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It can be challenging to find efficient therapy for cancer due to its biological diversity. One of
the factors that contribute to its biological diversity are free radicals. Evolutionary, aerobic organisms
evolve in an oxygen atmosphere, improving the energy production system by using oxygen. Oxygen
is beneficial, but it can also be detrimental if free radicals are formed [1]. Free radicals, as well as some
non-radical species that have oxygen, are reactive oxygen species (ROS). ROS can damage DNA leading
to mutations, single, or double-strand breaks [2]. These events, if the cell is unable to repair the damage,
are deleterious. If not fatal, these changes in genetic material result in tumor development by losing
cell cycle control. Further, these mutations create genetic instability that result in tumor heterogeneity,
and thereby increase the possibility of surviving stress conditions. In addition to direct interaction with
DNA, proteins, and lipids, ROS are also signaling molecules that take an active part in regulating cellular
processes [3,4]. It was previously thought that ROS only damage cells, but we now know that some
enzymes primarily produce ROS, and they are not by-products [3]. These are NAD(P)H oxidases (NOX)
and they produce ROS in response to inflammatory signaling. This planned production of ROS may play
a role in proliferation, as ROS are able to activate signaling pathways, such as mitogen activated-protein
kinase (MAPK)/extracellular-regulated kinase 1/2 (ERK1/2), phosphoinositide-3-kinase (PI3K)/protein
kinase (Akt), and more, thoroughly reviewed in [3]. An important factor in surviving ROS is the
antioxidant system of the cell. The main role of this complex system is to remove the excess ROS.
As there are many ROS, there are many different parts of this system acting in a similar or unique way
in removing ROS, such as the glutathione system, superoxide dismutase-catalase catalase, thioredoxin
system, and small molecules (e.g. vitamin C, vitamin E). In order to ensure the right levels of
these enzymes and small molecules, ROS activate several antioxidative transcription factors, such
as Nrf2 and the FoxO family. These transcription factors are responsible for activating the majority
of antioxidative genes [5–7]. Generally, cancer cells have increased amounts of ROS; consequently,
they adapt by increasing the antioxidative defense system [8], thereby, strongly linking ROS and
antioxidative research.

Nevertheless, ROS were at first considered detrimental, and this was used as a therapeutic strategy
in fighting cancer. Most of the conventional types of chemotherapy, as well as radiotherapy, are based
on ROS production. Unfortunately, this strategy has to eradicate the tumor completely, otherwise
the surviving cells adapt and build up their antioxidant systems, as well as other mechanisms (e.g.,
drug transporters) making themselves resistant. Strategies involving activation/inhibition of signaling
pathways (and here, Nrf2 was certainly an attractive target) turned out to be a double-edged sword [9].

This Special Issue aims to provide different approaches to study the role of free radicals in cancer.
Recent findings are presented within eight original papers and four review papers, spanning from
cancer therapy and resistance development to side effects of cancer therapy, with its effects on human
health, in a process governed by free radicals.

Antioxidants 2020, 9, 157; doi:10.3390/antiox9020157 www.mdpi.com/journal/antioxidants1
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The focus of the review papers is on free radicals, ROS, and cancer therapy. As mentioned above,
ROS modulate cellular signaling pathways and are therefore important to maintain redox homeostasis.
A review by Kim et al. [10] provides an overview of cellular ROS production, both controlled and
uncontrolled, as well as ROS elimination (keeping in mind the importance of this homeostasis). Further,
redox changes in cancer are described, with emphasis on chemotherapy based on ROS production.
The paradox of chemotherapy is discussed: the chemotherapy resistance can be acquired through
either increased proliferation (leading to resistance) or by changing to a cancer stem-like cell phenotype,
with a low proliferation rate. In hand with this review is the work of Mendes and Serpa [11], which
discusses metabolic remodeling of lung cancer. These metabolic changes occur via several mechanisms,
which include mutations, as well as responses to oxidative or alkylating treatments. These events
lead to chemotherapy resistance that occur because of changes in drug transporters, as well as in
antioxidants. Metabolic remodeling is therefore a challenge in cancer therapy, and can be used—if the
changes are well monitored and defined—to adapt to clinical therapy, in order to avoid recurrence.

The review papers by Clavo et al. [12], and Prasad and Srivastava [13], discuss adjuvant cancer
therapy by reduction of ROS. Natural compounds, such as Triphala and Ayurvedic medicine, have
antioxidative properties, and prevent free radical formation and lipid peroxidation. In addition to
antioxidative properties, the authors also discuss the chemopreventive and chemotherapeutic effects
of Triphala, which are encouraged by the results of three clinical studies. Another strategy in fighting
cancer, described by Clavo et al. [12], is the use of ozone as an adjuvant therapy to conventional
chemotherapy. The authors present evidence of beneficial effects of ozone therapy on animal models
and describe possible mechanisms by which these effect may occur.

Mechanisms, by which cellular processes are changed in cancer, spread on different molecules
(such as enzymes, transcription factors, or ion channels). An example of an ion channel is the transient
receptor potential melastatin 2 (TRPM2), a Ca2+ channel that can be activated by H2O2 [14]. A study
presented by Hack et al. [14] showed parallel expression of NOX4 and TRPM2 in human granulosa
cell tumor samples, suggesting that induction of oxidative stress could be beneficial for the therapy,
as activation of this channel by H2O2 increased Ca2+ levels and apoptotic cell death.

Acquired resistance was a model in two papers and was achieved through growth of cells
under conditions of chronic oxidative stress. Both models used breast cancer cell lines in their
study. In a study by Glorieux and Calderon [15], NQO1 affected cancer redox homeostasis and
sensitivity to drugs. Consequently, NQO1 polymorphism may be used as an important factor if
quinone-based chemotherapeutic drugs are considered as cancer therapy. Interestingly, NQO1 is a
target gene for NRF2, an antioxidative transcription factor. Using breast cancer cell lines stimulated
for cancer-stem-like phenotypes under chronic oxidative stress, we showed an increase in NRF2, but
also in some epithelial-mesenchymal transition markers, indicating that NRF2 can play a role in breast
cancer resistance [16].

In addition to breast cancer, ROS and NRF2 were studied in regards to the androgen receptor
and its splice-variant AR-V7 [17]. As therapy for prostate cancer, a triterpenoid antioxidant drug was
tested for its ability to regulate androgen receptor expression. This drug proved to enhance efficacy of
clinically approved anti-androgen, but also decreased ROS and increased NRF2, indicating possible
mechanisms of action. There are numerous consequences of prostate cancer therapy due to ROS
production, but effects on sperm are not fully investigated. Takeshima et al. [18] show evidence that
cancer chemotherapy has similar effects on semen as idiopathic infertility, suggesting antioxidant
therapy to reduce ROS.

As mentioned, many conventional cancer therapies are based on free radical/ROS production.
Photodynamic therapy is also a cancer therapy that uses chemosensitizers to generate free radicals,
which then act against the tumor. Such a photosensitizer, a tailored boron-dipyrromethene (BODIPY)
derivative, was used on A375 and SKMEL28 cancer cell lines [19]. Authors show positive effects of this
compound by inducing singlet oxygen and NO to cause cell death.
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Finally, Rodríguez-García et al. [20] studied protein carbonylation in patients with myelodysplastic
syndromes. These patients had increased protein carbonyls, but levels decreased after treatment with
an iron chelator (deferasirox). Analysis of the p21 gene expression in bone marrow cells revealed
correlation between high protein carbonyls and increased expression, and vice versa. The paper
suggests that the fine-tuning of oxidative stress levels in bone marrow can determine the disease
progression in these patients.

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

References

1. Cadenas, E.; Sies, H. Oxidative stress: excited oxygen species and enzyme activity. Adv. Enzyme Regul. 1985,
23, 217–237. [CrossRef]

2. Barzilai, A.; Yamamoto, K.I. DNA damage responses to oxidative stress. DNA Repair (Amst). 2004, 3,
1109–1115. [CrossRef] [PubMed]

3. Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 2018, 80, 50–64.
[CrossRef] [PubMed]

4. Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated Cellular Signaling.
Oxid. Med. Cell. Longev. 2016, 2016, 4350965. [CrossRef] [PubMed]

5. Raghunath, A.; Sundarraj, K.; Nagarajan, R.; Arfuso, F.; Bian, J.; Kumar, A.P.; Sethi, G.; Perumal, E. Antioxidant
response elements: Discovery, classes, regulation and potential applications. Redox Biol. 2018, 17, 297–314.
[CrossRef] [PubMed]

6. Saito, R.; Suzuki, T.; Hiramoto, K.; Asami, S.; Naganuma, E.; Suda, H.; Iso, T.; Yamamoto, H.; Morita, M.;
Baird, L.; et al. Characterizations of Three Major Cysteine Sensors of Keap1 in Stress Response. Mol. Cell.
Biol. 2016, 36, 271–284. [CrossRef] [PubMed]

7. Laissue, P. The forkhead-box family of transcription factors: key molecular players in colorectal cancer
pathogenesis. Mol. Cancer 2019, 18, 5. [CrossRef] [PubMed]

8. Kim, S.J.; Kim, H.S.; Seo, Y.R. Understanding of ROS-Inducing Strategy in Anticancer Therapy. Oxid. Med.
Cell. Longev. 2019, 2019, 5381692. [CrossRef] [PubMed]

9. Milkovic, L.; Zarkovic, N.; Saso, L. Controversy about pharmacological modulation of Nrf2 for cancer
therapy. Redox Biol. 2017, 12, 727–732. [CrossRef] [PubMed]

10. Kim, E.K.; Jang, M.; Song, M.J.; Kim, D.; Kim, Y.; Jang, H.H. Redox-mediated mechanism of chemoresistance
in cancer cells. Antioxidants 2019, 8, 471. [CrossRef] [PubMed]

11. Mendes, C.; Serpa, J. Metabolic remodelling: An accomplice for new therapeutic strategies to fight lung
cancer. Antioxidants 2019, 8, 603. [CrossRef] [PubMed]

12. Clavo, B.; Rodríguez-Esparragón, F.; Rodríguez-Abreu, D.; Martínez-Sánchez, G.; Llontop, P.;
Aguiar-Bujanda, D.; Fernández-Pérez, L.; Santana-Rodríguez, N. Modulation of Oxidative Stress by Ozone
Therapy in the Prevention and Treatment of Chemotherapy-Induced Toxicity: Review and Prospects.
Antioxidants 2019, 8, 588. [CrossRef] [PubMed]

13. Prasad, S.; Srivastava, S.K. Oxidative Stress and Cancer: Chemopreventive and Therapeutic Role of Triphala.
Antioxidants 2020, 9, 72. [CrossRef] [PubMed]

14. Hack, C.T.; Buck, T.; Bagnjuk, K.; Eubler, K.; Kunz, L.; Mayr, D.; Mayerhofer, A. A Role for H2O2 and TRPM2
in the Induction of Cell Death: Studies in KGN Cells. Antioxidants 2019, 8, 518. [CrossRef] [PubMed]

15. Glorieux, C.; Calderon, P.B. Cancer Cell Sensitivity to Redox-Cycling Quinones is Influenced by NAD(P)H:
Quinone Oxidoreductase 1 Polymorphism. Antioxidants 2019, 8, 369. [CrossRef] [PubMed]
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Abstract: Androgen receptor (AR) signaling is fundamental to prostate cancer (PC) progression, and
hence, androgen deprivation therapy (ADT) remains a mainstay of treatment. However, augmented
AR signaling via both full length AR (AR-FL) and constitutively active AR splice variants, especially
AR-V7, is associated with the recurrence of castration resistant prostate cancer (CRPC). Oxidative
stress also plays a crucial role in anti-androgen resistance and CRPC outgrowth. We examined
whether a triterpenoid antioxidant drug, Bardoxolone-methyl, known as CDDO-Me or RTA 402, can
decrease AR-FL and AR-V7 expression in PC cells. Nanomolar (nM) concentrations of CDDO-Me
rapidly downregulated AR-FL in LNCaP and C4-2B cells, and both AR-FL and AR-V7 in CWR22Rv1
(22Rv1) cells. The AR-suppressive effect of CDDO-Me was evident at both the mRNA and protein
levels. Mechanistically, acute exposure (2 h) to CDDO-Me increased and long-term exposure (24 h)
decreased reactive oxygen species (ROS) levels in cells. This was concomitant with an increase in the
anti-oxidant transcription factor, Nrf2. The anti-oxidant N-acetyl cysteine (NAC) could overcome this
AR-suppressive effect of CDDO-Me. Co-exposure of PC cells to CDDO-Me enhanced the efficacy of a
clinically approved anti-androgen, enzalutamide (ENZ), as evident by decreased cell-viability along
with migration and colony forming ability of PC cells. Thus, CDDO-Me which is in several late-stage
clinical trials, may be used as an adjunct to ADT in PC patients.

Keywords: bardoxolone methyl; prostate cancer; castration-resistant prostate cancer; androgen
receptor (AR), AR-V7; anti-androgen; enzalutamide; androgen deprivation therapy

1. Introduction

Prostate cancer (PC) is the second leading cause of cancer-related mortality in men in the United
States [1]. Notwithstanding the initial efficacy of androgen deprivation therapy (ADT), outgrowth
of castration-resistant prostate cancer (CRPC) is the primary cause of death among patients [2].
The development of CRPC is linked with continuous androgen receptor (AR) signaling even in the
absence of androgens [3–7]. Several mechanisms responsible for the constitutive AR signaling in

Antioxidants 2020, 9, 68; doi:10.3390/antiox9010068 www.mdpi.com/journal/antioxidants5
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CRPC cells include AR gene amplification, ligand-independent AR activation by cytokines or kinases,
both intracrine and/or intratumoral androgen production, overexpression of AR co-activators, and
most importantly, the expression of constitutively active AR splice variants (AR-Vs) [8,9]. Despite the
castrated levels of androgens, these spliced forms of AR lacking the C-terminal ligand binding domain
(LBD), promote the transcriptional activation of AR target genes as they still retain the transactivating
N-terminal domain (NTD) [8–10].

AR-V7 (also known as AR3) is the most significant functional protein encoding AR splice
variant [11–19]. Augmented levels of AR-V7 were identified in CRPC tumor specimens [18] and
circulating tumor cells [13]. Elevated AR-V7 expression was found after the development of CRPC
tumors when primary tumor tissues were examined before and after the development of castration
resistance [11,14–19]. Moreover, overexpression of AR-V7 is one of the key factors in the development
of resistance to the potent second-generation anti-androgens, e.g., enzalutamide (ENZ) and abiraterone
acetate (ABI) [20,21]. Studies have also shown a critical role of full-length AR (AR-FL) in dimerizing
and transactivating AR-V7 [22], which is involved in castration-resistant cell growth [23]. Therefore,
there is a critical requisite for potential therapeutic strategies which can efficiently reduce AR-FL and
AR-V7 linked constitutive tumor promoting signaling in the CRPC cells.

Bardoxolone-methyl, the C-28 methyl ester of 2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid
(CDDO) known as CDDO-Me or RTA 402 is one of the synthetic triterpenoids that has been shown
to have anti-inflammatory, as well as anticarcinogenic activities [24,25]. Studies with CDDO-Me
have been conducted in various kinds of cancers such as prostate [26], breast [27], ovary [28],
lung [29], leukemia [30], pancreatic [31], and osteosarcoma [32]. CDDO-Me activates Keap1/Nrf2/ARE
pathway [33,34], inhibits nuclear factor kappa-B (NF-kB) [35] and Janus-activated kinase (JAK)/STAT
(signal transducer and activator of transcription) pathway [36], and is effective at low nanomolar
concentrations [24]. The α, β-unsaturated carbonyl groups present on its rings form reversible adducts
with the thiol groups of critical cysteine residues in target proteins such as Keap-1 and inhibitor
of kappa-B (IkB) kinase (IKKβ). The binding of CDDO-Me to Keap1 releases Nrf2 impeding its
ubiquitination, thus leading to the stabilization and nuclear import of this potent transcription factor [24].
Activated Nrf2 reduces intracellular reactive oxygen species (ROS) levels via the transcriptional
induction of numerous antioxidant proteins, e.g., superoxide dismutase (SOD) and glutathione
peroxidase (GPX) leading to a synchronized antioxidant and anti-inflammatory response [33]. Similarly,
when CDDO-Me binds to IKKβ, it prevents NF-kB dissociation from its bound complex with IkB in
the cytosol, thus resulting in the suppression of NF-kB activation and the downstream cascade of
pro-inflammatory signaling pathways [35]. Various other mechanisms responsible for the anticancer
action of CDDO-Me involve inhibition of proliferation of cancer cells, induction of apoptosis, and arrest
of cancer cells in the G2/M phase [30,37–39]. In vivo studies have also reported potent inhibitory effects
of CDDO-Me on tumor growth, metastasis and angiogenesis [40,41]. CDDO-Me has demonstrated
promising anticancer effects in Phase I clinical trials against multiple solid tumors [42]. Although
multiple studies with CDDO-Me have been conducted in PC [26,37,41,43,44], its efficacy to suppress
the expression of both AR-FL and AR-V7 in PC cells has not been investigated before.

In the current study, we have shown that at physiologically achievable plasma concentrations (i.e.,
nanomolar doses) [24], CDDO-Me suppresses gene expression and protein levels of both AR-FL and
AR-V7 in the LNCaP, C4-2B, and CWR22Rv1 (22Rv1) cells. Pre-exposure to the antioxidant N-acetyl
cysteine (NAC) was able to abrogate the AR suppressive effect of CDDO-Me. Most importantly,
co-treatment with physiologically achievable doses of CDDO-Me could sensitize PC cells to the cytotoxic
effects of a clinically approved anti-androgen drug ENZ. Our findings thus implicate the potential
of CDDO-Me as an adjunct therapy in patients with CRPC tumors; especially those overexpressing
AR-FL and AR-V7.
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2. Materials and Methods

2.1. Cell Culture

LNCaP (an androgen-dependent PC cell line expressing only AR-FL) and 22Rv1 (an
androgen-independent PC cell line expressing both AR-FL and AR-V7) were purchased from American
Type Culture Collection (ATCC; Rockville, MD, USA). The C4-2B (an androgen-independent PC cell
line expressing only AR-FL) cell line was obtained from Dr. Leland Chung’s lab in Cedar Sinai Medical
Center (Los Angeles, CA, USA) [45]. All the three cell lines were cultured in Rosewell Park Memorial
Institute (RPMI)—1640 media supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals;
Lawrenceville, GA, USA) and 1% antibiotic–antimycotic (Thermo Scientific; Waltham, MA, USA) in a
humidified incubator containing 5% CO2 at 37 ◦C. The experiments were performed in a phenol-red
free RPMI media supplemented with 10% charcoal-stripped FBS (CS-FBS) from Atlanta Biologicals to
simulate androgen depleted conditions.

2.2. Reagents

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide] was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Enzalutamide (ENZ) was purchased from ApexBio (Houston, TX,
USA). Cycloheximide (CHX) was bought from Cayman chemicals (Ann Arbor, MI, USA). CDDO-Me
was purchased from Selleckchem (Houston, TX, USA). The drugs were dissolved in 100% DMSO and
the final DMSO concentration which was used in the experiments was less than 0.1%. N-acetyl cysteine
(NAC) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA), dissolved in water
and diluted in media immediately before use. The primary antibodies including rabbit polyclonal
anti-AR (N-20) (sc-816), mouse monoclonal anti-Nrf2 (437C2a) (sc-81342), and anti-GAPDH (sc-47724)
were obtained from Santa Cruz Biotechnology. The horseradish peroxidase (HRP)-conjugated goat
anti-rabbit (A0545) and goat anti-mouse (A9044) secondary antibodies were bought from Sigma-Aldrich
(St. Louis, MO, USA). The goat antirabbit secondary antibody tagged with Texas red (T-2767) was
bought from Thermo Scientific.

2.3. MTT Assay

MTT assays were carried out to determine the cell viability post treatment with the drug(s).
Briefly, ~5000 cells were cultured in 96-well plates followed by synchronization in a serum free medium
overnight. The viability of the cells was determined at 72 h post exposure to drug(s) with the MTT
solution (5 mg/mL for 3–4 h at 37 ◦C). DMSO was used to solubilize the formazan crystals and the
optical density (O.D.) was measured at 540 nm with μQuant spectrophotometric plate reader (Bio-Tek;
Seattle, WA, USA).

2.4. Western Blot Analysis

The radioimmunoprecipitation assay (RIPA) lysis buffer (Santa Cruz Biotechnology) was used to
harvest the whole cell lysates post exposure to drug(s). Quantification of the total protein was done
using the bicinchoninic acid (BCA) protein assay reagent (Thermo Scientific). In brief, 10 μg of protein
was electrophoresed in SDS-PAGE gels (10%) and transferred onto nitrocellulose membranes using
semi-dry electro-transfer. The membranes were incubated overnight with the primary antibodies
against AR (1:500 dilution), Nrf2 (1:500 dilution), and GAPDH (1:3000 dilution) at 4 ◦C after blocking
with 5% casein in TBS-T buffer (tris buffer saline with 0.1% tween-20). The membranes were then
incubated with the corresponding HRP-conjugated secondary antibodies (1:2000 dilution) for 1 h
and developed using the Supersignal west femto substrate (Thermo Scientific). The scanning of
the immunoblots was done using the ImageQuant LAS 500 scanner (GE Healthcare; Princeton,
NJ, USA). Image J software (NIH; Bethesda, MD, USA) was used to quantify the band intensities.
The densitometric values for AR proteins (AR-FL and AR-V7) were normalized to the GAPDH values
for calculating the fold change.
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2.5. ROS Assay

DCFDA/H2DCFDA—a cellular ROS assay kit (Abcam; Cambridge, MA, USA; Cat # ab113851) was
used to measure reactive oxygen species (ROS). Cells were harvested and seeded in a dark, clear bottom
96-well microplate with 25,000 cells per well. The cells were stained with 2′,7′-dichlorofluorescin
diacetate (DCFDA) and treated with different agents for the specified period of time. The DCFDA
fluorescence (Ex/Em = 485/535 nm) was measured immediately using a microplate reader (Bio-Tek).

2.6. Wound-Heal Assay

Wound-heal assay was performed to monitor the migratory phenotype of PC cells post exposure
to drug(s) [46]. In brief, cells were cultured in 6-well plates (1 × 106 cells per well) until a confluent
monolayer was formed. A 200 μl pipette tip was used to scratch the monolayer. The wells were then
washed with PBS and images (10×magnification) were captured of the wound at 0 time point with a
Leica Microsystems microscope (Buffalo Grove, IL, USA). Images of the wound were then captured at
72 h post exposure to the drug(s). The cell migration (wound closure) was measured by calculating the
distance between 4–5 random points within the wound edges.

2.7. Colony Forming Units Assay

Cells (500/dish) were cultured in 60 mm petri dishes in three replicates in 2% FBS containing
media and exposed to the drug(s) after 48 h. The drug(s) were replenished in the second week. After
two weeks, the cell colonies were stained with 0.2% crystal violet in 20% methanol post fixation with
100% ethanol. The colony forming units (CFU) were counted with the Image J software. The total
number of CFUs were then compared in untreated (control) and drug-treated cultures.

2.8. Immunofluorescence Microscopy

Immunofluorescence microscopy (IFM) was used to visualize subcellular localization of AR post
exposure to CDDO-Me. In brief, cells (3 × 104) were cultured in chamber slides (EMD Millipore;
Billerica, MA, USA) and then fixed in ice cold methanol after treatment. After permeabilization of the
cells with 0.1% Triton-X 100, blocking was done in 10% goat serum. The cells were then incubated
with the primary antibody (1:300 dilution) overnight at 4 ◦C. This was followed by incubation with the
corresponding secondary antibody tagged with texas red (1:1000 dilution) for 1 h. The cover slips were
mounted after nuclear stain diamino-2-phenylindole (DAPI) containing vectashield mounting media
(Burlingame, CA, USA) was added to the slides. The images (60×magnification) were captured with
the fluorescent microscope (Leica Microsystems; Buffalo Grove, IL, USA).

2.9. Quantitative RT-PCR

The mRNA levels for both AR-FL and AR-V7 were measured using the quantitative reverse
transcriptase polymerase chain reaction (qRT-PCR). In brief, after treatment, total mRNA was extracted
using the RNeasy mini plus kit (Qiagen; Valencia, CA, USA) in accordance with the manufacturer’s
instructions. The iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) was used to prepare
complementary DNA (cDNA) according to the manufacturer’s instructions. The following primer
sequences were used: (1) AR-FL:—forward: 5′-CAGCCTATTGCGAGAGAGCTG-3′ and reverse:
5′-GAAAGGATCTTGGGCACTTGC-3′; (2) AR-V7:—forward: 5′-CCATCTTGTCGTCTTCGGAAAT
GTTATGAAGC-3′ and reverse: 5′-TTTGAATGAGGCAAGTCAGCCTTTCT-3′; and (3) β-actin:—forward:
5′TGAGACCTTCAACACCCCAGCCATG-3′ and reverse: 5′-GTAGATGGGCACAGTGTGGGTG-3′.
The iQTM SYBR green supermix (Bio-Rad) was used to measure the AR transcript levels and C1000TM

Thermocycler (CFX96; Bio-Rad) was used to carry out the amplification reactions. The following
amplification conditions were used: Priming at 95 ◦C for 5 min, and then 35 cycles of 95 ◦C for 30 s,
55 ◦C for 30 s, and 72 ◦C for 30 s. The data (ΔCt values) for AR (AR-FL and AR-V7) transcript levels
were normalized to the corresponding β-actin values for calculating the fold change.
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2.10. Statistical Analysis

The graphPad Prism (version-6) Software (San Diego, CA, USA) was used for the statistical
analyses. Results were expressed as the standard error of the mean (± SEM). A two-tailed student’s
t-test was used to determine significant changes from controls and p-values of < 0.05 were considered
significant. The CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA) was used for synergy
determination and combination index (CI) was calculated on the basis of Chou–Talalay method, which
determines additive (CI = 1), synergistic (CI < 1), or antagonistic (CI > 1) effects quantitatively [47].

3. Results

3.1. Exposure to Low-Dose CDDO-Me Decreases AR-FL and AR-V7 Protein Levels in PC Cells, in a Time- and
Dose-Dependent Manner

The PC cells (LNCaP, C4-2B, and 22Rv1) were exposed to increasing concentrations of CDDO-Me
(0–500 nM) and AR protein levels were measured at different time points (Figure 1A–C). Immunoblot
analysis depicted that exposure to CDDO-Me causes time- and dose-dependent decreases in AR-FL in
both LNCaP and C4-2B cells. Most interestingly, in 22Rv1 cells nanomolar (nM) doses of CDDO-Me
were able to decrease both AR-FL and AR-V7 protein levels. In all the three cell lines, the reduction in
the AR-FL and AR-V7 protein was apparent within 6 h of exposure to CDDO-Me, and was evident
even with the lowest dose of CDDO-Me used (100 nM). At 24 h post exposure to the highest dose of
CDDO-Me (500 nM), the AR-FL, and AR-V7 proteins were abrogated in all three cell lines. Indeed,
these results were further corroborated by our IFM data, which showed clearly reduced levels of both
cytoplasmic and nuclear AR immunofluorescence in the 22Rv1 cells post 24 h exposure to increasing
doses of CDDO-Me (100–500 nM) (Figure 1D).

Figure 1. Cont.
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Figure 1. Effect of Bardoxolone-methyl (CDDO-Me) on androgen receptor (AR) levels in prostate
cancer (PC) cells. 22Rv1, C4-2B, and LNCaP cells were treated with increasing concentrations of
CDDO-Me (0–500 nM) and cell lysates were harvested at 6–24 h post treatment. A representative
immunoblot of AR and GAPDH protein levels are shown for (A) 22Rv1 (B) C4-2B, and (C) LNCaP cells.
(D) Immunofluorescence microscopy (IFM) images (60×magnification) of subcellular AR localization
in PC cells. 22Rv1 cells were treated with increasing doses of CDDO-Me (100, 250, and 500 nM) for
24 h prior to fixation and immunolabeling. Left panels show DAPI stained nuclei (blue), middle panel
shows AR immunoreactivity (red), and merged images are shown in the third panel.

3.2. CDDO-Me-Mediated Suppression of AR-FL and AR-V7 is Regulated at both mRNA and Protein Levels

To determine whether the CDDO-Me-mediated suppression of AR is regulated at the level of
transcription or protein synthesis, we quantified AR-FL and AR-V7 specific mRNA by qRT-PCR and
AR protein levels in the presence of the protein synthesis inhibitor, cycloheximide (CHX). Immunoblot
analysis revealed that combined exposure to CHX and CDDO-Me reduced the half-life of AR-FL and
AR-V7 protein more significantly as compared to the CHX treatment alone(Figure 2A,B). This suggested
that CDDO-Me regulates both AR-FL and AR-V7 levels at the translational level, possibly by promoting
protein degradation (data not shown). Interestingly, the qRT-PCR data also showed that CDDO-Me
treatment can significantly suppress the mRNA levels of both AR-FL and AR-V7 in a time dependent
manner (3, 6, and 9 h) in 22Rv1 cells (Figure 2C,D). As much as 8–10-fold decrease in AR specific
message was clearly observed in cells that were exposed to CDDO-Me (500 nM) for 9 h. Thus,
the potent AR-suppressive effect of low-dose CDDO-Me is regulated at both transcriptional and
translational levels.
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Figure 2. Transcriptional and post translational regulation of AR by CDDO-Me. (A) 22Rv1 cells were
pretreated (2 h) with 5 μg/mL cycloheximide (CHX) followed by exposure to CDDO-Me (500 nM) for
0–24 h and AR levels were monitored by western immunoblot. A representative immunoblot of AR
and GAPDH protein levels in 22Rv1 cells. (B) The normalized data are expressed as fold changes
(mean ± SEM) in two independent experiments and significant differences between groups are shown
as *p < 0.05. (C,D) 22Rv1 cells were treated with CDDO-Me (500 nM), total RNA extracted after 3, 6,
and 9 h and quantitative RT-PCR (qRT-PCR) was performed. The normalized fold change in (C) AR-FL
and (D) AR-V7 gene expression from two independent experiments is expressed as the mean ± SEM.
Significant differences between groups are shown as p-values (*p < 0.05; **p < 0.005).

3.3. The Suppression of AR-FL and AR-V7 by CDDO-Me is Primarily Mediated via Oxidative Stress in both
C4-2B and 22Rv1 Cells

Several studies have shown that oxidative stress signaling can regulate AR expression and CRPC
progression [48,49]. Antioxidant agents have also been reported to activate the Nrf2 transcription
factor by transient induction of ROS [50,51]. Therefore, we wanted to determine if CDDO-Me, which
is a potent antioxidant agent and a well-known inducer of Nrf2 [24], can similarly induce oxidative
stress and Nrf2 in PC cells. Exposure to CDDO-Me exerted a biphasic effect on ROS levels in the 22Rv1
cells. Acute exposure to CDDO-Me (2 h) was found to increase ROS in a dose-dependent manner,
which could be blocked by co-exposure of cells with the antioxidant agent, N-acetyl cysteine (NAC)
(Figure 3A). Interestingly, however at 6, 12, and 24 h post exposure to CDDO-Me, even the basal ROS
levels were found to decrease considerably (Figure 3B), possibly due to the activation of the Nrf2
pathway. This hypothesis was corroborated by an increase in the total levels of Nrf2 protein in the
C4-2B cells, where the dose-dependent increase in Nrf2 was evident post 24 h exposure to CDDO-Me
(Figure 3C).

To determine whether transient induction of ROS was important for the AR-suppressive effect of
CDDO-Me, the 22Rv1 cells were exposed to NAC both pre and post treatment with CDDO-Me for 24 h
(Figure 3D). Pretreatment with NAC (5 mM) for overnight or even 2 h before CDDO-Me addition was
able to abrogate the AR-suppressive effects of CDDO-Me (500 nM). Interestingly however, exposure
to NAC at 6 h post treatment with CDDO-Me was not able to abolish its AR suppressive effects at
24 h. These findings suggested that the acute induction of ROS, observed within 2 h post exposure to
CDDO-Me, was critical in decreasing the levels of AR-FL and AR-V7 in 22Rv1 cells. Similar results
could be seen in C4-2B cells as well, where only NAC pretreatment, but not post treatment, was able to
nullify the AR-suppression by CDDO-Me (Figure 3E).
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Figure 3. Effect of CDDO-Me mediated reactive oxygen species (ROS) on AR levels in PC cells.
(A) Acute effect of CDDO-Me on ROS levels in 22Rv1 cells. 22Rv1 cells were exposed to CDDO-Me
(100, 250, and 500 nM) for 2 h with and without 5 mM N-acetyl cysteine (NAC) (2 h pretreatment)
and ROS levels were measured. (B) Chronic effect of CDDO-Me on ROS levels in 22Rv1 cells. 22Rv1
cells were treated with CDDO-Me (250 and 500 nM) and ROS levels were detected at 6, 12, and 24 h.
The data (% of control) are expressed as the mean ± SEM of three independent experiments (n = 3) and
significant differences between groups are shown as p-values (*p < 0.05) (C) Effect of CDDO-Me on
Nrf2 protein levels. C4-2B cells were treated with increasing doses of CDDO-Me (100, 250, and 500 nM)
for 24 h and total Nrf2 and GAPDH levels were detected by immunoblot. In (D) and (E), CDDO-Me
exposure was carried out in cells that were either pretreated (2 h or overnight (O/N)) or posttreated
(6 h) with NAC. Cell lysates were obtained at 24 h post CDDO-Me treatment of (D) 22Rv1 or (E) C4-2B
cells. A representative immunoblot of AR and GAPDH protein levels is shown.

3.4. Co-Exposure to CDDO-Me Increases the Anticancer Efficacy of ENZ

To determine whether the AR-suppression by CDDO-Me enhances the efficacy of clinically
approved anti-androgens, cytotoxicity was measured in LNCaP, C4-2B, and 22Rv1 cells co-exposed to
CDDO-Me and ENZ, using the MTT cell viability assay(Figure 4). Cell viability data at 72 h clearly
showed that the 22Rv1 cells, which expresses both AR-FL and AR-V7, were more sensitive to CDDO-Me
than the C4-2B cells, which expresses AR-FL only (Figure 4A,B). The LNCaP cells, which express AR-FL
and are androgen responsive, were least sensitive to CDDO-Me even at the highest dose tested (500
nM) (Figure 4C). Most importantly, we observed that co-exposure to CDDO-Me was able to increase
the therapeutic efficacy of ENZ in the 22Rv1 cells. These CRPC cells are resistant to anti-androgens,
and ENZ treatment alone showed negligible decreases in cell viability. However, CDDO-Me alone
was shown to decrease cell growth and co-exposure to CDDO-Me was able to further augment the
anticancer efficacy of ENZ in 22Rv1 cells. Similar enhancements in cytotoxicity following CDDO-Me
and ENZ co-exposure were also evident in the LNCaP and C4-2B cells.
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Figure 4. Effect of CDDO-Me and enzalutamide (ENZ) combination on cell viability of PC cells.
Cytotoxic effect of CDDO-Me (250 and 500 nM) alone and in combination with ENZ (20 μM) at 72
h post treatment in (A) 22Rv1, (B) C4-2B, and (C) LNCaP cells is shown. PC cells were treated with
CDDO-Me alone and in combination with ENZ and cell viability was measured at 72 h using MTT. The
data (% of control) are expressed as the mean ± SEM of three independent experiments (n = 3) and
significant differences between groups are shown as p-values (*p < 0.05).

3.5. Co-Exposure to CDDO-Me and ENZ Abrogates the Migratory Potential of CRPC Cells

Increased metastatic ability of CRPC cells has been linked to increased AR signaling [52] and can
be tested in vitro by using different migration and invasion assays [46]. We carried out wound-heal
assays to determine the effect of CDDO-Me, alone, or in combination with ENZ, on the migratory
behavior of 22Rv1 cells (Figure 5A,B). The vigorous migratory ability of 22Rv1 cells was clearly evident
by as much as a 50% reduction in wound-width within 72 h post wounding. Exposure to ENZ alone
failed to show significant inhibition in migration of these aggressive CRPC cells. However, exposure to
CDDO-Me alone significantly reduced cell migration and the combined treatment with CDDO-Me and
ENZ almost totally abrogated the migratory potential of 22Rv1 cells.

3.6. CDDO-Me Increases ENZ Efficacy by Inhibiting the Clonogenic Ability of PC Cells

The clonogenic ability of CRPC cells is a major determinant of metastatic growth [53]. We carried
out the colony forming unit (CFU) assay to investigate the chronic effects (14 days) of low-dose
CDDO-Me, alone and in combination with ENZ, on the clonogenic ability of 22Rv1 cells (Figure 6A,B).
Interestingly, treatment with ENZ alone (0.2 μM) did not cause any significant inhibition in the
total number of CFUs. However, chronic exposure to even low-dose CDDO-Me (50 nM) caused
approximately 50% reduction in the number of CFUs. Most importantly, co-exposure to CDDO-Me
and ENZ enabled almost a total abrogation (~80%–90%) in the number of CFUs. The CFU suppressive
effect of CDDO-Me was synergistically increased (CI < 1) when combined with low-dose ENZ, which
alone did not significantly alter the CFUs. A remarkable suppression in CFUs generated by the 22Rv1
cells was evident following chronic exposure to very low-doses CDDO-Me and ENZ thus underscoring
the therapeutic potential of this novel combination.
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Figure 5. Effect of combination of CDDO-Me and ENZ on cell migration in 22Rv1 cells. Quantification
of cell migration was examined by wound-healing assay. (A) A representative light microscope image
of the wound at the 0 and 72 h time-points is shown in 22Rv1 cells. Images show wound closure in
untreated (control) cells, and in cultures that were exposed to either CDDO-Me (500 nM), ENZ (20 μM),
or CDDO-Me and ENZ combination. (B) Fold change in wound width is expressed as the mean ± SEM
of two independent experiments, and significant differences between groups are shown as p-values
(* p < 0.05; **p < 0.005).

Figure 6. Long-term effects of CDDO-Me and ENZ on the clonogenic ability of PC cells. The 22Rv1
cells (500 cells/plate) were exposed to CDDO-Me (50 nM) alone or in combination with ENZ (0.2 μM)
for two weeks. (A) A representative image of colony forming units (CFU) is shown. (B) Effect of drug
exposure on percent change in total number of CFUs in 22Rv1 cells as compared to the control is shown.
Data are expressed as the mean ± SEM of two independent experiments and significant differences
between groups are shown as p-values (*p < 0.05; **p < 0.005).
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4. Discussion

Second messenger signaling via the androgen receptor is indispensable for the prostate epithelial
cells, not only for the normal functioning and homeostasis of the prostate gland but also for the
development of prostatic neoplasms and the progression of PC to CRPC [2]. Therefore, therapeutic
strategies to suppress AR signaling have remained the mainstay of PC treatment [5]. Despite the
initial efficacy of ADT, PC patients eventually become resistant to even high doses of antiandrogens,
leading to the development of CRPC phenotype [2]. One of the most crucial factors implicated in the
emergence of CRPC cells is the expression of constitutively active AR splice variants (AR-Vs); AR-V7
being predominantly documented in clinical samples [12]. Interestingly, AR-FL is still persistently
expressed in the CRPC cells, and is known to dimerize with truncated AR splice variants [22,23].
Furthermore, the crosstalk of AR with other signaling pathways involved in tumorigenesis results in the
synergistic aberrant expression of the target genes associated with mitogenesis, increased cell viability,
clonogenicity, and migratory behavior, leading to aggressive and invasive CRPC recurrence [54,55].
Therefore, therapeutic agents which can suppress both AR-FL and AR-V7 at physiologically achievable
concentrations are urgently needed. Recently, we had documented that sulforaphane (SFN), a
phytochemical derived from broccoli sprouts, and other cruciferous vegetables, can suppress the
expression of both AR-FL and AR-V7 [56,57]. This AR-suppressive effect of SFN, a known Nrf2 inducer,
was also shown to enhance the anticancer efficacy of anti-androgens [56,57]. Since CDDO-Me is also
a potent Nrf2 inducer, in this study, we investigated the effect of CDDO-Me on AR expression in
CRPC cells. Our findings demonstrated that low-dose CDDO-Me suppresses both AR-FL and AR-V7
expression and augments the efficacy of the second-generation anti-androgen, ENZ. At nanomolar
concentrations (100–500 nM), exposure to CDDO-Me suppressed the protein expression of AR-FL in the
androgen dependent LNCaP cells and in the androgen independent C4-2B cells [Figure 1]. In addition,
it also inhibited the protein expression of both AR-FL and AR-V7 in the highly aggressive CRPC cell
line, 22Rv1 [Figure 1]. Since CDDO-Me is in late-stage clinical trials for chronic kidney disease (CKD),
we envision that its utility as an adjunct to ADT will be very valuable in treating CRPC and should be
clinically tested.

LNCaP is an androgen-dependent cell line that was first isolated from a human metastatic prostate
adenocarcinoma in the lymph node and expresses mRNA/protein of both AR and PSA [58,59]. C4-2B is
a bone metastatic CRPC subline derived from LNCaP which also expresses both AR and PSA although
it also can grow in androgen deprived conditions [45,59]. C4-2B cells have been shown to grow both in
intact, as well as castrated mice. 22Rv1 is a CRPC cell line expressing AR-FL and several AR splice
variants, out of which AR-V7 is the most prominent [59]. It was isolated from the xenograft CWR22R
derived from a patient with bone metastasis. In vitro studies using these three PC lines provide a
model for both the early stages of PC and the progression of CRPC cells to AR-variant expressing
aggressive and hormone-resistant phenotype. Thus, our observations on the potent suppression of
both AR-FL and AR-V7 by the low-dose CDDO-Me implicate its potential to be used in both the early
stage PC where the cancer cells are hormone dependent, as well as in the late stage of CRPC tumors
where the cancer cells have selected for an androgen independent phenotype, but are still expressing
AR-FL and AR-V7.

The CDDO-Me-mediated suppression of AR-FL and AR-V7 was found to be regulated both at the
transcriptional, as well as the translational level [Figure 2]. Indeed, suppression of AR-FL and AR-V7
protein levels by combination of CDDO-Me and CHX was more significant as compared to the CHX
treatment alone, suggesting that post translational regulation of AR may be a possible mechanism
of action of CDDO-Me in these cells. We documented in our previously published study, that SFN
can increase proteasomal degradation of AR [57]. Likewise, our unpublished observations suggest
increased proteasomal activity in CDDO-Me exposed cells. CDDO-Me on binding to sulfhydryl
(SH) groups of cysteine residues [60,61] on DNA binding domain (DBD) of AR-FL and AR-V7, may
also increase the accumulation of misfolded AR proteins [62]. Moreover, since CDDO-Me has been
shown to directly interact with HSP90 and degrade HSP90 client proteins [63], this may also be
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one of the mechanisms responsible for the AR suppressive effect of CDDO-Me in PC cells since
AR is one of the client proteins of HSP90 [64]. Most interestingly, a significant decrease in mRNA
levels of both AR-FL and AR-V7 was evident even at 3 h post exposure to CDDO-Me, suggesting
that second messenger signaling by CDDO-Me may alter the transcriptional machinery at the AR
promoter/enhancer regions, and thus rapidly downregulate AR gene expression. We had previously
documented that overexpression of Nrf2 can suppress AR expression and function in LNCaP and
C4-2B cells [65]. Exposure to the Nrf2 inducer, SFN, can also decrease AR gene expression [56]. Thus,
transcriptional suppression of AR gene expression via Nrf2 inducers may be a novel direction in
PC therapy. Ultimately, our observations on the dual effects of CDDO-Me on AR suppression may
be highly beneficial in the long-term ablation of AR mediated protumorigenic effects in aggressive
PC cells.

Several other Nrf2 inducing antioxidant phytochemicals such as SFN and curcumin have promising
anticancer effects and are implicated to function by first inducing oxidative stress followed by increasing
nuclear Nrf2 levels [66–69]. Similarly, CDDO-Me, being a much more potent Nrf2 inducing agent, has
also been shown to rapidly induce ROS to cause cytotoxicity in various cancer cell lines in vitro [51].
In our studies, we similarly observed a biphasic effect of CDDO-Me on ROS production in PC cells
[Figure 3A,B]. Exposure to CDDO-Me caused a transient induction of ROS within 2 h, whereas it
suppressed ROS levels in the long-term (24 h), most likely by increasing Nrf2 levels [Figure 3C]. Nrf2
protein levels were found to be significantly increased at 24 h post exposure to CDDO-Me. Most
importantly, the transient induction of ROS was found to be crucial for the potent AR suppressive
effect of CDDO-Me on both AR-FL and AR-V7 expression. This was clearly evident from the rescue
experiments, where pretreatment with NAC was able to nullify the AR suppressive effects of CDDO-Me
[Figure 3D,E]. Post treatment with NAC, even within 6 h following CDDO-Me exposure, was not
able to salvage the suppression of AR. Therefore, in addition to the role of Nrf2, a direct effect of
oxidative stress in regulating both AR-FL and AR-V7 mRNA and protein in CRPC cells is possible.
Oxidative stress has been associated with changes in the expression of several splicing factors, e.g., the
hetero-nuclear ribonucleoproteins (hnRNPs) [70]. HnRNPs are important for promoting AR expression
and production of variants in PC [71]. A putative molecular mechanism/s linked to the therapeutic
effects of CDDO-Me is presented in Figure 7.

Importantly, functional assays addressing the tumorigenic ability of PC cells, i.e., viability,
migration and clonogenicity, clearly demonstrated that the AR-suppressive effects of CDDO-Me can
enhance the efficacy of the clinically approved anti-androgen ENZ. Exposure to nanomolar doses of
CDDO-Me was able to potentiate the efficacy of ENZ in LNCaP, C4-2B, and the ENZ resistant 22Rv1
cells by significantly decreasing the cell viability of PC cells [Figure 4]. Androgen signaling enhances
the migratory behavior of PC cells [2]. Higher invasive ability of cells, augmented apoptotic resistance,
and epithelial mesenchymal transition (EMT) are the chief characteristics of migration, which are also
critical elements of tumor metastasis [46,72]. In this respect, although antiandrogens have potent
antiproliferative effects, they do not suppress PC cell migration significantly [73]. Our study shows that
CDDO-Me treatment can decrease the migratory ability of PC cells and this effect is further augmented
in the presence of ENZ [Figure 5]. Our in vitro finding thus advocates the benefit of using CDDO-Me
in combination with ENZ to inhibit the metastatic behavior of PC cells. These findings may be of
significant therapeutic value, especially in CRPC patients that overexpress AR-FL and/or AR-V7 and
continue to utilize the AR signaling pathway.

Although we have not carried out in vivo studies in tumor-bearing animals, the potent antitumor
effects seen with our drug combination were validated by measuring the clonogenic ability of
PC cells in vitro [Figure 6]. Exposure to even a very low-dose of CDDO-Me (50 nM) showed
significant suppression of CFUs, and co-exposure to CDDO-Me significantly enhanced the ability
of ENZ to suppress the number of colonies. In vitro clonogenic assays simulate the seeding and
proliferation of tumor initiating cells, i.e., cancer stem cells [74]. A number of previous studies have
already been carried out in tumor xenografts in vivo using either clinically approved ENZ [75–79] or
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CDDO-Me [26,37,40,41,44] alone; and therefore, studies using the combination of CDDO-Me and ENZ
in tumor-bearing mice, would be the next feasible direction of our current findings. Taken together, our
in vitro finding suggests a possible benefit of using safe concentrations of CDDO-Me alone to suppress
the growth of micro-metastatic foci, and as an adjunct therapy to enhance the efficacy of antiandrogens.
The long-term synergistic effects observed in our CFU assays, especially with very low doses of each of
the agents, suggest the potential of this combination therapy.

 
Figure 7. Mechanism of AR suppressive actions of CDDO-Me in PC cells. Exposure to
Bardoxolone-methyl (CDDO-Me) causes a transient induction of reactive oxygen species (ROS) which
in turn activates Nrf2 protein levels. Ultimately, this antioxidant transcription factor decreases oxidative
stress and the aggressive properties of CRPC cells, e.g., growth, migration, clonogenic ability, etc. Both
Nrf2 and ROS may be directly involved in suppressing AR expression (both at the gene and protein
levels). Decreased AR signaling (via AR-FL and AR-V7) by CDDO-Me inhibits the growth of CRPC
cells and can augment the anticancer efficacy of approved drugs like enzalutamide (ENZ).

5. Conlusions

Nanomolar (nM) concentrations of Bardoxolone-methyl (CDDO-Me) decreased both AR-FL and
AR-V7 expression in PC cells. Therefore, CDDO-Me, which is in several late-stage clinical trials, may
be used in combination with clinically approved anti-androgens such as ENZ in PC patients; both at
the initial stage where tumors are overexpressing AR-FL only and at the later stage of CRPC where
AR-V7 overexpressing tumors are frequently observed.
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Abstract: Cellular reactive oxygen species (ROS) status is stabilized by a balance of ROS generation and
elimination called redox homeostasis. ROS is increased by activation of endoplasmic reticulum stress,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family members and adenosine
triphosphate (ATP) synthesis of mitochondria. Increased ROS is detoxified by superoxide dismutase,
catalase, and peroxiredoxins. ROS has a role as a secondary messenger in signal transduction. Cancer
cells induce fluctuations of redox homeostasis by variation of ROS regulated machinery, leading to
increased tumorigenesis and chemoresistance. Redox-mediated mechanisms of chemoresistance
include endoplasmic reticulum stress-mediated autophagy, increased cell cycle progression, and
increased conversion to metastasis or cancer stem-like cells. This review discusses changes of the redox
state in tumorigenesis and redox-mediated mechanisms involved in tolerance to chemotherapeutic
drugs in cancer.

Keywords: reactive oxygen species; antioxidant proteins; chemoresistance; oxaliplatin; 5-Fluorouracil

1. Introduction

Reactive oxygen species (ROS), as second messengers, function in various cellular signal pathways
in normal cells and cancer cells [1]. Redox homeostasis is regulated by a balanced status between
ROS production and scavenging (Figure 1) [1,2]. Signal cascades induced by stimuli can lead to ROS
generation from ligand-receptor interactions [2–4]. Molecules that can directly penetrate the cell
membrane, such as lipophilic growth hormones (steroid hormones and thyroid hormones) and chemical
drugs, can activate mitochondrial-mediated ROS generation [5–7]. Although various stimuli can
induce changes in ROS and affect the physiological response in cells, the antioxidant proteins stabilize
ROS levels to maintain redox homeostasis [8]. Superoxide dismutase (SOD), catalase, peroxiredoxin
(Prx), and nuclear factor erythroid 2-related factor 2 (Nrf2) are antioxidant modules [9]. Local ROS
level, as a second messenger, amplifies only the specific region where receptor activation transduces
a linear signal response. [3,10]. This process is regulated locally by ROS inducers and antioxidant
modules to overcome the possibility that the alternative ROS can affect whole cells [3].

Many studies have shown that redox imbalances can induce signaling pathways that promote
cancer progression, senescence, differentiation, and apoptosis [8]. Cancer cells show enhanced
glycolysis-mediated metabolisms to overcome over-utilized ATP or alter cellular signal pathways [11].
Thus, many cancer cells upregulate antioxidants as protection against their high levels of ROS.
Chemotherapeutic agents can induce increased ROS levels, and most cancer cells treated with
chemotherapy suffer from ROS-mediated apoptosis [12]. Some cancer cells evolve mechanisms to
escape ROS-mediated apoptosis and acquire tolerance to anti-cancer drugs [13]. The ROS system has a
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dual function that can either induce apoptosis or allow cells to adapt to various environments. ROS
regulation has thus been a critical target for the development of anticancer drugs [14]. In this review,
we discuss the change of redox balance by the generation or removal of ROS in tumorigenesis and
redox-mediated mechanisms of the chemoresistance in chemotherapy.

 
Figure 1. Redox homeostasis between generation and elimination of reactive oxygen species (ROS).
ROS production is regulated by the nicotinamide adenine dinucleotide phosphate (NADPH) oxidases
(NOXs) in membranes, the electron transport chain (ETC) of the adenosine triphosphate (ATP) synthesis
process in mitochondria, and the protein synthesis process in endoplasmic reticulum (ER) during O2

consumption. Alternative levels of ROS induce DNA damage or transcription factors (TFs)-mediated
gene expression in the nucleus. The superoxide anion (O2•−) produced intracellularly is neutralized to
hydrogen peroxide (H2O2) by the superoxide dismutase (SOD) family. H2O2 are detoxified to H2O
by catalase and peroxiredoxin (Prx). ROS regulate cellular processes such as proliferation, apoptosis,
chemoresistance, and differentiation through a variety of signaling pathways.

2. Redox Homeostasis in Tumorigenesis

2.1. ROS Generation

Intracellular redox functions as an oncogenic factor for the activation of signal transduction in
tumorigenesis [9]. ROS consists of both free radical and non-radical groups. The free radical group
includes superoxide anion (O2•−), peroxyl radical (RO2•), hydroxyl radical (•OH), and hydroperoxyl
radical (HO2•). Hydrogen peroxide (H2O2) and single oxygen (1O2) are classified as non-radical ROS.
Production of intracellular ROS is generated by ATP synthesis in mitochondria, protein synthesis in
the endoplasmic reticulum (ER), and activation of (NADPH) oxidase NOX family members [5].

2.1.1. ATP Synthesis in Mitochondria

Mitochondria generate intracellular ROS during the electron transport chain (ETC) of the ATP
synthesis process [15]. The homeostasis of ROS in mitochondria is maintained by antioxidant proteins.
Upon electron leakage of the ETC, the abnormal ROS status of mitochondria can activate apoptosis in
carcinoma cells [15,16].
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Cancer cells show increased metabolism for their elevated proliferation and migration. Cancer
cells have significantly increased the ATP production as well as the ROS [15–18]. Chemoresistant
cancer cells require the active pump of the ATP-driven multidrug efflux, such as ATP-binding cassette
(ABC) transporters [19]. The role of these transporters is to pump out intracellular toxic chemical
drugs into the extracellular region by ATP hydrolysis [20]. ABC transporters include multidrug
resistance-associated protein 1 (MRP1/ABCC1), breast cancer resistance protein/ABC subfamily G
member 2 (BCRP/ABCG2), ABC subfamily B member 5 (ABCB5), and multidrug resistance protein
1/ABC subfamily B member 1 (MDR1/ABCB1) [19–21]. Enhanced ROS level is generated by the ETC,
but the antioxidant machinery is also induced to adapt to the higher ROS level. Thus, regulation of the
ETC in mitochondria may be a good approach to overcome chemoresistance via the blockage of routes
that generate ATP or the dysregulation of ROS production that induces apoptosis.

2.1.2. Endoplasmic Reticulum (ER)

The ER is a dynamical cellular organelle that plays a role the protein folding system, which regulates
almost all of the membrane proteins and secretory proteins for post-translational modification [22,23].
The intracellular H2O2 in the process of protein synthesis in ER is generated by the formation of
disulfide bridges during the induction of functional three-dimensional structures via protein disulfide
isomerase (PDI) and other oxidoreductases [24,25]. Thus, the intracellular ROS status of ER maintains
the relatively high level [26,27]. The ER-stress induced response is involved in the survival, metastasis,
and angiogenesis in cancer cells under rough microenvironmental situations [28,29].

2.1.3. NADPH Oxidases (NOXs)

The NOX family members consist of NOX1–5 and dual oxidase (DUOX) 1 and 2 [30]. H2O2

and O2•− produced by NOXs function as secondary messengers to transduce signals in response to
various growth-related factors and chemical drugs [31–33]. NOX-induced ROS production provokes
the acquisition of chemoresistance and contributes to cancer progression [34,35].

NOX1 is mainly located at the plasma membrane and endosome. NOX2 and NOX5 are located
in the ER and plasma membrane [36,37]. NOX3 is localized mostly at the plasma membrane as well
as mitochondria. NOX4 is also localized at the plasma membrane, the ER, the inner membrane of
mitochondria and nucleus [38]. DUOX1 is located in the plasma membrane and ER, while DUOX2 is
localized to the plasma membrane, ER, and cytosol as well as mitochondria and nucleus [30].

NOX1 and NOX5 regulate the drug efficacy of chemotherapy in prostate cancer [39]. NOX2
expression is related to invasion and progression in gastric cancer and acute myeloid leukemia
(AML) [40,41]. NOX4 has a function of regulation in drug resistance [34]. Overexpression of DUOX
and NOX4 has been detected in human thyroid tumors [35]. Due to the limits of expression in the
inner ear epithelial cells and cochlea, the precise role of NOX3 in cancer is unknown [30,42]. In
pancreatic ductal carcinoma, the elevated ROS level by activated NOXs induces tolerance against
chemotherapy and radiation therapy [43–45]. The target of NOXs is a druggable strategy to treat cancer
by drugs that inhibit NOXs, and cancer cells can be treated by inducing redox state-mediated triggers
of apoptosis [46].

2.2. ROS Elimination

Redox homeostasis is regulated by the antioxidant enzymes. Cancer cells maintain sustained
overexpression of antioxidant proteins to detoxify the ROS byproducts of over-activated
cellular metabolisms.

2.2.1. SODs

SOD is an enzyme that catalyzes the partitioning of two superoxide anions into hydrogen peroxide
and molecular oxygen by the metalloenzymatic reaction [47]. SOD dependent-neutralization is
important as the cell’s first barricade to ROS in the antioxidant systems. SOD has specific metal
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cofactors for the enzymatic activity such as SOD1 with copper (Cu) and zinc (Zn), SOD2 with manganese
(Mn), and SOD3 with copper (Cu) and zinc (Zn) [48]. The SOD family is consisted of SOD1 (Cu/ZnSOD),
SOD2 (MnSOD), and SOD3 (Cu/ZnSOD) [47,48]. The expression of SOD1, the most abundant SOD
protein in cytoplasm, is increased in mammary carcinomas and lung carcinomas [48,49]. SOD2 was
identified as downregulated in tumors in early studies, and thus SOD2 was initially considered a
tumor suppressor [50]. However, recent studies have shown that SOD2 exhibits tumor-type dependent
function [51,52]. SOD2 levels are higher in late-stage tumors as well as in invasive and metastatic
cancers [48,50,53]. SOD2 also functions in the regulation of mitochondrial integrity and function [51,53].
Thus, SOD2 plays an important role in tumor progression. SOD3, or extracellular superoxide dismutase
EcSOD, is localized in the extracellular matrix and binds to the glycocalyx in cell surfaces [54]. SOD3
functions neutralize from O2•− by the membrane-bound NOXs to H2O2 [54–56]. The role of SOD3 in
cancer is less known.

2.2.2. Catalase

Catalase is a 62 kDa enzyme and consists of four identical subunits, including an N-terminal
region for catalase reaction, a beta-barrel region for three-dimensional structure, a connection region
for binding heme groups, and an alpha-helix region for NADPH binding [57,58]. The major function
of catalase is to metabolize high concentrations of H2O2 for the protection of ROS-induced damage in
cells. The reaction mechanism of catalase occurs in two-steps using heme groups. The first reaction is
a process in which the heme cofactor reacts with a single molecule of H2O2 to produce an oxidative
heme group (an oxoferryl porphyrin cation radical, which reduces the return to the previous step). In
the second reaction, the oxoferryl porphyrin cation radical of catalase rapidly reacts with the second
molecule of H2O2 to produce oxygen byproducts and water [58].

Another role of catalase is in the regulation of the integrin pathway during proliferation or
migration [58]. Overexpression of catalase has been detected in various carcinomas, such as chronic
myeloid leukemia, gastric cancer, and skin cancer [59–61]. Anticancer drugs also increased catalase
levels in oral cancer cells, bladder cancer cells, pancreatic cancer cells, and gastric cancer cells [62–65].
Catalase expression is controlled by various mechanisms. At the transcriptional level, the expression of
catalase is regulated by the activity of transcription factors on the catalase promoters, mRNA stability,
and epigenetic chromatin structure [57,58]. At the protein level, the expression of catalase is affected
by post-translational modification such as ubiquitination and phosphorylation [57,58].

2.2.3. Prxs

Prx is a thiol-specific peroxidase protein without other cofactors for detoxification of H2O2 to
H2O. The reaction mechanism by which Prx decomposes H2O2 into H2O occurs through a cycle, where
peroxidatic Cys (CP-SH) of Prx reacts with H2O2 to oxidize to sulfenic acid (CP-SOH) and then back to
a reduced peroxidatic Cys (CP-SH) state with the presence of reducing equivalents [66]. Prxs maintain
cellular ROS homeostasis through this catalytic cycle [66,67]. The Prx family includes Prx1 to Prx6.
Prx1 and Prx2 are located in the cytosol and nucleus, and Prx3 is localized in mitochondria. Prx4 is
localized to the ER, the cytosol, and secretion. Prx5 is located in the cytosol, nucleus, mitochondria,
and peroxisomes [66,68]. Prx6 is located in the nucleus, cytosol, extracellular space, and lysosome [69].
Most Prx family members are overexpressed in various carcinomas and may serve as biomarkers for
cancer diagnosis [70]. Prx1 functions as an oncogenic factor in tumorigenesis. Prx1 leads to reduced
DNA damage and apoptosis by detoxifying ROS. Prx1 also regulates cell signaling including NF-κB,
JNK, Akt, p38 activity, VEGF, and ERK pathways [66]. Therefore, overexpression of Prx1 causes
aberrant cell signaling that is beneficial for cancer cells. Prx2 function is paradoxical; Prx2 not only
induces activation of the ERK pathway for promotion of metastasis but also stabilizes E-cadherin
for suppression of metastasis [71,72]. Prx3 is an oncogenic factor and induces carcinogenesis via
tolerance to ROS [66]. Prx4, Prx5, and Prx6 promote metastasis via clearance of increased ROS level in
cancers [68–70].
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2.2.4. Nrf2

Nrf2 is a transcription factor containing the basic-region leucine zipper domain. Nrf2 is maintained
at low levels by Keap1-mediated ubiquitin-dependent proteasomal degradation in the normal condition
of cells [73]. Under oxidative stress or exposure to different stressors, Nrf2 is released form Keap1
due to the modification of the Keap1 Cys residue, which prevents ubiquitin-dependent proteasomal
degradation of Nrf2 [73]. Nrf2 plays a role in protecting cells from oxidative stress-mediated damages
through expression of target genes involved in detoxification. Nrf2-dependent gene families include
antioxidant genes (SOD, CAT, Prx, GR, and TR) and genes involved in drug metabolism/transport
(MRP1 and BCRP/ABCG2) (Figure 2) [74–76]. MRP belong to a family of membrane-anchored
transporters and pump out a wide range of compounds, including peptides, lipids, organic anions,
and drugs through ATP hydrolysis [76]. Carcinogenesis or chemoresistance in various cancers such as
breast cancer, leukemia, neuroblastoma, and lung cancer increases the expression of Nrf2 or induces
hyper-activation [77–80]. Therefore, a combination of Nrf2 inhibitors with anticancer drugs may derive
therapeutic effects in patients [76].

 
Figure 2. Nuclear factor erythroid 2-related factor 2 (Nrf2) regulates redox-homeostasis and
chemoresistance in cells. Nrf2 induces antioxidant proteins such as superoxide dismutase (SOD),
catalase (CAT), peroxiredoxin (Prx), glutathione reductase (GR), thioredoxin reductase (TR), heme
oxygenase-1 (HO-1), and NAD(P)H quinone oxidoreductase 1 (NQO). Multidrug resistance protein 1
(MRP1) and breast cancer resistance protein/ATP-binding cassette subfamily G member 2 (BCRP/ABCG2)
are related with drug transport and are upregulated by activation of Nrf2.

2.3. Redox Homeostasis of Chemoresistance

Chemoresistance arises after long-time exposures to anticancer drugs [81,82]. The difference
between temporary treatment and continuous treatment leads to different levels of ROS homeostasis
in cancer cells. Cancer cells regulate ROS levels to acquire chemoresistance [13].
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2.3.1. Oxaliplatin Resistance

Oxaliplatin is a platinum-based drug that is widely used in lung cancer, breast cancer, pancreatic
cancer, and gastric cancer [6]. The cytotoxicity mechanism of oxaliplatin involves its binding genomic
DNA, which induces apoptosis in cancer cells, and the generation of ribosome biogenesis stress [6,83].

Resistance to oxaliplatin decreases the production of ROS levels [83–85]. However, alterations
of NAPDH oxidase, ER stress, and ETC in mitochondria in oxaliplatin-resistant cells have not been
deeply investigated. Oxaliplatin can also form mitochondrial DNA adducts and affect protein synthesis
in mitochondria, resulting in mitochondrial abnormalities [86]. Treatment of oxaliplatin induces
dysfunction in the mitochondrial respiratory chain and permeability [86,87]. High concentrations of
oxaliplatin enhance ROS levels in mitochondria [86,87].

Oxaliplatin-resistant cell lines show altered expression of antioxidant proteins. Upregulated SOD1
and SOD2 detoxify drug-mediated radical species in oxaliplatin-resistant colon cancer cells [88]. SOD3 is
also highly expressed in the mouse model of oxaliplatin-induced liver injury [89]. Oxaliplatin-resistant
colon cancer cells have increased Nrf2 expression and exhibit chemotherapeutic effects via inhibition
of Nrf2 signaling [90,91].

2.3.2. 5-Fluorouracil (5-FU) Resistance

5-FU is an uracil analog drug that is widely used in various cancers. 5-FU induces DNA and RNA
damage in the nucleus and mitochondria from byproducts of cellular 5-FU metabolism [92].

5-FU resistance causes a high level of intracellular ROS in colon cancer cells [93–95]. DUOX2
expression is altered in response to 5-FU resistance. The expression of DUOX2 is enhanced in 5-FU
chemoresistant colon cancer cell lines. The upregulation of DUOX2 induces high levels of ROS and
invasion ability [96]. ER-stress related factors, including PERK, GRP78, and ATF6, are upregulated in
5-FU tolerant colon cancer cells [97].

5-FU incorporation into mitochondrial DNA induces destabilization of mitochondrial DNA and
protein synthesis. 5-FU can also induce ROS-mediated damage in mitochondria [98,99]. 5-FU resistance
leads to a down-regulation of ATP synthesis via lower expression of ATP synthase subunits or reduced
activity of ATP synthase [100,101]. Drug resistance to 5-FU induces a high level of SOD1 and Prx1 in
the adaption of increased intracellular ROS conditions [102,103]. In several cancer cells, the expression
or intracellular location of Nrf2 is associated with 5-FU resistance [95,103–107]. For example, Nrf2 is
overexpressed in 5-FU resistant gastric cancer and nuclear localization, and the expression of Nrf2 is
increased in 5-FU resistant colorectal cancer cells [95,105–107].

3. Redox-Mediated Mechanism of Chemoresistance

Multidrug resistance (MDR) is regulated by the upregulation of antioxidant proteins
(hemooxygenase-1, superoxide dismutase, catalase). These antioxidant factors detoxify the altered
intracellular ROS levels. Variation of the ROS level is required for chemoresistance or for the
upregulation of drug efflux against chemotherapy [13,102]. ROS-mediated mechanisms for acquired
chemoresistance involve ER stress and autophagy, cell cycle perturbation for overcoming cell cycle
arrest, and reprogramming for promoting epithelial to mesenchymal transition or conversion to cancer
stem-like cells (Figure 3) [31,104,108–112].

28



Antioxidants 2019, 8, 471

Figure 3. Redox homeostasis between generation and elimination of ROS. Cancer cells increase
ROS-mediated apoptosis when exposed to chemotherapy treatments. Some cancer cells adapt to
fluctuating ROS states through chemoresistance mechanisms. Activation of autophagy by ER stress
gets rid of damaged organelles and protein aggregation. Cell cycle activation by the ignored entrance of
the G0 phase increases cell proliferation in cancers. Epithelial-mesenchymal transition (EMT) enhances
migration to other organs for the escapement of damaging environments. Cancer stem-like cells (CSCs)
increase the expression of drug metabolic enzymes/transporters for cell survival from drug-mediated
apoptosis. The specific microenvironment, called the niche, of CSCs are protected from chemotherapy.
These mechanisms lead to the birth of chemoresistant cancer cells.

3.1. ER Stress-Mediated Autophagy

ROS play an important role in switching from ER stress-mediated apoptosis to autophagy
in drug-resistant carcinomas [110]. Acquired resistance to anti-cancer drugs in cancer cells also
results in tolerance to ER stress-mediated cell death [113]. The ER stress response also serves as
a survival signal for chemoresistance in cancers [114,115]. The ER stress response is controlled by
inositol-requiring enzyme-1 (IRE1), protein kinase R-like endoplasmic reticulum kinase (PERK), and
activating transcription factor 6 (ATF6) in normal cells [116,117]. The loss of tumor suppressor factors
or activation of oncogenes often induces activation of ER stress response-related factors to generate
tumorigenesis in response to chemotherapy [97,118]. PERK is associated with the upregulation of the
MDR-related protein MRP1 in chemoresistant colon adenocarcinoma cell lines [119].

Autophagy is a highly controlled degradation system of damaged organelles and protein
aggregation. Autophagy is activated by starvation, organelle damage, and ER stress, and various cancers
show dysfunction in autophagy [120,121]. ROS is another stimulus that can activate autophagy. H2O2

accumulation can result in oxidization of ATG4, a factor involved in the autophagic process [122–124].
Oxidation of ATG4 induces initiation of autophagy [125,126].

29



Antioxidants 2019, 8, 471

3.1.1. Oxaliplatin-Resistance

Regulation of autophagy is one of the mechanisms of oxaliplatin resistance. The tolerance of colon
cancer cell lines to oxaliplatin involves the down-regulation of Bcl2-modifying factor (BMF), ATG7,
and Beclin-1 [127]. BMF induces necrosis, apoptosis, and autophagy [128–130]. Chemoresistance can
be acquired by activated autophagy depending on the cell type. Oxaliplatin-resistant hepatocellular
carcinoma shows autophagy activation via ROS generation and induced modulation of autophagosomes,
LC3-II accumulation, and LC3 redistribution [86,131].

3.1.2. 5-FU-Resistance

Chemoresistance to 5-FU is regulated by autophagy systems, although autophagy is increased or
decreased in various cancers. Autophagy-related proteins, including Beclin-1, ATG5, and LC3-II, are
downregulated in 5-FU-resistant human colon cancer cells [94]. However, 5-FU-resistant breast cancer
cell lines show overexpression of ATG5, Beclin-1, LC3-II, and increased autophagy [132].

3.2. Overcoming Cell Cycle Arrest

Aberrant levels of ROS result in increased cell cycle progression to bypass arrest and
acquire chemoresistance against cancer chemotherapies [108,112]. The cell cycle is regulated by
positive regulators, cyclin and cyclin-dependent kinases (CDKs), and negative factors, including
cyclin-dependent kinase inhibitors [108,133]. One of the hallmarks of the early stage of cancer is
abnormal cell cycle progression resulting from the dysregulation of cell cycle-related factors [82,108,134].

The cell cycle progression is responsive to changes in the redox state of metabolism [112]. The redox
signaling pathways alters cell cycle progression that converges as a regulator of CDK [135]. Altered ROS
levels promote increased cell cycle via phosphorylation of cell cycle regulatory factors or upregulation
of the cyclin family [136–139]. Cyclin D1 is overexpressed in various human carcinomas [140–142].
Overproduction of ROS leads to metastasis via regulation of cyclin D1, which functions in the invasion
and metastatic properties of tumors [143,144].

3.2.1. Oxaliplatin-Resistance

Acquired oxaliplatin resistance affects cell cycle progression. The oxaliplatin-resistant LoVo
cell line has overcome oxaliplatin-mediated G2 phase arrest [145]. Overexpression of the cell cycle
5regulators cyclin D1 and B1 are reported in the oxaliplatin-resistant HT-29 cell line [146].

3.2.2. 5-FU-Resistance

5-FU affects cell cycle perturbation by its incorporation in DNA and interfering with DNA
synthesis [100]. Cancer cells with treatment of 5-FU have sufficient time during the cell cycle to correct
the mis-incorporated fluoronucleotides and prolong DNA synthesis during the cell cycle [100,147].
However, cell lines with acquired chemoresistance show high expressions of cell cycle-related activators
that result in resistance to cell cycle arrest. Breast cancer cell lines with 5-FU resistance show
upregulation of cell cycle-related proteins and enhanced cellular proliferation [148,149]. 5-FU resistance
results in modified expression of G1 phase cyclins in oral cancer cell lines and aberrant cell cycle
regulation [100,150].

3.3. Epithelial-Mesenchymal Transition (EMT) and Cancer Stem-Like Cells (CSC)

The EMT process allows metastatic tumor cells to migrate to organs. Altered intracellular
ROS levels may lead to the promotion of EMT in cancer cell lines that are resistant to anti-cancer
drugs [81,108]. Several proteins function in the development of chemoresistance in metastatic advanced
carcinomas [151,152]. Chemoresisance in cancer cells results in switching from chemotherapy-mediated
apoptosis to EMT properties. Moreover, EMT-related signaling pathways, such as sonic hedgehog
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(SHH), Notch, TGF-β, and Wnt, overlap with renewal and maintenance of CSC [153,154]. Metastatic
characterized cancer cells show phenotypes of both EMT and CSC [155,156].

Some chemoresistant cancer cell lines have characteristics of CSCs, including decreased
proliferation, a greater proportion of G0/G1 cells, and increased ability of sphere-forming
capacity [157,158]. The ABC transporter is related with drug resistance and cancer stem like-cells [159].

3.3.1. Oxaliplatin-Resistance

Resistant to oxaliplatin results in enhanced migration and invasion abilities in colon cancer
cells [160,161]. CCN2 and ID-1 are upregulated in oxaliplatin-resistant tumor cells [162,163]. CCN2
regulates cell proliferation, chemotaxis, and migration, while ID-1 is involved in blocking cell
differentiation [162–164]. The Cx32 tumor suppressor protein is associated with positive expression of
E-cadherin and negative expression of vimentin [165,166]. Cx32 level is decreased in hepatocellular
carcinoma resistant to oxaliplatin [165]. Ataxin-2-line (ATXN2L) promotes migration and invasion and
is elevated in oxaliplatin-resistant gastric cancer [167,168]. The cancer stem-like cell markers Oct4 and
Sox2 are increased in oxaliplatin-resistant colon cancer cell lines [169].

3.3.2. 5-FU-Resistance

Acquired 5-FU resistance results in altered EMT-related morphological phenotypes, such as
reduced cellular adhesion, down-regulation of E-cadherin, up-regulation of N-cadherin and twist,
the enlarged formation of pseudopodia and spindle-shaped morphology [170,171]. 5-FU-resistant
carcinoma cell lines show high expression of vimentin, ZEB1, ZEB2, slug, snail, twist, and
N-cadherin [170,172–175]. Low level of E-cadherin has been reported during 5-FU resistance of various
cancer cell lines [172,174]. Increased mesenchymal factors enhanced migration. TGF-beta-mediated
EMT and cancer stem-like cell capacities are reported in 5-FU-resistant pancreatic cancer cell lines [176].
CD44 is a cell surface marker of cancer stem-like cells. CD44 variant 9 is high in 5-FU-resistant
gastric cancer cell lines [177,178]. Some colon cancer cells with 5-FU-resistance show features of cancer
stem-like cells [179].

4. Conclusions

ROS are involved in physiological signal cascades in normal and cancer cells. Most of
drug or growth factors induce downstream cascades that result in short-lived ROS generation.
Antioxidant proteins, as ROS scavengers, play a role in the detoxification of ROS and can regulate the
intensity of ROS-mediated signal transduction. Thus, cancer cells regulate the redox homeostasis to
survival. ROS-mediated chemoresistance is regulated by the control of ER stress-mediated autophagy,
overactivation of cell proliferation, and promotion of EMT and cancer stem-like cells.

The antioxidant system includes diverse proteins such as SOD, catalase, Prx, glutathione
peroxidase, and thiol peroxidase, among others. Nrf2 has increased the expression and activity
in oxaliplatin or 5-FU resistant cancer cells. Several antioxidant proteins are up-regulated in
chemoresistance such as SOD1, SOD2, and SOD3 in oxaliplatin-resistant cancer cells or SOD1 and Prx1
in 5-FU chemoresistance. However, studies of variation in function or expression of other antioxidant
proteins in chemoresistance are limited. Investigation of the regulation of antioxidant proteins is
required for overcoming chemoresistance by regulation of the redox state, and better understanding of
this process may provide new targets for the development of anti-cancer drugs.

The mechanism for acquired chemoresistance may be paradoxical. Regulation of autophagy in
chemoresistance results in different responses depending on the cell type. Although chemoresistant
cancer cell lines show upregulated proliferation, some chemoresistant cells become cancer stem-like
cells, which are characterized by low proliferation. Thus, whether the mechanism of chemoresistance
is cell type-specific should be examined in future studies. Due to the characteristic of each cell, this
phenomenon (that uses different mechanisms of chemoresistance acquisition in cancer cells) is induced
by signal transduction proteins such as Akt, mTOR, ERK, p38, SHH, and Wnt, depending on the activity
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or expression level of kinases. Most drugs change ROS status in cancers. However, ROS-mediated
mechanism can occur by different pathways. Therefore, investigation of chemoresistance can reveal
some of kinases with hyperactivation or hypoactivation. These results provide clues to the development
of drugs in chemoresistant-related therapies.

In conclusion, clarifying the mechanisms underlying the regulation of redox-mediated
chemoresistance may provide targets for drug development for overcoming chemoresistance in
preclinical and clinical settings.
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Abstract: Oxidative stress plays a role in carcinogenesis, but it also contributes to the modulation of
tumor cells and microenvironment caused by chemotherapeutics. One of the consequences of oxidative
stress is lipid peroxidation, which can, through reactive aldehydes such as 4-hydroxy-2-nonenal
(HNE), affect cell signaling pathways. On the other hand, cancer stem cells (CSC) are now recognized
as a major factor of malignancy by causing metastasis, relapse, and therapy resistance. Here, we
evaluated whether oxidative stress and HNE modulation of the microenvironment can influence CSC
growth, modifications of the epithelial to mesenchymal transition (EMT) markers, the antioxidant
system, and the frequency of breast cancer stem cells (BCSC). Our results showed that oxidative
changes in the microenvironment of BCSC and particularly chronic oxidative stress caused changes
in the proliferation and growth of breast cancer cells. In addition, changes associated with EMT,
increase in glutathione (GSH) and Nuclear factor erythroid 2-related factor 2 (NRF2) were observed in
breast cancer cells grown on HNE pretreated collagen and under chronic oxidative stress. Our results
suggest that chronic oxidative stress can be a bidirectional modulator of BCSC fate. Low levels of
HNE can increase differentiation markers in BCSC, while higher levels increased GSH and NRF2 as
well as certain EMT markers, thereby increasing therapy resistance.

Keywords: breast cancer stem cells; 4-hydroxy-2-nonenal; extracellular matrix; NRF2

1. Introduction

Tumor cell heterogeneity has been a known fact for a long time, but evidence increasingly suggests
that heterogeneity of tumors may be associated with a subpopulation of tumor-initiating cells, also
called cancer stem cells (CSCs), as a subpopulation driving tumorigenesis and cancer progression [1].
These cells represent only a small proportion of tumor mass, but seem to have the capability of
dissemination and may, for still unknown reasons, reactivate from the quiescent state and cause
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recurrence of the disease [2,3]. The fate of CSC seems to be highly dependent on their niche and
state, either activating or quiescent, which may be determined by their microenvironment. This
concept of the tumor being dependent on its microenvironment has been postulated early by Stephen
Paget [4], and by clinical trials demonstrating that therapeutic interventions with bisphosphonates
positively impact the clinical outcome of breast cancer patients, and confirmed the importance of these
interactions [5,6]. Today, a wide array of evidence suggests that the network of interactions between
the tumor, the microenvironment with the stroma, the extracellular matrix and the inflammatory cells
bidirectionally modulate their tumorigenicity [7,8]. Despite recent advances, interactions between CSC
and the microenvironment are difficult to study due to a lack of optimal methods for the isolation of CSC
and efficient functional assays, as well as due to a variety of proteins, enzymes, and growth/inhibition
factors forming the extracellular matrix (ECM) of the tumor and the CSC niche. In vitro sphere
formation assays have been shown to be suitable surrogate models to study CSC biology [9,10].

Numerous factors govern cell growth to generate CSC, and epithelial to mesenchymal transition
(EMT) is the process that strongly supports and/or generates the CSC phenotype [11]. EMT is a process
normally occurring in embryological development, but if awakened latter in the adult organism, it
becomes pathological and generates mesenchymal cells with the ability to migrate [11]. This process is
reversible, but in the means of cancer, it is highly undesirable, and EMT and back to mesenchymal to
epithelial transition (MET) is the process that causes metastasis [12]. EMT is accompanied by changes
in many signaling pathways, which result in differential expression of EMT transcription factors such
as snail family transcriptional repressor 1 (SNAIL), snail family transcriptional repressor 2 (SLUG),
twist family bHLH transcription factor 1 (TWIST1) [13], but also Nanog homeobox (NANOG), POU
class 5 homeobox 1 (OCT4), and SRY-box transcription factor 2 (SOX2) [14]. Studies suggest that these
transcription factors, especially TWIST1, can translocate to the nucleus upon increased stiffness of
ECM, represented by collagen I [15], which indicates that ECM has a role in this process.

Oxidative stress, a state of increased reactive oxygen species (ROS) production, affects all
cell systems. It also represents an important factor contributing to the modulation of tumor cell
and microenvironment reactions to chemotherapeutics. Increased ROS may lead to numerous
consequences, such as genetic instability, one of the major characteristics of cancer, and the
modification of lipids by peroxidation [16]. Lipid peroxidation (LPO) with its end-products—reactive
aldehydes—have been increasingly recognized as a biomarker of different diseases, particularly
cancer, where mitochondrial HNE plays an important role [17]. In addition, these reactive aldehydes,
especially 4-hydroxy-2-nonenal (HNE), are involved in different signaling pathways influencing the
cells’ fate (e.g., differentiation, proliferation, or apoptosis) [18,19]. One of the signaling pathways
affected by HNE is NRF2/KEAP1(Nuclear factor erythroid 2-related factor 2/Kelch-like ECH-associated
protein 1) [20]. NRF2 is an antioxidant transcription factor that is bound to KEAP1 in its inactive state.
HNE binds to KEAP1 cysteines and thereby releases its inhibition of NRF2. The release of NRF2 causes
its translocation to the nucleus and activation of antioxidant genes’ transcription and consequently
enabling cells to survive oxidative challenge [20].

The present study aimed to elucidate if oxidative stress and HNE-modified collagen I, as a
representative protein of ECM, in combination with HNE-induced chronic stress influence BCSC.
The changes in the frequency of BCSC, antioxidative defense system, and transcriptional and
protein expression of EMT markers were evaluated. These changes indicated that different surface
modifications and chronic stress may bidirectionally modulate BCSC, supporting either differentiation
or stress adaptation.

2. Materials and Methods

2.1. Cell Line and Medium

SUM159 cells (Asterand, Royston, Hertfordshire, UK), estrogen receptor, progesterone receptor,
and Her2negative cell line, with the potential of generating stem-like subpopulation were cultured as
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mammospheres, according to previous publications [1,2]. Briefly, cells were cultured in Mammary
Epithelial Basal Medium (MEBM; Lonza, Basel, Switzerland) supplemented with 10 ng/mL basic
fibroblast growth factor (bFGF), 20 ng/mL epidermal growth factor (EGF, both from Peprotech, Rocky
Hill, Hartford County, CT, USA), 5000 U/mL heparin (Sigma Aldrich, St Louis, MO, USA) and
20 μL/mL B27 supplement (Gibco/Invitrogen, Waltham, MA, USA) at 37 ◦C in a 5% CO2 humidified
atmosphere. Mammospheres larger than 40 μm were collected with 40 μm nylon cell strainers (Corning
Incorporated-Life sciences, Durham, N.C., USA) and used for experiments.

2.2. Collagen Coating

To test cell growth characteristics on an extracellular matrix (ECM), collagen I was used as an ECM
representative protein. Collagen I (Sigma Aldrich, St Louis, MO, USA) was dissolved in acetic acid
(50 mM, Kemika, Zagreb, Croatia), diluted in redistilled sterile water in a final concentration of 2 mg/mL
and used in the native state or modified by 1 or 10 μM HNE (Enzo Life Sciences, Lausen, Switzerland).
Depending on the type of analysis, different formats of cell culture dishes were used with the same
coating conditions: Native or modified collagen to its final concentration of 5 μg/cm2. Thus, coated
cell culture dishes were left to dry in a laminar flow cabinet overnight at room temperature (RT) and
subsequently sterilized under UV light for 20 min. Dot-blot analysis with HNE-histidine monoclonal
antibody was applied to confirm the binding of HNE to collagen I had occurred (Supplementary
Figure S1). After confirmation that HNE did bind to histidine residues of collagen, we proceeded with
evaluating the influence of collagen on measured parameters. Cells were also seeded on uncoated
surfaces, further referred to as polystyrene (PS).

2.3. Cell Seeding and HNE Treatment

Mammospheres were dissociated to a single cell suspension by TrypLE (Gibco/Invitrogen Paisley,
UK), and 10,000 cells/100 μL were plated in pre-coated or uncoated cell culture dishes and left to
adhere for 3 h. Regardless of the cell culture dish format used, the experimental stoichiometry was
maintained in all analyses. The formats of the cell culture dishes were as follows: 96-well microplates
(cell viability and proliferation; TPP, Techno Plastic Products AG, Trasadingen, Switzerland); 6-well
microplates (qRT-PCR, Western blot; Falcon, BD Biosciences, Franklin Lakes, NJ, USA); 8-well glass
chamber slide (immunocytochemical analyses of hormone receptors; Nalgen Nunc Int, Naperville, IL,
USA). Cells were then treated with different concentrations of HNE once, for a single treatment, or
every 2nd day for 10 days, for multiple treatments. For cell viability and cell proliferation assays, these
HNE concentrations varied from physiological (1 to 10 μM) to supraphysiological and pathological (25
to 100 μM). Controls of each growth surface were cultured without HNE. Analyses were performed
after 48 h for single HNE treatments and 10 days for multiple HNE treatments as described for
each analysis below. After the analysis of cell proliferation and cell viability, 10 μM HNE was
selected for further analyses of putative breast cancer stem cell phenotypes, EMT marker expression,
and immunocytochemical analyses of hormone receptors and antioxidative defense system. Untreated
cells of each coating condition served as controls. All the mentioned analyses are described in more
detail below.

2.4. Cell Viability—MTT Assay

The cell viability was determined by an MTT-based assay, EZ4U, following the manufacturer’s
recommendations (Biomedica, Vienna, Austria). Briefly after the treatment, 48 and 10 days after
the seeding, cells were incubated with the MTT dye for an hour, and the absorbance was measured
on a plate reader at 450 nm with a reference wavelength at 620 nm (Easy-Reader 400 FW; SLT Lab
Instruments, GmbH, Salzburg, Austria).
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2.5. Cell Proliferation—3H-thymidine Incorporation Assay (3HT)

The assay was based on the incorporation of radioactively labeled thymidine to the replicating
DNA. The assay was performed as described previously [3]. Briefly, cells were treated as described in
the previous chapter. 3H-thymidine (1 μCi/well) was added to each well 24 h or 9 days after HNE
treatment(s) and left for 24 h to allow thymidine incorporation into the DNA. Cells were then harvested,
and the rate of 3H-thymidine incorporation was measured on a Wallac 1904 DSA liquid scintillation
counter (Perkin Elmer, Waltham, MA, USA).

2.6. Flow Cytometry Analyses of Putative Breast Cancer Stem Cell Phenotypes

For analyses of putative breast cancer stem cell markers, cells were treated as described above.
After 10 days, cells were collected from culture dishes with accutase (PAA Laboratories GmbH, Pasching,
Austria). Cells were then incubated for 5 min at 37 ◦C and rinsed twice with phosphate-buffered
saline (PBS). Cells forming mammospheres during the experiments were singularized with TrypLE
and finally resuspended in MEBM with supplementation for further analyses.

For the Aldefluor assay, cells were washed, counted, and finally resuspended in Aldefluor
buffer [21]. To measure aldehyde dehydrogenase (ALDH) activity, the Aldefluor assay (STEMCELL
Technologies, Grenoble, France) was performed according to the manufacturer’s instructions
and as previously published [21,22]. Briefly, 2 sets of samples with the Aldefluor substrate
BODIPY-aminoacetaldehyde (BAAA) were prepared: (a) control: With diethylaminobenzaldehyde
(DEAB, the specific inhibitor of ALDH) and (b) sample: Without DEAB. Controls were used for
establishing the background fluorescence of these cells and defining the ALDH-positive region on the
Fluorescence Channel 1 (FL1*) vs. the SSC dot plot. The absence of DEAB in the sample group converted
BAAA to its fluorescent product, BODIPY-aminoacetate (BAA), defining the ALDH-positive population.

For analyses of CD44 and CD24 expression, cells were incubated with horse serum dilute 1:20 in
6% bovine serum albumin (BSA)/PBS for 30 min. Aliquots of antibodies anti-CD44 Allophycocyanin
and anti-CD24 Fluorescein isothiocyanate (BD Bioscience, Schwechat, Austria) at a dilution of 1:40 in a
final concentration of 0.08 μg/mL and 5 μg/mL, respectively, were then added and the samples were
incubated at 4 ◦C for 30 min. The cells were washed and stored at 4 ◦C in the dark until the acquisition
on the flow cytometer was performed. The protocol was performed as previously published [2,21].
Cells without staining and isotype controls, all from BD Bioscience, were integrated as controls in
all experiments.

All samples were assayed on an LSRII flow cytometer (BD Bioscience), and the data were
analyzed with the DIVA software version 8.0.1 (BD Bioscience Concorde Business Park 1/E/1/7,
Schwechat, Austria).

2.7. Immunocytochemical Analyses of Hormone Receptors

For immunocytochemical analyses, cells were treated as described above. After 10 days, cells
were fixed in ice-cold methanol for 20 min, dried, and stored until the staining. Cells were subjected to
the antigen retrieval using Tris-EDTA solution, pH 9.0, by heating at 85 ◦C for 10 min to enable correct
epitope folding. The monoclonal mouse anti-human estrogen receptor α (M7047, clone 1D5, DAKO,
Glostrup, Denmark) and monoclonal mouse anti-human progesterone receptor (M3569, clone PgR636,
DAKO, Glostrup, Denmark), both diluted to 1:50 in 1% BSA/PBS, were used. The secondary antibody
EnVision (DAKO, Glostrup, Denmark), was used as recommended by the manufacturer. Finally, the
reaction was visualized by DAB (3,3-diaminobenzidine tetrahydrochloride in organic solvent). Nuclei
were counterstained by hematoxylin. The positive reaction was evaluated and scored by a trained
pathologist (S.Š.) in a blinded manner.
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2.8. Real-Time Quantitative PCR (qRT-PCR) Analyses of EMT Markers

After the cell treatment for 10 days, total RNA was extracted using a TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA) in accordance with the recommendation provided by the manufacturer. Nanodrop
was used to quantify and asses the assay for purity (ThermoScientific, Waltham, MA, USA).
The reverse transcription of one microgram of total RNA was performed using the QuantiTect
Reverse Transcription Kit (Qiagen, Hilden, Germany) following the instructions of the manufacturer.
LightCycler 480 (Roche) was used to perform qRT-PCR. Reactions were performed in 20 μL of
total volume, consisting of 1× SYBR Green I Master Mix (Roche), 20 nanograms of cDNA as
well as 25 μM of each primer (final concentration). All qRT-PCR reactions were conducted in
duplicate, and afterward, the values of the quantification cycle were averaged. The comparative Ct
method was utilized in the calculation of gene expression. Beta-2-microglobulin (B2M) and lactate
dehydrogenase A (LDHA) were used as reference genes with the following primer sequences: B2M
forward 5′TGCTGTCTCCATGTTTGATGTATCT 3′, B2M reverse 5′ TCTCTGCTCCCCACCTCTAAGT
3′ (NM_004048.3), LDHA forward 5′ TGTAGCAGATTTGGCAGAGAG 3′, LDHA reverse 5′
CATCATCCTTTATTCCGTAAAGAC 3′ (NM_005566.4). Primer sequences for fibronectin (FN),
vimentin (VIM), N-cadherin (N CAD), SNAIL, SLUG, and TWIST were previously published [23].

2.9. ROS and Antioxidant Measurements

For ROS and antioxidant measurements, cells were treated as described above. On the 10th day of
experiments, cells were incubated with 2′,7′–dichlorofluorescin diacetate (DCFDA) to allow the dye to
overload the cells. Excess DCFDA was removed after 60 min when the cells were either incubated with
medium alone (control) or with 10 μM HNE. ROS were measured with a Cary Eclipse Fluorescence
Spectrophotometer (Varian Australia Pty Ltd., Mulgrave, Victoria, Australia) at λex 500 nm and λem

529 nm.
For antioxidant measurements, cells were detached from the surface by TrypLE, and pelleted by

centrifugation at the end of the 10-day treatment. Mammospheres were pelleted and dry pellets of all
the experimental groups were stored till analyses. Prior to analyses, cells were lysed by 4 freeze/thaw
cycles and afterward were centrifuged to remove cellular debris. Protein levels were then determined
according to Bradford [24]. The catalase activity was measured according to the method by Goth with
some modifications [25,26]. The activity of catalase was expressed as units per milligram of proteins in
cell lysate (U mg–1).

For the total GSH content, samples were diluted to 0.03 mg/mL and assayed using a modification
of the Tietze method [26,27]. Concentrations of total GSH were expressed as μM of GSH per milligram
of total protein (nmol mg–1).

2.10. Western Blot

In order to perform Western blot analyses, cells were treated for 10 days, as described above. After
10 days, the cells were lysed in RIPA buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) containing protease inhibitors (Roche
Diagnostics GmbH, Mannheim, Germany). The protein concentration of the thus obtained supernatant
was quantified according to the Bradford method [24] by measuring absorbance at 595 nm using the
microplate reader Multiskan EX (Thermo Electron Corporation, Shanghai, China) and interpolating
from the standard curve. Protein samples were mixed with Laemmli buffer, boiled for 5 min at
95 ◦C and 40 μg of total proteins were resolved on the Tris-glycine SDS-PAGE gels (9% or 10%) and
transferred to nitrocellulose membranes (Roti®-NC, Carl Roth, Karlsruhe, Germany). Membranes
were stained with Ponceau S solution (Sigma Aldrich, St. Louis, MI, USA) for evaluation of transfer
efficacy and scanned. Following blocking with 5% nonfat milk (Cell Signaling Technology (CST),
Danvers, MA, USA) in Tris-buffered saline (TBS; 50 mM Tris-Cl, 150 mM NaCl, pH 7.6) containing 0.1%
Tween-20 for 1 h, membranes were incubated with primary antibodies overnight at +4 ◦C. The primary
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antibodies used were: Rabbit monoclonal antibodies for NRF2 (CST:#12721), SLUG (CST:#9585), SNAIL
(CST:#3879), NANOG (CST:#4903), OCT4 (CST:#2840), GAPDH (CST:#5174); rabbit polyclonal antibody
for TWIST (Santa Cruz Biotechnology, sc-15393); mouse monoclonal antibody for Vimentin (Dako,
M0725, Glostrup, Denmark). After incubation with horseradish peroxidase-conjugated secondary
species-specific antibodies, immunoreactive bands were visualized using the SuperSignal™West Pico
PLUS Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA) and Alliance 4.7 (UVITEC,
Cambridge, UK). The analysis software Image Studio Lite (LI-COR, Lincoln, NE, USA) was used for
quantification of levels of protein expression. Normalization was made with total proteins (Ponceau S
staining) and with GAPDH as a loading control. Results are expressed as relative expression according
to non-treated mammospheres (PS 0).

2.11. Statistical Analysis

All experiments were performed in at least 2 independent experiments with technical
quadruplicates. For both single and multiple HNE treatments, inhibitory concentrations of 50%
(IC50) were calculated using non-linear regression curve fitting log (inhibitor) vs. response and
variable slope with a least square (ordinary) fit, using GraphPadPrism 5 software (GraphPad Software,
San Diego, CA, USA). Statistical analyses were performed using two-way ANOVA with Tukey’s post
hoc test. Values of p < 0.05 were considered significant.

3. Results

3.1. Effects of Single and Multiple Treatments of HNE on SUM159 Cells Growth

We have investigated the effects of single and multiple treatments of HNE as well as the
influence of ECM represented by collagen type I, on the SUM159 growth. SUM159 cells grown in
mammosphere-inducing conditions formed spheres on PS, in contrast to the adherent spread-like
pattern observed on collagen-coated surfaces (Figure 1).

Figure 1. SUM159 cell growth morphology on different growth surfaces. (A) SUM159 cells in sphere
inducing medium on low attaching growth surface (polystyrene (PS)) and (B) SUM159 cells growth in
sphere inducing medium on the collagen I coated surface.

The MTT assay showed that SUM159 cell growth in mammosphere inducing conditions on
PS had significantly lower viability regardless of HNE concentration used in comparison to coated
surfaces and regardless of the time spent in the culture (3 and 10 days) (p < 0.05; Figure 2A,B). There
was no difference in viability between cells grown on native or HNE-treated collagen when cells
were treated with a range of HNE concentrations. The difference was observed in the concentrations
causing inhibition, while 100 μM HNE showed inhibition between 50% to 60% after a single treatment,
the viability was diminished at 50 μM HNE.
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Figure 2. Effects of 4-hydroxy-2-nonenal (HNE) on SUM159 cell growth. SUM159 were exposed to
single (A,C) and multiple HNE treatments (B,D). Their viability was evaluated by MTT (A,B), and their
proliferation was evaluated by 3H-thymidine incorporation assay (C,D).

Next, the proliferation of SUM159 cells with the 3HT incorporation assay was assessed
(Figure 2C,D). While the viability assay distinguished growth on PS and collagen, native, and
HNE treated, the proliferation assay did not show any difference in proliferation rates on these surfaces.
Inhibition of cell proliferation occurred at similar concentrations of HNE for all growth surfaces (IC50

valued presented in Table 1). Multiple HNE treatment did not show differences in proliferation rate
on different surfaces. Total growth inhibition was observed at 50 μM HNE and above. Interestingly,
25 μM HNE, which was IC50 for single HNE treatment, was stimulating for multiple HNE treatments
regardless of the growth surface, reaching more than 200% of the control value. Based on these results,
10 μM HNE was selected, as it did not alter the growth of mammospheres in either single or multiple
treatments but did promote cell growth on native and HNE-modified collagen-coated surfaces.

In summary, the basic difference between different growth surfaces was observed by 50% inhibitory
concentration (IC50) measured by MTT and 3H-thymidine assay (Table 1). In single HNE treatment,
the IC50 could not be determined in MTT assay as there was no total inhibitory concentration applied.
In the 3HT assay, a slight protective effect was observed for native collagen, and collagen treated with
1 μM HNE (24.05 μM for PS, and 25.54 and 24.83, respectively), while a slight decrease was observed
on collagen with 10 μM HNE (23.60 μM). Multiple HNE treatments assayed by MTT sensitized the
cells and decreased the IC50 to 44.42 μM HNE on PS and to 28.78 μM, 27.74 μM and 26.48 μM for
collagen-coated surfaces, native and treated with 1 μM and 10 μM HNE, respectively, while 3HT assay
showed no difference.
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Table 1. Concentrations of HNE being inhibitory for 50% of the treated cells (IC50).

Growth Surface MTT IC50 (μM HNE) 3HT IC50 (μM HNE)

Single HNE treatment

PS n.a. 24.05
Collagen I n.a. 25.54

Collagen I + 1 μM HNE n.a. 24.83
Collagen I + 10 μM HNE n.a. 23.60

Multiple HNE treatments

PS 44.42 44.59
Collagen I 28.78 45.04

Collagen I + 1 μM HNE 27.74 44.61
Collagen I + 10 μM HNE 26.48 44.64

n.a.—not applicable, concentrations used in the MTT assay did not cause total inhibition. PS—polystyrene.

3.2. Flow Cytometry Analyses for Putative Breast Cancer Stem Cell Phenotypes

In order to study possible changes in putative cancer stem cell markers due to HNE-pretreated
collagen and due to multiple HNE treatments, the expression of CD44, CD24, and ALDH was
assessed. The percentage of CD44+CD24–/low (results not shown) was concordant with our previous
results [21]. There were no significant changes in this phenotype during the treatment. On the other
hand, the expression of ALDH-positive cells was different in regard to different growth surfaces and
treatment conditions. As presented in Figure 3, untreated cells grown as a mammosphere culture
showed the highest proportion of ALDH+ cells (10.5%). Growth on collagen decreased ALDH+ cells
to 2.7%, and treatment of collagen with 1μM and 10 μM HNE additionally decreased ALDH+ cells to
0.2% and 0.1%, respectively. Next, HNE treatment was performed in order to assess ALDH activity
under stress conditions. There was a decrease observed in the ALDH activity (2.9%) in mammospheres
treated with HNE every second day for 10 days. When cells were grown on native collagen, there were
small differences between the untreated and HNE-treated cells (2.7% vs. 2.4%). However, in the cells
grown on HNE-pretreated collagen and treated with HNE every second day, an increase in ALDH
activity was observed compared to the untreated cells on the same growth surface (untreated 0.2% vs.
treated 0.9%), with even more pronounced difference of collagen pretreated with 10 μM HNE (0.1% vs.
3.8%). Therefore, our results indicated that HNE-modified collagen, in combination with chronic HNE
treatment, caused concentration-dependent responses in ALDH positivity.

3.3. Expression of Hormone Receptors

As HNE caused concentration-dependent ALDH level changes, we wanted to asses if HNE
collagen could induce differentiation. Therefore, we have determined estrogen and progesterone
markers (ER and PR) by immunocytochemistry (Figure 4). The ER and PR positivity were validated by
an experienced pathologist (S.Š.) by blindfold analysis. Mammospheres were completely negative
for ER, while there was some insignificant positivity for PR, regardless of HNE treatment. On the
other hand, cells grown on all collagen coatings had ER positivity. The highest ER positivity was
observed on native collagen and pretreatment with HNE decreased the number of ER-positive cells
in a concentration-dependent manner (40% for 1 μM HNE and 11.4% for 10 μM HNE, respectively).
Moreover, treatment with 10 μM HNE did not change already-observed patterns with the exception of
collagen pretreated with 1 μM HNE, where the treatment additionally increased the percentage of
positive cells (40% vs. 80.2%). PR positivity was similar to ER, very low on PS. Growth on collagen
increased PR positivity, with the highest levels on collagen pretreated with 1 μM HNE, and the lowest
for 10 μM HNE. HNE treatment showed different trends, which were surface-specific: Increased
PR positivity on PS and collagen pretreated with 1 μM HNE, decreased on native collagen, while it
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did not affect PR positivity on collagen pretreated with 10 μM HNE. These results are in line with
ALDH results.

Figure 3. Effects of multiple HNE treatments on the expression of stem cell marker aldehyde
dehydrogenase (ALDH) in SUM159 cells. SUM159 cells were cultured for 10 days on different growth
surfaces: Polystyrene, PS (A), native collagen (B), collagen pretreated with 1 μM HNE (C), and on
collagen pretreated with 10 μM HNE (D). Chronic stress was stimulated by the addition of 10 μM HNE
every 2 days for 10 days in total on different growth surfaces: Polystyrene, PS (E), native collagen (F),
collagen pretreated with 1 μM HNE (G) and on collagen pretreated with 10 μM HNE (H). For each
panel, both the control and test samples are presented. Control is performed with the addition of
diethylaminobenzaldehyde (DEAB), which is an inhibitor of ALDH.

3.4. Antioxidants and ROS

Further, as cells can adapt to the low level of stress, we have examined parts of the antioxidant
defense system, particularly the levels of GSH and the activity of catalase (Figure 5). Catalase activity
was the highest in mammospheres, and HNE treatment significantly reduced its activity. In cells
grown on collagen, native HNE-pretreated ones had significantly lower catalase activity than in
mammospheres (p < 0.001). HNE treatment reduced the catalase activity on native collagen while
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increasing the activity on collagen pretreated with 1μM HNE. Treatment with HNE decreased catalase
activity in mammospheres and cells grown on native collagen.

Figure 4. The presence of estrogen (ER) and progesterone (PR) receptors on SUM159 after multiple
HNE treatments. After 10 days of treatment with 10 μM HNE every two days, positivity for ER (A)
and PR (B) was evaluated on 1000 cells by the experienced pathologist (S.Š.). All results are expressed
as percentages on a 1000 cell count, a—significantly different compared to the control on PS, at least
p < 0.05, specified in the text; b—significantly different compared to HNE-treated PS at least p < 0.05,
specified in the text; *** p < 0.001 control vs. HNE-treatment on the same growth surface.

Figure 5. Effects of multiple HNE treatments on the catalase activity (A), Glutathione (GSH) levels (B),
and (C) reactive oxygen species (ROS) in SUM159 cells grown on different surfaces. a—significantly
different compared to the control on PS, at least p < 0.05, specified in the text; b—significantly
different compared to HNE-treated PS at least p < 0.05, specified in the text; *** p < 0.001 control vs.
HNE-treatment on the same growth surface.
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Total GSH levels followed completely different patterns in comparison to catalase, which was
expected as HNE is metabolized through the GSH system by binding to GSH [28]. Interestingly,
the total GSH levels were the lowest in control mammospheres on PS. Growth on collagen, native, or
HNE pretreated, increased GSH levels significantly (p < 0.001). HNE treatment decreased total GSH
levels on native collagen, and this level was decreased when compared to mammospheres treated
with HNE. Interestingly, the two tested antioxidants did not show similar patterns. As the main HNE
scavenger GSH was increased with HNE treatment, but also with growth on collagen, native or HNE
pretreated, indicating the need for this part of the antioxidant system.

Although both catalase activity and GSH levels varied on different growth surfaces, ROS levels
were not changed on different surfaces. HNE addition to cultures significantly increased levels of ROS
on all surfaces, with a more pronounced concentration-dependent increase on HNE-pretreated collagen.

3.5. EMT Markers

Changes in the expression of the selected EMT markers were assessed by qPCR, and the results
are presented in Figure 6. Among the tested markers, fibronectin, and SLUG did not show any
significant changes. The expression of N CAD was significantly increased only in HNE-treated SUM159
cells grown on native collagen (p = 0.0096) and collagen pretreated with 10 μM HNE (p = 0.0185)
when compared to PS. Opposite patterns were observed for vimentin depending on the growth
surface conditions and HNE treatment. Repeated HNE-treatment significantly decreased vimentin in
mammospheres (p = 0.0277). When comparing different growth surfaces/conditions to PS, there was a
slight decline within non-treated cells in vimentin levels with increasing HNE concentration, while
in HNE-treated cells, surface pretreatments increased vimentin levels especially in cells grown on
collagen pretreated with 10 μM HNE (p = 0.0416). Similar patterns were observed for NANOG, SNAIL,
and TWIST. While multiple HNE-treatments significantly decreased levels of NANOG (p = 0.0108),
SNAIL (p = 0.033), and TWIST (p = 0.0004) in mammospheres and NANOG (p = 0.0219) and TWIST
(p < 0.0001) in cells grown on collagen, a slight increase can be observed for all three proteins in cells
grown on collagen pretreated with 10 μM HNE. In addition, HNE pretreatment of collagen adversely
affected the levels of NANOG, SNAIL, and TWIST in non-treated and HNE-treated cells when growth
surfaces were compared to PS. Thus, in cells grown on collagen pretreated with 1 μM HNE, NANOG
(p = 0.0433) and TWIST (p = 0.0027) significantly decreased in non-treated SUM159 cells. The growth
on collagen pretreated with 10 μM HNE additionally decreased the levels of NANOG (p = 0.006),
SNAIL (p = 0.0313), and TWIST (p = 0.0002) while in HNE-treated cells, the same growth surface
increased the levels of these proteins, especially NANOG (p = 0.0435) and SNAIL (p = 0.0063). Similarly,
multiple HNE treatment decreased the expression of OCT4 in cells grown on PS (p = 0.011) and on
native collagen (p = 0.047). Depending on the different growth surface conditions to PS, the levels of
OCT4, while revealing similar patterns to NANOG, SNAIL, and TWIST in non-treated cells, differed
when cells were exposed to multiple HNE treatments.

As expected, EMT markers were the highest in mammospheres, and HNE treatment either caused
no changes or caused a high decrease. Further, collagen and its pretreatment with HNE changed EMT
markers, but combinations of HNE treatments and collagen pretreated with 10 μM HNE increased
some of the markers to the levels found in mammospheres.
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Figure 6. Expression of epithelial to mesenchymal transition (EMT) genes, including N-cadherin (N
CAD), vimentin (VIM), fibronectin (FN), NANOG, OCT4, SLUG, SNAIL, and TWIST. The relative
mRNA expression was analyzed by qRT-PCR. Bars represent mean +/–SEM of two biological replicates.
a—significantly different compared to the control on PS, at least p < 0.05, specified in the text;
b—significantly different compared to HNE-treated PS at least p < 0.05, specified in the text; * p < 0.05,
*** p < 0.001, **** p < 0.0001 both control vs. HNE-treatment on the same growth surface.

3.6. Western Blot

In order to assess if multiple treatments with HNE caused an increase in antioxidant transcription
factor NRF2 levels and to validate mRNA analysis of EMT markers, we performed Western blot
analyses of these proteins (Figure 7). For NRF2, it was shown that HNE did not affect its levels when
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SUM159 cells were grown as mammospheres on PS. In contrast to PS, on collagen, native, or HNE
treated, SUM159 cells significantly increased NRF2 levels regardless of HNE treatment (p < 0.02 and
p < 0.0001, for non-treated and HNE-treated, respectively). Multiple HNE treatments additionally
increased NRF2 levels in SUM159 cells grown on native collagen and collagen pretreated with 10 μM
HNE (p < 0.0001 and p = 0.0083). In the case of EMT markers, their reaction patterns differed. SLUG
and SNAIL did not show any differences regardless of growth surface and HNE treatment. Vimentin
was significantly increased in non-treated SUM159 cells grown on native collagen (p = 0.0003) and
collagen pretreated with 1μM HNE (p = 0.001) and in HNE-treated cells grown on native collagen
(p = 0.0293) and collagen pretreated with 10 μM HNE (p = 0.0307) when compared to PS. NANOG
showed a similar pattern as vimentin when observing the differences between mammospheres (PS)
and different cultivating surfaces. Significant increase of NANOG was observed for both non-treated
and HNE-treated cells grown on native collagen (p = 0.0055 and p = 0.0102) and collagen pretreated
with 1 μM HNE (p = 0.0029 and p = 0.0009), but also without differences between non-treated and
HNE-treated cells grown on the same growth surface. HNE seems to be important in regulating the
levels of TWIST, regardless of HNE treatment. A significant HNE concentration-dependent increase
of TWIST was observed for non-treated cells grown on collagen pretreated with 1 and 10 μM HNE
(p = 0.0437 and p < 0.0001). In the group of multiple HNE treatments, TWIST was increased on all
collagen surfaces when compared to PS (p < 0.001). Interestingly, multiple HNE treatments increased
TWIST levels in cells grown on native collagen (p = 0.0003) but decreased them significantly on
collagen pretreated with 10 μM HNE (p = 0.0014). Among all assayed proteins, OCT4 was the only
one significantly increased by multiple HNE treatments on PS (p = 0.0128). Additionally, growth on
pretreated surfaces increases the levels of OCT4. While in non-treated cells, its levels were increased
for all growth surfaces (p < 0.0005) in comparison to PS, in HNE-treated cells, OCT4 levels were
significantly increased when cells were grown on collagen (p = 0.0102) and collagen pretreated with
10 μM HNE (p = 0.0013). Surprisingly, HNE treatment significantly decreased OCT4 on collagen
pretreated with 1 μM HNE, but both of these levels were higher than on PS.

Figure 7. Cont.
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Figure 7. Western blot analyses. Representative blots and relative expression of different proteins:
NRF2, VIM, TWIST, SLUG, SNAIL, NANOG, OCT4 are shown. Two-way ANOVA with Tukey’s post
hoc test was used to test the differences between groups: a—significantly different compared to the
control on PS, at least p < 0.05, specified in the text; b—significantly different compared to HNE-treated
PS at least p < 0.05, specified in the text; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 all control vs.
HNE-treatment on the same growth surface.

4. Discussion

Cells can, to a certain extent, adapt to numerous stress conditions, and, therefore, the aim of this
study was to evaluate whether oxidative stress caused by lipid peroxidation representative end-product
HNE has the capability to cause specific molecular changes of tumor cells and impact the frequency of
BCSC. Numerous factors may affect tumors, such as oxidative stress, which is a risk factor in tumor
initiation and proliferation but can modify tumor microenvironment components, such as proteins
and cells, which can further affect tumors. Additionally, a subpopulation of tumor cells, CSC, are
increasingly recognized as the main factor of tumor growth and recurrence. Until now, these factors
were studied separately. Our findings suggest that HNE modifications of collagen I, in combination
with chronic exposure to HNE, may cause changes in the distribution of putative BCSC. Oxidative
stress may cause either cell differentiation or, when chronic, an increase of BCSC population and
up-regulation of EMT markers.

We have studied the influence of oxidative stress and lipid peroxidation on breast cancer cell
line SUM159, modeling both the direct influence of HNE and combinations with modifications of
collagen I. The microenvironment of each tumor is unique and the changes in this environment
due to inflammation and oxidation processes are complex. Therefore, it is challenging to model
these modifications. Oxidative stress is involved in mutagenesis, which is a driving force of (breast)
cancer initiation and progression, especially in hereditary breast cancer, where the mere loss of
BRCA1 increases ROS [29]. Therefore, it is not surprising that oxidative stress and lipid peroxidation
biomarkers are changed in breast cancer patients [30]. HNE is also recognized as a biomarker of
oxidative stress, and as such, is involved in (breast) cancer progression [31–33]. In accordance with its
role are concentrations found in human plasma, where concentrations ranging from 0.1 μM to 1 μM
are considered physiological, while 1 μM to 10 μM are considered as ”where pathology begins” [34].
Taken that hereditary mutations in breast cancer, as well as conventional cancer treatment strategies,
such as chemo- and radiotherapy, cause increases in ROS, which can, in turn, cause lipid peroxidation
and HNE formation, these oxidative processes may affect numerous signaling molecules such as HNE
activation of NRF2 transcription factor. In order to study the influence of ECM, we have chosen
collagen I, as it can influence some of the EMT markers [15]. We show in our study that collagen may
act as a protective agent on SUM159 cell viability, regardless of previous HNE modifications of the
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collagen. In acute HNE treatment, cell viability was affected at rather higher HNE concentrations (IC50

about 100 μM HNE), whereas proliferation was inhibited already at lower HNE concentrations (25 μM),
thereby indicating modulation of cell growth and survival. Previously, we observed similar effects
of HNE with collagen oxidized by hydroxyl radical instead of HNE [35], indicating that oxidative
modifications of collagen I are an important factor when studying cell responses to different stimuli or
inhibition factors.

As expected, chronic HNE treatment had a higher impact on cells. Interestingly, proliferation was
generally lower in tested cultures than in acute stress, with the exception of 25 μM HNE. This decrease
in the proliferation rate after 10 days could be a consequence of increased cell density. In support of this
conclusion is the proliferation burst with 25 μM HNE, indicating that these cells adapted and survived
the treatment, and, due to the initial decrease in proliferation, now were not spatially limited to grow.
Notably, 1 μM HNE, which was considered the physiological concentration, caused differentiation,
observed by a decrease in BCSC markers and an increase in hormone receptors, effects that have been
described for colon cancer cells and HL-60 cells as well [36,37]. Interestingly, the BCSC marker that we
show here, ALDH activity, is the enzyme that can detoxify HNE, particularly ALDH2, which is located
in the mitochondrial matrix [17].

Next, we aimed to investigate the influence of chronic stress and HNE modifications of collagen
on the expression and protein levels of EMT markers as well as antioxidant parameters measured by
catalase activity, GSH levels, and NRF2 antioxidant transcription factor level. Interestingly, although
collagen itself, regardless of HNE pretreatment, lowered ALDH, it did not influence EMT markers in
the same manner. For example, fibronectin expression was unaffected by different growth surfaces
nor by HNE treatment. A similar pattern of expression and protein levels was observed for vimentin,
which was increasing with HNE pretreatment concentrations. SLUG was not affected by both mRNA
and protein levels. Similarly, SNAIL expression pattern changes were not followed by changes in
protein level. Interestingly, expression patterns of TWIST and OCT4 were not followed by protein levels,
which were higher in cells on collagen, native, or HNE-pretreated, than on PS. EMT was recognized as
an important factor in cancer progression because it represented a conversion between differentiated
epithelial cells into migratory mesenchymal cancer cells [38]. The plasticity of CSC enabled them to
follow transition traits between EMT and MET, thereby contributing to the metastatic potential of
the primary tumor [39]. While many studies link EMT and cancer development and malignancy [40],
the influence of oxidative stress/ROS and reactive aldehydes are simply not investigated enough [41].
Numerous factors can stimulate these transitions, and, as shown here, one of them may be chronic
oxidative stress.

It was shown previously that EMT might be abolished by the addition of antioxidant curcumin,
underscoring the possible role of redox signaling in this process [42]. Therefore, in addition to EMT
markers, the levels of GSH, catalase activity, and ROS were measured after HNE treatment and the
antioxidant transcription factor NRF2. Interestingly, while catalase activity was the highest in control
mammospheres on PS, and decreased by growth on collagen, native or HNE pretreated, GSH levels
were significantly increased by both HNE treatment and growth on collagen. It is not surprising that
GSH levels were increased by HNE as this is the major scavenger of HNE, and the first step in HNE
detoxification [43], while the thioredoxin system is inhibited by HNE and does not contribute to its
detoxification [44]. Finally, and in support of GSH increase, were the levels of ROS and NRF2. In all
control groups, ROS were at the same level, while the addition of HNE increased ROS, which was
additionally increased by HNE pretreated collagen. Following the ROS pattern, growth on collagen
increased NRF2 levels, and HNE treatments additionally increased NRF2 on native collagen and
collagen pretreated with 10 μM of HNE. HNE is known to activate NRF2 by releasing it from KEAP1
inhibition, and once NRF2 is freed, it translocates to the nucleus [20]. In the nucleus, NRF2 activates
transcription of antioxidant genes, among which are glutamate-cysteine ligase, catalytic subunit,
and glutamate-cysteine ligase, a modifier subunit, and an enzyme which catalyzes the first step in
GSH synthesis [20].
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Finally, a recent study indicated that EMT is not the limiting factor for metastasis, but contributes
greatly to chemoresistance [45]. Taking all the results into account, our findings indicate that under
chronic stress, EMT markers remain elevated and in combination with elevated antioxidant factors
such as GSH and NRF2, which can contribute to the maintenance of the BCSC phenotype and
therapy resistance.

5. Conclusions

Our results suggest that chronic oxidative stress acts as a double-edged sword in supporting the
BCSC phenotype. Low levels of HNE can increase differentiation markers in BCSC. In contrast, higher
levels and chronic HNE presence increased GSH and NRF2, thereby increasing antioxidative protection.
Concurrently, some protein EMT markers are increased, and hormone levels were decreased, thereby
supporting the BCSC phenotype and its resistance to oxidative stress. Finally, a better understanding
of the role of chronic oxidative stress in the modulation of the breast cancer microenvironment and its
impact on breast cancer differentiation may eventually allow for the development of more effective
therapeutic strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/12/633/s1,
Figure S1: Dot blot of HNE-collagen I conjugates.
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Abstract: Recent studies showed that KGN cells, derived from a human granulosa cell tumor (GCT),
express NADPH oxidase 4 (NOX4), an important source of H2O2. Transient receptor potential
melastatin 2 (TRPM2) channel is a Ca2+ permeable cation channel that can be activated by H2O2

and plays an important role in cellular functions. It is also able to promote susceptibility to cell
death. We studied expression and functionality of TRPM2 in KGN cells and examined GCT tissue
microarrays (TMAs) to explore in vivo relevance. We employed live cell, calcium and mitochondrial
imaging, viability assays, fluorescence activated cell sorting (FACS) analysis, Western blotting and
immunohistochemistry. We confirmed that KGN cells produce H2O2 and found that they express
functional TRPM2. H2O2 increased intracellular Ca2+ levels and N-(p-Amylcinnamoyl)anthranilic
acid (ACA), a TRPM2 inhibitor, blocked this action. H2O2 caused mitochondrial fragmentation and
apoptotic cell death, which could be attenuated by a scavenger (Trolox). Immunohistochemistry
showed parallel expression of NOX4 and TRPM2 in all 73 tumor samples examined. The results
suggest that GCTs can be endowed with a system that may convey susceptibility to cell death. If so,
induction of oxidative stress may be beneficial in GCT therapy. Our results also imply a therapeutic
potential for TRPM2 as a drug target in GCTs.

Keywords: ovary; calcium channel; Trolox; granulosa cell tumor; cell death; mitochondria

1. Introduction

In a recent study, we described expression of NADPH oxidase 4 (NOX4) [1] in vivo in human
granulosa cells (GCs) of ovarian follicles and in vitro in granulosa-lutein cells derived from in vitro
fertilization patients. Activity of this enzyme is linked to the generation of H2O2 [2], which is a diffusible
reactive oxygen species (ROS) and has been postulated to be an important signaling molecule within
the follicle (e.g., [3]). Although precise modes of action remain to be identified, involvement in GC
proliferation has been suggested by studies employing the granulosa cell tumor (GCT) line KGN [4]
and a specific NOX4 blocker [2].

These results are in line with the changing view of ROS. They are no longer regarded as destructive
correlates of oxidative stress only, but their importance in the regulation of cellular functions and in the
maintenance of the essential redox homeostasis is being more and more recognized [5–7]. Yet, ROS in
higher concentrations are indeed often associated with cell death [8–10].
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Cellular actions of H2O2 are linked to transient receptor potential melastatin 2 (TRPM2) channel,
a cation channel permeable for Ca2+ that is activated by oxidative stress and therefore considered
to be a cellular redox sensor [11,12]. Studies in recent years have provided evidence of a role of
TRPM2-mediated Ca2+ influx in physiological and pathophysiological functions, such as insulin release
by pancreatic β-cells, pro-inflammatory cytokine production in immune cells, endothelial permeability
and cell death [11]. Cell death is the most outstanding and common consequence of TRPM2 channel
activation, and has been described in several publications (e.g., [8,13,14]). The exact mechanism of
TRPM2 activation by H2O2 is still a subject of ongoing research; however, there are well described
inhibitors such as N-(p-Amylcinnamoyl)anthranilic acid (ACA) that are widely being used in studies
on TRPM2 [15–17].

Information about TRPM2 in ovarian cells is sparse. However, data mining of recently published
single-cell RNA sequencing data has revealed that this channel is expressed in human GCs in situ [18].
To our knowledge, TRPM2 expression in GCT has not been explored yet.

In the present study we examined KGN, a model for GCT [4,19]. KGN cells express NOX4
and generate H2O2 [2]. We found that they also express TRPM2, which can be activated by
H2O2 and facilitate an influx of Ca2+, followed by mitochondrial fragmentation and cell death.
Immunohistochemical analysis of tissue microarrays (TMAs) revealed that both NOX4 and TRPM2
were expressed by all GCT samples we examined. Our findings suggest that induction of oxidative
stress in GCT may result in cell death. Furthermore, the results implicate a therapeutic potential of
TRPM2 as a possible drug target.

2. Materials and Methods

2.1. KGN Cell Culture

Procedures have recently been described [2]. The patented KGN cell line was obtained from RIKEN
BioResource Center [4] with permission by T. Yanase. KGN cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM)/Ham’s F12 medium (Life Technologies, Paisley, UK) supplemented with
penicillin (100 U/mL), streptomycin (100 μg/mL) (Biochrom, Berlin, Germany) and 10% fetal calf serum
(FCS) (Capricorn Scientific, Ebsdorfergrund, Germany) at 37 ◦C and with 5% CO2. For stimulation
experiments, 20 μM Trolox (Santa Cruz Biotechnology, Dallas, TX, USA) or 100 μM/1 mM H2O2

(Sigma-Aldrich, St. Louis, MO, USA) was diluted in DMEM/Ham’s F12 medium (Life Technologies;
colorless medium without phenol red was used for live cell fluorescence imaging to reduce background
autofluorescence).

2.2. Reverse Transcription PCR

RNeasy Plus Micro Kit (Qiagen, Hilden, Germany) was used to isolate RNA. Concentration and
purity were measured as described [2]. Superscript II (Invitrogen, Carlsbad, CA, USA) and random
15-mer primers (metabion international, Munich, Germany) were used for reverse transcription (RT).
Oligonucleotide primers for amplification of NOX4 were described previously [2]. For TRPM2,
we used primers with the following sequences: 5′–AGGCTGAACTCTAACCTGCAC–3′ (forward)
and 5′–GGAGGAGGGTCTTGTGGTTC–3′ (reverse) (yielding a 103 bp fragment). Negative controls
were performed by replacing cDNA with RNA (-RT) or water (H2O). Amplicon identity was verified
by agarose gel electrophoresis, consecutive cDNA extraction with Wizard SV Gel and PCR Clean-up
System (Promega, Madison, WI, USA) and sequence analysis (GATC, Konstanz, Germany).

2.3. Western Blotting

Protein isolation and Western blotting were performed as previously described [20]. KGN cells
were lysed using RIPA buffer plus protease and phosphatase inhibitors (Thermo Fisher Scientific,
Waltham, USA). A total of 7 μg (NOX4) or 20 μg (cleaved caspase 3, clCASP3) protein per lane was
loaded on a 10% (NOX4) or 12% (clCASP3) SDS gel and run (NOX4: 20 min at 100 V + 70 min at 120 V;
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clCASP3: 20 min at 75 V + 40 min at 150 V). After blotting (NOX4: 55 min at 100 V; clCASP3: 60 min at
100 V) and blocking with 5% non-fat dry milk (Roth, Karlsruhe, Germany) in Tris-buffered saline with
Tween 20 (5 mM Tris, 100 mM NaCl, 0.05% Tween 20, pH 7.5), rabbit anti-NOX4 polyclonal antiserum
(1:1000, #7927, ProSci, Fort Collins, CO, USA) or rabbit anti-clCASP3 monoclonal antibody (1:1000,
#9664, Cell Signaling Technology, Danvers, MA, USA) were administered to detect these proteins.
As a loading control, mouse anti-β-actin monoclonal antibody (1:10000, #A5441, Sigma-Aldrich)
was used. HRP-conjugated goat anti-rabbit and goat anti-mouse secondary antibodies (Jackson
ImmunoResearch Europe, Cambridgeshire, UK) were used to visualize specific binding. Band intensities
were determined using the FIJI software [21].

2.4. Immunohistochemistry

Immunohistochemistry was performed using TMAs assembled from anonymized archival
material. All patients were treated surgically at the same institution (Department of Gynaecology,
University of Munich, Germany) and diagnosed at the Institute for Pathology, LMU, Munich, Germany.
The diagnoses were confirmed by an experienced gynaecopathologist (D.M.). Tissue biopsies (n = 73)
were taken from representative regions of larger paraffin-embedded tumor samples and arrayed
into a new recipient paraffin block using MTA-1 (Manual Tissue Arrayer) from Beecher Instruments,
Sun Prairie, WI, USA. Staining procedures were conducted as previously described [22]. In brief,
sections were deparaffinized, antigens were unmasked and endogenous peroxidase activity was
blocked, followed by incubation in 10% goat serum, diluted in PBS, to prevent unspecific binding.
Polyclonal rabbit antisera raised against human NOX4 (1:500, #7927, ProSci, Fort Collins, CO, USA) or
against human TRPM2 (1:100, #HPA035260, Sigma-Aldrich) were used to identify these proteins in the
TMAs. Specific binding was detected by biotinylated goat anti-rabbit secondary antibody and Vectastain
Elite ABC kit (Vector Laboratories, Burlingame, CA, USA). For negative controls, incubation with
normal rabbit serum instead of the primary antiserum was performed. Sections were counterstained
with haematoxylin and visualized using a Zeiss Axioplan microscope with the Achroplan 63x/0.80
objective (Carl Zeiss Microscopy, Jena, Germany) and a Jenoptik camera (Progres Gryphax Arktur;
Jenoptik, Jena, Germany).

2.5. Measurement of H2O2

The generation of H2O2 was measured using an Amplex Red Hydrogen Peroxide/Peroxidase
Assay Kit (Life Technologies, Eugene, OR, USA) as described previously [2,23]. In brief, KGN cells were
seeded in black 96-well plates (1.5 × 104 cells/well, n = 6) and cultured overnight. Amplex Red reagent
(10-acetyl-3,7-dihydroxyphenoxazine) was used in a final concentration of 5.0 μM and fluorescence
levels were measured at 544 nm excitation/590 nm emission in a fluorometer (FLUOstar Omega,
BMG LABTECH, Ortenberg, Germany) for 115 min at 37 ◦C. Data points were normalized according
to the starting point value. To compare H2O2 concentrations in the supernatant, 3 × 105 cells were
seeded on a 60-mm (diameter) cell culture dish the day before stimulation. After 72 h of stimulation
with 20 μM Trolox or serum-free medium only, supernatants were collected, centrifuged and measured
with the Amplex Red Kit according to the manufacturer’s instructions (n = 3).

2.6. Cell Viability Assay, Confluence Measurement and Cell Counting

Cell viability was estimated by measuring cellular ATP content (the indicator for metabolically
active cells) using CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI, USA)
as described previously [2,24]. KGN cells were seeded on a white 96-well microtiter plate
(5.0 × 103 cells/well, n = 12) one day prior to stimulation, then exposed to 20 μM Trolox or serum-free
medium for 72 h. After removal of the supernatant and washing with PBS, wells were filled with a 1:1
mixture of CellTiter-Glo reagent and DMEM/Ham’s F12 without phenol red (100 μl/well), mixed on
a plate shaker and incubated for 10 min at room temperature. Luminescence was measured by
a luminometer (FLUOstar Omega; BMG LABTECH). Confluence was analyzed with the JuLIBr Live
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cell movie analyzer (NanoEnTek, Waltham, MA, USA) for a period of 72 h. For determination
of cell numbers, KGN cells were counted using the CASY Cell Counter (OLS OMNI Life Science,
Bremen, Germany).

2.7. Fluorescence-Activated Cell Sorting (FACS) Analysis

FITC-conjugated annexin V (ALX-209-256-T100, Enzo Life Sciences, Farmingdale, NY, USA) and
SYTOX Red Dead Cell Stain (S34859, Invitrogen) were used to examine the occurrence of apoptosis.
KGN cells were incubated in colorless DMEM/Ham’s F12 medium for 24 h with or without 100 μM
H2O2, or for 72 h with or without 20 μM Trolox. They were trypsinized, washed with PBS and
incubated with annexin V-FITC (2.5 μg/mL) according to the manufacturer’s instructions. SYTOX Red
Dead Cell Stain—a nucleic acid stain labeling cells with damaged membranes—was added (1:2000),
and cells were analyzed using the BD FACSCanto (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA). Annexin V-FITC signal was obtained using a 488 nm excitation laser and a 530/30 bandpass
(BP) filter. For the SYTOX Red signal, a 633-nm laser and a 660/20 BP filter were used, with 20,000 events
recorded for each treatment. Signals were analyzed using BD FACSDiva Software (version 8.0.1,
Becton, Dickinson and Company). Cells show single staining with annexin V in an early stage of
apoptosis (intact membrane), while they are double-positive for annexin V and nucleic acid stains in
late apoptosis (cf. [25,26]). The apoptotic/late apoptotic (L/A) fraction of the analyzed cells comprise
early and late stage apoptosis.

2.8. Calcium Imaging

For all calcium imaging experiments, KGN cells were incubated with 5 μM Fluoforte Reagent
(Enzo Life Sciences)—a fluorescent dye detecting intracellular Ca2+—in DMEM/Ham’s F12 without
phenol red for 30 min at 37 ◦C and 5% CO2 in ibidi dishes optimized for microscopy (μ-dish 35 mm,
ibidi, Gräfelfing, Germany). After washing with colorless medium, fluorescence was monitored every
5 s using a wide-field microscope (microscope: Axio Observer.Z1; light-source: Colibri.2; camera:
Axiocam 506 mono; objective: Plan-Apochromat 20x/0.8 Ph2 M27; software: ZEN 2.6; Carl Zeiss
Microscopy) with a 450–490 nm BP excitation and 500–550 nm BP emission filter (F46-002; AHF
analysentechnik, Tübingen, Deutschland). A continuous flow of medium with or without stimulant
was generated by a peristaltic pump (Instech Laboratories, Plymouth Meeting, PA, USA) linked to
needles that were placed under the surface of the medium, close to the observed cells. H2O2 was utilized
in a higher concentration (1 mM) to address diluting effects. For the blocking experiments, KGN cells
were incubated with either ACA (20 μM, Sigma-Aldrich) or DMSO (solvent control) for 4 h prior to
and during measurements. Stimulation with 0.05%� trypsin (Biochrom, Berlin, Germany) served as
a positive control (cf. [27,28]). FIJI software was used to obtain fluorescence intensities of the regions
of interest (ROIs) and to optimize the images and videos provided in the Supplementary Materials.
Background fluorescence was subtracted from the raw data and results were normalized to the starting
point values. Images and videos showed fluorescence intensity based on a pseudo-color scale from
black/red (low Ca2+) to yellow/white (high Ca2+).

2.9. Mitochondrial Imaging

KGN cells were incubated with 100 nM MitoTracker Green FM (Molecular Probes,
Eugene, OR, USA) for 30 min at 37 ◦C and 5% CO2 in microscopy-optimized cell culture dishes
(μ-dish 35 mm, ibidi). The staining solution was prepared in DMEM/Ham’s F12 without phenol red.
To examine changes of the mitochondrial structure, cells were treated with 100 μM H2O2 after staining
and washing. Fluorescence was recorded with a wide-field microscope (microscope: Axio Observer.Z1;
light-source: Colibri.2; camera: Axiocam 506 mono; objective: Plan-Apochromat 63x/1.40 Oil Ph 3
M27; software: ZEN 2.6; Carl Zeiss Microscopy). A 450–490 nm BP (excitation) and a 500–550 nm BP
(emission) were used (F46-002; AHF analysentechnik). In a second approach, stimulation with H2O2
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for 4 h in colorless medium prior to staining and imaging was performed to rule out phototoxicity due
to multiple imaging as a reason for mitochondrial fragmentation.

To evaluate the effect of H2O2 (100 μM) on mitochondria, 239 control cells and 122 treated cells in
two dishes each for both groups were analyzed after 4 h of treatment. Examples for KGN cells with
elongatedor fragmented mitochondrial networks are given in the corresponding figure.

2.10. Statistics

GraphPad Prism 6.0 Software (GraphPad Software, San Diego, CA, USA) was used to
perform unpaired t-tests (two-tailed) for comparisons of H2O2, ATP and cell counts. Control and
Trolox-treatments were performed in parallel (n = 3), derived samples were run next to each other on
the gels and results (band intensities) of clCASP3 Western blots were analyzed using paired t-test.

3. Results

3.1. KGN Cells Express H2O2 Generating NOX4

Expression of NOX4, an enzyme known to generate H2O2, was detected by Western blot (68 kDa)
and RT-PCR (160 bp) (Figure 1A). The Amplex Red Hydrogen Peroxide Assay (n = 6) provided evidence
for basal H2O2 production and release by untreated KGN cells, resulting in increasing levels in the
supernatant over time (Figure 1B).

Figure 1. H2O2 production and release by cultured KGN cells and effects of exogenous H2O2. (A) NOX4
RT-PCR analysis and Western blot of cultured KGN cells show single bands of 160 bp and 68 kDa,
respectively. Controls using RNA (-RT) or H2O instead of cDNA (H2O) were negative. (B) Hydrogen
peroxide assay of untreated KGN cells showed increasing H2O2 levels in the supernatant over a time
period of 2 h (n = 6). Signal intensities were normalized to start point values. Bars indicate SEM.
(C) Exogenously added H2O2 reduced cell viability in a dose dependent manner. Cell counts after
treatment of KGN cells with different concentrations of H2O2 for 24 h (n = 2–5 for each concentration)
are shown with an interpolated sigmoidal standard curve (r2 = 0.9361). Bars indicate SEM. (D) Images
of KGN cells treated with H2O2 (1 mM) for 24 h compared to untreated control cells. Scale bars indicate
200 μm.

3.2. Exogenous H2O2 Kills KGN Cells in a Dose Dependent Manner

To examine effects of H2O2, KGN cells were exposed to H2O2 at different concentrations for 24 h
(n = 2 to 5 for each concentration). We observed a dose dependent reduction of cell viability (cell
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counting, live cell imaging). Cell numbers decreased with a calculated EC50 of 89.7 μM (72.16–111.5 μM;
interpolated sigmoidal standard curve: f (x) = 23800 + 272929−23800

1+10(1.953−x)(−1.507) ; r2 = 0.9361) (Figure 1C).
Figure 1D shows a live cell image of KGN cells treated with H2O2 (1 mM) for 24 h compared to controls,
revealing the damaging effects of exogenous H2O2.

3.3. Trolox Promotes Survival of KGN Cells in Serum-Free Medium

Culturing KGN cells in serum-free medium for 72 h led to a drop in confluence after an initial
2.6 ± 0.2 fold increase for the first 40 h (mean). This decrease was prevented by the addition of Trolox
(20 μM), a water-soluble derivate of vitamin E. Trolox is well known for its antioxidative activity [29,30]
and kept KGN cells prospering until the end of the measurement. Pictures taken by a live cell imaging
system show the difference between treated and control cells. While KGN cells looked healthy within
the first part of the observation under both conditions, they detached after 72 h under control conditions,
but were further propagated with Trolox (Figure 2A). The H2O2 concentration in the supernatant of
KGN cells after 72 h in serum-free medium was significantly (n = 3, p < 0.0001, t-test) reduced by Trolox
(Figure 2B). Cell counts (n = 4, p < 0.0001, t-test) (Figure 2C) and viability assay (n = 12, p < 0.0001,
t-test) (Figure 2D) after 72 h gave further evidence for the positive effects of Trolox on KGN cell survival
in serum-free medium.

 

Figure 2. Antioxidant Trolox antagonized the effects of endogenous H2O2. (A) Changes in confluence
of KGN cells over the course of 72 h for cells treated with Trolox (20 μM) compared to serum-free
medium only (n = 3). Results were normalized to the respective start value. Images at different time
points are shown below. Scale bars indicate 200 μm. (B) H2O2 in the supernatant after treatment with
Trolox (20 μM) for 72 h, measured by a hydrogen peroxide assay, was significantly lower compared to
ontrols (n = 3, **** p < 0.0001). Means and SEM, as well as individual results are given. (C) Cell counts
relative to the average untreated controls significantly increased (n = 4, **** p < 0.0001). Means and SEM,
as well as individual results are shown. (D) ATP viability assay-generated luminescence signaling was
significantly higher in Trolox-treated cells (n = 12, **** p < 0.0001) after 72 h of treatment. Means and
SEM, as well as individual results (circles), are presented.
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3.4. Effects of Cultivation in Serum-Free Medium and Exogenous H2O2 on Markers of Apoptosis and Necrosis

FACS analysis of KGN cells co-stained with FITC-conjugated annexin V and the nucleic acid stain
SYTOX Red Dead Cell Stain revealed an 11.4-fold increase in the apoptotic/late apoptotic (L/A) fraction,
while the necrotic fraction (N) only doubled in cells treated with H2O2 (100 μM) for 24 h compared to
the serum-free medium control (Figure 3A,B). Culturing KGN cells in serum-free medium resulted in
a 4.1-fold higher L/A cell fraction after 72 h compared to 24 h, whereas the N fraction reduced by 23%
(Figure 3A,C).

Figure 3. Effects of serum-free medium, exogenous H2O2 and Trolox on markers of apoptosis and
necrosis. (A–D) FACS analysis of KGN cells co-stained with annexin V and SYTOX Red Dead Cell Stain.
N indicates necrotic (single stained with SYTOX Red), apoptotic and late apoptotic (L/A) cells (single
stained with annexin V or double-stained). Unstained cells in the left lower quadrant were viable.
Percentage values of the N and L/A fractions are shown for each treatment: (A) Serum-free medium for
24 h; (B) H2O2 (100 μM) in serum-free medium for 24 h; (C) serum-free medium for 72 h; (D) Trolox
(20 μM) in serum-free medium for 72 h; (E) Western blot membrane with clCASP3 and β-actin bands;
(F) clCASP3 levels in KGN cells after treatment with Trolox (20 μM) for 72 h are compared with control
cells in serum-free medium. clCASP3 relative to β-actin was significantly lower in treated cells (n = 3,
* p < 0.05). Means and SEM and individual results are shown.
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3.5. Treatment with Trolox Reduces Markers of Apoptosis

Addition of Trolox (20 μM) to the serum-free medium reduced the L/A fraction after 72 h
in serum-free medium by 37.9% (Figure 3C,D), but not the N fraction, which actually increased.
Western blot analysis confirmed the effect on apoptosis by showing a significant reduction in clCASP3
(n = 3, p = 0.0225, paired t-test) (Figure 3E,F).

3.6. KGN Cells Express Functional TRPM2

Expression of TRPM2 channel, a H2O2-responsive Ca2+-permeable cation channel, was detected
by RT-PCR (Figure 4A) and sequencing. To examine functionality of TRPM2, changes in intracellular
Ca2+ levels were imaged. Stimulation with H2O2 (1 mM) caused a transient increase in Ca2+ levels
in three independent measurements, which occurred with a delay of more than 1 min and quickly
disappeared after terminating the stimulation. Repeated stimulation was possible (Figure 4B,C).
The Ca2+ increase was blocked by treatment with the TRPM2 inhibitor ACA (20 μM) [15–17] applied
for 4 h prior to and during the measurement. Cellular response to the positive control (trypsin) was not
affected (Figure 4D). The H2O2-derived signal was obtained in the control experiments with the solvent
(Figure 4E). Videos are provided in the Supplementary Materials (Videos S1–S3). Blocking experiments
and according controls were repeated in four independent measurements each.

Figure 4. Cont.
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Figure 4. KGN cells express functional TRPM2. (A) TRPM2 RT-PCR shows a band at 103 bp.
Controls with RNA (-RT) or H2O instead of cDNA (H2O) were negative. (B) Addition of H2O2 (1
mM) increased the fluorescence signal of the four individual KGN cells shown, which were loaded
with the Ca2+-sensitive dye Fluoforte. Background signals were subtracted and fluorescence is shown
relative to the respective start value of each region of interest (ROI). (C) Fluorescence images, taken
before (a) and after (b) the first stimulation with H2O2. (D) Treatment with the inhibitor (ACA; 20
μM), 4 h prior to and during the measurement, blocked the Ca2+ increase upon stimulation with H2O2,
but not with 0.05%� trypsin (T). Images (c–f) represent the indicated time points. (E) The H2O2-derived
Ca2+ increase was obtained in the DMSO control and thus ruled out solvent effects. Images (g–j)
represent the indicated time points. The pseudo-color scale shown in (c) applies for all live cell images.
Colored frames mark the cells represented in the corresponding graphs. Scale bars indicate 50 μm.

3.7. Exogeneous H2O2 Causes Mitochondrial Fragmentation

Monitoring mitochondria of KGN cells during treatment with H2O2 (100 μM) revealed
fragmentation over time (Figure 5A). Stimulation for 4 h prior to staining and imaging was performed
to rule out phototoxicity due to multiple imaging during time series as a reason for fragmentation.
Mitochondria were fragmented in this approach (Figure 5B), and comparison of H2O2-treated cells
to the control cells revealed a vast difference in the portion of KGN cells presenting mitochondrial
fragmentation. One out of 239 (0.4%) untreated and 50 out of 122 (41.0%) treated cells showed
fragmentation (Figure 5C).
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Figure 5. H2O2 causes mitochondrial fragmentation. (A) MitoTracker Green FM-based live cell
fluorescence images show mitochondria of KGN cells treated with H2O2 (100 μM) at different time
points, compared to medium-only controls. (B) KGN cells stained and imaged after 4 h of treatment
with H2O2 (100 μM) or medium only. *1 indicates a cell presenting an elongated mitochondrial
network, *2 indicates an example of a fragmented mitochondrion. (C) Portion of cells with fragmented
mitochondria after 4 h, as determined by counting 239 control and 122 treated KGN cells. Mitochondrial
fragmentation was markedly increased in H2O2-treated cells. Scale bars (A,B) indicate 10 μm.

3.8. Primary GCT Express NOX4 and TRPM2

As the KGN cell line serves as a well-established in vitro model for GCTs, we analyzed NOX4 and
TRPM2 expression in 73 GCT samples using TMAs. Immunohistochemical analysis revealed that all of
the tumors expressed both NOX4 and TRPM2 (Figure 6). Both proteins were detected in GCT cells and
showed a generally homogenous distribution, but intensities varied between different tumors.

Figure 6. Granulosa cell tumors (GCTs) express NOX4 and TRPM2. Immunohistochemical staining of
NOX4 and TRPM2 in one of the 73 tumor samples analyzed. NOX4 and TRPM2 were detected in GCT
cells, normal rabbit serum control was negative. Scale bars indicate 20 μm.
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4. Discussion

Our results show that H2O2 from both exogenous and endogenous sources is able to induce cell
death in KGN cells. The majority of endogenous H2O2 is most likely generated by NOX4, as previously
shown [2]. NOX4 expression in KGN cells was confirmed by RT-PCR and Western blot. Trolox, a typical
ROS scavenging antioxidant [29,30], reduced endogenously produced H2O2 in the supernatant and
rescued the cells, as shown by confluence measurements, cell counting and ATP cell viability assay.

There is ample evidence implying that H2O2 activates the ROS-gated cation channel TRPM2,
and that the consecutive Ca2+ influx may cause cell death (e.g., [8–10]). Single cell RNA sequencing
data in a recent publication [18] revealed expression of TRPM2 in GCs of human follicles in situ.
We showed that TRPM2 is expressed in the GCT-derived tumor cell line KGN and calcium imaging
suggested its functionality. Intracellular Ca2+ levels increased upon H2O2 stimulation and disappeared
after termination of the treatment. The observed delay of more than 1 min provided an additional
indication of TRPM2 involvement, since its activation by H2O2 is reported to be slow and take up to
minutes [11].

To provide further evidence for the functionality of TRPM2 in KGN cells, we utilized ACA to
inhibit TRPM2 in the calcium imaging experiment. ACA completely blocked the Ca2+ influx upon H2O2

stimulation, pinpointing TRPM2 as the channel responsible for the signal observed in untreated cells.
As we found in our experiments, extracellular application of ACA was reported previously to completely
block the H2O2-induced increase of intracellular Ca2+ in TPRM2-expressing cells at a concentration of
20 μM [15]. Yet, ACA is also a phospholipase A2 (PLA2) blocker. Although the inhibitory action on
TRPM2 was reported to be independent of effects on PLA2 [15], detrimental consequences of PLA2

inhibition cannot be ruled out, especially in long-term treatments. We therefore did not perform
additional experiments.

In accordance with previous studies reporting apoptosis upon H2O2 stimulation in primary
GCs [31] and other cells [8–10], we detected a distinct induction of apoptosis/late apoptosis by H2O2 in
KGN cells. Although annexin V and nucleic acid stain double-stained cells are often referred to as
late apoptotic [25,26], necrotic cells might be double-positive as well [32]. Given that changes in the
necrotic cell fraction do not match the changes in the annexin V signals, our results provide evidence
that exogenous H2O2 induces apoptosis, although other cell death forms might be involved as well.

Fetal calf serum (FCS) was reported to feature a total anti-oxidant capacity (TAC) equaling
360 ± 40 μM Trolox [33], which implicates a minor role of endogenously produced H2O2 in media
supplemented with FCS. Even 10% of FCS, as usual in our culture medium, exceeds the TAC of 20 μM
Trolox. For different experiments we therefore used serum-free medium. Under these conditions,
H2O2 produced by cells may reach concentrations that might be high enough to activate TRPM2,
especially in their immediate surroundings, although the overall concentration within the supernatant
remains relatively low compared to the concentration used for exogenous stimulation with H2O2.
In accordance, results of the FACS analysis and the clCASP3 Western blot revealed an induction of
apoptosis by long-term cultivation in serum-free medium. Reduction of markers for apoptosis by the
ROS scavenger Trolox and the differences in H2O2 levels in the supernatants suggest that endogenous
H2O2 might play an important role in the induction of apoptosis. These results are in line with the
ability of another antioxidant, N-acetyl-L-cysteine, to reduce H2O2-induced apoptotic cell death in
human melanocytes [8].

In their review on mitochondrial dynamics and apoptosis, Suen et al. [34] discussed the role of
mitochondrial fragmentation and pointed out that while there are many different conditions wherein
this can be observed, it is always involved in apoptosis and appears before caspase activation. To further
examine the mechanism underlying the H2O2 effects on KGN cells, we performed live cell imaging of
mitochondria labeled with MitoTracker Green FM. We observed rapid and massive fragmentation
of these organelles upon H2O2 stimulation. This may reflect another manifestation of an activated
apoptosis machinery and be a consequence of Ca2+-dependent phosphorylation of dynamin-related
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protein 1 (Drp1) [35], a critical player in mitochondrial fragmentation [36]. The exact mechanisms in
KGN cells and the question of whether other forms of cell death are involved remain to be studied.

To explore in vivo the relevance of our cellular results, we studied the expression of NOX4,
a typical source for endogenous H2O2 [1,2], and TRPM2, a possible target for H2O2 [11,12], in primary
GCT. Immunohistochemical analysis of TMAs revealed that both NOX4 and TRPM2 were expressed in
all 73 tumors analyzed in this study. We noticed that signal intensities varied between the different
GCTs. However, as we studied archival material, we reasoned that variations in sample preparations
or storage could not be ruled out. Therefore, we did not attempt to further evaluate these differences.

Investigations of other tumor’s entities indicated that NOX4-derived ROS may limit tumor
progression (liver carcinoma [37]) and that TRPM2 overexpression may enhance induction of cell death
by H2O2 (neuroblastoma [14]). TRPM2 confers susceptibility of different tumors to H2O2-mediated
neutrophil cytotoxicity, thereby limiting metastasis [38]. Interestingly, inflammatory neutrophil
infiltration is mediated by TRPM2 activation, resulting in chemokine production by monocytes [39].

In line with these observations, our immunohistochemical analysis of 73 GCTs and the results of
experiments with KGN cells implicate that GCTs can be endowed with a relevant system that may
convey susceptibility to cell death. Our in vitro-studies provide evidence that induction of oxidative
stress may be beneficial in GCT therapy and that there is a therapeutic potential for TRPM2 as a drug
target. Whether the new insights of our study are indeed of relevance in vivo remains to be shown.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/8/11/518/s1:
Video S1. Increasing intracellular Ca2+ levels upon stimulation with H2O2. Fluorescence images of the experiment
represented in Figure 4B,C were compiled to a time-lapse video. The movie shows reversible increases in
intracellular Ca2+ levels after addition of 1 mM H2O2 to KGN cells. Video S2. Time-lapse movie of the experiment
represented in Figure 4D. This video shows levels of intracellular Ca2+ in cells treated with the TRPM2 blocker
ACA. Ca2+ levels do not increase upon stimulation with 1 mM H2O2; yet, they increase upon stimulation with
trypsin. Video S3. Obtained H2O2 effect in the solvent control. Time-lapse video of the experiment represented in
Figure 4E. The movie shows that the Ca2+ response upon stimulation with H2O2 is obtained in the DMSO control.
The second increase in Ca2+ derives from stimulation with trypsin.
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Abstract: The engineering of photosensitizers (PS) for photodynamic therapy (PDT) with nitric
oxide (NO) photodonors (NOPD) is broadening the horizons for new and yet to be fully explored
unconventional anticancer treatment modalities that are entirely controlled by light stimuli. In this
work, we report a tailored boron-dipyrromethene (BODIPY) derivative that acts as a PS and
a NOPD simultaneously upon single photon excitation with highly biocompatible green light.
The photogeneration of the two key species for PDT and NOPDT, singlet oxygen (1O2) and NO, has
been demonstrated by their direct detection, while the formation of NO is shown not to be dependent
on the presence of oxygen. Biological studies carried out using A375 and SKMEL28 cancer cell lines,
with the aid of suitable model compounds that are based on the same BODIPY light harvesting core,
unambiguously reveal the combined action of 1O2 and NO in inducing amplified cancer cell mortality
exclusively under irradiation with visible green light.

Keywords: photodynamic therapy; singlet oxygen; nitric oxide; light; combination therapy

1. Introduction

Photodynamic therapy (PDT) for cancer involves the combined use of nontoxic photosensitizers
(PSs) and visible light of appropriate wavelength [1,2]. Upon light excitation, PSs reach the lowest
excited singlet state (1PS*) and, after intersystem crossing (ISC), their lowest-energy excited triplet state
(3PS*). Due to their long lifetime (μs-ms), the 3PS* can dissipate most of their energy via quenching
with nearby molecular oxygen, potentially giving rise to two different reactions. The first (Type I
reaction) involves an initial electron transfer to 3O2 and the consequent formation of superoxide anion
(O2

−), from which hydrogen peroxide (H2O2) arises. This, in turn, can eventually generate the highly
reactive and toxic hydroxyl radical (OH•). These species are collectively called reactive oxygen species
(ROS). The second (Type II reaction) entails energy transfer from 3PS* to 3O2 with the production
of another ROS, highly toxic singlet oxygen (1O2), which is the key species in PDT [2,3]. The local
irradiation of a tumor after the systemic administration of PS can, therefore, lead to a burst of cytotoxic
ROS in a confined area, triggering cell death with high spatial accuracy, however, the success of PDT is
strictly related to the presence of O2, which is necessary for the production of ROS. Solid tumors have
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poor blood supply in their bulk and consequently have a low O2 concentration. This is the reason
for the scant efficacy of PDT against these kinds of malignancies. A few strategies have recently been
proposed to overcome this problem [4]. In this frame, one of the most appealing approaches is based on
the use of nitric oxide (NO). NO is an endogenous messenger that is ubiquitous in mammalian tissues
and cells. This ephemeral free radical, which has a half-life of ca. 5 s and diffusion radius of ca. 200 μm
in tissues, is involved not only in maintaining and regulating important physiological processes, such
as cell proliferation, mitochondrial oxidative metabolism, antimicrobial defences, and vasodilation, but
also plays crucial roles in an extensive number of different diseases, including cancer [5,6]. It has been
shown that low (nM) NO concentrations promote cancer growth while high (μM) concentrations are
toxic and reduce cancer progression [7,8]. Other factors, besides concentration, can influence the effects
of NO on tumor growth. These factors include the duration of NO exposure and cellular sensitivity in
particular [7,9]. The toxic effects of NO can be both direct and indirect. The former is related to the
capacity of NO to react with the transition metals in some biomolecules that are essential for cellular
life (e.g., the iron-sulfur centers in proteins and iron-containing enzymes). The indirect effects are
caused by the ability of NO to react with O2 or O2

−•, affording reactive nitrogen oxide species (RNOS)
that can oxidize, nitrate and nitrosate a variety of biological targets, such as ribonucleotide reductase
and proteins that contain iron-sulfur clusters, such as aconitase and the components of mitochondrial
respiration complexes [7,8]. Peroxynitrite (ONOO−) is one of these types of RNOS and is highly toxic.
It is formed in the rapid reaction of NO with O2

−• (k = 6, 7 × 109 M−1 s−1) and is both a potent oxidant
and nitrating agent. In the physiological environment, ONOO− gives rise to a pair of OH• and NO2•
radicals, via homolyses, that can combine to yield nitrate. In addition, it can interact with carbon
dioxide (CO2), to produce the carbonate radical (CO3

−•), which is another strong oxidant [10].
Therefore, it is not surprising that NO donor-based therapy has recently received particular

attention as a potential clinical treatment for cancer. It is centred on the use of NO donors, namely
products that can release NO under physiological conditions [11,12]. However, the main limitation of
this approach is the lack of precise spatial-temporal control of the NO amount that is to be released
which, as described above, is fundamental for a positive therapeutic outcome. For these reasons,
there is currently great interest in compounds that are able to release NO under the action of light,
namely NO photodonors (NOPDs). In these structures, NO is “caged”, by a covalent bond, into
a photoactivatable scaffold that harnesses the excitation energy to break bonds and, consequently,
either liberate NO [13–20] or compounds that, in turn, spontaneously release it [21–26]. In these
cases, NO release is limited to the irradiated area and fine temporal control of its release is achieved
by simply tuning the duration and intensity of the irradiation. NOPDs are especially appealing in
the field of light-controlled NO anticancer photodynamic therapy (NOPDT) as it may be a means to
overcome the limitations of PDT in hypoxic tumors [4]. The combination of PS and NOPDT is an ideal,
innovative and unconventional methodology thanks to the important properties that 1O2 and NO
share which include: (i) no resistance being developed towards these species, (ii) multitarget activity,
and (iii) confinement of their action to a restricted region of space due to their short lifetimes and
diffusion radius [27].

We have recently reported compound 1 (Scheme 1), in which a boron dipyrromethene (BODIPY)
scaffold is covalently joined to cupferron, a C-diazeniumdiolate that is able to spontaneously release
NO [26]. Under the action of biocompatible green light, 1 affords NO following the release of the
cupferron moiety. In order to pursue the recent idea of incorporating a NOPD and a PS within the
same molecular skeleton [28], we have devised the 2,6-diiododerivative, 2 (Scheme 1).

In this case, the presence of the two iodine substituents is expected to encourage the population
of the triplet state, which is fundamental for ROS generation via type I and type II mechanisms
(vide supra) without, hopefully, hampering NO photorelease properties. In this paper, we report the
synthesis, and the photochemical and photophysical characterization of compound 2 and the validation
of the cytotoxicity, against human melanoma A375 and SKMEL28 cell lines, of this compound, the
non-iodinate analogue, 1, and the 8-OCH3 substituted BODIPYs, 3 and 4, which were chosen as
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suitable model compounds for 1 and 2, respectively. The nature of the reactive species involved in the
antiproliferative effects of these compounds is discussed with reference to a detailed study of their
photochemical profiles.

Scheme 1. Mechanism for the photorelease of NO from compound 1, and for the nitric oxide (NO) and
reactive oxygen species (ROS) generation attributed to compound 2. The molecular structures of the
related model compounds, 3 and 4, are also shown.

2. Materials and Methods

2.1. Materials

All reagents (Sigma-Aldrich) were of high commercial grade and were used without further
purification. All solvents used (from Carlo Erba) were of spectrophotometric grade.

2.2. Synthetic Procedures

All reactions involving air-sensitive reagents were performed under nitrogen in oven-dried
glassware using the syringe-septum cap technique. All solvents were purified and degassed before use.
Chromatographic separation was achieved under pressure using Merck silica gel 60 and flash-column
techniques. Reactions were monitored by thin-layer chromatography (TLC) on 0.25 mm silica-gel-coated
aluminium plates (Merck 60 F254) (Merck KGaA, Darmstadt, Germany) using UV light (254 nm)
as the visualising agent. Unless otherwise specified, all reagents were used as received without
further purification. Compounds 1 and 3 were synthesised according to the previously reported
procedure [26,29].

2.2.1. Synthesis of 2-((4,4-difluoro-2,6-diiodo-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacen-8-yl)
methoxy)-1-phenyldiazene oxide 2

A stirred solution of compound 1 (40 mg, 0.10 mmol) in EtOH (35 mL) was treated with iodine
(63.5 mg, 0.25 mmol) and then with iodic acid (42.1 mg, 0.25 mmol) in 1 mL of water. The reaction
mixture was stirred at 80 ◦C for 3 h. Once this was completed, as shown by TLC analysis, the
mixture was cooled to room temperature and the solvent was removed under reduced pressure. The
residue was dissolved in dichloromethane (DCM), and then washed with water (2 × 20 mL) and brine
(2 × 20 mL). The combined organic layers were dried over sodium sulphate. Purification via silica
gel chromatography, eluting with 1/1 petroleum ether/DCM, gave 2 as a dark red crystalline solid
(51 mg, 78%). M.p. = 195.7–196.8 ◦C (with dec.); 1H NMR (300 MHz, CDCl3): δ 7.91 (d, J = 7.2 Hz, 2H),
7.58–7.44 (m, 3H), 5.70 (s, 2H), 2.64 (s, 6H), 2.56 (s, 6H); 13C NMR (75 MHz, CDCl3): δ 158.4, 144.0,
143.2, 132.9, 131.9, 131.6, 129.3, 121.3, 87.7, 66.6, 18.8, 16.6; ESI-MS [M + Na]+: m/z 673.2; ESI-HRMS(+):
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m/z 672.95491 [M + Na]+, C20H19BF2I2N4O2Na requires 672.95506; HPLC purity >95% (CH3CN/H2O
TFA 0.1% 90:10 (v/v), flow = 1.0 mL/min, tR = 8.7 min) at 226, 254 and 550 nm.

2.2.2. Synthesis of 4,4-difluoro-2,6-diiodo-8-methoxymethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene 4

A solution of compound 3 (0.230 mmol) in EtOH (30 mL) was treated with iodine (0.570 mmol)
and then with iodic acid (0.570 mmol) in 2 mL of water. The reaction mixture was stirred for 2 h at r.t.,
and the solvent was removed under reduced pressure. The residue was dissolved in EtOAc, and then
washed with water (2 × 20 mL) and brine (2 × 20 mL). The combined organic layers were dried over
sodium sulphate. Purification by silica gel chromatography, eluting with 95/5 petroleum ether/EtOAc,
gave the title product, 4, as a dark red solid (96 mg, 77%). M.p. = 186.4–187.0 ◦C (with dec.); 1H NMR
(300 MHz, CDCl3): δ 4.54 (s, 2H), 3.48 (s, 3H), 2.61 (s, 6H), 2.46 (s, 6H); 13C NMR (75 MHz, CDCl3):
δ 157.4, 143.9, 135.3, 133.1, 86.8, 65.6, 58.9, 17.8, 16.4; ESI-MS [M-H]−: m/z 543.2; HPLC purity >95%
(CH3CN/H2O TFA 0.1% 90:10 (v/v), flow = 1.0 mL/min, tR = 8.7 min) at 226, 254 and 550 nm.

2.3. Instrumentation

1H NMR and 13C NMR spectra were recorded on a Bruker Avance 300 (Bruker, Billerica, MA,
USA) at room temperature at 300 and 75 MHz, respectively, and calibrated using SiMe4 as the internal
reference. Chemical shifts (δ) are given in parts per million (ppm) and coupling constants (J) in Hertz
(Hz). The following abbreviations are used to designate the multiplicities: s = singlet, d = doublet,
t = triplet, q = quartet, m =multiplet, and br = broad. Low-resolution mass spectra were recorded on
a Micromass Quattro microTM API (Waters Corporation, Milford, MA, USA). High-resolution mass
spectra were recorded on a Bruker Bio Apex Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer equipped with an Apollo I ESI source, a 4.7 T superconducting magnet, and a cylindrical
infinity cell (Bruker Daltonics, Billerica, MA, USA). HPLC analyses were performed using a HP 1200
chromatograph system (Agilent Technologies, Palo Alto, CA, USA) equipped with a quaternary pump
(model G1311A, Agilent Technologies, Palo Alto, CA, USA), a membrane degasser (G1322A, Agilent
Technologies, Palo Alto, CA, USA), and a multiple wavelength UV detector (MWD, model G1365D,
Agilent Technologies, Palo Alto, CA, USA) integrated into the HP1200 (Agilent Technologies, Palo Alto,
CA, USA) system. Data analysis was performed using a HP ChemStation system (Agilent Technologies).
The sample was eluted in a Merck LiChrospher C18 end-capped column (250 × 4.6 mm ID, 5 μm)
(Merck KGaA, Darmstadt, Germany). The injection volume was 20 μL (Rheodyne, Cotati, CA, USA).
The mobile phase consisted of acetonitrile 0.1% TFA (solvent A) and 0.1% TFA (solvent B) at flow
rate = 1.0 mL/min. For the photoproduct distribution studies, irradiation was performed using a white
LED 90W lamp (Led Engin, San Jose, CA, USA) equipped with a green filter BP-540 80HT (transmission
range 515–565 nm, T >90%, Schneider, Kreuznach, Germany) as the light source. Irradiance was
measured using a HD2302.0 Delta Ohm lightmeter (Delta Ohm, Caselle di Selvazzano (PD), Italy)
equipped with a Delta Ohm LP471RAD light probe (Delta Ohm, Caselle di Selvazzano (PD), Italy).

UV-Vis absorption and fluorescence emission spectra were recorded on a JascoV-560
spectrophotometer (Jasco, Easton, MD, USA) and a Spex Fluorolog-2 (mod. F-111) spectrofluorimeter
(Horiba, Kyoto, Japan), respectively, in air-equilibrated solutions, using quartz cells with a path length
of 1 cm. Fluorescence lifetimes were recorded with the same fluorimeter, which was equipped with
a Time-Correlated Single Photon Counting (TCSPC) Triple Illuminator (Horiba, Kyoto, Japan). The
samples were irradiated by a pulsed diode excitation source (Nanoled) at 455 nm and the decays
were monitored at 500 nm. The system allowed fluorescence lifetimes to be measured from 200 ps.
The multiexponential fit of the fluorescence decay was obtained using the following equation:

I(t) = Σαiexp(−t/τi )
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Absorption spectral changes were monitored by irradiating the sample in a thermostated quartz
cell (1 cm path length, 3 mL capacity) under gentle stirring, using a continuum laser with λexc = 532
nm, ca. 50 mW and a beam diameter of ca. 1.5 mm.

The direct monitoring of NO release in solution was performed via amperometric detection (World
Precision Instruments, Sarasota, FL, USA), with a ISO-NO meter, equipped with a data acquisition
system, and was based on the direct amperometric detection of NO with a short response time (<5 s) in
a 1 nM to 20 μM sensitivity range. The analogue signal was digitalized using a four-channel recording
system and transferred to a PC. The sensor was accurately calibrated by mixing standard solutions of
NaNO2 with 0.1 M H2SO4 and 0.1 M KI, according to the reaction:

4H+ + 2I− + 2NO2
− → 2H2O + 2NO + I2

Irradiation was performed in a thermostated quartz cell (1 cm path length, 3 mL capacity) using
the continuum laser at λexc = 532 nm. NO measurements were carried out under stirring with the
electrode positioned outside the light path in order to avoid NO signal artefacts that could be caused
by photoelectric interference with the ISO-NO electrode.

1O2 emission was registered using a Fluorolog-2 (Model, F111) spectrofluorimeter that was
equipped with a NIR-sensitive liquid nitrogen cooled photomultiplier, which excited the air-equilibrated
samples with a CW laser at 532 nm.

Laser Flash Photolysis

All solutions were excited with the second harmonic of a Nd-YAG Continuum Surelite II-10 laser
(532 nm, 6 ns FWHM) (Continuum, Santa Clara, CA, USA), using quartz cells with path length 1.0 cm.
The excited solutions were analyzed using Luzchem Research mLFP-111 apparatus (Luzchem Research
Inc., Gloucester, ON, Canada) with an orthogonal pump and probe configuration. The probe source
was a ceramic xenon lamp coupled to quartz fibre optic cables. The laser pulse and the mLFP-111
system were synchronized using a Tektronix TDS 3032 digitizer (Tektronix, Beaverton, OR, USA),
which was operated in pretrigger mode. The signals from a compact Hamamatsu photomultiplier
(Hamamatsu Photonics K.K., Hamamatsu, Japan) were initially captured by the digitizer and then
transferred to a personal computer, which was controlled by Luzchem Research software (Luzchem
Research Inc., Gloucester, ON, Canada) operating in the National Instruments LabView 5.1 (National
Instruments, Austin, TX, USA) environment. The solutions were deoxygenated via bubbling with
a vigorous and constant flux of pure nitrogen (previously saturated with solvent). The solution
temperature was 295 ± 2 K. The energy of the laser pulse was measured at each shot with a SPHD25
Scientech pyroelectric meter (Scientech Inc., Boulder, CO, USA).

2.4. Biological Experiments

2.4.1. Cell Cultures

Culture media were supplied by Invitrogen Life Technologies (Carlsbad, CA, USA), and plasticware
for the cell cultures was obtained from Falcon (Becton Dickinson, Franklin Lakes, NJ, USA). The protein
content of the cell monolayers was assessed using the BCA kit from Sigma Chemical Co. (St. Louis, MO,
USA). Unless otherwise specified, all reagents were from Sigma Chemical Co. The compounds were
dissolved in dimethyl sulfoxide (DMSO). The stock solution was diluted in culture medium to reach
the final concentration. The concentration of DMSO in the culture medium under each experimental
condition was less than 0.1%.

Human melanoma A375 and SKMEL28 cells (ATCC, Manassas, VA, USA) were cultured in
DMEM medium that was supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.
Cell cultures were maintained in a humidified atmosphere at 37 ◦C and 5% CO2. When indicated,
cells were incubated for 4 h with the compounds and then exposed for 30 min to the light emitted
by a white LED 90W lamp with an irradiance of 1.75 mW/cm2 and a bandpass filter of 540 nm ± 40
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nm (IFG BP 540-80 HT), in DMEM medium without phenol red at room temperature. Non-irradiated
cells were maintained in a dark room for 30 min in DMEM medium without phenol red at room
temperature. After this period, cells were left for 19.5 h in the incubator before the experimental
procedures, described below, were performed.

2.4.2. NO Photorelease in Cells

After the cells were incubated and irradiated, as described in the “Cell” section, 1 mL of cell
supernatant was collected and centrifuged for 10 min at 13,000× g. The presence of nitrite in the
reaction mixture was then determined using the Griess assay [30], and a Synergy HT microplate reader
(Bio-Tek Instruments, Winooski, VT, USA).

2.4.3. Cytotoxicity

The cytotoxic effect of the compounds was measured, using a Synergy HT microplate reader
(Bio-Tek Instruments, Winooski, VT, USA), as previously described [31], as the leakage of lactate
dehydrogenase (LDH) into the extracellular medium. Both intracellular and extracellular LDH were
measured, and then extracellular LDH activity (LDH out) was calculated as a percentage of the total
(intracellular + extracellular) LDH activity (LDH tot) in the dish. For the calculation of IC50, i.e., the
concentration of each compound that decreased the cell viability by 50%, cells were incubated with
either 0, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 75, or 100 μM of the single compounds, and were either
maintained in the dark or irradiated for 30 min. Viable cells were measured after 24 h using the ATPlite
kit (PerkinElmer, Waltham, MA, USA). Chemiluminescence was read using a Synergy HT microplate
reader. The mean relative luminescence units (RLUs) of the untreated cells was considered to be 100%,
and the RLUs of the other experimental conditions were expressed as percentage of viable cells vs.
untreated cells. IC50 was calculated using GraphPad Prism (v.6.01) software.

2.4.4. Statistical Analysis

All the data in the text and figures are provided as means ± SD. The results were analysed via a
one-way analysis of variance (ANOVA) and Tukey’s test. p < 0.05 was considered significant.

3. Results and Discussion

3.1. Photochemical and Spectroscopic Properties

BODIPY derivative 2 is highly soluble in the H2O:MeOH (20:80 v/v) solution, and its absorption
features are dominated by the BODIPY chromophore in the visible region (Figure 1A). This compound
is very stable under these conditions at room temperature in the dark for several days. By contrast,
clear photodegradation is observed upon irradiation with green light at 532 nm (Figure 1). It is worth
noting that neither the photolysis nor rate profile were affected by the presence of oxygen (see inset
Figure 1A), suggesting that the primary photodegradation pathway proceeds from a short-lived excited
state (i.e., the lowest singlet). The HPLC analysis of the irradiated solution revealed the presence of
two solvent substitution products that lack the cupferron moiety, accompanied by nitrosobenzene
(Figure 1B). These findings account for a photodegradation mechanism that is similar to the one that
has already been observed for the non-iodinate analogue 1 [26], and that involves the heterolytic
rupture of the C-O bond, with the consequent formation of a BODIPY-methyl carbocation via solvent
substitution (see Scheme 1). Furthermore, the presence of nitrosobenzene as a photolysis product
suggests that NO is quickly lost from the photodecaged cupferron. NO release was monitored via its
real-time detection by an ultrasensitive NO electrode, which directly detects NO concentration using
an amperometric technique. The results illustrated in Figure 1C provide clear evidence that compound
2 is stable in the dark, but that it generates NO under irradiation with Vis green light.
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Figure 1. (A) Changes in absorption spectra observed upon exposure of an H2O:MeOH (20:80, v/v)
air-equilibrated solution of 2 to λexc = 532 nm from 0 to 5 min. T = 25 ◦C. The inset shows the kinetic
profile monitored at λ = 560 nm in aerated (•) and N2-saturated solutions (�). (B) HPLC trace of the
photolyzed solution detected at λ = 560 nm (top) and λ = 306 nm (bottom). The main products observed
were identified by comparison of their retention time with standards. (C) NO release profile observed
upon 532 nm light irradiation (200 mW) of a H2O:MeOH (20:80 v/v) solution of 2.

As expected, the presence of the iodine substituents in compound 2 dramatically amplified the ISC
process leading to a drastic reduction in fluorescence emission and lifetime (more than two orders of
magnitude compared with 1) and the effective population of the lowest excited triplet state, in contrast
to non-iodinate 1. Laser flash photolysis with nanosecond time resolution is a powerful tool with which
to examine the spectroscopic and kinetic features of excited triplets of many PSs, since these transient
species exhibit very intense absorption in the visible region, and lifetimes in the order of microseconds.
Figure 2A shows the transient absorption spectrum of compound 2 observed 0.1 μs after the laser pulse.
It consists of two bands, around 440 nm and 650 nm, and bleaching in the region that corresponds
to the ground state absorption of the BODIPY chromophore, which is in line with the typical triplet
state absorption of BODIPY derivatives [32]. The triplet state of 2 decays monoexponentially (inset
Figure 2A) with a lifetime in the microsecond time regime in N2-saturated solution and is quenched by
molecular oxygen with a diffusional quenching constant. Accordingly, a negligible triplet signal was
observed in the optically matched solution of 1 (see Figure 2A). As outlined above, triplet quenching
by molecular oxygen can lead to either 1O2 or O2

− production, according to the type of mechanism.
1O2 was detected directly by measuring its typical phosphorescence in the near-IR spectral window,
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upon excitation with green light. Figure 2B shows that the typical luminescence signal of 1O2, with
maximum at ca. 1270 nm, is only one observed in the case of compound 2.

λ 

Δ

λ 

Δ

μ

Figure 2. (A) Transient absorption spectra observed 0.1 μs after 532 nm laser excitation (E532 ≈ 10
mJ/pulse) of optically matched N2-saturated solutions of 1 (�) and 2 (•) in H2O:MeOH (20:80 v/v). The
inset shows the decay traces monitored at 440 nm and the related first-order fitting of 2. R2 = 0.89. (B)
1O2 luminescence detected upon 532 nm light excitation of optically matched solutions of 1 (�) and 2

(�). D2O:MeOD (20:80 v/v).

The spectroscopic and photochemical scenario described above, therefore, demonstrates that the
cupferron decaging, and subsequent NO release, occurs from the excited singlet state and that 1O2 is
the main quenching product from the lowest excited triplet state, according to Scheme 2.

Scheme 2. Schematic illustration of the main photoprocesses that lead to the generation of NO and 1O2

from compound 2.

3.2. Biological Experiments

3.2.1. NO Photorelease in Cells

The NO photorelease demonstrated by 1 and 2 was also investigated in A375 and SKMEL28, two
melanoma cell lines. After 4 h of incubation with the products at three different concentrations, the
cells were irradiated for 30 min with the light emitted by a white LED 90 W lamp with an irradiance of
1.75 mW/cm2 and a bandpass filter 540 nm ± 40 nm. NO was measured as nitrite (its main oxidation
product) as determined in the supernatants by Griess assay. Similar experiments were carried out
on model compounds 3 and 4 which, unsurprisingly, failed to show any nitrite generation (data
not shown). The data reported in Figure 3 clearly demonstrate that products 1 and 2 were able to
produce nitrite when irradiated in cells. In particular, they afforded significant amounts of nitrite in
the two cell lines at 2.5 to 5 μM concentrations, i.e., in a concentration range that is compatible with the
possible cytotoxic and antitumor effects of NO-derived reactive species [7–9]. The amount of nitrite
produced by 1 and 2 was similar in the two cell lines. Individual cell lines can differ somewhat in how
enzymes metabolize NO and its stable derivatives; superoxide dismutase neutralises O2

− and limits
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the generation of ONOO−, while nitrate reductase increases the conversion of nitrate into nitrite and
amplifies the levels of nitrite that are detected using the Griess method. The cell independency shown
in nitrite production, here, strongly suggests that NO generation is dependent on the photochemical
properties of the compounds. 1 is a more efficient nitrite producer than 2 in the 2.5–5 μM concentration
range. Since we have ascertained that NO photorelease takes place from the lowest excited singlet state
of both 1 and 2, the lower efficiency found for 2 reflects the effective ISC that occurs in this compound,
which competes with the cupferron decaging and therefore impacts upon the NO produced.

Figure 3. Nitric oxide release in the extracellular medium of A375 (panel A) and SKMEL28 (panel B)
melanoma cells incubated with compounds 1 and 2 and either maintained in the dark or irradiated
at 1.75 mW/cm2 in the 500–580 nm range (green light) for 30 min. Measurements were performed in
triplicate and data are presented as means ± SEM (n = 3). Vs untreated cells (ctrl), ** p < 0.01 and Vs
compound 1 (light), ◦ p < 0.05.

3.2.2. Cytotoxicity against Human Melanoma A375 and SKMEL28 Cells

A375 and SKMEL28 cells were incubated with 1, 2.5, and 5 μM of compounds 1 and 2 and were
then either left in the dark or irradiated for 30 min with green light. Cytotoxicity was evaluated 24 h
after the completion of irradiation by measuring the release of LDH, a sensitive index of membrane
damage due to oxidative [31] and nitrosative stress [33], which correlates well with cell death [34].
The results shown in Figure 4 demonstrate that both products are nontoxic in the dark, but that they
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show a good profile of activity, which is finely dependent on concentration, under irradiation. While
the cytotoxicity of 2 is similar in the two cell lines, 1 was more toxic in A375 than in SKMEL28 cells.
According to NO photogeneration and the lack of 1O2 photosensitisation, the toxicity observed in the
case of 1 is most likely principally due to NO toxicity and not mediated by ONOO−. The differential
cytotoxicity of 1, in particular in the 1–2.5 μM range, in the A375 and SKMEL28 cells may be due to
the fact that the former are more dependent on efficient mitochondrial oxidative respiration than the
latter; inhibiting mitochondrial respiration with KCN reduces cell viability in A375 cells more than
in SKMEL28 cells [35]. Since NO is a proven inhibitor of complexes I, III, and IV [7–9], as well as of
aconitase, in this range of concentration, the cytotoxicity caused by 1 is most likely due to the impairing
of mitochondrial respiration elicited by the released NO.

Figure 4. Cytotoxicity of compounds 1 and 2 towards A375 (panel A) and SKMEL28 (panel B) melanoma
cells that were either maintained in the dark or irradiated at 1.75 mW/cm2 in 500–580 nm range (green
light) for 30 min. Measurements were performed in triplicate and data are presented as means ± SEM
(n = 3). Vs untreated cells (ctrl), * p < 0.05 and ** p < 0.01 and Vs compound 1 (light), ◦◦ p < 0.01.

Moreover, the activity profile observed for compound 2 against both cell lines shows higher
cytotoxicity than 1. In order to establish whether this higher cytotoxicity is due to 1O2, NO or the
combined action of the two species, cytotoxicity experiments were also performed with the model
compounds 3 and 4. The results reported in Figure 5 show that 3 fails to show toxicity in the dark and
upon irradiation. This is not surprising as this compound does not produce NO and does not generate

82



Antioxidants 2019, 8, 531

1O2. By contrast, compound 4 shows toxicity under green light irradiation at concentrations higher than
2 μM. As we found that 4 generates 1O2 with similar efficiency to 2, the photodynamic action observed
can be exclusively attributed to this transient species. A comparison of the data in Figures 4 and 5
provides quite a clear scenario of the biological effects. In fact, compound 2 already exhibits relevant
levels of phototoxicity at a concentration of 1 μM in both cell lines, unlike model compound 4, which is
inactive at the same concentration. These data, together with the phototoxicity observed for compound
1, which exclusively produces NO, suggest that the phototoxic effects mediated by 2 are clearly a
result of the combined action of 1O2 and NO. We can infer that the higher cytotoxicity that 2 shows,
in particular in the 1–2 μM concentration range, as compared with 4 at these concentrations can be
explained by the different reactive species generated by the compounds upon irradiation, i.e., 1O2 and
NO from 2, only 1O2 from 4. This comparison allows us to separate the proportions of the cytotoxic
effects of NO and those of 1O2.

Figure 5. The cytotoxicity of compounds 3 and 4 towards A375 (panel A) and SKMEL28 (panel B)
melanoma cells that were either maintained in the dark or irradiated at 1.75 mW/cm2 in 500–580 nm
range (green light) for 30 min. Measurements were performed in triplicate and data are presented as
means ± SEM (n = 3). Vs untreated cells (ctrl), * p < 0.05 and ** p < 0.01 and Vs compound 3 (light),
◦◦ p < 0.01.

The results obtained from the LDH release assays were further confirmed by the calculation
of IC50 values (Table 1). The IC50 values for all of the compounds were higher than the maximum
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concentration tested and compatible with a good solution of the compounds, i.e., 100 μM, indicating
that the compounds did not exert peculiar toxicity if not irradiated. Upon irradiation, the IC50 of 1,
2, and 4 was significantly lower. In particular, the IC50 of 2 was lower than the toxicity of 1, which
is in line with the ability of 2 to release two toxic species, i.e., NO and 1O2, and the ability of 1 to
release NO only. The IC50 of the respective model compounds, 3 and 4, were higher. The IC50 of 3 was
similar to that measured in the dark, since this compound does not produce either NO or 1O2 upon
irradiation. The IC50 of 4, which generates 1O2 similarly to 2, but not NO, is lower than the IC50 of 2

upon irradiation. These data confirm that the maximal phototoxicity is produced by the simultaneous
release of RNS and ROS, as occurs in compound 2.

Table 1. IC50 (μM) of compounds per cell line analyzed.

Cell Lines 1 (Dark) 2 (Dark) 3 (Dark) 4 (Dark) 1 (Light) 2 (Light) 3 (Light) 4 (Light)

A375 >100 >100 >100 >100 8.6 ± 1.2 *** 4.6 ± 0.4 ***,◦ >100 7.3 ± 1.6 ***

SKMEL28 >100 >100 >100 >100 10.1 ± 2.5 *** 5.9 ± 0.7 ***,◦ >100 8.1 ± 0.7 ***

The viability of A375 and SKMEL28 melanoma cells, either maintained in the dark or irradiated at 1.75 mW/cm2

in 500–580 nm range (green light) for 30 min, in the presence of each compound incubated at 0, 0.1, 0.25, 0.5, 1,
2.5, 5, 10, 25, 50, 75, and 100 μM. Viable cells were measured with a chemiluminescence-based assay after 24 h.
Measurements were performed in triplicate and data are presented as means ± SEM (n = 3). IC50 were calculated
with the GraphPad Prism (v.6.01) software. Vs untreated cells (ctrl), *** p < 0.001 and Vs compound 1 (light), ◦ p <
0.05.

4. Conclusions

In conclusion, we have reported a new BODIPY derivative, 2, that is able to release NO and 1O2

under the action of green light. The photogeneration of these transient cytotoxic species has been
unambiguously demonstrated by their direct detection. With the aid of analogue derivative 1, which
exclusively photogenerates NO, and two suitable model compounds based on the same BODIPY core,
we have provided evidence that the in vitro cytotoxic activity observed upon green light irradiation of
2 against human melanoma cell lines is due to the combined action of NO and 1O2, whereas only NO is
involved in the antiproliferative effects induced by 1. Our results clearly demonstrate that the possibility
of releasing both NO and 1O2 in a spatially and temporally controlled manner is the most powerful
tool for killing tumor cells, while sparing non-transformed, non-irradiated healthy tissues. These data
are especially promising as they have been obtained against melanoma cells, which are known for
their high resistance to chemotherapy and targeted therapy [36]. Interestingly, NO photogeneration is
not affected by the presence of oxygen. These findings, therefore, provide further confirmation that
strategic approaches that are based on the photoregulated release of NO and its combination with ROS
are very appealing as potential tools for the innovative treatment of tumors. Moreover, our compounds
are active in vitro in low micromolar concentrations, like most chemotherapeutic drugs. The BODIPY
derivatives used in the present study do not show preferential accumulation within a specific organelle,
as demonstrated previously by [16]. However, the BODIPY scaffold can be chemically conjugated
with mitochondria, endoplasmic reticulum, and lysosome-vectorising moieties. Work on this topic is
currently ongoing in our group. Using this approach, we plan to concentrate the simultaneous release
of ROS and RNS within a single compartment, and thus produce higher selective damage. Indeed, it is
known that RNS exerts antitumor effects by inhibiting mitochondrial metabolism, inducing ER stress,
and regulating lysosomal functions when released at micromolar concentrations [11]. The targeted
release of RNS and ROS within a specific compartment will boost the cytotoxic potential of our hybrids.
Our present work is a proof of concept that demonstrates the opportunity provided by a technique that
can achieve the same antitumor efficacy of classical chemotherapeutic drugs, avoid the problem of the
onset of chemoresistance and undesired side effects, while also exploiting the intratumor destruction
produced by oxidative and nitrosative damage upon irradiation with visible light.
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Abstract: Control of oxidative stress in the bone marrow (BM) is key for maintaining the interplay
between self-renewal, proliferation, and differentiation of hematopoietic cells. Breakdown of this
regulation can lead to diseases characterized by BM failure such as the myelodysplastic syndromes
(MDS). To better understand the role of oxidative stress in MDS development, we compared protein
carbonylation as an indicator of oxidative stress in the BM of patients with MDS and control subjects,
and also patients with MDS under treatment with the iron chelator deferasirox (DFX). As expected,
differences in the pattern of protein carbonylation were observed in BM samples between MDS
patients and controls, with an increase in protein carbonylation in the former. Strikingly, patients
under DFX treatment had lower levels of protein carbonylation in BM with respect to untreated
patients. Proteomic analysis identified four proteins with high carbonylation levels in MDS BM
cells. Finally, as oxidative stress-related signaling pathways can modulate the cell cycle through p53,
we analyzed the expression of the p53 target gene p21 in BM cells, finding that it was significantly
upregulated in patients with MDS and was significantly downregulated after DFX treatment. Overall,
our results suggest that the fine-tuning of oxidative stress levels in the BM of patients with MDS
might control malignant progression.

Keywords: myelodysplastic syndromes; carbonylation; oxidative stress; deferasirox

1. Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous group of hematopoietic stem cell disorders
characterized by the presence of immature myeloid precursors (blasts) and dysplastic hematopoiesis
in the bone marrow (BM). A current “hot” topic in MDS research is oxidative stress and its potential
effects on cell biology, DNA damage and carcinogenesis [1,2]. Whereas the origin of MDS disease is
now better understood, high levels of reactive oxygen species (ROS) and consequent oxidative damage
in hematopoietic cells have been reported in patients with this disease [3–6], but the consequences
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are less clear. Regulation of intracellular ROS levels is known to be key for maintaining the balance
between self-renewal, proliferation, and differentiation of progenitor cells and a loss of this control can
lead to diseases characterized by BM failure [7,8]. The potential effects of ROS on hematopoietic cells
are particularly relevant because they are acutely vulnerable to oxidative damage associated with the
accumulation of free radicals [9].

Studies have shown that BM cells from patients with MDS have increased levels of intracellular
peroxide and decreased levels of the antioxidant glutathione (GSH), as compared with normal
cells [10–12]. Importantly, patients with MDS and with high ROS or low GSH levels, and a high
superoxide/peroxide ratio, have a lower overall survival [10]. The effects of increased intracellular
ROS production are well recognized and include direct damage to biomolecules and/or dysregulation
of ROS-dependent signaling pathways [8,13,14]. In the context of blood cells, an interplay has been
reported between oxidative damage of DNA in CD34+ cells and subsequent increased oxidation levels
in precursor cells such as blasts or erythroid precursors [4]. Also, oxidative stress correlates with DNA
hypermethylation in patients with MDS [11] and other pathological conditions [15].

Proteins are important targets of ROS [16], and oxidation can lead to aggregation, polymerization,
unfolding or conformational changes that cause structural or functional loss. Although several
oxidative modifications to proteins are possible, most involve the formation of carbonyl groups, which
are irreversibly introduced into proteins [17–19]. Protein carbonylation can occur by several pathways,
but the two main contributors are: (i) direct metal-catalyzed oxidation of specific amino acid residues
(lysine, arginine, proline and threonine), and (ii) secondary reactions of nucleophilic amino acid
side-chains with ROS-induced lipid peroxidation products such as 4-hydroxynonenal (HNE) [17,19].
These modifications likely have important roles in cell signaling [18,20].

As a specific marker of oxidative damage, assessing protein carbonylation is useful for
understanding the role of oxidative stress in several disease [19]. A common method of protein
carbonylation detection involves derivatization by 2, 4-dinitrophenylhydrazine (DNPH) to form a
stable dinitrophenylhydrazone (DNP) product, which is subsequently detected by specific antibodies
to visualize carbonyl groups bound to tissues and cells. This method can therefore provide information
both on the distribution of in vivo oxidative damage, and the identification of their protein targets by
complementary methods such as mass spectrometry (MS) [18,21,22].

Signaling pathways activated by oxidative stress can control the cell cycle via the p53 gene [23].
Indeed, the p53 target gene p21, a cyclin-dependent kinase inhibitor, is involved in the cell response to
genotoxic stress [16] and has a role in the regulation of senescence by controlling proliferation [24].
Defective activation of p21 can lead to leukemogenesis [25,26]. Along this line, it has been suggested
that during the first phase of MDS, the ineffective maturation of progenitor hematopoietic cells is
associated with an increase in apoptosis, whereas in more advanced stages, BM cells switch to a
proliferative phenotype with negligible apoptotic control [27].

Many patients with MDS require frequent blood transfusions and can develop
transfusion-dependent iron-overload [28], which in turn can lead to an increase in the generation of
ROS [29]. Accordingly, iron chelator therapy has been proposed to address primary oxidative stress in
MDS [28,30,31]. Indeed, Neukirchen et al. [32] presented data showing a survival benefit for low-risk
MDS patients receiving iron chelation therapy. One such treatment related to oxidative stress that has
been used in patients with MDS is the iron chelator deferasirox (DFX) [33]. DFX seems to constrain
ROS damage by activating transcription factors and mitochondrial biogenesis [34], and by inhibiting
the de novo generation of free radicals through the suppression of the active redox forms of iron [35].
Protein carbonylation can be reduced/eliminated with DFX, which can trap Fe-III ions by forming a 1:2
octahedral complex and preventing their reduction [36].

In this report, we demonstrate for the first time the therapeutic benefit of DFX to inhibit protein
carbonylation associated with MDS. Moreover, we provide direct evidence of four proteins with
increased carbonylation in the BM of patients. Lastly, our results suggest that the oxidative damage in
MDS is related, at least in part, to signaling pathways regulating the cell cycle through p53/p21, which
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are moderated by DFX treatment, overall highlighting the important role of DFX in the control of the
oxidative stress response in MDS.

2. Materials and Methods

BM samples were obtained from patients diagnosed with MDS (n = 21, median age 75 years;
range 57–90 years) who were grouped according to the World Health Organization classification of
tumors of hematopoietic and lymphoid tissues (2008), and to the International Prognostic Scoring
System [37]. The main characteristics of the patients are summarized in Table 1.

The control group consisted of individuals (n = 13, median age 69 years; range 29–94 years) with
no signs of the disease in BM no infiltration of the disease in BM. The study was approved by the
Comité Ético de Investigación Clínica of the Instituto de Investigación Biomédica of the Hospital 12 de
Octubre, and all patients signed an informed consent after having understood all issues involved in
the study participation, in accordance with the guidelines described in the Declaration of Helsinki,
Convention of the Council of Europe on Human Rights and Biomedicine, Universal Declaration of the
United Nations Educational, Scientific and Cultural Organization on the human genome and human
rights and requirements established in Spanish legislation in the field of biomedical research, the
protection of personal data and bioethics.

Immunohistochemistry analysis was performed in MDS (n = 9), control (n = 7) and DFX-treated
(n = 6) samples, as previously described [19], with some modifications. BM smears, previously
fixed in methanol, were refreshed in phosphate buffered saline/1% bovine serum albumin, and
endogenous peroxidase was inactivated by incubation for 5 min with 3% hydrogen peroxide. Antigen
unmasking and recovery was performed by heat-mediated antigen retrieval with citrate buffer. Protein
carbonylation was detected by sample derivatization with DNPH (ref. 04732) and specific detection of
the DNP derivatives by indirect peroxidase staining [19] using an anti-DNP rabbit antibody (1/200
dilution; ref. D9656) (both from Sigma-Aldrich, St. Louis, MO, USA). An immunohistochemistry assay
using an anti-4-HNE rabbit antibody (1:100 dilution, ref. ab46545) (Abcam, Cambridge, UK) was also
performed. Smears were counterstained with Carazzi’s hematoxylin solution. Finally, samples were
dehydrated in an ethanol series (100%, 96%), cleared in xylol and coverslipped with DPX mounting
medium (Sigma-Aldrich). Samples were visualized and imaged using a Nikon Eclipse 80i microscope
(Nikon, Tokyo, Japan) equipped with a Nikon digital camera. All cells were counted from 4 randomly
chosen fields and averaged.

Primary cultures used for OxyBlot assays were obtained from BM samples of patients with
MDS (n = 8) and control subjects (n = 6). Mononuclear cells were separated by density gradient
centrifugation through Ficoll (GE Healthcare, Chicago, IL, USA). Subsequently, CD34+ cells were
selected using the CD34+Microbead Kit and magnetic cell separation (MiniMACS, Miltenyi Biotec,
Bergisch Gladbach, Germany). As previously described [38], cells were cultured in enriched Stem
Spam medium with erythropoietin (0.5 U/mL, which was increased after six days), stem cell factor
(100 ng/mL), IL-3 (10 ng/mL), lipoproteins (40 μg/mL), dexamethasone (1 μM), glutamine (2 mM) and
1% penicillin-streptomycin, with the aim of promoting erythroid precursor development. All cell
culture products were purchased from Stem Cell Technologies (Vancouver, BC, Canada) with the
exception of lipoproteins (Sigma-Aldrich, St. Louis, MO, USA). To characterize erythroblasts, after
10 days of culture, cells were stained with Wright’s stain and analyzed by flow cytometry on a BD
FacsAria Fusion cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The gating strategy was based
on dead/live cells and doublet discrimination. When possible, a minimum of 10,000 events of the
population of interest was analyzed. The erythroblast antigen expression profile was evaluated by
labeling with the fluorescently-conjugated antibodies CD71-APC and CD36-PE. FCS Express 6 (De
NovoSoftware, Glendale, CA, USA) was used for data analysis (Figure A1).
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After 10 days in culture, cells were lysed in a buffer containing 50 mM Tris pH 8, 50 mM NaCl, 3%
(w/v) CHAPS and protease inhibitors. Total protein lysates were denatured at 100 ◦C for 3 min in the
presence of 6% sodium dodecyl sulfate (SDS) and then derivatized as previously described [18], with
some modifications. One volume of a solution containing 10 mM DNPH in 10% trifluoroacetic acid
was added to the samples followed by incubation for 10 min at 25 ◦C. The mixture was neutralized by
adding one volume of stop solution (2 M Tris, 30% glycerol and 15% β-mercaptoethanol). Samples were
precipitated and resuspended in a buffer containing 7 M urea, 2 M thiourea, 3% (w/v) CHAPS, 0.5%
(w/v) MEGA-10, 0.5% (w/v) LPC, and 10 mM dithioerythritol. Protein quantification was performed
with the Bradford 1× Dye Reagent Quick Start™ reagent from Bio-Rad (Hercules, CA, USA) and the
absorbance at 595 nm was read on an EPOCH plate reader (BioTek, Highland Park, VT, USA) using
Gen5 2.0 software (BioTek).

After quantification, a one-dimensional (1D)-OxyBlot was performed with 4 μg of protein samples
electrophoresed through a denaturing 10% SDS-polyacrylamide gel and transferred to polyvinylidene
fluoride (PVDF) membranes. Membranes were incubated overnight at 4 ◦C with an anti-DNP primary
antibody (as in immunohistochemistry assay, but at 1/10,000 dilution) followed by an anti-rabbit-IgG
HRP-linked secondary antibody (1/5000 dilution; ref. 7074, Cell Signaling Technologies, Danvers, MA,
USA). Glyceraldehyde-3-phosphate dehydrogenase (antibody Ref. AM4300, Ambion/ThermoFisher,
Waltham, MA, USA) was used as a loading control. Chemiluminescense was used to visualize
proteins according to the ECL Prime Western Kit Blotting Detection Reagent Amersham protocol
from Sigma-Aldrich, on the ChemiDoc™MP Imaging System (Bio-Rad). Images were captured and
analyzed with the ImageLab 5.0 program (Bio-Rad).

For 2D-OxyBlot and preparative gel electrophoresis, four gels (n = 2 from MDS samples; n = 2
from control samples), with 100 μg protein per sample, were run in parallel under identical conditions
and transferred to PVDF membranes. Membranes were incubated with anti-DNP primary and
anti-rabbit-IgG HRP-linked secondary antibodies, as described for the 1D-OxyBlot. Chemiluminescense
was performed as above with exposure on Curix RP2 PLUS film (AGFA, Mortsel, Belgium). Due to the
limitation of available protein, an additional SDS-polyacrylamide gel containing a representative pool
of the samples (400 μg) was run in parallel and stained with Colloidal Coomassie brilliant blue G250 to
display total proteins and for subsequent protein identification by MS analysis.

Spots of interest were manually excised from the 2D preparative gel, in-gel reduced, alkylated,
and then digested with trypsin, as described elsewhere [18]. Proteins were identified by matching the
trypsin-digested peptide mass against the SwissProt database (SwissProt 553231 sequences; 197953409
residues) using MASCOT 1.9 (http://www.matrixscience.com) through the Global Protein Server (v3.5)
from Applied Biosystems (Foster City, CA, USA). The parameters for the peptide mass fingerprinting
search were as follows: modification on cysteine residues by carbamidomethylation was set as fixed
modification; methionine oxidation was considered as a variable modification; the maximum number of
missed tryptic cleavages was one; peptide mass tolerance was set to 50 ppm and monoisotopic masses
were considered. In some cases, taxonomy was restricted to human. All of the identified proteins fulfilled
the criterion of being significant (P < 0.05) based on the MOWSE scoring scheme. MS data have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository [39], with the identifier
code PXD013609. To corroborate that the signal level was due exclusively to a higher level of carbonylation
and not to a higher protein expression, specific antibodies for the identified proteins were used.

Analysis of p21 mRNA expression was performed by quantitative PCR (qPCR). Synthesis of cDNA
from BM-extracted RNA of MDS (n = 5), control (n = 8) and DFX-treated (n = 3) samples was performed
with the High Capacity cDNA Reverse Transcription Kit (ThermoFisher) on the Veriti 96 Well Thermal
Cycler platform (Applied Biosystems), maintaining a 1:1 ratio of reverse transcriptase buffer and RNA.
Gene expression levels of p21 (ref. Hs00355782_m1) and the constitutive gene β-glucuronidase (Gus) (ref.
Hs00939627_m1) gene were measured following the TaqMan® Gene Expression Assay protocol provided
by ThermoFisher. As a positive control, samples with known transcriptional p21 activation were used
as a reference. All samples were tested in triplicate and the changes in gene expression were calculated
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using the comparative ΔCT method [40]. The Gus gene served as an endogenous control for any slight
variation in the initial RNA concentration, the total RNA quality, and the conversion and the efficiency of
the reverse transcription reaction. Finally, expression levels were normalized to control samples.

Data are presented as the mean ± SEM. Comparisons between two groups were performed using the
parametric Student’s t-test or the non-parametric Mann-Whitney U test, as appropriate. Multiple group
comparisons were performed using the parametric analysis of variance (ANOVA) or the non-parametric
Kruskal-Wallis test. Differences were considered to be statistically significant at P ≤ 0.05. All analyses
were performed using GraphPad Prism 5.01 software (GraphPad Software Inc., La Jolla, CA, USA).

3. Results

3.1. Protein Carbonylation is Increased in Myeloid Series from MDS Patients and is Decreased in Patients
Treated with DFX

Immunohistochemistry analysis of BM samples revealed higher oxidative stress, measured by
protein carbonylation, in MDS patients than in controls or in DFX-treated MDS patients (Figure 1a).
Carbonylation immunostaining was mostly cytoplasmic and was evidently more intense in the myeloid
series. Quantitative analysis, measured as the percentage of positive stained cells of different randomly
chosen fields, showed that the number of positively stained cells was significantly higher (P ≤ 0.01) in
MDS samples than in equivalent controls. In addition, BM samples from DFX-treated MDS patients
had a significantly lower number of positively stained cells than untreated patients (P ≤ 0.01), whereas
there was no statistically different change in the number of positive cells between samples from controls
and DFX-treated MDS patients (P = 0.82) (Figure 1b). A negative control sample without primary
antibody verified that staining was exclusively due to the presence of carbonyl groups. It should be
noted that although DNPH is the most commonly used probe for this approach, it lacks the ability to
characterize the type of carbonyl modification [17].

Figure 1. Immunodetection of carbonyl groups in derivatized bone marrow samples using an anti-DNP
primary antibody. (a) Representative images (100×magnification) of bone marrow smears from controls
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and MDS patients treated or not with DFX (MDS and MDS+DFX, respectively), derivatized
with 2,4-dinitrophenylhydrazine. (b) Quantification of carbonylation-positive cells detected by
immunohistochemistry: n = 14: control (n = 6), MDS (n = 8), and MDS+DFX (n = 6); mean ± SEM,
**P ≤ 0.01.

To examine for the presence of 4-HNE adducts, we performed an immunohistochemistry assay
with MDS, control and MDS+DFX BM samples (Figure 2a). Quantitative analysis showed no statistically
differences in the 4-HNE staining between these groups (P = 0.29) (Figure 2b).

Figure 2. Immunodetection of 4-hydroxynonenal (HNE) in bone marrow samples. (a) Representative
images (100×magnification) of bone marrow smears from controls, MDS and DFX-treated MDS patients
(MDS+DFX), detected by anti 4-HNE immunostaining. (b) Quantification of 4-HNE-positive cells
detected by immunohistochemistry: n = 11: control (n = 3), MDS (n = 4), and MDS+DFX (n = 4); mean
± SEM.

3.2. Protein Carbonylation is Increased in MDS Erythroid Precursors and is Decreased by DFX Treatment

To address the possibility of oxidative stress in MDS erythroid precursors, we examined the pattern
of carbonylated proteins in cultured erythroblasts (Figure A1) from the three groups. We performed
1D-OxyBlot analysis of total protein lysates from CD34+ cells cultured from MDS and control BM samples.
Results showed a significant increase (P ≤ 0.01) in protein carbonylation in MDS over control samples
(Figure 3a,b and Figure A2). Closer inspection of the 1D-OxyBlots showed strongly staining carbonylated
protein species in MDS erythroblasts ranging in molecular weight from 40 to 250 kDa, with a major band
at 100 kDa. We also observed a particularly highly carbonylated ~40 kDa band present in all samples,
which was stronger in MDS lysates (Figure 3a). As expected, we observed that carbonylated protein
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staining was considerably weaker in erythroblasts cultured from DFX-treated MDS BM (Figure 3c). Ex
vivo treatment with DFX also produced a reduction in protein carbonylation (Figure A3).

Figure 3. Protein carbonylation in erythroid precursor extracts. (a) Representative 1D-OxyBlot from
cultured CD34+ cells of control (C) and MDS samples derivatized with DNPH and detected by
anti-DNP immunostaining. (b) Quantification of normalized carbonylation levels by 1D-OxyBlots.
n = 13: control (n = 6), and MDS (n = 7); mean ± SEM, ** P ≤ 0.01. (c) 1D-OxyBlot of protein extracts
from cultured CD34+ cells from MDS and DFX-treated MDS BM samples. A protein standard is also
shown for reference.

We next aimed to identify the proteins responsible for the overall increased carbonylation in MDS
erythroblasts. To do this, we performed 2D-OxyBlot analysis (Figure 4a) of the carbonylated proteins
in cultured erythroblasts. A clear difference in the pattern of carbonylated proteins could be observed
in the 2D-OxyBlots between MDS and control samples (Figure 4a). Although a greater number of
carbonylated proteins in MDS samples than in controls might be expected, only a small number of
proteins appeared to be responsible for the increased levels of total protein carbonylation. Consistent
with the results from 1D- and 2D-OxyBlots, proteins ranging in size from 37 to 250 kDa had the highest
carbonylation levels (Figure 4b).
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Figure 4. Protein carbonylation in erythroid precursors analyzed by 2D-Oxyblot (a) Representative
2D-OxyBlots of protein extracts from cultured CD34+ cells of representative control and MDS samples
derivatized with DNPH and stained with an anti-DNP antibody. (b) Preparative 2D gel from pooled
samples derivatized with DNPH and detected by Coomassie staining.

Four proteins with higher carbonylation levels in the MDS samples were excised from the
preparative gel. MS analysis identified the proteins as: cytoplasmic actin, zinc finger protein 846
(ZNF846), 14-3-3 protein zeta/delta, and L-lactate dehydrogenase (LDH) A chain (Table 2). These four
carbonylated proteins in MDS cells are related mainly to cell cytoskeleton, transcriptional regulation
and metabolism.

Table 2. Identification of carbonylated proteins.

Protein ID Accesion No.
No. of Peptides

Matched/Searched
%Coverage %Score

Nominal Mass
(Mr)/Pi

Actin, cytoplasmic 1 sp|P60709|ACTB_HUMAN 21/65 49 147 42,052/5.29
Zinc finger protein 846 sp|Q147U1|ZN846_HUMAN 12/65 26 68 62,109/9.21

14-3-3 protein zeta/delta sp|P63104|1433Z_HUMAN 12/65 47 90 27,899/4.73
L-lactate dehydrogenase

A chain sp|P00338|LDHA_HUMAN 14/65 45 104 36,950/8.44

Protein ID = protein ID from NCBInr database; Accession no. = accession numbers from NCBInr database; No. of
peptides matched/searched = number of matched peptides versus total number of peptides; %Coverage = coverage
of the matched peptides in relation to the full-length sequence; %Score = probability-based MOWSE score; Nominal
mass (Mr)/Pi = theoretical nominal mass (Mr) and isoelectric point (pI) from the NCBInr database.

3.3. Upregulation of p21 in MDS is Controlled by DFX

To study signaling pathways potentially activated by oxidative stress and involved in MDS
pathogenesis [25], and their possible modulation by DFX, we analyzed the expression of the p53
target gene, p21, in BM samples. Results of qPCR analysis showed that the expression of p21 was
considerably and significantly higher (P ≤ 0.001) in BM from MDS patients than from control samples
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(Figure 5a). Interestingly, p21 expression was modestly but significantly lower (P ≤ 0.05) in MDS
samples after DFX treatment (Figure 5b), thus demonstrating an association between oxidative stress
in MDS and p21 expression. Figure A4 summarizes the values obtained sample-by-sample when the
same patients were analyzed by several techniques.

Figure 5. p21 mRNA expression. (a) Comparison of normalized p21 mRNA levels between samples
from controls (C) (n = 8) and MDS patients (MDS) (n = 5); mean ± SEM ***P ≤ 0.001. (b) p21 mRNA
levels from MDS patients treated with DFX (MDS+DFX) (n = 3) normalized to p21 levels before DFX
treatment (MDS) (n = 3); mean ± SEM, *P ≤ 0.05.

4. Discussion

Oxidative stress and its effects on cell biology, DNA damage and carcinogenesis are important in
the pathogenesis of MDS [9,10]. In an attempt to identify possible effectors of oxidative damage, here
we provide the first analysis, to our knowledge, of protein carbonylation in hematopoietic lineages
from patients with MDS. This was, however, a challenging endeavor due to the limited number of
patients with this pathology, the restricted amount of sample available for research and the difficulty in
the expansion of cell progenitors. Analyzing BM samples by proteomics necessitates a large amount of
sample, which likely explains the limited number of proteomic studies performed for this pathology.

Immunohistochemical analysis revealed an increase in protein carbonylation in BM samples from
patients with MDS, mostly in cells of the myeloid series. This was probably not triggered by lipid
peroxidation, as reflected in the similarities in 4-HNE staining between samples from patients and
controls. As iron levels are elevated in MDS patients (Table 1), metal-catalyzed oxidation should be a
major contributor to protein damage in myeloid cells. Proteomic analysis also revealed an increase in
protein carbonylation in erythroid precursors, which could be related to the increased DNA damage in
MDS CD34+ cells [4,41]. Indeed, a recent study demonstrated an increase in DNA damage in MDS
patients, which was reverted by treatment with an iron chelator [6].

The present study demonstrates for the first time that protein carbonylation in BM samples from
MDS patients is decreased by DFX treatment, pointing to an important role of iron overload and the
potential therapeutic benefit of iron chelators, as has been described in patients with low-risk MDS [30].

Previous assessments of oxidative stress in BM of patients with MDS using antioxidant biomarkers
showed that all BM cell types have an imbalance in ROS levels that is related to lower overall
survival [6,10,42]. This phenotype was also reverted by iron chelation [6,42], suggesting that
amelioration of the oxidative stress effects by DFX treatment is beneficial for these patients. Indeed, an
improvement in the pathogenesis of MDS has previously been reported after DFX therapy [20,33].

Interestingly, the findings from 2D-OxyBlot analysis suggest that perhaps only a few proteins are
responsible for the bulk of total protein carbonylation in MDS samples. Four carbonylated proteins
were successfully identified by MS analysis and are discussed below.
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Actin is extremely susceptible to carbonylation [43]. This process seems to occur at an extent
of oxidative insult higher than that causing the oxidation of some critical amino acids residues and
causes the disruption of the cytoskeleton. Indeed, the increase in carbonylated actin found in a
number of medical conditions is associated with severe oxidative modifications leading to functional
impairment [44]. Actin carbonylation also occurs in malignant transformation [43] and, accordingly,
our data suggest that this modification could be a marker of MDS pathogenesis.

Lactate dehydrogenase, a redox-active enzyme, reversibly converts pyruvate to lactate during
anaerobic glycolysis [45]. Interestingly, in the context of oxidative stress, cells rely heavily on
anaerobic glycolysis for ATP production [46]. Diseased cells upregulate anaerobic glycolytic enzymes –
particularly LDH – to increase energy in the form of ATP to maintain homeostasis [47,48]. LDH oxidation
results in a loss of its catalytic activity due to the modification of functional protein residues [47,49],
and LDH carbonylation has been associated with decreased activity in disorders related to oxidative
stress imbalance [50]. Our data suggest that oxidative damage to LDH observed in MDS could be a
key switch for the cell dysplasia observed in this disease.

The 14-3-3 proteins are ubiquitous proteins involved in myriad processes, including the regulation
of metabolism, signal transduction, cell cycle control through the p53/p21 pathway [51], apoptosis,
protein trafficking, transcription, stress responses, and malignant transformation [52]. They are
known to regulate the activity of a broad array of targets via protein-protein interactions, modulating
signaling pathways related to redox regulation [53,54]. In addition, cysteine residues in 14-3-3 proteins
are redox sensors which, in the oxidized state, impact their biological activity [55]. These oxidized
post-translational modifications in 14-3-3 proteins are known disease markers in atherosclerosis [56]
and neurological disorders [52], and could also serve as indicators of MDS.

Finally, ZNF846 is involved in transcriptional regulation through its association with DNA binding
sites, to control the expression of multiple genes, and also acts as an RNA polymerase II transcription
factor coadjutant by virtue of its sequence-specific DNA binding activity [57]. Oxidative modification
of ZNF846, via zinc finger cysteine thiols, leads to the release of zinc molecules from the binding site.
This results in the loss of zinc finger protein function related to DNA-binding and also in an increase of
free zinc that may stimulate and interfere with cellular signaling cascades [58,59]. These processes
could contribute to multiple cellular dysfunctions involved in the pathogenesis and progression of
MDS. Therefore, further exploration of this marker as a potential key factor in MDS-associated diseases
is warranted. Interestingly, a regulatory transcription factor-binding site for p53 in the ZNF846 gene
promoter has been found in the GeneCards database (www.genecards.org).

Signaling pathways activated by oxidative stress can control the cell cycle via p53 [23]. As expected,
we found that the mRNA expression of p21 was significantly increased in MDS patients with respect
to controls, and was significantly reduced by DFX treatment. Thus, mechanistically, the amelioration
of oxidative stress by DFX seems to involve, at least in part, the p53/p21 pathway, which is a major
signaling pathway activated by oxidative stress and altered in MDS [24]. To our knowledge, this is the
first study that demonstrates the mitigating effect of DFX on p21 expression in the context of MDS.
Overall, our data suggest that treatment of MDS with DFX could be effective in (1) inhibiting/reversing
protein carbonylation and its harmful downstream consequences and (2) restoring the altered signaling
pathways associated with oxidative stress.

5. Conclusions

Patients with MDS present a higher level of protein carbonylation with respect to control peers,
along with an altered p53/p21 signaling pathway. The identification of four main carbonylated proteins
might suggest a role for these oxidation-sensitive proteins in the pathogenesis of MDS. Finally, our
data on DFX treatment in patients indicates that the inhibition of protein carbonylation associated with
enhanced p21 signaling is possible in MDS.
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Appendix A

Figure A1. Characterization of erythroblasts in cell culture. (a) After 10 days of culture, cells were
stained with Wright´s stain and 98% of cells were identified as erythroblasts. (b–c) Representative
dot plots from flow cytometry analysis of erythroblast cultures. (b) Analysis and gating strategy of
erythroblast cells. (c) Cells were analyzed after 10 days in culture for CD71 and CD36 expression, which
is specific for erythroblasts.
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Figure A2. 1D-OxyBlots from all cultured CD34+ cells of control and MDS samples derivatized with
DNPH and detected by anti-DNP immunostaining. A protein standard is shown for reference.

Figure A3. Representative 1D-OxyBlot from CD34+ cells treated with 50 μM DFX for 24 h, n = 2.
Carbonylation levels were normalized to GAPDH levels (loading control).
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Figure A4. 2D plot sample-by-sample of patients analyzed by several techniques. Correlation of the
percentage of positive stained cells for DNP and HNE antibodies and the percentage of carbonylation/p21
levels from MDS patients (MDS-1, 3, 4, 6) and MDS patients treated with DFX (MDS-15, 16, 18, 19).
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Abstract: Advanced treatments have improved the prognosis of cancer survivors. Anticancer drugs
generate large amounts of cellular reactive oxygen species (ROS), but their direct effects on sperm
ROS production are unclear. We examined 64 semen samples of men who had received cancer
chemotherapy, 467 semen samples of men consulting for idiopathic infertility, and 402 semen samples
of partners of female patients as a control group. ROS production was calculated as the integrated
chemiluminescence between 0 and 200 seconds after the addition of luminol to unwashed semen.
We found that their ROS-positive rate of semen samples in the chemotherapy group was significantly
higher than that in the control group. We compared the sperm parameters (concentration and motility)
and the ROS production levels between chemotherapy subgroups and one of the remaining subgroups
with positive ROS, and we found that only sperm motility was significantly lower in the samples
in the postchemotherapy subgroup than in the idiopathic infertility subgroup, and that both sperm
parameters were significantly lower in those from postchemotherapy subgroup than in the control
subgroup. The ROS production level per million spermatozoa in the postchemotherapy subgroup was
significantly higher than that in the control subgroup. Additionally, we compared variables, such as
age, sperm features, and the duration from the end of the treatment to the first consultation between
ROS-positive and ROS-negative subgroups in samples from men in the postchemotherapy group,
but we found no significant differences. Of the men in the postchemotherapy group, three underwent
a long-term antioxidant therapy, and all of them had low ROS semen levels after that. In conclusion,
the production of ROS in semen detected by chemiluminescence from men who undergo cancer
chemotherapy is similar to that of men with idiopathic infertility, and long-term oral antioxidant
therapy may reduce the amount of ROS in the semen.

Keywords: reactive oxygen species; oxidative stress; sperm; cancer chemotherapy; antioxidant therapy

1. Introduction

Recently, advances in the treatment modalities for cancer have improved the prognosis of cancer
survivors. The five-year survival rate for most types of cancer now exceeds 70% in Japan [1], and the
disease has become curable or even chronic for some men. The ability to have children after cancer
treatment is a major concern, especially for patients with cancer in the adolescent or young adult
populations. Saito et al. reported that 70% of young patients with cancer wish to have children after
cancer chemotherapy [2]. However, cancer treatments may impair the fertile capacity of these patients,
and approximately 15–30% of patients with cancer have been reported to remain permanently sterile
after treatment [3].

Reactive oxygen species (ROS) act as second messengers in cell signaling, whose low levels are
essential for various biological processes in cells [4–6]. However, oxidative stress, resulting from the
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imbalances between excessive ROS and low cellular antioxidant levels, leads to deoxyribonucleic acid
(DNA) damage and cellular lipid peroxidation.

It has been demonstrated in some studies that anticancer drugs generate elevated cellular levels
of ROS via mitochondrial ROS generation and inhibition of the cellular antioxidant system [7,8].
Arsenic trioxide, alkylating agents, vinca alkaloids, topoisomerase inhibitors, platinum compounds,
anthracyclines, and bleomycin have all been reported to induce a loss of mitochondrial potential,
disruption of the mitochondrial electron transport chain (ETC), electron leakage, and elevated ROS
production [9–11]. On the other hand, taxanes and nitrogen mustards inhibit the antioxidant system [8].
Amplification of cellular ROS levels by these mechanisms increases the cancer cell ROS threshold to
induce cell death [8]. Thus, these drugs have an anticancer effect, but as far as we know, their effects on
sperm ROS have not been reported.

For this study, we measured the seminal ROS levels in patients who had undergone cancer
chemotherapy and compared them to the levels in patients with idiopathic infertility. Furthermore,
we compared semen parameters and ROS production levels between groups and ROS-positive and
-negative samples in the postchemotherapy group.

2. Materials and Methods

2.1. Subjects

We examined 64 semen samples from 64 patients who had received cancer chemotherapy and from
467 patients with idiopathic infertility who had visited our male infertility clinic at the Reproduction
Center, Yokohama City University Medical Center, from February 2011 to February 2017, with the chief
complaint of low sperm quality. Moreover, we also examined partners of 402 female patients in our
center who had normal sperm quality at the first visit and never visited our male infertility clinic as a
control group. We formed a “postchemotherapy group”, an “idiopathic group”, and a “control group”
with the semen samples. We excluded patients with azoospermia, varicocele, leukocytospermia,
and other organic disorders.

We interviewed all the participants and conducted physical and endocrine examinations
(testosterone, luteinizing hormone, follicle stimulating hormone, and estradiol) during their first
consultation for ruling out varicoceles, seminal tract obstruction, testicular cancer, and other organic
disorders. We also compared the patient characteristics, semen features, and semen ROS status between
the samples in the three groups. All patients signed informed consent for participation, and the
Institutional Review Board of Yokohama City University Medical Center approved this study design
(ethical code: IR2502).

2.2. Semen Collection and Assessment of Semen Features

We instructed the men to deposit their semen samples through masturbation at our hospital after
48–120 h of sexual abstinence. We then conducted semen analyses using the Sperm Motility Analyzing
System (SMAS™; DITECT, Tokyo, Japan), a computer-assisted semen analyzer, at 37 ◦C after 30 min of
complete liquefaction. The semen volume (mL), sperm concentration (×106/mL), and sperm motility
(%) were measured in accordance with the criteria of the World Health Organization standards of
2010, of which lower reference limits were 1.5 mL for semen volume, 15 million per mL for sperm
concentration, and 40% for sperm motility. The reference number of leukocytes was < 106 per mL.

2.3. ROS Measurement

We used the Monolight 3010 Luminometer™ (BD Biosciences Pharmingen, San Diego, CA,
USA) to measure the ROS production levels in unwashed semen while performing the routine
semen analysis. We also measured the integrated chemiluminescence between 0 and 200 s before
adding luminol to record the chemiluminescence of the samples. Then, we added 40 μL of 100 mM
luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) to 500 μL of unwashed semen to obtain the
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chemiluminescence of the samples expressed as relative light units (RLUs). Then, we calculated the
integrated chemiluminescence as the difference between the values, before and after the addition of
luminol to the semen samples.

We considered samples as positive for ROS production if the integrated chemiluminescence was
over 4332.4 RLUs/200 s [12] (Figure 1). We then divided the data from the semen samples of the
postchemotherapy and control groups into ROS-positive and ROS-negative subgroups.

Figure 1. Measurement of reactive oxygen species (ROS) by chemiluminescence method. ROS
production in the present study was calculated as the integrated chemiluminescence between 0 and 200
sec after the addition of luminol (5-amino-2,3-dihydro-1,4-phtalazinedione) to unwashed semen after
baseline subtraction (expressed as relative light units (RLUs)/s/200 sec).

2.4. Statistical Analysis

All statistical analyses were performed using the JMP® Pro 12 software (SAS Institute, Cary, NC,
USA). All data are reported as the means ± standard deviation. Group differences (postchemotherapy
versus idiopathic groups, postchemotherapy versus control groups, and ROS-positive versus
ROS-negative subgroups in the postchemotherapy group) were evaluated using unpaired t-tests
(parametric variant). We compared the ROS-positive rate between the postchemotherapy and idiopathic
groups and the postchemotherapy and control groups using the chi-squared test. p values < 0.05 were
considered statistically significant in all cases.

3. Results

Table 1 shows the characteristics of patients in the three groups. The age at the first consultation
was significantly lower in the postchemotherapy group than in the idiopathic and control groups.
According to the sperm parameters at the consultation, both sperm concentration and motility were
significantly lower in the postchemotherapy group than in the idiopathic infertility and control group,
whereas, the ROS-positive rates between the samples from the postchemotherapy and idiopathic
infertility groups were similar (42.2% versus 34.4%, p = 0.226), that from the control group was
significantly lower than that from the postchemotherapy group (20.4% versus 42.2%, p < 0.001).
Figure 2 shows the breakdown of original diseases and chemotherapeutic regimens of those positive
for ROS. Testicular cancer and malignant lymphoma were equally frequent; and as for the therapeutic
regimen, BEP (bleomycin, etoposide, and cisplatin) therapy was the most frequently used regimen.
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Table 1. Characteristics of patients and semen features in the three groups.

Characteristic Postchemotherapy (A) Idiopathic (B) Control (C)
p

A–B A–C

n 64 467 402
Age (years) 34.9 ± 7.46 37.02 ± 7.00 37.40 ± 6.28 0.015 0.004

Sperm concentration (million /mL) 22.10 ± 31.32 34.75 ± 34.98 44.18 ± 28.93 0.003 <0.001
Sperm motility (%) 23.85 ± 20.63 29.75 ± 21.17 26.90 ± 16.08 0.018 0.03

ROS-positive rate (%) 42.2 (27/64) 34.4 (161/467) 20.4 (82/402) 0.226 <0.001

Figure 2. Breakdown of original diseases and chemotherapeutic regimens of those positive for ROS.
Testicular cancer and malignant lymphoma were equally frequent. As for the therapeutic regimen,
BEP was the most frequent. BEP: Bleomycin, etoposide, and cisplatin, ABVD: Doxorubicin, bleomycin,
vinblastine, and dacarbazine, ADM: Doxorubicin, IFM: Ifosfamide, CHOP: Cyclophosphamide,
doxorubicin, vincristine, and prednisone, CPM: Cyclophosphamide.

Subsequently, we compared sperm parameters (concentration and motility), total ROS production
levels and ROS production levels per one million spermatozoa between postchemotherapy and
the other groups positive for ROS (Table 2). Only sperm motility was significantly lower in the
samples from the postchemotherapy group than in those from the idiopathic group, but both sperm
concentration and motility were significantly lower in those from the postchemotherapy group than in
those from the control group positive for ROS. In the control group, sperm parameters were within
the normal range at the first visit, but the sperm motility was unexpectedly lower. The total ROS
production level in the postchemotherapy group was slightly higher than those in the other groups,
but the difference was not statistically significant. As for the ROS production level per one million
spermatozoa, no significant difference was seen between the chemotherapy and idiopathic group, but
that for the chemotherapy group was significantly higher than for the control group. Additionally,
our comparison of the age, sperm features, and the duration from the end of the treatment to the first
consultation between ROS-positive and ROS-negative samples in the postchemotherapy group yielded
no significant differences between the two groups (Table 3).

Table 2. Sperm parameters and ROS production levels between both groups positive for ROS.

Parameter Postchemotherapy (A) Idiopathic (B) Control (C)
p

A–B A–C

n 27 161 82
Sperm concentration (million/mL) 28.66 ± 37.19 28.97 ± 31.55 43.48 ± 24.70 0.482 0.010

Sperm motility (%) 19.36 ± 20.89 26.37 ± 19.89 29.03 ± 14.17 0.047 0.004
ROS level (RLUs) 81032.2 ± 139294.0 76906.7 ± 155068.0 79374.3 ± 273599.9 0.448 0.488

ROS level per million
spermatozoa (RLUs) 25937.0 ± 62187.3 21389.6 ± 134787.0 6696.7 ± 26468.2 0.432 0.013
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Table 3. Comparison between ROS-positive and ROS-negative samples in the postchemotherapy group.

Parameter ROS-positive ROS-negative p

n 27 37
Age 35.1 ± 7.3 34.9 ± 7.7 0.456

Sperm concentration (million/mL) 28.66 ± 37.19 17.31 ± 25.74 0.077
Sperm motility (%) 19.36 ± 20.89 21.14 ± 20.08 0.069

The period from treatment to the first visit (month) 34.67 ± 52.57 30.07 ± 70.02 0.387

Of the patients in the postchemotherapy group, three underwent a long-term antioxidant therapy
(combined vitamin C and E supplementation), and all of their semen samples had diminished ROS
levels (from 129,745.5 ± 5,383.8 RLUs at the first visit to 15,144.3 ± 10,473.9 RLUs). The mean period
from the end of the chemotherapy treatment to the first visit was 20 months, and the mean follow-up
duration was 20 months.

4. Discussion

Excessive ROS generation in the semen has been observed in approximately 30–40% of men
with infertility [12,13], and this unbalance is known to cause lipid peroxidation of the membrane
polyunsaturated fatty acids (particularly of docosahexaenoic acids) and to impair sperm mitochondrial
respiration, leading to single- or double-stranded DNA fragmentation [14,15]. Lipid peroxidation of
sperm cellular membranes causes a loss of membrane fluidity and integrity, which are required for
sperm–oocyte fusion [16]. In addition, DNA fragmentation of sperm has adverse effects on embryo
development, blastulation, implantation, and pregnancy [17,18]. There have been many reports on the
negative effect of ROS on sperm motion parameters [13] and fertile capacity [19,20].

It has been demonstrated in various studies that anticancer drugs produce cellular ROS mainly
by two mechanisms: Inducing mitochondrial ROS generation and impairing the cellular antioxidant
system [8]. Arsenic trioxide, which was used for leukemia, has been reported to cause a loss of
mitochondrial membrane potential and to inhibit complexes I and II, leading to the disruption of
the mitochondrial ETC, to electron leakage, and to an elevated ROS production [9,10]. Similarly,
alkylating agents, vinca alkaloids, topoisomerase inhibitors, platinum compounds, anthracyclines, and
bleomycin generate ROS by the same mechanism [8]. On the other hand, imexon binds to thiols, such
as glutathione and causes the suppression of cellular glutathione and accumulation of cellular ROS [21].
Similarly, taxanes and nitrogen mustards inhibit the antioxidant system. In all, these mechanisms
amplify the cellular ROS levels and increase the cellular concentrations in cancer cells, resulting in
death [8]. Thus, we hypothesized that these anticancer effects might also affect the ROS levels in
semen. Anticancer drugs can cross the blood–testicular barrier and impair spermatogenesis. As a
result, excessive ROS production in immature sperm may lead to DNA damage. In some studies, there
have reported on the effect of BEP therapy for testicular germ cell tumors on sperm DNA integrity [22].
BEP therapy causes single- or double-stranded DNA breaks for more than two years after treatment
withdrawal [22]. This may be partly explained by the fact that platinum analogs, such as cisplatin,
form cross-links with single- or double-stranded DNA in the sperm, which result in sperm DNA
fragmentation and apoptosis [23]. Another mechanism of sperm DNA fragmentation may occur by
the accumulation of ROS generated by immature spermatozoa as a result of impaired spermatogenesis,
due to cancer chemotherapy. On the contrary, Smit et al. reported that DNA fragmentation index was
higher in patients treated with radiotherapy compared with those treated with chemotherapy [24].
In our study, BEP therapy was the most frequently used regimen in men of the ROS-positive group.
As mentioned, platinum compounds and bleomycin may disrupt the mitochondrial ETC, leading
to the amplification of cellular ROS and subsequent cellular DNA fragmentation [8]. Similar events
are thought to occur in sperm cells. Recently, electron spin resonance spectroscopy applying a spin
trapping procedure that can measure the oxidative stress, lipid peroxidation, and DNA damage and
repair simultaneously has been reported [25].
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The total ROS levels were almost equivalent between the samples in the postchemotherapy group,
those in the idiopathic group, and the control group. However, produced ROS per unit spermatozoa
was significantly higher in the chemotherapy group than the control group. The principal sources of
endogenous ROS in semen are immature spermatozoa and seminal leukocytes. In this study, samples
with leukocytospermia were excluded. Therefore, in the chemotherapy group, ROS productivity
of individual sperm was significantly high. This suggests that defects of spermatogenesis, because
of the cancer chemotherapy may result in the accumulation of immature spermatozoa in semen,
which produce high levels of ROS. In order to minimize the detrimental effect of ROS on the fertile
capacity, an oral antioxidant is considered as an option. According to systematic reviews in the
Cochrane database, 48 randomized controlled trials (RCTs) have compared single and combined
antioxidants with placebo in a population of 4179 men with infertility [26]. The results suggested that
the oral antioxidant therapy may increase clinical pregnancy rates (odds ratio [OR]: 3.43, p < 0.0001,
seven RCTs, 522 men) and live birth rates (OR: 4.21, p < 0.0001, four RCTs, 277 men) [26]. Despite the
small number of cases, our results also suggest that long-term antioxidant therapy (combined vitamin
C and vitamin E) reduces ROS levels regardless of the period after the cancer treatment and that the
oxidative stress is reversible.

The main limitation of this study was the inability to compare ROS levels in semen before and
after the administration of cancer chemotherapy, because the semen collected before chemotherapy
was all cryopreserved for fertility preservation in consideration of the risk of developing azoospermia
permanently after the treatment. Therefore, we cannot be sure that the semen features reflect the cancer
chemotherapy effects on ROS in semen.

Another limitation has to do with the inability to evaluate ROS levels depending on the types of
cancer and regimens used, because the main subjects were patients whose diseases were in remission,
due to cancer treatment and who wished to have babies. However, we believe that cancer chemotherapy
may generate excessive ROS in sperm cells, depending on the type of anticancer drugs used.

5. Conclusions

In conclusion, our results suggest that the ROS production levels in semen from men who
underwent cancer chemotherapy are similar to those of men with idiopathic infertility and that
long-term oral antioxidant therapy may reduce ROS levels in the semen.
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Abstract: Background: Cancer cell sensitivity to drugs may be associated with disturbed antioxidant
enzymes expression. We investigated mechanisms of resistance by using oxidative stress-resistant MCF-7
breast cancer cells (Resox cells). Since nicotinamide adenine dinucleotide phosphate (NAD(P)H):
quinone oxidoreductase-1 (NQO1) is modified in tumors and oxidative stress-resistant cells, we studied
its role in cells exposed to β-lapachone, menadione, and doxorubicin. Methods: Normal mammary
epithelial 250MK, MCF-7, and Resox cells were employed. NQO1 expression and enzyme activity were
determined by quantitative polymerase chain reaction (RT-PCR), immunoblotting, and biochemical
assays. Dicoumarol and gene silencing (siRNA) were used to modulate NQO1 expression and to
assess its potential drug-detoxifying role. MTT (3-(4,5-dimethylthia-zolyl-2)-2,5-diphenyltetrazolium
bromide) or clonogenic assays were used to investigate cytotoxicity. NQO1 variants, NQO1*1 (wt),
and NQO1*2 (C609T), were obtained by transfecting NQO1-null MDA-MB-231 cell line. Results:
Resox cells have higher NQO1 expression than MCF-7 cells. In 250MK cells its expression was
low but enzyme activity was higher suggesting a variant NQO1 form in MCF-7 cells. MCF-7 and
Resox cells are heterozygous NQO1*1 (wt)/NQO1*2 (C609T). Both NQO1 polymorphism and NQO1
overexpression are main determinants for cell resistance during oxidative stress. NQO1 overexpression
increases cell sensitivity to β-lapachone whereas NQO1*2 polymorphism triggers quinone-based
chemotherapies-sensitivity. Conclusions: NQO1 influences cancer cells redox metabolism and their
sensitivity to drugs. We suggest that determining NQO1 polymorphism may be important when
considering the use of quinone-based chemotherapeutic drugs.

Keywords: NQO1; NQO1*2; polymorphism; quinone; breast cancer; menadione; lapachone;
doxorubicin; ascorbate; oxidative stress

1. Introduction

It has been generally accepted that nicotinamide adenine dinucleotide phosphate (NAD(P)H):
quinone oxidoreductase 1 (NQO1, also known as DT-diaphorase) facilitates detoxification of
quinone-based compounds by reducing their quinone nucleus [1–3]. Indeed, NQO1 through a
two-electron reduction process, transforms quinone (Q) into a hydroquinone (QH2). In some occasions
and depending on its stability, QH2 may be back oxidized to a semiquinone free radical (SQ•) and
further to the original quinone while molecular oxygen is reduced to superoxide anion (Figure 1).
In this context, since NQO1 is frequently overexpressed in a variety of tumors [4–6], the use of bioactive
quinones has been exploited therapeutically because they are activated by NQO1 [7,8].

Antioxidants 2019, 8, 369; doi:10.3390/antiox8090369 www.mdpi.com/journal/antioxidants112



Antioxidants 2019, 8, 369

Figure 1. Quinone reduction by nicotinamide adenine dinucleotide phosphate (NAD(P)H): quinone
oxidoreductase 1 (NQO1) and quinone redox cycling generating reactive oxygen species (ROS).

A different NQO1 expression pattern, at both protein levels and enzyme activity, has been found
in tumors and normal tissues [9]. Recently, we found that some antioxidant enzymes, including NQO1,
were overexpressed in MCF-7 breast cancer cells chronically exposed to hydrogen peroxide (H2O2)
and by consequence becoming resistant against such oxidative stress, the so-called Resox cells [10].
Moreover, we detected a genomic gain of the chromosomal band 16q22 (where NQO1 gene is located)
in Resox cells as compared to parental MCF-7 cells suggesting an amplification of NQO1 gene [11].

In addition, the existence of a polymorphism has also been noted. Indeed, two single nucleotide
mutations have been reported: The C609T polymorphism, corresponding to a Pro187Ser change in the
enzyme and described as NQO1*2, and C465T polymorphism, corresponding to an Arg139Trp change
in the enzyme and described as NQO1*3. These polymorphisms are associated with a decreased
enzyme activity [12,13]. Here, we paid particular attention to the study of NQO1 polymorphism, using
a model of NQO1-null MDA-MB-231 cells stably transfected with either NQO1*1, the wild-type form
of NQO1, or the NQO1*2 polymorphism. Depending on both the genotype and the chemotherapeutic
drug, the final antitumor outcome can be dramatically influenced by NQO1 activity. The aim of the
study was to investigate in such experimental model the role of NQO1 polymorphism on cancer cell
sensitivity to quinone-based therapeutic drugs.

2. Materials and Methods

2.1. Cell Lines and Culture Conditions

MCF-7 cells, a human breast derived cell line, was obtained from ATCC (Manassas, VA, USA).
By exposing them to chronic oxidative stress, they acquired resistance against a pro-oxidant treatment;
therefore, they were named Resox cells [10]. MDA-MB-231 cells (ATCC) were kindly offered by
Dr. Akeila Bellahcene (Metastasis Research Laboratory, Giga Cancer, Liège, Belgium). DMEM medium
containing 10% fetal calf serum (10%), penicillin (100 U/mL), and streptomycin (100 μg/mL), obtained
from Gibco (Grand Island, NY, USA), was used for cell cultures. Dr. Martha Stampfer (Lawrence
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Berkeley National Laboratory, Berkeley, CA, USA) kindly provided 250MK cells, a human mammary
epithelial cell line. They were maintained in a special medium (M87A + CT + X) and further used
between eight and 10 passages [14]. Cell cultures were kept at 37 ◦C under an atmosphere of 95% air/5%
CO2 and 100% humidity. Dicoumarol, sodium L-ascorbate, menadione sodium bisulfite, β-lapachone,
and doxorubicin hydrochloride were purchased from Sigma (St Louis, MO, USA).

2.2. Stable Transfection

pKK233-2 plasmids containing human NQO1*1 (wild-type) and NQO1*2 (C609T) cDNA (NCBI
Reference Sequence: NM_000903.3) were a kind gift of Dr. David Ross [15]. The following primers
were used to amplify by PCR the different cDNAs. Forward 5′-ccgaagcttgccatggtcggcagaagagc-3′ and
Reverse 5′-ccgggtacctcattttctagctttgatct-3′ (Sigma, St Louis, MO, USA). HindIII and KpnI (Fermentas,
Vilnius, Lithuania) were used as restriction enzymes and insert DNA were then cloned into pcDNA3.1
plasmid from Invitrogen (Grand Island, NY, USA). The transfection of MDA-MB-231 cells were done
with different plasmids (1 μg), followed by four week-selection of exposure to 1 mg/mL neomycin
(Invivogen, San Diego, CA, USA). Both NQO1 enzyme activity and protein levels were used to
characterize stable transfecting clones. Only clones with high NQO1 activity and similar NQO1 protein
levels were chosen for further studies.

2.3. Small Interfering RNA Transfection Procedure

The transfection of cells with siRNA against NQO1 (ON-TARGET plus SMART pool siRNA)
was done with Dharmafect reagent 1, according to Dharmacon protocols (Lafayette, CO, USA).
The transfection technique was conducted for 24 h at 50% cell confluence, using 0.1 μmol/L siRNA
solution. Transfected cells were utilized 48 h after such transfection procedure.

2.4. Western Blots Assay

Protein sample preparation, protein quantification, and western blot analyses were done as
reported elsewhere [16]. Primary mouse antibodies were: β-actin (ab6276) from Abcam (Cambridge,
UK) and NQO1 (sc-32793) from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Protein bands
were revealed by chemiluminescence, according to procedures given by the ECL detection kit (Pierce,
Thermo Scientific, Rockford, IL, USA). ImageJ software (http://rsb.info.nih.gov/ij/) was used to quantify
protein bands.

2.5. Measurement of NQO1 Enzyme Activity

The activity of NQO1 was measured following the reduction of cytochrome C in the presence of
NADH (reduced nicotinamide adenine dinucleotide) as reported by Fitzsimmons et al. [17]. Briefly,
2 × 106 cells were seeded in a 100 mm-culture dish containing 7 mL of incubation medium. Afterwards,
when cells reached confluence, they were washed twice with ice-cold PBS (phosphate buffer saline) and
further lysed with 1% Triton X-100 in PBS (500 μL), containing cocktails to inhibit both proteases (Sigma,
St Louis, MO, USA) and phosphatases (Millipore, Merck KGaA, Darmstadt, Germany). Afterwards,
samples were cold conserved for 5 min followed by sonication for 5 s at 4 ◦C using the Labsonic
U sonicator (B Braun Biotech International, Melsungen, Germany). Each sample was prepared in
duplicate, in the absence or in the presence of 10 μmol/L of dicoumarol (a well-known NQO1 inhibitor).
The mixture (1 mL) contains 77 μmol/L of cytochrome C, 200 μmol/L NADH, 10 μmol/L menadione,
0.14% bovine serum albumin, and 50 mmol/L Tris-HCl pH 7.5. This mixture was incubated for 20 min
at 37 ◦C and the tested sample (5 μL) was added. Cytochrome C reduction was read during 2 min
at 550 nm and the calculated ΔOD/min, in the absence and in the presence of dicoumarol, was used
to determine enzyme activity. The specific NQO1 activity was calculated by using a cytochrome
C molar extinction coefficient of 21.1 mM/cm and results were expressed as nmol of cytochrome C
reduced/minute/mg of protein. Intracellular protein levels were measured using a BCA (bicinchoninic
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acid) protein kit (Thermo Scientific, Rockford, IL, USA). All reagents were from Sigma (St Louis,
MO, USA).

2.6. MTT Reduction Assay

The metabolic status of cells was evaluated by recording the formation of blue formazan crystals
due to the reduction of MTT (3-(4,5-dimethylthia-zolyl-2)-2,5-diphenyltetrazolium bromide) by cellular
dehydrogenases. In brief, 1 × 104 cells/well were plated onto 96-well plates and, when confluence
was achieved, cells were further exposed to the indicated treatments. Afterwards, cells were washed
two-times using PBS and further incubated with MTT (0.5 mg/mL) for 2 h. The blue formazan crystals
were solubilized with DMSO (100 μL/well) and the absorbance of blue-dyed solutions were read at
a wavelength of 550 nm. The absorbance obtained by measuring untreated control cells was taken
as 100%.

2.7. Proliferation Assay

The clonogenic assay was done as follows: about 500 cells were seeded in six-well plates at a
single-cell density. After overnight incubation, cells were exposed for 24 h to the respective quinones.
Furthermore, they were washed with warm PBS, a new fresh medium was added, and cells were
allowed to proliferate for 10 days. Clonogenic survival was measured by fixing and staining colonies
using crystal violet and further counting their number. The number of colonies calculated under
control conditions was set as 100%.

2.8. Quantitative Polymerase Chain Reaction

The extraction of total cellular RNA was performed using TriPure reagent (Roche Applied Science
Diagnostics, Mannheim, Germany). Reverse transcription was done using SuperScript II RNase
H-reverse transcriptase and random hexamer primers were acquired from Invitrogen (Grand Island,
NY, USA). For real-time PCR, the Sybr Green Supermix (Bio-Rad, Hercules, CA, USA) was used.
Primer sequences were 5′-caaatcctggaaggatggaa-3′ (forward) and 5′-aagtgatggcccacagaaag-3′ (reverse)
for human NQO1 (NCBI Reference Sequence: NM_000903.3); 5′-cttcactgctcaggtgat-3′ (forward) and
5′-gccgtgtggcaatccaat-3′ (reverse) for human EF1 (Elongation factor 1, as reference gene; NCBI Reference
Sequence: NM_001402.6). Primers were designed by Sigma (St Louis, MO, USA). The incubation
of samples was conducted for 5 min at 95 ◦C, and subsequently for 40 cycles of 10 s at 95 ◦C and
30 s at 60 ◦C followed by a melting curve. The fluorescence of samples was assessed after each
cycle in a Bio-Rad IQ5 thermocycler. Results were calculated by means of the following equation:
2−(Ct NQO1 − Ct EF1) and then compared to values obtained with untreated control cells.

2.9. Statistical Data Analyses

All experiments were done by at least three times. The experimental data were examined using
either a one-way ANOVA or an unpaired two-tailed t-test, using GraphPad Prism software (GraphPad
Software, San Diego, CA, USA). A value of p < 0.05 was set as level of significance.

3. Results

3.1. NQO1 Expression and Activity in Non-Cancerous and Cancerous Breast Cell Lines.

We first measured NQO1 expression in three cell lines: The normal human mammary epithelial
250MK, MCF-7 breast cancer, and Resox (MCF-7 resistant to an oxidative stress) cells. NQO1 was
highly expressed in the breast cancer MCF-7 cells compared to 250MK cells (Figure 2A–C). Compared
to parental MCF-7 cells, Resox cells have increased NQO1 mRNA (Figure 2A) and protein levels
(Figure 2B,C). We then measured NQO1 enzyme activities and found those are also augmented in
Resox compared to MCF-7 cells (Figure 2D). Surprisingly, NQO1 activity is enhanced in 250MK despite
a low protein expression (Figure 2C,D). One explanation could be MCF-7 cells harbor a variant form of
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NQO1 and sequencing of the complete open reading frame (ORF) of the human NQO1 gene in the
three cell lines confirmed that 250MK cells were homozygous NQO1*1 (wild-type NQO1), whereas
MCF-7 and Resox cells were heterozygous NQO1*1/NQO1*2 (data not shown).

Figure 2. Basal levels of NQO1 expression in 250MK, MCF-7 and Resox cells. (A) NQO1 mRNA level
was measured by real-time PCR. Data are means ± SEM (n = 3). (B) NQO1 protein levels normalized
to β-actin were measured by immunoblotting. Data are means ± SEM (n = 3). (C) NQO1 expression
detected by immunoblotting (low and high exposure times). (D) NQO1 enzyme activity. Data are
means ± SEM (n = 3). Statistics: One-way ANOVA for (A,B,D). ** p < 0.01, *** p < 0.001 versus 250MK.
# p < 0.05, ## p < 0.01 versus MCF-7. Abbreviations: NQO1: NAD(P)H: quinone oxidoreductase 1.

3.2. NQO1 Activity Correlates with Cancer Cell Sensitivity to Pro-oxidant Treatment.

Figure 3 shows that 250MK cells were resistant to the pro-oxidant treatment, in contrast to
MCF-7 and Resox cells. Such oxidant treatment was induced by exposing cells to a H2O2-generating
system (ascorbate and menadione), a mixture widely used in our laboratory to induce an oxidative
stress [18–22]. Pharmacological inhibition of NQO1, by using dicoumarol, considerably increased the
cytotoxicity in the three cell lines (Figure 3A). These results were then confirmed by genetic inactivation
using a specific siRNA against NQO1 (Figure 3B,C). Unless ascorbate (Asc)/menadione (Men)-mediated
cytotoxicity was not modified by dicoumarol in MDA-MB-231 cells (Figure 3D).
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Figure 3. Sensitivity of mammary cells towards a pro-oxidant treatment. Cells were incubated for 24 h
with various concentrations of ascorbate (Asc) ranging from 0 to 1 mmol/L, associated with menadione
(Men) ranging from 0 to 10 μmol/L (ratio Asc/Men 100:1). (A) The specific NQO1 inhibitor dicoumarol
(DIC) was tested at 25 μmol/L. Data are means (% of control) ± SEM (n = 3). (B) For genetic invalidation
cells were transfected for 48 h with scrambled siRNA (siCTL) or specific siRNA against NQO1 mRNA
(siNQO1). Cytotoxicity was evaluated using MTT assays. Data are means (% of control) ± SEM (n = 3).
(C) NQO1 expression detected by immunoblotting. (D) MDA-MB-231 (pcDNA3.1) cells were treated
with various concentrations of Asc/Men in presence or absence of 25 μmol/L dicoumarol. Cell viability
was quantified by MTT assay. Abbreviations: DIC: dicoumarol; Men: menadione; NQO1: NAD(P)H:
quinone oxidoreductase 1; si(RNA)CTL: control siRNA; si(RNA)NQO1: siRNA against NQO1.

3.3. NQO1 Polymorphism Influences Cancer Cell Sensitivity to Redox-Cycling Quinones.

Because MCF-7 cells are heterozygous NQO1*1/NQO1*2 [12], we decided to study the importance
of the NQO1 polymorphism on the sensitivity of breast cancer cells to quinone-containing drugs.
To this end, the wild-type form of NQO1 (NQO1*1), or the variant form of the enzyme NQO1*2, were
overexpressed in NQO1-null MDA-MB-231 cells.

As shown in Figure 4A, NQO1*1-overexpressing cells had about a 10-fold greater NQO1 activity
than NQO1*2-overexpressing cells, despite the fact that both cells have similar NQO1 protein levels
(Figure 4B,C). This result confirms that the presence of the polymorphism NQO1*2 is associated with a
decrease in NQO1 activity [13].
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Figure 4. MDA-MB-231 cells overexpressing WT or C609T mutant forms of NQO1. (A) The specific
NQO1 enzyme activity was calculated using a kinetic spectrophotometric method as explained in the
respective experimental section. Results are expressed as nmol of cytochrome C reduced/minute/mg
of protein. Data are means ± SEM (n = 3). *** p < 0.001 versus pcDNA3.1 (unpaired t-test) (B)
NQO1 protein levels were quantified and normalized to β-actin. Data are means ± SEM (n = 3).
(C) NQO1 expression was detected by immunoblotting. Abbreviations: NQO1: NAD(P)H: quinone
oxidoreductase 1.

These newly generated cell lines were further exposed to menadione, doxorubicin, andβ-lapachone.
Using clonogenic survival assays (Table 1), we demonstrated that the expression of NQO1*1,
the wild-type form with normal activity, was a main factor of cancer cell resistance vis-à-vis menadione
and doxorubicin. In addition, the NQO1*1 expression was essentially linked to cell sensitivity toward
β-lapachone. In contrast, expression of the NQO1*2 variant, which presented virtually no NQO1
activity, had no significant influence on cell survival, compared to MDA-MB-231 cells expressing the
empty vector.

Table 1. Sensitivity of MDA-MB-231 cells overexpressing WT or C609T (NQO1*2) mutant form of
NQO1 to quinones (clonogenic assay).

Parameter Cell Type
Menadione
(60 μmol/L)

Doxorubicin
(0.05 μmol/L)

β-Lapachone
(1.5 μmol/L)

Clonogenic Assay
(Survival fraction)

MDA-MB-231
(pcDNA3.1) 3.7 ± 3.2 34.3 ± 8.5 87.1 ± 21.8

MDA-MB-231
(NQO1 WT) 23.8 ± 5.1 ** 58.6 ± 0.9 ** 41.0 ± 28.9

MDA-MB-231
(NQO1*2) 5.5 ± 4.6 40.4 ± 0.6 98.8 ± 18.0

Clonogenic survival was determined as described in Section 2. Cells were transfected with either the empty vector
pcDNA3.1, NQO1 wild-type or NQO1*2 and incubated with quinones for 24h. Data are means ± SEM from three
separate experiments. ** p < 0.01 versus MDA-MB-231 pcDNA3.1 (one-way ANOVA). Abbreviations: NQO1:
NAD(P)H: quinone oxidoreductase 1.
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Similar findings were observed with MTT assay whereas inhibition of NQO1 with dicoumarol
abolished the effect of the quinones (menadione and β-lapachone) on the cell viability (Table 2).
Altogether these data suggest that, beyond the expression of NQO1 itself, the NQO1 polymorphism
has a major influence on the sensitivity of cancer cells to some chemotherapeutic drugs.

Table 2. Sensitivity of MDA-MB-231 cells overexpressing WT or C609T (NQO1*2) mutant form of
NQO1 to quinones and dicoumarol (MTT assay).

Parameter Cell Type
Menadione
(60 μmol/L)

Menadione +
DIC

β-Lapachone
(1.5 μmol/L)

β-Lapachone +
DIC

MTT Assay
(% of control)

MDA-MB-231
(pcDNA3.1) 4.6 ± 3.7 0.6 ± 0.1 44.3 ± 3.5 43.9 ± 4.9

MDA-MB-231
(NQO1 WT) 30.0 ± 8.6 ** 0.5 ± 0.2 21.4 ± 9.4 * 53.3 ± 3.1

MDA-MB-231
(NQO1*2) 7.3 ± 3.8 1.4 ± 0.3 ** 46.6 ± 8.3 38.7 ± 5.5

Cells were transfected with either the empty vector pcDNA3.1, NQO1 wild-type or NQO1*2 and incubated with
quinones (menadione or β-lapachone) and/or dicoumarol (25 μmol/L) for 24h. Cell viability was determined by
MTT assay. Data are means ± SEM from three separate experiments. * p < 0.05; ** p < 0.01 versus MDA-MB-231
pcDNA3.1 (one-way ANOVA). Abbreviations: NQO1: NAD(P)H: quinone oxidoreductase 1; DIC: dicoumarol.

4. Discussion

To explore how NQO1 may affect both the activity and the detoxification of quinone-bearing
compounds, we selected three different types of quinones displaying different physical-chemistry
properties and molecular descriptors such as lipophilia and redox potential. Indeed, β-lapachone
is an ortho-naphthoquinone derivative and menadione is bearing an 1,4-naphthoquinone scaffold
while doxorubicin belongs to the anthraquinone antitumor class. Since NQO1 protein levels are often
increased in tumors as compared to healthy tissues [4–6], this enzyme emerges as an attractive target
for cancer therapy, because NQO1 bioactivates compounds like β-lapachone leading to a selective
cancer cells toxicity [8,23–25].

A polymorphism has been described for the NQO1 gene [12,13], resulting in the production
of three variants: NQO1*1, the wild-type form; NQO1*2, a variant with a C609T substitution in
exon 6; and NQO1*3, a variant with a C465T substitution in exon 4. Tumors with the NQO1*2
polymorphism usually have low NQO1 protein levels: For example, MDA-MB-231 cells, which
are homozygous NQO1*2/NQO1*2, have very low NQO1 proteins and are nearly undetectable by
immunoblotting; thereby they are considered as NQO1-null [12,26]. In contrast, MCF-7 cells, which are
heterozygous NQO1*1/NQO1*2, have high NQO1 expression. Upon NQO1 inhibition, either by using
a pharmacological inhibitor or by genetic inactivation, 250MK cells which were naturally resistant to a
pro-oxidant treatment (Asc/Men), were dramatically sensitized against this oxidant insult most likely
explained because they are NQO1*1 homozygous. In contrast, dicoumarol has no major impact on
Asc/Men-mediated cytotoxicity in MDA-MB-231 cells.

Due to the critical importance of NQO1 polymorphism, both NQO1*1 and NQO1*2 isoforms
were stably overexpressed in NQO1-null MDA-MB-231 cells. The overexpression of wild-type NQO1
made cells more resistant to menadione than cells transfected with pcDNA3.1, the empty vector.
In contrast, the overexpression of NQO1*2 did not increase cancer cell resistance against menadione,
most probably due to the strongly decreased NQO1 enzyme activity showed by this variant isoform.
Doxorubicin follows a similar pattern as menadione, although its mechanism of cytotoxicity is rather
more complex. Indeed, doxorubicin toxicity is partially mediated through a redox-cycling reactive
oxygen species (ROS) formation. However, a major mechanism is associated with DNA-intercalating
effects [27]. Furthermore, we analyzed the impact of NQO1 polymorphism on β-lapachone, which
is bioactivated by the enzyme. MDA-MB-231 overexpressing NQO1 cells, with high NQO1 activity,
were more sensitive to β-lapachone treatment and less sensitive to doxorubicin and menadione than
empty vector or NQO1*2 overexpressing cells.
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5. Conclusions

As conclusion, we suggest that determining NQO1 polymorphism may be important when
considering the use of quinone-based chemotherapeutic drugs. Compounds such as β-lapachone will
not be useful, for example, when cancer cells are homozygous for the NQO1*2 isoform, because these
types of compounds cannot be bioactivated by the NQO1*2 variant. However, compounds such as
doxorubicin (and menadione) may be used in these circumstances because these types of compounds
are not detoxified by the NQO1*2 variant.

Author Contributions: C.G. performed experiments; C.G. and P.B.C. analyzed, interpreted the data and wrote
the paper.

Funding: This research was funded by FNRS-Télévie, grant number 7.4575.12F.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Chesis, P.L.; Levin, D.E.; Smith, M.T.; Ernster, L.; Ames, B.N. Mutagenicity of quinones: Pathways of
metabolic activation and detoxification. Proc. Natl. Acad. Sci. USA 1984, 81, 1696–1700. [CrossRef] [PubMed]

2. Lind, C.; Hochstein, P.; Ernster, L. DT-diaphorase as a quinone reductase: A cellular control device against
semiquinone and superoxide radical formation. Arch. Biochem. Biophys. 1982, 216, 178–185. [CrossRef]

3. Morrison, H.; Jernstrom, B.; Nordenskjold, M.; Thor, H.; Orrenius, S. Induction of DNA damage by
menadione (2-methyl-1,4-naphthoquinone) in primary cultures of rat hepatocytes. Biochem. Pharmacol. 1984,
33, 1763–1769. [CrossRef]

4. Cresteil, T.; Jaiswal, A.K. High levels of expression of the NAD(P)H:quinone oxidoreductase (NQO1) gene in
tumor cells compared to normal cells of the same origin. Biochem. Pharmacol. 1991, 42, 1021–1027. [CrossRef]

5. Schlager, J.J.; Powis, G. Cytosolic NAD(P)H:(quinone-acceptor)oxidoreductase in human normal and tumor
tissue: Effects of cigarette smoking and alcohol. Int. J. Cancer 1990, 45, 403–409. [CrossRef] [PubMed]

6. Siegel, D.; Franklin, W.A.; Ross, D. Immunohistochemical detection of NAD(P)H:quinone oxidoreductase in
human lung and lung tumors. Clin. Cancer Res. 1998, 4, 2065–2070. [PubMed]

7. Fleming, R.A.; Drees, J.; Loggie, B.W.; Russell, G.B.; Geisinger, K.R.; Morris, R.T.; Sachs, D.; McQuellon, R.P.
Clinical significance of a NAD(P)H: Quinone oxidoreductase 1 polymorphism in patients with disseminated
peritoneal cancer receiving intraperitoneal hyperthermic chemotherapy with mitomycin C. Pharmacogenetics
2002, 12, 31–37. [CrossRef]

8. Ough, M.; Lewis, A.; Bey, E.A.; Gao, J.; Ritchie, J.M.; Bornmann, W.; Boothman, D.A.; Oberley, L.W.; Cullen, J.J.
Efficacy of beta-lapachone in pancreatic cancer treatment: Exploiting the novel, therapeutic target NQO1.
Cancer Biol. Ther. 2005, 4, 95–102. [CrossRef]

9. Hungermann, D.; Schmidt, H.; Natrajan, R.; Tidow, N.; Poos, K.; Reis-Filho, J.S.; Brandt, B.; Buerger, H.;
Korsching, E. Influence of whole arm loss of chromosome 16q on gene expression patterns in oestrogen
receptor-positive, invasive breast cancer. J. Pathol. 2011, 224, 517–528. [CrossRef]

10. Dejeans, N.; Glorieux, C.; Guenin, S.; Beck, R.; Sid, B.; Rousseau, R.; Bisig, B.; Delvenne, P.; Buc Calderon, P.;
Verrax, J. Overexpression of GRP94 in breast cancer cells resistant to oxidative stress promotes high levels of
cancer cell proliferation and migration: Implications for tumor recurrence. Free Radic. Biol. Med. 2012, 52,
993–1002. [CrossRef]

11. Glorieux, C.; Sandoval, J.M.; Dejeans, N.; Ameye, G.; Poirel, H.A.; Verrax, J.; Calderon, P.B. Overexpression
of NAD(P)H:quinone oxidoreductase 1 (NQO1) and genomic gain of the NQO1 locus modulates breast
cancer cell sensitivity to quinones. Life Sci. 2016, 145, 57–65. [CrossRef]

12. Pan, S.S.; Han, Y.; Farabaugh, P.; Xia, H. Implication of alternative splicing for expression of a variant
NAD(P)H:quinone oxidoreductase-1 with a single nucleotide polymorphism at 465C>T. Pharmacogenetics
2002, 12, 479–488. [CrossRef] [PubMed]

13. Siegel, D.; McGuinness, S.M.; Winski, S.L.; Ross, D. Genotype-phenotype relationships in studies of a
polymorphism in NAD(P)H:quinone oxidoreductase 1. Pharmacogenetics 1999, 9, 113–121. [CrossRef]
[PubMed]

120



Antioxidants 2019, 8, 369

14. Garbe, J.C.; Bhattacharya, S.; Merchant, B.; Bassett, E.; Swisshelm, K.; Feiler, H.S.; Wyrobek, A.J.; Stampfer, M.R.
Molecular distinctions between stasis and telomere attrition senescence barriers shown by long-term culture
of normal human mammary epithelial cells. Cancer Res. 2009, 69, 7557–7568. [CrossRef] [PubMed]

15. Siegel, D.; Yan, C.; Ross, D. NAD(P)H:quinone oxidoreductase 1 (NQO1) in the sensitivity and resistance to
antitumor quinones. Biochem. Pharmacol. 2012, 83, 1033–1040. [CrossRef]

16. Glorieux, C.; Auquier, J.; Dejeans, N.; Sid, B.; Demoulin, J.B.; Bertrand, L.; Verrax, J.; Calderon, P.B.
Catalase expression in MCF-7 breast cancer cells is mainly controlled by PI3K/Akt/mTor signaling pathway.
Biochem. Pharmacol. 2014, 89, 217–223. [CrossRef] [PubMed]

17. Fitzsimmons, S.A.; Workman, P.; Grever, M.; Paull, K.; Camalier, R.; Lewis, A.D. Reductase enzyme expression
across the National Cancer Institute Tumor cell line panel: Correlation with sensitivity to mitomycin C and
EO9. J. Natl. Cancer Inst. 1996, 88, 259–269. [CrossRef] [PubMed]

18. Beck, R.; Pedrosa, R.C.; Dejeans, N.; Glorieux, C.; Leveque, P.; Gallez, B.; Taper, H.; Eeckhoudt, S.; Knoops, L.;
Calderon, P.B.; et al. Ascorbate/menadione-induced oxidative stress kills cancer cells that express normal or
mutated forms of the oncogenic protein Bcr-Abl. An in vitro and in vivo mechanistic study. Investig. New
Drugs 2011, 29, 891–900. [CrossRef]

19. Dejeans, N.; Tajeddine, N.; Beck, R.; Verrax, J.; Taper, H.; Gailly, P.; Calderon, P.B. Endoplasmic reticulum
calcium release potentiates the ER stress and cell death caused by an oxidative stress in MCF-7 cells. Biochem.
Pharmacol. 2010, 79, 1221–1230. [CrossRef]

20. Verrax, J.; Cadrobbi, J.; Marques, C.; Taper, H.; Habraken, Y.; Piette, J.; Calderon, P.B. Ascorbate potentiates the
cytotoxicity of menadione leading to an oxidative stress that kills cancer cells by a non-apoptotic caspase-3
independent form of cell death. Apoptosis 2004, 9, 223–233. [CrossRef]

21. Verrax, J.; Stockis, J.; Tison, A.; Taper, H.S.; Calderon, P.B. Oxidative stress by ascorbate/menadione
association kills K562 human chronic myelogenous leukaemia cells and inhibits its tumour growth in nude
mice. Biochem. Pharmacol. 2006, 72, 671–680. [CrossRef] [PubMed]

22. Verrax, J.; Vanbever, S.; Stockis, J.; Taper, H.; Calderon, P.B. Role of glycolysis inhibition and poly(ADP-ribose)
polymerase activation in necrotic-like cell death caused by ascorbate/menadione-induced oxidative stress in
K562 human chronic myelogenous leukemic cells. Int. J. Cancer 2007, 120, 1192–1197. [CrossRef] [PubMed]

23. Bentle, M.S.; Reinicke, K.E.; Dong, Y.; Bey, E.A.; Boothman, D.A. Nonhomologous end joining is essential for
cellular resistance to the novel antitumor agent, beta-lapachone. Cancer Res. 2007, 67, 6936–6945. [CrossRef]
[PubMed]

24. Li, L.S.; Bey, E.A.; Dong, Y.; Meng, J.; Patra, B.; Yan, J.; Xie, X.J.; Brekken, R.A.; Barnett, C.C.;
Bornmann, W.G.; et al. Modulating endogenous NQO1 levels identifies key regulatory mechanisms
of action of beta-lapachone for pancreatic cancer therapy. Clin. Cancer Res. 2011, 17, 275–285. [CrossRef]
[PubMed]

25. Reinicke, K.E.; Bey, E.A.; Bentle, M.S.; Pink, J.J.; Ingalls, S.T.; Hoppel, C.L.; Misico, R.I.; Arzac, G.M.; Burton, G.;
Bornmann, W.G.; et al. Development of beta-lapachone prodrugs for therapy against human cancer cells
with elevated NAD(P)H:quinone oxidoreductase 1 levels. Clin. Cancer Res. 2005, 11, 3055–3064. [CrossRef]
[PubMed]

26. Blanco, E.; Bey, E.A.; Dong, Y.; Weinberg, B.D.; Sutton, D.M.; Boothman, D.A.; Gao, J. Beta-lapachone-containing
PEG-PLA polymer micelles as novel nanotherapeutics against NQO1-overexpressing tumor cells. J. Control.
Release 2007, 122, 365–374. [CrossRef] [PubMed]

27. Fornari, F.A.; Randolph, J.K.; Yalowich, J.C.; Ritke, M.K.; Gewirtz, D.A. Interference by doxorubicin with
DNA unwinding in MCF-7 breast tumor cells. Mol. Pharmacol. 1994, 45, 649–656. [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

121



antioxidants

Review

Metabolic Remodelling: An Accomplice for New
Therapeutic Strategies to Fight Lung Cancer

Cindy Mendes 1,2 and Jacinta Serpa 1,2,*

1 CEDOC, Chronic Diseases Research Centre, NOVA Medical School, Faculdade de Ciências Médicas,
Universidade NOVA de Lisboa, Campo dos Mártires da Pátria, 130, 1169-056 Lisboa, Portugal;
cindymendes8@gmail.com

2 Instituto Português de Oncologia de Lisboa Francisco Gentil (IPOLFG), Rua Prof Lima Basto,
1099-023 Lisboa, Portugal

* Correspondence: jacinta.serpa@nms.unl.pt

Received: 30 October 2019; Accepted: 27 November 2019; Published: 29 November 2019

Abstract: Metabolic remodelling is a hallmark of cancer, however little has been unravelled in its role
in chemoresistance, which is a major hurdle to cancer control. Lung cancer is a leading cause of death
by cancer, mainly due to the diagnosis at an advanced stage and to the development of resistance to
therapy. Targeted therapeutic agents combined with comprehensive drugs are commonly used to treat
lung cancer. However, resistance mechanisms are difficult to avoid. In this review, we will address
some of those therapeutic regimens, resistance mechanisms that are eventually developed by lung
cancer cells, metabolic alterations that have already been described in lung cancer and putative new
therapeutic strategies, and the integration of conventional drugs and genetic and metabolic-targeted
therapies. The oxidative stress is pivotal in this whole network. A better understanding of cancer
cell metabolism and molecular adaptations underlying resistance mechanisms will provide clues
to design new therapeutic strategies, including the combination of chemotherapeutic and targeted
agents, considering metabolic intervenients. As cancer cells undergo a constant metabolic adaptive
drift, therapeutic regimens must constantly adapt.

Keywords: lung cancer; cancer metabolism; reactive oxygen species (ROS); therapy resistance;
new therapeutic strategies

1. Cancer Metabolism

Although cancer metabolism is one of the oldest areas of research in cancer biology, the study of
metabolic alterations in tumours has grown exponentially in the past decade [1,2]. The link between
cancer and metabolism was first made by Otto Warburg in 1923 with the observation that most
cancer cells predominantly produce energy through a high rate of glycolysis followed by lactic acid
fermentation, rather than through oxidative phosphorylation (OXPHOS) in the mitochondria [3].
Thus, tumours exhibit an increased rate of glucose uptake with lactate production, even in the
presence of oxygen, through aerobic glycolysis with the production of carbon skeletons, NADPH and
ATP [4]. This glycolytic switch, known as the “Warburg effect”, was first described as a compensation
mechanism for mitochondria dysfunction in tumours. However, this view was challenged as several
studies found that mitochondrial OXPHOS is active in most types of cancer [5–8]. To fulfil the
biosynthetic demands associated with proliferation, mitochondria occupy a core status as providers
of ATP and intermediate metabolites, such as citrate to supply anabolic reactions [9]. Moreover,
in nontransformed cells, the Warburg effect is a reversible phenomenon linked to proliferation,
showing that it reflects proliferation associated changes in metabolism instead of a unique feature of
malignancy [10]. Glucose metabolism rewiring is more likely to be driven by an elevated demand
of reducing equivalents and molecular precursors of proteins, nucleotides and lipids, which are
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the building blocks required to maintain cancer cell growth and proliferation [11]. Besides glucose,
glutamine also contributes to core metabolic functions of cancer cells since it fuels the tricarboxylic acid
(TCA) cycle, nucleotide and fatty acid biosynthesis and redox balance [10,12], replacing completely
glucose as a core organic compound.

Despite the fact that energetic metabolism is one of the cancer hallmarks, little has been shown in
its role in chemoresistance [13]. Besides producing ATP, OXPHOS is the major source of reactive oxygen
species (ROS) within mitochondria and in the entire cell [14]. During OXPHOS, the acetyl-CoA from
glucose and fatty acids degradation feeds the TCA cycle, which generates reduced compounds [10,12]
that will transfer electrons to the OXPHOS system through a chain of redox reactions with the final
reduction of oxygen to water. In some of these reactions, ROS is a by-product [15], changing the
mitochondrial membrane potential (MPP) and inducing damages in the respiratory chain, pushing cells
towards apoptosis [14]. In response to augmented ROS, many tumours trigger protective antioxidant
pathways [16]. Glutathione (GSH), peroxiredoxins, thioredoxin and superoxide dismutase (SOD2)
belong to the major antioxidant system, maintaining the redox homeostasis [17–19]. Thus, the activation
of those ROS scavenging processes constitutes a mechanism of resistance to chemotherapy exhibited
by cancer cells, upon the exposure to alkylating or ROS generator drugs [14]. Changes in endogenous
metabolism influence the metabolic course of xenobiotic compounds, which includes drugs used in
cancer therapy. This fact reinforces the role of cancer metabolic rewiring as crucial in cancer cells
survival and response to therapy. Here, we will discuss the main features of cancer metabolism and its
influence on therapy resistance in lung cancer.

2. Metabolic Remodelling in Lung Cancer

Lung cancer is a prevalent cause of cancer-related death [20], being grouped in two principal
histological subtypes: small cell lung carcinoma (SCLC; 15% of total) and non-small-cell lung carcinoma
(NSCLC; 85% of total) [21]. NSCLC is classified into three histotypes: squamous-cell carcinoma,
adenocarcinoma, and large-cell carcinoma [22]. Metabolism was shown to be differently reprogrammed
in the major subtypes of non-small cell lung cancer [23]. Metabolic remodelling is one of the emerging
hallmarks of cancer [24] and it is well recognised that cancer cells have a high metabolic plasticity to
support continuous cell growth and proliferation, meeting their energetic and biomass demands [25].
Recent studies reported metabolic alterations in glucose, lipids, amino acids and nucleic acids
metabolism in NSCLC cells (Figure 1).

In the past decade, stable-isotope tracing with 13C-glucose became an important tool for the
analysis of metabolic pathways that are differentially activated in tumour cells in vivo, both in cancer
mouse models and humans [26–30]. Uniformly labelled 13C-glucose is administered as a bolus by
an intraoperative infusion before surgical tumour resection and the distribution of labelled carbons
in the various intermediates is analysed by 13C NMR spectroscopy [31,32]. A study using fresh
surgical resections from NSCLC patients with mixed histology, after a labelled 13C-glucose infusion,
showed contrasting glucose metabolism results; tumour samples displayed high levels of lactate,
demonstrating an upregulation in glycolysis, but also increased levels of glucose-derived TCA cycle
intermediates, in tumour samples compared with normal tissue [30]. These observations reinforce
the fact that glycolysis and OXPHOS can function in simultaneous if not in the same cancer cell at
least in the same tumour, in which metabolic symbiosis can be established. Hensley and colleagues
combined multimodal imaging analysis (FDG-PET and multiparametric MRI) and 13C-glucose flux
profiling of NSCLC in situ to provide quantitative information about glucose metabolism and the
tumour microenvironment in NSCLC untreated patients [28]. The activity of PC (pyruvate carboxylase),
the enzyme responsible for the conversion of pyruvate into oxaloacetate, was elevated in NSCLC
tumours [28,33], and its silencing significantly decreased the proliferative and colony-forming capacity
of NSCLC cell lineages and reduced tumour growth in murine xenograft models, suggesting a
dependence on PC-mediated and TCA cycle-based anaplerosis [33]. Moreover, it was found that
glycolysis and glucose oxidation via PDH (pyruvate dehydrogenase) and the TCA cycle were higher
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in NSCLC compared to the adjacent normal lung [28]. Glucose-derived metabolic intermediates
can be synthesized directly from glucose or indirectly from glucose-derived lactate. This fact was
demonstrated by Faubert et al. [29]; lactate is the main carbon source for the TCA cycle in tumours
from NSCLC patients and tumour xenografts.
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Figure 1. Metabolic remodelling in lung cancer. Metabolic pathways are involved in the synthesis of
building blocks for macromolecules and redox homeostasis, needed for cell proliferation are presented.
The import of glucose is mediated by the GLUT (glucose transporter) family of membrane transport
proteins, which are known to be deregulated in cancer [34]. Hexokinase 2 (HK-2) is the first rate-limiting
enzyme in the glycolytic pathway and overexpression of HK-2 has wildly been observed in cancer cells,
correlating with poor overall survival in cancer patients [35–37]. Mutant EGFR (epidermal growth
factor receptor 1) promotes metabolic remodelling in non-small-cell lung carcinoma (NSCLC) with
increased aerobic glycolysis and PPP (pentose phosphate pathway), altered pyrimidine biosynthesis
and upregulation of monounsaturated fatty acids [38–40]. KRAS (Kirsten rat sarcoma viral oncogene
homolog GTPase)-mutated NSCLC cells express higher levels of enzymes involved in glycolysis,
such as pyruvate kinase isozyme M2 (PKM2) and lactate dehydrogenase A (LDHA) compared
with nonmalignant cells, indicating alterations in glucose metabolism and PPP (glicose-6-fosfato
dehydrogenase (G6PD), transketolase (TKT) and 6-phosphogluconate dehydrogenase (6PGD)) [41].
Pyruvate is decarboxylated into acetyl-CoA to be further transported into mitochondria to enter the
TCA cycle [42]. ALK (anaplastic lymphoma kinase) rearrangements were associated with upregulated
glucose metabolism in highly metastatic phenotypes of adenocarcinoma [43]. The expression and
activity of PC (pyruvate carboxylase), the enzyme responsible for the conversion of pyruvate into
oxaloacetate, was found to be elevated in NSCLC tumours [28,33]. Glycolysis and glucose oxidation
via PDH (pyruvate dehydrogenase) and the TCA cycle were enhanced in NSCLC comparing to
adjacent benign lung [28]. Cancer cells also show higher levels of monocarboxylate transporters
(MCT), which are responsible for lactate export and helps both in maintaining intracellular pH and in
continuing glycolysis [44]. Hif-1 (hypoxia inducible factor 1) regulates the transcription of glycolytic
enzymes such as, HK-2, LDH-A and PKM2, which upregulate glycolysis [45,46]. The expression of
ATP citrate lyase (ACLY), a key enzyme in fatty acid synthesis was upregulated in NSCLC, being
associated with poor prognosis [30]. Glutathione cysteine ligase (GCLC), which converts glutamate to
Glutathione (GSH), is also highly expressed in several cancers, including lung cancer, and high mRNA
expression of GCLC-promoted cisplatin resistance in lung adenocarcinoma cell lines [47]. G6P: glucose
6-phosphate; 3PG: 3-phosphoglyceric acid; PEP: phosphoenolpyruvate; R5P: ribose 5-phosphate; MCT:
monocarboxylate transporters; OAA: oxaloacetate; α-KG: alpha ketoglutarate.

Several enzymes and transporters, crucial for carbon and energy metabolism, have been described
as differently expressed in a normal lung and in cancer. The expression of ATP citrate lyase (ACLY),
a key enzyme in fatty acid synthesis involved in the synthesis of acetyl-CoA and oxaloacetate, was
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upregulated in NSCLC, being associated with poor prognosis [48]. Glycine decarboxylase (GLDC),
which couples decarboxylation of glycine to the biosynthesis of serine and one-carbon metabolism,
takes part in pyrimidine metabolism and is upregulated in NSCLC cells [49]. xCT (SLC7A11),
a cystine/glutamate antiporter, is overexpressed in the plasma membrane in NSCLC, correlating with
patients’ worse survival [50]. Interestingly, it was described that cancer cells expressing high levels of
xCT relied on glutamine and glutaminolysis dependency for OXPHOS [50]. This glutamine consumer
phenotype may also be linked to cyst(e)ine dependency, as xCT concomitantly exports glutamate
and imports cyst(e)ine. Glutamate is a direct product of glutamine degradation and maintaining
the glutamine import sustains the import of cyst(e)ine, which has been related to increased therapy
resistance in different cancer models [51], mostly due to its role in glutathione synthesis [52–55],
for which glutamine-derived glutamate is also needed.

Despite similarities in metabolic reprogramming, the metabolic alterations in NSCLC cells or
tumours are highly heterogeneous [28,39,56]. Hensley et al., identified metabolically heterogenous
regions both within and between tumours, in which reduced perfusion tumour areas preferentially
used glucose whereas well perfused regions relied more on non-glucose nutrients indicating that
tumour metabolic remodelling is regulated by the microenvironment [28]. The generation of a hypoxic
environment (oxygen deprivation) is a common feature of solid cancers as a consequence of the
development of a disordered vasculature, which is not able to properly supply oxygen to a rapidly
growing tumour [57]. Hypoxia is known to activate HIF signalling in cancer cells and plays an
important role in the pathogenesis and prognosis of lung cancer [58]. Induction of HIF activity targets
genes involved in glucose metabolism, angiogenesis, cell proliferation and resistance to therapies [59].
Furthermore, both Hif-1α and Hif-2α are frequently overexpressed in NSCLC correlating, in some
cases, with poor prognosis [60,61] and Hif-1α expression is associated with resistance to cancer therapy,
including EGFR (epidermal growth factor receptor 1) inhibitors in NSCLC [46].

Thus, understanding the influence of cellular or microenvironmental factors, such as
oncogene-induced metabolic switches, on cancer cell metabolism is crucial for the development
of better-adjusted therapeutic approaches targeting metabolic remodelling in cancer cells.

Role of Oncogenic Mutations (EGFR, ALK, KRAS) in Metabolic Remodelling

Certain genetic alterations have been shown as crucial in lung carcinogenesis. Mutations in EGFR
(epidermal growth factor receptor 1) and KRAS (Kirsten rat sarcoma viral oncogene homolog GTPase)
and ALK (anaplastic lymphoma kinase) rearrangements are mostly found in lung adenocarcinoma,
accounting for 30–40% of NSCLCs [62]. Mutations in these oncogenes have been shown to play a
role in metabolic reprogramming of cancer cells to support their high proliferative rate and energetic
demands [39,63].

Mutant EGFR promotes metabolic remodelling in NSCLC with increased aerobic glycolysis and
PPP (pentose phosphate pathway), altered pyrimidine biosynthesis and redox metabolism [38,39].
Treatment with erlotinib (EGFR inhibitor) and a glutaminase inhibitor (CB-839) generates a metabolic
crisis in EGFR mutant NSCLC cells, resulting in cell death and in rapid tumour regression in
mouse NSCLC xenografts [64]. These facts indicate the need of glutamine as a source for
bioenergetics and biosynthesis in EGFR-mutated NSCLCs, as glucose is mainly used to sustain
PPP and consequently cancer cells proliferation. Another study, showed the role of EGFR in the
stabilization by phosphorylation of stearoyl-CoA desaturase-1 (SCD1), augmenting monounsaturated
fatty acid synthesis and sustaining cell proliferation [40]. In addition, phosphorylated SCD1 levels
were reported as an independent prognostic factor for poor survival in NSCLC [40].

The influence of ALK rearrangements on metabolism has not been well described in lung
adenocarcinoma. However, a recent study observed the presence of upregulated glucose metabolism
in highly metastatic phenotypes in this subset of lung cancer [43]. Again, increased consumption of
glucose is linked to more aggressive cancer phenotypes.
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Numerous studies showed the involvement of mutant KRAS in the metabolic rewiring of different
types of cancer [63,65,66] with an upregulation of glucose uptake and aerobic glycolysis and increased
glutamine utilization [67–69]. Proteomic profiles related to metabolism of intrinsic KRAS mutant
NSCLC cell lines were investigated and compared with those of normal bronchial epithelial cells [41].
KRAS-mutated NSCLC cells expressed higher levels of enzymes involved in glycolysis (glyceraldehyde
3-phosphate dehydrogenase—GAPDH, pyruvate kinase isozyme M2—PKM2, lactate dehydrogenase
A—LDHA and lactate dehydrogenase B—LDHB) and PPP (glicose-6-fosfato dehydrogenase—G6PD,
transketolase—TKT and 6-phosphogluconate dehydrogenase—6PGD) compared with nonmalignant
cells [41]. In another study, NSCLC cells carrying KRAS mutations showed metabolic remodelling with
alterations in redox buffering systems and glutamine dependency [70]. Moreover, an upregulation of
lactate production was observed in a mutant KRAS lung tumour mouse model [27], however, these
mouse models minimally used glutamine as a carbon source for TCA cycle entry, while in the in vitro
models, there was a dependence on glutamine. Thus, glutamine dependency can be related to the
homeostatic cellular systems, such as GSH production, and not related to the direct and extensive
used of glutamine as a carbon and energy source. In agreement with this, oxidative glucose metabolic
enzymes, such as PC and PDH (pyruvate dehydrogenase), were shown to be necessary for tumour
formation and growth in these mouse models [27]. Homozygous mutant KRAS cells have been shown
to have an increased antioxidant capacity that accounts for their selective growth during lung tumour
progression [63,71]. Varying oxygen levels within the growing tumour can contribute to this selection,
since increased expression of Hif-2α promotes tumour growth and malignant progression of KRASG12D

lung tumours [72]. These results correlated with existing human clinical data, implicating Hif-2α as a
negative prognostic factor in human NSCLC [72].

3. Lung Cancer Therapy

Over the last 20 years, lung cancer treatment has evolved from the empiric use of cytotoxic therapies
to effective and better tolerated targeted therapies. Platinum-based doublet therapy (combining
platinum-based drugs with another cytotoxic/cytostatic agent) has been the standard therapy for both
primary and palliative care of patients with advanced stage lung cancer [73,74]. Genotyping studies
revealing genetic alterations in the various subtypes of lung cancer accounting for tumorigenesis
led to the development of targeted therapies, namely directed to EGFR, ALK, and KRAS mutated
variants [75].

In fact, the targeted therapy of patients with EGFR-mutated tumours is more effective than
conventional therapy; and the efficacy of EGFR tyrosine kinase inhibitors (TKIs) is increasing over
generations of drugs. First-generation EGFR inhibitors (e.g., gefitinib and erlotinib) have shown
increased objective response (ORRs) and progression-free survival (PFS) compared to conventional
cytotoxic treatment of patients suffering from EGFR-mutated tumours [73,76]. Second-generation
inhibitors, such as afatinib and dacomitinib, are irreversible inhibitors that additionally target the
receptors HER2 and HER4 (epidermal growth factor 2 and 4) and were reported to show higher PFS
compared to first-generation EGFR inhibitors, such as gefitinib [77].

The fusion between echinoderm microtubule-associated protein-like 4 (EML4) gene and ALK
(EML4-ALK) was the first fusion oncogene detected in lung cancer [78]. Fusion genes, involving
ALK, are usually mutually exclusive with other oncogenic drivers such as EGFR and KRAS [79].
Crizotinib, a first-generation competitive ATP inhibitor of ALK tyrosine kinases with activity against
ALK-fusion-positive NSCLC [80], is associated with higher ORRs and PFS in comparison to cytotoxic
therapy in both conventionally treated and untreated patients [81]. In preclinical studies, ceritinib,
a second-generation ALK inhibitor, has shown greater antitumour activity than first-generation
inhibitors, as crizotinib [82]. Another fusion oncogene, encoding a constitutively activated tyrosine
kinase, can result from fusion of ROS1 tyrosine kinase domain with CD74 [83]. Because it has a
high homology with the kinase domain of ALK, ALK specific inhibitors, including crizotinib [84]
and ceritinib [82], revealed marked activity in ROS1-positive tumours [85]. The same efficacy has
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been observed for crizotinib in NSCLC patients with tumours baring MET tyrosine kinase receptor
amplifications [86,87].

Regarding KRAS oncogene, despite the fact that KRAS-MAPK pathway is downstream of EGFR
signalling, KRAS-mutation-driven lung cancers, which are mostly adenocarcinomas, do not respond to
EGFR TKIs [88] because the mutations in KRAS activate and release mutant KRAS from the upstream
regulation. KRAS is the most frequently mutated oncogene in NSCLC patients, but effective therapies
targeting mutant KRAS have yet to be developed. However, different therapies directed to KRAS
downstream targets, such as MEK (MAPK/ERK kinase), are currently being tested. In a phase III study,
NSCLC patients with KRAS mutated tumours treated with MEK inhibitor selumetinib plus docetaxel
(taxane) did not show improved PFS compared to taxanes monotherapy [89]. Another MEK inhibitor,
trametinib, was also evaluated alone or in combination with taxanes and revealed that combination
with chemotherapy increased tolerability and clinical activity in both KRAS-mutant and KRAS-WT
NSCLC patients [90].

Antiangiogenic therapy has also been tested in lung cancer patients. Bevacizumab, a monoclonal
antibody against vascular endothelial growth factor (VEGF), in combination with paclitaxel (taxane) or
carboplatin, significantly improved the median overall survival (OS) and PFS of NSCLC patients with
tumours of nonsquamous cell histology [91].

Recently, immunotherapy has emerged as a potential treatment option against lung cancer,
taking advantage of the native antitumour immune response [92]. Immune checkpoint blocker (ICB),
generated upon T-cell activation, such as monoclonal antibodies that target cytotoxic T-lymphocyte
antigen-4 (CTLA-4) and antibodies against PD-1 or PD-L1, are currently the most relevant targets
for immunotherapy [73]. During tumorigenesis, PD-1 signalling inactivates T cells that recognize
tumour-specific antigens, permitting tumour progression and metastasis [93]. ICBs, currently used or
in development for NSCLC treatment, include the anti-PD-1 antibodies nivolumab (human IgG4) and
pembrolizumab (humanized IgG4), along with the anti-PD-L1 antibodies atezolizumab (human IgG1,
with the Fc domain engineered to prevent antibody-directed cell cytotoxicity), durvalumab (human
IgG1 engineered), and avelumab (human IgG1 showing preclinical antibody-directed cell cytotoxicity
activity) [74]. ICBs have been mostly used in patients with advanced NSCLC, whose tumours progress
upon first-line cytotoxic therapy. Nivolumab treatment was associated with significantly longer
median OS compared to treatment with docetaxel in patients with metastatic NSCLC, who had disease
progression during or after platinum-based therapy [94,95]. The combination of anti-PD-(L)1 and
anti-CTLA-4 monoclonal antibodies can result in higher and longer responses in NSCLC, as observed
in experimental models and clinical studies [96,97]. Most patients, who achieve an initial benefit from
an ICB eventually develop resistance, thus, the challenge is to develop rational combinations that will
increase responses or delay the onset of resistance [98].

More recently, multiple trials have been investigating combinations of antiangiogenic agents and
immunotherapy in NSCLC [99]. In particular, a clinical trial studied the efficiency of bevacizumab plus
nivolumab in III/IV NSCLC patients and it was observed that the combinatory treatment improved
PFS and decreased associated toxicity [100].

3.1. Mechanisms of Resistance to Conventional Therapy

Cancer chemotherapy resistance is one of the major dilemmas in cancer therapy, resulting in
therapeutic failure and increased mortality. NSCLC cells are intrinsically resistant to various anticancer
drugs, while SCLC cells can acquire resistance upon cyclic administration of a drug [101]. To address
this issue, research has been focusing on how cancer cells modulate their genomes and metabolism
to prevent drug influx, to facilitate efflux drugs, to inactivate drugs and/or to repair drug-induced
damage [102]. More specifically, mechanisms of drug resistance identified so far include augmented
drug eflux, drug inactivation and/or sequestration by enzymes, DNA repair, target modifications and
apoptosis defects [101,103,104]. Ineffective drug delivery to the tumour, increased metabolism, lack of
drug specificity to the tumour and tumour vasculature are additional contributing factors [105,106].
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Additionally, patients treated with chemotherapy develop cumulative genetic mutations which may
result in either activation of proto-oncogenes or inactivation of tumour-suppressor genes [101].

3.1.1. Drug Transporters Increase the Efflux of Chemotherapeutic Drugs

The overexpression of ATP-binding cassette (ABC) membrane transporters leads to enhanced
cytotoxic drug efflux and diminished intracellular accumulation, granting resistance to drugs such as
cisplatin, methotrexate, taxanes, anthracyclines, and vinca alkaloids [101,107]. P-glycoprotein (P-gp) is
codified by the multidrug-resistance (MDR-1) gene, belongs to the ABC superfamily and functions as
an energy-dependent efflux pump of metabolites [108]. Studies have shown an increased expression of
P-gp in lung tumours, with notably higher rates in NSCLCs than in SCLCs [101]. In addition, major
vault protein (MVP), also known as the lung resistance-related protein (LRP), has been pointed out to
be involved in lung cancer drug resistance [109].

3.1.2. Drug Inactivation by Sulphur-Containing Molecules and Role of Antioxidants as a Cause of
Drug Resistance

Another mechanism of resistance is by conjugation of the drug with sulphur-containing
macromolecules such as metallothioneins (MTs) and GSH [101,110]. MTs are intracellular proteins rich
in cysteine content (30%) that bind to cytotoxic agents such as platinum compounds and alkylating
agents [111]. High MTs levels have been observed in tumour cells with acquired resistance to
alkylating agents [110,112]. Moreover, augmented expression of MTs was described in NSCLC
with squamous cell lung carcinoma and adenocarcinoma histotypes, but it was not demonstrated
in SCLC [113]. Studies also show that MTs play a relevant role in the cellular protection against
oxidative stress [114]. A strong correlation between MTs expression and cisplatin and doxorubicin
resistance was observed in different cell lines of SCLC [115,116]. The GSH S-transferases (GSTs)
protect cancer cells from reactive endogenous and exogenous electrophiles, such as prostaglandins,
aromatic hydrocarbons and chemotherapeutic agents, through the conjugation with GSH (the most
abundant cellular thiol), and scavenges them [101,110,117]. In tumour cells, expression levels of
GSTs are increased in comparison to normal cells which may contribute to elevated detoxification of
anticancer drugs [118,119]. GST isoenzymes have been reported in lung tumours in higher levels than
in normal bronchioles and alveoli [120,121].

More than one mechanism of resistance can act on the same cancer cell/tumour. GS-conjugates are
transported out of the cells by efflux transporters, such as multidrug resistance protein 1 (MRP1) and
P-gp, thus conferring increased levels of resistance to the cytotoxicity of antineoplastic drugs [122,123].
Multiple studies involving NSCLC and SCLC cell lines suggested that high levels of GSH were
associated with decreased platinum-DNA binding and intracellular platinum accumulation, increasing
cisplatin resistance [124–126]. Conversely, factors inducing the reduction of cellular GSH content
sensitise cancer cells to cisplatin [127]. Nuclear factor erythroid-like 2 (NRF2), a regulator of redox
homeostasis upon oxidative stress, is activated by cells in order to upregulate gene networks involved
in cytoprotective activities [128]. This transcription factor has been shown to be upregulated in various
types of cancer, including skin, breast, prostate, lung and pancreas [129] and has also been associated
with chemoresistance [130]. xCT, a downstream target gene of NRF2, responsible for the import of
cysteine to support GSH synthesis has been implicated in multidrug resistance of lung cancer [131].
In particular, the xc

– amino acid transport system maintained intracellular GSH and consequently
resulted in cisplatin resistance in ovarian cancer cells [132].

Furthermore, cancer cells may develop resistance by overexpressing antioxidants, which protect
cells from chemotherapy-induced oxidative stress and cell death, consequently a new redox balance
with higher ROS levels is established, a process called “redox resetting” [101,133]. Epirubicin is known
to cause oxidative stress by the generation of superoxide and hydrogen peroxide (H2O2) moieties,
which drive cancer cell death [134]. Nevertheless, overexpression of antioxidants (e.g., SOD or GSH)
neutralizes the oxidative stress leading to drug resistance. Accordingly, high levels of manganese SOD
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(MnSOD) seems to protect lung epithelial cells against oxidative injury [135]. Moreover, malignant
mesothelioma cells were reported to have higher levels of SOD mRNA and activities compared with
nonmalignant mesothelial cells, but also had elevated catalase and GSH levels, being more resistant to
H2O2 and epirubicin [136]. Accordingly, platinum drugs that generate very high ROS levels can be
inactivated by GSH [137].

Alterations in drug metabolism are also associated to resistance since they can lead to drug
inactivation or deficient drug activation. Antioxidant systems are able to directly inhibit the
antitumour activity of several anticancer agents, such as paclitaxel [138], bortezomib [139] and
radiation therapy [140]. Buthionine sulphoximine (BSO) significantly increases paclitaxel cytotoxicity
through ROS accumulation [138]. The cellular redox state is associated with enzymatic expression
required for the conversion of antimetabolites including 5-fluorouracil (5-FU) and methotrexate to
their most active forms [133,141]. Capecitabine is an anticancer agent that is converted into 5-FU
by thymidine phosphorylase [142], which is encoded by the TYMP gene that can be inactivated
by DNA methylation causing capecitabine resistance [143]. These epigenetic alterations can be
induced by H2O2 as DNA methyltransferase 1 (DNMT1) binds more strongly to chromatin after H2O2

exposure altering the methylation status of CpG regions [144]. The inactivation by UDP glucuronosyl
transferase 1 (UGT1A1) by the topoisomerase inhibitor, irinotecan, is induced by the redox-sensing
NRF2-KEAP1 pathway [145]. On another hand, the expression of UGT1A1 is decreased by promoter
DNA methylation, promoting irinotecan activity [146].

3.1.3. DNA-Repair Pathways Inducing Resistance to Chemotherapy

As DNA damage is the main objective of most chemotherapeutic agents, increased capacity of
DNA damage repair is one possible mechanism of resistance to the cytotoxic effects of anticancer
drugs. Cisplatin for instance induces apoptosis by forming DNA-platinum adducts and by generating
ROS, which causes oxidative DNA damage [147]. The nucleotide excision-repair (NER) pathway is
one DNA repair pathway involved in the acquisition of platinum-based drug resistance [101,148].
Excision-repair cross-complementation group 1 (ERCC1) protein is a molecular indicator of resistance
to platinum salts and forms the molecular complex of the NER pathway along with other proteins that
are able to correct nucleotides modified by DNA-platinum adducts [149]. An association was found
in in vitro studies between the expression of ERCC1 mRNA in NSCLC and resistance to platinum
drugs, showing that a low expression of ERCC1 correlated with prolonged survival of NSCLC patients,
who were treated with cisplatin plus gemcitabine [150,151]. Mismatch-repair (MMR) pathway repairs
base-base and insertion-deletion mismatches during DNA replication [152]. This pathway can repair
DNA-platinum adducts, which often results in mitotic stress and cell death [153]. However, this repair
pathway is not considered relevant as a mechanism of chemotherapy resistance in lung cancer [101].
In contrast, base-excision-repair (BER) pathway was correlated with chemoresistance, proved by the
fact that N-methylpurine DNA Glycosylase (MPG) and Apurinic/Apyrimidinic Endonuclease (APE)
inhibition or elimination lead to increased resistance to alkylating agents, such as platinum-based
drugs [154].

3.1.4. Loss of Intracellular Commands of Cell Death as a Cause of Drug Resistance

Cell death inhibition is another way of contributing to drug resistance. Failure of the intracellular
death signalling pathways lead to the alteration of various apoptotic and antiapoptotic intracellular
proteins, including Bcl-2, Bax and SAPK/JNK in several types of cancer [101,155]. Indeed, in vitro
and in vivo evidence have shown that overexpression of Bcl-2 in SCLC contributes to apoptosis
resistance [156]. Cancer cells with defective caspases are resistant to drugs, whose main mechanism of
action is the induction of apoptosis. In this sense, NSCLC cells showing low expression of caspases
3 and 9 are resistant to cisplatin chemotherapy [157]. Alterations in antiapoptotic proteins such
as IAP (inhibitor of apoptosis protein), particularly XIAP (X-linked inhibitor of apoptosis protein),
and survivin have been observed in NSCLC patients with implications in resistance. It was shown that
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XIAP was overexpressed in human H460 NSCLC cell line, leading to the inhibition of the apoptosome
formation, pivotal in caspase-dependent cell death [158]. Low expression of survivin in patients was
associated with a significantly better OS in comparison to patients with tumours displaying high
expression of this protein [159].

Drugs inducing cell death by affecting microtubule stability, such as paclitaxel, kill cells in a
Fas/Fas ligand (FasL)-dependent manner [160]. Blockade of Fas/FasL and inhibition of FasL expression
by Bcl-2 overexpression are resistance mechanisms to paclitaxel [160]. Conversely, phosphorylation
of Bcl-2 induces the expression of FasL, mediated by the nuclear action of NFAT (nuclear factor of
activated T lymphocytes), which is responsive to microtubule damage, thereby restoring paclitaxel
sensitivity [161].

3.2. Mechanisms of Resistance to Targeted Therapy

Although targeted therapies are revolutionizing the treatment of advanced NSCLC, resistance
appears in most patients sooner or later [162]. In this section, we review the mechanisms of resistance
that have been discovered in the past few years, in particular to TKIs directed to EGFR, ALK and
ROS1, and later we will discuss strategies to overcome drug resistance. The first-generation erlotinib
and gefitinib, and second-generation afatinib are now recognized as the standard first-line therapy
in NSCLC patients with activating EGFR mutations [76,163,164]. However, some patients do not
respond to EGFR-TKIs (intrinsic resistance). The most common mechanism for the acquired resistance
to EGFR-TKIs is the development of the T790M second mutation within the EGFR kinase domain,
which contributes for 50% of all acquired resistance [165]. The methionine 790 sterically blocks its
interaction with TKIs, increasing affinity for ATP and reducing binding of the inhibitor to the kinase
domain of EGFR, while keeping the catalytic activity [166]. The MET gene amplification is another
frequent mechanism of acquired resistance and affects 5–20% EGFR-TKI treated NSCLC patients,
irrespective of the T790M mutation status [167–169]. Although HER2 amplification is a rare event
in lung adenocarcinoma, it accounts for about 1–2% of total cases and up to 13% of NSCLC with
acquired resistance to EGFR-TKIs [170,171]. Mutated EGFR heterodimerizes with HER2 resulting
in heterodimers resistant to degradation [171], supporting EGFR-TKIs resistance in presence of
both T790M mutation and HER2 amplification itself as an acquired mechanism of drug exhaustion.
KRAS and EGFR mutations are usually mutually exclusive but when they coexist, mainly in tumours
under EGFR-TKIs treatment, KRAS mutations can confer resistance to EGFR inhibitors [172]. A study
including 60 lung adenocarcinomas, either refractory or sensitive to both gefitinib and erlotinib,
indicated that KRAS mutations lead to a lack of sensitivity to these drugs [172].

Another important pathway that has been associated to resistance to EGFR therapy is the
PTEN-PI3K-AKT pathway. Phosphatase and tensin homolog (PTEN) acts as a tumour suppressor
gene that can decrease tumour growth by inhibiting Akt [173], which can promote cell survival by
inactivating several apoptosis mediators, such as Bad and caspases-9. Thus, loss of PTEN leads to
increased tumours, since PTEN regulates negatively the PI3K-AKT pathway [174]. In EGFR mutant
lung cancer, loss of PTEN led to resistance to EGFR inhibitors such as erlotinib [175], because PI3K
activation can somehow interconnect PI3K-AKT and MAPK pathways.

Loss of E-cadherin expression and upregulation of mesenchymal proteins, including vimentin,
fibronectin and N-cadherin, are the main characteristic of epithelial–mesenchymal transition (EMT).
AXL (AXL receptor tyrosine kinase) is associated with EMT in several tumours and its upregulation
in the Hedgehog pathway has been recognized as a mechanism of resistance to targeted drugs
in EGFR-mutated NSCLC [176]. In a recent study, gefitinib-mediated ROS promoted EMT and
mitochondrial dysfunction concomitant with resistance of lung cancer cells [177]. Moreover, gefitinib
treatment in the presence of ROS scavenger provided a partial rescue of mitochondrial aberrations,
suggesting that antioxidants may alleviate ROS-mediated resistance.

The evolution of a same tumour from adenocarcinoma to squamous cell carcinoma along the
administration of anti-EGFR drugs is a mechanism of acquired drug resistance [178]. However,
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the cause of resistance to anti-EGFR targeted therapy in 18–30% of NSCLC patients still remains
unknown [167,170]. The occurrence of tertiary EGFR mutations has been frequently reported in
cases with acquired resistance to third-generation TKIs, being demonstrated in in vitro models [179].
Resistance to osimertinib is mainly caused by the EGFR p.Cys797Ser (C797S) mutation in exon 20,
consisting of a substitution of a cysteine to a serine in the tyrosine kinase domain, decreases the action
of third-generation TKIs, since it reduces their covalent binding to EGFR [180]. The presence of triple
mutants (sensitizing mutation, T790M and C797S) supports the resistance to all three generations of
EGFR TKIs [181].

NSCLC cells resistant to EGFR TKIs, gefitinib and erlotinib, were shown to exhibit elevated
OXPHOS accompanied by elevated glycolysis and activity in TCA cycle [182]. In A549 NSCLC cell line,
erlotinib drove ROS-mediated apoptosis via activation of the c-Jun N-terminal kinase (JNK) pathway,
leading ultimately to EGFR inhibition [183]. Administration of the ROS scavenger N-acetyl cysteine
reversed this phenomenon [184].

Tumours driven by either ALK or ROS1 involving fusion genes exhibit similar mechanisms of
resistance to targeted agents. It is well acknowledged in ALK mutated lung cancer the occurrence
of mutations in the tyrosine kinase domain, for example L1196M and C1156Y, upon treatment with
crizotinib [185]. The L1196 and G1269A substitutions are among the most frequently reported
single-nucleotide mutations causing crizotinib resistance in NSCLC [186]. The existence of ALK or
ROS1 rearrangements together with KRAS mutations in NSCLC may explain primary or acquired
resistance to crizotinib [187,188]. Accordingly, KRAS and NRAS activation through mutations
promotes the exhaustion of first-generation inhibitors activity in ROS-1 positive cellular models [189].
Relatively to patients treated with second-generation TKIs, the most common ALK resistance mutation
is G1202R, which is associated with in vitro resistance to all currently available ALK inhibitors excluding
lorlatinib, a third-generation ALK inhibitor that shows great efficacy in patients with ALK resistance
mutations [190], which are more common after treatment with second-generation ALK inhibitors.
After ceritinib and alectinib treatment, missense mutations were observed in more than 50% of the
samples, compared with the 30% of target alterations responsible for crizotinib exhaustion [186].
Despite the efficacy of crizotinib is thought to be specific to ALK inhibition, crizotinib also acts via the
generation of superoxide and induction of apoptosis [191].

Resistance against angiogenesis inhibitor bevacizumab was also reported [192]. VEGF binds
not only to its tyrosine kinase receptors (VEGFR), which can also interact to Neuropilin-1 (NP1) and
Neuropilin-2 (NP2) [193]. Co-expression of NP1 and NP2 in NSCLC tissues is significantly correlated
with tumour progression and bad prognosis [194]. Given that bevacizumab blocks VEGF-A, NP1
and NP2 under other stimuli may still increase the effects of VEGFR-1 and VEGFR-2, promoting
angiogenesis and activating alternative pathways.

4. Metabolic Remodelling in Lung Cancer in Response to Oxidative/Alkylating Treatment

As mentioned above, cisplatin interacts with reducing equivalents, such as GSH and DNA,
accounting for increased ROS and DNA damage, which leads to apoptosis [195]. Different studies
suggest that metabolic remodelling, in cisplatin-resistant lung cancer cells, involved redox buffering
to abrogate cisplatin effect [196–199]. Those lung cancer cells display higher levels of ROS, in part
related to the low levels of intracellular thioredoxin [198], but also due to the high levels of GSH
and GCL-C (glutamate cysteine ligase catalytic subunit), the first enzyme acting on the synthesis of
GSH [195], possibly to counteract the high ROS levels induced by cisplatin [200]. Several studies
showed that cisplatin-resistant cells are vulnerable to rapidly ROS-inducing agents. Indeed, a study
reported that cisplatin-resistant lung cancer cells were more sensitive to elesclomol, an agent known
to exponentially augment ROS [197] inside the cell in such a fast way that cancer cells do not have
means of adapting. The xCT cyst(e)ine/glutamate pump, which supplies cells with cysteine essential
for GSH production, is upregulated in cisplatin-resistant cells, as they are more sensitive to the xCT
inhibitor riluzole as compared to their parental nonresistant cells [197]. Additionally, cisplatin-resistant
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lung cancer cells have lower rates of glycolysis and rather rely on OXPHOS [201]. Lower levels of
hexokinase 1 (HK1) and 2 (HK2), the enzymes that catalyse the first step of glycolysis [202], were also
observed in these lung cancer cells, in agreement with the fact that cisplatin exposure decreases HK
expression [201,203]. Cisplatin-resistant lung cancer cells also showed decreased levels of glycolysis
and lactate production in comparison to the sensitive parental cell lines [197] indicating a lower
glycolytic activity or an increased OXPHOS. Under normal growth conditions, cisplatin-resistant lung
cancer cells are not sensitive to glucose starvation, however, under hypoxic conditions, these cells are
more vulnerable for 2-deoxyglucose (2-DG) treatment, a competitive inhibitor of HK, as compared to
the parental cells [196]. Since cells depend on glycolysis for their energy production in the absence of
oxygen, the reduced levels of HK in cisplatin-resistant cells probably makes them more vulnerable
for 2-DG [201]. Greater rates of OXPHOS and mitochondrial activity, as well as a higher dependence
on glutamine are observed in cisplatin-resistant lung cancer cells to compensate the lower glycolytic
activity [197,198,201]. Furthermore, to fuel the TCA-cycle, β-oxidation of fatty acids has been reported
in cisplatin-resistant lung cancer cells [201]. A recent study showed that cisplatin-resistant lung
adenocarcinoma cells have higher MMP and intracellular ATP levels than the nonresistant cells, which
also confer them increased aggressiveness [204].

5. New Therapies, a Comprehensive Adjustment of Therapy to the Metabolic Remodelling

Anticancer drug resistance is often linked to metabolic alterations and these may be targeted to
overcome this issue (Figure 2). Riluzole, a FDA-approved drug for the treatment of amyotrophic lateral
sclerosis [205], interferes with glutamate flux and blocks metabotropic glutamate receptors (GRM)
signalling. This drug blocked proliferation of melanoma cells expressing GRM in vitro, in vivo and in a
phase-0 trial, making riluzole a promising drug to treat melanoma [206,207]. In cisplatin-resistant lung
cancer cells, treatment of riluzole disrupted the oxidative defense by significantly reducing glutamate
release which, in turn, suppressed GSH levels, resulting in higher ROS accumulation. Riluzole treatment
increased ROS by suppressing lactate dehydrogenase A (LDHA) and NAD+ levels and blocked the
cystine/glutamate pump, leading to cell death in cisplatin-resistant cells [197]. Therefore, using riluzole
as an antitumour agent against cisplatin resistance in lung cancer should be further explored.

The sugar analogue 2-DG has been shown to be selectively cytotoxic to several tumour cell
lines when cultured under anaerobic and/or hypoxic conditions [208,209] and to reduce resistance to
cisplatin in an in vivo xenograft model of lung cancer [201]. Another clinical trial reported that 2-DG in
combination with docetaxel was well tolerated [213]. Under hypoxia, 2-DG and 2-fluorodeoxyglucose
(2-FDG) treatment inhibited glycolysis, and thus lactate production, and also induced higher cell
death in cisplatin-resistant cells with low levels of HK2, as compared to their respective parental
cells [201]. Hence, targeting metabolic pathways using glycolytic inhibitors, such as 2-FDG or 2-DG,
to kill cisplatin-resistant lung cancer cells under anaerobic/hypoxic conditions can be an interesting
therapeutic approach.

The ability to repair cisplatin-DNA adducts appears to be involved in the development of cisplatin
resistance. The nucleotide excision-repair (NER) pathway and the ERCC1 gene have been pointed out
as attractive molecular targets to increase the cytotoxic effects of platinum compounds and overcome
their resistance [214]. Metformin has been used for more than 50 years for the treatment of type 2
diabetes mellitus [215] and several studies showed that it has anticancer properties, improving the
prognosis of patients with multiple cancers and decreasing the risk of cancer development [216,217].
A study demonstrated that metformin enhanced the sensitivity to a combined treatment of cisplatin
and ionizing radiation in in vitro NSCLC models, with a greater effect in cells that are less sensitive to
cisplatin [212]. These authors also showed a significant reduction in the expression of ERCC1 after
metformin treatment, pointing a possible involvement of the NER pathway in the radio-enhancement
effect of the combined cisplatin and metformin treatment. Moreover, metformin was found to reverse
resistance to TKIs and ALK inhibitors in lung cancer [211]. Another study using metformin showed
that it increased the sensitivity of carboplatin-resistant NSCLC cells to carboplatin treatment in in vitro
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and in vivo models [210]. Metformin treatment decreased the expression of pyruvate kinase muscle
isozyme M2 (PKM2), the enzyme that catalyses the final step in glycolysis, and consequently inhibited
partially glucose metabolism and reduced ATP levels in carboplatin-resistant NSCLC cells [210].
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Figure 2. New metabolic therapies targeting drug-resistant lung cancer. The metabolic inhibitors that
can be used to target drug-resistant cancers are shown in yellow. The sugar analogue 2-deoxyglucose
(2-DG, competitive inhibitor of Hexokinase (HK), has been shown to be selectively cytotoxic to several
tumour cell lines under anaerobic and/or hypoxic conditions [208,209] and to reduce resistance to
cisplatin in lung cancer cells and an in vivo xenograft model of lung cancer [201]. Thus, 2-DG has the
potential of being used clinically as an adjuvant to the classical chemotherapeutic compounds, such as
cisplatin. Riluzole interferes with glutamate flux and was shown to increase reactive oxygen species
(ROS) by suppressing lactate dehydrogenase A (LDHA) and NAD+ [197]. Glutamate stimulates the
glutamine import and glutaminolysis, sustaining the import of cyst(e)ine, which has been related
to increased therapy resistance in different cancer models [51], mostly due to its role in glutathione
synthesis [52,54]. Riluzole interferes with system xCT-cystine/glutamate antiporter, resulting in
decreased GSH levels [197]. Thus, using riluzole as an antitumour agent against cisplatin resistance
in lung cancer patients could be further explored. Treatment with CB-389, a glutaminase inhibitor
generated a metabolic crisis in EGFR mutant NSCLC cells, resulting in cell death and in rapid tumour
regression in mouse NSCLC xenografts [64]. Metformin, an antidiabetic drug, was observed to increase
the sensitivity of carboplatin-resistant NSCLC cells to carboplatin treatment in vitro and in vivo [210]
and also reversed resistance to tyrosine kinase inhibitors (TKIs) and ALK inhibitors in lung cancer [211].
Another study demonstrated that metformin enhanced the sensitivity to a combined treatment of
cisplatin and ionizing radiation in H460 and A549 NSCLC cell lines, with a greater effect in the A549
cell line, which is less sensitized by cisplatin [212]. Elesclomol is another potential therapeutic agent,
since it further increased ROS in cisplatin-resistant cells, pushing them beyond their tolerance limit,
which ultimately leads to cell death [199].

Tumour cells have the ability to adapt their metabolism to different environments and stressful
conditions, increasing adaptability and tumour response to therapies [13,15]. The control of the
mitochondrial biogenesis can be a mean of adaption, which is preferentially regulated by the peroxisome
proliferator-activated receptor gamma (PPAR-γ) transcriptional coactivator-1 alpha (PGC-1α) [218].
During the OXPHOS process, protons are pumped into the mitochondrial inner membrane potential
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(MIMP), which is finally dissipated through Complex V, generating ATP [219]. In a study using
cisplatin-resistant NSCLC cells, two out of three cell lines showed stable changes towards an augmented
OXPHOS function and decreased glycolysis [220]. However, the three cell lines responded in a similar
way increasing ROS, MIMP and mitochondrial mass as an early response to cisplatin treatment.
The authors also observed a decrease in AIF (proapoptosis) and an increase in Bcl2 (anti-apoptosis),
indicating that this mechanism does not replace other classical mechanisms of cisplatin resistance [220].
A stable increase of PGC-1α, is seen in cells with increased OXPHOS activity. Treatment with the
mitochondrial inhibitors metformin or rotenone (inhibitors of the complex I of the OXPHOS system)
reduces the viability of the cell lines proportionally to their OXPHOS requirements [220]. This study
provides new insights into cisplatin resistance mechanism in NSCLC cells which may lead to the
design of new therapeutic approaches targeting mitochondria.

In NSCLC, Yuan et al., suggested that PKM2 knockdown could serve as a chemosensitizer to
docetaxel, leading to the inhibition of cell viability, cell cycle arrest at G2/M phase and apoptosis [221].
These results further suggest that application of targeting the PKM2 has the potential to be a therapeutic
strategy for NSCLC and provides one possible way to improve the chemotherapy effect of docetaxel.
The use of NRF2-targeting agents to overcome this chemoresistance has been studied extensively.
Stable knockdown of either NRF2 or KEAP1 in NSCLC cells resulted in sensitization to chemotherapeutic
drugs. In particular, silencing of KEAPI augmented the expression of PPARγ and genes associated
with differentiation [222]. Another study using a mouse model of mutant KrasG12D-induced lung
cancer showed that suppressing the NRF2 pathway with the chemical inhibitor brusatol enhanced the
antitumour efficacy of cisplatin and reduced the tumour burden as well as improving survival [223].

Although long-term gefitinib treatment can provide effective action against its primary target
(aberrant EGFR activity), secondary effects result in high generation of ROS [177]. In a study using
lung adenocarcinoma cells, gefitinib treatment, in the presence of a ROS scavenger, provided a partial
rescue of mitochondrial aberrations. In addition, the withdrawal of gefitinib from a priori resistant
clones correlated with normalized expression of EMT genes. These findings suggest that antioxidants
potentially provide therapeutic benefits by attenuating TKI-induced ROS and EMT [177].

In a recent study by Apicella et al., lactate metabolism was found to be involved in the resistance to
MET and EGFR TKIs (JNJ-605, crizotinib and erlotinib, respectively), in which patient-derived NSCLC
showed upregulated glycolytic metabolism, with high release of lactate [224]. Lactate can act as a
signaling molecule which instructs cancer associated fibroblasts (CAFs) to produce hepatocyte growth
factor (HGF), whose secretion activates MET signaling in cancer cells, overcoming TKI inhibitory
effects [31,224]. The pharmacological inhibition of LDH, MCT4 and MCT1 was sufficient to abrogate
the in vivo resistance, making these inhibitors a new therapeutic approach that simultaneously targets
lactate metabolism and oncogenes to overcome targeted therapy resistance [224].

6. Conclusions

Improved understanding of both cellular metabolism and resistance mechanisms at the molecular
level promotes new opportunities to combine chemotherapeutic agents with targeted agents, which may
be a promising strategy to overcome chemoresistance and to increase the effectiveness of therapy for
lung cancer patients. A concomitant challenge is to find the exact killing profile and adapt it to the
metabolic drift in which cancer cells continuously undergo. The course of metabolic adaptation to
stressful conditions, such as drug exposure, brings together specialized tumour cell characteristics that
are specific to the tumour and the individual. In the future, precision medicine will have to combine
metabolic monitoring and evolution data in order to adapt clinical regimens and take advantage of the
weaknesses of cancer for therapeutic purposes.
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Abstract: (1) Background: Cancer is one of the leading causes of mortality worldwide. Radiotherapy
and chemotherapy attempt to kill tumor cells by different mechanisms mediated by an intracellular
increase of free radicals. However, free radicals can also increase in healthy cells and lead to oxidative
stress, resulting in further damage to healthy tissues. Approaches to prevent or treat many of these
side effects are limited. Ozone therapy can induce a controlled oxidative stress able to stimulate an
adaptive antioxidant response in healthy tissue. This review describes the studies using ozone therapy
to prevent and/or treat chemotherapy-induced toxicity, and how its effect is linked to a modification
of free radicals and antioxidants. (2) Methods: This review encompasses a total of 13 peer-reviewed
original articles (most of them with assessment of oxidative stress parameters) and some related
works. It is mainly focused on four drugs: Cisplatin, Methotrexate, Doxorubicin, and Bleomycin. (3)
Results: In experimental models and the few existing clinical studies, modulation of free radicals
and antioxidants by ozone therapy was associated with decreased chemotherapy-induced toxicity.
(4) Conclusions: The potential role of ozone therapy in the management of chemotherapy-induced
toxicity merits further research. Randomized controlled trials are ongoing.
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1. Introduction

Chemotherapy (CT) is one of the main treatments for cancer. Its efficacy has been growing because
of new chemotherapy agents, the new combination regimens and an increasing multimodal approach.
Many effects of chemotherapy depend on the increase of free radicals and reactive oxygen species
(ROS) in cancer cells. However, they can also mediate chemotherapy-induced toxicity (CIT). For many
drugs, the most frequent and major toxicities are cytopenias, nausea, vomiting and hair loss. The latter
is usually reversible; for the management and/or prevention of cytopenias, platelet or hemoglobin
transfusions are available, as well as erythropoietin-stimulating agents and colony-stimulating growth
factors (CSGF). However, some other major toxicities can affect different organs and tissues, depending
on the CT agent. Usually, this damage is mediated by ROS and high oxidative stress, and frequently,
preventive and therapeutic approaches are limited.

Cellular ROS are generated in mitochondria by oxidative phosphorylation. ROS also participate as
signaling molecules in cell physiological processes of proliferation and survival. Thus, oxidative stress
reflects the imbalance due to an excess of ROS or oxidants that overcome the capability of cells to exert
effective antioxidant responses. Excessive ROS production may arise from mitochondria dysfunction
or by the interaction between normal or excessive mitochondrial production with exogenous sources.
The superoxide anion (O2•−) is a free radical produced by the single electron reduction of O2. It is the
first ROS directly produced from O2 and the precursor of all other ROS. Spontaneous and superoxide
dismutase (SOD)-dependent O2•− dismutation generates hydrogen peroxide (H2O2), which itself
can undergo the Fenton reaction to generate the hydroxyl radical (OH•) in the presence of transition
metals, most commonly Fe2+. Oxidative stress results in macromolecular damage. Lipid peroxidation
generates direct products such as malondialdehyde (MDA), isoprostanes, and 4-hydroxynonenal.
Protein oxidation can cause fragmentation at amino acid residues, formation of protein-protein
cross-linkages, and oxidation of the protein backbone. Oxidative damage to DNA causes alterations in
DNA bases. Also, MDA can react with DNA to form DNA adducts [1,2].

Ozone (O3) is the triatomic allotrope form of oxygen which is much reactive (less stable) and
more soluble (10 times) in water and plasma than the diatomic allotrope form (O2). Its antioxidant
potency is the third after fluorine and persulfate and it is higher than O2 [3]. Ozone therapy consists
in the medical use of a gas mixture of O3/O2, obtained from medical-grade oxygen using an ozone
generator device and which has to be administered in situ because of the short half-life (at 20 ◦C the O3

concentration is halved within 40 min, at 30 ◦C within 25 min) [3]. Typical clinical O3 concentrations
range from 10 to 60 μg/mL (μg of O3 /mL of O2) of a mixture O3 (0.5–0.05%) and O2 (95–99.5%) [4]. So,
although more than 95% of the gas mixture is always oxygen, small variations in O3 content change its
potential effects.

A higher concentration of ozone (maximum 0.02 μg/mL) is beneficial, preventing damaging UV
light from reaching the Earth’s surface [5]. However, exposure by inhalation to prolonged ground-level
ozone damages the respiratory system and extrapulmonary organs. In the same way, in humans, ozone
can be dangerous or beneficial, depending on the route and organ/tissue of administration and on the
concentration of exposition. It is becoming clear how the respiratory system—when undergoing a
chronic oxidative stress—can release slowly, but steadily, a huge number of toxic compounds that are
able to enter the circulation and cause serious damage [6]. Moreover, the potent antioxidant capacity of
blood exposed to a small and precisely calculated dose of ozone only for a few minutes can modulate
the endogenous antioxidant system and aids in the control of different pathological conditions [7].

This review is mainly focused on four drugs: Cisplatin, Methotrexate, Doxorubicin, and Bleomycin,
which belong to different CT groups—alkylating agents, antimetabolites and antitumor antibiotics,
respectively. These drugs can induce severe and dose-limiting toxicity, which has been reduced in
experimental models when ozone has been administered as a preventive or therapeutic approach.
Later, some related works supporting the previous studies will be summarized.
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2. Chemotherapy-Induced Toxicity and Free Radicals

Mitochondria is one of the key contributors to cancer development and progression. Most of the
O2•− generated under physiological conditions are efficiently converted into H2O2 by superoxide
dismutase (SOD). Catalase, glutathione peroxidase (GSH-Px, eight isoforms), and peroxiredoxins (Prxs,
six isoforms) can convert H2O2 to water and O2, The O2•− to H2O2 reaction also occurs spontaneously.
Small ROS concentrations are required as messengers and signals for appropriated cell regulation.
Higher levels of ROS and free radicals are produced by chemotherapy and radiotherapy as the main
action mechanism for killing cancer cells. However, most of the chronic CIT are also influenced by the
perpetuation of a pro-oxidative status and inflammation. Frequently, the most used approaches for
many CIT include symptomatic treatments, substances with antioxidant effect and anti-inflammatory
drugs and corticosteroids, although sometimes with limited efficacy. We include a short review of
the action mechanisms and toxicities of the four drugs (Cisplatin, Methotrexate, Doxorubicin, and
Bleomycin) that have undergone studies to evaluate CIT-modulation by ozone therapy.

2.1. Cisplatin-Induced Toxicity

Cisplatin, cis- diamine-dichloro-platinum (CDDP) is one of the most used chemotherapy drugs
because it is effective against different types of tumors. Cisplatin is an alkylating agent which is
cell-cycle-phase nonspecific. It can bond to proteins, RNA and DNA, inhibiting DNA synthesis and
cell cycle and it can also induce apoptosis. The most common cisplatin-induced toxicities are nausea,
vomiting, myelosuppression, ion alterations, alopecia, sterility and others. However, among the most
relevant and dose-limiting are ototoxicity, peripheral neuropathy and especially nephrotoxicity. Today,
it is suggested that cisplatin-associated toxicities are mainly induced by free radicals’ production,
which will result in oxidative organ injury. The evidence is growing over the protective effects of
antioxidants on cisplatin-induced adverse reactions, especially, nephrotoxicity [8–10]. The main route
for cisplatin elimination is via the kidneys, and around one out of three to four patients treated with
full doses of cisplatin could develop renal dysfunction; the percentage could be higher than 50% in
children. This damage can be produced at several renal structures: blood vessels (with vasoconstriction
a decrease in renal blood flow), glomeruli and mainly, in proximal tubular cells [9,10].

2.2. Methotrexate-Induced Toxicity

Methotrexate (MTX) acts as an antimetabolite, blocking the dihydrofolate reductase and inhibiting
the formation of tetrahydrofolic acid (reduced folic acid). This way, MTX inhibits formation of
thymidylate from deoxyuridylate and inhibits the synthesis of DNA. This action and the additional
inhibition of RNA and synthesis of proteins prevents cells to enter in the S phase of cell cycle (MTX is a
cell cycle-specific agent).

MTX is used against many different tumors and in some autoimmune diseases such as rheumatoid
arthritis. Although MTX is safely administered to most patients, it can cause significant toxicity,
especially with chronic or high-dose schemes. In addition to myelosuppression, the most relevant
could be pneumonitis (especially in irradiated areas), enteritis, leukoencephalopathy (intrathecal
combined with high dose systemic administration) and especially, hepatic and acute kidney injury
which can happen in 2–12% of patients. Nephrotoxicity results from crystallization of methotrexate
in the renal tubular lumen, leading to tubular toxicity. Acute kidney injury and other toxicities of
high-dose MTX can lead to significant morbidity, treatment delays, and diminished renal function [11].
The effects of MTX in vivo may be mediated by reducing cell proliferation, increasing the rate of
apoptosis of T cells, increasing endogenous adenosine release, altering the expression of cellular
adhesion molecules, influencing production of cytokines, humoral responses and bone formation.
Several reports indicate that the effects of MTX are influenced by genetic variants, specific dynamic
processes and micro-environmental elements such as nucleotide deprivation or glutathione levels [12].
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MTX-induced toxicity has been related to oxidative stress [13] and down-regulation of the nuclear
factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) [14].

2.3. Doxorubicin-Induced Toxicity

Doxorubicin (DOX) is an anthracycline antitumor antibiotic used against a large number of tumors.
It is cell-cycle-phase nonspecific by intercalation between DNA base pairs, and it blocks the action of
topoisomerase-II and inhibits the DNA and RNA synthesis. Similarly to many other chemotherapy
agents, DOX frequently produces myelosuppression, nausea, vomiting, and alopecia. However,
two potential DOX-induced toxicities are at cutaneous and cardiac level. DOX is a vesicant agent
and its extravasation can produce local ulceration and necrosis. On the other hand, a potential and
characteristic DOX-induced toxicity is cardiomyopathy with congestive heart failure. This cardiotoxic
effect is dose-limiting and cumulative-dose dependent, with a high risk increase at cumulative doses
higher than 550 mg/m2, or even lower (400 mg/m2) in patients with previous thoracic irradiation,
previous cardiopathy or in combination with other drugs. Oxidative stress remains the most probable
mechanism for the DOX-induced cardiotoxic effect, mediated by the production of iron-complex and
the subsequent generation of free radicals [15,16]. In selected patients, Dexrazoxane can be used to
prevent/diminish DOX-induced cardiotoxicity, because Dexrazoxane is an iron chelator that decreases
the DOX-iron binding and the subsequent free radical generation.

2.4. Bleomycin-Induced Toxicity

Bleomycin (BLM) is a redox-active drug with anticancer and other clinical applications. BLM is
an effective agent against lymphomas, testicular and ovarian germ cell cancers and certain squamous
carcinomas. The antineoplastic effect of BLM is thought to involve the production of single- and
double-strand breaks in DNA (scission) by a complex of BLM, ferrous ions, and molecular oxygen.
Bleomycin binds to DNA by intercalation of the dithiazole moiety between base pairs of DNA and by
electrostatic interactions of the terminal amines. The reduction of molecular oxygen by ferrous ions
chelated by BLM leads to hydrogen subtraction from the C3 and C4 carbons of deoxyribose, resulting
in cleavage of the C3–C4 bond and liberation of a base with a DNA strand break. BLM is inactivated
in vivo by the enzyme BLM hydrolase, a cytosolic aminopeptidase that has lower activity in the skin
and lungs. Bleomycin is selectively toxic to cells in the M and G2 phases of the cell cycle, and generally
more effective against actively dividing rather than resting cells [17]. Despite being one of the most
effective broad-spectrum chemotherapeutic agents in the treatment of cancers, the clinical applications
of BLM have been limited due to the side effect of causing lung fibrosis [18]. The risk of BLM-induced
fibrosis is increased by the improvements in overall survival and in those patients with previous lung
diseases or thoracic irradiation.

The mechanism of BML-induced lung injury is not entirely clear, but likely includes components of
oxidative damage, relative deficiency of the deactivating enzyme BML hydrolase, genetic susceptibility,
and elaboration of inflammatory cytokines. Oxidative damage to the lung appears important in
the pathophysiology of lung injury, and antioxidants may ameliorate the process [19]. Systemic
administration of antioxidant artemisitene strongly inhibits bleomycin-induced lung damage, through
the activation of the Nrf2 signaling pathway [20].

3. Modulation of Oxidative Stress by Ozone Therapy

Local ozone applications can induce direct effects and modulation effects at the local level.
However, when ozone therapy is applied with systemic intent (principally by autohemotherapy
and by rectal insufflation), ozone does not enter into the blood circulation and it is not able
to reach any specific target tissues. Ozone that is not removed by the antioxidants of the
medium interacts with unsaturated fatty acids from cell membranes in intestinal mucosa (rectal
administration) or blood cells (in the extra-corporeal blood–ozone mixture, during auto-hemotherapy)
generating aldehyde and hydroxy-hydroperoxide (ozone-peroxide), which forms H2O2 and a second
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aldehyde—4-hydroxynonenal (4-HNE), which is one of the most relevant aldehydes. These substances
act as second messengers and induce a further adaptive response from the body (with potential over
regulation of antioxidant systems) in a hormetic dose–response relationship [21–23]. This is, the action
mechanism of systemic ozone therapy is an “indirect” effect. Ozone does not follow the standard
principles of Pharmacology: absorption, distribution, metabolism and excretion. Ozone “only acts”
as a modulator or pro-drug and, by inducing secondary messengers, will enhance the subsequent
adaptive responses. After this fast reaction (few seconds), ozone disappears. Ozone concentration
and effects do not follow a linear relationship: very low concentrations could have no effect and very
high concentrations can lead to contrary effects to those produced by lower/middle concentrations [24].
Mediators such as 4-HNE and H2O2 are among the most relevant secondary messengers induced by
ozone during lung toxicity following airway inhalation [25,26] but also, in the course of the induction
of beneficial effects during medical application [2,27]. Moreover, H2O2 can enter the cytoplasm of
mononuclear cells and modulate nuclear factor kappa B (NF-κB). H2O2 emerges not as an inducer
of NF-κB, but as an agent able to modulate the activation of the NF-κB pathway by other agents.
This modulation is generic at the level of the whole pathway but specific at the level of the single
gene. Therefore, H2O2 is a fine-tuning regulator of NF-κB-dependent processes, as exemplified by its
dual regulation of inflammation [28]. Most likely, the therapeutic dose of O3 blocks the NF-κB signal,
reducing inflammation [29]. In contrast, a high dose of O3 promotes inflammation by activation of
the NF-κB pathway [30]. In addition, H2O2 can act as promotor of the Nrf2 pathway. The important
role of Nrf2 induction by ozone in order to enhance the antioxidant systems has been described
recently [31–33].

There is a broad consensus on the relevance of the induction of protective molecules during
small but repeated oxidative stress [22,34]. The most relevant aldehyde produced by the reaction of
O3 is 4-HNE, which remains more stable than ROS [22,27]. 4-HNE is known to be quite reactive; it
participates in multiple physiological processes as a nonclassical secondary messenger and readily
forms covalent modifications of numerous targets [35]. 4-HNE is rapidly degraded by alcohol
dehydrogenases, aldehyde dehydrogenase, and by glutathione-S-transferase. 4-HNE will form adducts
with the thiol (-SH) and amino groups of Cys34 present in domain-I of albumin. This way, 4-HNE
can send a signal of a transient oxidative stress to different tissues in the body and its effects depends
on concentration as well as cell/tissue origin. This pathway can activate the synthesis of several
substances such as: γ-glutamyl transferase, γ-glutamyl transpeptidase, HSP-70, HO-1, and antioxidant
enzymes such as SOD, GSH-Px, catalase and glucose-6-phosphate dehydrogenase (G6PDH, a critical
enzyme electron-donor during erythropoiesis in the bone marrow) and the Nrf2 pathway. In addition,
these pluripotent effects of 4-HNE can be explained by its concentration-dependent interactions
with the cytokine networks and complex cellular antioxidant systems also showing cell and tissue
specificities [2,36]. As it happens with the potential actions of ozone, the potential actions of 4-HNE are
very different at lower concentrations (regulation of proliferation and differentiation and enhancement
of Nrf2 and antioxidant systems) than at high concentrations (induction of oxidative stress, apoptosis,
and necrosis).

Experimental results demonstrated that ozone ex vivo or in vivo can activate Nrf2 [7,37].
This mechanism can explain the genomic target of ozone, which induces the proteomic response
(protein synthesis, as antioxidant enzymes: e.g., HO-1, SOD, CAT), providing far better protection
against the total body damaging effects from free radicals. In addition, a very recent manuscript
demonstrates the role of ozone on casein kinase 2 (CK2) (another regulator of the Nrf2 activity
through its phosphorylation) in multiple sclerosis patients [38]. However, the effects of ozone also
involve the modulation (inhibition) of the NF-κB pathway. This pathway activates the release of
pro-inflammatory cytokines such as: TNFα, INFγ, IL1β, IL6, IL8, as well as pro-inflammatory genes
such as cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) [39]. As a result, the dose
adminstered in ozone therapy and its hormetic response have a crucial role to manage the equilibrium
inflammation/pro-inflammation responses. Both Nrf2 and NF-κB regulation are coordinated in order to
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maintain redox homeostasis in healthy cells. However, during pathological conditions, this regulation is
perturbed, offering an opportunity for therapeutic intervention [39,40]. The regulation of inflammation
by NF-κB signaling as well as Nrf2 pathways separately is widely documented. Since both these
major signaling pathways modulate inflammation, they may crosstalk to bring about coordinated
inflammatory responses (Figure 1) [41,42].

 
Figure 1. Representation of the interaction with the crosstalk between the nuclear factor erythroid
2-related factor 2 (Nrf2) and nuclear factor kappa B (NF-κB) pathways and the role of ozone. HO-1,
haem-oxygenase-1; ARE, antioxidant response element; Keap1, Kelch-like ECH-associated protein 1;
IKK: IκB kinase; CBP: CREB binding protein; HDAC3: histone deacetylase 3. Nrf2: nuclear erythroid 2
related factor 2; NF-κB: nuclear factor kappa light chain enhancer of B cell; LPS: lipopolysaccharide;
O3: ozone.

Preclinical studies indicated that ozone therapy could attenuate tubulointerstitial injury in rats
with adenine-induced chronic kidney disease by mediating the modulation of Nrf2 and NF-κB [43].
In addition, clinical studies confirm this effect of O3 modulating the balance Nrf2/NF-κB in patients
with multiple sclerosis [38].

4. Ozone Therapy in Chemotherapy-Induced Toxicity

Because ozone can modulate oxidative stress, inflammation and ischemia/hypoxia, it could be
expected to exert a beneficial effect in chronic CIT when those mechanisms are involved. Several
experimental models and isolated clinical studies have demonstrated its benefit in the prevention
and/or treatment of CIT by some chemotherapy drugs, especially Cisplatin, Methotrexate, Doxorubicin,
and Bleomycin. Finally, we will describe some related studies that offer additional support to the
protective effect of ozone against CIT.

4.1. Ozone and Cisplatin-Induced Toxicity

In the last 15 years, several experimental models have described the effects and potential action
mechanisms of ozone for prevention (by ozone preconditioning) or for treatment (stablished alterations)
of renal damage by cisplatin.

In 2004, Borrego et al. [44] described the effect of ozone preconditioning (ozone administration
before cisplatin administration) to prevent cisplatin nephrotoxicity. Nine milliliters of ozone were
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administered, at different concentrations, by rectal insufflation: one session/day for 15 consecutive
days before the day of intraperitoneal cisplatin injection. Rats were sacrificed 5 days after cisplatin
injection. Regarding the control group without treatment, the groups with only O2 or with only
O3 (without cisplatin) showed similar levels of serum creatinine (as a marker of renal damage), as
well as renal levels of free radicals (measuring thiobarbituric acid-reactive substances—TBARS) and
antioxidants (GSH, SOD, CAT, GSH-Px). Cisplatin group showed increased serum creatinine (four
times) and TBARS (two times) and decrease of all antioxidants (between 15–40%). Regarding the
cisplatin group, administration of cisplatin with O2 or with low O3 concentrations (10 μg/mL) did not
show relevant changes and cisplatin with high O3 concentrations (50 or 70 μg/mL) showed similar
(or even worse) creatinine levels, with disappointing results in antioxidants levels. Cisplatin plus
O3/O2 preconditioning at these higher concentrations (50 and 70 μg/mL) showed histopathological
changes that were quite similar to those present with cisplatin alone. However, rats treated with
cisplatin and with O3 preconditioning at moderate concentrations (20 or 30 μg/mL) showed a relatively
lower increase in creatinine levels (only two times) and TBARS, and a level of antioxidants similar
or even higher than the levels of the control group. Patterns of change in levels of creatinine, free
radicals and antioxidants were similar to those described in Figure 2. In the histopathological analysis,
treatment with cisplatin alone showed intense tubular necrosis and cast formation in the lumen,
whereas treatment with cisplatin O3/O2 preconditioning at 30 μg/mL showed no significant differences
with non-treated rats.
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Figure 2. Schemes of results obtained in the experimental studies using systemic ozone therapy
(rectal or intraperitoneal) using chemotherapy drugs. (Left and Middle): “Oxidative stress markers”
(MDA: malondialdehyde, TBARS: thiobarbituric acid-reactive substances) and “Tissue damage
markers” (creatinine, pro-BNP: pro-brain natriuretic peptide) increased largely and significantly
with chemotherapy. The increase was significantly lower in rats with chemotherapy + ozone therapy.
(Middle): levels of “Antioxidants” (GSH: glutathione, SOD: superoxide dismutase, CAT: catalase and
GSH-GPx: glutathione peroxidase) decreased in chemotherapy group whereas those contents were
closer to the control group in rats treated with chemotherapy + ozone therapy. All differences were
statistically significant.

Also in 2004, this group studied the effect of ozone administration after cisplatin-induced acute
nephrotoxicity [45]. In this study, cisplatin was administered before the ozone treatment. After
that, O3/O2 was administered at different concentrations (10, 30 and 50 μg/mL) by rectal insufflation:
one session/day for five consecutive days. Rats were sacrificed one day later. Cisplatin alone or
cisplatin + oxygen showed similar levels of all parameters, that is: the addition of oxygen had no
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effect. In comparison with the control group (without cisplatin), the cisplatin group showed significant
increases in creatinine (marker of renal damage) and TBARS. All cisplatin + ozone groups showed
levels of parameters closer to those of the control group, and a statistically significant difference with
cisplatin alone: lower increase in creatinine and TBARS, and lower decrease (or even increase) of
antioxidants. Additionally, treatment with cisplatin alone showed severe and widespread tubular
necrosis with dilation of proximal tubules and cast formation in the lumen, whereas treatment with
cisplatin and further O3/O2 also showed tubular necrosis, but to a lesser extent. Therefore, in the
previous work, this group described a preventive effect against cisplatin-induced damage in the
kidneys by ozone preconditioning [44], whereas the current study showed partial recovery of already
established damage by ozone treatment after cisplatin administration [45]. Patterns of change in levels
of creatinine, free radicals and antioxidants were similar to those described in Figure 2.

Later, in 2006 [46], the same group, evaluated the renal expression pattern of Bax in rats treated
with cisplatin without/with O3/O2 administration only at the optimal O3/O2 concentration of 30 μg/mL,
following the two previous approaches: (1) with the prevention approach of the 1st study, with ozone
preconditioning administered before the injection of cisplatin (by rectal insufflation, one session/day
during 15 days), and (2) with the treatment approach of the 2nd study, after cisplatin injection, (by
O3/O2 rectal insufflations, one session/day during 5 days). Bax protein expression plays a relevant
role in the induction of apoptosis. As described years before [47], cisplatin-induced toxicity was also
associated with increased expression of Bax protein, in cytoplasm and nucleus in this work [46]. Overall,
in the immunohistochemical analysis, rats receiving cisplatin injection and O3/O2 insufflations at
30 μg/mL showed lower expression of Bax, both in the preventive and treatment approaches, although
the latter (with only five O3/O2 sessions) showed a smaller decrease in Bax expression, which was
more relevant in the cortex zone. As in previous studies, compared with the control group, the increase
in creatinine levels was significantly lower in rats treated with cisplatin and ozone, and an even better
effect was demonstrated in the preventive group (15 days of O3/O2 insufflations) compared to the
treatment group (with only five O3/O2 sessions).

It has been described that high levels of ROS can decrease the expression of Bcl-2 and increase the
expression of Bax, with a final reduction of the ratio Bcl-2/Bax with a proapoptotic effect, as occurs with
cisplatin-induced damage, whereas low doses of ROS can activate cell survival signaling pathways
such as Nrf2 and its downstream HO-1, which can potentially decrease cytotoxicity [48]. In this way,
HO-1 expression has been effectively described as a modulator of cisplatin-induced renal toxicity and
its increase as a potential approach for decreasing kidney injury [49,50]. As described in these works,
rectal O3/O2 insufflation at appropriated concentrations enhances the antioxidant mechanisms in renal
tissue, which can explain its effect to prevent o diminish cisplatin-induced renal damage. Further
support was provided years later, when it was described that appropriated O3/O2 concentration (this
is, a moderate ROS stimulus) induces Nrf2 as the mechanism for increasing HO-1 [27] and antioxidant
mechanisms leading to decrease in oxidative stress and pro-inflammatory cytokines [7,37,38,51].

Finally, in 2016, Kocak et al. [52] published a different experimental work, evaluating the effect
of O3/O2 in the management of already established cisplatin-induced ototoxicity. Rats were treated
with intratympanic and rectal ozone one session/days for 7 days. All rats received intraperitoneal
cisplatin (for 3 days) to produce ototoxicity. After 1 week, ototoxicity was confirmed by testing
of distortion-product otoacoustic emissions. Then, the rats were randomized to the following: (1)
no treatment (control group), (2) ozone by rectal insufflation or (3) “ozone by rectal insufflation +
intratympanic ozone administration”. Rectal and intratympanic insufflation were 2.3–3 mL of O3/O2

gas at concentration of 60 μg/mL. Ozone treatment was 1/day for 7 days. Rats were sacrificed after the
7th day. Compared with the control group, rats from both ozone groups showed statistical significance
(p < 0.05): (1) better results in testing of distortion-product otoacoustic emissions (this is: partial
recovery of audition), and (2) lower-outer hair cell damage in the histopathological examination score
analysis of the inner ears. There were no differences observed between ozone groups. Therefore,
it was concluded that rectal insufflation of ozone was effective in the treatment of cell damage in
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cisplatin-induced ototoxicity, and that the intratympanic administration of ozone had no additional
advantage over the rectal administration. This study did not evaluate oxidative stress parameters.

Overall, the experimental models described above show that treatment with cisplatin was
associated with a decrease in antioxidants, increase in free radicals and functional (creatinine) and
histopathological damage in the kidneys and ears. However, the addition of ozone to the treatment
was able to decrease all these alterations. These findings suggest a potential clinical benefit in the
treatment and prevention of cisplatin-induced ototoxicity and nephrotoxicity, which are dose-limiting.

4.2. Ozone in Methotrexate-Induced Toxicity

In 2009, Kesik et al. [53] described the effect of ozone preconditioning to prevent abdominal injury
by MTX, with assessment in liver, kidney and intestinal tissues. Ozone administration (total dose of
0.72 mg/kg) was by intraperitoneal route: one session/day for 15 consecutive days before the day of
intraperitoneal MTX injection. Rats were sacrificed 5 days after MTX injection. They were evaluated
in three groups: sham, MTX and MTX + ozone. Differences in free radicals and antioxidants among
study groups were statistically significant and similar in all tissues: 1) Compared with sham, the MTX
group showed an increase in MDA and decrease in SOD and GSH-Px compared with MTX alone; MTX
+ ozone showed decreased MDA and increased SOD and GSH-Px. Patterns of change were similar
to those described in Figure 2. However, in this study, the histopathological scores for assessment
of tissue damage were only statistically significant in ileum, which showed a lower damage score
in the MTX + ozone group vs. MTX alone, that is: at histopathological level, the addition of ozone
ameliorated intestinal damage at 5 days after MTX administration [53].

In 2015, Aslaner et al. published two articles with a similar methodology to evaluate the effect of
“ozone preconditioning+ ozone treatment” in MTX-induced nephrotoxicity [54] and hepatotoxicity [55].
The length of studies was 21 days. All groups received 5 mL of intraperitoneal administration of
physiological saline (control and MTX groups) or O3/O2 (MTX + ozone groups). MTX and MTX +
ozone groups received a single intraperitoneal administration of MTX at the 16th day. Additionally, the
MTX + ozone groups received O3/O2 (at 25 μg/mL) intraperitoneally, one session/day for 15 consecutive
days before the MTX injection and five additional days after the MTX injection. Rats were sacrificed
at the 21st day of the study. Compared with control groups, the MTX groups showed a significant
increase in serum levels of ALT, ST, TNF-α and IL-1β and tissue levels of MDA and myeloperoxidase
(MPO), as well as a significant decrease in tissue levels of GSH. However, compared with MTX alone,
the MTX + ozone groups showed significantly lower serum levels of ALT, ST, TNF-α and IL-1β and
tissue levels of MDA and MPO, as well as significantly higher tissue levels of GSH [54,55]. Compared
with the MTX groups, the MTX + ozone groups showed a lower histopathological damage score, with
statistically significant differences in kidney tissue. Patterns of change in MDA and GSH levels were
similar to those described in Figure 2.

In 2016, Leon Fernandez et al. [56], described the results of a randomized controlled trial (RCT)
using MTX without/with concurrent ozone therapy in patients with rheumatoid arthritis. Sixty patients
were randomized into two groups to: (1) standard treatment (MTX group), with MTX (12.5 mg
intramuscular) 1/week + Ibuprofen + folic acid; or (2) standard treatment + ozone (MTX + ozone
group), with 20 rectal insufflations, 1/day, 5 days/week for 4 weeks. The O3/O2 concentration and
volume were progressively increased, in order to enhance the adaptive response: from 25 μg/mL for
100 mL the 1st week to 40 μg/mL for 200 mL the 4th week. Patients in the MTX group only received
standard treatment. Patients in the MTZ + ozone group received the same standard treatment + ozone
by 20 rectal insufflation, 1/day, 5 days/week for 4 weeks. The O3/O2 concentration and volume were
progressively increased, in order to enhance the adaptive response: from 25 μg/mL for 100 mL the
1st week to 40 μg/mL for 200 mL the 4th week. Clinical parameters and biochemical markers of
oxidative stress were evaluated before and after the treatment. The MTX group showed no differences
in disease activity score or health assessment questionnaire-disability index, whereas the MTX + ozone
group showed a significant and clinically relevant improvement in both parameters, as well as a
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more remarkable decrease in pain intensity, according to the visual analog scale (VAS). Compared
with patients treated in the MTX group, at the end of the study, patients treated with concurrent
ozone therapy showed significantly higher levels of antioxidants (SOD, CAT, GSH) and lower levels of
oxidative stress markers such as advanced oxidation protein products (AOPP), nitric oxide (NO), total
hydroperoxides (TH) and malondialdehyde (Figure 3).

 

Figure 3. The redox status of patients with rheumatoid arthritis in (a): Methotrexate (MTX) and
(b): “MTX + ozone” groups at the end of the study. (A) Protective redox markers, (B) Injury redox
markers. The units of each marker are: SOD (superoxide dismutase, U/mL/min) and CAT (catalase,
U/L/min) activities, GSH (reduced glutathione, μM), NO (nitric oxide, μM), AOPP (advanced oxidation
protein products,μM), TH (total hydroperoxides,μM), MDA (malondialdehyde,μM). Data represent the
mean ± S.E.M. of each group. Data analysis for each group was made by t-test. All differences between
MTX vs. MTX + ozone groups were statistically significant, p < 0.05. From Ref. [56], with permission.

Overall, the works described above show that treatment with MTX was associated with a decrease
in antioxidants, increase in free radicals and histopathological damage in kidney liver, and intestinal
tissues. However, the addition of ozone to the treatment was able to decrease these alterations.
These findings augur well for a potential clinical benefit of ozone in the treatment and prevention of
MTX-induced toxicity in these issues, and they are further supported by the results in the only clinical
trial published to date [57].

4.3. Ozone in Doxorubicin-Induced Toxicity

In 2004, Calunga et al. [58] described an experimental model of glomerulonephritis with a single
DOX administration. After 10 weeks, rats were treated with O3/O2 rectal insufflation: one session/day
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for 15 days, at different concentrations. In this study, lower O3/O2 concentrations (15 μg/mL) showed
better results than moderated concentrations (20 and 30 μg/mL) against the alterations induced by
DOX on systolic arterial pressure, diuresis and proteinuria. However, this study did not evaluate the
effect on oxidative stress or antioxidants.

In 2014, Delgado-Roche et al. [57] described that ozone preconditioning could prevent
DOX-induced cardiotoxicity. Rats were assigned to four groups: (1) control (without DOX), (2) DOX
alone, (3) DOX + oxygen, and (4) DOX + ozone. Intraperitoneal DOX was administered twice a
week for 50 days. The O3/O2 administration was by rectal insufflation, at a volume of 6 mL, and
concentrations of 50 μg/mL in the DOX + ozone group and 0 μg/mL (only oxygen) in the DOX + oxygen
group. In both O3/O2 groups, 20 sessions, 1/day, were administered before the commencement of DOX
injection. Rats were sacrificed after 50 days. There were no significant differences between the DOX
group and DOX + oxygen group. Compared with the control group, both showed: (1) a decrease in
antioxidants (CAT and SOD) and (2) an increase in free radicals (MDA, AOPP) and pro-brain natriuretic
peptide (pro-BNP) as a marker of cardiac damage. However, the DOX + ozone group showed levels
of pro-BNP, free radicals and antioxidants that were significantly closer to those of the control group.
Patterns of change in levels of pro-BNP, free radicals and antioxidants were similar to those described
in Figure 2. Additionally, histopathological analysis of the DOX group showed significant damage in
heart tissue (subendocardial loss of muscular fibres, mild edema, and necrosis), whereas the DOX +
ozone group only showed minor damage [57].

In 2016, Kesik et al. [59], described the effect of topical ozone application (ozonated olive oil) in
the management of DOX-induced skin necrosis. This study assessed several topical treatments in
an experimental model of skin necrosis induced by intradermal injection of Doxorubicin. The most
relevant groups in this study were: (1) control group (DOX without further treatment), (2) DOX +
dimethyl sulfoxide (DMSO), and (3) DOX + ozonated olive oil. It was expected the maximum skin
necrosis occurred on day 14 after injection, so this was when analysis was carried out. Biopsies from
the necrotic areas at 14 days did not show significant differences in tissue levels of MDA, IL1β, SOD
or GSH-Px. However, compared with the control group, TNFα was significantly lower in DMS and
ozonated olive oil groups, with no statistically significant differences observed between the last two
groups. The ozonated olive oil group was the only one that showed a statistically significant decrease
in ulcer size and in percentage of change (decrease) in the histopathologic ulcer score. DMSO is an
antioxidant agent usually used in the management of DOX-induced extravasation injury. In this study,
the authors demonstrated that topical use of ozonated olive oil improved this damage at least as well
as DMSO [59]. Figure 4 shows a related clinical experience in our institution during the management
of a patient with skin necrosis secondary to Doxorubicin extravasation.

In 2017, Salem et al. [60] evaluated the cytoprotective effects of ozone (and rutin and their
combination) on DOX-induced testicular toxicity. Intraperitoneal DOX was administered 3 times/week
for 2 weeks since the commencement time-point. Since the same commencement time-point, all
groups received rectal gas insufflation (5 mL): one session/day, 5 days/week for 3 weeks. Placebo
and doxorubicin groups received insufflations with O2 only. In the ozone group, the gas insufflation
was at O3/O2 concentrations of 25 μg/mL the 1st week, and 50 μg/mL the 2nd and the 3rd weeks.
The study was terminated 21 days after treatment began. When compared to placebo, the DOX
group showed a significant decrease in sperm count, motility and viability, and a significant increase
in abnormal morphology. All these alterations were significantly lower in the group with DOX +
ozone. In serum, DOX showed a significant decrease in testosterone levels and significant increases in
luteinising hormone (LH) and follicle-stimulating hormone (FSH), whereas in the DOX + ozone group,
these alterations were significantly lower. In testicular tissue, the DOX group showed a significant
and relevant increase in g-glutamyltransferase (GGT), alkaline phosphatase (ALP), acid phosphatase,
C-reactive protein (CRP), brain monocyte chemotactic protein-1 (MCP-1), malondialdehyde (MDA)
and nitric oxide (NO), whereas all these values in the DOX + ozone group were significantly lower
and closer to those of the placebo group. On the other hand, total antioxidant capacity (TAC) was
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significantly decreased in the DOX group, whereas in the DOX + ozone, there was a lower decrease
and levels were closer to the placebo group. Patterns of change in MDA and antioxidant capacity were
similar to those described in Figure 2.

 

 

 

 

 

 

Figure 4. Topical ozone treatment in a patient with skin necrosis after Doxorubicin extravasation.
A 61-year old patient under treatment for a stage IIIA multiple myeloma suffered a skin necrosis
secondary to Doxorubicin (DOX) extravasation in the left elbow flexure. Because adverse evolution
with conservative management, a muscle flap with a cutaneous graft was required (by the Department
of Plastic Surgery). A second surgery was planned because of a loss of tissue in the distal area of the
graft. (Left): Picture at the 9th session of local ozone therapy (wound size 25 × 15 mm). Black arrows
and dotted lines show the limits of the wound at the commencement of ozone therapy (wound size
60 × 30 mm). (Right): Picture at the end of local ozone therapy, after 20 sessions. The planned second
graft was avoided.

Finally, the recent work of Kamble et al. in 2018 merits mentioning. Using a different therapy
(asiatic acid instead of ozone), they described that the activation of Nrf2 (as it is also induced by
O3/O2 [7,27,37,38,51]) and the further enhancing of antioxidant systems can ameliorate DOX-induced
toxicity in the heart, liver and kidneys [61].

Overall, the experimental models described above show that treatment with DOX was associated
with a decrease in antioxidants, increase in free radicals and in functional and histopathological damage
in the kidneys, heart, skin, and testicles. However, the addition of ozone to the treatment was able to
ameliorate these alterations. These findings suggest a potential clinical benefit in the treatment and
prevention of DOX-induced toxicity, and they are particularly relevant in DOX-induced cardiac-toxicity,
which is dose-limiting.

4.4. Ozone in Bleomycin-Induced Toxicity

In 2015, Santana-Rodríguez et al. [62], showed preliminary results from an experimental model of
Bleomycin-induced lung fibrosis. Twenty one Sprague-Dawley rats were randomized into four groups:
(1) control, without intervention; (2) sham, with intratracheal administration of 500 μL saline; (3) BLM,
with intratracheal administration of BLM; (4) BLM + ozone, treated as BLM group + O3/O2 rectal
insufflation (20 mL/kg) before and after BLM administration. Administration of O3/O2 pre-BLM was
1/day for 15 days at increasing concentrations from 20 μg/mL to 50 μg/mL. After BLM administration,
O3/O2 was administered at 50 μg/mL 3 times/week until sacrifice. Rats were sacrificed at 28 days after
intratracheal administration of saline alone or with BLM. Lung fibrosis was assessed by the Ashcroft
scale in a blinded histopathological analysis. Rats treated with BLM (with and without ozone) showed
a significant and marked increase in lung fibrosis score. However, the fibrosis score was significantly
lower in the BLM + ozone group in comparison with the BLM-alone group. Unfortunately, the levels
of free radicals and antioxidants were not evaluated in this study [62].
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4.5. Other Related Studies

There are few clinical works about the clinical effects of ozone in the management of CIT. They
did not describe administered chemotherapy (or it was in a multidrug scheme) nor did they evaluate
oxidative stress parameters. However, we consider that these are most relevant.

In 2008, a randomized study in children with chemo-induced mucositis showed that topical
ozonated sunflower (Oleozon®, Centro Nacional de Investigaciones Científicas, La Habana, Cuba)
leads to higher and faster mucositis recovery than conventional treatment with “Chlorhexidine +
Nystatin” [63].

Borrelli, in 2012 [64], showed results from an RCT of 40 patients with advanced non-small lung
cancer treated with (not specified) standard chemotherapy (control group) or standard chemotherapy
and ozone (and viscum album injection). A concentration of O3/O2 of 30 μg/mL was administered
by autohemotherapy once per week for 12 weeks. Compared with the control group, patients in
the “chemotherapy and ozone group” showed a significant improvement in the Quality of Life
Questionnaire QLQ-C30), lower ROS and higher biological antioxidant potential plasma values than
baseline values.

Finally, a related topic to mention could be the chemotherapy-induced peripheral neuropathy
(CIPN), which can happen in more than half of patients treated with platin compounds, taxanes,
vincristine or bortezomib [65], and it can lead to dose-reduction or even interruption of chemotherapy.
Once more, among the mechanisms associated to CIPN, the following have been described: (1) apoptosis
induced by ROS and oxidative stress, (2) decrease in antioxidants as vitamin, E.; and (3) increase of
proinflammatory cytokines (IL-1, IL-6, IL-8, TNFa) [65–67]. Different treatments have been evaluated,
including several approaches with antioxidants: acetylcysteine, amifostine, glutathione, retinoic acid,
or vitamin E. However, until now, preventive or therapeutic approaches are limited in number and
efficacy [68,69]. In these clinical conditions, when non-proved or limited therapeutic options exist, some
experts consider it reasonable to use treatment based on its mechanisms of action or its effects in related
syndromes [69]. In this way, based on its mechanism of action and our clinical experience with ozone in
neuropathic pain secondary to cancer treatments (Personal Communication [70]), a double-blinded RCT
with ozone therapy in refractory peripheral neuropathy induced by chemotherapy is ongoing, which
will include an extensive assessment of oxidative stress and proinflammatory parameters (EudraCT:
2019-000821-37).

5. Discussion and Prospects

Overall, in the experimental models described above, the administration of cisplatin, doxorubicin
or methotrexate was associated with increased serum levels of tissue-damage markers (creatinine in
renal injury, pro-BNP in cardiac injury) and increased tissue levels of free radicals (lipid peroxidation
markers—TBARS, MDA). At the same time, these drugs decreased tissue levels of antioxidants (GSH,
SOD, catalase, GSH-Px). When assessed, the addition of O2 (O3/O2 = 0 μg/mL) to rats treated with
these chemotherapy drugs did not show relevant changes in comparison with chemotherapy alone,
that is: the addition of systemic O2 did not induce a decrease of free radicals and did not increase
antioxidant levels.

However, when the administration of cisplatin, doxorubicin or methotrexate in rats was associated
with O3 preconditioning or O3 treatment at appropriate concentrations, the oxidative stress parameters
were closer to the those from the control group, that is: (1) lower increase in serum levels of
tissue-damage markers (creatinine in renal injury, pro-BNP in cardiac injury), (2) lower increase in
tissue levels of free radicals (lipid peroxidation markers—TBARS, MDA), and lower decrease in the
tissue levels of antioxidants (GSH, SOD, catalase, GSH-Px), 3) decreased damage in histopathologic
analysis. Considering these effects, we know that oxidative preconditioning can induce an effect also
described for other phenomena such as exercise or ischemic, thermal and chemical preconditioning.
A common feature of all of these processes is that a repeated and “moderate-controlled” stress is able
to protect against a prolonged and severe stress [44].
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The results described with ozone in the experimental models detailed in this review augur well
for a potential clinical benefit, and they are further supported by increased survival in the experimental
model of doxorubicin plus ozone [57] or the results in the clinical trial of patients with arthritis treated
with methotrexate with/without ozone therapy [56].

As with chemotherapy, chronic radiation-induced toxicity is also mediated by a local perpetuation
of the ischemic process, proinflammatory and prooxidative status. Some experimental models
have described the potential role of ozone therapy to protect/diminish toxicity at lung [71], liver or
intestinal [72] levels. Unfortunately, once more, there are few related clinical studies, with the most
remarkable being those regarding the use of ozone therapy during radiotherapy of prostate cancer to
decrease local toxicity [73] or after radiotherapy to treat pelvic radiation-induced toxicity [70,74,75].

It is necessary to highlight that, as is usual in medicine, higher concentrations are not always
better, as demonstrated by Borrego et al. [44], showing that cisplatin plus O3/O2 preconditioning at
higher concentrations (50 and 70 μg/mL) showed histopathological changes that were quite similar to
those present with cisplatin alone and disappointing results in biochemical parameters. Furthermore,
the results were worse than those obtained with moderate concentrations (20 or 30 μg/mL) in rectal
insufflations. That is to say, very high O3/O2 concentrations can induce free radical levels that are too
high and exceed adaptive capacity, leading to worse results or even deleterious effects.

In the same way, the effects of 4-HNE, Nrf2 and NF-κB induced by ozone depend on its
concentration and cell type or tissue. These three pathways interact in the redox processes and can
show dual actions. If they lead to increased oxidative stress, they can induce initiation, promotion or
progression of tumor cells, as well as treatment-induced toxicity; although an increase of oxidative stress
is the foundation of chemotherapy and radiotherapy. On the other hand, an increase in antioxidants
could be related with a lower risk of tumor initiation and treatment-induced toxicity; although, it could
potentially protect cancer cells from cancer treatments. Therefore, their effects in cancer pathology and
their potential modulation in cancer treatment are complex and not completely known [2,76,77].

At physiological (very low) doses, 4-HNE stimulates activity of the Nrf2 pathway as well as
proliferation, differentiation, and apoptosis. However, low concentrations could protect cancer cells
against further damage [2,77]. In opposition, studies have been described where 4-HNE correlates
with tumor malignancy in astrocytomas and breast or liver carcinomas [2]; although, high levels of
4-HNE under oxidative stress conditions have been described to predispose cancer cells to apoptosis
and enhance results of radio-chemo therapy in lung carcinomas [77,78]. The role of NF-κB and
Nrf2 and their modulation in cancer pathology is also not clear. Coincident with the molecular
cloning of NF-κB/RelA and identification of its kinship to the v-Rel oncogene, it was anticipated that
NF-κB itself would be involved in cancer development. Oncogenic activating mutations in NF-κB
genes are rare and have been identified only in some lymphoid malignancies, while most NF-κB
activating mutations in lymphoid malignancies occur in upstream signaling components that feed
into NF-κB. NF-κB activation is also prevalent in carcinomas, in which NF-κB activation is mainly
driven by inflammatory cytokines within the tumor microenvironment. Importantly, however, in all
malignancies, NF-κB acts in a cell-type-specific manner: activating within cancer cells genes involved
in survival, proliferation, angiogenesis, expansion, and metastasis, as well as the enhancement of
inflammation-promoting genes in the tumor microenvironment. Yet, the complex biological functions
of NF-κB have made targeting it therapeutically a challenge [79,80]. Moreover, Nrf2 has also shown
a dual action that can enhance resistance to cancer treatment as well as inhibit cancer initiation and
development [76]. Nrf2 increase has been associated with malignant transformation and progression
in colorectal carcinoma [81], limited the success of temozolomide and is implied to play a role in
the drug resistance mechanism [82] in gastric cancer. Nrf2 expression is positively correlated with
invasive gastric cancer, suggesting its utility as a predictive index for unfavorable prognosis [83].
However, controlled, oscillating activation of Nrf2 has also been related to the prevention of cancer
initiation and development [76,84]. In conclusion, it seems that modification of the balance of Nrf2 or
NF-κB is involved in regulation of cancer initiation/progression and the drug resistance mechanism.
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As consequences, approaches that reestablish the equilibrium Nrf2/NF-κB should provide a potential
benefit in oncology.

As commented for 4-HNE, NF-κB, and Nrf2, the use of “high-dose antioxidants” during
chemotherapy to prevent toxicity is also controversial, because of the potential protective effect
on tumor cells and prognostic impairment [85,86]. However, ozone does not lead to a high increase of
one isolated substance or antioxidant. At appropriated concentrations, ozone will induce an adaptive
response with an “overall potentiation” of the “endogenous antioxidant mechanisms”, which are
usually decreased in most tumor cells.

There is a rational support for a potential enhancing effect of the “chemotherapy + ozone”
combination as we have described in a recent review, which merits further research [87]. However,
this potential and controversial combination during cancer treatment should not be hugely relevant for
patients in the following situations:

(1) Current or potential CIT leads to contraindication or dose-reduction chemotherapy. In some clinical
conditions, the addition of ozone during chemotherapy in order to prevent/diminish CIT could
open two additional interesting treatment-windows to explore: (a) to avoid/diminish chemotherapy
dose-reduction when some kind of CIT is present, and (b) the potential possibility for exploring
chemotherapy administration in current clinical contraindications (e.g., renal failure).

(2) Tumor cells are not present, e.g., in the treatment of CIT after cancer treatment. Based on the
demonstrated modulation of oxidative stress by ozone, the complementary use of ozone as palliative or
compassionate treatment for CIT could be supported when an effective or demonstrated treatment does
not exist or does not work, as suggested by experts [69]. In this way, an RCT in refractory peripheral
neuropathy induced by chemotherapy is ongoing (EudraCT: 2019-000821-37), with planned analysis of
inflammatory and oxidative stress markers.

(3) Chemotherapy is used in the management of no-cancer disease. This is supported by the RCT in
rheumatoid arthritis, where the addition of ozone therapy to MTX treatment improved the biochemical
and clinical results [56].

There is no doubt that all the above-mentioned issues merit further research and RCT.

6. Conclusions

The relationship between free radicals and ROS vs. antioxidants is a complex balance that depends
on their concentrations and cell/tissue type of action, and with a Janus effect—both sides of the balance
can lead to beneficial or harmful effects. Increased oxidative stress is associated with cancer and CIT,
although a further increase of oxidative stress in cancer cells is key in chemotherapy and radiotherapy
actions. On the other hand, high antioxidant levels could be useful in the management of CIT, although
we must be careful with the potential protective effect on cancer cells. Ozone therapy, by an initial
“soft and controlled” oxidative stress induces an adaptive response of the tissues with a final increase
of the “overall-endogenous antioxidant systems”, which have been associated with protective and
therapeutic effects in CIT in several experimental models and an RCT. The potential benefit of ozone in
these clinical conditions merits further research.

Author Contributions: Conception and design of the review, B.C., F.R.-E., D.R.-A., G.M.-S., P.L., D.A.-B., L.F.-P.
and N.S.-R.; writing—original draft preparation about ozone concepts and review of the literature, B.C., F.R.-E.,
G.M.-S., P.L. and N.S.-R.; writing—original draft preparation about molecular concepts, F.R.-E., G.M.-S. and L.F.-P.;
writing—original draft preparation about chemotherapy-induced toxicity, B.C., G.M.-S., D.R.-A. and D.A.-B.;
writing—review, editing and approval of the final version, B.C., F.R.-E., D.R.-A., G.M.-S., P.L., D.A.-B., L.F.-P. and
N.S.-R.

Funding: The publication of this paper and the subsequent study (EudraCT number: 2019-000821-37) is supported
by a grant (PI 19/00458) from the Instituto de Salud Carlos III (Spanish Ministry of Health and Social Affairs,
Madrid, Spain), a grant (016/2019) from the Fundación DISA (Las Palmas, Spain) and by a grant (BF1-19-13) from
the Fundación Española del Dolor (Spanish Pain Foundation, Madrid, Spain).

161



Antioxidants 2019, 8, 588

Acknowledgments: Some of the ozone therapy device (Ozonosan Alpha-plus®) used at the Negrín University
Hospital were provided by Renate Viebahn (Hänsler GmbH, Iffezheim, Germany) and another one was bought
by a grant (PI EC 07/90024) from the Instituto de Salud Carlos III (Spanish Ministry of Health and Social Affairs,
Madrid, Spain). Some data from this review were presented as oral communication at the 2nd International
Traditional and Complementary Medicine Congress (Istanbul, Turkey, April 2019) organized with technical
sponsorship of the World Health Organization.

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

Abbreviations

4-HNE: 4-hydroxynonenal; AOPP: advanced oxidation protein products; BLM: Bleomycin; CAT: catalase; CDDP:
Cisplatin; CIT: chemotherapy -induced toxicity; CSGF: colony-stimulating growth factors; CT: chemotherapy (CT);
DOX: Doxorubicin; G6PDH: glucose-6-phosphate dehydrogenase; GSH: reduced glutathione; GSH-Px: glutathione
peroxidase; H2O2: hydrogen peroxide; HO-1: heme oxygenase-1; IL: interleukin; MDA: malondialdehyde; MPO:
myeloperoxidase; MTX: Methotrexate; MPO: myeloperoxidase; NO: nitric oxide; NF-κB: nuclear factor kappa
B; Nrf2: nuclear factor erythroid 2-related factor; O2: oxygen; O2.-: superoxide anion; O3: ozone; OH•:
hydroxyl radical; Prxs: peroxiredoxins; RCT: randomized controlled trial; ROS: reactive oxygen species; SOD
superoxide dismutase; TAC: total antioxidant capacity; TBARS: thiobarbituric acid-reactive substances; TH: total
hydroperoxides; TNF-α: tumor necrosis factor-alpha

References

1. Zuo, L.; Prather, E.R.; Stetskiv, M.; Garrison, D.E.; Meade, J.R.; Peace, T.I.; Zhou, T. Inflammaging and
Oxidative Stress in Human Diseases: From Molecular Mechanisms to Novel Treatments. Int. J. Mol. Sci.
2019, 20, 4472. [CrossRef] [PubMed]

2. Milkovic, L.; Cipak Gasparovic, A.; Zarkovic, N. Overview on major lipid peroxidation bioactive factor
4-hydroxynonenal as pluripotent growth-regulating factor. Free Radic. Res. 2015, 49, 850–860. [CrossRef]

3. Bocci, V. Ozone A New Medical Drug, 2nd ed.; Springer Publishing: Dordrecht, The Netherlands, 2011.
4. Schwartz-Tapia, A.; Martínez-Sánchez, G.; Sabah, F. Madrid Declaration on Ozone Therapy; ISCO3 (International

Scientific Committee of Ozone Therapy): Madrid, Spain, 2015.
5. Andrady, A.; Aucamp, P.J.; Bais, A.; Ballare, C.L.; Bjorn, L.O.; Bornman, J.F.; Caldwell, M.; Cullen, A.P.;

Erickson, D.J.; de Gruijl, F.R.; et al. Environmental effects of ozone depletion and its interactions with climate
change: Progress report, 2008. Photochem. Photobiol. Sci. 2009, 8, 13–22.

6. Bocci, V. Is it true that ozone is always toxic? The end of a dogma. Toxicol. Appl. Pharmacol. 2006, 216,
493–504. [CrossRef] [PubMed]

7. Galie, M.; Covi, V.; Tabaracci, G.; Malatesta, M. The Role of Nrf2 in the Antioxidant Cellular Response to
Medical Ozone Exposure. Int. J. Mol. Sci. 2019, 20, 4009. [CrossRef] [PubMed]

8. Hakiminia, B.; Goudarzi, A.; Moghaddas, A. Has vitamin E any shreds of evidence in cisplatin-induced
toxicity. J. Biochem. Mol. Toxicol. 2019, 33, e22349. [CrossRef]

9. Pabla, N.; Dong, Z. Cisplatin nephrotoxicity: Mechanisms and renoprotective strategies. Kidney Int. 2008, 73,
994–1007. [CrossRef] [PubMed]

10. Dugbartey, G.J.; Peppone, L.J.; de Graaf, I.A. An integrative view of cisplatin-induced renal and cardiac
toxicities: Molecular mechanisms, current treatment challenges and potential protective measures. Toxicology
2016, 371, 58–66. [CrossRef]

11. Howard, S.C.; McCormick, J.; Pui, C.H.; Buddington, R.K.; Harvey, R.D. Preventing and Managing Toxicities
of High-Dose Methotrexate. Oncologist 2016, 21, 1471–1482. [CrossRef]

12. Wessels, J.A.; Huizinga, T.W.; Guchelaar, H.J. Recent insights in the pharmacological actions of methotrexate
in the treatment of rheumatoid arthritis. Rheumatology (Oxford) 2008, 47, 249–255. [CrossRef]

13. Miyazono, Y.; Gao, F.; Horie, T. Oxidative stress contributes to methotrexate-induced small intestinal toxicity
in rats. Scand. J. Gastroenterol. 2004, 39, 1119–1127. [CrossRef] [PubMed]

14. Mahmoud, A.M.; Hussein, O.E.; Hozayen, W.G.; Abd El-Twab, S.M. Methotrexate hepatotoxicity is
associated with oxidative stress, and down-regulation of PPARgamma and Nrf2: Protective effect of
18beta-Glycyrrhetinic acid. Chem. Biol. Interact. 2017, 270, 59–72. [CrossRef]

15. Pugazhendhi, A.; Edison, T.; Velmurugan, B.K.; Jacob, J.A.; Karuppusamy, I. Toxicity of Doxorubicin (Dox) to
different experimental organ systems. Life Sci. 2018, 200, 26–30. [CrossRef]

162



Antioxidants 2019, 8, 588

16. Luo, X.; Evrovsky, Y.; Cole, D.; Trines, J.; Benson, L.N.; Lehotay, D.C. Doxorubicin-induced acute changes in
cytotoxic aldehydes, antioxidant status and cardiac function in the rat. Biochim. Biophys. Acta 1997, 1360,
45–52. [PubMed]

17. Sikic, B.I. Biochemical and cellular determinants of bleomycin cytotoxicity. Cancer Surv. 1986, 5, 81–91.
18. Yu, Z.; Yan, B.; Gao, L.; Dong, C.; Zhong, J.; DOrtenzio, M.; Nguyen, B.; Seong Lee, S.; Hu, X.; Liang, F.

Targeted Delivery of Bleomycin: A Comprehensive Anticancer Review. Curr. Cancer Drug Targets 2016, 16,
509–521. [CrossRef] [PubMed]

19. Shariati, S.; Kalantar, H.; Pashmforoosh, M.; Mansouri, E.; Khodayar, M.J. Epicatechin protective effects on
bleomycin-induced pulmonary oxidative stress and fibrosis in mice. Biomed. Pharmacother. 2019, 114, 108776.
[CrossRef]

20. Chen, W.; Li, S.; Li, J.; Zhou, W.; Wu, S.; Xu, S.; Cui, K.; Zhang, D.D.; Liu, B. Artemisitene activates the
Nrf2-dependent antioxidant response and protects against bleomycin-induced lung injury. FASEB J. 2016, 30,
2500–2510. [CrossRef]

21. Bocci, V.; Borrelli, E.; Travagli, V.; Zanardi, I. The ozone paradox: Ozone is a strong oxidant as well as a
medical drug. Med. Res. Rev. 2009, 29, 646–682. [CrossRef]

22. Bocci, V.A.; Zanardi, I.; Travagli, V. Ozone acting on human blood yields a hormetic dose-response relationship.
J. Transl. Med. 2011, 9, 66. [CrossRef]

23. Viebahn-Hansler, R.; Leon Fernandez, O.S.; Fahmy, Z. Ozone in Medicine: The Low-Dose Ozone
Concept—Guidelines and Treatment Strategies. Ozone-Sci. Eng. 2012, 34, 408–424. [CrossRef]

24. Re, L.; Malcangi, G.; Martínez-Sánchez, G. Medical ozone is now ready for a scientific challenge: Current
status and future perspectives. J. Exp. Integr. Med. 2012, 2, 193–196. [CrossRef]

25. Hamilton, R.F., Jr.; Li, L.; Eschenbacher, W.L.; Szweda, L.; Holian, A. Potential involvement of
4-hydroxynonenal in the response of human lung cells to ozone. Am. J. Physiol. 1998, 274 (Pt 1),
L8–L16. [CrossRef]

26. Pryor, W.A.; Squadrito, G.L.; Friedman, M. The cascade mechanism to explain ozone toxicity: The role of
lipid ozonation products. Free Radic. Biol. Med. 1995, 19, 935–941. [CrossRef]

27. Pecorelli, A.; Bocci, V.; Acquaviva, A.; Belmonte, G.; Gardi, C.; Virgili, F.; Ciccoli, L.; Valacchi, G. NRF2
activation is involved in ozonated human serum upregulation of HO-1 in endothelial cells. Toxicol. Appl.
Pharmacol. 2013, 267, 30–40. [CrossRef]

28. Oliveira-Marques, V.; Marinho, H.S.; Cyrne, L.; Antunes, F. Role of hydrogen peroxide in NF-kappaB
activation: From inducer to modulator. Antioxid. Redox Signal. 2009, 11, 2223–2243. [CrossRef]

29. Huth, K.C.; Saugel, B.; Jakob, F.M.; Cappello, C.; Quirling, M.; Paschos, E.; Ern, K.; Hickel, R.; Brand, K. Effect
of aqueous ozone on the NF-kappaB system. J. Dent. Res. 2007, 86, 451–456. [CrossRef]

30. Kafoury, R.M.; Hernandez, J.M.; Lasky, J.A.; Toscano, W.A., Jr.; Friedman, M. Activation of transcription factor
IL-6 (NF-IL-6) and nuclear factor-kappaB (NF-kappaB) by lipid ozonation products is crucial to interleukin-8
gene expression in human airway epithelial cells. Environ. Toxicol. 2007, 22, 159–168. [CrossRef]

31. Wang, L.; Chen, Z.; Liu, Y.; Du, Y.; Liu, X. Ozone oxidative postconditioning inhibits oxidative stress and
apoptosis in renal ischemia and reperfusion injury through inhibition of MAPK signaling pathway. Drug
Des. Devel. Ther. 2018, 12, 1293–1301. [CrossRef]

32. Galie, M.; Costanzo, M.; Nodari, A.; Boschi, F.; Calderan, L.; Mannucci, S.; Covi, V.; Tabaracci, G.; Malatesta, M.
Mild ozonisation activates antioxidant cell response by the Keap1/Nrf2 dependent pathway. Free Radic. Biol.
Med. 2018, 124, 114–121. [CrossRef]

33. Siniscalco, D.; Trotta, M.C.; Brigida, A.L.; Maisto, R.; Luongo, M.; Ferraraccio, F.; D’Amico, M.; Di Filippo, C.
Intraperitoneal Administration of Oxygen/Ozone to Rats Reduces the Pancreatic Damage Induced by
Streptozotocin. Biology (Basel) 2018, 7, 10. [CrossRef] [PubMed]

34. Nakasone, M.; Nakaso, K.; Horikoshi, Y.; Hanaki, T.; Kitagawa, Y.; Takahashi, T.; Inagaki, Y.; Matsura, T.
Preconditioning by Low Dose LPS Prevents Subsequent LPS-Induced Severe Liver Injury via Nrf2 Activation
in Mice. Yonago Acta Med. 2016, 59, 223–231. [PubMed]

35. Ayala, A.; Munoz, M.F.; Arguelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms
of malondialdehyde and 4-hydroxy-2-nonenal. Oxid. Med. Cell Longev. 2014, 2014, 360438. [CrossRef]
[PubMed]

36. Breitzig, M.; Bhimineni, C.; Lockey, R.; Kolliputi, N. 4-Hydroxy-2-nonenal: A critical target in oxidative
stress? Am. J. Physiol. Cell Physiol. 2016, 311, C537–C543. [CrossRef] [PubMed]

163



Antioxidants 2019, 8, 588

37. Re, L.; Martínez-Sánchez, G.; Bordicchia, M.; Malcangi, G.; Pocognoli, A.; Angel Morales-Segura, M.;
Rothchild, J.; Rojas, A. Is ozone pre-conditioning effect linked to Nrf2/EpRE activation pathway in vivo? A
preliminary result. Eur. J. Pharmacol. 2014, 742, 158–162. [CrossRef]

38. Delgado-Roche, L.; Riera-Romo, M.; Mesta, F.; Hernandez-Matos, Y.; Barrios, J.M.; Martinez-Sanchez, G.;
Al-Dalaien, S.M. Medical ozone promotes Nrf2 phosphorylation reducing oxidative stress and
pro-inflammatory cytokines in multiple sclerosis patients. Eur. J. Pharmacol. 2017, 811, 148–154. [CrossRef]

39. Ahmed, S.M.; Luo, L.; Namani, A.; Wang, X.J.; Tang, X. Nrf2 signaling pathway: Pivotal roles in inflammation.
Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 585–597. [CrossRef]

40. Ganesh Yerra, V.; Negi, G.; Sharma, S.S.; Kumar, A. Potential therapeutic effects of the simultaneous targeting
of the Nrf2 and NF-kappaB pathways in diabetic neuropathy. Redox Biol. 2013, 1, 394–397. [CrossRef]

41. Mohan, S.; Gupta, D. Crosstalk of toll-like receptors signaling and Nrf2 pathway for regulation of inflammation.
Biomed. Pharmacother. 2018, 108, 1866–1878. [CrossRef]

42. Wardyn, J.D.; Ponsford, A.H.; Sanderson, C.M. Dissecting molecular cross-talk between Nrf2 and NF-kappaB
response pathways. Biochem. Soc. Trans. 2015, 43, 621–626. [CrossRef]

43. Yu, G.; Liu, X.; Chen, Z.; Chen, H.; Wang, L.; Wang, Z.; Qiu, T.; Weng, X. Ozone therapy could attenuate
tubulointerstitial injury in adenine-induced CKD rats by mediating Nrf2 and NF-kappaB. Iran. J. Basic Med.
Sci. 2016, 19, 1136–1143. [PubMed]

44. Borrego, A.; Zamora, Z.B.; Gonzalez, R.; Romay, C.; Menendez, S.; Hernandez, F.; Montero, T.; Rojas, E.
Protection by ozone preconditioning is mediated by the antioxidant system in cisplatin-induced nephrotoxicity
in rats. Mediators Inflamm. 2004, 13, 13–19. [CrossRef] [PubMed]

45. Gonzalez, R.; Borrego, A.; Zamora, Z.; Romay, C.; Hernandez, F.; Menendez, S.; Montero, T.; Rojas, E.
Reversion by ozone treatment of acute nephrotoxicity induced by cisplatin in rats. Mediators Inflamm. 2004,
13, 307–312. [CrossRef] [PubMed]

46. Borrego, A.; Zamora, Z.B.; Gonzalez, R.; Romay, C.; Menendez, S.; Hernandez, F.; Berlanga, J.; Montero, T.
Ozone/oxygen mixture modifies the subcellular redistribution of Bax protein in renal tissue from rats treated
with cisplatin. Arch. Med. Res. 2006, 37, 717–722. [CrossRef] [PubMed]

47. Sheikh-Hamad, D.; Cacini, W.; Buckley, A.R.; Isaac, J.; Truong, L.D.; Tsao, C.C.; Kishore, B.K. Cellular and
molecular studies on cisplatin-induced apoptotic cell death in rat kidney. Arch. Toxicol. 2004, 78, 147–155.
[CrossRef] [PubMed]

48. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen
species. Biochim. Biophys. Acta 2016, 1863, 2977–2992. [CrossRef]

49. Shiraishi, F.; Curtis, L.M.; Truong, L.; Poss, K.; Visner, G.A.; Madsen, K.; Nick, H.S.; Agarwal, A. Heme
oxygenase-1 gene ablation or expression modulates cisplatin-induced renal tubular apoptosis. Am. J. Physiol.
Renal. Physiol. 2000, 278, F726–F736. [CrossRef]

50. Bolisetty, S.; Traylor, A.; Joseph, R.; Zarjou, A.; Agarwal, A. Proximal tubule-targeted heme oxygenase-1 in
cisplatin-induced acute kidney injury. Am. J. Physiol. Renal. Physiol. 2016, 310, F385–F394. [CrossRef]

51. Bocci, V.; Valacchi, G. Nrf2 activation as target to implement therapeutic treatments. Front. Chem. 2015, 3, 4.
[CrossRef]

52. Kocak, H.E.; Taskin, U.; Aydin, S.; Oktay, M.F.; Altinay, S.; Celik, D.S.; Yucebas, K.; Altas, B. Effects of ozone
(O3) therapy on cisplatin-induced ototoxicity in rats. Eur. Arch. Otorhinolaryngol. 2016, 273, 4153–4159.
[CrossRef]

53. Kesik, V.; Uysal, B.; Kurt, B.; Kismet, E.; Koseoglu, V. Ozone ameliorates methotrexate-induced intestinal
injury in rats. Cancer Biol. Ther. 2009, 8, 1623–1628. [CrossRef] [PubMed]

54. Aslaner, A.; Cakir, T.; Celik, B.; Dogan, U.; Mayir, B.; Akyuz, C.; Polat, C.; Basturk, A.; Soyer, V.; Koc, S.; et al.
Does intraperitoneal medical ozone preconditioning and treatment ameliorate the methotrexate induced
nephrotoxicity in rats? Int. J. Clin. Exp. Med. 2015, 8, 13811–13817. [PubMed]

55. Aslaner, A.; Cakir, T.; Celik, B.; Dogan, U.; Akyuz, C.; Basturk, A.; Polat, C.; Gunduz, U.; Mayir, B.; Sehirli, A.O.
The protective effect of intraperitoneal medical ozone preconditioning and treatment on hepatotoxicity
induced by methotrexate. Int. J. Clin. Exp. Med. 2015, 8, 13303–13309. [PubMed]

56. Leon Fernandez, O.S.; Viebahn-Haensler, R.; Cabreja, G.L.; Espinosa, I.S.; Matos, Y.H.; Roche, L.D.; Santos, B.T.;
Oru, G.T.; Polo Vega, J.C. Medical ozone increases methotrexate clinical response and improves cellular redox
balance in patients with rheumatoid arthritis. Eur. J. Pharmacol. 2016, 789, 313–318. [CrossRef] [PubMed]

164



Antioxidants 2019, 8, 588

57. Delgado-Roche, L.; Hernandez-Matos, Y.; Medina, E.A.; Morejon, D.A.; Gonzalez, M.R.; Martinez-Sanchez, G.
Ozone-Oxidative Preconditioning Prevents Doxorubicin-induced Cardiotoxicity in Sprague-Dawley Rats.
Sultan Qaboos Univ. Med. J. 2014, 14, e342–e348.

58. Calunga Fernández, J.L.; Bello Ferro, M.; Chaple La Hoz, M.; Barber Gutierrez, E.; Menendez Cepero, S.;
Merino, N. Ozonoterapia en la glomerulonefritis tóxica experimental por adriamicina. Rev. Cubana Investig.
Biomed. 2004, 23, 139–143.

59. Kesik, V.; Yuksel, R.; Yigit, N.; Saldir, M.; Karabacak, E.; Erdem, G.; Babacan, O.; Gulgun, M.; Korkmazer, N.;
Bayrak, Z. Ozone Ameliorates Doxorubicine-Induced Skin Necrosis - results from an animal model. Int. J.
Low Extrem. Wounds 2016, 15, 248–254. [CrossRef]

60. Salem, E.A.; Salem, N.A.; Hellstrom, W.J. Therapeutic effect of ozone and rutin on adriamycin-induced
testicular toxicity in an experimental rat model. Andrologia 2017, 49, e12603. [CrossRef]

61. Kamble, S.M.; Patil, C.R. Asiatic Acid Ameliorates Doxorubicin-Induced Cardiac and Hepato-Renal Toxicities
with Nrf2 Transcriptional Factor Activation in Rats. Cardiovasc Toxicol. 2018, 18, 131–141. [CrossRef]

62. Santana-Rodriguez, N.; Santisteban, P.L.; Clavo, B.; Camacho, R.; Santana, C.; Fiuza, M.D. Protective effect of
ozone in an experimental model of pulmonary fibrosis. Br. J. Surg. 2015, 102, 11.

63. Menendez Cepero, S.; Gonzalez Alvarez, R.; Ledea Lozano, O.E.; Hernandez Rosales, F.; Leon Fernandez, O.S.;
Diaz Gomez, M. Ozono, Aspectos Básicos y Aplicaciones Clínicas; Centro de Investigaciones del Ozono: La
Habana, Cuba, 2008.

64. Borrelli, E. Treatment of advanced non-small-cell lung cancer with oxygen ozone therapy and mistletoe: An
integrative approach. Eur. J. Integr. Med. 2012, 4, 130.

65. Velasco, R.; Bruna, J. Chemotherapy-induced peripheral neuropathy: An unresolved issue. Neurologia 2010,
25, 116–131. [CrossRef]

66. Velasco, R.; Santos, C.; Soler, G.; Gil-Gil, M.; Pernas, S.; Galan, M.; Palmero, R.; Bruna, J. Serum micronutrients
and prealbumin during development and recovery of chemotherapy-induced peripheral neuropathy. J.
Peripher. Nerv. Syst. 2016, 21, 134–141. [CrossRef] [PubMed]

67. Starobova, H.; Vetter, I. Pathophysiology of Chemotherapy-Induced Peripheral Neuropathy. Front. Mol.
Neurosci. 2017, 10, 174. [CrossRef] [PubMed]

68. Albers, J.W.; Chaudhry, V.; Cavaletti, G.; Donehower, R.C. Interventions for preventing neuropathy caused
by cisplatin and related compounds. Cochrane Database Syst. Rev. 2014, 3, CD005228. [CrossRef]

69. Hershman, D.L.; Lacchetti, C.; Dworkin, R.H.; Lavoie Smith, E.M.; Bleeker, J.; Cavaletti, G.; Chauhan, C.;
Gavin, P.; Lavino, A.; Lustberg, M.B.; et al. Prevention and management of chemotherapy-induced peripheral
neuropathy in survivors of adult cancers: American Society of Clinical Oncology clinical practice guideline.
J. Clin. Oncol. 2014, 32, 1941–1967. [CrossRef]

70. Clavo, B. Ozone therapy in the management of side effects related to cancer treatments. In Proceedings
of the 2nd International Traditional and Complementary Medicine Congress (Organized with technical
sponsorship of the World Health Organization), Istanbul, Turkey, 24 April 2019.

71. Bakkal, B.H.; Gultekin, F.A.; Guven, B.; Turkcu, U.O.; Bektas, S.; Can, M. Effect of ozone oxidative
preconditioning in preventing early radiation-induced lung injury in rats. Braz J. Med. Biol. Res. 2013, 46,
789–796. [CrossRef]

72. Gultekin, F.A.; Bakkal, B.H.; Guven, B.; Tasdoven, I.; Bektas, S.; Can, M.; Comert, M. Effects of ozone oxidative
preconditioning on radiation-induced organ damage in rats. J. Radiat. Res. 2013, 54, 36–44. [CrossRef]

73. Menendez, S.; Cepero, J.; Borrego, L.R. Ozone therapy in cancer treatment: State of the art. Ozone Sci. Eng.
2008, 30, 398–404. [CrossRef]

74. Clavo, B.; Ceballos, D.; Gutierrez, D.; Rovira, G.; Suarez, G.; Lopez, L.; Pinar, B.; Cabezon, A.; Morales, V.;
Oliva, E.; et al. Long-term control of refractory hemorrhagic radiation proctitis with ozone therapy. J. Pain
Symptom Manag. 2013, 46, 106–112. [CrossRef]

75. Clavo, B.; Santana-Rodriguez, N.; Llontop, P.; Gutierrez, D.; Ceballos, D.; Mendez, C.; Rovira, G.; Suarez, G.;
Rey-Baltar, D.; Garcia-Cabrera, L.; et al. Ozone Therapy in the Management of Persistent Radiation-Induced
Rectal Bleeding in Prostate Cancer Patients. Evid. Based Complement. Alternat. Med. 2015, 2015, 480369.
[CrossRef] [PubMed]

76. Milkovic, L.; Zarkovic, N.; Saso, L. Controversy about pharmacological modulation of Nrf2 for cancer
therapy. Redox Biol. 2017, 12, 727–732. [CrossRef] [PubMed]

165



Antioxidants 2019, 8, 588

77. Zhong, H.; Yin, H. Role of lipid peroxidation derived 4-hydroxynonenal (4-HNE) in cancer: Focusing on
mitochondria. Redox Biol. 2015, 4, 193–199. [CrossRef] [PubMed]

78. Allen, B.G.; Bhatia, S.K.; Buatti, J.M.; Brandt, K.E.; Lindholm, K.E.; Button, A.M.; Szweda, L.I.; Smith, B.J.;
Spitz, D.R.; Fath, M.A. Ketogenic diets enhance oxidative stress and radio-chemo-therapy responses in lung
cancer xenografts. Clin. Cancer Res. 2013, 19, 3905–3913. [CrossRef]

79. DiDonato, J.A.; Mercurio, F.; Karin, M. NF-kappaB and the link between inflammation and cancer. Immunol.
Rev. 2012, 246, 379–400. [CrossRef]

80. Garg, A.; Aggarwal, B.B. Nuclear transcription factor-kappaB as a target for cancer drug development.
Leukemia 2002, 16, 1053–1068. [CrossRef]

81. El-Deek, H.E.M.; Ahmed, A.M.; Mohammed, R.A.A. Aberration of Nrf2Bach1 pathway in colorectal
carcinoma; role in carcinogenesis and tumor progression. Ann. Diagn. Pathol. 2019, 38, 138–144. [CrossRef]

82. Rocha, C.R.; Kajitani, G.S.; Quinet, A.; Fortunato, R.S.; Menck, C.F. NRF2 and glutathione are key resistance
mediators to temozolomide in glioma and melanoma cells. Oncotarget 2016, 7, 48081–48092. [CrossRef]

83. Zheng, H.; Nong, Z.; Lu, G. Correlation Between Nuclear Factor E2-Related Factor 2 Expression and Gastric
Cancer Progression. Med. Sci. Monit. 2015, 21, 2893–2899. [CrossRef]

84. Rojo de la Vega, M.; Chapman, E.; Zhang, D.D. NRF2 and the Hallmarks of Cancer. Cancer Cell 2018, 34,
21–43. [CrossRef]

85. Yasueda, A.; Urushima, H.; Ito, T. Efficacy and Interaction of Antioxidant Supplements as Adjuvant Therapy
in Cancer Treatment: A Systematic Review. Integr. Cancer Ther. 2016, 15, 17–39. [CrossRef] [PubMed]

86. Conklin, K.A. Chemotherapy-associated oxidative stress: Impact on chemotherapeutic effectiveness. Integr.
Cancer Ther. 2004, 3, 294–300. [CrossRef] [PubMed]

87. Clavo, B.; Santana-Rodriguez, N.; Llontop, P.; Gutierrez, D.; Suarez, G.; Lopez, L.; Rovira, G.;
Martinez-Sanchez, G.; Gonzalez, E.; Jorge, I.J.; et al. Ozone Therapy as Adjuvant for Cancer Treatment:
Is Further Research Warranted? Evid. Based Complement. Alternat. Med. 2018, 2018, 7931849. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

166



antioxidants

Review

Oxidative Stress and Cancer: Chemopreventive and
Therapeutic Role of Triphala

Sahdeo Prasad * and Sanjay K. Srivastava *

Department of Immunotherapeutics and Biotechnology, and Center for Tumor Immunology and Targeted
Cancer Therapy, Texas Tech University Health Sciences Center, Abilene, TX 79601, USA
* Correspondence: sahdeo.prasad@ttuhsc.edu or spbiotech@gmail.com (S.P.); sanjay.srivastava@ttuhsc.edu (S.K.S.);

Tel.: +1-325-696-0464 (S.K.S.); Fax: +1-325-696-3875 (S.K.S.)

Received: 21 November 2019; Accepted: 8 January 2020; Published: 13 January 2020

Abstract: Oxidative stress, caused by the overproduction of free radicals, leads to the development of
many chronic diseases including cancer. Free radicals are known to damage cellular biomolecules like
lipids, proteins, and DNA that results in activation of multiple signaling pathways, growth factors,
transcription factors, kinases, inflammatory and cell cycle regulatory molecules. Antioxidants, which
are classified as exogenous and endogenous, are responsible for the removal of free radicals and
consequently the reduction in oxidative stress-mediated diseases. Diet and medicinal herbs are the
major source of antioxidants. Triphala, which is a traditional Ayurvedic formulation that has been used
for centuries, has been shown to have immense potential to boost antioxidant activity. It scavenges
free radicals, restores antioxidant enzymes and non-enzyme levels, and decreases lipid peroxidation.
In addition, Triphala is revered as a chemopreventive, chemotherapeutic, immunomodulatory, and
radioprotective agent. Accumulated evidence has revealed that Triphala modulates multiple cell
signaling pathways including, ERK, MAPK, NF-κB, Akt, c-Myc, VEGFR, mTOR, tubulin, p53, cyclin
D1, anti-apoptotic and pro-apoptotic proteins. The present review focuses on the comprehensive
appraisal of Triphala in oxidative stress and cancer.

Keywords: oxidative stress; cancer; antioxidant; triphala; ayurveda; chemoprevention and chemotherapy

1. Introduction

Cancer is a major health problem worldwide and the second leading cause of death. According
to the American Cancer Society, 1,762,450 new cancer cases and 606,880 cancer deaths are projected
to occur in the United States in 2019 [1]. However, from 2006 to 2015, it has been observed that the
incidence rate of some cancers are either stable or have declined by approximately 2%. Moreover,
the overall cancer death rate also dropped from 1991 to 2016 by a total of 27% [1]. This decline in cancer
incidence and death is due to the significant drop in smoking and an increase in advances for early
cancer detection and screening [2]. However, cancer is still a major health issue that burdens high care
cost and causes physical and emotional difficulties to cancer patients. Besides preventive measures,
several therapeutic modalities like surgery, chemotherapy and radiotherapy have been developed.
These are very effective treatment measures but are very expensive, cause serious side effects, and
subsequently may lead patients to the development of resistance to the therapy [3].

Several factors are associated with the causation of cancer. It may be caused by either external
factors, internal factors or both. External factors include the consumption of tobacco and alcohol,
exposure to hazardous chemicals, ionizing radiation, infectious organisms, and other lifestyle factors,
whereas internal factors include inherited mutations, an imbalanced hormone level, and poor immune
conditions [4]. These factors affect the incidence and mortality of cancer by modifying cellular systems
of the organism. Internal factors such as hereditary mutation are not modifiable. Therefore, in order to
control the incidence of cancer, external factors such as lifestyle and environmental factors need to be

Antioxidants 2020, 9, 72; doi:10.3390/antiox9010072 www.mdpi.com/journal/antioxidants167



Antioxidants 2020, 9, 72

modified. This can be achieved through the cessation of smoking, minimal use of alcohol, increased
consumption of fruits, vegetables and whole grains, physical activity, avoidance of direct exposure
to sunlight, minimal red meat consumption, proper vaccinations, and routine screening. It has been
shown that adopting changes in lifestyle can reduce over 90% of cancer incidence [5].

2. Oxidative Stress and Cancer

Free radicals, which are reactive oxygen species (ROS) and reactive nitrogen species (RNS),
are constantly produced by biological systems. The antioxidants present in cells safely interact with the
free radicals and neutralize them, thus establishing balance in the body. Oxidative stress occurs when
there is an imbalance between the generation of free radicals and antioxidant defenses [6]. Free radicals
are highly reactive and unstable molecules produced naturally as a byproduct of metabolism (oxidative
phosphorylation), or by exposure to environmental factors. ROS, which include superoxide anion
(O2

−), hydrogen peroxide (H2O2), and hydroxyl radicals (OH•), are produced by the mitochondrial
respiratory chain during oxidative metabolism through the one-electron reduction of molecular oxygen
(O2) [7]. It is known that complexes I and II of mitochondria produce ROS only into the matrix,
while complex III produces ROS on both sides of the mitochondrial inner membrane [8,9]. However,
RNS which includes a nitric oxide radical (NO•), peroxynitrite (ONOO−), and a nitrogen dioxide
radical (NO2•), are produced via the enzymatic activity of inducible nitric oxide synthase 2 (NOS2)
and NADPH oxidase [10,11].

Oxidative stress is a crucial factor in the development of chronic diseases including cancer.
Low levels of free radicals are implicated in many fundamental cellular processes such as immune
defense, cellular proliferation and differentiation, activation of important signaling pathways and
against pathogens. However, chronic and excessive amounts of ROS/RNS induce oxidative stress and
cause deleterious effects to the cells [12]. They can induce oxidative damage to genetic materials, lipids,
and proteins and further carcinogenesis and tumor progression. Increased oxidative stress also results
in dysregulation of various cellular processes through modulation of signaling molecules, production
of antioxidant enzymes and non-enzymes, cell growth, and chronic inflammation, which play major
roles in the incidence of chronic diseases such as cancer [6].

Antioxidant systems are thus required to counteract oxidative stress and overcome cellular
damage for the prevention of oxidative stress-mediated diseases like cancer. The cellular antioxidants
are regulated by the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2). Under
an unstressed cellular condition NRF2 remains inactive by forming a complex with KEAP1 in the
cytoplasm. NRF2 undergoes ubiquitination and further proteasomal degradation by KEAP1 through
the Cullin 3 (CUL3) based E3 ligase [13]. However, disruption in binding of NRF2 to KEAP1 leads to
the nuclear translocation of NRF2, where it regulates the basal and inducible expression of several
genes that contain antioxidant response elements (AREs) [14,15]. NRF2 not only regulates redox
homeostasis [16] but also the other physiology of cells [15]. NRF2 is reported to prevent chemical and
radiation-induced carcinogenesis by quenching ROS or managing oxidative damage. However, since
the last decade, a ‘dark side’ of NRF2 has also been described [17]. Some studies have shown that in
cancer cells NRF2 activation promotes cancer progression [18,19], metastasis [20], and causes resistance
to therapeutic agents [21]. These studies explain that the activation of NRF2 prevents carcinogenesis
but may facilitate tumor growth and metastasis in cancer cells. Thus, activation of NRF2 is beneficial
for the prevention of carcinogenesis but may not be beneficial for cancer treatment.

The antioxidants can be produced by cells endogenously or can be supplied to the cells through
food and/or supplements exogenously [22]. Because of the limitation in endogenous production of
antioxidant by cells, exogenous supplement of antioxidants can satisfy the requirement and thereby
reduce oxidative stress-mediated cellular damage and carcinogenesis. Plant products are one of the
major source of antioxidants, which have little or mild toxicity, are abundantly available, and have high
efficacy and cost effectiveness [6,23–25]. Traditional medicines, which utilize a variety of medicinal
plants, are the inherent source of antioxidants. Because of their disease curing capability, traditional
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medicines have been used for centuries against a variety of ailments [26]. Like other traditional
medicines, Ayurvedic medicines consist of a single constituent or a mixture of different constituents of
one or multiple medicinal plants. Ayurveda is an ancient Indian medical system and considered as
one of the world’s oldest holistic healing systems, which is thought to have been developed more than
5000 years ago in India [26,27].

Accumulated evidence suggests that Ayurvedic medicines exhibit antioxidant properties by
neutralizing free radicals, quenching ROS, and lowering peroxides [6,28,29]. In a study, Ayurvedic
medicine Jeevaneeya Rasayana (an ayurvedic polyherbal formulation) was found to increase the activities
of antioxidant enzymes and the level of glutathione content in arthritic rats. This formulation
also decreased the concentration of C-reactive protein, thiobarbituric acid reactive substance, and
ceruloplasmin in arthritic rats [30]. Moreover, using an arthritic rat model, Ratheesh et al. [31] also
found that the Ayurvedic formulation Kerabala increased antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and decreased the lipid peroxidation
product. Another Ayurvedic formulation, Amalakayas Rasayana, also showed antioxidant activity by
scavenging free radicals [32]. Mathew et al. [33] analyzed antioxidant activity of many Ayurvedic plant
extracts and found all extracts had positive DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) free radical
scavenging activity. These studies indicate that Ayurvedic plants or formulations have antioxidant
and free radical scavenging activity that may explain its effect and justify its use as a medicine
against oxidative stress-associated diseases such as cancer. A variety of Ayurvedic formulations have
been described in Ayurveda, however in this article, we discuss an increasingly popular Ayurvedic
formulation, Triphala (Figure 1).

Figure 1. Constituents of Triphala.

3. Triphala: A Formulation of Three Fruits

Triphala, as the name indicates in the Sanskrit language (tri= three and phala= fruits), is
a herbal formulation consisting of the dried powdered fruits of three plants, Terminalia chebula
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(Haritaki), Terminalia belerica (Bibhitaki), and Phyllanthus emblica or Emblica officinalis (Amalaki or
the Indian gooseberry) (Figure 1). Although the Triphala formulation generally consists of equal
proportions of fruits from these plants, a modified formulation consisting of 1:2:4 parts of T. chebula,
T. belerica, and E. officinalis are also used [34]. Chemical analysis of T. chebula extract shows that it
contains many biologically active constituents like chebulin, ellagic acid, 2,4-chebulyl-d-glucopyranose,
arjunglucoside I, arjungenin, chebulinic acid, gallic acid, ethyl gallate, punicalagin, terflavin A,
terchebin, luteolin and tannic acid. However, the main chemical constituents of T. bellerica are tannins
that mainly include β-sitosterol, gallic acid, ellagic acid, ethyl gallate, galloyl glucose and chebulaginic
acid [35]. The fruit of P. emblica has been shown to be rich in quercetin, phyllaemblic compounds, gallic
acid, tannins, flavonoids, pectin, and vitamin C [36] (Figure 2).

Figure 2. Chemical structure of bioactive components of Triphala.

A comparative study on T. chebula, T. belerica and E. officinalis (components of Triphala) have
shown that they exhibit potent antioxidant activities. In a study, total antioxidant capacity was
measured and results indicated that the T. chebula extract had a higher (4.52 ± 0.12) antioxidant capacity
compared to T. belerica (1.01 ± 0.03) and E. officinalis (4.10 ± 0.17). The DPPH scavenging activity was
found in the order of T. chebula, T. belerica and E. officinalis (1.73 ± 0.07 μg/mL, 1.45 ± 0.02 μg/mL &
1.43 ± 0.03 μg/mL). However, T. chebula, T. belerica and E. officinalis extracts showed a moderate effect on
the scavenging singlet oxygen species with IC50 values of 424.50 ± 24.70 μg/mL, 233.12 ± 48.68 μg/mL
and 490.42 ± 159.59 μg/mL, respectively [37]. These studies indicate that extracts of these fruits exhibit
their antioxidative properties in the order of T. chebula > E. officinalis > T. belerica, which follow the
order of their flavonoid contents [37].
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Total phenolic, flavonoid and tannin contents were also analyzed in these fruits. The total phenolic
content of T. chebula fruit extracts were varied from 867.2 to 1041.8 mg gallic acid/gm extract with the
highest concentration of phenolic compounds in water extract followed by methanol and ethanol
extracts. However, total triterpenoid content of the three extracts varied widely from 0.8 to 4.2 mg
ursolic acid/gm extract with the lowest total triterpenoid content in water extract, whereas the methanol
extract provided the highest triterpenoid content. The total tannin content of the three extracts varied
from 33.9 to 40.3%/mg extract. The highest total tannin content was detected in the water extract
followed by methanol and ethanol extracts [38]. However, T. bellerica fruits have shown flavonoids in
ethanol and chloroform extracts but not in methanol extract. Additionally, triterpenoids and tannins
were reported only in the ethanol extract [39]. The total phenolic content in E. officinalis has been
reported to range from 188.8–237.0 mg gallic acid/gm. Nonetheless, the total flavonoid content ranged
from 6.4–20.1 mg rutin/gm, whereas total tannin content ranged from 375.2–642.8 mg tannin/gm [40].
These studies indicate that T. chebula fruit extracts contain the highest amount of phytochemicals
followed by E. officinalis and T. chebula fruits. Hazra et al. [37] also demonstrated that T. chebula fruits
had the highest flavonoid content followed by E. officinalis and T. belerica. However, in the case of
phenolic content, E. officinalis fruits had the highest, thereafter T. belerica and T. chebula. The variation in
these phytochemical contents may depend on the geographical origin of these plants.

In Ayurveda, Tridosha defines three fundamental energies or principles (vata, pitta, and kapha)
that govern the function of our bodies at the physical and emotional level [41]. Triphala is considered
as a tridoshic rasayan that has the ability to balance and rejuvenate Tridosha, as well as promote
health, immunity and longevity [42]. In Ayurvedic practice, Triphala is frequently used to treat
digestion problems, poor food assimilation, constipation, and gastric acidity. Besides these, it is
used in the treatment of many other diseases such as asthma, anemia, jaundice, fever cough, chronic
ulcers, leucorrhoea, and pyorrhea. It is also recommended for use in the treatment of cardiovascular
disorders, ophthalmic problems, liver dysfunction, inflammation, infection, obesity, anaemia, and
fatigue [43]. Most people practicing Ayurvedic medicine consume Triphala as a ‘health tonic’. Triphala
improves blood circulation, reduces myocardial necrosis and serum cholesterol levels, and strengthens
capillaries, which indicates its cardiotonic effects [44]. Recent studies showed that it had antioxidant,
anti-inflammatory, antiaging, anti-mutagenic, anti-clastogenic and anticancer effects. Herewith an
attempt was made to summarize the antioxidant and cancer preventive and therapeutic aspects of
Triphala (Table 1).

Table 1. Antioxidant and chemotherapeutic effect of Triphala.

Effects Studies References

ROS scavenging

Eliminates X-radiation-induced ROS generation in HeLa cells. [45]

Quenches γ-radiation-induced free radicals. [46]

Scavenges free radicals comparable with ascorbic acid. [47]

Scavenges free radicals such as DPPH and superoxide. [48]

Antioxidant
enzymes

Increases expression of SOD-2 in HDF or HaCaT skin cells. [49]

Restores CAT, SOD, GST, GPx and GSH in bromobenzene treated rat kidney. [50]

Prevents peroxidative damage by increasing GSH and GST and decreasing LPO in DMH treated
mouse liver. [51]

Restores GSH, CAT, SOD, GPx, and GST in cataract mouse model. [52]

Restores GSH content and decreases LPO in MTX-induced small intestinal damage in rats. [34]

Prevents noise-stress induced decrease in SOD, CAT, GPx, ascorbic acid, and increase in LPO in
plasma and thymus tissues. [53]

Inhibits γ-radiation-induced lipid peroxidation in rat liver microsomes. [48]

Radioprotective
Prevents γ-radiation-induced DNA damage in HeLa cells. [45]

Prevents DNA damage in blood leukocytes and splenocytes of mice exposed with whole body
γ-radiation. [46]

Chemopreventive Reduces B(a)P-induced forestomach papillomagenesis in mice at a dose of 2.5% and 5% in diet. [54]
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Table 1. Cont.

Effects Studies References

Prooxidant

Increases ROS level and induces apoptosis in breast cancer MCF-7 and barcl-95 cells. [55]

Induces ROS and inhibits proliferation in MCF 7 and T47D breast cancer cells. [56]

Induces apoptosis and phosphorylation of p53 and ERK through ROS generation in Capan-2
cancer cells. [57]

Therapeutic

Decreases survival and induces apoptosis in Capan-2 pancreatic cells cancer with an IC50 of
50 μg/mL. [57]

Inhibits gastric cancer cell proliferation and suppresses cell migration in vitro. [58]

Exerts anti-proliferative, apoptotic and anti-migratory effects in colon cancer cells. [59]

Inhibits proliferation of gynecological cancers cell with IC50 values of 98.28–101.23 μg/mL
against SKOV-3, HeLa, and HEC-1B cells. [60]

Inhibits proliferation of HeLa, PANC-1, and MDA-MB-231 cells and suppresses the
clonogenicity of HeLa cells. [61]

Inhibits proliferation of HCT116 and HCCSCs cells independent of p53 status. [62]

Inhibits colony formation and viability of breast cancer MCF-7 cells with wild type p53, which
was more sensitive [56]

Induces cytotoxicity in Shionogi 115 and MCF-7 breast cancer cells and PC-3 and DU-145
prostate cancer cells. [63]

Oral administration at 50–100 mg/kg dose suppresses growth of Capan-2 pancreatic
tumor-xenograft. [57]

Inhibits xenograft growth and metastasis of transplanted gastric carcinoma cells in vivo
zebrafish xenograft model. [58]

Oral feeding to mice at 40 mg/kg inhibits barcl-95 tumor growth transplanted in nude mice. [55]

Immunomodulatory

Stimulates neutrophil functions in the immunized rats and prevents stress-induced suppression
in the neutrophil functions. [64]

Prevents the noise-stress induced changes in cell-mediated immune response in rats. [53]

Ameliorates functional and histological ovalbumin-induced bronchial hyperreactivity and
increases CD4 counts in lung and spleen. [65]

Increases cytotoxic T cells and natural killer cells in healthy human volunteers. [66]

CAT: Catalase, SOD: Superoxide dismutase, GPx: Glutathione peroxidase, GST: Glutathione-S-Transferase, GSH: Glutathione,
ROS: Reactive oxygen species, DPPH: 2,2-diphenyl-1-picrylhydrazyl, DMH: Dimethylhydrazine, B(a)P: Benzo(a)pyrene,
HCCSCs: Human colon cancer stem cells. MTX: Methotrexate, LPO: Lipid peroxidation.

4. Antioxidant Effects of Triphala

Triphala holds potential in restoring antioxidant levels and decreasing lipid peroxidation as shown
in numerous in vitro, in vivo, and human studies (Figure 3). These antioxidant properties of Triphala
are associated with the presence of polyphenols, vitamin C, and flavonoids. The active constituents of
Triphala quench the ROS levels and reduce oxidative stress.

 

Figure 3. Antioxidative and chemoprotective molecules targeted by Triphala.
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4.1. In Vitro Studies

Numerous in vitro studies have shown that Triphala has high antioxidant potential. In a study,
both aqueous and methanolic extracts of Triphala were examined for antioxidant activities and were
found to quench free radicals and induce SOD and CAT antioxidant enzymes. Triphala extract exhibited
satisfactory free radical-scavenging activity that was comparable with ascorbic acid [47]. In HeLa cells,
Triphala efficiently eliminates ROS levels generated by X-radiation and bleomycin and thus protects
from X-radiation and bleomycin-mediated DNA strand breaks [45]. In another study, Triphala extract
also inhibited radiation-induced lipid peroxidation in rat liver microsomes. The extracts were found
to possess the ability to scavenge free radicals such as DPPH and superoxide. It was also found that
Triphala extract had the ability to prevent gamma-radiation-induced strand break formation in plasmid
DNA [48].

Triphala extract also inhibits H2O2-induced RBC haemolysis, nitric oxide production and shows
high reducing power activity. As H2O2 induces cellular damage, it has been shown that pretreatment
with Triphala rescues the human dermal fibroblast from H2O2-induced damage, inhibits cellular
senescence, and protects DNA from damage [49]. Triphala has been found to increase glutathione
(GSH) and decrease malondialdehyde levels in enucleated rat lenses. It can also restore the activities of
antioxidant enzymes such as SOD, CAT, GPx, glutathione reductase (GR), and glutathione-S-transferase
(GST) and improves selenite-induced cataract [52].

4.2. In Vivo Studies

Triphala is found to be effective in reducing oxidative stress in animal models. In a study,
pretreatment with two doses (150 mg/kg and 300 mg/kg) of Triphala in a colitis rat model, it
restored the antioxidant enzymes SOD and CAT, and decreased the malondialdehyde levels in the
distal colon of rats. Triphala further relieved the rats from colitis, which could be attributed to its
antioxidant activity [67]. In complete Freund’s adjuvant-induced arthritic rat model, Triphala showed
antioxidant properties. Administration of Triphala (100 mg/kg b wt, i.p.) restored the activities/levels
of antioxidant (SOD ~75.6%, CAT ~62.7%, GPx ~55.8%, GST ~82.1%, and GSH ~72.7%), and decreased
the lipid peroxidation in the paw tissues of arthritic rats [68]. A study on another monosodium
urate crystal-induced arthritis model showed support for Triphala exhibiting antioxidant properties
and decreasing inflammation. Oral treatment of Triphala (1 g/kg) inhibited paw volume and lipid
peroxidation; however the antioxidant status was found to be increased in the plasma, liver, and spleen
of monosodium urate crystal-induced mice when compared to control mice [69].

Triphala also exerts nephroprotective effects due to its antioxidant properties. In Wistar albino
rats, bromobenzene treatment resulted in a decrease in the activities of antioxidant enzymes such as
CAT, SOD, GST, and GPx as well as total reduced GSH in the kidney. Bromobenzene also increased
lipid peroxidation in the kidney of animals. However, oral administration of two different doses
(250 and 500 mg/kg) of Triphala in bromobenzene-treated rats restored antioxidant enzymes and
decreased lipid peroxidation [50]. Thus, data indicates that Triphala has nephroprotective effects
through its antioxidant nature. The antioxidative property of Triphala is also directed toward the
protection of carcinogen-induced cellular damage. It has been shown to prevent 1,2-dimethylhydrazine
dihydrochloride (DMH)-induced mouse liver damage by decreasing DMH-induced lipid peroxidation
and increasing GSH and GST [51].

Administration of 25 mg/kg Triphala to the animals decreased nuclear cataract in the
selenite-induced cataract model [52]. Sandhya et al. [46] have also shown that Triphala protects
against radiation-induced oxidative damage in mice. They have found that 5 Gy radiation induces
mortality in mice. However, oral treatment of Triphala (1 g/kg) reduced mortality by 60% in mice.
This improvement was found to be associated with an increase in antioxidant enzymes such as SOD and
protection from DNA damage in the intestine of mice exposed to irradiation. Triphala administration
in animals also increased radiation tolerance, which was further mediated through its antioxidant
activity and scavenging free radicals [70].
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Noise-stress causes alterations in the antioxidant status and on the cell-mediated immune
response. Thus, to determine the protective effect of Triphala, noise-stress (100 dB for 4 h/d/15 days)
was employed on the rats and Triphala (1 g/kg/bw/48 days) was administered to the animals. Treatment
with Triphala resulted in a decrease in noise-stress-induced lipid peroxidation and corticosterone level
with concomitant increase of antioxidants in the plasma and tissues of rats. Thus, the study indicates
that Triphala has preventive effects on noise-stress induced changes by increasing antioxidants as
well as modulating the cell-mediated immune response in rats [53]. Besides these, equal (1:1:1) and
unequal (1:2:4) formulations of Triphala have also been compared to determine their antioxidant and
enteroprotective efficacy on methotrexate-induced small intestinal damage in rats. It has been observed
that the unequal formulation of Triphala provides significantly more protection by restoring GSH than
equal formulation of Triphala against methotrexate-induced damage in the rat intestine [34].

5. Prooxidant Nature of Triphala

Besides its antioxidant property, Triphala also exhibits prooxidant activity by inducing ROS
production in cancer cells. Triphala has shown an insignificant level of ROS production in normal
breast MCF-10F cells as well as in murine spleen and liver normal cells [55]. As increased levels of
ROS in cancer cells causes lethality [71,72], the prooxidant nature of Triphala escalates the death of
cancer cells and acts as an anticancer agent. In a study, it has been observed that Triphala inhibited
proliferation and induced apoptosis in MCF-7 and T47D breast cancer cells through production of
ROS. Further, it was observed that quenching ROS by antioxidants inhibited the anti-proliferative
ability of Triphala suggesting its role in the induction of apoptosis through ROS production [56].
Triphala has also been shown to induce ROS generation in Capan-2 pancreatic cancer cells and further
apoptosis. Triphala-induced ROS generation also led to phosphorylation of p53 and ERK in Capan-2
cells as pretreatment combined with the antioxidant N-acetylcysteine blocked Triphala-induced
phosphorylation of these proteins [57]. Cancer cells are known to have high levels of ROS. Increasing
ROS further crosses the threshold and forces the cell into apoptosis [72]. However, the level of ROS in
normal cells is very low and not easy to raise to go over the threshold limit.

As a prooxidant, Triphala also produces a radiosensitizing action through oxidative damage,
membrane alteration and damage to nucleic acids in various cancer cell lines. In tumor cell lines such
as Ehrlich ascites (EAC), human cervical (HeLa), and breast (MCF-7) cells, treatment with Triphala
induced a cytotoxic effect by initiating membrane oxidative damage and by triggering ROS generation
by gamma radiation [73]. In contrast, Triphala showed protective effects against X-radiation and
bleomycin in HeLa cells. However, it has also shown protective activity against ionizing radiation in
mice [45].

6. Chemopreventive and Chemotherapeutic Effects

Extensive studies on Triphala have shown that it has preventive and therapeutic efficacy against
malignancies such as breast, colon, pancreas, prostate, ovarian, cervical, endometrial, and lymphatic
cancers as well as melanoma [58,60,61,63,74]. Although Triphala has been used for centuries against
various ailments, recent in vitro, in vivo and human studies have demonstrated its safety and efficacy
against multiple diseases including cancer. Experimental studies in the past decade have also shown
that Triphala exhibits antineoplastic, radioprotective, and chemoprotective effects through modulation
of multiple signaling molecules (Figure 3).

6.1. In Vitro Studies

Triphala has shown anticancer activities in various cancer cell lines. Using a cytotoxic assay,
it was found that the aqueous extract of Triphala decreased the proliferation of breast and prostate
cancer cells. Further chemical analysis showed that the extract was rich in polyphenol gallic acid,
which was considered as a major factor in inducing cytotoxicity of cancer cells [63]. Sandhya et al. [55]
also showed that the increasing concentrations of Triphala correspondingly decreased the viability
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of treated breast cancer MCF-7 cells. Besides cytotoxicity, Triphala treatment was found to induce
apoptosis in MCF-7 and barcl-95 cells in vitro. Further mechanistic studies of Triphala on apoptosis
and cytotoxicity were demonstrated by using single cell gel electrophoresis in breast cancer cells and
found that it increased intracellular ROS and induced DNA damage, a characteristic of apoptosis.
However, with similar concentrations of Triphala, it did not cause any cytotoxic effect or DNA damage
on normal breast epithelial cells, MCF-10F, human peripheral blood mononuclear cells, mouse liver
and spleen cells. This study indicated that Triphala was selectively cytotoxic to the cancer cells.

Further studies revealed the crucial role of p53 in Triphala-mediated apoptosis in breast cancer
cells. It was observed that MCF-7 cells with wild type p53 were more sensitive to Triphala than p53
negative T47D breast cancer cells. Triphala-induced ROS generation plays a major role in apoptosis,
since the addition of antioxidants inhibits the anti-proliferative ability of Triphala [56]. In contrast,
it has been reported that the methanol extract of Triphala suppresses the proliferation of colon cancer
HCT116 cells and human colon cancer stem cells (HCCSCs) independent of p53 status. This extract
also induced p53-independent apoptosis in HCCSCs as indicated by elevated levels of cleaved PARP.
It further suppressed c-Myc and cyclin D1, and induced apoptosis through elevation of Bax/Bcl-2 ratio.
In addition, Triphala extract inhibited HCCSCs colony formation, a measure of CSCs self-renewal
ability [62]. It is worth noting that Triphala scavenges ROS in normal cells thereby preventing oxidative
damage, whereas it increases the ROS level and causes lethality in cancer cells.

Growth-inhibitory effects of Triphala were also evaluated in pancreatic cancer cells. It was observed
that treatment with the aqueous extract of Triphala reduced the survival of pancreatic cancer Capan-2
cells. Triphala-mediated reduction in cell survival was correlated with the induction of apoptosis.
Further it was shown that Triphala extract induced ROS production that led to phosphorylation
of p53 and ERK in Capan-2 cells and then apoptosis, whereas antioxidant N-acetylcysteine (NAC)
treatment blocked apoptosis [57]. In another study, Triphala inhibited the proliferation of multiple
cancer cells such as HeLa (cervical adenocarcinoma), PANC-1 (pancreatic adenocarcinoma), and
MDA-MB-231 (triple-negative breast carcinoma) cells and suppressed the clonogenicity of HeLa cells.
The mechanism of the antiproliferative effect was mediated by disruption of secondary conformation
of tubulin and inhibition of anilino naphthalene sulfonate binding to tubulin. Triphala acetylates
cellular microtubules and stabilizes microtubule dynamics. In addition, Triphala interfered with the
reassembly of microtubules. The microtubule interfering effects of Triphala lead to apoptotic cell death
in cancer cells [61].

Triphala is also effective in suppressing gynecological cancer cell growth. Treatment with Triphala
inhibited proliferation and induced apoptosis in SKOV-3, HeLa, and HEC-1B cells. The antiproliferative
and proapoptotic activities were confirmed by cell cycle analysis and expression of Ki-67 protein. It was
also found that Triphala decreased the expression of phospho-Akt, phospho-p44/42, and phospho-NF-κB
p56 in these gynecological cancer cells, which indicated that MAPK/ERK, PI3K/Akt/mTOR, and
NF-κB/p53 signaling pathways were the possible mechanism of Triphala-induced apoptosis [60].
Besides its anti-proliferative and apoptotic effects, Triphala suppressed cell migration of cancer cells
in vitro thus indicating its anti-metastatic potential [58].

6.2. In Vivo Studies

Triphala also has cancer chemopreventive potential as shown in animal studies. In a study, Triphala
(2.5%, supplemented in diet) significantly reduced benzo(a)pyrene [B(a)P] induced forestomach
papillomagenesis in mice. It reduced tumor incidence by 77.77% in the short-term study and 66.66%
in the long-term study. As it is a potent antioxidant, the chemopreventive effect of Triphala might
be associated with an increased antioxidant status in animals [54]. Oral administration of Triphala
(50–100 mg/kg) also suppresses the growth of Capan-2 pancreatic tumor-xenograft. It was found that
reduction in tumor growth by Triphala in mice was due to increased apoptosis in the tumor cells,
which was associated with increased activation of p53 and ERK [57]. Another study also revealed
that tumor inhibitory effects of Triphala or its active constituents were through suppression of VEGF
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actions. Triphala and one of its active compounds, chebulinic acid, specifically inhibits VEGF-induced
angiogenesis by suppressing VEGF receptor-2 (VEGFR-2) phosphorylation and thus reduces tumor
growth and metastasis [75]. In a zebrafish xenograft model, administration of Triphala inhibited the
growth and metastasis of transplanted gastric carcinoma cells. The antineoplastic effect of Triphala
was analyzed by western blotting and results demonstrated that it inhibited phosphorylation of EGFR,
Akt, and ERK [58].

7. Immunomodulatory Effect of Triphala

Triphala was shown to alter the immune system and act as an immunomodulatory agent.
In a published study, the immunomodulatory activity of Triphala was assessed by testing the
various functions of neutrophil-like adherence, phagocytosis and avidity index in albino rats. Upon
Triphala administration, the avidity index was found to be increased in the animals. The neutrophil
functions were also enhanced in the Triphala immunized group with a decrease in the corticosterone
level [64]. Thus, Triphala appears to stimulate neutrophil functions in the immunized rats and prevent
stress-induced suppression of neutrophil functions. Another study showed that the supplementation of
Triphala prevented the noise-stress induced changes in the cell-mediated immune response in rats [53].
Immunostimulatory activity of Triphala was also evaluated in a phase I clinical study. Consumption
of Triphala by healthy volunteers demonstrated significant immunostimulatory effects on cytotoxic
T cells (CD3− CD8+) and natural killer cells (CD16+ CD56+). However, Triphala did not change
the cytokine level in volunteers [66]. The individual components of Triphala have also shown to
exhibit immunomodulatory activity. The T. chebula fruit extract has illustrated an increase in spleen
lymphocyte proliferation and enhanced the expression of cytokines such as IL-2, IL-10 and TNF-α in
rats [76]. The methanolic extract of T. bellerica has affected the mouse immune system, specifically both
the cellular and humoral immune response in vitro. This extract stimulated phagocytic activity and
T-lymphocyte proliferation [77]. E. officinalis fruit extract exhibited immunostimulatory activity by
its combined action on humoral and cell-mediated immune responses along with macrophages and
phagocytes [78]. Thus, these studies indicate that Triphala and its three individual constituents have
potential to stimulate immune systems.

8. Conclusions

Triphala has been used for centuries against various ailments in the Indian traditional medicine
system. Studies in the recent past have indicated that Triphala has immense potential in the reduction of
oxidative damage as well as in the prevention and treatment of cancer (Figure 4). Few studies indicated
that antioxidants from dietary supplements may promote tumor growth and metastasis [79–81].
However, it is noteworthy that Triphala acts as an anticancer agent by exhibiting prooxidant effects in
cancer cells. The dual nature of Triphala, acting as an antioxidant in normal cells and prooxidant in
cancer cells, facilitates its function as both a chemopreventive and chemotherapeutic agent. Interestingly,
Triphala has shown high efficacy and safety in humans as well as in experimental studies. However,
most of the studies are done in animals and in vitro models. Clinical studies are required for its
applicability as a chemopreventive, radioprotective, and chemotherapeutic agent. Three clinical
trials on Triphala have been completed and another one is underway on different diseases like gut
microbiome and skin (NCT03477825), gingivitis (NCT01898000), periodontal disease (NCT01900535)
and stool microbiome and inflammation (NCT03907501). However, up to now, no clinical trial on
Triphala in cancer has been done. Therefore, clinical studies to determine its efficacy in cancer patients
are warranted. As 1:2:4 of Triphala has shown better enteroprotective effects over the conventional
1:1:1 combination, examining the effect of Triphala in different combination ratios is required with
the hope that new formulations may exhibit better beneficial effects on oxidative stress-mediated
chronic diseases.

176



Antioxidants 2020, 9, 72

Figure 4. Antioxidative and chemopreventive/chemotherapeutic properties of Triphala.
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