted 1:1000).

2.10. 8-Oxo-2’-Deoxyguanosine (8-OxodG)

After cell harvesting and fixation, fluorescein isothiocyanate (FITC) conjugated 8-oxodG antibody
(1:10,000 dilution) (Santa Cruz Biotechnology) were chosen for flow cytometry reaction at 4 ◦C for 1 h
and analyzed by a flow cytometer (Guava easyCyte) applying FlowJo software (Becton-Dickinson).

2.11. Statistics

The significance for multiple comparisons were tested by One-way ANOVA with the Tukey
Honestly Significant Difference (HSD) post hoc test using JMP12 software (SAS Institute, Cary, NC,
USA). Groups showing no overlapping letters indicate significant differences.

3. Results

3.1. WFA Shows UVC Sensitizing Effects on Cytotoxicity of Oral Cancer Cells

Based on the 24-h MTS assay, low cytotoxic UVC and WFA (12 J/m2 and 1 μM) around 80% viability
were used to evaluate the cytotoxic effect of a combined treatment (UVC/WFA) of oral cancer Ca9-22
and HSC-3 cells and normal oral HGF-1 cells (Figure 1). As shown in Figure 1A, UVC/WFA-treated
Ca9-22 cells show a lower viability of 42.2% than UVC or WFA alone (73.7% or 83.4%) in a 24-h MTS
assay. As shown in Figure 1B, UVC/WFA-treated HSC-3 cells show lower viability for 40.6% than UVC
or WFA alone (82.7% or 79.4%) in a 24-h MTS assay. In contrast, UVC/WFA shows no cytotoxicity
towards normal oral HGF-1 cells (Figure 1C).

 

Figure 1. MTS and ATP assays for Withaferin A (WFA) and/or UV treatments. Human oral cancer Ca9-22
and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA (1 μM),
ultraviolet-C (UVC) (12 J/m2), and a combined treatment (UVC/WFA) or cisplatin for 24 h. (A–C) MTS
assay for WFA treatment. (D) MTS assay for a positive cisplatin control. (E–G) ATP assay for WFA
treatment. Groups showing no overlapping letters (a–e) indicate significant differences (p < 0.05~0.0001).
Data are the mean ± SD (n = 3 independent experiments, each experiment was performed with three
replications). (H) Cell morphology. Cell images were photographed at 100×magnification.
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The interaction effects of UVC and WFA for Figure 1A,B (MTS assay (α values were 1.46 ± 0.14
and 1.11 ± 0.03 for Ca9-22 and HSC-3 cells, respectively)) and for Figure 1E,F (ATP assay (α values
were 1.28 ± 0.09 and 1.39 ± 0.15 for Ca9-22 and HSC-3 cells, respectively)) show synergistic behavior.
For comparison, cisplatin shows cytotoxicity towards oral cancer cells with less drug sensitivity
than UVC/WFA (Figure 1D). Similarly, UVC/WFA-treated oral cancer Ca9-22 and HSC-3 cells show
lower viability than UVC or WFA alone in a 24-h ATP assay (Figure 1E,F). Similarly to the MTS
assay, UVC/WFA shows no cytotoxicity to normal oral HGF-1 cells in terms of ATP assay (Figure 1G).
Furthermore, the UVC and/or WFA treatments show the apoptosis-like morphology such as cell
shrinkages for oral cancer cells but not for oral normal cells (Figure 1H).

3.2. WFA Shows UVC Sensitizing Effect on Cell Cycle Disturbance of Oral Cancer Cells

Figure 2A shows the cell cycle assays of oral cancer Ca9-22 and HSC-3 cells following 24-h
treatments with control, WFA (1 μM), UVC (12 J/m2), or UVC/WFA. For Ca9-22 cells (Figure 2B), 24-h
UVC/WFA treatment induces higher sub-G1, G2/M, and > 4N populations (%) than UVC, WFA, and the
control. For HSC-3 cells, 24-h UVC/WFA treatment induces higher sub-G1 and S populations (%) than
UVC, WFA, and the control. In contrast, G1 populations (%) of UVC/WFA for oral cancer Ca9-22 and
HSC-3 cells are lower than UVC, WFA, and the control. For comparison, H2O2 shows G2/M arrest in
oral cancer cells as a positive control (Figure 2C,D).

 
Figure 2. Cell cycle assay for WFA and/or UV treatments. Human oral cancer Ca9-22 and HSC-3 cells
were treated with control (0.01% DMSO), WFA (1 μM), UVC (12 J/m2), and a combined treatment
(UVC/WFA) for 24 h. (A,B) Typical cell cycle patterns and statistics. Groups showing no overlapping
letters (a–d) indicate significant differences (p < 0.05~0.0001). Data are the mean ± SD (n = 3
independent experiments, each experiment collected with 5000 gated cell counts). (C,D) Cell cycle
patterns for a positive control of G2/M arrest. Cells were treated with H2O2 for 0 and 200 μM for 24 h.
*** p < 0.05~0.0001. Data are the mean ± SD (n = 3 independent experiments, each experiment collected
with 5000 gated cell counts).
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3.3. WFA Shows UVC Sensitizing Effect on Annexin V Expression and Caspase Activation of Oral Cancer Cells

The apoptosis-like status for increasing subG1 (Figure 2) was further examined by other apoptosis
analyses as follows. According to an annexin V/7AAD assay (Figure 3A), 24-h UVC/WFA treatment
induces higher annexin V (+) (%) populations in oral cancer Ca9-22 and HSC-3 cells than UVC, WFA,
and control treatments (Figure 3B). In contrast, UVC and/or WFA treatments to normal oral HGF-1
cells show little annexin V (+) (%) populations.

 
Figure 3. Annexin V and pancaspase assays of WFA and/or UV treatments. Human oral cancer
Ca9-22 and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA
(1 μM), UVC (12 J/m2), and a combined treatment (UVC/WFA) for 24 h. (A,B) Typical annexin V/7AAD
patterns and statistics. Apoptosis (%) is the percentage of annexin V-positive population. (C,D) Typical
pancaspase pattern and statistics. (+) is the percentage for pancaspase-positive populations. Groups
showing no overlapping letters (a–d) indicate significant differences (p < 0.05~0.0001). Data are the
mean ± SD (n = 3 independent experiments, each experiment collected with 5000 gated cell counts).

According to a pancaspase assay (Figure 3C), UVC/WFA induces higher pancaspase (+) (%)
populations in oral cancer Ca9-22 and HSC-3 cells than UVC, WFA, and the control (Figure 3D). Based
on Cas 3/7 activity, UVC/WFA also induces higher Cas 3/7 activity in oral cancer and normal oral
cells than UVC, WFA, and the control (Figure 4A–C). It is noted that UVC/WFA shows higher Cas 3/7
activity in oral cancer Ca9-22 and HSC-3 cells than normal oral HGF-1 cells.
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Figure 4. Caspase and PARP activations of WFA and/or UV treatments. Human oral cancer Ca9-22
and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA (1 μM),
UVC (12 J/m2), and a combined treatment (UVC/WFA) for 24 h. (A–C) Caspase 3/7 activity for Ca9-22,
HSC-3, and HGF-1 cells. Groups showing no overlapping letters (a–d) indicate significant differences
(p < 0.05~0.0001). Data are the mean ± SD (n = 3 independent experiments, each experiment was
performed with three replications). (D) Western blotting for apoptotic protein c-PARP and c-Cas
3 expressions of oral cancer (Ca9-22 and HSC-3) cells.

According to Western blotting (Figure 4D), UVC/WFA induces higher expressions for the apoptotic
protein such as the cleaved form of c-PARP and c-Cas 3 in oral cancer Ca9-22 and HSC-3 cells than
UVC, WFA, and control.

3.4. WFA Shows UVC Sensitizing Effect on ROS Generation of Oral Cancer Cells

Many factors such as oxidative stresses may induce apoptosis [33]. Because ROS generation
following UVC [34], WFA [14], or UVC/natural product [35] treatments are fast, the ROS detection
time of WFA/UVC was chosen as 12 h. Using DCFH-DA staining, the ROS generation was detected
as oxidative stress by flow cytometry. According to an ROS assay for oral cancer Ca9-22 and HSC-3
cells (top and middle, Figure 5A), 12-h UVC/WFA treatment induces higher ROS (+) (%) populations
than UVC, WFA, and control treatments (Figure 5B). In contrast, a ROS assay for normal oral HGF-1
cells (bottom, Figure 5A) shows no significant difference between UVC/WFA and single treatment,
indicating that ROS is unable to be induced in WFA and/or UVC-treated normal oral HGF-1 cells.

3.5. WFA Shows UVC Sensitizing Effect on MitoSOX Generation of Oral Cancer Cells

Using MitoSOX red staining, the MitoSOX generation was detected as oxidative stress by flow
cytometry. According to a MitoSOX assay for oral cancer Ca9-22 and HSC-3 cells (top and medium,
Figure 6A), 24-h UVC/WFA treatment induces higher MitoSOX (+) (%) populations than UVC, WFA,
and control treatments (Figure 6B). In contrast, a MitoSOX assay for normal oral HGF-1 cells (bottom,
Figure 6A) show no significant difference between UVC/WFA and single treatment. Moreover,
WFA/UVC induces higher MitoSOX in oral cancer Ca9-22 and HSC-3 cells than in normal oral
HGF-1 cells.
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Figure 5. Reactive oxygen species (ROS) assays of WFA and/or UV treatments. Human oral cancer
Ca9-22 and HSC-3 and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA (1 μM),
UVC (12 J/m2), and a combined treatment (UVC/WFA) for 12 h. (A,B) Typical ROS patterns and
statistics. (+) is the percentage for ROS-positive populations. Groups showing no overlapping letters
(a–d) indicate significant differences (p < 0.05~0.0001). Data are the mean ± SD (n = 3 independent
experiments, each experiment collected with 5000 gated cell counts).

 
Figure 6. Mitochondrial superoxide (MitoSOX) assays of WFA and/or UV treatments. Human oral
cancer Ca9-22 and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO),
WFA (1 μM), UVC (12 J/m2), and a combined treatment (UVC/WFA) for 24 h. (A,B) Typical MitoSOX
patterns and statistics. (+) is the percentage for MitoSOX-positive populations. Groups showing no
overlapping letters (a–d) indicate significant differences (p < 0.01~0.0001). Data are the mean ± SD
(n = 3 independent experiments, each experiment collected with 5000 gated cell counts).

3.6. WFA Shows UVC Sensitizing Effect on MitoMP Destruction of Oral Cancer Cells

Using DiOC2(3) staining, the MitoMP depletion was detected as oxidative stress by flow cytometry.
According to a MitoMP assay for oral cancer Ca9-22 and HSC-3 cells (top and medium, Figure 7A),
24-h UVC/WFA treatment induces higher MitoMP (-) (%) populations than UVC, WFA, and control
treatments (Figure 7B). In contrast, a MitoMP assay for normal oral HGF-1 cells (bottom, Figure 7A)
shows no significant difference between UVC/WFA and single treatment. Moreover, WFA/UVC
induces higher MitoMP (-) (%) populations in oral cancer Ca9-22 and HSC-3 cells than in normal oral
HGF-1 cells.
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Figure 7. Membrane potential (MitoMP) assays of WFA and/or UV treatments. Human oral cancer
Ca9-22 and HSC-3 cells and normal oral HGF-1 cells were treated with control (0.01% DMSO), WFA
(1 μM), UVC (12 J/m2), and a combined treatment (UVC/WFA) for 24 h. (A,B) Typical MitoMP patterns
and statistics. (-) is the percentage for MitoMP-negative populations. Groups showing no overlapping
letters (a–d) indicate significant differences (p< 0.05~0.0001). Data are the mean± SD (n= 3 independent
experiments, each experiment collected with 5000 gated cell counts).

3.7. WFA Shows UVC Sensitizing Effect on γH2AX and 8-oxodG Expressions of Oral Cancer Cells

Since oxidative stress is prone to induce DNA damage [33], the changes of DNA damage following
UVC and/or WFA treatment were detected by flow cytometry and Western blotting. According to a
γH2AX assay (Figure 8A), 24-h UVC/WFA treatment induces higher γH2AX (+) (%) populations in
oral cancer Ca9-22 and HSC-3 cells than UVC, WFA, and control treatments (Figure 8B). According to
Western blotting (Figure 8C), UVC/WFA induces higher expressions for γH2AX in oral cancer Ca9-22
and HSC-3 cells than UVC, WFA, and the control. According to an 8-oxodG assay (Figure 9A), 24-h
UVC/WFA treatment induces higher 8-oxodG (+) (%) populations in oral cancer Ca9-22 and HSC-3
cells than UVC, WFA, and the control (Figure 9B).

Figure 8. γH2AX assays of WFA and/or UV treatments. Human oral cancer Ca9-22 and HSC-3 cells
were treated with control (0.01% DMSO), WFA (1 μM), UVC (12 J/m2), and a combined treatment
(UVC/WFA) for 24 h. (A,B) Typical γH2AX patterns and statistics. Box indicates the percentage
for γH2AX-positive populations. Groups showing no overlapping letters (a–c) indicate significant
differences (p < 0.01~0.0001). Data are the mean ± SD (n = 3 independent experiments, each experiment
collected with 5000 gated cell counts). (C) Western blotting for γH2AX expression.
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Figure 9. 8-oxo-2’deoxyguanosine (8-oxodG) assays of WFA and/or UV treatments. Human oral cancer
Ca9-22 and HSC-3 cells. Cells were treated with control (0.01% DMSO), WFA (1 μM), UVC (12 J/m2),
and a combined treatment (UVC/WFA) for 24 h. (A,B) Typical 8-oxodG patterns and statistics. (+) is the
percentage for 8-oxodG-positive populations. Groups showing no overlapping letters (a–d) indicate
significant differences (p < 0.0001). Data are the mean ± SD (n = 3 independent experiments, each
experiment collected with 5000 gated cell counts).

4. Discussion

WFA demonstrated X-ray radiosensitizing ability in many cancer cells [36–38] but its UVC
sensitizing effect is rarely reported. UVC generation is more easy to handle with a user-friendly device
than X-ray. Therefore, the present study focused on exploring the possible UVC sensitizing effect of
WFA with cell line models. To avoid the potential resistance of high dose WFA and UVC, this study
was evaluating low dose combined effects of UVC/WFA to oral cancer cells.

4.1. Combined Treatment UVC/WFA Effectively Kills Oral Cancer Cells without Side Effect to Normal
Oral Cells

Low dose ionizing radiation and low dose drug treatment are novel strategies to reduce
radioresistance and chemoresistance [3,4]. A combined treatment of radiation with drugs would also
provide a strategy to overcome radioresistance and would improve cancer therapy [5,6].

Recently, the radiosensitizing studies using low dose clinical drugs and UVC were reported.
For example, low dose cisplatin (10 μM) and UVC (10 J/m2) jointed to induce antiproliferation of
colon cancer SW480 and DLD-1 cells [39]. Combined treatment with low dose methanolic extracts
of Cryptocarya concinna (10 μg/mL; 80.4% viability) and UVC (14 J/m2; 83.2% viability) improve
antiproliferation against oral cancer cells compared to single treatment [25].

WFA was previously shown to have no cytotoxicity towards normal oral HGF-1 cells at a low
dose below 3 μM [14], while it showed cytotoxicity to oral cancer Ca9-22 and CAL 27 cells below 3 μM.
Therefore, oral cancer therapy would benefit by the selective killing effect of WFA. Alternatively, in the
present study this low dose treatment was combined with nonionizing radiation, i.e., UVC. Combining
these strategies, we demonstrated that a low dose combined treatment of UVC/WFA dramatically
decreased cell viability (~40%) of two oral cancer cell lines (Ca9-22 and HSC-3) without cytotoxic
effects on normal oral cells in a 24-h MTS assay (Figure 1).

Consistently, UVC/WFA shows substantially decreased ATP content in oral cancer cells but does
not decrease in oral normal cells. Moreover, the half maximal inhibitory concentration (IC50) values of
cisplatin to oral cancer Ca9-22 and HSC-3 cells in a 24-h MTS assay are 7.9 and 9.6 μM, respectively.
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At a low dose, UVC (12 J/m2) and WFA (1 μM) were used in the present study to demonstrate a higher
antiproliferation ability to oral cancer Ca9-22 and HSC-3 cells (42.2% and 40.6% viability, respectively)
than cisplatin alone. It is noted that the oral cancer Ca9-22 cell line is recently described for being
problematic in terms of showing contamination with the cell line MSK922 (according to the Cellosaurus
database [40]). It warrants detailed investigation by applying other oral cancer cell lines to support
the UVC radiosensitizing effect of WFA in the future. Moreover, the HGF-1 cell line is derived from
fibroblasts rather than from normal epithelial cells. The human oral keratinocytes would be a better
control to show that the suppression of cell viability and induction of apoptosis after UVC/WFA
treatment is cancer cell specific.

WFA shows antioxidant properties such as 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging ability in vitro [12]. WFA also showed in vivo antioxidant properties with activation
of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX) in the frontal
cortex of the rat brain [11]. Antioxidants are commonly reported to prevent oxidative stress-related
damage [41]. In addition to WFA, the roots of Withania somnifera also contain several WFA analogues
such as 1-oxo-5beta and 6beta-epoxy-witha-2-enolide, which prevent the UVB-induced skin carcinoma
in rat [42,43]. In contrast, WFA inhibited proliferation of oral [14] and lung [17] cancer cells as well
as leukemia cells [44] through oxidative stress induction. Similarly, our finding shows that WFA in
combination with UVC can inhibit more cell proliferation than its single treatment. This controversy
can be partly explained by the concept that antioxidants are bifunctional to regulate oxidative stress,
i.e., low concentration inhibits oxidative stress but high concentration induces oxidative stress [32,45].

4.2. Oxidative Stresses Are Higher in a Combined UVC/WFA Than in Single Treatment

ROS modulating is one of the strategies for antiproliferation of cancer cells [33]. Both high
dose UVC (200 J/m2) [46] and WFA [14,18] trigger ROS in cancer cells. For low dose treatment,
UVC (14 J/m2 [25] and 12 J/m2 (Figure 1); ~80% viability) induces ROS generation of oral cancer
Ca9-22 and HSC-3 cells. For low dose treatment, WFA (0.5 μM [47] for 100% viability and 1 μM
(Figure 1) for ~80% viability) also triggers ROS generation of oral cancer Ca-22 and HSC-3 cells.
At a low dose combined treatment, UVC/WFA triggers more ROS generation than single treatment.
Similarly, UVC/WFA triggers more MitoSOX generation and MitoMP destruction than single treatment
(Figures 5–7). These results suggest that UVC/WFA cooperatively triggers oxidative stress in oral
cancer cells compared to single treatment. Moreover, UVC/WFA triggers more ROS and MitoSOX
generation as well as MitoMP destruction in oral cancer cells than in normal oral HGF-1 cells. Although
some of these oxidative stress changes for UVC/WFA were only slightly higher than at single treatment,
the combined differential oxidative stresses (ROS/MitoSOX generations and MitoMP depletion) may
cooperatively contribute to the cancer cell specific effects of a UVC/WFA combined treatment.

4.3. DNA Damages and Apoptosis Are Higher in UVC/WFA than Single Treatment

Cellular oxidative stress enhances DNA damages [33]. High dose UVC causes γH2AX-detecting
DNA double strand break damage [48] and 8-oxodG-detecting oxidative DNA damage [49]. High
dose WFA causes γH2AX DNA damage [14]. In the present study, low dose UVC/WFA triggers more
DNA damages (γH2AX and 8-oxodG) in oral cancer Ca9-22 and HSC-3 cells than single treatment
(Figures 8 and 9). These results suggest that UVC/WFA cooperatively trigger DNA damage in oral
cancer cells compared to single treatment. In addition to DNA damage induction, γH2AX also functions
for senescence induction [50]. Our present flow cytometry approach could not discriminate between
these two effects. A promising alternative would be a detailed investigation by immunofluorescence
microscopy analyzing DNA damage foci formation in the future.

High dose UVC [25,51] or WFA [14,18] causes apoptosis in cancer cells. Similarly, low dose
UVC/WFA triggers more apoptosis than single treatment as evidenced by flow cytometry or luminescent
detection indicating an increasing subG1 population, annexin V expression, pancaspase activation,
and Cas 3/7 activation as well as by Western blotting indicating c-PARP and c-Cas 3 overexpression in
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oral cancer cells (Figures 2–4). Moreover, UVC/WFA triggers more Cas 3/7 activation in oral cancer cells
than in HGF-1 cells (Figure 4). Additionally, the loss of the mitochondrial membrane potential is often
associated with early stages of apoptosis [52]. Similarly, a combination of low dose UVC/WFA triggers
more mitochondrial membrane depolarization in oral cancer cells than single treatment (Figure 7),
supporting also that low dose UVC/WFA triggers more apoptosis than single treatment.

Furthermore, the DNA repair system may be inhibited for drug radiosensitization. For example,
withanolide D is helpful in radiosensitization of ovarian cancer SKOV3 cells by suppressing DNA
repair such as non-homologous end joining (NHEJ). This warrants a detailed examination of the role
of DNA repair in UVC/WFA synergistic effects to oral cancer cells in the future.

4.4. Cell Cycle Changes at UVC and/or WFA Treatment

UVC/WFA accumulated a larger subG1 population than single treatment in both oral cancer
Ca9-22 and HSC-3 cells. However, UVC/WFA induced more G2/M arrest in Ca9-22 cells than upon
single treatment but no G2/M arrest appeared in HSC-3 cells. Because Ca9-22 and HSC-3 cells are
gingiva and tongue squamous cell carcinoma cell lines [53], it is possible that UVC/WFA-induced cell
cycle G2/M arrest is tissue-dependent response.

5. Conclusions

The present study examined the combined effect of low dose UVC/WFA on regulating cell
proliferation of oral cancer cells. Single treatment at low dose UVC or WFA showed low cytotoxicity
to oral cancer Ca9-22 and HSC-3 cells. Combined treatment of low dose UVC/WFA highly induces
oxidative stress and resulted in apoptosis and DNA damage of oral cancer cells. Moreover, low
dose UVC/WFA showed highly cytotoxic, oxidative stress, and apoptosis induction in oral cancer
cells without effects on normal oral cells. Therefore, low dose UVC/WFA shows a selective killing
potential and effectively inhibits oral cancer cell proliferation with no cytotoxic side effects to normal
oral cells. In the future, detailed investigations in vivo, such as those using mouse models, should be
conducted to further validate the promising effects of a low dose UVC/WFA combined treatment in
oral cancer therapy.
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Abstract: Cancer cells are characterized by higher levels of reactive oxygen species (ROS) compared
to normal cells as a result of an imbalance between oxidants and antioxidants. However, cancer cells
maintain their redox balance due to their high antioxidant capacity. Recently, a high level of
oxidative stress is considered a novel target for anticancer therapy. This can be induced by increasing
exogenous ROS and/or inhibiting the endogenous protective antioxidant system. Additionally,
the immune system has been shown to be a significant ally in the fight against cancer. Since ROS
levels are important to modulate the antitumor immune response, it is essential to consider the
effects of oxidative stress-inducing treatments on this response. In this review, we provide an
overview of the mechanistic cellular responses of cancer cells towards exogenous and endogenous
ROS-inducing treatments, as well as the indirect and direct antitumoral immune effects, which can
be both immunostimulatory and/or immunosuppressive. For future perspectives, there is a clear
need for comprehensive investigations of different oxidative stress-inducing treatment strategies
and their specific immunomodulating effects, since the effects cannot be generalized over different
treatment modalities. It is essential to elucidate all these underlying immune effects to make oxidative
stress-inducing treatments effective anticancer therapy.

Keywords: cancer therapy; oxidative stress; immune system

1. Introduction

Reactive oxygen species (ROS) is a collective term referring to unstable, reactive, partially reduced
oxygen derivatives that are produced during metabolic processes within the mitochondria, peroxisomes
and the endoplasmic reticulum (ER). A subset of ROS is also continuously generated by enzymatic
reactions involving cyclooxygenases, nicotinamide adenine dinucleotide phosphate (NADPH) oxidases
(NOX), xanthine oxidases, lipogenesis and through the iron-catalyzed Fenton reaction [1]. Examples of
ROS include hydrogen peroxide (H2O2), superoxide anion (O2

•−), singlet oxygen (1O2) and hydroxyl
radical (•OH) [2]. Tight regulation of these ROS levels is crucial for cellular life. Therefore, cells benefit
from a complex scavenging system based on different antioxidants, including superoxide dismutase
(SOD), glutathione (GSH) peroxidase, peroxiredoxin, thioredoxin (Trx) and catalase [1]. Additionally to
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the strong antioxidant activity of the beforementioned enzymes, various non-enzymatic small-molecule
antioxidants such as glutathione, ascorbic acid, vitamin E, polyphenolic compounds also act as
scavengers for different types of ROS [3].

Cancer cells are characterized by increased production of ROS compared to normal cells.
The persistently high levels of ROS can be explained by the imbalance between oxidants and antioxidants
in cancer cells and the ongoing aerobic glycolysis by pyruvate oxidation in the mitochondria, also known
as the Warburg-effect [4]. This is a consequence of hypoxia in the tumor microenvironment (TME)
resulting from an imbalance between oxygen supply and consumption due to uncontrollable cell
proliferation, altered metabolism and abnormal tumor blood vessel growth [5]. Cancer cells evolved
mechanisms to protect themselves from this intrinsic oxidative stress and developed an adaptation
mechanism by upregulation of pro-survival molecules and their antioxidant defense system to
maintain the redox balance [6]. For instance, nuclear factor erythroid 2-related factor 2 (Nrf2), which is
a transcription factor in the first line of antioxidant defense against oxidative stress, is often upregulated
in cancer cells and supports cancer cell proliferation [7].

A low to moderate increase in intracellular ROS levels may result in activation of oncogenes
(such as Akt), which are involved in cell proliferation, and inactivation of tumor suppressor genes,
angiogenesis and mitochondrial dysfunction, thereby serving as a signaling molecule in cancer
survival [4]. Conversely, when the levels of ROS are further elevated, they can overcome the defensive
antioxidant system of cancer cells, causing cell death [8].

Consequently, there are two different approaches based on the redox balance to counteract
cancer cells. In the first approach, oxidative stress can be decreased via scavenging intracellular ROS.
For example, increasing intake of antioxidants (e.g., vitamin C and E) can deplete oxidative stress,
subsequently causing growth inhibition and increased susceptibility to cell death in cancer cells, due to
a crisis in energy production [9]. However, this antioxidant supplementation remains controversial [10].
Increasing evidence has shown that antioxidant supplementation fails to provide cancer protection and
can even affect cancer mortality [11–13]. These observations are further supported and rationalized
by recent studies demonstrating that oxidative stress can inhibit cancer progression and metastasis
and that the GSH and Trx antioxidant systems, which are under the transcriptional regulation of Nrf2,
may promote tumorigenesis and resistance to therapy [14].

The second approach is by increasing ROS levels in cancer cells and thereby crossing the threshold
of cancer cell death. This can be done either by direct production of ROS via exogenous approaches
or indirectly by increasing intracellular ROS concentrations via targeted inhibition of previously
mentioned endogenous antioxidant systems in cancer cells. Several investigations are suggestive of the
fact that the underlying mechanism of action and efficacy of conventional therapies (e.g., radiotherapy
and chemotherapy) inducing cancer cell death, is the generation of elevated ROS levels during
treatment [15–17].

In this review, we will focus on therapies related to this second approach and how they influence
the TME, more specifically the immune cell compartment, to provide an overview of the effect of ROS
induction on the antitumor immune response.

1.1. Exogenous ROS Generation

One mechanism of enhancing oxidative stress levels to target cancer cells is via exogenous delivery
of ROS using different physical modalities (Figure 1).

Ionizing radiation is widely used to treat many types of cancer. During radiation, cancer cells
are eradicated through free radicals such as superoxide and hydroxyl radicals which are generated
by radiolysis of water in extracellular environments and indirectly damage critical targets, such as
DNA [15]. In addition, radiotherapy can also alter mitochondrial membrane permeability and
activate NADPH oxidase, which in turn further stimulates ROS production [18]. Besides radiotherapy,
other physical modalities that can induce a substantial increase in ROS levels are being investigated in
cancer research, including photodynamic therapy (PDT) and cold atmospheric plasma (CAP) [19–22].
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PDT is a light-based oncological intervention. Here, a photosensitizer is applied and subsequently
activated by light. Upon activation, exogenously produced ROS is generated [23]. CAP is an ionized
gas that can be produced at atmospheric pressure near room temperature. It is composed of reactive
oxygen and nitrogen species, excited molecules, ions, electrons and other physical factors, such as
electromagnetic fields and ultraviolet radiation [24].

Figure 1. Oxidative stress-inducing treatment strategies. Oxidative stress can be induced by exogenous
delivery of reactive oygen species (ROS) using physical treatment modalities, as well as by targeting the
endogenous antioxidant system causing an intracellular accumulation of ROS. Cancer cells counteract
exogenous delivery of high ROS levels by enhancing their antioxidant capacity. Therefore, a combination
of both exogenous and endogenous ROS delivery by targeting the antioxidants, can be a promising
anticancer strategy.

1.2. Endogenous ROS Generation

The second mechanism of enhancing oxidative stress levels is via intracellular ROS accumulation
through chemotherapy or targeted inhibition of the elevated antioxidant system (Figure 1). A lot of
chemotherapeutic agents enhance intracellular levels of ROS and can alter the redox homeostasis
of cancer cells. This amplification of ROS levels towards cytotoxic levels is one of the proposed
mechanisms by which multiple chemotherapeutics induce tumor regression. The level of ROS
generation is different among several compounds. Agents that generate high levels of ROS include
anthracyclines (e.g., doxorubicin), platinum coordination complexes (e.g., cisplatin), alkylating agents
(e.g., cyclophosphamide), camptothecins, arsenic agents and topoisomerase inhibitors, while nucleoside,
nucleotide analogs, antifolates, taxanes and vinca alkaloids only generate low levels of ROS [25].

There are two mechanisms for elevated ROS production during chemotherapy, namely through
mitochondrial ROS generation and inhibition of the cellular antioxidant system and thereby interfering
with ROS metabolism in cancer cells [25]. Several agents, including arsenic trioxide, doxorubicin and
cisplatin, have been reported to induce a loss of mitochondrial membrane potential and to inhibit
respiratory complexes, leading to the disruption of mitochondrial electron transport chain (ECT) and
electron leakage, which is a major source of elevated ROS levels [26–28].

The other mechanism for intracellular ROS accumulation is the inhibition of the antioxidant
system during chemotherapy. For instance, imexon, a small-molecule used to treat advanced cancer
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of the breast, lung or prostate, binds to thiols such as GSH, causing a depletion of cellular GSH and
consequently an accumulation of oxidative stress in cancer cells [29]. For some chemotherapeutics,
more than one target site for ROS generation in cancer cells has been identified. For example, in addition
to mitochondrial respiration, NADPH oxidase and thioredoxin reductase (TrxR) are other targets of
arsenic trioxide induced oxidative stress, inducing apoptosis [30–32].

Besides chemotherapy, selective inhibitors that block components of the cellular antioxidant
system are being studied as antitumor agents that enhance endogenous ROS production. For instance,
depletion of the GSH antioxidant system can also be achieved by targeting its synthesis through
buthionine sulfoximine (BSO), which has been shown to exhibit anticancer activities in various types
of cancer. Furthermore, inhibitors of the Xc-cystine/glutamate antiporter (e.g., sulfasalazine) may also
cause GSH depletion by inhibiting the uptake of cystine, the precursor of cysteine, which is a substrate
for GSH synthesis [33]. Another antioxidant is the thioredoxin/thioredoxin reductase (Trx/TrxR) system,
which is shown to be upregulated in cancer cells and is correlated with cancer aggressiveness and drug
resistance [30]. TrxR is required to convert oxidized Trx into its functional reductive form, which can
scavenge ROS [34]. TrxR activity can effectively be blocked by the gold compound auranofin that is
clinically used as an antirheumatic drug and functions as a thioredoxin inhibitor. In different cancer
cells, it has been preclinically shown to induce ROS-mediated cell death, since the ROS scavenger
N-acetylcysteine prevents this cytotoxic effect [35,36]. This has led to the use of auranofin in several
clinical trials involving non-small cell lung and ovarian cancer (NCT01737502 and NCT03456700).
The small-molecule PX-12 is another example of an antioxidant inhibitor, since it inhibits Trx and is
being used as therapy for advanced cancers in clinical trials [37,38].

1.3. Molecular Pathways Involved in Oxidative Stress-Inducing Therapies

Whether ROS augment tumorigenesis or lead to apoptosis, critically depends on the intracellular
ROS levels. At moderate concentration, ROS inactivate phosphatase and tensin homolog (PTEN) and
unlock the PI3K-depedent recruitment of its downstream kinases, such as Akt, which will, in turn,
activate NF-kB, subsequently activating the cancer cell survival signaling cascade [39]. For instance,
hydrogen peroxide can reversibly oxidize cysteine thiol groups of PTEN, causing the loss of their
activity and promoting the activation of the PI3K/Akt/mTOR survival pathway, consequently leading
to tumor cell survival [4]. Abundant high concentrations of ROS originating from exogenous and
endogenous sources, produce oxidative damage to the DNA, RNA, proteins, lipids and mitochondria,
initiating apoptotic cell death (Figure 2) [39,40].

In line with this, it has been shown that the cellular response to exogenous sources of ROS strongly
varies with the intensity of the treatment [41–43]. For example, low dosages of PDT and radiotherapy
have been shown to transiently activate several kinases and NF-kB involved in survival signaling [43,44].
In these non-toxic dosages of PDT, kinases that are important to initiate autophagy were shown to be
activated [44]. Higher dosages of radiation and PDT activate the mitochondrial apoptotic pathway and
additionally can also produce a sustained activation of MAPK families including p38, MAPK, ERK1/2
and JNK apoptotic signaling proteins (Figure 2) [40,45,46].

Inhibition of the antioxidant system of cells could also induce apoptosis of cancer cells. Trx is a
physiological inhibitor of ASK1 located upstream of the p38/MAPK pathway, and therefore disrupts
the p38/MAPK dependent apoptosis. As such, an inhibitor of the Trx/TrxR system could induce
apoptosis due to the phosphorylation of p38/MAPK, as well as the activation of JNK and ERK [34].
Additionally, several studies have shown that Trx/TrxR inhibitors downregulate the PI3K/Akt/mTOR
survival pathway, causing apoptosis of different types of cancer cells [34,47–49]. The same effect was
observed using an inhibitor of the GSH antioxidant pathway [50].
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Figure 2. Molecular responses to oxidative stress. At moderate “normal” levels of oxidative stress
in cancer cells (left side of the figure) ROS inactivate phosphatase and tensin homolog (PTEN) and
unlock PI3K/Akt/mTOR pathway, which in turn activates NF-kB, consequently activating cancer cell
survival and proliferation signaling. At high levels of oxidative stress induced by therapy, damage is
produced to DNA, RNA, proteins, lipids and mitochondria, initiating apoptotic cell death. Additionally,
high levels of ROS can activate p38/MAPK and JNK apoptotic signaling proteins, inducing cancer
cell death.

1.4. Combinations of Different Oxidative Stress-Inducing Therapies

It has been shown that radiotherapy, PDT, as well as other ROS-inducing therapies, could induce
acquired resistance to therapy. Here, NF-kB is considered to be a key component in the rise of
therapy-resistant cancer [43,51]. Suppression of the NF-kB activation pathway sensitized cells to
radiotherapy-induced apoptosis by increasing activation of the JNK pathway [52]. Furthermore,
it has been suggested that resistance to therapies that induce intracellular ROS production, such as
chemotherapy (e.g., paclitaxel and doxorubicin) and radiotherapy, is correlated with an increased
antioxidant capacity of cancer cells. Here, upregulation of Nrf2 after oxidative stress contributes
to the therapy resistance in cancer cells [53,54]. Due to this complexity of redox homeostasis and
adaptation-mediate resistance in tumor cells, ROS-inducing treatments may not always lead to an
effective antitumor effect. To overcome resistance induced by oxidative stress and to maximally exploit
the ROS-mediated cell death mechanism as a therapeutic strategy, it would be beneficial to combine
therapeutic strategies that exogenously induce ROS together with compounds that suppress the cellular
antioxidant system.

In several preclinical studies, inhibition of GSH or Trx antioxidant systems, downstream of Nrf2
signaling, has been demonstrated to sensitize different types of tumor cells towards radiotherapy [55–57].
BSO used to inhibit the GSH production, has been shown to sensitize lung, renal and head and neck
cancer to radiation. The combination of radiation and GSH depletion by BSO resulted in the activation
of the JNK signaling pathway, which resulted in triggering the intrinsic apoptotic pathway [55].
A combination of other agents to disrupt endogenous redox homeostasis was also proven to improve
therapeutic efficiency and overcome tumor resistance to PDT [58,59]. However, in combination
with BSO, a synergistic effect with PDT was only seen when BSO alone had negligible cytotoxicity.
This indicates that cancer cells with intracellular high levels of antioxidants (e.g., GSH) will be more
intrinsically resistant toward antioxidant inhibitors or radiation alone, but will effectively induce cell
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death when these exogenous and endogenous ROS inducers are combined [59–61]. Similar effects were
seen when combining BSO with a platinum-based chemotherapy-inducing ROS [62]. Additionally,
inhibitors of the Trx/TrxR system (such as PX-12, auranofin and motexafin gadolinium) have shown
similar effects to enhance the response against exogenously therapy-induced ROS [63,64].

Hypoxia is also one of the most important causes of exogenous oxidative stress-inducing therapy
failure, because of the shortage of ROS substrate oxygen. However, it is demonstrated that more ROS is
produced in hypoxic conditions compared to non-hypoxic conditions. Although the specific mechanism
has not been described, it appears that the source of the increased ROS levels generated under hypoxia
is the mitochondria. Hypoxia increases ROS via the transfer of electrons from ubisemiquinone to
molecular oxygen at the Qo sites of complex III of the mitochondrial electron transport chain [65].
Besides mitochondria, nitric oxide synthases (NOS) and NOX have also been implicated to increase
ROS production during hypoxia [66]. Moreover, NO and its derivates are a specific group of ROS
synthesized by NOS. Since the inducible NOS (iNOS) is a hypoxia response gene, the generation of
NO is significantly increased in tumor cells under hypoxic conditions [67]. As such, hypoxic tumor
cells heavily rely on the antioxidant defense system to maintain ROS balance, making them vulnerable
to inhibition of this antioxidant system [66]. For instance, BSO produces a more pronounced GSH
depletion in regions of hypoxia, since GSH levels are higher in hypoxic compared to non-hypoxic
regions [68]. Furthermore, auranofin was able to overcome hypoxic radiation resistance and the effect
could be further amplified by combining auranofin with BSO, leading to significant tumor growth
delay and increased survival rate of tumor-bearing mice [56,57]. Therefore, inhibition of the antioxidant
system could be effective to counteract hypoxia-induced therapy resistance [69].

Since the upregulation of NF-kB is also a key player in acquired resistance to ROS-inducing
therapy, inhibition of this transcription factor could enhance the anticancer effect. For example,
auranofin has shown to decrease the expression of NF-kB, thereby overcoming acquired therapy
resistance [70,71]. Similar effects were obtained when inhibiting GSH metabolism [72]. However,
it should be mentioned that the activation of NF-kB is also responsible for inflammatory responses,
which can induce cross-presentation of tumor antigens and stimulate antitumor immune responses [73].
This indicates that it is important to take into account the effects of exogenous and endogenous
ROS-inducing therapies on the antitumoral immune system.

2. Indirect and Direct Effects of Oxidative Stress-Inducing Therapies on the Antitumoral
Immune Response

In recent years, it has become clear that the immune system is a strong ally in the fight against
cancer. ROS-inducing treatments have significant effects on the immune system, which can be either
immunostimulatory or, in some circumstances, immunosuppressive [74,75]. Here we will discuss the
direct and indirect effects of these therapies on the immune system, which are either immunostimulatory
or immunosuppressive (Figure 3, Table 1).

Table 1. Overview of immunomodulating effects of different ROS-inducing therapies.

ROS-Inducing Therapy Effect References

Immunostimulating Effects

Indirect Effects

Radiotherapy, PDT, CAP, chemotherapy
(e.g., oxaliplatin, doxorubicin)

Secretion of danger signals inducing ICD
(e.g., ATP, IL-1β, calreticulin, HMGB1, type I IFN) [76–83]

Radiotherapy, PDT, CAP, chemotherapy
(e.g., docetaxel, doxorubicin, oxaliplatin)

Secretion of chemokines attracting T cells
(e.g., CXCL9, CXCL10, CCL5) [83–90]

Radiotherapy, PDT, CAP, chemotherapy
(e.g., topotecan) Upregulation of MHC-I molecules on tumor cells [91–95]

Radiotherapy, PDT Upregulation of NK cell ligands
(e.g., MICA, NKG2DL) [96,97]

Radiotherapy, GSH inhibitors (e.g., BSO) Modulation of death receptors
(e.g., Fas and CD95) [98–100]
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Table 1. Cont.

ROS-Inducing Therapy Effect References

Trx/TrxR inhibitors
(e.g., butaselen) Downregulation of PD-L1 [101]

Radiotherapy, PDT, CAP, chemotherapy
(e.g., doxorubicin, oxaliplatin), Trx inhibitor

Secretion of proinflammatory cytokines
(e.g., IFN-γ, TNF-α) [78,93,102,103]

Direct Effects

Radiotherapy, PDT, Trx/TrxR inhibitors
(e.g., arsenic trioxide) Depletion of Tregs [103–106]

CAP, Trx inhibitor Decrease in secretion of anti-inflammatory cytokines
(e.g., IL10, TGF-β) [78,103]

Radiotherapy, chemotherapy
(e.g., cyclophosphamide), antioxidant inhibitors

(e.g., noble nanoparticles)
Polarization of M2 into M1 macrophages [107–109]

Immunosuppressive Effects

Indirect Effects

Radiotherapy, PDT, CAP, chemotherapy Secretion of ATP modulating MDSCs [110]

Radiotherapy Secretion of chemokines attracting MDSCs
(e.g., CXCL12) [111,112]

Radiotherapy, Trx/TrxR inhibitors (e.g., auranofin,
arsenic trioxide) Upregulation of PD-L1 [101,113–115]

Radiotherapy Secretion of anti-inflammatory cytokines
(e.g., TGF-β) [116]

Direct Effects

Radiotherapy, PDT Accumulation of Tregs [116,117]

Radiotherapy Polarization into M2 macrophages [118]

Radiotherapy, PDT, CAP, chemotherapy
(e.g., cisplatin, oxaliplatin), antioxidant inhibitors

(e.g., arsenic trioxide)
Lymphocyte cytotoxicity [87,116,119–122]

GSH inhibitor Inhibition of DC maturation [123]

2.1. Indirect Effects on the Antitumoral Immune Response

2.1.1. Priming of an Adaptive Immune Response

Tumor cells undergoing cell death in response to oxidative stress-induced therapy have the capacity
to trigger an adaptive anticancer immune response, a concept known as immunogenic cell death (ICD).
This is a unique type of cell death characterized by the release of danger signals after treatment of tumor
cells, leading to the effective presentation of tumor antigens and subsequent priming of antigen-specific
T cells. This process enhances the elimination of tumor cells and generates immune memory against
the tumor antigens, thereby reducing the chance of recurrence [124]. Mechanistically, ICD induction
requires ROS generation and further ROS-based ER stress [125]. In literature, there are already
comprehensive reviews and research articles that discuss physical ROS-inducing modalities, such as
radiotherapy, PDT and CAP, which have been shown to elicit effective antitumor immunity [76–80].
Additionally, chemotherapeutics which have been proven to be ICD inducers (e.g., oxaliplatin and
doxorubicin) are accompanied by ROS-induced cytotoxicity [81].

Danger signals released during ICD include the release of adenosine triphosphate (ATP),
which attracts dendritic cells (DCs) into the tumor and can stimulate the release of interleukin
(IL)-1β, which promotes T cell priming. Moreover, calreticulin is expressed on the surface of the
treated tumor cells, which promotes phagocytosis of these cells by DCs. ICD is also associated
with high-mobility group box 1 (HMGB1) release, which facilitates antigen presentation and type-I
interferon (IFN) secretion, mediating DC maturation [78,82,83]. Release of ATP, however, also modulates
immunosuppressive properties of myeloid-derived suppressor cells (MDSCs) and can contribute to
tumor growth and inhibition of antitumor immunity [110].
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Figure 3. Direct and indirect immunomodulating effects of ROS-inducing therapy. The immunomodulating
effects after ROS-inducing therapy can be divided into direct and indirect effects being
immunostimulatory and/or immunosuppressive. (A) ROS-inducing therapy triggers recruitment
and activation of DC by inducing immunogenic tumor cell death (ICD). Additionally, treated tumor
cells can secrete cytokines (e.g., IFN-γ and TNF-α) and chemokines (e.g., CXCL10 and CXCL9),
and can modulate their surface molecules (e.g., MHC-I, PD-L1 and NKG2DL), thereby increasing their
susceptibility to T cell and NK cell-mediated cytotoxicity. (B) Immunosuppressive cytokines (e.g., IL10
and TGF-β) and chemokines (e.g., CXCL12) can also be secreted by tumor cells treated with ROS
inducers, suppressing immunostimulatory immune cells (DCs, T cells and NK cells) and promoting
immunosuppressive immune cells (Tregs and MDSCs). (C) Depending on the intensity, ROS-inducing
treatment skews TAMs towards a more antitumoral (M1) or protumoral (M2) phenotype. (D) T cells
and NK cells are sensitive to oxidative stress-inducing treatments, compared to Tregs which are more
resistant to these toxic effects.

2.1.2. Recruitment of Leukocytes

Low infiltration of effector T cells and other leukocytes (e.g., NK cells) into the tumor represents a
major obstacle for cancer immunotherapy [126]. Here, therapy can facilitate leukocyte infiltration by
generating chemoattractants to induce leukocyte extravasation.

The most relevant signals regulating leukocyte infiltration are therapy-induced chemokines
secreted by treated tumor cells and/or stromal components. For instance, several exogenous ROS
inducers (e.g., radiotherapy, PDT and CAP) induce CXCL9 and CXCL10 secretion, which attracts
T cells and thereby enhances tumor control [83–86]. By contrast, CXCL12 induced by radiotherapy can
attract tumor-promoting MDSCs [111,112]. This underscores the double-edged sword of oxidative
stress-induced therapy in the antitumor immune response. Additionally, a high dose of platinum-based
chemotherapy is considered immunosuppressive, causing lymphopenia and neutropenia. However,
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complementary to other ROS-inducing treatments, it has been shown that low dose treatment
enhances the T cell response with an increased number of T cells due to secreted chemokines (CXCL9,
CXCL10 and CCL5) after treatment [87]. Other chemotherapy-based treatments are also able to
upregulate the expression of chemokines receptors ligands in the TME, subsequently enhancing T cell
recruitment [88–90].

2.1.3. Modification of the Related Surface Molecules

Susceptibility of tumor cells to T cell and NK cell-mediated cytotoxicity can be modulated by
the expression pattern of surface molecules, including major histocompatibility complex (MHC)-I,
MHC-II, NK cell ligands, costimulatory receptors and death receptors. The MHC class I is vital
for the presentation of endogenous and potentially tumor-specific antigens to cytotoxic T cells.
Radiation induced MHC-I expression on tumor cells, associated with increased susceptibility to
T cell-mediated killing [91–93]. Similar to radiation, PDT and CAP use oxygen radicals and were
shown to restore MHC-I expression in glioma and melanoma, respectively [94,95]. Additionally,
PDT and radiotherapy induce MHC class I polypeptide–related sequence A (MICA) expression and
upregulation of natural killer group 2D ligand (NKG2DL) on tumor cells. Both effects corresponded
to increased NK cell-mediated killing of treated tumor cells [96,97]. By acting on the death receptors
(e.g., Fas), the intrinsic immunogenic properties of the target cells can be altered after radiation,
which consequently enhances their susceptibility to cytotoxic T cell-mediated killing [98]. The same
effect was seen after treatment with BSO, inducing the formation of the CD95 death-inducing signaling
complex [99]. Other chemotherapeutic regimens, which interfere with GSH, also increased the
expression of death receptors [100].

ROS-inducing treatments also modulate programmed death-ligand 1 (PD-L1) expression.
However, the interplay between ROS inducers and PD-L1 expression is complex, showing that both
the up- and downregulation of PD-L1 expression can be induced. It is shown that different inhibitors
of Trx/TrxR system decrease the PD-L1 protein level in tumor cells [101]. However, the opposite
effect was reported with the TrxR inhibitor auranofin [113]. Like auranofin, arsenic trioxide induces
PD-L1 expression in a dose-dependent manner in leukemic cells [127]. Besides antioxidant depletion,
PD-L1 expression was increased through PI3K/Akt and STAT3 signaling in vivo and in vitro after
conventionally fractionated radiotherapy [114,115]. In addition, PD-L1 expression may occur in
response to tumor-targeting immune cells that release IFN-γ upon recognition of the antigen expressed
by tumor cells [128]. Conversely, IFN-γ seems to represent the dominant effector molecule of the
antitumor immune response after radiotherapy [93]. The same is true for different chemotherapeutics
(such as doxorubicin and oxaliplatin) and other physical modalities inducing oxidative stress (including
PDT and CAP), where IFN-γ was assessed as a reporter of T cell activity in response to treatments [102].

Many proinflammatory cytokines, including IFN-γ and tumor necrosis factor (TNF)-α,
are regulated by the transcription factor NF-kB that can attract cells of the innate and adaptive
immune system to mediate antitumor immune responses [129]. This highlights the paradoxical role
of NF-kB, where its activation due to intermediate levels of ROS generated during lower dosages of
therapeutic strategies inducing oxidative stress (e.g., radiotherapy and PDT), enhances tumor cell
growth and on the other hand activates the antitumoral immunity.

None of the described indirect effects can be generalized among all different exogenous and
endogenous oxidative stress-inducing therapeutic strategies. Additionally, the effects are context and
dose-dependent. Further comprehensive studies are needed to fill up the gaps in the knowledge
on different ROS-inducing treatments and possible combinatorial strategies concerning their specific
effect on immune response priming, recruitment of leukocytes and modification of surface molecules
after treatment.
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2.2. Direct Effects on the Antitumoral Immune Response

2.2.1. Direct Effect on Tumor-Infiltrating Immunosuppressive Cells

Immunosuppressive cells, including tumor-associated macrophages (TAMs), regulatory T cells
(Tregs) and MDSC are key components of the TME of numerous tumor types [130]. There is an
interaction between tumor cells and these immune cells leading to tumor immune escape. An increased
number of Tregs in tumor tissue is found in a high proportion of cancer patients and is correlated
with tumor progression and poor prognosis, since Tregs help to evade host immunity. In contrast
to conventional CD4+ T cells, Tregs are more resistant to oxidative stress-induced cell death [131].
This could be explained by the higher expression and secretion levels of the antioxidant molecule
Trx [132]. It was shown that antioxidant Trx expression correlates with Treg representation in clinical
samples of metastatic melanoma and that modulation of Trx influences the induction of Tregs and the
generation of an immunotolerant cytokine profile. The addition of a Trx inhibitor decreased the number
of Tregs in lung lesions. Furthermore, IFN-γ increased, whereas IL-10 and transforming growth factor
(TGF)-β decreased after treatment with a Trx blocking antibody [103]. Arsenic trioxide, shown to inhibit
TrxR, also induced selective depletion of Tregs and consequently increased the antitumor immune
response [32,104]. Moreover, it was found that oxidative stress was the metabolic mechanism that
controls tumor Treg cell functional behavior. Induction of Treg apoptosis through exogenous oxidative
stress mediated the conversion of a large amount of ATP into adenosine via CD39 and CD73 and
subsequently triggered an immunosuppressive cascade, tempering the therapeutic effect of immune
checkpoint therapy [133]. Beyond these effects, it was shown that radiotherapy can induce TGF-β
release in the TME and consequently lead to the accumulation of Tregs into the tumor tissue [116].

On the contrary, it was found that percentages of Tregs in the peripheral blood of cancer patients
decreased significantly after radiotherapy [105]. It was confirmed by others that the reduction was
mediated by the downregulation of CCL22 [106]. So far, there is no consensus concerning the effect of
radiotherapy on Tregs, probably because the effect of radiotherapy on Tregs is context-dependent for
different doses and tumor types. The same contradictory results are true for treatment with PDT [117].

Besides Tregs, certain subtypes of TAMs are also considered to have pro-tumoral functions.
TAMs can differentiate from monocytes into two distinct subtypes, namely classically activated (M1)
and alternatively activated (M2) macrophages with effector or suppressive function, respectively.
Concerning the vulnerability of TAM to oxidative stress, M2 macrophages have lower levels of
ROS compared to the M1 phenotype due to higher antioxidant activity, indicating that they will
be more resistant to ROS-inducing treatments [134]. For instance, M1 macrophages were observed
to be more sensitive towards radiotherapy, compared to M2 macrophages [135]. Additionally,
several controversial studies have investigated the effect of chemotherapy and radiotherapy on the
TAM phenotype. For example, a low dose of cyclophosphamide can promote the differentiation
of M2 macrophages into M1 [107]. Similarly, low dose radiation promotes TAM skewing towards
an M1 polarized phenotype and render them supportive of antitumor immunity [108]. However,
higher radiation doses can polarize TAMs to an M2 phenotype promoting tumor growth, induced by
factors released from irradiated cells [118]. Gold and silver nanoparticles have been shown to modulate
reactive oxygen and nitrogen species production by suppressing the antioxidant system of tumor
cells. When applying these nanoparticles to TAMs, there was a downregulation of TNF-α and IL-10
and an upregulation of IL-12, resulting in polarization from M2 to M1 macrophages, suggesting
a radical shift from pro-tumorigenic to an anti-tumorigenic nature when TAMs undergo oxidative
stress [109]. Since the polarization of TAMs is extremely dependent on the contextual signals of the
TME, characterization of the oxidative stress-induced factors regulating this polarization remains to
be elucidated.
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2.2.2. Direct Effect on Tumor-Infiltrating Immunostimulatory Cells

Several oxidative stress-inducing treatments have the potential to increase tumor cell immunogenicity
by activating ICD and secreting immunostimulatory factors that can activate innate immune responses
and elicits a tumor-specific adaptive immune response. In practice, however, the toxicity of these
oxidative stress-inducing treatments to T cells, NK cells and DC limits the extent of immune stimulation
and can even lead to immunosuppression [136]. Consequently, oxidative stress-inducing treatments
can cause severe related lymphopenia that is associated with reduced patient survival [119].

For instance, the direct effect of radiation on lymphocytes is often immunosuppressive since most
subsets of lymphocytes are radiosensitive [137]. Similar direct effects have been demonstrated after
chemotherapy, PTD and CAP [119–121]. Nevertheless, the various lymphocyte subtypes differ in their
sensitivity to exogenous induced oxidative stress. It has been demonstrated that memory and naïve
T cells, as well as NK cells, are highly sensitive, whereas effector T cells, NK-T cells and Tregs are more
resistant to the toxic effects of exogenous induced oxidative stress [131,138]. Additionally, the extent
of immunosuppressive properties will vary with treatment schedule and dose [136,137]. In general,
activated T cells and NK cells have higher antioxidant levels (GSH and Trx), necessary to buffer the
rising ROS levels upon activation and proliferation of these lymphocytes, making them less vulnerable
for exogenous ROS induced cell death [139,140]. For example, IL-2 activated NK cells were more
resistant to H2O2-induced cell death than resting NK cells due to an upregulation of the Trx system.
However, H2O2-induced cell death was also observed in these activated NK cells in the presence of
a Trx inhibitor [140]. Inhibiting the antioxidant system in T cells with arsenic trioxide also induces
apoptosis in T cells by enhancing oxidative stress, decreasing intracellular GSH releasing cytochrome c,
activating caspases and downregulating Bcl-2 [122]. In contrast, after Trx inhibition the expression of
the activation marker CD69 was significantly increased on both CD8+ T cells and NK cells [34].

In contrast to all lymphocyte subsets, monocytes are shown to be more resistant to exogenous
ROS induced cell death [75,78,121,141]. This might be explained by a stronger antioxidant defense
system in phagocytes, such as monocytes and DC, which under physiological conditions protect them
against self-production of ROS during oxidative burst [142]. However, depletion of the antioxidant
GSH system could also inhibit DC maturation [123].

In summary, ROS-inducing treatments cause direct and indirect immune effects which can be
both immunostimulatory and immunosuppressive. Current research on ROS-inducing treatments
mostly focuses on one immunomodulating aspect but lacks comprehensive investigation on both
stimulatory and suppressive immune effects. Additionally, it is necessary to take into account the
timing and location of the effects. ROS-inducing treatments can have immediate toxic and suppressive
effects on tumor-infiltrating immune cells, however, can be able to attract new systemic immune
cells towards the tumor, stimulating an antitumoral immune response. Therefore, it is necessary to
elucidate all these challenges when investigating oxidative stress-inducing treatment modalities as a
novel anticancer strategy.

3. Conclusions

Preclinical studies have elucidated that an increase in ROS concentrations through exogenous
and endogenous ROS-inducing therapies or a combination of both can be an efficient anticancer
strategy. Hence, the influence of these treatments on the TME should be considered. Importantly,
both the immunostimulatory as well as immunosuppressive effects have to be taken into account
when investigating these anticancer modalities, because increasing ROS levels can be a double-edged
sword with regards to immunomodulation and the effects cannot be generalized over different
treatment modalities.
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Abstract: Radiation therapy plays a critical role in the management of a wide range of hematologic
malignancies. It is well known that the post-irradiation damages both in the bone marrow and in other
organs are the main causes of post-irradiation morbidity and mortality. Tumor control without
producing extensive damage to the surrounding normal cells, through the use of radioprotectors, is of
special clinical relevance in radiotherapy. An increasing amount of data is helping to clarify the role
of oxidative stress in toxicity and therapy response. Radioprotective agents are substances that
moderate the oxidative effects of radiation on healthy normal tissues while preserving the sensitivity
to radiation damage in tumor cells. As well as the substances capable of carrying out a protective
action against the oxidative damage caused by radiotherapy, other substances have been identified as
possible enhancers of the radiotherapy and cytotoxic activity via an oxidative effect. The purpose of
this review was to examine the data in the literature on the possible use of old and new substances
to increase the efficacy of radiation treatment in hematological diseases and to reduce the harmful
effects of the treatment.

Keywords: radiotherapy; hematological malignancies; oxidative stress; lymphoma; leukemia;
multiple myeloma; apoptosis; mitochondria

1. Introduction

Radiotherapy in Hematologic Malignancies

Radiation therapy (RT) has an essential role in the treatment of a wide range of
hematologic malignancies. The ideal radiation dosage and target volume, and efficacious system
of combining radiation with systemic drugs, differ in relation to the histologic varieties, stage,
and patient performance status. Reducing dosages to adjacent organs without losing disease control is
of leading importance as it can increase the therapeutic ratio of subjects getting RT for hematologic
malignancies [1].

Lymphomas are very radiosensitive tumors and RT is the principal treatment approach, and it is
the most efficacious single therapy for local control of lymphomas. Nevertheless, curative objective
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is only imaginable if all lymphoma tissue can be included in the zone to be irradiated with
the recommended total irradiation dosage. For this reason, RT is a single mode only in early stages
of Hodgkin’s lymphoma and low-grade non-Hodgkin’s lymphoma. However, in most subjects,
RT can be employed as consolidation treatment after chemotherapy. In the last few years,
irradiation treatment of lymphomas has been improved in order to save essential tissues and
decrease toxicity. However, although efficacious, RT is a disregarded type of therapy because of
the concern of side effects after irradiation [2].

RT is also an efficacious treatment for multiple myeloma (MM) [3]. External beam irradiation
is habitually employed for palliation of bone pain and treatment of solitary plasmacytomas [4].
In MM subjects who have diffused bone disease, systemic RT with compounds such as bone-seeking
radionuclides [5,6] or treatments such as intensity modulated RT and helical tomography [7,8] have
been employed. For instance, bone-seeking radionuclide treatment with radioactive samarium
conjugated to a tetraphosphonate chelator has been utilized in myeloablative protocols for
MM [9–12]. Moreover, the combinate use of RT with chemotherapeutic drugs such as bortezomib
or thalidomide [13–15] has demonstrated good clinical effects with decreased radiotoxicity to
normal tissues.

Finally, as far leukemic patients, the most frequent situation in which RT therapy is employed
comprises therapy of central nervous system (CNS) disease and other types of extramedullary relapses.
Either whole-brain radiation treatment or cranial spinal irradiation may be evaluated in subjects with
leukemia and history of CNS disease as part of therapy before allogeneic stem cell transplant (SCT),
consolidation after salvage chemo treatment, or salvage therapy. Myeloid sarcoma, also recognized as
granulocytic sarcoma, and leukemia cutis are extramedullary malignancies containing myeloid blasts,
in most patients arising concomitantly with acute myeloid leukemia, and they are extremely sensitive
to RT [16].

2. Radiotherapy and Oxidative Stress

An expanding quantity of results is aiding to explain the effects of oxidative stress in malignancies
both in the onset of the disease and in response of the treatment. In several tumoral situations,
reactive oxygen species (ROS) generation and removal are out of control, leading to disproportionate
quantities of ROS [17]. Antioxidants are essential in the removal of ROS, so preserving the normal
physiological condition is vital [18].

An oxidatively balanced redox status may influence carcinogenesis by modifying DNA and
different cellular components. On the other hand, oxidative stress increases the activities of several
cytostatic drugs by provoking sublethal DNA injury and so stimulates programmed cell death.
Moreover, oxidative stress markers are prognostically relevant in solid cancers [19–21], but also
in multiple myeloma, lymphoma, and acute and chronic leukemia [21–27].

On the other hand, it is well known that, at molecular level, the cytotoxic actions of ionizing
radiation (IR) on tumor and normal cells is essentially due to ROS and reactive nitrogen species (RNS)
generation such as the hydrogen peroxide, superoxide anion, hydroxyl radical, and nitrogen dioxide
via the radiolysis of cellular water [28]. If not scavenged, these ROS/RNS have a main action in the cell
injury by provoking lipid peroxidation, DNA strand breaks, and protein modifications. ROS/RNS also
induct the onset of different biochemical and molecular signaling effects that may either fix the injury
or provoke cell death, such as apoptosis [29,30].

Among the several compounds that participate in regulating the process, the proto-oncogene
bcl-2 family plays a main role. B-cell lymphoma 2 (Bcl-2) is an intracellular protein that locates to
endoplasmic reticulum, mitochondria, and the nuclear envelope. It blocks programmed cell death and
augments cell survival under different situations in various cell types [31,32]. The expression of Bcl-2
is intensely connected with the expression of several antioxidant enzymes and the strong relationship
controlling the intracellular redox concentration has an essential action in cell destiny [33].
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However, after exposure of cells to RT, the stimulation of caspases is moderately faint, and then
the signal is directed via the mitochondria for efficacious death execution (type 2 or intrinsic signaling).

In fact, damage of cellular DNA after RT is a dose-dependent event and happens in both the nuclear
(nDNA) and extra-nuclear DNA. Thus, besides nDNA, mitochondrial DNA (mtDNA) is similarly
altered [34,35]. Several experimentations reported that mtDNA can be a target for endogenous ROS
and free radicals generated by IR [36,37]. The modalities of cellular response to RT with regard
to mtDNA modifications are essentially two different mechanisms. Firstly, mtDNA has limited
repair systems and mitochondrial function is maintained principally due to its high copy number.
One potential radio-protective system is that increased replication of mtDNA decreases the mutation
occurrence of total mtDNA and reduces the onset of lethal radiation injury to the mitochondria [38,39].
This hypothesis has been supported by Zhang et al. by demonstrating augmented mtDNA copy
number in bone marrow (BM) of total body irradiated animals [40].

As for the second mechanism, IR generally stimulates cell apoptosis by provoking a gathering of
large scale mtDNA deletions, particularly the specific 4977 bp deletion, denoted to as the “common
deletion (CD)” [41]. The site of CD is bordered by two 13 bp direct repeats (ACCTCCCTCACCA) at
mtDNA nucleotide site 8470 and 13,447 [42]. Findings have demonstrated that CD can be a precise
indicator of oxidative damage to mtDNA [43–45]. Wen et al. studied mtDNA modifications in irradiated
human peripheral lymphocytes from acute lymphoblastic leukemia (ALL) subjects [46]. Significant
inverse correlation was demonstrated between CD level and mtDNA content. CD content and mtDNA
may be believed as prognostic factors to radiation toxicity [46].

However, it is well known that the post-irradiation injuries in the BM and diverse organs represent
a main problem and are the principal reasons of post-irradiation mortality and morbidity [47].

The purpose of this review was to examine the data in the literature on the possibility of using old
and new substances to increase the efficacy of radiation treatment in hematological diseases and to
reduce the harmful effects of the treatment.

3. Radioprotective Agents

Cancer management without causing wide injury to the adjacent normal cells, via the employment
of radioprotectors, is of exceptional clinical importance in RT. Radioprotective factors are compounds
that temper the consequences of radiation on normal tissues, maintaining the sensitivity to radiation
injury in tumor cells [29]. However, no ideal radioprotector has been obtainable so far that would be
non-toxic at its best, at an efficacious dosage, and that could defend normal cells against radiation
damage while maintaining the radiosensitivity of tumor cells.

A fragile equilibrium exists between oxidant and antioxidant mechanisms under
physiological situations, but it is compromised in pathologic conditions. Oxidative stress activation
during several diseases may reduce the antioxidant ability of cells, and vulnerability of target elements
to oxidative stress increases as a result. Enzymatic and nonenzymatic antioxidants avoid surplus ROS
generation and counteract the ROS. Substances such as vitamin A, vitamin C, vitamin E, catechin,
epicatechin, carotenoids, and in vivo low-molecular weight antioxidants (melatonin, lipoic acid,
uric acid, haptaglobuline, bilirubin, and melatonin) represent the total antioxidant capacity of
plasma [48].

Among the great number of natural and synthetic radioprotective substances, the phytochemical
compounds, comprising phenolics (simple phenols, benzoic acid derivatives, flavonoids, stilbenes,
phenylpropanoids, tannins, lignins, and lignans) have provided encouraging effects because of
their capacity to scavenge free radicals and reduce toxicity [49] (Table 1). However, the possible use
of substances, such as genistein and quercetin, has been impeded due to the inadequate water-solubility,
and therefore their reduced bioavailability [50,51].
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Table 1. Radioprotective agents able to reduce the harmful effects of the treatment.

Agent Mechanisms of Action Limits Advantages Ref.

Phenolic (flavonoids, stilbenes,
tannins, lignans, lignins,

quercetin, genistein)
Inhibition of apoptosis

Limited water
solubility and poor

availability
[49–51]

Polyphenolic—polysaccharide
conjugates Inhibition of apoptosis

Non-toxic, water-soluble
polymeric compounds.

They did not protect
the leukemic cells against

radiation-induced
apoptotic death.

[52,53]

Cimetidine

Hydroxyl radical scavenging
mechanism. Decrease of

inflammation, and Bax/Bcl2
ratio.

Reduction of loss of bone
marrow cell count, intestinal

lining destruction,
and fibrosis. Differential
effect on both cancer cells
and adjacent healthy cells.

[54,55]

Amifostine (WR2721)
Organ repair via bone
marrow recruitment
or dedifferentiation.

Intolerance and
significant

accumulative toxicity.
[56]

STW5 (Iberogast) Anti-apoptotic effects.
Antioxidant activity

and anti-inflammatory
properties

Action on radiation enteritis.
Preservation of the mucosal

integrity of
the small intestine.

[57–60]

CBLB502

Increased expression of
the strong natural

antioxidant superoxide
dismutase and induction of
radioprotective cytokines
(G-CSF, IL-6, and TNF-α).

Suppression of
p53-dependent apoptosis.

Reduction of DNA damage
and chromosomal

aberrations. Action on
the TLR5 signaling pathway.

It protects mammals from
gastrointestinal and
hematopoietic acute
radiation syndrome.

Reduction of IR-induced
oxidative stress, reduction of

decline of sperm quantity
and quality.

[61–65]
[66,67]

Erdosteine

Protective role on the release
of free oxygen radicals.
Action on TNF alpha,

interleukin 1, and IL-6.

Protection against radiation
induced inflammatory

kidney damage.
[68]

Human umbilical
cord-derived mesenchymal

stromal cells

Prevention of oxidative
stress and increased
antioxidant status.

Reduction of pro-fibrotic
TGF-β1, IL-6,

and IL-8 levels.

Protective effects on
irradiation myocardial

fibrosis with increased cell
viability, reduction of
collagen deposition.

[69]

Calf spleen extractive injection Regenerating action on
damaged cells.

Reduction of
thrombocytopenia

and leucopenia.
[70–72]

Polyxydroxylated fullerenes Anti-oxidative effects.
Prevention of

radiation-induced reduction
in the white cell count.

[73,74]

Platelet-rich plasma

Administration of
growth factors. Reduction of

oxidative stress and
inhibition of

the induced apoptosis.

Neuroprotection. [75,76]

The polyphenolic-polysaccharide conjugates (PPCs) extracted from the plants of Rosaceae family
(Rubus plicatus, Sanguisorba officinalis L., and Fragaria vesca L.) as well as of Asteraceae family are
compounds for distinguishing the secondary cell wall of higher plants (Figure 1). The PPCs are
water-soluble, non-toxic polymeric substances [52]. It was reported that the PPCs were capable of
augmenting the post-radiation survival of peripheral blood mononuclear cells (PBMC)s by blocking
programmed cell death, while they did not defend the leukemic cells against radiation-induced
programmed cell death. The PPCs guarantee an efficacious defense of PBMCs via scavenging of
intracellular ROS and reducing DNA injury, while they offered no decrease of the oxidative stress
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and DNA injury in K562 cells (a human immortalized myelogenous leukemia cell line). These results
intensely propose that the PPCs, principally those extracted from Elodea canadensis and S. officinalis,
can selectively defend normal cells, thus they have the benchmarks of radioprotectors for possible
employment in RT [53].

 

Figure 1. Natural and synthetic radioprotective substances.

A diverse possible radioprotective drug could be Cimetidine, a histamine type II receptors blocker,
which has been demonstrated to have an antisuppressor action. Cimetidine has also been employed
efficaciously to reestablish immune activities in subjects with malignancies, hypogammaglobulinemia,
and acquired immune deficiency syndrome-related complexes [77]. Some in vitro and in vivo
experiments evaluated the radioprotective activity of cimetidine on lympho-hematopoietic cells.
The mechanism by which cimetidine decreases the mutagenic action of radiation is not well-known,
even if a hydroxyl radical scavenging mechanism has been proposed [54]. Estaphan et al. studied
the protective action of cimetidine in animals exposed to γ-irradiation and evaluated the Bcl2/Bcl2
associated X (bax) pathway as a possible fundamental mechanism [55]. Cimetidine pretreatment
considerably reduced the fibrosis, the loss of BM cell count, and the intestinal lining destruction
reported in the untreated irradiated animals, and drastically reduced the oxidative stress, inflammation,
and Bax/Bcl2 ratio. An important relationship between Bax/Bcl2 ratio, tissue oxidative stress level,
and tissue injury was demonstrated. Cimetidine could be a very encouraging radioprotective drug
with a possible differential beneficial action on both cancer cells (stimulating programmed cell death)
and contiguous normal cells (provoking radioprotection through blocking programmed cell death)
via its antioxidant action and consequent control of type 2 apoptotic pathway [55].

However, Waller Reed Army Research Institute produced and examined over 4000 compounds
that could have a radioprotective activity. WR2721 (Amifostine) was the most efficacious substance,
although its use is restrained due to its accumulative toxicity [56]. So, there is still a persistent necessity
to find new, efficacious, and non-toxic radio-protective substances.

Some compounds seem to be capable to exercise a protective effect on specific consequences of
the RT, being able to decrease the damaging actions effects on particular organs or systems such as
the intestinal mucosa, the male reproductive system, kidney, heart, or bone marrow.
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Organ or system healing can be accomplished ex vivo, by administration of embryonic or adult
stem cells, or in situ, by dispensing elements that will stimulate or improve the healing mechanisms of
the organ itself, and several efforts have been made about the elaboration of a system for efficacious
growth factors release in vivo to promote cellular repair and tissue renewal [78].

As far intestinal mucosa, radiation enteritis is a grave complication caused by the cytotoxic
action of RT on the intestinal mucosa. The genesis of this situation implicates the delivery of
pro-inflammatory cytokines and ROS and augments programmed cell death in the intestinal epithelium,
provoking an alteration of intestinal structure and function [79,80]. Research evaluated the possible
radio-protective and anti-apoptotic actions of STW5 (Iberogast®,) an herbal preparation, inclosing
extracts of Angelica archangelica, Silybum marianum, Melissa officinalis, Iberis amara, Matricaria recutita,
Carum carvi, Mentha piperita, Chelidonium majus, and Glycyrrhiza glabra [57].

Exposure to radiation caused apoptotic modifications associated with an augmentation
in cytosolic calcium, reduction of complex I, mitochondrial cytochrome c, and B-cell lymphoma-2.
Oxidative stress parameters were disturbed, while inflammation markers such as tumor necrosis factor
and indicators of intestinal damage such as serum diamine oxidase were augmented. STW 5 defended
against histological modifications and stabilized the deranged parameters [58].

The powerful antioxidant action of STW5 was reported in numerous other experimental
situations [59] and was demonstrated by the reduction of glutathione(GSH) levels and lessening
of the increased thiobarbituric acid reactive substances and nitrite concentrations in the intestinal
tissue [60]. STW5 avoided the increase of myeloperoxidase and TNF levels in intestinal tissue caused
by RT as well as the increase of serum level of diamine oxidase. The antioxidant and anti-inflammatory
actions of STW5 have been ascribed, at least in part, to the flavonoid and phenolic carboxylic acid
content of its components [57].

A different interesting compound is CBLB502, a polypeptide originated from Salmonella flagellin.
This compound connects to the Toll-like receptor 5 (TLR5) and stimulates nuclear factor-kappa
B (NFκB), a main controller of programmed cell death, inflammation, and immune response.
A single administration of CBLB502 before lethal IR doses was demonstrated to defend animals
from gastrointestinal and hematopoietic acute radiation syndrome, but not tumor expansion [61].
CBLB502 administration induces the expression of the powerful natural antioxidant superoxide
dismutase (SOD)2 and stimulates the expression of numerous radioprotective cytokines, such as IL-6,
G-CSF, and TNF-α [61]. CBLB502 may theoretically increase the therapeutic index of RT and act as
a new substance stopping irradiation injury [62]. Moreover, CBLB502 displays immunotherapeutic
ability by stimulating TLR5-expressing accessory immune cells [63–65].

IR can also cause damage to the male reproductive system in subjects experiencing RT [81,82].
The testis, one of the most radiosensitive organs, can be altered by low IR dosages as of the existence
of replicating spermatogonial cells [83]. Abdominal irradiation during RT may cause the accrual
of harmful radiation concentrations in the testes. Previous studies demonstrated that IR can alter
physiologic spermatogenic metabolism, growth, and differentiation, provoking low sperm counts,
sterility, and sexual alterations [84–86].

Numerous sorts of antioxidants, such as hydrogen-rich saline, have been studied for the treatment
of IR-caused testicular damage, with the intention of increasing the fertility of patients [87–89].
CBLB502 was also stated to reestablish testicular antioxidant condition and decrease testicular
oxidative injury caused by IR [66]. To evaluate if CBLB502 can reduce testicular damage, animals were
intraperitoneally injected with CBLB502 prior to applying IR [67]. It was reported that CBLB502
administration reduced IR-provoked oxidative stress, decreased the alterations of architecture of
seminiferous tubules, increased the sperm quality and quantity, and ameliorated male mouse fertility.
Moreover, CBLB502 effectively decreased DNA injuries. CBLB502 was reported to stimulate the NFκB
pathway and decrease the programmed cell death rate with an augmentation in anti-apoptotic B-cell
lymphoma 2 concentrations. Furthermore, an IR-caused decrease in serum testosterone and superoxide
dismutase (SOD) concentrations and an augmentation in malondialdehyde (MDA) concentrations
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were significantly inverted in CBLB502-pretreated animals. No relevant actions were reported in TLR5
knockout mice, proposing that defense of the testis against IR by CBLB502 is essentially due to the TLR5
signaling pathway [67].

A different side effect of RT is the radiation-caused kidney damage, particularly radiation nephropathy.
The frequency of RT-caused kidney injury is probably underrated because of the protracted latency and
being often ascribed to diverse causes [90,91]. In RT nephropathy, renal endothelial alterations and modified
hemodynamics are well-known elements [92,93].

The radiation-caused damage is principally due to the production of ROS, which causes
an imbalance between pro-oxidant and antioxidant elements within the cell and, in turn, oxidation of
DNA, lipids, proteins, and cell death [94]. Moreover, there is some proof for programmed cell death as
the mechanism of renal tubular cell loss in RT nephropathy [95–97].

A homocysteine derivative, Erdosteine, is recognized to have protecting actions on the delivery of
free oxygen radicals alongside its mucolytic effect. A study evaluated the potential protective action of
Erdosteine against radiation-caused renal alterations in rats [68]. The findings demonstrated that the use
of Erdosteine in rats before irradiation ameliorated the altered kidney function. Moreover, IL-1, IL-6,
and TNF-alpha circulating levels were also significantly improved. Kidney glutathione peroxidase and
catalase levels and reduced glutathione levels displayed almost normal concentrations with respect to
the irradiated group.

Erdosteine operates in the kidney as a powerful scavenger of free radicals and might offer relevant
protection against RT-caused inflammatory kidney injury [68].

Irradiation myocardial fibrosis (IMF) is a diverse complication correlated with RT for hematopoietic
stem cell transplantation, and lymphoma [98]. A research evaluated the paracrine actions of
human umbilical cord-derived mesenchymal stromal cells (UC-MSCs) in an experimental model of
IMF [69]. Primary human cardiac fibroblasts (HCF) cells were exposed to radiation and cultured with
the conditioned medium of UC-MSCs (MSCCM). MSCCM increased cell viability, decreased collagen
deposition, inhibited oxidative stress, augmented antioxidant status, and diminished pro-fibrotic IL-6,
IL-8, and TGF-β1 concentrations [69].

Furthermore, as regards to bone marrow toxicity, calf spleen extractive injection (CSEI),
a small peptide, has been employed to ameliorate leucopenia and thrombocytopenia in subjects
who experienced RT [70–72].

Polyxydroxylated fullerenes have also been recently established as exogenous redox
balance controllers, able to produce anti-oxidative actions [73]. Examinations of biological consequences
of fullerenol have offered confirmation for its ROS/RNS scavenger abilities in vitro and radioprotective
efficacy in vivo [74].

Finally, FDA authorized Palifermin to decrease the occurrence and duration of grave oral mucositis
in subjects with hematological diseases. Palifermin is a recombinant N-terminal truncated form of
endogenous keratinocyte growth factor (KGF) with activity analogous to that of the KGF, but with
augmented stability. Palifermin stimulates cell proliferation and increases cytoprotective systems.
Thus, palifermin may inhibit epithelial cell apoptosis and block injury to the epithelial DNA, decrease
the delivery of pro-inflammatory cytokines, and augment protective enzymes against free radicals [99].
Several clinical studies confirmed that the drug remarkably decreases the employ of parenteral
nutrition and the duration of the mucositis, allowing an improvement in the patient’s condition after
chemo-radiotherapies [100,101].

4. Enhancers of Radiotherapy Activity in Hematologic Neoplasms

As well as the substances capable of carrying out a protective action against the damage caused by
RT reported above, other substances have been recognized as possible enhancers of the RT and cytotoxic
action (Table 2). The following section summarizes new therapeutic agents that are proposed to be
inducers of oxidative stress in hematologic malignancies and may have clinical efficacy in the treatment
of B-cell lymphoma and MM.
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Table 2. Enhancers of radiotherapy activity in hematologic neoplasms.

Agent Mechanisms of Action Effects Ref.

Natural phytochemicals
(curcumin,

demethoxycurcumin,
quercetin, genistein)

Alteration of levels of
radioprotective metabolites.

Electron transfer to
a radiation sensitizer.

Reduction of
radio-resistance. [100–102]

Long-chain n-3
polyunsaturated fatty acids

Their peroxidation may
sensitize cells to ROS,

inducing an oxidative stress.
Modulation of ROS-sensitive

mitogen-activated protein
kinases and phosphatases,
and transcription factors.

Cytotoxicity.
Increased

radiation-induced apoptosis.
[103,104]

Ascorbyl stearate

Augmented levels of ROS,
drop in mitochondrial

membrane potential and
increased caspase-3 activity.

Reduction of cell
proliferation, induction of

apoptosis by arresting
the cells at S/G2-M phase of

cell cycle.

[105]

Spleen tyrosine kinase (SYK)
P-site inhibitor

Increased H2O2-induced
apoptosis.

Action on
radio-chemotherapy

resistance.
[106]

Dexamethasone

Increased superoxide and
hydrogen peroxide production

and augmented
radiation-induced
oxidative stress.

Clonogenic cell killing and
apoptosis of myeloma cells. [107]

Rituximab Elevation in ROS generation
Increase of cell growth
inhibition. Augmented

apoptosis.
[108–113]

All-trans-retinoic acid,
Metformin, IM3829

Inhibition of nuclear factor
erythroid 2-related factor 2

Inhibition of cancer cell
survival. [114–116]

Gold nanoparticle-based
compounds

Increased ROS levels,
mitochondrial depolarization,
and cell cycle redistribution.

Inhibition of protective
autophagy. [117,118]

The appearance of radio-resistance in tumor cells involves a mechanism devised by its intracellular
antioxidant system to block the oxidative stress and maintain a low, steady level. It is well recognized
that radio-resistance of lymphoma cells accounts for lower basal ROS levels. It is well recognized that
GSH concentrations and antioxidant enzymes were greater in lymphoma cells with respect to normal
lymphocytes [102].

RT has drawback of toxicity and resistance in cancer cells. A number of natural phytochemicals,
such as curcumin, demethoxycurcumin, quercetin, and genistein, are demonstrated to hold
radio-sensitizing potential in tumor cells [119–121].

Substances that present affinity for electrons can strengthen the biologic action of ionizing
radiation [122]. Strengthening may indirectly happen by modifying concentrations of radioprotective
metabolites such as glutathione, or the sensitizer may directly cooperate with cellular elements to
provoke or increase cellular injury. Models of radiation sensitizers supposed to operate by the former
mechanism comprise diamide (diazenedicarboxylic acid bis[N, N_-dimethylamide]), tert-butyl
hydroperoxide, L-buthionine-(S,R)-sulfoximine (BSO), and other thiol depleters [123–125]. Furthermore,
nitroimidazoles, tirapazamine, and oxygen directly act with DNA or other targets such as lipid or
proteins [126,127]. Generally, oxygen mimetic sensitizers of this latter group are most efficacious under
hypoxic situations and the activity is not covered by the competitive action of oxygen. Solvated electrons
generated by the radiolysis of water may help to decrease the electron-affinic sensitizer. Nevertheless,
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even in the absence of ionizing radiation, electron transfer to a radiation sensitizer may happen
in the presence of cellular elements that have a more negative standard reduction potential, such as
NADPH, flavins, ascorbate, or reduced glutathione [128,129]. This mechanism decreases the reducing
substances, which must then be restocked. Moreover, in the presence of oxygen, additional electron
transfer can generate reduced oxygen species and restore the sensitizer. Generally, such redox cycling
can provoke the onset of a situation of oxidative stress.

Long-chain n-3 polyunsaturated fatty acids (n-3 PUFAs), such as docosahexaenoic acid (DHA) or
eicosapentaenoic acid (EPA), are easily oxidized, and n-3 PUFA-derived peroxidation products are
believed essential to justify the cytotoxicity toward tumor cells [130–132]. Moreover, their peroxidation
may trigger cells to ROS, causing oxidative stress [133]. Additionally, DHA- and EPA-caused
oxidative stress may control ROS-sensitive molecular pathways implicated in survival signaling
(Figure 2). ROS-sensitive mitogen-activated protein kinases (MAPKs), MAPK-phosphatases [134],
and transcription factors [135,136] are essential elements of these pathways. Currently, however,
discussion occurs if n-3 PUFAs might also exercise antioxidant actions and decrease ROS production.
The paradoxical antioxidant action generated by n-3 PUFAs in several experimental patterns has been
justified essentially on the basis of the stimulation of cellular antioxidant elements [103,104,137].

Figure 2. Reactive oxygen species (ROS)-sensitive molecular pathways implicated in survival signaling.

An increased cytotoxic action of irradiation was reported in tumor cells cultured in vitro and
treated with DHA and EPA [138]. DHA was also described to block γ -radiation-provoked activation
of NF-κB in Ramos cells, an extremely radiation-resistant Burkitt’s lymphoma cell line, and to sensitize
the cells to radiation-caused programmed cell death [139].

Encouraging results have been also reported in in vivo research in non-hematologic
malignancies [105,106,140,141]. This effect was correlated to the DHA-provoked oxidative stress
in tumor cells previously subjected to augmented radiation-caused production of ROS.
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Ascorbyl stearate (Asc-s) is a byproduct of ascorbic acid with superior anti-tumor effectiveness
with respect to ascorbic acid. In a report, authors have evaluated radio-sensitizing action of Asc-s
in T cell lymphoma (EL4) cells. Asc-s and radiation administration decreased cell growth, causing
programmed cell death in a dose-dependent manner by blocking the cells at S/G2-M phase of the cell
cycle [142]. It also reduced the occurrence of tumor stem cells per se, with considerably greater
reduction in combination with radiation therapy. Moreover, Asc-s and radiation treatment augmented
ROS concentration, a drop in mitochondrial membrane potential (MMP), and augmented caspase-3
activity, thus provoking programmed cell death of EL4 cells. Furthermore, it also drastically reduced
GSH/GSSG ratio due to binding of Asc-s with thiols. The augmented oxidative stress caused by Asc-s
and radiation treatment was abolished by thiol antioxidants in EL4 cells. Remarkably, this redox
modulation stimulated relevant augmentation in protein glutathionylation. Asc-s administration
caused glutathionylation of p50-NF-kB, IκB kinase (IKK), and mutated p53, thus blocking tumor
expansion during oxidative stress.

A new spleen tyrosine kinase (SYK) P-site inhibitor, 1,4-Bis (9-O dihydroquinidinyl)
phthalazine/hydroquinidine 1,4-phathalazinediyl diether (C-61), significantly increased H2O2-caused
programmed cell death of primary leukemia cells from each of five relapsed B-lineage acute
lymphoblastic leukemia (ALL) subjects [143]. An extremely radiation-resistant subclone of the murine
B-lineage leukemia cell line BCL-1 was employed to evaluate the in vivo radio-sensitizing actions of C-61.
C-61 increased the antileukemia effectiveness of total-body irradiation (TBI) in a study on syngeneic
bone marrow transplantation (BMT) at 20%. It is probable that the use of C-61 into the pretransplant TBI
protocols of subjects with high-risk B-ALL will aid the overwhelmed radio-chemotherapy resistance of
leukemia cells and thus increase survival outcome [143].

IL-6 might also increase resistance to radiotherapy. In fact, IL-6 plays an important role
in promoting myeloma cell growth and chemoresistance; increased IL-6 concentrations are associated
with aggressive disease and poor outcome [144,145]. IL-6 has been demonstrated to induce superoxide
generation in monocytes, neutrophils, and neuronal cells [146,147]. However, surprisingly, IL-6 can
provoke adaptive responses to oxidative stress in normal cells by protecting cells from hydrogen
peroxide-caused cell death [148]; transgenic animals overexpressing IL-6 demonstrate resistance
to hyperoxia [149]. Although MM subjects display augmented lipid peroxidation and lower
concentrations of antioxidant enzymes in plasma and erythrocytes [150–156], research reported
the effect of IL-6 in restoring intracellular redox homoeostasis in the setting of myeloma treatment.
IL-6 employment augmented myeloma cell resistance to substances that provoke oxidative stress,
comprising IR and Dex (dexamethasone) [157]. As compared to IR alone, myeloma cells treated
with IL-6 plus IR showed decreased caspase-3 stimulation, annexin/propidium iodide staining, PARP
[poly(ADPribose) polymerase] cleavage, and mitochondrial membrane depolarization with augmented
clonogenic survival. IL-6 combined with IR or Dex augmented early intracellular pro-oxidant
concentrations that were correlated to stimulation of NF-κB. In myeloma cells, upon combination
with hydrogen peroxide administration, relative to TNF-α, IL-6 caused an alteration of decreased
glutathione concentration and augmented NF-κB-dependent manganese superoxide dismutase
(MnSOD) expression. Furthermore, knockdown of MnSOD reduced the IL-6-caused myeloma cell
resistance to radiation. MitoSOX Red staining demonstrated that IL-6 administration reduced late
mitochondrial oxidant generation in irradiated myeloma cells [157]. Moreover, in B-cell lymphoma,
radio-resistance has been also associated with the presence of IL-6-producing tumor cells [158].

The use of substances with anti-IL-6 activity (tocilizumab) should be explored in an attempt to
increase sensitivity to radiotherapy.

From this point of view, the action of steroids could be interesting. Dexamethasone has been
reported to provoke oxidative cell death in T-cell lymphoma [107]; nevertheless, Dex effect in causing
oxidative stress in MM has not been proved [108,159].

Bera et al. suggested a new combination of radiation plus Dex that presents greater clonogenic
cell killing and programmed cell death of myeloma cells and eradicates myeloma cells when cultured
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with bone marrow stromal cells (BMSCs) [109]. Dex was reported to block the production of IL-6 from
irradiated BMSCs. In 5TGM1 model, combined use of Dex with skeletal radiotherapy (153-Sm-EDTMP)
increased median survival time and reduced radiation-caused myelosuppression. Dex augmented
superoxide and hydrogen peroxide generation and increased radiation-caused oxidative stress and
cell death of myeloma cells. However, Dex reduced radiation-caused augmentation in pro-oxidant
concentrations and increased the clonogenic survival in progenitor cells and normal hematopoietic
stem cells. Administration with either N-acetylcysteine or the combinate use of polyethylene glycol
(PEG)–conjugated copper, PEG-catalase, and zinc-superoxide dismutase considerably safeguarded
myeloma cells from Dex-caused clonogenic death [109]. These findings state that Dex in combination
with RT increases the destroying of myeloma cells while defending normal bone marrow hematopoiesis
via a system that implicates an augmentation in oxidative stress.

Magda et al. evaluated the mechanism of radiation improvement by motexafin gadolinium
(Gd-Tex) in vitro [110]. Clonogenic assays were employed to evaluate radiation response in lymphoma
cell lines. Gd-Tex catalyzed the oxidation of NADPH and ascorbate under aerobic conditions,
generating hydrogen peroxide. Cultivation with Gd-Tex in the presence of ascorbate augmented
the aerobic radiation response of E89. Gd-Tex sensitizes cells to IR by augmenting oxidative stress [110].

Finally, RT, chemotherapy, and immunotherapy are the main treatments in Non-Hodgkin’s
lymphoma therapy. There is the probability that the combination of chemotherapy or immunotherapy
and RT may have a synergistic effect. In one report, rituximab was reported to radio-sensitize
lymphoma cells controlling programmed cell death and cell cycle-related proteins [111–113,160].

The stimulation of apoptosis caused by the combined use of RT and rituximab was demonstrated
to be caused by mitochondrial dissipation. ROS were described to have a role in this phenomenon [161].
Fengling et al. evaluated the action of rituximab on cell death caused by radiation in Raji lymphoma
cells [114]. G2/M cell cycle arrest was reported after irradiation alone and the combination therapy.
The combination therapy caused an increase in ROS production in a radiation dose-dependent manner.
Moreover, rituximab increased the cell inhibition and programmed cell death caused by H2O2 [114].

An interesting field of study is the Kelch-like ECH-associated protein 1(Keap1)-nuclear factor
erythroid 2-related factor 2 (Nrf2). It is the most investigated signaling pathway of cellular defense
against oxidative stress [115]. When ROS concentrations are augmented, Nrf2 detaches from its
inhibitor, Keap1, and translocates into the nucleus where it creates a heterodimer with small V-Maf
Avian Musculoaponeurotic Fibrosarcoma Oncogene MAF proteins (sMAF) and controls the expression
of genes that comprise the antioxidant response elements. Nrf2 regulates about 250 genes, essentially
implicated in the endogenous antioxidant defense and detoxification of ROS. Mutation of Nrf2, or of
its negative regulator Keap1, can alter their relations, which may explain the overexpression of Nrf2
signaling [115]. While normal cells are defended from DNA injury caused by ROS, tumor cells are
protected against chemo- or radiotherapy [115].

Nevertheless, Nrf2 stimulation is not general. For instance, it was observed that after RT,
the majority of Nrf2-targeted genes remained unchanged. Moreover, there were nine genes implicated
in lipid peroxidation, which showed under expression in the case of new RT [116]. Recently, new data
suggest that Nrf2 has conflicting actions in tumors. Anomalous stimulation of Nrf2 is correlated with
poor prognosis as lasting stimulation of Nrf2 considerably increases the tumor cell resistance to ROS
by increasing antioxidant enzymes. The increased Nrf2 in RT is recognized to be correlated with
greater expression of Nrf2 downstream targets that stimulate GSH synthesis. Affecting Nrf2 activity
in hematologic malignancies and tumors may be an efficacious approach to reduce radioresistance [116]
and several Nrf2 inhibitors detected. For instance, All-trans-retinoic acid, employed for the therapy of
acute promyelocytic leukemia, has been suggested as a specific Nrf2 inhibitor, which permits Nrf2 to
form a complex with retinoid X receptor alpha (RARα), inhibiting stimulation of the Nrf2 pathway [117].
Moreover, metformin, a drug commonly used in the therapy of type 2 diabetes, decreases mRNA
and protein concentrations of Nrf2 via the block of Raf/ERK/Nrf2 signaling [118], while IM3829
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(4-[2-Cyclohexylethoxy] aniline) reduces Nrf2 mRNA and protein concentrations, and combination
with radiation is capable to considerably block tumor survival [162].

Moreover, other radiosensitizers, which can considerably increase the radiotherapeutic efficacy,
have been produced. Gold-based nanomaterials, as a novel sort of nanoparticle-based radiosensitizer,
have been employed in experimentations implicating tumor RT [163]. However, therapeutic action
employing the gold nanoparticle-based RT is generally not significant because of the low cellular
uptake effectiveness and the autophagy-inducing capacity of these gold nanomaterials. Using gold
nanospikes (GNSs), investigators built a series of thiol-poly(ethylene glycol)-modified GNSs terminated
with folic acid (FA) (FA-GNSs), amine (NH2-GNSs), methoxyl (GNSs), and the cell-penetrating peptide
TAT (TAT-GNSs), and studied their actions on X-ray RT [164]. The sensitization enhancement ratio (SER),
which is generally employed to assess how efficiently radiosensitizers reduce cell growth, reaches 2.30 for
TAT-GNSs. The exceptionally elevated SER value for TAT-GNSs suggests the greater radiosensitization
action of this nanomaterial. The radiation improvement system of these GNSs implicated the augmented
ROS and mitochondrial depolarization. Surface-modified GNSs could provoke the increase of
autophagy-related protein (LC3-II) and apoptosis-related protein (active caspase-3) in tumor cells.
GNSs provoked the diminishing of autolysosome degradation ability and autophagosome amassing.
These findings established that autophagy has a protecting action against RT, and the block of
defensive autophagy with inhibitors would provoke an augmentation of cell apoptosis. As well as
the above in vitro experiments, the in vivo studies also reported that X-ray + TAT-GNSs therapy had
the best tumor proliferation inhibitory action, which proved the greatest radiation sensitizing action of
TAT-GNSs [164].

Finally, some drugs that have long been used in the treatment of haematological neoplasms also
seem to have radiosensitizing capabilities. For instance, fludarabine is also a well-known DNA damage
repair inhibitor that has clinical activity against hematological cancers [165].

In an in vitro experimental study, fludarabine-P, in clinically possible dosages, is a potent
radiosensitizer in a human squamous carcinoma cell line of the oropharynx (ZMK-1 cells) and has
a minor action in the fetal lung fibroblasts (MRC-5) [166]. The radiosensitization of fludarabine-P
appears to be over additive in the malignant cells and additive in normal fetal fibroblasts. This would
suggest that fludarabine-P might increase the therapeutic ratio of radiation.

Another well-known radiosensitizer is hydroxyurea, which was used in treatment of hematological
malignancies [167], and several studies demonstrated that the addition of hydroxyurea to ionizing
radiation produced a synergistic effect in vitro [75,168].

5. Future Perspectives

RT is a keystone of both curative and palliative tumor treatment. However, RT is harshly limited
by radiation-caused side effects. If these side effects could be decreased, a bigger dosage of radiation
could be given to obtain a superior response. Pre-clinical experimentations have demonstrated
that irradiation at dosage rates far exceeding those generally employed decreases radiation-induced
side-effects though conserving a comparable anti-tumor effect. This is recognized as the FLASH
effect [76]. To date, numerous subjects have been treated with Ultra-High Dose Rate (FLASH) RT
for the therapy of lymphomas causing complete responses and reduced toxicities. The mechanism
accountable for decreased tissue toxicity is yet to be clarified, but the most noticeable theory so far
suggested is that acute oxygen diminution happens within the irradiated tissue [76].

In the near future, other areas of intervention will open up in the field of radiation protection,
such as that of non-coding genetic material. Previous reports have recognized essential actions of
specific miRNAs in radiation response in numerous malignancies [169].

miR-139-5p is a powerful controller of RT response in tumors through its modulation of genes
implicated in several DNA repair and ROS protection pathways. Therapy of solid cancer cells with
a miR-139-5p mimic intensely synergized with radiation both in vitro and in vivo, causing a relevant
augmentation of oxidative stress and stimulation of programmed cell death. Numerous miR-139-5p
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target genes were also predictive of prognosis. These prognostically important miR-139-5p target
genes were employed as markers to recognize radioresistant cancer xenografts extremely responsive
to sensitization by treatment with a miR-139-5p mimetic [170]; one of its confirmed targets, MAT2A,
has a role in ROS defense [171].

The use of specific antisense oligonucleotides, able to bind and antagonize miRNAs, could be
efficacious as a therapeutic element able of provoking a diverse response to oxidative stress and
RT [172].

A different field of study could be the neuroprotection. Primary Central Nervous System
Lymphoma (PCNSL) is a non-Hodgkin lymphoma that occurs within the brain, spinal cord,
or eyes in the absence of systemic disease. Therapy often comprises whole-brain radiotherapy.
However, after therapy, some subjects may show neurologic alterations [173]. This delayed
treatment-related side-effect appears to be similar to a diffuse leukoencephalopathy. Some data
indicate that the mechanism is related to the disruption of frontal subcortical circuits provoked by
radiation injury, probably produced by oxidative stress [174].

Platelet-rich plasma (PRP) is an autologous preparation of platelets which comprehends
great amounts of growth factors such as platelet-derived growth factor, epidermal growth factor,
vascular endothelial growth factor, hepatocyte growth factor, insulin-like growth factor-1,
and transforming growth factor-beta 1 [175]. PRP pre-treatment considerably decreased
the radiation-induced alterations. Moreover, PRP remarkably improved the state of oxidative stress
and seemed to block apoptotic process [176]. A similar approach could be attempted to prevent
RT-induced neurological toxicity.

In the future, the possibility of modifying the radiosensitivity of the different cell types could
be decisive in guaranteeing the effectiveness of the radiotherapy treatment. The L5178Y lymphoma
cells (LY-S cell line) were the first ionizing radiation-sensitive mammalian cell line to be described.
Investigators isolated the LY-S line from the parental L5178Y line (later called LY-R; R for resistant)
and studied its high radiosensitivity. The following studies were targeted at comprehending the cause
for the radiation sensitivity difference between the LY lines [177]. The LY-R to LY-S phenotype
modification was due to the oxidative shock after cell relocation from the ascitic tumor into culture
medium [177].

Full knowledge of the intergenomic interactions seems crucial for understanding the cellular
response to ionizing radiation. Finding therapeutic solutions for hematologic malignancies and other
diseases may also depend upon such knowledge.

6. Conclusions

Ionizing radiation has a main function in modern tumor treatment due to its distinctive advantages
comprising non-invasiveness and a lack of severe systemic toxicity. Even though RT has showed several
degrees of success, relapse and treatment failure may happen in tumor subjects due to radioresistance.
Therefore, approaches are urgently necessitated for increasing radiosensitivity of tumor cells and
augmenting the radioprotection of normal cells. The elaboration of novel and clinically efficacious
modulators will offer prospects for new treatment paradigms.

In this compound, planning complementary therapeutic methods founded on differences
in oxidative metabolism between tumoral and normal cells could be an effective approach to create
more successful treatments.
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Abstract: Plasma Treated Water Solutions (PTWS) recently emerged as a novel tool for the generation
of Reactive Oxygen and Nitrogen Species (ROS and RNS) in liquids. The presence of ROS with a
strong oxidative power, like hydrogen peroxide (H2O2), has been proposed as the main effector for
the cancer-killing properties of PTWS. A protective role has been postulated for RNS, with nitric
oxide (NO) being involved in the activation of antioxidant responses and cell survival. However,
recent evidences proved that NO-derivatives in proper mixtures with ROS in PTWS could enhance
rather than reduce the selectivity of PTWS-induced cancer cell death through the inhibition of specific
antioxidant cancer defenses. In this paper we discuss the formation of RNS in different liquids with
a Dielectric Barrier Discharge (DBD), to show that NO is absent in PTWS of complex composition
like plasma treated (PT)-cell culture media used for in vitro experiments, as well as its supposed
protective role. Nitrite anions (NO2

-) instead, present in our PTWS, were found to improve the
selective death of Saos2 cancer cells compared to EA.hy926 cells by decreasing the cytotoxic threshold
of H2O2 to non-toxic values for the endothelial cell line.

Keywords: cold atmospheric plasma; reactive oxygen and nitrogen species; oxidative stress; nitrite;
cancer treatment

1. Introduction

Non-Thermal Plasmas (NTP) are partially ionized gases consisting of chemically
reactive species such as ions, neutrals, free radicals, electrons, UV-VIS radiation, and
electric field. Besides natural events, such as the Aurora Borealis, NTP can be easily
generated by applying an electric field to a neutral gas. When nitrogen and oxygen feeds
are used, NTP generate ROS and RNS. In this case, NTP are often tested for biomedical
purposes through the exposure of biological targets directly to NTP [1] or to liquids or
solutions enriched both with ROS and RNS (RONS) by means of NTP [2].

Since it has been established that the efficacy of conventional anti-cancer therapies,
chemo- and radiotherapy, actually relies on a release of ROS in cancer cells, PTWS have
been widely tested as novel anti-cancer ROS-generating systems, and proved to cause the
selective damaging of cancer cells in vitro [3–6], but also a significant inhibition of tumors
growth in vivo [7,8]. The mechanism of PTWS-induced cancer inhibition, however, still
needs to be fully elucidated [9–11]. So far it is known that the most stable and abundant
ROS and RNS in PTWS are H2O2, NO2

−, and nitrate (NO3
−) ions [12,13]; plasma phase
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reactions, as well as cross reactions among RONS and liquid components, however, can
also produce short-lived molecules such as ozone (O3), superoxide anion (O2

•−), nitric
oxide (•NO), and peroxynitrite anion (ONOO−) [14,15].

The presence of ROS with a strong oxidative power like H2O2 has been soon argued
as one of the main effectors of PTWS-induced cancer cell death [16]; the cytotoxicity of
PTWS, though, proved to be generally higher than simple water solutions of H2O2 [17].

The biological role postulated for RNS, on the contrary, is controversial. A protective
role has been first proposed due to the biological role of nitric oxide. •NO is a unique
diffusible molecular messenger in the vascular and immune system involved in neurotrans-
mission [18], stimulation of the immune system [19], and protection mechanisms against
pathogens and cancer cells [20]. Many diseases, including cancer, have been associated
to restricted •NO bioavailability [21] and •NO donor drugs are nowadays used for many
therapeutic purposes [22–24]. In the case of strong oxidative stress, it is quite established
that •NO can play a protective role [25,26] through the upregulation of protective pro-
teins such as heat shock proteins, cyclooxygenase-2, or heme oxygenase-1 as endogenous
cytoprotection [27,28], eventually promoting cancer cell survival. The presence of •NO
could thus decrease the potential clinical efficacy of PTWS, due to the antioxidant response
induced over cancer cells.

In contrast with this evidence, however, it was also demonstrated that high levels of
•NO may induce direct DNA damage, or lead to the formation of the highly oxidative
peroxynitrite ONOO− [22,29], which, in turn, can damage lipids, DNA, and proteins,
addressing cells to necrosis or apoptosis [30]. One of the most important examples of this
conversion is the reaction of NO with ROS, especially with O2

•− [31]. Indeed, there is
also evidence that nitric oxide synthases (NOX) on tumor cells membranes can produce
O2

- in addition to NO under stress conditions [30], thus generating ideal conditions for
the local formation of ONOO−. Under these conditions, therefore, NO was found to
strengthen rather than decrease the oxidative stress induced by plasma-generated ROS on
cancer cells [29,30]. Regarding this topic, Kamm et al. recently discussed the importance
of even exogenous NO-derivatives, nitrites and nitrates, as an alternative way to produce
intracellular bioactive •NO, to inhibit cancer proliferation and induce cancer cell death [31].
Furthermore, recent evidence proved the enhancement of selective cancer cell death due to
a synergic action of NO-derivatives with oxygenated species also through PTWS [32,33].

Therefore, a double-edge role of RNS as protectors and inducers of oxidative stress
emerged. The control of intracellular RNS may thus offer a sophisticated strategy to tune
the anticancer effects of RONS-based therapies, including PTWS. To carefully balance the
composition of PTWS, however, a deep knowledge of the chemical routes of formation for
each species is required.

To date, this knowledge has not been fully achieved. The lack of reliable detection
methods of RONS in complex matrices like PTWS, is currently the biggest limitation. Due
to the complexity of the study, most of biological effects were reported for PTWS produced
by plasma treatment of cell culture media (i.e., liquid media containing carbohydrates,
vitamins, growth factors, amino acids, and inorganic salts) to be used in vitro [11,34–37]
while, for sake of simplicity, most of the chemical studies investigating RNS formation
in PTWS have been performed in simple model liquids like water or similar [38]. With
specific regard to •NO, however, chemical routes of formation in PTWS seems to be strongly
affected not only by the environment where the plasma is ignited, but also by the chemical
composition of the liquid to be treated. In general, the presence of the organic compounds
required to improve the biological compatibility of PTWS not only increases the complexity
of the study but provides alternative routes for the suppression or promotion of plasma-
diffused ROS or RNS in the liquid. Chemical studies, extensively analyzing the strategies
for modulation of RNS species even in PTWS of complex composition, are therefore of
extreme importance.

The aim of this paper is to investigate the capability of NTP to generate •NO and
its derivatives such as NO2

− ions in different liquids exposed to a DBD plasma source,
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with the purpose to better understand the supposed biological role of RNS in PTWS and
in promoting anti-cancer effects. For this purpose, Dulbecco Modified Eagle Medium
(DMEM), a cell culture medium containing more than 30 organic components (vitamins,
carbohydrates, amino acids, antibiotics, and inorganic salts) is here used for the first time
to investigate routes of formation of the most important RNS in comparison with water.

Besides the composition of the liquid target, the DBD gas feed was tuned from O2 to
synthetic air, and N2 in order to demonstrate how plasma composition can be programmed
so as to, respectively, exclude or promote the presence of RNS species (i.e., NO2

−) in
PTWS synthesized from DMEM. RNS-enriched and RNS-free PTWS were then used for
the incubation of osteosarcoma cancer cell lines (i.e., Saos2) and hybrid endothelial cells
(i.e., Ea.hy926 cells), and for ultimately confirming that NO-derivatives increase the ex-
tent and selectivity of ROS-induced death of Saos2 cells with respect to the endothelial
EA.hy926 ones.

Most tumors are characterized by an inflammatory microenvironment, and correla-
tions between inflammation and cancer progression have been extensively reported in
literature [39–41]. It is well established that cancer cells can fuse with endothelial cells to
form hybrid cells spontaneously, which facilitates cancer cells traversing the endothelial
barrier to form metastases [42]. However, up to now, little is known about the biologic
characteristics of hybrid cells. Endothelial cells (EC), as part of the tumor microenviron-
ment, play a crucial role in inflammatory processes, as well as in angiogenesis and could
be critical targets of cancer therapy like, as an example irradiation [43], and as in our case,
exposure to plasma treated water solutions. For this reason, our work is aimed to assess
whether a different behavior is observed for two cell lines used together to represent a study
model of cancer, the Saos2, and hybrid endothelial cells, Eahy926, with tumor mass-vessel
wall characteristics. Eahy926 cell line was derived from fusion of human umbilical vein
endothelial cells with human lung adenocarcinoma cell line A549. A study published in
2009 [44] showed that in this cell line the proliferation ability was similar to that of A549
cells, but the ability in adhesion and migration of Eahy926 cells was higher. In addition,
Eahy926 cells had weaker ability of invasion and could not form tumor mass. These char-
acteristics led us to use them as an experimental model to compare with the Saos2 cancer
cell line. A recent paper shows that ECs, as part of the inflammatory microenvironment of
tumors, are important regulators of the actual tumor response to radiation therapy [43].
Moreover, EAhy926 have been used as model cells to assess whether cordycepin regulates
proliferation, migration and angiogenesis in the hepatoma [45]. Following these features
we used Saos2 and EAhy926 cell lines as cell model to gain new insights in the role of RNS
in combination with ROS against cancer. Our results, therefore, indicate how PTWS could
be a powerful and sophisticated tool to balance RNS- and ROS-induced cellular stress in
cancer treatment applications, and support the emerging role of NO-derivatives mediated
by PTWS as inducers rather than protectors of ROS-induced oxidative stress in cancer cells.

2. Materials and Methods

2.1. Plasma Setup and PTWS Generation

Cold atmospheric plasmas were generated in a DBD PetriPlas+ source, engineered
by the Leibniz Institute for Plasma Science and Technologies (INP, Greifswald, GER), and
modified by co-authors of this paper. The source consists of a Plexiglas flow unit set with
gas connections, sockets, and a discharge unit (Figure 1a), as schematized in Figure 1b.
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Figure 1. Experimental apparatus and scheme of the biological testing (a): left, Plexiglas chamber containing the modified
Petri Plas+ plasma source; right, bottom-view of the plasma in air gas feed. (b) scheme of the source facing a Petri dish
containing the liquid to be treated. After 24 h of cell growth, cells were incubated with 2 mL of (c) untreated medium (in
case of control samples) and (d) Plasma Treated-DMEM (PT-DMEM, in case of PTWS stimulated cells) for 2 h at 37 ◦C,
5% CO2. After, the liquid was replaced with a cell culture medium, and cell cultures were prolonged until biological assays.

A full description of the experimental apparatus has been provided in our previous
papers [5]. An electric field of 6 kHz frequency and peak-to-peak voltage of 13 kV was
applied with a power supply connected to a programmable 10 MHz DDS (Direct digital
synthesis) function generator (TG1010A, Aim-TTi, Huntingdon, UK) to ignite a volume
discharge as wide as the HV electrode (Figure 1a).

Plasma treatments were performed on a commercial TPP® Petri dish (57 mm diameter,
Techno Plastic Products (TPP), Trasadingen, CH) containing 2 mL of liquids, positioned
beneath the source, at a distance between the liquid and the ground grid of 3 mm. A closed
system is set in this way, whose chemical composition can be properly conditioned by
purging it with the gas feed before igniting the plasma. High glucose DMEM (catalognum-
berD1145, Sigma–Aldrich, St. Louis, MO, USA) without phenol red, supplemented with
10% v/v Fetal Bovine Serum (FBS, cat. N. F7524 Sigma–Aldrich), 2mM L-glutamine (cat. N.
G7513, Sigma–Aldrich), penicillin and streptomycin solution (20 units mL−1/20 mg mL−1,
T4049, Sigma–Aldrich) was used for plasma treatments and, when untreated, as a reference
in all biological experiments; for Electron Paramagnetic Resonance (EPR) analyses also
serum free DMEM was used to assess the ability of components of DMEM to scavenge
•NO; water and water solutions were also used for the EPR experiments. The energy
dose delivered during the discharges was calculated with the voltage–charge (i.e., the time
integral of the current) Lissajous method described in our previous works [5,6]. Data are
summarized in Table 1.
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Table 1. Energy doses (J cm−2) of plasma in DBD ignited in different feed gases (O2, N2, and synthetic
Air with 0.5 slm of flow rate) and different treatment times. The experimental conditions are 13 kV,
6 kHz, and 25% DC with a period of 100 ms on 2 mL of DMEM.

Treatment Time (s)
Energy Dose (J cm−2)

O2 N2 Air

30 7.2 ± 0.3 6.12 ± 0.13 6.5 ± 0.7
60 14.5 ± 0.6 12.2 ± 0.3 12.9 ± 1.4

120 28.9 ± 1.3 24.5 ± 0.6 26 ± 3
180 43.4 ± 1.9 36.7 ± 0.8 39 ± 4

2.2. Detection of •NO in PTWS

EPR measurements were carried out using an iron(II) N, N-diethyldithiocarbamate,
Fe2+(DETC)2 spin trap, synthesized by mixing 25 mL of a water solution containing
2 × 10−2 M of diethyldithiocarbamate (DETC) with 100 mL of FeSO4·7H2O (10−2 M in
water) for 60-min. The mixture was stirred for 2 h, and the precipitate Fe2+(DETC)2
was collected by filtration. All processes were run in an N2 atmosphere. Since the spin
trap is soluble only in organic solvents, in all EPR experiments a spin trap solution in
dichloromethane (CH2Cl2, cat. N. 270997, Sigma–Aldrich), from now on named “trap
solution”, was used. PTWS or plasma effluents were put in contact with the trap solution by
feeding the DBD chamber with N2. The production of •NO in plasma phase was assessed
by bubbling the gas effluents from the DBD directly in the trap solution for the entire
duration of the plasma treatment. The sampling of the plasma effluents was carried out
both with and without the liquid into the Petri dish (Figure 2a,b).

 

Figure 2. Scheme of the experimental procedures used for the Electron Paramagnetic Resonance (EPR) detection of nitric
oxide. (a) Detection of nitric oxide (•NO) in plasma effluents without the liquid (b) Contemporary detection of •NO in
plasma effluents and PTWS. (c) Detection of •NO in PTWS after mixture with untreated Water Solutions (WS) before the
trapping step.
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To analyze the •NO production in the liquid, 1 mL of PTWS was added to 1 mL of
trap solution and mixed to promote the extraction of •NO from PTWS (Figure 2c).

•NO was also measured in PTW, NO2
−- water solution (170 μM, prepared by sodium

nitrite, Sigma–Aldrich ≥ 99.0%); pH = 3), plasma-treated cysteine (PT-Cys) solution
(0.006 g L−1, prepared from cat. N. C8755, Sigma–Aldrich), plasma-treated glucose (PT-
Glu) solution (45 g L−1 solution, prepared from D-(+)-Glucose solution 45% in H2O,
Sigma–Aldrich), and Plasma Treated DMEM (PT-DMEM). The same solutions, untreated,
were used as reference (DMEM). In some cases, such liquids were mixed with other PT-
or untreated water solutions (WS) as described in the results section. In all mixing experi-
ments, 1 mL of starting liquid was mixed with 1 mL of the WS to be tested, then 1 mL of
the mixture (starting liquid+ WS) was mixed with 1 mL of the spin trap.

The samples to be analyzed were transferred to a glass capillary and inserted into the
cavity of a 9-GHz Varian E-9 Century Line EPR spectrometer. Instrumental settings were:
12 mT scan width (3000 points, for a spectral resolution of 0.004 mT per point); 100 kHz
and 0.16 mT field modulation frequency and amplitude, respectively; 9.5 GHz and 15 mW
microwave frequency and power, respectively; 0.064 s time constant; 8 min scan time; room
temperature.

As a method alternative to EPR, a spectrofluorometric assay with 4-Amino-5-Methylamino-
2′,7′-Difluorofluorescein Diacetate (DAF-FM-DA, cat. N. D2384, Thermo Fisher Scientific,
Waltham, MA, USA) was used to assess the presence of •NO in PTWSs. DAF-FM was
obtained by basic hydrolysis of DAF-FM-DA [46]. Spectrofluorometric analyses were per-
formed with a Fluorolog-3 spectrofluorometer (Horiba Jobin-Yvon, Kyoto, JAP) equipped
with a 450 W Xe lamp exciting source, double grating excitation and emission monochro-
mators, and a TBX single-photon counter detector. Optical measurements were performed
at room temperature; samples were analyzed immediately after incubation with DAF-FM
at the excitation wavelength of 450 nm. Positive controls for •NO in water and DMEM
were assessed by using the •NO donor Diethylamine NONOate diethyl ammonium salt
(DETA-NONOate, cat. N. D185, Sigma–Aldrich). Solutions of DETA-NONOate (100 μM)
in DMEM and water were used 2h after the preparation.

2.3. H2O2 and NO2
− Detection in PTWS

The colorimetric detection of H2O2 and NO2
− ions was performed soon after the

plasma treatment. H2O2 was detected with a copper-phenanthroline assay (Spectroquant®,
cat. N. 118789, Merck Millipore, Burlington, MA, USA). Ions NO2

- were detected with
the Griess assay (Spectroquant®, cat. N. 114776, Merck Millipore, Burlington, MA, USA).
UV-Vis absorbance measurements were performed with a Cary 60 UV-Vis (Agilent, Santa
Clara, CA, USA) spectrophotometer. Details about data processing are described in the
supporting information.

2.4. Biological Assays

The biological effects of PT-DMEM with different ROS–RNS ratios were analyzed after
cell incubation for 2 h (37 ◦C, 5% CO2), according to the schemes in Figure 1c,d.

The cytotoxic effect of different PT-DMEM was evaluated with the Saos2 cell line
(American Type Culture Collection, ATCC, HTB-85), chosen as a model for cancer cells,
and EAhy926 (ATCC, CRL-2922), chosen as a model for endothelial cells. Both cell lines
were cultured in high glucose DMEM supplemented with 10% of FBS in a humidified
atmosphere containing 5% CO2 at 37 ◦C. About 20 h before the plasma treatment, cells
were seeded in 57mm diameter TPP® tissue culture Petri dishes with a density of 104 cells
per dish. There were 3 samples per each PT-DMEM and per each growth time were used.
After that, the growing medium was removed and replaced with 2 mL of PT-DMEM. For
control cells, the original medium was replaced with 2 mL of untreated fresh medium.
After 2 h of incubation (time 0 h), PT-DMEM was removed, cells were rinsed once with
untreated DMEM, and left growing for 24 and 72 h.
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After 24 and 72 h cells were stained with a Coomassie Brilliant Blue solution, as
described in our previous papers [6,37]: cells were fixed with 4% paraformaldehyde in
Phosphate Buffer Saline (PBS) for 20 min, rinsed twice with PBS, then a Coomassie Brilliant
Blue (R250, Biorad, Hercules, CA, USA) solution in methanol (45% v/v), acetic acid (10%
v/v), and water (45% v/v) was added for 3 min. After rinsing with double distilled water
(ddH2O), cells were observed using an inverted optic microscope (Nikon Eclipse Ti); at
least 7 pictures per time/type/dish were acquired with a Nikon DS Fi2 CCD camera. Image
J analysis was performed to calculate the percentage of the substrate area covered by the
cells, described as cell density in the Results Section.

2.5. Statistical Analysis

Statistical differences among groups, at least 3 replicates per group, were determined
by one-way or two-ways-ANOVA assuming normal distribution of data, followed by
Tukey’s or Bonferroni’s post-hoc tests.

3. Results

3.1. Detection of Plasma Produced Exogenous •NO in Gas and in PTW

EPR analyses were carried out to detect plasma generated •NO through the formation
of a mononitrosyl-iron-dithio-carbamate (MNIC), NO-Fe2+(DETC)2 as spin trap for the
radical. Spectra were acquired directly from the plasma effluents either during the DBD
with no liquid present (Figure 3a), or in the presence of ddH2O underneath the discharge
(Figure 3b). To reveal •NO in the plasma, the analysis was carried out by bubbling plasma
effluents into a vial filled with the spin trap solution and connected to the pump (Figure 3a).

c. 

d. 

Figure 3. Production of •NO in the plasma phase or in the liquid underneath. EPR spectra of mononitrosyl-iron complex
MNIC acquired by (a,c) bubbling the plasma effluent in the spin trap solution during a DBD with no liquid present, or
by (b,d) simultaneous sampling the plasma effluent and the PTW. Experimental DBD conditions: 15 min, 0.5 (SLM) Air,
13 kV, 6 kHz, 50% DC, 100 ms period. The experimental schemes used for EPR detection are reported on the right of
each spectrum.

The EPR spectrum shows a single triplet due to the adduct of •NO to the trap, which
was identified as the paramagnetic five-coordinate complex NO-Fe2+(DETC)2, character-
ized by a hyperfine coupling constant of aN = 13.10 G, and g-factor = 2.039.
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When the same discharge was carried out in presence of ddH2O in the Petri dish the
EPR signal of •NO, is revealed only in the liquid (Figure 3b, PTW), but not in the plasma
effluents (Figure 3b, gas). The PTW sample was also tested using a spectrofluorometric
assay based on the DAF-FM NO probe; the fluorescence intensity emitted from DAF-FM
consists of a signal with a maximum at 515 nm attesting the presence of •NO and its
derivatives in PTW, in agreement with the EPR, as reported in Figure S1.

3.2. Plasma Generation of Exogenous •NO in PT-DMEM and PTWS Containing
Organic Components

PT-DMEM with and without serum was analyzed by EPR similarly to PTW; the
resulting spectra are reported in Figure 4. In the same experimental conditions allowing
the detection of •NO in PTW, no EPR signal was observed in PT-DMEM (Figure 4a). This
was also confirmed with the DAF-FM assay, where almost no changes of the fluorescence
intensities were found between PT and untreated DMEM both with and without serum
(Figure 4b, Figure S4). To exclude possible interferences of DMEM components, the ability
of the fluorescent probe to detect •NO in DMEM was confirmed by using a solution of the
•NO donor DETA-NONO in DMEM (100 μM) as a positive control (Figure 4b, Figure S4).

f.

g.

e.

Figure 4. Plasma synthesis of •NO in ddH2O and DMEM. EPR spectra of (a,e) PT-DMEM with (+FBS) and without (-FBS)
Fetal Bovin Serum (FBS), (c,f) PTW, and (d,g) PTW mixed with 1 mL of untreated DMEM. (b,e) Fluorescent spectra of
PT-DMEM, DMEM with the addition of the •NO donor DETA-NONOate (100 μM) and untreated DMEM (NT-DMEM)
after the use of the fluorescent probe DAF-FM excited at 450 nm All measurements were acquired 15 min after the DBD.
Experimental conditions: 15 min, 0.5 slm Air, 13 kV, 6 kHz, 50% DC, 100 ms period. Schemes of the experimental procedures
used for the EPR are reported on the right of each spectrum.

By assuming that •NO is formed in the plasma phase and then diffuses into the liquid,
since •NO is not detected in the liquids we assume that some chemical component or
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conditions (e.g., the buffered pH) in DMEM are responsible for the abatement of the plasma
diffused •NO in the treated medium. In Figure 4a is reported the spectrum acquired on
DMEM demonstrating the absence of the MNIC signal both in case of DMEM with and
without serum. On the other hand, it was found that the addition of untreated DMEM
to PTW suppresses the strong EPR signal acquired in PTW (Figure 4c,d), attesting for
the presence of components of the serum free medium able to scavenge •NO. Among
all DMEM components, L-cysteine and D-glucose were identified as possible scavengers
of •NO; L-Cysteine, for its ability to form nitrosothiol groups [47], D-glucose, because
it is the most abundant component of DMEM (4.5 g L-1). To ascertain whether these
two compounds scavenge or not •NO, their solutions at the same concentrations as in
DMEM were plasma treated in the same conditions as for PT-DMEM and PTW, and named
PT-L-cysteine and PT-D-glucose, respectively. PTWS were not buffered, to show similar
conditions as PTW.

The EPR spectrum of PT-cysteine (Figure 5) shows the MNIC signal; this limits or
excludes the role of cysteine as •NO scavenger in our conditions. Moreover, when PT-L-
cysteine was mixed with DMEM (Figure 5b), the signal was not suppressed as in the case
of DMEM added with PTW (Figure 4d). In particular, by comparing the intensities of the
spectra (Figure 5a,b) it can be observed that when PT-cysteine was mixed with untreated
DMEM the intensity of the signal decreased but did not disappear, likely due to some of
the DMEM components capable of scavenging •NO.

c. 

d. 

Figure 5. Role of Cysteine in scavenging plasma produced •NO. EPR spectra of (a,c) a Plasma Treated L- cysteine (PT-L-
cysteine) solution (0.006 g L−1), and (b,d) PT-L-cysteine solution mixed with untreated DMEM acquired 15 min after the
discharge. Experimental conditions: 0.5 slm Air, 50% DC, 100 ms period, 6 kHz, 13 kV, 2 mL solution, 15 min treatment time.
Schemes of the experimental procedures used for EPR analysis are reported on the right of each spectrum.

The EPR spectra acquired on PT-D-glucose are reported in Figure 6. Although the
MNIC EPR signal is present in PT-D-glucose (Figure 6a), its intensity was lower than in
PTW (Figures 3b and 4c), while in the case of PT-cysteine, the signal was similar to that in
PTW (Figure 5a).
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d. 

e. 

f. 

Figure 6. Role of D-Glucose in scavenging plasma produced •NO. EPR spectra of (a,d) Plasma Tretaed- D-glucose (PT-D-
glucose) solution (45 mg L−1), (b,e) PTW, and (c,f) PT-D-glucose solution mixed with PTW 15 min before spectra acquisition.
Experimental conditions: 0.5 slm Air, 50% DC, 100 ms period, 6 kHz, 13kV, 2 mL solution, 15 min treatment time. Schemes
of the experimental procedures used for EPR analysis are reported on the right of each spectrum.

This decrease suggests that D-glucose contributes a bit to scavenge •NO in PT-DMEM,
but the persistence of the signal does not allow to identify D-glucose as the only cause of
•NO abatement in this liquid. Moreover, when PTW is mixed with the untreated solution
of D-glucose, the intensity of the EPR signal was not decreased (Figure 6c). This last result
seems to attest that PT-D-Glucose has some •NO scavenging ability, likely due to some
derivative of D-Glucose after the plasma treatment, while untreated D-Glucose has not.

3.3. Plasma Generation of Exogenous H2O2 and NO2
− in PT-DMEM

From the experiments described so far, it is clear that the plasma-induced generation
of •NO in DMEM is scavenged by derivatives of D-Glucose generated after the treatment,
and by some other compound. The possibility to produce other RNS, such as NO2

−, in
PT-DMEM was therefore tested, by exploring plasma parameters affecting their production.
O2, N2, and synthetic air were used as gas feed to exclude or promote the presence of RNS
in PT-DMEM, respectively, and to relate it to the amount of ROS generated. We decided to
analyze the concentration of NO2

− and H2O2 used as markers, respectively, of all RNS and
ROS species present in the PT-DMEM due to their estimated long life-time also in complex
media. The presence of different species like as an example ONOO− and O2

•− cannot be
in any case excluded [37]. The results of the chemical composition of PT-DMEM in terms
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of NO2
− and H2O2 concentration after N2, O2

•− and air-DBDs, performed at different
treatment times (30–180 s), are reported in Figure 7. As shown in the graphs, the treatment
time affects the amount of the species produced rather than the kind, that is determined
only by the composition of the gas feed.

b. a. 

Figure 7. Chemical composition of PTWS as a function of experimental conditions- Content of (a) H2O2 and (b) NO2
− in

PT-DMEM according to feed composition and treatment time.

H2O2 (i.e., marker of ROS species) in PT-DMEM increases with the percentage of O2
in the feed, from N2 (where the source of oxygen in the feed comes from water evaporated
from the liquid) to pure O2. The NO2

− (i.e., marker of RNS species) concentration in the
liquid, instead, is higher when both O2 and N2 are fed in the plasma, as in the case of
air-treated DMEM, and decreases in liquids treated with N2-DBD. For the same reason,
no NO2

- is found in PT-DMEM obtained by O2-DBDs, due to a purging procedure that
eliminates any remaining air at the plasma–liquid interface (see Methods).

The possibility to achieve such fine control over the PT-DMEM composition revealed to
be decisive to ascertain the role of NO2

− and other undetected RNS species as stress effector,
synergic with ROS, to cells exposed to PTWS. PT-DMEMs with different H2O2–NO2

−
ratios, as listed in Table 2, have been thus easily produced for cytotoxicity experiments. We
decided to name the different PT-DMEM according to their H2O2 and NO2

- contents, as
listed in Table 2.

Table 2. Composition of PT-DMEM (DBDs ignited at 13 kV, 6 kHz, 25% DC, 100 ms period), produced
with different feeds (0.5 slm) and treatment times (1 or 3 min) for cell culture experiments.

PTWS Plasma Condition H2O2 (μM) NO2
− (μM)

(−)H2O2(−)NO2− Air 1 min 69 ± 4 46 ± 6
(+)H2O2 O2 1 min 130 ± 20 1.60 ± 0.08

(++)H2O2 O2 3 min 300 ± 20 4.3 ± 0.4
(+)H2O2(+)NO2- Air 3 min 116 ± 4 201.4 ± 1.7

3.4. Cells Incubation with PT-DMEM Containing Different Exogenous H2O2-and-NO2
− Doses

The modifications of the density of Saos2 and EAhy926 cells after incubation with
PT-DMEMs with different H2O2–NO2

− ratios are summarized in Figure 8. Cell density is
intended as the area of Petri dish covered by cells, calculated by ImageJ analysis. Some
representative images acquired on Coomassie Blue stained cells 72 h after incubation with
PT-DMEM at different H2O2–NO2

− ratio are shown in Figure S2 and Figure S3.
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Figure 8. Cell density of cells incubated with PTWS respect to the control. (a) Eahy926 and (b) Saos2 cells at different time
points (0, 24, and 72 h) after incubation in different PTWSs. (c) Eahy926 and (d) Saos2 cells after 72 h of incubation in
different PTWSs. The time 0 h corresponds to cells exposed for 2h to PTWSs, PFA4% fixed, rinsed with PBS and Coomassie
blue stained. One-way ANOVA + Tukey’s post-test: (*) = p < 0.01 vs. 0 h; (+) = p < 0.01 vs. 24 h; (◦) = p < 0.01 vs. control;
(-)= p < 0.01 vs. (+)H2O2; (&) = p < 0.01 vs. (-)H2O2 (-)NO2

−.

Cell growth data at different time points, in Figure 8a,b, show that incubation in all
PT-DMEM synthesized resulted in no growth for Saos2 cells (Figure 8b). In the case of
EAhy926 cells, instead, growth was measured in all considered conditions (Figure 8a). A
first selective effect of PT-DMEM as inhibitors of the growth of cancer cell could thus be
observed, regardless of the H2O2–NO2

− ratio. However, looking at cell densities after
72 h incubation (Figure 8c,d), a specific response of the Saos2 cells can be clearly observed,
depending on the H2O2–NO2

− ratio in the liquid, differently from EAhy926 at the same
time point.

Both cell lines show a reduced density after incubation in PT-DMEM in comparison
with control cells; however, in the case of EAhy926 cells (Figure 8c), the different H2O2–
NO2

− ratio in the liquids did not produce statistically significant differences in cell density.
In the case of Saos2 cells, instead, besides a general stronger density decrease in comparison
with the control, the specific effect of each liquid changed depending on their specific
H2O2–NO2

− ratio. A mild effect was produced after incubation in (-)H2O2, (-)NO2
−, and

(+)H2O2, while the strongest decrease was caused by (+)H2O2, (+)NO2
−, and (++)H2O2

media. The anti-cancer effects of NO2
- emerged, in particular,: the simultaneous presence

of H2O2 (about 120 μM) and high doses of nitrite ions (about 200 μM), as in (+)H2O2,
(+)NO2

-, decreased Saos2 cell density much more than the same amount of H2O2 alone,
as in (+)H2O2, whose effect, conversely, was quite mild. When Saos2 cells were exposed
to (++)H2O2 solutions for 2 h (0 h in Figure 8b), before 4%PFA/PBS fixation, round cells
(probably dead cells) floating in the liquid were observed attesting for the deleterious effect
of such solutions since first hours of observation.

Morphological changes in EAhy926 and Saos2 exposed to PTWS with different
ROS/RNS and stained 72h after the exposure can be, respectively, appreciated by looking
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at Figure 9 that shows pictures of Comassie blu stained cells (higher magnification than
the ones shown in Figure S2 and Figure S3). In case of the endothelial cell line, the mor-
phology of the cells is almost retained after the treatment with PTWS. Looking at single
cells (Figure 9), it is possible to observe the retention of the typical starry shape of this cell
line; while, by analyzing the overall appearance of cells, the PTWS exposed ones do not
remarkably differ from control cells for cell density on the substrate and for the capability
to form clusters among each other, another important feature of endothelial cell lines
(Figure S2). Endothelial cells show only a change on cell density and not in morphology,
differently from what has been observed for Saos2 cells. In case of Saos2 cells, in fact, the
morphology of PTWS-exposed cells is dramatically impacted. It is evident that a loss in
cell clustering is present in all the Saos2 cells incubated with PTWSs. Furthermore, where
the cells show the less density also a predominance of spherical cells are present, clear
evidences of apoptotic or pre-apoptotic conditions (white arrows of Figure 9 e,f). Then, it is
possible to observe the loss of the typical stretched shape of this cell line, in favor of a more
condensed form which is generally associated to a stressing environment. These changes
gradually occur depending on the specific chemical composition of the tested PTWS: Saos2
cells incubated with (−)H2O2(−)NO2

− show a milder reduction in cell density and only
a partial degradation of cell shape, while cells incubated with (+)H2O2(+)NO2

− show
a radical change in morphology, with small, spherical and isolated cells being greatly
reduced in number.

 

Figure 9. Coomassie Blue images of Eahy926 (a–c) and Saos2 (d–f) cells incubated with PTWS and let grown for 72h. Cells
no incubated with PTWS are shown in (a,d). (b,e) show cells incubated with (−)H2O2 (−)NO2

−. (c,f) show cells incubated
with (+)H2O2 (+)NO2

-. White arrows in images (e,f) show spherical Saos2 cells.

4. Discussion

Understanding the dual role of RNS as both protectors and inducers of oxidative
stress is of peculiar importance for controlling intracellular RNS and, ultimately, for tuning
anticancer effects of RONS-based approaches and therapies, including those based on
PTWS [48]. However, the generation of PTWS with predetermined chemical composition
for a specific target requires a deep knowledge of the chemical formation routes of each
bioactive specie in the plasma-activated liquid. This knowledge, to date, is highly desired
but still far to be achieved, above all in the case of those PTWS generated from bioactive
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liquids with a complex chemical composition, that would typically be required for in vitro
experiments (i.e., cell culture media), or for in vivo administration (i.e., blood, biological
fluids). Our study is therefore aimed at clarifying, from one side the routes of formation
of RNS in PTWS generated in bioactive liquids like DMEM, and, on the other side, at
demonstrating how the modulation of RNS concentrations in PT-DMEM used incubation
with cells effectively concurs to tune anticancer effects.

The chemical analysis performed to assess the presence of •NO in water and in DMEM
with (+FBS) and without serum (-FBS) after plasma treatment confirmed that the formation
of •NO strongly depends on the composition of the liquid to be treated. Although •NO
was present in plasma effluents and in PTW (Figure 3a), no trace of •NO was found in
PT-DMEM (+/− FBS), due to its scavenging in part by D-Glucose and by other compounds
still to be identified. It is not excluded that the serum could additionally contribute to
scavenge •NO, due to its content of organic molecules. However, as well known, the FBS is
a not fully defined medium and as such, may vary in composition between batches, thus it
is quite difficult to identify the molecule of FBS responsible of such scavenging. In any case,
the absence of dissolved free •NO in PT-DMEM would exclude the involvement of this
RNS during incubation with cells, at least in our conditions, although it cannot be excluded
that •NO is first bound by some of the species in the medium, then transferred to cells with
no passage through the free solvated form. Also Chauvin et al. [49] could not find trace of
•NO after EPR analysis of PT-PBS and PT-DMEM (+/− FBS), and tentatively explained the
lack of •NO, that would have been detected at low pH, with the neutral pH of the buffered
media investigated. A possible explanation for this evidence, in fact, emerges from the
analysis of the production routes of •NO in PTWS, schematically summarized in Table 3.

Table 3. Reactions representing the possible chemical formation routes of •NO in PTWS.

Reaction Number References

N2*(g) + •O(g) → •NO(g) + •N(g) (1) [50,51]
•N(g) + O2(g) → •NO(g) + •O(g) (2) [50,51]

•N(g) + •OH(g) → •NO(g) + •H(g) (3) [50,52]
•NO(g) + O3(g) → NO2(g) +O2(g) (4) [52]

•NO(g) + ·O(g)
• +M(g)

• → NO2(g) +M(g) (5) [52]
•NO(g) + •OH(g) → HNO2(g) → HNO2(aq) (6) [52]
3HNO2(aq) → 2•NO(aq) + HNO3(aq) + H2O (7) [52,53]

•OH(aq) + ONOO-
(aq) → O2(aq) + OH-

(aq) + •NO(aq) (8) [54,55]

•NO is generally produced in the plasma phase through chemical reactions among N2,
O2, atomic oxygen (O) and nitrogen (N) through the well-known Zeldovich mechanism
(Equations (1) and (2) in Table 3), or by oxidation of atomic N by hydroxyl radicals (•OH)
generated from the dissociation of water vapor from the liquid, if is present during the
discharge. The diffusion of plasma-generated •NO into the liquid may be thus supposed
as the most likely route for the formation of •NO in PTWS. This hypothesis would even
be supported in our data by the disappearance of MNIC signal in plasma effluents, and
by its appearance in PTW registered when the discharge is ignited in presence of water
(Figure 3a,b). However, the dissolution of •NO from the plasma towards the liquid is highly
discouraged by the low solubility of •NO in water media (Henry constant, KH = 0.046 at
25 ◦C [56]) and by the short diffusion distance reported for •NO during plasma treatment
of liquids (<1 mm) [54], quite lower than the distance between the liquid and the discharge
in our conditions (3 mm).

For these reasons, it is rather believed that the presence of •NO in PTWS may be
more likely due to reactions among other plasma-generated RONS that can more easily
diffuse in water media, such as NO2 (KH = 0.978 at 25 ◦C) [56], HNO2 (KH = 1198 at 25 ◦C),
and •OH radicals (KH= 733 at 25 ◦C) [57]. NO2 is generally produced in plasma effluents
due to •NO oxidation with oxidants like atomic oxygen (O) or ozone in presence of a
third collision body (M) (Equations (4) and (5), Table 3), while HNO2 could be formed in
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the plasma from reactions between •NO and •OH (Equation (6), Table 3). The diffusion
of HNO2 in the liquid to form NO2

- that, in turn, can disproportionate to produce •NO
(Equation (7) in Table 3), indeed, is the most cited pathway for the formation of •NO in
PTWS in the literature [50,53]. However, besides its very low rate constant (k = 13.4), the
conversion of NO2

− to •NO requires acidic conditions (pH < 3.5, [50]) and could thus be
prevented in buffered media like PT-DMEM. In the end, in presence of liquid, e.g., DMEM,
underneath the plasma, even the other possible route to produce •NO though reaction
between •OH and ONOO− (Equation (8), Table 3), could be actually prevented since,
again, acidic conditions are generally required to form even ONOO− [58] and, by now, the
presence of ONOO- in PT-cell culture media has never been confirmed. The neutral pH
of buffered media like DMEM, that discourage •NO formation routes, can be therefore
addressed as the main explanation for the abatement of •NO in PT-DMEM found with EPR
and spectrofluorometric analysis (Figure 4a,b).

However, the suppression of the MNIC signal in PTW after the addition of untreated
DMEM (Figure 4d) also suggests the possible presence of chemical •NO scavengers in the
cell culture medium. In the last case, even the low amounts of plasma-generated •NO that
manage to diffuse in the liquid could be rapidly consumed in the medium. The starting
composition of DMEM includes several components that can react with plasma-produced
RONS, some of them may be particularly keen to react with •NO, such as L-cysteine
and D-glucose. L-Cysteine is often reported as an “in vivo •NO modulator” through
the reaction of its thiol group with •NO [56,59–61]. Moreover, as recently reported by
Lackmann et al. [51], covalent modifications of cysteine treated with different plasmas have
been shown. D-glucose is also actively involved in the scavenging of •NO in many natural
processes [62]; it has been found that the exposure of human endothelial cells to the same
level of glucose as in the plasma of diabetic patients results in a significant blunting of •NO
responses [62].

The EPR spectrum acquired from PT-cysteine (Figure 5a), however, shows the MNIC
signal as intense as in PTW, thus excluding cysteine as a possible scavenger for •NO, in
our experimental conditions. Although the formation of S-nitrous-cysteine derivatives
is likely to occur, the amount of •NO produced in the treatment, or immediately after,
is probably much higher than that consumed by cysteine. Very interestingly, in contrast
with the supposed role of •NO scavenger for such molecule, a role of “•NO protector
and modulator” could actually be proposed, since, when PT-L-cysteine was mixed with
DMEM (Figure 5b), the signal was not suppressed, differently from the case of PTW
(Figure 4d). This evidence can be explained by considering that ROS and RNS in PTWS
form nitroso-thiol (S-NO) functionalities on cysteine [63]. Since S-NO bond is very unstable
in physiological conditions, a •NO release from S-nitrous-cysteine is often reported [63]
and could thus contribute to sustain the MNIC signal when PT-cysteine is mixed with
untreated DMEM.

On the opposite, a role of “•NO scavenger” emerged for D-glucose, albeit quite low.
The intensity of the EPR signal in PT-D-glucose solution (Figure 6a) was much lower than
that obtained in PTW (Figure 6b), suggesting that D-glucose contributes to suppress the
signal in PT-DMEM. Nevertheless, when PTW was mixed with an untreated D-glucose
solution, the intensity of the EPR signal of the resulting solution was not decreased at all
(Figure 6c). This evidence seems to be in contrast with the results reported in Figure 6a
unless structural modifications of the molecule due to plasma treatment are proposed.
Indeed, plasma-induced modifications could probably enhance the reactivity of glucose
towards •NO and, as a consequence, its capability to scavenge it. D-glucose, however,
cannot be indicated as the unique cause for the MNIC abatement in DMEM, since the signal
was still present even at PT-D-glucose with a concentration (45 g L−1) 10 times higher than
that in DMEM (4.5 g L−1), as shown in Figure 6.

We, therefore, can conclude that the absence of •NO in PT-DMEM may be due at least
to two concurrent causes, namely, the neutral pH preventing the main formation pathways
for •NO, and compounds, such as glucose, able to sequester •NO possibly diffused by the
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plasma. These evidences undermine the role hypothesized so far for plasma-produced
•NO as a protector or inducer of nitrosative stress on cells incubated in PTWS, which must
therefore be sought among other RNS such as NO2

−, at least when PTWS are generated in
cell culture media. As already mentioned, though, it cannot be excluded that •NO is first
bound by some of the species in the medium (e.g., cysteine or others), and then transferred
to cells with no passage through the free solvated form.

The presence of NO2
− anions in PT- culture media, in fact, could act as a source of

nitrosative stress as well, due to the biological conversion, internal to cells, in the more
reactive species of •NO and ONOO− [6]. Indeed, nitrite ions are considered the largest
intravascular and tissue source of •NO in the human body [64]. In turn, nitrite-derived •NO
inside cells can be converted to ONOO− as shown above; and, in presence of peroxides
such as H2O2, nitrites can be even directly converted to ONOO¯, thus providing a second
route for the formation of this molecule [65] in biological environments.

Recently Bauer [66,67] supposed that anti-cancer effects of PTWS can be due by local
reactions of •NO and NO2

− with H2O2 near cell membranes These species are implicated
in the formation of ONOO− and singlet oxygen 1O2 near the membrane of cancer cells,
leading to local inactivation of the redox enzyme catalase. Tumor cells contribute to
their death through further membrane-associated catalase inactivation and reactivation of
intercellular apoptosis-inducing ROS and RNS signaling [65].

NO2
− remain stable many weeks in PTWS generated from culture media, despite

the presence of many organic compounds [59,60]. These features thus promote NO2
− as

the ideal reservoir for nitrosative stress in PTWS of complex composition. Moreover, the
production of NO2

− during DBD treatments can be finely tuned by changing conditions,
such as treatment time and gas feed. As shown in this paper, the first is important for the
amount, while the second for the kind of plasma-generated species in PT-DMEM. Ranging
from O2-DBD to N2- to air-DBD, the presence of NO2

- in PT-DMEM can be, respectively,
excluded or promoted (Figure 7b). In our conditions, H2O2 formation in PT-DMEM can be
promoted by increasing the percentage of O2 in the feed, in agreement with the formation
mechanism of H2O2 from OH recombination at the plasma–liquid interface, as discussed in
our previous studies [5]. In turn, the NO2

− concentration in the liquid can be enhanced if
both O2 and N2 are fed in the plasma. The trends obtained are similar to those obtained with
a 2D fluid-dynamic model proposed by Verlackt et al. [61], that describes the interaction
between a plasma jet and water buffered at pH around 7, as a function of treatment time.
The possibility to achieve fine control over ROS and RNS composition in PTWS by our
system was revealed to be fundamental for assessing the role of each specific species as
effectors in the PTWS-induced stress on cancer cells.

Within the tumor microenvironment, low to moderate levels of •NO derived from
cancer and endothelial cells can activate angiogenesis and epithelial-to-mesenchymal
transition, promoting an aggressive phenotype [68]. For this reason, to assess what happens
when cancer and hybrid ECs are exposed to NOx species, excluding •NO, in combination
with ROS (i.e., H2O2) is fundamental for further application of such liquids in cancer
therapy and in general to gain new insights in tumor progression. The higher sensitivity of
Saos2 cancer cells to PT-DMEMs with controlled H2O2–NO2

- ratio, in comparison with the
endothelial EAhy926 cells confirmed that RNS, mainly nitrites, can induce a cell-dependent
anti-cancer effect (Figure 8). The key at the base of such selectivity seems to be the decrease
in the cytotoxic threshold for H2O2 in cancer cells, when PTWS with high doses of NO2

−
are used.

From previous experiments it is known that 2 h of incubation in a 300 μM untreated
solution of H2O2 in DMEM (i.e., unexposed to any plasma) is enough to kill Saos2 cells after
a few minutes, with this concentration representing a sort of “tolerance threshold” for this
cell line (Figure S5). As a consequence, the response of Saos2 cells to PT-DMEM (++)H2O2
containing about 300 μM of H2O2 was a strong decrease in cell density, as expected, despite
the absence of nitrites. Moreover, it is well known that high doses of H2O2 can trigger
many apoptotic pathways in cancer cells, most of them involving the passage of exogenous
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H2O2 through aquaporin (AQP) channels and the direct intracellular damage via Fenton
reaction, as discussed by us [6], and by Yusupov et al. [69]. It has also been suggested
by Yan et al. [70] that the increased concentration of AQP channels on tumor cells could
explain the anti-tumor effects of PTWS.

Besides a higher number of AQP channels, however, cancer cells also specifically
exhibit higher amounts of antioxidant defenses that could seize most of the H2O2 exoge-
nously delivered through PTWS, resulting in the increase in the cytotoxic threshold for
most cancer cell lines. This could be the reason why, indeed, the direct H2O2-apoptosis
induction via PTWS is often reported as non-specific for cancer cells [66,71,72], since the
high doses of H2O2 required to overcome membrane-associated catalase on tumor cells
could largely exceed the tolerance of endothelial cells too, which lack this protection.

In all these cases, to selectively interact with a specific-redox chemistry on the surface
of tumor cells, a mechanism in which NO2

− cooperates with lower doses of H2O2 (i.e.,
lower than the tolerance threshold for endothelial cells) could be more effective to provide
specific apoptotic pathways for cancer cells. Indeed, our results are in agreement with those
reported by Bauer [65,71,73], where a synergic effect of NO2

− and H2O2 was proposed on
human KKN-45 gastric carcinoma cells when the H2O2 concentration was below 160 μM,
a threshold for H2O2-dependent apoptosis for that cancer line. Similar results on the
synergic anti-cancer effect of NO2

− and H2O2 in PTWS were also reported by Girard
et al. on HCT116 human colon cancer cells and Lu1205 human melanoma cells [33], and
by Kurake et al. on glioblastoma tumor cells [32], as discussed by Von Woetdtke and
Jablonowski [9]. In agreement with these findings by other authors, in this papers it
is shown that the selectivity of PTWS-induced cancer cell death relies on a window of
H2O2 concentration where the synergic action of H2O2 and NO2

− can induce death in
tumor cells but does not affect hybrid endothelial cells. Endothelial cells (EC), as part
of the tumor microenvironment, play a crucial role in inflammatory processes, as well
as in angiogenesis, and could be critical targets of cancer therapy. In order to promote a
deleterious effect contemporary on cancer cells and hybrid endothelial cells as part of the
tumor microenvironment, it is necessary to overcome the threshold toxic level for H2O2.
In this way the apoptosis is promoted also in hybrid ECs as attested by the presence of
round shaped cells in Figure S3d. In our experience, we have observed that the changes in
morphology (reduced numbers of clusters, spherical shape of cells) are important markers
of cell reaction to PTWS, while the changes in cell density are representative of the reduction,
retention, or increase in cells number (and, indirectly, of their proliferation). Thus we can
conclude that ECs have a capability to overcome the oxidative stress differently from that
of osteosarcoma cells. This cell susceptibility threshold and the concurrent action of H2O2
and NO2

− was supposed by Bauer et al. [65], and the results shown in our paper attest
that an exogenous delivery of RNS in proper combination with ROS actually enhances the
selectivity of oxidative stress induced in cancer cells. However, much more research has to
be done before a clinical application of PTWS will be possible.

5. Conclusions

The routes of formation of RNS such as •NO and NO2
− after DBD plasma treatment

of DMEM have been investigated and their involvement in anti-cancer effects on malignant
cells was evaluated. A double detection method for •NO was used for the first time to
demonstrate that no trace of •NO could be found in PT-DMEM, where, instead, high
amounts of NO2

− are formed. NO2
− concentration in PT-DMEM revealed to be finely

tunable with the plasma operating conditions such as treatment time, feed composition,
and composition of the starting liquid. The addition of PT-DMEM loaded with different
H2O2–NO2

− ratio to cultures of Saos2 and EAhy926 cells allowed to define the contribution
of NO2

− as supporter rather than protector of oxidative stress induced on cancer cells by
the H2O2 ROS present in PTWS. In particular, high doses of NO2

- were found to increase
the selectivity of anti-cancer effects by decreasing the cytotoxic threshold of H2O2 for cancer
cells to unharmful values for hybrid endothelial cell line.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10040605/s1. Figure S1: Fluorescence spectra of untreated water (blue line), and
PTW (red line) 15 min after the discharge; Figure S2: Coomassie blue stained Saos2 cells, fixed
after 72 h of incubation with PT-DMEMs at different H2O2–NO2

− ratio; Figure S3: Coomassie
blue stained Eahy926 cells, fixed after 72 h of incubation in PT-DMEMs at different H2O2–NO2

−
ratio; Figure S4: EPR spectra and fluorescence spectra of PT-DMEM with and without the serum;
Figure S5: Coomassie blue stained Saos2 cells 48 h after incubation in 300 μM H2O2 solution in
DMEM compared with the control.
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Abstract: Sonodynamic therapy is an effective treatment for eliminating tumor cells by irradiating
sonosentitizer in a patient’s body with higher penetration ultrasound and inducing the free radicals.
Titanium dioxide has attracted the most attention due to its properties among many nanosensitizers.
Hence, in this study, carbon doped titanium dioxide, one of inorganic materials, is applied to
avoid the foregoing, and furthermore, carbon doped titanium dioxide is used to generate ROS
under ultrasound irradiation to eliminate tumor cells. Spherical carbon doped titanium dioxide
nanoparticles are synthesized by the sol-gel process. The forming of C-Ti-O bond may also induce
defects in lattice which would be beneficial for the phenomenon of sonoluminescence to improve
the effectiveness of sonodynamic therapy. By dint of DCFDA, WST-1, LDH and the Live/Dead
test, carbon doped titanium dioxide nanoparticles are shown to be a biocompatible material which
may induce ROS radicals to suppress the proliferation of 4T1 breast cancer cells under ultrasound
treatment. From in vivo study, carbon doped titanium dioxide nanoparticles activated by ultrasound
may inhibit the growth of the 4T1 tumor, and it showed a significant difference between sonodynamic
therapy (SDT) and the other groups on the seventh day of the treatment.

Keywords: sonodynamic therapy; carbon doped titanium dioxide; sonosensitizers; ultrasound;
cancer treatment; breast cancer treatment

1. Introduction

Cancer has been the leading cause of death in the US for 40 consecutive years. In 2019, there were
606,880 deaths from cancer projected to occur in the US [1]. Surgery, radiotherapy and chemotherapy
are the most fundamental and effective cancer treatments. Nevertheless, it is hard to remove tumor
cells comprehensively via surgery; radiotherapy and chemotherapy may not only kill the cancer cells
but cause harm to healthy cells nearby and make patients feel fatigue. Immunotherapy is likely
to interfere with the immune system and cause autoimmune disease. Hyperthermia is probably
resisted by cancer cells after several heat treatments. Photodynamic therapy (PDT) is limited due to
the shallow penetration depth of light sources into tumor tissue. In previous studies, we used X-ray as
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an alternative light source which provided a novel therapeutic approach for deep-seated tumor/cancer
treatment [2–4]; however, the annual radiation dose limit was another issue. Thus, an alternative
therapy with fewer side effects was proposed by Umemura and Yumita, called “Sonodynamic therapy
(SDT)” [5]. SDT can focus the ultrasound energy on the deeply located tumor site, which overcomes
the shortcoming of PDT. SDT is considered to be a safer and more acceptable therapy for patients
compared to radiotherapy and chemotherapy [6]. It is noninvasive, and the apparatus is relatively
inexpensive [7,8].

SDT consists of three basic elements: ultrasound, sonosensitizer and oxygen molecules.
The mechanism of SDT is that the nonthermal effect of acoustic cavitation generated by
sonoluminescence, and the sonoluminescent light activates the sonosensitizer, leading to the electronic
excitement of the sonosensitizer [7]. When the excited sonosensitizer decays back to the ground
state, the released energy transfers to oxygen to generate the highly reactive singlet oxygen (1O2) [9].
Meanwhile, the energy may lead to pyrolysis reaction of the water near the exposed site of ultrasound
and generate hydroxyl radicals (•OH). These reactive oxygen species (ROS) may cause the death of
the tumor cells afterwards [10]. ROS plays an important role in cellular signaling pathways, such
as metabolism, growth, differentiation and death signaling, and react with molecules by reversible
oxidative modifications. Excess generation of ROS may cause cell senescence and death to intracellular
biomacromolecules, such as protein, lipid, RNA and DNA, via oxidative damage [11].

Ultrasound is a mechanical wave with periodic vibrations in a continuous medium at frequencies
greater than 20 kHz [12]. Ultrasound is able to penetrate tissue with less attenuation of energy.
Therefore, it can be applied to medical diagnosis and therapeutic use. For a medical diagnosis
purpose, the ultrasound is irradiated at a frequency of 2.0 to 28.0 MHz with low-energy irradiation
to prevent tissue from damaging. For therapeutic use, the ultrasound is irradiated at a frequency of
0.5 to 3.0 MHz with higher doses of energy to generate the desired biological results [13]. For SDT,
low-intensity ultrasound is used to induce the non-thermal and sono-chemical effects to activate
sonosensitizer to cause the damage and even the death of tumor cells [14]. The non-thermal effect of
ultrasound in SDT is cavitation that involves formation, growth and collapse of cavitation bubbles [7].
Under ultrasound irradiation, the static pressure of the aqueous solution decreases below the vapor
pressure, and water may evaporate into gas bubbles. The cavitation bubbles nucleate in the presence
of impurities or pre-existing bubbles in solution and oscillate in the phase under irradiation [15].
During the ultrasound irradiation, bubbles grow increasingly larger and stop growing when the static
pressure equals the vapor pressure. They may start to break down from its weakest spot when the static
pressure exceeds the vapor pressure, and then collapse (known as inertial cavitation) led to a highly
concentrated energy release [16,17]. The released energy leads to the pyrolysis reaction of the water,
which generate (•OH) and short light pulses (known as sonoluminescence) [18]. Sonoluminescence
involves intense ultraviolet-visible light, which can excite sonosensitizer to generate ROS [19].

Sonosensitizers play a critical role in SDT that can enhance the effect of ultrasound. The development
of sonosensitizers had grown swiftly in recent decades due to the known mechanisms of cell apoptosis
for SDT [20]. The porphyrin-based sonosensitizers, such as photofrin, hematoporphyrin, 5-ALA
(5-aminolevulinic acid) and chlorin-e6, are the most often used sonosensitizers in SDT research [7].
However, porphyrin-based sonosensitizers have phototoxicity on the skin that may affect both tumor
cells and normal cells under a certain wavelength of light or energy irradiation in PDT studies, which
means that this issue may also take place in SDT [20]. On the other hand, most sonosensitizers
were hydrophobic and easy to aggregate in physiological condition, leading to a reduction in their ROS
production [21]. Nonetheless, the development of nanoparticles shows a promising potential to solve
these problems. Among many nanosensitizers, titanium dioxide (TiO2) has attracted the most attention
due to its properties [21]. TiO2 is widely used in many territories based on low toxicity, high stability, high
photocatalytic activity and low cost [22,23]. Compared to porphyrin-based sonosensitizers which are
quickly degraded under oxidizing conditions, TiO2 exhibits high stability because it is highly resistant to
degradation by ROS. TiO2 exhibits three kinds of crystal structures, namely anatase, rutile and brookite.
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Anatase and rutile are the most common in the utilization of crystal structures, and brookite is less used
in industrial application. Even though anatase (Eg = 3.2 eV) has a wider bandgap than rutile (Eg = 3.0 eV),
anatase shows higher photoactivity due to its larger specific surface area that anatase is more suitable to
be used as a photocatalyst [24]. In previous studies, the anatase structure of TiO2 has been utilized as
a sonocatalyst to generate ROS under ultrasound irradiation [10,14]. Nonetheless, the wide bandgap of
anatase requires a greater energy to trigger. Carbon has previously been doped in the semiconductors
to form a new valence band, thus narrowing the bandgap [25]. The addition of carbon may give TiO2

an excess of conducting electrons or holes which is important for lowering the bandgap [23,24].
Hence, in this study, the sonosensitizer C-doped TiO2 was synthesized through doping carbon into

the anatase structure of TiO2 to diminish the bandgap. A square wave of the ultrasound at a resonant
frequency of 1.0 MHz, intensity of 0.33 MPa and duty cycle of 50% was used to induce the inertial
cavitation and generate sonoluminescent light to activate the synthesized C-doped TiO2.

2. Materials and Methods

2.1. Preparation of C-Doped TiO2

C-doped TiO2 was synthesized by the sol-gel method [23]. First, 2 g of Pluronic® F127
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 40 mL 95% ethanol completely with vigorous
stirring. Then, 5 mL titanium(IV) isopropoxide (TIP, Ti(OCH(CH3)2)4, purity > 97%, Sigma-Aldrich)
was added into the solution with magnetic stirring of 600 rpm. An amount of 3 g of D-(+)-glucose
(C6H12O6, Sigma-Aldrich), which was used as the carbon source, was dissolved in 6 mL ddH2O. Then,
the glucose solution was dropped into the TIP/Pluronic® F127 solution. The mixed solution was kept
vigorously stirring at room temperature for 30 min. The precipitate was collected by centrifugation
at 5000 rpm and washed with 95% ethanol for three times. The precipitate was then calcined at 400 ◦C
for 2 h to obtain particles.

2.2. Material Characterization

The crystal structure of the synthesized C-doped TiO2 was determined by X-ray diffraction
(XRD; Rigaku TTRAX 3) with Cu Kα radiation at a speed of 2◦ per minute at 40 kV and 30 mA
from 20◦ to 60◦.The surface morphology and particle size of C-doped TiO2 were characterized by
a scanning electron microscope (SEM; Nova Nano SEM 450). The structure and diffraction pattern of
the material were analyzed by a transmission electron microscope (TEM; JEOL 2010F). The particle
size of the material was reconfirmed via Zetasizer (Malvern Nano ZS). The chemical composition of
the material was analyzed by an energy dispersive spectrometer (EDS; Nova Nano SEM 450) SEM
attachment. To confirm that carbon had been doped in titanium dioxide and formed the bonding,
C-doped TiO2 was measured by auger electron spectroscopy (AES; JEOL JAMP 9510F) and X-ray
photoelectron spectroscopy (XPS; Theta Probe).

2.3. Ultrasound Apparatus

Ultrasound irradiation was conducted with a function generator (Agilent 33521A) at a resonant
frequency of 1.0 MHz and a duty cycle of 50% and amplified by a power amplifier (E&I 1040L) to
generate a square wave with a negative pressure of 0.33 MPa and intensity of 1.8 W/cm2 for 90 s in
the whole experiment. Figure 1 shows the entire apparatus.
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Figure 1. Ultrasound apparatus. The ultrasound transducer with a diameter of 2.0 cm was fixed with
aluminum block by a rubber band to keep the transducer facing upward in the degassed water tank.

2.4. Preparation of Terephthalic Acid Solution and Evaluation of Ultrasound Parameter

First, 2 mM terephthalic acid (TA; Sigma-Aldrich) was dissolved in 800 mL ddH2O. During
ultrasound treatment, the experiments should be carried out under alkaline condition. Hence, 5 mL
1 M of NaOH was added in the solution. TA solution was stirred for 1 h under 4 ◦C and dark conditions
to avoid photochemical reaction [26].

The experiment was divided into two groups. No US group was named as the control group:
the US group was the group irradiated by ultrasound. The fluorescence signal intensity was measured
by a multi-label plate reader with excitation and emission wavelengths at 310 and 420 nm, respectively.

2.5. Cell Culture and Animal Model

Briefly, L929 cells obtained from National Health Research Institutes were cultured in MEM
medium (Minimum Essential Media, Sigma-Aldrich) with 10% Fetal bovine serum (FBS, Gibco) and 1%
Antibiotic-Antimycotic (Gibco) and maintained in a 5% CO2 atmosphere at 37 ◦C.

Breast cancer 4T1 cells obtained from National Health Research Institutes were used as model cancer
cells in this study. The 4T1 cells were cultured in RPMI medium (RPMI-1640 Media (Sigma-Aldrich)
with 10% Fetal bovine serum (FBS, Gibco) and 1% Antibiotic-Antimycotic (Gibco) and maintained
in 5% CO2 atmosphere at 37 ◦C.

6-week-old male BALB/c nude mice were used as a xenograft animal model in this study.
The nude mice were injected subcutaneously with 2 × 106 4T1 cells suspended in 200 μL 1X PBS
into the right thigh. All the animal experiments were approved by National Health Research
Institutes (NHRI-IACUC-107013).

2.6. Evaluation of Biocompatibility for the Synthesized C-Doped TiO2

The evaluation of biocompatibility in this study was based on International Standard ISO 10993.
The cell viability induced by the synthesized C-doped TiO2 was determined by the WST-1 test
(TAKARA). L929 cells were seeded on a 96-well cell culture plate with a cell density of 104 cells per
well and incubated in 5% CO2 atmosphere at 37 ◦C. Briefly, 0.2 g/mL of the materials was immersed
in MEM medium for 16 to 24 h in 5% CO2 atmosphere at 37 ◦C as material extracts. The control
group included L929 cells without treatment. Zinc diethyldithiocarbamate (ZDEC, Sigma-Aldrich)
and aluminum oxide (Sigma-Aldrich) were indicated as the “Positive Control” and “Negative Control”
group, respectively. The C-doped TiO2 group included cells cultured with C-doped TiO2. After
one-day incubation, the previous solution in each well was removed, and 100 μL of the supernatant of
the material extracts was added into each well. After one-day incubation, the previous solution in each
well was removed, and 100 μL fresh MEM medium with 10% WST-1 reagent was added. After 2 h
incubation in 5% CO2 atmosphere at 37 ◦C kept in the dark, the solution in each well was collected to
measure absorbance at 490 nm by a microplate reader.
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2.7. Detection of Cellular ROS Generation

ROS generation induced by the synthesized C-doped TiO2 in SDT was measured by
a DCFDA-cellular ROS detection assay kit (abcam). 4T1 breast cancer cells were seeded on 12-well cell
culture plates with a cell density of 6 × 104 cells per well and incubated in 5% CO2 atmosphere at 37 ◦C.
After one-day incubation, the previous solution in each well was removed, and 1 mL 15 mg/mL
synthesized C-doped TiO2 in RPMI medium was added into each well. After 6 h incubation, ultrasound
was then irradiated from the bottom of the cell culture plates in degassed water. The distance between
ultrasound transducer and the bottom of the cell culture plate was around 5 mm. After US treatment,
the cell culture plates were incubated for 2 h. The previous solution in each well was then removed
and washed once with 1× PBS. An amount of 1 mL 20 μM 2′,7′ –dichlorofluorescin diacetate (DCFDA,
abcam) in 1× buffer was added into each well for 30 min in 5% CO2 atmosphere at 37 ◦C in the dark.
The previous solution in each well was removed, and cells were washed with 1× PBS once. An amount
of 1 mL 1× PBS was added into each well. The fluorescence signal intensity was measured by
a multilabel plate reader with excitation and emission wavelengths at 485 and 535 nm, respectively [27].
The control group included 4T1 cells without treatment. The C-doped TiO2 group included cells
cultured with C-doped TiO2. The US group included cells subjected to ultrasound irradiation. The SDT
group included cells cultured with C-doped TiO2 and subjected to ultrasound irradiation.

2.8. Evaluation of the Synthesized C-Doped TiO2 in SDT In Vitro

WST-1 and LDH tests were used to evaluate the cell viability and cytotoxicity of the synthesized
C-doped TiO2 in SDT. In vitro, 6 × 104 4T1 cells suspended in 1 mL RPMI medium were seeded on
12-well cell culture plates and incubated in 5% CO2 atmosphere at 37 ◦C. After one-day incubation,
the previous solution in each well was removed, and 1 mL 15 mg/mL synthesized C-doped TiO2

in RPMI medium was added into each well. After 6 h incubation, ultrasound was then irradiated
from the bottom of the cell culture plates in degassed water. The distance between the ultrasound
transducer and the bottom of the cell culture plate was around 5 mm. After ultrasound treatment,
the cell culture plates were incubated for one day. For the WST-1 test, the previous solution in each
well was removed, and 400 μL fresh RPMI medium with 10% WST-1 reagent was added. After 1 h
incubation in 5% CO2 atmosphere at 37 ◦C kept in the dark, the solution in each well was collected
to measure absorbance at 490 nm by an Elisa reader. The control group included 4T1 cells without
treatment. Zinc diethyldithiocarbamate (ZDEC) and aluminum oxide were indicated as the “Positive
Control” and “Negative Control” group, respectively. The C-doped TiO2 group included cells cultured
with C-doped TiO2. The US group included cells subjected to ultrasound irradiation. The SDT group
included cells cultured with C-doped TiO2 and subjected to ultrasound irradiation.

For the LDH test, 50 μL lysis solution was then added into each well of the Lysis group and then
incubated in 5% CO2 atmosphere at 37 ◦C for 30 min. Fifty μL of supernatant from each well was then
transferred to a 96-well cell culture plate, and 50 μL LDH reagent was added into each well. After
15 min of reaction at room temperature in the dark, the cytotoxicity was measured by a microplate
reader with absorbance at 490 nm. The C-doped TiO2 group included cells cultured with C-doped
TiO2. The US group included cells subjected to ultrasound irradiation. The SDT group included cells
cultured with C-doped TiO2 and subjected to ultrasound irradiation.

2.9. Evaluation of SDT in In Vivo Tumor Growth

There were 4 different treatments exerted on nude mice: (1) the control group was injected with
200 μL 1× PBS at day 0 and day 7 without ultrasound irradiation; (2) the C-doped TiO2 group was
injected with 200 μL synthesized C-doped TiO2 (150 mg/mL) in 1× PBS at day 0 and day 7 without
ultrasound irradiation; (3) the US group was injected with 200 μL of 1× PBS at day 0 and day 7 with
US irradiation; (4) the SDT group was injected with 200 μL synthesized C-doped TiO2 (150 mg/mL) in
1× PBS at day 0 and day 7 with US irradiation. There were 5 nude mice in each group.
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The tumor volume was measured by an electronic slide caliper using Equation (1), where L is
the longest dimension and W is the shortest dimension, parallel to the mouse body [28].

V = 0.5 × L ×W2 (1)

2.10. Histopathology

During sacrifice, cardiac puncture was used to obtain the blood samples. The samples were collected
into tubes with 7.5% EDTA solution. Tumor and internal organs, including heart, liver, spleen, lung
and kidney were also harvested and then fixed with 4% formaldehyde. These organs were embedded
into the paraffin and further stained with hematoxylin and eosin (H&E) for histologic examination.

2.11. Statistics

All data are indicated as the mean ± standard deviation. Statistical analysis was performed using
one-way ANOVA followed by multiple comparisons with the Dunnett test, and the difference between
the groups was deemed to be statistically significant when p < 0.05.

3. Results

The XRD pattern of the synthesized C-doped TiO2 is shown in Figure 2a. It is indicated that
the 2θ at 25.2◦, 38.3◦, 48◦, 54.3◦ and 55.1◦ corresponded to the crystal form of (101), (004), (200), (105)
and (211), which was completely matched with the standard pattern of the anatase structure of TiO2

(JCPDS Card No. 21-1272). The surface morphology of C-doped TiO2 was characterized by SEM as
shown in Figure 2b,c. Figure 2d shows the chemical composition of the material analyzed by EDS, Ti,
O and C elements with an atomic percent (At%) of 62.8, 32.8 and 4.4, respectively. The particles were
spherical with a rough surface. The structure and diffraction pattern of the material were examined by
TEM as shown in Figure 2e,f, respectively. C-doped TiO2 formed in the aggregation of nanograins,
and its particle size was in the range of 100 to 200 nm. The selected area diffraction pattern (SADP) of
C-doped TiO2 showed a ring pattern with the concentric rings from interior to outside, representing
the crystal planes of (101), (004) and (105) which corresponded to the anatase phase. The particle size
was precisely measured by Zetasizer as shown in Figure 2g. The precise particle size was 156.9 nm
with a polydispersity index (PDI) of 0.137, which was in agreement with the analysis of SEM particle
size (148.9 ± 26.3 nm) as shown in Figure 2h. Figure 3a shows the detection of chemical composition
of the material by AES. In addition to the peaks related to Ti and O, C was detected at the energy of
263 eV. Figure 3b shows the XPS spectra of C-doped TiO2 was at a binding energy of 282, 462 and 562
eV, representing O 1s, Ti 2p and C 1s, respectively. Figure 3c shows the XPS spectra of the C 1s scan:
the peak of TiC was detected at binding energy around 282 eV [29]. Figure 3d shows the XPS spectra of
the Ti 2p scan, the peak of Ti4+ was detected at a binding energy of 462 (Ti 2p1/2) and 456 eV (Ti 2p3/2).
Figure 3e shows the XPS spectra of the O 1s scan: the peak of (Ti4+/Ti3+)-O was detected at a binding
energy of 527 eV.
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Figure 2. (a) XRD pattern of C-doped TiO2, (b) low-magnification SEM images of C-doped TiO2,
(c) high-magnification SEM images of C-doped TiO2, (d) EDS of C-doped TiO2, (e) TEM images of
C-doped TiO2, (f) Diffraction pattern of C-doped TiO2, (g) Size distribution of C-doped TiO2 and (h) SEM
particle size distribution of C-doped TiO2.
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Figure 3. (a) AES spectra of C-doped TiO2, (b) XPS spectra of C-doped TiO2, (c) C 1s scan, (d) Ti 2p
scan and (e) O 1s scan.

The 2-hydroxyterephthalic acid (HTA) fluorescence emission of the TA solution with or without US
irradiation is shown in Figure 4. TA is a non-fluorescent compound and may further react with hydroxyl
radicals to produce a highly fluorescent HTA. The fluorescence was 106 ± 4% (US group) and 100 ± 2%
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(control group), respectively. The fluorescence emission of the control group was 100% as the baseline.
Each experiment was repeated 6 times. Based on the result, we believe that the US parameter in this
study is able to induce inertial cavitation.

Figure 4. Oxidation of terephthalic acid (TA) to 2-hydroxyterephthalic acid (HTA) in the presence
of hydroxyl radicals induced by inertial cavitation (one-way ANOVA, mean ± SD, n = 6, **: p < 0.01).

The biocompatibility test of C-doped TiO2 on cell viability by the WST-1 test is shown in Figure 5.
After treatment with C-doped TiO2, the cell viability was 0.25 ± 0.24% (positive control group), 99.54
± 10% (negative control group), 100 ± 24% (control group) and 81.49 ± 20% (C-doped TiO2 group),
respectively. The cell viability of the control group was 100% as the baseline. Each experiment was
repeated 5 times. The biocompatibility test followed by the regulations of ISO 10,993 indicated that
there would be no potential toxicity when the cell viability of the experiment group was over 75%.
Based on the WST-1 test, C-doped TiO2 showed no potential toxicity to normal cells.

Figure 5. WST-1 test for the biocompatibility of C-doped TiO2 (one-way ANOVA, mean ± SD, n = 5,
****: p < 0.0001).
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ROS generation of C-doped TiO2 under US irradiation by the DCFDA test is shown in Figure 6.
DCFDA was able to permeate into 4T1 cells and be deacetylated by cellular esterases to a non-fluorescent
DCFH. DCFH was then oxidized to a highly fluorescent 2′, 7′–dichlorofluorescein (DCF) in the presence
of ROS. After the treatments, the fluorescence was 100 ± 7% (control group), 97 ± 12% (C-doped TiO2

group), 119 ± 13% (US group) and 141 ± 11% (SDT group), respectively. The fluorescence of the control
group was 100% as the baseline. Each experiment was repeated 6 times.

Figure 6. DCFDA test for relative ROS concentration induced by C-doped TiO2 activated by US
(one-way ANOVA, mean ± SD, n = 6, *: p < 0.05, ****: p < 0.0001).

The effect of C-doped TiO2 in SDT on cell viability and cytotoxicity of 4T1 cells was examined
by WST-1 and LDH tests. The results of live/dead assay are shown in Figure S1 to evaluate cell
viability in C-doped TiO2 during ultrasound irradiation. After the treatments, the cell viability was
0 ± 1% (positive control group), 90 ± 13% (negative control group), 100 ± 14% (control group), 84 ±
3% (C-doped TiO2 group), 77 ± 2% (US group) and 67 ± 7% (SDT group), respectively, as shown in
Figure 7a. The cell viability of the control group was 100% as the baseline. Each experiment was
repeated 6 times. After the treatments, the cytotoxicity was 100 ± 18% (total lysis group), 0 ± 3%
(C-doped TiO2 group), 7 ± 13% (US group) and 23 ± 13% (SDT group), respectively, as shown in
Figure 7b. The cytotoxicity of the control group was 0% as the baseline.

The antitumor efficacy of C-doped TiO2 under ultrasound irradiation was evaluated using BALB/c
nude mice subcutaneously injected with 4T1 cells, where C-doped TiO2 particles were delivered
into mice during the entire experiment and then treated with ultrasound irradiation twice—on day
0 and day 7 (Figures S2 and S3). The variation of relative tumor volume is shown in Figure 8,
which was used to evaluate the antitumor effect of C-doped TiO2 in SDT for 4T1 cells. At 14 days,
the relative tumor volume was 367 ± 176% (control group), 407 ± 73% (C-doped TiO2 group), 335 ±
82% (US group) and 165 ± 22% (SDT group), respectively. The H&E-stained images of organs are
shown in Figure S4. The result showed that the C-doped TiO2 group and US group could not suppress
the growth of the tumor. On the other hand, the SDT group could retard the tumor growth significantly
(p < 0.05). The histologic staining of the tumor site is shown in Figure 9. H&E-stained tumor tissue
images confirmed that SDT enhanced the ability to cause the death of the 4T1 cells compared to
the other groups.
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Figure 7. (a) Cell viability induced by C-doped TiO2 activated by US evaluated by WST-1 assay
(one-way ANOVA, mean ± SD, n = 6), (b) cytotoxicity induced by C-doped TiO2 activated by US
evaluated by LDH assay (one-way ANOVA, mean ± SD, n = 6, *: p < 0.05, ***: p < 0.001, ****: p < 0.0001).
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Figure 8. The variation of relative tumor volume in BALB/c nude mice induced by C-doped TiO2

activated by US (one-way ANOVA, mean ± SD, n = 5, *: p < 0.05, **: p < 0.01).

 

Figure 9. H&E-stained images of tumor tissue. (a) Control group, (b) C-doped TiO2 group, (c) US
group and (d) sonodynamic therapy (SDT) group.
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4. Discussion

TiO2 is one of most representative material studied in inorganic sonosensitizers. Nonetheless,
the low quantum yield of ROS limits the effectiveness of TiO2 as a sonosensitizer by rapid recombination
of the free electron and electron hole. The addition of noble metals, such as Pt and Au, have been
reported to retard carrier combination [30,31]. Pt-doped or Au-doped TiO2 has been confirmed to
show therapeutic efficacy and suppress the growth of tumors significantly. However, the price of novel
metals would increase the cost of material preparation dramatically. Carbon shows highly promising
dopant to narrow the bandgap, reaching similar therapeutic efficacy to a novel metal-based system in
a more economical way. The comparative table is listed in Table 1.

Table 1. The sonosensitizers and the matched ultrasound parameters.

Tumor/Source Host Sonosensitizers
Ultrasound Parameter

Reference
MHz (f) W/cm2 (I) Duration (s)

Heptaic/human mouse TiO2 0.5/1.0 0.8/0.4 60 [32]

Skin/mouse mouse TiO2 1 1.0 120 [33]

Breast/human mouse TiO2 1 0.1 30 [34]

Lung/mouse mouse Au-doped TiO2 1.5 30 30 [31]

Breast/human mouse Pt-doped TiO2 1 1.5 300 [30]

In Figure 2a, the crystal structure of synthesized C-doped TiO2 was matched with the standard
pattern of the anatase structure without significant structure change when carbon atoms played
the substitutional foreign atoms, replacing some of the oxygen atoms. The results corresponded with
the previous study [35]. In Figure 3c, the peak at around 282 eV was ascribed to Ti-C bonds. Thus,
the Kröger–Vink notation of possible substitution of O2− by C was proposed and shown in Equation
(2). The creation of oxygen vacancies may form the impurity band that contributes a band tailing
effect, thus diminishing the bandgap [36,37]. In the previous study [38], comparing the typical Ti-O
binding energy, the clear blue-shift was shown, which indicated the presence of oxygen vacancy after
the reduction.

TiC
TiO2→ Ti×Ti + Co′′ + Vo•• (2)

In Figure 2c,g, the particle size of C-doped TiO2 was 156.9 nm which made the nanoparticles
possible to accumulate in tumor tissue without entering the normal tissue [39].

Mechanical index (MI) was one of the indicators for evaluating the occurrence of the inertial
cavitation. MI was calculated using Equation (3), where P- is the peak-negative acoustic pressure and fc
is the center frequency of the ultrasound transducer. It was shown that 0.3 MPa of the peak-negative
acoustic pressure was the least pressure to induce the inertial cavitation in aqueous solution [40].
In Figure 4, under US irradiation, the production of HTA increased significantly compared to the control
group. In other words, US irradiation is able to elevate the OH generation in TA solution. Hence,
the US parameter in this study was confirmed to be effective to induce the inertial cavitation.

MI =
P
√

fc
(3)

In Figure 6, compared to the control group, 4T1 cells treated with C-doped TiO2 did not increase
the level of ROS; 4T1 cells treated with US could be effective to increase the level of ROS, ascribed to
the pyrolysis reaction of the water to produce hydroxyl radicals; 4T1 cells treated with C-doped TiO2

plus US could increase the most significant level of ROS than the other groups, ascribed to the highly
reactive singlet oxygen and hydroxyl radicals. This result corroborated that, under US irradiation, ROS
generation could be increased in the presence of C-doped TiO2. However, the amount of extracellular
generation of ROS may affect the cell toxicity of tumor cells. Figure 7 shows that SDT induced higher
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toxicity in 4T1 cells than the other three groups. The results show that only US treatment seemed to
cause insufficient ability to damage the 4T1 cells with the production of hydroxyl radicals. Nonetheless,
US treatment in the presence of C-doped TiO2 seemed to significantly suppress the proliferation of
4T1 cells. The cellular uptake of C-doped TiO2 to 4T1 cells was supposed to occur via endocytosis or
pinocytosis [41]. The possible pathway of cell damage induced by SDT may be speculated as: Under US
irradiation, C-doped TiO2 was activated by the sonoluminescent light, induced by inertial cavitation,
to an excited state. Carbon was doped in the anatase TiO2 to form a new valence band, thus narrowing
the bandgap. The addition of carbon may give TiO2 an excess of conducting electrons or holes, which
is important for lowering the bandgap [23,24]. The unstableness of the excited state may cause decay
back to the ground state, leading to energy release. The released energy may transfer to oxygen to
generate the highly reactive singlet oxygen and water to generate hydroxyl radicals (Figure 10). With
the increasing concentration of singlet oxygen and hydroxyl radicals, 4T1 cells would be gradually
damaged and lead to cell senescence and death due to oxidative damaging effects [11,42,43]. Due to
the enhanced permeability and retention (EPR) effect, C-doped TiO2 preferentially accumulates in
tumor cells eliciting efficient ROS generation [44] and further increasing the effectiveness of the SDT
treatment. It was also revealed that the suppression of the tumor is due to the elevated level of ROS
which results in both direct tumor cell death and blood vessel stasis. ROS can induce blood stasis via
platelet aggregation or vessel constriction by destroying the endothelial layer [45]. Furthermore, SDT
may elevate the level of inflammatory-associated cytokine (including TNF-alpha, IL-6, IL-1) production
which is known to stimulate the maturation and function of granulocytes and macrophages [46].

Figure 10. The possible pathway of 4T1 tumor cell damage induced by SDT.

To further investigate the cell death of 4T1 cells induce by SDT, in-vivo study was implemented
in this study. Figure 8 shows that SDT could be more effective in suppressing the growth of the 4T1
tumor with a significant difference between SDT and the other groups on day 7. The relative tumor
volume of SDT ended with almost half compared to the other groups at the 14th day of the treatment.
H&E-stained tumor tissue is shown in Figure 9. In the tumors treated with 1× PBS or C-doped TiO2

individually, integral tumor cellularity with spindle shape nuclei was visible. In the tumors treated
with US, attributed to the inertial cavitation effect of US, a small area of nuclear fragmentation with little
necrosis was visible. However, in the tumors treated with SDT, with the synergistic effect of hydroxyl
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radicals and singlet oxygen, a huge necrotic area with shrinkage and fragments of nuclei was seen.
These results corroborated that SDT could inhibit the proliferation of 4T1 tumor cells.

5. Conclusions

The availability of C-doped TiO2 nanoparticles as sonosensitizers activated by low-intensity
ultrasound to generate ROS for cancer treatment was investigated in this study. Spherical C-doped
TiO2 nanoparticles with an average particle size of around 157 nm were synthesized by the sol-gel
process. From the WST-1 test, C-doped TiO2 showed no potential toxicity to normal cells. From in vitro
study, it showed more extracellular generation of ROS in 4T1 breast cancer cells under SDT (C-doped
TiO2/US treatment). Moreover, the effect of C-doped TiO2 in SDT could reduce the cell viability
and increase the cytotoxicity of 4T1 cells. From in vivo study, the antitumor effect of C-doped TiO2 in
SDT may inhibit the proliferation of the 4T1 tumor and lead to a huge necrotic area with shrinkage
and fragments of nuclei in the tumor site. We believe that C-doped TiO2 nanoparticles could be viewed
as sonosensitizers in SDT activated by low-intensity ultrasound for ROS generation as an effective
strategy for alternative cancer treatments in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/9/880/s1,
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Abstract: Pancreatic cancer is a usually fatal disease that needs innovative therapeutic approaches
since the current treatments are poorly effective. In this study, based on cell lines, triazole-based
coordination trimers made with soluble Fe(II) in an aqueous media were explored for the first time
as adjuvant agents for the treatment of this condition. These coordination complexes were effective
at relatively high concentrations and led to an increase in reactive oxygen species (ROS) in two
pancreatic cancer cell lines, PANC-1 and BXPC-3, and this effect was accompanied by a significant
reduction in cell viability in the presence of gemcitabine (GEM). Importantly, the tested compounds
enhanced the effect of GEM, an approved drug for pancreatic cancer, through apoptosis induction
and downregulation of the mTOR pathway. Although further evaluation in animal-based models of
pancreatic cancer is needed, these results open novel avenues for exploring these iron-based materials
in biomedicine in general and in pancreatic cancer treatment.

Keywords: pancreatic cancer; antitumor agents; coordination polymers; bioinorganic chemistry;
reactive oxygen species

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is an orphan disease with a terrible prog-
nosis, even when diagnosed early. The survival rate after five years remains below 5%,
despite tremendous efforts at the preclinical and clinical stages. Worldwide, in 2018 there
were 460,000 new cases of pancreatic cancer and 430,000 associated deaths [1]. The early
symptoms of the disease are extremely rare, and, therefore, most patients present with
locally advanced disease and/or metastasis at the time of diagnosis, limiting their op-
tions of being treated by surgery [2]. The standard treatment for the advanced disease
includes gemcitabine (2′,2′-difluoro-2′-deoxycytidine; GEM), with a response rate of less
than 20% [3]. Therefore, the identification of novel therapeutic strategies to overcome the
limitations of current therapies against PDAC is urgent [4].

In this regard, we are exploring the use of coordination polymers (CPs) as adjuvants
for the treatment of pancreatic cancer. These materials are built from metal ions linked by
ligands, forming different topologies ranging from 1D to 3D structures. A great variety of
CPs have been prepared with different properties and functionalities, such as porous frame-
works for gas sorption and separation, catalysis, molecular and ion-exchange, molecular
magnets, luminescence, among others [5]. The biological applications of these materials
have been limited mainly due to their low solubility in biological media. Nevertheless, they
are extremely appealing due to the versatility that confers the use of different biocompatible
metals or ligands [6]. Thus, CPs have been employed as nanocarriers [7–11], to control the
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release of therapeutics [12–15], as contrast agents in MRIs [16,17] or optical imaging [18],
and even in theranostic approaches [6].

A particularly interesting family of iron CPs is the chain-like polymeric Fe(II) system,
with general formula {[Fe(Rtrz)3]X2}n, (Rtrz = substituted triazole; X = monovalent anion),
which have been the focus of remarkable studies in a solid state [19]. These Fe(II) systems
present the physical phenomenon of spin-crossover, which is accompanied by a strong
thermochromism and a magnetic transition between diamagnetic and paramagnetic be-
havior in the solid state either as powder [20,21] or as nanoparticles [22]. However, less
attention has been paid to the phenomenon in an aqueous solution [23], mainly due to their
poor solubility [24]. To overcome this limitation, shorter polymeric chains (more precisely,
trinuclear oligomers) are used in this report, providing water-soluble derivatives.

Reactive oxygen species (ROS) are highly reactive molecules containing oxygen pro-
duced by cellular metabolism, and they participate in several biological processes, including
signal transduction, enzyme activation, gene expression, and protein post-translational
modifications [25]. However, although the role of ROS in cellular physiology is well estab-
lished, when produced in excess, they may cause irreversible cellular damage through the
oxidation of biomolecules such as lipid membranes, enzymes, or DNA, which generally
leads to cellular death [26]. ROS can also lead to carcinogenesis and tumor progression by
inducing DNA mutations, genomic instability, and pro-oncogenic signaling pathways [27].
In this regard, cancer cells frequently exhibit increased ROS, mainly resulting from their
high metabolic activity and oncogene activation [27]. However, this increased oxidative
stress can promote cell proliferation without leading to cell death, but may make cancer
cells vulnerable to exogenous oxidizing agents that generate additional ROS, which may
increase oxidative stress levels above the cytotoxic threshold [28]. For this reason, the
overstimulation of ROS by anticancer agents has been largely exploited and represents a
main mechanism through which chemotherapy drugs kill cancer cells [29,30].

In this regard, once the oligomers were synthesized and characterized, their effect
on cell viability and ROS induction, in the presence or absence of GEM, were assessed in
two pancreatic cancer cell lines (PANC-1 and BXPC-3) as well as in a non-tumoral cell line
(HaCaT). Furthermore, the oligomer’s (or CP’s) effect on apoptosis and the mTOR pathway
within pancreatic cancer cells was evaluated to dissect the molecular and functional aspects
underlying the mechanism of action of such structures. Finally, the involvement of ROS in
the regulation of cell viability and the mTOR pathway was analyzed. Overall, this study
provides new insight into the molecular mechanisms of action of CPs, which could be
exploited as adjuvants for the treatment of pancreatic cancer.

2. Materials and Methods

2.1. Chemicals

Roswell Park Memorial Institute (RPMI) medium, Dulbecco’s Modified Eagle’s (DMEM)
medium, streptomycin–penicillin (100×), fetal bovine serum (FBS), l-glutamine (100×),
trypsin (10×), phosphate-buffered saline (PBS), and cell culture plasticware were purchased
from VWR. Gemcitabine was purchased from Fluorochem. N-acetyl cysteine was pur-
chased from Sigma Aldrich, Saint Louis, MO, USA. Chemicals and reagents were purchased
from commercial suppliers and used as received following the indications reported.

2.2. Cell Lines and Culture Conditions

PANC-1 and HaCaT cells were purchased from American Type Culture Collection
(ATCC, Rockville, MD, USA) and cultured in DMEM medium with 10% FBS,
1% streptomycin–penicillin, and 1% l-glutamine at 37 ◦C in a Binder CB210 incubator
(5% CO2). BXPC-3 was a gift from Ibane Abasolo Olaortua (CIBBIM-Nanomedicine Institut
de Recerca Hospital Universitari Vall d’Hebron) and was cultured in RPMI medium with
10% FBS, 1% streptomycin–penicillin, and 1% l-glutamine at 37 ◦C in a Binder CB210
incubator (5% CO2). All the procedures were performed inside a laminar flow hood Telstar
CV-30/70 (Telstar, Terrassa, Spain).
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2.3. Analysis of ROS

The non-fluorescent diacetylated 2′,7′-dichlorofluorescein (DCF-DA) probe (Sigma
Aldrich, Saint Louis, MO, USA), which becomes highly fluorescent upon oxidation, was
used to evaluate ROS production.

The ability of trimers to generate ROS in free-cell water was assessed after their
incubation at three different concentrations (1 μM, 100 nM, or 1 nM) with 1 μM DCF-DA
for 48 h. Salt and hydrogen peroxide were incubated with the probe as control. DCF-
DA fluorescence was measured by using a multimode plate reader (λexc = 485 nm and
λem = 535 nm) (Synergy H4 Hybrid reader (BioTEK, Winooski, VT, USA).

To evaluate ROS activity of C1, C2, and C3 in cellular models, the cell lines were plated
in 96-well plates (5 × 103 cells/well) and 24 h later were treated with various compounds
and with 5 μM DCF-DA for 4 min at 37 ◦C. After incubation, cells were washed with 1× PBS
(phosphate buffered saline), pH 7.4 (VWR), and DCF-DA fluorescence was measured by
using a multimode plate reader (λexc = 485 nm and λem = 535 nm) (Synergy H4 Hybrid
reader (BioTEK)). Values were normalized on cell proliferation by an alamarBlue viability
assay. Representative images of cells were obtained using a Leica DMI3000 M inverted
microscope (Leica, Wetzlar, Germany) at 20× magnification. Images were analyzed using
ImageJ software (NIH Image, Bethesda, MD, USA).

2.4. Alamar Blue Viability Assay

Cells were seeded in 96-well plates and the day after were incubated with various
coordination compounds at the indicated conditions (see figure legends). At the end of the
treatments, a stock solution of resazurin sodium salt (Sigma-Aldrich, St. Louis, MO, USA)
(1 mg/mL) in PBS was diluted 1% (v/v) in complete DMEM or RPMI medium and added
to the cells. After 3 h in the incubator (37 ◦C), the fluorescence was measured at 25 ◦C in a
plate reader Synergy H4 Hybrid reader (BioTEK), λex = 550 nm, λem = 590 nm.

The fluorescent intensity measurements were processed using the following Equation:

% Cell viability = ((Sample data − Negative control)/(Positive control − Negative control)) × 100

The positive control corresponded with untreated cells. A resazurin solution without
cells was used as a negative control.

2.5. Western Blot Analysis

Cells were harvested, washed in PBS, and re-suspended in RIPA buffer (Tebu-BIO
#AR0105) in the presence of a protease inhibitor cocktail (Thermo Scientific™, Madrid,
Spain #A32955). After incubation on ice for 30 min, the lysates were centrifuged at 14,000× g
for 10 min at 4 ◦C and the supernatant fractions were used for Western blot analysis. Protein
concentration was measured by Bradford reagent (Bio-Rad protein assay) using bovine
serum albumin as a standard. Protein extracts (30 μg/lane) were resolved on a 10% SDS-
polyacrylamide gel and electro-blotted onto PVDF membranes (AmershamTM ProtranTM
0.45 μm NC). Membranes were blocked in 5% low-fat milk in TBST or 5% BSA (50 mM Tris
pH 7.5, 0.9% NaCl, 0.1% Tween 20) for 1 h at room temperature and probed overnight at
4 ◦C with a rabbit polyclonal anti-Bcl-2 (1:1000) (Cell Signaling, #2872), rabbit polyclonal
anti-p70 S6 kinase (1:1000) (Cell Signaling, #9202), rabbit polyclonal anti-phospho-p70
S6 kinase (Ser371) (1:1000) (Cell Signaling, #9208), or mouse monoclonal anti-GAPDH
(1:1000) (Santa Cruz, sc-47724). Horseradish peroxidase conjugated anti-mouse or anti-
rabbit IgGs (1:5000 in blocking solution) (Santa Cruz, Spain) were used as secondary
antibodies. Immunodetection was carried out using Bio-Rad chemiluminescent substrates
and recorded using a Gel Documentation System (Syngene).

2.6. Acquisition of NMR Spectra

NMR spectra were recorded on a Bruker Advance 300 (1H: 400 MHz) spectrometer
at 298 K using partially deuterated solvents as internal standards. Chemical shifts (δ) are
denoted in ppm. Multiplicities are denoted as follows: s = singlet, d = doublet, t = triplet.
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2.7. Acquisition of FT-IR Spectra

FT-IT spectra were recorded as neat samples in the range 400–4000 cm−1 on a Bruker
Tensor 27 (ATR device) Spectrometer.

2.8. Powder X-ray Diffraction Collection

PXRD data were collected in a Rigaku Smartlab SE diffractometer with a Bragg-
Brentano configuration, using Cu-Kα radiation (λ = 0.1541 nm). Samples were measured
between 5◦ and 50◦ with a speed of 1.8◦ min−1 under an X-ray fluorescence reduction
mode, at room temperature.

2.9. Analysis of Synergy/Antagonism from Combination Studies

To determine possible additive and synergistic effects when using combinations of C-1,
C-2 and C-3 with GEM, the data from cell viability assays were first analyzed using the freely
available software Combenefit [31], which simultaneously assesses synergy/antagonism
using three published models (Highest single agent (HSA), Bliss, and Loewe).

Three concentrations were employed for C-1, C-2, and C-3 (25, 500, and 1000 μM),
while six concentrations were employed for GEM (0.5, 4.5, 20, 40, 60, 80 μM). All data
were normalized to untreated controls, and imported into Combenefit software, where the
Loewe Additivity model was employed to identify synergistic, additive, or antagonistic drug
combinations. The software calculates the combination index (CI) for each drug combination,
where a CI value < 1 indicates synergy, CI = 1 is additive and CI > 1 indicates antagonism.

2.10. Annexin-V Assay

Cells were seeded in 6-well plates and the day after were incubated with various
coordination compounds at the indicated conditions (see figure legends). At the end of
the treatments, the dead cells were collected and the attached ones were trypsinized and
collected. The cells were washed with PBS 1× in suspension by centrifugation at 177× g
for 5 min. Cells were resuspended in 100 μL binding buffer 1× and then 10 μL annexin
V 1:10 was added and the cells were incubated for 15 min at 4 ◦C in darkness. After that,
380 μL binding buffer 1× were added to the samples and then 10 μL propidium iodide.
The acquisition was performed in a Beckman Coulter Cytomics 500 Flow Cytometer using
20,000 cells in the Flow Cytometry Service at the CNB-CSIC.

2.11. Statistical Analysis

Comparisons among groups were analyzed via the independent-samples one-factor
ANOVA test using Prism GraphPad software. All statistical data were obtained using
a two-tailed student’s t-test and homogeneity of variance tests (p values < 0.05 were
considered significant).

3. Results

3.1. Synthesis and Characterization of Three Iron-Based Trimers

As mentioned previously, an elegant alternative to employ insoluble CPs in biological
media is the use of the triazole-based trimer system [Fe3(NH2-trz)6]X6 and its deriva-
tives [Fe3(RN-trz)6]X6. These systems are characterized by a backbone of three linearly
arranged Fe(II) ions connected by three triazole ligands (Figure 1) [32–34]. The reduced
length contributes to their solubility in contrast to that of the larger CPs. In addition, the
steric hindrance of the ligands and the strong Fe-N coordination bond contribute to the
stabilization of the bivalent iron under physiological conditions. The synthetic approach
to obtain these water-soluble trinuclear systems resides in the use of p-toluenesulfonate
(OTs) as counterions in highly diluted conditions to prevent or limit the formation of larger
“Fe(II)/1,2,4-triazole” polymeric chains.
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Figure 1. (A). Reaction required to obtain the trimers. (B). Representation of the different triazole
derivatives employed (C). Schematic representation of the iron triazole-based trimers, where Fe is
represented in orange, C in grey, N in blue, O in red, S in yellow, H in white, and the R group in black.

Three different Fe(II) trinuclear triazole-based CPs were synthesized in air conditions
using ascorbic acid as the antioxidant, with general structure [Fe3(RN-trz)6(H2O)6], using
iron(II) tosylate salt and triazole-based ligands: [(E)-N-(1-(thiophen-2-yl)ethylidene)-4H-
1,2,4-triazol-4-amine (C-1), 4-amino-1,2,4-triazole (C-2), and (E)-N-(1-phenylethylidene)-
4H-1,2,4-triazol-4-amine] (C-3) (see Figures S1–S5). The stability of these in situ generated
complexes in water and phosphate-buffered saline (PBS) was monitored through ESI-MS
and specifically with UV-Vis spectra at the incubation conditions (i.e., at 10−5 mol·L−1,
37 ◦C and the spectra were taken at 0 h, 24 h, and 48 h) (Figures S6 and S7). It is noteworthy
that the enhancement of the intensity of the band around 250 nm takes place without
any shift, and also there is an absence of additional bands, which ratifies the stability
of the CPs under these conditions. To further characterized these CPs, the solution was
evaporated until precipitation and the resulting powders were characterized by FTIR and
PXRD (See Figures S8–S11).

3.2. Antitumoral Activity of Coordination Polymers

Once the trimers were obtained, their effect on cell viability was evaluated in pancre-
atic cancer cell lines, based on previous reports where similar structures were employed in
other tumor systems [29,30]. Intriguingly, after 48 h from the treatment, C-1 and C-2 were
the most active in PANC-1, whereas C-3 exerted a cytotoxic effect only in BXPC-3 cancer
cells (Figure 2A,B). However, as illustrated in Figure S12, lower concentrations of trimers
did not significantly affect cell viability.

Then, the different responses of pancreatic ductal adenocarcinoma cells to GEM were
studied. First, as reported in previous studies [35], we observed that PANC-1 showed
intrinsic chemoresistance to chemotherapy (Figure S13). To evaluate the potential effect
as chemotherapy adjuvants of such derivates, the cell viability was studied when the
trimers were combined with GEM. In the case of BXPC-3, the cell viability obtained in the
presence of GEM did not change when it was combined with the trimers. Interestingly, in
PANC-1, the combination of the trimers with GEM was able to overcome their intrinsic
chemoresistance to this drug, especially when the chemotherapeutic was used at lower
concentrations (0.5 and 4.5 μM) (Figure 2C and Figure S14). In particular, the combined
treatment led to a synergistic enhancement of the cytotoxic effect, as shown by heat maps
obtained with the Loewe Additivity model (Figure 2E) [31]. The synergistic effect is
particularly relevant when the CPs were used at the concentration of 1000 μM and GEM at
concentrations ranging from 0.5 to 20 μM. Then, to assess the specificity of these materials
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for cancer cells, similar experiments were also carried out in HaCaT cells, a non-cancerous
cellular model. Interestingly, none of the three compounds exhibited toxicity in this cell line
(Figure S15A) and did not enhance the cytotoxic activity of GEM (Figure S15B). These data
suggest that these derivates are safe in non-tumor models and have therapeutic potential
in the selective treatment of pancreatic cancer cells resistant to GEM.

Figure 2. Antitumoral activity of coordination polymers (CPs). (A,B) Cell viability studies in pancreatic cancer cell lines
treated with C-1, C-2, and C-3 for 48 h. (C,D) Cell viability studies in pancreatic cancer cell lines treated with 4.5 μM
gemcitabine (GEM) and C-1, C-2, and C-3 for 48 h. The values of treated cells were normalized to the untreated controls and
reported as mean ± SEM. Statistical analysis was performed using one-way ANO VA (each group vs. control). (*** p < 0.001,
** p < 0.01, * p < 0.05). (E) Combenefit-mapped surface output for the drug combinations involving C-1, C-2, and C-3 with
GEM in PANC-1 cells. The concentrations of each drug are plotted along the horizontal axes, while the percentages of cells
remaining relative to untreated controls are plotted on the vertical axes. A heat map is used to represent the level of synergy
(blue color) at each concentration. A heat map is used to represent the level of synergy (blue color) at each concentration.
All experiments were conducted at least three times.

3.3. The Combined Treatment Increased Apoptosis and Inhibited the mTOR Pathway in Pancreatic
Cancer Cells

To better understand the mechanism behind the antitumoral activity, some molecular
markers related to apoptosis and cell growth in PANC-1 cancer cells were evaluated
by Western blots (e.g., Bcl-2, p70S6K) and by Annexin-V assay. First, the effect of the
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trimers in Bcl-2 was assessed. This protein contributes to cancer formation and progression
by promoting the survival of cancer cells and represents a canonical target for cancer
therapy [36]. Interestingly, CPs did not change the levels of Bcl-2 when administered alone
(Figure S16), however, a reduction of Bcl-2 was observed when PANC-1 cells were treated
with C-1 and GEM. However, no significant reductions in this protein were observed after
the treatment with C-2 or C-3 in combination with GEM (Figure 3A,B).

Figure 3. Apoptotic studies in pancreatic cancer cell lines. (A) Western blot analysis of Bcl-2 in
PANC-1 cells after treatment with 1 mM C-1, C-2, C-3, and 4.5 μM GEM for 48 h. GAPDH protein
level in the same extract was used as a control loading. (B) Densitometry of bands was performed
using NIH Image J software and reported as fold change with respect to the untreated condition. The
values reported are the mean of three independent experiments and were reported as mean ± SEM.
(C) Cells were stained with Annexin V and propidium iodide (PI) and analyzed by flow cytometry.
The percentage of cells in each group within the gated areas is indicated; the upper right panel
represents cells undergoing late apoptosis, and the lower right panel represents cells undergoing
early apoptosis. (D) Fold change in apoptosis. The values reported are the mean of two independent
experiments and were reported as mean ±SEM.
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Then, the cells were stained with fluorescein isothiocyanate (Annexin-V FITC) and
propidium iodide (PI) and were analyzed by flow cytometry (Figure 3C,D). Interestingly,
we observed an increase in Annexin-V fluorescence when the cells were treated with
all three derivates and GEM, suggesting that the activation of apoptotic cell death may
underlie the chemosensitivity observed.

Moreover, the activation of mTOR signaling after combined treatment was evaluated.
It is worth mentioning that the inhibition in the mTOR signaling represents one of the
mechanisms exploited by chemotherapy drugs to exert their antitumoral action [37]. Thus,
when only GEM was administrated, chemoresistance in pancreatic cancer cells was induced.
Remarkably, the administration of the therapeutic mixtures containing C-1 or C-2 or
C-3 and GEM, strongly abolished the chemoresistance mentioned before. Particularly,
as discussed in below, they reduced the phosphorylation at Ser371 of p70S6 protein),
indicating the downregulation of the mTOR pathway.

3.4. Reactive Oxygen Species (ROS) Generated by Coordination Complexes

Once the trimers were evaluated for their capabilities to synergistically increase the
effect of GEM in PANC-1, the amount of ROS was evaluated [38], since they are usually
generated in a variety of antitumoral systems. Thus, C-1 to C-3 were incubated with a
standard ROS probe (DCFDA) at three different concentrations (1 μM, 100 nM, 1 nM) for
48 h. In this case, the fluorescent intensity increased in a concentration-dependent manner
(Figure S17), highlighting the new trimers’ potential use as ROS generators. Interestingly,
the ROS production by addition of Fe(OTs)2 was significantly lower compared to the
results obtained with CPs at the concentration of 100 nM (Figure S18). Then, the new
trimers’ activity was evaluated in two pancreatic cancer cell lines, PANC-1 and BXPC-3.
Interestingly, C-1 and C-3 produced an enhancement on the ROS levels, whereas C-2 did
not provide any relevant effect compared to that of untreated samples (Figure 4A,B). This
result suggests that C-2 might be processed inside the cell differently, compared to C-1 and
C-3. Interestingly, the ROS production by addition of Fe(OTs)2 was significantly lower than
in the case of C-1 and C-3 (Figure S19). These results suggest that iron-based CPs, such
as C-1 and C-3, can be employed to modify the oxidative status in pancreatic cancer cells,
opening avenues to be exploited for therapeutic purposes.

Then, the activity of CPs was studied in combination with GEM, which is a standard
agent used for the treatment of pancreatic cancer. It is important to point out that the cell
lines (PANC-1 and BXPC-3) present different behavior against GEM. In particular, the
presence of GEM induces a higher amount of ROS in BXPC-3 and reduces its viability
more efficiently than in PANC-1 (Figure S20). In other words, as already mentioned
above, PANC-1 presents chemoresistance to GEM, and for this reason, this cell line is
often employed to assess novel therapeutics against pancreatic cancer. Thus, PANC-1 and
BXPC-3 cancer cells were incubated with the three trimers and GEM for 48 h. In this case, a
significant increase of ROS levels in both cell lines was observed when treated with C-1 or
C-3 in the presence of GEM, compared to the ROS generated when treated only with GEM
(Figure 4C,D). On the other hand, the combination C-2 and GEM enhanced ROS only in
PANC-1 cells. The ROS activity of the combined treatment was confirmed by fluorescent
microscopy, where an increase in fluorescent signal was observed compared to that of the
cells treated only with GEM (Figure 4E). Remarkably, when the iron salt and GEM were
used, the ROS production was lower than in the cases where C-1 and C-3 were employed.
This result highlights the advantage of the CPs evaluated herein compared to the iron salt
Fe(OTs)2 (Figure S21). Then, similar experiments were also carried out in HaCaT cells. In
this case, only C-3 was able to increase ROS, and only weakly (Figure S22A). However, in
the presence of GEM, a significant increase of ROS was observed in the case of C-1 and C-3,
as previously shown in pancreatic cancer cells (Figure S22B).

200



Antioxidants 2021, 10, 66

Figure 4. Reactive oxygen species (ROS) generated by coordination complexes. (A,B) ROS generation
in pancreas cancer cell lines incubated with C-1, C-2, and C-3 for 48 h. The DCF fluorescence (ROS
production) of treated cells was normalized to untreated controls and reported as mean ±SEM. (C,D)
ROS generation after combination therapy (incubation with GEM (4.5 μM) and C-1, C-2, and C-3

for 48 h). The DCF fluorescence of treated cells was normalized to that of untreated controls and
reported as mean ± SEM. Statistical analysis was performed using one-way ANOVA (each group vs.
control). (*** p < 0.001, * p < 0.05). (E) Fluorescence images of PANC-1 cells untreated and treated
with the combined therapy. DCF, corresponding to ROS production levels are shown in green, and
the nuclei are labeled in blue by Hoechst staining.

3.5. Combined Treatment Attenuates the mTOR Pathway in an ROS-Dependent Manner

Finally, the effect of ROS generated by the therapeutic mixtures in the regulation of
cell proliferation was assessed by the addition of the standard inhibitor of oxidative stress,
N-acetyl cysteine (NAC), which does not affect cell viability (Figure S23). In this case, the
effect on cell viability by the therapeutic mixtures was attenuated after NAC administration
in PANC-1 cancer cells (Figure 5A). Intriguingly, when the mixture contained C-2 and
GEM, the removal of ROS had no significant effect on cell viability, suggesting that its
synergistic effect was independent of oxidative stress. Accordingly, the increasing of ROS
after the combined therapy was reduced after NAC treatment (Figure S24A). Furthermore,
the phosphorylation at Ser371 of p70S6K, was also dramatically recovered by the addition
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of NAC (Figure 5B). These results highlight the role of ROS in the limitation of cancer cell
growth mediated by the compounds described herein.

Figure 5. Combined treatment attenuates the mTOR pathway in an ROS-dependent manner. (A) PANC-1 cancer cell lines
treated with 4.5 μM GEM, 500 μM NAC, and 1 mM C-1 (blue), C-2 (red), and C-3 (green) for 48 h. Their viability was
assessed with the alamarBlue test. The values of treated cells were normalized to that of untreated controls and reported as
mean ± SEM. (B) Western blot analysis of phospho-p70SK6 and p70S6K of PANC-1 cells after treatment with 4.5 μM GEM,
500 μM NAC, and 1 mM of C-1, C-2, and C-3 for 48 h. GAPDH protein level in the same extract was used as a control loading.
(C) Densitometry of bands was performed using NIH Image J software and reported as fold change with respect to the
untreated condition. The values reported are the mean of three experiments and were reported as mean ± SEM). Statistical
analysis was performed using one-way ANOVA (C-1+GEM, C-2+GEM, C-3+GEM vs C-1+GEM+NAC, C-2+GEM+NAC,
C-3+GEM+NAC)., * p < 0.05).

4. Discussion

In this work, we used a particularly interesting family of iron CPs, which is the chain-
like polymeric Fe(II) system, with general formula {[Fe(Rtrz)3]X2}n, (Rtrz = substituted
triazole; X = monovalent anion), which has been largely studied in a solid state. These Fe(II)
systems present the physical phenomenon of spin-crossover, which is accompanied by a
strong thermochromism and a magnetic transition between diamagnetic and paramagnetic
behavior in the solid state, either as a powder or as nanoparticles. These CPs have not
been studied very much in the aqueous solution, mainly due to their poor solubility. To
overcome this limitation, we used in this report shorter polymeric chains (more precisely,
trinuclear oligomers), achieving unprecedented water-soluble derivatives (C-1, C-2, C-3).
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Once these oligomers were synthesized and characterized by a multitude of techniques,
their anticancer activities were studied for the first time. Remarkably, these derivatives
were able to increase the activity of GEM in a pancreatic cancer cell line (PANC-1). Intrigu-
ingly, in BXPC-3, another pancreatic cancer cell line, the combined therapy did not enhance
the chemotherapy effect, and the reduction observed was only due to GEM toxicity without
any synergistic or additive effects. Furthermore, the specificity of our therapeutic systems
was evaluated by assessing the activity of such derivates in HaCaT keratinocyte cells. In
this case, none of the three compounds exhibited toxicity in this non-tumoral cell line
and did not enhance the cytotoxic activity of GEM. These observations suggest that these
derivates are safe in non-tumor models and have therapeutic potential in the selective
treatment of pancreatic cancer cells resistant to GEM. The drastic difference between the
pancreas cancer cell lines versus the non-tumoral model may be explained by, among other
causes, acquired selective mutations, which lead to the regulation of different signaling
pathways after GEM treatment. For example, chemoresistance of pancreatic cancer has
been attributable to hyperactivation of MAPK [39], STAT-3, and NF-κB signaling path-
ways [40]. Moreover, the effects of GEM are mediated by transporters to cross extracellular
or intracellular membranes, and oncogenic mutations occurring in solute carrier (SLC) and
the ATP-binding cassette (ABC) superfamilies also have been linked to drug resistance in
pancreatic cancer [41].

We investigated the molecular mechanisms underlying the activity of our CPs in
pancreatic cancer cells. Interestingly, we observed that the CPs were able to attenuate
chemoresistance in PANC-1 by inducing apoptosis and inhibiting mTOR signaling, which
we detected through the phosphorylation of p70S6K, a classic downstream readout of
this pathway. Curiously, although all three compounds were able to increase Annexin-v
fluorescence when combined to GEM, the reduction of Bcl-2 protein, a classical inhibitor of
apoptosis, was observed only when the therapeutic mixture contained C-1. This partial
discrepancy could be explained in part because Bcl-2′s role in apoptosis is ambiguous.
Indeed, Bcl-2 can also act as an apoptotic inducer blocking Bax/Bak oligomerization [42]
and plays a role in other non-canonical functions including mitochondrial metabolism
and biogenesis and autophagy regulation [43]. Another explanation could be that even if
the translocation of phosphatidylserine is produced after the treatment, a process that is
usually associated with the early stage of apoptosis, this does not result in the complete
activation of the intrinsic apoptosis pathway and the formation of apoptosomes, which
precedes caspase’s activation [44].

ROS play a key role in various cellular processes, including proliferation, growth, apop-
tosis, and migration [45]. Importantly, ROS levels are frequently increased in cancer cells
because of their high metabolic activity, mitochondrial dysfunction, and hyper-activation of
oncogenes [46]. However, while ROS facilitate carcinogenesis and cancer progression with
mild-to-moderate elevated levels, their excessive production may damage cancer cells dra-
matically through the modification of lipids, proteins, or DNA and lead to cell death [28].
Hence, ROS signaling and the antioxidant program play key roles in the response to
chemotherapy and represent important targets to overcome drug-resistance [47].

In this study, the effect of our derivates on ROS metabolism in pancreatic cancer cells
was investigated. Once we established that such structures were able to increase ROS
production, both alone and in combination with GEM, we studied whether the cytotoxic
effect of the combined therapy was due, at least in part, to the CPs’ capacity to enhance
ROS levels. To unveil this, experiments using the ROS scavenger NAC were performed,
which showed that NAC could recover cell viability and the mTOR pathway affected by
trimers and GEM.

Overall, these data allow us to speculate that both apoptosis induction and mTOR
inhibition, resulting after combined therapy, might contribute to the synergistic reduction
of cell viability observed in pancreatic cancer cells, and also that the cytotoxic effect is due
to the increase in oxidative stress.
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5. Conclusions

In summary, we have demonstrated that CPs can be used as adjuvants to enhance
synergistically the activity of GEM in pancreatic cancer cell lines, which present intrinsic
resistance to this chemotherapeutic through modulation of ROS levels. Interestingly, in
contrast to that observed in PANC-1, the combined therapy did not enhance the chemother-
apy effect either in BXPC-3, a pancreatic cancer cell line not resistant to GEM, nor in HaCaT
keratinocyte cells, and the reduction of cell viability was only due to GEM toxicity without
any synergistic or additive effect.

Furthermore, we studied the signaling pathways and molecular mechanisms under-
lying the chemosensitivity to GEM. We observed that the combined treatment increased
apoptosis and reduced the phosphorylation of p70S6k, a well-established functional read-
out of the mTOR pathway involved in cell growth.

Finally, to unveil whether the increased ROS detected after combined therapy could
have a role in the CPs’ therapeutic effect, we performed functional studies using NAC, a
standard inhibitor of oxidative stress. Notably, the addition of NAC significantly reverted
the reduction of cell viability and the mTOR pathway observed after combined therapy,
suggesting the CPs’ effect was, at least in part, due to exacerbated ROS production in
PANC-1 GEM-resistant cell lines.
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