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Crescioli, Stefania Sabatini, Andrea Lenzi, Daniela Caporossi, Francesco Del Galdo, Ivan

Dimauro and Cristina Antinozzi

The Phosphodiesterase Type 5 Inhibitor Sildenafil Improves DNA Stability and Redox
Homeostasis in Systemic Sclerosis Fibroblasts Exposed to Reactive Oxygen Species
Reprinted from: Antioxidants 2020, 9, 786, doi:10.3390/antiox9090786 . . . . . . . . . . . . . . . . 143

v



Kihae Ra, Hyun Ju Oh, Eun Young Kim, Sung Keun Kang, Jeong Chan Ra, Eui Hyun Kim,

Se Chang Park and Byeong Chun Lee

Comparison of Anti-Oxidative Effect of Human Adipose- and Amniotic Membrane-Derived
Mesenchymal Stem Cell Conditioned Medium on Mouse Preimplantation Embryo
Development
Reprinted from: Antioxidants 2021, 10, 268, doi:10.3390/antiox10020268 . . . . . . . . . . . . . . . 163

Antonella Angiolillo, Deborah Leccese, Marisa Palazzo, Francesco Vizzarri, Donato

Casamassima, Carlo Corino and Alfonso Di Costanzo

Effects of Lippia citriodora Leaf Extract on Lipid and Oxidative Blood Profile of Volunteers with
Hypercholesterolemia: A Preliminary Study
Reprinted from: Antioxidants 2021, 10, 521, doi:10.3390/antiox10040521 . . . . . . . . . . . . . . . 179

Regina Menezes, Alexandre Foito, Carolina Jardim, Inês Costa, Gonçalo Garcia, Rita
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Stewart and Cláudia N. Santos

Bioprospection of Natural Sources of Polyphenols with Therapeutic Potential for
Redox-Related Diseases
Reprinted from: Antioxidants 2020, 9, 789, doi:10.3390/antiox9090789 . . . . . . . . . . . . . . . . 191

Rita Crinelli, Carolina Zara, Luca Galluzzi, Gloria Buffi, Chiara Ceccarini, Michael Smietana,

Michele Mari, Mauro Magnani and Alessandra Fraternale

Activation of NRF2 and ATF4 Signaling by the Pro-Glutathione Molecule I-152, a Co-Drug of
N-Acetyl-Cysteine and Cysteamine
Reprinted from: Antioxidants 2021, 10, 175, doi:10.3390/antiox10020175 . . . . . . . . . . . . . . . 215

Gabriela Krausova, Antonin Kana, Marek Vecka, Ivana Hyrslova, Barbora Stankova,

Vera Kantorova, Iva Mrvikova, Martina Huttl and Hana Malinska

In Vivo Bioavailability of Selenium in Selenium-Enriched Streptococcus thermophilus and
Enterococcus faecium in CD IGS Rats
Reprinted from: Antioxidants 2021, 10, 463, doi:10.3390/antiox10030463 . . . . . . . . . . . . . . . 235

vi



About the Editor

Ana Sofia Fernandes

Ana Sofia Fernandes graduated with a degree in Pharmaceutical Sciences in 2004 and a PhD

in Pharmacy (specialty of Toxicology) in 2010 and is currently a European Registered Toxicologist

(2018). She is an Associate Professor of Pharmacology and Toxicology at Universidade Lusófona. She
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Redox-Active Molecules as Therapeutic Agents

Ana Sofia Fernandes

CBIOS, Universidade Lusófona’s Research Center for Biosciences & Health Technologies, Campo Grande 376,
1749-024 Lisbon, Portugal; ana.fernandes@ulusofona.pt

Oxidative stress and altered redox signaling have been described in a plethora of
pathological conditions, such as inflammation, cardiovascular diseases, diabetes, can-
cer, and neurodegenerative disorders, among others [1]. The concept of redox-active
therapeutics explores the potential usefulness of redox-active molecules to modulate the
etiology/progression of such diseases. Although the therapeutic potential of many natural
and synthetic compounds has been suggested for decades, recent advances in molecular
biology and pharmacology have strengthened this field of research by providing novel
mechanistic insights, especially regarding the redox modulation of critical signaling path-
ways. The scope of this Special Issue is to give a broad and updated overview of the
therapeutic potential of redox-active molecules, covering from fundamental science to
clinical research, focused on the potential effects of either natural or synthetic compounds
on different redox-related diseases.

Redox-modulating strategies have been widely explored in the cancer pharmacol-
ogy field. Some classical chemotherapeutic drugs, such as doxorubicin, are known to
increase intracellular ROS levels [2]. A review paper by Mirzaei et al. [3] addresses the
role of nuclear factor erythroid 2-related factor 2 (Nrf2) signaling in doxorubicin resis-
tance. Furthermore, the modulation of Nrf2 as a strategy to ameliorate the side effects
of doxorubicin is discussed. Another combinational therapy is proposed in a research
paper by Manguinhas et al. [4], in a study on non-small-cell lung cancer cells. The authors
explored the combination of cisplatin with E3330, an inhibitor of the redox function of
the apurinic/apyrimidinic endonuclease 1. This compound was able to increase cytotox-
icity and impair cell migration and invasion, boosting cisplatin’s anti-cancer effects. An
emerging class of drugs for anticancer therapy are the inhibitors of lysyl oxidase enzymes.
Ferreira et al. [5] reviewed the role of LOXL2, a member of this family of enzymes, on cancer
development and metastases, with a special focus on breast cancer. The recent advances in
the development of LOXL2 inhibitors are also described.

Along with synthetic drugs, many natural compounds have shown noteworthy results
in cancer pharmacology. Yu et al. [6] investigated the effects of Withanolide C in breast
cancer cells. The authors found that the compound exerts oxidative stress-mediated
cytotoxicity, apoptosis and DNA damage in breast cancer cell lines. Another natural
product with anticancer properties is the antibiotic Thiostrepton. Nelson et al. [7] explored
the mechanistic basis for the interaction of Thiostrepton with peroxiredoxin 3, which is
the molecular target of this drug. Plant (poly)phenols have also demonstrated anticancer
activities in various models of neoplasia. Ossikbayeva et al. [8] suggest that the combination
of curcumin and carnosic acid synergistically suppresses the proliferation of metastatic
prostate cancer cells, and they describe the underlying mechanisms.

Besides oncology, other therapeutic areas may benefit from redox interventions. A
review article from Scammahorn et al. [9] describes the current research of therapeutic
strategies based on H2S, which displays powerful antioxidant properties, against renal and
cardiovascular pathologies. Di Luigi et al. [10] proposes that the phosphodiesterase type
5 inhibitor sildenafil could be a therapeutic candidate for systemic sclerosis treatment, as
it protects against oxidative damage in human dermal fibroblasts isolated from patients.
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In addition to small molecules, redox-active interventions may also include cell therapy
products. Oxidative stress is a major cause of damage to the quantity and quality of
embryos produced in vitro. A research paper by Ra et al. [11] studied the conditioned
medium of amniotic membrane-derived mesenchymal stem cells as a novel antioxidant
intervention for assisted reproduction.

This Special Issue also includes a clinical study carried out by Angiolillo et al. [12]. The
authors evaluated the effects of Lippia citriodora leaf extract on lipid and oxidative blood
profile of volunteers with hypercholesterolemia and suggested that dietary supplemen-
tation with such an extract could be beneficial in this condition. In fact, plants constitute
an incredible and still underexplored reservoir of molecules with potential therapeutic
applications. Menezes et al. [13] developed a strategy combining metabolomics, statistics,
and the evaluation of (poly)phenols’ bioactivity using a yeast-based discovery platform to
allow the bioprospection of natural sources of (poly)phenols with therapeutic potential for
redox-related diseases.

Disturbances in glutathione homeostasis are implicated in several diseases. Therefore,
different approaches aimed at replenishing glutathione levels have been suggested. The
compound I-152 combines two pro-GSH molecules, N-acetyl-cysteine and cysteamine.
Crinelli et al. [14] explored the molecular mechanisms of I-152 and demonstrated that
not only does it supply GSH precursors, but it also activates the Nrf2 and the activating
transcription factor 4 signaling pathways. Another novel antioxidant approach consists of
selenium enrichment of yeasts and lactic acid bacteria, which combines the beneficial effects
of these microorganisms and of selenium supplementation. A research paper by Krausova
et al. [15] studied the bioavailability and effects of Se-enriched strains in a rat model.

This Special Issue has highlighted the vast possibilities of redox-active interventions.
However, in most cases, many questions still need to be answered during the drug devel-
opment journey, before these molecules could reach clinical use. The articles published in
this Special Issue represent some more steps in this direction. I would like to acknowledge
all the authors for their contributions.
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Abstract: Doxorubicin (DOX) is extensively applied in cancer therapy due to its efficacy in suppress-
ing cancer progression and inducing apoptosis. After its discovery, this chemotherapeutic agent has
been frequently used for cancer therapy, leading to chemoresistance. Due to dose-dependent toxicity,
high concentrations of DOX cannot be administered to cancer patients. Therefore, experiments have
been directed towards revealing underlying mechanisms responsible for DOX resistance and amelio-
rating its adverse effects. Nuclear factor erythroid 2-related factor 2 (Nrf2) signaling is activated to
increase levels of reactive oxygen species (ROS) in cells to protect them against oxidative stress. It
has been reported that Nrf2 activation is associated with drug resistance. In cells exposed to DOX,
stimulation of Nrf2 signaling protects cells against cell death. Various upstream mediators regulate
Nrf2 in DOX resistance. Strategies, both pharmacological and genetic interventions, have been
applied for reversing DOX resistance. However, Nrf2 induction is of importance for alleviating side
effects of DOX. Pharmacological agents with naturally occurring compounds as the most common
have been used for inducing Nrf2 signaling in DOX amelioration. Furthermore, signaling networks
in which Nrf2 is a key player for protection against DOX adverse effects have been revealed and are
discussed in the current review.

Keywords: doxorubicin; chemoresistance; oxidative stress; redox signaling; nuclear factor erythroid
2-related factor 2 (Nrf2); cancer therapy

1. Introduction

Doxorubicin (DOX) is an anthracycline isolated from Streptomyces with proficiency in
treatment of various cancers such as thoracic cancers, reproductive cancers, gastrointestinal
and brain tumors [1]. Three major mechanisms are followed by DOX in suppressing

Antioxidants 2021, 10, 349. https://doi.org/10.3390/antiox10030349 https://www.mdpi.com/journal/antioxidants5
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progression and proliferation of cancer cells, including inhibiting DNA topoisomerase II
activity, DNA intercalation and enhancing production of free radicals, especially reactive
oxygen species (ROS) that are of importance in triggering apoptosis through mitochondrial
pathway [2]. After its discovery, DOX was considered as the first option in treatment
of cancer patients and showed promising clinical results. However, these ideal findings
disappeared with development of DOX resistance [3–6].

Currently, two major obstacles are considered for cancer chemotherapy with DOX
including A) DOX resistance, and B) dose-dependent toxicity [7–9]. The toxicity of DOX
against normal cells has a negative impact on its efficacy in cancer therapy, since high
dose of DOX cannot be administered to cancer patients to overcome resistance. In order to
reverse DOX resistance, a combination of DOX with other compounds such as selenium is
utilized to induce apoptosis and necrosis in cancer cells, leading to their enhanced sensitiv-
ity to DOX chemotherapy [10]. Mitochondrial transcription factor A (TFAM) stimulates
mitochondrial dysfunction and AMP-activated protein kinase (AMPK) in suppressing
DOX resistance [11]. That is why molecular pathways that promote cancer cell growth
and viability, can induce DOX resistance. For instance, in non-small cell lung cancer, va-
sohibin2 (VASH2) functions as a tumor-promoting factor in enhancing proliferation that
subsequently, stimulates DOX resistance [12]. Identification of such factors is of importance
in suppressing DOX resistance by developing potential therapeutics for their targeting [13].

One of the processes contributing to DOX resistance is glycolysis. Cancer cells demon-
strate enhanced glucose uptake and, to have enough energy, they induce glycolysis as a
way of reaching a high amount of energy in a low time. In osteosarcoma cells, sphingosine
kinase 1 (Sphk1) undergoes up-regulation due to hypoxia and activation of hypoxia-related
molecular pathway, known as hypoxia-inducible factor 1α (HIF-1α) [14,15]. Then, an in-
crease occurs in glycolysis, providing condition for DOX resistance [16]. Non-coding RNAs
(ncRNAs) such as long non-coding RNAs (lncRNAs) and microRNAs (miRNAs) also partic-
ipate in development of DOX resistance due to their regulatory effects on biological mech-
anisms and molecular pathways [17–21]. In addition to recognition of tumor-promoting
molecular pathways and using combination chemotherapy, another strategy that utilizes
nanostructures for DOX delivery has been developed. This strategy is ideal for in vitro
and in vivo experiments and nanoparticles can provide a platform for co-delivery of DOX
with other anti-tumor agents, leading to targeted delivery at tumor site and reversing
chemoresistance [22]. Therefore, the DOX resistance is an increasing challenge, and more
experiments are required to find novel strategies in reversing chemoresistance.

Another obstacle in using DOX in cancer chemotherapy is its dose-dependent toxicity.
Clinical studies have confirmed this issue. Cardiomyopathy, gastrointestinal (GI) side
effects and hematological abnormalities result from using DOX alone or in combination
with other chemotherapeutic agents in cancer therapy [23–25]. Increased level of oxidative
stress and subsequent apoptosis induction are responsible for DOX toxicity [26]. Further-
more, DOX can stimulate matrix metalloproteinase-2 (MMP-2) for mediating cardiotoxicity.
Application of MMP inhibitors is associated with inhibiting intracellular and extracellu-
lar matrix remodeling and ameliorating DOX toxicity [27]. What is noteworthy is that
a number of plant-derived natural compounds such as alpha-tocopheryl succinate [28],
naringenin [29] and atorvastatin [30] have been applied in DOX side effect alleviation.
These compounds mainly diminish oxidative stress, inflammation and apoptosis.

These studies demonstrate that free radical generation is the most important way that
DOX follows in cancer therapy. However, free radicals can negatively affect major organs
in the body such as kidney, liver and brain. In the present review, we focus on a molecular
pathway which involves nuclear factor erythroid 2-related factor 2 (Nrf2) as a regulator
of oxidative stress in cells. Although activation of Nrf2 signaling protects cells against
oxidative damage [31], it can induce chemoresistance via suppressing oxidative-mediated
cell death in cancer cells [32].
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2. Materials and Methods

In searching and collecting data for the current review, we used databases such as
Pubmed, Google Scholar and Science Direct. Keywords such as “Nrf2 + Doxorubicin”,
“Nrf2 + resistance”, and “Nrf2 + chemoprotection” were used. Furthermore, most of the
experiments and articles are from 2020.

3. Nrf2 Signaling Pathway

Counteracting oxidative stress and inflammation is the main aim of Nrf2 signaling
in cell protection [33–44]. Sequestration of Nrf2 occurs in normal conditions by Kelch-
like ECH-associated protein 1 (Keap1), when ROS and oxidative levels are at standard
limit [45]. For providing proteasomal degradation of Nrf2, preventing its accumulation in
cytoplasm and subsequent translocation to nucleus, Keap1 as a ubiquitin ligase adaptor
protein, represents Nrf2 to Cullin-3 (Cul3)/RBX1 complex [46]. In contrast, electrophiles
and oxidative stress are considered as inducers of Nrf2 signaling. In this way, Keap1
dissociation from Cul3 occurs via structural modification of Keap1 at cysteine 151 [47].
Furthermore, glycogen synthase kinase-3β (GSK-3β) prevents Nrf2 degradation by Nrf2
phosphorylation at serine 335 and 338. Then, Nrf2 polyubiquitination and its identification
by β transducin repeat containing E3 ubiquitin-protein ligase (βTrCP) occur that are in favor
of preventing Nrf2 degradation and providing CUL3/RBX1-induced degradation [48,49].

As a result, high levels of Nrf2 accumulate in cytoplasm that is followed by nu-
clear translocation and targeting genes containing antioxidant response element (ARE)
region [50]. These genes include heme oxygenase-1 (HO-1), NAD(P)H dehydrogenase
quinone 1 (NQO1), γ-glutamyl cysteine ligase modulatory and catalytic subunits (GCLM
and GCLC, respectively), and ferritin accounting for inducing oxidant and antioxidant
balance in cells [51–55]. Noteworthy, Nrf2 activation can be beneficial in reducing inflam-
mation via activating HO-1, and subsequent inhibition of NF-κB signaling, which generally
acts as a tumor-promoting factor [56–58]. Nrf2 down-regulation is associated with an
increase in inflammatory response via NF-κB activation [59]. Furthermore, it has been
reported that Nrf2 activation is in favor of reducing levels of pro-inflammatory cytokines
in cells (Figure 1) [60–65].

 

Figure 1. A schematic presentation of Nrf2 signaling pathway. Oxidative stress induces nuclear translocation of Nrf2 to
promote antioxidant activity via up-regulating HO-1, NQO1, and GCLM.
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4. Nrf2 in Protection and Chemoresistance

Chemoresistance remains a major challenge for cancer therapy [66–70]. The dual role
of Nrf2 during cancer chemotherapy has been investigated in a variety of experiments.
First, activation of Nrf2 signaling is advantageous in reducing side effects of chemothera-
peutic agents. For instance, paclitaxel exposure is associated with induction of mechanical
allodynia, while stimulation of Nrf2 signaling by oltipraz significantly reduces this adverse
impact via HO-1 induction [71]. Furthermore, peroxisome proliferator-activated receptor
gamma (PPARγ) can function as an upstream inducer of Nrf2 signaling in alleviation of
paclitaxel-induced mechanical allodynia [72]. Exposing cells to cisplatin enhances levels of
oxidant parameters such as malondialdehyde (MDA) and reduces activity and levels of
antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT) and glutathione
(GSH). Nrf2, as a cytoprotective mechanism, supports kidney cells against oxidative stress
and apoptosis via reinforcing antioxidant defense system [73]. Furthermore, Nrf2 activation
is of importance in reducing cisplatin-mediated toxicity in reproductive system. In this way,
tadalafil diminishes apoptosis and oxidative stress via Nrf2 up-regulation [74]. It has been
reported that activation of Nrf2/HO-1 signaling is in favor of enhancing cell survival upon
chemotherapy [75]. What is noteworthy is that phytochemicals such as curcumin [76] and
formononetin [77] induce Nrf2/HO-1 signaling in reducing toxicity of oxaliplatin against
liver and brain cells. These studies clearly demonstrate that Nrf2 signaling is of importance
for alleviation of chemotherapy-mediated side effects.

Although Nrf2 signaling activation is of interest in reducing chemotherapy-mediated
side effects, increasing evidence demonstrates association of Nrf2 activation with chemore-
sistance. Tumor-promoting factors such as bone morphogenetic proteins (BMP) induce
Nrf2 signaling in promoting cancer cells survival and triggering chemoresistance [78].
It seems that Nrf2 can enhance tumor-initiating cell lineage that subsequently, mediates
chemoresistance [79]. The p53 can provide proteasomal degradation of Keap1 via induc-
ing Nrf2/ARE signaling to promote proliferation and apoptosis inhibition, resulting in
chemoresistance [80]. Upon Nrf2 activation, glutamine metabolism increases to induce
chemoresistance, and is associated with poor prognosis of cancer patients [81]. Further-
more, Nrf2 can positively interact with TAZ member of Hippo signaling in providing
chemoresistance [82]. Anti-tumor compounds such as ailanthone [83] and kaempferol [84]
decrease Nrf2 expression in promoting oxidative damage and ROS levels as well as trigger-
ing apoptosis, leading to enhanced cancer sensitivity to chemotherapy. Overall, studies
are in agreement with the fact that Nrf2 activation induces chemoresistance [85] and its
inhibition can be considered as an ideal strategy in reversing drug resistance.

5. Natural Compounds in Ameliorating Doxorubicin-Mediated Toxicity

As it was discussed earlier, plant derived-natural compounds are able to regulate
Nrf2 signaling in exerting their protective effect against oxidative stress-mediated dis-
eases [86–88]. Pristimerin (Pris) is a natural triterpenoid compound derived from Celas-
traceae plant with different pharmacological activities such as anti-tumor, anti-inflammatory
and antioxidant [89,90]. In respect of the potential of Pris in regulating Nrf2 signaling, it
can be beneficial in ameliorating DOX-mediated cardiotoxicity that could be developed
due to increased oxidative stress and ROS levels as the main risk factors. In this way,
Pris enhances expression of Nrf2 at mRNA and protein levels, resulting in an increase in
expression of its downstream targets including NQO1, HO-1 and GCL. Then, oxidative
stress parameters undergo a decrease, while antioxidant defense system is reinforced,
leading to decreased DOX-mediated cardiotoxicity [91]. In addition to heart, kidney and
liver are negatively affected following DOX administration due to an increase in oxidative
stress and inflammation [92,93]. Asiatic acid (AA) is another phytochemical that has been
under attention due to its efficacy in preventing ageing, improving wound healing and
exerting anti-tumor activity [94–97]. Recently, it has been shown that AA possesses high
antioxidant potential that is of importance in reducing toxic effects of DOX against major
organs of body. For this purpose, AA increases Nrf2 expression that diminishes necrosis,
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hyaline degeneration and congestion in heart. Hepatoprotective effects include reducing
leukocyte inflammation, necrosis and apoptosis. Finally, kidney is protected against DOX
toxicity via decreasing necrosis and inflammation [98]. These studies reveal that Nrf2 not
only protects cells against DOX-mediated oxidative stress, but also decreases inflammation,
and is therefore responsible for reducing cell death.

AMPK is considered as upstream mediator of Nrf2 signaling. It seems that AMPK
activation is vital for inducing Nrf2 signaling [99]. By stimulating Nrf2 signaling, AMPK
protects against oxidative stress and enhances expression of downstream targets such as
HO-1 [100]. β-LAPachone (B-LAP) as a protective agent, targets AMPK/Nrf2 signaling in
reducing DOX-mediated cardiotoxicity. B-LAP promotes expression of AMPK to induce
Nrf2 signaling for elevating expression levels of SOX, CAT and GPX, leading to ameliora-
tion of DOX-mediated cardiotoxicity [101]. Following Nrf2 activation by phytochemicals,
ROS levels decrease, preventing mitochondrial dysfunction and subsequent induction of
apoptosis in cells exposed to DOX [102].

Cardamonin (CAR), a flavone exclusively found in Alpinia plant, has demonstrated
potential in reducing oxidative stress via regulating Nrf2 signaling. It is noteworthy that
CAR activates Nrf2 signaling that is of importance in reducing Th2 cytokine generation
and preventing dermatitis [103]. In vivo experiment on mice demonstrates that CAR
alleviates myocardial contractile dysfunction via enhancing Nrf2 expression [104]. These
studies reveal that Nrf2 is a potential target of CAR in cell protection, and similarly, CAR
follows a same pathway in reducing DOX-mediated toxicity. Both inflammation and
oxidative stress are inhibited by CAR administration. This is mediated by activating
Nrf2 signaling and subsequent up-regulation of SOD, GSH, CAT and reduced levels of
ROS [105]. Chitosan oligosaccharide (COS) is a hydrolyzed form of chitosan that is found
in exoskeleton of crustaceans and walls of fungi and insects [106]. A wide variety of
biological activities including immune response regulation, anti-tumor, antimicrobial and
anti-apoptosis are considered for COS [107–111]. A recent study has shown that COS
can prevent oxidative damage and induce heart growth upon exposure to DOX. COS
reduces ROS levels, mitochondrial dysfunction and apoptosis in cells. Mechanistically,
COS induces AMPK in triggering Nrf2/ARE axis [112]. This study demonstrates that
complicated signaling networks are involved in protecting against DOX-mediated toxicity
in which Nrf2 signaling is the key player. The aim of Nrf2 activation is to up-regulate
expression of downstream targets such as HO-1 and NQO1 that participate in improving
antioxidant/oxidant balance and ameliorating DOX-mediated toxicity [113,114].

The p-coumaric acid (pCA) is a phenolic compound that functions as a ROS scavenger
in reducing oxidative stress and protecting cells against drug toxicity [115]. Different molec-
ular pathways are affected by pCA in exerting its protective effects and Nrf2 is among them.
In this way, pCA promotes Nrf2 expression to prevent ROS generation and inflammation
caused by lipopolysaccharide (LPS) [116]. It seems that pCA inhibits acute lung injury via
AMPK/Nrf2/HO-1 axis activation to induce antioxidant response [117]. These studies
advocate the fact that pCA has potential modulatory effects on Nrf2 signaling. pCA signifi-
cantly increases cell survival and prevents apoptosis via caspase-3 down-regulation. It has
been reported that ROS generation inhibition and preventing mitochondrial dysfunction are
major mechanisms for protecting against DOX-mediated cardiotoxicity. Consequently, pCA
induces Nrf2 signaling to inhibit ROS overgeneration, preventing subsequent mechanisms
that are essential for DOX-mediated cardiotoxicity [118]. Therefore, using compounds
inducing Nrf2 signaling can protect against DOX-mediated cardiotoxicity [119].

Tanshinone IIA (Tan IIA) is a potent antioxidant agent exclusively found in Radix
Salvia miltiorrhiza [120]. Similar to other phytochemicals with antioxidant activity, Tan IIA
targets Nrf2 signaling. Tan IIA administration is associated with improvement in silica-
mediated pulmonary inflammatory response, structural damage and fibrosis via Nrf2/ARE
activation [121]. Furthermore, Tan IIA prevents liver injury via epigenetic activation of
Nrf2 and reinforcing antioxidant defense system [122]. Hence, Tan IIA stimulates Nrf2
signaling as a way of recovering redox homeostasis and inhibiting pulmonary fibrosis [123].
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In alleviation of DOX-induced cardiotoxicity, Tan IIA increases cell viability and prevents
damage-associated morphological alterations in H9C2 cells. In addition, a decrease occurs
in generation of ROS levels, while GSH undergoes up-regulation in activity. These pro-
tective effects of Tan IIA are mediated by activating Nrf2 signaling and its downstream
targets HO-1 and NQO1 [124].

Punicalagin (PUN) is a polyphenol isolated from pomegranate and displays a variety
of pharmacological activities, of which antioxidant and anti-inflammatory are the most
important [125,126]. It seems that antioxidant activity of PUN is mediated via its impact
on Nrf2 signaling pathway. In this way, PUN induces Nrf2/HO-1 axis in protecting
DOX-mediated cardiotoxicity. The protective impacts of PUN are abolished via Nrf2 down-
regulation. By Nrf2 activation, PUN not only reduces oxidative stress parameters, but also
prevents loss of mitochondrial membrane potential, cytochrome C release and apoptosis
induction [127]. Experiments discussed in this section demonstrate that phytochemicals
can effectively induce Nrf2 signaling in protecting against DOX-mediated toxicity.

Importantly, as natural compounds suffer from poor bioavailability, using nanoparti-
cles for their delivery can promote their therapeutic effects and impact on Nrf2 signaling
that are of importance for ameliorating DOX-mediated toxicity. Future studies will shed
some light on this aspect.

6. Nrf2 Modulation

MiRNAs are upstream mediators of a variety of molecular pathways due to their role
in coordinating detailed biological mechanisms [128–135]. As occurs in different pathologi-
cal events, miRNA dysregulation leads to alterations in normal cellular events [136,137].
Increasing evidence demonstrates that Nrf2 signaling is under surveillance of miRNAs in
different pathological events for regulating response of cells to oxidative stress [138,139]. It
is noteworthy that miRNA and Nrf2 interaction is of importance in DOX toxicity. It has
been reported that miRNA-140-5p binds to 3/-untranslated region (3/-UTR) to reduce its
expression. This leads to a reduction in activity of antioxidant enzymes such as HO-1,
NQO1, and GCLM that subsequently, deteriorates DOX-mediated cardiotoxicity [140].
MiRNA-200a is another non-coding RNA that regulates Nrf2 signaling. It appears that
miRNA-200a ameliorates diabetes endothelial dysfunction via reducing Keap1 expression
and subsequent induction of Nrf2 signaling [141]. Furthermore, miRNA-200a inhibits apop-
tosis and inflammation in cardiomyocytes by regulating Keap1/Nrf2 signaling in favor of
cell protection [142]. In mice exposed to DOX, miRNA-200a enhances Nrf2 expression to
improve contractile function, and prevent apoptosis and oxidative stress [143].

The involvement of Nrf2 signaling in organ protection is confirmed by the study of
Li and colleagues showing that Nrf2 silencing deteriorates DOX-mediated toxicity [144].
This experiment demonstrated a novel pathway in which Nrf2 follows to alleviate DOX-
mediated cardiotoxicity. In this way, Nrf2 affects a mechanism known as autophagy.
Primarily, autophagy is considered as a “self-digestion” mechanism that degrades toxic
and aged organelles and macromolecules [145,146]. It has been reported that there is a
close association between autophagy and oxidative stress in cells, so that autophagy activa-
tion can ameliorate oxidative stress [147]. This relationship is of importance in relieving
oxidative damage in cells. For instance, autophagy stimulation can improve integrity of
intestinal barrier against ROS and oxidative damage [148]. In reducing DOX-mediated
cardiac dysfunction, Nrf2 activation can promote levels of light chain-3II (LC-3II) to in-
duce autophagy, leading to amelioration of DOX-mediated cardiotoxicity [144]. Following
Nrf2 degradation and inhibition, oxidative stress increases and apoptosis markers such as
caspase-3 and caspase-9 undergo up-regulation that mediate toxic effects of DOX on organs
of body [149]. An interesting point should be noted that autophagy has also interactions
with apoptosis [150–152]. In respect to effect of Nrf2 on autophagy and also, the interaction
between autophagy and apoptosis, further studies can evaluate autophagy induction by
Nrf2, and its impact on incidence of apoptosis in cells exposed to DOX.
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Orosomucoid 1 (ORM1) was first discovered by Tokita and Schmid in a century
ago and is an acute phase protein synthesized in liver [153,154]. ORM1 has a variety
of functions in cells including modulating immune system, preserving capillary barrier
function, and reducing ROS levels [155–157]. Due to its impact of oxidative stress and ROS
levels, ORM1 may be capable of regulating Nrf2 signaling. It has been reported that ORM1
overexpression is associated with activation on Nrf2 signaling and its downstream target
HO-1, leading to a reduction in oxidative stress and apoptosis (caspase-3 down-regulation)
that are of importance in ameliorating DOX-mediated cardiotoxicity [158].

A 3-dimensional model (3D) of cardiac system demonstrates that Nrf2 activation is a
positive factor in protecting cells against DOX-mediated cardiotoxicity, further confirming
role of Nrf2 in cardioprotection [159]. One of the emerging upstream mediators of Nrf2
signaling is GSK-3β that is a serine/threonine kinase with ubiquitous expression [160,161].
GSK-3β is an inhibitor of Nrf2 signaling and is correlated with development of a variety
of pathological events including diabetes [162], aging [163], liver disease [164] and neu-
rological disorders [165–167]. There is a reverse relationship between Nrf2 signaling and
GSK-3β in cells exposed to DOX, so that GSK-3β down-regulation provides condition
for Nrf2 activation and reducing DOX-mediated toxicity [168]. It is worth mentioning
that chronic exposure to DOX is associated with Nrf2 inhibition that further aggravates
organ toxicity [169]. Therefore, a wide variety of signaling networks, both inhibitor and
inducer of Nrf2 signaling are involved in regulated DOX-mediated toxicity on organs and
understanding their interactions can provide a new insight for designing novel therapeutics
(Table 1, Figure 2).

Table 1. Nrf2 signaling as a chemoprotection mechanism.

Toxicity
Signaling
Network

Compound Nrf2 Expression Outcomes Refs

Cardiotoxicity
MiRNA-140-

5p/Nrf2 – Down-regulation
Deteriorating DOX-mediated cardiotoxicity
Reducing expressions of NQO1 and HO-1

Enhancing oxidative stress level
[140]

Cardiotoxicity
Hepatotoxicity
Renotoxicity

– Asiatic acid Up-regulation

Reducing necrosis, congestion and hyaline
degeneration in heart

Decreasing leukocyte inflammation, necrosis,
apoptosis and fatty change in liver

Decreasing necrosis and inflammation in kidney
Mediating these protective effects via Nrf2

induction

[98]

Cardiotoxicity
Nrf2/HO-1
Nrf2/NQO1
Nrf2/GCL

Pristimerin Up-regulation
Increasing expressions of Nrf2 and its downstream

targets HO-1, NQO1 and GCL
Reducing oxidative stress and fibrosis

[91]

Cardiotoxicity
Nrf2/HO-1

Nrf2/NQO1
Tert-

butylhydroquinone Up-regulation Ameliorating cardiotoxicity via induction of Nrf2
and its downstream targets [113]

Cardiotoxicity Nrf2/HO-1 b-LAPachone Up-regulation
Triggering nuclear translocation of Nrf2

Enhancing expressions of HO-1 and antioxidant
enzymes such as SOD, CAT and GPx

[101]

Cardiotoxicity
Nrf2/HO-1

Nrf2/NQO1 Cardamonin Up-regulation

Protecting cells against inflammation and
oxidative stress

Reducing oxidative stress, apoptosis,
and inflammation

Inducing Nrf2 signaling and its downstream
targets HO-1 and NQO1

[105]

Cardiotoxicity Nrf2/HO-1 Curdione Up-regulation

Alleviating oxidative stress
Preventing ROS overgeneration and mediating

mitochondrial dysfunction
Triggering Nrf2/HO-1 axis as an antioxidant axis

[102]

Cardiotoxicity MAPK/Nrf2/ARE Chitosan
oligosaccharide Up-regulation

Decreasing oxidative stress and apoptosis
Stimulating MAPK and subsequent induction of

Nrf2/ARE axis
Reinforcing antioxidant defense system

[112]
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Table 1. Cont.

Toxicity
Signaling
Network

Compound Nrf2 Expression Outcomes Refs

Cardiotoxicity
MiRNA-

200a/Nrf2 – Up-regulation

Improving cardiomyocyte contractile function
Reducing levels of cardiac troponin I

Ameliorating oxidative stress, inflammation and
apoptosis

Inducing Nrf2 signaling

[143]

Cardiotoxicity Nrf2/ARE 3,3′-
diindolylmethane Up-regulation

Suppressing apoptosis
Improving histopathological profile

Enhancing expressions of HO-1, NQO1 and GST
Reducing Bax and caspase-3 expression

[114]

Cardiotoxicity Sirt1/AMPK/Nrf2 Acacetin Up-regulation

Alleviation of cardiomyopathy
Enhancing cell viability

Preventing ROS overgeneration
Activation of Sirt1/AMPK to induce

Nrf2 signaling
Triggering cell defense system

[170]

Cardiotoxicity Nrf2/HO-1 Genistein Up-regulation
Inducing Nrf2/HO-1 axis

Reducing ROS levels by its scavenging feature
Reducing lipid peroxidation and DNA damage

[171]

Cardiotoxicity
Nrf2/LC-

3II/autophagy – Down-regulation

Reducing oxidative stress
Activating autophagy as a protective mechanism

via LC-3II up-regulation
Nrf2 inhibition aggravates DOX-mediated

cardiotoxicity via impairing autophagy and
enhancing oxidative stress

[144]

Cardiotoxicity – p-coumaric acid Up-regulation
Enhancing cell survival

Inhibiting apoptosis and oxidative stress
Providing nuclear translocation of Nrf2

[118]

Cardiotoxicity Nrf2/NQO1 Tanshinone IIA Up-regulation
Enhancing cell viability and morphological profile

Reducing oxidative parameters
Up-regulation of NQO1

[124]

Cardiotoxicity ORM1/Nrf2 – Up-regulation

ORM1 is correlated with a decrease in oxidative
stress and apoptosis

Up-regulation of Nrf2 and its downstream target
HO-1

[158]

Testicular toxicity – – Down-regulation Inducing apoptosis and oxidative stress in testis
Reducing Nrf2 expression [149]

Nephrotoxicity – Thymoquinone Up-regulation

Reducing malondialdehyde and lipid peroxidation
levels

Enhancing SOD and GST levels
Preventing necrosis and oxidative stressActivation
of Nrf2 and improving antioxidant defense system

[119]
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Figure 2. Targeting Nrf2 signaling pathway in chemoprotection. Regulation of Nrf2 signaling by upstream mediators and
protective compounds in decreasing adverse effects of doxorubicin. Apoptosis, mitochondrial dysfunction, necrosis and cell
death are prevented upon Nrf2 activation.

7. Nrf2 in Doxorubicin Resistance

Due to the potential role of Nrf2 signaling in triggering DOX resistance, much attention
has been directed towards targeting this pathway in reversing chemoresistance. For this
purpose, Singh and colleagues have designed a small molecule inhibitor of Nrf2 signaling,
known as ML385 that binds to Neh1 domain of Nrf2 and inhibits its DNA binding. This
leads to an increase in anti-tumor activity of DOX against lung cancer cells [172]. Therefore,
first strategy can be considered developing a novel inhibitor capable of binding to Nrf2
domain and suppressing its activity and nuclear translocation. The second strategy that
has not been tried yet, but can be considered in next experiments, is designing molecules
capable of binding to Keap1 and promoting its activity in inhibiting Nrf2. Furthermore,
natural products can be utilized in targeting Nrf2 signaling for providing DOX sensitivity.
Parthenolide (PN) is a sesquiterpene lactone exclusively found in Tanacetum parthenium and
is famous due to its inhibitory effect on cancer progression [173–175]. In DOX-resistance
breast cancer cells, Nrf2 undergoes up-regulation that mediates increased levels of P-
glycoprotein (P-gp), Bcl-2, CAT, SOD and heat shock protein 70 (HSP70). PN administration
along with DOX inhibits Nrf2 signaling and its downstream targets to promote ROS
generation, leading to reversing DOX resistance [176].

Chrysin is a flavonoid compound that has demonstrated anti-tumor activity against
different cancers via regulating molecular pathways. Increasing evidence exhibits that
chrysin suppresses cancer progression and proliferation and stimulates apoptosis via
down-regulating phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) axis [177,178].
Furthermore, chrysin diminishes expression level of extracellular-signal regulated kinase
(ERK) in disrupting cancer progression [179,180]. In enhancing DOX sensitivity of cancer
cells, chrysin affects two distinct pathways including PI3K/Akt/Nrf2 and ERK/Nrf2.
In this way, chrysin reduces expression levels of ERK and PI3K/Akt to suppress Nrf2
signaling, leading to enhanced DOX sensitivity [181]. What is noteworthy is that it seems
that PI3K/Nrf2 signaling has association with activity and expression of drug resistance
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proteins that has been evaluated. Vialenin P (VP) can suppress PI3K/Nrf2 signaling to
down-regulate multidrug resistance protein 1 (MRP1), leading to enhanced accumulation
of DOX in breast cancer cells, and sensitizing them to chemotherapy [182].

Apigenin (APG) is a natural bioflavonoid present in fruits and vegetables and has
anti-tumor activity against different cancers. APG administration is of importance in
suppressing cisplatin resistance of ovarian cancer cells via apoptosis induction and Mcl-1
down-regulation [183]. In increasing DOX cytotoxicity, APG inhibits DNA repair of breast
cancer cells [184]. Furthermore, co-administration of APG with other anti-tumor agents
such as sorafenib increases its efficacy in triggering apoptosis and cell cycle arrest in cancer
cells [185]. In DOX-resistant hepatocellular carcinoma cells, APG enhances expression of
miRNA-101 as a tumor-suppressing factor. Then, up-regulated miRNA-101 reduces Nrf2
expression to promote DOX sensitivity of cancer cells [186].

In addition to miRNAs, PI3K/Akt signaling pathway is affected by APG in sup-
pressing DOX resistance. As it was mentioned, PI3K/Akt induction is in favor of cancer
progression and its inhibition can be considered as a promising strategy in cancer ther-
apy [187,188]. It seems that APG down-regulates PI3K/Akt signaling to inhibit Nrf2,
leading to increased sensitivity to DOX chemotherapy [189]. These studies demonstrate
that how molecular pathways such as Nrf2 with its main role in providing redox balance,
can participate in DOX resistance [190]. Consequently, targeting Nrf2, and its upstream
and downstream mediators can be considered as ideal strategies in cancer therapy and
reversing DOX resistance [191].

Wogonin is a bioactive flavonoid isolated from Scutellaria baicalensis with capability of
suppressing chemoresistance via down-regulating expression and activity of P-gp [192].
Wogonin functions as an enhancer of ROS levels in inducing cell proliferation inhibi-
tion [193]. Wogonin can enhance efficacy of immune system in cancer eradication and
promote macrophage M1 polarization [194]. In DOX-resistant breast cancer cells, wogo-
nin suppresses defense system mediated via Nrf2 inhibition and decreasing expressions
of HO-1 and NQO1 [195]. Another experiment investigates potential of plant-derived
extracts in increasing sensitivity of lung cancer cells to DOX chemotherapy. It has been
reported that cinnamomic cortex extract provides Nrf2 down-regulation in promoting DOX
sensitivity [196].

Similar to wogonin, luteolin also belongs to flavonoid family. Luteolin acts as a potent
anti-cancer agent [197] in suppressing cancer migration and invasion via down-regulating
epithelial-to-mesenchymal transition (EMT) and focal adhesion kinase [198,199]. Cancer
progression occurs in hypoxic conditions, and luteolin administration is of importance in
reducing HIF-1α expression and disrupting hypoxia-mediated cancer progression. Fur-
thermore, luteolin induces apoptosis and autophagy in breast and colon cancer cells [200].
These studies advocate the fact that luteolin administration negatively affects cancer pro-
gression, and this agent is advantageous in reversing DOX resistance. In this way, luteolin
reduces Nrf2 expression at mRNA level by 34% and is involved in regaining sensitivity of
lung cancer cells to DOX chemotherapy [201]. Luteolin can also enhance DOX sensitivity
of breast cancer cells. Luteolin dually inhibits Nrf2/HO-1 and Nrf2/MDR1 signaling
pathways to remove defense system mechanism in enhancing DOX sensitivity [202].

Consequently, using anti-tumor compounds, as most of them are phytochemicals, is
of importance in reversing DOX resistance via Nrf2 down-regulation [203]. However, it
should be noted that anti-tumor agents, especially naturally occurring compounds suffer
from poor bioavailability [204,205], and using carriers such as nanostructures for their
delivery can remarkably promote their potential in down-regulating Nrf2 signaling and
enhancing DOX sensitivity of cancer cells.

8. Nrf2, Upstream and Downstream Targets

In the previous section, we demonstrated that both synthesized and natural com-
pounds can be of importance in suppressing DOX resistance via regulating Nrf2 and its
downstream targets. In this section, a mechanistic discussion of signaling networks in
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which Nrf2 is key player and lead to DOX resistance, is provided to provide insights for
developing novel therapeutics.

One of the important aspects of Nrf2 signaling is its association with drug transporters.
Nrf2 can promote expression of P-gp transporter in enhancing colorectal cancer progression
and triggering chemoresistance [206]. Such a relationship is found between Nrf2 and
ABCB1 in DOX resistant. In hypoxic conditions, liver cancer cells increase Nrf2 expression
to up-regulate activity and expression of ABCB1. Then, intracellular accumulation of
DOX decreases in cancer cells that provides their resistance to apoptosis [207]. It has been
reported that Nrf2 down-regulation is associated with P-gp inhibition and triggering DOX
sensitivity of cancer cells [208]. Targeting Nrf2 is of importance for increasing sensitivity of
cancer cells to DOX chemotherapy.

Small interfering RNA (siRNA) is a powerful genetic tool that is extensively applied
in targeting molecular pathways and genes responsible for cancer progression. Recent
studies have shown that siRNA can be utilized for increasing sensitivity of cancer cells
to chemotherapeutic agents such as cisplatin, paclitaxel, docetaxel and so on [209–211].
Similarly, siRNA can be used for mediating DOX sensitivity via targeting Nrf2. Down-
regulating Nrf2 expression at mRNA and protein levels is performed by siRNA, and its
downstream targets such as HO-1 and NQO1 undergo down-regulation, resulting in ROS
overgeneration and enhanced sensitivity to DOX chemotherapy [212]. The interesting
point is that in vitro and in vivo experiments have confirmed that Nrf2 overexpression is
associated with cancer proliferation, survival and chemoresistance. Abrogation of Nrf2
expression results in an increase in DOX sensitivity via enhancing ROS levels and triggering
cancer cell death [213].

Cluster of differentiation 44 (CD44) is a glycoprotein and a receptor for extracellular
matrix (ECM) components such as hyaluronic acid (HA). This cell-surface glycoprotein is a
cancer stem cell (CSC) marker and can undergo alternative splicing and post-transcriptional
modification. CD44 overexpression is an obvious finding in cancer cells and mediates their
malignancy [214,215]. It has been reported that CD44 can trigger drug resistance of breast
cancer stem cells. CD44 enhances p62 expression to induce Nrf2 and DOX resistance [216].
This is maybe due to increased malignancy of cancer cells, so that Keap1 down-regulation
and subsequent Nrf2 induction provide conditions for cancer growth [217]. CSCs that
are resistant to DOX chemotherapy, demonstrate simultaneous up-regulation of Nrf2 and
ABCB1 [218]. As it was mentioned earlier, Nrf2 stimulates DOX resistance via enhancing
activity and expression of drug transporters. Therefore, up-regulation of Nrf2 and ABCB1
in CSCs may have associations that should be considered in further experiments.

MRTF-A is a co-activator of serum response factor (SRF) that functions as a tumor-
promoting factor in increasing proliferation, and metastasis as well as triggering drug
resistance [219]. MRTF-A can cooperate with signal transducer and activator of tran-
scription 3 (STAT3) in inducing BRSM1 hypermethylation and increasing breast cancer
invasion [220]. In mediating DOX resistance, MRTF-A generates a complex containing
SRF attached to CarG on promoter region of Nrf2 to stimulate its expression and reduce
sensitivity of cancer cells to apoptosis [221].

Sometimes, interaction between enzymes and their product can direct conditions
towards developing chemoresistance. Such association is obvious in lysophosphatidate
(LPA) that is generated by autotaxin (ATX). Primarily, LPA is involved in repairing tissues
by inducing proliferation, migration, angiogenesis and other important biological mech-
anisms. These impacts are of importance in improving pathological conditions such as
arthritis, pulmonary fibrosis and inflammatory bowel disease [222–226]. However, it has
been reported that LPA and ATX can induce cancer progression and LPA up-regulation
is correlated with development of colon cancer and hepatitis [227–229]. In DOX-resistant
breast cancer cells, LPA enhances stabilization of Nrf2 to up-regulate its expression, result-
ing in activation of antioxidant parameters and drug transporters that are vital for inducing
DOX resistance [230]. Table 2 provides a summary of molecular pathways involved in
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DOX resistance, and anti-tumor agents capable of regulating Nrf2 signaling in suppressing
DOX resistance (Table 2, Figure 3).

Table 2. Activation/suppression of Nrf2 signaling and its association with DOX resistance/sensitivity.

Cancer Type
Signaling
Network

Compound/Agent Nrf2 Expression Remarks Refs

Breast cancer P62/Nrf2 – Up-regulation

Reducing oxidative stress
Mediating DOX resistance

Promoting colony formation and
migration capacities

Improving cancer stem cell features

[216]

Breast cancer Cul3/Nrf2 – Down-regulation
Association of Cul3 with Nrf2 depletion

Inducing oxidative stress
Increasing DOX sensitivity

[231]

Breast cancer PI3K/Nrf2/MRP1 Vielanin P Down-regulation
Inhibiting PI3K/Nrf2 axis

Suppressing MRP1 expression
Promoting DOX sensitivity

[182]

Breast cancer Nrf2/HSP70 Parthenolide Down-regulation Reducing expressions of Nrf2 and HSP70
Enhancing DOX sensitivity of breast cancer cells [176]

Breast cancer
Nrf2/HO-1
Nrf2/MDR1 Luteolin Down-regulation

Enhancing number of cancer cells undergoing
cell death

Increasing cytotoxicity of DOX
Down-regulation of Nrf2 and subsequent
inhibition of its downstream targets HO-1

and MDR1

[202]

Breast cancer
Nrf2/HO-1

Nrf2/NQO1 Wogonin Down-regulation

Impairing cellular defense systemNrf2 signaling
inhibition

Down-regulation of HO-1 and NQO1
Increasing DOX cytotoxicity towards cancer cells

[195]

Breast cancer HER2/Nrf2 – Up-regulation
Conferring drug resistance

Enhancing activities of antioxidant enzymes such
as GSTA2, GSTP1 and HO-1

[232]

Breast cancer Nrf2/p62

Pseudomonas
aeruginosa

mannose-sensitive
hemagglutinin

Down-regulation

Inhibiting Nrf2 signaling and its downstream
target p62

Increasing DOX sensitivity
Impairing cancer growth

[190]

Hepatocellular
carcinoma

MiRNA-
101/Nrf2 Apigenin Down-regulation

Enhancing miRNA-101 expression
Inhibiting Nrf2 signaling by binding to 3/-UTR

Enhancing DOX sensitivity
[186]

Hepatocellular
carcinoma

PI3K/Akt/Nrf2 Apigenin Down-regulation

Reducing mRNA and protein levels of Nrf2 via
PI3K/Akt inhibition

Reducing cell proliferation
Inducing apoptosis

Promoting DOX sensitivity

[189]

Liver cancer Nrf2/ABCB1 – Up-regulation

Nrf2 overexpression occurs in hypoxic conditions
Reducing apoptosis and DNA damage

Inducing DOX resistance
ABCB1 up-regulation

[207]

Different cancers MRTF-A/Nrf2 – Up-regulation Reducing apoptosis
Triggering DOX resistance [221]

Different cancers – – Down-regulation
SiRNA is a powerful in Nrf2 down-regulation

Inhibiting activities of ABCC3, ABCC4 and ABCG2
Enhancing DOX sensitivity

[212]

Different cancers
PI3K/Akt/Nrf2

ERK/Nrf2 Chrysin Down-regulation

Suppressing PI3K/Akt/Nrf2 and ERK/Nrf2
signaling pathwaysNrf2 down-regulation and

inhibiting its downstream targets HO-1
Enhancing DOX sensitivity

[181]
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Table 2. Cont.

Cancer Type
Signaling
Network

Compound/Agent Nrf2 Expression Remarks Refs

Ovarian cancer ALDH/Nrf2 All-trans retinoic
acid Down-regulation

Promoting cancer stem features
Enhancing colony formation capacity

Mediating DOX resistance
Suppressing ALDH/Nrf2 signaling by retinoic

acid in reducing DOX resistance

[191]

Ovarian cancer – – Up-regulation

Overexpression of Nrf2 in DOX-resistant cancer
cells

Reducing tumor growth following Nrf2
down-regulation

[233]

Ovarian cancer – – Up-regulation Obtaining DOX resistance via Nrf2 signaling and
reducing cell death [234]

Ovarian cancer
Nrf2/miRNA-

206/c-
MET/EGFR

– Up-regulation

Reducing miRNA-206 expression
Inducing expressions of c-MET and EGFR

expressions
Triggering DOX resistance

[235]

Colorectal cancer Nrf2/P-gp – Up-regulation
Enhancing P-gp expressions

Reducing cell death
Inducing DOX resistance

[208]

Lung cancer – ML385 Down-regulation ML385 functions as an inhibitor of Nrf2 signaling
Promoting DOX sensitivity [172]

Myeloid leukemia
Nrf2/HO-1

Nrf2/NQO1 Tritolide Down-regulation
Enhancing drug sensitivity

Apoptosis induction
Suppressing Nrf2 and its downstream targets

[203]

 

Figure 3. Nrf2 signaling in mediating DOX resistance of cancer cells. Suppressing Nrf2 signaling as a pro-survival pathway
is associated with induction of apoptosis and necrosis in cancer cells, and their sensitivity to chemotherapy.

9. Room for Drug Discovery

In treatment of cancer patients, DOX is considered as a first option and is mostly
preferred to surgery, as an invasive strategy. However, resistance to this well-known
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chemotherapeutic agent has resulted in failure in treatment of cancer patients. Nrf2 is
involved in DOX resistance, and after chemotherapy, compounds activating Nrf2 signaling
can be applied. As it was mentioned earlier in the main text, most of the anti-tumor
compounds for providing DOX sensitivity are phytochemicals. For synthesizing new small
molecule inhibitors of Nrf2 signaling, much attention should be directed towards Nrf2
and Keap1 structures. Furthermore, new chemically synthesized anti-tumor agents can
also inhibit nuclear translocation of Nrf2 by binding to it and providing ubiquitination and
degradation. After DOX chemotherapy, the story is completely different and if a protective
agent wants to be synthesized, it should be capable of binding to Nrf2 and mediating its
nuclear translocation or suppressing Keap1 activity.

10. Conclusions and Remarks

In the present review, two important aspects of Nrf2 signaling including chemopro-
tection and chemoresistance were discussed in view of DOX. Each section was divided
into two parts describing involved molecular pathways and role of anti-tumor and protec-
tive compounds in targeting Nrf2 signaling during DOX chemotherapy. It is noteworthy
that most of the compounds targeting Nrf2 signaling are phytochemicals. In the case of
protecting against adverse effects of DOX, protective compounds induce Nrf2 signaling
and its downstream targets such as HO-1 and NQO1 in reinforcing antioxidant defense
systems and supporting against oxidative damage, while anti-tumor compounds inhibit
Nrf2 signaling in promoting ROS levels and oxidative damage, resulting in cell death in
cancer cells.

These statements clearly demonstrate the dual role of Nrf2 signaling in cancer chemother-
apy. In fact, the aim is determining factor for stimulating or suppressing Nrf2 signaling.
The notion should be considered that chemoprotection should be performed after DOX
chemotherapy, since inducing Nrf2 signaling is associated with DOX resistance. Therefore,
Nrf2 inhibition should be conducted during DOX chemotherapy and Nrf2 induction after
this period to prevent or ameliorate its side effects on major organs of the body. The
interesting point is that Nrf2 signaling can promote stem cell population in providing DOX
resistance. Hence, by targeting Nrf2 signaling, both cancer cells and CSCs are affected that
are of importance in effective DOX chemotherapy.

To date, most of the studies have focused on using compounds for targeting Nrf2
signaling in chemoprotection and reversing chemoresistance. However, more progress can
be performed using nanoparticles for delivery of these anti-tumor agents. Nanocarriers can
significantly promote intracellular accumulation of anti-tumor agents in cancer cells and
enhance their efficiency in Nrf2 inhibition and providing DOX sensitivity. Furthermore,
the ability of compounds to protect during DOX chemotherapy can be improved using
nanocarriers. Another important aspect is using genetic tools in targeting Nrf2 signaling.
As it was mentioned, siRNA system has been applied for affecting Nrf2 signaling. Other
techniques such as CRISPR/Cas9 system can also be used, and furthermore, more studies
are needed to elucidate potential of siRNA for using in DOX sensitivity. Similar to com-
pounds, nanoarchitectures can promote efficiency of genetic tools in gene silencing that
should be considered in future experiments.
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Abbreviations

DOX Doxorubicin
ROS reactive oxygen species
TFAM mitochondrial transcription factor A
AMPK AMP-activated protein kinase
VASH2 vasohibin2
SpK1 sphingosine kinase 1
HIF-1α hypoxia inducible factor-1α
ncRNAs non-coding RNAs
lncRNAs long non-coding RNAs
miRNAs microRNAs
GI gastrointestinal
MMP-2 matrix metalloproteinase-2
Nrf2 nuclear factor erythroid 2-related factor 2
Keap1 kelch-like ECH-associated protein 1
Cul3 cullin3
GSK-3β glycogen synthase-kinase 3β
βTrCP β transducing repeat containing E3 ubiquitin-protein ligase
HO-1 heme oxygenase-1
NQO1 NAD(p)H dehydrogenase quinone 1
ARE antioxidant response elemento
PPARγ peroxisome proliferator-activated receptor gama
MDA malondialdehyde
SOD superoxide dismutase
CAT catálase
GSH glutathione
Pris pristimerin
AA Asiatic acid
B-LAP β-LAPachone
CAR cardamonin
COS chitosan oligosaccharide
pCA p-coumaric acid
LPS lipopolysaccharide
Tan IIA tanshinone IIA
PUN punicalagin
3/-UTR 3/-untranslated region
LC-3II light chain-3II
ORM1 orosomucoid 1
3D 3-dimensional
PN parthenolide
P-gp P-glycoprotein
HSP70 heat shock protein 70
PI3K phosphatidylinositide 3-kinase
Akt protein kinase-B
ERK extracellular signal-regulated kinase
VP vialenin P
MRP1 multidrug resistance protein 1
APG apigenin
EMT epithelial-to-mesenchymal transition
siRNA small interfering RNA
CD44 cluster of differentiation 44
ECM extracellular matrix
CSC cancer stem cell
SRF serum response factor
STAT3 signal transducer and activator of transcription 3
LPA lisophosphatidate
ATX autotaxin
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miR-18a in cancer biology. Rep. Pract. Oncol. Radiother. 2020, 25, 808–819. [CrossRef]

130. Ashrafizadeh, M.; Hushmandi, K.; Hashemi, M.; Akbari, M.E.; Kubatka, P.; Raei, M.; Koklesova, L.; Shahinozzaman, M.;
Mohammadinejad, R.; Najafi, M.; et al. Role of microRNA/Epithelial-to-Mesenchymal Transition Axis in the Metastasis of
Bladder Cancer. Biomolecules 2020, 10, 1159. [CrossRef]

131. Aggarwal, V.; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M.; Jain, A.; Khan, M.A.; Sethi, G. Role of Reactive
Oxygen Species in Cancer Progression: Molecular Mechanisms and Recent Advancements. Biomolecules 2019, 9, 735. [CrossRef]
[PubMed]

132. Dastmalchi, N.; Hosseinpourfeizi, M.A.; Khojasteh, S.M.B.; Baradaran, B.; Safaralizadeh, R. Tumor suppressive activity of
miR-424-5p in breast cancer cells through targeting PD-L1 and modulating PTEN/PI3K/AKT/mTOR signaling pathway. Life Sci.
2020, 259, 118239. [CrossRef] [PubMed]

133. Aslan, C.; Maralbashi, S.; Kahroba, H.; Asadi, M.; Soltani-Zangbar, M.S.; Javadian, M.; Shanehbandi, D.; Baradaran, B.; Darabi,
M.; Kazemi, T. Docosahexaenoic acid (DHA) inhibits pro-angiogenic effects of breast cancer cells via down-regulating cellular
and exosomal expression of angiogenic genes and microRNAs. Life Sci. 2020, 258, 118094. [CrossRef]

134. Khalili, N.; Nouri-Vaskeh, M.; Hasanpour Segherlou, Z.; Baghbanzadeh, A.; Halimi, M.; Rezaee, H.; Baradaran, B. Diagnostic,
prognostic, and therapeutic significance of miR-139-5p in cancers. Life Sci. 2020, 256, 117865. [CrossRef]

135. Azarbarzin, S.; Hosseinpour-Feizi, M.A.; Banan Khojasteh, S.M.; Baradaran, B.; Safaralizadeh, R. MicroRNA -383-5p restrains
the proliferation and migration of breast cancer cells and promotes apoptosis via inhibition of PD-L1. Life Sci. 2021, 267, 118939.
[CrossRef] [PubMed]

136. Godínez-Rubí, M.; Ortuño-Sahagún, D. miR-615 Fine-Tunes Growth and Development and Has a Role in Cancer and in Neural
Repair. Cells 2020, 9, 1566. [CrossRef]

137. Ferrari, E.; Gandellini, P. Unveiling the ups and downs of miR-205 in physiology and cancer: Transcriptional and post-
transcriptional mechanisms. Cell Death Dis. 2020, 11, 980. [CrossRef]

138. Mu, Z.; Zhang, H.; Lei, P. Piceatannol inhibits pyroptosis and suppresses oxLDL-induced lipid storage in macrophages by
regulating miR-200a/Nrf2/GSDMD axis. Biosci. Rep. 2020, 40. [CrossRef] [PubMed]

139. Wang, X.; Ye, L.; Zhang, K.; Gao, L.; Xiao, J.; Zhang, Y. Upregulation of microRNA-200a in bone marrow mesenchymal stem cells
enhances the repair of spinal cord injury in rats by reducing oxidative stress and regulating Keap1/Nrf2 pathway. Artif. Organs
2020, 44, 744–752. [CrossRef]

140. Zhao, L.; Qi, Y.; Xu, L.; Tao, X.; Han, X.; Yin, L.; Peng, J. MicroRNA-140-5p aggravates doxorubicin-induced cardiotoxicity by
promoting myocardial oxidative stress via targeting Nrf2 and Sirt2. Redox Biol. 2018, 15, 284–296. [CrossRef]

25



Antioxidants 2021, 10, 349

141. Jiang, Z.; Wu, J.; Ma, F.; Jiang, J.; Xu, L.; Du, L.; Huang, W.; Wang, Z.; Jia, Y.; Lu, L.; et al. MicroRNA-200a improves diabetic
endothelial dysfunction by targeting KEAP1/NRF2. J. Endocrinol. 2020, 245, 129–140. [CrossRef]

142. Ma, Y.; Pan, C.; Tang, X.; Zhang, M.; Shi, H.; Wang, T.; Zhang, Y. MicroRNA-200a represses myocardial infarction-related cell
death and inflammation by targeting the Keap1/Nrf2 and β-catenin pathways. Hellenic. J. Cardiol. 2020. [CrossRef] [PubMed]

143. Hu, X.; Liu, H.; Wang, Z.; Hu, Z.; Li, L. miR-200a Attenuated Doxorubicin-Induced Cardiotoxicity through Upregulation of Nrf2
in Mice. Oxidative Med. Cell. Longev. 2019, 2019, 1512326. [CrossRef] [PubMed]

144. Li, S.; Wang, W.; Niu, T.; Wang, H.; Li, B.; Shao, L.; Lai, Y.; Li, H.; Janicki, J.S.; Wang, X.L.; et al. Nrf2 deficiency exaggerates
doxorubicin-induced cardiotoxicity and cardiac dysfunction. Oxidative Med. Cell. Longev. 2014, 2014, 748524. [CrossRef] [PubMed]

145. Singh, S.S.; Vats, S.; Chia, A.Y.; Tan, T.Z.; Deng, S.; Ong, M.S.; Arfuso, F.; Yap, C.T.; Goh, B.C.; Sethi, G.; et al. Dual role of
autophagy in hallmarks of cancer. Oncogene 2018, 37, 1142–1158. [CrossRef]

146. Patra, S.; Mishra, S.R.; Behera, B.P.; Mahapatra, K.K.; Panigrahi, D.P.; Bhol, C.S.; Praharaj, P.P.; Sethi, G.; Patra, S.K.; Bhutia,
S.K. Autophagy-modulating phytochemicals in cancer therapeutics: Current evidences and future perspectives. Semin. Cancer
Biol. 2020. [CrossRef]

147. Ren, H.; Shao, Y.; Wu, C.; Ma, X.; Lv, C.; Wang, Q. Metformin alleviates oxidative stress and enhances autophagy in diabetic
kidney disease via AMPK/SIRT1-FoxO1 pathway. Mol. Cell. Endocrinol. 2020, 500, 110628. [CrossRef]

148. Liang, D.; Zhuo, Y.; Guo, Z.; He, L.; Wang, X.; He, Y.; Li, L.; Dai, H. SIRT1/PGC-1 pathway activation triggers au-
tophagy/mitophagy and attenuates oxidative damage in intestinal epithelial cells. Biochimie 2020, 170, 10–20. [CrossRef]

149. Renu, K.; Valsala Gopalakrishnan, A. Deciphering the molecular mechanism during doxorubicin-mediated oxidative stress,
apoptosis through Nrf2 and PGC-1α in a rat testicular milieu. Reprod. Biol. 2019, 19, 22–37. [CrossRef]

150. Zhou, B.; Liu, J.; Kang, R.; Klionsky, D.J.; Kroemer, G.; Tang, D. Ferroptosis is a type of autophagy-dependent cell death. Semin.
Cancer Biol. 2020, 66, 89–100. [CrossRef]

151. Liu, Q.; Zhao, M.; Chen, W.; Xu, K.; Huang, F.; Qu, J.; Xu, Z.; Wang, X.; Wang, Y.; Zhu, Y.; et al. Mainstream cigarette smoke
induces autophagy and promotes apoptosis in oral mucosal epithelial cells. Arch. Oral Biol. 2020, 111, 104646. [CrossRef]

152. Deng, S.; Shanmugam, M.K.; Kumar, A.P.; Yap, C.T.; Sethi, G.; Bishayee, A. Targeting autophagy using natural compounds for
cancer prevention and therapy. Cancer 2019, 125, 1228–1246. [CrossRef] [PubMed]

153. Chihara, D.; Westin, J.R.; Oki, Y.; Ahmed, M.A.; Do, B.; Fayad, L.E.; Hagemeister, F.B.; Romaguera, J.E.; Fanale, M.A.; Lee, H.J.;
et al. Management strategies and outcomes for very elderly patients with diffuse large B-cell lymphoma. Cancer 2016, 122,
3145–3151. [CrossRef] [PubMed]

154. McGuckin, M.M.; Giesy, S.L.; Davis, A.N.; Abyeta, M.A.; Horst, E.A.; Saed Samii, S.; Zang, Y.; Butler, W.R.; Baumgard, L.H.;
McFadden, J.W.; et al. The acute phase protein orosomucoid 1 is upregulated in early lactation but does not trigger appetite-
suppressing STAT3 signaling via the leptin receptor. J. Dairy Sci. 2020, 103, 4765–4776. [CrossRef] [PubMed]

155. Fandiño-Vaquero, R.; Fernández-Trasancos, A.; Alvarez, E.; Ahmad, S.; Batista-Oliveira, A.L.; Adrio, B.; Fernández, A.L.;
González-Juanatey, J.R.; Eiras, S. Orosomucoid secretion levels by epicardial adipose tissue as possible indicator of endothelial
dysfunction in diabetes mellitus or inflammation in coronary artery disease. Atherosclerosis 2014, 235, 281–288. [CrossRef]

156. Ren, F.; Chen, Y.; Wang, Y.; Yan, Y.; Zhao, J.; Ding, M.; Zhang, J.; Jiang, Y.; Zhai, Y.; Duan, Z. Comparative serum proteomic
analysis of patients with acute-on-chronic liver failure: Alpha-1-acid glycoprotein maybe a candidate marker for prognosis of
hepatitis B virus infection. J. Viral. Hepat. 2010, 17, 816–824. [CrossRef]

157. Zhu, H.Z.; Zhou, W.J.; Wan, Y.F.; Ge, K.; Lu, J.; Jia, C.K. Downregulation of orosomucoid 2 acts as a prognostic factor associated
with cancer-promoting pathways in liver cancer. World J. Gastroenterol. 2020, 26, 804–817. [CrossRef]

158. Cheng, X.; Liu, D.; Xing, R.; Song, H.; Tian, X.; Yan, C.; Han, Y. Orosomucoid 1 Attenuates Doxorubicin-Induced Oxidative Stress
and Apoptosis in Cardiomyocytes via Nrf2 Signaling. Biomed. Res. Int. 2020, 2020, 5923572. [CrossRef]

159. Tomlinson, L.; Lu, Z.Q.; Bentley, R.A.; Colley, H.E.; Murdoch, C.; Webb, S.D.; Cross, M.J.; Copple, I.M.; Sharma, P. Attenuation
of doxorubicin-induced cardiotoxicity in a human in vitro cardiac model by the induction of the NRF-2 pathway. Biomed.
Pharmacother. 2019, 112, 108637. [CrossRef]

160. Wang, H.; Brown, J.; Martin, M. Glycogen synthase kinase 3: A point of convergence for the host inflammatory response. Cytokine
2011, 53, 130–140. [CrossRef]

161. Cohen, P.; Frame, S. The renaissance of GSK3. Nat. Rev. Mol. Cell. Biol. 2001, 2, 769–776. [CrossRef]
162. Bitar, M.S.; Al-Mulla, F. A defect in Nrf2 signaling constitutes a mechanism for cellular stress hypersensitivity in a genetic rat

model of type 2 diabetes. Am. J. Physiol. Endocrinol. Metab. 2011, 301, E1119–E1129. [CrossRef]
163. Tomobe, K.; Shinozuka, T.; Kuroiwa, M.; Nomura, Y. Age-related changes of Nrf2 and phosphorylated GSK-3β in a mouse model

of accelerated aging (SAMP8). Arch. Gerontol. Geriatr. 2012, 54, e1–e7. [CrossRef] [PubMed]
164. Jiang, Y.; Bao, H.; Ge, Y.; Tang, W.; Cheng, D.; Luo, K.; Gong, G.; Gong, R. Therapeutic targeting of GSK3β enhances the Nrf2

antioxidant response and confers hepatic cytoprotection in hepatitis C. Gut 2015, 64, 168–179. [CrossRef] [PubMed]
165. Rojo, A.I.; Rada, P.; Egea, J.; Rosa, A.O.; López, M.G.; Cuadrado, A. Functional interference between glycogen synthase kinase-3

beta and the transcription factor Nrf2 in protection against kainate-induced hippocampal cell death. Mol. Cell. Neurosci. 2008, 39,
125–132. [CrossRef] [PubMed]

166. Espada, S.; Rojo, A.I.; Salinas, M.; Cuadrado, A. The muscarinic M1 receptor activates Nrf2 through a signaling cascade that
involves protein kinase C and inhibition of GSK-3beta: Connecting neurotransmission with neuroprotection. J. Neurochem. 2009,
110, 1107–1119. [CrossRef] [PubMed]

26



Antioxidants 2021, 10, 349

167. Correa, F.; Mallard, C.; Nilsson, M.; Sandberg, M. Activated microglia decrease histone acetylation and Nrf2-inducible anti-
oxidant defence in astrocytes: Restoring effects of inhibitors of HDACs, p38 MAPK and GSK3β. Neurobiol. Dis. 2011, 44, 142–151.
[CrossRef]

168. Zhou, S.; Wang, P.; Qiao, Y.; Ge, Y.; Wang, Y.; Quan, S.; Yao, R.; Zhuang, S.; Wang, L.J.; Du, Y.; et al. Genetic and Pharmacologic
Targeting of Glycogen Synthase Kinase 3β Reinforces the Nrf2 Antioxidant Defense against Podocytopathy. J. Am. Soc. Nephrol.
2016, 27, 2289–2308. [CrossRef]

169. Nordgren, K.K.S.; Wallace, K.B. Disruption of the Keap1/Nrf2-Antioxidant Response System After Chronic Doxorubicin Exposure
In Vivo. Cardiovasc. Toxicol. 2020, 20, 557–570. [CrossRef]

170. Wu, W.Y.; Cui, Y.K.; Hong, Y.X.; Li, Y.D.; Wu, Y.; Li, G.; Li, G.R.; Wang, Y. Doxorubicin cardiomyopathy is ameliorated by acacetin
via Sirt1-mediated activation of AMPK/Nrf2 signal molecules. J. Cell. Mol. Med. 2020, 24, 12141–12153. [CrossRef]

171. Chen, M.; Samuel, V.P.; Wu, Y.; Dang, M.; Lin, Y.; Sriramaneni, R.; Sah, S.K.; Chinnaboina, G.K.; Zhang, G. Nrf2/HO-1 Mediated
Protective Activity of Genistein Against Doxorubicin-Induced Cardiac Toxicity. J. Environ. Pathol. Toxicol. Oncol. 2019, 38, 143–152.
[CrossRef]

172. Singh, A.; Venkannagari, S.; Oh, K.H.; Zhang, Y.Q.; Rohde, J.M.; Liu, L.; Nimmagadda, S.; Sudini, K.; Brimacombe, K.R.; Gajghate,
S.; et al. Small Molecule Inhibitor of NRF2 Selectively Intervenes Therapeutic Resistance in KEAP1-Deficient NSCLC Tumors.
ACS Chem. Biol. 2016, 11, 3214–3225. [CrossRef]

173. Li, X.; Kong, L.; Yang, Q.; Duan, A.; Ju, X.; Cai, B.; Chen, L.; An, T.; Li, Y. Parthenolide inhibits ubiquitin-specific peptidase 7
(USP7), Wnt signaling, and colorectal cancer cell growth. J. Biol. Chem. 2020, 295, 3576–3589. [CrossRef] [PubMed]

174. Sztiller-Sikorska, M.; Czyz, M. Parthenolide as Cooperating Agent for Anti-Cancer Treatment of Various Malignancies.
Pharmaceuticals 2020, 13, 194. [CrossRef]

175. Jin, X.; Yang, Q.; Cai, N.; Zhang, Z. A cocktail of betulinic acid, parthenolide, honokiol and ginsenoside Rh2 in liposome systems
for lung cancer treatment. Nanomedicine 2020, 15, 41–54. [CrossRef] [PubMed]

176. Carlisi, D.; De Blasio, A.; Drago-Ferrante, R.; Di Fiore, R.; Buttitta, G.; Morreale, M.; Scerri, C.; Vento, R.; Tesoriere, G. Parthenolide
prevents resistance of MDA-MB231 cells to doxorubicin and mitoxantrone: The role of Nrf2. Cell Death Discov. 2017, 3, 17078.
[CrossRef] [PubMed]

177. Yang, B.; Huang, J.; Xiang, T.; Yin, X.; Luo, X.; Huang, J.; Luo, F.; Li, H.; Li, H.; Ren, G. Chrysin inhibits metastatic potential of
human triple-negative breast cancer cells by modulating matrix metalloproteinase-10, epithelial to mesenchymal transition, and
PI3K/Akt signaling pathway. J. Appl. Toxicol. 2014, 34, 105–112. [CrossRef] [PubMed]

178. Woo, K.J.; Jeong, Y.J.; Park, J.W.; Kwon, T.K. Chrysin-induced apoptosis is mediated through caspase activation and Akt
inactivation in U937 leukemia cells. Biochem. Biophys. Res. Commun. 2004, 325, 1215–1222. [CrossRef]

179. Wang, J.; Wang, H.; Sun, K.; Wang, X.; Pan, H.; Zhu, J.; Ji, X.; Li, X. Chrysin suppresses proliferation, migration, and invasion in
glioblastoma cell lines via mediating the ERK/Nrf2 signaling pathway. Drug Des. Dev. Ther. 2018, 12, 721–733. [CrossRef]

180. Xia, Y.; Lian, S.; Khoi, P.N.; Yoon, H.J.; Joo, Y.E.; Chay, K.O.; Kim, K.K.; Do Jung, Y. Chrysin inhibits tumor promoter-induced MMP-
9 expression by blocking AP-1 via suppression of ERK and JNK pathways in gastric cancer cells. PLoS ONE 2015, 10, e0124007.
[CrossRef]

181. Gao, A.M.; Ke, Z.P.; Shi, F.; Sun, G.C.; Chen, H. Chrysin enhances sensitivity of BEL-7402/ADM cells to doxorubicin by
suppressing PI3K/Akt/Nrf2 and ERK/Nrf2 pathway. Chem. Biol. Interact. 2013, 206, 100–108. [CrossRef]

182. Gao, H.L.; Xia, Y.Z.; Zhang, Y.L.; Yang, L.; Kong, L.Y. Vielanin P enhances the cytotoxicity of doxorubicin via the inhibition of
PI3K/Nrf2-stimulated MRP1 expression in MCF-7 and K562 DOX-resistant cell lines. Phytomedicine 2019, 58, 152885. [CrossRef]
[PubMed]

183. Qi, Y.; Ding, Z.; Yao, Y.; Ren, F.; Yin, M.; Yang, S.; Chen, A. Apigenin induces apoptosis and counteracts cisplatin-induced
chemoresistance via Mcl-1 in ovarian cancer cells. Exp. Ther. Med. 2020, 20, 1329–1336. [CrossRef]

184. Korga-Plewko, A.; Michalczyk, M.; Adamczuk, G.; Humeniuk, E.; Ostrowska-Lesko, M.; Jozefczyk, A.; Iwan, M.; Wojcik, M.;
Dudka, J. Apigenin and Hesperidin Downregulate DNA Repair Genes in MCF-7 Breast Cancer Cells and Augment Doxorubicin
Toxicity. Molecules 2020, 25, 4421. [CrossRef] [PubMed]
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Abstract: Elevated expression levels of the apurinic/apyrimidinic endonuclease 1 (APE1) have
been correlated with the more aggressive phenotypes and poor prognosis of non-small cell lung
cancer (NSCLC). This study aimed to assess the impact of the inhibition of the redox function
of APE1 with E3330 either alone or in combination with cisplatin in NSCLC cells. For this
purpose, complementary endpoints focusing on cell viability, apoptosis, cell cycle distribution,
and migration/invasion were studied. Cisplatin decreased the viability of H1975 cells in a time- and
concentration-dependent manner, with IC50 values of 9.6 μM for crystal violet assay and 15.9 μM for
3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay. E3330 was clearly cytotoxic for concentrations above 30 μM. The co-incubation of E3330
and cisplatin significantly decreased cell viability compared to cisplatin alone. Regarding cell cycle
distribution, cisplatin led to an increase in sub-G1, whereas the co-treatment with E3330 did not change
this profile, which was then confirmed in terms of % apoptotic cells. In addition, the combination of
E3330 and cisplatin at low concentrations decreased collective and chemotactic migration, and also
chemoinvasion, by reducing these capabilities up to 20%. Overall, these results point to E3330 as a
promising compound to boost cisplatin therapy that warrants further investigation in NSCLC.

Keywords: non-small cell lung cancer; cisplatin; apurinic/apyrimidinic endonuclease 1; E3330;
cytotoxicity; apoptosis; migration; invasion

1. Introduction

Worldwide, lung cancer (LC) is the first cause of cancer-related deaths and the most diagnosed
type of cancer for men and women combined. In the US, LC is by far the main cause of death by
cancer [1,2]. Non-small cell lung cancer (NSCLC) accounts for the majority of all lung cancer cases and
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has a low survival rate due to metastasis progression [3]. The most common chemotherapy regimens
used in this type of cancer comprise the platinum-based drug cisplatin (Figure 1A), which exerts its
effect by cross-linking DNA, inhibiting its replication and transcription, resulting in cell death [4,5].
Even though cisplatin is associated with slightly better survival rates, it is still associated with inherited
and acquired resistance to therapy, making it inactive against some tumor types [6]. Indeed, cisplatin
resistance is one of the major limitations to its clinical use [4]. Nevertheless, the mechanisms responsible
for the resistance of tumor cells are not yet completely understood. For this reason, a number of possible
mechanisms for cisplatin resistance were proposed, including reduced intracellular accumulation
of cisplatin; enhanced drug inactivation by metallothionein and glutathione; altered expression of
oncogenes and regulatory proteins; and increased repair activity of DNA damage [5]. The mechanistic
findings on nicotine-induced cisplatin chemoresistance [7,8] should also be mentioned in the context
of lung cancer in tobacco smokers. Moreover, both nicotine [9] and cigarette smoking [10] have been
associated with oxidative stress.

Figure 1. Chemical structure of cisplatin (A) and (2E)-2-[(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-
cyclohexadien-1-yl)methylene] undecanoic acid (E3330) (B).

The human apurinic/apyrimidinic endonuclease 1 (APE1) is an essential enzyme with two key
functions, i.e., repairing DNA damage through the base excision repair (BER) pathway and also a redox
signaling protein, modulating the activation of several transcription factors related to cell survival,
proliferation, migration/invasion, inflammation, angiogenesis and metastases formation [11–13].
Several transcription factors have been related to APE1′s redox activity, particularly the nuclear
factor-κB (NF-κB), activator protein 1 (AP-1), early growth response protein-1 (Egr-1), hypoxia-inducible
factor 1α (HIF-1α), p53, signal transducer and activator of transcription 3 (STAT3), and Nuclear factor
(erythroid-derived 2)-like 2 (Nrf-2) [12,14–20]. In addition, upon oxidative stress, APE1 is known to
control the intracellular redox state via the inhibition of reactive oxygen species (ROS) production
or by binding with transcription factors (such as p53, HIF-1α, and Nrf-2), promoting an antioxidant
response [21–23]. Furthermore, multiple studies have demonstrated that APE1 is overexpressed
in numerous types of cancer, such as NSCLC. Increased expression is also associated with more
aggressive tumor phenotypes and poor prognosis [13,18,24]. For these reasons, APE1 has gained
increasing attention as an emerging druggable target in cancer therapy. A study by Wang et al. [24]
suggested that APE1 could be a promising target for the combination of cisplatin-based chemotherapy
in NCSLC patients, since its total inhibition using siRNA enhanced sensitivity to cisplatin activity in
A549 cells by enabling a synergistic relationship. Other complementary studies also demonstrated
that the increased chemoresistance to cisplatin treatment could be related to APE1 overexpression
up-regulating transcription factors related to cell survival, such as NF-κB and AP-1, and adaptive
response to apoptotic stimulation [25–27]. All this evidence reinforces that APE1 plays a vital role as
an upstream effector in cancer progression and reducing its expression levels could help with cisplatin
therapy efficiency.

The quinone derivative (2E)-2-[(4,5-dimethoxy-2-methyl-3,6-dioxo-1,4-cyclohexadien-1-yl)
methylene] undecanoic acid (E3330 or APX3330, Figure 1B) has been described as a direct and
highly specific inhibitor of APE1 redox function, being the first to be identified [28]. For this reason,
it has been tested to reduce growth-promoting, inflammatory and anti-apoptotic activities in cells,
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as well as tumor invasion and metastatic disease in different types of cancer [12,13,28,29]. Its therapeutic
potential has been addressed in several cancer-cell-based studies, with interesting results including
those from a previous study from our group with human breast cancer cells [13]. A study with prostate
cancer also demonstrated important results by reducing cancer cell proliferation and inducing cell cycle
arrest upon selective inhibition of the reduction-oxidation function with E3330 [30]. In pancreatic cancer,
E3330 was able to impair tumor growth and blocked the activity of NF-κB, AP-1, and HIF-1α [31].
Furthermore, E3330 therapeutic efficacy has been shown to reduce the activity of the transcriptional
activators, described previously, regulated by the APE1 redox activity [14–17]. As a result, E3330 has
been evaluated in phase I clinical trials in patients with advanced solid tumors [29].

In this context, the present work aimed to assess the impact of APE1’s redox function inhibition
by E3330 in NSCLC cells in vitro and if this active compound could improve the efficacy of cisplatin
administration by enabling a synergistic effect. This evaluation was performed for the first time in the
context of NSCLC by integrating multiple endpoints related to cell viability, cell cycle progression,
apoptosis, and cell migration and invasion.

2. Materials and Methods

2.1. Chemicals

RPMI-1640 with l-glutamine was purchased from Biowest (Nuaillé, France). Cisplatin, E3330,
penicillin-streptomycin solution (10,000 units/mL of penicillin; 10 mg/mL of streptomycin), crystal
violet (CV), sodium bicarbonate, extracellular matrix (ECM) gel and dimethylsulfoxide (DMSO) were
purchased from Sigma-Aldrich (Madrid, Spain). Sodium pyruvate was purchased from Lonza (Basel,
Switzerland) and trypsin (0.25%), and fetal bovine serum (FBS) from Gibco (Eugene, OR, USA).
Ethanol absolute, propidium iodide (PI), ethylenediaminetetraacetic acid (EDTA), and acetic acid
were obtained from Merck (Darmstadt, Germany). HEPES and d-Glucose were purchased from
AppliChem (Darmstadt, Germany). CellTiter 96® Aqueous MTS (3-(4,5-Dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was acquired from Promega (Madison,
WI, USA) and the Alexa Fluor 488® Annexin V/PI Kit was acquired from Molecular Probes (Eugene,
OR, USA).

A 25 mM stock solution of E3330 was prepared in DMSO, aliquoted, and stored at −20 ◦C. Working
solutions were freshly diluted in complete cell culture medium so that, in each final solution, the DMSO
concentration was kept at 0.2% (v/v). Cisplatin was dissolved in saline (0.9% NaCl) at a concentration
of 2 mM, aliquoted, and stored at −20 ◦C. In all cell-based assays, vehicle-treated controls were also
included, in which H1975 cells were exposed to the respective solvents, i.e., DMSO (final concentration
of 0.2% (v/v)) or saline.

2.2. Cell Culture

The human NSCLC cell line H1975 was purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). This cell line was established in July 1988, originated from lung
adenocarcinoma (NSCLC) and the tissue donor was a non-smoker female. H1975 cells were cultured
in monolayer in RPMI-1640 medium with l-glutamine supplemented with 10 mM HEPES, 2.5 g/L
d-glucose, 1 mM Sodium pyruvate, 1.5 g/L Sodium bicarbonate, 10% FBS and 1% Pen/Strep (complete
cell culture medium) and were maintained at 37 ◦C, under a humidified atmosphere containing 5%
CO2 in air.

2.3. Crystal Violet (CV) Staining Assay

The cytotoxicity of cisplatin/E3330 alone or in combination, in H1975 cells, was evaluated
according to a previously described CV staining protocol [13]. Cells were seeded for 24 h at a density of
approximately 3 × 103 cells/well in 200 μL of complete culture medium in 96-well plates. After the 24 h
period, culture medium was changed and the cells were incubated with a range of cisplatin (1–50 μM)
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or E3330 (5–50 μM) concentrations, for another 72 h (and also 48 h for cisplatin), in order to assess
concentration-response profiles. For combinatory assays, cells were pre-incubated with E3330 (30 μM)
for 3 h and then simultaneously exposed to E3330 and different concentrations of cisplatin (5–20 μM)
for 72 h. After the incubation periods, H1975 cells were washed with phosphate-buffered saline (PBS)
to remove non-adherent cells (non-viable cells). The adherent cells were then fixed with ice-cold 96%
ethanol for 10 min and stained with 0.1% crystal violet in 10% ethanol for 5 min. After rinsing with
tap water, the stained cells were dissolved in 200 μL of 96% ethanol with 1% acetic acid. Absorbance
was measured at 595 nm (OD595) using a SPECTROstar OMEGA microplate reader (BMG Labtech,
Offenburg, Germany). Absorbance values presented by vehicle-treated control cells (untreated cells)
corresponded to 100% of cell viability. Three to five independent experiments were carried out and
six replicates were used for each condition in each independent experiment. The IC50 was calculated
based on the concentration–response curve using GraphPad Prism® 7.0 (GraphPad Software, Inc.,
La Jolla, CA, USA).

2.4. MTS Reduction Assay

The MTS reduction assay was carried out as a confirmatory assay of cell viability by applying the
same experimental conditions as in the CV assay and following an already described protocol [13].
Briefly, after treatment with the compounds and removal of the incubation medium, cells were
washed with PBS, followed by the addition of 100 μL of fresh complete growth medium plus 20 μL
of MTS substrate prepared from the CellTiter 96® Aqueous MTS, according to the manufacturer’s
instructions. Cells were incubated for 2 h with the MTS reagent and the results were measured in terms
of absorbance at 490 nm and 690 nm (reference wavelength) using a SPECTROstar OMEGA microplate
reader (BMG Labtech, Offenburg, Germany). Absorbance values presented by vehicle-treated control
cells corresponded to 100% of cell viability. Three to four independent experiments were carried out
and three replicates were used for each condition in each independent experiment. The IC50 was
also calculated based on the concentration–response curve using GraphPad Prism® 7.0 (GraphPad
Software, Inc., La Jolla, CA, USA).

2.5. Cell DNA Content Analysis

Cell DNA content analysis by flow cytometry was performed in order to evaluate the effect of the
combination of both compounds in cell cycle distribution. This procedure was carried out according
to previously described protocols [32,33]. Briefly, 6 × 104 cells/well were seeded in 6-well plates and
cultured for 21 h. Afterwards, cells were incubated with E3330 (30 μM) for 3 h. The culture medium
was then changed and both cisplatin (20 μM) and E3330 (30 μM) were added to the cells and incubated
for an additional 72-h period. Cells were harvested using 5 mM EDTA in PBS at 37 ◦C, washed with
cold PBS and fixed with chilled 80% ethanol. Cells were stained with PI (10 μg/mL) and simultaneously
treated with RNase A (20 μg/mL) for 15−20 min. PI staining was analyzed using a FACSCalibur flow
cytometer (Becton Dickinson, San Jose, CA, USA). Data acquisition and analysis were performed using
CellQuest® software (Becton Dickinson, San Jose, CA, USA ) and FlowJo® (Tree Star Inc., San Carlos,
CA, USA), respectively. Three independent experiments were performed.

2.6. Apoptosis Assay

The percentage of apoptotic cells was measured using the flow cytometry dead cell apoptosis
kit with Alexa® Fluor 488 Annexin V and PI according to the manufacturers’ instructions (Molecular
Probes, Eugene, OR, USA). Roughly, 9 × 104 cells were seeded in 6-well plates and grown for 21 h at
37 ◦C in complete growth medium. After the 21 h period, E3330 (30 μM) was added to the cells for 3 h
(pre-incubation). The culture medium was then renewed and both cisplatin (20 μM) and E3330 (30 μM)
were added to the cells and incubated for further 72 h. Afterwards, the cells were detached with 5 mM
EDTA in PBS at 37 ◦C and washed with cold PBS. Cells were then stained with PI and Alexa Fluor®

488 annexin V according to the manufacturer’s instructions and analysed using a FACSCalibur flow
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cytometer (Becton Dickinson, San Jose, CA, USA). Three independent experiments were performed.
Data acquisition and analysis were performed using CellQuest® software (Becton Dickinson, San Jose,
CA, USA) and FlowJo® (Tree Star Inc., San Carlos, CA, USA), respectively.

2.7. Selection of Cisplatin and E3330 Concentrations for the Migration/Invasion Assays

To select non-toxic concentrations of both compounds for the migration and invasion assays, CV
and MTS assays were performed as described previously, but using medium with a low serum content
instead. This step is of utmost importance to avoid misleading conclusions in migration assays due to
cytotoxic effects. Taking this into account, 8 × 103 cells/well were seeded in 96-well plates in complete
culture medium containing 10% FBS for 24 h. After the 24 h period, the complete cell culture medium
was replaced by culture medium containing 2% FBS and cells were then incubated with a range of
low concentrations of cisplatin (0.1−5 μM) or E3330 (10−30 μM) for another 24 h. The CV and MTS
assays were subsequently performed and non-toxic concentrations of both E3330 and cisplatin were
selected for the following assays. Three to seven independent experiments were performed, each one
comprising three (MTS) or six (CV) replicates.

2.8. In Vitro Wound-Healing Assay

For the evaluation of collective cell migration, an in vitro wound-healing assay was performed
according to a previously described method [34,35]. H1975 cells were seeded in 24-well plates at a
density of approximately 5.5 × 104 cells/well and incubated for 21 h in complete cell culture medium.
E3330 was then added to the well at a concentration of 10 μM and incubated for 3 h. Afterwards,
the cell culture medium was removed, and a scratch was performed using a 200 μL sterile pipette tip
on the cell monolayer. Cells were then washed twice with warm PBS, in order to remove cellular debris,
and were left to migrate in cell culture medium containing 2% FBS in the presence of cisplatin (1 μM)
and E3330 (10 μM) for further 20 h. Wound closure was evaluated using a Motic AE2000 Inverted
Phase Contrast Microscope (Motic, Barcelona, Spain) and pictures of the same areas were captured
using a magnification of 40×with a camera Moticam 2500 (Motic, Barcelona, Spain). The scratch width
was measured with Motic Images plus v2.0 software (Motic, Barcelona, Spain) at 0, 8, and 20 h after
the scratch was performed. The percentage of cell migration was measured in relation to the initial
distance between the wound edges. At each time-point, two pictures of the scratch were taken for each
condition. Three independent experiments were performed.

2.9. Chemotaxis and Chemoinvasion Assays

As a single-cell migration evaluation, a chemotactic migration assay was performed by adopting
a protocol already described by Flórido et al. [36] and Fernandes et al. [34]. Briefly, 3 × 104 cells/well
were seeded in cell culture medium containing 2% FBS on the top of a transwell insert with transparent
polyethylene terephthalate (PET) membranes containing 8 μm pores (BD Falcon, Bedford, MA, USA)
inside 24-well plates. Complete cell culture medium was added to the lower chamber, containing 10%
FBS as the chemoattractant. Right after seeding, E3330 (10 μM) alone was added to both chambers and
incubated for 3 h. After this 3 h period, cisplatin (1 μM) was also added to both chambers and cells
were allowed to migrate through the membrane for another 16 h. Subsequently, non-migrating cells
were carefully removed from the upper chamber with a cotton swab and migrating cells (bottom of
each membrane) were fixed with cold 96% ethanol for 10 min and then stained with 0.1% crystal violet
in 10% ethanol for 15 min. The inserts were thoroughly rinsed using tap water and were allowed to
dry for at least 24 h. Five randomly selected fields were photographed for each condition, using a
Moticam 2500 (Motic, Barcelona, Spain) placed on a Motic AE2000 Inverted Phase Contrast Microscope
(Motic, Barcelona, Spain) with an amplification of 100×. For each picture, migrated cells were manually
counted using the software Motic Images plus v3.0 (Motic, Barcelona, Spain). The counted cells
were expressed as percentages of vehicle-treated control cells and three independent experiments
were performed.
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A procedure similar to the abovementioned chemotactic migration assay was carried out for the
evaluation of chemoinvasion. The difference between the two setups was the addition of 75 μL of
ECM gel (1:25 dilution in serum-free medium) in order to coat the porous membranes of the transwell
inserts. The initial seeding density was also adapted to 1.5 × 104 cells/well. The analysis of the results
was performed similarly to the abovementioned chemotactic migration assay, and five independent
experiments were performed.

3. Results

3.1. Cytotoxicity Profile of Cisplatin in H1975 Cells

In order to determine the impact of cisplatin treatment in H1975 cells viability, a concentration-
response profile was established, resorting to CV staining and MTS reduction assays. In the CV staining
assay, after 48 and 72 h of cisplatin exposure (Figure 2A), the viability of H1975 cells decreased in a time-
and concentration-dependent manner (1–50 μM). Additionally, The MTS reduction assay (Figure 2B)
was performed as a mechanistically complementary method and the concentration–response curves
showed similar cytotoxicity profiles. The IC50 values for the CV assay were 27.5 and 9.6 μM for 48 and
72 h, respectively. In addition, the IC50 value calculated for the MTS assay at 72 h was 15.9 μM, in the
same range, although slightly higher. Cisplatin was demonstrated to be toxic at low concentrations for
a 72 h incubation period, starting to compromise cell viability at 1 μM and dramatically decreasing it
at 50 μM, for both MTS and CV assays. Considering these results, the cisplatin concentrations of 5, 10,
and 20 μM were selected for the subsequent combinatory assays, since they represent different levels
of cytotoxicity, comprising the range of IC50 values calculated as well as concentrations slightly above
and below this parameter.

Figure 2. Cytotoxic effects of cisplatin (1–50 μM) in H1975 cells. The viability of cells treated with
cisplatin for 48 h and 72 h was assessed by crystal violet (CV) staining assay (A) and for 72 h by MTS
reduction assay (B). Values represent mean ± SD (n = 3–4) and are expressed as percentages of the
vehicle-treated control cells.

3.2. Impact of E3330 in the Viability of H1975 Cells

The effect of E3330 was evaluated by exposing H1975 cells during 72 h to a range of concentrations
from 5 to 50 μM. Both CV and MTS assays revealed that E3330 was not considerably toxic at low
concentrations (Figure 3A,B, respectively). Both assays demonstrated a similar concentration–response
curve for E3330. Nevertheless, E3330 at 50 μM showed decreased cell viability in about 45% with
the CV assay whereas, with the MTS assay, the decrease was lower, approximately 30%. A similar
trend in the differences between these two methods was also observed in the previous cisplatin assays,
reflecting the inherent sensitivities of these two mechanistically distinct endpoints. Since the range
of E3330 concentrations applied for these experimental conditions did not lead to a 50% loss in cell
viability, it was not possible to calculate the IC50 values for H1975 cells. The concentration of 30 μM was
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chosen for the combinatory assays since it was the higher concentration of E3330 tested that displayed
a relatively low impact on cell viability.

Figure 3. Evaluation of E3330 (5–50 μM) cytotoxicity in H1975 cells. The cell viability of E3330-exposed
cells (72 h) was evaluated by CV staining (A) and MTS reduction (B) assays. Values represent mean± SD
(n = 3) and are expressed as percentages of the vehicle-treated control cells.

3.3. The Combination of E3330 and Cisplatin Displays a Synergistic Effect in Cell Viability

With the purpose of evaluating if E3330 enhanced cisplatin treatment in NSCLC, H1975 cells were
co-incubated with these two compounds and the effects were evaluated using the CV staining assay
and validated with the MTS reduction assay. In the CV assay, E3330 (30 μM) demonstrated a slight
decrease in cell viability of around 11% (p < 0.01) when compared to the vehicle-treated control cells
(Figure 4A). In the MTS assay, this decrease was lower and not statistically significant (Figure 4B).
All the concentrations of cisplatin (5, 10, and 20 μM) tested in the CV assay revealed an impairment
in cell viability that was clearly intensified when the APE1 redox inhibitor E3330 was co-incubated.
This significant combined effect was also confirmed in the MTS assay. In this case, the cells were
treated with 20 μM of cisplatin and 30 μM of E3330. In absolute percentage values, the decreases in
cell viability observed for 5, 10 and 20 μM of cisplatin, in the presence of E3330, were 18.5% (p < 0.05),
22.8% (p < 0.05) and 12.4% (p < 0.01), respectively, for the CV assay, and 17.1% (p < 0.05) for the MTS
assay. Considering the relative decreases in cell viability observed, the concentration of E3330 at
30 μM reduced in 36% and 78% the cell viability of 20 μM cisplatin-treated cells for the CV and MTS
assays, respectively. As such, this combination was selected for further cell cycle distribution studies.
Altogether, these results suggest that for all the concentrations and endpoints tested, a synergistic effect
was present.
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Figure 4. Impact of E3330 on the viability of H1975 cells treated with cisplatin. Cells were pre-incubated
with E3330 (30 μM) for 3 h and then simultaneously exposed to E3330 and cisplatin (5–20 μM) for
72 h. The effects in terms of cell viability were evaluated using the CV staining assay (A) and MTS
reduction assay (B). Values represent mean ± SD (n = 3–5) and are expressed as percentages relative
to vehicle-treated control cells. * p < 0.05 and ** p < 0.01 relative to respective cisplatin-treated cells
(Student’s t-test).

3.4. Effect of the Combination of E3330 and Cisplatin in Cell Cycle Distribution and Cell Death

Since cytotoxicity is frequently accompanied by cell cycle arrest and/or cell death, the impact of
E3330 and cisplatin combination in H1975 cells was evaluated by cell DNA content using PI staining for
flow cytometry (Figure 5A,B). As expected, the exposure to cisplatin (20 μM, 72 h) alone substantially
increased (around five-fold) the sub-G1 population and lead to a decrease in the G0/G1 population
when compared to vehicle-treated control cells. E3330 (30 μM, 72 h) did not significantly modify the
cell cycle distribution of vehicle-treated or cisplatin-treated cells. In fact, the cell cycle distribution of
cisplatin alone or cisplatin with E3330 remained similar. G2/M population maintained unaltered for all
the conditions tested.

Figure 5. Cont.
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Figure 5. Cell cycle progression and apoptosis of H1975 cells treated with E3330 and/or cisplatin. Cells
were pre-incubated with E3330 (30 μM) for 3 h and then cisplatin (20 μM) was added for co-incubation
for further 72 h. After this exposure period, cell DNA content analysis with PI staining was performed
by flow cytometry. (A) Representative flow cytometry histograms. (B) Sub-G1, G0/G1, S, and G2/M
populations’ summary results. The percentage of apoptotic cells was determined by PI and Annexin
V staining after the same incubation profile as in the cell DNA content analysis. (C) Representative
flow cytometry dot-plots. (D) Percentage of viable cells, cells undergoing early and late apoptosis,
and necrotic cells summary results. (E) Summary results demonstrate the percentage of apoptotic cells
(Annexin V positive cells). Values represent mean ± SD (n = 3), * p < 0.05 (one-way ANOVA with
Tukey’s test).

The induction of apoptosis was analyzed by flow cytometry after staining with Annexin V-FITC
and PI (Figure 5C–E). Representative graphs obtained by flow cytometry are displayed in Figure 5C.
Incubation with cisplatin (20 μM, 72 h) alone led to a ~3-fold increase in the % of apoptotic cells
when compared to vehicle-treated cells (Figure 5E; ~26% vs 9%, respectively), which is in line with
the observed increase in the sub-G1 population. Moreover, although the exposure to E3330 did
not significantly alter the % of apoptotic cells in cisplatin-treated cultures, a small trend towards a
synergistic effect was observed (Figure 5E).

3.5. E3330 in Combination with Cisplatin Reduces Both Collective and Chemotactic Cell Migration

Considering an impairment in cell viability would interfere with possible results in cell migration
and invasion processes, it was necessary to ascertain that non-toxic concentrations of E3330 and cisplatin
were used. As such, the H1975 cells were exposed to a range of low concentrations of either cisplatin
(0.1–5 μM) or E3330 (10–30 μM) for 24 h in order to select the conditions of migration/invasion assays.
Accordingly, in these experiments, a complete culture medium with 2% FBS was used. The effect of
cisplatin was assessed using the CV assay (Figure 6A). Cell viability was not markedly affected up to
2.5 μM (~10% reduction). At a concentration of 5 μM, this decrease reached around 17%. As for E3330,
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cell viability started to be affected at the concentration of 20 μM with a reduction of 12% in the CV
assay (Figure 6B), although in the MTS assay this concentration level was not cytotoxic (Figure 6C).
Overall, considering both assays and compounds, we decided to select the representative non-cytotoxic
concentrations of 1 μM for cisplatin and 10 μM for E3330 for the migration and invasion assays.

Figure 6. Viability of H1975 cells exposed to low concentrations of cisplatin or E3330 in culture medium
with 2% FBS. (A) Effect of cisplatin (0.1–5 μM; 24 h) on cell viability, in the presence of 2% FBS, evaluated
by the CV assay. Effect of E3330 (10–30 μM; 24 h) on cell viability in the presence of 2% FBS evaluated
by both CV (B) and MTS assays (C). Values for cell viability represent mean ± SD (n = 4–7) and are
expressed as percentages relative to vehicle-treated control cells.

Metastases development comprises multiple biological mechanisms, including an increase in
cell motility. For this reason, after the selection of non-cytotoxic concentrations of both E3330 and
cisplatin, the migration capacity of H1975 cells was evaluated by resorting to two mechanistically
different methods. Firstly, collective cell migration was assessed with the wound-healing assay as
an evaluation of the cells’ movement across a horizontal surface with the conservation of functional
cell–cell junctions (Figure 7A). Both E3330 and cisplatin alone did not demonstrate an effect on wound
closure. Importantly, their combination significantly reduced this closure in about 20% (p < 0.05)
when compared to vehicle-treated control cells. This decrease was also statistically significant when
comparing the combination of both compounds with cisplatin-treated cells (p< 0.01). Microphotographs
were also taken at a timepoint of 8 h of co-incubation, already revealing a slight impairment for the
combinatory condition (data not shown).

Figure 7. Cont.
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Figure 7. E3330 effect on collective and chemotactic migration of H1975 cells exposed to cisplatin.
Collective cell migration was evaluated by the wound-healing assay (A) and chemotaxis was measured
using a transwell assay (C). Representative microscopy images of the wound-healing assay (40×, B)
and the chemotaxis assay (migrating cells stained with crystal violet—100×, D). Scale bars = 200 μm.
Values for the wound-healing assay represent mean ± SD (n = 3) and are expressed as percentage of
wound closure, calculated relative to the initial width; * p < 0.05 and ** p < 0.01 (Student’s t-test). Values
for the chemotaxis assay represent mean ± SD (n = 3) and are expressed as percentages relative to
vehicle-treated control cells; * p < 0.05 (Student’s t-test).

For the determination of chemotactic individual cell migration, the transwell assay was performed
(Figure 7C) as a measurement of the ability of single cells to directionally respond to a chemoattractant
gradient. In this assay, E3330 and cisplatin alone also did not influence chemotactic migration, but again
their combination reduced this type of migration in approximately 12% (p < 0.05) when compared to
vehicle-treated control cells. The decrease observed was also statistically significant when compared to
cisplatin-treated H1975 cells (p < 0.05). Representative images of the wound-healing assay and the
chemotaxis migration assay are presented in Figure 7B,D, respectively.

3.6. The Combination of E3330 and Cisplatin Decreases Invasion of H1975 Cells

For the progression of cancer and metastases formation, cancerous cells located in the primary
tumor need to be able to invade through the extracellular matrix and consequently migrate throughout
blood circulation and/or lymphatic vessels and attach to a distant site in response to a stimulus.
Considering these processes, the effect of E3330 on the invasion of cisplatin-treated H1975 cells was
evaluated by the transwell chemoinvasion assay (Figure 8A). Since the proteolytic degradation of
basement membranes is essential for invasion processes and subsequent metastasis formation, this
assay was performed under the same conditions as the chemotaxis migration assay but with the
incorporation of an ECM gel. Similar to the results from the migration assays, both E3330 and cisplatin
alone did not induce a significant effect in terms of cell invasiveness. However, when both compounds
were combined, there was a statistically significant decrease of approximately 17% (p < 0.01) in
chemoinvasion when compared to vehicle-treated control cells. This decrease was also statistically
significant when comparing the combination of compounds with cisplatin-treated H1975 cells (p < 0.05).
Representative images of the chemoinvasion assay are presented in Figure 8B.
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Figure 8. Effect of E3330 on the invasiveness of cisplatin-treated H1975 cells. (A) Transwell
chemoinvasion was assessed after a pre-incubation period of 3 h with E3330 and a subsequent period
of 16 h with both compounds. Values represent mean ± SD (n = 5) and are expressed as percentages
relative to vehicle-treated control cells; * p < 0.05 and ** p < 0.01 (Student’s t-test). (B) Representative
microscopy images of invading cells stained with crystal violet (100×). Scale bars = 100 μm.

4. Discussion

As aforementioned, NSCLC is the most frequent lung cancer sub-type, presenting low survival rates
due to metastasis progression, which is often resistant to platinum-based chemotherapy. The usefulness
of genetics to predict the response of cisplatin was reviewed by Karachaliou et al. [37]. Rosell et al. [38]
also recently highlighted the novel molecular targets for the treatment of NSCLC, identifying different
prognostic markers. In fact, there are important molecular markers that should be considered in
NSCLC. For instance, HIF-1α was reported as a prognostic factor for lung cancer patients [39]. In the
scope of the present study, and as described in the Introduction Section, the elevated expression
levels of APE1 have also been correlated with more aggressive phenotypes and poor prognosis of
NSCLC patients.

APE1, besides being a key DNA repair enzyme, also works as a redox signaling protein, modulating
the activation of several transcription factors related to cancer progression and metastasis formation.
For this reason, the aim of the present work was to address in vitro the impact of a novel therapeutic
strategy based on targeting APE1 redox function in NSCLC in order to increase the efficacy of
platinum-based chemotherapy and reduce its possible resistance. This innovative approach constitutes
the first report on the effect of E3330 alone or in combination with cisplatin in NSCLC cells using
complementary endpoints. The representative cell model chosen for this purpose is the H1975 human
lung adenocarcinoma cell line that was established from a non-smoker patient and possesses a mutation
in the gene that confers resistance to EGFR inhibitors [40]. It is considered as a highly invasive cell line
used as an adequate tool in preclinical studies towards the discovery of novel drugs for NSCLC and
also in xenograft models [41].

According to two complementary cell viability assays, cisplatin displayed a concentration- and
time-dependent cytotoxic effect with IC50 values ranging from approximately 10 to 16 μM for 72 h,
being more than two-fold higher for a shorter incubation period of 48 h. Considering the results
available in the literature, the effect of cisplatin in H1975 cells viability herein obtained is comparable
to those described by other authors using different methodologies such as sulforhodamine B assay
(IC50 = 8.31 μM [27]) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay
(IC50 = 6.71 μM [42] and IC50 = 11 μM [43]) for the same 72 h incubation period. As for 48 h of cisplatin
incubation in the same cell line, our results differ from the study of Zhao et al. [44] that found an IC50

value of 3 μM using the MTT assay. In contrast, Sun et al. [45] with the Cell Counting kit-8 assay,
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obtained an IC50 value of around 30 μM for H1975 cells, which was comparable to our results. It is
known that cell viability for similar cisplatin concentrations varies among different cell lines, even for
cells originating from the same NSCLC cancer subtype, due to various reasons including acquired
cisplatin resistance. For example, A549 cells appear to be more sensitive to cisplatin incubation (72 h)
than the H1975 cells as shown by Wang et al. (IC50 = 1.54 μM [24]), Deben et al. (IC50 = 4.12 μM [27])
and Wang et al. (IC50 = 5.7 μM [43]). In contrast, H1993 is a NSCLC cell line more resistant to cisplatin,
with an IC50 value of 19.58 μM [46]. In this sense, the choice for H1975 cells was considered here in
view of its average sensitivity to cisplatin effects.

In the present work, E3330 did not induce significant cytotoxicity at low concentrations in H1975
cells. However, this compound has demonstrated a significant impact on different cancer cell lines.
At the same incubation period, and with an MTT assay, E3330 was demonstrated to be more cytotoxic
to ovarian cancer cell lines with IC50 values of 33 μM and 37 μM in Hey-C2 and SKOC-3X cell lines,
respectively [47]. In the case of prostatic cancer, McIlwain et al. [30] presented the following IC50 values
for a five day incubation period with E3330: PC-3, 54.7 μM; C4-2, 89.5 μM, and LNCaP, 71.9 μM. As for
pancreatic cancer, E3330 cytotoxicity was demonstrated to fluctuate between different cell lines by
presenting an IC50 of 50 μM for PANC1 cells [48] and causing only 20% loss of cell viability at the same
concentration in Pa03C cells [19]. However, this compound has only been tested in a NSCLC cell line
(A549) with a concentration of 25 μM for 72 h, resulting in less than 5% loss in cell viability [49], which
was similar to the results obtained in the present work. Based on these results, it can be concluded that
E3330 is not considerably cytotoxic to H1975 cells at concentrations up to 30-40 μM, displaying only a
clear cytotoxic effect at 50 μM. Interestingly, the blood levels found in clinical trials varied between 50
and 150 μM [30], higher than the range of E3330 concentrations that were effective in the combinatory
experiments with cisplatin described in the present study.

Importantly, when both drugs were combined in the CV and MTS assays, a significant decrease
in cell viability was revealed. Since cytotoxicity is frequently accompanied by cell cycle arrest and
apoptosis induction, we aimed to explore this synergistic relationship between E3330 and cisplatin
in terms of cell cycle distribution. However, the addition of E3330 did not alter the profile of H1975
cisplatin-treated cells. Moreover, E3330 per se did not have an impact on the cell cycle distribution.
This could be a consequence of its low cytotoxic potential (Figure 3). Similar results were also observed
in representative cell lines of pancreatic cancer (PANC1 [48]) and breast cancer (MDA-MB-231 [13]).
The cytotoxicity of cisplatin is mediated through the induction of apoptosis and cell cycle arrest
resulting from its interaction with DNA [5]. It has been demonstrated that cisplatin can affect the Gl-S
checkpoint, when the cell is entering the S-phase, or the G2/M checkpoint, after DNA replication [50,51].
For example, in a study with A549 cells, it was demonstrated that an incubation with 11 μM of cisplatin
for 24 h increased the G2/M phase population (cell cycle arrest) and a decrease in G0/G1 population [52].
This impact is also observed in our results. Considering the results achieved in the cytotoxicity assays,
the evaluation of apoptosis was also performed. As expected, the incubation of cisplatin alone induced
a high increase in the number of apoptotic cells. However, E3330 did not significantly increase the
apoptosis induced in cisplatin-treated cells. Taking this into consideration, other cell mechanisms
could be involved in promoting the loss of cell viability when E3330 and cisplatin are combined.

The ability of cells to migrate and invade surrounding tissues is essential for the development
of metastases, and APE1′s redox function has been shown to modulate several transcription factors
and signaling pathways related to these mechanisms [11,12]. Since E3330 inhibits this redox function,
the combination of this compound with cisplatin was evaluated on these processes by assessing two
mechanistically different migration endpoints and performing the reference chemoinvasion assay.
E3330 and cisplatin alone did not interfere with both migration and invasion endpoints tested. However,
when these compounds were combined, both collective and chemotactic cell migration, and also
chemoinvasion, were reduced in levels up to 20%, this being also a relevant finding of the present study.
It should be noted that higher concentrations of E3330 would likely lead to more pronounced results.
However, the use of high concentrations of a given anti-migratory drug may enclose cytotoxicity, thus
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precluding the accurate assessment of migration. In addition, Nyland et al. demonstrated that in order
to have redox inhibition by E3330, in ovarian Hey-C2 cells, a concentration of 10 μM was sufficient [53].
The use of E3330 potential to interfere with migration has been evaluated by other authors in different
cancer models. For instance, E3330 impaired migration in pancreatic cancer cells [48] and retinal
endothelial cells [54]. A previous study from our group using breast cancer cells (MDA-MB-231) also
demonstrated a significant decrease in collective cell migration but not in chemotaxis [13]. Additionally,
E3330 promoted a significant decrease in chemoinvasion when combined with docetaxel, a standard
chemotherapeutic drug for breast cancer.

Overall, it is clear that the combination of E3330 and cisplatin is able to sensitize NSCLC cells,
promoting a better response in terms of cytotoxicity and cell migration and invasion. A previous
study by Li et al. showed that NF-κB expression is linked to chemoresistance in NSCLC cells (H460
cells), and consequent inhibition of this transcription factor enhances the sensitivity of these cells to
cisplatin [55]. Furthermore, NF-κB, and also AP-1, have been associated with several downstream
mechanisms related to cell migration and invasion such as matrix metalloproteinases (MMPs) and
the hyaluronan cell-surface receptor CD44 activity. E3330 was able to suppress CD44 expression in
pancreatic cancer cells, promoting a direct consequence for cell migration [48]. Besides, overexpression
of this receptor has been correlated with occurrence and migration of NSCLC [56]. MMPs have
also been established as key players in mechanisms of tumor invasion and metastasis formation by
ECM degradation and are regulated by AP-1 and NF-κB, being MMP-9 strongly regulated by the
latter [57,58]. In addition, this MMP has been found to be upregulated in NSCLC [59].

Altogether, the blocked transcription factors and subsequent downstream effectors may be
responsible for the abovementioned effects in cytotoxicity and the reduction in migration and invasion
upon treatment with both compounds. In this sense, the evaluation of the role of transcriptional factors
constitutes a further step of this work in order to elucidate the mechanisms involved. This study should
be performed in a holistic manner, focusing on a set of putative key targets (e.g., AP-1, Nrf2, NF-κB,
HIF-1α). In accordance, it should be also pertinent to perform experiments to gain insights on other
unknown transcriptional targets, resorting to RNA sequencing by Next Generation Sequencing (NGS)
followed by protein expression confirmation. The inclusion of in vivo animal data is also anticipated
after further elucidation of the putative mechanisms. There are several NSCLC rodent models available,
including patient-derived xenografts, which can be adequate to study the combination of cisplatin
(i.v.) with E3330 orally administrated. Finally, it should be emphasized that E3330 has been tested in
cancer clinical trials for solid tumors (oral administration, twice a day). In view of this, the collection
of in vitro and in vivo data will be determinant to support the potential clinical use of this drug in
combination with standard platinum-based therapy in NSCLC.

5. Conclusions

The work developed herein enabled us to evaluate the impact of the APE1 redox inhibitor E3330
in H1975 cells treated with cisplatin by characterizing the cytotoxicity, cell cycle distribution, apoptosis,
and migration and invasion processes. Overall, the results pointed to E3330 as a promising compound
to boost cisplatin therapy that warrants further investigation in NSCLC. The results highlight that
additional studies should be performed to elucidate the underlying mechanisms involved, such as
verifying the expression of transcription factors under APE1 redox function which are also related to
cell migration and invasion.
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Abstract: LOX (lysyl oxidase) and lysyl oxidase like-1–4 (LOXL 1–4) are amine oxidases, which
catalyze cross-linking reactions of elastin and collagen in the connective tissue. These amine oxidases
also allow the cross-link of collagen and elastin in the extracellular matrix of tumors, facilitating
the process of cell migration and the formation of metastases. LOXL2 is of particular interest in
cancer biology as it is highly expressed in some tumors. This protein also promotes oncogenic
transformation and affects the proliferation of breast cancer cells. LOX and LOXL2 inhibition
have thus been suggested as a promising strategy to prevent metastasis and invasion of breast
cancer. BAPN (β-aminopropionitrile) was the first compound described as a LOX inhibitor and
was obtained from a natural source. However, novel synthetic compounds that act as LOX/LOXL2
selective inhibitors or as dual LOX/LOX-L inhibitors have been recently developed. In this review,
we describe LOX enzymes and their role in promoting cancer development and metastases, with
a special focus on LOXL2 and breast cancer progression. Moreover, the recent advances in the
development of LOXL2 inhibitors are also addressed. Overall, this work contextualizes and explores
the importance of LOXL2 inhibition as a promising novel complementary and effective therapeutic
approach for breast cancer treatment.

Keywords: BAPN; breast cancer; cell invasion; EMT; lysyl-oxidase; lysyl-oxidase like 2; metas-
tases; inhibitors

1. Introduction

LOX (lysyl oxidase or protein lysine 6-oxidase) and lysyl oxidase like-1 through 4
(LOXL1–LOXL4) are copper-dependent amine oxidases that covalently cross-link collagen
and elastin in the extracellular matrix (ECM) [1,2]. These enzymes are expressed in various
tissues and organs, such as skin, aorta, heart, lung, liver, cartilage, kidney, stomach,
small intestine, colon, retina, ovary, testis, and brain [3]. LOX/LOXL proteins have been
implicated in the pathogenesis of various diseases, including cancer. Therefore, inhibitors
of these enzymes have been developed for therapeutic purposes. In this work, the impact
of LOX/LOXL enzymes in cancer progression and the state of the art of the development
of inhibitors are reviewed.

2. Historical Perspective

The discovery of LOX enzymes was initially associated with the toxic effects described
for the inhibitor β-aminopropionitrile (BAPN; Figure 1). Reports on BAPN can be found in
the literature since the 1950s [4]. BAPN is a potent irreversible inhibitor of LOX enzymes
that severely disrupts cross-linkage of collagen and elastin [5]. This natural compound was
originally found in sweet peas, Lathyrus odoratus L. The ingestion of seeds or food products
of these genus spp. is associated with toxic effects, namely with lathyrism. This condition
is characterized by skeletal and tissue deformities, growth malformations, and vascular
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alterations that result from connective tissue disruption, especially by inhibition of collagen
and elastin cross-linking [5]. Hippocrates was the first to describe the deleterious effect
of lathyrism, which caused paralysis of the legs after the consumption of certain species
of peas. In 1883, the phenomenon of lathyrism was described by Louis Astier. Since then,
several researchers have described the consequences of the ingestion of certain plants on
connective tissue disorders, especially on collagen and elastin cross-linking [5].

 
Figure 1. Chemical structure of β-aminopropionitrile (BAPN).

In the late 1960s, LOX enzymes were identified while studying the role of collagen
and elastin cross-link associated with bone loss [6,7]. Pinnell and Martin, 1968 [7] de-
tected an enzyme that converts peptide-bound lysine to allysine in embryonic chick bone.
The authors demonstrated that the enzyme was inhibited by the lathyrogen BAPN. This
compound showed in vitro and in vivo inhibition of collagen and elastin cross-linking
by blocking the lysine-to-allysine conversion. The authors concluded that this enzymatic
inactivation promoted the primary lesion of lathyrism. It was the first time that the enzyme
responsible for converting lysyl residues to allysyl residues was identified [7,8]. Although
LOX is known since the late 1960s, the 3D crystalline structure of human lysyl oxidase-like
2 (Figure 2A) was only obtained in 2018 [9].

 

Figure 2. Structure of LOX proteins. (A) Crystal structure of human LOXL2 in a precursor state
obtained by Zhang et al. (2018) [9]. The SRCR domains 3 and 4 are colored in red and orange,
respectively; the catalytic domain is colored in blue. The glycosyl groups at Asn-644 are shown. Zinc
and calcium ions are represented as purple, blue and green spheres, respectively. Image was prepared
with PDB (PDBID 5ZE3) [10]. (B) Schematic representation of the structure and homology of human
LOX isoenzymes. Due to similarities in the domain arrangement, LOX and LOXL1 represent one
LOX subfamily, whereas LOXL2-4 constitute another LOX subfamily.
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3. LOX Enzymes

The mammalian lysyl oxidase family of proteins is encoded by five genes: LOX,
LOXL1, LOXL2, LOXL3, and LOXL4. These genes encode proteins with the conserved
C-terminal region that includes a copper binding site, lysine tyrosylquinone (LTQ) cofac-
tor residues, and a cytokine receptor-like (CRL) domain [1,11]. The diverse N-terminal
pro-peptide regions determine the classification into two subfamilies consisting of LOX
and LOXL1, and LOXL2–LOXL4. The prodomains in LOX and LOXL1 enable their se-
cretion as pro-enzymes, which are then activated extracellularly in a process that in-
volves proteolytic cleavage. LOXL2, LOXL3, and LOXL4 contain four scavenger receptor
cysteine-rich domains (SRCR) that are thought to be involved in protein-protein interactions.
(Figure 2B) [1,11]. Xu et al., 2013 [12] have demonstrated that recombinant human LOXL2
secreted from Drosophila Schneider 2 cells is N-glycosylated. N-linked glycans at Asn-455
and Asn-644 are essential for proper protein folding, stability, and secretion.

The catalytic domain of LOX enzymes harbors a copper-binding motif and a functional
quinone group, which has been identified as lysyl tyrosylquinone (LTQ; Figure 3). This
quinone cofactor is generated through posttranslational cross-linkage between specific
lysine and tyrosine residues. Copper is essential for LTQ generation, as previously demon-
strated by Zhang et al. (2018) [9]. In fact, copper is involved in oxygen electron transfer to
facilitate oxidative deamination of peptidyl lysyl to internally catalyze the formation of the
quinone cofactor (Figure 3) [9].

 
Figure 3. Lysine tyrosylquinone (LTQ).

Lysyl oxidases catalyze the extracellular oxidative deamination of lysine residues in
elastin and of lysine and hydroxylysine in collagen precursors, generating highly reactive
aldehydes. These aldehydes further react in their microenvironment, to form higher-order
cross-linkages that are essential for the formation and repair of ECM fiber networks and
the development of connective tissues [13,14]. Despite its higher affinity for collagen, these
proteins also catalyze the deamination of other monoamines, diamines and lysine-rich
proteins [15]. In the primary structure of LOX enzymes, there are also binding domains for
cytokines [2,13]. Despite the extracellular proteolytic cleavage leading to the enzymatic
activation of LOX proteins, they may also be active inside the cell. For example, LOXL2
can modulate intracellular events, such as epithelial to mesenchymal transition (EMT) [16],
as described below.

Among the different LOX enzymes, this review gives particular emphasis to the
human LOXL2 (hLOXL2) due to the importance of this particular isoform to breast can-
cer progression.

4. LOX and Disease

The human LOX proteins are expressed in several different tissues and organs [1,3].
Although their specific functions and substrate preferences in vivo remain to be elucidated,
these proteins may play different roles. These might include regulating gene transcription,
and controlling cell proliferation and motility [16,17]. Given the determinant role of
LOX in the formation, maintenance, and functional properties of ECM and connective
tissues, the expression dysregulation of these enzymes is associated with the onset and
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progression of multiple pathologies affecting connective tissue. These include fibrotic
processes, cancer, and neurodegenerative and cardiovascular diseases [11,18,19]. The
decreased expression of LOX can lead to diseases such as myocardial ischemia [20], cutis
laxa [21], and Menkes syndrome [22], while its overexpression can be associated with
atherosclerosis [23], pulmonary fibrosis [6], and cancer progression [11].

5. LOXL2 and Cancer

Several members of the LOX family have been implicated in cancer development.
However, data published so far does not exclude opposite effects for these enzymes as
stimulators or suppressors of tumor promotion/progression (reviewed in [24]). Different
protein isoforms, their intra and extracellular locations, the proteolytic cleavage status in the
case of LOX and LOXL1, and other cellular events contribute to these different outcomes in
cancer. The tumor suppression activity has been mostly associated with the LOX propeptide
(LOX-PP) that is generated by the cleavage of the secreted pro-LOX by procollagen-C-
proteinase (reviewed in [24]). LOXL2-4 do not generate this type of propeptide.

Solid tumors are characterized by unregulated growth, generating hypoxic conditions.
LOX expression is upregulated under hypoxic conditions [25] and contributes to the induc-
tion of EMT, i.e., cells undergo biochemical, molecular, and morphological modifications,
which give them a greater capacity to migrate, invade, and resist apoptosis [26].

In breast, nasopharynx, gastric, pancreatic, pulmonary, renal, lung, ovarian,
and thyroid cancers, lysyl oxidase and collagen were found to influence the architec-
ture of the ECM, creating a favorable microenvironment for tumor development and
progression [26,27]. Leeming et al., 2019 [28] found that healthy humans presented serum
LOXL2 enzyme levels of ≈46.8 ng/mL. In patients with breast, colorectal, lung, ovarian,
and pancreatic cancer, the levels of LOXL2 in serum were significantly elevated, varying
between 49 ng/mL and 84 ng/mL. Regarding patients with breast cancer, serum LOXL2
levels were elevated by 218% compared to healthy controls [28]. A study from Janyasupab
et al. (2016) [29] measured LOXL2 levels in human serum, plasma, and urine. The re-
searchers found differential LOXL2 concentrations in patients with breast cancer (≈ 2.7 μM
in blood; ≈ 40 μM in urine), when compared to the cancer-free individuals (≈ 0.6 μM in
blood; ≈ 25 μM in urine).

High LOX and LOXL2 expression is considered a risk factor for the early occurrence of
metastases, mostly due to their ability to stimulate tumor cell migration and invasion [26,30].
The secretion of this enzyme not only by tumor cells, but also by stromal cells, may also
play a role in the evolution of metastases [31]. The mechanisms by which LOXL2 promotes
metastases and invasion are still not fully characterized, but both extra- and intracellularly
localized LOXL2 seem to be implicated in cancer progression [32], as depicted in Figure 4.

ECM collagen cross-linking by extracellular LOXL2 is mediated by the aforementioned
deamination of lysine residues and increases ECM stiffness. This process can promote
tumor cell invasion and progression by modulating integrin activity and focal adhesions
assembly and signaling [31].

LOXL2 also plays a role in angiogenesis. LOXL2 is involved in endothelial cell
proliferation and migration, as well as in vessel formation, by influencing the deposition
of collagen in the vascular microenvironment [33]. The involvement in angiogenesis
stimulation is dependent on both LOXL2 non-enzymatic and enzymatic activities. The
organization of endothelial cells into tubes depends on LOXL2 expression levels. However,
the equilibrium of the basement membrane structures and vessels requires enzymatic
activity [34]. LOXL2 is also a vital prolymphangiogenic molecule and affects the function
of lymphatic endothelial cells (LEC), both in vitro and in vivo [35]. The lymphangiogenesis
process is critical for breast cancer malignancy and is associated with reduced survival of
breast cancer patients [35].
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Figure 4. Intracellular and extracellular pathways involving LOXL2 in cancer metastasis-related
processes. Akt, protein kinase B; EMT, epithelial–mesenchymal transition; FAK, focal adhesion kinase;
Pl3k, phosphoinositide 3-kinases; SNAIL, zinc finger protein; Src, proto-oncogene tyrosine-protein
kinase Src. Adapted from [31,32].

The upregulation of LOX under hypoxic conditions is also involved in the recruitment
of inflammatory stromal cells and bone marrow-derived cells at sites distant to the primary
tumor, aiding the formation of the premetastatic niche [31]. Transgenic mouse models of
PyMT-induced breast cancer were used to explore the role of LOXL2 in driving breast cancer
metastases [36]. Using these models, the researchers demonstrated that LOXL2 action,
together with elevated levels of SNAIL1 and expression of several cytokines, promoted the
pre-metastatic niche formation [36].

In addition to the extracellular mechanisms described so far, intracellular LOX is
also implicated in tumor progression. Intracellular LOXL2 prevents the degradation of
SNAIL1. The stabilization of this transcriptional repressor results in the down-regulation
of E-cadherin (CDH1), an adhesion receptor crucial in EMT and consequentially in the
regulation of metastases formation [31]. LOXL2 deaminates unmethylated and trimethy-
lated lysine 4 in histone H3 (H3K4me3) through an amino-oxidase reaction, releasing the
amino group and converting K4 into an allysine (H3K4ox) [37]. This modification is also
linked to the repression of the E-cadherin gene and heterochromatin transcription and to
the deregulation of EMT [37,38].

Mechanistic studies carried out by Moreno-Bueno et al. (2011) [39] have demonstrated
that LOXL2 is involved on the transcriptional downregulation of the proteins lethal giant
larvae 2 (Lgl2) and claudin1, and disorganization of cell polarity and tight junctions, thus
maintaining the mesenchymal phenotype of basal-like carcinoma cells.

LOXL2 also contributes positively to the activation of the focal adhesion kinase (FAK)
signaling pathway and participates in the assembly of focal adhesion complexes. During
the oxidation reaction catalyzed by lysyl oxidases, hydrogen peroxide is generated as a
by-product. Hydrogen peroxide accumulation induces the upregulation of Src phosphory-
lation in the Src kinase/focal adhesion kinase pathway (FAK/Src), which can contribute to
the pro-invasive effects of LOXL2. The produced H2O2 also stimulates the PI3K/Akt path-
way [30,40]. In addition to these signaling pathways, other H2O2-mediated mechanisms
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could be implicated in LOX effects since these reactive oxygen species have been shown to
modulate other cancer progression-related events in different experimental models [41–43].

LOXL2 is overexpressed in some cancers, thus contributing to poor prognosis and a
higher risk of distant metastases. This overexpression was previously described in breast
cancer (detailed in the next section), as well as in non-small cell lung cancer (NSCLC) [44],
hepatocellular carcinoma (HCC) [26], oral squamous cell carcinoma (OSCC) [27], colorectal
cancer, pancreatic cancer, esophageal squamous cell carcinoma, head and neck squamous
cell carcinomas, gastric cancer and renal carcinoma [32]. Table 1 summarizes some examples
of the consequences of altered LOXL2 expression described in experimental models or in
patients with these cancers.

Table 1. The impact of LOXL2 in different types of cancer.

Cancer Type Effect Observed

Lung cancer (NSCLC) High cytoplasmatic LOXL2 associated with (↑) size of tumor and (↓) overall survival.

Oral squamous cell carcinoma (OSCC) LOXL2 has been shown to be a marker of poor survival.

Hepatocellular carcinoma (HCC)
LOXL2 promotes proliferation, migration, and invasion of HCC cells.

LOXL2 is overexpressed in HCC patients and is positively correlated with tumor
grade, metastasis, vasculogenic mimicry formation, and poor survival.

Colorectal cancer
LOXL2 was upregulated in SW480 cells, which presented high migratory potential.
Patients with high LOXL2 expression had a significantly increased rate of distant

metastases and decreased survival.

Pancreatic cancer
LOXL2 is upregulated in human pancreatic cancer showing a sevenfold increase

comparing with healthy human tissue.
Silencing LOXL2 renders cells sensitive to chemotherapy.

Esophageal squamous cell carcinoma
(ESCC)

LOXL2 plays a key role in the invasion of ESCC cell lines, through the disruption of
cytoskeletal components.

Patients with decreased levels of nuclear LOXL2 and increased cytoplasmic LOXL2
levels had lower survival rates.

Increased LOXL2 expression drives tumor cell invasion and is associated with poor
prognosis.

Head and neck squamous cell carcinomas LOXL2 knock down cells had an upregulation of epidermal differentiation genes.
LOXL2 and SNAIL knockdown reduced invasion in a mouse carcinogenesis model.

Gastric cancer Significant reduction in the survival rate of gastric cancer patients positive for LOXL2
in both stromal and cancer cells.

Clear cell renal carcinoma (ccRCC)
LOXL2 siRNA knockdown significantly inhibited cell growth, migration, and invasion

of ccRCC cell lines.
Elevated LOXL2 expression correlated with the pathologic stages of ccRCC patients.

LOXL2—lysyl oxidase-like 2; NSCLC—non-small-cell lung carcinoma; SW480—colon cancer cell lines; SNAIL—zinc finger protein. Table 1
constructed with data collected from references [11,32,44–47].

6. LOXL2 and Breast Cancer

A bioinformatics study, aimed at identifying potential prognostic marker genes associ-
ated with breast cancer progression, identified and validated eight candidates [48]. One of
those genes was LOXL2, that was particularly relevant in the luminal subtype.

Kirschmann et al. (2002) [49] studied the expression of LOX and LOXL1-4 in the human
breast cancer cell line MDA-MB-231, a highly invasive/metastatic cell line. Their results
suggested that LOX and LOXL2 had the strongest association with an invasive/metastatic
phenotype. In vitro tests using LOXL2-silenced cell lines of invasive ductal carcinoma
(BT549 and MDA-MB-231) showed that down-regulation of this protein induces a process
similar to the mesenchymal-epithelial transition and thus to a decrease in cell migration
and invasion [50].

Normal breast tissue has lower levels of LOXL2 expression and this protein is found
in the stroma and luminal layer of epithelial cells. Conversely, breast cancer tissues
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show increased LOXL2 expression, located intracellularly in the cytoplasm and cell nu-
clei, and extracellularly in the ECM [39,51]. Immunohistochemical studies demonstrated
that approximately 60% of basal breast carcinomas have increased intracellular LOXL2
with perinuclear distribution, associated with mRNA overexpression [39]. In addition,
there is an increase in LOX expression in metastatic tissues compared with primary tu-
mors [31]. Using immunohistochemistry, Ahn et al. (2013) [50] demonstrated that LOXL2
is an independent prognostic marker of metastatic disease and death in patients with
breast cancer. In addition, LOXL2 is an independent prognostic factor for overall survival
(OS) and metastasis-free survival (MFS) in breast cancer (hazard ratio of 2.27 and 2.10,
respectively) [50].

A retrospective study found that patients with ER-negative tumors expressing high
levels of LOXL2 mRNA have a poorer prognosis [52]. This study also showed that LOXL2
expression significantly correlated with decreased overall survival and metastasis-free
survival [52].

Triple-negative breast cancer (TNBC) is strongly related with metastatic disease and
represents 15% of breast cancer cases [53]. Previous studies have found that the expression
of both LOX [53] and LOXL2 [50] is increased in TNBC patients. These proteins are thus
possible targets for systemic therapy of TNBC. In addition, the inhibition of LOXL2 has
been proposed as a strategy to sensitize TNBC cells to conventional therapy [37].

Barker et al. (2011) [52] demonstrated that the inhibition of LOXL2 by genetic, chem-
ical, or antibody-mediated tools leads to a decrease in metastases in in vivo models [52].
The authors attributed this finding to the LOXL2-dependent promotion of invasion by
regulating the expression and activity of the proteins metallopeptidase inhibitor 1 (TIMP1)
and matrix metalloproteinase 9 (MMP9). LOXL2 inhibition did not alter the expression
of other LOX-like proteins, suggesting that these enzymes do not compensate for each
other [52].

Previous studies have concluded that LOXL2 pro-metastatic action is intrinsic to breast
tumor cells and mostly independent of the extracellular action of this protein on the ECM.
Therefore, the possible therapeutic strategies for inhibiting LOXL2 in breast cancer will be
more efficient if intracellular LOXL2 is blocked [36].

Considering the therapeutic potential of blocking LOXL2 in cancer treatment, several
inhibitors of this protein have been developed. The next sections summarize the state of
the art of the discovery of LOXL2 inhibitors.

7. LOX Inhibitors

7.1. β-Aminopropionitrile (BAPN)

As mentioned in Section 2, BAPN was the first LOX inhibitor to be identified. BAPN
inhibits intramolecular and intermolecular covalent cross-linking of collagen and elastin
connective tissue proteins [6]. In fact, BAPN is described as a potent and irreversible
non-specific LOX inhibitor, which also has an affinity for other amine oxidases [54].

LOX inhibitory activity of BAPN was evaluated in an assay developed in rats [55].
The authors found that doses of BAPN ranging from 1 to 40 mg per 100 g bw were efficient
in inhibiting LOX activity from 6 and up to 48 h. They also studied the kinetics of both
BAPN and its major metabolite, the cyanoacetic acid (CAA), in the same model. After a
single intraperitoneal dose, most of the BAPN was excreted unchanged in the urine, while
the rest was metabolized slowly in CAA [55].

Tang et al. (1983) [56] suggested a possible mechanism for the interaction between
BAPN and LOX. By using BAPN with isotopically labeled carbons, the authors found
that this molecule covalently binds to LOX to equivalent extents and in parallel with the
development of inactivation, without the elimination of nitrile moiety. The copper of
the enzyme is not altered upon interaction with BAPN, and BAPN is not processed to a
free aldehyde product. The suggested inhibition mechanism involves the formation of a
covalent bond between an enzyme nucleophile and a ketenimine formed from BAPN.
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This LOX inhibitor has shown anticancer properties in several in vitro and in vivo
models of different cancer types. For example, Yang et al. (2013) [57] demonstrated
that BAPN (500 μM) blocked the hypoxia-induced invasion and migration capabilities
of cervical cancer cells. Zhao et al. (2019) [58] have shown that the inhibition of LOX
by BAPN in BGC-823 gastric cancer cells inhibits the expression and activity of matrix
metalloproteinases 2 and 9.

Regarding the effects of BAPN in breast cancer, Cohen et al. (1979) [59] used rats with
breast tumors induced by 7,12-dimethylbenzanthracene. The authors found that BAPN
inhibited the collagen cross-link and promoted an 82% decrease in tumor formation and a
significant reduction in tumor volume. In another experiment, luciferase-expressing breast
cancer cells (MDA-MB-231-Luc2) were injected in mice to explore the effects of BAPN
in invasion to other organs [60]. The results show that BAPN reduced the appearance
of metastases. The number of metastases was decreased by 44%, and 27%, when BAPN
treatment was initiated the day before or on the same day as the intra-cardiac injection of
cancer cells, respectively. However, BAPN showed no effect on the growth of established
metastases. The authors concluded that LOX inhibition might be a useful strategy for
metastasis prevention [60].

Another potential use of BAPN and LOX inhibitors was suggested by Rachman-
Tzemah et al. (2017). Increased LOX activity and expression, fibrillary collagen cross-
linking, and focal adhesion signaling observed after breast tumor resection contribute to
increasing the risk of lung metastases [61]. LOX pharmacological inhibition using BAPN
or an anti-LOX antibody prior to surgical intervention was able to reduce lung metastasis
after surgery and increased animal survival in a murine model of breast cancer [61].

Despite the interesting results obtained with BAPN, this molecule lacks suitable sites
for chemical modifications [62]. This fact does not facilitate the preclinical optimization.
Conversely, novel classes of LOX enzyme inhibitors do not present this drawback, making
it an advantage in drug discovery, as described in the subsequent sections.

7.2. Copper Chelators

Cox, Gartland, and Erler (2016) [63] proposed an indirect approach for LOX inhibition,
using tetrathiomolybdate (TM). This is a potent copper chelator that targets the catalytic
activity of LOX by binding to copper and depleting it. Copper has a significant influence
on the functional activity of LOX, although it does not directly interfere with its expression
levels. In preclinical studies, tetrathiomolybdate showed antiangiogenic activity, antifi-
brogenic and anti-inflammatory actions. A recent study found that copper was elevated
in fibrotic kidney tissue and such increase promoted LOX activity and extracellular col-
lagen cross-linking [64]. Copper chelation by TM leads to a decrease in activated LOX
protein [64].

Another copper chelator initially suggested to be a LOXL2 inhibitor is D-penicillamine
(D-pen) [65]. Contrarily to BAPN, D-pen structure has a secondary amine [32]. D-pen
drastically inhibits rhLOXL2 activity at a concentration of 10 μM [52]. However, despite
some conflicting data regarding its mechanism of action, as a copper chelator, D-pen is
considered a non-selective inhibitor of LOXL2 enzyme (reviewed in [32,65]). In an ortho-
topic breast cancer mouse model, D-pen showed no effect on tumor growth rate. However,
mice bearing tumors treated with D-pen displayed fewer lung and liver metastases than
untreated mice [52]. Accordingly, in a transgenic breast cancer model, D-pen treatment led
to a decreased development of lung metastases when compared to control mice [52].

Despite some encouraging results obtained with TM and D-pen, the chelation of
cooper is not selective for LOXL2 or even for enzymes of the LOX family. Since copper
ions play a part in several biological processes and are implicated in different enzymatic
reactions [66], the use of such chelators will likely disturb other biological functions.
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7.3. LOX/LOXL2 Selective Inhibitors

Following the discovery of BAPN, some compounds have been developed with LOX
and LOXL2 inhibitory activity and favorable pharmacokinetics parameters. However,
targeting LOXs with specific small molecule inhibitors presents a challenge due to the lack
of crystalline structures, since only the LOXL2 crystalline structure is available.

The LOXL2 inhibitors PXS-S1A and PXS-S2A are haloallylamine-based molecules (the
structures are not disclosed) [67]. PXS-S1A is a first-generation LOX inhibitor that exhibits
an identical activity and selectivity when comparing to BAPN. The pIC50 values against
LOXL2 are 6.8 ± 0.2 for PXS-S1A and 6.4 ± 0.1 for BAPN, and the two compounds also
have similar pIC50 values when tested against the native human LOX enzyme. PXS-S1A
allows for structural modifications that can be introduced to improve the inhibiting potency
of LOX/LOXL2, thus leading to significant increases in selectivity. Chemical modifications
of PXS-S1A led to the development of PXS-S2A, a potent and specific inhibitor of LOXL2
(pIC50 = 8.3 M). The discovery of PXS-S2A established the basis for dissecting the functional
role of LOXL2 in the progression of solid tumors such as breast cancer [67]. These two
LOX/LOXL2 inhibitors reduced the in vitro 2D and 3D proliferation of the breast cancer
cell line MDA-MB-231 in a dose-dependent way [67]. This cell line has a high level of
LOXL2 expression. Although authors also describe a significant impairment in 2D and
3D cell motility, the assays were performed under similar conditions to those that lead
to a reduction in cell proliferation. Thus, implying that the observed reduction in cell
motility may also be partially due to the reduced cell proliferation of cells treated with
the compounds. Importantly, the authors observed a clear reduction of in vivo ortho-
topic MDA-MB-231 primary tumor volume and tumor cell proliferation upon treatment
with PXS-S1A and PXS-S2A [67]. All the above-mentioned inhibitory effects were more
pronounced for PXS-S1A when compared with PXS-S2A.

Another class of LOXL2 inhibitors is the patented collection of diazabicyclo[3.2.2]nonanes
with a des-primary amine group. Compounds of this class were tested in a transgenic
mouse breast cancer model and led to a reduction in the formation of lung metastases
(reviewed in [32]).

PAT-1251 (Figure 5) was the first small molecule that acts as an irreversible LOXL2
inhibitor to advance to clinical trials (see Section 7.5). This compound is a potent and
highly selective oral LOXL2 inhibitor that is based on a benzylamine with 2-substituted
pyridine-4-ylmethanamines [65,68].

Epigallocatechin gallate (EGCG) is a trihydroxyphenolic compound that was sug-
gested as a dual inhibitor of LOXL2 and transforming growth factor-β1 (TGFβ1) receptor
kinase [69,70]. This compound induces the auto-oxidation of a LOXL2/3–specific lysine
(K731) in a time-dependent manner that inhibits LOXL2 irreversibly [69]. ECGC attenu-
ates TGFβ1 signaling and collagen accumulation and was thus suggested as a possible
therapeutic approach against fibrotic diseases [69,70].

Besides small molecules, the LOXL2 inhibiting strategies developed so far also include
biological drugs. The anti-LOXL2 functional antibody named Simtuzumab is an IgG4 hu-
manized monoclonal antibody, that is a non-competitive inhibitor of extracellular LOXL2
via allosteric inhibition by binding to the fourth SRCR domain. This antibody revealed
beneficial effects in various preclinical models of fibrosis and cancer [52,71]. Moreover,
Simtuzumab has been evaluated in several clinical trials, as detailed in Section 7.5. While
Simtuzumab targets noncatalytic regions of LOXL2, Grossman et al. (2016) [72] developed
specific antibodies that targeted the active site of this enzyme. Among those, the antibody
clone designated GS341 displayed binding affinity to LOXL2 at the subnanomolar range
and prevented the assembly of linear collagen fibers, producing visible variations in fibril-
lary collagen morphology. The GS341antibody was evaluated in a breast cancer xenograft
model using MDA-MB-231 cells into immunocompromised SCID mice. Treatment with
GS341 resulted in a decrease in tumor volume and in the number of lung metastases. In
addition, the tumor fibrils in the GS341-treated animals were thinner when compared with
the vehicle-treated ones [72].
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Figure 5. Structures of PXS-5153A; PAT-1251; CCT365623; an aminomethylenethiophene (AMT), 5-(naphthalen-
2-ylsulfonyl)thiophen-2-yl)methamine 1; and a 2-aminomethylene-5-sulponylthiazole (AMTz), (5-(naphthalen-2-
ylsulfonyl)thiazol-2-yl)methanamine 2.

7.4. Dual LOX/LOX-L Inhibitors

The small molecule PXS-5153A (Figure 5) demonstrated complete and irreversible
enzyme inhibition for LOXL2 and LOXL3, unlike Simtuzumab or PAT-1251 (Figure 5). This
innovative molecule is thus a useful tool to better understand the impact of LOXL2/LOXL3
activity in fibrotic diseases [73]. It interacts with the LTQ cofactor in the enzymatic pocket of
LOXL2 and LOXL3, and after fluoride elimination, leads to a covalently bound enzyme in-
hibitor complex [73]. In vitro, PXS-5153A reduced LOXL2-mediated collagen oxidation and
cross-linking, in a concentration-dependent manner. This dual LOXL2/LOXL3 inhibitor
has shown beneficial effects in models of liver fibrosis and myocardial infarction [73].

Leung et al. (2019) [74] developed an orally bioavailable LOX inhibitor named
CCT365623 (Figure 5). This is an aminomethylenethiophene (AMT) based inhibitor, which
helped to elucidate the mechanisms by which LOX drives tumor progression. The AMT
inhibitors are selective for LOX/LOXL2 and led to a significant reduction in tumor growth
and metastases in an in vivo model of transgenic LOX-dependent breast tumor mice [74].
In another study, a substantial reduction of the growth of primary and metastatic tumors
of MMT-PyMT breast transgenic model was observed when animals were treated daily
by oral gavage with 70 mg kg−1 of CCT365623 [75]. This effect was ascribed to the ability
of this small molecule to disrupt epidermal growth factor receptor (EGFR) cell surface
retention. Thus, demonstrating the potential of this orally delivered inhibitor to reduce
breast cancer progression.

Taking AMT compounds as a starting point, several systematic modifications were
introduced to a hit molecule identified by high-throughput screen (HTS), leading to sub-
micromolar IC50 inhibitors with desirable selectivity and pharmacokinetic properties [62].
The 2,5-substituted thiophene core was replaced with other five-membered heterocyclic
rings. However, only a 2-aminomethylene-5-sulfonyl thiazole core maintains activity,
where the naphthalenesulfonyl-substituted thiazole 2 showed a LOX inhibition compa-
rable to that of the analogous thiophene compound 1 (Figure 5). For the active thiazole
compound 2, a modest increase in potency toward LOXL2 inhibition was observed, ren-
dering this compound equipotent against LOX and LOXL2 isoforms. These important
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observations allowed the development of 2-aminomethylene-5-sulfonylthiazoles (AMTz)
as dual LOX/LOXL2 inhibitors. Overall, the introduction of a thiazole core led to the
improvement of the potency toward LOXL2 inhibition via an irreversible binding. These
dual inhibitors exhibit good pharmacokinetic properties [62]. An in vivo study was carried
out using a spontaneous breast cancer genetically engineered mouse model in order to
assess the efficacy of an AMTz compound. A delay in primary tumor development, as
well as a significant reduction in tumor growth rate, was observed in treated animals when
comparing with controls [62].

Overall, an important motif that has been maintained in the majority of the small
molecules successfully developed as LOXL2 inhibitors is a primary amine. This chemical
motif competes with lysine in the direct interaction and reaction with the LTQ cofactor in
the active site of LOXL2, allowing for specific binding to this enzyme [32].

7.5. Clinical Use of LOX Inhibitors

Specific targeting of LOX enzymes for the treatment of breast cancer and metastases
seems to offer a significant promise with reduced risk. In mouse models treated with
specific anti-LOX therapies, no adverse effects were observed. However, it remains to be
thoroughly explored whether this would pertain to the patient setting [63].

Lysyl oxidase-like 2 inhibitors are already in phase II clinical trials for fibrotic diseases,
heart failure, glaucoma, oncological and angiogenic diseases. The antibody Simtuzumab is
an IgG4 humanized monoclonal antibody, that acts a non-competitive inhibitor of extra-
cellular LOXL2 via allosteric inhibition by binding to the fourth SRCR domain [76]. This
antibody has reached phase II clinical trials for several conditions related with fibrosis,
including idiopathic pulmonary fibrosis, primary sclerosing cholangitis, hepatic fibrosis,
compensated cirrhosis, and myelofibrosis (a fibrosis-related blood cancer) [32,77,78]. In the
field of oncology, phase II clinical trials were also conducted with Simtuzumab in conjunc-
tion with gemcitabine for patients with pancreatic cancer [79]. Another phase II clinical
trial was done with a combination of Simtuzumab and FOLFIRI (folinic acid, fluorouracil,
and irinotecan) in patients with KRAS mutant colorectal cancer [80]. Simtuzumab was
generally well tolerated in these clinical trials, with frequencies of adverse effects similar
between treatment and control groups [32]. However, the clinical benefits observed were
limited and some studies stopped due to lack of efficacy [32,77]. The failure of these clinical
trials may be ascribed to the fact that Simtuzumab only targets extracellular LOXL2 [32].
As mentioned above, LOXL2 intracellular mechanisms are critical for cancer progression.
Therefore, targeting this enzyme by a small molecule with the ability to block both intra-
and extracellular LOXL2 would be a more effective approach to fight cancer progression
and metastases.

The orally administered small molecule PAT-1251, currently designated as GB2064,
concluded phase I clinical trials in healthy participants [81]. A phase IIa study designed to
evaluate its safety, tolerability, pharmacokinetics and pharmacodynamics in participants
with myelofibrosis is planned and results are expected by 2022 [82]. PXS-5382A, another
orally administered LOXL2 inhibitor, completed a phase I pharmacokinetic study in healthy
adult males in 2020 [83]. By the time this review was written, no results were publicly
available yet.

The pan-lysyl oxidase inhibitor PXS-5505 demonstrated an excellent safety profile
and was well tolerated in healthy male volunteers [84]. An open-label phase I/IIa study
is now planned to assess the safety and tolerability of PXS-5505 in patients with primary,
postpolycythemia vera or post-essential thrombocythemia myelofibrosis. The results of
this study are expected by 2023 [85].

An early phase I clinical trial to evaluate EGCG is currently recruiting participants.
The first part of the study will determine the pharmacokinetic profile of orally given EGCG
in normal volunteers. In the second part of this study, lung biopsy fragments and urine
samples from patients with interstitial lung disease treated with EGCG will be analyzed to
assess the specific inhibition of LOXL2 and TGFbeta1 signaling [86].
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Copper chelators, namely D-penicilamine and TM, have also been studied in phase
I and phase II clinical trials for different diseases, including fibrotic and oncological con-
ditions [87,88]. As far as breast cancer is concerned, a phase II study of TM is currently
ongoing in patients with breast cancer at moderate to high risk of recurrence [88]. However,
as mentioned in Section 7.2, this approach does not provide a selective LOX inhibition, as
multiple pathways will be affected by the chelation of copper.

Despite the different clinical trials focused on LOX inhibitors, clinical data in breast
cancer remain essentially inexistent. Small molecule inhibitors are likely to provide better
efficacy than the anti-LOXL2 antibodies strategy, as they may target both intra- and extra-
cellular LOXL2. However, their clinical development is at a much earlier stage than the
biological approach. In the upcoming years, we expect to obtain more detailed information
on the pharmacokinetics and safety profiles of small molecule LOXL2 inhibitors. These data
will be determinant for the progress of LOXL2 inhibitors development and may support
the design of clinical trials in breast cancer patients.

8. Conclusions

LOX enzymes, and specifically LOXL2, are critical for cancer progression and metas-
tases. The inhibition of this enzyme was suggested as a promising therapeutic strategy
for oncological diseases, including breast cancer. Various synthetic compounds have been
studied as having LOX enzymes/LOXL2 inhibitory activities and favorable pharmacoki-
netics parameters. Although the clinical studies focused on this approach are still very
scarce, the preclinical data is encouraging. More studies are needed to develop effective
inhibitors. Given the importance of LOX enzymes to the formation of conjunctive tissue,
its systemic inhibition may have undesirable side effects. Therefore, adequate pharmacoki-
netics properties, selectivity, and delivery systems are needed. The combination of LOX
enzyme inhibitors with standard anticancer treatments is another approach that should be
further explored in future studies.
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Abstract: Some withanolides, particularly the family of steroidal lactones, show anticancer effects,
but this is rarely reported for withanolide C (WHC)—especially anti-breast cancer effects. The subject
of this study is to evaluate the ability of WHC to regulate the proliferation of breast cancer cells, using
both time and concentration in treatment with WHC. In terms of ATP depletion, WHC induced more
antiproliferation to three breast cancer cell lines, SKBR3, MCF7, and MDA-MB-231, than to normal
breast M10 cell lines. SKBR3 and MCF7 cells showing higher sensitivity to WHC were used to explore
the antiproliferation mechanism. Flow cytometric apoptosis analyses showed that subG1 phase and
annexin V population were increased in breast cancer cells after WHC treatment. Western blotting
showed that cleaved forms of the apoptotic proteins poly (ADP-ribose) polymerase (c-PARP) and
cleaved caspase 3 (c-Cas 3) were increased in breast cancer cells. Flow cytometric oxidative stress
analyses showed that WHC triggered reactive oxygen species (ROS) and mitochondrial superoxide
(MitoSOX) production as well as glutathione depletion. In contrast, normal breast M10 cells showed
lower levels of ROS and annexin V expression than breast cancer cells. Flow cytometric DNA
damage analyses showed that WHC triggered γH2AX and 8-oxo-2′-deoxyguanosine (8-oxodG)
expression in breast cancer cells. Moreover, N-acetylcysteine (NAC) pretreatment reverted oxidative
stress-mediated ATP depletion, apoptosis, and DNA damage. Therefore, WHC kills breast cancer
cells depending on oxidative stress-associated mechanisms.

Keywords: withanolide; breast cancer; apoptosis; oxidative stress; DNA damage
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1. Introduction

Withanolide is a general name for at least 300 natural C-28 steroidal lactones [1,2]. Several kinds
of withanolides are reported to have anticancer effects [3]. For example, withaferin A has anticancer
effects on oral [4], colon [5], and breast [6] cancer cells. 4β-hydroxywithanolide [7] and withanone [8]
caused selective killing against oral and breast cancer cells, respectively. Withanolide E had anticancer
effects against renal cancer cells [9].

Accumulating evidence shows that a series of withanolides induce apoptosis of several cancer cells
through oxidative stress. For example, withaferin A induces reactive oxygen species (ROS)-mediated
apoptosis in oral [4], head and neck [10], and melanoma [11] cancer cells. Similarly, 4β-hydroxywithanolide
induces ROS leading to apoptosis of oral cancer cells [7]. However, the mechanisms of anticancer action
of other withanolides have not been fully explored as of yet. Further screening of other withanolide
candidates for their antiproliferative potency is warranted.

Breast cancer is the most common cancer type in women worldwide. Breast cancer exhibits
complex and heterogeneous characters with three typical clinical subtypes, such as hormone receptor
(HR) positive, human epidermal growth factor receptor 2 (HER2) positive, and triple-negative breast
cancer (TNBC). Breast cancer was also considered to have five molecular classification subtypes,
including luminal A, luminal B, HER2, basal, and Claudin-low, with different combinations of positive
and negative for HER2, HR, and estrogen receptor (ER) [12]. Different clinical subtypes of breast cancer
show different responses to different treatments. Among these breast cancer subtypes, TNBC is the
most difficult subtype for treatment due to the lack of HR, HER2, and ER overexpression. In addition
to target therapy, chemotherapy provides an alternative mainstay for treatment of all subtypes of breast
cancer cells. Clinical drugs were used for breast cancer therapy but they generally caused side effects to
normal tissues. Therefore, new drug development for breast cancer therapy continues to be required.

Among the many withanolides, we noted that withanolide C (WHC), one of the active compounds
isolated from the solanacean plant Physalis peruviana, was rarely investigated. Although WHC was
shown to have anticancer potency in 2009, only IC50 values in a MTT study of liver (HepG2 and
Hep3B), lung (A549) and breast (MDA-MB-231 and MCF7) cancer cells [13] were investigated as yet.
The detailed anticancer mechanisms and antiproliferation effect of WHC on other cancer cells have
not been yet explored. Therefore, the aim of the present study was to investigate its antiproliferation
function and the mechanisms involved in WHC-treated breast cancer cell responses.

2. Materials and Methods

2.1. Cell Culture

SKBR3, MCF7, and MDA-MB-231 were the three cell lines for human breast cancer, obtained
from the American Tissue Culture Collection (ATCC, Manassas, VA, USA). M10 is a normal human
breast cell line, obtained from the Bioresource Collection and Research Center (BCRC; HsinChu,
Taiwan). SKBR3, MCF7, and MDA-MB-231 cells are HER2+, luminal A, and Claudin-low subtypes of
breast cancer cell lines exhibiting metastasis ability, respectively [14,15]. Dulbecco’s Modified Eagle
Medium (DMEM)/F12 (3:2 mixture) with 10% bovine serum (Gibco, Grand Island, NE, USA), antibiotics,
and glutamine were used for culturing the SKBR3, MCF7, and MDA-MB-231 cells. Alpha medium
with 10% fetal bovine serum (Gibco) and common antibiotics (penicillin and streptomycin) were used
for the M10 cells. The cells were cultured in a humidified atmosphere 5% CO2 at 37 ◦C.
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2.2. ATP and MTS Assays

Double checking of the proliferation status was performed by both ATP and MTS assays. The cell
viability in terms of cellular ATP content was measured by ATP-lite assay kit (PerkinElmer Life Sciences,
Boston, MA, USA) [16]. The cell viability in terms of mitochondrial metabolic activity was measured
by a colorimetric MTS assay (Promega Corporation, Madison, WI, USA) [17].

2.3. Drug Information

This purification of the WHC was performed as follows. The plant materials of Physalis peruviana
were collected in Tainan county, in September 2017. The species was identified by Dr. Yuan-Bin Cheng
and a voucher specimen (PPR-18) was deposited in the Graduate Institute of Natural Products,
Kaohsiung Medical University. The air-dried roots of P. peruviana (20.0 kg) were extracted with
MeOH (15 L) thrice to yield a crude extract. This extract was partitioned between water and EtOAc
to get the EtOAc portion (45.2 g). The later portion was further partitioned between hexanes and
75% MeOHaq to gain a terpene-enriched portion (26.8 g). This portion was subjected to a silica gel flash
column stepwise eluting with hexanes/EtOAc/MeOH to furnish eight fractions. Fraction 5 (20.3 g) was
separated by another silica gel column stepwise elution with methylene chloride and MeOH to provide
six subfractions. Subfraction 5-3 (9.0 g) was purified by reverse phase column stepwise elution with
MeOH and H2O to yield eight fractions. Fraction 5-3-4 (3.4 g) was isolated by silica gel open column
stepwise elution with hexane and acetone to give a subfraction 5-3-4-1 (587.3 mg). Subfraction 5-3-4-1
was purified by reversed phase high performance liquid chromatography (RP-HPLC) (C18 column,
62% MeOH, isocratic) to produce WHC (40.0 mg).

N-acetylcysteine (NAC) (Sigma-Aldrich, St. Louis, MO, USA) was used as an inhibitor for
oxidative stress [18,19]. The pretreatment condition for the NAC used in the cells was 10 mM for 1 h.
Cisplatin (Selleckchem, Houston, TX, USA) was used as a positive control for treatment to breast cancer
cells and normal breast cells. WHC, NAC, and cisplatin were dissolved in dimethyl sulfoxide (DMSO),
double-distilled water, and phosphate-buffered saline (PBS) for drug treatments. For the control
treatment, cells were cultured with a low concentration of a DMSO-containing medium, where all
treatments (control, NAC, WHC, and NAC/WHC) had the same DMSO concentrations in the same
experiments, as indicated.

2.4. Antibody Information

For Western blotting, the primary antibodies were specifically recognized of the cleaved forms
of poly (ADP-ribose) polymerase (c-PARP) (Asp214) (D64E10), caspase 3 (c-Cas 3) (Asp175) (5A1E)
(1:1000 dilution), and mAb-β-actin (control) (1:5000 dilution), which were obtained from Cell Signalling
Technology Inc. (Danvers, MA, USA) and Sigma-Aldrich [20]. For flow cytometry, the primary
antibodies for p-Histone H2A.X (Ser 139) (γH2AX) and the 8-OHdG antibody (E-8) Fluorescein
isothiocyanate (FITC), as well as the Alexa 488-conjugated secondary antibody for the γH2AX primary
antibody, were obtained from the Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Cell Signalling
Technology Inc.

2.5. Cell Cycle Assay

Cellular DNA contents were stained with 7-aminoactinomycin D (7AAD) (Biotium Inc., Hayward,
CA, USA) (1 μg/mL, 30 min, 37 ◦C) as described previously [4]. A flow cytometer (Guava® easyCyteTM;
Luminex, TX, USA) and FlowJo software (Becton-Dickinson; Franklin Lakes, NJ, USA) were used for
cell cycle determination.
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2.6. Annexin V/7AAD Assay

An Annexin V/7AAD dual staining kit (Strong Biotech Corp., Taipei, Taiwan) was chosen for
apoptosis detection as previously described [17] and analyses were conducted using a BD Accuri C6 flow
cytometer. Annexin V (10 μg/mL) and 7AAD (1 μg/mL) were used for dual staining at 37 ◦C for 30 min.

2.7. ROS and Glutathione (GSH) Assays

Cellular ROS was probed with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA)
(Sigma-Aldrich) (10 μM, 30 min, 37 ◦C) as previously described [21] and analyzed using a BD Accuri C6
flow cytometer. Cellular GSH was probed with CellTracker Green 5-chloromethylfluorescein (CMFDA)
(Thermo Fisher Scientific, Carlsbad, CA, USA) (0.1 μM, 30 min, 37 ◦C) as previously described [22] and
analyzed using a flow cytometer (Guava® easyCyteTM) and FlowJo software (Becton-Dickinson).

2.8. Mitochondrial Superoxide (MitoSOX) Assay

MitoSOX was probed with MitoSOX™ Red (Thermo Fisher Scientific, Carlsbad, CA, USA) (50 nM,
30 min, 37 ◦C) and analyzed using a BD Accuri C6 flow cytometer as previously described [23].

2.9. γH2AX Assay

The primary antibody against γH2AX (1:500 dilution, 4 ◦C, 1 h) and its coupled Alexa
488-conjugated secondary antibody, as well as 7AAD (5 μg/mL, 30 min, 37 ◦C), were used [24].
An analysis was subsequently performed using a flow cytometer (Guava® easyCyteTM) and FlowJo
software (Becton-Dickinson) as previously described.

2.10. 8-Oxo-2′-Deoxyguanosine (8-oxodG) Assay

Cells were probed with the antibody 8-OHdG (E-8) FITC (1:10000 dilution, 4 ◦C, 1 h) to detect an
oxidative DNA damage marker (8-oxodG) [25]. An analysis was subsequently performed using a BD
Accuri C6 flow cytometer as previously described.

2.11. Statistics

Significance for multiple comparison was determined by analysis of variance (ANOVA) coupled
with Tukey’s HSD Post-Hoc Tests using JMP® 12 software. For the purposes of multiple comparisons,
data columns were marked with small letters. When data columns were without overlapping letters,
there were significant differences between them.

3. Results

3.1. WHC Inhibits Proliferation of Breast Cancer and Normal Cells Involving ROS

In terms of the ATP assay, at 48 h, WHC had decreased the cell viability of the three subtypes of
breast cancer (SKBR3, MCF7 and MDA-MB-231) cells more than normal breast (M10) cells (Figure 1A,
left). Accordingly, WHC exhibited higher antiproliferation of breast cancer cells than normal breast cells.
For the sake of higher sensitivity to WHC, SKBR3 and MCF7 cells were chosen for other experiments
to explore its antiproliferation mechanism in breast cancer cells. In terms of the MTS assay, at 48 h,
WHC at 1 μM had decreased the cell viability of two subtypes of breast cancer (SKBR3 and MCF7) cells
more than normal breast (M10) cells (Figure 1A, right), i.e., 66.6% and 43.0% vs. 83.4%, respectively.
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Figure 1. Withanolide C (WHC) inhibited the cell viabilities of breast cancer and normal breast cells
differentially. Cell viabilities were determined by ATP assays. (A) ATP and MTS assays for determining
cell viability after WHC treatment. For the ATP assay, breast cancer (SKBR3, MCF7 and MDA-MB-231)
cells and breast normal (M10) cells were exposed to 0 (0.1% DMSO only), 0.25, 0.5, 0.75, and 1 μM of
WHC for 48 h. For the MTS assay, breast cancer (SKBR3 and MCF7) cells and M10 cells were exposed to 0
(0.1% DMSO only) and 1 μM of WHC for 48 h. WHC also dissolved in the same concentration of DMSO.
(B) N-acetylcysteine (NAC) pretreatment reversed WHC-induced ATP changes. Following pretreatment
with NAC (10 mM for 1 h), cells were treated with the control and 1 μM of WHC for 48 h, i.e., NAC/WHC.
(C) ATP assay for determining cell viability after cisplatin treatment for 48 h. Data are means ± SDs
(n = 3). Results marked without overlapping letters show significant differences (p < 0.05 to 0.0001).

There was a pretreatment with NAC to examine the effect of ROS on the antiproliferation function
of WHC. The cell viabilities of breast cancer and normal cells after the WHC time course treatment
were recovered to control by NAC pretreatment (Figure 1B). For comparison, the clinical drug cisplatin
was used as a positive control to breast cancer cells and normal breast cells (Figure 1C). The drug
sensitivity of WHC was higher than cisplatin for breast cancer cells. The cytotoxicity of WHC was
lower than cisplatin for normal breast (M10) cells.

3.2. WHC Disturbs Cell Cycle Progression of Breast Cancer Cells

The dose and time course changes of cell cycle progression in breast cancer cells were determined
by 7AAD flow cytometry (Figure 2A,C). WHC showed dose- and time-dependent increases in subG1
populations, decreases in G1 population, and increases in G2/M population in breast cancer (SKBR3
and MCF7) cells (Figure 2B,D).
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Figure 2. WHC disturbed cell cycle progression of breast cancer cells. (A,B) Cell cycle profiles and
statistics for dose effects of WHC. Breast cancer (MCF7 and SKBR3) cells were treated with WHC
(control (0.075% DMSO), 0.25, 0.5, and 0.75 μM, respectively) for 48 h. (C,D) NAC pretreatments
reversed the WHC induced cell cycle disturbance. Following pretreatments with NAC (10 mM for
1 h), cells were treated with the control (0.075% DMSO) and 0.75 μM of WHC for 0, 24, and 48 h, i.e.,
NAC/WHC. Data are means ± SDs (n = 3). Results marked without overlapping letters show significant
differences (p < 0.05 to 0.0001).

NAC pretreatment was used to examine the effects of pm the WHC function of cell cycle
disturbance. Cell cycle disturbance of breast cancer cells after the WHC time course treatment was
recovered by NAC pretreatment (Figure 2D).

3.3. WHC Differentially Induces Apoptosis (Annexin V/7AAD) of Breast Cancer and Normal Cells

The dose and time course changes of annexin V/7AAD in breast cancer and normal breast cells were
determined by flow cytometry (Figure 3A,C). The WHC treatment showed dose- and time-dependent
increases in the apoptotic (annexin V) population of breast cancer (SKBR3 and MCF7) cells (Figure 3B,D),
which was higher than that of normal breast (M10) cells (Figure 3B). The apoptosis changes were
further confirmed by performing Western blotting. c-PAPR and c-Cas 3 were overexpressed in the
breast cancer (SKBR3 and MCF7) cells (Figure 3E).

NAC pretreatment was used to examine the effects of ROS on apoptosis (annexin V) caused
by WHC. Increasing apoptosis (annexin V) populations of breast cancer cells after the WHC time
course treatment were recovered by NAC pretreatment (Figure 3D). Moreover, WHC-induced c-PAPR
overexpression in breast cancer cells was suppressed by NAC pretreatment (Figure 3E). Similarly,
WHC induced another apoptotic protein c-Cas 3 overexpression in breast cancer cells which was
suppressed by NAC pretreatment.
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Figure 3. WHC induced apoptosis (annexin V/7AAD) differentially in breast cancer and normal breast
cells. (A,B) Annexin V/7AAD profiles and statistics for dose effect of WHC. Breast cancer (MCF7
and SKBR3) cells and normal breast (M10) cells were treated with WHC (control (0.075% DMSO),
0.25, 0.5, and 0.75 μM) for 48 h. Annexin V (+) (%) was counted for the apoptosis (%). (C,D) NAC
pretreatments reversed the WHC-induced apoptosis. Following pretreatments with NAC (10 mM
for 1 h), cells were treated with control (0.075% DMSO) and 0.75 μM of WHC for 0, 24, and 48 h,
i.e., NAC/WHC. Data are means ± SDs (n = 3). Results marked without overlapping letters showed
significant differences (p < 0.05 to 0.001). (E) Apoptosis Western blotting of WHC. Cleaved PARP
(c-PARP) and c-Cas 3 expressions were quantified referring to β-actin expression.

3.4. WHC Differentially Induced ROS Generation and GSH Depletion of Breast Cancer and Normal Cells

The dose and time course changes of ROS generation in breast cancer and normal breast cells were
determined by flow cytometry (Figure 4A,C). The WHC treatment showed dose- and time-dependent
increases in the ROS (+) population in breast cancer (SKBR3 and MCF7) cells (Figure 4B,D), which was
higher than that of normal breast (M10) cells (Figure 4B).

NAC pretreatment was used to examine the ROS function of WHC. Increasing ROS (+) populations
of breast cancer cells after the WHC time course treatment were recovered by NAC pretreatment
(Figure 4D). Moreover, the time course changes of the GSH content in breast cancer cells were
determined by flow cytometry (Figure 4E). The WHC treatment showed decreases in the GSH (+)
population in breast cancer (SKBR3 and MCF7) cells over time compared to the control (Figure 4F).
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Figure 4. WHC differentially induced reactive oxygen species (ROS) generation among breast cancer
and normal breast cells. (A,B) ROS profiles and statistics for dose effects to WHC. Breast cancer (MCF7
and SKBR3) cells and normal breast (M10) cells were treated with WHC (control (0.075% DMSO), 0.25,
0.5, and 0.75 μM) for 48 h. (+) located at the right side of each profile is counted for ROS (+) (%).
(C,D) NAC pretreatment reversed the WHC induced ROS generation. Following pretreatments with
NAC (10 mM for 1 h), cells were treated with control (0.075% DMSO) and 0.75 μM of WHC for 0, 24,
and 48 h, i.e., NAC/WHC. (E,F) GSH profiles and statistics for time course changes to WHC. Breast
cancer MCF7 and SKBR3 cells were treated with WHC (control (0.075% DMSO) and 0.75 μM) for 0, 1,
and 3 h. (+) located at right side of each profile is counted for GSH (+) (%). Data, means ± SDs (n = 3).
Results marked without overlapping letters show significant differences (p < 0.05 to 0.0001).

3.5. WHC Overexpresses MitoSOX in Breast Cancer Cells

The dose and time course changes of MitoSOX generation in breast cancer cells were determined
by flow cytometry (Figure 5A,C). WHC showed dose- and time-dependent increases for MitoSOX (+)
population in breast cancer (SKBR3 and MCF7) cells (Figure 5B,D).

NAC pretreatment was used to examine the effect of ROS on WHC-induced MitoSOX generation.
Increasing MitoSOX (+) populations of breast cancer cells after the WHC time course treatment were
recovered by NAC pretreatment (Figure 5D).
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Figure 5. WHC differentially induces MitoSOX generation of breast cancer cells. (A,B) MitoSOX
profiles and statistics for dose effects on WHC. Breast cancer MCF7 and SKBR3 cells and normal breast
(M10) cells were treated with WHC (control (0.075% DMSO), 0.25, 0.5, and 0.75 μM) for 48 h. (+) located
on the right side of each profile was counted for MitoSOX (+) (%). (C,D) NAC pretreatments reversed
the WHC-induced MitoSOX generation. Following pretreatments with NAC (10 mM for 1 h), cells were
treated with the control (0.075% DMSO) and 0.75 μM of WHC for 0, 24, and 48 h, i.e., NAC/WHC.
Data are means ± SDs (n = 3). Results marked without overlapping letters show significant differences
(p < 0.05 to 0.01).

3.6. WHC Overexpresses γH2AX in Breast Cancer Cells

The dose and time course changes of γH2AX expression in breast cancer cells were determined
by flow cytometry (Figure 6A,C). WHC showed dose- and time-dependent increases in γH2AX (+)
populations in breast cancer (SKBR3 and MCF7) cells (Figure 6B,D).

Figure 6. WHC differentially induced DNA double strand break (DSB) damage (γH2AX) of breast
cancer cells. (A,B) γH2AX profiles and statistics for dose effects on WHC. Breast cancer (MCF7 and
SKBR3) cells were treated with WHC (control (0.075% DMSO), 0.25, 0.5, and 0.75 μM) for 48 h. Box region
of each profile is counted for γH2AX (+) (%). (C,D) NAC pretreatments reversed the WHC induced
γH2AX generation. Following pretreatments with NAC (10 mM for 1 h), cells were treated with control
(0.075% DMSO) and 0.75 μM of WHC for 0, 24, and 48 h, i.e., NAC/WHC. Data are means ± SDs (n = 3).
Results marked without overlapping letters show significant differences (p < 0.005 to 0.0001).
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NAC pretreatment was used to examine the effect of ROS on WHC-induced γH2AX expression.
Increasing γH2AX (+) populations of breast cancer cells after WHC time course treatment were
recovered by NAC pretreatment (Figure 6D).

3.7. WHC Overexpresses 8-OxodG in Breast Cancer Cells

The dose and time course changes of 8-oxodG expression in breast cancer cells were determined
by flow cytometry (Figure 7A,C). WHC treatment showed dose- and time-dependent increases in
8-oxodG (+) populations in breast cancer (SKBR3 and MCF7) cells (Figure 7B,D).

Figure 7. WHC differentially induced oxidative DNA damage (8-oxodG) of breast cancer cells.
(A,B) 8-oxodG profiles and statistics for dose effects of WHC. Breast cancer (MCF7 and SKBR3) cells were
treated with WHC (control (0.075% DMSO), 0.25, 0.5, and 0.75 μM) for 48 h. (+) located on the right side
of each profile is counted for 8-oxodG (+) (%). (C,D) NAC pretreatments reversed the WHC induced
8-oxodG generation. Following pretreatments with NAC (10 mM for 1 h), cells were treated with control
(0.075% DMSO) and 0.75 μM of WHC for 0, 24, and 48 h, i.e., NAC/WHC. Data are means ± SDs (n = 3).
Results marked without overlapping letters show significant differences (p < 0.05 to 0.0001).

NAC pretreatment was used to examine the effect of ROS on WHC-induced 8-oxodG expression.
Increasing 8-oxodG (+) populations of breast cancer cells after the WHC time course treatment were
recovered by NAC pretreatment (Figure 7D).

4. Discussion

4.1. Withanolides Show Antiproliferative Potential for Cancer Cells

A number of withanolides showed antiproliferative activity against human breast cancer cell
lines [26]. For example, the IC50 values for withanolide E (WHE) in a 72 h MTT study of breast cancer
(MDA-MB-231 and MCF7) cells were 0.97 and 4.03 μM, respectively [13]. The IC50 values for withaferin
A (WFA) after a 24 h MTS study of oral cancer (Ca9-22 and CAL 27) cells were 3 and 2 μM, respectively.
However, WHC was not included in those study.

Recently, WHC cytotoxicity results were reported, i.e., the IC50 values for WHC in a 72 h MTT
study of liver (HepG2 and Hep3B), lung (A549), and breast (MDA-MB-231 and MCF7) cancer cells
were 0.13, 0.11, 1.24, 0.52, and 1.53 μM, respectively [13]. However, only cytotoxic IC50 values were
reported, without addressing the detailed mechanisms.

74



Antioxidants 2020, 9, 873

In the current study, we found that the IC50 values for WHC in a 48 h ATP study of breast
cancer (SKBR3, MCF7, and MDA-MB-231) cells and normal breast (M10) cells were 0.134, 0.172, 0.159,
and 0.191 μM, respectively (Figure 1A, left). However, different kinds of assays are helpful for double
checking cell proliferation. The proliferation statuses based on MTS and ATP assays were compared.
In the 48 h MTS assay, normal breast cells (M10) showed higher viability than other breast cancer cells
(MCF7 and SKBR3) (Figure 1A, right). The IC50 value for WHC in the 48 h MTS study of breast cancer
(MCF7) cells was 0.89 μM. These results supported the concept that the luminescent ATP assay is
more sensitive than the colorimetric MTS tetrazolium assay [27,28]. Moreover, this shows that WHC
selectively kills breast cancer cells and is less harmful to normal breast cells.

In comparison, the IC50 values for cisplatin in the 48 h MTS study of breast cancer (SKBR3 and
MCF7) cells were 12.37 and 34.83 μM, respectively [22]. In the 48 h ATP study, the IC50 values for
cisplatin for breast cancer cells (SKBR3, MCF7, and MDA-MB-231) and normal breast cells (M10)
were 4.9, 17.9, 26.9, and 12.0 μM, respectively (Figure 1C). This shows that cisplatin non-selectively
kills more normal breast (M10) cells than breast cancer (MCF7 and MDA-MB-231) cells. Therefore,
WHC has a higher drug sensitivity and selectivity to antiproliferation of breast cancer cells than cisplatin.
We further suggest using a xenograft assay of breast cancer cell lines to examine the anticancer effect of
WHC in an animal model (e.g., zebrafish embryo, mouse) in vivo in the future.

4.2. WHC Exhibits Higher ATP Depletion for Breast Cancer Cells than Normal Breast Cells

ATP production is the main function of mitochondria. ATP depletion may occur coupled with
MitoSOX production. For example, manoalide inhibits ATP production in 3D cultures and induces
MitoSOX production [17]. Accordingly, ATP depletion reflects mitochondrial impairment. Moreover,
mitochondrial damage induced by proteasome inhibition also overproduces MitoSOX, subsequently
triggering cytosolic oxidation and leading to cell death [29]. Consistently, we found that WHC induced
ATP depletion (Figure 1) and MitoSOX (Figure 5) and ROS generation (Figure 4) in breast cancer cells
(SKBR3 and MCF7).

Since ATP depletion and MitoSOX generation are related to mitochondrial dysfunction, WHC may
regulate other mitochondrial functions. For example, mitochondrial fitness [30] is regulated by
mitochondrial dynamic changes, such as mitochondrial fusion and fission. Detailed investigation
of the mitochondrial fitness of breast cancer cells after WHC treatments would further increase
our understanding.

4.3. WHC Exhibiting Antioxidant Property May Contribute to Its Antiproliferation Ability to Breast
Cancer Cells

Although some structures were not identified, such as WHC, 13 of 15 constituents of Withania
somnifera root extract showed 2,2-Diphenyl-1-picrylhydrazyl (DPPH) scavenging effects, suggesting
that most constituents of W. somnifera show an antioxidant ability [31]. Similarly, in our preliminary
result, we found that WHC showed DPPH scavenging activity (Supplementary Figure S1), suggesting
that WHC is an antioxidant agent. It is known that antioxidants perform dual functions for regulating
cellular oxidative stress in a dose-dependent manner [32]. Under a high dose of an antioxidant,
oxidative stress is induced. This concept may partly explain how WHC exhibiting an antioxidant
property may induce oxidative stress which inhibits proliferation of breast cancer cells.

4.4. WHC Induces Differential Oxidative Stress and Apoptosis in Breast Cancer Cells

Generally, cancer cells show higher ROS levels than normal cells [33]. In chemotherapy, oxidative
stress-modulating anticancer drugs commonly produce higher oxidative stress levels in cancer cells
than in normal cells. Consequently, the drugs generate oxidative stress that is beyond ROS tolerance
thresholds in cancer cells and inhibit cancer cell proliferation. In contrast, drug-generated oxidative
stress in normal cells is less than their ROS tolerance threshold and is tolerated by normal cells. As a
consequence, drug-generated oxidative stress selectively kills cancer cells [8,34–37]. This is partly
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attributed to the fact that oxidative stress can induce early apoptosis [38] by triggering mitochondrial
dysfunction [39,40]. For example, withanone demonstrated selective killing and apoptosis against
breast cancer cells [8]. Similarly, WHC induced more ATP depletion, ROS generation, and apoptosis
(annexin V) in breast cancer cells (SKBR3 and MCF7) than in normal breast cells (Figure 1, Figure 3,
and Figure 4), showing a selective killing potential to breast cancer cells.

Moreover, redox homeostasis is unbalanced when the antioxidant system is suppressed, resulting
in oxidative stress overexpression after WHC treatment. This rational is further supported by our
finding that GSH depletion was induced by WHC in breast cancer cells. Since oxidative stress is a
kind of systemic cellular response, central metabolism/signaling pathways are likely involved here.
For example, ROS may enhance glycolysis [41]. The TP53-inducible regulator of glycolysis and
apoptosis (TIGAR) promotes the pentose phosphate pathway (PPP) [37] to generate the reduced form
of nicotinamide adenine dinucleotide phosphate (NADPH) and prevent oxidative stress. Therefore,
it warrants further investigation to explore the role of central metabolism/signaling pathways, such as
glycolysis and PPP, in WHC-treated breast cancer cells in the future.

4.5. WHC Triggers DNA Damage in Breast Cancer Cells

Oxidative stress at a cytotoxic level is able to induce DNA damage [17,19,42,43]. Consistently,
we found that WHC induced oxidative stress, such ROS and MitoSOX, and, therefore, was prone to
lead to γH2AX DNA double strand breaks and 8-oxodG oxidative DNA damage in breast cancer cells
(SKBR3 and MCF7) (Figures 6 and 7).

4.6. NAC Reverts WHC-Induced Oxidative Stress Associated Changes in Breast Cancer Cells

All WHC-induced oxidative stress-associated changes were suppressed by NAC pretreatment.
This holds for ATP depletion, cell cycle arrest, apoptosis, ROS/MitoSOX generation, and γH2AX/8-
oxodG DNA damage. These results suggest that WHC-induced antiproliferation of breast cancer cells
is oxidative stress-dependent.

5. Conclusions

A series of withanolides have been reported to exhibit antiproliferation potential against several
types of cancer cells. However, the anticancer effect of WHC was rarely evaluated, especially on breast
cancer cells. In the current study, the antiproliferation effect of WHC on breast cancer cells was confirmed.
Detailed mechanisms of breast cancer cell antiproliferation were explored. The mechanisms were
confirmed to depend on oxidative stress by NAC pretreatment experiments. Therefore, WHC showing
antiproliferation effects represents a potential natural anticancer product against breast cancer cells by
generating oxidative stress-mediated cell cycle changes, apoptosis, and DNA damage.
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Abstract: A central hallmark of tumorigenesis is metabolic alterations that increase mitochondrial
reactive oxygen species (mROS). In response, cancer cells upregulate their antioxidant capacity
and redox-responsive signaling pathways. A promising chemotherapeutic approach is to increase
ROS to levels incompatible with tumor cell survival. Mitochondrial peroxiredoxin 3 (PRX3) plays a
significant role in detoxifying hydrogen peroxide (H2O2). PRX3 is a molecular target of thiostrepton
(TS), a natural product and FDA-approved antibiotic. TS inactivates PRX3 by covalently adducting its
two catalytic cysteine residues and crosslinking the homodimer. Using cellular models of malignant
mesothelioma, we show here that PRX3 expression and mROS levels in cells correlate with sensitivity
to TS and that TS reacts selectively with PRX3 relative to other PRX isoforms. Using recombinant
PRXs 1–5, we demonstrate that TS preferentially reacts with a reduced thiolate in the PRX3 dimer
at mitochondrial pH. We also show that partially oxidized PRX3 fully dissociates to dimers, while
partially oxidized PRX1 and PRX2 remain largely decameric. The ability of TS to react with engi-
neered dimers of PRX1 and PRX2 at mitochondrial pH, but inefficiently with wild-type decameric
protein at cytoplasmic pH, supports a novel mechanism of action and explains the specificity of
TS for PRX3. Thus, the unique structure and propensity of PRX3 to form dimers contribute to its
increased sensitivity to TS-mediated inactivation, making PRX3 a promising target for prooxidant
cancer therapy.

Keywords: mitochondrial reactive oxygen species; peroxiredoxin 3; pro-oxidant therapy; thiostrepton

1. Introduction

Thiostrepton (TS) is an FDA-approved, thiazole antibiotic produced by Streptomycetes.
A recent study reported by Corsello et al. tested the ability of 4518 drugs from the Drug
Repurposing Hub at the Broad Institute to kill 578 cancer cells lines [1]. TS showed
significant efficacy in 403 tumor cells lines. Thus, TS was highlighted as “a drug of greatest
interest for mechanistic follow-up.” Importantly, previous work from our groups identified
peroxiredoxin 3 (PRX3) as a key molecular target of TS [2,3]. Our data demonstrated that TS
irreversibly crosslinks PRX3 through its active site Cys residues to form inactive covalent
dimers, leading to increased mROS levels, reduced FOXM1 expression and anti-tumor
activity in both in vitro and in vivo malignant mesothelioma (MM) tumor models.
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PRX3 like all other PRXs share a common first step in catalysis in which the peroxidatic
cysteine residue attacks a molecule of hydroperoxide to form a Cys sulfenic acid inter-
mediate (Cys-SPOH) (Figure 1) [4]. This intermediate then reacts with the resolving Cys
residue (Cys-SR). For the PRXs 1–4 (called the typical 2-Cys or PRX1 class), the disulfide
bond formed is intermolecular across the subunit interface of the head-to-tail homodimer.
Reduction of the disulfide-bonded dimers is catalyzed by thioredoxin 1 (TRX1) in the
cytosol and thioredoxin 2 (TRX2) in the mitochondria [5].

Figure 1. Catalytic cycle of PRX3. Hydrogen peroxide reacts with the peroxidatic Cys residue
(Cys108-SP) to form a Cys-sulfenic acid intermediate (Cys108-SPOH). The resolving Cys residue
(Cys229-SR) then reacts to form a disulfide. Disulfide bond formation facilitates collapse of the
dodecamer to form 6 dimers; reduction of the disulfide by the thioredoxin 2-thioredoxin reductase
2-NADPH (TRX2-TR2-NADPH) reducing system shifts the equilibrium back toward dodecamer.
Note that each active site can form a disulfide bond in the absence of TS. In the presence of TS, the data
herein supports the formation of an asymmetric dimer with 1 disulfide and 1 TS-mediated crosslink.

Despite the mechanistic and primary sequence similarity, the 2-Cys mechanistic class
members differ in: (i) their oligomeric state (e.g., PRX3 is active as a dodecamer, while PRX2
is a decamer), (ii) the thioredoxin-thioredoxin reductase (TRX-TR) system used, (iii) their
specificity for hydroperoxide substrates, (iv) disulfide bond formation and reduction rates,
(v) susceptibility to hyperoxidation, and (vi) subcellular distribution [4,6–9]. PRX1 and
PRX2 reside in the cytoplasm. PRX3 is exclusively expressed in the mitochondrial matrix,
and PRX4 is expressed in the endoplasmic reticulum. In contrast, PRX5 contains both
mitochondrial and peroxisomal targeting sequences and belongs to a different class of PRXs,
where the resolving Cys residue is in the same subunit and an intramolecular disulfide
bond is formed during catalysis [4,10]. Because of the high degree of similarity between
the PRX active sites and the different roles for these proteins in the cell, the identification
of selective PRX inhibitors is both highly challenging and critical to the development of
PRX-based therapeutics.

In this study, we demonstrated that TS cytotoxicity is correlated with expression levels
of PRX3 and mitochondrial ROS (mROS) levels using a panel of normal mesothelial and
patient-derived malignant mesothelioma (MM) cell lines. This activity is not dependent
upon the mitochondrial membrane potential. Western blot analysis of PRXs 1–5 shows that
only the formation of the PRX3-TS adduct is potentiated by gentian violet (GV), but this
reaction does depend upon the mitochondrial membrane potential. Detailed biochemical
studies with purified PRXs 1–5 support the observed cellular specificity. In particular, the
higher pH of the mitochondrial compartment and the unique oligomeric state dynamics
and redox properties of PRX3 make it the most sensitive to TS adduction. Since PRX3
is overexpressed in most cancers, targeting PRX3 with a specific inhibitor represents a
significant therapeutic opportunity.
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2. Materials and Methods

2.1. Reagents and Chemicals

Thiostrepton (Millipore, Burlington, MA, USA), Gentian Violet (Sigma, St. Louis, MO,
USA), 2-[2-[4-(trifluoromethoxy)phenyl]hydrazinylidene]-propanedinitrile (FCCP, Sigma),
S-Methyl Methanethiosulfonate (MMTS, TCI Chemicals, Portland, OR, USA), Bovine Serum
Albumin (BSA, GOLDBIO, St. Louis, MO, USA), TCEP (Fisher, Waltham, MA, USA), DTT
(Fisher) Optima HPLC grade water (Fisher), hydrogen peroxide (Honeywell, Charlotte,
NC, USA), NADPH (Roche, Basel, Switzerland), IPTG (Fisher), glucose 6-phosphate de-
hydrogenase (Alfa Aesar, Haverhill, MA, USA), glucose 6-phosphate (ACROS Organics,
Morris Plains, NJ, USA), BioGel P6 Resin (BioRad, Hercules, CA, USA).

2.2. Cells and Cell Culture

Primary and immortalized mesothelial cells and malignant mesothelioma cells were
cultured as previously described [2,3]. The STR profiles are of human origin, analysis was
performed in the Vermont Integrative Genomics Resource DNA Facility and was supported
by University of Vermont Cancer Center, Lake Champlain Cancer Research Organization,
and the UVM Larner College of Medicine. The STR profiles matched previously annotated
DNA fingerprints [3].

2.3. Immunoblotting

Cells were plated in 6 well plates at a density of 200,000 cells per well. After 24 h,
cells were treated with indicated compounds as described in the text. Cell lysates were
harvested at indicated time points using RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 1% NP-40, 0.25% Sodium deoxycholate, 0.1% sodium dodecyl sulfate, in deionized
(DI) water) for reducing samples to be analyzed by reducing SDS-PAGE. For samples
to be analyzed by non-reducing SDS-PAGE, cells were incubated in 100 mM S-Methyl
Methanethiosulfonate (MMTS, TCI), to prevent artifactual oxidation of reduced cysteines,
diluted in warm PBS for 20 min followed by lysis with RIPA buffer containing 100 mM
MMTS. Protein concentrations were determined via Bradford Assay (ThermoScientific,
Rockford, IL, USA). Lysates (15 μg protein/well) were resolved by SDS-PAGE under
reducing conditions (Dithiothreitol (DTT) was omitted for non-reducing gels) on 4–12%
gradient Bis-Tris Midi gel (Invitrogen, Carlsbad, CA, USA) at constant 200 V for 50 m.
The gel was transferred to a PVDF membrane at constant 1A for 50 min, blocked with 5%
BSA diluted in 1× Tris-buffered saline with 1% Tween-20 (TBS-T) for a minimum of one h,
and incubated with appropriate primary antibody (Table S1) at indicated dilution in 5% BSA
TBS-T at 4 ◦C overnight. The membrane was washed with 1× TBS-T for 1 h, incubated with
appropriate secondary antibody at indicated dilution for 1 h, and washed again with 1×
TBS-T for 1 h. Membranes were incubated with ECL Reagent (ThermoScientific, Rockford,
IL, USA) and visualized using a GE Amersham Imager chemiluminescent detection system.
Blots were washed with 1× TBS-T and re-probed with loading control antibody to verify
equal protein loading. Densitometry was performed using ImageJ (NIH).

2.4. Cell Viability Assays

Cell Lines were plated in 96-well plates (Corning, Kennebunk, ME, USA) at a density
of 2500 cells per well. The following day, cells were treated with test compounds diluted
in complete media followed by incubation for 48 h. Post-incubation cells were washed
with PBS (Corning Cellgro, Manassas, VA, USA), fixed with 3.0% formaldehyde (Fisher
BioReagents, Fair Lawn, NJ, USA) in PBS, and stained for 30 min with 0.1% crystal violet
(Acros Organics, Fair Lawn, NJ, USA) in water. Crystal violet stain was removed, and
plates were washed with H2O and allowed to dry. To quantify cell viability, plates were
imaged using the Lionheart Plate reader (BioTek Instruments, Winooski, VT, USA) and/or
analyzed by absorbance at 540 nm (crystal violet dye dissolved in 100% methanol) using
the Synergy HTX plate reader (BioTek Instruments, Winooski, VT, USA). To determine the
effective cytotoxic concentration (EC50) of test compounds the data were plotted using
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a 4-parameter non-linear regression model using GraphPad Prism7 software (GraphPad
Software, San Diego, CA, USA).

2.5. Agilent Seahorse XF Cell Mito Stress Test Assay

A total of 6000 cells of each cell line were plated in 80 μL complete media into
individual wells of a XF96 cell culture microplate excluding cells from 4 corner control
wells (5 technical replicates per assay). The following day, cells were treated with test
compounds diluted in complete media followed by incubation for indicated time. Post-
incubation cells were washed 2× with warm, sterile filtered Seahorse XF RPMI media
supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose at pH 7.4.
80 μL of supplemented Seahorse XF RPMI assay media was added back to each well.
Cells were allowed to equilibrate for 1 h in a 37 ◦C CO2 free humidified incubator before
loading into a XFe96 extracellular flux analyzer temperature adjusted to 37 ◦C (Seahorse
Bioscience, Billerica, MA, USA). Sensor cartridges were equilibrated with XF calibrant for
24 h before loading with inhibitors. Inhibitor concentrations were titrated to determine
optimal drug concentrations to establish bioenergetic profiles (data not shown), final well
concentrations used were 1.0 μM oligomycin, 1.0 μM carbonyl cyanide-4 (trifluoromethoxy)
phenylhydrazone (FCCP), and 0.5 μM rotenone and antimycin A. Oxygen and proton
concentrations were measured every 8.5 min for 1 h and 35 min, inhibitors (oligomycin,
FCCP, rotenone/antimycin A, respectively) to measure mitochondrial bioenergetics were
added to the plates through the microinjection ports at the indicated time points. Oxygen
consumption rates (OCR) and spare reserve capacity (difference between maximal and
basal OCR) are shown. Cells were imaged using the Lionheart FX Automated Microscope
(BioTek Instruments, Winooski, VT, USA) to confirm cell adherence before and after assay.

2.6. MitoSOX Red Detection of Mitochondrial ROS

Indicated cell lines were loaded with 5 μM MitoSOX Red (Invitrogen, Carlsbad, CA,
USA), diluted in DMSO, in tissue culture medium for 30 min. Cells were washed with
Hanks buffered salt solution with calcium and magnesium (HBSS) and incubated with
1% BSA in HBSS. MitoSOX Red fluorescence was collected at 593 nm following excitation
with the RFP filter cube (ex 531-nm) using the Lionheart Plate reader (BioTek Instruments,
Winooski, VT, USA). Cell number was counted and used to normalize MitoSOX Red signal
to cell number. Primary mesothelial cells immediately lifted from the plate when incubated
with MitoSOX Red and therefore were not amenable to this procedure.

2.7. Expression and Purification of Recombinant Proteins

Wild-type human PRX1, PRX1 C83E, and wild-type PRX2 were expressed without a
tag from the pET17b vector and purified as previously described [2]. Untagged wild-type
PRX3 (residues 62–256) was expressed in C41 (DE3) cells from the PTYB21 expression
vector with an N-terminal Intein fusion and purified as previously described [9]. The en-
gineered dimer of PRX3 with and without the resolving Cys (PRX3-S139E/A142E and
PRX3-S139E/A142E/C229S) as well as the engineered dimer of PRX2 (PRX2-T82E) were
purified from BL21 Gold (DE3) Escherichia coli cells with a non-cleavable N-terminal His-tag
from the pET15b vector, as previously described [2]. E. coli thioredoxin 2 (Trx2, the trxC
gene product) was expressed and purified as previously described [11]. For all purifi-
cations, HisPur Cobalt affinity resin (Thermo Scientific, Waltham, MA, USA) was used.
PRX fractions were pooled, concentrated, flash-frozen with liquid nitrogen, and stored at
−80 ◦C until use. All proteins were stored in a buffer without dithiothreitol (DTT) except
for the PRX3 C229S variant. Wild-type PRX3 was oxidized to disulfide by 1.5 equivalents
H2O2 prior to storage.

E. coli thioredoxin reductase (eTR) was expressed from the pET15pp vector [12]. BL21
Gold (DE3) cells containing the TrxR construct were grown at 37 ◦C in 2 12 L fermenters
until the OD600 = 0.8 and induced with 0.5 mM isopropyl 1-thio-β-D-galactopyranoside at
18 ◦C for 18–20 h. The cells were lysed in 100 ml of Affinity buffer (20 mM HEPES, pH 7.9,
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500 mM KCl) supplemented with 1–2 mg FAD, 10% glycerol, 0.1% Triton X-100, 0.1 mM
PMSF and 0.1 mM benzamidine using an Emulsiflex C5 homogenizer (Avestin, Inc, Ottawa,
ON, Canada). After centrifugation, proteins were purified from the supernatant by affinity
chromatography using HisPur cobalt affinity resin (Thermo Scientific). The N-terminal His
tag was cleaved by adding 1 mg HRV-3C protease for every 15 mg of protein and allowing
the cleavage to proceed overnight at 4 ◦C during dialysis into buffer containing 20 mM
HEPES, 100 mM NaCl, pH 7.5. The fractions containing the protein of interest were further
purified by Q-Sepharose FF and Superdex 200 columns (both GE Healthcare). The final
storage buffer was 25 mM Hepes pH 7.5, 100 mM NaCl.

The human PRDX4 gene (residues 84–271) was codon optimized for expression in
E. coli by GenScript and subcloned into the pET15pp vector. The resultant protein contained
a non-cleavable, N-terminal His-tag. The engineered PRX4 dimer (T155E) was generated
by Genscript from the same vector. His-tagged PRX4 and PRX4-T155E were purified
as described above for eTR except that the buffers were not supplemented with FAD
and no protease was added. The mature form of recombinant human PRX5 protein
containing a non-cleavable N-terminal 6X His-tag was expressed and purified as previously
described [13].

2.8. In Vitro Turnover Assays with TS and PRX

Reactions comparing wild-type PRXs 1–5 and engineered PRX dimers contained
100 μM PRX, 5 μM E. coli TRX2, 0.5 μM E. coli TR, and a NADPH regenerating system
composed of 3.2 mM glucose 6-phosphate, 3.2 U/ml glucose 6-phosphate dehydrogenase
and 0.4 mM NADPH. Samples were incubated at 37 ◦C with either 0.25 mM TS or an
equivalent volume of DMSO (<1%). To determine the pH dependence of TS, the engineered
dimers of PRX1s 1–3 were diluted to 100 μM with 5 mM TCEP in BPCDN buffer at various
pH values. BPCDN buffer contains 20 mM phosphate (pKa2 = 7.2), 20 mM boric acid
(pKa = 9.0), 20 mM sodium citrate (pKa2 = 5.2), 0.2 mM diethylenetriamine pentaacetate
(DTPA), and 200 mM sodium chloride and allows for a single buffer solution to be used
across pH values ranging from 4.2–10 [14]. Assay components were pulsed with successive
additions of 50 μM H2O2 to induce turnover of PRX3 and incubated at 37 ◦C for 10–15 min
between H2O2 additions. Reactions were stopped by the addition of 5× SDS loading buffer
containing 100 mM DTT, heated to 100 ◦C for 10 min, and proteins were separated by 12%
SDS-PAGE and stained for total protein using GelCode Blue (Life Technologies, Carlsbad,
CA, USA). The intensity of the non-reducible PRX dimer was divided by the summed
intensity of all PRX bands within each lane. Results are presented as mean values ± SD
from a minimum of three independent replicates. Data were analyzed by two-way ANOVA
with a Tukey HSD post-hoc correction using GraphPad Prism version 7.04.

2.9. Reaction of TS with PRX3-SH vs. PRX3-SOH

The PRX3 EE C229S variant was reduced for 10–20 min at ambient temperature with
20 mM DTT. The sample was then passed through a Bio-Gel P6 spin column equilibrated
in 50 mM Tris, pH 8.0 to remove excess DTT. To prevent spontaneous oxidation of the
reduced protein, all buffers for this experiment were made using HPLC-grade water. To test
the reduced sample, PRX3-EE-C229S was diluted to a final concentration of 20 μM and
incubated for 90 min at 37 ◦C with either 200 μM TS, 20 mM dimedone, or an equivalent
amount of DMSO. To test the sulfenic acid form of the protein, 20 μM reduced PRX3-EE-
C229S was treated with 30 μM H2O2 for 3 min prior to the addition of DMSO, dimedone,
or TS. Samples were stored at −20 ◦C overnight, and 10 μL of each sampler was passed
through a 100 μL BioGel P6 column equilibrated in 25 mM ammonium acetate in HPLC
water. Samples were analyzed on a Bruker Autoflex MALDI-TOF mass spectrometer in
positive ion and linear acquisition mode using a matrix containing 20 mg/mL sinapic acid,
50% acetonitrile, and 0.1% formic acid in water.
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2.10. SEC-MALS Analysis to Measure PRX Size Distribution

Approximate molecular weights of PRX proteins were determined using size exclusion
chromatography coupled with multiangle light scattering (SEC-MALS) analysis. SEC-
MALS buffers were made in HPLC water and contained 50 mM HEPES, pH 7.5 and
100 mM NaCl. PRXs were diluted into SEC-MALS buffer prior to resolution on a TSK
Gel 4000 SW gel filtration column (8 μm particle size, 7.8 × 30 cm, Tosoh Biosciences,
Tokyo, Japan). Chromatographic separation was performed over 35 min at a flow rate
of 0.5 mL/min, monitoring elution spectrophotometrically at A280 and MALS using a
HELIOS II detector (Wyatt Technology). Molecular weights were estimated for prominent
peaks (determined from the A280 traces) from MALS data using Astra 6 software (Wyatt
Technology, Goletta, CA, USA).

To measure the oligomeric state of reduced and oxidized PRXs at pH 7,0, 7.5, or 8.0
PRX proteins were diluted to 2 mg/mL (90–93 μM) in SEC-MALS buffer to a final volume
of 0.12 mL at the indicated pH values. Reduced samples included 10 mM DTT and oxidized
samples included 1.2 equivalents of H2O2. Chromatographic separation was performed on
100 μL (0.2 μg) PRX protein in the absence of reducing agents.

To measure the oligomeric state of PRX with sub-stoichiometric amounts of disulfide
formation (Figure S6), wild-type, untagged PRX3 or PRX2 were reduced with 20 mM DTT
for 10–20 min at RT. Samples were then passed through a 1 mL BioGel P6 spin column
to remove excess DTT and to exchange into SEC-MALS buffer pH 7.4 (PRX2) or pH 8.0
(PRX3). PRXs were diluted to 100 μM in 120 μL SEC-MALS buffer and 24 μL of a 5 × stock
of peroxide was added to obtain the desired final concentration of H2O2. PRX2 (100 μM)
was titrated with final peroxide concentrations of: 0 (reduced), 20 μM (2/10 equivalents),
40 μM (4/10 equivalents), 60 μM (6/10 equivalents), 80 μM (8/10 equivalents), or 100 μM
(1 equivalence) H2O2. PRX3 (93 μM) was titrated with final peroxide concentrations of:
0 (reduced), 15.5 μM (2/12 equivalents), 31 μM (4/12 equivalents), 46.0 μM (6/12 equiva-
lents), 62 μM (8/12 equivalents), 77.5 μM (10/12 equivalents), or 93 μM (1 equivalence)
H2O2.

3. Results

3.1. PRX3 Expression and Mitochondrial ROS Levels Correlate with Sensitivity to Thiostrepton

Aggressive tumors rely on increased antioxidant expression for survival under other-
wise inhospitable redox conditions [15,16]. To determine if there was differential sensitivity
to TS, we profiled a panel of primary mesothelial, normal immortalized mesothelial and
MM cell lines using cell-viability assays. The concentration of TS required to kill 50, 90 and
99% (EC50, EC90, EC99) of cells was calculated from dose-response curves (Figure 2A,B and
Figure S1A). Primary and immortalized non-tumorigenic mesothelial cells were moderately
sensitive to TS with EC50 values between ~2.8–4.7 μM. Tumorigenic MM cell lines, repre-
sentative of both pleural and peritoneal disease from sarcomatoid and biphasic histologic
subtypes, were more sensitive to TS compared to normal cell lines, with EC50 values of
~0.9–2.4 μM TS. EC99 values extrapolated from survival curves show MM cell lines are on
average ~10 × more sensitive to TS than normal mesothelial cells at their respective EC99
concentrations (Figure S1A).

We next examined PRX3 protein expression levels in normal and MM cell lines by
immunoblotting (Figure S1B). PRX3 protein expression is elevated in most MM cell lines
compared to normal mesothelial cells (Figure 2C). We compared TS sensitivity (EC50)
to PRX3 protein expression levels and identified a linear relationship between the two
variables (Figure 2D). The slope of the line comparing TS sensitivity and PRX3 expression
was significantly non-zero (p = 0.025). The levels of mROS in normal and MM cell lines
were also determined by staining their mitochondria with MitoSOX Red, a redox-sensitive
fluorescent dye (most reactive with superoxide). The fluorescence intensity of this dye
was also significantly increased in the majority of MM cell lines as compared to LP9
normal mesothelial cells (Figure 2E), indicating higher mROS levels in MM tumor cell lines.
We compared TS sensitivity (EC50) to MitoSOX Red fluorescence intensity and identified a
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linear relationship between the two variables (Figure 2F). The slope of the line comparing
the levels of mROS and sensitivity to TS was significantly non-zero (p = 0.028). In addition,
mitochondrial bioenergetics in normal and MM cell lines was evaluated using Seahorse
Extracellular Flux analysis (Figure S1C). The spare reserve capacity of mitochondria in
MM cells was significantly lower when compared to normal mesothelial cells (Figure S1D).
Interestingly, this readout of the ability to respond to bioenergetic stress did not significantly
correlate with TS sensitivity. Altogether, these data provide evidence that elevated PRX3
protein expression and increased mitochondrial oxidant levels in MM cell lines correlate
with sensitivity to TS.

Figure 2. Mitochondrial ROS levels and PRX3 expression correlates with sensitivity to thiostrepton. (A) Dose-response
curves of normal and MM tumor cell lines to thiostrepton (TS). (B) EC50 values for TS in normal and MM cell lines (* p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 4 biological replicates). (C) Relative PRX3 protein expression levels in MM tumor
and normal cells (normalized to actin; See Figure S1 for representative Western blot). Red dotted line for reference to mean
expression of PRX3 in normal cell lines (n = 2 replicates, ±SEM). (D) Relationship between PRX3 expression and EC50

values for TS in normal and MM tumor cells (p = 0.025, n = 2). (E) MitoSOX Red levels in normal and MM tumor cell lines (*
p < 0.05, *** p < 0.001, n = 4). Red dotted line for reference to mean MitoSOX Red levels in normal cells (Of note, primary
mesothelial cells were not amenable to analysis using MitoSOX Red). (F) Relationship between MitoSOX Red levels and
EC50 values for TS in normal and MM tumor cells (* p = 0.028, n = 4).
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3.2. In Vitro (Cellular) Specificity of TS for Mitochondrial PRX3

TS induces the formation of an irreversible PRX3-TS-PRX3 protein species, in vitro
and in vivo, that migrates at ~45 kDa on reducing SDS-PAGE gels, the expected molecular
weight of PRX3 dimers (Figure 3A) [2]. The TS-mediated PRX crosslink persists despite
the treatment of samples with 10 mM DTT in SDS buffer prior to separation by SDS-PAGE
electrophoresis, indicating that the covalent TS complex is highly stable once formed. To de-
termine whether TS was able to crosslink other typical 2-Cys PRXs in cells, MM cells were
treated with 2.5 or 5 μM TS for 24 h and cell lysates were collected. We immunoblotted the
cell lysates with antibodies specific for cytosolic PRX1 and PRX2, mitochondrial PRX3 and
the endoplasmic reticulum (ER) localized isoform PRX4. TS induced the formation of a
dose-dependent, non-reducible PRX3 dimer in MM cells (Figure 3A,B). In contrast, TS in-
duced non-significant modifications to cytosolic PRXs 1 and 2 and had no observable effect
on PRX4. These data provide evidence that TS preferentially reacts with mitochondrial
PRX3 and has minimal reactivity with cytosolic or ER resident PRXs in MM cells.

Figure 3. Specificity of TS for cellular and recombinant mitochondrial PRX3. (A) Western blots of PRXs 1–4 from MM tumor
cells (HM cell line) incubated with indicated concentrations of TS for 24 h. Lysates were run on reducing SDS-PAGE gels
(* = PRX-TS-PRX indicated the TS-mediated, cross-linked dimer, * = non-specific band in PRX4 sample). (B) Quantification
of PRXs 1–4 covalent crosslink by TS in MM tumor cells (n = 3). Significance is shown relative to no TS control for each
PRX. (C) Human PRXs 1–5 (100 μM) were cycled at 37 ◦C at pH 8 in the presence or absence of 50 μM TS, 5 μM E. coli
TRX2, 0.5 μM E. coli TR, a NADPH regenerating system, and 6 successive additions of 50 μM H2O2 and run on a reducing
SDS-PAGE gel. PRX4 was purified with an N-terminal His tag. PRXs 1–3 & 5 were untagged. (D) Quantification of the TS
crosslink (dimer:total PRX ratio) for wild-type PRXs 1–5 (mean values ± SD, n = 3. (E) Quantification of TS crosslink for
wild-type proteins and their dimeric variants (mean values ± SD, n = 3). WT and engineered dimers of PRXs 1–3 were
untagged. (F) pH-dependence of TS adduct formation for the untagged, engineered dimers of PRX1, PRX2, and PRX3.
The amount of reduced protein monomer (green), TS monomer adduct (blue) and TS crosslinked dimer (orange) were
determined by SDS-PAGE in triplicate, see Methods for details. * p-value < 0.05, ** p-value < 0.005, *** p-value < 0.0005, and
**** p-value < 0.0001.
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3.3. Specificity of TS for Recombinant PRX3

Although TS exhibits a clear preference for PRX3 in cells, it is not known whether this
specificity arises from innate differences in the structure and reactivity of PRX3 compared
to other PRX proteins. We tested the ability of TS to form crosslinks between recombinant
human PRXs 1–5. Importantly, PRXs 1–3 did not contain any extra residues or affinity
tags, since the inclusion of tags can influence the oligomerization and kinetics of typical
2-Cys PRXs [17,18]. Because changes in pH are known to perturb the equilibrium between
dimer and decamer/dodecamer, the protonation state of the peroxidatic and resolving
Cys residues, and the activity of the E. coli TRX/TR system, our initial assays were all
performed at pH 8.0 [2]. Multiple cycles of enzymatic turnover were accomplished by
the addition of NADPH and six subsequent additions of 50 μM hydrogen peroxide (See
Methods for details). The formation of a TS-induced crosslink was visualized by the
appearance of a non-reducible dimer on a reducing SDS-PAGE gel (Figure 3C). PRXs 1–3
all showed the appearance of some cross-linked dimer (12–23%, Figure 3D) in the presence
of TS. In contrast, no significant TS crosslink was observed for PRX4. PRX5 belongs to a
different class of PRXs but is of interest because it does reside in the mitochondria [10].
Because the disulfide in human PRX5 is intramolecular, a TS crosslink would be expected to
increase the size of the monomer rather than induce the formation of a non-reducible dimer.
No TS adduct was observed for PRX5 by either gel electrophoresis or mass spectrometry
(Figure 3C and Figure S2). It is important to reiterate here that these experiments were
performed at pH 8.0, which mimics the mitochondrial environment. Thus, the PRX isoforms
(PRXs 1, 2 and 4) that normally function in a lower pH environment may behave differently
when tested under conditions that mimic their normal environment, as demonstrated in
the experiments below.

3.4. Thiostrepton Preferentially Adducts Dimeric PRX Species

In solution, PRXs 1–4 proteins exist in an equilibrium between dimers and higher
order oligomers that include decamers (PRXs 1, 2, and 4) and dodecamers (PRX3). This
equilibrium is influenced by numerous conditions including protein concentration, ionic
strength, post-translational modifications, redox state and pH [4]. In particular, the dode-
camer of oxidized PRX3 is less stable and dissociates into dimers [6]. Therefore, we tested
whether PRX1 and PRX2 would become more reactive to TS, if present in the dimeric
form. Previous published results from our groups and others have shown that the intro-
duction of one or two negatively charged residues into the dimer-dimer interface disrupts
decamer/dodecamer formation [19–22]. The resulting PRX1 C83E, PRX2 T82E, and PRX3
S139E/A142E variants are exclusively dimeric independent of oxidation state and under
the conditions used in the studies herein (Figure S3). At pH 8.0, all the engineered dimer
variants formed TS-crosslinks more efficiently than the wild-type proteins (Figure 3E).

3.5. TS Adducts PRX Dimers Only at Mitochondrial pH

Performing in vitro experiments at pH 8 is only relevant for mitochondrial PRX3,
where pH values range between 7.5 and 8.2; the pH of the cytosol is significantly lower
(7.0–7.2) [23]. To determine whether the pH differences between the subcellular compart-
ments contribute to the observed selectivity of TS in vivo, TS reactivity with human PRXs
1–3 were evaluated across a range of pH values (Figure S4). For these experiments, we used
TCEP as an alternative reducing system because it is able to efficiently reduce disulfides
across a broad pH range [24], unlike the TRX-TR system [25]. TS was more reactive with
WT PRXs 1–3 at the higher pH values (5–15% PRX-TS-PRX adduct) found in the mitochon-
dria compared to the lower pH values found in the cytosol (2–5% PRX-TS-PRX adduct,
Figure S4). To decouple the pH dependence in reactivity with TS from the pH dependence
of the dimer-oligomer equilibrium between the proteins, we evaluated the TS reactivity
with the engineered dimers of PRXs 1–3 across the same range of pH values (Figure 3F).
The dimeric versions of PRX1, PRX2, and PRX3 were all more reactive at higher pH values
(20–50% PRX-TS-PRX adduct at pH 8 vs. 0–7% at pH 7). Thus, the data support that the
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pH differences between the mitochondria and the cytosol are likely to contribute to the
intracellular specificity of TS for PRX3. We have also shown that the dimeric form of PRXs
is the species that most readily reacts with TS.

3.6. TS Reacts with the Reduced Cys Thiolate in PRX3, but Not the Sulfenic Acid Intermediate

We have reported that TS adduction by PRX3 requires both the peroxidatic (Cys108)
and resolving (Cys229) cysteines, and that the crosslinked adduct accumulates over time
with multiple rounds of enzymatic turnover [2]. Both the reduced cysteine thiolate and
the cysteine sulfenic acid intermediate in PRX proteins (Figure 1) are nucleophilic and
form a covalent complex with electrophilic thiol blocking reagents, including N-ethyl
maleimide [26]. In this set of experiments, we asked if the reaction of PRX3 with TS requires
the Cys108 to be in the reduced form (Cys-SH) or as the Cys-sulfenic acid intermediate (Cys-
SOH). To generate a stable Cys-sulfenic acid species, the PRX3 engineered dimer with the
resolving Cys229 residue mutated to Ser was pre-reduced and reacted with 1.5 equivalents
of H2O2. TS was then incubated with either reduced protein or the stabilized sulfenic
acid intermediate at pH 8.0 at 37 ◦C for 45 min and unreacted TS was removed using
a Bio-Gel P-6 column. The mass of the proteins was determined by MALDI-TOF mass
spectrometry (Figure 4). Because MALDI-TOF is a relatively low-resolution instrument
and the sulfenic acid intermediate is not stable during ionization, the presence of sulfenic
acid was confirmed by the addition of dimedone, a small molecule that reacts with sulfenic
acid but not thiol/thiolate [27]. Only the peroxide-oxidized samples showed an increase
in mass consistent with the addition of one dimedone (143 Da vs. theoretical of 140 Da),
indicating the presence of a stable sulfenic acid. An increase in the mass consistent with the
addition of one TS molecule (1660 Da versus theoretical of 1664 Da) only occurred when
PRX3 was in the reduced state, consistent with the reduced thiol but not the sulfenic acid
acting as the nucleophile to attack TS.

Figure 4. TS reacts with reduced Cys thiolate in PRX3, but not the sulfenic acid intermediate. MALDI-
TOF MS analysis of the reaction of TS with untagged engineered dimer of PRX3 C229S in different
oxidation states. Pre-reduced, untagged PRX3 engineered dimer lacking the Cys-SR residue was
oxidized with 1.5 equivalents of H2O2 to form a stable sulfenic acid intermediate. PRX3 with a thiol
(SH) or sulfenic acid (SOH) were split and incubated with 1% DMSO (control), 20 mM dimedone,
or 0.2 mM thiostrepton. Dimedone was added to confirm that sulfenic acid was present only in the
samples treated with H2O2.
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3.7. PRX3 Is More Likely to Be Found as Dimers than PRX1 or PRX2

The preference of TS for reduced and dimeric PRX is particularly interesting, as fully
reduced PRXs 1–4 are predominantly found as decamers/dodecamers [4]. Based on our
data we propose that PRX3 is more frequently found as a reduced dimer than PRX1 or PRX2
due to either differences in the oligomeric structure and/or differences in subcellular pH.
In order to test this hypothesis, we used size-exclusion chromatography with multi-angle
light scattering (SEC-MALS) with different pH buffers. For example, using this technique,
one can separate the PRX3 dodecamer (~17 min) from the dimer (~21 min) and measure the
mass of each species (Figure 5A). The oligomeric states of reduced and oxidized PRX1 and
PRX2 were determined at pH 7.0, 7.5 and 8.0 (Figure 5B and Figure S3). PRX3 was tested
only at pH 7.5 and 8.0 since it was not stable at lower pH values in our hands. Reduced
PRXs 1–3 were fully decameric/dodecameric at all pH values tested. In contrast, the
oligomeric state of the oxidized PRX proteins differed greatly as a function of pH. Oxidized
PRX1 was predominantly decameric at all pH values. Oxidized PRX2 was predominantly
decameric at pH 7.0, and the amount of dimer observed increased with pH, with dimer
predominating at pH 8.0. In contrast, oxidized PRX3 was fully dimeric at both pH 7.5 and
8.0. We next tested the reactivity of the PRXs 1–3 engineered dimers across the pH range
using the same SEC-MALS assay (Figure S3). All engineered dimers were dimeric at all pH
values tested.

Taken together, these data support that for the oxidized wild-type proteins at the
physiological relevant pH, the equilibrium for PRX3 is shifted more towards dimer than
PRX1 and PRX2. The preceding experiments utilized either fully reduced or fully oxidized
proteins, a state most likely not observed in cells when PRXs are constantly undergoing
active turnover. It is also important to note, however, that some number of reduced active
sites are necessary to react with TS (Figure 1). Therefore, TS would be most reactive when
partial oxidation of PRX3 leads to dodecamer destabilization, while allowing a portion of
the active sites to remain reduced. To test the hypothesis that the dodecameric structure of
PRX3 is much less stable than the decameric structure of PRX2, the oligomeric status of
PRX2 and PRX3 were measured by SEC-MALS analysis following partial oxidation at their
respective cellular compartment pH. The pre-reduced proteins were treated with increasing
substoichiometric amounts of H2O2, assuming that the H2O2 concentration will result
in disulfide formation in an equal number of PRX active sites (Figure 5C and Figure S5).
PRX1 was not measured since this isoform showed very little dimer formation even when
fully oxidized (Figure 5B). At pH 8.0, PRX3 was dodecameric when fully reduced and a
significant amount of dimer starts to appear upon the addition of 1/6 equivalents of H2O2
(enough to oxidize 2 of 12 active sites). PRX3 was fully dimeric after oxidation of 6 of the
12 active sites. In contrast, PRX2 still maintained a significant amount of decamer even
when fully oxidized. This data and the higher pH of the mitochondria compared to the
cytosol suggest that a much higher fraction of PRX3 will be dimeric than PRX2, which
will be more frequently dimeric than PRX1. Therefore, PRX3 will have significantly more
dimers with reduced active sites available to react with TS than other typical 2-Cys PRXs.

3.8. Gentian Violet Potentiates TS Adduction of PRX3 but Not PRX1 and PRX2

Treatment of MM tumor cells with GV leads to loss of TRX2 protein within 30 min [2].
When GV is used in combination with TS, the majority of PRX3 is irreversibly crosslinked
by TS in MM cells [2,3]. To determine if GV can potentiate the formation of disulfide-
bonded dimers in other PRX isoforms, we incubated MM cells with 1 μM GV and collected
cell lysates after 24 h for immunoblotting analysis by non-reducing SDS-PAGE. Under
these conditions PRXs migrate as 23–26 kDa reduced monomers and 46–50 kDa disulfide-
bonded dimers (Figure 6A). Treatment with GV significantly increased the abundance of
mitochondrial PRX3 disulfide-bonded dimers but had no observable effect of the formation
of PRXs 1, 2, or 4 disulfide-bonded dimers (Figure 6A,B). To further evaluate the effects of
GV, MM cells were incubated with increasing concentrations of GV in combination with a
fixed concentration of TS for 24 h. These samples were then analyzed for TS induced PRX
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crosslinking by reducing SDS-PAGE and immunoblotting (Figure 6C,D). TS alone induced
significant PRX3 crosslinking and minimal crosslinking of PRXs 1, 2 and 4, as described
above. When TS was used in combination with GV, a dose dependent increase in PRX3
crosslinking was observed; at higher GV concentrations, all of the observed PRX3 formed
covalent PRX3-TS-PRX3 adducts. No increase in PRXs 1, 2, or 4 crosslinking was observed
with GV treatment. These data provide convincing evidence that TS and GV exert their
cellular effects specifically on the mitochondrial TRX2/PRX3 antioxidant network.

Figure 5. PRX3 is more likely to be dimer than PRX1 or PRX2. (A) SEC-MALS analysis of the
influence of oxidation state on the distribution of oligomeric states for untagged wild-type PRX3
at pH 8.0. Shown is the elution profile OD280 trace for reduced (top), partially oxidized (middle
panel) and oxidized (bottom panel). The dodecameric species elutes at ~17 min, while the dimer
elutes at ~21 min. The mass for each species is indicated by the dots (left, y-axis). (B) Comparison of
oligomeric states for PRX1, PRX2 and PRX3 as a function of pH and oxidation state (SH versus SS).
The oligomeric state at each concentration ranged from fully dimeric (yellow) to fully (do)decameric
(dark blue), with many samples exhibiting a mixture of the two species. The color gradient represents
the approximate relative values of dimer and decamer within the mixtures. (Elution profiles for all
samples are shown in Figure S3). All proteins were untagged. (C) Titration of PRX3 and PRX2 with
peroxide at their typical cellular compartment values. Pre-reduced PRX2 and PRX3 were treated
with increasing equivalents of peroxide. Relative amounts of dimer and (do)decamer in each sample
are represented by the same color gradient as (B). The elution profiles for each sample are shown in
Figure S5. PRX3 was not analyzed at pH 7.0 because of instability and precipitation at this pH.
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Figure 6. Specificity for Gentian violet (GV) to potentiate TS crosslinking of mitochondrial PRX3. (A) Western blots of
PRXs 1–4 from MM tumor cells incubated with 1 μM GV for 24 h. Lysates were run on non-reducing SDS-PAGE gels.
PRX-S-S-PRX represents the native intermolecular disulfide; the band above this indicated region in PRX4 is a non-specific
band. (B) Quantification of PRXs 1–4 disulfide formation induced by GV under non-reducing conditions (n = 3). (C) Western
blots of PRXs 1–4 from MM tumor cells incubated with 5 μM TS or 5 μM TS + indicated concentration of GV for 24 h.
Lysates were run on reducing SDS-PAGE gels. (D) Quantification of PRXs 1–4 covalent crosslink by TS or TS + GV under
reducing conditions. (* p < 0.05; **** p < 0.0001).

3.9. Disruption of the Mitochondrial Membrane Potential Does Not Affect TS-Mediated
Crosslinking of PRX3

As mitochondrial membrane potential has been shown to play a significant role
in the uptake and localization of compounds to the mitochondria [28], the effects of
depolarizing the mitochondrial membrane potential on TS activity were evaluated. FCCP,
a well-documented proton ionophore that rapidly dissipates mitochondrial membrane
potential, depolarizes mitochondrial membranes rapidly in normal mesothelial and MM
cells, as assessed by Seahorse Extracellular Flux Analysis (Figure S1C,D). Crosslinking of
PRX3 by TS was unaffected at both early (4 h) and late (24 h) time points in normal and MM
cell lines in the presence of FCCP (Figure 7A). The cytotoxic activity of TS in the presence
of multiple concentrations of FCCP was also unaffected (Figure 7B). These data indicate
that TS exerts cytotoxic activity through PRX3 inhibition independent of mitochondrial
membrane potential.

To investigate the contribution of mitochondrial membrane potential on the ability of
GV to act on mitochondrial targets, MM cells were incubated with GV and FCCP and cell
lysates were collected over time. FCCP had minor effects on GV induced PRX1 and PRX2
disulfide-bonded dimer formation (Figure S6A,B). In contrast, GV induced PRX3 disulfide
bonded dimers rapidly (15 min); the level of which was sustained throughout the time
course (4 h) (Figure S6C). Loss of TRX2 expression was rapid, showing reduction in TRX2
protein levels by 30 min. Co-incubation of GV with 1 μM FCCP blunted TRX2 degradation
and PRX3 disulfide-bonded dimer formation throughout the entirety of the experiment.
These data indicate that unlike TS, GV activity against mitochondrial targets is sensitive to
mitochondrial membrane potential. This is not unexpected due to the triphenyl-structure
and the positive charge of GV [29,30].
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Figure 7. Intact mitochondrial membrane potential is not required for TS activity. (A) Western blots of normal LP9 and
MM (HM cell line) cells incubated with 4 μM TS alone or in combination with indicated concentrations of FCCP. Lysates
were collected at 4- and 24-h post incubation and separated by reducing SDS-PAGE. (B) Dose response curves of HM cells
incubated with TS alone or in combination with indicated concentrations of FCCP. IC50 values (μM) are shown for indicated
treatment groups.

4. Discussion

The goal of this study was to determine the molecular basis for the specificity of
TS for human PRX3, one key component for this candidate redox-based cancer therapy.
The origins of TS specificity could come from a combination of many variables, including
normal versus cancer cell ROS levels, PRX3 levels, differences in the cellular localization of
TS and/or PRX enzymes and differences in the reactivity and structural features of the PRX
proteins. Since the PRXs have similar reaction mechanisms (Figure 1), detailed cellular and
mechanistic studies evaluating multiple PRX isoforms within cells and with recombinant
proteins were necessary.

PRX3 is over-expressed in MM cells and tumors [31], and PRX3 expression levels and
mROS levels correlate with TS sensitivity (Figure 2). In MM cell culture, TS preferentially
adducts mitochondrial PRX3 compared to the cytosolic enzymes PRX1 and PRX2 and
ER-localized PRX4 (Figure 3). Additionally, GV exerts its effects on mitochondrial TRX2,
specifically increasing the abundance of partially oxidized PRX3 disulfide-bonded dimers,
the preferred target of TS, without any effect on PRXs 1, 2 or 4 (Figure 8). The data provided
within argue that it is possible to target mitochondrial PRX3 specifically. Moreover, tumor
types with genetic and phenotypic features of increased mitochondrial oxidative stress will
be more susceptible to PRX3 and/or TRX2 inhibition [16].

We previously showed that TS targets PRX3 and provided preliminary evidence that
PRX3 dimers, versus high molecular weight dodecamers, were the preferred target of
TS [2,3]. Herein, we greatly expanded the analysis to determine the specificity of TS for
PRX3 versus PRX1, PRX2 and PRX4 in cells and determined the structural and biochemical
features of PRX3 that modulate this specificity. TS was able to crosslink all 2-Cys isoforms
(PRXs 1–4) when the reactions were conducted at the pH of the mitochondrial compartment
(~pH 8.0) (Figure 3). The engineered, dimeric forms of PRXs 1–3 were all more reactive
than their native counterparts, particularly at pH 8.0. When the reaction was conducted at
cytosolic pH (~7.4), crosslinking of all PRX isoforms by TS was significantly attenuated.
These data provide novel evidence that TS activity against PRX3 is partially driven by the
elevated pH found in the mitochondrial matrix. Of interest, elevated pH levels found in
tumor cells may also contribute to the therapeutic window of TS in normal versus tumor
cells [32].

These observations led us to determine which wild-type PRX isoform can form dimers
containing some reduced active sites under physiological conditions. For these studies,
we used a constant concentration of 100 μM PRX, which is physiologically relevant even
if somewhat low for the estimates of PRX3 mitochondrial concentrations (48–125 μM)
and slightly higher than the estimated concentration of PRX1 and PRX2 in the cytosol
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(20–65 μM) [33–35]. A recent study using real-time monitoring of the PRX2 oligomerization
state confirmed for the first time that PRX2 decamer-dimer oscillations occur and that
oxidation favors dimers in cellulo. Of particular interest, this study confirmed that there
was a measurable portion of reduced PRX2 dimers in cells, indicating that partial oxidation
of PRX2 is sufficient to promote dimerization [36]. However, it should be noted that the
oxidation state is only one factor and that the dimer/(do)decamer equilibrium can also be
influenced by protein concentration, salt, pH and the presence of reporter and affinity tags.

Figure 8. Summary of the biochemical, structural and environmental conditions that determine the specificity of TS for
PRX3. The PRX3 dodecamer (blue) readily collapses to dimer (yellow; same coloring scheme used as in Figure 5), while
the PRX2 decamer is more stable. In contrast to PRX2 where an increase in H2O2 cycling leads to hyperoxidation and
inactivation, PRX3 can form an asymmetric dimer with one disulfide present. The other active site can then react with TS to
form a covalent crosslink. Treatment with GV slows the reduction of the disulfide, further enhancing the formation of TS
adducts. Double TS adducts have been observed with recombinant PRX3.

Our results showing that TS reacts with the reduced thiol/thiolate in PRXs and more
efficiently with the PRX dimer, led us to hypothesize that the specificity of TS is driven
by structural differences in PRX3 that facilitate collapse of the dodecamer toward dimer.
Previous studies have shown that the equilibrium of other oxidized typical 2-Cys PRXs is
shifted toward decamer at pH 7.0 and toward dimer at pH 8.0, with this transition driven
by the protonation state of a conserved His residue within the dimer-dimer interface [37].
Here we show that the pH-dependence of the dimer/(do)decamer equilibrium differs
between human PRXs 1–3. While oxidized (disulfide bonded) PRX2 shows a shift from
decamer at pH 7 toward dimer at pH 8, the equilibrium for oxidized PRX1 is shifted toward
decamer at all pH ranges, and the equilibrium for PRX3 is shifted toward dimer (Figure 5).
Importantly, only a small proportion (2/12 possible disulfides) of the PRX3 active sites
are needed to react with H2O2 to facilitate collapse of the dodecamer to the constituent
dimeric units. This amount of peroxide required is even lower than reported earlier by
colleagues [7]. The results from the panel of human PRXs tested herein supports the
proposed concept from the former study that each PRX has its own “oxidation threshold”
for dissociation to the dimeric subunits [36], with PRX3 exhibiting the strongest propensity
to dissociation based on our data.

Taken together, these observations (Figure 8) are also consistent with the relative in-
sensitivity of PRX3 to hyperoxidation and inactivation when compared to PRX1, PRX2 and
bacterial 2-Cys PRX homologs [6–8,38]. Thus, under conditions of oxidative stress, PRX1
and PRX2 are more likely to become hyperoxidized and inactivated. Moreover, hyperoxi-
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dation of PRX1 and PRX2 stabilizes the decamer, further protecting the cytosolic proteins
from TS inhibition (i.e., for the subunits within the decamer that were not hyperoxidized).
In contrast, our data expands upon the observation that partial oxidation of PRX3 shifts it to
dimer [7], which both protects it from hyperoxidation [22] and provides a pool of reduced
Cys residues available to react with TS. Decreased TRX2 expression or activity would
decrease the rate of disulfide reduction further, allowing for the accumulation of partially
oxidized and dimeric PRX3, as seen in our experiments using the TRX2 inhibitor GV.

Given the requirement for mitochondrial pH, we also wondered if the mitochondrial
membrane potential played a role in TS and GV activity. While disruption of the membrane
potential did not affect TS cytotoxicity, it did blunt the ability of GV to reduce TRX2 protein
levels and potentiate the adduction of PRX3 with TS (Figure S6). While it makes sense that
the loss of membrane potential blocks the uptake of the positively charged GV molecule,
the mechanism by which TS enters the mitochondria is currently unknown.

In conclusion, the primary drivers for the specific reaction of PRX3 with TS in cells
include its mitochondrial localization with its higher pH and the unique biochemical and
structural features that protect the protein from hyperoxidation and promote the facile
collapse of the dodecamer to dimer (Figure 8). Thus, these observations add novel details
to the mechanism of action of TS. The reaction of PRX3 with TS can be potentiated with
GV by producing more dimeric species with only one disulfide bond, suggesting that
other compounds or therapies that induce oxidative stress and lower the activity of the
mitochondrial TRX2-TR2 system could also synergize. Indeed, several compounds with
pro-oxidant features have been shown to synergize with TS [39–41]. The specific features
of the TS-PRX3 interaction elucidated here provide mechanistic insight into this novel
drug-target interaction, provide evidence inhibitors can specifically target the PRX3 isoform
and support further development of this redox-based, prooxidant therapeutic strategy for
cancer [4,42].
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Abstract: Anticancer activities of plant polyphenols have been demonstrated in various models of
neoplasia. However, evidence obtained in numerous in vitro studies indicates that proliferation
arrest and/or killing of cancer cells require quite high micromolar concentrations of polyphenols
that are difficult to reach in vivo and can also be (geno)toxic to at least some types of normal cells.
The ability of certain polyphenols to synergize with one another at low concentrations can be used
as a promising strategy to effectively treat human malignancies. We have recently reported that
curcumin and carnosic acid applied at non-cytotoxic concentrations synergistically cooperate to
induce massive apoptosis in acute myeloid leukemia cells, but not in normal hematopoietic and
non-hematopoietic cells, via sustained cytosolic calcium overload. Here, we show that the two
polyphenols can also synergistically suppress the growth of DU145 and PC-3 metastatic prostate
cancer cell cultures. However, instead of cell killing, the combined treatment induced a marked
inhibition of cell proliferation associated with G0/G1 cell cycle arrest. This was preceded by transient
elevation of cytosolic calcium levels and prolonged dissipation of the mitochondrial membrane
potential, without generating oxidative stress, and was associated with defective oxidative phos-
phorylation encompassing mitochondrial dysfunction. The above effects were concomitant with
a significant downregulation of mRNA and protein expression of the oncogenic kinase SGK1, the
mitochondria-hosted mTOR component. In addition, a moderate decrease in SGK1 phosphorylation
at Ser422 was observed in polyphenol-treated cells. The mTOR inhibitor rapamycin produced a
similar reduction in SGK1 mRNA and protein levels as well as phosphorylation. Collectively, our
findings suggest that the combination of curcumin and carnosic acid at potentially bioavailable
concentrations may effectively target different types of cancer cells by distinct modes of action. This
and similar combinations merit further exploration as an anticancer modality.

Keywords: prostate cancer; curcumin; carnosic acid; cell cycle; OxPhos; SGK1

1. Introduction

Historically, phytochemicals have been one of the major foundations of drug devel-
opment [1]. Curcumin (CUR), the principal curcuminoid of the Indian spice turmeric
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Antioxidants 2021, 10, 1591

(Supplementary Figure S1) has been the subject of numerous studies into its value as a
cancer therapy that led to a number of clinical trials (e.g., [2–4]). The rationale for potential
therapeutic applications of this compound is based on its pleiotropic effects on multiple
cellular activities and regulatory pathways (see [4,5] for recent reviews), including the
ability to induce oxidative stress [6–10] and/or endoplasmic reticulum stress [11–14] in
various cancer cell types that lead to cell cycle arrest and cell death. However, the above
effects are usually observed at high supraphysiological concentrations of CUR (≥10 μM)
that are difficult to reach in vivo due to a low bioavailability and extensive metabolism
of this polyphenol [15,16]. Furthermore, at such concentrations CUR has been found to
induce geno/cytotoxicity to at least some types of normal cells [17–21].

Combinations of CUR with different phytochemicals or drugs have demonstrated
enhanced anticancer effects in various models of human malignancies, as compared to
single agents (see [22–24] for recent reviews). For instance, pairing CUR with the polyphe-
nols quercetin [25], resveratrol [26,27], epigallocatechin gallate [28] or ursolic acid [29]
resulted in synergistic inhibitory effects on the growth and survival of colorectal, breast
and prostate cancer cells. Our previous study has demonstrated that the combination of
CUR and the carotenoid lycopene synergistically inhibited androgen receptor signaling
in prostate cancer cells [30]. Such a combinatory approach has the potential to overcome
therapeutic limitations of plant polyphenols by minimizing their effective concentrations in
synergistically acting combinations while maintaining or increasing anticancer efficiency.

We have recently shown that co-treatment of acute myeloid leukemia (AML) cells
with CUR and carnosic acid (CA), a phenolic diterpene from rosemary (Supplementary
Figure S1) [31], at non-cytotoxic concentrations of each compound (2.5–5.0 μM CUR + 5–10 μM
CA) results in a rapid and massive cell death through the synergistic activation of both extrinsic
and intrinsic apoptotic pathways [32,33]. Interestingly, in contrast to CA, other plant phenolic
compounds, such as silibinin, rosmarinic acid, resveratrol, quercetin or parthenolide, did not
cooperate with CUR in AML cells [32,34]. In the present study, we examined whether the
two polyphenols (CUR and CA) applied at similar low concentrations (≤10 μM) would also
synergize in inducing apoptotic cell death of DU145 and PC-3 cells, the most widely studied
human metastatic prostate cancer cell lines [35]. Surprisingly, CUR + CA treatment caused
only a slight or no induction of apoptosis in these cells; however, the combination dramatically
inhibited clonal cell growth and G1-to-S cell cycle transition in a synergistic manner.

Development of primary tumors and their further dissemination to metastatic loci are
shown to be accompanied by metabolic reprogramming towards advancement of oxidative
processes and loss of apoptotic potential [36–38]. Recent discoveries in this field indicate
an active involvement of mitochondria in cancer progression and the development of
chemoresistance [39–43]. Various plant polyphenols have been shown to target mitochon-
dria in cancer cells (reviewed in [44]). Therefore, here, we focused on characterizing the
effects of CUR and CA, alone and in combination, on mitochondrial function in DU145
and PC-3 cells. The data demonstrated that the marked inhibition of cell proliferation by
CUR + CA was preceded by dissipation of the mitochondrial membrane potential (Δψm)
and suppression of all respiratory enzyme complexes. Notably, these effects were not
accompanied by intracellular accumulation of reactive oxygen species (ROS).

2. Materials and Methods

2.1. Materials

Curcumin (≥90%) and carnosic acid (≥95%) were purchased from Cayman Chemical
(Ann Arbor, MI, USA) and Enzo Life Sciences, Inc. (Farmingdale, NY, USA), respectively.
Stock solutions of both polyphenols were prepared in DMSO and were refreshed every two
weeks. DMSO was used as a vehicle throughout all experiments at a final concentration
of 0.2%.
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2.2. Cell Lines

Metastatic human prostate cancer cells (DU145 and PC-3) were purchased from ATCC
(Manassas, VA, USA) at the available passage 60 and used up to passage 70. Cells were
maintained in RPMI 1640 medium supplemented with 10% FBS. The cells were grown at
37 ◦C in a humidified 5% CO2 atmosphere.

2.3. Alamar Blue Cell Viability Assay

Cells were seeded in a 96-well plate at a density of 9000 cells per well and treated with
vehicle or polyphenols for 48 h. The cells were incubated with 100 μL of 3% Alamar Blue
solution in a complete growth medium at 37 ◦C for 2 h [45]. The fluorescence signal of
the Alamar Blue product resorufin (585 nm) was read on a BioTek Synergy 4 microplate
reader (Winooski, VT, USA). In these and all the other experiments involving fluorescence,
curcumin autofluorescence was subtracted from the signals obtained from cells treated
with curcumin, alone and in combination with carnosic acid.

2.4. Assessment of Apoptosis

Apoptosis was evaluated using Annexin V-Propidium Iodide-based apoptosis kit
(ThermoFisher Scientific, Waltham, MA, USA) and analyzed by flow cytometry on the
BD Accuri C6 instrument. For each sample, 10,000 events were recorded. Annexin V-
positive/PI-negative cells were considered to be in the early apoptotic phase; cells positive
for both Annexin V and PI to be late apoptotic; and Annexin V-negative/PI-positive cells
to be necrotic [46].

2.5. Colony Formation Assay

Clonogenic cell growth assay was performed with 20,000 PC-3 or DU145 cells seeded
in a 6-well plate in the growth medium and incubated overnight. Cells were then treated
with vehicle or polyphenols for 7 days. Colonies were fixed with 3.7% paraformaldehyde
at room temperature for 5 min, rinsed with PBS, and stained with 0.05% crystal violet
for 30 min. Cells were then washed with tap water and drained. The stained colonies
were imaged on a Zeiss Axiovert 40 CFL inverted microscope with SPOT RT-SE™ digital
camera (Diagnostic Instruments Inc., Sterling Heights, MI, USA) and analyzed using ImageJ
program. Quantification of cell colonies per microscopic field of view was made using a
density threshold.

2.6. Examination of Cell Cycle Distribution

Cells (1 × 106) were synchronized in serum-free growth medium for 24 h (DU145) or
48 h (PC-3) and incubated with polyphenols for 24 h. After treatment, cells were washed
with ice-cold PBS and fixed in 70% ethanol at −20 ◦C for 24 h. Cells were then rinsed twice
with PBS and incubated in 1 mL of PBS containing 0.1% Triton X-100 and 50 μg of RNAse
at room temperature for 30 min. Propidium iodide (10 μg/mL) was added to the cells for
20 min followed by fluorescence analysis in BD Accuri C6 flow cytometer (BD Biosciences,
San Jose, CA, USA). For each sample, 10,000 events were recorded.

2.7. Preparation of Whole Cell Lysates and Western Blotting

Cells rinsed with PBS were lysed in ice-cold buffer containing 50 mM, HEPES, pH 7.5,
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM EGTA, 2 mM sodium orthovanadate,
20 mM sodium pyrophosphate, 50 mM NaF, 1 mM DTT and 1:50 cOmplete™ protease
inhibitor cocktail (Sigma-Aldrich-Merck, Rehovot, Israel). The lysates were incubated for
10 min on ice and centrifuged at 20,000× g, 10 min, 4 ◦C. Supernatants (30 μg protein)
were subjected to SDS-PAGE and blotted into nitrocellulose membrane (Whatman, Dassel,
Germany). The membranes were blocked with 5% milk for 2 h and incubated with primary
antibodies overnight at 4 ◦C, followed by incubation with HRP-conjugated secondary
antibodies (Promega, Madison, WI, USA) for 1 h. The protein bands were visualized
using Western Lightning™ Chemiluminescence Reagent Plus (PerkinElmer Life Sciences,
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Inc., Boston, MA, USA). The Integrated Density Value (IDV) of each protein band was
quantitated using the Image Quant LAS 4000 system (GE Healthcare, Little Chalfont, UK).
The following primary antibodies were used. Cyclin D1 (sc-6281), cyclin E (sc-481), CDK2
(sc-163), CDK4 (sc-260), p21Cip1 (sc-6246) and p27Kip1 (sc-1641) were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Phospho-SGK1 (Ser78; #5599) and SGK1 (#12103)
were obtained from Cell Signaling Technology (Danvers, MA, USA), and phospho-SGK
(Ser422; #SAB4503834) from Merck-Sigma-Aldrich (Rehovot, Israel). Calreticulin (sc-11398)
or GAPDH (sc-47724) from Santa Cruz Biotechnology (Dallas, TX, USA) was used as the
loading control.

2.8. Evaluation of Cytosolic Calcium Levels

Cells (0.2 × 106) were trypsinized, washed with modified Krebs buffer (137 mM NaCl,
5 mM KCl, 1 mM KH2PO4, HEPES 20 mM, pH 7.4, 2 mM MgCl2, 2 mM CaCl2) and loaded
with 2 μM Fluo-4AM at room temperature. After incubation for 15 min, cells were rinsed
and kept in the buffer prior to measurements. For the Ca2+-free experiments, the buffer
was prepared without CaCl2 and contained 1 mM EGTA. The changes in cytosolic calcium
levels were analyzed for 30 min using BD Accuri C6 flow cytometer. For each sample,
1000 events were recorded per each one-minute time point. To assess the maximal calcium
level, 10 μM ionophore ionomycin was added in the end of each measurement.

2.9. Evaluation of the Mitochondrial Membrane Potential

Harvested cells (0.2 × 106) were rinsed with modified Krebs buffer and loaded with
75 nM MitoRed (PromoCell GmbH, Heidelberg, Germany), the mitochondria membrane
potential-sensitive indicator. After 30 min of incubation at room temperature, cells were
rinsed and kept in the same buffer prior to examination. The signal was examined on a
BD Accuri C6 flow cytometer. For the positive control, cells were treated with 2 μM FCCP
(carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone), the dose which resulted in a
collapse of the membrane potential. For each sample, 10,000 events were recorded.

2.10. Measurement of Oxidative Phosphorylation

Cellular respiration was analyzed at 37 ◦C using OROBOROS Oxygraph-2K (Inns-
bruck, Austria) [47,48]. Harvested cells were rinsed and resuspended in a modified Krebs
buffer to assess the intact cells. Once the basal level of respiration was achieved, the ATPase
inhibitor oligomycin (1 μg/mL) was added to evaluate the proton leak across the mitochon-
dria inner membrane [49]. After inhibition, the 20 nM step FCCP titration was performed
to “substitute” for the inhibited proton pump and stimulate respiration to its maximal
rate. To examine OxPhos activity of individual respiratory enzymes, the permeabilized cell
protocol was used. The addition of 10 μM digitonin compromises the plasma membrane
enabling membrane impermeable modulators to enter cells and reach the mitochondria [50].
For this experiment, the cells were resuspended in the buffer, mimicking an intracellular
environment (120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM MOPS, pH 7.2, 2 mM
MgCl2, 1 mM EGTA, 0.7 mM CaCl2). The respiratory complexes were stimulated with
10 mM glutamate/2 mM malate (for complex I), 10 mM succinate (for complex II), 1 mM
ascorbate/0.3 mM TMPD (for complex IV).

2.11. Measurement of the Levels of Reactive Oxygen Species

Harvested cells (0.2 × 106) were rinsed with modified Krebs buffer and loaded with
2 μM CM-H2DCFDA, the indicator for cytosolic peroxides, or 5 μM MitoSox, the probe for
mitochondrial superoxide (ThermoFisher Scientific, Waltham, MA, USA). After incubation
for 30 min at room temperature, cells were rinsed with modified Krebs buffer and kept in
the same buffer prior to examination. Fluorescence changes were analyzed on a BD Accuri
C6 flow cytometer. H2O2 (100 μM) was used as a positive control in CM-H2DCFDA-loaded
samples, and 2.5 μM antimycin A in MitoSox-loaded samples.
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2.12. Reverse Transcription and Quantitative PCR

Total cell RNA was extracted using RNeasy Mini kit (QIAGEN) followed by treatment
with Ambion® Turbo DNase (ThermoFisher Scientific, Waltham, MA, USA). RNA quality
and concentration were determined using a Nanodrop spectrophotometer (Nanodrop
Technologies, Wilmington, DE, USA), and was adjusted to 50 ng/μL. RNA was converted
to cDNA using the High-Capacity cDNA Reverse Transcriptase kit (Applied Biosystem,
ThermoFisher Scientific, Waltham, MA, USA) and 1 μg RNA template, using Eppendorf
Mastercycler Epigradient S (Hamburg, Germany). Initial gene profiling was performed on
cDNA from DU145 cells using Human mTOR Signaling RT2 Profiler PCR Array (SA Bio-
sciences, Qiagen, Germantown, MD, USA). GAPDH served as an internal control for gene
expression normalization. To quantify gene expression in all cell lines, primers and Taq-
Man probes for SKG1 and GAPDH were acquired from Applied Biosystem (ThermoFisher
Scientific, Waltham, MA, USA). qPCR was performed on ABI QuantStudio S3 real-time
PCR system (ThermoFisher Scientific, Waltham, MA, USA). Data were analyzed with
ABI DataAssist software (ThermoFisher Scientific, Waltham, MA, USA) using the 2−ΔΔCt

algorithm (relative quantification). Results are expressed in relative gene expression levels
(fold regulation) compared with the untreated control. The qPCR was run in triplicate and
repeated at least twice.

2.13. Statistical Analysis

Statistical analyses were performed using Prism GraphPad 7.0 software (San Diego,
CA, USA). The cooperation between curcumin and carnosic acid was assessed by the
Combination Index (CI) analysis using CompuSyn 1.0 software (ComboSyn Inc., Paramus,
NJ, USA). The CI values were calculated on the basis of the levels of cell growth inhibition
(fraction affected) by each agent individually and combination at non-constant ratios. CI
values of <1, 1, and >1 show synergism, additivity and antagonism, respectively. Statisti-
cally significant differences between the means of several groups were assessed by one-way
ANOVA with the Tukey multiple comparison post hoc analysis. The significance of the
differences between two groups was estimated by unpaired, two-tailed Student’s t-test.
Differences were considered significant at p < 0.05.

3. Results

3.1. Concentration-Dependent Effects of Curcumin, Carnosic Acid and Their Combinations on Cell
Growth and Viability

To evaluate the effects of curcumin (CUR) and carnosic acid (CA) on DU145 and
PC-3 cells, we first employed the Alamar Blue assay to assess relative changes in the
proportion of viable cells. Exposure to a range of (sub)micromolar concentrations of CUR
(0.25–10 μM) for 48 h resulted in a dose-dependent decrease in cell growth/viability, with
PC-3 cells being less responsive than DU145 cells (Figure 1a,c). When applied at the above
concentrations, CA produced only minimal effects on both cell lines (Figure 1a,c). The data
obtained in these experiments enabled us to select two relatively low concentrations of CUR
(5 μM and 7 μM) for combined treatment with gradually increasing concentrations of CA.
In DU145 cells, the combinations of 7 μM CUR and 1–5 μM CA produced a significantly
enhanced reduction in the proportion of viable cells, as compared to the sum of the effects
of single compounds (Figure 1a) or to the effect of CUR alone (Figure 1d). The combined
effects of 5 μM CUR and CA were less pronounced, without an evidence for significant
enhancement of the CUR effect by CA. Interestingly, when applied at lower concentrations
(0.25–1.0 μM), CA even abolished the inhibitory effect of 5 μM CUR (Figure 1a,d). Detailed
assessment of the cooperativity between the two polyphenols using the Combination Index
(CI) analysis revealed a clear synergistic interaction between CUR and CA (CI < 1) at 7 μM
CUR combined with 1–5 μM CA (Figure 1b), while the effects of 5 μM CUR combined
with CA were additive at most (not shown). Therefore, the combination of 7 μM CUR
and 5 μM CA, which produced the strongest synergistic reduction in cell viability (~50%
compared to DMSO), was chosen for further studies. Surprisingly, these experiments
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showed no evidence of cooperation between the two polyphenols for PC-3 cells, i.e., the
effects of CUR + CA combinations were similar to, or even weaker than, those of CUR
alone. Again, the addition of CA at lower concentrations significantly abrogated the effects
of CUR (Figure 1c,d).

Figure 1. Effects of curcumin, carnosic acid and their combinations on the growth/viability of DU145 and PC-3 prostate
cancer cells. (a,c) The Alamar Blue assay data obtained after 48 h of cell treatment with vehicle (DMSO) or the indicated
concentrations of curcumin (CUR), carnosic acid (CA) and their combinations (CUR + CA). Values given in parentheses
are concentrations (μM). Data are presented as mean ± SEM (n = 3). Statistically significant differences are indicated for
CUR + CA vs. the sum of the effects of CUR and CA applied separately. * p < 0.05. (b) The Combination Index (CI) analysis
of DU145 cell viability for the indicated CUR + CA (μM) combinations. The CI values are plotted against the levels of the
fraction affected. (d) The Alamar Blue assay data demonstrating the effects of increasing concentrations of CA on DU145
and PC-3 cells treated with CUR at 5 μM or 7 μM. The values are derived from the data (mean ± SEM; n = 3) shown in
panels (a,c). * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001 vs. CUR alone (0 μM CA).

To examine whether the CUR ± CA-induced decreases in the relative quantity of
viable cells were due to increased cell death, we evaluated the effects of the polyphenols
using the annexin-V/PI assay in both DU145 and PC-3 cells. The results demonstrated that
following 48 h of incubation, 7 μM CUR and 5 μM CA, alone or together, had a minimal or
no apoptotic or necrotic effect on either cell line (Figure 2). For instance, treatment of PC-3
cells with CUR or CUR + CA resulted in a ≤10% increase in apoptotic cell death (Figure 2b),
as compared to DMSO-treated cells (p = 0.208 or p = 0.069, respectively). This is unlike the
previously observed rapid induction of massive apoptotic cell death in CUR + CA-treated
AML cells [32,33].
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Figure 2. Effects of curcumin and carnosic acid on the induction of apoptosis. (a) Examples of primary flow cytometric
data of annexin-V and propidium iodide binding to DU145 and PC-3 cells under the indicated treatment conditions (48 h).
(b) Summarized data of apoptosis (early + late) induction, as exemplified in panel (a). Values given in parentheses are
concentrations (μM). Data are presented as mean ± SEM (n = 3).

On the other hand, using the colony formation assay, we obtained strong support
for the antiproliferative activity of the polyphenol combination in both cell lines tested.
As shown in Figure 3, incubation of DU145 cells with CUR + CA for 7 days lead to an
almost complete abrogation of clonal cell growth, whereas treatment with CUR or CA
alone produced only a minor or no effect, respectively, as compared to untreated or vehicle-
treated cells. Remarkably, while exhibiting no cooperativity in PC-3 cells when applied
for 48 h (Figure 1c), the two polyphenols produced a marked synergistic suppression of
clonal growth following 7 days of incubation (Figure 3), though the effect was somewhat
less pronounced than that observed in DU145 cells.

3.2. Curcumin and Carnosic Acid Cooperate in Inducing Cell Cycle Arrest

To further characterize the cooperative antiproliferative activity of CUR and CA, we
evaluated the effects of the polyphenols, alone or together, on cell cycle distribution fol-
lowing cell synchronization at G1/S boundary by serum starvation. As exemplified in
Figure 4a, incubation of synchronized DU145 cells with vehicle in 10% FBS-containing
medium for 24 h resulted in a marked stimulation of G1-to-S cell cycle progression. Treat-
ment with 7 μM CUR or 5 μM CA resulted in a moderate decrease in the proportion of
S phase without a noticeable accumulation of cells in the G0/G1 phase. However, the
combined treatment produced a dramatic G0/G1 cell cycle arrest. The averaged data
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presented in Figure 4b demonstrate a significantly greater increase in the G1/S ratio (in-
dicative of G0/G1 arrest) by the combination compared to CUR or CA alone. Similar, but
less pronounced effects were obtained in PC-3 cells (Figure 4b).

Figure 3. Colony formation analysis of the effects of curcumin and carnosic acid on cell growth.
(a) Representative images of Crystal Violet-stained cell colonies obtained after 7 days of cell exposure
to the indicated concentrations (in μM) of curcumin (CUR), carnosic acid (CA) and their combination
(CUR + CA). Magnification: 40×; scale bar: 400 μm. (b) Quantitative evaluation of the colony
formation data. The data are presented as averaged numbers of colonies per microscopic field of
view (mean ± SEM; n = 3). Statistically significant differences for CUR, CA or CUR + CA vs. DMSO
(* p < 0.05; *** p < 0.001 and **** p < 0.0001) and for CUR or CA applied separately vs. CUR + CA
(## p < 0.01; ### p < 0.001 and #### p < 0.0001).

The G0/G1 cell cycle arrest induced by CUR + CA was accompanied by changes in the
levels of several regulators of the G1-to-S transition, as determined in DU145 cells (Figure 4c
and Supplementary Figure S2). Exposure to CUR and, especially, to its combination with
CA for 15 h or 24 h resulted in an appreciable decrease in the level of D1 and E cyclins. The
levels of CDK4 and CDK2 were not affected; however, those of the CDK inhibitors p21Cip1

and p27Kip1 were markedly elevated following combined treatments (Figure 4c,d).
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Figure 4. Modulation of cell cycle by curcumin, carnosic acid and their combination. (a) Representative flow cytometric
data demonstrating inhibition of cell cycle progression in DU145 cells under the indicated treatment conditions (24 h).
Values given in parentheses are concentrations (μM). (b) Quantitative data showing inhibition of G1/S cell cycle transition.
(c) Expression profile of cell cycle regulatory proteins. (d) Quantitative analysis of the protein expression data. Integrated
Density Values (IDVs) of the indicated protein bands normalized to IDVs of respective calreticulin bands are shown. All
IDV ratios are relative to that of the control (DMSO) sample at 15 h assumed as 1.0. Data are presented as mean ± SD (n = 3).
Statistically significant differences for CUR, CA or CUR + CA vs. DMSO (* p < 0.05 and ** p < 0.01) and for CUR or CA vs.
CUR + CA (# p < 0.05 and ## p < 0.01) determined separately at 15 h and 24 h.

3.3. Curcumin, Carnosic Acid and Their Combination Induce a Transient Rise of Cytosolic
Calcium Levels

We have recently reported that in AML cells, CUR + CA-induced apoptosis is associ-
ated with a sustained elevation of cytosolic calcium levels ([Ca2+]cyt) [33]. Here, we also
found that in prostate cancer cells this combination also evoked a [Ca2+]cyt rise to higher lev-
els than those observed after single treatments (Figure 5). However, in contrast to leukemia
cells, the [Ca2+]cyt elevation was transient and moderate, reaching only 30–40% of the max-
imal signal provoked by 10 μM calcium ionophore ionomycin (Supplementary Figure S3).
Further, while in CUR+CA-treated AML cells, calcium was primarily mobilized from the
endoplasmic reticulum [33], in prostate cancer cells it mainly influxed from the extracellular
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space since the use of Ca2+ free buffer resulted in an 80–90% decrease in the magnitude of
the calcium signal (Figure 5).

Figure 5. The combination of polyphenols induces elevation of cytosolic calcium levels in prostate
cancer cells. Fluo-4 emission was recorded kinetically at 1 min intervals, starting immediately upon
the addition of 7 μM CUR, 5 μM CA or their combination (CUR + CA). The bars show peak [Ca2+]cyt

signals recorded at 6–8 min (as in Supplementary Figure S3) relative to DMSO-treated cells. Data are
presented as mean ± SEM (n = 3). Statistically significant differences for CUR, CA or CUR + CA vs.
DMSO (** p < 0.01 and *** p < 0.001) and for CUR and CA vs. CUR + CA (# p < 0.05; ## p < 0.01 and
### p < 0.001). § p < 0.05 and §§ p < 0.01, significant difference between the two indicated groups
(Student’s t-test).

3.4. Effects of Polyphenols on Mitochondrial Functions

A modest elevation of calcium in the cytosol is sufficient to initiate calcium transport
to the mitochondria [51]. The mitochondrial calcium uniport is an electrogenic process that
occurs at the cost of the mitochondrial membrane potential (Δψm). As shown in Figure 6,
the addition of CUR or CA alone resulted in a slight reduction in Δψm in DU145 cells and
was practically ineffective in PC-3 cells. However, the combination of these polyphenols
markedly lowered the membrane potential to about 40% of the control level in DU145
cells, and to ~70% in PC-3 cells (Figure 6). This was a transient effect, echoing the transient
cytosolic calcium elevation, as exemplified for DU145 cells in Supplementary Figure S3.
The Δψm dropped within seconds after addition of the combination (0 h point in Figure 6)
and partially recovered in 4–24 h.

The alterations in Δψm, which are determinant of the electron transport, prompted us
to evaluate the effects of polyphenols on oxidative phosphorylation (OxPhos). We applied
the protocol of sequential addition of oligomycin, an inhibitor of ATPase, followed by
titration of the protonophore FCCP to explore possible mitochondrial damage in intact (non-
permeabilized) cells [48]. The original respirograms are available in the Supplementary
Materials (Figure S4). The addition of the CUR + CA combination stimulated mitochondrial
respiration in DU145 cells (Figure 7a) but decreased it in PC-3 cells (Figure 7b). Oligomycin
did not strongly inhibit the respiration in DU145 cells. Subsequent addition of FCCP was
not able to further stimulate respiration as it would under normal conditions, meaning
that in the presence of the combination of polyphenols, the mitochondria function at
their maximal respiratory capacity. These data correlate with a decrease in the membrane
potential (Figure 6), indicating uncoupling of OxPhos in DU145 cells. On the other hand,
the combination of polyphenols decreased the respiration in PC-3 cells (Figure 7b), so
almost no further inhibition was produced by oligomycin, and no stimulation was induced
by FCCP. Overall, the above data demonstrate that the presence of CUR + CA prevents
the modulatory action of oligomycin and FCCP on OxPhos regardless of the mode of the
mitochondrial respiratory response to the polyphenols, i.e., enhancement in DU145 cells or
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suppression in PC-3 cells (Figure 7a,b). These results suggest that the possible mechanisms
of CUR + CA effects on the mitochondrial respiration include a protonophoric activity of
the combination.

Figure 6. Combinatory effects of curcumin and carnosic acid on the mitochondrial membrane potential. Cells were treated
with 7 μM CUR and 5 μM CA, alone and in combination (CUR + CA). The data were recorded at 5 min (0 h), 4 h and 24 h
after the addition of DMSO or polyphenols. Data are presented as mean ± SEM (n = 3) relative to DMSO-treated cells.
Statistically significant differences for CUR, CA or CUR + CA vs. DMSO (* p < 0.05; ** p < 0.01 and *** p < 0.001) and for
CUR and CA vs. CUR + CA (# p < 0.05; ## p < 0.01 and ### p < 0.001). § p < 0.05 and §§ p < 0.01, significant difference
between the indicated groups (Student’s t-test).

The activities of individual respiratory complexes were evaluated using the cells
permeabilized with the non-ionic detergent digitonin (Figure 7c,d) [50]. The integrated
state 3 activities of the complexes I (Com I), I and II (Com I–II), and all complexes (Com
I–IV) were assessed. Under permeabilized conditions, the contribution of calcium flow
observed above is discounted, since in permeabilized cells the cytosolic content is diluted
and, thus, the homeostatic integrity is compromised. This setting enables us to evaluate
the potential direct effects of polyphenols on mitochondrial enzymes beyond plasma
membrane-mediated calcium signaling.

In DU145 cells, the Com I activity was decreased by ~25% immediately (0 h) upon
addition of the polyphenols, whereas the combined activities of Com I+II did not change
significantly compared to DMSO-treated cells (Figure 7c). This is probably because of a
higher rate of Com II respiration, as it is an electroneutral transporter and, therefore, it
is less affected by membranotropic agents such as CUR. The combinatory activity of all
complexes (Com I-IV) was elevated by ~20% over the control in agreement with a decrease
in Δψm (Figure 6) and stimulated respiration observed in intact cells (Figure 7a). Following
combined treatment of DU145 cells for 24 h, the OxPhos activities of all complexes were
similarly reduced to the level of 60–70% of the control consistent with a decrease in Δψm.

In PC-3 cells, the combination of polyphenols instantly (0 h) inhibited the activity
of Com I to ~50%, of Com I+II to ~70% and of Com I-IV to ~80% of the control level
(Figure 7d). These data are in consistence with the inhibited respiration observed in intact
cells (Figure 7b). Following 24 h of incubation, the functionality of all PC-3 mitochondrial
complexes constituted only about 60% of the control, also echoing a decreased Δψm at 24 h.
Thus, regardless of differences in the initial responses of the mitochondria to the CUR + CA
combination, in 24 h the resulting outcome in both DU145 and PC-3 cells was a decreased
capacity of OxPhos (Figure 7c,d). The inhibitory effect of CUR + CA on Com I activity was
common for the two cell lines (Figure 7c,d). One explanation for this finding is that the
polyphenols may potentially interact with this complex in prostate cancer cells.
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Figure 7. Combinatory effects of curcumin and carnosic acid on OxPhos. (a,b) Oxygen consumption in the presence or
absence of 7 μM CUR and 5 μM CA (CUR + CA). Abbreviations: Basal, basal respiration; Olig, oligomycin-inhibited
respiration; Max FCCP, the maximal respiratory capacity of mitochondria. (c,d) Respiration of permeabilized cells. The
state 3 rates of OxPhos of complexes I, I+II, and I-IV measured upon addition (0 h) and after incubation (24 h) with the
combination of CUR and CA, as compared to DMSO-treated cells. Data are presented as mean ± SEM (n = 3). Statistically
significant differences in intact cell groups (a,b) treated with CUR + CA vs. DMSO: * p < 0.05. In permeabilized cell groups
(c,d), statistically significant differences for the indicated groups vs. DMSO: * p < 0.05 and ** p < 0.01). § p < 0.05 and
§§ p < 0.01, significant difference between the two indicated groups (Student’s t-test).

3.5. Curcumin and Carnosic Acid Do Not Provoke Oxidative Stress in Prostate Cancer Cells

Retarded electron transport increases the chances of electron leakage and genera-
tion of superoxide [52]. We thus examined the levels of mitochondrial superoxide and
cytosolic reactive oxygen species (ROS) in polyphenol-treated cells [53]. Within 5 min
of the addition of CUR, alone or in combination with CA, a spike of superoxide signal
was observed in both cancer cell lines (Figure 8a), which correlates with the drop in Δψm
(Figure 6). This effect was transient and declined rapidly to the basal level, remaining so
after 4 h and 24 h. CA alone had almost no effect on superoxide production but potentiated
CUR-induced superoxide generation. In contrast to the mitochondrial superoxide, the
cytosolic ROS levels did not significantly rise and even tended to slightly decrease with
time (Figure 8b), suggesting that mitochondrial superoxide was effectively eliminated by
endogenous scavengers preventing massive production of ROS.

110



Antioxidants 2021, 10, 1591

Figure 8. Effects of polyphenols on cellular production of reactive oxygen species. (a) Transient mitochondrial superoxide
generation, as detected using the MitoSox probe following treatment with 7 μM CUR and 5 μM CA, alone and in combination
(CUR + CA); (b) Cytosolic ROS assessed with the CM-H2DCFDA probe in CUR + CA-treated cells. Changes in fluorescence
were recorded at 5 min (0 h), 4 h and 24 h after the addition of DMSO or polyphenols. Data are presented as mean ± SEM
(n = 3) relative to DMSO-treated cells. Statistically significant differences (a) for CUR, CA or CUR + CA vs. DMSO (* p < 0.05;
*** p < 0.001 and **** p < 0.0001) and for CUR and CA vs. CUR + CA (## p < 0.01, ### p < 0.001 and #### p < 0.0001). In panel (b),
significant differences for the indicated groups vs. DMSO: * p < 0.05.

3.6. Polyphenols Affect Mitochondria-Hosted mTOR Targets

The mammalian target of rapamycin (mTOR) has been shown to regulate mito-
chondrial function, e.g., by interacting with or stimulating translation of mitochondrial
proteins [54,55]. As both CUR [56,57] and CA [58,59] individually were found to affect
mTOR and its downstream effectors in various cancer cell types, we hypothesized that
the polyphenol-induced changes in the mitochondrial activities observed in our study
(Figures 6 and 7) may, at least in part, be related to the changes in mTOR signaling. To
test this, we examined whether the effects of the CUR + CA combination on respiration of
prostate cancer cells are influenced by rapamycin. Intact cells were incubated with 5 μM
rapamycin [60] or vehicle for 1 h prior to addition of the combination of polyphenols. Due
to lower rates of basal respiration in intact cells (Figure 7a,b), in order to demonstrate the
cell responses to treatments the respiratory fluxes for each type of cells were normalized for
their basal untreated respiration rates [61]. As shown in Figure 9a, rapamycin alone did not
alter OxPhos in prostate cancer cells. However, the inhibitor caused a small but significant
reduction in the stimulating effect of CUR + CA on DU145 respiration and prevented the
drop in respiration in response to the combination in PC-3 cells (Figure 9a). The original
respirograms are available in the Supplementary Materials (Figure S5).

The profile of the expression of mTOR genes that were affected by individual polyphe-
nols, their combination, or rapamycin in DU145 cells after 24 h of treatment is shown in
Figure 9b. The candidate genes that could physically be associated with mitochondria were
searched among the transcripts of the mTOR downstream factors. Among the significantly
altered genes, serum/glucocorticoid-regulated kinase 1 (SGK1) was the only one known to
encode a protein localized in the mitochondrial outer membrane [62].

In DU145 cells, SGK1 gene expression was moderately down-regulated by rapamycin
and CUR, and was not affected by CA, but when applied together the polyphenols caused
a more pronounced downregulation of this tumor-promoting kinase (Figure 9b,c). In
PC-3 cells, CA caused an elevation in SGK1 gene expression; however, CUR alone, the
combination and rapamycin significantly reduced SGK1 expression (Figure 9c).

Consistent with the mRNA expression data (Figure 9b,c), treatment with the polyphe-
nols, alone and in combination, or rapamycin resulted in a time-dependent reduction
in SGK1 protein levels in both cell lines, as compared to DMSO-treated cells (Figure 10
and Supplementary Figure S6). Remarkably, in DU145 cells treated with CUR + CA or
rapamycin for 24 h, SGK1 protein expression dropped to practically undetectable levels. In
PC-3, the above treatments induced a moderate reduction in SGK1 levels (Figure 10).
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Figure 9. Effects of polyphenols and rapamycin on mitochondrial respiration and expression of mTOR downstream genes.
(a) Rapamycin inhibits the effects of the polyphenol combination on mitochondrial respiration. Cells were pretreated with
vehicle (DMSO) or 5 μM rapamycin (Rap) for 1 h followed by the addition of vehicle or 7 μM CUR and 5 μM CA (CUR
+ CA). Data are presented as mean ± SEM (n = 3) relative to DMSO. Statistically significant differences for the indicated
groups vs. DMSO (* p < 0.05 and ** p < 0.01). § p < 0.05, significant differences between the indicated groups (Student’s
t-test). (b) Changes in mTOR downstream transcriptional profile upon treatment of DU145 cells with 5 μM rapamycin or
7 μM CUR, 5 μM CA or CUR + CA) for 24 h, relative to DMSO. (c) Quantitative analysis of SGK1 gene expression. Data are
presented as fold regulation vs. DMSO (mean ± SEM; n = 3), where DMSO is set as 0. Statistically significant differences for
treatments vs. control (DMSO): * p < 0.05 and ** p < 0.01.

The mTOR complex mTORC2 [63] and the 3-phosphoinositide-dependent protein ki-
nase PDK2 [64] can activate SGK1 via phosphorylation at Ser422, and the mitogen-activated
protein kinases (MAPKs) ERK5 [65] and p38 [66] via phosphorylation at Ser78. Here, we
observed that treatment with CUR, CA or their combination resulted in a moderate reduc-
tion in SGK1 phosphorylation at Ser422 as compared to vehicle-treated cells. In DU145
cells, this effect was evidenced at both 6 h and 24 h, whereas in PC-3 cells a certain decrease
in Ser422 phosphorylation was seen at 6 h, but not at 24 h (Figure 10 and Supplementary
Figure S6). Interestingly, similar to the polyphenols, treatment with rapamycin also caused
a decrease in Ser422 phosphorylation in both DU145 cells (at 6 h and 24 h) and PC-3 cells (at
6 h), implying that mTORC2, an indirect target of rapamycin [60,67,68], might be involved
in the inhibitory effects of the polyphenols. The above treatments did not consistently affect
SGK1 phosphorylation at Ser78, which mostly tended to increase slightly in the treated
cells (Figure 10).
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Figure 10. Effects of polyphenols and rapamycin on the protein expression and phosphorylation of serum- and
glucocorticoid-regulated kinase 1 (SGK1) in prostate cancer cells. DU-145 and PC-3 cells were cultured with vehicle
(DMSO), the indicated concentrations of curcumin (CUR) and carnosic acid (CA), alone and in combination, or the mTOR
inhibitor rapamycin, for 6 or 24 h. Cells samples were then subjected to Western blot analysis. Integrated Density Values
(IDVs) of the indicated protein bands normalized to IDVs of respective GAPDH bands are shown below corresponding blot
images. Representative blots of 3 similar experiments are presented.

4. Discussion

The major finding of this study is that the plant polyphenols CUR and CA applied at
low (<10 μM) concentrations, can synergistically cooperate to strongly suppress the growth
of DU145 and PC-3 metastatic prostate cancer cell cultures in a time- and cell line-dependent
manner. Notably, this effect was found to be essentially cytostatic (Figure 3), concomitant
with G0/G1 cell cycle arrest (Figure 4), with only a negligible level of cell death (Figure 2).
Inhibitory effects of various polyphenols, including CUR and CA, on cell cycle progression
in cancer cells have been associated with the upregulation of both p21Cip1 and p27Kip1

(e.g., [69,70]). Importantly, some polyphenols, such as silibinin [71] or epigallocatechin
gallate [72], were found to attenuate cellular degradation of these proteins, which was
associated with cell cycle arrest, suggesting that a similar mechanism may, at least in part,
account for the marked upregulation of p21Cip1 and p27Kip1 in CUR+CA-treated prostate
cancer cells (Figure 4c,d).

The lack of cytotoxicity in CUR+CA-treated prostate cancer cells is strikingly different
from the earlier-reported pronounced apoptotic cell death in AML cells [32–34]. Such
distinct modes of CUR+CA action on prostate and blood cancer cells, coupled with the pre-
viously observed insusceptibility of untransformed hematopoietic and non-hematopoietic
cells to this combination [32,33], indicate a remarkable cell-type dependence of the mecha-
nisms underlying its anticancer effects. In AML cells, CUR+CA treatment results in a rapid
(within 4–8 h) induction of apoptosis without inducing oxidative stress or changes in Δψm
and is mediated solely by Ca2+ release from the endoplasmic reticulum leading to sus-
tained [Ca2+]cyt accumulation [33,34]. Although, similar to AML cells, CUR + CA treatment
tended to lower cytosolic ROS in prostate cancer cells (Figure 8), prostate cancer cells exhib-
ited a marked decrease in Δψm (Figure 6) and just a transient (within minutes) extracellular
calcium-dependent [Ca2+]cyt rise (Figure 5 and Figure S3). These cell type-dependent
differences in regulatory responses might contribute to the observed distinct modes of
CUR + CA action. Recently, Einbond et al. [73] have demonstrated that CUR (3.3–10.9)
and CA (6.0–12.0 μM) can also cooperate in reducing the growth of triple-negative MDA-
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MB-468 human breast cancer cells in culture. However, this cooperation was evaluated
only on the basis of the 3-(4,5-dimethyl-2-thiazol)-2,5-diphenyl-2H tetrazolilum bromide
(MTT) assay, which is unable to distinguish changes in cell proliferation from changes in
the extent of cell death. Therefore, the mode and the mechanism of action of CUR + CA on
these cells are unclear.

In general, the mechanisms of synergistic cell growth-inhibitory effects of CUR + CA at
low concentrations appear to differ from those underlying the effects of CUR (e.g., [8,9,11,14])
or CA [74–77] alone at higher concentrations (> 10 μM) in that the latter effects are usually
found to be mediated by the induction of generalized cellular stress responses. Interestingly,
Rodriguez-Garcia [9] reported that while the apoptotic effect of CUR on LNCaP and PC-3
prostate cancer cells was ROS-dependent and was associated with thioredoxin oxidation, the
polyphenol silibinin, which reduced ROS levels and prevented thioredoxin oxidation in these
cells, produced only a cytostatic effect. The latter finding supports, though indirectly, our data,
showing that the cytostatic effect of CUR + CA on DU145 and PC-3 cells occurs in the absence
of oxidative stress and is even associated with a slight reduction in the cytosolic ROS levels
(Figure 7b).

Synergistic anticancer effects of various polyphenol combinations have been demon-
strated in several tumor cell types (see [23,78] for recent reviews); however, the nature of
the synergy between these compounds has not been fully elucidated. Several mechanisms
of cooperation between antioxidant phytochemicals, including polyphenols, have been
proposed (reviewed in [79]). For instance, individual components of a combination may
target distinct signaling/transcriptional pathways or different proteins in the same cel-
lular regulatory pathway. Furthermore, one of the components may help regenerate or
chemically stabilize the other outside and/or inside the cell. The latter effects as well as the
ability of certain phytochemicals, e.g., CA and CUR, to suppress drug efflux/multidrug
resistance systems [80–82] may facilitate intracellular accumulation of one or both com-
pounds. Indeed, Nimiya et al. [83] have shown that different antioxidants, including the
plant phenolic compounds gallic, caffeic and rosmarinic acids, increased CUR stability in
phosphate buffer and serum-free cell culture medium at physiological pH, as measured
by colorimetric and HPLC assays. Consistent with these data, we have recently found
that the addition of CA increases intracellular CUR levels in AML cells [34]. This was
demonstrated by flow cytometry on the basis of CUR fluorescent properties [84]. In a
recent study, Levine et al. [85] also showed that combined treatment of canine cancer cell
lines with CA-rich rosemary extract and CUR-rich turmeric extract markedly increased
intracellular CUR accumulation.

The data obtained in the present study indicate that unlike CUR, CA alone had
primarily a minor or no significant influence on various cellular responses, such as changes
in cell growth (Figures 1 and 2), cell cycle distribution and regulatory protein levels
(Figure 4), [Ca2+]cyt levels (Figure 5 and Figure S3), mitochondrial superoxide production
(Figure 8) and SGK1 gene expression (Figure 9). These results suggest that in metastatic
prostate cancer cells, CA may act by potentiating CUR actions, likely by increasing its
stability and/or cellular accumulation.

The metastatic ability of cancer cells is supported by the reprogramming of metabolic
processes that include increases in the mitochondria membrane potential, rates of OxPhos,
levels of ROS and calcium retention capacity [37,43]. Therefore, chemical agents that alter
oxidative processes would perturb cancer metabolism and/or make neoplastic cells more
susceptible to pharmacological factors. In this work, we specifically addressed the effects
of CUR and CA on mitochondrial function. The immediate drop in Δψm observed in
both prostate cancer cell lines treated with CUR + CA (Figure 6) could be associated with
[Ca2+]cyt elevation (Figure 5), which is pumped in the mitochondria at the cost of Δψm.
The mitochondria depolarization was likely the reason for prolonged suppression of all
respiratory enzyme complexes, although initial respiratory responses of the two tested
cancer cells to the combination of polyphenols differed—stimulation of the electron flow in
DU145 cells and its inhibition in PC-3 (Figure 7). PC-3 cells were also less sensitive than
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DU145 cells to alterations of the calcium signal and Δψm caused by CUR + CA treatment
(Figures 5 and 6). The different responses of the mitochondria in the two prostate cancer cell
lines to the polyphenols may be associated with their distinct metabolic features which in-
clude higher rates of glutamate/malate, citrate/malate and succinate oxidation and higher
enzymatic activity of complex I in PC-3 cells compared to DU145 cells, as demonstrated in
our previous study [43]. In addition, their mitochondrial membrane characteristics, e.g.,
variation of lipid content or the degree of saturation of acyl chains [86], may also differ. Ear-
lier, using model membranes mimicking the mitochondria lipid bilayer we demonstrated
a high affinity of CUR to cardiolipin, the mitochondria-unique phospholipid [87]. This
in part explains the known curcumin’s protonophoric activity [88] and overall potential
benefits in the treatment of broad range of metabolic diseases and conditions with key
involvement of mitochondria. Still, several studies have demonstrated that in CUR-treated
non-neoplastic and cancer cells, the polyphenol primarily localizes in the endoplasmic
reticulum and lysosomes and only modestly accumulates in the mitochondria (e.g., [89,90]).
These data suggest that the effects of CUR on the mitochondria are likely to be indirect. Of
note, it has recently been suggested that physicochemical properties of polyphenols are
responsible for their anticancer properties by virtue of their protonophoric and pro-oxidant
properties rather than their specific effects on downstream molecular targets [44].

The dissimilar sensitivity of the two prostate cancer cell lines to the antiproliferative ef-
fects of CUR + CA could be related to the above differences in mitochondrial performances
as well as to genetic features linked to their metastatic loci, such as brain (DU145) and bone
(PC-3). Albeit sharing common malignant identities, the PC-3 cells were reported to have
higher metastatic potential compared to DU145 cells [91]. Prolonged energetic stress caused
by the combination of polyphenols in prostate cancer cells correlated with cell cycle arrest
(Figure 4). However, dissipation of Δψm and altered oxidative phosphorylation did not
lead to oxidative stress, since the massive increase in the mitochondrial superoxide signal
right after addition of the combination of polyphenols, was quickly eliminated (Figure 8).

A key metabolic regulator, mTOR, plays a significant role in tumorigenesis and has
been shown to be spatially associated with mitochondria and to control mitochondrial
functionality [54,55,68]. As an instrumental tool, we employed rapamycin, a selective
mTOR inhibitor which directly targets the mTORC1 complex and also indirectly blocks
mTORC2 activity [60,67,68]. While rapamycin did not alter cellular respiration in our
experimental setting, it moderately but significantly prevented the cell type-dependent
effects of the CUR + CA combination, i.e., stimulation of respiration in DU145 cells and
inhibition in PC-3 cells (Figure 9a), suggesting that these effects were partially mediated
by mTOR.

Our search for a possible modulation of mitochondria-destined mTOR downstream
targets by CUR and CA revealed SGK1, a multifunctional kinase which primarily localizes
in the outer mitochondria membrane [62,92] and is implicated in regulating the growth,
survival, cell cycle and apoptosis resistance of cancer cells [93]. Increased expression of
SGK1 has been shown in myeloma [94], breast [95] and prostate [96] cancer cell cultures.
Downregulation of SGK1 expression or inhibition of its kinase activity results in antiprolif-
erative and cytotoxic effects on various types of malignant cells [93], including prostate
cancer cells [96–98]. In prostate cancer, SGK1 inhibition also has anti-androgen effects [97].

To the best of our knowledge, only one publication related to the effect of CUR
on SGK1 has been cited in MEDLINE/PubMed so far, which showed that treatment of
renal carcinoma cells with 20 μM CUR did not affect either SGK1 protein levels or its
phosphorylation [99]. No evidence of SGK1 modulation by CA has yet been reported.
However, antiproliferative and cytotoxic effects of other plant phenolic compounds, such
as resveratrol [100] and genistein [101], were found to correlate with SGK1 downregulation.
Particularly, resveratrol inhibited SGK1 activity in hepatocellular carcinoma cells and also
in a cell-free kinase assay. Moreover, silencing SGK1 enhanced resveratrol-induced inhibi-
tion of cell growth and apoptotic cell death, whereas SGK1 overexpression attenuated these
effects [100]. By analogy, our finding that, similar to rapamycin, CUR ± CA suppressed
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mRNA and protein expression of SGK1 in DU145 and PC-3 cells (Figures 9b,c and 10)
suggests that SGK1 downregulation might contribute to the antiproliferative effect of these
treatments, e.g., through upregulating p21Cip1 [94] and p27Kip1 [102]. There is accumu-
lating evidence that SGK1 is an essential mediator of the phosphatidylinositol 3-kinase
(PI3K)/mTOR signaling pathway (e.g., [93]). Thus, our finding that the polyphenols atten-
uate SGK1 phosphorylation at Ser422 (Figure 10), may suggest a role of the PI3K/mTOR
pathway in the mechanism of the cytostatic effect of CUR + CA on prostate cancer cells.
Further research is required to test this suggestion.

5. Conclusions

Our findings demonstrate that the combination of CUR and CA is more efficient than
the individual compounds in arresting metastatic prostate cancer cell growth. The cytostatic
effect of the combination was more pronounced in DU145 cells compared to PC-3 cells
and was not accompanied by the induction of oxidative stress and cell death. CUR + CA-
induced inhibition of cell growth was associated with G0/G1 cell cycle arrest and inhibition
of mitochondrial function preceded by a rapid [Ca2+]cyt rise and drop in Δψm. Upon
treatment with CUR±CA, the two cell lines mostly differed in the response magnitude
and/or time course. Thus, while PC-3 cell growth was almost unaffected by CUR + CA
at 48 h, the two cell lines responded similarly after 7 days of treatment (Figure 1 vs.
Figure 3). Likewise, when compared to DU145 cells, PC-3 cells exhibited generally similar,
though less pronounced changes in the cell cycle (Figure 4a), Ca2+

cyt (Figure 5), Δψm
(Figure 6), superoxide and ROS levels (Figure 8) and SGK1 expression (Figures 9c and 10).
The main difference between DU145 and PC-3 cells was the dissimilar modulation of the
mitochondrial respiration in response to polyphenol treatment (Figures 7 and 9a), which
may or may not relate to the different sensitivity of the two cell lines to the polyphenols.

Prostate cancer is the second most common cancer in men worldwide, mainly in
countries with high Human Development Index [103,104]. Although most patients with
localized disease have high survival rates, patients with metastatic prostate cancer have
poor prognosis, with a 5-year survival rate of about 30%. Therefore, our findings presented
here warrant further testing of this combination in translational studies that may lead to
clinical development. Synergistically acting combinations of low concentrations of plant
polyphenols or related agents with enhanced anti-cancer capacities may represent a safe
and efficient way of dietary and/or pharmacological intervention in human malignancies,
including prostate cancer. We believe that under prolonged energetic stress caused by the
combination of CUR and CA, the cancer cells may become more vulnerable projecting a
better response to chemotherapeutic and/or radiation treatments. Still, deeper research is
required to elucidate the molecular mechanism of the synergistic effects of CUR and CA
on cellular signaling and integrated metabolic pathways in order to establish polyphenol-
based combinatory cancer therapeutics or adjuvants to conventional treatment modalities.
Characterization of the mechanistic interactions between the mitochondrial energetic
machinery and the mitochondria-resident SGK1 expression and activity would be of great
interest per se in understanding how the confined transcriptional control is exerted locally
over the mitochondrial functions.
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Abbreviations

Abbreviations
CA Carnosic acid
CDK Cyclin-dependent kinase
CM-H2DCFDA 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester
CUR Curcumin
DTT Dithiothreitol
EGFR Epidermal growth factor receptor
FBS Fetal bovine serum
FCCP Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
GAPDH Glyceraldehyde phosphate dehydrogenase
HRP Horseradish peroxidase
mTOR Mammalian target of rapamycin
NFκB Nuclear factor kappa B
OxPhos Oxidative phosphorylation
ROS Reactive oxygen species
SGK1 Serum/glucocorticoid regulated kinase 1
TMPD N,N,N′,N′-Tetramethyl-p-phenylenediamine dihydrochloride

References

1. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the nearly four decades from 01/1981 to 09/2019.
J. Nat. Prod. 2020, 83, 770–803. [CrossRef]

2. Dhillon, N.; Aggarwal, B.B.; Newman, R.A.; Wolff, R.A.; Kunnumakkara, A.B.; Abbruzzese, J.L.; Ng, C.S.; Badmaev, V.; Kurzrock,
R. Phase II Trial of Curcumin in Patients with Advanced Pancreatic Cancer. Clin. Cancer Res. 2008, 14, 4491–4499. [CrossRef]

3. Choi, Y.H.; Han, D.H.; Kim, S.-W.; Kim, M.-J.; Sung, H.H.; Jeon, H.G.; Jeong, B.C.; Seo, S.I.; Jeon, S.S.; Lee, H.M.; et al. A
randomized, double-blind, placebo-controlled trial to evaluate the role of curcumin in prostate cancer patients with intermittent
androgen deprivation. Prostate 2019, 79, 614–621. [CrossRef]

4. Giordano, A.; Tommonaro, G. Curcumin and Cancer. Nutrients 2019, 11, 2376. [CrossRef]
5. Mortezaee, K.; Salehi, E.; Mahyari, H.M.; Motevaseli, E.; Najafi, M.; Farhood, B.; Rosengren, R.J.; Sahebkar, A. Mechanisms of

apoptosis modulation by curcumin: Implications for cancer therapy. J. Cell. Physiol. 2019, 234, 12537–12550. [CrossRef]
6. Khan, M.A.; Gahlot, S.; Majumdar, S. Oxidative Stress Induced by Curcumin Promotes the Death of Cutaneous T-cell Lymphoma

(HuT-78) by Disrupting the Function of Several Molecular Targets. Mol. Cancer Ther. 2012, 11, 1873–1883. [CrossRef]
7. Woo, J.-H.; Kim, Y.-H.; Choi, Y.-J.; Kim, D.-G.; Lee, K.-S.; Bae, J.H.; Min, D.S.; Chang, J.-S.; Jeong, Y.-J.; Lee, Y.H.; et al.

Molecular mechanisms of curcumin-induced cytotoxicity: Induction of apoptosis through generation of reactive oxygen species,
down-regulation of Bcl-XL and IAP, the release of cytochrome c and inhibition of Akt. Carcinogenesis 2003, 24, 1199–1208.
[CrossRef] [PubMed]

8. Larasati, Y.; Yoneda-Kato, N.; Nakamae, I.; Yokoyama, T.; Meiyanto, E.; Kato, J.-Y. Curcumin targets multiple enzymes involved
in the ROS metabolic pathway to suppress tumor cell growth. Sci. Rep. 2018, 8, 2039. [CrossRef] [PubMed]

9. Garcia, A.R.; Hevia, D.; Mayo, J.C.; Gonzalez-Menendez, P.; Coppo, L.; Lu, J.; Holmgren, A.; Sainz, R.M. Thioredoxin 1 modulates
apoptosis induced by bioactive compounds in prostate cancer cells. Redox Biol. 2017, 12, 634–647. [CrossRef]

117



Antioxidants 2021, 10, 1591

10. Wang, L.; Chen, X.; Du, Z.; Li, G.; Chen, M.; Chen, X.; Liang, G.; Chen, T. Curcumin suppresses gastric tumor cell growth
via ROS-mediated DNA polymerase γ depletion disrupting cellular bioenergetics. J. Exp. Clin. Cancer Res. 2017, 36, 47.
[CrossRef] [PubMed]

11. Lee, W.-J.; Chien, M.-H.; Chow, J.-M.; Chang, J.-L.; Wen, Y.-C.; Lin, Y.-W.; Cheng, C.-W.; Lai, G.-M.; Hsiao, M.; Lee, L.-M.
Nonautophagic cytoplasmic vacuolation death induction in human PC-3M prostate cancer by curcumin through reactive oxygen
species -mediated endoplasmic reticulum stress. Sci. Rep. 2015, 5, 10420. [CrossRef] [PubMed]

12. Wang, L.; Wang, L.; Song, R.; Shen, Y.; Sun, Y.; Gu, Y.; Shu, Y.; Xu, Q. Targeting Sarcoplasmic/Endoplasmic Reticulum Ca2+-
ATPase 2 by Curcumin Induces ER Stress-Associated Apoptosis for Treating Human Liposarcoma. Mol. Cancer Ther. 2011, 10,
461–471. [CrossRef] [PubMed]

13. Kim, B.; Kim, H.S.; Jung, E.-J.; Lee, J.Y.; Tsang, B.K.; Lim, J.M.; Song, Y.S. Curcumin induces ER stress-mediated apoptosis through
selective generation of reactive oxygen species in cervical cancer cells. Mol. Carcinog. 2016, 55, 918–928. [CrossRef] [PubMed]

14. Rivera, M.; Ramos, Y.; Rodríguez-Valentín, M.; López-Acevedo, S.; Cubano, L.A.; Zou, J.; Zhang, Q.; Wang, G.; Boukli, N.M. Target-
ing multiple pro-apoptotic signaling pathways with curcumin in prostate cancer cells. PLoS ONE 2017, 12, e0179587. [CrossRef]

15. Dei Cas, M.; Ghidoni, R. Dietary Curcumin: Correlation between Bioavailability and Health Potential. Nutrients 2019, 11,
2147. [CrossRef]

16. Sanchez, M.A.N.; González-Sarrías, A.; Vaquero, M.R.; Villalba, R.G.; Selma, M.V.; Tomas-Barberan, F.; García-Conesa, M.-T.;
Espín, J.C. Dietary phenolics against colorectal cancer-From promising preclinical results to poor translation into clinical trials:
Pitfalls and future needs. Mol. Nutr. Food Res. 2015, 59, 1274–1291. [CrossRef] [PubMed]

17. Gautam, S.C.; Xu, Y.X.; Pindolia, K.; Janakiraman, N.; Chapman, R.A. Nonselective Inhibition of Proliferation of Trans-
formed and Nontransformed Cells by the Anticancer Agent Curcumin (Diferuloylmethane). Biochem. Pharmacol. 1998, 55,
1333–1337. [CrossRef]

18. Azqueta, A.; Collins, A. Polyphenols and DNA Damage: A Mixed Blessing. Nutrients 2016, 8, 785. [CrossRef]
19. Zikaki, K.; Aggeli, I.-K.; Gaitanaki, C.; Beis, I. Curcumin induces the apoptotic intrinsic pathway via upregulation of reactive

oxygen species and JNKs in H9c2 cardiac myoblasts. Apoptosis 2014, 19, 958–974. [CrossRef]
20. Hollborn, M.; Chen, R.; Wiedemann, P.; Reichenbach, A.; Bringmann, A.; Kohen, L. Cytotoxic Effects of Curcumin in Human

Retinal Pigment Epithelial Cells. PLoS ONE 2013, 8, e59603. [CrossRef]
21. Fox, J.T.; Sakamuru, S.; Huang, R.; Teneva, N.; Simmons, S.; Xia, M.; Tice, R.R.; Austin, C.P.; Myung, K. High-throughput

genotoxicity assay identifies antioxidants as inducers of DNA damage response and cell death. Proc. Natl. Acad. Sci. USA 2012,
109, 5423–5428. [CrossRef] [PubMed]

22. Vue, B.; Zhang, S.; Chen, Q.-H. Synergistic Effects of Dietary Natural Products as Anti-Prostate Cancer Agents. Nat. Prod. Commun.
2015, 10, 2179–2188. [CrossRef] [PubMed]

23. Hosseini-Zare, M.S.; Sarhadi, M.; Zarei, M.; Thilagavathi, R.; Selvam, C. Synergistic effects of curcumin and its analogs with other
bioactive compounds: A comprehensive review. Eur. J. Med. Chem. 2021, 210, 113072. [CrossRef] [PubMed]

24. Lin, S.R.; Chang, C.H.; Hsu, C.F.; Tsai, M.J.; Cheng, H.; Leong, M.K.; Sung, P.J.; Chen, J.C.; Weng, C.F. Natural compounds as
potential adjuvants to cancer therapy: Preclinical evidence. Br. J. Pharmacol. 2020, 177, 1409–1423. [CrossRef] [PubMed]

25. Kundur, S.; Prayag, A.; Selvakumar, P.; Nguyen, H.; McKee, L.; Cruz, C.; Srinivasan, A.; Shoyele, S.; Lakshmikuttyamma, A.
Synergistic anticancer action of quercetin and curcumin against triple-negative breast cancer cell lines. J. Cell. Physiol. 2019, 234,
11103–11118. [CrossRef] [PubMed]

26. Majumdar, A.P.N.; Banerjee, S.; Nautiyal, J.; Patel, B.B.; Patel, V.; Du, J.; Yu, Y.; Elliott, A.A.; Levi, E.; Sarkar, F.H. Curcumin
Synergizes With Resveratrol to Inhibit Colon Cancer. Nutr. Cancer 2009, 61, 544–553. [CrossRef] [PubMed]

27. Gavrilas, L.I.; Cruceriu, D.; Ionescu, C.; Miere, D.; Balacescu, O. Pro-apoptotic genes as new targets for single and combinatorial
treatments with resveratrol and curcumin in colorectal cancer. Food Funct. 2019, 10, 3717–3726. [CrossRef]

28. Eom, D.-W.; Lee, J.H.; Kim, Y.-J.; Hwang, G.S.; Kim, S.-N.; Kwak, J.H.; Cheon, G.J.; Kim, K.H.; Jang, H.-J.; Ham, J.; et al.
Synergistic effect of curcumin on epigallocatechin gallate-induced anticancer action in PC3 prostate cancer cells. BMB Rep. 2015,
48, 461–466. [CrossRef]

29. Lodi, A.; Saha, A.; Lu, X.; Wang, B.; Sentandreu, E.; Collins, M.; Kolonin, M.G.; DiGiovanni, J.; Tiziani, S. Combinatorial treatment
with natural compounds in prostate cancer inhibits prostate tumor growth and leads to key modulations of cancer cell metabolism.
NPJ Precis. Oncol. 2017, 1, 1–12. [CrossRef]

30. Linnewiel-Hermoni, K.; Khanin, M.; Danilenko, M.; Zango, G.; Amosi, Y.; Levy, J.; Sharoni, Y. The anti-cancer effects of carotenoids
and other phytonutrients resides in their combined activity. Arch. Biochem. Biophys. 2015, 572, 28–35. [CrossRef]

31. Bahri, S.; Jameleddine, S.; Shlyonsky, V. Relevance of carnosic acid to the treatment of several health disorders: Molecular targets
and mechanisms. Biomed. Pharmacother. 2016, 84, 569–582. [CrossRef]

32. Pesakhov, S.; Khanin, M.; Studzinski, G.P.; Danilenko, M. Distinct Combinatorial Effects of the Plant Polyphenols Cur-
cumin, Carnosic Acid, and Silibinin on Proliferation and Apoptosis in Acute Myeloid Leukemia Cells. Nutr. Cancer 2010,
62, 811–824. [CrossRef]

33. Pesakhov, S.; Nachliely, M.; Barvish, Z.; Aqaqe, N.; Schwartzman, B.; Voronov, E.; Sharoni, Y.; Studzinski, G.P.; Fishman, D.;
Danilenko, M. Cancer-selective cytotoxic Ca2+ overload in acute myeloid leukemia cells and attenuation of disease progression
in mice by synergistically acting polyphenols curcumin and carnosic acid. Oncotarget 2016, 7, 31847–31861. [CrossRef]

118



Antioxidants 2021, 10, 1591

34. Trachtenberg, A.; Muduli, S.; Sidoryk, K.; Cybulski, M.; Danilenko, M. Synergistic Cytotoxicity of Methyl 4-Hydroxycinnamate
and Carnosic Acid to Acute Myeloid Leukemia Cells via Calcium-Dependent Apoptosis Induction. Front. Pharmacol. 2019, 10,
507. [CrossRef]

35. Namekawa, T.; Ikeda, K.; Horie-Inoue, K.; Inoue, S. Application of Prostate Cancer Models for Preclinical Study: Advantages and
Limitations of Cell Lines, Patient-Derived Xenografts, and Three-Dimensional Culture of Patient-Derived Cells. Cells 2019, 8, 74.
[CrossRef] [PubMed]

36. Palmberg, C.; Rantala, I.; Tammela, T.L.; Helin, H.; Koivisto, P.A. Low apoptotic activity in primary prostate carcinomas without
response to hormonal therapy. Oncol. Rep. 2000, 7, 1141–1144. [CrossRef] [PubMed]

37. Freitas, M.; Baldeiras, I.; Proença, T.; Alves, V.; Mota-Pinto, A.; Sarmento-Ribeiro, A. Oxidative stress adaptation in ag-
gressive prostate cancer may be counteracted by the reduction of glutathione reductase. FEBS Open Bio 2012, 2, 119–128.
[CrossRef] [PubMed]

38. Koivisto, P.; Visakorpi, T.; Rantala, I.; Isola, J. Increased cell proliferation activity and decreased cell death are associated with the
emergence of hormone-refractory recurrent prostate cancer. J. Pathol. 1997, 183, 51–56. [CrossRef]

39. Kaambre, T.; Chekulayev, V.; Shevchuk, I.; Karu-Varikmaa, M.; Timohhina, N.; Tepp, K.; Bogovskaja, J.; Kütner, R.; Valvere, V.; Saks,
V. Metabolic control analysis of cellular respiration in situ in intraoperational samples of human breast cancer. J. Bioenerg. Biomembr.
2012, 44, 539–558. [CrossRef] [PubMed]

40. Koit, A.; Shevchuk, I.; Ounpuu, L.; Klepinin, A.; Chekulayev, V.; Timohhina, N.; Tepp, K.; Puurand, M.; Truu, L.; Heck, K.; et al.
Mitochondrial Respiration in Human Colorectal and Breast Cancer Clinical Material Is Regulated Differently. Oxidative Med.
Cell. Longev. 2017, 2017, 1372640. [CrossRef]

41. Martinez-Outschoorn, U.E.; Pestell, R.G.; Howell, A.; Tykocinski, M.L.; Nagajyothi, F.; Machado, F.S.; Tanowitz, H.B.; Sotgia, F.;
Lisanti, M.P. Energy transfer in “parasitic” cancer metabolism. Cell Cycle 2011, 10, 4208–4216. [CrossRef]

42. Wallace, D.C. Mitochondria and cancer. Nat. Rev. Cancer 2012, 12, 685–698. [CrossRef]
43. Panov, A.; Orynbayeva, Z. Bioenergetic and Antiapoptotic Properties of Mitochondria from Cultured Human Prostate Cancer

Cell Lines PC-3, DU145 and LNCaP. PLoS ONE 2013, 8, e72078. [CrossRef]
44. Stevens, J.F.; Revel, J.S.; Maier, C.S. Mitochondria-Centric Review of Polyphenol Bioactivity in Cancer Models. Antioxid. Redox Signal.

2018, 29, 1589–1611. [CrossRef] [PubMed]
45. Rampersad, S.N. Multiple Applications of Alamar Blue as an Indicator of Metabolic Function and Cellular Health in Cell Viability

Bioassays. Sensors 2012, 12, 12347–12360. [CrossRef] [PubMed]
46. Galluzzi, L.; Vitale, I.; Abrams, J.M.; Alnemri, E.S.; Baehrecke, E.H.; Blagosklonny, M.V.; Dawson, T.M.; Dawson, V.L.; El-Deiry,

W.S.; Fulda, S.; et al. Molecular definitions of cell death subroutines: Recommendations of the Nomenclature Committee on Cell
Death 2012. Cell Death Differ. 2012, 19, 107–120. [CrossRef]

47. Gnaiger, E.; Steinlechner-Maran, R.; Méndez, G.; Eberl, T.; Margreiter, R. Control of mitochondrial and cellular respiration by
oxygen. J. Bioenerg. Biomembr. 1995, 27, 583–596. [CrossRef]

48. Pesta, D.; Gnaiger, E. High-resolution respirometry: OXPHOS protocols for human cells and permeabilized fibers from small
biopsies of human muscle. Methods Mol. Biol. 2012, 810, 25–58. [CrossRef]

49. Brand, M.D.; Nicholls, D.G. Assessing mitochondrial dysfunction in cells. Biochem. J. 2011, 435, 297–312. [CrossRef]
50. Kuznetsov, A.V.; Veksler, V.; Gellerich, F.N.; Saks, V.; Margreiter, R.; Kunz, W.S. Analysis of mitochondrial function in situ in

permeabilized muscle fibers, tissues and cells. Nat. Protoc. 2008, 3, 965–976. [CrossRef]
51. Duchen, M.R. Mitochondria and calcium: From cell signalling to cell death. J. Physiol. 2000, 529 Pt 1, 57–68. [CrossRef]
52. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [CrossRef]
53. Kalyanaraman, B.; Darley-Usmar, V.; Davies, K.J.; Dennery, P.A.; Forman, H.J.; Grisham, M.B.; Mann, G.E.; Moore, K.; Roberts,

L.J., 2nd; Ischiropoulos, H. Measuring reactive oxygen and nitrogen species with fluorescent probes: Challenges and limitations.
Free Radic. Biol. Med. 2012, 52, 1–6. [CrossRef]

54. Ramanathan, A.; Schreiber, S.L. Direct control of mitochondrial function by mTOR. Proc. Natl. Acad. Sci. USA 2009, 106,
22229–22232. [CrossRef]

55. Morita, M.; Gravel, S.-P.; Hulea, L.; Larsson, O.; Pollak, M.; St-Pierre, J.; Topisirovic, I. mTOR coordinates protein synthesis,
mitochondrial activity and proliferation. Cell Cycle 2015, 14, 473–480. [CrossRef]

56. Beevers, C.S.; Li, F.; Liu, L.; Huang, S. Curcumin inhibits the mammalian target of rapamycin-mediated signaling pathways in
cancer cells. Int. J. Cancer 2006, 119, 757–764. [CrossRef]

57. Yu, S.; Shen, G.; Khor, T.O.; Kim, J.H.; Kong, A.-N.T. Curcumin inhibits Akt/mammalian target of rapamycin signaling through
protein phosphatase-dependent mechanism. Mol. Cancer Ther. 2008, 7, 2609–2620. [CrossRef] [PubMed]

58. El-Huneidi, W.; Bajbouj, K.; Muhammad, J.; Vinod, A.; Shafarin, J.; Khoder, G.; Saleh, M.; Taneera, J.; Abu-Gharbieh, E. Carnosic
Acid Induces Apoptosis and Inhibits Akt/mTOR Signaling in Human Gastric Cancer Cell Lines. Pharmaceuticals 2021, 14, 230.
[CrossRef] [PubMed]

59. Gao, Q.; Liu, H.; Yao, Y.; Geng, L.; Zhang, X.; Jiang, L.; Shi, B.; Yang, F. Carnosic acid induces autophagic cell death through
inhibition of the Akt/mTOR pathway in human hepatoma cells. J. Appl. Toxicol. 2015, 35, 485–492. [CrossRef] [PubMed]

60. Schieke, S.M.; Phillips, D.; McCoy, J.P.; Aponte, A.M.; Shen, R.-F.; Balaban, R.S.; Finkel, T. The Mammalian Target of Ra-
pamycin (mTOR) Pathway Regulates Mitochondrial Oxygen Consumption and Oxidative Capacity. J. Biol. Chem. 2006, 281,
27643–27652. [CrossRef]

119



Antioxidants 2021, 10, 1591

61. Gnaiger, E. Polarographic oxygen sensors, the oxygraph, and high-resolution respirometry to assess mitochondrial functions. In
Drug-Induced Mitochondrial Dysfunction; Dykens, J., Will, Y., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2008; pp. 327–352.

62. Engelsberg, A.; Kobelt, F.; Kuhl, D. The N-terminus of the serum- and glucocorticoid-inducible kinase Sgk1 specifies mitochondrial
localization and rapid turnover. Biochem. J. 2006, 399, 69–76. [CrossRef]

63. García-Martínez, J.M.; Alessi, D. mTOR complex 2 (mTORC2) controls hydrophobic motif phosphorylation and activation of
serum- and glucocorticoid-induced protein kinase 1 (SGK1). Biochem. J. 2008, 416, 375–385. [CrossRef]

64. Kobayashi, T.; Cohen, P. Activation of serum- and glucocorticoid-regulated protein kinase by agonists that activate phosphatidyli-
nositide 3-kinase is mediated by 3-phosphoinositide-dependent protein kinase-1 (PDK1) and PDK2. Biochem. J. 1999, 339 Pt 2,
319–328. [CrossRef]

65. Hayashi, M.; Tapping, R.I.; Chao, T.-H.; Lo, J.-F.; King, C.; Yang, Y.; Lee, J.-D. BMK1 Mediates Growth Factor-induced Cell
Proliferation through Direct Cellular Activation of Serum and Glucocorticoid-inducible Kinase. J. Biol. Chem. 2001, 276, 8631–8634.
[CrossRef] [PubMed]

66. Meng, F.; Yamagiwa, Y.; Taffetani, S.; Han, J.; Patel, T. IL-6 activates serum and glucocorticoid kinase via p38α mitogen-activated
protein kinase pathway. Am. J. Physiol. Cell Physiol. 2005, 289, C971–C981. [CrossRef] [PubMed]

67. Sarbassov, D.D.; Ali, S.M.; Sengupta, S.; Sheen, J.-H.; Hsu, P.P.; Bagley, A.F.; Markhard, A.L.; Sabatini, D.M. Prolonged Rapamycin
Treatment Inhibits mTORC2 Assembly and Akt/PKB. Mol. Cell 2006, 22, 159–168. [CrossRef] [PubMed]

68. Szwed, A.; Kim, E.; Jacinto, E. Regulation and metabolic functions of mTORC1 and mTORC2. Physiol. Rev. 2021, 101,
1371–1426. [CrossRef]

69. Steiner, M.; Priel, I.; Giat, J.; Levy, J.; Sharoni, Y.; Danilenko, M. Carnosic Acid Inhibits Proliferation and Augments Differen-
tiation of Human Leukemic Cells Induced by 1,25-Dihydroxyvitamin D3 and Retinoic Acid. Nutr. Cancer 2001, 41, 135–144.
[CrossRef] [PubMed]

70. Srivastava, R.K.; Chen, Q.; Siddiqui, I.; Sarva, K.; Shankar, S. Linkage of Curcumin-Induced Cell Cycle Arrest and Apoptosis by
Cyclin-Dependent Kinase Inhibitor p21/WAF1/CIP1. Cell Cycle 2007, 6, 2953–2961. [CrossRef]

71. Roy, S.; Kaur, M.; Agarwal, C.; Tecklenburg, M.; Sclafani, R.A.; Agarwal, R. p21 and p27 induction by silibinin is essential for its
cell cycle arrest effect in prostate carcinoma cells. Mol. Cancer Ther. 2007, 6, 2696–2707. [CrossRef]

72. Huang, H.-C.; Way, T.-D.; Lin, C.-L.; Lin, J.-K. EGCG Stabilizes p27kip1 in E2-Stimulated MCF-7 Cells through Down-Regulation
of the Skp2 Protein. Endocrinology 2008, 149, 5972–5983. [CrossRef] [PubMed]

73. Einbond, L.S.; Wu, H.-A.; Kashiwazaki, R.; He, K.; Roller, M.; Su, T.; Wang, X.; Goldsberry, S. Carnosic acid inhibits the growth of
ER-negative human breast cancer cells and synergizes with curcumin. Fitoterapia 2012, 83, 1160–1168. [CrossRef] [PubMed]

74. Mahmoud, N.; Saeed, M.E.; Sugimoto, Y.; Klinger, A.; Fleischer, E.; Efferth, T. Putative molecular determinants mediating
sensitivity or resistance towards carnosic acid tumor cell responses. Phytomedicine 2020, 77, 153271. [CrossRef] [PubMed]

75. Zhang, X.; Chen, Y.; Cai, G.; Li, X.; Wang, D. Carnosic acid induces apoptosis of hepatocellular carcinoma cells via ROS-mediated
mitochondrial pathway. Chem. Biol. Interact. 2017, 277, 91–100. [CrossRef] [PubMed]

76. Su, K.; Wang, C.-F.; Zhang, Y.; Cai, Y.-J.; Zhang, Y.-Y.; Zhao, Q. The inhibitory effects of carnosic acid on cervical cancer cells
growth by promoting apoptosis via ROS-regulated signaling pathway. Biomed. Pharmacother. 2016, 82, 180–191. [CrossRef]
[PubMed]

77. Kim, D.-H.; Park, K.-W.; Chae, I.G.; Kundu, J.; Kim, E.-H.; Kundu, J.K.; Chun, K.-S. Carnosic acid inhibits STAT3 signaling and
induces apoptosis through generation of ROS in human colon cancer HCT116 cells. Mol. Carcinog. 2016, 55, 1096–1110. [CrossRef]

78. Fantini, M.; Benvenuto, M.; Masuelli, L.; Frajese, G.V.; Tresoldi, I.; Modesti, A.; Bei, R. In Vitro and in Vivo Antitumoral Effects of
Combinations of Polyphenols, or Polyphenols and Anticancer Drugs: Perspectives on Cancer Treatment. Int. J. Mol. Sci. 2015, 16,
9236–9282. [CrossRef]

79. Chen, X.; Li, H.; Zhang, B.; Deng, Z. The synergistic and antagonistic antioxidant interactions of dietary phytochemical
combinations. Crit. Rev. Food Sci. Nutr. 2021, 61, 1–20. [CrossRef]

80. Nabekura, T.; Yamaki, T.; Hiroi, T.; Ueno, K.; Kitagawa, S. Inhibition of anticancer drug efflux transporter P-glycoprotein by
rosemary phytochemicals. Pharmacol. Res. 2010, 61, 259–263. [CrossRef]

81. Li, H.; Krstin, S.; Wink, M. Modulation of multidrug resistant in cancer cells by EGCG, tannic acid and curcumin. Phytomedicine
2018, 50, 213–222. [CrossRef]
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Abstract: Hydrogen sulfide (H2S) is an essential gaseous signaling molecule. Research on its role
in physiological and pathophysiological processes has greatly expanded. Endogenous enzymatic
production through the transsulfuration and cysteine catabolism pathways can occur in the kidneys
and blood vessels. Furthermore, non-enzymatic pathways are present throughout the body. In the
renal and cardiovascular system, H2S plays an important role in maintaining the redox status at safe
levels by promoting scavenging of reactive oxygen species (ROS). H2S also modifies cysteine residues
on key signaling molecules such as keap1/Nrf2, NFκB, and HIF-1α, thereby promoting anti-oxidant
mechanisms. Depletion of H2S is implicated in many age-related and cardiorenal diseases, all having
oxidative stress as a major contributor. Current research suggests potential for H2S-based therapies,
however, therapeutic interventions have been limited to studies in animal models. Beyond H2S use
as direct treatment, it could improve procedures such as transplantation, stem cell therapy, and the
safety and efficacy of drugs including NSAIDs and ACE inhibitors. All in all, H2S is a prime subject
for further research with potential for clinical use.

Keywords: hydrogen sulfide; reactive oxygen species; H2S donors; cardiorenal syndrome; thiosulfate

1. Introduction

Hydrogen sulfide (H2S) was first described as a pungent toxic gas in “De Morbis
Artificum Diatriba”, Bernardino Ramazzini’s treatise on worker’s diseases [1]. Today, we
have come to better understand the toxic effect of H2S and have determined that this is
most likely the result of cytochrome C oxidase (mitochondrial Complex IV), monoamine
oxidase, -and/or Na+-K+-ATPase inhibition [1–3]. A brief overview of H2S toxicity is
given in Table 1. In short, high concentrations disrupt the oxidative metabolism process of
cells leading to impairment of organs most reliant on these processes [1]. During research
on its toxicity, several groups reported the presence of H2S in tissues of healthy humans
and laboratory animals [4–6]. Although the transsulfuration pathway was described
in mammals more than fifty years ago, it was not until 1996 that the role of H2S as an
endogenous gaseous signaling molecule was proposed [7,8]. Since then, research has
expanded on the topic, revealing its role in many physiological processes including those
of the renal and cardiovascular system [9,10].

In the body, the kidneys are believed to be the third largest producer of H2S, after the
liver and gut [9]. All of the known pathways leading to the production of H2S have been
described in the kidneys. Furthermore, renal homeostasis appears to be under control of
H2S to some degree, with H2S levels contributing to the glomerular filtration rate (GFR),
Na+ excretion, and K+ excretion [11]. Various effects mediated by H2S have been observed
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with consequences in both the renal and cardiovascular systems including epigenetic
regulation of apoptosis, immunoregulatory effects, cellular protein homeostasis, and its
role as an oxygen sensor and/or inducing hypometabolism in cells [12]. These have
been extensively reviewed elsewhere [9,12]. H2S has also been shown to have powerful
antioxidant properties. Indeed, it is part of the reactive species interactome, as defined by
Cortese-Krott et al. as the chemical interactions between reactive oxygen, nitrate and sulfur
species (resp. ROS, RNS and RSS) and their downstream targets [13–15]. In general, H2S
has shown potential as a biomarker for disease; the reduction of H2S levels correlates with
renal/cardiovascular disease progression and general mortality [16,17].

Table 1. A brief overview of the toxic effects of hydrogen sulfide gas exposure.

Concentration 20–50 ppm 100–200 ppm 250–500 ppm 500+ ppm 1000+ ppm

Effects
Kerato-

conjunctivitis,
Airway agitation

Olfactory paralysis
(smell disappears),

Eye and airway
agitation

becomes severe

Lung edema that
worsens with

longer
exposure time

Serious eye damage
within 30 min

Unconscious or dead
within 8 h Amnesia

Immediate
collapse due to

respiratory failure

The complex interplay between the cardiovascular and renal system leads to patholo-
gies affecting one having consequences for the other [18,19]}. This can lead to new diseases
developing or worsening existing ones [20]. This has led to the classification system
based on the syndrome created by these interactions, known as the cardiorenal syndrome
(CRS) [19,21]. A major component of this syndrome is related to blood pressure control, in
which renal renin–angiotensin–aldosterone system (RAAS) activation, sympathetic ner-
vous system, and the pump function of the heart can fall into a vicious circle [22]. However,
this does not fully explain the CRS with chronic inflammation, persistent RAAS activa-
tion, and ROS signaling being further implicated [20]. Notably, H2S has been shown to
affect various aspects of cardiorenal interactions [9,10]. Furthermore, H2S can be benefi-
cial in the individual pathologies that fall under CRS: heart failure, cardiac hypertrophy,
ischemia, chronic kidney disease (CKD), angiotensin related hypertension, and diabetes
related renal pathology to name a few [23–25]. The antioxidant effects of H2S specifically
in renal-cardiovascular systems might hold the key to a better understanding or treatment
of CRS [11,26–28]. Considering the potential role of oxidative stress in this syndrome, it is
important to further explore this in a dedicated review.

2. Endogenous Production of Hydrogen Sulfide

There are four known pathways resulting in the production of H2S in mammals, with
the kidneys showing notable activity in all three enzymatic ones [9,29]. Blood vessels also
show the activity of these enzymes [30]. Two enzymatic pathways, that of cystathionine-
β-synthase (CBS) and cystathionine gamma-lyase (CSE), are grouped together under
the broader transsulfuration pathway, discussed in Section 2.1. A third enzymatic path-
way exists primarily in the mitochondria, the cysteine catabolic pathway mediated by
3-mercaptopyruvate sulfurtransferase (3-MST), and is expanded upon in Section 2.2. An-
other non-enzymatic pathway leading to the production of H2S has been explored recently
and is covered in Section 2.3. The presence of H2S throughout the body is thought to be
regulated by the hypothalamic–pituitary axis (at least in mice) and diet [31,32].

2.1. Transsulfuration Pathway

The transsulfuration pathway was described in mammals during the mid-twentieth
century, later rising to prominence due to the unravelling of H2S’s potential as a signaling
molecule [1]. The result of this pathway is the biosynthesis of L-cysteine from homocysteine,
as shown in Figure 1, a process central in the metabolism of sulfur and regulation of cellular
redox [33,34]. The enzymes CBS and CSE are essential to this pathway, being able to
produce H2S independently as well as in concert with each other. CBS, present in the
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kidney, but less so in the heart, uses a combination of cysteine and homocysteine to
generate H2S [29]. It can also produce cystathionine from serine and homocysteine. CSE,
notably active in the kidney and vasculature, but not the heart (in mice), takes cystationine
created from CBS to produce cysteine, which it can also use to generate H2S [35,36]. It
is important to note that CSE expression is induced by endoplasmic reticulum stress
and oxidative stress among other stimuli, whereas CBS is inhibited by the other gaseous
signaling molecules, NO, and carbon monoxide (CO). For more details on transsulfuration
pathway and its regulation, see Sbodio et al. [33].

Figure 1. An overview of the transsulfuration pathway. The arrow, representing an enzyme, points
toward the product of the reaction it catalyzes.

2.2. Cysteine Catabolism Pathway

Cysteine can be used to generate H2S via the cysteine catabolic pathway. D-cysteine is
processed by D-amino acid oxidase (DOA) in the peroxisomes to produce 3-mercaptopyruvate
(3MP), while L-cysteine and α-ketobutyrate produced from the transsulfuration path-
way are turned into 3MP by cysteine aminotransferase (CAT) in the mitochondria, as
shown in Figure 2 [37].

Figure 2. An overview of the cysteine catabolism pathway.

125



Antioxidants 2021, 10, 373

The enzyme 3-MST then comes into play, producing sulfides and polysulfides in-
cluding H2S. In turn, H2S can reduce these various products. 3-MST is also capable of
converting H2S into a hydrogen polysulfide. When 3MP is not present in sufficient concen-
trations for the 3-MST activity, antioxidant cysteine and glutathione concentrations drop,
suggesting that these are consumed [37].

2.3. Nonenzymatic Pathways

Recently, non-enzymatic production of H2S has also been described in blood and
in vitro [35]. This process appears to require the presence of iron (Fe3+ form) and vitamin
B6 in blood. Interestingly, the enzymatic pathway is most prominent in the liver and the
kidney, while non-enzymatic production plays a greater role in other tissues [35]. The
optimal substrate for this form of production appears to be cysteine, regardless of the D/L-
isomer [35]. How this process relates to the redox aspect of H2S remains to be explored.
Besides this novel pathway, various molecules found naturally in the body can donate H2S
including thiocysteine, thiosulfate, and polysulfides [38]. Such molecules therefore provide
natural leads for therapeutic drugs.

3. Antioxidant Mechanisms of Hydrogen Sulfide

Cardiovascular and renal research on H2S in rodents indicate that it has the potential
to modulate oxidative stress at the tissue and organ level [34]. At the cellular level, H2S
has been shown to influence cellular redox via four mechanisms [39]. The first is the
scavenging of ROS by induction of major antioxidants [27]. Second, cysteine residues in
proteins can be modulated by H2S, resulting in persulfidation, which, in combination with
thioredoxin, potentially protects proteins from oxidative stress [40,41]. Third, H2S plays a
role in the mitochondria and oxidative respiration production of adenosine triphosphate
(ATP) [42–44]. Finally, H2S can react with metals including iron in the heme of cytochrome
c oxidase [3]. Xie et al. have published an extensive review on the topic of H2S and cellular
redox [27]. Beyond these interactions, it has become clear that there is an interplay with
NO, another gaseous signaling molecule [45].

3.1. Reactive Oxygen Species Scavenging

Downstream of the transsulfuration pathway, cysteine also acts as an important
antioxidant and can be used to produce the major antioxidant glutathione [33]. Glutathione
is a thiol produced by combining L-glutamate and L-cysteine by glutamate cysteine ligase
and then combining the product (γ-glutamyl-L-cysteine) with L-glycine by glutathione
synthase. H2S, cysteine, and glutathione can all scavenge ROS by forming disulfide bonds
from their –SH residue [33]. However, H2S’s role in direct scavenging is thought to be
limited, as the concentrations present in vivo are too low for that to be its primary mode of
antioxidant activity. Thus, antioxidant effects related to CBS and CSE are not necessarily
directly related to H2S production, but to other products resulting from the transsulfuration
pathway. It is more likely that effects seen at the cellular level are a result of H2S’s signaling
capabilities. Indeed, the production of glutathione is regulated by known targets of H2S
signaling including the Keap1/Nrf2 pathway.

3.2. Protein Modification

H2S has the ability to modify many proteins including Keap1, NFκb, and HIF-1α. One
of the major antioxidant pathways is the Keap1/Nrf2 pathway, a simplified version of
which can be found in Figure 3. H2S has been shown to modulate Nrf2 through sulfuration
of Keap1, leading to activation of Nrf2 [27]. In this way, H2S contributes to protecting
the cell from oxidative stress related injury [46]. Nrf2 in turn regulates the production of
major ROS scavengers such as glutathione and thioredoxin, as discussed previously [27,47].
Keap1 also leads to transcription of various antioxidant enzymes such as superoxide
dismutase, catalase, and glutathione peroxidase [27]. These aspects of Nrf2 signaling are
important for preventing oxidative stress induced senescence [12]. H2S also activates NFκb,
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a cornerstone of the inflammatory pathways activated by ROS signaling, as summarized
in Figure 3 [10,30]. NFκb leads to transcription of some of the same antioxidant enzymes
that are stimulated by Keap1 [27]. HIF-1α is a third important signaling molecule that is
potentially activated or downregulated by H2S [48,49]. The signaling pathway of HIF-1α is
briefly presented in Figure 3. The regulation is H2S-dose dependent, as lower doses appear
to upregulate and stabilize HIF-1α while a higher dose downregulates and destabilizes
it [48,50].

Figure 3. An overview of how H2S interacts with the Keap1/Nrf2, NFκb, and HIF-1α pathways. The conglomerate of three
H2S indicates supraphysiological levels of H2S.

3.3. Mitochondria and Respiratory Oxidation

The major cellular production of ROS is due to oxidative respiration and therefore
located in the mitochondria. H2S is an essential molecule for mitochondria and regulates
the amounts of ROS produced [43]. ROS are in turn important for regulating adaptation in
order to promote tissue survival, however, this comes at the cost of proper function when
ROS induces oxidative stress [51]. There is a particularly interesting effect in tissues that
express the enzyme CSE and/or CBS. This is due to translocation of these enzymes to the
mitochondria in response to hypoxia and forced calcium release to the cytoplasm, at least
in vitro [43,52]. Translocation of CSE under the influence of calcium increases ATP produc-
tion under normoxic and hypoxic conditions at the cost of cysteine. However, addition of
extra H2S through donors leads to decreased ATP production in normoxic conditions [43].
Recently, normoxic perfusion of H2S donors in whole ex vivo porcine kidneys resulted in
renal oxygen consumption being reduced by over 60% with corresponding decreases in
mitochondrial activity [53]. This would suggest that ROS production is reduced by H2S
through hypometabolism.

Despite the hypometabolism induced by H2S, ATP levels, renal function, and histolog-
ical structure were unaffected, providing evidence that H2S can partially substitute oxygen
in ATP production, thus reducing the amount of ROS generated by the mitochondria [53].
In the mitochondria, H2S interacts with the heme group of cytochrome c and the metal co-
factors of cytochrome c oxidase. Located in the intermembrane compartment, cytochrome
c transfers electrons between cytochrome c reductase (complex III) and cytochrome c oxi-
dase (IV). H2S is able to donate electrons in the mitochondrial ATP production machinery
through its interaction with cytochrome c as well as reducing complex IV directly without
interacting with complex III [54]. Beyond the implications for ROS production, cytochrome
c plays an important role in inducing apoptosis in which H2S intervenes.

127



Antioxidants 2021, 10, 373

4. Hydrogen Sulfide in Cardiovascular and Renal Physiology

Considering the interactions found between H2S and ROS, it is important to note the
role of the two in maintaining cellular homeostasis. ROS is a necessary signaling molecule
that is maintained at an optimal concentration under physiological circumstances, with too
little or too much being potentially problematic [55]. For an overview of the consequences
of reduced ROS, see the reviews by Sies et al. [51,55]. Increased ROS at oxidative stress
levels forms an essential part of our understanding of the biological role of H2S. Under
physiological circumstances in the cardiovascular system, H2S interacts with the balance
between NO and ROS [56]. Renal H2S, on the other hand, seems to be under the influence
of higher enzyme concentrations [9,29]. In both cases, cell proliferation and functions are
influenced by the degree of sulfuration versus oxidation of various proteins [9,29,56]. In
this section, we focus on how these cellular and signaling mechanisms take place in the
cardiovascular and renal systems and what effects result at the tissue and organ level under
physiological circumstances.

4.1. Cardiovascular

The production of ROS, in particular hydrogen peroxide (H2O2), in the heart is impor-
tant for its ability to adapt to environmental stress [56]. In cardiomyocytes, stimulation of
the alpha-adrenergic receptors by noradrenaline leads to the production of ROS through
NAPDH oxidase (NOX) [56]. ROS can then in turn oxidize cysteine residues in important
signaling pathways such as NFκb and Nrf2. The cysteine residues are sulfurated by H2S,
providing fine control over these activations considering that the effects of oxidation are
dependent on which residues are oxidized [57]. NFκb, a pro-inflammatory pathway, is also
activated by angiotensin II (ANG II) and/or mechanical stretch via NOX and in turn ROS
can regulate NOX activation through oxidation [30]. This, combined with the ability of
H2S to activate these pathways without the inflammatory effect, would suggest that the
role of H2S is in part to limit ROS signaling to physiological levels.

At the tissue level, H2S protects against dysfunction through cellular senescence
and apoptosis while allowing for adaptation in the form of controlled inflammation,
angiogenesis, and proliferation enacted by physiological levels of ROS [49,58]. This is
supported by aging studies in rats where the levels of H2S were followed. Aged hearts
in general are more prone to disease than younger hearts and tend to have lower levels
of H2S [59]. Furthermore, when looking solely at aged hearts, those with lower levels of
H2S are more prone to age related pathologies than those that have retained more H2S [60].
One of the major driving mechanisms of these types of pathologies appears to be oxidative
stress, the state in which ROS supersedes the safe adaptive range [12]. Going a step further,
intervening with H2S treatment in hearts undergoing oxidative stress can restore redox
balance [61].

When it comes to the vasculature, ROS are well established signaling molecules un-
der physiological circumstances in the blood vessels, with different ROS having different
properties in how they distribute in and out of the cell [55]. In the long-term, H2S prevents
and reverses vascular remodeling through preventing smooth muscle proliferation and
apoptosis [55]. H2S also interacts with NO for more rapid changes such as control of the
vessel diameter, particularly when NO is depleted [62,63]. H2O2 and NO can cause vasodi-
lation, whereas ROS other than H2O2 such as superoxide (O2

−) causes vasoconstriction [56].
Overall, H2S appears to be a vasodilator [30,63]. However, the interactions are much more
complex than their individual effects. Indeed, stimulation of the angiotensin receptor I
or endothelin (ET) receptor A leads to NADPH production of ROS and vasoconstriction
while ET receptor B causes vasodilation [62]. It may be possible that H2S regulation has
the strongest effect on the dominant ROS being produced (be that O2

− or H2O2), resulting
in an opposite effect on the vessels.
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4.2. Renal

The kidneys are a major producer of H2S, as indicated by their expression of CBS, CSE,
and 3-MST [9,11]. H2S causes similar effects to those of the cardiovascular system due to
the interactions with the same pathways to protect against inflammation and apoptosis by
regulating ROS signaling [9,64]. Likewise, the defenses that H2S provides against oxidative
stress are important for maintaining cellular function in the kidneys. Furthermore, renal
H2S is also reduced due to the effects of aging in the kidneys [65]. One of the mechanisms
behind this effect is the modification of p21 regulated senescence [65]. On the matter
of NO–ROS interactions, there is indication that H2S works in tandem with NO in the
kidneys by upregulating endothelial NO synthase and thus stimulating NO production [9].
However, there are also effects that are unique to the kidneys.

H2S is involved in renal homeostasis by increasing GFR and the excretion of Na+ and
K+ through inhibition of the Na+–K+–2Cl--cotransporter and Na+–K+–ATPase [11]. This
explains part of H2S’s ability to regulate blood pressure, in combination with its role in the
RAAS system through cyclic adenosine monophosphate (cAMP) regulated renin release
and its aforementioned regulation of blood vessels [66–68]. However, research has shown
that H2S is metabolized in the presence of oxygen (O2) in renal tissue [69]. In this sense, it
acts as a sensor for O2, becoming more active under hypoxic conditions and enhancing
renal blood flow to alleviate hypoxia in the kidneys [9,11]. Hypoxia also leads to systemic
signaling from the kidney to increase the number of red blood cells through erythropoietin
(EPO) [70]. In other words, under physiological circumstances, there is a balance between
the gases H2S, O2, and NO that help maintain hemopoiesis and renal homeostasis [64,71].

5. Role in Cardiorenal Syndrome Pathologies

H2S production levels have been implicated as potential disease markers in various
pathologies [38]. Furthermore, reduced sulfate excretion has been shown to be a potential
biomarker for renal and cardiovascular diseases as well as overall mortality in the general
population [16]. When examining renal and cardiovascular pathologies in regard to H2S
research, there is a clear overlap with aging-associated pathologies, but also pathologies
related to cardiorenal syndrome (CRS) [12,20]. These include heart failure, kidney failure,
ischemic events, cardiomyopathy, hypertension, and diabetes, an overview of which is
given in Figure 4. While the definition of CRS has not been fully developed, the current
definitions provide a useful framework for an examination of H2S [20]. Following Ronco
et al.’s classification of CRS, pathologies were grouped in the criteria of acute/chronic
and the initial location of the syndrome: heart, kidney, or systemic [18]. By examining the
changes found in these diseases in the context of the previously discussed physiological
balance of H2S and other redox molecules, this section addresses the potential role of the
antioxidant aspect of H2S.

Figure 4. A simplified overview of pathologies and events contributing to the cardiorenal syndrome.
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5.1. Cardiac Cardiorenal Syndrome (CRS) Pathologies

A well-known effect of aging in humans is the switch from steady increase to a de-
crease in diastolic pressure after passing middle age (as opposed to the continuous increase
of systolic pressure). This is attributed to increased arterial stiffness and hypertrophy
of the heart with preserved end diastolic volume [72]. One of the major mechanisms
behind this and other afflictions of the heart is uncoupling of NOS, leading to production
of O2

−, where H2S has been shown to be restored in the experimental setting using rat
models [59]. During aging, the level of H2S in heart tissue was reduced in rats [60]. Hearts
with lower H2S levels have been shown to be more prone to disease as well as having
reduced functionality and experience uncoupling [59,73]. In other words, it is possible that
H2S’s antioxidant capabilities are a key aspect of the cardiac pathologies of aging. Notably,
such pathologies tend to fall under the CRS.

Acute pathologies initiating in the heart related to CRS include myocardial infarction,
heart transplantation, surgery, and acute heart failure from cardiomyopathy [20]. In general,
these fall under ischemic events or maladaptation to the environment. In both cases, ROS
signaling and H2S have been shown to play a role. The role of ROS in pathology is one
of overproduction, in which the adaptive processes turn into damaging ones in the form
of oxidative stress [55]. H2S mitigates the negative effects to a degree in acute disease,
however, it can easily become depleted. The amount of H2S reserves is indicative of the
severity of the disease and damage, as shown by studies on aged rat hearts. This effect is
also observed within aging; when comparing aged hearts, the levels of H2S also predicted
the severity of the disease at the same (calendar) age [74].

Direct ROS scavenging is not the only potential path for H2S to mitigate the damage in
acute cardiac problems. Inflammation plays a crucial role in the extent of damage that takes
place and is responsible for increased ROS levels. In turn, ROS modifies important signaling
pathways such as NFκB and Keap1/Nrf2/, which are also targets for H2S modification,
as previously discussed. H2S reduces inflammation, fibrosis, and hypertrophy induced
by these pathways, however, it can become rapidly depleted during prolonged or intense
oxidative stress [75,76]. Notably, H2S has been shown to play an essential role in autophagy,
a major underlying mechanism of cardiac injury [77]. In cardiac autophagy, oxidative stress
leads to the degradation of mitochondria, the primary source of that stress, as a form of
self-survival [78]. H2S has the ability to prevent autophagy in experimental settings, thus
reducing the long-term effects of acute damage [78].

The chronic CRS pathology initiating in the heart is primarily chronic heart failure [20].
Oxidative stress has been indicated as a major player in heart failure, with much research
focused on the activation of matrix metallopeptidases (MMPs), which downregulates the
production of H2S [54]. The importance of H2S in heart failure is demonstrated by the
study of Koning et al. on ‘the fate of sulfate’ [25]. In this study, patients with chronic heart
failure were followed and their sulfate levels in blood and urine were measured. Patients
showed higher plasma levels of sulfate and lower urinary excretion of sulfate compared to
healthy controls [22]. While this research shows that sulfate may be useful as a biomarker,
it does beg the question of what the extra sulfate is indicative of, especially considering that
higher H2S in the tissues of rodent models suggests protection. It may be possible that the
reduced sulfate excretion in the urine is indicative of renal malfunction in these patients,
as low excretion is also correlated with certain forms of renal disease progression [17].
Reduced sulfate excretion will clearly increase plasma levels. It is also possible that the
sulfate found in the plasma might be in the form of polysulfides that are produced from
the interactions with free radicals [79].

5.2. Renal CRS Pathologies

Acute renal initiators of CRS fall under the broad clinical observation of acute kidney
injury (AKI), characterized by the loss of kidney function within one week [80]. AKI can
be further classified into groups based on the location of the underlying cause, namely
prerenal, renal (intrinsic), and postrenal. Interestingly, H2S has been found to play a role in
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pathologies belonging to each of these categories. AKI has the potential to develop into
CKD, with oxidative stress, hypoxia, and fibrosis being implicated in the transition [64].
Furthermore, the kidney signals its distress to the rest of the body and attempts to rectify the
situation by reducing vascular resistance through various mechanisms [81]. This activation
can have long-term consequences for the kidney, as it can lead to renal inflammation and
fibrosis [81]. RAAS activation also leads to more workload on the heart due to increased
blood volume and vascular resistance, thus contributing to the development or exacerbation
of CRS and related cardiac pathologies [81].

Prerenal AKI is characterized by a sharp decrease in blood flow to the kidneys and is
therefore not an initiating event in CRS, but is rather secondary to problems of the heart
and vasculature. The most common cause of AKI is prerenal caused by surgery, with
cardiac surgery, namely cardiopulmonary bypass, having the highest associations [82,83].
This type of ischemic event is similar to direct renal injury by transplantation, which results
in an ischemic/reperfusion event [11,34]. Direct injury by transplantation is a potential
initiator of CRS [20]. In both cases, the role of H2S as an oxygen sensor and regulator of
metabolism is essential [9,84]. At the cellular level, reduced O2 leads to reduction in the
metabolism of H2S, thereby increasing its levels. H2S then regulates the mitochondria and
oxidative signaling to bring the cell into a lower energetic state [85]. In the case of the
renal stem cells, located in the papilla and possibly in the tubules, this brings them into a
quiescent state. This protects the tissues from cell depletion in the hypoxic environment,
assuming the hypoxia is transient. However, the capacity of endogenous levels of H2S to
perform this crucial ability is limited and crossing that limit leads to pathology.

Renal AKI also includes various conditions in which the kidney is directly affected [20]
such as acute interstitial nephritis [86]. Acute interstitial nephritis is the result of an acute
autoimmune reaction or response to an infection (pyelonephritis), or, most commonly,
a variety of medications [86,87]. Regardless of the instigator, the cause of disease is
inflammation, which in turn can lead to fibrosis in the long-term [87]. Despite having
various potent targets for H2S, little research has been done on the topic. Chen et al.
showed that sepsis induced AKI, a different major inflammatory type of injury, corresponds
with H2S levels and that renal damage can be ameliorated by introducing more H2S [88].
While there are to the best of our knowledge no publications on H2S related medication-
instigated interstitial nephritis, H2S has been shown to improve the safety of nonsteroidal
anti-inflammatory drugs (NSAIDs) in other organs [89,90]. NSAIDs are a known potential
instigator of interstitial nephritis, while also increasing the chance of developing AKI,
particularly in individuals with CKD [91]. On a tangent, acute nephrotoxicity caused by
acetaminophen overdose depletes glutathione (and therefore H2S) in the kidneys, whilst
supplementation with H2S donors reduces inflammation and damage [92,93].

Acute tubular necrosis, another cause of intrinsic AKI, can be induced by cisplatin.
H2S, in turn, has been shown to be protective in cisplatin-induced renal disease [94]. Recent
research suggests that the protective effect is a result of SIRT3 modification, leading to
attenuation of mitochondrial damage [95]. It is important to note that not all donors create
this effect, indeed, the slow releasing H2S donor GYY4137 worsens the renal damage by
promoting increased oxidative stress [96]. Furthermore, cisplatin is thought to downreg-
ulate CSE, leading to reduced levels of H2S in renal cells, potentially the mechanism for
its nephrotoxicity [94]. Other forms of tubular necrosis also result from ischemia and/or
inflammatory processes, again suggesting a potential role for H2S signaling.

Postrenal AKI is caused by the blockage of the urinary tract, causing backflow and/or
build-up of urine in the kidneys [97]. This blockage can be caused by a variety of problems,
from kidney stones to bacterial infection [97]. The causes may not be directly related to
the redox control by H2S, however, H2S plays an important role in mitigating the damage
resulting from this type of injury. Rats undergoing unilateral ureteral obstruction suffer
fibrosis and loss of function that can be ameliorated by H2S treatment [98]. In particular,
GYY4137 seems to mitigate fibrosis via the TGF-B1 mediated pathway, which is involved
in crosstalk with NFκB and inflammation [98]. Furthermore, H2S speeds up recovery time
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in the rats that recover from the damage [98]. Should the acute obstruction become a
chronic one, then TGF-B1 and ANG II are upregulated, causing an epithelial–mesenchymal
transition in the kidney [99]. H2S mitigates this effect and has been shown to be protective
in ANG II related pathologies [23,99].

CKD is characterized by increased levels of oxidative stress and chronic hypoxia [64].
Nrf2 plays an important role in regulating the oxidative stress under physiological circum-
stances, however, in CKD, the activation seems to be insufficient [64]. This could be due
to the complex interactions that can cause or propagate CKD such as hyperglycemia and
hypoxia [64]. In any case, the result is hypoxia, fibrosis, inflammation, oxidative stress,
and/or anemia [50]. It is clear, however, that in CKD, H2S production capacity is reduced
in the kidneys as well as the liver [100]. This is mirrored by homocysteine levels being
elevated while H2S levels are reduced in patients with CKD, suggesting that the transsul-
furation pathway is disrupted [101]. H2S interactions with the HIF-1α pathway could
be important, as HIF-1α protects against hypoxic injury initially and is downregulated
in CKD [50]. Prolonged exposure to HIF-1α activation, however, leads to fibrosis of the
kidneys [50]. H2S’s dose dependent activation or downregulation could prove important
to potential treatment. This, together with H2S’s ability to alleviate inflammation, fibrosis
oxidative stress, and anemia (through increased EPO synthesis) makes it a solid candidate
for future research on CKD. For an in-depth review of H2S and CKD, we refer to the
extensive paper by Dugbartey [50].

5.3. Systemic CRS Pathologies

While not a primary disease of the heart or kidney, the various forms of diabetes
mellitus (DM) play an important role in the development and severity of various CRS
pathologies. ROS is induced and antioxidant pathways downregulated by advanced
glycation end products resulting from hyperglycemia [102]. An example of one such
pathway is cAMP, which leads to increased ROS in DM type II and is also regulated by
H2S [67,103]. At the glomerulus, blood is filtered and excretion products including water
and small molecules are transferred to Bowman’s capsule for further processing in the
tubuli. Specialized cells called podocytes serve a crucial role in this filtration process
and are damaged by hyperglycemia, resulting in reduced GFR. This damage and other
forms of diabetic nephropathy (DN) can be prevented by H2S [104]. Furthermore, the
damage caused by hyperglycemic conditions in diabetic kidney disease (DKD) in general
can be relieved by H2S [96]. H2S production is reduced in hyperglycemic conditions due
to excessive MMP-9 activity, thus paving the way for oxidative stress to develop [11].
However, H2S serves another role and increases insulin sensitivity and cellular glucose
uptake, thus potentially tackling the hyperglycemia at its source [105,106]. Altogether, H2S
should be considered an important topic of research when it comes to the pathology and
treatment of diabetic CRS.

Hypertension is an important pathology due in part to its role as a risk factor for
various other pathologies, some with significant morbidity and/or mortality rates [107]. It
can be categorized as the more common primary hypertension with no directly attributable
cause [108] or the rarer secondary hypertension, in which an underlying disorder such
as renal dysfunction is the culprit [23,107]. An important clinical distinction is resistant
hypertension, defined as hypertension that does not respond to combination therapy of
the four major antihypertensive drugs [107]. An estimated 9–18% of hypertensive cases
are resistant and can be either essential or secondary, indicating a societal need for better
understanding and treatment options for these patients [107,109]. As discussed in the
previous section, blood pressure is in part controlled by redox signaling [63,110]. Higher
levels of ROS signaling predispose to hypertension and CSE knockout mice develop hy-
pertension [9]. The few studies in humans on H2S in diabetes and transplantation that
also included blood pressure measurements show H2S levels to be inversely associated
with blood pressure [24]. The animal models in which H2S can effectively reduce blood
pressure are numerous including ANG II-induced hypertension [23,111], spontaneously
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hypertensive rats [112], and L-NNA induced hypertension (inhibition of NO synthesis) [26].
When existing antihypertensive drugs such as angiotensin-converting enzyme inhibitors
(ACE-inhibitors) are modified by sulfhydrylation, they act as a donor for H2S [112]. In the
case of sulfhydrylated ACE-inhibitors, their safety is improved as well as having greater
potential in treating hypertension than their standard counterparts through direct effects in
the vascular tissue [112]. Due to its various mechanisms of antioxidant activity and numer-
ous effects related to blood pressure control, H2S could potentially serve as a new treatment
for both kidney-induced secondary hypertension as well as essential hypertension.

Atherosclerosis is a common pathology of aging and comes with potentially debilitat-
ing consequences, monitored clinically primarily through concentrations of low density
lipoprotein (LDL) and total cholesterol in the blood. Much like hypertension, treatment and
prevention of this mostly asymptomatic process is essential for promoting cardiovascular
health in the long-term. The endogenous production of H2S is perhaps a double-edged
sword in atherosclerosis, however, as shown in Figure 5 [30]. Endogenously produced
H2S is connected to atherosclerosis as a CSE knockout shows accelerated atherosclerosis
development, rescuable by H2S treatment [113]. Preexisting plaques, on the other hand,
can develop micro-vessels through CSE/H2S mediated angiogenesis, which increases the
risk of plaque ruptures [114]. Exogenous treatment has shown more promise on the whole
through suggested mechanisms such as dilating the vessels to restore flow, interactions
with the Keap1/Nrf2 redox balance, protecting endothelial functionality from cell senes-
cence, bypassing affected vessels through angiogenesis, protecting against (mitochondrial)
DNA damage, and possibly foam cell formation via SIRT1 [115]. H2S is also important
in the liver’s metabolism of lipids, an essential part of atherosclerosis, and oxidized LDL
levels are inversely related to H2S [30,115]. While more research is needed in this area
before its application in humans, tentative optimism can be had for the potential of H2S in
preventing atherosclerosis as well as treating early stages, but should be considered with
more caution for advanced disease.

Figure 5. H2S is helpful in early stages for the prevention of disease, however, it can be detrimental in later stages of
atherosclerosis. In the figure, LDL is low density lipoprotein, and VEGF is vascular endothelial growth factor.

6. Therapeutic Potential in Cardiovascular and Renal Disease

Considering the wide variety of diseases in which H2S has been implicated during
recent years, it is not surprising that research has also started on exploiting its potential
as a therapeutic drug [116]. A major line of study are the therapeutic applications during
ischemic/reperfusion events of both the heart and kidneys [34,84,85,117]. Notably, H2S
treatment leads to amelioration of aging, sclerosis, and fibrosis in these organ systems.
Furthermore, existing medications that interact with the renal-cardiovascular system inter-
play such as NSAIDs and ACE inhibitors are being modified with sulfur to induce H2S
production. One such modification, ATB-346, has been shown to improve the safety of
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NSAIDs and is currently at stage II trials [118]. Beyond direct administration, the combina-
tion of H2S and precursors present in food and produced by the gut biome open the way
for diet potential [32,119,120]. Indeed, H2S has been recognized as the primary effector
of antioxidant behavior in foods such as garlic and onion [32,119,120]. Another lifestyle
change, regular aerobic exercise, has been shown to induce H2S in vivo [76]. In short,
there is not only a wide variety of targets for H2S treatment, but also a wide variety of
treatment possibilities (Table 2). However, how much of the therapeutic potential for renal
and cardiovascular disease is explained by the antioxidant effect of H2S?

Table 2. An overview of some of the potential treatments using hydrogen sulfide.

Administration Type Examples Considerations

Donors
NaHS, Na2S Easy to use in vitro and in animal models. Phase 1

clinical trials.

Sodium Thiosulfate (Na2S2O3) Already used in the clinic, increasingly tested in
animal models.

Modified Drugs
ACE-inhibitors (Zofenopril, Captopril) Improved safety and efficacy.

NSAIDS (Diclonefac, Ibuprofen, Naproxen) Improved safety.

Gas H2S Non-oral administration, potentially dangerous.

Modified Treatments
Transplantation Improvements over cold preservation with greater

success rates.

Stem Cell Treatments Protection from oxidative stress during processing.
Better treatment results.

6.1. Treatments Using H2S Donors

H2S donors are widely used in various recent studies. While NaHS or Na2S is con-
venient for preclinical experiments, sodium thiosulfate (Na2S2O3) is already registered
for use in humans as a treatment for cyanide poisoning as well as being used off-label for
calciphylaxis [121,122]. NaHS has been promising in the treatment of atherosclerosis in rat
models [113] and hypertension in spontaneously hypertensive rats, Dahl salt sensitive rats,
ANG II infusion, and NO synthesis inhibition [24]. It has been shown to improve renal func-
tion, reduce extent of injury, improve recovery rate after injury, treat diabetic renal disease,
and increase tubular regeneration [9,105,123]. NaHS has also been used to ameliorate aging
of various tissues including the kidneys and heart [12,65]. Sodium thiosulfate is beneficial
in treating ANG II induced hypertension, renal damage, and heart disease [23,26,111,124].
It has also shown promise in rat models of cardiac ischemia [125,126] and preeclamp-
sia [127] as well as mouse models of cardiomyopathy [128]. Sodium thiosulfate has been
shown to be safe in intravenous doses up to at least 15 grams in patients with acute coro-
nary syndrome undergoing coronary angiography [129]. In all of these cases, evidence is
mounting that the interactions of H2S and redox signaling is the main mechanism leading
to these benefits [74,76,88,111,130].

6.2. Improving Transplantation Success

Along the same lines as its use in the treatment of ischemia/reperfusion events, H2S
has been shown to improve solid organ transplantation success in rats [131]. This is an
important finding considering the limited supply of organs and the role of transplantation
to treat end stage kidney or heart disease. As described in Section 4, H2S protects tissue
from ischemic/reperfusion events by reducing the resulting oxidative stress [84,85]. From
a therapeutic standpoint, this would mean that administering H2S or upregulating its pro-
duction could reduce the damage of infarctions, ischemic events, and transplantation [116].
An important point to consider is that H2S can be used in the perfusion of donor organs,
and when doing so, it induces a hypometabolic state. This state can be used to replace
the normal cooling method for transporting the organ, reducing the damage caused by
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the cooling on top of its benefits regarding oxidative stress. Beyond the success rate of the
transplantation, it would be valuable if future research could investigate if H2S reduces the
prerenal kidney injuries that come with transplantation of other organs, in particular heart
transplants, as these can lead to the development of CRS (see Section 5.2).

6.3. Diet and Exercise

Recently, H2S has been shown to be involved in the benefits exercise and diet can
have on cardiovascular health. In the case of exercise, it has been shown that long-term
regular aerobic exercise is beneficial in attenuating age-related fibrosis of the heart. Re-
cently, the mechanism of this attenuation was related to H2S levels [76]. In the case of
diet, the benefits of the allium genus (onions), in particular allium sativum (garlic), has
been connected to H2S released from diallyl disulfide [50,58]. Diallyl sulfide has been
shown to have CSE-dependent benefits related to HIF-1a expression in cellular hypoxia
responses [50,58]. Many of the benefits of these foods have been attributed to their an-
tioxidant properties [32,119,120]. As H2S’s protective effects depend upon activation of
endogenous antioxidant capacity, it may surpass the disappointing results that direct
antioxidant treatment have shown thus far [132].

6.4. Regenerative Medicine

Stem cell treatment has shown promise in treating serious heart disease including
heart failure [133]. There are several proposed mechanisms of this benefit including differ-
entiation, immunomodulatory factor, and H2S secretion [134]. However, its effectiveness
can vary greatly between individuals. Indeed, many clinical trials on stem cell treatment
focus on using stem cells obtained from the patient, which can be of low quality considering
the condition of these patients [133]. The quality of stem cells and their ability to differen-
tiate requires a minimum level of ROS, however, high levels lead to oxidative stress that
results in senescence or death of the stem cells [135]. This can be particularly challenging
due to simple matters that might take place in a treatment protocol such as exposure to air,
resulting in an increase of ROS in readily available stem cell sources such as mesenchymal
stem cells (MSCs) [134]. Considering the previously discussed ways that H2S antagonizes
ROS, it stands to reason that H2S co-therapy might create a synergistic effect by better
enabling stem cells to reach greater therapeutic potential while at the same time providing
protection on its own. Indeed initial research in bone indicates that H2S does indeed pre-
serve MSC function [135]. Recently, Abdelmonem et al. found that preconditioning in vitro
or co-delivery in vivo using NaHS both resulted in improved outcomes in treating rats with
heart failure over MSC treatment alone [136]. Any combination of NaHS and/or MSCs
resulted in no notable fibrosis. All combinations improved ejection fraction, fractional
shortening, and the left ventricle diameter in heart failure with the preconditioned MSC
treatment coming closest to healthy controls. Furthermore, preconditioned MSCs were able
to restore QRS duration and QT intervals to healthy control levels, whereas NaHS alone or
in combination with MSCs did not [136]. While still in an early phase, combination therapy
of stem cells and H2S has the potential to become a novel therapy.

7. Discussion

All in all, H2S research has thus far opened new avenues of research into important
diseases of the cardiovascular and renal systems, many of which need more or better
treatment options. A great deal of H2S’s potential lies in its antioxidant properties. H2S’s
ability to activate endogenous antioxidant production, modify key signaling proteins that
are also targeted by ROS, and regulate the metabolism of mitochondria make it a complex
and interesting puzzle. This complexity may also underlie the benefits seen in the treatment
of rodent models of disease and the observations of H2S associations with different aspects
of various diseases in humans.

Although most of the research has been done in cell lines and in rodent models, we are
reaching the point in which translation to the clinic is underway. The existing research in
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humans has initially mostly been observational, exploring changes in sulfate under various
circumstances. Currently a handful of drugs modified to be H2S donors are in varying
phases of clinical trials. While the focus of these trials is on improving the safety profile of
the original drug, the safety data in humans may ease the way for trials aimed specifically
on the use of H2S donors as a treatment. Sodium thiosulfate is also in various clinical trials,
for example, it has proven safe in phase II trials for treatment of acute coronary syndrome
(ClinicalTrials.gov identifier NCT03017963) and is undergoing phase III trials. Hopefully,
the results in animal models to directly treat pathologies such as those belonging to CRS as
well as indirectly by improving other treatment options such as transplantation and stem
cell therapies can be replicated in humans.

It is also important to realize that while H2S is reduced in cardiovascular and renal
pathologies, H2S and the transsulfuration enzymes are increased in other pathologies such
as cancer and certain genetic neurological disorders [38]. When considering its use in
humans, one should be careful to take this into consideration, as it could very well have
implications for use in some subpopulations. From the other perspective of treating those
pathologies with overproduction, care must also be taken to avoid making the heart and
kidneys more vulnerable to oxidative stress related pathologies, exacerbating the already
growing CRS problem. A diagram depicting dose-response relationships of H2S can be
found in Figure 6. However, even if such problems exist, they are not insurmountable, and
we remain optimistic about H2S’s therapeutic potential.

Figure 6. A diagram depicting dose-response relationships of H2S concentrations. This review focused on the renal and
cardiovascular systems, in which levels of H2S lower than physiological amounts can lead to disease. However, it is
important to note that high levels are characteristic of cancer and can also lead to toxicity.

8. Conclusions

H2S is a gaseous signaling molecule that plays an important role in redox signaling.
Research has exploded on its role in a broad spectrum of biological processes, both physio-
logical and pathological. In the case of the renal and cardiovascular systems, H2S plays
an important role in maintaining ROS signaling at safe levels by promoting scavenging
of ROS as well as competitively modifying cysteine residues on key signaling molecules.
As such, depletion of H2S is implicated in a variety of age-related pathologies as well
as pathologies that fall under CRS. A number of these pathologies are difficult to treat
and require novel therapies. Current research suggests potential for H2S-based therapies,
however, this has been limited primarily to studies in rodents. Fortunately, one donor
of H2S, sodium thiosulfate, is already registered for use in humans, thus easing the way
for translational studies. Furthermore, H2S shows potential for improving other forms of
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treatment such as the safety of NSAIDs, transplantation success, and stem cell therapies.
Considering all these points, H2S is a prime target for further research with potentially a
large clinical impact.

Author Contributions: Conceptualization, J.J.S., I.T.N.N., H.V.G. and J.A.J.; resources, J.J.S.; writing—
original draft preparation, J.J.S.; writing—review and editing, J.J.S., I.T.N.N., E.M.B.; H.V.G. and J.A.J.;
visualization, J.J.S.; supervision, H.V.G. and J.A.J.; project administration, H.V.G.; funding acquisition,
H.V.G. and J.A.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from the Netherlands CardioVascular Research
Initiative: An initiative with support of the Dutch Heart Foundation (CVON2014-11 [RECONNECT]).
This research was also supported by a grant from the Dutch Kidney Foundation (#17O16).

Acknowledgments: Figures 2, 5 and 6 were created using BioRender.com.

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

References

1. Szabo, C. A timeline of hydrogen sulfide (H(2)S) research: From environmental toxin to biological mediator. Biochem. Pharm.
2018, 149, 5–19. [CrossRef] [PubMed]

2. Guidotti, T.L. Hydrogen sulphide. Occup. Med. 1996, 46, 367–371. [CrossRef]
3. Dorman, D.C.; Moulin, F.J.; McManus, B.E.; Mahle, K.C.; James, R.A.; Struve, M.F. Cytochrome oxidase inhibition induced by

acute hydrogen sulfide inhalation: Correlation with tissue sulfide concentrations in the rat brain, liver, lung, and nasal epithelium.
Toxicol. Sci. 2002, 65, 18–25. [CrossRef] [PubMed]

4. Warenycia, M.W.; Goodwin, L.R.; Benishin, C.G.; Reiffenstein, R.J.; Francom, D.M.; Taylor, J.D.; Dieken, F.P. Acute hydrogen
sulfide poisoning. Demonstration of selective uptake of sulfide by the brainstem by measurement of brain sulfide levels. Biochem.
Pharm. 1989, 38, 973–981. [CrossRef]

5. Goodwin, L.R.; Francom, D.; Dieken, F.P.; Taylor, J.D.; Warenycia, M.W.; Reiffenstein, R.J.; Dowling, G. Determination of sulfide
in brain tissue by gas dialysis/ion chromatography: Postmortem studies and two case reports. J. Anal. Toxicol. 1989, 13, 105–109.
[CrossRef] [PubMed]

6. Savage, J.C.; Gould, D.H. Determination of sulfide in brain tissue and rumen fluid by ion-interaction reversed-phase high-
performance liquid chromatography. J. Chromatogr. 1990, 526, 540–545. [CrossRef]

7. Binkley, F.; Du Vigneaud, V. The Formation of Cysteine from Homocysteine and Serine by Liver Tissue of Rats. J. Biol. Chem. 1942,
144, 507–511. [CrossRef]

8. Abe, K.; Kimura, H. The possible role of hydrogen sulfide as an endogenous neuromodulator. J. Neurosci. 1996, 16, 1066–1071.
[CrossRef]

9. Cao, X.; Bian, J.S. The Role of Hydrogen Sulfide in Renal System. Front. Pharm. 2016, 7, 385. [CrossRef]
10. Wu, D.; Hu, Q.; Zhu, D. An Update on Hydrogen Sulfide and Nitric Oxide Interactions in the Cardiovascular System. Oxidative

Med. Cell. Longev. 2018, 2018, 4579140. [CrossRef]
11. Koning, A.M.; Frenay, A.R.; Leuvenink, H.G.; Van Goor, H. Hydrogen sulfide in renal physiology, disease and transplantation–the

smell of renal protection. Nitric Oxide 2015, 46, 37–49. [CrossRef] [PubMed]
12. Perridon, B.W.; Leuvenink, H.G.; Hillebrands, J.L.; Van Goor, H.; Bos, E.M. The role of hydrogen sulfide in aging and age-related

pathologies. Aging (Albany Ny.) 2016, 8, 2264–2289. [CrossRef] [PubMed]
13. Cortese-Krott, M.M.; Fernandez, B.O.; Kelm, M.; Butler, A.R.; Feelisch, M. On the chemical biology of the nitrite/sulfide

interaction. Nitric Oxide 2015, 46, 14–24. [CrossRef] [PubMed]
14. Fukuto, J.M.; Ignarro, L.J.; Nagy, P.; Wink, D.A.; Kevil, C.G.; Feelisch, M.; Cortese-Krott, M.M.; Bianco, C.L.; Kumagai, Y.;

Hobbs, A.J.; et al. Biological hydropersulfides and related polysulfides—A new concept and perspective in redox biology. FEBS
Lett. 2018, 592, 2140–2152. [CrossRef]

15. Cortese-Krott, M.M.; Koning, A.; Kuhnle, G.G.C.; Nagy, P.; Bianco, C.L.; Pasch, A.; Wink, D.A.; Fukuto, J.M.; Jackson, A.A.; Van
Goor, H.; et al. The Reactive Species Interactome: Evolutionary Emergence, Biological Significance, and Opportunities for Redox
Metabolomics and Personalized Medicine. Antioxid Redox Signal. 2017, 27, 684–712. [CrossRef] [PubMed]

16. Van den Born, J.C.; Frenay, A.S.; Koning, A.M.; Bachtler, M.; Riphagen, I.J.; Minovíc, I.; Feelisch, M.; Dekker, M.M.; Bulthuis, M.L.C.;
Gansevoort, R.T.; et al. Urinary Excretion of Sulfur Metabolites and Risk of Cardiovascular Events and All-Cause Mortality in the
General Population. Antioxid Redox Signal. 2019, 30, 1999–2010. [CrossRef] [PubMed]

17. Van den Born, J.C.; Frenay, A.R.; Bakker, S.J.; Pasch, A.; Hillebrands, J.L.; Lambers Heerspink, H.J.; van Goor, H. High urinary
sulfate concentration is associated with reduced risk of renal disease progression in type 2 diabetes. Nitric Oxide 2016, 55–56,
18–24. [CrossRef]

18. Ronco, C.; Haapio, M.; House, A.A.; Anavekar, N.; Bellomo, R. Cardiorenal syndrome. J. Am. Coll. Cardiol. 2008, 52, 1527–1539.
[CrossRef]

137



Antioxidants 2021, 10, 373

19. House, A.A.; Anand, I.; Bellomo, R.; Cruz, D.; Bobek, I.; Anker, S.D.; Aspromonte, N.; Bagshaw, S.; Berl, T.; Daliento, L.; et al.
Definition and classification of Cardio-Renal Syndromes: Workgroup statements from the 7th ADQI Consensus Conference.
Nephrol. Dial. Transpl. 2010, 25, 1416–1420. [CrossRef] [PubMed]

20. Braam, B.; Joles, J.A.; Danishwar, A.H.; Gaillard, C.A. Cardiorenal syndrome–current understanding and future perspectives. Nat.
Rev. Nephrol. 2014, 10, 48–55. [CrossRef]

21. Uduman, J. Epidemiology of Cardiorenal Syndrome. Adv. Chronic Kidney Dis. 2018, 25, 391–399. [CrossRef] [PubMed]
22. Ronco, C.; Bellasi, A.; Di Lullo, L. Cardiorenal Syndrome: An Overview. Adv. Chronic Kidney Dis. 2018, 25, 382–390. [CrossRef]

[PubMed]
23. Snijder, P.M.; Frenay, A.R.; Koning, A.M.; Bachtler, M.; Pasch, A.; Kwakernaak, A.J.; Van den Berg, E.; Bos, E.M.; Hillebrands, J.L.;

Navis, G.; et al. Sodium thiosulfate attenuates angiotensin II-induced hypertension, proteinuria and renal damage. Nitric Oxide
2014, 42, 87–98. [CrossRef] [PubMed]

24. Van Goor, H.; Van den Born, J.C.; Hillebrands, J.L.; Joles, J.A. Hydrogen sulfide in hypertension. Curr. Opin. Nephrol. Hypertens.
2016, 25, 107–113. [CrossRef] [PubMed]
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Abstract: Systemic sclerosis (SSc) is a multi-system connective tissue disease characterized by the
increased deposition of extracellular matrix proteins such as collagen and fibronectin. Although the
pathogenesis is not completely understood, a number of studies suggest that free radicals could
be the major contributors to the disease. Indeed, different studies demonstrated how oxidative
stress could contribute to the fibrotic process activation at the level of the skin and visceral organs.
Emerging evidences highlight the beneficial effects of sildenafil, a phosphodiesterase type 5 inhibitor
(PDE5i), which protects different cell lines from the cell damage induced by reactive oxygen species
(ROS). These data make sildenafil a good candidate for therapeutic treatment aimed to protect
biological macromolecules against oxidative damage, thus preserving cell viability. The purpose
of this study was to evaluate the sensitivity of SSc dermal fibroblasts to an oxidative insult and
the ability for sildenafil to prevent/reduce the DNA damage due to ROS action. Additionally, we
evaluated the capacity for sildenafil to influence redox homeostasis and cytotoxicity, as well as cell
proliferation and cell cycle progression. We demonstrated that SSc fibroblasts have an increased
sensitivity to a pro-oxidant environment in comparison to healthy controls. The sildenafil treatment
reduced ROS-induced DNA damage, counteracted the negative effects of ROS on cell viability
and proliferation, and promoted the activity of specific enzymes involved in redox homeostasis
maintenance. To our knowledge, in this report, we demonstrate, for the first time, that sildenafil
administration prevents ROS-induced instability in human dermal fibroblasts isolated by SSc patients.
These results expand the use of PDE5i as therapeutic agents in SSc by indicating a protective role in
tissue damage induced by oxidative insult.

Antioxidants 2020, 9, 786; doi:10.3390/antiox9090786 www.mdpi.com/journal/antioxidants
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1. Introduction

Systemic sclerosis (SSc) is a multi-system connective tissue disorder characterized by the increased
deposition of extracellular matrix proteins, where increased oxidative stress plays a role in the activation
of the fibrotic process at the level of the skin and visceral organs [1–3].

In fact, it is known that excessive oxidative stress contributes to vascular damage, jeopardizes the
function of the endothelial system, leading to immune system involvement, and it participates in the
establishment and maintenance of fibroblast activation [4,5].

Several authors have shown that SSc patients have a reduced antioxidant capacity; however,
the exact stage of the disease at which the increase in reactive oxygen species (ROS) occurs is still
uncertain [6,7]. The plasma levels of ascorbic acid, α-tocopherol, β-carotene, and selenium were found
lower in SSc patients than in healthy controls [6,7]. Moreover, patients with SSc have shown a high
rate of chromosomal breakages, consistent with the known clastogenic activity of ROS, and increased
levels of plasma markers of oxidative stress [8,9]. In particular, several authors have demonstrated that
the systemic oxidative imbalance occurring in SSc patients induces changes in different subcellular
components and macromolecules, oxidative denaturation, and derangement, as well as the loss of
lipid asymmetry in membranes and DNA damage [10,11]. These are considered cellular changes that
can induce premature cell senescence or cell death.

Controversial results exist about the possible beneficial effects of the treatment with different
antioxidants in patients with SSc. The favorable outcome depends on the nature of the antioxidant
substance, stage of the disease, and the duration of treatment [12–18].

Emerging evidences suggest specific protective effects of phosphodiesterase type 5 (PDE5)
inhibition with sildenafil in protecting them from genotoxic damage induced by ROS in different
cell lines [19–21]. Phosphodiesterases (PDE) are a group of ubiquitous enzymes that hydrolyze the
nucleotides cyclic adenosine monophosphate (cAMP) or cyclic guanosine monophosphate (cGMP)
to their inactive forms AMP and GMP [22]. In mammalians, PDE enzymes are classified into
11 families—namely, PDE1-PDE11. The use of PDE5 inhibitors (PDE5i) has been established in
Raynaud’s phenomenon and pulmonary arterial hypertension, and they are emerging as antifibrotic
agents in interstitial lung disease [23–25].

The high potential antioxidant capability of sildenafil [26,27] makes this PDE5 inhibitor a good
candidate for therapeutic treatment aimed to reduce oxidative damage to biological macromolecules,
thus preserving cell viability.

The objective of this study was to evaluate the sensitivity of SSc dermal fibroblasts to oxidative
stress and the ability for sildenafil to prevent/reduce the DNA damage induced by ROS. Additionally,
we evaluated the capacity of sildenafil to influence redox homeostasis and cytotoxicity, as well as
cell proliferation and cell cycle progression. To our knowledge, this is the first study on the redox
characterization of SSc fibroblasts and their response to ROS-induced DNA damage, where it also
highlights the possible capacity of sildenafil to determine an increased protection against oxidative
stress-related alterations

2. Materials and Methods

2.1. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F-12 medium (1:1) (with and without
phenol red), phosphate-buffered saline (PBS) Ca2+/Mg2+-free, bovine serum albumin (BSA) fraction V,
glutamine, antibiotics, collagenase type IV, NaOH, Bradford reagent, 4′,6-Diamidino-2-phenylindole
(DAPI), hydrogen peroxide, sildenafil citrate salts (98%), propidium iodide, ribonuclease enzyme,
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a redox-sensitive probe, and all reagents for Western blotting were from Sigma Aldrich (St. Louis, MO,
USA). Fetal calf serum was from Gibco® (Grand Island, NY, USA). 2-mercaptoethanol was from Life
Technologies, Inc. Laboratories (Grand Island, NY, USA). Cy3-labeled secondary antibodies (Abs)
were from Jackson Laboratory (Bar Harbor, ME, USA); peroxidase secondary Abs and all reagents
for Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE) were from Millipore
(Billerica, MA, USA). Plastic ware for cell cultures and disposable filtration units for growth media
preparation were purchased from Corning (Milan, Italy).

2.2. Cell Culture

Human dermal fibroblasts (Hfbs) were isolated at the SSc clinic within the Leeds Institute of
Rheumatic and Musculoskeletal Medicine (Leeds, UK) and processed as previously described [28].
Cells were derived from excisional skin biopsies of 3 patients with early diffuse cutaneous SSc (SSc)
(mean age 61.9 ± 9.2 years) and 3 healthy controls (H) (mean age 55.6 ± 8.0 years) [28]. Informed
consent was obtained and approved by the National Research Ethics Service (NRES) Committee (REC
10/H1306/88). The combined treatment with sildenafil and hydrogen peroxide was performed by
adding this PDE5i to the culture medium 0.5 h before treatment with the pro-oxidant. The sildenafil
concentration (1 μM) was chosen on the basis of the near-therapeutic doses utilized to treat erectile
dysfunction, according to its pharmacokinetics (maximum drug concentration, Cmax and area under
the time–concentration curves, AUC) [29].

2.3. Protein Expression Analysis

Healthy and SSc fibroblasts were treated for 24 h with H2O2 (50 and 100 μM) in the presence
or absence of sildenafil. Cells were then lysed in Radioimmunoprecipitation assay (RIPA) buffer
(150 mM NaCl, 50 mM tris-HCl pH 8, 1 mM Ethylenediaminetetraacetic acid (EDTA), 1% nonyl
phenoxypolyethoxylethanol (NP40), 0.25% sodium deoxycholate, and 0.1% SDS, water to volume)
supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich, Darmstadt, Germany).

For the immunoblot analysis, an equal amount of proteins (20–30 μg) was resolved in
SDS-polyacrylamide (Bio-Rad Laboratories, Inc., Hercules, CA, USA) gels and transferred on
polyvinylidene fluoride (PVDF) or nitrocellulose membranes, as previously described [30,31].
Thereafter, membranes were incubated with primary antibodies (Abs) appropriately diluted in
Tween Tris-buffered saline (TTBS), followed by peroxidase-conjugated secondary immunoglobulin
(Ig)G (1:10,000). Proteins were revealed by the enhanced chemiluminescence system (ECL plus,
Millipore, Burlington, MA, USA). Image acquisition was performed with Image Quant Las 4000
software (GE Healthcare, Chicago, IL, USA). Densitometric analysis was performed with Quantity
One® software version 4.6.8 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Western blot analysis
was performed for three/four independent experiments. The list of primary antibodies utilized for the
Western blot is reported in Table 1.

Table 1. List of primary antibodies utilized.

Antigen Product Number Dilution Manufacturer

Superoxide dismutase (SOD) 1 sc-101523 1:1000 Santa Cruz (Santa Cruz, CA, USA)
Superoxide dismutase (SOD) 2 sod-110 1:1000 StressGen (San Diego, CA, USA)

Protein light chain (LC3) I-II sc-271625 1:1000 Santa Cruz
Phospho-checkpoint kinase

(p-CHK) 2 2197 1:1000 Cell Signaling (Leiden, The
Netherlands

Checkpoint kinase (CHK) 2 sc-5278 1:1000 Santa Cruz
Caspase (CASP) 3 sc-56053 1:1000 Santa Cruz

BCL2 associated X (BAX) sc-526 1:1000 Santa Cruz
B-cell lymphoma-2 (BCL-2) 50E3 1:1000 Cell signaling

Phospho-extracellular
signal-regulated kinases (p-ERK) 1/2 sc-7383 1:1000 Santa Cruz
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Table 1. Cont.

Antigen Product Number Dilution Manufacturer

Extracellular signal-regulated
kinases (ERK) 2 sc-154 1:1000 Santa Cruz

Sequestosome 1 (P62) sc-48402 1:1000 Santa Cruz
Catalase (CAT) sc-271803 1:1000 Santa Cruz

β-actin sc-47778 1:5000 Santa Cruz
γ-histone family member X

(γH2AX) ab26350 1:100 Abcam (Cambridge, UK)

DNA repair protein RAD51
(RAD51) ab63801 1:1000 Abcam

2.4. Immunofluorescence Microscopy

A total of 1 × 104 cells were seeded onto glass coverslips in the growth medium. For γH2aX and
RAD51 localization, healthy and SSc fibroblasts were treated with sildenafil and then stimulated for
0.5 h or 1 h with 50 μM or 100 μM H2O2. After stimulation, cells were washed out from the drugs and
maintained in a drug-free medium for 4 h. Next, cells were washed and fixed with 95% ethanol and 5%
acetic acid for 5 min and incubated with a blocking buffer containing 3% BSA/TBS for 30 min at room
temperature. Primary Abs were incubated 1 h in blocking buffer, followed by the Cy3-conjugated
secondary Ab (1.500). For method specificity, slides lacking the primary Abs were processed. Details
on the primary antibodies are reported in Table 1. DAPI nucleic acid stain (1:10,000) was used to mark
nuclei. Images were acquired at the magnification of 60×, and slides were examined with a Zeiss
Z1 microscope (Zeiss International, Oberkochen, Germany) and Leica TCS SP2 (Leica, Milano, Italy).
Experiments were performed three times.

2.5. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl-2H-Tetrazolium Bromide (MTT) Assay

Healthy and SSc fibroblasts (4 × 103 cells/well) were seeded in 96-well plates and incubated 1 h
(T0) or 24 h (T24) with 50 μM or 100 μM H2O2 in the presence or absence of sildenafil. As previously
described [32], the MTT assay was performed using Cell Proliferation Kit I (MTT) (Roche, Basilea,
Switzerland), according to the manufacturer’s instructions. Experiments were performed in triplicate
with different cell preparations.

2.6. Cell Viability

For the cell viability assay, healthy and SSc fibroblasts were seeded in 6-well plates and incubated
for 1 h with 50 μM or 100 μM H2O2 in the presence or absence of sildenafil. At the end of the incubation,
drugs were washed out, and cells were either harvested (T0) or cultured for 7 (7 d) and 14 days (14 d)
in drug-free media. Cell viability was assessed each day by trypan blue (0.05% v/v solution in PBS)
exclusion mixed in a ratio of 1:1. Cell number counting was assayed by a hemocytometer, and only
cells excluding trypan blue dye were analyzed. The number of viable cells at each time point was
derived, averaging at least five different fields for each well. Each experimental point was repeated in
duplicate or triplicate. Results are expressed as the number of cells. Experiments were performed four
times with different cell preparations.

2.7. Cell Cycle Analysis

To evaluate the cell cycle progression, 25 × 104 healthy and SSc fibroblasts were seeded, with or
without sildenafil, and then stimulated for 24 h with 50 μM or 100 μM H2O2. Propidium iodide (PI)
assay was performed as previously described [33]. Briefly, cells were harvested, washed with PBS,
suspended into 50% fetal bovine serum (FBS)-PBS solution, and fixed with 70% (v/v) alcohol at −20 ◦C
overnight. After centrifugation, cells were suspended with 50 μM PI solution and ribonuclease A.
DNA content was analyzed with FACScan CytoFLEX (Beckman Coulter, Brea, CA, USA). Experiments
were performed in triplicate with different cell preparations.
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2.8. Measurement of Intracellular ROS Levels

For intracellular ROS levels analysis, healthy and SSc fibroblasts were seeded at 5 × 103/mL in
6-well plates and incubated for 1 h with H2O2 50 μM or 100 μM in the presence or absence of sildenafil.
At the end of treatment, cells were loaded with 200 μL of 5 μM dichloro-dihydro-fluorescein diacetate
(DCFH-DA) dissolved in dimethylsulfoxide (DMSO) in PBS solution and maintained at 37 ◦C in the
dark. The loading buffer was removed after 40 min, and the cells were incubated at 37 ◦C for an
additional 30 min in a prewarmed growth medium. Then, the cell layer was washed with serum-free
DMEM, and the level of ROS was determined by a Spark® fluorescence plate reader (Biocompare,
South San Francisco, CA, USA) at 488/525 nm. Results obtained were expressed as absorbance arbitrary
units/mg of proteins tested.

2.9. Thiobarbituric Acid Reactive Substances (TBARS)

TBARS levels were assayed by spectrophotometric analysis, as previously described [34].
The methodology calculates malondialdehyde (MDA) and other aldehydes generated by lipid
peroxidation induced by hydroxyl free radicals. Briefly, healthy and SSc fibroblasts, treated with
sildenafil and then stimulated for 1 h with 50 μM or 100 μM H2O2, were lysed in RIPA buffer.
Cell lysate (150 μL) was added to 25 μL 0.2% butylated hydroxytoluene (BHT) and 600 μL of 15%
aqueous trichloroacetic acid (TCA). Then, the mixture was centrifuged at 4000× g for 15 min at 4 ◦C.
The deproteinized supernatant was transferred in a cryotube and added with 600 μL of thiobarbituric
acid (TBA, 0.375% in 0.25 M HCl). Samples were then heated at 100 ◦C for 15 min in boiling water.
The absorbance was determined at 535 nm by a spectrophotometric method and compared to standard
MDA (1,1,3,3-tetramethoxypropane) solution. The levels of TBARS were expressed as nmol/mg
of proteins.

2.10. Glutathione Homeostasis

Intracellular reduced (GSH) and oxidized (GSSG) glutathione amounts were evaluated by
a 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB)-glutathione reductase recycling assay, as previously
described [35]. Briefly, 1 × 107 healthy and SSc fibroblasts, treated with sildenafil and then stimulated
for 1 h with 50 μM or 100 μM H2O2, were collected and suspended in 1:1 (v/v) 5% sulfosalicylic acid
(SSA). Cells were lysed by freezing and thawing and, then, were centrifuged at 10,000× g for 5 min
at 4 ◦C. The deproteinized supernatant was analyzed for the total glutathione content. Oxidized
glutathione (GSSG) was measured in samples where reduced GSH was masked by pretreatment
with 2-vinylpyridine (2%). Ten microliters of the sample were added to the reaction buffer (700 μL
nicotinamide adenine dinucleotide phosphate (NADPH) (0.3 mM), 100 μL DTNB (6 mM), and 190 μL
H2O). The reaction was started by adding 2.66 U/mL glutathione reductase and followed at 412 nm by
the TNB stoichiometric formation. Samples Δ optical density (ΔOD)/min412 were compared to those
obtained by using glutathione standards. Results were normalized for protein contents.

2.11. Enzymatic Activities

Healthy and SSc fibroblasts were treated with sildenafil and then stimulated for 1 h with 50 μM or
100 μM H2O2. After treatment, cells were immediately collected. Intracellular superoxide dismutase
(SOD) and catalase (CAT) activities were measured using commercial assay kits (Cayman Chemical
Company, Ann Arbor, MI, USA), as previously described [35]. Experiments were performed at different
times using different cell preparations. Results obtained as units/mg of proteins tested were expressed
as fold over controls.

2.12. Cytokine Assay

Healthy and SSc fibroblasts were plated at 2 × 104 cells/mL in 96-well tissue culture plates and
incubated 1 h with 50 μM or 100 μM H2O2 in the presence or absence of sildenafil. Cell culture

147



Antioxidants 2020, 9, 786

supernatants were assayed for the macrophage migration inhibitor factor (MIF) by the magnetic
bead-based multiplex assay according to the manufacturer’s protocol. As previously described [36],
data acquisition was performed by the Bio-Plex 200 System™ (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Data analysis was performed by Bio-Plex Manager™ 6.0 software (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Quality control pools of low, normal, and high concentrations for all parameters
were included in each assay. Data were expressed as pg/mL. Cells supernatants were run in triplicate.

2.13. Statistical Analysis

The statistical analysis was conducted using GraphPad Prism software 8.0 (GraphPad Software,
San Diego, CA, USA). To test the normality of the quantitative variables, the Kolmogorov-Smirnov or
Shapiro-Wilk tests were applied. Normally distributed, continuous variables were analyzed using
one- or two-way ANOVA and a Student’s t-test. In all cases, p-value ≤ 0.05 was considered significant.
All data were expressed as the mean ± SE.

3. Results

3.1. SSc Fibroblasts Appeared More Sensitive to Oxidative Stress-Induced DNA Double-Strand Breaks (DSBs)
in Comparison to the Healthy Control Cells

The immunofluorescence analysis demonstrated that, already to the lowest doses tested (50 μM
H2O2 for 0.5 h), SSc Hfbs showed higher sensitivity to oxidative stress compared to healthy ones, with a
percentage of γH2aX-positive cells of 46.4 ± 17.9% after 30 min (p < 0.05 vs. control (ctr)), reaching
93.0 ± 5.7% after 1 h (p < 0.01 vs. ctr and p < 0.01 vs. healthy) (Figure 1A). At the highest dose of the
pro-oxidant (100 μM H2O2), SSc Hfbs showed increased γH2aX by 62.9 ± 12.7% after 30 min (p < 0.01
vs. ctr and p < 0.05 vs. healthy) and 82.7 ± 9.1% after 1 h (p < 0.01 vs. ctr) (Figure 1A). Differently,
healthy Hfbs showed a significant increase of γH2aX by 65.1 ± 6.1% only after 1 h with the H2O2

100 μM (p < 0.01 vs. ctr) (Figure 1A).

Figure 1. Analysis of H2aX phosphorylation in healthy controls (H) and systemic sclerosis (SSc)
fibroblasts exposed to a pro-oxidant environment. (A) Immunofluorescence analysis of γH2aX in H
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and SSc fibroblasts treated with 50 and 100μM H2O2 for 0.5 and 1 h. (B) Exposure of H and SSc fibroblasts
to the highest dose of H2O2 (100 μM for 1 h) in the presence or in absence of sildenafil (1 μM). Nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Pictures are representative of at least
three separate experiments; magnification 60×. Diagrams represent the percentage of γH2aX-positive
cells in the healthy controls (black lines/columns) and SSc (grey lines/columns) fibroblasts. * p < 0.05,
** p < 0.01 vs. ctr, # p < 0.05, ## p < 0.01 healthy vs. SSc, and § p < 0.05 H2O2 vs. H2O2 + S. Data represent
mean ± SE. Results are derived from three separate experiments using different cell preparations.
S, sildenafil.

3.2. Sildenafil Improved the DNA Repair Activation Process in H2O2-Damaged Healthy and SSc Fibroblasts

To assess the effects of sildenafil on γH2AX induced by the higher dose of hydrogen peroxide,
we performed an immunofluorescence analysis in healthy and SSc Hfbs treated with H2O2 100 μM for
1 h in the presence or not of sildenafil. As shown in Figure 1B, a pro-oxidant environment induced a
significant increase of γH2AX in both healthy (ctr vs. 100 μM H2O2: 8.8% ± 5.2% vs. 65.5 ± 12.2%,
p < 0.05) and SSc fibroblasts (ctr vs. 100 μM H2O2: 6.2 ± 3.6% vs. 82.7 ± 9.1%, p < 0.05); however,
the presence of sildenafil significantly decreased the percentage of γH2AX-positive cells by 32.8 ± 4.9%
in healthy (100 μM H2O2 vs. 100 μM H2O2 + S, 65.5 ± 12.2% vs. 32.7 ± 3.5%, p < 0.05) and 56.1 ± 0.9% in
SSc fibroblasts (100 μM H2O2 vs. 100 μM H2O2 + S, 82.7 ± 9.1% vs. 26.6 ± 0.7%, p < 0.05), respectively.
When the same analysis was extended to RAD51, a protein involved in DNA repair mechanisms [37],
we found that, at the basal condition, SSc already showed a higher number of RAD51 foci per cell than
healthy Hfbs (healthy vs. SSc: 0.5 ± 0.2 vs. 17.2 ± 4.2, p < 0.01) (Figure 2A). Exposure to 50 μM of H2O2

induced a significant increase of RAD51 foci per cell either in healthy (ctr vs. 50 μM H2O2: 0.5 ± 0.2 vs.
41.3 ± 4.2, p < 0.01) or in SSc fibroblasts (ctr vs. 50 μM H2O2: 17.2 ± 4.2 vs. 66.3 ± 5.3, p < 0.01), although
the number of RAD51 foci was significantly higher in the SSc (p < 0.01). Of interest, the highest
dose of H2O2 (100 μM) induced major recruitment of RAD51 only in healthy Hfbs (ctr vs. 100 μM
H2O2: 0.5 ± 0.2 vs. 22.1 ± 3.6 foci/cell, p < 0.01) (Figure 2A). The pretreatment with sildenafil reduced
significantly the recruitment of RAD51 in the presence of low doses of H2O2 (50 μM) only in SSc Hfbs
(50 μM H2O2 vs. 50 μM H2O2 + S: 66.3 ± 5.3 vs. 46.1 ± 4.3, p < 0.01), whereas no differences were
observed in healthy Hfbs, where the level of RAD51 remained quite similar to that without sildenafil
(p > 0.05) (Figure 2A). At high doses of H2O2 (100 μM), the presence of sildenafil increased RAD51
recruitment exclusively in SSc Hfbs (100 μM H2O2 vs. 100 μM H2O2 + S: 15.8 ± 3.6 vs. 32.0 ± 3.9,
p < 0.01). No significant changes were observed in healthy Hfbs exposed to the pro-oxidant condition
between the presence and absence of sildenafil (p > 0.05). Finally, the analysis of serine/threonine kinase
(CHK2) modulation, a key component of the DNA damage response, highlighted that, in a pro-oxidant
environment (50 μM and 100 μM H2O2 for 24 h), there was an increase of its phosphorylated form in
SSc Hfbs (50 μM H2O2: 5.4 ± 2.1 and 100 μM H2O2: 5.5 ± 1.5, p < 0.05), independently of the presence
of sildenafil (p > 0.05) (Figure 2B). No significant effects were demonstrated in healthy Hfbs (data not
shown).
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Figure 2. Analysis of DNA repair ability in healthy control (H) and SSc fibroblasts exposed to a
pro-oxidant environment. (A) Representative immunofluorescence analysis of RAD51 in H and SSc
fibroblasts treated with 50 and 100 μM H2O2 for 1h in the presence or in absence of sildenafil 1 μM.
The diagram represents the number of RAD51 foci per cell in healthy (black columns) and SSc (grey
columns) fibroblasts. (B) Western blot analysis for a serine/threonine kinase (CHK2) phosphorylation in
SSc fibroblasts. Diagram depicted a densitometric analysis expressed as the ratio p-CHK2/total CHK2.
* p < 0.05, ** p < 0.01 vs. ctr, # p < 0.05, ## p < 0.01 healthy vs. SSc, §§ p < 0.01 H2O2 vs. H2O2 + S.
Data represent mean ± SE. Results are derived from three separate experiments using different cell
preparations. S, sildenafil.

3.3. Sildenafil Sustained the Cell Viability and Ameliorated the Cell Proliferation in SSc Fibroblasts

To evaluate the effect of sildenafil on the cell cycle progression following H2O2 administration
(50 μM and 100 μM H2O2 for 24 h), a flow cytometric analysis was performed. As shown in Figure 3A
and Figure S1, at each experimental point, no significant differences in the various phases of the cell
cycle were observed in both types of Hfbs (p > 0.05). However, in SSc, the highest dose of pro-oxidant
induced an increase of cells blocked in the G1 sub-phase (6.5% after H2O2 50 μM, p > 0.05 and 14.4%
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after H2O2 100 μM, p < 0.05). Furthermore, the pretreatment with sildenafil reduced the proportion of
cells in the G1 subphase by 77% after H2O2 50 μM (from 6.5% to 1.9%, p < 0.05) and by 83% after H2O2

100 μM (from 14.4% to 2.4%, p < 0.05) (Figure 3B).

 
Figure 3. Analysis of the cell viability in healthy control (H) and SSc fibroblasts exposed to a pro-oxidant
environment. (A) The cell cycle progression of H and SSc fibroblasts stimulated with 50 and 100 μM
H2O2 for 24 h in the presence or in absence of sildenafil 1 μM. (B) Histogram represented the percentage
of cells in the G1 subphase in healthy (black columns) and in SSc (grey columns) fibroblasts. (C) At
the same experimental conditions, CASP3, cleaved CASP3, Bcl-2, Bax, and LC3 I and II, as well as
ERK2, p-ERK, and P62, were analyzed in SSc fibroblasts though immunoblotting. Histograms depicted
the densitometric analysis (mean ± SE) expressed as ratios of LC3 II/LC3 I, p-ERK/total ERK2, and
P62/β-actin. * p < 0.05 vs. ctr, # p < 0.05 healthy vs. SSc, and § p < 0.05 H2O2 vs. H2O2 + S. S, sildenafil,
and CASP3, CASPASE3.

To better characterize this phenomenon, specific protein markers of the apoptotic and autophagic
processes were analyzed. As shown in Figure 3C, at the same experimental conditions, there was
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an increase of the cleaved form of LC3B (LC3 II), p62 expression, and ERK phosphorylation levels
(p < 0.05). No significant effects were observed for CASPASE 3 cleavage, Bcl-2, or Bax (p > 0.05).
The presence of sildenafil reduced the activation of LC3 II, the level of p62, and ERK phosphorylation
(p < 0.05).

A further analysis of cell proliferation at T0 and T24, on both types of fibroblasts, highlighted a
generalized reduction of cell proliferation following H2O2 exposure (p< 0.05 and p< 0.01) independently
from the presence of sildenafil, although at 24 h, the presence of sildenafil showed a trend towards
improving the cell proliferation (p = 0.0523) (Figure 4A,B). Long-term analysis of the cell viability after
7 d and 14 d demonstrated a different effect between the experimental groups (Figure 4C). In healthy
Hfbs, the most significant effect of sildenafil was observed with the higher (100 μM) H2O2 exposure
at 7 d (H2O2 vs. H2O2 + S: (2.9 ± 0.5) × 104 vs. (4.1 ± 0.7) × 104, p < 0.05) and 14 d (H2O2 vs. H2O2

+ S: (3.2 ± 0.7) × 104 vs. (5.9 ± 0.1) × 104, p < 0.05), whereas, in SSc Hfbs, it was observed with both
H2O2 doses at 7 d (50 μM H2O2 vs. 50 μM H2O2 + S: (1.7 ± 0.5) × 104 vs. (3.0 ± 0.4) × 104, p < 0.05 and
100 μM H2O2 vs. 100 μM H2O2 + S: (1.0 ± 0.2) × 104 vs. (2.2 ± 0.3) × 104, p < 0.01) and 14 d (50 μM
H2O2 vs. 50 μM H2O2 + S: (2.3 ± 0.6) × 104 vs. (4.0 ± 0.6) × 104, p < 0.05 and 100 μM H2O2 vs. 100 μM
H2O2 + S: (1.3 ± 0.3) × 104 vs. (2.8 ± 0.8) × 104, p < 0.05) (Figure 4C).

 
Figure 4. Analysis of the cell proliferation in healthy control (H) and SSc fibroblasts exposed to a
pro-oxidant environment. (A) Morphological changes in H and SSc fibroblasts at the basal level (panels
a,g) treated with 50 (panels b,h) and 100 μM H2O2 (panels c,i) for 24 h in the presence or in absence of
sildenafil 1 μM (panels d–f,l–n). Scale Bar = 100 μm. (B) Cell viability was measured in healthy (black
columns) and SSc fibroblasts (grey columns) stimulated with 50 and 100 μM H2O2 for 1 h (T0, left
panel) and 24 h (T24, right panel) in the presence or in absence of sildenafil 1 μM. (C) Cell proliferation
analysis in H (left panel) and SSc fibroblasts (right panel) treated with 50 and 100 μM H2O2 for 1 h in
the presence or in absence of sildenafil 1 μM at the basal level (T0) after 7 days (7 d) and 14 days (14 d)
of washing from the treatment. * p < 0.05, ** p < 0.01 vs. ctr, # p < 0.05 healthy vs. SSc, § p < 0.05, and
§§ p < 0.01 H2O2 vs. H2O2 + S. Data are expressed as mean ± SE. S, sildenafil.
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3.4. Sildenafil Reduces the ROS Levels in Healthy and SSc Fibroblasts

Previous experiments have been performed to demonstrate that sildenafil per se did not retain
scavenger activity on oxygen-derived free radicals when added to the culture medium (data not shown).

As shown in Figure 5A, already at the basal level, SSc showed higher intracellular ROS levels
when compared to healthy fibroblasts (healthy vs. SSc: 1.2 ± 0.0 vs. 1.6 ± 0.0, p < 0.05). Hydrogen
peroxide administration induced a significant dose-dependent increase in ROS levels, particularly in
SSc fibroblasts (healthy, 50 μM H2O2: 1.7 ± 0.0, p < 0.05 vs. ctr and 100 μM H2O2: 2.8 ± 0.1, p < 0.01
vs. ctr and SSc, 50 μM H2O2: 2.3 ± 0.1, p < 0.05 vs. ctr and 100 μM H2O2: 3.7 ± 0.2, p < 0.01 vs. ctr).
Interestingly, the combined treatment with sildenafil reduced H2O2-induced ROS levels in healthy
fibroblasts at both doses tested (50 μM H2O2 vs. 50 μM H2O2 + S: 1.7 ± 0.0 vs. 1.2 ± 0.1, p > 0.05 and
100 μM H2O2 vs. 100 μM H2O2 + S: 2.8 ± 0.1 vs. 1.3 ± 0.1, p < 0.01), whereas, in SSc cells, there was a
significant reduction of ROS only at the highest dose (100 μM H2O2 vs. 100 μM H2O2 + S: 3.7 ± 0.2 vs.
1.9 ± 0.1, p < 0.01), respectively. No significant differences were found with sildenafil administration
alone (p > 0.05) (Figure 5A).

Figure 5. Analysis of the redox status in healthy control (H) and SSc fibroblasts after hydrogen peroxide
administration. Healthy (black columns) and SSc (grey columns) fibroblasts were treated for 1 h with
50 and 100 μM H2O2 in the presence or in absence of sildenafil 1 μM and then analyzed for (A) ROS
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amount; (B) GSH/GSSG; (C) catalase (CAT) and superoxide dismutase (SOD) activity; (D) CAT, SOD1,
and SOD2 protein contents; and (E) MIF level. * p < 0.05, ** p < 0.01 vs. ctr, ## p < 0.01, # p < 0.05 healthy
vs. SSc, § p < 0.05, and §§ p < 0.05 H2O2 vs. H2O2 + S. Data are expressed as mean ± SE. S, sildenafil;
ROS, reactive oxygen species; GSSG, glutathione oxidized states; GSH, glutathione reduced states;
SOD1 and 2, manganese superoxide dismutase isoforms 1 and 2; and MIF, macrophage migration
inhibitory factor.

3.5. Sildenafil Ameliorates an Antioxidant Response in SSc Fibroblasts

The evaluation of the glutathione homeostasis revealed significant differences in the GSH/GSSG
ratio between the experimental groups. In particular, in SSc, the total glutathione levels were already
found lower compared with the counterpart healthy ones at the basal level (healthy vs. SSc: 164.9 ± 8.6
vs. 109.3 ± 5.8, p < 0.01) (Figure S2A), also showing a greater reduction of the GSH/GSSG ratio when
exposed to both concentrations of H2O2 (ctr vs. 50 μM H2O2: 3.6 ± 0.3 vs. 1.7 ± 0.2, p < 0.01 and ctr vs.
100 μM H2O2: 3.6 ± 0.3 vs. 0.9 ± 0.1, p < 0.01). Differently, healthy Hfbs showed a significant reduction
of the GSH/GSSG ratio only after exposure to the highest dose of H2O2 (ctr vs. 50 μM H2O2: 8.3 ± 0.8
vs. 5.1 ± 0.6, p > 0.05 and ctr vs. 100 μM H2O2: 8.3 ± 0.8 vs. 2.9 ± 0.3, p < 0.05) (Figure 5B). Pretreatment
with sildenafil has proved particularly effective in SSc fibroblasts where it counteracts the reduction of
the GSH/GSSH ratio induced by free radicals (50 μM H2O2 vs. 50 μM H2O2 + S: 1.7 ± 0.2 vs. 2.4 ± 0.2,
p < 0.05 and 100 μM H2O2 vs. 100 μM H2O2 + S: 0.9 ± 0.1 vs. 2.6 ± 0.8, p < 0.05) (Figure 5B). Both types
of fibroblasts showed no difference after the administration of sildenafil alone (p > 0.05). At the level of
the antioxidant enzyme activities, we found substantial differences between two types of fibroblasts
depending on the enzyme examined (Figure 5C). In particular, while catalase (CAT) activity showed
only a tendency to be lower in SSc cells compared to the healthy counterparts (p = 0.0938), and its level
was not influenced by the presence of H2O2 and/or sildenafil (p > 0.05), the analysis of superoxide
dismutase (SOD) activity highlighted distinct and significant differences between the two groups.
Indeed, SOD activity was ≈ 37.7% lower in SSc compared with the counterpart healthy (ctr: healthy
vs. SSc, 754.9 ± 41.3 vs. 473.8 ± 6.2, p < 0.05). In the presence of ROS, both cell lines were responsive,
with a significant increase of SOD activity only at the higher dose (healthy, 100 μM H2O2: 1127.8 ± 21.3
and SSc, 100 μM H2O2 647.2 ± 19.9, p < 0.05). Moreover, while in healthy ones, the combined treatment
with sildenafil induced a major increase in SOD activity in both H2O2 doses tested (50 μM H2O2 vs.
50 μM H2O2 + S: 791.0 ± 46.7 vs. 1356.4 ± 112.9, p < 0.05 and 100 μM H2O2 vs. 100 μM H2O2 + S:
1127.8 ± 21.3 vs. 1213.8 ± 61.5, p < 0.05), in SSc, this increase was present only at the low dose (50 μM
H2O2 vs. 50 μM H2O2 + S: 330.0 ± 22.5 vs. 745.7 ± 12.3, p < 0.05) (Figure 5C). The presence of sildenafil
alone induced a significant increase in SOD activity in both cell types compared with unstimulated cells
(healthy, ctr vs. S: 754.9 ± 41.3 vs. 1521.2 ± 11.7, p < 0.01 and SSc, ctr vs. S: 473.8 ± 6.2 vs. 839.8 ± 24.9,
p < 0.05).

At the protein level, no effects were detected for CAT and SOD1 (p > 0.05), whereas SOD2 was
significantly upregulated only in SSc cells exposed to H2O2 (p < 0.05), independently from the presence
of sildenafil (p > 0.05) (Figure 5D).

3.6. Macrophage Migration Inhibitory Factor Level

As already demonstrated by Kim et al. (2008) [38], the analysis of the macrophage migration
inhibitory factor (MIF) revealed already at the basal level profound differences, with SSc cells showing
higher levels compared with the healthy control (healthy vs. SSc: 586.3 ± 5.1 vs. 2448.0 ± 30.1, p < 0.05)
(Figure 5E). The presence of hydrogen peroxide evocated in our cellular models a different response of
this inflammatory cytokine. In particular, we found a slight decrease of MIF in healthy ones (50 μM
H2O2: 508.8 ± 3.8, p < 0.05 and 100 μM H2O2: 749.5 ± 24.8, p < 0.05) and a massive increase in SSc ones
(50 μM H2O2: 19,685.0 ± 9135.0, p < 0.01 and 100 μM H2O2: 47,417.0 ± 15,026.0, p < 0.01) (Figure 5E).
Interestingly, the concomitant treatment with sildenafil produced significant effects only in SSc cells
reducing the MIF secretion induced by hydrogen peroxide (50 μM H2O2 vs. 50 μM H2O2 + S: 19,685.0
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± 9135.0 vs. 4127.0 ± 1367.0, p < 0.01 and 100 μM H2O2 vs. 100 μM H2O2 + S: 47,417.0 ± 15,026.0 vs.
17,285.0 ± 6374.0, p < 0.01) (Figure 5E).

3.7. Sildenafil Mitigates the Effect of Oxidative Insult on TBAR Levels

As shown in Figure S2C, no differences in the TBAR levels were observed at the basal level
between healthy and SSc cells (p > 0.05). Under pro-oxidant conditions, TBAR levels increased in
both cell types tested, showing the greatest sensitivity of SSc. Indeed, already at a low dose of H2O2,
there was a significant increase in TBAR in SSc cells (ctr vs. 50 μM H2O2: 0.6 ± 0.0 vs. 0.8 ± 0.0,
p < 0.01). Only at the highest concentration of hydrogen peroxide, there was a significant increase in
TBAR in both cell types (healthy, ctr vs. 100 μM H2O2: 0.5 ± 0.0 vs. 0.9 ± 0.1, p < 0.01 and SSc, ctr
vs. 100 μM H2O2: 0.6 ± 0.0 vs. 1.0 ± 0.1, p < 0.01). The concomitant presence of sildenafil induced
no significant variation in TBAR levels after the low dose of H2O2 (p > 0.05), whereas, at the highest
dose, sildenafil reported TBARS levels similar to the control in both experimental groups (p < 0.01).
No significant differences were found with sildenafil administration alone (p > 0.05).

4. Discussion

The present study demonstrates for the first time that the PDE5 inhibitor sildenafil reduces
the sensitivity to DNA damage of human SSc fibroblasts exposed to a pro-oxidant environment,
improving their genomic stability. In addition, sildenafil counteracts the negative effects of ROS on
cell viability and proliferation, inhibiting the activation of the autophagic pathway and modulating
the activity of specific enzymes involved in redox homeostasis. Taken together, these results suggest
that sildenafil may be a possible candidate for therapeutic treatment aimed at counteracting oxidative
stress adverse effects.

There is considerable evidence implicating sildenafil as a key molecule capable of preventing
ROS-induced DNA damage in several different types of cells, a condition present during the
progression of many diseases—as, for example, in atherosclerosis, cardiovascular diseases, and systemic
sclerosis [7,20,21,39].

In the present study, we utilized a cell culture of human dermal fibroblasts from healthy and
SSc patients already validated as a useful model to investigate the mechanisms involved in SSc
fibrosis [23,40,41]. We found that SSc fibroblasts were more sensitive to exogenous exposure to ROS
compared with the healthy counterparts. In fact, a brief exposure to low concentrations of hydrogen
peroxide (50 μM) already induced an increased nuclear accumulation of γH2aX, a marker of single
and double DNA stranded breaks (SSBs and DSBs) [42]. Moreover, we observed that the accumulation
of γH2aX induced by the high dose of hydrogen peroxide (100 μM) both in healthy and in SSc ones
was less evident in the presence of sildenafil. Therefore, as already suggested by others in different
pathological conditions [19–21], here, we showed that sildenafil reduced ROS-induced DNA damage
in SSc and healthy fibroblasts. Additionally, our data demonstrated that the presence of sildenafil
modifies the nuclear distribution of RAD51, a central player in homologous recombination (HR) and
DSBs repair [43,44]. The RAD51 redistribution to chromatin and nuclear foci formations, mainly
induced by DSBs, is crucial to HR repair. In particular, the formation of RAD51 nuclear foci was
dramatically enhanced by H2O2, indicating the proceeding of HR repair; however, and more markedly
in SSc cells, sildenafil modified ROS-induced effects. In particular, in the presence of low levels of
DNA damage, the PDE5i determined a reduced redistribution of RAD51. Presumably, the extent
of DNA damage did not exceed the intrinsic capacity of the cells to repair themselves. Differently,
in the presence of massive DNA damage, sildenafil improved the cellular response by increasing the
efficiency of cell repair systems.

CHK2 is a checkpoint kinase and a key component of the DNA damage response regulating
the binding of RAD51 to DNA [45,46]. Genotoxic stress triggering CHK2 phosphorylation regulates
a variety of downstream effectors, inducing a proper cellular response as cell cycle checkpoint
activation [47], cell death, and DNA repair [48,49]. The analysis of the cell cycle progression, along with
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the analysis of specific markers of cell death, further highlighted the greater sensitivity of SSc fibroblasts
to ROS insult. In particular, our results suggested that these cells were unstable, less proliferative,
and with a significant number of cells that undergo autophagic cell death compared to the healthy
cells. Among the beneficial pleiotropic effects of sildenafil, its ability to preserve the cell cycle kinetics
under oxidative stress conditions has already been demonstrated in vivo and in vitro on different
cell lines [20,21,50–52]; however, this is the first study showing that sildenafil treatment rescued SSc
cells from the sub-G1 phase, restoring their normal cell cycle distribution and protecting them from
autophagy. The lack of effect of sildenafil on CHK2 modulation was not surprising, since it could
already be maximally activated by other cellular pathways responsive to ROS [53]. All these data were
further confirmed by the data on cell proliferation, showing a partial recovery when sildenafil was
concomitant to oxidative stress (Figure 4).

There are evidences of antioxidative effects of sildenafil on different cell lines and animal
models [19–21,26,27,54–56], and very recently, our group has shown that sildenafil was involved in
ROS-mediated signaling through the modulation of Signal transducer and activator of transcription
(STAT) 3, ERK, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-Kb), and protein
kinase B (PKB/AKT), as well as in reducing the expression/secretion of proinflammatory and profibrotic
cytokines in SSc fibroblasts exposed to H2O2 [23]. Here, for the first time, we successfully demonstrated
that the presence of sildenafil ameliorates the management of redox imbalance in SSc fibroblasts
exposed to a pro-oxidant environment, reducing ROS levels and improving the efficiency of the
glutathione system, as well as increasing the level of SOD and its activity. These results were further
supported by the reduced production of both the macrophage inhibitory factor (MIF), a pleiotropic
inflammatory cytokine with broad target cell specificity that is secreted following several stimuli,
including oxidative stress [57], and thiobarbituric acid reactive substances (TBARS), formed as a
bioproduct of lipid peroxidation [58].

The molecular mechanism behind the pharmacologic actions of this PDE5i relates to its potential
to increase intracellular cyclic guanosine monophosphate (cGMP) [59]. The regulations of cell function
by extrinsic factors occurs through a series of second-messenger signals starting by a ligand-receptor
interaction and, then, modulating both the intensity and the nature of immediate and delayed cellular
responses. Thus, second messengers exert control over principal cellular events. There is evidence
that biological responses triggered by oxidative products are able to provoke various pathogenic
intracellular signals involving calcium, G-proteins, cAMP, cGMP, phospholipase C and D, protein
kinase C, ceramide, and the mitogen-activated protein kinase (MAP) kinase cascade, leading to cellular
dysfunction [60]. Thus, as suggested by Abdollahi et al. (2003) [56], increasing cyclic nucleotides by
the use of phosphodiesterase inhibitors could overcome oxidative stress-induced cellular dysfunctions.
To confirm this hypothesis, recently, it has been demonstrated that the augmentation of the cGMP/Protein
Kinase G (cGMP/PKG) pathway ameliorated the antioxidant response of retinal cells cultured in
hypoxic conditions, increasing the superoxide dismutase and catalase enzyme activities [61]. However,
considering the complexity of cellular oxidative stress associated with this pathology, it stands to
reason that a complete mechanism of action for sildenafil could require additional cellular pathways
involved in the regulation of inflammation, proliferation, cell death, and antioxidant defenses [62–64].

5. Conclusions

Although our in vitro system represents a simplified model reproducing the alteration of the
redox homeostasis determined by the pathological state [65–67], we believe that our research extends
the scope of sildenafil as a therapeutic agent in oxidative stress-related pathologies for SSc.

Particularly, our findings offer compelling evidences indicating that the administration of sildenafil
in SSc fibroblasts exposed to a pro-oxidant: (i) protects against ROS-induced DNA damage, (ii) preserves
the cell cycle kinetics, and (iii) improves redox homeostasis (Figure 6).

156



Antioxidants 2020, 9, 786

SSc fibroblasts

Sildenafil ROS H2O2

H2O2 ROS

Cell viability and 
proliferation

Autophagy and 
cell death

DNA damageDNA repair

Redox balanceAntioxidant defenses

Figure 6. Reactive oxygen species (ROS) resulting from pro-oxidant exposure (H2O2, red arrows)
increase the DNA damage and affect the redox homeostasis in systemic sclerosis fibroblasts (SSc). As a
consequence, cells undergo cell death by autophagy. In the same pro-oxidant environment, the presence
of the phosphodiesterase type 5 inhibitor sildenafil (blue arrows) counteracts the negative effects of ROS
on cell viability and proliferation, inhibiting the activation of the autophagic pathway and modulating
the activity of specific enzymes involved in redox homeostasis.

Therefore, the aforementioned effects suggest a possible positive impact of sildenafil not only on
the treatment of the first signs of the disease, such as endovascular damage and decreased blood flow
in the digital vein (Raynaud’s phenomenon), but, also, on the last stages when skin fibrosis occurs.

However, further studies are needed to deepen the molecular mechanisms by which sildenafil
acts as an antigenotoxic drug and antioxidant, as well as to establish the feasibility and efficacy of this
PDE5i in the clinical setting of patients at risk of developing SSc and in those where the pathology is
already in progress.
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Abstract: Oxidative stress is a major cause of damage to the quantity and quality of embryos
produced in vitro. Antioxidants are usually supplemented to protect embryos from the suboptimal
in vitro culture (IVC) environment. Amniotic membrane-derived mesenchymal stem cells (AMSC)
have emerged as a promising regenerative therapy, and their paracrine factors with anti-oxidative
effects are present in AMSC conditioned medium (CM). We examined the anti-oxidative potential
of human AMSC-CM treatment during IVC on mouse preimplantation embryo development and
antioxidant gene expression in the forkhead box O (FoxO) pathway. AMSC-CM (10%) was optimal
for overall preimplantation embryo developmental processes and upregulated the expression of
FoxOs and their downstream antioxidants in blastocysts (BL). Subsequently, compared to adipose-
derived mesenchymal stem cell (ASC)-CM, AMSC-CM enhanced antioxidant gene expression and
intracellular GSH levels in the BL. Total antioxidant capacity and SOD activity were greater in
AMSC-CM than in ASC-CM. Furthermore, SOD and catalase were more active in culture medium
supplemented with AMSC-CM than in ASC-CM. Lastly, the anti-apoptotic effect of AMSC-CM was
observed with the regulation of apoptosis-related genes and mitochondrial membrane potential in
BL. In conclusion, the present study established AMSC-CM treatment at an optimal concentration as
a novel antioxidant intervention for assisted reproduction.

Keywords: adipose-derived mesenchymal stem cell; amniotic membrane-derived mesenchymal
stem cell; antioxidants; assisted reproductive technology; conditioned medium; embryo; in vitro
culture; in vitro fertilization; oxidative stress

1. Introduction

The success rate of assisted reproductive technologies (ART) to surmount infertility
has increased with the improvement of conditions for embryo in vitro production [1]. The
balance of reactive oxygen species (ROS) and antioxidants is maintained at physiologically
normal levels in female reproductive systems, but is disrupted in vitro, resulting in an
increase in exposure to oxidative damage risk [2]. In the process of assisted reproduction,
a number of external factors causing oxidative stress appear from technical procedures
to environmental sources [3]. Subsequently, oxidative stress due to accumulated ROS in
in vitro-produced embryos impairs the efficiency of embryonic development and induces
reproductive failure due to an increase in embryo fragmentation and apoptosis, and a
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decrease in fertilization rate and blastocyst (BL) development [4–6]. Accordingly, the
application of antioxidants to ART can be an effective intervention to counteract the
oxidative damage in in vitro-produced embryos [7], especially to improve the in vitro
culture (IVC) medium for favorable outcomes in preimplantation embryo development.
Accumulating studies have indicated that the addition of antioxidants to IVC medium
improves preimplantation embryo development by regulating the embryonic environment
and protecting embryos from oxidative damage [8–11], which leads to the decrease in
developmental competence of embryos produced in vitro compared to that of embryos
developed in vivo [12].

Mesenchymal stem cells (MSCs) are known to ameliorate oxidative stress through the
upregulation of enzymatic antioxidants [13]. MSCs isolated from multiple tissue sources
have common but various features, which emphasize their importance as regenerative
medicine [14]. Among multiple sources, adipose-derived MSCs (ASCs) are the most widely
studied, forming the basis of research on MSC-based therapy [15] and is representatively
known a strong antioxidant [6,13,16–18]. Contemporarily, amniotic membrane-derived
MSCs (AMSC) have emerged as a novel candidate in the field of regenerative medicine be-
cause of their unique advantages, including noninvasive isolation, stable immunogenicity,
abundant availability, multipotency for all three germ layers, and no associated ethical is-
sues [19]. The amniotic membrane is a constituent of the placenta with its essential function
of nutrient supplementation and physical protection for the fetus during pregnancy, but is
generally discarded post-partum and infrequently utilized compared to other MSCs [20].
However, AMSCs retain the anti-microbial, anti-tumorigenic, immunomodulatory, and
anti-inflammatory characteristics of amniotic membrane [21]. Recent studies on potential
therapeutic features of human AMSCs have focused on their role in immunomodulation,
suppressing inflammation, and inhibiting oxidative damage [22–25]. Although diverse
studies support the anti-oxidative effect of AMSCs in diseases models, the therapeutic
applications of AMSCs were restricted to cell transplantation [22,26,27]. The regenerative
effect of stem cell therapy is mainly facilitated by its paracrine factors, such as cytokines
and growth factors, rather than by direct regenerative mechanisms [28,29]. These stem
cell-derived paracrine factors are secreted during cell culture and are present in the stem
cell-conditioned medium (CM) [30]. The therapeutic efficacy of the CM is comparable
to that of the conventional cell-based therapy. Furthermore, the use of CM offers several
advantages over conventional stem cell-therapy, such as improved reproducibility, no
requirement to match the donors and recipients, and no risk of immune rejection [31].

In the present study, we aimed to investigate the anti-oxidative potential of AMSC-
CM and establish the optimal concentration for AMSC-CM treatment during embryo IVC.
Consequently, the anti-oxidative and anti-apoptotic effects of AMSC-CM were evaluated
as compared to ASC-CM in the development of mouse preimplantation embryos.

2. Materials and Methods

2.1. Chemicals and Reagents

All materials were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless
otherwise specified.

2.2. Culture and Characterization of ASCs and AMSCs

Both ASCs and AMSCs were obtained from R Bio Stem Cell Research Center under
GMP conditions. All subjects gave their informed consent for inclusion before they partici-
pated in the study. The protocol was approved by the Ethics Committee of Biostar Stem
Cell Technology (IRB NO. 2019-03). ASCs were cultured and characterized as previously
described [6]. For the establishment of AMSCs, cryopreserved AMSCs (1 × 106) from the
amnion tissue of three female donors were cultured in T-175 flasks containing RPME-P (R
BIO, Seoul, Korea) supplemented with 1% antibiotic-antimycotic solution at 37 ◦C with
5% CO2. The AMSCs were cultured in AMSC medium (R BIO) until 80–90% confluency
and non-adherent cells were discarded through medium change. The immunophenotypic
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markers of cultured AMSCs was characterized by flow cytometry. AMSCs (1 × 106) were
suspended in phosphate-buffered saline (PBS) and labeled with fluorescein isothiocyanate
and phycoerythrin isotype controls. The labeled cells were incubated for 30–60 min with
the following antibodies against human antigens: MSC positive markers (CD73, CD90,
CD105, CD29, and CD44) and negative markers (CD31, CD34, and CD45) (BD Biosciences,
San Jose, CA, USA). After the cells were washed with PBS, the analysis was conducted
with FACSCalibur™ flow cytometer (BD Biosciences) and CellQuest Pro software (BD Bio-
sciences).

2.3. Preparation of ASC-CM and AMSC-CM

ASC-CM were collected using the same method as previously described [6]. AMSCs
per donor (passage 6) were cultured in RPME-P until 90% confluency, and then the medium
was replaced to Dulbecco’s modified Eagle’s medium (DMEM) after washing twice with
PBS. The culture medium was collected every 24 h and then DMEM was added to the
original flask. Supernatants were collected for 5 days and then pooled. To obtain CM, the
pooled supernatant was centrifuged (1700 rpm, 5 min) and then filtered in a 0.22-μm filter.
Lastly, filtered CM of donors was equally mixed and concentrated 10× by centrifugation at
3000× g for 90 min using a filter tube (Vivaspin 20, GE healthcare, Chicago, IL, USA).

2.4. Experimental Animals

All experiments using experimental animals in this study were approved by the
Institutional Animal Care and Use Committee of Seoul National University (SNU-170511-2-
4). Seven-week-old female and 10-week-old male ICR mice were purchased from Orient Bio
(Gapyeong, Korea). Mice were kept in an animal facility under conventional environment
with the light/dark cycle, humidity and temperature regulated.

2.5. In Vitro Fertilization and Culture

After cervical dislocation of mature male mice, caudal epididymides were removed
and the duct of the caudal epididymis was incised. The sperm stored inside were dispersed
into a droplet of CARD medium (Cosmo Bio Co., Tokyo, Japan). Sperm were incubated
for an hour at 36 ◦C to enable capacitation. The induction of superovulation of mature
female mice was conducted by an intraperitoneal injection of 10 IU pregnant mare serum
gonadotropin and human chorionic gonadotropin (hCG) after 47 h. The cumulus-oocyte
complexes (COCs) were recovered from the oviductal ampulla of the mice 16 h after hCG
injection and transferred to a droplet of CARD medium. The sperm suspension was treated
with COCs for insemination and incubated for 3 h at 36 ◦C. In vitro fertilized embryos
were washed and cultured in fresh human tubal fluid (Cosmo Bio Co., Tokyo, Japan)
at 36 ◦C for 24 h. Embryos that cleaved to the 2- or 4-cell were randomly divided and
then cultured in the groups as described in experimental design for 96 h. The embryo
development was evaluated by assessing the number of 4-cell, 16-cell, BL, and hatched
BL using a stereomicroscope. The temperature was set based on the literature and our
preliminary study. The literature demonstrated that slightly lower temperature could be
physiologically relevant to reproductive tissues [32–34] and comparable to traditional 37 ◦C
for reproductive outcomes [35–37]. In our preliminary study, developmental rate to BL
at 36 ◦C showed no difference to that at 37 ◦C, and both rates were observed within the
normal range.

2.6. Experimental Design

First, fertilized embryos were cultured in continuous single culture-NX (CSCM-NX;
FUJIFILM Irvine Scientific, Santa Ana, CA, USA) containing 10%, 20%, and 50% (v/v)
AMSC-CM. After determining the optimal concentration of AMSC-CM for IVC supplemen-
tation, embryos were cultured followed by in vitro fertilization in CSCM-NX containing
ASC-CM or AMSC-CM. The optimal concentration of ASC-CM was set 5% (v/v) as pre-
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viously reported [6]. The control group was cultured in CSCM-NX medium without CM
supplementation.

2.7. Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)

RNA was extracted from BLs using an RNAqueous™-Micro Total RNA Isolation Kit
(Ambion, Austin, TX, USA), according to the manufacturer’s instructions. The concen-
tration of extracted total RNA was quantified by a NanoDrop 2000 Spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA) and presented in Table S1. Using the
RNA, complementary DNA (cDNA) was synthesized by a Maxime RT premix kit (iNtRON,
Gyeonggi, Korea). qRT-PCR was carried out using a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) and the protocol in detail was previously
described [18]. The expression of target genes was measured and normalized relative
to the control house-keeping gene, 18S rRNA [38–40]. The gene expression values were
calculated as previously described [18]. The list of primers is presented in Table 1.

Table 1. List of primer and sequence used for quantitative reverse transcription-polymerase chain reaction.

Gene Accession No. Primer Sequence

18S rRNA NR_003278.3
F: ACCGCGGTTCTATTTTGTTG
R: CCCTCTTAATCATGGCCTCA

AMPK NM_001013367.3
F: GCTGTGGCTCACCCAATTAT

R: ATCAAAAGGGAGGGTTCCAC

JNK NM_016700.4
F: CGGAACACCTTGTCCTGAAT

R: GAGTCAGCTGGGAAAAGCAC

AKT NM_001165894.1
F: ACTCATTCCAGACCCACGAC
R: GTCCAGGGCAGACACAATCT

SIRT1 NM_001159589.2
F: AGTTCCAGCCGTCTCTGTGT
R: GATCCTTTGGATTCCTGCAA

FoxO1 NM_019739.3
F: ACATTTCGTCCTCGAACCAG
R: CAGGTCATCCTGCTCTGTCA

FoxO3 NM_019740.3
F: ATGGGAGCTTGGAATGTGAC
R: TTAAAATCCAACCCGTCAGC

SOD2 NM_013671.3
F: CTGTCTTCAGCCACACCAGA
R: CTGCTCTTCCAAAGGTCCTG

Catalase NM_009804.2
F: TTGACAGAGAGCGGATTCCT
R: TCTGGTGATATCGTGGGTGA

GPx1 NM_008160.6
F: CCGACCCCAAGTACATCATT
R: CCCACCAGGAACTTCTCAAA

Bax NM_007527.3
F: ACCAAGAAGCTGAGCGAGTG

R: TGCAGCTCCATATTGCTGTC

Bcl2 NM_009741.5
F: ATGATAACCGGGAGATCGTG
R: AGCCCCTCTGTGACAGCTTA

Caspase3 NM_001284409.1
F: TGTCATCTCGCTCTGGTACG
R: ATTTCAGGCCCATGAATGTC

F, Forward primer; R, Reverse primer.

2.8. Intracellular ROS and Glutathione (GSH) Detection

The levels of intracellular ROS and GSH were measured in BLs from the control, ASC-
CM, and AMSC-CM groups by staining respectively with H2DCFDA (2,7′-dichlorodihy-
drofluorescein diacetate) and CellTracker Blue (4-chloromethyl-6,8-difluoro-7-hydroxycoumarin;
CMF2HC). BLs from each group were incubated in 1% polyvinyl alcohol (PVA)-PBS con-
taining 10 μM H2DCFDA or CellTracker Blue in the dark at 25 ◦C. After 30 min, BLs were
washed and moved to a droplet of PVA-PBS covered with mineral oil. The quantitative
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intensity of fluorescence was evaluated under an epifluorescence microscope (TE2000-S;
Nikon, Tokyo, Japan) using filters (ROS: 460 nm, GSH: 370 nm) and analyzed by Image J
software version 1.52 (National Institutes of Health, Bethesda, MO, USA).

2.9. Antioxidant Capacity and Enzyme Activity Assays

The total antioxidant capacity (TAC), superoxide dismutase (SOD), and catalase
activity were measured using OxiSelect™ assay kits (Cell Biolabs Inc., San Diego, CA, USA)
according to the manufacturer’s protocol. Non-conditioned medium as control, ASC-CM
and AMSC-CM were assessed for TAC, SOD, and CAT activity levels. Culture medium
of the control, ASC-CM, and AMSC-CM groups before and after IVC were assessed for
SOD and CAT activity levels. The results of each colorimetric assay were assessed using
measured absorbances at 490 nm for TAC and SOD activity, and 520 nm for CAT activity.

2.10. Mitochondrial Membrane Potential Assay

BLs from the control, ASC-CM, and AMSC-CM groups were washed in 1% PVA-PBS
and fixed in 4% paraformaldehyde-PBS for 1 h. After washing in 1% PVA-PBS, BLs were
incubated in 1% PVA-PBS containing 2 μL JC-1 solution (Abcam, Cambridge, UK) and then
washed in fresh 1% PVA-PBS. After 30 min, BLs were placed on a droplet of glycerol on
a microscope glass slide with a coverslip. The fluorescence intensity of JC-1 aggregate at
590 nm and JC-1 monomer at 530 nm was evaluated using epifluorescence microscope and
analyzed using Image J software version 1.52.

2.11. Statistical Analysis

A Kolmogorov–Smirnov test was conducted as normality test. Unpaired t-test was
used to compare two groups. One-way ANOVA followed by Newman–Keuls or Tukey’s
post-hoc test and two-way ANOVA test with Bonferroni post-test were used to compare
more than two groups. GraphPad Prism version 5 (GraphPad Software, San Diego, CA,
USA) was used for statistical analyses. Data are presented as mean ± standard error of
the mean (SEM), and a p-value < 0.05 was considered statistically significant among the
groups. All experiments were performed with at least three replicates.

3. Results

3.1. Characterization of AMSC and ASC

AMSCs were analyzed with flow cytometry to identify the expression of phenotypic
markers (Figure 1) and confirmed that AMSCs from all donors were positive for mesenchy-
mal markers (CD73, CD90, CD105, CD29, and CD44), and negative for the endothelial
marker (CD31) and hematopoietic markers (CD34 and CD45). The result of ASC characteri-
zation was previously described [6].

Figure 1. Characterization of human amniotic membrane-derived mesenchymal stem cell (AMSC). AMSCs isolated from
three donors (a–c) were positive for CD73, CD90, CD105, CD29, CD44, and negative for CD31, CD34, and CD45.
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3.2. Effects of Various Concentrations of AMSC-CM on Embryo Development

Embryo development to 4-, 16-cell stages, BL, and hatched BL was evaluated to
determine the optimal concentration of AMSC-CM supplementation among the three
different concentrations of AMSC-CM (10%, 20%, and 50%). As shown in Table 2, embryo
development rate to the 4-cell stage was significantly lower in the 50% AMSC-CM group
(79.6 ± 4.0) than in the control (91.8 ± 1.8, p < 0.05), 10% (92.5 ± 4.8, p < 0.05), and 20%
AMSC-CM (93.4 ± 3.0, p < 0.05) groups. Moreover, the embryo development rate to the
16-cell stage was significantly higher in the 10% AMSC-CM group (74.3 ± 4.8) than in
the 20% (61.2 ± 3.5, p < 0.05) and 50% AMSC-CM (59.5 ± 3.8, p < 0.05) groups. The rate
of BL formation in the 10% AMSC-CM group (51.7 ± 4.1) was significantly higher than
that in the control (38.6 ± 4.5, p < 0.05), 20% (30.7 ± 5.5, p < 0.05), and 50% AMSC-CM
(28.3 ± 6.8, p < 0.05) groups. BL hatching rate in the 10% AMSC-CM group (32.6 ± 5.9)
was also significantly higher than that in the control (19.4 ± 4.6, p < 0.05), 20% (19.1 ± 3.5,
p < 0.05), and 50% AMSC-CM (18.8 ± 3.4, p < 0.05) groups.

Table 2. Effect of human amniotic membrane-derived mesenchymal stem cell conditioned medium (AMSC-CM) on in vitro
fertilized mouse embryos development.

Group No. of Cultured
Embryos

No. of Embryos Developed to (%)

4-Cell 16-Cell Blastocyst
Hatched

Blastocyst

Control 72 66 (91.8 ± 1.8) b 51 (71.1 ± 2.6) ab 28 (38.6 ± 4.5) a 14 (19.4 ± 4.6) a

10% AMSC-CM 74 69 (92.5 ± 4.8) b 55 (74.3 ± 4.8) b 39 (51.7 ± 4.1) b 25 (32.6 ± 5.9) b

20% AMSC-CM 74 69 (93.4 ± 3.0) b 45 (61.2 ± 3.5) a 23 (30.7 ± 5.5) a 15 (19.1 ± 3.5) a

50% AMSC-CM 76 61 (79.6 ± 4.0) a 46 (59.5 ± 3.8) a 24 (28.3 ± 6.8) a 16 (18.8 ± 3.4) a

Experiments were repeated at least 3 times. a,b Mean ± SEM with different superscript letters indicate significant differences (at least
p < 0.05).

3.3. Comparison of the Effects of ASC-CM and AMSC-CM on Embryo Development

Following the former experiment, which confirmed 10% as the optimal concentration
of AMSC-CM treatment, the effects of ASC-CM and AMSC-CM during IVC on embryo
development to the 4-, 16-cell stages, BL, and hatched BL were compared. As presented
in Table 3, the developmental rate of embryos to the 4-cell stage was similar among
groups, but the rate to the 16-cell stage was significantly increased in the AMSC-CM group
(87.6 ± 5.1) compared to the control group (73.7 ± 3.3, p < 0.05). In addition, BL formation
rate of AMSC-CM group (65.7 ± 3.3) was significantly higher than that of the control group
(44.4 ± 5.2, p < 0.05). The developmental rates of 16-cell and BL in the ASC-CM groups
(79.2 ± 4.0 and 56.4 ± 2.8, respectively) showed no difference from those of the other
groups. The rate of hatched BL in the AMSC-CM group was greater than that in the other
groups, although the difference was not statistically significant.

Table 3. Effect of human adipose-derived mesenchymal stem cell conditioned medium (ASC-CM) and amniotic membrane-
derived mesenchymal stem cell conditioned medium (AMSC-CM) on in vitro fertilized mouse embryos development.

Group No. of Cultured
Embryos

Number of Embryos Developed to (%)

4-Cell 16-Cell Blastocyst
Hatched

Blastocyst

Control 135 127 (93.1 ± 2.0) 101 (73.7 ± 3.3) a 62 (44.4 ± 5.2) a 40 (27.4 ± 8.0)
ASC-CM 134 124 (91.9 ± 1.7) 108 (79.2 ± 4.0) ab 76 (56.4 ± 2.8) ab 44 (32.2 ± 4.0)

AMSC-CM 130 125 (95.7 ± 1.4) 117 (87.6 ± 5.1) b 85 (65.7 ± 3.3) b 53 (39.7 ± 2.8)

Experiments were repeated at least 3 times. a,b Mean ± SEM with different superscript letters indicate significant differences (at least
p < 0.05).
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3.4. Comparative Effects of ASC-CM and AMSC-CM on Antioxidant Gene Expression in BL

BLs developed in the control, ASC-CM, and AMSC-CM groups were analyzed for the
expression of the antioxidant genes in the forkhead box O (FoxO) pathway and apoptosis-
related genes, as presented in Figure 2. First, the expression of upstream regulators of FoxO
was evaluated; the expression of AMP-activated protein kinase (AMPK), c-Jun N-terminal
kinase (JNK), and protein kinase B (AKT) exhibited no significant differences among groups.
Next, the level of sirtuin (SIRT) 1, a mediator of FoxO, was shown to be significantly higher
in the AMSC-CM group (2.7 ± 0.4) than in the control (1.0 ± 0.0, p < 0.05) and ASC-CM
group (1.4 ± 0.3, p < 0.05). FoxO1 and FoxO3 levels were significantly increased in the
AMSC-CM group (3.0 ± 0.4 and 2.4 ± 0.4, respectively) compared to the control group
(1.0 ± 0.0, p < 0.05). Furthermore, FoxO1 expression in the AMSC-CM group (3.0 ± 0.4)
was significantly higher than that in the ASC-CM group (1.4 ± 0.2, p < 0.05) but FoxO3
levels were similar between two groups. The level of SOD2 was significantly greater in
the ASC-CM and AMSC-CM groups (2.6 ± 0.1 and 2.7 ± 0.1, respectively) than in the
control group (1.0 ± 0.0, p < 0.05). Catalase and glutathione peroxidase (GPx) 1 levels
were significantly increased in the AMSC-CM group (3.4 ± 0.6 and 2.6 ± 0.2, respectively)
compared to the control (1.0 ± 0.0, p < 0.05) and ASC-CM groups (1.1 ± 0.2 and 1.2 ± 0.2,
respectively, p < 0.05).

 
Figure 2. Relative antioxidant gene expression in blastocysts cultured in control, human adipose-derived mesenchymal
stem cell conditioned medium (ASC-CM) and amniotic membrane-derived mesenchymal stem cell conditioned medium
(AMSC-CM). Data are normalized to housekeeping gene 18S rRNA and presented as mean ± standard error of the mean
(SEM). Superscript letters in each column indicate significant differences (p < 0.05).

3.5. Comparative Effects of ASC-CM and AMSC-CM on Intracellular Oxidative Stress in BL

Anti-oxidative effects of ASC-CM and AMSC-CM were evaluated through the mea-
surement of ROS and GSH in BL. ROS levels in the BL of the AMSC-CM group (0.7 ± 0.1)
were significantly lower than those in the control group (1.0 ± 0.0, p < 0.05), but the ASC-
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CM group showed no significant difference with the other groups (Figure 3a). As shown
in Figure 3b, GSH levels in the BL in both ASC-CM (1.2 ± 0.0) and AMSC-CM (1.3 ± 0.0)
groups were significantly increased compared to the control group (1.0 ± 0.0, p < 0.05).

Figure 3. Evaluation of intracellular reactive oxygen species (ROS) and glutathione (GSH) in blastocysts (BL) cultured
with human adipose-derived mesenchymal stem cell conditioned medium (ASC-CM) and amniotic membrane-derived
mesenchymal stem cell conditioned medium (AMSC-CM). (a) ROS and (b) GSH level in BL. Data are presented as the
mean ± SEM. Superscript letters in each column indicate significant differences (p < 0.05).

3.6. Comparison of Antioxidant Biomarkers in ASC-CM and AMSC-CM

TAC and SOD activity of both ASC-CM (2.8 ± 0.2 and 2.6 ± 0.1) and AMSC-CM
(7.0 ± 0.2 and 3.5 ± 0.2) were significantly higher when compared to the control (1.0 ± 0.0
and 1.0 ± 0.2, respectively, p < 0.05, Figure 4a,b). Comparing ASC-CM and AMSC-CM,
TAC and SOD activity of AMSC-CM was significantly greater than ASC-CM (p < 0.05,
Figure 4a,b). Catalase activities in ASC-CM (1.1 ± 0.0) and AMSC-CM (1.1 ± 0.0) were
similar but significantly higher than the control (1.0 ± 0.0, p < 0.05, Figure 4c).

Figure 4. Comparison of antioxidant biomarkers level in human adipose-derived mesenchymal stem cell conditioned
medium (ASC-CM) and amniotic membrane-derived mesenchymal stem cell conditioned medium (AMSC-CM). (a) Total
antioxidant capacity (TAC), (b) superoxide dismutase (SOD) activity, and (c) catalase activity. Data are normalized to
average value of control and presented as the mean ± SEM. Superscript letters in each column indicate significant differences
(p < 0.05).

3.7. Comparison of Antioxidant Biomarkers in Culture Medium with ASC-CM and AMSC-CM

Catalase activity was significantly increased in pre-IVC medium supplemented with
AMSC-CM (1.02 ± 0.0) compared to the control (1.0 ± 0.0, p < 0.05) and ASC-CM (1.0 ± 0.0,
p < 0.05, Figure 5b). Likewise, SOD activity in post-IVC medium supplemented with
AMSC-CM (1.7 ± 0.2) was significantly greater than that in the control and ASC-CM
groups (1.0 ± 0.1 and 1.0 ± 0.1, respectively, p < 0.05, Figure 6a). Furthermore, catalase
activity was significantly higher in post-IVC medium supplemented with AMSC-CM
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(1.0 ± 0.0) than in ASC-CM (0.9 ± 0.0, p < 0.05, Figure 6b) but not when compared to
the control.

Figure 5. Comparison of antioxidant biomarkers level in fresh culture medium supplemented with human adipose-
derived mesenchymal stem cell conditioned medium (ASC-CM) and amniotic membrane-derived mesenchymal stem cell
conditioned medium (AMSC-CM). (a) Superoxide dismutase (SOD) and (b) catalase activity. Data are normalized to average
value of control and presented as the mean ± SEM. Superscript letters in each column indicate significant differences
(p < 0.05).

Figure 6. Comparison of antioxidant biomarker levels in culture medium supplemented with human adipose-derived mes-
enchymal stem cell conditioned medium (ASC-CM) and amniotic membrane-derived mesenchymal stem cell conditioned
medium (AMSC-CM) which was collected after 5 days of embryo culture. (a) Superoxide dismutase (SOD) and (b) catalase
activity. Data are normalized to average value of control and presented as the mean ± SEM. Superscript letters in each
column indicate significant differences (p < 0.05).

3.8. Comparative Effects of ASC-CM and AMSC-CM on Apoptosis-Related Gene Expression in BL

To assess not only oxidative stress but also the consequent apoptosis of BL, the relative
expression of the anti-apoptotic and pro-apoptotic genes was analyzed. The expression
levels of B cell leukemia/lymphoma 2 (Bcl2) in both ASC-CM (1.8 ± 0.1) and AMSC-CM
(1.7 ± 0.1) groups were significantly greater than those of the control (1.0 ± 0.0, p < 0.05,
Figure 7). The ratio of Bcl2-associated X (Bax) to Bcl2 expression level in both ASC-CM
(0.5 ± 0.1) and AMSC-CM (0.3 ± 0.1) groups was significantly lower than those of the
control (1.0 ± 0.0, p < 0.05, Figure 7). Although no differences were found between the
relative gene expression level of Bax among groups, Caspase 3 levels were significantly
lower in the AMSC-CM group (0.6 ± 0.1) than in the ASC-CM group (1.1 ± 0.2, p < 0.05,
Figure 7).
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Figure 7. Relative apoptosis-related gene expression in blastocysts cultured in the control, human adipose-derived mes-
enchymal stem cell conditioned medium (ASC-CM) and amniotic membrane-derived mesenchymal stem cell conditioned
medium (AMSC-CM) group. Data are normalized to housekeeping gene 18S rRNA and presented as mean ± standard
error of the mean (SEM). Superscript letters in each column indicate significant differences (p < 0.05).

3.9. Comparative Effects of ASC-CM and AMSC-CM on Intracellular Apoptosis in BL

Mitochondrial membrane potential was visualized and measured as an indicator of
intracellular apoptosis using JC-1 fluorescence staining of BLs from the control, ASC-CM,
and AMSC-CM groups (Figure 8a). The ratio of JC-1 aggregate to JC-1 monomer in BLs of
the AMSC-CM group (1.3 ± 0.1) was significantly higher than that of the control group
(1.0 ± 0.0, p < 0.05). However, the ratio in BLs from the ASC-CM group was similar to that
of the other groups (Figure 8b).

Figure 8. Assessment of mitochondrial membrane potential in blastocysts (BL) cultured with human adipose-derived
mesenchymal stem cell conditioned medium (ASC-CM) and amniotic membrane-derived mesenchymal stem cell condi-
tioned medium (AMSC-CM). (a) Representative fluorescent images of JC-1 monomer (green) and aggregate (red) stained
BL. Original magnification 400×. Scale bar = 50 μm. (b) The ratio of JC-1 aggregate (red) to JC-1 monomer (green) pre-
sented by quantifying fluorescence intensity of JC-1 mitochondrial membrane potentials in BL. Data are expressed as the
mean ± standard error of the mean (SEM). Superscript letters in each column indicate significant differences (p < 0.05).

4. Discussion

The present study was conducted with the purpose of (1) examining the anti-oxidative
effect of human AMSC-CM treatment during IVC on mouse preimplantation embryo
development, while simultaneously evaluating antioxidant gene expression, more specifi-
cally, the genes in the FoxO pathway, and (2) comparing human ASC-CM and AMSC-CM
as supplementation for mouse embryo culture with regard to their anti-oxidative and
anti-apoptotic effects.

At first, the effect of various concentrations of AMSC-CM treatment (10%, 20%, and
50%) during IVC was investigated to establish the optimal concentration for the develop-
ment of in vitro fertilized mouse embryos. The rate of embryos that developed to the 4-cell
and 16-cell stage were significantly lower in the 50% AMSC-CM group than in the 10%
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AMSC-CM group. These results indicate that a high CM concentration does not ensure
better efficiency of embryo development regardless of the large quantity of cytokines as
previously explained [6]. Remarkably, we found that 10% AMSC-CM significantly im-
proved BL formation rate (Table 2), which is an index for embryo developmental potential
and consequently determines the success of implantation [41], compared to the control
group as well as the other higher concentration of AMSC-CM treated groups. In addition,
the 10% AMSC-CM group showed the most enhanced BL hatching ability, a crucial precon-
dition for successful implantation and pregnancy rates [42]. Together, our results indicated
that 10% AMSC-CM treatment during IVC is optimal for overall preimplantation embryo
developmental processes from early cleavage to BL hatching.

A few studies have compared the characteristics and proliferation rate of ASC and
AMSC [43–45], but to the best of our knowledge, the comparison between anti-oxidative
effects of ASC-CM and AMSC-CM has never been reported, particularly on the embryo
and its culture medium. Therefore, the effects of ASC-CM and AMSC-CM treatment at the
respective confirmed optimal concentrations in embryo IVC medium were compared. As
validated by the results presented in Table 2, AMSC-CM treatment improved embryo devel-
opment compared to the control. The embryo developmental rate of the AMSC-CM group
was greater than that of the ASC-CM group at all the assessed stages (Table 3), but the
difference was not statistically significant. The expression of antioxidant genes in the FoxO
signaling pathway was analyzed to evaluate the quality of BLs cultured with ASC-CM
or AMSC-CM. FoxO transcription factors modulate various cellular functions, including
differentiation, growth, metabolism, and apoptosis [46]. These factors predominantly regu-
late the oxidative stress response by controlling the expression of manganese-dependent
SOD (SOD2), catalase, and GPx1 that constitute the primary defense mechanism against
ROS [47]. FoxO is considered as a therapeutic target for infertility and is critical for the
preimplantation embryo development in mice [46]. Specifically, among the mammalian
FoxO family, FoxO1 and FoxO3 are key players in female reproductive processes [48]. We
found that the relative expression of FoxO1 and FoxO3 was significantly increased in the
BLs cultured with AMSC-CM as compared to those of the control group. Furthermore, the
expression levels of SOD2, catalase, and GPx1, downstream targets of the FoxO subfamily,
were significantly greater in the AMSC-CM group than in the control group (Figure 2).
Remarkably, compared with ASC-CM, AMSC-CM promoted the expression of FoxO1,
catalase, and GPx1 (Figure 2). We also analyzed genes that function as upstream regulators
of FoxO such as AMPK [49] and JNK [50], as well as AKT [51], but none of the genes
exhibited notable differences in expression, which seems to have an ambiguous influence
on FoxO activity in that FoxO receives various signals from growth factors, metabolic and
oxidative stress [52] and involves numerous mechanisms for its regulation [53]. However,
we found an increase in SIRT1 expression in BL cultured with AMSC-CM, which is a
crucial regulator of oxidative stress that protects cells by upregulating antioxidant activity
through FoxO-dependent mechanisms and, in particular, the interaction of SIRT1 and
FOXO3a mainly functions in protecting oocytes against loss of developmental competence
from reproductive aging [54]. GSH is a representative non-enzymatic antioxidant that
is essential for embryo development after fertilization up to the BL stage [55]. In this
study, intracellular GSH levels were increased in BLs with ASC-CM and AMSC-CM treat-
ment, but ROS levels were decreased only in the AMSC-CM group (Figure 3). ROS are
attenuated by a collaborative defense system comprising enzymatic and non-enzymatic an-
tioxidants [56]. Collectively, the results described above suggest that AMSC-CM exerts an
anti-oxidative effect during embryo culture by improving the expression of both enzymatic
and non-enzymatic antioxidants in BL.

We then investigated the antioxidant biomarker activity in CM, pre- and post-IVC
medium containing different CM. In addition to TAC, a complex indicator showing the
comprehensive activity of various antioxidants [57], the activities of SOD and catalase were
all greater in both ASC-CM and AMSC-CM when compared to non-conditioned medium
(Figure 4). Notably, we found evident difference that AMSC-CM showed greater level of
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antioxidant biomarkers than ASC-CM. The results are consistent with various studies that
reported the factors secreted from MSC contain antioxidants as one of the predominant
elements, which are included in CM and exert anti-oxidative effects in paracrine mecha-
nisms [13,58–60]. In particular, numerous growth factors found in CM of human amnion
tissue and AMSC [61] have been identified to function as antioxidants including insulin-like
growth factor [62], platelet-derived growth factor [63], epidermal growth factor [64], hepa-
tocyte growth factor [65] and fibroblast growth factor [66]. Moreover, pre- and post-IVC
medium analysis revealed that the activities of SOD and catalase were higher in culture
medium supplemented with AMSC-CM than the medium with ASC-CM (Figures 5 and 6).
Therefore, the improvement in embryo developmental rate and antioxidant expression in
BLs could be explained by the favorable culture conditions from the active antioxidants in
AMSC-CM.

In addition, apoptosis, which is generally accompanied by oxidative damage, was eval-
uated in BLs. The anti-apoptotic effect of AMSC-CM was confirmed in that pro-apoptotic
gene expression was decreased and anti-apoptotic gene expression was increased. More
specifically, an upregulation of the anti-apoptotic gene Bcl2 was observed not only in the
AMSC-CM group, but also in the ASC-CM group, indicating that both CMs have anti-
apoptotic effects. However, Caspase 3 which is known as an apoptosis executioner [67]
was downregulated in the AMSC-CM group compared to the ASC-CM group (Figure 7).
The caspase signaling pathway is activated by apoptosis-inducing factors released from
the mitochondrial intermembrane space to the cytoplasm following the decrease of mito-
chondrial membrane potential, which is induced by oxidative damage in cells [68]. The
effect of ASC-CM on mitochondrial membrane potential was not significant; however,
as predicted, the ratio of JC-1 aggregate to JC-1 monomer was found to be higher in BLs
cultured with AMSC-CM than in the control (Figure 8), indicating both anti-oxidative and
anti-apoptotic effects of AMSC-CM on in vitro produced BL with enhanced mitochondrial
membrane potential.

The present study compared antioxidant competence of CM obtained from two dif-
ferent types of MSC, ASC-CM and AMSC-CM, and suggested that AMSC-CM may be
more efficient for embryo culture rather than ASC-CM. Our findings are supported by
previous studies demonstrating that the quantity and variety of secretome from MSC can
alter depending on different tissue sources of origin [29,69,70]. A point to be considered is
that, to date, it is uncertain that MSC-CM can outperform chemical antioxidant compounds.
To cite an example, several studies indicated that resveratrol, one of the chemically defined
antioxidants which has been extensively studied [71], achieved less effective outcomes
than MSC in pathological condition and diseases related to oxidative damage [72–74].
However, a direct comparison of MSC-CM and other antioxidant compounds has never
been conducted to the best of our knowledge, especially in terms of assisted reproduction,
and further studies are expected for clarification.

5. Conclusions

In conclusion, this study established that AMSC-CM treatment, at the optimal concen-
tration, acts as an antioxidant during IVC of mouse preimplantation embryos. Furthermore,
AMSC-CM treatment had a beneficial effect on embryo developmental rate and upregu-
lated the FoxO-mediated expression of antioxidant enzymes in BLs cultured with AMSC-
CM. Compared with ASC-CM, as a conventional antioxidant, AMSC-CM demonstrated
enhanced expression of both enzymatic and non-enzymatic antioxidants, promotion of
anti-oxidative culture conditions, and anti-apoptotic effects on developed embryos. These
findings indicate that AMSC-CM can be developed as a novel and competent antioxidant
interventions for the improvement of assisted reproductive technologies.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-392
1/10/2/268/s1, Table S1: Analysis of the quantity and quality of the extracted RNA.
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Abstract: Lippia citriodora is a plant traditionally used for its anti-inflammatory, antioxidant and
antispasmodic effects, as well as for additional biological activities proven in cell culture, animal
studies and a small number of human clinical trials. The plant has also shown a marked improvement
in blood lipid profile in some animal species. In the present preliminary study, we investigated the
effect of a leaf extract on lipid and oxidative blood profile of hypercholesterolemic volunteers. Twelve
adults received Lippia citriodora extract caps, containing 23% phenylpropanoids, (100 mg, once a day)
for 16 weeks. Selected blood lipids and plasma oxidative markers were measured at baseline and after
4, 8 and 16 weeks of treatment. Compared with baseline, total cholesterol levels significantly decreased
and high-density lipoprotein cholesterol increased, while low-density lipoprotein cholesterol and
triglycerides showed only a downward trend. Oxidative status was improved due to a decrease in
the concentration of total oxidant status, reactive oxygen metabolites and malondialdehyde, and a
significant increase in ferric reducing ability of plasma, vitamin A and vitamin E. These preliminary
results suggest that dietary supplementation with Lippia citriodora extract can improve the lipid profile,
enhance blood antioxidant power, and could be a valuable natural compound for the management of
human hypercholesterolemia.

Keywords: verbascoside; hypercholesterolemia; antioxidants

1. Introduction

Cardiovascular disease (CVD) is a pathological process that affects the arterial system
as a whole and determines the progressive narrowing of the arteries, up to their complete
obstruction. Therefore, it must be considered a unique disease that manifests itself clinically
in different ways, depending on which arterial district is concerned. In Western countries,
it still represents the main cause of death and an important contribution to disability. The
prevalence of CVD cases nearly doubled from 1990 to 2019, and the number of CVD deaths
in the same period has steadily increased [1].

The principal risk factors converge on an unhealthy diet, typical of industrialized
countries, with consequent dyslipidemia, diabetes, obesity and hypertension. Additional
factors include a sedentary lifestyle, stress and smoking, which, unfortunately, are still
widespread. High levels of low-density lipoprotein cholesterol (LDL-C) are one of the main
modifiable cardiovascular risk factors (CVRF) [1]. Indeed, LDL-C and other cholesterol-rich
apolipoprotein-B-containing lipoproteins, including very low-density lipoproteins (VLDL)
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and their remnants, intermediate-density lipoproteins (IDL) and lipoprotein (a), play a
pivotal role in the development of atherosclerotic plaques since, in high concentrations,
they accumulate within the arterial intima [2]. At this site they are separated from plasma
antioxidants and become particularly susceptible to oxidative alterations, acquiring proin-
flammatory and immunogenic properties. Although advanced lesions can grow enough to
arrest blood flow, the main clinical complication is an acute obstruction due to a thrombus
development [3,4]. LDL-C concentration is closely linked to the incidence of atherosclerotic
CVD, such as myocardial infarction and ischemic stroke [2].

Evaluation of the cumulative effect of the various CVRF and estimation of atheroscle-
rotic CVD risk is crucial to the implementation of prevention programs. Recent guidelines
of the European Society of Cardiology (ESC) and the European Atherosclerosis Society
(EAS) for the management of dyslipidemias provide Systematic Coronary Risk Evaluation
(SCORE) charts, which indicate the risk of developing atherosclerotic CVD over the next ten
years. The risk is calculated considering age, sex, smoking status, systolic blood pressure
and total cholesterol (TC). They also recommend new LDL-C treatment goals based on car-
diovascular risk categories (<116, 100, 70 and 55 mg/dL for low, moderate, high, and very
high risk, respectively). The guidelines point out the importance of adopting and sustaining
a healthy lifestyle, and preventative action for a person should be related to the total risk:
the higher the risk, the more intense the action. In some cases, unfortunately, prevention
is not sufficient and it is necessary to resort to the use of pharmacologic therapy [5]. The
backbone drugs for hypercholesterolemia are statins. Their mechanism of action is focused
on the competitive inhibition of the 3-hydroxy-3methyl-glutaryl coenzyme A (HMG-CoA)
reductase, which regulates the limiting step of the synthesis of cholesterol at the level of
hepatocytes; this leads to a reduction in cholesterol synthesis and an increase in LDL recep-
tors at the level of liver cells, with a consequent further reduction in the plasma cholesterol.
They produce several other effects termed as pleiotropic effects of statins [6]. If they are
contraindicated, cholesterol-absorption inhibitors and bile-acid-binding resins can be used.
In case of failure, an association therapy or monoclonal antibodies anti-proprotein conver-
tase subtilisin/kexin type 9 or bempedoic acid can be assessed [5]. However, these drugs
are not free of adverse effects: gastrointestinal disorders, myalgias, arthralgias, transami-
nases/creatine phosphokinase (CPK) elevation and rhabdomyolysis are common [7]. The
guidelines also suggest a nutraceutical approach (that can or cannot include statins) which
could help treat hypercholesterolemia whilst avoiding every possible side effect [8].

In the last few years attention was paid to several plants’ natural molecules, some of
which can improve lipid profile and oxidative status [9,10]. Lippia citriodora (lemon verbena)
is a plant from the Verbenaceae family, which grows spontaneously in South America
and is cultivated in North Africa and South Europe. It is mainly used as a spice, but also
as a medicinal plant possessing digestive, antispasmodic, antipyretic, anti-inflammatory,
antioxidant, anxiolytic, neuroprotective, anticancer, anesthetic, antimicrobial and sedative
properties. Leaf infusions have traditionally been used to treat cold, fever, colic, diarrhea,
nerve problems, acne, insomnia and rheumatism [11]. The medicinal effects are due to
a large number of polar compounds present in the plant: phenylpropanoids glycosides
(a large group of natural polyphenols, one of the best known is the verbascoside, also
called acteoside), flavonoids, phenolic acids and iridoid glycosides. Verbascoside is struc-
turally characterized by a caffeic acid moiety and a 3,4-hydroxyphenylethanol ethyl moiety
(hydroxytyrosol), bound to β-(D)-glucopyranoside through ester and glycosidic links,
respectively, with a rhamnose in sequence (1–3) to the glucose molecule [12].

The biological activities of Lippia citriodora were proven in cell culture, animal studies
and a small number of human clinical trials [11]. The plant also showed a marked improve-
ment in blood lipid profile in some animal species such as rabbit [13], hare [14], horse [15],
sheep [16] and donkey [17]. However, the plant has not been fully assessed regarding its
safety and efficacy in humans.
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In the present study we investigated the effect of a Lippia citriodora leaf extract on
lipid and oxidative blood profile of hypercholesterolemic adult volunteers, to identify its
therapeutic benefits in human dyslipidemia.

2. Materials and Methods

2.1. Study Design and Participants

This was a preliminary, open-label, single-arm, phase I clinical study conducted on
12 hypercholesterolemic volunteers (average age 58 ± 9.02 years) whose characteristics are
described in Table 1.

Table 1. Baseline characteristics of the analyzed subjects.

ID SEX AGE (Years) SMOKE BMI (kg/m2) GLU (mg/dL) BP (mmHg) TC (mg/dL) LDL-C (mg/dL) SCORE

1 M 60 No 24.8 104 135/85 212 140.00 3%
2 M 68 Yes 25.4 102 150/90 210 120.00 13%
3 M 65 Yes 23.3 124 120/80 236 131.00 7%
4 M 63 No 22.9 101 120/70 220 129.00 3%
5 F 44 No 34.2 83 120/70 261 168.00 0%
6 M 57 Yes 44.9 91 140/90 229 168.00 5%
7 F 59 Yes 26.9 106 130/80 274 180.00 3%
8 M 67 No 24.4 110 140/80 214 149.00 6%
9 M 53 Yes 23.6 93 120/80 224 134.00 2%

10 F 56 No 25.8 97 120/80 231 130.00 1%
11 F 39 No 33.3 101 125/70 332 230.00 0%
12 F 65 Yes 20.1 90 150/110 248 178.00 7%

M, male; F, female; BMI, body mass index; GLU, glucose; BP, blood pressure; TC, total cholesterol; LDL-C, low-density lipoprotein
cholesterol; SCORE, Systematic Coronary Risk Evaluation.

All subjects were evaluated by an accurate anamnesis and complete physical exami-
nation. Eligibility criteria were: age from 30 to 85 years, LDL-C > 116 mg/dL, CPK and
transaminases normal values, with either an intolerance or hypersensitivity to statins. The
participants also had to promise not to change eating habits and not to consume products
with similar activity to Lippia citriodora during the study period. Exclusion criteria were:
triglycerides (TG) > 500 mg/dL, type 1 and type 2 diabetes, chronic kidney disease, uncon-
trolled hypo- or hyperthyroidism, clinical conditions affecting the absorption of the product
or adherence to the study (gastrointestinal diseases, neoplastic diseases, metabolic deficits),
pregnancy or breastfeeding, a history of major cardiovascular events (acute myocardial
infarction or stroke), severe peripheral atherosclerotic disease and arterial revascularization,
intake of immunosuppressive agents in the previous 3 months, intake of glucocorticoids or
drugs for lipid profile and body weight control and intolerance or hypersensitivity, or both,
to one or more of the substances in the study. For all subjects, the 10-year risk of fatal CVD
based on age, gender, smoking status, systolic blood pressure and TC (SCORE chart, low-
risk regions of Europe) [5] was calculated. Each subject took a capsule containing 100 mg of
Lippia citriodora leaf extract once a day for 16 weeks. The dosage was established based on
previous animal studies [15] employing up to 1.0 mg of verbascoside per kg of metabolic
body weight. Considering an average weight of 70 kg for an adult (corresponding to a
metabolic weight of about 24 kg) and the percentage of phenylpropanoids (23%, consisting
mainly of verbascoside) contained in the leaf extract, a 100 mg/day dose was calculated.

The study was conducted in accordance with the ethical principles stated in the
Declaration of Helsinki, and the approved national and international guidelines for human
research. The Institutional Review Board of the University of Molise, Campobasso, Italy,
reviewed and approved this study (protocol code 006-08-2018; 2 August 2018). Written
informed consent was obtained from each participant. All clinical information relating to
patients has been stored and processed for statistical purposes in compliance with current
privacy protection legislation.

2.2. Lippia citriodora Leaf Extract

Lippia citriodora leaf extract containing 23% phenylpropanoids (PLX23) was provided
by Monteloeder (Monteloeder, Ltd., Elche, Spain). The quantitative analysis of the phenolic
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compounds was performed by high-performance liquid chromatography (HPLC) and
reported in a manufacturer’s certificate of analysis. The plant is approved for use in humans
by the Italian Ministry of Public Health, Rome, Italy.

2.3. Blood Collection

Blood samples were obtained from the antecubital vein, after overnight fasting, in
vacutainer tubes at weeks 0, 4, 8 and 16, respectively. Timing for data collection and
total treatment time were established based on previous animal studies [13,15]. The first
evaluation, at 4 weeks, was carried out in order to identify any early muscular or hepatic
alterations. Blood was centrifuged at 1500× g for 10 min. Serum was used to determine the
following analytes: TC, high-density lipoprotein cholesterol (HDL-C), LDL-C, TG, glucose
(GLU), CPK, aspartate aminotransferase (AST) and alanine aminotransferase (ALT), using
a semiautomatic clinical chemistry analyzer (ARCO Biotecnica Instruments SPA, Rome,
Italy). Oxidative state markers were measured in the plasma. Total oxidant status (TOS),
which measures the blood antioxidant capacity, was determined using an assay based
on the oxidation of ferrous ion to ferric ion in the presence of various oxidant species
in acidic medium and ferric ion measurement by xylenol orange [18]. The results were
expressed in μM H2O2 equivalent per liter. Reactive oxygen metabolites (ROM), i.e., the
concentration of hydroperoxides in the plasma, were determined using a free radicals
(FR) determination system (D-Roms test, Diacron International srl, Grosseto, Italy). The
test is based on transition metals’ ability to catalyze in the presence of peroxides with the
formation of FR, which are trapped by an alchilamine. The alchilamine reacts, forming a
colored radical detectable at 505 nm [19]. The results were expressed as U Carr (1 Unit
Carratelli corresponds to 0.024 mmol/L of H2O2; the higher the value measured, the
greater the oxidative stress in the blood). Ferric ion reducing antioxidant power (FRAP)
test measured the ferric-reducing ability of plasma. Ferric to ferrous ion reduction at low
pH led to the formation of a colored ferrous-tripyridyltriazine complex. FRAP values were
obtained by comparing the absorbance change at 593 nm in test reaction mixtures with
those containing ferrous ions in known concentrations [20]. One FRAP unit is expressed
in mmol TEAC/L (TEAC, Trolox equivalent antioxidant capacity; the higher the value
obtained, the better the blood antioxidant capacity). Malondialdehyde (MDA), the ultimate
product of all oxidative processes involving polyunsaturated fatty acids, was determined
spectrophotometrically, according to the thiobarbituric acid (TBA) assay [21]. Vitamin E
and vitamin A were extracted from plasma samples with chloroform and analyzed on an
HPLC system consisting of an autosampler (HPLC Autosampler 360, Kontron Instruments,
Milan, Italy) with a 20 mL loop, a high-pressure mixing pump and a 5 μm, 250 × 4.60 mm
C18 column (Phenomenex, Torrance, CA, USA). The mobile phase was 100% methanol at a
flow rate of 1.0 mL/min. A fluorimeter detector (SFM) and computer with Kroma System
2000 software were used. The concentrations of vitamins A and E were determined by
using an internal standard and the elution time of pure standards [22].

2.4. Statistical Analysis

Data were analyzed using SPSS (v. 17.0) statistical software package (SPSS Inc.,
Chicago, IL, USA). Variables were examined for outliers and extreme values using box
and normal quantile-quantile plots, and Shapiro—Wilk’s and Kolmogorov—Smirnov’s
tests. No variables needed to be transformed. Repeated measures analysis of variance
(ANOVA) and post hoc pairwise comparison tests, namely least significant difference (LSD)
and Bonferroni’s correction (BC), were used. The assumptions of sphericity were assessed
by means of Mauchly’s test. The Greenhouse—Geisser or the Huynh—Feldt correction
was applied if the assumption of sphericity was violated. Statistical significance was set at
p value < 0.05.
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3. Results

Using repeated measures ANOVA, the lipid blood profile showed a weak significant
reduction in TC (p = 0.035) and a strong significant increase in HDL-C (p = 0.007) levels
during treatment with Lippia citriodora leaf extract, as reported in Table 2.

Table 2. Blood parameters of 12 volunteers at baseline and after 4, 8 and 16 weeks of Lippia citriodora extract treatment.

BASELINE 4 WEEKS 8 WEEKS 16 WEEKS
ANOVAF
(df = 3, 33)

p Value

TC 240.9 ± 10.1 236.2 ± 11.4 229.2 ± 9.9 * 227.0 ± 10.2 * 3.22 0.035
HDL-C 56.6 ± 2.7 59.1 ± 2.3 62.7 ± 3.3 * 56.8 ± 3.2 4.78 0.007
LDL-C 154.7 ± 9.1 147.7 ± 9.2 143.7 ± 7.7 * 144.1 ± 7.6 * 2.56 0.072

TG 139.8 ± 11.3 121.4 ± 12.6 111.8 ± 12.3 * 119.8 ± 13.1 2.10 0.119
GLU 100.2 ± 3.1 96.3 ± 2.8 * 88.7 ± 2.3 * 89.4 ± 2.9 * 10.11 0.002
CPK 111.7 ± 12.2 107.2 ± 14.9 107.7 ± 18.9 113.7 ± 18.4 0.32 0.321
AST 25.7 ± 2.9 21.8 ± 1.6 23.2 ± 2.8 21.0 ± 1.8 0.96 0.423
ALT 30.7 ± 5.3 24.8 ± 4.2 26.9 ± 3.6 22.3 ± 1.6 1.78 0.169
TOS 13.4 ± 0.9 12.9 ± 0.7 * 12.3 ± 0.6 * 11.5 ± 0.6 * 7.42 0.012
ROM 306.5 ± 18.3 267.8 ± 7.6 * 255.3 ± 4.9 * 271.4 ± 21.3 2.99 0.069
MDA 8.1 ± 0.5 6.1 ± 0.5 * 4.4 ± 0.4 * 3.7 ± 0.2 * 35.23 <0.001
FRAP 0.8 ± 0.04 0.9 ± 0.05 * 0.9 ± 0.06 * 0.9 ± 0.06 * 8.13 0.002
Vit E 20.3 ± 1.4 23.9 ± 1.2 * 25.2 ± 1.3 * 26.2 ± 1.3 * 27.08 <0.001
Vit A 1.2 ± 0.06 1.3 ± 0.07 * 1.4 ± 0.07 * 1.8 ± 0.14 * 13.88 0.002

TC, total cholesterol (mg/dL); HDL-C, high-density lipoprotein cholesterol (mg/dL); LDL-C, low-density lipoprotein cholesterol (mg/dL);
TG, triglycerides (mg/dL); GLU, glucose (mg/dL); CPK, creatine phosphokinase (U/L); AST, aspartate transaminase (U/L); ALT, alanine
transaminase (U/L); TOS, total oxidant status (μmol H202 Eq/L); ROM, reactive oxygen metabolites (U Carr); MDA, malondialdehyde
(nmol/mL); FRAP, ferric reducing ability of plasma (mmol TEAC/L); Vit E, vitamin E (μmol/L); Vit A, vitamin A (μmol/L). Values are
mean ± standard deviation; * significantly different compared with baseline (least significant difference).

Post hoc LSD pairwise comparisons showed a weak reduction in TC at 8 weeks
(p = 0.043), not significant after BC, and a strong reduction (p = 0.016, after BC) at 16 weeks
of treatment (Figure 1a). HDL-C significantly increased (p = 0.026, after BC) only after
8 weeks of treatment (Figure 1b). LDL-C showed a reduction at the limit of significance
(p = 0.072) during the treatment (Table 2). Post hoc LSD pairwise comparison (Figure 1c)
showed a weak reduction at 8 (p = 0.036) and 16 weeks (p = 0.033), not significant after BC.
TG levels showed a not significant downward trend after treatment (Table 2). However,
post hoc LSD pairwise comparison (Figure 1d) showed a fairly good reduction at 8 weeks
(p = 0.016), not significant after BC (p = 0.098). GLU levels showed a significant reduc-
tion (p = 0.002) during the treatment (Table 2), particularly at 8 and 16 weeks (Figure 1e).
However, the reduction at 16 weeks was at the limit of significance (p = 0.056) after BC.

The results related to the oxidative state markers differences during the treatment
with Lippia citriodora leaf extract showed a global improvement of the oxidative blood
profile. In fact, TOS levels were significantly reduced (p = 0.012, after correction for lack
of sphericity), after treatment. Post hoc LSD pairwise comparisons showed a reduction at
4, 8 and 16 weeks (Figure 2a); however, only the reduction at 16 weeks was at the limit of
significance (p = 0.068) after BC. ROM levels were weakly reduced (p = 0.069, after correction
for lack of sphericity), after treatment. Post hoc LSD pairwise comparisons showed a
weak reduction at 4 weeks (p = 0.021), not significant after BC, and a stronger reduction
(p = 0.009) at 8 weeks of treatment (Figure 2b), which was at the limit of significance
(p = 0.055) after BC. MDA levels were significantly decreased (Table 2) at 4, 8 and 16 weeks
of treatment (Figure 2c), even after BC. Conversely, FRAP, vitamin E and vitamin A levels
were significantly increased (Table 2) at 4, 8 and 16 weeks of treatment (Figure 2d–f), even
after BC, with the exception of FRAP and vitamin A levels at 4 weeks which were at the
limit of significance (p = 0.050 and p = 0.061, respectively). LSD pairwise comparison did not
show significant differences between women and men for any of the measured parameters.
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Figure 1. Lipids, glucose and CPK blood profile at basal level and after 4, 8 and 16 weeks of treatment. Box plots show
median (horizontal line in the box), 25th and 75th percentiles (edges of box), maximum and minimum values (whiskers)
and outliers (◦, *) of: (a) total cholesterol (TC), (b) high-density lipoprotein cholesterol (HDL-C), (c) low-density lipoprotein
cholesterol (LDL-C), (d) triglycerides (TG), (e) glucose (GLU) and (f) creatine phosphokinase (CPK) concentrations. p values
measure the significance of differences compared with basal values (least significant difference); wk, weeks.

Figure 2. Blood oxidative profile at basal level and after 4, 8 and 16 weeks of treatment. Box plots show median (horizontal
line in the box), 25th and 75th percentiles (edges of box), maximum and minimum values (whiskers) and outliers (◦, *)
of: (a) total oxidant status (TOS), (b) reactive oxygen metabolites (ROM), (c) malondialdehyde (MDA), (d) ferric reducing
ability of plasma (FRAP), (e) vitamin E (Vit E) and (f) vitamin A (Vit A) concentrations. p values measure the significance of
differences compared with basal values (least significant difference); wk, weeks.
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To highlight possible adverse events concerning the intake of the extract, some analytes
were also measured to check for potential organ damage (AST, ALT), as well as the serum
levels of CPK (whose values increase in patients taking statins) to evaluate problems
affecting skeletal muscle tissue. No significant variations were observed regarding the CPK
and transaminase (AST and ALT) levels (Table 2 and Figure 1f), and no side or adverse
effects were reported by participants.

4. Discussion

In the present study, we analyzed the lipid and oxidative profile changes induced by
treatment with Lippia citriodora leaf extract (100 mg, once a day, for 16 weeks) in 12 hyper-
cholesterolemic volunteers (7 males and 5 females). Results showed an improvement in
blood lipid profile, compared with baselines, with a significant decrease in TC, particularly
at 16 weeks, and a significant increase in HDL-C at 8 weeks. Additionally, TG and LDL-C
showed a downward trend at 8 weeks and at both 8 and 16 weeks, respectively. These
results are broadly in line with previous studies reporting significant changes on the lipid
profile after dietary supplementation with a Lippia citriodora extract. Rabbits [13], hares [14],
horses [15] and sheep [16] treated with low and high doses of verbascoside showed a
decrease in TC, LDL-C, (not measured in the hare study), TG and an elevation in HDL-C
compared with control groups, who received a feed without verbascoside. Higher doses of
dietary supplementation with verbascoside generally produced better effects than lower
doses did, but the differences were not statistically significant. Yang et al. [23] evaluated
the effects of Ligustrum robustum Blume (LR), a plant used in Chinese folk medicine for
the treatment of obesity and hyperlipidemia, in mice fed with a high-fat diet. LR leaf
extracts, mainly containing phenylpropanoid glycosides with verbascoside as a major
active component, produced a significant reduction in TC and a downward trend in TG
levels, without a significant dose—effect relation. Kassi et al. [24] carried out a random-
ized placebo-controlled trial in normocholesterolemic healthy volunteers. Following the
administration of an aqueous extract of Sideritis euboea (containing verbascoside, flavonoid
diglycosides and phenolic acid), at 0.3 g/day for a month, the intervention group showed
a significant reduction in TC, compared with the control group.

The hypocholesterolemic effect of the Lippia citriodora extract can be explained by
some of the molecular mechanisms related to verbascoside, namely a downregulation of
the mRNA-encoding enzymes involved in cholesterol biosynthesis, such as HMG-CoA
reductase and mevalonate kinase, and an upregulation of the mRNA encoding molecules
involved in lipid transport and metabolism, such as VLDL receptor, lipoprotein lipase
(LPL), lipin 1, peroxisome proliferator activated receptor-alpha (PPARα), acetyl CoA acyl
transferases (Acaa1a and Acaa1b) and carnitine palmitoyl transferase 1A (Cpt1a) [25].
PPARα is known to be able to modulate the production of the apoproteins ApoA-1 and
ApoA-2 (the main constituents of HDL-C) and this could be directly related to HDL-C
concentration [26]. Furthermore, using HepG2 cells treated with a high concentration of
oleic acid as a lipid accumulation model, it has been shown that verbascoside is also able
to downregulate the expression of 7-dehydrocholesterol reductase (DHCR7), lanosterol
synthase (LSS) and farnesyl-diphosphate farnesyltransferase 1 (FDFT1), which are involved
in cholesterol biosynthesis, and to increase the expression of HDL scavenger receptors
class B member 1 and 2 (SCARB1 and SCARB2) [27]. SCARB1 is the primary receptor
involved in the transfer of circulating cholesterol from HDL to the liver, termed as the
reverse cholesterol transport pathway, ending with the excretion of cholesterol via bile and
feces [28].

According to these findings, we can assume that the TC and LDL-C decrease seen
in our study is probably due to a reduction in cholesterol biosynthesis and to an increase
in lipid β-oxidation, whereas the HDL-C elevation at 8 weeks is likely related to PPARα
upregulation. The return of HDL-C levels to baseline values at 16 weeks may be caused by
overexpression of SCARB1, which causes an increased hepatic metabolism and clearance
of HDL-C [28]. However, the reduction in circulating HDL-C seems to have a beneficial
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effect against atherosclerosis. Indeed, whole-body SCARB1 knockout (KO) (Sr-bl−/−) mice
showed an increase in HDL-C with a significant rise in aortic lesions, proving that SCARB1
deficiency is proatherogenic. Conversely, overexpression of SCARB1 in mouse models
reduces atherosclerosis [28].

The increased PPARα and LPL expression may also explain the downward trend in
TG in the present study [26].

Verbascoside also prevents the formation of oxidized LDL-C (oxLDL), lowers the
expression of genes related to oxidative stress and oxLDL-mediated inflammatory response
and protects endothelial cells from oxLDL-induced cytotoxicity [29]. The accumulation
of oxLDL in the arterial intima contributes significantly to the recruitment of monocytes
and the formation of “foam cells” (early atherosclerotic lesions composed of cholesterol-
engorged macrophages) [4]. Considering the crucial role of oxLDL in the pathogenesis
of atherosclerotic plaques, we can presume that circulant LDL-C in subjects treated with
Lippia citriodora is less atherogenic as it is less oxidized.

Treatment with Lippia citriodora leaf extract in the present study also improved the
oxidative status with a significant decrease in TOS and MDA, a downward trend in ROM
and a significant increase in FRAP, vitamin E and vitamin A. Carrera-Quintanar et al. [30]
underlined the benefits of Lippia citriodora extract on the oxidative stress induced by aerobic
training in university students. Indeed, verbascoside was able to increase the activity
of the main antioxidant enzymes like catalase, glutathione peroxidase and glutathione
reductase [30], probably acting at the post-transcriptional level or through a Nrf2-related
mechanism [29]. A marked improvement in blood oxidative status has also been detected
in some animal species, such as rabbit [13], hare [14], horse [15], sheep [16] and donkey [17],
resulting in a decrease in plasma ROM and thiobarbituric acid-reactive substances values,
and an increase in the concentrations of plasma vitamin E and vitamin A. Generally, high
doses of verbascoside produced better effects than low doses, but the differences were not
statistically significant.

Similarly, a study using animal models showed a decrease in oxidative stress-correlated
enzyme activity in the plasma, brain and hippocampus, as well as a decrease in cerebral
MDA, after verbascoside administration [31]. The elevation of vitamin E and vitamin A, both
concurring to the improvement of blood antioxidant power [32], is likely due to verbascoside
influence on the stability of low molecular weight molecules such as these vitamins [15].
Vitamin A (through retinol and β-carotene) and vitamin E (through α-Tocopherol) protect cell
membranes from lipid peroxidation, acting as chain-breaking antioxidants. They also act as
scavengers of hydroxyl radicals, superoxide anions and peroxynitrite [32].

Flavonoids and phenolic acids present in Lippia citriodora may also be responsible for
the antioxidant phenotype [33]. The enhanced blood antioxidant capacity is beneficial for
endothelial function, since oxidant stimuli cause an imbalance in vasoconstrictor, prothrom-
botic, proliferative and inflammatory pathways and this phenotype is characteristic of chronic
inflammatory diseases such as atherosclerosis [34]. Some studies show that verbascoside also
has a vasodilator action, inhibiting the contractions induced by noradrenaline [35], and an
anti-inflammatory effect since it is able to inhibit downstream proinflammatory cytokines and
growth factors [29,36].

Another beneficial effect of Lippia citriodora treatment in the present study was the signif-
icant improvement of the glycemic profile. Indeed, verbascoside can suppress postprandial
glucose peak and normalize glucose tolerance, likely due to inhibition of sodium-dependent
glucose co-transporter 1 (SGLUT-1). In addition to verbascoside, iridoids present in the extract
also have an antidiabetic activity [35].

Overall, the results of this study suggest that Lippia citriodora, through its compounds
such as verbascoside, flavonoids, phenolic acids and iridoids, has pleiotropic effects similar
to statins; it acts not only on lipid profile, but also on lipoprotein oxidation, endothelial
function and inflammatory status. Its notable polypharmacological effects could repre-
sent a valuable nutraceutical approach for the management of hypercholesterolemia and
the prevention of CVD. Unlike statins, however, the safety and tolerability profile of
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Lippia citriodora treatment seems more favorable, since transaminases and CPK were not
altered and no subjects reported side or adverse effects. These findings are in line with
previous studies showing that supplementation with Lippia citriodora extract decreases
the signs of muscular damage in chronic running exercise, without blocking the cellular
adaptation to exercise [37].

We are aware that the present study has several limitations: the number of participants
is small, the study is open-label, a control group is missing and follow-up information is
lacking. This is motivated by the fact that our intention was to perform a pilot, preliminary
study aimed at verifying whether the beneficial effects of Lippia citriodora on the lipid
and oxidative blood profile demonstrated in previous animal studies were also present
in humans. A randomized, placebo-controlled, multiple dose, double-blind clinical trial,
eventually including sex- and age-matched participants without hypercholesterolemia, is
certainly needed to evaluate the safety and efficacy of this plant extract.

5. Conclusions

In conclusion, this preliminary study demonstrated that dietary supplementation
with Lippia citriodora extract can improve the lipid profile, particularly by reducing TC and
increasing HDL-C, and enhance the blood antioxidant power, particularly by reducing
TOS and MDA and increasing FRAP and vitamins A and E. These results suggest that
Lippia citriodora could be a valuable natural compound for the management of dyslipidemia
and the prevention of CVD. Clinical trials of phase II and III are necessary to confirm
these findings.
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Abstract: Plants are a reservoir of high-value molecules with underexplored biomedical applications.
With the aim of identifying novel health-promoting attributes in underexplored natural sources,
we scrutinized the diversity of (poly)phenols present within the berries of selected germplasm
from cultivated, wild, and underutilized Rubus species. Our strategy combined the application of
metabolomics, statistical analysis, and evaluation of (poly)phenols’ bioactivity using a yeast-based
discovery platform. We identified species as sources of (poly)phenols interfering with pathological
processes associated with redox-related diseases, particularly, amyotrophic lateral sclerosis, cancer,
and inflammation. In silico prediction of putative bioactives suggested cyanidin–hexoside as
an anti-inflammatory molecule which was validated in yeast and mammalian cells. Moreover,
cellular assays revealed that the cyanidin moiety was responsible for the anti-inflammatory properties
of cyanidin–hexoside. Our findings unveiled novel (poly)phenolic bioactivities and illustrated the
power of our integrative approach for the identification of dietary (poly)phenols with potential
biomedical applications.

Keywords: bioactivity-based assays; cyanidin; metabolomics; Rubus genus; (poly)phenols;
yeast-based discovery platform
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1. Introduction

Plants synthesize a staggering variety of secondary metabolites that provide a chemically diverse
pool of high-value small molecules with potential application for human health that cannot be
matched by any synthetic libraries [1]. The use of plants in traditional medicine dates back to
antiquity and is still, despite huge investments into combinatorial chemistry and high-throughput
screens, an important source of novel drugs and metabolites with a myriad of underexplored
pharmacological and biotechnological applications [2]. From conventional folk medicine to the
scientific validation of protective properties, (poly)phenolic compounds have been implicated and/or
identified as underpinning the beneficial health properties of several plants.

Rubus is a large and diverse genus of the Rosaceae family comprising more than 250 species
with the most commonly known being red and black raspberries and blackberries. These fruits are
characterized by their high polyphenolic content and diversity, which make them a major source
of (poly)phenols with potential importance for human health. This includes redox-related diseases,
such as neurodegeneration and cancer, which is consistent with the well-described role of (poly)phenols
in targeting signaling pathways regulating redox homeostasis. Besides sharing oxidative stress and
chronic inflammation as common pathological processes, neurodegenerative diseases (NDs) are also
known as conformational disorders, as they are associated with protein misfolding and aggregation [3,4]
in a process thought to lead to neuronal death. Alzheimer’s disease (AD) pathology is associated to the
accumulation of Aβ42 amyloid plaques [5] and hyperphosphorylated tau neurofibrillary tangles [6].
The accumulation of concentric hyaline cytoplasmic inclusions of α-synuclein (αSyn), known as
Lewy bodies (LBs), is the major pathological hallmark of Parkinson’s disease (PD) and other LB
diseases [7,8]. Proteotoxic aggregates in neuronal cells of Huntington’s disease (HD) patients are
formed by N-terminal polyglutamine (polyQ)-expanded huntingtin (HTT) [9]. In amyotrophic lateral
sclerosis (ALS), fused in sarcoma or translocated in liposarcoma (FUS/TLS) protein has been implicated
in the formation of toxic aggregates and neuronal demise [10,11].

With the goal of harnessing the diversity of Rubus (poly)phenols for the discovery of new phenolic
compounds of value, we developed an integrative approach that combined the power of metabolomics,
for polyphenolic content characterization, and a Simple Molecular Architecture Research Tool (SMART)
discovery platform for filtering potential bioactivities to be further explored in advanced pre-clinical
models [12–14]. The platform is composed of yeast strains expressing human disease genes associated
with the most-studied NDs as cited before (Aβ42 [15], SNCA [16], HTTpQ103 [17], FUS/TLS [18]),
cancer (RAS and RAF [19]), and inflammation (CRZ1 [20], the yeast orthologue of human Nuclear
Factor of Activated T-cell—NFAT). This is possible due to the high degree of evolutionary conservation
of fundamental biological processes among eukaryotes, which has established the budding yeast as
a powerful model for the identification of molecular targets amenable for therapeutic intervention
and lead molecules with health-promoting potential [21,22]. Benefiting from the easy and low-cost
handling, facile genetic manipulation and the possibility to search against specific molecular targets,
yeast-based screening technologies have proved to be very useful for the identification of promising
drug candidates [12,13,23–25] including the flavonoids quercetin and epigallocatechin gallate [26].

2. Materials and Methods

2.1. Plant Material and Extraction Procedure

A range of different cultivars and species from the Rubus genus cultivated in Portugal (Odemira)
and UK (Dundee) (Table S1) were manually harvested in the field at full ripeness as assessed by
picker. Samples were kept in a cool box until they were transferred to −20 ◦C storage. Samples
were extracted as described by Dudnik et al. [12]. In summary, approximately 50 g of frozen fruit
from each species/cultivar was weighted and transferred into a solvent-proof blender containing 150
mL of pre-cooled 50 ng/mL Morin (Sigma–Aldrich, Gillingham, UK) solution prepared with 0.2%
formic acid methanolic solution. Samples were then blended with three pulses of 10 s duration and
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subsequently filtered using Whatman filter paper grade 1. The filtrate was aliquoted and solvent-dried
using a speed-vac (VWR, Lutterworth, UK) and subsequently lyophilized. Dried extracts were flushed
with N2 and stored at −20 ◦C until analysis by Liquid Chromatography coupled to a Time-of-Flight
Mass Spectrometer (LC-ToF-MS). The filtrates to be used in the cell assays were solvent-dried using
speed-vac, resuspended in CH3COOH/H2O (50/50), and subjected to solid-phase extraction [27].

2.2. Total Phenolic Quantification

Total phenolic content of the eluates were determined using the Folin–Ciocalteu method adapted
to a microplate reader [27]. The eluates were aliquoted, freeze-dried, and frozen at −20 ◦C.

2.3. Phenolic Profile Determination by LC-ToF-MS

Analysis of sample extracts was performed as described by Dudnik et al. [12]. Briefly, dried
extracts from each species/cultivar were resolubilized in triplicate using 2 mL of a 75% methanol
solution with 0.1% formic acid. Five hundred microliters of the extract were decanted into filter vials,
sealed with 0.45 mm Polytetrafluoroethylene-lined screwcap (Thomson Instrument Company, London,
UK) and transferred into the autosampler. The analysis was achieved using an Agilent LC-ToF-MS
system consisting of a quaternary pump (Agilent 1260, Cheadle, UK), a diode-array-detector (DAD)
(Agilent 1260), a temperature control device (Agilent 1260), and a thermostat (Agilent 1290) coupled
to an Agilent 6224 time-of-flight (ToF) instrument. Five microliters of the sample were injected onto
a 2 × 150 mm (4 μm) C18 column (Phenomenex, Torrance, CA, USA) fitted with a C18 4 × 2 mm
Security Guard™ cartridge (Phenomenex, Torrance, CA, USA). Sample and column temperature were
maintained at 4 ◦C and 30 ◦C, respectively. The samples were eluted at a flow rate of 0.3 mL/min using
two mobile phases (A: 0.1% formic acid in ultrapure water; B: 0.1% formic acid in 50:50 ultrapure
water:acetonitrile) with the following gradient: 0 min 5% B; 4 min 5% B; 32.00 min 100% B; 34.00 min
100% B; 36.00 min 5% B; 40.00 min 5% B.

For optimal electrospray ionization conditions, the nebulizer pressure, drying gas temperature,
and drying gas were set to 45 psi, 350 ◦C, and 3 L/min, respectively. In addition, the DAD was
performed at 254, 280, and 520 nm. Morin levels (internal standard) were integrated in Agilent Mass
Hunter Quan software (v. B.06.00, Cheadle, UK), and all samples with deviations larger than 10%
relative to the dataset mean were reinjected. For all samples, three aliquots were analyzed across three
different analytical batches.

2.4. Component Detection, Peak Alignment, and Integration

All chromatograms were evaluated in the same manner using the Agilent Software Profinder
v. B.06.00, as previously described by Dudnik et al. [12], which integrates peak findings in an automated
and unbiased way with a peak integration user interface that allows user-driven curation of individual
peaks. For positive mode data, the batch recursive molecular feature was used with peak extraction
restricted to 2.1–38.00 min of the chromatography and peaks with levels higher than 15,000 counts with
potential adducts of +H, +Na+, +K+, and +NH4

+ (−H and +Cl− in negative mode) and a maximum of
one charge state. The compound ion count threshold was set at two or more ions, and for alignment
purposes the RT window was set at 0.70% + 0.60 min and the mass window was set at 25 ppm + 2 mDa.
A post-processing filter to restrict analysis to compounds with more than 15,000 counts and present in
at least 3 of the files in at least one sample group (species/line). The find-by-ion options were set to
limit the extracted ion chromatogram (EIC) to the expected retention time +/− 0.40 min. The “Agile”
algorithm was used for the integration of EIC, with a Gaussian smoothing of 9 points applied before the
integration and a Gaussian width of 3 points. Additionally, peak filters were set at over 15,000 counts
and the chromatogram formats were set to centroid when available and otherwise profile. The spectrum
was extracted at 10% of peak height and excluded if the spectra within the m/z range used was above
20% of the saturation. Finally, a post-processing filter was applied and compounds with less than
15,000 counts or present in less than 3 files in at least one sample group (species/line) were excluded.
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The output of automated peak finding and integration resulted in 542 and 210 molecular features
found in the positive and negative modes, respectively. Manual curation resulted in the narrowing
down of the molecular features found to 366 and 169 in the positive and negative modes, respectively.
These were subsequently used in the statistical analysis.

2.5. Multivariate Analysis

GenStat for Windows, 16th Edition (VSN international Ltd., Hemel Hempstead, UK) was used
for all the multivariate analysis performed. A principal component analysis (PCA), based on the
correlation matrix, was applied to all the QC samples to ensure that the blank, reference samples,
and berry samples were well separated (data not shown). The positive and negative metabolite datasets
were analyzed separately and PCA plots were generated for the first 4 principal components. These
were subsequently used for selecting the species with the greatest phytochemical differences.

2.6. Yeast Strains, Plasmids, and Transformation

Strains and plasmids used in this study are listed in Tables S3 and S4, respectively.
The W303-1A_FUS and W303-1A_T strains were obtained by transformation of the W303-1A strain
with plasmids pAG303_GAL1pr-FUS and pAG303_ GAL1pr-ccdB previously linearized with BstZ17I.
Yeast transformation procedures were carried out as indicated using the lithium acetate standard
method [28].

2.7. Yeast Growth Conditions

Synthetic complete (SC) medium (0.67% yeast nitrogen base without amino acids (YNB) (DifcoTM

Thermo Scientific Inc., Waltham, MA, USA) and 0.79 g/L complete supplement mixture (CSM)
(MP Biomedicals, Inc.—Fisher Scientific, Irvine, CA, USA)), containing 1% raffinose was used for
growth of PD and ALS integrative yeast models. Synthetic dropout CSM-URA medium (0.67% YNB
and 0.77 g/L single amino acid dropout CSM−URA (MP Biomedicals, Inc.—Fisher Scientific, Irvine,
CA, USA)) containing 1% raffinose was used for growth of AD and ALS episomal yeast models.
For growth of the HD model, a synthetic dropout SC-LEU medium was used (0.67 % YNB and 0.54 g/L
6-amino acid dropout CSM–ADE–HIS–LEU–LYS–TRP–URA (MP Biomedicals, Inc.—Fisher Scientific, Irvine,
CA, USA), supplemented with standard concentrations of the required amino acids and containing
1% (w/v) raffinose. For growth of the RAS–RAF interaction yeast model, CSM–HIS–URA–TRP media was
used (0.67% YNB and 0.54 g/L 6-amino acid dropout CSM–ADE–HIS–LEU–LYS–TRP–URA (MP Biomedicals,
Inc.—Fisher Scientific, Irvine, CA, USA), supplemented with standard concentrations of the required
amino acids and containing 1% raffinose. In all conditions, medium containing glucose (control,
disease-protein OFF) and galactose (disease-protein ON), at a final concentration of 2%, were used
for the repression or induction of disease protein expression, respectively. Growth of Crz1 activation
yeast model was performed in SC medium containing 2% (w/v) glucose, and Crz1 activation was
induced with 1.8 mM MnCl2 [29]. Radicicol (Sigma, Gillingham, UK) and FK506 (Cayman Chemicals,
Ann Arbor, MI, USA) were used as positive controls for the yeast models of RAS–RAF interaction and
Crz1 activation, respectively.

A pre-inoculum was prepared in raffinose or glucose (for Crz1 activation model) medium. Cultures
were incubated overnight at 30 ◦C under orbital shaking, diluted in fresh medium, and incubated under
the same conditions until the optical density at 600 nm (OD600) reached 0.5 ± 0.05 (log growth phase).
Cultures were then diluted according to the equation: ODi × Vi = (ODf/(2(t/gt)) × Vf, where ODi = initial
optical density of the culture, Vi = initial volume of culture, ODf = final optical density of the culture,
t = time (usually 16 h), gt = generation time of the strain, and Vf = final volume of culture. Readings
were performed in a 96 well microtiter plate using a Biotek Power Wave XS plate spectrophotometer
(Biotek® Instruments, Winooski, VT, USA). Dried extracts of Rubus species/cultivar obtained after
total phenolic compounds determination were re-solubilized in adequate growth medium for the
cellular assays.
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2.8. Growth Assays

For the phenotypic growth assays, the strains were grown as described to OD600 0.1 ± 0.01 and
were inoculated (OD600 0.2 ± 0.02) in medium supplemented or not with the indicated concentrations
of Rubus extracts. After 6 h, OD600 nm was adjusted to 0.05 ± 0.005, serial dilutions were performed
with a ratio of 1:3, and 5 μL of each dilution was spotted onto solid medium containing glucose or
galactose as the sole carbon sources. Growth was recorded after 48 h incubation at 30 ◦C. Images were
acquired using ChemidocTM XRS and Image-Lab® 6.0.1 software (Biorad, Hercules, CA, USA). For the
growth curves, yeast cultures were diluted to OD600 0.12 ± 0.012 in fresh medium supplemented or not
with the indicated concentrations of the extracts in a 96 well microtiter plate. After 2 h incubation at
30 ◦C, cultures were further diluted to OD600 0.03 ± 0.003 in repressing (glucose) or inducing (galactose)
media supplemented or not with the extracts. The cultures were incubated at 30 ◦C with shaking for
24 h or 48 h (for the AD model) and cellular growth was monitored hourly by measuring OD600 using
a Biotek Power Wave XS Microplate Spectrophotometer (Biotek® Instruments, Winooski, VT, USA).
The areas under the curve (AUC) were integrated using the Origin 6 software (OriginLab, Northampton,
MA, USA). For the RAS/RAF interaction model, final biomass was calculated by normalizing OD600 of
cultures after 48 h incubation at 30 ◦C to the initial OD600.

2.9. Flow Cytometry

Cell cultures at OD600 0.2 ± 0.02 were exposed or not to the indicated concentrations of Rubus
extracts for 6 h. Cultures were further diluted to OD600 0.2± 0.02 in glucose and galactose supplemented
or not with the indicated concentrations of Rubus extracts for 12 h. Flow cytometry was performed in
a FACS BD Calibur equipped with a blue solid-state laser (488 nm) and green fluorescence channel
530/30 nm. Data analysis was performed using FlowJo software (BD, San Jose, CA, USA), and the cell
doublets exclusion was performed based on Forward-A and -W scatter parameters. A minimum of
30,000 events were analyzed for each experiment. Results are expressed as the percentage of GFP
positive cells as compared to the control.

2.10. Fluorescence Microscopy

Yeast cells subjected to the same treatment as above were monitored for the formation of
disease-protein intracellular inclusions or nuclear translocation of Crz1 by fluorescence microscopy
using a Leica DMRA2 fluorescence microscope (Leica, Wetzlar, Germany) equipped with a CoolSNAP
HQ CCD camera (1.3MPx monochrome). Images were analyzed using ImageJ 1.8.0 software
(NIH, Bethesda, MD, USA).

2.11. Protein Extraction

Tris-based buffer (TBS) [30] or trichloroacetic acid (TCA)/MURB (50 mM sodium phosphate,
25 mM MES pH 7.0, 1% SDS, 3 M urea, 0.5% 2-mercaptoethanol, 1 mM sodium azide) [31] were used
for total protein extraction. Aliquots corresponding to OD600 1–2 of cultured cells were harvested by
centrifugation at 5000× g for 3 min. For TBS extraction, cells were resuspended in TBS supplemented
with protease and phosphatase inhibitors, disrupted with glass beads (3 cycles of 30 s in the vortex
and 5 min on ice), and cell debris were removed by centrifugation at 700× g for 3 min. Total protein
was quantified using the MicroBCA kit (Thermo Fisher Scientific, Waltham, MA, USA) according the
manufacturer’s instructions. Samples were incubated at 95 ◦C for 10 min before SDS-PAGE.

For the TCA/MURB protocol, cells were first resuspended in TCA to a 10% final concentration,
and the samples were incubated for 20 min at −20 ◦C. The cells were harvested by centrifugation at
15,000× g for 3 min, washed twice with acetone, and the air-dried cell pellet was resuspended in MURB
supplemented with protease and phosphatase inhibitor cocktails. Cells suspensions were disrupted
with glass beads (3 cycles of 30 s in the vortex and 5 min on ice), the samples were incubated at 70 ◦C
for 10 min, and unlysed cells were removed by centrifugation at 10,000× g for 1 min.
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2.12. Immunoblotting

Equal volumes of protein extract, normalized to the OD600 of cell cultures (for TCA/MURB
protocol), or equal concentrations of total proteins (for TBS protocol) were loaded in a 15% SDS-PAGE.
The Trans-Blot Turbo transfer system (BioRad, Hercules, CA, USA) was used to transfer proteins
to a 0.22 μm nitrocellulose membrane according to the manufacturer’s specifications. Membranes
were washed with TBS, blocked with 5% skim milk in TBS-Tween for 1 h at room temperature,
and incubated overnight at 4 ◦C with antibodies against GFP (1:5000, Neuromab, Davis, CA, USA),
FUS/TLS (1:1000, Millipore, Burlington, MA, USA), and PgK1 (1:5000, Life Technologies Corporation,
Carlsbad, CA, USA). Membranes were washed three times with TBS-Tween and incubated with
horseradish peroxidase-conjugated secondary antibodies (1:10,000, Pierce, Waltham, MA, USA) for 2 h
at room temperature. Protein signals were detected using Amersham ECL Prime Detection Reagent
(GE Healthcare, Chicago, IL, USA) and signal intensity was estimated using the ImageJ 1.8.0 software
(NIH, Bethesda, MD, USA).

2.13. β–Galactosidase Assays

For monitoring of RAS/RAF interaction, cell cultures at OD600 1 ± 0.1 were exposed or not to the
indicated concentrations of Rubus extracts for 90 min. The extracts were removed, cells were patched
at a density of 4.5 × 107 onto solid medium containing glucose or galactose, and incubated 3 h at 30 ◦C.
The assay was revealed by overlaying the cells with 5-Bromo-4-Chloro-3-Indolylβ-d-Galactopyranoside
(X-Gal) solution (0.5% agarose, 50% LacZ buffer, 0.2% SDS, 2 mg X-Gal/mL and at 70 ◦C). Plates were
maintained at 30 ◦C and monitored until the development of the blue color [32].

For quantitative measurements of β–galactosidase activity, cell cultures at OD600 0.5 ± 0.05
were diluted to OD600 0.1 ± 0.01 and challenged or not with extracts and the pure compounds for
90 min. Just before cell lysis, OD600 of cultures were recorded. Cells were incubated with Y-PER Yeast
Protein Extraction Reagent (ThermoFisher Scientific) in 96 well microtiter plates for 20 min at 37 ◦C,
LacZ buffer containing 4 mg/L 2-Nitrophenyl β-d-galactopyranoside (ONPG) was added, and plates
were incubated at 30 ◦C [32]. The OD420 and OD550 were monitored using a Biotek Power Wave XS
Microplate Spectrophotometer (Biotek® Instruments, Winooski, VT, USA). Miller units were calculated
as described previously [33].

2.14. Quantitative Real-Time PCR

The qRT-PCR analyses were performed according to the MIQE guidelines (Minimum
Information for Publication of Quantitative Real-Time PCR Experiments) [34]. Total RNA
was extracted using the ENZA yeast RNA extraction kit (OMEGA, Norcross, GA, USA).
After cleaning, 200–300 ng of total RNA was used for reverse-transcription with qScript™
cDNA superMix kit (Quanta Biosciences Inc., Gaithersburg, MD, USA). The qRT-PCR was
performed in a LightCycler 480 Instrument (Roche, Basel, Switzerland), using LightCycler
480 SYBR Green I Master (Roche, Basel, Switzerland) to evaluate expression of the FUS–GFP
(5′-ACGGACACTTCAGGCTATGG-3′; 5′-CCCGTAAGACGATTGGGAGC-3′) (GeneID: 2521),
PMR1 (5′-CACCTTGGTTCCTGGTGATT-3′; 5′-CCGGTTCATTTTCACCAGTT-3′) (GeneID: 852709),
PMC1 (5′-GTGGCGCACCATTTTCTATT-3′; 5′-TACTTCATCGGGGCAGATTC-3′) (GeneID: 852878),
and GSC2 (5′-CCCGTACTTTGGCACAGATT-3′; 5′-GACCCTTTTGTGCTTTGGAA-3′) (GeneID:
852920) genes. Standard curves were constructed for each gene and expression was calculated
by the relative quantification method with efficiency correction using LightCycler 480 Software
version 1.5.0.39 (Roche, Basel, Switzerland). Both ACT1 (5′-GATCATTGCTCCTCCAGAA-3′;
5′-ACTTGTGGTGAACGATAGAT-3′) and PDA1 (5′-TGACGAACAAGTTGAATTAGC-3′; 5′-TCTT
AGGGTTGGAGTTTCTG-3′) were used as reference genes. The results were expressed as
fold-change mRNA levels relative to the control (mRNA fold change) of at least three independent
biological replicates.
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2.15. Microglia-Induced Inflammation Model

Microglial N9 cells were cultured in EMEM (Eagle Minimum Essential Media, Sigma–Aldrich,
Gillingham, UK) media, supplemented with 1% (v/v) L-glutamine (Biochrom AG, Berlin, Germany),
1% (v/v) penicillin/streptomycin, and 10% FBS (Fetal Bovine Serum, Gibco, Waltham, MA, USA).
Cell cultures were maintained at 37 ◦C in 5% (v/v) CO2, and split at sub-confluent cultures (about 60–80%).
Cells were then detached by agitation before suspension of the culture media with a pipette (no cellular
detaching agent was used). For immunostaining, cells were grown at 5 × 104 cell/well in 24 well plates
containing coated coverslips and cultured overnight. Cells were pre-incubated or not with 5 mM
of the indicated compounds for 6 h in culture media with reduced FBS to 0.5% (v/v). The medium
was discarded, and cells were washed with PBS. Fresh culture media containing 300 ng/mL of LPS
(Lipopolysaccharide) or 3 mM ATP (Sigma-Aldrich–Poole, Gillingham, UK) was added and cell
cultures were incubated for 1 h to induce transcription factor nuclear localization. For nitric oxide
(NO) and tumor necrosis factor alpha (TNF-α) quantifications, cells were seeded at 5 × 105 cells/well in
6 well plates, cultured overnight, and pre-incubated or not with 5 mM of the indicated compounds for
6 h in culture media with reduced FBS to 0.5% (v/v). The medium was discarded, cells were washed
with PBS, and incubated in fresh culture media containing 300 ng/mL of LPS for 24 h.

2.16. Immunofluorescence

Immunostaining was performed as described by Figueira et al. [35], using rabbit polyclonal
anti-NF-κB p65 (C-20) (1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or rabbit polyclonal
anti-NFAT1c (1:200, Cell Signalling, Danvers, MA, USA) as primary antibodies and Alexa 594 anti-rabbit
IgG (1:500) (Invitrogen, Carlsbad, CA, USA) as the secondary antibody. Nuclei were counterstained
with DAPI. Cells were washed three times with PBS between each incubation. Widefield images were
acquired on a Leica DMRA2 upright microscope, equipped with a CoolSNAP HQ CCD camera, using
a 63× 1.4NA oil immersion objective, DAPI + TRITC fluorescence filter sets. Post-acquiring treatment
was performed using ImageJ 1.8.0 software (NIH, Bethesda, MD, USA).

2.17. Nitric Oxide (NO) Quantification

The NO release to media was quantified as described by Ii et al. [36] using the Griess Reagent
(Sigma–Aldrich, Gillingham, UK), according to manufacturer’s instructions. After incubation with
LPS, cell media were removed and immediately analyzed for nitrite quantification. Standard curves of
sodium nitrite (0–25 μmol/L) were prepared and absorbance was acquired in a Synergy HT microplate
reader (Biotek® Instruments, Winooski, VT, USA).

2.18. TNF-α Quantification

The TNF-α release was assayed by ELISA according to the manufacturer’s instructions
(PeproTech®; Princeton Business Park, Rocky Hill, NJ, USA). All reagents and plates used were
provided in the kit. For the standard curve, recombinant murine TNF-α (PeproTech®) was diluted
from 0–2 μg/L. The plate was incubated at room temperature in a Synergy HT microplate reader
(Biotek® Instruments, Winooski, VT, USA) for 35 min, with 5 min intervals Abs405 readings.

2.19. Statistical Analysis

The results reported in this study are the average of at least independent biological triplicates
and are represented as the mean ± SEM. Analysis of variance with Tukey’s HSD (Honest Significant
Difference) multiple comparison test (α = 0.05) using SigmaStat 3.10 (Systat, Chicago, IL, US) was used
to assess the differences among treatments.
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3. Results

3.1. Selection of Most Chemically Diverse Species

(Poly)phenol-enriched extracts were prepared from a Rubus germplasm collection composed of
36 species/cultivars (Table S1). These were analyzed by LC-ToF-MS with the goal of selecting the
most phytochemically diverse species. This was achieved using an untargeted analysis of extracts
in both positive and negative modes which produced a total of 535 distinct molecular features for
the entire dataset and subsequently combined with multivariate statistical analysis. There was no
significant effect caused by instrument variability (see Figures S1 and S2), and principal component
analysis (PCA) on the correlation matrix of the Rubus molecular features showed groupings of samples,
with the majority of samples clustered according to their species/cultivar, reflecting their phytochemical
similarity (Figure 1).

Figure 1. Principal component analysis (PCA) plots of the first two principal components (PCs) for
the untargeted analysis acquired in positive (a) and negative (b) modes. These plots illustrate the
phytochemical diversity present within the Rubus germplasm collection analyzed which included
36 species/cultivars. In positive mode, it was possible to identify three major groups comprising black
and red raspberries (negative values for principal component 1, PC1), hybrid berries (high positive
values for principal component 2, PC2), and wild and some domesticated blackberries (positive for
PC1 and negative for PC2). In negative mode, three main groups were also observed, although
they comprised black raspberries (negative for PC1 and PC2), red raspberries and hybrid species
(high positive values for PC2), and wild and domesticated blackberries clustering with some hybrid
species (positive values for PC1). The species selected for evaluation of bioactivity are circled in
both plots.

We selected for further bioactivity assessment the species/samples showing the largest separation
on the PCA plots (the first four principal components) generated from the positive and negative
modes, as they were likely to represent the highest variability in phytochemical composition.
Therefore, a total of 15 cultivars/species extracts were selected for screening in the SMART discovery
platform: Rubus vagabundus Samp. Rubus brigantinus Samp., Rubus sampaioanus Sudre ex Samp.,
Rubus genevieri Boreau., Rubus hochstetterorum Seub, Rubus henriquesii Samp., Rubus loganobaccus L.H.
Bailey (var. Tayberry and var. Sunberry), Rubus fruticosus L. agg (var. Fantasia, var. Ashton cross),
Rubus idaeus L. (var. Prestige, var. Octavia), Rubus occidentalis L. (var. Huron), Rubus armeniacus Focke
(var. Himalayan giant), and Rubus spp. (James Hutton Institute accession number B14).
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3.2. Identification of Bioactivities Using a SMART Discovery Platform

Our approach involved the exploitation of a yeast-based screening platform, which was
used to assess the potential of bioactives to modulate specific pathological pathways associated
with redox-related diseases, particularly, neurodegenerative diseases, cancer, and inflammation
(Figures S3–S8).

The most chemically diverse samples were screened in this discovery platform, and the protection
factor for each pathological process was determined (Table 1). Protection factors above 10% were
considered positive. The protection assays were preceded by cytotoxicity assays using control strains
to determine the maximum useable extract concentration that caused less than 20% toxicity. Only the
R. idaeus (var. Octavia) extract slightly improved the growth of αSyn-expressing cells (Parkinson’s
disease-PD-model), whereas R. loganocaccus (var. Sunberry) efficiently rescued the growth of yeast cells
expressing Aβ (Alzheimer’s disease-AD-model).

Table 1. Bioactivity of Rubus polyphenol-enriched extracts towards pathological processes of
redox-related diseases as determined by the estimation of the protection factor.

Rubus
Samples

Protective Factor in Each Disease Model

αSyn
Toxicity a

Aβ42
Toxicity a

HTT
Toxicity a

FUS
Toxicity a

KRAS/RAF
Interaction b,c

Crz1
Activation b,d

R. vagabundus 0 0 0 0 0 0
R. brigantinus 0 0 10.5 ± 10.1 0 0 35.2 ± 13.1
R. sampaioanus 0 0 0 0 0 15.7 ± 9.2

R. genevieri 0 0 0 39.0 ± 13.9 0 0
R. hochstetterorum 0 0 17.0 ± 10.7 0 0 12.2 ± 8.3

R. henriquesii 0 0 16.0 ± 10.1 0 0 10.3 ± 2.9
R. loganobaccus
var. Tayberry 0 0 0 0 52.5 ± 1.2 0

R. loganobaccus
var. Sunberry 0 90.3 ± 6.2 87.6 ± 30.7 0 0 6.4 ± 2.6

R. fruticosus
var. Fantasia 0 0 0 0 0 0

R. fruticosus
var. Ashton cross 0 0 0 0 0 41.2 ± 5.3

R. idaeus
var. Prestige 0 0 98.7 ± 28.8 49.4 ± 24.0 15.4 ± 2.0 19.5 ± 0.9

R. idaeus
var. Octavia 12.3 ± 6.6 0 0 22.4 ± 30.0 0 60.8 ± 8.5

R. occidentalis
var. Huron 0 0 0 0 57.7 ± 1.2 57 ± 4.9

R. armeniacus
var. Himalayan giant 0 0 0 0 27.1 ± 6.2 46.4 ± 3.4

Rubus sp. B14 0 0 0 0 35.9 ± 6.0 0
a—Protection factor (P%) = 100 × ((AUCsample − AUCdisease)/(AUCcontrol − AUCdisease)); b—protection factor (P%)
= 100 × (100 − (MUdisease −MUsample)/(MUdisease −MUcontrol)); c—KRAS/BRAF interaction; d—Crz1 activation;
AUC—area under the curve; MU—Miller units. The darker the green, the greater the bioactivity.

Several bioactivities for cellular pathologies associated with Huntington’s disease (HD) and
amyotrophic lateral sclerosis (ALS) were identified. R. idaeus (var. Prestige), and R. loganobaccus
(var. Sunberry) extracts almost restored the growth of cells expressing mutant HTT (HD model) to
values comparable to those of control cells. In cells expressing FUS (ALS model), the Portuguese
endemic species R. genevieri and R. idaeus (var. Prestige) yielded the most potent extracts. R. occidentalis
(var. Huron) conferred similar levels of protection (~57%) in KRAS/BRAF and Crz1–lacZ models.
Remarkably, inflammation was the pathological process with a higher number of positive hits, as 10
out of 15 extracts tested conferred protection in the Crz1–lacZ model.
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As the most potent extract among the Portuguese endemic species against FUS-mediated toxicity
and conferring the highest level of protection in the KRAS/BRAF model, R. genevieri and R. occidentalis
(var. Huron) extracts were chosen to obtain further insight into their mode of action towards ALS
and cancer, respectively. Because inflammation is a central pathological process of neurodegenerative
diseases, such as HD, and R. idaeus (var. Prestige) was previously shown by us to confer protective
activities against this disease [13], we also included the characterization of the anti-inflammatory
potential of this extract in the present study.

3.3. Bioactivity Towards the Mitigation of FUS Proteotoxicity

Rubus genevieri extracts conferred significant protection for the FUS-expressing model at the final
concentration of 250 μg GAE/mL (Table 1), the higher non-toxic concentration tolerated by cells as
defined in the cytotoxicity assays (data not shown). We then performed phenotypic growth assays to
evaluate extract bioactivity as a pre-treatment. This condition contrasts with those used in the discovery
platform, where cells were exposed to the extracts simultaneously with the induction of FUS expression.
Cells expressing FUS displayed reduced growth in comparison with the control strain (Figure 2a and
Figure S4b,c). Pre-treatment with R. genevieri (poly)phenol-enriched extracts partially rescued cellular
growth, consistent with the screening assays, even when half the concentration (125 μg GAE/mL) was
used (Figure 2a). Extracts from R. henriquesii slightly protected cells from FUS toxicity when applied
as a pre-treatment (Figure 2a) in contrast to the screening assays where no protection was detected.
Growth improvement mediated by R. genevieri phenolics was neither associated with alterations in
the percentage of GFP positive cells (Figure 2b) nor FUS–GFP mRNA levels (Figure 2c). Analysis
of protein levels by immunoblotting indicated that treatment with R. genevieri phenolics decreased
FUS–GFP levels as compared to the control condition (Figure 2d, upper panels). As flow cytometry
showed no variation of GFP signals among conditions, we assessed whether treatment with R. genevieri
phenolics affected FUS biochemical status using a detergent solubility assay. In agreement with the flow
cytometry results, no differences in FUS–GFP levels were observed under these conditions (Figure 2d,
lower panels). These data suggest that R. genevieri phenolics may induce the formation of insoluble
intracellular FUS structures.

3.4. Bioactives Modulating RAS/RAF Pathological Interactions

Rubus occidentalis (var. Huron) was the most potent in reducing the KRAS/BRAF interaction
(Table 1). We performed a dose–response analysis to determine the concentration range of R. occidentalis
(var. Huron) phenolics that conferred protective activity. Radicicol and R. sampaioanus extract (Table 1)
were used as positive [37,38] and negative controls, respectively. Radicicol inhibited KRAS/BRAF
interaction to levels comparable to the control strain bearing the empty plasmids (Figure 3a, left panel).
Extracts from R. occidentalis (var. Huron) prevented KRAS/BRAF interaction at a concentration range
of 125–250 μg GAE/mL, whereas R. sampaioanus had no significant effect on the interactions among
these proteins. Similar results were obtained when β-galactosidade activity was measured in liquid
medium (Figure 3a, right panel), except that only the lower concentration of R. occidentalis exhibited
inhibitory activity on KRAS/BRAF interactions. Evaluation of BRAF interaction with the HRAS isoform
revealed that R. occidentalis (var. Huron) bioactivity was maintained (Figure 3b), further supporting the
protective role of (poly)phenolics present in this extract towards pathological RAS/RAF interactions.
Notably, R. occidentalis (var. Huron) blocked RAS/RAF to a similar level to that of radicicol. No effects
were observed in cells where the expression of BRAF-B42 fusion was turned off (Figure S9a,b).
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Figure 2. Bioactivity towards Amyotrophic lateral sclerosis is associated with the reduction of soluble
FUS levels by R. genevieri. W303-1A recombinant cells expressing FUS were pre-grown in synthetic
complete raffinose medium, and cells encoding the empty vector were used as the control. (a) The
viability of cells exposed or not to the indicated concentrations of phenolic compound-enriched extracts
was assessed by phenotypic growth assays on synthetic complete glucose and synthetic complete
galactose media. (b) FUS expression evaluated by side scatter (SSC) versus FUS–GFP fluorescence,
assessed by flow cytometry (left panel). The percentage of FUS–GFP-positive cells is shown (right panel).
(c) FUS–GFP expression levels as evaluated by qRT-PCR. (d) FUS–GFP protein levels upon extraction
in the presence or absence of detergent as evaluated by immunoblotting. Representative images are
shown, and the values represent the mean ± SEM of at least three biological replicates.
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Figure 3. Mitigation of the pathological interaction between RAS and RAF by R. occidentalis (var. Huron).
SKY197 recombinant cells expressing ADH1pr-λCI-RAS GAL1pr-B42-BRAF from 2μ vectors were
pre-grown in synthetic dropout raffinose medium and exposed or not to the indicated concentrations
of phenolic compounds-enriched extracts. Radicicol was used as a positive control. Cells containing
the empty vectors were used as control. KRAS/BRAF (a) and HRAS/BRAF (b) interaction was assessed
by monitoring β-galactosidase activity in SD galactose medium using 5-Bromo-4-Chloro-3-Indolyl
β-d-Galactopyranoside (X-Gal) (left panels) and 2-Nitrophenyl β-d-galactopyranoside (ONPG)
(right panels). (c) RAS/RAF interaction assessed by monitoring the final biomass of cell cultures
grown in SD galactose medium without lysine and supplemented with 125 μg GAE/mL of the
indicated phenolic compounds-enriched extracts. Representative images are shown, and the values
represent the mean ± SEM of at least three biological replicates, * p < 0.05, ** p < 0.01, *** p < 0.001.
R. occ.—R. occidentalis; R. sam.—R. sampaioanus.
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The RAS/BRAF interaction was also assessed using LYS2 as a reporter (Figure S7e). For that,
cells co-expressing the control constructs, KRAS/BRAF and HRAS/BRAF were treated with the indicated
extracts and the final biomass of cultures were monitored after 48 h incubation at 30 ºC. As depicted
in Figure 3c, the R. occidentalis (var. Huron) extracts mediated a strong protection towards BRAF
interaction with both RAS isoforms, whereas R. sampaioanus had only a marginal effect on HRAS/BRAF
interaction. Modulation of RAS/RAF interaction by R. occidentalis (var. Huron) (poly)phenolics occurred
under subtoxic concentrations when the final biomass of cultures grown in galactose or glucose medium
supplemented with lysine was measured (Figure S9c). Similar results were observed for the control
cells expressing the empty plasmids (Figure S9d).

3.5. Attenuation of Crz1 Activation

(Poly)phenolic-enriched extracts were also tested for their potential to reduce Crz1 activation
(Figure S8). Rubus occidentalis (var. Huron) extract was one of the most potent at inhibiting Crz1
activation (Table 1). The dose–response analysis indicated that this protection was restricted to the
concentration range of 62.5–125 μg GAE/mL. Lower (31.25 μg GAE/mL) and higher (250 μg GAE/mL)
concentrations had no effect on Crz1 activation and neither did the extract from R. genevieri at all
concentrations tested (31.25–500 μg GAE/mL) (Figure 4a). These results emphasize the specificity of
R. occidentalis (var. Huron) (poly)phenolics. The immunosuppressant FK506, which inhibits calcineurin
activation thereby preventing Crz1 activation, was used as a positive control. In contrast to FK506,
which was shown to reduce Crz1 basal activity, R. occidentalis (var. Huron) protection is specific for
conditions in which cells were exposed to MnCl2, a well-known inducer of Ca2+-signaling pathway
and Crz1 activity (Figure S10).

In a conserved mechanism to NFAT, Crz1 is dispersed throughout the cell under non-inducing
conditions. Upon external stimuli leading to the increase of Ca2+ cytosolic levels, dephosphorylated
Crz1 (and NFAT) accumulates in the nucleus where it binds to calcineurin-dependent response element
(CDRE) and activates transcription of the target genes. The Crz1–GFP construct was used to further
evaluate the potential of R. occidentalis (var. Huron) (poly)phenolics to modulate Crz1 activation
by controlling its subcellular localization. As expected, GFP fluorescence signals were observed
throughout the cell under physiological conditions. Exposure to MnCl2, a well-known inducer of
Ca2+-signaling pathway and Crz1 activity, led to the rapid translocation of Crz1 into the nucleus
(Figure 4b and Figure S8d), which was partially abolished by treatment with FK506 as indicated by the
reduced number of cells displaying nuclear GFP signals (Figure 4b). Rubus occidentalis (var. Huron),
but not R. genevieri extracts, reduced the percentage of cells with nuclear GFP indicating that this
extract controls Crz1 activity by preventing its accumulation in the nucleus. If (poly)phenolics from
R. occidentalis (var. Huron) prevent Crz1 nuclear translocation, it can be hypothesized that activation
of Crz1 regulon should also be affected. Thus, we monitored by qPCR the mRNA levels of PMR1,
PMC1, and GSC2 Crz1-regulated genes. Fully supporting our hypothesis, the treatment of cells with
R. occidentalis (var. Huron) extract downregulated expression of the three genes to a similar extent
of that of FK506, whereas R. genevieri extracts had only a minor effect on the expression of GSC2
(Figure 4c).
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Figure 4. Attenuation Crz1 activation by Rubus occidentalis (var. Huron). BY4741 yeast strains encoding
CRZ1promoter–lacZ or CRZ1–GFP were subjected or not to the indicated concentrations of phenolic
compounds-enriched extracts and induced with 1.8 mM MnCl2. (a) Crz1 activation was assessed by
monitoring β-galactosidase activity using 2-Nitrophenyl β-d-galactopyranoside (ONPG). (b) Crz1
subcellular dynamics evaluated by fluorescence microscopy in cells treated with 125 μg GAE/mL
of the indicated phenolic compounds-enriched extracts. (c) Activation of Crz1 target genes PMR1,
PMC1, and GSC2 in cells treated as above by means of qRT-PCR. The immunosuppressant FK506,
which inhibits calcineurin and prevents Crz1 activation, was used as a positive control. Representative
images are shown, and the values represent the mean ± SEM of at least three biological replicates,
* p < 0.05, ** p < 0.01, *** p < 0.001.
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3.6. Runs Test for the Selection of Potential Components with Bioactivities

The qualitative and quantitative diversity present in the extracts ultimately translated into
differences in the specificity and efficacy of the extracts in modulating bioactivity in the described
disease models. Although an association between phytochemical composition and bioactivity is
apparent, few studies have studied the association between bioactivities and the phytochemical
composition of phylogenetically related species [39]. While correlation analysis approaches using
metabolite and activity levels have been previously used in models of cytotoxicity or enzymatic activity
where a dose-response is often observed between metabolite and bioactivity, it may result in false
negative errors in the analysis of cell-based bioactivity models, which may experience additional
cytotoxic effects at high metabolite concentrations. Similarly, a test of means of metabolite concentrations
in bioactive extracts versus non-bioactive extracts may result in false negative results when there is
a toxicity response at higher metabolite concentrations. To mitigate this, for each molecular feature the
species were ordered according to their levels and a runs test was used on the bioactivity levels (+/−)
of this order to test the randomness of the conditional distribution (molecular feature levels) given
the observations of bioactivity (+) or lack of bioactivity (−) (Figure S11). This detects any significantly
larger than expected number of runs of the same level of bioactivity as molecular feature levels
increase. Out of the 535 molecular features in the metabolite dataset, the runs test yielded 48 molecular
features with potential effects on whether a berry extract is active or inactive (p < 0.05). These results
were further filtered in order to match two expected models of response for bioactivity: (a) higher
molecular feature levels associated with bioactive extracts or (b) higher levels of molecular features
associated to bioactivity and a lack of bioactivity observed at the highest levels due to the cytotoxic
effects (Figure S11). This allowed the reduction of 48 potential molecular features to 15 tentatively
annotated metabolites with potential bioactivities for four disease models (Table S2). This analysis
provided three potential bioactives for HTT toxicity, nine hits for KRAS/RAF interaction, one hit
for FUS toxicity, and two hits for Crz1 activation (Table S2). As there is only one extract each with
reported bioactivity for Aβ42 and αSyn toxicity (Table 1), the statistical analysis returned no significant
compounds (p < 0.05).

3.7. Unveiling Cyanidin as the Anti-Inflammatory Molecule

Cyanidin-hexoside was one of the potential hits selected for anti-inflammatory properties.
As a proof of concept, we first evaluated the protective activity of cyanidin-3-O-glucoside,
the most common cyaniding-hexoside in the Rubus species, in the Crz1 activation model.
Pelargonidin-3-O-glucoside, another common anthocyanin hexoside present in the studied species,
was used for comparative purposes. Only cyanidin-3-O-glucoside, but not pelargonidin-3-O-glucoside,
decreased Crz1 activation, validating the prediction from the runs test (Figure 5a). Remarkably,
cyanidin aglycone caused similar protection levels to cyanidin-3-O-glucoside, whereas pelargonidin
aglycone did not, suggesting that the cyanidin moiety is the protective structure.

In a conserved mechanism to Crz1, activated NFAT translocates into the nucleus of immune cells.
Therefore, we tested cyanidin and cyanidin-3-O-glucoside bioactivity in microglia cells (the immune cells
resident in the brain) after stimulation with ATP as a pro-inflammatory insult. The anti-inflammatory
activity of both compounds was evaluated in the N9 microglia cell line by following NFATc1 subcellular
localization in cells exposed to cyanidin and cyanidin-3-O-glucoside before ATP insult. As shown in
Figure 5b, NFATc1 was dispersed throughout the cells in control cells, and treatment with ATP led to its
nuclear accumulation which is accompanied by cell morphological changes associated with microglia
activation. Pre-treatment with both cyanidin-3-O-glucoside and cyanidin aglycone prevented NFATc1
accumulation in the nucleus, validating the results obtained using the yeast model of Crz1 activation.

The NF-kB pathway represents a central pathway in inflammatory responses, and the NF-kB
regulatory activity is also controlled at the level of subcellular localization. Thus, the anti-inflammatory
potential of cyanidin and cyanidin-3-O-glucoside towards p65, a subunit of the NF-kB complex,
was further investigated in cells pre-treated with both compounds before stimulation with LPS. Similar
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to NFATc1, both compounds prevented p65 nuclear accumulation (Figure 5c). Notably, only cyanidin
aglycone mediated a significant decrease of nitric oxide levels and TNF-α release (Figure 5d,e).

Figure 5. Cyanidin modulates Crz1 activation in yeast and NFAT and NF-kB in microglia. (a) BY4741
yeast strain encoding CRZ1promoter–lacZ was subjected or not to 50 μM of the indicated compounds,
induced with 1.8 mM MnCl2, and Crz1 activation was assessed by monitoring β-galactosidase activity
using 2-Nitrophenyl β-d-galactopyranoside (ONPG). The immunosuppressant FK506 was used as
a positive control. (b) NFATc1 and (c) NF-kB translocation to the nucleus in N9 cells pre-treated
with 5 μM cyanidin or cyanidin-3-O-glucoside for 6 h before 1 h ATP stimulation (NFATc1) or LPS
stimulation (NF-kB). NFATc1 and NF-kB were immunostained with Alexa Fluor 594 (red) and nuclei
were stained with DAPI (blue). (d) NO and TNF-α release in N9 cells pre-treated with 5 μM cyanidin
or cyanidin-3-O-glucoside for 6 h before LPS stimulation (NF-kB). Representative images are shown,
and the values represent the mean ± SEM of at least three biological replicates, ** p < 0.01, *** p < 0.001.
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4. Discussion

4.1. Cell-Based Assays for Discovery of Health-Promoting Attributes in the Rubus Germplasm

Soft fruit from the Rubus genus have been described as important sources of phenolic compounds
with health-promoting activities. This study describes an integrated approach combining the power of
metabolomics with the exploitation of a facile, reliable and cost-effective yeast-based discovery platform.
The aim was to mine the diversity of (poly)phenolic compounds in selected berry germplasm of
cultivated, wild, and underutilized Rubus species for bioactives able to modulate pathological processes
associated with major chronic diseases. We have previously used a similar approach to systematically
analyze Rubus idaeus (var. Prestige) extracts for the identification of bioactive compounds conferring
protection against HD. The extract was fractionated, re-tested in the yeast platform; salidroside—a
glycosylated phenol—was identified as the bioactive compound [13].

In this study, the untargeted metabolomics analysis identified the 15 most chemically diverse
polyphenol-enriched extracts from a Rubus germplasm collection composed of 35 species/cultivars. With
a minimum number of bioactivity screening efforts in the yeast-based discovery platform, this approach
fast-tracked the identification of R. genevieri as novel source of potential bioactive compounds for
ALS and R. occidentalis (var. Huron) conferring potential anti-cancer and anti-inflammatory properties,
among other bioactivities indicated in Table 1.

Mechanistic studies were performed and suggest that R. genevieri (poly)phenolics led FUS to
be trapped into insoluble intracellular structures thereby reducing its pathological activity. This is
a well-known route of cellular protection against the toxic effect of several oligomerization-prone
proteins described for several diseases [40]. It remains to identify the major molecular players in this
process and to evaluate whether this mechanism is conserved in higher eukaryotes.

One-third of human tumors are driven by RAS mutations, especially the KRAS isoform [41],
whereas approximately 8% of tumors express an activated form of BRAF [42], accounting together for
almost 40% of cancers. Given the impact of deregulated RAS–RAF–MEK–ERK signaling cascade in
cancer, the identification of compounds targeting its components has improved clinical outcomes [43].
The model used in the present study relies on the expression of mutant versions of RAS and RAF genes,
encoding hyperactivated proteins of the RAS–RAF–MEK–ERK cell proliferation signaling pathway, in
human cells. Rubus occidentalis (var. Huron) extracts were identified as a potent inhibitor of RAS/RAF
interaction, thus potentially modulating cell proliferation in contexts of dysregulated signaling in
cancer. Curiously, protection against pathological cancer processes was concentration dependent and
exhibited a hormetic pattern with concentrations higher than 250 μg GAE/mL exerting the opposite
effect, i.e., inducing the interaction between HRAS/BRAF above the levels observed for the untreated
condition via a mechanism that still remains to be elucidated.

Chronic activation of immune responses is a common link between neurodegeneration and
cancer [44]. Therefore, the identification of molecules targeting inflammatory process may impact both
pathologies. Modulation of inflammatory processes is driven by persistent activation of key transcription
factors, such as NFAT and NF-κB, which in turn upregulate transcription of pro-inflammatory genes
creating a positive feedback loop further amplifying initial stimuli. CRZ1 is the yeast homologue
of NFAT, a transcription factor controlling inflammatory responses in humans. Similarly to NFAT,
Crz1 regulation is modulated by the calcium (Ca2+)-signaling pathway, which culminates in calcineurin
(CaN) activation by calmodulin, Crz1 dephosphorylation, and nuclear translocation [29,32]. The same
concentration range of R. occidentalis (var. Huron) polyphenol-enriched extracts driving potential
anti-cancer effects also mediated the anti-inflammatory properties of this extract. A mechanistic insight
into the molecular targets of R. occidentalis (var. Huron) (poly)phenols was obtained by showing that it
inhibits Crz1 nuclear accumulation thereby preventing the expression of the reporter gene lacZ as well
as its endogenous targets genes.
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4.2. Exploring Statistical Tools to Expedite Compounds Bioactivity Identification

Discrete differences observed among the metabolite profiles of the extracts analyzed may be
responsible for the bioactivity against a range of different disease processes. The literature presented in
the last decade clearly indicates that the potential therapeutic effect of some phytochemical components
of fruit is determined by qualitative compositional differences and gross measurements, such as total
phenol content and total antioxidant potential, do not fully explain the bioactivity of some extracts [45].
While the major phytochemical components present in the extracts are usually well characterized,
there is a limited amount of research on the bioactivity associated with the minor phytocomponents.
To ensure the optimization of the discovery of novel bioactives, it is of paramount importance that the
metabolomics approach used should be untargeted thereby avoiding introducing bias into the analysis.

A traditional approach for the discovery of novel components from bioactive extracts is an iterative
process which includes the fractionation of bioactive extracts, re-testing the bioactivity of the various
fractions, and subsequent fractionation and testing until a single component is isolated. This is
an extremely labor- and time-intensive process with a number of pitfalls often including the lack
of available material for performing an extensive number of iterations and the loss of potential
synergistic effects. The statistical approach (i.e., the runs test) used in this resulted in the identification
of 15 compounds with potential bioactivities for 4 disease models.

A total of three compounds had significance for Huntington’s disease (HD) model including
quercetin 3-O-glucuronide and a triterpenoid isomer. The supplementation of rodent models with
quercetin derivatives attenuated symptoms of HD [46], while recent in vitro and in vivo evidence
indicated that quercetin-3-O-glucuronide modulated neurogenesis [47]. Additionally, triterpenoids
such as celastrol, onjisaponin B, and ginsenosides from various plant sources have provided encouraging
evidence of their preclinical efficacy in modulating HD [48].

The runs test for the ALS model resulted in the identification of a unique significant molecular
feature tentatively identified as a leucine isomer. Interestingly, ALS has been associated with abnormal
glutamate metabolism, and since branched-chain amino acids (BCAAs; e.g., l-leucine, l-isoleucine,
and l-valine) can modify glutamate metabolism, these have been evaluated with respect to their
therapeutic potential [49]. However, clinical studies have provided conflicting evidence with some
studies reporting negative effects or a lack of efficacy [49–51], whereas others reported amelioration of
ALS symptoms [52,53]. More recently, in vivo preclinical evidence suggests that BCAA, tryptophan,
and particularly arginine and proline metabolic pathways are associated with disease progression [54].

The runs test for the RAS/RAF interaction model (cancer model) indicated a total of nine compounds
with potential bioactivities that included (−)-epicatechin, various anthocyanins, an unidentified
triterpenoid, a hydroxysphingosine isomer, and a benzoic acid di-hexoside. The potential of berry
extracts to modulate cancer disease progression have been shown both via in vitro and in vitro models
and anthocyanins have been found to be major contributors towards inhibiting cell proliferation and
inducing apoptosis [55]. Dietary triterpenoids, which are often found in Rubus species, are able to
survive in vivo digestion [56] and have shown promising results in pre-clinical trials in colorectal cancer
models [57]. Interestingly, (−)-epicatechin has been found to provide synergistic effects in modulating
growth and apoptosis in human cancerous cell cultures when combined with other phytochemicals
such as curcumin [58] and EGCG [59], whereas epidemiological evidence found association between
dietary intake of catechin-derived compounds and reduced colorectal cancer incidence [60,61]. Finally,
MS-based fingerprint analyses of biofluids have reported significant lower levels of hydroxysphingosine
in the plasma of patients with multiple myeloma, chronic lymphocytic leukemia [62], and urine of
patients with prostate cancer [63] in comparison with control healthy individuals.

4.3. Identification of a Single Compound—Cyanidin—with Anti-Inflammatory Properties towards NFAT and
NF-kB Transcription Factors

The runs test of the Crz1 activation model (inflammation model) indicated two potential
bioactive compounds including an anthocyanin hexoside. Anthocyanins have been associated
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with anti-inflammatory properties in various in vitro and in vivo studies [64], whereas epidemiological
evidence has suggested that higher anthocyanin intakes were also associated with increased
anti-inflammatory effects [65]. Interestingly, anthocyanin-rich fractions of Rubus fruits have also
shown anti-inflammatory properties in vitro [66]. In our study, we validated the bioactivity of
cyanidin-3-O-glucoside for inflammation in yeast and mammalian cells models whereas no activity was
found for pelargonidin-3-O-glucoside. In addition, our findings unveil the health-promoting attributes
of cyanidin-3-O-glucoside not only for the target identified in the yeast discovery platform (NFAT),
but also for the canonical inflammatory NF-kB pathway as revealed in mammalian in vitro model.
This is in agreement with previous studies showing that cyanidin 3-O-glucoside exerts inhibitory roles
towards the NF-kB proinflammatory pathway in several cell models [67–71]. As for NFAT, little is
known, with little evidence indicating that cyanidin 3-O-glucoside downregulates NFATc1 thereby
inhibiting RANKL-mediated osteoclastogenesis [72]. In contrast, we did not report a significant effect of
pelargonidin and pelargonidin 3-O-glucoside despite evidence of its role in the inhibition of the NF-kB
pathway [73]. The cellular assays extended the predictions made by the runs test and proved that the
cyanidin moiety, rather than cyanindin-3-O-glucoside, was responsible for the detected bioactivity.
This finding illustrates the power of combining metabolomics, in silico analysis, and cellular assays for
the identification of single bioactive compounds.

As mentioned before, this study was designed to fast-track potential bioactives to be further
explored in more robust pre-clinical models. As such, and also taking into account the limited uptake
of certain compounds due to the yeast cell wall, the criteria was using non-toxic concentrations of
(poly)phenol-enriched extracts for bioactivity determination. Once a single compound was identified
—the cyanidin— and the bioactivity confirmed in yeast, physiologically relevant concentrations
(5 μM) [74] were tested in mammalian cell models for study validation in a nutritional point of view.

In brief, our approach revealed potential bioactive compounds for pathological processes associated
with redox-related diseases. With regard to cyanidin, the protective effect was validated at levels in the
range of described bioavailable concentrations. However, even in the scenario of a compound fails to
be active under concentrations in the physiological range, nutraceutical/therapeutical applications
could be ensured by the development of formulations for controlled delivery to target tissues

5. Conclusions

This study described the use of an integrative approach, combining the power of metabolomics,
cellular assays and potent statistical analysis, to identify novel health-promoting attributes in
underexplored (poly)phenol sources. The rationale involved the selection of the most chemically
diverse samples of an extensive Rubus collection followed by the determination of health-promoting
activities using a SMART discovery platform.

Overall, the study allowed the identification of (poly)phenol-enriched extracts and single
compounds from Rubus modulating pathological processes of redox-related diseases responsible for
major societal and economic impacts as well as provided some clues regarding the possible molecular
mechanisms underlying their protective activity. Our objective was to deliver novel plant (poly)phenolic
bioactives with the potential to be exploited either in food engineering and in the pharmaceutical and
biotechnological sector as nutraceutical/therapeutic alternatives for redox-related chronic diseases.
Of course, in therapeutic applications, development of formulations for controlled delivery to target
tissues should further be developed to ensure that physiologically relevant concentrations of bioactive
compounds reach their target sites.

Although the number of novel plant (poly)phenolics with potential bioactivity is limited, we
tentatively identified several phytochemicals in Rubus, such as triterpenoids, benzoyl di-hexoside,
hydroxysphingosine, and a leucine isomer, which have not been extensively studied such as
Rubus-derived bioactive compounds. Interestingly, (−)-epicatechin has previously been described as
possessing synergistic effects [58,59], and while our model does not tackle synergistic and antagonistic
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effects, it is possible that significant results from the runs test could be associated with synergistic
effects rather than intrinsically high bioactivity.

While more work is necessary in compound annotation, development of the statistical model
in order to cope with synergistic and antagonistic effects and validation of bioactivities in advanced
models, this report highlights the feasibility of this strategy for the replication and identification of
novel bioactive lead molecules from crude extracts from berry fruits.
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Abstract: I-152 combines two pro-glutathione (GSH) molecules, namely N-acetyl-cysteine (NAC)
and cysteamine (MEA), to improve their potency. The co-drug efficiently increases/replenishes GSH
levels in vitro and in vivo; little is known about its mechanism of action. Here we demonstrate that
I-152 not only supplies GSH precursors, but also activates the antioxidant kelch-like ECH-associated
protein 1/nuclear factor E2-related factor 2 (KEAP1/NRF2) pathway. The mechanism involves
disulfide bond formation between KEAP1 cysteine residues, NRF2 stabilization and enhanced
expression of the γ-glutamil cysteine ligase regulatory subunit. Accordingly, a significant increase
in GSH levels, not reproduced by treatment with NAC or MEA alone, was found. Compared to
its parent compounds, I-152 delivered NAC more efficiently within cells and displayed increased
reactivity to KEAP1 compared to MEA. While at all the concentrations tested, I-152 activated the
NRF2 pathway; high doses caused co-activation of activating transcription factor 4 (ATF4) and
ATF4-dependent gene expression through a mechanism involving Atf4 transcriptional activation
rather than preferential mRNA translation. In this case, GSH levels tended to decrease over time,
and a reduction in cell proliferation/survival was observed, highlighting that there is a concentration
threshold which determines the transition from advantageous to adverse effects. This body of
evidence provides a molecular framework for the pro-GSH activity and dose-dependent effects
of I-152 and shows how synergism and cross reactivity between different thiol species could be
exploited to develop more potent drugs.

Keywords: GSH; Cysteamine; N-acetyl cysteine; KEAP1; NRF2; ATF4

1. Introduction

Reduced glutathione is the most abundant non-protein thiol specie within the cell,
where it plays a crucial role in controlling redox homeostasis, metabolism, detoxification,
and signal transduction [1]. Maintenance of adequate GSH levels is fundamental to proper
cell functioning, proliferation and survival under physiological and stress conditions.

Glutathione is synthesized in a two-step process consisting of enzymatic reactions catalysed
by G-glutamyl-cysteine ligase (GCL, EC 6.3.2.2) and glutathione synthase (GS, EC 6.3.2.3).
The rate of glutathione synthesis is essentially dependent on cysteine levels and GCL
activity. GCL is composed of a catalytic (GCLC) and modifier (GCLM) subunit; the
catalytic monomer functions autonomously, but its association with the regulatory subunit
greatly increases the Km for glutamate and ATP and the Ki for GSH [2].

Notably, GCL activity is mainly regulated at the level of transcription, although
other levels of regulation may occur post-translationally [3]. Both GCL subunits are
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under the transcriptional control of NRF2, which is activated by many oxidants and
electrophilic compounds [4,5]. The classical mechanism of activation involves alkylation
and/or oxidation of redox-sensitive cysteine residues on KEAP1, an E3 ligase adaptor
protein, which, under basal conditions, targets NRF2 to proteasome-mediated degradation,
keeping NRF2 levels low [6]. Upon oxidation/alkylation, KEAP1 becomes non-functional
with the consequent stabilization and translocation of NRF2 to the nucleus, where the factor
drives the transcription of a set of genes involved in glutathione synthesis and recycling,
xenobiotic metabolism and transport, and antioxidant genes [7].

ATF4 is a cAMP-response element binding protein that belongs to the activating
transcription factor/cAMP response element-binding protein family (ATF/CREB) [8].
ATF4 is known as the main effector of the integrated stress response (IRS), an adaptive
pathway where different stress stimuli signal disturbance in cell homeostasis, converging
on a common transducer, namely the eukaryotic translation initiation factor 2α (eIF2α).
In this pathway, phosphorylation of eIF2α leads to global attenuation of Cap-dependent
translation, while concomitantly initiating the preferential translation of specific mRNAs
such as the ATF4 mRNA [9]. Under stressful conditions, elevated translation of ATF4
facilitates transcriptional upregulation of protective or pro-apoptotic stress-responsive
genes, depending on the nature, intensity, and duration of the stress stimuli.

A growing body of evidence suggests that simultaneous activation of NRF2 and ATF4
potentiates the expression of cytoprotective genes and increases GSH levels under both
basal and oxidative stress conditions [10,11]. Although the NRF2 and ATF4 signaling path-
ways have independent mechanisms of activation, they do indeed share some downstream
target genes [12,13]. Moreover, NRF2 and ATF4 cooperate on the level of glutathione,
where ATF4 promotes the uptake of glutathione amino acid building blocks, including
glutamine and cysteine, and promotes glutamate production via induction of asparagine
synthetase [14,15]. On the other hand, ATF4 is also involved in the degradation of GSH
under stress conditions by inducing the expression of the cation transport regulator-like
protein 1 (CHAC1; EC 4.3.2.7) [16]. CHAC1 belongs to a family of enzymes responsible
for the degradation of intracellular glutathione in response to different types of stresses to
provide three vital amino acids and help cells to cope with stress [17].

Disturbances in glutathione homeostasis have been implicated in the etiology and/or
progression of several human diseases, including cancer, cardiovascular, and neurodegen-
erative disorders [18]. Attempts to replenish GSH levels in chronic and transient depletion
states have focused on the use of GSH or GSH analogues and biosynthetic precursors such
as L-cysteine. More recently, approaches related to the possibility of manipulating the
activity of the enzymes involved in GSH homeostasis have also been taken into consid-
eration [19,20]. These approaches involve the use of natural or chemically synthesized
compounds able to activate antioxidant signalling pathways, although for most of these
substances a clear mechanism of action has not been provided.

I-152 is a conjugate of NAC and S-acetyl-MEA (SMEA) linked together by an amide
bond [21]. The molecule is deacetylated on the MEA moiety and hydrolyzed within the
cells to release NAC and MEA, two well-known pro-glutathione compounds. I-152 has
been shown to efficiently boost GSH both in vivo and in vitro, under physiological and
pathological conditions characterized by GSH depletion (i.e., viral infection) (reviewed
in [22]). Little is known about the mechanism of action of I-152. To date, its beneficial effects
on GSH metabolism have been attributed to its ability to provide cysteine precursors.

In this investigation, we show that I-152 activates the NRF2 signaling pathway in RAW
264.7 cells by inducing KEAP-1 oxidation and NRF2 stabilization, leading to GCLM ex-
pression and increased intracellular GSH levels. The same effects could not be reproduced
using equimolar concentrations of NAC or MEA. Notably, while I-152 dose-dependently
activated NRF2 at all the doses tested, only high doses induced transcriptional activation
of ATF4 and ATF4-dependent gene expression. Under this condition, GSH levels did not
change, but rather tended to decrease over time. This paradoxical effect and the possible
consequences of the concomitant activation of NRF2 and ATF4 are discussed.
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2. Materials and Methods

2.1. Cell Culture and Treatment

The murine macrophage cell line RAW 264.7 was cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) high glucose supplemented with 10% heat-inactivated fetal
bovine serum, 2 mM L-glutamine, 100 μg/mL streptomycin and 100 U/mL penicillin.
Cells were plated in 35 mm dishes at a density of 0.1 × 106 cells/well two days before
the treatment. I-152 was synthesized as previously described [21], while cysteamine and
N-acetyl cysteine were purchased from Sigma-Aldrich. The chemicals were directly dis-
solved into the cell culture medium, which was then filtered through a sterile 0.22 μm
pore size membrane. On the day of the treatment, the culture medium was removed and
replaced with a fresh one containing or not containing the indicated molecules.

2.2. Cell Lysates

Cells were washed on ice with cold Phosphate-Buffered Saline (PBS) and directly
lysed in Sodium Dodecyl Sulfate (SDS) buffer (50 mM Tris-HCl, pH 7.8, 0.25 M sucrose,
2% (w/v) SDS, 10 mM N-ethylmaleimide-NEM) supplemented with a cocktail of protease
(Complete, Roche) and phosphatase inhibitors (1 mM Na3VO4, 1 mM NaF). Whole cell
lysates were boiled for 5 min, sonicated at 70 Watts for 40 s to shear nucleic acids and
centrifuged at 14,000× g at room temperature (RT) to remove debris. Protein content was
determined in the supernatant by the Lowry Assay using bovine serum albumin (BSA) as
a reference standard.

2.3. SDS-PAGE and Western Immunoblotting

Proteins were resolved by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and
electroblotted onto polyvinylidene difluoride (PVDF) membranes (0.2 μm pore size). After
blocking in 5% (w/v) nonfat dry milk (Cell Signaling Technologies, #9999), membranes
were incubated with the following primary antibodies: anti NRF2 (D1Z9C, XP #12721),
anti KEAP1 (D1G10, #7705), anti p53 (1C12, #2524), anti ATF4 (D4B8, #11815), anti [P]eIF2α
(Ser51) (D9G8, XP #3398) and anti β-ACTIN (#4967) from Cell Signaling Technologies;
anti HMOX1 (F-4, sc-390991) and anti GADD153 (CHOP) (B-3, sc-7351) (from Santa Cruz
Biotechnology; anti GCLC (VPA00695) from BioRad; anti GCLM (A5314) from ABclonal; anti
CHAC1 (N1C3, GTX120775) from GeneTex. After overnight incubation at +4 ◦C, a horseradish
peroxidase (HRP)-conjugated secondary antibody (Bio-Rad, Hercules, CA, USA) was used
to detect immunoreactive bands. Bands were visualized with the enhanced chemilumi-
nescence detection kit WesternBright ECL (Advansta, San Jose, CA, USA) in a ChemiDoc
MP Imaging System and quantified by using the Image Lab software (Bio-Rad, Hercules,
CA, USA).

2.4. Cycloheximide (CHX) Chase Assay and Relative Half-Life Determination

Cells were left untreated or treated with 1 mM I-152. CHX (50 μg/mL) was added
to the culture medium of both untreated and I-152-treated cells at the beginning of the
incubation (co-treatment) or after 30 min of pre-incubation with medium containing or not
containing the I-152 molecule. Cells were collected immediately (time 0) and at specific
time points (10, 20, 30, and 60 min) following CHX administration. Whole cell lysates were
obtained as described above and separated by SDS-PAGE for Western blotting analysis. To
determine the relative half-life, the intensity of the immunoreactive bands was measured
and expressed as the percent of the time 0 sample value (initial value). The Log10 of the
percentage values was plotted versus time (min). After linear regression analysis, the
time required for degradation of 50% of the protein from its initial value (half-life) was
calculated from the equation by replacing y with Log10 of 50 and solving for x.

2.5. NEM-Alkylated Redox Western Blotting

Cells were washed with cold PBS and scraped in 10% (w/v) trichloroacetic acid
(TCA). After 30 min on ice, samples were centrifuged at 14,000× g + 4 ◦C, and the pel-
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lets were washed twice in ice-cold acetone. Protein pellets were dissolved by vortexing
in 100 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 40 mM NEM. NEM was used to block free
sulfhydryl groups and avoid Cys oxidation during extraction. Protein extracts were cen-
trifuged again to remove insoluble debris, and protein concentration was determined by
the Lowry Method. Protein samples were separated by non-reducing SDS-PAGE. Parallel
runs were performed under reducing conditions to demonstrate the specificity of the signal.

2.6. RNA Isolation and cDNA Synthesis

RAW 264.7 cells were directly lysed with 700 μL of QIAzol® Lysis Reagent (Qiagen,
Hilden, Germany). Total RNA was isolated using the miRNeasy Mini Kit (Qiagen, Hilden,
Germany) and eluted in 40 μL of RNase-free water. The extracted RNA was quantified
using a NanoVue PlusTM spectrophotometer (GE Healthcare Life Sciences, Piscataway,
NJ, USA). Total RNA (500 ng) was reverse transcribed using PrimeScriptTM RT Master
Mix (Perfect Real Time) (Takara Bio Europe, Saint-Germain-en-Laye, France) according to
the manufacturer’s instructions.

2.7. Quantitative Real-Time PCR

The expression of Atf4, Chac1, Chop, Gclc, Gclm, Hmox1 and Nrf2 (Nfe2l2) genes was
monitored by qPCR as previously described [23] with slight modifications. Briefly, the
qPCR reactions were performed in duplicate in a final volume of 20 μL using TB Green
PreMix ex Taq II Master Mix (Takara Bio Europe, France) and 200 nM primers (Table 1), in
a RotorGene 6000 instrument (Corbett life science, Sydney, Australia). The amplification
conditions were 95 ◦C for 10 min, 40 cycles at 95 ◦C for 10 s and 60 ◦C for 50 s. To
confirm the absence of non-specific products or primer dimers, a melting curve analysis
was performed from 65 to 95 ◦C at the end of each run, with a slope of 1 ◦C/s, and 5 s
at each temperature. A duplicate non-template control was included for each target as a
negative control. Gapdh (glyceraldehydes-3-phosphate dehydrogenase) and Gusb (β-D-
glucuronidase) were used as reference genes. The relative expression levels were calculated
using the 2−ΔΔCt method [24].

Table 1. Primers used for gene expression analysis in RAW 264.7 cells.

Target
mRNA

Accession
Number

Forward Primer (5′–3′) Reverse Primer (5′–3′)

Atf4 NM_001287180 GCAGTGTTGCTGTAACGGAC ATCTCGGTCATGTTGTGGGG

Chac1 NM_026929 TATAGTGACAGCCGTGTGGG GCTCCCCTCGAACTTGGTAT

Chop NM_007837 GAGTCCCTGCCTTTCACCTT TTCCTCTTCGTTTCCTGGGG

Gclc NM_010295 GGAGAGGACAAACCCCAACC CTCAGACATCGTTCCTCCGT

Gclm NM_008129 GGAACCTGCTCAACTGGGG GGTCTTTTGGATACAGTCCCGA

Hmox1 NM_010442 TTAAGCTGGTGATGGCTTCCT AGTGGGGCATAGACTGGGTT

Nrf2 NM_010902 CACATTCCCAAACAAGATGCCT TATCCAGGGCAAGCGACTCA

Gusb NM_010368 GGGTGTGGTATGAACGGGAA CCATTCACCCACACAACTGC

Gapdh NM_001289726 TGCCCCCATGTTTGTGATG TGTGGTCATGAGCCCTTCC

Atf4, Mus musculus activating transcription factor 4; Chac1, Mus musculus ChaC, cation transport regulator 1; Chop, Mus musculus DNA-
damage inducible transcript 3; Gclc, Mus musculus glutamate-cysteine ligase, catalytic subunit; Gclm, Mus musculus glutamate-cysteine
ligase, modifier subunit; Hmox1, Mus musculus heme oxygenase 1; Nrf2, Mus musculus nuclear factor, erythroid derived 2, like 2; Gapdh,
Mus musculus glyceraldehyde-3-phosphate dehydrogenase; Gusb, Mus musculus β-D-glucuronidase. Atf4, Chac1 and Chop primers were
described in [23]; Nrf2 primers were taken from [25] and Gapdh primers from [26].

2.8. Thiol Content Determination by High Performance Liquid Chromatography (HPLC)

Thiol content was assayed as previously described [27]. Briefly, after treatment, cells
were lysed with 100 μL of a buffer consisting of 0.1% (v/v) Triton X-100, 0.1 M Na2HPO4,
5 mM EDTA, pH 7.5. Fifteen μL of 0.1 N HCl and 140 μL of precipitating solution (100 mL

218



Antioxidants 2021, 10, 175

containing 1.67 g of glacial metaphosphoric acid, 0.2 g of disodium EDTA, 30 g of NaCl)
were then added. After centrifugation, the pellet was dissolved in 0.1 M NaOH and protein
concentration was determined by the Bradford assay; the supernatant was mixed with
25% (v/v) 0.3 M Na2HPO4, and 10% (v/v) 5,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB) was
then immediately added. The mixture was stirred for 1 min at RT, then left at RT for
another 5 min, and finally used for determination of GSH and other thiols by a high-
performance liquid chromatography (HPLC) method. Quantitative measurements were
obtained by injection of standards of known concentrations and values were normalized
on protein concentration.

2.9. Lactate Dehydrogenase (LDH)-Based Cytotoxicity Assay

Cell growth inhibition and cell death were assessed by using a modified version of
the assay described by Smith et al. [28]. Briefly, 10,000 cells/well were seeded in 96 well
tissue culture plates for two days and then treated with different concentrations of I-152.
Untreated cells were used as controls (CTR). Each condition was assayed in octuplicate.
After 24 h and 48 h of treatment, the medium deriving from four wells for each condition
was recovered and pooled in a tube; care was taken not to disturb the underlying cell layer.
Two % (v/v) Triton X-100 was added to the remaining four wells and mixed thoroughly
using a pipette to ensure complete cell lysis. The pooled media (S) and the pooled extracts
(cell lysate + medium, TOT) were then centrifuged at 1000× g for 10 min at 4 ◦C and
the supernatants transferred in fresh tubes. Lactate dehydrogenase (EC 1.1.1.27) activity
(LDHact) was assayed spectrophotometrically following the protocol described in Beutler
et al. [29]. Since the culture medium contained low levels of LDH, this basal activity was
subtracted from the LDHact determined in the samples before calculation.

Percent killing: (LDHact S/LDHact TOT) × 100 (1)

Percent total effect: [1-(LDHact I-152 TOT/LDHact CTR TOT)] × 100 (2)

Percent growth inhibition: Percent total effect (Equation (2))—percent killing
(Equation (1)).

2.10. Statistical Analysis

Data were analyzed using Prism software version 5.0 (GraphPad, San Diego, CA, USA).
The t-test was performed to compare two groups of data, whereas one-way ANOVA was
used to compare more than two groups. The Tukey posttest was used when every mean
was compared to every other mean, whereas the Dunnet posttest was used to compare
every mean to the control mean. Asterisks indicate significance versus control (denoted by
0 or CTR) unless otherwise specified, and p ≤ 0.05 were considered significant.

3. Results

3.1. I-152 Increases the Levels of NRF2

The ability of I-152 to increase intracellular GSH levels has been previously demon-
strated in vivo, in a murine model of retroviral infection [30] and in vitro, in human monocyte-
derived macrophages, peritoneal murine macrophages and RAW 264.7 cells [21,27]. Since
overlapping results have been obtained in primary and immortalized cells, the latter were
selected as an experimental model to study how I-152 influences GSH homeostasis at the
molecular level.

Previous evidence indicates that 10 mM I-152 causes GSH depletion in RAW 264.7 cells
but yields a high content of thiol species in the form of NAC, MEA and I-152. By contrast,
1 mM I-152 increases cellular GSH content [27]. Thus, this range of concentrations was
initially used to test whether the molecule is able to activate the NRF2 signaling pathway,
considering that both MEA and NAC have been reported as potential NRF2 activators [31,32].

As shown in Figure 1A, 10 mM I-152 did not affect NRF2 levels, while 5 and 1 mM
significantly increased NRF2 expression.
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Figure 1. NRF2 levels in cells treated with I-152 and its metabolites NAC and MEA. RAW 264.7 cells were treated with:
(A) different concentrations of I-152; (B) 1 mM I-152 compared to equimolar concentrations of NAC or MEA; (C) I-152
or MEA at two different concentrations. Cells were incubated with the molecules for 2 h while control cells (denoted
by 0 or controls (CTR)) were incubated with fresh medium. Whole cell lysates (10 μg) were separated on 8% (w/v) SDS-
polyacrylamide gels, blotted onto PVDF membranes and probed with an antibody against NRF2. β-ACTIN was stained as a
control. Immunoreactive bands were quantified with the Image Lab software and NRF2 levels, normalized on β-ACTIN,
expressed as fold-change relative to CTR (0). Values are the mean ± S.D. of at least three independent experiments. * p < 0.05;
** p < 0.01, *** p < 0.001.

When NAC and MEA were tested singularly, only MEA activated NRF2; by contrast,
NAC had no effect (Figure 1B). Notably, MEA increased NRF2 levels dose-dependently; by
contrast, the efficacy of I-152 was inversely correlated with its concentration (Figure 1C).
Overall, these results suggest that I-152 may activate the NRF2 pathway, probably by
delivering MEA.

To compare the potency of I-152 and MEA we subsequently performed dose-dependent
experiments at concentrations equal to and below 1 mM. MEA is typically used in vitro at
concentrations ranging from 1 mM to 0.05 mM [33,34], while doses up to 10 mM of NAC
can be found in literature [35]. A stronger activation of NRF2 was observed in I-152-treated
cells than in those incubated with MEA (Figure 2). Indeed, after 2 h, only 1 mM MEA
significantly increased NRF2 levels over the basal level, while I-152 was effective at con-
centrations as low as 0.125 mM. Moreover, the effects of I-152 were still evident after 24 h
incubation, while MEA was no longer effective.
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Figure 2. NRF2 levels in I-152- versus MEA-treated RAW 264.7 cells. Cells were treated with different
concentrations of I-152 and MEA for 2 h and 24 h; control cells received only fresh medium (0).
Whole cell lysates (10 μg) were separated on 8% (w/v) SDS-polyacrylamide gels and analyzed by
immunoblotting using an antibody against NRF2. β-ACTIN was stained as a control. Immunoreactive
bands were detected in a Molecular Imager and quantified with the Image Lab software. NRF2
levels, normalized to β-ACTIN content, are reported in the graph as fold change relative to control
(0). Values are the mean ± SD of at least three independent experiments. * p < 0.05, ** p < 0.01.

3.2. I-152 Induces KEAP1 Oxidation and NRF2 Stabilization

To shed light on the mechanism(s) of I-152-mediated NRF2 intracellular accumulation,
Nrf2 gene expression and the rate of protein degradation were determined. After incubation
with I-152, Nrf2 mRNA levels were substantially unchanged compared to the control
(Figure 3A), allowing us to exclude transcriptional induction. By contrast, co-treatment with
cycloheximide, a well-known translational inhibitor, followed by Western blotting analysis
revealed that NRF2 protein degradation was significantly reduced in I-152-treated cells
compared to untreated cells receiving only CHX (0) (Figure 3B). More marked differences
were obtained when CHX was added to the culture medium after 30 min pre-incubation
with I-152 (Figure 3C).

The relative NRF2 half-life was 16.7 min and 28.4 min in I-152-treated cells depending
on whether CHX was added together with I-152 or after pre-incubation with I-152, respec-
tively versus 8.2 ± 0.47 min in untreated cells (Figure S1A,B). By contrast, degradation of
p53, another short half-life protein, was unaffected, suggesting that the effect of I-152 is
specific for NRF2 (Figure 3D).
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Figure 3. Nrf2 mRNA levels and NRF2 protein degradation after I-152 treatment. (A) RTqPCR
analysis of Nrf2 mRNA levels in cells treated with 1 mM I-152 for 1 h and 2 h. Expression levels
were normalized to the housekeeping genes Gapdh and Gusb and expressed as fold-change versus
untreated cells (CTR). The values are the mean ± SD of two independent experiments with two
technical replicates (B) Western immunoblotting analysis of NRF2 levels in extracts obtained from
cells treated with 1 mM I-152 together with cycloheximide (CHX) for different times. Control cells
were left untreated and incubated only with CHX (0). In some experiments, CHX was added after 30
min pre-incubation with I-152 and NRF2 (C) and p53 (D) protein levels were determined by western
blotting. Ten μg of total proteins were loaded on 8% (w/v) SDS polyacrylamide gels.

In light of this evidence, we then investigated the redox state of endogenous KEAP1
by NEM-alkylated redox western, which makes it possible to detect protein oxidation
by monitoring changes in electrophoretic mobility under non-reducing conditions. After
treatment, cell extracts were resolved by SDS-PAGE under non-reducing and reducing
conditions and stained with an antibody against KEAP1. In all the reduced samples, KEAP1
migrated as a single band of the expected molecular weight (about 70 kDa) (Figure 4A),
although a faint band of lower molecular weight could be detected in all the samples.

When reduction was omitted, KEAP1 still migrated as a major band of the same
molecular mass (denoted by Red for reduced), but a second less intense band with faster
mobility (denoted by Ox1 for oxidized form 1) appeared in I-152- and MEA-treated samples,
but not in lysates from untreated cells (0) (Figure 4B). Moreover, a 75 kDa immunoreactive
species was present in all the samples, independently of the treatment. Finally, two bands
(denoted by Ox2 and Ox3) with a much slower mobility than red KEAP1 were evident in
the upper part of the non-reducing gel, while they were absent in reduced samples. The
intensity of the Ox1, Ox2, and Ox3 bands increased with the I-152 dose and was more
pronounced in cells treated with 1 mM I-152 than in those treated with an equimolar
concentration of MEA, suggesting that I-152 is a more potent KEAP1 oxidant than MEA
(Figure 4B). Notably, NRF2 staining indicated that there was a good correlation between
KEAP1 oxidation and NRF2 stabilization, pointing to a cause and effect relationship. The
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link between KEAP1 oxidation and NRF2 stabilization was further demonstrated by a
time course analysis. As shown in Figure 4C, KEAP1 was already strongly oxidized after
15 min incubation with 1 mM I-152, while NRF2 levels were significantly increased over
the control levels at 30 min, a time lag which is consistent with the estimated NRF2 half-life
between 15 and 30 min [36,37].

Figure 4. KEAP1 oxidation in cells treated with I-152 and MEA. RAW 264.7 cells were exposed to different concentrations of
I-152 and to 1 mM MEA for 2 h. The cells were then lysed in the presence of NEM to block free sulfhydryl groups. The lysates
were separated by reducing (A) and non-reducing (B) SDS-PAGE, and KEAP1 was revealed by western immunoblotting
analysis using an anti-KEAP1 antibody. Ten μg of total proteins were loaded on 8% (w/v) polyacrylamide gel. (C) Raw
264.7 cells were treated with 1 mM I-152 for different times and lysates, obtained as in A, were separated under non-reducing
conditions. In panels B and C, the blots were re-probed with anti NRF2 antibody and β-ACTIN was stained as a control.
Arrows on the right side indicate the oxidized faster migrating (Ox1) and the oxidized slower migrating (Ox2 and Ox3)
KEAP1 species, while brackets show the position of reduced (Red) KEAP1.

3.3. I-152 Activates NRF2-Dependent Gene Transcription and Increases GCLM Protein Levels

To assess whether accumulation of NFR2 resulted in increased transcriptional activity,
the mRNA levels of heme oxygenase-1 (Hmox1), a prototypical NRF2 target gene, Gclc and
Gclm were determined by RTqPCR. At 6 h of treatment, all the genes were activated by all
the I-152 doses tested and by 1 mM MEA (Figure S2A, Figure 5A,B). The most relevant
induction was observed in the case of the Gclm gene (Figure 5B).

Analysis of the protein levels reveals that no changes occurred in GCLC intracellular
concentrations (Figure 5C and Figure S2C), while both HMOX1 (Figure S2B) and GCLM
(Figure 5C,D) protein levels were increased at 6 h incubation and rose further at 24 h in the
case of GCLM. In agreement with mRNA induction, GCLM protein accumulated only in
cells treated with 1 mM MEA (Figure 5C,D).
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Figure 5. NRF2-dependent gene transcription and protein expression. RAW 264.7 cells were exposed to different concen-
trations of I-152 and MEA for 6 h and 24 h. (A,B) RTqPCR analysis of Gclc and Gclm mRNA levels after 6 h of treatment.
mRNA levels were normalized to the housekeeping genes Gapdh and Gusb and expressed as fold-change versus untreated
cells (CTR). The values are the mean ± SD of at least two independent experiments with two technical replicates. (C) West-
ern immunoblotting analysis of GCLC and GCLM protein expression. Cell lysates (5 μg) were separated on 10% (w/v)
gels and immunoblotted with specific antibodies against the target proteins. β-ACTIN was stained as a loading control.
(D) Immunoreactive bands were quantified with the Image Lab software. GCLM levels, normalized to β-ACTIN content,
are reported in the graphs as fold change relative to control (0). Values are the mean ± SD of at least three independent
experiments. * p < 0.05; ** p < 0.01, *** p < 0.001.

3.4. I-152 Increases Intracellular Thiol Content and Dose-Dependently Modulates GSH Levels

At 2 h incubation, analysis of the free thiol pools showed that cysteine represented the
most abundant thiol species, GSH excluded, except in cells treated with 1 mM I-152, where
NAC was predominant (Figure 6A). Notably, at 24 h incubation, a predominance of NAC
was observed at all the I-152 doses tested. Although I-152 is expected to liberate equimolar
concentrations of its metabolites, intracellular MEA levels were markedly lower than those
of NAC, suggesting that MEA could be partially converted into cystamine upon oxidation of
its sulfhydryl group and/or form mixed disulfides. Such disulfides could not be revealed
by the chromatographic analysis used here since it was specific for the identification of –SH
carrying molecules. Within the time frame 2–24 h, GSH content dose-dependently increased
over the physiological level in cells treated with I-152 (Figure 6B). However, significant
depletion of intracellular GSH was observed at 24 h, but only at the highest doses tested
(i.e., 0.25 and 1 mM). Thus, I-152 dose-dependently increased intracellular thiol levels:
(i) By delivering I-152, NAC and MEA; (ii) by providing high levels of cysteine and (iii) by
elevating GSH content.
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Figure 6. Thiol species in I-152 treated cells. MEA, NAC, I-152, cysteine (A) and GSH (B) content in
RAW 264.7 cells treated with different concentrations of I-152 for 2, 6, and 24 h. After incubation,
cells were washed and lysed; the lysate was then treated with precipitating solution and centrifuged.
Thiol species and GSH levels were determined in the lysate supernatant by HPLC, while protein
content was quantified spectrophotometrically in the lysate pellet. Quantification of thiol species was
obtained by injection of standards of known concentrations and values were normalized on protein
concentration. GSH content is expressed as the percent of the value obtained in untreated cells (0).
Values are the mean ± SD of five independent experiments. * p < 0.05; ** p < 0.01, *** p < 0.001.

Increased cysteine levels together with MEA were found within the cells upon MEA
administration (Figure S3A). Cysteine content was also elevated in NAC-treated cells, but
NAC was detectable only when delivered at the highest dose and/or for longer times
(Figure S4A). Despite higher cysteine availability, both MEA and NAC only modestly
affected GSH cellular content (Figures S3B and S4B).

3.5. I-152 Activates the ATF4 Signaling Pathway

Like any other biological molecule, GSH levels largely depend on its rate of synthesis
and degradation. Thus, we reasoned that at the highest I-152 concentrations tested, GSH
overproduction might lead to reductive stress and result in the activation of degradative
pathways to rebalance redox homeostasis [38]. GSH depletion has often been associated
with ATF4 activation and CHAC1 expression, the latter of which controls intracellular
GSH degradation under stressful conditions. ATF4 was indeed strongly activated by 1 mM
I-152 and modestly activated by 0.25 mM via a signaling pathway not dependent on eIF2α
phosphorylation, which was unaffected by the treatment (Figure 7A), but dependent on
Atf4 transcriptional induction (Figure 7B).
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Figure 7. Activating transcription factor 4 (ATF4) transcriptional activation and protein accumula-
tion in I-152-treated cells. (A) Cells were incubated with different concentrations of I-152 for 2 h,
6 h, and 24 h and whole lysates corresponding to 10 μg of proteins were separated on 10% (w/v)
polyacrylamide gels. The blots were probed with anti ATF4 and anti [P]eIF2α antibodies. β-ACTIN
was stained as a control. Untreated cells receiving only fresh medium served as a control (denoted
by 0). Immunoreactive bands were quantified with the Image Lab software. ATF4 and [P]eIF2α
levels, normalized to β-ACTIN content, are reported in the graphs as fold change relative to control
(0). Values are the mean ± SD of at least three independent experiments. * p < 0.05, ** p < 0.01.
(B) RTqPCR analysis of Atf4 mRNA levels in cells treated with different concentrations of I-152
for 6 h and 24 h. (C) RTqPCR analysis of Atf4 mRNA levels in cells treated with 1 mM I-152 for
different times. mRNA levels were normalized to the housekeeping genes Gapdh and Gusb and
expressed as fold-change versus untreated cells (CTR). The values are the mean ± SD of at least
two independent experiments with two technical replicates. * p < 0.05, ** p < 0.01, *** p < 0.001.
(D) Cells were incubated with 1 mM I-152 for different times and lysates were resolved by SDS-PAGE,
immunoblotted and stained with anti ATF4. (E) Western immunoblotting analysis of cell extracts
obtained from CTR cells and cells treated with 1 mM I-152 and 1 mM DTT for 30 min (left panel) and
1 h (right panel). ATF4 and [P]eIF2α were detected using specific antibodies, while β-ACTIN was
stained as a loading control.

At 6 h, both the mRNA and protein levels were still high to return to basal levels at
24 h (Figure 7A,B). Time course analysis of Atf4 mRNA expression revealed that at 1 h, the
transcription was fully activated (Figure 7C). Subsequent analysis of the kinetics of protein
accumulation demonstrated that ATF4 protein levels started to increase as soon as 15 min
after I-152 treatment (Figure 7D), highlighting an unexpectedly fast activation of the ATF4
signaling. To further exclude the involvement of the ISR pathway, cells were treated in
parallel with I-152 and dithiotreitol (DTT), which is known to induce ER stress, leading to
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eIF2α phosphorylation and sustained ATF4 translation [39]. As expected, levels of [P]eIF2α
were increased after exposure to DTT, but not to I-152, although ATF4 accumulation was
observed in both cases (Figure 7E). This clearly demonstrates that the two thiol species
induce distinct signaling cascades to activate ATF4.

Chac1 mRNA induction followed the same trend reported for Atf4 (Figure 8A), but
no changes in protein expression could be observed using two different antibodies (one
from GeneTex, as reported in Material and Methods, and one from Biorbyt orb100972)
specifically recognizing a band of the expected molecular weight (Figure 8B and data
not shown).

Figure 8. CHAC1 transcriptional activation and protein levels in I-152-treated cells. (A) RTqPCR analysis of Chac1 mRNA
levels in cells treated with different concentrations of I-152 for 6 h and 24 h and in cells treated with 1 mM I-152 for different
times. mRNA levels were normalized to the housekeeping genes Gapdh and Gusb and expressed as fold-change versus
untreated cells (CTR). The values are the mean ± SD of two independent experiments with two technical replicates (B)
Cells were incubated with different concentrations of I-152 for 2 h, 6 h and 24 h, and whole lysates corresponding to 10 μg
of proteins were separated on 12% (w/v) polyacrylamide gels. The blots were probed with anti CHAC1 antibody. β-ACTIN
was stained as a control. Untreated cells receiving only fresh medium served as a control (CTR). Immunoreactive bands
were quantified with the Image Lab software. CHAC1 levels, normalized to β-ACTIN content, are reported in the graph as fold
change relative to CTR. Values are the mean ± SD of at least three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.

By contrast, the ATF4 gene target GADD153 (Chop) was induced both at the tran-
scriptional and protein level consistently with ATF4 activation, indicating that ATF4 was
transcriptionally competent (Figure 9A,B).

Since CHOP is a well-known mediator of apoptosis, LDH-based cytotoxicity assays
were performed at 24 h and 48 h of incubation with the molecule. The use of the classical
MTS assay was avoided because I-152 per se induced a strong reduction of the MTS
tetrazolium compound. As shown in Figure 10, only 1 mM I-152 promoted a block in cell
proliferation and caused cell death. The effects were very mild at 24 h, with only 10% of
the cells being affected. By contrast, these effects became more evident at 48 h, although
more cells appeared to be inhibited in their growth rather than killed by the molecule.
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Figure 9. CHOP transcriptional activation and protein expression in I-152-treated cells. (A) RTqPCR analysis of Chop mRNA
levels in cells treated with different concentrations of I-152 for 6 h and 24 h. mRNA levels were normalized to the housekeeping
genes Gapdh and Gusb and expressed as fold-change versus untreated cells (CTR). The values are the mean ± SD of two
independent experiments with two technical replicates (B) Cells were incubated with 1 mM I-152 for 2 h, 6 h, and 24 h and whole
lysates corresponding to 20 μg of proteins were separated on 12% (w/v) polyacrylamide gels. The blots were probed with anti
CHOP antibody. β-ACTIN was stained as a control. Untreated cells receiving only fresh medium served as a control (CTR).
Immunoreactive bands were quantified with the Image Lab software. GHOP levels, normalized to β-ACTIN content, are reported
in the graphs as fold change relative to CTR. Values are the mean ± SD of at least three independent experiments. * p < 0.05;
** p < 0.01.

Figure 10. Cell killing and growth inhibition after I-152 treatment. Cells were incubated with different
doses of I-152 for 24 h and 48 h. Untreated cells receiving only fresh medium served as a control
(denoted by 0). LDH activity was measured for each condition in the cell culture medium and, in
parallel, in the medium after complete cell lysis with Triton-X100. This method makes it possible
to distinguish cell death versus growth inhibition as described in materials and methods. Data are
reported in the graph as fold change relative to control (0). The values are the mean ± SD of two
independent experiments with four technical replicates. * p < 0.05, ** p < 0.01, *** p < 0.001.
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4. Discussion

I-152 increases physiological GSH levels and replenishes intracellular GSH content
under conditions of depletion; however, the molecular mechanisms underlying its pro-GSH
activity have only been partially elucidated.

Data reported in this paper demonstrate that I-152 is a potent pro-GSH molecule
since it can stimulate GSH biosynthesis by forcing GSH production through the combined
delivery of NAC, which provides the rate limiting building block cysteine, and MEA,
which induces NRF2 activation and GCLM protein expression. It has been shown that
GCLM levels are limiting within cells, thus upregulation of GCLM alone is sufficient to
increase GCL catalytic activity by increasing holoenzyme formation. The heterodimeric
enzyme is more efficient in catalysing the reaction and less sensitive to feedback inhibition
by GSH [2,40].

The potency of I-152 in terms of its ability to increase GSH content was far superior
than that of NAC or MEA administered alone. This difference in potency can be accounted
for by the different uptake mechanisms of the molecules together with the inability or low
capacity of NAC and MEA, respectively, to activate the NRF2 pathway. When used alone,
NAC was available early intracellularly only when used at the highest concentration tested
and for long periods of incubation. This is because NAC enters by passive diffusion, but its
permeability is low since it is mostly negatively charged at physiological pH. Thus, high
doses and longer treatments are required to favor its cell penetration [41]. Conversely, high
cysteine levels were detected in NAC-treated cells, supporting the notion that NAC may
also reduce extracellular cystine to cysteine, which then enters the cells [42]. Compared
to the administration of NAC alone, I-152-treated cells contained a significantly higher
amount of NAC, which was also detectable at the lower doses, suggesting that I-152 enters
as such and it is mostly metabolized intracellularly. Unlike NAC, MEA was readily de-
tectable at all the doses and times tested, together with high cysteine levels. MEA uptake is
thought to occur very quickly through a mechanism involving thiol-disulphide interchange
with extracellular cystine to form cysteamine–cysteine mixed disulphides that enter cells
through amino acid transporters and are then reduced back to cysteamine and cysteine [43].
The ability of MEA to increase GSH levels has been attributed to its capacity to release
cysteine from cystine pools, but other molecular mechanisms might be involved [34].
Calkins et al. [31] provided evidence that MEA is a weak activator of the NRF2 pathway in
neuronal cells. In this system, however, the oxidized form of MEA, cystamine (here named
MEAS-S for simplicity), displayed a much higher potency, suggesting that MEAS-S rather
than MEA activates NRF2. In circulation and within cells, MEA is partially converted
into MEAS-S after the oxidation of its sulfhydryl group. It has been widely documented
that both MEA and MEAS-S can affect the activity of different proteins, including transglu-
taminase, whose mechanism(s) of inactivation has been thoroughly studied. In particular,
MEAS-S but not MEA, has been shown to inhibit transglutaminase activity by an oxidative
mechanism where MEAS-S promotes the formation of a physiologically relevant disulfide
bond between Cys370 and Cys371 [44]. A similar mechanism of disulfide interchange may
be responsible for the formation of the three oxidized KEAP1 species (Ox1, 2 and 3) in
cells treated with I-152. Using KEAP1 mutants, Fourquet et al. [45] demonstrated that in
cells exposed to oxidants, KEAP1 is oxidized generating three byproducts: One oxidized
species, corresponding to Ox1, which carries an intramolecular Cys226–Cys613 disulfide,
and two high molecular weight oxidized species, corresponding to Ox2 and Ox3, involving
Cys151-Cys151 mixed disulfide between two KEAP1 molecules, and KEAP1 and another
polypeptide. While intramolecular disulfide formation was not essential to NRF2 activation,
Cys151-Cys151 intermolecular disulfide was critical to relieving KEAP1-mediated NRF2
degradation [45]. Different conclusions were drawn when two NRF2 inducers, namely
sulphoraphane and trinitrobenzene sulphonate, were tested and found to promote intra-
and intermolecular disulphides, respectively [46], suggesting that KEAP-1 function might
be affected by both types of modifications. It is worth noting that the above-mentioned
studies were performed in cells ectopically expressing KEAP1; by contrast, our observa-
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tions concern the endogenously expressed protein, highlighting the biological relevance of
these oxidizing mechanisms.

I-152 is expected to release equimolar amounts of NAC and MEA; however, analysis
of the thiol species revealed that MEA levels were markedly lower than those of NAC.
Based on this observation, it could be speculated that the MEA moiety, released after
I-152 metabolization, may be partly oxidized into MEAS-S, although we cannot exclude
conjugation to other thiol species. Moreover, since cells also contain a certain amount
of non-hydrolyzed I-152, a direct/indirect role for the I-152 molecule in NRF2 activation
cannot be excluded.

The intracellular delivery of high amounts of thiol species as well as the overpro-
duction of GSH may induce reductive stress, which, in turn, may enhance mitochondrial
oxidation with the production of ROS [47]. Thus, I-152 and/or its metabolites could act as
antioxidants or pro-oxidants depending on the dose used: At low doses, I-152 stimulates
the expression of antioxidant enzymes, while at high doses it leads to GSH depletion and
reduced cell proliferation and death. It is worth noting that NAC is also known to behave
differently according to its concentration and the redox status of the cells in which it is
used [48,49].

Interestingly, it has recently been shown that NAC displays powerful mitochondrial
and antioxidant effects, not only as a glutathione precursor, but also by triggering mito-
hormesis [50]. Mitohormesis assumes that a moderate increase in ROS production during
mitochondrial activity leads to the activation of cellular defense systems, leading to a
long-term increase in the levels of mitochondria and antioxidant enzymes. Thus, future
studies might investigate these mechanisms in cells treated with I-152. On the other hand,
an excessive production of ROS could deplete GSH levels, thus damaging cells. Interest-
ingly, at I-152 concentrations promoting GSH depletion, NRF2 activation was paralleled
or even preceded by transcriptional induction of the bZIP factor ATF4. Similar results
were obtained by Mimura et al. [11], who demonstrated that low-dose carnosinic acid (CA)
activates the NRF2 pathway only, exhibiting moderate anti-oxidative effects; by contrast,
high-dose CA activates both NRF2 and ATF4 to potentiate the NRF2 antioxidative pathway.
Cooperation between NRF2 and ATF4 in modulating antioxidant gene expression has also
been shown to occur in response to treatment with fisetin, a flavonoid able to stimulate
GSH production [10]. In the case of fisetin, no mechanistic explanation for ATF4 induction
was provided, whereas for CA, activation of the ISR pathway was shown. Moreover, GSH
levels were increased by low doses of CA, whereas they were unchanged by high dose ad-
ministration, despite induction of GCLM and GCLC mRNA levels. Since the authors found
induction of CHAC1 mRNA expression, they speculated that higher concentrations of CA
could deplete GSH by ATF4-mediated induction of CHAC1 to reestablish homeostasis.

In our experimental system, I-152 did not induce ISR activation, as demonstrated by
the fact that eIF2α phosphorylation was unaffected by the treatment. Moreover, despite
strong induction of CHAC1 mRNA levels, protein levels were unchanged, allowing us
to exclude the activation of compensatory degradative GSH pathways. At present, the
reason why CHAC1 mRNA induction does not result in higher protein expression is
unknown. Difficulty in detecting the CHAC1 protein despite high mRNA expression has
been reported [51]. On the contrary, ATF activation was accompanied by the expression
of its target gene CHOP, as well as by the inhibition of cell proliferation together with
a small percentage of dead cells observed at 24 h and 48 h treatment with 1 mM I-152.
ATF4 controls life-death decisions after stress, switching from adaptive to pro-apoptotic
gene expression [52]. This switch has been attributed in part to the formation of different
ATF4 heterodimers that control the expression of specific sets of gene targets. It has
been proposed that dimerization with its target gene CHOP signals apoptosis [53,54],
although ATF4 and CHOP may cooperate to induce genes mediating stress relief and cell
survival such as genes encoding for proteins involved in autophagy [55]. Thus, further
experiments will aim to assess the consequence of ATF4/CHOP co-activation in terms of
pro-survival/pro-apoptotic gene expression. Another aspect that warrants investigation
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is the mechanism underlying transcriptional induction of ATF4. ATF4 gene transcription
is induced in response to different stresses and is mediated by different transcription
factors, including NRF2 and ATF4 itself [56,57]. Since NRF2 was activated by all the I-152
doses tested, while ATF4 was induced only at the highest concentrations, its involvement
appears unlikely. Moreover, the increase in ATF4 protein levels preceded NRF2 protein
accumulation in time course experiments again allowing us to exclude a cause and effect
relationship between NRF2 activation and ATF4 transcriptional induction. Finally, the
half-life of ATF4 was unchanged in the presence of I-152 (unpublished data), thus excluding
the possibility that the factor, which is intrinsically unstable, could become stabilized by
I-152 treatment, activating its own expression.

5. Conclusions

In conclusion, the data presented herein provide evidence that I-152 efficiently delivers
NAC and MEA within the cells, exerting unique effects which are also dependent on the
dose applied. At high and low doses (0.062-1 mM), KEAP1 is oxidized and NRF2 is
stabilized, leading to transcriptional induction of its target genes, including GCLM. GCLM
overexpression together with co-delivery of cysteine precursors boosts GSH production.
At high I-152 doses (0.25–1 mM), however, GSH levels tend to decrease over time, leading
to reduced proliferation and ultimately resulting in cell death (1 mM I-152). Interestingly,
this effect was accompanied by an early activation of ATF4 and ATF4-dependent gene
transcription (i.e., CHOP and CHAC1), as part of a stress response which is not mediated
by the classical ISR pathway. Although NRF2 and ATF4 have been reported to concur
in enhancing GSH levels and mounting the antioxidant response, in this context, the
co-activation of ATF4 is probably necessary to switch from the adaptive response to pro-
apoptotic signaling. ATF4 has been described as a redox-regulated pro-death transcription
factor in neuronal cells where it seems to positively influence ROS levels and increase
glutathione consumption [58].

I-152 represents the very first attempt to combine two pro-GSH molecules to improve
their potency. The co-drug approach, which involves linking two drugs via a cleavable
covalent bond, represents a novel strategy for enhancing GSH levels [59]. The approach
makes it possible to improve membrane permeability and antioxidant activity compared to
parent compounds [60]. Moreover, because of the potential synergism and cross-reactivity
between the released compounds, the co-delivery of different thiol species may lead to
unpredictable outcomes warranting further investigation.
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ATF4 activating transcription factor 4
CA carnosinic acid
CHAC1 cation transport regulator-like protein 1
CHOP C/EBP-homologous protein (CHOP10/GADD153)
CHX cycloheximide
DTT dithiothreitol
eIF2α eukaryotic translation initiation factor 2α
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GCLC G-glutamyl-cysteine ligase catalytic subunit
GCLM G-glutamyl-cysteine ligase modifier subunit
GSH glutathione
GUSB β-D-glucuronidase
HMOX1 heme oxygenase 1
HPLC high performance liquid chromatography
IRS integrated stress response
KEAP1 kelch-like ECH-associated protein 1
LDH lactate dehydrogenase
MEA cysteamine/β-mercaptoethylamine
MEAs-s cystamine
NAC N-acetyl-cysteine
NEM N-ethylmaleimide
NRF2 nuclear factor E2-related factor 2
SMEA S-acetyl-cysteamine
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Abstract: The selenium (Se) enrichment of yeasts and lactic acid bacteria (LAB) has recently emerged
as a novel concept; the individual health effects of these beneficial microorganisms are combined
by supplying the essential micronutrient Se in a more bioavailable and less toxic form. This study
investigated the bioavailability of Se in the strains Enterococcus faecium CCDM 922A (EF) and Strep-
tococcus thermophilus CCDM 144 (ST) and their respective Se-enriched forms, SeEF and SeST, in a
CD (SD-Sprague Dawley) IGS rat model. Se-enriched LAB administration resulted in higher Se
concentrations in the liver and kidneys of rats, where selenocystine was the prevalent Se species.
The administration of both Se-enriched strains improved the antioxidant status of the animals. The ef-
fect of the diet was more pronounced in the heart tissue, where a lower glutathione reductase content
was observed, irrespective of the Se fortification in LAB. Interestingly, rats fed diets with EF and SeEF
had higher glutathione reductase activity. Reduced concentrations of serum malondialdehyde were
noted following Se supplementation. Diets containing Se-enriched strains showed no macroscopic
effects on the liver, kidneys, heart, and brain and had no apparent influence on the basic parameters
of the lipid metabolism. Both the strains tested herein showed potential for further applications as
promising sources of organically bound Se and Se nanoparticles.

Keywords: selenium-enriched Enterococcus faecium; selenium-enriched Streptococcus thermophilus;
antioxidant capacity; glutathione reductase; glutathione peroxidase; CD IGS rats; oxidative stress;
lactic acid bacteria

1. Introduction

In recent years, natural antioxidants have attracted interest from researchers because
of the diseases caused by free radicals and reactive oxygen species (ROS), including heart
disease, atherosclerosis, neurological disorders, and type II diabetes. The World Health
Organization (WHO) expects cardiovascular disease to be the leading cause of mortalities
by 2030, affecting approximately 23.3 million people [1]. Enrichment of the diet with
antioxidants is a basic prerequisite for maintaining good health. In addition to synthetic
antioxidants, natural antioxidants, including probiotic microorganisms and their metabolic
products, are also available. Probiotic bacteria are defined as living microorganisms that,
when consumed in sufficient quantities, confer health benefits to the host, such as the
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modulation of the immune system, maintenance of healthy intestinal microbiota, and low-
ering of cholesterol or prevention of diarrhea [2]. Probiotic microorganisms can act as
antioxidants in several ways, such as by trapping ROS, chelating metal ions, inhibiting
enzymes, and reducing or inhibiting ascorbate autooxidation. Furthermore, the metabolic
activities of probiotics can have antioxidant effects, such as the capturing of oxidative
compounds or prevention of their formation in the intestine [3]. One of the ways to in-
crease the antioxidant activities of probiotic strains is their enrichment with selenium
(Se), an essential microelement for humans found in a number of protein-based enzymes,
including glutathione peroxidases, thioredoxin reductases, and iodothyronine deiodinases;
in humans, these enzymes are associated with the responses to oxidative stress resulting
from various biological activities [4]. The antioxidant enzymes glutathione peroxidase
(GPx), glutathione (GSH), and superoxide dismutase (SOD) protect cells from oxidative
damage by eliminating superoxide-free radicals [5]. Malondialdehyde (MDA), formed dur-
ing lipoxidation, indicates cell or tissue injury and is an indicator of lipid peroxidation [6].
Furthermore, Se supplementation has beneficial effects in cancer, inflammation, immune
responses, cardiovascular disease, thyroiditis, and male fertility [7]. On the contrary, low Se
levels have been associated with an increased risk of mortality, poor immune function,
and cognitive decline [8]. Se is involved in the immune responses of the body [9,10],
similar to other natural substances such as probiotics. The positive effects of probiotics
and Se co-supplementation on human mental health, hormonal profiles, and biomarkers
of inflammation and oxidative stress have been documented [5,11,12]. For example, Se-
enriched Bifidobacterium longum has a hepatoprotective effect in mice fed a high-fat diet [9].
Furthermore, Se-enriched probiotics exhibit antibacterial activity against pathogenic Es-
cherichia coli [13]. The selenization of probiotics and lactic acid bacteria (LAB), a recently
suggested concept, may provide multiple health benefits to the host. The selenization of
yeasts and LAB confers benefits such as the following: (i) the delivery of Se for biological
processes; (ii) increased bioavailability of Se in its less toxic organic form; (iii) individual
health benefits of LAB and yeasts in live or inactivated forms (e.g., organic acid production,
probiotic function, production of antimicrobial compounds, bacteriocins, etc.); and (iv) less
burden on the environment due to the organic form of Se.

Selenized strains of yeasts and LAB represent sources of the more bioavailable organic
forms of Se, making them more suitable application forms compared to food supplements
containing Se in its inorganic form, such as sodium selenite [14]. Additionally, there is
evidence suggesting that selenized cells of some LABs show a higher resistance to various
stress conditions compared to the parental cells [15–17].

Se deficiency is as dangerous as its overdose. Despite the recognition of Se as an impor-
tant microelement, discussion on the mode of its supplementation remains controversial.
The main concern of Se supplementation is selenium nephrotoxicity, because this element
accumulates in the kidneys, liver, and respiratory organs [18]. The most toxic forms of Se
are the inorganic species SeIV and SeVI, which are permitted as food supplements in the
form of sodium selenite, sodium hydrogen sulfite, and sodium selenate by Commission
Regulation No. 1170/2009. However, selenium-enriched yeast containing this element
in the organic form is also permitted for use in foodstuffs and food supplements under
this regulation in the European Union. Some strains of LAB, bifidobacteria, and yeast can
biotransform inorganic selenium present in the growth medium [19] into organic forms
such as selenocysteine, selenomethionine, or methylselenocysteine [20,21]. Additionally,
probiotics containing organic selenium species have shown negligible liver and kidney
toxicity [18]. To obtain products that are well-defined in terms of health benefits and,
more importantly, the safety of consumers, it is necessary to map selenium metabolism,
its accumulation, and biotransformation in each Se-enriched strain individually.

In our previous study [22], an in vitro assessment of the properties of the selenized
LAB strains Streptococcus thermophilus CCDM 144 and Enterococcus faecium CCDM 922A
revealed that both strains could tolerate sodium selenite and accumulate, as well as bio-
transform Se into its organic form. These strains were further studied for their beneficial
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properties and potential to improve the host health. As previously reported [23], the strain
CCDM 922A exhibits immunomodulatory abilities and the capacity to reduce low-density
lipoprotein and very low-density lipoprotein cholesterol in rats. Good adhesion properties
and the presence of the gene encoding the bacteriocin enterocin A were also observed
in the strain CCDM 922A. Streptococcus thermophilus CCDM 144 is an exopolysaccharide
(EPS)-producing strain used in the production of fermented dairy products, as part of
the yogurt culture, to improve their texture. Both strains are commercially used in dairy
processing plants, and the CCDM 922A strain is also used in animal nutrition. However,
additional information is needed to evaluate the safety, functionality, and properties of
their selenized forms. Overall, further studies are required to obtain legislative approval
for the use of selenized LAB in food and food supplements. Hence, with the intention
to jumpstart this process, this study aimed to evaluate the effects of the two promising
Se-enriched candidates of LAB, the strains S. thermophilus CCDM 144 and E. faecium CCDM
922A, on the biological functions of rats in vivo.

2. Materials and Methods

2.1. Bacterial Strains and Their Selenium Enrichment

The two LAB strains, S. thermophilus CCDM 144 (ST) and E. faecium CCDM 922A
(EF), used for selenization in this study were provided by the Culture Collection of Dairy
Microorganisms Laktoflora® (Tábor, Czech Republic). M17 broth and M17 agar, accord-
ing to Terzaghi (Merck, Darmstadt, Germany), were used for precultivation and storage.
Both strains were cultured under aerobic conditions at 37 ◦C for 48 h. For enumera-
tion of the bacterial cells, 10-fold dilutions of the cultures were plated, and the resultant
colony-forming units were counted. For selenization, 50-mg/L sodium selenite (Sigma-
Aldrich, Steinheim, Germany) was added to the M17 broth, and fresh overnight grown
cultures of each strain were inoculated into the M17 medium at a final concentration of 105

colony-forming units (CFU)/mL and cultivated for 24 h at 37 ◦C under aerobic conditions.
As controls, the strains CCDM 144 and CCDM 922A were grown in selenite-free M17 cul-
tivation medium. After cultivation, the cells were centrifuged repeatedly at 4100× g for
10 min (Spectrafuge 6C, Labnet International Inc., Edison, NJ, USA) and washed twice with
sterile saline to remove unbound selenium. Subsequently, 1% inoculum of each bacterial
suspension was added to skimmed (1.5% fat) and Ultra-heat treatment (UHT)-treated milk
and incubated aerobically at 37 ◦C for 16–18 h. The pH was adjusted to 5.5–6.0 using
15% NaOH. Following this, the obtained samples were lyophilized (Lyobeta 35; Telstar,
Barcelona, Spain) with the addition of 20% lactose as the cryoprotective medium, and the
total amount of Se bound to the bacterial cells and Se species were determined in the
samples. In this manner, the Se-enriched biomass of both strains, SeST and SeEF, were used
for further application as foodstuffs. The final counts (colony-forming units (CFU)) of the
strains EF, ST, SeEF, and SeST after lyophilization were also determined.

2.2. Animal Model and Study Design

All experiments with laboratory animals were conducted in compliance with the
laws of the Czech Republic (311/1997 column.) and the European Community Council
recommendations (86/609/EEC) regarding the protection of animals used for experimental
and other scientific purposes. This experimental study was approved by the committee
of the Ministry of Education, Youth, and Sports of the Czech Republic, approval No.
MSMT-11197/2020-2. A total of 48 adult cesarian derived (CD) (SD-Sprague Dawley)
International Genetic Standardization (IGS) male rats (Velaz, Prague, Czech Republic)—
outbred multipurpose breed of albino rat—were used in this study. Six-week-old rats
were randomly divided into six groups (A–F) (n = 8) and fed a standard maintenance diet
and tap water for two weeks to acclimatize. Rats were housed in cages in a room with
controlled temperature (22–24 ◦C), humidity (55–60%), and natural light conditions (12-h
light/dark cycle). Following acclimatization, the experimental diets were administered to
the animals for 58 days. Group A was fed a standard maintenance diet of Altromin 1324,
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control group B was fed a Se-deficient diet of Altromin C 1045, group C was fed Altromin
C 1045 with added S. thermophilus (ST), group D was fed Altromin C 1045 with added
selenized S. thermophilus (SeST), group E was fed Altromin C 1045 with added E. faecium
(EF), and group F was fed Altromin C 1045 with added selenized E. faecium (SeEF).

Twenty-two grams of the appropriate diet was administered daily to the animals.
Tap water was supplied ad libitum. After 58 days, rats were euthanized by decapitation
following anesthetization (zoletil 5 mg/kg body weight) in the postprandial state. Aliquots
of the serum and tissue samples were collected and stored at −80 ◦C for further analyses.

2.3. Experimental Diets

The following six types of diets were administered to the rats: (a) standard mainte-
nance diet of Altromin 1324 (Altromin Spezialfutter GmbH & Co, Lage, Germany), (b)
Altromin C 1045 as the Se-deficient diet (control group), (c) Altromin C 1045 with added
S. thermophilus CCDM 144 (ST), (d) Altromin C 1045 with added selenized S. thermophilus
CCDM 144 (SeST), (e) Altromin C 1045 with added E. faecium CCDM 922A (EF), and (f)
Altromin C 1045 with added selenized E. faecium CCDM 922A (SeEF). All diets were pro-
cessed into 10-mm pellets. The special diets were manufactured by Altromin Spezialfutter
GmbH & Co, and the lyophilized strains ST, EF, SeST, and SeEF in the milk matrix were
processed into the feedstuff by the manufacturer. Based on the measurements of the total Se
concentrations in the lyophilized matrices, the dosage in the feed mixture was determined.
Detailed information about the Se content and its chemical form in the individual diets is
presented in Table 1. The Se concentrations used in this study were safe in terms of toxicity,
as the diets of groups D and F, which were supplemented with selenized strains, had only
slightly higher Se concentrations than that in the standard maintenance diet.

Table 1. Selenium concentrations and its forms in the experimental groups; data are presented as the
mean ± expanded uncertainty with coverage factor k = 2.

Se Concentration (mg/kg) Added Se Form

A—Altromin 1324 0.408 ± 0.086 inorganic

B—Altromin C 1045 0.183 ± 0.039 -

C—Altromin C 1045 + ST 0.233 ± 0.076 -

D—Altromin C 1045 + SeST 0.439 ± 0.016 Organically bound

E—Altromin C 1045 + EF 0.185 ± 0.032 -

F—Altromin C 1045 + SeEF 0.445 ± 0.078 Organically bound
ST, Streptococcus thermophilus, SeST, selenium-enriched Streptococcus thermophilus, EF, Enterococcus faecium, and SeEF,
selenium-enriched Enterococcus faecium.

2.4. Antioxidant and Oxidative Stress Parameters

Blood samples were collected gravitationally following the decapitation of the rats,
and the serum was isolated from the blood by centrifugation at 1500× g at 4 ◦C for 10 min.
Tissues were removed and immediately weighed, washed with cold phosphate-buffered
saline (PBS) (0.02 mol/L, pH 7.1), and aliquoted in PBS (300–500-mg tissue in 0.5-mL PBS;
0.6–1.0 g in 1-mL PBS). The resulting suspension was subjected to two freeze/thaw cycles.
The homogenate was centrifuged (1500× g for 15 min), and the supernatant was divided
into three minimal aliquots, which were stored at −80 ◦C. Concentrations of total choles-
terol, high-density lipoprotein (HDL) cholesterol, and triacylglycerols were assessed by
enzymatic-colorimetric methods (CHOD/PAP, direct homogeneous enzymatic-colorimetric
reaction without precipitation, GPO/PAP; Lab Mark a.s., Prague, Czech Republic) using an
automatic biochemical analyzer modular (Roche, Prague, Czech Republic). The concentra-
tions and activities of the antioxidants glutathione peroxidase (GPx), glutathione reductase
(GR), and malondialdehyde (MDA) in the serum, brain, and heart tissue were evaluated by
the sandwich heterogenous enzymatic immunoassay using commercial Enzyme-Linked Im-
munoSorbent Assay (ELISA) kits for rat GPx, GR, and MDA (MyBioSource Inc., San Diego,
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CA, USA). Lipoperoxidation products were assessed based on the levels of thiobarbituric
acid-reactive substances (TBARS) by assaying the reaction with thiobarbituric acid.

2.5. Determining Total Selenium and Se Species Contents

The total contents of Se, Cu, Zn, Cr, and Fe in the liver and kidneys, as well as
in the feedstuff, were determined using inductively coupled plasma mass spectrometry
(ICP-MS) after microwave-assisted acid digestion. Three microliters of concentrated nitric
acid (67% Analpure®, Analytika spol. s r.o., Prague, Czech Republic) was added to the
homogenized feedstuff and tissue samples that were placed in a Teflon® digestion vessel
(Berghof, Germany). The mixture was then mineralized in a closed vessel in a microwave
digestion system (Speedwave 4; Berghof, Germany) for 15 min at 200 ◦C. After cooling,
the decomposed samples were transferred to 50-mL volumetric flasks, spiked with rhodium
solution (Astasol®, Analytika spol. s r.o., Czech Republic) as an internal standard to obtain
a final concentration of 20-μg/L Rh after adjusting the volume with demineralized water
(Milli-Q, Millipore, Billerica, MA, USA). The ICP-MS (DRC-e; Perkin-Elmer, Concord, ON,
Canada) measurement conditions were as follows: RF (radio-frequency) power, 1.4 kW;
nebulizer gas flow rate, 0.76 L/min; auxiliary gas flow rate, 1 L/min; plasma gas flow
rate, 11 L/min; and measured isotopes 80Se, 63Cu, 66Zn, 53Cr, 57Fe (analytes), and 103Rh
(internal standard). The spectral interference of 40Ar2

+ was eliminated using a dynamic
reaction cell with methane as the reaction gas (methane flow rate 0.3 mL/min, rejection
parameter q 0.3).

The selenium species were identified using ion-pair liquid chromatography (HPLC)
coupled with ICP-MS, as described previously [22]. Briefly, reversed-phase column
(Purospher® STAR RP-8 endcapped, 250 × 4.6 mm, 5 μm, Merck, Germany) and the
mobile phase consisting of 1.0-g/L sodium butane-1-sulfonate, 0.22-g/L tetramethylammo-
nium hydroxide pentahydrate, 0.42-g/L malonic acid, and 0.05% (v/v) methanol (Sigma
Aldrich, Steinheim, Germany) were used for Se species separation. To extract the samples
by enzymatic hydrolysis, 0.25 g of the tissue sample or 0.1 g of the feedstuff sample was
weighed in 15-mL polypropylene tubes and homogenized for 1 min at 20,500 rpm using
a disperser Ultra-Turrax® with 2 mL of 20-mmol/L tris-(hydroxymethyl)-aminomethane
(Fluka, Buchs, Switzerland) solution buffered (pH = 7.0) using HCl (Suprapur®, Merck,
Germany). Thereafter, 25 mg of protease XIV (Sigma-Aldrich, Tokyo, Japan) was added,
and the sample was extracted for 18 h at 37 ◦C. The reaction mixture was then filtered
through a 0.45-μm syringe nylon filter (Whatman, Maidstone, UK) and analyzed. The stan-
dards of the selenium species, selenate (SeVI), selenite (SeIV), selenomethionine (SeMet),
selenocystine (SeCys2), and Se-methylselenocysteine (MeSeCys) were obtained from Sigma
Aldrich (Germany). Calibration solutions of the selenium species containing 1-, 5-, 10-, 50-,
and 100-μg/L Se were prepared by diluting the stock solutions of the selenium species
with water.

2.6. Detection of Se Nanoparticles Using Transmission Electron Microscope (TEM)

Images of nanoparticles (NPs) were acquired using a TEM Jeol 2200 FS (Jeol, Tokyo,
Japan). Elemental mapping of the selected region was conducted using an energy-dispersive
X-ray spectrometer (EDX) attached to the TEM. The TEM images were evaluated using Im-
ageJ 1.50i software (Wayne Rasband, National Institutes of Health, College Park, MD, USA).
Fresh bacterial suspensions of the strains CCDM 144 and CCDM 922A grown overnight
in M17 broth supplemented with 10 mg/L of sodium selenite were centrifuged (6000× g,
5 min) and resuspended in water. Samples for TEM imaging were prepared by evaporating
(3 h at 24 ± 1 ◦C) a drop of culture placed onto a 300-mesh lacey carbon copper grid.

2.7. Microbiota Composition

Samples of the distal part of the colon with feces were taken into sterile samplers
containing Wilkins-Chalgren Anaerobe broth (Oxoid Limited, Basingstoke, Hampshire,
UK) and frozen at −20 ◦C immediately after collection until further analyses. Differences
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in the composition of the gut microbiota among the experimental groups were observed
by the detection of selected bacterial genera and species. Viable counts were determined
by the plate count enumeration method with 10-fold dilutions. Fecal samples were stored
in Wilkins-Chalgren anaerobic broth at −20 ◦C. Prior to analyses, 1 g of the feces was
weighed and properly homogenized (vortex VELP Scientifica; Usmate, Italy) in 9 mL
of physiological saline, serially diluted, and plated on Petri dishes. Each concentration
gradient was measured in triplicate. The family Enterobacteriaceae and the genera Clostridium
and Lactobacillus, as well as E. coli in fecal matter, were enumerated using the following
selective cultivation media and conditions: for Enterobacteriaceae, VRBG agar (crystal-violet,
neutral-red, bile, glucose agar; MILCOM, Tábor, Czech Republic) was used at 37 ◦C for 72 h;
for Clostridium, RCM (Reinforced Clostridial Medium; MILCOM, Tábor, Czech Republic)
was used at 37 ◦C for 72 h under anaerobic conditions after the previous inactivation of
samples at 85 ◦C for 10 min; E. coli chromogenic TBX agar (tryptone, bile, X-glucuronide;
MILCOM, Tábor, Czech Republic) was used at 37 ◦C for 72 h; and Lactobacillus, MRS
5.7 agar (de Man, Rogosa, and Sharpe; MILCOM, Tábor, Czech Republic) was used at 37 ◦C
for 72 h under anaerobic conditions.

2.8. Statistical Analyses

For the data evaluation, Statgraphics® Centurion XV (StatPoint, Inc., Warrenton, VA,
USA) was used with two-way ANOVA for multiple comparisons, and the post hoc least
significance difference test (LSD) was performed, considering the statistical significance at
p < 0.05 (evaluation of the microbial counts).

Homoscedasticity and normality of data distribution were tested by the Levene and
Shapiro-Wilk tests, respectively, as assumptions for the use of an analysis of variance
(ANOVA). ANOVA followed by Tukey’s honestly significant difference (HSD) test was
used for comparison of the data groups, and Dunnett’s test was used for comparison of the
experimental groups with the control group. Statistica 13.1 software (StatSoft, Inc., Tulsa,
OK, USA) and Real Statistics Resource Pack software (Release 7.2, Charles Zaiontz) were
used for testing.

3. Results

3.1. Selenium Enrichment and Diets

Following lyophilization, viable counts (CFU) of the strains EF, ST, SeEF, and SeST
were 109 CFU/g. Both strains remained sufficiently viable, even after being processed into
feed, and their counts reached approximately 104 CFU/g in the final diet. Their presence
in the live form confirms their desirable technological properties and ability to survive the
heat treatment process.

Based on the contents of the selected biogenic elements, Table 2 shows the differences
in the nutritional compositions of the experimental diets based on Altromin 1324 and
Altromin C 1045. The selenium content in group A was determined by the addition of
sodium selenite during the production of Altromin 1324 (producer information). Moreover,
the addition of selenized LAB resulted in increased total Se contents (as expected) in groups
D and F. The contents of the other elements remained unchanged in groups B–F after the
addition of non-selenized/selenized LAB. The differences in contents of the elements
between group A and groups B–F are shown in the diet matrix; maintenance diet Altromin
1324 is based on raw materials from cereal, while Se-deficient diet Altromin C 1045 is based
on purified raw materials such as casein, starch, and sugars.

In addition to the total selenium content, Se speciation was analyzed in the feedstuff
pellets (Figure 1). The efficiency of the enzymatic extraction was 40–85%. The speciation
analyses revealed no significant differences in Se species abundances among groups B–F.
The most abundant species was SeCys2, which accounted for 30–40% of total Se species.
A smaller proportion was found for SeMet (8–16%), and minor species were represented by
the inorganic Se forms, SeVI, and SeIV, with an average proportion of 2%. The rest of the
selenium contents in the extract consisted of unidentified species. The chromatographic
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patterns obtained for the extract of diet A differed from each other. Although sodium
selenite was added to this diet by the manufacturer, a higher proportion of inorganic
selenium compounds was not found. It can thus be assumed that SeCys2 is a major
selenium species in this diet; however, owing to the insufficient separation of the peaks in
the chromatogram range of 3–5 min, this cannot be proven and evaluated.

Table 2. Total contents of the elements in the feedstuff (mg/kg wet weight, n = 3). The averages
marked by the same letter do not significantly differ at p < 0.05 within the individual columns; data
are presented as the mean ± expanded uncertainty with a coverage factor k = 2.

Sample
Cu

(mg/kg)
Zn

(mg/kg)
Cr

(mg/kg)
Fe

(mg/kg)

A—Altromin 1324 26.0 ± 9.0 a 63.7 ± 9.9 a 51.4 ± 8.4 a 418 ± 43 a

B—Altromin C 1045 14.4 ± 5.4 b 48.7 ± 2.3 b 37.8 ± 2.9 b 125 ± 11 b

C—Altromin C 1045 + ST 13.8 ± 4.8 b 47.7 ± 1.2 b 37.3 ± 6.4 b 123 ± 28 b

D—Altromin C 1045 + SeST 13.2 ± 2.3 b 47.8 ± 6.8 b 37.4 ± 5.6 b 117 ± 16 b

E—Altromin C 1045 + EF 13.3 ± 3.3 b 46.8 ± 3.9 b 38.2 ± 7.4 b 119 ± 13 b

F—Altromin C 1045 + SeEF 15.8 ± 5.5 b 47.1 ± 2.0 b 36.4 ± 6.8 b 122 ± 11 b

Figure 1. Chromatogram of the extracts of diet A (A) and diet B (B).

Besides the selenium species mentioned above, selenium NPs were found in both
selenized strains and characterized by TEM (Figure 2). TEM demonstrated the localization
of the NPs outside of the cells. Se NPs inside the cells or cell membrane-bound NPs
were not observed. The images showed that individual selenium NPs had approximately
spherical shapes. The CCDM 144 strain produced NPs with a broad size distribution of
98–236 nm (average value of 171 nm), while the CCDM 922A strain produced NPs with
sizes in the range of 42–185 nm (average value of 122 nm).
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Figure 2. Bright field TEM images (left) of the CCDM 144 (A) and CCDM 922A (B) selenized strains with the corresponding
energy-dispersive X-ray (EDX) maps of the signal intensity of selenium Se Kα1 spectral line (right).

3.2. Effects of Selenium-Enriched Strains on Biochemical Parameters and Enzyme Activities in
Tissue Homogenates and Blood

The diets had negligible effects on the body weight gains and weights of selected or-
gans, except for lower brain weights in the Altromin 1324 group. In this group, the weights
of the other organs also tended to be lower (Table 3).

Similarly, the serum concentrations of the total cholesterol, HDL cholesterol, and tria-
cylglycerols (TAG) did not differ between the control and other groups (Table 4). The Al-
tromin 1324 group tended to have higher lipid concentrations, which was consistent with
the higher weight gain in this group.
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Table 3. The body weights and weights of organs in grams (n = 8). Data are presented as the
mean (standard deviation). a,b–values in columns with different supercase letters significantly differ
(p < 0.05).

Group
Body Weight

Gain
(g)

Heart
(g)

Brain
(g)

Liver
(g)

Kidneys
(g)

A—Altromin 1324 102 (60) a 1.04 (0.13) a 1.58 (0.20) b 13.7 (4.8) a 2.86 (0.46) a

B—Altromin C 1045 85 (41) a 1.25 (0.11) a 2.12 (0.08) a 14.3 (2.7) a 3.27 (0.34) a

C—Altromin C
1045 + ST 89 (67) a 1.34 (0.25) a 2.15 (0.10) a 14.8 (2.7) a 3.38 (0.29) a

D—Altromin C
1045 + SeST 68 (35) a 1.27 (0.15) a 2.14 (0.06) a 14.3 (1.4) a 3.32 (0.24) a

E—Altromin C
1045 + EF 75 (42) a 1.25(0.14) a 2.13 (0.06) a 15.1 (1.8) a 3.40 (0.46) a

F—Altromin C
1045 + SeEF 65 (50) a 1.21 (0.11) a 2.09 (0.13) a 14.6 (2.0) a 3.30 (0.32) a

Table 4. Serum concentrations of the basic lipid parameters (mmol/L, n = 8). Data are presented
as the mean (standard deviation). a–values in columns with the same superscript letter do not
significantly differ (p < 0.05).

Group
Cholesterol

mmol/L
TAG

(mmol/L)
HDL Cholesterol

(mmol/L)

A—Altromin 1324 1.69 (0.23) a 1.01 (0.44) a 1.25 (0.26) a

B—Altromin C 1045 1.55 (0.25) a 0.79 (0.45) a 1.16 (0.22) a

C—Altromin C 1045 + ST 1.46 (0.22) a 0.49 (0.38) a 1.04 (0.12) a

D—Altromin C 1045 + SeST 1.44 (0.18) a 0.59 (0.49) a 1.03 (0.14) a

E—Altromin C 1045 + EF 1.49 (0.27) a 0.87 (0.43) a 1.09 (0.23) a

F—Altromin C 1045 + SeEF 1.53 (0.24) a 0.66 (0.38) a 1.10 (0.19) a

TAG–triacylglycerols; HDL–high-density lipoprotein cholesterol.

Next, the activities (U/mL of the homogenate or serum) and concentrations (in ng/mL
of the homogenate or serum) of the two antioxidant enzymes were measured. To gain
more information on the oxidative stress status, the concentrations of MDA in the serum
and heart were analyzed (Table 5). The effects of the diets were more pronounced in the
heart, where a lower GR content was observed in all groups with added strains irrespective
of Se fortification, with the activity of GR being higher in both diets with EF and SeEF
(groups E and F). Notably, GPx was significantly less influenced by the diets. The MDA
concentrations were also changed by both diets with EF/SeEF, especially in the heart,
where the MDA concentrations were higher in the respective groups (E and F), unlike the
changes in the serum (serum MDA was significantly lower only in group F, with SeEF).
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Table 5. The levels of the selected parameters of oxidative stress in the serum and tissues (n = 8). Data are presented as the
mean (standard deviation). a,b–values in columns with different superscript letters significantly differ (p < 0.05).

(A)

Group
Heart GPx

(ng/mL)
Heart GPx

(U/mL)
Brain GPx

(ng/mL)
Brain GPx

(U/mL)
Serum GPx

(ng/mL)
Serum GPx

(U/mL)

A—Altromin
1324 45.7 (8.7) a 13.3 (3.7) a 51.8 (7.0) a 15.3 (2.3) a 27.9 (2.09) b 0.34 (0.39) a

B—Altromin C
1045 41.9 (4.1) a 14.6 (1.3) a 49.8 (5.3) a 14.5 (3.3) a 25.1 (2.58) a 1.49 (2.27) a

C—Altromin C
1045 + ST 28.6 (12.0) b 14.8 (2.3) a 49.8 (4.6) a 14.7 (4.2) a 24.6 (1.84) a 0.15 (0.09) a

D—Altromin C
1045 + SeST 34.7 (8.3) a 12.1 (6.1) a 50.9 (3.3) a 12.0 (2.7) a 25.0 (1.90) a 0.12 (0.07) a

E—Altromin C
1045 + EF 39.3 (5.7) a 15.7 (2.2) a 50.1 (4.5) a 11.3 (1.4) a 25.5 (1.16) a 0.90 (1.63) a

F—Altromin C
1045 + SeEF 40.4 (6.1) a 14.5 (2.7) a 51.8 (1.8) a 9.4 (1.3) b 24.2 (1.69) a 0.16 (0.29) a

(B)

Group
Heart GR
(ng/mL)

Heart GR
(U/mL)

Brain GR
(ng/mL)

Brain GR
(U/mL)

Serum MDA
(ng/mL)

Brain MDA
(ng/mL)

Heart MDA
(ng/mL)

A—Altromin
1324 88.8 (11.9) a 138.8 (5.0) a 0.67 (0.46) a 158.9 (23.5) a 280 (97) a 469 (86) a 348 (89) a

B—Altromin
C 1045 75.5 (10.9) a 135.7 (6.5) a 0.35 (0.23) a 178.1 (67.1) a 305 (182) a 454 (49) a 288 (144) a

C—Altromin
C 1045 + ST 43.9 (15.2) b 138.6 (12.2) a 0.48 (0.23) a 156.8 (8.3) a 296 (35) a 414 (63) a 348 (61) a

D—Altromin
C 1045 +

SeST
43.2 (7.9) b 136.0 (13.7) a 0.60 (0.13) a 150.0 (10.1) a 260 (81) a 432 (48) a 358 (92) a

E—Altromin
C 1045 + EF 49.2 (14.8) b 149.4 (7.6) b 0.31 (0.13) a 144.4 (18.8) a 201 (59) a 445 (39) a 570 (100) b

F—Altromin
C 1045 +

SeEF
38.3 (10.1) b 155.3 (3.9) b 0.38 (0.28) a 139.0 (8.0) a 164 (51) b 485 (79) a 460 (65) b

GPx–glutathione peroxidase; GR–glutathione reductase; MDA–malondialdehyde.

3.3. Effects of Selenium-Enriched Strains on Total Selenium and Selenium-Species Contents in
Tissue Homogenates

The concentrations of Se in the kidneys and liver of rats are higher than that in other
organs [24]. Therefore, the total selenium content and selenium species in these tissues
were analyzed. A higher selenium content (Table 6) was found in the kidneys of rats in
groups A, D, and F, which were fed a Se-fortified diet. The contents of the other monitored
elements were not affected by the diet, with the exception of the copper content, which
was higher in group A. In the case of the liver samples (Table 7), the differences in the
total Se contents between the groups with Se-fortified diets and non-selenized groups were
significantly greater than those in the kidney samples. Moreover, the total Se content in
group A was higher than those in groups D and F, where selenium was added in the form
of selenized LAB. The contents of the other monitored elements were also not affected by
the diet.
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Table 6. Total contents of the elements in rat kidneys (mg/kg wet weight, n = 8). The averages
marked by the same letter do not significantly differ at p < 0.05 within the individual columns; data
are presented as the mean (standard deviation).

Sample
Se

(mg/kg)
Cu

(mg/kg)
Zn

(mg/kg)
Cr

(mg/kg)
Fe

(mg/kg)

A—Altromin 1324 1.22 (0.17) a 12.0 (3.4) a 16.6 (2.9) a 0.233 (0.039) a 88 (27) a

B—Altromin C 1045 0.79 (0.15) b 6.2 (1.5) b 17.3 (2.7) a 0.254 (0.045) a 131 (69) a

C—Altromin C 1045 + ST 0.79 (0.07) b 6.4 (1.4) b 17.4 (1.8) a 0.205 (0.046) a 132 (84) a

D—Altromin C 1045 + SeST 1.08 (0.18) ac 7.4 (2.9) b 17.5 (1.4) a 0.221 (0.026) a 94 (47) a

E—Altromin C 1045 + EF 0.81 (0.16) b 6.7 (2.2) b 17.2 (2.1) a 0.243 (0.076) a 90 (54) a

F—Altromin C 1045 + SeEF 0.89 (0.12) bc 5.0 (0.7) b 16.1 (2.4) a 0.200 (0.027) a 77 (38) a

Table 7. Total contents of the elements in rat livers (mg/kg wet weight, n = 8). The averages marked
by the same letter do not significantly differ at p < 0.05 within the individual columns; data are
presented as the mean (standard deviation).

Sample
Se

(mg/kg)
Cu

(mg/kg)
Zn

(mg/kg)
Cr

(mg/kg)
Fe

(mg/kg)

A—Altromin 1324 0.383 (0.058) a 2.25 (0.26) a 11.9 (1.7) a 0.070 (0.017) a 131 (37) a

B—Altromin C 1045 0.137 (0.018) b 2.43 (0.25) a 11.9 (1.5) a 0.067 (0.011) a 113 (17) ab

C—Altromin C 1045 + ST 0.152 (0.023) b 2.42 (0.27) a 11.5 (1.1) a 0.074 (0.015) a 119 (13) ab

D—Altromin C 1045 + SeST 0.252 (0.055) c 2.37 (0.31) a 11.2 (2.1) a 0.072 (0.015) a 110 (14) ab

E—Altromin C 1045 + EF 0.142 (0.029) b 2.44 (0.21) a 10.5 (1.1) a 0.066 (0.016) a 104 (28) ab

F—Altromin C 1045 + SeEF 0.213 (0.039) c 2.31 (0.12) a 11.1 (1.3) a 0.072 (0.013) a 105 (23) b

The aim of the speciation analysis was to determine whether the Se speciation varied
with the Se and LAB contents in the diet. The efficiency of the enzymatic extraction of
the selenium species from the kidney samples was 80 ± 6%. The HPLC column recovery
for the kidney samples was 98% ± 8%, indicating that all selenium species in the extract
were eluted from the column. The extraction efficiency of the selenium species from the
liver samples was 74 ± 16%, and the column recovery was 103 ± 7%. These data indicate
that a major part of the total Se was extracted, and no selenium species were captured
on the HPLC column. The performed analysis thus provided a reliable overview of the
distribution of selenium between the individual species.

The speciation analysis revealed differences between the liver and kidney samples.
SeCys2 was the major species and SeMet the minor species in both samples (Figure 3).
The kidney samples also contained MeSeCys. The other minor Se species were unidentified.
The species with retention times of 4.1, 4.3, and 5.0 min seemed to be specific for the liver,
and the species with a retention time of 5.4 min were specific for the kidney samples.
Unidentified species with a retention time of 6.6 min were observed in both sample types.
No inorganic forms (SeVI or SeIV) were observed in the tissue samples.

The average content of SeCys2 in the kidney samples (Figure 4) was the lowest in
group A (51%) and the highest in control group B (80%). The SeCys2 percentages in the
groups with added LAB in the diet (groups C–F) were similar (63–69%), regardless of their
Se fortification. In the liver, as well as in the kidneys, SeCys2 was the most abundant species;
however, the abundance in the liver (42–58%) was slightly lower than that in the kidneys.
The SeCys2 percentages did not differ significantly for the individual groups, although
higher average values were observed for groups D and F (57% and 58%, respectively),
and the lowest average value was observed for control group B (42%). Besides SeCys2,
SeMet was also found in the extracts. The proportions of SeMet were similar in all groups
and reached values of 1–7% in the kidney samples and 6–16% in the liver samples. The last
identified species, MeSeCys, was only found in the kidney extracts. The lowest content
of MeSeCys (8%) was observed in control group B, while the other groups contained
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higher amounts (13–19%) of MeSeCys. Although the unidentified species constituted a
minor portion (8–24%) of the total selenium content in the kidneys, a significant proportion
(34–49%) was detected in the liver. All percentage values were based on an analysis of
only two samples for each group. Due to the low number of analyzed samples, the actual
variability or mean values may vary slightly.

Figure 3. Chromatogram of the liver extract (black) and kidney extract (grey); both organ types were collected from group
D rats (Altromin C 1045 + Se-enriched Streptococcus thermophilus (SeST)).

Figure 4. Selenium species representation expressed as a percentage of the total selenium content: (A) kidneys and (B) liver.
The error bars indicate the standard deviation (n = 2). SeCys2 (selenocysteine), MeSeCys (Se-methylselenocysteine), SeMet
(selenomethionine), and U (sum of unidentified species).

3.4. Effect of Selenium-Enriched Strains on Bacterial Populations in Fecal Matter

Four different bacterial groups were subjected to analyses and were enumerated in
the fecal matter collected from rat colons. The results are presented in Table 8. Compared
with the group fed a standard maintenance diet (group A), the total counts (CFU/g)
of Clostridium sp. decreased significantly (p < 0.05) in all other experimental groups,
whereas their reduction was even more apparent in the groups supplemented with the
strain Enterococcus faecium (groups E and F). In group E, the counts of Clostridium sp.
were reduced by more than two logarithmic orders. The Enterobacteriaceae and E. coli
groups were slightly reduced in the supplemented groups (C, D, E, and F) and, also,
in the Se-deficient group (B); however, this decrease was significant only in the group
administered Se-enriched Enterococcus faecium (p < 0.05), both in terms of Enterobacteriaceae
and E. coli. In contrast, high viable counts of Lactobacillus sp. as a beneficial bacterial
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group were observed (ranging from 7.64 to 8.34 log CFU/g), which was a desirable count.
The total counts of the Lactobacillus sp. were minimally affected among the experimental
groups compared to the rats fed the standard maintenance diet (group A), although,
in groups D and E, the viable counts were found to be slightly higher.

Table 8. Effects of the experimental diets on the intestinal bacterial groups.

Groups
Total Counts (log CFU/g)

Clostridium Enterobacteriaceae Escherichia
coli Lactobacillus

A—Altromin 1324 3.04 (0.46) d 5.01 (0.67) b 4.98 (0.72) b 7.78 (0.64) ab

B—Altromin C 1045 1.99 (0.43) c 4.42 (0.57) b 4.37 (0.62) b 7.87 (0.62) ab

C—Altromin C 1045 + ST 1.85 (0.60) bc 4.74 (0.51) b 4.58 (0.42) b 7.98 (0.48) ab

D—Altromin C 1045 + SeST 1.51 (0.80) bc 4.79 (0.77) b 4.73 (0.64) b 8.29 (0.61) b

E—Altromin C 1045 + EF 0.96 (0.32) a 4.68 (0.92) b 4.40 (0.53) b 8.34 (0.55) b

F—Altromin C 1045 + SeEF 1.39 (0.38) ab 3.39 (0.77) a 3.25 (1.04) a 7.64 (0.61) a

ST, Streptococcus thermophilus, SeST, selenium-enriched Streptococcus thermophilus, EF, Enterococcus faecium, and
SeEF, selenium-enriched Enterococcus faecium. Data are presented as the mean (standard deviation) from triplicate
determination. Values within columns with different superscripts indicate a significant difference at p < 0.05.
CFU: colony-forming units.

4. Discussion

In our previous study [22], we highlighted the abilities of S. thermophilus CCDM
144 and E. faecium CCDM 922A to accumulate up to 7.3 mg/g Se and 6.5 mg/g Se, respec-
tively. Therefore, these strains were used for selenium enrichment of the SeST (group D)
and SeEF (group F) diets in this study. The Se content in the diet of group A was derived
from the natural Se contents in the ingredients of the diet and the added sodium selenite
(according to the information provided by the producer). The diets were designed to obtain
a difference of approximately 0.25-mg/kg Se between the Se-deficient diets (groups B,
C, and E) and Se-enriched diets (groups A, D, and F). The speciation analysis revealed a
different Se speciation in the diet of group A compared to the diets of the other groups.
However, the differences in speciation may not represent the efficacies of the Se supple-
mentation. Takahashi et al. [25] demonstrated an increased rapid absorption of SeMet and
MeSeCys compared to the other Se species; however, at the same time, they also reported a
lower efficiency of assimilation into selenoproteins. Moreover, although dietary Se amino
acids are not directly incorporated into selenoproteins, all dietary forms of Se must be
metabolized and enzymatically converted into selenide, which serves as a Se source for Se
amino acids and for the subsequent protein synthesis [26]. The Se bioavailability in terms
of selenoprotein production is thus similar for all Se species, with the main advantage of
using organically bound Se to lower the toxicity. Se supplementation via LAB (groups
D and F) is also supported by the fact that, in addition to organic Se species, LABs also
contain nanoparticles that are considered to have a low toxicity [18].

In the presence of selenite, the bacterial cultivation medium was found to be red
in color, which indicates the reduction of added selenite to elemental Se; this has been
documented in previous studies as well [16,27]. Both strains used in this study produced
spherical-shaped Se nanoparticles, as confirmed by the TEM results. Streptococcus ther-
mophilus produced nanoparticles of sizes ranging from 98 to 236 nm, whereas Enterococcus
faecium produced smaller nanoparticles with sizes ranging from 42 to 185 nm. In lactobacilli,
a wider range of particle sizes, from 25 to 370 nm, was documented by Pescuma et al. [16].
Differences in particle sizes were also observed among the particles produced by differ-
ent species of the same genus [28]. Moreover, differences were observed in terms of the
location at which the NPs were produced. Although, in our case, Se NPs were located
outside the cells, references to extracellular Se NPs are less common in the literature [29],
and intracellular production is mostly described for LAB [27,30]. However, the presence
of extracellular Se NPs could be advantageous over intracellular production because of
their ease of accessibility and bioavailability. Moreover, Se NP formation is not a common
feature of all LAB strains. Martínez et al. [31] demonstrated that Se NPs were produced
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in only eight (Lactococcus lactis, Lactobacillus brevis and Lactobacillus plantarum, Fructobacil-
lus tropaeola, Enterococcus casseliflavus, and Weissella cibaria) out of 96 tested LAB strains.
The binding of Se to the cell wall of LAB and their storage in the cell are mediated by
complex processes that depend on factors such as the characteristics of the element (Se) and
the specific physiological properties of individual LAB strains, as well as the cultivation
media in which the bacteria are grown [19].

The LAB production of Se nanoparticles has been previously studied [16,28,32,33],
and the NPs produced were found to be less toxic than other inorganic Se forms. The par-
ticle size depends on the strain used. In LABs, the sizes of the NPs produced ranged
between 40 and 500 nm. According to Nagy et al. [28], smaller Se nanoparticles could be
more toxic to the producing bacteria themselves. Streptococcus thermophilus tested in the
aforementioned study produced Se nanoparticles of sizes ranging from 60 to 280 nm, which
was followed by necrotic cell disruption. It has been reported that NPs are toxic to the cell,
because they disrupt cell membranes. Therefore, the extracellular NPs produced by the two
strains tested in this study could be advantageous, because they were not toxic to the cells
themselves, in addition to their high bioavailability. Nevertheless, elemental Se is referred
to as one of the least toxic Se forms with high bioavailability [18]. The absorption of Se
NPs smaller than 100 nm in the gastrointestinal tract was proved to be 15–250 times higher
than that of large-sized NPs [34]. Xu et al. [27] showed that L. casei with intracellularly
accumulated Se NPs maintains an intestinal microbiota balance in response to oxidative
stress and infection and exhibits an improved integrity of the intestinal epithelial barrier.

The antioxidant parameters were evaluated in the serum by measuring the GPx,
GR enzyme activity, and MDA, a parameter of lipoperoxidation. In a recent study [5],
a significant increase in GPx and SOD activities, along with reduced MDA concentra-
tions and GSH activities, was observed in the serum of rats fed with Se- and Zn-enriched
probiotics. Accordingly, the beneficial effects of Se-enriched strains improving the antiox-
idant status in comparison with the control group were observed in this study as well.
The MDA values provide a rough estimate of the oxidative stress in the tissue. We ob-
served lower concentrations of serum MDA following Se supplementation, as in the study
of Malyar et al. [5], which was accompanied by higher serum activities of antioxidative
enzymes. This association, however, is not supported by the results of our study, as the
serum and heart GPx activities did not change between the observed groups. The activity
of GPx was lower in the rat heart and brain tissues than that in the other tissues. These
tissues differed by both concentrations of Se (app. three-fold higher in the heart) and the
relative amount of Se bound to GPx (20% in the heart vs. 3% in the brain) [35]. In another
study, the supplementation with SeMet revealed no effect on the GPX heart activity in
rodents [36]. Following Se supplementation, we observed the changes in the heart GR
activity. This enzyme is not Se-dependent but reduces glutathione to maintain a reduced
glutathione pool [37].

In the rat hearts of all the groups in which LAB strains were administered, changes in
the oxidative stress parameters were observed. In heart tissues of the groups with added
ST and SeST strains (groups C and D), the concentration of MDA only tended to increase;
therefore, lower amounts of GR (reduced glutathione-forming enzyme), together with its
sustained activity, were most likely sufficient to maintain an acceptable level of oxidative
stress. In contrast, the higher indices of oxidative stress in the heart following the diets
with EF and SeEF (groups E and F)—observed as high heart MDA concentrations—were
associated with the increased activity of GR despite its lower amounts. We can specu-
late that it may be a result of the efforts to maintain a reduced pool of GSH capable of
inactivating elevated lipoperoxide levels, which is reflected in the increased MDA concen-
trations in the heart tissue of these rats. At the moment, we can only hypothesize why
this happened in just the EF and SeEF groups. The effect of the strain Enterococcus faecium
CCDM 922A remains speculative itself, since it has been reported to interfere with the
lipid metabolism and exhibits the capacity to reduce low-density lipoprotein and very
low-density lipoprotein cholesterol in rats [23]. The two diets, standard Altromin 1234 and
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Se-deficient Altromin C 1045, differed both in vitamin E content (75 mg/kg vs. 150 mg/kg)
and Se concentration (408 μg/kg vs. 108 μg/kg). The parameters of the antioxidative
system did not differ between these two groups; thus, no effect or sum of opposite effects
can be expected. In rats, Se and vitamin E exhibited dietary compensatory relationships
and were found to act synergistically [38,39]. Moreover, various additional interactions
between Se and other trace elements or nutrients have been described [40]. The content
of Cu, Fe, Cr, and Zn in the liver and kidneys did not differ in the EF/SeEF groups com-
pared to the B–D groups, and for this reason, the influence of other elements may be ruled
out. To consider all the possible parameters, we also can speculate the stress response to
hunger/conditions before decapitation, given that groups E and F were euthanized last.
It is known that different selenoproteins are involved in the cardiovascular stress response;
among them, the GPx family is one of the best characterized. Nevertheless, the exact role
of the other selenoproteins involved (e.g., thioredoxin reductase, thyroid hormone deiodi-
nases, selenoprotein R, and selenoprotein K) remains only partly understood, and further
investigation of the Se-dependent effects at the molecular level is needed [41].

The Se levels were monitored in the liver and kidney samples, as these organs are
involved in Se regulation, the production of excretory selenium forms, and generally
accumulate a higher amount of selenium in comparison to other organs [42]. The total
observed selenium levels in the liver (0.14–0.38 mg/kg) and kidneys (0.8–1.2 mg/kg)
agreed with those observed in other studies focusing on animals fed with Se-enriched
foodstuffs [38,43–45]. In these studies, the Se contents in the liver samples were found to
be in the range of 0.25–5.0 mg/kg, while those in the kidney samples were in the range of
1.0–6.7 mg/kg.

Higher Se levels in Se-enriched diets resulted in increased Se contents in the kidneys
and liver. Although the Se contents in the kidney samples of the groups fed with Se-
enriched diets were similar, and the differences were not significant (p < 0.05) in all cases,
the highest average Se content was observed in the kidney samples from group A, the diets
of which contained both inorganic and organic Se. The highest Se content in group A
was also observed in the liver samples; this value was significantly higher than the Se
content in groups D and F with diets containing organically bound Se only. However,
the knowledge on whether the addition of inorganic Se into diet leads to higher Se contents
in rat liver and kidneys compared to the addition of organic forms is sporadic in the
literature. Rýdlová et al. [38] confirmed that the intake of Se-enriched defatted rapeseed
(0.2 mg/kg Se) added had no effect on the Se content in the liver and kidneys of Wistar
and spontaneously hypertensive rats in comparison to the control group. The opposite
trend has been described more often; Zhou et al. [46] highlighted that Se accumulation
from organic Se supplements was higher than that from inorganic supplements in most
biological tissues of Sprague–Dawley rats. The Se content in the liver of rats fed a diet
fortified with Se-enriched Bifidobacterium longum or selenized yeast was much higher than
that of rats fed a selenite-enriched diet. The Se content in the kidneys showed the same
trend, but the differences were smaller for all three groups. Similarly, Zhang et al. [47]
found higher Se levels in the kidneys and liver of rats administered a diet fortified with
Se-enriched garlic and a mixture of non-selenized garlic and selenite than in the kidneys
and liver of rats administered a selenite-enriched diet only. Qin et al. [43] observed a
higher Se content in the kidneys and liver of lambs fed Se-enriched yeast and Se-enriched
probiotics (a mixture of Lactobacillus and Saccharomyces cerevisiae) than in the kidneys and
liver of lambs fed a selenite-fortified diet. Marounek et al. [48] observed the same effect in
rabbits fed Se-enriched yeast, Se-enriched algae, and selenite-fortified diets. Some studies
also showed no difference between the organic and inorganic Se sources in terms of their
accumulation in organs. Sobeková et al. [45] confirmed in the case of lambs that an increased
dietary Se intake in the form of selenite and Se-enriched yeast led to significantly higher
Se contents in the liver and kidneys in comparison to the control; however, no significant
difference between diets enriched with selenite and Se-enriched yeast was observed. These
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findings were supported by Han et al. [44], who fed hens a Se-fortified diet (selenite and
Se-enriched yeasts).

Due to the importance of the liver and kidneys in the metabolism of Se, many studies
also focused on Se speciation in these organs. SeCys2 or SeCys are described as the major
Se species in the kidneys and liver, followed by SeMet as the second-most abundant species
for various animal species, e.g., broiler chicks [49], rain trout [50], rats [51], or lambs [52].
However, in some animals—for example, sheep [42] and lambs [53]—similar percentages
of SeMet, SeCys2, and MeSeCys were observed. SeCys2 thus appears to be the dominant
species in the liver and kidneys of most animals, although, in some cases, SeMet and
MeSeCys may be on par with SeCys2. Our results were consistent with the published
data. SeCys2 was found to be the major Se species in the liver samples (42–58%) and
kidney samples (51–80%). Instead of SeCys2, only SeMet was identified in the liver, and its
percentage ranged from 6% to 16%. In the kidneys, although SeMet was only found in
trace amounts (1–7%), MeSeCys was present in larger amounts (8–19%). Other species
in the liver and kidneys were unidentified. A statistically significant difference (p < 0.05)
was observed only in the proportion of SeCys2 and MeSeCys in the kidneys between
groups A and B, but the differences were not significant. Thus, the addition of Se to the diet,
whether in its organic or inorganic form, did not alter the Se speciation. Similar results were
obtained by Juniper et al. [52] in the case of lambs fed a Se-enriched yeast diet. The kidney
and liver samples were comprised of a large proportion of the total Se as SeCys, and no
change in speciation was observed in comparison to the control group. Small changes in
Se speciation were observed in the study of Zhao et al. [49], who fed broiler chicks with
the inorganic and organic forms of Se. SeCys2 and SeMet were found to be the major
and minor species in the livers of chicks, respectively. In the case of Se-enriched yeast
diets, a larger proportion of SeMet (3.5–7.3-fold) was observed in comparison to the diets
containing selenite.

The composition of the intestinal microbiota can be affected by numerous factors that
alter the microbial homeostasis. These factors include stress, dietary changes, the overuse
of antibiotics, and gastrointestinal or other infections. The intestinal redox status and
inflammatory levels are also strongly associated with alterations in the gut microbiota [54].
The Se status has been reported as a regulator of intestinal microbiota, especially when
the Se availability is limited [55]. Individual bacterial species and strains are differently
sensitive to Se concentrations; a concentration of Se that is tolerable by one strain may
be toxic to another. The tolerance of strains to Se can be attributed to the differences
in their individual capabilities to uptake, store, use, and remove Se from cells [56]. Re-
cent studies have supported the theory that the gut microbiota also plays a role in Se
metabolism in the host by metabolizing bioselenocompounds [57], whereas both organic
and inorganic Se have been proven to have an effect on the community structure of the
gut microbiota [54]. Additionally, a Se-deficient diet has been associated with damaged
intestinal barrier function and imbalanced gut microbiota [54].

Following feedstuff processing, sufficient counts of viable cells (approximately 104

CFU/g) of LAB were observed in the pellets of the experimental diet. Due to the techno-
logical properties of the strains CCDM 144 and CCDM 922A and their survival during
processing, they are widely employed in industrial applications. The presence of live
bacteria by itself provides benefits—for example, in the production of acids, bacteriocins,
and other antimicrobial compounds and the competitive exclusion of pathogens that are
well-known in LAB strains [12]. Provided that the LABs are additionally enriched with Se,
Zn, or other essential minerals, the delivery of these nutrients can also positively affect the
gut microbiota and, hence, multiply the overall beneficial effect of the LAB or probiotic
LAB administration. Dietary Se supplementation, whether in organic or inorganic forms
via Se-enriched LAB or yeasts, was associated with modulation of the gut microbiota,
as demonstrated in several previous studies [56,58–60]. For example, Se nanoparticles
have been documented to increase the abundance of Lactobacillus sp. or Faecalibacterium
prausnitzii and reduce the abundances of harmful strains—for example Enterococcus cecorum
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in poultry [61,62]. Lactobacillus sp. is an important LAB species, which includes many
important strains with probiotic functions contributing to the maintenance of healthy and
balanced gut ecosystems. In this study, we observed desirable high levels of Lactobacil-
lus sp. (107–108 CFU/g) in the fecal matter of rats in all experimental groups, regardless
of the final Se concentration in the diet and regardless of supplementation with LAB or
Se-enriched LAB. In contrast, the highest influence of the supplementation was observed in
the Clostridium sp. The highest counts of Clostridium sp. were detected in group A, which
was administered a standard maintenance diet, whereas lower counts were observed in the
remaining groups—that is, groups administered both Se-enriched LAB and LAB without Se-
enrichment, as well as in groups administered the Se-deficient diet (groups B–F). Consistent
with our results, Clostridiaceae were also more enhanced in the group of normal diet-fed rats
compared to the low-Se diet-fed group in the study by Cheng et al. [54]. Notably, with the
exception of the group fed a standard diet (group A), in all other groups, the levels of
Clostridium sp. diminished, even in the groups (D and F) in which Se-enriched LAB were
supplemented; thus, the final Se contents in the groups fed these two diets were comparable
with those in the groups fed a standard diet (group A). We can therefore assume that the
growth decrease is most probably not caused by Se itself. Among the other elements, the Fe
content was more than three-fold higher in the group administered the standard Altromin
1324-based diet (group A) in comparison with that in the group administered the Altromin
C1045-based diet (groups B-F). This is an important fact, because iron is known to play
an important role in bacteria, especially in clostridial metabolism. Iron is involved in the
active metal sites of enzymes or proteins such as ferredoxin, hydrogenase, and cytochrome,
as well as participates in microbial energy conversion [63]. The Clostridium sp. belongs
to fermentative-type iron reducers with a robust dissimilatory iron reduction capacity,
efficiently stimulating cell growth and enhancing nutrient uptake [63,64]. This could ex-
plain the enhanced Clostridium counts in the group administered with the standard diet
(group A), where the clostridia had higher amounts of available iron. The genus Clostridium
includes species such as C. butyricum and C. perfringens, which are often associated with
the development of necrotizing enterocolitis [65]. In contrast, nonpathogenic butyrate-
producing strains belong to this group of bacteria [66]. Other bacterial groups analyzed
in the fecal matter were the family Enterobacteriaceae and, within it, the E. coli group as a
representative fecal coliform bacterium present in the colon of humans and warm-blooded
animals. Only in group F, where the Se-enriched Enterococcus faecium strain was supple-
mented, the total counts of both Enterobacteriaceae and E. coli decreased significantly. In a
canine model [12], following the oral administration of selenium/zinc-enriched probiotics,
similar to our results, a decrease of E. coli in the feces was reported, along with an increase
in Lactobacillus sp. and Bifidobacterium sp.

The gut microbiota may also utilize Se for the expression of its own selenoproteins.
In the well-described yeast Saccharomyces cerevisiae model, the addition of inorganic Se into
the cultivation media led to the production of SeMet [67]. SeMet and MeSeCys, two of the
most common organic Se forms, were shown to be absorbed more efficiently than other
selenocompounds [25]. Thus, the gut microbiota plays a role in Se metabolism. The gut
microbiota form a complex ecosystem and multispecies environment where many different
relationships, including commensalism, mutualism, or cross-feeding, exist between the
resident gut microbiotas. Microbiota self-metabolizes Se and, thus, by Se supplementation,
improves its own state; concomitantly, it helps to make dietary Se more available to the
host organism.

This is the first report on the supplementation of selenized forms of the commercially
used strains Enterococcus faecium CCDM 922A and Streptococcus thermophilus CCDM 144 in
an in vivo model and the effect of their supplementation on the biological functions of
rats. The limitations of the study included missing more extensive speciation patterns
and mineral contents in other tissues, such as brain/heart tissues, which may shed more
light into the findings in heart tissues. As Se is known to accumulate primarily in the liver
and kidney tissues, other organs were not subjected to the Se content analysis, nor to the
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determination of the Se species in these tissues. Additionally, due to numerous parameters
having an affinity towards oxidative stress, such as superoxide dismutase, catalase, oxi-
dized/reduced glutathione ratio, isoprostanes, and others, we were not able to thoroughly
analyze all of them and, thus, give a more definitive picture of the influence of all the
possible biomarkers involved. Overall, the existing in vivo studies supplementing Se in
the form of Se-enriched LAB are hardly comparable due to variables such as the different
supplementation strategies, possible effects of other nutrients, vitamins and antioxidants,
differences in the administered Se forms, etc.

5. Conclusions

Selenized forms of the strains Streptococcus thermophilus CCDM 144 and Enterococcus
faecium CCDM 922A were proven to represent a source of organically bound Se, SeCys2 be-
ing the most abundant Se species, followed by SeMet. These species were also found in the
liver and kidney tissues of rats. In addition, MeSeCys was also detected but only in the
kidneys. Moreover, the production of extracellular Se NPs of different sizes was confirmed
by TEM EDX in both the strains. We showed that the administration of Se-enriched LAB
caused no significant changes in the basic metabolic characteristics of the experimental
animals. Rats fed a standard maintenance diet and those fed the experimental diet fortified
with the Se-enriched LAB diet showed similar total Se concentrations and Se speciation
patterns in both the kidneys and livers. Furthermore, in the Se-enriched LAB tested in
this study, no macroscopic effects on the liver, kidneys, heart, and brain were observed,
with no apparent influence on the basic parameters of the lipid metabolism. The antioxida-
tive system capacity was altered only in the heart tissue of rats fed the experimental diet.
Together, both the strains—Streptococcus thermophilus CCDM 144 and Enterococcus faecium
CCDM 922A—may have the potential for the production of Se-enriched LAB, representing
a source of organic forms of Se and Se NPs. No adverse effects on the biological functions of
the rats were observed. Our findings provide a foundation to further develop and establish
their safety for industrial application in foods and food supplements.
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19. Mrvčić, J.; Stanzer, D.; Solić, E.; Stehlik-Tomas, V. Interaction of Lactic Acid Bacteria with Metal Ions: Opportunities for Improving
Food Safety and Quality. World J. Microbiol. Biotechnol. 2012, 28, 2771–2782. [CrossRef] [PubMed]

20. Rother, M.; Hatfield, D.; Berry, M.; Gladyshev, V. Selenium Metabolism in Prokaryotes. In Selenium; Springer: New York, NY,
USA, 2011. [CrossRef]

21. Zhang, B.; Zhou, K.; Zhang, J.; Chen, Q.; Liu, G.; Shang, N.; Qin, W.; Li, P.; Lin, F. Accumulation and Species Distribution of
Selenium in Se-Enriched Bacterial Cells of the Bifidobacterium animalis 01. Food Chem. 2009, 115, 727–734. [CrossRef]

22. Krausova, G.; Kana, A.; Hyrslova, I.; Mrvikova, I.; Kavkova, M. Development of Selenized Lactic Acid Bacteria and Their
Selenium Bioaccummulation Capacity. Fermentation 2020, 6, 91. [CrossRef]

23. Hyrslova, I.; Krausova, G.; Bartova, J.; Kolesar, L.; Jaglic, Z.; Stankova, B.; Curda, L. Characterization of Enterococcus Faecium
CCDM 922 in Respect of its Technological and Probiotic Properties. Int. J. Curr. Microbiol. Appl. Sci. 2016, 5, 474–482. [CrossRef]

24. Shiobara, Y.; Ogra, Y.; Suzuki, K.T. Exchange of Endogenous Selenium for Dietary Selenium as 82 Se-Enriched Selenite in Brain,
Liver, Kidneys and Testes. Life Sci. 2000, 67, 3041–3049. [CrossRef]

25. Takahashi, K.; Suzuki, N.; Ogra, Y. Bioavailability Comparison of Nine Bioselenocompounds In Vitro and In Vivo. Int. J. Mol. Sci.
2017, 18, 506. [CrossRef]

26. Shini, S.; Sultan, A.; Bryden, W.L. Selenium Biochemistry and Bioavailability: Implications for Animal Agriculture. Agriculture
2015, 5, 1277–1288. [CrossRef]

27. Xu, C.; Guo, Y.; Qiao, L.; Ma, L.; Cheng, Y.; Roman, A. Biogenic Synthesis of Novel Functionalized Selenium Nanoparticles by
Lactobacillus casei ATCC 393 and its Protective Effects on Intestinal Barrier Dysfunction Caused by Enterotoxigenic Escherichia coli
K88. Front. Microbiol. 2018, 9, 1129. [CrossRef]

28. Nagy, G.; Pinczes, G.; Pinter, G.; Pocsi, I.; Prokisch, J.; Banfalvi, G. In Situ Electron Microscopy of Lactomicroselenium Particles in
Probiotic Bacteria. Int. J. Mol. Sci. 2016, 17, 1047. [CrossRef] [PubMed]

29. Alam, H.; Khatoon, N.; Khan, M.A.; Husain, S.A.; Saravanan, M.; Sardar, M. Synthesis of Selenium Nanoparticles Using Probiotic
Bacteria Lactobacillus acidophilus and their Enhanced Antimicrobial Activity Against Resistant Bacteria. J. Clust. Sci. 2020, 31,
1003–1011. [CrossRef]

30. Pieniz, S.; Andreazza, R.; Mann, M.B.; Camargo, F.; Brandelli, A. Bioaccumulation and Distribution of Selenium in Enterococcus
durans. J. Trace Elem. Med. Biol. 2017, 40, 37–45. [CrossRef] [PubMed]

31. Martínez, F.G.; Moreno-Martin, G.; Pescuma, M.; Madrid-Albarrán, Y.; Mozzi, F. Biotransformation of Selenium by Lactic Acid
Bacteria: Formation of Seleno-Nanoparticles and Seleno-Amino Acids. Front. Bioeng. Biotechnol. 2020, 8, 506. [CrossRef] [PubMed]

253



Antioxidants 2021, 10, 463

32. Yang, J.; Li, Y.; Zhang, L.; Fan, M.; Wei, X. Response Surface Design for Accumulation of Selenium by Different Lactic Acid
Bacteria. 3 Biotech 2017, 7, 52. [CrossRef] [PubMed]

33. Eszenyi, P.; Sztrik, A.; Babka, B.; Prokisch, J. Elemental, Nano-Sized (100–500 nm) Selenium Production by Probiotic Lactic Acid
Bacteria. Int. J. Biosci. Biochem. Bioinformatics 2011, 1, 148–152. [CrossRef]

34. Hosnedlova, B.; Kepinska, M.; Skalickova, S.; Fernandez, C.; Ruttkay-Nedecky, B.; Peng, Q.; Baron, M.; Melcova, M.; Opatrilova,
R.; Zidkova, J.; et al. Nano-Selenium and its Nanomedicine Applications: A Critical Review. Int. J. Nanomed. 2018, 13, 2107–2128.
[CrossRef]

35. Behne, D.; Wolters, W. Distribution of Selenium and Glutathione Peroxidase in the Rat. J. Nutr. 1983, 113, 456–461. [CrossRef]
[PubMed]

36. Gu, Q.P.; Xia, Y.M.; Ha, P.C.; Butler, J.A.; Whanger, P.D. Distribution of Selenium Between Plasma Fractions in Guinea Pigs and
Humans with Various Intakes of Dietary Selenium. J. Trace Elem. Med. Biol. 1998, 12, 8–15. [CrossRef]

37. Arteel, G.E.; Sies, H. The Biochemistry of Selenium and the Glutathione System. Environ. Toxicol. Pharmacol. 2001, 10, 153–158.
[CrossRef]
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